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Abstract

A search for long-lived particles (LLPs) produced in decays of standard model (SM)
Higgs bosons is presented. The data sample consists of 137 fb~! of proton-proton
collisions at /s = 13 TeV, recorded at the LHC in 2016-2018. A novel technique is
employed to reconstruct decays of LLPs in the endcap muon detectors. The search is
sensitive to a broad range of LLP decay modes and to masses as low as a few GeV.
No excess of events above the SM background is observed. The most stringent limits
to date on the branching fraction of the Higgs boson to LLPs subsequently decaying
to quarks and 777~ are found for proper decay lengths greater than 6, 20, and 40 m,
for LLP masses of 7, 15, and 40 GeV, respectively.
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Many extensions of the standard model (SM) predict the existence of neutral, weakly-coupled
particles that have a long lifetime. These long-lived particles (LLPs) naturally arise in models
of split supersymmetry (SUSY) [1-6], SUSY with weak R-parity violation [7-10], SUSY with
gauge-mediated supersymmetry breaking [11-13], stealth SUSY [14, 15], hidden valley scenar-
ios [16-18], baryogenesis triggered by weakly interacting massive particles [19-21], inelastic
dark matter [22], and twin Higgs models [23-25].

In this Letter, we describe the first search at the LHC that uses a muon detector as a sampling
calorimeter to identify showers produced by decays of LLPs. The CMS endcap muon detectors
(EMD) are composed of detector planes interleaved with the steel layers of the magnet flux-
return yoke. A schematic diagram of the EMD geometry is shown in Fig. 1. Decays of LLPs in
the EMD induce hadronic and electromagnetic showers, giving rise to a high hit multiplicity
in localized detector regions. The hadron calorimeter, solenoid magnet, and steel flux-return
yoke together provide 20-27 nuclear interaction lengths of shielding, which is sufficiently large
to suppress particle showers that are not fully contained (punch-through) to negligible levels.

This search has sensitivity to singly or multiply produced LLPs decaying to final states includ-
ing hadrons, taus, electrons, or photons. We focus on a benchmark simplified model motivated
by the twin Higgs scenario [16-18, 26-28] 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 bottom quarks (bb), T
leptons (t+77), or down quarks (dd). Further details of the simplified model can be found
in Ref. [29]. The most stringent previous limit for mean proper decay lengths ct < 0.3m is
based on a search for displaced jets in the CMS tracker [29]. For ct > 0.3 m, displaced vertices
in the ATLAS muon spectrometer [30, 31] set the most stringent previous limit. In the present
search, the absorber material in front of the EMD suppresses backgrounds to a level that is suf-
ficiently low to allow detection of a single LLP decay. This improves the signal acceptance and
sensitivity by more than a factor of 6 over the previous best results [30, 31] for an LLP mass of
7GeV and ct > 100 m. Tabulated results and instructions to reproduce the signal efficiency are
provided in HEPData [32].

The search is based on proton-proton (pp) collision data at 13 TeV collected during 2016-2018 at
the CERN Large Hadron Collider (LHC), corresponding to an integrated luminosity of 137 fb ™.
The central feature of the CMS experiment is a superconducting solenoid of 6 m internal diam-
eter providing a magnetic field of 3.8 T. Located within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scin-
tillator hadron calorimeter, each composed of a barrel and two endcap sections. Muons are
detected in 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. Further details of the CMS detector
and the coordinate system definition can be found in Ref. [33]. The CSC detector, which plays
a critical role for the search described in this Letter and is shown schematically in Fig 1, is com-
posed of four “stations” in each endcap, labeled ME1 to ME4, which are located approximately
7,8,9.5, and 10.5m away from the interaction point along the beamline axis (z) on both ends
of the detector, and are sandwiched between steel absorbers. 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 molecules. 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 infor-
mation from signals on the anode wires and the cathode strips of each layer, we can determine
the space-time coordinates of each such “hit” with a resolution of 400-500 ym and 5ns [34].



