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Abstract

The results of a model-independent search for the pair production of new bosons
within a mass range of 0.21 < m < 60 GeV, are presented. This study utilizes
events with a four-muon final state. We use two data sets, comprising 41.5 fb−1 and
59.7 fb−1 of proton-proton collisions at

√
s = 13 TeV, recorded in 2017 and 2018 by

the CMS experiment at the CERN LHC. The study of the 2018 data set includes a
search for displaced signatures of a new boson within the proper decay length range
of 0 < cτ < 100 mm. Our results are combined with a previous CMS result, based on
35.9 fb−1 of proton-proton collisions at

√
s = 13 TeV collected in 2016. No significant

deviation from the expected background is observed. Results are presented in terms
of a model-independent upper limit on the product of cross section, branching frac-
tion, and acceptance. The findings are interpreted across various benchmark models,
such as an axion-like particle model, a vector portal model, the next-to-minimal su-
persymmetric standard model, and a dark supersymmetric scenario, including those
predicting a non-negligible proper decay length of the new boson. In all considered
scenarios, substantial portions of the parameter space are excluded, expanding upon
prior results.
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1 Introduction
Although the standard model (SM) [1–3] of particle physics provides a multitude of high-
precision predictions consistent with decades of experimental results, it does not explain the
existence of dark matter [4, 5]. Many models have been proposed that predict new bosons as
dark matter candidates [6–8]. To date, no direct experimental evidence has materialized for
particles beyond the SM (BSM), and in that context the idea of new bosons with non-negligible
proper decay length [9] is of increasing interest. In this paper, we present a model-independent
search for the pair production of a new boson that decays into a pair of oppositely charged
muons. This can happen in proton-proton (pp) collisions as pp → 2a + X → 4µ + X, where a is
the new neutral boson and X are possible spectator particles [10]. The new boson, a, can be pro-
duced via various “portals” connecting to a hidden sector, such as a Higgs boson portal (either
SM or non-SM) or a vector boson portal [8, 11, 12]. Here, the production vertices of dimuons,
i.e., pairs of oppositely-charged muons in the final state, can be either prompt or displaced.
The displaced case results from the decays of long-lived BSM bosons. This generic signature
enables us to set a model-independent limit on the product of the new boson production cross
section, branching fraction to muons squared, and acceptance. With this model-independent
limit, further interpretation is possible in models with four muons in the final state.

We interpret the model-independent results in the context of several BSM benchmarks, includ-
ing an axion-like particle (ALP) model [7, 13–16], a vector portal model with a dark scalar
boson sD [17–22], the next-to-minimal supersymmetric standard model (NMSSM) [6, 23–30],
and supersymmetry (SUSY) models with hidden sectors (dark SUSY) [8, 22, 31]. In the ALP
model [15], the SM-like Higgs boson, h, decays to the ALP, a, via h → 2a. The ALP then
promptly decays into a dimuon. In the vector portal model, a massive dark vector boson ZD
decays to two new scalar bosons sD, via ZD → sDsD, where we assume that the sD is not self-
conjugate, i.e., it is not equal to its antiparticle. The dark scalar boson sD promptly decays to a
dimuon. In the NMSSM, two of the three charge parity (CP) even, neutral Higgs bosons h1 or
h2 (generically denoted h1,2) can decay to one of the two CP-odd neutral Higgs bosons a1 via
h1,2 → 2a1. The CP-odd boson a1 promptly decays to a dimuon. In the dark SUSY scenario, the
breaking of a new U(1)D symmetry gives rise to a massive dark photon γD. This dark photon
can couple to SM photons via a small kinetic mixing parameter, ε. The proper decay length of
the dark photon depends on its mass, mγD

, and ε. We use a signal topology where an SM-like
h decays to the lightest non-dark neutralino, n1, via h → 2n1. These neutralinos then decay via
n1 → nD + γD, where nD is an undetectable dark neutralino. The dark photon γD then decays
to a dimuon. Figure 1 displays the Feynman diagrams of the benchmark signal models.

The search presented in this analysis improves upon the previous result published by the CMS
Collaboration in Ref. [32]. Compared to this study, we add more data and add two new bench-
mark models, the ALP and vector portal models, and probe a larger mass range of the new,
neutral boson a (0.21 < ma < 60 GeV, compared to 0.25 < ma < 8.5 GeV in Ref. [32]). Other
searches at the LHC for h → 2a include the 4µ [32–35], 4τ [36, 37], 4ℓ [38–42], 4b [43, 44], 4γ [45],
2b 2τ [46, 47], 2µ 2τ [48, 49], 6q [50], and collimated fermions [51, 52] final states. This model-
independent analysis considers both promptly-decaying and long-lived (cτ < 100 mm) bosons,
and it is complementary to those studies exploring ε in models with promptly-decaying [53, 54]
and long-lived [55, 56] bosons that decay to a dimuon.

Two data sets are used for this analysis, which include data collected using multiple triggers
in 2017 and 2018. These data sets correspond to integrated luminosities of 41.5 and 59.7 fb−1

of pp collisions at a center-of-mass energy of
√

s = 13 TeV, respectively. The results of the
2017 and 2018 data sets are first combined, corresponding to a total integrated luminosity of
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Figure 1: The Feynman diagrams of the benchmark signal models in the s-channel. Time
moves from left to right.

101 fb−1. For the search mass range below 9 GeV, we also combine these two data sets with a
previously published analysis that examined the 2016 data-taking period [32], leading to results
in the search mass range up to 9 GeV that correspond to a combined integrated luminosity of
137 fb−1. Due to triggers using a primary vertex constraint in 2017, only 2018 data are used for
the displaced signatures searches.

The CMS detector is improved in this data run with a new silicon pixel tracking detector [57]
installed and commissioned in 2017 [58]. It features a larger detector volume with four lay-
ers in the barrel and three layers in the endcaps. Compared to the previous pixel detector,
the innermost layer is positioned closer to the interaction point (IP) and the outermost layer
is located farther from the IP. The new pixel detector can cope with a higher particle rate, im-
proves impact parameter resolution, and increases the tracking efficiency. The performance
of the hardware trigger algorithms for muons is also improved [59]. The analysis criteria are
modified to accommodate the search in an extended model parameter space as compared to
Ref. [32]. New benchmark models are added to further test the model independence and di-
versify the interpretation.

This paper is organized as follows: First, we discuss the layout and operation of the CMS
detector in Section 2. Next, we review the simulation of signal samples in Section 3, event
selection criteria in Section 4, and signal shape modeling in Section 5. We then present the
processes of background estimation in Section 6, followed by a discussion of the systematic
uncertainties in Section 7. Finally, we provide the results of this analysis in Section 8, which
is followed by a brief summary in Section 9. Tabulated results are provided in the HEPData
record for this analysis [60].
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2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are reconstructed in gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid.

Muons are measured in the pseudorapidity range |η| < 2.4, with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive plate chambers. The single
muon trigger efficiency exceeds 90% over the full η 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 transverse momentum (pT) resolution of 1% in the barrel and 3% in the
endcaps, for muons with pT up to 100 GeV. The pT resolution in the barrel is better than 7% for
muons with pT up to 1 TeV [61].

