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1 Introduction

Hidden Valley (HV) models [1, 2] provide a well-motivated extension of the Standard
Model (SM) in which a hidden sector, neutral under SM gauge interactions, is connected
to the SM visible sector through weak, so-called portal interactions. Such scenarios arise
naturally in solutions to the hierarchy problem, which often introduce additional sectors
with suppressed couplings to the SM [3]. Strongly interacting hidden sectors are further
motivated by the possibility that dark matter is composed of bound states of a QCD-like
hidden force [4, 5], or that it resides in a dark sector with sizable self-interactions, as suggested
by small-scale structure anomalies in galaxies and their clusters [6-8].

At the Large Hadron Collider (LHC), a range of searches has targeted these scenarios
in regimes where the hidden sector undergoes a shower analogous to a QCD parton shower,
giving rise to jet-like signatures once the hidden-sector particles decay to visible SM particles.
These include searches for so-called semi-visible jets [9-11] and emerging jets [12, 13], which
exploit the resulting exotic jet topologies to distinguish such events from SM backgrounds.

However, if the hidden-sector force remains strongly coupled well above its hadronization
scale, corresponding to a quasi-conformal coupling regime, its radiation pattern can differ
qualitatively from that of QCD. In particular, emissions need not be dominated by soft
and collinear splittings, and the resulting shower may instead populate phase space more
uniformly [14-17]. For models in which the available energy is distributed among many
particles, this results in a characteristic collider signature known as a Soft Unclustered Energy
Pattern (SUEP), consisting of a high multiplicity of low-momentum particles, distributed
approximately isotropically in the center-of-mass frame [14, 18]. Figure 1 shows a repre-



Figure 1. Representative diagram of gluon-fusion production of a scalar mediator S, followed
by showering in the dark sector and the production of a high-multiplicity final state of light dark
(pseudo-)scalars (¢). The ¢ particles subsequently decay promptly to SM particles through their
coupling to dark photons, which mix kinetically with the SM photon. The figure is taken from ref. [18].

sentative signal diagram. The absence of hard or collimated objects makes such signatures
challenging both to trigger on and to reconstruct. Exploring such unconventional and ex-
perimentally challenging signatures is essential to ensure sensitivity to a broad range of
possible extensions of the SM.

Both the existing searches for SUEP signatures performed by the CMS Collaboration [19,
20] and the analysis presented here are based on the theoretical framework proposed in
ref. [18]. In this framework, the hidden sector is accessed through a scalar portal, which
may be the SM Higgs boson or a heavier scalar particle. Within the dark sector, particles
undergo showering and subsequently hadronize into a large number of dark mesons ¢, which
are assumed for simplicity to consist of a single particle species. A wide range of values for
the dark-meson mass my, is theoretically motivated. Generally, values of order 1-10 GeV are
well suited for SUEP scenarios, as they allow for a rich set of decay channels to SM particles
while still producing the high-multiplicity, soft final states characteristic of this signature,
which are not efficiently targeted by conventional searches. The momenta of the dark mesons
are expected to follow an approximately thermal distribution [21] and are modeled using
a Maxwell-Boltzmann spectrum parameterized by a Hagedorn temperature 7' [22], which
sets the characteristic momentum scale of the hadronizing hidden sector and is expected to
be of the same order as my. The dark mesons are assumed to decay promptly into pairs of
dark photons (A’), which subsequently decay promptly into charged SM particles via kinetic
mixing with the SM photon [23]. While other decay modes of dark mesons to SM particles
are possible [24], this choice provides a convenient and realistic framework to realize a wide
range of final-state particle compositions. For a given dark-photon mass, the branching
fractions to SM particles are fixed, leading to specific mixtures of electrons, muons, and
hadrons in the final state. For dark-photon masses of order 1 GeV, the dominant decay modes
are A" — ete”, A = ptp~, and A’ — ntn~.

A previous search for SUEP signatures by the CMS Collaboration [19] targeted gluon—
gluon fusion production of the mediator and relied on high-transverse-momentum initial-state
radiation to trigger events via large energy deposits in the calorimeters. While this approach



provided sensitivity over a broad range of 1" and my, it was primarily sensitive to scenarios
with large mediator masses. Subsequent searches targeting associated production of the
Higgs boson with a vector boson [20] complemented this result. However, the requirement of
very high particle multiplicities to suppress background limited the sensitivity to scenarios
with low mg and T.

The search presented here complements these approaches by targeting final states with
a high multiplicity of prompt muons, which are expected for a broad range of dark-photon
masses m 4. This strategy provides strong background rejection while maintaining sensitivity
to scenarios with moderate particle multiplicities, thereby extending the coverage of the
SUEP parameter space well beyond that of previous searches.

Events are selected using multi-muon triggers and target prompt final states with a
high multiplicity of muons. They are further characterized by relatively low average muon
transverse momentum, large charged-particle track multiplicity associated with the primary
interaction, and isotropic spatial distribution of the muons. The signal region is defined to
be sensitive to a broad range of charged-particle multiplicities and to preferentially select
events in which muons are distributed more isotropically than in the dominant background
from QCD multijet production, where muons are produced mainly in heavy-flavor decays,
and which is estimated using a data-driven method.

