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Abstract

A search for long-lived particles (LLPs) decaying in the CMS muon detectors is pre-
sented. A data sample of proton-proton collisions at

√
s = 13 TeV corresponding to

an integrated luminosity of 138 fb−1, recorded at the LHC in 2016–2018, is used. The
decays of LLPs are reconstructed as high multiplicity clusters of hits in the muon de-
tectors. In the context of twin Higgs models, the search is sensitive to LLP masses
from 0.4 to 55 GeV and a broad range of LLP decay modes, including decays to
hadrons, τ leptons, electrons, or photons. No excess of events above the standard
model background is observed. The most stringent limits to date from LHC data are
set on the branching fraction of the Higgs boson decay to a pair of LLPs with masses
below 10 GeV. This search also provides the best limits for various intervals of LLP
proper decay length and mass. Finally, this search sets the first limits at the LHC on
a dark quantum chromodynamic sector whose particles couple to the Higgs boson
through gluon, Higgs boson, photon, vector, and dark-photon portals, and is sensi-
tive to branching fractions of the Higgs boson to dark quarks as low as 2 × 10−3.
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1 Introduction
Many extensions of the standard model (SM) predict the existence of neutral, weakly coupled
particles that have long proper lifetimes. These long-lived particles (LLPs) naturally arise in a
broad range of models beyond the SM including supersymmetry (SUSY) [1–15], hidden valley
scenarios [16–18], inelastic dark matter [19], and twin Higgs models [20–22].

In this paper, we describe a search at the CERN LHC that uses the CMS muon detectors as a
sampling calorimeter to identify particle showers produced by LLP decays. This analysis ex-
tends and improves the techniques deployed in a previous CMS publication [23]. The search
is based on proton-proton collision data collected at a center-of-mass energy of 13 TeV dur-
ing 2016–2018 at the LHC, corresponding to an integrated luminosity of 138 fb−1. The CMS
muon detectors are composed of gaseous detector chambers interleaved with steel layers of
the magnet flux-return yoke. Decays of LLPs in the muon detectors induce hadronic and elec-
tromagnetic showers, giving rise to a large multiplicity of hits in a localized detector region,
referred to as a muon detector shower (MDS) object. The hadron calorimeter (HCAL), solenoid
magnet, and steel flux-return yoke together provide 12–27 nuclear interaction lengths of shield-
ing [24, 25], which, together with explicit vetoes on inner detector activity, strongly suppress
particle showers from jets that are not fully contained within the calorimeters’ volume (punch-
through). An LLP produced with a large Lorentz boost and decaying after it has traversed
the calorimeter systems may produce large missing transverse momentum because its mo-
mentum is not properly measured or associated with a reconstructed particle. Therefore, the
analyzed data are required to have a magnitude of the missing transverse momentum vector
above 200 GeV.

This search is sensitive to the production of single or multiple LLPs decaying to final states
including hadrons, tau leptons, electrons, or photons. The LLPs decaying to muons very rarely
produce a particle shower and will generally not be detected by this search. While this search
is sensitive to many models predicting LLPs, we interpret the results in two separate bench-
mark scenarios. The first is a simplified model motivated by the twin Higgs scenario [20–22]
where the SM Higgs boson (H) decays to a pair of neutral long-lived scalars (S), each of which
decays in turn to a pair of fermions or a pair of photons. We search for long-lived scalars with
masses between 0.4 and 55 GeV in a wide range of decay modes, including decays resulting
primarily in hadronic showers (bb, dd, K+K−, K0K0, and π+π−), decays resulting primarily
in electromagnetic showers (π0π0, γγ, and e+e− ), and decays to τ+τ−, which may result in
hadronic or electromagnetic showers. The most stringent previous constraints for mean proper
decay lengths cτ < 0.3 m are based on a search for displaced jets in the CMS tracker [26]. For
cτ > 0.3 m, a search for displaced vertices in the ATLAS muon spectrometer [27, 28] and the
CMS search using the endcap muon detectors [23] set the most stringent previous limits.

We also interpret the search results in terms of a set of “dark shower” models with perturbative
parton showers [29]. We consider production of an SM Higgs boson that decays to a pair of
dark-sector quarks, each of which hadronizes into a dark shower consisting of short- and long-
lived dark-sector mesons (scalar or vector) that eventually decay back to SM particles through
portals that couple the dark sector to the SM. Depending on the symmetries and decay portal,
the proper lifetime of the dark mesons and the final-state SM particles can vary, resulting in
a wide range of dark-shower signatures. We interpret the search results in a framework for
long-lived states with masses between 2–20 GeV and five different decay portals [29], namely
the gluon portal producing hadron-rich showers, the photon portal with photon showers, the
vector portal with semi-visible jets, the Higgs boson portal with heavy-flavor-rich showers, and
the dark-photon portal with lepton-rich showers. This is the first search at the LHC with an
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interpretation in this framework. A diagram representing both benchmark models is shown in
Fig. 1.

H

S/Ψ

S/Ψ

p

p

Figure 1: Diagram representing the twin Higgs and dark-shower models. The SM Higgs boson
(H) decays to a pair of neutral long-lived scalars (S) in the twin Higgs model or to a pair of
dark-sector quarks (Ψ) in the dark shower model.

There are two key advantages of the LLP search strategy presented in this paper over searches
that employ displaced vertices.

(i) The absorbers in front of the muon detectors act as shielding material to maintain a suf-
ficiently low level of background for the detection of a single LLP decay. This level of
background rejection could only be achieved in current hadronically decaying displaced-
vertex searches by requiring the detection of two LLP decays.

(ii) The MDS signature is sensitive to the LLP energy only and insensitive to its mass, ren-
dering this search equally sensitive to all LLP masses considered. In contrast, the vertex
reconstruction efficiency in a displaced-vertex search tends to decrease with the LLP mass
because of the increasingly smaller opening angles.

Because of these advantages, the signal acceptance and sensitivity are improved relative to
those of the analyses leading to the previous best results [26–28] for all LLP masses and proper
lifetimes.

This paper is organized as follows. We briefly describe the CMS detector in Section 2. Section 3
provides a summary of the simulated samples used in the analysis. The reconstruction of the
final state objects is discussed in Sections 4 and 5, respectively. The event selection is described
in Section 6. The background estimation methods are detailed in Section 7. The signal modeling
and systematic uncertainties are discussed in Sections 8. We report and interpret the results in
Section 9. Finally, a summary is given in Section 10. The tabulated results are provided in the
HEPData record for this analysis [30].

2 The CMS detector
The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
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tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor HCAL, each composed of a barrel and two endcap sections. Forward calorimeters extend
the pseudorapidity (η) coverage provided by the barrel and endcap detectors. Muons are iden-
tified in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid
using three technologies: drift tubes (DTs) in the barrel, cathode strip chambers (CSCs) in the
endcaps, and resistive-plate chambers (RPCs) in the barrel and endcaps. A more detailed de-
scription of the CMS detector, together with a definition of the coordinate system used and the
relevant kinematic variables, can be found in Ref. [25].

The DT and CSC detectors covering the barrel and endcaps, respectively, play critical roles in
the search described in this paper. The barrel DT detectors cover a region of |η| < 1.2 and
are organized in four concentric cylindrical layers (“stations”) around the beamline and five
wheels along the beamline axis (z), as illustrated in Fig. 2. The four DT stations labeled MB1
to MB4 are located approximately 4, 5, 6, and 7 m away from the interaction point radially (r)
and interleaved with the layers of the steel flux-return yoke. The DT chambers in a particular
station and wheel are arranged into rings, where the chambers are split into 12 ϕ-sectors, each
subtending 20◦ in ϕ. Each DT station contains 8–12 layers of DT cells. As charged particles
traverse the DT stations, they ionize the gas and produce charges that drift to the anode wire
at the center of each of the DT cells. A signal pulse measured at the anode wire is recorded as a
hit. The first three stations, each containing twelve layers of DT cells, are each arranged in three
groups of four staggered layers called “superlayers” (SLs). The innermost and outermost SLs
measure the hit coordinate in the r–ϕ plane (where ϕ is the azimuthal angle in radians), and the
central SL measures the position in the z direction, along the beamline. The fourth station only
contains two SLs measuring the hit position in the r–ϕ plane. Individual hits have a resolution
of about 600 µm, which can be improved to about 260 µm by combining information from hits
in the same SL [31].

The CSC detectors cover a region of 0.9 < |η| < 2.4 and comprise four stations in each endcap.
The four CSC stations labeled ME1 to ME4 are located approximately 7.0, 8.0, 9.5, and 10.5 m
away from the interaction point along the beamline axis on both ends of the detector, and are
interleaved between steel absorbers. In the r direction, each station is composed of two or
three rings, labeled as ME1/n-ME4/n, where integer n increases with the radial distance from
the beam line. Each chamber is composed of six thin layers containing cathode strips along
the radial direction and anode wires perpendicular to the strips. Charged particles traversing
the chambers ionize the gas. The resulting electrons are accelerated towards the anode wires
producing an avalanche, while the positive ions travel to the opposite end and induce signals
in the cathode strips. By combining the information from signals on the anode wires and the
cathode strips of each layer, the space and time coordinates of each hit can be determined with
a resolution of 400–500 µm and 5 ns [32, 33].

Each RPC consists of two parallel high-resistivity plastic plates enclosing a volume of gas that
operates in avalanche mode in order to provide a fast response. Signals collected from the
readout strips measure the position and time of a muon hit. The RPCs’ excellent time resolution
(1 ns) enables pairing the muon hits to the LHC bunch crossing without ambiguities. Six layers
of RPCs are located in the barrel and three in the endcaps, covering a region of |η| < 1.6.

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [34]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing and reduces the event rate to
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around 1 kHz before data storage [35].

