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Neutrino trident production of di-lepton pairs is well recognized as a sensitive probe of both
electroweak physics and physics beyond the Standard Model. Although a rare process, it could be
significantly boosted by such new physics, and it also allows the electroweak theory to be tested
in a new regime. We demonstrate that the forward neutrino physics program at the Large Hadron
Collider offers a promising opportunity to measure for the first time, dimuon neutrino tridents with
a statistical significance exceeding 5. We present predictions for various proposed experiments and
outline a specific experimental strategy to identify the signal and mitigate backgrounds, based on
“reverse tracking” dimuon pairs in the FASERv2 detector. We also discuss prospects for constraining
beyond Standard Model contributions to neutrino trident rates at high energies.

I. INTRODUCTION

The success of the Standard Model (SM) has been
firmly established in particle physics over the last
half century via numerous observations of new ele-
mentary processes. Intriguingly, several such pivotal
studies concern neutrino interactions. These have
long provided essential consistency tests of the SM,
and also the first evidence of new physics beyond
the Standard Model (BSM), namely neutrino mass,
which motivates further attempts to measure very
rare events involving neutrinos.

A good example of such a process is “neutrino tri-
dent scattering” off a nucleus, vN — v = ¢+ N,
where ¢ and ¢ are charged leptons of the same
or different flavor, and lepton number is conserved
taking into account the incident and outgoing neu-
trinos, v and v() [1-18]. Tt is an attractive test of
the electroweak theory as it is affected by both Z-
and W-mediated contributions, depending on the fi-
nal state. It has also been recognized as a sensitive
probe of BSM physics [11, 19].

Measuring neutrino tridents is however difficult.
To date, only a few experiments have reported re-
sults and only for events with a dimuon pair in the fi-
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nal state, vN — vu*p~ N. The CHARM-II [20] col-
laboration used a glass target to study interactions
of neutrinos with energies of order E, ~ 20 GeV,
while subsequent measurements in CCFR [21] and
NuTeV [22] detectors employed an iron target and
more energetic neutrinos with F, ~ 160 GeV. The
first two experiments found evidence for such inter-
actions at only the ~ 3o level, while for the third,
new backgrounds that had been previously over-
looked have come to light. Thus, presently, no con-
clusive signal of trident events can be claimed. This
has motivated new proposals to measure neutrino
tridents at forthcoming experiments — using both
accelerators and neutrino telescopes [11-15, 17, 18].
In particular, future measurements at DUNE could
detect the dimuon trident signal with significance
between 2 and 40 [15].

We propose to perform the first such measurement
at TeV energies by utilizing the neutrinos produced
in the very forward kinematic region at the collision
points of the Large Hadron Collider (LHC). This
provides a naturally well-collimated flux of neutri-
nos whose interactions can be studied in compact,
well-instrumented detectors with high-Z nuclear tar-
get material. Both these characteristics and the in-
creased energy with respect to past searches allow
maximization of the neutrino trident scattering rates
and benefit from improved background rejection.
Importantly, the measurement at the LHC will not

1 The trident cross sections are computed using a modi-
fied version of the code [15], which is publicly available at
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be dominated by a resonance or on-shell W-boson
production, which is relevant at even higher ener-
gies [17, 18, 23-25]. This allows for probing inter-
ference between charged current (CC) and neutral
current (NC) contributions in the SM, as well as
studying potential BSM effects.

These advantages situate the LHC, equipped with
a dedicated forward neutrino detector, as an ideal fa-
cility for neutrino trident measurements in the near
future. We show that even a modest ~ 10 ton
detector sensitive to forward neutrinos will detect
tens of dimuon trident events during the High-
Luminosity LHC (HL-LHC) era. This would extend
the existing LHC neutrino physics program of the
FASER/FASERv [26-28] and SNDQLHC [29, 30]
detectors. We present predictions for p™p~ and
other dilepton final states, including the rare ditau
production, and discuss specific prospects for the
proposed Forward Physics Facility (FPF) [31, 32].

This paper is organized as follows. Neutrino tri-
dent interactions are introduced in Sec. I1, and possi-
bilities for detecting them at the LHC are discussed
in Sec. ITI, along with the expected numbers of sig-
nal events at various existing and proposed detec-
tors. Then, the remainder of this paper focuses on
a single detector, FASERv2. Sec. IV details the ex-
pected signal, and Sec. V discusses the background
and discovery prospects for trident events. Sec. VI
discusses how these observations can be used to con-
strain muonic four-Fermi interactions. Our conclu-
sions are presented in Sec. VII and further details
about the form factors used in computing the tri-
dent signal cross sections are given in Appendix A.

II. NEUTRINO TRIDENTS

Neutrino trident interaction is the process in
which a charged lepton pair is produced through
neutrino scattering in a nuclear electric field. Both
CC and NC interactions can be relevant for the pro-
cess depending on the charged-lepton final state.
The left panel of Fig. 1 shows typical Feynman
diagrams for dimuon production. Although the
cross section is suppressed in the SM (compared to,
e.g., ety production) due to destructive interfer-
ence between the dominant W- and subdominant
Z-mediated contributions [10], it remains the most
relevant experimentally, given the ease of identifying
and measuring both outgoing muons. The relevant
interaction rate can also increase if there is a light

https://github.com/makelat/forward-nu-flux-fit, together
with the software developed for the present study.
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FIG. 1. Illustrative Feynman diagrams for trident pro-
duction of a dimuon pair in interactions of incident muon
neutrinos (see Fig. 5 of Ref. [17] for all five diagrams).
Both neutral and charged current contributions in the
SM are shown; the former can have new physics contri-
butions from e.g. the exchange of a Z’ boson.

BSM vector mediator Z" with mz < myz [11, 19],
as is also indicated.

The neutrino trident cross section can be es-
timated using the equivalent photon approxima-
tion [33, 34], in which the subprocess of the neu-
trino interaction with a real photon is first calculated
and then convolved with the virtual photon distri-
bution in the nuclear electric field [10-12]. However,
in the most general case, this was found to intro-
duce sizeable uncertainties that can only be reduced
with a full calculation of the 2 — 4 scattering pro-
cess [14, 15, 17, 18]. In the following, we employ the
detailed calculation of Ref. [15].

The dominant trident production mode in neu-
trino interactions with a nucleus is coherent scatter-
ing in which the nucleus stays intact. The corre-
sponding cross section is thus Z2Z-enhanced, where
Z is the atomic number of the nucleus. We refer to
Appendix A for the discussion of nuclear form factor
parameterizations used in our study. The coherent
scattering cross section calculation suffers from small
theoretical uncertainties from modeling these form
factors, as well as higher-order QED effects, and am-
biguity in the weak mixing angle predictions. How-
ever, these uncertainties are estimated to be only a
few percent, so will not affect our conclusions [15].

Additionally, we include diffractive contributions
from scattering off individual nucleons. The pro-
duction rate is now only Z-enhanced and dominated
by scattering off protons. Depending on the target
material and the charged-lepton-pair final state, this
typically contributes no more than a few % to the to-
tal signal for the heavy target nuclei of our interest.
Only in some cases do diffractive scatterings become
more important and contribute up to about 20—30%
of the total cross-section. This effect is strengthened
for nuclear targets with a smaller Z and for heavier
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FIG. 2. Left: The sum of trident dimuon signal events originating from all neutrino and antineutrino flavors is shown,
using various neutrino flux predictions described in the text. Right: The individual contributions of electron, muon,
and tau neutrinos and antineutrinos to the signal, using the EPOSLHC&BKRS neutrino flux prediction.

final-state charged leptons. The production of tau
leptons, especially, requires a larger momentum ex-
change that favors more substantial diffractive con-
tributions. However, although we report the corre-
sponding signal rates below, we stress that processes
involving tau leptons in the final state are phase-
space suppressed with respect to other neutrino tri-
dent production modes and thus remain challenging
to probe experimentally.

In modeling diffractive trident production, we in-
troduce additional cuts on the energy of the final-
state protons to ensure that they remain below the
detection threshold in the detectors of interest. Con-
sequently, such contributions are suppressed further,
and diffractive processes contribute no more than
~ 10% of the coherent-like signal that we focus
on. Diffractive trident production may be even more
strongly suppressed if energy dissipation due to fi-
nal state interactions (FSI) of the proton inside the
nucleus is considered. We do not model neutrino tri-
dent production in deep inelastic scattering (DIS),
as this has substantial backgrounds in the exper-
iments discussed below. We also do not consider
final-state radiation from the final-state charged lep-
tons, which is not important for E, < 1 TeV [35].
We conclude that the signal of our interest is mainly

associated with coherent neutrino scattering, with
only a modest diffractive contribution. The uncer-
tainties in estimating the latter thus play little role
in our analysis.

III. NEUTRINO TRIDENTS AT THE LHC

Besides its main physics goals, the LHC is also a
neutrino factory with most of the high-energy neu-
trinos produced in the very forward kinematic re-
gion [36—41]. This observation has led to a ded-
icated LHC neutrino physics program initiated in
the Run 3 data-taking period, and the first obser-
vations of neutrino interactions at the LHC have
recently been reported [42-45]. The FASER and
SNDQLHC experiments are foreseen to continue
taking data beyond the current period and poten-
tially expand their scope. In addition, a significant
extension of this program has been proposed for the
future HL-LHC era, in which the FPF would host
several experiments targeting neutrino and QCD
physics with implications for astroparticle and BSM
searches [31, 32, 46]. Importantly, the LHC neutrino
physics program supports and complements the as-
troparticle high- and ultra-high energy neutrino pro-



gram [47].

The proposed neutrino trident measurement at
the LHC is thus well-grounded in the ongoing and
proposed experimental efforts. The forward neutrino
spectrum at the LHC peaks at several hundred GeV
[48, 49]. At these energies, the predicted SM neu-
trino trident cross section corresponds to O(0.01%)
of the total neutrino deep-inelastic scattering (DIS)
cross section [15, 17], resulting in tens of expected
events for a O(10 ton) detector operating in the HL-
LHC era. While neutrinos of any flavor can produce
neutrino tridents, the dominant contribution comes
from muon neutrinos v,, and antineutrinos 7, since
their flux is the largest.

Notably, the incident neutrino flux is subject to
uncertainties that currently range from tens of per-
cent to even an order of magnitude, depending on
the neutrino flavor and energy. The main uncer-
tainty is the modeling of forward parent hadron
spectra produced in pp collisions at the LHC. How-
ever, these uncertainties can in principle be reduced
to even sub-percent level thanks to neutrino DIS
data to be gathered during the current Run 3 and
future HL-LHC era [50]. The predicted rate of the
neutrino trident process will then also be known with
significantly higher precision.

