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A search for long-lived particles (LLPs) decaying in the CMS muon detectors is presented. A data
sample of proton-proton collisions at /s = 13 TeV corresponding to an integrated luminosity of 138 fb~",
recorded at the LHC in 2016-2018, is used. The decays of LLPs are reconstructed as high multiplicity
clusters of hits in the muon detectors. 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, 7 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 sensitive to branching fractions of the Higgs boson to dark quarks as

low as 2 x 1073,

DOI: 10.1103/PhysRevD.110.032007

I. 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 [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 extends 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 during 2016-2018 at the LHC, corre-
sponding to an integrated luminosity of 138 fb~!. 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 electromagnetic showers, giving rise to a
large multiplicity of hits in a localized detector region,
referred to as a muon detector shower (MDS) object. The
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hadron calorimeter (HCAL), solenoid magnet, and steel
flux-return yoke together provide 12-27 nuclear interaction
lengths of shielding [24,25], which, together with explicit
vetoes on the inner detector activity due to prompt SM
particles, strongly suppress particle showers from jets that
are not fully contained within the calorimeters’ volume
(punchthrough). 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 momentum 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, as muons lose
energy mostly through ionization 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 benchmark 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, KTK~, K°K°, and nt7"),
decays resulting primarily in electromagnetic showers
(n°7°, yy, and ete™), and decays to 777~, which may
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FIG. 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 (V) in the dark shower model.

result in hadronic or electromagnetic showers. The most
stringent previous constraints for mean proper decay
lengths ¢z < 0.3 m are based on a search for displaced
jets in the CMS tracker [26]. For ¢z > 0.3 m, a search for
displaced vertices in the ATLAS muon spectrometer
[27,28] and the CMS search using the end cap 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
and 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 including a mixture of invisible and visible dark
mesons, 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
interpretation in this framework. A diagram representing
both benchmark models is shown in Fig. 1.

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 sufficiently 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 dis-
placed-vertex searches by requiring the detection of
two LLP decays.

(i) The MDS signature is sensitive to the LLP energy
only and insensitive to its mass, rendering this

search equally sensitive to all LLP masses consid-

ered, as shown in Sec. IX. 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 Sec. II. Section III provides a summary
of the simulated samples used in the analysis. The
reconstruction of the final state objects is discussed in
Secs. IV and V, respectively. The event selection is
described in Sec. VI. The background estimation methods
are detailed in Sec. VII. The signal modeling and system-
atic uncertainties are discussed in Sec. VIII. We report and
interpret the results in Sec. IX. Finally, a summary is given
in Sec. X. The tabulated results are provided in the
HEPData record for this analysis [30].

II. THE CMS DETECTOR

The central feature of the CMS detector is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and
scintillator HCAL, each composed of a barrel and two
end cap sections. Forward calorimeters extend the pseu-
dorapidity (1) coverage provided by the barrel and end cap
detectors. Muons are identified 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 end caps, and
resistive-plate chambers (RPCs) in the barrel, and end
caps. A more detailed description 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 end
caps, respectively, play critical roles in the search described
in this paper. The barrel DT detectors cover a region of
|| < 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 approxi-
mately 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 ¢ sectors, each subtending 30° in ¢. 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,
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FIG.2. The cluster reconstruction efficiency, including both DT
and CSC clusters, as a function of the simulated r and |z| decay
positions of the particle S decaying to dd in events with
piiss > 200 GeV, for a mass of 40 GeV and a range of cz
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
end cap muon stations are drawn as black boxes and labeled by
their station names. The region between labeled sections are
mostly steel return yoke.

each containing 12 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-¢ plane (where ¢ 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-¢
plane. Individual hits have a resolution of about 600 pm,
which can be improved to about 260 um by combining
information from hits in the same SL [31].

The CSC detectors cover a region of 0.9 < |57| < 2.4 and
comprise four stations in each end cap. 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 beamline. 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 pm 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 end caps, covering a region
of |n| < 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 ps [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 around 1 kHz before data storage [35].

