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1 Introduction

The standard model (SM) of particle physics has made many successful predictions; however,
there remain a number of open questions to be answered. A major unresolved question concerns
the nature of dark matter. From various astrophysical observations [1-3], the existence of
a “dark” form of matter is inferred, which does not interact with the electromagnetic force
but has mass. About 27% of the energy content of our universe is believed to be made up
of dark matter, compared to only 5% being visible matter [1, 3-5].

Many theories beyond the SM try to account for dark matter. For example, hidden-valley
models, which extend the SM to incorporate a new, non-Abelian gauge group [6-13]. Dark
matter particles are charged under this new, dark gauge group. Hidden-valley models can
produce events with high-multiplicity sprays of dark particles, known as dark showers. In
hidden-valley models with confined dark charges, the dark particles assemble themselves to
form dark hadrons. Dark hadrons can decay into SM particles after a measurable lifetime,
creating displaced signatures in detectors. Dark showers containing sprays of dark hadrons
are expected to create high-multiplicity displaced signatures [6, 14]. This analysis targets
long-lived dark mesons that decay with a high branching fraction into muons, by searching
for displaced vertices formed from resonant muon pairs.

Three broad classes of dark-sector models are explored: the vector portal model with a
long-lived dark vector meson [14]; a model with a long-lived dark photon, Scenario A [15];
and a model with a long-lived dark pion, Scenario B1 [15]. The nomenclature of the latter



two models follows that in ref. [15]. The production of dark showers from decays of the
SM Higgs boson is considered because it has a narrow width and is a sensitive probe for
low-mass SM singlet states [16].

In the vector portal model, there are two types of dark mesons (N and ®), and it is
assumed that only one of them has a measurable lifetime. This dark meson is referred to
as the visibly-decaying dark particle. The other dark meson is assumed to either decay
promptly to the visibly-decaying dark particle or to escape the detector and thus create an
apparent momentum imbalance. Even though this choice does not account for the full range
of possible dark-shower topologies, it still encompasses the phenomenology of a broad class of
models and describes a wide range of distinct signatures with a minimal number of arbitrary
parameters [14]. A few theory assumptions are made when constructing the model. It is
assumed that there are no new sources of SM flavour violation. Operators up to dimension-5 in
the infrared effective theory are allowed [14]. A diagram for the vector portal model is shown
in figure 1. The Higgs boson first decays into a pair of dark partons 1), which then hadronise
through a dark analog to quantum chromodynamics (QCD) into dark hadrons, among them
dark vector mesons @ and dark pseudoscalar mesons 1. The ® has a non-prompt decay into
SM particles, with a significant branching fraction of 10-30% for the decay into muons.

Scenarios A and B1 consist of extended hidden valley models with more complex decay
topologies [15]. These models have two dark flavours instead of one, which leads to a
wider spectrum of dark hadrons, including three dark pions (%, Ty, and T3) and a heavier
pseudoscalar meson 1. The benchmark models include both pointing and non-pointing decay
topologies, which refer to whether the dimuon vertices from the decays point back to the
beam axis or not. The analysis is designed to be sensitive to both topologies. Diagrams
for the decays in these scenarios are shown in figure 2. In both scenarios, the pseudoscalar
M is assumed to decay promptly into three dark pions, and the dark pions m; and &, are
assumed to be stable. In Scenario A, the dark pion T4 decays promptly into two dark photons
A’, which can then each undergo a non-prompt decay into muons. The vector sum of the
momenta of the two dimuon vertices points back to the beam axis, so it is referred to as the
pointing scenario. In Scenario B1, the dark pion 5 undergoes a displaced decay into two
dark photons A’, which can then decay promptly into muons. The T4 is a long-lived particle
in Scenario B1, while A’ is a long-lived particle in Scenario A. The dark photons are produced
in the non-prompt decay of a long-lived parent particle in Scenario B1, and the momentum
vectors of the resulting dimuon vertices do not point back to the beam axis, so this is referred
to as the non-pointing scenario. As the dark photon decay is taken to be prompt, the dimuon
vertices overlap with each other in this scenario. The pointing angle, defined as the angle
between the momentum vector of the dimuon system and the displacement vector from the
primary vertex to the secondary vertex, is used to characterise the decay topology. 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 section 9.4.1 of ref. [17].

