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A search for events with one displaced vertex from long-lived particles using data collected by the
ATLAS detector at the Large Hadron Collider is presented, using 140 fb−1 of proton-proton collision data
at

ffiffiffi
s

p ¼ 13 TeV recorded in 2015–2018. The search employs techniques for reconstructing vertices of
long-lived particles decaying into hadronic jets in the muon spectrometer displaced between 3 m and 14 m
from the primary interaction vertex. The observed number of events is consistent with the expected
background and limits for several benchmark signals are determined. A scalar-portal model and a Higgs-
boson-portal baryogenesis model are considered. A dedicated analysis channel is employed to target Z-
boson associated long-lived particle production, including an axionlike particle and a dark photon model.
For the Higgs boson model, branching fractions above 1% are excluded at 95% confidence level for long-
lived particle proper decay lengths ranging from 5 cm to 40 m. For the photophobic axionlike particle
model considered, this search produces the strongest limits to date for proper decay lengths greater than
Oð10Þ cm.
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I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron
Collider (LHC) [1] marked a significant milestone in
completing the Standard Model (SM) of elementary par-
ticles. However, many fundamental aspects of our Universe
remain unexplained, including dark matter, neutrino mass,
matter-antimatter asymmetry, and the hierarchy problem.
Addressing these unresolved issues has led to the

development of numerous theoretical frameworks beyond
the SM (BSM). Many of these frameworks predict the
existence of long-lived particles (LLPs) with a proper
lifetime times the speed of light (cτ) between a few
centimeters and hundreds of meters. These LLPs can then
decay into SM particles far from the interaction point (IP),
resulting in displaced vertices (DVs). Examples include
various supersymmetric (SUSY) models addressing the
hierarchy problem like minisplit SUSY [2,3], gauge-medi-
ated SUSY breaking [4], R-parity-violating SUSY [5,6],
Stealth SUSY [7,8], and neutral naturalness [9–12], as well
as hidden valley [13,14] models and others addressing dark
matter [15–19] and the matter-antimatter asymmetry of the

Universe [20–22]. Models that aim to explain the origin of
neutrino masses [23,24] frequently include LLPs as well.
While searches for LLPs decaying into final states

containing jets have been conducted at various colliders,
including LEP [25], the Tevatron [26,27], and the
LHC [28–35,35–45], no evidence of BSM neutral LLPs
has been observed to date.
This search focuses on identifying DVs occurring in the

ATLAS muon spectrometer (MS) using 140 fb−1 of
ffiffiffi
s

p ¼
13 TeV pp collision data. This study builds on the
previous searches for one- and two-DVs [39,40], using
an improved background estimation methodology and a
refined signal efficiency extrapolation based on the LLP
lifetime. The event selection criteria and vertex
reconstruction algorithms are designed to target candidate
events with a single MS DV. The analysis primarily
interprets results in terms of scalar portal, baryogenesis,
axionlike particle (ALP), and dark photon models, though
it remains sensitive to additional models.
The previous searches for two DVs [39,40] in the MS

benefit from very low background and have excellent
sensitivity for cτ values of tens of meters, but the require-
ment that both particles decay within the MS reduces the
sensitivity for longer cτ values, with exclusion limits on
cross sections scaling as ðcτÞ−2. By requiring only one DV
in the MS, this analysis significantly extends the sensitivity
to longer-lived LLPs, with exclusion limits scaling as
ðcτÞ−1, and adds sensitivity to models producing sin-
gle LLPs.
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The paper proceeds with a detailed description of the
ATLAS detector in Sec. II, an examination of the theo-
retical models in Sec. III, an overview of the analysis
strategy in Sec, IV, a description of the pp collision
data and Monte Carlo simulation in Sec. V, and an
explanation of the specialized trigger and displaced vertex
reconstruction algorithms in Sec. VI. Section VII is
dedicated to describe the signal event selection, while
Sec. VIII describes the background estimation. The sys-
tematic uncertainties are discussed in Sec. IX, and the
results are presented in Sec. X, including the combination
with the search for two DVs [40].

II. ATLAS DETECTOR

The ATLAS detector [46], which has nearly 4π steradian
coverage,1 is a multipurpose detector consisting of an inner
tracking detector (ID) surrounded by a superconducting
solenoid providing a 2T axial magnetic field, electromag-
netic and hadronic calorimeters, and a muon spectrometer
based on three large air-core toroidal superconducting
magnets, each with eight coils. The field integral of the
toroids ranges between 2.0 and 6.0Tm across most of the
detector.
The ID covers the pseudorapidity range jηj < 2.5. It

consists of a silicon pixel detector, a silicon microstrip
detector, and a straw-tube transition-radiation tracker.
The calorimeter system covers the pseudorapidity range

jηj < 4.9. It consists of a high-granularity electromagnetic
calorimeter (ECal) surrounded by a hadronic calorimeter
(HCal). Within the region jηj < 3.2, the ECal comprises
liquid-argon (LAr) barrel and end cap electromagnetic
calorimeters with lead absorbers. An additional thin LAr
presampler covering jηj < 1.8 is used to correct for energy
loss in material upstream of the calorimeters. The ECal
extends from 1.5 m to 2.0 m in r in the barrel and from
3.6 m to 4.25 m in jzj in the end caps. The HCal is a steel/
scintillator-tile calorimeter that is segmented into three
barrel structures within jηj < 1.7, and two copper/LAr
hadronic calorimeters in the end caps (1.5 < jηj < 3.2).
The HCal covers the region from 2.25 m to 4.25 m in r in
the barrel (although the HCal active material extends only
up to 3.9 m) and from 4.3 m to 6.05 m in jzj in the end caps.
The solid angle coverage is completed with forward
copper/LAr and tungsten/LAr calorimeter modules opti-
mized for electromagnetic and hadronic measurements,

respectively. Together the ECal and HCal have a thickness
of 9.7 interaction lengths at η ¼ 0.
The MS comprises three stations of separate trigger and

tracking chambers that measure the deflection of muons in
a magnetic field generated by the air-core toroid magnets.
The barrel and end cap chamber systems are subdivided
into 16 sectors: eight large sectors and eight small sectors.
For the barrel, the small sectors are inside each of the eight
magnet coils and the large sectors are between the coils.
Three stations of resistive-plate chambers (RPC) and thin-
gap chambers (TGC) are used for triggering in the MS
barrel and end caps, respectively. The first two RPC
stations, which are radially separated by 0.5 m, begin at
a radius of either 7 m (large sectors) or 8 m (small sectors).
The third station is located at a radius of either 9 m (large
sectors) or 10 m (small sectors). The TGC chambers are
arranged into 24 or 48 sectors depending on their η and
radial position. The first TGC station is located at
jzj ¼ 13 m. The other two stations start at jzj ¼ 14 m
and jzj ¼ 14.5 m, respectively.
The muon tracking chamber system covers the region

jηj < 2.7 with three stations of monitored drift tubes
(MDT), complemented by cathode-strip chambers (CSC)
in the forward region. The barrel chambers are arranged in
three concentric cylindrical shells around the beam axis at
radii of roughly 5 m, 7.5 m, and 10 m. In the end cap
regions, muon chambers are configured as large, wheel-
shaped structures perpendicular to the z-axis. These are
located at distances of approximately jzj ¼ 7.4 m, 10.8 m,
14 m, and 21.5 m from the interaction point, ensuring
comprehensive muon detection coverage across the detec-
tor. The MDT chambers consist of two multilayers sepa-
rated by a distance ranging from 6.5 mm to 317 mm. Each
multilayer consists of three or four layers of drift tubes. The
individual drift tubes are 30 mm in diameter and have
lengths of 2–5 m (barrel) and 2–6.5 m (end caps) depending
on the location of the chamber in the spectrometer. In each
multilayer, charged-particle track-segment reconstruction
entails finding the line that is tangent to the drift circles.
These single-multilayer segments provide local measure-
ments of the position and direction of the charged particle.
Because of its design, the MDTmeasurement provides only
a very coarse ϕ position of the track hit. To reconstruct the
ϕ position and direction, the MDT measurements are
combined with the ϕ-coordinate measurements from the
trigger chambers.
The ATLAS trigger and data acquisition system [47]

consists of a hardware-based first-level (L1) trigger followed
by a software-based high-level trigger (HLT) that reduces the
rate of events selected for off-line storage to 1 kHz.
The implementation of the L1 muon trigger logic is

similar for the RPC and TGC systems. Each of the three
stations of the RPC system and the two outermost stations
of the TGC system consists of a doublet of independent
detector layers. The first TGC station contains a triplet of

1ATLAS uses a right-handed coordinate system with its origin
at the nominal IP in the center of the detector and the z-axis along
the beam pipe. The x-axis points from the IP to the center of the
LHC ring, and the y-axis points upwards. Polar coordinates ðr;ϕÞ
are used in the transverse plane, ϕ being the azimuth angle around
the z-axis. The pseudorapidity is defined in terms of the polar
angle θ as η ¼ − ln tanðθ=2Þ and is equal to the rapidity y ¼
1
2
lnðEþpz

E−pz
Þ in the relativistic limit. Angular distance is measured in

units of ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔyÞ2 þ ðΔϕÞ2

p
.
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detector layers. The transverse momentum (pT) of the
muon candidate is measured by the L1 muon trigger, using
different algorithms for low-pT and high-pT triggers. In the
barrel, a low-pT (< 10 GeV) muon region-of-interest (RoI)
is generated by requiring a coincidence of hits in at least
three of the four layers of the two inner RPC stations. In the
end caps, the trigger requires hits in the two outer TGC
stations. A high-pT muon RoI in the barrel requires
additional hits in at least one of the two layers of the outer
RPC station, while for the end caps, additional hits in two
of the three layers of the innermost TGC station are
required. The muon RoIs have an angular extent of
0.2 × 0.2 in Δη × Δϕ in the MS barrel and 0.1 × 0.1 in
Δη × Δϕ in the MS end caps. The muon trigger system
covers the range jηj < 2.4.
An extensive software suite [48] is used in the

reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition
systems of the experiment.

III. SIGNAL MODEL

While sensitive to a broad spectrum of models, the
results of the previous analysis [39,40] were interpreted in
the context of a scalar portal [14,49] model. The present
analysis expands the scope by additionally considering
models motivated by baryogenesis [22], axionlike
particles [50], and dark photons [51].
The scalar portal model considered here is described in

Refs. [39,40]. Its key features include the production of a
Higgs boson, H, with a mass of 125 GeV, or an alternative
scalar boson, denoted by Φ, which decays into two long-
lived scalars, as illustrated in Fig. 1(a). In these scenarios,
the 125 GeV Higgs boson or the alternative scalar boson
weakly mixes with a scalar particle from the hidden sector.
This mixing can produce pair production of hidden sector
scalars or pseudoscalars that carry no SM quantum num-
bers. A weak coupling of the decay particles to the SM
gives rise to the macroscopic decay lengths of ≳Oð1Þ cm.
Indirect upper limits on the branching fractions of BSM

Higgs boson decays, of the order of 12%, can be inferred
from combined studies of Higgs boson production and

decay [52], under various assumptions, permitting sub-
stantial branching fractions for decays into non-SM par-
ticles. Long-lived scalars with a mass from 5 to 30 GeVare
also well motivated by naturalness models that are generic
extensions of hidden-valley portal models [53]. Illustrated
in Fig. 1(a), the mechanism for LLP production entails the
decay of a scalar boson H=Φ with some effective coupling
into a pair of long-lived scalars, s. These scalars then decay
into SM particles. In this model, the couplings of the scalar
s to SM fermions are dictated by the Higgs boson Yukawa
couplings. Similar to the previous analysis assumptions
[40], each long-lived scalar primarily decays into the
heaviest kinematically accessible fermion pair. For
ms ≳ 25 GeV, the branching fractions into bb̄, cc̄, and
τþτ− are nearly independent of ms and equal to 85%, 5%,
and 8%, respectively. While the previous ATLAS MS DV
publication [39] only considered these decay modes, in this
work the decay into tt̄ is added, which becomes dominant
once kinematically feasible. In this model, the branching
fraction for H=Φ decaying into a pair of long-lived scalars
remains unconstrained, so it is set to 100%. Given its
dominance, this analysis solely considers the gluon-gluon
fusion production mode.
The origin of the cosmic asymmetric abundance of

baryons remains one of the most prominent questions in
physics and requires new physics beyond the SM.
Electroweak baryogenesis is one possible mechanism that
could account for the baryon asymmetry and can be
explored at the LHC. In the baryogenesis model [22],
the lowest-dimension operator coupling a singlet χ to the
SM is the Higgs boson portal. The simplest realization of
this interaction is with a scalar, Φ, which mixes with the
SM Higgs boson [49]. If Φ has a Yukawa coupling to a
pair of χ, this leads to the Higgs boson portal production of
χ via exchange of a single Higgs boson after mixing,
pp → H → χχ, as shown in Fig. 1(b). The decay modes of
the χ must violate baryon or lepton number conservation,
which generates the baryonic asymmetry. The lowest-
dimensional interactions of this type allow χ to decay into
three SM fermions. Similarly to the scalar portal, the small
coupling between the χ and the SM is responsible for the
possible macroscopic decay length of the χ. Since LHC

(a) (b)

FIG. 1. Diagrams of the (a) scalar portal and (b) baryogenesis models. The LLPs are represented by double lines and labeled s=χ, and
the final-state SM fermions are labeled as f [14].
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experiments have established the existence of a Higgs
boson with a mass of 125 GeV [54,55], a minimal scenario
is considered. The model assumes that the additional scalar
Φ is heavy and decouples, and focuses on the production
channel via the SM Higgs boson portal.
A second set of models is considered that involve the

production of a neutral LLP in association with a prompt Z.
The first of these is the ALP model, shown in Fig. 2. Other
examples include the dark photon and Z-associated scalar
models, which are illustrated in Fig. 3. ALPs are new
pseudoscalars that are associated with the breaking of a
global symmetry [50]. ALPs can couple to many SM
particles, resulting in a variety of final states: photons,
gluons, quarks, electroweak gauge bosons and the Higgs
boson. While the ALPs can couple to either Z orW bosons,
the analysis targets only Z-associated production due to the
additional background rejection possible via selecting both
outgoing leptons.
The production and decay of the ALP particle is

controlled by its mass ma, the couplings to the primary
fields of the SM mediators (CG̃; CB̃, and CW̃) and the ALP
energy scale fa. Several searches have addressed ALP
signals decaying into photons, resulting in no excess above
the SM background [56]. For this search, due to the strong
existing limits on photon-coupled models, a photo-phobic
scenario is assumed in which the coupling of ALPs to
photons gaγ , derived from the couplings to the primary

fields, is set to zero by imposing the condition
CB̃ ¼ − tan2ðθWÞCW̃ . For photophobic ALPs, the produc-
tion cross section is proportional to C2

W̃
; thus CW̃ ¼ 1 is set

to maximize the simulated cross section. Further, fa is fixed
to 1 TeV. Therefore, two distinct parameters (ma and CG̃)
regulate the cross section of the process and the lifetime of
the ALP candidate. For the models considered, the branch-
ing fraction of the ALP decay into gluons is assumed to be
100% and only Z → eē; μμ̄ decays are considered.
Another prompt-Z containing model is the long-lived

dark photon (Zd) model [51], where the Zd is produced
along with a SM Z during the decay of an initial-state
scalar [57], similarly to the scalar portal model. The
associated production of a Z and a dark photon is predicted
by the inclusion of a new Uð1Þd dark symmetry to the SM.
In this model, the lifetime of the dark photon is a free
parameter and only Z → eē; μμ̄ are simulated. As with the
scalar portal model, the Zd is assumed to decay primarily
into quark pairs.
Lastly, simulations of the scalar portal model are

extended to include the production of the initial scalar
and an associated Z, shown alongside the dark photon
process in Fig. 3. For this model, all decays of the Z to
charged leptons are considered. While the presence of the
additional Z boson greatly reduces the background con-
tribution, the reduced cross section results in generally
lower sensitivity to SM Higgs boson branching to long-
lived scalars. The Z þ ALP, Zd, and Z-associated scalar
portal models were considered in previous ATLAS searches
for displaced jets in the ATLAS calorimeter in association
with prompt leptons [58] and for displaced vertices in the
ATLAS inner detector [59]. Extending these searches to
vertices in the muon spectrometer improves sensitivity at
longer lifetimes, due to the positioning of the calorimeters
and inner detector closer to the collision point.
Within the two sets of models, the efficiency is primarily

impacted by the kinematic properties of the LLPs, set by
their specific production and decay modes, and by the
relative masses of the particles involved. All details about
the relative masses and lifetimes simulated for the signal
models, along with comprehensive information about
Monte Carlo (MC) event generation are reported in Sec. V.

