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1 Introduction

As the search continues for new physical processes that go beyond what is described by the
Standard Model (SM) of particle physics — so-called BSM physics — the range of hypothesized
BSM models and their observable signatures has also continued to widen. The classes of
models that predict the presence of long-lived particles (LLPs) are particularly interesting
both theoretically and experimentally. Theoretically, long lifetimes are generated through the
presence of heavy, off-shell particles in the decay, through phase space suppression factors
or suppression from approximate symmetries that introduce very small effective coupling



constants [1]. Experimentally, such particles may have proper lifetimes ranging from a few
picoseconds to several nanoseconds, resulting in decay lengths from fractions of a millimeter
to several meters or more, thus leading to diverse signatures involving multiple types of
sensors and detector apparatus.

LLP decays can yield a variety of characteristic experimental signatures depending on
the production mechanisms involved, the particle kinematics, and the properties of the decay
process. One of the most striking signatures at a collider experiment is the presence of a
massive, identifiable displaced vertex (DV). This remarkable signature can be produced by
decays that involve multiple outgoing charged particles and occur within the fiducial volume
of the detector, but at a significant distance from the interaction point (IP) of the incoming
beams. While such displaced signatures of BSM processes have long been sought after at
both colliders and beam dump experiments, the energy, intensity, and data volume of the
Large Hadron Collider (LHC) [2], along with the sophistication and sensitivity of detectors
like those of the ATLAS experiment [3], provide unprecedented sensitivity in searches for
these rare yet distinctive processes.

The results presented here use data recorded by the ATLAS detector to conduct a
broad search for evidence of BSM processes that yield DVs produced within the inner
detector (ID) in conjunction with significant missing transverse momentum =, with
magnitude ET iss, indicating the production of particles that subsequently escape the ATLAS
detector unobserved. Using the 2016-2018 (Run 2) dataset of 137fb~" proton-proton (pp)
collisions collected by the ATLAS experiment at a center-of-mass energy of /s = 13 TeV [4],
this analysis searches for events with one or more DVs with a large reconstructed mass and
a high track multiplicity. The relatively inclusive set of selection criteria implements two
different DV reconstruction algorithms, one of which is specifically optimized for cases in
which LLP decays yield heavy-flavor hadrons. The resulting low-background search results are
interpretable in the context of several BSM models that predict displaced signatures, including
models never-before confronted with data such as a full supersymmetric axion/axino model.

This search expands the dataset used by over a factor of four compared to previous
ATLAS searches for similar signatures [5]. In addition, ATLAS has searched for DVs in events
with final states involving jets or muons [6-8], and the CMS and LHCb Collaborations have
also searched extensively for related signatures and models of BSM physics [9-19].

The details of the physics models used for the interpretation of the results are described
in section 2. Section 3 presents the relevant information regarding the data taking conditions
and detector apparatus used in the analysis. The special reconstruction algorithms and event
selection criteria are presented in section 4. Section 5 discusses the detailed event selection
criteria and methodology used to estimate the sources and levels of backgrounds relevant
to the search. The sensitivity to experimental and theory uncertainties of the analysis is
described in section 6. Finally, section 7 presents the results and their interpretations.

2 Signal models and Monte Carlo simulation

Supersymmetric (SUSY) extensions of the SM of particle physics provide solutions to the
hierarchy problem [20, 21] by predicting new particles which are partners of SM particles [22—
27] — the partners of SM fermions being bosons and those of SM bosons being fermions.



R-parity-conserving SUSY models [28] are considered in this paper. In these models, the
supersymmetric partners of the Higgs and electroweak gauge bosons mix to form mass
eigenstates known as neutralinos ()NC?) and charginos (Xi ), which are linear combinations
of the Bino, Wino, and Higgsino gauge eigenstates. In most of the models considered here,
the lightest neutralino ()2(1)) is the stable lightest supersymmetric particle (LSP) and a dark-
matter candidate [29, 30], though in the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) axino
model the fermionic superpartner of the axion (the axino, a) serves as the LSP [31] (see
section 2.3 for more details).

Four BSM LLP models are considered that involve a variety of production mechanisms
and decay modes. These consist of a Gluino R-hadron model [32], long-lived neutralinos
in a Bino-Wino coannihilation model [33, 34], Higgsinos decaying to axinos in the DFSZ
axino model, and light pseudoscalars from an exotic Higgs portal model [35]. Despite their
different theoretical motivations, these models share common experimental signatures: DVs
and significant Ep 55 This commonality allows a single general search strategy to be used.
For optimized sensitivity, different signal regions are constructed for the different topologies
across these models. Moreover, these models cover a wide range of both parameter space and
physics motivation, from the pair-production of long-lived gluinos via the strong interaction,
to axion-axino physics, to an exotic Higgs portal model.

To maximize sensitivity to this range of models, two classes of signal regions (SRs) are
designed: one optimized for processes that typically produce one or more well-separated
massive DVs per event, and a second optimized for models with LLP decays to b-quarks.
The details of these standard DV (SDV) and “fuzzy” DV (FDV) SRs, respectively, are
given in section 5.

The dominant background for these DV ERS
processes in which the Ep' 55 due to the neutrinos occurs in conjunction with anomalously mas-

signatures is expected to be Z(— vv)+jets

sive DVs from hadronic interactions with detector materials. Consequently, these backgrounds
can only be estimated using precise information regarding the position and composition of
detector materials as well as the particle interaction dynamics with those materials. Modeling
of these background processes faces significant challenges, such as the misreconstruction
of tracks, in even the most modern Monte Carlo (MC) simulations. This leads to poor
simulation-based modeling of the kinematics and number of DVs produced by SM processes,
thus necessitating a data-driven approach for background estimation. Nonetheless, both
Z +jets and vy + jets MC samples are used for preliminary studies of the analysis design
and the selection requirements.

2.1 Gluino R-hadron

The first of the models considered is a split-SUSY model [32] with pair-produced long-lived
gluinos which hadronize into R-hadrons before decaying (see figure 1(a)). Such signatures
can be created in a number of similar models [28, 36]. Each R-hadron decays to two SM
quarks and a stable neutralino LSP, X1, via an R-parity conserving process mediated by
heavy virtual squarks, thus yielding significant ET' 55 in the final state as the neutralinos
escape the detector undetected. The decay of the gluino is suppressed by the high mass of the

virtual squarks which mediate the decay, causing the gluino to become long-lived, resulting



Figure 1. Ilustrative diagrams for the four signal interpretations considered in this analysis; the (a)
Gluino R-hadron model described in section 2.1; (b) the Bino-Wino coannihilation model described in
section 2.2; (c) the DFSZ axino model described in section 2.3; and (d) the Higgs portal described in
section 2.4. Red lines indicate BSM particles, and the small gray circles indicate displaced vertices.

in up to two massive displaced vertices. The branching ratio of the R-hadron is assumed
to be flavor democratic to the first two generations of quarks. This model is targeted by
the SDV SR as the decay products are light quarks.

2.2 Bino-Wino coannihilation

The second benchmark model is the pair-production of the lightest chargino, )ﬁc, and the
long-lived second-lightest neutralino, )Zg, in the Bino-Wino coannihilation model [33, 34] (see
figure 1(b)). In this model, X? and >~((2) are Wino-like, and the neutralino LSP, )2(1), is Bino-like.
The mass difference between the )Zg and the >~<(1) is favored to be a few tens of GeV to match
experimentally observed dark matter relic density constraints [33]. While the ﬁc decays
promptly to the )2(1) and a pair of leptons or quarks via an off-shell W-boson emission in most
of the parameter space, the X2 may be long-lived depending on the parameter space.



When the Higgsino mass is large enough, and the ratio of vacuum expectation values
is relatively small, which is the parameter space considered in this analysis, )Zg is typically
long-lived and decays via an off-shell Higgs boson, which subsequently decays mostly to
a pair of b-hadrons. A single massive FDV is expected, due to the b-hadrons, along with
ERS from the escaping neutralino LSP.

2.3 DFSZ axino

Another model considered for this search is a SUSY scenario in which the minimal supersym-
metric standard model (MSSM) [37] is extended with the addition of the DFSZ [38, 39] axion
and associated Peccei-Quinn (PQ) symmetry [31] (see figure 1(c) for a representative diagram).
In this model, the Higgs sector carries PQ charge and so the axino has a direct coupling
with both Higgsinos and SUSY fermions. The axino, as a neutral fermion, additionally has
a small perturbative mixing with the up- and down-type Higgsino states, which gives rise
to a fifth neutralino mass eigenstate )Zg.

This analysis considers an R-parity conserving scenario in which the axino (or rather, >~<g)
is both the lightest neutralino and the LSP, and so escapes the detector as a stable, undetected
particle. The next two lightest supersymmetric particles are )2(1) and >~(g, which are considered
to be pure-Higgsino states with a very small mass gap. Note that while it is common for >~((1) to
be reserved for the lightest neutralino state, @ is chosen for the new, mostly-axino neutralino
to avoid confusion with the standard MSSM neutralinos. The axino’s couplings to other
particles depend on the axion decay constant, f,. Because the axion is only feebly coupled to
the SM, 5((1) can be long-lived and its lifetime depends on both f, and m o [31]. The axino
mass, mg, strongly influences the magnitude of the observable EA™* in the final state.

Due to the neutralino mixing, )2(1] can decay to >~<g by emitting either a Higgs or a Z
boson. This analysis considers hh and ZZ channels; the diagram in figure 1(c) is for the hh
channel. Only the h — bb (with initially expected better sensitivity in the FDV SR) and
Z — qq (with expected better sensitivity in the SDV SR) decays are considered due to the
requirements on the presence of high track-multiplicity DVs. These modes are enforced in
the MC simulation by setting their branching ratios to 1, and the resulting cross-sections are
scaled by the corresponding SM branching ratios to reflect the expected physical rates.

2.4 Higgs portal to long-lived particles

The final model used to interpret the results of this search is a Higgs portal model [35] (see
figure 1(d)). This model introduces a new decay channel for the Higgs boson into a pair
of pseudoscalar LLPs, called S, which subsequently decay into bb pairs. One or two FDVs
are thus expected. S is generated as a pseudoscalar although the analysis does not exploit
its charge-parity properties. If both pseudoscalar LLPs decay within the ID, DVs can be
reconstructed from their decay products. The source of ET 55 for this model depends on
the production mechanisms for the Higgs boson. One mechanism involves the decay of top
quarks, produced in association with the Higgs boson, into W bosons that subsequently
decay leptonically. This process is the dominant contribution for the majority of the lifetime
range of interest due to its large Ep 55 from the kinematics of its escaping neutrinos. The
other involves vector bosons directly produced alongside the Higgs boson, which also decay



leptonically. If one of the LL.Ps escapes detection in the calorimeter or is not reconstructed,

miss

it can also result in E1 and leave only a single DV in the event.