2 ATLAS detector

The ATLAS detector [25] at the LHC covers nearly the entire solid angle around the collision
point.! It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial magnetic field and provides
charged-particle tracking in the range |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
generally being in the insertable B-layer (IBL) installed before Run 2 [26, 27]. It is followed
by the SemiConductor Tracker (SCT), which usually provides eight measurements per track.
These silicon detectors are complemented by the transition radiation tracker (TRT), which
enables radially extended track reconstruction up to |n| = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
In] < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic

LATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The z-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar coordinates (r, ¢) are used in the transverse plane, ¢

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as

E+p.
E—-p-

n = —Intan(6/2) and is equal to the rapidity y = 3 In (
measured in units of AR = /(Ay)2 + (A¢)2.

) in the relativistic limit. Angular distance is



calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |n| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements, respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the supercon-
ducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0 and
6.0 T m across most of the detector. Three layers of precision chambers, each consisting of
layers of monitored drift tubes, cover the region |n| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [28] detector that records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beampipe.

Events were selected by the first-level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented in software in the high-level trigger [29].
The first-level trigger accepted events from the 40 MHz bunch crossings at a rate close to
100 kHz, which the high-level trigger further reduced in order to record complete events
to disk at about 1.25kHz.

A software suite [30] is used in data simulation, in the reconstruction and analysis of
real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Data and simulated event samples

The analysis uses 140 fb™! of proton—proton (pp) collision data collected at /s = 13 TeV
by the ATLAS experiment between 2015 and 2018, corresponding to the full LHC Run 2.
Only events recorded under stable-beam conditions with all detector subsystems operating
normally are included, and standard data-quality requirements are applied to ensure reliable
reconstruction of physics objects [31]. The average number of simultaneous pp interactions
per bunch crossing (pile-up) over the full dataset, (i), is approximately 34.

The search targets signal models in which a scalar mediator .S is produced via gluon—gluon
fusion and subsequently decays into a quasi-conformal hidden sector, following the framework
described in section 1. The mediator is taken to be either the SM Higgs boson with mass
mg = 125 GeV, or a heavier scalar particle with mg = 400 GeV or mg = 750 GeV. The
inclusion of heavier mediators allows the exploration of scenarios in which a larger total
energy is injected into the hidden sector. The dark-meson mass is set to the benchmark
values mg = 1.5, 3, and 5 GeV, chosen as representative points within the range motivated in
section 1. Consistent with the expectation that T' is of the same order as my, it is varied
according to T = %m¢, T = mg, and T = %m¢.

Representative benchmark scenarios for m4: are defined within the region that kinemat-
ically allows decays to muons. A dark-photon mass of m4 = 0.5 GeV, corresponding to
branching fractions B(A' — ete™,utu~,7t7n~) = (0.4, 0.4, 0.2), is chosen as the nominal
benchmark. This choice yields a substantial muon fraction while retaining a non-negligible



mg (GeV) me (GeV) T (GeV) mar (GeV)

125 1.5 1.00, 1.50, 2.25 | 0.3, 0.5
125 3.0 2.0, 3.0, 4.5 0.5

125 5.0 3.33, 5.0, 7.5 0.3, 0.5
400 1.5 1.00, 1.50, 2.25 | 0.5, 0.7
400 3.0 2.0, 3.0, 4.5 0.5, 0.7
400 5.0 3.33, 5.0, 7.5 0.5, 0.7
750 1.5 1.00, 1.50, 2.25 | 0.5, 0.7
750 3.0 2.0, 3.0, 4.5 0.5, 0.7
750 5.0 3.33, 5.0, 7.5 0.5, 0.7

Table 1. Benchmark signal model parameters considered. When multiple comma-separated values
are given, all combinations across columns of those parameters were generated.

contribution from hadronic decays, and all combinations of mg, mg, and T" are simulated
for this benchmark. To probe the dependence on the final-state composition, two alter-
native benchmarks are considered. An enhanced-muon scenario with m 4 = 0.3 GeV and
B(A" — efe ,utu~,7t7~) = (0.5, 0.5, 0.0) is studied for the case in which the media-
tor is the Higgs boson. In addition, a reduced-muon scenario with m4 = 0.7 GeV and
B(A" = ete ,utpu~,ntw) = (0.15, 0.15, 0.7) is considered for a subset of model-parameter
combinations. A summary of the model parameters explored in this paper is shown in table 1.
Not all combinations of model parameters were generated, and the selection balances the
exploration of key model parameters and expectation of sensitivity to the chosen benchmarks.

Signal Monte Carlo (MC) samples are generated at leading order (LO) using
PyTHIA 8.244.p3 [32] with the Al4 tune [33] and the NNPDF2.3L0 [34] parton distri-
bution function (PDF) set. Their inclusive gluon-fusion production cross-section is set to the
Next-to-Next-Leading-Order (NNLO) QCD calculations including exact next-to-leading-order
(NLO) top-mass effects [35]. The Higgs boson decay is handled by a dedicated Pythia plug-in
based on the model described in ref. [24], which models the quasi-conformal shower in the
dark sector. The mediator branching ratio to the dark sector, B(S — SUEP), is set to 100%.
Dark photons are then decayed with the branching ratios reported above. The generated
events are processed using a fast detector simulation based on a parameterization of the
calorimeter response [36].

For signal models in which the mediator is the SM Higgs boson, events are reweighted to
reproduce the NLO prediction for the Higgs boson transverse momentum spectrum, obtained
from a sample generated with the POWHEG Box v2 MC generator [37—41].