The search presented in this paper is performed using a data set collected in 2018 by the
CMS experiment at the CERN LHC using a “data parking” strategy at a proton-proton (pp)
center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 41.6 fh! [18, 19].
For the B-parking data set, the thresholds used by the trigger algorithms are lowered with



Figure 1. Diagram for the vector portal model. An SM Higgs boson decays to dark partons ),
which then hadronise to form dark hadrons including dark vector mesons ® and dark pseudoscalar
mesons 1. The ® then undergoes displaced decay into SM fermions f f.

respect to standard data sets, facilitating the selection of low transverse momentum (pr)
muons that are displaced from the primary vertex. This data set enables searches for low-mass,
long-lived dark-sector particle decays into displaced muons. The present analysis probes a
dimuon invariant mass range of 0.3 to 20 GeV. Machine-learning techniques are applied to
perform background rejection. The B-parking data set includes full event reconstruction,
which provides input for machine learning in this analysis.

Compared to previous dimuon searches performed at the CERN LHC [20-23], the study
presented in this paper is the first to target hidden-valley dark-shower models with dark-
sector particles decaying into pairs of muons. The sensitivities of previous searches in the
low-mass regime were limited by dimuon mass restrictions. Ref. [20] requires the four-muon
mass of muon pairs from two displaced vertices to be compatible with the Higgs boson
mass. In ref. [21] and ref. [22] there are requirements on the dimuon mass to be larger
than 10 GeV and 15 GeV respectively. Compared to the long-lived particle search in ref. [24]
performed by the CMS experiment in the muon detectors, this analysis makes use of the
tracker, which complements the sensitivity in the lower displacement region. This analysis
exploits a different signature from those in refs. [25, 26], which search for dark showers
through the emerging jet signature [27, 28].

Tabulated results for this analysis are provided in the HEPData record [29].

2 The CMS detector

The CMS apparatus [30, 31] is a multipurpose, nearly hermetic detector, designed to trigger
on [32, 33] and identify electrons, muons, photons, and (charged and neutral) hadrons [34—
36]. A global “particle-flow” algorithm [37] aims to reconstruct all individual particles
in an event, combining information provided by the all-silicon inner tracker and by the
crystal electromagnetic and brass-scintillator hadron calorimeters, operating inside a 3.8 T
superconducting solenoid, with data from the gas-ionisation muon detectors embedded in



Figure 2. Diagrams for the Scenario A model (left) and the Scenario B1 model (right). In these
extended models the dark hadronisation produces a spectrum of dark mesons, including the dark
pions T;, T, and T,. The T, then decays into SM fermions ff through the dark photon A’. Green
is used to indicate a long-lived particle. The A’ is a long-lived particle in Scenario A, while Ty is a
long-lived particle in Scenario B1.

the flux-return yoke outside the solenoid. The reconstructed particles are used to identify
jets and leptons and to measure missing transverse momentum [38-40].

Events of interest are selected using a two-tiered trigger system. The first level (L1),
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 4 us [32]. The
second level, known as the high-level trigger (HLT'), consists of a farm of processors running
a version of the full event reconstruction software optimised for fast processing, and reduces
the event rate to a fewkHz before data storage [33].

In standard data sets, full offline reconstruction proceeds soon after the data are recorded.
The data-parking strategy was designed to overcome the limitation in the ability to perform
prompt reconstruction [19]. The trigger thresholds are lowered in the parking strategy, leading
to a higher trigger rate, which exceeds the computing capacity available for prompt event
reconstruction. The data stream is therefore transferred, unprocessed, to tape storage (the
data stream is “parked”). It is kept in a raw format until sufficient computing resources
become available for the events to be reconstructed, for example during shutdowns between
data-taking periods.

Muons are identified as tracks in the inner tracker that are consistent with either a
track or a segment made up of several hits in the muon system. The energy of muons is
obtained from the corresponding track momentum, which is measured from the curvature of
the track. Muons are measured in the range of |n| < 2.4. The single-muon trigger efficiency
exceeds 90% over the full n range. The efficiency to reconstruct and identify muons with
pr > 20 GeV is greater than 96%. Matching muons to tracks measured in the silicon tracker
results in a relative pp resolution of 1% in the barrel and 3% in the endcaps for muons
with pr up to 100 GeV [35].