The CMS event reconstruction is based on a particle-flow (PF) algorithm [35], which combines
information from the tracker, calorimeters, and muon detectors to identify charged and neu-
tral hadrons, photons, electrons, and muons, known collectively as PF candidates, which are
clustered into jets using the anti-kt algorithm with a distance parameter of 0.4 [36-38]. The
transverse component of the negative vectorial sum of the momenta of all PF candidates is the
missing transverse momentum FsS, and its magnitude is indicated as p*. The candidate
vertex with the largest value of summed physics-object p2 is taken to be the primary pp inter-
action vertex. The physics objects are the jets, clustered using the jet finding algorithm [37, 38]
with the tracks assigned to candidate vertices as inputs, and the associated missing transverse
momentum, taken as the negative vector sum of the pr of those jets. The average neutral en-
ergy density from overlapping pp interactions (pileup) is estimated and subtracted from the
reconstructed jet energies [39].

The simulated H — SS signal samples are generated using POWHEG 2.0 [40—43], and include
gluon fusion, vector boson fusion, WH, ZH, and ttH production modes. The Higgs boson mass
is set to 125 GeV, while the S mass (mg) is set to 7, 15, 40, or 55 GeV. The c7 is varied between
1mm and 100 m. Parton showering, hadronization, and the underlying event are modeled by
PYTHIA 8.205 and 8.230 [44] with parameters set by the CUETP8M1 [45] and CP5 tunes [46]
used for samples simulating the 2016 and 2017/18 datasets respectively. The NNPDF 3.0 [47]
and 3.1 [48] parton distribution functions are used in the generation of all simulated samples.
The GEANT4 [49] package is used to model the response of the CMS detector, and simulated
minimum-bias events are mixed with the hard interactions in simulated events to match the
observed pileup distribution in data.

An LLP that decays after it has traversed the calorimeter systems can produce large pTiss since

piss ig calculated solely from the tracker and calorimeter information. We exploit this feature
by triggering on events with piss > 120 GeV [50], and subsequently requiring offline piss >
200 GeV. We require at least one jet with pr > 50 GeV and pseudorapidity || < 2.4, because
signal events passing the pMi® requirement are always produced together with a jet from initial-
state radiation. To suppress backgrounds from W boson and top quark production, events
containing an isolated electron (muon) passing loose identification criteria [51-53] with pp > 35

(25)GeV and || < 2.5 (2.4) are vetoed.

The CSC hits are clustered in 7 and the azimuthal angle ¢ (in radians) using the DBSCAN al-
gorithm [54], with a minimum of 50 hits and a “distance parameter” of 0.2. The geometric
acceptance for at least one signal LLP of mass 10-55 GeV decaying in the fiducial region of the
CSC detectors ranges from 10-15% for ¢t between 1-10 m, decreasing to 1-5% for ¢t of 100 m.
The efficiency for the showers to be reconstructed by the DBSCAN algorithm is approximately
80% for bb and dd decays and 65% for 7"t~ decays. The accuracy of the simulation predic-
tion for the cluster reconstruction efficiency relies on its ability to model correctly the response
of the muon detectors in an environment with multiple particles, each producing a large num-
ber of secondary shower particles. This aspect is validated by measuring clusters produced
in Z — utyu~ data events where one of the muons undergoes bremsstrahlung in the EMD
and the associated photon produces an electromagnetic shower, and the associated systematic
uncertainty is taken into account in the overall uncertainty on the reconstruction efficiency.

The main SM backgrounds include punch-through jets, muons that undergo bremsstrahlung,
and decays of SM LLPs, such as the neutral kaon K. To suppress background from punch-
through jets or muon bremsstrahlung, we reject clusters that have a jet or muon within a

AR = V(An)? + (A¢)? < 0.4 cone and with jet py > 10GeV or muon pr > 20GeV. 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 in front, 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 endcap
muon detectors overlap (0.8 < |57| < 1.2), we veto any cluster matched to any track segment
reconstructed in the innermost station of the DT detectors (MB1), or any hit in the RPCs situ-
ated in front of and behind MB1 matched to within AR(cluster, segment/hit) < 0.4. Finally, to
suppress the muon bremsstrahlung background, we reject clusters with || > 2.0.