A Z — pTp~ MC sample is used to calibrate both the trigger efficiency and the track
multiplicity correction described in section 4. The POWHEG Box vl MC generator [39-42]
was used for the simulation of the hard-scattering processes of Z-boson production at NLO in
QCD, and for decaying it to the muon channel. It was interfaced to PyTHIA 8.186 [43] for the
modeling of the parton shower, hadronization, and underlying event, with parameter values
set according to the AZNLO tune [44]. The CT10NLO PDF set [45] was used for the hard-
scattering processes, whereas the CTEQG6L1 PDF set [46] was used for the parton shower.



The effect of additional photons in the final state was simulated with PHOTOS++ 3.52 [47, 48].
The EVTGEN 1.2.0 program [49] was used to decay bottom and charm hadrons.

Together with the Z — u*pu~ sample, MC samples of tt, ttZ and diboson (VV)
production are used to verify that only QCD multijet events are expected to contribute
significantly to the search and validation regions defined in section 5. The production of
tt events was modeled using the POWHEG BOxX v2 [39-41, 50] generator at NLO with the
NNPDF3.0NLO [34] PDF set and the hqamp parameter? set to 1.5 Myop [01]. The events were
interfaced to PyTHIA 8.230 [52] to model the parton shower, hadronization, and underlying
event, with parameters set according to the A14 tune [33] and using the NNPDF2.3L0 set of
PDFs [53]. The decays of bottom and charm hadrons were performed by EVTGEN1.6.0 [49].

The production of t¢Z events was modeled using the MADGRAPHS  AMC@NLO 2.3.3 [54]
generator at NLO with the NNPDF3.0NLO [34] PDF. The events were interfaced to
PyTHIA 8.210 [52] using the A14 tune [33] and the NNPDF2.3L0 [34] PDF set. The decays
of bottom and charm hadrons were simulated using the EVTGEN 1.2.0 program [49].

Samples of diboson final states (V'V') were simulated with the SHERPA 2.2.1 or 2.2.2 [55]
generator depending on the process, including off-shell effects and Higgs boson contributions,
where appropriate. Fully leptonic final states and semileptonic final states, where one boson
decays leptonically and the other hadronically, were generated using matrix elements at NLO
accuracy in QCD for up to one additional parton and at LO accuracy for up to three additional
parton emissions. Samples for the loop-induced processes gg — V'V were generated using
LO-accurate matrix elements for up to one additional parton emission for both the cases of
fully leptonic and semileptonic final states. The matrix element calculations were matched and
merged with the SHERPA parton shower based on Catani-Seymour dipole factorization [56, 57]
using the MEPS@NLO prescription [58-61]. The virtual QCD corrections were provided by
the OPENLOOPS library [62-64]. The NNPDF3.0NNLO set of PDFs was used [34], along
with the dedicated set of tuned parton-shower parameters developed by the SHERPA authors.

All background MC samples are processed using a full GEANT4-based detector simula-
tion [36]. For all MC samples, pile-up was modeled by overlaying the simulated hard-scattering
event with inelastic pp events generated with PyTHIA 8.186 [43] using the NNPDF2.3L0 set
of PDF [53] and the A3 set of tuned parameters [65]. All MC samples are reweighted such
that the distribution of the number of pile-up vertices reproduces that observed in data.

4 Event reconstruction

Events are selected using the multi-muon trigger with the lowest pr threshold that collected
the full integrated luminosity in each data-taking period. This corresponds to a trigger
requiring at least three muons with pp > 6 GeV in 2015 and 2016, and at least four muons
with pt > 4GeV in 2017 and 2018. Simulated signal samples are corrected to reproduce the
trigger efficiency expected in data. A scale factor is applied to the simulated signal events,
defined as the ratio of the trigger efficiency expected in data to that in simulation. Following
ref. [66], the expected multi-muon trigger efficiency is estimated from the corresponding

2The hdamp parameter is a resummation damping factor and one of the parameters that controls the
matching of POWHEG matrix elements to the parton shower and thus effectively regulates the high-pr radiation
against which the ¢ system recoils.
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Figure 2. Expected reconstructed (a) muon multiplicity and (b) muon pr spectrum, illustrating the
dependence of these observables on the temperature 7' and dark-meson mass mg for a Higgs boson
mediator and m 4, = 0.5 GeV, which corresponds to B(A" — eTe™, utp~,7t7~) = (0.4, 0.4, 0.2). The
muon selection requirements of the analysis are applied, but no event selection or trigger requirements.

single-muon trigger efficiencies with identical transverse momentum thresholds, assuming
that the efficiencies for individual muons are uncorrelated.

The single-muon efficiencies are measured in data and in the Z — p*p~ MC sample for
muons passing the offline selection requirements, using a tag-and-probe method similar to
that described in ref. [66]. In addition to the binning in 7, ¢, and data-taking period used in
ref. [66], an additional binning in pr is introduced to better model the reduced efficiency in
the trigger turn-on region. The pr bin edges are defined as [4,6, 8,10, 00) GeV. At least three
(four) muons reconstructed by the High Level Trigger are required to be within AR = 0.07
of an offline muon in 2015 and 2016 (2017 and 2018). The trigger efficiency ranges from
approximately 1% for all signal models with my = 1.5 GeV and T' = 1 GeV to nearly 100%
for the model with m, = 750 GeV, m 4 = 0.5 GeV, and mg =T = 5 GeV. The corresponding
scale factors range between 0.85 and 1. The variations in trigger efficiency and scale factor are
driven by differences in the muon kinematics, in particular the pp spectrum and multiplicity,
between signal models. Figure 2 illustrates this dependence for muons passing the selection
requirements detailed below, before any event selection is applied.