2.5 Monte Carlo simulations and event generation

MC simulations are used to model the expected signal processes and to study the event
selection strategy (see section 5). The signal processes described in sections 2.1-2.4 are
generated using either MADGRAPH [40] or POWHEG [41, 42], with the decays of the primary
particles provided by MADSPIN [43, 44], or by PyTHIA [45]. Finally, PYTHIA is used to
simulate the parton showering and hadronization for all of the signal processes, and the
subsequent decays of bottom and charm hadrons are performed by EVTGEN [46]. The LLP
decays are characterized by kinematic and lifetime distributions determined by the underlying
BSM models. Background processes, including Z + jets and v + jets, are generated with
SHERPA [47, 48]. All generated events for both signal and background processes are passed
through a detailed GEANT4 [49] simulation, which models the interactions of particles with
the ATLAS detector, including the propagation of R-hadrons [50] and realistic collision
conditions with pileup representative of each run period [51]. The simulated events then
undergo standard ATLAS digitization, reconstruction, and an additional tracking step to
recover displaced tracks from the signal, with two secondary vertexing algorithms applied
to identify both standard and fuzzy displaced vertices (see section 4).

Detailed descriptions of the implementation of each model are provided in the following
subsections, while table 1 summarizes the technical details of MC event generation.

Gluino R-hadron model. The matrix element (ME) calculation for the gluino pair-
production was performed with MADGRAPH 2.6.2 at leading-order (LO) precision [40].
PyTHIA 8.24 was then used to simulate the decays of the R-hadrons, the parton showering, and
the underlying event [45]. The A14 set of tuned underlying event and shower parameters [52]
was used with the NNPDF2.3 LO [53] parton distribution function set to generate the R-
hadron samples. The gluino pair-production cross-sections and their uncertainties have been
calculated at approximate next-to-next-to-leading order (NNLO) with next-to-next-to-leading
logarithmic (NNLL) accuracy in accordance with the PDFALHC15 recommendations [54, 55].
The gluinos in the simulated samples have mass m; between 400-3000 GeV, mean proper
lifetime 7 between 0.01-30 ns, and neutralino mass m o set from a range of Amg,fc(f between
10-2900 GeV.

Bino-Wino coannihilation model. The ME for the pair-production of Wino-like >~(1i
X5 is calculated using MADGRAPH5 AMC@QNLO 2.9.5 at next-to-leading-order (NLO)
precision with next-to-leading-logarithmic (NLL) order accuracy, with NLO+NLL production
cross-sections calculated by the LHC SUSY cross-section working group [56, 57]. The decay
of X1 and X3 are simulated using MADSPIN [43]. The events are then interfaced with PYTHIA
8.212 to model parton showering, hadronization, and the underlying events with A14 tune and
NNPDF2.3 LO [53] parton distribution function sets. The branching ratios )N(li S W
and Xg — X?h* are set to 100%. For an off-shell Higgs boson with mass between 20-50 GeV,
the branching ratio h* — bb is predicted to be approximately 90% [58], and is set to 100%
in this analysis for simplicity. Note that approximately 100% of the decays yield visible



Model Generator Decay Cross-section ~ Mass / Lifetime
simulation order (QCD)  ranges

Gluino MADGRAPH PyTHIA 8.24 NNLO+NNLL  mg: 400-3000 GeV

R-hadron 2.6.2 (A14 tune) Amg NE
(NNPDF2.3LO) 10-2900 GeV

7: 0.01-30 ns
Bino-Wino MADGRAPH MADSPIN + NLO+NLL m: 100-1100 GeV
2
coannihilation 2.9.5 PyTHIA 8.212 Am_o NE 20-50 GeV
2,X1

(NNPDF23LO)  (Al4 tune) 7: 0.01-3 ns

DFSZ axino MADGRAPH MADSPIN + NLO mg: 0-500 GeV
2.9.16 PyTHiA 8.307 m o 200-1000 GeV
(NNPDF23LO)  (Al4 tune) my: 56-5690 peV

7: 0.00058-6.0 ns

Higgs portal PowHEG 2 PyTHIA NLO mg: 5-55 GeV

(NNPDF23L0O)  8.307/8.212 7: 0.0033-3.3 ns
(A14 tune)

Z — vv + jets SHERPA 2.2.11 SHERPA 2.2.11 NLO -

Z — pp + jets  SHERPA 2.2.11 SHERPA 2.2.11 NLO -

v + jets SHERPA 2.2.2 SHERPA 2.2.2  NLO -

Table 1. Summary of MC generation details for signal and background samples.

decay products in the form of charm and tau. The simulated samples have meo between
100-1100 GeV, 7 between 0.01-3 ns, and Am~c2>7>~<(1) between 20-50 GeV.

DFSZ axino model. MADGRAPH5 AMC@NLO 2.9.16 is used to generate the ME for
neutralino (f(? and 5(8) pair-production, with a small Am = 2.5GeV between the masses
of )Zg and >~(g. This causes a prompt )Zg — >~<(1) Z*(vv) decay to a very off-shell Z*, followed
by the subsequent decay of both X1 to axinos. Due to the small mass difference and
low-momentum decay products, it is assumed that hadronic and leptonic decays of the
Z* will result in similar selection efficiencies and not otherwise impact the analysis. This
process is also indistinguishable from chargino-neutralino pair production, where the charged
Higgsino decays via X )2(1), W™ as shown in the representative diagram in figure 1(c).
The production cross-section is reweighted to the inclusive NLO Higgsino pair production
cross-section [56, 57], which also includes these processes.

This
parameter is related to the axzion and neutralino masses, but not the axino mass (which

The mean Higgsino lifetime is determined by the axion decay parameter f,,.

remains a free parameter). This is consistent as the mass difference between the axino and
Higgsino is always at least 400 GeV, meo —mg > 400 GeV. The primary neutralinos in the
1



simulated samples have masses between 200-1000 GeV, whereas the axino mass ranges from
massless up to 500 GeV. For the QCD axion model, the axion mass, m,, is determined from
fa, for which two values are adopted in this analysis: f, =5 x 10° GeV and 5 x 10'° GeV.
The corresponding axion masses are thus m, = 1131eV and 1138 peV respectively. The
cases of subsequent )2(1) — ah and >~<(1) — aZ decays are considered, which are performed with
MADSPIN, with decay branching ratios h — bb and Z — ¢q respectively set to 100%. Parton
showering, hadronization and underlying event generation is subsequently handled by PyTHIA
8.307 [59], using the A14 tune and NNPDF2.3 LO parton distribution function set.

Higgs portal model. MC samples were generated for Higgs boson production associated
with vector bosons (V H), top-quark pairs (¢t H), and via gluon—gluon fusion (ggH ) to support
the Higgs portal search. W and Z bosons from V H production and from top quark decays
can produce neutrinos in the event, contributing to the Et 55 Due to this, the ttH mode
dominates the sensitivity at most lifetimes, with the higher cross-section ggH mode only
relevant at higher lifetimes when there is a higher chance of LLPs escaping detection. The
ME were generated at NLO for VH and ggH samples and at LO for ¢t¢H sample using
POWHEG 2, and then the events were interfaced with PyTHIA 8.212 for parton showering
and hadronization. VBF production was not used due to its very low sensitivity, as the low
transverse boost makes it difficult to reconstruct an LLP with high enough E&.

For the Higgs portal process, PyTHIA 8.307 was used to decay the Higgs bosons from
these samples into a pair of pseudoscalar LLPs S, which subsequently decay to bb with a
100% branching fraction. In both cases the NNPDF2.3 LO parton distribution function
set and Al4 tune are used, and samples are scaled to production cross-sections from the
LHC Higgs working group [58]. Samples were generated with S masses between 5-55 GeV
and 7 between 0.0033-3.3ns. The ggH mode was only generated at 7 = 3.3 ns, where it

has non-negligible efficiency.

3 ATLAS detector and data acquisition

The ATLAS experiment [3] at the LHC is a multipurpose particle detector with a forward—
backward symmetric cylindrical geometry and a near 4w coverage in solid angle.1 It consists
of the ID surrounded by a thin superconducting solenoid providing a 2T axial magnetic field,
electromagnetic and hadronic calorimeters, and a muon spectrometer.

The ID covers the pseudorapidity range |n| < 2.5. The high-granularity silicon pixel
detector covers the vertex region and typically provides four measurements per track, the
first hit generally being in the insertable B-layer (IBL). It is followed by the SemiConductor
Tracker (SCT), which usually provides eight measurements per track. These silicon detectors
are complemented by the transition radiation tracker (TRT), which enables radially extended

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

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

E+p,
E-p,

n = —Intan(#/2) and is equal to the rapidity y = 1 In ( in the relativistic limit. Angular distance is

measured in units of AR = \/(Ay)” + (A¢)”.



track reconstruction up to |n| = 2.0. The TRT also provides electron identification information
based on the fraction of hits (typically 30 in total) above a higher energy-deposit threshold
corresponding to transition radiation.

Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy
measurements with high granularity within the region |n| < 3.2. A steel/scintillator-tile
hadronic calorimeter covers the central pseudorapidity range (|n| < 1.7). The endcap
and forward regions are instrumented with LAr calorimeters for EM and hadronic energy
measurements up to || = 4.9. The muon spectrometer surrounds the calorimeters and is
based on three large superconducting air-core toroidal magnets with eight coils each. The
field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. The
muon spectrometer includes a system of precision tracking chambers up to |n| = 2.7 and
fast detectors for triggering up to |n| = 2.4. The luminosity is measured mainly by the
LUCID-2 [60] detector, which is located close to the beampipe.

Events of interest are selected by the two-level ATLAS trigger system [61]. The first-level
trigger is implemented in hardware and uses a subset of the detector information to accept
events at a rate below 100kHz. This is followed by a software-based trigger that reduces
the accepted event rate to 1.25kHz on average depending on the data-taking conditions.
A software suite [62] is used in data simulation, in the reconstruction and analysis of real
and simulated data, in detector operations, and in the trigger and data acquisition systems
of the experiment.

