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The Forward Physics Facility
at the High-Luminosity LHC
High energy collisions at the High-Luminosity Large Hadron Collider (LHC) produce a large
number of particles along the beam collision axis, outside of the acceptance of existing LHC experiments. The proposed Forward Physics Facility (FPF), to be located several hundred meters from
the ATLAS interaction point and shielded by concrete and rock, will host a suite of experiments to
probe Standard Model (SM) processes and search for physics beyond the Standard Model (BSM).
In this report, we review the status of the civil engineering plans and the experiments to explore
the diverse physics signals that can be uniquely probed in the forward region. FPF experiments
will be sensitive to a broad range of BSM physics through searches for new particle scattering or decay signatures and deviations from SM expectations in high statistics analyses with TeV neutrinos
in this low-background environment. High statistics neutrino detection will also provide valuable
data for fundamental topics in perturbative and non-perturbative QCD and in weak interactions.
Experiments at the FPF will enable synergies between forward particle production at the LHC and
astroparticle physics to be exploited. We report here on these physics topics, on infrastructure,
detector, and simulation studies, and on future directions to realize the FPF’s physics potential.

Snowmass Working Groups
EF4,EF5,EF6,EF9,EF10,NF3,NF6,NF8,NF9,NF10,RP6,CF7,TF07,TF09,TF11,AF2,AF5,IF8

1

UCI-TR-2022-01, CERN-PBC-Notes-2022-001, FERMILAB-PUB-22-094-ND-SCD-T, INT-PUB-22-006, BONN-TH-2022-04

Lead Conveners
Jonathan L.

Feng1∗ ,

Felix Kling2 , Mary Hall Reno3 , Juan Rojo4,5 , Dennis Soldin6

Topical Conveners
Luis A.

Anchordoqui7 ,

Jamie Boyd8 , Ahmed Ismail9 , Lucian Harland-Lang10,11 , Kevin J. Kelly12 ,
Vishvas Pandey13 , Sebastian Trojanowski14,15 , Yu-Dai Tsai1 ,

Contributors
Jean-Marco Alameddine16 , Takeshi Araki17 , Akitaka Ariga18,19 , Tomoko Ariga20 , Kento Asai21,22 ,
Alessandro Bacchetta23,24 , Kincso Balazs8 , Alan J. Barr10 , Michele Battistin8 , Jianming Bian1 ,
Caterina Bertone8 , Weidong Bai25 , Pouya Bakhti26 , A. Baha Balantekin27 , Basabendu Barman28 ,
Brian Batell29 , Martin Bauer30 , Brian Bauer29 , Mathias Becker31 , Asher Berlin32 ,
Enrico Bertuzzo33 , Atri Bhattacharya34 , Marco Bonvini35 , Stewart T. Boogert36 ,
Alexey Boyarsky37 , Joseph Bramante38,39 , Vedran Brdar40,41 , Adrian Carmona42 ,
David W. Casper1 , Francesco Giovanni Celiberto43,44,45 , Francesco Cerutti8 ,
Grigorios Chachamis46 , Garv Chauhan47 , Matthew Citron48 , Emanuele Copello31 ,
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F. Torres222,223 , Zoltán Trócsányi224 , Alessandro Tricoli111 , Michael Unger215 ,
Carlos Vázquez Sierra8 , Mauro Valli183 , Svetlana Vasina179 , Cristovao Vilela8 , Lian-Tao Wang214 ,
Michael Waterbury146 , Stephen M. West36 , Tao Xu225 , Emin Yüksel190 , Barbara Yaeggy220 ,
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212
Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, 15738 Zeuthen, Germany
213
Department of Physics, Swansea University, Swansea SA2 8PP, United Kingdom
214
University of Chicago, Chicago, IL 60637, USA
215
Institute for Astroparticle Physics (IAP), Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany
216
Physics Department, Florida State University, Tallahassee, FL 32306-4350, USA
217
Division of Theoretical Physics, Rudjer Boskovic Institute, Bijenicka cesta 54, 10000 Zagreb, Croatia
218
Department of Physics, University of the Basque Country UPV/EHU & IKERBASQUE, Bilbao, Spain
219
Center for Neutrino Physics, Department of Physics, Virginia Tech University, Blacksburg, VA 24601, USA
220
University of Cincinnati, 2600 Clifton Ave, Cincinnati, OH 45221
221
Jazan University, Jazan 45142, Saudi Arabia
222
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Executive Summary
The Facility The Forward Physics Facility (FPF) is a proposal to build a new underground
cavern at the Large Hadron Collider (LHC) to host a suite of far-forward experiments during the
High-Luminosity LHC era. The existing large LHC detectors have holes along the beam line, and
so miss the physics opportunities provided by the enormous flux of particles produced in the farforward direction. The FPF will realize this physics potential. A preferred site for the FPF is
along the beam collision axis, 617-682 m west of the ATLAS interaction point (IP); see Fig. 1.
This location is shielded from the ATLAS IP by over 200 m of concrete and rock, providing an
ideal location to search for rare processes and very weakly-interacting particles. FPF experiments
will detect ∼ 106 neutrino interactions at the highest human-made energies ever recorded, expand
our understanding of proton and nuclear structure and the strong interactions to new regimes, and
carry out world-leading searches for a wide range of new phenomena, enhancing the LHC’s physics
program through to its conclusion in 2040.
Experiments The FPF is uniquely suited to exploit physics opportunities in the far-forward
region, because it will house a diverse set of experiments, each optimized for particular physics
goals. The envisioned experiments and their physics targets are shown in Fig. 2. FASER2, a
magnetic spectrometer and tracker, will search for light and weakly-interacting states, including
long-lived particles, new force carriers, axion-like particles, light neutralinos, and dark sector particles. FASERν2 and Advanced SND, proposed emulsion and electronic detectors, respectively, will
detect ∼ 106 neutrinos and anti-neutrinos at TeV energies, including ∼ 103 tau neutrinos, the least
well-understood of all known particles. FLArE, a proposed 10-tonne-scale noble liquid detector,
will detect neutrinos and also search for light dark matter. And FORMOSA, a detector composed
of scintillating bars, will provide world-leading sensitivity to millicharged particles and other very
weakly-interacting particles across a large range of masses.

LOS

UJ18
ATLAS

UJ12
LHC

FASER2

FASERν2

FORMOSA

LOS
cryostat

AdvSND

FLARE

Figure 1: The preferred location for the Forward Physics Facility, a proposed new cavern for the
High-Luminosity era. The FPF will be 65 m-long and 8.5 m-wide and will house a diverse set of
experiments to explore the many physics opportunities in the far-forward region.
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Figure 2: The Forward Physics Facility will probe topics that span multiple frontiers, including
new particles, neutrinos, dark matter, QCD, and astroparticle physics.
Physics Beyond the Standard Model The FPF will allow tests of a wide variety of theories of
physics Beyond the Standard Model (BSM), explaining outstanding questions such as the hierarchy
problem, neutrino masses, the nature of dark matter, inflation, and the matter-antimatter asymmetry of the universe. New particles and forces can be detected at the FPF in different ways. Many
theories feature light, weakly-coupled particles that have lifetimes long enough to be produced at
the ATLAS IP and subsequently decay within FPF detectors, like FASER2. Alternatively, DM particles may scatter inside a dense detector like Advanced SND, FASERν2, or FLArE and produce
visible signatures. Both electron and nuclear scattering are possible. Finally, some models have
new states, for example, millicharged particles, which would leave non-standard energy deposits in
detectors. Such particles could be observed at FORMOSA and possibly other detectors.
Searches for new heavy particles benefit from the unparalleled energies at the LHC, and the FPF
will provide leading sensitivities if such states are preferentially produced in the forward direction,
as in the case of quirks. Searches for light states may also be enhanced at the energy frontier,
as they are produced with very high boosts, allowing probes of shorter lifetimes, or through rare
B decays and similar processes that are much less common at other facilities. These capabilities
result in unique projected sensitivities in many BSM models that surpass current, or even future
expected, limits.
Quantum Chromodynamics The FPF has the promising potential to probe our understanding
of the strong interactions as well as of proton and nuclear structure. It will be sensitive to the very
forward production of light hadrons and charmed mesons, providing access to both the very low-x

11
and the very high-x regions of the colliding protons. The former regime is sensitive to novel QCD
production mechanisms, such as BFKL effects and non-linear dynamics, as well as the gluon parton
distribution function (PDF) down to x ∼ 10−7 , well beyond the coverage of other experiments and
providing key inputs for astroparticle physics. The latter regime provides information on open
questions relating to the high-x PDFs, and in particular intrinsic charm. In addition, the FPF acts
as a neutrino-induced deep-inelastic scattering (DIS) experiment with TeV-scale neutrino beams.
The resulting measurements of neutrino DIS structure functions represent a valuable handle on the
partonic structure of nucleons and nuclei, particularly their quark flavour separation, that is fully
complementary to the charged-lepton DIS measurements expected at the upcoming Electron-Ion
Collider (EIC).
Neutrino Physics The LHC produces high energy and intense fluxes of all flavors of neutrinos and anti-neutrinos in the forward region. Ten-tonne-scale experiments at the FPF are being
designed to detect ∼ 105 νe , ∼ 106 νµ , and ∼ 103 ντ interactions with energies between several
hundreds of GeV and a few TeV, an energy range that has not been directly probed for any neutrino
flavor. In addition, by measuring the charge of the resulting muons in charged-current interactions,
muon and tau neutrinos and anti-neutrinos will be distinguished. These neutrino event will significantly extend accelerator cross section measurements and provide the first opportunity for detailed
studies of tau neutrinos and anti-neutrinos. They will also open up new avenues to discover or constrain BSM physics effects in neutrino production, propagation, and interactions, with important
implications for QCD and astroparticle physics.
Astroparticle Physics The FPF provides opportunities for interdisciplinary studies at the intersection of high-energy particle physics and modern astroparticle physics. Cosmic rays enter the
atmosphere with energies up to 1011 GeV and beyond, where they produce large cascades of highenergy particles. The development of these extensive air showers is driven by hadron-ion collisions
under low momentum transfer in the non-perturbative regime of QCD. Measurements at the FPF
will improve the modeling of high-energy hadronic interactions in the atmosphere, reduce the associated uncertainties of air shower measurements, and thereby help to understand the properties
of cosmic rays, such as their energy and mass, which is crucial to discover their origin. Moreover,
atmospheric muons and neutrinos produced in these extensive air showers in the far-forward region
are the main background for searches of high-energy astrophysical neutrinos with large-scale neutrino telescopes. The FPF will help to understand the atmospheric neutrino flux and reduce the
uncertainties for astrophysical neutrino searches in the context of multi-messenger astrophysics.
Timeline and Cost The FPF is well aligned with the 2020 European Strategy Update’s first
recommendation that “the full physics potential of the LHC and the HL-LHC...should be exploited.”
To fully exploit the far-forward physics opportunities, many of which will disappear for several
decades if not explored at the FPF, the FPF should be available for as much of the HL-LHC era
as possible. The FPF requires no modifications to the LHC, and all of the planned experiments
are relatively small, inexpensive, and fast to construct. A very preliminary costing for the FPF has
yielded estimates of 25 MCHF for the construction of the new shaft and cavern and 15 MCHF for
all necessary services. To this must be added the cost of the individual experiments. A possible
timeline is for the FPF to be built during Long Shutdown 3 from 2026-28, the support services and
experiments to be installed starting in 2029, and the experiments to begin taking data not long
after the beginning of Run 4. Such a timeline is guaranteed to produce exciting physics results
through studies of very high energy neutrinos, QCD, and other SM topics, and will additionally
enhance the LHC’s potential for groundbreaking discoveries that will clarify the path forward for
decades to come.
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Chapter 1

Introduction
Particle colliders have been used for decades to discover the fundamental building blocks of the
universe and study their properties. The high energy frontier is now at the Large Hadron Collider
(LHC) at CERN, which began colliding protons with protons in 2010 and is expected to run until
2040. Soon after the LHC started, the Higgs boson was discovered [1, 2], but so far no other new
fundamental particles have been found. At the same time, deep mysteries remain, including the
origin of neutrino masses, the identity of dark matter, and many others. These problems provide
overwhelming evidence that we are far from a complete understanding of the universe, and they
strongly motivate new experiments that will deepen our understanding of the Standard Model (SM)
and maximize our potential for discovering new physics in the years to come.
An important question is whether opportunities for groundbreaking discoveries are currently
being missed at the LHC. History provides a cautionary tale. In 1971, the first proton-proton
collider, the Intersecting Storage Rings (ISR), began operating at CERN. As recounted in numerous talks and articles celebrating the ISR’s 50th anniversary last year [3, 4], when the ISR began
operating, physicists believed that new discoveries would be made by observing particles emitted
in the forward region, that is, roughly parallel to the beamline. Detectors therefore focused on
this region. For this reason, the ISR missed the discovery of the charm quark, which was discovered at Brookhaven and SLAC in 1974 in what is now recognized as one of the most important
breakthroughs in the history of physics.
Recently, it has been recognized that we may be missing opportunities at the LHC for a similar,
but opposite, reason. Having absorbed the lessons of the 1970’s, the current large detectors at the
LHC are well instrumented at large angles relative to the beamline. Unfortunately, they have holes
in the far-forward direction. Particles produced parallel to the beamline are therefore undetected,
leading to the possibility that new discoveries may have simply escaped the LHC through these
holes in the far-forward region.
In fact, it is now known that interesting physics opportunities have indeed been missed in the
far-forward region. In May 2021, the FASER Collaboration announced the detection of neutrino
candidates using an 11 kg pilot detector placed in the far-forward region for a month in 2018 [5].
These were the first neutrino candidates ever detected at a collider, and the highest energy neutrino
candidates ever seen from a terrestrial source. To date, an entire program of neutrino physics has
been missed at the LHC, and it is natural to wonder if even greater discoveries could be made with
dedicated experiments placed in the far-forward region.
Motivated by such considerations, in the last 3 years, three new far-forward detectors have been
approved and constructed at the LHC: FASER [6–9], FASERν [5, 10, 11], and SND@LHC [12, 13].
Despite their small size (meter-scale) and inexpensive and rapid construction, these detectors will
17
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significantly extend the LHC’s physics program when Run 3 begins in mid-2022. Exploiting the
enormous fluxes of particles in the far-forward direction, and shielded from the ATLAS interaction
point (IP) by 100 m of rock and concrete, FASER, FASERν, and SND@LHC will together detect
∼ 10, 000 TeV-energy neutrinos and search for signs of new particles, with important implications
for models of new physics, dark sectors, QCD, neutrino physics, and astroparticle experiments.
FASER, FASERν, and SND@LHC are currently located in previously abandoned service tunnels
constructed for the Large Electron-Positron Collider in the 1980’s. These locations were never
intended to house experiments and the necessary services, and they cannot accommodate larger
detectors or additional experiments. At the same time, it has become abundantly clear that these
detectors do not fully exploit the possibilities offered by the far-forward region.
The Forward Physics Facility (FPF) is a proposal to construct a dedicated facility to house a
suite of far-forward experiments during the High-Luminosity LHC era. Studies of potential sites
for the FPF have now converged on two preferred options. In the first, a purpose-built facility
is excavated with a new shaft and new cavern providing 65 m of space along the beam collision
axis or line of sight (LOS), 617-682 m west of the ATLAS interaction point (IP). An alternative
option is to expand the current location of FASER and FASERν with alcoves to provide space
along the LOS 480-521 m to the east of the ATLAS IP. Based on the expected costs, and a number
of important benefits for the experiments, the new purpose-built facility is currently considered the
baseline option for the FPF. Experiments currently planned for the FPF include upgraded versions
of the existing detectors (FASER2, FASERν2, and Advanced SND), as well as new experiments,
including FORMOSA, which will search for millicharged particles and related signals, and FLArE,
a noble liquid TPC, which will detect neutrinos and also search for light dark matter produced by
the LHC.
The FPF’s special location makes its experiments uniquely sensitive to many SM and BSM
phenomena, and its physics capabilities are complementary to those of other current and proposed
experiments at the LHC. Besides the large LHC experiments probing high-pT physics, these include a number of smaller detectors performing SM measurements in the forward region, including
ALFA [14], AFP [15], CASTOR [16], CT-PPS [17], LHCf [18], and TOTEM [19]. These are located
in or around the LHC beam pipe close to either the ATLAS or CMS IP, but, in contrast to the
FPF, are not shielded from these IPs by hundreds of meters of concrete and rock. Such shielding
is essential for searches for extremely rare phenomena, where the goal is to reduce backgrounds so
that even a few events over the course of the entire HL-LHC era will be sufficient to claim a signal.
The FPF is also complementary to the existing experiments MilliQan [20,21] and MoEDAL [22], as
well as proposed experiments, such as ANUBIS [23], CODEX-b [24, 25], and MATHUSLA [26–28],
which also aim to search for long-lived particles and other new physics at the LHC, but, in contrast
to FPF experiments, are located at large angles relative to the beamline. Last, there are also important synergies of FPF physics with experiments running or proposed at other facilities, including,
for example, BSM searches at beam dump experiments, such as SHiP [29] at the SPS. Compared
to fixed target experiments, FPF experiments have lower pp interaction rates, but higher centerof-mass energies. Of course, practically, the FPF also has the virtue of being completely parasitic,
requiring no dedicated beam time and no modifications to the existing accelerator structures.
The FPF was first proposed in May 2020 and has been the subject of 4 dedicated meetings held in
November 2020 [30], May 2021 [31], October 2021 [32], and February 2022 [33]. In parallel, the FPF
activities have been strongly supported by CERN’s Physics Beyond Colliders Study Group [34] and
through the activities of numerous Snowmass 2021 working groups [35]. A brief Letter of Interest
was submitted to Snowmass in August 2020 [36], and the status of the FPF was summarized
by 80 authors in a 75-page document in October 2021 [37]. This current document contains a
more comprehensive summary of the status of the FPF, including studies of the facility and its
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environment in Chapter 2, the proposed far-forward experiments in Chapter 3, and its unique
potential to discover long-lived particles, detect DM and other scattering signatures, and study
QCD, neutrinos physics, and astroparticle physics in Chapters 4, 5, 6, 7, and 8, respectively.
The FPF is well aligned with the 2020 European Strategy Update’s first recommendation that
“the full physics potential of the LHC and the HL-LHC...should be exploited” [38]. To realize this
goal, the FPF and its experiments should be available for as much of the HL-LHC era as possible.
A possible timeline is for the FPF to be built during Long Shutdown 3 from 2026-28, the support
services and experiments to be installed starting in 2029, and the experiments to begin taking data
not long after the beginning of Run 4. To realize this timeline, Conceptual Design Reports for
the FPF and all experiments must be prepared in the near future, to be followed by Technical
Design Reports, approvals, and funding. The timeline benefits from the fact that the purpose-built
facility can be mostly constructed even while the LHC is running and requires no modifications to
the LHC, while all of the planned experiments are small, fast, and inexpensive, relative to most
collider detectors. Of course, the driving force is the FPF’s potential to enrich the physics program
of the LHC. If not constructed for the HL-LHC era, many of the FPF’s physics opportunities will
be lost for at least several decades. On the other hand, if prepared for the HL-LHC era, the FPF
is guaranteed to produce exciting physics results through studies of neutrinos, QCD, and other SM
topics, and it will enhance the LHC’s potential for groundbreaking discoveries that will clarify the
path forward for decades to come.
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Chapter 2

The Facility
Contributors: Jamie Boyd, Jonathan L. Feng (conveners), Jean-Marco Alameddine, Kincso Balazs, Michele Battistin, Caterina Bertone, Stewart T. Boogert, Francesco Cerutti, Jean-Pierre
Corso, Lucie Elie, Stephen Gibson, Silvia Grau, Timo Hakulinen, Angelo Infantino, Helena Lefebvre, Mickael Lonjon, Angel Navascues Cornago, Pierre Ninin, Laurence J. Nevay, Rui Nunes, John
Osborne, Guillermo Peon, Wolfgang Rhode, Tim Ruhe, Marta Sabate-Gilarte, Alexander Sandrock,
Pierre Thonet, and Heinz Vincke
The physics goals of the FPF require that it be located on the beam collision axis or line of
sight (LOS) near an LHC interaction point (IP). The location should also be sufficiently shielded
from the IP to provide a very low-background environment for studies of neutrinos and searches
for other very weakly-interacting particles. In this Chapter, we present the results of studies to
identify suitable locations for the FPF and to understand the particle fluxes and backgrounds at
these locations.
The civil engineering (CE) studies have been based on the requirement that the FPF be approximately 500-600 m away from a high-luminosity LHC IP on the LOS. Following an initial study
of the existing LHC infrastructure and geological conditions, several options were considered to
accommodate the facility around both the ATLAS IP (IP1) and the CMS IP (IP5). The options
considered included constructing a new facility, which could be built around the needs of the experiments, and widening or expanding the existing LHC infrastructure, with the potential benefit
of minimizing the cost and the disruption to LHC operations and reducing the overall schedule of
the required CE works. The many possibilities were then narrowed down to two preferred options:
(1) a new purpose-built facility, approximately 617–682 m west of the ATLAS IP, and (2) alcoves
extending the existing UJ12 cavern, which is 480–521 m east of the ATLAS IP. The locations of
these two options are shown in Fig. 2.1. Based on the expected costs and a number of important
benefits for the experiments, the new purpose-built facility is currently considered the baseline
option for the FPF.
This Chapter is organized as follows. In Sec. 2.1 the purpose-built facility is described, including
the experimental cavern, access shaft, safety gallery, and support buildings and infrastructure. The
necessary services for this facility are discussed in Sec. 2.2. We then present the UJ12 alcoves option
in Sec. 2.3. Preliminary estimates of the engineering costs for both options are given in Sec. 2.4,
and the benefits of the purpose-built facility are summarized in Sec. 2.5.
We then describe the results of studies to evaluate the particle fluxes and backgrounds in the
FPF. FLUKA simulation studies are described in Sec. 2.6, and the implications of these studies
for radiation protection studies are discussed in Sec. 2.7. Complementary studies with the BDSIM
and PROPOSAL simulation programs are described in Sec. 2.8 and Sec. 2.9, respectively. Finally, the
21
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UJ12 Alcoves

Purpose-Built Facility

Figure 2.1: The locations of the two preferred FPF sites currently under consideration. In the baseline option, a new cavern and shaft are excavated to create a new purpose-built facility, providing
a detector hall along the LOS roughly 617–682 m west of the ATLAS IP (IP1) in France. An alternative option is to build alcoves to extend the existing UJ12 cavern, which is located 480–521 m
east of the ATLAS IP in Switzerland.
location and design of a sweeper magnet to reduce the dominant muon background are summarized
in Sec. 2.10.

2.1

Purpose-Built Facility

Cvili engineering generally represents a significant portion of the effort for physics projects like the
FPF. For this reason, CE studies are of critical importance to ensure a viable and cost-efficient
conceptual design. This section provides an overview of FPF CE studies for the purpose-built
facility, including key considerations and the current design being studied. As noted above, the
purpose-built facility is now considered the baseline implementation of the FPF at CERN. The
main advantage of having such a new facility is not being limited in size and length. In comparison
to options extending the existing LHC infrastructure, the facility would be designed around the
needs of the experiments.
Studies for the purpose-built facility benefit from many similar projects carried out at CERN. A
recent example carried out from 2018-21 is the CE works at Point 1 for the HL-LHC (the so called
UPR), which involved the digging of similar shaft and tunnel/cavern structures and the installation
of the needed services. Studies, designs, and lessons learned during the UPR construction helped
to make rapid progress in the conceptual design of the FPF purpose-built facility.
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Figure 2.2: Situation plan of the purpose-built facility, located approximately 617-682 m to the
west of IP1 on the French side of CERN land, 10 m away from the LHC tunnel. The SPS beamline
is 30 m above the FPF cavern.
The proposed location begins approximately 617 m from IP1 on the French side of CERN land,
10 m away from the LHC tunnel, as shown in Fig. 2.1. A more detailed view is given in Fig. 2.2.
The major CE elements required to implement the FPF are:
• An 88 m-deep access shaft.
• A 65 m-long experimental cavern.
• A safety gallery connecting the FPF cavern to the LHC tunnel.
• Support buildings and infrastructure.
These are described in turn in the following subsections.
Vibrations during the digging of the shaft and cavern could have a detrimental effect on the
performance of the LHC. A study is ongoing to understand what part of the FPF CE works
could be carried out during LHC operations. Based on observations during the UPR works, it is
expected that a significant part of the FPF works could be done during LHC running. Of course,
the excavation of the safety gallery and the connection to the LHC tunnel will have to be done
during an LHC shutdown.

2.1.1

Experimental Cavern

To meet the physics requirements, the experimental cavern is designed to be located on the LOS,
beginning approximately 617 m from the ATLAS IP1 and 10 m away from the LHC tunnel. The
cavern will be 65 m-long and 8.5 m-wide, leaving enough space around the experiments for easy
access for transport and installation of the required services, as shown in Fig. 2.3. The floor level
is set at 1.5 m under the LOS, with a 1.25% fall towards IP1, following the inclination of the LOS.
The experiments are centralized on the LOS and are served by a crane system along the cavern,
as shown in Fig. 2.4 and Fig. 2.5. For safety reasons, given the potential of cold gas leakage, a
1 m-deep trench is foreseen under the LAr detector (FLArE), as shown in Fig. 2.5.

Chapter 2. The Facility

24

Figure 2.3: General layout of the FPF experimental cavern. The colored boxes indicate the possible
experiments (and their dimensions) that could be installed in this option, including FASER2 to
search for long-lived particles, FASERν2 and AdvSND to study neutrinos and search for new
particles, FORMOSA to search for mCPs, and FLArE to detect neutrinos and search for DM. The
green box is a possible cooling unit for FLArE.

Figure 2.4: Section through the cavern with the proposed experiments and crane system.
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Figure 2.5: Cross sections through the cavern. Section C-C shows the FASER2 detector, and
section D-D shows the FLArE detector in blue, a possible cooling unit in green, and a 1 m-deep
trench for safety in the case of cold gas leakage.

2.1.2

Access Shaft

The cavern is connected to the surface through an 88 m-deep and 9.1 m-diameter access shaft
located on the top of the cavern. It will be equipped with a lift and staircase for access with
enough space reserved for transport, as shown in the Fig. 2.6.

Figure 2.6: Shaft equipped with lift and staircase. The red area showing the space reserved for
transport.
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Safety Gallery

To comply with CERN’s safety requirements and avoid any possible dead ends, a safety gallery will
connect the experimental cavern to the LHC and serve as a secondary emergency exit, as shown in
Fig. 2.7.
A key virtue of the dedicated facility is that access to the cavern will be possible during LHC
operations. This would allow the installation of services and experiments, as well as maintenance
and upgrades of experiments, to be possible at any time. A radioprotection (RP) study (discussed
in detail in Sec. 2.7) has been carried out to assess the feasibility of this due to the radiation level
in the cavern, which shows this is sensitive to the design of the safety gallery connecting the cavern
to the LHC tunnel.
Based on the first RP study, the initial layout of the gallery has been modified to further reduce
the dose levels in the cavern. As part of the modification, a third chicane wall was added, the
thickness of the walls was increased from 40 cm to 80 cm, and a change was made in the location of
the walls, as shown in Fig. 2.7 and Fig. 2.8. A new RP study will be made to verify the effectiveness
of the above-mentioned modifications.
The safety gallery will only be used as an emergency escape route from the FPF cavern into
the LHC tunnel, with an interlocked access door between the two. In the case that this door is
opened, LHC operation will be automatically stopped for safety reasons.

Figure 2.7: Section through the LHC tunnel, safety gallery, and experimental cavern.

Figure 2.8: Plan view of the safety gallery.
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Support Buildings and Infrastructure

Above ground, an access building and two auxiliary buildings are proposed to house the necessary
infrastructure and utilities for the experiments, with their size being based on similar projects at
CERN. The proposed layout of the buildings is shown in Figs. 2.9 and 2.10.

Figure 2.9: Proposed surface buildings for the facility (left shows the existing situation, right with
the proposed surface buildings included).
The 33 m-long and 21 m-wide access building located over the shaft will provide access from
the ground level to the experiments for both personnel and equipment. It is designed as a basic
steel portal frame structure with an internal height of 15 m, however the walls on the south and
southwest will be part-formed from a retaining wall to support the excavation. The hall will be

Figure 2.10: General layout of the proposed surface buildings.
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Figure 2.11: 3D model of the proposed surface buildings.
equipped with a 25 t overhead crane to lower the experiments into the cavern.
The service buildings for the electrical, cooling, and ventilation infrastructure are also characterized as steel portal frame structures, similar to the access building. The cooling and ventilation
building will be 20.5 m long, 21 m wide, and 13.5 m high, with the wall on the west side partformed from a retaining wall to support the excavation. The electrical building will be adjacent
to the cooling and ventilation building and will be 20.5 m long, 12 m wide, and 5.5 m high. Both
buildings will have a 1.2 m-deep false floor to allow the services to be distributed into the shaft.
The proposed design of the surface buildings is shown in Fig. 2.11.
An access road will be provided, linking to the existing roads and infrastructure of the SM18
buildings at the northeast, as shown in Fig. 2.12. A requirement for a maximum gradient of 6%
has been respected, in line with the requirements of CERN’s transportation services.
The volume of earthworks arising from the project is significant, predominantly because of the
existing site levels and ground conditions. The proposed location has been previously used as a
spoil disposal area, and the ground levels vary between 453-457 m above sea level, 5-8 m above the
existing infrastructures in the surrounding area. As a result, to reduce the volume of the excavated
material as much as possible, and taking into consideration the ground condition, the finished
ground level of the buildings is proposed to be at 450 m, as shown in Fig. 2.13.

2.2

Services

Given the early stage of the project and the lack of detailed designs and requirements for the
proposed experiments in the FPF, further work is required for a detailed understanding of the
needed services.
Based on similar underground facilities at CERN, it is clear that the purpose-built facility would
need dedicated services, including electrical distribution, ventilation system, transport/handling
infrastructure, communication infrastructure, access and alarm systems, and safety systems. This
contrasts with the case of the UJ12 alcoves option, to be discussed in Sec. 2.3, where most of the
needed services would be available from close by within the LHC infrastructure.
The details and costs for some of the needed infrastructure and services are fairly well known,
whereas in other cases there are very large uncertainties, mostly stemming from the lack of detailed
requirements. A very preliminary costing of the main services is summarized in Table 2.1.1 For
1

Note that, for a large LAr TPC detector, an additional gas extraction system would be needed for safety reasons,
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Figure 2.12: Section through the surface buildings showing the proposed excavated volume and
existing site levels.
Item

Details

Approximate cost
(MCHF)
Electrical Installation 2MVA electrical power
1.5
Ventillation
Based on HL-LHC underground installation
7.0
Access/Safety Systems Access system
2.5
Oxygen deficiency hazard
Fire safety
Evacuation
Transport/Handling
Shaft crane (25 t)
1.9
Infrastructure
Cavern crane (25 t)
Lift
Total
12.9
Table 2.1: Breakdown of the main services and infrastructure for the dedicated FPF facility, with
a very preliminary costing. This costing was done in mid-2021 and so, where applicable, reflects
prices at that time.

the approximate overall costing of the facility to be presented in Sec. 2.4, a total of 15 MCHF for
services has been assumed to also account for items not included in Table 2.1.
and this has not been included in this costing.
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Figure 2.13: Section through the surface buildings showing the proposed excavated volume and
existing site levels. The section lines are shown in Fig. 2.12.

2.3

UJ12 Alcoves Option

An alternative to the purpose-built facility is the UJ12 alcoves option, in which the existing UJ12
cavern is expanded on one side with separate alcoves to accommodate the experiments and to
provide the space needed around them. UJ12 is part of the LHC tunnel system and is 480-521 m
west of the ATLAS IP1 at CERN’s site in Switzerland, as shown in Fig. 2.1.
A significant drawback of the UJ12 option is the difficulty of accessing the work site. Transport
to UJ12 along the LHC from ATLAS is limited to small equipment that is approximately 1 m
wide, prohibiting using this route for an excavating machine for any works in UJ12. As an access
point, it is therefore envisaged to use the existing 40 m-deep PGC3 shaft located on the top of the
abandoned TI12 tunnel and then pass through the 536 m-long TI12 tunnel, which currently houses
the FASER experiment, as shown in Fig. 2.14. The PGC3 shaft has an internal diameter of 3 m, as
shown in Fig. 2.15, which imposes significant space constraints, and the works need to be designed
around what can be achieved with only small equipment.
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Figure 2.14: Access to the UJ12 cavern using the existing PGC3 shaft and passing through the
536 m-long TI12 tunnel.

Figure 2.15: Internal dimensions of the PGC3 shaft.
Following the conceptual design studies, the baseline layout includes three alcoves of 6.4 m
width, but with different lengths of 2.9 m, 3.7 m, and 4.4 m, as shown in Figs. 2.16, 2.17, 2.18,
and 2.19. It must be noted that the impact of the foreseen works on the existing wall of the
cavern and the cavern itself has yet to be fully assessed. All the works must be carried out
in a way that minimises the impact on the existing facility. It is assumed that all the existing

Figure 2.16: Proposed CE works for the UJ12 alcoves option.
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services and equipment will be removed from the cavern prior to the works. This would include
temporarily removing 4 LHC dipole magnets, a 60 m-long section of the QRL cryogenic line, and
also electrical and ventilation equipment. Initial studies suggest that this would be possible during
a Long Shutdown between LHC runs, but it would entail significant work for many CERN teams.

Figure 2.17: 3D model of the UJ12 alcoves option with possible experiments shown.

Figure 2.18: Plan view of the UJ12 alcoves option. The coloured boxes indicate the possible
experiments (and their dimensions) that could be installed in the alcoves, including FASER2 to
search for long-lived particles, FORMOSA to search for millicharged particles, and FASERν2 and
AdvSND to detect neutrinos and search for DM.

Figure 2.19: Longitudinal section through the UJ12 cavern with alcoves and possible experiments.
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Engineering Costs

The cost of construction of the FPF is difficult to estimate at such an early stage of the study.
The variability of ground conditions, inflation, change of scope, and lack of detailed design means
that developing a high level of confidence is not possible. For FPF costing purposes, a comparative
costing was adopted, based on the presented layouts.
A very preliminary cost estimate suggests that the cost of the dedicated purpose-built facility,
including 15 MCHF for the needed services, as discussed in Sec. 2.2, would be about 40 MCHF.
The cost of the UJ12 alcoves option would be about 15 MCHF. The accuracy of the estimates is
considered Class 4 – Study or Feasibility, with the actual cost possibly 15–30% lower or 20–50%
higher [39]. Until the project requirements are further developed, it is suggested that a suitable
band to adopt would be 20% lower to 40% higher for CE costs.

2.5

Choice of Baseline Facility

Given the preliminary costing of the two options studied, with only a factor of 2.7 difference in
cost, there is a strong preference from the physics community to make the purpose-built facility
the baseline FPF option. The main reasons for this are:
• Much more space for the experiments, allowing for them to be designed/optimized for physics
reach rather than around the available space. This also allows for experiments to be placed
somewhat off-axis,2 as is motivated by some of the physics goals;
• Much better access for equipment to be transported into the experimental area, since there are
strict size and weight limitations for transporting items to UJ12 in the LHC complex;
• A LAr TPC detector (FLArE) with a strong physics case, could be installed in the dedicated
facility, but not the UJ12 alcoves option, given safety requirements;
• For the dedicated facility, it is expected that people can access the experiments during beam
operations (pending the RP study detailed in Sec. 2.7), which allows improved flexibility in
terms of scheduling of detector installation and maintenance;
• Beam backgrounds will be minimized for experiments in the dedicated facility, which may be
important for experiments searching for rare and low-energy signatures (such as neutrino interactions or dark matter scattering);
• The dedicated facility’s location would allow a factor of two larger lever arm for a sweeper
magnet to deflect background muons away from the LOS, as discussed in Sec. 2.10.

2.6

FLUKA Studies of the FPF Environment and Backgrounds

The physics goals of the FPF require a low-background environment so that weakly-interacting
particles and very rare processes may be observed. In addition, an important potential benefit of
the purpose-built facility discussed above is that the radiation backgrounds in the cavern may be
low enough to allow access to the FPF even during LHC operations.
For all of these aspects, it is important to have an accurate understanding of the particle fluxes
and radiation environment in the FPF cavern. In this section, preliminary results from FLUKA
are presented, with a particular focus on the fluxes of high-energy muons that are the dominant
particle physics background for many FPF signals. FLUKA studies may also be used to determine
2

It is worth noting that as the detector is moved off-axis, a larger detector is needed to fully cover a given rapidity
range. For example, a 1 m2 detector centred 1 m away from the LOS, will cover only approximately 16% of the full
solid angle corresponding to this rapidity range (6.7 < |y| < 7.8).
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the low-energy radiation backgrounds, and their implications for radiation processes, access to the
cavern, and safety will be discussed in the following Sec. 2.7.

2.6.1

Introduction to FLUKA

At particle colliders, it is essential to characterize the radiation field to cope with the multiple effects
of the interaction of regular and accidental beam losses on machine and detector components. To
quantify these effects starting from the relevant loss terms, multipurpose Monte Carlo codes are a
critical tool, enabling the evaluation of macroscopic quantities through the microscopic description
of particle transport and interactions in matter. This requires tracking through magnetic fields,
as well as accounting for all applicable electromagnetic and nuclear processes over an extremely
wide energy range. The code’s reliability is verified through individual benchmarking of physics
models against exclusive data. A profitable calculation requires modeling the machine and detector
geometry, including material information, to a challenging degree of accuracy. This allows in turn
for an inclusive validation against measurements from extended monitor systems (see below).
At CERN, FLUKA [40–42] is the reference tool to assess the machine protection aspects and the
complementary radiation protection scope, as well as the machine-induced background to experiments. It is regularly and extensively used for the whole accelerator chain, from the beam dump
design of low-energy injectors as Linac4, up to LHC collimation and the High Luminosity (HL)
upgrade of the LHC. For future colliders, FLUKA also plays a crucial role, starting in the early stages
of planning, for both accelerator and detector design and for both hadron and lepton machines.
This means that simulations have to deal with protons up to some million TeV (the beam energy
with a target at rest required to reach 100 TeV center-of-mass collisions) down to the lowest transport limit of 100 eV photons (for the study of lepton ring synchrotron radiation). Such a task calls
for the continuous improvement of the different interaction models, having in mind that, despite
the very high energy of beams of interest, several quantities, such as those related to radionuclide
inventory, are extremely sensitive to the low-energy nuclear physics ingredients ruling the reaction
fragment de-excitation.
Together with this physics-oriented effort, notable technical developments have made it possible
to automatize the construction of consistent geometry models of several-hundred-meter accelerator
portions [43, 44].
The operation of the LHC has provided the opportunity to probe the degree of reliability of
simulations performed over the long course of the LHC design phase. In particular, the Beam
Loss Monitor (BLM) system, consisting of a few thousand ionization chambers all along the 27 km
beam line, provides on-line measurements of the energy released by the particle shower originated by
beam particle interactions, and it triggers beam aborting if the detected values exceed pre-defined
thresholds. Particle shower calculations make it possible to predict BLM signals for different loss
scenarios, correlating them at the same time with the energy deposition levels in the most exposed
or sensitive elements and the radiation levels, namely differential particle fluences, in areas of
interest. Various representative examples of comparisons between BLM measurements and FLUKA
predictions are presented in Ref. [45].

2.6.2

The FLUKA Model of the ATLAS Insertion

For the FPF, it is particularly important to understand the particle debris generated by colliding
beams at the ATLAS IP during HL-LHC running. Given an inelastic cross section of about 80 mb
(including diffractive events), the collision products carry almost 7 kW towards each side of IP1 at
the ultimate instantaneous luminosity of 7.5 × 1034 cm−2 s−1 for 7 TeV proton operation. Only a
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Figure 2.20: View of a portion of the FLUKA model of the HL-LHC. On the bottom left, one can
see the ATLAS forward shielding surrounding the TAXS. The LHC tunnel extends to the west of
the ATLAS IP up to the first DS cells (top right), with the violet wall shielding the RR alcove that
sits at 250 m from the ATLAS IP.
limited fraction of this power (< 5%) impacts the detector itself, while 80% of it is transported out of
the experiment’s cavern by high-energy, forward-angle particles travelling inside the beam vacuum
chamber through the accelerator elements. These particles amount on average to 6 per single pp
collision out of the 155 particles emerging on average from IP1 after neutral pion decay, and are
mostly photons, charged pions, protons, and neutrons. The accelerator elements will be protected
by a 1.8 m-long copper absorber, called the TAXS, located near the interface between the cavern
and the LHC tunnel about 20 m from IP1, and featuring a 60 mm-diameter cylindrical aperture,
considerably larger than the present one. The TAXS absorbs another 8%, while the following 60 mlong string composed of single-bore superconducting quadrupoles (the final focus triplet), corrector
magnets and separation dipole (D1) take 22% (as part of the above 80%, which does not include
the TAXS fraction, though). In fact, the majority of the energetic pions matching the TAXS
aperture are then bent by the magnetic field onto the massive beam screen structure traversing the
aforementioned string and embedding tungsten layers to protect the 150 mm-diameter aperture of
the magnets.
A new version of the other main absorber (TAXN) will sit 45 m after the D1, incorporating the transition between one single central aperture and two separate symmetrical apertures of
88 mm-diameter and intercepting the LOS of neutral particles coming from IP1. Its effectiveness
in protecting downstream elements will be slightly weakened by the adoption of horizontal beam
crossing in IP1, since, in this case, the axis of the debris cone, instead of hitting exactly in-between
the two TAXN twin apertures (as for vertical crossing), moves closer to the external aperture, as a
function of the crossing angle. For the baseline half crossing angle of 250 µrad, the ATLAS TAXN
is expected to absorb 20% of the one-side debris power.
An 8 m-long superconducting twin bore recombination dipole will open to the matching section,
taking 100 m of the experimental insertion up to the Dispersion Suppressor (DS). The matching
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Figure 2.21: Positive (left) and negative (right) muon fluence rate distributions over a 16 m2 square
centered on the ATLAS LOS at 348.5 m from IP1. Values are normalized to the HL-LHC nominal
luminosity of 5L0 = 5 × 1034 cm−2 s−1 . The black circle represents the superconducting magnet
transverse section, indicating the accelerator line position at the end of half-cell 9.
section features four main superconducting quadrupole assemblies (numbered Q4 to Q7) and ends
270 m from IP1. Less than 10% of the one-side debris power, mostly carried by photons, neutrons,
and protons, is absorbed in this machine segment, concentrated in the first (TCLPX4) of the three
metallic horizontal collimators to be installed on the outgoing beam aperture to further shield the
cold magnet coils. Most of the remaining debris power goes to the preceding tunnel walls.
The third TCL collimator, in front of Q6, can also provide an effective cleaning of the initial
part of the DS, where the beam lines are bent by the LHC main dipoles and no layout modification
is planned for the HL-LHC era. Nevertheless, beyond the TCL6 range, losses take place in the
DS odd half-cells, according to the periodicity of the single turn dispersion, as already regularly
observed. They consist of protons that underwent diffraction at IP1 and are affected by a magnetic
rigidity deficit of the order of 1%, leading them to touch the beam screen of the outgoing beam
chamber in the horizontal plane towards the center of the ring.

2.6.3

Radiation Characterization in the Dispersion Suppressor

The implementation in FLUKA of the ATLAS insertion model described above has enabled multiple
studies, mainly oriented to HL-LHC design [46], but also serving other purposes, for instance, the
evaluation of background and neutrino fluxes for SND@LHC [13]. We present here preliminary
results for the calculation of the flux of high-energy muons reaching FPF along the ATLAS LOS,
which originate in both primary IP1 collisions and downstream shower development.
Thanks to a dedicated optimization, featuring a suitable transport threshold adjustment and
combined biasing techniques, including artificially increasing the decay probability of parent mesons
and controlling statistical weight fluctuations, it was possible to produce a meaningful muon sample
just upstream of the proposed sweeper magnet location, as shown in Fig. 2.21. For both positive
and negative muons, the fluence is maximal on the accelerator line, a bit less than 1 m from the
ATLAS LOS at x = y = 0. In contrast, a fluence minimum is found at the LOS for positive muons,
while negative muons display a concentration on the horizontal plane (y = 0) on the external side
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Figure 2.22: Positive (green) and negative (violet) muon fluence spectra averaged over a 16 m2
square centered on the ATLAS LOS at 348.5 m from IP1. Values are normalized to one pp inelastic
collision; the ultimate HL-LHC luminosity of 7.5 × 1034 cm−2 s−1 corresponds to 6 × 109 inelastic
pp collisions per second.
of the ring, compatible with the bending action of the DS dipole field. The positive and negative
muon energy spectra, averaged over the square of Fig. 2.21, are reported in Fig. 2.22, indicating
that positive muons are predominant above 1 TeV.
The muon samples shown constitute the source term for a second step simulation implementing
the sweeper magnet (see Sec. 2.10) and the further propagation of muons to the FPF through the
rock. The goal of this second step will be to quantify the muon background, as well as the related
dose equivalent contribution (see Sec. 2.7).

2.6.4

Validation of FLUKA Estimates

In preparation for the FASER experiment, in situ measurements were made during 2018 LHC
running in the TI12 and TI18 tunnels in the LHC, 480 m from IP1 and along or close to the
LOS. Measurements were made using emulsion-based detectors, which can be used to determine
the number of charged particles that traverse the detector while it is installed and very accurately
measure the track angles. There is, however, no knowledge of the time the particles cross the
detector. In addition to this, measurements were made with a TimePix3 beam loss monitor (BLM),
which is able to measure the rate of charged particles with excellent time resolution, but, given a
lack of calibration, could not give an absolute rate. The measurements are discussed in detail in
the FASER Technical Proposal [10]. The measurements were used to validate the FLUKA estimate
of the muon flux for the 2018 LHC running conditions on the LOS.
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The emulsion detector observed a clear peak of charged particles entering the detector with an
angle consistent with the direction from IP1. The number of particles observed in this angular peak
was (1.2 − 1.9) × 104 fb cm−2 , when normalised by the luminosity that the detector was exposed
to. This can be compared to the estimate from FLUKA of 2.0 × 104 fb cm−2 with an uncertainty
of O(50%). The FLUKA simulation result is consistent with the measurement within the expected
uncertainties from FLUKA . The measurements with the BLM showed that the observed rate is
correlated with the instantaneous luminosity in IP1 during an LHC fill, with the rate falling off
during the fill as the luminosity decreases. Again, this is consistent with the FLUKA expectation
that the background muon rate is originating from collision debris. With two circulating beams
that were not colliding, the measured rate was very close to zero. The agreement between the
FLUKA simulations and in situ measurements for the 2018 setup of the LHC gives confidence that
FLUKA estimates for the HL-LHC will describe the background with reasonable accuracy. To further
validate the simulations of the muon backgrounds in this region, when Run 3 begins in 2022, the
FASER Collaboration plans to make further measurements using small emulsion detectors placed
at various distances from the LOS.

2.7
2.7.1

Radiation Protection Studies
Radiation Protection at CERN

The CERN Radiation Protection (RP) rules are provided in the so-called “Safety Code F” [47, 48].
The objective of Safety Code F is to define the rules for the protection of personnel, the population,
and the environment from ionising radiation produced at CERN. Safety Code F is based on and
updated to the most advanced standards of European and other relevant international legislations,
including the legislation of CERN host states France and Switzerland.
With regard to the design of new facilities, different RP aspects must be taken into account at
the design level, including shielding requirements, radiation levels during operation (prompt) and
technical stops (residual), area classification, radiation monitoring, and the activation for future
disposal of radioactive wastes. Among these, area classification and dose limits are discussed here.
These aspects are particularly relevant, as they determine whether access to the new experimental
cavern will be possible during LHC beam operation.
Areas inside CERN’s perimeter are classified as a function of the effective dose a person would
receive during his stay in the area under normal working conditions and routine operation. The
potential external, as well as internal, exposures must be taken into account when assessing the
effective dose researchers may receive when working in the area considered. The exposure limitation
in terms of effective dose is ensured by limiting correspondingly the operational quantity ambient
dose equivalent rate Ḣ ∗ (10) for exposure from external radiation, and the action levels of specific
airborne radioactive material (airborne radioactivity) and specific surface contamination at the
corresponding workplaces for exposure from incorporated radionuclides. In addition, exposure of
people working on the CERN site, the public, and the environment must remain below the dose
limits under normal, as well as abnormal, conditions of operation. Table 2.2 shows the limits for
area classification of Non-designated and Supervised Radiation Areas at CERN. These limits are
relevant for the experimental FPF cavern, which will be discussed in the following.

2.7.2

Radiation Protection FLUKA Simulations

The RP-FLUKA simulations aim to determine the prompt radiation levels in the new purpose-built
FPF cavern and in the shaft for different scenarios (normal/abnormal LHC operation); verify the
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Non-designated
Supervised

39
Annual dose limit
(year) [mSv]
1
6

Ambient dose equivalent rate
(low-occupancy) [µSv/h]
2.5
15

Table 2.2: The effective dose limits for area classification at CERN for Non-Designated and Supervised Radiation Areas. Dose limits for Controlled Radiation Area not reported since not relevant
for this study. FPF is considered a low-occupancy area, i.e. < 20% working time.
accessibility of the experimental cavern during LHC and SPS operation; and check the effectiveness
of the chicane in the safety tunnel.
The FLUKA model of the LHC tunnel (Fig. 2.20) presented in Sec. 2.6 has been modified to
include a detailed model of the new experimental cavern. This model contains ∼ 500 m of LHC
beam line elements (from 250 m to 750 m to the west of IP1) and the experimental cavern and its
access shaft, based on technical drawings provided by CERN CE. The safety tunnel connecting the
LHC tunnel to FPF includes a chicane made of 2 × 40 cm concrete walls, representing the baseline
layout at the time of computation. Simulations were conducted with and without the chicane walls
to verify its effectiveness.
Several source terms were considered to simulate the operational and accidental scenarios relevant for the RP calculations:
• Beam-gas interactions: this source term is relevant for normal LHC operation, as it originates
from inelastic interactions of the 7 TeV proton beam with residual gas within the beam pipes.
• Direct muon component from IP1: this source term is also relevant for normal LHC operation,
and originates from muons directly streaming from ATLAS’s pp collisions and from the particle
showers produced in the Long Straight Section (LSS) by the collision debris.
• Loss of the LHC beam: this source is relevant only for abnormal LHC operation (accidental
scenario). It considers the loss of the full 7 TeV proton beam on the MB.B15R1, the superconductive dipole placed in front of the safety tunnel connection to the LHC tunnel.
• Loss of the SPS beam: this source term is relevant for the access of the FPF shaft, due to the
vicinity of the two infrastructures, and it considers the loss of the 450 GeV proton beam in the
SPS tunnel.
In all LHC simulations, Beam 1, the clockwise beam traveling from the ATLAS IP toward
the FPF, was simulated. In addition, the HL-LHC beam intensity was simulated using a scaling/normalization factor to consider 2748 bunches and 2.3 × 1011 proton per bunch. With regard to beam-gas interactions, a conservative residual gas-density of 1.0 × 1015 H2 m−3 was
used. As reported in Ref. [49], this value ensures a 100 hour beam lifetime. Recent studies conducted at CERN [50] indirectly determined lower residual gas densities during Run 2 operations
(2.25 − 0.25 × 1013 H2 m−3 ), with higher values registered at the beginning of the physic run.
Finally, the prompt ambient dose equivalent was scored in the LHC tunnel, the safety tunnel,
and the new experimental cavern by using a Cartesian XYZ mesh.

2.7.3

Radiation Protection Aspects and Constraints

Figs. 2.23 and 2.24 show the prompt ambient dose equivalent rates, in µSv/h, during normal LHC
operation. The particle shower due to beam-gas interactions streams through the safety tunnel into
the FPF cavern, but the presence of the chicane lowers the Ḣ ∗ (10) at the FPF entrance.
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Figure 2.23: Prompt ambient dose equivalent rate during LHC operation (beam-gas interaction
– HL-LHC beam conditions). Panels a/c (left) are with the chicane and panels b/d (right) are
without the chicane. Panels a/b (top) and c/d (bottom) are generated at different distances from
the IP1 (z-coordinates) to show the connection of the safety tunnel with the FPF and the LHC
tunnel, respectively.
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Figure 2.24: Prompt ambient dose equivalent rate during LHC operation (beam-gas interaction –
HL-LHC beam conditions). Panels a/c (left) are with the chicane and panels b/d (right) are without
the chicane. Panels a/b (top) and c/d (bottom) are generated at different heights (y-coordinates)
to show the connection of the safety tunnel with the FPF and the LHC tunnel, respectively.
Figs. 2.25 and 2.26 show the prompt ambient dose equivalent in mSv if the full LHC 7 TeV
proton beam is accidentally lost on MB.B15R1, the superconductive dipole placed in front of the
safety tunnel connection to the LHC tunnel. Similar to the normal operation case, the particle
shower generated during this undesired event streams through the safety tunnel and could be
potentially harmful for people standing at the entrance of the FPF cavern.
A quantitative assessment of the radiation levels along the safety tunnel, for LHC normal and
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Figure 2.25: Prompt ambient dose equivalent when the full beam is lost on the MB.B15R1 dipole
(accidental scenario – HL-LHC beam conditions). Panels a/c (left) are with the chicane and panels
b/d (right) are without the chicane. Panels a/b (top) and c/d (bottom) are generated at different
distances from the IP1 (z-coordinates) to show the connection of the safety tunnel with the FPF
and the LHC tunnel, respectively.
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Figure 2.26: Prompt ambient dose equivalent when the full beam is lost on the MB.B15R1 dipole
(accidental scenario – HL-LHC beam conditions). Panels a/c (left) are with the chicane and panels
b/d (right) are without the chicane. Panels a/b (top) and c/d (bottom) are generated at different
heights (y-coordinates) to show the connection of the safety tunnel with the FPF and the LHC
tunnel, respectively.

abnormal operation, is provided through the 1D profile shown in Figs. 2.27 and 2.28. Fig. 2.27 shows
the Ḣ ∗ (10) considering different residual gas densities in the LHC beam screen: independently from
the shielding configuration (with or without the chicane), even considering a conservative residual
gas density of 1.0 × 1015 H2 m−3 , the Ḣ ∗ (10) remains below the limit for Non-Designated Radiation
Areas. On the other hand, the results shown for the accidental scenario in Fig. 2.28 show that the
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Figure 2.27: Prompt ambient dose equivalent rate profile in the safety tunnel during LHC operation
(beam-gas interaction – HL-LHC beam conditions). Different residual gas densities have been
considered to take into account the machine conditioning, and results are presented both with and
without the chicane. The footprint (width) of the FPF has been highlighted with a gray box.
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Figure 2.28: Prompt ambient dose equivalent profile in the safety tunnel when the full beam is
lost on the MB.B15R1 dipole (accidental scenario – HL-LHC beam conditions). Different residual
gas densities have been considered to take into account the machine conditioning, and results
are presented both with and without the chicane. The footprint (width) of the FPF has been
highlighted with a gray box.
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cumulative H ∗ (10) exceeds the annual dose limit for classified personnel (20 mSv), even including
the positive effect of the chicane.
With regard to the other source terms to be considered, the loss of the full 450 GeV proton
beam in the SPS tunnel, which is most relevant for the FPF shaft, produces a negligible dose, since
the distance between the shaft and the SPS tunnel is > 35 m. The direct muon contribution coming
from IP1/LSS1 to the prompt ambient dose equivalent rate needs to be further investigated and
simulations are currently ongoing.
The verification of the accessibility of the experimental cavern during LHC operation requires
the evaluation of different scenarios/source terms, considering both normal and abnormal operation.
At present, the limiting scenario is the possible loss of the full LHC beam on the MB.B15R1
dipole: possible mitigation actions such as adding a turn in the safety tunnel, adding another wall
(“triple chicane”) and thickening the chicane walls, might be evaluated and integrated into the CE
model. However, the missing direct muon contribution might have an impact on the accessibility
of the FPF cavern during operation, which needs to be addressed.

2.8
2.8.1

BDSIM Studies of the FPF Environment and Backgrounds
Introduction

For any particle physics experiment in proximity to an accelerator, an understanding of the background sources, their origin, the particle types, and their spectra is crucial at both the design stage
as well as during operation. To predict and understand these backgrounds requires the use of Monte
Carlo techniques, as the particle fluence close to an accelerator originates from many different and
indirect sources. For the FPF specifically, we focus on the region of the LHC close to IP1, where
the ATLAS experiment is located. This entails predicting the particle flux due to:
1. pp collisions at IP1 (and potentially also Pb-Pb and Pb-p)
2. Inelastic proton interactions with residual vacuum gas in the LHC arcs
3. Other beam losses in the arcs due to other-IP physics debris, collimation losses, and other
beam losses
The first is expected to be the dominant contribution, as the FPF is on the LOS of the IP
where the collisions occur, and they will produce high-energy, penetrating particles, such as muons
and neutrinos. The second and third sources are from a significantly different direction, but are
expected to be small contributions, since the distance of between 10 m and 16 m from the FPF
inside wall to the LHC tunnel is expected to be sufficient to absorb the majority of background
particles from these sources.
To simulate the particle fluence, a 3D radiation transport model is required, along with the
transport and description of many subatomic particles. Both electromagnetic and hadronic interactions with the material of the accelerator, the tunnel, and the surrounding rock must also be
simulated, as well as the deflection of charged particles by the many unique magnetic fields of the
accelerator magnets.
In contrast to conventional transverse-orientated detectors, the far-forward location of the FPF
requires simulation of the accelerator complex including its varied conditions throughout operation.
The magnet strengths (the optics) are varied throughout each fill and generally throughout the
operation (the Run) for various purposes. The crossing-angle of the colliding beams as well as the
beam size (and therefore divergence angle) are varied to maintain, or level, the luminosity at the
collision point to best serve the experiments. Throughout the Run, the optics may generally be
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improved upon depending on the machine performance, machine protection, the upstream injectorchain performance, and collimation performance.
BDSIM [51] is a Monte Carlo tool based on Geant4 [52–54], ROOT [55], and CLHEP that
creates Geant4 models of accelerators from an optical description (one concerned with the magnetic
strengths), such as MADX [56], used as the magnetic description of the LHC. It includes a library
of geometries for many accelerator components in many styles including those of the LHC. It also
includes parameterised magnetic fields for all of the conventional accelerator magnets, as well as the
ability to load and interpolate field maps. Crucially, being based on Geant4, it allows the production
and tracking of all subatomic particles provided by Geant4, as well as the extensive physics processes
for them. Geant4 is a particle physics library commonly used in detector simulation and underpins
the Monte Carlo for countless experiments in particle physics as well as being used in the space
and medical physics domains. It is regularly updated with the latest developments from the field.
Similar codes also used for this purpose include FLUKA [41, 42], described above in Sec. 2.6, and
MARS [57, 58].
Although BDSIM provides a library of approximate and scalable geometries suitable for most applications, it is required in many cases to provide a more accurate geometry for a specific installation,
where relevant. In this case, BDSIM provides the ability to load GDML format geometry, which is
the geometry persistence format of Geant4 based on XML. The Python library pyg4ometry [59] is
used to create, convert, and composite geometry. This allows detailed descriptions in other formats,
such as the IR1 tunnel complex at CERN described in FLUKA geometry format, to be converted
and incorporated into the model.
An important feature of BDSIM is the ability to filter and store select trajectories of particles in
a linked data structure in ROOT format. Therefore, a BDSIM model allows not only fluences to be
estimated, but also may be used to provide insight into the origin of background sources and their
production mechanisms.
As an input, event generator output in HepMC [60] format can be used for each event. BDSIM is
also usable as a C++ class to simulate individual events for a given model. Therefore, it can be
integrated into an analysis framework if required, or used to generate a static Monte Carlo sample.
The output of BDSIM is a ROOT-format file that is standard in high-energy physics, and either
ROOT itself or the included tools with BDSIM can be used to perform a large scalable analysis,
including skimming. BDSIM has been used for studying accelerator beam losses in a variety of
machines; the models described here were originally developed for LHC collimation studies [59,61].

2.8.2

BDSIM Model of the LHC IP1

A model of the LHC accelerator from IP1 towards the FPF was created using BDSIM . This model
was originally developed for the FASER experiment [62] at both the pilot detector location (“Cside” of IP1 at the TI18 LOS location) and the FASER experiment location (“A-side” of IP1 at
the TI12 LOS location). Several data sources are used to prepare the BDSIM input automatically
using its associated pybdsim Python library. These include:
1.
2.
3.
4.
5.
6.

A MADX “Twiss Table” file providing an optical description of the magnets
A detailed aperture model from the LHC Collimation Group (BE-ABP-NDC)
Corresponding collimator settings for the optical configuration
Tunnel geometry converted from FLUKA format
Tunnel geometry from BDSIM and pyg4ometry
Select geometry pieces for various components (e.g., TAN, JSCA(A,B) shielding).
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Layout: LHC 2018 (top) vs HL-LHC V1.5 (bottom)

0

100

200

S (m)

300

400

500

Figure 2.29: Comparison of LHC (top) and HL-LHC (bottom) machine layouts from IP1 at S = 0 m
along the direction of Beam 1 (outgoing). Dipoles are shown in blue, quadrupoles in red, sextupoles
in yellow, and collimators in black.
Items (1) and (3) are expected to vary throughout the Run and the model can be easily adjusted
to reflect these through automated preparation. The model was originally created for LHC Run
2 (2015-18) and Run 3 (2022-25). However, for the FPF, during HL-LHC [46], a new model is
required as the accelerator layout will have changed. There are several key differences from the
LHC-era machine, namely:
•
•
•
•

New TAXS absorber replaces the TAS absorber with increased aperture
New TAXN absorber replaces the TAN absorber
The ‘D1’ separation dipole is now superconducting
New collimators for incoming and outgoing beams in the layout

The TAXS absorber (currently TAS in the LHC) is a cylindrical copper absorber approximately
19 m from the IP. The TAXN (currently TAN in the LHC) is an absorber between the two separation
dipoles to protect the machine from predominantly neutral physics debris. The layout and geometry
in the BDSIM model has been updated according to the optics configuration HL-LHC V1.5.
A 3D view of the complete BDSIM model is shown in Fig. 2.30. The proposed FPF cavern is not
simulated, as a particle flux on its entrance is desired in this study and will have no effect on that
result. In the future, the geometry for the cavern will be added.

2.8.3

Simulation Procedure

To generate a Monte Carlo sample, the CRMC [63] event generator tool is used to generate the
√
s = 14 TeV pp collisions. CRMC provides several underlying generators including EPOS-LHC [64],
QGSJet [65], and Sibyll [66]. For this study, Sibyll was used. CRMC writes a HepMC format file
that is subsequently loaded by BDSIM . BDSIM is set to simulate only loaded particles in the forward
direction of the model and with a pseudorapidity η ≥ 2.3 for simulation efficiency. A minimum
kinetic energy cut of 10 GeV was used. Geant4 V10.7.p03 was used with reference physics list
FTFP BERT (a complete physics list including electromagnetic, decay, and hadronic processes). HLLHC V1.5 MADX optics were used with a primary proton beam energy of 7 TeV. The crossing
angle was 250 µrad. An aperture model was used from the BE-ABP-NDC collimation group.
Cross section biasing is used to reduce the computational time required to estimate muon fluxes
by increasing the cross section of several particles’ decay processes. Given the small forward area at
a great distance, this biasing scheme is required to estimate the relevant quantities in a reasonable
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Figure 2.30: Visualisation of the BDSIM model of the HL-LHC from ATLAS IP1 along the Beam
1 direction to the TI18 tunnel and the FPF. The geometry above Y = 1 m has been removed for
the visualisation. A green line shows the LOS from the IP (top left), through the accelerator (blue
and red magnets), the cryogenic coolant line (grey tube beside it), a sweeper magnet (small grey
box), and a partial view of the ascending ramp of the TI18 tunnel (lower right).

amount of time on an available computer farm. The numerical biasing factors used per particle are
shown in Table 2.3.
Passive and invisible planes, called “samplers” in BDSIM, were placed at several positions in
the model to record muons and neutrinos only, as it is foreseen that these are the most relevant
Standard Model particles at the FPF for this study. These samplers record the kinematic variables
of particles in a 2D plane at a given position with a given square size. Samplers were placed at 3
locations in the LOS of IP1, as shown in Fig. 2.31. These were at distances 370 m, 475 m, and 617 m,
which correspond to just into the tunnel after the accelerator starts to bend; the opening into the
TI18 tunnel; and in front of the FPF. The data from the samplers can be analysed individually or
together, as well as be re-launched into the model or another for further study.

Particle
π±
K±

Factor in Vacuum & Air
50
50

Factor in Material
104
103

Table 2.3: Numerical scaling factors applied to the Geant4 Decay physics process for charged pions
and charged kaons. Two factors were generally applied, firstly for inside the beam pipe vacuum
and any air, and secondly for other material.
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Figure 2.31: Visualisation of the BDSIM model of the HL-LHC from IP1 at ATLAS (left) along the
Beam 1 direction (to the right) in plan view with the geometry above Y = 1 m removed. Three
sample planes are shown, all centred on the LOS from IP1. At Z = 370 m (green), a plane is placed
in front of the potential sweeper magnet location as the tunnel starts to bend. At Z = 475 m
(yellow), a plane is located in the TI18 tunnel as it connects to the main LHC tunnel; this was the
location of the FASER pilot detector and the current location of SND@LHC. Finally, a plane at
Z = 617 m (pink) is placed before the entrance to the proposed FPF cavern. The Z dimension has
been compressed by a factor of 10.

Figure 2.32: A 2D view of the proposed SmCo sweeper magnet with an overlaid magnetic field
map. The full width is 20 cm, and the outer layer (red) is iron.
The model preparation was validated by tracking 10,000 primary protons from the IP to the
end of the model, analysing the beam size, mean offset, and calculated optical Twiss functions from
the tracks recorded in samplers after every magnet. The tracking showed excellent agreement with
the MADX model.
For this study, a proposed sweeper magnet was included. It was 20 × 20 cm in area, with a
peak field of 1.4 T, and placed in the LOS (X, Y = 0, 0 m) at Z = 370 m. The field was orientated
vertically, with the return flux in an iron layer 10 cm wide. The core of the magnet was samarium
cobalt. A cross section of it with overlaid magnetic field map is shown in Fig. 2.32. The field map
is based on previous permanent magnet designs and was provided by the SY-STI-BMI group at
CERN. The geometry was created in GDML using pyg4ometry.
A Monte Carlo sample of 100M pp events was generated using the Royal Holloway computing
cluster. This sample includes the trajectories of (exclusively) muons and neutrinos that reach the
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Figure 2.33: The 2D muon distribution at Z = 370 m from IP1 in front of the proposed sweeper
magnet location. Outlines of the LHC magnets (left tube) cold-mass, the cryogenic coolant line
(right tube), and the tunnel are shown in black. The proposed sweeper magnet is shown as a square
outline also in black. The data is scaled to the nominal HL-LHC luminosity of 5 × 1034 cm−2 s−1 .
2 × 2 m sample plane at the entrance to the FPF. Additionally, the select parent track trajectories
linking each particle back to the primary vertex are stored. This will enable a detailed analysis of
origins and production mechanisms in the future.

2.8.4

Muon and Neutrino Fluxes

The BDSIM studies provide results for the distribution of muons along the LOS at several distances
from the ATLAS IP. The results can be displayed using the coordinate system shown in Fig. 2.31.
Firstly, the 2D distribution of muons at Z = 370 m (the green line in Fig. 2.31) is shown in Fig. 2.33,
with a magnified view in Fig. 2.34. As the primary proton energy is 7 TeV, very high-energy, and
therefore penetrating, muons can be produced. A subset of the muons shown in Fig. 2.33 is displayed
in Fig. 2.35, where only muons with Ek > 1 TeV are shown. These are less frequent but are more
likely to reach the FPF through the accelerator complex and the surrounding rock.
The 2D muon distribution in front of the entrance to the FPF, Z = 617 m from IP1 (the pink line
in Fig. 2.31), is shown in Fig. 2.36. The spectrum of the muons and neutrinos at the FPF entrance
plane is shown in Fig. 2.37. It should be noted that the production of τ ± is not implemented in
the version of Geant4 used (10.7.p03), but the recently released Geant4 V11.0 can produce them
through positron annihilation. Here, we also expect only electron and muon neutrinos to be present
in the simulation. The high end of the kinetic energy spectra is still statistically limited, but is
expected to continue downwards.
The predicted muon fluxes based on averaging the 2 m×2 m sample plane at the FPF location are
given in Table 2.4. These are integrated across all kinetic energies in the simulation (Ek ≥ 10 GeV).
Using the trajectory information stored in ROOT-format BDSIM output files, we can visualise the
origin of muons that reach the FPF 2 m × 2 m sample plane. The origins are shown in Fig. 2.38 as a
function of the global Cartesian coordinate Z. The distribution shows that the majority of muons
originate from before the accelerator begins to curve at approximately 350 m, and there appears to
be significant structure. Many of the peaks (e.g., from Z = 100 m to Z = 250 m) are explained by
the TAXN (the absorber at the 2-beam separation point), as well as by subsequent collimators that
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Figure 2.34: The 2D muon distribution at Z = 370 m, viewed more closely than in Fig. 2.33 and
showing the muon flux at the location of a sweeper magnet. The data is scaled to the nominal
HL-LHC luminosity of 5 × 1034 cm−2 s−1 .

Figure 2.35: The 2D muon distribution at Z = 370 m, as in Fig. 2.33, but only for muons with
Ek > 1 TeV. The data is scaled to the nominal HL-LHC luminosity of 5 × 1034 cm−2 s−1 .
Scenario
With sweeper
No sweeper

µ− (Hz/cm2 )
0.4937 ± 0.0145
0.5342 ± 0.0163

µ+ (Hz/cm2 )
0.2827 ± 0.0139
0.2881 ± 0.0139

Table 2.4: Predicted muon fluxes at the entrance to the FPF at Z = 617 m from IP1 along the
LOS, based on the nominal HL-LHC luminosity of 5 × 1034 cm−2 s−1 . The rate is calculated from
a sample area of 2 m × 2 m across all kinetic energies from the minimum simulated kinetic energy
of 10 GeV.
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Figure 2.36: 2D Muon distribution at Z = 617 m from IP1 in front of the proposed dedicated FPF
location. The data is scaled to the nominal HL-LHC luminosity of 5 × 1034 cm−2 s−1 .
FPF: Muons in a 2 x 2 m2 at Z = 617 m

FPF: Neutrinos in a 2 x 2 m2 at Z = 617 m
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Figure 2.37: Muon (left) and neutrino (right) spectra at the FPF location at Z = 617 m integrated
across an area of 2 m × 2 m and scaled to the nominal HL-LHC luminosity of 5 × 1034 cm−2 s−1 .
are designed to protect the machine from the high-power forward physics debris. Secondary particles
can in turn produce muons that may reach the FPF from these locations. The two broad peaks are
initially believed to be from the increasing dispersion (transverse position-energy correlation) in the
accelerator as we enter the arcs. The increased dispersion causes greater transverse excursions for
off-energy particles resulting in their loss and interaction with the accelerator, eventually producing
muons. These results provide an initial insight into where muons originate from and how they can
be be mitigated with the choice of sweeper magnet location.

2.8.5

Outlook

The model presented is a first step in modelling the FPF muon backgrounds and further improvements are required. Firstly, a simplified geometry based on the aperture can be exported for a
RIVET module suitable for testing new and existing generators and their models. This method

Muons reaching FPF (Hz / m / cm2)
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FPF: Origin in Z of Muons reaching a 2 x 2 m2 at Z = 617 m
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Figure 2.38: The origin of muons reaching the 2 m × 2 m sample plane at the Z = 617 m FPF
location. This figure shows where such muons were created as a function of the global Cartesian
Z coordinate, that is, the distance from IP1. The results are scaled to the nominal HL-LHC
luminosity of 5 × 1034 cm−2 s−1 .
and tool is described in Ref. [67]. Such a technique allows rapid iteration to test key quantities
and responses of potential experiments to different physics models. The Monte Carlo sample here
required ∼ 80000 cpu-hours to be generated, despite the decay cross section biasing. Whilst the
simulation data provided is highly useful in understanding backgrounds, the approach using RIVET
by Ref. [67] using a simplified geometry from this model will allow many more variations to be
studied.
Secondly, the geometry can be improved further to include the collimator vacuum tanks and
cooling apparatus. The BDSIM-provided LHC magnet geometries will also be improved. The magnetic fields used in the yokes of the magnets are parameterised multipole fields according to the
Biot–Savart law. However, more accurate field maps will be used in the future. Additional systematic errors can be investigated, including the varied proton beam optical parameters (e.g., the
crossing angle) and the effect of the rock density uncertainty.
Here, only the contribution from collisions at IP1 is presented. The contribution from the
inelastic interaction of protons with residual gas in the vacuum can be simulated, as can any
physics debris from other IPs that can cause proton losses, albeit at a low rate, throughout the
whole accelerator.
The model presented and BDSIM in general present a method that can be used as part of a
physics analyses and Monte Carlo chain to predict quantities at the FPF, as well as estimate the
impact of design choices including a sweeper magnet.

2.9

The PROPOSAL Framework For Simulating Particles Fluxes

In addition to the FLUKA and BDSIM frameworks discussed in Sec. 2.6 and Sec. 2.8, respectively,
the simulation framework PROPOSAL may be used to estimate particle fluxes at the FPF. PROPOSAL
provides 3D Monte Carlo simulations of high-energy leptons and photons [68]. It is used in several
experiments, for example, in the simulation chain of the IceCube Neutrino observatory, to propagate
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muons and taus [69]. However, its design is focused on flexibility, so that the framework can be
used for a wide range of applications.
One key advantage of PROPOSAL is that the framework provides the options to find an optimal
tradeoff between simulation precision and simulation performance for each individual use case.
This is realized by introducing a combination of energy cuts: an absolute energy cut ecut , as well
as a relative energy cut vcut . Energy losses above these energy cuts are treated by sampling each
interaction individually, while all energy losses below these energy cuts are treated continuously.
Furthermore, the settings for the energy cuts can be varied for the different parts of the simulation
environment. This is especially useful for setups where specific areas may have to be simulated
with a higher focus on precision, while other areas can be simulated with a focus on performance
to save computing time.
To precisely simulate the energy loss processes of muons, an accurate knowledge of the underlying cross sections is necessary. For this purpose, PROPOSAL provides the possibility to choose from
a set of different theoretical models, including up-to-date parametrizations of muon energy losses.
The effects of these modern parametrizations, in comparison to commonly used parametrizations
in other simulation tools, can be of the order of up to two percent, depending on the energy
range [70]. Especially for muon propagation over long distances, these differences may have an
observable impact on the simulation results. Furthermore, the flexible structure of PROPOSAL allows for a straightforward implementation of additional parametrizations into the framework, for
example, including BSM physics, if necessary.
To simulate the effects of magnetic fields on charged particles, which is relevant to estimate the
effects of sweeper magnets on the muon background in the FPF, magnetic field deflection may be
implemented directly in PROPOSAL in the future. As an alternative, PROPOSAL can be used together
with the particle cascade simulation tool CORSIKA 8 [71]. In this case, the magnetic field deflection
would be provided by CORSIKA 8, while the physics of muon interactions are provided by PROPOSAL
via an existing interface.

2.10

Sweeper Magnet

For many of the physics goals of the FPF, reducing the rate of background particles traversing
the FPF experiments would be very beneficial. For example, for emulsion-based neutrino detectors
such as FASERν2, reducing the rate of background charged particles would allow the emulsion films
to be exchanged less often, significantly reducing the cost. For a LAr-based neutrino/dark matter
detector, reducing the background rate will allow improved physics sensitivity, and may allow one
to loosen some of the requirements, resulting in a cheaper and simpler detector. In this section, we
discuss the use of a sweeper magnet, to be installed on the LOS significantly in front of the FPF,
to reduce the background rate from muons, is discussed. The effectiveness and feasibility of such a
sweeper magnet are under study, and this section gives a snapshot of the current studies.

2.10.1

Sweeper Magnet Location

Early feasibility studies carried out for the FASER experiment showed that we expect a significant
rate of high-energy muons travelling along the LOS; see Sec. 2.6.4 and Ref. [10]. The rate on
the LOS is reduced due to the LHC magnets, particularly the separation/re-combination dipoles,
D1 and D2. FLUKA simulations and in situ measurements show that the direction of the muons
is consistent with following the LOS from the IP, which means that a sweeper magnet should be
placed on the LOS in between the IP and the FPF. The LOS is inside the LHC beam pipe for the
long straight section of the LHC machine, and then inside the LHC magnet cryostat volume for
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FPF

IP1

1

Figure 2.39: Plan view of the LHC complex between the ATLAS IP and the proposed FPF location.
The LOS is shown as a red line, and the region where it has left the LHC magnet cryostats, but
remains in the LHC tunnel, is highlighted in the zoomed in region. (Taken from the CERN GIS
portal.)
the first part of the arc. However, after about 350m from the IP, the LOS leaves the cryostat and
remains in the LHC tunnel for about a further 50m. This is the location where a sweeper magnet
could be installed, and it is shown in Fig. 2.39.
A preliminary integration study, using the 3D model of the LHC machine in this region, was
carried out. This suggested that there would be space for a 7 m-long magnet, of transverse size
20 cm diameter, to be placed on the LOS. This magnet would be about 200 m from the FPF,
providing a significant lever arm for the deflected muons to move away from the LOS before they
get to the FPF. Fig. 2.40 shows the plan view and side view of the magnet compared to the existing
LHC infrastructure from this integration study. The magnet is very close to the QRL cryogenic line,
which is a delicate piece of equipment in the LHC tunnel. The study does not take into account
the support of the magnet, or the handling equipment needed to install and remove it from this
location.
Following this study, a laser scan was carried out in this area of the LHC tunnel to validate
the 3D integration model used in the integration study. Unfortunately, this revealed a number of
components that were not included in the original 3D model used. These components significantly
reduce the available space for the sweeper magnet, assuming no modifications to the infrastructure
are made. In this case the magnet length would be limited to about 2 m, as shown in Fig. 2.41. We
are currently investigating if some of the infrastructure in this area of the LHC could be minimally
modified, to allow the 7 m magnet to be installed there.

2.10.2

Conceptual Magnet Design

The location of the sweeper magnet in the LHC arc has significant radiation when the LHC is
operating. It is therefore difficult to reliably operate a power converter in this region, which suggests
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Figure 2.40: Plan view (top) and side view (bottom) from the initial integration study to place a
7 m-long, 20 cm-diameter sweeper magnet on the LOS. The magnet is shown as a red cylinder. (The
location shown is where the LOS leaves the beampipe to the west of ATLAS, but the symmetric
location to the east of ATLAS and in the direction of the FPF is expected to be essentially identical.)

that a permanent magnet could be a desirable solution for the sweeper magnet. A conceptual
design for a possible permanent sweeper magnet is shown in Fig. 2.42. The magnet is made up
of a central block of permanent magnetic material (e.g., NdFeb or SmCo) of 10 cm by 10 cm
transverse dimensions, surrounded by an outer ring of construction steel (making up a 20 cm by
20 cm transverse size magnet). The magnetic field distribution for this configuration is shown
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Figure 2.41: Integration study of the FPF sweeper magnet, using the LHC geometry updated
after a laser scan in the relevant LHC area. The top panel shows the plan view, with the clash
between the infrastructure, particularly the cryogenic warm return line (WRL), and the proposed
sweeper magnet envelope highlighted in yellow. The bottom panel shows the view from in front
of the sweeper magnet. (The location shown is where the LOS leaves the beampipe to the west
of ATLAS, but the symmetric location to the east of ATLAS and in the direction of the FPF is
expected to be essentially identical.)
in Fig. 2.43 with a central field of 1.1 T for a SmCo magnet or 1.4 T for a NdFeb magnet.3 The
radial stray magnetic field is negligible at the level of <0.002 T at 10 cm from the magnet, which is
not expected to be problematic for the LHC beam or any equipment in the LHC tunnel. Assuming
a field integral of 7 Tm for the sweeper magnet, this would sweep a 100 GeV (500 GeV) muon
4.2 m (0.8 m) from the LOS at the FPF (200 m away). However, it still needs to be studied with
simulation if the magnet would also sweep muons into the LOS, and if so what the overall reduction
3
There is a risk that the magnet could become de-magnitized by radiation for the NdFeB magnetic material. This
will need to be studied further before deciding on what material to use.

Chapter 2. The Facility

56
200 mm

100 mm

200 mm

100 mm

Permanent magnet (SmCo or NdFeb)
External ring (construction steel)

Figure 2.42: Figure showing the conceptual design of the proposed FPF sweeper magnet.
1

1

Figure 2.43: Figure showing the calculated magnetic field distribution inside the proposed sweeper
magnet. Only a quarter of the magnet transverse area is shown, but the field is symmetric in the
horizontal and vertical directions. The field is calculated using FEMM [72].
of the background along the LOS would be.
For the conceptual design mentioned above, a 7 m-long magnet would weigh 2.3 tonnes and
would likely be constructed and installed in 1 m-long sections. The cost of such a magnet (not
taking into account the support and handling infrastructure, nor any modifications that would need
to be made to the tunnel infrastructure to create room for the magnet to be installed) is about 150
kCHF.
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The FPF will provide space along the LOS for a suite of experiments to explore the diverse
physics signals that can be uniquely probed in the forward region. At present, there are five
experiments that have been proposed for the FPF. These include FASER2 to search for longlived particles; FASERν2 and AdvSND to study neutrinos and search for new particles; FLArE
to detect neutrinos and search for DM; and FORMOSA to search for mCPs and related particles.
The detector design for these experiments is a work in progress. In this Chapter, we describe the
current status of each of these experiments and detectors in turn.

3.1
3.1.1

FASER2
Physics Goals and Design Considerations

The existing FASER experiment is already set to probe new parameter space in the search for BSM
physics. However, the overall size of FASER, and therefore its possible decay volume, has been
heavily constrained, ever since the initial stages of planning, by the available space underground.
This directly affects the sensitivity and reach obtainable by FASER, as, for many representative
BSM models, the sensitivity is directly related to the length and radius of the decay volume. This
strongly motivates the case for an enlarged detector, FASER2, which was already explored in the
original FASER proposal [6], the FASER Letter of Intent [7], Technical Proposal [10], and physics
reach [9] documents.
In previous studies, the nominal FASER2 design is comprised of a decay volume 5m in length
and 2m in diameter. This results in an angular acceptance of neutral pions that increases from
0.6% in FASER to 10% in FASER2, as shown in Fig. 5 (left) of Ref. [9]. In addition, there is
a significant improvement in sensitivities to LLPs produced in the decays of heavy mesons, due
to the additional acceptance to B-meson production, as shown in Fig. 5 (right) of Ref. [9]. The
larger decay volume also improves sensitivity to larger LLP masses and longer LLP lifetimes. The
combined effect of all these factors is an improvement in reach of 4 orders of magnitude for some
models.
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Scenario
Original (F2)
Alcoves (S1)
New Cavern (S2)

Distance
to IP [m]
480
500
620

58
Available
Length [m]
15
5
25

Decay Volume
Length [m]
5
1.5 (/ 2)
10 (/ 15 / 20)

Available
Diameter [m]
2
1.5 (/ 2)
2

Decay Volume
Diameter [m]
2 (/ 1 / 0.5)
2 / 1 (/ 0.5)
2 / 1 (/ 0.5)

Table 3.1: Possible FASER2 design parameters, including the FASER2 parameters of Ref. [9]
(“Original”) and configurations appropriate for the two preferred FPF scenarios: the UJ12 alcoves
option (“Alcoves”) and the baseline purpose-built facility option (“New Cavern”). Numbers in
brackets show configurations that have been considered, but are not shown in the figures or discussed
in the text.
There are several key design considerations for FASER2. The larger radius puts less emphasis
on the importance of being directly on-axis. The significant improvement in sensitivity to higher
mass LLPs has the consequence of exposing FASER2 to a more complicated mixture of decay channels; this strongly motivates the need for particle identification capabilities, for example, between
electrons, muons, pions, and kaons. In addition, the factor of 10 increase in decay volume radius
corresponds to a factor of 100 increase in area that needs to be instrumented. It therefore becomes
much more challenging to accommodate an extended version of the ATLAS SCT tracker module
configuration, due to cost considerations and the services required. However, the marked increase
in detector length of FASER2 creates the potential to achieve larger decay product separations
with different and possibly cheaper technology. The overall increase in detector size will also lead
to a larger background rate, which is likely to require more complicated trigger and data analysis
techniques.

3.1.2

Detector Configurations

Given these considerations there is much to be studied in terms of possible detector configurations
and technologies. So far studies have focused on general size/layout optimisations. Several possibilities for decay volume sizes and locations have been considered, as shown in Table 3.1. These
are based on the constraints imposed from the FPF facility scenarios, which we will refer as the
“Alcoves” and “New Cavern” options.
Fig. 3.1 shows the sensitivity to dark photon (left) and dark Higgs boson (right) models for a
selection of the possible FASER2 scenarios shown in Table 3.1. The sensitivity contours have been
determined using the FORESEE tool [73], described in Sec. 4.1. As already discussed, the sensitivity
to dark photons in the original FASER2 configuration is significantly improved with respect to
FASER. However, the Alcoves option does not allow for such a large detector, and the figure shows
a significant loss of sensitivity with respect to the original configuration. On the other hand, the
New Cavern option is able to accommodate a detector that can recover and even improve upon the
original FASER2 sensitivity, making it the strongly preferred scenario. The only downside to the
New Cavern scenario is the slight shift in sensitivity to lower couplings, resulting from its increased
distance from the ATLAS IP, but this is a rather small effect. Similar conclusions can be drawn for
the dark Higgs boson sensitivity, where the effect of the increased radius is even stronger, because
of the enhancement in acceptance of B-meson decays, as already discussed.
The FASER2 design can be optimised for either the New Cavern or Alcoves option. The design
is not yet strictly defined, but it will be similar to FASER in the general philosophy, modulo changes
needed to ameliorate some of the additional challenges already described. A schematic layout of
the FASER2 detector, assuming the baseline New Cavern option, is given in Fig. 3.2. The veto
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Figure 3.1: Projected discovery sensitivities for various FASER2 scenarios in the dark photon (left)
and dark Higgs boson (right) models.
system will be scintillator-based, similar to FASER. The significantly increased area of the active
volume makes it impractical to use silicon tracker technology. A SiPM and scintillating fibre tracker
technology, such as LHCb’s SciFi detector [74], is a strong candidate to replace the ATLAS SCT
modules used in FASER. In addition, Monitored Drift Tube (MDT) technology, similar to that
used in the ATLAS New Small Wheel [75], is also being considered, although this option requires
the use of gases in the LHC tunnel that could be problematic for the UJ12 alcoves scenario.
For the magnets, superconducting technology would be required to maintain sufficient field
strength across the much larger aperture. Suitable technology for this already exists and can be built
for FASER2. There are several possibilities for the cooling of such magnets; the use of cryocoolers
and the possibility to share a single cryostat across several magnets are being considered. The
calorimeter needs to have sufficient spatial resolution to be able to identify particles at ∼ 1−10 mm
separation; good energy resolution; improved longitudinal separation with respect to FASER; and
the capability to perform particle identification, separating, for example, electron and pions. Dual
readout calorimetry [76,77] is a good candidate to satisfy all these requirements. Finally, the ability
to identify separately electrons and muons would be very important for signal characterisation,
background suppression, and for the interface with FASERν2 (see Sec. 3.2) and other detectors.
To achieve this, a mass of iron will be placed after the calorimeter, with sufficient depth to absorb
pions and other hadrons, followed by a detector for muon identification.

3.1.3

Magnet and Tracker Requirements

The FASER2 design requirements that must be defined with highest priority are the needs of the
spectrometer, both in terms of the magnetic field strength and the tracker resolution. Studies are
underway to investigate the characteristic particle separations, starting with dark photons that
decay to e+ e− pairs. Fig. 3.3 shows a schematic of the Geant4 [52] simulations for the Alcoves and
New Cavern scenarios. In each case, tracker station positions are indicated by vertical dashed lines.
In Fig. 3.4 (left), the solid contours show the distribution of transverse spatial separation between the e+ and e− tracks resulting from a 100 MeV dark photon decaying to e+ e− pairs in a 1 T
magnetic field. With this magnetic field strength, the track separations are approximately 5 mm
at Station 1 and 20 mm at Station 3 (and at the calorimeter). These lengths determine the spatial
resolutions that would be needed to reliably identify separate decay products.
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Figure 3.2: Schematic diagram of the proposed FASER2 detector.

Figure 3.3: Schematic views of the FASER2 Geant4 simulations for the FPF Alcoves (left) and
New Cavern (right) options. The tracker stations are indicated by vertical dashed lines. For the
Alcoves design, the tracker stations are 1.5, 2.7, and 3.9 m from the front of the decay volume. For
the New Cavern design, the stations are 10.0, 15.5, and 21.0 m from the front of the decay volume.
Considering the same signal model, and taking into account the almost twice as strong magnetic
field assumed here, the particle separations are much larger than might naively be expected based
on what was observed in FASER [7] for a similar longitudinal detector layout. This is explained by
Fig. 3.4 (right), which shows that with a larger-radius decay volume, there is much more acceptance
for lower energy dark photons, whose decay products are then easier to separate with a given
magnetic field. The dashed contours in Fig. 3.4 (left) show the distribution of spatial separations
for the e+ and e− tracks for the subset of dark photons that are produced in the decay volume of
the same transverse size as FASER, that is, within a decay volume radius of RDV = 10 cm from the
LOS. In this case, it can be seen that the particle separations are significantly reduced and more
in line with what might be expected from a naive extrapolation from FASER.
In Fig. 3.5 (left), the same distributions of transverse track separations are shown, but for the
New Cavern detector. For the same 1 T magnetic field, the significantly increased detector length
results in large separations even at the first station. A tracker resolution of 50 mm would be very
efficient for Station 1 and much more coarse resolutions would required for Stations 2 and 3 and for
the calorimeter. With such large separations it is worth investigating whether a magnet is needed
to obtain sufficiently large separations. In the same figure, the dashed line show the separations
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Figure 3.4: Left: Results from Geant4 simulations of the FASER2 Alcoves detector for the distribution of transverse separations of e+ and e− tracks resulting from 100 MeV dark photons decaying
to e+ e− pairs in a 1 T magnetic field. The different colors are the distributions at the various
tracker station locations shown in Fig. 3.3. The solid contours are for all dark photons decaying
in the decay volume. The dashed contours are for the subset of dark photons that decay within a
decay volume radius of RDV = 10 cm from the LOS. Right: The distribution of dark photon decays
in the (Energy, Radius) plane, where the Energy is the energy of the dark photon, and Radius is
the distance from the LOS at which it decays. Highly energetic dark photons decay closer to the
LOS.
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Figure 3.5: Left: Results from Geant4 simulations of the FASER2 New Cavern detector for the
distribution of transverse separations of e+ and e− tracks resulting from 100 MeV dark photons
decaying to e+ e− pairs in a 1 T magnetic field (solid) or no magnetic field (dashed). The different
colors are the distributions at the various tracker station locations shown in Fig. 3.3. Right: The
same as in the left panel, but for dark photons with a fixed energy of 1 TeV.

without any magnetic field and even then they are comparable to the Alcove scenario. However,
this is obviously not representative of all energy ranges. Fig. 3.5 (right) shows the same information
but for dark photons with an energy of 1 TeV. Here, even with a 1 T magnetic field, the resolutions
needed for good track separation are approximately 10 mm at Station 1 and approximately 100 mm
at Station 3 and at the calorimeter.
However, the most important consideration is the impact of the different particle separation
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Figure 3.6: Effect on the sensitivity to dark photon decays A0 → e+ e− for different requirements
on the electron separations. These results are for the FASER2 New Cavern configurations indicated, with the separation requirement applied at tracker Station 1 (left) and at tracker Station
3/calorimeter (right).
efficiencies on the sensitivity of FASER2. There is a non-trivial interplay between the LLP mass,
coupling, decay product separation, and reach, and so this requires dedicated study.
The effect of different separation cuts on the reach for the New Cavern scenario is shown
in Fig. 3.6 for Station 1 (left) and Station 3/Calorimeter (right). For a requirement of 10 mm
separation, the reduction in sensitivity is small enough that the tracker technologies under consideration would be more than sufficient. The particle separations are also large enough at the
calorimeter that even a relatively coarse granularity could be sufficient, given the field strength of
the proposed magnets.
To conclude, the physics potential of a larger-scale successor to FASER is clear. Possible scenarios for this larger detector are being explored and initial studies strongly indicate a preference for a
FPF with a dedicated new cavern. Much progress has been made on defining the possible FASER
detector designs and identifying detector technologies. Several studies are still required to finalise
the design boundaries of FASER2, such as understanding the physics needs and possible detector
performance capabilities for LLP mass and pointing reconstruction and particle identification.

3.2
3.2.1

FASERν2
Physics Goals

As a component of the existing FASER experiment, the FASERν neutrino detector [10, 78] was
designed to detect collider neutrinos for the first time and examine their properties at TeV energies.
In 2021, the FASER Collaboration reported the detection of the first neutrino interaction candidates
at the LHC in a 29 kg pilot detector exposed in 2018 [5]. Starting in 2022 at LHC Run 3, FASERν,
with a total tungsten target mass of 1.1 tonnes, will measure about 10,000 flavor-tagged, chargedcurrent (CC) neutrino interactions, opening up the new field of neutrino physics at colliders.
So far, no cross section data are available at the TeV-energy scale. For muon neutrinos,
the FASERν measurements will probe the gap between current accelerator measurements (Eν <
360 GeV) [79] and existing IceCube data (Eν > 6.3 TeV) [80]. For electron and tau neutrinos,
the FASERν cross section measurements will extend existing data to much higher energies. In
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addition to CC interactions, neutral-current (NC) interactions can be measured. Such measurements can provide a new limit on the nonstandard interactions of neutrinos to complement existing
limits [81]. Furthermore, as discussed in Chapter 6, forward hadron production, which is poorly
constrained by other LHC experiments, can be investigated using FASERν. In addition, uncertainties in forward charm production limit the clarification of the atmospheric neutrino background to
astrophysical neutrino observations using neutrino telescopes; see Chapter 8. FASERν measurements of high-energy electron neutrinos, which mainly originate from charm decays, can provide
the first data on high-energy and large-rapidity charm production, providing vital input from a
controlled environment for astrophysical neutrino observations.
In LHC Run 3, FASERν will detect of ∼ O(10) tau neutrinos and anti-tau neutrinos. This will
be a welcome supplement to the small number of tau neutrinos that have been detected so far, but
will be insufficient to probe tau neutrino properties in detail. Given the status of the tau neutrino
as the least well-studied SM particle, there is strong motivation to study it more thoroughly with
measurements that may be included among the precision probes of the general flavor structure of
quarks and leptons.
The FASERν2 detector is designed as a much larger successor to FASERν to greatly extend
the physics potential for tau neutrino studies. It will be an emulsion-based detector able to identify heavy flavor particles produced in neutrino interactions, including τ leptons and charm and
beauty particles. In the HL-LHC era, FASERν2 will be able to perform precision tau neutrino
measurements and heavy flavor physics studies, eventually testing lepton universality in neutrino
scattering and new physics effects. Furthermore, FASERν2 can provide extraordinary opportunities for a broad range of physics studies, with additional and important implications for QCD,
neutrino physics, and astroparticle physics, as described in Chapters 6 to 8.

3.2.2

Detector Requirements

To detect and distinguish the various neutrino flavors, the requirements for the FASERν2 detector
are as follows:
On-axis The detector should be centered along the beam collision axis to maximize the neutrino
interaction event rate of all three flavors (νe , νµ , ντ ), and also to maximize the detected neutrino
energies.
Large mass The detector should have a high-density and large-mass target to maximize the neutrino interaction event rate within the space constraints of the underground cavern.
Flavor sensitivity The detector should be able to identify different lepton flavors: sufficient target
material to identify muons; finely sampled detection layers to identify electrons and to distinguish
them from gamma rays; and good position and angular resolutions to detect tau and charm decays.
Energy reconstruction The detector should be able to measure muon and hadron momenta and
the energy of electromagnetic showers, and be able to estimate neutrino energy.
Tau-neutrino/anti-tau neutrino separation To distinguish ντ and ν̄τ interactions in the case
of tau decays to muons, charge measurement of muons is required. A global analysis that combines
information from FASERν2 with the FASER2 spectrometer, described in Sec. 3.1, with the help
of an interface detector, is required.
Fig. 3.7 shows a view of the FASERν2 detector. Its ideal location is in front of the FASER2
spectrometer along the beam collision axis. The FASERν2 detector is envisioned to be composed
of 3300 emulsion layers interleaved with 2 mm-thick tungsten plates. The total volume of the
tungsten target is 40 cm × 40 cm × 6.6 m, and the mass is 20 tonnes. The FASERν2 detector
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Figure 3.7: Conceptual design of the FASERν2 detector [37].
will also include a veto detector and interface detectors to the FASER2 spectrometer, with one
interface detector in the middle of the emulsion modules and the other detector downstream of the
emulsion modules to make the global analysis and muon charge measurement possible. Similar to
FASER2, the veto system will be scintillator-based, and the interface detectors could be based on
the SiPM and scintillating fibre tracker technology. The detector length, including the emulsion
films and interface detectors, will be ∼8 m. Both the emulsion modules and interface detectors will
be situated in a cooling system (not drawn).
Tau neutrino CC interactions produce τ leptons, which have 1-prong decays 85% of the time.
Fig. 3.8 shows the distribution of these events in the (τ flight length, kink angle)-plane [78]. The
mean τ flight length is 3 cm. To detect a kink, the τ must cross at least one emulsion layer. In
addition, the kink angle should be larger than four times the angular resolution and more than
0.5 mrad, and the flight length should be less than 6 cm, where the last requirement is implemented
to reduce hadronic backgrounds. Fig. 3.9 shows event displays of a simulated ντ event in FASERν
and FASER. The ντ interacts and the tau decays into a muon in FASERν, and the muon then
passes through the FASER spectrometer. Similar events are expected in FASERν2 and FASER2.
The high muon background in the LHC tunnel might be an experimental limitation. The
emulsion detector readout and reconstruction work for track densities up to ∼ 106 tracks/cm2 . To
keep the detector occupancy low, the possibility of sweeping away such muons with a magnetic field
placed upstream of the detector is currently being explored, as described in Sec. 2.10. Considering
the expected performance, the emulsion films will be replaced every year during the winter stops.

3.2.3

Emulsion Film Production

The emulsion sensitive layers consist of silver bromide micro-crystals, which are semiconductors
with a band gap of 2.684 eV, dispersed in a gelatin substrate. The diameter of the crystals which
will be used for FASERν2 will be approximately 200 nm. An emulsion detector with 200 nm crystals
has a spatial resolution of 50 nm. The two-dimensional intrinsic angular resolution of a doublesided emulsion film with 200 nm-diameter crystals and a base thickness of 210 µm is therefore 0.35

kink angle (mrad)
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Figure 3.8: The distribution of events in the (τ flight length, kink angle) plane for ντ CC interaction
events that produce tau leptons that decay with 1-prong topology.
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Figure 3.9: Top: Event display of a simulated ντ event with the τ − decaying into a µ− in FASERν
and the muon passing through the FASER spectrometer. Bottom: A magnified view of the part of
the event in the FASERν emulsion detector.
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Figure 3.10: The emulsion film coating system.
mrad. More details on the emulsion technology are summarized in [82].
The emulsion gel and film production will be performed at a large-scale production facility
established at Nagoya University. The sensitivity of the emulsion layers was examined by exposing
the produced emulsion to several tens of MeV electrons, measuring ∼45 grains per 100 µm along
with the trajectory of particles. This sensitivity is sufficient for detecting minimum ionizing particles
by setting an emulsion thickness of larger than 50 µm. The emulsion gel produced can then be used
to produce films with two 65 µm emulsion layers deposited on both sides of a 210 µm plastic base
by using the coating system shown in Fig. 3.10. The capability of the facility to produce emulsion
films can reach ∼ 2000 m2 per year. It is possible to produce 3300 emulsion films, corresponding
to a total of ∼ 530 m2 of emulsion films, for FASERν2 every year. The production of emulsion gel
and films will be scheduled half a year before each installation.

3.2.4

Readout and Analysis

Analyses of the data collected in the emulsion modules will be based on the readout of the full
emulsion volume using the Hyper Track Selector (HTS) system [83]. The readout speed of the
HTS system is 0.45 m2 /hour/layer, which is a big leap from previous generations. Currently, an
upgraded system HTS2, which is about five times faster, is under commissioning and a further
upgraded system HTS3 with about 10 m2 /hour/layer is being developed. The readout speeds of
these systems are summarized in Table 3.2, and a photo of the HTS system is shown in Fig. 3.11.
The total emulsion film surface to be analyzed in FASERν2 is ∼530 m2 /year, implying a readout
time of ∼2400 hours/year with HTS or ∼420 hours/year with HTS2. It will be possible to finish
reading the data taken in each year within a year using either of the above systems.

SUTS (used in OPERA)
HTS (running)
HTS2 (under commissioning)

Field of view [mm2 ]
0.04
25
50

Readout speed [cm2 /hour/layer]
72
4500
25000

Table 3.2: Comparison of emulsion scanning systems and their performance properties.
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Figure 3.11: The fast emulsion readout system HTS [83].

Reconstruction of the emulsion data will enable the localization of neutrino interaction vertices,
identification of muons, the measurement of charged particle momenta by the multiple Coulomb
scattering method, and the energy measurement of electromagnetic showers. Additionally, with
the FASER2 spectrometer using the interface detectors, the charges of muons will be identified.
In the HL-LHC, given the 20 times luminosity and 20 times target mass of FASERν, FASERν2
will collect two orders of magnitude higher statistics than FASERν, allowing precision measurements of neutrino properties for all three flavors. For tau neutrinos, ∼ 2, 300 (∼ 20, 000) ντ
CC interactions are expected, using the event generator Sibyll-2.3d (DPMJet 3.2017), as shown
in Table 3.3. As for the uncertainty on the tau neutrino flux, forward charm production is poorly
constrained by other experiments, but it can be studied by measuring electron neutrino interactions
in FASERν2. Roughly 178k (668k) νe CC interactions are expected in FASERν2, using the event
generator Sibyll 2.3d (DPMJet 3.2017). Electron neutrinos at high energies above ∼500 GeV,
which mainly originate from charm decays, can constrain forward charm production. The major
remaining uncertainty could be at the 20% level from the dependency on the charm species, which
other experiments or theoretical predictions might further constrain.

FASERν
FASERν2

Generator
Sibyll
DPMJet
Sibyll
DPMJet

νe +ν̄e CC
0.9k
3.5k
178k
668k

νµ +ν̄µ CC
4.8k
7.1k
943k
1400k

ντ +ν̄τ CC
15
97
2.3k
20k

Table 3.3: The expected number of neutrino interactions obtained using two different event generators, Sibyll-2.3d and DPMJet 3.2017, for FASERν [67] and FASERν2 [37].
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AdvSND
Physics Goals

The Advanced SND project is meant to extend the physics case of the SND@LHC experiment [13].
It will consist of two detectors: one placed in the same η region as SND@LHC, i.e. 7.2 < η < 8.4,
hereafter called FAR, and the other one in the region 4 < η < 5, hereafter denoted NEAR. In
the first part of this section, we review the way the physics case would be extended, and in the
second part, we describe the detector design and layout in more detail. These two detectors are
meant to operate during Run 4 of the LHC (i.e., HL-LHC) and beyond. The FPF would host the
FAR detector. The NEAR detector, given the higher average angle, would have to be placed more
upstream to get a sizeable azimuth angle coverage. Note that the extension of the physics case
covered here is related to neutrinos and, more generally, to SM physics, while the BSM physics
case is described in Chapter 4.
QCD Measurements. Electron neutrinos in the pseudorapidity range of SND@LHC, 7.2 <
η < 8.4, are mostly produced by charm decays. Therefore, νe s can be used as a probe of charm
production in an angular range where the charm yield has a large uncertainty, to a large extent
coming from the gluon parton distribution function (PDF); see Chapter 6. Electron neutrino
measurements can thus constrain the uncertainty on the gluon PDF in the very small (below 10−5 )
x region. The interest therein is two-fold: first, the gluon PDF in this x domain will be relevant for
Future Circular Collider (FCC) detectors; and second, the measurement will reduce the uncertainty
on the flux of very-high-energy (100 PeV) atmospheric neutrinos produced in charm decays, an
essential input to the study of neutrinos from astrophysical sources, as discussed in Chapter 8. The
charm measurement by SND@LHC in Run 3 will be affected by a systematic uncertainty at the
level of 30% and by a statistical uncertainty of 5%. The large systematic uncertainty mostly comes
from the procedure linking neutrinos to charm. To reduce this uncertainty, the NEAR detector
of AdvSND comes into play, since the charm yield was measured with high precision by LHCb in
the 4.0 < η < 4.5 region [84]. The comparison between neutrino measurements and LHCb direct
charm measurements will reduce the systematic uncertainties, with the goal of bringing them down
to the level of the statistical one.
The operation in Run 4 of the FAR detector will reduce the statistical uncertainty below 1%,
as it is clear from Table 3.4. Fig. 3.12 shows the ratio between charm measurements in different
η regions normalised to the LHCb measurement: the gluon PDF uncertainty provides the largest
contribution. AdvSND will measure charm in two η regions: in the 7.2 < η < 8.4 region with the
FAR detector and in the 4.5 < η < 5 range with the NEAR one, where the relative contribution of
PDF uncertainty is even larger.