Events of interest are selected using a two-tiered trigger system [62]. The first level (L1), is
composed of custom hardware processors, and uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz within a fixed time interval of about
4 µs. 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 optimized for fast processing. The
HLT further reduces the event rate to around 1 kHz before the data are sent for permanent
storage [62].

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [63].

3 Benchmark signal models
Simulated signal events are generated with Monte Carlo (MC) simulations and are used to de-
termine the effect of the data selection criteria (described in Section 4) on the various signal
models. In the ALP model, production of the SM-like h via gluon-gluon (gg) fusion and its
subsequent decays are simulated at next-to-leading order (NLO) with the matrix-element gen-
erator MADGRAPH5 aMC@NLO 2.4.2 [64, 65]. The mass of the SM-like h is fixed to 125 GeV
and masses between 0.5 and 30 GeV for the ALP are simulated. For the vector portal model,
production of the spin-1 ZD and its subsequent decays are simulated at NLO with MAD-
GRAPH5 aMC@NLO 2.6.5. Masses of the ZD between 85 and 200 GeV are simulated, thereby
including the maximum ZD production cross section [11]; the masses of the scalar boson sD are
simulated from 5 to 55 GeV depending on the kinematic constraints set by the ZD mass.

For the NMSSM, production of the CP-even h1,2 via gg fusion and its decay to the CP-odd a1 is
carried out at leading order with PYTHIA 8.230 [66]. Since the h1,2 might not be the observed SM
Higgs boson [67–69], mass values of mh1,2

between 90 and 150 GeV are simulated. This range is
motivated by constraints set by the relic density measurements from WMAP [70], Planck [71],
and searches at LEP [72–77]. The mass of the boson a1 is set to vary between 0.5 and 3 GeV as
motivated in Ref. [78].

In the dark SUSY model, production of the SM-like Higgs boson via gg fusion and its decays are
simulated at NLO with MADGRAPH5 aMC@NLO 2.4.2. The masses of the SM-like Higgs boson,
the neutralino n1, and the dark neutralino nD are fixed to 125, 60, and 1 GeV, respectively. Dark
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photon masses mγD
are simulated between 0.25 and 58 GeV, and only the decays to oppositely

charged muons are considered. Since the dark photon interacts weakly with SM particles, its
decay width is negligible compared to the dimuon mass resolution.

Discussed in greater detail in Section 4, we consider displaced tracks and vertices for the case
of long-lived mediators in the 2018 analysis only. This is because the 2017 data set lacks trig-
gers that are comparable to those used in the 2018 analysis for displaced signatures. When
considering muon displacement for the 2018 analysis, we model the displaced vertices in the
lab frame via an exponential distribution with cτγD

between 0 and 100 mm. This proper decay
length of 0 to 100 mm is required to achieve a uniform distribution of ϵFull/αGen (see Sec. 4) and
to ensure that the displaced signal decays within the pixel detector volume so that at least one
pixel hit can be required in the dimuon selection.

For all benchmark samples, pp collisions at 13 TeV are simulated using a set of parton distri-
bution functions (PDFs) provided by NNPDF3.1 [79]. The parton shower, underlying event
activity, and hadronization processes at the LHC are modeled with the MC event generator
PYTHIA 8.230 using the CP5 tune [80]. Pileup (PU), or additional collisions, are added to these
events, which are run through the full CMS detector simulation based on GEANT4 [81]. These
events are then reconstructed with the same algorithms that are used for the data.

4 Event selection
Several triggers were used to collect the data used in this study, all exhibiting a total efficiency
that exceeds 90% for all signal benchmarks described in Section 3. For the 2017 data set, we
employ a double muon trigger with pT thresholds of 23 and 12 GeV. Three additional triggers
with lower pT thresholds are implemented to further improve the trigger efficiency for potential
signals: a double muon trigger requiring muons of the same sign, with pT thresholds of 18 and
9 GeV, a triple muon trigger with pT thresholds of 12, 5, and 5 GeV, and a triple tracker muon
trigger with pT thresholds of 12, 10, and 5 GeV. This last trigger requires “tracker muons”
for which the tracker muon algorithm matches candidate muon segments from the tracker to
segments from the innermost muon station [61].

The 2018 data set retains the last three triggers used in the 2017 data set but replaces the first
trigger by one that is sensitive to displaced signatures. The so-called “double standalone” (SA)
muon trigger requires at least two muons reconstructed using the muon detectors only [61],
with a transverse momentum and pseudorapidity of pT > 23 GeV and |η| < 2, respectively.
This trigger was operated in 2018 and is used in the 2018 analysis. This double SA muon trig-
ger does not rely on a primary vertex (PV) constraint for the track fit and is sensitive to both
the prompt and displaced muons probed in this search. The PV is taken to be the vertex corre-
sponding to the hard scattering location of the original pp collision, evaluated using tracking
information alone [82]. There was no equivalent trigger in 2017; a study on 2017 data of the
comparable double SA muon triggers available in 2018 either showed poor efficiencies for dis-
placed muons in the pixel volume of the CMS experiment or negligible effective luminosities,
thereby eliminating the possibility of investigating displaced track and vertex signatures in the
2017 analysis.

For both the 2017 and 2018 analyses, we require at least four offline reconstructed muons in
each event. Among these muons, the 2017 analysis requires all muons to be reconstructed with
the particle-flow (PF) algorithm [83], which performs a global fit that combines information
from each subdetector, while the 2018 analysis requires at least three muons to be reconstructed
with the PF algorithm and at most one SA muon reconstructed using only the information
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from the muon system. Selecting one possible SA muon in the 2018 analysis mitigates the
efficiency lost for displaced muon reconstruction in the tracker by roughly 30%. Additional
offline selection criteria are as follows: Each muon in the 2017 and 2018 analyses must have
pT > 8 GeV and |η| < 2.4. For the 2017 analysis, we require at least two “high-pT muons”, i.e.,
muons with pT > 13 GeV. In the 2018 analysis, we require a higher threshold for these two
“high-pT muons”, with pT > 24 GeV. For both the 2017 and 2018 analyses, we also require that
these “high-pT muons” are located in the region |η| < 2.

For both the 2017 and 2018 analyses the following selections are made: Any two oppositely
charged muons in the event are paired as long as their invariant mass is below 60 GeV. The
decay vertices of each dimuon in each event are reconstructed using the Kalman filtering (KF)
technique [84], and only those vertices with a valid fitted vertex are retained. We then select
the two dimuons closest in invariant mass. These two dimuons must not have any muons in
common with each other. A dimuon that does not contain a high-pT muon is labeled a low-pT
dimuon (denoted as µµ2), while the other dimuon, which includes at least one high-pT muon, is
called a high-pT dimuon (denoted as µµ1). In the scenario where both dimuons contain a high-
pT muon, the dimuons are randomly labeled to prevent bias in the kinematic distributions. All
single muons not included in the two dimuons are called orphan muons. No requirements are
applied to the orphan muons. We require that each of the two dimuons contain at least one
muon that has at least one valid hit in any of the layers of the pixel detector. This requirement
ensures the selected dimuons originate from the signal bosons that decay in the pixel detectors.