3 Data sets, triggers and Monte Carlo simulation

For this analysis, the B-parking data set collected by CMS during the 2018 data-taking
period [18, 19] is used. In order to enrich the data set in B hadron decays, the events
collected contain at least one muon that satisfies kinematic requirements on the transverse
sig — IP/UIPv
where IP is the impact parameter of the muon with respect to the beam axis in the transverse

momentum and the impact parameter significance. The latter is defined as 1P

plane, and opp is its uncertainty. The impact parameter is defined as the distance of closest

approach of the muon track to the beam axis. The minimum requirement on IP, serves

sig
the dual purpose of reducing the prompt muon background while enhancing the potential
contribution from new long-lived particles. The pp thresholds in the triggers range from 7 to
12 GeV, and the thresholds on TP,

events, with ~70% being B hadron decays.

vary between 3 and 6. The sample contains ~1.3 x 10"

Simulated signal samples are produced with PYTHIA 8.240 [41] for the vector portal model,
and with PYTHIA 8.309 [42] for Scenario A and Scenario B1 models. The NNPDF3.1 parton
distribution functions (PDFs) at next-to-next-to-leading order are used [43]. The search
explores a dimuon mass range between 0.3 and 20 GeV. A variety of mean proper decay
lengths (c7) of long-lived particles in these three models are considered, ranging from 0.1 to
500 mm. The search targets low-mass dimuon vertices, which are highly Lorentz boosted.
The range of ¢7 considered is constrained by the drop in sensitivity at higher displacement.
The gluon-gluon fusion production mode of the Higgs boson is considered, which has a cross
section of 43.9pb. A branching fraction of 0.01 is assumed for the Higgs boson decaying
into dark partons to provide an illustration of a possible signal. The parameters of the
models are introduced in table 1.

The vector portal model utilises three dark colours, and for simplicity, one dark flavour.
The resulting dark hadron spectrum consists of two dark flavour singlet states: a spin-zero
meson 7, and a spin-one meson ®. The dark quark mass is set to be approximately half the
mass of 1] [44]. In the benchmark models it is assumed that mg = A= mg, where A is the dark
sector confinement scale, so that the decay of ® into M is kinematically forbidden, preventing
the ® from decaying into other dark-sector states [14]. The branching fractions of the ® meson
decaying into SM fermions are set according to ref. [14], and they depend on the ® mass.

For Scenario A and Scenario B1, the number of dark flavours is set to two and the
number of dark colours is set to three. It is assumed that my = A. There is a mixing angle
0 that parametrises the isospin violation in the coupling of the dark photon to dark-sector
quarks. The mixing angle is taken to be sinf = 0.1 so that the isospin breaking is relatively
small, which results in the dark pions having similar masses, i.e. mz =~ Mg Rmg This
gives a simpler mass spectrum, and also ensures the simulation from PYTHIA provides a
reasonable approximation to the hadronisation process. The branching fraction B(mws — A'A)
is assumed to be 1 [15]. The dark photon A" decays into SM fermions by kinematically mixing
with the SM photon, and the branching fractions are given by ref. [45]. The assumptions
made for all the models are theoretically well-motivated and offer simplified benchmark
models for interpretation.

For the background Monte Carlo (MC) simulations, a set of muon-enriched QCD back-
ground samples are produced, which contain events with at least one muon with pp > 5 GeV.



Signal model Model parameter Range

Vector portal mg: mass of the dark vector meson 0.3-20 GeV
ct: mean proper decay length of the dark vector meson 0.1-500 mm

Scenario A/B1 mz : mass of the dark pion Tg 1-12 GeV
m,+: mass of the dark photon 0.33-2.5 GeV

ct: mean proper decay length of the dark photon (Scenario A)  0.1-100 mm
or the dark pion m; (Scenario B1)

Table 1. Model parameters of the different classes of signal models interpreted by the analysis.

The samples are generated with PYTHIA 8.240, and they are binned in pr, which is the scale
of momentum transfer of the QCD interactions.

Simulated minimum bias events are combined with simulated signal and background
events to describe the effect of additional proton-proton interactions within the same or
neighboring bunch crossings, which are referred to as pileup interactions.

4 Search strategy

The search targets the displaced decays of dark mesons and dark photons into pairs of muons.
The dark mesons are produced through hadronisation within dark parton showers that are
initiated by the decays of SM Higgs bosons. Final states with multiple non-prompt muon
pairs are expected to result from the signal models.