Events are required to have at least one reconstructed vertex [67] with at least two
associated tracks with pp larger than 500 MeV that are consistent with originating from
the beam collision region. The vertex with the highest sum of squared transverse momenta
of associated tracks is considered as the primary vertex (PV) of the event. The transverse
and longitudinal impact parameters of all tracks, denoted by dy and zg, respectively, are
calculated relative to the beamline. For the longitudinal impact parameter, the z-position

of the primary vertex is used as the reference point.

Muons are reconstructed by combining tracks in the ID with tracks in the MS in the
range |n| < 2.5. They are required to have pp > 3 GeV and to satisfy the cut-based LowPt
working point defined in ref. [68]. The combined tracks must also meet the requirements
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Figure 3. Average pr of muons passing the selection requirements for events satisfying the trigger
requirements. Data are compared with a range of signal models to illustrate the dependence on the
scalar mediator mass. The shoulder observed around 7 GeV in data arises from the combination of
multiple trigger selections. The dotted line and arrow indicate the region selected by the analysis.
Overflow entries are included in the last bin.

|dp| < 2mm and |Azpsin §] < 3 mm, ensuring muons originate close to the PV and suppressing
backgrounds with non-prompt decays from heavy-flavor hadrons.

ID tracks are used to characterize the charged-particle activity in the event. These tracks
include those associated with reconstructed muons as well as other charged particles. They
must satisfy pr > 0.5 GeV, [n| < 2.5, |dg| < 0.5 mm, and |Azgsinf| < 0.5 mm, ensuring
they are within the ID acceptance, reconstructed by the track reconstruction algorithms,
and compatible with originating at the PV.

Events are required to have an average muon transverse momentum (pf) < 10 GeV,
computed using all muons that pass the selection requirements. The distribution of (pf.) for
data and selected signal models is shown in figure 3. This requirement strongly suppresses
backgrounds in which muons originate from the decays of heavy particles such as vector
bosons or top quarks. According to simulation, after applying this requirement, the largest
background contribution other than QCD multijet production arises from t¢ production and
amounts to approximately 0.5% of events entering the search region, while contributions
from Z — ptp~, ttZ, and VV processes are found to be at the level of 107% or smaller.
Other processes involving heavy particles, such as ttW, ttH, and triboson production, are
expected to contribute at a similar level. As a result, the background is dominated by
QCD multijet events, where muons are predominantly produced in decays of heavy-flavor
hadrons, as well as kaons and pions. As described in section 5, the background contribution
is estimated using a likelihood-based ABCD method based on the muon sphericity S, and
the track multiplicity Niracks, defined below.

4.1 Sphericity

Sphericity is an event-shape observable used to characterize the geometrical properties of par-
ticle production in high-energy collisions [69]. It is typically computed using all reconstructed
particles. In this analysis, it is instead constructed using only reconstructed muons.
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Figure 4. Sphericity of muons (a) computed in the laboratory frame S}j‘b and (b) computed after
boosting to the muon-system rest frame S, for selected signal models and data. The distributions are
shown for events passing the trigger selection requirement and with (p4.) < 10 GeV.

In signal events, the muons are approximately isotropically distributed in the rest frame
of the mediator S, which is generally boosted in the laboratory frame, particularly for models
with low mg, mg, or T' that rely on this boost to satisfy the trigger requirements. To
reduce the impact of this boost, all muon four-momenta are first summed to define the
total four-momentum of the system. A Lorentz transformation is performed to express the
muon four-momenta in the rest frame of the system. In this frame, the spatial momentum
components are used to build the quadratic momentum tensor,

o _ SibfD;
> lpil?’
where the sum runs over all selected muons and «, 8 denote spatial indices. The tensor is

diagonalized to obtain its eigenvalues A1 > Ag > A3, which satisfy Ay + Ao + A3 = 1. The
sphericity is then defined as

(4.1)

S, g()\z ). (4.2)

This observable takes values close to zero for very collimated configurations and approaches
unity for isotropic configurations. As shown in figure 4, for signal models the value of S,
is larger than that obtained when computed in the laboratory frame, while in data the S,
distribution is shifted towards lower values compared to the laboratory-frame definition.

4.2 Track multiplicity

The number of reconstructed tracks is a powerful observable for discriminating signal from
background. A large multiplicity of low-momentum muons, electrons,® and/or charged

3Electrons, which cannot be reliably reconstructed or identified in this analysis due to their low pr,
as well as muons that are below the minimum pr specified in section 4, may still be reconstructed as
charged-particle tracks.
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Figure 5. (a) Bare and (b) corrected track multiplicities as a function of the longitudinal distance
between the PV and the mean position of the luminous region, shown for different years of data-taking.
The error bands indicate the statistical uncertainty.

hadrons (depending on the specific m 4/) is expected in the case of signal events, far exceeding
what is typical in background processes.

The tight requirement on the longitudinal track impact parameter (|Azpsiné| < 0.5 mm)
helps to isolate tracks originating from the hard-scattering interaction from those originating
from pile-up interactions. However, pile-up interactions can still contribute when their vertices
are sufficiently close to the PV. The size of this contribution depends on the local density
of pile-up vertices near the PV and thus varies with data-taking conditions. This behavior
is illustrated in figure 5(a), which shows that the increase in the bare (uncorrected) track
multiplicity NP2¢ = for PVs near the longitudinal center of the luminous region (or beam

spot) zps depends on the data-taking period, reflecting differences in the average number of

BS
PP

Additionally, significant uncertainties in the modeling of inelastic pp interactions affect the

pile-up interactions per bunch crossing p and in the longitudinal width of the beam spot o

multiplicity and kinematic properties of charged particles produced in pile-up vertices.