To further ensure that the signal muons in each dimuon decay from the same boson, we require
a limit on the Kalman-fitted dimuon vertex probability, Pµµ . For the 2017 analysis, this level
is set to 15%. As the dimuon transverse displacement (Lxy) and the opening angle of the two

muons
(
∆R =

√
(∆η)2 + (∆ϕ)2) increases, the fitted vertex probability decreases. As the 2018

analysis considers displaced signals, we account for this difference by defining a probability
threshold that is a function of Lxy, ∆R, and the number of SA muons, NSA, and select valid
fitted vertices based on the criterion Pµµ > P

(
Lxy, ∆R, NSA

)
.

The model independence of the results in this search is confirmed by verifying that the ratio of
the full reconstruction efficiency ϵFull over the generator level acceptance αGen is independent
of all signal benchmarks. The acceptance αGen is defined as the fraction of MC-generated signal
events that pass the generator-level kinematic and geometric selection criteria. The parame-
ter ϵFull is defined as the fraction of MC-generated events that pass the trigger and full event
selection criteria. The valid-vertices criterion is particularly important, as this selection con-
tributes to the overall uniformity of the distribution in ϵFull/αGen. The ratio ϵFull/αGen is found
to be insensitive to variations in all signal benchmark parameters: over all of the MC samples,
an average value of 0.403 ± 0.001 (0.418 ± 0.001) for ϵFull/αGen is obtained for the 2017 (2018)
analysis, along with its statistical uncertainty.

Finally, we place a selection on the transverse displacement of Lxy < 16 cm and on the lon-
gitudinal displacement of Lz < 51.6 cm. The upper bounds on Lxy and Lz correspond to the
dimensions of the outermost layers of the CMS pixel system and define the volume in which
the decay of a new boson can be probed by this analysis.

We also require that each dimuon is sufficiently isolated by having a total isolation sum of less
than 2.3 GeV. This isolation sum, Isoµµ = ∑tracks pT(track), is calculated as the scalar sum of the
transverse momenta of all reconstructed tracks with pT > 0.5 GeV in the vicinity of the dimuon,
i.e., within ∆R < 0.4 and |ztrack − zµµ | < 0.1 cm. Here, ztrack is defined as the z coordinate of
the point of closest approach of the track to the primary vertex along the beam axis, while zµµ
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is the z position of the vertex associated with the dimuon propagated back to the beamline
along the dimuon direction vector. Tracks included in the dimuon reconstruction are excluded
from the isolation calculation. Requiring Isoµµ < 2.3 GeV effectively removes about 72% of the
quantum chromodynamic (QCD) background radiation. For a comprehensive and compact
representation of all selection criteria, see Table 1.

Table 1: The event selection requirements for the 2017 and 2018 analyses. In the signal muon
selection row, the particle-flow loose muons refer to those muons that have tracks in both the
tracker and the muon system, which is contrasted with the standalone (SA) muon selection,
which only requires tracks in the muon system.

Selection
Additional
information

Requirement
2017 2018

Signal muon
candidates All 4 signal muons 4 PF loose muons

≥3 PF loose muons
and ≤1 SA muon

pT (|η|) All 4 signal muons pT > 8 GeV (|η| < 2.4) pT > 8 GeV (|η| < 2.4)
2 signal muons pT > 13 GeV (|η| < 2.0) pT > 24 GeV (|η| < 2.0)

Invariant mass Each dimuon mµµ1,2
< 60 GeV mµµ1,2

< 60 GeV
Fitted dimuon
vertex probability Each dimuon Pµµ1,2

> 0.15 Pµµ1,2
> P(Lxy, ∆R, NSA)

Dimuon isolation Each dimuon
Isoµµ1,2

< 2.3 GeV
(∆R < 0.4)

Isoµµ1,2
< 2.3 GeV

(∆R < 0.4)

Fiducial volume Each dimuon —
Lxy < 16.0 cm
Lz < 51.6 cm

5 Signal shape modeling and signal region definition
The target new boson is presumed to be weakly coupled to SM particles with a narrow width;
therefore, the shape of the dimuon invariant mass distribution is fully determined by the de-
tector resolution and final-state radiation (FSR) from the muons.

The signal region (SR), defined by the signal mass window in the two-dimensional (2D) plane
of mµµ1

and mµµ2
, is determined by fitting the prompt signal shape distributions of the MC

signal samples with a double-sided Crystal Ball (CB) function (modified from [85] to include
a tail on each side of the Gaussian function). The fitting results for the displaced signal show
no significant difference within the statistical fluctuations. This composite function consists of
a Gaussian core and two power-law tails. The sigma parameter of the CB function describes
the width of the Gaussian fit to the signal and, consequently, the signal resolution. To set the
mass window size across the signal mass phase space, we extract the sigma parameter from
the mass fit for each simulated mass point and plot it as a function of the invariant dimuon
mass. To create a continuous signal mass window, we use the values obtained by linearly
interpolating the plotted data points.

Because the two dimuons originate from identical bosons, the signal mass window selection is
motivated by the requirement of consistent invariant masses of the dimuons. This requirement
is displayed in Equation (1) below,

|mµµ1
− mµµ2

| < W
(
(mµµ1

+ mµµ2
)/2

)
(1)

where W is a function of the dimuon invariant masses mµµ1
and mµµ2

, and is based on the
interpolation of the sigma parameters previously discussed. To determine the best signal sig-
nificance, S/

√
S + B, where S is the signal and B is the expected background in the SR, thereby
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maximizing the discovery potential of this work, we examine the effect of four different signal
efficiencies for prompt signals: 80%, 85%, 90%, and 95%.

For all signal efficiencies chosen, the signal significance decreases as the dimuon mass in-
creases. However, over the entire mass range probed, 0.21 < mµµ < 60 GeV, a signal mass
window providing a 90% efficiency on signal events yielded the best signal significance. Fig-
ure 2 displays the size of the signal mass window as a function of invariant dimuon mass
(green dots) with the line derived from linear interpolation (dashed, purple line). Thus, given
the combination of the mass window size and placement in the (mµµ1

, mµµ2
) mass phase space,

we achieve the optimal balance of signal significance and efficiency across the entire signal
mass range, which we use to define the signal region (SR). This selection ultimately carves out
the signal region in the 2D plane of mµµ1

and mµµ2
, as illustrated by the dashed lines in Figs. 3

and 4.

6 Background estimation
To estimate the background, we first divide the mass range into regions below and above the
Υ resonances and then split the range below the Υ further at the location of the J/ψ resonance.
We exclude the mass ranges that contain the J/ψ (2.72–3.24 GeV) and the Υ (9–11 GeV) reso-
nances. For the following discussion, we estimate the background in each region using fully
data-driven methods based on data collected with the CMS detector.

6.1 Background below the Υ resonances

The major background contribution below the Υ resonances originates from QCD multijet pro-
cesses. The QCD multijet background is dominated by events in which two b quarks decay
to 2µ + X or decay through low-mass meson resonances such as ω , ρ, ϕ, and ψ(2S). A two-
dimensional template T(mµµ1

, mµµ2
) is constructed in the plane of the two dimuon invariant
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Figure 3: Two-dimensional distribution of the invariant masses mµµ1
vs. mµµ2

below (left) and
above (right) the J/ψ resonance, for the 2017 (top row) and 2018 (bottom row) analyses. The
greyscale heatmaps show the normalized QCD background templates, and the black vertical
and horizontal bands correspond to the regions around the η , ω(783),ϕ(1020), and ψ(2S) res-
onances. The white dots represent data events that pass all selection criteria but fall outside
the SR mµµ1

≃ mµµ2
(outlined by dashed lines), and the red triangles represent data events

passing all selection criteria. As discussed in Section 6.1, the paucity of events in the CR for
the 2017 analysis, particularly the region above J/ψ, is a result of the triggers selected for this
data-taking period.

masses to estimate the QCD background.