FIG. 2. Diagram of the ALP production through an intermedi-
ate, off shell Z boson. The long-lived ALP is represented by a
dashed line and labeled a, while the final-state SM charged
leptons are labeled as l, and the SM gluons as g.

(a) (b)

FIG. 3. Diagrams of the (a) dark photon and (b) Z-associated scalar models. The long-lived dark photon is represented by Zd, the long-
lived scalars are labeled s, the final-state SM charged leptons are labeled as l, and the final-state SM fermions are labeled as f.

G. AAD et al. PHYS. REV. D 112, 092001 (2025)

092001-4



IV. ANALYSIS STRATEGY

The analysis presented here searches for events with one
DV in the MS. The analysis is divided into two channels
targeting events with or without an additional prompt
Z boson.
Candidate events with no associated boson production are

selected by the muon RoI cluster HLT trigger [60], described
in Sec. VI, while events with prompt Z bosons are selected
using single- or dilepton triggers [61,62]. In both channels a
specialized algorithm to reconstruct DVs in the MS [63] is
used. Additional selection criteria are used to maximize the
analysis sensitivity and are detailed in Sec. VI.
The primary background for LLPs decaying into had-

ronic jets in the MS stems from hadronic or electromagnetic
showers that are not fully confined within the calorimeter
volume, leading to tracks reconstructed in the MS—
commonly referred to as “punchthrough jet”. Multijet
events giving rise to vertices in the MS often exhibit ID
tracks and calorimeter jets directed towards the MS DV. To
minimize the acceptance of such spurious vertices origi-
nating from multijet events, isolation criteria are applied
requiring separation in both η and ϕ from ID tracks and
calorimeter jets. Multijet events that include jets with
mismeasured energy or direction, often due to incomplete
detector coverage or misalignment, represent an additional
background in LLP analyses. These events can satisfy the
isolation criteria and be misidentified as signal. Even
though the Z selection applied in the lepton-triggered
channel greatly reduces the rate of punchthrough jet
background, Z þ jets processes where the jets punch
through to the MS still form the dominant background.
Further background, termed noncollision background,

may arise from electronic noise in the MDT and RPC/TGC
chambers, cosmic-ray muons, and beam-induced
background [64] stemming from hadronic and electromag-
netic showers caused by beam protons interacting with
collimators or residual gas molecules within the vac-
uum pipe.

V. DATA AND MONTE CARLO SIMULATION

The analysis presented uses proton-proton (pp) collision
data at a center-of-mass energy of

ffiffiffi
s

p ¼ 13 TeV recorded
by the ATLAS detector during the LHC 2015–2018 data-
taking periods [65]. To ensure data integrity, events are
exclusively selected from periods characterized by stable
LHC beams and operational detector subsystems.
Following stringent data quality requirements [65], the
total integrated luminosity amounts to 140 fb−1.
Signal MC simulation samples for the scalar, and

dark photon models were generated by employing the
hidden Abelian Higgs model [49] at leading-order
using MadGraph5_aMC@NLO [66], considering only the
gluon-gluon fusion production mechanism. The baryo-
genesis and ALP model samples were generated at

leading-order using MadGraph5_aMC@NLO [66] following
the WIMP_BG_higgsportal_full_loop [22] model
and ALP_linear_UFO_WIDTH [50] model respectively.
For all samples, the generation was interfaced to the Pythia

8.2 [67] parton shower model with the A14 parameter
tune [68]. While the NNPDF3.1lo parton distribution function
(PDF) set [69] was employed for the scalar and baryo-
genesis models, the NNPDF2.3lo PDF set was used in all
models featuring Z-boson associated LLP production.
The EvtGen 1.2.0 program [70] was used to model b- and
c-hadron decays for all samples. The transverse momentum
pT distribution of the scalar boson H=Φ was reweighted to
match that obtained for the corresponding next-to-leading-
order (NLO) Higgs boson samples simulated using the
MadGraph5_aMC@NLO FxFx approach [71] for matching and
merging. To ensure comprehensive coverage of the acces-
sible parameter space a range of masses was selected, as
outlined in Tables I and II. The mean proper decay length in
each sample was tuned to optimize the occurrence of
decays across the entirety of the ATLAS detector volume,
encompassing a range of 0.13 to 6 meters, depending on the
specific sample.
The generated events were processed through a full

simulation of the ATLAS detector geometry and
response [72] using the Geant4 [73] toolkit. The simulation
includes multiple pp interactions per bunch crossing
(pileup) and the effect on the detector response due to
interactions from bunch crossings before or after the one
containing the hard interaction. Pileup was simulated with
the soft strong-interaction processes of Pythia 8.1 [74] using
the A3 tune [75] and the NNPDF 2.3lo [69] PDF set. Per-event
weights were applied to the simulated events to match the
distribution of the average number of interactions per bunch
crossing measured in data.
A multijet background sample was simulated using Pythia

8.230 [67] with leading-order matrix elements for dijet
production which were matched to the parton shower.
The NNPDF 2.3lo PDF set was used in the matrix element
generation, the parton shower, and the simulation of the
multi-parton interactions. The A14 tune was used.
Perturbative uncertainties were estimated through event
weights [76] that encompass variations of the scales at
which the strong coupling constant is evaluated in the
initial- and final-state showers and the PDF uncertainty in
the shower and the non-singular part of the splitting
functions.
Given the wide range of mean proper decay lengths

pertinent to this analysis, producing numerous samples to
encompass this breadth would demand excessive process-
ing time. Thus, a MC method employing pseudodata was
used to extrapolate the expected event count across mean
proper decay lengths ranging from 0.001 to 1000 meters.
For each LLP in the MC sample, a decay time from an
exponential distribution corresponding to a specified
proper decay length was generated. Next, the physical
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decay distance in the detector for each simulated LLP based
on its four-momentum was calculated. The overall prob-
ability of an event to satisfy the signal selection criteria,
parameterized by the LLP decay position and boost, was
then evaluated from the LLP trigger and vertex efficiencies
detailed in Secs. VI A and VII C, respectively. To validate
the lifetime extrapolation procedure, secondary sets of
samples with different lifetimes for select LLP masses
were generated.

VI. TRIGGER SELECTION AND EVENT
RECONSTRUCTION

Hadronic decays of LLPs in the MS typically generate
narrow, high-multiplicity hadronic showers. The track
multiplicity and shower width depend on the mass and
boost of the decaying LLP and the final states to which the

LLP decays. To address this, specialized vertex [63]
algorithms were devised for the online selection and
reconstruction of displaced decays in the MS, and special-
ized trigger [60] algorithms were devised for events without
additional prompt objects. Due to the substantial material
present in the calorimeter, only decays occurring within or
after the last sampling layer of the hadronic calorimeter
yield enough hits in the MS for DV reconstruction.

A. Muon RoI cluster trigger

The muon RoI cluster trigger is a signature-driven trigger
aimed at identifying candidate events associated with LLP
decays in the MS [60] for signatures without additional
prompt objects to use for triggering. To qualify, events must
contain a minimum of two L1 muon RoIs with pT higher
than 10 GeV. At the HLT, a cluster of three (four) muon
RoIs, positioned within a ΔR ¼ 0.4 cone centered on the
L1 object, is required in the barrel (end caps) region. The
isolation criteria for jets and tracks outlined in Ref. [60],
which mitigate contributions from punchthrough jets, are

TABLE I. Parameters used for the simulated scalar portal based
on the hidden Abelian Higgs model [49], the baryogenesis model
[22], and the photophobic ALP model [50].

Model mH=Φ [GeV] ms [GeV]
Proper decay
length [m]

Scalar portal 125 5 0.127, 0.411
16 0.580
35 1.310, 2.630
55 1.050, 5.320

60 5 0.217
16 0.661

200 50 1.255

400 100 1.608

600 50 0.590
150 1.840, 3.309
275 4.288

1000 50 0.406
275 2.399, 4.328
475 6.039

mχ [GeV] χ decay channel Proper decay
length [m]

Higgs boson
portal
baryogenesis

10 τþτ−ν, cbs, νbb̄ 0.920
55 5.550
100 3.500

ma [GeV] CG̃ Proper decay
length [m]

Z þ ALP 0.1 10−2 0.003
5 × 10−3 0.012

1 10−4 0.031

10 3.2 × 10−6 0.030
10−6 0.310

7.5 × 10−7 0.551

40 10−7 0.481

TABLE II. Parameters used for the simulated Z-associated
scalar portal and dark photon models.

Model mH=Φ [GeV] ms [GeV]
Proper decay
length [m]

Z-associated
scalar
portal

125 5 0.100, 0.300
16 0.300
35 0.750, 2.500
55 3.500, 1.000

60 5 0.12
15 0.25

200 50 1.25
80 2.00

400 100 1.25
175 2.50

600 50 0.40
150 1.50, 3.50
275 2.50

1000 50 0.30
275 1.50, 3.50
475 4.50

mH=Φ [GeV] mZd
[GeV] Proper decay

length [m]

Dark photon 125 5 0.60
15 1.60, 3.00

250 50 1.60
100 3.40

400 100 1.60
200 4.00

600 150 1.60, 4.00
400 4.00
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not used in the analysis presented herein. Consequently, the
trigger encompasses both isolated, signal-like events and
non-isolated, background-like events utilized for data-
driven background estimates.
Figures 4(a) and 4(b) depict the trigger efficiency, in the

MS barrel and end cap regions respectively, for four MC-
simulated benchmark samples with LLP decays. To ensure
orthogonality with respect to the results reported in
Ref. [40], only events in which a single LLP decays in
the MS are considered. The efficiency is quantified as the
fraction of LLP decays within the fiducial volume of the
MS that are selected by the trigger, as a function of the LLP
decay position and is characterized in terms of the trans-
verse decay radius (Lxy) in the barrel and the longitudinal
decay position (jLzj) in the end caps. The events are
required to satisfy data quality requirements [65] and have
a reconstructed primary vertex, as detailed in Sec. VI C.
The trigger demonstrates efficiency for hadronic LLP

decays spanning the outer regions of the HCal to the middle
stations of the MS. These efficiencies are derived from a
subset of simulated signal events with only a single LLP
decay in the MS, ensuring that trigger outcomes arise from
a single burst of MS activity. The indicated uncertainties
pertain solely to statistical variations. The observed dis-
crepancies in efficiencies among benchmark samples stem
from variations in LLP masses, consequently influencing
their momenta and, by extension, the opening angles of the
decay products. The trigger efficiency is reduced for highly
boosted decays with small opening angles, where the decay
products can become clustered into a single RoI, and for
decays with large opening angles, where the cluster may no
longer be contained within ΔR ¼ 0.4 of the L1 object.
Notably, the trigger efficiency increases as LLPs decay

nearer to the end of the hadronic calorimeter, situated at

approximately r ≈ 4 m for the barrel and jzj ≈ 6 m for the
end caps. Conversely, the efficiency experiences a sharp
decrease as the decay events approach the middle stations
of the muon spectrometer (barrel: r ≈ 7 m; end caps:
jzj ≈ 13 m). Between these two regions, the more-boosted
decays have larger efficiency closer to the beamline, where
they have a larger distance to spread out and produce
multiple RoIs, while decays with larger opening angles
have their maximum efficiency at larger distances, where
the RoI produced by the decay products are more likely to
remain clustered together. Furthermore, material inter-
actions with the support structures can result in nonsmooth
features. Through the collimation of the LLP decay
products, this depends on the sample mass point. The
larger flux of particles reaching the MS can increase the
trigger efficiency, especially for the lower mass samples
where the showers from the LLP decay are narrow and
sometimes not resolved into distinct RoIs.
To assess the mismodeling of the L1 muon trigger

efficiency in MC simulation, the distributions of the
number of muon-RoI clusters within a cone of ΔR ¼ 0.4
surrounding the axis of a punchthrough jet in both multijet
MC and data events are compared. High-energy jets in the
data were identified using jet triggers with a pT threshold of
either 400 GeVor 420 GeV, depending on the specific data-
taking period. A punchthrough jet is required to have pT >
30 GeV and at least 50 muon segments in a ΔR cone of 0.4
around the jet axis.
The MC simulation shows a muon-RoI cluster rate

approximately 24% (20%) lower than that observed in
data within the barrel (end caps) region. Correcting this
mismodeling would have significantly increased the trigger
efficiency for all samples. As this difference could be
produced by mis-modeling of the punchthrough jets

(a) (b)

FIG. 4. Efficiency for the muon RoI cluster trigger against the LLP decay position for some scalar portal samples in the (a) MS barrel
and (b) MS end caps. The distributions include events in which only one LLP decays in the MS, satisfying the data quality requirements
and featuring a reconstructed primary vertex. These efficiency profiles are derived exclusively from MC simulation and do not undergo
any corrections for mismodeling, as outlined in Sec. VI A. The vertical lines in the plots denote relevant detector boundaries. “HCal end”
signifies the outer boundary of the hadronic calorimeter, while “RPC 1=2” indicates the first/second stations of RPC chambers. “TGC 1”
represents the first stations of TGC chambers, and “L/S” denotes the large or small sectors.