Flavour
νµ + ν̄µ
νe + ν̄e
ντ + ν̄τ
Tot

AdvSND - FAR
ν in acceptance
CC DIS
hardQCD: cc hardQCD: bb hardQCD: cc hardQCD: bb
6.3 × 1012
1.5 × 1011
1.2 × 104
200
12
11
4
6.7 × 10
1.7 × 10
1.2 × 10
220
7.1 × 1011
4.7 × 1010
880
40
13
4
1.4 × 10
2.5 × 10

Table 3.4: The number of neutrinos passing through the FAR detector of AdvSND and the number
of CC neutrino interactions in the detector target, assuming 3000 fb−1 , as estimated with the
Pythia 8 generator.
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Figure 3.12: Ratio between the differential cross section for charm production at 13 TeV and the
differential cross section at 7 TeV, with the latter evaluated in the pseudorapidity range 4 < η <
4.5 [13].
Neutrino Cross Section Measurements. Fig. 3.13 shows the scatter plots of neutrino
energy versus η for neutrinos originating from b and c and from W decays. Neutrinos from leptonic
W decays are seen to be kinematically well separated [85]. Note that LHCb has measured charm,
beauty, and W production cross sections in the 2 < η < 5 range: 1.5 nb for W , 144 µb for beauty,
and 8.6 mb for charm [84]. The W measurement was carried out at 7 TeV while the other two
were done at 13 TeV. Accounting for all that, and considering the case of tau neutrinos, which
shows a low branching ratio in charm decays (c → ντ ∼ 5 × 10−3 ), we expect a factor 105 more
charm-induced than W and Z-induced ντ s. The role of W and Z decays is therefore marginal in
this context and we focus on charm and beauty in the following.
Fig. 3.14 shows the neutrino energy spectra for the two η regions, separately for the different
neutrino parents. The energy spectra of charm and beauty-induced neutrinos is much softer in the
NEAR location, as expected.
The large uncertainty on the charm-induced neutrino flux in the large η region prevents SND@LHC
from making a neutrino cross section measurement. AdvSND will instead be able to perform this
measurement with the NEAR detector, since the neutrino flux from charm and beauty in the
4.0 < η < 4.5 region is very reliable, given the measurements performed by LHCb [84]. This will
lead to a neutrino cross section measurement with very small systematic uncertainties of all three
neutrino flavours, including tau neutrinos. The expected number of events in the NEAR detector
is given in Table 3.5. The lower average energy of neutrinos in the NEAR location results in a
lower neutrino cross section, which explains the differences between the neutrino yields in the two
detectors, despite of the similar flux.
Thus, one expects the leading uncertainty to be the statistical one: a few percent for electron
and muon neutrinos and about 10% for tau neutrinos as one can derive from Table 3.5. Notice that
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Figure 3.13: Scatter plot of neutrino energy versus pseudorapidity η in b, c (left) and W (right)
decays. All neutrino flavours are included [85]. The AdvSND regions are highlighted.

Figure 3.14: Neutrino energy spectra for three different sources: charm, beauty and W , Z bosons.
The NEAR (left) and FAR (right) locations are considered.

Flavour
νµ + ν̄µ
νe + ν̄e
ντ + ν̄τ
Tot

AdvSND - NEAR
ν in acceptance
CC DIS
hardQCD: cc hardQCD: bb hardQCD: cc hardQCD: bb
2.1 × 1012
3.3 × 1011
980
200
12
11
2.2 × 10
3.3 × 10
1000
200
2.7 × 1011
1.4 × 1011
80
50
12
3
5.4 × 10
2.5 × 10

Table 3.5: The number of neutrinos passing through the NEAR detector of AdvSND and the
number of CC neutrino interactions in the detector target, assuming 3000 fb−1 , as estimated with
the Pythia 8 generator.
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the yield of muon neutrinos from π and K decays is not included in this table.
Lepton Flavour Universality with Neutrino Interactions. In the 7.2 < η < 8.4 region,
electron and tau neutrinos come essentially only from charm decays. Therefore, the uncertainty
on the flux cancels out in the ratio, which can then be used to test lepton flavour universality
with neutrino interactions. The corresponding measurement by SND@LHC is dominated by a 30%
statistical uncertainty due to the poor ντ statistics. AdvSND will reduce the statistical uncertainty
down to less than 5%; see Table 3.4. At this point, the systematic uncertainty due to the charm
quark hadronization fraction into Ds mesons, fDs , would be leading. This would turn into a
measurement of lepton flavour universality at the 20% level.
More constraints on this ratio could come from the NEAR detector, where all charmed hadron
species, including Ds , have been identified by the LHCb Collaboration. Given the expected number
of electron and tau neutrino interactions reported in Table 3.5, lepton flavour universality with
electron and tau neutrinos could be tested with an accuracy of 10%.
Lepton flavour universality can also be tested with the electron to muon neutrino ratio. In this
case, charm can be considered also as the source of muon neutrinos if an energy cut is applied.
A tentative value of 600 GeV is assumed as the energy threshold in the forward location with
7.2 < η < 8.4, and SND@LHC will have a 10% accuracy in this ratio for both systematic and
statistical uncertainty. With the FAR detector operating at the FPF, AdvSND can reduce the
statistical uncertainty down to a few percent, and the accuracy will be limited by the systematic
uncertainty. It has to be underlined that the systematic uncertainty will have to be re-evaluated
in this region in the high luminosity regime.
The NEAR detector would have a much smaller systematic uncertainty and therefore the reach
is driven by the statistical uncertainty, at the level of a few percent.

3.3.2

Detector Layout

Both detectors will be made of three elements. The upstream one is the target region for the vertex
reconstruction and the electromagnetic energy measurement with a calorimetric approach. It will
be followed downstream by a hadronic calorimeter and a muon identification system. The third
and most downstream element will be a magnet for the muon charge and momentum measurement,
thus allowing for neutrino/anti-neutrino separation for muon neutrinos and for tau neutrinos in the
muonic decay channel of the τ lepton.
The target will be made of thin sensitive layers interleaved with tungsten plates, for a total
mass of ∼ 5 tons. The use of nuclear emulsion at the HL-LHC is prohibitive due to the very
high luminosity that would make the replacement rate of the target incompatible with technical
stops. As discussed in Sec. 2.10, this motivates the study of a sweeper magnet to reduce the muon
background. As an alternative approach, the Collaboration is investigating the use of compact
electronic trackers with high spatial resolution fulfilling both tasks of vertex reconstruction with
micrometer accuracy and electromagnetic energy measurement. The hadronic calorimeter and the
muon identification system will be about 10 λ, which will bring the average length of the hadronic
calorimeter to about 12 λ, thus improving the muon identification efficiency and energy resolution.
The magnetic field strength is assumed to be about 1 T over about 2 m length. A schematic view
of the detector is shown in Fig. 3.15.
The magnet is a key element in the detector design, because it makes it possible to distinguish
νµ from ν̄µ and ντ from ν̄τ when the resulting tau lepton decays to a muon. Fig. 3.16 shows the
momentum spectrum of muons induced by the CC interactions of muon neutrinos in the 7.2 <
η < 8.4 region. The layout of a spectrometer measuring the bending angle of a track is shown
in Fig. 3.17 with all the relevant parameters. We describe in the following the design of this kind
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Figure 3.15: Layout of the AdvSND detector.

Figure 3.16: Momentum spectrum of muons in νµ CC interactions in the 7.2 < η < 8.4 region.
of spectrometer for AdvSND.
After traversing a magnet with field strength B and length `, the track of a charged particle
`
eB`
with momentum p is bent by an angle θ = =
. The bending angle θ is determined by two
r
p
tracking planes that are located before the magnet and separated by the lever arm a, which measure
the track coordinates x1 and x2 , and two tracking planes that are located behind the magnet and
also separated by the lever arm a, measuring the track coordinates x3 and x4 . From the track
coordinates the bending angle is determined to be
θ=

x4 − x3 x2 − x1
−
.
a
a

(3.1)

Chapter 3. Experiments

73

Figure 3.17: Schematic drawing of a magnetic spectrometer measuring the bending angle of a
particle track.
Denoting the measurement error of a track coordinate for a tracking station by , the error on the
2
bending angle measurement is ∆θ = . Hence, the momentum resolution of the spectrometer is
a
∆p
∆θ
2p
≈
=
.
p
θ
eB`a

(3.2)

For a given total length L of the spectrometer the choice of the length ` of the magnet and of the
L
`
lever arm a, which results in the best momentum resolution, is defined by a = = . For the muon
4
2
charge assignment, the maximum muon momentum, pmax , for which a charge assignment is possible,
can be defined by requiring at least a 4σ separation from infinite momentum, corresponding to a
momentum resolution of
∆p
1
=
for
p = pmax ,
(3.3)
p
4
Thus, the maximum momentum, up to which a muon charge assignment is possible, is obtained:
pmax =

eB`a
.
8

(3.4)

Assuming a magnetic field of B = 1 T, a spatial resolution of the tracking chambers of  = 100 µm,
` = 2 m, and a = 1 m, the spectrometer allows for a charge assignment up to 750 GeV/c, thus
covering 95% of the momentum spectrum. The overall length of the spectrometer is 4 m.
Table 3.6 summarises the main parameters of the two locations and the corresponding detectors.

η
target mass (tonne)
front surface (cm2 )
distance from IP (m)

AdvSND - NEAR
[4.0, 5.0]
5
120 × 120
55

AdvSND - FAR
[7.2, 8.4]
5
100 × 55
630

Table 3.6: Parameters of the two AdvSND detectors in the NEAR and FAR locations.

3.4

FLArE

A liquid argon time projection chamber (LArTPC) is considered for the suite of detectors for the
FPF. Such a detector offers the possibility to precisely determine particle identification, track angle,

Chapter 3. Experiments

74

and kinetic energy over the large dynamic range from 10 MeV to many hundreds of GeV [86, 87].
Such a detector is therefore well motivated by the requirements of neutrino detection [37] and
light dark matter searches [88–90]. A key motivation is simply the detection and measurement of
TeV-scale neutrino events from a laboratory-generated, well-characterized source. The LHC also
represents the only possible terrestrial source of high-energy intense tau neutrinos. The data set
that will be gathered at the FPF with highly capable detectors will be unique and broadly valuable
to particle physics and astrophysics.
The key requirement for both measurements, neutrinos and light dark matter, is the ability to
trigger and collect particles that come from an LHC IP and produce an event within the fiducial
volume of the detector, in the presence of large muon backgrounds from the high luminosity running
of the LHC. The detector must also be able to contain the events, reconstruct the kinematics, and
identify the neutrino type. Identification of tau neutrinos presents a particular challenge, requiring
both high spatial and kinematic resolution. In the case of dark matter events, an energetic, isolated,
forward-going electron must be identified and its energy measured. A liquid argon (or noble liquid)
TPC provides the opportunity to have high (mm-scale) spatial resolution in 3 dimensions, along
with excellent electromagnetic calorimetry. However, the issue of trigger using scintillation light and
event reconstruction needs considerable R&D. Much of this R&D can benefit from the investments
made in the DUNE and protoDUNE [91] experiments.

3.4.1

Physics Requirements

Because of the spatial, energy, and time resolution of the LArTPC, it is a well motivated by the
requirements of neutrino detection and the light DM search [88–90]. In particular, the TPC is an
excellent choice for the detection and measurement of energetic electromagnetic showers. Single
muon tracks as well as showers of hadronic tracks also benefit from the superb spatial and charge
resolution of this detector. The detector has no insensitive mass and therefore the energy loss and
scattering can be measured along a long track. This capability leads to superb particle identification
at momenta of ∼ 1 GeV and also to excellent momentum resolution for high energy muons. The
kinematic resolutions in angle and momentum and how they affect various backgrounds for neutrino
physics at the TeV scale needs further study.
The detector is expected to measure millions of neutrino interactions, including tau neutrinos.
The detector should have sufficient capability to measure these very high energy (> 100 GeV)
events, so that the cross section for each flavor can be measured. Identification of tau neutrinos
with low backgrounds needs detailed simulations and reconstruction studies. As an approximate
estimate, there will be about 50 high-energy neutrino events per ton per fb−1 ; this is approximately
the integrated luminosity expected to be collected every day during the high-luminosity running of
the LHC. The majority of this flux will be muon neutrinos, with electron neutrinos forming about
1/5 of the event rate. The tau neutrino rate is expected to be ∼ 0.1 event/ton/fb−1 with a very
large uncertainty due to QCD modeling in the forward direction. The high energy electron neutrino
and the tau neutrino fluxes come from charm meson decays in the forward region, and therefore
careful measurements of these event types has broad implications for particle physics, as described
in Chapter 6, Chapter 7 and Chapter 8.
Table 3.7 summarizes the main parameters of a LArTPC for the FPF. A detector with a fiducial
mass of approximately 10 tonnes of liquid argon is envisioned. We are also considering this same
detector with a filling of liquid krypton. The dimensions of the TPC are extremely preliminary
and could depend considerably on event containment and the energy loss properties of LAr or
LKr. For both the LAr and LKr options, the efficiency for well-measured events that happen in
the downstream portion of the detector can be enhanced by the addition of a hadron calorimeter,
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Detector length
7m
TPC drift length
> 0.5 m
TPC height
> 1.3 m
Total LAr mass
∼ 16 tonnes
Total LKr mass
∼ 27.5 tonnes
Fiducial mass LAr/LKr 10/17 tons
Charge Readout
wires or pixels
Light readout
SiPM array
Background muon rate ∼ 1/cm2 /s
Neutrino event rate
∼ 50/ton/fb−1
Cryostat type
Membrane 0.5 m
Hadronic calorimeter
∼ 6 − 10λ
Dimension
2m×2m×1.6m(depth)
Muon Range
To be determined

75
Remarks
Not including cryostat
2 TPC volumes with HV cathode in center
Dimension dependant on containment
Volume in the cryostat
As an option
Hybrid approach is possible
Needed for neutrino trigger
Maximum luminosity of 5 × 1034 /cm2 /s
For all flavors of neutrinos
Thickness of membrane
Interactions lengths
Fe/Scint sandwich

Table 3.7: Detector parameters for a LArTPC for the FPF. The top part of the table shows the
nominal geometric parameters for the time projection chamber to be considered for the FPF, and
the bottom part shows the additional hadron and muon detectors.
which is included in the table.
For 3 ab−1 , such a detector will collect as many as millions of muon neutrino/antineutrino
CC events, about a hundred thousand electron neutrino events, and thousands of tau neutrino
events. These numbers have large uncertainties due to the poorly understood production cross
section in the forward region [92, 93]. It is also important to note that this flux of events will
have the same time structure as the LHC accelerator with a bunch spacing of 25 ns. At the same
time, muons from interactions at the IP will produce a background flux of about ∼ 1 muon/cm2 /s
at the nominal maximum luminosity of 5 × 1034 cm−2 s−1 at the HL-LHC. As the luminosity is
increased to ∼ 7.5 × 1034 cm−2 s−1 in later years of the HL-LHC, the background muon flux will
correspondingly increase. As discussed in Sec. 2.10, this muons flux may be reduced by the addition
of a sweeper magnet placed between the ATLAS IP and the FPF.
If the TPC can be operated with liquid krypton, several advantages are expected. The radiation
length of LKr (4.7 cm) is much shorted than LAr (14 cm) leading to much more compact electromagnetic showers [94–96]. This performance naturally leads to much higher event containment
for neutrino events. The higher density of LKr should also allow higher event rate. The overall
increase of useful event rate is expected to be almost a factor of 2 at energies above 1 TeV. Detailed
simulations of event reconstruction need to be performed, but the better resolution from LKr is
expected to lead to much better performance for tau neutrinos. The choice of krypton for the TPC
is, however, not simple because of intrinsic radioactivity due to 85 Kr.

3.4.2

Detector Design Considerations

The nominal configuration for the LArTPC detector would include a central cathode operating
at a large high voltage and two anode planes on two sides of the detector parallel to the beam
from the ATLAS IP. The electric field between the cathode and the anode will be at ∼ 500 V/cm,
providing a drift field for ionization electrons; the drift time for a 0.5 m-long drift will be about
0.3 ms. For a detector with an approximate cross section of 1 m2 , there will be about 3 muon tracks
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within a single drift time. Neutrino and dark matter events must be selected out of these overlaying
background particle trajectories. For the TPC, a readout using wires or pixels is possible [97]. A
readout of the scintillation light is crucial to allow the measurement of the distance along the drift.
It is also important for the selection of events that originate in the detector (such as a neutrino or
a dark matter event), as well as generating the trigger necessary for acquiring the data. Neutrino
events need to be identified at the trigger level as events with tracks or showers that originate from
a common vertex within the detector volume. As stated above, the expected event rate is ∼ 50 per
day per ton; the detector scintillation system and the trigger selection must be designed to retain
high efficiency for these real events, while maintaining a low  1Hz trigger rate.
For the detection of neutrino and dark matter events at the 10-ton fiducial mass scale, further
simulation work is needed to understand event reconstruction and background rejection, especially
for tau neutrino events. For detector design, in particular, simulation work is needed to understand
neutrino event containment and energy resolution in a 7 m-long detector. Study of kinematic
resolution in the case of wire readout versus pixel readout is needed. And finally, the design and
performance of the photon detector system needs to be investigated and demonstrated by R&D.
Lastly, a LkrTPC would have remarkable resolution for electromagnetic showers and the event
containment is expected to excellent. In either the LAr or LKr case, a downstream hadronic
calorimeter and a muon range detector is needed to contain particles escaping from the TPC
for energetic neutrino events. Looking further to the future, the addition of magnetic field and
momentum measurement either with a downstream magnet or as part of the TPC needs to be
explored.

3.4.3

Cryogenics and Noble Liquid Circulation System

FLArE will be deployed in an underground cavern, and so it is necessary to develop compact
liquid cryogenic facilities to condense, recirculate, and filter liquid argon or krypton. The CERN
cryogenics group with their enormous experience is expected to take the major responsibility for
this facility at CERN. Targeted R&D to understand the differences between liquid argon and liquid
krypton recirculation and purification systems is also important. In particular, the liquid krypton
system will have additional requirements because of the higher mass and the need to keep losses
very low. There could also be differences due to the needed purity levels.
The LArTPC will be installed in a membrane cryostat with passive insulation and with nominal
inner dimensions of 2.1×2.1×8.2 m3 . These cryostat dimensions allow excellent high voltage safety
for the TPC dimensions in Table 3.7 using experience from previous designs. However, the cryostat
design will need to be closely coordinated with the TPC as the design changes. The membrane
cryostat technology allows the cryostat to be constructed underground. The insulation, being
passive, ensures reliable and safe long-term performance. The cryogenic system must re-condense
the boil-off, keeping the ullage absolute pressure stable to better than 1 mbar, and purify the liquid
argon bath. A standard approach is to re-condense the argon with a heat exchanger with liquid
nitrogen. A LAr flow of 500 kg/h through the purification circuit is considered sufficient to reach
and maintain the required LAr purity.
The total heat input due to the cryostat and the cryogenics system is estimated to be of the
order of few kW: < few kW from the cryostat depending on the size, 1 kW from the GAr circuit,
1 kW from the LAr purification and 1 kW from other inefficiencies. To this, the detector electronics
should be added. A Turbo-Brayton ( 8 m x 1.6 m x 2.7 m) TBF-80 unit from Air Liquid installed in
the vicinity of the cryostat provides approximately 10 kW cooling power from ≈100 kW electrical
power and 5 kg/s of water at ambient temperature. Liquid argon and nitrogen storage tanks are
required above ground and connected via piping to the underground cryogenics. Exhaust of gasses
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will be done to the atmosphere on the surface. For safety reasons, as noted in Chapter 2, the cryostat
in the cavern is placed in a trench 1.5 m deep, 6.9 m wide, and 12.6 m long, which collects the
argon in case of a leak. Oxygen deficiency is the main risk associated with the LArTPC. A properly
designed ventilation system will constantly extract air in the proximity of the cryostat/cryogenics.
A detection of low oxygen content by the ODH system in the cavern and in the trench will trigger
increased air extraction. The design and technology for the cryosystem is well understood because
of the experience from protoDUNE. If Lkr is considered as a fill, then the requirements for the
cryosystem need to be further examined in detail, but there is also experience with a LKr system
at CERN from the NA48 experiment, which has run for a long time [96].

3.4.4

Research and Development

The FLArE detector concept requires a few key R&D efforts. Neutrino events at energies of 1
TeV and above from an accelerator source have not been detected, and simulations of these events
require much tuning of software codes and comparison with existing data. This effort will lead
to a much better understanding of kinematic resolutions and the design of a hadron calorimeter
and a muon rangefinder. In particular, detailed simulations are needed to understand the signal
to background ratio achievable for tau neutrinos with event shape and kinematic cuts and other
software techniques. The design of the TPC and the cathode and anode readout depends strongly
on the spatial and charge resolution that will be needed for particle identification. The three options
are: a wire readout, a pixel readout, or a hybrid readout. The wire readout has been analyzed
thoroughly [97] and is best suited for very large detectors with very low channel occupancy. On
the other hand, a pixel readout could be quite expensive in terms of channel counts. A new type
of readout plane is in the process of development for the DUNE vertical drift detector; this design
could be appropriate for FLArE. Finally, the design and performance of the photon detector system
needs to be investigated and demonstrated by R&D. In particular, the photon system has to serve
three functions in order of increasing difficulty: separation of beam related muon and neutrino
events, accurate timing performance to measure the location of the neutrino or dark matter events
in the TPC, and association of the neutrino or dark matter events with a bunch crossing in the
collider detector.
Time Projection Chamber Design
Fig. 3.18 shows the preliminary conceptual design for the FLArE detector, and Table 3.7 summarizes the main parameters. This nominal design is being implemented with Geant4 for detector
response and physics reach simulations. A detector with a fiducial mass of approximately 10 tonnes
(24 tonnes) of liquid argon (liquid krypton) is envisioned. During the HL-LHC era, more than 500
neutrino events per day are expected in the detector.
The TPC serves to measure the ionization tracks in the liquid with close-to-ideal spatial resolution for an electronic detector. The ionization electrons are drifted over a length of 0.5 to 1 m
away from the cathode plane in the center and detected by their induced currents in electrodes on
the anode plane. The electrodes (wires or pixels) can be arranged according to the needed spatial
resolution down to a few mm. The TPC has three essential components in the design: the high
voltage cathode and the field cage, the anode and the electrode design, and the readout electronics.
The cathode and the field cage define the static electric field. High voltage must be provided
using a penetration (feed-through) in the cryostat. The design of this system is now very well
understood from experience from protoDUNE and ICARUS detectors. Fields of 500 volts/cm
can now easily be sustained over several meters of drift. Two important challenges that must
be confronted for the design of FLArE are the availability of space above the detector for the
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FLArE Detector Preliminary Sketch
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Figure 3.18: A preliminary sketch of the FLArE detector. The concept must be further engineered
for integration and high-voltage safety. The cryostat technology from GTT (Gaztransport and
Technigaz) has corrugations that allow expansion/contraction of the metallic surfaces. For a small
cryostat such as for FLArE, the cryostat must be redesigned with flat walls. The space between
the field cage and the cryostat is for high-voltage safety. Possible electronics readout is indicated,
but must be designed in detail for this detector.
installation of the HV feedthrough, and providing a cathode that permits scintillation light to
reach both sides of the TPC. A particular issue arises for liquid krypton due to the high level
of intrinsic radioactivity (∼ 500bq/cm3 ) which creates a cloud of charge that reduces the applied
electric field (space charge). This problem needs careful examination and may require smaller TPC
gaps or high fields. Both the liquid argon and krypton options require careful evaluation for space
charge due to high rates of muon tracks from the LHC.
The anode and the electrode design determines the spatial resolution for measurement of ionization in 3D. A design using several (more than 3) planes of wires has been used in the protoDUNE
test detector. It is also the design for ICARUS, MicroBooNE, and the first module of DUNE.
The wires in each plane allow measurement of a single plane projection of the ionization image.
Drifting electrons induce currents in each of the planes of wires before being collected on the final
wire plane. Combining three 2D images electronically produces a 3D pattern. This technique, however, requires low track multiplicity in the events to reduce reconstruction ambiguities [97] and is
otherwise subject to inefficient event recognition. Another option is being examined in the context
of the DUNE second module, in which a rigid plane is employed with small holes to allow electrons
to pass. Induced currents on metalized electrodes on both sides of the rigid plane (or electronic
board) are used to create a projection of the image. This technique could lead to an inexpensive
pixelized detector that is not subject to reconstruction ambiguities.
Typical amount of charge from a minimum ionizing particle through liquid argon (or krypton)
is about ∼ 1 − 2 × 104 electrons for a few mm of track length. The collected charge depends on
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Figure 3.19: Geant4 simulations of electromagnetic showers in LAr (left) and LKr (right) produced
by 200 GeV (top) and 1 TeV (bottom) electrons. The showers start at z = 0, and all particles,
except photons, are shown, with the color indicating the particle’s charge: negative (red), neutral
(green), and positive (blue). The shower depth in LKr is shorter due to it’s smaller radiation length.

the electric field strength, purity of the liquid, and losses due to attachment over the drift distance.
The liquid must have very high purity (∼ 0.1ppb) to allow charge drift over 1 meter without
significant attenuation. Detection of induced current pulses from this small charge requires low noise
amplification of the pulses as close to the electrode as possible. Such low noise cryogenic electronics
has now been fully developed and tested in the protoDUNE detector. The entire readout chain of
amplification, digitization, and data transmission has been designed to work in liquid argon. The
FLArE detector can fully utilize this technology with minimal changes regardless of the detailed
design of the electrode.
Detector Response and Physics Reach Simulation
Simulations based on various neutrino and DM event generators and Geant4 detector modeling
play a critical role in understanding FLArE’s response to all relevant physics processes and evaluating its physics research for neutrino studies and DM searches. Preliminary simulations have been
performed to compare the development of electromagnetic showers in LAr and LKr. These results
are shown in Fig. 3.19 and demonstrate LKr’s remarkable resolution for electromagnetic showers
and excellent event containment. Further studies will be used to optimize the experiment design
and understand event reconstruction and event selection; study the kinematic resolution in the
case of wire readout versus pixel readout; study the performance of the proposed photon detection
system as well as alternatives; and investigate the potential benefits of a magnetic field, created
either by a downstream magnet or as part of the TPC.
Photon Sensor System
A new photon sensor system must be designed for FLArE. This system provides three key
functions: (1) The system will provide an accurate measurement of the time of the ionization event
in the detector so that the event vertex can be located in the drift direction in the TPC. The
location is essential for reconstruction of the kinematics of the event. (2) The time is also needed to
isolate the several particle tracks that are expected to be within a single drift time. The tracks that
are background muons can then be identified and removed from the data. (3) The photon system
must have sufficient granularity or pixelization to allow basic fast pattern recognition to select
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interesting events at the trigger level. Interesting neutrino or DM events are those that originate
in the active volume of the detector. The decision to read out the detector must be carried out
quickly so that the TPC data that are in the pipeline can be recorded without dead time. It will
also be interesting to examine the physics and the technical possibility of triggering the ATLAS
data acquisition based on a neutrino trigger from FLArE. This requires the examination of the
time resolution that can be achieved and the time available for a trigger decision and transmission
to the ATLAS level 1 system.
The photon sensors detect the ample ultra-violet scintillation light that is produced by ionization events in liquid argon (128 nm) or liquid krypton (150 nm). This scintillation light has two
components with short (few ns) and long (1600 and 90 ns for LAr and LKr, respectively) time
constants. It is common in such detectors to convert these photons to longer wavelengths by using
a wavelength shifter, such as tetraphenyl butadiene (TPB), so that the shifted light can be detected in photomultiplier tubes or in silicon-photomultiplier (SiPM) sensors. There is a preference
for using SiPM technology, as it is rapidly advancing and becoming more affordable [91]. SiPMs
also take much less space inside the cryostat, thus saving the precious sensitive volume for physics.
Both technologies need to be assessed because of the expected count rates of signal and background
events in the detector. In particular, the high-energy muons and the intrinsic radioactivity (39 Ar
decays for liquid argon and 85 Kr decays for liquid krypton) are expected to contribute large instantaneous and average currents for these sensors. The low energy threshold for a trigger decision will
determine the physics reach for a number of topics, such as low mass dark matter scattering, and
the evaluation will require detailed simulations, as well as detector evaluation and measurements
in the laboratory.
AI/Machine Learning-Based Trigger Studies
A key challenge for FLArE is triggering and identifying DM and neutrino signals with low
backgrounds. As noted above, approximately 500 high-energy neutrino events will be seen each
day in a 10-tonne detector at the HL-LHC. The majority of this flux will be muon neutrinos, with
electron neutrinos forming about 1/5 of the event rate. The rates for neutrino and DM signals are
much lower than the muon background rate of ∼ 1/cm2 /sec. Therefore, traditional simple trigger
schemes, such as multiple detector signal coincidence in some time window, will be overwhelmed.
To solve this problem, machine learning (ML) techniques may be used early on in the trigger
to reduce the trigger time and the rate of saved events. These techniques may also reduce the
trigger energy threshold if they are applied to the task of event reconstruction itself. Convolutional
neural networks (CNNs) in real-time event processing and triggering may also be implemented. The
CNNs will use event-level PDS pixel maps to classify events directly for the fast trigger. The TPC
information can also be investigated for slower trigger decisions. Novel Transformer-based [98, 99]
deep neural networks may also be used to combine charge, timing, and location information in an
interpretable way for FLArE trigger and event identification.

3.5

FORMOSA

The FPF provides an ideal location for a next generation experiment to search for BSM particles
that have an electrical charge that is a small fraction of that of the electron. Although the value of
this fraction can vary over several orders of magnitude, we generically refer to these new states as
millicharged particles (mCPs). Since these new fermions are typically not charged under QCD, and
because their electromagnetic interactions are suppressed by a factor of (Q/e)2 , they are “feebly”
interacting and naturally arise in many BSM scenarios that involve dark or otherwise hidden sectors.
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General purpose detectors at the LHC are not sensitive to the deposits of such particles and so
experimental observation of mCPs requires a dedicated detector.
As proposed in Ref. [100], where it is referred to as FORMOSA-II1 , an experiment to search for
mCPs at the FPF would consist of a scintillator-based detector [20, 21] technically similar to what
the milliQan collaboration will install in the PX56 drainage gallery near the CMS IP at LHC Point
5 for LHC Run 3 [101], but with a significantly larger active area and a more optimal location with
respect to the expected mCP flux. During Run 2 of the LHC, the milliQan collaboration installed
a prototype scintillator-based detector (the milliQan “demonstrator”) in the PX56 draining gallery
at LHC P5 near the CMS IP. This device was used successfully to search for mCPs, proving the
feasibility of such a detector [102]. The results of the milliQan demonstrator provide valuable
insights into the design and operation of the FORMOSA detector.
The FORMOSA detector is primarily targeted at discovering low charge signals (described
in detail in Chapter 5), however, sensitivity to alternative signatures, such as a heavy neutrino
electric dipole moment, can be expected [103]. In addition, more involved mCP signatures can
be considered. This can include multiple mCPs traversing the detector [104]. In the case of the
discovery of mCPs, an expanded detector could be constructed that can distinguish the details of
the signal signature.

3.5.1

Detector Design

To be sensitive to the small dE/dx of a particle with Q . 0.1e, an mCP detector must contain
a sufficient amount of sensitive material in the longitudinal direction pointing to the IP. Plastic
scintillator, such as, for example, Eljen EJ-200 [105] or Saint-Gobain BC-408 [106], provides a
detection medium with the best combination of photon yield per unit length, response time, and
cost. The FORMOSA detector is planned to be a 1 m × 1 m × 5 m array of plastic scintillator.
The length of the bars is determined by the desire to efficiently reconstruct a particle of charge
O(10−3 ), however, this may be optimised further. No gain in sensitivity is expected using a larger
area thin scintillator detector (as planned for the Run 3 milliQan detector [101]) as the reach in
charge is typically below that which such a detector could efficiently reconstruct.
The array will be oriented such that the long axis points at the ATLAS IP and it will be located
on the beam collision axis. The array contains four longitudinal “layers” arranged to facilitate a
4-fold coincident signal for feebly interacting particles originating from the ATLAS IP. Each layer
in turn contains one hundred 5 cm × 5 cm × 100 cm scintillator “bars” in a 20 × 20 array. The bars
will be held in place by a steel frame. A conceptual design of the FORMOSA detector is shown in
Fig. 3.20.
Although omitted for clarity in Fig. 3.20, three additional scintillator “panels” of 5 cm×100 cm×
400 cm, placed on each side of the detector, will be used to actively veto cosmic muon shower and
beam halo particles. Finally, scintillator panels of 5 cm × 100 cm × 100 cm will be placed on the
front and back of the detector to aid in the identification of muons resulting from LHC proton
collisions.
To maximize sensitivity to the smallest charges, each scintillator volume will be coupled to a
high-gain photomultiplier tube (PMT) capable of efficiently reconstructing the waveform produced
by a single photoelectron (PE). To reduce random backgrounds, mCP signal candidates will be
required to have a quadruple coincidence of hits with NPE ≥ 1 within a small time window. The
PMTs must therefore measure the timing of the scintillator photon pulse with a resolution of ≤ 5 ns.
Three different species of PMT were deployed as part of the milliQan demonstrator: Hamamatsu
1
FORMOSA-I refers to a demonstrator prototype that could be installed in UJ12/TI12 experimental areas near
the current FASER experiment.
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Figure 3.20: A diagram of the FORMOSA detector components. The scintillator bars are shown
in blue connected to PMTs in black.
R878, Hamamatsu R7725 [107], and Electron Tube 9814B [108]. While all three species meet the
minimal requirements for the FORMOSA detector, the R7725 and Electron Tube PMTs were found
to have the best dark rate, timing, and response performance. The afterpulsing properties of the
PMT species used will also have significant impact on the background faced by the detector. To
avoid sensitivity to residual magnetic fields in the cavern, each PMT will be wrapped with mu-metal
shielding. This shielding consists of two parts: one is directly around the PMT within the mount,
and another thin layer is wrapped around the outside of a completed bar covering a region 2 cm
on either side of the photo-cathode position.
Waveforms from each PMT will be digitized, read out, and stored for offline analysis. As
the pulse rate per PMT is large, a trigger will be used to record only those waveforms during
interesting time windows when signal-like activity in the detector is observed with at least 3 layers
in a 2 × 2 × 4 bar region having a pulse above the single PE threshold. To avoid the rate being
dominated by through-going muons, large pulses in the front and end panels will be vetoed in
the trigger. The digitisation can be performed using 25 16-channel CAEN V1743 digitizers [109],
operating at 1.6 × 109 samples per second with 12-bit resolution, providing 1024 samples within a
640 ns acquisition window. The 16 channels are arranged into 8 trigger groups, each of which can
output a trigger bit via LVDS. These trigger bits can then be combined by dedicated electronics to
form the trigger decision.
Commercial CAEN HV power supply modules connected to fan-out boards will provide power
for up to 12 groups of up to 12 PMTs (144 PMTs total) for each HV supply module. Therefore,
three CAEN A1535DN power supply modules can be utilised to power all scintillator bars and
panels.

3.5.2

Backgrounds and Sensitivity

Even though the pointing, 4-layered, design will be very effective at reducing background processes,
small residual contributions from sources of background that mimic the signal-like quadruple coin-
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cidence signature are expected. These include overlapping dark rate pulses, cosmic muon shower
particles and beam muon afterpulses. In Ref. [101], data from the milliQan prototype was used to
predict backgrounds from dark rate pulses and cosmic muon shower particles for a closely related
detector design and location. Based on these studies, such backgrounds are expected to be negligible for FORMOSA. An additional background is expected from the large through-going muon rate
of ∼ 1 Hz/cm2 . Although the large pulses from the muons can easily be distinguished from the
signal, the afterpulses caused by ionising in the PMTs can mimic the signal signature. As detailed
in Ref. [100], it is expected that these can be rejected by vetoing a 10 µs time window in the
detector following through-going beam muons. To more effectively track the paths of beam muons
through the detector, it is possible to segment the veto panels at the front and back of the detector
to form hodoscopes. This may allow areas impacted by beam muons to be identified, rather than
necessitating deadtime for the full detector. In addition, input on the beam muon paths could be
provided to other detectors within the FPF to allow improved background rejection. Finally, the
use of a sweeper magnet (detailed in Sec. 2.10) to lessen the rate of beam muons incident on the
detector could significantly reduce the deadtime and backgrounds in the detector.
The signal process is simulated from a range of production modes, as detailed in Ref. [100].
This provides the expected flux for each mass and charge of the signal. This can then be used
to determine the expected limits as shown in Fig. 3.21. For much of the parameter space, the
sensitivity is limited by the efficiency of the scintillator bars to detect through-going mCPs. In this
regime, the mCP flux is very high, and so only a small area of higher performance scintillator can
allow substantial gains in sensitivity. One possibility is an upgraded design in which an additional
2 × 2 × 4 bars are installed using a higher performance scintillator, such as LaBr3(Ce). By placing
these bars close to the larger plastic scintillator, the active veto background rejection capabilities
of the array for sources such as cosmic showers are maintained. Shielding of these would mitigate
backgrounds for the larger detector caused by the radioactivity of the LaBr3(Ce). In this scenario,
the optimal charge reach could be lowered by as much as a factor of 5.
Finally, the FLArE detector may also have sensitivity to mCPs. It could be possible for FORMOSA to prove ∼ 10 cm (40 cm) resolution tracking of mCP paths at the front (back) of FLArE .
This could help FLArE provide an independent measurement of the properties of the mCP signal.
The combination of measurements from multiple detectors in the FPF can provide powerful insights
into both background and signal processes.
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Light new particles appear generically in BSM models that motivate the electroweak scale,
explain the origin of dark matter, describe the mechanism underlying neutrino masses, solve the
strong CP problem, and explain the baryon asymmetry of the universe. Some of the most common
signatures of these models arise from new long-lived particles that could decay in detectors such as
FASER2. This section describes such models in the context of the FPF and their potential long-lived
particle signatures; see also contribution to Snowmass 2021 Big Idea: light long-lived particles [110]
and RF6 - Overview of Facilities and Experiments [111] for further general discussion. Separately,
theories predicting BSM particles that scatter within the FPF are described in the following section.
Models that feature new long-lived states are organized below by the type of new particle (vector,
scalar, fermion, or pseudoscalar) that they would predict at the FPF. Some models have more than
one new particle that plays a relevant role in FPF phenomenology as well. Within the relevant
subsections, we compile the theories, final states, and expected FPF sensitivities for these models.
The ultimate source of BSM states at the FPF is the proton collisions at the LHC, and it is
useful to briefly describe how these collisions could give rise to light new particles. First, a large
flux of mesons in the forward direction is expected due to the GeV scale of QCD interactions and
the typical TeV parton energy. In fact, over the lifetime of the HL-LHC, there will be 4 × 1017
85
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the SM, they can propagate downstream and decay to SM final states inside the FPF. Both the
production and decay mechanisms are model-dependent.
neutral pions, 6×1016 η mesons, 2×1015 D mesons, and 1013 B mesons produced in the direction of
the FPF. In many models, meson decay is a major source of new particles, resulting in high-energy
beams of these particles at large rapidity. Depending on the theory, BSM particles can also be
produced through proton bremsstrahlung or even through Drell-Yan production. The following
contributions describe the main production mechanisms of BSM in a range of different models, as
well as potential final states that can be achieved through scattering or decay. Fig. 4.1 illustrates
the production of long-lived BSM particles and their FPF decay signatures. When the scale of the
interactions responsible for new particle production is much smaller than the TeV energies typical
at the LHC, collimated beams of long-lived particles are naturally produced in the direction of the
FPF.
In many theories, these long-lived particles can be identified with states that are necessary
to resolve fundamental outstanding questions. For instance, long-lived scalars appear in relaxion
theories as well as in models of inflation. In other cases, light new states are obligatory features
of models which resolve outstanding experimental anomalies, such as novel gauge symmetries to
explain the measured anomalous magnetic moment of the muon. Fig. 4.2 shows the multitude of
models with long-lived particle signatures at the FPF and how they are connected to different needs
for BSM physics. Theories predicting scattering signatures, as discussed in the following section,
are also shown.
The rest of this section is organized as follows. We begin in Sec. 4.1 by describing the FORESEE
package for use in simulating and analyzing BSM events at the FPF. Then, we turn to long-lived
particles, with the next several sections dealing with new particles decaying to visible final states
in FPF detectors which are vectors in Sec. 4.2, scalars in Sec. 4.3, fermions in Sec. 4.4, and ALPs
in Sec. 4.5. We also discuss models in which more than one new particle could give a viable FPF
signature in Sec. 4.6. Further ways in which new physics can indirectly be detected at the FPF are
described in other sections. Taken together, the suite of possible models of light new physics will
be exceedingly well-tested at the FPF.
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Neutrino Masses

16

Figure 4.2: New physics models with FPF signatures considered in this report. The models are
grouped by the type of BSM particle they contain that is typically most relevant for the FPF.
Connections are shown to the multitude of new physics motivations on the outside of the figure.
Models in italics give rise to FPF signatures involving the scattering of BSM states rather than
long-lived particle decays, and are treated in the following section.

4.1

Monte Carlo Tools for BSM: FORESEE

An important part of the successful proposal of each new physics program is the development
of convenient numerical tools that can be used in phenomenological simulations and can support
related experimental efforts. To facilitate such BSM studies in the far-forward region of the LHC,
we introduce a numerical package, namely the FORward Experiment SEnsitivity Estimator, or
FORESEE [73].1 The package can be used to analyze the expected sensitivity reach for new physics
models predicting the existence of unstable LLPs, light DM, and mCPs in various experiments in
the FPF and beyond, including the far-forward region of the future, high-energy hadron colliders.
The main features of FORESEE can be divided into two categories: 1) it can be used as a
standalone simulation tool to produce sensitivity reach plots for a growing list of popular BSM
scenarios, 2) it provides the user with a set of useful numerical data for separate simulations of
far-forward physics. In the former case, the package allows for a flexible definition of the detector
geometries and cuts used in the analysis, as well as for modifying the LLP properties under study.
These include, i.a., the relative importance of different LLP production and detection modes. On
the other hand, the package provides a number of far-forward spectra of light mesons and other
SM species that can straightforwardly be employed in independent simulations.
Light new physics particles traveling towards the FPF can be produced in the pp collisions
1
The package is available at https://github.com/KlingFelix/FORESEE. Detailed instructions of how to run the
package are provided in tutorial jupyter notebooks therein.

Chapter 4. Long-Lived Particles
104

0

88

at 14TeV LHC [pb/bin]
EPOSLHC

106

64

FASER 2

10
10 3
10 2
angle wrt. beam axis [rad]

4

10

5

10

6

10

7

1
E14 get
r

1

100

10

HPS

ta
relic=0.6m A
m D=0.1

0

Dark Photons

BaBar

LHCb LHCb
Belle2 DM Direct
Detection

FASER
FASER 2
displaced
electron

NuC

al

SHiP

D

4

10

QC

10

=

5

105

pT

10

FASER

101

NA48

3

NA

Kinetic Mixing

107

102

100

10

108

103
momentum p [GeV]

109

2

E137

CHARM

10 1
Dark Photon Mass mA [GeV]

SeaQuest
NA62

100

0

Figure 4.3: Left: Distribution of π 0 mesons in the forward hemisphere for 14 TeV collision energy at
the LHC obtained with EPOS-LHC [64]. The distribution is shown in the (θ,p) plane, where θ is the
meson’s angle with respect to the beam axis and p is its momentum. The characteristic transverse
momentum scale pT ∼ ΛQCD ∼ 250 MeV is indicated with the diagonal black dashed line. The
angular acceptances for the FASER detector to take data during LHC Run 3 and for the proposed
FASER2 experiment in the FPF are highlighted by the vertical black dotted lines. Right: Dark
photon sensitivity reach lines in (mA0 , ) plane obtained with the FORESEE package for the FASER
(brown solid lines) and FASER2 (red) detectors. We also show the expected FASER2 sensitivity
to only A0 → e+ e− decay channel (magenta) and to all the possible visible decays happening in a
detector displaced by a 1 m distance off the beam collision axis (orange). The dark gray-shaded
regions correspond to previous bounds, while colorful dashed lines represent future sensitivity for
selected other searches, as indicated in the plot. We also show current constraints on the dark
photon parameter space from dark matter direct detection searches (light gray-shaded region).
Here, we assume complex scalar DM χ, the fixed mass ratio mχ /mA0 = 0.6, and the dark coupling
constant equal to αD = 0.1. Taken from Ref. [73].
at the LHC due to at least several different production mechanisms. One such possible efficient
production mode is due to rare decays of light mesons. Notably, one expects e.g. about O(1018 )
neutral pions to be produced during the HL-LHC era, while this number is one to two orders of
magnitude lower for heavier mesons, depending on their mass. The far-forward meson spectra
can be predicted using dedicated hadronic interaction models that have been greatly improved in
recent years, cf. Ref. [112] for review of related efforts for the LHC. In the package, an extensive
set of such spectra for both mesons and other SM species is provided. These are listed in Table 4.1
along with the respective Monte Carlo (MC) generator tools used to obtain them. For the lighter
mesons and far-forward photons, the user has the freedom to choose between different MC tools
employed in the analysis (EPOS-LHC [64], QGSJet II-04 [65], SIBYLL 2.3c [66, 113]). We follow
their implementation in the CRMC package [63]. The heavier species have been modeled with Pythia
8.2 [114, 115] with the Monash tune [116]. The spectra of J/ψ, ψ(2S), and Υ(1, 2, 3S) mesons are
provided for 14 TeV LHC following the discussion in Ref. [100].
In the left panel of Fig. 4.3, we present exemplary such spectrum of neutral pions in the (θ, p)
plane, where p is the meson momentum and θ is its angle with respect to the beam collision axis.
The spectrum peaks along the pT ∼ mπ ∼ ΛQCD line. As a result, the most energetic mesons are
produced with θ ∼ pT /p  1, i.e., along the beam collision axis. The meson spectra files can be
found in the files/hadrons directory in the package. The spectrum is given in tables with the
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Particle category

Particles

Photons

γ
π0,

π+,

η0,

η,
ω, ρ, φ, n, p
K + , KL , KS , K0∗ , K ∗+ , Λ
Charm hadrons
D+ , D0 , Ds+ , Λc
Beauty hadrons
B 0 , B + , Bs , Bc+ , Λb
c, b
Heavy quarks
Quarkonia
J/Ψ, ψ(2S), Υ(nS)
Weak bosons
W + , Z, h
Light hadrons

89
Generators
EPOS-LHC QGSJET II-04 SIBYLL 2.3c Pythia 8.2
X
X
X
X

X

X
X

X
X
X
X
X

Table 4.1: Spectra of Standard Model particles that are available in FORESEE [73] and the relevant
Monte Carlo simulation tools employed in the analysis (see the text for references). The spectra
can be found in the package as text files stored in the files/hadrons directory.
first two columns corresponding to the bin position in (log10 θ, log10 (p/GeV)) variables and the
third column providing the weights of each of the bins in units of pb/bin. To this end, the angle
θ is given in radians and the values of the production cross sections in the bins correspond to the
forward hemisphere only. The weights can be multiplied by the relevant integrated luminosity (e.g.,
3 ab−1 for the HL-LHC phase) to obtain the number of mesons in each of the bins. The filenames
corresponding to different spectra are the meson ID in the MC particle numbering scheme [117].
In the package, the aforementioned spectra are used to generate far-forward flux and spectra
of the LLPs produced in the parent meson decays. This is then used to study the sensitivity
reach of far-forward experiments at the LHC. To initialize such simulation, the user needs to define
the model by specifying i) the LLP production rates, ii) their lifetimes, and, optionally, iii) the
LLP decay branching fractions. The last information is needed if only some of the decay final
states can be successfully searched for in the detector. In the case of 3-body decays, p0 → p1 p2 p3 ,
with p3 being the LLP, the user needs to additionally provide the differential branching fraction
dBR/(dq 2 d cos ϑ). Here, q 2 = (p2 + p3 )2 and ϑ is the angle between p3 in the rest frame of p2 + p3 ,
and the direction of p2 + p3 in the rest frame of p0 . The production of LLPs can also be due to rare
decays of long-lived mesons (charged pions, charged/neutral kaons). In this case, FORESEE takes
into account the relevant details of the far-forward LHC infrastructure and, conservatively, neglects
such decays happening past the inner triplet quadrupole absorber TAS at z = 20m.
On top of the aforementioned rare decays of SM particles, FORESEE currently also supports the
LLP production due to mixing with SM species and direct production in scattering processes. For
the former, the mixing of dark photons with the SM vector bosons is modeled following Ref. [118],
i.e., by assuming that the LLP and SM production rates can be related via σ(LLP ) = κ2 × σ(SM ),
where κ describes the mixing parameter which must be provided by the user. The direct dark
photon production via Bremsstrahlung or the Drell-Yan process is simulated following Refs. [6,118].
Direct production can also be taken into account for new user-defined models. This can be done
by providing the full two-dimensional LLP spectra for different LLP masses is in the previously
discussed format.
When running the package, one can also define the LLP lifetime, cτ , and decay branching
fractions and provide them in a tabular form (text file). The lifetime can be given in a onedimensional table for the fixed value of the coupling constant g∗ as a function of the LLP mass m.
During the simulation then the lifetime is evaluated for different values of the coupling constant g
using cτ (m, g) = cτ (m, g∗ )g∗2 /g 2 . It is also possible to use two-dimensional parameterization. In
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this case, cτ (m, g) is provided as a function of both m and g. The same options are available for
the user-defined branching fractions.
At the beginning of the simulation, FORESEE generates the LLP spectra in terms of (θLLP , pLLP ).
The user can then specify further details relevant for the sensitivity reach estimation. These include
the i) distance L between the IP and experiment, ii) acceptance in terms of the LLPs momentum
and position, iii) luminosity, iv) LLP production channels employed, and v) allowed LLP decay
channels. FORESEE counts the number of signal events after applying the selection criteria and the
reach plots are automatically generated. The final sensitivity curve is plotted for the number of
BSM signal events defined by the user, which, in turn, should depend on the expected background
level for a given search in the considered experiment.
Further detailed instructions on how to use the code are provided in the package in tutorial
jupyter notebooks. The package is planned to be developed in the future to add more popular LLP
models, the relevant production and decay modes, as well as to explore different signatures of new
physics. Currently, on top of the vanilla dark photon and dark Higgs boson scenarios, FORESEE also
allows one to study selected other models predicting the existence of unstable LLPs, as well as the
scattering signature of light mCPs produced in the far-forward region of the LHC.
The example sensitivity plot for the FASER and FASER2 experiments obtained with FORESEE
is shown in the right panel of Fig. 4.3. This has been obtained for the vanilla dark photon model
characterized by the two-dimensional parameter space spanned by the dark photon mass mA0
and kinetic mixing  parameters. The plot corresponds to the search for highly displaced visible
decays of A0 s, mainly into pairs of oppositely-charged SM particles. Further details of the relevant
modeling for this scenario can be found in Refs. [6, 9]. The past bounds are shown with a grayshaded region. These correspond to the BaBar [119], CHARM (following Ref. [120]), E137 [121],
E141 [122], LHCb [123], NA48/2 [124], NA64 [125], and NuCal [126] experiments. We similarly show
complementary future sensitivity reach lines for the Belle-II [127], HPS [128, 129], LHCb [130, 131],
NA62 [132], SeaQuest [133], and SHiP [134] detectors.
To better illustrate the capabilities of FORESEE, we also show in the plot the expected reach of
FASER2 for only the simplest A0 → e+ e− decay channel. The focus on only the electron-positron
pairs has no impact on the reach for the dark photon mass below the di-muon threshold, while it
moderately limits the sensitivity for larger mA0 . Last but not least, in the plot we also present the
mild change in the sensitivity reach of a FASER2-like detector with the radius R = 1 m, assuming
that it has been shifted by 1 m off the beam axis. We note that for larger displacements, the
expected sensitivity would become degraded more significantly, see Ref. [9].
The black solid line in the plot corresponds to the thermal relic target of the light complex scalar
DM coupled to the SM via the dark photon mediator. We assume here the typical benchmark value
for the coupling constant between the two dark species αD = 0.1 and the fixed mass ratio between
them mχ = 0.6 mA0 . This choice allows one to consider visible decay signatures of A0 , since the
A0 decay into two dark matter species is kinematically forbidden in this case. In addition, by
keeping the DM mass below the mediator mass, we restrict the annihilation process relevant for the
relic target. In particular, the exceptionally effective secluded annihilation into two dark vectors,
χχ∗ → A0 A0 , is also forbidden for this benchmark.
As can be seen in the plot, both FASER and FASER2 detectors will probe an important part
of the allowed region of the parameter space, in which the correct value of the DM relic density is
predicted and χ DM is not thermally overproduced in the early Universe. Importantly, this remains
complementary to traditional DM direct detection (DD) searches in underground detectors. In the
plot, we present such current bounds with a light-gray shaded region. These correspond to null
searches for DM scatterings with electrons and nuclei in the Xenon10 [135] and Xenon1T [136, 137]
detectors. We implement the former following Ref. [138]. For the latter, the bounds are based on
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interactions that employ the Migdal effect [139]. Importantly, the DM DD bounds can become
weaker, e.g., in the inelastic DM scenario, without affecting the prospects for light vector searches
in the FPF.
The rich BSM experimental program of the FPF benefits a lot from dedicated phenomenological
and theoretical analyses of new physics models relevant for this type of search. To support these
efforts, we have introduced a numerical package FORward Experiment SEnsitivity Estimator, or
FORESEE, that can be used to estimate the sensitivity reach of the far-forward experiments at the
LHC and beyond, as well as it provides the user with a list of validated far-forward spectra of
light mesons and many other SM species. These can be employed in separate studies. Further
development of the package is planned in the future to extend its modeling capabilities to more
light new physics models and additional experimental features.

4.2

Long-Lived Vector Particles

The underlying principle of all SM interactions is the concept of symmetries. Of the three renormalisable portal interactions—the Higgs portal, neutrino portal and vector portal—only the vector
portal is fundamentally based on a new symmetry. It requires a novel U (1)X symmetry, allowing for
a kinetic mixing term with the SM U (1) gauge fields [140, 141] or a coupling to the corresponding
currents. The most general Lagrangian of an extra U (1)X symmetry can be written as
M2
1
Y
L = LSM − Xαβ X αβ −
Bαβ X αβ − gx jαX X α − X Xα X α ,
4
2
2

(4.1)

where Xµ denotes the new U (1)X gauge boson, Bµν and Xµν the hypercharge and U (1)X field
strengths, Y the kinetic mixing parameter and gx and j X the U (1)X gauge coupling and current.
In this section, we will consider several examples of light vector particles and discuss the sensitivity of the FPF experiments to search for them. This includes the dark photon discussed in
Sec. 4.2.1, the gauged B − L gauge boson discussed in Sec. 4.2.2, the gauged Li − Lj groups discussed in Sec. 4.2.3, the gauged B − 3Li groups discussed in Sec. 4.2.4, and the gauged B group
in Sec. 4.2.5. We then present improved estimates of the production of light vector particles via
proton bremsstrahlung in Sec. 4.2.6 and via hadronization and radiation in Sec. 4.2.7, as well as
their decays in Sec. 4.2.8.

4.2.1

Dark Photon

The most minimal realisation of a novel U (1)X symmetry is one where the SM remains uncharged
under the new symmetry and there are no new fermions present. This translates to jαX = 0 in
Eq. (4.1). Hence, the dark photon A0 is completely secluded from the SM and the only interaction
of the dark photon A0 with SM fermions proceeds through kinetic mixing (see e.g. [142–144] for
reviews of the secluded dark photon). The mixed kinetic terms in Eq. (4.1) can be removed by a
field redefinition of the neutral gauge bosons (Bµ , Wµ3 , Xµ ). Two consecutive orthogonal rotations
diagonalise the neutral gauge boson mass terms. The full transformation translating to the mass
basis (Aµ , Zµ , A0µ ) then reads





 
√ Y 2 
1
0
−
Bµ
Aµ
1
0
0
1−Y  cos θW − sin θW 0

  sin θW
Wµ3  = 0 1
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Figure 4.4: Sensitivity reaches of FASER and FASER2 (solid red lines) to the minimal secluded
hidden photon (left) and a U (1)B−L gauge boson (right) in the coupling-mass plane. Current
existing constraints are shown as the grey shaded regions alongside projections of other future
experiments and measurements shown as coloured dashed lines. See text for explanations.
where Aµ denotes the SM photon, Zµ the weak neutral gauge boson and A0µ the mass eigenstate of
the new U (1)X bosons, which we refer to as hidden or dark photon. Finally, couplings of the mass
eigenstates of the neutral bosons (Aµ , Zµ , A0µ ) to the SM fermions are described by the interaction
term of the kind,
 α
A
Lint = −(e jαem , gZ jαZ , gx jαX ) K  Z α  ,
(4.3)
A0α
where the coupling matrix is given by [145]


1
0


−1
1
K = R2 (ξ)R1 (θW )G−1 (Y )R1 (θW )−1
≈ 0
0  tan θW


−
0 .
1

(4.4)

Here, θW denotes the weak mixing angle, e the electromagnetic coupling constant, the Z-coupling
constant gZ = e/(sin θW cos θW ) and jµem and jµZ are the electromagnetic and weak neutral currents.
Furthermore, we have defined the physical kinetic mixing parameter as  = Y cos θW .
In the domain of low-energy observables, it is sufficient to consider mixing of the new gauge
boson with the photon of QED. The interaction of the mass eigenstate dark photon with the SM
sector is then parametrised by Eq. (4.3) and reads explicitly
Lsecl =  e jµem A0µ .

(4.5)

This interaction naturally suggest the name of hidden or dark photon for the new boson A0 since
it couples to the electromagnetic current jµem exactly analogous to the SM photon, but suppressed
by the kinetic mixing parameter .
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Models of purely kinetically-mixed dark photons received a lot of attention in the literature
when it was shown that such GeV-scale new mediators can help to explain the cosmic ray positron
excess [146, 147]. Especially, after it had been established that such models naturally arise from
weak-scale SUSY breaking [148–153], the secluded dark photon model rejoiced from an increased
popularity in the literature [154–158].
A consequence of the kinetic mixing interaction in Eq. (4.5) is that the dark photon can be
produced and searched for in a number of electromagnetic processes where a SM photon is replaced
by a dark photon A0 . Natural candidates to search for dark photons are e+ e− and hadron colliders,
where dark photons can be abundantly produced in Bremsstrahlung processes. For example, in
e+ e− machines the dark photon can be produced in radiative return (e+ e− → γA0 ) [156] or via
heavy meson decays and searched for in prompt dilepeton or pion decays. These search strategies
have been employed in a number of e+ e− collider experiments in the past like e.g. BaBar [119,159],
Belle [160, 161] and KLOE [162–165]. At hadron colliders like the LHC the dark photon can
also be produced via Drell-Yan production (q q̄ → A0 ) or via the decay of heavy resonances, like
e.g. H → ZA0 [166], or heavy meson decays, like e.g D∗ → DA0 [130]. Searches for prompt
decays of such produced dark photons have been conducted at ATLAS and CMS [166] and at
LHCb [130, 131, 167, 168]. In the left panel of Fig. 4.4 these existing collider constraints are shown
as grey regions in the (kinetic mixing, mass) plane for a secluded dark photon. As can be seen
these experiments cover the region of  & 10−3 over a very large range of dark photon masses.
Nevertheless, the aforementioned collider experiments lose sensitivity for light (MA0 . 1 GeV)
and very weakly coupled dark photons. This region, however, can be probed by searching for
displaced decays of dark photons. Abundant sources of such light and long-lived dark photons
are provided by electron or proton beam dump and fixed target experiments. In these experiments beams of charged particles are dumped onto a block of material where a large number
of dark photons can be produced from Bremsstrahlung or secondary meson decays. These dark
photons can then be searched for at a macroscopic displacement from the target material. Such
searches have been conducted in the past at electron beam dump experiments like SLAC E137 and
E141 [121, 122, 158, 169], Fermilab E774 [170], Orsay [171], electron fixed target experiments like
APEX [172], A1/MAMI [173,174], HPS [175], NA64 [176,177], as well as at proton beam dumps like
CHARM [178], LSND [179] and U70/Nu-Cal [180, 181], and proton fixed-target experiments, such
as SINDRUM I [182] and NA48/2 [124]. The resulting constraints are also shown in the of Fig. 4.4
as grey regions.
At the future Forward Physics Facility, experiments like FASER2 will be able to search for such
long-lived dark photons in the very forward direction of LHC proton-proton interactions. As for
beam dump and fixed target experiments, dark photons can be produced via proton Bremsstrahlung
in the pp collisions at LHC. The total number of dark photons produced can be computed from [6]

N=

Np |F1 (MA2 0 )|2

Z

Ep −mp

MA0

1 σpp (2mp (Ep − EA0 ))
dEA0
Ep
σpp (2mp Ep )

Z

0

p2⊥,max

ωA0 p (p2⊥ )dp2⊥

× Θ(Λ2QCD − q 2 ) Ageom PA0 , (4.6)

where Np , Ep , mp denote the total number of proton collisions, the proton energy and mass, σpp
denotes the proton-proton cross section, F1 (p2A0 ) denotes the time-like form factor of the proton from
the vector meson dominance model [183, 184], Ageom is a geometrical acceptance factor, ωA0 p (p2⊥ )
is a weighting function relating the 2 → 3 process p + p → p + p + A0 to p + p → p + p and
PA0 = e−Lmin /`A0 − e−Lmax /`A0 is the probability that the dark photon decays within the fiducial
detector volume. Details on these expressions can be found in Refs. [6, 181].
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Besides Bremsstrahlung, another important source of dark photon is provided for by secondary
decays of mesons produced in the proton-proton collisions. The number of expected dark photons
from meson decays can be expressed as [180]
Np
N=
σ(pp → X)

Z

1

dxF

Z

0

0

p2⊥,max

dp2⊥

dσ(pp → M X)
Br(M → A0 γ) Ageom PA0 ,
dxF dp2⊥

(4.7)

with xF denoting the Feynman-x variable and dσ(pp → M X)/(dxF dp2⊥ ) being the differential
meson production cross section for the meson M . Here Br(M → A0 γ) denotes the branching ratio
of the meson M decaying into a photon and a dark photon, which in the case of a secluded dark
photon is simply given by


MA2 0 3
0
2
Br(M → A γ) = 2 1 − 2
Br(M → γγ) .
(4.8)
MM
For dark photon production at LHC the most relevant meson decays are from π 0 , η and η 0 mesons.
In the left panel of Fig. 4.4 the projected sensitivities of FASER and the future FASER2
experiment located at the FPF are shown by the red solid lines. For comparison we also show
the projected sensitivity of the future CERN based proton fixed target experiment SHiP [29, 185]
by a dashed green line. As can be seen FASER and the future FASER2 experiments will probe
regions of dark photon parameter space that has not been tested at any other beam dump or
fixed target experiment. In particular, FASER2 will have a significantly increased mass reach,
comparable to what can be achieved by SHiP.

4.2.2

B − L Gauge Boson

The peculiar flavour structure of the SM leads to the presence of the accidental global symmetries
U (1)B , U (1)Le , U (1)Lµ and U (1)Lτ in the SM Lagrangian. Under the minimal extension of the
SM by three right-handed neutrino fields these global symmetries can be promoted to anomalyfree gauge symmetries by combining them into either a mixed baryo-leptophilic (i) or a purely
leptophilic (ii) two-parameter U (1)X group with [186]
(i)
(ii)

X = B − xe Le − xµ Lµ − (3 − xe − xµ ) Lτ ,

X = ye Le + yµ Lµ − (ye + yµ ) Lτ ,

(4.9)

where xe , xµ , ye and yµ are real numbers. Amongst these groups the combination with xe = xµ = 1
plays a special role, since it leads to the flavour-universal U (1)B−L group under which all generations
of quarks carry the same charge, as do all generations of leptons.
In contrast to the secluded dark photon, the B − L gauge boson additionally couples to the
B − L current according to Eq. (4.3), with
1
1
1
jµB−L = Q̄γµ Q + ūR γµ uR + d¯R γµ dR − L̄γµ L − `¯R γµ `R − ν̄R γµ νR .
3
3
3

(4.10)

As a consequence the B − L boson couples to all SM fermions proportional to the coupling strength
gB−L . Hence, as long as the kinetic mixing parameter is smaller than the new gauge coupling,
  gB−L , kinetic mixing effects are irrelevant for this model. The two major differences of the
phenomenology of the B − L boson compared to the secluded dark photon are the different charges
of the quarks under the two models, and most importantly, the fact that neutrinos are charged
under U (1)B−L coupling them to the associated gauge boson.
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The latter has significant consequences for the employed search strategies. First of all, the B −L
boson can decay invisibly into pairs of neutrinos, making searches for invisible final states a sensitive probe for this model. In particular, mono-photon (or even mono-Φ) searches at BaBar [187],
NA64 [188] and, in the future, Belle-II provide stringent constraints to this model. Furthermore,
a number of neutrino scattering experiments sensitive to extra neutrino interactions provide very
stringent bounds on leptonically-coupled dark photons like the B − L gauge boson. Most noticeably, the evaluation [189, 190] of reactor neutrino data from Texono [191] and the neutrino beam
experiment Charm-II [192,193], as well as the recent re-evaluation [194] of solar neutrino scattering
at Borexino [195, 196] are probing new regions of parameter space in the sensitivity gap between
conventional prompt collider and displaced beam dump and fixed target searches for dark photons.
This is shown in the right panel of Fig. 4.4.
Since the coupling structure of the B − L gauge boson to charged leptons and hadrons is very
similar to the secluded dark photon, the constraints from visible prompt collider and displaced beam
dump and fixed target experiments are also quite similar. These limits have been derived for the
case of U (1)B−L for example in Refs. [145, 197] and are shown by the grey areas in the right panel
of Fig. 4.4. Comparable to the secluded dark photon case, the LHC forward experiments FASER
and in particular FASER2 have the potential to cover large untested regions of the B −L parameter
space complementary to future searches of prompt invisible decays at Belle-II and NA64µ [145].
The major difference of the FASER(2) projections compared to the secluded dark photon case is
a slightly reduced sensitivity to a U (1)B−L gauge boson, since this has now a sizeable invisible
branching fraction into neutrinos.

4.2.3

Li − Lj Gauge Bosons

Among the purely leptophilic anomaly-free U (1) extensions of the SM discussed in Sec. 4.2.2, there
are three special subgroups, which are anomaly-free even without the addition of right-handed
neutrinos (if Majorana mass terms for the neutrinos are forbidden). These are the three groups
U (1)Lµ −Le , U (1)Le −Lτ and U (1)Lµ −Lτ . Under these groups the associated gauge bosons couple
according to Eq. (4.3) to the gauge currents
jµi−j = L̄i γµ Li + `¯i γµ `i − L̄j γµ Lj − `¯j γµ `j ,

(4.11)

with i 6= j = e, µ, τ . The lack of any gauge interactions with hadrons sets these groups quite apart
from the previously discussed secluded dark photon and B − L gauge boson.
However, the fact that part of the SM leptons are charged under these leptophilic gauge groups
induces a kinetic mixing term at the one-loop level. At energies well below the weak scale, q  vEW ,
this mixing is to first order only with the SM photon and the loop-induced mixing parameter can
be expressed
!
Z 1
2 − x(1 − x)q 2
e
g
m
ij
i
ij (q 2 ) =
,
(4.12)
dx x(1 − x) log
2π 2 0
m2j − x(1 − x)q 2
where gij denotes the U (1)Li −Lj coupling constant and mi and mj are the masses of the charged
leptons of the ith and jth generation. This irreducible loop-induced kinetic mixing is finite and
effectively leads to loop suppressed interactions of the U (1)Li −Lj with hadrons. When presenting
results below, we assume that there is no bare tree-level kinetic mixing and the dynamics are fullygoverned by the loop-induced mixing of Eq. (4.12). Such a tree-level mixing term can be either
forbidden by the underlying UV completion of the model, or it can simply be neglected if it is much
smaller than the loop-induced finite mixing.
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Figure 4.5: Current existing constraints shown as the grey shaded regions alongside projections
of other future experiments and measurements shown as coloured dashed lines for a U (1)Lµ −Le
(top left), U (1)Le −Lτ (top right) and U (1)Lµ −Lτ (bottom centre) gauge boson in the coupling-mass
plane. Sensitivity reaches of FASER and FASER2 are shown by the solid red lines. See text for
explanations.
Lµ −Le The phenomenology of the U (1)Lµ −Le gauge boson is governed by its couplings to electrons
and muons. Therefore, it is constrained by a large number of e+ e− collider, as well as electron beam
dump and fixed target dark photon searches, as can be seen in the top left panel of Fig. 4.5. Similar
to the case of U (1)B−L discussed in Sec. 4.2.2, its sizeable couplings to neutrinos make it subject to
bounds from invisible decays searches and neutrino scattering experiments like Borexino [145] and
Texono [189, 190]. The most stringent limit due to neutrino interactions, however, is the bound on
neutrino non-standard interactions (NSI) derived from global fits to neutrino oscillation data [198].
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In the future, this bound can be even further pushed by more precise measurements of neutrino
oscillation at DUNE [199].
The major difference to the U (1)B−L case is the heavily suppressed couplings of the U (1)Lµ −Le
boson to hadrons, which are only induced at the loop level. Consequently, experiments relying
on hadronic dark photon production processes are significantly less sensitive to this boson. For
example, limits from proton beam dumps like NuCal/U70 or LSND are much less sensitive. Similarly, the limits from LHCb dimuon searches for dark photons with masses of MA0 & 10 GeV are
substantially weaker and not even visible on the plot in the top left panel of Fig. 4.5. Since the
LHC is a proton-proton collider, the production of such a purely leptophilic gauge boson is heavily
suppressed. Therefore also FASER and FASER2 will not be able to probe unconstrained parameter space of the U (1)Lµ −Le boson. Noticeably, SHiP still will have some sensitivity to untested
parameter space due to its very high statistics, a suitable geometry and a high boost factor. Most
progress in searches for this boson can be expected from visible and invisible searches at Belle-II,
as well as invisible searches at NA64µ [200, 201].
Le − Lτ The phenomenology of the U (1)Le −Lτ boson is very similar to the case of U (1)Lµ −Le ,
since both bosons have gauge interactions with electrons, but only loop-suppressed interactions
with hadrons. The main difference between the two cases are the loop-suppressed interactions
with muons of the U (1)Le −Lτ boson. As a consequence the limit from KLOE search for dimuon
resonances is absent, and the future muon run of NA64 will not be sensitive to this scenario.
Another difference to the Lµ − Le case is the slightly larger loop-induced kinetic mixing parameter for Le − Lτ . The kinetic mixing parameter from Eq. (4.12) can be approximated as
 
e gij
mi
ij ≈
log
,
(4.13)
2
6π
mj
yielding
µe ≈

gµe
,
37

eτ ≈ −

geτ
,
25

µτ ≈ −

gµτ
.
70

(4.14)

This larger kinetic mixing results in slightly more constraining limits from NuCal/U70 and LSND,
and a more constraining projection for SHiP in the top right panel of Fig. 4.5. As a consequence,
also FASER and FASER2 are more sensitive to the case of U (1)Le −Lτ due to the enhanced gauge
boson production in hadronic processes. FASER2 is even able to probe a small region of previously
unconstrained parameter space.
Lµ − Lτ Finally, we consider the phenomenology of an extra U (1)Lµ −Lτ gauge symmetry. This
differs most from all previously discussed models, since the associated gauge boson couples to
electrons and hadrons only via loop-suppressed kinetic mixing. As ordinary matter is composed of
electrons, protons and neutrons - and so are the experimental apparatuses - the U (1)Lµ −Lτ boson
is very hard to produce and to detect. As a consequence, we can see in the bottom panel of Fig. 4.5
that constraints from proton and electron beam dump and fixed target searches are entirely absent.
By the same token there are no constraints from prompt decay searches at collider experiment,
with the exception of four-muon final state searches at BaBar [202] and CMS [203].
Instead, the most stringent constraints are due to the neutrino interactions of the U (1)Lµ −Lτ
boson, like neutrino trident production at Charm II [204,205] and CCFR [204] (which is only shown
as a grey dotted line due to some dispute over additional background [206]). Moreover, stringent
bounds arise from solar neutrino scattering at Borexino [194–196] as well as from white dwarf
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cooling [145]. At small masses of MA0 . 10 MeV a very strong bound arises from cosmological
constraints on extra relativistic degrees of freedom, ∆Neff , in the early universe [207].
Most interestingly, a U (1)Lµ −Lτ group is the only of these minimal anomaly-free extra U (1)X
symmetries that can accommodate a solution of the muon (g − 2)µ [208–211]. The preferred region
of parameter space, where the (g − 2)µ anomaly is resolved is shown by the light green band in
the bottom panel of Fig. 4.5. In the future, there are a number of experimental searches that can
probe this remaining parameter space. For example, one of the soonest searches to test this region
will be the missing energy search at NA64µ [200, 201] (or similarly at the proposed Fermilab M3
experiment [212]). With a similar search strategy, the (g − 2)µ region can also be tested via missing
energy searches in kaon decays at NA62 [206]. Furthermore, future direct detection experiments
like LZ and Darwin will be able to test parts of this interesting parameter space via solar neutrino
scattering [194], as will spallation source experiments like COHERENT [213] or CCM and ESS [214].
However, due to the loop-suppressed hadronic couplings of the U (1)Lµ −Lτ boson, it is very hard
to produce at LHC. Therefore, FASER and FASER2 will not be sensitive to this scenario. Only
SHiP will be able to test large fractions of unconstrained parameter space due to its very high
statistics [145].

4.2.4

B − 3Li Gauge Bosons

In this section we will study the groups U (1)B−3Li as an example of the minimal anomaly-free baryoleptophilic U (1) extensions of the SM, discussed in Sec. 4.2.2, that feature family-non-universal
couplings in the lepton sector. Their phenomenology will be yet different from the previously
discussed examples and searching for the associated gauge bosons requires some dedicated search
strategies. To illustrate the maximal effect of flavour-specific couplings in the lepton sector, we will
set the kinetic mixing to zero, or assume that it is negligibly small,  ≈ 0.
B − 3Le The phenomenology of the U (1)B−3Le gauge boson is still quite similar to the familyuniversal U (1)B−L case, with the major difference coming from the absence of muon couplings.
Hence, e.g. the search for dimuon resonances at LHCb is not sensitive to this scenario and consequently the LHCb limits are absent in the top left panel of Fig. 4.6. In contrast, this model is
constrained from prompt and invisible searches at e+ e− colliders, like at A1 [173,174], APEX [172],
BaBar [119, 187], KLOE [162, 163, 215] or the fixed target experiment NA64 [188]. Furthermore,
very strong constraints arise from proton and electron beam dump and fixed target experiments
(like e.g. E137, E141, E774 [158], Orsay [169], NuCal/U70 [180,181], LSND [216]), which have been
derived in Ref. [217]. As for B − L, the U (1)B−3Le gauge boson is also subject to constraints from
neutrino experiments, like neutrino scattering at COHERENT and Borexino [217] or from searches
for NSI with oscillation data [198].
In the future, searches for dielectron resonances and missing energy at Belle-II [127, 218] will
significantly push the limits from collider searches. However, due to the gauge couplings to hadrons,
the U (1)B−3Le gauge boson can also be abundantly produced in proton-proton collisions at LHC
and searched for in electronic and hadronic final states at the FPF. Hence, both FASER and
FASER2 will be able to probe previously untested regions of parameter space [217] and improve
over current beam dump limits. The FASER and FASER2 reaches are shown as the red lines in
the top left panel of Fig. 4.6. Finally, also SHiP will be able to probe large areas of previously
uncovered parameter space thanks to its large statistics.
B − 3Lµ In the case of an extra U (1)B−3Lµ symmetry, dark photon searches at electron beam
experiments or e+ e− colliders are not sensitive since the associated boson is not coupling to electrons
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Figure 4.6: Current existing constraints shown as the grey shaded regions alongside projections
of other future experiments and measurements shown as coloured dashed lines for a U (1)B−3Le
(top left), U (1)B−3Lµ (top right) and U (1)B−3Lτ (bottom centre) gauge boson in the coupling-mass
plane. Sensitivity reaches of FASER, FASER2 and FASERν are shown by the solid red lines. See
text for explanations.
and hence cannot be produced in these kind of experiments. Thus, limits from electron beam dump
and fixed targets are entirely absent in the top right panel of Fig. 4.6. Below the dimuon threshold,
MA0 < 2mµ , the U (1)B−3Lµ boson can only decay invisibly into neutrinos. Therefore, in this
mass range constraints mostly arise from experiments exploiting its neutrinos interactions, like
searches for neutrino coherent scattering at COHERENT [217], NSI in neutrino oscillations [198]
or extra relativistic degrees of freedom in the early universe [207,219]. Above the dimuon threshold,
MA0 & 2mµ , the U (1)B−3Lµ gauge boson can be searched for in dimuon resonance searches, like
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e.g. at LHCb [168], or in four-muon final states at BaBar [202] and CMS [203]. In this region of
parameter space, there is also a constraint coming from dark photon searches in muonic final states
at the proton beam dump experiment NuCal [217].
In the future, the muon beam experiment NA64µ [200,201] will be able to improve significantly
over current in muon plus missing energy searches. As the U (1)B−3Lµ boson has gauge interactions
with hadrons it can be abundantly produced at the LHC, where it can be searched for at the FPF in
displaced muonic and hadronic final states. This will allow FASER2 (and similarly the proton fixed
target experiment SHiP) to probe previously unexplored parameter space [217], as is illustrated in
the top right panel of Fig. 4.6.
B − 3Lτ Finally, the fact that first and second generation lepton couplings are entirely absent
in a U (1)B−3Lτ model makes it very hard to test. In particular, it is not subject to constraints
from past beam dump or fixed target experiment, since the energies have not been high enough to
produce dark photons massive enough that they can decay into purely hadronic final states. The
most stringent constraints on a U (1)B−3Lτ boson are due to its neutrino interactions. A rather
strong constraint comes from searches for the decay π 0 → γ (X → ν ν̄) at NA62 [220]. Furthermore,
similar to the previous case of U (1)B−3Lµ , the most stringent constraints arise from bounds on NSI
in neutrino oscillations [198] or extra relativistic degrees of freedom in the early universe [207, 219],
as can be seen in the bottom panel of Fig. 4.6. Furthermore, a previous search for tau neutrino
scattering at the DONuT [221] experiment has been used to derive limits to this model [222], which
are competitive in a small region around the ω-resonance.
Similarly to the DONuT search, FASERν will be sensitive to scattering of LHC produced
neutrinos. It can thus be used to search for extra tau neutrinos originating from the decay of
a U (1)B−3Lτ boson. The corresponding projection for the FASERν sensitivity has been derived
in Ref. [222] and is illustrated by a red line in the bottom panel of Fig. 4.6. This will be able to
improve over the DONuT and NSI limit in the ω-resonance region. Lastly, the abundant production
of U (1)B−3Lτ bosons in proton collisions combined with the high energies at LHC will allow FASER2
to probe untested parameter space of this model in hadronic decays around the ω-resonance [217].
Similarly, SHiP will be able to search for this boson in hadronic final states and test new regions
of parameter space.

4.2.5

B Gauge Boson

All previously mentioned Abelian U (1) mediator models are anomaly-free just by requiring a certain
choice of charges and without working in some extra fermion family or embedding it into a UVcomplete model. Nevertheless, we might also consider mediators that only couple to lepton or
baryon number keeping in mind that it is not per se anomaly-free. In the following, we consider a
U (1)B model, or B model, where the mediator entertains gauge quark couplings but only couples
to leptons via kinetic mixing induced by loop effects. The Lagrangian is given by
µ
LZB ,int ⊃ eJem
ZBµ − gB JBµ ZBµ ,

(4.15)

µ
where Jem
is the SM electromagnetic current and JBµ a new vector current given by

JBµ =

1X µ
q̄γ q .
3 q

(4.16)

The kinetic mixing parameter  is usually assumed to be of typical one-loop size  = egB /(4π)2 and
hence, depends on gB . If direct couplings with gB , the loop contributions can be neglected. They
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Figure 4.7: Current bounds on the gB − mB plane for the ZB vector mediator model. In blue we
show the limits obtained for leptonic decay searches with data from the electron Bremsstrahlung
experiments APEX [223] and A1 [173, 224], the proton beam dump experiments PS191 [225], NuCal [126, 226], CHARM [227], NOMAD [228] and LSND [145, 229], the electron beam dump experiments E137 [158, 169], E141 [122], E774 [170], NA64 [230], KEK [231] and Orsay [171], the e+ e−
annihilation experiments BaBar [232] and KLOE [165,233], the fixed target experiment HPS [175],
the LHCb experiment [168, 234] and NA48 [235]. The gray region indicate the exclusion bounds
obtained in a previous study [197]. The dash-dot and dotted curves are current and future limits
coming from the decays B → KZB , Z → γZB and K ± → π ± ZB that were taken from [236].
Finally, the dashed curve in pink and purple show the future sensitivity predictions for the FASER
and FASER 2 experiments, respectively. These were calculated using the FORESEE code [73] with
the hadronic implementation from [218]. Modified version of Figure extracted from [218].

only become relevant if leptonic decays are the only option since no hadronic decay channels are
open.
The B model has been considered for several decades already starting with the early work [237]
about MeV bosons in π 0 , or K + and η decays if the gauge boson mass is smaller than the pseudoscalar meson mass. Some of the work even considered vector masses at the order of O(102 ) GeV
suggesting searches at collision experiments such as the LHC [238, 239]. But soon the focus has
been shifted more towards masses below the Z mass, with limits coming from Υ and Z decays [240, 241], and even further down to 1-10 GeV including rare decays of B or D mesons and
quarkonia states [242]. On the theoretical side, various possibilities of model realizations have been
discussed as for example in connection to the seesaw-mechanism [243], discussing the mixing with
the SM photon [244], anomaly cancellations by adding a single new fermionic generation [245], and
other UV-complete models as for example in the context of asymmetric DM [246], usually con-
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taining a U (1)B breaking Higgs field [247]. More recently, the B model has reached the sub-GeV
range again where processes have to be described within the framework of vector meson dominance
(VMD) [197,248] for sub-GeV gauge bosons where several signatures have been proposed including
revised descriptions of mesonic decays into vector particles or vector mediator decays into hadrons.
Most boson searches assume leptonic couplings when searching for signatures in various experiments. It is often easier to search for a clean leptonic signature at electron facilities such as
Belle-II [249] or NA64 [250], instead of hadronic signatures involving jets or mesonic decays which
usually are probed at proton facilities like the LHC. If the mediator is coupling to neutrinos, a
wide range of neutrino searches can further constrain parts of the parameter space. Moreover,
the branching ratio into hadronic decay channels is often smaller than leptonic branching ratios as
for example in B − L, or B − 3Li models as discussed in Sec. 4.2.8 based on [218]. This changes
drastically if we consider bosons that predominately couple to quarks as in baryon number gauging
U (1)B models. We show that current and proposed far-forward experiments as proposed to be
accomodated by the FPF, can enhance the potential to probe this particular model which remain
beyond the reach of experiments focusing on BSM electron couplings.
Without DM In Fig. 4.7, we present several constraints for the model reaching from current
bounds from accelerator and collider searches, to rare anomaly-induced decays to new LLP decay
signatures that can be probed in the near future. One can see that for vector mediator masses
below the pion mass threshold, the only available decay channel is ZQ → e+ e− and hence only
experiments measuring leptonic signatures (blue) can constrain the parameter space in the gB −mB
plane. In [236, 251] it has been shown that the meson decays B → KZB and K ± → π ± ZB as well
as the Z boson decay Z → γZB are enhanced due to non-current conservation.
The excluded blue regions were obtained using data from different kinds of experiments, such
as the proton beam dumps NuCAL [126, 226], CHARM [227] and LSND [145, 229], where the
ZB boson is produced via meson decays or the proton bremsstrahlung process as well as LHCb
constraints with a vector mediator decaying into muons. For a more detailed description of the
limits, we refer to [218]. We also show the predicted sensitivities for the FASER (dashed pink) and
FASER2 experiments (dashed purple), that were obtained using FORESEE code [73] together with
the hadronic branching ratios from Ref. [218]. We can see from the figure that FASER will reach
lower gB couplings and will provide constraints in a new region where the current experiments lack
efficiency and sensitivity. This is further outreached by FASER2 which covers an even larger region
of the parameter due to the sensitivity to three pion and kaons decays of the vector boson.
Including DM In [90], the U (1)B model has been considered in context of DM. In particular,
a complex scalar with a Lagrangian
L ⊃ |∂µ χ|2 − m2χ |χ|2

(4.17)

JZB χ̄χ = gχ i(∂µ χ∗ χ − χ∗ ∂µ χ)

(4.18)

and a dark current

has been presented. This model evades constraints arising from precision measurements of the CMB
anisotropies [252, 253] due to velocity-suppressed P-wave annihilations. The full model parameter
space is specified by four parameters, mB , gB , mχ and Qχ . Two choices of Qχ values have been
discussed in [90], one where DM and SM particles have comparable interactions strengths, i.e
2 Q2 /(4π) was fixed. In the following, we will only present the case
Qχ = 1, and one where αχ = gB
χ
of Qχ = 1 while the other case will be discussed in Sec. 5.1.2 in the context of scattering signatures.
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Figure 4.8: Current bounds (gray) and FPF future sensitivities from FLArE (light and dark red),
FASER (light blue) and FASER2 (dark blue) for a ZB vector mediator with couplings to a DM
particle χ. Modified version of figure extracted from [90].

If we further adopt the common convention mB = 3mχ , the analysis can be reduced to the two
parameters gB and mB again.
Compared to the U (1)B model without DM, already mentioned searches are modified with
changed branching ratios and are complemented by dark matter direct detection (DD), DM deep
inelastic scattering (DIS), and DM elastic scattering limits. The DD bounds have to be taken
with care since they do not apply for inelastic scalar DM if the mass splitting between the dark
species is large enough to suppress upscattering of non-relativistic DM particles. In Fig. 4.8, the
combined results for CRESST-III [254], DarkSide-50 [255], and Xenon 1T [256, 257] are shown as
a very light gray shaded region assuming that Ωχ h2 ' 0.12 [258]. Note that for parameter points
that are below the thermal target line (solid black), the DM abundance has to be explained by a
non-standard cosmological scenario. DM scattering events can occur when the copiously produced
hadrophilic mediator decays to dark matter particles ZB → χχ. Particles in this DM beam can
then scatter in detectors and can be searched for in experiments like in the downstream neutrino
detector of MiniBooNE [259, 260], or as recently with the Coherent CAPTAIN-Mills (CCM) liquid
argon (LAr) detector [261]. All existing constraints are shown in dark gray.
Several of the proposed detectors under consideration for FPF have discovery prospects for the
U (1)B mediators coupling to DM. The projected sensitivity is shown in Fig. 4.8. Both FASER
and FASER2 can detect decays of the long-lived vector mediator into visible final states, as shown
by the blue lines. Note that this LLP signature covers a smaller but still significant part of the
parameter space compared to the case of mediators that are not coupling to DM since a bigger
share of the total decay width is going into invisible DM states. In addition, the proposed neutrino
detectors at the FPF, FLArE-10 and FASERν2, have the capability to probe this scenario by
searching for the scattering of the produced DM particles inside the detectors. The sensitivity
has been estimated for DM elastic scatterings with nucleons χp → χp, which lead to visible single
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proton tracks in the detectors (dark red), and DM DIS off nuclei χN → χX, leaving a hadronic
recoil with multiple charged tracks (light red) [90]. More details on the scattering signature will
be discussed in Sec. 5.1.2. Overall, all proposed signatures in the light of hadrophilic models
highlight the rich phenomenology of FPF searches being able to both constrain couplings in the
range 10−8 . gB . 10−5 from LLP decays as well as above 10−4 . gB in DIS and elastic scattering
events where DM can explain the relic abundance.

4.2.6

Production via Proton Bremsstrahlung

Experiments at high-luminosity facilities utilizing proton beams provide impressive sensitivity to
new physics in the form of light weakly coupled degrees of freedom, namely dark sectors. The
FPF at the LHC promises to provide an important new facility of this type, given its energy reach
up to 14 TeV. The dominant production channels for dark sector degrees of freedom at proton
beam facilities depend on the beam energy and the mass of the dark mediator. Among a variety of
channels, forward bremsstrahlung of dark vectors and scalars is particularly important in the mass
range from 500 MeV to a GeV, due to the possibility of enhancement via mixing with hadronic
resonances with the same quantum numbers. However, computing this production rate in the
forward region is a difficult task as it involves nonperturbative QCD physics associated with the
forward pp cross section.
In recent work [262] we have revisited the calculation for the rate for bremsstrahlung production
of light dark vector (A0 ) and dark scalars (S), coupled through the corresponding renormalizable
0 − ASH † H. For sub-GeV mass dark sector states, the dark
portal interactions, L ⊃ − 12 F µν Fµν
sector state couples with the proton coherently, and one considers the induced coupling to protons
which follows directly from the portal interactions,
Leff ⊃ −eA0µ p̄γ µ p − gSN N θS p̄p + · · ·

(4.19)

where higher multipole couplings for A0µ have been ignored, the h − S mixing angle θ ' Av/m2h  1
for low mass scalars, and gSN N = 1.2 × 10−3 follows from QCD low energy theorems. Based on
these couplings, we considered a number of different approximation schemes in calculating the
production rate,
• ISR and FSR in quasi-elastic scattering
• ISR in non-single diffractive scattering via the quasi-real approximation
• Hadronic generalization of the WW approximation
• Modified WW approximation
This approach allows for an assessment of relative precision in the calculations, and for consideration
of more direct approaches that fully model initial and final state radiation (ISR and FSR) within
pomeron-mediated forward diffractive and non-diffractive proton-proton scattering, with variants
of the Weizsacker-Williams (WW) approximation, developed in the 1970’s and generalizing the
approach used for electron beams. In particular, the modified WW approximation of [181] has
been used widely to model bremsstrahlung production of dark sectors within proton beams.
Our final results for production rates are shown in Fig. 4.10 for the 14 TeV LHC indicating
various comparisons between different modes and caclulational schemes. These plots show the rate
within an angular region that matches the expected scale of experiments within the FPF. In all
cases, a timelike form-factor for coupling to the proton provides resonant enhancements.
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Figure 4.9: Dark scalar and vector radiation from (a) initial state, and (b) final state proton
bremsstrahlung, with quasi-elastic scattering modeled via t-channel pomeron exchange. This process is subject to suppression through ISR-FSR interference, but does not account for non-single
diffractive inelastic scattering, where this interference is not expected due to the variety of final
states. Thus ISR alone should provide a reasonable approximation.
One of the interesting conclusions from this analysis was the recognition that the combination of t-channel ISR plus FSR for quasielastic pomeron-mediated scattering (shown in Fig. 4.9)
is suppressed via interference. This is seen explicitly in the green contour in Fig. 4.10. Since
this cancellation is not expected to persist as scattering becomes non-single diffractive with more
complex final states, ISR from the beam proton is predicted to provide a better approximation
to the total rate. This rate was independently estimated using a quasi-real approximation for the
incoming proton wit consistent results, and indeed leads to a rate that as shown in Fig. 4.10 is
similar in magnitude to rate obtained by evaluating a splitting function using the modified WW
approximation in [181].

4.2.7

Additional Production Modes

We are planning to model dark photon production modes in meson decays, hadronization, initial
state radiation (ISR), final state radiation (FSR) in Herwig [263, 264] to study its relevance in
various experimental setups. So far, it is assumed that dark photons A0 would mainly be produced
in meson decays, e.g. π 0 → γA0 , Drell-Yan and in bremsstrahlung processes in proton-proton
collisions and beam-dump experiments [118]. Meson decays are described in the framework of
vector meson dominance (VMD) [265–267] to determine decays like V → P A0 , P → γA0 or via
mixing V → A0 where V is a vector meson, P a pseudoscalar meson and γ the SM photon [197]. For
dark photons heavier than the meson masses, i.e. mA0 > mπ,η,... , bremsstrahlung and Drell-Yan are
so far the dominant production mode. The bremsstrahlung process is typically modelled by using
a Fermi-Weizäcker-Williams approximation [181,183,184] which uses proton form factors including
an off-shell mixing with vector mesons. This results in a relatively sharp enhancement in the
production around the ρ and ω mass ∼ 775 MeV [118]. The calculations for proton bremsstrahlung
have recently been revised in [262] as discussed in the previous section. Above these masses, the
production rate through bremsstrahlung drops sharply down to unobservably small values, and
hence, additional production modes could increase the potential of dark photon searches.
In their EOI [24], the CODEX-b collaboration has studied several production modes for axionlike particles (ALP) with couplings to gluons [25] by using Pythia 8 [115]. In particular, they
include i) Hadron decays via mixing with the light pseudoscalar π 0 , η, η 0 mesons: for any hadron
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Figure 4.10: The production cross sections for both dark vectors (upper) and scalars (lower) at
14 TeV as a function of mass and within angles θ < 1 mrad or 0.25 mrad respectively of the
beam axis in the centre of mass frame. The red curves denote the rates using the quasi-real
approximation, or equiavelntly pomeron-mediated ISR, in non-single diffractive scattering, and the
uncertainty band results from varying a cut-off scale for the intermediate off-shell proton formfactor Λp ∈ [1, 2] GeV (with central value 1.5 GeV). The green curves show the associated rates
obtained by combining ISR and FSR in quasi-elastic scattering, where interference effects cause a
significant suppression. In the vector case, the dashed grey curve results from the modified WW
approximation of [181] with transverse momentum pT < 1 GeV, while for both plots the solid
lighter grey curves indicate other hadronic production channels, e.g. from meson decay [6, 73] at
lower mass, and parton-level Drell-Yan [73] processes at higher mass. Note that for dark scalar
radiation (lower), the bremsstrahlung channel is subleading to production via B meson decays.
Further details are available in [262].
decay into neutral pseudoscalar mesons, there is the possibility that this hadron decays into an
ALP. ii) Additionally, an ALP can be produced in flavor-changing neutral current (FCNC) bottom
and charm hadron decays as for example via b → sa. iii) Axions can be radiated of any gluon
in the parton shower. iv) Finally, axions can be produced during hadronization if a q q̄ pair has
pseudoscalar quantum numbers like π 0 , η, η 0 and hence, forms an axion through mixing into it. For
the case of CODEX-b, the production in the parton shower turns out to play an important role
and boosts the overall production rate by orders of magnitude. Their results could possibly also
be applied to MATHUSLA [26, 27, 268], ATLAS, CMS, and LHCb.
In the context of the FPF, the focus shifts more towards additional production modes in the
forward direction. Let us take the dark photon as a model example. In Fig. 4.11, we show several
ways of producing a dark photon in proton-proton collisions, for example in the beam remnants,
ISR, in the hard process, FSR, or in hadronization.
To accurately describe these production modes, we can take advantage of the existing infrastructure available in MC simulators. In particular, we would like to use Herwig to study the following
dark photon production mechanisms:
• ISR and FSR for parton splittings q → qA0 ,
• hadronization where a quark pair q q̄ hadronizes into A0 ,
• hadron decay to A0 .
For the implementation of ISR and FSR in Herwig, we can make use of the previous work [269,270]
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Figure 4.11: Dark Photon production in a) ISR, b) within the beam remnants, either by radiation
or in hadronization, c) the hard process (green), d) parton shower radiation, e) hadronization, and
f) decays of hadronic particles.
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∼ iaγ µ (aLPL + aR PR )
q2
A

Figure 4.12: Diagram for a matrix element A with one q → q 0 A0 splitting with left- and right-handed
couplings aL/R and the coupling structure of a general vector splitting.
where an angularly-ordered (AO) EW parton shower has been implemented into Herwig. The
general form for the q → q 0 V splitting function as given in [269] and shown in Fig. 4.12 can be easily
translated into a splitting dark photon since its already been taken care of that all engaged particles
have non-zero masses, especially the vector particle V , and additional longitudinal polarization
states might be present.
In fact, the dark photon with same couplings to left- and right-handed helicities aL = aR = 1,
represents a simplified version of the EW vector case. The explicit expression for the dark photon
splitting function Pq→qA (z, q̃) is then given by
"
#
2m2q + m2A
a2
2
Pq→qA (z, q̃) =
1+z −
(4.20)
1−z
z q̃ 2
with a light-cone momentum fraction z, evolution scale q̃ and quark and dark photon masses, mq
and mA0 , respectively. The implementation of dark photon production in and after hadronization
will probably follow the approach as done by the CODEX-b collaboration in [25]. A big advantage
of using Herwig for studying vector mediators in collision experiments is that we could not only

Chapter 4. Long-Lived Particles

108

describe the production of those vector bosons but also the decay using earlier results implemented
into Herwig [271]. Therein, in particular the hadronic decay of a vector particle with arbitrary
couplings to quarks is described in the context of indirect detection [272,273]. But the implemented
channels could easily be used in the context of dark photons in other experimental setups.
It is yet unclear how these mechanisms affect the overall production rate and as a consequence
predictions for various experiments. For detectors in the forward direction of a beam-collision such
as FASER, we expect that ISR of dark photons and the production within the hadronization of beam
remnants could provide a sizable contribution.
Our attempt to add dark photon production processes is of course not limited to vector particles
produced in the forward direction. In experiments that are placed in a more transverse direction,
dark photon radiation in the parton shower might yield a higher number of dark photon events.
The results can be applied to various existing/proposed dark photon searches and experiments. We
expect that many proton beam dump experiments, for example, would be sensitive to dark photons
being produced in the shower, and hence their bounds would increase. Besides, not only vector
particles could be produced. Since the project inherits the EW parton shower implementation of
Ref. [269] including Higgs radiations, our study can, in principle, be extended to dark scalars as
well.

4.2.8

Decays of Light Vector Particles

The majority of vector mediator models consider leptonic decays when searching for signatures in
experiments made or used for the detection of light vector particles. For the dark photon model,
the coupling strength to the SM can be constrained for a wide range of masses from a few MeV
to O(100) GeV. In this specific model, all possible decays, and in particular the total decay width,
can be extracted from e+ e− annihilations into leptons, quarks and hadrons since the dark photon
kinetically mixes with the SM photon and hence, its couplings are proportional to the SM photonfermion couplings. This yields to very accurate descriptions of dark photon decays and consequently
predictions for experimental searches. Nevertheless, for the case of generic U (1) gauge group models
this strategy can not be conducted anymore due to different decay structures that will arise from
differences in the mediator-meson couplings compared to the SM photon case. Especially in the
low-energy range from MeV to ∼ 2 GeV, hadronic decays might deviate largely from the dark
µ
photon case. In this range, the vector mediator ZQ
directly mixes with the vector mesons ρ, ω, and
φ through
i
h
µ
(4.21)
LV ZQ = 2 gQ ZQ
Tr Vµ Qf ,
with V µ = T a V a,µ , where T a are U (3) generators, V a,µ the vector mesons with

1
1
1
ρ : ρµ Tρ = ρµ diag(1, −1, 0), ω : ω µ Tω = ω µ diag(1, 1, 0), φ : φµ Tφ = φµ √ diag(0, 0, 1).
2
2
2
(4.22)
and gQ is the coupling constant. Whereas the dark photon with Qf = diag(2/3, −1/3, −1/3)
couples to all of the mesons, most baryophilic U (1) gauge bosons with Qf = diag(1/3, 1/3, 1/3)
only couple to ω and φ. The vector mesons further couple to other vector and pseudoscalar mesons
which yields to a wealth of final state configurations. For example, the 2 and 4 pion channels for
vector decays are purely driven by the mixing with the ρ meson whereas the πγ and 3 pion final
states mostly come from the mixing with ω and φ. A comprehensive list of final states can be found
in Ref. [218]. A change in the hadronic decays will even change the results for leptonic signatures,
since limits and predictions do not depend on the partial decay width into leptons that can be
calculated perturbatively, but on its relative contribution compared to other decays. Hence, to set
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Figure 4.13: Left: Total SM hadronic cross-section ratio RµSM = σ(e+ e− → hadrons)/σ(e+ e− →
µ+ µ− ) decomposed into ρ (purple), ω (pink) and φ (light green) contributions. The orange line
represents the sum of these three curves and the black points are the experimental data extracted
from the Particle Data Group [117]. In both figures, the solid (dashed) lines indicate the results
obtained using the hadronic calculation of this (DarkCast) work. Right: In the upper panel we
show the branching ratio of the B − L model for ZB−L decaying into electrons (light blue), muons
(dark blue), hadrons (red) and neutrinos (green). In the lower panel we have the deviation ∆Br, i.e.
the difference between the branching ratio calculation of this work minus the one from DarkCast.
Figures extracted from [218].
robust constraints on these models, it is inevitable to precisely determine the branching ratio into
all sorts of final states as well as the total decay width to determine the lifetime. That is the only
way we can accurately predict where and how the vector boson will appear in the experimental
setup.
As part the DarkCast tool presented in Ref. [197], a first attempt has been made to describe
hadronic channels individually, especially its splitting into ρ, ω and φ contributions, to not only
describe dark photon decays, but general vector mediator models with arbitrary couplings to quarks.
In this section, based on Ref. [218], we describe how we improve the description of several channels
and extend the number of final state configurations compared to Ref. [197] by extracting the
hadronic currents obtained in low-energy e+ e− fits. Some of the fits are taken from a previous
study [271], and some are introduced for the first time. Decay widths, branching ratios, and other
related decay quantities calculated in [218] are available in the python package DeLiVeR2 .
As described in detail in Ref. [218], channels that have already been used in Ref. [197] are
improved by considering contributions from more than one vector meson mixing with the vector
mediator for each channel, by including more recent and complete data sets as well as rigorously
following the vector meson dominance model (VMD) [265–267] with only very little theoretical
assumptions. As seen in the left panel of Fig. 4.13, major differences arise in the ω and φ contributions when describing e+ e− annihilations to hadrons. In case of the ω meson (pink curve), this
mainly comes from a different description of the πγ channel for energies below the ω mass [274],
and because of including more processes that include the ω resonance or excited states thereof
above 1.4 GeV. The big difference in the φ contribution (light green curve) between just above the
φ resonance and 1.6 GeV can be traced back to a different handling of the KK and KKπ channels.
In DarkCast, it is assumed that KK = 2K + K − which leads to an overestimation of the
KK contribution. Only attributing this channel then to the φ meson consequently results in an
2

The package is available at https://github.com/preimitz/DeLiVeR and includes a jupyter notebook tutorial.
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Figure 4.14: Left: Branching ratios of the B model for ZB decaying into hadrons (red) and individual hadronic states. The cyan curve represents the sum of all the other hadronic channels included
in this work (see table III of Ref. [218]). The grey dashed line close to 1.73 GeV shows the transition
between hadrons and the perturbative quark calculation. In both figures the solid (dashed) lines
indicate the results obtained using the hadronic calculation of this (DarkCast) work. Right: In the
upper panel we show the comparison between the future sensitivity of the FASER2 experiment for
the B model obtained by implementing our (solid lines) and DarkCast (dashed lines) branching
ratios in the FORESEE code. In the lower panel we show the deviation ∆Br of our branching ratios
minus the ones from DarkCast. Figures extracted from [218]
overestimation of the φ contribution. We fit both the charged e+ e− → K + K − and e+ e− →
K 0 K̄ 0 components separately and consider contributions from ρ-like, ω-like and φ-like mesons. For
the KKπ channel, DarkCast only considers the isoscalar subprocess e+ e− → K ∗ (892)K that is
responsible for e+ e− → K ∗ (892)K → KKπ. Nevertheless, besides not accurately describing the
three-body phase space of KKπ by K ∗ K, the isovector contribution of K ∗ K is missing. As before
in the case of KK, the KKπ channel is assumed to be determined by the φ contribution only. We
take into account the three components K 0 K 0 π 0 , K + K − π 0 and K ± K 0 π ∓ for the description of
the KKπ channel. In all the three processes, we have a isovector contribution that is assigned to
the ρ meson, and an isoscalar contribution that is described by the φ meson.
As an example on how the different treatment of hadronic decays affects the vector mediator
branching ratios, we discuss the case of the B − L model. As seen from Eq. (4.21), in this model
we only have a ω and φ contribution. In the right panel of Fig. 4.13, we can see that slightly above
the φ mass, our branching ratios are smaller due to the lower φ contribution. For mediator masses
above 1.5 GeV instead, the bigger ω contribution of our calculations results in a bigger branching
ratio into hadrons. Above 1.75 GeV, we do not trust VMD anymore and assume perturbative
mediator decays into quarks. Overall, the difference between our branching ratios and the ones
from DarkCast is below the 10% level for hadrons. This difference is shared between electrons,
muons and neutrinos. As a consequence, we observe that limits coming from ZQ → e+ e− , µ+ µ− , ν ν̄
searches that reach over many order of magnitudes in the vector coupling will only change very
little with differences around a few percent in the hadronic decays. Only for the case where one
hadronic channel is dominating, as for example below the two-pion threshold in the U (1)B model,
we can observe visible differences in the limits [218].
Nevertheless, if we focus on signatures of a ZQ decaying into hadrons as suggested by Ref. [90],
the limits might change drastically. As an example, we take the hadrophilic U (1)B model where
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the gauge boson couples directly to quarks but only through kinetic mixing with leptons. Hence,
the mediator decays nearly a 100% into hadrons above the πγ channel threshold. Major differences in the individual hadronic channels are coming from πγ and KK which changes the relative
contribution of all dominant channels as seen in the left panel of Fig. 4.14. With these branching
ratios, we can now study the expected sensitivity for future experiments as for example FASER2.
Whereas the overall sensitivity to all hadrons only changes mildly, the sensitivity to the KK channel reduces only to the region around the φ mass instead of reaching from 1.0-1.4 GeV as shown
in the right panel of Fig. 4.14. We can clearly see that the individual branching ratio differences of
up to 30% directly translates to different sensitivities. For deviations that cannot be explained by
the branching ratios it is likely that they come from the difference of the vector mediator lifetime
of both calculations.
In this section, we presented improvements in the calculation of hadronic decays of vector
particles in vector mediator models. This includes providing an almost complete set of all possible
hadronic and leptonic partial decay widths, branching ratios, and related vector mediator decay
quantities in the python package DeLiVeR. Especially in decay channels related to vector mediators
mixing with the ω and φ mesons, we observe significant differences between our calculations and
DarkCast. Limits that range over several orders of magnitude in the vector coupling and mass and
are based on ZQ decays into electrons, muons or neutrinos only change very little when having
only a few percent differences in the corresponding branching ratios. Nevertheless, for regions
that are dominated by one hadronic channel, the limits might differ. Moreover, if we study future
sensitivies for hadronic decay signatures of vector mediators, we observe that, for example for the
case of FASER2, the different treatment of hadronic decays will have a significant effect on the
sensitivities.
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Long-Lived Scalars

One of the most widely discussed examples of a renomalizable portal interaction between the SM
and a dark sector is that of a scalar mediator. In this scenario, the dark sector contains a new
singlet scalar S which could obtain a small quartic couplings to the Higgs of the form S 2 H 2 . This
quartic term will then induce a mixing between the singlet scalar and the SM Higgs boson.
Let us for example consider the scenario in which both the both the SM Higgs and the singlet
scalar have a √
quartic potential and obtain
√ a vacuum expectatation value such that we can write
S = (vs + s)/ 2 and H = (vh + hSM )/ 2. After diagonalization of the mass terms, the physical
fields are h and φ are given by
h = hSM cos θ − s sin θ

and φ = hSM sin θ + s cos θ .

