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Abstract

An inclusive search for long-lived exotic particles (LLPs) decaying to final states with
a pair of muons is presented. The search uses data corresponding to an integrated
luminosity of 36.6 fb−1 collected by the CMS experiment from the proton-proton col-
lisions at

√
s = 13.6 TeV in 2022, the first year of Run 3 of the CERN LHC. The experi-

mental signature is a pair of oppositely charged muons originating from a secondary
vertex spatially separated from the proton-proton interaction point by distances rang-
ing from several hundred µm to several meters. The sensitivity of the search benefits
from new triggers for displaced dimuons developed for Run 3. The results are in-
terpreted in the framework of the hidden Abelian Higgs model, in which the Higgs
boson decays to a pair of long-lived dark photons, and of an R-parity violating su-
persymmetry model, in which long-lived neutralinos decay to a pair of muons and a
neutrino. The limits set on these models are the most stringent to date in wide regions
of lifetimes for LLPs with masses larger than 10 GeV.
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1 Introduction
Long-lived particles (LLPs) that are unobserved as yet are predicted by many extensions of
the standard model (SM), in particular by various supersymmetry (SUSY) scenarios [1, 2] and
“hidden-sector” models [3, 4]. Such particles could manifest themselves through decays to SM
particles at macroscopic distances from the proton-proton (pp) interaction point (IP).

This paper describes an inclusive search for an exotic massive LLP decaying to a pair of oppo-
sitely charged muons, referred to as a “displaced dimuon”, originating from a secondary vertex
spatially separated from the IP. The analysis is based on a data set of pp collisions correspond-
ing to an integrated luminosity of 36.6 fb−1 collected with the CMS detector at

√
s = 13.6 TeV

during 2022, the first year of Run 3 of the CERN LHC. It is a continuation and extension of the
CMS analysis [5] performed using data collected at

√
s = 13 TeV during Run 2 (2016–2018) and

corresponding to an integrated luminosity of 97.6 fb−1 (referred to below as the CMS Run 2
analysis). A minimal set of requirements and loose event selection criteria allow the search to
be sensitive to a wide range of models predicting LLPs that decay to final states that include a
pair of oppositely charged muons. Improvements in the triggers result in a significantly higher
efficiency for displaced dimuons in Run 3, particularly at dimuon masses of a few tens of GeV.
The present search explores the LLP mass range above 10 GeV and is sensitive to vertex dis-
placements ranging from several hundred µm to several meters.

We interpret the results of the search in the frameworks of two benchmark models: the hidden
Abelian Higgs model (HAHM), in which displaced dimuons arise from decays of hypothetical
dark photons [6], and a simplified SUSY model, in which long-lived neutralinos decay to a pair
of muons and a neutrino as a result of R-parity violation (RPV) [2]. The results for the HAHM
model from Run 3 are statistically combined with the results of the Run 2 analysis [5]. The
Run 2 search [5] and the present search are complementary to a CMS search [7], which uses
data collected in Run 2 with a dedicated high-rate data stream in order to explore otherwise
inaccessible parameter space at low dimuon masses. A search for LLPs decaying to displaced
dimuons has also been performed by CMS in Run 1, using data taken at

√
s = 8 TeV and

corresponding to an integrated luminosity of 20.5 fb−1 [8, 9], and by the ATLAS Collaboration
in Run 2, using data corresponding to an integrated luminosity of 32.9 fb−1 [10, 11].

This paper is organized as follows. Section 2 describes the CMS detector. Section 3 presents
the signal models, as well as the simulated signal and background event samples. Section 4
describes the analysis strategy, the triggers, and the offline event selection. Estimation of back-
grounds and the associated systematic uncertainties are described in Section 5. Section 6 sum-
marizes the systematic uncertainties affecting signal efficiencies. Section 7 describes the results
of this analysis and their combination with the results of the CMS Run 2 analysis. The summary
of the paper is given in Section 8. Tabulated results and supplementary material for reinterpret-
ing the results in the framework of models not explicitly considered in this paper are provided
in the HEPData record for this analysis [12].

2 The CMS detector
The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker extending outwards to a radius of 1.1 m, a lead tungstate crystal electromagnetic cal-
orimeter, and a brass and scintillator hadron calorimeter, each composed of a barrel and two
endcap sections. Forward calorimeters extend the coverage in pseudorapidity η provided by
the barrel and endcap detectors. Muons are detected in gas-ionization chambers covering the
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range |η| < 2.4 and embedded in the steel flux-return yoke outside the solenoid. The muon
system is composed of four types of chambers: drift tubes (DTs) in the barrel (|η| < 1.2), cath-
ode strip chambers (CSCs) in the endcaps (0.9 < |η| < 2.4), resistive-plate chambers in both the
barrel and the endcaps, and gas electron multipliers in the forward regions of the endcaps. The
chambers are assembled into four “stations” at increasing distance from the IP. The stations in
the barrel are located approximately 4, 5, 6, and 7 m away from the IP radially, while the sta-
tions in the endcap are located approximately 7.0, 8.0, 9.5, and 10.5 m away from the IP along
the beam line axis on both ends of the detector. Each station provides reconstructed hits in
several detection planes, which are combined into track segments, forming the basis of muon
reconstruction in the muon system [13]. A more detailed description of the CMS detector, to-
gether with a definition of the coordinate system used and the relevant kinematical variables,
can be found in Refs. [14, 15].

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 approximately 100 kHz within a fixed latency of 4 µs [16]. At the
next stage, a farm of processors running a version of the full event reconstruction software
optimized for fast processing, known as the high-level trigger (HLT), reduces the event rate
to about 1 kHz before data storage [17]. At the HLT, muon candidates are reconstructed in
two steps. In the first step, referred to as Level 2 (L2), muons are reconstructed using only the
information from the muon detectors, whereas at the stage referred to as Level 3 (L3), tracker
information is also used.

3 Signal models and simulated samples
Two signal models with different final-state topologies and event kinematics are used in the
optimization of event selection criteria and in the interpretation of results. The first belongs
to a class of models featuring a “hidden” or “dark” sector of matter that does not interact
directly with the SM particles, but can manifest itself through mixing effects. This HAHM
benchmark [6, 18] contains an extra dark gauge field U(1)D, which mixes kinetically with the
hypercharge SM gauge field (“vector portal”) and gives rise to a spin-1 mediator known as
the dark photon ZD. The symmetry of U(1)D is broken by a new dark Higgs field HD, which
mixes with the SM Higgs boson H (“Higgs portal”) and gives mass m(ZD) to the dark photon.
If there are no hidden-sector states with masses smaller than m(ZD), the mixing through the
vector portal with the SM photon and Z boson causes the dark photon to decay exclusively to
SM particles, with a sizable branching fraction to leptons. Pair production of the ZD via the
Higgs portal with subsequent decays of dark photons via the vector portal is shown in Fig. 1
(left).

The present search probes the regime of m(ZD) > 10 GeV with small values of the Z–ZD kine-
tic mixing parameter ϵ [6]. In this regime, the dark photon is long-lived, since its mean proper
lifetime τ(ZD) is proportional to ϵ−2. In particular, the dark photon with 10 GeV ≲ m(ZD) <
m(H)/2 is expected to have macroscopically large mean proper decay lengths, for example,
cτ(ZD) ≳ O(100 µm) for ϵ < O(10−6). The ZD production rate is governed by the branching
fraction B(H → ZDZD), which does not depend on ϵ but is proportional to the square of
κm2(H)/|m2(H)−m2(HD)|, where κ is the H–HD mixing parameter. Since κ and m(HD) affect
only the overall dark photon production rate, sampling of m(ZD) and ϵ is sufficient to explore
different kinematical and topological scenarios of the model. We generated a set of 24 simulated
HAHM event samples with m(ZD) between 10 and 60 GeV and ϵ between 10−7 and 2× 10−9. In
this mass range, the model’s prediction for B(ZD → µ+µ−) varies between 15.4% at m(ZD) =
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Figure 1: Feynman diagrams for (left) the HAHM model, showing the production of long-
lived dark photons ZD via the Higgs portal, through H–HD mixing with the parameter κ, with
subsequent decays to pairs of muons or other fermions via the vector portal; and (right) pair
production of squarks followed by q̃ → qχ̃0

1 decays, where the RPV neutralino is assumed to
be a long-lived particle that decays into a neutrino and two charged leptons.

10 GeV and 10.7% at m(ZD) = 60 GeV. The dark Higgs boson is assumed to be heavy enough
so that H → HDHD decays are kinematically forbidden. (In the sample generation, we use
m(HD) = 400 GeV and κ = 0.01.) The production of dark photons is modeled at leading
order by MADGRAPH5 aMC@NLO [19] version 2.9.9. The samples are generated only for the
dominant gluon-fusion production mechanism, but the Higgs boson production cross section
is normalized to the most recent theoretical prediction for the sum of all production modes
for m(H) = 125 GeV at

√
s = 13.6 TeV, 59.8 pb [20, 21]. The decays of the dark photons are

modeled by PYTHIA 8.306 [22].

We also consider a simplified benchmark model inspired by RPV SUSY and featuring displaced
µ+µ−ν vertices. Unlike the HAHM, where the two-body LLP decay leads to displaced µ+µ−

vertices that are reconstructed with the dimuon invariant mass mµµ corresponding to the LLP
mass, the presence of a neutrino at the decay vertex leads to a nonpeaking mµµ distribution
with a broad spectrum below the endpoint at the LLP mass. In this model, which was used
by CMS in the Run 1 searches for displaced dimuons [8, 9] and by ATLAS in the Run 2 search
for pairs of displaced charged leptons [11], the LLP is assumed to be an RPV neutralino χ̃0

1
that results from decays of mass-degenerate squarks, q̃ → qχ̃0

1, which are pair produced in pp
collisions. Nonzero values of RPV couplings λ122 and λ232 enable displaced χ̃0

1 decays into a
pair of oppositely charged muons and a neutrino, χ̃0

1 → µ+µ−ν [23, 24]. The Feynman diagram
for this process is shown in Fig. 1 (right).

The search uses benchmark signal samples that are generated assuming B(χ̃0
1 → µ+µ−ν) =

B(χ̃0
1 → e+e−ν) = 0.5, which gives rise to events with up to two displaced dimuon vertices.

To explore a wide range of kinematic variables and event topologies, we chose six m(q̃) values
in the range between 125 GeV and 1.6 TeV, and for each chosen m(q̃), generated sets of samples
with ∆m = m(q̃)− m(χ̃0

1) of 25, 200, and 650 GeV, and sets with constant m(χ̃0
1) values of 50

and 500 GeV such that m(χ̃0
1) < m(q̃). To study a wide range of signal displacements, each

set contains three samples with the generated cτ(χ̃0
1) values corresponding to mean transverse

decay lengths of approximately 3, 30, and 250 cm in the laboratory frame. All other SUSY par-
ticles (e.g., gluinos and sleptons) are assumed to be too heavy to be produced. (Their masses
are set to 10 TeV.) The samples are generated with PYTHIA 8.306. The squark-antisquark pro-
duction cross sections are calculated with NNLL-fast version 2.0 to approximate next-to-next-
to-leading order (NNLO) in the strong coupling constant, including the resummation of soft
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gluon emission at next-to-next-to-leading logarithmic accuracy [25]. The computation uses the
NNLO PDF4LHC21 parton distributions functions (PDFs) [26].