For both the 2017 and 2018 analyses the template is constructed over several steps. First, a
control sample is selected from the data. Events are required to have only one dimuon, at
least one orphan muon, and pass the event selection criteria as applied to signal candidates,
including the vertex probability and isolation selection on the only dimuon, the pixel hit re-
quirements, and all of the signal triggers. The primary HLT used in this study is a high-pT,
double muon trigger; consequently, the three muon selection requirement must contain two
high-pT muons. If an event includes more than one orphan muon, the muon with the highest
pT is selected. Depending on where the high-pT muons are, these events are separated into
two categories. The first category corresponds to events where both muons in the only dimuon
are high-pT muons, the mass of this dimuon system is used to model the mµµ1

template. The
second category contains events where the orphan muon is a high-pT muon and the dimuon
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Figure 4: Two-dimensional distribution of the invariant masses mµµ1
vs. mµµ2

above the Υ
resonances for the 2017 analysis (left) and the 2018 analysis (right). The greyscale heatmaps
represent the normalized 2D probability density function of the background data. White dots
represent data events that pass all selection criteria but fall outside the SR mµµ1

≃ mµµ2
(out-

lined by dashed lines), and the red triangles represent data events passing all selection criteria.

contains another high-pT muon, the mass of the dimuon defines, in that case, the mµµ2
variable.

This procedure ensures that kinematic differences between signal events that have exactly two
high-pT dimuons or just one high-pT dimuon are accounted for. For the 2018 analysis, the only
dimuon in the event is required to have at most one SA muon, pass the selection on fitted vertex
probability, and have at least one hit in the pixel system as explained in Section 4.

Next, two one-dimensional (1D) dimuon mass templates, TI(mµµ1
) and TII(mµµ2

), are obtained
from the control sample. Each distribution is fitted with a function comprised of a Gaussian
distribution for each light meson resonance and a set of sixth-degree Bernstein polynomials for
the continuum background shape. The 2D template T(mµµ1

, mµµ2
) is obtained by taking the

tensor product of the 1D templates, TI(mµµ1
)⊗ TII(mµµ2

).

Finally, the 2D template is normalized to unity in the dimuon-dimuon mass space for the region
below and above the J/ψ resonance. The template is represented as a smooth function of the
Cartesian product of mµµ1

and mµµ2
, and is shown by the greyscale colormap in Fig. 3. Here,

the SR defined in Section 4 is bounded by the dashed lines. The region of the mass space
outside the SR represents the control region (CR) for the QCD background. The ratio between
the integral of the template in the SR (ISR) and the CR (ICR), or R = ISR/ICR, is calculated
for both the region below and above the J/ψ. For the 2017 analysis, the ratios in the region
below and above the J/ψ are 0.046 and 0.096, respectively. Similarly, the ratios obtained for the
2018 analysis below and above the J/ψ are 0.044 and 0.093, respectively. The same figure also
displays the events found in the data that pass all selection criteria except the consistent mass
requirement, thus falling outside of the SR (represented as white dots).

For the 2017 (2018) analysis, there are in total 49 and 2 (98 and 66) events in the CR below and
above the J/ψ resonance, respectively. We then estimate the number of background events in
the SR below and above the J/ψ using the ratio R. In 2017, these values are 2.26 ± 0.32 (stat)
and 0.19 ± 0.14 (stat), below and above the J/ψ, respectively. In 2018, these values are 4.34 ±
0.44 (stat) and 6.16 ± 0.76 (stat), below and above the J/ψ, respectively. The statistical uncer-
tainty is calculated as the product of the ratio R with the square root of the number of CR
events, or R

√
NCR. Since R effectively normalizes this value, it is also referred to as the normal-
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ization uncertainty. These values are also listed in Table 2 for convenience.

This method of estimating the QCD background is further validated by performing a
Baker–Cousins (BC) χ2 test [86] for the data in the CR and the constructed template. Both the
2D template T(mµµ1

, mµµ2
) and data events in the CR are projected into 1D histograms. The

template integral is then scaled to the data entries. To calibrate the statistical test we randomly
generated one million sets of pseudo-data based on the template. The χ2 statistic of the BC
test is calculated for each pseudo-data set and the template to obtain a distribution of the χ2

values. The final calibrated p-value is obtained by calculating the χ2 between the actual data
and the template and quoting the fraction above the observed χ2 statistic in the χ2 distribution.
Because we are considering a total mass phase space trifurcated by the J/ψ and Υ resonances in
two separate analyses (2017 and 2018), we perform the BC test for each of these regions and for
both analyses. All p-values for mµµ1

are contained in [0.043, 0.924], and all p-values for mµµ2
are contained within [0.164, 0.889] for both the 2017 and 2018 analyses in the region below the
Υ resonances. Note that the lower range of p-values results from the paucity of background
events in the 2017 data set. For a complete list of p-values, see Table 4.

6.2 Background above the Υ resonances

Electroweak processes with two Z bosons, the tt process, and the Drell–Yan (DY) process all
contribute to the background above the Υ resonances. Additionally, we consider the possibil-
ity of a radiated photon in the DY process that converts into a dimuon. Such an event could
become a non-negligible background when a photon-converted muon is paired with an oppo-
sitely charged muon from the DY process. Most of these events, however, fail the requirement
of consistent dimuon masses and reside in the CR. The limited number of such events in the
data makes it difficult to model the shape of their distribution. To veto these events, the trail-
ing mass malt

trailing and trailing opening angle ∆Ralt
trailing from the alternative pairs are used. These

variables are calculated as follows: once two dimuons are obtained from the normal muon pair-
ing algorithm mentioned in Section 4, we alternatively pair these muons by taking one muon
from each dimuon and pairing it with the oppositely charged muon in the other dimuon; the
smaller invariant mass of alternative pairs is malt

trailing and the smaller opening angle of two

muons in alternative pairs is ∆Ralt
trailing. This alternative pairing restores dimuons that come

from the DY process and the radiated photon. Compared to the dimuon from the DY process,
the photon-converted dimuon usually has a smaller invariant mass and a smaller opening an-
gle between the two muons. A final requirement of malt

trailing > 3 GeV, or ∆Ralt
trailing > 0.2, is used

to veto these background events.

The selection of events with at most one SA muon in two dimuons also causes extra background
that is hard to model with MC samples. For example, in the tt process, one SA muon from the b
quark decay can be paired with an oppositely charged muon from the W boson decay to form
a dimuon. These dimuons are almost exclusively prompt. However, in the signal MC data,
events that contain one SA muon often happen when the signal boson is displaced. To mini-
mize the contamination of the actual data with these background events, we reject two-dimuon
events containing one SA muon if both dimuons are prompt-like with Lxy < 0.1 cm. Also, SA
muons in background events are usually caused by underlying event activity or punch-through
effects. Such SA muons have fewer reconstructed muon segments in the muon detector than
those from signal events. We require the SA muon to have at least two valid muon segments,
which further rejects the background caused by the SA muon.