(4.23)

In the above scenario, the mixing angle θ is given by θ ∼ vh /vs which is constrained to be small to
not violate current experimental constraints.
Due to the mixing, the new physical scalar φ obtains Yukawa-like couplings to the SM fermions
and gauge bosons, which are modified by the small mixing angle θ. Its effective Lagrangian can
then be written as
X
θyf φf¯f .
L ∼ −m2φ φ2 −
(4.24)
f

Due to some similarities with the dark photon case, the new scalar φ is also often called the dark
Higgs. It is worth noting that the discussion presented above is not the only way to generate the
mass and couplings of the dark Higgs. For a discussion of other scenarios, see Ref. [275–277].
The prospects of probing the dark Higgs scenario at FASER2 have been studied in Refs. [9, 73,
277]. We present the resulting sensitivity in Fig. 4.15. Here the dark gray shaded regions correspond
to constrains from previous searches for the dark Higgs boson. The reach of FASER2 is shown as red
line. Several other dedicated experiments and searches have been proposed which would also have
the opportunity to probe the dark Higgs parameter space. We present the projected sensitivities
for a subset of those as dashed blue lines, while we refer for a more complete overview to Ref. [278].
In addition, we have included several target lines to illustrate the motivation by various theoretical
models that give rise to a dark Higgs like particle
Dark Matter In the discussion above, the dark Higgs was introduced as a mediator between
the visible and dark sector. Let us consider that the dark scalar couples to the DM particle
χ. If mχ > mφ and for an appropriate choice of the scalar coupling to dark matter, secluded
annihilation χχ → φφ can lead to the correct dark matter relic abundance via thermal freeze-out
throughout the entire shown parameter space. In Fig. 4.15 we show the current direct detection
limits in this scenario assuming a fixed mass ratio mχ = 3mφ [254, 256, 279]. See Ref. [277] for
more details.
Relaxion In addition, a dark Higgs like scalar also arises in relaxion models, which has been
introduced as a solution to the hierarchy problem. Target lines corresponding to two realizations
of the relaxion are shown as dotted lines. For a more detailed discussion of this scenario, see
Sec. 4.3.2 and Sec. 4.3.3 below.
Inflation A dark Higgs can also play the role of a light inflaton [276]. Several specific models
have been introduced in this context, and corresponding target lines are shown as dashed lines
in Fig. 4.15. The line labeld as Inflation 1 corresponds to model where the inflation potential
exhibits classical conformal invariance, which is broken radiatively via the Coleman-Weinberg
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Figure 4.15: Dark Higgs boson sensitivity in the coupling vs mass plane. The sensitivity reaches
of FASER2 is shown as solid red lines alongside existing constraints (dark gray-shaded regions)
and projected sensitivities of other selected proposed searches and experiments (blue dashed lines).
The gray shaded region indicated regions of parameter constrained by dark matter direct detection
searches in the case that the dark Higgs couples to dark matter with a coupling that reproduces
the observed relic abundance. The black lines shows target lines from scenarios in which the dark
Higgs is an inflaton, a relaxion or could have observable effects on neutron star mergers. The
bottom panel shows the LLP branching fractions, as obtained in Ref. [281]. See text for details and
references.
mechanism. A more detailed explanation is provided in Sec. 4.3.5. A second theory, labeled
Inflation 2, considers a low-scale inflaton-curvaton model. The curve corresponds to the mass
and mixing angle for an inflaton or curvaton that decays when the universe reaches a density
around the electroweak scale of ρ ∼ (100 GeV)4 [280].
Neutron Star Mergers If the dark Higgs is sufficiently light, it can be abundantly produced
inside neutron stars. If additionally the mixing is small, the scalar has a large mean free path
and can contribute sizably to the thermal conductivity of the neutron star. Such modifications of
the thermal conductivity of neutron stars could lead to observable signals in neutron star merger
events recorded by gravitational wave telescopes. The dash-dotted target line in Fig. 4.15 denotes
the phase space region where the presence of the scalar contributes about 10% to the thermal
conductivity of the neutron star. A more detailed discussion of the dark Higgs is presented in
Sec. 4.3.4.
The remainder of this section is organized as follows: In Sec. 4.3.1 we will summarize the
existing constraints on the dark Higgs parameter space. We will then in more detail discuss several
theoretical motivations: the dark Higgs as relaxion discussed in Sec. 4.3.2 and Sec. 4.3.3, the dark
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Higgs as inflaton in Sec. 4.3.5, and the phenomenological impact of a dark Higgs boson in neutron
star mergers in Sec. 4.3.4. Finally, we will then present several other examples of light scalar
particles and discuss the sensitivity of the FPF experiments to search for them. This includes a
flavour specific scalar in Sec. 4.3.6, a light scalar in the 2HDM in Sec. 4.3.7, a supersymmetric
sgoldstino in Sec. 4.3.8, and a dilaton in Sec. 4.3.9.

4.3.1

Existing Constraints on the Dark Higgs

Before proceeding to particular physics realization of the dark Higgs and other light scalars, let us
pause and review the existing constraints on the parameter space. The landscape of the dark Higgs
S, spanned by its mass mS and mixing sin θ, is shown in the left panel of Fig. 4.16. As we can see,
FASER2 at the FPF can detect light long-lived scalars produced in the high-energy pp collisions
up to a few GeV scalar masses, as shown by the FASER2 target line [9, 37]. For comparison, we
also show the existing limits (shaded regions) from flavor-changing neutral current (FCNC) meson
decay searches and beam-dump experiments.
The scalar S can obtain FCNC couplings to the SM quarks at one-loop level via its mixing
with the SM Higgs, and thus contribute to rare FCNC decays of mesons, such as K → π + X,
B → K + X and B → π + X with X = e+ e− , µ+ µ− , γγ or missing energy if X decays outside
the detector. There are stringent limits from K + → π + e+ e− and π + µ+ µ− in NA48/2 [282, 283];
K + → π + γγ and π + ν ν̄ at NA62 [284, 285] and E949 [286]; KL → π 0 e+ e− , π 0 µ+ µ− and π 0 γγ in
KTeV [287–290]; KL → π 0 ν ν̄ and π 0 X (with X being a long-lived particle) at KOTO [291]; and
B → K + X with X = e+ e− , µ+ µ− , ν ν̄ at LHCb [292], BaBar [293, 294] and Belle [295]. Similarly,
the MicroBooNE collaboration has recently performed a search for light monoenergetic scalars from
kaon decay at rest K + → π + + S with S → e+ e− [296]. The most stringent limits coming from
NA62, E949, KOTO, MicroBooNE and LHCb experiments are shown as the shaded blue, light
green, orange, dark green and pink regions respectively. For the detailed calculations of the FCNC
decays and the derivation of these limits, see e.g. Refs. [297–299].
The light scalar S can also be produced in the high-intensity beam-dump experiments. The
current most stringent limits come from kaon decays K → π + S in the CHARM experiment [227],
as shown by the magenta shaded region. At the LSND experiment, the scalar S is predominately produced by the proton bremsstrahlung process, and the current LSND electron and muon
data [300, 301] have excluded the brown shaded region [302]. The data from the fixed target experiment PS191 have also be reinterpreted in Ref. [303] to set limits on the light scalar from kaon
decays K → π + S, as shown by the red shaded region. It is expected that the future high-intensity
beam-dump experiments will significantly improve these limits. For instance, the Fermilab SBN
experiment, which is a combination of using the SBND and ICARUS experiments with the BNB
and NuMI beams respectively, can probe a mixing angle down to ∼ 10−7 [304], as shown by the
purple curve. The near detector at DUNE can further improve the prospects by over an order of
magnitude [305], as shown by the green curve.
On the astrophysical side, the scalar S can be produced abundantly in the supernova cores
with temperature T ∼ 30 MeV via the nucleon bremsstrahlung process. If it escapes the supernova
core, it will contribute an additional channel for energy loss; therefore, the observed neutrino
luminosity Lν of SN1987A can be used to set limits on the mixing angle sin θ of S with the SM
Higgs [306, 307, 309–312]. Setting conservatively Lν = 3 × 1053 erg/sec and 5 × 1053 erg/sec, the
corresponding supernova limits are shown in Fig. 4.16 respectively as the lighter and darker black
shaded regions. One can also derive similar limits [313] from energy loss criteria in the Sun, white
dwarfs, red giants and horizontal-branch stars; however, their core temperature is only O(keV),
and therefore, the corresponding limits are not relevant for the parameter space shown in Fig. 4.16.
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Figure 4.16: Left: The current laboratory [37, 296, 298, 299, 302, 303] and astrophysical [306, 307]
constraints in the dark scalar mass-mixing plane (shaded regions). The future prospects at FPF
(FASER2) [37], as well as SBN [304] and DUNE [305] are shown as the solid purple, green, and dark
blue lines, respectively. Right: Thermal conductivity ratio κS /κν in the mS − sin θ plane, for the
baryon density of nB = n0 and temperature T = 40 MeV in the NS merger. The current laboratory
limits combined together are shown as the dark gray-shaded region. The future prospects at SBN,
DUNE and FASER2 are shown as the solid purple, green, and light blue lines respectively. The
grey and cyan shaded regions indicate the trapped and free-streaming regions inside the NS merger,
corresponding to a scalar MFP less than 100 m and larger than 1 km, respectively. Figure taken
from Ref. [308].
On the cosmology front, if the light S stays in thermal equilibrium with the SM particles and
has a lifetime & 1 sec, it will contribute an extra degree of freedom and spoil the success of big
bang nucleosynthesis (BBN) [314, 315]. However, it turns out that there is no parameter space of
mS and sin θ that satisfies both the conditions above, so the generic BBN limit is not applicable
here [307]. The actual BBN constraint will depend on the particular thermal history of the scalar
S in the early universe and can in principle be evaded, without affecting the late-time scalar
phenomenology we are interested in here. Therefore, we do not show the BBN limit in Fig. 4.16.
However, if the scalar has an additional trilinear coupling to Higgs, it can be abundantly produced
via rare Higgs decays h → SS and reach thermal equilibrium. The corresponding constraints are
shown in Fig. 4.15, where we note that the exact constraint only mildly depends on the additional
Higgs-scalar coupling [315].

4.3.2

Dark Higgs as Relaxion

Another motivation for a singlet scalar is provided by the relaxion mechanism which was introduced
as a solution to the (little) hierarchy problem of the Standard Model [316]. An initially large Higgs
boson mass M  v is reduced to the observed mass mh = O(v) through the dynamical evolution
of the relaxion φ in the early universe. The Higgs-relaxion potential reads
 
φ
2
2
3
2 2
V = (M − g1 M φ) h − g2 M φ − Λ h cos
+ λ h4 ,
(4.25)
f
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where g1,2 are dimensionless couplings of the same order and h is the neutral component of the
µν
Higgs doublet. The cosine-term is generated by the coupling of the relaxion (φ/f )G0µν G̃0 to the
field strength of a new strongly coupled gauge group QCD’ whose strong dynamics set the scale Λ.
During cosmic inflation, the relaxion rolls down its potential, before triggering electroweak
symmetry breaking at φ ∼ M/g1 . The Higgs field gets displaced, turns on the periodic potential
of the relaxion, and the Hubble friction then stops the relaxion in one of the resulting minima.
The relaxion mass and the Higgs-relaxion mixing angle sin θ in the minimum can be approximated
as [281, 317]
 
 

 
vφ
vφ
2Λ2
Λ2 v
Λ2 v 2
2 vφ
sin
sin
cos
−
and
sin
θ
'
,
(4.26)
m2φ '
2f 2
f
f
f
m2h
f m2h
p
where vφ denotes the final relaxion field value. For the Hubble scale H & g2 M 3 /f , the relaxion
immediately stops in one of its first
√ minima after electroweak symmetry breaking [281] and one
finds sin(vφ /f ) ∼ cos(vφ /f ) ∼ 1/ 2 such that,
sin θ '

21/4 mφ Λ
.
m2h

(4.27)

Validity of the effective theory Eq. (4.25), furthermore requires3 f & v & Λ which implies mφ . Λ.
On the other hand, Λ below the GeV-scale is cosmologically unfavorable as the relaxion mechanism
requires an enormous number of inflationary e-foldings in this case [318]. The FPF will be able to
probe a large part of the relaxion parameter space. In Fig. 4.15 we used Eq. (4.27) with Λ = 2 GeV
to provide an explicit FPF target line, which is labeled as Relaxion.

4.3.3

Dark Higgs as Relaxed Relaxion

In Ref. [319] it was noted that generically the relaxion would stop at the first minimum, which is
characterised by a shallower potential compared with the one described by the single cosine term
(of a generic axion-like models), while the mixing angle with the Higgs remains unmodified. It
results in an ”unnaturally” large value for the mixing angle, basically, as the relaxion is generically
relaxed to an unnatural point in its parameter space, and was dubbed as the ”relaxed-relaxion”
with a mass-mixing-angle relation of
m2φ ' nδ

Λ4br
f2

2

and

 mφ
sin θ ' √
,
nδ m2h

(4.28)

where n denotes the nth minimum,  = (Λbr /4)4 and δ = Λbr /(vΛ). The upper bound of the
relaxion mixing angle for a relaxion stopping in the first or a generic minimum is given by
sin θ ≤ (mφ /v)2/3 .

(4.29)

In addition, there is a lower bound on the mixing angle, that obtained from requiring f & Λ & 4πv:
sin θ ≥



mφ

4
3

.
(4.30)
n v
This gives rise to a band of the natural parameter space of the relaxion. In Fig. 4.15, we show the
lower limit as target line labeled as Relaxed Relaxion. The upper limit would be found at larger
couplings beyond those shown in the figure. As we can see, the FPF will be able to probe a the
relaxion band in the mass range above 300 MeV. The phenomenology and collider bounds of the
long-lived relaxion with a mass of several GeV have been analyzed in Ref. [320].
3

We assumed Λ  v for the derivation of Eq. (4.27).

1
4
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Dark Higgs and Neutron Star Mergers

If the dark Higgs/singlet scalar S is sufficiently light, it can be readily produced in the hot and dense
nuclear matter in the cores of stars, supernovae and neutron stars via the nuclear bremsstrahlung
process N N → N N S, where the S can couple to any of the four external nucleon legs or to the
intermediate pion mediator. Note that a crucial difference between the production of dark Higgs
and that of axion/ALP is that the latter being a CP-odd particle can only be emitted from the
nucleon legs but not from the mediator pions at leading order. If the scalar coupling with the
SM particles (induced via its mixing θ with the SM Higgs) is sufficiently weak, it will free-stream
out of the astrophysical bodies, thus providing an additional energy loss mechanism that would
affect their evolution. On the other hand, if the coupling is sufficiently strong, the scalar particle
is trapped, thereby contributing to the transport properties of the astrophysical core.
An interestingly new astrophysical probe of the light scalar parameter space of interest comes
from neutron star (NS) mergers [308]. Depending on the thermodynamic conditions in the merger,
the scalar can have a wide range of mean free path (MFP). Even after taking into account all the
laboratory and supernova limits on the scalar, there is still some overlapping parameter space with
FPF where the scalar MFP is small enough for it to be trapped inside the merger. In this case, the
scalar S will form a Bose gas and contribute to thermal conductivity of the merger remnant. In the
absence of any physics beyond the standard model, the neutrinos dominate the thermal transport
inside the merger remnant [321]. The thermal conductivities due to the trapped scalars (κS ) and
trapped neutrinos (κν ) are compared in the right panel of Fig. 4.16 for a particular choice of the
baryon density nB equal to the nuclear saturation density n0 and for a merger temperature T = 40
MeV (thermodynamic conditions which simulations reliably indicate that mergers reach [322]), as
shown by the black dashed contours. The results for other choices of density and temperature can be
found in Ref. [308]. In places where the ratio κS /κν is larger than one, fast thermal equilibration is a
signature of BSM physics, as no SM mechanism yields such a high thermal conductivity. This effect
can potentially lead to observable signals in future NS merger events, but this needs to be further
studied with the aid of updated merger simulations including the transport of trapped scalars. It is
remarkable that some of the regions with κS /κν > 1 can be directly probed at the future laboratory
experiments such as SBN, DUNE and FASER2, thus providing a nice complementarity between
the laboratory and astrophysical probes of dark Higgs.

4.3.5

Dark Higgs as Inflaton

We consider the non-minimal quartic inflation in a classically conformal U(1)X extended SM [323].
By imposing the conformal invariance at the classical level on the minimal U(1)X extended SM [324],
all mass terms in the Higgs potential are forbidden. As a result, the U(1)X gauge symmetry is
radiatively broken by the Coleman-Weinberg (CW) mechanism [325], which subsequently drives the
electroweak symmetry breaking through a mixing quartic coupling between the U(1)X Higgs Φ and
the SM Higgs H fields [326]. We identify the U(1)X Higgs field with a non-minimal gravitational
coupling as inflaton. Because of the classically conformal invariance, this scenario not only leads
to the inflationary predictions consistent with the Planck 2018 results [327], but also provides a
direct connection between the inflationary predictions and the LHC search for the U(1)X gauge
boson (Z 0 ) resonance. We will show that the inflaton mass and its mixing angle with the SM Higgs
field lie in a suitable range, the inflaton can be searched by FASER2 with a direct connection to
the inflationary predictions. Therefore, three independent experiments, namely, the inflaton search
at FASER2, the Z 0 boson resonance search at the HL-LHC and the precision measurement of the
inflationary predictions, are complementary to test our inflation scenario.

Chapter 4. Long-Lived Particles

118
0.4

0.3

0.5

0.7

1.0

1.3 𝒎𝒁′ [TeV]

38
2.6

SU(3)c SU(2)L U(1)Y
U(1)X
3
2
1/6 (1/6)xH + (1/3)
3
1
2/3 (2/3)xH + (1/3)
3
1
1/3 ( 1/3)xH + (1/3)
1
2
1/2 ( 1/2)xH 1
1
1
1
xH 1
H
1
2
1/2
( 1/2)xH
NRi
1
1
0
1
1
1
0
2
i
qL
i
uR
diR
`iL
eiR

5.0

10

LE III. The particle content of the minimal U(1)X model. Here, i = 1, 2, 3 is the generation index.
5.

Inflaton at the FPF [Nobuchika Okada, Digesh Raut]

Figure 4.17: Left: The particle content of the minimal U(1)X model. Here, i = 1, 2, 3 is the
generation
index. inflation
Right: The
search
reach at
FASER
(green shaded region) and the relation
e consider the non-minimal quartic
in ainflaton
classically
conformal
U(1)
X extended SM
other invariance
observables.
The
diagonal
correspond
to ξ = 9.8 × 10−3 (r = 0.064) and
By imposing thewith
conformal
at the
classical
leveldashed
on the lines
minimal
U(1)X extended
ξ =in0.12
= 0.01),
respectively,
fromAs
lefta result,
to right.
solid lines correspond to fixed Z 0
32], all mass terms
the (r
Higgs
potential
are forbidden.
theThe
U(1)diagonal
X gauge symis radiatively broken
by the
(CW)
mechanism
[233],
subsequently
masses.
TheColeman-Weinberg
blue shaded region
(labeled
ATLAS)
is which
excluded
by the ATLAS result of the Z 0 boson
the electroweak search
symmetry
breaking
between
thePlanck
U(1)X 2018 measurements.
for x
The reda mixing
shaded quartic
region coupling
is excluded
by the
H = 10.through

( ) and the SM Higgs (H) fields [234]. We identify the U(1)X Higgs field with a non-minimal
ational coupling as inflaton. Because of the classically conformal invariance, this scenario not
Thepredictions
particle content
of the
is listed
the left
panel
of Fig. 4.17, where the U(1)X
eads to the inflationary
consistent
withmodel
the Planck
2018inresults
[235],
butofalso
chargebetween
of a particle
is definedpredictions
as a linear
combination
of itsforSM
and its B − L (Baryon
des a direct connection
the inflationary
and
the LHC search
thehypercharge
U(1)X
0
minus
Lepton)
number.
The
U(1)
charges
are
determined
by
a
real
parameter,
xH , and the
X and its mixing angle with the SM
boson (Z ) resonance. We will show that the inflaton mass
well-known
minimal
modelby
is FASER
realizedwith
as athe
limit
of xH → 0. In the presence of the
field lie in a suitable
range, the
inflatonU(1)
can be
searched
direct
connection
B−L
1,2,3
,
this
model
is
free
from all the gauge and the mixed
three right-hand
neutrinos
(RHNs), Nexperiments,
e inflationary predictions.
Therefore,
three independent
namely,
the
inflaton
R
h at FASER, the gauge-gravitational
Z 0 boson resonance search
at the HL-LHC
and
theXprecision
measurement
anomalies.
Once
the
U(1)
Higgs
field
(Φ)
develops a vacuum expectation
√
inflationary predictions,
are
complementary
to
test
our
inflation
scenario.
value (VEV), hΦi = vX / 2, the U(1)X gauge symmetry is broken and the Z 0 boson becomes
he particle content
of the model
is listed
in, Table
theU(1)
U(1)XX gauge
charge coupling.
of a particleThe symmetry breaking also
massive,
mZ 0 =
2gX vX
whereIII,
gXwhere
is the
fined as a linear combination
of its SMmasses
hypercharge
its Bwhich
L (Baryon
minus Lepton)
generates Majorana
for theand
RHNs
play a crucial
role in the type-I seesaw mechanism
er. The U(1)X charges are determined by a real parameter, xH , and the well-known minimal
for generating the light neutrino masses.
L model is realized as the limit of xH ! 0. In the presence of the three right-hand neutrinos
a) Radiative U (1) Symmetry Breaking: Imposing the classical conformal invariance, the Higgs
s), NR1,2,3 , this model is free from all theXgauge and the mixed gauge-gravitational anomalies.
p
potential of our model at the tree level is given by
the U(1)X Higgs field ( ) develops a vacuum expectation value (VEV), h i = vX / 2, the


2massive,
 m 0 =2 2g v ,where
0
gX is
X gauge symmetry is broken and the Z boson becomes
X X
†
†
†
†Z
(4.31)
V
=
λ
H
H
+
λ
Φ
Φ
−
λ
H
H
Φ
Φ
,
mixfor the RHNs
Φ
(1)X gauge coupling. The symmetry breakingHalso generates Majorana
masses
play a crucial role in the type-I seesaw mechanism for generating the light neutrino masses.
where we set λH,Φ,mix >Imposing
0. Assuming
λmix  conformal
1, we can invariance,
separately the
analyze the Higgs potential for
adiative U (1)X Symmetry Breaking:
the classical
and at
H.the
The
for the Higgs field Φ at the 1-loop level is given by [325]
potential of our Φ
model
treeCW
levelpotential
is given by
  2

⇣
⌘2
⇣
⌘2
⇣
⌘⇣
⌘
βΦ 4
φ
25
†
† λΦ 4†
V = H H †H +
H
H
,
(32)
Vmix
(φ) =
φ +
φ ln
−
,
(4.32)

4

2
vX

8

6

we set H, ,mix > 0. Assuming
√ mix ⌧ 1, we can separately analyze the Higgs potential for
where
φ
=
Re[Φ],
vX is at
chosen
as a renormalization
scale, and the coefficient of the 1-loop correcd H. The CW potential for the2Higgs
field
the 1-loop
level is given by [233]
2
4
4
✓

◆
tions is approximately given by 16π
βΦ ' 96gX − 3YM . The stationary condition, dV /dφ|φ=vX = 0,
2
25
4
4
V( )=
+
ln 2
,
(33)
leads to
4
8
6
vX
11

λΦ =

6

βΦ ,

(4.33)

Chapter 4. Long-Lived Particles

119

where the barred quantities are evaluated at hφi = vX . The mass of φ is given by
m2φ =

d2 V
dφ2

φ=vX

2
'
= β Φ vX

6
αX m2Z 0 ,
π

(4.34)

2 /(4π), and we have neglected RHN contributions. The U(1)
where αX = gX
X gauge symmetry
√
breaking by hΦi = vX / 2 induces a negative mass squared for the SM Higgs doublet in Eq. (4.31)
and triggers the electroweak symmetry breaking [326]. The SM(-like) Higgs boson mass (mh =
2 = 2λ v 2 , where v = 246 GeV is the Higgs doublet VEV.
125 GeV) is described as m2h = λmix vX
H h
h
The mass matrix for the Higgs bosons, φ and h, is given by


 

1
m2h
λmix vX vh h
L⊃− h φ
.
λmix vX vh
m2φ
φ
2

(4.35)

We diagonalize the mass matrix by
 
  
cos θ sin θ h̃
h
=
,
− sin θ cos θ φ̃
φ

(4.36)

where h̃ and φ̃ are the mass eigenstates. For the parameter region which will be searched by FASER,
the mixing angle θ ' vh /vX  1 and the mass eigenvalues mφ̃,h̃ ' mφ,h with m2φ  m2h .
b) Non-minimal U(1)X Higgs inflaton: Our inflation scenario is defined by the action in the
Jordan frame:


Z
1
†
†
µν
4 √
(4.37)
SJ =
d x −g − (1 + 2ξΦ Φ)R + g (Dµ Φ) (Dν Φ) − V ,
2
where the non-minimal gravitational coupling constant ξ > 0, and the reduced Planck mass of
MP = 2.44 × 1018 GeV is set to be 1 (Planck unit). In our analysis, we fix the number of e-folds
N0 = 50 to solve the horizon and flatness problems. In this non-minimal quartic inflation, all the
inflationary predictions are determined as a function of ξ. Once ξ is fixed, the quartic coupling λΦ
at the inflationary scale is uniquely determined. Extrapolating the λΦ to its value at vX according
to the renormalization group equations and using Eq. (4.33), we obtain a one-to-one correspondence
between the set of two free parameters, {ξ, vX } and {mφ , θ}.
c) Searching for the inflaton at the FPF: In the right panel of Fig. 4.17, we show our results
in (mφ , θ)-plane, together with FASER search reach, the search reach of other planned/proposed
experiments (contours with the names of experiments indicated), and the current excluded region
(gray shaded) from CHARM [328], Belle [295] and LHCb [329] experiments, as shown in Ref. [9].
Here, to ensure the readability of the figure, we have not shown the search reach of other experiments
such as SHiP [29], MATHUSLA [330] and CODEX-b [24] presented in Ref. [9]. After our analysis,
each point in FASER parameter space has a one-to-one correspondence with inflationary predictions
and Z 0 boson search parameters. The diagonal dashed lines correspond to ξ = 9.8×10−3 (r = 0.064)
and ξ = 0.12 (r = 0.01), respectively, from left to right. The light red shaded region (r > 0.064)
is excluded by the Planck 2018 results. We find that the parameter region corresponding to the
inflationary prediction r & 0.01 can be searched by FASER2 in the future, a part of which is already
excluded by the Planck 2018 result. The diagonal solid lines correspond to mZ 0 [TeV] = 0.3, 0.4,
0.5, 0.7, 1.0, 1.3, 2.6, 5.0, and 10, from top to bottom. A point on a solid line corresponds to a
fixed value of ξ, or equivalently, r. Along each line, the ξ (r) value increases (decreases) from left
to right. For example, the left (right) diagonal dashed lines denote r = 0.0064 and r = 0.01.
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In conclusion, we have considered the non-minimal quartic inflation scenario in the minimal
U(1)X model with classical conformal invariance, where the inflaton is identified with the U(1)X
Higgs field. FASER can search for the inflaton when its mass and mixing angle with the SM Higgs
field are in the range of 0.1 . mφ [GeV] . 4 and 10−5 . θ . 10−3 . By virtue of the classical conformal invariance and the radiative U(1)X symmetry breaking via the Coleman-Weinberg mechanism,
the inflaton search by FASER, the Z 0 boson resonance search at the LHC, and the future measurement of r are complementary to test our inflationary scenario. For all the details of analysis
presented here, see the original paper [331].

4.3.6

Flavor-philic Scalars

The minimal coupling of a singlet scalar S to the SM through renormalizable interactions with
the Higgs doublet, S (2) H 2 , leads to the scalar acquiring couplings proportional to those of the
Higgs boson. Notably, the Yukawa coupling of the scalar to fermions is proportional to the fermion
mass. In the presence of higher dimensional effective interactions involving the scalar and SM
fields, however, there are additional possibilities for the scalar-fermion couplings. We consider the
Lagrangian
c

1
1
S
(4.38)
L = ∂ µ S∂µ S − m2S S 2 −
S Q̄L uR Hc + h.c.
2
2
M
where cS is a matrix containing the family structure of the S coupling to the up-type quarks and M
is the mass scale of the new physics underlying the effective operator. While we restrict ourselves
to scalar couplings to up-type quarks for simplicity, analogous theories can be written for downtype quarks and charged leptons. In particular, FPF searches for a muon-philic scalar could probe
regions of parameter space consistent that could potentially explain the muon g − 2 anomaly [332].
Generally non-standard couplings such as those in Eq. (4.38) result in flavor changing neutral
currents, but certain choices of coupling structures lead to viable phenomenology. Specifically,
suppose we work in the mass basis for the up quarks. If cS ∝ diag(1, 0, 0), S couples to only the
1st generation up quark; we term this a flavor-specific hypothesis [332], and it may be thought of
as a generalization of minimal flavor violation. With such a form for cS , it can be shown that the
radiatively generated flavor-changing couplings of the S are small due to symmetry considerations.
After electroweak symmetry breaking, the scalar acquires a coupling to the up quark
cS v
L ⊃ −gu S ūu, gu = √
(4.39)
2M
This effective coupling is sufficient to determine the production and decay of the S at the FPF [333],
which can be used to calculate the projected sensitivity of long-lived particle detectors such as
FASER2 to up-philic scalars.
Because the scalar-quark coupling is not proportional to mass as in the Higgs portal model,
the experimental landscape for flavor-specific scalars is markedly different from that for minimally
coupled scalars. Up-philic scalars are primarily produced at the FPF through light meson decays,
0
notably those of the η ( ) and kaons; this may be compared to Higgs portal scalars, which are
dominantly produced at the FPF from B meson decays. Similarly, as up-philic scalars do not
couple to leptons, the only possible decay mode of the S is to γγ for mS < 2mπ . Above the pion
threshold, S decays hadronically. We use the estimated meson spectra at the LHC in conjunction
with the S decay widths in Ref. [333] to calculate the reach of FASER(2) and SHiP long-lived
particle searches as a function of the scalar mass and effective coupling gu . We also translate the
limits on S from current and future rare meson decay searches (MAMI, KLOE, BESII, REDTOP),
fixed target experiments (CHARM), supernova data (SN1987A), and Big Bang Nucleosynthesis.
These limits are shown in Fig. 4.18.
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Figure 4.18: Current and future limits on an up-philic scalar S, assuming only SM decays. The
left (right) plot shows constraints arising from the effective operator of Eq. (4.38) as well as from
its UV completion with vector-like quarks (scalars). Figures taken from Ref. [334].
Now, the model described above may be augmented in several ways. From an effective field
theory perspective, perhaps the first question is the character of the UV completion of Eq. (4.38) at
the heavy scale M . Two natural completions of the cS interaction come from vector-like quarks and
additional scalars, respectively [334]. It is of interest to ask whether direct and indirect searches
for these particles would be complementary to FPF searches for S, and we explore the interplay
between these searches below. In addition, the S could serve as a mediator between the SM and
dark matter. Depending on the relative masses of the mediator and dark matter, it may be possible
for S to decay invisibly. As our focus here is on long-lived particle searches for the S assuming its
visible decay, we will not consider the potential couplings of S to dark matter further.
Turning to the question of the UV physics underlying the effective theory in Eq. (4.38), we first
write a completion with a vector-like quark U 0 that has the same charges under SU (3)×SU (2)×U (1)
as the right-handed up quark:

1
1
0
 − M )U 0 − y Q̄L UR
L = ∂ µ S∂µ S − m2S S 2 + Ū 0 (i
D
Hc + λŪL0 uR S + h.c.
2
2

(4.40)

The new couplings y and λ are related to the effective coupling of the scalar through cS = −yλ,
and we have identified the heavy scale in Eq. (4.38) with the U 0 mass.
The presence of the U 0 leads to additional constraints beyond those in the effective theory.
First, naturalness of radiative corrections to the S masses suggest that λ  y, and we assume
this hierarchy of couplings. Then, the U 0 mixes with the SM uR . This affects the unitarity of the
effective SM CKM matrix and electroweak precision tests (EWPT). Furthermore, the U 0 mediates
box diagrams contributing to kaon mixing (FCNC). We show these limits, with future projections
when available, in the left panel of Fig. 4.18. In addition, if there is a non-trivial phase among the
couplings y and λ, the SM up Yukawa yu , and M , a contribution to the neutron electric dipole
moment (EDM) arises. We show this constraint assuming an order-1 phase. Lastly, there are LHC
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constraints from direct U 0 searches, but these are subdominant in the parameter space of the left
panel of Fig. 4.18 and are not shown.
Instead of being completed with a vector-like quark, the effective theory of an up-philic scalar
may arise from integrating out a heavy new Higgs doublet H 0 with the Lagrangian
1
1
L = ∂ µ S∂µ S − m2S S 2 + |Dµ H 0 |2 − M 2 H 0† H 0
2
2

0
− y Q̄L uR Hc0 + κM SH † H 0 + h.c. + quartic couplings

(4.41)

Similarly to the vector-like quark completion, the mass of the new Higgs doublet is the heavy scale
M , and the effective coupling above can be thought of as cS = −κy 0 .
In an analogous fashion to the U 0 theory, we may consider additional constraints on an up-philic
scalar that is completed by an additional Higgs doublet. Once again, requiring the stability of the
S mass under radiative corrections results in tight constraints on one of the couplings, and we
will work in the regime κ  y 0 . In addition, the H 0 contributes to neutral kaon mixing (FCNC).
Then, the H 0 and S mediate one-loop diagrams involving the Z couplings to quarks, which affect
electroweak precision (EWPT). Also, since the H 0 couples to quarks, it is subject to dijet searches
at the LHC. As before, we show all of these limits and their future projections in the right panel
of Fig. 4.18. There is again a neutron EDM constraint if there is a phase among the new physics
couplings and the SM up Yukawa, which is shown assuming that the phase is large.
From Fig. 4.18, it is clear that searches for long-lived up-philic scalars at FASER2 can provide additional sensitivity beyond existing limits. These results would be independent of the UV
completion, and complementary to direct searches for new heavy particles mediating the effective
coupling of a light scalar to up quarks. Beyond the minimal renormalizable portals of hidden
sectors, flavor-philic scalar theories provide novel targets for long-lived searches at the FPF.

4.3.7

Two Higgs Doublet Models

Another example of a theory that could provide a scalar particle that could be probed at the FPF
is the Type-I 2HDM. In the following, we will consider 2HDMs in which one of the neutral beyond
the Standard Model (BSM) scalars is very light and long lived, while the others are heavy.
The Higgs sector of the 2HDMs consists of two SU(2)L scalar doublets Φi (i = 1, 2) with
hyper-charge Y = 1/2. After the electroweak symmetry breaking with the neutral components
of Φ1,2 develop vacuum expectation values of v1,2 and tan β = v2 /v1 , the scalar sector of the
2HDMs [335, 336] consists of five physical scalars: h, H, A, H ± , with the CP-even Higgs mixing
angle being α. In this work, h will be identified as the SM Higgs with mh = 125 GeV, while
H and A are the BSM neutral Higgses. The alignment limit under this convention is therefore
cos(β − α) = 0. The effective Lagrangian for a (light) CP-even scalar H and CP-odd pseudoscalar
A interacting with SM particles can be written as
L

=−
γ
+ξH

X
f

f
ξH

2
2
mf
g αs
W 2mW
Z mZ
H f¯f − ξH
φW µ+ Wµ− − ξH
HZ µ Zµ + ξH
HGaµν Gaµν
v
v
v
12πv

X f imf
α
γ α
g αs
HFµν F µν +
ξA
f¯γ5 f A + ξA
AGµν,a G̃µν,a + ξA
AFµν F̃ µν(. 4.42)
4πv
v
4πv
4πv
f =u,d,e

f,W,Z
g,γ
Expressions for the various coupling modifiers ξH,A
as well as the loop induced couplings ξH,A
can
be found in Refs. [337–340]. There are four different types of 2HDMs, depending on the couplings
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of Φ1,2 with the quark and lepton sectors. Consequently, the resulting effective couplings of H and
f
A with fermions, namely ξH,A
, exhibit different tan β dependence.
After taking into account the theoretical considerations such as unitarity, perturbativity, and
vacuum stability, as well as electroweak precision measurements, the viable parameter space with
a light H or A are:
mH ∼ 0 :

mA ∼ 0 :

mA ∼ mH ± . 600 GeV,
mH ± ∼ mH . mh ,

(4.43)
(4.44)

with λv 2 ≡ m2H − m212 /(sin β cos β) ≈ 0 to accommodate a large range of tan β.
The flavor constraints such as K + → π + ν ν̄, K + → π + e+ e− , B → Xs γ, Bs,d → µ+ µ− , B − B̄
mixing, decays of B and D baryons, impose strong constraints on the charged Higgs mass as well
as the value of tan β. In Type-II, Type-L, and Type-F, at least one of the Higgs Yukawa couplings
to quarks or lepton are unsuppressed at all regions of tan β, which makes it hard to accommodate
a very weakly coupled light neutral Higgs that has relatively long decay lifetime. Therefore, the
only viable model is the Type-I 2HDM, in which all the Higgs Yukawa couplings are suppressed at
large tan β.
To accommodate the current SM-like Higgs coupling measurements [341,342], we take the close
to the alignment limit of cos(β − α) ∼ 0. For a light H/A with long enough lifetime, h → HH/AA
is constrained by the invisible Higgs decay. Under the exact alignment limit of cos(β − α) = 0,
unlike ghAA , which is suppressed to be only a few percent of the value of the SM trilinear Higgs
coupling, ghHH recovers the SM value of m2h /2v, leading to an invisible decay branching fraction too
big to accommodate the current bound of Br(h → invisible) < 0.24 [343–345]. In our study below
for the CP-even light Higgs, we take the parameter choice of large tan β = 1/ cos(β − α), which
leads to simultaneous suppressions of the ghHH coupling as well as the effective Yukawa couplings
f
.
ξH,A
The productions of a light CP even Higgs H are mostly via the flavour changing decays of kaons
and B mesons. Depending on the mass of the CP-even scalar H, it can decay into pair of photons,
leptons, and multiple hadrons. However, for larger values of tan β > 10, the decay into photons
dominate. This is due to our parameter choice cos(β − α) = 1/ tan β, which leads to suppressed
f
∼ 1/ tan3 β. In contrast, the decay mode into photons arises through a
couplings to fermions ξH
γ
W -boson or charged Higgs with corresponding coupling ξH
∼ 1/ tan β. The decay length cτ takes
3
−3
values between 10 m and 10 m for light scalar masses mH in the range between 100 MeV and
10 GeV for tan β = 100.
A light CP odd scalar A typically mixes with pseudo-Goldstone bosons π 0 , η and η 0 . Any
process that produces those mesons would also produce the new pseudoscalar A. In addition, the
scalar can be produced in the weak decays of SM mesons, in particular K → πA and b → Xs A.
At low mass, it mainly decays to diphotons and dileptons. Once the hadronic channels open up, it
could decay into multiple hadrons, as well as radiative hadronic decay. Decay length cτ typically
reaches between 100 m and 10−7 m for mA in the range of 100 MeV to 10 GeV and tan β = 100.
In Fig. 4.19, we show the FASER2 reach for the light CP even Higgs H (left panel) and
CP odd Higgs A (right panel) in the parameter space of mH/A vs. tan β plane. Experimental
constraints on the light scalars from various experiments are also shown in shaded grey regions.
The benchmarks we chose are: light H with tan β = 1/ cos(β − α), mA = mH ± = 600 GeV; light
A with cos(β − α) = 0, mH = 90 GeV, mH ± = 110 GeV. The reach for the light CP odd A has
f
f
higher value for tan β since ξA
= 1/ tan β, while ξH
∼ 1/ tan3 β for the light H case. We can see
that FASER2 will have the potential to probe a large region of this currently unconstrained region
of 2HDM parameter space.
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Figure 4.19: The FASER2 reach (red curves) for the light CP even Higgs H (left) and CP-odd Higgs
A (right) in the parameter space of mH/A vs. tan β plane. Various current experimental constrains,
including B meson decays at LHCb [329], K + decays from NA62 [346], MicroBooNE [347], and
E949 [348], are shown in grey regions. Note that for the presented slice of parameter space the
scalar H almost exclusively decays into photons, while decays into fermions are suppressed.

4.3.8

Sgoldstino

Supersymmetry, if it exists in Nature, should be spontaneously broken in a hidden sector. This
breaking may occur at relatively low energy scale and it can be achieved in models with noscale supergravity [349, 350] or gauge-mediation [351, 352]. Although the details of the hidden
sector are model dependent, there should be a sector, where spontaneous supersymmetry breaking
takes place, and this sector contains the Goldstone supermultiplet. Fermionic component of this
supermultiplet is goldstino which becomes gravitino in supergravity extensions of the model. In the
case of chiral Goldstone supermultiplet, the superpartners of goldstino are scalar S and pseudoscalar
P sgoldstinos. The scale of sgoldstino masses depends on details of the hidden sector and it is
phenomenologically acceptable to have it below 10 GeV. Here we discuss FASER2 reach for the
light sgoldstinos [353] and assume, in accordance with results from LHC experiments, that all the
superpartners of the SM particles and particles from the hidden sector (except for gravitino which
is LSP in the present scenario), to be much heavier neglecting their possible impact on sgoldstino
phenomenology. In the case of light sgoldstinos their interactions with gravitino can also be safely
neglected.
Sgoldstino interactions with SM fields are determined by the soft supersymmetry breaking
parameters. Corresponding low energy interactions (see, e.g. [354,355]) include couplings to photons
and gluons
M

L = − 2√γγ
SFµν F µν +
2F

Mγγ
√
P Fµν Fλρ µνλρ
4 2F

−

M3
√
SGaµν Gµν a
2 2F

+

M3
√
P Gaµν Gaλρ µνλρ
4 2F

(4.45)

as well as to quarks qi , i = 1, . . . , 6 and charged leptons li , i = 1, 2, 3,
q
q
l
l
vAQ yij
vAQ yij
vAl yij
vAl yij
¯
¯li γ5 lj .
q̄i qj − P √
q̄i γ5 qj − S √
li lj − P √
L = −S √
2F
2F
2F
2F

(4.46)

Here Mγγ ≡ M1 cos2 θW + M2 sin2 θW with Mi , i = 1, 2, 3 being the gaugino masses. The combiq,l
nations AQ,l yij
play the role of trilinear coupling constants. For flavour conserving couplings we
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Figure 4.20: FASER2 reach to light scalar sgoldstino decaying into a couple of photons and produced
in gluon fusion (left) or in decays of B-mesons (right). In the latter case AQ = 100 GeV, M3 = 3 TeV
are assumed, see Ref. [353] for details.
√
F has the meaning of supersymmetry breaking
assume vyiiq,l = mq,l
i for simplicity. The parameter
scale.√The model should be considered as a low energy
√ effective field theory valid for energies
E  F and in the weak coupling regime for msof t < F .
The interactions of scalar and pseudoscalar sgoldstino to the SM fields induce their decays to
the lighter SM particles. The decay pattern of sgoldstino depends on the hierarchy of the soft
supersymmetry breaking parameters see e.g. [355–359]. In case of soft parameters of similar size,
M3 = Mγγ = A0 , the decays of scalar sgoldstino into hadrons dominate, if allowed, while decays
into photons dominate, otherwise. Let us note that for pseudoscalar sgoldstinos the hadronic modes
are suppressed for mP . 1 GeV, because they are three-body decays.
Sgoldstino couplings are naturally bounded from limits on soft supersymmetry breaking terms
inferred from direct searches for squarks, gluinos, etc and observations of rare processes where the
superpartners might contribute to. At the same time, the models with light sgoldstinos are also
constrained from testing their predictions, e.g. direct searches for light sgoldstinos, performed at
kaon experiments [360–362], e+ e− [363, 364] and hadronic [365, 366] colliders, and at beam-dump
facilities [359].
Production mechanisms of scalar and pseudoscalar sgoldstinos in proton collisions relevant for
FASER2 include direct production via gluon fusion gg → S(P ) and production in decays of mesons.
The latter involve flavour-conserving and flavour-violating sgoldstino couplings to quarks as well as
scalar sgoldstino mixing with the Higgs boson [367]. Examples of sgoldstino production in decays
include decays of flavourless vector mesons V → S(P )γ and semihadronic decays of light and heavy
pseudoscalar mesons K → πS, η → πS, B → KS(P ). Expressions for various partial decay widths
with scalar and pseudoscalar sgoldstinos in the final states can be found in Ref. [353].
On plots of Fig. 4.20, Fig. 4.21 and Fig. 4.22 we show several examples of FASER2 sensitivity
regions, which depend on the signal signature (pair of photons, leptons or mesons) and sgoldstino
production mechanism. We estimate the FASER2 sensitivities assuming dominance of a particular
decay mode. In all cases we investigate only the regions in the model parameter space which are
consistent with existing bounds on light sgoldstinos.
The model contains several parameters and it is difficult to specify precisely the total parameter
space which can be probed by FASER2. We refer to Ref. [353] for detailed discussion of FASER2
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Figure 4.21: FASER2 reach to light scalar sgoldstinos decaying into mesons and produced directly
(left) or in decays of B-mesons (right). In the latter case we take AQ = 100 GeV and Mγγ = 3 TeV,
see Ref. [353] for details.

Figure 4.22: FASER2 reach to light scalar (left) and pseudoscalar (right) sgoldstino decaying into
lepton pairs and produced in decays of B-mesons via flavor-violating couplings. M3 = 3 TeV is
assumed, see Ref. [353] for details.
sensitivity to models with light sgoldstino. To get an impression we can broadly say√that FASER
can probe the models with light sgoldstinos having supersymmetry breaking scale F . 1500 −
5000 TeV at the first stage of experiment and about 1–2 orders of magnitude higher at the second
one.

4.3.9

Crunching Dilatons

In recent years, there has been interest in cosmological solutions to the hierarchy problem of the
Standard Model, wherein novel dynamics in the early universe selects a small Higgs mass [316,368–
374]. In contrast to traditional symmetry-based solutions to the hierarchy problem (e.g. weakscale SUSY and composite Higgs), quadratically divergent corrections to the Higgs mass from new
physics are not suppressed. These models generically require a new light, weakly-coupled particle
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that interacts with the Higgs [374].
Here we focus on the “crunching dilaton” model of Ref. [375], which combines aspects of
symmetry-based and cosmological approaches to address Higgs naturalness. The main phenomenological prediction is a new scalar (a dilaton) in the 0.1–10 GeV range which mixes with the Higgs.
This dilaton could potentially be observed at FASER2. It differs from a dark Higgs in that it also
has a tree-level coupling to the photon, which alters its phenomenology.
We will summarize the essential points of the model, and refer the reader to Ref. [375] for
additional details. We postulate a multiverse of causally disconnected Hubble patches. Some
scanning sector sets the value of the Higgs VEV in each patch, up to a UV cutoff scale. We
introduce dynamics such that all patches rapidly undergo a cosmological crunch unless the Higgs
VEV lies in a finite range, vmin < v < vcrit . Then the only patches that allow for a large observable
universe are those in which the Higgs VEV is in this range.
This can be explicitly realized through a new CFT sector in which the conformal symmetry
is spontaneously broken; the Higgs couples to the dilaton, the Goldstone boson of the broken
symmetry. We employ the Goldberger-Wise mechanism [376] to generate a stable minimum in
the dilaton potential. The total vacuum energy in this minimum is always large and negative, so
that any patches where the dilaton rolls down to the Goldberger-Wise minimum rapidly undergo
a cosmological crunch. Interactions between the Higgs and dilaton generate a second, metastable
minimum in the dilaton potential, but only when the Higgs VEV is smaller than some critical value
vcrit . Crucially, the conformal symmetry allows vcrit to be O(TeV), hierarchically smaller than the
UV cutoff, without fine-tuning. Thus we dynamically select a small Higgs VEV in the multiverse,
generating an apparent naturalness problem.
Explicitly, the dilaton potential is given by
V (χ, v) = −λχ4 + λGW

2+α
2+α+
2α
χ4+δ
2χ
2χ
4χ
+
λ
v
−
λ
v
−
λ
v
2
4
H
kα
k α+
k 2α
kδ

(4.47)

where χ is the dilaton, k is the UV cutoff of the CFT sector, the λ’s are dimensionless couplings,
and δ, α, and  are related to anomalous dimensions of certain CFT operators. The first two
terms correspond to the Goldberger-Wise potential, while the remaining terms depend on the
value of the Higgs VEV and generate a metastable minimum when v is sufficiently small. In the
5D dual description of the CFT, where the dilaton is identified with the IR brane in a slice of AdS5
space, these Higgs-dependent terms can be understood as arising from IR brane-localized terms in
the potential. We omit a detailed discussion of the potential here because it is not necessary to
understand the phenomenological features of the model.
For the Higgs VEV to drive the dilaton potential, the dilaton must be light relative to the Higgs,
typically around mχ = 1 GeV. The dilaton mixes with the Higgs and therefore inherits all the SM
Higgs couplings suppressed by sin θ, where θ is the mixing angle. One can derive approximate
analytical expressions for mχ and sin θ in terms of the potential parameters, from which it follows
sin θ ∝

m2χ
.
m2h

(4.48)

The dilaton has negligible tree-level couplings to the SM fermions. This is most easily understood
in the 5D holographic description of the CFT: the dilaton is localized towards the IR brane, while
the SM fermions are localized on the UV brane, and so they do not interact significantly with the
dilaton at tree level. Conversely, the Higgs propagates in the AdS5 bulk, and so the electroweak
gauge bosons must live in the bulk as well. Therefore the dilaton has couplings to the electroweak
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Figure 4.23: Experimental bounds on a random scan of the crunching dilaton parameter space,
adapted from Ref. [375]. Left: Bounds on the mixing angle with the Higgs sin2 θ from B meson
decays at LHCb [329, 377] (red), adapted from [317], along with a projection for bounds from
FASER2 (blue line). Right: Bounds on the photon coupling 1/ΛEW , adapted from [378], from
LEP [379,380] (turquoise), beam dump experiments [121](red), lead ion collisions at the LHC [381]
(purple), and supernova SN1987a [382,383] (yellow), as well as a projection for FASER2 (blue line).
gauge bosons of the form [384]

1
2
2
2
χ Fµν
+ Zµν
+ 2Wµν
,
4ΛEW

(4.49)

where ΛEW is O(TeV). The coupling to the W and Z turns out to be negligible relative to the coupling obtained through mixing with the Higgs, but the coupling to the photon is phenomenologically
important.
In summary, there is a dilaton with mass mχ = O(GeV) which mixes with the Higgs and
also has a direct coupling to the photon. In the left panel of Fig. 4.23 we show the results of a
random scan of the parameter space in the mχ -sin2 θ plane. We take k = 108 TeV, δ = 0.01,
λGW = 2 × 10−6 , λ = 1.1λGW , and α = 0.1, and sample the other parameters from  ∈ (0.03, 0.1),
λ2 ∈ (0.5, 1) × 10−2 , λH ∈ (2, 4) × λ2 , and λ4 ∈ (2, 3), where the reader is referred to Ref. [375] for
a discussion of the naturalness of these parameter choices. The experimental bounds are similar
to those on a dark Higgs, but must be rescaled to account for the photon coupling. The existing
constraints on the parameter space come from searches for rare B meson decays at LHCb. From
Fig. 4.23, we see that the unexplored parameter space below mχ ' 1 GeV could be probed at the
FPF with FASER2.
One can also consider probing the photon coupling directly. The bounds on the photon coupling
are shown in the right panel of Fig. 4.23. The model is not in tension with the existing experimental
constraints. However, we also see that FASER2 would lack the sensitivity to probe the region of
parameter space relevant to the model. Although it is not depicted in Fig. 4.23, we remark that
this relevant parameter space could be fully explored at a future lepton collider such as the FCCee [385, 386].
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Long-Lived Fermions

The third type of interactions between the SM sector and a new particle are fermionic portals. The
only renormalisable example of such an interaction is the “neutrino portal”. Here a new particle N
is introduced that couples to the left handed lepton doublet and the Higgs field, L ∼ LHN , filling
the role of the right handed neutrino. Since such a particle is a singlet or neutral under all the
SM gauge groups, it is also referred to as heavy neutral lepton (HNL) or a sterile neutrino. The
motivation, phenomenology sensitivity projections for HNLs at the FPF are discussed in Sec. 4.4.1
and Sec. 4.4.2. A more detailed discussion of the scenario in which the HNL dominantly couples
to tau leptons is presented in Sec. 4.4.3.
In addition to HNLs, there are other examples of fermionic long lived particles. One prominent
example is the neutralino in supersymmetric models. Sec. 4.4.4 and Sec. 4.4.5 discuss the scenario of
a light long-lived neutralino in RPV SUSY models. Finally, Sec. 4.4.6 considers a higher dimensional
fermion portal using effective operators.

4.4.1

Heavy Sterile Neutrinos

A sterile neutrino is a neutral lepton which is a gauge singlet with respect to the SM gauge symmetry
SU(3)C ⊗SU(2)L ⊗U(1)Y . Several extensions of the SM consider a right-chiral sterile neutrino νR ,
which are CP conjugates of νLc , where νL is a left-chiral active neutrino and the superscript denotes
a charge conjugate spinor: ψ c = Cψ T with the charge conjugation defined as C = iγ2 γ0 . We
consider three active and n > 0 sterile neutrinos, i.e. ”3+n” neutrinos.
From neutrino oscillation experiments it is clear that at least two of three active neutrinos are
massive. Case n = 1 is insufficient as it yields only one massive active neutrino. Therefore the case
n = 2 is minimal, while n = 3 is often used. Such a case complements the number of generations
in the SM.
Sterile neutrinos may be either Dirac or Majorana fermions. Majorana mass term can be written
directly into the Lagrangian without any need to generate it via a spontaneous symmetry breaking
(SSB) mechanism. This allows practically any mass for the sterile neutrinos. In addition, sterile
neutrinos may have Yukawa interactions with the SM Higgs boson: ∆LY = −YD εαβ LLα φβ νR .
After SSB, they produce also a Dirac mass term. When both Dirac and Majorana mass terms are
present the mass term can be written as
 

 
1 νL T
νL
0 mD
∆L = −
C
+ h.c. ,
T
c
c
m
M
2 νR
νR
R
D

(4.50)

where the neutrino mass matrix must
√be diagonalized with a unitary matrix U to obtain the physical
mass eigenstates. Here mD = YD v/
√ 2, where v ≈ 246 GeV is the vacuum expectation value of the
SM Higgs boson and Re[YD ] ∈ ]0, 4π[ is the Yukawa coupling. The case mD = 0 (corresponding
to the pure Majorana neutrino case) produces no mixing between active and sterile neutrinos. We
consider instead the type-I seesaw mechanism [387–390], which requires 0 < mD  MR . It gives
an explanation for the lightness of active neutrino masses by requiring the sterile neutrinos to be
very heavy. The light neutrino mass matrix is given by seesaw formula
mν ≈ −mD MR−1 mTD = −

v2
YD MR−1 YDT ,
2

(4.51)

which is a valid approximation if the sterile neutrinos are heavier than ∼ 1 eV and at most ∼
1015 GeV. Even higher seesaw scale produces too small mν . The unitary matrix U diagonalizes the
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neutrino mass matrix as
U

T




0 mD
U † = diag(m1 , m2 , m3 , · · · , m3+n ),
mTD MR

(4.52)

where m1 , m2 and m3 are active neutrino masses and m4 , · · · , m3+n are the sterile neutrino masses.
The mixing matrix U can be parameterized in several different ways, see e.g. Ref. [391]. We use
the notation




Uν
θ
νL,e νL,µ νL,τ νR,1 · · · νR,n = U ν1 ν2 ν3 NR,1 · · · NR,n
U=
, and
θ0T UN
(4.53)
where θ ≈ mD MR−1 is a 3 × n active-sterile mixing matrix and Uν ≈ (I − 21 θ† θ)UPMNS is in leading
order the 3 × 3 Pontecorvo-Maki-Nakagawa-Sakata mixing matrix UPMNS . While PMNS matrix is
unitary, Uν is almost unitary as |θ|  1. The n × n matrix UN is an unphysical rotation matrix,
and θ0 is similar to θ.
Due to mixing, the physical sterile neutrinos NR,i ≡ Ni have couplings to Higgs, W ± and Z
bosons, given by
gL
gL m3+i
gL c † µ
c θ† γ µ ν
θαi hνL,α NR,i + h.c. (4.54)
θiα γ `Lα Wµ+ −
NR,i
−∆L = √ NR,i
L,α Zµ − √
iα
2
cos
θ
2
2 mW
W
where θW is the Weinberg angle. The light and heavy neutrino states can be written approximately
as
c
c
νi ≈ (Uν† )iα νL,α − (Uν† θ)ij νR,j
and NR,i ≈ νR,i + θαi νL,α
,
(4.55)
The probability of active component να interacting in a physical sterile neutrino NR,i wave function
is given by
mν
GeV
|θ|2 =
= O(10−11 ) ×
,
(4.56)
m3+i
m3+i
which acts as an approximate lower bound for the expected mixing. An even lower value is in conflict
with the simplest seesaw mechanism, which we are considering here. Below, we have compiled the
expected sensitivities of future experiments on weights of sterile components in active neutrinos νe ,
νµ and ντ , i.e.
n
n
n
X
X
X
Ue2 =
|θei |2 , Uµ2 =
|θµi |2 , Uτ2 =
|θτ i |2 ,
(4.57)
i=1

i=1

i=1

respectively. The constraints corresponding to the observables in Eq. (4.57) are shown in Fig. 4.24.
Next, we shall give details on the shown bounds. The greyed out area is excluded by experiments
sensitive to peak searches, Z boson decays and electroweak precision tests. The lower section
labeled by ”BBN” is excluded by big bang nucleosynthesis, which is affected by sterile neutrinos,
if they are present and mix with active flavours. The effect is acceptable if a MeV scale sterile
neutrino has a lifetime less than ∼ 1 second [392].
i) Peak Searches: For MeV and GeV scale sterile neutrinos, the best constraints are given by
peak searches of τ leptons and mesons. Two-body decays in parent particle’s rest frame imply a
particularly simple result. Decay rate of a decay X ± → `±
α Ni is proportional to mixing squared
2
2
2
|θαi | and to m3+i /m` . There is no helicity suppression for Ni , which has both helicities, as it is
massive and not light. Sensitivity on |θαi |2 actually increases with larger m3+i until near the cutoff
mass, where it sharply decreases. Similar effect also happens with three-body decays.
At m3+i . 2 GeV there are considerations on meson decays π ± → `± N , K ± → `± N , K ± →
0
±
π ` N , D± → `± N , Ds± → `± N , decays D+ → `+ K 0 N and its charge conjugate decay, and τ
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Figure 4.24: Sensitivity of various experiments to active-sterile mixing.

lepton decays τ → πN , τ → ρN and τ → `ν` N . Here ` = e, µ for all decays. For two-body decays
of D± and Ds± , also ` = τ is possible. Even higher masses can be probed via B meson decays
B → X`N and B → `N , where X are mesons [393].
ii) Beam Dump Experiments: A sterile neutrino may be considered a long-lived particle (LLP)
on a suitable mass region. At particle accelerator beam collision events, mesons are produced which
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may decay to sterile neutrinos and SM particles. The long-lived sterile neutrinos then propagate
undisturbed away from the beam collision region and decay in a detector elsewhere. For example,
the DUNE experiment is expected to further constrain the present limit on |θ|2 for NR,i produced in
τ lepton and meson decays, which is shown as a red dot-dashed line in Fig. 4.24 [394], assuming a 5
year run with near detector and 5 × 1021 protons on target (POT). Assuming that L is the distance
from sterile neutrino production point to the detector and Ldet is the length of its trajectory inside
the detector, the probability of such a decay in the detector is


P (E) = e−ΓL/γβ 1 − e−ΓLdet /γβ ,
(4.58)

where E is the sterile neutrino energy, β = |p|/E, p its momentum, γ = E/m3+i and Γ the full
decay width of NR,i in its rest frame [394]. Expected constraints by FASER experiment are given by
black line in Fig. 4.24 for Uµ2 and Uτ2 (constraint for Ue2 does not improve the present experimental
bound and is therefore not included), assuming LHC Run 3 with integrated luminosity Lint = 150
fb−1 , and for FASER2, assuming HL-LHC with Lint = 3 ab−1 [9]. MATHUSLA constraint (grey
line) assumes the same Lint [268]. NA62 constraint (magenta line) is given for LHC Run 3 with
1018 POT [395]. SHIP constraint assumes 2 × 1020 POT during a 5 year operation [185].
iii) Other Decays: If the sterile neutrino is lighter than Z boson, they can be produced by
the decay Z → νN . The mass region up to ∼ 60 GeV can be probed via a proposed FCC-ee
experiment down to |θ|2 = O(10−11 ) (cyan line in Fig. 4.24). Lower mass region above B meson
mass can be probed via HL-LHC by searching displaced vertices (DV). Solid green line corresponds
to ”short DV” strategy, where the search is performed in the inner trackers of ATLAS and CMS
detectors. The dashed green line corresponds to ”long DV” strategy, which utilizes the CMS
muon tracker [396]. B-factory constraint for Uτ2 is given for both optimistic (dashed magenta) and
conservative (solid magenta) estimates, assuming 107 decays of τ lepton to a neutrino and three
pions [397].
iv) Seesaw Scale: The lower bound for active neutrino masses is given by atmospheric neutrino mass splitting, |∆m23` |1/2 ≈ 0.05 eV [398]. The upper bound of 1.1 eV is given by KATRIN experiment [399]. However there is a more stringent bound based on cosmological data by
PLANCK [258], which set the upper limit for the sum of active neutrino masses to 0.12 eV. We do
not include PLANCK limit in the figure, since it assumes a specific cosmological model which does
not include sterile neutrinos. Using the KATRIN and atmospheric bounds the expected mixing
can be constrained to a narrow band between the black dashed lines, shown by label ”Seesaw” in
Fig. 4.24.

4.4.2

Light Long-lived Sterile Neutrinos in νSMEFT

The sterile neutrino N , also called heavy neutral lepton (HNL), is a right-handed gauge-singlet
spin-1/2 field νR . The main motivation to include such a field is that it can couple to a lefthanded lepton doublet and the Higgs field through a gauge-invariant dimension-four operator.
This operator leads to a Dirac neutrino mass after electroweak symmetry breaking and can account
for the observed neutrino oscillations. However, no gauge symmetry forbids a Majorana mass term
for the sterile neutrino. Adding this term, in combination with the Yukawa interaction, leads to
Majorana mass eigenstates and the violation of Lepton number (L) by two units. Furthermore,
it leads to a splitting of the neutrino spectrum into three light active neutrinos that have been
observed, and additional heavier sterile neutrinos that have not been discovered. The masses of
the heavier sterile neutrinos are not predicted and can range from the eV- to GUT-scale. Here we
entertain the intriguing possibility that the neutrinos are relatively light in the MeV-GeV range.
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Class 1
(6)
OLνH
Class 2

ψ2H 3
(L̄νR )H̃(H † H)
ψ2H 2D

OHνe

(6)

(ν̄R γ µ e)(H̃ † iDµ H)

Class 3

ψ2H 3D

(6)
OνW

)τ I H̃W Iµν

(L̄σµν νR

Class 4
(6)
Oduνe
(6)
OQuνL

ψ4
¯ µ u)(ν̄R γµ e)
(dγ
(Q̄u)(ν̄R L)

(6)

(L̄νR )(Q̄d))

(6)
OLdQν

(L̄d)(Q̄νR )

OLνQd

Table 4.2: νSMEFT dim-6 operators [412] involving one sterile neutrino field.
Such sterile neutrino have been linked to explanations of other problems of the SM. Light sterile
neutrinos can account for dark matter [400–403], while sterile neutrinos with a broad range of
masses can account for the baryon asymmetry of the Universe through leptogenesis [404]. Sterile
neutrinos are thus a well-motivated solution to a number of major outstanding issues in particle
physics and cosmology.
In the minimal scenario, sterile neutrinos only interact with SM fields through Yukawa interactions. In the minimal type-I seesaw model,
p sterile neutrinos then interact through mixing and
heavy-light mixing angles scale roughly as mν /mN where mν and mN are the masses of active and
sterile neutrinos respectively. We refer to Sec. 4.4.1 and Sec. 4.4.3 for a more detailed discussion.
This is not necessarily the end of the story. In various Beyond-the-Standard-Model (BSM) models, sterile neutrinos interact through the exchange of heavy BSM fields, e.g. left-right symmetric
models [405–407], grand unified theories [408], Z’ models [409] and leptoquark models [410]. While
each of these models has it’s own features, at relatively low energies they share many features that
can be efficiently captured by the use of effective field theory (EFT). Under the assumption that
BSM fields, with the exception of sterile neutrinos, have masses that lie well beyond the electroweak
scale, we can integrate them out and describe them through local effective operators in the framework of the neutrino-extended Standard Model effective field theory (νSMEFT) [411, 412]. The
relevant operators at dimension-5 are
(5)
T
CLm )Hl Hn
L(5)
νL = kl mn (Lk C

(5)

c
†
and L(5)
νR = −ν̄R MR νR H H ,

(4.59)

which contribute to the Majorana mass of both active and sterile neutrinos after electroweak symmetry breaking. More interesting for the present discussion are operators that appear at dimension-6.
We list dimension-6 operators involving a single sterile neutrino that lead to the hadronic processes
in Table 4.2.
We consider relatively light GeV-scale Majorana sterile neutrinos. Such sterile neutrinos can be
produced either via direct production with parton collisions, or via rare decays of mesons that are
copiously produced at the LHC interaction points [413, 414]. For sterile neutrino masses below the
B-meson threshold the primary production mode is through rare decays of mesons with subleading
contributions from partonic processes, which we estimated using MadGraph 5 3.0.2 [415] to be
less than 10%. The latter become more important and even dominant for heavier sterile neutrinos.
We choose to focus on the sterile neutrino with a mass mN below about 5 GeV and hence on
the rare decays of B- and D-mesons. We do not study the production of the sterile neutrinos
from the decay of lighter mesons such as π ± and K ± as their simulation in Pythia 8 [114, 416] is
insufficiently validated in the forward direction, which is relevant for the FASER experiments. In
fact, even for D± and B ± mesons, we will use FONLL [417–420] to correct the behavior of Pythia 8
in the very large pseudorapidity regime. For a more detailed discussion of forward heavy flavour
production, we refer to the QCD section. Finally, we safely neglect the vector mesons decays into
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Figure 4.25: Branching ratios of sterile neutrino production channels through D (left) or B (right)
mesons in the minimal scenario for final-state electrons and Ue4 = 1.
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Figure 4.26: Branching ratios in the minimal scenario for Ue4 = 1 and Uµ4 = Uτ 4 = 0. Left:
mN < 1 GeV with decays to individual mesons. Right: mN > 1 GeV and the decays to quarks
correspond to the total hadronic branching ratio.
sterile neutrinos, as their decay width is typically many orders of magnitude larger than that of
pseudoscalar mesons leading to tiny branching ratios.
Through the mixing between active- and sterile- neutrinos and higher dimensional operators
in Table 4.2, sterile neutrinos have two-body and three-body decays. If the sterile neutrinos are
relatively long-lived, their decays lead to displaced vertices that can be reconstructed in LHC
detectors. We consider the LHC experiments: FASER [6, 9] and MoEDAL-MAPP [421, 422], and
discuss their potential in probing active-sterile mixing angle and νSMEFT operators. To assess and
compare the sensitivities of different experiments, we show 3-event isocurves which correspond to
95% confidence level (C.L.) with zero background and consider two scenarios: the minimal scenario
and the leptoquark scenario.
In the minimal scenario, we add one sterile neutrino to the SM (a 3+1 model) and it only
mixes with the electron neutrino νe with a mixing angle Ue4 . The sterile neutrino interacts with
the SM fields via charged and neutral SM weak interactions. In Fig. 4.25 we show part of the
branching ratios of heavy mesons to final states including a sterile neutrino N and an electron.
These branching ratios have been calculated in the literature, see Refs. [394, 423, 424]. We also
show the branching ratios for the possible decay channels of a sterile neutrino in Fig. 4.26. When
the sterile neutrino mass mN > 1 GeV, we estimate the total hadronic branching ratio as the
branching ratio of the decays to quarks according to Ref. [423].
We present the results in Fig. 4.27, shown in the plane |Ue4 |2 vs. mN . The light gray area shows
the present bounds obtained by various experiments including the searches from CHARM [178],
PS191 [425], JINR [426], and DELPHI [427]. The dark gray area corresponds to the part excluded
by big bang nucleosynthesis (BBN) [428, 429]. We also show a brown band of “Type-I Seesaw
target region” for mνe between 0.05 eV and 0.12 eV with the relation |Ue4 |2 ' mνe /mN . These
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Figure 4.27: Sensitivity for the minimal scenario with the sterile neutrino mixed solely with the
electron neutrino.
two limits are derived from neutrino oscillation and cosmological observations, respectively. The
former finds that there is at least one active neutrino mass eigenstate of mass at least 0.05 eV [430]
while the latter imposed an upper limit of 0.12 eV for the sum of the active neutrino masses [431].
FASER2 and MAPP2 extend the sensitivity reach by about an order of magnitude in the mass
range between 0.5 and 5 GeV, but are still far away from the naive type-I seesaw predictions.
To illustrate the EFT framework we consider a simple scenario where the minimal 3+1 model
is extended with interactions generated by the exchange of leptoquarks. We focus on the representation R̃ (3, 2, 1/6), which can couple to the sterile neutrinos through the Lagrangian
RL ¯
LLQ = −yjk
dRj R̃a ab LbLk + yilLR Q̄aLi R̃a νRl + h.c. ,

(4.60)

where a, b are SU (2) indices and i, j, k, l are flavor indices, respectively. Note that l = 1 in the
3 + 1 model. LHC constraints force the leptoquark mass, mLQ , to be above a few TeV and for
low-energy purposes we can integrate it out. At tree level this leads to the effective operator


 ab  b 
(6)
(6)
a
LνR = CLdQν
L̄k dj 
Q̄i νRl + h.c. ,
(4.61)
ijkl

where



(6)

CLdQν



ijkl

LR RL∗
= m−2
LQ yil yjk .

(4.62)

To induce the production and decay of the sterile neutrino, we turn on two flavor configurations
LR y RL∗ and y LR y RL∗ with all others being zero and set the mixing angle to the type-1 see-saw
y11
11
11 31
prediction. For convenience we define two dimensionless parameters C11 and C13 with
C11 =

v 2  (6) 
CLdQν
2
1111

and C13 =

v 2  (6) 
,
CLdQν
2
1311

(4.63)

where v = 246 GeV is the Higgs vacuum expectation value. These effective interactions lead to
very different production and decay mechanisms of sterile neutrinos and we refer to Ref. [424] for a
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Figure 4.28: Sensitivity for the leptoquark scenario.
detailed analysis. We present the sensitivity plots in terms of C11 and C13 in Fig. 4.28. The left panel
shows results in the C11 -C13 plane with fixed mN = 2.6 GeV. For C13 < 10−6 no detection is possible
in any of the experiments, even for large C11 . The curves become vertical for C11 < 10−5 because
the decay of the sterile neutrino via leptoquark interactions becomes p
sub-leading with respect to
the contributions from minimal mixing at the new physics scale Λ ∼ v 2 /C11 = O(80) TeV. In
the right panel, we fix C11 = C13 and show the dependence of the sensitivity of the experiments on
C11 = C13 and the sterile neutrino mass mN . MAPP2 gives the strongest sensitivity at the level of
5 × 10−5 around mN = 3 GeV, which corresponds to a new physics scale of O(20) TeV.
The leptoquark scenario discussed here is not by itself very interesting or compelling. We mainly
presented it here to illustrate how the use of EFT methods can facilitate a quick analysis of a broad
range of BSM models where sterile neutrinos only appear sterile at low energies, but in fact interact
through a decoupled BSM sector.

4.4.3

Heavy Neutral Leptons with Tau Mixing in Neutrino Mass Models

The sensitivity of FASER and FASER2 to HNLs as long-lived particles has been studied in Refs. [37,
432–434] and is also discussed in Sec. 4.4.1 and Sec. 4.4.2. As Fig. 4.29 shows, FASER2 could be
sensitive to |Uτ N |2 ∼ 10−6 for HNLs masses mN . 5 GeV, covering so far unexplored parts of the
parameter space [435, 436] 4 . Recall, that limits from DELPHI [436] apply, in principle, to any SM
lepton generation, UαN with α = e, µ, τ , while limits from CHARM [435] apply mostly for α = e, µ.
2
CHARM, however, provides very stringent limits at small HNL masses; it excludes UαN
down to
2
−7
2
2
−4
even Ue/µN ∼ 10 for mN ' 1.5 GeV, whereas for Uτ N at most Uτ N ∼ 10 are probed. However,
the authors of [438] have recently claimed that data from the CHARM experiment can be used
to obtain stronger limits on HNLs coupled to taus. Taking into account τ decays to HNLs and
neutral current HNL decays to ντ lα+ lα− , they rescale the published CHARM limits, to reach roughly
Uτ2N ∼ (2 − 3) × 10−6 at mN ∼ 1 GeV. No new limits above the tau mass can be established
2
from this re-interpretation. Given this hierarchy in limits for UαN
it seems very plausible that a
discovery of HNLs at FASER2 would be likely to happen only if HNLs are coupled mainly to the
third generation of leptons.
In this short note, we discuss the theoretical expectations for HNL decays, as motivated by
different variants of the seesaw. We argue that a discovery of HNLs by FASER2 might actually
4
The authors of [437] have estimated the sensitivity of HNLs coupled to taus at B-factories. Their projected limits
can reach roughly Uτ2N ∼ 10−4 for HNL masses smaller than the tau mass.
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Figure 4.29: Sensitivity for an HNL mixing solely with the tau neutrino in the mass versus mixing
plane. The sensitivity reaches of FASER2 are shown as solid red lines alongside projected sensitivities of other proposed searches and experiments, as obtained in Refs. [9, 73, 278]. The gray area in
the top shows the present bounds including the searches from CHARM [435] and DELPHI [436]
along with the re-interpretation of the CHARM limits obtained in Ref. [438]. The gray area in the
bottom corresponds to the part excluded by BBN [428, 429]. The bottom panels show the LLP’s
branching fractions, as obtained in Ref. [9]. This figure is taken from Ref. [37].
shed light on the origin of neutrino masses, pointing to the underlying mechanisms being a low
scale seesaw variant, such as the inverse seesaw [439].
The simplest possible seesaw model is also known in the literature as the type-I seesaw. In
seesaw type-I one adds three right-handed neutrinos 5 to the standard model. The well-known
mass matrix for the six neutral states is given by


0 mTD
Mtype−I =
,
(4.64)
m D MR
where mD is the matrix of Dirac mass terms, while MR is the Majorana mass matrix for the righthanded singlets. Note that in seesaw type-I one can always choose to work in the basis where MR is
diagonal. After diagonalization of Eq. (4.64) the light neutrino masses are given by the eigenvalues
of mν = −mTD · MR−1 · mD , while mixing between the light (and mostly active) and heavy (mostly
sterile) neutrinos is given by
UHL = mTD · MR−1 + . . . ,
(4.65)

where the dots represent higher order terms, O(m3D /m3R ) and higher. The Dirac mass matrix
can be parametrized in terms of measured neutrino oscillation parameters (mixing matrix Uν and
eigenvalues m̂ν ), the eigenvalues of MR and an orthogonal matrix R. As was first shown in Ref. [440],
the following parametrization covers all of the available parameter space for type-I seesaw:
p
p
mD = i MR · R · m̂ν · Uν† .
(4.66)

5
Neutrino oscillation data allow for one active neutrino to be massless. In this case only two right-handed neutrinos
are necessary to explain the data.
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Figure 4.30: Sum over the branching ratios of the decay of N1 to final states containing either
τ /ντ (left) and heavy-light mixing (right) as a function of the parameters (κ, ξ), which define the
Casas-Ibarra R matrix, see text.
The orthogonal matrix R contains three complex angles, R = R3 .R2 .R1 . The entries in Ri can be
written in terms of si ≡ sin(zi ), with zi = κi × e2iπξi [441]. In the simplest possible choice of all
si = 0, the matrix UHL is given by:
s
m̂ν,i
∗
(UHL )ij = (Uν )ij
.
(4.67)
MR,i
For this case, (a) the mixing between active and nearly sterile heavy states is suppressed by the
2
smallness of the light neutrino masses, typically UHL
∼ 5 × 10−11 , for mν ' |∆m2Atm |1/2 and
MR ' 1 GeV. And (b) all right-handed neutrinos should, in general, decay to all three SM
generations, since oscillation data has shown that no element of the neutrino mixing matrix Uν can
be zero. In this limit and for the best fit point of the neutrino oscillation data [442], one finds for
the decays of the three heavy neutrinos roughly:


0.66 0.31 0.022
Br(NRi → lj /νj + X) ∼  0.09 0.36 0.55  .
(4.68)
0.24 0.33 0.42

Here, the notation Br(NRi → lj /νj + X) indicates summation over different final states X (but
not summing over SM generation of leptons) and we assumed mτ  MRi for simplicity. Clearly,
the choice of ∀si ≡ 0 does not represent the most general possible case. Thus, Eq. (4.68) is not a
prediction of the type-I seesaw; it only represents a rough, but typical expectation.
For si 6= 0, it is possible to find particular points in parameter space, which depart strongly
from the expectation expressed in Eq. (4.68) and it is also possible to find heavy-light mixing much
larger than expected from Eq. (4.67). Choose, for simplicity, (κi , ξi ) ≡ (κ, ξ) and best fit point
data for neutrino oscillations. The mixing, UHL , of the lightest sterile neutrino, for a choice of
MR1 = 10 GeV, and its branching ratio to states involving third generation leptons is then shown
in Fig. 4.30. The plot to the left shows that in a very few exceptional points the branching ratio
to τ /ντ final states can reach values close to one. The plot to the right shows that UHL can be
much larger than the naive expectation if the phase 2πξ is close to either π/2 or 3π/2 and 1  κ.
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We stress that, in this part of the seesaw type-I parameter space the smallness of the neutrino
masses is not due to the seesaw suppression (i.e. mD  MR ), but rather is caused by a delicate
cancellation of the contributions from different right-handed neutrinos, NRi , to the neutrino mass
matrix. For us, it is important to note that all points, where the branching ratio to τ /ντ final
states can approach one, lie along the lines of parameter space, where si are real 6 and for real
2
si the absolute value of UHL
is forced to be of the order m̂ν,i /MR,i , as the plot on the right of
Fig. 4.30 shows. In other words, for large values of the mixing UHL , N1 must decay to all SM
lepton generations; points in which N1 decays only to one of e/µ/τ are not only exceptional but
2 . While we show this here only for N , see
always occur together with (unmeasurably) small UHL
1
Fig. 4.30, we have checked that qualitatively the same conclusions are reached for N2 and N3 . We
have also checked that scanning over the allowed active neutrino angles does not affect this general
conclusion, although of course the exact values of Ni branching ratios do depend on the numerical
values of Uν one chooses.
2
This conclusion is valid only for type-I seesaw models, very different values for UHL
and Ni
branching ratios can be obtained in extended models. Let us discuss for example the inverse
seesaw mechanism [439] (an analogous chain of arguments can be constructed for the linear seesaw
model [443, 444]). In this model, three additional singlets, called S, are added and the (9, 9) mass
matrix can be written as:


0
mTD
0
0
MR  .
(4.69)
MISS =  mD
T
µ
0 MR
This matrix has the special property that in the limit µ ≡ 0 lepton number is restored and the
three active neutrinos are massless. For this reason, a small value of µ is technically natural and,
for µ  mD  MR , the mass matrix for the lightest three states can be estimated via:
mISS = mTD MRT
Heavy-light mixing is given by UHL =

−1

µ MR−1 mD ,

(4.70)

√1 mT · M −1 .
R
2 D

However, the relation of UHL to light neutrino
p
masses is changed, yielding the naive expectation UHL ' mν /µ. Thus, in the inverse seesaw
much larger mixing between heavy and light neutrinos is naturally expected. In fact, in inverse
seesaw heavy-light mixing can easily saturate existing bounds.
The inverse seesaw has more free parameters than the simplest type-I seesaw. One can formulate a parametrization of mD in terms of neutrino oscillation parameters, MR and µ [445] in the
same spirit as the Casas-Ibarra parametrization for the type-I seesaw [440]. For brevity we will
not show all equations here, and refer to Ref. [445]. However, already a superficial inspection of
Eq. (4.70) shows that there are a number of different limits (for mD , MR , µ), all of which reproduce
the measured neutrino angles correctly, but which give very different expectations for the decay
branching ratios of the right-handed neutrinos.
Here, we will discuss only the two simplest examples. Let us (a) choose µ and MR diagonal or
(b) choose mD and MR diagonal. The remaining matrix can then be fixed by the requirement of
correctly reproducing neutrino oscillation data. In case (a) mD (for R = 1) must be proportional
to Uν† . In this case the expectation for branching ratios of the heavy neutrino decays is similar to
the type-I case, with the only difference being that the entries in the mixing matrix UHL are now
a factor f = (MR,i /µi ) larger than the type-I seesaw expectation. More interesting is case (b). In
this case, each of the right-handed neutrinos will decay to only one generation of SM leptons. In
6
There are two expectional points with large branching ratios (large, but not equal to 1) to τ /ντ final states in
2
this plot, for which s is complex. But these require κ ∼ O(1) and, therefore, small UHL
too.
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particular, one of the right-handed neutrinos will decay exclusively to tau leptons and tau neutrinos
(plus hadrons/mesons). While this simple discussion obviously does not cover all available the
parameter space of inverse seesaw models, it serves to demonstrate that an observation of an HNL
decaying to τ ’s at FASER2 would already provide a strong hint that the underlying neutrino mass
model can not be the simplest type-I seesaw.
In conclusion, in this short note we have discussed that a search for HNLs coupling exclusively
to the third generation of leptons at FASER2 is well motivated from the theoretical point of view.
A discovery of HNLs in the sensitivity region predicted for FASER2 would point towards low-scale
seesaw models, such as the inverse or the linear seesaw, as the explanation of the observed neutrino
masses and angles.

4.4.4

Tree-level Decays of GeV-Scale Neutralinos from D and B Mesons

In the supersymmetric extension of the Standard Model (SSM) [446–448], one additional Higgs
field as well as superpartners related to each SM field are introduced. This symmetry is softly
broken by explicit sfermion and gaugino masses, and couplings with positive mass dimensions. The
resulting electroweak gauginos are not mass eigenstates. After electroweak symmetry breaking, the
neutral electroweak gauginos, B̃ 0 and W̃ 0 , mix with the neutral higgsinos, H̃u0 and H̃d0 , to four
Majorana mass eigenstates called neutralinos χ̃0i with i = 1, 2, 3, 4. The allowed supersymmetric
particle interactions respecting gauge symmetries can be divided into pure gauge interactions,
matter-gauge couplings and solely matter interactions. In the SSM the latter are governed by the
superpotential, whose most general renormalizable form can be expressed as
W = WMSSM + WRPV ,
WMSSM = Yiju Ūi Qj Hu − Yijd D̄i Qj Hd − Yijl Ēi Lj Hd + µHu Hd ,

(4.71)

WRPV = κi Li Hu + λijk Li Lj Ēk + λ0ijk Li Qj D̄k + λ00ijk Ūi D̄j D̄k

The superpotential can be further restricted to just WMSSM by imposing for example a discrete
Z2 -symmetry called R-parity [449] (or a Z6 symmetry called proton hexality [450]). If R-parity is
conserved the lightest supersymmetric particle (LSP), typically the lightest neutralino χ̃01 , must be
stable, making it an attractive dark matter candidate. Currently, the lower limit on the mass of
the lightest neutralino is mχ̃01 > 46 GeV [117]. This bound is obtained via limits on the range of
µ and the soft supersymmetry breaking mass parameter M2 from chargino searches, and assuming
the unification of gauge couplings at some larger energy scale, for example in a grand unified theory
5
1
tan2 θW M2 ≈ M2
(4.72)
3
2
at the electroweak scale. It has been found that when Eq. (4.72) is dropped, the neutralino can
essentially be massless and still be consistent with observations from cosmology and accelerator
data [451–453]. However, a very light neutralino can not remain stable. The Cowsik-McClelland
bound [454] and the Lee-Weinberg bound [455, 456] imply that a neutralino in the mass range
M1 =

0.7 eV < mχ̃01 < 34 GeV ,

(4.73)

must decay via R-parity violating couplings. Subsets of the couplings in WRPV are as well-motivated
as R-parity conserving interactions and should not be dismissed [457, 458]. To conserve baryonnumber and avoid bounds due to proton decays, we extend the SSM symmetry group by a discrete
Z3 symmetry (baryon-triality) [450, 459], leaving only the lepton-number violating terms of WRPV .
We are specifically interested in GeV-scale neutralinos that are produced by rare meson decays and
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subsequently decay at a displaced vertex [460]. We focus on the LQD̄-operator, which together
with fermion-sfermion-gaugino-interactions allows for such hadronic processes. As current sfermion
mass bounds are mf˜ > O(500 GeV) [117], we can integrate out the heavy degrees of freedom and
obtain a tree-level effective Lagrangian consisting of dimension-6 four-fermion operators, such as




¯0
¯0 µν
GS,l
d¯k PL uj ,
GT,ν
d¯k σµν dj .
(4.74)
ijk × χ̃1 PL li
ijk × χ̃1 σ PL νi

The new couplings Gijk are functions of rescaled RPV couplings λ0ijk /m2f˜, the electroweak gauge
coupling g2 and the Weinberg angle θW . For a more detailed description we refer to Ref. [461].
With the effective interactions, we can obtain the decay widths for the production of neutralinos
(∗)
via two-body meson decays Mjk → χ̃01 + li , and estimate the number of produced light neutralinos
over the runtime of an experiment via the decay of a meson M as
(∗)

prod
NM
= NM τM Γ(Mjk → χ̃01 + li ),
χ̃0

(4.75)

1

where NM is the total number of produced mesons and τM is their respective lifetime. The total
number of neutralinos is the sum over all possible meson contributions. As the lifetime of vector
mesons is several orders of magnitudes smaller compared to pseudoscalar meson with the same quark
configuration, we can neglect the contribution of vector mesons here. To estimate the number of
(∗)
observed neutralinos, we employ the decay widths Γ(χ̃01 → Mjk + li ), where both pseudoscalar and
vector mesons need to be taken into account.
However, it is not sufficient for the neutralino to only decay. The displaced vertex must be
located inside the detector volume, the probability of which is a function of the neutralino’s kinematics and the geometry of the setup. By simulating NMC neutralino events with a suitable Monte
Carlo event generator such as Pythia 8 [114, 115, 416], we can determine an average decay probability hP [(χ̃01 ] in d.r.]i. Additionally, a decay inside the detectable region does not necessarily entail
that the neutralino is detectable. The final state momenta and their path through the detector
need to be observable, to allow for a sufficient reconstruction of the displaced vertex. As neutral
mesons in the final states are accompanied by a neutrino, the information about momentum and
the path through the detector of the second particle are lost in such cases. Hence, we consider
these modes “invisible”. Decay modes involving charged mesons include charged leptons, so that
these final states are detectable or “visible”. The number of observable neutralino events is then
given by
X prod
0
0
Nχ̃obs
NM χ̃0 .
(4.76)
0 = hP [(χ̃1 ] in d.r]i · Br(χ̃1 → visible)
1

M

1

The process described above necessitates that at least two flavour configurations of the RPV coupling λ0ijk are non-zero. As a pseudoscalar meson M decays into χ̃01 , which subsequently decays
into charged final states, including a second meson M 0 , the allowed neutralino mass interval is
mM 0 + ml0 < mχ̃ < mM − ml . If only a single coupling were non-zero, the mass range would either
be not allowed or very restricted, which would result in low momenta and hence challenging to
observe final states. Thus, we assume two non-zero λ0 -couplings.
Because the simulation of light mesons is not adequately validated in the forward region in
Pythia and the produced neutralinos would be very light, we do not consider them. We further
compensate this insufficiency of Pythia in simulating the forward region for the production of
heavy D− and B−mesons by employing LHCb meson- and quark-production data [84, 462] and
extrapolating their findings with the help of FONLL [417–420].
We display two scenarios, one considering produced charmed mesons, Ds± , and the other bottomed mesons, B 0 , B̄ 0 that can each decay into neutralinos, respectively. The specific flavour
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charm scenario
λ0122
Ds±
λ0112
∗±
∓
K ± + e∓
 , K + e
0
η, η , φ + νe, ν̄e

KL , KS , K ∗0 + νe , ν̄e

λ0P production coupling
χ̃01 producing meson(s)
λ0D decay coupling
visible final state(s)
invisible final state(s) through λ0P
invisible final state(s) through λ0D

bottom scenario
λ0131
B 0 , B̄ 0
λ0112
K ± + e∓ , K ∗± + e∓
None


KL , KS , K ∗0 + νe , ν̄e

Table 4.3: Characterizing features of the charm and bottom scenario.
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Figure 4.31: Sensitivity reach comparison between AL3X, FASER2, MAPP1 and MAPP2 in the
λD /m2f˜ vs. λP /m2f˜ representation. Left: results for the charmed benchmark scenario with a
neutralino mass of mχ̃ = 1.2GeV. Right: results for the bottomed benchmark scenario with
mχ̃ = 3GeV.
couplings, initial mesons and all final states are summarized in Table 4.3. The independent
parameters in each scenario are the neutralino mass mχ̃ , the production coupling strength λ0P
and decay coupling strength λ0D . For each scenario, we consider three LHC-detector concepts:
AL3X [463], FASER and FASER2 [6, 9], and MoEDAL-MAPP [421, 422], which were investigated
in Refs. [464–466]. For every detector, we assume a detection efficiency of 100%, and we do not
consider the effects of background events. Our sensitivity estimates are displayed in terms of threeevent isocurves that correspond to the 95% C.L. exclusion limit with no background. Since there
are three independent parameters, we either fix the relation between the couplings or fix mχ̃ and
depict the results in terms of the remaining two parameters. For brevity, we restrict ourselves to the
latter. The results shown in Fig. 4.31 are for a neutralino mass mχ̃ in the middle of the available
mass range. The solid black lines represent current limits on the individual RPV-couplings for
certain sfermions masses. The dot-dashed line corresponds to an indirect bound on the product of
both couplings [467].
In the charm scenario all detectors can cover parameter regions beyond the current bounds,
whereas only AL3X extends past the limit on the product of both couplings in the bottomed
scenario by one order of magnitude. In both scenarios, AL3X can cover the largest parameter
space beyond existing limits followed by the extended MAPP2 detector.
We further present the data in terms of the proper decay length cτ and the product of production
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Figure 4.32: Comparison of Br vs. cτ estimates for AL3X, FASER2, MAPP1 and MAPP2. Left:
Results for the charmed benchmark scenario with mχ̃ = 1.2GeV. The upper right region of simultaneous large branching ratio and large proper decay length can not be probed in the charmed
scenario (signalized by a hashed grid) since the production coupling induces invisible final states.
Right: Results for the bottomed benchmark with mχ̃ = 3 GeV
and decay branching ratio. If other theoretical models exhibit comparable topological structures,
the sensitivities of such models should not vary in a qualitative sense from the one shown in Fig. 4.32.
As before, AL3X can detect lower branching ratios in both scenarios followed by MAPP2 for the
bottomed scenario. However, in the charmed scenario, FASER2 can probe lower products of the
branching ratio than MAPP2.

4.4.5

Radiative Decays of Sub-GeV Neutralinos from Light Mesons

Here, we consider the case of a light neutralino, as in Sec. 4.4.4. The motivation and basic setup of
the scenario are as before. However, our focus here is on even lighter neutralinos than considered
there. Specifically, we will consider the case of sub-GeV neutralinos in the mass range:
30 MeV < Mχ̃01 < 500 MeV .

(4.77)

As in Sec. 4.4.4, the neutralino is produced in hadronic collisions through rare decays of mesons [460,
461, 468, 469]; here we consider pions, kaons and DS mesons. The produced number is given by the
master formula, Eq. (4.75) of Sec. 4.4.4. The decay of the mesons proceeds via operators of the
LQD̄-type, while, for the decay of the neutralinos, we consider both LQD̄ and LLĒ couplings, cf.
the R-parity Violating (RPV) superpotential, WRPV , in Eq. (4.71)) in Sec. 4.4.4.
First, we consider the possible neutralino decays, given the mass range in Eq. (4.77). As in
Sec. 4.4.4, the neutralino can decay to a meson and a lepton via an LQD̄ operator, if kinematically
−
allowed. Similarly, it can decay as χ̃01 → `+
i `k νj + c.c. via the LLĒ operator, if kinematically
allowed. For operators Li Qj D̄j or Li Lj Ēj there is also the possibility for the loop-induced decay,
χ̃01 → γ + νi ,

(4.78)

along with the charge conjugate state. We show example Feynman diagrams in Fig. 4.33. The
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Figure 4.33: Feynman diagrams for the radiative neutralino decay.
fermions/sfermions in the loop have generation index j.The decay rate is given by [470–472]:

Γ(χ̃01 → γ +ν) = Γ(χ̃01 → γ + ν̄) =

λ2 α2 m3χ̃0
1

512π 3 cos2 θW


X ef Cf mf (4ef + 1)

m2f˜
f

1 + log

m2f
m2f˜

!2

 . (4.79)

In the above expression, λ is the relevant Li Qj D̄j or Li Lj Ēj coupling, α is the fine structure
constant, while θW is the electroweak mixing angle. ef , Cf and mf (mf˜) are the electric charge,
color factor (3 for LQD̄, 1 for LLĒ), and the mass, respectively, of the fermion (scalar) inside the
loop. The two decay widths in Eq. (4.79) are equal due to the Majorana nature of the neutralino.

The partial width for the radiative decay mode, Eq. (4.79), is proportional to m3χ̃0 m2f /m4f˜,
1

compared to m5χ̃0 /m4f˜ for the standard tree-level three-body decay, and can thus be important for
1
a light neutralino. Depending on the generation indices of the dominant RPV coupling(s) and
the neutralino mass, it might even be the only kinematically allowed mode. Furthermore, given
a non-zero operator Li Qj D̄j or Li Lj Ēj the decay, Eq. (4.78), is always allowed, due to the light
neutrino. This is unlike the tree-level three-body decays, which have a mass threshold. We make
use of this fact in the choice of our benchmark scenarios below.
At the LHC, the boosted neutralino, once produced, would typically travel a macroscopic distance in the far-forward region before decaying. Thus, FASER and FASER2 are ideal candidates for
probing these models [465]. In this short report, we study the sensitivity reach attainable at FASER
and FASER2 by considering the three benchmark scenarios listed in Table 4.4. They are each chosen so that the radiative neutralino decay is the sole kinematically allowed mode.7 For example, for
B2, the tree-level decays compatible with the index structure are: χ̃01 → (νe K 0 + c.c., e± K ∓ ) [λ0112 ]
and χ̃01 → (ντ µ± µ∓ , τ ± µ∓ νµ ) + c.c. [λ322 ], which are all kinematically blocked for mχ̃01 = 200 MeV.
We note the interesting possibility in B3 of having a scenario with just a single non-zero RPV
(λ0222 ) coupling for both production and decay. This is absent in the tree-level case [461]. Our
signature is thus a single energetic photon.8
We now briefly discuss the relevant backgrounds9 . We follow the arguments made in Ref. [473],
where the same signature has been studied in a different context. At FASER, the single photons
are detected as high-energy deposits in the electromagnetic (EM) calorimeter. Other objects may
also cause such deposits, e.g., neutrinos interacting deep inside the calorimeter via charged current
interactions. To differentiate the photon signal, one can use the dedicated pre-shower station in
front of the calorimeter [474], which first converts the photon, thereby identifying it.
7

We note that, in this work, we are neglecting the effects of the suppressed three-body decay that can proceed at
one-loop level via an off-shell Z, e.g., χ̃01 → 3ν . We thank Florian Domingo for a discussion on this topic.
8
Since we expect only few events, the accompanying neutrino will typically not be detected, even at FASER2.
9
We thank Felix Kling for clarifying comments on the photon signature at FASER.
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D
Production λP
Decay
λ
Current Constraints
ijj
ijk
m˜ 

dR
30 MeV
λ0211 M = π ±,π 0
λ0333
λ0211 < 0.59 TeV
, λ0333 < 1.04


m 
m 
s̃R
µ̃R
0
200 MeV λ0112 M = K ±,KL/S
λ322
λ0112 < 0.21 TeV
, λ322 < 0.7 TeV

500 MeV
λ0222 M = DS±
λ0222
λ0222 < 1.12
mχ̃01

Table 4.4: Benchmark scenarios considered in this report. The neutralino is produced through the
0
rare decay of the meson M via the coupling λP
ijk : M → χ̃1 + l (ν). The neutralino decay is as in
Eq. (4.78) via the coupling λD
ijj . On the right we list the current best bounds on the couplings from
low-energy experiments or perturbativity considerations, see for example Ref. [467].
Detector Luminosity L Energy Distance L Detector Length ∆ Detector Radius R
FASER
150 fb−1
14 TeV
480 m
1.5 m
10 cm
−1
FASER2
3000 fb
14 TeV
480 m
5m
1m
Table 4.5: Integrated luminosities and geometries of the detectors used in the simulations.
With single photon events identified, there can still be some background caused by muons or
neutrinos, capable of traversing the O (100 m) of rock in front of FASER. The former can radiate
energetic photons through Bremsstrahlung. However, such muon-associated events can be rejected
with very high efficiency using the veto system in front of FASER [8]. Neutrinos can also produce
energetic photons (among other particles) through their interactions in the detector. However,
typically, such processes produce O (10) charged tracks, leading to a high probability that some of
these would be visible in the tracker, allowing an efficient veto. Finally, we note that requiring an
energy threshold for the signal can further reduce background; see Ref. [473] for details. Thus, we
expect negligible background and for the purposes of this study, we will neglect it completely. A
more reliable estimate would require a detailed detector simulation.
We now describe our simulation procedure. We use the package FORESEE [73] (see also Sec. 4.1)
to obtain the neutralino spectrum in the far-forward region, relevant for FASER and FASER2. As
mentioned, the dominant sources of the neutralinos are the rare decays of the light mesons:
M → χ̃01 + l (ν) .

(4.80)

Direct pair production, in comparison, is expected to be several orders of magnitude lower and
hence, we neglect it here. Thus, the FORESEE package can determine the neutralino spectrum,
given the branching fraction for Eq. (4.80). We note that, in the simulation of the long-lived
mesons, e.g., charged pions and kaons, the package requires all mesons to decay before they hit any
absorber material or leave the beam pipe.
The neutralino decay is also simulated by FORESEE, taking into account the lifetime τχ̃01 and
kinematics. We assume that every neutralino decaying inside the detector is visible; see Table 4.5
for the values corresponding to the detector position and geometry we employ in our simulations for
FASER and FASER2. For our sensitivity study, we require 3 radiative neutralino decays observed
in the detector for an integrated luminosity at the LHC of 150 fb−1 for FASER, and 3000 fb−1
for FASER2. We show our results in Fig. 4.34, Fig. 4.36, and Fig. 4.37 for the three benchmark
scenarios B1, B2, and B3, respectively.
We see that FASER has no new sensitivity for B1, beyond the current bounds, whereas FASER2
can extend the reach by more than an order of magnitude in λP and λD . The right plot in Fig. 4.34
is model independent, in that it is valid for any new neutral long-lived particle (LLP) produced
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Figure 4.34: Sensitivity reach for FASER (solid lines) and FASER2 (dashed lines) for B1, cf.
Table 4.4. Left: The production coupling sensitivity (λ0211 /mSUSY ) vs. the decay (λ0333 /mSUSY ).
The gray areas are excluded by current bounds. Right: The sensitivity reach in BR(π ± → χ̃01 + µ± )
as a function of the neutralino decay length cτ for mχ̃01 = 10, and 30 MeV.
in charged pion decays, which decays radiatively, here specifically with a mass of 10 or 30 MeV.
The maximum sensitivity depends on the location and geometry of the detector, and also on
the momentum distribution of the produced pions and, correspondingly, of the decay product
neutralinos [465]. The latter point explains why the minima of the curve shifts to smaller lifetimes
for lighter masses, which are more boosted. We see that FASER (FASER2) can probe charged pion
decay branching ratios down to about 10−8 10−11 .
Fig. 4.35 shows the sensitivity reach of FASER2 for B1, however allowing the neutralino mass
to vary but fixing λP = λD . The production and decay mode are as in B1 of Table 4.4. We see
the sensitivity reach in the couplings is reduced as the neutralino becomes lighter. It is even more
sharply reduced for increased neutralino mass, mχ̃01 & 30 MeV. The former is because the lifetime
of the neutralino becomes too large to be seen at FASER2, cf. Eq. (4.79). The latter is because
the charged pion decay mode is kinematically blocked. The branching fraction of the neutral pion
mode, π 0 → χ̃01 + νµ (ν̄µ ), is suppressed by its rather short lifetime.
In Fig. 4.36 and the right panel of Fig. 4.35 we show the corresponding plots for benchmark
scenario B2. The left plot of Fig. 4.36 shows that now both FASER and FASER2 have significant
new reach in the couplings λP and λD . The right plot looks very similar to Fig. 4.34, but here
we have now considered LLP masses: 20 and 200 MeV. The coupling-mass plane plot in the right
panel of Fig. 4.35 shows that the sensitivity at FASER2is reduced for lower masses as before, but
unlike the pion case is robust over the entire higher mass regime, right up to the kaon threshold.
This is because: (a) The electron is much lighter than the muon in B1 and (b) The charged and
neutral decay modes have comparable branching fractions. We note that for mχ̃01 & 2mµ the decay
mode χ̃01 → µ+ µ− ντ + c.c. opens up, leading to additional visible events. These are not included
in the right panel of Fig. 4.35.
In Fig. 4.37, we show the sensitivity reach for B3, which only has one RPV coupling. The
left plot shows the sensitivity reach of FASER and FASER2 in the coupling-mass plane. Here for
larger masses, the neutralino has new decay modes into η, η 0 and φ plus νµ opening up at the
respective mass thresholds; as before, we only count the photon events as signal. We see once again
that the reach offered by FASER2 outperforms existing constraints by an order of magnitude over
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Figure 4.36: As in Fig. 4.34 but for B2. The right plot shows the sensitivity reach in BR(K ± →
χ̃01 + e± ) as a function of the neutralino decay length cτ for mχ̃01 = 20, and 200 MeV.
large areas of the accessible phase space. The reduced sensitivity in the large mass, large coupling
regime is because the lifetime of the neutralino becomes too short, decaying well before reaching
the FASER or FASER2 detectors. The model-independent plot on the right now corresponds to
an LLP mass of 500 MeV.