Since the optimization of the event selection criteria and the evaluation of the residual back-
grounds are performed using data, the simulated background samples are used primarily to
gain a better understanding of the nature and composition of background events passing the
event selection. Simulated background samples used in the analysis include Drell–Yan (DY)
dilepton production; tt , tW, and tW events; W and Z boson pair production (dibosons); sam-
ples of J/ψ mesons produced in b hadron cascade decays; W+jets; and events comprised of jets
produced through the strong interaction that are enriched in muons from semileptonic decays
of hadrons containing b or c quarks.

The simulated signal and background samples are produced with PDFs NNPDF3.1 [27] at
NNLO, using the CP5 tune [28], which is optimized for these PDFs, to model the underlying
event. The passage of particles through the detector is simulated by GEANT4 [29]. Simulated
minimum bias events are superimposed on a hard interaction in simulated events to describe
the effect of additional inelastic pp interactions within the same or neighboring bunch cross-
ings, known as pileup. All simulated events are then reconstructed with the same algorithms
as used for data. A reweighting procedure that combines events in all simulated signal samples
at a given signal mass [30] is employed to calculate the efficiencies for lifetimes different from
those of the available samples.

4 Analysis strategy and event selection
4.1 Analysis strategy

An LLP produced in the hard interaction of the colliding protons may travel a significant dis-
tance in the detector before decaying into muons. While trajectories of the muons produced
well within the silicon tracker can be reconstructed by both the tracker and the muon system,
tracks of muons produced in the outer tracker layers or beyond can only be reconstructed by
the muon system. Since the dimuon vertex resolution and the background composition differ
dramatically depending on whether the muon is reconstructed in the tracker, we classify all
reconstructed dimuon events into three mutually exclusive categories: a) both muons are re-
constructed using both the tracker and the muon system (TMS-TMS category); b) both muons
are reconstructed using only the muon system, as “standalone” muons (STA-STA category);
and c) one muon is reconstructed only in the muon system, whereas the other muon is recon-
structed using both the tracker and the muon system (STA-TMS category). These three cate-
gories of events are analyzed separately, with each benefiting from dedicated event selection
criteria and background evaluation. The STA-TMS category, which had the lowest sensitivity
among the three categories in the Run 2 analysis [5], is not used for the results presented in this
paper; the results in the other two categories are statistically combined.

The beam spot is identified with the mean position of the pp interaction vertices. The primary
vertex (PV) is taken to be the vertex corresponding to the hardest scattering in the event, eval-
uated using tracking information alone, as described in Section 9.4.1 of Ref. [31]. A pair of
reconstructed muon tracks is fitted to a common secondary vertex (SV), which is expected to
be displaced with respect to the PV. The transverse decay vector L⃗xy is defined from the PV to
the SV in the plane transverse to the beam direction, while the transverse decay length Lxy is
the magnitude of this vector. The transverse impact parameter d0 is defined as the distance of
closest approach of the muon track in the transverse plane with respect to the PV.
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4.2 Trigger algorithms

Events were collected with dedicated triggers aimed at recording dimuons produced both
within and outside of the tracker. In Run 2, these triggers required two muons reconstructed
in the muon system alone, without using any information from the tracker [32]. They were
deployed in 2016 and 2018 and included a beam spot constraint in the muon track fits at L1
but not at the HLT. The values of the L1 pT thresholds varied from 11 and 4 GeV (for the lead-
ing and subleading L1 muons, respectively) during most of 2016 to 15 and 7 GeV at the end of
Run 2. Each HLT muon was required to be within the region |η| < 2.0 and to have transverse
momentum pT > 28 (23)GeV for 2016 (2018) data taking.

The primary goal of the trigger optimization performed for Run 3 data taking was to increase
the signal efficiency by lowering as much as possible the pT thresholds and by removing the
beam spot constraint at L1, without increasing considerably the resulting trigger rate. Two
additional sets of L1 triggers were introduced. One set comprises double-muon triggers with
either no or a very low (4.5 GeV) muon-pT threshold, which were made possible by requiring
that the L1 muon candidates have opposite signs, segments in at least three different muon
stations, angular separation ∆Rµµ =

√
(∆ηµµ)

2 + (∆ϕµµ)
2 that does not exceed a threshold

that varies between 1.2 and 1.4, and |η| < 1.5 in the trigger with no explicit pT requirement.
The other set takes advantage of a new track-finding procedure in the barrel section of the
L1 muon trigger. This procedure enables the reconstruction of L1 muon candidates and the
determination of their pT without using the beam spot constraint [15]. These triggers require
this pT be larger than 15 and 7 GeV for the leading and subleading L1 muon, respectively. The
pT thresholds are lowered to 6 and 4 GeV when d0 of both L1 muons is larger than 25 cm. The
new L1 triggers mitigate the efficiency loss that was present in Run 2 for displaced muons not
pointing to the beamspot [5], thereby improving the trigger efficiency for LLPs with cτ ≳ 10 cm.
The relative efficiency gain evaluated using the simulated HAHM signal events increases as cτ
increases, reaching a plateau at 20 to 50% (depending on m(ZD)) at cτ(ZD) ≈ 10 m.

The events selected by the aforementioned L1 triggers were then required to be selected by
a logical OR of the 2018 L2 trigger paths used in the Run 2 analysis [5] and the newly de-
signed HLT paths. The new paths use two complementary algorithms described below, and
are characterized by pT thresholds that depend on the muon d0, as illustrated in Fig. 2. The
first algorithm, labeled Run 3 (2022, L2) in Fig. 2, imports some of the elements of the offline
analysis into the online selection, in order to take advantage of the superior tracker resolution
in determining muon d0. Instead of stopping the online reconstruction at the L2 stage (muon
system alone) as it was done in the Run 2 trigger, the algorithm attempts to reconstruct the
muon candidates at the L3 stage as well (similar to offline TMS muons). If either of the two L2
muon candidates is reconstructed at L3 as a muon with d0 < 1 cm, the event is discarded, since
such an L2 muon candidate is likely to originate from the background processes. The result-
ing trigger operates with muon pT thresholds of 10 GeV and improves significantly the signal
efficiency in the STA-STA category, while contributing only about 1% additional HLT rate.

The second new HLT algorithm, labeled Run 3 (2022, L3) in Fig. 2, introduces new paths relying
entirely on the online L3 muon reconstruction. A moderate threshold on the impact parameter
of each muon, d0 > 0.01 cm, allows the pT thresholds to be fairly low: 16 GeV on the leading
muon µ1 and 10 GeV on the subleading muon µ2. The resulting trigger greatly improves the
signal efficiency in the TMS-TMS category, while adding only another ≈1% of HLT rate. An
increase in the number of background events selected by the trigger led to the refinements in
the offline event selection described in Section 4.3.

The combined L1-HLT efficiency of the various displaced dimuon trigger paths and their com-
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Figure 2: The pT and d0 coverage of the 2016 Run 2 triggers (light blue), 2018 Run 2 triggers
(blue), and newly designed 2022 Run 3 triggers described in the text (red). The two values of
the pT refer to the trigger thresholds for the muons.

bination as a function of cτ is shown in Fig. 3 for the simulated HAHM signal events with
m(ZD) = 20 GeV. Because the Run 2 triggers (dashed black) have no restrictions on d0, they
continue to have the highest efficiency (15%) at cτ < 0.02 cm. The addition of the Run 3 (2022,
L3) paths (blue) increases the overall efficiency (black) by more than a factor of 2 for cτ = 0.1–
1 cm. The efficiency of this trigger starts to drop at cτ ≳ 5 cm, when dimuons are produced
beyond the innermost tracker layers and the L3 muon reconstruction efficiency decreases. At
larger cτ values, the addition of the Run 3 (2022, L2) paths (red) strongly contributes to the
improvement of the signal efficiency, e.g., by more than a factor of 3 at cτ = 1 m. The decline
of the efficiencies at the largest cτ is driven by the increased fraction of dimuons produced
outside the CMS detector. Overall, the addition of new L1 and HLT paths improves the trigger
efficiency for ZD with m(ZD) > 10 GeV and cτ ≳ 0.1 cm by a factor of 2 to 4, depending on cτ
and mass. The performance of the trigger was validated using data as described in Section 6.

4.3 Muon reconstruction and event selection

Optimal performance for the wide range of displacements of secondary vertices considered
in the analysis cannot be achieved by a single muon reconstruction algorithm. To accurately
reconstruct muons produced near the IP, commonly used algorithms developed for prompt
muons are employed. These algorithms combine measurements from both the tracker and the
muon system. Two such TMS algorithms are the global muon and tracker muon reconstruction
algorithms [13, 33]. The global muon algorithm reconstructs muons by fitting hits in the tracker
and segments in the muon system into a common track. The tracker muon algorithm, on the
other hand, builds muons by extrapolating tracks in the inner tracker to the muon system and
requiring loose geometric matching to DT or CSC segments. However, the efficiency of these
algorithms decreases rapidly as the distance between the IP and the muon origin increases. In
contrast, algorithms that rely solely on information from the muon system can still efficiently
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Figure 3: Efficiencies of the various displaced dimuon trigger paths and their combination as
a function of cτ for the HAHM signal events with m(ZD) = 20 GeV. The efficiency is defined
as the fraction of simulated events that satisfy the detector acceptance and the requirements of
the following sets of trigger paths: the Run 2 (2018) triggers (dashed black); the Run 3 (2022,
L3) triggers (blue); the Run 3 (2022, L2) triggers (red); and the OR of all these triggers (Run 3
(2022), black). The lower panel shows the ratio of the overall Run 3 (2022) efficiency to the
Run 2 (2018) efficiency.

reconstruct muons produced in the outer tracker layers and beyond. These STA algorithms [13,
33] can reconstruct muons with displacements of up to a few meters. However, they exhibit
poorer spatial and momentum resolution compared to muons reconstructed using the more
precise information from the silicon tracker.

To benefit from the advantages offered by both types of algorithms, we begin the muon selec-
tion with the muons reconstructed by a specific STA algorithm that eliminates the beam spot
constraints from all stages of the muon reconstruction procedure. This approach yields the
highest efficiency and the finest resolution for highly displaced muons, surpassing all other
available STA algorithms. Subsequently, we attempt to match each STA muon with muons re-
constructed using global muon and tracker muon algorithms, and replace the STA muon with
an associated TMS muon if a match is found. As in the Run 2 analysis [5], we reject events in
which no HLT muon pair that triggered the event matches two STA muons.