To reduce the sensitivity of the analysis to these effects, a data-driven estimate of the
average number of pile-up tracks passing the track selection is employed. Such an estimate
is expected to depend on beam conditions at the time the event was recorded and denoted
NPU and it is subtracted from Ntb"jLre to define the corrected track multiplicity:

tracks’ racks
Niracks = Niarics — Niraeis ((2pv — 2B8) /027, 1), (4.3)

where NPU, is defined in eq. (4.4) and zpy is the longitudinal position of the primary
vertex of the event. The beam spot parameters zps and o2 are determined from fits to the
spatial distribution of reconstructed primary vertices, accumulated over many events within
a given time period of about 60 s [70], and p is measured by the LUCID-2 detector [71]
as an average over many bunch crossings.

The contribution Nt};g:ks is estimated using tracks whose longitudinal impact parameter is
consistent with originating away from the PV, where only pile-up contributions are expected.

Figure 6 shows the track multiplicity as a function of the longitudinal displacement relative

,10,



£27atLas ‘ ﬁ ‘ " mm 2015
£L Vs=13TeV,140 o~ 7% . 2016
Z 50t e . 2017 ]
kg = 2018
”* L
40 . .
L
g %
30 ] <
e o~
(d -
20} s % ]
g ot
2
10__/‘ L
O~ "7 20 2 4 6 8
Zshife [mm]

Figure 6. Multiplicity of tracks Ntﬁ’r};‘if(s when taken as a function of the track longitudinal impact

parameters with respect to the PV (zghift)-

to the PV, denoted zgir;. The contribution from tracks originating from the PV becomes
negligible for |zgg| = 4 mm, as indicated by the approximately flat distribution in these
ranges. A mild decrease toward larger values of |zgif| is observed and expected, consistent
with the reduced pile-up vertex density away from zgg. The measurement of Nt}:r)gcks is
therefore performed by counting how many tracks are within a window of 1 mm around
Zshitt = 6.5 mm, using events that satisfy the trigger requirements.

The resulting track multiplicity is dependent on p and on the location relative to the
beamspot center, normalized by the beamspot width ((z — 2pg)/02%). The expected NEU,
at any given longitudinal position z can then be derived assuming a Gaussian dependence

on (z — zpg)/oB% and a linear dependence on p:

BS\ 2
Z — ZBS)/O
Nitaes((z = 288)/02°, 1) = p Aexp | —3 <(B)/Z> + N, (4.4)

where A, B, and Ny are determined from a y2 fit to the measured track multiplicities.
The parameter Ny accounts for additional contributions that are largely independent of u
and (z — zps)/ UES. For consistency, the procedure is performed independently in data and
simulation, using a Z — p*pu~ sample for the latter. The fitted parameters for both data
and simulation are listed in table 2.

As shown in figure 5(b), the corrected observable Ny acks exhibits no significant dependence
on the PV position within the beam spot or on variations in instantaneous luminosity. A
residual difference between the 2015-2016 and 2017-2018 data-taking periods is observed
and expected due to the different trigger selections employed during these periods, leading
to a different average track multiplicity from the PV.

5 Event selection and background estimation

After the preselection requirement (p‘f) < 10 GeV, the dominant background arises from
QCD multijet events in which heavy-flavor hadrons decay into muons. While the signal is
assumed to be prompt, heavy-flavor hadrons can have sizable lifetimes, resulting in displaced
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A B No
Data 0.2240 £ 0.0006 0.9589 £+ 0.0028 0.474 £ 0.005
MC  0.207240.0006 0.9182 4 0.0027 0.440 £ 0.005

Table 2. Fitted parameters of N'U.  for data and MC with +10 fit uncertainties.
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Figure 7. (a) Ratio of the number of data events with Niyacks > 50 to those with Nyacks < 50 as a
function of S, and (b) ratio of the number of data events with S, > 0.6 to those with 0.1 < S, < 0.2
as a function of Niacks, shown for each validation region. The solid (dashed) lines in the right panel
indicate linear fits to the ratio for validation regions with d®(u1) < 3 (d3%(p1) > 5).

muon signatures. The search region therefore requires the transverse impact-parameter
do(p1)

aay (1)
muon. In addition, a requirement on the muon’ multiplicity, N, > 5, further suppresses

significance of the highest-pt muon, d%ig(ul) = < 3, where 1 denotes the highest-pr

the background. The selection efficiency of the requirements on (pf), d%ig(ul), and N, is
close to unity for all signal models.

Background events with displaced leptonic decays are not expected to differ significantly in
topology from those entering the search region. Alternative requirements on d%ig(ul) and N,
are therefore used to define regions in which the background estimation method is tested and
validated. The selections defining the validation and search regions are summarized in table 3.

As illustrated in figure 7, Niracks and S, are largely uncorrelated in the validation
regions once the region S, < 0.1 is excluded. This low-S), region is dominated by events in
which muons are collimated into two narrow cones with well-aligned axes. Such topologies
are predominantly expected in events without additional jet activity away from this axis,
resulting in a significantly reduced Ni.cks and a stronger correlation between Nipacks and
Su. A small trend in the ratio of the number of events satisfying S, > 0.6 to those with
0.1 < S, < 0.2 is observed, particularly pronounced in the validation region defined by
N, > 5 and df)ig(ul) > 5. A dedicated systematic uncertainty is discussed in section 6 that
takes this correlation into account.