The events used in this analysis are from pp collisions at /s = 13 TeV, recorded under
stable beam conditions at the LHC during 2016-2018. The dataset corresponds to an
integrated luminosity of 137 fb~! with an uncertainty of 0.84%, requiring all detector systems
to be recording good quality data [63]. Data from 2015 are not included due to the need for
special large-radius track reconstruction (see section 4.1) which was only available from 2016.

The primary dataset was collected by triggers targeting large ET iss [64]. During data tak-
ing, events were accepted when the trigger-level calorimeter-based ET 55 exceeded thresholds
ranging from 50 — 70 GeV, with the specific value adjusted according to the instantaneous
luminosity in each data-taking period. The efficiency of these triggers reaches approximately

S

100% for events in which the high-precision ET' 55 calculated in the offline reconstruction

exceeds 180 GeV. Because muons deposit minimal energy in the calorimeters, samples of
Z — i events provide a mechanism to emulate the Ep iss signature and to validate the MC
simulation modeling of the ET iss trigger performance. A comparison of trigger efficiencies
between data and simulation in Z — uu events shows agreement at the level of 1% both in
the portion of the turn-on region that is used (150 < ET 55 <180 GeV) and on the efficiency
plateau (ET 55> 180 GeV). This procedure builds confidence that the ET iss trigger behavior
is well-modeled in the simulation and hence reliable for searches for BSM signals. Additional
validation was performed using signal MC samples, where the trigger efficiency was studied
as a function of the high-precision offline ET' i8S, confirming accurate modeling for events
with genuine missing transverse momentum. Further details regarding event selections based

on the ET™ are discussed in section 4.5.



Auxiliary data samples used to validate the background estimation were selected using
triggers requiring one photon [65], with transverse momentum pr(y) > 140 GeV, or triggers
requiring multiple jets [66].

4 Event reconstruction and displaced vertexing

The analysis signature is one or more DVs in the presence of sufficiently large Ep 55 Two
different algorithms are used in this analysis in two separate signal regions for the recon-
struction of DVs from tracks: standard secondary vertexing (outlined in section 4.2) used to
target general scenarios such as the Gluino R-hadron scenario, and fuzzy secondary vertexing
(outlined in section 4.3) used to target scenarios with LLPs eventually decaying into b-hadron
products such as in the Bino-Wino coannihilation or Higgs portal scenarios. The material map
veto, used to select against vertices that are likely created as the result of hadronic interactions
of particles with detector material, is an important aspect of the control, validation, and
signal region definitions of the analysis. Its design is outlined in section 4.4. Definitions of
other physics objects such as the BT 55 ysed for the trigger defining the signal and validation
regions, photons used for the trigger defining the control regions, as well as jets used for
background estimation, are detailed in section 4.5. The specific cleaning requirements for
tracks and vertices, along with the estimation of their background processes, are detailed
along with analysis selections in section 5.

4.1 Tracks and primary vertices

ATLAS uses two tracking algorithms to reconstruct the trajectories of charged particles in the
ID. The first is the standard track reconstruction algorithm, which is optimized to efficiently
reconstruct tracks originating either from the IP or from the decays of SM particles such as
b-hadrons [67]. The standard tracking algorithm is performed in two passes, both of which
place constraints on the track hit multiplicities and the transverse impact parameter (dy) and
longitudinal impact parameter (z) of the track candidates with respect to the primary vertex
(ldp] < 10mm and |z < 250 mm, respectively). The first pass forms silicon-seeded track
candidates from hits in the pixel detector and SCT. Hits in the TRT that are compatible
with an extrapolated track candidate are then added to the track. The second pass utilizes
unused track segments in the TRT to define nearby seed regions, in which additional track
seeds based on silicon hits are produced; from these, silicon-seeded tracks are produced and
then extended into the TRT, much as in the first pass. The second tracking pass is used to
recover reconstruction efficiency for tracks that have a slightly displaced origin and therefore
a relatively small transverse impact parameter, such as tracks from b-decays.

The selections required by the standard track reconstruction algorithm result in ineffi-
ciencies for tracks with large impact parameters, which are critical for reconstructing the
decays of LLPs. In order to recover efficiency for tracks originating from LLP decays, a
second track reconstruction algorithm called large-radius tracking (LRT) is performed in a
dedicated reconstruction step [68]. Hits in the ID that are not associated to a standard track
are used by the LRT algorithm to reconstruct track candidates with looser requirements on
the transverse (|dy| < 300 mm) and longitudinal (|z9| < 1500 mm) impact parameters. Unlike
in standard tracking, LRT track candidates do not require hits in the pixel detector. No

,10,



distinction between tracks reconstructed by the standard and those reconstructed by the
LRT algorithms is made in the subsequent reconstruction steps.

Collision vertices (CVs) consistent with pp interactions from the beam are reconstructed
using the tracks identified by the standard tracking algorithms [69]. CVs are required to
have at least two associated tracks. The vertex with the greatest sum of squared transverse
momenta of the tracks associated with the vertex ¥p?, is identified as the primary vertex (PV).
Tracks are then refitted using this identified PV as a constraint to obtain the track parameters
with respect to the point of closest approach in the transverse plane between a track and
the beam line, or the perigee.

4.2 Standard secondary vertices

LLP decays in the ID resulting in two or more tracks can be reconstructed as a DV by a
dedicated standard displaced vertexing algorithm [70], and the resulting DVs are denoted as
SDVs. Displaced vertexing begins by forming two-track seed vertices from pairs of selected
tracks. Selected tracks, including both standard and LRT tracks, must have pp > 1 GeV and
pass several hit multiplicity requirements. To be used in SDV seeding, tracks must have
at least six SCT hits or at least one pixel hit, and tracks with fewer than two pixel hits
must have at least one hit in the TRT. Tracks with py < 25 GeV are subject to additional
requirements in order to suppress contributions from fake tracks — those erroneously produced
via combinatorial reconstruction effects — which tend to have low pp. These tracks are
required to have at least seven SCT hits, and they must additionally have at least 20 hits
in the TRT if they are reconstructed with |n| < 1.7.

Two-track seed vertices are formed by a XQ—based fitting algorithm [71]. Once all two-track
seed vertices of selected tracks have been formed, the seed vertices are iteratively merged to
form n-track vertices. If a track is compatible with more than one vertex at this stage, it is
associated to the vertex with which it has a more compatible fit. If the distance between
the estimated positions of a pair of vertices is not significant enough, determined using a
significance estimator based on the position uncertainty of the vertices, the pair of vertices can
be merged. At this point, SDVs are composed strictly of selected tracks. In the final step of
the algorithm, additional tracks are attached to SDVs to recover efficiency lost due to the strict
seed track requirements. These attached tracks have loosened hit multiplicity requirements
relative to selected tracks. Attachment is accepted only if the reduced X2 is less than 20.

At this point, the final vertex fit using all the selected and attached tracks is performed
and track parameters with respect to the associated SDV are re-calculated. The number
of tracks associated with a SDV is denoted as Nijoy., and the visible invariant mass of the
SDV, denoted mgpy, is calculated from the four-momenta of its constituent tracks, under
the assumption that each track was produced by a charged pion.

4.3 Fuzzy secondary vertices

Since the SDV algorithm relies heavily on vertex fitting, which assumes that all particles
from the LLP decay originate from a single point, a significant number of tracks fail to be
reconstructed as a single vertex when the LLP decay involves b-hadrons, due to their sizable
decay length. Fuzzy displaced vertexing is a DV reconstruction algorithm targeting such
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Variables Description

n(l), r]m 7 direction of tracks #1 and #2

dE)l), déQ) Transverse impact parameter of tracks #1 and #2

S(d(()1>), S(dgz)) do-significance of tracks #1 and #2

zél) , z(()z) Longitudinal impact parameter of tracks #1 and #2

z(l)3 S’l, z(l)3 5.2 Longitudinal impact parameter with respect to the beam spot of tracks #1 and #2

S(zél))7 S(zéQ)) zg-significance of tracks #1 and #2
HC <1), #Hc® Category indicating the innermost hit layer of tracks #1 and #2
(0: First Pixel layer, 1: Second Pixel layer, 2: Third or fourth Pixel layers, 3: SCT layers)

An Angular separation in 7 direction between tracks #1 and #2

A¢ Angular separation in ¢ direction between tracks #1 and #2

pr ™ pr asymmetry between tracks #1 and #2 (= (p<T1 ) _ p(T2 )) / (p(T1 )+ p(T2 )))
AHC Difference of HC between tracks #1 and #2

Table 2. Input variables to the signal-track-pair-likeness BDT. The superscript indicates the index
of the track (1 or 2). Since the first seven rows include the variables for both tracks #1 and #2, there
are 18 variables in total.

LLP decays. This new vertexing algorithm was developed specifically for this analysis and
is being deployed for the first time in the ATLAS experiment.

The fuzzy displaced vertexing algorithm begins by forming two-track seed vertices from
selected track pairs. Prior to seed vertex formation, two levels of selection are applied:
track-level preselection and track-pair preselection. For track-level preselection, tracks must
meet the following criteria: pp > 1GeV, at least two hits in the silicon detector, and no
association with any CVs. All combinations of preselected tracks are then evaluated for their
likelihood of originating from an LLP using a multivariable analysis. A Boosted Decision
Tree (BDT) algorithm in TMVA package [72] is used to determine the scores indicating the
signal-track-pair-likeness using track pairs from an LLP in the signal MC events as the signal
training samples and pairs of two tracks randomly selected from the background events as
the background training samples. The LLP used is )2(2) in the Bino-Wino coannihilation, with
a mass of 300-500 GeV, a lifetime of 0.01-1 ns, and a mass difference from )Z(l) of 30 GeV. The
input variables used for signal-track-pair-likeness BDT are listed in table 2. The importance
of each input variable in determining the signal-track-pair-likeness slightly depends on the
LLP lifetime, but generally, the most important input variables are the angular separations
between two tracks in the n and ¢ directions, An and A¢. The next important input
variables are the transverse and longitudinal impact parameters of track #1/#2, d(()l/ 2), z((]l/ 2)

)

the longitudinal impact parameter with respect to the beam spot of track #1/#2, z(]? 51/ 2,
and the pp asymmetry between tracks, p?*™. This track-pair selection step ensures that

seed vertex fitting is performed only on pairs likely to originate from an LLP, reducing
computational demands and minimizing the formation of fake vertices. A two-track seed
vertex is created by the fitting algorithm used in the SDV algorithm if the score quantifying
the signal-track-pair-likeness exceeds a defined threshold. This threshold corresponds to
approximately 98% efficiency in selecting signal track pairs for the Bino-Wino coannihilation
model with meo = 300 GeV, Am)zo o0 = 30GeV, and 7 = 0.3 ns.