Due to the need to reduce large backgrounds as much as possible, careful optimization of the
event, muon, and dimuon selection was done for the Run 2 analysis, as described in Section 4
of Ref. [5]. A summary of the selection criteria used in the Run 2 analysis is given in Table 1
of Ref. [5]. Most of the selection criteria are unchanged, as is the association between STA and
TMS muons for those tracks originating within the tracker volume. The rest of this section of
the paper describes only the changes and refinements to the muon and dimuon selection for
this Run 3 search, while also introducing analysis variables that are used in the background
estimation.

Because of the increase in the background as a result of the lower pT trigger thresholds, an iso-
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lation requirement is useful when applied to the STA muons. Both STA muons in the STA-STA
category are required to have relative tracker isolation ISTA

rel, trk < 0.15, where ISTA
rel, trk is defined as

the sum of the pT of tracks within a cone of ∆R =
√
(∆η)2 + (∆ϕ)2 < 0.3 around the trajectory

of the muon extrapolated to the point of closest approach to the PV divided by the muon track
pT. When evaluated using events that pass all other selection criteria, this isolation requirement
is more than 90% efficient for signal and suppresses background from events with jets that are
produced through the strong interaction, collectively referred to as quantum chromodynam-
ics (QCD) events, by about a factor of 2. The TMS muon isolation criterion, ITMS

rel, trk < 0.075,
remained unchanged with respect to the Run 2 analysis [5].

The Run 2 analysis required that the dimuons be displaced with respect to the PV by impos-
ing requirements on the Lxy significance Lxy/σLxy

, where σLxy
is the uncertainty in Lxy [5]. A

significant fraction of remaining events in the STA-STA category suffer from unreliable SV re-
construction; we thus require in addition that σLxy

< 20 cm.

In the TMS-TMS category, the sensitivity of the search is further improved by binning events in
min(d0/σd0

), which is the minimum value of the ratio of d0 to its uncertainty for the two muons
forming a dimuon. Unlike signal events with macroscopic cτ values, the expected background
has a steeply falling min(d0/σd0

) distribution, which motivates the splitting of the signal region
(SR) into three bins of min(d0/σd0

) ranges. The bin ranges are the same as those in the Run 2
analysis, namely 6–10, 10–20, and >20.

A quantity that is useful for suppressing and evaluating the SM background that satisfies all
other selection requirements is the azimuthal angle ∆Φ between L⃗xy and the transverse mo-
mentum vector p⃗T,µµ of the dimuon system. A major source of SM background events is from
prompt high-mass dimuons that are reconstructed as displaced due to instrumental or recon-
struction failures. Such dimuons mostly arise from DY dimuon production. Events from DY
τ+τ− production with both τ leptons decaying to muons lead to a background with charac-
teristics similar to those of the mismeasured DY µ+µ− events; contributions from processes
such as tt and diboson production are relatively small. Dimuons originating in these events,
collectively referred to as DY events, are expected to have a distribution of |∆Φ| symmetric
about π/2, because the dimuon momentum vector is uncorrelated with the L⃗xy vector. On the
other hand, when a pair of muons is produced in the decay of an LLP originating at the PV,
the resulting p⃗T,µµ and L⃗xy are collinear, and the distribution of |∆Φ| peaks at zero. This can
be seen in Fig. 4, which compares the |∆Φ| distributions of TMS-TMS and STA-STA dimuons
in data samples obtained by inverting some of the selection criteria and enriched in DY events
with the |∆Φ| distributions for events passing the full selection except for the |∆Φ| requirement
in all HAHM and RPV SUSY signal samples combined. There is a small asymmetry in the |∆Φ|
distribution for DY events in the STA-STA category, which is caused by the event selection
criteria.

To address the different |∆Φ| distributions in the two types of signal models, we define different
critical values |∆Φ|C for requiring |∆Φ| < |∆Φ|C. To define the SR for the HAHM model, where
|∆Φ| strongly peaks at zero and the tail is driven by the resolution, we use |∆Φ|C = π/10 in the
STA-STA category and π/30 in the TMS-TMS category. The tighter requirement in the TMS-
TMS category takes advantage of the better tracker resolution. For the RPV SUSY model, where
the distribution is broader due to the undetected neutrino among the decay products, we use
a looser requirement of the Run 2 analysis, |∆Φ|C = π/4, in both dimuon categories. For the
chosen |∆Φ|C values, the signal efficiency is 90–99% in the HAHM and 60–99% in the RPV
SUSY models, depending on the Lorentz boost of the LLP; the corresponding DY background
rejection factors are, respectively, 15–20 and 4–6, depending on the dimuon category. We use the
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Figure 4: Distributions of |∆Φ| for (left) STA-STA and (right) TMS-TMS dimuons in data sam-
ples obtained by inverting some of the selection criteria and enriched in DY events (black cir-
cles) and for events passing all selection criteria except for a requirement on |∆Φ| in all HAHM
(blue triangles) and RPV SUSY (orange squares) generated signal samples combined. All dis-
tributions are normalized to unit area.

symmetric region, |∆Φ| > π − |∆Φ|C, as a control region (CR) for evaluating the contribution
from DY and other prompt backgrounds, and the validation regions (VR) with π/4 < |∆Φ| <
π/2 and π/2 < |∆Φ| < 3π/4 for validating background predictions, as discussed in Section 5.

In addition to defining |∆Φ| SR and CRs, we classify selected dimuons as opposite-sign (OS)
or same-sign (SS), based on the observed muon charges. The signal selection requires that
dimuons be OS, while SS dimuons constitute a CR used to evaluate backgrounds arising from
QCD events.

The last important source of SM backgrounds consists of QCD events in which there are di-
muons produced in decays of J/ψ mesons and other low-mass SM resonances, or formed from
the products of the b hadron cascade decays (b → cµ1X followed by c → µ2X). These events
are suppressed by requiring that mµµ > 10 GeV. However, it was observed that low-pT muons
can appear as muons with higher pT, with straighter tracks, when reconstructed from a small
number of measurements. This gives rise to dimuons with an overestimated mµµ (above the
10 GeV threshold) and a mistakenly formed displaced vertex. These dimuons typically have
small |∆Φ| (either due to the collinearity of the p⃗T,µµ and L⃗xy vectors or overestimated muon
pT) and may exhibit large values of Lxy/σLxy

and d0/σd0
that resemble signal-like characteristics.

To suppress such events, which are particularly abundant in the STA-STA category due to its
low resolution, we reject STA-STA dimuons whose separation in η is small (|∆ηµµ | < 0.1) if
one of the muons is reconstructed in the barrel from fewer than 25 DT hits or if the sum of
the segments belonging to both muons in the dimuon is fewer than 6. These requirements are
identical to those used in the Run 2 analysis.

Finally, to test for the existence of an LLP with a given mass, dimuons satisfying the selection
criteria are required to have mµµ within a specified interval containing the probed LLP mass.
The width of each interval is chosen according to the mass resolution and the expected back-
ground. For the interpretation in the framework of the HAHM model, where the LLP decay
products do not contain any undetected particles, the full widths of the chosen mµµ intervals
are approximately equal to 6–8 times the mass resolution at this mass. This choice typically
yields intervals containing a large fraction (90–99%) of putative signal with the probed mass.
Since the mass resolution in the TMS-TMS category is far superior to that in the STA-STA cat-
egory (1–3% compared to 10–25%, for LLP masses between 20 and 350 GeV), the minimum
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width of mµµ intervals varies from 3 GeV in the TMS-TMS category to ≈20 GeV in the STA-STA
category.

In the RPV SUSY model, the presence of a neutrino in the χ̃0
1 → µ+µ−ν decay vertex leads to

a nonpeaking dimuon invariant mass distribution with an endpoint at m(χ̃0
1). To improve the

mass resolution and the signal-to-background discrimination in signals featuring an LLP decay
vertex formed by a dimuon plus neutral or unobserved particles, we use the quantity referred
to as the corrected SV mass, defined as

mcorr
µµ =

√
m2

µµ + p2
µµ sin2 θ + pµµ sin θ, (1)

where pµµ is the magnitude of the dimuon momentum vector p⃗µµ , and θ is the angle between
p⃗µµ and the vector connecting the PV with the SV. The motivation behind this variable, which
was used at LEP and the SLC and recently by LHCb [34] and CMS [35], is to rely on the con-
servation of momentum and correct for the missing mass of the vertex due to unaccounted
particles. In the case where only the dimuon belongs to the LLP decay vertex (and before mea-
surement error), θ = 0 and mcorr

µµ = mµµ . If, however, the decay vertex includes other particles,
then θ > 0, mcorr

µµ > mµµ , and the corrected mass is the minimum mass that the LLP, in this case
the χ̃0

1, can have in order to be consistent with the measured direction of flight. The mcorr
µµ distri-

butions of simulated RPV SUSY events show a clear peak at m(χ̃0
1) in both dimuon categories.

We profit from the improvement in mass resolution offered by mcorr
µµ and use mcorr

µµ intervals to
probe different m(χ̃0

1). As with mµµ intervals for the HAHM model, the width of the intervals
is chosen to contain a large fraction of the RPV SUSY signal (typically 80–90%). In the STA-STA
category, we additionally require mµµ > 15 GeV to avoid the leakage of background events
from small mµµ to large mcorr

µµ .

Figure 5 shows, as an example, the full event selection efficiency for the HAHM signal with
m(ZD) = 20 GeV as a function of cτ, and illustrates relative improvements in the efficiencies
from the new trigger algorithms. A large increase in the overall efficiency, shown in the lower
panel, is apparent; most of the efficiency gain from the improvements in the trigger algorithms
and shown in Fig. 3 is retained after the full offline event selection. Similar efficiency increases
are seen at other probed ZD masses.

5 Background estimates and their systematic uncertainties
Background events that meet the event selection criteria cannot be reliably simulated since they
consist of misreconstructed prompt muons and muons in jets. Therefore, we rely on analyzing
events in the recorded data to estimate the expected background. To achieve this, we employ
CRs where one or more selection criteria are inverted, creating a region predominantly pop-
ulated by a specific type of background while having an insignificant contribution from the
signal processes. The specific definitions of these CRs and the procedure for evaluating the
background differ across dimuon categories and are elaborated on in the rest of this section.
The background evaluation methods are nearly all identical to those employed in the Run 2
analysis [5]. The only exception is the evaluation of QCD backgrounds in the STA-STA cate-
gory, which can now benefit from events rejected by the new STA muon isolation requirement.
In order to prevent potential bias in the event selection, the events that satisfy the full set of
selection criteria (i.e., those in the SR) were kept concealed (”blinded”) until the final stages of
the analysis.