4.4.6

Fermion Portal Effective Operators

i) Introduction: The visible sector energy density is dominated by just a few members of the zoo of
states. This non-minimality could be true of a dark sector of light particles as well, and could be
experimentally discovered. Dark sector states are, by definition, singlets under the Standard Model
(SM) SU (3) × SU (2) × U (1) gauge group. Interactions between the visible and dark sectors can be
classified according to so-called portal operators — singlet combinations of SM fields. The Higgs,
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Figure 4.37: Same as Fig. 4.35, and the right plot same as Fig. 4.34, but now for B3.
vector, and neutrino portals are the operators of lowest mass dimension and their phenomenology
has been well studied (see e.g. Refs. [141, 475–478]). The fermion portal, meanwhile, contains a
singlet bilinear of SM fermions. Since this bilinear has mass dimension 3, the fermion portal must
necessarily be a higher-dimensional operator if it forms an operator with dark sector fermions. We
will focus here on the dimension-6 four-fermion operator involving a pair of visible fermions and
a pair of dark sector fermions. The feeble interactions between the two sectors are then due to
suppression by the scale of the heavy mediator responsible for generating the four-fermion operator
at lower energies. The phenomenology of this fermion portal operator was first systematically
investigated in Ref. [479].
FASER is an experiment that is capable of probing long-lived dark sectors in this Effective Field
Theory (EFT) framework. In the DarkEFT public code of Ref. [479], a variety of constraints and
projections from past, present, and future experiments were obtained on the sensitivity to fermion
portal four-fermion interactions of the vector and axial-vector forms, allowing the user to specify
the flavour structure of the couplings. Here we extend this to include projections for phase 2 of
FASER (FASER2) in the newly proposed Forward Physics Facility (FPF).
The nature of the four-fermion operator is critical in determining the dark sector production
rates, especially for rare meson decays. In Ref. [479] we consider both vector (Γµ = γµ ) and
axial-vector (Γµ = γµ γ 5 ) operators,
L⊃

X gq
(χ̄1 Γµ χ2 )(q̄γ µ q) .
Λ2

(4.81)

q∈u,d

We have included in the above the possibility that the dark sector consists of two dark sector
fermions, χ1 and χ2 , with M2 > M1 . We then define the normalised splitting
δχ ≡

|M2 | − |M1 |
,
|M1 |

(4.82)

which can be taken to zero to recover the single state case. The case δχ  1 thus corresponds to
the limit scenario where χ1 is much lighter than χ2 .
FASER2 sensitivity at FPF: The FPF will have an excellent sensitivity to the fermion portal.
We use the code DarkEFT [479] to show in Fig. 4.38 the projection for FASER2 recasted from the
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Figure 4.38: Limits and projected sensitivity to the vector operator effective scale Λ/ g in the case
of effective coupling electromagnetically-aligned as a function of M2 . Grey region indicates coverage
from existing experiments: mono-photon at BaBar [480], limit from cooling of SN1987A [481],
mono-γ limit from LEP [482], limits from χ2 → χ1 e+ e− : from LSND [483] and CHARM [484]. We
show a projection for FASER [118] in dot-dashed orange and for SHIP in thin dashed indigo [479].
The normalised splitting δχ is defined in Eq. (4.82), and is set to δχ = 10 here. When estimation
the FASER2 sensitivity, we use a cylindrical decay volume of radius 1m and length 10m as a
reference [37].
inelastic dark matter result from [118] in the case where the effective couplings are aligned with
electromagnetism and the lighter dark sector has a negligible mass. Current existing constraints are
shown in grey, and the full HL-LHC dataset of 3ab−1 is assumed. Remarkably, FASER phase-2 can
probe effective scales in the multi-TeV range for heavy state masses M2 & GeV, complementary to
astrophysical constraints. The sensitivity to the axial-vector operator is qualitatively similar, and
is shown in Ref. [479] for different choices of {ge , gd , gu }.
The LHC also produces a large number of flavoured mesons. In the presence of flavourful effective operators with heavy quarks, the B → Kχ2 χ1 and/or K → πχ2 χ1 transitions can dominate
the production rates. Assuming that the process χ2 → χ1 e+ e− is allowed, this would lead to a
compelling signature at the FPF. We illustrate this for the vector-operator case with gsb = gee = 1
or gsd = gee = 1 in Fig. 4.39. The FASER projection assumes 10 signal events based on an average boost factor of O(1) TeV for the heavy states and N = 1013 B-mesons produced during the
HL-LHC run within FASER’s acceptance [9, 37, 277]. As shown in Fig. 4.39, the FPF will have the
potential to probe effective scales in the tens of TeV range, an order of magnitude above current
B-factory limits. We have overlaid the bounds from B and K-factory experiments on B → K inv.
and K → π inv. decays. Even if invisible meson decay constraints appear to exclude a large region of the parameter space that FASER will probe, we note that this depends strongly on our
assumption gsd = gee = 1. For instance, reducing the flavour-violating coupling while keeping the
product fixed will boost the FPF limit compared to the K-factory one. The bounds from FPF and
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Figure 4.39: Heavy B and K meson limits and projected sensitivity to Λ/ g for the vector-current
operator as a function of M2 . Regions outlined by thick dot-dashed dark red (orange) lines show
the 10 event projection at FASER for χ2 → χ1 e+ e− decay processes, produced by K → πχ1 χ2
(B → Kχ1 χ2 ). Similar projection for SHiP are shown in blue and indigo thin dashed lines [479].
The solid lines denote actual bounds from invisible B and K decays while dotted lines are future
projections. The normalised splitting δχ is defined in Eq. (4.82), and is set to δχ = 10 here.
invisible meson decays are therefore complementary. The axial-vector heavy flavour constraints are
not currently implemented in DarkEFT [479], but could be included in a future version of the code.
Finally, in the above we have shown results for δχ = 10, where the sensitivity of the FPF to
√
Λ/ g saturates. This saturation is discussed in Ref. [479] in greater detail. At smaller δχ , the
production and decay of the χi states depends more sensitively on the splitting, so that for FASER,
√
5/8
at small δχ . 0.3, the upper limit Λ/ g ∝ δχ .
Conclusion: The fermion portal to dark sector fermions is a family of four-fermion operators
parametrising interactions between visible and dark sectors. This EFT approach provides a modelindependent way to capture the phenomenology of light dark sector fermions interacting via a heavy
mediator, which exhibits distinct characteristics compared to the usual vector or scalar portals. In
this framework the weakness of the interaction can then be related to the heavy scale of new physics.
In this white paper contribution we have quantified the sensitivity of FASER2 at the FPF to the
scale and couplings of a representative set of four-fermion portal operators. This sensitivity can
reach the tens of TeV scale for O(1) couplings and a mass splitting δχ = 10 between the light dark
sector states, providing complementary or stronger bounds to existing constraints.
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Long-Lived Axion Like Particles

In the previous sections, we have considered new particles that couple to the SM via renormalizable
portals. Another broadly studied scenario is that of axion-like particles (or ALPs), which are
light pseudo-scalar particles that couple to the SM via dimension-5 operators. The perhaps best
motivated example of this class of model is the QCD axion [485–487], which was introduced as
solution to the strong CP problem [488]. More generally, ALPs can appear as pseudo NambuGoldstone bosons in theories with broken global symmetries and also generically appear in string
theory [489].
The phenomenology of the ALP a is characterized by its mass ma and its couplings to the SM
particles [378]. In the most general scenario, the ALP can have arbitrary couplings to the SM gauge
bosons and fermions. In this case, we can write down a Lagrangian
X
X1
1
a
L = − m2a a2 −
Cf ∂ µ af¯γµ γ5 f −
CF Fµν
F̃ aµν
(4.83)
2
4
f

F

Here we summed over the SM fermion fields f as well as the field strength tensors F for the
electroweak gauge boson and the gluon fields. In the above expression, we have considered individual
coefficients Cf and CF , whose connection is expected to be determined by an underlying UV
completion. It is worth noting that the existence of one non-vanishing coupling at some higher
scale ΛU V typically also induces non-vanishing values for the remaining couplings at loop level in
the low energy theory.
In the remainder of the section, we will first give an overview on the often considered cases
of ALPs with a single coupling to photons, the electroweak gauge bosons, fermions and gluons in
Sec. 4.5.1. We then discuss the special case of an with ALPs dominant couplings to charm quarks
in Sec. 4.5.2. In Sec. 4.5.3 we then investigate an additional ALP production mechanisms via
Bremsstrahlung which will lead to a significant increase in the FPF sensitivity.

4.5.1

Overview on Axion Like Particles

Given the large number of free coupling parameters for ALPs, it is instructive to consider some
special cases in which at the high-energy scale ΛU V only one of the couplings is non-vanishing. In
the following we consider four commonly considered cases:
Coupling to Photons The perhaps most studied scenario considers the case in which the ALP
exclusively couples to the photon field [490]. The corresponding effective Lagrangian for this
benchmark model is L = − 21 m2a a2 − 14 gaγγ aF µν F̃µν , where the dimensional coupling gaγγ parameterizes the interaction with the photon field.
At the FPF, this particle is mainly produced via the Primakoff process: high energy photons
originating from pion decay can convert into ALPs when hitting the TAN neutral particle absorber [491]. The ALP then almost exclusively decays into a pair of photons couplings mainly
decay into a pair of photons. A subleading decay channel into a photon and an electron pair has
a suppressed branching fraction of order BR(a → γee) ≈ BR(π 0 → γee) ≈ 1%.

The projected sensitivity reaches for FASER2 is shown in the upper left panel of Fig. 4.40. The
gray shaded region are already excluded by previous searches from LEP [492], PrimEx [493],
Belle 2 [494] E141 [495], NA64 [496], NuCal [126,497], CHARM [227] and E137 [121]. In addition
we show the projected sensitivity for a subset of other proposed search at SHiP [490], Belle 2 [498],
NA62 [490], NA64 [499], PrimEx [493], GlueX with 1 pb−1 [493], and LUXE-NPOD (phase1) [500, 501]. See Ref. [497] and Ref. [278] for a more complete overview on proposed searches.
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Figure 4.40: Sensitivity for ALP searches at the FPF. We consider four specific scenarios in which
the ALP couples dominantly to the photon (upper left), SU (2)L (upper right), all fermions (lower
left) and gluons (lower right). The sensitivity reaches of FASER2 is shown as solid red lines
alongside existing constraints (gray shaded regions) and projected sensitivities of other selected
proposed searches and experiments (blue dashed lines). The bottom part of each panel shows the
ALP branching fractions. In panel (d), the ALP reach is enhanced by a recent calculation including
a consistent treatment of proton bremmstrahlung productions, for more details, see Sec. 4.5.3. See
text for details and references.
The solid black lines correspond to the parameter space for the DFSZ [502, 503] and KSVZ [504,
505] models for the QCD axion, as presented in Ref. [496].
Coupling to SU (2)L The previous scenario focused on the ALP’s coupling to photons. More
generally, this is expected to arise if the ALP couples either to the field strength tensor of the
U (1)Y or SU (2)L fields in the unbroken theory. In the following, let us concentrate on the specific
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case in which the axion only couples SM field strength tensor Wµν of the SU (2)L group, which
a .
was studied in Ref. [506]. The corresponding Lagrangian is L = − 12 m2a a2 − 41 gaW W aW aµν W̃µν
After electroweak symmetry breaking, the ALP obtains coupling to all SM electroweak gauge
bosons, including W W , ZZ, Zγ and γγ. Notably, the coupling to photons is suppressed relative
to W bosons by gaγγ = gaW W sin2 θW .
Due to its coupling to W bosons, the ALP can be produced in flavour changing hadron decays,
especially K → πa at low masses and B → Xs a at higher masses, which are induced via the usual
loop diagrams. These rare meson decays turn out to provide the dominant production mode,
while the previously considered Primakoff process still contributes subdominantly. For the light
ALP masses of interest for the FPF, decays into the heavy Z and W bosons do not play a role,
and the ALP dominantly decays into two photons, a → γγ.

The projected sensitivity for FASER2 has been obtained in Ref. [507] and is shown in the upper
right panel of Fig. 4.40. The gray shaded region denotes the parameter space excluded by previous
searches as obtained in Refs. [506,508] and references therein. In addition, we show the projected
sensitivity for searches for visible and invisible ALP decays at KOTO and NA62 as obtained in
Ref. [506], and visible ALP decays at Belle 2 and the LHC as obtained in Refs. [378,498]. We can
see that FASER2 at the FPF provides very complementary constraints compared to the other
proposed searches.
Coupling to Fermions In addition to the electroweak bosons, the ALP can also couple to the
SM fermions. For simplicity, we will assume that all fermion coupling constraints are identical at
the relevant low-energy scale. This is equivalent to the assumption that all the SM fermions carry
the same PQ charge. In this case, the ALP obtains Yukawa-like couplings toPthe SM fermions.
The corresponding Lagrangian can then be written as L = − 12 m2a a2 − i gaf f a f yf f¯γ5 f , where
we introduced the dimensionful coupling gaf f .
Similar to the previous case, addition non-diagonal couplings arise loop level, such as the flavour
changing b − s − a vertex. This coupling then induces the rare B-meson decay B → Xs a, which
is the dominant source of ALP passing through the FPF. The relevant decay rates are discussed
in Refs. [278, 509, 510]. Due to the Yukawa-like fermion couplings, the ALP typically decays into
pairs of the heaviest kinematically available SM fermions. Below the charm threshold, the ALP
mainly decays into leptons while hadronic decays were found to be suppressed [340, 510].

The projected sensitivity for FASER2 was obtained in Ref. [9] and is presented in the lower left
panel of Fig. 4.40. As before, the gray shaded region corresponds to already excluded parameter
space, where the main constraints arise from searches for K → πa at E949 [348, 511], searches for
B → Ka at LHCb [329, 512] and LLP searches at CHARM [227], as discussed in Ref. [510, 513].
We also show the projected sensitivity for other proposed experiments to search for Long-Lived
ALPs as blue dashed lines as presented in Ref. [278].
It is worth noting that this model is qualitatively similar to a light pseudoscalar with Yukawa-like
coupling, as for example arising in the Type-I 2HDM discussed in Sec. 4.3.7. However, due to
the different way in which electroweak symmetry is broken, there are notable differences in the
loop-induced couplings. Two relevant examples are the decay width into photons, and the size of
flavor-changing b − s − a coupling. See Ref. [510] for a more detailed discussion and Ref. [9] for
the FASER2 reach for a pseudoscalar with Yukawa-like coupling.
Coupling to Gluons In the last scenario, we consider an ALP that primarily couples to the
gluon field strength tensor. The corresponding Lagrangian defined at some scale Λ then reads
2
L = − 12 m2a a2 − g8s gagg aTrGµν G̃µν . At lower scales, the ALP will obtains diagonally couplings to
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quarks at one loop, and even further suppressed non-diagonally couplings at two-loop. The latter
will again induce flavour changing heavy meson decays, such as B → Xs a.

Another interesting feature of this scenario is that the ALP can mix with the neutral pseudoscalar mesons, especially the π 0 , the η and the η 0 mesons (see Ref. [9, 278] for details). As a
consequence, the ALP can be produced in any process that produces these pesudo-scalar mesons,
for example the hadronization of a hadronic shower. In addition, the ALP can also be produced
in flavor changing meson decays like B → Xs a, similar to the previous cases. Depending on the
mass, the ALP will either decay into photons or hadrons. Here we use the decay width obtained
in Ref. [9, 278]. The presented branching fractions for the ALP with gluon couplings in Fig. 4.40
were adopted from Ref. [514].

The projected sensitivity for the ALP with gluon couplings for FASER2 is presented in the lower
right panel of Fig. 4.40. Here we include recent work considering the ALP emission from the
proton, which is discussed in more detail in Sec. 4.5.3. The existing constraints from flavour
physics, as obtained in Ref. [514], and LLP searches at CHARM, as presented in Ref. [9], are
shown as gray shaded area. In addition, we also show the projected sensitivity for MATHUSLA
and Codex-B as presented in Ref. [278].

4.5.2

Charming ALPs

Strongly coupled dark sectors are a particularly interesting class of dark matter models as they
can inherit the SM flavour structure via a flavoured portal. One likely feature of these models is
the emergence of pseudo Nambu-Goldstone bosons which couple dominantly to either up or down
quarks and can be long-lived. This happens for instance in models featuring a QCD-like dark sector
where a heavy scalar mediator, charged both under the SM and a dark colour group SU (N )D ,
connects the dark quarks with either right-handed SM up-type or down-type quarks [515–524],
depending on the hypercharge of the mediator. A similar outcome occurs e.g. in Froggatt-Nielsen
(FN) models [525] where only the up- or down-type quarks are charged under the additional global
symmetry. Here, based on [524], we focus on light new states that are mainly coupled to up-type
quarks and thus produced in D meson decays instead of from B mesons or Kaons.
For concreteness, we consider an ALP a coupling only to right-handed up-type quarks at treelevel, described by the following EFT Lagrangian [526, 527]:
←
→ i
∂µ a h
1
m2
L = (∂µ a)(∂ µ a) − a a2 +
(cuR )ij ūRi γ µ uRj + cH H † iDµ H
2
2
fa


(4.84)
2
g3
g22
g12
a
a
µνa
I
µνI
µν
cg
−
G G̃
+ cW
W W̃
+ cB
Bµν B̃
.
fa
32π 2 µν
32π 2 µν
32π 2
I ,
The gauge couplings of U (1)Y , SU (2)L and SU (3)C are denoted g1 , g2 and g3 , and Bµν , Wµν
I = 1, 2, 3 and Gaµν , a = 1, ..., 8 their respective field strength tensors with B̃ µν = 21 µναβ B αβ . H is
the SM Higgs field and the Wilson coefficients cg , cW , cB , cH ∈ R, while cuR is a hermitian 3 × 3
matrix. We do not consider the QCD axion case, so the ALP mass ma and decay constant fa are
independent parameters. The operators
←
→
OH = (∂ µ a/fa )H † iDµ H and
(4.85)

OW =

a g22
W I W̃ µνI ,
fa 32π 2 µν

(4.86)

lead to flavour-violating couplings with the down-type quark sector at the one-loop level [528].
However, we assume that their Wilson coefficients are small enough so that the leading flavour
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violating effects appear in the up sector and that cg = 0 = cB at tree-level. We dub these scenarios
“charming ALPs”.
For ALP masses ma . 1 GeV the dominant ALP decay mode is to hadrons. In this case
the interactions are best described in chiral perturbation theory, see Refs. [526, 527, 529, 530] for
more details. For masses ma & 1 GeV, this approach is no longer valid and we use quark-hadron
duality [531, 532] to compute the ALP decay width into hadrons. Constraints on the parameter
space arise from astrophysics, such as supernovae cooling [533] and red giant burst [534,535], as well
as cosmology, e.g. from potential distortions of the cosmic-microwave background, modifications of
the predicted big-bang nucleosynthesis or possible impact on Nef f as discussed in Refs. [536–538].
Charming ALPs also contribute to several flavour processes and constraints on the parameter
space arise from D0 − D̄0 mixing [539], flavour violating kaon [540], B meson [541] and D meson [542, 543] decays, with the kaon and B meson decays loop-suppressed, as well as radiative J/ψ
decays [544]. The decay width for meson decays of the form M → N a is
2

m3M |κM N |2
m2N
Γ(M → N a) =
(f0M N (m2a ))2
1− 2
64πfa2
mM
s


(mN + ma )2
(mN − ma )2
×
1−
1−
,
m2M
m2M

(4.87)

with mN and mM being meson masses and f0M N the scalar form factor. The coupling κM N is
defined as follows
L ⊃ κM N

∂µa
q̄i γµ qj + h.c.,
2fa

with κDπ = (cuR )12 for the case of flavour violating D meson decays, and
 2
1
fa
∗
Vri (Mu )rr (cuR )rs (Mu )ss Vsj ln
κM N =
2
2
16π v
µ2

(4.88)

(4.89)

for loop-mediated decays of kaons and B mesons, where i and j denote the quark in the initial and
final state mesons and µ is the relevant energy scale of the process.
The decay D → πa is also one of the main production modes when searching for charming ALPs
in the forward direction as can be done with fixed target experiments like NA62 [545] and the proposed SHiP experiment [29], as well as detectors in the forward direction such as FASER/FASER2
or MATHUSLA [27, 28]. Charming ALPs decay mostly to photons, muons and pions in the part of
the parameter space these experiments can probe. For a more detailed discussion of the branching
ratios see [524]. The number of charming ALPs decaying in the detector volume is
Na = ND · Br(D → πa) · εgeom · Fdecay ,

(4.90)

where ND is the number of D mesons produced at the interaction point, Fdecay is the fraction
of ALPs decaying inside the detector volume, and the geometric acceptance εgeom is given by the
fraction of ALPs whose laboratory frame momentum falls within the detector opening angle. The D
meson momentum distribution for FASER/FASER2 and MATHUSLA was simulated with FONLL
with CTEQ6.6 [417], for NA62 and SHiP taken from Ref. [546] and εgeom and Fdecay were calculated
as in Ref. [521]. We assume that three detected events are needed for discovery.
In Fig. 4.41, the excluded regions of the parameter space and detection prospect of charming
ALPs at FASER/FASER2 in the 1/fa -ma plane are shown for two benchmarks defined in Ref. [524]:

Chapter 4. Long-Lived Particles

156

Figure 4.41: Parameter space of charming ALPs for the anarchic (left) and FN like scenario (right)
of Ref. [524] in the 1/fa -ma plane. The coloured regions are excluded by constraint from flavour,
astrophysics and cosmology. The thick red line shows the indirect bound on Br(D → πa) from
D → τ ν → πνν measurements, while the black lines show the model’s predictions of Br(D → πa)
for Br(D → πa) = 10−1 − 10−8 , each line one decade smaller. Above the dashed lines more than
three ALPs are expected to decay inside of the respective detector’s decay volume.
the so-called anarchic (left) and FN-like (right) scenarios. The lower panels show a zoomed in look
at the region where the experiments are sensitive. In addition, the prospects for NA62, SHiP and
MATHUSLA, as well as the region excluded by CHARM [328] are shown. Above the dashed lines
more than three ALP decays are expected in the decay volumes of the respective detectors. The
main difference between the two benchmark scenarios is the coupling of ALPs to top quarks. In the
anarchic scenario all ALP-quark couplings are O(1) leading to comparatively large contributions
from the loop processes. On the other hand, in the FN like scenario the coupling to tops is O(10−5 ),
while the other diagonal couplings are O(1) and the off-diagonal couplings O(10−2 − 10−4 ).
Comparing the right and left panels one can clearly see the impact of the ALP top coupling.
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In the left panel, for the anarchic scenario, the bounds from all loop processes as well as the
bound from CHARM, which searched for ALPs decaying to photons, electrons and muons, are
more stringent than for the FN like case in the right panel, where the ALP top coupling is small.
Especially the impact of this coupling on the bounds from CHARM also affect the prospects of
FASER and FASER2: for large ALP top couplings FASER and FASER2 will mostly validate the
CHARM constraints. On the other hand, for smaller ALP top couplings, as shown in the right
panel, FASER is still mainly testing the constraints from CHARM, but FASER2 has a significant
larger reach and will be able to probe so far untested parameter space up to 1/fa ∼ 10−6 TeV−1 in
the kinematically accessible region. NA62 and MATHUSLA have a similar range, while SHiP will
be able to probe an even larger part of the unexplored parameter space.
We studied the parameter space and discovery prospect of charming ALPs as an example
for long-lived light new physics states coupling dominantly to the up quark sector. In the here
considered case D meson decays are the main ALP production mode. We showed that detectors
in the forward direction, such as FASER and FASER2, but also MATHUSLA and fixed target
experiments like NA62 and SHiP, will be able to probe large parts of the so far unexplored parameter
space of such models, especially if the ALP top coupling is small.

4.5.3

Bremming Enhanced ALP Productions and FPF Sensisivity

The searches for ALPs are strongly motivated by general dark sector new physics considerations,
the strong CP puzzle, and the axion quality problem. In particular, the ALP to gluon coupling
is critical in connection to the strong CP puzzle (for a recent model-building and phenomenology
discussion for GeV-scale Axion, see Refs. [547–550] and references therein). The searches for ALPs
with gluonic couplings turned on, without further suppressions compared to other operators, such as
in the vanilla axion models, are hence of great importance and interest. The generic and motivated
gluon coupling also poses a challenge, that the axion lifetime will be on shorter size for long-lived
particle detectors such as those at FPF. One will need to rely on the large production rate at
colliders to probe the ALPs, and here focus on the bremsstrahlung process for the proton-proton
collision that has not been incorporated in the previous ALP studies [25, 491]. As we shall see, the
inclusion of the bremsstrahlung production process significantly extends the FPF coverage for ALP
in a broad class of models [551].
In the forward region, proton collisions can be categorized into four distinct categories, namely
the elastic scattering, single dissociative scattering, double dissociative scattering, and non-diffractive
scattering [262]. For the elastic scattering, the protons stay unbroken before and after the collision,
which can be parametrized by exchanging Pomeron at the lowest order. The second refers to the
single diffractive scattering in which one proton keeps intact while the other proton dissociates
into partonic debris. The third refers to both protons dissociating, which can be parametrized
by exchanging Pomerons. The last one is the general (deep) inelastic scattering in which partons
within the “broken” protons scatter with relatively large transverse momentum. With the four
categories, we can divide the total cross-section of p-p collision into σtot = σel + σSD + σNSD . Note
that we cannot tell apart the double and non-diffractive scattering experimentally, since there is no
proton in the final states, and group them together as non single diffractive scattering. Ref. [262]
has discussed the soft radiation of dark photon and dark CP-even scalar by the bremsstrahlung
process of protons. It turned out that the initial state radiation and final state radiation largely
cancel each other in the forward region for the elastic and single diffractive processes. A similar case
applies to our ALP radiation. Hence we can focus on the ISR of the incoming proton in the non
single diffractive processes. In principle, ALP can be radiated by either the proton or the partons.
Our computations have shown that the partonic bremsstrahlung is subdominant compared with
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the bremsstrahlung process of the proton. Hence in the following we just show the calculation of
the proton bremsstrahlung.10 . The proton-axion interaction can be parametrized via [117]
cp
p̄γ µ γ5 p ∂µ a
2fA

(4.91)

To deduce the axion proton coupling, we can match the effective Lagrangian in the perturbative
QCD regime to the chiral perturbation theory in the strong dynamics confinement phase. The
relevant effective axion Lagrangian is given by

 X
cq
a
c3 α3 GG̃ + c2 α2 W W̃ + c1 α1 B B̃ +
q̄γ µ γ5 q ∂µ a
(4.92)
8πfa
2fa

which characterize the ALP coupling to the gauge field and quarks. As for the gauge field, usually
two cases are considered: the first is the Gluon Dominance with c3 = 1, c2 = c1 = 0 and the second
is the Codominance with c3 = c2 = c1 [552]. The two cases match well respectively to the KSVZ
and DFSZ scenario of the minimal axion theory, where one needs to also include the non-suppressed
fermionic coupling for the latter. Correspondingly the coupling of proton to axion in the case of
axion mass far smaller than the π 0 mass is given by [553]
cKSVZ
= −0.47
p

cDFSZ
= −0.617 + 0.435 sin2 β ± 0.025
p

(4.93)

Note that the root of the enhanced production considered here is from the ALP to gluon coupling,
which generic ALP models share, and the lifetime is only affected by O(1) in the relevant regime.
So we focus here on the KSVZ-like scenario with quark coupling turning off, dubbed as “gluondominance” following [552], and one can also estimate the enhanced sensitivities for other scenarios
in a similar way. The coupling in Eq. (4.93) is computed in the 2-flavor scenario. For the ALP
mass around O(1) GeV in our interests, we need to exploit the 3-flavor ChPT and Effective Baryon
Theory to extract the ALP-proton coupling. Following [554], the Lagrangian terms describing the
nucleon-ALP are given by
 D
F
D
/ − mN + trB̄γµ γ5 {uµ , B} + trB̄γµ γ5 [uµ , B] + s trB̄γµ γ5 Btruµ
L ⊃trB̄ iD
2
2
2

(4.94)

in which uµ is the veilbein which contains the meson field and ALP field. After expansion and
combined with the ChPT Lagrangian, the physical ALP’s coupling to the proton is given by


(2m2η − 5m2η0 + 3m2π ) 6D(m2a − m2η ) + Ds (9m2a − 8m2η − m2η0 ) + 2F (m2η − m2η0 )
gpa =
108fa (m2a − m2η )(m2a − m2η0 )
(4.95)
δI m2π (D + F )(2m2η + m2η0 − 3m2π )(2m2η − 5m2η0 + 3m2π )
+
108fa (m2a − m2π )(m2π − m2η )(m2π − m2η0 )
in which δI = (md − mu )/(md + mu ). The three coefficients are chosen D ≈ 0.80, F ≈ 0.46 and
Ds ≈ −0.41 from experimental data fitting and Lattice QCD computations [554–557]. Here we have
included the light meson mixing. It should be noted that the ALP-mesons kinetic mixing has been
cancelled by the proton-ALP coupling in Eq. (4.93) hence only ALP-meson mass mixing effects
play the role. For ma  mη0 , gpa becomes smaller as ma increases due to the mixing propagator
suppression.
10

One shall be careful with the validity of the proton bremming calculation, given that proton is a composite
particle. We restrict ourselves to low momentum transfer, characterized by the low off-shellness of the proton after
radiation. For detailed discussion, see Refs. [262, 551]
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Next we come to compute the ALP production rate at LHC interaction points (IP). In the
forward region with low momentum transfer we can use the splitting function to factorize the total
cross section into the product of splitting vertex and the subprocess signal rate. The cross section
for radiating one axion can be written as
Z
dP
σbrem = dzdp2T
σ̂NSD (ŝ)
(4.96)
dzdp2T
in which the non-single diffractive scattering can be expressed as [262]
0.057

s
mb
σNSD (ŝ) = 1.76 + 19.8
GeV2

(4.97)

In the splitting function, z denotes the energy fraction that is carried by the remnant off-shell
proton and pT is the transverse momentum of the radiated axion. The FPF detector impose a
physical cutoff of the polar angle of the axion, which translate into an integration upper limit on
pT that satisfies our approximation. The differential behavior of the splitting function is given by
 X

2
dP
1
1
z
1
0
2
2
=
|M| FH (p )Fa (ma )
(4.98)
16π 2 1 − z (p02 − m2p )2 2
dz dp2T
the hadronic form factor FH (p0 ) is given by

FH (p0 ) =

Λ4
Λ4 + (p0 2 − m2p )2

(4.99)

this factor constrain the off-shellness of the intermediate photon. If it deviates from the on-shellness
too much, the proton would break up into partons. The second factor is the nucleon form factor
which characterize the internal structure of the proton. In principle this factor is composed of the
intrinsic part and the contribution from the meson cloud. Since we have discussed on the role of
the light pseudoscalar mesons, we only focus on the axion vector part to avoid double counting.
The lightest axion vector meson is a1 (1260) with quantum number I G (J P C ) = 1− (1++ ). We will
use the generalized form factor in time-like region as in [554]


m2a1 (m2a1 − k 2 + ima1 Γa1 )
1
2
Fa (k )|timlike =
1−α+α
(4.100)
2
(1 − γeiδ k 2 )2
m2a1 − k 2 + m2a1 Γ2a1

in which now an addition phase factor is introduced. It is found that α = 0.95, γ = 0.515GeV−2 , δ =
0.397 in [558, 559]. For the resonance, ma1 = 1.23 GeV and its width is Γa1 = 400 MeV. From
Ref. [551], it is convenient to transform from the integrated variables (pT , z) to (Ea , sin θa ) in which
Ea denotes the energy of the radiated ALP and θa is the polar angle the ALP is emitted relative
to the beam direction. After being generated at the collision point, the axion will start to decay
in propagation. The FPF facility is built at a distance D away from the collision point, with the
decay volume length L and available diameter d. Eventually, the number of ALPs decaying in the
detector is given by




Z
Dma
Lma
dN0
exp − p
1 − exp − p
Nd = d sin θa dEa
dEa d sin θa
Ea2 − m2a cτ (ma )
Ea2 − m2a cτ (ma )
(4.101)
in which cτ (ma ) is the decay length of the ALP. It is heavily dependent on the ALP mass near 1
GeV.
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Figure 4.42: The sensitivity of generic ALPs at FPF using the proton bremming production. Left:
Current constraints and FPF projections in the relevant mass-coupling regime. Right: Current
constraints, FPF projections, and other future experiment projections in extended mass-coupling
plane. Here we choose Λ = 1.5 GeV.
In Fig. 4.42, we show how FPF would probe ALPs after including proton-bremming production.
In the left panel, we show the projected ALP sensitivities and existing constraints. We can see the
different sensitivities with proposed setups of the FASER2 experiment defined in Sec.III A of [37]:
S1, S2, and F2 in Cyan, Red and Orange, respectively. The Λ is set to be 1.5 GeV. We can probe
the ALP mass up to around 1.7 GeV. There are two obvious sharp enhancement position which
is due to the resonance mixing with η and η 0 . For ma above 1 GeV we can probe fa as higher
as 107 GeV. Varying Λ from 1 GeV to 2 GeV only brings small changes. On the right panel, we
show various projections from other experiments of this scenario [552] in addition. Note that the
previous projection for ALP at FASER2 does not go beyond 1.2 GeV [25, 491]. Our new result can
enhance the probed parametric space of the precious FASER and FASER2. We can see from the
figure that proton-bremming production enhances the ALP searches at FPF and makes it more
competitive and complementary to other future experimental proposals in the GeV realm.
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Long-Lived Particles in Non-Minimal Models

We have so far discussed BSM models which could be probed by searching for a single light new
physics portal particle decaying into the SM final states. While the full BSM content of such models
could be complicated, it was assumed that it has a minor impact on the FPF phenomenology
and, therefore, can be omitted in the analysis. Many realistic BSM scenarios, however, predict the
existence of multiple new states that can manifest their existence in more complicated experimental
signals to be measured in the FPF. Below, we will discuss examples of such non-minimal models;
see also contribution to Snowmass 2021 Big Idea: rich dark sectors [560] for further discussion.
To this end, we begin with a popular example model of inelastic DM coupled to the SM via the
dark vector portal or via the additional dark scalar particle, as discussed in Secs. 4.6.1 and 4.6.2.
In Sec. 4.6.3, we discuss the search for inelastic DM coupled to the SM via the dipole operator
which could be embedded in the framework of Dynamical Dark Matter. We then explore other
non-minimal scenarios with a dark gauge boson that is coupled to a dark scalar, cf. Sec. 4.6.4,
generates charge lepton flavor violation interactions, cf. Sec. 4.6.5, or can be associated with a new
gauge group under which the right-handed SM fermions are charged, cf. Sec. 4.6.6. In Sec. 4.6.7,
we discuss the model in which the dark vector species is coupled to the SM via the axion-like portal
particle. Another prominent type of non-minimal BSM model contains dark gauge bosons coupled
to right-handed neutrinos with an important impact on FPF phenomenology. We provide examples
of such scenarios in Secs. 4.6.8 to 4.6.10. In Secs. 4.6.11 and 4.6.12 we discuss further experimental
consequences of the existence of multiple light degrees of freedom due to the possible secondary
LLP production and chain decay. Last but not least, we stress that in non-minimal models FPF
searches could also be able to constrain heavy dark sector species with the masses of order tens or
even hundreds of GeV. Possible such search for dark bound states is described in Sec. 4.6.13.

4.6.1

Inelastic Dark Matter

One example for a light dark sector model that is able to explain the observed dark matter relic
abundance while avoiding strong constraints from direct and indirect detection searches is inelastic
dark matter (or iDM). In these class of models, the dark sector contains both a stable particle χ1 ,
which will take the role of dark matter, as well as a nearly degenerate excited state χ2 . These
two states are then assumed to couple off-diagonally to a mediator particle, such as a dark photon.
This has a variety of phenomenological consequences: i) the dark matter freeze-out mainly proceeds
through coannihilations with the heavier state into SM particles; ii) for sizable mass splittings, DM
scattering rate at direct detection experiments is kinematically suppressed by the small DM velocity;
iii) the heavier state can decay into DM plus SM final states with macroscopic lifetimes, leading to
displaced vertex signatures at long-lived particle experiments.
For concreteness, Let us consider a specific scenario consisting of a Dirac pair of two-component
Weyl fermions, ξ1 an ξ2 , which are oppositely charged under a broken U (1)D symmetry. Let us
further assume that the associated gauge boson, the dark photon A0 , couples to the SM photon
field via the usual kinetic mixing term. The symmetries of this model allow is to write down a
Dirac mass mD . In addition, we introduce a small Majorana mass mM  mD that softly breaks
the U (1)D symmetry. We can write for the mass term
1
1
−L ⊃ mD ξ1 ξ2 + mM ξ12 + mM ξ22
2
2

(4.102)

where we for simplicity assumed both Majorana masses to be the same. In the limit of small
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Figure 4.43: Sensitivity reaches of FASER2 (blue line) to inelastic dark matter model for a fixed
mass ratio m1 = 3mA0 and fixed αD = 0.1. The upper panel considers the case ∆ = 0.1 over the a
large mass range. Existing constraints are shown as the grey shaded regions alongside projections
of other future experiments. The solid black curve indicated the relic target line for this model.
The lower panel show similar scenarios for ∆ = 0.05 and 0.03, focussing on the high-mass ragion.
Figures taken from Ref. [118].
Majorana masses, mM  mD , the mass eigenstates re given by the pseudo-Dirac pair
i
χ1 = √ (ξ1 − ξ2 )
2

1
and χ2 = √ (ξ1 + ξ2 )
2

(4.103)

with mass m1,2 ≈ mD ∓ mM . Conventionally, one often introduces the relative mass splitting
∆ = (m2 − m1)/m1 = mM /mD . These mass eigenstates now couple off-diagonally to the dark
photon, L ⊃ ieD A0µ χ̄1 γ µ χ2 .
In the following, we will consider the case of mA0 > m1 + m2 , in which case χ1 and χ2 are be
produced via dark photons decay. At the LHC, the dark photon could be produces in a variety of
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ways as discussed in detail in Sec. 4.2. For the results presented below, we consider its production
via meson decays, proton bremsstrahlung and quark antiquark fusion. If kinematically allowed,
the heavier state χ2 will then decay down into the lighter state χ1 and a pair of SM leptons via an
offshell dark photon. The associated decay width scales as Γ ∼ 2 e2 e2D ∆5 , and leads to microscope
lifetimes even for relatively large values of .
The projected sensitivity reaches for FASER2 is shown in Fig. 4.43 as blue line. The gray
shaded regions are excluded from LEP [166, 561], BaBar [187], LSND [562, 563], E137 [121, 564].
The solid colored contours show the projected sensitivity of several other proposed LLP searches
and experiments at the LHC, as obtained in Ref. [118]: displaced vertex searches at ATLAS and
CMS [565], precision timing search at CMS [566], displaced vertex searches at LHCb [131,167,567],
CODEX-b) [24] and MATHUSLA [26]. Also shown as dot-dashed lines are proposed searches for
LLPs at Belle II [127], SeaQuest [133], BaBar [565], MiniBooNE [568], JSNS2 [569], BDX [568],
and LDMX [133, 570, 571], as well as the future sensitivity from electroweak precision tests at the
LHC [166]. The solid black lines correspond to the parameter space where the abundance of χ1
matches the observed dark matter energy density. It is worth noting that the probed mass range at
FASER2 extends up to tens of GeV for the DM mass, which corresponds to about 100 GeV for the
dark photon mass, making it one of the scenarios with the highest LLP mass that can be probed
at the FPF. See Ref. [118] for more details.
An important feature of this model is the typically smaller energy of the visible final states Evis .
In most minimal models, such as the dark photon or dark Higgs, the visible final states inherit the
full energy of the LLPs: Evis = ELLP . In contrast, in the iDM scenario most of the energy of
the long-lived heavy state χ2 is transferred to the DM state χ1 and hence the visible energy is
suppressed, and roughly given by Evis ∼ ∆ELLP . This implies that iDM searches at FASER2
require a reasonable acceptance even for small final state energies.

4.6.2

Inelastic Dark Matter from Dark Higgs Boson Decays

Introduction Inelastic DM (iDM) is one of the compelling candidates for sub-GeV thermal dark
matter [572, 573], which was originally motivated by the annual modulation reported from the
DAMA/LIBRA experiment [574–577]. In the iDM scenario, there exist two dark particles with
different masses i.e. the lighter dark matter state and heavier excited state. Elastic interactions
of both states are assumed to be absent or much suppressed, and inelastic one mainly occurs in
scatterings. Then the DM state inelastically scatters off the Standard Model particles through a
mediator and is converted to the excited state, or vice versa. From this interaction nature, iDM
can evade constraints from direct detection experiment and residual DM annihilations from the
Cosmic Microwave Background. In this section, we consider fermionic and scalar iDM models with
dark photon and dark Higgs which is the origin of the dark photon mass. Similarly to the previous
section, we take into account the decays of the dark Higgs, and show the sensitivity of the search
for these dark matter particles at the FASER2 experiment. Details of this section can be found in
Ref. [578].
Models We consider two iDM models for a fermion and scalar DM, respectively, with the dark
photon of local U (1)X symmetry. Each dark matter candidate is SM singlet, and denoted as Dirac
fermion χ and complex scalar S = √12 (s + ia). Both χ and S have U (1)X charge + 12 . All the
SM particles are assumed to be neutral under the U (1)X symmetry. The U (1)X symmetry is
spontaneously broken by a SM singlet scalar field ϕ with U (1)X charge +1. Then, the dark photon
acquires a mass, and the models have a remnant Z2 symmetry where χ/S is odd and the other
particles are even under it. Furthermore, the dark matter candidates split into two mass eigenstates
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due to the interaction terms. The Lagrangian of dark sector part is given by

1
χ(S)
L = LDM − X µν Xµν − Bµν X µν + (Dµ ϕ)∗ (Dµ ϕ) − V,
4
2

(4.104)

χ(S)

where LDM is the Lagrangian for our fermion(scalar) iDM scenario shown below. The gauge fields
of U (1)X and U (1)Y are denoted by X and B. The scalar potential V for the SM Higgs H and ϕ
is given by
V = −µ2H H † H − µ2ϕ ϕ∗ ϕ +

λϕ ∗ 2
λH
(H † H)2 +
(ϕ ϕ) + λHϕ (H † H)(ϕ∗ ϕ).
2
2

(4.105)

In the following discussion, we assume that µ2H and µ2ϕ are positive. The Lagrangians for the
fermion and scalar DM candidate are given by

LχDM = χ̄(i/D − Mχ )χ + yL χcL χL ϕ + yR χcR χR ϕ + h.c. ,
LSDM = (Dµ S)∗ (Dµ S) − MS2 S ∗ S − µ(ϕS ∗ S ∗ + c.c.)

− λS (S ∗ S)2 − λHS (S ∗ S)(H † H) − λϕS (ϕ∗ ϕ)(S ∗ S),

where the superscript c denotes charge conjugation of a field.
√
√
i) Scalar Boson: After H and ϕ develop a vacuum expectation value (VEV), v/ 2 and vϕ / 2,
respectively, the U (1)X and electroweak symmetries are spontaneously broken. Then, two physical
CP-even scalar bosons remain in the spectrum as a mixture of the real parts of H and ϕ. Denoting
the real parts as h̃ and φ̃, the CP-even scalar bosons in the mass eigenstate, h and φ, are expressed
as
 
 
h
h̃
=U
,
(4.106)
φ
φ̃
where the diagonalization matrix U and mixing angle α are defined by


2λHϕ vvϕ
cos α − sin α
with tan 2α =
U=
.
sin α cos α
λH v 2 − λϕ vϕ2

(4.107)

Note that h is defined to be the SM Higgs boson in the limit of α → 0. The scalar boson φ
can interact with the SM fermions and weak gauge bosons through the mixing. The interaction
Lagrangian is given by
LSM
φ−int =

X mf
f

2m2W
m2
sin αφf¯f +
sin αφWµ+ W −µ + Z sin αφZµ Z µ ,
v
v
v

(4.108)

where f runs over the SM fermions. The interactions of φ with the dark matter are given in the
following.
ii) Dark Photon: After the symmetry breaking, the electrically neutral components of the gauge
bosons mix each other through off-diagonal masses and the kinetic mixing while the charged ones
remain the same as those of the SM. Assuming   1, the new gauge field X is approximately
identified as mass eigenstate and we denote it as dark photon A0 hereafter. The gauge interaction
of the dark photon with the SM particles and φ is given by
µ
0
0 0µ
LSM
A0 −int = e cos θW JEM Aµ + gX mA0 cos αφAµ A ,

(4.109)
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µ
where θW is the Weinberg angle, and e and JEM
are the elementary charge and electromagnetic
currents of the SM.
iii) Dark Matter : The Dirac fermion χ splits into two mass eigenstates χ1 and χ2 after the
symmetry breaking. The mass eigenvalues are given
mL + mR 1 q
mχ1 ,χ2 =
±
(mL − mR )2 + 4Mχ2 ,
(4.110)
2
2
√
where mL(R) ≡ 2yL(R) vϕ . In the following, we chose mχ1 < mχ2 as convention. Mass eigenstates
χ1 and χ2 are also given by
  
 
2Mχ
χ1
cos θχ − sin θχ
χL
=
with tan 2θχ =
.
(4.111)
c
χ2
sin θχ cos θχ
χR
mL − mR

The gauge interactions among the mass eigenstates and A0 can be written by
LχA0 −int = gX A0µ [cos 2θχ (χ̄1 γ µ χ1 − χ̄2 γ µ χ2 ) + sin 2θχ (χ̄1 γ µ χ2 + χ̄2 γ µ χ1 )] .

(4.112)

Then θχ ' π/4, corresponding to yL ' yR , the gauge interactions of the fermions become inelastic.
The interaction to φ and h are
1
Lχφ−int = √ yL (cα φ − sα h)(c2χ χc1 χ1 + cχ sχ (χc1 χ2 + χ1 χc2 ) + s2χ χc2 χ2 )
2
1
+ √ yR (cα φ − sα h)(s2χ χc1 χ1 − cχ sχ (χc1 χ2 + χ1 χc2 ) + c2χ χc2 χ2 ) + h.c.,
2

(4.113)

where sχ (cχ ) stands for sin θχ (cos θχ ).
In the case of the scalar iDM, the complex scalar S splits into CP-even state s and CP-odd
state a. These states have different masses given by
√
m2s,a = M̃S2 ± 2µvϕ ,
(4.114)
where + and − in RHS stand for s and a respectively. The interaction terms among A0 and s, a
are written by
1
1 2 0 0µ 2
LSA0 −int = gX A0µ (s∂ µ a − a∂ µ s) + gX
Aµ A (s + a2 ).
(4.115)
2
8
The inelatic interaction naturally emerges from the gauge interaction. In addition the interactions
to the scalar bosons are given from the potential as
λϕS 2
µ
λHS 2
LSφ−int = − √ φ̃(s2 − a2 ) −
(h̃ + 2v h̃)(s2 + a2 ) −
(φ̃ + 2vϕ φ̃)(s2 + a2 ),
4
4
2

(4.116)

where φ̃ and h̃ are written by the mass eigenstate by Eq. (4.106).
Results We show the sensitivity plots of the iDM decays at the FASER2 experiment. To illustrate
the production of the scalar decays, we consider the following spectra as benchmark point.
1. mχ1 (s) : mχ2 (a) : mA0 = 1 : 1.2 : 2.1,
2. mχ1 (s) : mχ2 (a) : mA0 = 1 : 1.4(1.3) : 2.3(2.2),

(4.117)

where we chose mχ1 (s) + mχ2 (a) ∼ mA0 to enhance the (co)annihilation cross section. In these
spectra, A0 dominantly decays into the dark matter χ1 and s, and hence is invisible. It should be
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Figure 4.44: Sketch of the production of χ2 from the decay of the scalar boson, and the subsequent
decay into χ1 and f -f¯ pair. IP denotes the Interaction Point at the ATLAS detector.
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Figure 4.45: Sensitivity region of the fermion inelastic dark matter decay. See text for the details
of curves and colored regions.
noticed that the excited states cannot be produced from the on-shell A0 decay in the above two
spectra. Therefore the scalar boson decay is the main source of χ2 and a in the above spectra.
Fig. 4.44 shows the sketch of the process for the dark matter signal.
To examine the sensitivity from the scalar boson decay, we adopt the mass relation for mχ1 (s)
and φ, and the scalar mixing angle
mχ1 (s) : mφ = 1 : 4

and

α = 10−4 .

(4.118)

With these parameters, the expected number of the signal event χ2 → χ1 f f¯ or a → sf f¯ is calculated
by Eq.(33) or (34) of Ref. [578], respectively. For the FASER setup, we do not find viable sensitivity
region and therefore only show the results for the FASER2 setup.
Fig. 4.45 shows contour plots of the sensitivity region at FASER2 for the fermion inelastic dark
matter with the mass spectrum 1 (left) and 2 (right) given in Eq. (4.117). Red, blue, green and
purple contours correspond to the expected number of the signal events 3 (95% C.L.), 10, 102 and
103 , respectively, and the black one to the relic abundance of the dark matter ΩDM h2 = 0.1 [117].
In this case we find that annihilation process χ1 χ1 → A0 → f¯f plays dominant role in relic density
calculation. Note that region above(below) black curve correspond to ΩDM h2 < (>)0.1. The filled
color regions are excluded by the invisible decay search of the dark photon by NA64 (red) [579]
and BaBar (green) [580], which we rescaled according to our sample spectra, and dashed light blue
and green curves are the limit from the E137 [564] and LSND [581] for reference11 . Yellow dashed
11

We rescale this curves from Fig. 6 of Ref. [568]. The spectrum is different from but similar to our spectrum.
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Figure 4.46: The same figure for the scalar DM. The gray regions are taken from [582].
line is the projection of the sensitivity at Belle-II [249]. Orange band is the favored region of muon
anomalous magnetic moment within 2σ. In both panels, one can see that the small kinetic mixing
below the BaBar exclusion region can be explored by the FASER2 experiment. The sensitivity
regions at 95% C.L. (red curve) reach to  ∼ O(10−4 ) in case 1 and  ∼ O(10−5 ) in case 2. The
sensitivity region at 95% C.L. (red curve) covers the smaller kinetic mixing below the projection
of Belle-II sensitivity. For case 2, the parameter region where χ1 satisfies the relic dark matter
abundance can be examined. Larger kinetic mixing is required to satisfy the observed value of the
relic abundance in case 2 than in case 1. This is simply because the number of χ2 at the freeze-out
time of χ1 is much smaller in case 2 and hence the coannihilation mechanism does not work.
Fig. 4.46 shows the same plots for the scalar dark matter case. The gray region is exclusion
region taken from [582]. One can see that most of the parameter region satisfying Ωa h2 < 0.1
is already excluded or results in a few signal events. In the scalar inelastic dark matter case,
s can annihilate only through the coannihilation mechanism. With the spectrum 1 and 2, the
coannihilation mechanism is less efficient, and requires to large kinetic mixing. The curve for
Ωh2 = 0.1 can be shifted to lower  region if we chose mass parameters that is close to resonance
mA0 = ma + ms and/or smaller ma − ms . Note that the contours for number of events will shift in
larger  region when we make ma − ms smaller since the lifetime of χ2 becomes longer.
Conclusion Employing the sample spectra in which the excited dark particles are mainly produced from the decay of the scalar boson, we have analyzed the sensitivity of the signal events
at the FASER experiment for the fermion and scalar inelastic dark matter. We found that the
scalar boson decays provide a sizable number of the dark particles. We showed that the FASER2
experiment is able to explore unconstrained parameter space in the fermion inelastic dark matter
scenario. On the other hand, in the scalar inelastic dark matter scenario, we found that most of
the parameter space consistent with the dark matter relic abundance is excluded by existing experiments for our choice of the mass spectra, while FASER2 can still probe unconstrained regions
of the parameter space in this scenario.

4.6.3

Dynamical Dark Matter

The recently constructed FASER [9] experiment and its proposed successor FASER2 [37] at the
FPF are well-suited to study LLPs. While many classes of theories can give rise to LLPs, some of
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the most intriguing are those in which the LLPs exist within a dark sector. Here we discuss how
FASER2 can be useful for probing Dynamical Dark Matter (DDM), a framework for non-minimal
dark sectors that naturally includes LLPs and which has already been shown to give rise to a
plethora of new signals at colliders. We first discuss the DDM framework, and then present results
from a preliminary study of a simplified case to understand the potential of the FPF to probe
DDM.
Dynamical Dark Matter: Definition and General Features Many models of decaying DM
transcend the canonical WIMP or axion frameworks and populate new regions of the DM parameter space. However, perhaps none do so as dramatically as those that arise within the DDM
framework [583], which posits that the dark matter in the Universe comprises a vast ensemble of interacting fields with a variety of different masses, lifetimes, and cosmological abundances. Moreover,
rather than imposing the stability for each field individually, the DDM framework recognizes that
the decay of a DM component in the early Universe is not excluded if the cosmological abundance of
that component is sufficiently small at the time of its decay. The DDM framework therefore posits
that those ensemble states with larger masses and SM decay widths have correspondingly smaller
relic abundances, and vice versa. In other words, DM stability is not an absolute requirement in the
DDM framework, but is replaced by a balancing of lifetimes against cosmological abundances across
the entire ensemble. For this reason, individual constituents of the DDM ensemble are decaying
throughout the evolution of the Universe, from early times until late times and even today. In
general, these decay products can involve SM states as well as other, lighter ensemble components.
DDM is thus a highly dynamical scenario in which cosmological quantities, such as the total DM
abundance ΩDM , experience a non-trivial time dependence beyond those normally associated with
cosmological expansion. Moreover, because the DDM ensemble cannot be characterized in terms
of a single well-defined mass, decay width, or interaction cross section, the DDM framework gives
rise to many striking experimental and observational signatures which transcend those usually associated with dark matter and which ultimately reflect the collective behavior of the entire DDM
ensemble.
The DDM framework was originally introduced in Ref. [583], while in Refs. [584, 585] explicit
models within this framework were constructed which satisfy all known collider, astrophysical, and
cosmological constraints. Since then, there has been considerable work in fleshing out this framework and exploring its consequences. One major direction of research consists of analyzing the
various signatures by which the DDM framework might be experimentally tested and constrained.
These include unique DDM signatures at direct-detection experiments [586], at indirect-detection
experiments [587–589], and at colliders [590–594]. DDM scenarios can also leave observable imprints across the cosmological timeline, stretching from structure formation [595, 596] all the way
to late-time supernova recession data [597] and unexpected implications for evaluating Ly-α constraints [598]. Such dark sectors also give rise to new theoretical possibilities for stable mixedcomponent cosmological eras [599]. DDM scenarios also give rise to enhanced complementarity
relations [600, 601] between different types of experimental probes.
DDM at Colliders Models within the DDM framework can give rise to a variety of distinctive
signatures at colliders. Intra-ensemble decays—decays in which one DDM ensemble constituent
decays into a final state involving one or more lighter ensemble constituents—can play an important role in the collider phenomenology of DDM. Since there may be a large number of transitions
between the ensemble of DDM states, there may be a variety of lifetimes. For those with proper
decay lengths between 100 m and 107 m, which would typically appear only as E
/ T within the

Chapter 4. Long-Lived Particles

169

Figure 4.47: A mono-photon signal inspired by the DDM framework. A neutral pion is produced
and promptly decays through π 0 → γχ0 χ1 . The heavier state DDM χ1 may then free stream a
distance Lmin , and decay inside the decay volume of FASER2 (with length ∆L), producing a photon
which can be detected.
main collider detector wherein they were initially produced, potentially spectacular signals at dedicated LLP detectors such as MATHUSLA [26, 268], FASER [6], and Codex-b [24, 25] are possible.
MATHUSLA, for example, is capable of probing regions of DDM parameter space inaccessible to
the ATLAS and CMS detectors themselves [268, 592]. Moreover, correlating information obtained
from LLP searches at MATHUSLA with information obtained from a variety of searches at the
main CMS detector has been shown to yield further insight into the structure of a DDM ensemble
and the properties of its constituents.
Case Study: Inelastic Dipole Interactions To estimate how well DDM could be probed at
experiments at the FPF like FASER2, we start with the simplified benchmark of two dark states
χ0 and χ1 , with a mass splitting ∆ ≡ m1 − m0 . Although there are many inelastic DM interactions
one can explore, one interesting possibility is the dimension-5 magnetic dipole operator:
L ⊃ µi,j χi σ µν χj Fµν + h.c .

(4.119)

where i, j = 0, 1. One interesting feature of such a minimal model is that diagonal interactions
with i = j vanish for Majorana fermions. These models are therefore very hard to probe in direct
detection experiments for sufficient ∆, while for i 6= j, the interaction type implies the interesting
signature of a single photon. At the LHC, this minimal model gives rise to production and decay
processes shown in Fig. 4.47. Large numbers of χ1 χ0 pairs can be produced in the forward direction
from π 0 and η decays [6]. Decays χ1 → χ0 γ then lead to mono-photon signals. Inelastic scattering
of χ0,1 off the detector material is also potentially observable [565,568]. We will focus on the monophoton signal, and since we focus on production from light meson decays, we study cases where
m0,1 < 100 MeV. A further contribution to the mono-photon signal is the up-scattering of a χ0 near
the detector with subsequent χ1 decay inside the decay volume [582]. Although we don’t report
the rates from this secondary production here, it is expected that it will probe shorter lifetimes,
and hence larger µ0,1 , than that of prompt χ1 production.
The decay length of the heavier χ1 state is
d=

|p~2 | 1
|p~2 |
1
∼
,
m1 Γχ1
m1 µ20,1 ∆3

(4.120)
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Figure 4.48: Projections at FASER (left, L = 150 fb−1 ) and FASER2 (right, L = 3 ab−1 ) for fixed
m0 = 10 MeV in coupling µ0,1 and mass splitting ∆ parameter space. Here, Ndecays is the number
of predicted χ1 decays inside each experiment. Also shown are bounds for E137 (scattering and
decay) and BaBar (decay).
where p~1 and m1 are the 3-momenta and mass of χ1 . For m1 ≈ 10 MeV, and ∆ ≈ 10 MeV, a decay
inside FASER’s decay volume implies µ0,1 ≈ 10−4 GeV−1 .
To determine the reach of FASER and FASER2 for this DDM-inspired model, we use the forward
0
π spectra, which can be found in Ref. [73] (we use the EPOS-LHC configuration), decay the π 0 ’s
isotropically to produce a spectra of χ1 and make a cut for χ1 to intercept FASER2’s decay volume.
The probability for the heavier χ1 to decay in the detector is then
¯

¯

Pdecay = e−Lmin /d − e−(Lmin +∆L)/d ,

(4.121)

where Lmin = 620 m (480 m), and ∆L = 5 m (1.5 m) for FASER2 (FASER). We convolute
this probability with the χ1 momentum distribution to determine the number of decays, Ndecays ,
inside FASER2 (FASER) during the HL-LHC era with L = 3 ab−1 integrated luminosity (Run
3, L = 150 fb−1 ). In Fig. 4.48, we show our projections at FASER and FASER2 for a fixed
m0 = 10 MeV. The results show that FASER can probe values of the magnetic dipole operator
mass scale as large as 10 TeV, and FASER2 can probe even larger regions of parameter space, given
its larger decay volume and the greater luminosity at the HL-LHC.
Of course, the reach of FASER and FASER2 in parameter space must be compared to existing
bounds. Beam dump experiments, lepton colliders, indirect detection, and direct detection all
impose constraints on the parameter space. The leading current constraints are also shown in
Fig. 4.48. Here we briefly discuss a few of them.
Proton beam dump facilities such as LSND [581] and MiniBooNE [602] produce large pion
fluxes, and thus can produce χ pairs in large numbers [603]. LSND and MiniBooNE produced a
total of 1022 and 1020 π 0 ’s. Using this π 0 flux, we can determine the χ flux by calculating the
branching ratio. For m0 , ∆ ∼ O(10 MeV), we find that the branching ratio for π 0 decay is given
by
µ20,1 (m21 − m20 )3 1
µ20,1
0
BR(π → γχ0 χ1 ) =
∼
× 10−4 ,
(4.122)
2π
Γπ0
m31
GeV−2
where Γπ0 ≈ 7.8 eV is the total decay with of the pion. For decay signals, both LSND and
MiniBooNE probe µ0,1 values that are an order of magnitude below FASER2’s region of interest.
This can be seen by looking at the decay length at each facility. The couplings probed scale as
3
2
µ20,1 ∝ E
L , but the χ states produced at the LHC have energies ∼ 10 (∼ 10 ) times larger than
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those at LSND (MiniBooNE), while the decay lengths probed by FASER2 are only ∼ 10 (∼ 1)
times longer. Scattering signals on the other hand constrain µ0,1 ≈ 10−3 . The resulting bonds are
not shown in Fig. 4.48, as they are sub-leading compared to other current bounds that we now
discuss.
Electron beam dump experiments can probe these models through e− N → e− N γ ∗ → e− N χ0 χ1 ,
where N is the nuclear target [564, 568]. One of the leading electron beam dump experiments
constraining sub-GeV DM is E137 [121], where the possible signals include DM scattering off the
detector or the decay χ1 → χ0 γ producing a photon that can be seen in the detector. Following
Ref. [564] and implementing this model in Madgraph 5 [604] using FeynRules [605], one can obtain
the χ production rate for scattering off an aluminum target and use the null results of E137 to
place a bound on µ0,1 . While the decay length at E137 is of the same order as at FASER2, the
typical χ energies are a factor of 100 lower, and so E137 constrains smaller µ0,1 .
Lepton colliders provide a low-background environment to constrain DM. In our model, χ pairs
can be produced via s- or t-channel e+ e− annihilation and can be probed at high-luminosity B
factories. In Ref. [565], the authors use the BaBar experiment [606] to constrain inelastic GeV-scale
DM with magnetic dipole interactions. Here the authors perform a missing energy search using the
monophoton trigger which was implemented at BaBar for a subset of the dataset (≈ 60 fb−1 ) [607].
We follow their analysis and obtain the χ1 momentum distribution, and select events that would
pass the monophoton trigger (Eγ > 2 GeV). We find that BaBar constrains larger µ0,1 than those
probed by FASER2. While BaBar does not cover our region of interest, there may be other lepton
colliders such as Belle II which will be relevant for our parameter space [608].
This model is also constrained by astroparticle searches. In particular, χ0 pair annihilations
into monochromatic photons can be observed. The most stringent are line searches at gamma-ray
telescopes such as Fermi-LAT [609]. To determine the bounds from indirect detection, we estimate
the thermally-averaged cross section as
σv ≈ µ40,1 m2χ v .

(4.123)

For DM velocities today, and FASER2’s region of interest (µ0,1 = 10−4 GeV−1 ), Eq. (4.123) implies
cross sections of 10−41 cm3 s−1 , approximately 7 orders of magnitude below the existing bounds
found in Ref. [610]. Bounds on higher-dimensional operators from indirect searches have also been
analyzed in Ref. [611] and their results lead to similar conclusions.
Since we are focusing on the sub-GeV regime, direct detection experiments via nuclear recoils
are also not effective due to small recoil energies. Instead, electron recoils are often exploited in
direct-detection experiments (for a review, see, for example, Ref. [612] and references therein) as
the energy threshold is much lower. For the magnetic dipole interaction in Eq. (4.119), relevant
current bounds in the limit ∆ → 0 can be found in Refs. [611, 613, 614]. However, in the case
where χi are Majorana fermions, the interaction in Eq. (4.119) is strictly off-diagonal, which means
∆ 6= 0, and electron recoils can only occur if the incoming ground-state particle χ0 is energetic
enough to upscatter and create a χ1 .
Since the kinetic energy of χ0 has to be at least larger than ∆ for an electron recoil to occur, a
quick estimate yields
 m
  v 2
1
0
Ek,1 ≈ m0 v 2 = 5 ×
eV.
2
10 MeV
10−3

(4.124)

Thus, for typical dark-matter velocities in our galaxy, v ∼ 10−3 , or even the maximum possible
velocity in the lab frame where the escape velocity combined with the motion of the Earth and the
Sun gives vmax ∼ 10−2 , the kinetic energy of χ0 is only O(5 − 50) eV. Therefore, as long as ∆ is a
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few or a few tens of eV, constraints from current direct-detection experiments can be significantly
weakened.
Given all of these considerations, the leading competitive bounds are those shown in Fig. 4.48,
with decay (scattering) signals at E137 constraining smaller (larger) couplings and BaBar constraining larger couplings. Bounds from decays at LSND and MiniBooNE were found to be subleading
to the E137 decay bounds and are not shown, while the scattering bounds from the proton beam
dumps were found to be comparable to E137.
In summary, although there is still work to do, FASER and FASER2 appear to probe new
parameter space in this model, and the promising reach of FASER and FASER2 in this simplified
2-state inelastic DM model demonstrates that a full DDM framework with a tower of states may
be probed at the FPF. While we do not consider other experiments proposed at the FPF in this
section, it is expected that FLArE will be competitive with FASER2 for our model. Furthermore,
there are other proposed and upcoming experiments (LDMX, Belle II, FORMOSA, etc.) that merit
further investigation.

4.6.4

Light Dark Scalars through Z 0 and EFTs

Introduction Dark sectors, consisting of new light particles at the GeV scale or lower and interacting feebly with the Standard Model (SM), have gained considerable attention in the recent years.
They could contain dark matter candidates, and they might be connected to the solutions of some
open questions of particle physics. An intense and diverse experimental programme is underway to
target these scenarios. In this section, based on Ref. [615], we will consider the phenomenology of
a dark sector containing two non-degenerate light real scalar particles denoted by φ1 and φ2 . The
mass splitting will be quantified by the relative difference
δ=

m2 − m1
,
m1

(4.125)

where m2 and m1 are, respectively, the masses of the heaviest and lightest state. We can
√ always
imagine such non-degenerate states to emerge from a complex scalar φ = (φ1 + iφ2 )/ 2 once a
Bφ2 + h.c term is added to the Lagrangian. Since this term breaks the U (1) symmetry associated
with φ phase rotations, it is technically natural to have small values for δ. The heaviest scalar φ2
can thus be long-lived, and can be searched for at beam dump or LHC experiments far away from
the interaction point.
The light scalars under consideration will in general have Higgs-portal interactions. Since such
interactions have been thoroughly studied in the literature (see e.g. [616]), we will assume that they
are negligible, and we focus instead on a situation in which the portal between the dark and visible
sectors is given by some heavy particle12 . More precisely, we will focus on two cases:
• The dimension-6 Effective Field Theory (EFT) Lagrangian



 X
X
1
LEF T = 2 (∂ µ φ2 )φ1 − φ2 (∂ µ φ1 ) 
cfR f¯R γµ fR  + . . .
cfL f¯L γµ fL +
Λ
fL

(4.126)

fR

where fL and fR are the left handed and right handed SM fermions and the dots represent higher
order operators. These effective operators can be generated integrating out a heavy vector boson,
or heavy vector-like fermions [615]. In our analysis we will consider, for definiteness, the case in

12
The phenomenology of light mediators has also been extensively studied in the literature, see for instance [6, 118,
133, 268, 570, 617, 618].
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which cfL = cfR in Eq. (4.126), i.e. the case of a purely vector current without axial component.
The only exception will be given by neutrinos, that will interact via the usual V-A current;
• A simple UV completion for the EFT defined in Eq. (4.126) in terms of a Z 0 mediator. More
concretely we will focus on the case of a dark photon, interacting with the SM via the kinetic
mixing [141, 619, 620]:

F 0 Bµν
L⊃
(4.127)
2 cw µν
0 are the field strengths of the hypercharge boson and dark
In the previous formula, Bµν and Fµν
photon, respectively, while cw is the cosine of the weak angle. The dimensionless parameter  is
the kinetic mixing parameter. After transforming into the physical basis,  controls the interactions between the dark photon and the SM states. Keeping only the leading contributions in
  1 and MZ 0 /MZ (where MZ 0 and MZ are the dark photon and Z boson masses, respectively),
and integrating out the Z 0 , the model matches the EFT in Eq. (4.126) with Λ = MZ 0 and

cfL = cfR = gφ  e Qf ,

(4.128)

with eQf the electric charge of the fermion, and gφ the coupling of the Z 0 to the dark current
(∂ µ φ2 )φ1 − φ2 (∂ µ φ1 ).
Our focus are past experiments and future proposals which can look for the decays of the
long-lived particle φ2 . More specifically, we consider the past beam-dump experiment CHARM and
√
the future facility SHiP, both characterized by a center-of-mass energy of s ' 28 GeV, and the
√
future FASER and MATHUSLA detectors, to be placed near the LHC interactions points ( s = 14
TeV).In all cases, the processes of interests are
p + target → φ1 + φ2

followed by

φ2 → φ1 + SM,

(4.129)

with the decay happening inside the detector. For all experiments, the number of signal events can
schematically be determined as the product between the total number of φ2 particles produced in
a given experiment, Nφ2 , and the fraction of those events which decay inside the detector (taking
also into account the experimental efficiency for the reconstruction of the signal), fdec . For Nφ2 we
consider two main contributions: the production of φ1 φ2 pairs from meson decays and from parton
level processes. The first is obtained simulating pp collisions using EPOS-LHC [64] and Pythia [416]
to produce a sample π0 , η, η 0 , ρ, ω, J/ψ and Υ mesons, which are then decayed into channels
containing φ1 φ2 pairs. For the second production mechanism, we employ MadGraph5 aMC@NLO [415].
The fraction of φ2 states which decay inside the detector, fdec , can be computed from the sample
of φ2 events produced in the simulations mentioned above. For this purpose, we compute the
φ2 lifetime and we model the geometry of the different detectors considered in the analysis to
estimate the probability that φ2 states decay in the detector volume. Finally, the sensitivity reach
of the different experiments is computed under the assumption, justified by present studies, that
backgrounds can be reduced to a negligible level. More details can be found in Ref. [615].
Before discussing the main results of our analysis, we shall mention an important aspect related
to validity of the EFT. An EFT properly describes only those physical processes occurring at energy
scales smaller than its cut-off Mcut . Therefore, to ensure
that the EFT in Eq. (4.126) is used inside
√
its domain of validity, in our analysis we require ŝ ≤ Mcut , with ŝ the center of mass energy of
the partonic event. In practice, from the sample of events simulated with MadGraph5 aMC@NLO, we
select only those satisfying this condition. The cut-off can be written as Mcut = g∗ Λ, where g∗ is a
combination of couplings of the UV theory, that we take to be g∗ = 1. Of course, this procedure
is not needed when we consider the dark photon model. Finally, we do not consider direct parton
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Figure 4.49: Exclusion limit (CHARM) and projected sensitivities (SHiP, MATHUSLA and
FASER) on the scalar dark sector under consideration. Left: We focus on the EFT operators
in Eq. (4.126). Gray regions are excluded by the constraints derived from LEP and BaBar data.
Right: We consider the scenario with a dark photon mediator, Eq. (4.127). Cyan and gray regions
are excluded by EWPM and LHC searches. A mass splitting δ = 10 is adopted for both panels.
Taken from Ref. [615].
production in the context of the EFT in Eq. (4.126) for experiments with small angular acceptance,
i.e. CHARM, SHiP and FASER. This is because, in this context, the production of φ1 φ2 corresponds
to events with small momentum transfer, for which the description in perturbative QCD is affected
by considerable uncertainties. Instead, the situation is different when the mediator of the interaction
can be produced resonantly, as for the case of the Z 0 model. Therefore, in the case of FASER and
for the dark photon model, we include the φ1 φ2 production from parton level processes, extending
the results of [615].
Results In Fig. 4.49 (left panel) we present an analysis of the effective operators in Eq. (4.126).
We show our results in the (m1 , Λ) plane for a representative value of the mass splitting δ = 10, and
for a democratic coupling to all the SM fermions, i.e. cfL = cfR = 1. The gray regions are excluded
by searches of mono-photon events at LEP, and searches of invisible decays of heavy quarkonium
states performed by BaBar. For the former constraints, we recast the results of [482], where LEP
results have been interpreted in terms of an EFT describing the interactions of a fermionic DM
candidate with the SM fermions. In addition, following the previous discussion, to ensure the
validity of the EFT we impose that its cut-off, which we identify with Λ, is larger than the center
of mass energy at LEP, i.e. Ecm ' 200 GeV. This leads to the lower limit shown with a dashed
gray line in Fig. 4.49. Concerning Babar, we exploit the upper limits of the invisible decay of the
Υ(1s) resonance reported in [621]. We found that less-stringent constraints are obtained from the
the invisible decay of the J/ψ, and mono-photon searches at Babar. The bounds from searches of
missing energy at BaBar and LEP apply only when the φ2 particles decay outside the detectors.
Imposing this requirement leads to a cut of the constraints in Fig. 4.49 : this is because for large

Chapter 4. Long-Lived Particles

175

enough masses the proper decay length of φ2 significantly reduces.
We shall now discuss the sensitivities of the experiments discussed in the previous paragraph
to the long-lived particle present in our scenario. As shown in Fig. 4.49, the results of the CHARM
experiment extend the bounds from LEP at larger values of Λ. The future facilities FASER (2),
SHiP and MATHUSLA will significantly improve current constraints, probing Λ up to the TeV and
multi-TeV domain. Let us comment that the feature visible in Fig. 4.49 in the sensitivity curve of
SHiP (and less visible for the other experiments) corresponds to a kinematical threshold where the
dominant production of φ1 φ2 pairs transits from decays of ω to J/ψ mesons. Predictions for values
of δ different than the one considered in Fig. 4.49 can be found in [615]. For instance, for δ = 0.1,
similar results are obtained at qualitative level, but the range of φ1 masses which can be probed
shifts to larger values, due to the compressed mass spectrum under consideration.
Finally, additional relevant constraints could be inferred from LHC searches. However, the issue
of a proper interpretation in terms of an EFT framework becomes particularly important, due to
the high-energy scales probed by the LHC. Conservative but consistent bounds can be obtained
following the strategy discussed before, i.e. restricting to signal events with a center of mass energy
below the cut-off of the EFT. Following this strategy, [622] found that mono-jet searches at LHC
can probe the parameter space of the EFT of a fermionic dark matter singlet for g∗ = 4π, while
no bounds can be obtained for g∗ = 1. Instead of repeating a similar analysis for our scenario
and using current LHC data, we prefer to resort to a UV completion of the EFT in Eq. (4.126).
This allows a thorough comparison with LHC constraints, including the possibility to produce
on-shell the mediator of the interaction among the dark states and the SM. For this purpose, we
consider the dark photon model in Eq. (4.127). Results are reported in Fig. 4.49 (right panel),
for a relatively light vector boson, with a mass of 40 GeV, and adopting a mass splitting δ = 10.
Relevant constraints on this scenario are from electroweak precision measurements (EWPM) [166],
and searches of a light Z 0 resonance at LHCb [168] and CMS [623]. These limits are shown in
Eq. (4.127), as well as future prospects. In the same plot we present the sensitivities for CHARM,
SHiP, FASER and MATHUSLA. As evident, future experiments are able to improve current LHC
limits, even probing regions of the parameter space beyond the reach of the High-Luminosity LHC.
Finally, let us mention that the case of a TeV scale Z 0 is discussed in [615].
Conclusions We have analyzed the prospects for detection of long-lived particles with the future
experiments SHiP, FASER and MATHUSLA, in the context of a dark sector containing a pair of
non-degenerate scalars. We have shown that these experiments are complementary to searches at
large-scale detectors at the LHC and they are important in testing the dark sector under consideration. Finally, we shall mention that the lightest scalar of the model, φ1 , could potentially play
the role of a dark matter candidate. Some considerations along these lines can be found in [615].

4.6.5

Beyond the Minimal Dark Photon Model: Lepton Flavor Violation

Introduction Charge lepton flavor violation (CLFV) interactions are generally predicted in the
generation of neutrino masses and mixing. The most well-studied interaction in this regard is
the one with a new scalar boson responsible for the neutrino masses. The scalar-type CLFV
interactions originate from Yukawa interactions with the new scalar bosons in extensions of the
Standard Model (SM), such as two Higgs doublet models [624] and type-II seesaw models [625–632].
After diagonalizing mass matrix of charged lepton, the misalignment of Yukawa couplings between
the SM Higgs boson and the new scalar boson results in the CLFV interactions.
Another type of CLFV interaction is the one with a new gauge boson. The vector-type CLFV
interactions can appear in flavor or family gauge symmetric models, such as gauged Lα − Lβ
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models whereα, β = e, µ, τ . When charged leptons are non-universally charged under the new
gauge symmetry, and have non-diagonal Yukawa couplings, the CLFV interactions emerge in the
gauge sector after the symmetry breaking [633–637]. Furthermore, when we consider dimension 5
operators, the dipole-type CLFV interactions are possible even in flavor universal gauge symmetric
models, such as B −L models and dark photon models. Such dipole-type interactions are generated
by integrating out heavy scalars and/or fermions propagating in loop diagrams [638]. On the other
hand, the new gauge boson has a mass. One of the possible origins of the mass is spontaneously
symmetry breaking. In [639], it was shown that a new Higgs boson, which breaks the extra gauge
symmetry, can be a new source of the dark photon and the sensitivity of the dark photon search at
FASER can be improved. In this section, we consider the CLFV decays of the light and long-lived
new bosons with scalar-, vector- and dipole-type interactions, and discuss the sensitivity to CLFV
couplings at the FASER2 experiment. For analysis of the new gauge boson, we take into account
new production process from the new Higgs boson which gives the origin of the gauge boson mass.
Interaction Lagrangian We study the CLFV decays of light bosons for three types of interactions and refer to them as the scalar-, the vector-, and the dipole-type interaction. The FASER2
detector will be able to identify an electron and a muon, whereas the identification of a tau is
difficult. Therefore, we restrict our analyses to the CLFV interactions only in the electron-muon
sector. Some of the interaction Lagrangians shown below were recently studied in the context of
constraints from the E137 electron beam dump experiment in Ref. [640], in which their possible
origins were also discussed based on a multi Higgs doublet model, an ALP model, a gauged Lµ − Lτ
model, and a loop-induced dark photon model.
The scalar-type CLFV interaction is given by
Lscalar =

θhφ X
mf f φl f + (yeµ eL φl µR + yµe µL φl eR + h.c.) ,
v

(4.130)

f

where φl stands for the CLFV dark-higgs boson, the angle θhφ represents the mixing between the
SM Higgs boson h and φl , the subscript f runs over all the SM fermions with mf being its mass,
the VEV of the SM Higgs boson is denoted as v = 176 GeV, and yeµ and yµe are CLFV coupling
constants. Left-handed and right-handed fermions are denoted as fL and fR , respectively.
With Eq. (4.130), the total decay width of φl is given by
X
¯ + Γ(φl → eµ̄) + Γ(φl → µē) .
Γtotal = Γ(φl → hadrons) +
Γ(φl → ``)
(4.131)
`=e,µ,τ

The partial decay width into the charged leptons is written as
!"
!
#
2 + m2
2 m2
0
m
m
m
m
1
0
0
`
`
`
`
`
`
mφ λ
,
S1 1 −
− 4S2
,
Γ(φl → ``¯0 ) =
16π
m2φ m2φ
m2φ
m2φ

(4.132)

where mφ and m`(`0 ) stand for a mass of φl and that of `(`0 ) charged lepton, respectively, and the
function λ is the Kallen function defined as follows:
p
λ(a, b) = 1 + a2 + b2 − 2a − 2b − 2ab .
(4.133)

The constants S1 and S2 are defined as S1 = 2S2 = 2(θhφ m` )2 /v 2 for the charged lepton flavor
conserving (CLFC) decays, while S1 = |yeµ |2 + |yµe |2 and S2 = Re(yeµ yµe ) for the CLFV decays.
As for the hadronic decays, we use the decay widths given in Refs. [277, 641]
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For the vector-type CLFV interaction, we consider the following Lagrangian,
Lvector = g 0 Zρ0 (s2 eγ ρ e + c2 µγ ρ µ + sc µγ ρ e + sc eγ ρ µ)
+ g 0 Zρ0 (−τ γ ρ τ + νµ γ ρ νµ − ντ γ ρ ντ ) ,

(4.134)

where Z 0 and g 0 are the new gauge boson and the gauge coupling constant, respectively, while
s = sin θeµ and c = cos θeµ . Here, νµ and ντ are left-handed muon and tau neutrinos. For
simplicity, we omit the kinetic mixing throughout this paper by assuming it is negligibly small. In
Eq. (4.134), the U(1)Lµ −Lτ symmetry is restored in the limit of θeµ → 0.
From the Lagrangian in Eq. (4.134), the total decay width of Z 0 is obtained as
X
¯ + Γ(Z 0 → eµ̄) + Γ(Z 0 → µē) ,
Γtotal = Γ(Z 0 → ν ν̄) +
Γ(Z 0 → ``)
(4.135)
`=e,µ,τ

where neutrinos are assumed to be massless Dirac particle. The partial decay width into the charged
leptons is given by



m2 − 6m` m`0 + m2`0
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−
, (4.136)
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mZ 0 mZ 0
m2Z 0
m4Z 0
where V = g 0 s2 or g 0 c2 for the CLFC decay into ee or µµ, while V = g 0 sc for the CLFV decays into
eµ̄ and ēµ. The function λ is defined in Eq. (4.133).
The dipole-type interaction is given by
Ldipole =

1 X
µ0
µ` `σ ρσ `A0ρσ + (µσ ρσ e + eσ ρσ µ) A0ρσ ,
2
2

(4.137)

`=e,µ,τ

where µ` and µ0 are CLFC and CLFV dipole couplings, respectively, and A0ρσ stands for the
field strength of A0 . Here the dipole couplings are assumed to be real. Electromagnetic CLFV
interactions similar to Eq. (4.137) can be obtained by replacing A0 with a photon. However, such
dangerous CLFV interactions could be suppressed when electrically neutral CP-even and odd scalar
propagate in loop as discussed in Ref. [640].
Given the Lagrangian in Eq. (4.137), the total decay width of A0 is given by
X
¯ + Γ(A0 → eµ̄) + Γ(A0 → µē) .
Γtotal =
Γ(A0 → ``)
(4.138)
`=e,µ,τ

The partial decay width into the charged leptons is written as
 2
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(4.139)

where D = µ` or µ0 for CLFC or CLFV decays, respectively, and the function λ is given in
Eq. (4.133).
Production and Signal of Light Bosons Here, we discuss the production of the light bosons
and the number of CLFV events at the FASER2 detector. The production mechanisms considered
in this paper are different for each type of the light boson.
In the case of the scalar-type interaction, the CLFV dark-higgs boson, φl , is produced by meson
decays through the SM Higgs-φl mixing, and dominant production processes are B and K meson
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decays [277]. On one hand, B mesons are short lived and can be assumed to decay into φl at
the IP. On the other hand, K mesons travel macroscopic distances, and quite a few K mesons
are absorbed by the TAN neutral particle absorber for KL,S , or deflected by the superconducting
quadrupole magnets for K ± , before decaying into φl . Because of this reduction, the production
from K mesons is subdominant in comparison with that from B mesons.Given this fact, in this
work, we only consider the production from B mesons and use the branching ration of
!2
m2φ
2
Br(B → Xs φ) ' 5.7 1 − 2
θhφ
,
(4.140)
mb
which is obtained in Ref. [277] in the limit of θhφ  1, where mb is the b-quark mass and θhφ
denotes the SM Higgs-φl mixing angle defined in Eq. (4.130). It should be noted that we have
checked that the sensitivity region remains almost the same even if the production from K mesons
are included.
For the cases of the vector- and the dipole-type interaction, the gauge bosons, Z 0 and A0 , cannot
directly be produced from meson decays since they do not interact with quarks. However, given the
fact that the gauge bosons are massive, it is natural to expect the existence of a new scalar boson
which spontaneously breaks the gauge symmetry and gives non-zero mass to the gauge bosons.
Moreover, the new scalar boson is presumed to mix with the SM Higgs boson and have interactions
with the SM fermions, like the dark-Higgs boson. Based on these considerations, for the vectorand the dipole-type interaction, we further introduce the following interaction Lagrangian
L φg = g 0 m G φ g G µ G µ +

θhφ X
mf f¯φg f ,
v

(4.141)

f

where G = Z 0 or A0 , φg stands for the symmetry breaking scalar boson, and we refer to φg as
the gauged dark-higgs boson in what follows. In the second term, θhφ denotes the mixing angle
between the SM Higgs boson and φg , similarly to the CLFV dark-higgs boson. With Eq. (4.141),
the gauge bosons can be produced from meson decays followed by φg → GG, as shown in Ref. [639].
The decay width of φg into a pair of the extra gauge boson is enhanced by the factor of m2φ /m2G
for mφ  mG . Note that we only consider the production from B meson decays in analogy with
the scalar-type interaction. Note also that we use the common symbols mφ and θhφ for both the
gauged and the CLFV dark-higgs boson throughout this paper.
To calculate the number of the signal events, we use the probability of the CLFV decays of the
light boson inside the FASER2 detector is given in [639]. With this probability, the total number
of events of the gauge boson decays inside the FASER2 detector is given by
Z
Z
X Z
dσpp→B
N =L
dpB dθB dpG dpφ
Br(B → Xs φ)Br(φg → G1 G2 )
dpB dθB
j=1,2

det
× Br(G → eµ)PG
(pG , pφ ) ,
j

(4.142)

where pB and θB denote the momentum and the angle of B mesons, and the expected integrated
luminosity is written as L .
Results We here show our results of numerical calculations for the scalar-type interaction for the
FASER2 setup following [9]. For simplicity, we assume yeµ = yµe and that all the coupling constants
are real. In Fig. 4.50, we present the 95% C.L. sensitivity regions for the scalar-type interaction
in the mφ − θhφ plane. The shaded regions display the current exclusion regions summarized in
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Figure 4.50: The contour plots of 95 % C.L. sensitivity regions for the scalar-type interaction. The
inside of black curves display the current exclusion regions obtained in Ref. [281].
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Figure 4.51: The contour plots of 95% C.L. sensitivity regions for the vector interaction. The black
curves represent the constraints from µ → eee and E137 for θ = π/4.
Ref. [281]. As yeµ increases, the sensitivity region becomes narrow toward a smaller mφ region,
since the decay length is too short for a larger mφ . Also, as yeµ decreases, the sensitivity region
gets small because the branching ration of the signal process, φl → eµ, becomes small.
In Fig. 4.51, we show the contour plots of 95% C.L. sensitivity regions for the vector-type
interaction in the mZ 0 − g 0 plane. In the left panel, we vary the mixing angle θeµ as 0.06 (blue
dotted), 0.1 (green dashed), 0.2 (orange dashed-dotted), and π/4 (black solid). As the mixing angle
decreases, the sensitivity region becomes narrow due to the decreasing of the branching ratio of
the signal process Z 0 → eµ. In the right panel, we vary mφ as 0.5 GeV (blue dotted), 2.0 GeV
(black solid), 3.0 GeV (green dashed), and 4.0 GeV (orange dashed-dotted). The sensitivity region
broadens as mφ increases, because the range of mZ 0 satisfying mZ 0 < 2mφ widens. For mφ > 3 GeV,
however, the sensitivity region turns to narrow since the decay length becomes too short to reach
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Figure 4.52: The contour plots of 95% C.L. sensitivity regions for the dipole interaction. The black
curves represent the constraints from µ → eee and E137.
the detector. In the figures, the small spikes, for instance around mZ 0 = 1 GeV and g 0 = 4 × 10−7
in the left panel, arise due to the rapid increase of the decay length of φg . We find that N > 3
events are expected for the range of 0.07 < θ < 1.5, and the contour for θ = π/4 + x is almost the
same as that for θ = π/4 − x.
In Fig. 4.52, we show the 95% C.L. sensitivity regions of the dipole-type interaction in the
mA0 − µ plane for g 0 = 10−4 -3 × 10−9 in the left panel, while for mφ = 0.5-4.0 GeV in the right
panel. In the left panel, the sensitivity region does not change much for g 0 = 10−6 − 10−4 with
which the decay length is dominated by that of A0 . For g 0 < 10−7 , φg can travel macroscopic
distances so that some of them can reach the detector. In this case, the decay length of A0 can
be extremely short, which means the dipole coupling µ can be large. This is the reason why the
sensitivity regions rise up toward a larger µ region for g 0 < 10−7 . On the other hand, as g 0 becomes
small, production of the gauge boson via φg → A0 A0 decreases; Especially, the decreasing is much
more significant for larger mA0 , because the enhancement from the longitudinal mode is weak. This
behavior can be seen by the case of g 0 = 10−8 (blue dotted curve): although the decay length is
long enough to reach the detector for a wide range of mA0 , the production of the gauge boson is
not enough to yield three events in the large mA0 region. Eventually, for g 0 < 10−9 , the sensitivity
region starts to shrink. In the right panel, the sensitivity region for mφ = 4.5 GeV is narrower in
comparison with the others, since it is close to the kinematical threshold of B → Xs φ.

Conclusion We have shown that the FASER2 experiment will be able to explore charged lepton
flavor violation in the decays of the scalar and vector bosons. We found that the flavor violating
couplings below the present bounds can be searched for the scalar-, vector- and dipole-interactions.
The results for another type of CLFV interactions, i.e., pseudo-scalar or ALP type, will be presented
in the future study.
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U (1)T 3R Gauge Boson

There are a variety of scenarios in which the existence of new gauge groups lead to interactions
between Standard Model particles and new sub-GeV particles. When new gauge interactions are
introduced, it is necessary for gauge and gravitational anmoalies to be cancelled. As outlined
above, there are several well-studied examples in which this occurs, including the U (1)B−L group,
the U (1)Li −Lj group, and a secluded U (1)X group (under which all Standard Model particles are
neutral) [642–646]. Another well-studied example is U (1)T 3R group [647–650], under which one or
more full generations of right-handed Standard Model fermions are charged (including right-handed
neutrinos), with up- and down-type fermions having opposite charge.
U (1)T 3R was originally introduced in the context of left-right models, see for example Refs. [405,
406, 651]. In that context, the Standard Model Higgs was also charged under U (1)T 3R , tying the
symmetry-breaking scale of U (1)T 3R to the TeV-scale. Recent interest has focused on scenarios in
which the U (1)T 3R is broken by the condensation of a dark Higgs, which provides a new independent
dimensionful scale which is decoupled from the TeV-scale. Since only right-handed fermions are
charged under U (1)T 3R , their masses are also protected by this symmetry, and are thus proportional
to this new symmetry-breaking scale. Recent interest has thus focused on the case in which the new
symmetry-breaking scale is V ∼ O(10)GeV, and in which only first- or second-generation fermions
are charged under U (1)T 3R [647]. In this scenario, the Yukawa couplings of the low energy effective
field theory (defined below the electroweak scale) need not be particularly small, thus providing an
explanation for the Standard Model flavor hierarchy. Moreover, this new symmetry-breaking scale
naturally sets the mass scale of dark sector particles which are only charged under U (1)T 3R , while
being singlets under Standard Model gauge groups. This scenario is particularly interesting, then,
because it theoretically motivates the appearance of new sub-GeV particles.
This scenario also presents an opportunity for instruments at the FPF to search unexplored
parameter space. There are a few key theoretical features which are worth noting:
• Because U (1)T 3R protects the masses of Standard Model fermions, the dark Higgs whose vev
breaks U (1)T 3R must couple to Standard Model fermions, in addition to the dark photon. This
scenario thus inherently contains two mediators which interact with SM fermions, unlike other
examples of new gauge groups.
• Because the dark photon has chiral couplings to Standard Model fermions, the longitudinal
polarization does not decouple. Because this mode has its origin as a Goldstone boson, the
couplings of the dark photon are thus related to those of dark Higgs.
• Because the SM fermions which couple to U (1)T 3R have masses which are not much smaller than
the symmetry-breaking scale, the Yukawa couplings of the low-energy effective field theory are
not very small. Thus, the dark Higgs (and, necessarily, the dark photon) must have relatively
large couplings to the Standard Model.
The fact that these couplings are actually reasonably large creates a window of opportunity
for experiments at the FPF. Many current and upcoming experiments are designed to search for
the visible decays of long-lived particles at displaced detectors, but are generally focused on the
scenario in which the couplings are very small, and particle decays occur very far from production.
Models in which couplings are relatively large have been subject to less focus, because they would
generally lead to large corrections to the magnetic moment of the muon. But because constraints
on g − 2 are indirect constraints which sum corrections from all mediators, this conclusion is only
generally applicable to models with a single mediator. The U (1)T 3R scenario necessarily contains
two mediators, a scalar and a vector, which yield opposite contributions to the muon magnetic
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moment, because the dark photon has an axial coupling. Moreover, because the coupling of the
dark photon is tied to that of the dark scalar, one cannot decouple their magnitudes – one generally
expects to find regions of parameter space in which the scalar and vector contributions cancel.
With no constraint from g − 2, the best opportunity for constraining these models is with displaced
detectors which are nevertheless close enough to interaction point that the dark mediators can
reach the detector before decaying. The FPF utilizes interactions at the LHC, which produce
among the mostly highly boosted particles of any facility searching for long-lived particles, thus
ensuring that even particles with a relatively short liftime may still have a reasonably long decay
length. Moreover, as the FPF is a new facility, some opportunity exists to locate a detector as close
to the interaction point as possible, thus potentially improving sensitivity.
The model The details of this scenario are explained in Refs. [647, 649], but we will briefly
review the salient points. To ensure that all gauge and gravitational anomalies are cancelled, we
will assume that one right-handed up-type quark, down-type quark, charged lepton and neutrino are
charged under U (1)T 3R with Q = ±2, and with up-type and down-type fermions having opposite
sign. Note that, although these Standard Model fermions constitute a full generation, they need
not all be in the same generation. It is technically natural for the charged lepton and either the
up-type or down-type quark charged under U (1)T 3R to be a mass eigenstate [332]. For simplicity,
we will assume that all fermions charged under U (1)T 3R are mass eigenstates, U (1)T 3R will be
broken to a parity by the condensation
of a complex scalar field φ with charge Qφ = 2. We may
√
then express φ as φ = V + (1/ 2)(φ0 + ıσ), where V is taken to be real. The real scalar fields φ0
and σ are the dark Higgs and the Goldstone boson, respectively.
We assume that U (1)T 3R is broken well below the electroweak symmetry-breaking scale. In
the low energy effective field theory defined below electroweak symmetry breaking, the mass and
Yukawa coupling of a fermion f charged under U (1)T 3R arise from a term
mf
mf
LY uk. = −λf φ(∗) f¯PR f + h.c., = −mf f¯f − √ φ0 f¯f − ı √ σ f¯γ 5 f,
2V
2V

(4.143)

where mf = λf V . We thus see that if V is only slightly above the mass scale of the fermions, the
Yukawa coupling λf need not be unnaturally small.
The dark photon, the gauge boson of U (1)T 3R , is denoted by A0 , and has a mass given by
m2A0 = 2gT2 3R Q2φ V 2 , where gT 3R is the gauge coupling of U (1)T 3R . We consider the case in which φ
has a quartic potential which can be written as
Vφ = µ2φ φφ∗ + λφ (φφ∗ )2 ,

(4.144)

in which case we find V = (−µφ /2λφ )1/2 , m2φ0 = −µ2φ = 2λφ V 2 . We thus see that for perturbative
couplings the masses of the dark photon and dark Higgs are below the symmetry-breaking scale V .
A dark matter candidate naturally arises in this scenario. If there is a Dirac fermion η which is
charged only under U (1)T 3R with charge Qη = 1, then its Lagrangian generally has non-derivative
quadratic terms of the form
1
1
c
Lη = ... − mD η̄R ηL − λL φη̄Lc ηL − λR φ∗ η̄R
ηR .
2
2

(4.145)

η now has a Dirac mass as well as Majorana mass terms which are proportional to V . If the Dirac
mass terms are small, we are left with two dark sector Majorana fermion mass eigenstates η1,2 ,
with mass ∝ V and with a small mass splitting. U (1)T 3R is broken to a parity under which all
Standard Model particles are even, but η1,2 are odd. The lightest is thus stable, and is a dark
matter candidate.
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We consider the case in which the Standard Model fermions which are charged under U (1)T 3R
are u, d and µ. This case is interesting because it avoids tight constraints which arise from atomic
parity violation experiments and cosmological observables (if the dark photon couples to electrons)
as well as constraints on the anomalous kaon decay (if the dark photon couples to second-generation
quarks).
As we have seen, we have a scenario in which we we have two new mediators (along with a dark
matter candidate) whose masses are all . V . As a benchmark, we will take the symmetry-breaking
scale V = 10 GeV. In this case, the dark Higgs coupling to muons is ∼ mµ /V ∼ 10−2 . We will
then find that the most interesting case is mA0 ,φ0 < 2mµ , as otherwise the mediators would decay
promptly to muons, a scenario which is already tightly constrained by data from B-factories.
A UV completion Although the fermions masses arise from a renormalizable operator in the
effective field theory defined below the EWSB scale, in the field theory defined above this scale this
same term must arise from the non-renormalizable operator
LY uk. = −

1
Hφf¯PR f,
Λf

(4.146)

where λf = hHi/Λf . This operator can be arise from renormalizable operators in a UV-completion
utilizing the universal seesaw mechanism [652–659] if we add a new set of vector-like heavy fermions
Qf , which are neutral under U (1)T 3R , and have the SM gauge charges of a right-handed fermion.
We may then write a mass term
L = −m̃χf χ̄f χf − λLf H (∗) χ̄f R fL − λRf φ(∗) χ̄f L fR + h. c.,

(4.147)

where fR is a right-handed fermion charged under U (1)T 3R , and fL is the corresponding SU (2)L
doublet containing the left-handed fermion. Integrating out the heavy fermion χf yields the effective
Lagrangian we have given, with 1/Λf ∼ λLf λRf /m̃χ , and mf ∼ λLf λRf hHihφi/m̃χ . For λLf,Rf ∼
O(1), we would need m̃χµ ∼ O(10TeV), which is beyond the range of the LHC, but potentially
within reach of the next generation of energy-frontier colliders.
Anomalous magnetic moment of muon The correction to aµ ≡ (gµ − 2)/2 in this model is
given by [650]
δaµ = 6.98 × 10−7 × (V /10GeV)−2 × (Cφ0 − CA0 ),

(4.148)

where
C φ0 =

Z

0

1

(1 − x)2 (1 + x)
dx
(1 − x)2 + xrφ2 0

and CA0 =

Z

0

1

dx

2 + x3
x(1 − x)(2 − x)rA
0
,
2
2
x + (1 − x)rA0

(4.149)

are the contributions from one-loop diagrams with the φ0 and A0 in the loop, respectively,and
rφ0 ≡ mφ0 /mµ , rA0 ≡ mA0 /mµ . Note that the contributions of φ0 and A0 are necessarily of opposite
sign, because the A0 has both vector and axial couplings to the muon.
Interestingly, the contribution of the A0 diagram to δaµ is nearly universal, with CA0 confined to
lie between 1/2 and 2/3. In particular, even at small coupling (mA0 /V  1), although the transverse
polarizations decouple, the contribution of the longitudinal mode remains unsuppressed; it becomes
essentially the Goldstone mode, as expected from the Goldstone Equivalence theorem. Moreover,
if mφ0 . mµ , then Cφ0 is also an O(1) number. This also is a result of the Goldstone Equivalence
theorem. CA0 varies only slightly, but for small mA0 , CA0 receives contributions only from the
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Goldstone mode σ. Since the σ and φ0 have the same coupling, CA0 and Cφ0 must be comparable in
magnitude and opposite in sign. If they cancel to within O(1%), then this model is consistent with
measurements of gµ − 2. Interestingly, this cancellation occurs in a region of parameter space which
is not excluded by current experiments, but which can be probed by experiments at the FPF.
Current Constraints and Future Opportunities from Visible Decays We discuss various
constraints that are applicable for the scenario. We will focus here on the case in which the
mediators A0 and φ0 decay dominantly through the visible channels A0 → e+ e− (the γγ channel is
forbidden by the Landau-Yang theorem) or φ0 → γγ. The decay widths for these processes are
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(4.150)
(4.151)

where  parameterizes the kinetic
p mixing between U (1)T 3R and U (1)em . In general,  is a free
parameter.We will take  = gT 3R αem /4π 3 , which is the magnitude of the contribution one would
get from a one-loop diagram involving a right-handed fermion.
Note that fixing mA0 , mφ0 and V is sufficient to specify the mediator couplings, production
cross sections, and decay rates. In Fig. 4.53, we plot bounds on this scenario in the (mA0 , mφ0 )plane, setting V = 10 GeV as a benchmark. We see that for mA0 ,φ0 > 2mµ , this scenario is tightly
constrained by searches at BaBar [119, 145, 159] for prompt decays of the mediators to muons.
But we see that for mA0 ,φ0 < 2mµ , there is open parameter space. 13 This region of parameter
space lies above the “ceiling” of current displaced detector searches. The reason, essentially, is
that the lifetime of the mediators decreases with increasing mediator mass. Below the threshold
for tree-level decay, the lifetime of the mediators is long enough for them to escape near detectors,
but still short enough that they decay before reaching displaced detectors. This window remains
open until the decay lengths become long enough for the particles to reach existing displaced
detectors, with leading current bounds being set by U70/NuCal [145, 171, 200] (in the case of A0 )
and E137 [121, 122, 158] (in the case of φ0 ). Importantly, this open window includes the region in
which constraints on gµ −2 are also satisfied. New instruments at FPF can probe this open window.
We focus here on sensitivity to the dark photon. An estimated sensitivity of experiments at
FPF to this scenario can be extrapolated from a sensitivity to that of a secluded U (1) as described
in Ref. [648], These sensitivities are plotted in Fig. 4.53.
Interesting Features of this Scenario We have focused on aspects of this scenario which are
directly relevant to instruments at the FPF. But it is worthwhile to consider the other interesting
features of this scenario, relevant to other experimental approaches.
• Qualitatively new constraints. There is a large literature discussing laboratory, astrophysical,
and cosmological constraints on models with a light dark photon or dark Higgs. But if the new
gauge group is U (1)T 3R , then there are some qualitatively different constraints [649]. Because
the dark photon couples to right-handed SM fermions, the longitudinal polarization does not
decouple from tree-level processes. This yields an enhanced cross section for any process in which
a hard dark photon is produced from a tree-level process. As an example, we can consider the
scenario where the muon is the only charged lepton coupling to the dark photon. This scenario is
13

There is also open parameter space when φ0 is heavy enough that production at B-factories is suppressed.
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Figure 4.53:
Plot from Ref. [650] of the region in the (mA0 , mφ0 )-plane which is consistent
with current measurements of gµ − 2 (blue), along with current exclusion bounds (grey) from
U70/NuCal [145, 171, 200], E137 [121, 122, 158], and Babar [119, 145, 159], and the future sensitivity of FASER [6–9, 433] (red transparent), FASER2/SHiP [29, 185] (blue transparent) and
SeaQuest [133, 660] (green transparent). gT 3R is shown on the top axis.
typically subject to much weaker constraints. But it has been shown that, if the Universe reheats
to a sufficiently high temperature (& 0.1GeV), the coupling of the dark photon to right-handed
muons would lead to enhanced production of the dark photon in the early Universe; constraints
on ∆Nef f thus rule out such scenarios for mA0 . 1MeV for arbitrarily small coupling unless the
symmetry-breaking scale is > O(106 )GeV. Recent astrophysical constraints on ALPs coupling
to muons in supernovae [661, 662] can easily be repurposed as constraints on the longitudinal
polarization of the dark photon (equivalently, the Goldstone mode), and these constraints are
comparable. This constraints together place tight bounds on scenarios with mA0 . 1MeV.
• Direct detection. Direct detection experiments can play an especially interesting role. Since the
dark photon couples to up-type and down-type fermions with opposite charge, it leads to isospinviolating [663–665] spin-independent scattering. Moreover, since the dark matter candidate(s)
are Majorana fermions, one necessarily has inelastic scattering. Indeed, scattering via a dark
photon is necessarily inelastic if the dark matter is charged only under spontaneously-broken
continuous symmetries; in that case, the dark matter is generically a real degree of freedom,
which cannot couple through a diagonal vector current. A variety of new techniques for probing
low-mass dark matter are being studied, but few with the inelastic or isospin-violating scattering
in mind. Since this is a generic phenomenon, it would be good to study these prospects (for
some recent work, see [666, 667]).
• Relic density. Despite tight constraints on low-mass dark matter annihilation from Planck [258,
668], there are regions of parameter space in which the dark matter candidate can have thermal
relic density set by the freeze-out mechanism. Bounds from Planck can be evaded by p-wave
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Figure 4.54: A rough estimate of maximum d/ ln(NA0 ) necessary for an experiment to be able
to probe this scenario for mA0 ∈ [110MeV, 200MeV], as a function of the maximum A0 energy
produced by the experiment [650]. d is the displacement of the detector from the beam dump, and
NA0 is the number of A0 at energy EA0 produced in a beam aimed at the detector. The maximum
A0 energies of FASER, SHiP and SeaQuest are also shown.
annihilation, and by co-annihilation, both of which can be realized in this scenario [647]. But
it worthwhile to determine if other mechanisms can be found for generating the correct relic
density, which can expand the viable parameter space.
• Flavor Anomalies. Note, we have only considered a simple UV-completion in which we have
added heavy fermions which couple to the fermions charged under U (1)T 3R . But more generally,
one could add more heavy fermions which couple to b and s in a similar manner. This UV
completion can introduce new processes contributing to Bs → µ̄µ and to B → K (∗) `+ `− , which
could in turn explain anomalies seen in measurements of RK (∗) [669–671]. This model successfully
explains both RK (∗) and gµ − 2 in allowed region of the parameter space [650].
• Other FPF detection possibilities. The new scalar and gauge boson can be produced from charged
pion 3-body decays, i.e., π → `ν` A0 (φ0 ). The three-body decay mode is not helicity-suppressed,
unlike the two-body decay mode, and hence can be large. The couplings of A0 and φ must obey
experimental constraints on various charged pion decays. Recently, the three body decay of
charged pion has been utilized to explain the MiniBooNE excess [672] which can potentially be
accommodated in this model. The A0 also can be produced from the neutral meson decays. The
FPFs can explore both the light scalar and the gauge boson of his model.
We have mostly focused on the case in which the mediators decay visibly. But FPF experiments
an also probe the scenario in which the mediators decay invisibly through A0 → η1 η2 , νR νR ,
φ0 → η1 η1 , νL νR . In this case, the decay products may scatter against a distant target, producing
events in FPF detectors such as FASER-ν.
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Conclusion Note that, for mA0 ∼ 100 MeV, a dark photon with energy E ∼ 5000 GeV would
have a decay length of O(10m). Thus, one could see a significant variation of the A0 flux within the
FPF itself, and it would be beneficial to place the detector as close to the LHC interaction point
as possible. We have assumed here that the FPF is located at the UJ12 cavern, with the detector
being 480m from the interaction point. If the FPF were instead located at a proposed purpose-built
facility located ∼ 620m from the interaction point, the A0 flux, and resulting sensitivity, would be
substantially reduced. The FPF can probe both light mediators of this model, A0 and φ0 .
To set a context for future searches for the A0 in this scenario, we consider an experiment which
can produce NA0 dark photons of energy EA0 in the direction of a detector a distance d away.
The number of dark photons which actually reach the detector is ∼ NA0 exp[−d/ddec (EA0 )], where
ddec (EA0 ) is the decay length of a dark photon of energy EA0 , and is determined entirely by the
model. We consider the regime in which a large fraction of such dark photons decay within the
detector and are observed, whereas the background is negligible. In this case, a evidence for new
physics can be found if an O(1) number of photons reach the detector, implying ddec ∼ d/ ln(NA0 ),
where the right-hand side of this relation is determined entirely by the experiment. Fig. 4.54, we
plot the range of d/ ln(NA0 ) which would be needed, as a function of EA0 to probe the window
which would still be left open by experiments such as FASER2, SHiP and SeaQuest.