2,X1
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After forming two-track seed vertices, multiple seed vertices may correspond to a single
LLP decay. To address this, vertex merging is performed to combine these seed vertices
into a single vertex. When the LLP decay involves b-hadrons, the seed vertices tend to be
spatially distributed, so this merging step is performed independently of the fitting process.
FEach seed vertex is assigned a score indicating its signal-track-pair-likeness, which is initially
determined during the two-track seed-forming step. The merging process is carried out in
descending order of this score.

Seed vertices with particularly high scores, with a threshold of 0.15, are designated as
primary seeds. Approximately 85% of the reconstructed seed vertices meet the primary seed
criteria for the Bino-Wino coannihilation model with 7 = 0.3 ns. The seed vertices are referred
to as substitute seeds of a primary seed if the differences in their positions x, y, and z from the
primary seed (AzP"™, AyP™ and AzP"™) are all within a threshold. The threshold is defined
as AgP™™ AP AP ) for rg < 23.5mm, AP, AP AP < 3mm for
23.5mm < 7y < 33.5mm, and AzP™™, AP AP < 5 mm for ry.q > 33.5 mm, where
Tseod 1S the radial position of the primary seed. If the primary and substitute seeds satisfy
the criterion in eq. (4.1), the substitute seed is merged with the primary seed:

Zprrim + ZPTSUb > 3.0GeV X (dmax — 7/2) + 4.0 GeV, (4.1)

where 3 prP™ and 3" pp°"® represent the sum of the pp of the two tracks included in the
primary and substitute seeds, respectively, and ¢, is the maximum angle between the tracks
from the primary and substitute seeds. This merging procedure is performed in descending
order of the primary seeds’ scores. This criterion is designed to prevent the merging of large
numbers of fake seed vertices formed from unrelated random track pairs. As a final step, seed
groups are iteratively merged until no two groups share any common seeds. The resulting
seed groups are then defined as FDVs. For FDVs, the vertex position is defined as the average
of the position of the two-track seed vertices associated with the FDV, and track parameters
with respect to this point are obtained. The uncertainty of the vertex position is also defined
as the standard deviation of the associated two-track seed vertices. The number of tracks
associated with an FDV and the visible invariant mass of an FDV, denoted as Ny, and
mgpy, are defined in the same way as the SDV. The number of two-track seed vertices
associated with the FDV is denoted as Nyoy.

The primary advantage of FDVs is their ability to include more tracks compared to
SDVs, particularly when the signal LLP decay involves b-hadrons. This results in significantly
higher signal selection efficiency. The overall fake rate of FDVs is roughly comparable with
that of SDVs but has different dependencies on the number of pileup collisions and the

radial displacement from the beam axis rpy = \/9:2DV + y%v. The fake rate of FDVs with
N;DV > 3 is approximately twice that of SDVs in the region with 33 mm < rpy < 122
mm, roughly corresponding to the inside of the Pixel Detector, and about 1/5 in the region
with rpy > 122 mm, the outside Pixel Detector. In the region with rpy < 33 mm, inside
the innermost Pixel layer, it can vary from a couple of times to about 20 times, depending
on the number of pileup interactions.

Figure 2 illustrates the efficiency of reconstructing an LLP decay as a vertex with at

least five tracks and an invariant mass greater than 10 GeV, using both standard and fuzzy
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Figure 2. Vertex reconstruction efficiency for the standard and fuzzy vertexing methods for (a)
Gluino R-hadron and (b) Bino-Wino coannihilation models. L, is the radial displacement of the
truth position of the DV from the beamline axis. The spike around L,, = 260 mm is due to statistical
fluctuations, as confirmed by looking at other signal models.

displaced vertexing methods as a function of the truth radial displacement of the LLP decay
from the beamline axis (L,,). Only tracks matched to the truth particles originating from
the LLP decay are counted. The fuzzy vertexing method demonstrates significantly higher
efficiency than the standard method for the Bino-Wino coannihilation model, e.g., 2.6 times
at Ly, = 50 mm and 3.2 times at L,, = 100 mm, whereas the increase in efficiency in the
Gluino R-hadron model is limited.

4.4 Detector material map

Hadronic interactions with detector material are a significant source of background in DV
searches. To mitigate this, a veto is employed to exclude vertices reconstructed at positions
consistent with being inside detector material, as identified by a material map [7]. DVs must
pass this veto to be included in the signal regions, ensuring the search remains focused on
genuine LLP decay signals rather than material-related background.

In addition to its role in defining the signal regions, the material map veto is also
used to create a background-dominated validation region (VR) for background estimates
by reversing the veto. DVs identified as originating inside detector material are dominated
by background from hadronic interactions and have negligible signal contamination. This
region provides a crucial sample for validating background estimate performance, as detailed
in sections 5.3.4 and 5.3.6.

The material map itself is constructed by analyzing the positions of low-mass vertices in
data to identify regions of high vertex density. These regions are compared with the known
locations of detector components to map the material distribution. The material map is
represented as a cylindrical histogram, where each bin (sub-mm) is classified as either inside
or outside material, as shown in figure 3. This map defines slightly less than 50% of the ID’s
fiducial volume (radius < 300 mm) as subject to the veto criteria.
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Figure 3. Map showing a cross-section at z = 0 of the physical material comprising the ATLAS
detector’s beam pipe and tracking detector, used to define the “material map veto” [7].

Two versions of the material map veto are implemented to provide flexibility. The
loose veto checks whether the position of a DV falls within a bin identified as containing
material and vetoes it accordingly. The strict veto excludes DVs not only based on their
position but also by considering neighboring bins to account for potential mismatches between
bin boundaries and actual material boundaries. Additionally, the strict veto incorporates
reconstruction uncertainties in the DV position by excluding DVs whose uncertainty ellipsoid
intersects any material-containing bins. This ensures a more robust rejection of material-
related backgrounds for the FDV case as the vertex position is less precisely defined. A
cross-check is also performed against the simulation geometry to validate the veto. The strict
veto is used for any SR requirements, whereas the loose veto is used in some CRs or VRs
when required to reduce signal contamination. In MC simulations, the same material map
and veto algorithm are applied. However, in real data, the layers of the pixel detector are
slightly offset in the x — y plane due to their attachment to the beam pipe, the position of
which can vary relative to the rest of the ATLAS detector. Such relative shifts are corrected
for in the simulation to align with the real detector geometry.

By combining the material map veto for signal regions with the reversed veto for back-
ground validation, this approach ensures both an effective background suppression for LLP
searches and reliable validation of background estimates.

4.5 Physics object definitions

Tracks and PVs are reconstructed as described in section 4.1. Events are required to have the
PV associated with at least two standard tracks with transverse momentum pp > 500 MeV.
Tracks reconstructed by the standard track reconstruction algorithm (standard tracks) must
have transverse momentum pp > 500 MeV and pseudorapidity range |n| < 2.7. Tracks
reconstructed by the LRT (LRT tracks) must have transverse momentum pp > 1 GeV and
pseudorapidity range |n| < 5.0 [68].
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Muon candidates are reconstructed within the pseudorapidity range |n| < 2.5 from tracks
in the muon spectrometer that are matched to ID tracks. These candidates must have
transverse momentum pp > 10 GeV and satisfy the medium identification criteria detailed
in ref. [73].

Electron candidates are reconstructed from isolated energy deposits in the EM calorimeter
matched to ID tracks [74, 75]. They are required to satisfy |n| < 2.47, pr > 10GeV, and
the LooseAndBLayer identification requirement described in ref. [76].

Photons are used in the baseline vertex selections to remove displaced vertices arising
from photon conversion, and are also used to define the control region. Photon candidates
are reconstructed from energy deposits in the EM calorimeter. Both unconverted photon
candidates without matching ID tracks and converted photon candidates with a two-track
conversion vertex or with a single track are used. They are required to satisfy |n| < 2.37,
pr > 25GeV, and the Tight identification requirement described in ref. [74].

Jets are reconstructed from three-dimensional topological energy clusters in the calorime-
ters [77] using the anti-k; clustering algorithm [78, 79] with radius parameter R = 0.4. Ounly
jets with pp > 20 GeV and |n| < 2.8 are retained. Events are rejected if they contain any jet
with pp > 20 GeV that fails basic quality requirements designed to suppress detector noise
and non-collision backgrounds [80]. To avoid double-counting of energy depositions in the
calorimeter, jets within a distance AR = 0.2 of an electron candidate are discarded. Jets
containing b-hadrons (b-jets) are used for background estimation. They are identified using
the DL1 b-tagging algorithm [81]. It is a multivariate classification algorithm that combines
information from the impact parameters of the tracks and the secondary and tertiary decay
vertices in the jet. The b-tagging working point with a 77% efficiency is used in this analysis.

The ET 55 i defined as the magnitude of the negative vector sum of the transverse
momenta of all identified physics objects (electrons, photons, muons, jets) and an additional
soft term accounting for energy not associated with hard objects. For an overview of how
ERSS is computed, see ref. [82]. In order to reduce the effects of jets from pileup collisions
on BT 55 resolution, a jet vertex tagger [83] and a forward jet vertex tagger [84] are applied
to the jets with |n| < 2.4 and pp < 60 GeV and those with 2.5 < |n| < 4.5 and pp < 60 GeV,
respectively, in the Ep 55 calculation. These jet vertex tagger requirements are not applied
to the jets used in the analysis. The soft term is constructed from all tracks that are not
associated with any physics object and are linked to the PV. This approach ensures that the
ET 55 reflects the best available calibration of the high-pt objects while preserving pileup

independence in the soft term. Unless otherwise noted, ET 55 selections are based on this

definition in the offline analysis. An additional related quantity, referred to as hadronic Ep iss,
is calculated similarly as the magnitude of the negative vector sum of the transverse momenta
of all calorimeter energy clusters, which are assumed to originate from hadronic objects [82].

This effectively reduces contributions from identified leptons and photons.