Because the template method [32] fails to describe the background above the Υ resonances
accurately, we use the kernel density estimate (KDE) method [87] to model the background
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in the region above the Υ for both the 2017 and 2018 data sets. The KDE method is specifi-
cally chosen because it is a non-parametric method that operates on unbinned data, thereby
eliminating the reliance on the input parameters typically used in the template method. The
2D probability density function (pdf) is built via the KDE method in two steps: First, the
1D pdf, using a Gaussian kernel with an adaptive bandwidth, is taken for both mµµ1

and
mµµ2

. The 2D pdf is then formed via the outer product of the pdfs for mµµ1
and mµµ2

, i.e.,
f̂ (mµµ1

, mµµ2
) = fI(mµµ1

) ⊗ fII(mµµ2
), where fI,II(mµµ) are the 1D pdfs. Figure 4 displays

the 2D pdfs in the form of greyscale colormaps for the 2017 analysis (left) and the 2018 analysis
(right). The dashed lines bound the SR, i.e., SR

(
mµµ1

≃ mµµ2

)
, and the white dots represent

data events that fall outside this SR. The number of events in the CR above the Υ resonances
is 212 and 143 for the 2017 and 2018 data sets, respectively. In the mass region above the Υ
resonances, the ratio R is 0.085 (0.097) for the 2017 (2018) analyses. We then estimate the num-
ber of expected background events in the SR. For 2017, we expect 18.10 ± 1.23 (stat) events,
and for 2018, we expect 13.81± 1.16 (stat) events. The systematic uncertainties are explained in
detail in Section 7. For comparison across years and mass regions, these values and those from
the low-mass regions are listed in Table 2 and a summary of the background estimation and
mitigation method across mass regions is listed in Table 3.

Table 2: The number of observed events in the CR and the expected and observed number of
events in the SR in the three mass regions considered in this analysis.

Region Quantity
Year

2017 2018

Below J/ψ
Obs. events in CR 49 98
Exp. events in SR 2.26 ± 0.32 (stat) ± 0.14 (syst) 4.34 ± 0.44 (stat) ± 0.18 (syst)
Obs. events in SR 2 4

Above J/ψ
& Below Υ

Obs. events in CR 2 66
Exp. events in SR 0.19 ± 0.14 (stat) ± 0.01 (syst) 6.16 ± 0.76 (stat) ± 0.09 (syst)
Obs. events in SR 0 6

Above Υ
Obs. events in CR 212 143
Exp. events in SR 18.10 ± 1.23 (stat) ± 4.49 (syst) 13.81 ± 1.16 (stat) ± 5.39 (syst)
Obs. events in SR 24 20

Table 3: The background estimation and mitigation method are divided into two mass regions
below and above the Υ resonance. The region below the Υ uses the template method to estimate
the background PDFs with signal-like three-muon events, which include only one dimuon and
one orphan muon. The region above the Υ uses the KDE method with events in the control
region and involves further event selection for background mitigation.

Region Method Selection
Below Υ Template Signal-like three-muon events

Above Υ
KDE CR events
Background mitigation Veto malt

trailing > 3 GeV or ∆Ralt
trailing > 0.2 events

To assess the goodness-of-fit of the pdfs produced via the KDE method, we perform the BC
χ2 test. Just like the template method, the 2D pdfs are separated into the 1D pdfs individually
representing mµµ1

and mµµ2
. The BC test is then performed on each 1D pdf in the same manner

as described in Section 6.1, the results of which yield p-values in the range of [0.513, 0.974] for
both invariant dimuon masses and both analyses. For completeness, we tabulate all p-values
for both mµµ1

and mµµ2
in all three mass regions for both the 2017 and 2018 analyses in Table 4.
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Table 4: Results of the Baker–Cousins χ2 test for goodness-of-fit between the modeled back-
ground and the actual background events in the control regions. For background below the
Υ resonances, the 2D background templates are projected into one dimension, and the test is
conducted, comparing background data and template values, yielding two p-values per region
per data set. A similar procedure is followed for background above the Υ resonances: the 2D
pdfs are projected into one dimension and the BC test is conducted, yielding two p-values for
each dimuon invariant mass for both 2017 and 2018. Note that the low p-values for the mass
region above J/ψ and below Υ for the 2017 data set result from the low number of background
events in the data.

Region
p-value

2017 2018
mµµ1

mµµ2
mµµ1

mµµ2

Below J/ψ 0.333 0.889 0.186 0.164
Above J/ψ & below Υ 0.043 0.172 0.924 0.375
Above Υ 0.974 0.695 0.768 0.513

7 Systematic uncertainties
The leading source of experimental uncertainty in the signal prediction comes from the mea-
surement of the integrated luminosity recorded by the CMS detector: during the 2017 (2018)
data-taking period, this uncertainty was 2.3% [88] (2.5% [89]). Other experimental uncertain-
ties include the uncertainty on the final signal efficiency at high PU conditions (2.3% in 2017
and 1.8% in 2018), the selection of consistent masses of the two dimuons (0.24% for both 2017
and 2018), the uncertainty in the signal trigger scale factor that corrects for different trigger
efficiencies in the data and MC simulation (0.9% in 2017 and 0.6% in 2018), and the uncertainty
in the modeling of the PU distribution (0.1% in 2017 and 0.05% in 2018). The uncertainty on the
reconstruction of displaced tracks and vertices contributes to the total systematic uncertainty
of the 2018 analysis only, and is quoted at 1.0%, with 0.5% contributing from each displaced
dimuon vertex fit [90]. The experimental uncertainties due to muon identification, dimuon iso-
lation, and reconstruction of close muons in the tracker and the muon system can be found in
Ref. [32], and are reproduced in Table 5. The theoretical uncertainties include the uncertainty in
the PDFs, knowledge of the strong coupling constant αS, the renormalization and factorization
scales, and the production cross section of the Higgs boson and its branching fractions—all of
these uncertainties can be found in Ref. [32] as well, and are also reproduced in Table 5.

We also consider systematic uncertainties for the estimated background. The dimuon isolation
threshold described in Section 4 is varied by 5% around the threshold to achieve a total vari-
ation of 10%; the final number of expected background events in the SR is recomputed. The
changes in the expected background events are quoted as a systematic uncertainty for the re-
gion below J/ψ (6.6% in 2017 and 4.1% in 2018), between J/ψ and Υ (5.9% in 2017 and 1.5% in
2018), and above Υ (1.2% in 2017 and 2.3% in 2018).

For the region above the Υ resonances, we determine a systematic uncertainty on the pdf back-
ground shape by examining the number of estimated events for two scenarios in which the
number of CR events is reduced by half. This is accomplished by applying selections to the
events in the CR, which reduce their number by 50% and comparing the estimated number of
events in the SR resulting from these selections. For all selections placed, we first keep the SR
constant and then impose two different linear inequalities that eliminate roughly half of the
events in the CR, which are given by 0 ≤ ζmµµ1

− θmµµ2
and 0 ≥ θmµµ1

− ζmµµ2
, where ζ and

θ are arbitrary parameters chosen such that the desired 50% reduction of CR events is achieved.
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We use these inequalities to exclude data to determine how the number of expected events in
the SR changes, which provides a measure of the uncertainty on the background pdf shape.
To produce this result, we consider two scenarios for both the 2017 and 2018 analyses: for
the first scenario, we set the parameters ζ = 1.6 and θ = 1, and determine the number of
expected events in the SR. For the second scenario, we swap the values of ζ and θ and again
determine the number of events in the SR. The ratio of the SR and CR background yields, i.e.,
ISR/ICR, are computed and the expected background yields are compared to the nominal case
where no selection is applied. The uncertainty on the background pdf shape is then taken as
the largest percent difference, resulting in a 23.6% and 36.7% uncertainty for 2017 and 2018,
respectively. Note that we do not include uncertainty on the background shape below the Υ
resonances because this region was estimated using the template method. Table 5 presents all
uncertainties used in this analysis.