An event-level boosted decision tree (BDT) is used to separate the signal from the
heavy-flavour QCD background. Minimal selections are first applied to the events. For
simplicity, in the pre-selections for the BDT training, a single non-prompt muon trigger
with a muon pp threshold of 9 GeV and an impact parameter significance threshold of 6 is
applied. In addition, at least one dimuon secondary vertex (with two oppositely charged
muons originating from a common vertex) that contains a muon with pp > 5GeV is required.
Features that discriminate between signal and background are then studied. Examples of
these features are the muon multiplicity shown in figure 3 (upper), and the muon transverse
impact parameter d,, shown in figure 3 (lower). It can be seen that there is a much larger
number of muons in the signal events as compared with the background events. It is also found
that muon variables provide excellent discrimination between signal and background, for
example kinematic variables and variables related to the impact parameter. The multivariate
input includes variables of muons, secondary vertices (produced from tracks of all types
of charged particles), and muon secondary vertices (produced from muon tracks). Vertex
variables include the X2, pointing angle and displacement. Altogether there are a maximum
of 390 input variables to the BDT. Where the value for a given feature does not exist for
a particular event, it is set to a default value. As a result, the average number of input
variables to the BDT with physical values is about 100. Jet variables are not included to
make the BDT more model-independent. The variables providing the greatest discrimination
are those associated with muons and muon secondary vertices. Good agreement between the
data and the background Monte Carlo is observed for the BDT input variables.



The high muon multiplicity in the signal comes from the high multiplicity of dark mesons
in the events, with up to an average of five dark mesons per event in Scenario A for example.
Figure 4 shows the multiplicity of dark mesons for representative model parameters for the
vector portal model (upper), as well as for Scenario A and B1 (lower). The multiplicity
increases with decreasing mass of the dark meson, as expected, because less energy is required
to produce a lighter meson. The multiplicity is found to be very similar between Scenario A
and Scenario Bl for the same T meson mass, as the two models have similar decay processes.
Moreover, there is a high branching fraction for the dark mesons to decay into muons [14].
The branching fraction to muons drops with increasing mass of the dark meson because of
competing decays to cc, bb, and 117, For example, in the vector portal model, the branching
fraction to muons is 25% for mg = 2 GeV, while it is 15% for mg = 20 GeV. The high muon
multiplicity in the dark-shower signal models allows a dedicated BDT to be trained for each
of the three classes of models using a variety of input features to suppress the background.

The XGBo0OST package [46] is used for the BDT training. Most of the hyperparameters
are fixed as their default values [47], while some are fine-tuned to optimise the performance
for each of the three signal models. For example, the number of boost rounds is changed to
adapt to the size of the training samples. Other hyperparameters that are tuned are the
learning rate, gamma, the maximum tree depth, the maximum delta step, subsampling ratios,
and regularisation terms. Signal and QCD background samples are used for the training. The
signal and background samples are weighted to give equal contributions to the training by
using a binary cross-entropy loss function which is weighted event-by-event. Each of the N
signal model samples (where, for example, N = 25 for the vector portal) is reweighted to give
a contribution of 1/N to the total signal class after the preselections have been applied. The
BDT is applied after the basic analysis selection criteria, which will be described in section 5.1.

5 Event selection and categorisation

The event sample is selected by requiring the presence of two oppositely charged muons that
form a secondary vertex (SV) and by applying a minimum BDT score threshold. Events
are categorised according to the number of vertices and in bins of transverse displacement
(Izy) and pointing angle to increase sensitivity to a signal.

5.1 Event selection

Selected events are required to pass at least one of the B-parking triggers and contain at
least one reconstructed muon candidate satisfying pp > 9 GeV, IPg, > 6, and [n| < 1.5 that
is matched to the muon that passes the trigger requirement by requesting AR < 0.1, where
AR = V(An)® + (A¢)*. Furthermore, the muon must pass the loose muon identification
(ID) requirements [35].

At least one SV is required to be formed by a pair of oppositely charged muons. The
vertex is reconstructed with a standard Kalman filter [48] algorithm, with the range in the
distance from the beam axis extended [49]. This modification improves the reconstruction
efficiency for the present search, which probes a transverse displacement of up to about
15 cm, by more than 40% relative to using the vertexing algorithm with standard parameters
for different displacements. Quality criteria are then applied to the muon SVs, which are
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Figure 3. Distributions of examples of variables that are used in the BDT training for the QCD
background and benchmark signal models: muon multiplicity (upper) and muon transverse impact
parameter (lower).