SEARCH FOR EVENTS WITH ONE DISPLACED VERTEX FROM … PHYS. REV. D 112, 092001 (2025)

092001-7



themselves rather than the muon-RoI reconstruction alone,
it is treated as a systematic uncertainty in the signal trigger
efficiency instead of being applied as a correction.

B. Reconstruction of MS displaced-vertices

Using a dedicated algorithm [63], capable of reconstruct-
ing low-momentum tracks in a busy environment, MS DVs
are reconstructed. This algorithm, previously employed in
searches for displaced decays within the MS [28,30,39],
leverages the spatial separation between the multilayers
within a single MDT chamber. Straight-line segments con-
taining three ormoreMDT hits within a singlemultilayer are
reconstructed using a χ2 fit. Segments from multilayer 1 are
then matched with those from multilayer 2, forming “track-
lets” with their associated track parameters.
Spatially clustered trackletswithin jΔηj < 0.7 and jΔϕj <

π=3 in the detector are extrapolated backward to reconstruct
the ðη;ϕÞ position of the MS DVusing a χ2 fit. In the barrel
(end caps), at least three (four) tracklets are required for use in
the fit. Detectable vertices originate from decays occurring
between the outer edge of theHCal and themiddle stations of
the muon chambers. Given their distinct detector technology
lacking spatially separated multilayers, CSC are not used in
the MS DV reconstruction.

C. Reconstruction of the primary vertex
and prompt hadronic jets

Events must feature a primary vertex (PV) comprising at
least two tracks, each with pT exceeding 500 MeV. In
scenarios where multiple PV candidates are reconstructed,
the candidate with the highest sum of the squares of the
transverse momenta of all associated tracks is selected.

Hadronic jets are constructed by using FastJet [77] to
apply the anti-kt jet algorithm [78] with a radius parameter
R ¼ 0.4. A collection of three-dimensional topological
clusters of neighboring energy deposits in the calorimeter
cells containing a significant energy above a noise
threshold [79] provides input to the anti-kt algorithm.
After reconstruction, jets are calibrated using the procedure
outlined in Refs. [79,80].

D. Lepton reconstruction

All candidate leptons (electrons and muons) are required
to have pT > 10 GeV. Electrons are required to have
jηj < 2.47, while muons must have jηj < 2.5. Electrons
that pass through the gap region between the barrel and end
cap calorimeters at 1.37 < jηj < 1.52 are excluded. All
leptons must satisfy the requirements for medium identi-
fication and loose isolation and have a track origin
consistent with the primary vertex, following the conven-
tions defined in Refs. [81,82].

VII. EVENT SELECTION

In this search, all events undergo an event-level selection
process aimed at distinguishing signal from background.

A. Baseline event selection

The events analyzed in this search are subject to common
baseline selections in each channel, with the specific
criteria detailed in Table III.
Events with exactly one DV are required to satisfy the

data quality requirements [65] and contain a PV. While the
PV selection minimally affects the signal efficiency, it aids
in background event rejection; in simulations, the chosen

TABLE III. Summary of the baseline selection criteria applied to both data and simulated events. The variables
nMDT=nRPC=nTGC indicate the counts of MDT/RPC/TGC hits within the vertex cone, as explained in the text.
Additionally, ηDV represents the pseudorapidity of the DV relative to the IP.

Baseline selection criteria

Event passes data quality requirements and muon RoI cluster or lepton triggers
Event has a PV with at least two tracks with pT > 500 MeV
Event has exactly one DV
If muon-RoI triggered,
DV is matched to the triggering muon-RoI cluster, ΔRðDV; clusterÞ < 0.4
If lepton-triggered,
Exactly one opposite-sign, same-flavor lepton pair with an invariant mass > 60 GeV and < 120 GeV
No additional leptons not used in the pair
300 ≤ nMDT < 3000

Additional selection criteria for barrel and end caps

Barrel End caps
If muon-RoI triggered,
nRPC ≥ 800 nTGC ≥ 900
DV with jηDVj < 0.7 DV with 1.3 < jηDVj < 2.5
DV with 3 m < Lxy < 8 m DV with Lxy < 10 m, 5 m < jLzj < 15 m
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PV typically corresponds to the signal interaction in
approximately 95%–99% of the cases, depending on the
sample. Despite LLPs being invisible in the ID, in the
Higgs boson scalar models the scalar boson is produced
with an average pT of 20 GeV, leaving several tracks from
recoiling particles generated in the same pp interaction,
while in the Z-associated models the PV is directly
produced by the leptons originating from the prompt
Z decay.
Events are categorized into two nonorthogonal channels

to target signatures produced with or without additional
prompt objects. In the “muon-RoI” channel, primarily
targeting the Higgs boson scalar and baryogenesis models,
events must satisfy the muon RoI cluster trigger, where the
DV is matched to the trigger-level muon-RoI cluster by
requiring ΔRðDV; clusterÞ < 0.4. In the “lepton-triggered”
channel, primarily targeting the axionlike particle model
with associated Z bosons, events must fulfill single- or
dilepton triggers, with the trigger-matched lepton having a
transverse momentum greater than 27 GeV. Additionally,
the trigger-matched lepton must form exactly one pair with
an opposite-sign, same-flavor lepton forming an invariant
mass greater than 60 GeVand lower than 120 GeV to select
for leptons likely to originate from the decay of a Z boson.
Any events with additional leptons satisfying the baseline
selections that are not included in the Z candidate are
rejected.
A DV that originates from a displaced decay typically

has many more hits than a DV from background. To take
advantage of this difference, a minimum number of 300
MDT hits (nMDT) and 800=900 RPC/TGC hits (nRPC=nTGC)
is required. The nMDT hits are counted fromMDT chambers
whose centers lie within Δϕ ¼ 0.6 and Δη ¼ 0.6 of the
DVðη;ϕÞ direction. Similarly, nRPC and nTGC hits encom-
pass the sum of hits within ΔR ¼ 0.6 of the DV. The
requirements on nRPC and nTGC are removed for the lepton-
triggered channel, where the requirement of additional
prompt objects greatly reduces the overall background
event rate. In both channels, a cap on the maximum number
of MDT hits is enforced to eliminate background events
stemming from coherent noise bursts in the MDT cham-
bers, with negligible impact on signal events.
When a displaced decay occurs in the transition area

between the MS barrel and end caps, hits are recorded in
both regions. Vertex reconstruction is carried out separately
in the barrel and end caps, with only the respective hits
utilized in each region’s reconstruction algorithm.
Consequently, MS vertices reconstructed using either
algorithm have fewer hits, being derived from a subset
of the complete hit set. This results in a reduction of the
reconstruction efficiency, and occasionally leads to two
vertices being reconstructed from a single LLP decay.
Therefore, DVs with pseudorapidity jηDVj between 0.8 and
1.3 are excluded from the analysis. This exclusion has a
minimal impact on total signal efficiency, given that the

average DV reconstruction efficiency in this range is less
than 2%.
Additionally, in the transition zone between the barrel and

end cap hadronic calorimeters, 0.7 < jηDVj < 1.2, the like-
lihood of a jet failing minimal selection criteria for isolation
and penetrating into the MS is significantly higher than
in other detector regions. This area overlaps with the
previously excluded MS transition region, except for
0.7 < jηDVj < 0.8. Consequently, vertices reconstructed
with pseudorapidity 0.7 < jηDVj < 0.8 are also disregarded.
DVs are required to be reconstructed within the MS

fiducial volume, defined by 3 m < Lxy < 8 m in the barrel,
while in the endcaps, DVs must satisfy Lxy < 10 m
and 5 m < jLzj < 15 m.

B. Signal displaced-vertex selection

To mitigate background vertices generated by punch-
through jets, a set of vertex isolation criteria was devised.
These criteria are based on the angular distance, ΔR,
between the direction of the tracks or jets and the vertex
axis, defined as the line from the IP to the DV. No jets or
tracks should be present in a ΔR cone around the MS
DV axis.
These isolation criteria were optimized for MC bench-

mark samples by comparing simulated signal events with
simulated multijet events. Figure 5 illustrates the cumu-
lative vertex efficiency against the isolation requirements in
the barrel for data events, simulated multijet events, and
signal events. All jets considered for DV isolation must
satisfy pT > 20 GeV. Standard jet-quality criteria [80] are
not imposed because jets failing these requirements can still
generate a background MS DV, requiring their inclusion in
isolation calculations. The acceptance depends on the event
kinematics, with a more pronounced effect for the low-
boosted ms ¼ 55 GeV sample, where the LLP decay
products are more spread out, and a higher fraction of
LLP pairs have a separation of ΔR < 1. In these cases, if
the second LLP decays in the ID or calorimeters, the
probability of producing promptlike tracks and jets that
contribute to the DV isolation is higher, reducing the signal
acceptance.
For isolation from tracks, two criteria are employed. One

targets isolation from tracks with pT > 5 GeV (high-pT
tracks). The other assesses the vector pT sum of all tracks
associated with the primary vertex that have 500 MeV <
pT < 5 GeV (low-pT tracks) and are within a cone of
ΔR ¼ 0.2 around the MS DV axis. The use of two distinct
isolation criteria arises from the variance in jet composition,
with some jets comprising mostly high-energy hadrons
while others consist of numerous low-pT tracks.
In models involving Higgs boson scalars and baryo-

genesis, single DV events typically correspond to a signal
process where one LLP decays within the detector’s
sensitive region, while the other decays outside the detec-
tor, leading to an imbalance in the transverse energy.
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This imbalance is manifested as both missing transverse
energy (Emiss

T ) [83] and missing transverse hadronic energy
(Hmiss

T ) in signal events. While Emiss
T includes contributions

fromall particles,Hmiss
T is computed as thepT sumof hadronic

jets with pT > 20 GeV and jηj < 3.2. As a result, in the
muon-RoI triggered channel, events are required to meet
minimum selection thresholds of 20 GeV for Emiss

T and
40 GeV for Hmiss

T . For the lepton-triggered channel, the
leptons in the primary background of Z þ jets do not
contribute toHmiss

T , so the combinedHmiss
T andEmiss

T selections
are replaced with a single requirement of Emiss

T > 40 GeV.
Compared to background vertices, particularly those

from noncollision background, signal vertices generate
more activity in the MS, leading to an increased presence
of muon segments. Hence, for events with a vertex in the
MS barrel, the number of muon segments in the outer MDT
station must exceed 15. For events with a vertex in the
end cap, this threshold is raised to greater than 30. In the

lepton-triggered channel, the additional prompt objects reduce
the noncollision background to negligible levels, and so no
selection is applied to the number of outer MDT segments.
As detailed in Sec. VIII, to estimate the expected

background in the signal region, a data-driven ABCD
method based on two uncorrelated variables is used. To
improve the selection efficiency, a multilayer perceptron
(MLP) classifier [84] is employed to define the two axes of
the ABCD plane. Two MLP neural networks (NN) are
trained with distinct input features to produce two NN
output scores, denoted by NN1 and NN2, using the binary
cross-entropy as the loss function and the Adam
optimizer [85]. The NN model consists of two hidden
layers. Each hidden layer has 128 neurons and uses the
rectified linear unit function as the activation function. The
sigmoid function is employed as the activation function in
the output layer, confining NN1 and NN2 values within the
range of zero to one.

(a) (b)

(c) (d)

FIG. 5. Cumulative displaced vertex efficiency in the barrel where the vertex is required to be isolated from (a) jets and (b) high-pT
tracks, depicted as a function of the selected ΔR, when (c) the sum of low-pT tracks in aΔR ¼ 0.2 cone around the vertex direction must
be less than a specified cut in pT, and (d) when the sum of low-pT tracks in aΔR cone around the vertex is required to be less than 5 GeV,
as a function of theΔR value. The vertical lines indicate the isolation values utilized in the RoI-triggered channel. Discrepancies between
Pythia multijet and data distributions are attributed to non-collision background, absent in MC simulations. The ΔR selection on the jets
(a) and high-pT tracks (b) was tightened to 0.8 to suppress residual non-collision background contributions in the ABCD plane as
described in Sec. VIII.
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The input features of NN1 are selected to have minimal
correlation with those of NN2. The first set of input features
primarily focuses on DV isolation and the removal of
residual noncollision background contributions:

(i) Scalar sum of pT for all high-pT (>5 GeV) tracks.
(ii) Total, average, root-mean-square (RMS) and maxi-

mum energy of all calorimeter energy clusters
satisfying ΔRðDV; clusterÞ < 0.4.

(iii) Calorimeter energy at each ECal and HCal sampling
layer satisfying ΔRðDV; clusterÞ < 0.4.

(iv) ΔR of the high-pT (>5 GeV) track or jet closest to
the DV.

(v) Low-pT track isolation.
(vi) Ratio of the number of muon segments in the inner

and middle MDT station.
The second set uses input features more directly related

to the DV characteristics:
(i) Average and RMS ΔRðDV; trackletsÞ.
(ii) Average and RMS ΔRðDV; segmentsÞ.
(iii) nMDT þ nRPC (in the barrel) or nMDT þ nTGC (in the

end caps) associated with the DV.
(iv) Number of tracklets satisfying ΔRðDV; trackletÞ

< 0.4.
(v) ΔϕðDV; Emiss

T Þ.
(vi) Average, RMS and maximum time of arrival of the

particle depositing the energy in the calorimeter
satisfying ΔRðDV; clusterÞ < 0.4.

Since there is no reliable simulation of all backgrounds
in the MS, data events in the background-enriched region
Hmiss

T < 40 GeV are used as background in the training. A
combination of samples with mH=Φ ¼ 60, 125, and
1000 GeV serves as the signal input to cover a relatively
wide phase space. To increase the sample size, the Emiss

T
selection is omitted during training, while all other selec-
tions are applied. Training is conducted separately for
events with a barrel DVand those with an end cap DV. The
same neural networks are used for both the muon-RoI and
lepton triggered channels.
The muon-RoI triggered signal selection criteria are

summarized in Table IV, and the lepton-triggered selections

are summarized in Table V. An MS DV that satisfies either
of these selections is considered as a signal DV. After the
final signal selection, background entering in the signal
region may come from punchthrough jets or residual
noncollision backgrounds incompletely reconstructed by
the ATLAS detector.