5 Signal regions and background estimation

SRs are defined by a set of selection criteria intended to enrich the fraction of signal events
and minimize the fraction of background events retained. These criteria are optimized
for sensitivity to the signal models introduced in section 2, while limiting contamination
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from background processes. To identify these DVs, the two different vertexing algorithms
introduced in section 4 are used. This search is implemented as a counting experiment in two
distinct SRs defined by the vertexing algorithm used. Events containing vertices reconstructed
with the SDV algorithm are categorized in the SDV SR, while events reconstructed with the
FDV algorithm are placed in the FDV SR. The expected number of background events in
each SR and VR is estimated using signal depleted photon-triggered control regions (CRs),
which have the same SR or VR selection criteria, except the events are photon-triggered
instead of B triggered and the E*"* selection criteria are dropped. This is because the
mechanisms behind the origin of DVs are linked to jets and overall event track activity, and
are therefore independent to whether or not a photon or Ex i85 4y present in the event. The
estimate is validated in VRs, where the events must be Et iss triggered, however some other
SR selection criteria related to vertex requirements are inverted to ensure a signal depleted
but kinematically similar region to the SR. This section describes the details of the SR, VR,
and CR definitions, as well the background estimation methods. The uncertainties involved in
the background estimation, as well as other systematic uncertainties, are detailed in section 6.
An independent validation for the SDV SR is also done via a component-based background
estimate which uses different CRs and VRs. The SDV and FDV regions are designed to
be sensitive to different signal topologies, so orthogonality is not enforced between the two
vertexing regions. However, while the SDV SR searches for at least one DV, the FDV SR is
divided into two orthogonal SRs that require exactly one FDV and at least two FDVs. A

common set of event-level selections determines the events considered in both SRs.

5.1 Common event-level selections

Data recorded by the ATLAS Detector were first filtered during reconstruction to facilitate
the specialized processing necessary for LLP searches, including LRT, standard and fuzzy
secondary vertexings as described in section 4. This filter included events passing the Ep' iss
trigger, the multijet trigger, the single-lepton trigger, or the single-photon trigger. For the

miss

ET iSS—triggered events, an additional requirement of E1 > 180GeV on the topological

cluster-based hadronic was imposed. Events in the SRs are required to pass both the ET fss

triggers and the hadronic Ep 55 condition included in this filter, and also have an offline

reconstructed E7p 55 5 150 GeV. Events are vetoed if affected by detector issues such as
calorimeter noise or data corruption. To ensure the event originates from a pp collision in
the detector’s IP, a PV with |zpy| < 200 mm is required. Non-collision background (NCB)
contamination, such as beam halo [85-87], is suppressed by requiring that the leading jet
in the event deposits no more than 80% of its energy in a single calorimeter layer and
no more than 96% of its energy in the EM calorimeter. Events containing any jets with
pr > 50 GeV overlapping dead tile modules are rejected if the azimuthal angular separation
between the Ep 55 and the jet, A¢(ET iss, jet), is less than 0.3. All SR events must meet
these common event-level selection criteria.

A CR is populated by events triggered by a single photon with pp(y) > 140 GeV. These
events must pass the same common selection criteria as above, except that they must fail the
combined EF™ trigger and offline X" selections, so that the CR is orthogonal to the SRs.
This region was chosen as the CR because the events triggered by a single photon (7 + jets) and
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Baseline vertex selections ‘ SDV SR ‘ FDV SR

Vertexing algorithm Standard DV algorithm (SDV) ‘ Fuzzy DV algorithm (FDV)
Vertex position rpy < 300 mm, |zpy| < 300 mm
Ar,, (DV,CV) > 4 mm for any CV
Material map veto Strict veto required (section 4.4)
AR(DV,~) > 0.1, for photons with pr(y) > 60 GeV
max(pF*¥) /(scalar sum pi) < 0.95 <0.9
X*/Npor <5 -

Table 3. Baseline vertex selection criteria for SDV SR and FDV SR (including the 1IFDV and
2FDV subregions).

miss

ET iss (Z + jets) have a similar topology except for the difference between photon and Et™,
and they have large statistics and negligible signal contamination from models of interest.

5.2 Signal region definitions

This section defines the two SRs for this search: SDV SR and FDV SR, based on the vertexing
algorithm. The FDV SR is further divided into two mutually exclusive sub-regions: the single
fuzzy vertex sub-region (1FDV) for models with exactly one LLP decay, and the two fuzzy
vertices sub-region (2FDV) for models involving pair production of LLPs decaying to two
or more distinct FDVs. These sub-regions are analyzed independently, and their results are
statistically combined for the final FDV SR result. For FDV SR and its associated CR, an
additional event-level selection called strict NCB wveto is applied to reject the NCB processes
more strictly. It rejects the events if the fraction of the charged component of the leading
jet is lower than 10% of the fraction of energy that is found in its single most energetic
calorimeter layer. The strict NCB veto filters out NCB processes to a negligible level, but
also removes signal events where a jet from an LLP becomes the leading jet. Therefore,
it is only used for FDV SR, which targets models where the leading jet generally comes
from initial-state radiation.

After common event-level selections, candidate DVs must pass baseline criteria (table 3)
to ensure they are well-measured and reduce background. The reconstructed vertex position
must be in the fiducial region, which is defined as a radial displacement from the beamline axis
rpy < 300 mm and axial displacement from the origin |zpy| < 300 mm, where zpy, ypy, and
zpy are the cartesian coordinates of the DV. The requirement that the vertex is separated
in the transverse plane from all reconstructed CVs, Ar,, (DV,CV), is to avoid mislabeling
CVs as secondary vertices and suppress the background from the decay of heavy-flavor
hadrons. It is also required that the vertex is not reconstructed near an energetic photon,
AR(DV,~), to remove DVs arising from photon conversions. The selection on the maximum
track transverse momentum (max(p*)) with respect to the scalar sum of the transverse
momentum of all tracks in the vertex is in place to suppress background from vertices that
contain mismeasured tracks. SDVs must have a reduced X2 in the vertex fitting, X2 /Nbor,
of less than 5 to remove the misreconstructed vertices.
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. FDV SR
Full SR vertex selection SDV SR
1FDV 2FDV
Vertices SDV FDV
mpy [GeV] > 10 > 10 > 1.5
NSDCY Tracks 2 2 - -
bv NTD v K DV
NSccds - 2 ( |2ac S) -1 2 NTracks
ARpy jet - - <04
mpv_pV | - - < 2.5
max; [An(ﬁtrack,ia Zj ﬁtrack,j - ﬁtrack,i)} - <35 -
Npy,,, > 1 > 11 > 2

" The event must not have any additional FDVs satisfying the 2FDV selections.

Table 4. Full vertex selection criteria for SDV SR and FDV SR (including the 1FDV and 2FDV sub-
regions).

Vertices passing the baseline vertex selections are used to develop and validate the
background estimation methods for the SRs. Additional quality selections are applied to
tracks associated with the DVs in order to remove tracks that appear to originate from
background processes from DVs. These selections are placed on track variables including
the track dg-significance, the azimuthal angle between the track and the PV-SDV vector
A¢py_gpy and the PV-FDV vector A¢pyv_ppy, and the three-dimensional angle between
the track and the PV-DV vector «, which are designed to reject prompt tracks originating
from the CVs. The DV properties, including Ng\afcks,

removing tracks failing the quality selections, while the vertex refitting is not performed and

mpy, and Nev,., are recalculated after

the vertex position is not redefined. The signal vertex selections are then applied to generate
the SRs, summarized in table 4. The signal vertex selections are applied to the following

values: the track multiplicity, Nh..

racks

the invariant mass of the DV, mpy, the number of
selected tracks, Ngy p.ae, the separation between the DV and closest jet, ARpy jet, the
number of two-track seed vertices associated with the FDV, Ngv,., the angular separation in 7
direction from the PV to the DV, |npyv_py|, and the maximal An between a single track and
the sum of the four-vector of the other tracks, max; [An(ﬁtrack,iv > Pirack,j — mrack,i)}' The

requirement placed on Ng., for the FDV sub-regions ensures a high degree of compatibility
among the tracks. It is required that the number of vertices satisfying these criteria, Npy__,
for the SDV and 1FDV region is at least one, whereas the 2FDV region requires two or
more. For the 1FDV sub-region it is also required that there is no additional FDV that
satisfies the full SR selections for the 2FDV sub-region in order to keep the 1FDV and
2FDV sub-regions mutually exclusive.

The signal efficiencies are key metrics used in optimizing selection criteria and validating
this analysis. Table 5 summarizes the signal efficiency values for a range of representative
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Efficiency [%)]
Model Lifetime 7 [ns] SDV SR 1FDV SR 2FDV SR
Gluino R-hadron 0.01 6.4 0.29 0.084
mg = 1600 GeV 0.1 41 1.1 0.36
My = 100 GeV 3.0 6.9 0.09 0.0029
DFSZ axino (Z2) 0.0045 5.15 0.99 0.11
mg = 400 GeV 0.097 40.19 4.1 0.30
mee = 800 GeV 1.5 9.26 0.48 0.012
Bino-Wino coannihilation 0.03 0.13 0.37 0.055
meo = 650 GeV 0.3 0.10 0.20 0.024
My = 700 GeV 3.0 0.014 0.037 0.006
0.0033 0.007 0.007 0.022
Higes portal 0.033 0.026 0.023 0.057
mg = 55 GeV : ' : :
3.3 0.0003 0.0003 0.0002

Table 5. Summary of signal efficiencies in each signal region for models with fixed mass parameters
and varied lifetimes.

sample signal points, highlighting the spread of efficiency values across samples in their
respective SRs. Note that for the Higgs portal model, efficiency is defined relative to the
signal samples used at a given lifetime. The lower efficiency at 7 = 3.3 ns is because ggH
production is only included at that lifetime.

For an accurate estimate of the background contributions to each SR, a data-driven
approach is employed. The background estimates for each SR are independently derived
and optimized accordingly. The following sections detail the background estimation methods
and their validation per SR.

5.3 Background estimates and validation regions

Due to the origin and composition of the expected background contributions, multiple VRs are
defined for each SR. These VRs are chosen to be kinematically similar to the SRs while being
statistically independent, allowing us to test the background prediction techniques in adjacent

phase spaces. The VRs are constructed by modifying key selection criteria such as Ny,

racks?
mpy, Newy., and whether the material map veto flags them as being positioned either inside
or outside or detector material. For the SDV SR and 1FDV SR, VRs are defined by selecting
vertices with exactly four tracks in the middle mass range (10-20 GeV), or by selecting vertices
in the lower mass ranges (5-10 GeV) with more than four tracks. The photon-triggered CRs
are defined with similar boundaries. The VR definition for the 2FDV SR is discussed in
section 5.3.6. The background estimation methods are tested in each of these VRs to ensure

reliable predictions in the corresponding SRs. These VRs are built so that the amount of
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potential signal contamination from any considered model is not significant. The maximum
expected signal contamination is well below 30% for the non-excluded parameter space. Since
it is confirmed that the signal is expected to produce a much larger excess in the SR than
the VRs, this level of contamination does not compromise the validation procedure.