AR(u,p) < 1.2, X2 < 10, one muon matching the one that triggered the event, and both
muons passing the loose ID [35]. If more than one muon SV passes the selections, only the
muon SV with the lowest X2 is used for the final fit.

A selection is applied on the BDT scores of the events, with a threshold of 0.997 (0.999
for signal mass hypotheses less than 5 GeV) for the vector portal model. The BDT thresholds
for Scenario A and Scenario B1 models are 0.98 and 0.991 respectively. The BDT cut alone
gives a signal efficiency of ~30-60% and a background efficiency of ~10* (or ~107° for
signal mass hypotheses less than 5 GeV in the vector portal model). The BDT thresholds
are optimised using control regions in data (data sidebands) for representative signal mass
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Figure 4. Distributions of the multiplicity of dark vector mesons ® for representative vector
portal models (upper), and the multiplicity of dark mesons T for representative Scenario A and B1
models (lower).

models. The data sidebands for each representative signal mass hypothesis are regions in the
dimuon mass distribution that are outside the signal region, which is located at the centre of
the mass window. The BDT selections are varied to find the optimal expected upper limits
on the branching fraction of the Higgs decaying to dark partons.

The X2 of the muon SVs is found to be one of the most important variables of the BDT.
The signal muon SVs are better fitted and have a lower X2 compared to the background,
which is dominated by muon vertices from random muon combinations. The muon SV’s
transverse displacement and its significance are also found to be important variables. This



Resonance Lower bound [GeV] Upper bound [GeV]

Kg 0.43 0.49
N 0.52 0.58
T/ 0.73 0.84
0 0.96 1.08
I 2.91 3.27
v(29) 3.47 3.89
Y(19) 8.99 9.87
Y(19) 9.61 10.39
Y (39) 9.87 10.77

Table 2. The SM resonances and the corresponding mass windows that are masked in the analysis.

is expected as the signal models contain non-prompt decays, while the QCD background is
dominated by prompt processes. The pointing angle is also a good discriminating variable.

5.2 Event categorisation

Events are categorised based on whether there are at least two vertices with similar dimuon
mass. An event is classified as a multi-vertex event if there is at least one pair of muon SVs
with dimuon masses within 3% of each other, which is about three times the width of the
signal. Otherwise the event is classified as a single-vertex event.

Both the single-vertex and multi-vertex events are further categorised by the /., and
pointing angle of the muon SV with the lowest le The transverse displacement is defined as
the distance in the transverse plane between the primary vertex and the secondary vertex.
At increasing displacement from the primary vertex, the QCD background processes are
expected to diminish. Events are categorised in the transverse displacement in order to
increase the sensitivity to different proper lifetimes of the signal models. Categorising in
transverse displacement is found to be more beneficial to the sensitivity than categorising
in transverse displacement significance. The I,, categories are defined to be [0.0,1.0] cm,
2 20 cm.

TY ~

(1.0,10.0] cm and beyond 10 cm. The signal efficiency drops considerably for [

In each [,, bin, events are further divided into bins of the pointing angle. This is to
increase sensitivity to signal models that are more pointing than the background. The pointing
angle bins are chosen to be [0.0,0.2] and (0.2,7] to maintain sensitivity to non-pointing
signal scenarios. Twelve categories are defined in total. The dimuon mass distributions
for all categories are shown in figures 5 and 6 for data and two vector portal model signal
benchmarks. The grey bands in the plots correspond to mass regions of known SM resonances,
which are masked in the search, as listed in table 2. This is to avoid misidentifying the SM
resonances as the signal. It can be seen that some of the categories are background-free,
which shows the capability of the BDT in rejecting the background.