Fig. 2, left panel shows our predicted neutrino tri-
dent interaction spectra for the dimuon final state.
These apply to the proposed FASERv2 experiment
near the ATLAS interaction point and are obtained
using different available predictions for the spec-
tra of light mesons (i.e., pions and kaons) and
charmed hadrons. We model them separately, as
indicated by two names in the labels in the plot,
before and after the ampersand (&) sign, for light
and charmed hadrons, respectively. The generation
of light mesons is simulated using EPOS-LHC [51],
QGSJET II-04 [52], or SIBYLL 2.3d [53-56] genera-
tors as implemented in the CRMC package [57]. To
describe charm hadron production, we utilize the
predictions using SIBYLL, but also perturbative cal-
culations referred to as BKRS [58], BKSS kr [59] and
BDGJKR [60-62] — see also Ref. [50] for a summary
and further references. Given the parent hadron
spectra, the neutrino fluxes are obtained via the fast
neutrino flux simulation, which models the propaga-
tion of hadrons through the LHC beam pipe and
magnetic fields, and their decay into neutrinos [48].

The neutrino trident dimuon production rates
range from 27 expected coherent events for the
SIBYLL+SIBYLL case, to 50 such events predicted
with the EPOSLHC+BKSS hadron spectra. These
numbers correspond to 3 ab™! of integrated lumi-
nosity in pp collisions at the HL-LHC era. The dif-
ference between the predictions is mainly associated
with the high-energy part of the muon (anti)neutrino

spectrum, which is affected by their production in
charmed hadron decays. We employ an intermedi-
ate EPOSLHC+BKRS prediction as a baseline for
further study. After adding both the coherent and
diffractive contributions, it predicts 40 p™p~ trident
events in FASERv2. In the right panel of Fig. 2,
we also present relative contributions of the incident
electron, muon, and tau (anti)neutrinos to the ex-
pected dimuon neutrino trident signal rate.

In Table I we provide the estimated event rates
for various ongoing and proposed experiments. As
can be seen, the ongoing neutrino measurements in
FASERv and SNDQLHC are not expected to have
sensitivity to measure neutrino trident production
during LHC Run 3. However, the proposed future
experiments at the FPF [32] and beyond would be
able to detect a few tens of such events and study
them for different target materials. These include
the FASER»2 emulsion detector which we discuss
in greater detail in Secs. IV and V. The Table in-
cludes other proposed detectors such as the liquid
argon (LAr) time-projection chamber experiment
FLATE [64], the successor of the SNDQLHC experi-
ment dubbed Advanced SNDQLHC, and a NuTeV-
like O(100 ton) detector in the forward region of the
LHC [65]. For the last case, we assume a detector of
size 3 m X 3 m X 4 m, with either iron or lead target
material. Table I contains additional information on
the target mass and nucleus for all the experiments,
in particular if the detector is positioned on or off the
proton beam axis. This is important as the highest
energy neutrinos are collimated along the beam axis,
hence detectors placed off-axis lose sensitivity.

In order to facilitate comparison between differ-
ent detectors, we additionally provide in Table I
the inverse interaction length for the dimuon coher-
ent trident production process for an incident muon
neutrino with £, = 1 TeV. We denote this by
Li_n%,TeVV—>;L;L = (pr/mr) X 0y_ypuu, Where pp and
mr are the target density and the target nucleus
mass, respectively, and o,_,,, is the cross section
for the aforementioned process at 1 TeV. The larger
the inverse interaction length, the larger interaction
probability, as Pt = Ldet X L;%’Tevy S where
Lget is the detector length. Most straightforward
is the comparison between the NuTeV-like iron and
lead detectors, which differ only in the target mate-
rial. The inverse interaction length of Pb is about a
factor of two larger than that of Fe, which translates
into a similar difference in the reported number of
uTp~ events. Note that the event numbers in the
Table have been obtained after convoluting with the
full neutrino spectrum.

The tungsten (W) target material is character-

ized by a larger value of L;j TeVe — pp than lead

(Pb). This difference, and also the different geom-



Name Mass | Target | On(Off)- | Lt rovy — Neutrino Tridents, vN — vN'¢T ¢~
[tons] |nucleus| -Axis | x10* [em™] |t~ ‘u*ufszoﬁ He*ei ‘ T ‘ei;ﬁ:‘eirq: ‘ui’r;
Run 3 (150 fb™1)
FASERv 1.1 W On 252 0.22 0.54 0.24 {0.0029| 0.83 [0.035|0.060
SND@QLHC 0.83 A% Off 252 0.024 0.06 0.03 {0.0002| 0.10 |0.004 | 0.004
HL-LHC (3 ab™ 1)
FASERwv2 20 \WY% On 252 40 97 44 | 0.51 | 150 | 6.3 10
AdvSND@LHC (Far)| 5 \WY% Off 252 2.2 5.3 27 1002 | 90 | 0.3 | 04
FLArE 10 LAr On 8.56 4.5 11 4.5 | 0.07 16 0.7 1.2
FLArE-100 100 LAr On 8.56 26 63 27 | 0.37 91 4.1 6.8
NuTeV-like (Fe) 95 Fe On 65.4 21 52 22 0.29 76 3.4 5.5
NuTeV-like (Pb) 135 Pb On 154 48 116 57 | 045 | 190 | 7.0 10

TABLE I. The expected number of neutrino trident events in both the neutrino detectors active during current LHC
Run 3, as well as detectors proposed for the future HL-LHC era. The numbers increase with target atomic mass

—1

number, inverse interaction length L i tov, - 4,

, and total detector mass, with most interactions occurring along

the line of sight from the LHC beam axis. For completeness, projections are shown for all charged lepton final states.
For the p™ i~ final state, an alternative calculation is also performed, in which a fraction fs = 0.5 of neutrino parent
pions are translated into kaons, motivated by the enhanced strangeness scenario discussed in Ref. [63].

etry, partially compensate for the expected a priori
larger difference between a 135-ton NuTeV-like Pb
detector and 20-ton tungsten FASERv2. The lat-
ter (geometry) effect is due to an increased tungsten
density and a different shape of the proposed detec-
tor, which is more focused around the beam collision
axis with a transverse size of only 40 cm x 40 cm.
Consequently, FASER»2 captures most of the high-
energy neutrino flux, and the more extensive trans-
verse size of the NuTeV-like detector adds less than
anticipated based on its size alone. Therefore, the
expected number of dimuon trident events is sim-
ilar for both detectors. The effect of the neutrino
flux collimation can also be seen when FLArE and
FLArE-100 predictions are compared; even though
the latter has an order of magnitude larger target
mass, the event rate is not proportionally enhanced
due to the increased transverse size of FLArE-100.
For this reason and the difference in LfntTeVV S
between LAr and tungsten, even the 100-ton FLATE
detector has a lower expected dimuon trident event
rate than FASERv2.

If any non-standard effects change the incident
neutrino spectrum, they will also affect the predicted
dimuon trident production rate. In particular, it
has been proposed [63] that a significantly enhanced
strangeness production at large rapidities in pp col-
lisions could explain the persistent cosmic-ray muon
puzzle [66] while respecting constraints from mea-
surements at lower energies and in central LHC de-
tectors. The corresponding predicted change in the
neutrino spectra will substantially increase the num-
ber of expected neutrino trident events. We provide
the corresponding expectations in Table I denoted

by the label fs = 0.5, where f, describes the pion to
kaon swapping probability. See Refs. [50, 63] for fur-
ther discussion regarding the impact on the forward
LHC data.

We also show in Table I the predicted trident event
rates for dielectron, ditau, and mixed final states
with two charged leptons of a different flavor. As
can be seen, the predicted number of e* ¥ produc-
tion events is the largest being of order O(100) for
the FASERv2 and the NuTeV-like detectors. The
relevant production process in this case is the domi-
nant charged-current contribution, and there is no
destructive interference with the Z-mediated dia-
gram. This final state, however, is difficult to study
experimentally. A similar statement is valid for the
interactions producing a tau lepton(s). In this case,
the aforementioned scaling between different experi-
ments breaks down further due to the diffractive con-
tribution. We find that up to O(10) mu-tau events
can be expected in the considered detectors.

IV. NEUTRINO TRIDENT SIGNAL IN
FASERv2

Detecting neutrino trident events requires a dedi-
cated search strategy. In this section, we discuss ex-
perimental cuts that optimise the capabilities of the
FASERwv2 detector proposed for the FPF to study
dimuon trident production. We focus first on signal
selection and then discuss backgrounds in Sec. V.

We consider first coherent-like neutrino trident
signal events that produce only two charged tracks
in the final state, i.e. a pair of muons. While other
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pion production and charm production) in high-energy neutrino interactions in the FASERv2 detector. In the trident
signal, two outgoing muons (shown in green) leave long tracks in the emulsion in FASER»2 and travel through the
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muons. Background events contain at least one charged hadron track (shown in red). This could be long (for pions
and kaons) and typically ends with the hadronic interaction vertex in tungsten, lead, or iron block. It could also be
short and produce the second muon mimicking the trident signature. Our event analysis and background rejection
rely on reverse tracking between the IF and the emulsion. See the text for more details.

charged lepton pair final states could also be de-
tected in FASER»2, mitigating backgrounds would
be challenging in the absence of long muon tracks.
This is especially relevant for electrons or positrons
in the final state that generate electromagnetic
showers in the emulsion. The discussion below may
also apply to the interesting case of the pu*77 final
state, which has never been observed. This is due to
possible tau lepton decays into muons with branch-
ing fraction BR(7~ — p~7,v,) = 0.1739 [67]. The
resulting event will resemble dimuon trident produc-
tion with an intermediate short tau track, which
could also be resolved for FE. 2 few tens of GeV
thanks to the excellent spatial resolution of the emul-
sion detector. However, the expected number of
events in FASERv2, c¢f. Table I, is not sufficient
to guarantee the detectability of such events after
cuts, and a larger detector would be needed for this
purpose. We focus therefore on the most promising
up~ final state below.

