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A search for long-lived particles originating from the decay of b hadrons produced in proton-proton
collisions with a center-of-mass energy of 13 TeV at the LHC is presented. The analysis is performed on a

dataset recorded in 2018, corresponding to an integrated luminosity of 41.6 fb~!. Interactions of the long-
lived particles in the CMS endcap muon system would create hadronic or electromagnetic showers,
producing clusters of detector hits. Selected events contain at least one such high-multiplicity cluster in the
muon endcaps and require the presence of a displaced muon. The most stringent upper limits to date on the
branching fraction B(B — K®), where the long-lived particle ® decays to a pair of hadrons, are obtained
for @ masses of 0.3-3.0 GeV and ® mean proper decay lengths in the range of 1-500 cm.
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I. INTRODUCTION

Long-lived particles (LLPs) are predicted by many
theoretical models that address shortcomings of the stan-
dard model (SM) of particle physics. These include super-
symmetric (SUSY) models such as minisplit SUSY [1,2],
gauge-mediated SUSY breaking [3], R-parity-violating
SUSY [4,5], and stealth SUSY [6,7]; models addressing
the hierarchy problem such as neutral naturalness [8—11]
and hidden valleys [12,13]; models addressing dark matter
[14-18] and the matter-antimatter asymmetry of the
Universe [19]; and models that generate neutrino masses
[20,21]. In particular, so-called minimal versions of the
aforementioned models, which extend the SM via a single
new particle that may be a scalar, pseudoscalar, fermion, or
vector state, are receiving increasing interest [22].

A common feature of the minimal models that introduce
a new scalar particle (®) is that this new particle mixes
kinetically with the SM Higgs boson. Through this mixing,
the production cross sections and decay rates of the new
scalar particle mirror those of the Higgs boson at a different
mass. If ® has a mass smaller than that of a B meson, it will
be copiously produced in B-meson decays [23]. The new
scalar particle is also neutral under SM gauge interactions
and can have a measurable lifetime [24]. The sensitivity of
the CERN LHC experiments to such models has previously
been studied [25,26]. Searches for long-lived scalar
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particles produced in the decay of a B meson have been
performed by the CHARM [27], Belle [28], BABAR [29],
and LHCb [30,31] Collaborations, primarily targeting final
states where the scalar particle decays into a pair of leptons.
In particular, the LHCb search in the dimuon final state
provides the most stringent overall bounds.

Figure 1 (left) illustrates @ production through B-meson
pair production at the LHC. One of the B mesons decays to
the muon that will be used for the initial event selection,
while the other B meson produces the ®. The b quark in this
B meson undergoes a flavor-changing interaction, as illus-
trated in Fig. 1 (right). A virtual top quark provides the
coupling to the scalar LLP @ while the b quark is trans-
formed into an s quark, which forms the kaon in Fig. 1 (left).
In the scenario where myg < mg S mp, where my (mp) is
the mass of the kaon (B meson), this @ production mode

FIG. 1. Example Feynman diagram for the production of a pair
of B mesons, where one B meson decays to a muon, neutrino, and
another hadron labeled X, while the other B meson decays to a
kaon and the LLP @ (left). Penguin diagram displaying the
flavor-changing interaction which changes the flavor of the
b quark to an s quark, producing the @ particle (right). The
interaction proceeds via a virtual top quark, denoted by the cross,
which undergoes a chirality flip, denoted by the outward-pointing
arrows on either side of the cross in the diagram.
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dominates [23,32]. The LLP decays predominantly into a
pair of pions or kaons, which, depending on the LLP’s
lifetime, may induce particle showers in different detector
systems at the LHC experiments. Decays to charged pions
and kaons will induce hadronic showers while decays to
neutral pions, which subsequently decay to a pair of
photons, will induce electromagnetic showers. Although
the description of the LLP production process above focuses
on B-meson production, the LLP and the shower signature
may be created by any b hadron generically, so the rest of
this paper will use the term b hadron and the symbol B to
refer to the particle producing the LLP regardless of the
b-hadron species.

In this paper, we present a search for LLPs produced in
b-hadron decays that generate hadronic and electromag-
netic showers in the endcap muon detectors of the CMS
experiment. This search uses the unique B parking dataset
[33] of proton-proton (pp) collisions at /s = 13 TeV,
which was collected in 2018 and corresponds to an
integrated luminosity of 41.6 fb!.

The search uses the muon detector shower (MDS)
signature, defined as a cluster of reconstructed hits in
the CMS muon system, which has previously been used by
CMS to search for pair-produced LLPs decaying to hadrons
[34-36]. Because of the large amount of shielding provided
by the steel return yoke of the CMS magnet, this signature
yields very low levels of background from SM processes
occurring within the bulk of the detector. Showers are
induced by the interaction of decay products with the steel
absorbing layers, however these showers will be suppressed
when the steel layer is very thick. Such cases, in which a
smaller fraction of the energy is deposited in the muon
system, are denoted as ones with a diminished or low
energy response. This is especially relevant for electro-
magnetic showers involving photons and electrons.