3 Simulated samples
The simulated H → SS signal samples are generated at next-to-leading order (NLO) with the
POWHEG 2.0 [36–39] generator for the five main Higgs production processes: gluon fusion,
vector boson fusion, associated production with a Z or W boson, and associated production
with a pair of top quarks. The Higgs boson mass is set to 125 GeV, while the S mass (mS) is
set to 0.4, 1.0, 1.5, 3.0, 7.0, 15.0, 40.0, or 55.0 GeV. The proper decay length is set to various
values ranging between 1 mm and 100 m. We consider decays to bb, dd, K+K−, K0K0, and
π+π−, hereafter referred to as the fully hadronic decay modes, decays to π0π0, γγ, and e+e− ,
referred to as the fully electromagnetic decay modes, and decays to τ+τ−. Di-muon decays are
not considered, since muons typically do not create high hit-multiplicity showers in the muon
detectors. These specific decay modes are selected because they represent the dominant decay
modes for Higgs-like scalar particles with mass in various ranges [40, 41]. For mass below
0.2 GeV, the e+e− and γγ decay modes are dominant; between 0.3 and 1 GeV, the π+π− and
π0π0 decay modes are dominant; between 1 and 2 GeV, the K+K− and K0K0 decay modes are
dominant; and above 2 GeV the γγ and qq decay modes are dominant.

The dark shower signal models are generated similarly through Higgs boson production at
NLO with POWHEG 2.0 and include only the dominant gluon fusion production mode. The
Higgs boson mass is set to 125 GeV. The Higgs boson decay and the phenomenology of the
dark showers are generated following the tools and theory assumptions presented in Ref. [29],
using the PYTHIA8 [42] hidden-valley module [43, 44]. In the generation, the dark sector is
reduced to a single dark quark (Ψ), vector meson (ω̃), and scalar meson (η̃ ), and there are three
dark quantum chromodynamic (QCD) colors.

As mentioned in Section 1, we generate signal samples for five different decay portals. In the
vector portal, ω̃ is long-lived and couples to SM particles, while η̃ is invisible. For the dark-
photon portal, η̃ decays into a pair of long-lived dark photons with masses equal to 0.4mη̃ ,
which then each decay into SM particles. For all other portals, η̃ is long-lived and couples to
SM particles, while ω̃ is invisible. The LLP mass is varied between 2 and 20 GeV. The minimum
LLP mass for each portal is motivated by the minimal ultraviolet completion and fine-tuning
considerations discussed in Ref. [29]. The proper decay length is varied between 1 mm and
10 m. Characteristics of the models are the ω̃ to η̃ meson mass ratio, ξω, and the ratio of the
dark sector QCD scale to the η̃ mass, ξΛ. We consider three sets of numerical values: (ξω, ξΛ) =
(2.5, 2.5), (2.5, 1.0), and (1.0, 1.0). These three hierarchies represent regimes where ω̃ and η̃
mesons are both produced and ω̃ can decay to a pair of η̃ mesons, only η̃ mesons are produced,
and ω̃ and η̃ mesons are both produced but ω̃ cannot decay to a pair of η̃ mesons, respectively.
The three sets of values are can be set for all portals, except for the vector portal, where only ω̃
couples to SM particles, so only (ξω, ξΛ) = (1.0, 1.0) creates reconstructable signature. These
distinct scenarios present a wide range of signatures with different LLP multiplicities, visible
decay product multiplicities, and missing transverse momenta (⃗pmiss

T ).

For both signal models, parton showering, hadronization, and the underlying event are mod-
eled by PYTHIA8.205 (8.230) [42] with parameters set by the CUETP8M1 [45] (CP5 [46]) tune
used for samples simulating the 2016 (2017 and 2018) data set conditions. The NNPDF3.0 [47]
(3.1 [48]) parton distribution functions (PDFs) are used in the generation of all simulated sam-
ples. The GEANT4 [49] toolkit is used to model the response of the CMS detector. Simulated
minimum-bias events are mixed with the hard interactions in simulated events to reproduce
the effect of additional proton-proton interactions within the same or neighboring bunch cross-
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ings (pileup). Events are weighted such that the distribution of the number of interactions per
bunch crossing agrees with that observed during each data-taking period.

4 Event reconstruction
A particle-flow (PF) algorithm [50] aims to reconstruct and identify each individual particle
in an event, with an optimized combination of information from the various elements of the
CMS detector. The energy of photons is obtained from the ECAL measurement. The energy of
electrons is determined from a combination of the electron momentum at the primary interac-
tion vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and
the energy sum of all photons spatially compatible with originating from the electron track,
hence considered as bremsstrahlung. The energy of muons is obtained from the curvature of
the corresponding track. The energy of charged hadrons is determined from a combination of
their momentum measured in the tracker and the matching ECAL and HCAL energy deposits,
corrected for the response function of the calorimeters to hadronic showers. Finally, the energy
of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energies.

Muons are measured in the range |η| < 2.4. The efficiency to reconstruct and identify muons
with transverse momentum pT > 20 GeV is greater than 96% [32, 51]. Matching muons to
tracks measured in the silicon tracker results in a relative pT resolution of 1% in the barrel and
3% in the endcaps for muons with pT up to 100 GeV, and better than 7% in the barrel for muons
with pT up to 1 TeV [32]. Energetic muons producing electromagnetic radiation may generate
MDS clusters. In this search, reconstructed muons are used to veto these clusters to suppress
background from muon bremsstrahlung. Depending on the search categories, different muon
pT and identification requirements are applied.

For each event, hadronic jets are clustered from these reconstructed particles using the infrared-
and collinear-safe anti-kT algorithm [52, 53] with a distance parameter of 0.4. The jet momen-
tum is determined as the vectorial sum of all particle momenta in the jet, and is found from
simulation to be, on average, within 5–10% of the true momentum over the whole pT spectrum
and detector acceptance [54]. Pileup interactions produce additional tracks and calorimetric
energy deposits that contribute to the jet momentum. To mitigate this effect, charged parti-
cles identified to be originating from pileup vertices are discarded and an offset correction is
applied to correct for remaining contributions. Jet energy corrections are derived from simu-
lation to bring the measured response of jets to that of particle-level jets on average. In situ
measurements of the momentum balance in dijet, photon + jet, Z + jet, and multijet events are
used to account for any residual differences in the jet energy scale between data and simula-
tion [54]. Additional selection criteria, detailed in Section 6, are applied to each jet to remove
jets potentially dominated by anomalous contributions from various subdetector components
or reconstruction failures [55].

The vector p⃗miss
T is computed as the negative vector pT sum of all the PF candidates in an event,

and its magnitude is denoted as pmiss
T . The p⃗miss

T is modified to account for corrections to the
energy scale of the reconstructed jets in the event [56].

5 Muon detector showers
When charged particles traverse the CSCs, signal pulses are collected on the anode wires and
the cathode strips. The signals from the wire groups are combined with signals from the cath-
ode strips to form a point on a two-dimensional plane in each chamber layer called a CSC hit.
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When charged particles traverse the DT chambers, signal pulses are collected on the anode
wires at the center of the DT cells. Since the DTs only provide measurement in either the ϕ or
z dimension, the DT hit position is assumed to be at the center of each DT chamber in the or-
thogonal direction. For LLPs that decay within or just in front of the muon system, the material
in the iron return yoke structure will induce a hadronic or electromagnetic shower, creating a
geometrically localized and isolated cluster of signal hits in the muon detectors.

Because the CSC and DT hits contain different information, they are handled separately. The
CSC and DT hits are clustered in η and ϕ using the DBSCAN algorithm [57], which groups
hits in high-density regions into clusters. A minimum of 50 hits and a distance parameter
∆Rcluster =

√
(∆η)2 + (∆ϕ)2 of 0.2 is used. A minimum ionizing muon is expected to produce a

maximum of 24 or 44 hits in the CSC or DT detectors, respectively. We choose a minimum of 50
hits to explicitly avoid misidentifying minimum ionizing muons as an MDS cluster object. A
spatial position is associated with each cluster by taking the geometric center of the hits in the
cluster. From this, we can calculate the η and ϕ coordinates of each cluster. Nearby clusters are
merged if they satisfy ∆R < 0.6. This is repeated until all clusters within an event are isolated.
This merging procedure ensures that clusters coming from the same source are reconstructed
as one object. In the overlap region of the muon detectors, with 0.9 < |η| < 1.2, if both CSC and
DT clusters are reconstructed with ∆R < 0.4, the CSC clusters are given precedence because
the CSC cluster response is larger, and the corresponding DT clusters are removed.

The simulated cluster-reconstruction efficiency, including both DT and CSC clusters, as a func-
tion of the generated r and |z| decay positions of the particle S is shown in Fig. 2. The DT
(CSC) cluster reconstruction efficiency is shown separately as a function of the generated r (|z|)
in Fig. 3. The efficiencies are shown for events satisfying pmiss

T > 200 GeV, as required in the
search described in Section 6 and depends strongly on the LLP decay position. The efficiency
is highest when the LLP decays near the edges of the shielding absorber material, where there
is enough material to induce the shower, but not so much that it stops the shower secondary
particles. Decays that occur at the beginning or just before a thick section of absorber mate-
rial will have a reduced efficiency because a fraction of the particle shower will be absorbed
by the material before it can be detected. The effect appears as dips in the efficiency in Fig. 3
in the regions labeled MB2, MB3, and ME2. The efficiency decreases to zero when the decay
occurs near the end of the last stations in MB4 or ME4 because there is an insufficient amount
of absorber material to induce any particle shower.

