PUBLISHED FOR SISSA BY 4) SPRINGER

RECEIVED: July 15, 2024
ACCEPTED: October 16, 202/
PUBLISHED: November 6, 2024

Search for neutral long-lived particles that decay into
displaced jets in the ATLAS calorimeter in association
with leptons or jets using pp collisions at /s = 13 TeV

)

L

EXPERIMENT

The ATLAS collaboration

E-mail: atlas.publications@cern.ch

ABSTRACT: A search for neutral long-lived particles (LLPs) decaying in the ATLAS hadronic
calorimeter using 140 fb~! of proton-proton collisions at /s = 13 TeV delivered by the LHC is
presented. The analysis is composed of three channels. The first targets pair-produced LLPs,
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1 Introduction

Many extensions to the Standard Model (SM) of particle physics predict new particles whose
decays are suppressed by weak coupling constants, small mass differences between particles,
or heavy mediators. Such particles can acquire large lifetimes, becoming long-lived particles
(LLPs). LLPs are featured in many well-motivated theories including various supersymmetry
models [1-6]; neutral naturalness models [7-10] featuring a Hidden Sector (HS) [11-13] that
addresses the hierarchy problem; models that seek to incorporate dark matter [14-17], or
explain the matter-antimatter asymmetry of the universe [18]; and models including heavy
neutrinos [19, 20] that provide an explanation for the origin of light neutrino masses and
mixings. Axion-like particles (ALPs), which may help resolve the strong CP problem, are
also predicted to be long-lived in some parts of the parameter space [21]. Not only could
LLPs provide a novel route to a groundbreaking discovery, but they can also probe regions
of common benchmark models [22], such as the two-Higgs doublet model that is widely
used to explore dark matter topologies, in regions inaccessible to the wider ATLAS search
programme involving prompt particles.

This paper studies electrically neutral LLPs decaying hadronically in the hadronic
calorimeter of the ATLAS detector at the Large Hadron Collider (LHC). This corresponds to



particles with a lifetime (7) times the speed of light (¢) between a few centimeters and tens of
meters. Since the LLPs are neutral, they do not leave any hits in the ATLAS tracking system.
Their decay into quarks or gluons, which later hadronise, leads to jets in the calorimeters. For
LLPs that decay after the electromagnetic part of the calorimeter, the distribution of energy
of the resulting jets differs from that of standard jets, as they have a very low electromagnetic
component. This fact can be used to identify displaced jets from SM jets and other sources
of background. The “CalRatio” quantity, representing the ratio of the energy in the hadronic
calorimeter to the energy in the electromagnetic calorimeter, can also serve this purpose.

There exist several previous searches for pair-produced neutral LLPs decaying hadronically
at the LHC. The search for displaced jets at LHCD in ref. [23] is sensitive to c¢7 values from
~1mm to ~0.1 m. The most recent searches by the CMS collaboration at /s = 13 TeV [24—
26] involve jets with displaced vertices in the tracking system or muon detectors [27], and
are sensitive to ¢7 values from ~1mm to ~ 10m. Previous ATLAS searches at /s = 13 TeV
looked for displaced vertices in the tracking system [28-30], hadronic calorimeter [31], pairs
of reconstructed vertices in the muon spectrometer [32], or the combination of one displaced
vertex in the muon spectrometer and one in the inner tracking detector [33]. A search for
hadronic decays of LLPs in association with a Z boson was performed by ATLAS in ref. [34]
using early Run 2 data. These ATLAS searches are complementary, and together provide
coverage of cr values extending from effectively prompt to ~ 200 m.

Previous searches for displaced jets in the calorimeter at ATLAS have found limitations
at the level of the trigger. Indeed, if the LLPs are produced without any additional objects
(as happens for example for gluon-gluon fusion production of a Higgs boson-like mediator
decaying into LLPs), the decay products can often fail to meet minimum energy thresholds
required to record the event. This is particularly true in low-mass and low-boost kinematic
regimes. The analysis presented in this paper differs from its predecessors insofar as it searches
for LLPs decaying into displaced jets in addition to other objects in the event, such as the
decay products of W or Z bosons, or resolved jets from another LLP. These differences allow
sensitivity to lower decay lengths or to trigger on prompt objects, gaining in trigger efficiency
at the cost of a lower production cross-section. The analysis then uses the same displaced jet
identification technique as in ref. [31] to select candidate jets resulting from LLP decays in
the calorimeter. These will have large values of the CalRatio variable defined above.

The analysis is split into three channels. The CalRatio + two jets (CalR+2J) channel
targets LLPs resulting from gluon-gluon fusion production of the mediator particle in an HS
model, leading to two LLPs in the event. One LLP decays in the calorimeter, with its decay
products merged into a single displaced jet. The other LLP decays with a short enough decay
length and low enough boost to produce two resolved jets from its decay products.

The CalRatio + W boson (CalR+W') and CalRatio + Z boson (CalR+Z) channels target
displaced jets produced in association with a SM vector boson. This results, for example,
from an HS mediator produced with a SM vector boson or an ALP radiated from a vector
boson. In each case, the vector boson’s leptonic decay is exploited.

These different final states require different event selections and triggering strategies.
All three channels use the same displaced jet tagger [31]. The main backgrounds for the
CalR+2J channel are SM multijets, and non-collision backgrounds (NCBs) such as beam-



induced background (BIB) and cosmic rays (although these are ultimately reduced to a
negligible level in all channels). The CalR+W and CalR+Z channels have main backgrounds
originating from SM processes involving vector bosons produced with jets, and single- or
pair-production of top quarks. In all channels, the final background estimate is data-driven
(using the likelihood-based ABCD method).

The rest of this document is organised as follows. The ATLAS detector is described
in section 2. The datasets and simulated samples used for the analysis are reported in
section 3. The definitions of the reconstructed objects are provided in section 4. The selection
criteria applied to define each channel are laid out in section 5. The description of the
relevant background sources and how they are evaluated is available in section 6. Systematic
uncertainties are listed in section 7. Finally, the statistical analysis and results are reported
in section 8 before the conclusions in section 9.

2 The ATLAS detector

The ATLAS detector [35] at the LHC covers nearly the entire solid angle around the
collision point.!

It is a multipurpose detector consisting of an inner tracking detector surrounded by
a thin superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon
spectrometer incorporating three large superconducting toroidal magnets. The inner detector
system is immersed in a 2T axial magnetic field and provides charged-particle tracking
in the range of |n| < 2.5.

The high-granularity silicon pixel detector covers the vertex region and typically provides
four measurements per track. The layer closest to the interaction point is known as the
insertable B-Layer [36, 37]. The pixel detector is surrounded by the silicon microstrip tracker,
which usually provides four three-dimensional measurement points per track. These silicon
detectors are complemented by the transition radiation tracker, with coverage up to |n| = 2.0.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) electromagnetic calorimeters (together referred to as the ECAL),
with an additional thin LAr presampler covering |n| < 1.8 to correct for energy loss in material
upstream of the calorimeters. The ECAL extends from 1.5m to 2.0 m in radial distance r in
the barrel and from 3.6 m to 4.25m in |z| in the endcaps. Hadronic calorimetry is provided
by a steel/scintillator-tile calorimeter (HCAL), segmented into three barrel structures within
the range |n| < 1.7, and two copper/LAr hadronic endcap calorimeters covering |n| > 1.5.
The HCAL covers the region from 2.25m to 4.25m in r in the barrel (although the HCAL
active material extends only up to 3.9m) and from 4.3 m to 6.05m in |z| in the endcaps. The

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

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

E+pzc

n = —Intan(#/2) and is equal to the rapidity y = % In (Eipzc

measured in units of AR = /(Ay)2 + (A¢)2.