6 Parametrisation of the dimuon mass distribution

Using the dimuon mass distribution in each category, a parametric fit is performed for different
signal mass and lifetime hypotheses for each of the three models. A Voigtian function (which

,10,
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Figure 6. Dimuon invariant mass distributions for each multi-vertex category for data and two vector
portal model signal benchmarks. The shaded regions indicate mass regions of known SM resonances,
which are masked in the search. A branching fraction of 0.01 is assumed for the Higgs boson decaying
into dark partons for illustrating the signals.
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is the convolution of a Gaussian function and a Breit-Wigner function) is used to fit the
signal dimuon mass distribution. From the fits, it is found that the Gaussian width of the
signal, o, is about 0.75% of the mass for the vector portal, and about 0.85% of the mass for
Scenario A and Scenario B1, each with an uncertainty of about 15%.

To perform the search, a sliding fit window of £5xHWHM of the signal around the
signal mass hypothesis is chosen, where HWHM is the half width at half maximum of the
signal resonance and is estimated to be 1% of the mass. To model the background, data
sidebands (which are defined as mass regions in the fit window, outside of the region within
+2xHWHM of the signal) are fitted with an envelope of functions, which are the first order
polynomial, exponential, and power law functions. At each point in the likelihood scan, the
particular fitting function that maximises the likelihood is chosen. Discrete profiling is used
to account for the background systematic uncertainty from the choice of the function [50].
The parameters of each function are fixed in the likelihood fit, while the normalisation is
allowed to vary. Goodness of fit tests have been performed, which show the functions can
model the background appropriately. Bias tests have also been performed, and the fit is
found to be sufficiently unbiased in the measurement of a potential signal.

For mass windows with very low background, a flat function is used instead of the envelope
of functions to ensure stability of fit, following the fitting strategy used in previous dimuon
searches [20, 51]. It was found that fitting with this approach gives upper limits that agree
with those obtained from a counting experiment.

The background-only fit is shown in figure 7 for two mass windows in an example category,
together with the signal expected from representative signal models.

7 Results and interpretation

Maximum likelihood fits to the data are performed under the background-only or background-
plus-signal hypotheses, using a sliding mass window for different signal mass hypotheses. The
fits are carried out simultaneously for all the categories which contain non-zero expected signal.

7.1 Systematic uncertainties

Various sources of systematic uncertainties in the signal modelling are considered. The
systematic uncertainty in non-prompt muon ID efficiency is measured using the “tag and
probe” technique [52] in the J/y mass region to study the differences between data and
simulation. JAy from heavy flavour decay is used as a “proxy” for the signal as it is a known
displaced resonance that lies in the mass range of the search. Scale factors are derived to
account for the differences, and the systematic uncertainty in the ID efficiency is found by
varying the scale factors with respect to the nominal values. The uncertainty is found to be
between 1% and 17%, depending on the pp of the muon and the transverse displacement of
the muon SV. For the trigger selection, the same technique is used to compare the trigger
efficiencies in data and simulation. The systematic uncertainty in the trigger efficiency
typically lies between 1% and 2%, depending on the pr and the impact parameter significance
of the muon. The BDT selection efficiency is measured in the J/y mass region for data and
simulation. The systematic uncertainty in the BDT selection efficiency is found to be 10%.
The systematic uncertainty from pileup is obtained by considering the pileup distribution
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Source Systematic uncertainty [%]

Non-prompt muon identification ~1-17
Trigger ~1-2
BDT 10
Pileup ~5H
Theory uncertainty in ggF Higgs production 3.9
Strong coupling constant 2.6
PDF 1.9
Luminosity 2.5

Table 3. Summary of the systematic uncertainties in the signal yield expectation.

during the time when the B-parking triggers were active. Pileup weights are applied to
Monte Carlo events such that the number of interactions per bunch crossing agrees with
that observed in data. The pileup modelling uncertainty is found, by varying the weights,
to be about 5%. The systematic uncertainty in the luminosity is 2.5% [53]. Various sources
of systematic uncertainties in the gluon-gluon fusion Higgs boson production cross section
are considered. These include a theory uncertainty of 3.9% due to missing higher order
terms in the QCD calculation, and uncertainties in the factorisation and renormalisation
scales. There is also an uncertainty of 1.9% from the choice of PDFs, and an uncertainty
of 2.6% from the strong coupling constant value [54]. The various sources of systematic
uncertainties for the signal are summarised in table 3.

The background systematic uncertainty is obtained from discrete profiling of the envelope
of fitting functions used to model the background, which predominantly originates from
QCD processes. The background uncertainty is found to be negligible compared to the
other systematic uncertainties.