The cluster reconstruction efficiency also depends on whether the LLP decays to hadrons or to
electrons or photons. In general, hadronic showers have higher efficiency compared to elec-
tromagnetic showers because they are more likely to penetrate through the steel in between
the muon stations. Showers induced by electromagnetic decays generally occupy just one sta-
tion and are stopped by the steel between the stations. When the LLP decays close to or in
the CSCs, defined as the union of the two regions: (i) 500 < |z| < 661 cm, r < 270 cm, and
|η| < 2.4, and (ii) 660 < |z| < 1100 cm, r < 695.5 cm, and |η| < 2.4, the inclusive CSC cluster
reconstruction efficiency is approximately 80, 55, and 35% for fully hadronic, τ+τ−, and fully
leptonic decays, respectively. When the LLP decays close to or in the DTs, defined as the re-
gion 380 < r < 738 cm and |z| < 661 cm, the inclusive DT cluster reconstruction efficiency is
approximately 80, 60, and 45% for fully hadronic, τ+τ−, and fully leptonic decays, respectively.

The accuracy of the simulation modeling of the cluster reconstruction efficiency has been stud-
ied using a Z → µ+µ− data sample, where clusters are produced when one of the muons un-
dergoes bremsstrahlung and the associated photon produces an electromagnetic shower. The
difference between data and simulation is propagated as a systematic uncertainty in the cluster
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reconstruction efficiency, as detailed in Section 8.
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Figure 2: The cluster reconstruction efficiency, including both DT and CSC clusters, as a func-
tion of the simulated r and |z| decay positions of the particle S decaying to dd in events with
pmiss

T > 200 GeV, for a mass of 40 GeV and a range of cτ values uniformly distributed between
1 and 10 m. The cluster reconstruction efficiency appears to be nonzero beyond MB4 because
the MB4 chambers are staggered so that the outer radius of the CMS detector ranges from 738
to 800 cm. The barrel and endcap muon stations are drawn as black boxes and labeled by their
station names. The region between labeled sections are mostly steel return yoke.

6 Search strategy and event selection
An LLP, like the neutral scalar or the dark meson, that decays after it has traversed the calor-
imeter systems may produce large pmiss

T because its momentum is not properly measured or
associated with a particle by the PF algorithm. We exploit this feature by analyzing the data
collected by triggering on events with online pmiss

T > 120 GeV [35], and subsequently requiring
offline pmiss

T > 200 GeV, to ensure that the selected events are well above the trigger threshold
where the high-level trigger efficiency is effectively constant. The trigger efficiency is about
95% and the signal acceptance for this pmiss

T requirement is of the order of 1%. We require at
least one jet with pT > 30 GeV and |η| < 2.4 passing the “Tight Lepton Veto” jet identification
criteria [58], because the pmiss

T requirement imposes an implicit large boost requirement on the
Higgs boson that ensures that the Higgs boson is always produced together with a jet from
initial-state radiation. To suppress noncollision backgrounds, we apply beam-halo filters that
remove events containing beam-halo muons and calorimeter noise filters [55]. The event-level
selections are kept minimal to be as model independent as possible, and the efficiency of these
selections is about 95%.

After the event-level selections, the events are separated into three mutually exclusive cate-
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Figure 3: The DT (left) and CSC (right) cluster reconstruction efficiency as a function of the
simulated r or |z| decay positions of S decaying to dd in events with pmiss

T > 200 GeV, for a mass
of 40 GeV and a range of cτ values between 1 and 10 m. The DT cluster reconstruction efficiency
is shown for events where the LLP decay occurs at |z| < 700 cm. The DT cluster reconstruction
efficiency appears to be nonzero beyond MB4 because the MB4 chambers are staggered so that
the outer radius of the CMS detector ranges from 738 to 800 cm. The CSC cluster reconstruction
efficiency is shown for events where the LLP decay occurs at |r| < 700 cm and |η| < 2.6. The
clusters are selected from signal events satisfying the pmiss

T > 200 GeV requirement. Regions
occupied by steel shielding are shaded in gray.

gories based on the number and location of the clusters: events (1) with two clusters in the
muon detectors, (2) with exactly one CSC cluster and no DT cluster, and (3) with exactly one
DT cluster and no CSC cluster. Events with two clusters are further categorized into categories
with two CSC clusters, two DT clusters, and one CSC and one DT cluster. The definition of the
category with exactly one CSC cluster is based on a previous search using the endcap muon de-
tectors [23] with a few changes, such as explicitly excluding overlapping double-cluster events
and loosening the event-level selections to be consistent with those in other categories. The ge-
ometric acceptance multiplied by the efficiency of the pmiss

T selection for each category is shown
in Fig. 4.

The main SM backgrounds are similar among the three categories and include punch-through
jets, muons that undergo bremsstrahlung, and isolated hadrons from pileup, recoils, or under-
lying events. To suppress background from punch-through jets or muon bremsstrahlung, we
reject CSC and DT clusters that have a jet or muon within ∆R < 0.4 in all categories. However,
depending on the category, the pT thresholds and identification requirements of jets and muons
are different. Furthermore, additional tighter vetoes are applied to the single-cluster categories
to reject background, as discussed in the following subsections.

Additionally, the angular difference (∆ϕ( p⃗miss
T , cluster)) between the p⃗miss

T and the cluster lo-
cation is used as a discriminating variable in all three categories. For signal, ∆ϕ( p⃗miss

T , cluster)
peaks near zero because the large pmiss

T requirement tends to select events where the Higgs
boson has a large momentum and is nearly collinear with the S. For the backgrounds,
∆ϕ( p⃗miss

T , cluster) is uniformly distributed because the cluster and p⃗miss
T are independent. The

exact threshold on the variable is different for the barrel and endcap, and looser for the double-
cluster category, as detailed in the following subsections.

Finally, the number of hits in the clusters (Nhits) is used to discriminate signal and background.
Signal clusters tend to have large Nhits, while background clusters are expected to have small
Nhits. The exact threshold on Nhits is different for the barrel and endcap, and looser for the
double-cluster category, as detailed in the following subsections that describe the detailed event
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Figure 4: The geometric acceptance multiplied by the efficiency of the pmiss
T > 200 GeV selec-

tion, as a function of the proper decay length cτ for a scalar particle S with a mass of 40 GeV.

selections for each category.

6.1 Double clusters

The double-cluster category includes events containing two clusters satisfying the selection
criteria described below. We ensure that different cluster objects are spatially separated from
each other by requiring ∆R > 0.4. Events are separated into three categories depending on
whether there are two DT clusters, two CSC clusters, or one CSC and one DT cluster present.
Requiring two muon system clusters significantly reduces the expected background, so the
selection requirements in the double-cluster category are much looser compared to the single
cluster categories.

The CSC clusters are rejected if any jet with pT > 30 GeV or a global muon [32], built by match-
ing muon tracks in the muon detectors and in the tracker, with pT > 30 GeV is found within
∆R < 0.4. Similarly, DT clusters are rejected if any jet with pT > 50 GeV or a muon passing
loose identification criteria [32, 51] with pT > 10 GeV is found within ∆R < 0.4.

We veto CSC clusters that are entirely contained in the innermost rings of the ME1 station
(ME1/1) and veto DT clusters that have more than 90% of the hits contained in the innermost
station (MB1), both of which have the least absorber material between them and the interaction
point, and larger background contamination.
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We further reject CSC clusters produced by adjacent bunch crossings, known as out-of-time
(OOT) pileup, by requiring that the cluster time (tcluster) is consistent with an in-time inter-
action (−5.0 < tcluster < 12.5 ns). The cluster time is defined as the average time of the hits
in the cluster relative to the LHC clock and corrected for the particle time-of-flight from the
interaction point to the respective muon detector chambers assuming speed of light propaga-
tion. An asymmetric time window is used to capture signal clusters with longer delays from
slower-moving LLPs. To reject clusters composed of hits from multiple bunch crossings, the
root-mean-square spead of the hit times of each cluster is required to be less than 20 ns.

Tracks from muons in the barrel are likely to deposit a similar number of hits in all four DT
stations, while showers from LLP decays are likely to have hits concentrated in one or two sta-
tions. Therefore, to reject DT clusters from muon bremsstrahlung we veto clusters that contain
hits in all four stations and that have a ratio of the minimum to maximum number of hits per
station less than 0.4.

Cosmic ray muons produce hits in both the upper and lower hemispheres of the muon barrel
system. To suppress this background, we reject DT clusters if there are at least six segments,
which are straight-line tracks built within each DT chamber, and at least one segment in every
station found in the opposite hemisphere (|∆ϕ| > 2) from the cluster. In addition, cosmic ray
muon showers produce hits in multiple regions of the CMS detector. Thus, we reject any event
in which more than a quarter of the DT or CSC rings, consisting of chambers with the same r
and z coordinates, contain 50 or more hits. Finally, we require ∆ϕ( p⃗miss

T , cluster) < 1.0 (1.2) for
CSC (DT) clusters.

For signal events with two clusters, the ∆R between two LLPs, thus between the clusters, is
typically small. For background, the ∆R between clusters is usually large because the two
clusters generally come from separate processes, especially for the CSC-CSC and DT-CSC cat-
egories. Therefore, we require the ∆R between the two clusters to be less than 2.0 (2.5) for the
CSC-CSC (DT-CSC) subcategory. There is already an implicit ∆ϕ selection between the two
clusters by requiring both clusters to pass the ∆ϕ( p⃗miss

T , cluster) selection. The ∆R selection
additionally requires the two clusters to be close in η.

Finally, Nhits is used to discriminate signal and background. We require Nhits ≥ 100 (80) for
CSC (DT) clusters.

6.2 Single CSC cluster

The single-CSC-cluster category includes events in which only one LLP decay produces a dis-
placed cluster in the endcap muon system. In this category, the expected background yield is
significantly higher than in the double-cluster category, so we apply much tighter cluster veto
requirements to achieve the same near-zero background level.

The cluster veto requirements are the same as in Ref. [23]. Clusters that have a jet with pT >
10 GeV or a muon with pT > 20 GeV within ∆R < 0.4 are rejected. We veto clusters that
have any hits in the two innermost rings of the ME1 station (ME1/1 and ME1/2), which have
the least absorber material between them and the interaction point, or match any hit (with
∆R(cluster, hit) < 0.4) in the RPCs located immediately next to ME1/2. In the region where
the barrel and endcap muon detectors overlap (0.9 < |η| < 1.2), any cluster matched to any
track segment reconstructed in the innermost station of the DT detectors (MB1), or any hit in the
RPCs situated in front of and behind MB1 matched to within ∆R(cluster, segment or hit) < 0.4,
is vetoed. We reject clusters with |η| > 2.0 to suppress the muon bremsstrahlung background
that evaded the muon veto because of the decreasing muon reconstruction and identification
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efficiencies at larger |η|.