The inefficiencies for the jet, ME1, MB1, and RPC hit vetoes are predominantly caused by
the presence of pileup particles and random noise, and are measured by randomly sampling
the (7,¢) locations of clusters from the signal distribution and evaluating whether a jet or
ME1/MB1/RPC hit has been observed within a AR < 0.4 cone about the cluster’s location,
using Z — uu~ data events with the two muons from the Z decay removed. The loss of effi-
ciency due to the muon veto is also affected by muon segments produced by particles resulting
from the LLP decay itself. This contribution is further validated using a control sample of clus-
ters matched to trackless jets made to resemble the signal LLP decay by requiring the neutral
energy fraction to be larger than 95%. A 10% correction is applied to the signal efficiency to ac-
count for the simulation’s mismodeling of the vetoes. To suppress noncollision backgrounds,
we apply filters that remove events containing beam-halo muons or calorimeter noise [55]. To
suppress background from cosmic ray muon showers, which produce hits in multiple regions
of the CMS detector, we reject any event in which more than a quarter of DT and CSC ¢-rings
contain 50 or more hits. The efficiency for signal events to pass the ME1/1 and ME1/2 vetoes
depends on the LLP decay location, and its average value is between 30-60% for the signal
models considered. The efficiency for the remaining signal to pass all other vetoes is ~80%.

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™*. These pileup interactions can occur
concurrently with the primary interaction (in-time pileup) or in adjacent bunch crossings (out-
of-time or OOT pileup). Clusters produced by OOT pileup are rejected by requiring the cluster
time (f.ster), defined as the average time of the hits in the cluster relative to the LHC clock,
to be consistent with an in-time interaction (—5.0 < tgyger < 12.5ns). A larger time window
is used at positive values to capture signal clusters with longer delays from slower moving
LLPs. The time window requirement suppresses the background by a factor of 5. An OOT
validation region (VR) is defined by selecting events containing clusters with g < —5ns,
and is used to validate the background prediction method. To reject clusters composed of hits
from multiple bunch crossings, we require that the root mean square spread of a cluster’s hit
times is less than 20 ns.

There are several features that distinguish between signal and background clusters. Back-
ground clusters occur more often at larger values of 7. Signal clusters often occupy more than
one CSC station and occur more frequently in stations further away from the primary interac-
tion point. A cluster identification algorithm was devised to take advantage of these features,
and has ~80% efficiency for clusters originating from S decays in simulation, while suppress-
ing the background by a factor of 3. The events that pass the cluster identification criteria are
used to define the search region, and those that fail are used as an additional in-time VR. The
signal efficiency of the combined cluster reconstruction, veto, and identification selections is
shown as a function of the simulated r and z decay positions of the particle S in Fig. 1. The
combined efficiency averaged over the full region of the CSC detector is 15-30% for the signal
models considered.

The number of hits in the cluster (N,;s) and the azimuthal angle between the cluster location
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Figure 1: The signal efficiency of the combined cluster reconstruction, veto, and identification
selections as a function of the simulated r and z decay positions of S decaying to bb, for a
mass of 15GeV and a uniformly distributed mixture of events with c7 between 1-10m. The
barrel and endcap muon stations are drawn as black boxes and labeled by their station names,
showing the geometry of the muon detectors. Regions occupied by the steel return yoke are
shaded in gray.