Fig. 3 shows schematically the FASERv2 detector
along with the signal event signature and leading
backgrounds. This detector will employ emulsion
detectors and tungsten target material [32]. We as-
sume that the 2 mm thick tungsten plates are in-
terleaved with emulsion layers and the interaction
vertices in the tungsten can be reconstructed based
on the tracks of charged particles in the emulsion.
The events in the emulsion detector are not time-
stamped, however this can be mitigated by employ-
ing the interface tracker (IF) station placed down-
stream of the detector. The muons produced in neu-
trino interactions in the emulsion layers propagate
to the IF station, after which their momenta are

measured in the FASER2 spectrometer, cf. the dis-
cussion for the current FASER detector [27]. The
trident processes also have a missing energy compo-
nent due to the undetected final state neutrino.

The role of the IF station is to allow for connect-
ing the neutrino interaction vertex in the emulsion
and the outgoing long muon track with the muon
momentum measurement in the spectrometer. This
timing information is necessary to facilitate muon
charge identification and improve the accuracy of the
muon energy measurement. To this end, when neu-
trino events are studied, first, a vertex is identified
with at least five charged tracks in the final state.
The long muon track in the emulsion is matched
with the IF event.

In the case of neutrino trident events, the interac-
tion vertex has only two charged tracks. In order to
facilitate signal identification, we propose to use a
novel reverse tracking strategy, i.e. the triggering of
the events will be based on the spectrometer and IF
station measurement of two time-coincident muons
and no simultaneous front veto layer activation. The
latter cut is introduced to reject muons coming from
the ATLAS interaction point. The neutrino-induced
muons produced in tungsten and detected in the
spectrometer will be reverse-matched with the tracks
in the emulsion. To this end, a sample of tracks in
the emulsion that are consistent with the candidate
IF station tracks should be first identified to reduce
the combinatorial complexity of the matching. The
matched tracks will then be reverse-tracked in the
emulsion to verify if they come from the common
vertex that satisfies other cuts discussed below. Be-
fore the interaction vertex is analyzed in FASERv2,



the predicted neutrino-induced dimuon background
rate is of O(7k), as we discuss below. This is also the
expected triggering rate of such events in the entire
HL-LHC period, for which the reverse tracking anal-
ysis would be performed. This triggering strategy
greatly reduces the complexity of the search, which
otherwise requires searching for vertices in the emul-
sion with two outgoing muon tracks and no incoming
tracks.

Our predicted rates correspond to events with
the two muons in the final state properly identified,
which is an essential part of the signature. The muon
identification is based on their long tracks in the
emulsion, the IF and spectrometer matching, and
the final muon ID detector. The latter is placed
downstream of the FASER2 spectrometer and the
electromagnetic calorimeter (ECAL) shown in yel-
low in Fig. 3. It is additionally shielded with an iron
block to help disentangle charged pions from muons.
In Fig. 3, we also show the additional veto layer be-
tween the emulsion detector and spectrometer. It
is interleaved with a lead plate with a thickness of
more than a few radiation lengths, as indicated by
the green rectangle marked Pb. This layer improves
the rejection of events with photons or electrons pro-
duced in the final state that could occasionally exit
the emulsion detector before showering.

The reverse tracking signature requires both
muons produced in the neutrino trident process to
leave the emulsion detector without losing all their
energy while traversing the tungsten layers. In the
high-energy regime of our interest, the dominant
muon energy loss mechanisms are ionization, radia-
tive bremsstrahlung, direct eTe™ pair production,
and photonuclear interactions [68]. In order to con-
sider this effect, we model the muon energy loss via
their mean stopping power for tungsten [67]. The
longitudinal position of a neutrino interaction ver-
tex in the emulsion detector is assumed to follow
a uniform distribution. This position determines
the number of tungsten layers crossed by the out-
going muons. We find that muons with energies of
E, Z (20 — 30) GeV typically reach the IF station
and spectrometer. They can then be measured and
time stamped.

We note that muons with E,, < a few tens of GeV
may be deflected away by the strong magnetic field
of the spectrometer before going through all the
tracking stations, ECAL, and the iron block. This
could affect their muon ID, although they are still
expected to leave long charged tracks in the emul-
sion if they originate from well inside the detector.
However, events originating from the last few tens of
cm of the emulsion can be negatively affected by the
spectrometer magnets and this should be taken into
account, depending on the final design of the mag-
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FIG. 4. Energy distributions of the lower and higher en-
ergy muons in the trident signal sample. The outlined
histogram indicates the full spectrum without considera-
tion of muon energy loss, while the filled regions indicate
the muons expected to be within FASERv2 acceptance.

net. While high-energy muons with £, 2 100 GeV
will be well measured and identified in FASER2, low-
energy muons with F,, < 10 GeV are often stopped
in tungsten, thereby preventing the use of the reverse
tracking strategy discussed above.

Fig. 4 illustrates the impact of the muon energy-
loss cut on the outgoing muon spectra in FASERv2.
In the plot, we show the energy distribution of both
the final-state muons produced in the neutrino tri-
dent production process. As can be seen, typically,
one of the outgoing muons is very energetic, with F,
of order a few hundred GeV, and the other is softer
with tens of GeV energy. The latter muon is then
primarily subject to the efficiency cut, and we show
the impact of such a cut. We find that about 50%
of the neutrino trident events in FASERv2 survive
the muon-energy-loss cut and can be studied with
the reverse tracking strategy.

In order to disentangle neutrino trident dimuon
production events from the backgrounds discussed
below, we introduce further cuts on the vertex iden-
tification and the angle between the two muons. In
particular, we require that only two charged tracks
with energy above the detectability threshold for
FASER»2 emerge from the vertex. This threshold is
set to 300 MeV in the following [26]. We also reject
all events in which muons are not reconstructed as
coming from a single vertex. We specifically require
that the muon production vertices cannot be sep-
arated by more than 2 mm distance, corresponding
to the assumed tungsten plate thickness. Eventually,
we require the opening angle between the two muons
to be no larger than 0.1 rad. This relies on the per-
fect capability to measure the angle between charged
tracks in the emulsion detector, which is expected
to have sub-mrad precision for extended tracks [26].
We find that applying the above cuts suppresses the



neutrino trident signal rate only slightly, and about
93% of them survive.
We summarize below the cuts employed:

Muon ID & neutral vertex: We reject events
initiated by incident muons (charged vertices) or
containing energetic charged pions or kaons in the
final state.

Muon-energy-loss: We apply the efficiency cut on
both muons to reach the IF station and spectrom-
eter, cf. Fig. 4 and the discussion above.

Multiplicity: We require only two charged tracks
emerging from the neutrino interaction vertex.

Displaced vertex: Both the final-state muons
must have a common vertex, i.e., their tracks
should start at most 2 mm apart from each other.

Muon opening angle: The angle between the two
outgoing muons should not exceed 0.1 rad.

V. BACKGROUNDS IN FASERv2

Only neutrinos and muons produced at the AT-
LAS interaction point can reach FASERr2 and both
create backgrounds in the neutrino trident measure-
ment. We now discuss how to suppress these using
the cuts above.

A. Neutrino-induced backgrounds

Backgrounds related to neutrino interactions can
be broadly categorized into two main types. In one
case, direct non-trident muon pair production oc-
curs; this is typically connected to an intermediate
heavier hadron decaying into the muon. Alterna-
tively, a muon and long-lived charged hadron (pion
or kaon) can be present in the final state, where the
latter mimics a muon in the detector.

Prompt dimuon production (non-trident)
The majority of the background to the dimuon neu-
trino trident process is due to charge current DIS
(CCDIS) events involving charmed meson produc-
tion. These mesons can decay quickly into muons,
mimicking the signature of trident events. This
background is simulated using PYTHIA8 [69], follow-
ing the procedure initially developed for a study
focusing on the CCDIS dimuons [70]. We esti-
mate 4579 (1751) such interactions are originated
by v, (7,) within the FASER»v2 detector, with the
muons predominantly produced in D meson decays
as shown in Fig. 5. Smaller contributions from hy-
peron production and decay, as well as other pro-
cesses, are also shown as a function of the parent
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FIG. 5. Prompt dimuon backgrounds in the FASERv2
detector. The energy distribution of the parent hadrons
of the 2nd muon (i.e., not the one from the leptonic ver-
tex in the neutrino interaction) is shown, for each hadron
type. Only production channels that are expected to cre-
ate more than one event are included.

hadron energy. As this background is mostly inelas-
tic, it can be reduced to a negligible level by the
experimental cuts proposed in Sec. IV as follows.

The displaced vertex cut removes a significant por-
tion of the D* and DF events, but is less effective
against DY events as illustrated in Fig. 6, which
shows the decay length distribution of charmed
mesons produced in muon neutrino interactions in
FASER»2. While ¢ < mm for each of these mesons
(where 7 is the lifetime), they are typically produced
with a boost factor v of O(10) in high-energy neu-
trino scatterings relevant for our analysis. There-
fore, their decay length is driven to larger values
above the assumed 2 mm track reconstruction res-
olution indicated with a vertical dashed line in the
plot. In particular, charged mesons can be identified
based on this, as they leave tracks in the emulsion.

Note, however, that although D° does not leave
a charged track, its daughter muons are necessarily
accompanied by another charged track, thus ulti-
mately violating the multiplicity cut. As shown in
Fig. 7, the multiplicity cut is highly effective against
most DIS dimuon backgrounds. A related source of
background events is CC scattering of v, producing
a 7+ D meson, with the 7 decaying into v +u+v,.
This is, however, suppressed by the low rate of v,
events and reduced further by the displaced vertex
and multiplicity cuts akin to D meson production
via v,-CC-DIS.

It is also possible that two or more muons are
produced in NC interactions. However, unlike the
signal events, these are not expected to have a high-
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FIG. 6. The decay length distribution in the background
sample obtained for a prompt dimuon production in the
FASERwv2 detector. The events to the right of the dashed
line are excluded by the displaced vertex cut.
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FIG. 7. The multiplicity of charged tracks in the back-
ground sample obtained for a prompt dimuon production
in the FASER»2 detector. The dashed line illustrates
that the bulk of the background is removed, and less
than 10 events remain after restricting to exactly two
charged tracks.

energy muon inheriting most of the neutrino momen-
tum and accompanied by a softer near-parallel muon
produced in the Coulomb field. Hence, such events
with multiple muons originating from hadronic de-
cays are effectively removed by the charged track
multiplicity and muon opening angle cuts.