Table 5: The systematic uncertainties for the 2017 and 2018 analyses, including the experimen-
tal uncertainties on the signal and background, as well as the theoretical uncertainties. The
experimental uncertainties on the muon identification (ID), the dimuon isolation, and the re-
construction of close muons in both the tracker and the muon system have been reproduced
from [32]. Additionally, all theoretical uncertainties have been reproduced from [32].

Source of uncertainty Value
2017 2018

Experimental signal uncertainties
Integrated luminosity 2.3% 2.5%
Muon ID 4 × 0.6% 4 × 0.6%
Dimuon isolation 2 × 0.1% 2 × 0.1%
Reco. of close muons in tracker (signal mass < 9 GeV) 2 × 1.2% 2 × 1.2%
Reco. of close muons in muon system (signal mass < 9 GeV) 2 × 1.3% 2 × 1.3%
Muon HLT 0.9% 0.6%
Reconstruction of displaced track/vertex — 2 × 0.5%
PU distribution 0.1% 0.05%
PU effect on signal efficiency 2.3% 1.8%
Dimuon mass consistency 0.24% 0.24%
Experimental background uncertainties below J/ψ (0.21–2.72 GeV)
Normalization 14.2% 10.1%
Systematic 6.6% 4.1%
Experimental background uncertainties above J/ψ and below Υ (3.24–9 GeV)
Normalization 73.5% 12.3%
Systematic 5.9% 1.5%
Experimental background uncertainties above Υ (11–60 GeV)
Normalization 6.9% 8.4%
Systematic 1.2% 2.3%
Shape 23.6% 36.7%
Theoretical signal uncertainties
PDF + αS + QCD scales 8% 8%
Higgs cross-section and BRa 3.8% 3.8%
NNLO Higgs pT re-weightinga 2% 2%

aUncertainty is not used in the vector portal model.

During the 2017 and 2018 data-taking periods, an issue affecting the L1 trigger was
detected [59, 91], affecting muon candidates’ bunch crossing assignment. Here, the limited
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time resolution of the muon detectors could erroneously register a hit and fire the L1 trigger.
To assess the impact of this L1 trigger issue, we re-weight the signal MC samples by the muon
pT and η and obtained a corrected value of ϵFull. From this re-weighting, we conclude that this
L1 trigger issue has a negligible effect on ϵFull, causing an impact of less than 1%.

8 Results
After applying all selection criteria to the data sample, 26 (30) events are found in the full mass
range in SR for the 2017 (2018) analysis. Their distribution in the mµµ1

and mµµ2
phase space

is shown in Figs. 3 and 4. This result is consistent with the sum of all background estimates
described in Section 6. Model-independent observed upper limits at a 95% confidence level
(CL) are set on the product of the production cross section of pairs of new bosons, the square of
the branching fraction to dimuons, and the acceptance. Limits are set using the CLs method [92,
93]. The test statistic used is based on the logarithm of the likelihood ratio [94]. The systematic
uncertainties and their correlations have been accounted for by profiling the likelihood with
respect to the nuisance parameters for each value of the signal strength. The following results
have been determined using the CMS statistical analysis tool COMBINE [95].

The limit is shown as a function of ma in Fig. 5 over the range 0.21 < ma < 60 GeV for the 2017
and 2018 analyses (top left and top right, respectively), for the combined 2017 and 2018 data
set over the range 0.21 < ma < 60 GeV (bottom left), and for the combined 2016, 2017, and
2018 data set over the range 0.21 < ma < 9 GeV (bottom right), where the analysis presented
in Ref. [32] provides the input data for the 2016 data set. Overall, the limit for the 2018 data
set, the combination of the 2017 and 2018 data sets, and the combination of the 2016, 2017, and
2018 analyses varies between 0.049 and 0.247 fb for the model-independent interpretation. We
now interpret this result in the context of the signal benchmark models.

For the ALP scenario, the model-independent limit in Fig. 5 can be used to set the limit on
the ratio of the effective coupling between the ALP and the SM Higgs boson, Ceff

ah , and the
square of the new-physics energy scale, Λ, or Ceff

ah /Λ2. The partial width of the Higgs boson
decay to two ALPs can be found in Ref. [15]. We assume the Higgs boson mass is 125 GeV, the
partial width of Higgs boson decay to SM particles is 4.1 MeV, the production cross section of
the SM H via gg fusion at the LHC is 48.93 pb at a center-of-mass energy of 13 TeV [96], the
vacuum expectation value of the Higgs field is 246 GeV, and the branching fraction of the ALP
to muons is 100% (or 10%). The observed 95% CL upper limit on Ceff

ah /Λ2 as a function of the
ALP mass ma is shown in Fig. 6 (left). Through this analysis, we achieve further reach and
greater sensitivity than Run 1 LHC searches [36, 97, 98] (summarized in Ref. [15]). Similarly,
with different choices of Ceff

ah /Λ2 (1 TeV−2, 0.1 TeV−2 and 0.01 TeV−2), and a decay width of the
ALP to leptons as presented in Ref. [15], we set limits on the ratio of the effective coupling
between the ALP and SM leptons, Ceff

ll , to the new-physics energy scale, or Ceff
ll /Λ, as shown

in Fig. 6 (right). The limit on Ceff
ll /Λ depends directly on the value assumed for the total ALP

width. We fix the ALP total width to a constant reference point of 10−5 GeV for all mass points.

For the vector portal benchmark model, we set a 95% CL upper limit on the product of the
production cross section of the ZD, the branching fraction of the decay of ZD to sD and sD,
and the squared branching fraction of the decay of sD to two oppositely charged muons:
σ(pp → ZD)B(ZD → sDsD)B2(sD → 2µ) as a function of the dark scalar mass msD

and the dark
vector boson mass mZD

. This limit is subsequently translated to the limit on the product of the
square of the kinetic mixing parameter, ε2, times the branching fraction of the decay of ZD to a
pair of dark scalar bosons sD, times the squared branching fraction of the decay of the sD to a
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Figure 5: The model-independent 95% CL expected and observed upper limits set on
σ(pp → 2a + X)B2(a → 2µ)αGen over the range 0.21 < ma < 60 GeV for the 2017 and 2018
analyses (top left and top right, respectively), over the range 0.21 < ma < 60 GeV for the com-
bined 2017 and 2018 analyses (bottom left), and over the range 0.21 < ma < 9 GeV for the
combined 2016, 2017, and 2018 analyses (bottom right). Mass ranges that overlap with J/ψ and
Υ resonances are excluded from the search.

dimuon: ε2B(ZD → sDsD)B2(sD → 2µ). As the sD may also decay into SM particles other than
dimuons, the branching fraction of its decay into dimuons must be taken into account in this
limit, for various msD

and mZD
, which is shown in Fig. 7 for various msD

and mZD
.