Based on the assumption that the correlation between Niracks and S, is similarly low
in the search region, the background is modeled using a multi-bin likelihood-based ABCD
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Requirements Region purpose
e 1) >5 validation
N, =3 0. (k1)
05 (1) < 3 validation
de 1) >5 validation
N, =4 0. (1)
do®(u1) <3 validation
sig > 5 validation
N,>5 0. (1)
do®(u1) <3 search

Table 3. Definition of the validation and search regions.

method. The method allows a fully data-driven background prediction that does not rely on
the simulated background samples. Events are categorized in a two-dimensional histogram
of Niracks and S, as shown in figure 8. Along the Niracks axis, the bin edges are defined
at (—oo, 20, 40, 60, 80, 120, 170, c0),* with each bin inclusive of its lower boundary. This
binning is chosen to ensure good sensitivity across the full range of signal models considered,
which show a wide variety of Niaes distributions. The S, axis is partitioned into two disjoint
intervals: 0.1 < S, < 0.2 and S;, > 0.6.

For increasing Nisacks, the bins in the low-S,, interval are labelled A, C1, ..., Cg, while
the corresponding bins in the high-S,, interval are labelled B, Dy, ..., Dg. In the search
region, the background is expected to populate predominantly the control-region bins A, B,
and C, ..., Cg, whereas signal events are expected to contribute primarily to the signal
region bins D1, ..., Ds.

The stringent requirement of S, > 0.6 defining the signal-region bins is chosen to
enhance the sensitivity of the search relative to looser S, selections. Conversely, the upper
bound S, < 0.2 for the control-region bins A, C1, ..., Cp is chosen to suppress potential
contamination from certain signal models, allowing this region, together with the region
B, to be unblinded during the development of the analysis strategy. Since including the
intermediate region 0.2 < S;, < 0.6 as additional signal-region bins does not improve the
overall sensitivity, this region is excluded from the analysis entirely.

The background model is constrained using maximum-likelihood fits to data, as further
detailed in section 7. When testing signal hypotheses, the likelihood includes a signal
component, such that the background normalization parameters are determined simultaneously
with the scale of the signal contribution. This procedure ensures a consistent determination
of the background model both in background-only fits and in fits allowing for a potential
signal contribution, including cases where non-negligible signal contributions are present
in control-region bins.

4Negative Niacks values can arise from the subtraction of the average expected pile-up contribution
(section 4.2).
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Figure 8. Binning of the Niracks—S,, histograms and distributions in the search region of (a) data and
(b) selected signal models. The signal entries are normalized to unity. The signal region corresponds
to the bins D1, ..., Ds.

6 Systematic uncertainties

Experimental uncertainties on the simulated signal yields are evaluated to account for
potential differences between data and simulated signal samples in the event reconstruction
and selection. The relative importance of the various uncertainty sources depends strongly
on the signal model parameters. For models with mg, T S 3 GeV, where the acceptance is
largely constrained by the pt thresholds of the online muon reconstruction, the dominant
contribution is expected to arise from the trigger efficiency. For models with mg, T' 2 3 GeV,
uncertainties associated with ID tracking are expected to become largest. This behavior is
reflected in the ranges quoted for the individual uncertainty sources below.

Two sources of systematic uncertainty affecting the trigger efficiency are evaluated,
both arising from the tag—and—probe procedure used to determine the single-muon trigger
efficiencies. The first originates from the limited statistical precision of the measurement, with
its impact on the signal yield in the search region ranging from about 0.1% to 20%, depending
on the model parameters. The second is derived by varying the selection requirements applied
to the probe muon. The set of variations follows ref. [66], except for the probe-muon pr
requirement, which is adapted to accommodate the additional pp binning used. The effect
of this second source on the signal yield in the search region ranges from roughly 0.1% to
4%, depending on the model parameters.

Offline muon reconstruction is affected by uncertainties in the resolution of the combined
muon track and in the reconstruction efficiency. The impact of the muon track-resolution
uncertainty is found to be negligible. The uncertainty associated with the mismodeling of
the muon reconstruction efficiency leads to variations in the signal yield in the search region
ranging from approximately 0.5% to 5%, depending on the model parameters.

An uncertainty of 100% is assigned to the estimated rate of tracks arising from combi-
natorial background in the ID, based on comparisons between data and simulation of the
reconstructed track multiplicity as a function of pile-up [67]. Since the contribution of such
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tracks is small, its effect on Nipacks ranges from approximately 1% to 5%, depending on
the model parameters. For models predicting very high Niacks, this uncertainty is largest
in relative terms; however, its impact on the search sensitivity is sub-dominant, since all
events remain within the highest Ni;.cks bin under any variation. Uncertainties on the
ID track-resolution and reconstruction-efficiency modeling are found to be negligible for
all signal models.

A pile-up modeling uncertainty is assigned to account for the difference between the
predicted and measured inelastic cross-sections [72]. Its effect is evaluated to be below 3% on
the signal yield in the search region and below 1% on Nipaqcs for all signal models.

An uncertainty on thrgcks is evaluated by repeating the measurement using either an
alternative Z — pt " -enriched event selection or alternative offsets of zgirx = —6.5 mm and

zZshift = 7 mm. The envelope of the variations is taken as the +10 uncertainty. The impact
of this uncertainty on Niacks 18 found to be below 0.5% for all signal models.