One particular type of background events arises from cosmic ray muons crossing the detector
within the acceptance of the muon system. Such muons are often reconstructed as two back-to-
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Figure 5: Overall efficiencies in the STA-STA (green) and TMS-TMS (red) dimuon categories, as
well as their combination (black) as a function of cτ for the HAHM signal events with m(ZD) =
20 GeV. The solid curves show efficiencies achieved with the 2022 Run 3 triggers, whereas
dashed curves show efficiencies for the subset of events selected by the triggers used in the
2018 Run 2 analysis. The efficiency is defined as the fraction of signal events that satisfy the
criteria of the indicated trigger as well as the full set of offline selection criteria. The lower panel
shows the relative improvement of the overall signal efficiency brought in by improvements in
the trigger.

back muons, one in the upper half and one in the lower half of the detector. For each dimuon
category, the contribution from cosmic ray muons is assessed independently by examining
the number of dimuons that meet all the selection criteria except for angular requirements
designed to reject putative dimuons that are formed from back-to-back muons [5]. To evaluate
this contribution, we use the rejection factors of these requirements, which are determined from
a sample of cosmic ray muons recorded during periods without any beam activity. In both
dimuon categories, the remaining background originating from cosmic ray muons is estimated
to be less than 0.1 events in all mass intervals combined.

5.1 Estimation of Drell–Yan and other prompt backgrounds

The contribution from misreconstructed prompt high-mass dimuons, mainly originating from
the DY process, to the total background is evaluated from events in the signal-free |∆Φ|-
symmetric CR as

Ni
DY(OS; |∆Φ| < |∆Φ|C) = Ni

DY(OS; |∆Φ| > π − |∆Φ|C)Ri
DY, (2)

where Ni
DY(OS; |∆Φ| < |∆Φ|C) and Ni

DY(OS; |∆Φ| > π − |∆Φ|C) are, respectively, the numbers
of DY background events in the SR and its |∆Φ|-symmetric CR with |∆Φ|C representing the se-
lection criterion applied; Ri

DY is the transfer factor accounting for the residual asymmetry in the
population of events in the two |∆Φ| regions and obtained from auxiliary measurements; and
the index i denotes the dimuon category (STA-STA or TMS-TMS). The number of DY dimuons
in the CR is obtained from the total number of events in that region corrected by the expected
contribution from QCD background events, estimated as discussed in Section 5.2.
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To assess the symmetry of the |∆Φ| distributions in this class of background events, events in
dedicated CRs are used. In the STA-STA category, we focus on events within data CRs that are
obtained by reversing the STA-to-TMS association. Specifically, we select events where STA-
STA dimuons satisfy all the selection criteria, except that each of the constituent STA muons is
associated with a TMS muon. To ensure that these STA-STA dimuons are promptly produced
(and not part of the signal), we require that the associated TMS-TMS dimuons, which offer
superior spatial resolution, are prompt. This is achieved by imposing Lxy/σLxy

< 1.0 for the
associated TMS-TMS dimuon. To minimize contamination from muons originating from jets
(which are discussed separately below), each TMS muon in the associated TMS-TMS dimuon
is required to have ITMS

rel, trk < 0.05. From this sample, we obtain RSTA-STA
DY = 0.75 ± 0.02 (stat.) for

|∆Φ|C = π/10 and RSTA-STA
DY = 0.73± 0.02 (stat.) for |∆Φ|C = π/4. The value of RTMS-TMS

DY is set
to unity based on studies using simulation and data [5].

In both STA-STA and TMS-TMS categories, no significant dependence of the transfer factor Ri
DY

on reconstructed dimuon mass is observed, and a single value is used for all signal mass in-
tervals. The systematic uncertainties in RSTA-STA

DY are assessed by comparing RSTA-STA
DY measured

in individual mass intervals with the result of the inclusive measurement and by varying the
boundaries and definitions of the auxiliary CRs. The latter includes repeating the measure-
ments of RSTA-STA

DY in the region with only one STA-to-TMS association. Based on these studies,
we assign a systematic uncertainty of 30% in RSTA-STA

DY . The systematic uncertainty in RTMS-TMS
DY

is assigned to be 15% based on the studies of the residual |∆Φ| asymmetry for events in the
min(d0/σd0

) and |∆Φ| side bins.

5.2 Estimation of QCD backgrounds

Many of the background processes yielding small-|∆Φ| OS dimuons also give rise to small-
|∆Φ| SS dimuons, either because these processes are charge symmetric or via muon charge
misassignment. Most of these dimuons are embedded in jets and are suppressed by the muon
isolation requirements. Thus, we evaluate the contribution from the QCD backgrounds to the
SR from events in CRs obtained by inverting two independent selection requirements: the
isolation requirement (i.e., we select events where at least one of the muons fails to satisfy the
isolation criteria used in the analysis) and the requirement of the OS dimuons (i.e., we select SS
dimuons).

In the STA-STA category, we base our estimate of the QCD backgrounds on the number of
events with OS nonisolated dimuons, using

NSTA-STA
QCD (OS; |∆Φ| < |∆Φ|C) = NSTA-STA

noniso (OS; |∆Φ| < |∆Φ|C)RSTA-STA
QCD , (3)

where NSTA-STA
QCD (OS; |∆Φ| < |∆Φ|C) and NSTA-STA

noniso (OS; |∆Φ| < |∆Φ|C) are, respectively, the
numbers of OS isolated and nonisolated dimuons with small |∆Φ|, and RSTA-STA

QCD is the transfer
factor between these numbers. The transfer factor is evaluated using SS dimuons in the same
small-|∆Φ| region:

RSTA-STA
QCD =

NSTA-STA
iso (SS; |∆Φ| < |∆Φ|C)

NSTA-STA
noniso (SS; |∆Φ| < |∆Φ|C)

, (4)

with NSTA-STA
iso (SS; |∆Φ| < |∆Φ|C) and NSTA-STA

noniso (SS; |∆Φ| < |∆Φ|C) representing the numbers
of, respectively, isolated and nonisolated SS STA-STA dimuons with |∆Φ| < |∆Φ|C. To improve
the precision of the RSTA-STA

QCD measurement, we enlarge the sample of SS dimuons by removing
tight requirements on the numbers of DT hits and muon segments applied to dimuons with
|∆ηµµ | < 0.1 (discussed in Section 4) as well as the generic requirement on the minimum num-
ber of DT hits [5]. We obtain RSTA-STA

QCD values varying between 1.0 and 1.5 as a function of
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reconstructed dimuon mass and measured with an uncertainty of 20–40%. They are in good
agreement with RSTA-STA

QCD values obtained from a sample of OS small-|∆Φ| events failing the
criteria for dimuons with |∆ηµµ | < 0.1. Systematic uncertainties arising from these two mea-
surements are found to be much smaller than statistical uncertainties resulting from CR sample
sizes.

Based on the Run 2 studies [5], we do not anticipate a significant contribution from |∆Φ|-
asymmetric low-mass dimuons in the TMS-TMS category. This is primarily due to the superior
dimuon invariant mass resolution in this category. However, since there may still be a small
contribution from |∆Φ|-asymmetric dimuons, we prefer not to rely solely on the symmetry of
|∆Φ| in evaluating the background. Consequently, the method used is similar to that employed
in the STA-STA category and bases our estimate of the QCD backgrounds on the number of SS
dimuons, using

NTMS-TMS
QCD (OS; |∆Φ| < |∆Φ|C) = NTMS-TMS(SS; |∆Φ| < |∆Φ|C)RTMS-TMS

QCD . (5)

The transfer factor RTMS-TMS
QCD is obtained from the ratio of OS to SS dimuons in the CR with the

muon isolation requirement reversed, which consists of dimuons passing the nominal event
selection but with at least one muon with ITMS

rel, trk > 0.075 and both with ITMS
rel, trk < 0.5. We have

verified that these events, as well as SS dimuons passing isolation requirements, contain neg-
ligible contributions from signal and DY events. As the SR is divided into several min(d0/σd0

)
bins, the evaluation of RTMS-TMS

QCD is performed separately in each min(d0/σd0
) bin. Since no sig-

nificant dependence of the value of RTMS-TMS
QCD on mµµ and mcorr

µµ is observed, RTMS-TMS
QCD in each

min(d0/σd0
) bin is calculated by integrating events in the entire invariant mass spectrum. The

measured values of RTMS-TMS
QCD decrease from 2.0 to 1.3 as min(d0/σd0

) increases, with the statis-
tical uncertainties in the range 5–15%. A systematic uncertainty of 15% is assigned to account
for variations of RTMS-TMS

QCD as a function of the invariant mass and as the result of varying the
definition and boundaries of the auxiliary CR.

To avoid potential overestimation of the DY backgrounds, we use the same QCD background
evaluation technique for dimuons in the CR defined by |∆Φ| > π − |∆Φ|C. The obtained
estimate of the QCD backgrounds is subtracted from the total to derive the estimate of DY
dimuons in this |∆Φ| region, which is used for the evaluation of the DY backgrounds in the
SR according to Eq. (2). This procedure is not applied in the STA-STA category, where the
|∆Φ|-symmetric QCD background is negligible. The sum of the QCD and DY background
estimates constitutes the total predicted background in the SR. According to the background
evaluation method, the DY backgrounds are expected to dominate at small d0/σd0

and Lxy/σLxy

values, whereas the relative QCD contribution becomes larger as d0/σd0
and Lxy/σLxy

increase.
The uncertainty in the background predictions is mainly driven by the statistical uncertainty
arising from the limited number of events observed in the CRs.

5.3 Validation of background predictions

To ensure the reliability of the background evaluation method described in Sections 5.1 and 5.2,
we examine the method’s performance in various VRs, which are chosen to have minimal or
no contribution from the signal being studied. Thus, we can verify that it accurately predicts
the background and that any observed discrepancies are within acceptable limits.

The evaluation of DY backgrounds is examined in the VRs obtained by inverting the Lxy/σLxy

and d0/σd0
requirements and thereby enriched in this class of events. An example is shown

in Fig. 6, which compares the background predictions to the observed distributions in the
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Figure 6: Example of background prediction checks in the STA-STA category: distributions of
(left) |∆Φ| and (right) Lxy/σLxy

for events with mµµ > 15 GeV in the Lxy/σLxy
< 6 validation

region in data (black circles) compared to the background predictions (histograms). The lower
panels show the ratio of the observed to predicted number of events. Hatched histograms show
the statistical uncertainty in the background prediction.
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Figure 7: Example of background prediction checks in the TMS-TMS category: Lxy/σLxy
distri-

butions for events with (left) |∆Φ| < π/4 and (right) |∆Φ| < π/30 in the 2 < min(d0/σd0
) < 6

validation regions compared to the background predictions. The number of observed events
(black circles) is overlaid with stacked histograms showing the expected numbers of QCD (yel-
low) and DY (green) background events. The last bin includes events in the histogram over-
flow. The lower panels show the ratio of the observed to predicted number of events. Hatched
histograms show the statistical uncertainty in the background prediction.

Lxy/σLxy
< 6 VR for dimuons with mµµ > 15 GeV in the STA-STA category. To check how

the validity of the method depends on |∆Φ| and the dimuon displacement, we perform the
evaluation of the background in corresponding bins. The expected number of background
events in the given VR is computed according to Eq. (2) separately in each |∆Φ| or Lxy/σLxy

bin and compared to the observed data. The predictions of the method are consistent with the
yields in data.