For the NMSSM scenario, the 95% CL observed upper limits are derived
for σ(pp → h1,2 → 2a1)B2(a1 → 2µ) as a function of ma1

with mh1
= 90 GeV (Fig. 8 left) and

mh1
= 125 GeV (Fig. 8 middle), with mh2

fixed at 125 GeV; and mh2
= 150 GeV (Fig. 8 right)

with mh1
fixed at 125 GeV. It is assumed that all contributions come from either h1 or h2; there

is no case in which both h1 and h2 decay to the a1. The branching fraction of the a1 decay to a
dimuon is dependent on the a1 mass [78].
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upper limits on the effective coupling Ceff
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For the dark SUSY scenario, a 95% CL observed upper limit is set on the product of the h
production cross section and the branching fractions of the h decay to a pair of dark photons.
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Figure 8: The 95% CL observed upper limits for σ(pp → h1,2 → 2a1)B2(a1 → 2µ) for the
NMSSM as a function of ma1

for three choices of mh1,2
. The left and middle plots have mh2

fixed to 125 GeV and the right plot has mh1
fixed to 125 GeV. The data presented here reflect

the results of the 2017 and 2018 data sets combined with the previously published results of the
2016 data set in [32].

The limit set by this experimental search is presented in Fig. 9 as areas excluded in a two-
dimensional plane of ε and mγD

. Here, the Higgs boson mass is taken to be 125 GeV, and the
production cross section of the Higgs boson via gg fusion at the LHC is 48.93 pb at 13 TeV [96].

For this search, limits are shown for the branching fraction of the h decay to two dark photons
in the range 0.05–10%. The kinetic mixing parameter, ε, the mass of the dark photon mγD

,
the branching fraction of the γD decays to a dimuon, and the proper decay length of the dark
photon cτγD

are related via an analytic function that is solely dependent on the dark photon
mass [99]. The proper decay length of the dark photon is allowed to vary from 0 to 100 mm
and mγD

can range from 0.25 to 58 GeV. With the extended ranges in dimuon mass (0.21–
60 GeV), this analysis excludes a previously unexplored area in the parameter space of ε and
mγD

compared to the previous model-independent search (0.25–8.5 GeV) [32].
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Figure 9: The 95% CL observed upper limits (black solid curves) from this search as inter-
preted in the dark SUSY scenario for the process pp → h → 2n1 → 2γD + 2nD → 4µ +X, with
mn1

= 60 GeV and mnD
= 1 GeV. The limits are presented in the plane of ε and mγD

. The color
gradient represents different branching fraction assumptions for B(h → 2n1 → 2γD + 2nD),
ranging from dark orange (0.05%) to light orange (10%). The degradation of the limit around
1 GeV is attributed to the drop in the dimuon branching fraction B(γD → 2µ) due to the
dimuon resonance of the ϕ meson [99].
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9 Summary
A search for pairs of new bosons a that subsequently decay to pairs of oppositely charged
muons is presented. This search is performed using data samples collected by the CMS exper-
iment in 2017 and 2018, corresponding to 41.5 fb−1 for the prompt signal in 2017 and 59.7 fb−1

for both the prompt and displaced signals in 2018, for proton-proton collisions at
√

s = 13 TeV.
The results are also combined with a similar analysis performed by the CMS Collaboration [32],
which analyzed a smaller data set collected in 2016 corresponding to 35.9 fb−1 of proton-proton
collisions at

√
s = 13 TeV. Additionally, both the mass range of the boson a and the maximum

possible displacement of its decay vertex are extended compared to the previous version of
this analysis. The distribution of events in the signal region is consistent with standard model
expectations. Model-independent 95% confidence level upper limits on the product of the pro-
duction cross section of pairs of new bosons, the square of the branching fraction to dimuons,
and the acceptance are set over the mass range 0.21 < ma < 60 GeV and are found to vary
between 0.049 and 0.247 fb. These model-independent limits are then interpreted in the con-
text of an axion-like particle model, a vector portal model, a next-to-minimal supersymmetric
standard model, and a dark supersymmetry scenario with non-negligible boson proper decay
length of up to cτ = 100 mm.
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P. Major , G. Pásztor , G.I. Veres

Faculty of Informatics, University of Debrecen, Debrecen, Hungary
B. Ujvari , G. Zilizi

Institute of Nuclear Research ATOMKI, Debrecen, Hungary
G. Bencze, S. Czellar, J. Molnar, Z. Szillasi

Karoly Robert Campus, MATE Institute of Technology, Gyongyos, Hungary
F. Nemes34 , T. Novak

Panjab University, Chandigarh, India
J. Babbar , S. Bansal , S.B. Beri, V. Bhatnagar , G. Chaudhary , S. Chauhan ,
N. Dhingra36 , A. Kaur , A. Kaur , H. Kaur , M. Kaur , S. Kumar , K. Sandeep ,
T. Sheokand, J.B. Singh , A. Singla

University of Delhi, Delhi, India
A. Ahmed , A. Bhardwaj , A. Chhetri , B.C. Choudhary , A. Kumar , A. Kumar ,
M. Naimuddin , K. Ranjan , M.K. Saini, S. Saumya

Saha Institute of Nuclear Physics, HBNI, Kolkata, India
S. Baradia , S. Barman37 , S. Bhattacharya , S. Das Gupta, S. Dutta , S. Dutta, S. Sarkar

Indian Institute of Technology Madras, Madras, India
M.M. Ameen , P.K. Behera , S.C. Behera , S. Chatterjee , G. Dash , P. Jana ,
P. Kalbhor , S. Kamble , J.R. Komaragiri38 , D. Kumar38 , P.R. Pujahari , N.R. Saha ,
A. Sharma , A.K. Sikdar , R.K. Singh, P. Verma, S. Verma , A. Vijay