III. SIMULATED SAMPLES

The simulated H — S signal samples are generated at
next-to-leading order with the POWHEG 2.0 [36-39] gen-
erator 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 (my) 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 10 mm and 100 m, resulting in detectable
decays in the muon detectors at decay lengths of 4 to 11 m
in the lab frame. We consider decays to bb, dd, KTK~,
K°K°, and #* z~, hereafter referred to as the fully hadronic
decay modes, decays to 7°7°, yy, and e*e™, referred to as
the fully electromagnetic decay modes, and decays to z77~.
Dimuon 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 ete™ and yy decay modes are
dominant; between 0.3 and 1 GeV, the zt7z~ and 7z°7°
decay modes are dominant; between 1 and 2 GeV, the
K*K~ and K°K° decay modes are dominant; and above
2 GeV the yy and gq decay modes are dominant. The
analysis has some sensitivity below 0.4 GeV owing to the
calorimetric nature of the signature. However, because of
the limitations in the signal simulation, the analysis
sensitivity below 0.4 GeV is not quantified.

The dark shower signal models are generated similarly
through Higgs boson production at next-to-leading order
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
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theory assumptions presented in Ref. [29], using the
PYTHIAS [42] hidden-valley module [43,44]. In the gen-
eration, the dark sector is reduced to a single dark quark
(P), vector meson (@), and scalar meson (77), and there are
three dark quantum chromodynamic (QCD) colors.

As mentioned in Sec. I, we generate signal samples for
five different decay portals. In the vector portal, @ is long-
lived and couples to SM particles, while 7 is invisible. For the
dark-photon portal, 7j decays into a pair of long-lived dark
photons with masses equal to 0.4m;, which then each decay
into SM particles. For all other portals, 7 is long lived and
couples to SM particles, while @ 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 @ to
7 meson mass ratio, £,,, and the ratio of the dark sector QCD
scale to the 7 mass, £,. We consider three sets of numerical
values: (€, &x) = (2.5,2.5),(2.5,1.0), and (1.0, 1.0). These
three hierarchies represent regimes where @ and # mesons are
both produced and @ can decay to a pair of 77 mesons, only 7
mesons are produced, and @ and 7 mesons are both produced
but @ cannot decay to a pair of 7 mesons, respectively. The
three sets of values can be set for all portals, except for the
vector portal, where only @ couples to SM particles, so only
(€, Ex) = (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 (ps*).

For both signal models, parton showering, hadroniza-
tion, and the underlying event are modeled by PYTHIAS.205
(8.230) [42] with parameters set by the CUETPSM1 [45]
(CP5 [46]) tune used for samples simulating the 2016
(2017 and 2018) dataset conditions. The NNPDF3.0 [47]
(3.1 [48]) parton distribution functions (PDFs) are used in
the generation of all simulated samples. At least 7 x 10°
events were generated for each simulated sample. 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 crossings (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.

IV. 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 interaction 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 momen-
tum 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 || < 2.4. The effi-
ciency 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 p resolution of 1% in the barrel and 3%
in the end caps for muons with pt up to 100 GeV, and
better than 7% in the barrel for muons with pr 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 back-
ground from muon bremsstrahlung. Depending on the
search categories, different muon pr 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 momentum is determined as the vectorial sum
of all particle momenta in the jet, and it 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 particles
identified to be originating from pileup vertices are dis-
carded and an offset correction is applied to correct for
remaining contributions. Jet energy corrections are derived
from simulation 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
simulation [54]. Additional selection criteria, detailed in
Sec. VI, are applied to each jet to remove jets potentially
dominated by anomalous contributions from various sub-
detector components or reconstruction failures [55].

The vector piss is computed as the negative vector pr
sum of all the PF candidates in an event, and its magnitude
is denoted as p2is. The p** is modified to account for
corrections to the energy scale of the reconstructed jets in
the event [56].

V. MUON DETECTOR SHOWERS

When charged particles traverse the CSCs, signal pulses
are collected on the anode wires and the cathode strips.
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The signals from the wire groups are combined with signals
from the cathode strips to form a point on a two-
dimensional plane in each chamber layer called a CSC hit.
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 ¢ or z dimension, the DT hit position is assumed to be at
the center of each DT chamber in the orthogonal 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 infor-
mation, they are handled separately. The CSC and DT hits
are clustered in 7 and ¢ using the DBSCAN algorithm [57],
which groups hits in high-density regions into clusters.
A minimum of 50 hits and a distance parameter