In this paper, Sec. II gives a brief description of the CMS
detector. Section III provides an overview of the datasets
and simulated samples used to obtain the paper result.
Section IV describes how collision events are reconstructed
and how the MDS cluster signature, jets, muons, and other
particle candidates and physical quantities are defined. The
description of the strategy used for this search as well as the
definition of the physics objects selections are provided in
Sec. V. The estimation of the background is described in
Sec. VI, and the treatment of systematic uncertainties is
given in Sec. VII. Results of this search and a summary of
the paper are provided in Secs. VIII and IX, respectively.

The tabulated results for this paper along with signal
efficiencies for the signal models considered can be found
in the associated HEPData record [37].

II. THE CMS DETECTOR

The CMS apparatus [38,39] is a multipurpose, nearly
hermetic detector, designed to trigger on [40—42] and identify
electrons, muons, photons, and (charged and neutral)

hadrons [43-45]. Its central feature 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 tracker, a lead tungstate crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorimeter,
each composed of a barrel and two endcap sections.
Forward calorimeters extend the pseudorapidity (1) cover-
age provided by the barrel and endcap detectors. Muons are
reconstructed using 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 cham-
bers (RPCs) in the barrel and endcaps. More detailed
descriptions of the CMS detector, together with a definition
of the coordinate system used and the relevant kinematic
variables, can be found in Refs. [38,39].

The CMS muon detector system is an essential compo-
nent of this search. In the barrel region, the DTs are
organized into four concentric cylindrical layers, called
stations, separated by layers of the steel magnetic return
yoke. Starting from the innermost, the muon barrel stations
are labeled MB1, MB2, MB3, and MB4. The DTs cover the
region |n| < 1.2. The DTs are chambers filled with gas,
each with an anode wire at its center and cathodes arranged
on the walls. When a charged particle enters the tube, it
ionizes the gas, liberating electrons that drift toward the
anode at a constant velocity known as the drift velocity. The
position of the particle is obtained in the R-¢p and R-0
planes (where R is radial, ¢ is azimuthal angle in radians,
and @ is polar angle) using the known position of the
individual DT cells and the distance from the anode to the
point at which the particle enters the cell. The CSCs are
installed in the muon endcap and are arranged into four
stations labeled ME1, ME2, ME3, and ME4. The CSCs are
positioned in a series of concentric rings around the
beamline at each station. Each station is separated into
two rings in the radial direction except for the first station,
which has three rings. These ring subsections are labeled
MEN/n for ring N and subsection n. The CSCs have
alternating layers of anode wires and cathode strips,
arranged orthogonally. When a charged particle ionizes
the gas, electrons move toward the wires while their
motion induces image charges on the strips, providing
two positional coordinates, in the R-¢ plane, for the
charged particle while the final coordinate along the z-axis
is given by the location of the CSC chamber itself. When
combining the information from the signals in both the
anode wires and the cathode strips, the spatial and time
coordinates of the hit can be determined with the reso-
lutions of 400-500 pm and 5 ns, respectively [44,46]. The
CSCs cover the range 0.9 < |p| < 2.4. Additional infor-
mation on the DTs and CSCs can be found in Ref. [47].

The RPCs are constructed with two parallel plates of
highly resistive Bakelite, coated with a conductive paint to
provide an anode and a cathode. When a charged particle
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interacts with the gas in the chamber, it ionizes the gas
triggering an avalanche of electrons. The resulting charge
buildup is collected at the anode and cathode plates. The
timing resolution of the RPCs is approximately 3 ns,
allowing for the unambiguous assignment of hits to the
appropriate bunch crossing [48]. The RPCs are attached to
one or more sides of the CSC and DT layers and cover the
range of || < 1.9. The RPCs in the endcap are labeled
REN/n for ring N and subsection n, similar to the CSCs.
In most stations, the RPCs are installed just behind the
corresponding CSC station except for the RPCs in ring 2,
which are installed just in front of the CSCs in that ring. In
the barrel region, RPCs are installed in front and behind the
DT stations, except for the outermost layer where RPCs are
only located in front of the DT stations, and are labeled
RBM where M is the station number from 1 to 4. Additional
details on the RPCs can be found in Refs. [38,48].
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 [41]. 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 a few kilohertz before data storage [40,42].