The effects of our proposed cuts on the DIS
dimuon background are shown in Fig. 8. We find
only O(1) prompt dimuon background events remain
after cuts, while notably, the trident signal is very
mildly affected.
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FIG. 8. The effect of various cuts on the backgrounds,
both individually as well as in combination. The dashed
red histogram corresponds to the dimuon trident signal
rate after the muon energy loss is considered, i.e., only
events that permit reverse tracking of both muons are
included. The solid red histogram shows the effect of the
applied cuts: to restrict the angle between two outgoing
muons to § < 0.1 rad, parent meson decay length to
d < 2 mm, and the number of charged tracks N., with
momentum p > 300 MeV to exactly 2.

Charged current (CC) single pion produc-
tion (SPP) Muon (anti-)neutrino CC interactions
producing a single charged pion and a muon in
the final state can mimic neutrino trident events if
the charged hadron is mis-reconstructed as a muon.
While most high-energy neutrino DIS interactions
produce multiple charged tracks, as discussed above,
the SPP event rate is non-negligible. We esti-
mate these backgrounds with GENIE v3.4.2 [71-
73] as follows. The high-energy (> 100 GeV)
cross section is calculated using the CSMSI11 ap-
proach [74] as implemented in the GHE19_00b com-
prehensive model configuration obtained within the
HEDIS package [75]. For lower energies (< 100 GeV),
we employ the G18.10a_02_11b tune [76, 77] (the
“G18-10a” model set embeds the best theoretical
modeling elements implemented in GENIE [78]).

At high energies relevant for LHC neutrinos,
the most important contribution to the SPP in
v, and 7, interactions comes from CCDIS events
that, occasionally, produce only neutral particles
and soft charged tracks other than the dominant
¥ pair. On top of this, CC resonant pion pro-



SPP Number of events after cuts
Process |Multiplicity | Multiplicity All
& angular |(w/o final p ID)
CCDIS 2519 1362 25.8
CCRES 148.1 1.6 0.025
COHPION 121.9 13.4 0.21
CCQE 1.8 0.3 0.004
Total 26.01155

TABLE II. Predicted single pion production background
rates in FASERv2, originating from different types of
neutrino scattering processes after the multiplicity, an-
gular, and energy-loss cuts are considered. The predicted
total number of neutrino scatterings is 983k for the dom-
inant CCDIS process, 3014 for CCRES, 1160 for CCQE,
and 121.9 for COHPION. We note, however, that the
trident events will not be searched for among all the
neutrino-induced vertices in the emulsion detector. In-
stead, candidate events can first be identified based on
the reverse tracking of two muons. The remaining SPP
backgrounds given in the 4th column of the Table can
be rejected in the analysis based on the muon ID detector
placed downstream of the FASERZ2 spectrometer (Fig. 8),
as discussed in the text.

duction (CCRES) processes can also yield a simi-
lar signature for lower momentum exchange with
the nucleus. This is when an outgoing nucleon is
a neutron or proton with small kinetic energy, tak-
ing into account final-state interactions (FSI) inside
the nucleus. In addition, despite giving a subdom-
inant contribution to the predicted neutrino scat-
tering rate, coherent pion production (COHPION),
e.g., Nv, — Np~ 7", where the nucleus stays intact,
also contributes to SPP backgrounds after cuts. We
find that the contribution from quasi-elastic scatter-
ings (CCQE) is quite suppressed and does not play
a substantial role in our analysis.

Table II shows the expected background event
numbers for the various SPP contributions discussed
above and the impact of the cuts on the numbers.
In particular, the multiplicity cut alone allows one
to reduce the number of expected CCDIS-induced
SPP events to a few thousand, in comparison with
the total event rate of O(1M). The relevant numbers
for expected CCRES and COHPION events are of
O(100). In particular, the resonant pion production
rate is suppressed to a level similar to that of coher-
ent production after considering the charged-track
multiplicity. The additional angular cut suppresses
even more strongly events in which soft pions are
produced via nuclear resonances.

Further rejection capabilities come from consid-
ering the pion energy loss. Given their character-
istic decay length, yBerx ~ 7.8 m x (Ep/m;)
and the hadronic interaction length in tungsten,
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FIG. 9. The effect of various cuts on the single pion
production background. This can be rejected based on
muon vs. pion identification; see text for details.

Ahad = 9.946 cm [67], boosted n¥s produced in
high-energy neutrino interactions inside FASERv2
typically interact in tungsten layers before decay-
ing to a muon or leaving the detector. As a result,
residual backgrounds from charged pions decaying
promptly are suppressed. Hence, charged pions pro-
duced in tungsten away from the downstream inter-
face tracker are not likely to mimic long muon-like
tracks in the emulsion. We estimate the total SPP
background event rate after applying all the cuts
above to be Npg,spp ~ 26.01“%3:‘;’. We present the
expected energy spectrum of these events in Fig. 9.
The reported error bar on the SPP background
event rate comes mainly from the estimated uncer-
tainty of our Monte Carlo simulations of CCDIS
events satisfying all the cuts. On top of the par-
ton distribution function (PDF) uncertainty of a few
percent on the cross section prediction [75], these
estimates are additionally sensitive to hadronization
and FSI modeling. Due to varying predictions of dif-
ferent interaction models, the subdominant CCRES
and COHPION event rates at high energies are sub-
ject to further uncertainties (see Refs. [79-81] for
recent discussions). In particular, the employed
GENIE implementation is based on the Berger-Sehgal
model [82, 83]; as its tuning is based on low-energy
neutrino scattering data, we assume a larger (100%)
uncertainty in modeling these in our study.
Importantly, even though a priori the estimated
SPP background rate after cuts is comparable to
the trident signal rate, we stress that these back-



grounds can be rejected based on the final-state
muon identification. This is based on the additional
muon ID system in FASER2, as discussed in Sec. IV.
Therefore, we do not treat these backgrounds as ir-
reducible in further analysis. A similar conclusion
holds for background events associated with kaon
production that are suppressed with respect to SPP,
cf. discussion in Ref. [84].

B. Muon-induced backgrounds

Although magnets deflect most of the muons pro-
duced in pp collisions at the ATLAS interaction
point, a significant number of them can still reach
the FASERv2 detector [32]. Since the emulsion de-
tectors collect information about events integrated
over time, multiple muon tracks crossing the emul-
sion need to be rejected in our analysis. This can be
done because they do not produce neutral vertices,
i.e., vertices with no incoming track.

Muons passing through FASERv2 will pro-
duce secondary particles that subsequently inter-
act in tungsten. In particular, one expects about
10% of high-energy muons to emit photons via
bremsstrahlung [64]. Photons leave no tracks in the
emulsion and travel about (9/7) Ajaa,w =~ 0.45 cm
before producing an eTe™ pair, where Arad,w is the
radiation length in tungsten. This distance corre-
sponds to many tungsten layers in FASERv2. The
resulting (neutral) photon interaction vertex is then
distant from the parent muon kink and will be re-
constructed separately; see, however, Ref. [85] for
discussion about strategies to associate both vertices
in the analysis.

Occasionally, high-energy photons can also pro-
duce dimuon pairs, YN — Nyt p~, mimicking the
neutrino trident signal. However, the relevant pro-
duction rate is suppressed by the lepton mass ratio,
(me/my)? ~ 2 x 107°. Given the total muon rate
predicted for FASERv2 [86], we expect about O(107)
such events in the detector. The bremsstrahlung
photons are typically of GeV energy, resulting in
soft muons that are rejected based on their energy
loss in tungsten. Only the high-energy tail of the
bremsstrahlung photon-induced dimuon spectrum
can mimic neutrino tridents, resulting in an addi-
tional 2 orders of magnitude or so suppression.

Since the number of such background events might
still seem substantial even after all these cuts, we
stress that they can in any case be rejected by ve-
toing incident muons that enter the emulsion detec-
tor and associating this with time-coincident dimuon
signals in the interface tracker and spectrometer.
Notably, the muon veto in the current FASER ex-
periment is extremely efficient [87]. Given the higher
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statistics of such background events, they could also
be used to test and calibrate the reverse tracking
procedure. Finally, neutrino-induced muons pro-
duced inside FASER»2 could contribute to photon
bremsstrahlung backgrounds. However, the much
lower expected statistics of such events, renders
these backgrounds negligible.

We conclude that, although they do need to be
taken into account in the analysis, muon-induced
backgrounds can be efficiently rejected in the neu-
trino trident measurement in FASERv2.

C. Statistical significance and uncertainty

Using the above estimates for the total number
of signal (s = 18.6 after cuts) and background
(b = 0.55) events in FASERv2, we estimate the ex-
pected statistical significance of the dimuon trident
discovery in FASERv2 to be 9.90 for the baseline
neutrino flux used in our study. Similarly, we es-
timate 11.10 (7.30) significance for the most opti-
mistic (pessimistic) predictions shown in Fig. 2. We
reiterate that while the flux uncertainties remain
substantial at this stage, they will be significantly
reduced to even sub-percent level with the CCDIS
data collected in the current FASER and SNDQLHC
experiments and the future FASERv2 detector [50].
The proposed FASER»2 detector thus provides a
very promising tool for the first precision measure-
ment of dimuon neutrino tridents.

We note that besides the efficiency of the cuts
employed in our study, additional detector-level
efficiencies will affect the trident signal rates in
FASERv2. We find that these need to be higher than
40% to guarantee the > 50 discovery potential. Last
but not least, the trident search in FASERv2 relies
on excellent background rejection potential. In par-
ticular, if the residual SPP background mentioned
in Table IT (b ~ 26) cannot be rejected based on
the additional iron block and muon ID, cf. discus-
sion in Sec. IV, this will translate into a reduced
statistical significance of the trident measurement
to about 3.30. Thus our study highlights certain
detector requirements that would have to be consid-
ered for the future HL-LHC period in order to allow
for trident measurement. As long as the assumed
background rejection and signal detection efficien-
cies can be achieved, the expected accuracy of the
dimuon trident production rate in FASERv2 will be
of order 23%, and the statistical uncertainty on the
number of signal events will dominate.