In the TMS-TMS category, we apply the background evaluation procedure to the TMS-TMS
dimuons in the VR defined by 2 < min(d0/σd0

) < 6. The comparison of the predicted back-
ground and data in bins of Lxy/σLxy

for two |∆Φ|C requirements is shown in Fig. 7. The ex-
pected and observed numbers of events are in agreement in the entire probed Lxy/σLxy

range.
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Figure 8: Example of background prediction checks in the STA-STA category: distributions of
(left) |∆Φ| and (right) mµµ for dimuons in the low-mass (6 < mµµ < 10 GeV) validation region
in data (black circles) compared to the background predictions (histograms). The lower panels
show the ratio of the observed to predicted number of events. Hatched histograms show the
statistical uncertainty in the background prediction.

The evaluation of the |∆Φ|-asymmetric component of the background, which is particularly
important in the STA-STA category, is tested in the low-mass (6 < mµµ < 10 GeV) VR where
the QCD backgrounds dominate. Figure 8 shows a comparison of predicted and measured
background in this VR as a function of |∆Φ| and mµµ for STA-STA dimuons. The yields in data
are found to be consistent with the background predictions in all |∆Φ| and mµµ intervals.

Finally, to ensure the validity of the method at different values of the main discriminating
variables in the TMS-TMS category, the validation checks are performed in bins of min(d0/σd0

)
and mµµ of TMS-TMS dimuons. Such checks include comparisons in the d0/σd0

sideband (2 <
d0/σd0

< 6) in the |∆Φ| < π/4 SR, as well as those in the entire d0/σd0
range in the |∆Φ|

sideband, π/4 < |∆Φ| < π/2. In the latter, the region with π/4 < |∆Φ| < π/2 is used as
a signal-free proxy for the |∆Φ| < π/4 SR. The background evaluation procedure is applied
to the OS and SS dimuons in the |∆Φ|-symmetric region, π/2 < |∆Φ| < 3π/4, as well as SS
dimuons with π/4 < |∆Φ| < π/2. The comparisons of the predicted background and data
as a function of min(d0/σd0

) and mµµ for TMS-TMS dimuons in these VRs are shown in Fig. 9.
The observed and expected numbers of events are consistent within statistical uncertainties.

6 Systematic uncertainties affecting signal
The modeling of signal efficiencies in simulation was extensively studied in the Run 2 search [5].
Since no changes affecting this analysis were made in the CMS detector or in the muon recon-
struction algorithms between Run 2 and Run 3, many of the systematic uncertainties and data-
to-simulation corrections are taken directly from Ref. [5]. New studies include modeling of sig-
nal efficiencies related to the new trigger algorithms and modified event selection criteria, such
as the STA muon isolation. The studies are performed for each dimuon category separately,
using dedicated data samples. Unless stated otherwise, we consider sources of uncertainties to
be uncorrelated between different categories.

In both categories, the dominant systematic uncertainties and the largest data-to-simulation
corrections arise from muon identification, muon reconstruction, and trigger efficiencies. At
small displacements, the systematic effects related to these efficiencies are examined as a func-
tion of muon pT and η by applying the “tag-and-probe” method [33] to prompt muons from J/ψ
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Figure 9: Example of background prediction checks in the TMS-TMS category: (left) distribu-
tion of min(d0/σd0

) for events in the π/4 < |∆Φ| < π/2 validation region; (right) distribution
of mµµ for events in the 2 < min(d0/σd0

) < 6 validation region. The number of observed
events (black circles) is overlaid with stacked histograms showing the expected numbers of
QCD (yellow) and DY (green) background events. The last bin includes events in the his-
togram overflow. The lower panels show the ratios of the observed to predicted number of
events. Hatched histograms show the statistical uncertainty in the background prediction.

meson and Z boson decays. The evolution of efficiencies as a function of displacement is stud-
ied using cosmic ray muons and muons from decays of nonprompt J/ψ mesons. These studies
yield corrections to the simulated signal yields that range, depending on the signal sample,
from 0.75 to unity for the STA-STA category and from 0.83 to unity for the TMS-TMS category.
The overall uncertainty increases continuously with displacement, from ≈5% for prompt-like
muons to ≈15% for muons with d0 = 100 cm, reflecting the precision of studies using cosmic
ray muons. Since a large part of this uncertainty stems from the evaluation of efficiencies of
trigger algorithms common to both dimuon categories, it is taken as correlated between the
categories.

Dedicated studies were performed to examine the effect of the d0 thresholds and looser muon
pT requirements of the new displaced dimuon triggers. The efficiency of the Run 3 (2022, L3)
triggers is evaluated using dimuons from decays of nonprompt J/ψ mesons selected by the
triggers that use jets and event pT imbalance. As a result of these studies, the simulated yields
of signal events selected by this set of triggers are scaled by a factor of 0.95, and an uncertainty
of 5% is assigned. The efficiency of the Run 3 (2022, L2) triggers is studied using cosmic ray
muons. While no systematic biases are observed, the largest data-simulation difference of 3%
in bins of d0 is assigned as a systematic uncertainty in the efficiency of these triggers. These
corrections and uncertainties are included in the overall corrections and uncertainties discussed
in the previous paragraph.

The accuracy of the modeling of the muon isolation requirements is assessed using muons
from Z boson decays and, in the case of STA muons, cosmic ray muons selected in pp collision
events. Based on the results of these studies, a systematic uncertainty of 6 (2)% is assigned to the
efficiency of STA (TMS) muons. The uncertainty in the Higgs boson production cross section
at 13.6 TeV amounts to +5%

−7% [21]. The remaining systematic uncertainties, e.g., those related to
muon pT resolution and dimuon vertex reconstruction, are less than 5%. The uncertainty in
the integrated luminosity is 2.3% [36]. The uncertainty in the signal efficiency due to pileup
modeling is 2%. Both luminosity and pileup uncertainties are correlated among the dimuon
categories.
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Figure 10: Comparison of the observed (black points) and expected (histograms) numbers of
events in nonoverlapping (left) mµµ and (right) mcorr

µµ intervals in the STA-STA dimuon category,
in the signal regions optimized for the (left) HAHM and (right) RPV SUSY model. Yellow and
green stacked filled histograms represent mean expected background contributions from QCD
and DY, respectively, while statistical uncertainties in the total expected background are shown
as hatched histograms. Signal contributions expected from simulated signals indicated in the
legends are shown in red and blue. Their yields are set to the corresponding median expected
95% CL exclusion limits obtained from the ensemble of both dimuon categories, scaled up as
indicated in the legend to improve visibility. The last bin includes events in the histogram
overflow.

7 Results
The numbers of observed events and the predicted background yields in the STA-STA category
are shown in Fig. 10 in representative mµµ and mcorr

µµ intervals. The width of the mass intervals
and the |∆Φ| and mµµ requirements for events in Fig. 10 (left) and Fig. 10 (right) correspond
to those chosen, respectively, for the study of the HAHM and of the RPV SUSY model. For
illustrative purposes, signal distributions at the level of the median expected exclusion limits
at 95% confidence level (CL) obtained from the ensemble of both dimuon categories in the
background-only scenario are also shown. The numbers of observed events are consistent with
background predictions. As expected for background events, most of the observed events have
low mµµ .

The numbers of observed events and the predicted background yields in the TMS-TMS cate-
gory are shown in Figs. 11–13. Figure 11 shows the distributions of min(d0/σd0

) for TMS-TMS
dimuons with (left) |∆Φ| < π/30 and (right) |∆Φ| < π/4, for events in all mass intervals
combined. As expected for background events, the events in data are predominantly at low
values of min(d0/σd0

). Figure 12 shows the distributions of mcorr
µµ in three min(d0/σd0

) bins,
6–10, 10–20, and >20, for dimuons with |∆Φ| < π/4, the looser |∆Φ| requirement used for the
study of the RPV SUSY model. The numbers of events in the SR chosen for the study of the
HAHM model, with the tighter requirement |∆Φ| < π/30, are smaller (with no more than one
event per mµµ bin), as shown in Fig. 13. The numbers of observed events are consistent with
background predictions in both SRs. The largest min(d0/σd0

) bin, min(d0/σd0
) > 20, contains

the lowest experimental background and, except for the smallest lifetimes, most of the signal
predicted by both models.

These results are used to set upper limits on B(H → ZDZD) in the HAHM model and on the
product of the squark-antisquark production cross section σ(pp → q̃ q̃) and B(q̃ → qχ̃0

1) in the
RPV SUSY model. The limit extraction is based on a modified frequentist approach [37, 38] and
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Figure 11: Distributions of min(d0/σd0
) for TMS-TMS dimuons with (left) |∆Φ| < π/30

and (right) |∆Φ| < π/4, for events in all mass intervals combined, for both the validation
(min(d0/σd0

) < 6) and signal (min(d0/σd0
) > 6) regions. The number of observed events (black

circles) is overlaid with the stacked histograms showing the expected numbers of QCD (yellow)
and DY (green) background events. Statistical uncertainties in the total expected background
are shown as hatched histograms. Signal contributions expected from simulated signals in-
dicated in the legends are shown in red and blue. Their yields are set to the corresponding
median expected 95% CL exclusion limits obtained from the ensemble of both dimuon cate-
gories, scaled up as indicated in the legend to improve visibility. Events are required to satisfy
all nominal selection criteria with the exception of the d0/σd0

requirement. The last bin includes
events in the histogram overflow.
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Figure 12: Comparison of observed and expected numbers of events in bins of mcorr
µµ in the TMS-

TMS dimuon category, in the signal regions optimized for the RPV SUSY model. The number
of observed events (black circles) is overlaid with the stacked filled histograms showing the
expected numbers of QCD (yellow) and DY (green) background events in bins of mcorr

µµ in three
min(d0/σd0

) bins: (left) 6–10, (center) 10–20, and (right) >20. Hatched histograms show statisti-
cal uncertainties in the total expected background. Contributions expected from signal events
predicted by the RPV SUSY model with the parameters indicated in the legends are shown as
red and blue histograms. Their yields are set to the corresponding median expected 95% CL
exclusion limits obtained from the ensemble of both dimuon categories, scaled up as indicated
in the legend to improve visibility. The last bin includes events in the histogram overflow.
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Figure 13: Comparison of observed and expected numbers of events in bins of mµµ in the TMS-
TMS dimuon category, in the signal regions optimized for the HAHM. The number of observed
events (black circles) is overlaid with the stacked histograms showing the expected numbers
of QCD (yellow) and DY (green) background events in bins of mµµ in three min(d0/σd0

) bins:
(left) 6–10, (center) 10–20, and (right) >20. Hatched histograms show statistical uncertainties
in the total expected background. Signal contributions expected from simulated H → ZDZD
events with the parameters indicated in the legends are shown as red and blue histograms.
Their yields are set to the corresponding median expected 95% CL exclusion limits obtained
from the ensemble of both dimuon categories, scaled up as indicated in the legend to improve
visibility. The last bin includes events in the histogram overflow.

uses the CMS statistical analysis tool COMBINE [39]. The method yielding background predic-
tions in the SR is implemented using a multibin likelihood, which is a product of Poisson dis-
tributions corresponding to the SR and CRs. The systematic uncertainties affecting the signal
yield are incorporated as nuisance parameters using log-normal distributions. The expected
and observed upper limits are evaluated through the use of simulated pseudo-experiments.
For each signal model, the limits are first computed separately in each dimuon category. The
individual likelihoods are then combined to obtain the limits in the ensemble of both categories.
For the interpretation in the framework of the HAHM model, the results obtained in this analy-
sis are also combined with the results of the Run 2 analysis [5] to achieve even stronger bounds
on the model parameters. The combination of the two results takes into account the different
cross sections of the Higgs boson production in collisions at 13.0 and 13.6 TeV [20, 21].