III. DATA AND SIMULATED SAMPLES

A novel method has been devised to record and process
the data with the purpose of collecting a large sample of bb
events. The B parking dataset was collected using a set of
high-rate triggers that require the presence of a single
displaced muon. Here “displaced” refers to the measure of
the significance of the transverse impact parameter [P, of
the track used to reconstruct the muon. Depending on the
running conditions, the minimum thresholds used on the
transverse momentum (py) of the muon ranged from 7 to
12 GeV and on IPg, ranged from 3 to 6. Such nonzero
IPg, values are characteristic of displaced muons from
b — uX decays because of the relatively long lifetime of b
hadrons. Since b hadrons are predominantly produced
in pairs at the LHC, applying the trigger requirements
to the decay of one of the b hadrons allows us to save a
large number of unbiased decays of the other b hadron.
The result is a highly pure sample of ~10 x 10° unbiased
b-hadron decays. The resulting purity—the ratio of the
number of bb pairs to the number of pp collisions recorded
by the trigger system—in this data sample is measured
in simulation and ranges from 59% to 92% depending
on the choice of muon parameters used in the trigger
definition [33].

The B parking dataset, though originally produced to
study lepton flavor universality, provides a unique oppor-
tunity to search for LLPs. In this investigation the LLP is

assumed to be uncharged. Since a neutral LLP does not
interact directly in the detector, one must develop a trigger
strategy that exploits other indirect features to select events
containing the LLP and its decay. Hence, without the
presence of a dedicated trigger, searches for LLPs in CMS
have relied on the use of triggers requiring large missing
transverse momentum ( p?iss) or associated production with
another particle, such as a high-pr lepton. This indirect
trigger strategy generally leads to lower selection efficien-
cies for LLPs compared to the B parking strategy used in
this work. For example, the B parking trigger strategy
provides approximately a 10% higher signal efficiency than
a trigger strategy based on p2* for the model and signature
described in this paper.

Several simulated samples are produced to model the
B — K® process. Samples are generated for B-meson pair
production, where B — uv, X for one of the B mesons and
B — K® for the other, assuming five different ® mass
values, mg, = 0.3, 0.5, 1.0, 2.0 and 3.0 GeV. The samples
are generated inclusively, containing decays of B*, B~, and
neutral B mesons, in proportion to cross sections derived
independently from the B parking data. In simulation, the
@ particle is modeled to decay exclusively via hadronic
modes, producing either quark-antiquark pairs or mesons or
baryons directly. For each sample, the mean proper decay
length of @ varies in the range 1 < ¢z < 500 cm. For each
unique mgq, and decay mode (hadronic or electromagnetic
shower), samples are generated at two values of cz: one
chosen to yield the highest expected signal acceptance in
the muon system for the given mg,, and another, an order of
magnitude larger. Additional signal hypotheses at other
ct values are derived by reweighting the distribution of the
proper decay length. The pp collision and hadronization
process is generated with PYTHIA 8.230 [49], using the
underlying event tune CP5 [50], and the NNPDF3.1 parton
distribution functions at next-to-next-to-leading order with
the strong coupling constant ag(m;) = 0.118, where m;,
denotes the Z-boson mass [51]. The decays of B mesons are
generated using EvtGen 1.30 [52]. The detector response is
simulated using a detailed description of the CMS detector
based on Geant4 [53]. In our simulation, the @ particle is
implemented as a stable, noninteracting neutral state until it
decays, ensuring that only its decay products interact with
the detector. The branching fractions for the decay of the
light scalar particle ® were determined following the work in
Refs. [25,54]. Further details can be found in Ref. [55].

IV. EVENT RECONSTRUCTION

The global event reconstruction (also called particle-flow
event reconstruction [56]) aims to reconstruct and identify
each individual particle in an event, with an optimized
combination of all subdetector information. In this process,
the identification of the particle type (photon, electron,
muon, charged or neutral hadron) plays an important role
in the determination of the particle direction and energy.
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FIG. 2. Display of a candidate signal event in the B parking dataset. The display shows the hits (magenta points) in the muon endcap
system that form the MDS cluster opposite the muon (red line), which is used to select the event online. Muon system chambers that

recorded hits from a muon are shown as red rectangles.

The primary vertex is taken to be the vertex corresponding to
the hardest scattering in the event, evaluated using tracking
information alone, as described in Sec. 9.4.1 of Ref. [57].
Muons (e.g., from b-hadron semileptonic decays) are
identified as tracks in the central tracker consistent with
either a track or several hits in the muon system and
associated with calorimeter deposits compatible with the
muon hypothesis. The energy of muons is obtained from
the corresponding track momentum. Muons are measured
in the range |57| < 2.4. The single-muon trigger efficiency
exceeds 90% over the full  range, and the efficiency to
reconstruct and identify muons is greater than 96%.
Matching muons to tracks measured in the silicon tracker
results in a relative pr resolution of 1% in the barrel and
3% in the endcaps for muons with pp < 100 GeV [44].
For each event, hadronic jets are clustered from the
reconstructed particles using the infrared- and collinear-safe
anti-kt algorithm [58,59] with a distance parameter of 0.4.
Jet momentum 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 pr spectrum and detector acceptance. Additional
pp interactions within the same or nearby bunch crossings
are known as pileup interactions. Pileup can contribute
additional tracks and calorimetric energy depositions to
the jet momentum. To mitigate this effect, charged particles
identified to be originating from pileup vertices are discarded
and an offset correction is applied to account for remaining
contributions [60]. 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 simu-
lation [61]. The jet energy resolution amounts typically to
15%—20% at 30 GeV and 10% at 100 GeV [61]. Additional
selection criteria are applied to each jet to remove jets poten-
tially dominated by anomalous contributions from various
subdetector components or reconstruction failures [62].
Hadronic jets can produce particle showers in the muon
detectors similar to those of signal processes and must be
accounted for separately, as discussed in Sec. VI.