) in the relativistic limit. Angular distance is



solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter
modules optimised for electromagnetic and hadronic measurements, respectively.

The calorimeters have a highly granular lateral and longitudinal segmentation. Including
the presamplers, there are seven sampling layers in the combined central calorimeters (the LAr
presampler, three in the ECAL barrel and three in the HCAL barrel), and the endcap regions
provide up to eight sampling layers (the presampler, three in ECAL endcaps and four in HCAL
endcaps). The forward calorimeter modules provide three sampling layers in the forward
region. The combined depth of the calorimeters for hadronic energy measurements is more
than nine hadronic interaction lengths nearly everywhere across the full detector acceptance.

The muon spectrometer comprises separate trigger and high-precision tracking chambers
measuring the deflection of muons in the magnetic field generated by the superconducting
air-core toroids. The field integral of the toroids ranges between 2.0 and 6.0 Tm across
most of the detector.

The ATLAS detector records events using a tiered trigger system [38]. The level-1 (L1)
trigger is implemented in custom electronics and reduces the event rate from the LHC crossing
frequency of 40 MHz to a design value of 100 kHz. The second level, known as the high-level
trigger (HLT), is implemented in software running on a commodity PC farm that processes
the events and reduces the rate of recorded events to 1 kHz. A software suite [39] is used in
data simulation, in the reconstruction and analysis of real and simulated data, in detector
operations, and in the trigger and data acquisition systems of the experiment.

3 Data and simulated event samples

The analysed dataset was collected between 2015 and 2018 by the ATLAS detector from
proton-proton (pp) collisions at /s = 13 TeV at the LHC. The total integrated luminosity of
this dataset is 140 fb~!. Data where the LHC beams were not stable or not all subdetectors
were operational were excluded [40].

For the CalR+2J channel, dedicated LLP triggers (dubbed “CalRatio triggers” as they
exploit the ratio of energy in the electromagnetic and hadronic parts of the calorimeter) were
employed. They were detailed ref. [31], and a short summary is given here. At L1, jets were
reconstructed in 0.2 x 0.2 regions in the 7 X ¢ plane, motivated by the fact that signal jets
tend to be narrower than regular SM jets. Events with jets with transverse energy Et1 above
60 or 100 GeV (depending on the data-taking period) are selected. In some run periods,
triggers were available with the requirement that L1 jet objects were accepted only if there
existed no deposit in the electromagnetic calorimeter in the same 1 — ¢ position as the jet.
This requirement acted as a proxy to the CalRatio quantity, allowing the E1 thresholds to be
reduced to 30 GeV. At HLT, the triggering jet was additionally required to satisfy |n| < 2.5
where tracking information is available. Further, the jet should have a high proportion of its
energy in the HCAL, satisfy a modified noise-suppression selection and satisfy a BIB-removal
algorithm exploiting, for example, the timing and alignment of deposits in ¢. In the following,
the dataset collected with the CalRatio triggers is referred to as the “main” dataset.

In the remaining channels, single or dilepton triggers [41, 42] were employed, where only
triggers running unprescaled for the whole data-taking period in a given year were considered.



Three additional datasets were collected for the study of NCBs and construction of
validation and control regions. These datasets are the same as described in ref. [31] and
are summarised briefly here. The BIB dataset was collected from events satisfying all the
requirements of the CalRatio triggers but failing to pass the BIB-removal algorithm. The
cosmic ray dataset was collected using the same trigger selection but from events recorded
during empty bunch crossings. Finally, a dijet dataset was selected using a single-jet-based
trigger [43] and vetoing on the CalRatio triggers to make it orthogonal to the main dataset.
This dataset is used to test the effect of the modelling in the displaced jet neural network
tagger’s output.

The main SM backgrounds are SM multijets in the CalR+2J channel, and W /Z+jets, tt
and single-top-quark events in the CalR+W and CalR+Z channels. Although data-driven
methods are used to do the final background estimations, Monte Carlo (MC) simulated
events are needed to train the machine-learning (ML) discriminants and evaluate certain
systematic uncertainties. The SM multijet samples were generated at leading order (LO) with
PyTHIA 8.186 [44] using the A14 set of tuned parameters (tune) [45] for parton showering
and hadronisation. The NNPDF2.3LO parton distribution function (PDF) set [46] was used.
Events containing a W or Z boson with jets were simulated with SHERPA v2.2.1 [47, 48]. Next-
to-leading-order (NLO) accurate matrix elements for up to two jets, and LO-accurate matrix
elements for up to four jets were calculated with the Comix [49] and OPENLoOPS [50, 51]
libraries. The default SHERPA parton shower [52] was used. The production of ¢t events was
modelled using the POWHEG Box v2 [53-56] generator at NLO with the NNPDF3.0NLO
PDF set and the hdamp parameter set to 1.5 times the top quark mass [57]. The events
were interfaced with PyTHIA 8.230 [58] using the A14 tune and the NNPDF2.3LO PDF
set. The NLO tt inclusive production cross-section was corrected to the theory prediction
at next-to-next-to-leading-order (NNLO) in QCD including the resummation of next-to-
next-to-leading logarithmic (NNLL) soft-gluon terms calculated using Top++2.0 [59-65].
Single-top-quark production was modelled using POWHEG Box v2 [54-56, 66] at NLO in
QCD in the five-flavour scheme with the NNPDF3.0NLO PDF set [67]. The diagram-removal
scheme [68] was employed to address the interference with ¢t production [57]. The events
were interfaced with PyTHIA 8.230 using the A14 tune and the NNPDF2.3LO PDF set.
The inclusive cross-section was corrected to the theory prediction calculated at NLO in QCD
with NNLL soft-gluon corrections [69, 70].

Three types of benchmark signals are considered. The first is the HS model [11, 12, 71, 72],
where a scalar boson ® (the Higgs boson, or a lighter or heavier particle that behaves similarly)
acts as mediator between the SM and the HS. The ® can decay into neutral long-lived scalars,
denoted S, which are the LLPs. The scalars decay chiefly into the heaviest kinematically
accessible fermion pairs: typically b-quarks in most of the considered signals. This is the
same model as studied in ref. [31]. Events were simulated using MADGRAPH5 AMCQ@QNLO
v2.6.2 [73] at LO with the NNPDF2.3LO PDF set. Two production modes for ® are
considered: gluon-gluon fusion production for the CalR+2J channel and associated vector
boson (W or Z) production for the CalR+W/Z channels. Vector boson fusion (VBF) is
not considered: in the CalR+2J channel all objects that play a role in the selection come
from LLP decays. Hence, the efficiencies for events produced from gluon-gluon fusion and
VBF productions are expected to be similar. Given the relative cross-sections between these



Figure 1. Example Feynman diagrams for the signal processes explored in this paper. (a) Model
where the mediator (®) is produced in association with a vector boson V=W or Z, and the LLPs
S decay into fermions (mainly b-quarks). (b) ALP model where the long-lived ALP a decays into
gluons, and is produced in association with a vector boson. (c) Dark photon Z; model produced with
a Z boson from the decay of a mediator ®.