AR usier = / (A)? + (Ag)? 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 n and ¢
coordinates of each cluster. Nearby clusters are merged if
they satisfy AR < 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 < |p| < 1.2, if both CSC and DT
clusters are reconstructed with AR < 0.4, then 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, includ-
ing both DT and CSC clusters, as a function 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 p™iss > 200 GeV, as required in the search
described in Sec. VI 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 material 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
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FIG. 3. The DT (upper) and CSC (lower) cluster reconstruction

efficiency as a function of the simulated r or |z| decay positions of
S decaying to dd in events with pI’s > 200 GeV, for a mass of
40 GeV and a range of ¢z 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 |5| < 2.6. The clusters are
selected from signal events satisfying the pis > 200 GeV
requirement. Regions occupied by steel shielding are shaded
in gray.

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 effi-
ciency compared to electromagnetic 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 station and are stopped by the
steel between the stations. When the LLP decays close to or
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in the CSCs, defined as the union of the two regions:
(i) 500 < |z|] < 661 cm, r <270 cm, and || < 2.4, and
(i) 660 < |z| < 1100 cm, r < 695.5 c¢m, and || < 2.4, the
inclusive CSC cluster reconstruction efficiency is approx-
imately 80, 55, and 35% for fully hadronic, 7777, and fully
leptonic decays, respectively. When the LLP decays close
to or in the DTs, defined as the region 380 < r < 738 cm
and |z] < 661 cm, the inclusive DT cluster reconstruction
efficiency is approximately 80, 60, and 45% for fully
hadronic, 7777, and fully leptonic decays, respectively.

The accuracy of the simulation modeling of the cluster
reconstruction efficiency has been studied using a Z —
utp~ data sample, where clusters are produced when one
of the muons undergoes bremsstrahlung and the associated
photon produces an electromagnetic shower. The difference
between data and simulation is propagated as a systematic
uncertainty in the cluster reconstruction efficiency, as
detailed in Sec. VIIL

VI. SEARCH STRATEGY AND EVENT
SELECTION

An LLP, like the neutral scalar or the dark meson, that
decays after it has traversed the calorimeter systems may
produce large p™is* 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 p's* > 120 GeV [35], and
subsequently requiring offline pTiss > 200 GeV, both
computed from PF candidates, 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 the
offline piss requirement is of the order of 1% for both
models. We require at least one jet with pr > 30 GeV and
|n| < 2.4 passing the “Tight Lepton Veto” jet identification
criteria [58], because the pT'S 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 non-
collision backgrounds, we apply beam-halo filters that
remove events containing beam-halo muons and calorim-
eter 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 categories 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 end cap muon
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FIG. 4. The geometric acceptance multiplied by the efficiency
of the pp™* > 200 GeV selection as a function of the proper
decay length cz for a scalar particle S with a mass of 40 GeV.

detectors [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 geometric acceptance multiplied by
the efficiency of the p's® selection for each category is
shown in Fig. 4.

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

Additionally, the angular difference [A¢( XS, cluster)]
between the ps and the cluster location is used as a
discriminating variable in all three categories. For signal,
Ap(pRiss cluster) peaks near zero because the large prT“iss
requirement tends to select events where the Higgs boson
has a large momentum and is nearly collinear with the S.
For the backgrounds, A¢g(pTss, cluster) is uniformly dis-
tributed because the cluster and pF's are independent. The
exact threshold on the variable is different for the barrel and
end cap, and looser for the double-cluster category, as
detailed in the following subsections.

Finally, the number of hits in the clusters (Ny;) is used to
discriminate signal and background. Signal clusters tend to
have large Ny;,, while background clusters are expected to
have small N;,. The threshold on Ny, is determined
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separately in different categories by optimizing the
expected limits in each category. At the determined thresh-
olds, both the signal and background estimates are not
sensitive to the thresholds, as the distributions for signals
are relatively flat, while the background estimate is close to
zero near the optimal point. The exact threshold on Ny, is
different for the barrel and end cap, and looser for the
double-cluster category, as detailed in the following sub-
sections that describe the detailed event selections for each
category.

A. Double clusters

The double-cluster category includes events containing
two clusters satisfying the selection criteria described
below. We ensure that different cluster objects are spa-
tially separated from each other by requiring AR > 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 back-
ground, 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 pr >
30 GeV or a global muon [32], built by matching muon
tracks in the muon detectors and in the tracker, with pt >
30 GeV is found within AR < 0.4. Similarly, DT clusters
are rejected if any jet with pr > 50 GeV or a muon passing
loose identification criteria [32,51] with pp > 10 GeV is
found within AR < 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.