VI. CONSTRAINING FOUR-FERMI MUON
INTERACTIONS

As the typical momentum transfer in trident
events is significantly below the electroweak scale,
weak interactions can be described in terms of the
effective interaction [15]

Gr [ ijki, P
Heff = \/i(g‘} (Vi’)/aPLVj)(Ek’Y gl)

+9i{kl(Vm’aPLVj)(éﬂa%fl)) ;o (1)

where G is the Fermi coupling, P, the left-handed
projection, v, the Dirac gamma matrices and gykl
(gzkl) the (axial-)vector coupling with ,5,k,1 €
{e,u,7}. However, the couplings involving elec-
trons are stringently constrained by bounds from
LEP [88], and the incoming neutrinos expected in
forward neutrino detectors at the LHC are predom-
inantly muon neutrinos. So we focus on possible
modifications to the vector and axial-vector cou-
plings g{/""" = gy and ¢"{"""" = ga, respectively, and
parametrize new physics interfering with muonic in-
teractions as

gy = 1+ 4sin? 0w + Agy @)
ga = —1+4 Aga,

where 6w is the Weinberg angle. A possible UV
completion of such a theory is provided for exam-
ple by a heavy muonphilic Z’ [89]. For a fixed
incoming neutrino energy F,, the resulting cross
section has approximately the form of an elliptical
paraboloid in (Agy, Aga) space, with the minimum
at (Agy,Aga) = (=1 —4sin? Oy, 1) lying below the
SM value at (Agy,Aga) = (0,0).

We note that the coherent Nv,, — Ny, pu*p~ scat-
tering cross section [4, 8] (see also [14, 15, 90]) de-
pends on the leptonic tensor Log = > AQAL,
where

spins
A, = (ﬂ/")/#PL’U,)

_ p_—g+m
X <U— {’Ya(p_q)2_m27#(gv +9a7s)

—*(gv +9A75)m’}/ }v ) (3)
(p+ —q)? —m? ] "
Since the terms proportional to the final state
charged lepton momenta p, and momentum trans-
fer ¢ carry more gamma matrices than those pro-
portional to the muon mass m, the 75 matrix de-
creases the growth of the cross section as a function
of |gal. In contrast, the gy direction remains un-
affected. However, the cross section becomes sym-
metric at high E, as incoming neutrino momentum
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is transferred mainly to a charged lepton, making
the m-dependent terms negligible. This effect is il-
lustrated by the SM-equivalent contours of the cross
section in Fig. 10 (left), shown together with the
projected exclusion bounds for experiments at vari-
ous energies (right), each displaying a distinct ellip-
ticity. It should be noted that the exploitation of
this effect does not require a particular E, binning,
but is determined by the energy scale of the bulk of
the interactions. Since the E, resolution of the tri-
dent signal is limited by missing energy due to the
final state neutrino, we proceed conservatively by
assuming that the total number of observed events
across the entire E, range of the experiment is Pois-
son distributed. The constraints are then found as
the contours corresponding to the 95% confidence
level deviations up and down from the SM expec-
tation, using an interpolation grid as a function of
Agy and Aga.

Although trident event statistics are limited at
the FPF, our results indicate that FASERv2 would
complement the existing limits on Agy,Aga ob-
tained in Ref. [15] from CCFR cross section mea-
surements [91], cf. also Refs. [50, 92, 93] for FPF
bounds on effective interactions between neutrinos
and quarks. For reference, we also indicate the con-
straints obtained from the NuTeV measurement [22]
assuming a BSM to SM cross section ratio the same
as that for CCFR, given the similar energies of the
two experiments. Moreover, already with only 25%
of the expected data, FASERv2 can be expected to
partially enhance the projected bounds on Ag, ob-
tained for DUNE with E, = O(1GeV) [15]. This is
due to the cross section dependence on F,, which
reaches values of O(1TeV) at FASERv2, rendering
the FASER»2 bounds more symmetric in Agy, Aga
than the low-energy experiments.

VII. CONCLUSIONS

The study of neutrino interactions has long been
a key tool for discoveries in particle physics, and
a new opportunity has now opened up with dedi-
cated forward detectors to study the naturally col-
limated high-energy neutrinos emanating from the
LHC collision points. In this study, we have ana-
lyzed the prospects for measuring neutrino trident
events, finding that in the coming High-Luminosity
data-taking period, an O(10 ton) detector placed in
the forward kinematical region of the LHC could
measure tens of dimuon trident events. We have
discussed in detail the trident signature and possi-
ble background rejection strategies for the proposed
FASERv2 experiment. We estimate that with this
detector a statistical significance between 7.3 and
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FIG. 10. Left: Contours of modifications to axial and vector couplings Aga and Agy, which result in cross sections
identical to the SM values in muon neutrino interactions with tungsten. The intersection of the dotted lines indicates
the SM. The dark (bright) contours correspond to low (high) incoming E,, with the legend illustrating the color
gradient for a selection of E, values. Since the observed event number is directly proportional to the cross section,
this illustrates that differently-shaped constraints are expected from experiments performed at different energies.
Right: Modifications to axial and vector couplings excluded by existing CCFR and NuTeV measurements (gray),
compared to the projected bounds from DUNE assuming a 25% uncertainty cross section measurement (dashed
brown), and at FASERv2 for 100% (solid teal) or 25% (dotted teal) of the expected data. The solid black lines
intersect at (Agy,Aga) = (0,0), corresponding to the SM. The NuTeV bound is computed following Ref. [15] and
assumes equal BSM to SM cross section ratios at CCFR and NuTeV due to their similar energies. All sensitivities

are at 95% confidence level.

11.10 can be achieved for the first unambiguous mea-
surement of the neutrino trident process, by adopt-
ing a reverse tracking strategy to identify signal and
reject backgrounds in the analysis.

Besides testing predictions of the SM, the dimuon
neutrino trident measurements in FASERv2 can
also be used to probe new physics. We have ana-
lyzed prospects for constraining BSM contributions
to effective four-Fermi contact operators between
muon neutrinos and muons and highlighted the com-
plementarity between low- and high-energy experi-
ments setting such bounds.

We have also provided estimates for other leptonic
final states. In particular, event statistics of neu-
trino trident interactions producing ete™ or e uT
are similar or larger than dimuon event rates, al-
though they are more difficult to disentangle from
backgrounds. In addition, of O(10) events with the
put 7T final states are expected in some of the pro-
posed detectors, which could enable the first-ever ob-
servation of such trident final states. This, however,
would require a modified detection strategy as well
as background mitigation strategies that differ from
our discussion and need to be studied separately.

The neutrino trident measurement at the LHC
would also pave the way for similar studies in fu-
ture colliders. In particular, a collimated beam of
high-energy neutrinos should also be produced in the
forward region of the Future Circular Collider oper-
ating with proton beams at 100 TeV center-of-mass
energy (FCC-hh) [94, 95]. Since the correspond-
ing neutrino interaction rates will exceed those at
the LHC predictions by about two orders of mag-
nitude [96], rare neutrino scattering processes can
then be measured with unprecedented precision. In-
creased neutrino energies could additionally allow
for studying on-shell W-boson production [17] in a
laboratory setup.

Despite decades of experimental efforts, neutrinos
still hold many secrets. Measuring high-energy neu-
trino interactions at hadron colliders would provide
a new window to unravel them, as was anticipated
when the LHC was first proposed [36]. The neutrino
physics program ought thus to be an essential part
of all planning for future hadron colliders.
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Appendix A: Form factors

The computation of trident cross sections follows the procedure outlined in Ref. [15].

relies on form factors given by

= [

The calculation

(A1)

For argon, the spherically symmetric charge density distribution px () is expressed in terms of the spherical

Bessel function of zeroth order as

N, aj R,) ,forr < Ry,
pn(r) = {0 Yonay jo(nmr/Ry) or r N

(A2)
, for r > Ry,

where ay and Ry are the Fourier-Bessel coefficients listed in Ref. [97]. As these coefficients are however

unavailable for tungsten, the functional form

ad (43)

n(r) =17 exp((r —10)/0)’

is employed, with 7y = 1.18 fm x A'/3 — 0.48 fm and ¢ = 0.55 fm — found to best correspond to the result
of Eq. (A2) in the case of argon and iron. The normalization factor A/ in Eqs.(A2)—(A3) is determined by
requiring

/dTT2pN(T’) =1 (A4)

yielding Fn(0) = 1.

The approximate form factors obtained using Eq. (A3) are depicted in the left panel of Fig. 11, together
with the simple exponential form Fiy(q) = e~ ¢ /10 with a = 1.3 fm~!. To illustrate the level of agreement
between Eqs. (A2)—(A3), the right panel of Fig. 11 shows a comparison of the integrals of the approximated
form factors for argon and iron to those obtained using Eq. (A2), as well as the integral of the approxi-
mate form factor for tungsten. These integrals enter the trident cross section computation in the form of
interpolation grids.
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Left: The approximate form factors for argon, iron, tungsten, and lead using Eq. (A3), compared with the

simple exponential form Fn(q) = 67“2‘12/10, a=1.3fm™!. Right: Integrals of the approximate form factors squared
and the interpolation grids provided in the original computation of Ref. [15] as in Eq. (A2), for comparison with our

approximations for argon and iron.