production modes, no sensitive additional contribution is expected from the VBF production.
The HS samples produced with a W or Z boson are referred to as WHS and ZHS, respectively.
For the gluon-gluon fusion samples, the ® transverse momentum distribution was reweighted
to match NLO predictions using the same event generator. Cross-sections of 48.6 pb for
gluon-gluon fusion, 0.45 pb for associated production with a W boson decaying leptonically,
and 0.09 pb for associated production with a Z boson decaying leptonically (all extracted
from the NNLO calculation [74]) are assumed when normalising results for the case where
the mediator is the SM Higgs boson. Several sets of samples were generated, with different
assumptions for particle masses, in the range of 60 to 1000 GeV for the mediator, and 5
to 475 GeV for the long-lived scalar. The second type of signal model, considered in the
CalR+W/Z channels, contains photo-phobic ALPs [21] that are radiated from vector bosons
and decay into gluons. The ALP masses vary between 0.1 and 40 GeV, and the coupling
of the ALP to gluons, which determines its lifetime, varies between 107 and 10~2. In this
model, only vector boson decays into electrons or muons are considered. The ALP samples
were generated with MADGRAPH5__ AMC@NLO v2.9.3 at LO with the NNPDF2.3LO PDF
set. The samples are referred to as ZALP and WALP. The third benchmark sample is a
long-lived dark photon (Z;) model [75, 76], where the Z; is produced with a Z during the
decay of a scalar mediator. It is referred to here as the HZZ; model. This model was
studied by ATLAS in ref. [34]. Mediator masses between 250 and 600 GeV are considered,
with dark photon masses ranging between 5 and 400 GeV. The samples were generated with
MADGRAPHS5__AMCQ@NLO2.6.7 at LO with the NNPDF2.3LO PDF set. For all signal
samples, parton showering and hadronisation were modelled using PYTHIAS with the Al4
tune. This model was last searched for by ATLAS in the Z + displaced jet channel in ref. [34].

Example Feynman diagrams for these three types of model are shown in figure 1. For
all signal samples, the generated LLP mean proper lifetime (7gen) was chosen to maximise
the fraction of decays in the ATLAS hadronic calorimeter and muon system (these mean
proper lifetimes are typically of the order of a few meters, but vary across samples due to
time dilation effects). The effect of multiple interactions per bunch crossing (pile-up) was
modelled by overlaying the simulated hard-scattering event with inelastic pp collision events



generated with PYTHIA 8.186 using the NNPDF2.3LO PDF set and the A3 tune [77]. The
detector geometry and response were simulated with GEANT4 [78, 79]. The standard ATLAS
reconstruction software is used for both the simulation and collision data.

4 Event reconstruction

Three types of reconstructed objects are used: jets, leptons and missing transverse momentum.
Hadronically decaying LLPs will form displaced jets, which are the common signature in all
the channels. The leptons and missing transverse momentum are exploited to reconstruct
W and Z boson candidates in the CalR+W and CalR+Z channels. The formal definitions
of each object type are described below.

Jets. Jets are reconstructed using the anti-k; algorithm [80, 81] with a radius parameter
R = 0.4 using calorimeter energy clusters only (tracking information is not used). Jets are
further calibrated to account for the predicted detector response in MC simulation, and a
residual calibration of jets in data is derived through in situ measurements [82]. “Clean
jets” are defined as those that have transverse momentum (pr) above 40 GeV, |n| < 2.5
and satisfy the CalRatio jet cleaning requirement described in ref. [31]. A “trackless jet”
is defined as a clean jet with ARunin > 0.2, where AR represents the angular distance
between the jet axis and the closest track with pp > 2 GeV. SM jets, which typically have
multiple tracks in their cone, will have small values of this quantity, while anomalous trackless
jets will yield large values. The Y AR, is defined as the sum of AR, over jets above a
certain pr threshold, which is optimised differently according to the channel: 40 GeV for the
CalR+W/Z channels and 50 GeV for the CalR+2J channel. This is a useful discriminant to
select events containing displaced jets. This quantity was found to be stable across pile-up
values encountered during LHC Run 2. The term “displaced jet” is generically used to refer
to jets that originated away from the interaction point: in the context of this analysis, it is
taken to mean jets that began in the ATLAS calorimeters. A CalRatio jet candidate must
be matched (within a cone of radius 0.2) to an HLT jet that met the criteria of one of the
CalRatio triggers. It must also satisfy ARmin(jet, track) > 0.2 and log,o(Ewu/Erm) > 1.2,
where logo(Fu/ErMm) is the base-10 logarithm of their CalRatio value.

All analysis channels make use of a neural network (NN) classifier trained to distinguish
signal-like jets (arising from a LLP decay) from BIB-like jets and SM multijets. This displaced
NN jet tagger was originally trained for the analysis in ref. [31], which contains all the details
about its architecture, training and performance. Only a brief summary of the key points
is included here. The architecture chosen was a set of convolutional layers fed into a long
short-term memory (LSTM) layer [83]. An additional adversarial component was added to
prevent the network from exploiting mismodelling of some of the features (further details are
provided in section 7). The inputs to the NN are low-level features of the jets from the tracker
(positions, momenta, impact parameter and quality variables of inner-detector tracks that
are within AR = 0.2 of jets), calorimeters (the fraction of the jet energy deposited in each
layer of the ECal and HCal and momenta, timing information and positions of calorimeter
topoclusters, i.e. collections of calorimeter cells used in jet reconstruction [84] associated
with each jet) and muon system (spatial and timing information for muon track segments



within A¢ = 0.2 of a jet). The NN was trained on SM multijet MC samples and the BIB
dataset, and a combination of HS signal samples. Two trainings were provided: one using
signals with mediator masses below or equal to 200 GeV; the other using signal with mediator
masses strictly above 200 GeV. These two versions of the NN are referred to as the low-Ep
and high-E 1 NNs respectively. Each NN outputs three scores for each jet, which relate
to the probability that such a jet would be the result of an LLP decay, a BIB hit, or a
non-displaced jet. These scores are referred to as signal-score, BIB-score and multijet-score,
and sum to unity. The modelling of the input features is checked using the dijet dataset
described in section 3. A dedicated procedure is used to evaluate the residual uncertainty in
the performance of the NN due to potential mis-modelling of the input variables, as described
in section 7. The per-jet NN is then exploited in the three analysis channels, which are
described separately in section 5, selecting the jets with the highest signal-scores.

Leptons. “Baseline” leptons (e or u) are required to have pr above 10 GeV, and satisfy
In| < 2.47 for electrons and |n| < 2.5 for muons. Electrons in the gap between the barrel
and the endcap are excluded. Further, these leptons are expected to meet the standard
ATLAS requirements on track-to-vertex association, Medium identification and Tight isolation
conditions, as defined in refs. [85, 86]. The standard lepton reconstruction efficiency correction
factors are used. A procedure is implemented to resolve ambiguities arising from the fact
that electrons, muons and jets are identified and reconstructed independently. Only leptons
satisfying the baseline selections are considered for this process, and calibrated jets used for
the displaced jet identification. First, if two electrons share a track in the inner detector,
then the lepton with the lowest pr is discarded (in practice this is a negligible effect). Next
if a muon and electron share a track, then the electron is discarded unless the muon was
seeded from calorimeter energy clusters. Any jets within AR = 0.3 of electrons or muons are
removed from the final state. Then, any selected electrons or muons within 0.2 < AR < 0.4
of any remaining selected jet are also removed.

Missing transverse momentum and vector bosons. The missing transverse momentum,
ﬁ‘%ﬁss, is defined as the negative vector sum of the transverse momenta of all baseline electrons,
muons and jets in the event, plus an additional soft term corresponding to tracks not associated
with any identified lepton or jet [87]. Its magnitude, ES is referred to as the missing
transverse energy. W boson candidates are formed in events containing exactly one baseline

lepton (denoted by £) matched to a lepton trigger object with pr > 27GeV and EXsS > 30GeV.