Uncertainties in the trigger efficiency, non-prompt muon ID efficiency and pileup modelling
are treated as uncorrelated across categories. Other uncertainties are treated as correlated.
The total systematic uncertainty is in the range 13-21%, which is less than the statistical
uncertainty in the background normalisation.

7.2 Constraints on new physics models

No significant excess beyond the standard model expectation is observed, and 95% confidence
level (CL) upper limits are set on the branching fraction of the Higgs boson decaying to
dark partons. Limits are estimated using a modified frequentist approach with the CLg
criterion [55-57]. The limits are obtained for different mass and lifetime hypotheses of the
dark shower signal models. For the vector portal, the upper limits on the branching fraction
B(H — 1)) as functions of the dark vector meson proper decay length are shown in figure 8
for four representative mass hypotheses. The limits on the branching fraction are in the
range 1072 to 107 throughout most of the parameter space.

The limits for the Scenario A model as functions of the dark photon proper decay length
are shown in figure 9 for four representative mass hypotheses. The dark photon mass models
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Figure 8. Upper limits at 95% CL on the branching fraction B(H — 1)) as functions of the ®
meson cr for representative ® mass hypotheses and branching fractions for decaying into a muon pair
in the vector portal model. It is assumed that ms = A= my, where mg, /~\, and My are parameters
of the dark sector: the mass of the spin-one meson, confinement scale, and the mass of the spin-zero
meson, respectively.

chosen for Scenario A are in the low-mass regime (below 2 GeV). The limits obtained are
in the range 1072 to 10~

The limits for the Scenario Bl model as functions of the dark meson T5 proper decay
length are shown in figure 10 for four representative mass hypotheses. The Scenario B1 model
features a non-pointing dimuon vertex topology, and the benchmarks chosen are for low mass.
The limits are found to be comparable to those for the Scenario A models, which shows
sensitivity is achieved for non-pointing models as well as pointing models.

The constraints are more stringent in general for lower lifetime hypotheses owing to
the higher SV reconstruction efficiency at smaller displacement. For very short lifetimes,
the constraints are less stringent due to smaller signal efficiencies. The limits also tend to
be more stringent at higher mass due to the lower background present. For similar dark
meson masses, stronger sensitivity is achieved for the vector portal because there is a higher
dark-meson multiplicity (as shown in figure 4).
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Figure 9. Upper limits at 95% CL on the branching fraction B(H — 1)) as functions of the A" cr
for representative T, and A’ mass hypotheses, and branching fractions of the dark photon decaying
into a muon pair in Scenario A. It is assumed that m;lv =A= 4m~ and sin @ = 0.1, where my is
the mass of the dark-sector pseudoscalar meson and 6 is the mixing angle parametrising the isospin
violation. The branching fraction B(T; — A’A’) is assumed to be 1.

The limits obtained for the vector portal model are complementary to those from a
previous search performed by the CMS experiment in the muon detectors [24] studying the
same model, for which longer proper decay lengths are covered. This search probes new
parameter space for proper decay lengths of the dark ® meson below ~100 mm and masses as
low as 0.3 GeV. There is also an improvement in the limits of up to two orders of magnitude
with respect to ref. [24], which gave the best LHC limits on the model, in the range of proper
decay lengths between 100 and 500 mm. The first constraints to date are imposed on the
Scenario A and Scenario B1 models.

Limits are also shown as functions of the dark vector meson mass in the vector portal
model (figure 11), and the dark photon mass for Scenario A and Scenario B1 models in
figure 12 and figure 13, respectively. The limits are shown for two representative proper
decay length hypotheses. For Scenarios A and B1, two different cases are considered for the
mass ratio between the dark pion T4 and the dark photon A’, which are my. = = 10m, and

m~

T = = 3m,+ respectively. The limits are found to be stronger for the case Wlth my, = =10m,,,

,17,



41.6 b (13 TeV)