As in the double-cluster category, events in which more than a quarter of the DT or CSC rings
contain 50 or more hits are rejected.

After the veto requirements are applied, the dominant background source consists of decays
of SM LLPs, which are predominantly produced by pileup interactions and are independent of
the primary interaction that yielded the large pmiss

T . These pileup interactions may be in-time
or OOT with the primary interaction, as shown in Fig. 5. Clusters produced by OOT pileup
are rejected by requiring −5.0 < tcluster < 12.5 ns, as in the double-cluster category. The time
window requirement suppresses the background by a factor of 5. Similarly, the root-mean-
square spread of the hit times of each cluster is required to be less than 20 ns.
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Figure 5: Distributions of the cluster time (tcluster) for signal, where S decays to dd with a
proper decay length cτ of 1 m and mass of 40 GeV, and for a background-enriched sample in
data selected by inverting the Nhits requirement.

It was observed that clusters from all background processes occur more often at larger values
of |η|, as the effectiveness of the jet and muon vetoes decreases because of decreasing recon-
struction efficiencies. Signal clusters often occupy more than one CSC station (Nstations > 1) and
occur more frequently in stations farther away from the primary interaction point. To distin-
guish signal and background clusters, a cluster identification algorithm was devised that makes
more restrictive |η| requirements for clusters that occupy only one CSC station (Nstations = 1)
and are closer to the primary interaction point. The |η| requirements are:

• |η| < 1.9 if Nstations > 1,

• |η| < 1.8 if Nstations = 1 and the cluster is in station 4,



12

• |η| < 1.6 if Nstations = 1 and the cluster is in station 3 or station 2, and

• |η| < 1.1 if Nstations = 1 and the cluster is in station 1 because of an implicit selection
from the ME1/1 and ME1/2 vetoes.

The cluster identification algorithm has ∼80% efficiency for simulated clusters originating from
S decays, and suppresses the background by a factor of 3. The events that pass the cluster
identification criteria are used to define the search region (or signal region, SR), and those that
fail are used as an additional in-time validation region (VR).

Both Nhits and ∆ϕ( p⃗miss
T , cluster) are used to discriminate signal and background. We require

∆ϕ( p⃗miss
T , cluster) < 0.75 and Nhits > 130. The signal and background shapes of the two dis-

criminants are shown in Fig. 6. For the backgrounds, ∆ϕ( p⃗miss
T , cluster) is independent of Nhits,

enabling the use of the ABCD method to predict the background yield in the signal-enriched
bin, as detailed in Section 7.
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Figure 6: The distributions of Nhits (left) and ∆ϕ( p⃗miss
T , cluster) (right) for single CSC clusters

are shown for S decaying to dd for a proper decay length of 1 m and various masses compared
to the OOT background (tcluster < −12.5 ns). The OOT background is representative of the
overall background shape, because the background passing all the selections described above is
dominated by pileup and underlying events. The shaded bands show the statistical uncertainty
in the background.

6.3 Single DT cluster

The single-DT-cluster category targets events in which only one LLP decay produces a dis-
placed cluster in the barrel muon system. Events passing the selection criteria for the double-
cluster or single-CSC-cluster categories are not considered in this category, to give precedence
to the category with higher sensitivity (double cluster) and to minimize differences with the
previously published search.

First, to remove high-pmiss
T events due to mismeasured jets, we require the minimum of

|∆ϕ(jet, p⃗miss
T )| over all the jets with pT > 30 GeV to be greater than 0.6. This requirement re-

duces the background from SM events composed uniquely of jets produced through the strong
interaction, referred to as QCD multijet events, and is only applied to the single-DT-cluster
category because this category is dominated by the punch-through jet background.

We veto clusters that have a jet with pT > 10 GeV or a muon with pT > 10 GeV passing loose
identification criteria [32, 51] within ∆R < 0.4. In addition, we reject clusters that are within



13

∆R < 1.2 from the leading-pT jet. Furthermore, DT clusters that are within ∆R < 0.4 of two
or more hits in the innermost station MB1 are rejected. Additionally, clusters with maximum
hit counts in MB3 or MB4 are rejected if they are within ∆R < 0.4 of two or more MB2 hits.
Each cluster is associated with one of the five wheels based on the average z position of its hits.
To reject clusters from noise in the DTs, we require clusters to be matched to at least 1 RPC hit
from the same wheel and within ∆ϕ < 0.5.

To suppress background from cosmic ray muons, we veto clusters that have more than 8 hits
in MB1 within ∆ϕ < π/4 in any of the wheels adjacent to the wheel containing the hits of the
cluster. In addition, we veto clusters with maximum hit counts in MB3 and MB4 that have
more than 8 hits in MB2 within ∆ϕ < π/4 in any adjacent wheel. Furthermore, we look for
DT segments that are far from the clusters with ∆R > 0.4 in the upper or lower hemisphere of
the DT wheels. We veto the cluster if more than 14 segments are found in either hemisphere or
more than 10 segments are found in both hemispheres.

As in the single-CSC-cluster sub-category, Nhits and ∆ϕ( p⃗miss
T , cluster) are used to discriminate

signal and background. We require ∆ϕ( p⃗miss
T , cluster) < 1 and Nhits > 100. The signal and

background distributions of the two discriminants are shown in Fig. 7.
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Figure 7: The distributions of Nhits (left) and ∆ϕ( p⃗miss
T , cluster) (right) for DT clusters are shown

for S decaying to dd for a proper decay length of 1 m and various masses compared to the shape
of background in a selection in which the cluster is not matched to any RPC hit and passes all
other selections. The background is dominated by clusters from noise and low-pT particles.
The shaded bands show the statistical uncertainty in the background.

Finally, the DT clusters are categorized into 3 exclusive categories according to the station that
contains the most hits: MB2, MB3, or MB4. These categories have different background com-
positions, where the punch-through jet background is more prominent in the stations that are
closer to the interaction point.

7 Background estimation
The ABCD method [59] based on control samples in data is used for background estimation
for all three categories. The ABCD method requires two variables that discriminate signal and
background and are independent of one another for the background. Two separate require-
ments, one on each variable, partition the two-dimensional space into four bins, A, B, C, and
D, where bin A contains events that pass both signal-like requirements, events in bins B and
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D only pass one of the requirements, and events in bin C pass neither requirement. Because
of the independence of the two variables, the expected background event rate in the signal-
enriched bin A is related to the other three bins by λA = (λBλD)/λC, where λX is the expected
background event rate in each bin X. In the double-cluster categories, the two variables that
are used are the Nhits of each of the clusters, while in the single DT and CSC cluster categories,
the two variables are Nhits and ∆ϕ( p⃗miss

T , cluster). To account for a potential signal contribu-
tion to bins A, B, and C, a binned maximum likelihood fit is performed simultaneously in the
four bins, with a common signal strength parameter scaling the signal yields in each bin. The
background component of the fit is constrained to obey the ABCD relationship.

In addition to the background predicted by the ABCD method, the single-DT-cluster category
estimates the punch-through jet background separately, since it is non-negligible and does not
have independent Nhits and ∆ϕ( p⃗miss

T , cluster) variables, while the punch-through jet back-
ground in the other categories is negligible. Other noncollision backgrounds, including cosmic
ray muons, have been suppressed by dedicated filters described in Section 6. Their contribu-
tions are negligible in the SR after these dedicated filters.

The following subsections describe the main background component for each category, the
background estimation method, and its validation.

7.1 Double clusters

For the DT-CSC category, the two independent discriminating variables are the Nhits of the DT
and CSC cluster, respectively. The four bins comprise events with clusters having the following
properties, and are shown in Fig. 8 (left):

• Bin A: CSC cluster with Nhits > 100 and DT cluster with Nhits > 80;

• Bin B: CSC cluster with Nhits > 100 and DT cluster with Nhits ≤ 80;

• Bin C: CSC cluster with Nhits ≤ 100 and DT cluster with Nhits ≤ 80; and

• Bin D: CSC cluster with Nhits ≤ 100 and DT cluster with Nhits > 80.

For the CSC-CSC and DT-DT categories, the two variables are symmetric, so we combine bins
B and D and define the combined expected background rate as λBD. Bins A, BD, and C contain
events with 2, 1, and 0 clusters passing the Nhits selection, respectively, as shown in Fig. 8
(right). The expected background yield in the signal-enriched bin A is related to the other two
bins as λA = (λBD/2)2/λC.
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Figure 8: Diagrams illustrating the ABCD plane for the DT-CSC category (left), and for the DT-
DT and CSC-CSC categories (right). The variable c1 is the pass-fail ratio of the Nhits selection
for the background clusters. Bin A is the signal region (SR) for all categories. The size of the
blue boxes on the left represents the approximate size of the expected background yield in each
bin.

To validate the background estimation method, we define two VRs: the inverted-Nhits region
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and the inverted-∆ϕ( p⃗miss
T , cluster) region. The inverted-Nhits VR is defined by inverting the

Nhits requirements for both clusters, while maintaining all the other cluster-level selections.
The Nhits threshold used in the inverted-Nhits VR is 70 (80) for DT (CSC) clusters. Similarly,
the inverted-∆ϕ( p⃗miss

T , cluster) VR is defined by inverting the ∆ϕ( p⃗miss
T , cluster) requirement of

both clusters while maintaining all the other cluster-level selections. To probe signal-like events
in the inverted-∆ϕ( p⃗miss

T , cluster) VR, we additionally require ∆ϕ(cluster1,cluster2) < 2 for the
DT-DT category. For the CSC-CSC and DT-CSC categories, the two clusters are close to each
other because of the ∆R(cluster1,cluster2) requirement. The ∆ϕ( p⃗miss

T , cluster) VR allows us to
test for any nonnegligible backgrounds at high Nhits that cannot be accessed in the inverted-
Nhits VR. The background estimate agrees with the observed number of background events in
both VRs and all three categories, as shown in Table 1.