The transverse invariant mass of the system, given by \/ 2ERISSpE (1 — cos(Ag(ERSs, 1)),
is required to be above 50 GeV to remove multijet background contamination. Z boson

candidates are defined in events containing at least one same-flavour opposite-sign pair of
baseline leptons, each with the leading and subleading leptons satisfying pr > 25 GeV and
pr > 10GeV respectively. At least one of the selected leptons is required to match to a
lepton trigger object. The invariant mass of the dilepton system my, is required to be in
the range of 60 < myy < 120 GeV. If multiple lepton pairs are possible, only the pair with
the invariant mass closest to the Z boson mass is kept. The lepton pt thresholds used in
the construction of vector boson candidates were selected following an optimisation process
with sensitivity to LLP signals as the figure of merit.



5 Event selection

Events are required to first satisfy at least one of the triggers listed in section 3. In
the CalR+W/Z channels, the logical “OR” of the unprescaled triggers with the lowest pr
thresholds is utilised. Adding the CalRatio triggers into the “OR’ did not result in a significant
gain in signal efficiency, so they were not included. In both the channels, the trigger efficiency
increases with lepton pr, and it reaches a plateau for values of pr above 50 GeV (in the
CalR+Z channel) and 100 GeV (in the CalR+W channel), with similar performance for all
benchmark samples. In addition to satisfying a trigger requirement, every event is required
to have a primary vertex with at least two tracks with pp > 500 MeV [88]. At least one clean
jet (which can be displaced) is required in the event for all channels.

The three analysis channels (CalR+2J, CalR+W, CalR+Z) exploit different final states
but follow the same overall strategy: a per-jet NN provides discrimination between signal-like
jets, BIB-like jets and SM multijets. Additional per-event ML algorithms are trained to
separate signal from remaining backgrounds at the event level. Some additional selections are
applied to ensure consistent behaviour of the remaining population of events. The surviving
events are then placed in a plane of two uncorrelated variables, enabling the data-driven
ABCD method to be used for the final background estimate as described in section 6.

5.1 CalR-+2J channel selection

The CalR+2J channel targets events containing one displaced jet, and two other jets that
may be trackless. Such a signature arises in the HS benchmark models where the mediator is
produced by gluon-gluon fusion before decaying into a pair of LLPs. One LLP can decay in
the hadronic part of the calorimeter (leading to a displaced jet where both the fermions are
collimated into a single jet, with high probability to fulfil the criteria of the CalRatio triggers)
and the other LLP can decay with a short enough decay length to produce two separate
additional jets (one from each fermion). These jets would likely be reconstructed without
associated tracks, and would be delayed relative to activity arriving from the interaction point
in a straight line. Events containing mediators produced via vector-boson fusion would also
enter this channel, although the additional information from the prompt jets would not be
exploited. Hence, no sensitive additional contribution is expected from this production mode
given its low cross-section compared with gluon-gluon fusion. A dedicated analysis would
be needed to make the most of the vector boson fusion signature. The CalR+2J channel is
complementary to the analysis in ref. [31], which was optimised for the case where both the
LLPs led to merged displaced jets. In this analysis, the “merged-resolved” topology (which
can account for up to 27% of events in the benchmark HS models) is explored for the first time.

Events entering this channel are required to satisfy a preselection consisting of having
at least three clean jets and > AR, being above 0.5, where the sum runs over jets with
pt > 50GeV. This pr threshold was chosen to be consistent with the previous analysis
exploiting a similar topology [31]. The jets with the three highest signal scores from the
high- Er and low-E1 NNs are selected, and one of these must be a CalRatio jet candidate.
The two other jets represent the resolved additional jets from a second LLP decay. These
jets and the jets with the three highest BIB scores must satisfy additional conditions. In
practice the three jets with the highest signal and BIB scores can be the same jets. The first
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Figure 2. Comparison of the NN¢ar125 distribution between signal events and background. Only
signal events with at least one LLP decaying after the inner detector are shown. The main data,
collected with the CalRatio triggers, are dominated by QCD multijet background.

condition is on jet time, which is the energy-weighted average time of the jet’s constituent
energy deposits, relative to the time it would take for a particle to travel at the speed
of light directly from the interaction point to the jet’s calorimeter location [84]. All jets
should have a time within the range of —3 to 15ns. This criterion aims to reject BIB
jets (which do not need to pass via the interaction point and hence can arrive early) and
noise-induced jet candidates (which are uniformly distributed in time), and preserve signal
jets from LLPs moving relatively slowly with timings up to 15ns. Next, these jets should
have log,o(En/Erm) > —1.5. Finally, the jets with the highest signal scores should not be
in the barrel-endcap transition regions: |n| ¢ (1.45,1.55).

An event-level NN (labelled NNcar125) is trained with the objective of removing all
remaining BIB events from the selection, such that the only remaining background is multijet
events. This facilitates the use of the ABCD method for the background estimate in section 6.
The input features for the NNcary27 includes jet-level and event-level variables. The jet
observables include per-jet NN scores, kinematics, width and time. The event-level variables
include the scalar sum hadronic energy of all jets, angular separations between jets, missing
transverse energy and related quantities. The NNcary27 is trained on events from the BIB
dataset and the HS signal samples after preselection. It was trained to be decorrelated
from the > ARy, event-level variable by adding additional terms to the loss function, as
described in section 6.1. Figure 2 shows the distribution of the NNcar125 output for the
BIB and main datasets and some example signal models. BIB-like events are associated
with very small values of the output. Events in the BIB dataset with a NNgar+25 output
of three or higher do not show the characteristic timing and angular distributions of BIB
and are indistinguishable from pure multijet events. Thus events are required to have a
NNcair+2y score of at least three to be considered in this channel to effectively eliminate
BIB-like events. Table 1 lists the full selection criteria.
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Selection | CalR+2J
Trigger | Satisfy CalRatio trigger

Number of clean jets | > 3
> ARpin | > 0.5
Trigger matching | At least one signal candidate
Signal /BIB jet candidate time | —3ns < t < 15ns
Signal /BIB jet candidate log,o(Ewn/Egm) | > —1.5
Signal jet candidate n | ¢ (1.45,1.55)
NNcar+25 | =3
> ARpin > 0.71
NNcair+25 > 7.61

Region A

Table 1. The final selection criteria for the signal region of the CalR+2J channel. Region A is the
signal region of the ABCD plane defined in section 6 and includes all the other requirements listed in
the table.

5.2 CalR+W and CalR+Z channel selections
5.2.1 Preselection

The leptonic channels share a common preselection. At least one trackless jet with pp > 40GeV
is required, and the > ARy, is required to be above 0.5, where the sum runs over jets with
pr > 40 GeV. In both the channels, the jet with the highest low- E+ NN signal-score (j%%¢) is
required to be trackless and to have pr > 50 GeV, log o(En/Erm) > —1, a time in the range
of (—=3,15) ns and not be in the transition regions between the barrel and endcap. The NN
signal-score of this jet is required to be above 0.4. Both channels use the low- Er NN scores
to rank jets from most signal-like to least signal-like. As it was already observed in ref. [31],
even for high-Er input signal samples the low-E1 NN scores provide a better separation
from background in cases where the LLP boost is moderate.