4.6.7

Dark Axion Portal

Dark axion portal Among various portals that connect the standard model sector and the dark
sector are those that involve the photon. The axion portal and the vector portal provide some of
the most popular connections between a possible dark sector and the Standard Model. When the
axion (a) and dark photon (γ 0 ) coexist, together with a photon (γ), they can form the dark axion
portal as [673]
Gaγγ 0
Gaγ 0 γ 0
Ldark axion portal =
aFµν X̃ µν +
aXµν X̃ µν ,
(4.152)
2
4
where X µν is the field strength of the dark photon. Though the second term (a-γ 0 -γ 0 vertex) is not
a portal relating the Standard Model sector and the dark sector, once the first term (a-γ-γ 0 vertex)
is introduced, the second term follows naturally. Note that these are not simply a combination of
the vector portal and the axion portal, but rather exploit the dark gauge couplings [673].
To take a model-independent approach, we take ma  mγ 0 , and assume no kinetic mixing
(ε = 0). We also assume that the effect of the axion portal (Gaγγ ) is negligibly small in our
experimental probes. It is important to note that the dark axion portal is not closed even if the
vector portal is because the dark axion portal does not rely on kinetic mixing.
The dark photon may decay through a number of different channels. The two-body decay
γ 0 → aγ is the dominant channel with a decay width
!3
2
2
G
0
m
aγγ
Γ(γ 0 → γa) =
.
(4.153)
m3 0 1 − 2a
96π γ
mγ 0
The three-body decay processes γ 0 → e+ e− a and γ 0 → µ+ µ− a are also possible, with a branching
fraction of a few percent as shown in the left panel of Fig. 4.55. Although subdominant, these
channels provide a signature very similar to the `+ `− signal used to search for the dark photons
through the vector portal, and those searches can be repurposed as probes of the dark axion portal.
Production and detection The a and the γ 0 could be produced in radiative decays of the
pseudoscalar mesons π 0 and η through the off-shell photon and the dark axion portal (Gaγγ 0 ) as
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Figure 4.55: Left: The branching ratio of γ 0 → ae+ e− and γ 0 → aµ+ µ− through the a-γ-γ 0 vertex
in the ma  mγ 0 limit. The slight dip near 0.8 GeV is due to the hadronic decay channels. Figure
taken from Ref. [674]. Right: Decay of the pseudoscalar mesons π 0 and η to γaγ 0 through the
a-γ-γ 0 vertex. Figure taken from Ref. [675].
shown in the right panel of Fig. 4.55. They provide an important source of dark photons whose
visible decay products could be detected in the FASER detector. The partial decay width of the
decay π 0 → aγγ 0 is given by [675]
d2 Γ
1
1
=
|M|2 ,
2
2
3
(2π) 32m3π0
dm12 dm23

(4.154)

where m2ij = (pi + pj )2 for i, j = 1, 2, 3, where particle 1 corresponds to the γ, particle 2 is the a
and particle 3 is the γ 0 , and the amplitude is
|M|2 =
×

e4 G2aγγ 0
64π 4 fπ2 m223
m212

+

m223



2

m223 m212 + m223 − m2a − m2π0 − m223 m223 − m2π0 m223 − m2a + m2γ 0
−

m2a

−

m2π0







1
2
2
2
2
2 2
2
2
2
2 2
+
m23 − mπ0 m23 − ma + mγ 0 − m23 mγ 0 m23 − mπ0
.
2

The same expression holds for η, but with mπ0 replaced by mη .
The detection search was performed by generating a list of η and π 0 4 momenta and production
locations with some external code (the choice for FASER is described in the next section). As the
lifetime of the π 0 and η are extremely short at O(10−17 s) or less [117], they do not propagate a
significant distance before decaying. We simulate the three-body decay π 0 , η → aγγ 0 as described
in Ref. [675], discarding the γ and a 4-momenta as they do not contribute to the signal. The
resulting list of γ 0 4-momenta is used to calculate the expected dark axion portal signal.
The probability that a γ 0 with label i decays inside the decay pipe through an observable channel
is given by





L1,i Ei
L2,i Ei
Pdecay,i = BrX exp −
− exp −
,
(4.155)
cτ mγ 0
cτ mγ 0
where BrX = Br(γ 0 → a`+ `− ) is the probability that the dark sector particle decays visibly to a
pair of leptons (specifically electrons in this case); Ei is the energy of the γ 0 ; τ is the lifetime of a γ 0
with mass mγ 0 and coupling strength Gaγγ 0 ; L1,i is the distance the γ 0 propagates before entering
the decay volume; and L2,i is the total distance traveled before exiting the decay volume.
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Figure 4.56: (Plot taken from [676].) Limits on the dark axion portal Gaγγ 0 from high intensity
experiments and the projected sensitivity of the ongoing or future experiments, for ma  mγ 0 with
ε = 0. The FASER, FASER2 and SHiP projections denote excesses of greater than three e+ e−
events produced through the decay γ 0 → ae+ e− reaching the end of their respective decay volumes.
The limits from LSND and MiniBooNE come from excess neutral current-like elastic scattering
events off electrons. The CHARM constraint reflects sensitivity in monophoton production through
γ 0 → aγ decays in the CHARM fine-grain detector. The electron and muon g−2 lines indicate where
the scenario would significantly degrade the agreement between theory and experiment, though the
muon line was generated before the release of the Muon g-2 2021 measurement [677]. The BaBar
and Belle-II lines all represent exclusions from the monophoton excesses through the annihilation
process e+ e− → a(γ 0 → aγ). Expected sensitivities of the reactor experiments at CONUS, MINER,
RENO, and NEOS at 95% C.L. for one year of data are also shown. These limits were taken from
Refs. [674–676] where further details on the limits are provided.
Each γ 0 is decayed into an ae+ e− final state, while one could also search for muon final states
in an identical manner. For this state to be accepted, both leptons must intersect with the end cap
of the decay volume to enter the calorimeters. The total event rate expected from the decays of
meson j can be calculated as
Nevent,j =

X
Nj eff
Br(j → aγγ 0 )
Pdecay,i θ(pe+ ,i , pe− ,i ),
Ntrials

(4.156)

i

where j = π 0 , η; Pdecay,i = 0 if the γ 0 does not intersect the detector; θ(pe+ ,i , pe− ,i ) = 1 if the endstate leptons satisfy the cuts mentioned above and 0 otherwise; eff = 1 is the detection efficiency;
and Ntrials is the total number of γ 0 trajectories generated. The total event rate is found by summing
over all generated events j.
Sensitivity at FASER The FASER collaboration has performed a preliminary analysis of its
sensitivity to visible dark photon decays in Refs. [6, 9], and we have adapted these searches to the
dark axion portal. The inelastic proton-proton cross section was measured to be σinelastic ∼ 75 mb
during the 13 TeV LHC run, and is not expected to differ greatly for the 14 TeV collisions of LHC

Chapter 4. Long-Lived Particles

190

run 3. The total number of inelastic collisions is therefore expected to be Ninelastic ≈ 1.1 × 1016 for
150 fb−1 in LHC run 3.
As described in the previous subsection, we expect π 0 and η decays to provide the primary source
of dark axion portal particles. The π 0 and η production rates and distributions were simulated with
EPOS-LHC [64] through the CRMC v1.7 framework [63]. Note that these rates were also compared
with SIBYLL v2.3 and found to be consistent at the small angles required by FASER [66,113]. The
total number of π 0 s (ηs) produced per interaction in one hemisphere of the interaction point was
calculated to be 19 (2.1). The production estimate is conservative, as there should be secondary
meson production from other collision products impacting on material between the interaction
point and the FASER detector, though this is likely to be less energetic than the primary products.
For this analysis, FASER is assumed to be a 1.5 m long cylindrical decay region with 10 cm
radius located 480 m from the interaction point operating during LHC run 3. We also considered
the sensitivity of a hypothetical FASER2 detector, a 5 m cylinder with 1 m radius located 480 m
downstream from the interaction point. FASER2 would take data during the high luminosity LHC
runs with an expected luminosity twenty times larger than that of LHC run 3.
FASER is sensitive to the dark axion portal decay γ 0 → ae+ e− , as it possesses a signature very
similar to that of the kinetically mixed dark photon. We impose the same cuts as the FASER dark
photon analysis: The dark photon must decay in the decay volume, both the electron and positron
must cross through the downstream face of the decay volume, and the total visible energy must
satisfy Ee+ + Ee− > 100 GeV. If we only consider mesons with energies greater than 100 GeV, the
number of π 0 s (ηs) per POT drops to 2.43 (0.43) in the hemisphere facing FASER.
Assuming negligible background, we exclude parameter space predicted to generate more than
three events. We show the resulting contours in Fig. 4.56, where the small inner contour represents
the sensitivity of FASER and the larger outer contour that of FASER2. The comparatively low
luminosity and decay volume hampers the ability of FASER to probe the scenario compared to
beam dump experiments. FASER2, with its much larger volume, is capable of excluding new
parameter space. Improving on this search with a monophoton analysis would be challenging, as
CHARM already excludes the region where the most improvement is expected.
We did not consider the aµ+ µ− final state, nor the possibility of bremsstrahlung γ 0 production
through the dark axion portal. Their inclusion could extend the sensitivity to slightly larger values
of mγ 0 . One could also consider the combined vector and dark axion portal scenario such as the
production of dark photons through the vector portal and decay to a monophoton through γ 0 → aγ.

4.6.8

Heavy Neutrino Production via a B − L Gauge Boson

Introduction Within the B − L model [678], we consider the possibility of a pair of heavy RH
neutrinos N to be produced via the associated Z 0 gauge boson [679]. The model, based on the gauge
symmetry SU (3) × SU (2)L × U (1)Y × U (1)B−L , is a natural extension of the SM incorporating
the spontaneous breaking of lepton number and thus generating heavy Majorana neutrino masses
mN analogous to the SM Higgs mechanism. In turn, the active neutrinos acquire light masses
mν . O(0.1 eV) via the Seesaw mechanism. We focus on Z 0 and N that are lighter than ≈ 20 GeV
such that the produced final states can be detected at the FPF.
The Z 0 gauge boson couples to the SM fermions and the RH neutrinos according to their B − L
f
charges YB−L
,
L ⊃ −gB−L Zµ0

X
f

f
YB−L
f¯γ µ f.

(4.157)
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Figure 4.57: Limits on the B − L gauge coupling gB−L as a function of the associated gauge boson
mass mZ 0 , derived from decays to SM final states for a B − L model containing three generations
of heavy neutrinos. Taken from [679], using the tool DarkCast [197].
Such a Z 0 gauge boson has been widely searched for and the current limits on the associated gauge
coupling gB−L are shown in Fig. 4.57. Above mZ 0 & 10 GeV, existing limits from LHC searches
are of the order gB−L = 10−3 . The B − L model includes three generations of heavy neutrinos Ni
with active-sterile mixing strengths V`Ni to the SM lepton states `. For simplicity we assume that
only one of the sterile neutrinos is accessible and it couples dominantly to muon flavour via VµN . If
mN < mZ 0 /2, heavy neutrinos can be produced in the decay Z 0 → N N . As benchmark we choose
a fixed ratio mN /mZ 0 = 0.3 which makes the heavy neutrinos sufficiently light to avoid threshold
effects but keeps them at a similar scale as the Z 0 . The heavy neutrino in this scenario decays
dominantly through three-body final states such as N → µq q̄ and N → µµνµ via off-shell SM W
and Z. The branching ratios of the Z 0 and N are discussed in Ref. [680]. The heavy neutrino is
naturally expected to be long-lived with an approximate proper decay length of
LN ≈ 25 m ·



10−5
|VµN |


2 
10 GeV 5
·
,
mN

(4.158)

for mN . mZ . The required masses and active-sterile mixing to get relevant decay lengths are
thus naturally of the order expected to generate the light neutrino masses in a canonical Seesaw
mechanism, mν ∼ |VµN |2 mN .
Detection of long-lived heavy neutrinos The signal under consideration consists of the process pp → Z 0 → N N where one of the heavy neutrinos decays to a visible final state. To estimate the
sensitivity of the the proposed displaced vertex detectors CODEX-b [118], FASER [9], MAPP [421]
and MATHUSLA [26], we assume that every heavy neutrino decay is detected, except those that
are fully invisible. We also compare the sensitivity with that of displaced vertex searches at the
LHC detectors LHCb and CMS where we instead consider the exclusive decays N → µq q̄ and
N → µµνµ , respectively. We include the exponential decay probability based on the proper decays
length of the heavy neutrino and its boost according to the production process. Simulated events

Chapter 4. Long-Lived Particles

192

��-�

|�μ� |

��-�

��

��
�

��-�

��

��

��
-�

�� -� �� <

��-�

��

��

��
��
�ν < ���

��

�� =

��

�
���

��� �

����
����
��-�

�

��

��
��
�� [���]

��

��

Figure 4.58: Projected sensitivity of displaced vertex detectors at 95% CL towards long-lived heavy
neutrinos with mass mN and active-sterile mixing VµN in the B − L model. The corresponding
gauge coupling strength gB−L and Z 0 mass are chosen as gB−L = 10−3 and mZ 0 = 3.33 × mN ,
respectively. The displaced vertex detectors are as indicated, with events produced in 14 TeV
pp collisions and using projected luminosities detailed in the text. We assume no background
to displaced vertex searches, except for the darker LHCb region which applies for a pessimistic
background estimate from data [679]. The grey curves denote proper decay lengths of the heavy
neutrino N and the shaded band indicates the parameter region where the light neutrinos acquire
a mass between 10−2 eV and 0.3 eV in a canonical Seesaw mechanism.
are passed through the kinematic and geometric selection criteria corresponding to the different
detectors.
As an example, the FASER detector is placed 480 meters from the interaction point in the
forward direction. Its two-phase design proposes two different detector geometries. The FASER
experiment operating during LHC Run 3 will not have sufficient sensitivity towards heavy neutrinos
in our model and we thus consider FASER2 with a detector volume modelled as a cylinder with
radius of 1 m and a length of 5 m along the forward direction. We assume that it runs in conjunction
with the high luminosity LHC with an integrated luminosity of 3000 fb−1 . We use the same
luminosity for CMS and MATHUSLA, and a luminosity of 300 fb−1 for LHCb, MAPP and CODEXb. The geometries of the detectors are described in detail in Ref. [679]. We take an optimistic view
assuming no backgrounds for the displaced vertex signatures. For detectors located relatively far
away from the interaction point, i.e., FASER2, MAPP, MATHUSLA and CODEX-b, this choice is
better justified.
Sensitivity to active-sterile mixing To estimate the sensitivity on the active-sterile mixing
VµN as a function of the heavy neutrino mass mN , we choose gB−L = 10−3 and mZ 0 = 3.33 ×
mN as motivated above. Following the Poisson distribution, the non-observation of any signal
event excludes the parameter space with an expected number of events above 3.09 at 95 % CL.
The resulting sensitivities are shown in Fig. 4.58. The horizontal band represents the preferred
parameter space where the light neutrinos acquire a mass scale mν = |VµN |2 mN in the range
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10−2 eV < mν < 0.3 eV. The lower limit is motivated by the observed mass splitting in oscillation
experiments and the upper limit is due to constraints by direct neutrino mass measurements and
cosmological observations. This band thus corresponds to the successful generation of light neutrino
masses; above it, the light neutrinos will be too heavy, though this can be avoided in more involved
scenarios with quasi-Dirac heavy neutrinos; below the band, the light neutrinos will be too light.
In any case, the band should only be taken as an indication as fitting all light neutrino masses and
oscillation mixing angles requires an analysis with three generations of heavy neutrinos.
It is nevertheless worth noting that the different proposed facilities can probe interesting parameter regions close to or overlapping with this preferred band, in a complementary way. Due
to their geometries and distances to the interaction point, CODEX-b, FASER2 and MAPP are
sensitive to small heavy neutrino masses mN . 20 GeV and larger mixing |VµN | & 10−5 . Mainly
due to its large distance and size, MATHUSLA can probe smaller mixing and larger masses, well
motivated by light neutrinos. As can be seen, these dedicated displaced vertex detectors provide a
complementary coverage compared to displaced searches at the LHCb and CMS detectors.
Discussion This shows that displaced vertex searches in general, and dedicated facilities specifically, can probe the origin of neutrino masses and discover the underlying New Physics states.
We have here concentrated on a scenario based on a U (1)B−L extension of the SM which provides a simple yet well motivated mechanism generating light neutrino masses. It exploits the
natural expectation that the mediators of this mechanism, i.e., the heavy Majorana neutrinos, are
long-lived due to the suppressed active-sterile mixing required to explain the light neutrino masses
. O(0.1 eV). Besides being well motivated, the B − L model has the phenomenological advantage
that the heavy neutrinos are not sterile but are charged under the U (1)B−L . Hence, they can be
produced with much larger rates than expected from the small active-sterile mixing if they were
completely sterile, where it is challenging to probe the preferred parameter region [681]. Searches for
heavy neutrinos in the B − L model should be considered in conjunction with Z 0 searches [197,682]
that limit the exotic gauge coupling and thus the production rate. We finally note that the B − L
model also includes an exotic Higgs state, associated with the breaking the B − L symmetry, that
can facilitate the production of long-lived heavy neutrinos [680] and even Z 0 [683].

4.6.9

Search for Sterile Neutrino with Light Gauge Interactions

Model A sterile neutrino (νs ) is assumed to be a SM gauge singlet, but could have originated
from a dark fermion coupled to dark photon [684]. Let us consider a dark sector with U (1)s dark
gauge symmetry, fermion dark matter (DM) χ and a dark fermion ψ. We can assign different U (1)s
charges to χ and ψ in such a way that χ is stable while ψ mixes with the SM active neutrinos να
and the right-handed neutrino NR through Yukawa couplings (see Eq. Eq. (4.159) below). U (1)s
gauge boson X gets massive from the nonzero VEV of φX (dark Higgs field). Some problems (e.g.
core-cusp problem, etc.) of the vanilla cold dark matter paradigm can be resolved using the DM
self-scattering χχ̄ → χχ̄ through light X exchange, if the dark photon X mass is ∼ O(1)MeV.
We choose dark charges of χ, ψ, φX in such a way that only the following Yukawa coulings are
allowed (Qψ = QφX = 1 6= Qχ ):
L ⊃ −yiα NR,i H̃ † Lα − fi φ†X NiC ψ + gi φX ψ̄Ni + H.c.

(4.159)

Then there will be mixings among να (SM active neutrinos), NR (sterile neutrinos) and ψ (dark
fermion) after the electroweak and dark gauge symmetry breaking. And the physical sterile neutrino
νs is a mixture of these three objects, and can couple to the dark photon through its ψ component.

Chapter 4. Long-Lived Particles
Experiment
FASER (LHC run 3)
FASER2 (HL-LHC)
SHiP
CHARM
NOMAD

√
NPOT or Lint
s
Ep beam
−1
Lint = 150 fb
14 TeV
7 TeV
Lint = 3 ab−1
NPOT = 2×1020
27.4 GeV 400 GeV
NPOT = 2.4×1018
NPOT = 4.1×1019 29 GeV 450 GeV
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L

∆

480m 1.5m

hEν4 i

95% C.L.

∼ 1 TeV

110m 50m
515m 35m ∼ 50 GeV
835m 290m

Nsig ≥ 3

Table 4.6: The fiducial region, collision energies and the number of protons on target (POT) of
long-lived particle searches in fixed target and head-on collision experiments. Table from Ref. [687]
The model can address the LSND ∼ O(1)eV sterile neutrino and also contributes some amount of
∆Neff that could relieve the Hubble tension [684]. One can also address the MiniBooNE anomaly
within the same model for different mass scales of dark photon and sterile neutrino [685, 686].
For phenomenological study at FASER etc., we can simplify the gauge sector of the above model
to the following ‘ν4 +X’ model. U (1)s gauge boson X couples to the active neutrinos as well as
the charged SM fermions via active-sterile mixing U`4 and the hypercharge-U (1)s kinetic mixing ,
respectively. The effective interaction at low energies is given by
L ⊃ −gX U`4 ν̄` γ µ ν4 Xµ − gX  cos θW Qf f¯γ µ f Xµ ,

(4.160)

where ` = µ, τ and ν4 is a nearly sterile neutrino in the mass eigenbasis. This ‘ν4 +X’ models can
be probed by various searches at FASER, IceCube using double-bang topology in atmospheric and
astrophysical neutrino data, and previous fixed-target searches and rare meson decays.
LLP searches The expected number of events Nsig is


Z Emax

L
dNν4 (Eν4 )  − L−∆
−
dEν4
Nsig. =
× e d − e d × Br(X/ν4 → visible) × Aeff (Eν4 )(4.161)
,
dEν4
Emin

where dNν4 /dEν4 is the flux of sterile neutrinos entering into decay region and d is the decay length
of ν4 . The total decay length is d = γν4 cτν4 + γX cτX when m4 > mX , and d = γν4 cτν4 when
m4 < mX , where γα is the Lorentz factor. The detection efficiencies Aeff (Eν4 ) for each experiment
are described in Table 4.6.
The sterile neutrinos are produced through the mixing with the active neutrino so that its flux
is given as
dNν4
dEν4

≈

dNν`
× |U`4 |2 × (phase/helicity space suppresion factor),
dEν`

(4.162)

where the phase space and helicity suppression factors are from the nonzero sterile neutrino
masses [688]. The most relevant current limits (CHARM/CHARM-II) and future searches (FASER/
FASER2/SHiP) are as follows:
• CHARM (using 400 GeV/c proton beam and copper target) [688] has provided the exclusion
limits on tau active-sterile mixing (Uτ 4 ) for m4 = 10 − 290 MeV.
• CHARM-II collaboration studied double vertex events. The most promising decay mode is from
ν4 → νµ µ+ µ− with the required minimum vertex separation is l = 1.5m. The expected number
of events is given by N = Nν4 · Br(ν4 → µ+ µ− νµ ) ·  m, |U |2 where Nν4 is the number of sterile
neutrinos produced in a neutral current interaction, and  is efficiency [689], giving a constraints
on muon active-sterile mixing (Uµ4 ) for m4 = 0.2 − 2.5 GeV.
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Figure 4.59: Current and future limits on the active-sterile mixings |Uµ4 |2 (left) and |Uτ 4 |2 (right),
with νs -philic gauge boson parameters mX /m4 = 1.2, γX = 3 × 10−4 . Figures from Ref. [687].
• FASER has an outstanding projection to active-sterile neutrino mixings |U`4 |2 thanks to its
huge number of neutrinos produced from the decays of mesons [11]. We explore the sensitivity
at FASER (L = 150 fb−1 ) and FASER2 (L = 3 ab−1 ) for projected limits of our model.
• SHiP is proposed to use the high-intensity proton beam from CERN SPS, with the planned
protons on target (POT) about 2 × 1020 which is much larger than the previous searches such
as CHARM and NOMAD.
Neutrino telescope IceCube-DeepCore (inside the IceCube detector volume) has been designed
ντ
= 1.4 × 104
to detect neutrinos with Eν = 1 − 100 GeV [690]. From the 2015-2016 data, about NNC
0
NC tau neutrino events (ντ N → ντ N ) in Eν = 5.6 − 56 GeV [691] have been analyzed. Due to the
U`4 mixing, there are ν` N → ν4 N 0 events. Once produced, ν4 will travel about 20 m then leave a
double-cascade signature. The event number is estimated as
Z
h dN ν`
 L−∆

i
L
NC
Nsig. '
dEν
× e− d − e− d × Br(X/ν4 → visible) ,
(4.163)
dEν
where L = 300m is the fiducial vertical length of the DeepCore and L − ∆ = 20m is the minimum
length to distinguish the double-cascade event from the background events. A similar analysis
without the X boson was done in Ref. [692]. We set the limit as Nsig. ≥ 10.
Neff /monojet bound at Z-pole The invisible and monojet decay searches at Z-pole severely
constrain O(1) active-sterile mixing U`4 and relatively heavy mass of ν4 (m4 > 6 GeV).
• The upper limit of active-sterile mixing U`4 (` = e, µ, τ ) are given by
!
ΓExp.
1
2
Z→invisible
·
−1 ,
|Ul4 | <
Br(X → invisible)
ΓSM
Z→invisible

(4.164)

where experimental observation of invisible Z width at LEP and its SM prediction are [693–695]
ΓExp.
Z→invisible = 499.0 ± 1.5 MeV

and

ΓSM
Z→invisible = 501.69 ± 0.06 MeV.

(4.165)
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• DELPHI reported the weak isosinglet neutral heavy lepton (ν4 ) search with 3.3 × 106 Z bosons
at LEP-I experiment. Several separate searches have been performed e.g., for promptly decaying
ν4 → monojet (m4 ≥ 6 GeV), and for long-lived ν4 giving secondary vertices (1 GeV ≤ m4 ≤ 6 GeV)
[427]. It provides a limit on Z decay width into sterile neutrinos as
Br(Z → νν4 ) < 1.3 × 10−6 (95% C.L.)

(4.166)

in a wide window m4 = 3.5 − 50 GeV.
Conclusions Sterile neutrinos might couple to new U (1) gauge boson, X. We explore phenomenology for various experiments in sterile neutrino-specific U (1)s model. Concentrating on
U`4 (` = µ, τ ), we show all relevant results from various collider experiments, IceCube, and fixed
target experiments. Additionally, we investigate the future sensitivities for LLP searches such
as FASER, SHiP and CHARM. Our main results are summarized in Fig. 4.59. As can be seen,
FASER2 in the FPF has very good prospects for detecting the relevant HNL decay signature.

4.6.10

The νR -philic Dark Photon

Right-handed neutrinos (νR ) are often considered as one of the most well-motivated solutions of
known problems of the SM such as neutrino masses [388, 389, 696–698], dark matter [699–701], and
baryon asymmetry of the universe [702]. As an intrinsically dark sector, νR might be charged under
a hidden gauge symmetry [473, 703–709]. The new gauge boson arising from this symmetry does
not directly couple to other fermions except for νR at tree level. We refer to such a new gauge
boson as the νR -philic dark photon.
At the one-loop level, the νR -philic dark photon interacts with normal matter via the loop diagrams shown in Fig. 4.60, provided that νR mixes with the left-handed neutrinos νL . In Ref. [710],
we computed these loop diagrams to address the question of how dark the νR -philic dark photon
could be.
We find that the loop-induced couplings are UV finite as a consequence of the orthogonality
between the SM gauge-neutrino couplings and the new ones. Compared to our previous study on
loop-induced νR -philic scalar interactions [711], the couplings in the vector case are not suppressed
by light neutrino masses. Instead, the loop-induced effective couplings are roughly of the order of
GF m2D
.
(4.167)
16π 2
Specific results of the loop-induced couplings can be found in Ref. [710].
The theoretically favored values of the loop-induced couplings are confronted with experimental
constraints and prospects in Fig. 4.61 (see also Ref. [710] for the results for a wider mass range). We
find that the magnitude of loop-induced couplings allows current experiments to put noteworthy
constraints on it. Future beam dump experiments like SHiP and LLP searches in the proposed
FPF, together with upgraded searches at large-scale collider experiments, will substantially improve
sensitivity on such a dark photon.
Hence, as the answer to the question of how dark the νR -philic dark photon could be, we
conclude that the νR -philic dark photon might not be inaccessibly dark and could be of importance
to a variety of experiments, especially to the future FASER2 detector at the FPF.
geff ∼

4.6.11

Secondary Production in BSM and Neutrino Interactions

The search for highly displaced LLP decays in the far-forward region of the LHC is one of the
most important physics goals of the proposed FPF. It benefits from i) the spatial separation of the
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Figure 4.60: Loop-induced couplings of the νR -philic dark photon to charged fermions in the mass
basis (upper panels) and in the chiral basis (lower panels). Figure adapted from Ref. [710].
detector from the primary interaction point, and ii) very well shielding, which allows one to reject
SM backgrounds and perform a clean search for two high-energy oppositely-charged tracks coming
from the LLP decays. This search then remains a very promising avenue to potentially uncover
BSM physics, as the observation of only a few such events could be sufficient evidence supporting
new discoveries.
However, such searches are limited by the lifetimes of LLPs, which must travel the entire
distance from the LHC interaction point to the new facility. Notably, however, typically the most
phenomenologically appealing regions in the parameter space that generate experimental anomalies
in other searches correspond to relatively large coupling constants to the SM that predict too small
LLP lifetimes for these particles to be able to reach the far-forward detectors.
This can be circumvented in models predicting more rich dark sectors. In particular, in the
presence of at least two light new physics species and large dark coupling constants between them,
the LLP with a small lifetime can be efficiently generated in front of the detector, i.e., at a much
closer distance, in interactions of the other dark particle. A similar secondary production mechanism [582] can also take place in BSM neutrino scatterings in front of the FPF or even inside the
detectors [473]. The newly produced LLP can subsequently visibly decay inside the decay volume
of FASER2. This allows one to study LLP lifetimes much smaller than usual, while still searching
at essentially zero background. We schematically illustrate this in the upper panel of Fig. 4.62. In
the plot, at the top, we show the main idea of secondary production occurring by upscattering of
the lighter species - LLP1 , denoted by red - in interactions with nuclei or electrons in the material
in front of the detector. This produces a heavier unstable particle - LLP2 , which we mark with
blue - which then decays inside the detector.
The bottom panel of Fig. 4.62 also shows other possible signatures of new physics that can

Chapter 4. Long-Lived Particles

198

−1

1
LHCb

−3

log10 geff

−4

BaBar

−1

V
100 Te

NA64µ

−2

Belle-II

−5
−6

BaBar

e
ν + NE
DU

0

14
LHC

ER
2

−7

−4
−5

BD

−8

SHiP

−6

U (1)R breaking scale: mD

7A
98
1
N

−9
−10
−2

−3

FA
S

FASER

log10 gR

−2

PT
EW LHC8

−7

U (1)R breaking scale: MR = mD / sin θ

S
−1

0

1

2

3

log10 mZ 0 /GeV

Figure 4.61: Sensitivity of future experiments (SHiP, FASER, Belle-II) on the νR -philic dark photon.
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on quark couplings. The theoretically favored values of geff is below the solid blue or orange lines,
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Figure 4.62: Illustration of secondary LLPs production in extended light new physics models.
LLPs are produced in front of the detector, and their main signatures in the detectors are also
shown. Adapted from Ref. [582].

employ the secondary production mechanism. Besides the aforementioned displaced LLP decays
inside the decay vessel of FASER2, we also illustrate there the idea of the search based on the
scattering of the BSM species or neutrinos with electrons or protons in neutrino detectors placed
in front of FASER2. Last but not least, the BSM physics can also be searched for in double
scattering events, in which the detectable scattering is followed by the time-coincident, collinear,
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Figure 4.63: Sensitivity reach plots with extended coverage of the parameter space corresponding
to the large kinetic mixing parameter thanks to secondary LLP production for the inelastic DM
model (left), and the neutrino dipole portal with a universal coupling to all neutrino flavors (right);
see text for details. In the left, the colorful shaded regions correspond to the sensitivity induced by
the secondary production mechanism. This can be compared with the expected sensitivity without
such production, which is shown with colorful lines without shading. On the right, different colors
correspond to distinct experimental signatures in the FPF, as discussed in the text. Taken from
Refs. [473, 582].
and spatially-separated decay inside the neutrino detector or the decay vessel of FASER2.
Below, we present the expected improvements in the sensitivity reach of the FASER2 experiment
due to the secondary production mechanism for two cases: the inelastic DM scenario coupled to the
SM via the dark photon portal, and the neutrino dipole portal. We also compare the FASER2 reach
in these cases with the proposed MATHUSLA [26, 27, 268] and SHiP [29, 185, 712] experiments.
In the inelastic DM model, we introduce two fermionic matter fields with split masses coupled
to a dark photon by the dominant non-diagonal coupling [572]. This can lead to the efficient
upscattering transition from the lighter, stable state into the heavier, unstable one. The Lagrangian
of the model takes the following form:

L ⊃ g12 χ̄2 γ µ χ1 A0µ + h.c. ,

(4.168)

where A0µ is a massive dark photon, χ1,2 are dark fermions, and g12 is the dominant, non-diagonal
coupling. In this scenario, the upscattering of χ1 to χ2 in interactions with electrons or nuclei in
front of the detector is followed by the χ2 → χ1 e+ e− decay in the decay vessel, which proceeds via
the intermediate off-shell dark gauge boson A0∗ .
We present the resulting reach of both FASER and FASER2 detectors as color-filled contours
with various shades of blue on the left panel of Fig. 4.63. As can be seen, the secondary LLP
production allows one to cover large parts of the parameter space in which the inelastic DM obtains
the correct thermal relic density [118], as well as the region where loop contributions coming from
the dark photon can explain [154, 713] the persistent discrepancy between the SM predictions and
the measurements of the muon anomalous magnetic moment [210, 677]. The latter is shown as a
green band in the plot.
As mentioned above, the secondary production of light new physics species can also lead to
similar experimental signatures appearing due to BSM neutrino interactions [473]. We illustrate
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this in the right panel of Fig. 4.63 for the dipole portal between the SM neutrinos and sub-GeV
heavy neutral leptons, cf. e.g. Refs. [29]. This induces an effective neutrino-right handed neutrinophoton coupling described by the following higher-dimensional operator
L ⊃ µN ν̄L σµν NR F µν + h.c.,

(4.169)

where µN is a dimensionful coupling constant, ν is a light SM neutrino, σ µν = 2i [γ µ , γ ν ], NR
represents the right-handed neutrino, and F µν is the field strength tensor of electromagnetic field.
The results shown in the plot correspond both to the FASER2 and FASERν2 experiments. We
assume the universal coupling strength µN to all neutrino flavors.
In the plot, we present the expected sensitivity of the FPF experiments to several complementary
signatures: i) the upscattering of light SM neutrino into the right handed neutrino N followed
by its decay into a light neutrino and a photon inside the decay vessel of FASER2 (shown with
green lines), ii) the same upscattering process but followed by a prompt decay inside the neutrino
emulsion detector producing very high-energy photons with Eγ > 1 or 3 TeV (red lines), and iii)
the scattering-only signature with the electrons in the emulsion detector (gold line). We have also
highlighted two particularly interesting regions of parameter space: the thin blue rectangle marks
the region that has been invoked [714, 715] to explain the MiniBooNE anomaly [716, 717], while
the light blue shaded region marks the parameter space where N increases the effective number of
relativistic degrees of freedom in the early Universe. It is known [718] that such a contribution, as
long as it is small enough not to violate the BBN bounds, can relax the Hubble tension [719].
Light BSM physics often invokes unstable states with a range of decay lifetimes. The usual
searches in fixed target or beam-dump experiments mainly cover the regime of lifetimes that are
large enough to allow the new particle to reach the detector before decaying. This lifetime cannot
be too small due to a typical long distance between the LLP production point and their decays,
similar is true for the FPF. The secondary production of LLPs occurring upstream of the main
detectors can overcome such difficulties and extend the sensitivity of the FPF and other intensity
frontier experiments towards the smaller lifetimes.

4.6.12

Light Dark Sector Going Through Chain Decay

For years, Weakly Interacting Massive Particles (WIMPs) with a mass of 10 GeV to few TeV held
special place of honor among dark matter candidates, promising to be discovered soon via three
distinct alternative methods (direct and indirect dark matter search experiments and/or direct
production and detection at CMS and ATLAS.) Null results from all these searches have caused a
shift of paradigm to consider different mass ranges for dark matter candidates and the possibility
of having a rich dark matter sector with multiple dark particles interacting with each other.
Forward physics experiments will provide an ideal setup to look for dark sector of GeV mass
scale. Let us suppose that there is a new particle of a GeV mass with a small coupling to the partons.
As a working example, Ref. [720] takes it as a GeV scale pseudoscalar, X 0 with coupling to gluons
of form X 0 Giµν Giαβ µναβ /Λ. Then, X 0 particles can be abundantly produced via interaction of two
colliding partons with Bjorken variables of x1 ∼ 0.1 and x2 ∼ 10−6 at IP despite small couplings.
The large disparity between x1 and x2 means that the produced X 0 will be highly boosted in the
forward direction. The same couplings that lead to the production of X 0 at the IP can also impede
it traversing the rock and concrete before the detector. If, however, X 0 promptly decays into dark
sector (X) with tiny or zero coupling with the matter fields, a significant flux of dark particles can
arrive at the forward detector. If the X particles decay inside the detector into hadrons or charged
leptons, they can be detected. Non observation of any signal from X decay can then constrain the
parameters of the model.

Chapter 4. Long-Lived Particles

201

Figure 4.64: Typical signal of GeV scale dark sector at the FPF scattering detectors for the chain
decay scenario. X enters the detector from the direction of IP (forward direction). Y is dark matter
particle which appears as missing energy-momentum. By measuring the transverse momentum of
the final charged particle, the emission of Y along with them can be tested. The decay vertices of η
and η̄ can be located with high precision. Moreover, by measuring the momenta of the final leptons,
denoted by l and ¯l the directions of the tracks of η and η̄ and therefore the X decay vertex can be
reconstructed. The masses of η and η̄ can extracted by measuring the four-momenta of the final
leptons. Moreover, if statistics is large enough, the decay rate of η can be derived by measuring
the distances between X and η decay vertices. More information can be found in [720].

As was pointed out by Lee and Weinberg in 1977 [455], the dark matter particles, Y , with
mass (mY ) less than 10 GeV and weak coupling strength to the SM cannot be thermally produced
with the correct relic density because, in this case, G2F m2Y /(4π) pb. One of well-known tricks
to obtain thermally produced GeV scale dark matter is to introduce intermediate light neutral
particles into which dark matter pair can annihilate, hvσ(Y + Ȳ → η + η̄)i ∼ pb where η and
η̄ eventually decay into SM particles. As discussed in [720], such GeV scale dark sector involves
chain decays that lead to spectacular phenomenology at forward experiments such as FASERν and
SND@LHC which enjoy high spatial resolution. In the specific model in [720], the annihilation
Y + Ȳ → η + η̄ in the early universe takes place via coupling to intermediate X particles. Let
the X particles be coupled to the aforementioned X 0 particles which in turn is coupled to the SM
fermions. At the LHC, the X particles can be produced via the X 0 decay and pass through the
rock and concrete, leading to a signal at the scattering detectors in the FPF (FASERν2, FLArE,
Advanced SND@LHC) as schematically shown in Fig. 4.64. The DM Y particles will show up as
missing transverse momentum. By constructing the four momenta of the final leptons and their
production vertex, the mass and lifetime of the intermediate particles can be reconstructed [720].
Such a distinct signal will be background free, especially in the detectors allowing for a dynamical
observation of the events. For a given lifetime of X, the null signal can be interpreted as a bound
on the coupling of X 0 to the partons [720].
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Bound State Formation and Long-Lived Particles

Colored co-annihilation within a rich dark sector can lead to rich phenomenology that can evade
current experimental bounds both from LHC and direct detection experiments. A class of such
models being currently investigated by the DM community is dubbed by ’t-channel’ simplified
models. If these dark sector particles interact via a light mediator, long range effects like Sommerfeld
enhancements can enhance (diminish) the velocity averaged annihilation cross section if it is an
attractive (repulsive) potential [721–724]. Additionally, bound states can form via the emission of
mediators acting as an additional annihilation channel. We analyze the impact of these effects both
in terms of relic density calculations as well as collider searches in our forthcoming paper [725].
A key feature of this analysis is the emergence of bound states at colliders. While CMS/ATLAS
can probe a part of the parameter space relevant to bound states depending on the lifetime, future
alternative experiments can shed light on the full scope of these processes.
For the purposes of this note, we summarize our findings and comment on the prospects of
probing bound states at FASER during LHC Run 3 and FASER2 for the HL-LHC era. Although
FASER2 is normally associated with light new particles, probing bound states is a significant
additional physics motivation. We describe the salient features of our analysis and speculate on the
possibility of FASER2 to probe a part of the parameter space of interest. We focus on t-channel
simplified models [726] with a single Majorana dark sector fermion χ, as well as three color-triplet
complex scalar fields Xi interacting with each other via Yukawa coupling gDM . The scalars are
charged under the SM gauge group (SU (3) × SU (2))Y as:
(3, 1)2/3 ,

(3, 1)−1/3 ,

(3, 2)−1/6 .

(4.170)

We impose a Z2 symmetry in the dark sector such that χ is the lightest stable particle and a DM
candidate. The interaction Lagrangian is given by:
X
∗
L⊃
(Dµ Xi )† (Dµ Xi ) + gDM,ij Xi† χ̄PR qj + gDM,ij
Xi q̄j PL χ,
(4.171)
i

where Dµ is the covariant derivative. The index i runs over the quark and mediator flavours of
the model considered (up-type right-handed quarks, down-type right-handed quarks, left-handed
quarks). Moreover, we set the Yukawa couplings to be real, flavour-diagonal and flavour-universal.
The processes that determine the overall contribution to the DM density are direct annihilations
of the DM-candidate particles, χχ → SM SM, as well as co-annihilation and colored annihilations
processes into SM particles involving χ − X, χ − X † , X − X † and X − X as initial scattering states.
A careful treatment of the relic density calculation will be accounted for in [725]. We quote the
effective annihilation cross section as,
eq
X
Yieq Yj
hσeff vrel i =
hσij vij i
,
Ỹ eq Ỹ eq
ij

(4.172)

where hσij vij i comprises all the annihilation cross-sections of two co-annihilating species i and j.
Processes involving two massive colored particles in the initial state are subject to the longrange behaviour of the gluonic Coulomb potential generated by the strong force exerted between
them. This influence distorts their scattering wave functions in such a way that they can experience
a further attraction or repulsion, depending on the color charge they carry, that is to say on their
color representation, which directly influences the gauge coupling related to the gluon potential.
The static ‘Coulomb’ potential for two incoming non-relativistic colored annihilating particles in
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representations R1 and R2 , can be written as
V[R̂] (r) = −αg[R̂] /r,

where

1
αg[R̂] = αs × [C2 (R1 ) + C2 (R1 ) − C2 (R̂)] ≡ αs × k[R̂] ,
2

(4.173)

with C2 (R) being the quadratic Casimir invariant of the given representation R.
For the scalars (antiscalars) that belong to the 3 of SU(3) (the antiscalar fields to the conjugate
one, 3̄), the possible potentials we obtain from 3 ⊗ 3̄ = 1 ⊕ 8 and 3 ⊗ 3 = 3̄ ⊕ 6:
 4α
 2α
s
s


[1]
[3̄]
−
−
3 r
3 r
V (r)3⊗3̄ =
; V (r)3⊗3 =
.
(4.174)


+ 1 αs [8]
+ 1 αs [6]
6 r
3 r
Observe that the singlet state accounts for the most attractive potential. This results in the
Sommerfeld enhancement of the the annihilation cross-section,


αs
σSE,[R] vrel = c[R] S0,[R] σ0 , where S0,[R] = S0 k[R]
(4.175)
vrel

is the s-wave Sommerfeld factor and where c[R] is a factor coming from the color decomposition of
the amplitude and marks the relative contribution of the R̂ initial state to the total cross-section.
Furthermore, in the regime where the Sommerfeld effect is important, color charged particles can
also form unstable bound states via the emission of a gluon:
X1 + X2 → B(X1 X2 ) + g.

(4.176)

As an example, a scalar-antiscalar pair transforming in the fundamental representation with degenerate masses mX , the cross-section for the bound-states is [724]:
[8]→[1]
σ{100} vrel

BSF B
27 172 παs,[1] αs,[1]
=
SBSF (ζS , ζB ).
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m2X

(4.177)

BSF represents the strong coupling constant from the gluon emission vertex, while αB
where, αs,[1]
s,[1]
arises from the ladder diagrams involving the bound state wavefunction. Once the bound state is
formed, it eventually decays at a characteristic time scale and opens up an additional annihilation
channel for the DM to annihilate. These effects are taken into account in our analysis in the coupled
Boltzmann equation that controls the evolution of the number densities of the dark sector.
Taking into account all of the above considerations on the relic density, we identify regions
in this particular simplified model where Sommerfeld enhancement and bound state formation is
important. For large mass gaps and large mass splittings between the mediator and the dark
matter one needs a large value of the Yukawa coupling gDM , and therefore bound state formation
is disfavored in this region. The strongest constraints here originate from mono and multi-jet +
missing energy searches at the LHC (which we recast using the MadAnalysis5 Public Analysis
database [727]) as well as direct detection from Xenon1T and PICO60 [726], and constrain mass
gaps of upwards of 100 GeV for the region of parameter space that do not overproduce dark matter.
In the small mass gap region, for MX , MDM < 1000 GeV and a mass gap less than 35 GeV,
Sommerfeld enhancement and bound state formation enhance the thermally averaged annihilation
cross section significantly. However, dark matter is overabundant in this region with conventional
freeze-out mechanism. However the conversion driven freeze-out mechanism is relevant here and
can provide the correct relic density, as it suppresses the total annihilation cross section.
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Figure 4.65: Exclusion limits from various experiments in the co-annihilating region. The limits
from spin-independent DD (spin-dependent DD, colliders, unitarity) are denoted in green (magenta,
blue, black). Additionally, the orange shaded region provides an estimate for the potential reach
of LLP searches constraining the area of the parameter space where the correct relic density can
be reproduced only in the conversion-driven freeze-out regime. The region enclosed by a dotted
line estimates the size of the coupling where conversion-driven freeze-out is relevant. The region
enclosed by orange dashed lines assumes an earlier onset of conversion-driven freeze-out.
In this region the strongest constraints come from the search for heavy stable charged particles
(HSCP) at the LHC, which can constrain mass gaps upwards of 5 GeV and MDM ' 1-50 GeV for
couplings that reproduce the correct relic density. Note that bound state formation is extremely
relevant here. For smaller DM masses and mass gaps, the produced bound states are highly energetic
in the longitudinal direction and boosted. Depending on the lifetime of these particles, they can
decay within the fiducial region of the FASER and FASER2 detector. An account of this will be
provided in our future work [725]. For the purposes of this note, we summarize the preliminary
findings of this paper in Fig. 4.65, where we plot the current constraints on the ‘so-called’ uR model.
We observe that the large mass gap ‘low’ mDM region is primarily constrained by ATLAS mono
and multi-jet + missing energy searches, while the ‘large’ mDM region is constrained by direct
detection searches. For ‘low’ mDM and ∆m, the constraints come primarily from HSCP searches
at the LHC. For longer lifetimes, including smaller couplings and low mass gaps, we envisage
FASER/FASER2 to significantly enhance the reach for bound states in regions of parameter space
satisfying cosmological constraints.
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In addition to the decay signatures considered in the previous section, a wide range of BSM theories predicts new stable particles which can scatter. This is most common in models of light DM.
Typically, a collimated, high energy DM beam is created through meson decay, bremsstrahlung,
or Drell-Yan production. The DM beam subsequently undergoes scattering in dense FPF detectors, including FASERν2, FLArE, and Advanced SND@LHC. Potential signatures arise from both
electron and nuclear scattering. Unlike the decay signatures of the previous sections, there are
typically non-negligible backgrounds arising from SM neutrino and muon scattering. These can
be reduced through a combination of experimental vetoes and kinematic techniques. As will be
shown, in many cases, DM models which can produce the observed relic density through thermal
freeze-out can be newly tested at the FPF. Nevertheless, the contributions below also consider DM
scattering signatures independently of any assumptions on cosmological history.
Because standard thermal freeze-out requires new mediators for DM at or below the GeV scale,
theories with light DM can feature multiple signatures associated with new particles besides the DM
itself. There is often interesting complementarity between the scattering signatures considered in
this section and potential signatures in other sections. For instance, the mediators connecting DM
to the SM can decay to SM final states. If the mediator couples to neutrinos, neutrino cross-sections
and kinematic distributions at the FPF can also be affected. This section focuses on models with
significant new sensitivity arising from DM scattering signatures.
Finally, some BSM theories contain particles that behave unlike traditional SM objects inside
a detector. One of the most well-studied examples is mCPs, which interact far more weakly than
typical SM charged particles in detectors. The unusual pattern of energy deposition arising from
a mCP could be observed using the proposed FORMOSA detector at the FPF in analogy with
existing collider searches. We also describe the potential signatures of quirks, which leave unique
tracks owing to their long-range confining interactions. These examples both highlight the diversity
of potential BSM signatures at the FPF.
In the rest of this section, we first describe the scattering of light DM at the FPF in Sec. 5.1,
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Figure 5.1: Schematic illustration of the most important experimental signatures to be used in the
FPF searches for BSM physics. On the left, we show the production of a dark sector state χ in
the proton-proton scattering at the LHC Interaction Point, leading to a strongly collimated beam
of these particles pointed at the FPF. On the right, we show the FPF cavern with its experiments
and the BSM signatures that they can probe: i) scattering of DM in the neutrino detectors FLArE,
FASERν2 and AdvSND@LHC detectors; ii) non-standard energy deposition of mCPs characterized
16
in the FORMOSA and FLArE detectors; iii) and helical tracks in quirk models at FASER2; and
iv) decays of long-lived particles to be studied in FASER2.
considering a range of models from the standard dark photon scenario to more exotic interactions.
Then, the FPF sensitivity to mCPs is studied in Sec. 5.2. Sec. 5.3 evaluates the ability of long-lived
particle detectors at the FPF to search for quirks. We illustrate the relevant signatures along with
the example FPF detectors that could probe them in Fig. 5.1.
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Dark Matter Scattering

On top of the rich experimental program to search for highly-displaced decays of unstable LLPs
that can, i.a., mediate the interactions between the DM and SM sectors, the FPF experiments will
also be well-suited to directly detect the scattering of DM species produced in the forward direction
at the LHC. The direct search for sub-GeV DM in the FPF will be highly complementary to more
traditional missing-energy searches at the LHC that target heavier DM particles, cf. Ref. [728] for
recent review. Importantly, such light DM particles can be efficiently thermally produced in the
early Universe, in a way that is similar to weakly interacting massive particles (WIMPs) [729–731].
This has prompted extensive discussions about the discovery prospects of such light DM species,
cf. Ref. [128, 278, 732] for reviews; see also contribution to Snowmass 2021 Big Idea: dark matter
production [110] and RF6 - Overview of Facilities and Experiments [111]. The direct search for
DM particles at the FPF contributes significantly to these efforts, bringing to bear the unique
capabilities of far-forward searches at the LHC and complementing experimental proposals based
on the missing energy/momentum signatures.
In addition, DM searches at the FPF will offer distinct discovery prospects with respect to
standard DM direct detection experiments placed in deep underground facilities, cf. Ref. [733] for
recent review. This is first due to the large DM energies accessible at the LHC. Notably, in this case,

e

e f¯
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DM particles with masses even much below the GeV scale will generate recoil energies of the SM
targets of order Er & 100 MeV up to tens of GeV. This is far above the typical energies induced
in the scatterings of non-relativistic light DM, which currently limit traditional direct detection
searches. The large energies characteristic of the LHC also enable probes of DM interactions in the
relativistic regime, opening new discovery prospects in models predicting suppressed non-relativistic
scattering rates. In addition, DM searches at the FPF rely on the highly-collimated far-forward
flux of DM particles produced at the LHC. As a result, even a relatively small detector like FLArE,
with fiducial mass of order 10 ton concentrated within a 1 m radius along the beam collision axis,
can successfully probe thermal relic targets of popular theoretical scenarios predicting the existence
of light DM species [88].
Notably, the expected DM event rate in the FPF depends on the DM-SM coupling constant
gDM-SM in a different manner to the traditional direct detection searches that are sensitive to the
local DM number density. In the former case, the increasing value of such coupling generates
both the larger DM flux and the growing scattering rate. The expected number of events in the
4
detector then scales as gDM-SM
. In the latter searches, the growth of the scattering probability is
compensated for by the decreased thermal relic density of DM, resulting in the predicted constant
event rate independent of gDM-SM . Simultaneous observation of the DM signal in both types of
searches could then shed more light on the specific nature of the DM coupling to the SM.
The DM search in the FPF will rely on the possibility to discriminate the BSM signal rates from
the muon- and neutrino-induced backgrounds. In particular, the muon-induced backgrounds can
significantly limit the DM discovery potential of the FPF experiments, if it is not actively vetoed.
However, these can be greatly suppressed by detecting the through-going muon and collecting
information about the time of the event, with minimal impact on the DM signal rate. In the
following, we will assume that such a vetoing occurs, which remains straightforward for the FLArE
detector, while it would require additional electronic detectors to provide the time information about
the event in the emulsion detector FASERν2, cf. Ref. [88] for further discussion. We also assume
that muon-induced backgrounds can be rejected in the DM search at the Advanced SND@LHC
detector.
Instead, rejecting the neutrino-induced backgrounds requires employing specific kinematic cuts,
as will be illustrated below. This allows for probing DM species below the specific (LHC-driven)
“neutrino floor” present in DM direct detection searches in the far-forward region of the LHC. Below, we first present in more detail the prospects for the direct search for relativistic DM particles at
the FPF for the popular dark photon mediator models and we highlight possible complementarities
between different experimental signatures. We then discuss the expected exclusion bounds for the
hadrophilic DM models coupled to the SM via the dark vector mediator.

5.1.1

Dark Photon Mediator Models

We first investigate a well-motivated and commonly studied class of light DM models based on a
massive dark photon mediator A0µ of a spontaneously broken U(1)D gauge symmetry, that couples
to the SM via kinetic mixing. For the (sub-)GeV A0 masses of interest here, the Lagrangian in the
physical basis is given by
1 0 0 µν 1 2 0 0 µ
µ
L ⊃ − Fµν
F
+ mA0 Aµ A + A0µ (ε e JEM
+ gD Jχµ ),
4
2

(5.1)

√
where mA0 is the dark photon mass, ε is the kinetic mixing parameter, gD ≡ 4παD is the U(1)D
µ
gauge coupling, JEM
is the SM electromagnetic current, and Jχµ is the current for the DM particle
χ, with mass denoted by mχ . For our DM candidates, we will study two cases: (1) complex scalar
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DM and (2) Majorana fermion DM, with respective currents given by

↔
 iχ∗ ∂µ χ (complex scalar DM)
Jχµ =
 1 χγ µ γ 5 χ (Majorana fermion DM) .
2

(5.2)

Both scalar and Majorana DM can be produced in the early universe through simple thermal
freeze-out with the correct relic density. Notably, for mA0 > 2mχ , DM annihilates directly to SM
0
fermions through s-channel dark photon exchange, χχ → A (∗) → f f¯, with an annihilation cross
section given by (for mA0  mχ )
σv ∝ α v 2

ε2 αD m2χ
y
= α v2 2 ,
4
mχ
mA0

(5.3)

where α is the SM electromagnetic fine structure constant and y ≡ ε2 αD (mχ /mA0 )4 , following
Ref. [734]. Below we will present our sensitivity estimates for DM scattering searches at the FPF
detectors in the (mχ , y) plane for the well-studied benchmark choices αD = 0.5 and mA0 = 3mχ .
We will also show in this plane the thermal targets, corresponding to regions of parameter space
explaining the observed DM relic abundance [570].
Before turning to a discussion of the scattering signatures, it is worth highlighting the velocity
suppression present in Eq. (5.3), corresponding to P -wave annihilation. This implies the consistency of these models with bounds derived from observations of the cosmic microwave background
anisotropies. We also remark that direct detection bounds are naturally evaded in the Majorana
DM case due to the rate suppression from momentum-dependent scattering and can also be evaded
in a simple way in the scalar DM case by introducing a small mass splitting, causing the scattering
reaction to proceed inelastically [572].
The direct search for the DM scattering in the FPF will rely on several distinct detection modes.
In the case of the positive signal, the complementarity between them will provide additional information about the DM couplings. Here, we briefly present these signatures based on the discussion
in Refs. [88, 89], in which the DM search in the FLArE and FASERν2 detectors in the FPF has
been proposed.
As mentioned above, the direct search for the DM scattering in the FPF will rely on the
highly-collimated flux of DM particles produced in the far-forward region of the LHC and will
employ several distinct detection modes. In our modeling, we employ the FORESEE code [73], cf.
Sec. 4.1 for further details, and rely on Ref. [67] for the forward neutrino flux and spectrum. The
complementarity between different scattering signatures will provide additional information about
the DM couplings. Here, we briefly present these signatures based on the discussion in Refs. [88,89],
in which the DM search in the FLArE and FASERν2 detectors in the FPF has been proposed.
The most important feature of sub-GeV DM scatterings mediated by the light dark photon,
which allows the discrimination of the DM signal events from neutrino-induced backgrounds, is the
typical low momentum exchange present in the DM interactions. This is in contrast to neutral
current (NC) neutrino scatterings mediated by the heavy Z bosons that favor larger visible energy
depositions in the detector. This can be seen from the approximate expression for the differential
electron scattering cross section valid in the limit of the large incident DM energy, Eχ  mχ , and
large electron recoil energy, Ee  me ,
dσ
8π 2 α αD me
≈
.
dEe
(m2A0 + 2me Ee )2

(5.4)
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The relevant scattering rate is dominated by events characterized by 2me Ee . m2A0 . For mA0 .
100 MeV, this corresponds to Ee . 10 GeV. This allows for a sensitive search for DM through its
electron scatterings, χe → χe, by employing a cut favoring low recoil energy events.
Below, we present the results for a search requiring the electron recoil to be within the range
30 MeV(300 MeV) < Ee < 20 GeV, where the lower bound is driven by the FLArE (FASERν2)
detector capabilities to study low-energy EM signal, while the upper bound is set to reduce backgrounds from neutrino interactions. The typical electron recoil energy depends on the dark photon
mediator mass and varies between Ee ∼ 100 MeV and Ee ∼ 10 GeV in the sensitivity reach plots
below. When obtaining the sensitivity curves, additional bounds on the electron recoil angle θe have
been imposed, as discussed in Ref. [88]. These, however, play only an auxiliary role in the analysis.
Importantly, though, the detection of only a very small electron recoil angle with respect to the
beam collision axis will facilitate the identification of the events related to DM particles coming
from the pp collisions at the distant LHC IP. Thanks to the cuts on Ee and θe , the neutrino-induced
backgrounds in this search can be reduced to O(10) events for the 10-tonne detector during the
entire HL-LHC era.
A complementary way of probing light DM in the FPF is to search for their elastic scatterings
off protons, χp → χp. This leads to a single proton charged track in the detector that can be
efficiently distinguished from the electron-induced signals. In this case, however, the larger target
mass makes it more difficult to generate sufficiently large proton recoil energies when a very light
dark vector is exchanged in the scattering. As a result, the relevant expected exclusion bounds are
typically less constraining than the bounds derived based on the electron scattering, especially in
the limit of mA0 . 100 MeV. When presenting the result for this signature, we employ the upper
cuts on the proton recoil momentum pp . 500 MeV (1 GeV) for FLArE (FASERν2). The relevant
lower bounds are driven by detector capabilities, Ek,p & 20 MeV for FLArE and pp & 300 MeV
for FASERν2. This leads to O(100) expected neutrino interactions that could mimic the DM
signatures in the 10-tonne detector. We additionally employ GENIE [735,736] and take into account
the possibility that the recoiled proton will rescatter (final-state interactions, FSI) before leaving
the nucleus, which could affect the identification of the event, cf. Ref. [89] for further discussion.
For dark photon masses above the QCD scale, the DM interaction can also probe the internal
structure of the nucleon in the deep inelastic scatering (DIS) regime. This leads to events with rich
hadronic activity, including potentially multiple charged tracks, and searches for these signatures
can offer the best sensitivity for heavier DM species. In the following, we will present the expected
bounds in a search employing cuts on the hadronic energy, 1 GeV < Ehad < 15 GeV, and the
hadronic transverse momentum of the event 1 GeV < pT,had < 1.5 GeV. Again, by focusing
on signatures with relatively low visible energies, one can significantly suppress neutrino-induced
backgrounds from more than 105 events to O(103 ) events over the full HL-LHC era at the 10-tonne
detectors. Instead, the impact of these cuts on the DM signal rate is comparatively minor, cf.
Ref. [89] for further discussion. While we do not study systematic uncertainties, we note they could
be reduced when searching for an excess in the ratio between the NC and CC scattering rates,
r =NC/CC.
In Fig. 5.2, we present the expected DM exclusion bounds in the (mχ , y) plane for FLArE
and FASERν2 for the benchmark scenario with mA0 = 3mχ and αD = 0.5. Here, all the aforementioned experimental signatures have been taken into account. In particular, the reach in
the low mass regime, mχ . 200 MeV, is dominated by the search for DM-electron scattering,
while for heavier masses the expected bounds from DIS become important or even the most
stringent. The search based on elastic scatterings of protons provides equally strong bounds for
100 MeV . mχ . 300 MeV. In the plot, the gray shaded region is currently excluded based on the
data from the BaBar [580], BEBC [737], E137 [121,564], LSND [563], MiniBooNE [260], NA64 [579],
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Figure 5.2: The projected 90% CL exclusion bounds combining all channels for the FASERν2 and
FLArE-10 detectors at the HL-LHC with 3 ab−1 of integrated luminosity. Existing constraints and
projected reaches from other experiments are shown with the gray-shaded region and colorful lines,
respectively, see text for details. Adapted from Ref. [89].
and NOνA [738] experiments following Refs. [739, 740]. In addition, we also present future projected bounds from other searches in the BDX [741], Belle-II [249], LDMX [571], NA64 [742],
SHiP [617], and SND@LHC [12] detectors. We also show there the expected future bounds from
the SuperCDMS experiment [128, 570, 571], which assume the Majorana DM particle.
We also present there the thermal relic targets for the scalar and Majorana DM. These are
indicated with the dashed and solid black lines, respectively, while in the regions above these lines,
the thermal DM relic density is predicted to be lower than the observed DM relic abundance. As
can be seen, the FPF experiments will cover important parts of the currently allowed regions in
the parameter space of these models that remain consistent with the standard cosmology.

5.1.2

Hadrophilic Dark Matter Models

Many of the most sensitive experimental probes of a dark photon mediator stem from its couplings
to leptons. However, on general grounds one can envision a variety of phenomenologically distinct
mediator coupling patterns, and it is important to consider such scenarios to obtain a clearer
picture of the physics potential of proposed experiments. Since the LHC collides protons, it can be
especially sensitive to mediators with primarily hadrophilic coupling patterns, i.e., sizable couplings
to quarks, but suppressed couplings to leptons.
With this motivation, we now consider scenarios of this kind featuring hadrophilic couplings of
a vector mediator, here denoted as Vµ ; see Ref. [90] for further details. As case studies, we will
discuss two representative hadrophilic dark sector models based on 1) an anomalous U(1)B and 2)
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and anomaly-free U(1)B−3Lτ gauge symmetries. In the physical basis, the Lagrangian of the vector
mediator Vµ is
1
1
µ
L ⊃ − Vµν V µν + m2V Vµ V µ + Vµ (JSM
+ gV Qχ Jχµ ) ,
(5.5)
4
2
µ
where mV is the vector mass. The current JSM
containing SM fields is given by
µ
µ
JSM
= gV [JBµ − 3x(τ γ µ τ + ν τ γ µ PL ντ )] + ε e JEM
,

(5.6)

√
µ
are the baryon number and
where gV ≡ 4παV is the new U(1) gauge coupling, JBµ and JEM
electromagnetic currents, respectively, ε is the kinetic mixing parameter, and x = 0 (1) for the
U(1)B (U(1)B−3Lτ ) model. As in the dark photon study above, we will again consider both complex
scalar and Majorana fermion DM candidates, with current given by Eq. (5.2), while Qχ is the charge
of the DM under the new gauge symmetry.
In our sensitivity studies below, we will assume that the kinetic mixing is generated radiatively,
with characteristic one-loop size ε = egV /(16π 2 ). As in the dark photon models above, we will
further fix mV = 3mχ . Our results will be presented in the (mV , gV ) plane under two qualitatively
distinct assumptions for the DM charge Qχ . In one scenario, we will assume DM and SM particles
have comparable interaction strengths with the mediator V , fixing
(
1 , U(1)B models
Qχ =
(5.7)
3 , U(1)B−3Lτ models .
In the B − 3Lτ model, we have fixed the DM charge to be opposite that of the ντ , Qχ = −Qτ . As
a second, qualitatively distinct, scenario, we will assume DM couples to V with a fixed strength,
αχ ≡

gV2 Q2χ
= 0.01 .
4π

(5.8)

The production rates and distributions of the mediator V in the far-forward region of the LHC
is obtained using the FORESEE package [73]. We consider several production channels, including
light meson decays, proton bremsstrahlung [181, 184] (See also Ref. [262]), and Drell-Yan. We then
consider the decays of the mediator to dark matter and SM final states. For the latter, we employ
the the DarkCast package [197], which uses a data-driven approach to estimate the hadronic widths
(see also Ref. [271]).
As in the dark photon mediator models, the correct DM relic abundance can be obtained through
thermal freezeout of DM annihilation to SM particles, and below we will present the thermal targets
in the (mV , gV ) plane. In the U(1)B−3Lτ models, due to the open channel to tau neutrinos, DM
annihilates efficiently throughout the entire mass range. Instead, in the U(1)B model, annihilation
is only efficient for masses mV = 3mχ & O(1 GeV), due to the lack of unsuppressed kinematically
open channels at lower masses. Under the assumptions described above, the annihilation cross
section displays the following parametric dependence
σv ∼ v 2

2
gV4 Q2χ
2 gV αχ
∼
v
.
m2V
m2V

(5.9)

For our two scenarios with either fixed Qχ or αχ , the thermal targets exhibit clear trends in the
(mV , gV ) plane that can be understood from Eq. (5.9). We also note that similar remarks to those
made in the dark photon model regarding P -wave suppressed annihilation (see Eq. (5.9)) and the
lack of CMB constraints, as well the model dependence of direct detection constraints, apply to
the hadrophilic models considered here.
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Figure 5.3: The expected exclusion bounds in the search for the scattering of the hadrophilic DM
with αχ = 0.01 and mV = 3 mχ is shown for the U (1)B (left) and U (1)B−3τ (right) models with
invisibly decaying dark vector mediator. The light (dark) red lines correspond to the DIS (elastic)
scattering signatures. The results obtained for the FLArE and FASERν2 detectors is shown with
the solid and dotted lines, respectively. In the left, we also show with the purple line the projected
bounds obtained based on the search of excessive neutral-current neutrino interactions in FLArE.
The gray-shaded regions are excluded by current bounds (see text). The black solid and dashed
lines correspond to the relic targets for scalar and Majorana DM, respectively. Taken from Ref. [89].
The expected exclusion bounds on the hadrophilic models for both the FLArE and FASERν2
detectors are shown in Fig. 5.3 following Ref. [90]. In the figure, we focus on the case with the
fixed dark coupling constant, αχ = 0.01 and present the results for both the U (1)B and U (1)B−3τ
scenarios in the left and right panels, respectively. As can be seen, in both cases FLArE and
FASERν2 detectors have capabilities to probe parts of the relic target lines for the DM mass
mχ ∼ GeV, up to a few GeV, which remain unexcluded. Interestingly, one expects excesses over
the neutrino-induced backgrounds in both the elastic DM-proton scattering and DM-DIS channels,
cf. Sec. 5.1.1 for details about these signatures.
The current bounds on the hadrophilic models are shown with the dark gray-shaded regions
and are based on null searches in ARGUS [743], BaBar [621], BES [744], CDF [745, 746], Coherent CAPTAIN-Mills (CCM) [261], Crystal Ball [747], E949 [348], GAMS-2000 [748], LESB [749],
MiniBooNE [259, 260], NA62 [750], NuCal [226] experiments, as well as on the measurements of
the low-energy neutron-lead scattering cross section [751, 752] (see also Refs. [154, 753]). Instead,
the light gray-shaded region corresponds to the gauge anomaly-induced bounds from the rare Z
boson and flavor-changing meson decays [236,251] in the U (1)B case, and to neutrino non-standard
interactions (NSI) constraints [754] for the U(1)B−3τ model. In both cases, the are further bounds
on the scenarios from DM direct detection searches in CRESST-III [254], DarkSide [255], Xenon1T [256, 257]. These, however, apply only to the complex scalar DM case. Even in this case, the
bounds can be significantly weakened if the scattering is rendered inelastic through the introduction
of a small DM mass splitting.
It is worth highlighting that beyond the search for DM scatterings these hadrophilic models can
lead to additional striking signatures at the FPF experiments. In particular, in the right panel of
Fig. 5.3 we present additional expected exclusion bounds that can be obtained from searches for
BSM-induced τ neutrino scatterings in FLArE that lead to an excess of neutrino NC interactions.
The complementarity between different searches is also evident in the results presented in Fig. 4.8
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SND@LHC
AdvSNDfar
AdvSNDnear

target cross section
39 × 39 cm2
100 × 40 cm2
120 × 120 cm2

distance lmin
480 m
55 m

213
η
[7.2,8.6]
≈[7.2,8.4]
≈[4,5]

target mass
800 kg
5 tons

Table 5.1: Parameters of SND@LHC detector, and the two detectors of the Advanced SND experiment used in this estimate.
(see Sec. 4.2.5), which has been obtained for the complex scalar DM coupled to the SM via the
U (1)B gauge boson with the dark charge set to Qχ = 1. For this natural choice of the dark charge,
one expects the dark vector to decay both visibly, either into lighter hadronic states or e+ e− pairs,
and invisibly into the DM particles. Such visible decays will be successfully probed in FASER2,
which extends the reach of the FPF experiments in this model towards small values of the coupling
constant, gV ∼ (10−8 − 10−5 ) for mχ of order several hundred MeV.
Similar complementary bounds can be obtained in the U (1)B−3τ case, assuming order one values
of Qχ . In this case, additional bounds can be derived from the search for the enhanced production
of τ neutrinos in the far-forward region of the LHC due to dark vector decays [222]. These can then
be studied via the measurement of the ντ charge current (CC) scatterings in the FPF, cf. Ref. [90]
for further discussion.

5.1.3

Dark Matter Search in the Advanced SND@LHC Detector

The successor of the SND@LHC experiment during HL-LHC, Advanced SND is planned to be made
of two detectors to perform QCD measurements with improved accuracy and neutrino physics,
including cross section measurements. The first detector (AdvSNDfar ) to be located at the FPF
in the pseudorapidity range η ∈ [7.2, 8.4] aims to continue the physics program of the SND@LHC,
increasing the number of detected neutrino interactions. The second detector (AdvSNDnear ) will
be at 55 m from the interaction point and cover larger angles η ∈ [4, 5], allowing to reduce the
systematic uncertainty in charm hadron production by using the charm yield in the same angular
range from LHCb. Both AdvSND layouts follow the design of the SND@LHC, consisting of a target
region for the vertex reconstruction and EM energy measurement and a muon ID system acting
also as HAD calorimeter. In addition, the new detectors will be equipped with a magnet for the
measurement of the muon charge and momentum. The preliminary parameters of the detectors are
given in Table 5.1.
We consider the sensitivity of the Advanced SND configurations to various BSM models. New
feebly interacting particles (FIPs) may be produced in the pp scatterings at the LHC interaction
point, propagate to the detector and decay or scatter inside it. Similarly to the previous work [755],
we consider here scatterings of light dark matter particles (LDM) via leptophobic UB (1) mediator,
as well as decays of Heavy Neutral Leptons (HNLs), dark scalars and dark photons.
The number of events with FIPs in the AdvSND detectors are estimated as
Nevents = Nprod ×  × P

(5.10)

where Nprod is the total number of FIPs produced during the operation time of the experiment (HL
phase of the LHC),  is the geometrical acceptance – the fraction of particles that move towards
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the detector, and P is the average probability to decay/scatter inside the detector for these FIPs
scatter
Pscatter = ldet
hσin
*
l

Pdecay =

min
− cτ
γv

e

decay
l
+l
det
− mincτ γv

−e

+

(5.11)
(5.12)

with σ being the scattering cross section, n being the number density of target particles, τ being
the lifetime, and ldet being the effective length of the detector (the length of the target material
for scatterings and the actual target length for decays). The average h. . . i is computed over the
distribution of particles passing through the detector.
Scatterings We consider here two scattering signatures: elastic – an excess of neutrino-like
elastic scatterings over the SM yield due to χ + p process, and inelastic – an excess of the ratio
of neutral-to-charged current-like events, r = NNC /NCC , over the SM prediction r ≈ 0.31 due
to χ + nucleus deep inelastic scattering (DIS). SND@LHC allows measuring the r ratio with the
accuracy (∆r/r)SND@LHC = 10%. We assume that the accuracy of the advanced configurations will
be improved, and consider (∆r/r)AdvSND = 1% as the reference value.
The model we study is the leptophobic portal with a mediator Vµ and scalar LDM particles χ.
The Lagrangian is
1X µ
L ⊃ gB Vµ ×
q̄γ q + |(∂µ − igB qχ Vµ )χ|2 ,
(5.13)
3 q
P
where the sum q goes over all quarks, gB is the leptophobic coupling, and qχ is the leptophobic
charge. The overview of constraints and phenomenology of the portal is described e.g. in [755].
When calculating the number of events, we follow [755]. χ particles are produced in decays of V ,
whose dominant production channels are decays of π, η for masses mV . mη , proton bremsstrahlung
for mη . mV . 3 GeV, and the Drell-Yan process for mV & 3 GeV, see Fig. 5.4. These processes
produce V (and hence χ) in the far-forward direction, and therefore the geometric acceptance for
χ particles flying into AdvSNDfar , which is located off-axis, is much lower than for those pointed
to SND@LHC and AdvSNDnear .
The target particle density n in Eq. (5.11) is equal to the detector’s atomic number density
(the tungsten material is considered) times atomic Z (elastic) or mass A (NC/CC) numbers of the
target material. The mass dependence of the averaged DIS cross section hσDIS i is shown in Fig. 5.4.
The cross section grows with the mean energy of χ particles, which explains why the cross section
at AdvSNDnear (where off-axis particles have relatively low energies) is suppressed as compared to
the DIS cross section at AdvSNDfar /SND@LHC (where particles travel in the far-forward direction
and have large γ factors).
The number of scattering events in Eq. (5.10) scales as
2 2
Nevents ∝ αB · Br(V → χχ) · αB
qχ ,

2
αB = gB
/4π,

(5.14)

2 q 2 from the χ scattering. To
where αB · Br(V → χχ) comes from the χ production, while αB
χ
represent the reach of AdvSND, we marginalize over qχ and mχ , choosing the αD ≡ αB qχ2 = 0.5 and
2.
mχ = 20 MeV. In this case, Br(V → χχ) = 1, and the number of events behaves as Nevents ∝ αB
In addition, for such small χ masses there is no constraints coming from the dark matter direct
detection experiments (which are currently sensitive to the DM masses mχ & 160 MeV [254], and
otherwise impose very strong bounds).
Let us now discuss backgrounds and signal reconstruction for the scattering signatures (see
Ref. [755]). The LDM elastic scattering produces an isolated low-energy proton track. In order to
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Figure 5.4: Left: The number of χ particles produced from π, η, bremsstrahlung, and Drell-Yan
process in the direction of the SND@LHC, AdvSNDnear , and AdvSNDfar . Right: The cross section
of deep inelastic scattering χ off a nucleon averaged over the energy of χ particles produced in the
direction of the SND@LHC, AdvSNDnear , and AdvSNDfar .
be recognized as a proton from the elastic scattering event, this track must be isolated from wide
cascades of particles produced by neutrino DIS events. SND@LHC is equipped with the emulsion
detectors that have limited capabilities to disentangle single proton tracks from the DIS events. This
may be not the case of the AdvSND configurations proposed to be equipped with pixel detectors.
The reconstruction efficiency and backgrounds in this case is a subject of detailed simulations of
neutrino DIS interactions including secondary interactions and detector response, and goes beyond
the scope of the present estimate. Within this study, we show iso-contours corresponding to the
elastic signature by requiring 10 elastic events with χ.
For the LDM DIS scattering signature, the background are neutrino DIS events. We estimate
the number of these events with the help of the approach presented in [67], where we generated
the primary flux of mesons using the EPOS-LHC [64] event generator (for light mesons π, K), and
Sibyll 2.3d [756] (for D mesons) as a part of the CRMC package [63]. The amounts of obtained
CC DIS scatterings for the experiments are NCC ' 6 · 104 for AdvSNDfar and ' 2400 for v. In
order to see an excess in the NC/CC ratio over the precision measurement of SND detectors at 2σ,
we require the number of events with LDM scatterings to be
p
Nevents > 2 NNC + (0.01 · NNC )2 ,
(5.15)
which is ' 450 for AdvSNDfar and ' 100 for AdvSNDnear .
Let us now discuss the comparison of the reach of SND@LHC, AdvSNDnear and AdvSNDfar .
Given closely the same η range covered by SND@LHC and AdvSNDfar , and the same DIS cross
sections, the sensitivity of AdvSNDfar may be estimated using a simple rescale:
!1/4
SND@LHC

L
Run 3
AdvSNDfar
SND@LHC
SND@LHC
azimuthal
αB,lower
∼ αB,lower
× AdvSND
' 0.3 · αB,lower
,
(5.16)
far
LHL

azimuthal

with L being the luminosity. Here, the scaling 1/4 comes from the scaling of the signal and
2 ,N
background Nevents /αB
NC ∝ azimuthal L in Eq. (5.15). The number of events at AdvSNDnear is
lower due to the geometric acceptance and the cross section, which is only partially compensated
by ' 10 times lower number of background events. Therefore, AdvSNDnear has worse sensitivity.
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Figure 5.5: The potential of SND@LHC and its advanced configurations, AdvSNDnear and
AdvSNDfar , to probe the parameter space of the model Eq. (5.13) of LDM particles interacting with SM via the leptophobic mediator. We show the sensitivity of the NC/CC signature (the
solid lines) as well as the iso-contour corresponding to 10 elastic signature (dashed lines), see text
for details. The constraints coming from past experiment (the solid gray domain), as well as the
model-dependent constraint from the anomaly-driven B decays (the gray line) are described in [755].
We show the sensitivity curves of AdvSNDnear , AdvSNDfar , and the sensitivity of the SND@LHC
experiment from [755] for the model Eq. (5.13) in Fig. 5.5. We see that AdvSNDfar may improve
the sensitivity of SND@LHC by a factor of 3.
Decays Similarly to the case of scatterings, we estimate the number of decays of dark scalars S,
HNLs N with dominant muon or tau mixings, and dark photons V , following [755]. We assume
that the ratio of the effective detector lengths for decays and scatterings for the advanced detectors
decay scatt
is the same as for SND@LHC, i.e. ldet
/ldet = 5/3.
In the mass region of interest mFIP ∼ GeV, Ss are mainly produced in decays of B mesons, N s
are produced in decays of B mesons at mN & 2 GeV, while at lower masses - in decays of D mesons
(the muon mixing) or in D → τ → N decay chains (the tau mixing). V s are produced similarly to
the leptophobic mediator - in decays of π, η mesons, bremsstrahlung, and by the Drell-Yan process.
Decays produce either a pair of charged tracks or monophotons, in dependence on the final
states. In order to estimate the reconstruction efficiency, selection efficiency and the number of
background events, detailed simulations are required. Therefore, in Fig. 5.6 we show iso-contours
instead of the sensitivity.
Let us now make a qualitative comparison of the sensitivities of these experiments requiring the
same number of events, mainly following the approach of [757]. At the lower bound of sensitivity,
the number of events scales with the coupling parameter of a model θ and the parameters of the
detector as
ldecay
Nevents ∝ θ4 L × geom × det
(5.17)
hpFIP i
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2
2
(θAdvSND
/θSND
)min
far
2
2
(θAdvSNDnear /θSND )min
2
2
(θAdvSND
/θSND
)max
far
2
2
(θAdvSNDnear /θSND )max

S
0.1
0.02
0.8
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N
0.1
0.02
1
1

V
0.1
0.1
. 0.3

2
Table 5.2: The ratio of θmin/max
for fixed number of events from the naive estimates Eqs. (5.17)
and (5.18) for dark scalars S, HNLs N , and dark photons V . Here, N represents both HNLs with
µ or τ mixing.

with L being the luminosity of the experiment. The value of θ2 corresponding to fixed number of

−1/2
decay
2
events scales as θmin
∝ Lgeom ldet
/hpFIP i
.
At the upper bound, the number of particles is exponentially suppressed by the probability
to survive before reaching the detector e−lmin /cτ . The exponential factor determines the minimal
possible lifetime and hence maximal coupling 1/τ ∝ θ2 , leading to the following scaling for the
sensitivity to a fixed number of events:
2
θmax
∝

lmin
hpFIP i

(5.18)

2 , θ2
The ratios of θmin
max are given in Table 5.2. Note that these estimates are not valid near the
endpoint of the iso-contours.
Similarly to the case of leptophobic mediators, the distribution of dark photons is localized onaxis and quickly drops at larger angles. This implies that the sensitivity of the off-axis AdvSNDfar
is worse than that of AdvSNDnear . On the other hand, dark scalars and HNLs are produced in
decays of heavy mesons, leading to higher transverse momentum of FIPs, such that the distribution
is smeared over larger angles, see discussion in Sec. 4 of [755]. In this case, AdvSNDnear benefits
from the larger solid angle and has better sensitivity than AdvSNDfar .

5.1.4

Dark States with Electromagnetic Form Factors

Interactions between dark states and SM photons To quantify how “dark” is the dark
sector, electromagnetic (EM) properties of dark states, including not only its EM charge but also
multipole expansion of EM charge such as dipole moment, needs to be examined carefully. As an
example, we consider Dirac dark states χ, that are electromagnetic (EM) neutral, yet they can still
couple to Standard Model (SM) photons through higher-dimensional effective operators such as
mass-dimension 5 electric/magnetic dipole moment (EDM/MDM) and mass-dimension 6 anapole
moment/charge radius (AM/CR); see Sec. 5.2 for discussion on millicharged dark states. We note,
however, that EM form factors can also be generalized to scalar or vector dark states; see [758] for
example.
The interactions between χ and photon field strength Fµν can be described by [608]
1
i
Lχ ⊃ µχ χ̄σ µν χFµν + dχ χ̄σ µν γ 5 χFµν − aχ χ̄γ µ γ 5 χ∂ ν Fµν + bχ χ̄γ µ χ∂ ν Fµν .
2
2

(5.19)

Here µχ and dχ are mass-dimension −1 coefficients of MDM and EDM, aχ and bχ are massdimension −2 coefficients of AM and CR, and σ µν ≡ i[γ µ , γ ν ]/2, respectively. The signs in front of
each terms in Eq. (5.19) is chosen such that the Lagrangian in the non-relativistic limit reduces to
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Figure 5.6: Event contours of 10 (solid) and 100 (dashed) events for HNLs with dominant muon
(top left) and tau mixing (top right), dark scalar (top left) and dark photons (top right). Event
reconstruction efficiency is not included in this estimate. Sensitivities of the FASER2 experiment
and of the previous experiments are reproduced from [278, 438].
the interaction Hamiltonian in classical regime. Each EM form factor interaction has different properties under discrete Lorentz transformations, resulting in distinct phenomenology; see discussion
in [608]. The vertex function for Feynman-diagrammatic calculations reads [608]
Γµχ (k) = iσ µν kν (µχ + idχ γ 5 ) + (k 2 γ µ − k µ k/)(−aχ γ 5 + bχ ) ,

(5.20)

where k is the 4-momentum goes into χ-pair.
This photon portal is entertained in both its signal in laboratory [603, 608, 759, 760] and in
direct/indirect search [608, 611, 759–766] as well as its astrophysical and cosmological implications [759,763,767–769]. Possible UV-completion scenarios include, e.g., composite dark states [770–
772] or radiative generation through new charged states at UV scale [773, 774]. Here we remain
agnostic of the UV physics by assuming the UV scale being higher than the center-of-mass (CM)
energy of considered experiments1 , such that effective description of the EM form factor interactions
is valid.
In general, to probe the photon portal, the CM energy enters the interaction is of utmost
importance considering the energy-dependence of the effective operators. Given that FPF utilizes
energetic particle flux produced from the LHC with a CM energy at TeV scale, we can envision
FPF, even though with less intense flux, can yield competitive sensitivity for dark states mass
1
For some parameter space, e.g., µ−1
∼ ECM with ECM being the CM energy of considered experiments, this
χ
assumption is no longer valid. To obtain consistent result, one needs to take UV physics into account.
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Figure 5.7: Left: Production rates for mass-dimension 5 operators with MDM interaction as representative. For sub-GeV mass range, χ-production is dominated by decay of π, η, ρ, ω and J/ψ. The
DY channel extends to multi-GeV regime. Right: Production rates for mass-dimension 6 operators
with CR interaction as representative. Recalling that BR ∝ M 4 for AM and CR, only J/ψ decay
is important for mχ . O(GeV). For χ with a mass above GeV, only DY production is relevant.
below O(TeV), when compared to previous intensity frontier experiments such as electron/proton
fixed-target/beam-dumped experiments which typically have CM energy around O(10 GeV). In the
following, we discuss the production and detection of such dark states and demonstrate projected
sensitivity of FLArE.
Production and detection in FPF Similar to dark state production in proton-beam experiments [603], in FPF dark states χ can source from Drell-Yan (DY) processes at the beam collision
point, decay of pseudoscalar/vector meson decay, proton-proton bremsstrahlung, and pion capture
processes.
• Drell-Yan processes: χ can be pair-produced through quark-antiquark annihilation. Event generators such as MadGraph [415] and Pythia [115] are adopted for correct estimation of the resulting
energy spectrum and angular distribution of χ. Drell-Yan production is essential when going beyond the kinematic endpoint of meson decay and become more important for higher-dimensional
operators.
• Meson decay: as long as the process is kinematically allowed, pseudoscalar/vector mesons produced from primary interaction can decay into χ-pair through an off-shell photon. According
to the spin of meson, pseudoscalar meson such as pions can have 3-body decay into χ-pair
plus a photon while vector meson such as ρ meson can decay into χ-pair directly. For higherdimensional operators, production of χ from heavier meson decay become more important due
to the mass scaling in the branching ratio BR ∝ M a , where a = 2(4) for mass-dimension 5(6)
operators.
• Proton-proton bremsstrahlung: χ-pair can also be emitted via an off-shell photon in protonproton interaction. The production rate can be estimated from the Fermi-Weizsacker-Williams
method with a simplified phase space [775–777]. For the EM form factor interactions considered
here, we find the production rate is dominated by vector meson resonance, i.e. when sχχ̄ ' m2V
with mV being vector meson mass; see also [183]. Since vector meson resonance is already
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included in production from meson decay, we do not consider proton-nucleus bremsstrahlung
production to avoid double counting.
• Pion capture: the capture of pion by proton (nucleus) can produce dark state pair via pπ →
nγ ∗ → nχχ̄. However, this process mostly result in dark states with energy smaller than O(MeV)
which cannot result in a strong enough recoil signal to be detected; thus, pion capture is not
relevant for the reach of experiments considered here.
In summary, we take Drell-Yan processes and meson decay as main production channels and
derive corresponding energy spectrum and angular distribution of dark states d2 Nχ /(dEχ d cos θχ )
with θχ being the angle between χ’s momentum and beam axis. For Drell-Yan processes, we
adopt MadGraph to generate χ-flux produced at the IP. On the other hand, the numerical package
FORESEE [73], in which energy spectrum and angular distribution of mesons produced from ppcollision are incorporated, is utilized for meson decay production with relevant formulas given
in [778]. The production rate for each channel is summarized in Fig. 5.7, where an angular cut
θχ < 1 mrad from the detector geometry. It is evident that production from heavier meson decay
and DY process becomes increasingly important for higher dimensional operators, consistent with
the observation in [603]. For mass-dimension 5 operators, J/ψ decay is comparable with pion decay,
while for mass-dimension 6 operators, pion decay is much suppressed compared to J/ψ decay. The
DY production is the only production channel when meson decays are kinematically forbidden, i.e.,
M < 2mχ . The total production rate, used later in estimating the event rate, is given by the sum
of production rate of individual channel.
For the detection of χ, we focus on signals of electron recoil. In the regime that produced dark
states are highly boosted such that Eχ is much larger than mχ , electron mass me and electron
recoil energy ER , the differential scattering cross section dσχe /dER reads, e.g., for MDM and CR
dim-5
dσχe
αµ2χ
'
,
dER
ER

dim-6
dσχe
' 2αb2χ me ,
dER

(5.21)

where α is the fine-structure constant. Note that Eq. (5.21) also applies to EDM and AM with
the replacement of the form factor coupling. The ER -scaling of differential scattering cross section
dim-4 /dE ' (2πα2 2 )/(E 2 m ) with  being the
is different from that of the millicharged case dσχe
R
R e
charge fraction, implying the event rate of EM form factors being less IR-biased. Full formulas for
differential cross section can be found in [608], which is implemented in FORESEE. The number of
of e-recoil event can be obtained via
Nevent = ne Ldet

Z

dER (ER )

Z

dEχ

Z

d cos θχ

d2 Nχ
dσχe
,
dEχ d cos θχ dER

(5.22)

where ne is electron density in the detector, Ldet is the length of the detector along the beam axis,
and (ER ) is the detection efficiency. Assuming the target electron is at rest, the maximal ER from
certain Eχ reads
max
ER
=

2me (Eχ2 − m2χ )
,
me (2Eχ + me ) + m2χ

(5.23)

max , E cut ) where E cut is the large-E cut
such that the upper boundary of ER -integration is min(ER
R
R
R
of the experiment.
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Figure 5.8: Left: Projected sensitivity for mass-dimension 5 operators with MDM interaction as
representative. FLArE can improve the sensitivity on sub-GeV χ compared to existing constraints
and compete with proposed intensity frontier experiments [778]. Right: Projected sensitivity for
mass-dimension 6 operators with CR interaction as representative. FLArE yields similar sensitivity
with proposed intensity frontier experiments, but they are all weaker than bounds from SN1987A
and LEP.
Projected sensitivity of FLArE The detector of FLArE is placed 620 m downstream of the
ATLAS IP. We assume the default FLArE-10 detector geometry with Ldet = 7 m and a transverse
surface area of 1 m2 . From the detector geometry, we place a cut θχmax = 1 mrad such that χ’s trajectory passes through the detector. The detection efficiency is assumed to be 100% with threshold
th = 30 MeV and E cut = 3 GeV to reduce neutrino-induced background. We
and cutoff being ER
R
have checked that extending ER -range does not improve the sensitivity notably.
In Fig. 5.8, we show the projected sensitivity based on electron recoil together with existing
constraints and projection from other proposed experiments2 . Current strongest bounds (grey
shaded region in Fig. 5.8) on EM form factors are inferred from CHARM-II [603] and LEP missingenergy search [608] for mass-dimension 5 operators, and from energy loss in SN1987A [767] and
LEP missing-energy search [608] for mass-dimension 6 operators. Projected sensitivities of proposed
proton-beam and electron-beam experiments [603, 608] are shown in solid curves for comparison.
Based on fiducial detector geometry of FLArE and energy cuts, we find that for MDM and EDM
e-recoil at FLArE can go beyond current constraints and compete with other proposed intensity
frontier experiments in mχ ≤ O(GeV) [778]. On the other hand, for mass-dimension 6 operators,
sensitivity of FLArE together with other past/future intensity frontier experiments are suppressed
compared to bounds from LEP missing-energy search. This relative difference of constraining
power of FLArE and LEP on mass-dimension 5 and 6 operators can be understood as follows:
First, LEP bound for mass-dimension 6 operators is much stronger than that for mass-dimension
5 operators as χ production cross section from electron-positron annihilation is proportional to the
2

Note that here we do not assume χ constitutes cosmological DM. Therefore, we do not show thermal relic curves
and bounds from direct detection and indirect searches in Fig. 5.8. We refer readers to [608] for the case that χ plays
the role of DM.
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CM energy. Second, the production rate of dark states with mass-dimension 6 operators at FPF
is smaller than that with mass-dimension 5 operators since it relies on heavy meson decay which
comes with a smaller flux; see Fig. 5.7 for comparison. In addition, the scattering cross section of
mass-dimension 6 operators has no preference for low-ER in the detector; therefore, resulting signals
cannot be fully disentangled from the neutrino-induced background. We expect FLArE-100 can
improve the sensitivity on mass-dimension 5 operators, and the parameter space of mass-dimension
6 operators can be further probed by missing-energy search in future colliders [779–781].

5.2

Millicharged Particles

Millicharged particles (mCPs) are connected to many interesting topics in particle physics and
cosmology and are considered as an important generic possibility by the Physics Beyond Colliders
initiative [782]. Fractional charges arise naturally in considerations of the quantization of electric
(and magnetic) charge [783], and in grand unified and string theories [784–787]. mCPs are a
low-energy consequence of well-motivated dark-sector models [141], and even neutrinos may carry
millicharges [788, 789]. mCPs have been proposed as a dark matter candidate [790–793] and were
recently discussed as a solution to the 21-cm absorption spectrum anomaly reported by the EDGES
collaboration [794–800]. We consider a mCP, labeled χ, with electric charge Qχ , and define  ≡
Qχ /e. This can arise if χ has a small charge directly under the Standard Model U (1) hypercharge,
and also if χ is coupled to a massless dark photon via kinetic mixing [141] or to a massive dark
photon via Stueckelberg mass mixing [786].
mCPs have been looked for in many experiments [20, 21, 801–812], and their signatures in astrophysical/cosmological observations have also been considered. mCPs can be produced either
directly, or through the decay of secondary mesons. The main experimental signatures are: tracking (dE/dx), hard scattering (detecting the recoil electron) and missing momentum/energy. The
electron-scattering signature is the best studied for mCPs. Since there is a 1/E enhancement in
the scattering cross-section (where E is the electron-recoil energy), experiments with sensitivity to
low-energy recoil or scintillation signatures are preferred as mCP probes [810].
At the FPF, one can also do a tracking search for mCPs by exploiting their scintillation signature. The FORward MicrOcharge SeArch (FORMOSA) [100], was proposed for this purpose. The
FORMOSA detector is a large plastic scintillator array with each scintillator volume coupled to a
PMT capable of detecting single photons. This will enable sensitivity to the small scintillation deposits produced by low charge particles. The use of multiple layers of scintillator provides powerful
background suppression, while a large path length of active material allows sensitivity to charges
as low as 10−4 e. This will allow FORMOSA to provide the best probe of mCPs with mass between
0.1 and 100 GeV. A more complete description can be found in Sec. 3.5.
The FPF also provides the opportunity to search for mCPs via hard scattering, with the scattered electron detected by FLArE (which is extensively discussed in Sec. 3.4. The search strategy
for mCPs is essentially the same as the search for LDM electron scattering and has the advantage of
strong 1/E enhancement, corresponding to LDM with ultralight mediators. We show the estimate
of the sensitivity in Fig. 5.9, while experimental details may be found in Sec. 3.4. In Fig. 5.9, we
show the FORMOSA and FLArE sensitivities, along with existing constraints and other future
probes.
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Figure 5.9: Bounds on mCPs from previous searches (all in grey) include SLAC [802], LEP [803,
813], CMS [814, 815], LSND [810], ArgoNeuT [816], BEBC [817], Super-K limit on the diffuse
supernova neutrino background [818], and the recent search by milliQan [102]. The sensitivities
for FORMOSA [100] and FLArE [778] are shown, respectively, as thick red and purple lines.
Projections for milliQan AT HE HL-LHC [20], FerMINI [811] and SUBMET [819] are indicated as
dashed curves.

5.3

Quirks

Many interesting models beyond the Standard Model (BSM) predict the existence of quirks, which
are long-lived fermionic or scalar particles charged under not only the Standard Model (SM) gauge
group but also a new confining gauge group. Color neutral quirks arise from models with neutral
naturalness [820], such as folded supersymmetry [821, 822], twin Higgs [823–826], quirky little
Higgs [827], minimal neutral naturalness model [828] and so on, which are built to address the little
hierarchy problem [829, 830]. Quirks can also be colored in more general cases. The confinement
scale (Λ) of the new gauge group is so smaller compared to the mass of the lightest quirk that
two quirks produced in a pair will be connected by a macroscopic gauge flux tube [831]. The
phenomenology of quirks is very different from that of SM particles because of the extra long-range
gauge interaction. The oscillation amplitude (L) of two quirks in a pair is dominated by Λ and
will be macroscopic (∼ mm − m) when Λ ∼ 100 eV − keV. Due to the macroscopic L in this case,
hits of quirks in the detector can not be reconstructed as helical tracks, and will be dropped in the
conventional event reconstruction at the LHC.
As FASER (2) is located 480 m downstream from the ATLAS interaction point (IP), charged
quirks produced at the ATLAS IP, as shown in Fig. 5.10, need to travel through all facilities
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Figure 5.10: The quirk trajectories and forward infrastructures from ATLAS IP to the FASER (2)
detector. Two fragments of quirk trajectory are magnified for clearer visibility. The quirk initial
momenta are p~1 = (−132.146, 121.085, 1167.35) GeV and p~2 = (136.381, −123.865, 2061.56) GeV
and the quirk mass is 800 GeV. And three different confinement scales Λ = 50 eV, 100 eV, 400 eV
are considered for illustration. The orange, cyan, grey, and green regions indicate the regions
with quadrupole magnetic field, dipole magnetic field, rock/concrete and the FASER2 detector,
respectively.

between the ATLAS IP and FASER (2) before leaving visible signals in the tracker of FASER (2).
The dependence of the FASER (2) sensitivity to quirks on the quirk mass, the quirk quantum
numbers, and Λ are studied.
Four kinds of quirks are chosen for study, which under the SU (NIC ) × SUC (3) × SUL (2) × UY (1)
gauge group are
D̃ = (NIC , 3, 1, −1/3) ,

(5.24)

D = (NIC , 3, 1, −1/3) ,

(5.26)

Ẽ = (NIC , 1, 1, −1) ,

(5.25)

E = (NIC , 1, 1, −1) ,

(5.27)

where D̃ (D) and Ẽ (E) are scalar (fermionic) and we set NIC = 2 in this study. Because of color
confinement, one can never observe a single D̃ or D with an electric charge of − 31 other than the
quirk-quark bound states with an integral electric charge. Around 30% of the quirk-quark bound
states have electric charge ±1 [832]. For simplicity, we will refer to these charged quirk-quark bound
states as D̃ or D in the following discussions as only charged final states are concerned. What is
more, since quirks are much heavier than quarks, the quirk-quark bound states have equation of
motions (EoM) which are almost the same as those of quirks.
The left panel of Fig. 5.11 shows the leading order production cross section (calculated by
MG5 aMC@NLO [415]) of each kind of quirk. With the effects of initial state radiation (ISR), final
state radiation (FSR), and the hadronization of colored final state included in event generation by
Pythia 8 [416], many quirk production events can not reach the FASER (2) detector because the
direction of the quirk-pair system is deflected from the beam axis. The fractions of events that
have pT (QQ)/|p(QQ)| < 0.005 and 0.002 for different kinds of quirks are shown in the middle and
right panels of Fig. 5.11, where |p(QQ)| and pT (QQ) are the momentum size and the transverse
momentum of the quirk-pair system, respectively.
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Figure 5.11: The leading order production cross sections for the quirk pair production at the 13
TeV LHC (left). The fraction of events that have pT (QQ)/|p(QQ)| < 0.005 (middle) and 0.002
(right) for different quirks and their masses.
The motion for each quirk moving through materials is controlled by [831]
q
v ~v
dE
∂(mγ~v )
2
2 ŝ − Λ2 q k ⊥
~
~
~
= Fs + Fion , Fs = −Λ 1 − ~v⊥
, F~ion =
v̂
∂t
dx
1 − ~v 2

(5.28)

⊥

√
where γ = 1/ 1 − ~v 2 , vk = ~v · ŝ and ~v⊥ = ~v − vk ŝ with ŝ being a unit vector along the string
pointing outward at the endpoint. F~s and F~ion correspond to the infracolor force described by
the Nambu-Goto action and the force arising from the effects of ionization energy loss for charged
quirk propagating through materials, respectively. The other energy loss effects such as infracolor
glueball and photon radiations are not included since their effects are negligible [833]. The methods
of numerically solving the EoM by slowly increasing the time with small steps can be found in
Ref. [834].
In Table 5.3, configurations of the main infrastructures between the ATLAS IP and FASER
(2) used in the simulation are listed [835]. The mean rates of energy loss when a charged particle
with mass M and electric charge z = 1 moving through concrete, copper, and rock are plotted in
Fig. 5.12, where values of h−dE/dxi between the Lindhard-Scharff (LS) and the Bethe-Bloch (BB)
regions are obtained by interpolation. The h−dE/dxi is independent of M since me /M  1 is
assumed. It is noted that the real ionization energy loss in the BB region for a charged particle
travelling a long distance in the material fluctuates according to a Gaussian distribution. At each
time grid of our simulation, the −dE/dx is randomly generated based on this Gaussian distribution
since quirks travel through macroscopic region of materials with v/c ∼ 1 in our case.
We solve the EoM of a quirk pair with given initial momenta to see whether the two quirks in this
pair could enter the tracker of FASER (2) or not. Among the events satisfying pT (QQ)/|p(QQ)| <
0.005, the fractions that have at least one quirk entering the FASER2 tracker are shown on the
mQ −Λ planes of the upper panels of Fig. 5.13. In the lower panels of Fig. 5.13, the ratio between the
number of events with initial pT (QQ)/|p(QQ)| < 0.002 and that with initial pT (QQ)/|p(QQ)| <
0.005 among the events that can reach the FASER2 tracker are shown. It is noted that the results
for Λ ≤ 30 eV can not be trusted since only a few events can reach the FASER2 tracker in this
case, leading to a huge fluctuation in our simulation.
The total number of quirk events observed by FASER (2) can be calculated by
Nsig = σ × fid × 0.005 × L,
where σ
3

3

(5.29)

and fid stand for the quirk production cross section and the efficiency of selecting

The colored quirks D̃ and D will hadronize into quirk-quark bound states, and the probability for those final
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Component
TAS (Copper)
D1 (3.5 T)
TAN (Copper)
D2 (3.5 T)
Concrete
Rock
Tracker of FASER
Tracker of FASER2

x, y, R[m]
R > 0.017
R < 0.06
|x| < 0.047, −0.538 < y < 0.067
(x ± 0.093)2 + y 2 < 0.042
R>0
R>0
|x| < 0.16, |y| < 0.16
|x| < 1, |y| < 1

226
z[m]
19−20.8
59.92−84.65
140−141
153.48−162.93
380−390
390−480
|z − 481.6/482.8/484.0| < 0.041
|z − 485.1/486.3/487.5| < 0.041

Table 5.3: The configurations of infrastructures between the ATLAS IP and the
p FASER (2)
detector. The ATLAS IP is the ordinate origin and the transverse distance is R = x2 + y 2 .
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Figure 5.12: The mean rates of energy loss for charged particle traveling through concrete, copper,
and rock, supposing z = 1 and me /M  1.
events with pT (QQ)/|p(QQ)| < 0.005 in quirk pair production, respectively, which are illustrated
in Fig. 5.11. Events with pT (QQ)/|p(QQ)| > 0.005 and reaching FASER (2) are not counted due
to the quite low efficiency in this kinematic region and the huge time cost of solving the EoM for
them. 0.005 is the signal efficiency shown in the upper panels of Fig. 5.13. Besides, we take the
integrated luminosity L as 150 and 3000 fb−1 for FASER and FASER2, respectively.
With an integrated luminosity of 150 (3000) fb−1 , the number of quirk events at FASER (2)
is shown in Fig. 5.14. The numbers are not very sensitive to Λ when it is larger than ∼ 100
eV. According to the discussions in Ref. [833], the background in the FASER (2) detector can be
highly suppressed by using the unique features of quirk tracks. With a negligible background, the
contours of 3 events stand for 2-σ exclusion limits, and the contours of 5 events imply the discovery
prospects. According to Fig. 5.14, it is concluded that FASER2 (FASER) will be able to exclude
the E, D, Ẽ and D̃ quirks with mass below 990 (360) GeV, 1800 (900) GeV, 630 (200) GeV and
1280 (570) GeV, respectively, with an integrated luminosity of 3000 (150) fb−1 when Λ & O(100)
eV. The bounds on fermionic quirks are much stronger than those on scalar quirks when the gauge
representations are the same due to their larger production rates and higher signal efficiencies.
states to have ±1 charges is roughly 30%. So, the factor 0.3 is multiplied on their cross sections when estimating the
number of signal events.
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Figure 5.13: Upper panels: the fractions of quirk events (in event sample with pT (QQ)/|p(QQ)| <
0.005) that have at least one quirk entering the FASER2 tracker. Lower panels: among the
events which can enter the FASER2 tracker, the ratio between the number of events with
pT (QQ)/|p(QQ)| < 0.002 and pT (QQ)/|p(QQ)| < 0.005 in initial state. Quirks with four different quantum numbers as given in Eq. (5.24) - Eq. (5.27) are considered.
FASER2 is much more sensitive to the quirk signal than FASER because of the larger tracking
plane and the increased integrated luminosity. The projected bounds from the mono-jet search, the
Heavy Stable Charged Particle (HSCP) search, and the coplanar search as provided in Ref. [832] for
fermionic quirks are shown as well for comparison. The HSCP search is most sensitive for Λ . 50
eV. When Λ & O(100) eV, FASER2 is much more sensitive than other searches. FASER behaves
better than other searches when Λ & 150 eV for the color neutral quirk E.
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Figure 5.14: Contours of the number of quirk events that can reach the FASER (2) tracker in the mQ
versus Λ plane for an integrated luminosity of 150 (3000) fb−1 . The dashed (solid) ones correspond
to the event numbers at FASER (2). For two fermionic quirks (E and D), the projected bounds
from Heavy Stable Charged Particle (HSCP) search [836], mono-jet search [836], and coplanar
search [832] (the exclusion limits are taken) are shown by orange dashed line, grey dotted curves, and
red dash-dotted line, respectively. Moreover, the existing bounds from the CMS HSCP search [837]
and ATLAS monojet search [838] are shown by grey and orange shaded regions. Those bounds are
extracted from Ref. [832].
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Aleksander Kusina, Chiara Le Roux, Rafal Maciula, Jorge G. Morfın, K.F. Muzakka, Pavel Nadolsky, Emanuele R. Nocera, Fred Olness, Richard Ruiz, Ingo Schienbein, Holger Schulz, Federico
Silvetti, Antoni Szczurek, Keping Xie, J. Y. Yu, Korinna Zapp, Michael Fucilla, Mohammed M.
A. Mohammed, Alessandro Papa, Ina Sarcevic, Torbjorn Sjostrand, Agustin Sabio Vera, and Anna
Stasto
In this chapter we explore the rich potential for QCD studies that the Forward Physics Facility
would offer. Schematically, QCD studies at the FPF can be classified as being related to forward
particle production in proton-proton collisions and neutrino deep-inelastic scattering on the target
detector, as indicated in Fig. 6.1. First, one has to consider the very forward production of particles
in proton-proton collisions, such as light hadrons or charmed mesons, taking place at the ATLAS
interaction point. The kinematics of such processes provide access to the very low-x region of the
colliding protons, as well as to novel QCD production mechanisms such as BFKL or non-linear
dynamics.
Then, some of these particles will propagate and eventually decay into neutrinos, which will
travel unaffected until they hit the FPF detectors. Detection of these neutrinos implies that the
FPF effectively operates as a neutrino-induced deep-inelastic scattering experiment with TeVscale neutrino beams. Measurements of the resulting DIS structure functions provide a valuable
handle on the partonic structure of both nucleons and nuclei, in particular concerning quark flavour
separation. The FPF will therefore continue the extremely successful CERN program of deepinelastic scattering with neutrino beams, which has been instrumental in the understanding of
both the neutrino sector of the Standard Model as well as of nucleon and nuclear structure [839].
In order to illustrate the kinematic reach in proton-proton collisions that would become available with the FPF, Fig. 6.2 displays the coverage in the (x, Q) plane for D-meson production on
√
proton-proton collisions at the LHC with s = 14 TeV, followed by the decay into neutrinos falling
within the FPF acceptance. In the same figure we also indicate the approximate kinematic coverage for other experiments which provide inputs for proton global PDF analyses, as well as that
corresponding to future facilities such as the Electron-Ion Collider (EIC) [840] and the Forward
Calorimeter (FOCAL) [841] upgrade of the ALICE experiment. See also the “Hadronic Tomography at the EIC and the Energy Frontier” white paper [842] for more details on the impact of the
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Figure 6.1: Schematic representation of a typical QCD process, in this case D-meson production,
taking place at the FPF. First of all, particles such as light hadrons or charmed mesons are produced
in the very forward region in proton-proton collisions at the ATLAS interaction point. Some of these
particles will decay into neutrinos, which will travel unaffected until they hit the FPF detectors.
The FPF operates hence as a neutrino-induced deep-inelastic scattering experiment with TeV-scale
neutrino beams.
EIC on proton and nuclear structure.
Inspection of Fig. 6.2 reveals that the availability of FPF measurements would extend the coverage of LHC measurements in the low–x region by almost two orders of magnitude at low–Q, reaching
down to x ' 10−7 depending on the specific acceptance of the FPF detectors assumed. Accessing
this extreme and essentially unexplored kinematic range opens a wide range of opportunities for
QCD studies, such as charting the gluon at very low-x, revealing non-standard QCD phenomena
such as BFKL dynamics, and testing our Monte Carlo models for forward hadron production. In
turn, this improved understanding of low-x QCD and nucleon structure provides improved predictions for key astroparticle physics processes, such as ultra-high energy (UHE) neutrino-nucleus and
cosmic ray interaction cross-sections.
We note that the forward production of light hadrons, such as pions and kaons, will also contribute to the overall neutrino yield at the FPF. In this case, a similar kinematic region to that
reported in Fig. 6.2 will also be probed.
It is also worth noting here that understanding small-x dynamics in proton-proton collisions,
which are already important at the LHC as well as of its High-Luminosity upgrade [843,844], would
become crucial for any future higher-energy proton-proton collider such as the Future Circular
Collider at 100 TeV [845–848]. At such extreme energies, even standard electroweak processes
such as W and Z production become dominated by low–x dynamics, and an accurate calculation
of the Higgs production cross section requires that BFKL resummation effects be accounted for.
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Figure 6.2: The schematic kinematic coverage in the (x, Q) plane for D-meson production in
√
proton-proton collisions at the LHC ( s = 14 TeV) followed by their decay into neutrinos falling
within the FPF acceptance. The approximate kinematic coverage for other experiments providing
inputs for proton global PDF analyses, as well as that corresponding to future facilities such as the
Electron-Ion Collider and the FoCal upgrade of the ALICE experiment are indicated.
Therefore, the mapping of low–x QCD dynamics that FPF measurements would allow can provide
a natural bridge between the physics program at the HL-LHC and that of an eventual higher-energy
pp collider that follows it.
Fig. 6.2 also demonstrates that the FPF will be sensitive to very high–x kinematics. This region
is of particular interest due to the particular sensitivity of the FPF to any intrinsic charm component
of the proton [849]. In particular, while charm production in pp collisions is dominated by gluon–
gluon scattering, in the presence of a non–perturbative charm PDF in the proton (known as intrinsic
charm), the charm-gluon initial state enters, and may even be dominant for forward D-meson
production. Several studies have investigated the possible existence of this intrinsic charm, including
tantalizing very recent measurements of Z+charm production by the LHCb experiment [850]. FPF
measurements would provide a complementary handle on the intrinsic charm content of the proton,
which in turn could enhance the expected flux of prompt neutrinos arising from the decays of
charm mesons produced in cosmic ray collisions in the atmosphere. These represent a dominant
background for astrophysical neutrinos at neutrino telescopes such as IceCube and KM3NET.
As indicated in the right section of Fig. 6.1, the FPF acts effectively as a high-energy neutrinoinduced deep-inelastic scattering (DIS) experiment, with event properties being reconstructed from
the kinematics of the outgoing charged lepton. While in the last five decades several experiments
have measured DIS structure functions on nuclear targets [853], the FPF beam contains neutrinos of
higher energy Eν compared to these previous measurements, hence leading to a significant extension
of the kinematic coverage available for proton and nuclear structure studies.
This improvement is demonstrated in Fig. 6.3, which compares the kinematic coverage in the
(x, Q2 ) plane (assuming leading order kinematics) of available hard-scattering data on nuclear
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Hard-scattering data on nuclear targets

Neutrino-nucleus DIS @ FPF

Figure 6.3: The kinematic coverage in the (x, Q2 ) plane, assuming leading order kinematics, of available
hard-scattering data on nuclear targets corresponding to the nNNPDF3.0 global analysis [851] of nuclear PDFs.
It is compared with the expected coverage for neutrino-nucleus deep-inelastic scattering structure functions
at the FPF. The coverage for these charged-current nuclear structure functions at the FPF would largely
overlap with that for neutral-current charged-lepton structure functions expected at the EIC [840, 852].

targets from the nNNPDF3.0 global analysis of nuclear PDFs [851] with the expected coverage
for neutrino-nucleus deep-inelastic scattering structure functions at the FPF, assuming neutrino
energies of Eν = 1 TeV. We can see that FPF neutrinos extend the coverage of available NC and
CC nuclear DIS experiments (typically affected by rather large uncertainties) both at low–x and
at large-Q2 , and complement other datasets sensitive to quark flavour separation in nuclei such as
W, Z production in proton-lead collisions at the LHC.
Neutrino–induced CC DIS structure functions provide access to different quark flavour combinations compared to charged lepton DIS, and hence FPF data can potentially provide key information
to improve global fits of proton and nuclear PDFs in a complementary manner to other planned
experiments. For instance, the Electron Ion Collider (EIC) will measure electron-nucleus DIS via
NC scattering in an extended kinematic range compared to existing measurements. It can be
shown that the coverage for CC nuclear structure functions at the FPF in Fig. 6.3 broadly overlaps with that for NC charged-lepton expected at the EIC [840, 852]. Clearly, measurements of
neutrino–induced DIS at the FPF would fully complement the electron–induced DIS ones at the
EIC, providing access to different quark combinations and hence enhancing the reach of the theory
interpretations of these measurements. Further discussion of the state of the art and prospects for
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PDF studies can be found in the corresponding white paper [854] (see also the white paper relating
to the strong coupling [855]).
The structure of this chapter is as follows. First of all, in Sec. 6.1 we discuss novel perturbative
and non-perturbative QCD effects relevant for the forward particle production that generates the
neutrino flux observed at the FPF, from intrinsic charm to BFKL resummation. Then in Sec. 6.2
the role of MC event generators in the modelling of forward particle production is considered, and a
range of dedicated studies presented. Finally, in Sec. 6.3 the interaction of the neutrino beam with
the FPF detector is considered, and in particular the potential for this to constrain both proton
and nuclear structure via the neutrino–induced DIS process is assessed. We also provide there
state-of-the-art predictions for neutrino-nucleus interaction cross-sections on a tungsten nuclear
target.