We further reject CSC clusters produced by adjacent
bunch crossings, known as out-of-time (OOT) pileup, by
requiring that the cluster time (7., ) 1S consistent with an
in-time interaction (—5.0 < fguger < 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 propagation. 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 spread 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 con-
centrated in one or two stations. 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 (|Ag| > 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
Ap(pRiss cluster) < 1.0 (1.2) for CSC (DT) clusters.

For signal events with two clusters, the AR between two
LLPs, thus between the clusters, is typically around 1. For
background, the AR between clusters is usually large
(AR > 2) because the two clusters generally come from
separate processes, especially for the CSC-CSC and DT-
CSC categories. Therefore, we require the AR between the
two clusters to be less than 2.0 (2.5) for the CSC-CSC (DT-
CSC) subcategory. There is already an implicit A¢ selec-
tion between the two clusters by requiring both clusters to
pass the Ag(ps, cluster) selection. The AR selection
additionally requires the two clusters to be close in 7.

Finally, Ny is used to discriminate signal and back-
ground. We require Ny, > 100 (80) for CSC (DT) clusters.

B. Single CSC cluster

The single-CSC-cluster category includes events in
which only one LLP decay produces a displaced cluster
in the end cap 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 back-
ground level.

The cluster veto requirements are the same as in
Ref. [23]. Clusters that have a jet with pp > 10 GeV
or a muon with pr > 20 GeV within AR < (0.4 are
rejected. We veto clusters that have any hits in the
two innermost rings of the MEI1 station (ME1/1 and
ME1/2), which have the least absorber material between
them and the interaction point, or match any hit [with
AR(cluster, hit) < 0.4] in the RPCs located immediately
next to ME1/2. In the region where the barrel and end cap
muon detectors overlap (0.9 < || < 1.2), any cluster
matched to any track segment reconstructed in the inner-
most station of the DT detectors (MB1), or any hit in the
RPCs situated in front of and behind MB1 matched to
within AR(cluster, segment or hit) < 0.4, is vetoed. We
reject clusters with |y| > 2.0 to suppress the muon
bremsstrahlung background that evaded the muon veto
because of the decreasing muon reconstruction and
identification efficiencies at larger |z|.
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FIG. 5. Distributions of the cluster time (#.,4..) for signal,

where § decays to dd with a proper decay length ¢z of 1 m and
mass of 40 GeV, and for a background-enriched sample in data
selected by inverting the Ny, requirement.

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 p™iss. 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 requir-
ing —5.0 < fgueer < 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.

It was observed that clusters from all background
processes occur more often at larger values of |5|, as the
effectiveness of the jet and muon vetoes decreases because
of decreasing reconstruction efficiencies. Signal clusters
often occupy more than one CSC station (N ons > 1) and
occur more frequently in stations farther away from the
primary interaction point. To distinguish signal and back-
ground clusters, a cluster identification algorithm was
devised that makes more restrictive |5| requirements for
clusters that occupy only one CSC station (Ngiions = 1)
and are closer to the primary interaction point. The ||
requirements are as follows:

(]) |77| < 1.9if Nslations > 1,

(2) |n| < 1.8 if Ngaions = 1 and the cluster is in sta-

tion 4,

(3) |n| < 1.6/if Nyqions = 1 and the cluster is in station 3

or station 2, and
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FIG. 6. The distributions of Ny, (upper) and Ag( piiss, cluster)
(lower) 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 (7 user < —12.5 ns). The OOT background is
representative of the overall background shape, because the
background passing all the selections described above is domi-
nated by pileup and underlying events. The shaded bands show
the statistical uncertainty in the background.

@) |n| < 1.1if Nguions = 1 and the cluster is in station 1
because of an implicit selection from the ME1/1 and
MEI1/2 vetoes.

The cluster identification algorithm has ~80% efficiency

for simulated clusters originating from S decays, and
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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 Ny, and Agh(pRiss, cluster) are used to discriminate
signal and background. We require Ag(pss, cluster) <
0.75 and Ny > 130. The signal and background shapes of
the two discriminants are shown in Fig. 6. For the back-
grounds, A¢(pmiss cluster) is independent of Ny, as
shown in Sec. VII, enabling the use of the ABCD method
to predict the background yield in the signal-enriched bin.