5.2.2 CalR+W channel selections

The CalR+W channel targets scenarios where the HS mediator is produced in association
with a W boson, where the W boson decays leptonically. While this production mode has a
lower expected cross-section than gluon-gluon fusion, the additional lepton from the W boson
decay provides a clear signature on which to trigger. It also renders most NCBs negligible,
and makes it possible to require only one displaced jet while two were required in ref. [31]. In
addition to the HS models, ALP models also predict events in this topology.

After the application of the preselection, a W boson candidate is required in the event.
Events with more than one lepton are rejected, to maintain orthogonality with the CalR+ 2
channel. The most signal-like jet must be separated in the azimuthal direction from the ErTniSS:
Ag(j5, Emiss) > (.5. To be orthogonal to the CalR+Z channel, events with more than one
baseline lepton are vetoed. Finally, the CalR+W channel exploits a set of Boosted Decision
Trees (BDTs) as discriminants. These are trained with XGBoost [89] with the objective of
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Selection

CalR+W WALP

CalR+W low-Er

CalR+W high-Er

Vector boson candidates

0Z,1W

02,1 W

0Z,1W

BDT score | BDT&ER 1y > 0.82 | BDTOn,, > 0.92 | BDTEER"T, > 0.89
398 log o (Eu/Egm) | > 1 >1 —
758 pr | > 70 GeV > 60 GeV > 100 GeV
Lepton pr | — > 40 GeV > 60 GeV
Ag(lepton, E¥ss) | < 1.5 — —

Region A

ZARmin 2 1.1

A
BDTALE L > 0.975

ZARmin 2 1.4

BDT R Ny > 0.985

Z AFimin 2 1.1

BDTEER"T, > 0.99

Table 2. The final selection criteria for the signal regions of the CalR+W channel. Region A is the
signal region of the ABCD plane defined in section 6 and includes all the other requirements listed in
the table.

discriminating signal from background events after preselection and W boson identification
is applied. Three BDTs are trained corresponding to three input signal sample sets. The
first uses a combination of all WALP mass points, in which there is only one LLP in the
event. The other two BDTs are trained on low (mg < 200 GeV) and high (mg > 200 GeV)
HS mediator mass events with an associated W boson. In all cases, the BDT is trained to
discriminate the signal against MC simulated events from all background processes listed
in section 3 for this channel. These three BDTs are hereafter referred to as BDTé{;llf{ LW
BDTEYES, and BDTIEEY

for the training, leaving the even numbered events for evaluation. The input variables include

For signal, only events with an odd event number are used

information from jets (such as pr, jet width and per-jet NN scores), leptons (such as pp
and angles between leptons and signal-like jets) and event-level observables (such as missing
transverse energy in the event, reconstructed vector boson kinematics).

Figures 3(a), 3(b) and 3(c) show the distribution of BDTALE 1y, BDTI&V’LV{I@EW

BDTEE&;E%V on four signal models, data and background MC. The simulated background

and

events are shown only for comparison at the preselection stage, and are not used in the final
background estimate. Dedicated uncertainties are derived to cover the effect of mis-modelling
of input variables on signal efficiency, as detailed in section 7. Three sets of selection criteria
are defined, each exploiting one of these BDTs. The selection criteria are listed in table 2.

5.2.3 CalR+Z channel selection

The CalR+Z channel targets the topology where the LLP is accompanied by a Z boson
decaying into two charged leptons. The motivation is identical to that described in section 5.2.2.
In addition to the benchmark HS and ALP models, this channel considers the study of the
long-lived dark photon (Z;) model described in section 3.

After passing the preselection, events entering the CalR+Z channel must contain a single
Z boson candidate. Two different BDTs are trained with XGBoost to discriminate signal from
background events. The resulting BDT scores are used for a data-driven background estimate
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Figure 3. Comparison of the distribution of (a) BDTALE . (b) BDTICOZVI'P‘{EJFTW, (c) BDT}éiagl}Ef%
scores between signal events and background, after preselection. In all cases, only signal events with
at least one LLP decaying after the ID are shown. The simulated background events are shown only
for comparison at the preselection stage, and are not used in the final background estimate.

(see section 6 for details). Each of these BDTs aims at an optimal discrimination in a specific
range of masses: the BDTISZVI'P;EEZ is trained with a combination of signal samples including all
the ZALP, Z4 and ZHS model with masses of the mediator me < 250 GeV; the BDTng);ETZ
is trained with Z; and Z+HS samples with me > 250 GeV. In the CalR+Z channel, unlike
the CalR+W channel, a dedicated selection targeting ALP models was not needed: this is
because the reconstruction of the associated vector boson is more straightforward, permitting
a higher signal purity even when the ALP models are targeted together with others using
the BDTlé’glffZ. The BDTs are trained to discriminate the signal against the background
processes listed in section 3 for this channel. The input variables are similar to those of the
CalR+W channel BDTs. Figures 4(a) and 4(b) show the distributions of the BDTI(S’XI]{EEZ and
BDT}éii}EfTZ on several signal models, on data and background MC. Two selection criteria
are defined, one for each BDT, as outlined in table 3.
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Figure 4. Comparison of the distribution of (a) BDT l(ga‘ﬁRE—EZ and (b) BDT}&%&E} scores between
signal events and background, after preselection. In all cases, only signal events with at least one LLP
decaying after the ID are shown. The simulated background events are shown only for comparison at
the preselection stage, and are not used in the final background estimate.

Selection | CalR+Z low-FEr CalR+Z high-Er
Vector boson candidates | 1 Z, 0 W 12, 0W

BDT score | BDTGN A, score > 0.6 | BDTEER"Y score > 0.7

398 Jog o (Ex/Ery) | > 0.8 > 0.8
758 pr | > 80 GeV > 70 GeV
Lepton pp | > 70 GeV > 60 GeV

BDT e, score > 0.99 | BDTEER"T, score > 0.985

ZARmin Z 0.9 ZARmin 2 1

Region A

Table 3. The final selection criteria for the signal regions of the CalR+Z channel. Region A is the
signal region of the ABCD plane defined in section 6 and includes all the other requirements listed in
the table.

6 Background estimation

Following the application of the selections, the contributions from cosmic rays and all
subdominant SM processes are found to be negligible. Some events from the BIB dataset still
pass the selections, but these remaining events show the same behaviour as multijet events.
This leaves only one population of background events in each channel, namely multijet events
in the CalR+2J channel and W/Z+jets in the CalR+W and CalR+Z channels, respectively.
The CalR+W channel contains residual traces of ¢t events, but these show the same behaviour
as the dominant background and are therefore grouped as the same population. As these
background sources are not well modelled, a data-driven method is used to estimate the
background yields in the final signal regions. The data-driven ABCD method is employed to
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estimate the contribution from the dominant background in each of the final selections. The
ABCD method is described extensively in other publications, such as ref. [31]; the main points
are summarised here. In a plane defined by two uncorrelated variables, four regions A, B, C,
and D are defined using horizontal and vertical boundaries. When there is one predominant
background population (typically concentrated in regions B, C and D) and a signal population
primarily in region A, the background yield in region A (N4) can be calculated from the
yields in the other regions (Ng, N and Np) using the formula Ny = (Np x N¢)/Np. Leakage
of signal events into the other regions can be accounted for using a simultaneous fit. All
three channels exploit ABCD planes for their background estimates, although the axes are
defined differently in each case.