The vector piss is computed as the negative vector pr
sum of all the reconstructed particles in an event [63]. The
piss js modified to account for corrections to the energy
scale of the reconstructed jets in the event.

The hadronic and electromagnetic decays of hadrons
produced by the ® particle provide the MDS signature used
in this analysis. Clusters are composite objects constructed
from the reconstructed hits in the CSCs. Clusters may be
formed within a single CSC module or span multiple
modules located at different positions along the beam axis
but occupying the same #—¢ region. Clustering of the hits in
the muon system is achieved using the density-based spatial
clustering of applications with noise (dbscan) algorithm [64].

The clustering parameter AR = +/(An)? + (A¢)? is

required to be less than 0.2 to group hits or groups of
hits into clusters. Cluster-level quantities, such as the # and
¢ coordinates of a cluster, are computed based on the
average position of the hits in Cartesian coordinates used to
construct the cluster object. To suppress the background
from muons traversing the detector, we apply a minimum
threshold of 50 hits within a candidate cluster because a
minimum ionizing muon is expected to produce approx-
imately 24 hits in the CSCs [34,35]. Figure 2 depicts
a candidate signal event from the B parking dataset.
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The muon used to select the event online is shown with a
red line. Opposite the muon is a set of hits, illustrated as
magenta points, in the CSCs spanning multiple stations of
the endcap detector, forming the MDS cluster.

V. SEARCH STRATEGY AND SELECTIONS

There are two main classes of background for this
analysis. The first, the uncorrelated background, originates
from prompt particles that produce a shower in the muon
system. This background is composed of events containing
muon bremsstrahlung radiation, particles originating from
adjacent bunch crossings, and particles originating from
secondary interactions within the detector. This back-
ground is largely mitigated through the use of physics
object selections and vetoes. The other source of back-
ground, the jet-induced background, is due to long-lived
SM particles decaying to jets, including SM decays of the
b hadron, such as B — uv, X and B — KX. These jets are
referred to as punch-through jets—jets produced in the bulk
of the CMS detector, but not stopped by the outer steel
layer. In this scenario, these jets may produce a signal-like
cluster in the muon system. This jet-induced background
is irreducible because it shares features with the signal
process. To account for the jet-induced background, a
“misidentification rate” estimate was developed to measure
its contribution in the signal region (SR).

Events are selected based on the presence of a displaced
muon, as described in Sec. III. Muon candidates in this
analysis are required to have pr > 7 GeV and |n| < 1.5 to
satisfy the trigger requirements. Additionally, the track
associated with the muon candidate must contain at least
five hits in the strip tracking layer and at least one hit within
the pixel tracking layer and the track must be matched to at
least one segment in the muon system. A segment is a
localized muon track candidate reconstructed from hits
within the muon system that correlate with the trajectory
of a muon [65]. The muon candidate must also have a
longitudinal impact parameter |d,| <20 cm and a trans-
verse impact parameter |d,,| < 0.3 cm as measured from
the primary vertex. These requirements are chosen to be
consistent with the production of muons from the decays of
b hadrons [56]. Events are also required to have a cluster in
the CSCs. A number of geometric selections are applied to
reject clusters created by punch-through jets. This is most
prevalent in the first layers of the muon system, just after the
first steel layer. Clusters are vetoed if they contain any hits in
either the ME1/1 or ME1/2 rings of the CSC system
(ME11/12 veto). An additional veto is applied on clusters
matched to RE1/2 chambers. This selection will be referred
to as the REI veto. The RE1 veto is applied to remove
punch-through jets causing clusters in the CSCs that are not
suppressed by the ME11/12 veto. In addition, to suppress
clusters caused by muon bremsstrahlung in the region
0.8 < || < 1.2, where the muons traverse the barrel DT
stations and shower in ME1/3 or ME2/2, we veto clusters

that are matched to DT segments in the first DT station
(MB1) within AR < 0.4 or are matched to the RPC hits in
the first barrel RPC station (RB1) within AR < 0.4. These
are respectively referred to as the MBI segment and
RB1 vetoes. We veto clusters with || > 1.9 to account
for cases where a muon is not reconstructed successfully. In
this case, a shower produced by the misreconstructed muon
may appear as an MDS and would not be rejected by other
vetoes. Finally, energetic muons may undergo the brems-
strahlung process and create electromagnetic showers in the
CSCs. To mitigate this muon bremsstrahlung background,
we veto clusters matched to a muon with pr > 20 GeV
within AR < 0.5 (muon bremsstrahlung veto).