C. MS displaced-vertex reconstruction efficiency

The efficiency for vertex reconstruction [63] is defined as
the fraction of simulated LLP decays in the MS fiducial
volume corresponding to a reconstructed vertex that passes
the baseline event selection reported in Table III and
satisfies the signal selection criteria summarized in
Table IV for muon-RoI events and Table V for lepton-
triggered events. A reconstructed vertex is considered
matched to a displaced decay if it lies within ΔR ¼ 0.4
of the simulated decay position. The MS DV efficiency is
parametrized as a function of the Lxy and jLzj LLP decay
positions in the barrel and end caps, respectively. The
vertex reconstruction efficiency for the Higgs boson portal
model at various LLP mass points is displayed in Figs. 6(a)
and 6(b) for the MS barrel and end caps, respectively.
Similarly, the efficiencies for ALP samples are shown in
Figs. 7(a) and 7(b). The efficiency for reconstructing
vertices in the lepton-triggered channel tends to be signifi-
cantly higher due to the increased trigger efficiency and the
relaxed selection requirements. In both cases, the effect of
material interactions is visible. The additional soft tracks
make the vertex reconstruction more challenging, resulting
in a small efficiency reduction at particular decay positions.
For the MC samples analyzed, the MS barrel vertex

reconstruction efficiency ranges from approximately 2% to
15% near the outer edge of the hadronic calorimeter
(r ≈ 4 m) and diminishes significantly as the decay posi-
tion approaches the middle stations (r ≈ 7 m). This decline
is attributed to the lack of spatial separation between
charged hadrons from the LLP decay, leading to their
overlap when traversing the middle stations. This results in
a reduction of the efficiencies for tracklet reconstruction
and, consequently, vertex reconstruction. Additionally, the
efficiencies are influenced by the mass and boost of
the LLP.

TABLE IV. Summary of signal selection for the RoI triggered
channel. The NN1 and NN2 selections are described in Sec. VIII.

Selection Barrel End caps

Hmiss
T > 40 GeV

Emiss
T > 20 GeV

Number of muon segments
in the outer MDT station

> 15 > 30

Isolation from high-pT
tracks (pT > 5 GeV)

ΔR > 0.8 ΔR > 0.8

Isolation from low-pT tracks
ðΣpTðΔR < 0.2ÞÞ

ΣpT < 5 GeV ΣpT < 5 GeV

Isolation from jets ΔR > 0.8 ΔR > 0.8
NN1, NN2 > 0.5, 0.5 > 0.8, 0.8

TABLE V. Summary of signal selection for the lepton-triggered
channel. The NN1 and NN2 selections are described in Sec. VIII.

Selection Barrel End caps

Emiss
T > 40 GeV

Isolation from high-pT
tracks (pT > 5 GeV)

ΔR > 0.1 ΔR > 0.1

Isolation from low-pT tracks
ðΣpTðΔR < 0.2ÞÞ

ΣpT < 5 GeV ΣpT < 5 GeV

Isolation from jets ΔR > 0.1 ΔR > 0.1
NN1, NN2 > 0.2, 0.1 > 0.2, 0.1
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The efficiency for reconstructing vertices is notably
higher in the MS end caps, reaching up to about 30%
for higher-mass benchmark models. This increased effi-
ciency stems from a more effective selection and vertex
reconstruction process. In the barrel, tracklets are influ-
enced by a strong magnetic field, which imposes curvature
constraints through charge and momentum measurements.
In contrast, the region in which end cap tracklets are
reconstructed features a very weak magnetic field.
Consequently, the vertex reconstruction algorithm in the
end caps employs straight-line fits, ensuring that low-
momentum tracks are not discarded. Meanwhile, the barrel
leverages the curvature constraints and combinatorial

techniques to more effectively reject misreconstructed
tracks. Thus, while vertex reconstruction in the endcaps
is more efficient for signal, it is also less robust in
rejecting background events. Further details are available
in Ref. [63].
Potential inaccuracies in MC simulation for DV

reconstruction are estimated by comparing the distribution
of the number of tracklets in a punchthrough jetΔR cone of
0.4 in data and MC events, following a strategy akin to the
one employed for the trigger (described in Sec. VI A). MC
simulation indicates a tracklet rate approximately 20%
(15%) higher than in data in the barrel (end caps). This
mismodeling is independent of the η, ϕ, or pT of the jet.

(a) (b)

FIG. 6. Efficiency to reconstruct an MS DV for scalar portal samples with mH ¼ 125 GeV for vertices that satisfy the baseline and
signal event selection summarized in Tables III and IV, respectively. (a) Efficiency to reconstruct a barrel MS DV as a function of the
transverse decay position of the LLP. (b) Efficiency to reconstruct an end cap MS DVas a function of the longitudinal decay position of
the LLP relative to the center of the detector. The efficiency distributions are corrected for the mismodeling detailed in Sec. VII C.
Vertical lines delineate the pertinent detector boundaries: “HCal end” marks the outer extent of the hadronic calorimeter, “MDT 1=2”
denotes the first/second stations of MDT chambers, and “L/S” indicate whether they are in large or small sectors.

(a) (b)

FIG. 7. Efficiency to reconstruct an MS DV for ALP samples with vertices that satisfy the baseline and signal event selection
summarized in Tables III and V, respectively. (a) Efficiency to reconstruct a barrel MS DVas a function of the transverse decay position
of the LLP. (b) Efficiency to reconstruct an end cap MS DV as a function of the longitudinal decay position of the LLP relative to the
center of the detector. Vertical lines delineate the pertinent detector boundaries: “HCal end” marks the outer extent of the hadronic
calorimeter, “MDT 1=2” denotes the first/second stations of MDT chambers, and “L/S” indicate whether they are in large or small
sectors.
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The impact of this mismodeling on DV reconstruction
efficiency is estimated by randomly discarding tracklets
used in vertex reconstruction based on the measured
mismodeling factor in the barrel and end caps. The number
of reconstructed vertices is then counted. The efficiency
variation between the nominal reconstruction and that
accounting for the mismodeling factors, averaged over
MC benchmark samples, amounts to 27% in the barrel and
9% in the end caps. Corrected efficiencies are utilized to
compute the expected number of signal events. The
systematic uncertainty associated with this correction is
detailed in Sec. IX.
Across the extrapolated lifetime range, the maximum

acceptance times efficiency for vertices meeting the signal
selection in the muon-RoI channel spans from 0.02% (for
the MC sample with mΦ ¼ 60 GeV, ms ¼ 5 GeV at a
proper decay length of 0.5 m) to 1.4% (for the MC sample
with mΦ ¼ 600 GeV, ms ¼ 50 GeV at a proper decay
length of 1.1 m). Due to the relaxed selections in the lepton-
triggered channel the ALP samples have generally higher
efficiencies, with maximum acceptance times efficiency
for vertices meeting the signal selection ranging from
0.5% (ma ¼ 0.1 GeV, CG̃ ¼ 10−2, proper decay length
0.0031 m) to 1.9% (ma ¼ 40 GeV, CG̃ ¼ 10−7, proper
decay length 0.48 m).

VIII. BACKGROUND ESTIMATION

The number of background events is estimated through
the data-driven ABCD method. The ABCD method uses
two variables that are chosen to be good at separating the
signal from background, thereby splitting the spanned two-
dimensional plane into four subregions, which contain an A
region where most of the signal events are located and three
other control regions (B, C and D) that are dominated by
the background events. Provided that the axis variables are

uncorrelated for the background, the expected number of
background events in region A can be predicted by the
numbers in the other three regions: NA ¼ NB × NC=ND.
This method is only valid when there is one source of
background or multiple sources of background with the
same distribution in the plane. The NN1 and NN2 variables
are used to define the two ABCD planes for the barrel and
end caps. Representative planes for the simulated Higgs
boson portal model in the muon-RoI triggered channel and
the ALPmodel in the lepton-triggered channel are shown in
Figs. 8 and 9, respectively. The Run-2 data planes for the
muon-RoI triggered channel are presented in Fig. 10 and
for the lepton-triggered channel in Fig. 11.
In the muon-RoI triggered channel, the ABCD method is

validated in a background dominated validation region
(VR) with Hmiss

T < 40 GeV and all other requirements
matching the signal region. The signal contamination in
this VR is found to be negligible. The correlation between
NN1 and NN2 is calculated to be less than 4% in both of the
barrel and endcap VR planes. As summarized in Table VI,
the number of observed events in the validation region A is
139 and 18 in the barrel and end caps, respectively, in
agreement with the expected numbers 130� 12ðstat:Þ and
14� 1ðstat:Þ in the barrel and end caps from the ABCD
prediction.
In the lepton-triggered channel, the ABCD method is

validated in two separate background-dominated VRs, one
formed by inverting the Emiss

T selection to require 10 <
Emiss
T < 40 GeV (“Emiss

T VR”), and the other by replacing
the lepton trigger and Z selection criteria with a photon
trigger and selection (“γ þ jets VR”) and relaxing the Emiss

T
requirement to Emiss

T > 10 GeV. As the Z þ ALP model is
chosen to be photophobic due to strong constraints from
other experiments, photons are not directly produced in
association with ALPs in this model, and replacing the Z
selection with a photon results in negligible signal
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FIG. 8. ABCD planes for the Higgs boson portal model withms ¼ 35 GeV and cτ ¼ 1.310 m in the (a) barrel and (b) end cap regions
of the RoI-triggered channel.

SEARCH FOR EVENTS WITH ONE DISPLACED VERTEX FROM … PHYS. REV. D 112, 092001 (2025)

092001-13



0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
NN1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
N

N
2 AB

CD

 SimulationATLAS  = 13 TeVs  = 40 GeVam Barrel

N
or

m
al

is
ed

un
its

(a)

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

0.022

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
NN1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

N
N

2 AB

CD

 SimulationATLAS  = 13 TeVs  = 40 GeVam Endcap

N
or

m
al

is
ed

un
its

(b)

FIG. 9. ABCD planes for the ALP model withma ¼ 40 GeV and cτ ¼ 0.481 m in the (a) barrel and (b) end cap regions of the lepton-
triggered channel.
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leptons consistent with Z decays greatly reduces the background event count, despite the relaxed background rejection selections.
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contamination. For the Z-associated scalar production
models, the contribution of photons from initial-state
radiation was observed to be negligible in simulated signal
events. Region A is defined as NN1 > 0.2, NN2 > 0.1 for
both VRs, matching the criteria applied in the signal region.
The number of observed and expected events in the Emiss

T
and γ þ jets VRs are presented in Table VII.
The ABCD method is further validated in the muon-RoI

channel by analyzing sections of the ABCD plane within
the VR. Instead of using the entire BD region, it is
vertically divided into five equal slices (VR1–VR5). The
number of events in region A can then be predicted using
region C and any of these slices. Similarly, another set of
five VRs is defined by horizontally dividing the CD plane
into five equal slices. Predictions for the number of events
in region A are then made using region B and any slice

from the CD plane. These subregion predictions align well
with the observed number of events. The difference
between the average predictions from these sub-regions
and the observed values is used to estimate the systematic
uncertainty in the ABCD background estimation, calcu-
lated to be 2.5% in the barrel and 19.1% in the end caps.
In the lepton-triggered VRs, the reduced event rate due to

the selection on the prompt object renders the many VR
slice method used for the muon-RoI triggered channel non-
predictive for many of VR slices. Instead, the Emiss

T and
γ þ jets VRs are divided into exclusive bins of ΔRmin, the
angular distance from the DV to the nearest high-pT track
or jet. This approach includes additional events that were
absent in the main VR at ΔRmin values below the 0.1
threshold. Since the NNs are trained on samples with
stricter ΔRmin selections, the expected and observed occu-
pancy of the A region as a function of ΔRmin is used to both
confirm that the lower thresholds do not introduce signifi-
cant correlation between NN1 and NN2, and to provide
additional regions to check for systematic excesses or
deficits in the observed events. No systematic differences
are observed in the ΔRmin scans. As the relative size of the
statistical uncertainties in this channel are significantly
larger than those in the muon-RoI triggered channel and no
systematic differences are observed in the ΔRmin scan, no
additional systematic uncertainties are applied to the
observed background for lepton-triggered channel events.
The observed and expected number of events in region A

of the muon-RoI triggered signal region (Hmiss
T > 40 GeV)

are presented in Table VIII. The predicted number of full
run 2 muon-RoI triggered background events in region A is
241� 18ðstat:Þ � 6ðsyst:Þ in the barrel and 46� 2ðstat:Þ �
9ðsyst:Þ in the end caps. The observed and expected
number of events in region A of the lepton-triggered signal
region are presented in Table IX. The predicted number of
full run-2 lepton-triggered channel background events in
region A is 6�11

6 ðstat:Þ in the barrel and 2�2
1 ðstat:Þ in the

end caps. No excess events above the background pre-
diction are observed.

TABLE VI. Event counts in each of the four regions of the
muon-RoI triggered channel Hmiss

T VR ABCD plane. The back-
ground predictions in the barrel and endcap VRs are within 1
standard deviation of the observations.

VR A B × C=D B C D

Barrel 139 130�12
11 ðstat:Þ 485 246 915

End caps 18 14�1
1 ðstat:Þ 306 391 8850

TABLE VII. Event counts in each of the four regions of the
lepton-triggered channel ABCD plane in the Emiss

T and photon
VRs. The background prediction in all validation regions is
within 1 standard deviation of the observation.

VR A B × C=D B C D

Emiss
T barrel 4 16�43

18 ðstat:Þ 2 8 1
Emiss
T end caps 8 6�4

3 ðstat:Þ 5 43 38
γ þ jets barrel 1 3�7

3 ðstat:Þ 18 1 6
γ þ jets end caps 57 44�13

11 ðstat:Þ 30 82 56

TABLE VIII. Event counts in each of the four regions of the ABCD plane and the expected numbers in region A
for the muon-RoI triggered signal region. The event counts are also reported for 2015þ 2016 data, 2017 data and
2018 data, separately.