6.1 CalR-+2J final selection and the ABCDisCo method

The ABCD plane axes are usually chosen from the list of available variables that separate
signal and background well. In cases where it is difficult to find two uncorrelated variables
with enough separation power, another approach is to train a ML discriminant, which is
required to be uncorrelated to another variable by construction. The CalR+2J channel is such
a case: unlike in ref. [31], the > ARy, becomes visibly correlated with displaced jet kinematic
information as additional jets from LLP decays are included. A method called ABCDisCo
uses the distance correlation (DisCo) between the ML discriminant and another event-level
variable, and involves exploiting terms to the loss function of a neural network that penalises
the network if these have a large correlation [90]. The ABCDisCo method was employed
in the CalR+2J channel to build an ABCD plane constructed from > AR and the NN
output. This is the same NN that is used to eliminate BIB-like events. Even though this NN
was only trained with the BIB dataset as background, it has a good discrimination power
between signal and multijet events, which are also present in the BIB dataset. The Pearson
correlation coefficient for the resulting pair of discriminants is 0.04, small by construction.
The final region A is defined by the requirements that >~ ARy, > 0.71 and NNcara25 > 7.61.
Regions B, C and D are obtained by inverting one or both the requirements, as shown in
figure 5 for the main CalRatio dataset, the BIB dataset and two of the signal samples.

Regions B, C, and D were used to create the validation regions VRgp and VRcp. VRep
consists of the nominal B and D regions combined and is divided into four alternative ABCD
regions. The ABCD estimate procedure was tested with these regions and with variations on
the cut values in each ABCD plane variable. The predictions are found to be in agreement
with the observed number of events within the statistical uncertainties. The same procedure
was performed for VRcp, composed of the nominal C and D regions. In VRcp, the observed
number of events was consistently about 5% higher than estimated by the ABCD method,
which was taken as the systematic uncertainty in the final ABCD prediction in this plane,
as discussed in section 7.

6.2 CalR+W and CalR+Z final selections and background estimate

The standard ABCD method is used to estimate the remaining background contribution
in the five signal regions of the CalR+W/Z channels, with the final ABCD planes defined
by >> ARnin and the BDT score relevant to each region. These variables are found to be
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Figure 5. Distribution of events in the two-dimensional plane of NN¢art25 vs. Y. ARmpin in the
CalR+2J channel for (a) the main dataset, (b) the BIB datasets, and (c, d) example benchmark signal
samples. Final regions A, B, C and D are marked in red.

uncorrelated after preselection, with Pearson correlation coefficients between 0.003 and 0.017
in absolute value in all cases. The ABCDisCo method is not needed in this case because the
> ARpin is found to be sufficiently well decorrelated to the BDT scores (since the targeted
LLP decays always happen outside the tracker). The final ABCD boundaries are set through
a selection optimisation procedure performed together with several additional event-level
variables (such as kinematic information from the vector boson candidate, angular separations
between the jets and leptons, and invariant masses of the possible lepton-jet combinations)
to obtain the final selections that maximize sensitivity while reducing the signal leakage
in regions B, C and D and keeping the statistical error on the estimated number of events
in A below 35%. These selections, together with the definition of region A, are shown in
tables 2 and 3. The definitions of regions B, C and D can be obtained by inverting one
or both the requirements that define region A.

The ABCD method is tested in validation regions that are orthogonal to the signal regions.
In the CalR+W channel, validation regions are defined in regions C and D of the main ABCD
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Figure 6. Distribution of events in the two-dimensional plane of > AR, vs. BDT score in the
CalR+W channel for (a)—(c) data and (d)—(f) example benchmark signal samples. Final regions A, B,
C and D are marked in red.

plane (VRcp), with upper BDT score boundary as close as possible to region A but ensuring
a low signal contamination. In the CalR+Z channel, part of regions C and D of the primary
ABCD planes are used to define the validation regions. A looser set of criteria was employed
for a dedicated validation region (VRIé‘]’DOSG) to mitigate the significant statistical uncertainty
observed in the original region due to limited number of events. In all channels and all
validation regions, the agreement between the expected and observed number of events is
found to be within statistical uncertainty, and for a wide variety of thresholds on each variable.

Figures 6 and 7 show the ABCD planes for the CalR+W and CalR+7Z channels respec-

tively, for data and for one representative signal sample in each of the analysis selections.

7 Systematic uncertainties

The uncertainty in the integrated luminosity collected by ATLAS during LHC Run 2 is
0.83% [91], obtained using the LUCID-2 detector [92] for the primary luminosity measurement,
complemented by measurements using the inner detector and calorimeters. This affects the
result during the conversion of the upper limit on the number of allowed signal events given
the observed data, into an upper limit on the signal cross-section times branching fraction.
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Figure 7. Distribution of events in the two-dimensional plane of Y AR, vs. BDT score in the
CalR+Z channel for data ((a), (b)) and (c¢)—(e) example benchmark signal samples. Final regions A,
B, C and D are marked in red.

The background estimate is not affected by the typical modelling or experimental
uncertainties, as it is data-driven for all three channels. Validation tests for this method were
performed in alternative ABCD planes, which were discussed in section 6. The background
estimate uncertainty is found to be negligible for all channels except for CalR+2J, in which
it is estimated to be 5%.

All remaining sources of uncertainty affect the signal efficiency estimate. The rest of
this section exclusively discusses uncertainties of this type. First, an uncertainty is assigned
on the reweighting of events in simulation to match the observed distribution of pile-up in
data. The uncertainty in the pile-up reweighting of the reconstructed events in the MC
simulation is estimated by comparing the distribution of the number of primary vertices in
the MC simulation with the distribution in data as a function of the instantaneous luminosity.
Differences between these distributions are reduced by scaling the mean number of interactions
per bunch crossing in the MC simulation and £1¢ uncertainties are assigned to these scaling
factors [91, 92]. The effect on the signal event yields varies between 0.3% and 7% depending
on the signal model and channel.

Next, the signal efficiency is affected by the jet energy scale (JES) and jet energy resolution
(JER). These uncertainties are calculated using the prescription detailed in ref. [93], and
are of the order of 0.1-15% depending on the model. Since the displaced jets used in this
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analysis are non-standard due to their unusual electromagnetic energy fraction (EMF), the
jet energy uncertainties were re-derived as a function of the EMF and 7. These additional
uncertainties are found to have an effect of up to 4% on the signals efficiencies. They are
conservatively taken in quadrature with the standard jet energy uncertainties.

Since LLPs are used for triggering in the CalR+2J channel, an uncertainty is assigned on
the signal trigger efficiency by studying the modelling of the key variables in the trigger: the
jet energy, the CalRatio and the pr of the jet’s tracks. The level of agreement between data
and the MC simulation for these variables in HL'T- and offline-reconstructed quantities is
evaluated. A tag-and-probe technique is applied to a pure sample of multijet events obtained
using standard jet triggers in both the data and MC simulation. Scale factors that represent
the degree of mismodelling in each variable are derived and then applied in an emulation
of the CalRatio triggers. The change in yield relative to the nominal (unscaled) trigger
emulation after the full analysis selection is taken as the size of the systematic uncertainty,
which has values between 1% and 6% depending on the signal model. In the CalR+W and
CalR+Z channels, the triggering is performed using prompt leptons, and the offline selections
on the lepton pr are well above the trigger plateau. The lepton systematic uncertainty’s
effect on the signal event yields ranges from approximately 0.5% to 0.9%, depending on the
specific benchmark model. This is small compared with other sources systematic error.