Table 1: Validation of the ABCD method for the double-cluster category in both VRs. The
uncertainty in the prediction is the statistical uncertainty propagated from bins B, C, and D or
bins BD and C. The expected background event rate in bin A (λA) and the background event
rate in bins B, C, D, BD, and A (NB, NC, ND, NBD, NA) are shown.

Category Validation region NB NC ND NBD λA NA

DT-DT
Inverted ∆ϕ( p⃗miss

T , cluster) — 11 — 1 0.02± 0.05 0
Inverted Nhits — 2 — 1 0.12± 0.27 0

CSC-CSC
Inverted ∆ϕ( p⃗miss

T , cluster) — 8 — 2 0.12± 0.18 0
Inverted Nhits — 4 — 2 0.25± 0.38 0

DT-CSC
Inverted ∆ϕ( p⃗miss

T , cluster) 0 19 3 — 0± 0.3 0
Inverted Nhits 2 11 1 — 0.18± 0.23 0

7.2 Single CSC cluster

For the single-CSC-cluster category, the two discriminating variables are ∆ϕ( p⃗miss
T , cluster) and

Nhits. For the backgrounds, ∆ϕ( p⃗miss
T , cluster) is independent of Nhits enabling the use of the

ABCD method. As shown in Fig. 9, the four bins comprise events with clusters having the
following properties:

• Bin A: ∆ϕ( p⃗miss
T , cluster) < 0.75 and Nhits > 130;

• Bin B: ∆ϕ( p⃗miss
T , cluster) ≥ 0.75 and Nhits > 130;

• Bin C: ∆ϕ( p⃗miss
T , cluster) ≥ 0.75 and Nhits ≤ 130; and

• Bin D: ∆ϕ( p⃗miss
T , cluster) < 0.75 and Nhits ≤ 130.

The background estimation procedure is validated using events in two separate VRs: one in
the OOT region, where tcluster < −12.5 ns, and one in the in-time region, where the clusters that
fail the cluster identification criteria, as defined in Section 6.2 are selected, as shown in Table 2.

Table 2: Validation of the ABCD method for the single-CSC-cluster category in both VRs. The
uncertainty in the prediction is the statistical uncertainty propagated from bins B, C, and D.
The expected background event rate in bin A (λA) and the background event rate in bins B, C,
D, and A (NB, NC, ND, NA) are shown.

Validation region NB NC ND λA NA
Out-of-time region 8 442 121 2.2± 0.8 3
In-time region 8 317 87 2.2± 0.8 2



16

Nhits

Δɸ [radians]
BC

0.75

130

D A (SR)

Figure 9: Diagram illustrating the ABCD plane for the single-CSC-cluster category, where bin
A is the signal region (SR).

7.3 Single DT cluster

The dominant backgrounds in the single-DT-cluster category are punch-through jets and low-
pT particles from pileup. To estimate the background from the low-pT particles, the ABCD
method is used. Like the single-CSC-cluster category, the same discriminating variables
∆ϕ( p⃗miss

T , cluster) and Nhits are used, except the thresholds for the signal-like selection are
∆ϕ( p⃗miss

T , cluster) < 1 and Nhits > 100.

The background prediction is validated in a pileup-enriched VR, as shown in Table 3. The
pileup-enriched region is defined by inverting the loose identification criterion on the lead-
ing jet, and removing the RPC matching criteria, ∆ϕ( p⃗miss

T , cluster) requirement, and filters
that reject noncollision background. To reduce the statistical uncertainties when estimating the
background rates in bins C and D, we merge the MB3 and MB4 categories. The final ABCD fit
in the SR is also performed with those categories merged.

To estimate the punch-through jet background in the SR, which is not accounted for in the
ABCD method, we measure the number of observed events in excess of the ABCD prediction
in the region with the inner DT station hit veto inverted, and multiply it by ϵ/(1 − ϵ) where
ϵ is the corresponding veto efficiency. For clusters in MB2, only the MB1 veto is applied, so
only the MB1 veto is inverted. For clusters in MB3 and MB4, both MB1 and MB2 vetoes are
inverted. The number of excess events in the inverted region over the estimated background
is measured to be 22 ± 7, 7 ± 3, and 2.0 ± 1.7 for clusters in MB2, MB3, and MB4, respectively.
The veto efficiency ϵ is measured to be 0.23 ± 0.02, 0.38 ± 0.07, 0.29 ± 0.14 for clusters in MB2,
MB3, and MB4, respectively. The statistical uncertainties in the measured veto efficiencies and
the number of excess events in the inverted region are propagated as an additional systematic
uncertainty on the background prediction.

The inner DT station (MB1 or MB1 plus MB2) hit veto efficiency is measured in a separate
punch-through jet-enriched region, by selecting clusters that have a jet with pT > 10 GeV within
∆R < 0.4. The measured veto efficiency is fitted as a function of the matched jet pT with the
sum of an exponential and constant function for clusters from each station separately. The
veto efficiencies are then extrapolated by evaluating the fit function at 0 GeV to predict the veto
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efficiencies for clusters passing the jet veto.

The punch-through jet background prediction method is validated, as shown in Table 4, using
a subset of the region with the inner DT station hit veto inverted by predicting background
clusters that are matched to 2–5 MB1 or 2–5 MB2 hits, instead of <2 MB1 and <2 MB2 hits in
the SR.

Table 3: Validation of the ABCD method for the single-DT-cluster category in a pileup-enriched
region. The uncertainty in the prediction is the statistical uncertainty propagated from bins B,
C, and D. Bins C and D for the MB3 and MB4 categories are combined to reduce the statistical
uncertainty in the two regions. The final ABCD fit in the SR will also be performed with those
bins combined.

Cluster station NB NC ND λA NA
MB2 2 130 82 1.3± 0.9 3
MB3 1

20 11
0.6± 1.0 1

MB4 0 0.0± 1.1 1

Table 4: Validation of the punch-through jet background prediction method for the single-DT-
cluster category. The uncertainty in the prediction is the statistical uncertainty propagated from
the extrapolated MB1/MB2 hit veto efficiency.

Cluster station λA NA
MB2 4.7± 1.5 6
MB3 1.5± 0.9 0
MB4 1.0± 0.9 0

8 Systematic uncertainties
The main source of background uncertainty is the statistical uncertainty of the ABCD method
prediction from the limited data sample size of the background-enriched bins. For the single-
DT-cluster category, there is an additional systematic uncertainty for the punch-through jet
background amounting to 32, 50, and 100% for clusters in MB2, MB3, and MB4, respectively.
No additional background systematic uncertainties are assigned for the background predicted
by the ABCD method because the ABCD background estimation method is validated, as de-
tailed in Section 7. Background statistical uncertainty from the ABCD method is propagated to
the SR prediction.

The dominant source of uncertainty in the signal prediction is missing higher-order QCD cor-
rections, estimated through renormalization and factorization scale variations, which amounts
to 21% for the gluon fusion production. The other main sources of uncertainty include the sig-
nal modeling of the cluster reconstruction and selection criteria, as detailed in the following
paragraphs, jet energy scale (3–6%) [54], PDFs (3%), pileup modeling (2%), integrated luminos-
ity (1.6%) [60–62], pmiss

T trigger efficiency (5% downward correction and 1% uncertainty), and
simulation sample size (3–5%).

We studied the simulation modeling of the cluster reconstruction efficiency, cluster-level selec-
tions, and veto efficiencies to evaluate their effect on the signal prediction. The accuracy of the
simulation prediction for the cluster reconstruction efficiency relies on its ability to correctly
model the response of the muon detectors in an environment with a large multiplicity of sec-
ondary particles. This aspect is validated by measuring clusters produced in Z → µ+µ− data
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events, in which one of the muons undergoes bremsstrahlung in the muon detectors and the
associated photon produces an electromagnetic shower. The discrepancy between data and
simulation is taken as an additional systematic uncertainty in the cluster reconstruction and
selection efficiencies. The modeling of the veto efficiencies, including the jet, muon, ME1, MB1,
and RPC hit vetoes, is determined from the simulation of jets and muons, the presence of pileup
particles, and random noise. The veto efficiencies are measured in data by randomly sampling
the (η, ϕ) locations of clusters from the signal distribution and evaluating whether a jet, muon,
or ME1, MB1, or RPC hit from Z → µ+µ− events has been observed within ∆R < 0.4 of the
cluster’s location. Differences between the measured efficiencies in data and in MC simulation
are propagated as a systematic uncertainty.

For CSC clusters in the single-CSC-cluster category, the systematic uncertainty is dominated by
the cluster reconstruction efficiency and the cluster identification efficiency. This uncertainty is
determined by measuring the difference in efficiencies in simulation and data, which amounts
to an 8% relative uncertainty. Additionally, in signal simulations, the CSC hits are always
assumed to be read out, while in the actual data acquisition, only those hits in a chamber that
has at least three cathode hits and at least four anode hits at different CSC layers and match
predefined hit patterns are read out. This could lead to an underestimation of the efficiency of
ME1/1 or ME1/2 vetoes in simulation, which were estimated to have an uncertainty of 1%.

The signal loss from the vetoes is dominated by the muon veto. In addition to the impact of
muons from pileup, there are inefficiencies resulting from reconstructed muon segments pro-
duced by particles resulting from the LLP decay itself. The simulation modeling of this effect is
verified using a data control sample of clusters matched to trackless jets made to resemble the
signal LLP decay by requiring the neutral energy fraction to be larger than 95%. A 10% down-
ward correction is applied to the signal efficiency to account for the simulation’s mismodeling
of the vetoes.