5.3.1 SDV background estimate

Searches for SDVs with high invariant mass and multiple tracks face minimal background
due to the rarity of SM processes producing such signatures. Background SDVs in general
primarily arise from:

e Hadronic interactions (HI), where particles interact with detector material, produc-
ing collimated tracks and low-mass vertices.

e Accidental crossings (AX), where unrelated tracks from the primary vertex or pileup
attach to a SDV,2 increasing its apparent mass and track count.

e Merged vertices (MV), where separate SDVs are mistakenly combined into a single
vertex with higher mass and multiplicity.

All three sources of background are estimated inclusively with a data-driven technique
that exploits the relationship between SDVs and the track density of the event to predict the
number of background vertices. The estimated number of background events in the SR, Nypyg,
is computed using an event-DV probability (EDP) P(vertex| Ny oy, Ny_tag), Where Npet s
the total number of tracks associated with any CV and Ny,_¢,, is the number of b-tagged jet
count per event. Defined in eq. (5.1), the EDP represents the probability of reconstructing
an SR-like vertex satisfying the baseline vertex selections with the additional requirement:
mpy > 5 GeV and Npv,. > 4, which is measured in the CR. To correct for the effects of
differences in the distributions of the number of pileup collisions, the events in the CR are
weighted such that the distributions of the number of pileup collisions match those of the
events passing the common selections (section 5.1) when calculating the EDP. This selection
on mpy and Npv,. is intentionally less stringent than the SDV SR requirement, as the stricter
criteria result in too few events to generate a non-trivial estimate. The extrapolation factor
f, obtained from the CR events according to eq. (5.2), corrects for this by extrapolating
to the SR selection values. The dependency of f on Ny and Niy_tag is confirmed to be
negligible compared to the other uncertainties in the background estimate. The EDP is
applied to all events passing the common event-level selections described in section 5.1 for
the SR region, and the background estimate is then computed as in eq. (5.3), where the sum
is taken over the SR. This SDV background estimate method (also used for 1IFDV) counts

number of DVs instead of events with DVs. Since events with more than one DV with No..

racks

> 4 and mpy > 5 GeV are very rare, the uncertainty from using this approximation is small

*Note that the lower-mass or lower-multiplicity SDVs that gives rise to the MV and AX backgrounds can
come from a variety of potential sources, including boosted heavy-flavor decays or from HI. The origin of
these SDVs is not directly taken into account during the background estimate procedure.
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Figure 4. Estimated and observed events in the sideband VRs of the SDV SR. The gray hashed
band shows the background estimate uncertainties from the CR’s statistics and from the distributions
of the number of pileup collisions between events in the CR and the events that pass common
event-level selections.

compared to other uncertainties in the background estimate.

CR Event
P NEvent a7 _ NVerteX (NTracksa Nb—tag) 5.1
(Vertex ‘ Tracks bftag) - CR Event ( . )
NEvents (NTracks7 Nbftag)

Nyomvex(mpy > 10 GeV, Npvy, > 5)

acks
CR DV
Nvertex(mDV > 5 Gev7 Nl‘racks Z 4)

kag =f- Z P(VerteX’Nf&;ﬁtstb—tag)i (5.3)

events

f= (5.2)

This method predicts an expected background of 0.6 + 0.4 events in the SDV SR, with
the dominant uncertainty being statistical.

5.3.2 SDYV background estimate validation

The predictions of the background estimation method are tested in three statistically inde-
pendent sideband VRs. Events in these sideband VRs are required to satisfy all the SDV SR
requirements, except for the relaxed conditions of 5 < mgpy < 10 GeV or mgpy < 20 GeV
with NTSYI;ZLS = 4. The full background estimate procedure, including calculating an EDP and
extrapolation factor f is done for each VR. The details of the VRs and a comparison of the
predicted and observed number of events in each VR are shown in figure 4. The predictions
of the background estimate are found to agree with the number of observed events in data

for all three of the VRs within the uncertainty.

In addition to validating the background estimate in sideband regions, a separate back-
ground estimate is performed where the contribution from each source — hadronic interactions,
merged vertices and accidental crossings — is estimated independently. Each contribution is
estimated using data-driven techniques that construct mass templates describing the shape
of mgpy for background SDVs from the particular background source. These methods are
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described and validated in previous ATLAS searches for displaced vertices [5, 6], and will
only be briefly detailed here:

e HI: The HI SDV mass distribution is modeled as
1 mDV — b):|
N 0,0 = | ——— e
spv(mpy; b, C,1) Clmpy — ) + exp ( ]

where b, C, and [ are fitted constants, and the resulting fit is integrated to produce an
estimate of the number of HI background SDVs created.

e AX: The rate of accidental crossings is estimated from data, using candidate 2- and
3-track Kg — 777 decay SDVs, with the identified AX tracks’ kinematics saved.
Artificial accidentally-crossed SDVs are created by attaching the above AX tracks to
data SDVs. Their mass distributions are scaled by the accidental crossing rate, and
integrated to yield an estimated number of background SDVs.

e MV: Merged SDVs are created by artificially overlapping events in data and reclustering
vertices. The resulting vertices are used to estimate the merging rate — by comparing
distances between vertices to those in the original data — and to produce MV mass
templates. The templates are rescaled by the merging rate, and integrated to yield an
estimated number of background SDVs.

The total expected background obtained in each VR and the SDV SR agree within statistical
uncertainty with the expected background from the inclusive method.

The estimated number of background events in SDV SR with its uncertainty is shown
in table 6.

5.3.3 1FDYV background estimate

The background estimate for 1IFDV SR uses the same approach as the data-driven SDV
SR background estimate, described in section 5.3.1, using the FDVs instead of SDVs. The
expected background is predicted to be 0.8 + 0.5 events in the 1IFDV SR. The dominant
uncertainty comes from the statistical uncertainty in the number of FDVs in the CR. The
uncertainty also includes the effect of the difference in the distributions of the number of

miss

pileup collisions between the photon-triggered CR and Et ~ triggered regions.

5.3.4 1FDV background estimate validation

Events in the VR are required to meet the same criteria as the 1IFDV SR, except that the
N, requirements are relaxed from Nyby, > 5 to Nyoy. > 4, and the mppy requirements
are changed from mppy > 10 GeV to 2 < mppy < 5 GeV, which defines the nominal VR.
Another set of sideband VRs is developed by loosening the conditions on Neoy.. To validate
the effects of background hadronic interactions (section 4.4), a third VR is defined by requiring
vertices to be located inside the material determined by the material map veto flags. The
selection criteria for these VRs are summarized in figure 5. For each VR, the full background
estimation procedure described in section 5.3.1 is applied, and the predicted and observed

numbers of FDVs are compared. Figure 5 shows the estimated and observed event yields in
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Figure 5. Estimated and observed events in the sideband VRs of the 1IFDV VRs. The gray hashed
band shows the background estimate uncertainties from the CR’s statistics and from the distributions
of the number of pileup collisions between events in the CR and the events that pass common
event-level selections and the strict NCB veto. The non-closure uncertainty discussed in the text is
not included here.

the 1IFDV VRs, which roughly agree but are not statistically compatible across all regions.
This discrepancy indicates potential non-closure effects, for example subtle differences in jet
fragmentation or soft hadronic activity between the photon and Et iss triggered regions. To
account for these effects, a 22% relative uncertainty, which corresponds to the maximum
discrepancy between the estimated and observed event yields for each VR bin, is applied
as a non-closure systematic uncertainty for the 1FDV background estimate. The estimated

number of background events in 1FDV SR with its uncertainty is shown in table 6.

5.3.5 2FDYV background estimate

The background estimation strategy for the 2FDV SR follows a similar inclusive approach to
the SDV and 1FDV SRs, leveraging correlations between FDVs and jet properties rather than
track density. This estimate is obtained using a probability distribution over the jets in the
B triggered region, defined by the probability of an individual event containing a FDV
near a jet. This probability is parameterized based on the jet’s pt and whether or not the jet
is b-tagged. The estimates for the SDV, 1IFDV, and 2FDV regions were initially all tested
taking into account both the event- and jet-DV probabilities. It was found that the heavier
SDV and 1FDV regions were primarily dependent on the event-DV correlations, while the less
selective 2FDV region were primarily dependent on the jet-DV correlations due to differing
kinematics. As the statistical uncertainty originating from having the estimate divided up
into too many probability bins is larger than the contribution of the subdominant correlation,
only the primary correlation is used. The individual jet probabilities, referred to as the
jet-FDV probability (JFP), are calculated in the photon-triggered CR as shown in eq. (5.4),
where NS?DVS(btag, pr) represents the number of instances where n FDVs are matched to jets
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of (byag, pr), and NJCQE{S(bmg,pT) represents the total number of jets that exist with (b, pr)-

. o NTLCFRDVs(btagva)
JFP(n) (FDV | Jet(btagapT)) - CR (54)
NJets(btag7pT)
In the CR, the JFP is determined using jets spatially matched to FDVs within AR < 0.4.

If multiple FDVs are matched to the same jet, it contributes to the estimation of JFP (>9),

whereas if a jet only matches a single FDV it contributes to JFPq).

NﬁéFDV is then calculated in

eq. (5.5), with the number of background events with n background FDVs, NnggDV, given

by egs. (5.6) and (5.7) below.

The number of background events with two or more FDVs,

FDV FDV FDV
e 2V = Nog— Mo * — Nk (5.5)
NV =S [I  (1-JFPu—JFP(y) (5.6)
events E | jets j in event E

NaV= % I1 JFP ( I1 (l—JFP(l) —JFP(EQ)))] (5.7)

events E | jets jg in event E jets j#jg in event E

An expected background of 1.3 + 0.6 events is predicted in the 2FDV SR, with the dominant
uncertainty being statistical.