We also apply a cluster identification algorithm for
clusters in the region of |7| < 1.9. In earlier results using
the MDS signature, it was found that clusters from the
uncorrelated background occur more frequently at large
values of ||, where reconstruction inefficiencies become
more prevalent, reducing the effectiveness of the muon
bremsstrahlung veto [34-36]. This algorithm places stricter
|n| requirements on the cluster when it is closer to the
primary interaction point or if the cluster occupies only one
station (Ngggons = 1). The requirements on 5| are as
follows:

) |77| <19if Nitations > 1,

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

tion 4,

(iil) |n] < 1.6 if Nguions = 1 and the cluster is in sta-
tion 3,

@iv) |n| < 1.7 if Ngaions = 1 and the cluster is in sta-
tion 2, and

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

In order to study the distribution of this variable before
signal selections are applied, we use a sample of back-
ground-enriched data. The background-enriched data are
the sample of data after applying the event-level selections
and cluster vetoes described above. The distribution of
tousier 1S shown for both the signal and the background-
enriched data in Fig. 3. The signal peaks sharply near O ns,
whereas the background-enriched data also contain contri-
butions from events occurring in adjacent bunch crossings,
known as out-of-time (OOT) pileup. These contributions
appear as bumps in the background-enriched data, most
prominently at 7, Vvalues corresponding to the 25 ns
spacing of bunch crossings. There is a slight asymmetry in
the signal 7., distribution due to slow moving LLPs, a
phenomenon which is enhanced as the mass of the LLP gets
larger. For a cluster to be considered in time (IT), the
corresponding 7.j,er 1S required to be within the range of
=5 < tyuster < 12.5 ns. The cluster time spread (o,) is

defined as o, = \/>_,;(t; —7)*/N, where t; is the time of

the ith hit recorded in the CSC strip layers, 7 is the average
time for all hits matched to a cluster, and N is the total
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FIG. 3. Distribution of 7,4, for the signal and the background-

enriched data. The distributions are normalized to unity and
overflows are not included. To enhance the visibility of fluctua-
tions away from the peak, the background-enriched data dis-
tribution has been scaled by a factor of 10.

number of hits. A restriction of ¢, < 20 ns is applied to
avoid clusters which contain hits from multiple bunch
crossings. The “IT sample” is the collection of events passing
all of the above vetoes as well as the cluster time require-
ments, while the “OOT sample” consists of those passing
all of the above vetoes but not the cluster time requirement.
After applying the cluster-level selections above, we attain
signal efficiency of approximately 10%—15% depending on
the signal model and a background rejection factor of
nearly 2000.

We construct two observables to help distinguish clusters
consistent with the signal versus clusters consistent with
background processes. The first of these variables is the
cluster size, the number of reconstructed hits comprising
the cluster, denoted Ny;,. The distributions of Ny, for the
background-enriched data and various signal hypotheses
are shown in Fig. 4 (upper). The second observable
measures the location of the cluster with respect to the
trigger muon, that is, the difference in the ¢ coordinates of
the cluster and the muon, Ag(cluster, fyiger). The distri-
butions of A¢g(cluster, fijqer) for the background-enriched
data and various signal samples are shown in Fig. 4 (lower),
where a lower bound on the Ag(cluster, pyigeer) axis at 1.0
has been applied to reduce the population of clusters that
overlap with muons. Selections on the observables Ny;.
and Ag(cluster, fiyip0e) are made in order to distinguish
signal from background events. Signal events generally
have a broad Ny distribution, extending to relatively large
values, while SM background processes exhibit a sharply
falling distribution. For Ag(cluster, fyigoer), the signal
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FIG. 4. Distributions of the CSC cluster size Ny;, (upper) and
Ag(cluster, pyigeer) (lower), shown for various signal samples
and the background-enriched data. The distributions are normal-
ized to unity and overflows are not included.

exhibits a peak at 7, whereas the background distribution
is more uniform. The signal is expected to be produced
opposite the triggering muon while the background may be
produced anywhere with respect to the triggering muon.

VI. BACKGROUND ESTIMATION

The total background is estimated in two steps. First, we
estimate the expected contribution of the jet-induced back-
ground by measuring the rate at which a jet is misidentified
as a signal cluster and applying that misidentification rate to
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the full B parking dataset. Then, data control samples are
used to estimate the size of the uncorrelated background
after applying the selections described in the previous
section. To predict the contribution from the uncorrelated
background, we use the “ABCD” method, which requires
two variables that discriminate between signal and back-
ground and are independent of one another for the back-
ground [66]. The yields used when making the ABCD
prediction reflect the number of events after taking into
account the number of jets misidentified as signal clusters.