For CSC clusters in the double-cluster category, looser selections are applied, resulting in the
systematic uncertainty being dominated by the cluster time spread requirement, which amounts
to 10% in the CSC-CSC category and 5% in the DT-CSC category. Furthermore, in the double-
cluster category, the jet and muon vetoes are implemented with tighter identification criteria.
As a result, the effect of the presence of jets and muons is well modeled and no corrections and
uncertainty are assigned.

For the DT clusters in the single-DT-cluster category, the systematic uncertainty is dominated
by the cluster reconstruction efficiency, which is measured to be 15%. The MB1 and MB2 veto
efficiencies are also measured separately by randomly sampling the locations of the clusters
from the signal distribution and evaluating whether an MB1 or MB2 hit has been matched. No
correction or uncertainty is assigned for the MB2 veto. A 10% downward correction with a 7%
uncertainty is applied to the signal efficiency to account for additional noise MB1 hits in data.

For the DT clusters in the double-cluster category, the signal systematic uncertainty is domi-
nated by the cluster reconstruction efficiency, which is measured to be 3% and 1% in the DT-DT
and DT-CSC categories, respectively.

9 Results and interpretation
In this section, we present the search results in each category and the interpretation of the
combined results of all three categories in the twin Higgs and dark-shower models.
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9.1 Double-cluster category

The results of the search in the double-cluster category are shown in Table 5. We observed
no statistically significant deviation with respect to the SM prediction. The signal and data
distributions of Nclusters passing the Nhits selection are shown in Fig. 10.

Table 5: Number of predicted background and observed events in the double-cluster category.
The background prediction is obtained from a fit to the observed data assuming no signal
contribution.

Category A B C D BD

Background-only fit
DT-DT 0.06± 0.06 — 3.1± 1.6 — 0.9± 0.7
CSC-CSC 0.7± 0.4 — 4.7± 2.0 — 3.6± 1.5
DT-CSC 0.12± 0.12 1.9± 1.2 14.1± 3.8 0.9± 0.7 —

Observation
DT-DT 0 — 3 — 1
CSC-CSC 2 — 6 — 1
DT-CSC 0 2 14 1 —

9.2 Single-CSC-cluster category

The corresponding search result in the single-CSC-cluster category is shown in Table 6. No
statistically significant deviation with respect to the SM prediction is observed. The signal and
data distributions of Nhits in bins A and D, and ∆ϕ( p⃗miss

T , cluster) in bins A and B are shown in
Fig. 11.

Table 6: Number of predicted background and observed events in the single-CSC-cluster cate-
gory. The background prediction is obtained from a fit to the observed data assuming no signal
contribution.

A B C D
Background-only fit 1.8± 0.8 4.2± 1.7 120± 11 51± 7

Observed 3 3 121 50

9.3 Single-DT-cluster category

Using the methods detailed in Section 7, the background from punch-through jets and low-
pT pileup particles are estimated in the single-DT-cluster category. The result of the search is
shown in Table 7. We observed no statistically significant deviation with respect to the SM
prediction. The signal and data distributions of Nhits in bins A and D, and ∆ϕ( p⃗miss

T , cluster) in
bins A and B are shown in Fig. 12.

Table 7: Number of predicted background and observed events in the single-DT-cluster cate-
gory. The background prediction is obtained from a fit to the observed data assuming no signal
contribution.

Category
A A A

B C D
(total) (punch-through) (ABCD pred.)

Background-only fit
MB2 9.5± 1.9 6.3± 1.7 3.1± 1.3 4.8± 1.9 119.2± 11.5 76.8± 8.1
MB3 3.7± 1.5 3.1± 1.1 0.6± 1.1 0.5± 0.5

6.5± 2.5 7.5± 2.6
MB4 1.2± 0.9 1.2± 0.9 0.1± 0.5 0.06± 0.22

Observation
MB2 9 — — 5 119 77
MB3 1 — — 1

6 8
MB4 2 — — 0
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Figure 10: The signal (assuming B(H → SS) = 1%, S → dd, and cτ = 1 m), background,
and data distributions of Nclusters passing the Nhits selection in the search region for CSC-CSC
(upper left), DT-DT (upper right), and DT-CSC (lower) categories. The background prediction
is obtained from the fit to the observed data assuming no signal contribution, and is shown in
blue with the shaded region showing the fitted uncertainty.

9.4 Interpretations

In this section, we present the combination of the double-cluster, single-CSC-cluster, and single-
DT-cluster categories and the interpretations in the context of the twin Higgs and dark-shower
models. The ABCD regions of the three categories are defined to be mutually exclusive and, in
the combination, we fit the ABCD plane of each category simultaneously.

For fully hadronic decays of the LLP and in the region of cτ with the largest double-cluster
acceptance, the double-cluster category is the most sensitive. This region of cτ depends on the
LLP mass. Because of the better sensitivity of the double-cluster category, and to minimize
changes to the previously published single-CSC-cluster category, overlapping events are kept
in only one category with the following order of precedence: double-cluster, single-CSC-cluster,
and single-DT-cluster category. For electromagnetic and τ decays of the LLP, the single-CSC-
cluster category is the most sensitive for shorter cτ, while for large cτ the single-DT-cluster
category is the most sensitive.

All theoretical uncertainties assigned to signal simulations are fully correlated across cate-



9.4 Interpretations 21

50 100 150 200 250 300 350 400 450 500
hitsN

1

10

210

Ev
en

ts

 < 0.75fD
 SS) = 1%fiB(H 

 = 1 mtc
d dfiS 

 (13 TeV)-1138 fb

CMS  = 3 GeVSm
 = 7 GeVSm
 = 15 GeVSm
 = 40 GeVSm
 = 55 GeVSm

Background
Data

 = 3 GeVSm
 = 7 GeVSm
 = 15 GeVSm
 = 40 GeVSm
 = 55 GeVSm

Background
Data

0 0.5 1 1.5 2 2.5 3
, cluster) [radians] miss

T
p(fD

1

10

210Ev
en

ts

d dfiS 
 = 1 mtc

 SS) = 1%fiB(H 

 130‡ hitsN

 (13 TeV)-1138 fb

CMS  = 3 GeVSm
 = 7 GeVSm
 = 15 GeVSm
 = 40 GeVSm
 = 55 GeVSm

Background
Data

 = 3 GeVSm
 = 7 GeVSm
 = 15 GeVSm
 = 40 GeVSm
 = 55 GeVSm

Background
Data

Figure 11: Distributions of Nhits (left) and ∆ϕ( p⃗miss
T , cluster) (right) in the search region of the

single-CSC-cluster category. The background prediction is obtained from the fit to the observed
data assuming no signal contribution, and is shown in blue with the shaded region showing
the fitted uncertainty. The expected signal with B(H → SS) = 1%, S → dd, and cτ = 1 m is
shown for mS of 3, 7, 15, 40, and 55 GeV in various colors and dotted lines. The Nhits distribution
includes only events in bins A and D, while the ∆ϕ( p⃗miss

T , cluster) distribution includes only
events in bins A and B. The rightmost bin in the Nhits distribution includes overflow events.
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Figure 12: Distributions of Nhits (left) and ∆ϕ( p⃗miss
T , cluster) (right) in the search region of the

single-DT-cluster category. The background prediction is obtained from the fit to the observed
data assuming no signal contribution, and is shown in blue with the shaded region showing
the fitted uncertainty. The expected signal with B(H → SS) = 1%, S → dd, and cτ = 1 m is
shown for mS of 3, 7, 15, 40, and 55 GeV in various colors and dotted lines. The Nhits distribution
includes only events in bins A and D, while the ∆ϕ( p⃗miss

T , cluster) one includes only events in
bins A and B. The right-hand bin in the Nhits distribution includes overflow events.

gories. Experimental uncertainties that are not related to the cluster, such as luminosity, jet
energy scale, PDFs, and pileup modeling uncertainty, are fully correlated across categories. Ex-
perimental uncertainties associated with cluster selections are assumed to be fully uncorrelated
across categories. All uncertainties are incorporated into the analysis via nuisance parameters
and treated according to the frequentist paradigm.
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We evaluate 95% confidence level (CL) upper limits on the branching fractions B(H → SS) and
B(H → ΨΨ) for both the twin Higgs and dark-shower models using the modified frequentist
criterion CLs [63, 64] with the profile likelihood ratio test statistic [65]. The Higgs boson pro-
duction and its couplings to the SM particles are taken from SM predictions.

We show the predicted number of signal events for the twin Higgs model in a few benchmark
decay, mass, and lifetime scenarios in Table 8, selected to be most sensitive and relevant for the
search.

Table 8: Expected number of signal events in bin A for each category, for a few benchmark
signal models assuming B(H → SS) = 1%.