5.3.6 2FDYV background estimate validation

Events in the 2FDV VR are required to satisfy the 2FDV SR conditions, except for the

: FDV FDV FDV . .
relaxed requirement of Np,a = 3 or 2 < Ngeqs < Nraas, creating sideband VRs.
FDV

FDV -
ceds

In addition to the Nip,.. and Ng
both the strict inside material and strict outside material map vetoes defined in section 4.4.

sideband VRs, the estimate is validated using

Exceptionally, the outside-material, greater-than-three-tracks, and low-seed validation regions
were loosened to increase statistics by relaxing the material map veto and including the entire
mass range (mppy > 0GeV). The selection criteria for these two VRs are shown in figure 6.
The Nﬁii@fws is calculated for each VR using the background estimation method outlined
in section 5.3.5. Figure 6 compares each VR’s predicted and observed number of events
with two or more FDVs. As with 1FDV, the estimated and observed number of events are
roughly consistent, but the discrepancy between them could not be explained by statistical
fluctuation alone, indicating potential non-closure effects. Better closure is more important
for VRs that differ from the SR by only one selection criterion (the 3rd, 5th, and 7th bins
in figure 6) than those that differ by two (1st, 4th, and 6th bins) or more (2nd) selection
criteria. To account for potential non-closure effects, a 20% relative uncertainty is applied
as a non-closure systematic for the 2FDV background estimate.

The estimated number of background events in 2FDV SR with its uncertainty is shown

in table 6.

6 Systematic uncertainties

The uncertainties considered in this analysis can be divided into three categories. The first
are uncertainties arising from the background estimation methods, which are detailed in
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Figure 6. Estimated and observed number of events in the sideband VRs of the 2FDV SR. The
gray hashed band shows the relative background estimate uncertainties from the CR’s statistics and
distributions of the number of pileup collisions between events in the CR and the events that pass
common event-level selections and the strict NCB veto. The non-closure uncertainty discussed in the
text is not included here.

section 6.1. The second are uncertainties from object reconstruction in the detector, which
are detailed in section 6.2. Finally, theory uncertainties from the signal models must also be
considered in the interpretation of results, which are detailed in section 6.3.

6.1 Background estimate uncertainties

Multiple sources contribute to background estimate uncertainties and are evaluated for each
SR. The dominant source in each region is statistical, which is propagated to the final estimate
using a pseudo-experiment approach (similar to how the final fit is performed in section 7.1).
The standard deviation of the estimated background from 10,000 pseudo-experiments is
then assigned as an uncertainty on the final background estimate. In the FDV regions, an
additional non-closure uncertainty of 22% for the 1IFDV SR and 20% for the 2FDV SR is
assigned to cover discrepancies between this estimate and observed data in some of the VRs.

A further uncertainty is assigned to account for differences in the distributions of the
number of pileup collisions between events in the CRs (where the event- or jet-DV probabilities
are calculated) and the SRs (where the event- or jet-DV probabilities are applied). The
estimated background using the pileup weighted events is taken as the central value of the
background estimate, as described in section 5.3.1. To assess this uncertainty, the estimated
background is re-evaluated using unweighted events. The difference between the weighted
and unweighted estimates is assigned as an uncertainty on the background estimate. Like
the statistical uncertainty, the pileup uncertainty is evaluated for the background estimate
in each region. A maximum pileup uncertainty of 5% is assessed in the SDV SR. Each of
these uncertainties is summarized in table 6.
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Region Estimated Uncertainties Total uncertainty
background | Statistical Pileup Non-closure
SDVSR | 06+04 | £70% 5% - | +£71%
1IFDV SR | 0.8+0.5 +57% +2% +22% +61%
2FDV SR | 1.3+£0.6 +45% +4% +20% +50%

Table 6. A summary of the breakdown of background estimate uncertainties per signal region.

6.2 Reconstruction uncertainties

Potential sources of reconstruction uncertainty — those stemming from how physics objects
are reconstructed — are the mismeasurement of offline and online BT iSS, as well as track
reconstruction. Their effects are estimated and propagated to the predicted MC signal
yields. Offline ™' uncertainties are estimated by rescaling the different contributions

to the measured B

(e.g. the soft term, see section 4.5), via their associated systematic
uncertainties [82]. Sources include the jet energy scale (JES) and resolution (JER) [88] (up
to 1.9%) and uncertainties in the scale and resolution of the soft term (up to 0.4%) [82]. For
online By iss, uncertainties are estimated by deriving scale factors to account for inefficiency
in data not modeled in MC, in the 150 — 180 GeV range.

For estimating the uncertainties related to tracking inefficiencies, an MC-data comparison
is performed using 2-track Kg candidate DVs. The Kg candidate DV yield is measured as
a function of rpy. This rpy-dependent yield profile is then compared between data and
MC simulation and interpreted as a proxy for tracking inefficiencies that are imperfectly
modeled in the simulation. These are combined in quadrature with a baseline 1.8% tracking
inefficiency, determined from performance studies of standard tracking. Track reconstruction
uncertainties estimated via this method for SDVs are shown in figure 7. The same process is
also performed for FDVs. The obtained FDV associated tracking uncertainties are similar to
those of SDV in terms of both the magnitude of the uncertainty and its year or rpy dependency.
This combined tracking inefficiency estimate is then used to perform a “track-killing” study,
where tracks are removed from DVs (separately for SDVs and FDVs) based on the estimated
inefficiencies and the signal yields recomputed. The track reconstruction uncertainty for some
representative signal samples is shown in figure 8. The uncertainty in the signal yields from
the track reconstruction uncertainty is one of the dominant sources of systematic uncertainty
for most samples, being particularly pronounced for those corresponding to longer LLP
lifetimes, where DVs increasingly include LRT tracks, which are expected to have larger
reconstruction uncertainty [68]. It contributes up to 18% in the Higgs portal model.

The signal samples considered are normalized to the recorded luminosity of the 2016-2018
dataset. The uncertainty in this recorded luminosity, discussed in section 3, is propagated as
an additional experimental systematic uncertainty on each signal.

6.3 Theory uncertainties

Theory uncertainties are calculated during the generation of the MC signal samples described
in section 2 by varying the choice of renormalization and factorization scales by a factor
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Figure 7. Example counts of 2-track Kg — 777 candidate decay SDV in MC and data and
their MC/data ratios, for years (a) 2016, (b) 2017 and (¢) 2018. The error bars include statistical
uncertainty only. The MC counts are normalized to match the data in the innermost bin. The
resulting track reconstruction uncertainties are shown in (d)—(f), where a (standard) baseline 1.8%
uncertainty has been added in quadrature.
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Figure 8. Example of fractional uncertainties on the signal yields from track reconstruction
uncertainties, for (a) the SDV SR for the Gluino R-hadron, and (b) the 1IFDV and (c) the 2FDV SRs
for the Bino-Wino coannihilation model.

of two; this approach generates six variations, two in which the scales are varied together
and four in which the scales are varied independently. A seven-point envelope is then taken
around the nominal value to evaluate an uncertainty.

The choices of parton distribution function (PDF) set and strong coupling constant o
are also varied during MC event generation. These uncertainties are then evaluated for each
physics signal process and the signal yields in the relevant SRs are then recomputed for
each variation. The standard deviation of those yields is taken as the systematic uncertainty
for that sample.
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Systematic Gluino R-hadron | DFSZ axino, ZZ Higgs portal Bino-Wino coannihilation
uncertainty (SDV SR) (%) (SDV SR) (%) | (2 FDV SR) (%) (1 FDV SR) (%)
JES and JER 0.16-0.56 0.13-0.90 0.94-1.9 0.27-0.59

MET soft term 0.022-0.33 0.018-0.12 0.16-0.39 0.053-0.14
Theory 12 0.52-1.5 5.0-13 3.0-7.5
Tracking 2.1-13 0.89-7.2 6.4-18 2.3-9.6

Table 7. Ranges of relative systematic uncertainties (16th—-84th percentile, equivalent to a 1 standard
deviation if the distributions were Gaussian) for each signal model and associated signal region.

Theory uncertainties contribute approximately 0.6-14% depending on the signal model.
For the Gluino R-hadron model, the full set of MC event-level theory uncertainties could not
be evaluated for each sample, due to complexities in simulating R-hadrons. A conservative
theory uncertainty is instead applied based on the largest deviation observed amongst a
small but representative subset of samples.

Table 7 presents the ranges of systematic uncertainties for each signal model, grouped
by signal region. The values reflect the spread of uncertainties observed across all tested
parameter combinations of each signal model, using the 16th to 84th percentile interval to
approximate one standard deviation while retaining asymmetric variation where present.

There are additional theory uncertainties in the production cross-sections, determined
by the LHC SUSY [54, 56, 57] and Higgs working groups [58]. These uncertainties only
impact the normalization of the overall yield, not the selection efficiency, and so are treated
separately and not included in table 7.

7 Results and interpretation

One event is observed in SDV SR and five events are observed in FDV SR. Of those five,
three pass the 1IFDV SR criteria and two pass the 2FDV SR criteria. A small local excess is
seen over the background prediction in the 1IFDV SR reported in table 6, but in the 2FDV
and SDV SRs there is good agreement between data and background.

A series of statistical tests on the observed events are then performed; the statistical
model is described in section 7.1 below, with results in section 7.2 and 7.3.

7.1 Statistical model

To determine the compatibility of each signal model with the observed data, a series of profile
likelihood fits [89] are performed, with a profile negative-log-likelihood ratio test statistic [90].
A CLg frequentist approach [91] is used to set 95% confidence-level limits.

Fits are performed by comparing 1.5 + B to the observed data in each signal region. The
signal and background yields S and B are modelled by the product of Poissonian distributions,
with the background yield in the signal region evaluated as described in section 5. The signal
strength parameter p is a free parameter that scales the number of predicted signal events.
The discovery p-value, which gives the consistency of the background-only hypothesis with
the data, can be determined by setting u = 0. As the low signal region counts invalidate
the asymptotic approximation [90], fits are performed using 10,000 pseudo-experiments to
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numerically determine the distribution of the test statistic for a given signal hypothesis.
The software packages pyhf 0.7.6 [92, 93] and cabinetry 0.6.0 [94, 95] are used to carry
out these steps.

The SDV and FDV signal regions are fit independently. A single-bin fit is performed for
the SDV region. The two FDV regions can also be fit independently as single bins, as is done
in section 7.2 below, or combined into one two-bin fit with the 1FDV and 2FDV sub-regions
treated as separate bins, as is done in section 7.3. Systematic uncertainties on the signal
or background are represented by a series of uncorrelated Gaussian nuisance parameters,
although in the combined FDV fit, each signal systematic is treated as fully correlated across
the two FDV bins. The definitions of all systematics can be found in section 6 above. The
background estimate systematics are consistently the dominant source of uncertainty in the fit.