16

[1] M. Kozhushner and E. Shabalin, “Production of lepton particle pairs on a coulomb center,” Soviet Journal of
Ezxperimental and Theoretical Physics 41 (1961) 949.
[2] E. P. Shabalin, “The p*u~ and e*e™ Pair Production Cross Sections for Neutrinos Scattered by Nuclei,”
Soviet Journal of Experimental and Theoretical Physics 16 (1963) 125.
[3] W. Czyz, G. C. Sheppey, and J. D. Walecka, “Neutrino production of lepton pairs through the point
four-fermion interaction,” Nuovo Cim. 34 (1964) 404-435.
[4] J. Lovseth and M. Radomiski, “Kinematical distributions of neutrino-produced lepton triplets,” Phys. Rev. D 3
(1971) 2686-2706.
[5] K. Fujikawa, “The self-coupling of weak lepton currents in high-energy neutrino and muon reactions,” Annals
Phys. 68 (1971) 102-162.
[6] K. Koike, M. Konuma, K. Kurata, and K. Sugano, “Neutrino production of lepton pairs. 1. -,” Prog. Theor.
Phys. 46 (1971) 1150-1169.
[7] K. Koike, M. Konuma, K. Kurata, and K. Sugano, “Neutrino production of lepton pairs. 2.,” Prog. Theor.
Phys. 46 (1971) 1799-1804.
[8] R. W. Brown, R. H. Hobbs, J. Smith, and N. Stanko, “Intermediate boson. iii. virtual-boson effects in neutrino
trident production,” Phys. Rev. D 6 (1972) 3273-3292.
[9] R. W. Brown, R. H. Hobbs, J. Smith, and N. Stanko, “Intermediate boson. iii. virtual-boson effects in neutrino
trident production,” Phys. Rev. D6 (1972) 3273-3292.
[10] R. Belusevic and J. Smith, “W - Z Interference in Neutrino - Nucleus Scattering,” Phys. Rev. D 37 (1988) 2419.
[11] W. Altmannshofer, S. Gori, M. Pospelov, and 1. Yavin, “Neutrino Trident Production: A Powerful Probe of
New Physics with Neutrino Beams,” Phys. Rev. Lett. 113 (2014) 091801, arXiv:1406.2332 [hep-ph].
[12] G. Magill and R. Plestid, “Neutrino Trident Production at the Intensity Frontier,” Phys. Rev. D 95 (2017)
no. 7, 073004, arXiv:1612.05642 [hep-ph].
[13] S.-F. Ge, M. Lindner, and W. Rodejohann, “Atmospheric Trident Production for Probing New Physics,” Phys.
Lett. B 772 (2017) 164-168, arXiv:1702.02617 [hep-ph].
[14] P. Ballett, M. Hostert, S. Pascoli, Y. F. Perez-Gonzalez, Z. Tabrizi, and R. Zukanovich Funchal, “Neutrino
Trident Scattering at Near Detectors,” JHEP 01 (2019) 119, arXiv:1807.10973 [hep-ph].
[15] W. Altmannshofer, S. Gori, J. Martin-Albo, A. Sousa, and M. Wallbank, “Neutrino Tridents at DUNE,” Phys.
Rev. D 100 (2019) no. 11, 115029, arXiv:1902.06765 [hep-phl.
[16] R. Gauld, “Precise predictions for multi-TeV and PeV energy neutrino scattering rates,” Phys. Rev. D 100
(2019) no. 9, 091301, arXiv:1905.03792 [hep-ph].
[17] B. Zhou and J. F. Beacom, “Neutrino-nucleus cross sections for W-boson and trident production,” Phys. Rev.
D 101 (2020) no. 3, 036011, arXiv:1910.08090 [hep-ph].
[18] B. Zhou and J. F. Beacom, “W-boson and trident production in TeV-PeV neutrino observatories,” Phys. Rev.
D 101 (2020) no. 3, 036010, arXiv:1910.10720 [hep-ph].
[19] W. Altmannshofer, S. Gori, M. Pospelov, and I. Yavin, “Quark flavor transitions in L, — L; models,” Phys.
Rev. D 89 (2014) 095033, arXiv:1403.1269 [hep-ph].
[20] CHARM-II Collaboration, D. Geiregat et al., “First observation of neutrino trident production,” Phys. Lett.
B 245 (1990) 271-275.
[21] CCFR Collaboration, S. R. Mishra et al., “Neutrino Tridents and W Z Interference,” Phys. Rev. Lett. 66
(1991) 3117-3120.
[22] NuTeV Collaboration, T. Adams et al., “Evidence for diffractive charm production in muon-neutrino Fe and
anti-muon-neutrino Fe scattering at the Tevatron,” Phys. Rev. D 61 (2000) 092001, arXiv:hep-ex/9909041.
[23] D. Seckel, “Neutrino photon reactions in astrophysics and cosmology,” Phys. Rev. Lett. 80 (1998) 900-903,
arXiv:hep-ph/9709290.
[24] 1. Alikhanov, “Hidden Glashow resonance in neutrino—nucleus collisions,” Phys. Lett. B 756 (2016) 247-253,
arXiv:1503.08817 [hep-ph].
[25] CTEQ-TEA Collaboration, K. Xie, B. Zhou, and T. J. Hobbs, “The photon content of the neutron,” JHEP
04 (2024) 022, arXiv:2305.10497 [hep-ph].
[26] FASER Collaboration, H. Abreu et al., “Detecting and Studying High-Energy Collider Neutrinos with FASER
at the LHC,” Fur. Phys. J. C 80 (2020) no. 1, 61, arXiv:1908.02310 [hep-ex].
[27] FASER Collaboration, H. Abreu et al., “Technical Proposal: FASERnu,” arXiv:2001.03073
[physics.ins-det].
[28] FASER Collaboration, H. Abreu et al., “The FASER detector,” JINST 19 (2024) no. 05, P05066,
arXiv:2207.11427 [physics.ins-det].
[29] SHiP Collaboration, C. Ahdida et al., “SNDQLHC,” arXiv:2002.08722 [physics.ins-det].
[30] SND@LHC Collaboration, G. Acampora et al., “SNDQLHC: The Scattering and Neutrino Detector at the
LHC,” arXiv:2210.02784 [hep-ex].
[31] L. A. Anchordoqui et al., “The Forward Physics Facility: Sites, experiments, and physics potential,” Phys.


http://dx.doi.org/10.1007/BF02734586
http://dx.doi.org/10.1103/PhysRevD.3.2686
http://dx.doi.org/10.1103/PhysRevD.3.2686
http://dx.doi.org/10.1016/0003-4916(71)90244-2
http://dx.doi.org/10.1016/0003-4916(71)90244-2
http://dx.doi.org/10.1143/PTP.46.1150
http://dx.doi.org/10.1143/PTP.46.1150
http://dx.doi.org/10.1143/PTP.46.1799
http://dx.doi.org/10.1143/PTP.46.1799
http://dx.doi.org/10.1103/PhysRevD.6.3273
http://dx.doi.org/10.1103/PhysRevD.6.3273
http://dx.doi.org/10.1103/PhysRevD.37.2419
http://dx.doi.org/10.1103/PhysRevLett.113.091801
http://arxiv.org/abs/1406.2332
http://dx.doi.org/10.1103/PhysRevD.95.073004
http://dx.doi.org/10.1103/PhysRevD.95.073004
http://arxiv.org/abs/1612.05642
http://dx.doi.org/10.1016/j.physletb.2017.06.020
http://dx.doi.org/10.1016/j.physletb.2017.06.020
http://arxiv.org/abs/1702.02617
http://dx.doi.org/10.1007/JHEP01(2019)119
http://arxiv.org/abs/1807.10973
http://dx.doi.org/10.1103/PhysRevD.100.115029
http://dx.doi.org/10.1103/PhysRevD.100.115029
http://arxiv.org/abs/1902.06765
http://dx.doi.org/10.1103/PhysRevD.100.091301
http://dx.doi.org/10.1103/PhysRevD.100.091301
http://arxiv.org/abs/1905.03792
http://dx.doi.org/10.1103/PhysRevD.101.036011
http://dx.doi.org/10.1103/PhysRevD.101.036011
http://arxiv.org/abs/1910.08090
http://dx.doi.org/10.1103/PhysRevD.101.036010
http://dx.doi.org/10.1103/PhysRevD.101.036010
http://arxiv.org/abs/1910.10720
http://dx.doi.org/10.1103/PhysRevD.89.095033
http://dx.doi.org/10.1103/PhysRevD.89.095033
http://arxiv.org/abs/1403.1269
http://dx.doi.org/10.1016/0370-2693(90)90146-W
http://dx.doi.org/10.1016/0370-2693(90)90146-W
http://dx.doi.org/10.1103/PhysRevLett.66.3117
http://dx.doi.org/10.1103/PhysRevLett.66.3117
http://dx.doi.org/10.1103/PhysRevD.61.092001
http://arxiv.org/abs/hep-ex/9909041
http://dx.doi.org/10.1103/PhysRevLett.80.900
http://arxiv.org/abs/hep-ph/9709290
http://dx.doi.org/10.1016/j.physletb.2016.03.009
http://arxiv.org/abs/1503.08817
http://dx.doi.org/10.1007/JHEP04(2024)022
http://dx.doi.org/10.1007/JHEP04(2024)022
http://arxiv.org/abs/2305.10497
http://dx.doi.org/10.1140/epjc/s10052-020-7631-5
http://arxiv.org/abs/1908.02310
http://arxiv.org/abs/2001.03073
http://arxiv.org/abs/2001.03073
http://dx.doi.org/10.1088/1748-0221/19/05/P05066
http://arxiv.org/abs/2207.11427
http://arxiv.org/abs/2002.08722
http://arxiv.org/abs/2210.02784
http://dx.doi.org/10.1016/j.physrep.2022.04.004

17

Rept. 968 (2022) 1-50, arXiv:2109.10905 [hep-ph].

[32] J. L. Feng et al., “The Forward Physics Facility at the High-Luminosity LHC,” J. Phys. G 50 (2023) no. 3,
030501, arXiv:2203.05090 [hep-ex].

[33] C. F. von Weizsacker, “Radiation emitted in collisions of very fast electrons,” Z. Phys. 88 (1934) 612-625.

[34] E. J. Williams, “Nature of the high-energy particles of penetrating radiation and status of ionization and
radiation formulae,” Phys. Rev. 45 (1934) 729-730.

[35] R. Plestid and B. Zhou, “Final state radiation from high and ultrahigh energy neutrino interactions,”
arXiv:2403.07984 [hep-ph].

[36] A. De Rujula and R. Ruckl, “Neutrino and muon physics in the collider mode of future accelerators,” in SSC
Workshop: Superconducting Super Collider Fized Target Physics, pp. 571-596. 5, 1984.

[37] K. Winter, “Detection of the tau-neutrino at the LHC,” in ECFA Large Hadron Collider (LHC) Workshop:
Physics and Instrumentation, pp. 37-49. 1990.

[38] F. Vannucci, “Neutrino physics at LHC / SSC,” in 4th International Symposium on Neutrino Telescopes. 3,
1993.

[39] A. De Rujula, E. Fernandez, and J. J. Gomez-Cadenas, “Neutrino fluxes at future hadron colliders,” Nucl.
Phys. B 405 (1993) 80-108.

[40] H. Park, “The estimation of neutrino fluxes produced by proton-proton collisions at /s = 14 TeV of the LHC,”
JHEP 10 (2011) 092, arXiv:1110.1971 [hep-ex].

[41] J. L. Feng, I. Galon, F. Kling, and S. Trojanowski, “ForwArd Search ExpeRiment at the LHC,” Phys. Rev. D
97 (2018) no. 3, 035001, arXiv:1708.09389 [hep-ph].

[42] FASER Collaboration, H. Abreu et al., “First neutrino interaction candidates at the LHC,” Phys. Rev. D 104
(2021) no. 9, L091101, arXiv:2105.06197 [hep-ex].

[43] FASER Collaboration, H. Abreu et al., “First Direct Observation of Collider Neutrinos with FASER at the
LHC,” arXiv:2303.14185 [hep-ex].