C. Single DT cluster

The single-DT-cluster category targets events in which
only one LLP decay produces a displaced 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-ps events due to mismeasured
jets, we require the minimum of |A¢(jet, ps*) | over all the
jets with pr > 30 GeV to be greater than 0.6. This require-
ment reduces 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 punchthrough jet background.

We veto clusters that have a jet with pr > 10 GeV or a
muon with pp > 10 GeV passing loose identification
criteria [32,51] within AR < 0.4. In addition, we reject
clusters that are within AR < 1.2 from the leading-pr jet.
Furthermore, DT clusters that are within AR < 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 AR < 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 A¢ < 0.5.

To suppress background from cosmic ray muons, we
veto clusters that have more than 8 hits in MB1 within
A¢ < x/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 A¢ < z/4 in any
adjacent wheel. Furthermore, we look for DT segments
that are far from the clusters with AR > 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 subcategory, Ny
and Ag(pTs, cluster) are used to discriminate signal
and background. We require Ag(piss, cluster) < 1 and
Nhits > 100. The signal and background distributions of the
two discriminants are shown in Fig. 7.
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FIG.7. The distributions of Ny (upper) and A¢(pis, cluster)
(lower) 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.
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Finally, the DT clusters are categorized into three exclu-
sive categories according to the station that contains the most
hits: MB2, MB3, or MB4. These categories have different
background compositions, where the punchthrough jet
background is more prominent in the stations that are closer
to the interaction point.

VII. 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 D only pass one of the requirements, and events
in bin C pass neither requirement. Because of the inde-
pendence of the two variables, the expected background
event rate in the signal-enriched bin A is related to the other
three bins by A, = (4gdp)/Ac, where Ay is the expected
background event rate in each bin X. In the double-
cluster categories, the two variables that are used are
the Ny, of each of the clusters, while in the single DT
and CSC cluster categories, the two variables are Ny;, and
Agp(p2iss cluster). To account for a potential signal con-
tribution 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
punchthrough jet background separately, since it is non-
negligible and does not have independent N,;, and
Ag(pRiss cluster) variables, while the punchthrough jet
background in the other categories is negligible. Other
noncollision backgrounds, including cosmic ray muons,
have been suppressed by dedicated filters described in
Sec. VI. Their contributions 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.

A. Double clusters

For the DT-CSC category, the two independent discrimi-
nating variables are the Ny;, of the DT and CSC cluster,
respectively. The four bins comprise events with clusters
having the following properties, as illustrated schematically
in Fig. 8 (upper):

(1) Bin A: CSC cluster with Ny, > 100 and DT cluster

with Nhits > 80.

CSC cluster Nhits

100 fereeemnmmeenenn P PREOREID

80

Events

0 1 2

Neluster With high Nhits

FIG. 8. Diagrams illustrating the ABCD plane for the DT-CSC
category (upper), and for the DT-DT and CSC-CSC categories
(lower). The variable c; is the pass-fail ratio of the Ny 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.

(2) Bin B: CSC cluster with Ny;, > 100 and DT cluster
with Nhits S 80

(3) Bin C: CSC cluster with Ny;, < 100 and DT cluster
with Nhits < 80.

(4) Bin D: CSC cluster with Ny, < 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 Agp.
Bins A, BD, and C contain events with 2, 1, and O clusters
passing the Ny, selection, respectively, as illustrated in
Fig. 8 (lower). The expected background yield in the
signal-enriched bin A is related to the other two bins
as Ap = (lBD/Z)z/AC-

To validate the background estimation method, we define
two VRs: the inverted-Ny;, region and the inverted-
Ap(pRiss, cluster) region. The inverted-Ny;, VR is defined
by inverting the Ny, requirements for both clusters, while
maintaining all the other cluster-level selections. The Ny,
threshold used in the inverted-Ny;, VR is 70 (80) for DT
(CSC) clusters. Similarly, the inverted-Ag(pTss, cluster)
VR is defined by inverting the A¢(pis, cluster) require-
ment of both clusters while maintaining all the other
cluster-level selections. To probe signal-like events in the
inverted-A¢h(piiss, cluster) VR, we additionally require
A¢(cluster 1, cluster 2) < 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 AR(cluster 1, cluster 2)
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TABLE L

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 (1,) and the
background event rate in bins B, C, D, BD, and A (N, N¢c, Np, Ngp, N,) are shown.