41.6fb~' (13 TeV
— 10° — () . 10°
Ig 1 Ig—_
T T
- 10! T 107"
o) Q
c C
2 102f = 107
E | E
8 10731 4 8103
57 | 5
[ Scenario B1 — Observed ] Scenario B1 — Observed
10-4L M, =1 GeV ---- Median expected 10-4f Ma =2 GeV === Median expected
: g,:\ =033 Gev4 W 68% oxpected ] l";i\ =0.4 GeV . mm 68% expected
[ B(A - pu)=0.458 95% expected | (A —pp)=0436 95% expected
105 M| M| L 105 I | MR
107 10° 10! 102 107" 10° 10’ 102
¢t [mm] of i3 meson ¢t [mm] of 73 meson
10— 41617 (13 TeV) T — 16707 (13TeV)
= E ; = ]
'_%., - CMS | '3 | cms
-1
e
Q
g b
= 1072
E I
= I
8 1073
o F
D [ ) : i
[ Scenario B1 — Observed 1 Scenario B1 — Observed
1074 M =2GeV ---- Median expected 10-4F M, =4 GeV === Median expected =
: g,:\y: 0.67 GeV B 68% expected gﬁ'\; 1.33 GeV Bl 68% expected ]
I B(A - pp)=0.17 95% expected (A" = pp)=0.305 95% expected
5 ! ! - L L
10101 10° 10' 102 10101 100 10' 102
¢t [mm] of 73 meson ¢T [mm] of 713 meson

Figure 10. Upper limits at 95% CL on the branching fraction B(H — 1) as functions of the T4
meson cr for representative T, and A’ mass hypotheses, and branching fractions of the dark photon
decaying into a muon pair in Scenario B1. It is assumed that m~ = A= 4m~ and sin 6§ = 0.1, where
my is the mass of the dark-sector pseudoscalar meson and 6 is the mixing angle parametrising the

isospin violation. The branching fraction B(%; — A’A’) is assumed to be 1.

because of the lower dark pion multiplicity, leading to a more energetic A’. The final-state
dimuon system is more Lorentz boosted and is more displaced as a result. The improvement
in sensitivity from the higher displacement outweighs the effect of the lower multiplicity of
SVs in this case, leading to an improvement in the sensitivity. The decrease in sensitivity
at m,, ~ 0.7GeV is due to a decrease in the branching fraction B(A/ — pu), caused by
competing decays of A’ to 1T or ntn xl.

Observed limits at 95% CL are shown in the two-dimensional parameter space of the
dark vector meson mass and proper decay length for the vector portal in figure 14, the dark
photon mass and proper decay length for Scenario A in figure 15, and the dark photon mass

and the dark pion (%g) proper decay length for Scenario Bl in figure 16.
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the dark-sector pseudoscalar meson and 6 is the mixing angle parametrising the isospin violation. The
branching fraction B(T; — A’A") is assumed to be 1. The grey bands correspond to mass regions of
known SM resonances, which are masked in the search.
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Figure 15. Observed upper limits at 95% CL on the branching fraction B(H — ) as functions of
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2
and 6 is the mixing angle parametrising the isospin violation. The branching fraction B(T; — A'A')
is assumed to be 1. The grey bands correspond to mass regions of known SM resonances, which are
masked in the search.
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Figure 16. Observed upper limits at 95% CL on the branching fraction B(H — 1)) as functions of

the A" mass and the T, c7 for representative ratios of the T, and A’ masses in Scenario B1. The limits

are shown for the cases where m~ = 10m - (left) and mx~ = 3m . (right), respectively. It is assumed
3 3

that my = A= 4m~ and sin@ = 0.1, where my is the mass of the dark sector pseudoscalar meson
2

and 6 is the mixing angle parametrising the isospin violation. The branching fraction B(T; — A’'A")
is assumed to be 1. The grey bands correspond to mass regions of known SM resonances, which are
masked in the search.

8 Summary

A search for dark showers has been performed with non-prompt muon pairs, using proton-
proton collisions at the CERN LHC at a centre-of-mass energy of 13 TeV, collected by the
CMS experiment in 2018, corresponding to an integrated luminosity of 41.6 fb~!. The data
set is recorded using the data parking strategy, resulting in a sample of about 10'° recorded
events, giving access to masses down to the sub-GeV scale. No significant excess beyond the
standard model expectation is observed. Upper limits on the branching fraction of the Higgs
boson decaying into dark partons are set as low as 10~* at 95% confidence level, providing
the most stringent limits to date on the vector portal model with dark ® mesons of mean
proper decay length below 500 mm and masses between 0.3 and 20 GeV. For the first time,
limits have been set for extended dark-shower models with two dark flavours (Scenario A
and Scenario B1) that contain dark photons, probing their masses down to 0.33 GeV.
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