[44] SND@LHC Collaboration, R. Albanese et al., “Observation of collider muon neutrinos with the SNDQLHC
experiment,” arXiv:2305.09383 [hep-ex].

[45] FASER Collaboration, R. Mammen Abraham et al., “First Measurement of the v. and v, Interaction Cross
Sections at the LHC with FASER’s Emulsion Detector,” arXiv:2403.12520 [hep-ex].

[46] S. Amoroso et al., “Snowmass 2021 Whitepaper: Proton Structure at the Precision Frontier,” Acta Phys.
Polon. B 53 (2022) no. 12, 12-A1, arXiv:2203.13923 [hep-ph].

[47] M. Ackermann et al., “High-energy and ultra-high-energy neutrinos: A Snowmass white paper,” JHEAp 36
(2022) 55-110, arXiv:2203.08096 [hep-ph].

[48] F. Kling and L. J. Nevay, “Forward neutrino fluxes at the LHC,” Phys. Rev. D 104 (2021) no. 11, 113008,
arXiv:2105.08270 [hep-ph].

[49] FASER Collaboration, R. Mammen Abraham et al., “Neutrino Rate Predictions for FASER,”
arXiv:2402.13318 [hep-ex].

[50] F. Kling, T. Mékeld, and S. Trojanowski, “Investigating the fluxes and physics potential of LHC neutrino
experiments,” Phys. Rev. D 108 (2023) no. 9, 095020, arXiv:2309.10417 [hep-phl].

[61] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko, and K. Werner, “EPOS LHC: Test of collective
hadronization with data measured at the CERN Large Hadron Collider,” Phys. Rev. C' 92 (2015) no. 3,
034906, arXiv:1306.0121 [hep-ph].

[62] S. Ostapchenko, “Monte Carlo treatment of hadronic interactions in enhanced Pomeron scheme: 1. QGSJET-II
model,” Phys. Rev. D 83 (2011) 014018, arXiv:1010.1869 [hep-ph].

[63] E.-J. Ahn, R. Engel, T. K. Gaisser, P. Lipari, and T. Stanev, “Cosmic ray interaction event generator SIBYLL
2.1, Phys. Rev. D 80 (2009) 094003, arXiv:0906.4113 [hep-ph].

[64] E.-J. Ahn, R. Engel, T. K. Gaisser, P. Lipari, and T. Stanev, “Sibyll with charm,” in 16th International
Symposium on Very High Energy Cosmic Ray Interactions. 2, 2011. arXiv:1102.5705 [astro-ph.HE].

[55] F. Riehn, R. Engel, A. Fedynitch, T. K. Gaisser, and T. Stanev, “A new version of the event generator Sibyll,”
PoSICRC2015 (2016) 558, arXiv:1510.00568 [hep-ph].

[56] A. Fedynitch, F. Riehn, R. Engel, T. K. Gaisser, and T. Stanev, “Hadronic interaction model sibyll 2.3¢ and
inclusive lepton fluxes,” Phys. Rev. D 100 (2019) no. 10, 103018, arXiv:1806.04140 [hep-phl.

[57] C. Baus, T. Pierog, and R. Ulrich, “Cosmic Ray Monte Carlo (CRMC),”.
https://web.ikp.kit.edu/rulrich/crmc.html.

[568] L. Buonocore, F. Kling, L. Rottoli, and J. Sominka, “Predictions for Neutrinos and New Physics from Forward
Heavy Hadron Production at the LHC,” arXiv:2309.12793 [hep-phl].

[69] A. Bhattacharya, F. Kling, I. Sarcevic, and A. M. Stasto, “Forward Neutrinos from Charm at Large Hadron
Collider,” arXiv:2306.01578 [hep-ph].

[60] W. Bai, M. Diwan, M. V. Garzelli, Y. S. Jeong, and M. H. Reno, “Far-forward neutrinos at the Large Hadron
Collider,” JHEP 06 (2020) 032, arXiv:2002.03012 [hep-ph].

[61] W. Bai, M. Diwan, M. V. Garzelli, Y. S. Jeong, F. K. Kumar, and M. H. Reno, “Parton distribution function
uncertainties in theoretical predictions for far-forward tau neutrinos at the Large Hadron Collider,” JHEP 06


http://dx.doi.org/10.1016/j.physrep.2022.04.004
http://dx.doi.org/10.1016/j.physrep.2022.04.004
http://arxiv.org/abs/2109.10905
http://dx.doi.org/10.1088/1361-6471/ac865e
http://dx.doi.org/10.1088/1361-6471/ac865e
http://arxiv.org/abs/2203.05090
http://dx.doi.org/10.1007/BF01333110
http://dx.doi.org/10.1103/PhysRev.45.729
http://arxiv.org/abs/2403.07984
http://dx.doi.org/10.5170/CERN-1984-010-V-2.571
http://dx.doi.org/10.1016/0550-3213(93)90427-Q
http://dx.doi.org/10.1016/0550-3213(93)90427-Q
http://dx.doi.org/10.1007/JHEP10(2011)092
http://arxiv.org/abs/1110.1971
http://dx.doi.org/10.1103/PhysRevD.97.035001
http://dx.doi.org/10.1103/PhysRevD.97.035001
http://arxiv.org/abs/1708.09389
http://dx.doi.org/10.1103/PhysRevD.104.L091101
http://dx.doi.org/10.1103/PhysRevD.104.L091101
http://arxiv.org/abs/2105.06197
http://arxiv.org/abs/2303.14185
http://arxiv.org/abs/2305.09383
http://arxiv.org/abs/2403.12520
http://dx.doi.org/10.5506/APhysPolB.53.12-A1
http://dx.doi.org/10.5506/APhysPolB.53.12-A1
http://arxiv.org/abs/2203.13923
http://dx.doi.org/10.1016/j.jheap.2022.08.001
http://dx.doi.org/10.1016/j.jheap.2022.08.001
http://arxiv.org/abs/2203.08096
http://dx.doi.org/10.1103/PhysRevD.104.113008
http://arxiv.org/abs/2105.08270
http://arxiv.org/abs/2402.13318
http://dx.doi.org/10.1103/PhysRevD.108.095020
http://arxiv.org/abs/2309.10417
http://dx.doi.org/10.1103/PhysRevC.92.034906
http://dx.doi.org/10.1103/PhysRevC.92.034906
http://arxiv.org/abs/1306.0121
http://dx.doi.org/10.1103/PhysRevD.83.014018
http://arxiv.org/abs/1010.1869
http://dx.doi.org/10.1103/PhysRevD.80.094003
http://arxiv.org/abs/0906.4113
http://arxiv.org/abs/1102.5705
http://dx.doi.org/10.22323/1.236.0558
http://arxiv.org/abs/1510.00568
http://dx.doi.org/10.1103/PhysRevD.100.103018
http://arxiv.org/abs/1806.04140
https://web.ikp.kit.edu/rulrich/crmc.html
http://arxiv.org/abs/2309.12793
http://arxiv.org/abs/2306.01578
http://dx.doi.org/10.1007/JHEP06(2020)032
http://arxiv.org/abs/2002.03012
http://dx.doi.org/10.1007/JHEP06(2022)148

18

(2022) 148, arXiv:2112.11605 [hep-ph].

[62] W. Bai, M. Diwan, M. V. Garzelli, Y. S. Jeong, K. Kumar, and M. H. Reno, “Forward production of prompt
neutrinos from charm in the atmosphere and at high energy colliders,” arXiv:2212.07865 [hep-ph].

[63] L. A. Anchordoqui, C. G. Canal, F. Kling, S. J. Sciutto, and J. F. Soriano, “An explanation of the muon puzzle
of ultrahigh-energy cosmic rays and the role of the Forward Physics Facility for model improvement,” JHEAp
34 (2022) 19-32, arXiv:2202.03095 [hep-phl.

[64] B. Batell, J. L. Feng, and S. Trojanowski, “Detecting Dark Matter with Far-Forward Emulsion and Liquid
Argon Detectors at the LHC,” Phys. Rev. D 103 (2021) no. 7, 075023, arXiv:2101.10338 [hep-ph].

[65] F. Kling. Personal communication.

[66] J. Albrecht et al., “The Muon Puzzle in cosmic-ray induced air showers and its connection to the Large Hadron
Collider,” Astrophys. Space Sci. 367 (2022) no. 3, 27, arXiv:2105.06148 [astro-ph.HE].

[67] Particle Data Group Collaboration, R. L. Workman et al., “Review of Particle Physics,” PTEP 2022 (2022)
083CO01.

[68] D. E. Groom, N. V. Mokhov, and S. I. Striganov, “Muon stopping power and range tables 10-MeV to
100-TeV,” Atom. Data Nucl. Data Tabl. 78 (2001) 183-356.

[69] T. Sjostrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen,
and P. Z. Skands, “An introduction to PYTHIA 8.2,” Comput. Phys. Commun. 191 (2015) 159-177,
arXiv:1410.3012 [hep-ph].

[70] B. Zhou and J. F. Beacom, “Dimuons in neutrino telescopes: New predictions and first search in IceCube,”
Phys. Rev. D 105 (2022) no. 9, 093005, arXiv:2110.02974 [hep-ph].

[71] C. Andreopoulos et al., “The GENIE Neutrino Monte Carlo Generator,” Nucl. Instrum. Meth. A 614 (2010)
87-104, arXiv:0905.2517 [hep-ph].

[72] C. Andreopoulos, C. Barry, S. Dytman, H. Gallagher, T. Golan, R. Hatcher, G. Perdue, and J. Yarba, “The
GENIE Neutrino Monte Carlo Generator: Physics and User Manual,” arXiv:1510.05494 [hep-ph].

[73] GENIE Collaboration, L. Alvarez-Ruso et al., “Recent highlights from GENIE v3,” Fur. Phys. J. ST 230
(2021) no. 24, 4449-4467, arXiv:2106.09381 [hep-ph].

[74] A. Cooper-Sarkar, P. Mertsch, and S. Sarkar, “The high energy neutrino cross-section in the Standard Model
and its uncertainty,” JHEP 08 (2011) 042, arXiv:1106.3723 [hep-phl].

[75] A. Garcia, R. Gauld, A. Heijboer, and J. Rojo, “Complete predictions for high-energy neutrino propagation in
matter,” JCAP 09 (2020) 025, arXiv:2004.04756 [hep-ph].