SR Period A B × C=D B C D

Barrel 2015þ 2016 65 63� 9ðstat:Þ � 2ðsyst:Þ 333 61 321
2017 95 80� 10ðstat:Þ � 2ðsyst:Þ 370 84 389
2018 85 97� 11ðstat:Þ � 2ðsyst:Þ 433 104 466
Run-2 245 241� 18ðstat:Þ � 6ðsyst:Þ 1136 249 1176

End caps 2015þ 2016 12 17� 2ðstat:Þ � 3ðsyst:Þ 259 232 3510
2017 11 15� 1ðstat:Þ � 3ðsyst:Þ 346 178 4133
2018 8 13� 1ðstat:Þ � 2ðsyst:Þ 467 160 5547
Run-2 31 46� 2ðstat:Þ � 9ðsyst:Þ 1072 570 13190
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IX. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the signal efficiency are
dominated by the modeling of the signal physics processes,
pileup and detector response and the extrapolation of the
expected number of signal events as a function of the LLP
proper decay length.
An uncertainty in the NLO-reweighting of the signal

samples is obtained by comparing the 125-GeV mediator
NLO MadGraph predictions to next-to-next-to-leading-order
(NNLO) accuracy in QCD using Powheg Box v2 [86–90]. This
results in an additional uncertainty in the signal efficiency
ranging from 0.1% to 4%.
One source of systematic uncertainty associated with the

muon RoI cluster trigger is the modeling of minimum-bias
interactions used to simulate pileup. Another source is the
systematic uncertainty related to the PDF used to generate
signal MC events. These uncertainties were estimated by
varying the pileup and PDF weights according to their
respective �1σ systematic uncertainties and assessing the
resulting change in trigger efficiency. For the PDF-related
uncertainty, the nominal PDF set was evaluated using 100
replica variations. In both cases, the systematic uncertainty
was found to be negligible. The mismodeling of the muon-
RoI cluster trigger efficiency in MC simulation, as
described in Sec. VI, contributes a systematic uncertainty
of 20% in the barrel and 24% in the end caps for the muon-
RoI triggered channel. In the lepton-triggered channel,
additional uncertainties arise from mismodeling in the
lepton triggering efficiency, identification, and isolation.
The combined lepton systematic uncertainty is found to be
negligible in both the barrel and the end cap regions.
In both channels, the systematic uncertainties from the

pileup and PDF contributions to the MS DV reconstruction
efficiency for the signal were evaluated using a procedure
similar to that used for the muon RoI cluster trigger. Once
again, these systematic uncertainties were found to be
negligible. Another source of systematic uncertainty for
both channels arises from the corrected efficiencies
related to MC mismodeling in vertex reconstruction, as
discussed in Sec. VII C. To estimate the corrected vertex
reconstruction efficiencies, a second method was used. In
this method, events are weighted so that the MC distribu-
tion of the number of reconstructed tracklets matches the
data distribution. The efficiency was reevaluated after
reweighting each vertex according to the number of

associated tracklets. The average efficiency variation was
computed, and its difference from the variation calculated
using the nominal method described in Sec. VII C was
taken as the systematic uncertainty, which is 11% in the
barrel and 13% in the end caps.
A systematic uncertainty associated with the efficiency

extrapolation method was estimated by comparing the
signal efficiency computed using fully simulated MC
samples with the efficiency extrapolated using pseudodata
MC samples at the same proper decay length. The differ-
ence between these two efficiencies is taken as the
systematic uncertainty, which varies from 1.9% to 30%
depending on the mass and boost of the LLP. For several
signal samples, multiple lifetime points were fully simu-
lated: a nominal sample and secondary samples with
alternate proper decay lengths, as described in Sec. V.
The secondary samples were used to cross-check the
lifetime-extrapolation procedure, and good agreement
was found.
The systematic uncertainty associated with the ABCD

background estimation for the muon-RoI triggered channel
is 2.5% in the barrel and 19.1% in the end caps, whereas for
the lepton-triggered channel, the systematic uncertainties
are negligible.
The uncertainty in the combined 2015–2018 integrated

luminosity is 0.83% [91], obtained using the LUCID-2
detector [92] for the primary luminosity measurements.

X. RESULTS

Upper limits on the production cross-section times
branching fraction are derived using the C:L:s
prescription [93], implemented with the PYHF [94] package
using a profile likelihood function [95], with the back-
ground prediction constrained to follow the ABCD relation
presented in Sec. VIII and the signal distributed across the
ABCD plane according to the signal MC. For the lepton-
triggered channel, limits are calculated using pseudoexperi-
ments due to the low number of events satisfying the signal
selections. The reported limits exclude the Z → ll branch-
ing fraction [96].
For scalar boson benchmark samples with mΦ ≠

125GeV, upper limits are set on σ × BΦ→ss, where
BΦ→ss is the branching fraction for Φ → ss assuming
100% branching fraction of s into the heaviest kinemati-
cally accessible fermion pairs. As discussed in Sec. III, the
long-lived scalar predominantly decays into bb̄, except
whenms > 2mt (e.g., for the sample withmΦ ¼ 1000 GeV
and ms ¼ 475 GeV) where the dominant decay is tt̄. For
the Higgs boson portal mediator, upper limits are set on
ðσ=σggHÞ × BH→ss, where σggH ¼ 48.61 pb [97] is the SM
Higgs boson gluon-gluon fusion production cross section.
Figure 12 compares the expected and observed 95% C.L.
upper limits for a representative sample and shows the
observed 95% C.L. limits for all scalar boson benchmarks.

TABLE IX. Event counts in each of the four regions of the
ABCD plane and the expected number in region A for the lepton-
triggered signal region. The event counts are reported for the
entire Run-2 data.

SR A B × C=D B C D

Barrel 0 6�11
6 ðstat:Þ 3 4 2

End caps 4 2�2
1 ðstat:Þ 4 19 31
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The observed limits are consistent with the expected ones
within 2 standard deviations for all samples. For the Higgs
boson portal mediator samples limits are stronger at
intermediate LLP masses but weaken at very low and
very high masses. Moreover, the mean proper decay
length cτ where the limits are strongest increases with
the long-lived scalar mass. These trends are correlated
with variations in trigger and reconstruction efficiencies
mainly driven by the LLP decay kinematics. Figure 13
shows the expected and observed limits for the one-DV
search reported in this work and the two-DV search
described in Ref. [40], along with their combination for
a scalar boson benchmark sample. The two searches use
mutually exclusive selections. The one-DV and two-DV
systematic uncertainties are assumed to be uncorrelated in
the combination. The two-DV search benefits from very
low background and therefore has better sensitivity than
the one-DV search for cτ of the order of tens of meters.
Requiring both particles to decay within the MS reduces

the sensitivity for longer cτ values, where the exclusion
limits on cross sections scale as ðcτÞ−2. The one-DV
search significantly extends the sensitivity to longer- and
shorter-lived LLPs, with exclusion limits scaling as ðcτÞ−1.
Observed limits for the one- and two-DV combination are
also provided for all scalar boson benchmarks. The
lifetime ranges excluded by the combination of the one-
and two-DV results for branching fractions BH→ss of 10%,
1% and 0.1% for the scalar boson with mH ¼ 125 GeV
are summarized in Table X.
Figure 14 shows the observed 95% C.L. limits for all the

baryogenesis benchmark samples. The observed limits are
consistent with the expected ones within 2 standard
deviations for all samples.
For the ALP models, upper limits are set on the

production Z þ ALP cross section σ × Ba→gg, where
Ba→gg is the branching fraction for the ALP to decay into
gluons. Figure 15 shows the observed 95% C.L. upper
limits on σ × Ba→gg for all considered ALP masses. More

(a) (b)

(c) (d)

FIG. 12. Summary of the one-DV limits for theH=Φ → ssmodel. (a) Comparison between observed and expected 95% C.L. limits on
ðσ=σggHÞ × B for an SM-like Higgs boson portal mediator and ms ¼ 35 GeV. (b) Observed 95% C.L. limits on ðσ=σggHÞ × B for all
Higgs boson portal mediator samples where the cross-section is normalized to the SM Higgs boson gluon–gluon fusion production
cross-section, σggH ¼ 48.61 pb [97]. (c)–(d) Observed 95% C.L. limits on σ × B formΦ ≠ 125 GeV. The observed limits are consistent
with the expected ones within the uncertainties.
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stringent limits are observed for large ALP masses, where
the reduced boost and wider decay angles increase the
vertex reconstruction efficiency. The observed and
expected limits are compared for a representative sample,
showing consistency within 2 standard deviations. This
agreement holds for all samples considered.

Figure 16 provides a comparison between the expected
and observed limits for the ALP model using the result
reported in this work, a previous displaced jet search in the
HCal [58], and a displaced vertex search in the ID [59]. The
observed limits are consistent with the expected ones
within 2 standard deviations for all samples.

FIG. 13. Summary of the one-DV and two-DV [40] limit combinations for the H=Φ → ss model. (a) Comparison between the one-
and two-DV [40] results, and their combined 95% C.L. limits on ðσ=σggHÞ × B for the Higgs boson portal mediator and ms ¼ 35 GeV.
(b) Observed 95% C.L. limits on ðσ=σggHÞ × B for all Higgs boson portal mediator samples where the cross section is normalized to the
SM Higgs boson gluon-gluon fusion production cross section, σggH ¼ 48.61 pb [97]. (c)–(d) Observed 95% C.L. limits on σ × B for
mΦ ≠ 125 GeV benchmark samples. The observed limits are consistent with the expected ones within the uncertainties.

TABLE X. Ranges of mean proper decay length excluded at 95% C.L. by the one-DV results and the combination
of one-DV and two-DV [40] results for scalar boson benchmark models with mH ¼ 125 GeV, assuming BH→ss
equal to 10%, 1% and 0.1% of the SM Higgs boson production cross section [97].

Excluded cτ range for s [m]

H → ss One DV One DVþ two DV

ms [GeV] B ¼ 0.1% B ¼ 1% B ¼ 10% B ¼ 0.1% B ¼ 1% B ¼ 10%
5 � � � 0.05–1.96 0.03–25.6 � � � 0.05–2.9 0.03–25.9
16 � � � 0.11–15.8 0.06–139.4 0.34–3.6 0.11–20.8 0.06–141.0
35 � � � 0.26–40.1 0.14–358.6 0.85–6.8 0.26–47.7 0.14–362.7
55 � � � 0.67–20.3 0.27–208.6 � � � 0.66–26.8 0.27–208.6
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The scalar boson benchmark samples with associated Z
production have limits set using the same method as the
direct scalar production mode, where samples with mΦ ≠
125 GeV have upper limits set on σ × BΦ→ss, where BΦ→ss

is the branching fraction for Φ → ss assuming 100%
branching fraction of s into the heaviest kinematically
accessible fermion pairs. For Higgs boson portal mediator
samples, upper limits are set on ðσ=σZHÞ × BH→ss, where
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FIG. 14. Observed 95% C.L. limits on σ × B for baryogenesis samples for the one-DV analysis for the channels (a) χ → cbs,
(b) χ → νbb̄, and (c) χ → τþτ−ν, respectively. The observed limits are consistent with the expected ones within the uncertainties.

(a) (b)

FIG. 15. Summary of the limits for the Z þ ALP model. (a) Comparison between observed and expected 95% C.L. upper limits on the
Z þ ALP production cross section σ × Ba→gg for ma ¼ 40 GeV. (b) Observed 95% C.L. upper limits on σ × Ba→gg for all considered
ALP mass points.
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(a) (b)

FIG. 16. Comparison of the expected and observed 95% C.L. upper limits on the Z þ ALP production cross section for (a) ma ¼ 0.1,
1, and 10 GeV and the one of Ref. [58] and for (b) ma ¼ 40 GeV which is also covered in Ref. [59]. The observed limits are consistent
with the expected ones within the uncertainties.

(a) (b)

(c) (d)

FIG. 17. Comparison between the observed and expected 95% C.L. limits (a) on ðσ=σZHÞ × BH→ss for Higgs boson portal mediator
and ms ¼ 35 GeV for Z-associated H production with one DV. (b) Observed 95% C.L. limits on ðσ=σZHÞ × BH→ss for all Higgs boson
portal mediator samples where the cross-section is normalized to the Zð→ llÞ-associated Higgs boson production cross section,
σZH ¼ 0.089 pb [97]. (c)–(d) Observed 95% C.L. limits on σ × BΦ→ss for mΦ ≠ 125 GeV. The observed limits are consistent with the
expected ones within the uncertainties.
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σZH ¼ 0.089 pb [97] is the SM Zð→ llÞ-associated Higgs
boson production cross section calculated at NLO preci-
sion. Figure 17 shows the expected and observed limits for
a representative benchmark mass, and the observed limits
for all benchmark samples. The observed limits are con-
sistent with the expected ones within 2 standard deviations
for all samples.
Figure 18 shows the observed 95% C.L. limits for all

Φ → ZZd samples, with limits set on σ × BZd→ff, where
BZd→ff is the branching fraction for the dark photon to
decay into a pair of fermions. The observed limits are
consistent with the expected ones within 2 standard
deviations for all samples.

XI. CONCLUSION

A search for events featuring a single displaced vertex
from pair-produced long-lived particles decaying into
hadronic jets is presented. The analysis uses 140 fb−1 of
proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV recorded by the
ATLAS detector at the LHC during the 2015–2018 data-
taking period. Neural networks are employed to enhance
signal selection, and a data-driven method is used to
estimate the expected background in the signal region. A
dedicated analysis channel is included to target LLPs
produced in association with prompt leptons from a Z
boson decay. No excess events above the background are
observed in the signal regions, and exclusion limits on the
LLP production cross section as a function of its proper
decay length are computed for scalar portal, baryogenesis,
photophobic ALP, and dark photon models. For the SM
Higgs boson, branching fractions above 1% are excluded at
95% confidence level for LLP proper decay lengths ranging
from 5 cm to 40 m. For the Z þ ALP model, the most
stringent ATLAS limits to date are set for proper decay
lengths greater than Oð10−1Þ m.
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G. AAD et al. PHYS. REV. D 112, 092001 (2025)