LLP decay mode, mass
CSC-CSC DT-DT DT-CSC Single CSC Single DT

proper decay length

dd, 3 GeV, cτ = 1 m 0.3 1.3 1.2 12.3 21.2

dd, 7 GeV, cτ = 1 m 1.5 5.7 4.3 22.5 35.8

dd, 15 GeV, cτ = 1 m 4.7 13.6 11.1 32.0 46.8

dd, 40 GeV, cτ = 1 m 6.6 12.9 8.8 23.4 19.3

dd, 55 GeV, cτ = 1 m 0.5 1.4 2.1 9.8 5.9

τ+τ−, 7 GeV, cτ = 1 m 0.6 1.8 1.6 14.2 22.5

τ+τ−, 15 GeV, cτ = 1 m 1.7 5.2 3.9 20.1 28.9

τ+τ−, 40 GeV, cτ = 1 m 3.3 4.5 3.3 21.3 17.0

τ+τ−, 55 GeV, cτ = 1 m 0.3 0.9 1.0 10.6 6.0

π0π0, 0.4 GeV, cτ = 0.1 m 0.1 0.4 0.4 6.8 19.2

π0π0, 1 GeV, cτ = 0.1 m 0.4 1.3 1.1 11.6 30.7

The upper limits for the twin Higgs model are shown in Fig. 13 for the S → dd, S → π0π0,
and S → τ+τ− decay modes, as functions of cτ for a selection of mS values. Figure 14 shows
these limits as a function of mS and cτ and extend as low as mS = 0.4 GeV. The sensitivity for
55 GeV is slightly lower than for the other mass points because the two LLPs in the event are
geometrically closer to each other at higher masses, so when both decay in the muon detectors,
they are likely to merge to create one muon detector shower, instead of two distinct clusters,
lowering the sensitivity of the double-cluster category. Additional upper limits for other decay
modes, including S → bb, S → π+π−, S → KK, S → bb, S → e+e−, and S → γγ, are shown
in Fig. 15 as a function of cτ and in Fig. 16 as a function of both mS and cτ. Owing to the dif-
ferences in geometric acceptance, the sensitivity at shorter proper decay lengths is dominated
by the single-CSC-cluster category, at longer proper decay lengths by the single-DT-cluster cat-
egory, and at intermediate proper decay lengths, where the analysis is most sensitive, by the
double-cluster category. The addition of the single-DT and double-cluster categories improves
upon the previous result based on only CSC clusters [23] by a factor of 2 for cτ above 0.2,
0.5, 2.0, and 18.0 m for LLP masses 7, 15, 40, and 55 GeV, respectively. The limits for electro-
magnetic decay modes are slightly less stringent, because the efficiency for reconstructing the
corresponding MDS object is smaller.

We also consider an explicit scenario where the branching fractions of the S decays are identical
to those of a Higgs boson evaluated at mS [66]. Figure 17 shows the upper limits as functions
of both mass and cτ using the branching fractions for S calculated in Ref. [66]. This search
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provides the most stringent constraint on B(H → SS) for proper decay lengths in the range of
0.04–0.40 m and above 4 m, of 0.3–0.9 m and above 3 m, and of above 0.8 m for an LLP mass of
15, 40, and 55 GeV, respectively. For LLP masses below 10 GeV, this search provides the most
stringent constraints on LLPs decaying to particles other than muons.

Finally, for the dark-shower models the observed upper limits for the vector, gluon, photon,
Higgs boson and dark-photon portals are shown in Fig. 18, 19, 20, 21, and 22, respectively,
as a function of cτ for a selection of LLP mass and (ξω, ξΛ) values. This search sets the first
LHC limits on models of dark showers produced via Higgs boson decay, and is sensitive to the
branching fraction of the Higgs boson to dark quarks as low as 2 × 10−3.

3-10 2-10 1-10 1 10 210 310 410
 [m]tc

5-10

4-10

3-10

2-10

1-10

1

 S
S)

fi
(H

 
B

95
%

 C
L 

up
pe

r l
im

it 
on

  

 (13 TeV)-1138 fbCMS

 = 3 GeVSm  expecteds 1 ±
 = 7 GeVSm  expecteds 1 ±
 = 15 GeVSm  expecteds 1 ±
 = 40 GeVSm  expecteds 1 ±
 = 55 GeVSm  expecteds 1 ±

Median expected

Observed

d dfiS 

4-10 3-10 2-10 1-10 1 10 210
 [m]tc

5-10

4-10

3-10

2-10

1-10

1

 S
S)

fi
(H

 
B

95
%

 C
L 

up
pe

r l
im

it 
on

  

 (13 TeV)-1138 fbCMS

 = 0.4 GeVSm  expecteds 1 ±

 = 1.0 GeVSm  expecteds 1 ±

Median expected

Observed

0p0p fiS 

2-10 1-10 1 10 210 310 410
 [m]tc

5-10

4-10

3-10

2-10

1-10

1

 S
S)

fi
(H

 
B

95
%

 C
L 

up
pe

r l
im

it 
on

  

 (13 TeV)-1138 fbCMS

 = 7 GeVSm  expecteds 1 ±

 = 15 GeVSm  expecteds 1 ±

 = 40 GeVSm  expecteds 1 ±

 = 55 GeVSm  expecteds 1 ±

Median expected

Observed

-t+t fiS 

Figure 13: The 95% CL expected (dotted curves) and observed (solid curves) upper limits on
the branching fraction B(H → SS) as functions of cτ for the S → dd (upper left), S → π0π0

(upper right), and S → τ+τ− (lower) decay modes. The exclusion limits are shown for different
mass hypotheses.
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Figure 14: The 95% CL observed upper limits on the branching fraction B(H → SS) as func-
tions of mass and cτ for the S → dd (upper left), S → π0π0 (upper right), and S → τ+τ−

(lower) decay modes. The area inside the solid contours represents the region for which the
limit is smaller than 0.01.
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Figure 15: The 95% CL expected (dotted curves) and observed (solid curves) upper limits on
the branching fraction B(H → SS) as functions of cτ for the S → bb (upper left), S → π+π−

(upper right), S → K+K− (middle left), S → K0K0 (middle right), S → γγ (lower left), and S →
e+e− (lower right) decay modes. The exclusion limits are shown for different mass hypotheses.
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Figure 16: The 95% CL observed upper limits on the branching fraction B(H → SS) as func-
tions of mass and cτ for the S → bb (upper left), S → π+π− (upper right), S → K+K− (middle
left), S → K0K0 (middle right), S → γγ (lower left), S → e+e− (lower right) decay modes. The
area inside the solid contours represents the region for which the limit is smaller than 0.01.
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Figure 17: The 95% CL observed upper limits on the branching fraction B(H → SS) as a
function of mass and cτ, assuming the branching fractions for S are identical to those of a
Higgs boson evaluated at mS [66]. The area inside the solid contours represents the region for
which the limit is smaller than 0.01.
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Figure 18: The 95% CL observed upper limits on the branching fraction B(H → ΨΨ) as func-
tions of cτ for the dark shower vector portal assuming (ξω, ξΛ) = (1, 1). The exclusion limits
are shown for different LLP mass hypotheses. The limits are calculated only at the proper decay
lengths indicated by the markers and the lines connecting the markers are linear interpolations.
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Figure 19: The 95% CL observed upper limits on the branching fraction B(H → ΨΨ) as func-
tions of cτ for the dark shower gluon portal, assuming (ξω, ξΛ) = (1, 1) (upper left), (ξω,
ξΛ) = (2.5, 1.0) (upper right), and (ξω, ξΛ) = (2.5, 2.5) (lower). The exclusion limits are shown
for different mass hypotheses. The limits are calculated only at the proper decay lengths indi-
cated by the markers and the lines connecting the markers are linear interpolations.
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Figure 20: The 95% CL observed upper limits on the branching fraction B(H → ΨΨ) as func-
tions of cτ for the dark shower photon portal, assuming (ξω, ξΛ) = (1, 1) (upper left), (ξω,
ξΛ) = (2.5, 1.0) (upper right), and (ξω, ξΛ) = (2.5, 2.5) (lower). The exclusion limits are shown
for different mass hypotheses. The limits are calculated only at the proper decay lengths indi-
cated by the markers and the lines connecting the markers are linear interpolations.
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Figure 21: The 95% CL observed upper limits on the branching fraction B(H → ΨΨ) as func-
tions of cτ for the dark shower Higgs boson portal, assuming (ξω, ξΛ) = (1, 1) (upper left),
(ξω, ξΛ) = (2.5, 1.0) (upper right), and (ξω, ξΛ) = (2.5, 2.5) (lower). The exclusion limits are
shown for different mass hypotheses. The limits are calculated only at the proper decay lengths
indicated by the markers and the lines connecting the markers are linear interpolations.
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Figure 22: The 95% CL observed upper limits on the branching fraction B(H → ΨΨ) as func-
tions of cτ for the dark shower dark-photon portal, assuming (ξω, ξΛ) = (1, 1) (upper left),
(ξω, ξΛ) = (2.5, 1.0) (upper right), and (ξω, ξΛ) = (2.5, 2.5) (lower). The exclusion limits are
shown for different mass hypotheses. The limits are calculated only at the proper decay lengths
indicated by the markers and the lines connecting the markers are linear interpolations.
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10 Summary
Data from proton-proton collisions at

√
s = 13 TeV recorded by the CMS experiment in 2016–

2018, corresponding to an integrated luminosity of 138 fb−1, have been used to conduct the
first search that uses both the barrel and endcap CMS muon detectors to detect hadronic and
electromagnetic showers from long-lived particle (LLP) decays. Based on this unique detector
signature, the search is largely model-independent, with sensitivity to a broad range of LLP
decay modes and masses extending below the GeV scale. With the excellent shielding provided
by the inner CMS detector, the CMS magnet and its steel flux-return yoke, the background is
suppressed to a low level and a search for both single and pairs of LLPs decays is possible.

No significant deviation from the standard model background is observed. The most stringent
LHC constraints to date are set on the branching fraction of the Higgs boson to LLPs with
masses below 10 GeV and decaying to particles other than muons. For higher LLP masses the
search provides the most stringent branching fraction limits for specific proper decay lengths:
0.04–0.40 m and above 5 m for 15 GeV LLP; 0.3–0.9 m and above 3 m for 40 GeV LLP; and above
0.9 m for 55 GeV LLP.