Category Validation region Ng Nc Np Ngp Aa Na
DT-DT Inverted Ag(pRiss, cluster) 11 1 0.02 + 0.05 0
Inverted Ny, 2 1 0.12 4+ 0.27 0
CSC-CSC Inverted Ag(pmiss, cluster) 8 2 0.12+0.18 0
Inverted Ny 4 2 0.25+0.38 0
DT-CSC Inverted Ag(pRiss, cluster) 0 19 3 e 0+0.3 0
Inverted Ny 2 11 1 e 0.18 +0.23 0

requirement. The A¢h(pTss, cluster) VR allows us to test for
any non-negligible backgrounds at high Ny that cannot be
accessed in the inverted-N,;, VR. The background estimate
agrees with the observed number of background events in
both VRs and all three categories, as shown in Table 1.

B. Single CSC cluster

For the single-CSC-cluster category, the two discrimi-
nating variables are A¢(pTs, cluster) and Nyj,. For the
backgrounds, A¢ (P, cluster) is independent of Ny,
enabling the use of the ABCD method. As illustrated
schematically in Fig. 9, the four bins comprise events with
clusters having the following properties:

(1) Bin A: Ag(pss, cluster) < 0.75 and Ny > 130.

(2) Bin B: Ag(pRiss, cluster) > 0.75 and Ny, > 130.

(3) Bin C: Ag(pXiss, cluster) > 0.75 and Ny, < 130.

(4) Bin D: Ag(piss, cluster) < 0.75 and Ny < 130.

The background estimation procedure is validated using
events in two separate VRs: one in the OOT region, where
fauster < —12.5 ns, and one in the in-time region, where the
clusters that fail the cluster identification criteria, as defined
in Sec. VIB are selected, as shown in Table II.

C. Single DT cluster

The dominant backgrounds in the single-DT-cluster
category are punchthrough jets and low-py particles from

Ad [radians]

0.75 f--rm-mmmnsnnsd T PLEETY

130 Nhits

FIG. 9. Diagram illustrating the ABCD plane for the single-
CSC-cluster category, where bin A is the SR.

pileup. To estimate the background from the low-pr
particles, the ABCD method is used. Like the single-
CSC-cluster category, the same discriminating variables
Ap(pRiss cluster) and Ny, are used, except the thresholds
for the signal-like selection are Ag(piss, cluster) < 1
and Nhits > 100.

The background prediction is validated in a pileup-
enriched VR, as shown in Table IIl. The pileup-enriched
region is defined by inverting the loose identification
criterion on the leading jet, and removing the RPC
matching criteria, Agp(pRis, cluster) requirement, and fil-
ters 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.

TABLEII. 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 (4,) and the background
event rate in bins B, C, D, and A (Ng, N¢, Np, N4) are shown.

Validation region Ng Nc Np Aa Ny
Out-of-time region 8 442 121 22+0.8 3
In-time region 8 317 87 22408 2
TABLE III.  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 Ny Nc Np Aa 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
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TABLE IV. Validation of the punchthrough jet background
prediction method for the single-DT-cluster category. The un-
certainty in the prediction is the statistical uncertainty propagated
from the extrapolated MB1/MB2 hit veto efficiency.

Cluster station Aa Ny
MB2 47415 6
MB3 1.5+09 0
MB4 1.0+09 0

The punchthrough jet background that is not accounted
for by the ABCD method exhibits correlated behavior,
which is highly enhanced in the signal region (bin A) and
negligible in the other regions. This additional background
component is estimated by measuring the number of
observed events in excess of the ABCD prediction in the
region with the inner DT station hit veto inverted, and
multiplying the result by ¢/(1 — €) where ¢ is the corre-
sponding veto efficiency. For clusters in MB2, only the
MBI 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 e 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 propa-
gated as an additional systematic uncertainty on the back-
ground prediction.

The inner DT station (MB1 or MB1 plus MB2) hit veto
efficiency is measured in a separate punchthrough jet-
enriched region, by selecting clusters that have a jet with
pr > 10 GeV within AR < 0.4. The measured veto effi-
ciency 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 efficiencies for clusters passing the
jet veto.