092001-26

https://orcid.org/0000-0001-9024-4989
https://orcid.org/0000-0002-7659-8948
https://orcid.org/0000-0001-9974-1527
https://orcid.org/0000-0002-4009-0990
https://orcid.org/0000-0001-7098-9393
https://orcid.org/0000-0001-6775-0111
https://orcid.org/0000-0003-2144-1537
https://orcid.org/0000-0003-2049-9622
https://orcid.org/0000-0003-0945-4087
https://orcid.org/0000-0001-5196-8327
https://orcid.org/0000-0002-5360-5973
https://orcid.org/0000-0002-0392-1783
https://orcid.org/0000-0003-4466-1196
https://orcid.org/0000-0002-3080-1824
https://orcid.org/0000-0002-7026-8171
https://orcid.org/0000-0002-1253-8583
https://orcid.org/0000-0002-7963-9725
https://orcid.org/0000-0002-8076-5614
https://orcid.org/0000-0002-9975-1781
https://orcid.org/0000-0002-2837-2442
https://orcid.org/0000-0003-3433-1687
https://orcid.org/0000-0001-8153-2719
https://orcid.org/0000-0003-0499-8755
https://orcid.org/0000-0002-1976-5703
https://orcid.org/0000-0002-9569-8231
https://orcid.org/0000-0003-0780-0345
https://orcid.org/0000-0002-3824-409X
https://orcid.org/0009-0008-5230-5902
https://orcid.org/0000-0003-0073-3821
https://orcid.org/0000-0003-0839-9311
https://orcid.org/0000-0002-4105-9629
https://orcid.org/0009-0001-4014-4645
https://orcid.org/0000-0003-2677-5675
https://orcid.org/0000-0001-5871-9622
https://orcid.org/0000-0002-9045-3278
https://orcid.org/0000-0001-9977-0416
https://orcid.org/0000-0003-1621-6036
https://orcid.org/0000-0001-8686-4026
https://orcid.org/0000-0003-3024-587X
https://orcid.org/0000-0001-7345-7798
https://orcid.org/0000-0003-4473-7242
https://orcid.org/0000-0002-8663-6856
https://orcid.org/0000-0001-5442-1351
https://orcid.org/0009-0002-0240-0270
https://orcid.org/0000-0001-6172-545X
https://orcid.org/0009-0005-3102-4683
https://orcid.org/0000-0002-2455-8039
https://orcid.org/0000-0001-6674-7869
https://orcid.org/0000-0003-2025-5935
https://orcid.org/0000-0002-3835-0968
https://orcid.org/0000-0003-2781-623X
https://orcid.org/0000-0003-3386-9397
https://orcid.org/0000-0002-7820-3065
https://orcid.org/0000-0001-6410-9046
https://orcid.org/0000-0001-8361-2309
https://orcid.org/0000-0002-7543-3471
https://orcid.org/0000-0002-6696-5169
https://orcid.org/0000-0002-7716-5626
https://orcid.org/0000-0002-6134-0303
https://orcid.org/0000-0001-5412-1236
https://orcid.org/0000-0002-2003-0261
https://orcid.org/0000-0001-9734-574X
https://orcid.org/0000-0002-8462-443X
https://orcid.org/0000-0003-2138-9062
https://orcid.org/0000-0002-8635-9342
https://orcid.org/0000-0002-9924-7489
https://orcid.org/0000-0002-7736-0173
https://orcid.org/0000-0002-2668-889X
https://orcid.org/0000-0002-2432-411X
https://orcid.org/0000-0002-9807-861X
https://orcid.org/0000-0002-9660-580X
https://orcid.org/0000-0003-0078-9817
https://orcid.org/0000-0002-6890-1601
https://orcid.org/0000-0002-9249-2158
https://orcid.org/0000-0002-4226-9521
https://orcid.org/0000-0002-1287-4712
https://orcid.org/0000-0001-9207-6413
https://orcid.org/0000-0002-7290-643X
https://orcid.org/0000-0002-7723-5030
https://orcid.org/0000-0002-5129-5705
https://orcid.org/0000-0002-3613-3142
https://orcid.org/0000-0002-9314-5860
https://orcid.org/0000-0002-5103-1558
https://orcid.org/0000-0002-7809-3118
https://orcid.org/0000-0001-9683-7101
https://orcid.org/0000-0002-6647-6699
https://orcid.org/0000-0001-7360-0726
https://orcid.org/0000-0002-2704-835X
https://orcid.org/0000-0002-3355-4662
https://orcid.org/0000-0002-1243-9980
https://orcid.org/0000-0001-5762-3477
https://orcid.org/0000-0003-0992-3509
https://orcid.org/0000-0001-7992-0309
https://orcid.org/0000-0001-5219-1417
https://orcid.org/0000-0001-9726-4376
https://orcid.org/0000-0003-1292-9725
https://orcid.org/0000-0001-5791-4872
https://orcid.org/0000-0001-5350-7081
https://orcid.org/0000-0002-8204-4124
https://orcid.org/0000-0003-4194-2734
https://orcid.org/0009-0000-8406-368X
https://orcid.org/0000-0001-9998-4342
https://orcid.org/0000-0002-9246-7366
https://orcid.org/0000-0003-0903-8948
https://orcid.org/0000-0002-4556-9212
https://orcid.org/0000-0002-3354-1810
https://orcid.org/0000-0002-8090-6181
https://orcid.org/0000-0002-6800-9808
https://orcid.org/0000-0002-5485-7419
https://orcid.org/0009-0006-4398-5526
https://orcid.org/0000-0002-6199-8041
https://orcid.org/0000-0002-0206-1160
https://orcid.org/0000-0002-1479-2112
https://orcid.org/0000-0003-4806-0718
https://orcid.org/0000-0001-5667-7748
https://orcid.org/0000-0001-9518-0435
https://orcid.org/0000-0002-4319-4023
https://orcid.org/0000-0002-6168-689X
https://orcid.org/0000-0002-8977-121X
https://orcid.org/0000-0001-7318-5251
https://orcid.org/0000-0001-8272-1108
https://orcid.org/0000-0001-8355-9237
https://orcid.org/0000-0002-5687-2073
https://orcid.org/0000-0001-7148-6536
https://orcid.org/0000-0003-4831-4132
https://orcid.org/0000-0002-6900-825X
https://orcid.org/0000-0003-0685-4122
https://orcid.org/0000-0001-5686-0948
https://orcid.org/0000-0001-8283-935X
https://orcid.org/0000-0002-7898-2230
https://orcid.org/0000-0001-6726-6362
https://orcid.org/0000-0002-4690-0528
https://orcid.org/0000-0003-4482-2666
https://orcid.org/0000-0001-9196-0629
https://orcid.org/0000-0003-0988-7878
https://orcid.org/0000-0003-2834-836X
https://orcid.org/0000-0003-0188-6491
https://orcid.org/0000-0002-5905-5394
https://orcid.org/0000-0002-5116-1897
https://orcid.org/0009-0007-8811-9135
https://orcid.org/0000-0002-5458-5564
https://orcid.org/0000-0001-7640-7913
https://orcid.org/0000-0001-8789-610X
https://orcid.org/0000-0001-7808-8442
https://orcid.org/0000-0001-7575-3603
https://orcid.org/0000-0003-2246-7456
https://orcid.org/0000-0003-4946-153X
https://orcid.org/0000-0002-0758-7575
https://orcid.org/0000-0002-9016-138X
https://orcid.org/0000-0002-1494-9538
https://orcid.org/0000-0002-1692-1678
https://orcid.org/0000-0002-9495-9145
https://orcid.org/0000-0003-1600-464X
https://orcid.org/0000-0001-5969-3786
https://orcid.org/0000-0002-9953-5333
https://orcid.org/0000-0002-2531-3463
https://orcid.org/0000-0002-9192-8028
https://orcid.org/0000-0003-0479-7689
https://orcid.org/0000-0002-2855-7738
https://orcid.org/0000-0002-5732-5645
https://orcid.org/0000-0001-5929-1357
https://orcid.org/0000-0001-6746-3374
https://orcid.org/0000-0002-6386-9788
https://orcid.org/0000-0003-2303-9306
https://orcid.org/0000-0003-4602-473X
https://orcid.org/0000-0002-7180-4562
https://orcid.org/0000-0001-8449-1019
https://orcid.org/0000-0001-8747-2809
https://orcid.org/0000-0002-3562-9592
https://orcid.org/0000-0002-2443-6525
https://orcid.org/0000-0002-4117-3800
https://orcid.org/0000-0003-4541-4189
https://orcid.org/0000-0002-6511-7096
https://orcid.org/0000-0002-4519-7201
https://orcid.org/0000-0002-4376-4911
https://orcid.org/0000-0003-4058-5376
https://orcid.org/0000-0002-3924-0445
https://orcid.org/0000-0003-1718-307X
https://orcid.org/0000-0002-7550-7821
https://orcid.org/0000-0002-4139-9543
https://orcid.org/0000-0002-1705-1061
https://orcid.org/0000-0003-4535-2926
https://orcid.org/0000-0002-8405-0886
https://orcid.org/0000-0003-3570-7332
https://orcid.org/0000-0003-2941-2829
https://orcid.org/0000-0002-7863-1166
https://orcid.org/0000-0001-7431-4211
https://orcid.org/0000-0001-8650-942X
https://orcid.org/0000-0002-8846-2714
https://orcid.org/0000-0003-1692-2029
https://orcid.org/0000-0002-0394-5646
https://orcid.org/0000-0001-9116-0461
https://orcid.org/0000-0002-1172-1052
https://orcid.org/0000-0003-1396-2826
https://orcid.org/0000-0002-8245-1790
https://orcid.org/0000-0001-8491-4376
https://orcid.org/0000-0001-8774-8887
https://orcid.org/0000-0001-8915-0184
https://orcid.org/0000-0003-2897-0466
https://orcid.org/0000-0002-4297-8539
https://orcid.org/0000-0002-9155-998X
https://orcid.org/0000-0002-5107-7134
https://orcid.org/0000-0003-3793-0159
https://orcid.org/0000-0001-7593-0243
https://orcid.org/0000-0002-4809-4056
https://orcid.org/0000-0003-0683-2177
https://orcid.org/0000-0002-4300-703X
https://orcid.org/0000-0002-1904-6661
https://orcid.org/0000-0002-8077-7850
https://orcid.org/0000-0001-9669-9642
https://orcid.org/0000-0002-5200-0016
https://orcid.org/0000-0002-0518-1459
https://orcid.org/0000-0001-9073-0725
https://orcid.org/0000-0001-5050-8441
https://orcid.org/0000-0002-5312-941X
https://orcid.org/0000-0001-9671-1082
https://orcid.org/0000-0001-7069-0295
https://orcid.org/0000-0002-5369-8540
https://orcid.org/0000-0002-2926-8962
https://orcid.org/0000-0001-6968-9828
https://orcid.org/0000-0002-5376-2397
https://orcid.org/0000-0003-0211-2041
https://orcid.org/0000-0001-5725-9134
https://orcid.org/0000-0001-6623-1205
https://orcid.org/0000-0001-7314-7247
https://orcid.org/0000-0002-4034-2326
https://orcid.org/0000-0002-3468-9761
https://orcid.org/0000-0002-7985-9023
https://orcid.org/0000-0002-3034-8943
https://orcid.org/0000-0002-5895-6799
https://orcid.org/0000-0002-9936-0115
https://orcid.org/0000-0002-2554-2725
https://orcid.org/0000-0003-1586-5253
https://orcid.org/0000-0001-7021-3720
https://orcid.org/0000-0001-7987-9764
https://orcid.org/0000-0003-0447-5348
https://orcid.org/0000-0003-4977-2717
https://orcid.org/0000-0003-4027-3305
https://orcid.org/0009-0007-8578-9328
https://orcid.org/0000-0002-4086-1847
https://orcid.org/0000-0002-8912-4389
https://orcid.org/0000-0002-2797-6383
https://orcid.org/0000-0002-0967-2351
https://orcid.org/0000-0002-8772-0961
https://orcid.org/0000-0002-3150-8478
https://orcid.org/0000-0002-5842-2818
https://orcid.org/0000-0002-2562-9724
https://orcid.org/0000-0003-2176-4053
https://orcid.org/0000-0003-3762-7264
https://orcid.org/0000-0002-4210-2924
https://orcid.org/0000-0001-9851-4816
https://orcid.org/0000-0002-2458-9513
https://orcid.org/0000-0001-9214-8528
https://orcid.org/0000-0003-2262-4773
https://orcid.org/0000-0003-1523-7783
https://orcid.org/0000-0001-5841-3316
https://orcid.org/0000-0003-0748-694X
https://orcid.org/0000-0002-2204-5731
https://orcid.org/0000-0002-4549-2219
https://orcid.org/0000-0002-7442-6181
https://orcid.org/0000-0002-1971-0403
https://orcid.org/0000-0003-2848-0184
https://orcid.org/0000-0003-2005-5992
https://orcid.org/0000-0002-6425-2579
https://orcid.org/0000-0002-6190-8376
https://orcid.org/0000-0002-3533-3847
https://orcid.org/0000-0003-2751-3474
https://orcid.org/0000-0002-2037-7185
https://orcid.org/0000-0002-3081-4879
https://orcid.org/0000-0001-6556-856X
https://orcid.org/0000-0003-1831-6452
https://orcid.org/0000-0002-0842-0654
https://orcid.org/0000-0001-8341-5911
https://orcid.org/0000-0002-3777-0880
https://orcid.org/0000-0001-9236-7325
https://orcid.org/0000-0002-6031-8788
https://orcid.org/0000-0001-9952-934X
https://orcid.org/0000-0003-3122-3605
https://orcid.org/0000-0001-8195-7004
https://orcid.org/0000-0003-3309-0762
https://orcid.org/0000-0003-2368-4559
https://orcid.org/0000-0001-8985-5379
https://orcid.org/0000-0001-5200-9195
https://orcid.org/0000-0002-5145-3646
https://orcid.org/0009-0009-2414-9989
https://orcid.org/0000-0002-5092-2148
https://orcid.org/0009-0006-9050-8984
https://orcid.org/0000-0002-9412-7090
https://orcid.org/0000-0002-9187-7478
https://orcid.org/0000-0002-4799-7560
https://orcid.org/0000-0001-6000-7245
https://orcid.org/0000-0002-0215-2767
https://orcid.org/0000-0002-5575-1413
https://orcid.org/0000-0001-9297-1063
https://orcid.org/0000-0002-7107-5902
https://orcid.org/0009-0001-4834-4369
https://orcid.org/0000-0002-1788-3204
https://orcid.org/0000-0001-7687-8299
https://orcid.org/0000-0003-2136-4842
https://orcid.org/0000-0001-8729-466X
https://orcid.org/0000-0002-4970-7600
https://orcid.org/0000-0002-3279-3370
https://orcid.org/0000-0002-2064-2954
https://orcid.org/0000-0002-8056-8469
https://orcid.org/0000-0003-4920-6264
https://orcid.org/0000-0003-2444-8267
https://orcid.org/0009-0004-3577-576X
https://orcid.org/0000-0001-8363-9827
https://orcid.org/0000-0002-5769-7094
https://orcid.org/0009-0009-6459-2723
https://orcid.org/0000-0003-1687-3079
https://orcid.org/0000-0001-5980-5805
https://orcid.org/0000-0001-6457-2575
https://orcid.org/0009-0002-7471-9352


M. Cristinziani ,147 M. Cristoforetti ,78a,78b V. Croft ,117 J. E. Crosby ,124 G. Crosetti ,44b,44a A. Cueto ,101 H. Cui ,98