A systematic uncertainty in the machine-learning algorithms used in the analysis is
included. Specifically, this uncertainty accounts for potential mismodelling of input variables
used in the per-jet NN tagger. It follows the same strategy as in ref. [31] and is briefly
summarised here. In the dijet control regions, the distributions of the inputs of the per-jet
NN are studied. The subsequent downstream ML algorithms are also explored in the relevant
control regions. In most cases, the agreement is found to be good. Some variables exhibit
modelling issues, as shown in the Auxiliary Material of ref. [31]. Examples include longitudinal
positions of track impact parameters, and hit and energy deposit timing information. These
are caused by the fact that the spread of the beam-crossing time, as well as any instrumental
cross-talk and timing offset calibrations are not simulated. The effect of such mismodelling
is reduced by the adversarial training of the per-jet NN, which prevents it from exploiting
differences between multijet events in simulation and in data. Nevertheless, the following
procedure is used to gauge the residual effect on signal efficiency. The mismodelling of
problematic variables is encapsulated by a set of transfer factors. In an ensemble of pseudo-
experiments, the per-jet NN and downstream ML variables are modulated by random
variations sampled from a Gaussian distribution with a mean of zero, and a width determined
by the transfer factors determined above. The signal efficiencies in each pseudo-experiment
are recalculated with the modulated versions of the NN and ML algorithms. The spread
in the signal efficiencies across the ensemble of pseudo-experiments gives the uncertainty
associated with this effect, which is estimated to be of the order of 5% or smaller depending
on the selection. An alternative method to evaluating the size of this uncertainty was studied.
In this alternative method, control regions were defined by inverting the selections that define
each signal region. The overall difference agreement of the per-event ML score distributions
between data and simulation gave consistent values of the order of 5%.

Small additional uncertainties arise from the electron and muon identification, calibration
and reconstruction. The total systematic uncertainty associated with the leptons is below
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1% for all models, which is very small compared with all other sources of uncertainty. In
the CalR+W, a small uncertainty of up to 1% results from the missing transverse energy
calibration.

Finally, an uncertainty due to the NLO-reweighting of the signal samples for the CalR+2J
channel is obtained by comparing the NLO MADGRAPH predictions for a 125 GeV mediator
mass with predictions at NNLO accuracy in QCD from POWHEG Box v2. This results in
an additional signal efficiency uncertainty of 1% to 6% for most samples. The CalR+Z/W
channels are not affected by this uncertainty.

8 Results and statistical interpretation

The data-driven background estimation procedure described in section 6 is utilised in a
simultaneous fit to assess if the data are compatible with the prediction or potential signal
events. This approach follows a similar methodology as detailed in ref. [31], where a successful
application of a comparable analysis method was previously demonstrated. An overall
profile likelihood function is constructed from the product of the Poisson probabilities of
observing the number of events N, given an expectation Ny in each region X, where
X = A, B, C or D. The value of Ny* in each region is the sum of: the expected signal
yield N Sig, given by the number of simulated signal events entering region X multiplied
by the signal strength p (the parameter of interest); and the expected background yield
N;}kg. In the fit, the expected background yields are constrained to obey the ABCD relation
NYKE = (Ngk& x N2F€) /NS, Since the Poisson constraints only apply to N9 relative
to NYP, it follows that the background prediction may change dynamically in the fit as a
function of the signal strength u. Additional constraint terms in the likelihood are included
for the total signal uncertainty nuisance parameter. The likelihood was implemented using
the pyhf framework [94, 95].

In the background-only hypothesis, the expected yields can only be adjusted for back-
ground components. Initially, without knowing the observed yield in region A, the expected
background yields in regions B, C, and D match their observed counterparts, while region A
reflects the naive ABCD relation. This initial estimate, known as the a priori background
estimate, assumes the observed value in region A is unknown, such as before unblinding the
data. Once the observed yield in region A is included in the fit, the expected background
yields in the other regions may shift away from their observed yields (within statistical
uncertainties). This adjustment ensures that the ABCD relation holds for the expected yields,
even if the observed yields deviate due to statistical fluctuations. This is called the a posteriori
background estimate. It corresponds to the case where the observed yield in region A is
known (after unblinding). The introduction of a signal component will dynamically modify
the allowed background prediction: for example allowing a potential excess in region A to
be explained by a non-zero signal strength. The observed counts and the a priori and a
posteriori results for each channel are summarised in table 4 for each region.

No significant excess is observed in any of the signal regions. Upper limits on LLP
production cross-section times branching fraction are extracted using the C'Ls method [96] with
the “alternative test statistic” ¢ [97] as implemented in pyhf. The asymptotic approximation
is used for all results. The results are obtained for the signal samples, which were generated
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CalR+2J channel
A B C D
Observed data 92 18 25213 4774
Estimated background a prior: 95 + 23 18 +4.2 25210 + 160 4774 + 69
Fitted background a posteriori 93 £ 10 18 +4.2 25210 + 160 4774 + 69

CalR+W channel
W ALP selection A B C D
Observed data 27 23 122 82
Estimated background a prior: 342+ 8.5 23.0+4.8 122 £11 82.0£9.1
Fitted background a posteriori 29.3+44 20.7+4.5 120 £ 11 84.3 £9.2
low-E1r WHS selection A B C D
Observed data 59 53 155 155
Estimated background a prior: 53.0+94 53.0+ 7.3 155 £ 12 155 £ 12
Fitted background a posteriori 56.8 = 6.0 552+ 74 157+ 13 153 £ 12
high-Er WHS selection A B C D
Observed data 33 21 261 220
Estimated background a prior: 249458 21.0+4.6 261 + 16 220£15
Fitted background a posteriori 29.6 4.2 24.3+49 264 + 16 217+ 15

CalR+Z channel
low-E1 ZHS selection A B C D
Observed data 36 12 64 43
Estimated background a prior: 17.9+6.1 12.0 £ 3.5 64.0 £ 8.0 43.0£6.6
Fitted background a posteriori 31.0+4.8 17.0£3.9 69.0 £ 8.3 38.0£6.2
high-E1 ZHS selection A B C D
Observed data 32 21 75 52
Estimated background a prior: 30.5+8.5 21.0+4.6 75+ 8.7 52.0+ 7.2
Fitted background a posteriori 31.6 4.7 21.31+4.6 75.6 = 8.7 51.4+7.2

Table 4. Application of the modified ABCD method to the final high- Er and low-Er selections.
The a priori estimate refers to the “pre-unblinding” case, where the data in region A are ignored
by removing the Poisson constraint in that region and the signal strength is fixed to zero. This
matches the simple N8 = (Np & x N2*8) /NP8 relation. The a posteriori estimate refers to the
“post-unblinding” case, including the observed data in region A in the background-only global fit. As
can be seen, the predicted background in region A can increase substantially from the a priori case,
but only insofar as the adjusted yields in the other regions remain consistent with the observed yields
within their statistical uncertainties. Only statistical uncertainties are included in the quoted error on
the background.
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Figure 8. Observed (solid line) and expected (dashed line) upper limits at the 95% CL on the
cross-section times branching fraction as a function of c¢r for a selection of HS signal models in the
CalR+2J channel for HS models with mediator masses of (a) 125 GeV, (b) 600 GeV and (c) 1000 GeV.
The cTgen values show where the curves were extrapolated from.

with a given (arbitrary) LLP proper lifetime. The result can be extrapolated to other lifetimes
by reweighting the LLP exponential decay distributions to each lifetime, and re-evaluating
the signal efficiency. This procedure is identical to that described in ref. [31].

Examples of the resulting 95% confidence level (CL) upper limits on the cross-section
times branching fraction for HS models based on the CalR+2J channel are shown in figure 8.
Figure 9 shows a selection of limits obtained using the CalR+W channel, constraining the
WALP model and the HS model in the associated W boson production mode. The limits
derived from the CalR+Z channel are presented in figure 10 and constrain the ZALP, HZZ,
and ZHS models. For the case of mg = 125 GeV, the limits are scaled to the relevant SM
cross-section of Higgs boson production.