[76] GENIE Collaboration, J. Tena-Vidal et al., “Neutrino-nucleon cross-section model tuning in GENIE v3,”
Phys. Rev. D 104 (2021) no. 7, 072009, arXiv:2104.09179 [hep-ph].

[77] GENIE Collaboration, J. Tena-Vidal et al., “Hadronization model tuning in genie v3,” Phys. Rev. D 105
(2022) no. 1, 012009, arXiv:2106.05884 [hep-ph].

[78] https://genie-docdb.pp.rl.ac.uk/DocDB/0000/000002/007 /man.pdf.

[79] M. Kabirnezhad, “Single pion production in neutrino-nucleon Interactions,” Phys. Rev. D 97 (2018) no. 1,
013002, arXiv:1711.02403 [hep-ph].

[80] GENIE Collaboration, W. Li et al., “First combined tuning on transverse kinematic imbalance data with and
without pion production constraints,” arXiv:2404.08510 [hep-ex].

[81] Q. Yan, K. Niewczas, A. Nikolakopoulos, R. Gonzélez-Jiménez, N. Jachowicz, X. Lu, J. Sobczyk, and Y. Zheng,
“The Ghent Hybrid Model in NuWro: a new neutrino single-pion production model in the GeV regime,”
arXiv:2405.05212 [hep-ph].

[82] C. Berger and L. M. Sehgal, “Lepton mass effects in single pion production by neutrinos,” Phys. Rev. D 76
(2007) 113004, arXiv:0709.4378 [hep-ph].

[83] C. Berger and L. M. Sehgal, “PCAC and coherent pion production by low energy neutrinos,” Phys. Rev. D 79
(2009) 053003, arXiv:0812.2653 [hep-ph].

[84] J. A. Formaggio and G. P. Zeller, “From eV to EeV: Neutrino Cross Sections Across Energy Scales,” Rev. Mod.
Phys. 84 (2012) 1307-1341, arXiv:1305.7513 [hep-ex].

[85] A. Ariga, R. Balkin, I. Galon, E. Kajomovitz, and Y. Soreq, “Hunting muonic forces at emulsion detectors,”
Phys. Rev. D 109 (2024) no. 3, 035003, arXiv:2305.03102 [hep-ph].

[86] M. Sabate-Gilarte and F. Cerutti, “Radiation field characterization for present lhc and future hl-lhc forward
physics experiments,” in Proc. IPAC’23, no. 14 in IPAC’23 - 14th International Particle Accelerator
Conference, pp. 543-546. JACoW Publishing, Geneva, Switzerland, 05, 2023.
https://indico. jacow.org/event/41/contributions/1146.

[87] FASER Collaboration, H. Abreu et al., “Search for dark photons with the FASER detector at the LHC,”
Phys. Lett. B 848 (2024) 138378, arXiv:2308.05587 [hep-ex].

[88] The ALEPH Collaboration, The DELPHI Collaboration, The L3 Collaboration, The OPAL Collaboration, and
The LEP Electroweak Working Group 1, “Electroweak measurements in electron—positron collisions at
w-boson-pair energies at lep,” Physics Reports 532 (2013) no. 4, 119-244.
https://www.sciencedirect.com/science/article/pii/S0370157313002706. Electroweak Measurements in
Electron-Positron Collisions at W-Boson-Pair Energies at LEP.


http://dx.doi.org/10.1007/JHEP06(2022)148
http://dx.doi.org/10.1007/JHEP06(2022)148
http://arxiv.org/abs/2112.11605
http://arxiv.org/abs/2212.07865
http://dx.doi.org/10.1016/j.jheap.2022.03.004
http://dx.doi.org/10.1016/j.jheap.2022.03.004
http://arxiv.org/abs/2202.03095
http://dx.doi.org/10.1103/PhysRevD.103.075023
http://arxiv.org/abs/2101.10338
http://dx.doi.org/10.1007/s10509-022-04054-5
http://arxiv.org/abs/2105.06148
http://dx.doi.org/10.1093/ptep/ptac097
http://dx.doi.org/10.1093/ptep/ptac097
http://dx.doi.org/10.1006/adnd.2001.0861
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://arxiv.org/abs/1410.3012
http://dx.doi.org/10.1103/PhysRevD.105.093005
http://arxiv.org/abs/2110.02974
http://dx.doi.org/10.1016/j.nima.2009.12.009
http://dx.doi.org/10.1016/j.nima.2009.12.009
http://arxiv.org/abs/0905.2517
http://arxiv.org/abs/1510.05494
http://dx.doi.org/10.1140/epjs/s11734-021-00295-7
http://dx.doi.org/10.1140/epjs/s11734-021-00295-7
http://arxiv.org/abs/2106.09381
http://dx.doi.org/10.1007/JHEP08(2011)042
http://arxiv.org/abs/1106.3723
http://dx.doi.org/10.1088/1475-7516/2020/09/025
http://arxiv.org/abs/2004.04756
http://dx.doi.org/10.1103/PhysRevD.104.072009
http://arxiv.org/abs/2104.09179
http://dx.doi.org/10.1103/PhysRevD.105.012009
http://dx.doi.org/10.1103/PhysRevD.105.012009
http://arxiv.org/abs/2106.05884
https://genie-docdb.pp.rl.ac.uk/DocDB/0000/000002/007/man.pdf 
http://dx.doi.org/10.1103/PhysRevD.97.013002
http://dx.doi.org/10.1103/PhysRevD.97.013002
http://arxiv.org/abs/1711.02403
http://arxiv.org/abs/2404.08510
http://arxiv.org/abs/2405.05212
http://dx.doi.org/10.1103/PhysRevD.76.113004
http://dx.doi.org/10.1103/PhysRevD.76.113004
http://arxiv.org/abs/0709.4378
http://dx.doi.org/10.1103/PhysRevD.79.053003
http://dx.doi.org/10.1103/PhysRevD.79.053003
http://arxiv.org/abs/0812.2653
http://dx.doi.org/10.1103/RevModPhys.84.1307
http://dx.doi.org/10.1103/RevModPhys.84.1307
http://arxiv.org/abs/1305.7513
http://dx.doi.org/10.1103/PhysRevD.109.035003
http://arxiv.org/abs/2305.03102
http://dx.doi.org/10.18429/JACoW-IPAC2023-MOPL018
http://dx.doi.org/10.18429/JACoW-IPAC2023-MOPL018
https://indico.jacow.org/event/41/contributions/1146
http://dx.doi.org/10.1016/j.physletb.2023.138378
http://arxiv.org/abs/2308.05587
http://dx.doi.org/https://doi.org/10.1016/j.physrep.2013.07.004
https://www.sciencedirect.com/science/article/pii/S0370157313002706

19

[89] A. Greljo, Y. Soreq, P. Stangl, A. E. Thomsen, and J. Zupan, “Muonic force behind flavor anomalies,” JHEP
04 (2022) 151, arXiv:2107.07518 [hep-ph].

[90] S.-F. Ge, M. Lindner, and W. Rodejohann, “Atmospheric trident production for probing new physics,” Physics
Letters B 772 (2017) 164-168. https://www.sciencedirect.com/science/article/pii/S0370269317304872.

[91] K. S. McFarland et al., “Limits on v,(7,) — v+(¥-) and v, (7,) — (Pe)ve Oscillations from a Precision
Measurement of Neutrino-Nucleon Neutral Current Interactions,” Phys. Rev. Lett. 75 (1995) 3993-3996.
https://link.aps.org/doi/10.1103/PhysRevLett.75.3993.

[92] A. Ismail, R. Mammen Abraham, and F. Kling, “Neutral current neutrino interactions at FASERv,” Phys.
Rev. D 103 (2021) no. 5, 056014, arXiv:2012.10500 [hep-phl.

[93] A. Falkowski, M. Gonzélez-Alonso, J. Kopp, Y. Soreq, and Z. Tabrizi, “EFT at FASERv,” JHEP 10 (2021)
086, arXiv:2105.12136 [hep-ph].

[94] FCC Collaboration, A. Abada et al., “FCC Physics Opportunities: Future Circular Collider Conceptual
Design Report Volume 1,” Eur. Phys. J. C'79 (2019) no. 6, 474.

[95] FCC Collaboration, A. Abada et al., “FCC-hh: The Hadron Collider: Future Circular Collider Conceptual
Design Report Volume 3,” Eur. Phys. J. ST 228 (2019) no. 4, 755-1107.

[96] J. Adhikary, J. Feng, M. Fieg, F. Kling, R. Mammen Abraham, T. R. Rabemananjara, J. Rojo, and
S. Trojanowski, “QCD, Neutrino, and BSM Physics Opportunities with Far-Forward Experiments at a 100 TeV
Proton-Proton Collider.” In preparation.

[97] H. De Vries, C. De Jager, and C. De Vries, “Nuclear charge-density-distribution parameters from elastic
electron scattering,” Atomic Data and Nuclear Data Tables 36 (1987) no. 3, 495-536.
https://www.sciencedirect.com/science/article/pii/0092640X87900131.


http://dx.doi.org/10.1007/JHEP04(2022)151
http://dx.doi.org/10.1007/JHEP04(2022)151
http://arxiv.org/abs/2107.07518
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2017.06.020
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2017.06.020
https://www.sciencedirect.com/science/article/pii/S0370269317304872
http://dx.doi.org/10.1103/PhysRevLett.75.3993
https://link.aps.org/doi/10.1103/PhysRevLett.75.3993
http://dx.doi.org/10.1103/PhysRevD.103.056014
http://dx.doi.org/10.1103/PhysRevD.103.056014
http://arxiv.org/abs/2012.10500
http://dx.doi.org/10.1007/JHEP10(2021)086
http://dx.doi.org/10.1007/JHEP10(2021)086
http://arxiv.org/abs/2105.12136
http://dx.doi.org/10.1140/epjc/s10052-019-6904-3
http://dx.doi.org/10.1140/epjst/e2019-900087-0
http://dx.doi.org/https://doi.org/10.1016/0092-640X(87)90013-1
https://www.sciencedirect.com/science/article/pii/0092640X87900131

	Discovering neutrino tridents at the Large Hadron Collider
	Abstract
	Introduction
	Neutrino tridents
	Neutrino Tridents at the LHC
	Neutrino trident signal in FASER2
	Backgrounds in FASER2
	Neutrino-induced backgrounds
	Muon-induced backgrounds
	Statistical significance and uncertainty

	Constraining four-fermi muon interactions
	Conclusions
	Acknowledgements
	Form factors
	References