Z. Cui ,7 W. R. Cunningham ,59 F. Curcio ,169 J. R. Curran ,52 M. J. Da Cunha Sargedas De Sousa ,57b,57a

J. V. Da Fonseca Pinto ,83b C. Da Via ,103 W. Dabrowski ,86a T. Dado ,37 S. Dahbi ,154 T. Dai ,108 D. Dal Santo ,20

C. Dallapiccola ,105 M. Dam ,43 G. D’amen ,30 V. D’Amico ,111 J. Damp ,102 J. R. Dandoy ,35 D. Dannheim ,37

G. D’anniballe ,74a,74b M. Danninger ,148 V. Dao ,151 G. Darbo ,57b S. J. Das ,30 F. Dattola ,48 S. D’Auria ,71a,71b

A. D’Avanzo ,72a,72b T. Davidek ,136 J. Davidson ,173 I. Dawson ,96 K. De ,8 C. De Almeida Rossi ,161

R. De Asmundis ,72a N. De Biase ,48 S. De Castro ,24b,24a N. De Groot ,116 P. de Jong ,117 H. De la Torre ,118

A. De Maria ,114a A. De Salvo ,75a U. De Sanctis ,76a,76b F. De Santis ,70a,70b A. De Santo ,152

J. B. De Vivie De Regie ,60 J. Debevc ,95 D. V. Dedovich,39 J. Degens ,94 A. M. Deiana ,45 J. Del Peso ,101

L. Delagrange ,130 F. Deliot ,138 C. M. Delitzsch ,49 M. Della Pietra ,72a,72b D. Della Volpe ,56 A. Dell’Acqua ,37

L. Dell’Asta ,71a,71b M. Delmastro ,4 C. C. Delogu ,102 P. A. Delsart ,60 S. Demers ,178 M. Demichev ,39

S. P. Denisov ,38 H. Denizli ,22a,q L. D’Eramo ,41 D. Derendarz ,87 F. Derue ,130 P. Dervan ,94 K. Desch ,25

F. A. Di Bello ,57b,57a A. Di Ciaccio ,76a,76b L. Di Ciaccio ,4 A. Di Domenico ,75a,75b C. Di Donato ,72a,72b

A. Di Girolamo ,37 G. Di Gregorio ,37 A. Di Luca ,78a,78b B. Di Micco ,77a,77b R. Di Nardo ,77a,77b K. F. Di Petrillo ,40

M. Diamantopoulou ,35 F. A. Dias ,117 M. A. Diaz ,140a,140b A. R. Didenko ,39 M. Didenko ,169 S. D. Diefenbacher ,18a

E. B. Diehl ,108 S. Díez Cornell ,48 C. Diez Pardos ,147 C. Dimitriadi ,150 A. Dimitrievska ,21 A. Dimri ,151

J. Dingfelder ,25 T. Dingley ,129 I-M. Dinu ,28b S. J. Dittmeier ,63b F. Dittus ,37 M. Divisek ,136 B. Dixit ,94

F. Djama ,104 T. Djobava ,155b C. Doglioni ,103,100 A. Dohnalova ,29a Z. Dolezal ,136 K. Domijan ,86a K. M. Dona ,40

M. Donadelli ,83d B. Dong ,109 J. Donini ,41 A. D’Onofrio ,72a,72b M. D’Onofrio ,94 J. Dopke ,137 A. Doria ,72a

N. Dos Santos Fernandes ,133a P. Dougan ,103 M. T. Dova ,92 A. T. Doyle ,59 M. A. Draguet ,129 M. P. Drescher ,55

E. Dreyer ,175 I. Drivas-koulouris ,10 M. Drnevich ,120 M. Drozdova ,56 D. Du ,62 T. A. du Pree ,117 Z. Duan,114a

F. Dubinin ,39 M. Dubovsky ,29a E. Duchovni ,175 G. Duckeck ,111 P. K. Duckett,98 O. A. Ducu ,28b D. Duda ,52

A. Dudarev ,37 E. R. Duden ,27 M. D’uffizi ,103 L. Duflot ,66 M. Dührssen ,37 I. Duminica ,28g A. E. Dumitriu ,28b

M. Dunford ,63a S. Dungs ,49 K. Dunne ,47a,47b A. Duperrin ,104 H. Duran Yildiz ,3a M. Düren ,58 A. Durglishvili ,155b

D. Duvnjak ,35 B. L. Dwyer ,118 G. I. Dyckes ,18a M. Dyndal ,86a B. S. Dziedzic ,37 Z. O. Earnshaw ,152

G. H. Eberwein ,129 B. Eckerova ,29a S. Eggebrecht ,55 E. Egidio Purcino De Souza ,83e G. Eigen ,17 K. Einsweiler ,18a

T. Ekelof ,167 P. A. Ekman ,100 S. El Farkh ,36b Y. El Ghazali ,62 H. El Jarrari ,37 A. El Moussaouy ,36a

V. Ellajosyula ,167 M. Ellert ,167 F. Ellinghaus ,177 N. Ellis ,37 J. Elmsheuser ,30 M. Elsawy ,119a M. Elsing ,37

D. Emeliyanov ,137 Y. Enari ,84 I. Ene ,18a S. Epari ,110 D. Ernani Martins Neto ,87 F. Ernst,37 M. Errenst ,177

M. Escalier ,66 C. Escobar ,169 E. Etzion ,157 G. Evans ,133a,133b H. Evans ,68 L. S. Evans ,97 A. Ezhilov ,38

S. Ezzarqtouni ,36a F. Fabbri ,24b,24a L. Fabbri ,24b,24a G. Facini ,98 V. Fadeyev ,139 R. M. Fakhrutdinov ,38

D. Fakoudis ,102 S. Falciano ,75a L. F. Falda Ulhoa Coelho ,133a F. Fallavollita ,112 G. Falsetti ,44b,44a J. Faltova ,136

C. Fan ,168 K. Y. Fan ,64b Y. Fan ,14 Y. Fang ,14,114c M. Fanti ,71a,71b M. Faraj ,69a,69b Z. Farazpay ,99 A. Farbin ,8

A. Farilla ,77a T. Farooque ,109 J. N. Farr ,178 S. M. Farrington ,137,52 F. Fassi ,36e D. Fassouliotis ,9 L. Fayard ,66

P. Federic ,136 P. Federicova ,134 O. L. Fedin ,38,l M. Feickert ,176 L. Feligioni ,104 D. E. Fellers ,18a C. Feng ,143a

Z. Feng ,117 M. J. Fenton ,165 L. Ferencz ,48 B. Fernandez Barbadillo ,93 P. Fernandez Martinez ,67

M. J. V. Fernoux ,104 J. Ferrando ,93 A. Ferrari ,167 P. Ferrari ,117,116 R. Ferrari ,73a D. Ferrere ,56 C. Ferretti ,108

M. P. Fewell ,1 D. Fiacco ,75a,75b F. Fiedler ,102 P. Fiedler ,135 S. Filimonov ,39 M. S. Filip ,28b,r A. Filipčič ,95

E. K. Filmer ,162a F. Filthaut ,116 M. C. N. Fiolhais ,133a,133c,s L. Fiorini ,169 W. C. Fisher ,109 T. Fitschen ,103

P. M. Fitzhugh,138 I. Fleck ,147 P. Fleischmann ,108 T. Flick ,177 M. Flores ,34d,t L. R. Flores Castillo ,64a

L. Flores Sanz De Acedo ,37 F. M. Follega ,78a,78b N. Fomin ,33 J. H. Foo ,161 A. Formica ,138 A. C. Forti ,103

E. Fortin ,37 A.W. Fortman ,18a L. Foster ,18a L. Fountas ,9,u D. Fournier ,66 H. Fox ,93 P. Francavilla ,74a,74b

S. Francescato ,61 S. Franchellucci ,56 M. Franchini ,24b,24a S. Franchino ,63a D. Francis,37 L. Franco ,116

V. Franco Lima ,37 L. Franconi ,48 M. Franklin ,61 G. Frattari ,27 Y. Y. Frid ,157 J. Friend ,59 N. Fritzsche ,37

A. Froch ,56 D. Froidevaux ,37 J. A. Frost ,129 Y. Fu ,109 S. Fuenzalida Garrido ,140f M. Fujimoto ,104 K. Y. Fung ,64a

E. Furtado De Simas Filho ,83e M. Furukawa ,159 J. Fuster ,169 A. Gaa ,55 A. Gabrielli ,24b,24a A. Gabrielli ,161

P. Gadow ,37 G. Gagliardi ,57b,57a L. G. Gagnon ,18a S. Gaid ,88b S. Galantzan ,157 J. Gallagher ,1 E. J. Gallas ,129

A. L. Gallen ,167 B. J. Gallop ,137 K. K. Gan ,122 S. Ganguly ,159 Y. Gao ,52 A. Garabaglu ,142

F. M. Garay Walls ,140a,140b C. García ,169 A. Garcia Alonso ,117 A. G. Garcia Caffaro ,178 J. E. García Navarro ,169

SEARCH FOR EVENTS WITH ONE DISPLACED VERTEX FROM … PHYS. REV. D 112, 092001 (2025)