For signal models in which the mediator is the Higgs boson, acceptance uncertainties are
evaluated by varying the renormalization and factorization scales, PDF eigenvectors and PDF
sets, parton shower settings, and by comparing the nominal NLO Higgs pt spectrum prediction
with an alternative NNLO prediction and its variations. The combined uncertainty from these
sources is evaluated to be 20% and is applied to the expected signal yields in the D; bins.

The uncertainty on the combined 2015-2018 integrated luminosity is 0.83% [71], derived
using the LUCID-2 detector [28] for the primary luminosity measurements.

The statistical uncertainty of the regions used to estimate the background is propagated
as a systematic uncertainty on the prediction. Additionally, a systematic uncertainty of
5-10% is assigned to the background yields in the D; bins to account for the sensitivity of the
prediction to the definition of the control regions. This uncertainty is evaluated by varying
both the lower and upper S, boundaries of the A and C; bins by £0.01, corresponding to
small changes around the nominal region.

As illustrated in figure 7, the ratio of the number of events satisfying S, > 0.6 to those
with 0.1 < S, < 0.2 increases slightly with increasing Niracks. This trend is particularly
pronounced in the validation region defined by IV, > 5 and dgig (u1) > 5. To account for this
residual correlation, a systematic uncertainty is introduced that allows the background model
to deviate from the assumption of independence between Nipacks and S,,. The size of this
uncertainty is determined from the validation regions by fitting the ratio shown in figure 7
with a linear function in each validation region and taking the largest observed deviation from
the expectation of no correlation, corresponding to a zero slope (see section 7 for details on its
implementation and impact). Several possible sources of this positive correlation have been
investigated. Those include slightly different composition in exclusive muon-multiplicity bins
compared with the inclusive five or more muons required in the signal region, a data-taking
time dependence due to slightly different triggers active in 20152016 compared to 2017-2018,
contributions from decays in flight of light charged hadrons (which were found to increase
with the muon multiplicity), and effects of correlated muon production through resonances
as in J/¢ — ptp~ decays. None of these effects alone could fully explain the observed
correlation, although each contributed to some extent.
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7 Statistical analysis and results

The statistical interpretation is based on profile-likelihood-ratio test statistics. The goodness
of fit of the background-only model is evaluated using a likelihood-ratio test with respect to
a model that perfectly describes the observed data, while each signal hypothesis is tested
using profile-likelihood ratios comparing the background-only and signal-plus-background
hypotheses. In all cases, p-values are computed using asymptotic approximations [73].

To account for the systematic uncertainty associated with the residual correlation between
Niracks and S, described in section 6, the following relations are imposed on the expected
background yields b, in bin 7:

ba = pa,

bp = pra€ean (1 + x{(Niracks) B) 5 (7.1)
bo, = pac;,

bp, = pa€ap€i (1 + X{(Ntracks)D;) s Vie{l,..., 6},

where 4, €ap, and €; are normalization parameters, (Nipacks)r denotes the average value of
Niracks 10 bin 7, and x is a single, Gaussian-distributed nuisance parameter with mean zero

(corresponding to the no-correlation case) and standard deviation o, set as described below.
.. . . bp,
The parameter x allows deviations from the assumption that the ratios Z—}j and b]gz_ are

equal. It captures a small linear dependence of these ratios on Nipacs that is characteristic of

the background and not typically reproduced by potential signal contributions. To determine
0y, linear fits to the ratio of the number of events with S, > 0.6 to those with 0.1 < S, < 0.2
as a function of Niaqs are performed in the validation regions, as illustrated in figure 7.
The value o, = 0.0036 is taken as the ratio of the slope to the intercept obtained from the
fit in the validation region defined by the requirements N, > 5 and dgig(ul) > 5, where
the slope is largest.

Figure 9 shows the comparison between data and the background model obtained from
background-only fits performed in two representative validation regions. The goodness-of-fit
p-values for the background-only fits range from 0.48 (for N, > 5, d(s)ig(,ul) > 5) to 0.92,
indicating good agreement between data and the background model.

The distributions observed in data and the background predictions obtained from
background-only fits in the search region are shown in figure 10. While a mild excess
of events in the highest Niacs bin is observed, the fit yields a goodness-of-fit p-value of
0.42, indicating good overall agreement between the background-only hypothesis and the
data. The two observed events in the region Dg have (Niracks, NV, Su) = (188, 5, 0.63) and
(173, 7, 0.68), respectively. The result of a signal-plus-background fit in the search region is
shown in figure 11. The fit includes the signal model with mg = 400 GeV, m 4 = 0.7 GeV,
mg = 3GeV, and T' = 3 GeV, which can partially accommodate the excess, leading to a local
significance of 1.7¢,° the largest observed among all tested signal models.

The parameter x is fitted to +1.50 in the background-only fit. In signal-plus-background
fits, x is negatively correlated with the signal strength for signal hypotheses that can partially

5The quoted local significance, computed using asymptotic approximations, is found to be consistent with
a calculation based on toy experiments.
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Figure 9. Background-only fits in the validation regions with requirements ((a),(b)) d5®(u;) < 3
and N, = 4, and ((c),(d)) d3®(p1) > 5 and N, > 5,. The Nipaaxs distributions are shown for ((a),(c))
0.1 <S8, <0.2and ((b),(d)) Sy > 0.6, with underflow and overflow entries included in the first and
last bins, respectively. The background prediction (post-fit) includes the systematic uncertainties
related to the estimation method described in section 6.

accommodate the excess. For the signal model with the largest local significance, the

correlation coefficient is —0.3, and the fitted value of x is reduced to +1.00,.