The constraints obtained by CalR+2J for HS models are strongest for proper lifetimes
ct of order of 1-2m. For the particular case where the SM Higgs boson is the mediator,
assuming a production cross-section for gluon-gluon fusion of 48 pb, the branching fraction
of Higgs bosons to hadronically decaying scalar LLPs is constrained to below 1% in the

— 922 —



O gy X B(H—ss)

—_
<
URRALL BRI ALLL B L IR

URRLL BRI B AL B AL B R

) E E
= ] ]
xq _ E
X 3 3
o E ]
= b |
o _ 3
= E \U |
£ 3 £ 107 E
2102 WwALP - 2 WHS (m,my) E
=3 — 100 MeV, c7ge, = 0.003 m ATLAS E £ 103 — (125,5) GeV, ¢7,=0.10m ATLAS -
O — 1GeV, ¢7ge,=0.031 m Vs=13TeV, 140 fo" ] 5 — (125, 16) GeV, €74, =0.30 m Vs=13TeV, 140 fo' 3
O 103 — 10GeV, ¢4, =0.309 m — Observed - g 104L— (125, 35) GeV, Crge, =1.01m — Observed ]
2 40 GeV, C7ge, = 0.478 m +++ Expected 3 H (125, 55) GeV, ¢7ge, =3.57 m +-- Expected E
Te) | - gen 3
o ] @) ]
104 NIRRT R AW TITT MRS W UTIT] M AT R T AW ETT| M AN W ATTIT MR RTITT R 0\010_5 ol vl vl vl vl
10° 10* 10® 102 10" 1 10 10* 10° & 10° 102 107 1 10 10? 10°
ct[m] ct [m]
(a) (b)

Figure 9. Observed (solid line) and expected (dashed line) upper limits at the 95% CL on the
cross-section times branching fraction as a function of c¢r for a selection of models targeted in the
CalR+W channel for (a) WALP models and (b) WHS models with a SM Higgs boson mediator. The
CTgen Values show where the curves were extrapolated from.

mean proper decay length range of 30 cm to 4.5 m, depending on the mass of the LLP. This
represents an improvement of a factor of approximately three relative to the results in the
previous search [31]. Specifically, this improvement comes from relaxing a requirement on the
CalRatio of the two most signal-like jets (which was detrimental to the events featuring the
resolved topology but necessary to control backgrounds), and instead exploiting additional jet
information, allowing a substantial background reduction while maintaining signal efficiency
for low mediator mass samples.

Still considering the HS model, the CalR+Z and CalR+W channels provide the first
constraints on hadronically decaying LLPs in the calorimeter where the production of a
scalar mediator is in association with a vector boson. Higgs boson branching fractions to
LLPs above 50% in this production mode are excluded for mean proper decay lengths in
the cm to m range. While the derived constraints in terms of Higgs boson branching fractions
are not as strong as those derived in the CalR+2J channel or in ref. [31], they provide a
complementary constraint in a different production mode. A combination of the HS results
between the three channels is not performed, since the gluon-gluon fusion cross-section is
overwhelmingly large compared with the associated vector boson production cross-section and
consequently any combined limit would be fully dominated by the CalR+2J channel results.

Constraints are set by ATLAS on photophobic ALP models for the first time using the
CalR+W and CalR+Z channels, with cross-sections above 0.1 pb excluded in the 0.1 mm-10 m
range. ALP exclusion limits in terms of cross-section and proper lifetime can be interpreted
for the relevant model parameters. The width of the ALP decay into gluons is given by:

2
Lagg = ngcém?fxwa (8.1)

where f, is the energy scale of the ALP and marp its mass. Therefore, for a given mass
and scale, the ALP proper lifetime ¢r depends on the inverse square of the gluon coupling
cT X 052. Additionally, the cross-section of the simulated process is determined by the
coupling of the ALP with the SM weak-sector. For a photophobic ALP, this implies that
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Figure 10. Observed (solid line) and expected (dashed line) upper limits at the 95% CL on the
cross-section times branching fraction as a function of c¢r for a variety of models probed by the
CalR+Z channel for (a) ZALP models, (b) ZHS models with the SM Higgs boson as a mediator, and
(¢) HZZ4 models. The cTgen values show where the curves were extrapolated from.

0 X C‘%V. The resulting exclusion limits on Cx and Cj;; are presented in figure 11. A summary
of these results is presented in the plane of ALP mass versus its coupling to gluons in figure 12,
where the coupling to gluons is scaled by the ALP energy scale gqgq = 4Cg/ fa-

Finally, new constraints on the ZZ; model are set, which are more sensitive than previous
results [34] by an order of magnitude, with production cross-sections of a dark photon with
a Z boson above 0.1 pb excluded for Z; proper decay lengths in the 20cm to 50 m range,
depending on the mediator and Z; masses. The improvement comes from the fact that
this work uses a dataset approximately four times larger than the one studied in ref. [34],
and major improvements in displaced jet identification efficiency and background rejection
thanks to the per-jet NN.

9 Conclusion

This paper describes a search for hadronically decaying long-lived particles giving rise to
displaced jets in the ATLAS hadronic calorimeter, using the ATLAS Run 2 dataset of 140 fb—!
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Figure 12. Regions in the ALP mass versus its coupling to gluons scaled by the ALP energy scale
Gagg = 4C¢/ fa excluded at 95% CL, for Cy, = 1, Cy;, = 0.5, Cy;, = 0.3 and Cy;, = 0.15, in the (a)
WALP and (b) ZALP models. The contours are obtained by interpolating between the exclusions for
different LLP masses considered in the analysis, taking the logical union of the regions excluded for
each mass.

of pp collisions at /s = 13TeV. The analysis considers three topologies: pair-produced
LLPs, one of which leads to a single displaced jet in the calorimeter, the other, having low
boost, yielding two resolved jets; and single- or pair-produced LLPs in association with a
W or Z vector boson, which decays leptonically. For all three analysis channels a per-jet
neural network is used to distinguish signal-like jets from jets from Standard Model processes
or beam-induced backgrounds. Further per-event machine-learning discriminants are then
used to define regions sensitive to a variety of LLP signals. In each case, a data-driven
background estimate is used. No significant excess of events is observed in any of the channels.
Constraints on the production cross-section times branching fraction at 95% confidence
level are set for several benchmark models. The results for Hidden Sector models exclude
branching fractions of Higgs boson mediators to neutral scalar LLPs above 1% for LLP
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decay lengths between 30 cm and 4.5 m. These results extend those set by previous ATLAS
results, improving the limits by a factor of approximately three, by exploiting additional jet
information to more efficiently reject background events. Limits are also set on dark photons
produced in association with a Z boson, with production cross-sections above 0.1 pb excluded
for proper decay lengths between 20 cm and 50m. This improves upon previous ATLAS
results by an order of magnitude, thanks to a larger dataset and the use of machine-learning
discriminants. Finally, constraints are set on photophobic axion-like particle models produced
in association with a W or Z boson for the first time, with cross-sections above 0.1 pb
excluded in the 10 mm—10 m range. This analysis is part of a wider programme of searches
for LLPs with the ATLAS experiment, and has unique sensitivity to LLP laboratory decay
lengths of the order of 1m. It represents the first time that signatures involving neutral
hadronically decaying LLPs with prompt objects are targeted in that decay range with the
aid of machine-learning discriminants.
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