6.1
6.1.1

Forward Particle Production and QCD in Novel Regimes
Introduction

Perturbative QCD (pQCD) has proven to be a very powerful tool for describing the strong interactions at colliders. In particular, when there are hadrons in the initial state, the calculation
of physical observables requires the factorization of short-distance cross sections, computable in
pQCD, and of universal parton distribution functions (PDFs) describing the long-distance internal
dynamics of partons in the proton. The collinear factorization framework [856–859] is the most
widely used approach, whereby collinear logarithms in the energy scale of the process are resummed
via the DGLAP evolution equation [860–862]. Within this framework, partonic cross sections are
usually computed at fixed order in perturbation theory. For many processes at hadron colliders the
state of the art is NNLO [863], and for some processes even N3 LO results have been made available
recently [864–875].
However, as shown in Fig. 6.2, the FPF will be sensitive to forward particle and in particular
charmed meson production, via their decays to neutrinos. In this regime, the production process
involves the extraction of very low–x parton from one beam and a very high–x parton from the
other; we can see from the figure that this will extend down to x & 10−7 and up to x . 0.7. In
both of these regimes, we become sensitive to novel QCD effects that take us beyond the ‘standard’
paradigm of collinear DGLAP–based factorization at leading twist described above. One challenge
in modelling charm production in the forward region are the large theory uncertainties associated
to missing perturbative higher orders.1
In the low x regime in particular, we generically encounter so-called high-energy (or low-x)
logarithms ∼ ln 1/x. To deal with this requires a systematic extension of our tools of pQCD, via
the BFKL [878–881] framework, such that these logarithmic enhancements can be systematically
resummed. This can either be achieved by a suitable modification of the collinear factorization
framework or by applying the alternative framework of high energy (i.e. kT ) factorization [882–889].
In the latter case, the production cross section is calculated in terms of matrix elements with
off–shell initial–state partons, and so–called unintegrated PDFs (uPDFs), which depend on he
transverse momentum of these partons. This is in contrast to former case of collinear factorization,
where the matrix elements feature purely on–shell initial–state partons and the cross section is
given in terms of the collinear (i.e. kT integrated) PDFs, as extracted from global analyses. While
these approaches are therefore different, they aim to describe the same low x phenomena. The
relationship between the collinear and kT –factorized approaches, in particular in terms of their
1

See also [876, 877] for an alternative method of scale setting for fixed-order QCD calculations.

Chapter 6. Quantum Chromodynamics

234

predictions for forward particle production, remains an interesting area of study.
A further novel effect we expect to encounter in this regimes is that of saturation, due to gluon
recombination (gg → g), which is expected to be relevant for x . 10−5 and would tame the growth
of the gluon PDF in this region. This in particular acts to restore unitarity in the corresponding
production cross sections, which might otherwise be violated. This may also play a significant role
in the low x region relevant to FPF physics.
The important role of low x dynamics has already been observed in various QCD analysis to
inclusive HERA data [890, 891]. Since the kinematics of HERA is such that low-Q2 data is also at
low x, it has been suggested that the DGLAP resummation of ln Q2 terms should be augmented
by ln(1/x) resummation. It has been shown that a precise determination of the low-x gluon PDF,
xg, down to x ∼ 10−6 can be obtained from LHCb charm production data in the forward region
√
at different centre-of-mass energies s = 5, 7 and 13 TeV [892–895]. Similar or even stronger
constraints could be expected from the corresponding forward FPF measurements, considering the
aforementioned x coverage. The kinematic range of heavy-flavour production can in addition be
extended by using combined and coordinated measurements from detectors at FPF and the LHC.
This is particularly interesting for events with at least two identified final-state objects, with one
at central rapidity measured by ATLAS and the other one emitting a large-rapidity neutrino seen
by a properly configured FPF detector.
At high x, intrinsic charm [849] contributions may strongly enhance event rate predictions for
processes like D-meson, γ+D, or Z+charm production [896, 897] in comparison to calculations
based on a perturbatively generated charm PDF. The possibility that the proton wave function
may contain a |uudcc̄i component, in addition to the charm content that arises due to perturbative
gluon splitting, g → cc̄, has been debated for decades. Light front QCD (LFQCD) calculations
predict that non-perturbative intrinsic charm manifests as valence-like charm content in the PDFs
of the proton [898,899]; whereas, if the c-quark content is entirely perturbative in nature, the charm
PDF resembles that of the gluon and sharply decreases at large x. Understanding the role that nonperturbative dynamics play inside the nucleon is a fundamental goal of nuclear physics [900–905].
Furthermore, the existence of intrinsic charm would have many phenomenological consequences
both in particle and in astroparticle physics.
In a recent publication by the LHCb collaboration [850], the fraction of Z-boson+jet events
that contain a charm jet, Rcj = σ(Zc)/σ(Zj), has been measured in the different intervals of the
Z boson rapidity, yZ . The observed Rcj value is consistent with the intrinsic charm hypotheses in
the forward-most interval (3.5 < |yZ | < 4.5) for a charm momentum fraction of O(0.5%), while
the measured values in the more central events are consistent with both the no-intrinsic charm and
intrinsic charm hypotheses. Some of these measurements can be extended to the FPF and could
further benefit from the possibility of coordination between the FPF and ATLAS detectors. In
particular, these new results would be very helpful in constraining the large-x charm PDF, both in
size and in shape, when incorporated into future global PDF analyses.
In the following sections, a range of studies of the novel QCD phenomena described above, and
the potential impact of the FPF on our understanding of these, is presented.

6.1.2

Low-x Resummation at the LHC and Its Impact on the FPF Program

As described in Sec. 6.1.1, at high energies (i.e. low x) logarithms ∼ ln 1/x generically appear and
become large. In the MS scheme, these contributions are single-logarithmically enhanced in the
singlet sector, and therefore when αs log x1 ∼ 1 they make the fixed-order result unreliable. When
this is the case, perturbativity can be restored by resumming these contributions to all orders.
This can be achieved by using kT -factorization. In the kT -factorization framework the partons are
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Figure 6.4: Comparison at Q = 100 GeV between the gluon PDF (left) and the total quark singlet
PDF (right) determined with (solid orange) and without (dashed blue) low-x resummation. Taken
from [890].
off-shell by an amount given by their transverse momentum. Keeping the partons off-shell the log x1
terms do not appear in the parton-level off-shell cross section, which can thus be safely computed
at fixed order in perturbation theory. The small-x logarithms are thus “contained” in the off-shell
uPDFs. The latter can be linked to the ordinary (collinear) PDFs by making use of BFKL theory.
This procedure allows us to achieve, numerically, the resummation of small-x logarithms within the
standard collinear factorization framework (namely, the kT -factorization framework is used just as
a tool to resum the logarithms), similarly to what happens for the resummation of other logarithms
(e.g., the threshold logarithms).
It is very important to stress that low-x logarithms also appear in the perturbative splitting
functions governing DGLAP evolution of collinear PDFs, in the singlet sector. Their resummation
is again obtainable through the link between collinear and unintegrated distributions, and it is
achieved by exploiting a duality between DGLAP and BFKL evolutions. There are various technical issues to be addressed to obtain reliable results from this resummation, ultimately due to a
perturbative instability in the BFKL kernel itself. It took more than a decade to finally be able to
establish a reliable resummation framework for DGLAP evolution [888, 906–911].
Recently, the machinery for low-x resummation of partonic cross section and DGLAP evolution has been exploited to describe the HERA deep inelastic scattering data [912]. In particular,
this resummation has been included in a PDF fitting framework, both by NNPDF [890] and by
xFitter [891, 913]. It turned out that HERA data below x ∼ 10−3 , all lying at low Q2 , are much
better described if low-x logarithms are resummed and added to the default NNLO theory. In
particular, a well known turnover of the DIS reduced cross section measured at HERA at x ∼ 10−4
is perfectly reproduced by the resummed theory, in contrast to what happens with NNLO fits. This
result confirms that the resummation, which is required on theoretical grounds, is fundamental for
the description of experimental data at low x.
One of the main consequences of the resummation of low-x logarithms in PDF fits is the fact
that the PDFs differ significantly from those extracted using NNLO theory. Specifically, the quark
singlet and even more the gluon PDFs are harder than their NNLO counterparts for x . 10−3 (see
Fig. 6.4). Notably, this difference persists at all scales, and it is well outside the PDF uncertainty
band. This dramatic change in the PDFs has important consequences for the physics of the LHC
and, in turn, of the FPF.
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Figure 6.5: Upper plots: Comparison between the gluon-gluon luminosity (left) and the quark-gluon
luminosity (right) with (solid orange) and without (dashed blue) low-x resummation for LHC with
√
s = 13 TeV as a function of the final state invariant mass. Lower plots: Analogous comparison
for rapidity dependent gluon-gluon luminosity, at low invariant mass (left) and medium invariant
mass (right). Taken from [890].

Indeed, it is clear that any process that depends on the gluon and quark singlet PDFs at low
x will be affected by the effect of resummation. To demonstrate this, we compare in Fig. 6.5 some
parton luminosities computed from NNLO PDFs and PDFs obtained with the inclusion of low-x
resummation (resummed PDFs henceforth). We observe that for final state invariant masses below
100 GeV the parton luminosities involving the gluon differ significantly between the fixed order and
resummed cases, with the latter being much larger. The effect grows at smaller invariant masses,
due to the smaller values of x that contribute to the luminosities here. For the same reason, the
impact of resummation is more marked at large rapidities, where the momentum fraction of one
of the two partons is smaller. We emphasise that the effect at low invariant masses relevant for
instance for charm production, is very important, as it can reach a few tens of percent.
Of course, a consistent prediction requires the use of resummed PDFs together with resummed
partonic cross sections. One may expect that some compensation happens between the resummation
in the two objects, thus partially mitigating the overall effect. To understand this, we show in
Fig. 6.6 the effect of low-x resummation on the Higgs production cross section [914, 915]. While
the effect is moderate (1%) at LHC energies, it becomes substantial at higher collider energies,
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in the partonic cross section. Adapted from [914].
√
reaching 10% at the FCC energy s = 100 TeV. In the same plot, the result obtained using
resummed PDFs but without including resummation in the partonic cross section is also shown.
This result is basically identical to the consistent resummed result, showing that, for this process,
the effect of low-x resummation is almost entirely driven by the resummed PDFs.
This observation may not be true in general. Indeed, in this particular case, there are two
reasons why this happens. The first one is that the scale of the process, given by mH = 125 GeV,
is high enough to suppress low-x logarithms in the partonic cross section by the corresponding
small value of the strong coupling αs (mH ). Another process that probes the same values of x but
at smaller scale will have enhanced logarithmic contributions due to the larger value of αs . The
second reason is that we are looking at the inclusive cross section, where the sensitivity to the low-x
region is washed out. Indeed, as already noticed in Fig. 6.5 the effect of low-x logarithms is more
pronounced at large rapidities, and thus we expect to find enhanced effects of the resummation
when looking at distributions differential in rapidity.
For this reason, recent theoretical activity has been devoted to the resummation of low-x logarithms in differential distributions. The differential version of kT -factorization has been known for
some time [889, 916, 917], but no phenomenological applications were obtained because of technical
complications in the original formalism of resummation. The recent approach of [914, 918, 919],
which permitted the inclusion of resummation in PDF fits, is particularly suitable for numerical
implementation, and its extension at the differential level has been performed [920]. In particular,
heavy-quark pair production has been considered as the first application of this framework [921].
While the theoretical setup and the analytical ingredients are all ready, the numerical implementation is not completed yet, so a full phenomenological study is yet to be performed. Preliminary
results show that indeed resummed logarithms are more important at large rapidities, while they
are, for instance, insensitive of the transverse momentum.
For charm production, where the hard scale is low, the effect of low-x resummation is thus
expected to be important, and one needs to include the resummation of partonic cross sections to
obtain a reliable result. This is clearly relevant for the FPF, as the LHC production cross section
of cc̄ can be predicted reliably only with the inclusion of low-x resummation effects. To achieve
high precision, one would also need more precise PDFs at low x. Currently, the data constraining
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the PDFs at low x used in resummed fits are only those from HERA. There are for example
valuable Drell-Yan data from the LHC extending to low x [922–938], lying at values of Q2 that
are higher than those probed by HERA. Including these in the PDF fits requires resummation,
at differential level, of the Drell-Yan process, and would also provide a strong validation of the
currently available resummed PDFs, which already rely on the abundance of DY scattering data
from the LHC [939–941]. A complete implementation of the resummation for the Drell-Yan process
for phenomenological applications is under development.

6.1.3

Charm Production in the Forward Region within kT Factorisation

In this section, predictions for the neutrino flux from charm decays are obtained, as evaluated in
different QCD approaches, namely the NLO collinear and kT -factorization. We use QCD parameters, such as the choice of scales, PDFs, and fragmentation function, determined from fitting the
LHCb data for D meson production. We will show that the FPF will be able to provide valuable
information about QCD, that is complementary to IceCube measurements of prompt neutrinos.
The latter is discussed in Sec. 7.2.2.
The state-of-the-art computation of charm pair production within the realm of perturbative
QCD involves a NLO computation first discussed in [942]. In [943] a range of factorization
(µF ) and renormalization (µR ) scales were looked at, consistent with current charm production
data from colliders [944–946] and fixed-target experiments [947, 948]. The values of (µF , µR ) =
+0.11
(2.1+2.55
−0.85 , 1.6−0.12 ) mc were arrived at as the best-fit parameters, with mc = 1.27 GeV motivated by
current lattice QCD results. For simplicity, a constant fragmentation fraction, rather than a full
one, is used to compute the production of charmed hadrons (D± , D0 , Ds± , Λc ) from charm quarks.
1/2
We use these scales for our perturbative calculations, substituting mT = m2c + p2T
for the scale
√
multiplicity factor instead of mc for improved fits to high pT data at s = 13 TeV from LHCb,
while also using a more recent CT14NLO PDF set [949]. Our benchmark results for prompt D±
production, as well as the corresponding uncertainty bands, computed with these parameters using
the NLO code from Refs. [417, 418] are shown in Fig. 6.7 and Fig. 6.8.
For the calculations, we use the framework from [950], which uses the on-shell approximation
for the large x gluon and keeps the low x gluon off-shell. The gluon uPDF was taken from [951]
which was based on the unified BFKL+DGLAP evolution supplemented with low x resummation.
Two sets of gluon distributions were used, based on linear evolution as well as non-linear evolution.
The latter one includes the non-linear term in density, which is responsible for saturation effects.
Both sets of distributions were fitted to the data on structure functions at HERA. The non-linear
term is important for low x and low values of transverse momenta and leads to taming of the gluon
distribution and therefore the resulting cross sections.
In Fig. 6.7, we present our predictions using perturbative QCD and kT factorisation with both
linear and saturated gluons for the double differential distribution d2 σ/dpT dy for D± as a function
√
of the transverse momentum pT , over different rapidity ranges in the LHCb acceptance at s = 13
TeV. We compare all these predictions against current LHCb data from [952], as indicated by the
black error bars. For the perturbative calculations, we find good agreement with data at low to
moderately high pT 6 8 GeV, while they start to become too large at higher pT . By contrast,
results from the kT factorisation models, which are less dependent on undetermined parameters
and therefore are more predictive, are on the higher side with respect to the data at low pT , while
becoming more consistent with the high-pT data. Independently of these models, we also show
results from different MC generators (namely DPMJet 3.2017 [953, 954], Pythia 8.240 [115], and
Sibyll 2.3d [756]) which compute the same distribution using LO cross sections. Results from
DPMJet are well below the data, especially at low pT , while those from Pythia are somewhat high
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Figure 6.7: Predictions for the transverse momentum distribution in different rapidity intervals
at 13 TeV LHC compared to LHCb measurements. We show the predictions of different MC
event generators as light brown curves. The predictions using the NLO and the kT factorization
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Figure 6.8: Predictions for the rapidity distribution in different transverse momentum intervals
at 13 TeV LHC. We show the predictions of different MC event generators as light brown curves.
The predictions using the NLO and the kT factorization approaches are shown in red and blue,
respectively.

for all {pT , y}. Sibyll 2.3d is specifically tuned to LHCb charm data, and its predictions are
more consistent with data at low pT 6 3 GeV and y 6 4.5, while still being higher at larger pT .
In general, we conclude that, for the kinematic region of most importance to detectors at FPF, i.e.
low-pT and high y, current LHCb data fall slightly below predictions from the two kT factorization
models, while lying within the uncertainty range of the perturbative QCD calculations discussed
here.
Most neutrinos passing through the FPF originate from the decay of charmed hadrons with large
rapidity and small transverse momentum. The corresponding kinematic regions are presented in
Fig. 6.8, where we show the D-meson rapidity distributions for three different transverse momentum
intervals. Again, we show results using the NLO calculation (in red), kT factorization (in blue)
and the MC event generators (in brown). We note that our results using kT factorization with
saturation predict a D-meson production cross section that is almost an order of magnitude lower
than that obtained using the collinear NLO approach in the kinematic region of most relevance to
the FPF, i.e. at small pT and large rapidity. For larger pT , even at large rapidity, this difference
becomes smaller.
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Forward Charm Production in kT Factorization and the Role of Intrinsic
Charm

In the case of forward charm production, a number of mechanisms may play a role. One is related to
intrinsic charm, whereby the charm quarks/antiquarks are knocked out from the nucleon [955]. This
mechanism was discussed both for high [955] and recently for low [956] energies. The low energy
fixed-target LHCb charm data [957] suggest that the conventional gluon-gluon mechanism, known
to be responsible for explanation of the LHC data (ALICE, LHCb), may be not sufficient. The
intrinsic charm contribution is in particular found to improve the description of the data. Another
interesting, and slightly forgotten, phenomenon is recombination [958–960]. This mechanism has
been discussed recently in [961] for forward charm quark/meson production. The FPF opens up
a new unique possibility to explore far-forward charm production via the observation of different
kinds of neutrinos from the semileptonic decay of charm mesons.
1011

pp-scattering @ s = 13 TeV

Neutrinos [1/bin]

hybrid model: KS-linear uPDF + CT14nnloIC PDF (IC BHPS 1%)
µ2 = m2T
mc = 1.5 GeV
CLEO decay function

1010

109

ην > 8.5

νe + νe

D-meson: gq → c → D (long dashed)
D-meson: gq → Dc (dash-dotted)
D-meson: g*g → cc (dashed)
D-meson: g*c → gc (solid)
K-meson (dotted)
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Figure 6.9: The energy distribution of νe + ν̄e flux at the FPF for s = 13 TeV for ην > 8.5.
Here the conventional gg → cc̄ (dashed), the intrinsic charm (solid) and the recombination (dashdotted and long-dashed) mechanisms corresponding to charm meson component of the flux are
shown separately. The K-meson component (dotted) is taken from [67]. An integrated luminosity
L = 150 fb−1 is taken.
In Fig. 6.9 we show the νe + ν̄e energy distributions from different sources, for ην > 8.5. The
dashed line represents the conventional gg → cc̄ mechanism calculated in the kT -factorization approach, with the Kutak-Sapeta (KS) gluon uPDF; the KMR gluon uPDF gives a similar result.
We can see that this is not expected to be the dominant contribution at the FPF. At low neutrino
energies the kaon contribution (taken here from [67]) is almost two orders of magnitude larger. At
higher neutrino energies the intrinsic charm (solid line) and recombination (dash-dotted) components start to become important. The recombination contribution, calculated in the LO collinear
approximation, has two distinct contributions: neutrinos from directly produced charm mesons and
neutrinos from mesons created in the hadronization of the associated charm quark/antiquark (long
dashed). The latter component is more significant in the experimental ην region. At the highest
neutrino energies (log10 (Eν ) > 3) the direct recombination component (with ρ = 0.1) is comparable
to the kaon component.
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The intrinsic charm component, calculated in the hybrid factorization (BHPS model [898] with
PIC = 0.01), is largest. At present we do not know the crucial parameters (ρ or PIC ) very well,
with fixed-target data giving only an upper limit on PIC of 1.65 %, and a recent study of IC at
IceCube gives a very similar upper limit [962]. The FPF can therefore give a much more stringent
upper limit on this. Extraction of the precise value of PIC may, however, be difficult as the shape of
the recombination contribution is very similar to that for the intrinsic charm. Similarly one could
extract an upper limit on the recombination contribution.
The situation for νµ + ν̄µ , not discussed here, is somewhat more complicated due to large pion
contribution [67]. The ντ + ν̄τ case may also be of interest, as here there is no light-meson background. However, the expected statistics will be smaller, as τ neutrinos originate only from Ds
mesons, for which the hadronization probability is rather small (Pc→Ds ≈ 0.1) and their identification is more difficult.

6.1.5

Charm Production at Very Forward Rapidities in the Color Dipole Formalism

One important open question is how to include, in a consistent way, the effect of both saturation
and intrinsic charm in heavy meson production at very forward rapidities. One possibility is the
colour dipole formalism [963], which allows us to take into account nonlinear QCD effects, higher
order corrections and the contribution from intrinsic charm. The basic idea is that at forward
rapidities, the projectile (dilute system) evolves according to linear DGLAP dynamics and the
target (dense system) is treated using the Color Glass Condensate (CGC) formalism [964]. The D
meson production cross section is evaluated by including the contribution of both the gluon and
charm–initiated channels. In the gluon–initiated case, it is assumed that before interacting with
the hadron target, a gluon is emitted by the projectile and fluctuates into a colour octet q q̄ pair.
The rapidity distribution can be estimated by taking into account that the heavy quarks in the
dipole as well the incident gluon (before fluctuating into the pair) can interact with the target.
On the other hand, for the charm–initiated process, a charm quark in the projectile is assumed to
interact with the dense system present in the target prior to hadronization. In [965] this approach
is discussed in detail and a comparison with the LHC data is presented.
In the colour dipole formalism, the D meson production cross section is given in terms of the
dipole–target scattering amplitude, which contains all the information about the initial state of
the hadronic wave function and therefore about the non-linearities and quantum effects, which are
characteristic of a system such as the CGC. In this analysis, we will consider the model proposed
in [966], which describes several observables at HERA, RHIC and the LHC. Moreover, the cross
section is also dependent on the PDFs in the projectile. We will consider two distinct models
for the description of the intrinsic component. In the BHPS model [898], it is assumed that the
nucleon light cone wave function has higher Fock states, one of them being |qqqcci. The probability
of finding the nucleon in this configuration is proportional to the inverse of the squared invariant
mass of the system. Because of the heavy charm quark mass, the probability distribution as a
function of the quark fractional momentum, P (x), is very hard in comparison to the one obtained
through DGLAP evolution. A more dynamical approach is given by the meson cloud model (MC).
In this model, the nucleon fluctuates into an intermediate state composed of a charmed baryon
plus a charmed meson [967]. The charm quark is always confined in one hadron and carries the
largest part of its momentum. In the hadronic description we can use an effective Lagrangian to
compute the charm splitting functions, which turn out to favour harder charm quarks than those
due to DGLAP emission. The main difference between the BHPS and MC models is that the latter
predicts that the charm and anticharm distributions are different [968], since they carry information
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Figure 6.10: Left: Feynman-xF distributions of the produced D0 + D̄0 mesons in pp collisions at
√
s = 13 TeV considering different models for the intrinsic component and the contribution of both
gluon – and charm – initiated processes. Right: Feynman-xF dependence of the ratio between the
predictions calculated with the BHPS model and standard CTEQ 6.5 parametrization.

about the hadronic bound states in which the quarks are found. In addition to these models, the
CTEQ group has tested another model of intrinsic charm, denoted sea-like (SL). It consists essentially
in assuming that at very low resolution (i.e. prior to DGLAP evolution) there is already some charm
√
in the nucleon, which has a typical sea quark momentum distribution (' 1/ x) with normalization
to be fixed by fitting data. The main difference between these models is that the BHPS and MC
models predict a large enhancement of the distribution at large x (> 0.1), while the SL one predicts
a smaller enhancement at large x, but a larger one at lower x (< 0.2). We follow Ref. [969] and use
the labels BHPS2, MC2 and SL2 for the versions of these models which have the maximum amount
of intrinsic charm. It is important to emphasize that the corresponding gluon distributions are also
modified by the inclusion of intrinsic charm due, e.g., to the momentum sum rule. In particular,
the BHPS and MC models imply a suppression in the gluon distribution at large x.
The color dipole predictions for the Feynman xF distribution of D0 + D̄0 mesons, produced
√
in pp collisions at s = 13 TeV, are presented in Fig. 6.10 (left). For comparison the standard
CTEQ 6.5 prediction, which contains no intrinsic charm, is also presented. One has that the standard CTEQ 6.5 and the BHPS2 and MC2 models predict a similar behaviour at low xF , while the
SL2 model predicts a larger magnitude associated to the enhancement of the charm distribution
for x ≤ 0.2. On the other hand, the BHPS and MC models predict that the behaviour of the
distribution at large values of xF is strongly modified. In order to determine the magnitude of
the impact of intrinsic charm and the kinematical range influenced by its presence, we present
in Fig. 6.10 (right panel) our predictions for the ratio between the xF distributions predicted by
√
the BHPS model and the standard CTEQ 6.5 one, for two different values of s. Similar results
are derived using the MC model. As expected from Fig. 6.10 (left), the BHPS model predicts an
enhancement at intermediate xF that is a factor 6 – 9 in the energy ranges considered. The main
aspect that should be emphasized here is that the enhancement occurs exactly in the xF range of
the FPF experiments. Such results indicates that a future measurement can be useful to probe the
presence (or not) of the intrinsic component as well as to constrain the formalism used to describe
the heavy meson production at very forward rapidities.
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Charm Production in the Forward Region and Intrinsic Charm in the CT
Framework

The presence of an intrinsic charm component in the proton would lead to an increase in the
production of forward high-energy charmed hadrons. Therefore, measurements of charm hadroproduction and Z + c production at the LHC can constrain intrinsic charm contributions in pp collisions [897]. At large x, intrinsic charm contributions are generated by higher-twist processes which
can in principle enhance the event rate based on the leading-power calculation. Recent global QCD
analyses [897, 970] introduced “Fitted charm”, that is a phenomenological parametrization of the
intrinsic charm introduced as an independent PDF functional form [896, 897, 971, 972].
Low-x QCD effects can also be probed by the FPF. In fact, at x < 10−4 , ln(1/x) logarithmic
contributions are rapidly enhanced at factorization scales of 1 GeV and can in principle contribute
to charm hadroproduction. Therefore, the FPF has the potential to access kinematic regimes where
both large-x and low-x QCD effects contribute to charm hadroproduction rate. In Fig. 6.11, the
CT18 charm and gluon PDFs at NLO are compared to a global fit with intrinsic charm (BHPS3
model) named CT18IC, and to the CT18X fit, that is described in [941] and uses an x-dependent
factorization scale to mimic effects of low-x resummation. The default CT18 fit is chosen as reference
fit. The four insets in Fig. 6.11 reflect the FPF kinematics at low Q ≈ (p2T + m2c )1/2 . At both
large and low x, the PDFs exhibit a large relative uncertainty due to the lack of constraints from
experimental data and a significant intrinsic charm contribution is still allowed by the current data.
Therefore, FPF measurements will be critical to constrain this extreme kinematic regions.
In this section, we present a phenomenological study for the production of charm quark in
the far forward region. The theory prediction for the charm production cross section calculation
at NLO is obtained by using the recently developed S-ACOT-MPS [974] that is a general-mass
variable-flavor-number scheme based on the simplified-ACOT scheme with massive phase space.
S-ACOT-MPS is applied to heavy-flavor production in pp collisions. Here, we shall extend and
improve the S-ACOT-MPS theory prediction by incorporating fragmentation to describe charm
quark final-state hadronization. The hadron-level cross section for a charm quark with momentum
pc which fragments into a hadron Hc with momentum p~H = z~
pc can be written as
Z
σ(pp → Hc X) = dzDc→Hc (z, µ2 )σ̂pp→cX ,
(6.1)
where Dc→Hc (z, µ2 ) is the fragmentation function, µ is the fragmentation scale, and σ̂pp→cX is the
parton-level cross section. For charm production, σ̂pp→cX in the far-forward direction has recently
been calculated within S-ACOT-MPS in [37]. The fragmentation function Dc→Hc (z, µ2 ) can be
modelled at scale µ = 2mc by using different functional forms (e.g., Peterson [975], Bowler [976])
with parameters that are determined from analyses of LEP data [977–979]. Results are shown in
Fig. 6.12. In general, the branching fractions and average momentum fraction are defined as
Z
Z
1
2
2
2
BHc (µ ) = dzDc→Hc (x, µ ),
hzHc i(µ ) =
dzDc→Hc (z, µ2 )
(6.2)
BHc (µ2 )
respectively. We observe good agreement between the branching fractions and the average momentum fraction within the fragmentation function uncertainty.
Charm hadroproduction in pp collisions at 13 TeV in the very forward region is illustrated in
Fig. 6.13 and Fig. 6.14, where we show the pT spectrum and rapidity distribution for D0 charmed
meson production at very forward rapidities y > 8. The uncertainty bands represent the PDF
uncertainty at 90% C.L.. The total rate can be well estimated by assuming a factorized branch
fraction σHc ∼ σc BHc . The impact of fragmentation softens the hadron pT spectrum as p~H = z~
pc ,
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Figure 6.11: Comparison of central (upper) and uncertainties (lower) of charm and gluon PDFs in
the CT18, CT18X, and CT18IC analyses at NLO in QCD. The PDF uncertainties are calculated with
the asymmetric Hessian approach at 90% C.L. [973], with positive (negative) directions denoted
with black solid (blue dashed) curves.
while the rapidity distribution is rescaled by an overall factor as expected. PDF uncertainties are
large and are dominated by charm and gluon PDF errors at low and high x, as shown in Fig. 6.11.
In Fig. 6.14 we show a comparison between the theory predictions for the pT spectrum and rapidity
for D0 production in pp collisions at 13 TeV, obtained with CT18, CT18X, and CT18IC PDFs. The
CT18 and CT18X best fits give similar results for both the pT and y distributions, while CT18IC
produces an enhancement due to the intrinsic charm contribution at the large x, as can also be
observed in Fig. 6.11. Future measurements at FPF will be crucial to investigate the intrinsic
charm content in proton PDFs and will allow us to constrain PDFs in extreme kinematic regions
at both large and low x.

6.1.7

Probing the Multidimensional Structure of Hadrons at the FPF

A key role in addressing the fundamental questions of QCD, such as the origin of proton mass and
spin, is played by our capability of reconstructing the multidimensional distribution of the partons
inside parent nucleons, that is going beyond standard collinear PDFs [840, 980–982]. Different
extensions of PDFs can be defined, which are based on different factorization theorems, exhibit
peculiar universality properties, and obey distinct evolution equations.
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Figure 6.12: Fragmentation functions of charm quark into hadrons in the Peterson [975] and
Bowler [976] models, with parameters determined by analyses with data at LEP [977–979].
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Figure 6.15: Schematic representation of a) an inclusive single forward detection in hybrid highenergy/collinear factorization, b) an inclusive single central detection in pure high-energy factorization, c) an inclusive FPF + ATLAS detection in hybrid factorization. The violet blob in diagram
a) depicts collinear PDFs, whereas the sea-green ones in both diagrams stand for the hard part of
the off-shell vertex, corresponding to the emission of a generic particle in forward and/or central
regions of rapidity. The gluon uPDFs, depicted in red, encode non–perturbative information about
the gluon content in the proton at high energy/low-x. The BFKL Green’s function is represented
by the yellow oval. Gluon-induced emissions from the collinear region(s) in panel a) and c), not
shown here, are embodied in the sea-green blob(s).

When considering the distribution of partons in momentum space, the objects of interests are
transverse-momentum-dependent PDFs (TMDs), defined through TMD factorization (see e.g. [983]),
and the related uPDFs, defined through high-energy factorization. The connection between the
two has been investigated in several papers (see e.g. [984–986]). There is an extended literature on
the theory and phenomenology of TMDs, for quarks and gluons, with or without polarization. The
FPF can probe kinematic ranges that have so far been inaccessible. It can significantly improve
our knowledge of the light quark and anti-quark TMDs through the study of Drell-Yan and weakboson production. Access to the gluon distributions is possible through the study of heavy-flavor
production, which, in high-energy hadronic collisions, is dominantly generated by gluon-gluon interactions. The separation of different quark flavors and gluon contributions can only be achieved
by using different targets and excellent final-state particle identification.
Currently, global fits of quark TMDs are available [987–990]. They are based on data from
semi-inclusive DIS, Drell-Yan, and Z-production processes. The FPF can give complementary information to constrain quark TMDs in the low-x and high-x regions. Experimental information
on gluon TMDs is very scarce. First attempts to perform phenomenological studies of the unpolarized gluon TMD have been presented in Refs. [991–993]. A low-x improved model calculation
of all leading-twist gluon TMDs, including all possible combinations of proton and gluon polarizations, was recently performed [994] (see also Refs. [995–998]). Detailed studies of gluon-dominated
processes at the FPF can have a dramatic impact on our knowledge of gluon TMDs.
Apart from the unpolarized gluon TMD, the distribution of linearly polarized gluons in an
unpolarized nucleon, h⊥g
1 , is particularly interesting because it gives rise to spin effects even in
collisions of unpolarized hadrons [999–1004] and is therefore accessible at the FPF. At high transverse momentum and at low-x, the unpolarized and linearly polarized gluon distributions f1g and
h⊥g
1 are connected [1005] to the gluon uPDF, whose definition naturally comes out form the BFKL
formalism. Golden channels for the study and extraction of the gluon uPDF in proton collisions
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correspond to the inclusive emission of a single particle over forward ranges of rapidity as well as
over more central regions in gluon-induced hard scatterings (see Sec. 6.1.10).
TMD factorization is expected to be violated in processes such as [1006]
pp → h1 + h2 + X,

pp → h + jet + X,

pp → h + γ + X,

(6.3)

where the final-state particles belong to two different jets. For the interpretation of hadronic
collisions, it would be important to experimentally measure the size of this factorization violation.
This demands precise predictions on the theory side and precise experimental measurements.
If factorization violations turn out to be negligible, it would also be important to check the
nontrivial universality properties of gluon TMDs. In fact, depending on the process, different types
of gluon TMDs can be probed, i.e. the so-called Weiszäcker–Williams and dipole TMDs [1005,
1007,1008]. The FPF can offer us a unique chance to separately probe these two structures, as well
as to explore possible relations between each other at low x.
Finally, we remark that it is possible to define multidimensional distributions that go beyond
quark and gluon TMDs, i.e. the so-called generalized transverse-momentum distributions (GTMDs) [1009–1011]. It is extremely challenging to find experimental observables that are sensitive
to GTMDs. Some ideas have been put forward in the last years and could be investigated at
the FPF, for instance exclusive double Drell–Yan [1012], ultra-peripheral pA collisions [1013], and
diffractive forward production of two quarkonia [1014].

6.1.8

Monte Carlo Studies of High-energy QCD Reactions at the FPF

As discussed in Sec. 6.1.1, an important area of study within QCD is that of scattering in the
high energy limit. These studies are to a greater or lesser extent usually based on the BFKL
approach [878–881, 1015]. The main idea in the BFKL framework is that, when the center-of-mass
√
energy s → ∞, we have the appearance of terms of the form αsn logn (s) ∼ αsn (yA − yB )n , where
yA,B are the rapidities of final state particles or jets. These terms need to be resummed to accurately
describe experimental observables. In this limit, one notes a decoupling between the transverse and
longitudinal degrees of freedom which allows to cast the cross-sections in the factorized form:
Z y1
Z yn−1
Z yA
∞
X
LL
LL n
dy1
dy2 · · ·
dyn
σ
=
Cn αs
=

n=0
∞
X

n=0

yB

yB

yB

CnLL n
αs (yA − yB )n ,
{z
}
n! |

(6.4)

LL

where LL stands for the leading log approximation and yi corresponds to the rapidity of the final
state particles or jets. The LL BFKL formalism allows us to calculate the coefficients CnLL . The
next-to-leading log approximation (NLL) [1016, 1017] carries large corrections whereas the NLL
BFKL kernel is sensitive to the running of the strong coupling as well as to the choice of the energy
scale in the logarithms and eventually resums terms of the form α (αsn logn (s)). This becomes
evident if we parametrize the freedom in the choice of these two scales, respectively, by introducing
the constants A and B in the previous expression:
σ LL+N LL =
=σ

LL

−

∞
X

n=1

∞
X
C LL
n

n!

n=1
B CnLL

αs − Aαs2

n

(yA − yB − B)n


LL
+ (n − 1) A Cn−1
αsn (yA − yB )n−1 + . . .
|
{z
}
(n − 1)!
NLL
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such that we see that at NLL a power in log (s) is lost with respect to the power of the strong
coupling.
Within the BFKL framework, we can then calculate partonic cross-sections using the factorization formula (with ∆Y ' ln (s))
Z
σ(Q1 , Q2 , ∆Y ) = d2~kA d2~kB φA (Q1 , ~kA ) φB (Q2 , ~kB ) f (~kA , ~kB , Y ),
|
{z
}|
{z
}
PROCESS−DEPENDENT

UNIVERSAL

where φA,B are process-dependent impact factors which are functions of some external scale, Q1,2 ,
and some internal momentum for reggeized gluons, ~kA,B . The gluon Green’s function f is universal,
it corresponds to the solution of the BFKL equation and it depends on ~kA,B and the energy of the
process ∼ e∆Y /2 . The impact factors and the gluon Green’s function allow for the computation of
the cross section for various processes that are relevant to the FPF. However, these computations
are based on using analytic expressions for the Green’s function and do not allow for the study of
more exclusive quantities. One could in principle obtain more information on final state differential
distributions using the analytic expressions for the gluon Green’s function, (see for example [1018–
1022]) but this approach quickly becomes impossible to use as the final state multiplicity grows
above N = 4.
An alternative approach is to use stochastic methods for the computation of f . The first step
is to write the solution of the BFKL equation in an iterative form [1023] in transverse momentum
representation, which at LL reads
(

Z
∞ Y
n

 X
2
2
αs Nc
~
ω (kA )∆Y
2~ θ ki − λ
(2) ~
~
δ
kA − kB +
f = e
d ki
π
πki2
n=1 i=1
!)
Z yi−1
n
P
P
X
~kl ))yi (2) ~
ω (~kA + il=1 ~kl )−ω (~kA + i−1
(
~kl − ~kB
l=1
δ
kA +
,
(6.5)
dyi e
0

l=1

where the gluon Regge trajectory is defined to be
αs Nc
q2
log 2
(6.6)
π
λ
and λ is a regulator of infrared divergences. The next step is to compute f in Sec. 6.1.8 numerically
by employing Monte Carlo techniques. This solution has been studied at length in a series of works
and it serves as the basis to construct the Monte Carlo code BFKLex [1024–1031].
BFKLex is quite flexible and one can implement the convolution with the relevant impact factors,
all in momentum space, such that it can be used to compute the cross-sections for either single light
quark forward jet production [1032, 1033] or for DIS processes in the low-x limit. The advantage is
that one can also compute extra differential information, such as single rapidity distributions of the
final state jets and jet-jet rapidity correlation functions which allows for a more direct comparison
against the usual multipurpose Monte Carlo event generators and experimental data. Moreover, it
is straightforward to use BFKLex within the usual collinear factorization scheme by convoluting the
partonic cross-section with PDFs as well as in setups where both the collinear factorization and
the kT -factorization schemes need to be employed (light quark forward production).
A well known example of the former case is the study of Mueller-Navelet jets [1034], where the
differential partonic cross-section for the production of two widely separated in rapidity jets and
transverse momenta p~i=1,2 is given by
ω (~q) = −

dσ̂
2
d p~1 d2 p~2

=

π 2 ᾱs2 f (~
p12 , p~22 , ∆Y )
.
2
p~12 p~22

(6.7)
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The longitudinal momentum fractions of the colliding
partons are assumed to be xi=1,2 , the rapidity
p
difference between the two jets ∆Y ∼ ln x1 x2 s/ p~12 p~22 and the impact factors a simple combination
of color factors and the strong coupling. In collinear factorization the cross-section for this process
reads
Z 1
X Z 1
dσ 2− jet
dx2 fr (x1 , µF ) fs (x2 , µF ) dσ̂r,s (ŝ, µF ) ,
(6.8)
dx1
=
dp1 dy1 dθ1 dp2 dy2 dθ2 r,s=q,q̄,g 0
0
and it can be computed with BFKLex while the differential information of the final state events is
preserved and can readily be compared against experimental data.
In the case of a light quark forward jet production ( [1032,1033]), one needs first to combine the
gluon Green’s function and the proton impact factor to obtain an expression for an gluon uPDF:
G (x, q1 ) =

Z


dq 22 DIS
F
(x, q1 , q2 ) Φp q2 , Q20 ,
2
q2

(6.9)

where F DIS here is the gluon Green’s function adapted for DIS-like kinematics. The total pp →
Q + X cross-section then reads
σpp→Q+X =

Z

0

1

dxQ

Z

0

1

dxg
xg

Z


d2 k 
σ̂ · fQ (xQ , µf ) + fQ̄ (xQ , µf ) G (xg , kT , Q) ,
π

(6.10)

where we have added the extra argument kT (transverse momentum of the light quark) in G and
σ̂ is the partonic cross-section for quark-virtual gluon scattering, Q + g ∗ → Q0 .
The implementation within BFKLex of the relevant impact factors is under way and we believe
that this Monte Carlo approach for studies in the BFKL framework is an important step towards
a better understanding of the high energy limit of QCD and a more robust treatment of the
uncertainties involved.

6.1.9

High-energy QCD via a FPF+ATLAS Timing Coincidence

√
In the so–called semi–hard regime [1035], the scale hierarchy, ΛQCD  {Q}  s holds, where
√
ΛQCD the QCD scale, {Q} a (set of) hard scale(s) typical of the process and s is the centre–
of–mass energy. In this case, as described in Sec. 6.1.1, high energy logarithms enter which are
amenable to resummation in the BFKL framework, either in the leading approximation (LL),
including of all terms proportional to αsn ln(s)n , or next-to-leading approximation (NLL), including
all terms proportional to αsn+1 ln(s)n . It is in particular the case that large final-state rapidities
(or rapidity distances) corresponding to single forward emissions (or double forward/backward
emissions) increase the impact of such high energy logarithms and hence the relevance of BFKL
effects.
Over the last decade, predictions for a large number of semi-hard observables in unpolarized
hadronic collisions have been obtained. Among them, azimuthal correlations between two jets
emitted with high transverse momenta and large separation in rapidity (the Mueller–Navelet dijet channel [1034]) have been identified as promising observables to discriminate between BFKLresummed and fixed-order-inspired calculations [1036,1037]. Several phenomenological studies have
been conducted so far [1038–1048], which are in fair agreement with the only set of data available,
i.e. the one collected by the CMS collaboration for symmetric ranges of the jet transverse momenta [1049]. In [1050] (see also [1051–1055]) clear evidence was provided that the high-energy
resummed dynamics can be sharply disentangled from the fixed-order pattern at LHC energies
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Figure 6.16: ∆Y -distribution (left) and azimuthal distribution (right) for inclusive (π + D∗ ) and
(K + D∗ ) reactions in a tight timing coincidence setup for the FPF + ATLAS configuration, and
√
for s = 14 TeV. NNFF1.0 and MAPFF1.0 collinear FFs are employed in the description of pion
emissions, whereas only the NNFF1.0 set is used for kaon emission. The envelope of main results
is built in term of a replica-driven study on light-hadron collinear FFs. Ancillary panels below
primary plots show the envelope of replicas’ predictions divided by their mean value.
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when asymmetric cuts for transverse momenta are imposed both in dijet and in jet plus lighthadron final states. The BFKL resummation was then tested via a variety of inclusive hadronic
semi-hard reactions. An incomplete list includes: dihadron correlations [1056–1058], multi-jet emissions [1018–1022, 1059–1062], J/ψ-plus-jet [1063, 1064], heavy-quark pair [1065, 1066], and forward
Drell–Yan dilepton production with backward-jet detection [1067].
One of the major issues emerging in the description of the Mueller–Navelet reaction is the size
of NLL corrections, which turn out to be of the same order, but generally with opposite sign, with
respect to the LL results. This leads to instabilities of the high-energy series which clearly become
apparent when studies on renormalization/factorization scale variation are performed. Thus, it is
not possible to perform phenomenological analyses of Mueller–Navelet cross sections and azimuthal
correlations around “natural” scales [1042, 1044, 1050]. Although the application of some scale
optimization procedure, as the Brodsky–Lepage–Mackenzie (BLM) method [1068–1071] could help
to quench this instability, it turns out that the optimal scale values are found to be much higher
than the natural ones. This leadsd to a substantial lowering of cross sections and hampers any
chance of making precision studies.
A first clear signal of stability of semi-hard BFKL observables under higher-order corrections
at natural scales was discovered quite recently in processes featuring the emission of objects with
a large transverse mass, such as Higgs bosons [1072–1074] and heavy-flavored jets [1075–1077],
studied with partial NLL accuracy. Strong stabilising effects in full NLL emerged in recent studies
on inclusive emissions of Λc baryons [1078, 1079] and bottom-flavored hadrons [1080]. Here, corroborating evidence was provided that the characteristic behavior of variable-flavor-number-scheme
(VFNS) collinear fragmentation functions (FFs) describing the production of those heavy-flavored
bound states at large transverse momentum [1081–1083] acts as a fair stabilizer of high-energy dynamics. We refer to this property, namely the existence of semi-hard reactions that can be studied
in the BFKL approach without applying any optimization scheme nor artificial improvements of
the analytic structure of cross section, as natural stability of the high-energy resummation.
With the aim of shedding light on the physics potential to study high-energy dynamics of
QCD at the FPF, we present preliminary predictions for two semi-hard reactions that can be
studied via simultaneous detections at the FPF and ATLAS detectors by means of the timecoincidence method. In particular, we allow for an ultra-forward tag of a light meson (π ± or
K ± ) at the FPF, in the rapidity window 5 < yπ,K < 7 and in the transverse-momentum range
10 GeV < |~
pTπ,K | < 20 GeV, together with the detection of a D∗± meson in more central regions of
ATLAS, |yD | < 2.4, with its transverse momentum |~
pTD | ranging from 20 to 60 GeV (see Fig. 6.15
(c)). The possibility of reconstructing events at FPF + ATLAS combined kinematics provides
several benefits. First, it is sensitive to the regime of large rapidity intervals between the two
detected hadrons, ∆Y ≡ yπ,K − yD  1, leading to significant transverse-momentum exchanges in
the t-channel and thus to large energy logarithms that must be resummed via the BFKL approach.
Then, as mentioned before, the imposed asymmetric windows for the observed transverse momenta
are expected to ease the discrimination between the high-energy and the fixed-order approach.
Finally, with the ATLAS tag of a heavy-flavored meson used to stabilize the high-energy series,
an intriguing option is open to possibly constrain light-hadron collinear FFs in a kinematic sector
complementary to the one typical of current analyses. Numerical results presented in this section
were obtained via the JETHAD multi-modular interface [1050] aimed at the management, calculation
and processing of observables calculated in different approaches.
In Fig. 6.16 (left) we present the behaviour of the cross section differential in the final-state
rapidity distance, ∆Y , for our reference reactions in the FPF + ATLAS setup. NLL resummed
predictions are compared with the high-energy limit of NLO fixed-order results (HE-NLO), taken
as the truncation of the NLL series up to the O(αs3 ) perturbative accuracy. In both cases we observe

Chapter 6. Quantum Chromodynamics

252

promising statistics, together with a downtrend of the cross section when ∆Y increases. This is
due to the interplay of two competing effects, namely that pure BFKL dynamics would lead to the
well-known growth with energy of partonic hard factors, but that its convolution with PDFs and
FFs dampens the hadronic cross sections at large ∆Y -values. The envelope of our results is built in
terms of 100 replicas for the FFs, the NNFF1.0 [1084] and MAPFF1.0 [1085] parameterizations being
used for pions, and just the NNFF1.0 one for kaons, while the NNPDF4.0 proton PDF set [1086,1087]
is taken at its central value. Emissions of D∗ mesons are depicted in terms of KKKS08 FFs [979].
The factorization and renormalization scales are set to the natural scale of the process, i.e. the sum
of transverse masses of the two emitted hadrons.
As expected from the use of asymmetric pT -windows, the resummed predictions are distinct
from the fixed-order results, with the first being constantly below the second one. This effect turns
out to be sharper in the (π + D∗ ) channel and milder in the (K + D∗ ) one. The main outcome
here is that high-energy resummation plays a key role in the study of ∆Y -differential cross sections
and it needs to be accounted for in order to get a consistent description of these observables in the
considered kinematic regimes.
In Fig. 6.16 (right) we show the azimuthal distribution of our reference processes, namely the
normalized cross section differential in the angle distance between the light hadron and the D∗
meson on the azimuthal plane, ∆ϕ ≡ φπ,K − φD − π, and at fixed values of ∆Y . From a theory
viewpoint, this distribution represents one of the most solid observables with which to search for
high-energy effects, since it embodies high-energy signals coming from all the azimuthal-correlation
moments. From an experimental perspective, its measurement is much easier with respect to
standard azimuthal correlations typical of Mueller–Navelet analyses, since it does not need to be
investigated in the full (−π, π) azimuthal-angle range.
Being de facto a multiplicity, uncertainties coming from the selection of different FF sets
as well as the ones from different replicas inside the same FF set are heavily dampened. As
shown in our plots (single-line envelops), they are much smaller than the ones related to the usual
renormalization- and factorization-scale variation from 1/2 to 2 times their natural values (shaded
bands). We can see that the latter is larger at the lower reference value of ∆Y , with its width
visibly narrowing when going from ∆Y = 5 to 7. This is a clear signal that the natural stability of
the BFKL series gets more and more evident when ∆Y grows, as expected.
At variance with previous studies done in the context of inclusive light dijet [1041] and hadronjet detections [1050] at CMS, the azimuthal distribution for our process at FPF + ATLAS exhibits
some unexpected and novel features. Indeed, its peak increases and its width shrinks when ∆Y
increases. This seems to be counter-intuitive, since one of the main effects of the high-energy resummation is a loss of correlation between the two tagged objects due to the weight of rapidity-ordered
inclusive-gluon emissions (labeled as X in our plots), that grows with ∆Y . A possible explanation
could be that the strongly asymmetric rapidity windows where the ultra-forward FPF light meson
and the central ATLAS D∗ are detected lead to a reduction of yπ,K and yD combinations for the
given ∆Y and, in turn, to a partial re-correlation in the final state. Furthermore, the considered
kinematics directly translates into an asymmetry between the incoming-parton longitudinal fractions, with one of them always large and the other one much smaller. Here, possible threshold
contaminations [1088–1090] come into play and should be resummed as well.
All these observations support the statement that the combined tag of ultra-forward particles
at the FPF and central ones in ATLAS via a tight timing coincidence setup brings along a high
discovery potential and a concrete chance to widen our knowledge of strong interactions at high
energies. On the one hand, cross sections differential in the observed rapidity interval are able
to disentangle BFKL from fixed-order calculations and can be used to assess the weight of the
uncertainty coming from collinear FFs in ranges complementary to the currently accessible ones.
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On the other hand, azimuthal-angle distributions are quite suitable observables with which to search
for clear and novel high-energy signals, and can serve as a common basis to explore the interplay
between BFKL and other resummation mechanisms. Future studies will extend the present work
to an opposite configuration, with heavy-flavored hadrons being tagged at the FPF.

6.1.10

BFKL Phenomenology and Inclusive Forward Processes

Single forward inclusive emissions in proton collisions see Fig. 6.15 (a), are characterised by an
asymmetric configuration where a fast parton takes part in the hard subprocess always with an
intermediate momentum fraction x, whereas the other parton is a low-x gluon. In this case a
hybrid high-energy/collinear factorization holds, so that the fast parton is described by a collinear
PDF, whereas the low-x gluon is described by a gluon uPDF. At LL, to get the hadronic cross
section, the two distributions are convoluted with an off-shell (gg ∗ → g) or (qg ∗ → q) vertex
corresponding to the emission of the forward particle. On the other hand, gluon-induced single
central inclusive emissions, see Fig. 6.15) (b), lead to a pure high-energy factorization treatment.
This stems from the fact that both the incoming gluons are extracted from the parent protons at
low x. The cross section is then written as a convolution between two gluon uPDF and a doubly
off-shell (g ∗ g ∗ ) vertex initiating the emission of the central object. The first analyses of the gluon
uPDF were performed in the context of deep-inelastic-scattering (DIS) structure functions [1091,
1092]. Subsequently, the gluon uPDF was probed via the single exclusive leptoproduction of ρ
and φ mesons at HERA [986, 1093–1099] and the EIC [1100], the forward production of Drell–Yan
pairs at LHCb [1101–1104], and the exclusive production of heavy-quark pairs [1065, 1105] and
quarkonia [1106–1108]. The connection between the gluon uPDF and the collinear gluon PDF was
investigated through a high-energy factorization framework set up in [882–884], and via the Catani–
Ciafaloni–Fiorani–Marchesini (CCFM) branching scheme [1109–1113]. Then, first determinations
of low-x improved PDFs à la Altarelli–Ball–Forte (ABF) [906–911, 1114] were recently achieved
[890, 891, 913].
Further analyses of the gluon uPDF can be performed in the context of proton-proton collision,
considering inclusive processes with forward production of (i) a light hadron, (ii) a heavy hadron,
(iii) a heavy jet. The necessary vertices, written as the convolution of a hard partonic vertex and
a suitable fragmentation function, are available with NLL accuracy in the case (i), and in the case
(ii) when the VFNS can be adopted (see [1115]). When this applies, a theoretical scheme must
be used, where the NLL vertex is combined with a NLL gluon uPDF, which is straightforward for
gluon uPDF models based on BFKL, but is not trivial in other approaches.
The advent of the FPF will open a new window of opportunities to probe and study the hadronic
structure at very low values of x. Future data for reactions featuring single inclusive emissions of
light as well as heavy hadrons detected in FPF ultra-forward rapidity ranges will be a key ingredient
to perform stringent tests of the gluon uPDF. The inclusion of these data in a larger set where
the ones coming from other new-generation colliding facilities [840, 1116–1118] are also collected is
needed to trace the path towards the extraction of the gluon uPDF from a first global fit analysis.

6.2
6.2.1

Modelling Forward Physics with Monte Carlo Event Generators
Introduction

The neutrino flux arriving at the FPF arises from the decay of a range of light (such as pions and
kaons) and heavy (in particular D-mesons) particles produced at very forward rapidities in proton-
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proton collisions at the ATLAS interaction point. The modelling of such particle production is
not always amenable to the framework of perturbative QCD, but rather requires a dedicated MC
treatment. An accurate modelling of forward particle production by such event generators is
therefore crucial to fully exploit the physics potential of the FPF, and conversely data from the
FPF have the potential to constrain the phenomenological models of non-perturbative QCD that
are embedded in Monte Carlo event generators. In the following sections dedicated studies in this
direction, within the widely used general-purpose Pythia and Sherpa MC generators, are described.
The white paper on event generators for high energy experiments [1119] complements some of the
discussion here. In addition, we briefly explore the possibility to detect at the FPF neutrinos arising
from proton-lead (pPb) collisions at the LHC.

6.2.2

Event Generation for Forward Particle Production with Pythia 8

Here we present an updated study on forward charm and bottom production with Pythia 8. The
reason for this study are two recent LHC results: the LHCb observation of an asymmetry between
forward Λb and Λb hadron production rates [1120], and the unexpectedly large Λc /D ratio observed
by ALICE [1121], notably at small transverse momenta and at high multiplicities [1122].
Production asymmetries were observed at fixed-target energies in the 90s [1123–1125], and were
explained in terms of the colour string topologies in the relevant processes [1126]. An update of
this study is shown in Fig. 6.17a. In π − A collisions, where A is a nuclear target, a uu → cc
valence-quark annihilation gives a string stretched from the π − remnant d quark to the c, while
the c is connected to a p/n remnant ud/uu. This means that the string tension will pull the c
forwards and the c backwards. One may even have cases where a string system is so low-mass that
it collapses to a single hadron, notably c + d → D− . This then gives an excess of D− over D+
in the forward hemisphere. In the alternative process gg → cc, which dominates in the combined
sample, either the c or the c are pulled forwards, but in a collapse the c would give a D0 , so also
in this case D− > D+ . The current Pythia 8 default [115] describes data somewhat worse than
Pythia 6 [114] did, as minor changes have been made over the years without any regard for these
data. The old studies also led to predicted charm and bottom asymmetries at the per cent level
for LHC [1127].
String effects are not always taken into account for heavy flavour modelling. At e+ e− colliders a
c/b quark usually is the leading parton of its jet (but not always, which is important to remember in
a detailed analysis of e+ e− ). Thus the string tension pulls back on it, such that the resulting heavy
hadron has a smaller energy than the mother heavy quark. This behaviour is often parameterized
in terms of a fragmentation function f (z), where z is the ratio of the heavy hadron to the original
heavy quark energy (or momentum), 0 ≤ z ≤ 1. Typical values are hzc i ≈ 0.6 and hzb i ≈ 0.8,
somewhat depending on the scale at which the perturbative process is matched to the nonperturbative hadronization [117]. But, as we have already seen, at hadron colliders the colour strings
almost as often connect c/c/b/b to the beam remnants “ahead” of them, and then these quarks
are pulled forwards by the string tension, rather than backwards. In Fig. 6.17b, we show that the
hadron-to-quark energy ratio peaks slightly below unity, but with broad wings, notably extending
well above unity. The pull/push effect is seen to be larger for the lighter c than for the heavier
b, as could be expected. The subset with quark energy above 100 GeV demonstrates that this is
not a phenomenon specific to lower energies. The outcome of this double-sided smearing is that
the quark and hadron longitudinal momentum spectra almost coincide, Fig. 6.17c. (More precisely,
the comparison applies to partons at the end of the parton-shower evolution and primary hadrons
before any subsequent decays.) For charm we may even note a hadron excess at the largest xF ,
likely induced by the above-mentioned collapse with a beam-remnant parton. Thus one concludes
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Figure 6.17: (a) Charm hadron asymmetry in fixed-target π − p collisions. Data from [1123–1125].
(b) Ratio of the heavy-flavour hadron energy to its mother heavy-quark energy, for all and only for
those with an initial energy above 100 GeV. (c) Feynman-x spectra for c/b quarks and hadrons. (d)
Neutron and anti-neutron pseudorapidity distributions. (e) Charm and bottom baryon fractions.
(f) Charm baryon and meson production asymmetries. The latter five frames are all for an inclusive
sample of inelastic pp events at 13 TeV.
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that LEP-style fragmentation functions are not applicable at hadron colliders.
The other new result, the enhancement of charm baryon production, was not predicted as such,
but ALICE noted that it is consistent with what comes out of a non-default Pythia option. This
option is the so-called QCD-inspired colour reconnection (QCDCR) model of Christiansen and
Skands [1128]. The key point, relative to the default colour reconnection modelling, is that it
allows the formation of junctions and antijunctions, as follows.
In its simplest form, think of a Y-shaped string topology, with a quark at each end and a junction
in the middle, where the three strings come together. It is the junction that carries the net baryon
number of the system. Junctions can form notably when several strings are drawn out along the
collision axis in a pp event. If you imagine two strings, each with a quark end moving out in the +z
direction and an antiquark along the −z one, then the two strings can collapse into one over most of
the distance between the endpoints. There the colour now flows in the opposite direction according
to the simple rule-of-thumb that red + green = antiblue, and the energy is reduced by only having
to draw out one string instead of two. Near the qq end a junction is formed, which gives a baryon,
and in the other end an antijunction gives an antibaryon. This mechanism adds to the normal
baryon production one, where a single string breaks by the production of a diquark–antidiquark
pair. The junction mechanism increases in importance when there are many nearly parallel strings,
which means at low transverse momenta in high-multiplicity events, consistent with data.
The most obvious consequence of junction formation is that baryon production is enhanced
over the rate obtained by normal string breaks. The example of (anti)neutron production is shown
in Fig. 6.17d, where the QCDCR is compared with the default colour reconnection scenario. One
may note that the enhancement mainly is at central pseudorapidities η, not so much at forward
ones. Further studies could here be useful, e.g. to bin neutrons both in energy and η, to allow
comparisons with LHCf data [1129]. Furthermore the model may need further development and
tuning in the extreme forward region, as has recently been done for the default scenario, Sec. 6.2.4.
(Such improvements are not used here, to allow a fair comparison.)
The big ALICE surprise then is the significant fraction of all (anti)charm quarks that end up
in an (anti) baryon. This fraction is shown in Fig. 6.17e, for the default and QCDCR models,
where the former is consistent with an extrapolation from e+ e− data but then inconsistent with
ALICE, while the QCDCR is about a factor three higher for charm and four for bottom. In both
scenarios the baryon fraction is increasing in the forward direction, presumably as a consequence
of the aforementioned string pull and collapse mechanisms. (The results for bottom are marred
by tiny statistics for η > 8, but there is no reason to expect a qualitatively different behaviour
than for charm.) This is confirmed by the hadron–antihadron asymmetries, Fig. 6.17f, which
shows a significant excess of charm baryons over antibaryons, consistent with a collapse with a
remnant diquark. The asymmetry is smaller for QCDCR, where the junction topologies would
not involve a remnant diquark, but still possibly a single remnant quark. The asymmetries for
baryons are compensated by opposite ones in the meson sector, though less so in relative terms
since there are more of them. Asymmetries for bottom hadrons resemble those for charm, but
are somewhat higher, within the limited statistics at disposal. We recall that the observed LHCb
Λb − Λb asymmetries [1120] are consistent with the QCDCR option, but well below the default one.
In summary, it is important to recognize that perturbation theory alone may not a good predictor of forward charm and bottom hadron production, but must be combined with nonperturbative
modelling. This modelling involves uncertainties, that can be mitigated by future studies, in a combination of experiment and theory. Thus again improving our understanding of QCD is paramount
in order to improve the accuracy of (anti-)neutrino flux predictions at the FPF.
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Event Generation for Forward Particle Production with Sherpa

Sherpa is a general-purpose event generator developed initially for the Large Electron Positron
collider (LEP), and subsequently extended to the physics case of HERA and the Large Hadron
Collider (LHC) [1130–1132]. The event generation framework is centered around two independent
matrix element generators, AMEGIC [1133] and COMIX [1134], and two independent parton showers,
CSShower [1135] and DIRE [1136], contains an implementation of the Sjöstrand-Zijl multiple scattering model [1137], a cluster hadronization model [1138], a hadron and τ decay module, and an
implementation of the Yennie-Frautschi-Suura algorithm for soft-photon resummation [1139].
AMEGIC and COMIX can be employed to compute tree-level scattering processes fully differentially
in nearly arbitrary physics models [1140–1142] with the help of FEYNRULES [605] and UFO [1143].
They can also be employed to perform fixed-order next-to-leading order calculations in QCD [1144]
and electroweak theory [1145] using the Catani-Seymour dipole subtraction scheme [1146, 1147],
and its extension to QED [1148] and EW. Some of the most challenging high-multiplicity NLO
QCD and EW calculations have been computed with the help of this framework [1149–1152].
The parton showers employed in Sherpa are based on the Catani-Seymour dipole factorization
approach [1146], can be merged with higher-order tree-level matrix element calculations using the
CKKW(L) techniques [1153–1155], and have been matched to NLO QCD calculations through both
the MC@NLO [1156] and POWHEG [1157] techniques [1158, 1159]. For a small selection of important
reactions, it has also been matched to NNLO QCD calculations [1160,1161]. Merging with matched
next-to-leading order calculations is supported through the MEPS@NLO method [1162, 1163], which
has been successfully applied to a range of important physics processes [1164–1168].
Hadronization is performed in Sherpa using the cluster fragmentation model [1169], which has
been extended to include color reconnection effects [1138, 1170]. Hadron decays are simulated
through a dedicated hadron decay module, which also handles τ decays. Spin correlation effects
and B-mixing effects are included in the decay simulation.
The radiation of soft photons, either in the hard reaction and the subsequent decay chain, or
in hadron decays, is simulated through an implementation of the Yennie-Frautschi-Suura approach
to soft-gluon resummation. Complete next-to-leading-order corrections are included for the most
relevant cases of hard decays [1171], and for some selected hadron decays [1172]. In Fig. 6.18
we show two examples of Sherpa’s physics performance in a process relevant to the FPF: Deepinelastic scattering. The left panel compares multi-jet merged predictions from [1175] to inclusive
jet cross sections measurements from the H1 collaboration [1173]. The data are given as a function
of the ratio of the jet transverse energy in the Breit frame and Q2 , and in different ηj bins. In
2 /Q2 > 1 the reaction probes the regime where the QCD real-emission corrections
the region ET,B
cannot be approximated by a resummed calculation as provided by the parton shower, because the
resummation scale Q2 is too low to allow for the production of a measurable jet. This situation
is remedied by explicitly including higher-multiplicity tree-level calculations. It is noteworthy that
the corrections obtained through multi-jet merging only saturate at a jet multiplicity of four to
five. The right panel of Fig. 6.18 shows predictions from POWHEG matching in Sherpa and from
multi-jet merging for the di-jet cross section as a function of Q2 in bins of ET,1 + ET,2 , compared
to measurements by the H1 collaboration [1174]. It is interesting to observe the large discrepancy
with the leading-order plus parton shower result, which is again due to the fact that a parton
shower with resummation scale Q2 is not able to populate the complete phase space relevant to
di-jet production, particularly at low Q2 .
Finally, Sherpa includes a simulation of inclusive QCD scattering, SHRiMPS [1176], based on
the Khoze–Martin–Ryskin (KMR) model [1177] and an extension of its inclusive picture to the
creation of exclusive final states. The KMR model is constructed from a simplified partonic picture
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Figure 6.18: Left: The inclusive jet cross section as a function of ET,B
lab
by the H1 collaboration [1173]. Right: The di-jet cross section as a function of Q2 in bins of
ET,1 + ET,2 , measured by the H1 collaboration [1174].

of the Pomeron, together with multi-Pomeron interactions described by an effective triple Pomeron
vertex. Using the notion of Good-Walker states and associated parton densities which evolve in
rapidity, it successfully describes total, elastic, and diffractive cross sections in pp and pp̄ collisions
at high energies. The KMR model is an eikonal model in which the eikonals Ωik (y, B⊥ ) between
states i and k in mixed rapidity–impact–parameter space are related to the two parton densities of
the incoming hadrons through
Ωik (Y, B⊥ ) =

1
β02

Z







(1)
(2)
~ ⊥ − ~b(1) + ~b(2) Ωi(k) y, b(1) Ω(i)k y, b(2) .
d2 b⊥ d2 b⊥ δ 2 B
⊥
⊥
⊥
⊥

(6.11)

The parton distributions of hadron i in the presence of the other hadron k evolve as
(1)

(2)

(1)

(2)

dΩi(k) (y, b⊥ , b⊥ )
(ik)
(1) (2)
(1) (2)
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(6.12)
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with a parton absorption contribution given by a term like
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Figure 6.19: Integrated cross sections (left) and differential elastic cross section (right) for different
center-of-mass energies.

The boundary conditions at maximal rapidities are given by form factors as
(1)

(1)

(2)

(2)

Ωi(k) (−Y /2, b⊥ ) = Fi (b⊥ )

(6.14)

Ω(i)k (+Y /2, b⊥ ) = Fk (b⊥ ) .
The parameters ∆ and λ are related to the pomeron intercept and triple-pomeron coupling, respectively, and assumed to be constant. While the original KMR model included three Good-Walker
states and their interactions through pomerons and reggeons, its current SHRiMPS implementation
is based on two such states and pomeron interactions only. Naively, one would identify the two
Good-Walker states – diffractive eigenstates – with the nucleon N = {p, n} and its first resonance
N ∗ = N (1440); however, in the SHRiMPS version this second eigenstates is modelled as a linear combination of N (1440), N (1700), and an exponentially falling distribution of a diffractive continuum.
The latter is described by disintegrating the nucleon into a quark–di-quark state with a suitable
mass, which is subsequently hadronized, thereby creating a spray of mostly forward hadrons. The
integrated cross sections and differential elastic cross sections obtained with SHRiMPS are shown
in Figure 6.19 for different center-of-mass energies.
The KMR model also describes inelastic cross sections, i.e. the inelastic production of hadronic
final states, in an inclusive way. To translate these inclusive cross sections into exclusive final states,
the SHRiMPS model employs the notion of ”cut pomerons” in a naive way. They are represented
as ”ladders” with t-channel propagators connecting gluon ”rungs”. In each inelastic event at
impact parameter B⊥ , selected according to the corresponding differential probability, the number
of ladders exchanged between the two hadrons is selected according to a Poisson distribution of the
eikonal, and their positions are taken from the integrand of Eq. (6.11). The density of emitted gluons
(the ”rungs”) in rapidity is determined by the evolution equation Eq. (6.12). As a consequence
of the triple-pomeron vertex the cut ladders can have sections that consists of un-cut pomerons
which results in the t-channel propagators in the ladder being either in a colour singlet or an octet
state, with probabilities for the different colour states determined by the eikonals. The transverse
momenta of either the propagators or the emitted gluons are chosen from a Regge-inspired form,
the gluons’ momenta are then determined by momentum conservation. The emission of quark–
anti-quark pairs from the ladders is also included.
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Improved MC Generation of Forward Particle Production

The FPF has the potential to probe precision Standard Model (SM), as well as Beyond Standard
Model (BSM) physics. To adequately test these theories at the FPF, a precise understanding of
the SM’s predictions in the forward direction is needed, e.g. the incoming neutrino or dark photon
flux toward the FPF. One of the most commonly used Monte-Carlo (MC) event generators for
predictions at the Large Hadron Collider (LHC) is Pythia [115]. Although most of the physics
driving Pythia is computed from quantum field theory, effects like hadronization, intrinsic transverse momentum of partons, and the fate of the proton remnants after a collision must be simulated
with effective models due to the breakdown of perturbative methods. The models inevitably introduce parameters, the numerical values of which need to be adjusted (”tuned”) in order to yield
predictions that are in agreement with experimentally observed data. The current default tune,
called ”Monash” [116], has been shown to produce excellent agreement with central measurements.
A drawback of Monash (and other common tunes) is that it has not been designed to agree with
forward (|η| > 5) physics data, leading to forward predictions of lower fidelity compared to their
central counterpart. The forward physics data that has been obtained at the LHC, notably from
the LHCf collaboration, is in strong disagreement with Pythia’s predictions [37, 1178]. This problem is not exclusive to Pythia and applies to other MC generators, too [67, 1178]. Resolving these
issues is therefore paramount for the FPF to probe BSM and SM physics adequately. We present
an ongoing effort to tune Pythia with the forward measurements that are currently available while
trying the retain the excellent quality of Pythia’s predictions for central physics. Below, we will
discuss the data that is being used to obtain the tune, the parameters that we fit to reproduce
forward data, our methods, and some preliminary results.
The LHCf collaboration has probed the most forward physics regime (largest |η|) at the LHC
to date, producing measurements of neutron and pion production for |η| > 10.76. In addition to
LHCf there are the TOTEM [1179, 1180] and CASTOR [1181] collaborations which have measured
the pseudorapidity densities of charged particles and energy flows at 5.3 < |η| < 6.5 and 5.2 <
|η| < 6.6, respectively. Finally, central measurements from ATLAS [1182, 1183], CMS [1184], and
ALICE [1185], sensitive to diffractive and minimum bias physics are used to verify the compatibility
of our forward tune with central physics. In Table 6.1, we summarize the LHCf analyses, their
energies, references, and RIVET [1186] modules.
Analysis
forward π 0 or γ

forward neutrons

√

s [TeV]
7
2.76, 7
13
7
13

Refs.
[1187]
[1188]
[1189]
[1129]
[1190]

RIVET
LHCF 2012 I1115479
LHCF 2016 I1385877
LHCF 2018 I1518782
LHCF 2015 I1351909
LHCF 2018 I1692008

Table 6.1: LHCf analyses, covering η > 8.81, their COM energies, references, and RIVET module.
The Monash tune produces too few hard neutrons and too many hard pions in the forward
region. Our approach to resolving this has been to disable Pythia’s popcorn mechanism for beam
remnants, effectively preventing remnant diquarks from hadronizing into a meson, and simultaneously tuning the fragmentation function to yield harder diquarks. As a result, more hard neutrons
and fewer pions are produced, and giving much better agreement with LHCf data. Tuning these
parameters affects the small |η| predictions only marginally. It has further been noted [37, 1191]
that the simulation of transverse momentum, pT , is important as well as a larger (smaller) pT will

Chapter 6. Quantum Chromodynamics

261

lead to fewer (more) hadrons in the forward direction. Primordial pT , which is defined as the pT of
the partons due to their motion within an interacting hadron or beam remnant, is a main source
of transverse momentum and has been useful in fitting forward measurements.
The tuning requires sampling Pythia in the multidimensional parameter space of the above
mentioned parameters. The MC events from Pythia, are analysed with RIVET [1186] modules for
a given analysis, mimicking the analysis logic applied by the experiment, yielding MC histograms
that can immediately be compared with experimental data. The tuning software Apprentice [1192]
allows to compute high-fidelity surrogates of the MC histograms by means of polynomial or rational
approximations. The surrogates can be numerically evaluated at any point in the parameter space
of interest in microseconds, thus enabling numerical optimisation of a least-squares measure defined
with experimentally observed and surrogate MC histograms. The best-fit point in the parameter
space constitutes a tuning.
In Fig. 6.20 we show our results which compare the Monash tune (red line) and our preliminary
tune (blue line) with experimental data (black points). The LHCf collaboration has produced neutron and pion production rates in η and pT bins, respectively. We show a selection of representative
histograms in the first two rows. The most forward measurements from LHCf, (first column, first
two rows) are most relevant for forward physics facility measurements and show a good fit. For
the less forward neutron spectra (η < 9.22), our tune indicates an overproduction of neutrons.
Although the default tune does not perform much better, we aim to describe these analyses well.
The less forward pion spectra (pT > 0.2 GeV/c), however, show a good fit as compared to the
default tune. The third row compares each tune against a few representative measurements from
the more central CASTOR, TOTEM, and ATLAS analyses. These plots are evidence that our
tuning procedure affects these predictions only marginally.
We can use the modified tune to make updated predictions of the neutrino flux at the FPF
experiments. This is shown in Fig. 6.21, where we show the neutrino flux for electron and muon
neutrinos going through the FLArE detector for both the Monash tune (solid line) and our updated
tune (dashed line). Here we have used the simulation introduced in [67] to simulate the propagation
of long-lived SM hadrons and their decay into neutrinos. The different line colors correspond to
the neutrino production mode: pion decays (red), kaon decays (orange), hyperon decays (magenta)
and charm decays (blue). We can see that the modified tune leads to a lower number of high-energy
neutrinos from pion and kaon decays but a slightly larger number of high energy neutrinos from
hyperon decay.
A fundamental problem of the tuning procedure that has so far not been addressed to full
satisfaction is that of assigning reasonable tuning uncertainties. Due to the unknown distribution
function of the goodness-of-fit measure that we minimise, standard procedures such as confidence
belt construction fail. This is in part due to the lack of information published on correlations
between bins present in the experimental data histograms. Bootstrapping methods are hence of
limited use only. We are therefore forced to pursue more pragmatic avenues that are partially
motivated by techniques employed by PDF-fit groups. We use the hessian of the goodness-offit measure obtained at the best-fit point to construct a system of principal directions. This is
similar to a confidence ellipsis construction but we cannot interpret the volume contained therein
probabilistically. We can, however, use the principal axes and search along those for points that
fulfil criteria that are compatible with a robust estimate for tuning uncertainties. One of the
approaches we are currently studying requires to find points on the principal axes such that the
MC histograms evaluated at those points envelop at least two-thirds of all data bins entering the
goodness-of-fit measure.
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Figure 6.20: Comparing the default Monash tune (red line) with our tune (blue line) with experimental data (black data points). The first two rows are measurements of the neutron and pion
spectra, respectively, with the left column being the most forward measurements. The third row,
from left to right, shows measurements by the CASTOR, TOTEM, and ATLAS collaborations.
For each analysis, information on the process can be found at the top of each panel.

6.2.5

Neutrinos at the FPF from Proton-Lead Collisions

In addition to its usual runs with protons, the HL-LHC is also expected to collect data for protonlead and lead-lead collisions. These heavy ion collisions will produce a large number of hadrons,
sourcing a neutrino flux that can in principle be observed at the FPF experiments. From a theoretical point of view, such a measurement would be very appealing, for example to study effects
of hadron propagation through nuclear matter or the quark gluon plasma in different kinematic
regime. In addition, the charm production in heavy ion collisions would provide an opportunity to
measure nuclear PDFs for the initial state gluons and test the gluon saturation, which is expected
to be present at higher momentum fraction compared to the proton case.
In the following, we present a first estimate of the expected neutrino flux from proton-lead
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Figure 6.21: Neutrino flux through the cross sectional area of the FLArE detector for electron
neutrinos (left) and muon neutrinos (right) using the Monash tune (solid) and our tune (dashed).
The different colors correspond to different neutrino production modes.
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Figure 6.22: Predicted energy distribution of neutrinos produced in pPb collisions at 13 TeV LHC
passing through the FLArE experiment for electron neutrinos (left) and muon neutrinos (right).
The vertical axis shows the number of neutrinos per energy bin that go through the considered
cross sectional area for an integrated luminosity of 1 pb−1 . The different production modes are
indicated by the line color: pion decays (red), kaon decays (orange), hyperon decays (magenta),
and charm decays (blue). The different line styles correspond to predictions obtained from DPMJet
3.2017 (solid) and EPOS-LHC (dashed).
collisions, where the proton is assumed to go towards to FPF. The results were obtained using the
fast neutrino flux simulation introduced in Ref . [67]. In Fig. 6.22, we show the fluxes of electron
neutrinos (left) and muon neutrinos (right) going through the FASERν2 detector as function of
the neutrino energy. We present results for two different MC event generators, EPOS-LHC [64]
and DPMJet 3.2017 [953, 954], which are illustrated using different line style. The different colors
correspond to the neutrino production: pion decays (red), kaon decays (orange), hyperon decays
(magenta) and charm decays (blue). We note that EPOS-LHC does currently not describe the
production of charmed hadrons, and therefore only show the results from DPMJet. We can see
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a similar behaviour as for neutrinos from proton-proton collisions: pion decays are the dominant
production mode for muon neutrinos at lower energies, while kaon decays provide the dominant
production mode for high energy muon neutrinos and electron neutrinos. Hyperon decays mainly
contribute to the anti-electron neutrino flux at lower energies, with sizable differences between the
two considered models. Charmed hadron decays can become important for high energy electron
neutrinos, but seem to be a bit less relevant than for proton-proton collisions.
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Figure 6.23: Number of expected neutrino interactions with the FASERν2 (left), FLArE with a
target mass of 10 tons (center) and FLArE with a target mass of 100 tons (right) as function of the
neutrino energy. Here we consider neutrinos were produced in pPb collisions at 13 TeV LHC and
an integrated luminosity of 1 pb−1 . The red, blue and black lines correspond to charged current
electron, charged current muon and neutral current interactions, respectively, and were obtained
using EPOS-LHC.
In Fig. 6.23, we show the expected number of neutrino interactions with the FPF neutrino
detectors, again as a function of the incoming neutrino energy. Here we consider FASERν2 with a
target mass of 20 tons (left), FLArE with a target mass of 10 tons (center) and a larger version of
FLArE with a target mass of 100 tons with the geometry considered in [88] (right). We assume
an integrated luminosity of L = 1 pb−1 , corresponding to the projected luminosity for protonlead collisions at ATLAS during LHC Run 3 and Run 4 [1193]. The delivered luminosity for the
whole HL-LHC could therefore be larger. The different lines show the expected number of neutrino
interactions per energy bin for charged current electron neutrino interactions (red), charged current
muon neutrino interactions (blue) and neutral current interactions of all neutrino flavours (black).
The numbers in the legend indicate the total expected event rate, summed over the whole energy
range. We can see that we expect only about one event at FASERν2 and FLArE, an about half
a dozen events at a larger version of FLArE with 100 tons target mass. Unless the luminosity for
heavy ion collisions is increased considerably, the prospects for neutrino measurements during the
heavy ions runs are not very promising.

6.3
6.3.1

Neutrino–induced Deep Inelastic Scattering: Constraints on
Nucleon Structure
Introduction

The neutrinos produced by the decays of both light and heavy-flavoured hadrons in proton–proton
collisions at the ATLAS interaction point will reach the FPF, whose detectors will then permit
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neutrinos and anti-neutrinos of different flavours to be distinguished. Neutrino scattering plays an
important role in the extraction of PDFs, as neutrino-induced structure functions provide a complementary handle towards resolving the flavour of the nucleon’s constituents. The unique ability
of the weak current to probe specific quarks flavours provided by neutrino DIS measurements significantly improves global determinations of proton and nuclear PDFs. Analogous measurements as
the ones from previous neutrino-induced DIS experiments, such as NuTeV [1194], NOMAD [1195],
CCFR [1196] and CHORUS [1197], will be obtained at the FPF providing novel constraints on
future global fits for nucleon and nuclear PDFs. As highlighted by Fig. 6.3, neutrino structure
functions at the FPF complement and extend the coverage of existing DIS measurements on nuclear targets, while largely overlapping with the corresponding neutral-current DIS measurements
in lepton-nucleus scattering provided by the EIC [840, 1198].
In particular, the main channel to probe the strange and the anti-strange PDFs, xs and xs̄
respectively, has historically been dimuon production in inclusive charged current DIS data, and
especially semi-inclusive charm quark production in CC DIS. These data are able to provide constraints at larger Bjorken x on the strange and also the anti-strange densities trough the subprocesses W + s → c and W − s̄ → c̄. The strange sea was related to the light quark sea by a
¯ and it was often assumed that the strange
x-independent fraction [1199–1201], such as xs̄ = rs xd,
sea was suppressed at the level that rs ∼ 0.5. However, the interpretation of these data is sensitive
to uncertainties from charm fragmentation and nuclear corrections. Results by the ATLAS collaboration [1202,1203] showed that with the inclusion of more LHC data, the ratio of the strange-quark
to light-quark densities, Rs , is better constrained and found to fall more steeply at high-x. Along
the same lines, a symmetric low-x strange distribution was reported by the ATLASepWZ12 [1204] and
ATLASepWZ16 [1205] PDF fits. An important benefit of the FPF will be to provide measurements
able to shed light on the apparent strangeness puzzle introduced by the potential tensions between
the above-described data, see also the re-analysis of [1206].
As highlighted earlier in this document, experiments at the FPF permit charm tagging using
different techniques. In particular, not only emulsion experiments, which allow several kinds of
charmed baryons and mesons to be tagged by reconstructing in detail the topology of their decays, but also experiments which allow to charm tagging through dimuon events, will be present.
Hence the measurements of both inclusive and charm-tagged neutrino structure functions should
be feasible at the LHC.
In the following subsections, the potential impact of neutrino–induced DIS is discussed in further
detail, within the context of the nCTEQ and (n)NNPDF analyses. We also present updated predictions
for inclusive neutrino cross-sections on a tungsten nuclear target, evaluating the associated nPDF
uncertainties and the role of including/neglecting various physics effects such as the Q ≤ 1 GeV
region and the non-isoscalarity of the target.

6.3.2

Impact of Neutrino-induced DIS within the nCTEQ Framework

Neutrino interactions have played a crucial role in characterizing nuclear structure in the language of parton distribution functions (PDFs) for both protons [939, 941, 1207–1211] and nuclei [1203, 1212–1217]. The combination of separate neutrino and anti-neutrino measurements,
together with parity-violating and parity-conserving structure function extractions, provide essential information necessary to disentangle the individual PDF flavors [1206, 1218–1223]. A good
theoretical understanding of neutrino DIS is also an important ingredient for determinations of
the weak mixing angle, neutrino mass splittings, and for searches for physics beyond the Standard Model [117], including at DUNE/LBNF [1224, 1225], which will record measurements in the
Eν ∼ few-GeV region wherein contributions from DIS will be significant.
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In spite of ther importance, including neutrino data into global PDF fits can be challenging for
several reasons. Due to the weak nature of neutrino-nucleus (νA) interactions, neutrino experiments
typically use heavy nuclear targets such as iron or lead to obtain higher statistics [1212, 1226–
1228]. Thus, there is necessarily a nuclear correction that must be included when comparing
these data with measurements on the proton or other light nuclei. There are in addition concerns
regarding the apparent tensions between charged-current neutrino and neutral-current chargedlepton measurements. While the source of these tensions has yet to be fully understood, it will be
crucial to resolve them if we are to progress toward the higher-precision analyses needed for the
HL-LHC era.
The FPF will provide high statistics charged-current (CC) and neutral-current (NC) νA measurements on a variety of nuclei. This new data set could play an indispensable role in addressing
a variety of outstanding issues regarding the nuclear correction factors and extraction of individual
partonic flavors. In the following, we briefly review some of the issues where this FPF data set can
prove enlightening.
In [1226,1229] initial analysis of nuclear effects in deep inelastic neutrino-nucleon scattering with
a focus on iron data was performed. Iron PDFs were extracted in a global fit using the charged
current (CC) neutrino–iron structure functions, and these results were compared with neutral
current (NC) charged-lepton–iron structure functions [1230–1232]. As shown in Fig. 4 of [1226],
the comparison demonstrated that except for very high xBj , the nuclear correction factors using
the CC νA structure functions differ in both shape and magnitude from those using the NC `± A
scattering.
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Figure 6.24: Fit results from [1227]. Predictions from the compromise fits for the nuclear correction
factors R[F2`F e ] ' F2`F e /F2`N (a) and R[F2νF e ] ' F2νF e /F2νN (b) as a function of x for Q2 = 5 GeV2 .
The data points displayed in (a) are from BCDMS and SLAC experiments (for references see [1226])
and those displayed in (b) come from the NuTeV experiment [1194].
This apparent incompatibility of the charged-lepton (`± A) and νA processes in the global
analysis required further study. This effort was pursued in [1227] which performed a combined
global fit using both data sets to determine if there might be a “compromise” solution compatible
with both data sets. Both the charged-lepton and νA data sets were included in the fit using
a relative weighting factor of w such that: w = 0 corresponds to no neutrino data in the fit;
w = 1 corresponds to equal weight for the neutrino data and charged-lepton data in the fit; and
w = ∞ corresponds to only neutrino data in the fit. The resulting nuclear correction factors
(R = F2F e /F2N ) are displayed in Fig. 6.24 along with charged-lepton data (left panel) and neutrino
data (right panel). As suggested by this figure, [1227] was not able to find a “compromise” fit that
would simultaneously satisfy both data sets. It is important to note that the correlated systematic
errors were fully accounted for in these fits; in contrast, if the errors were assumed to be uncorrelated
and added in quadrature (to obtain inflated errors) then a more satisfactory compromise fit could
be constrained.
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As noted in Sec. 6.3.3, the νA DIS data play a key role in disentangling the separate partonic
flavors of the proton PDF. This is especially the case for the strange quark PDF which is probed
by both the inclusive DIS (νA → eX) and dimuon production (νA → µ+ µ− X) data. Since the
above nuclear correction F2A /F2N is required to relate the nuclear data to the proton case, the
variation observed in Fig. 6.24 will necessarily influence the uncertainty of the extracted strange
PDF [851, 1206, 1206, 1226, 1233].
At the higher energies of the LHC, W ± /Z vector boson production provides an alternate
avenue to determine the strange PDF; for example, this analysis can be directly extract the
¯ ratio with protons so that no nuclear corrections are required. While a numRs = (s + s̄)/(ū + d)
ber of determinations using the inclusive W ± /Z data yielded comparably large values for Rs ∼ 1,
other analyses of the ratio of strangeness to light quarks have obtained closer consistency with
Rs ∼ 0.5 [1203]. Achieving a simultaneous description of the νA DIS and LHC W ± /Z production
measurements and understanding implications for nucleon strangeness therefore remains a topic of
active investigation.
At the LHC, the strange nuclear PDF (nPDF) can be obtained using proton-lead (pPb) data in
a manner similar to the proton-proton data discussed above. This nuclear analysis was performed
in [1213, 1219, 1223, 1234, 1235], and sample distributions for lead nPDFs are displayed in Fig. 18.8
of the 2021 PDF Structure Function review [117], and also compared with other nPDFs from the
literature.
There are two notable features of the extracted nCTEQ nuclear PDFs. First, for the strange PDF,
we observe a comparatively large strange PDF in the low-x region. This is similar to the proton
PDF behavior discussed above [1203]. Second, we also observe an enhanced gluon distribution in
the region x∼3×10−2 , corresponding to the central-x value of the W ± /Z kinematics. While these
observations are intriguing, it is important to determine whether the above effects truly reflect
the physical characteristics of the nucleon, or simply an artifact of the fit exploiting the weakly
constrained strange distribution. This is precisely the type of question which an independent,
high-precision data set from the FPF can address.
The FPF will have very broad kinematical coverage and be capable of probing both the lowand high-energy regimes. In the low-energy limit (low Q2 and low W 2 ), we approach the nonperturbative region and encounter target mass effects and higher twist corrections. Recent nPDF
studies [1236] have begun to explore this region by relaxing the Q2 and W 2 cuts on the data
sets [1220, 1221]. In particular, as we reduce the W 2 cut still further, we enter the shallow-inelastic
scattering (SIS) and resonance regions, presenting the opportunity to study quark-hadron duality
experimentally with neutrinos. As of now only model-dependent studies have been possible and
results have generally not been consistent with local quark-hadron duality in νA interactions. These
fits obtained good agreement (in terms of χ2 ) with the neutral-current charged-lepton measurements
(e± A → e± X); however, this analysis must still be extended to the charged current (νA) DIS data.
The high energy extreme is of equal interest as it enables us to study the high-Q2 and low-x
limits. An FPF data set with a large Q2 range allow us to study heavy quark production, for
example, across the full range from the low-energy decoupling limit (mQ <Q) to the high-energy
regime (mQ Q) where we approach the massless limit. Improved descriptions of heavy-quark
production also help constrain the PDFs at low x, and this can help constrain theoretical predictions
for high-energy astrophysical phenomena, as demonstrated in [893].
In summary, we have identified several research areas where neutrino DIS measurements from
the FPF can play an indispensable role in resolving outstanding questions and improving the
determination of nPDFs. The FPF can provide high statistics charged-current (CC) and neutralcurrent (NC) νA measurements on a variety of nuclei, and such a comprehensive data set will
enormously expand our ability to separately determine the nuclear corrections and the partonic
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Proton PDF sets
Data set

Ref.
ν,ν̄

Nuclear PDF sets

ABMP16

CT18

MSHT20

NNPDF4.0

EPPS21

nCTEQ15

nNNPDF3.0

TUJU21

CHORUS σCC

Pb

[1238]

7

7

3

3

3

7

3

3

CHORUS

Pb

[1239]

3

7

7

7

7

7

7

7

NOMAD Rµµ

Fe

[1195]

3

7

7

(3)

7

7

7

7

CCFR xF3

Fe

[1240]

7

3

7

7

7

7

7

7

Fe

[1241]

7

3

7

7

7

7

7

7

CDSHW F2 , xF3
ν,ν̄
NuTeV σCC

Fe

[1242]

7

3

7

7

7

7

7

3

Fe

[1196]

3

3

3

3

7

7

3

7

NuTeV F2 , F3

Fe

[1194]

7

7

3

7

7

7

7

7

p

p

CCFR F2

p

p

Table 6.2: The CC neutrino DIS measurements used in recent determinations of proton
(ABMP16 [1211], CT18 [941], MSHT20 [1209] and NNPDF4.0 [1087]) and nPDFs (EPPS21 [1222],
nCTEQ15 [1212], nNNPDF3.0 [851] and TUJU21 [1245]). For each PDF set, a blue tick indicates
that the given dataset is included and a red cross that it is not included. A parenthesized tick
denotes that a dataset was investigated but not included in the baseline fit.
flavor decomposition. The broad energy reach of this facility will allow the exploration of extreme
kinematic regimes and help us bridge the gap between the accelerator-based measurements and
the ultra-high energy results from IceCube. The high statistics and broad phase space will also
allow measurements that probe into the low-W transition region and provide an opportunity to
study quark-hadron duality in the weak sector. Finally, the FPF has the potential to dramatically
improve the precision of our standard model (SM) predictions (which are often limited by PDF
precision), and thus advance our search for BSM phenomena.

6.3.3

Impact of Neutrino-induced DIS within the (n)NNPDF Framework

Dimuon production in CC neutrino–induced DIS plays a key role in the determination of the light
sea quark PDFs in the proton, thanks to the properties of the weak current. Experiments that
ν,ν̄
, their ratio to the inclusive cross-section, Rµµ ,
have measured either reduced cross-sections, σCC
or structure functions F2 , xF3 (see e.g. Eqs. (10)-(11) in [1237] and Sect. 2.1 in [1206] for the
definition of the observables) include CHORUS [1238, 1239] and NOMAD [1195] at CERN, and
CCFR [1240–1242] and NuTeV [1194, 1196] at Fermilab. In the case of NOMAD and NuTeV,
the secondary muon is tagged from the decay of a charmed meson, νµ + N → µ + c + X with
c → D → µ + x, a fact that makes the observable specifically sensitive to strange quark and
anti-quark PDFs. An accurate knowledge of these is essential to control the PDF uncertainty in
weak boson mass measurements at the LHC [1243] and to gain insights into the non-perturbative
structure of the proton [1244].
The available measurements are summarized, with their references, in Table 6.2. Modern proton
PDF sets, such as ABMP16 [1211], CT18 [941], MSHT20 [1209] and NNPDF4.0 [1087], include a subset
of all of these data sets, albeit with slight differences in the exact observable included, as also
summarized in Table 6.2. For each PDF set, a blue tick indicates that the given dataset is included
and a red cross that it is not included. A parenthesized tick denotes that a dataset was investigated
but not included in the baseline fit.
Complementary information on the strange quark and anti-quark PDFs is provided, in the proton PDF sets summarized in Table 6.2, by an increasing amount of complementary measurements
of other processes, in particular of various production processes in LHC proton–proton collisions.
These include W boson production, both inclusive and in association with light jets or charm
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Figure 6.25: A comparison between the strange quark (left) and anti-quark (right) PDFs obtained
from the NNPDF4.0 parton set and from a variant of it that does not include any CC neutrino DIS
measurements. Results are displayed as a function of x at Q = 10 GeV, for the PDFs (top) and
their relative uncertainties (bottom). In both cases, results are normalized to the central value of
the default NNPDF4.0 PDF set.
quarks. Nevertheless, the role played by CC neutrino DIS in constraining the strange quark and
anti-quark distributions remains relevant in the aforementioned PDF sets. To illustrate this fact, in
Fig. 6.25 we compare the strange quark and anti-quark PDFs obtained from the NNPDF4.0 parton
set and from a variant of it that does not include any CC neutrino DIS measurements. We display
the strange quark and anti-quark distributions as a function of x at Q = 10 GeV, for the PDFs and
their relative uncertainties. In both cases, results are normalized to the central value of the default
NNPDF4.0 PDF set. As is clear from Fig. 6.25, the impact of CC neutrino DIS measurements is
twofold: they suppress the central value of the strange quark PDF and reduce the uncertainty of
the strange quark and anti-quark PDFs by about a factor of two at x ∼ 0.4.
The compatibility of CC neutrino DIS measurements with LHC measurements has been investigated in detail. In this respect, a quantity which is usually considered is the ratio of strange to
non-strange sea quark PDFs, Rs , possibly integrated over the x range, Ks :
R1
dxx[s(x, Q) + s̄(x, Q)]
s(x, Q2 ) + s̄(x, Q)
Rs ≡
Ks ≡ R 01
.
(6.15)
¯
¯ Q)]
ū(x, Q) + d(x, Q)
dxx[ū(x, Q) + d(x,
0

In [1205, 1246] an analysis of inclusive gauge boson production measurements collected by the
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Figure 6.26: The ratio Ks , Eq. (6.15), at Q = 1.65 GeV (left) and Q = 100 GeV (right) obtained
from the following PDF sets: ATLAS-epWZ16 [1205], ABMP16 [1211], CT18/CT18A [941], MSHT20 [1209]
and NNPDF4.0 [1087] (with and without neutrino DIS data).
ATLAS experiment at 7 TeV suggested values of Rs ∼ 1 when PDFs are evaluated at x = 0.023 and
Q = 1.6 GeV. This finding is in contrast to the belief, supported by CC neutrino DIS measurements,
that total quark and anti-quark strange distributions should be suppressed with respect to other
light sea quarks to around Rs ∼ 0.5 for the same values of x and Q. Tension between CC neutrino
DIS data and the ATLAS measurement [1205] was also reported in the CT18 global analysis [941],
in which the ATLAS measurement was not included in the baseline parton set, but only in a
variant set called CT18A. The MSHT20 [1209] and NNPDF4.0 [1087] analyses found that a larger total
strange distribution, more similar to the one favored by the ATLAS measurement, also follows
from CC neutrino DIS measurements if these are analysed after inclusion of recently computed
NNLO charm-quark mass corrections [1247,1248]. They also found general compatibility with other
LHC measurements, namely of ATLAS and CMS W + c [1249–1251] and ATLAS W +jet [1252]
measurements, see also [1206] and the ABMP16 parton set [1211] (the only two analyses to also
include NOMAD measurements). This state of affairs is summarized in Fig. 6.26, where the ratio
Ks , Eq. (6.15), is displayed at Q = 1.65 GeV and Q = 100 GeV for the ATLAS [1205], ABMP16 [1211],
CT18/CT18A [941], MSHT20 [1209] and NNPDF4.0 [1087] (with and without neutrino DIS data) parton
sets.
The FPF will provide additional measurements, in a kinematic region that extends the coverage of current CC neutrino DIS data, that may further clarify how much the strange quark and
anti-quark distributions are suppressed in comparison to other light sea quark PDFs. In particular, because the FPF would probe a higher energy regime than those accessed by current data,
measurements are expected to be affected by smaller theoretical uncertainties. Furthermore, the
FPF may use different techniques for charm tagging, including the detailed reconstruction of the
topology of the charmed meson and baryon decays achieved by emulsion experiments.
All the available CC neutrino DIS measurements make use of nuclear targets, typically Fe or
Pb (see Table 6.2, instead of free protons. The FPF will be no exception, given the Ar or W target
foreseen in LAr and emulsion experiments. This fact has two consequences. First, if the data is
used to determine free-proton PDFs, nuclear corrections should be taken into account. Second, the
data could instead be used to determine nuclear corrections themselves, for example by means of a
determination of nuclear PDFs.
In the first case, nuclear corrections are included in global QCD analyses in various ways. In
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ABMP16 and CT18, various nuclear models are used [941, 1211]; in MSHT20, PDFs are corrected by
means of the nuclear factors independently determined in [1253]; and in NNPDF4.0 CC neutrino DIS
data are de-weighted by a correlated uncertainty determined as the difference between the observables obtained with nuclear and free-proton PDFs [1228]. In this last case, the same methodology
is used to determine nuclear and proton PDFs, specifically, the nNNPDF3.0 nPDF set is used [851].
As proton PDFs get more precise, nuclear corrections are starting to becoming of the same size of
PDF uncertainties. Their inclusion in global analyses is therefore increasingly relevant to ensure
the accuracy of proton PDFs.
In the second case, CC neutrino DIS data are sometimes included in modern nPDF determinations, as summarized in Table 6.2 for the EPPS21 [1222], nCTEQ15 [1212], nNNPDF3.0 [851] and
TUJU21 [1245] sets. Depending on the case, CC neutrino DIS measurements are not included in
the proton PDF parton sets that are used as input (as is nNNPDF3.0 and TUJU21), or, if they
are, they are conversely not included in the nPDF determination (as for nCTEQ15). The impact
of CC neutrino DIS measurements on nPDFs is similar to that observed for proton PDFs, if not
more important given the comparatively restricted abundance of complementary LHC gauge boson
measurements. A few inconsistencies between different data sets are reported in the EPPS21 [1254]
analysis, which does not include NuTeV data. In the future, one may think of integrating more
coherently proton and nuclear PDF determinations using one as the input to the other in a simultaneous QCD analysis. This approach may improve the overall accuracy of the determinations,
especially in light of the fact that the availability of more LHC measurements will allow one to
determine proton and nuclear PDFs to similar precision. If the aforementioned inconsistencies are
of methodological origin, they will be likely removed.