The ABCD plane is constructed using Np;, and
Ag(cluster, ftyigeer) as the two observables and is shown
in Fig. 5. The SR is defined as the upper right quadrant
where Ny > 310 and Ag(cluster, fyigeer) > 2.2. To deter-
mine the definitions of the A (signal), B, C, and D regions,
we optimized the signal-to-background ratio in the SR. The
expected number of background events in the SR N, can
be obtained as Ny = NgN¢/Np, where Ng, N¢, and Np
are the corresponding expected background yields in the
B, C, and D regions, respectively. Further, any potential
signal contributions in regions B, C, and D are taken into
account through a simultaneous fit of all four regions,
where the signal yields in each region are derived inde-
pendent from simulation but scaled by a common signal
strength parameter.

In contrast to the uncorrelated background, the jet-
induced background is expected to be correlated in Ny,
and A¢(cluster, ,ut:rigger)- These jets mostly arise from SM
decays of the b hadrons, which are expected to be produced
antialigned with the trigger muon. The size of the correlated
contribution to the total background depends on the
proportion of jets that create a shower in the muon system,
which is estimated using events enriched in SM jets
entering the muon system, provided by a sample of
W + jets. The background is then subtracted from the
yields in regions B, C, and D.

The W + jets sample is derived from additional datasets
collected in 2016-2018 using triggers requiring a single
muon, a single electron, or a single photon. We select
events containing jets with pp > 20 and ps > 30 GeV.
Each event is required to contain at least one isolated lepton
(electron or muon) satisfying tight identification criteria.
Jets matched to the isolated, identified lepton are vetoed.
The efficiency with which a jet matches an MDS cluster
within AR (jet, cluster) < 0.4 is then measured. Clusters are
required to pass the same vetoes and selections as in the SR.
The misidentification rate is measured as a function of
jet pp and minimum cluster size and then applied to
the population of jets in the B parking dataset. It was
found that, on average, between approximately 4.7 and
100 million jets are needed to produce a single misidenti-
fied signal-like cluster, depending on the jet pr. The
measured jet-induced background caused by SM jets
producing clusters in the muon system was found to be
156731 (stat). The listed uncertainty reflects the propagation
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FIG. 5. The two-dimensional distribution of the N;, versus
Ag(cluster, pyigeer) for data in the OOT region.

of statistical uncertainties from both the finite W + jets
sample used to measure the misidentification rate and the
finite B parking dataset to which this rate is applied for the
background estimate.

To validate the misidentification rate estimation procedure
for the jet-induced background, we construct two noninde-
pendent validation samples in Ny and Ag(cluster, fiyigoer)
space and confirm that the ABCD prediction holds when
accounting for the additional background source. We
perform this validation in a data region orthogonal to
the signal enhanced bin, using regions in the Ny,
Ag(cluster, pyigeer) Space that fail the SR selection on
Agp(cluster, fyigger ), 1.€., the validation regions are subsets
of regions B and D as shown in Fig. 5. We define two
different validation samples that test the accuracy of the jet-
induced background prediction in two ranges of extrapo-
lation in the Ag(cluster, piyigoe,) distribution.

For validation sample 1, only events in the band
1.5 < Ag(cluster, piyigper) < 2.2 are considered. Then, the
thresholds A (cluster, piyigeer) = 1.9 and Ny = 310 are
used to define the boundaries between alternative ABCD
regions. With validation sample 1, we test the jet-induced
background prediction extrapolating from the 1.5-1.9 to
the 1.9-2.2 regions in Ag(cluster, piyigeer). Similarly,
for validation sample 2, only events in the band
1.0 < Ag(cluster, piyigper) < 2.2 are  considered, and
Ag(cluster, yigeer) = 1.5 and Ny = 310 define the boun-
daries between alternative ABCD regions. With validation
sample 2, we test the jet-induced background prediction
extrapolating from the 1.0-1.5 to the 1.5-2.2 regions
in A (cluster, fyigger)-

The jet-induced background (based on the misidentifi-
cation rate method) and uncorrelated background (based on
the ABCD method) are estimated in region A of each
validation sample. These estimates are combined to pro-
duce the total background estimate and compared with the
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observed number of events in data. In validation sample 1,
201 (1473) total (jet-induced) background events are
expected and 18 events are observed; while in validation
sample 2, 3613° (271%) background events are expected and
40 events are observed.