The signal efficiencies used in the statistical interpretations of the results are obtained from
simulation and further corrected by the data-to-simulation scale factors described in Section 6.
They are computed separately for each dimuon category, mass interval, LLP lifetime, and sig-
nal model. Given the smallness of the expected background and taking into account the se-
lection efficiencies discussed in Section 4, the introduction of a separate category for events
with two dimuons would not increase the sensitivity of the analysis significantly even in the
most favorable case for the 4µ signal events, namely B(LLP → µ+µ−X) = 1. The gain would
be negligible for smaller B(ZD → µ+µ−) values predicted by the HAHM model. Therefore,
no distinction is made between events with one and two reconstructed dimuons of the same
type. Events with two TMS-TMS dimuons are assigned to the min(d0/σd0

) bin encompassing
the larger of the two min(d0/σd0

) values.

Figures 14 and 15 show the 95% CL upper limits obtained in the framework of the HAHM
model under the assumption that m(HD) > m(H)/2. The limits shown in these figures are set
on B(H → ZDZD) as functions of the mean proper decay length of ZD for m(ZD) in the range
10–60 GeV. Figure 14 shows the results obtained in this analysis, namely the expected limits in
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Figure 14: The 95% CL upper limits on B(H → ZDZD) as a function of cτ(ZD) in the HAHM
model, for m(ZD) ranging from (upper left) 10 GeV to (lower right) 60 GeV, in the STA-STA
and TMS-TMS dimuon categories in 2022 data and their combination. The median expected
limits obtained from the STA-STA and TMS-TMS dimuon categories are shown as dashed blue
and red curves, respectively; the combined median expected limits are shown as dashed black
curves; and the combined observed limits are shown as solid black curves. The green and
yellow bands correspond, respectively, to the 68 and 95% quantiles for the combined expected
limits.
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Figure 15: The 95% CL upper limits on B(H → ZDZD) as a function of cτ(ZD) in the HAHM
model, for m(ZD) ranging from (upper left) 10 GeV to (lower right) 60 GeV, obtained in this
analysis, the Run 2 analysis [5], and their combination. The observed limits in this analysis and
in the Run 2 analysis [5] are shown as blue and red curves, respectively; the median combined
expected limits are shown as dashed black curves; and the combined observed limits are shown
as solid black curves. The green and yellow bands correspond, respectively, to the 68 and 95%
quantiles for the combined expected limits.
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Figure 16: The 95% CL upper limits on σ(pp → q̃ q̃)B(q̃ → qχ̃0
1) as a function of cτ(χ̃0

1) in the
RPV SUSY model, for B(χ̃0

1 → µ+µ−ν) = 0.5 and m(q̃) ranging from (upper left) 125 GeV to
(lower right) 1.6 TeV. The observed limits for various combinations of m(q̃) and m(χ̃0

1) indi-
cated in the legends are shown as solid curves. The median expected limits and their 68 and
95% quantiles are shown, respectively, as dashed black curves and green and yellow bands for
the case of m(χ̃0

1) = 50 GeV and omitted for other neutralino masses for clarity. The gray hor-
izontal lines indicate the theoretical values of the squark-antisquark production cross sections
with the uncertainties shown as gray shaded bands. The predicted cross sections for m(q̃) =
125, 200, and 350 GeV are, respectively, 7200, 840, and 50 pb, and fall outside the y-axis range.
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the individual dimuon categories as well as the expected and observed limits obtained in the
ensemble of both categories. Figure 15 compares the observed limits obtained in this analysis
with the corresponding Run 2 limits [5], and shows the expected and observed limits obtained
in a combination of the two results.

Even though the size of the data sample used by this analysis is about a factor of 2.5 smaller
than that in the Run 2 analysis, the constraints on the parameters of the HAHM model are
comparable or tighter in a significant fraction of the parameter space, thanks mainly to im-
provements in the trigger algorithms. The combined limits on B(H → ZDZD) are approxi-
mately a factor of 2 more stringent than the limits obtained in the Run 2 analysis. They exclude
B(H → ZDZD) of 1% in the range of cτ(ZD) from a few tens of µm to 30 m (700 m) for m(ZD)
= 10 GeV (60 GeV) at 95% CL. In the m(ZD) interval 20–60 GeV, B(H → ZDZD) as low as 0.01%
is excluded at 95% CL in the cτ(ZD) range of about 0.3 mm to 0.5 m, which corresponds to a
wide range of ϵ values from ≈10−8 to ≈10−6. These constraints on rare SM Higgs boson de-
cays are tighter than those derived from searches for invisible Higgs boson decays [40, 41] and
from measurements of the SM Higgs boson couplings [42]. At m(ZD) > 20 GeV, the limits
obtained are the most stringent limits to date for all cτ(ZD) values except those between ≈0.1
and ≈10 cm (depending on m(ZD)), where a previous CMS search [7] using data collected with
a dedicated high-rate data stream provides the best limits.

Figure 16 shows the observed and expected 95% CL upper limits obtained in the ensemble of
both dimuon categories in the framework of the RPV SUSY model. The limits are set on the
product σ(pp → q̃ q̃)B(q̃ → qχ̃0

1) assuming B(χ̃0
1 → µ+µ−ν) = 0.5. They are shown as func-

tions of the mean proper decay length of χ̃0
1 for the various combinations of m(q̃) and m(χ̃0

1)
indicated in the legends, for m(q̃) values ranging from 125 GeV to 1.6 TeV, and compared to the
theoretical predictions. At a squark mass of 700 GeV, the data exclude the mean proper neu-
tralino decay lengths between 30 µm and 350 m (at m(χ̃0

1) = 50 GeV), and between 30 µm and
1.5 km (at m(χ̃0

1) = 500 GeV). At a squark mass of 1.6 TeV, the excluded cτ(χ̃0
1) range is between

0.07 and 4 cm for m(χ̃0
1) = 50 GeV and between 70 µm and 2 m for m(χ̃0

1) = 500 GeV. The limits
obtained in this analysis are tighter than those derived by CMS in the Run 1 search [8, 9] in all
of the relevant (m(q̃), m(χ̃0

1), cτ(χ̃0
1)) parameter space and are more stringent at cτ(χ̃0

1) ≲ 1 cm
and cτ(χ̃0

1) ≳ 1 m than the limits on the λ122 RPV coupling set by the ATLAS Collaboration at
m(q̃) of 700 GeV and 1.6 TeV [11].

8 Summary
Data collected by the CMS experiment in proton-proton collisions at

√
s = 13.6 TeV in 2022

and corresponding to an integrated luminosity of 36.6 fb−1 have been used to conduct an in-
clusive search for long-lived exotic neutral particles decaying to final states with a pair of op-
positely charged muons. The search strategy is largely model independent and is sensitive to a
broad range of lifetimes and masses. No significant excess of events above the standard model
background is observed. The results are interpreted as limits on the parameters of the hidden
Abelian Higgs model, in which the Higgs boson H decays to a pair of long-lived dark photons
ZD, and of an R-parity violating supersymmetry model, in which long-lived neutralinos decay
to a pair of muons and a neutrino.

Even though the size of the data sample used by this analysis is about a factor of 2.5 smaller
than that used in the previous search for displaced dimuons by the CMS experiment in pp
collisions at

√
s = 13 TeV, the constraints on the parameters of the hidden Abelian Higgs model

are comparable or tighter in a significant fraction of the parameter space, thanks mainly to
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improvements in the trigger algorithms. The combination of the results of this analysis with
the results obtained at

√
s = 13 TeV improves the constraints on the branching fraction of the

Higgs boson to dark photons, B(H → ZDZD), by approximately a factor of 2. In the range
10–60 GeV of the ZD mass m(ZD), B(H → ZDZD) = 1% is excluded at 95% confidence level
in the range of proper decay length cτ(ZD) from a few tens of µm to 30 m (700 m) for m(ZD)
= 10 GeV (60 GeV). For m(ZD) greater than 20 GeV and less than m(H)/2, the combined limits
provide the most stringent constraints to date on B(H → ZDZD) for cτ(ZD) between 30 µm
and ≈0.1 cm, and above ≈10 cm. When interpreted in the framework of the R-parity violating
supersymmetry model at a squark mass of 1.6 TeV, the results exclude mean proper neutralino
decay lengths between 0.07 and 4 cm for a 50 GeV neutralino and between 70 µm and 2 m for a
500 GeV neutralino.
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L. Silvestrisa , F.M. Simonea ,b , Ü. Sözbilira , A. Stamerraa , R. Vendittia ,
P. Verwilligena , A. Zazaa,b

INFN Sezione di Bolognaa, Università di Bolognab, Bologna, Italy
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P. Merlo, A. Mestvirishvili89 , J. Nachtman , O. Neogi, H. Ogul90 , Y. Onel , A. Penzo ,
C. Snyder, E. Tiras91

Johns Hopkins University, Baltimore, Maryland, USA
B. Blumenfeld , L. Corcodilos , J. Davis , A.V. Gritsan , L. Kang , S. Kyriacou ,
P. Maksimovic , M. Roguljic , J. Roskes , S. Sekhar , M. Swartz

The University of Kansas, Lawrence, Kansas, USA
A. Abreu , L.F. Alcerro Alcerro , J. Anguiano , P. Baringer , A. Bean , Z. Flowers ,
D. Grove , J. King , G. Krintiras , M. Lazarovits , C. Le Mahieu , J. Marquez ,
N. Minafra , M. Murray , M. Nickel , M. Pitt , S. Popescu92 , C. Rogan , C. Royon ,
R. Salvatico , S. Sanders , C. Smith , Q. Wang , G. Wilson

Kansas State University, Manhattan, Kansas, USA
B. Allmond , A. Ivanov , K. Kaadze , A. Kalogeropoulos , D. Kim, Y. Maravin ,
J. Natoli , D. Roy , G. Sorrentino

Lawrence Livermore National Laboratory, Livermore, California, USA
F. Rebassoo , D. Wright