6.3.4

Neutrino DIS Cross Sections on a Tungsten Target

As discussed above, the FPF will provide TeV–scale CC neutrino DIS measurements on Ar and
W targets. These will be complementary to future measurements envisioned at other facilities
in terms of the energy reach and in the probed ion. Indeed, they will accompany the TeV–scale
proton–Pb, Pb–Pb [1255], and proton–O [1256] collision program carried out at the LHC, as well
to the GeV–scale proton-ion collision program a the EIC [840]. In the first respect, the FPF should
help reveal whether nuclear medium effects are different in NC and CC DIS [1257]. In the second
respect, the availability of significant measurements for nuclei with intermediate atomic numbers A
in between deuterium and Pb, for which measurements are currently the most abundant, will allow
one to test whether the commonly accepted continuous parametrization of the nPDF dependence
on the atomic number A is broken or not.
In principle, the measurement of inclusive neutrino-induced DIS cross sections can provide useful
information on our knowledge of nucleon structure. To demonstrate this, predictions for chargedcurrent and neutral-current scattering rates are provided in Fig. 6.27 (left), where the absolute DIS
cross-section has been scaled by the incoming neutrino energy Eν . These predictions have been
obtained at NLO QCD accuracy with the nNNPDF3.0 nPDFs [851] for a tungsten nucleon target
(i.e. it is mass averaged) with APFEL [1258], and follow the computational setup presented in [1259].
The four curves (for the various processes) show the uncertainty due to knowledge of the nPDFs,
which is in the range of (3-4)% in the accessible energy range. The calculation has been carried
out with a cut in the momentum transfer of Q ≥ Qmin = 1 GeV, to ensure the reliability of the
perturbative calculation. The right panel of Fig. 6.27 displays then the ratio with respect to the
central value is shown for the neutrino-induced charged-current process. In addition, that plot also
shows the impact of various physics effects: a kinematic extrapolation in the Q2 → 0 limit; the
impact of assuming an isoscalar target; and the impact of neglecting nuclear corrections.
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Figure 6.27: Left: The inclusive NLO DIS cross-section as a function of the neutrino energy Eν for
charged- and neutral-current scattering processes with either neutrino or antineutrino projectiles.
A tungsten target is assumed and the predictions are obtained with the nNNPDF3.0 nPDFs. A cut
of Q ≥ Qmin = 1 GeV is applied to ensure the reliability of the perturbative QCD framework.
Right: Normalised predictions for the neutrino-induced charged-current process quantifying the
impact of including/neglecting various physics effects in the prediction. In both panels, the error
bands correspond to the 68% CL nPDF uncertainties.
The results of Fig. 6.27 indicate that knowledge of nPDFs in the required kinematic regime
is already good for the inclusive cross section, and that precise measurements will be required to
further constrain the nPDFs. However, we note that predictions based on other nPDF analyses
may not be contained by the nPDF uncertainty bands of nNNPDF3.0 and hence FPF measurements
would anyway provide discrimination power between different nuclear PDF fits. These results also
highlight the potential impact of the Q2 → 0 region. That is shown with the DIS prediction which
has been obtained by freezing the lower value of Q which enters the evaluation of the structure
function at Q = QPDF
= 1 GeV, but allowing Q → 0 in the kinematics of the scattering process.
0
This indicates that differential measurements are necessary to separate the perturbative regime,
and that such measurements could also provide important information on the neutrino-induced
charged-current structure functions at low-Q2 values, whose current theoretical modelling relies on
a number of assumptions.
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7.1

Overview

As emphasized throughout this document, measurements at the FPF offer opportunities to study
QCD dynamics, neutrino interactions and BSM physics using fluxes of neutrinos of all three flavors.
As Fig. 7.1 illustrates, new energy regimes unexplored by the fixed target experiments thus far will
be probed by high energy, intense fluxes of νe + ν̄e , νµ + ν̄µ and ντ + ν̄τ . New cross section
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Figure 7.1: The neutrino flux as a function of energy for νe + ν̄e (left), νµ + ν̄µ (middle) and
ντ + ν̄τ (right) for a 10 ton detector with η & 6.9. Also shown are the expected precision of FPF
measurements for neutrino plus antineutrino interactions with nucleons (left) and separate νµ and
ν̄µ (middle) and ντ and ν̄τ (right) cross sections with nucleons showing statistical errors only. Data
are shown from E53 [1260], DONUT [1261], a compilation of accelerator experiments [117] and
IceCube [1262].
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measurements at the TeV energies of the neutrino fluxes at the FPF will significantly extend
accelerator measurements and open up opportunities to discover or constrain BSM physics. Other
white papers on high energy/ultrahigh energy neutrinos [1263], on tau neutrinos [1264] and on
event generators for high energy experiments [1119] complement some of the discussion here.
The fluxes of ντ + ν̄τ and high energy νe + ν̄e fluxes come from charm hadron production and
decay at large rapidities. As detailed in Chapter 6, the neutrino fluxes from charm depend on
small- and large-x parton distribution functions, regions uniquely probed at the FPF. Evaluations
of neutrino fluxes from light and heavy mesons using Monte Carlo generators and from charm using
NLO perturbative QCD with collinear factorization and kT factorization are presented in Sec. 7.2.
As the LHC Run 3 experiments progress, the current range of predictions and assessments of
uncertainties will be refined as progress is made on theoretical and experimental fronts.
Understanding theoretical predictions of the neutrino and antineutrino DIS cross sections at the
few percent level requires an understanding of PDFs, quark mass effects, weak structure functions
in the non-perturbative regime, and the transition region from the deep-inelastic scattering regime
to resonant and quasi-elastic scattering. Augmenting measurements of the out-going lepton at the
FPF will be measurements of the hadronic final state that will yield insights into hadronization in
the nuclear environment. These topics are reviewed in Sec. 7.3.
The development of Monte Carlo programs to model neutrino interactions with nucleons and
nuclear targets has spanned decades. Much of the development has focused on the sub-GeV to
few-GeV range and expanded to higher energies as discussed in Sec. 7.4. Going forward, detailed
comparisons of the Monte Carlo results for hundreds of GeV to TeV neutrino energies will be
important for the modeling of events in detectors. Confronting the Monte Carlo results with data
from the FPF will probe new kinematic regimes and reveal some of the underlying dynamics of
hadronization and final state interactions/hadronic transport, complementary to the long-baseline
neutrino program.
With intense neutrino and antineutrino fluxes of all three flavors, the FPF enables tests of the
both standard model and searches for signals of BSM physics at higher energies than have previously
been explored. Large fluxes of neutrinos with TeV scale energies open up many possibilities for
discovering new physics in the neutrino sector. Here, we consider BSM physics of a specific type:
those that modify the expected neutrino flux (distributions and/or normalizations) at the FPF
location and/or the neutrino interactions in the FPF detector(s). While this is a fairly simple
categorization, it includes many interesting possibilities, such as new interactions between neutrinos
and other SM particles, new neutrinophilic mediators, magnetic moments of neutrinos, sterile
neutrinos, and dark matter that interacts solely with neutrinos. Sec. 7.5 summarizes the prospects
for these searches in the FPF detectors, focusing on complementarity between searches here and in
other, contemporary experiments.

7.2
7.2.1

Neutrino Fluxes
Neutrino fluxes from Monte Carlo Generators

The experiments at the FPF will perform a variety of measurements with LHC neutrinos. These
neutrinos are produced in the weak decays of the lightest hadrons of a given flavor. In particular
electron neutrinos mainly originate from the semi-leptonic decay of kaons K → πeνe and charmed
hadron decays D → Keνe , muon neutrinos are primarily produced in leptonic decays of charged
pions π ± → µνµ and kaons K ± → µνµ , while tau neutrinos are predominantly produced in Ds →
τ ντ decays and subsequent tau decays. Depending on the particle’s lifetime, the neutrinos can
either be produced promptly at the interaction point (IP) or further downstream in the LHC’s
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Figure 7.2: Geometrical model of the forward LHC infrastructure used in the fast neutrino flux
simulation. The upper and lower panel show a cross sectional view in the horizontal and vertical
plane, respectively. The black lines represent the boundaries of the LHC’s beam pipe and the shaded
areas correspond to the quadrupole (light gray) and dipole (dark gray) magnets. We additionally
show the trajectory of the proton beam (red) and two oppositely charged pions with energy of
1 TeV (dot-dashed) and 2 TeV (dotted). All shown particles have an initial half beam crossing
angle of 150 µrad vertically upwards.
vacuum beam pipe. For the neutrino physics measurements at the FPF it is important to have
reliable estimates of the neutrino fluxes, which require an accurate modelling of i) the production
of hadrons and ii) their propagation through the forward LHC infrastructure.
To address the first part of the problem, the modelling of hadron production, we use several
Monte Carlo event generators that are commonly used to describe forward particle production:
EPOS-LHC [64], QGSJet II-04 [65], DPMJet 3.2017 [953, 954], Sibyll 2.3d [66, 113, 1265, 1266]
and Pythia 8 [115] (configured with the Monash tune [116]). These tools have been developed
for decades, either as dedicated Monte Carlo generators for cosmic ray physics or as multi-purpose
generators for collider physics, and tuned to a variety of available data sets.
The second part of the problem regards the propagation of hadrons through the LHC infrastructure. One option to address this question is to use dedicated particle propagation tools such as
FLUKA [40–42] or BDSIM [51] (which is based on Geant4) described in Sec. 2.6 and Sec. 2.8. However,
these tools tend to be rather time consuming and often require special expertise or code access that
is not available to the broad community. To avoid these issues, we will follow a different approach
and use the fast neutrino flux simulation introduced in Ref. [67].
This geometrical model used in the simulation is based on the BDSIM model described in Sec. 2.8
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and corresponds to the configuration of the LHC that was used during the end of Run 2. At the
collision point, it assumes a 13 TeV collision energy with a beam half-crossing angle of 150 µrad
upwards in vertical directions. The layout of the forward LHC infrastructure is shown in Fig. 7.2.
Here we show a cross sectional view of the beam pipe geometry in the horizontal (upper panel) and
vertical (lower panel) plane. The boundaries of the vacuum beam pipe are shown as solid black
lines. Additionally, the magnetized areas are highlighted as gray shaded areas.
Placed at the about z = 20 m downstream from the interaction point is the TAS front
quadrupole absorber which is designed to absorbs particles with angles larger than 0.9 mrad with
respect to the beam axis. Located behind is a series of quadrupole magnets to focus the beam,
followed by the D1 dipole magnet to separate the two proton beams. At around z = 140 m the
beam pipe splits into separate pipes for the individual beams. Placed at this location is also the
TAN which which will absorb the forward going neutral particles. It is followed by the D2 dipole
magnets, which deflects the protons beam such that they are parallel again, as well as several
collimators to absorb any beam halo and debris.
As an illustration, we also show several example trajectories as colored lines in Fig. 7.2. Shown
in red is the nominal proton beam which has a half crossing angle 150 µrad vertically upwards.
In addition, we show the the trajectories of oppositely charged pions with energy of 1 TeV and
2 TeV as blue and green lines, produced in the same direction as the proton beam. We note
that despite their large energy, even multi-TeV charged particles are significantly deflected by the
quadrupole magnets. This implies that decays of charged particles occurring further downstream
are not expected to contribute much to the neutrino flux at the FPF.
We note that the LHC will undergo a variety of changes before the start of the HL-LHC era.
This, for example, includes an increase of the collision energy to to 14 TeV, an upgrade of the
magnets, and a relocation of the TAN of roughly 14 m towards the IP [46]. While a geometrical
model reflecting these changes will be needed to make more precise predictions, we proceed with
the existing setup to obtain a preliminary estimate of the expected neutrino fluxes at the FPF.
Based on the geometrical model described above, we can now simulate the production of displaced neutrinos the LHC. To do this, we i) read an event from the MC event generator ii) propagate
the long-lived hadrons through the LHC beam pipe and magnets until it hits a beam pipe boundary, iii) decay the hadrons at multiple locations along their trajectory (according to their decay
distributions obtained with Pythia 8), and iv) store the resulting neutrino fluxes as histograms.
All steps of this procedure have been implemented as a RIVET module and the results are saved in
the yoda file format [1186]. The produced results have been compared to a full BDSIM simulation
and a good agreement was found, validating the performance of the fast neutrino flux simulation.
Before proceeding to the results, let us note that there is an additional secondary component
of neutrinos originating from hadronic showers resulting from collisions of primary hadrons with
the LHC infrastructure. However, the corresponding contribution to the forward neutrino flux
is expected to be strongly suppressed, especially for higher energies. This is because the secondary hadrons produced in such downstream interactions both have a small probability of decay
in medium before interacting again as well as a typically broad angular spread. We have validated
this statement using a full BDSIM simulation and found that only about 0.4 % (2.0 %) of the muon
neutrinos with energy E > 1 TeV (100 GeV) through a 0.8 mrad × 0.8 mrad cross sectional area
originate from decays in medium. For physics applications, this is an encouraging result since it
allows to relate the measured LHC neutrino flux to forward hadron fluxes and hence use them as a
probe of forward hadron production. We note, however, that the secondary component will become
more important, and possibly even dominant, at lower energies E . 10 GeV.
Let us now turn to the obtained neutrino fluxes predictions at the FPF. In Fig. 7.3 we show
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Figure 7.3: Predicted energy distribution of neutrinos passing through the FPF experiments. The
different panels correspond to the electron (top), muon (center) and tau (bottom) neutrinos passing
through a 50 cm × 50 cm (left) and 1 m × 1 m (right) cross sectional area at the FPF location at
z = 620 m. The vertical axis shows the number of neutrinos per energy bin that go through the
considered cross sectional area for an integrated luminosity of 3000 fb−1 . The different production
modes are indicated by the line color: pion decays (red), kaon decays (orange),hyperon decays
(magenta), and charm decays (blue). The different line styles correspond to predictions obtained
from SIBYLL 2.3d (solid), DPMJet 3.2017 (short dashed), EPOS-LHC (long dashed), QGSJet II-04
(dotted), and Pythia 8.2 (dot-dashed).
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the number of neutrinos passing through a cross sectional area with dimension 50 cm × 50 cm (left)
and 1 m × 1 m (right) at the FPF location at z = 620 m downstream from the IP as function
of the neutrino energy. The different rows show the energy spectrum for electron neutrinos (top),
muon neutrinos (center) and tau neutrinos (bottom) where all results include both neutrinos and
anti-neutrinos.
To better understand the origin of the LHC neutrinos, the contribution corresponding to different parent particles are shown separately as indicated by the different line colors. Pion decays,
shown in red, provide the dominant contribution to the muon neutrino flux at energies below a few
100 GeV, but do not contribute to the electron neutrino flux due to the helicity suppressed branching fraction into electrons. The neutrino flux originating from kaon decays is shown in orange.
Leptonic charged kaon decays provide the leading contribution to the muon neutrino flux at higher
energies, while semi-leptonic neutral kaon decays are the dominant source of electron neutrinos at
energies below 1 TeV. Decays of hyperons are shown in magenta and provide a sizable contribution
to the anti-electron neutrino flux at intermediate energies, mainly via the decay Λ → peν̄e . Finally,
neutrinos from the decay of charmed hadrons, including D-mesons and the Λc baryon, are shown
in blue. Charm decays provide the dominant contribution of electron neutrinos at the highest
energies. In addition, they are the main source of tau neutrinos which are produced in the both
decays of Ds mesons and the subsequent tau lepton decays.
The different line styles in Fig. 7.3 correspond to predictions obtained with the different MC
event generators. We see that the predictions for neutrinos from light hadron decay have small
variations but larger differences of up to an order of magnitude are observed for the neutrino fluxes
from charmed hadron decays. However, it is worth noting that neither DPMJet nor Pythia have
been tuned to LHC data on charm production measurements, especially at large rapidity from
LHCb. Dedicated efforts to obtain reliable predictions for the neutrino flux from charm decay are
discussed in the following sections.
Presented in Fig. 7.4 is the rapidity dependence of the forward neutrino flux. The panels show
the number of neutrinos with energy E > 10 GeV per unit area and bin, as a function of the
pseudorapidity. The pseudorapidity is just a way to measure the angle with respect to the beam
axis, and given the detector distance from the IP, it also corresponds to a transverse displacement
from beam axis at the detector, as indicated on the additional horizontal axis in the figure. Shown at
the bottom of each panel is the pseudorapidity coverage of the LHC neutrino experiments operating
during LHC Run 3, FASERν and SND LHC, as well as the FPF neutrino experiments FASERν2
and FLArE (10 tons).
The different panels correspond to electron neutrinos (left) muon neutrinos (center) and tau
neutrinos (right). For all three flavors, the neutrino flux is maximized at the beam axis, which
corresponds to η = ∞, and drops when moving away from the beam axis. The number of neutrino
interaction events per detector mass is therefore maximized at the beam axis. The width of the
neutrino beam depends on the neutrino production mode: while neutrinos from light hadron decays
inherit a smaller transverse momentum, and are therefore more strongly collimated around the beam
axis, neutrinos from heavy hadron decays typically have a higher transverse momentum and hence
a larger transverse spread. This can be seen by comparing the red and blue line in Fig. 7.4, which
correspond to the neutrino flux component from light and heavy hadron decay, respectively. This
means that, while the overall neutrino flux decreases when moving away from the center of the
beam, the relative fraction of neutrinos from charm decay increases.
Let us now turn to the expected neutrino event rates at the FPF. This is presented in Table 7.1 for both the existing neutrino detectors operating during Run 3 of the LHC, FASERν and
SND@LHC, as well as the FPF neutrino experiments, FASERν2, FLARE and AdvSND. The left
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Figure 7.4: Predictions for the flux for electron (left), muon (center) and tau (right) neutrinos, in
units of particles per area per bin at the HL-LHC with 3000 fb−1 , as function of the pseudorapidity
of the neutrino η, or equivalently its radial displacement from the line of sight at z = 620 m. The
red and blue lines correspond to the neutrino flux components from light and charmed hadron
decays, respectively. The line-styles denote the different event generators. All neutrinos with
energies E > 10 GeV are included. Illustrated at the bottom of each panel is the angular coverage
of different LHC neutrino experiments.
Detector
Number of CC Interactions
Name
Mass
Coverage
Luminosity
νe+ ν̄e
νµ+ ν̄µ
ντ+ ν̄τ
−1
FASERν
1 ton
η & 8.5
150 fb
901 / 3.4k 4.7k / 7.1k
15 / 97
SND@LHC 800kg 7 < η < 8.5
150 fb−1
137 / 395
790 / 1.0k 7.6 / 18.6
FASERν2 20 tons
η & 8.5
3 ab−1
178k / 668k 943k / 1.4M 2.3k / 20k
−1
FLArE
10 tons
η & 7.5
3 ab
36k / 113k 203k / 268k 1.5k / 4k
AdvSND 2 tons 7.2 . η . 9.2
3 ab−1
6.5k / 20k
41k / 53k 190 / 754
Table 7.1: Detectors and neutrino event rates: The left side of the table summarizes the detector
specifications in terms of the target mass, pseudorapidity coverage and assumed integrated luminosity for both the LHC neutrino experiments operating during Run 3 of the LHC as well as the
proposed FPF neutrino experiments. On the right, we show the number of charged current neutrino interactions occurring the detector volume for all three neutrino flavors as obtained using two
different event generators, Sibyll 2.3d and DPMJet 3.2017.

part of the table summarizes the assumed detector specifications including the target mass, rapidity coverage and nominal integrated luminosity. Shown on the right are the expected number of
charged current neutrino interactions occurring inside the detector volume. We show predictions
for both SIBYLL 2.3d and DPMJet 3.2017 which provide the maximal and minimum predictions
within the set of event generators considered.
The neutrino experiments at the LHC will be able to observe about a thousand electron neutrino
interactions, a few thousand muon neutrino interactions and tens of tau neutrino interactions.
This number will increase significantly for the FPF experiments due to both the higher integrated
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Figure 7.5: Number of charged current neutrino interactions with the FASERν2 (left) and FLARE
(right) as function of the neutrino energy during the HL-LHC era with an integrated luminosity of
3000 fb−1 . Here we assume a target mass of 20 tons for FASERν2 and 10 tons for FLARE. The
red, blue and green lines correspond to electron, muon and tau neutrinos, respectively, and were
obtained using SIBYLL 2.3d and DPMJet 3.2017.

luminosity at the HL-LHC and bigger detectors with larger target masses. We expect about 105
electron neutrino, 106 muon neutrino and a few 103 tau neutrino interactions to be recorded by
the FPF neutrino detectors. However, these estimates currently suffer from large flux uncertainties
as illustrated by the differences between the predictions by SIBYLL 2.3d and DPMJet 3.2017. In
the most extreme case, the number of tau neutrinos at FASERν2, the predictions differ by about
a factor 10 ranging from roughly 2 · 103 to 20 · 103 interactions. As already mentioned above,
these large differences are mainly associated with the neutrino flux component from charm decay
and strongly motivate more detailed studies to refine the predictions and better understand the
associated uncertainties.
Finally, in Fig. 7.5, we show the energy spectrum of neutrinos interacting with FASERν2 (left
panel) and FLARE (right panel). The different colors correspond to the three neutrino flavors,
while the line styles correspond to different generators. As before, we only show SIBYLL 2.3d and
DPMJet 3.2017 which provide an envelope of the different generator predictions. As expected from
the discussion above, the differences between the two prediction is largest where the neutrino flux
component from charm decay dominates: at higher neutrino energies and for tau neutrinos.
To summarize, we have seen that in order to make reliable predictions for the neutrino flux
at the LHC one needs both an accurate modelling of i) the production of hadrons and ii) their
propagation through the forward LHC infrastructure. The first part can be addressed using a
variety of existing MC event generators. To address the second part, we have presented a fast
neutrino flux simulation, implemented as a RIVET module, which was made accessible to the entire
FPF community1 and allows LHC neutrino flux predictions to be quickly obtained. We have then
used the tool to obtain the the neutrino fluxes at the FPF and presented the neutrino energy and
pseudorapidity spectrum as well as the expected number of neutrino interactions.
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Figure 7.6: Predictions for the neutrino fluxes going through the 50 cm × 50 cm cross sectional
area of the FLArE detector with nominal mass of 10 tons. The panels show number of electron
(left) muon (center) and tau (right) neutrinos per energy bin passing through the experiments
cross section. We show the predictions of different MC event generators as light brown curves.
The predictions using the NLO and the kT factorization approaches are shown in red and blue,
respectively. In addition, we show the neutrino fluxes from light meson decays as gray lines.

7.2.2

Neutrino Fluxes from kT -Factorization

As outlined in Sec. 6.1.3, the kT factorization formalism in QCD is well suited to describe the
kinematics and dynamics of high energy hadron collisions in the forward region. Using the framework of Ref. [950] and kT dependent PDFs of Ref. [951], we can make predictions for the neutrino
fluxes from charmed hadron decay at the FPF. In Fig. 7.6 we show the obtained fluxes for electron
neutrinos (left), muon neutrinos (center) and tau neutrinos (right) going through the 1 m × 1 m
cross sectional area of the FLArE detector. We show the results using collinear factorization at
NLO QCD for a range of scale choices in red, kT factorization with linear (lin) and nonlinear (sat)
evolution of the gluon distribution in blue and the MC event generators in brown. For comparison,
we also include the neutrino flux from light hadron decay in gray. Here, the MC predictions were
obtained using SIBYLL 2.3d [756], DPMJet 3.2017 [953,954], EPOS-LHC [64] and QGSJet II-04 [65]
to model the particle production and the fast neutrino flux simulation introduced in Ref. [67] to describe their propagation and decay into neutrinos. We see that the contribution to the neutrino flux
from light meson decays exceeds that from charm decays for muon neutrinos and low energy electron neutrinos. However, charm decays provide the dominant contribution for high energy electron
neutrinos as well as for tau neutrinos, making them an ideal probe of forward charm production.
In this regime, the different perturbative predictions of the neutrino flux differ by almost an order
of magnitude, indicating that a measurement of the flux will help us to constrain the underlying
modelling of the physics. This is illustrated by the kT factorization approach, which was done both
in the presence (solid blue) and absence (dashed blue) of gluon saturation effects. We can see that
gluon saturation leads to a suppression of the neutrino flux from charm decay by about a factor
four.

7.2.3

Tau Neutrino Fluxes from Heavy Flavor: PDF Uncertainties in NLO
Perturbative QCD

NLO QCD evaluations of the production of heavy-flavored hadrons followed by the decays into
neutrinos and other particles can be used as a basis for predictions of high-energy neutrino fluxes
at the FPF allowing for a first estimate of the related QCD uncertainties [92, 93]. In the case of
1

The module and presented fluxes are available at https://github.com/KlingFelix/FastNeutrinoFluxSimulation.
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UJ12 Alcoves (480 – 521 m)
Purpose Built Facility (617 m)
baseline
480m
521 m
617 m
Experiments FASERν2
FLArE
FASERν2
FLArE
FASERν2
FLArE
Radius (max)
20 cm
0.5 m 1 m
20 cm
0.5 m 1 m
20 cm
0.5 m
1m
ηmin
8.48
7.56 6.87
8.56
7.64 6.95
8.73
7.81
7.12
Table 7.2: The minimum pseudorapidity of the FPF experiments according to the hypothetical
distances from the LHC interaction point and maximum detector radii of 20 cm, 0.5 m and 1 m
assumed in our computations.
ντ + ν̄τ , the dominant contributions come from Ds+ → τ + ντ and Ds− → τ − ν̄τ , followed by the
prompt decays of τ ± . In fact, the D0 , D̄0 and D± have masses that are too low to permit 3-body
semi-leptonic decays to taus and tau neutrinos. The 2-body decay D+ → τ + ντ has a small phasespace due to the small mass difference between D+ and τ + and is also Cabibbo suppressed relative
to the Ds+ → τ + ντ . Their respective branching fractions are B(D+ → τ + ντ ) = (1.20 ± 0.27) × 10−3
and B(Ds+ → τ + ντ ) = (5.48 ± 0.23) × 10−2 [117]. The factor of ∼ 3 larger fragmentation fraction
of c → D+ compared to the fragmentation fraction of c → Ds+ implies that the D± contributions
to the flux of ντ + ν̄τ are a few percent of the contributions from Ds± . In Ref. [92] we showed that
the number of ντ + ν̄τ events for ην > 6.87 from B 0 , B̄ 0 and B ± production and decay to taus
√
and tau neutrinos in pp collisions at s = 14 TeV is less than ∼ 5% of the number of events from
Ds± . In the following, we confine our discussion to the Ds± contributions to the flux of ντ + ν̄τ
in the forward region, with particular focus on the scale and parton distribution function (PDF)
uncertainties [93].
The configuration of the FPF, as well as those of the experiments which will be hosted there,
are not yet determined in detail [37]. We assume that all detectors are aligned with tangent to
the LHC beamline at the interaction point (IP), and we ignore the beam crossing angle. Table 7.2
shows the minimum pseudorapidities for nominal baselines of 480 m, 521 m and 617 m from the
LHC IP and maximum detector radii ranging from 20 cm to 1 m. We approximate the tungsten and
emulsion detector FASERν2 by using 20 tons of tungsten placed at ην > 8.5. The FLArE detector
concept is still under development. Here we consider ην > 6.89, the pseudorapidity corresponding
to a 1 m radius detector positioned at 480 m from the IP. We use a detector mass of 10 tons in
the case of an argon detector. For a krypton detector of the same size, the ratio of the krypton to
argon density yields a detector mass of 17 tons.
For ην > 8.5 and ην & 6.9, we estimate the number of neutrino events and their energy
√
distributions for pp collisions at s = 14 TeV and integrated luminosity L = 3000 fb−1 . In what
follows, we use “neutrino” to refer to both ντ and ν̄τ . As discussed below, in our QCD evaluation,
the number of ντ and ν̄τ charged current (CC) events mainly differ among each other because the
neutrino and antineutrino cross sections with target nucleons are not equal.
We evaluate neutrino production in pp collisions considering NLO QCD corrections for single inclusive charm production [1267], a phenomenological fragmentation approach and analytical results
for heavy-flavor decays. We also consider the effects [92, 93] of a purely phenomenological Gaussian transverse momentum smearing approach, which in practice turns out to mimic the effects of
higher-order corrections missing in a NLO QCD calculation and of intrinsic kT for partons confined
in the proton. We assume a default value of hkT i = 0.7 GeV, which yields D-meson spectra that
approximately correspond to those we compute by using an implementation of the POWHEG [1268]
NLO + Parton Shower matching formalism interfaced to Pythia 8 [115, 1269] as an alternative to
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the previous computation. Fragmentation of the charm quarks to D-mesons is performed in the
colliding partons’ center of mass frame using Peterson fragmentation functions [975] to scale the
charm-quark 3-momentum. Details of the evaluation of Ds± production can be found in Ref. [93],
where we also show comparisons to LHCb data for Ds± differential and double differential crosssections [84, 946]. We implemented the two-body decay of Ds± by analytical formulas, followed by
the decay of the τ as outlined in Refs. [92, 1270].
Our default parton distribution function set is the 3-flavor PROSA 2019 [893] central PDF set,
accompanied by 40 additional sets to characterize the PDF uncertainties, in the LHAPDF interface
[1271] format. The default input factorization scale µF in our calculation is taken to be mT,2 where
m2T,2 = p2T + (2mc )2 , the same scale used in the PROSA PDF fit when incorporating the results of
heavy flavor production. The default input renormalization scale is also taken to be µR = mT,2 .
Alternatively, we also show predictions with µF = 2µR = 2mT for transverse mass m2T = p2T + m2c .
The PROSA fit led to a charm quark mass value renormalized in the MS scheme, which, when
converted to the on-shell one, corresponds to approximately mc = 1.442 GeV. With (µR , µF ) =
(1, 2)mT and hkT i = 1.2 GeV, our central theoretical predictions for Ds± meson production better
agree with the LHCb central data than with the default scales and transverse momentum smearing
parameter [93]. However, when considering the large uncertainties affecting the theory predictions,
we can conclude that both sets of predictions are in agreement with LHCb data. We also show
predictions using the default scales, hkT i = 0.7 GeV and the CT14 [949], ABMP16 [1272] and NNPDF3.1
[1273] NLO PDF sets.
Our predictions for the dimensionless quantity L · Eν dσ/dEν for ντ + ν̄τ production computed
using the central PROSA PDF set for an integrated luminosity of L = 3000 fb−1 are shown in Fig. 7.7
with solid black curves, for both ην > 8.5 (left panel) and ην & 6.9 (right panel). The orange bands
in Fig. 7.7 show the associated PDF uncertainty stemming from the 40 PROSA PDF sets, computed
following the prescriptions PROSA the PROSA collaboration.
For ην > 8.5, the total PROSA PDF uncertainty amounts to a factor of +15%
−25% with respect to the
central prediction in case of Eν ∼ 100 GeV and increases to approximately ±40% for Eν = 2 TeV.
The uncertainty band for ην & 6.9 follows the same trend. A larger uncertainty comes from the
renormalization and factorization scale dependence, as shown by the green band in Fig. 7.7 for the
standard seven-point range of scales around (µR , µF ) = (1, 1)mT,2 . For Eν = 100 − 1000 GeV, the
scale uncertainty in Eν dσ/dEν , from its lower limit to its upper limit, spans a factor of almost
∼ 9 for ην > 8.5 and a factor of ∼ 7 over the same energy interval for ην & 6.9 The large scale
uncertainties dominate the uncertainties in the predictions of ντ + ν̄τ energy distribution. The dark
red curves outline the combined PDF + scales uncertainties, obtained by adding in quadrature the
scale uncertainty and the PDF uncertainty.
The three solid colored curves in the two panels of Fig. 7.7 show predictions obtained by
using as input the default scales and hkT i for the CT14 [949] (magenta), ABMP16 [1272] (blue) and
NNPDF3.1 [1273] (red) 3-flavor NLO PDF sets with their respective charm quark pole mass values.
The CT14 prediction differs most from those of the other sets, especially at high neutrino energy
and high pseudorapidity. This can be traced back to the large-x behavior of these PDF sets [93].
Also shown in Fig. 7.7 with the dashed black line is the PROSA central PDF prediction with the
alternative set of input quantities (µR , µF ) = (1, 2)mT and hkT i = 1.2 GeV. The black dashed
curve lies close to the upper edge of the scale uncertainty band obtained with the default set.
The conversion of L · dσ/dEν to a number of charged-current events requires the density, the
length of the detector (determined from the mass, density and assuming a cylindrical shape with
the maximum radius in Table 7.2) and the neutrino cross section. The neutrino charged-current
(CC) cross sections are evaluated using the nCTEQ15 nuclear PDFs [1212] for tungsten, argon and
krypton. Fig. 7.8 and Fig. 7.9 show the energy distributions of the number of ντ + ν̄τ CC events
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Figure 7.7:
For s = 14 GeV in pp collisions at the LHC, the integrated luminosity times
the Eν dσ/dEν distribution of ντ + ν̄τ for η > 8.5 (left) and ην & 6.9 (right) with L = 3000
fb−1 (note the change in scales of the vertical axes). The solid
p curves show predictions with
default renormalization and factorization scales equal to mT,2 = (2mc )2 + (pT )2 and a Gaussian
transverse momentum smearing amounting to hkT i = 0.7 GeV for PROSA [893], CT14 [949], ABMP16
[1272] and NNPDF3.1 [1273] NLO PDF sets. The orange and green bands show the PROSA PDF
and scale uncertainties respectively. The dark red curves outline the combined PDF and scale
uncertainty. The dashed curve shows the PROSA predictions for renormalization and factorization
scales equal to (µR , µF ) = (1, 2)mT andhkT i = 1.2 GeV. See text and Ref. [93] for more details.
as a function of the neutrino energy for our nominal neutrino pseudorapidity cuts for both 20 tons
of tungsten (ην > 8.5) and 10 tons of argon (ην & 6.9). The PDF uncertainty determined from 32
nCTEQ15 nuclear PDF sets is small, less than 5%, shown with the yellow band in both panels of
Fig. 7.8. Again, the PROSA PDF uncertainty and scale uncertainty bands are shown, and all three
uncertainties are added in quadrature for the full uncertainty band. The ratio of the uncertainty
bands to the central PROSA results with the default scales and hkT i are shown for both rapidity
ranges. The black triangles show the number of events per GeV predicted with (µR , µF ) = (1, 2)mT
and hkT i = 1.2 GeV.
As in Fig. 7.8, Fig. 7.9 shows the number of charged-current events per GeV. The predictions
using the ABMP16, CT14, and NNPDF3.1 NLO PDF sets are shown along with the central PROSA NLO
result and the PROSA PDF uncertainty band. Predictions with the ABMP16 and NNPDF3.1 NLO PDF
sets lie within the PROSA PDF uncertainty band, whereas those with the CT14 PDF results do not,
for the reasons already discussed when commenting Fig. 7.7. All energy distributions in this figure
were evaluated using (µR , µF ) = (1, 1)mT,2 and hkT i = 0.7 GeV. Table 7.3 lists the number of ντ ,
ν̄τ and ντ + ν̄τ CC events for ην > 8.5 and 20 tons of tungsten, and for ην & 6.9 and 10 tons of
argon, considering an integrated luminosity of 3000 fb−1 .
Liquid krypton, with its higher density, has advantages over liquid argon for neutrino detection.
In Fig. 7.10 we show the number of events per neutrino energy for argon and krypton for ην & 6.9. A
detector size of 1 m × 1 m × 7 m can contain approximately 17 tons of krypton or 10 tons of argon.
The corresponding predictions are shown with the red and blue solid histograms, respectively. For
10 tons of krypton (dashed green histogram), the number of events is nearly identical to the case of
10 tons of argon. The ratio of the number of events for an equal mass of krypton and argon, per unit
energy, is shown in the right panel of Fig. 7.10. The right panel shows that the ratio of the number
of events given equal masses of krypton and argon are nearly equal, so the nuclear corrections to
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Figure 7.8: Energy distribution of tau neutrino and antineutrino CC interaction events in the
pseudorapidity ranges of ην > 8.5 relevant for FASERν2 (left) and ην > 6.9 (right) relevant for
FLArE. The uncertainties are from the QCD scale variation (green), the 40 different sets of the
PROSA (orange) PDF fit and the 32 sets of the nCTEQ15 (yellow) nuclear PDF fit for 20 tons of
tungsten in the left panel and 10 tons of argon in the right panel, respectively. We assume an
integrated luminosity of L = 3000 fb−1 .
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Figure 7.9: Energy distribution of tau neutrino and antineutrino CC interaction events with different PDFs for pseudorapidity ranges ην > 8.5 for FASERν2 with 20 tons of tungsten (left) and
ην & 6.9 for 10 tons of argon (right). The integrated luminosity is L = 3000 fb−1 . The orange
band shows the PDF uncertainty associated with the 40 different PROSA PDF sets.
the neutrino cross section per nucleon for krypton and argon targets are nearly identical.
A Forward Physics Facility, with large enough neutrino detectors, in the high-luminosity LHC
era, has the potential to detect hundreds to thousands ντ + ν̄τ CC interaction events, arising
from charm production and decay. Evaluations of heavy-flavor production including NLO QCD
radiative corrections allow for a first estimate of the associated uncertainties. From our study
with the PROSA PDF set, we find that a very large contribution to these uncertainties comes from
the QCD renormalization and factorization scale dependence. Alternative PDF choices can yield
predictions that lie outside the PROSA PDF uncertainty band and even outside the combined scale
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ντ

ν̄τ

ντ + ν̄τ

(µR , µF ), hkT i
FASERν2
ην > 8.5, 20 tons (W)
ην > 6.9, 10 ton (Ar)
(µR , µF ), hkT i
PDF
FASERν2
ην > 8.5, 20 tons (W)
ην > 6.9, 10 ton (Ar)

2296

1088

ντ + ν̄τ
(1, 1) mT,2 , 0.7 GeV
scale(u/l)
PDF(u/l)
3384
+3144/-2519 +786/-1089

529
257
786
(1, 2) mT , 1.2 GeV
PROSA FFNS
3808 1804
5612
953

465

σint
± 77

+692/-575
+152/-229
±11
(1, 1) mT,2 , 0.7 GeV
NNPDF3.1
CT14
ABMP16
3552
6492
4338

1418

748

1202

944

Table 7.3: The numbers of ντ + ν̄τ charged-current events in the FASERν2 (20 tons of tungsten,
ην > 8.5) and 10 tons of argon (ην & 6.9) detectors for an integrated luminosity L = 3000 fb−1 .
The separate uncertainties due to scale, PDF and ντ + ν̄τ CC cross section per nucleon (σint ) are
listed for the default scale and hkT i evaluation.
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Figure 7.10: Left: Energy distribution of tau neutrino and antineutrino charged-current events for
ην & 6.9. These results are evaluated for 10 tons of argon, 10 tons of krypton and 17 tons of
krypton. Right: the ratio of energy distributions of ντ + ν̄τ events in 10 tons of krypton to 10 tons
of argon. This is the ratio of the CC cross section per nucleon for krypton to argon.
+ PDF uncertainty band. This is mainly a consequence of the different sets of data included in
different PDF fits so far and of the general scarcity of data for longitudinal momentum fraction
x values which, although not relevant for many of the LHC analyses performed nowadays in the
central interaction region, are indeed relevant for FPF calculations. While waiting for data from
future colliders like the EIC [840] and the LHeC [1274] capable of constraining PDFs in regions
where they are currently most uncertain, the PROSA collaboration included LHCb open heavy-flavor
production data in their fits, which helped to constrain these PDFs in the interval of x ∈ [10−6 ,
10−4 ] and also impacted the large x region x > 0.1 [893]. Reliable PDFs in these two regions
are of utmost importance to reliably predict forward neutrino fluxes. Even though it was possible
to reduce PDF uncertainties thanks to the LHCb data, as shown by subsequent PDF fits which
obtained results compatible with the PROSA one, the NLO scale uncertainties are still large and
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Figure 7.11: Kinematic coverage expected during HL-LHC for νµ CC scattering on argon in
the FLArE-10 detector. The events are generated with Pythia 8 following the expected neutrino
energy spectrum at FLArE-10.
dominant. As experiments and facilities develop, it is important for theoretical developments to
move forward too, in order to face the new experimental challenges or match the accuracies of the
data of which the new experiments, including those at the FPF, may be capable. With this in
view, D-meson production calculations including higher-order corrections are mandatory in order
to refine the theoretical predictions of neutrino distributions for the Forward Physics Facility as
well as for forthcoming D-meson LHCb measurements.

7.3

Neutrino Cross Sections

In this section, we will discuss different neutrino interaction processes expected at the FPF. In
order to demonstrate the typical kinematic coverage of neutrino interaction at FPF, in Fig. 7.11,
we show examples of νµ CC scattering on argon for FLArE-10 detector. The events are generated
with Pythia 8 following the expected neutrino energy spectrum at FLArE-10. The normalization
on the color axis corresponds to the number of expected events per bin in the FLArE-10 detector
during the HL-LHC. The top left plot shows that the large majority of events fall in the DIS region,
as expected. However, there are significant events in the SIS and the soft DIS regions, as discussed
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in the next contributions. The bottom plots show distributions for the muon energy and scattering
angle, the majority of these events have very forward going muons.

7.3.1

Deep-Inelastic Scattering

Neutrinos with energies above a few hundred GeV will primarily interact via Deep Inelastic Scattering (DIS)2 . In the DIS regime, the neutrino resolves the individual quark constituents of the
nucleon via the exchange of a W or Z boson, producing a lepton and a hadronic shower in the
final state. The differential cross section of this process can be described in terms of Bjorken-x (x)
and the four-momentum transfer (Q2 ). The main ingredients to compute the cross section are the
structure functions (Fi ) which describe the underlying QCD dynamics of the nuclear target.
In the non-perturbative regime (generally denoted as Q < 1 GeV), the structure functions can
be constructed using phenomenological models which have been tuned to data, such as the wellknown Bodek-Yang model [1275]. This model was constructed using leading order expression for
the structure functions, which were modified including a Nachtmann scaling variable [1276] and
K factors with two and three free parameters respectively. These parameters account for several
effects: dynamic higher twist, higher order QCD terms, transverse momentum of the initial quark,
the effective masses of the initial and final quarks originating from multi-gluon interactions at low
Q2 , and the correct form in the low-Q2 photo-production limit. The parameters were extracted from
a fit to inelastic charged-lepton scattering data on hydrogen and deuterium targets3 [1277–1280]
using GRV98LO [1281] as input parton distribution functions (PDFs). Normalization constant were
applied to have a better agreement with the data in two components: the PDFs of up- and downquark contributions, and the K factor. In addition, F1 was related to F2 using a modified version
of the Whitlow parametrization [1277] to have a smooth transition at low Q2 . Finally, nuclear
corrections for deuterium and iron targets were applied using a Bjorken-x dependent function [1282].
As described in Sec. 7.4, this phenomenological approach is widely used by the neutrino community
in Monte Carlo generators which describe few-GeV neutrino DIS interactions.
In the inelastic regime, the structure functions can be factorized in terms of coefficient functions
and PDFs using perturbation theory. The PDFs are extracted from experimental data. The
evolution of these PDFs is determined from the solutions of the DGLAP evolution equations. The
coefficient functions can be computed in perturbation theory as a power expansion in the strong
coupling αs . In the following discussion, we will focus on two NLO perturbative QCD models that
use different PDFs and treatment of heavy-quark masses: CSMS [1283] and BGR [1259, 1284].
The CSMS calculation has been an important benchmark for the high-energy neutrino-nucleon
cross section. As inputs, this calculation uses the NLO HERA1.5 PDF set [1285] and coefficient
functions from QCDNUM [1286]. In the case of the BGR model, the input PDF sets are obtained
from the NNPDF3.1sx global analyses of collider data [890] and it uses the FONLL general-mass
variable flavor number scheme [1287] to account for heavy quark mass effects.
There are no measurements of the neutrino cross sections in the energy range from 400 GeV to
10 TeV. At higher energies, the cross section has been measured using Earth absorption effects by
IceCube [1262, 1288, 1289]. However, these measurements still have large uncertainties. Neutrino
beams from accelerators have been used to measure the cross section at lower energies. In particular,
the NuTeV Collaboration reported the charged-current (CC) neutrino cross section up to 360
GeV [1194]. Using a segmented calorimeter followed by an iron spectrometer, the experiment
collected 8.6 × 105 and 2.4 × 105 muon neutrino and antineutrino events, respectively. By selecting
events with a reconstructed muon with energies above 15 GeV, they reported the relative neutrino
2
3

The quasi-elastic and resonant cross sections relative to DIS are less than 1% at 500 GeV.
Only data with an invariant final state mass W > 2 GeV was used.
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σ/E ν (10-38cm 2/GeV/nucleon)

to antineutrino cross section and that both CC cross sections are linear with energy in the 30-360
GeV range. The total CC cross section was also reported by normalizing it to the world average
neutrino cross section from 30-200 GeV.
Fig. 7.12 shows a comparison between the total CC cross sections measured by NuTeV and
predictions from the models previously described. A good agreement is observed between data,
CSMS, and Bodek-Yang model for E > 100 GeV. At the lower energies, the DIS-only models
underestimate the measured cross section since the contributions from quasi-elastic and resonant
interactions start being relevant. The extrapolation of the BGR model to lower energies is also
below the measurements. In the following, we will explain the main differences between these
models.
0.8

NuTeV (2004)

0.7

Bodek-Yang
BGR
CSMS

0.6
0.5
0.4
0.3
0.2
3

102

10

104
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Figure 7.12: The (anti)neutrino-iron charged-current DIS cross section as a function of the neutrino
energy. We compare the results of BGR, CSMS, and Bodek-Yang calculations to the measurements
from NuTeV [1194] (only statistical uncertainties are shown). The BGR calculation is extrapolated
below TeV where low-Q2 contributions are relevant (see text).
For E < 5 TeV, the main difference between BGR and the other models is the choice of the
Q2 lower bound in the cross section integration. In the pQCD models this value is determined by
S = 1 GeV. In
the Q0 value associated with the input PDF sets: QBGR
= 1.64 GeV and QCSM
0
0
the case of Bodek-Yang, the Q2 lower bound is set to zero but the PDFs are frozen when Q < 0.9
GeV and K-factors are used to model Q → 0. Fig. 7.13 illustrates the region of the x − Q phase
space that neutrino DIS interactions probe at different energies. For energies below 1 TeV, the
contribution to the inclusive cross section from the low-momentum transfer is non-negligible. To
better quantify this point, Fig. 7.14 includes, for comparison, the predictions from CSMS using
both Q0 = 1.64 GeV and 1.0 GeV as the integration lower limit. We conclude that a description of
this low-Q2 is region is required to reliably predict the cross section with percent level accuracy in
the TeV regime. However, the computation of structure functions using perturbation theory starts
breaking down for these values of Q2 . In the future, improved predictions for the low-Q2 region
may be assessed through a combined fit of pQCD structure function, which smoothly transition
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into phenomenological approaches (e.g., Bodek-Yang) for Q < 2 GeV.
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Figure 7.13: Q2 versus x kinematics of neutrino-iron charged current DIS interactions. 106 neutrino
interactions were simulated using three monochromatic neutrino flux of 0.1, 1, and 10 TeV. Dashed
lines represents the Q0 value for three different models: Bodek-Yang (black), CSMS (red), and
BGR (blue).
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Figure 7.14: The neutrino-iron charged-current DIS cross section as a function of the neutrino
energy. We compare the results of BGR (solid blue) and CSMS (solid red) to other configurations
using HERAPDF1.5 as input PDFs.
Another major difference between the different calculations is the treatment of heavy quark
mass effects, which is most relevant for the description of charm quark production in the TeV
regime. In the CSMS model, the charm contribution is included using the general-mass VFN scheme
including a threshold constraint (W 2 = Q2 (1/x − 1) > mc ), which ensures the mass of the outgoing hadronic system exceeds the charm production threshold. Mass effects are instead included
as part of the FONLL general-mass VFN scheme in the BGR calculation. This formalism improves
the prediction obtained with the massive charm-quark structure function with higher-order terms
which are resummed in the massless computation. Fig. 7.14 includes a calculation using the FONLL
scheme and HERAPDF1.5 as input PDFs, which agrees with the CSMS prediction (with Q0 > 1.64
GeV). Hence, the differences between CSMS and BGR models in the TeV regime are not due to
the choice of the mass scheme.
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Fig. 7.13 shows that the cross section at TeV energies is dominated by interactions with Q ∼ 10
GeV and x ∼ 0.1. A comparison between HERAPDF1.5, NNPDF31sx, and a recent CT18 global
analysis is shown in Fig. 7.15 for different PDFs combinations. One can observe that valence and
singlet distributions for HERAPDF1.5 and NNPDF31sx disagree in the range 0.01 < x < 0.6. At
leading order in isoscalar targets, F2 is proportional to the quark singlet combination and F3 to the
valence content. Thus, the differences found in Fig. 7.14 can be partially attributed to the choice
of the input PDFs. It is therefore essential to further study the behavior of the PDFs in this region
of the x − Q phase space.
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7.3.2 Neutral-Current Scattering
which smoothly transitions onto a fit of structure functions for Q . 2 GeV, or a modelPrecise measurements of neutrino-nuclear cross sections across various energy scales are very imdependent extrapolation as in [138].

portant to test the SM as well as to probe new physics coupled to the neutrinos. Using terrestrial
sources of neutrinos this interaction has been probed for energies up to O(100) GeV at experiments
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crossare present in the final state. The situation is worsened by the potentially significant backgrounds
section is dominated by the region around Q ⇠ 15 GeV and 0.04 . x . 0.6. The comparison
to NC interactions coming from neutral hadron interactions. These neutral hadrons could, for
between these two PDF sets in this kinematic region is displayed in Fig. B.2, where the
example, be produced in inelastic scatterings of muons coming from the LHC that pose a challenge
corresponding
results for the recent CT18 global analysis [107] are also shown. Specifically,
in the absence of an active muon veto. However, emulsion detectors like those used in FASERν

we show the following (combinations of) PDFs: the gluon; the total quark singlet; the up and
down quark valence distributions, the up and down quark sea, and the total strangeness.
Before studying the diﬀerences in the PDF sets, it is useful to note the PDF combinations which enter the leading-order structure function predictions for an isoscalar target—see
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Figure 7.16: Estimated sensitivity to the average NC neutrino and antineutrino interactions at
FASERν (left) for 150 fb−1 and FLArE-10 (right) for 3 ab−1 integrated luminosity. The black
curve is the theoretical prediction for the average DIS NC cross section. Also shown are the NuTeV
results [1293]. The left panel taken from Ref. [81].

have high spatial resolution which allow for precise measurement of kinematic variables like charged
track multiplicities, direction and momentum of outgoing charged particles, etc. These kinematic
quantities can be used to differentiate between the NC neutrino interaction signal and the neutral hadron background and estimate the neutrino energy as demonstrated in Ref. [81]. In the first
step, a classification network is trained on 9 kinematic variables to separate signal from background.
The efficiency with which signal events can be identified increases with increasing neutrino energy
reaching > 50% for Eν > 1 TeV, while providing a good background rejection at the same time.
At low energies of O(100) GeV, backgrounds are reduced by 3 orders of magnitude and at higher
energies of O(1 TeV) backgrounds can be brought down to O(10) events. The second step uses a
regression network, again trained on the same 9 kinematic observables, to estimate the incoming
energy of the neutrino. It was found that an energy resolution of about 50% can be achieved in
this way.
The left panel of Fig. 7.16 shows the NC cross section sensitivity thus obtained at FASERν
for LHC Run 3 with 150 fb−1 integrated luminosity. The error bars shown include statistical
uncertainties, uncertainties from background simulation, and neutrino flux uncertainties. The black
dashed curve is the SM prediction for the average deep inelastic scattering (DIS) cross-section. For
comparison the measurement from NuTeV [1293] is shown in gray. It has better statistics but is
limited in the energy range is probed.
The detectors considered at the FPF, for example the FLArE liquid argon detector, have timing
capabilities that allow for an efficient vetoing of neutral hadron events. Due to the higher target
mass of the FPF experiments and the larger luminosity delivered in the HL-LHC era, these experiments will collect more NC events and hence have better statistics. While FASERν is expected
to collect a few thousand NC events, one can expect a few hundred thousand NC events to occur
inside FLArE [37]. Considering only the statistical uncertainty and assuming perfect detector performance for simplicity, FLArE’s sensitivity to NC interactions at the HL-LHC with an integrated
luminosity of 3 ab−1 is shown in the right panel of Fig. 7.16.
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Detector
FASERν2
FLArE

CCQE
νe ν̄e νµ
ν̄µ ντ + ν̄τ
60 50 570 350
3.5
40 40 420 260
3.5

293
CCRES
νe
ν̄e
νµ
ν̄µ ντ + ν̄τ
170 180 1.6k 1.1k
10
120 140 1.2k 860
10

NCEL NCRES
all
all
170
1.3k
130
940

Table 7.4: Expected event rates for non-DIS neutrino scattering events in the FASERν2 and FLArE
detectors. In the table, results for different neutrino flavors are presented for charged current quasielastic (CCQE), charged current resonant (CCRES), neutral current elastic (NCEL), and neutral
current resonant (NCRES) interactions of neutrinos. The estimates employ neutrino flux and
spectrum predictions from Ref. [67]. This table is adapted from Ref. [89].

7.3.3

Quasi-Elastic and Resonance Regions for FPF Physics

Although the far-forward neutrinos at the LHC have typically high energies above 100 GeV, their
energy transfer to the nuclei in the FPF detectors can occasionally be much smaller. This is
especially the case when they interact (quasi)elastically (QE) with the individual nucleons or in the
resonant (RES) scattering regime. The capabilities to identify such events with the low hadronic
activity but potentially large EM energy depositions or high-energy outgoing muons, will play
an important role in better constraining the far-forward neutrino flux and spectrum at the LHC.
Such measurements will allow for easier reconstruction of the incident neutrino energy. This will
contribute to the BSM studies related to neutrino oscillations, cf. Ref. [1294] for review, as well
supporting the FPF QCD physics program.
The possibility to study exclusive neutrino interaction processes of this kind could also allow for
extending relevant past measurements into the high-energy regime, where only limited data have
been collected in the past, cf. Ref. [1295] for review. The results obtained in the FPF experiments
will substantially contribute to the efforts towards building a universal model for QE and QE-like
neutrino scatterings that could be valid for a large energy range. Such studies have been identified
as among the most important challenges in this field [1221].
The 10-tonne detector placed in the FPF along the beam collision axis is expected to collect
of order 103 charged current quasi-elastic (CCQE) events during the entire HL-LHC era, and a
2 − 3 times larger number of CCRES events with a single pion in the final state [89]. These will be
dominated by the muon (anti)neutrino interactions, while the number of such scatterings induced
by electron and tau (anti)neutrinos will be of order a few hundred and O(10), respectively. We
summarize the relevant estimates in Table 7.4, which employs the far-forward neutrino flux and
spectrum as described in Ref. [67]. The mean neutrino energy in the FPF in such interactions
is expected to be between 200 and 300 GeV. This is somewhat lower than the mean neutrino
interaction energy in the DIS regime since the CCQE and CCRES scattering cross sections are not
expected to grow with the energy. Therefore, the mean energy in this case directly corresponds to
the average energy of the far-forward neutrinos at the LHC.

7.3.4

Interface of Shallow- and Deep-Inelastic Scattering

Neutrinos and antineutrinos of all three flavors, copiously produced, offer the opportunity to probe
charged-current (CC) neutrino interactions from the energy threshold of 3.5 GeV to a few TeV
at the FPF. Given neutrino fluxes at the FPF, the average neutrino energy in charged-current
(CC) interactions in detectors will be almost 500 GeV and higher, depending on the neutrino
flavor [10, 13, 37, 67, 93]. Leveraging neutrino cross section measurements at low energies, flux
modeling and in-situ measurements, measurements of the ντ + ν̄τ CC cross section [10, 13, 37]
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should be possible. One is interested in how well the neutrino and antineutrino cross sections are
predicted as a function of energy in the QCD-improved parton model. The low Q2 contribution
to the DIS cross section is noted in Sec. 7.3.1, and exclusive processes in neutrino scattering, in
Sec. 7.3.3. Here, we focus on the Q2 and the hadronic final state invariant mass dependencies of
the neutrino and antineutrino DIS CC cross sections for scattering on isoscalar nucleon targets.
At the TeV neutrino energy scale Eν` for lepton flavor `, the nucleon target mass mN , charged
lepton mass m` and the charm quark mass are small compared to typical momentum transfers.
For Eν` = 10 GeV, these mass corrections are important, as is the dependence of the CC structure functions on Q2 . 1 GeV2 and on how the transition from QE scattering to resonant and
non-resonant production of pions to DIS is handled. In the transition, it is important to avoid
double counting. If the evaluation of the neutrino cross section in the resonance region includes
non-resonant diagrams, then one should not include a DIS contribution with the same final state
hadronic invariant mass W , where W 2 = Q2 (1/x − 1) + m2N . Given the ∆ mass of 1.232 GeV, the
∆ resonance region is generally considered as spanning mN + mπ < W . 1.4 GeV. Beyond the ∆
resonance, additional resonances contribute out to W ' 1.8 − 2 GeV, where in this region, both
resonant and non-resonant processes contribute. Called shallow inelastic scattering (SIS), it is a
kinematic region that is not yet clearly understood (see refs. [1220, 1296] and references therein).
In our evaluations of the inelastic cross section [1297], we consider three minimum hadronic final
state invariant masses: Wmin = mN + mπ , 1.4 GeV and 2 GeV.
Even within the DIS regime, the parton model is not clearly operative when Q2 → 0. A
perturbative treatment of the structure functions in terms of PDFs is not reliable for Q2 . 1 GeV2 .
Furthermore, one expects a transition of neutrino scattering from partons to neutrino scattering
with hadrons as the distance scale 1/Q becomes the size of the nucleon. There are different
approaches to handling the low Q limit of the structure functions. As discussed in Sec. 7.3.1,
Bodek and Yang [1275, 1298–1300] take advantage of electromagnetic scattering data to make fits
to yield effective PDFs at low Q2 that use modified parton momentum fractions, multiplicative
Q-dependent K-factors and the GRV98 PDFs fixed at Q2 = 0.8 GeV2 . This approach includes
target mass effects through the fitted parameters, and given effective parton PDFs, the weak
structure functions can be constructed. An alternative approach which is used here is to adapt
phenomenological structure function parameterizations fitted to electromagnetic structure function
data [1301–1303] for Q2 . a few GeV2 to neutrino scattering in the same Q2 range.
We use here the Capella et al. parameterization [1301] (CKMT) of the electromagnetic structure
function F2 which has two terms with functional forms based on Pomeron and Reggeon contributions. The two terms, at large enough Q2 can be interpreted as valence and sea contributions.
This permits the relative normalization to be adapted to CC scattering, as outlined in Ref. [1304].
One feature of the CKMT parameterization of F2 is that F2 (x, Q2 )/Q2 goes to a constant proportional to the photon-proton cross section in the Q2 → 0 limit. For Q2 > 2 GeV2 , the structure
functions are evaluated here with NLO QCD including target mass corrections [1305–1307], quark
mass corrections and for tau neutrino and antineutrino scattering, tau mass effects, all summarized
in refs. [1308, 1309]. For Q2 ≤ 2 GeV2 , the CKMT structure functions, modified for neutrino and
antineutrino scattering, are used. With this approach, the effect on the cross section at low Q2 can
be approximated.
Here, we approximately quantify the dependence of the neutrino and antineutrino CC cross
sections on the regions of W and Q2 where perturbative QCD is not applicable. At the FPF, the
relevant detectors will require cross sections on nuclei. PDF uncertainties in the CC neutrino cross
sections with the nCTEQ15 nuclear PDFs for tungsten [1212] range from 2–7% for Eν = 10 − 1000
GeV tau neutrinos and antineutrinos. We use 3% as a reference PDF uncertainty, the uncertainty
from the nCTEQ15 PDF sets for the ντ (ν̄τ )-tungsten CC cross section for an incident energy of 100
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Figure 7.17: Top row: The charged current cross section per nucleon of tau neutrino and antineutrino (left) and muon neutrino and antineutrino (right) scattering with isoscalar nucleons, for three
values of the minimum hadronic final state invariant mass Wmin . Bottom row: The ratios of the
cross sections as a function of energy for Wmin = 1.4 GeV and 2 GeV to the cross sections with
Wmin = mN + mπ for tau neutrinos and antineutrinos (left) and muon neutrinos and antineutrinos
(right).
GeV. The degree of impacts of the minimum W (Wmin ) and Q2 are almost the same for nucleons
in tungsten and isoscalar nucleons. For investigations of the impact of Wmin and Q2 , we evaluate
the cross sections using the nCTEQ15 PDFs [1212] for isoscalar nucleons.
Fig. 7.17 shows the ντ , ν̄τ , νµ and ν̄µ scattering with isoscalar nucleons. The left (right) panel
in the top row of Fig. 7.17 shows the charged current (CC) cross sections for tau (muon) neutrino
and antineutrino interactions as function of energy for W min = mN + mπ , 1.4 GeV and 2 GeV
for the full Q2 range. Compared with the muon neutrino results, the ντ and ν̄τ cross sections are
suppressed below 1 TeV due to the large tau lepton mass. The lower panels show the ratio of the
cross sections with Wmin = 1.4 GeV and 2 GeV to the cross section with Wmin = mN + mπ . The
effect of Wmin stands out for Eν . 100 GeV, and it is larger for antineutrinos than for neutrinos.
A focus on Eν > 100 GeV shows that the CC cross section for Wmin = 2 GeV is lower than the
CC cross section with Wmin = mN + mπ by at most 3% for neutrinos (both νµ and ντ ) and 7 (5)%
or less for ν̄τ (ν̄µ ). To the extent that the DIS evaluation from W = 1.4 − 2 GeV approximately
averages over resonances beyond the ∆, one can use Wmin = 1.4 GeV. In this case, the ratios of the
CC cross sections for Wmin = 1.4 to Wmin = mN + mπ are greater than 99 (98)% for both muon
neutrinos and tau neutrinos (antineutrinos) for Eν > 100 GeV.
We now turn to the Q2 dependence of the cross sections for neutrino and antineutrino CC
scattering with isoscalar nucleons. We note that in order to satisfy W > Wmin , the region of Q2
for a given parton x is restricted, but for no additional restriction on Q2 , we denote Q2min = 0
GeV2 in what follows. We consider Qmin = 1, 1.3 and 2 GeV in addition to Qmin = 0. The impact
of the Q2min values on the cross sections spans a wider energy range than Wmin with conspicuous
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Figure 7.18: The ratio of the charged current cross sections with the cut of Q2min and with all
Q2 for tau neutrinos (upper left) and antineutrinos (upper right) CC interaction with nucleon for
Wmin = 1.4 GeV. Also shown is the ratio of the CC neutrino-isoscalar nucleon cross sections with a
minimum value of Q2 to the cross section with all Q2 , as function of Q2min , for tau neutrinos (lower
left) and muon neutrinos (lower right) for the Wmin = mN + mπ , 1.4 and 2 GeV.
effects even at Eν = O(102 ) GeV. The upper panels of Fig. 7.18 present the ratio of the CC
neutrino-isoscalar nucleon cross sections for ντ (upper left) and ν̄τ (upper right) evaluated with a
minimum value of Q2 and those for the full Q2 range when Wmin = 1.4 GeV. We checked that the
corresponding results for scattering with tungsten targets are approximately the same as the ratios
in the figure.
The large effect of setting Qmin between 1-2 GeV for low energy neutrino scattering reduces
with energy, however, even for Eν = 100 GeV, the contribution to the cross section for Q = 1 − 2
GeV is large, of order ∼ 12% for Wmin = 1.4 GeV. Since the contribution from Q between 1 GeV
or 1.3 GeV and 2 GeV can be calculated with evolution of the PDFs reasonably reliably, we focus
on the smaller Q2min values, setting Wmin = 1.4 GeV. The fraction of the CC cross section for tau
neutrino scattering is reduced by 3% at Eν = 100 GeV for Qmin = 1 GeV compared to that for
Qmin = 0. The effect of the cutoff on Qmin is more significant in the ratios of antineutrino cross
sections, for which about 5% of the cross section comes from Q < 1 GeV for Eν = 100 GeV in our
evaluation.
For muon neutrinos and antineutrinos, the impact of Q2min is larger than for tau neutrinos and
antineutrinos at low energies. In the lower panels of Fig. 7.18, we show the ratio of the neutrinonucleon CC cross sections for several Wmin values, as a function of Q2min , for Eν = 10, 100 and 500
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GeV. At low energies, the kinematic restrictions, including the requirements for tau production
and Wmin are more evident in the Q2min dependence of the CC cross section. For E = 100 GeV and
Wmin = 1.4 GeV, the fraction of the neutrino CC cross section is 3% for Q2 < 1 GeV2 with our
evaluation. For antineutrinos, the corresponding fraction is 7%.
In the framework of a phenomenological electroweak structure function extrapolation [1301,
1302, 1304] of the perturbative QCD evaluation of the neutrino and antineutrino CC structure
functions, we find that inelastic scattering for mN + mπ < W < 1.4 GeV contributes less than 3%
of the cross section for 100 GeV incident neutrinos and antineutrinos, and less at higher energies.
For Wmin = 1.4 GeV, approximately 3–5 (7)% of the CC cross section for incident energies of 100
GeV come from Q < 1 GeV for ντ and ν̄τ (ν̄µ ). Thus, while at very high energies, the impact of
low W and Q regions on the neutrino and antineutrino cross sections are negligible, for energies
comparable to Eν ∼ 100 GeV, the neutrino and antineutrino cross sections are not reliably predicted
at the few percent level. The importance of reliable modeling of Q < 1 GeV is emphasised also in
Sec. 7.3.1 and, for example, recently in refs. [1259, 1284].
At lower incident neutrino and antineutrino energies, these kinematic regions of W and Q
are even more important. As noted, the calculational framework for low Q structure functions
is not the only approach. Comparisons with Bodek-Yang [1275, 1299] and this phenomenological
structure function approach in neutrino scattering have assumed that the vector and axial vector
contributions to the structure functions are equal, as they are in the parton model. Recent work
by Bodek and Yang includes axial vector structure functions not equal to the vector structure
functions [1300], most important at low Q2 .
Further investigations of the low W and low Q contributions for energies . 100 GeV are needed.
The neutrino experiments at the FPF such as FASERν2, Advanced SND@LHC and FLArE will
detect neutrinos at Eν = O(1) GeV – O(1) TeV with thousands of neutrino events. The energy
range covered by the FPF and their abundant neutrino data will provide a unique opportunity to
investigate neutrino interactions in the kinematic region for shallow and deep inelastic scattering
and at low Q2 .

7.3.5

Role of Final State Interactions

An important characteristic of the planned neutrino detectors at the FPF is their precision tracking
capability. This capability will make it possible to record not only the energy and direction of the
outgoing lepton, but also the detailed properties of the final-state hadronic system that emerges
from the large nucleus of the target (e.g., argon or tungsten). By carefully analyzing this data,
one may gain unique insights into the fundamental physics of QCD in the regime of cold nuclear
matter.
At first, the premise of such a study may appear paradoxical. Indeed, since the energy of the
neutrino (in the TeV) range vastly exceeds the binding energy of the nucleons, one may think
that it would be sufficient to consider interactions between the neutrino and an individual proton,
with the rest of the nucleus being invisible to the final-state particles. This, however, is not the
case. The important physical consideration here is not the nuclear binding energy, but the fact
that the primary interaction vertex is surrounded by a dense nuclear medium. The newly created
colored objects must be transported through this medium. How the QCD shower develops in this
medium and how eventual hadronization takes place will impact the multiplicity of the final-state
hadrons and their characteristic energies. As discussed in Sec. 7.4.5, the transport calculations
by the GiBUU code predict an avalanche of particles that results in a large particle multiplicity
increase in the outgoing shower.
In the case of heavy ion collisions, it is well established that propagation of energetic hadrons
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through the hot nuclear medium changes their properties, leading to what is known as jet quenching [1310]. This phenomenon has been observed at RHIC [1311, 1312] and has been recognized as
evidence for the formation of quark-gluon plasma. A quantitative investigation of the corresponding attenuation and secondary particle production effects in cold nuclear matter would be of great
interest.
The possibility of probing this physics has attracted a lot of attention in the context of electronion collisions. In fact, investigations of this phenomenon form an important component of the
physics program for the EIC. As noted in the EIC White Paper [981], “cold QCD matter could be
an excellent femtometer-scale detector of the hadronization process from its controllable interaction
with the produced quark (or gluon)”. In this sense, the neutrino detector at the FPF would be
a neutrino-ion collider, which would be able to access the same physics, in a complementary way,
with excellent tracking information on the final-state hadrons. Given the expected timeline of 1015 years for the construction of the EIC, the prospects of making this study in neutrinos first are
especially exciting.
Knowledge about the dynamics of the hadronization process remains limited and strongly model
dependent. As an illustration, the investigation of Gallmeister and Mosel [1313] considered two
models for the dependence of the FSI cross section on the post-interaction time: a linear and a
quadratic. It was found that the linear model was in better agreement with the then-available
data from the EMC and HERMES experiments, supporting an earlier argument by Dokshitzer et
al. [1314]. Neutrino-scattering measurements at the FPF facility would provide crucial new data
for this comparison, extending it to higher energies.
Further motivation is provided by a surprising recent measurement at Hall C of Jefferson Lab
of the exclusive (e, e’p) reaction channel [1315]. The upgrade of the accelerator to 12 GeV made it
possible to investigate recoil baryon propagation in the nuclear medium in the kinematic window
where the so-called color transparency phenomenon was expected to set in (up to proton momenta
of 8.5 GeV). Yet, the experimental data does not support the onset of color transparency. Studies
of this phenomenon at the much higher energies of the LHC neutrino beam will be crucial.

7.3.6

Scattering with Electrons

Neutrino–electron scattering is a useful standard candle for neutrino flux measurements but suffers
from a relatively small cross section. At FASERν energies, however, qualitatively new detection
channels appear within the Standard Model, some of which have not been measured before. Of
particular interest is the opportunity to measure resonant meson production off bound atomic
electrons. This was recently investigated in Ref. [1316] where FASERν was identified as the most
promising near-term experiment for the detection of this rare Standard Model process.
Neutrino–electron scattering can produce s-channel resonances, but only when neutrino energies
satisfy s = 2Eν me + m2e ≥ M 2 where we have assumed that the electron is at rest, and that the schannel resonance has mass M . For FASERν energies, this limits the mass of a potential s-channel
resonance to a few GeV. Pseudoscalar mesons have hopelessly small production cross sections
because of the necessary chirality flip that must be supplied by the electron’s mass in the initial
state. The most promising detection candidates are therefore light, and necessarily charged, vector
meson resonances and here the ρ− with M ∼ 770 MeV stands out. The relevant cross sections are
shown in Fig. 7.19.
In Ref. [1316], the rate of ν̄e e− → ρ− → π − π 0 was estimated and found to yield a handful of
events at FASERν (a possible follow-up program with FASERν2 could yield tens of events), see
Table 7.5. The calculations assume an electron and rest and ignore atomic binding corrections. A
sketch of potential background mitigation techniques was also discussed [1316] with the conclusion
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Figure 7.19: Cross section for the production of vector meson resonances. For comparison, we
also show elastic neutrino-electron cross section. Figure from Ref. [1316].
Experiment
FASERν
FASERν2
FLArE-10
FLArE-100
DeepCore
IceCube

ρ− , ±Γ/2
0.3
23
11
63
3 (1)
8 (40)

ρ− , ±2Γ
0.5
37
19
103
5 (2)
17 (83)

K −∗ , ±Γ/2
–
0.7
0.3
2
–
–

K −∗ , ±2Γ
–
3
2
8
–
–

Table 7.5: Estimated number of ρ− and K −∗ resonance-mediated events at various experiments
[1316]. A dash (–) indicates cases in which less than 0.1 events are predicted.
being that a nuclear emulsion detector would likely be able to achieve sufficient signal to background
ratios to allow for a definitive discovery with FASERν2, and possibly with FASERν. The key physics
driving the signal to background ratio was the highly boosted kinematics of the ν̄e − e collision and
the uncharacteristically low hadronic multiplicity of the event. Low multiplicity and small opening
angle between π − and π 0 , together with the cut on the invariant mass of the π − π 0 pair are expected
to yield signal to background ratio bigger than 1.

7.4

Monte Carlo Tools for Neutrino Interactions

Monte-Carlo (MC) event generators are indispensable part of the experimental programs. At
FPF, neutrino MC event generators will play a key role, they will be needed at each step of
the experiments: in predicting neutrino interaction event rates, all final-state particles and their
energies for all the target material in the detector and for all three neutrino flavors over a broad
spectrum of FPF neutrino energies. Subsequently, event generators will help estimating systematic
uncertainties associated with neutrino interactions that will be vital in disentangling new physics
signals. Widely used neutrino generators are optimized for accelerator neutrino energies, sub-GeV
to a few GeV range, but extends to higher energies relevant for FPF neutrinos. In this subsection,

Chapter 7. Neutrino Physics

300

we briefly outline the core of the widely used neutrino event generators and present some comparison
between their predictions.

7.4.1

GENIE

GENIE is a ROOT-based Neutrino MC Generator, that was released in 2007 [735]. Since then,
GENIE has been adopted by the majority of neutrino experiments, including those as the JPARC
and NuMI neutrino beamlines, becoming an important physics tool for the exploitation of the world
accelerator neutrino program. It aims to become a event generator whose validity will extend to all
nuclear targets and neutrino flavors over a wide spectrum of energies ranging from 1 MeV to 1 PeV.
Historically, the focus of neutrino interaction modelling in GENIE was the few-GeV energy range
relevant for atmospheric neutrino studies, as well as for studies of accelerator-made neutrinos both
at short and long baseline experiments. In the latest official release [1317], GENIE has included high
energy neutrino interactions, extending its support to the field of high-energy neutrino astronomy,
as well as the neutrino projects in the Forward Physics Facility at CERN.
In the TeV energy regime, where DIS dominates, two different configurations can be used to
simulate neutrino interactions in GENIE:
- Non-perturbative (G00 and G18 series): This is the default configuration in the few-GeV
region. Differential cross sections are calculated in an effective leading order model using the
modifications suggested by Bodek and Yang [1299]. It is the model used for the nonresonant
processes that compete with resonances. The total cross section in the transition region (low
multiplicity inelastic reactions) can be tuned to avoid double counting. This configuration also
includes different neutrino charm production models [1318, 1319]. The cross sections are computed
at a fully partonic level. The default hadronization model is AGKY [1320], which includes a
phenomenological description of the low invariant mass region based on KNO scaling [1321], while
at higher masses it gradually switches over to the Pythia model [114]. The Pythia configuration
parameters are set to be the default values except for four parameters which were tuned [1322]. Final
state interactions are also taken into account. GENIE includes different models: hA (data-driven
code that is fully reweightable) [736], hN (full cascade), INCL++ [1323], and Geant4 extended
Bertini [1324].
- Perturbative (GHE19 series): This is the default configuration in the high energy regime.
Differential cross sections are calculated using the perturbative QCD formalism for W > 2 GeV.
Currently, two models are available (CSMS [1283] and BGR [1259]). An interface to compute
structure functions using APFEL [1258] is also available. This configuration includes both charm
and top production (relevant at PeV energies). It also computes the differential cross section at
parton level using the formalism described in Ref. [1325], and it includes sub-leading effects, e.g.,
W -boson and trident production as in Ref. [1326]. Hadronization is based on LEPTO [1327] and
it computes fragmentation functions and kinematics with Pythia. Final state interactions can be
simulated but they are turned off in the default configuration.

7.4.2

NEUT

The NEUT neutrino interaction simulation program library is the interaction generator primarily used
by the Super-Kamiokande and T2K neutrino oscillation experiments. It was originally written in
the 1980s to predict neutrino-induced backgrounds for nucleon decay measurements made with
Kamiokande. Much of the original FORTRAN77 code is still used. Over the past 30+ years, it has
been developed with a focus on sub-GeV to few-GeV neutrino scattering to fulfill the simulation
needs of the Super-Kamiokande atmospheric neutrino measurements and the T2K neutrino beam
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measurements.
NEUT is capable of simulating neutrino interactions up to a few TeV, the energy region of concern
for this white paper, but none of the model components implemented are tuned for neutrino–nucleus
interactions at such energies. The two most relevant components are the deep inelastic scattering
(DIS) and the hadron transport (or hadron re-scattering, or FSI) models. The DIS model, which
is used to produce hadronic systems with W > 2.0 GeV, is based on Pythia v5.72 (included in
CERNLIB 2005). The GRV98 parton distribution functions [1281] are modified for low Q2 according
to the Bodek-Yang [1328] model. A semi-classical stepped cascade is used to transport hadrons
produced in the primary neutrino–nucleon interaction through the nuclear medium. Interaction
channels are implemented for nucleons, pions, kaons, etas, and omegas. At the interface of the DIS
simulation and the hadron transport, a formation zone is implemented that shifts the positions
of primary final state particles away from the interaction vertex. For more details on NEUT model
choices and implementations, the interested reader is directed to Ref. [1329].
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Figure 7.20: The particle multiplicities predicted by NEUT, NuWro and by two GENIE models for 1
TeV muon neutrino charged-current interactions with a tungsten target.
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Figure 7.21: The impact of nuclear effects on the particle multiplicities prediction by NEUT, NuWro
and by two GENIE models. Only distributions that were significantly affected are shown. For GENIE,
the D2 target predictions are used as reference, while for NEUT and NuWro, both predictions use a
tungsten target, but the reference was made with the hadron transport model disabled. It is clear
that the major nuclear effect in both simulations is the production of many more nucleons. Because
the GENIE CSMS model does not implement hadron transport by default, it is not shown in these
comparisons.

7.4.3

NuWro

NuWro is a Monte Carlo generator of neutrino interactions developed at Wroclaw University since
∼ 2005 [1330]. It is optimized for neutrino energies of the order of 1 GeV but it can also handle
interactions at larger energies in DIS region. In NuWro a definition of “DIS” is that it includes all
inelastic processes with invariant hadronic mass W > 1.6 GeV. A general framework is based on the
quark-parton model (Ref. [1331]). The neutrino-nucleon interactions are described as scatterings on
partons (quarks or gluons). The inclusive cross section is expressed in terms of parton distribution
functions Fj . We adopt Bodek-Yang [1332] parametrization of Fj that correct GRV PDFs [1333]
based on electron scattering data. The Bodek-Yang corrections are needed as for low values of Q2
and W as the perturbative QCD arguments are not valid, and the mass of the target and higher
twists are non-negligible.
It is assumed that the cross-section is a sum of contributions from separate quarks. The crosssection for scattering on quark qi (valence or sea)
d2 σ qi
∼ qi (x)Ki
dW dν
where qi (x) is a parton distribution function and Ki is a kinematic factor. The probability of
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Figure 7.22: Leading hadron energy distributions for 1 TeV muon neutrino charged-current interactions with a tungsten target as predicted by GENIE, NEUT and NuWro.
reaction on a quark qi is defined as
dσ qi
dW dν
P (qi ) = X
dσ qi
dW dν

(7.1)

i

As a result, the CC neutrino-proton scattering cross section becomes a sum of contributions
from quark d, quark s, and anti-quark ū. A scheme of the algorithm for CC neutrino scattering off
protons is shown in Fig. C5 in Ref. [1334].
In modelling DIS events NuWro uses Pythia 6 fragmentation routines for W as small as 1.6 GeV.
Some Pythia 6 parameters are adjusted by demanding a good agreement with the charged hadron
multiplicities data [1335, 1336]:
• PARJ(32)(D=1GeV) = 0.3 is, with quark masses added, used to define the minimum allowable
energy of a colour singlet parton system.
• PARJ(33)-PARJ(34)(D=0.8 GeV, 1.5 GeV) = 0.5 Gev, 1 GeV are, with quark masses added,
used to define the remaining energy below which the fragmentation of a parton system is stopped
and two final hadrons formed.
• PARJ(36)(D=2.0GeV) = 0.3 represents the dependence of the mass of the final quark pair for
defining the stopping point of the fragmentation. Strongly correlated with PARJ(33-35)
• MSTJ(17) (D=2) = 3 number of attempts made to find two hadrons that have a combined mass
below the cluster mass and thus allow a cluster to decay rather than collapse.

7.4.4

Generator Comparisons

Uncertainties associated with neutrino interactions need to be well controlled for precision neutrino
and BSM measurements. Therefore, ideally, FPF would require multiple event generators and
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different implementations of the underlying physics assumptions to systematically analyze their
impact on FPF measurements, quantify systematic uncertainties and when possible compare the
predictions to data.
In Fig. 7.20, we present multiplicities of various particles produced when a 1 TeV CC νµ scatters
off a tungsten target. The predictions of GENIE (CSMS and BY models), NEUT and NuWro are
compared for all multiplicity distributions. Most notably differences between GENIE and NEUT
are seen in the proton and neutron multiplicities where GENIE CSMS model predicts much lower
multiplicity compare to GENIE BY and NEUT. This difference can be associated to the absence of the
FSI effects in GENIE CSMS model. In the presence of FSI, the primary struck nucleons re-scatter
in the nucleus thereby increasing the final state multiplicity. This effect is further demonstrated in
Fig. 7.21, where GENIE BY and NEUT predict similar proton and neutron multiplicity on tungsten
while in the absence of FSI, NEUT without FSI and GENIE BY on deuterium, predict similar lower
multiplicity. These nuclear effects do not seem to have any significant impact on the pion (and
other particle’s) multiplicity. NuWro seem to have the strongest effects of FSI and tend to have
significantly different distributions. The leading hadron energies for a 1 TeV CC νµ scattering on
tungsten target is shown in Fig. 7.22. GENIE models and NEUT tend to predict similar peak energy
for both leading charged and neutral hadrons. In case of leading charged hadrons, the GENIE CSMS
model predicts more broadly distributed energy spectrum compared to other predictions, not much
difference seen in the neutral hadron case. Here again, NuWro distributions seems to differ from
the GENIE and NEUT ones and are peaked at lower energies. Understanding differences between
generators, in particular the significantly different behaviours shown by NuWro, are left for future
studies.
The differences seen between the different MC predictions will be vital in assessing the uncertainties associated with neutrino interactions and will need to be well controlled for precision
neutrino and measurements to probe BSM physics. Therefore, comparison between different event
generators and different implementations of the underlying physics assumptions discussed in this
subsection will be vital for systematically analyzing their impact on FPF measurements and in
quantifying systematic uncertainties. To this end, the data from FASERν and SND@LHC during
LHC Run 3 would be valuable to help constrain the interaction physics in generators.

7.4.5

Giessen Model and GiBUU Generator
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Figure 7.23: Distribution from GiBUU of invariant mass (left) and Q2 distribution (right) populated
in a 1 TeV neutrino reaction on a Tungsten target.
The Giessen model is an extensive general theory framework to describe nuclear collisions, from
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Figure 7.24: Multiplicity distributions from GiBUU of baryons (left) and pions (right) without and
with FSI.
relativistic heavy-ion collisions to neutrino-induced reactions on nuclear targets. Its treatment of
final state interactions (FSI) is built on quantum-kinetic transport theory [1337] and as such can
be used as a generator, called GiBUU, for the full final state of a reaction. The underlying theory
is described in detail in [1338]. The code is being updated from year to year and its source-code is
freely available from [1339]. We present here some results obtained with GiBUU for neutrinos with
an incoming energy of 1 TeV impinging on a Tungsten target are discussed. At this energy deep
inelastic scattering (DIS), handled by Pythia inside GiBUU, is dominant.
In order to get a first impression of the kinematical regimes accessible by this reaction we show
in the left panel of Sec. 7.4.5 the inclusive invariant mass distribution. The distribution peaks
at about W = 30 GeV, i.e. well in the DIS regime. This is also reflected in the four-momentum
transfer distribution given in the right panel of Sec. 7.4.5 which reaches up to very high values.
The energy-transfer (ω) distribution, on the other hand, is fairly flat with a value (per nucleon)
decreasing from about 0.8 · 10−38 at low ω to about 0.6 · 10−38 cm2 /GeV at 1 TeV.
We now focus on the multiplicities of final-state particles. The left panel of Fig. 7.24 shows
the multiplicity distribution of final-state baryons. The top (yellow) curve gives the result before
any final state interactions. This distribution peaks at multiplicity = 1 with a tail up to about 3
- 4. This tail is caused by the production of baryon-antibaryon pairs. When FSI are turned on
the multiplicity distribution changes significantly: the peak height is decreased by about a factor
of 5 and a long tail reaching up to about 25 develops. This is a consequence of the so-called
’avalanche effect’ in which initial nucleons collide with others on the way out of the target. The
pion multiplicities, on the other hand show a much less effect of FSI (see right panel of Fig. 7.24).
The initial pion multiplicity distribution hardly changes.
The baryon avalanche effect also shows up in the kinetic energy distribution (Fig. 7.25). While
the events before FSI show a peak at about 0.3 GeV, the final state interactions change that
distribution significantly. Cross sections are decreased at high Tp > 2 GeV and are dramatically
increased at lower Tp < 1.5 GeV. This is again a consequence of the avalanche effect: initial
high energy baryons collide with target nucleons, thus increasing the multiplicity and consequently
losing energy. The effect of FSI on the spectra of baryons is obviously quite significant. This opens
the possibility to study phenomena such as Color Transparency (CT) and hadron formation in
medium [1313].
At 1 TeV bombarding energy, the DIS process is dominant. Any science program exploiting
these neutrinos at the FPF should thus concentrate on this reaction mechanism. Such experiments
could yield very valuable information on formation times in DIS events, color transparency (CT)
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Figure 7.25: Distributions from GiBUU of the proton kinetic energy with and without FSI effects.
effects and the tension in the EMC effect for electrons and neutrinos. Regarding the formation
time, earlier analyses based on HERMES and EMC electron data had shown that only hadronic
FSI cross sections that increase linearly with time can describe both data sets simultaneously [1313].
Data at the FPF could help to validate this result in a new kinematical regime. The very recent,
unexpected result from JLAB that CT for baryons does not set in up to Q2 = 14 GeV2 presents
a challenge to standard CT theory [1315]. It has been argued that only final state baryons that
originate in a DIS event should be subject to CT [1340]. Experiments at the FPF where all events
are dominated by DIS are ideal to investigate CT further. It has been known for some time that
the EMC effect seems to be different for electrons and neutrinos; the latter do not seem to show the
strong antishadowing effect seen with electrons [1220]. This result presents a challenge to pQCD
and thus calls for further verification in a new kinematical regime.

7.5

Beyond Standard Model Physics with Neutrinos

In addition to being able to study fundamental properties of neutrinos in the SM at the various FPF
detectors, there is also excellent capability to search for BSM properties as well. In this section,
we lay out a number of searches that can be performed, highlighting the unique capability of the
FPF in this regard. The very high energies of the neutrinos involved at the LHC, in general, offer
new capabilities that are not available at any other neutrino facilities in the world.
Fig. 7.26 demonstrates a schematic view of some of these BSM possibilities, where here we focus
on any BSM scenario that modifies the neutrino flux produced at/near the ATLAS interaction point
(left/center) and/or the neutrino interactions in the various FPF detectors (right).
The following subsections include the following:
• Non-standard Neutrino Interactions or new Effective Field Theory operators leading to new
types of neutrino scattering, as presented in Sec. 7.5.1, Sec. 7.5.2 and Sec. 7.5.3.
• New neutrinophilic mediators which modify the predicted tau-neutrino flux at the FPF, as
presented in Sec. 7.5.4, Sec. 7.5.5 and Sec. 7.5.6.
• Neutrino magnetic moments, with or without connections to new sterile neutrinos, as presented
in Sec. 7.5.7 and Sec. 7.5.8.
• New oscillations relevant for the energies/distances of interest here sourced by relatively heavy
sterile neutrinos, as presented in Sec. 7.5.9.
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Figure 7.26: Schematic illustration of BSM neutrino signatures to be searched for at the FPF
experiments: i) additional BSM neutrino production mechanisms; ii) sterile neutrino oscillations;
iii) neutrino magnetic moments; iv) neutrino NSI; and v) neutrinophilic particles produced in
neutrino interactions.

• Emission of neutrinophilic mediators in scattering, where the new mediator can be responsible
for neutrino self-interactions and/or connections to dark matter, as presented in Sec. 7.5.10.

7.5.1

⌫

e

e

V

q
q

⌫

`

Effective Field Theories at the FPF

Neutrino experiments are sensitive to how neutrinos interact with matter; therefore, if as a result
of physics beyond the SM there are new 4-fermion interactions between neutrinos and charged
leptons or quarks, these may give observable effects at the production, propagation or detection of
neutrinos. In order to systematically probe new physics beyond the neutrino masses and mixings
one can use the effective field theory (EFT) language. The relevant energy at neutrino experiments
is usually at a scale lower than the Z boson mass, where the the most general effective Lagrangian is
described by the Weak Effective Field Theory (WEFT). If the new physics is at a scale much higher
than the weak scale, WEFT can be considered as the low energy part of SMEFT. The parameters
of WEFT and SMEFT can be matched at the renormalization scale ν ∼ mW , where the matching
is shown in Ref. [1342] for all possible lepton flavors. Hence, by measuring the parameters of
WEFT at low energy experiments we can get constraints on the Wilson Coefficients of dimension6 SMEFT operators, where these limits can be translated to several specific UV completed new
physics scenarios. In this way we can indirectly have access to heavy new physics at a scale that
can be out of the reach of even high energy colliders. For several dimension-6 operators neutrino
experiments offer a superior sensitivity compared to what can be achieved at colliders such as LEP
or LHC. As an example the authors of Ref. [1343] have studied the future DUNE sensitivity to
dimension-6 operators in SMEFT and have shown that new physics at a scale of 30 TeV can be
accessible at DUNE.
Focusing on the charged current (CC) interactions between neutrinos, charged leptons and
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Figure 7.27: Figure taken from Ref. [1341] with the projected constraints on pseudoscalar interactions from FASERν. See Ref. [1341] for more details.
quarks, the most general 4-fermion interactions described by the WEFT Lagrangian reads:
2Vjk n
jk
j µ
k ¯
j µ
k ¯
LWEFT ⊃ − 2 [1 + jk
L ]αβ (ū γ PL d )(`α γµ PL νβ ) + [R ]αβ (ū γ PR d )(`α γµ PL νβ )
v
1
1
+ [jk
]αβ (ūj dk )(`¯α PL νβ ) − [jk
]αβ (ūj γ5 dk )(`¯α PL νβ )
2 S
2 P
o
1
j µν
k ¯
+ [jk
]
(ū
σ
P
d
)(
`
σ
P
ν
)
+
h.c.
(7.2)
α
µν
L
L
αβ
β
4 T
where V is the CKM matrix, v ' 246 GeV is the vacuum expectation value of the Higgs boson,
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uj and dk are the up- and down-type quarks in the mass basis, `α = e, µ, τ are the charged lepton
fields, PL/R are the projection operators, and we have σµν = i[γµ , γν ]/2. Finally, theP
neutrino
flavor eigenstates να are connected to the mass eigenstates using the PMNS matrix: να = i Uαi νi ,
where α = e, µ, τ and i = 1, 2, 3. In addition to the SM-like left handed interaction (1 + L ), the
right-handed (R ), scalar (S ), pseudoscalar (P ), and tensor (T ) interactions are allowed. The
systematic EFT approach to neutrino experiments was first developed in refs. [1342, 1344]. The
formalism was applied to reactor neutrino experiments Daya Bay and RENO in Ref. [1342], and it
was shown that these experiments offer a unique way to probe tensor and scalar SMEFT operators.
The above formalism - that can be applied to any current and future neutrino experiments was investigated at the FASERν detector in Ref. [1341]. Various reasons make FASERν an ideal
place for these studies: i) Several charged and neutral hadron and meson decays contribute in
the production of neutrinos, giving access to various up- and down- type quarks; ii) All different
(anti)neutrino flavors can be detected at the FASERν detector, hence all possible lepton flavors of
the ’s in the WEFT Lagrangian can be probed; iii) Due to the relevant range of neutrino energies
the detection mechanism at FASERν is the deep inelastic scattering, which is very well understood
within the SM, and hence adding new physics on top of that is simple. The authors of Ref. [1341]
showed that in total 81 different operators can be probed at FASERν. Particularly, it was shown
that neutrinos which are produced in fully leptonic meson decays (corresponding to most of the
neutrino fluxes at FASERν) enjoy a strong chiral enhancement for the pseudoscalar interactions.
The relevant Wilson coefficients of these pseudoscalar operators can be constrained at the per mille
−3
level ([jk
P ]αβ . 10 ), which corresponds to a new physics sensitivity at ∼ 10 TeV (See Fig. 7.27
for the pseudoscalar constraints). Unlike other low energy (meson decays) or high energy (CMS or
ATLAS) probes, because of the unique capability of FASERν in identifying the neutrino flavors,
the EFT studies at this experiment gives crucial complementary information if a new physics excess
is found in the future.

7.5.2

NSI and Effective Field Theories

The SM predicts massless neutrinos and the conservation of lepton flavors as a result of an accidental global U(1)` symmetry. In contrast, the observed neutrino oscillations maximally violate
lepton flavors and require massive neutrinos, thus directly signaling new physics beyond the SM.
Experimentally, however, the agreement with SM predictions up to ∼1 TeV is astonishing [1345],
suggesting, on one hand, the scale of the underlying new physics is probably above the weak one,
and on the other hand, the SM acts as an excellent low-energy effective theory of a larger UV
completion. In other words, had we known its UV completion, we can readily obtain the full SM
with the addition of some higher dimensional operators upon integrating out the heavy degrees of
freedom in that UV theory. Depending on whether the SM gauge symmetry in linearly or nonlinearly realized, the resulting effective field theory (EFT) can be either the SM EFT (SMEFT)
or the Higgs EFT (HEFT). For a review on the SMEFT and the HEFT, see Ref. [1346]. In the
following discussion, we focus specifically on the SMEFT scenario.
The aforementioned integrating out procedure can be carried out either through a diagram /
amplitude matching [1347] or through the functional method combined with the covariant derivative expansion (CDE) technique [1348–1350]. The resulting SMEFT respects the SU(3)c ⊗SU(2)L ⊗
U(1)Y gauge symmetry of the SM and can be written as the SM Lagrangian plus a tower of higher
dimensional operators. Up to dimension 6, we have
(5)
Ldim−6
+
SMEFT = LSM + C5 O

X
i

(6)

C6 Oi ,

(7.3)
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with the UV cutoff Λ implicitly included
in
of the dimensional Wilson coefficients C5,6 .


 the definition
c
∗
†
The dimension-5 operator O5 = `¯ H̃
H̃ `Lj was firstly obtained in [1351], which naturally
Li

induces non-vanishing neutrino masses and also neutrino mixing when the Higgs obtains a non-zero
vacuum expectation value (vev) after electroweak symmetry breaking. The dimension-6 operators
have been constructed in [1352], with a complete and independent set of operators written down
in [1353].4
At the weak scale, one can further integrate out W ± , Z, h and the t quark of the SMEFT to
obtain the Low-energy EFT (LEFT). For the tree and one-loop matching of the SMEFT onto the
LEFT, see Refs. [1356, 1357]. The LEFT would then serve as an ideal framework for the study of
low-energy experiments. Note however that, due to the big energy gap between the SMEFT and
the LEFT, large logarithms arise and need to be properly resummed for the Wilson coefficients
through the renormalization group (RG) evolution. This has been done in [1358–1360], rendering
translating constraints from different energy scales onto the SMEFT or certain specific UV model
above the weak scale possible.
One application of the above picture is on neutrino non-standard interactions (NSIs). These are
usually parameterized in the LEFT formalism due to the energy scale at which the corresponding
experiments are performed. Depending on the currents generating these NSIs, they are generically
classified into charge-current (CC) and neutral-current (NC) ones. For neutrinos produced from
π ± , µ± and β decay at low-energy experiments, accelerator- and reactor-type neutrino oscillation
experiments for example, the presence of CC NSIs would modify the production rate of neutrinos.
A similar argument applies on the detection side of neutrinos, the inverse β decay for example.
On neutrino oscillations, the influence from these CC NSIs has been recently studied in Refs.
[1361, 1362] in the framework of SMEFT.
On the other hand, the NC NSIs could manifest themselves for neutrino propagation in media,
usually referred to as the matter effects. The matter effects have played an essential role in explaining the solar neutrino data due to the large radius and density of the Sun. Similarly, the matter
effects can neither be ignored for long-baseline terrestrial neutrino experiments like DUNE [1363]
and T2HK [1364], this has also been recently investigated in Ref. [1362] in the SMEFT. We
comment on that not only neutrino oscillations but also the Coherent Elastic neutrino-Nucleus
Scattering (CEvNS) and neutrino decoupling in the early Universe would be modified in the presence of NC NSIs. The former is a very rare process in the SM and has been finally observed in
recent years with a CsI detector [1365] and a liquid Argon detector [1366], respectively. The resulting constraints on the dimension-6 SMEFT operators are presented in Ref. [1362]. While for
the latter, the NC NSIs could either delay or advance the decoupling time of neutrinos from the
electromagnetic plasma, thus changing the prediction of Neff , the effective number of relativistic
species in the early Universe. This in turn could shed some light on possible UV completions for
answering the Hubble tension problem [431, 1367]. See Refs. [1368, 1369] for a model independent
study on Neff from NC NSIs up to dimension-7 in the LEFT framework.
Despite various experiments we have as mentioned above in exploring these neutrino NSIs, some
of them are still very loosely or even not constrained. For example, from current and future terrestrial neutrino oscillation experiments, only Oledq,1211 , Oledq,1212 , Oledq,1213 , Oledq,2211 , Oledq,2212 ,
and Oledq,1111 are/would be constrained [1361, 1362], where the four digits represent the flavor indices of the fermions. Note the absence of any constraints on the third generation leptons from the
current neutrino oscillation experiments due to the limited statistics for ντ /ν̄τ . More importantly,
as is clear from the summary table 4 of Ref. [1368], in case of 4-lepton operators, the NC NSIs are
generically rather weakly constrained. Thus, one could at least ask the following question: Given
4

Recently, the complete and independent set of dimension-8 operators are also obtained in Refs. [1354, 1355].
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(1)

(3)

Figure 7.28: Constraints on the SMEFT operator Oledq,prst , Olequ,prst and Olequ,prst from FASERν,
with p, r, s, t the flavor indices. The upper row assumes a 30%, 40%, 50% uncertainties in σe , σµ
and στ , respectively [78, 1341]. The lower row is for the High-Luminosity (HL) era of the LHC.

the high luminosity of energetic neutrinos at FASERν and FASERν2, what could we gain on testing
these neutrino NSIs?
The answer to this question can be presented either model independently in the LEFT or the
SMEFT framework, or for some specific UV models that are interesting from a phenomenological
consideration. In LEFT, this has been investigated in Ref. [1341] by considering neutrino production from meson decay and detection from neutrino-tungsten deep-inelastic scattering. Translating
these constraints onto the SMEFT has recently been done in [1370], where the three-loop QCD
and one-loop QED/electroweak running effects from [1371] have been employed, including also the
threshold effects from the t quark. Some representative results are shown in Fig. 7.28 for three
(1)
(3)
dimension-6 SMEFT operator Oledq,prst , Olequ,prst and Olequ,prst , which simultaneously contribute
to the production and detection of neutrinos at FASERν. In each subplot, the polyhedron in orange indicates the allowed region at 90% CL for the three Wilson coefficients indicated by the axis
labels. Note that for the validity of EFTs, we require the magnitude of the Wilson coefficients to
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be within unity. We find that, with the High-Luminosity (HL) and energetic neutrinos at FASERν,
one would indeed gain some sensitivities on the third generation leptons as seen from the last two
plots in the first row of Fig. 7.28. While in the HL-LHC era as suggested in the bottom row of
Fig. 7.28, the sensitivity to these operators would be further improved.
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Figure 7.29: Constraints on the lepto-quark model parameter space with two colored scalar leptoquarks (3̄, 1) 1 and (3̄, 3) 1 . The upper (lower) row corresponds to a reinterpretation of the results
3
3
in the upper (lower) row of Fig. 7.28 in this lepto-quark model.
Alternatively, one can present the sensitivity to these operators as constraints on the parameter
space of certain interesting UV models, the type-I, -II and -III seesaw models for example. This
translation can be straightforwardly achieved once we know the matching between these Wilson
coefficients and the UV parameters. For these three seesaw models, the tree and one-loop matching
onto the SMEFT have been derived in [1372–1378], using either the functional method or the
amplitude/diagram approach mentioned above. However, due to suppression from the Yukawa
(1)
(3)
couplings (for type-I and -II) or the triplet vev (for type-II) on the Oledq,prst , Olequ,prst and Olequ,prst
operators [1377], we do not expect any sensitivities to these operators from meson decay or neutrinotungsten deep inelastic scattering discussed above [1370]. Nevertheless, we comment on that, since
the type-II model can radiatively trigger electroweak symmetry breaking at a relative low scale
around ∼ 104 GeV [1377] and its distinct signatures at colliders [1379], it would be interesting
to investigate the synergy of different experiments in searching for this model. By contrast, the
lepto-quark models can be free of any Yukawa suppressions, the SM extension with two colored
scalar lepto-quarks, (3̄, 1) 1 and (3̄, 3) 1 , for example. This model could be a possible candidate
3
3
simultaneously explaining the CC and NC B-anomalies [1380–1386], and its tree and one-loop
matching have been obtained in Ref. [1387]. Using the notations of Ref. [1387] and re-interpreting
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Figure 7.30: Estimated sensitivity to neutrino NSI parameters at FASERν (left) for 150 fb−1 and
FLArE-10 (right) for 3 ab−1 integrated luminosity. Limits on NSI couplings from CHARM [1291]
and on only vector NSI coupling coming from oscillation and COHERENT [1388] are also shown.
the results in Fig. 7.28 for this lepto-quark model, we show our results in Fig. 7.29 based on [1370],
with the orange regions allowed at 90% CL. Note that in the SMEFT, the Wilson coefficients are
only functions of λ1R λ∗1L , and we find positive λ1R λ∗1L are generically favored from the projection
of FASERν up to 10 TeV.

7.5.3

Neutral current cross section and non-standard interactions

The NC to CC cross-section ratio can be used to constrain neutrino Non-Standard Interactions
(NSI) [1388] at these experiments. Taking the ratio of cross-sections ensures that any uncertainty
in flux estimates cancels out. Though we consider below only statistical uncertainties, it must be
noted that additional experimental uncertainties are expected to contribute and will most likely
dominate. Neutrino NSI can be introduced as
X
√
f,A ¯
5
¯
L ⊃ − 2GF
[ν̄α γ µ PL νβ ][f,V
αβ f γµ f + αβ f γµ γ f ]

(7.4)

f,α,β

where the  couplings paramaterize the NSI interactions. While neutrino oscillations [1389] and
coherent neutrino-nucleus scattering [1390] can probe only the vector couplings f,V
αβ efficiently,
this situation is alleviated in high energy experiments which can probe both axial and vector NSI
couplings [1391–1393]. Fig. 7.30 shows the expected sensitivity to NSI involving up-type quarks
for FASERν (left) and FLArE (right). Here we have assumed that all the incoming neutrinos are
muon (anti)neutrinos, which is the dominant flavor at FPF. The limits obtained at CHARM [1291]
are also shown. Since CHARM measures only neutrinos, they probe NSIs slightly differently from
FPF where both neutrinos and anti-neutrinos can be measured. This complementarity between
these experiments is visible in the slightly different shapes of the region of the parameter space
probed.
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BSM Interactions in Light of New Mediators

¯ as well as (ν T cµ)(du)
¯
Ref. [1394] has built viable underlying UV complete model for the (ν̄τ µ)(du)
τ
effective couplings by introducing new Higgs doublets which can also be discovered at the main
detectors of high luminosity LHC. Thanks to the m2π /(mu + md )2 enhancement relative to the SM
axial vector contribution, such couplings can respectively lead to π + → µ+ ντ and π + → µ+ ν̄τ
with branching ratios of ∼ 10−3 which will be testable at forward experiments [1394]. The energy
spectrum of τ from new physics at the forward experiments will be softer than the SM prediction
for the τ spectrum. This is understandable because, while the new physics predicts ντ to come
from the π + decay in the SM, ντ comes from the D-meson decays. As a result, by reconstructing
the energy spectrum of the produced τ at FASERν2, the discovery reach of this experiment can be
significantly increased [1394].
New scalar doublet coupled to quarks as well as to the second generation left-handed doublet,
Lµ = (νµ µL ) can induce the effective couplings of the following form
Giu N̄iR νµ ūL uR + Gid N̄iR νµ d¯R dL + GiL N̄iR µL d¯R uL + GiR N̄iR µL d¯L uR + H.c.,

(7.5)

where NiR is a new right-handed neutrino. As shown in Ref. [1395], G can be as large as 10−5 GeV−2
without violating any current constraint. With such coupling, the νµ flux interacting with the
forward detector can produce NR lighter than 15 GeV. On the other hand, the coupling of the
new scalar to Lµ and NR can lead to a one-loop contribution to (g − 2)µ anomaly. Explaining the
(g − 2)µ anomaly requires multiple Ni which all can be produced by the νµ interaction at FASERν
and SND@LHC and their successors. Heavier Ni can chain decay into lighter ones, producing
detectable µµ̄ pairs in the detector. The lightest Ni decays as N → νµ q̄q or N → µq̄q 0 [1395]. The
corresponding displaced vertex will constitute a background free signal. As shown in [1395], by
looking for such signal, SND@LHC, FASERν and FASERν2 can respectively probe G with values
down to few×10−6 GeV−2 , 10−6 GeV−2 and 10−7 GeV−2 for mN < 15 GeV.
Ref. [1396] shows that if the signal for new physics is two pairs of muons produced by the
interaction of the neutrino beam with matter, the discovery potential of the forward experiments
can be significantly increased by including the muons entering the detector from the rock before
the detector. To distinguish between the signal and the accumulation of through-going muons from
IP, the arrival time of the four muon signal has to be recorded which can be done by addition of
a scintillator plate in front of the detector and/or using the timing information of the interface
detector between FASERν and FASER.