Given that no significant deviation from the background-only hypothesis is observed, upper
limits at the 95% confidence level (CL) are set on the product of the mediator production
cross section and the branching fraction for its decay into a SUEP, og x B(S — SUEP),
using the CLg method [74]. The results are shown in figure 12. Because of the mild excess
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observed in the highest Ni;,cks bin, the observed limits are slightly weaker than the expected
limits, except for signal models predicting lower Nipaccs values.

The limits reach values as low as approximately 0.05fb for mg = 750 GeV, 0.4fb for
mg = 400 GeV, and 70fb for mg = 125 GeV. Similarly, these limits can be interpreted as
bounds on B(S — SUEP). In the case of mg = 125 GeV, this corresponds to an upper limit
on the Higgs boson branching fraction of around 0.2%, which is well below the limits on the
invisible branching fraction obtained in model-independent searches [75].

The strongest limits are generally obtained for my = 1" = 3 GeV, with reduced sensitivity
at both lower and higher values of mg and T'. For my = T' =~ 3 GeV, the trigger efficiency
is high while the separation between signal and background in Ni,cs remains strong. At
lower values, the efficiency is reduced due to softer final-state particles, while at higher values
the particle multiplicity decreases, leading to reduced discrimination power.

The sensitivity is higher for m 4 = 0.5 GeV, which corresponds to branching fractions
B(A" — ete ,utpu~,7tn™) = (0.4, 0.4, 0.2), than for my = 0.7GeV, where the muon
branching fraction is reduced to 0.15. The improvement for m 4 = 0.3 GeV, with a muon
branching fraction of 0.5, is less pronounced.

Taking my = T = 3GeV and my = 0.5GeV as an example, the observed upper
limits on the mediator production cross section via gluon—gluon fusion for the probed
mediator masses are between one and four orders of magnitude more stringent than previous
results [19]. Likewise, assuming the 125 GeV mediator is the SM Higgs boson, the upper
limit on B(H — SUEP) is around 0.3% for mg =T = 3,5 GeV and m 4 = 0.5 GeV, which
significantly improves upon those reported for similar model parameters in refs. [19, 20].
Overall, the benchmark models studied in this analysis show significant improvements over
the results reported in refs. [19, 20] for the full range of m 4, between 0.3 and 0.7 GeV.
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Figure 10. Background-only fit in the search region defined by N, > 5 and dzig(ul) < 3. The Niracks
distributions are shown for (a) 0.1 < .S, < 0.2 and (b) S, > 0.6, with underflow and overflow entries
included in the first and last bins, respectively. The background prediction (post-fit) includes the

systematic uncertainties related to the estimation method described in section 6.
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Figure 11. Signal-plus-background fit in the search region defined by N, > 5 and df)ig(ul) < 3 for
the signal model with mg = 400GeV, mas = 0.7GeV, mg = 3GeV, and T' = 3GeV. The Nipacks
distributions are shown for (a) 0.1 < S, < 0.2 and (b) S, > 0.6, with underflow and overflow entries
included in the first and last bins, respectively. The background prediction (post-fit) includes the
systematic uncertainties related to the estimation method described in section 6. The lower panels
show the relative difference between data and the total fitted expectation (signal plus background).
The fitted og x B(S — SUEP) is 1.64 fb.
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Figure 12. Expected and observed 95% CL upper limits on g x B(S — SUEP) for models with (a)
ma = 0.5GeV, (b) ma =0.3GeV, and (c) ma = 0.7GeV. The theoretical predictions correspond to
SM-like gluon-fusion production, as given in ref. [35]. The benchmark signal models shown for each

value of m 4+ correspond to all tested signal models listed in table 1.
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8 Conclusion

A search for soft unclustered energy patterns is presented using 140 fb=1 of /s = 13 TeV
proton—proton collision data recorded by the ATLAS detector. The analysis targets scenarios
in which a scalar mediator decays into a strongly interacting, quasi-conformal hidden sector,
giving rise to high-multiplicity final states containing low-momentum particles, including
muons, that are distributed approximately isotropically in the mediator center-of-mass frame.

Events are selected using multi-muon triggers, and the search region is defined by
requirements on the muon multiplicity, average muon transverse momentum, and transverse
impact-parameter significance, targeting prompt, high-multiplicity final states with soft
muons. The discrimination between signal and the dominant QCD multijet background
is achieved using two observables: the muon sphericity, constructed in the rest frame of
the muon system, and the charged-particle track multiplicity, corrected for pile-up. The
background contribution is estimated by using a likelihood-based ABCD method that exploits
the weak correlation between these observables, with residual correlations accounted for
through a data-driven parameterization.

No significant deviation from the background-only hypothesis is observed in the search
region. The results are therefore interpreted in terms of upper limits at the 95% confidence
level on the product of the mediator production cross section and the branching fraction
for its decay into a SUEP.

This search extends the sensitivity to SUEP scenarios beyond previous LHC results [19, 20],
particularly in regions of parameter space characterized by moderate particle multiplicities
and sizable muon fractions in the final state. The analysis demonstrates the effectiveness of
multi-muon-based strategies and provides a complementary approach to existing searches
targeting primarily hadronic final states.
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