University of Maryland, College Park, Maryland, USA
A. Baden , A. Belloni , Y.M. Chen , S.C. Eno , N.J. Hadley , S. Jabeen ,
R.G. Kellogg , T. Koeth , Y. Lai , S. Lascio , A.C. Mignerey , S. Nabili , C. Palmer ,
C. Papageorgakis , M.M. Paranjpe, L. Wang

Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
J. Bendavid , I.A. Cali , M. D’Alfonso , J. Eysermans , C. Freer , G. Gomez-Ceballos ,
M. Goncharov, G. Grosso, P. Harris, D. Hoang, D. Kovalskyi , J. Krupa , L. Lavezzo ,
Y.-J. Lee , K. Long , A. Novak , C. Paus , D. Rankin , C. Roland , G. Roland ,
S. Rothman , G.S.F. Stephans , Z. Wang , B. Wyslouch , T. J. Yang

University of Minnesota, Minneapolis, Minnesota, USA
B. Crossman , B.M. Joshi , C. Kapsiak , M. Krohn , D. Mahon , J. Mans ,
B. Marzocchi , S. Pandey , M. Revering , R. Rusack , R. Saradhy , N. Schroeder ,
N. Strobbe , M.A. Wadud

University of Mississippi, Oxford, Mississippi, USA
L.M. Cremaldi

https://orcid.org/0000-0002-5439-8224
https://orcid.org/0000-0002-8645-186X
https://orcid.org/0000-0003-2381-5117
https://orcid.org/0000-0002-0211-6109
https://orcid.org/0000-0002-4077-2713
https://orcid.org/0000-0001-6794-3079
https://orcid.org/0000-0002-0124-9065
https://orcid.org/0000-0002-9792-8619
https://orcid.org/0000-0003-3423-9581
https://orcid.org/0000-0001-6701-9265
https://orcid.org/0000-0001-9930-6445
https://orcid.org/0000-0003-4578-9319
https://orcid.org/0000-0002-8264-156X
https://orcid.org/0000-0001-8493-3737
https://orcid.org/0000-0001-5310-3466
https://orcid.org/0000-0001-7169-3420
https://orcid.org/0000-0003-2090-5010
https://orcid.org/0000-0002-1250-8931
https://orcid.org/0000-0002-8116-9021
https://orcid.org/0000-0002-2449-3845
https://orcid.org/0000-0002-5574-4192
https://orcid.org/0000-0003-1982-8978
https://orcid.org/0000-0003-3922-6464
https://orcid.org/0000-0001-8035-4818
https://orcid.org/0000-0003-0550-4083
https://orcid.org/0000-0003-0744-1063
https://orcid.org/0009-0000-2570-1100
https://orcid.org/0000-0002-4210-2780
https://orcid.org/0000-0001-7000-6510
https://orcid.org/0000-0001-7299-7653
https://orcid.org/0000-0002-7366-4225
https://orcid.org/0000-0002-2617-9315
https://orcid.org/0000-0002-9397-5514
https://orcid.org/0000-0001-6091-6772
https://orcid.org/0000-0002-3826-1332
https://orcid.org/0000-0002-9239-470X
https://orcid.org/0000-0003-0138-3368
https://orcid.org/0000-0002-3021-5032
https://orcid.org/0000-0001-8739-9648
https://orcid.org/0000-0001-9040-3468
https://orcid.org/0000-0002-8591-5247
https://orcid.org/0000-0003-3951-3420
https://orcid.org/0000-0002-5121-2893
https://orcid.org/0000-0002-8141-7769
https://orcid.org/0000-0003-3436-047X
https://orcid.org/0000-0002-5628-7464
https://orcid.org/0000-0003-1150-1735
https://orcid.org/0000-0001-6751-3108
https://orcid.org/0000-0001-6488-6195
https://orcid.org/0000-0002-3545-7970
https://orcid.org/0000-0002-0941-4512
https://orcid.org/0000-0002-9254-4368
https://orcid.org/0000-0002-2358-2168
https://orcid.org/0000-0001-5311-3007
https://orcid.org/0000-0001-8761-0490
https://orcid.org/0000-0002-8307-7518
https://orcid.org/0000-0002-0286-5070
https://orcid.org/0000-0002-9000-2215
https://orcid.org/0000-0001-5770-5077
https://orcid.org/0000-0002-7349-350X
https://orcid.org/0000-0002-3691-8388
https://orcid.org/0000-0001-5967-8674
https://orcid.org/0000-0001-8314-2052
https://orcid.org/0000-0002-0740-2462
https://orcid.org/0000-0001-9652-9854
https://orcid.org/0000-0002-0380-7577
https://orcid.org/0000-0002-5565-3119
https://orcid.org/0000-0001-5924-1130
https://orcid.org/0000-0003-3887-4048
https://orcid.org/0000-0003-4002-1888
https://orcid.org/0000-0001-7219-4818
https://orcid.org/0000-0003-0419-1329
https://orcid.org/0000-0003-2461-5985
https://orcid.org/0000-0002-0345-2171
https://orcid.org/0000-0002-4166-4503
https://orcid.org/0000-0002-7672-9709
https://orcid.org/0000-0002-2751-0567
https://orcid.org/0000-0002-9491-6022
https://orcid.org/0000-0003-0505-0528
https://orcid.org/0000-0003-3804-3244
https://orcid.org/0000-0003-0917-4763
https://orcid.org/0000-0002-5593-7736
https://orcid.org/0000-0002-9270-5643
https://orcid.org/0000-0003-0571-163X
https://orcid.org/0000-0003-3444-0314
https://orcid.org/0000-0002-9449-0666
https://orcid.org/0000-0001-6675-3564
https://orcid.org/0000-0002-8659-7762
https://orcid.org/0000-0002-2253-819X
https://orcid.org/0000-0001-8934-9329
https://orcid.org/0000-0002-3586-3354
https://orcid.org/0000-0002-6159-3861
https://orcid.org/0000-0002-1727-656X
https://orcid.org/0000-0002-5795-4783
https://orcid.org/0000-0003-4282-2515
https://orcid.org/0000-0002-1209-6471
https://orcid.org/0000-0002-0155-7383
https://orcid.org/0000-0001-9235-521X
https://orcid.org/0000-0002-0082-0514
https://orcid.org/0000-0002-7795-8693
https://orcid.org/0000-0001-8579-5874
https://orcid.org/0000-0001-5164-6969
https://orcid.org/0000-0002-6893-1018
https://orcid.org/0000-0002-5801-5737
https://orcid.org/0000-0003-4548-0346
https://orcid.org/0000-0003-3443-0626
https://orcid.org/0000-0002-7907-1789
https://orcid.org/0000-0002-2822-3375
https://orcid.org/0000-0002-7409-7904
https://orcid.org/0000-0001-6483-7123
https://orcid.org/0000-0002-7967-4635
https://orcid.org/0000-0003-1683-9460
https://orcid.org/0000-0002-6923-293X
https://orcid.org/0000-0003-0785-7552
https://orcid.org/0000-0002-1364-9920
https://orcid.org/0000-0003-2593-7767
https://orcid.org/0000-0003-0664-1653
https://orcid.org/0000-0002-0389-5896
https://orcid.org/0000-0002-6047-4211
https://orcid.org/0000-0001-8411-9620
https://orcid.org/0000-0002-7312-5854
https://orcid.org/0000-0001-8983-2169
https://orcid.org/0000-0002-1377-9119
https://orcid.org/0000-0003-3106-4894
https://orcid.org/0000-0002-3074-3767
https://orcid.org/0000-0003-3681-0649
https://orcid.org/0000-0003-4317-4660
https://orcid.org/0000-0002-2700-5085
https://orcid.org/0000-0002-4723-0968
https://orcid.org/0009-0008-7743-5316
https://orcid.org/0000-0002-1711-2506
https://orcid.org/0000-0002-2640-5941
https://orcid.org/0000-0003-2840-1087
https://orcid.org/0000-0001-6687-6214
https://orcid.org/0000-0003-0440-6019
https://orcid.org/0000-0001-5051-0293
https://orcid.org/0000-0002-7633-749X
https://orcid.org/0000-0001-8720-293X
https://orcid.org/0000-0002-8336-6141
https://orcid.org/0000-0001-8835-8282
https://orcid.org/0000-0002-0653-0761
https://orcid.org/0000-0001-5550-7827


43

University of Nebraska-Lincoln, Lincoln, Nebraska, USA
K. Bloom , D.R. Claes , G. Haza , J. Hossain , C. Joo , I. Kravchenko , J.E. Siado ,
W. Tabb , A. Vagnerini , A. Wightman , F. Yan , D. Yu

State University of New York at Buffalo, Buffalo, New York, USA
H. Bandyopadhyay , L. Hay , I. Iashvili , A. Kharchilava , M. Morris , D. Nguyen ,
S. Rappoccio , H. Rejeb Sfar, A. Williams

Northeastern University, Boston, Massachusetts, USA
G. Alverson , E. Barberis , J. Dervan, Y. Haddad , Y. Han , A. Krishna , J. Li ,
M. Lu , G. Madigan , R. Mccarthy , D.M. Morse , V. Nguyen , T. Orimoto ,
A. Parker , L. Skinnari , B. Wang , D. Wood

Northwestern University, Evanston, Illinois, USA
S. Bhattacharya , J. Bueghly, Z. Chen , S. Dittmer , K.A. Hahn , Y. Liu , Y. Miao ,
D.G. Monk , M.H. Schmitt , A. Taliercio , M. Velasco

University of Notre Dame, Notre Dame, Indiana, USA
G. Agarwal , R. Band , R. Bucci, S. Castells , A. Das , R. Goldouzian , M. Hildreth ,
K.W. Ho , K. Hurtado Anampa , T. Ivanov , C. Jessop , K. Lannon , J. Lawrence ,
N. Loukas , L. Lutton , J. Mariano, N. Marinelli, I. Mcalister, T. McCauley , C. Mcgrady ,
C. Moore , Y. Musienko16 , H. Nelson , M. Osherson , A. Piccinelli , R. Ruchti ,
A. Townsend , Y. Wan, M. Wayne , H. Yockey, M. Zarucki , L. Zygala

The Ohio State University, Columbus, Ohio, USA
A. Basnet , B. Bylsma, M. Carrigan , L.S. Durkin , C. Hill , M. Joyce , M. Nunez Or-
nelas , K. Wei, B.L. Winer , B. R. Yates

Princeton University, Princeton, New Jersey, USA
F.M. Addesa , H. Bouchamaoui , P. Das , G. Dezoort , P. Elmer , A. Frankenthal ,
B. Greenberg , N. Haubrich , G. Kopp , S. Kwan , D. Lange , A. Loeliger ,
D. Marlow , I. Ojalvo , J. Olsen , A. Shevelev , D. Stickland , C. Tully

University of Puerto Rico, Mayaguez, Puerto Rico, USA
S. Malik

Purdue University, West Lafayette, Indiana, USA
A.S. Bakshi , V.E. Barnes , S. Chandra , R. Chawla , A. Gu , L. Gutay, M. Jones ,
A.W. Jung , D. Kondratyev , A.M. Koshy, M. Liu , G. Negro , N. Neumeister ,
G. Paspalaki , S. Piperov , V. Scheurer, J.F. Schulte , M. Stojanovic , J. Thieman ,
A. K. Virdi , F. Wang , W. Xie