The punchthrough jet background prediction method is
validated, as shown in Table IV, using a subset of the
region with the inner DT station hit veto inverted by
predicting background clusters that are matched to
2-5 MBI1 or 2-5 MB2 hits, instead of <2 MBI and
< 2 MB2 hits in the SR.

VIII. 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 punchthrough
jet background amounting to 32, 50, and 100% for
clusters in MB2, MB3, and MB4, respectively. No addi-
tional background systematic uncertainties are assigned
for the background predicted by the ABCD method
because the ABCD background estimation method is
validated, as detailed in Sec. VII. 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 corrections that
affect the Higgs boson pr distribution. This uncertainty is
estimated through renormalization and factorization scale
variations and amounts to 21% for the gluon fusion
production for all signal samples. The other main sources
of uncertainty include the signal 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 luminosity
(1.6%) [60-62], pmiss 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 selections, 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 secondary par-
ticles. This aspect is validated by measuring clusters
produced in Z — putu~ data 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, MBI,
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 (7, ¢») locations of clusters from
the signal distribution and evaluating whether a jet, muon,
or ME1, MB1, or RPC hit from Z — u*u~ events has been
observed within AR < 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
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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 produced 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% downward 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 uncer-
tainty being dominated by the cluster time spread require-
ment, 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% down-
ward 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 dominated by the cluster
reconstruction efficiency, which is measured to be 3% and
1% in the DT-DT and DT-CSC categories, respectively.

IX. 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.

A. Double-cluster category

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

B. Single-CSC-cluster category

The corresponding search result in the single-CSC-
cluster category is shown in Table VI. No statistically
significant deviation with respect to the SM prediction is
observed. The signal and data distributions of Ny, in bins
A and D, and Ag( ﬁ%iss, cluster) in bins A and B are shown
in Fig. 11.

C. Single-DT-cluster category

Using the methods detailed in Sec. VII, the background
from punchthrough jets and low-pt pileup particles are
estimated in the single-DT-cluster category. The result of
the search is shown in Table VII. We observed no
statistically significant deviation with respect to the SM
prediction. The signal and data distributions of Ny in bins
A and D, and A¢(p'ss, cluster) in bins A and B are shown
in Fig. 12.

D. Interpretations

In this section, we present the combination of the double-
cluster, single-CSC-cluster, and single-DT-cluster catego-
ries 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.

TABLE V. 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 09+0.7
CSC-CSC 0.7+0.4 e 4.7+2.0 e 3.6+15
DT-CSC 0.12+0.12 19+1.2 14.1 +3.8 09+0.7
Observation DT-DT 0 3 e 1
CSC-CSC 2 X 6 e 1
DT-CSC 0 2 14 1 e
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FIG. 10. The signal (assuming B(H — SS) = 1%, S — dd, and cz = 1 m), background, and data distributions of Njgers Passing the

Npits selection in the search region for CSC-CSC (upper left), DT-DT (upper right), and DT-CSC (lower) categories. The branching
fraction B(H — SS) has been set to a specific value purely to allow a visual comparison of the shapes of the signal and background
distributions. 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. No events are observed in the rightmost bins of the DT-CSC and DT-DT

categories, so only the associated uncertainty is shown.

TABLE VI. Number of predicted background and observed
events in the single-CSC-cluster category. 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 42+17 120+11 S51+7
Observed 3 3 121 50

For fully hadronic decays of the LLP and in the region of
ct with the largest double-cluster acceptance, the double-
cluster category is the most sensitive. This region of cz
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 electro-
magnetic and 7 decays of the LLP, the single-CSC-cluster
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Distributions of Ny (left) and A¢g(pis, 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 cz = 1 m is shown for n of 3,
7, 15, 40, and 55 GeV in various colors and dotted lines. The N, distribution includes only events in bins A and D, while the
Agp(pXiss cluster) distribution includes only events in bins A and B. The rightmost bin in the Ny distribution includes overflow events.

category is the most sensitive for shorter cz, while for large
ct the single-DT-cluster category is the most sensitive.

All theoretical uncertainties assigned to signal simula-
tions are fully correlated across categories. Experimental
uncertainties that are not related to the cluster, such as
luminosity, jet energy scale, PDFs, and pileup model-
ing uncertainty, are fully correlated across categories.
Experimental uncertainties associated with cluster selec-
tions are assumed to be fully uncorrelated across categories.
All uncertainties are incorporated into the analysis via
nuisance parameters and treated according to the frequent-
ist paradigm.