and the s (A¢,) are used to make the final discrimination between signal and background.
The distribution of Ny ;s remains high at large Ny;;; values for signal events, but for background
events the distribution of N, ;; decreases sharply with increasing Ny, values. For signal, A¢,
peaks near zero either because the FIs results from the same S decay that produced the cluster
or the large pMiss requirement tends to select highly boosted Higgs bosons for which the S and
H momentum vectors are spatially close to each other. For the backgrounds, A¢, is indepen-
dent of Ny, enabling the use of the matrix (ABCD) method to predict the background yield
in the signal-enriched bin D as Ny = (N, N¢)/Ng, where Ny is the background event yield in
each bin X. Bin A includes events with A¢. > 0.75 and N,;;; > 130; bin B includes events with
Ap. > 0.75 and Ny < 130; bin C includes events with A¢, < 0.75 and Ny, < 130; and bin
D includes events with A¢. < 0.75 and Ny;;,s > 130. The distributions of Ny, in bins C and D,
and A¢. in bins A and D are shown in Fig. 2, for the data and for the signal assuming S — dd
decays with various S masses.

To account for a potential signal contribution to bins A, B, and C, a binned maximum likelihood
tit 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. Systematic uncertainties that affect the signal yield are missing higher
order QCD corrections (21%), cluster reconstruction and identification efficiency (6%), veto
efficiencies (4%), jet energy scale (4%) [56], simulation sample statistical uncertainties (3-5%),
and luminosity (1.6%) [57-59]. These systematic uncertainties and the statistical uncertainty of
the simulated signal samples are treated as nuisance parameters in the fit.

The background estimation procedure is validated using events in the OOT and in-time VRs,
predicting 1.3 + 0.6 and 1.4 + 0.6 events respectively. In both VRs, 2 events are observed. In the
signal-depleted A, B, and C bins of the search region, we observe 3, 96, and 47 events in the data,
respectively. Using the fit procedure described above and assuming no signal contribution, we
predict 2.0 &= 1.0 background events in the signal-enriched region D, and observe 3 events.
The uncertainty in the background prediction is dominated by the statistical uncertainty in
the event yields of the signal-depleted A, B, and C bins. No excess of events above the SM
background is observed.
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Figure 2: Distributions of Ny, (left) and A¢, (right) in the search region. The background
predicted by the fit is shown in blue with the shaded region showing the fitted uncertainty.
The expected signal with B(H — SS) = 1%, S — dd, and ¢t = 1m is shown for mg of 7, 15,
40, and 55GeV in various colors and dotted lines. The Ny distribution includes only events
in bins C and D, while the A¢, includes only events in bins A and D. The last bin in the Ny
distributions includes overflow events.

We evaluate 95% confidence level (CL) limits on the branching fraction B(H — SS) using the
modified frequentist criterion CL, [60-62] with the profile likelihood ratio test statistic. The
upper limits are shown in Fig. 3 fortheS — dd and S — 77— decay modes, as a function
of ¢ for a selection of values of mg. The exclusion limits for S — bb are within 3% of the

exclusion limits for S — dd for mg > 2my,.

In summary, proton-proton collision data at \/E = 13TeV recorded by the CMS experiment in
2016-2018, corresponding to an integrated luminosity of 137 fb_], have been used to conduct
the first search for beyond the standard model (SM) long-lived particles (LLPs) using the CMS
endcap muon detectors as a calorimeter. Based on a unique detector signature, the search is
largely model-independent, with sensitivity to a broad range of LLP decay modes and to LLP
masses as low as a few GeV. With the excellent shielding provided by the inner CMS detector,
the background is suppressed to a low level and a search for a single LLP decay is possible.
No sigm'ficant deviation from the SM background is observed, and the most stringent limits on
the branching fraction of Higgs boson to LLP decaying to dd, bb, and Tt7~ are set for proper
decay lengths ¢t > 6, 20, and 40m, and LLP masses of 7, 15, and 40GeV, respectively. For
cT > 100 m, this search outperforms the previous best limits [30, 31] by a factor of 6 (2) for an
LLP mass of 7 (>15) GeV.
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