Purdue University Northwest, Hammond, Indiana, USA
J. Dolen , N. Parashar , A. Pathak

Rice University, Houston, Texas, USA
D. Acosta , T. Carnahan , K.M. Ecklund , P.J. Fernández Manteca , S. Freed, P. Gardner,
F.J.M. Geurts , W. Li , O. Miguel Colin , B.P. Padley , R. Redjimi, J. Rotter ,
E. Yigitbasi , Y. Zhang

University of Rochester, Rochester, New York, USA
A. Bodek , P. de Barbaro , R. Demina , J.L. Dulemba , A. Garcia-Bellido ,
O. Hindrichs , A. Khukhunaishvili , N. Parmar, P. Parygin93 , E. Popova93 , R. Taus

The Rockefeller University, New York, New York, USA

https://orcid.org/0000-0002-4272-8900
https://orcid.org/0000-0003-4198-8919
https://orcid.org/0009-0001-1326-3956
https://orcid.org/0000-0001-5144-7919
https://orcid.org/0000-0002-5661-4330
https://orcid.org/0000-0003-0068-0395
https://orcid.org/0000-0002-9757-470X
https://orcid.org/0000-0002-9542-4847
https://orcid.org/0000-0001-8730-5031
https://orcid.org/0000-0001-6651-5320
https://orcid.org/0000-0002-4042-0785
https://orcid.org/0000-0001-5921-5231
https://orcid.org/0000-0001-9726-4915
https://orcid.org/0000-0002-7086-7641
https://orcid.org/0000-0003-1948-5901
https://orcid.org/0000-0002-3913-0326
https://orcid.org/0000-0002-2830-6488
https://orcid.org/0000-0002-5185-8504
https://orcid.org/0000-0002-5449-2560
https://orcid.org/0000-0003-4055-6532
https://orcid.org/0000-0001-6651-1178
https://orcid.org/0000-0002-6417-5913
https://orcid.org/0000-0003-4916-7752
https://orcid.org/0000-0002-3510-6505
https://orcid.org/0000-0002-4319-818X
https://orcid.org/0000-0001-5245-2074
https://orcid.org/0000-0002-6999-3931
https://orcid.org/0000-0001-8796-5865
https://orcid.org/0000-0002-9391-2599
https://orcid.org/0000-0003-3163-2169
https://orcid.org/0000-0003-1278-9208
https://orcid.org/0000-0002-8388-3341
https://orcid.org/0000-0002-9421-3335
https://orcid.org/0000-0002-2019-6755
https://orcid.org/0000-0003-0796-2475
https://orcid.org/0000-0002-6477-801X
https://orcid.org/0000-0002-0526-6161
https://orcid.org/0000-0003-4521-6086
https://orcid.org/0000-0002-5359-9614
https://orcid.org/0000-0001-7892-1676
https://orcid.org/0000-0002-5588-1760
https://orcid.org/0000-0002-2023-2082
https://orcid.org/0000-0002-8377-1999
https://orcid.org/0000-0003-0814-3578
https://orcid.org/0000-0002-5119-6280
https://orcid.org/0000-0002-2593-5297
https://orcid.org/0000-0003-4873-0523
https://orcid.org/0000-0003-2618-3856
https://orcid.org/0000-0001-9115-9698
https://orcid.org/0000-0002-0295-249X
https://orcid.org/0000-0002-4454-3934
https://orcid.org/0000-0003-2229-7223
https://orcid.org/0000-0002-9779-3566
https://orcid.org/0000-0003-0489-9191
https://orcid.org/0000-0002-6885-3611
https://orcid.org/0000-0002-9706-0098
https://orcid.org/0000-0001-6326-7210
https://orcid.org/0000-0003-0049-6918
https://orcid.org/0000-0002-3212-4505
https://orcid.org/0000-0001-6589-8286
https://orcid.org/0000-0002-8821-2045
https://orcid.org/0000-0002-8140-4183
https://orcid.org/0009-0006-3545-1938
https://orcid.org/0000-0001-5592-0785
https://orcid.org/0000-0002-9760-9976
https://orcid.org/0000-0003-0386-0527
https://orcid.org/0000-0002-3151-1386
https://orcid.org/0000-0002-3696-689X
https://orcid.org/0000-0001-8204-6157
https://orcid.org/0000-0003-1510-5772
https://orcid.org/0000-0001-9665-7282
https://orcid.org/0000-0001-8460-0019
https://orcid.org/0000-0003-0538-5854
https://orcid.org/0000-0002-0477-1051
https://orcid.org/0000-0003-0059-0779
https://orcid.org/0000-0003-1112-5880
https://orcid.org/0000-0003-2663-7379
https://orcid.org/0000-0001-9980-4698
https://orcid.org/0000-0001-7366-1318
https://orcid.org/0000-0003-0484-5804
https://orcid.org/0000-0002-9776-1935
https://orcid.org/0000-0002-9770-1377
https://orcid.org/0000-0002-5890-0445
https://orcid.org/0000-0001-6830-3356
https://orcid.org/0000-0002-2583-5982
https://orcid.org/0000-0002-4922-1934
https://orcid.org/0000-0002-7625-8169
https://orcid.org/0000-0001-8160-0208
https://orcid.org/0000-0002-5308-7707
https://orcid.org/0000-0002-9086-5184
https://orcid.org/0000-0002-5017-1487
https://orcid.org/0000-0002-6395-1079
https://orcid.org/0000-0003-1455-6272
https://orcid.org/0000-0002-9361-5762
https://orcid.org/0000-0003-4600-0228
https://orcid.org/0000-0003-4702-8820
https://orcid.org/0000-0001-6771-2174
https://orcid.org/0000-0002-6356-2655
https://orcid.org/0000-0002-2857-6883
https://orcid.org/0000-0001-6939-3445
https://orcid.org/0009-0000-7412-4071
https://orcid.org/0000-0003-4802-6819
https://orcid.org/0000-0002-6230-1138
https://orcid.org/0000-0002-9951-4583
https://orcid.org/0000-0003-3068-3212
https://orcid.org/0000-0002-7874-2480
https://orcid.org/0000-0001-9012-395X
https://orcid.org/0000-0002-1418-2154
https://orcid.org/0000-0003-2356-1700
https://orcid.org/0000-0001-6815-1065
https://orcid.org/0000-0002-9266-7819
https://orcid.org/0000-0003-4421-680X
https://orcid.org/0000-0002-1542-0855
https://orcid.org/0000-0001-7684-6588
https://orcid.org/0000-0002-0866-8932
https://orcid.org/0000-0002-8313-0809
https://orcid.org/0000-0003-1430-9191
https://orcid.org/0000-0003-1141-3823
https://orcid.org/0009-0009-1717-0413
https://orcid.org/0000-0001-9861-2942
https://orcid.org/0000-0001-5367-1738
https://orcid.org/0000-0001-7492-3201
https://orcid.org/0000-0002-6976-4637
https://orcid.org/0000-0003-2566-7496
https://orcid.org/0000-0003-2856-9090
https://orcid.org/0000-0003-4136-3409
https://orcid.org/0000-0001-6612-432X
https://orcid.org/0000-0002-3572-5701
https://orcid.org/0009-0009-4040-7407
https://orcid.org/0000-0002-9595-2623
https://orcid.org/0000-0002-6812-761X
https://orcid.org/0000-0003-0409-0341
https://orcid.org/0000-0002-5508-1827
https://orcid.org/0000-0002-7852-167X
https://orcid.org/0000-0002-9842-7015
https://orcid.org/0000-0002-1407-1972
https://orcid.org/0000-0001-7640-5264
https://orcid.org/0000-0002-3834-1316
https://orcid.org/0000-0001-6743-3781
https://orcid.org/0000-0001-7556-8969
https://orcid.org/0000-0002-5168-2932


44

K. Goulianos

Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA
B. Chiarito, J.P. Chou , S.V. Clark , D. Gadkari , Y. Gershtein , E. Halkiadakis ,
M. Heindl , C. Houghton , D. Jaroslawski , O. Karacheban30 , I. Laflotte , A. Lath ,
R. Montalvo, K. Nash, H. Routray , P. Saha , S. Salur , S. Schnetzer, S. Somalwar ,
R. Stone , S.A. Thayil , S. Thomas, J. Vora , H. Wang

University of Tennessee, Knoxville, Tennessee, USA
H. Acharya, D. Ally , A.G. Delannoy , S. Fiorendi , S. Higginbotham , T. Holmes ,
A.R. Kanuganti , N. Karunarathna , L. Lee , E. Nibigira , S. Spanier

Texas A&M University, College Station, Texas, USA
D. Aebi , M. Ahmad , O. Bouhali94 , R. Eusebi , J. Gilmore , T. Huang ,
T. Kamon95 , H. Kim , S. Luo , R. Mueller , D. Overton , D. Rathjens , A. Safonov

Texas Tech University, Lubbock, Texas, USA
N. Akchurin , J. Damgov , V. Hegde , A. Hussain , Y. Kazhykarim, K. Lamichhane ,
S.W. Lee , A. Mankel , T. Peltola , I. Volobouev

Vanderbilt University, Nashville, Tennessee, USA
E. Appelt , Y. Chen , S. Greene, A. Gurrola , W. Johns , R. Kunnawalkam Elayavalli ,
A. Melo , F. Romeo , P. Sheldon , S. Tuo , J. Velkovska , J. Viinikainen

University of Virginia, Charlottesville, Virginia, USA
B. Cardwell , B. Cox , J. Hakala , R. Hirosky , A. Ledovskoy , C. Neu ,
C.E. Perez Lara

Wayne State University, Detroit, Michigan, USA
P.E. Karchin

University of Wisconsin - Madison, Madison, Wisconsin, USA
A. Aravind, S. Banerjee , K. Black , T. Bose , S. Dasu , I. De Bruyn , P. Everaerts ,
C. Galloni, H. He , M. Herndon , A. Herve , C.K. Koraka , A. Lanaro, R. Loveless ,
J. Madhusudanan Sreekala , A. Mallampalli , A. Mohammadi , S. Mondal, G. Parida ,
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64Also at Universität Zürich, Zurich, Switzerland
65Also at Stefan Meyer Institute for Subatomic Physics, Vienna, Austria
66Also at Laboratoire d’Annecy-le-Vieux de Physique des Particules, IN2P3-CNRS, Annecy-le-
Vieux, France
67Also at Near East University, Research Center of Experimental Health Science, Mersin,
Turkey
68Also at Konya Technical University, Konya, Turkey
69Also at Izmir Bakircay University, Izmir, Turkey
70Also at Adiyaman University, Adiyaman, Turkey
71Also at Bozok Universitetesi Rektörlügü, Yozgat, Turkey
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