We evaluate 95% confidence level (CL) upper limits
on the branching fractions B(H — SS) and B(H — Y¥)
for both the twin Higgs and dark-shower models by
performing both a background-only fit, as shown in
Tables V-VII, and a signal plus background fit, and using

TABLE VIIL

the modified frequentist criterion CL, [63,64] with the
profile likelihood ratio test statistic [65]. The procedure has
been validated by injecting a signal and verifying that an
unbiased estimation of the signal strength is obtained. The
Higgs boson production 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 VIII, selected to be most
sensitive and relevant for the search.

The upper limits for the twin Higgs model are shown in
Fig. 13 for the S — dd, S — 7°2°, and S — 77~ decay
modes, as functions of ¢t for a selection of myg values.
Figure 14 shows these limits as a function of mg and ¢z and
extend as low as mg = 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

Number of predicted background and observed events in the single-DT-cluster category. The background prediction is

obtained from a fit to the observed data assuming no signal contribution.

Category A (total) A (punchthrough) A (ABCD prediction) B C D
Background-only fit MB2 95+19 6.3+ 1.7 31+13 48=+19 119+12 76.8+8.1
MB3 37+1.5 31+1.1 0.6+ 1.1 0.5+0.5 7+3 75+£26
MB4 1.2+09 1.2+09 0.1+0.5 0.06 +0.22
Observation MB2 9 5 119 71
MB3 1 1 6 8
MB4 2 0
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FIG. 12. Distributions of Ny, (left) and Ag( ﬁl}‘i“,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 ¢t = 1 m is shown for ng of 3,
7, 15, 40, and 55 GeV in various colors and dotted lines. The Ny distribution includes only events in bins A and D, while the
A¢(pRiss cluster) one includes only events in bins A and B. The right-hand bin in the Ny, distribution includes overflow events.

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—natn,S—KK,S— bb,S— ete”,and S — yy, are
shown in Fig. 15 as a function of ¢z and in Fig. 16 as a
function of both mg and cz. Owing to the differences 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

category, 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 ¢z above 0.2, 0.5, 2.0, and
18.0 m for LLP masses 7, 15, 40, and 55 GeV, respectively.
The limits for electromagnetic 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 branch-
ing fractions of the S decays are identical to those of a

TABLE VIII. 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 proper decay length CSC-CSC DT-DT DT-CSC Single CSC Single DT
dd,3 GeV, ct=1m 0.3 1.3 1.2 12.3 21.2
dd, 7 GeV, ct=1m 1.5 5.7 43 225 35.8
dd, 15 GeV, ct=1m 4.7 13.6 11.1 32.0 46.8
dd, 40 GeV, ct =1 m 6.6 12.9 8.8 234 19.3
dd, 55 GeV, ct=1m 0.5 1.4 2.1 9.8 5.9
77,7 GeV, ct=1m 0.6 1.8 1.6 14.2 22.5
7, 15 GeV, ct=1m 1.7 52 3.9 20.1 28.9
777,40 GeV, ct=1m 33 4.5 33 21.3 17.0
77,55 GeV, ct=1m 0.3 0.9 1.0 10.6 6.0
7°7%, 0.4 GeV, ct=0.1 m 0.1 0.4 0.4 6.8 19.2
7°7°% 1 GeV, ct = 0.1 m 0.4 1.3 1.1 11.6 30.7
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Higgs boson evaluated at mg [66]. Figure 17 shows the
upper limits as functions of both mass and ¢z using the
branching fractions for S calculated in Ref. [66]. This
search 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 Figs. 18-22, respectively, as a
function of cz for a selection of LLP mass and (&,, &)
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 x 1073,

X. SUMMARY

Data from proton-proton collisions at /s = 13 TeV
recorded by the CMS experiment in 2016-2018, corre-
sponding to an integrated luminosity of 138 fb~!, have
been used to conduct the first search that uses both the
barrel and end cap CMS muon detectors to detect hadronic
and electromagnetic showers from 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 back-
ground 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 back-
ground 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 constrain branching
fractions of the H decay to dark quarks as low as 2 x 1073
at 95% confidence level.
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