Finally, the first LHC limits on models of dark showers produced via H decay are set, and con-
strain branching fractions of the H decay to dark quarks as low as 2 × 10−3 at 95% confidence
level.
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S. Keshri , S. Thakur

Beihang University, Beijing, China
T. Cheng , Q. Guo, T. Javaid , M. Mittal , L. Yuan

Department of Physics, Tsinghua University, Beijing, China
Z. Hu , J. Liu, K. Yi8,9

Institute of High Energy Physics, Beijing, China
G.M. Chen10 , H.S. Chen10 , M. Chen10 , F. Iemmi , C.H. Jiang, A. Kapoor11 ,
H. Liao , Z.-A. Liu12 , F. Monti , R. Sharma13 , J.N. Song12, J. Tao , C. Wang10,
J. Wang , Z. Wang10, H. Zhang

State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
A. Agapitos , Y. Ban , A. Levin , C. Li , Q. Li , Y. Mao, S.J. Qian , X. Sun ,
D. Wang , H. Yang, L. Zhang , C. Zhou

Sun Yat-Sen University, Guangzhou, China
Z. You

University of Science and Technology of China, Hefei, China
N. Lu

Nanjing Normal University, Nanjing, China
G. Bauer14

Institute of Modern Physics and Key Laboratory of Nuclear Physics and Ion-beam
Application (MOE) - Fudan University, Shanghai, China
X. Gao15 , D. Leggat, H. Okawa , Y. Zhang

Zhejiang University, Hangzhou, Zhejiang, China
Z. Lin , C. Lu , M. Xiao

Universidad de Los Andes, Bogota, Colombia
C. Avila , D.A. Barbosa Trujillo, A. Cabrera , C. Florez , J. Fraga , J.A. Reyes Vega

Universidad de Antioquia, Medellin, Colombia
J. Mejia Guisao , F. Ramirez , M. Rodriguez , J.D. Ruiz Alvarez

University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval
Architecture, Split, Croatia
D. Giljanovic , N. Godinovic , D. Lelas , A. Sculac

University of Split, Faculty of Science, Split, Croatia
M. Kovac , T. Sculac16

Institute Rudjer Boskovic, Zagreb, Croatia
P. Bargassa , V. Brigljevic , B.K. Chitroda , D. Ferencek , S. Mishra ,
A. Starodumov17 , T. Susa

University of Cyprus, Nicosia, Cyprus
A. Attikis , K. Christoforou , S. Konstantinou , J. Mousa , C. Nicolaou, F. Ptochos ,
P.A. Razis , H. Rykaczewski, H. Saka , A. Stepennov

Charles University, Prague, Czech Republic
M. Finger , M. Finger Jr. , A. Kveton

https://orcid.org/0000-0003-3280-2350
https://orcid.org/0000-0002-1647-0360
https://orcid.org/0000-0003-2954-9315
https://orcid.org/0009-0007-2757-4054
https://orcid.org/0000-0002-6833-8521
https://orcid.org/0000-0002-6719-5397
https://orcid.org/0000-0001-8209-4343
https://orcid.org/0000-0002-2459-1824
https://orcid.org/0000-0002-2629-5420
https://orcid.org/0000-0001-8672-8227
https://orcid.org/0000-0003-0489-9669
https://orcid.org/0000-0001-5911-4051
https://orcid.org/0000-0002-1844-1504
https://orcid.org/0000-0002-0124-6999
https://orcid.org/0000-0002-2896-1386
https://orcid.org/0000-0001-5846-3655
https://orcid.org/0000-0003-1181-1426
https://orcid.org/0000-0003-2006-3490
https://orcid.org/0000-0002-3103-1083
https://orcid.org/0000-0001-8843-5209
https://orcid.org/0000-0002-8953-1232
https://orcid.org/0000-0002-1912-0374
https://orcid.org/0000-0001-9565-4186
https://orcid.org/0000-0002-6339-8154
https://orcid.org/0000-0002-8290-0517
https://orcid.org/0000-0002-0630-481X
https://orcid.org/0000-0003-4409-4574
https://orcid.org/0000-0002-9013-1199
https://orcid.org/0000-0001-7947-9007
https://orcid.org/0000-0001-5904-7258
https://orcid.org/0000-0001-8324-3291
https://orcid.org/0000-0002-2631-6770
https://orcid.org/0000-0001-7205-2318
https://orcid.org/0000-0002-2548-6567
https://orcid.org/0000-0002-4554-2554
https://orcid.org/0000-0003-1812-3474
https://orcid.org/0000-0002-7421-0313
https://orcid.org/0000-0001-9628-9336
https://orcid.org/0000-0002-5610-2693
https://orcid.org/0000-0002-0486-6296
https://orcid.org/0000-0002-3222-0249
https://orcid.org/0000-0002-5137-8543
https://orcid.org/0000-0002-1153-816X
https://orcid.org/0000-0002-7178-0484
https://orcid.org/0000-0002-9480-213X
https://orcid.org/0000-0002-3306-0363
https://orcid.org/0009-0005-6792-6881
https://orcid.org/0000-0002-4674-9450
https://orcid.org/0000-0002-8269-5760
https://orcid.org/0000-0001-7938-7559
https://orcid.org/0000-0002-2391-4599
https://orcid.org/0000-0002-9578-4105
https://orcid.org/0000-0001-8612-3332
https://orcid.org/0000-0001-5847-0062
https://orcid.org/0000-0002-0220-8441
https://orcid.org/0000-0001-9116-1202
https://orcid.org/0000-0002-3510-4833
https://orcid.org/0000-0001-9570-9255
https://orcid.org/0000-0001-7430-2552
https://orcid.org/0000-0002-4443-3794
https://orcid.org/0000-0003-2205-1100
https://orcid.org/0000-0003-0408-7636
https://orcid.org/0000-0002-2978-2718
https://orcid.org/0000-0002-3432-3452
https://orcid.org/0000-0002-4855-0162
https://orcid.org/0000-0001-7616-2573
https://orcid.org/0000-0001-7747-6582
https://orcid.org/0000-0002-7828-9970
https://orcid.org/0000-0003-3155-2484
https://orcid.org/0000-0001-8197-1914


41

Escuela Politecnica Nacional, Quito, Ecuador
E. Ayala

Universidad San Francisco de Quito, Quito, Ecuador
E. Carrera Jarrin

Academy of Scientific Research and Technology of the Arab Republic of Egypt, Egyptian
Network of High Energy Physics, Cairo, Egypt
S. Elgammal18, A. Ellithi Kamel19

Center for High Energy Physics (CHEP-FU), Fayoum University, El-Fayoum, Egypt
M. Abdullah Al-Mashad , M.A. Mahmoud

National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
R.K. Dewanjee20 , K. Ehataht , M. Kadastik, T. Lange , S. Nandan , C. Nielsen ,
J. Pata , M. Raidal , L. Tani , C. Veelken

Department of Physics, University of Helsinki, Helsinki, Finland
H. Kirschenmann , K. Osterberg , M. Voutilainen

Helsinki Institute of Physics, Helsinki, Finland
S. Bharthuar , E. Brücken , F. Garcia , J. Havukainen , K.T.S. Kallonen , R. Kinnunen,
T. Lampén , K. Lassila-Perini , S. Lehti , T. Lindén , M. Lotti, L. Martikainen ,
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M. Bartók34 , C. Hajdu , D. Horvath35,36 , F. Sikler , V. Veszpremi
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G. Pásztor , A.J. Rádl38 , G.I. Veres
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P. Barriaa , M. Campanaa,b , F. Cavallaria , L. Cunqueiro Mendeza,b , D. Del Rea,b ,
E. Di Marcoa , M. Diemoza , F. Erricoa,b , E. Longoa,b , P. Meridiania ,
J. Mijuskovica,b , G. Organtinia,b , F. Pandolfia , R. Paramattia,b , C. Quarantaa,b ,
S. Rahatloua,b , C. Rovellia , F. Santanastasioa,b , L. Soffia
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A. Bermúdez Martı́nez , M. Bianco , B. Bilin , A.A. Bin Anuar , A. Bocci ,
E. Brondolin , C. Caillol , G. Cerminara , N. Chernyavskaya , D. d’Enterria ,
A. Dabrowski , A. David , A. De Roeck , M.M. Defranchis , M. Deile , M. Dobson ,
F. Fallavollita63, L. Forthomme , G. Franzoni , W. Funk , S. Giani, D. Gigi, K. Gill ,
F. Glege , L. Gouskos , M. Haranko , J. Hegeman , B. Huber, V. Innocente , T. James ,
P. Janot , S. Laurila , P. Lecoq , E. Leutgeb , C. Lourenço , B. Maier , L. Malgeri ,
M. Mannelli , A.C. Marini , M. Matthewman, F. Meijers , S. Mersi , E. Meschi ,
V. Milosevic , F. Moortgat , M. Mulders , S. Orfanelli, F. Pantaleo , G. Petrucciani ,
A. Pfeiffer , M. Pierini , D. Piparo , H. Qu , D. Rabady , G. Reales Gutiérrez,
M. Rovere , H. Sakulin , S. Scarfi , C. Schwick, M. Selvaggi , A. Sharma ,
K. Shchelina , P. Silva , P. Sphicas64 , A.G. Stahl Leiton , A. Steen , S. Summers ,
D. Treille , P. Tropea , A. Tsirou, D. Walter , J. Wanczyk65 , S. Wuchterl , P. Zehetner ,
P. Zejdl , W.D. Zeuner

Paul Scherrer Institut, Villigen, Switzerland
T. Bevilacqua66 , L. Caminada66 , A. Ebrahimi , W. Erdmann , R. Horisberger ,
Q. Ingram , H.C. Kaestli , D. Kotlinski , C. Lange , M. Missiroli66 , L. Noehte66 ,
T. Rohe

ETH Zurich - Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland
T.K. Aarrestad , K. Androsov65 , M. Backhaus , A. Calandri , C. Cazzaniga ,
K. Datta , A. De Cosa , G. Dissertori , M. Dittmar, M. Donegà , F. Eble , M. Galli ,
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15Also at Université Libre de Bruxelles, Bruxelles, Belgium
16Also at University of Latvia (LU), Riga, Latvia
17Also at an institute or an international laboratory covered by a cooperation agreement with
CERN
18Now at British University in Egypt, Cairo, Egypt
19Now at Cairo University, Cairo, Egypt
20Also at Birla Institute of Technology, Mesra, Mesra, India
21Also at Purdue University, West Lafayette, Indiana, USA
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