To validate the performance of the ABCD method used
to estimate the size of the uncorrelated background, an
OOT sample is defined that targets events arising from
pileup interactions from neighboring pp bunch crossings.
The OOT validation sample is constructed by inverting the
selection on the 7., variable, while retaining the same
selections on all other variables. The jet-induced back-
ground is not present in the OOT validation sample. The
ABCD prediction is carried out using the OOT validation
sample in the same way as the I'T sample. When performing
the validation, we predict 94.6 & 8.6 background events in
the OOT sample, region A and observe 95 events. Figure 5
displays the two-dimensional distribution of Ny;, and
Ag(cluster, pyigeer) for data in the OOT validation sample,

illustrating their independence for background events.

VII. SYSTEMATIC UNCERTAINTIES

Both the jet-induced and the uncorrelated background
estimates have statistical uncertainties based on the mea-
sured event yields used in both the misidentification rate
and ABCD methods. Because of the validation presented in
the previous section, no additional systematic uncertainty
in the background estimation method is assessed.

A summary of the systematic uncertainties affecting the
signal CSC clusters and their sources can be found in Table I.
The signal yield is affected by the uncertainty in the
integrated luminosity, estimated as 2.5% by a dedicated
analysis [67]. All uncertainties listed in this section are
expressed as percentages relative to the signal efficiency. The
signal yield is also affected by the uncertainty in the cross
section. The cross section for B* production is experimen-
tally measured by the CMS experiment (Ref. [68]) and the
inclusive cross section used in this analysis is extrapolated
from that measurement based on the known fragmentation
values [69]. We propagated a 15% uncertainty from that
measurement as a systematic uncertainty for our signal
normalization. When requiring the presence of a muon, a
correction factor, referred to as the muon ID scale factor, is
applied to account for the differences between the simulated
and actual detector response when reconstructing muons.
This factor affects the signal efficiency and its uncertainty is
propagated to the signal yield (0.6%). Finally, the systematic
uncertainty from the limited size of the simulated signal
sample is in the range 13%—26%.

To assess the systematic uncertainties from potential
mismodeling in the simulated signal efficiency of the
various cluster-level vetoes, a study was performed using
both simulated and recorded samples of Z — uu events,
where one of the muons underwent bremsstrahlung radiation

TABLE I. Summary of the systematic uncertainties in the
signal yield expectations in the A, B, C, and D regions for
CSC clusters.

Source Uncertainty (%)
Integrated luminosity 2.5
Cross section 15
Muon ID scale factor 0.6
Simulated signal sample size 13-26
MEI11/12 veto 2.2
RBI1 veto 2.6
REI veto 0.7
MBI segment veto 1.1
Muon bremsstrahlung veto 0.5
Cluster size correction 2.8
Cluster time 0.3
Cluster time spread 7.8
Total 22.0-31.5

and produced a cluster in the muon system. The recorded
Z — uu events were selected online with a trigger requiring
at least one muon with pp > 27 GeV. Subsequently, muons
were required off-line to have pp > 50 GeV for both the
simulated and recorded samples. Each event for both
simulated and recorded samples was required to contain a
pair of oppositely charged muons with the invariant mass
greater than 120 GeVi; this requirement on mass was chosen
to enhance the rate of muon bremsstrahlung. The tag and
probe method [70] was then used to create a sample of
clusters similar to the ones used in the analysis. The tag
(probe) muons were required to pass the tight (loose) muon
identification requirements in both the simulated and
recorded samples. The clusters in both simulation and data
were required to have a minimum of 50 hits, to match the
minimum size requirement used when constructing clusters
in the CSCs. Probe muons were required to match to an
MDS cluster with AR < 0.4. Additionally, in the case of the
simulated sample, the probe muon was required to match to
a generated muon with AR < 0.4. Each veto was applied in
the Z — pu data sample and the Z — pp simulated sample.
The ratio of the number of events that passed the tag and
probe selections where the probe muon matched an MDS
cluster to the number of events passing the tag and probe
selections alone defined the cluster efficiency. The relative
difference of the cluster efficiency between data and
simulation after applying the various vetoes to MDS clusters
was taken as the corresponding systematic uncertainty. For
the MEI11/12, RB1, REl, MBIl segment, and muon
bremsstrahlung vetoes, we measured relative differences
of 2.2%, 2.6%, 0.7%, 1.1%, and 0.5%, respectively. The
cluster size distribution falls exponentially and exhibits a
shape disagreement between simulation and data, with the
distribution for data falling off more rapidly. To account for
this, a correction factor was applied that shifted the dis-
tribution in simulation to the left, improving the agreement in
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TABLE II. Summary of the observed event yields and estimated uncorrelated and jet-induced backgrounds in the
A (SR), B, C, and D regions. The corresponding statistical uncertainties in the estimates are shown.