Discovery p-values are calculated and quoted in table 8. Since no significant excess was
seen in any of the signal regions, limits are set on both a generic (model-independent) BSM
signal and on the specific signal models introduced in section 2. Limits are set by testing
different signal hypotheses, varying the signal strength to find the value of u corresponding
to a 95% confidence level. Separate fits were performed for each signal model in both the
SDV and combined FDV regions. Although the optimization of selection criteria was guided
by the signal region efficiency of each model, as summarized in table 5, the region which
provides the strictest expected limits on a given model is ultimately used to set the limits
reported in section 7.3 below.

The theory uncertainties in the production cross-sections for the different signal models
are not treated as nuisance parameters. Instead, fits are performed to the signal yield
scaled up or down by this uncertainty in order to set limits on a +1o variation of the
production cross-section.

7.2 Model-independent limits

Model-independent constraints are first determined on the presence of excess signal above
the estimated backgrounds. The methods of maximal likelihood fitting described above are
used to set constraints on the wvisible cross-section of any non-SM process in any of the signal
regions, provided such a signal does not contaminate any of the control regions used for
background estimation. To avoid assumptions about how a generic signal would be correlated
between the 1IFDV and 2FDV regions, separate 1IFDV and 2FDV fits are performed. As
these fits are performed with a signal, there are no signal systematic uncertainties; the
only nuisance parameters included in these fits are for the systematic uncertainties in the
background estimates.

The product of the signal strength and 1fb test signal, S, is interpreted as the visible
cross-section (Aec), which is the product of acceptance, detection efficiency and process cross-
section. Table 8 provides the model-independent limits for the SDV and FDV signal regions.
SESS and Sg}fp are the 95% CL upper limits on the observed and expected number of signal
events under the background-only hypothesis. The observed limit was found to be within 1o
of the expected limit for the SDV signal region, and within 20 for the FDV signal regions.
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Region ‘ Observed (Expected) <Aea>ggs [fb] o ngp p(s=0) Z

SDV SR | 1 (0.6 £0.4) 0.0280 3.84 320000 032 0.46
1FDV SR 3 (0.8 +£0.5) 0.0469 6.42 3.62757%  0.06  1.59
2FDV SR 2 (1.3 £ 0.6) 0.0353 483 3987030 031 050

Table 8. Model-independent limits for the SDV and combined FDV signal regions. The observed
number of events, compared to expected background, is also shown for comparison. (Aea>2,§s is the 95
CL upper limit on the visible cross-section, Sﬁﬁs and ngp is the 95% CL upper limits on the observed
and expected number of signal events (the latter given the expected number of background events),
p(s = 0) is the discovery p-value and Z is the corresponding Gaussian significance.
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Figure 9. Observed and expected 95% confidence-level upper limits on the R-hadron model as a
function of (a) the gluino lifetime and R-hadron mass with the lightest neutralino mass meo = 100 GeV,
and (b) the gluino and neutralino masses for a gluino lifetime 7 = 0.1ns. The area below the contour
is excluded.

7.3 Interpretations

The methods described above are also used to set model-dependent limits on each of the
four signal models in either the SDV or the combined FDV region.

The strongest limits on the Gluino R-hadron come from the SDV signal region, as expected
given the absence of b-jets in the final state. The observed and expected limits are shown in
figure 9 as a function of both mass and lifetime, showing that the gluino mass is constrained
to be greater than approximately 1.8-2.5TeV for a wide range of neutralino masses and
gluino lifetimes. These results extend constraints across a lifetime range of 0.01-0.1 ns by
more than 200 GeV in m; compared to the 2016-only result from ATLAS [5].

The Bino-Wino coannihilation model described in section 2.2 performs best in the
FDV signal region, as expected due to the b-jets in the final state. Figure 10 shows the
observed and expected limits, which constrain the lightest neutralino masses to be greater
than approximately 350-650 GeV for a wide range of lifetimes and mass splittings. The
observed limit is lower than the expected limit because of the small excess in 1IFDV SR.
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Figure 10. 95% confidence level observed and expected upper limits on the masses and lifetimes of

the Bino-Wino coannihilation model, with exclusion contours as described in figure 9. The exclusion
. <0 .. . . s ~0 <0

as a function (a) of X2 lifetime and mass with a mass splitting between X2 and X1 Amio L= 50 GeV

2,X1
and (b) of mass splitting and X! mass with a lifetime 7 = 0.03ns. The weaker constraint on the
observed limit compared to the expected limit is due to a small excess in FDV SR. The area below
the contour is excluded for the left plot, and the area to the left of the contour is excluded for the
right plot.

The largest observed p-value under the Bino-Wino coannihilation model is obtained as 0.52
when Mmoo = 700 GeV, Am)zo o0 = 40GeV, and 7 = 0.3 ns.

2,X1

In the DFSZ axino model described in section 2.3, the final state can include either four
displaced b-jets (in the case of a Higgs boson final state) or four displaced light-quark jets (in
the case of a Z boson final state). In principle, the presence of b-jets in the final state should
lead to stronger sensitivity in the FDV SR for the Higgs boson scenario, while the SDV SR
should perform better for the Z boson final state. However, stronger expected limits were
seen for both final states in the SDV SR than in the FDV SR,3 with the Z boson final state
providing more stringent constraints as expected. As shown in figure 11, the observed cross-
section limits for the Z boson final state are 2-3 times better than those for the Higgs boson
final state, consistent with the better performance of the SDV algorithm in reconstructing the
light-quark jets from Z decays. The constraints exclude significant portions of the studied
parameter space at 95% confidence level for both production mechanisms, particularly for
axion masses (m,) between 100 and 2500 peV when the neutralino mass is fixed at 800 GeV
(a), and for neutralino masses (m)ch) below approximately 400 GeV when the axion mass
parameters are held constant (b). This is the first time limits have been set explicitly on this
model; while a past search has probed a similar DFSZ axino scenario [96], it was previously
assumed that the axino would be promptly produced and did not directly constrain f,.

3The FDV SR is optimized for the Bino-Wino coannihilation case, and differs in kinematics and range of
parameters DF'SZ axino Higgs channel in several ways. For all axino models studied, the Higgs boson is required
to be produced on-shell, while for the Bino-Wino coannihilation models the Higgs boson is instead produced
off-shell. This explains why this SR does not display an optimal sensitivity for the axino Higgs channel.
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Figure 11. Expected and observed limits at 95% confidence level on the cross-section of the DFSZ
axino model as a function of axion and axino mass, in which either (a) the axino mass m; is held
constant or (b) the neutralino mass mo is held constant. Limits are drawn separately for two choices

-0
of the axion mass parameter m,, which correspond to a range of X1 lifetimes as discussed in section 2.3.
The theoretical Higgsino pair production cross-section used is included for reference [56, 57]. Cross-
sections above the contours are excluded.

The Higgs portal model introduced in section 2.4 is best constrained in the FDV SR.
Observed and expected limits are set on the branching ratio of h — SS — 4b and shown
in figure 12. These exclusions are compared to a target 12% branching ratio, above which
exotic undetected Higgs boson decays have been excluded [97]. For pseudoscalar masses
mg = 25 GeV and above, this analysis excludes a significant region of phase space below
this target, down to a branching ratio of 2.6-12.9% for pseudoscalar lifetimes 7¢ < 0.03 ns.
Complementary searches for LLPs place stronger constraints on the Higgs portal model for
lifetimes of 0.03 and 0.3 ns [8, 98-102].

The shape of the exclusion contours in figures 9-12 reflects the interplay between displaced
vertex reconstruction efficiency and LLP decay kinematics. Sensitivity peaks at intermediate
lifetimes, where decays are typically well-contained within the tracking volume for vertices
with a sufficiently high mpy that pass all selection and cleaning requirements. At low mpy,
signal vertices are more likely to mimic common background topologies and are frequently
removed by the cleaning cuts. At large lifetimes, LLPs increasingly decay outside the detector
volume, reducing the probability of reconstructing a displaced vertex. In models predicting
two displaced decays per event, some sensitivity is retained even at long lifetimes when
one LLP decays within the tracker and the other escapes, contributing to the event’s Er™s.
However, such events still require at least one well-reconstructed displaced vertex to satisfy
the analysis selection, and the overall efficiency drops sharply in this regime.
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Figure 12. Expected and observed limits on the branching ratio of h — 5SS — 4b in the Higgs portal
model at 95% confidence level, shown as a function of the lifetime 7 of the new heavy pseudoscalar
S. Limits are evaluated for several values of the pseudoscalar mass mg, and compared to a 12%
branching ratio for the Higgs boson decaying into BSM final states [97]. Each color indicates a specific
value of mg. The weaker constraint on the observed limit compared to the expected limit is due to a
small excess in FDV SR.

8 Conclusion

The results of a multi-faceted search for BSM physics processes characterized by displaced
vertices and missing transverse momentum using 137 ! of proton—proton collision data
delivered by the LHC and collected by the ATLAS detector at /s = 13 TeV are presented.
This analysis employed both inclusive event selection criteria and dedicated displaced vertex
reconstruction algorithms to maximize sensitivity across a broad range of theoretical models
predicting long-lived particle signatures.

No statistically significant excess above the SM background expectation was observed,
thus allowing constraints to be placed on the four primary BSM signal models considered:
long-lived gluinos which hadronize into R-hadrons before decaying, neutralinos decaying via
Higgs-mediated channels, long-lived Higgsinos decaying to axinos, and an exotic Higgs portal
model predicting displaced decays of light pseudoscalars.

In the Gluino R-hadron model, constraints reached gluino masses of 1.8-2.5TeV for a
range of neutralino masses and gluino lifetimes, improving previous ATLAS gluino mass
results by more than 200 GeV. In the Bino-Wino coannihilation model, the lightest neutralino
masses are constrained to be greater than approximately 350-650 GeV for a range of lifetimes
and mass splittings. In the DFSZ axino model the analysis constrains axion masses between
100 and 2500 peV when the neutralino mass is fixed at 800 GeV, and for neutralino masses
below 400 GeV for fixed axion mass parameters. Finally, the excluded Higgs branching
ratio in the Higgs portal model reaches 2.6% for a pseudoscalar with a mass of 55 GeV
and lifetime of 0.03 ns.
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