7.5.5

Secret Neutrino Interaction

Secret neutrino gauge interaction with a light gauge boson, Z 0 , is motivated by several BSM scenarios. Such an interaction can affect the energy spectrum of neutrinos propagation within a
supernova [1397, 1398]. Moreover, if both dark matter particles and neutrinos enjoy a new gauge
interaction, Dark Mater (DM) self-interactions can alleviate the cusped-cored problem. Also, DM
and neutrinos can scatter off each other via the new gauge interaction, leading to late time kinetic dark matter decoupling [1399–1404]. Being able to detect high-energy collider neutrinos for
the first time, in particular tau-neutrino, FASERν will be an ideal apparatus to study the new
neutrinophilic interaction and to reconstruct the flavor structure of the Z 0 coupling to neutrinos.
In [1405], we have studied the impact of the coupling of neutrinos with Z 0 , with a mass of less than
500 MeV in FASERν experiment. This interaction term is given by
X
gαβ Zµ0 ν̄α γ µ νβ
(7.6)
α,β
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where gαβ is the the couplings between the new light boson Z 0 and neutrinos of flavor α and β.
This interaction can lead to a new decay mode for charged mesons to a light lepton plus neutrino
and Z 0 , (π + (K + , Ds+ ) → e+ νZ 0 ) followed by the subsequent decay of Z 0 into the pair of neutrino
and anti-neutrino, (Z 0 → ν ν̄). The produced neutrinos can be detected at the emulsion detector of
FASERν.
Let us emphasize that meson decay experiments can also search for such Z 0 [1406] but these
experiments can identify the charged lepton produced in the decay of the charged
meson and not
P
2
the produced neutrinos. Thus, meson decay experiments are sensitive to
α∈{e,µ,τ } |geα | and
P
2
α∈{e,µ,τ } |gµα | . However, FASERν, being able to detect the produced neutrinos can provide
complementary information on the flavor structure of Z 0 coupling.
We consider pion and kaon leptonic decay channels, as well as the subdominant production
channel Ds → lνα Z 0 . Contribution from strange charm mesons is remarkable for constraining
larger Z 0 mass [ mZ 0 > 50 MeV]. For statistical inference, we used the chi-squared method. We
have used the pull method to account for the systematic uncertainties. We have considered the
flux normalization uncertainty of 10%. We also repeat our analysis for FASER2ν assuming it will
collect 100 and 1000 times larger data than FASERν. We have assumed detection efficiency of 80%
for FASERν. Our results are shown in Fig. 7.31.
As can be observed in Fig. 7.31-a , FASERν (blue curve) can constrain geτ more strongly
than the current constraints and future DUNE near detector constraint ( black curve ) [1407], for
50 MeV < mZ 0 < 150 MeV. However, we observed that with 100 and 1000 times larger than
FASERν, FASER2ν can improve the limit on geτ for mZ 0 < 2 keV and 3 MeV < mZ 0 < 300 MeV.
The current bound from PIENU [1408], NA62 [1409], are presented by the yellow and red curves,
respectively. The black dashed line and the red dashed curve show the current constraint from Z
decay [1410] and BBN constraint [1411]. As can be seen from Fig. 7.31-b, FASER2ν with a data
100 and 1000 times larger than FASERν data, set the strongest constraint on the gee for the mass
range of mZ 0 < 2 keV and 3 MeV < mZ 0 < 300 MeV. The results for gµτ is indicated in Fig. 7.31-c.
We observed that for the mass range 10 MeV < mZ 0 < 300 MeV, FASER2ν with 1000 times larger
data than FASERν, can set the most stringent bound on gµτ . For geµ , FASER2ν with 1000 times
larger data can slightly improve the current bounds for mZ 0 < 2 keV and 3 MeV < mZ 0 < 300 MeV
as indicated in Fig. 7.31-d.

7.5.6

Probing Light Gauge Bosons via Tau Neutrinos

The tau neutrinos is the perhaps least experimentally studied particle in the SM. So far, only a
few handful of interactions have been identified directly at DONuT [1261] and OPERA [1413],
while many other neutrino experiments have not yet observed them directly. There are several
reasons for this: i) tau neutrinos are mainly produced in heavy Ds and B meson decays, whose
production is suppressed compared to those of other lighter hadrons; ii) to observe the interactions
of a tau neutrino, the neutrino beam energy needs to be sufficiently high to produce a tau lepton
Eν & 3.5 GeV; and iii) the identification of the short-lived tau lepton in the neutrino detector
requires a sufficient spatial resolution, which are typically only achieved in emulsion detectors.
This situation will change in the near future with the upcoming LHC neutrino experiments
FASERν [10, 78] and SND@LHC [12], which are expected to observe tens of tau neutrino interactions. Following the same idea, the FPF neutrino experiments FASERν2, FLArE and SND@LHC
would be able to detect thousands of tau neutrino interactions. This large number of tau neutrinos
interactions at the FPF also it an interesting laboratory for tau-neutrinophilic BSM physics, both
in the production and interaction.
In the following, let us focus on one specific example of tau-neutrinophilic BSM physics: the
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Figure 7.31: The upper bound on geτ , gee , gµτ and geµ vs. mZ 0 at 90% C.L. The yellow and the
blue curves shows the current bound from K → µννν [1412] and FASERν, respectively. The blue
dashed curve and the green dashed curve indicate the constraints from FASER2ν corresponding to
the assumed data of one hundred times and one thousand times larger than FASERν, respectively.
We have assumed detection efficiency of 80% for FASERν. The black dashed line shows the current
constraint from Z decay [1410]. The red dashed curve shows the BBN constraint [1411].
gauged U (1)B−3Lτ group. As discussed in Sec. 4.2.4 this is one of the anomaly-free U (1) extensions
of the SM. In the minimal scenario, the associated gauge boson by V couples to the SM quarks(which
have charge Qq = 1/3), as well as the tau and neutrino (which have charge Qτ = −3). In nonminimal extensions, it might also be possible that further BSM states are charged under this
symmetry. As example, we consider the case considered in Sec. 5.1.2, in which V also interacts
with a complex scalar dark matter state χ with charge Qχ . The Lagrangian for this model can be
written as:
 X

1
L ⊃ mV V µ Vµ + gV µ Qq
q̄γµ q + Qτ (τ̄ γµ τ + ν̄τ γµ ντ ) + iQχ (χ∂µ χ∗ − χ∗ ∂µ χ)
(7.7)
2
q
where mV is the gauge boson mass and g is the gauge coupling. Note that this scenario is an ideal
example of tau-neutrinophilic new physics as it i) couples to quarks, allowing production in hadrons
decays and scattering with nuclear matter, ii) strongly couples to the tau neutrino, enhancing the
physics prospects, and iii) does not couple to electrons and muons, avoiding constrains from lepton
beam experiments and associated precision measurements.
In the context of the FPF, the presence of the new vector boson has several phenomenological
consequences, that we can utilize to constrain this model
Additional Tau Neutrino Production In the SM, the tau neutrino flux manly originates from
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the decay Ds → τ ντ and the subsequent τ lepton decay. Even at the LHC with is its enormous
center of mass energy, a tau neutrino is only produced in roughly in roughly one in a hundred
thousand collisions. This means that even rarely occurring new physics processes can lead to
sizable contribution to the tau neutrino flux, which could be observed at the FPF through the
measurement of the tau neutrino flux. In our case, the new gauge boson V can be abundantly
produced at the LHC via its coupling to the baryonic current. For sufficiently light masses it
can be produced in the decay of mesons, such as π 0 , η → γV . For heavier masses, it could be
produced via bremsstrahlung of the proton beam, or in hard processes such as q̄q → V . After
production, the particle will quickly decay into tau neutrinos (unless Qχ  Qτ , in which it would
predominantly decay into dark matter), providing an additional source of the tau neutrino flux.
Notably, the angular spectra of tau neutrinos from V and Ds decay can be quite different. The SM
beam of tau neutrinos from Ds decay has a rather broad due to the high transverse momentum
gained from its decay. In contrast, the beam of tau neutrinos from a light V decay can be much
more narrow, reflecting the kinematics of the light parent particle. This is illustrated in the left
panel of Fig. 7.32. As described in Ref. [222] and Ref. [90], this feature provides a useful handle
that can be used to disentangle the different flux components. Here one defines a control region
at higher displacements to normalize the SM tau neutrino flux, and searches for a relative excess
at the center of the beam.
Tau Neutrino Neutral Current Scattering The presence of a new vector boson that couples
both to tau neutrinos and baryons can also modify the tau neutrino neutral current scattering
cross section. As discussed in Ref. [90], the additional V exchange diagram leads to an enhancement of the rate for neutral current events with low recoil energies in the few GeV range. However,
neutral current scattering of the larger electron and muon fluxes provide a sizable SM background
to this signature. One therefore needs a rather large enhancement of the tau neutrino scattering
rate in order to observe a visible effect.
DM Scattering Similarly to the tau neutrinos, light dark matter state χ can scatter on nuclear
matter via an exchange of the V boson, leading to an enhancement of neutral current like events
with low recoil energy. For more details, see Sec. 5.1.2.
The sensitivity reach of the FLArE experiment for all three signatures is shown in the right
panel of Fig. 7.32. Here we following the convention of Sec. 5.1.2, and consider Qχ = 3. In this case,
the branching fraction of a light gauge boson V into tau neutrinos is about 90%, while the branching
fraction into DM is about 10%. The dark gray shaded region corresponds to the direct searches for
the gauge boson V , while the light gray region indicates constraints from NSI measurements and
dark matter direct detection searches. For details on those constraints, see Sec. 4.2.4 and Sec. 5.1.2.
The most sensitive signature is the modification of the tau neutrino flux through the decay
V → ν̄τ ντ , shown by the solid light blue line. It provides significant new constraints, especially
around the mV ∼ 770 MeV mass, where V mixes resonantly with the ω meson. The tau neutrino
neutral current scattering signature, shown as solid dark blue line, is only sensitive to very large
couplings. It exceeds the direct constraints at masses m > 1 GeV. Additional constraints can also
be put by searching for light DM scattering via a V mediator, as shown by the red dashed lines.

7.5.7

Neutrino Magnetic Moments

Since it is now established that neutrinos have at least two mass eigenstates with non-zero masses,
we know that they must carry magnetic dipole moments and, if additionally the time-reversal
symmetry is violated, electric dipole moments. The Standard Model value of the neutrino magnetic
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moment is very small. Since neutrino mass differences and the mixing angles are reasonably well
measured, Ref. [1414] calculates that the Dirac neutrino magnetic moment can be as low as ∼
10−20 µB for the inverted hierarchy and even lower for the normal hierarchy. However, beyond the
Standard Model physics can result in much larger values of the magnetic moment. Additionally,
they could explain various anomalies, such as the XENON1T excess [1415], the observation of black
holes in the mass gap region [1416], and the MiniBooNE excesses [1417].
The cross section for the elastic scattering νe− → νe− of a neutrino (or antineutrino) of energy
Eν with an electron in the presence of a magnetic moment is given by
dσνe
=
dEr



dσνe
dEr



πα2
+ 2
me
SM



1
1
−
Er Eν



µν
µB

2

,

(7.8)

where µν is the effective neutrino magnetic moment, and Er is the recoil kinetic energy of the
electron. We can see that the magnetic moment contribution to the neutrino-electron scattering
cross section grows as the electron recoil energy decreases. This is also illustrated in the left panel of
Fig. 7.33. Hence laboratory measurements are limited by the lowest electron recoil energy that can
be measured. Neither the reactor experiments nor the solar neutrino experiments observe deviations
from the expected shape of the electron recoil spectrum and put a limit of µν < 2.9 × 10−11 µB
[1418, 1419]. Astrophysical considerations provide somewhat better limits although they may be
subject to systematic uncertainties. These studies typically invoke additional energy loss channels
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from stars where neutrinos are pair produced in the plasma because of the sufficiently large values
of neutrino dipole moments and hence carry away energy from the star. The luminosities of
the stars at the tip of the red giant branch are especially sensitive to energy losses. Comparing
theoretical luminosities to the color-magnitude diagram of globular clusters the most stringent limit
obtained is µν < 1.2 − 1.5 × 10−12 µB [535]. Additionally if the energy losses are large enough stars
cannot evolve to Cepheid stars. The existence of Cepheid stars require a magnetic moment of less
than 4 × 10−11 µB [1420]. It should be noted that neither those laboratory experiments nor the
astrophysical considerations can distinguish neutrino electric dipole moment from the magnetic
moment.
Some of the detectors considered at FPF have sufficiently low energy thresholds to study neutrino magnetic moments via neutrino-electron scattering [1421]. FASERν2 has an energy threshold
of 300 MeV, and FLArE-10(100) has a lower threshold of 30 MeV. This makes it possible to make
use of the cross-section enhancement at low electron recoil energies. Assuming the strength of the
neutrino magnetic moment to be flavor dependent (µνα ), one can switch them on one by one to
study them individually. The right panel of Fig. 7.33 shows the expected number of events at
FLArE-10 for the SM and BSM cases. By placing an upper cut on the electron recoil energy of 1
GeV, one can limit µνe < 1.4 · 10−8 µB , µνµ < 5.1 · 10−9 µB , and µντ < 7.0 · 10−8 µB at FLArE-10.
The larger FLArE-100 can limit µντ < 2.2 · 10−8 µB which is an order of magnitude smaller than
the DONUT [1422] limit.
Majorana versus Dirac nature of the neutrinos also impact their dipole moments. For Dirac neutrinos dimension 6 operators contribute both to the neutrino mass and neutrino magnetic moment.
Renormalization group analysis can be used to calculate the induced radiative correction to the
Dirac neutrino mass coming from the magnetic moment [1423]. For Majorana neutrinos magnetic
moments and corrections to the dimension-5 Majorana mass come from dimension 7 operators. An
additional constraint comes from the fact that Majorana neutrinos cannot have diagonal magnetic
moments. Hence constraints on Majorana neutrino magnetic moments are weaker as demonstrated
by one-loop [1424] and two-loop [1425] calculations. These results imply that if the neutrino magnetic moment is measured to be slightly below the current limits, then the neutrinos are likely to
be Majorana particles.

7.5.8

Up-scattering through the Neutrino Dipole Portal

The potential electromagnetic properties of neutrinos have been investigated since before the discovery of neutrinos themselves. In particular, neutrino magnetic moments have been considered
recently in the context of several experimental anomalies, notably those from XENON1T [1415] and
MiniBooNE [1426]. Theoretical and experimental investigations of neutrino magnetic moments are
important to improve our understanding of the neutrino sector. In most extensions of the Standard
Model (SM) that account for neutrino mass generation, neutrinos gain magnetic moments through
loop effects [789, 1427–1429]. Here, we consider the possibility of a dipole portal between SM neutrinos and a sterile neutrino NR arising from an interaction involving such a magnetic moment,
with strength denoted by µνα where α is the flavor of the SM neutrino. The LHC provides an
intense source of high energy (anti)neutrinos, making the FPF [37] well-suited to search for neutrino magnetic moments at neutrino energies far higher than previously explored. Specifically, the
up-scattering of SM neutrinos to NR via the dipole portal can be studied using neutrino-electron
scattering in potential FPF detectors [1430].
To date, experiments using reactor, accelerator, and solar neutrinos have searched for evidence
of neutrino magnetic moments in the process νe− → νe− . While this reaction normally proceeds
through weak boson exchange, a nonzero neutrino magnetic moment would allow for an additional
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Figure 7.33: Left: The differential cross-section for the SM background components (black), total
SM background (green), and signal (red) for an incoming neutrino with energy 1 TeV. The signal
line is shown for two benchmark values of µνα = 10−8 µB , and 10−9 µB . The cross-section line
for the DONUT bound of µντ = 3.9 · 10−7 µB [1422] is also shown. The detector thresholds are
shown for FASERν2 (dotted blue) and FLArE (solid blue). Right: Expected number of events
at FLArE-10 detector for SM (black), and SM + BSM (red) scenario where each of the neutrino
magnetic moments are set to 10−8 µB one at a time. Figure taken from [1421].
photon exchange contribution. Unlike the V − A weak interaction, the magnetic dipole interaction
flips chirality, so the two contributions to neutrino-electron scattering do not interfere. However,
the magnetic moment contribution is enhanced at low momentum transfer because the photon
is massless. Consequently, detectors with low thresholds for the scattered electron can be quite
sensitive to neutrino magnetic moments.
Now, magnetic moments between the active neutrinos face significant astrophysical constraints
from stellar cooling [1431, 1432] . We thus choose to focus on interactions between the active
neutrinos and a new sterile state NR , of the form
1
L ⊃ µαν ν̄Lα σ µν NR Fµν
2

(7.9)

where α is a flavor index and µαν is the strength of the transition magnetic moment between the
neutrino ν α and NR . In principle, this interaction can arise from higher dimensional SU (2)-invariant
operators involving the SM left-handed lepton doublets, Higgs field, the NR , and an electroweak
field strength tensor. However, here we remain agnostic as to the origin of the magnetic dipole
interaction.
The magnetic dipole coupling leads to a new contribution to neutrino-electron scattering where
a SM neutrino can up-scatter into the new sterile state [718, 1433],
 1

dσ(νLα e− → NR e− )
1
2 Erec − 2Eν − Me
4 Erec − Me
= α (µαν )2
−
+ MN
+
M
.
N
2 M2
dErec
Erec Eν
4Eν2 Erec Me
8Eν2 Erec
e

(7.10)

where Eν is the energy of the incoming neutrino, Erec is the energy of the recoiling electron and
MN is the mass of the NR . If the NR is long-lived, the primary signature would be a single
electron track with no other visible activity. At the FPF, Eν is typically at the TeV scale, which
allows for production of sterile neutrinos up to O(1) GeV through the dipole interaction. By
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contrast, the recoiling electron can be detected down to energies of order 100 MeV. The first term
in the differential cross section thus comes to dominate, leading to an excess of low-energy electrons
relative to SM neutrino-electron scattering. For comparison, the analogous differential cross section
for the weak scattering process νe− → νe− is approximately independent of Erec in the kinematic
region of interest.
We convolute the cross section expression above with the neutrino fluxes expected at the
FPF [67] to determine the impact of a transition magnetic moment on the electron recoil energy
spectrum in neutrino-electron scattering. As the SM scattering is independent of recoil energy, we
place an upper cut of Erec < 1 GeV. The minimum observable Erec is determined by detector
considerations. We consider both an emulsion-based detector FASERν2 [78] with a threshold of
Erec > 300 MeV, and a liquid argon detector FLArE [88] which could attain a smaller threshold
Erec > 30 MeV. As our primary signature is a single recoiling electron, the main background is
SM neutrino-electron scattering, assuming that muons can be vetoed through active timing [37]
. The left panel of Fig. 7.34 shows the differential cross sections for both our signal and the
SM background, along with our assumed detector thresholds, for incoming 1 TeV neutrinos and
MN = 0.1 GeV. The expected number of SM events satisfying our cuts on the electron recoil energy
is less than 1 with full HL-LHC luminosity [1430]. In principle, there are other backgrounds coming
from νe charged current scattering off nuclei. Given other studies of neutrino-electron scattering at
FPF detectors [88], however, we expect that with our Erec cut these backgrounds would be even
smaller than those from electron scattering.
Using our signal and background estimates, our predictions for the FPF reach for neutrino
magnetic moments are shown in the right panel of Fig. 7.34. These assume a dipole interaction
between the electron neutrino and NR , though analogous limits can be obtained for magnetic
moments involving the SM neutrinos of other flavors [1430]. The solid lines show the improvement
possible when going from a 10-ton emulsion detector, FASERν2, to an argon detector of similar
mass, FLArE-10. The additional reach which could arise from a 100-ton version of FLArE is also
shown. The FPF will be able to probe higher NR masses than other neutrino experiments because
of the considerable energy of the incoming neutrinos.
Finally, we note that in most of the viable parameter space, the NR is long-lived. However,
for sufficiently large µν or sterile neutrino mass MN , the NR can be produced and decay within
a given FPF detector through the magnetic dipole interaction [473, 715]. In the right panel of
Fig. 7.34, we show contours of constant NR lifetime as dotted lines, assuming a 100 GeV NR
energy in the lab frame. The contours correspond to possible FPF detector sizes as well as to
the photon mean free paths in tungsten and argon. The latter are approximate estimates of the
minimum lifetime necessary for the NR production and decay to appear displaced. The signature
of the decay NR → νγ itself would be a single photon, which would be displaced from the NR
production point from which an electron track would begin. Such a “double bang” event would
be a striking signature, which is likely to have exceedingly low background at the FPF as at other
experiments such as IceCube [692] and DUNE [1434,1435]. The approximate reach from considering
only background free double bang events at FLArE-10 is shown using the red dashed line in the
right panel of Fig. 7.34.
In summary, magnetic dipole interactions between the SM active neutrino flavors and new sterile
states can be probed at the FPF. The up-scattering process νe− → NR e− via the dipole portal
is enhanced at low electron recoil energy, motivating searches for the recoiling electron from NR
production within the detector. The TeV neutrinos at the LHC allow for sterile states with masses
up to a GeV to be produced, exceeding the kinematic reach of existing neutrino experiments. FPF
detectors with low thresholds for electromagnetic showers such as FLArE would be especially well
situated to test such transition magnetic moments.
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Figure 7.34: Left: dσ/dErec for the SM background components (black), total SM background
(green), and signal (red) with Eν = 1 TeV and MN = 10−1 GeV. Various benchmark values for
µνα are shown. The detector thresholds at FASERν2 (FLArE) of 300 (30) MeV are shown using
the solid (dotted) vertical blue line. The signal cross-section is enhanced at low recoil energies
making FLArE a more promising detector with its lower energy threshold. Right: The estimated
sensitivity at 90% C.L for µνe are shown at FASERν2 (solid green), FLArE-10 (solid red), and
FLArE-100 (solid blue) for a total integrated luminosity of 3 ab−1 . The existing constraints, shown
as the gray shaded region, are taken from [1434]. The dotted lines show the constant decay lengths
of an NR with an energy of 100 GeV in the lab frame. The red dashed line shows the reach from
considering only double bang events at FLArE-10, assuming its background free. Figures taken
from Ref. [1430].

7.5.9

FASER/FPF Sterile Neutrino Oscillations

The flux of broadband neutrinos from the LHC also provides a novel opportunity to look for
neutrino oscillations using FASERν [10,78] and SND@LHC [12] as well as FPF experiments. Given
a baseline of 600 m and energies in the 100 GeV to 1 TeV range, any seen oscillations would be
due to a frequency ∆m241 ∼ 1000 eV2 , or m4 ∼ 30 eV; thus any seen oscillations would imply a
new sterile neutrino. While existing constraints apply at this mass range in the oscillation averaged
limit, there are no direct oscillation probes at this L/E providing a new test of oscillations at larger
∆m2 ’s than are usually considered. Neutrino oscillation searches at the LHC also benefit from the
production of all three flavors of neutrinos with hierarchical production rates that are separated by
& 1 order of magnitude each. In addition to having all three flavors available at the source, existing
and planned detectors should have full flavor discrimination capabilities allowing for, in principle,
probes of all 9 oscillation channels, subject to backgrounds and flux uncertainties.
The flux uncertainties, which affect the normalization and, more importantly, the shape, see
Sec. 7.2.1, represent the dominant uncertainty for neutrino oscillation searches. The relative contribution to the neutrino flux from different particles is rather poorly understood [67] and these
shape effects could conceivably mimic a neutrino oscillation signature [92]. Thus more theoretical
work is needed to understand these fluxes to probe neutrino oscillations.
Nonetheless, it is possible to estimate the sensitivity to sterile neutrino oscillations at FASERν2
(see Sec. 3.2) and FLArE (see Sec. 3.4), a proposed LAr detector in the forward direction at the
LHC [37]. The most sensitive channel relative to existing constraints is the νµ disappearance channel
which shows sensitivity at the ∆m241 ∼ 100−1000 eV2 range down to mixings of |Uµ4 |2 < 10−2 which
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10-ton LAr detector in a future HL-LHC run. The existing oscillation averaged constraints coming
mostly from MINOS+ and MiniBooNE are also shown. Figure is from [37].
are better than existing constraints from Ref. [1436] which are dominated by MINOS/MINOS+
[1437] and MiniBooNE [1438]. The sensitivity for FASERν in the upcoming LHC run at 150 fb−1
and FLArE-10 (10 fiducial tons of LAr) with 3 ab−1 in the HL-LHC is shown in Fig. 7.35. The flux
uncertainty is accounted for in a fairly conservative fashion by including an estimate of the impact
of shape effects by varying the flux across the range of predictions from different models [67]
with an associated 1σ pull term. This sensitivity is then calculated using the Feldman-Cousins
procedure [1439] at 95% CL including the flux systematic uncertainty. The median sensitivity the
range of sensitivities is estimated with the Asimov method.
It is anticipated that LHC neutrino experiments could additionally have sensitivity to sterile
oscillations for the other channels too, although this depends on the details of the flux uncertainties.

7.5.10

Neutrinophilic Mediator/Dark Matter Production at the FPF

New force carriers that couple predominantly to SM neutrinos are well-motivated candidates for
BSM physics. These “neutrinophilic mediators” are predicted in extensions of the SM that are
related to neutrino mass generation, and can also be connected to the DM in our universe [1440].
As a benchmark model, we consider a massive scalar φ that interacts with SM muon-neutrinos via
following effective Lagrangian
1
L ⊃ λµµ νµ νµ φ + h.c.,
2

(7.11)
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Such an operator is not gauge invariant under the SM SU (2)L but could arise from a dimension-six
or higher operator. Existing constraints on the parameter space of φ that couples to muon-neutrinos
is shown in Fig. 7.36, where the gray shaded regions are constraints from leptonic τ decays, D meson
and kaon decays, and invisible decays of the Z and Higgs bosons.
The presence of the neutrinophilic force mediated by φ can also be used to address the origin
of DM in our universe. First, the scalar φ can serve as a portal between the SM and a fermionic
or scalar DM candidate whose relic abundance is obtained by thermal freeze out via annihilation
to SM neutrinos [1441]. Second, sterile neutrino DM (SνDM) can be produced via neutrino selfinteractions mediated by φ, as shown in [1442–1444]. These DM targets are depicted by the various
black curves in Fig. 7.36, with the masses and couplings of the different scenarios given in [1445].
The new neutrino self-interaction in Eq. (7.11) are allowed to be much larger than in the SM and
can manifest themselves in neutrino experiments. The neutrinophilic mediator can be produced
via bremsstrahlung off the neutrino beam when the neutrino undergoes charge-current interactions
with a detector. Once produce the neutrinophilic mediator will decay invisibly, to neutrinos or DM
particles, and appears invisible to the detector. However, the presence of the mediator will lead to
sizable missing transverse momentum (MET) which can be inferred by measuring the visible final
states. In Ref. [1441, 1445] this signature was dubbed the “mono-neutrino” signal, in analogy to
the mono-X searches widely performed at various colliders to probe WIMP-like DM.
The Forward Physics Facility is in a prime position to explore the parameter space of neutrinophilic mediators by looking for the mono-neutrino signature. Compared to traditional neutrino accelerator experiments, neutrinos at the LHC have higher energies (in the hundreds of GeV
to TeV range) allowing searches for heavier mediators. At the same time, the scattering of the
neutrino with the detector is deep-inelastic which has smaller uncertainties compared to GeV-scale
neutrino beams.
To leverage the capabilities of the FPF to probe the scenarios mentioned above, it is necessary
to distinguish between the signal process νµ N → µ+ φX from the background from the SM charged
current process νµ N → µ− X. The following kinematic variables can be used for comparing the
signal and the background:
• p
/T , the missing transverse momentum, reconstructed from visible final state particles,
• Evis , the total energy of all visible particles,
• pmax
T , the highest transverse momentum of visible final state objects.
Fig. 7.37 shows one-dimensional distributions of these kinematic variables for the signal (red,
for mφ = 1 GeV) and background (blue), where we assume that the FPF detector has a 15% (solid
curves) or 45% (dashed curves) hadronic energy resolution. In both case we assume that the detector
has a 5% muon energy resolution and a perfect muon identification rate. We observe that signal
has p
distributions that are peaked at larger values compared to the SM background,
/T and pmax
T
and a Evis distribution that is peaked at smaller values compared to the SM background.
Using these kinematic variables, bounds on the coupling λµµ can be found by carrying out
a simple cut-and-count analysis or by feeding these variables into a neural network to optimize
the results. The main results of this analysis is depicted by the blue curve in Fig. 7.36 where we
show the expected sensitivity of the FPF assuming a 100 ton detector with 15% hadronic energy
resolution. The sensitivity of of the FPF to λµµ is unmatched by existing constraints from charged
meson decays above mφ ≈ 250 MeV, and that the sensitivity also exceeds existing constraints
from the invisible widths of the Z and Higgs bosons for mφ up to ∼ 20 GeV. In addition, the
FPF surpasses the expected DUNE sensitivity (red dashed curve) for mφ & 2 GeV. The bounds in
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GeV (red) and CC background (blue) for 15% and 45% hadronic energy resolution.Figure from
Ref. [1445].
Fig. 7.36 also shows that a 100 ton detector at the FPF will have the potential to probe both the
thermal freeze-out DM and SνDM targets in parameter space that is currently unconstrained by
existing experiments. For more details on the simulations and analysis method used to derive the
bounds we refer the reader to Ref. [1445].
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Astroparticle Physics
Contributors: Luis A. Anchordoqui, Dennis Soldin (conveners), Basabendu Barman, Atri Bhattacharya, Arindam Das, Hans P. Dembinski, Rikard Enberg, Carlos A. Garcı́a Canal, Anish
Ghoshal, Srubabati Goswami, Andrzej Hryczuk, Yu Seon Jeong, Krzysztof Jodlowski, Spencer R.
Klein, Felix Kling, Maxim Laletin, Tanmay Kumar Poddar, Mary Hall Reno, Leszek Roszkowski,
Tim Ruhe, Ina Sarcevic, Sergio J. Sciutto, Jorge F. Soriano, Anna Stasto, Sebastian Trojanowski,
and K. N. Vishnudath
Many discoveries in the history of high-energy physics have been made through cosmic ray
and cosmic neutrino observations. This includes, for example, the early landmark identification
of new elementary particles, the confirmation of long-suspected neutrino oscillations, as well as
measurements of cross-sections and particle interactions far beyond current collider energies. Two
recent examples that demonstrate the synergies between astroparticle and high-energy physics are:
√
(i) The measurement of the proton-proton cross-section at a center-of-mass energy of about s ∼
75 TeV [1446–1448], providing evidence that the proton behaves as a black disk at asymptotically
high energies [1449, 1450].
(ii) The measurements of the charged current neutrino-nucleon cross-section [80,1288,1289] and the
√
neutral to charged current cross-section ratio [1451] at s ∼ 1 TeV, which provide restrictive
constraints on fundamental physics at sub-fermi distances.
Cosmic rays enter the Earth’s atmosphere with energies exceeding 1011 GeV, where they interact
with molecules in the air. These collisions produce particle cascades in the atmosphere, so-called
extensive air showers (EAS), which can be measured with large detector arrays at the ground
and/or fluorescence detectors (for a detailed description, see e.g. Refs. [1453, 1454]). Fig. 8.1
shows simulated particle densities produced in proton-proton collisions (solid lines) compared to the
pseudorapidity ranges for current LHC experiments [1452]. Also shown are the estimated number
of muons, Nµ , produced by these particles during propagation through the atmosphere, assuming
0.93 , where E
Nµ ∝ Elab
lab is the energy of the secondary particles in the laboratory frame (dashed
lines). While the mid-rapidity ranges are only marginally relevant for the particle production in
EAS, the forward region plays a crucial role and can be probed at the FPF.
The FPF will also provide key information for understanding astrophysical neutrinos [1263] and
in the context of multimessenger astronomy [1455]. At very high energies, above ∼ 100 TeV, the
Earth becomes opaque to neutrinos, and neutrino observatories must concentrate on downwardgoing neutrinos [1456]. Backgrounds from atmospheric muons and neutrinos, produced in EAS in
the far forward region, are therefore a significant concern.
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FPF

Figure 8.1: Simulated densities of particles (solid lines) in high-energy proton-proton collisions
using EPOS-LHC. Dashed lines show the estimated number of muons produced by these particles if
they were propagated through the atmosphere, assuming an equivalent energy for the fixed target
0.93 . Figure taken from Ref. [1452].
collisions in the laboratory frame, Elab , and Nµ ∝ Elab
Moreover, cosmic ray measurements can potentially also lead to interesting bounds on dark
matter (DM) annihilations in the Galaxy and beyond. While in the most minimal BSM scenarios with a light, sub-GeV mediator particle between the SM and DM such signals are typically
suppressed in order not to violate stringent cosmological bounds, these can be avoided in more
rich dark sector models. In this case, the complementarity between the LLP searches at the FPF
and DM indirect detection can shed new light on the nature of the dark sector. Non-minimal DM
models can also lead to interesting complementarity between searches at the FPF and DM direct
detection underground experiments.
In the following, we will explore the synergistic links between astroparticle physics and the FPF.
The connection between FPF and cosmic ray physics will be discussed in Sec. 8.1, and atmospheric
neutrino fluxes will be described in detail in Sec. 8.2. The synergies between the FPF and indirect
dark matter searches, considering various dark sector models, will be discussed in Sec. 8.3.

8.1

Modelling Cosmic Ray Air Showers

Cosmic rays have been a standard but mysterious phenomenon in astrophysics since 1912 [1457].
After more than a century of thorough investigation their origin and acceleration mechanism(s)
remain uncertain [1458–1460]. Extragalactic cosmic rays with energies exceeding 1011 GeV have
been observed, but their nuclear composition is still unclear (see also the contribution to Snowmass
2021 on Ultra-High Energy Cosmic Rays [1454]). Above about 106 GeV cosmic ray observations
pivot on indirect measurements of extensive air showers. To determine the energy and nuclear
composition of cosmic rays, for example, we use our understanding of particle physics to model the
shower evolution and describe the main features of the atmospheric cascades [1461]. It has long
been known that uncertainties in the modeling of high-energy hadronic interactions of cosmic rays
with nuclei in the air propagate into the estimates of residual background rates and largely dominate the systematic uncertainties of the atmospheric cascade development [1462, 1463]. Although
several attempts have been made to describe the shower evolution correctly, significant discrepancies between experimental data and current model predictions remain. One of the main challenges
is the description of multi-particle production in the forward region during the EAS development.
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The Muon Puzzle and Beyond

Air shower simulations reasonably reproduce many of the features in the cascade development, but
there is a long-standing deficit in the number of muons produced in extensive air showers, which was
first observed by the HiRes-MIA experiment more than 20 years ago [1464]. Since then, both simulations and experiments have made enormous progress, but the Muon Puzzle persists [1452]. The
most unambiguous experimental evidence of the deficit was revealed in the analysis of data from the
Pierre Auger Observatory [1465, 1466]. A meta-analysis [1467–1469] of recent muon measurements
from several experiments is shown in Fig. 8.2. This analysis includes recent data from the Pierre
Auger Observatory (Auger) [1470,1471], the IceCube Neutrino Observatory (IceCube) [1472,1473],
the Yakutsk EAS array [1474], NEVOD-DECOR [1475], SUGAR [1476], and AGASA [1477]. In
order to make these different muon measurements in air showers comparable, the z-scale is used,
z=

lnhNµ i − lnhNµ,p i
,
lnhNµ,Fe i − lnhNµ,p i

(8.1)

where hNµ i is the average muon density estimate as observed in the detector, while hNµ,p i and
hNµ,Fe i are the simulated average muon densities for proton and iron showers after a full detector
simulation.
After applying an energy cross-calibration, the z-scale is approximately independent of the experimental details but depends on the hadronic interaction model used in air shower simulations. In
order to systematically quantify the energy-dependent trend observed in the muon measurements,
the mass composition dependence also needs to be taken into account. If the measured z-values follow zmass , for example obtained from the GSF flux model from Ref. [1478], the hadronic interaction
model describes the muon density at the ground consistently. Subtracting zmass will thus remove
the effect of the changing mass composition (see Ref. [1467] for further details). The resulting
∆z = z − zmass distributions are shown in the figure for EPOS-LHC and QGSJet-II.04. An upward
trend is observed which starts at moderate center-of-mass energies of about 10 TeV, accessible by
the LHC, followed by a linear increase with the logarithm of the shower energy. The slope of this
increase deviates from zero with a significance of more than 8σ [1469], indicating shortcomings in
our understanding of multi-particle production in EAS.
The muons seen by air shower experiments are of low energy (a few to tens of GeV). They are
produced at the end of a cascade of hadronic interactions with up to about 10 steps on average,
where the dominant process is soft forward hadron production, which can not be calculated from
first principles in perturbative QCD. Effective theories are used to describe these interactions, in
particular Gribov-Regge field theory. Detailed simulations [1463,1479] have shown that the hadron
multiplicity and, in particular, the hadron species at forward pseudorapidities of η  2 have the
largest impact on muon production in air showers. The sensitivity to the produced hadrons is high
and even small deviations of 5 % in the multiplicity and/or identity of the secondary hadrons have
a sizeable impact on the muon production.
Proposed models that account for such deviations are based on the restoration of chiral symmetry [1480], the production of fireballs [1481], a core-corona effect [1479], and a quark-gluon
plasma [1482, 1483]. These models have in common that the neutral particle production is suppressed with respect to the effective theories encapsulated in the current post-LHC hadronic
interaction models (e.g. EPOS-LHC [64], QGSJet-II.04 [1484], Sibyll-2.3c/d [756, 1265], and
DPMJet-III.2017 [953,1485]). This indirectly enhances the muon content at ground without altering the remainder of the shower development. Regardless of the details of the model, generally two
extremes can be distinguished: a rather strong suppression occurring in the first few interactions
of the air shower – reflecting some kind of threshold effect of exotic physics – or a small suppres-
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Figure 8.2: Linear fits to the ∆z = z − zmass distributions as a function of air shower energy from
Ref. [1469], where zmass is the number of muons predicted by a hadronic interaction model, here
EPOS-LHC (left) and QGSJet-II.04 (right), assuming a mass composition of the primaries based
on experimental parameterization from Ref. [1478] (GSF). ∆z measures the difference between the
experimental data and the inferred number of muons for a given hadronic model. A positive value
indicates an excess of muons in data with respect to simulations and zero indicates a perfect match.
Shown in the inset are the slope b and its deviation from zero in standard deviations for an assumed
correlation of the point-wise uncertainties within each experiment. Examples of the fits are shown
for a correlation of 0.0, 0.5, and 0.95 in varying shades of gray.
sion over a large range of energies where the effect on the muon content accumulates throughout
the shower development. The fit shown in Fig. 8.2 seems to favour the latter, as ∆z is continuously increasing with shower energy. A measurement of shower-to-shower fluctuations of the muon
content [1471] further motivates the accumulation scenario.
The amount of forward strangeness production seems of particular relevance [1486]. It is traced
by the ratio of charged kaons to pions, for which the ratio of electron and muon neutrino fluxes
is a proxy that will be measured by the FPF [67]. Electron neutrino fluxes are a measurement of
kaons, whereas both muon and electron neutrinos are produced via pion decay. However, νµ and
νe populate different energy regions, which can help to disentangle them. In addition, neutrinos
from pion decay are more concentrated around the LOS than those of kaon origin, given that
mπ < mK , and thus neutrinos from pions obtain less additional transverse momentum than those
from kaon decays. Thereby, the closeness of the neutrinos to the LOS, or equivalently their rapidity
distribution, can be used to disentangle different neutrino origins to get an estimate of the pion
to kaon ratio. If technically feasible, a correlation of the FPF measurements with the activity in
ATLAS could also be an interesting option in order to study the charge ratio in dependence of the
charged particle multiplicity in the central rapidity region [1487].
In addition, it might also be possible to use the forward going muons to constrain the forward
production of pions and kaons. The muon flux at FASER is estimated to be approximately 1 Hz
per cm2 [8]. About 2 × 109 muons will be detected by FASER in Run 3 (2022-24). The number
at FASER2 in the FPF at HL-LHC (2027-36) is about 1000 times larger. An interesting option is
to add a sweeper magnet upstream of the FPF (e.g. where the LOS leaves the LHC beampipe) to
deflect muons from the on-axis neutrino detectors. This will produce an over-density of muons at
about 1-2 m off the LOS. A dedicated detector, specifically placed to record these muons, would
provide complementary information to determine the ratio of charged pions to kaons. However,
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these measurements may be challenging because the origin of the muon flux at the FPF is currently
not well understood and further investigations are needed (see for example Sec. 2.8.4).
Analogously, using the high-energy neutrino (and muon) fluxes as a proxy for pion and kaon
production in the forward region, the FPF will also provide complementary data to measurements
from IceCube [1488]. With its deep ice detector, IceCube measures atmospheric muons with energies
from a few 100 GeV [1489–1491] up to energies above 1 PeV [1491–1493], as well as the lateral
separation of TeV muons [1489–1491]. Moreover, IceCube has measured the seasonal variations of
the muon flux over several years with a statistical significance that allows to determine the pion
to kaon ratio at high energies [1494–1497]. These muons are produced in the far-forward region
and studies of the pion and kaon production at the FPF can provide complementary information
which will help to reduce uncertainties in the modeling of the atmospheric muon fluxes. This, in
turn, will reduce uncertainties for astrophysical measurements in IceCube, such as the analysis of
the cosmic ray spectrum and composition [1498], for example.
The FPF experiments will further provide complementary data on very forward hadron multiplicities. The LHCf experiment has previously measured the neutral pion and neutron production
cross-sections [1129, 1188, 1190, 1499] and by using µ and νµ as proxies, the FPF experiment can
make complementary measurements of the charged pion production cross-section. A combination
of data from FPF and LHCf will constrain the hadron composition in the very forward region. As
the Muon Puzzle is assumed to be of soft-QCD origin, there is a strong connection to the QCD
program of the FPF and the measurements will help to understand particle production in EAS.

8.1.2

Probing Hadronic Interaction Models at the FPF

Extensive air showers are produced after a highly boosted proton or nucleus primary undergoes
a hadronic interaction with an atmospheric nucleus, which is practically at rest with respect to
the Earth’s surface. From there, experiments like the Pierre Auger Observatory [1500] or Telescope Array [1501,1502] observe the fluorecence produced after particles deposit their energy in N2
molecules in the atmosphere, as well as the direct Cerenkov radiation of particles arriving at ground
level. The development of the different components of the shower (electromagnetic and hadronic)
produce signatures that are observable by such experiments. Comparison with simulations allow to
constraint, among others, the hadronic models that are used to describe these primary interactions.
Since the center of mass of the colliding system is highly boosted along the speed of the primary
particle, the particles produced around the center-of-mass transverse region move forward along
the collision axis in the experiment frame, contributing to the shower and its observable signal.
Nevertheless, unlike in circular particle accelerators, the forward region can be fully captured air
shower experiments. The lack of forward region measurements from particle accelerators introduces
uncertainties in what hadronic models predict for these primary interactions, as well as for the
subsequent ones. These uncertainties propagate to cosmic ray shower observables, obscuring our
understanding of the particle physics behind them. The FPF will address this issue by measuring
and identifying the flavour of neutrinos coming from different hadrons, which will help identify the
forward region hadronic spectra.
Advances in this area are of high relevance not only to provide a solid foundation for hadronic
models, but to shed light on one of the unexplained observations in cosmic ray physics: the muon
puzzle describe in the previous section. The ratio of pions to kaons produced in the first interaction(s) is a proxy for the ratio of the electromagnetic to hadronic energy in the shower. It is
then expected that a better understanding of the hadron spectra in these interactions will provide insights on the shower development that correspond to observable quantities, rendering the
aforementioned experiments as great tools to understand particle physics at the highest energies.
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Figure 8.3: Absolute (left) and relative to EPOS-LHC (right) π ± and K ± energy spectra for the
four hadronic models under consideration. Obtained for different pseudorapidity ranges, increasing
√
from top to bottom, from 106 pp events at s = 14 TeV.
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Figure 8.4: Absolute (left) and relative to EPOS-LHC (right) π ± and K ± Feynman-x spectra for the
four hadronic models under consideration. Obtained for different pseudorapidity ranges, increasing
√
from top to bottom, from 106 pp events at s = 14 TeV.
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Figure 8.5: Neutrino energy spectra for electron neutrinos (left) and muon neutrinos (right) passing
through FASERν2. The vertical axis shows the number of neutrinos per energy bin that go through
the detector’s cross-sectional area for an integrated luminosity of 3 ab−1 . The different production modes are indicated by different colors: pion decays (red), kaon decays (orange), hyperon
decays (magenta), and charm decays (blue). The different line styles correspond to predictions
obtained from Sibyll-2.3d (solid), DPMJet-III.2017 (short dashed), EPOS-LHC (long dashed),
QGSJet-II.04 (dotted), and Pythia 8.2 using soft-QCD processes (dot-dashed) and with hardQCD processes for charm production (double-dot-dashed). Note that the predictions differ by up
to a factor 2 for neutrinos from pion and kaon decays, which is much bigger than the anticipated
statistical uncertainties at the FPF [67].
Fig. 8.3 and Fig. 8.4 display the energy and Feynman-x spectra for charged pions and kaons
√
in different pseudorapidity regions after simulating 106 proton-proton collisions at s = 14 TeV.
The simulations have been carried out considering standard hadronic interaction event generators:
EPOS-LHC [1503], DPMJet-III (version 19.1.1) [953], QGSJet-II.04 [1504] and Sibyll-2.3d [756].
All of them are accessible via the interface CRMC (version 1.8.0) [63]. In particular, Fig. 8.3 (left) and
Fig. 8.4 (left) show, respectively, the energy and xf spectra of kaons and pions between 100 GeV
and 10 TeV, for different pseudorapidity cuts. On the right panels, Fig. 8.3 and Fig. 8.4 show the
differences between the models, relative to our choice of baseline model: EPOS-LHC. It is clear how all
models differ substantially almost everywhere, although Sibyll-2.3d and DPMJet-III have similar
features. Remarkably, as shown in Fig. 8.5 the FPF experiments will provide complementary data
on far-forward hadron production, which can be used to refine our understanding of soft hadronic
processes.

8.1.3

Complementary Probes of Strangeness Enhancement: Auger Meets the
FPF

In Ref. [1506], the assumption that the strangeness enhancement observed by ALICE at midrapidity [1486] further increases in the forward region was put into effect to study the concomitant
π → K swap impact on the development of extensive air showers. The study, which was inspired
on the ideas introduced in Refs. [1507, 1508], was carried out implementing a phenomenological
toy model in AIRES (version 19.04.08) [1509]. The AIRES simulation engine provides full space-
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Figure 8.6: The left panel puts on view fractions of ultra-high energy primary cosmic rays entering
at the top of the Earth’s atmosphere, as functions of the primary energy, evaluated from partial
fluxes corresponding to the fit reported by the Pierre Auger Collaboration [1505]. The right panel
exhibits estimations of the dimensionless muon content Rµ = Nµ /Nref from AIRES simulations
for different values of fs superimposed over Auger data with statistical ( •| ) and systematic ( )
uncertainties [1465]. Here Nµ is the total number of muons (with Eµ > 300 MeV) at ground level
and Nref = 1.455 × 107 is the average number of muons in simulated proton showers at 1010 GeV
(with incident angle of 67◦ ). They were obtained assuming the mixed cosmic ray composition
shown in the left panel. Figure taken from Ref. [1506].
time particle propagation through the atmosphere and calls external event generators to process
hadronic collisions. In the analysis of Ref. [1506] all hadronic collisions were processed using
Sibyll-2.3d [756], but introducing the possibility of swapping π → K with a probability

 fs if −∞ < η < −4
0 if
−4 ≤ η ≤ 4
Fs (η) =
,
(8.2)

fs if
4<η<∞

where η is the pseudorapidity in the center-of-mass frame and 0 < fs < 1. Particle swapping was
performed in hadronic collisions whose projectile kinetic energy was larger than Epmin = 103 TeV.
This low energy threshold was selected to roughly accommodate the onset of a smooth rise of the
hyperon-to-pion ratio measured at ALICE [1510]. Secondary particles were randomly selected with
probability Fs and if their energies were below Esmin = 1 GeV they are always left unchanged.
In case of positive selection, the identity of particles was changed according to the following
swapping criteria:

(i) Each π 0 was transformed onto KS0 or KL0 , with 50% chance between them.
(ii) Each π + (π − ) was transformed onto K + (K − ).
As shown in Fig. 8.6, for 0.4 < fs < 0.6, the toy model can partially accommodate Auger
data [1465, 1466]. A point worth noting at this juncture is that the shape of the best-fit curve
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Figure 8.7: Neutrino energy spectra for electron neutrinos (left) and muon neutrinos (right) passing
through the FLArE detector. The vertical axis shows the number of neutrinos per energy bin that
go through the detector’s cross-sectional area of 1 m2 for an integrated luminosity of 3 ab−1 : pion
decays (red), kaon decays (orange), hyperon decays (magenta), and charm decays (blue). The
different line styles correspond to predictions obtained from Sibyll-2.3d by varying fs [1506].
to Auger data is driven by both strangeness enhancement and the rapid change in the nuclear
composition [1511]. Thus, nuclear effects [1481] could play a conclusive role in bridging the gap
between data and simulations, hinting that Fs should also have a variation with the nucleus baryon
number A. Along this line, a strong suppression of the production of neutral pions in pPb collisions
was reported by the LHCf Collaboration after comparing to the results of pp scattering [1512].
The analysis presented in Ref. [67] using the RIVET [1186, 1513] module for fast neutrino flux
simulation has been duplicated in Fig. 8.7, but considering the π → K swapping driven by Fs . It
is remarkable that already for fs = 0.1 (fs = 0.2) the predicted electron neutrino flux at the peak
of the spectrum is a factor of 1.6 (2.2) larger. These differences are significantly larger than the
anticipated statistical uncertainties at the FPF [37, 67].
Within this decade, ongoing detector upgrades of existing facilities, such as AugerPrime [1514]
and IceCube-Gen2 [1515], will enhance the precision of air shower measurements and reduce uncertainties in the interpretation of muon data. The FPF will provide invaluable complementary
information to test models addressing the muon puzzle via strangeness enhancement.

8.2

Understanding the Atmospheric Background of Astrophysical
Neutrinos

High-energy neutrinos of astrophysical origin are nowadays routinely observed by neutrino telescopes. In most cases these astrophysical neutrinos become visible as a diffuse flux [1516], but in
some cases the source of the incident neutrino can be identified [1517, 1518]. The next generation
of neutrino telescopes like IceCube-Gen2 [1515] and KM3NeT [1519] are expected to detect one
order of magnitude more cosmic neutrinos. With this increase in statistics, the number of identifiable sources is also expected to rise, as detectable sources can be five times fainter compared to
IceCube. The detection of numerous neutrinos from the same source or the same class of sources,
will then allow for a more detailed understanding of neutrino production mechanisms in the source
and the acceleration of cosmic rays (see also the contributions to Snowmass 2021 on High Energy
and Ultra-High Energy Neutrinos [1263] and Multimessenger Astronomy and Astrophysics [1455]).
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Atmospheric neutrinos, produced in the interaction of cosmic rays with nuclei in the Earth’s
atmosphere and the subsequent decay of mesons, are an irreducible background to searches for
astrophysical neutrinos. An accurate understanding of the physics of cosmic sources therefore
requires an in-depth understanding of the atmospheric neutrino flux. The FPF will provide key
information for understanding astrophysical neutrinos, as described in the following.

8.2.1

Atmospheric Backgrounds in Large-Scale Neutrino Telescopes

Atmospheric neutrinos are produced by semileptonic decays of hadrons in EAS, typically π ± and
K ± decays. This component of the flux is called the conventional neutrino flux which falls steeply
with increasing energy. This mainly reflects the spectral shape of the incoming cosmic ray flux,
but there is an additional suppression that comes from the energy loss experienced by the mesons
before they decay. The proper decay lengths of pions and kaons are O(1) m and much longer at
high energy, while their average interaction times are much shorter. They will therefore lose energy
before decaying, leading to an extra factor of approximately Eν−1 in the flux compared to the
incoming cosmic rays. This qualitative picture is confirmed by theoretical predictions [1520, 1521]
that agree very well with measurements up to energies of roughly 105 GeV [1522].
On the other hand, when the energy is sufficiently high, atmospheric neutrinos also originate
from the the semileptonic decay of heavy flavor hadrons, such as D mesons, B mesons, or Λc baryons.
This component is called the prompt neutrino flux. In contrast to the pions and kaons, these heavy
flavor hadrons have very short decay lengths of a few hundred µm, and decay immediately to
neutrinos after they are produced. Therefore the flux of prompt neutrinos falls off less quickly with
energy than conventional neutrino flux and instead approximately reflects the energy dependence
of the incoming cosmic ray flux. As a result, the prompt neutrino flux is predicted to dominate
the conventional neutrino flux above a certain energy range, roughly around Eν ∼ 105 − 106 GeV.
There is also a flux of muons from the semileptonic decays of KS , which have a critical energy of
120 TeV, so they are intermediate between conventional and prompt neutrinos. At energies above
this critical energy, they provide about 28% of the neutrinos from kaons [1523].
At high energies, prompt atmospheric neutrinos are the primary background to astrophysical
neutrinos that are hunted by high-energy neutrino observatories such as IceCube and KM3NeT.
About a decade ago, the IceCube collaboration reported the first observation of two PeV energy
neutrinos [1524], and astrophysical neutrinos have been continuously searched at energies between
1 TeV and 10 PeV [1524–1529]. Prompt atmospheric neutrinos have not yet been observed by
experiments and only upper limits have been set [1516, 1530–1533]. Fig. 8.8 shows the deposited
energies and arrival directions of observed events in IceCube, as well as the expected contributions
from backgrounds and astrophysical neutrinos [1530]. Also shown are the 90% CL upper bound on
the charm neutrino flux and the best-fit astrophysical spectra.
Ideally, one would eliminate all of the atmospheric background events, but this is experimentally not possible, instead, the remaining backgrounds must be estimated and subtracted. The
acceptance for these events is typically determined using simulations and it is thus important to
have experimental data to anchor these simulations and reduce the uncertainties.
At energies above ∼ 100 TeV, the Earth becomes opaque to neutrinos, and neutrino observatories must concentrate on downward-going events [1456] where backgrounds from atmospheric
leptons are a significant concern. Here, the main difficulty is the possibility of self-veto which happens when the neutrino (or a muon from the neutrino) is accompanied by enough other particles
from the EAS that created it so that the event is vetoed. There are generally two ways to veto
atmospheric neutrino events originating from EAS in neutrino observatories:
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Figure 8.8: Deposited energies and arrival directions of observed events in IceCube, as well as
expected contributions from backgrounds and astrophysical neutrinos. The atmospheric muon
backgrounds are estimated from data (red), the atmospheric neutrino backgrounds (blue) are determined from simulations and include 1σ uncertainties (gray band). The 90% CL upper bound on
the charm neutrino flux is shown as a magenta line and the best-fit astrophysical spectra (assuming
an unbroken power-law model) are shown in gray. The solid line assumes a single power-law model,
whereas the dashed line assumes a two power-law model. Figure taken from Ref. [1530].
(i) The air shower can produce enough particles to be visible in a surface air shower array. The
chance of this occurring depends on the EAS energy, and on the distance from the air shower core
to the surface array. Air-Cherenkov telescopes can be used to further improve veto capabilities
by measuring the EAS in the atmosphere through Cherenkov light emission [1534, 1535].
(ii) The neutrino may be accompanied by muons from the air shower. In studies of starting events,
where neutrino interacts within the detector, this muon will make the event look like a throughgoing muon, and so be vetoed. In studied of through-going muons from neutrino interactions
outside the detector, the additional muons will reduce the apparent stochasticity of the event,
causing it to look like (and actually be) a muon bundle. There is also a very small background
when a single air shower produces two neutrinos which interact in the detector [1536].
These self-veto probabilities must be evaluated mostly using simulations [37, 1537–1539] which
usually consider neutrinos from charm and light hadrons separately. Although charm production
can, in principle, be calculated using pQCD, there are considerable uncertainties, especially in the
forward direction, where one parton has a large Bjorken−x and the other a very low x value. Prompt
atmospheric neutrino production and its uncertainties will be further discussed in Sec. 8.2.2.
The FPF will provide data to test and tune Monte-Carlo codes in the forward region in multiple
ways. The measurements can be used to test the individual pQCD calculations and to reduce the
uncertainties associated with them. In addition, the data can be used as input to calculations,
which will in turn improve the available models. It is also important to take data with nuclei,
especially with oxygen beams, to match the atmosphere and reduce nuclear uncertainties [1540].

Chapter 8. Astroparticle Physics

339

By improving the models for prompt neutrino fluxes and by lowering the associated uncertainties, the physics program of the FPF will be highly beneficial in the context of astroparticle physics,
as it will certainly lead to a better description of the major background component in searches for
high-energy neutrinos from astrophysical sources. The benefit is expected to be even larger for
future neutrino telescopes, like IceCube-Gen2 [1515, 1538], where the measurement of neutrino
spectra from certain source classes – or even individual point sources – comes within reach. These
neutrino spectra will shed light on the acceleration of cosmic rays. In this context, it becomes clear
that the background of prompt atmospheric neutrinos needs to be understood as thoroughly as
possible in order to gain meaningful insights from these source spectra.
Synergies of prompt atmospheric flux models are, however, not limited to measurements of the
astrophysical neutrinos. By enabling a more detailed description of the atmospheric neutrino flux,
the FPF is also expected to improve the understanding of small scale features in these spectra.
Possible examples include an accurate detection of the cosmic ray knee in atmospheric neutrino
spectrum, as well as a more accurate description of the impact of seasonal modulations in the
atmospheric temperature on the spectra. The physics program of the proposed Forward Physics
Facility is therefore crucial for an accurate measurement of the prompt atmospheric neutrino flux.

8.2.2

Prompt Atmospheric Neutrino Production

As described in Sec. 8.2.1, the prompt atmospheric neutrino flux originates from the semileptonic
decay of heavy hadrons, such as D mesons, B mesons, or Λc baryons, and it is predicted to dominate
the conventional flux above around Eν ∼ 105 −106 GeV. The atmospheric nucleon-nucleon collisions
responsible for producing the prompt flux around the interesting range of neutrino energies is in
√
fact very relevant for LHC: for a neutrino lab frame energy of 1 PeV, the corresponding sN N is
about 8 TeV. As we shall see, the heavy flavor hadrons are produced at very large rapidities, so we
may expect to study the underlying production process at the FPF experiments.
One approach to evaluating the atmospheric neutrino flux is to use the semi-analytic Z-moment
method, which yields an approximate solution to the coupled cascade equations that relate the
incident cosmic ray flux and the produced hadrons and leptons [1453, 1541]. The general form of
the cascade equation for a particle j is given by
dφj (E, X)
dX

= −

X
φj (E, X)
φj (E, X)
− dec
+
S(k → j)
λj (E)
λj (E, X)

(8.3)

(dec)

with column depth X and interaction and decay lengths λj and λj . These equations thus
describe the propagation of particles in the atmosphere in terms of their flux change. The Zmoments are related to the source terms S(k → j) for particle generation, which involve the heavy
flavor production cross-section and the decay distribution. They are given by
Z

∞

φk (E 0 , X) dn(k → j; E 0 , E)
λk (E 0 )
dE
E
φk (E, X)
' Zkj (E)
.
λk (E)

S(k → j) =

dE 0

(8.4)

With some approximations, e.g. φk (E, X) ' φ0k (E) exp{(−X/Λk )}, the Z-moments are obtained
as the energy dependent factors Zpp for proton reproduction, Zph and Zhh for hadron production,
and Zhν for neutrino production, that contain all particle physics aspects of particle production.
The approximate solutions of the coupled cascade equations can then be expressed in terms of these
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Figure 8.9: Comparison of the prompt atmospheric muon neutrino flux, φ, from various recent
flux calculations [893, 1542–1548], as a function of the neutrino energy, Eν , following Ref. [893].
The incident cosmic ray flux is approximated with a broken power law (BPL) in all predictions.
Z-moments, and yield closed expressions for the resulting neutrino flux in terms of the Z-moments,
decay and interaction lengths, and incoming cosmic ray flux.
The particle physics inputs are therefore the source terms (k → j), which in turn contain the
differential energy distributions of heavy quarks and neutrinos. The basic quantity that must be
computed is thus the differential cross-section dσ/dxq , where xq is the longitudinal energy fraction
of the produced quark. Alternatively one uses the Feynman-x variable xF ' xq .
Alternatively, atmospheric neutrino flux can be also evaluated numerically using, for example,
MCEq (Matrix Cascade Equations) [1542], which is a numerical code to solve the cascade equations.
MCEq uses the Sibyll-2.3 event generator to evaluate heavy flavor production cross-sections.
In Fig. 8.9, several modern predictions for the prompt νµ + ν̄µ flux obtained by different groups
are shown, using both the Z-moment method and the numerical method [893, 1542–1548]. These
predictions use a broken power law (BPL) cosmic ray spectrum, which used to be the standard
in earlier works. Although this is not a very good approximation, considering modern cosmic ray
data, it allows for a transparent comparison of different particle physics calculations. However, the
presented fluxes are therefore not completely realistic.
As shown in the figure, the available theoretical predictions of the prompt atmospheric neutrino
flux have large uncertainties. These uncertainties come from many of the ingredients in the evaluation of the prompt fluxes, e.g. the cross-sections for heavy flavor production, parton distribution
functions (PDF) and fragmentation functions. Among these factors, the heavy flavor production
cross-section brings about the most significant uncertainties. There is additional large uncertainty
in the cosmic ray flux, as well in the fact that the air consists of nuclei with an average hAi = 14.5,
so that nuclear effect may be important. We will not discuss these uncertainties here, but refer to,
e.g. Ref. [1543] for a discussion.
During cosmic ray interactions in the atmosphere, the heavy flavors are produced in the forward
direction. In other words, the partons involved in heavy flavor production, mostly gluons, have
very asymmetric longitudinal momentum fractions. The Bjorken-x of the two incoming gluons are
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2
4m
1
q q̄
± xF  ,
x1,2 =  x2F +
2
s
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(8.5)

√
where the invariant mass mqq̄ of the heavy quarks is far smaller than s. This means that x1 ∼ xF
and x2 ∼ m2qq̄ /(xF s)  1. Thus, the x-values are very small, and very large in the nucleons in the
Air nuclei and in the cosmic rays, respectively.
As an illustration of the x-values, for incoming cosmic ray energies of Ep = 100 TeV or 1 PeV
we get in the forward limit (xF ' 1) that x2 = 3 × 10−5 or x2 = 3 × 10−6 . These are extremely
small values of x – far smaller than anything accessible at today’s accelerators.
The small x relevant for prompt atmospheric neutrinos are not probed by experiments at present,
and available PDF parametrizations therefore are not reliable in this region. Moreover, at such
small x, large logarithms ln(1/x) must be resummed, leading to effects described by the BFKL
equation. Theoretically, one also expects parton saturation effects at very small x. There are some
models that incorporate these effects such as the dipole model and kT factorization approach.
The standard method to calculate the heavy flavor production cross-section is to use NLO
perturbative QCD with the collinear approximation, which is used in the predictions of BERSS
15 [1546], BEJKRSS 16 [1543] and JBDGKR 21 [1548] in Fig. 8.9. The models that incorporate
the low x effects are adopted in ERS 08 [1547] for the dipole model, and in BEJKRSS 16 [1543]
for both dipole model and kT factorization. In Ref. [1543], thus predictions by three different
approaches for the heavy flavor production are compared, and the combined uncertainty is shown
as a green band in the figure. The other predictions are obtained from the Monte-Carlo generators.
In particular, GMS 15 [1545], GRRST 15 [1544] and PROSA19 [893] performed the simulations with
POWHEG for the heavy quark production and Pythia for fragmentation, and FEGRS 15 [1542]
used Sibyll-2.3 event generator as mentioned above.
Prompt neutrinos are produced predominantly from charm meson decays. In order to evaluate
the prompt atmospheric neutrino flux, one can compare the cross-sections for charm meson production with the LHC data. Charm mesons from the cosmic ray interactions in the atmosphere
are produced in the forward direction, therefore it is relevant to compare in particular with the
data from the LHCb experiment [952], which investigate the most forward region up to date, i.e.
2.0 < y < 4.5 for charm meson rapidities. Fig. 8.10 shows the prompt atmospheric neutrino fluxes
for νµ + ν̄µ from the charm produced at different collider rapidity ranges in pp collisions [1548]
as well as the conventional neutrino flux. In splitting the rapidity ranges, we take 2.0 < y < 4.5
probed by LHCb experiment, y > 7.2 that will be investigated at the forward experiments during
the Run 3 of the LHC, and the remained region between the two ranges, 4.5 < y < 7.2. In evaluating the prompt neutrino flux, the energy distributions of the cross-sections for charm production
in pp collision are scaled by average atomic number for air nuclei A = 14.5 to approximate the pA
collision. The results in the figure are evaluated using one of more recent cosmic ray spectra than
the BPL, the known as H3a, which is parameterized considering the sources and composition of
cosmic rays [1550] (for more parameterizations of such cosmic ray spectra and their application to
the predicted prompt neutrino fluxes, we refer to the Refs. [1543, 1550, 1551]). For comparison, the
prediction of the prompt neutrino flux with the BPL spectrum is also presented. As shown in the
figure, the prompt atmospheric neutrinos at the energies where the prompt neutrinos are dominant
are from the charm produced in the rapidity of y > 4.5.
As mentioned above, the LHCb Collaboration has published charm meson production data for
2 < y < 4.5. In addition, two forward experiments at the LHC, FASERν [10] and SND@LHC [12],
will directly measure the prompt neutrinos during the Run 3 stage at more forward region y > 7.2.
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Figure 8.10: Prompt atmospheric neutrino fluxes for νµ + ν̄µ from the charm produced in different
collider rapidity ranges [1548]. Also shown is the conventional atmospheric neutrino flux from
Ref. [1549]. In the prompt flux evaluation, the pp charmed hadron energy distributions are scaled
to account for the air target average atomic number A = 14.5, as described in the text. The
calculation of prompt atmospheric fluxes involves pA collisions in a wide range of center-of-mass
energies, including LHC energies.
The FPF during the high-luminosity era will be able to obtain data with much higher statistics
and possibly with more coverage of the rapidity range, thereby providing important information
to reduce the uncertainty and constrain the model for the charm production. Consequently, the
FPF will play a crucial role in improving the predictions of the prompt atmospheric neutrino flux.
This, in turn, will have significant impact on the searches for astrophysical neutrinos, as described
in Sec. 8.2.1, Moreover, an improved modelling of prompt atmospheric neutrinos might also allow
for the identification of a sweet spot, where the influence of this particular component becomes
not only visible, but clearly distinguishable from all other effects. This would significantly help to
measure the prompt atmospheric neutrino flux in large-scale neutrino telescopes for the first time.

8.3

Dark Matter Searches and Their Impact on Astrophysics and
Cosmology

One of the primary motivations for BSM searches in the FPF is their possible connection to the
efforts towards understanding the nature of DM in the Universe. In particular, as discussed in
Chapter 5, light, sub-GeV DM particles can be abundantly produced in the far-forward region of
the LHC and can be directly searched for with the scattering signatures. Further discovery prospects
arise from the proposed search for light unstable species that can be mediator particles between
DM and the SM, as described in Chapter 4. Importantly, such thermally-produced and light DM
particles can additionally be strongly constrained by the possible impact of their annihilations
on the cosmic microwave background (CMB) radiation (see also the contribution to Snowmass
2021 Cosmology Intertwined [1552]). As a result, the relevant searches in the FPF are typically
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competitive with current bounds in scenarios predicting suppressed DM annihilation rates, e.g. due
to a velocity dependence of the corresponding cross section.
This, however, can be circumvented in more rich dark sector scenarios, in which the DM production in the early Universe occurs differently than it would be dictated by the vanilla freeze-out
mechanism. In this section, we will first illustrate possible complementarity between DM indirect detection strategies and the FPF searches for unstable light new species in example scenarios
employing the freeze-in DM production mechanism in Secs. 8.3.1 and 8.3.2. In this case, the DM
species remain out of thermal equilibrium with the SM particles in the early Universe. Interestingly,
in these selected models, complementary search strategies employing a variety of experimental signatures can probe such scenarios well in the coming years even though the freeze-in production
typically corresponds to much-suppressed couplings between DM and the visible sector. This can
also extend to direct DM searches in underground detectors, as discussed in Sec. 8.3.3. If DM particles thermalize in the early Universe, due to the coupling with the light unstable mediator species,
the complementarity between the FPF searches and DM indirect detection can be observed in rich
dark sector models in which DM is well secluded from the SM, as described in Sec. 8.3.4.

8.3.1

Dark Matter from Freeze-In Semi-Production

An interesting alternative to thermal freeze-out is the so-called freeze-in mechanism, i.e. a gradual
production of dark matter due to an energy leakage from the SM thermal bath through a very feeble
interaction. Models featuring this scenario for the origin of DM are by construction significantly
harder to detect in traditional searches, both direct and indirect ones. However, a common feature
of the majority of such models is the existence of a portal, i.e. the interaction between the dark
sector (DS) and the SM sector takes place through an additional mediator field that is a singlet of
the SM gauge group (see e.g. Ref. [1553] for a review). Possible renormalizable couplings to the
SM sector include mixing with the Higgs for scalar mediators, kinetic mixing with U (1)Y for vector
mediators, or interactions through a connection to right-handed neutrinos, see also discussion in
Chapter 4. It follows that even if hard to test in conventional DM searches, many freeze-in DM
models can imprint signals in FPF through the presence of this mediator state.
Theories with scalar mediators connected through the Higgs portal are certainly an attractive
possibility. The mixing through cubic or quartic terms is generic for any scalar and it is natural
to incorporate such a mediator in the DS as well. Among recently studied ideas that possess this
feature are the freeze-in from semi-production [1554] (see also Ref. [1555]) and forbidden freezein [1556] scenarios. These variants introduce relatively generic mechanisms for DM production
and are especially interesting phenomenologically because they require larger couplings than in the
usual freeze-in. Therefore, besides the mediator signals in the forward physics experiments, these
freeze-in models can be tested via common dark matter search strategies.
Semi-production is based on the reaction of the dark matter candidate χ with the mediator φ
giving rise to two dark matter particles:
χφ → χχ .

(8.6)

Such a process is possible, and indeed can be dominant, in the models where the DM state is
stabilized by symmetry that is larger than the common Z2 symmetry, the simplest interesting
example being Z3 . The reverse process, namely semi-annihilation, gives a well-known variant of
the DM production in the thermal freeze-out paradigm [1557]. Since the rate of the χφ → χχ
process is proportional to the DM number density, which during the early stages of freeze-in is
very small, the semi-production is strongly suppressed at the beginning. Therefore, to produce
substantial amounts of DM in this scenario one indeed requires larger couplings. In fact, large
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Figure 8.11: Left: The constraints and search prospects for the scalar mediator φ in the freeze-in
mechanism via semi-production processes that decays to various SM states through the Higgs portal.
The blue/green points correspond to the regime of dominant semi-annihilation/pair-annihilation
and the filling of the points signify the ones that can be probed in indirect searches, while empty
ones are beyond reach. Right: Indirect detection constraints and prospects. The filled points signify
the parameter sets that fall within the reach of the mediator searches, while the empty ones are
beyond these prospects. For more details see Ref. [1554].
enough to potentially lead to observable effects in indirect searches, especially in the case when
both the mediator and the dark matter particle were never in thermal equilibrium in the early
Universe. Nevertheless, most of the parameter space of the model studied in Ref. [1554], still
evades the current and upcoming search sensitivities in indirect detection.
Fortunately, the prospects are much more promising in accelerator-based searches including in
the far-forward region of the LHC with the FASER2 detector as can be seen by comparing the
left and right panel of Fig. 8.11. Interestingly, these results also show that freeze-in from semiproduction has the potential of simultaneously providing the correct relic density, cross-section in
the range required to explain the Galactic Centre excess through DM (semi-)annihilation, strong
enough self-heating in DM haloes to induce core formation [1558] and, on top of this, measurable
signals in the FPF. What is worth emphasizing, this mechanism is also not tied to any single model
but can be realized more broadly whenever a given theory allows for a semi-annihilation process.
Forbidden freeze-in refers to a scenario where the DM species is produced through the decay of
the mediator, which at zero temperature is forbidden kinematically. In the early Universe, however,
thermal effects open up this process leading to a non-zero DM production. In this scenario, the
freeze-in is again suppressed, now due to the production era being limited only to a short time
window at high temperatures, while still retaining independence from the unknown value of the
reheating temperature. Therefore, the coupling between the mediator and the DM needs to be
larger leading to a significant part of the parameter space being in a mass and lifetime range that
can be probed in forward searches [1556]. It is worth noting that many freeze-in models relying on
production from a decay may exhibit interesting, still not well studied, forbidden regimes.
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Figure 8.12: Variation of the DM yield Y (x) with x = mDM /TR for TR >> mDM >> MZ 0 (left)
and x for TR >> MZ 0 >> mDM (right). Figure taken from Ref. [1560].

8.3.2

Freeze-In Sterile Neutrino Dark Matter

A simple approach to explain the origin of tiny neutrino mass is the seesaw mechanism, in which the
suppression of the neutrino mass can be related to the presence of a heavy particle at a high scale,
which is also the scale of lepton number violation. On the other, hand there is an alternative idea
called the inverse seesaw mechanism in which the smallness of the neutrino mass can be explained
by small lepton number violating term in the Lagrangian, whereas the heavy particles can be at
the TeV scale.
This model allows for appreciable mixing between light and heavy states. We consider a general
U(1)0 extended framework [1559–1561] where three SM singlet right-handed neutrinos (RHNs) and
three gauge singlet Majorana fermions are introduced to generate the light neutrino mass via the
inverse seesaw mechanism. This model consists of an SM singlet scalar which can mix with the SM
like Higgs. The presence of the three-generation of RHNs makes the model free from gauge mixed
gauge-gravity anomalies [1561]. The model contains an extra Z 0 which gets mass when the U (1)0
symmetry is broken. The cancellation of gauge and mixed gauge-gravity anomalies determines the
U (1)0 charges of the fermions and we find that the Z 0 interacts differently with left-handed and
right-handed charged fermions. Interesting phenomenological consequences of this scenario have
been discussed, for instance, in Ref. [1562]. In this framework, we assign one pair of degenerate
sterile neutrinos to be a potential dark matter candidate whose relic density can be generated by
the freeze-in mechanism. We consider different mass regimes of the sterile neutrino DM (mDM )
and the Z 0 boson (MZ 0 ) which can be studied by choosing an appropriate reheating temperature
(TR ). We highlight the prospects for the dark vector searches in the FPF.
To study DM phenomenology from the freeze-in mechanism we consider two cases where the
observed relic abundance of 0.12 can be reproduced [1560]:
(i) In the limit of TR >> mDM >> MZ 0 , and for 0.1 MeV MZ 0 . 100 GeV the cross-section for
production of the DM becomes

3
2
04 s 1 − 4mDM 2
g
s
1
σ(s) =
x2Φ (10x2H + 13x2Φ + 16xH xΦ ) ,
48π
s2

(8.7)

where xH and xΦ denote the U(1)X charges of the SM Higgs doublet and SM singlet U(1)X
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Figure 8.13: Variation of g 0 with MZ 0 considering xH = 1 and xΦ = 1 for TR >> mDM >> MZ 0
(left) and TR >> MZ 0 >> mDM (right) [1560].
scalar. The DM relic density becomes
ΩDM h2 =

mDM Y∞ S0
ρc
h2

= 0.12×

 106.75  3 
2

g∗

4
g0
x2Φ (10x2H +13x2Φ +16xH xΦ ).
3.04 × 10−6

(8.8)

Y∞ is inversely proportional to mDM . As a result Eq. (8.8) is independent of mDM . In Fig. 8.12
(left panel) we show the variation of DM yield Y (x) as a function of x. In this case, freeze-in
occurs at T ∼ mDM . We obtain g 0 = 3.65 × 10−6 setting xH = 1, xΦ = 1, mDM = 1 TeV and
MZ 0 = 0.1 GeV to reproduce the correct relic abundance 0.12.
(ii) The DM can also be produced through the Z 0 boson resonance. At s = MZ2 0 the resonance
√
occurs for the region s ≥ 2mDM . Using the narrow width approximation, we can write the Z 0
propagator as
π
1
=
δ(s − MZ2 0 ).
(8.9)
2
2
2
2
MZ 0 ΓZ 0
(s − MZ 0 ) + MZ 0 ΓZ 0
If MZ 0 < 2mt , the total decay width of Z 0 becomes,
ΓZ 0 =

1
1 02
g MZ 0 [ (241x2H + 418x2Φ + 436xH xΦ ) + x2Φ ].
24π
36

(8.10)

Hence, the DM relic density becomes

ΩDM h2 ' 0.12

2  m
 10 GeV 
g0
DM
6.54 × 10−9
10 keV
MZ 0
h
i
2
2
2
xΦ (10xH + 13xΦ + 16xH xΦ )
4m2DM 5/2
1
−
× 1
.
2
2
2
MZ2 0
36 (241xH + 418xΦ + 436xH xΦ ) + xΦ

(8.11)

In Fig. 8.12 (right panel) we have show the variation of the DM yield with x. The DM freezes-in
occurs at x = mDM /MZ 0 . We obtain g 0 = 1.419359×10−9 setting xH = 1, xΦ = 1, MZ 0 = 10 GeV
and mN = 10 keV to reproduce the correct relic abundance 0.12.
Requiring that the correct DM relic abundance of 0.12 is reproduced, we find bounds on the g 0 −
MZ 0 plane for the model considering xH = 1 and xΦ = 1 in Fig. 8.13 for two cases TR >> mDM >>
MZ 0 (left panel) and TR >> MZ 0 >> mDM (right panel). In the second case, we considered two
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benchmarks for the DM mass as 10 keV and 100 keV respectively. We also obtain the constraints on
the MZ 0 − g 0 plane from neutrino-electron scattering experiments like Borexino [195], beam-dump
experiments - Orsay [171], E137 [121], ν-cal [181, 1563], astrophyiscal observations like Horizontal
Branch (HB) stars [1564, 1565], as well as lifetime frontier experiments FASER [9], FASER2 [433],
SHiP [29], and also from future neutrino experiment DUNE [1566]. These plots are obtained from
the corresponding plots for U (1)B−L by doing appropriate matching [9, 662, 1566, 1567].
We also note that if the mass of the sterile neutrino dark matter is ≥ 1 MeV and if the
MZ 0 > mDM = mN , the DM candidate can decay into positrons. As a result, it can explain
the long-standing puzzle of the galactic 511 keV line in the Milky Way center observed by the
INTEGRAL satellite [1568]. The parameter space that can give rise to the 511 keV line corresponds
to |Vαi |2 ∼ 5.44 × 10−24 . This is denoted by the orange line in Fig. 8.14.
The shaded regions in Fig. 8.14 are excluded by different observations. The region above the
dotted blue line corresponds to the parameter space where the sterile neutrino is overabundant
(assuming production is only via mixing). In the region above the black solid line, the sterile
neutrino lifetime is shorter than the age of the universe [1569]. The DM annihilation or decay in
the Milky way can give rise to γ ray spectral lines that can be probed by various indirect detection
experiments. These searches put constraints on the sterile neutrino DM mass and mixing parameter
space. The regions above the dash-dotted cyan line, dashed red line and dash-dotted magenta line
are disfavored by the search for γ spectral lines by Fermi-LAT [1570], COMPTEL [1571] and
EGRET [1571, 1572] respectively. The spectral line search by INTEGRAL MW [1573] puts bound
on the active-sterile mixing for the DM of mass 0.04 MeV < mN < 14 MeV and is shown by
the region bounded by a dotted green line. The precise measurement of the CMB anisotropies
and temperature puts constraints on the sterile neutrino DM mass and mixing. The possible decay
modes of sterile neutrino are νγ and νe+ e− that result in early energy injection. The decay product
νe+ e− gives constraints on large sterile neutrino mass (dashed brown line) which comes from the
CMB νe− e+ mode. Thus, it is clear from Fig. 8.14 that the higher the mass of the sterile neutrino
DM (mN ), the lower the active-sterile mixing has to be. To achieve this in our model, the Yukawa
couplings of DM candidates to the active light neutrinos and the SM Higgs have to be very small.
As can be seen, different regions of the parameter of the model under study can be probed
by a variety of different experimental approaches ranging from accelerator-based searches for light
unstable new physics species to DM indirect detection observations. The search for light unstable
vector mediator particles in the FPF will play an important role in probing this scenario.

8.3.3

Imprints of Scale Invariance and Freeze-In Dark Matter at the FPF

Scale Invariance as a desirable UV-completion framework, in particle theory, can on one hand
dynamically generate the scales of electroweak and dark sector physics [815, 1574, 1575], thereby
ameliorating the naturalness problem of the SM Higgs mass, and on the other hand, can also
incorporate a testable freeze-in [1553, 1576] dark matter scenario. To establish this, we have given
a prescription in Ref. [1577], where we consider a U (1)X gauge extension of the Standard Model.
Under this new gauge symmetry the DM, which is the gauge boson Xµ , becomes massive once
U (1)X is spontaneously broken by the vacuum expectation value (VEV) of a new scalar S. This
gives rise to the familiar Higgs-portal DM model, where the DM communicates with the visible
sector via the portal coupling, with a strength proportional to the scalar mixing. This also opens
up discovery prospects for such models in the LLP searches in the FPF.
The DM renders stability as it carries an odd Z2 charge, while all the SM fields are even under
Z2
the Z2 . The singlet scalar S, on the other hand, transforms as S −→
S ? , such that the stabilizing
symmetry remains exact. The classically conformal gauge extension to the SM leads to several
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Figure 8.14: Existing experimental bounds on the light heavy mixing squared (|VeN |2 ) and mass
of the sterile neutrino DM (mN ). The shaded regions are disfavored by the various experiments
as indicated. The orange line corresponds to the values of the masses and mixing of the sterile
neutrino DM that can produce the 511 keV line [1560].
important consequences:
(i) The model is extremely economical as one is left with only two independent parameters, namely
the new gauge coupling gX and the DM mass mX , one of which gets fixed entirely via relic density
requirements. The rest of the couplings follow constrained relations due to the underlying scale
invariance.
(ii) By demanding mass squared of the non-standard Higgs m2h2 > 0, one can put a lower bound on
the vector DM mass: mX & 250 GeV for gX . 10−5 , typical coupling size needed for freeze-in
production of the DM. This mass bound entirely arises from the scale-invariance of the theory.
(iii) For all choices of mX , gX required for producing right DM abundance via freeze-in, we always
find mh2  mX . This provides a window for spin-independent direct detection prospects of the
freeze-in DM via t-channel mediation of the MeV-scale non-standard Higgs.
(iv) The requirement of DM relic abundance ΩX h2 ' 0.12, typically constraints the ratio mX /gX
since ΩX h2 ∝ (gX /mX )4 , thanks to the underlying
scale-invariance. This also implies, for fixed
.q
2
ΩX h , the mixing becomes constant as sin θ ∝ 1
1 + (mX /vh gX )2 and gX /mX is determined
from relic abundance. Thus, the scale-invariance of the theory, together with the requirement of
right relic abundance, fixes sin θ to a constant value. For all choices of {mX , gX } that leaves the
combination mX /gX constant (proportional to ΩX h2 ), we obtain the scalar mixing sin θ ∼ 10−5 .
We dub this as Scale Invariant FIMP Miracle (SIFM), similar to the well-known WIMP miracle.
The crucial outcome of our analysis is the experimental testability of the freeze-in DM model
in intensity frontier searches for light new physics, including in the FPF, thanks to the presence
of the light scalar. We find, in order to satisfy bounds from relic density, spin-independent direct
detection, and big bang nucleosynthesis (BBN), the mixing within the scalar sector has to be sin θ ∼
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Figure 8.15: The thick black horizontal straight line shows the DM parameter space complying with
the PLANCK [258] observed relic abundance and satisfying spin-independent direct search exclusion limit in sin θ − mh2 plane. Experimental limits are shown from E949 [1578], CHARM [227],
NA62 [1579], FASER and FASER2 [8, 9, 277, 433], FCC-hh [297, 845], ATLAS [1580–1583],
SeaQuest [133], LHCb [24], KLEVER [1584], DUNE [305,1224], DarkQuest-Phase2 [1585], MATHUSLA [268], SHiP [185], and PS191 [225, 303].
O(10−5 ). Such a mixing angle turns out to be well within the reach of experiments like DUNE [305,
1224], FASER2 [8, 9, 277, 433], PS191 [225, 303], DarkQuest-Phase2 [1585], MATHUSLA [268] and
SHiP [185]. Most importantly, since the mixing θ is no more a free parameter (due to the scale
invariance of the theory), it rather can be parametrized in terms of mX and gX , hence, the new
gauge coupling that determines the freeze-in abundance is directly being probed at a plethora of
current and upcoming experimental facilities, including the FPF.
Our main result is summarized in Fig. 8.15. Here the thick black horizontal straight line
corresponds to the right relic abundance for the vector DM, while the sensitivity reach curves for
several planned and proposed experiments are shown in the mh2 − sin θ plane. We note, the light
scalar mediator in the present model is within the reach of CHARM [227], DUNE [305, 1224],
FASER and FASER2 [8,9,277,433], PS191 [225,303], DarkQuest-Phase2 [1585], MATHUSLA [268]
and SHiP [185] (see e.g. Ref. [278] for a summary on these experiments) for the allowed range of
mass and mixing. The complementarity of the bounds from DM direct search and forward facility
experiments is depicted in Fig. 8.16. Here the thick cyan curve denotes the relic density allowed
parameter space for the DM. We consider exclusion limits from XENON1T [256], and projected
bounds from PandaX-4T [1586], LUX-ZEPLIN (LZ) [1587], XENONnT [1588] and DARWIN [1589]
experiments which provide an upper limit on the DM-nucleon scattering cross-section at 90% C.L.
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Figure 8.16: Summary of all (experimental) bounds. The relic density allowed DM parameter
space shown via the thick cyan curve. The pink region is disallowed from supernova bound. The
light blue region in the background denotes the mass range that can only be probed in intensity
frontier searches for light new physics. The colorful vertical dashed lines indicate the ranges in
which different experimental facilities can probe the model parameter space. Inset: Sensitivity of
direct detection experiments up to DM mass of 2 TeV.

As expected, for low DM mass region (below 1 TeV) these bounds are severe but become rather
weak for heavier DM mass. A light scalar with mass below ∼ 250 MeV is ruled out from supernova
observations [306, 307]. This corresponds to a DM mass . 6.4 TeV. Above DM mass of ∼ 1.8 TeV
the relic density allowed parameter space gets submerged into the ν-floor [1590], where separating
DM scattering from the background neutrino scattering is rather challenging. However, in those
regions FASER2 and other intensity frontier searches can provide excellent sensitivity.
We thus conclude that a classically scale-invariant particle physics model for freeze-in production of DM is not only capable of producing the observed relic abundance in a minimal set-up,
but also leaves the possibility of being probed in several light dark sector search experiments by
uniquely determining the mixing in the scalar sector1 . Importantly, due to the classical scale invariance, complementary signals can arise in both direct DM searches2 and energy/intensity frontier
experiments in probing the freeze-in parameter space of our model. This ushers in a new era where
UV-completion in beyond the SM particle physics model building may lead to predictive feebly
interacting DM candidates to be tested in the very near future.
1

The possibilities of probing freeze-in in gauge extension of the SM, beyond the realm of scale invariance, are
discussed in Ref. [1591].
2
Direct detection prospects for freeze-in DM have been discussed in Refs. [1592, 1593].
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Rich Dark Sector and Complementarity with Indirect Searches

On top of the examples of DM searches in the FPF discussed in Chapter 5, we note that light
unstable new physics species can also mediate interactions between the SM and a much heavier
DM particle which thermalizes in the early Universe. This, however, often leads to stringent
astrophysical and cosmological bounds, although they can be alleviated if the DM particle remains
secluded from the SM [730]. In this case, visible signals related to interactions of DM are still
expected to be detectable, while complementary probes of light mediator particles in the FPF are
also expected to probe unconstrained regions of the parameter space of such models. The relevant
signatures employ a rich dark sector structure in these scenarios and often go beyond the most
direct processes.
Interestingly, the phenomenological aspects of such models can differ from both the simple
scenarios predicting the existence of LLPs, as well as from the vanilla heavy WIMP DM candidates.
This is first due to expected simultaneous discovery prospects of rich dark sectors in both the
intensity frontier searches for LLPs and in indirect searches for heavy DM. Further interesting
features of such scenarios can be observed in the presence of even extremely long-lived particles
with the lifetime of order τ & 1011 s that can lead to important cosmological effects in both the Big
Bang Nucleosynthesis (BBN) and the CMB radiation surveys, as well as to non-standard signatures
in indirect detection [1594, 1595].
The complementarity of such methods of searching for BSM physics with intensity frontier
experiments remains largely unexplored. In Ref. [1596], a simplified but rich dark sector model has
been studied featuring heavy DM, long-lived connectors, and a light mediator field that can illustrate
the rich phenomenology of such scenarios. In the model, the LLP candidate is the light scalar hD
field with a sub-GeV mass, which couples to the SM via the mixing with the SM Higgs. The highlydisplaced decays of hD s produced in the far-forward region of the LHC can be successfully searched
for in FASER2. In addition, the model includes, i.a., an additional dark vector field A0 with the
mass spanning from GeV to more than 100 GeV, and the heavy complex scalar DM candidate χ
with the mass fixed to 1.5 TeV for simplicity. The heavy DM candidate can annihilate in the dense
regions of the Galaxy and beyond. This leads to detectable signatures after a cascade process, in
which also a potentially very long-lived A0 is produced that can travel to distances of order kpc
before decaying. In these decays, much less long-lived, dark scalar hD appears, which then decays
into the SM species. While the full structure of the model remains more sophisticated than the
simplest scenarios predicting the existence of LLPs, we stress that its particle content allows one
to simultaneously avoid stringent cosmological bounds, predict the proper value of the DM relic
density in the Universe, and obtain novel phenomenological effects discussed below.
As far as DM indirect detection is concerned, the resulting rich phenomenology dictated by the
presence of the very long-lived A0 species is illustrated in the left panel of Fig. 8.17. In the plot,
the dependence of the DM-induced photon flux at Earth is presented as a function of the mediator
decay length. We present this for a toy model with the DM and the mediator mass fixed to be
equal to mDM = 100GeV and mmed = 10GeV, respectively.
The effects shown in the plot contain:
(i) The Galactic Center diffusion effect, where there is an additional contribution to the photon
flux from LLPs produced near the Galactic Center (GC), which then decay along the LOF.
(ii) A linear flux decrease in the long-lived regime due to the finite DM density support.
(iii) A faster decrease in flux with the LLP decay length for observations focused on small regions of
interest, compared to large ones (e.g. dwarf galaxies versus the GC). The result is the possible
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Figure 8.17: Left: Illustration of non-local effects present in indirect detection of long-lived particles
for the toy DM model with the ratio of the DM and mediator masses equal to mDM /mmed = 10.
Center: Schematic illustration of the separation between the DM annihilation and the LLP decay
points in the Galaxy. Right: Coverage of the allowed parameter space of the model considered in
Ref. [1596] (see text), which employs secluded heavy WIMP DM, long-lived vector mediator, and a
light dark higgs boson. In the plot, the complementarity between the intensity frontier searches for
light new physics, DM indirect detection, and CMB surveys is illustrated. The expected sensitivity
of the FASER2 experiment in the FPF is shown with the green dotted line. Taken from Ref. [1596].
strong modification of the expected DM-induced photon flux due to the hD decays that are
driven by the galactic-scale separation of the DM annihilation and LLP decay points.
The discovery prospects of the model of this type can be further strengthened thanks to the
intensity frontier searches for hD s, as well as due to expected distortions in the CMB spectrum
that can be observed in future surveys. We illustrate this in the right panel of Fig. 8.17. The plot
shows the coverage of the allowed parameter space of the aforementioned rich dark sector model
in the plane of the LLP mass, mA0 , and the dark gauge coupling, gD , which, i.a., dictates the
coupling strength between the A0 and hD species. We note there is a significant synergy between
various proposed LHC-based intensity frontier detectors constraining the light dark Higgs boson:
CODEX-b [24, 25], FASER2 [6, 9], MATHUSLA [26, 268] and indirect detection searches for LLP CTA [1597] - and CMB surveys: Planck [258], PIXIE [1598], PRISM [1599], and CMB S-4 [1600].
In particular, the future FPF search for the light dark scalar hD in the FASER2 detector will
remain complementary to the CTA search for heavy WIMP DM χ and to CMB surveys sensitive
to very long-lived A0 s. These can also lead to simultaneous observations in some regions of the
parameter space of the model. Together with other aforementioned experiments, these searches
will almost entirely probe such a scenario, employing a diverse set of experimental signatures that
will differentiate this scenario from vanilla LLP and heavy DM studies.

Acknowledgments
We thank the participants of the FPF meetings and the Snowmass working groups for discussions
that have contributed both directly and indirectly to this study. We gratefully acknowledge the
invaluable support of the CERN Physics Beyond Colliders study group and the work of CERN
technical teams related to civil engineering studies (SCE-DOD), safety discussions (HSE-OHS,
HSE-RP, EP-DI-SO), integration (EN-ACE), and discussions on services (EN-CV, EN-EL, ENAA) and simulations (SY-STI).
The work by J. Alameddine, W. Rhode, T. Ruhe, and A. Sandrock has been supported by the
Deutsche Forschungsgemeinschaft (DFG, German Research Foundation), Collaborative Research
Center SFB 876 and SFB 1491. L. A. Anchordoqui is supported by the US National Science Foundation (NSF) Grant PHY-2112527. T. Araki is supported by JP18H01210. A. Ariga is supported
by JSPS KAKENHI Grant JP20K23373 and the European Research Council (ERC) under the European Union’s Horizon 2020 Research and Innovation Programme (Grant 101002690). T. Ariga
acknowledges support from JSPS KAKENHI Grant JP19H01909. K. Asai is supported by JSPS
KAKENHI Grant JP19J13812 and JP21K20365. A. Bacchetta and F. G. Celiberto acknowledge
support from the INFN/NINPHA project. P. Bakhti and M. Rajaee are supported by the National Research Foundation of Korea (NRF-2020R1I1A3072747). B. Barman received funding from
the Patrimonio Autónomo - Fondo Nacional de Financiamiento para la Ciencia, la Tecnologı́a y
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[375] C. Csáki, R. T. D’Agnolo, M. Geller, and A. Ismail, “Crunching Dilaton, Hidden Naturalness,”
Phys. Rev. Lett. 126 (2021) 091801, arXiv:2007.14396 [hep-ph].
[376] W. D. Goldberger and M. B. Wise, “Modulus stabilization with bulk fields,” Phys. Rev. Lett. 83
(1999) 4922–4925, arXiv:hep-ph/9907447.
[377] LHCb Collaboration, R. Aaij et al., “Differential branching fraction and angular analysis of the
B + → K + µ+ µ− decay,” JHEP 02 (2013) 105, arXiv:1209.4284 [hep-ex].
[378] M. Bauer, M. Neubert, and A. Thamm, “Collider Probes of Axion-Like Particles,” JHEP 12 (2017)
044, arXiv:1708.00443 [hep-ph].
[379] K. Mimasu and V. Sanz, “ALPs at Colliders,” JHEP 06 (2015) 173, arXiv:1409.4792 [hep-ph].
[380] J. Jaeckel and M. Spannowsky, “Probing MeV to 90 GeV axion-like particles with LEP and LHC,”
Phys. Lett. B 753 (2016) 482–487, arXiv:1509.00476 [hep-ph].
[381] S. Knapen, T. Lin, H. K. Lou, and T. Melia, “LHC limits on axion-like particles from heavy-ion
collisions,” CERN Proc. 1 (2018) 65, arXiv:1709.07110 [hep-ph].

References

374

[382] A. Payez, C. Evoli, T. Fischer, M. Giannotti, A. Mirizzi, and A. Ringwald, “Revisiting the SN1987A
gamma-ray limit on ultralight axion-like particles,” JCAP 02 (2015) 006, arXiv:1410.3747
[astro-ph.HE].
[383] J. Jaeckel, P. C. Malta, and J. Redondo, “Decay photons from the axionlike particles burst of type
II supernovae,” Phys. Rev. D 98 (2018) no. 5, 055032, arXiv:1702.02964 [hep-ph].
[384] C. Csaki, M. L. Graesser, and G. D. Kribs, “Radion dynamics and electroweak physics,” Phys. Rev.
D 63 (2001) 065002, arXiv:hep-th/0008151.
[385] FCC Collaboration, A. Abada et al., “FCC-ee: The Lepton Collider: Future Circular Collider
Conceptual Design Report Volume 2,” Eur. Phys. J. ST 228 (2019) no. 2, 261–623.
[386] M. Bauer, M. Heiles, M. Neubert, and A. Thamm, “Axion-Like Particles at Future Colliders,” Eur.
Phys. J. C 79 (2019) no. 1, 74, arXiv:1808.10323 [hep-ph].
[387] J. Schechter and J. Valle, “Neutrino Masses in SU(2) x U(1) Theories,” Phys. Rev. D 22 (1980)
2227.
[388] M. Gell-Mann, P. Ramond, and R. Slansky, “Complex Spinors and Unified Theories,” Conf. Proc. C
790927 (1979) 315–321, arXiv:1306.4669 [hep-th].
[389] R. N. Mohapatra and G. Senjanovic, “Neutrino Mass and Spontaneous Parity Nonconservation,”
Phys. Rev. Lett. 44 (1980) 912.
[390] T. Yanagida, “Horizontal gauge symmetry and masses of neutrinos,” Conf. Proc. C 7902131 (1979)
95–99.
[391] M. Blennow and E. Fernandez-Martinez, “Parametrization of Seesaw Models and Light Sterile
Neutrinos,” Phys. Lett. B 704 (2011) 223–229, arXiv:1107.3992 [hep-ph].
[392] O. Ruchayskiy and A. Ivashko, “Restrictions on the lifetime of sterile neutrinos from primordial
nucleosynthesis,” JCAP 1210 (2012) 014, arXiv:1202.2841 [hep-ph].
[393] Belle Collaboration, D. Liventsev et al., “Search for heavy neutrinos at Belle,” Phys. Rev. D 87
(2013) no. 7, 071102, arXiv:1301.1105 [hep-ex]. [Erratum: Phys.Rev.D 95, 099903 (2017)].
[394] P. Coloma, E. Fernández-Martı́nez, M. González-López, J. Hernández-Garcı́a, and Z. Pavlovic,
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[483] L. Darmé, S. Rao, and L. Roszkowski, “Signatures of dark Higgs boson in light fermionic dark
matter scenarios,” JHEP 12 (2018) 014, arXiv:1807.10314 [hep-ph].
[484] P. deNiverville and C. Frugiuele, “Hunting sub-GeV dark matter with the NOνA near detector,”
Phys. Rev. D 99 (2019) no. 5, 051701, arXiv:1807.06501 [hep-ph].
[485] R. D. Peccei and H. R. Quinn, “CP Conservation in the Presence of Instantons,” Phys. Rev. Lett.
38 (1977) 1440–1443. [,328(1977)].
[486] R. D. Peccei and H. R. Quinn, “Constraints Imposed by CP Conservation in the Presence of
Instantons,” Phys. Rev. D16 (1977) 1791–1797.
[487] F. Wilczek, “Problem of Strong p and t Invariance in the Presence of Instantons,” Phys. Rev. Lett.
40 (1978) 279–282.
[488] R. D. Peccei, “The Strong CP problem and axions,” Lect. Notes Phys. 741 (2008) 3–17,
arXiv:hep-ph/0607268.
[489] J. Jaeckel and A. Ringwald, “The Low-Energy Frontier of Particle Physics,” Ann. Rev. Nucl. Part.
Sci. 60 (2010) 405–437, arXiv:1002.0329 [hep-ph].
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azimuthal imprints in inclusive three-jet production at 7 and 13 TeV,” Nucl. Phys. B 910 (2016)
374–386, arXiv:1603.07785 [hep-ph].
[1021] F. Caporale, F. G. Celiberto, G. Chachamis, D. Gordo Gómez, and A. Sabio Vera, “Inclusive
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[1191] T. Sjöstrand and M. Utheim, “Hadron interactions for arbitrary energies and species, with
applications to cosmic rays,” Eur. Phys. J. C 82 (2022) no. 1, 21, arXiv:2108.03481 [hep-ph].
[1192] M. Krishnamoorthy, H. Schulz, X. Ju, W. Wang, S. Leyffer, Z. Marshall, S. Mrenna, J. Müller, and
J. B. Kowalkowski, “Apprentice for Event Generator Tuning,” EPJ Web Conf. 251 (2021) 03060,
arXiv:2103.05748 [hep-ex].
[1193] ATLAS Collaboration, “Projections for ATLAS Measurements of Bulk Properties of Pb+Pb,
p+Pb, and pp Collisions in LHC Runs 3 and 4,” tech. rep., CERN, Geneva, Oct, 2018.
http://cds.cern.ch/record/2644407.
[1194] NuTeV Collaboration, M. Tzanov et al., “Precise measurement of neutrino and anti-neutrino
differential cross sections,” Phys. Rev. D 74 (2006) 012008, arXiv:hep-ex/0509010.
[1195] NOMAD Collaboration, O. Samoylov et al., “A Precision Measurement of Charm Dimuon
Production in Neutrino Interactions from the NOMAD Experiment,” Nucl. Phys. B 876 (2013)
339–375, arXiv:1308.4750 [hep-ex].
[1196] NuTeV Collaboration, M. Goncharov et al., “Precise Measurement of Dimuon Production
Cross-Sections in νµ Fe and ν̄µ Fe Deep Inelastic Scattering at the Tevatron.,” Phys. Rev. D 64
(2001) 112006, arXiv:hep-ex/0102049.
[1197] CHORUS Collaboration, E. Eskut et al., “The CHORUS experiment to search for muon-neutrino
–> tau-neutrino oscillation,” Nucl. Instrum. Meth. A 401 (1997) 7–44.
[1198] D. P. Anderle et al., “Electron-ion collider in China,” Front. Phys. (Beijing) 16 (2021) no. 6, 64701,
arXiv:2102.09222 [nucl-ex].
[1199] P. Jimenez-Delgado and E. Reya, “Dynamical NNLO parton distributions,” Phys. Rev. D 79 (2009)
074023, arXiv:0810.4274 [hep-ph].

References

411

[1200] H1, ZEUS Collaboration, F. D. Aaron et al., “Combined Measurement and QCD Analysis of the
Inclusive e+- p Scattering Cross Sections at HERA,” JHEP 01 (2010) 109, arXiv:0911.0884
[hep-ex].
[1201] H1 Collaboration, C. Adloff et al., “Deep inelastic inclusive e p scattering at low x and a
determination of alpha(s),” Eur. Phys. J. C 21 (2001) 33–61, arXiv:hep-ex/0012053.
[1202] ATLAS Collaboration, G. Aad et al., “Determination of the parton distribution functions of the
proton from ATLAS measurements of differential W and Z boson production in association with
jets,” JHEP 07 (2021) 223, arXiv:2101.05095 [hep-ex].
[1203] ATLAS Collaboration, G. Aad et al., “Determination of
√ the parton distribution functions of the
proton using diverse ATLAS data from pp collisions at s = 7, 8 and 13 TeV,” arXiv:2112.11266
[hep-ex].
[1204] ATLAS Collaboration, G. Aad et al., “Determination of the strange quark density of the proton
from ATLAS measurements of the W → `ν and Z → `` cross sections,” Phys. Rev. Lett. 109 (2012)
012001, arXiv:1203.4051 [hep-ex].
[1205] ATLAS Collaboration, M. Aaboud et al., “Precision measurement and interpretation of inclusive
W + , W − and Z/γ ∗ production cross sections with the ATLAS detector,” Eur. Phys. J. C 77
(2017) no. 6, 367, arXiv:1612.03016 [hep-ex].
[1206] F. Faura, S. Iranipour, E. R. Nocera, J. Rojo, and M. Ubiali, “The Strangest Proton?,” Eur. Phys.
J. C 80 (2020) no. 12, 1168, arXiv:2009.00014 [hep-ph].
[1207] A. Accardi, T. J. Hobbs, X. Jing, and P. M. Nadolsky, “Deuterium scattering experiments in CTEQ
global QCD analyses: a comparative investigation,” Eur. Phys. J. C 81 (2021) no. 7, 603,
arXiv:2102.01107 [hep-ph].
[1208] A. Accardi, L. T. Brady, W. Melnitchouk, J. F. Owens, and N. Sato, “Constraints on large-x parton
distributions from new weak boson production and deep-inelastic scattering data,” Phys. Rev. D 93
(2016) no. 11, 114017, arXiv:1602.03154 [hep-ph].
[1209] S. Bailey, T. Cridge, L. A. Harland-Lang, A. D. Martin, and R. S. Thorne, “Parton distributions
from LHC, HERA, Tevatron and fixed target data: MSHT20 PDFs,” Eur. Phys. J. C 81 (2021)
no. 4, 341, arXiv:2012.04684 [hep-ph].
[1210] H1, ZEUS Collaboration, H. Abramowicz et al., “Combination of measurements of inclusive deep
inelastic e± p scattering cross sections and QCD analysis of HERA data,” Eur. Phys. J. C 75 (2015)
no. 12, 580, arXiv:1506.06042 [hep-ex].
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