B C D A (SR)
Jet-induced background 41410 161307249 5701753 15673,
Uncorrelated background 19+ 10 42600 + 1200 51340 £ 490 16 £8
Total background 6013 58800 £ 1300 57000 £ 500 1725”32
Observed events 60 58760 57043 181

the tail region, where signal is expected to be found. This
corrective factor affected the signal efficiency and its
uncertainty was propagated to the signal yield (2.8%).
Finally, the uncertainties in the cluster time selection and
the requirement on the cluster time spread were estimated
using the same procedure as for the cluster-level vetoes and
were measured to be 0.3% and 7.8%, respectively. The
uncertainties described in this paragraph have been mea-
sured independently in each of the regions defined by the
ABCD method used in the previous section. Ultimately, as
expected, the size of the uncertainty does not vary much
between the different ABCD regions so a representative
value is chosen and applied to the signal approximation in
all regions for each systematic uncertainty.

VIII. RESULTS

The number of observed events, estimated uncorrelated
background, and the estimated jet-induced background for
regions B, C, D, and A (SR) are listed in Table II, along
with their corresponding statistical uncertainties.
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FIG. 6. The 95% CL exclusion limits on B(B — K®), where
the scalar LLP, @, decays to a pair of hadrons. Limits are
presented for scalar masses mgq, = 0.3, 0.5, 1.0, 2.0, and 3.0 GeV
as a function of the ® mean proper decay length.

We observe no significant deviations from the standard
model expectation, and we proceed to set 95% confidence
level (CL) upper limits on the branching fraction for the
decay of b hadrons to an LLP, B(B — K®). Limits are
expressed in terms of the inclusive branching fraction
B(B — K®), and thus do not depend the decay final state
of the LLP. This approach separates the production process
from the subsequent decay, allowing the results to be
reinterpreted in other models by applying the appropriate
model-dependent branching fraction. We follow the LHC
CL, criterion [71,72] by using the profile likelihood ratio
test statistic and the asymptotic formula [73] to evaluate
the 95% CL observed and expected upper limits on @
production and decay. Results are determined using the
CMS statistical analysis tool COMBINE [74], which is based
on the RooFit [75] and RooStats [76] frameworks.

Figure 6 presents the 95% CL expected and observed
upper limits on B(B — K®) for signal models with
me = 0.3, 0.5, 1.0, 2.0, and 3.0 GeV, and where the
LLP ® decays to a pair of hadrons. The limits are shown as
a function of the ® mean proper decay length cz. Over most
of the range, the upper limit set on B(B — K®) is of order
107*. The U-shaped form of the limit plots is caused by a
variation in the acceptance efficiency, which is highest
when the decay occurs within the muon system, and
decreases for lower and higher values of cz. When the
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FIG. 7. The 95% CL exclusion limits on B(B — K®), where
the scalar LLP, ®, decays to a pair of hadrons for different masses
and mean proper decay lengths.
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value of cz is low (<10 cm), most of the LLP decays occur
before entering the muon system and are thus less likely
to produce a large cluster. Similarly, when cz is large
(>10? cm), a larger fraction of LLPs leave the detector
without creating a full cluster. The limits for the mass range
from 0.3 to 3.0 GeV are interpolated based on the calculated
values at the masses of 0.3, 0.5, 1.0, 2.0, and 3.0 GeV and
are presented in Fig. 7. The sensitivity of the search is
dominated by @ decays producing hadronic showers. The
contribution to the expected signal yield from ® decays
resulting in electromagnetic showers is minimal because of
the substantially lower energy deposit compared to that
from decays producing hadronic showers.

IX. SUMMARY

A search for a long-lived particle ® produced from the
decay of a bottom hadron and decaying to a pair of hadrons
in the CMS endcap muon system has been carried out. The
search uses the B parking dataset of proton-proton colli-
sions at /s = 13 TeV collected by the CMS experiment
in 2018 and corresponding to an integrated luminosity of
41.6 fb~!. The dataset was collected using a set of high-rate
triggers that require the presence of a single displaced
muon. A strategy based on control samples in data has been
developed to evaluate separately the uncorrelated back-
ground originating from prompt standard model particles
that produce a shower in the muon system and the jet-
induced background from long-lived standard model par-
ticles decaying to jets. The branching fraction B(B — K®)
is constrained for five low-mass LLP signal hypotheses.
The best sensitivity for measuring a limit on B(B — K®)
for these models is observed in the range of 1-100 cm for
the ® mean proper decay length cz. The most sensitive
ct value monotonically increases with LLP mass. However,
the best sensitivity is similar across all models, constraining
B(B - K®) to be below 107 at 95% confidence level
depending on the value of ¢z for each of the signal models
studied. Searches for scalar LLPs produced in the decay of
bottom hadrons have been performed by the CHARM,
Belle, BABAR, and LHCb Collaborations, with the LHCb
search in the dimuon final state providing the most
stringent overall bounds. Complementary to these efforts,
the search in this paper targets hadronic decays of the LLP
and yields the most stringent limits to date on the decay of a
long-lived scalar particle to a pair of hadrons when the LLP
is produced by a bottom hadron, particularly for long decay
lengths.
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