092001-27

https://orcid.org/0000-0003-3893-9171
https://orcid.org/0000-0002-0127-1342
https://orcid.org/0000-0002-8731-4525
https://orcid.org/0000-0002-6579-3334
https://orcid.org/0000-0001-5990-4811
https://orcid.org/0000-0003-1494-7898
https://orcid.org/0009-0009-3212-0967
https://orcid.org/0000-0002-4317-2449
https://orcid.org/0000-0001-5517-8795
https://orcid.org/0000-0002-8682-9316
https://orcid.org/0000-0001-9637-0484
https://orcid.org/0000-0001-7991-593X
https://orcid.org/0000-0003-1746-1914
https://orcid.org/0000-0001-6154-7323
https://orcid.org/0000-0001-9061-9568
https://orcid.org/0000-0002-7050-2669
https://orcid.org/0000-0002-5222-7894
https://orcid.org/0000-0002-9607-5124
https://orcid.org/0000-0001-7176-7979
https://orcid.org/0000-0002-1391-2477
https://orcid.org/0000-0001-6278-9674
https://orcid.org/0000-0002-9742-3709
https://orcid.org/0000-0002-2081-0129
https://orcid.org/0000-0002-7290-1372
https://orcid.org/0000-0002-9271-7126
https://orcid.org/0000-0001-8325-7650
https://orcid.org/0009-0002-7042-1268
https://orcid.org/0000-0002-7807-7484
https://orcid.org/0000-0003-1645-8393
https://orcid.org/0000-0003-2165-0638
https://orcid.org/0000-0003-2693-3389
https://orcid.org/0000-0003-3316-8574
https://orcid.org/0000-0003-3393-6318
https://orcid.org/0000-0002-1104-3650
https://orcid.org/0000-0002-3770-8307
https://orcid.org/0009-0005-7915-2879
https://orcid.org/0000-0002-5177-8950
https://orcid.org/0000-0002-5647-4489
https://orcid.org/0009-0000-6048-4842
https://orcid.org/0000-0002-7268-8401
https://orcid.org/0000-0002-5586-8224
https://orcid.org/0000-0003-2178-5620
https://orcid.org/0000-0001-6850-4078
https://orcid.org/0000-0002-5330-2614
https://orcid.org/0000-0002-4516-5269
https://orcid.org/0000-0001-6651-845X
https://orcid.org/0000-0001-8099-7821
https://orcid.org/0000-0003-4704-525X
https://orcid.org/0000-0003-0120-2096
https://orcid.org/0000-0002-9158-6646
https://orcid.org/0000-0001-9163-2211
https://orcid.org/0000-0001-9324-719X
https://orcid.org/0000-0002-6966-4935
https://orcid.org/0000-0003-0360-6051
https://orcid.org/0000-0001-7090-4134
https://orcid.org/0000-0002-9169-1884
https://orcid.org/0000-0003-0777-6031
https://orcid.org/0000-0001-7021-3333
https://orcid.org/0000-0003-4446-3368
https://orcid.org/0000-0001-8530-7447
https://orcid.org/0000-0003-2453-7745
https://orcid.org/0000-0002-9601-4225
https://orcid.org/0000-0003-2992-3805
https://orcid.org/0000-0001-9203-6470
https://orcid.org/0000-0002-9556-2924
https://orcid.org/0000-0002-7282-1786
https://orcid.org/0000-0002-7730-3072
https://orcid.org/0000-0002-4028-7881
https://orcid.org/0000-0003-1570-0344
https://orcid.org/0000-0002-4910-5378
https://orcid.org/0000-0001-5660-3095
https://orcid.org/0000-0002-3505-3503
https://orcid.org/0000-0003-3929-8046
https://orcid.org/0000-0001-5836-6118
https://orcid.org/0000-0002-9870-2021
https://orcid.org/0000-0001-8289-5183
https://orcid.org/0000-0003-0751-8083
https://orcid.org/0000-0001-8078-2759
https://orcid.org/0000-0003-2213-9284
https://orcid.org/0000-0002-9508-4256
https://orcid.org/0000-0002-7838-576X
https://orcid.org/0000-0002-9074-2133
https://orcid.org/0000-0002-4067-1592
https://orcid.org/0000-0003-1111-3783
https://orcid.org/0000-0001-8001-4602
https://orcid.org/0009-0009-9679-1268
https://orcid.org/0000-0001-6882-5402
https://orcid.org/0000-0003-1258-8684
https://orcid.org/0009-0006-3327-9732
https://orcid.org/0000-0001-9942-6543
https://orcid.org/0000-0003-4308-6804
https://orcid.org/0000-0002-7611-355X
https://orcid.org/0000-0003-3694-6167
https://orcid.org/0000-0002-0482-1127
https://orcid.org/0000-0002-9605-3558
https://orcid.org/0000-0003-0086-0599
https://orcid.org/0000-0002-2130-9651
https://orcid.org/0000-0001-5767-2121
https://orcid.org/0000-0002-5384-8246
https://orcid.org/0000-0002-2683-7349
https://orcid.org/0000-0002-5172-7520
https://orcid.org/0000-0002-1760-8237
https://orcid.org/0000-0002-5981-1719
https://orcid.org/0000-0003-3532-1173
https://orcid.org/0000-0003-1881-3360
https://orcid.org/0000-0002-9414-8350
https://orcid.org/0000-0002-1509-0390
https://orcid.org/0000-0001-5271-5153
https://orcid.org/0000-0002-5662-3675
https://orcid.org/0009-0001-4200-1592
https://orcid.org/0000-0002-9753-6498
https://orcid.org/0000-0001-8329-4240
https://orcid.org/0000-0002-6075-0191
https://orcid.org/0000-0002-8998-0839
https://orcid.org/0000-0002-0343-6331
https://orcid.org/0000-0003-2408-5099
https://orcid.org/0000-0002-0683-9910
https://orcid.org/0000-0002-5381-2649
https://orcid.org/0000-0001-9909-0090
https://orcid.org/0000-0001-9884-3070
https://orcid.org/0000-0001-6113-0878
https://orcid.org/0000-0001-6322-6195
https://orcid.org/0000-0003-1530-0519
https://orcid.org/0009-0008-3244-6804
https://orcid.org/0000-0001-8955-9510
https://orcid.org/0000-0002-2885-9779
https://orcid.org/0009-0004-5587-1804
https://orcid.org/0000-0003-0699-3931
https://orcid.org/0000-0002-6758-0113
https://orcid.org/0000-0001-8703-7938
https://orcid.org/0000-0003-2182-2727
https://orcid.org/0000-0002-3847-0775
https://orcid.org/0000-0002-7276-6342
https://orcid.org/0000-0002-7756-7801
https://orcid.org/0000-0001-5914-0524
https://orcid.org/0000-0002-5916-3467
https://orcid.org/0000-0002-8713-8162
https://orcid.org/0000-0002-9092-9344
https://orcid.org/0000-0003-2499-1649
https://orcid.org/0000-0002-4871-2176
https://orcid.org/0000-0002-5833-7058
https://orcid.org/0000-0003-4089-3416
https://orcid.org/0000-0003-3310-4642
https://orcid.org/0000-0002-7667-260X
https://orcid.org/0000-0001-9935-6397
https://orcid.org/0000-0003-2626-2247
https://orcid.org/0000-0002-5789-9825
https://orcid.org/0000-0003-3469-6045
https://orcid.org/0000-0002-6066-4744
https://orcid.org/0000-0003-4157-592X
https://orcid.org/0000-0002-4400-6303
https://orcid.org/0000-0001-5430-4702
https://orcid.org/0000-0003-1464-0335
https://orcid.org/0000-0001-9632-6352
https://orcid.org/0000-0002-0805-9184
https://orcid.org/0000-0002-2878-261X
https://orcid.org/0000-0003-3300-9717
https://orcid.org/0000-0003-0336-3723
https://orcid.org/0000-0001-5238-4921
https://orcid.org/0000-0001-5370-8377
https://orcid.org/0000-0003-3529-5171
https://orcid.org/0000-0002-4391-9100
https://orcid.org/0000-0002-7341-9115
https://orcid.org/0000-0002-7032-2799
https://orcid.org/0000-0002-7999-3767
https://orcid.org/0000-0001-9172-2946
https://orcid.org/0000-0002-8955-9681
https://orcid.org/0000-0002-9669-5374
https://orcid.org/0000-0001-5997-3569
https://orcid.org/0000-0001-5265-3175
https://orcid.org/0000-0003-3596-5331
https://orcid.org/0000-0002-1920-4930
https://orcid.org/0000-0001-8899-051X
https://orcid.org/0000-0002-3012-9986
https://orcid.org/0000-0002-1213-0545
https://orcid.org/0000-0002-1363-9175
https://orcid.org/0000-0002-9916-3349
https://orcid.org/0000-0003-2296-1112
https://orcid.org/0000-0002-4095-4808
https://orcid.org/0000-0003-2793-5335
https://orcid.org/0000-0003-4656-3936
https://orcid.org/0000-0003-4270-2775
https://orcid.org/0000-0003-4442-4537
https://orcid.org/0000-0001-6871-7794
https://orcid.org/0000-0003-0434-6925
https://orcid.org/0000-0003-2183-3127
https://orcid.org/0000-0002-4333-5084
https://orcid.org/0000-0002-7520-293X
https://orcid.org/0000-0002-7912-2830
https://orcid.org/0000-0001-8474-0978
https://orcid.org/0000-0002-4002-8353
https://orcid.org/0000-0002-4056-4578
https://orcid.org/0000-0003-0154-4328
https://orcid.org/0000-0001-7882-2125
https://orcid.org/0009-0006-2877-7710
https://orcid.org/0000-0002-7118-341X
https://orcid.org/0000-0002-2298-3605
https://orcid.org/0000-0003-2315-2499
https://orcid.org/0000-0002-1919-4250
https://orcid.org/0000-0003-4278-7182
https://orcid.org/0000-0003-2611-1975
https://orcid.org/0009-0009-7615-6275
https://orcid.org/0000-0001-7868-3858
https://orcid.org/0000-0001-8630-6585
https://orcid.org/0000-0002-8773-145X
https://orcid.org/0000-0001-9442-7598
https://orcid.org/0000-0003-2245-150X
https://orcid.org/0000-0003-0000-2439
https://orcid.org/0000-0002-3983-0728
https://orcid.org/0000-0003-1363-9324
https://orcid.org/0000-0002-8766-4891
https://orcid.org/0000-0001-5350-9271
https://orcid.org/0000-0002-6423-7213
https://orcid.org/0000-0003-1289-2141
https://orcid.org/0000-0002-2190-9091
https://orcid.org/0000-0001-5137-473X
https://orcid.org/0000-0003-4176-2768
https://orcid.org/0000-0002-1733-7158
https://orcid.org/0000-0003-4124-7862
https://orcid.org/0000-0002-1403-0951
https://orcid.org/0000-0002-0731-9562
https://orcid.org/0000-0001-9138-3200
https://orcid.org/0000-0001-5155-3420
https://orcid.org/0009-0007-2746-3813
https://orcid.org/0000-0001-5489-1759
https://orcid.org/0009-0001-1738-7729
https://orcid.org/0000-0002-7818-6971
https://orcid.org/0000-0003-2372-1444
https://orcid.org/0000-0002-1007-7816
https://orcid.org/0000-0003-2887-5311
https://orcid.org/0000-0002-1387-153X
https://orcid.org/0000-0001-5566-1373
https://orcid.org/0000-0002-5687-9240
https://orcid.org/0000-0002-5562-7893
https://orcid.org/0000-0002-4406-0430
https://orcid.org/0000-0002-0678-1667
https://orcid.org/0000-0002-4610-5612
https://orcid.org/0000-0002-1217-4097
https://orcid.org/0000-0003-3812-3375
https://orcid.org/0009-0007-9276-3302
https://orcid.org/0000-0001-5671-1555
https://orcid.org/0000-0001-6967-7325
https://orcid.org/0000-0003-3338-2247
https://orcid.org/0000-0001-9035-0335
https://orcid.org/0000-0002-5070-2735
https://orcid.org/0000-0003-3043-3045
https://orcid.org/0000-0002-1152-7372
https://orcid.org/0000-0003-1461-8648
https://orcid.org/0000-0001-6968-340X
https://orcid.org/0000-0002-8356-6987
https://orcid.org/0000-0002-4462-2851
https://orcid.org/0000-0003-1551-5974
https://orcid.org/0000-0002-4006-3597
https://orcid.org/0000-0003-2317-9560
https://orcid.org/0000-0001-9457-394X
https://orcid.org/0000-0003-4577-0685
https://orcid.org/0000-0001-8308-2643
https://orcid.org/0000-0002-0532-7921
https://orcid.org/0000-0002-6418-9522
https://orcid.org/0000-0001-9454-9069
https://orcid.org/0009-0003-9084-4230
https://orcid.org/0000-0002-9986-6597
https://orcid.org/0000-0003-4836-0358
https://orcid.org/0000-0003-3089-6090
https://orcid.org/0000-0003-1164-6870
https://orcid.org/0000-0001-5315-9275
https://orcid.org/0000-0003-0695-0798
https://orcid.org/0000-0002-4554-252X
https://orcid.org/0000-0002-8159-8010
https://orcid.org/0000-0002-1687-4314
https://orcid.org/0000-0002-3761-209X
https://orcid.org/0000-0002-0647-6072
https://orcid.org/0000-0002-6595-883X
https://orcid.org/0000-0002-7829-6564
https://orcid.org/0000-0003-1565-1773
https://orcid.org/0009-0001-8430-1454
https://orcid.org/0000-0002-9350-1060
https://orcid.org/0000-0002-8259-2622
https://orcid.org/0000-0003-3986-3922
https://orcid.org/0000-0003-3562-9944
https://orcid.org/0000-0002-7370-7395
https://orcid.org/0000-0002-7835-5157
https://orcid.org/0000-0002-6701-8198
https://orcid.org/0000-0003-2131-2970
https://orcid.org/0000-0001-8707-785X
https://orcid.org/0000-0003-4888-2260
https://orcid.org/0000-0002-1290-2031
https://orcid.org/0000-0003-4011-5550
https://orcid.org/0000-0003-0768-9325
https://orcid.org/0000-0001-5346-7841
https://orcid.org/0000-0003-4475-6734
https://orcid.org/0000-0002-3550-4124
https://orcid.org/0000-0003-3000-8479
https://orcid.org/0009-0001-6883-9166
https://orcid.org/0000-0001-5047-5889
https://orcid.org/0000-0001-9284-6270
https://orcid.org/0000-0002-1259-1034
https://orcid.org/0000-0002-7365-166X
https://orcid.org/0000-0001-7401-5043
https://orcid.org/0000-0002-1550-1487
https://orcid.org/0000-0003-1285-9261
https://orcid.org/0000-0001-6326-4773
https://orcid.org/0000-0002-8105-6027
https://orcid.org/0000-0002-6670-1104
https://orcid.org/0000-0003-1625-7452
https://orcid.org/0000-0002-9566-7793
https://orcid.org/0000-0001-9095-4710
https://orcid.org/0000-0002-0279-0523


M. Garcia-Sciveres ,18a G. L. Gardner ,131 R.W. Gardner ,40 N. Garelli ,164 R. B. Garg ,149 J. M. Gargan ,52

C. A. Garner,161 C. M. Garvey ,34a V. K. Gassmann,164 G. Gaudio ,73a V. Gautam,13 P. Gauzzi ,75a,75b J. Gavranovic ,95

I. L. Gavrilenko ,133a A. Gavrilyuk ,38 C. Gay ,170 G. Gaycken ,126 E. N. Gazis ,10 A. Gekow,122 C. Gemme ,57b

M. H. Genest ,60 A. D. Gentry ,115 S. George ,97 T. Geralis ,46 A. A. Gerwin ,123 P. Gessinger-Befurt ,37

M. E. Geyik ,177 M. Ghani ,173 K. Ghorbanian ,96 A. Ghosal ,147 A. Ghosh ,165 A. Ghosh ,7 B. Giacobbe ,24b

S. Giagu ,75a,75b T. Giani ,117 A. Giannini ,62 S. M. Gibson ,97 M. Gignac ,139 D. T. Gil ,86b A. K. Gilbert ,86a

B. J. Gilbert ,42 D. Gillberg ,35 G. Gilles ,117 D. M. Gingrich ,2,e M. P. Giordani ,69a,69c P. F. Giraud ,138

G. Giugliarelli ,69a,69c D. Giugni ,71a F. Giuli ,76a,76b I. Gkialas ,9,u L. K. Gladilin ,38 C. Glasman ,101

M. Glazewska ,20 G. Glemža ,48 M. Glisic,126 I. Gnesi ,44b Y. Go ,30 M. Goblirsch-Kolb ,37 B. Gocke ,49 D. Godin,110

B. Gokturk ,22a S. Goldfarb ,107 T. Golling ,56 M. G. D. Gololo ,34c D. Golubkov ,38 J. P. Gombas ,109

A. Gomes ,133a,133b G. Gomes Da Silva ,147 A. J. Gomez Delegido ,169 R. Gonçalo ,133a L. Gonella ,21

A. Gongadze ,155c F. Gonnella ,21 J. L. Gonski ,149 R. Y. González Andana ,52 S. González de la Hoz ,169

M. V. Gonzalez Rodrigues ,48 R. Gonzalez Suarez ,167 S. Gonzalez-Sevilla ,56 L. Goossens ,37 B. Gorini ,37

E. Gorini ,70a,70b A. Gorišek ,95 T. C. Gosart ,131 A. T. Goshaw ,51 M. I. Gostkin ,39 S. Goswami ,124

C. A. Gottardo ,37 S. A. Gotz ,111 M. Gouighri ,36b A. G. Goussiou ,142 N. Govender ,34c R. P. Grabarczyk ,129

I. Grabowska-Bold ,86a K. Graham ,35 E. Gramstad ,128 S. Grancagnolo ,70a,70b C. M. Grant,1 P. M. Gravila ,28f

F. G. Gravili ,70a,70b H. M. Gray ,18a M. Greco ,112 M. J. Green ,1 C. Grefe ,25 A. S. Grefsrud ,17 I. M. Gregor ,48

K. T. Greif ,165 P. Grenier ,149 S. G. Grewe,112 A. A. Grillo ,139 K. Grimm ,32 S. Grinstein ,13,v J.-F. Grivaz ,66

E. Gross ,175 J. Grosse-Knetter ,55 L. Guan ,108 G. Guerrieri ,37 R. Guevara ,128 R. Gugel ,102 J. A. M. Guhit ,108

A. Guida ,19 E. Guilloton ,173 S. Guindon ,37 F. Guo ,14,114c J. Guo ,144a L. Guo ,48 L. Guo ,114b,w Y. Guo ,108

A. Gupta ,49 R. Gupta ,132 S. Gupta ,27 S. Gurbuz ,25 S. S. Gurdasani ,48 G. Gustavino ,75a,75b P. Gutierrez ,123

L. F. Gutierrez Zagazeta ,131 M. Gutsche ,50 C. Gutschow ,98 C. Gwenlan ,129 C. B. Gwilliam ,94 E. S. Haaland ,128

A. Haas ,120 M. Habedank ,59 C. Haber ,18a H. K. Hadavand ,8 A. Haddad ,41 A. Hadef ,50 A. I. Hagan ,93

J. J. Hahn ,147 E. H. Haines ,98 M. Haleem ,172 J. Haley ,124 G. D. Hallewell ,104 L. Halser ,20 K. Hamano ,171

M. Hamer ,25 S. E. D. Hammoud ,66 E. J. Hampshire ,97 J. Han ,143a L. Han ,114a L. Han ,62 S. Han ,18a

K. Hanagaki ,84 M. Hance ,139 D. A. Hangal ,42 H. Hanif ,148 M. D. Hank ,131 J. B. Hansen ,43 P. H. Hansen ,43

D. Harada ,56 T. Harenberg ,177 S. Harkusha ,179 M. L. Harris ,105 Y. T. Harris ,25 J. Harrison ,13 N. M. Harrison ,122

P. F. Harrison,173 M. L. E. Hart ,98 N. M. Hartman ,112 N. M. Hartmann ,111 R. Z. Hasan ,97,137 Y. Hasegawa ,146

F. Haslbeck ,129 S. Hassan ,17 R. Hauser ,109 M. Haviernik ,136 C. M. Hawkes ,21 R. J. Hawkings ,37 Y. Hayashi ,159

D. Hayden ,109 C. Hayes ,108 R. L. Hayes ,117 C. P. Hays ,129 J. M. Hays ,96 H. S. Hayward ,94 M. He ,14,114c

Y. He ,48 Y. He ,98 N. B. Heatley ,96 V. Hedberg ,100 C. Heidegger ,54 K. K. Heidegger ,54 J. Heilman ,35 S. Heim ,48

T. Heim ,18a J. G. Heinlein ,131 J. J. Heinrich ,126 L. Heinrich ,112 J. Hejbal ,134 M. Helbig ,50 A. Held ,176

S. Hellesund ,17 C. M. Helling ,170 S. Hellman ,47a,47b L. Henkelmann ,33 A. M. Henriques Correia,37 H. Herde ,100
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41LPC, Université Clermont Auvergne, CNRS/IN2P3, Clermont-Ferrand, France
42Nevis Laboratory, Columbia University, Irvington New York, USA

43Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark
44aDipartimento di Fisica, Università della Calabria, Rende, Italy
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