https://orcid.org/0000-0002-6198-8388
https://orcid.org/0000-0003-1644-7678
https://orcid.org/0000-0002-0869-5631
https://orcid.org/0000-0002-6256-5715
https://orcid.org/0000-0002-8597-9259
https://orcid.org/0000-0002-0726-1452
https://orcid.org/0000-0001-5270-7540
https://orcid.org/0000-0001-9828-9778
https://orcid.org/0000-0002-3060-2278
https://orcid.org/0000-0003-0456-7250
https://orcid.org/0000-0003-4337-0098
https://orcid.org/0000-0003-2618-9203
https://orcid.org/0009-0009-1748-974X
https://orcid.org/0000-0003-2808-7315
https://orcid.org/0000-0002-4021-4260
https://orcid.org/0000-0001-7040-9846
https://orcid.org/0000-0003-1539-923X
https://orcid.org/0000-0001-9894-2095
https://orcid.org/0000-0002-7069-9019
https://orcid.org/0000-0002-7467-2980
https://orcid.org/0000-0002-7703-3973
https://orcid.org/0000-0002-5223-9342
https://orcid.org/0000-0002-6237-5209
https://orcid.org/0000-0002-0408-2811
https://orcid.org/0000-0003-3887-5358
https://orcid.org/0000-0001-9456-383X
https://orcid.org/0000-0002-0029-493X
https://orcid.org/0000-0001-6070-7698
https://orcid.org/0000-0001-6277-7171
https://orcid.org/0000-0002-4860-5979
https://orcid.org/0000-0001-5061-7031
https://orcid.org/0000-0002-7992-2686
https://orcid.org/0000-0002-2375-5401
https://orcid.org/0000-0001-6958-4196
https://orcid.org/0000-0001-8448-883X
https://orcid.org/0000-0003-4958-0408
https://orcid.org/0000-0001-5680-8357
https://orcid.org/0000-0001-5212-4353
https://orcid.org/0000-0003-0287-1937
https://orcid.org/0000-0002-4280-2541
https://orcid.org/0000-0002-6360-0869
https://orcid.org/0000-0002-8440-0487
https://orcid.org/0000-0002-0805-0809
https://orcid.org/0000-0002-5903-5481
https://orcid.org/0009-0009-3752-6253
https://orcid.org/0000-0002-7440-4396
https://orcid.org/0000-0003-3247-8909
https://orcid.org/0000-0002-9937-3063
https://orcid.org/0000-0002-2225-7160
https://orcid.org/0000-0002-7193-800X
https://orcid.org/0000-0003-0091-477X
https://orcid.org/0000-0001-8810-0388
https://orcid.org/0000-0001-9608-3901
https://orcid.org/0000-0001-9783-0315
https://orcid.org/0000-0002-3154-6925
https://orcid.org/0000-0003-1740-6974
https://orcid.org/0000-0002-5043-2958
https://orcid.org/0000-0002-8305-6661
https://orcid.org/0000-0001-5559-0106
https://orcid.org/0000-0002-5476-0414
https://orcid.org/0000-0003-0707-9762
https://orcid.org/0000-0002-5440-4356
https://orcid.org/0000-0003-0498-4265
https://orcid.org/0000-0002-0480-0000
https://orcid.org/0000-0002-1451-6484
https://orcid.org/0000-0001-6253-4356
https://orcid.org/0000-0002-4080-4156
https://orcid.org/0000-0003-1992-0336
https://orcid.org/0000-0002-8392-9610
https://orcid.org/0000-0003-0168-3336
https://orcid.org/0000-0001-6974-4129
https://orcid.org/0000-0002-7200-6204
https://orcid.org/0000-0002-1640-9180
https://orcid.org/0000-0003-3609-4777
https://orcid.org/0000-0002-8659-7092
https://orcid.org/0000-0002-3440-2767
https://orcid.org/0000-0001-9212-9108
https://orcid.org/0000-0002-3220-3668
https://orcid.org/0000-0001-9029-2462
https://orcid.org/0000-0003-2550-139X
https://orcid.org/0000-0002-4500-8853
https://orcid.org/0000-0002-7544-3258
https://orcid.org/0000-0001-7495-1923
https://orcid.org/0000-0001-5029-1887
https://orcid.org/0000-0003-3407-4094
https://orcid.org/0000-0002-5180-6595
https://orcid.org/0000-0003-4542-386X
https://orcid.org/0000-0002-5540-3750
https://orcid.org/0000-0001-7842-9518
https://orcid.org/0000-0001-9860-7262
https://orcid.org/0000-0001-8891-1674
https://orcid.org/0000-0002-8110-4957
https://orcid.org/0000-0001-9650-8121
https://orcid.org/0000-0002-1909-9843
https://orcid.org/0000-0002-1527-2266
https://orcid.org/0000-0002-0798-2727
https://orcid.org/0000-0003-0185-9872
https://orcid.org/0000-0002-7451-4763
https://orcid.org/0000-0001-5310-5170
https://orcid.org/0000-0002-5892-3743
https://orcid.org/0000-0001-7515-3907
https://orcid.org/0000-0002-9344-6655
https://orcid.org/0000-0002-6636-5331
https://orcid.org/0000-0002-0994-7212
https://orcid.org/0000-0002-7954-7898
https://orcid.org/0000-0002-0688-923X
https://orcid.org/0000-0002-5437-5217
https://orcid.org/0000-0003-1163-6955


34

Tata Institute of Fundamental Research-A, Mumbai, India
S. Dugad, G.B. Mohanty , B. Parida , M. Shelake, P. Suryadevara

Tata Institute of Fundamental Research-B, Mumbai, India
A. Bala , S. Banerjee , R.M. Chatterjee, M. Guchait , Sh. Jain , A. Jaiswal, S. Kumar ,
G. Majumder , K. Mazumdar , S. Parolia , A. Thachayath

National Institute of Science Education and Research, An OCC of Homi Bhabha National
Institute, Bhubaneswar, Odisha, India
S. Bahinipati39 , C. Kar , D. Maity40 , P. Mal , T. Mishra , V.K. Muraleedha-
ran Nair Bindhu40 , K. Naskar40 , A. Nayak40 , S. Nayak, K. Pal, P. Sadangi, S.K. Swain ,
S. Varghese40 , D. Vats40

Indian Institute of Science Education and Research (IISER), Pune, India
S. Acharya41 , A. Alpana , S. Dube , B. Gomber41 , P. Hazarika , B. Kansal ,
A. Laha , B. Sahu41 , S. Sharma , K.Y. Vaish

Isfahan University of Technology, Isfahan, Iran
H. Bakhshiansohi42 , A. Jafari43 , M. Zeinali44

Institute for Research in Fundamental Sciences (IPM), Tehran, Iran
S. Bashiri, S. Chenarani45 , S.M. Etesami , Y. Hosseini , M. Khakzad , E. Khazaie46 ,
M. Mohammadi Najafabadi , S. Tizchang47

University College Dublin, Dublin, Ireland
M. Felcini , M. Grunewald
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Trento, Italy
R. Ardinoa , P. Azzia , N. Bacchettaa,53 , D. Biselloa,b , P. Bortignona , G. Bortolatoa,b,
A. Bragagnoloa,b , A.C.M. Bullaa , R. Carlina,b , T. Dorigoa , F. Gasparinia,b ,
U. Gasparinia,b , E. Lusiania , M. Margonia,b , A.T. Meneguzzoa,b , M. Migliorinia,b ,
F. Montecassianoa , J. Pazzinia,b , P. Ronchesea,b , R. Rossina ,b , F. Simonettoa,b ,
M. Tosia,b , A. Triossia,b , S. Venturaa , M. Zanettia ,b , P. Zottoa,b , A. Zucchettaa,b ,
G. Zumerlea ,b

INFN Sezione di Paviaa, Università di Paviab, Pavia, Italy
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S. Ajmala ,b , M.E. Asciotia,b, G.M. Bileia , C. Carrivalea,b, D. Ciangottinia ,b , L. Fanòa,b ,
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M. Dittmar, M. Donegà , F. Eble , M. Galli , K. Gedia , F. Glessgen , C. Grab ,
N. Härringer , T.G. Harte, D. Hits , W. Lustermann , A.-M. Lyon , R.A. Manzoni ,
M. Marchegiani , L. Marchese , C. Martin Perez , A. Mascellani60 , F. Nessi-Tedaldi ,
F. Pauss , V. Perovic , S. Pigazzini , C. Reissel , B. Ristic , F. Riti , R. Seidita ,
J. Steggemann60 , A. Tarabini , D. Valsecchi , R. Wallny
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