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Abstract A search for R-parity-conserving supersymme-
try in events with large missing transverse momentum, jets
and at least one hadronically decaying t-lepton is presented.
Both gluino and squark pair production are considered,
with the cascade decay of each gluino or squark produc-
ing either a t-slepton or a t-sneutrino. Three channels are
examined, requiring either exactly one hadronically decay-
ing t-lepton and no other leptons, exactly one hadronically
decaying t-lepton and at least one other lepton, or two or
more hadronically decaying t-leptons. Analyses in the three
channels are optimised independently and combined statisti-
cally. Two separate analysis strategies, either a cut-and-count
or machine-learning approach, are used. The search uses
140 fb~! and 51.8 fb~! of pp collision data recorded by the
ATLAS detector at the Large Hadron Collider during 2015-
2018 at /s = 13 TeV and 2022-2023 at /s = 13.6 TeV,
respectively. Gluino masses below 2.25 TeV and squark
masses up to 1.7 TeV are excluded
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1 Introduction

The Standard Model (SM) of particle physics is a powerful
and experimentally well-validated theory. The SM describes
excitations and interactions of quantum fields, representing
elementary particles, and can be used to give extremely pre-
cise predictions of the results of elastic and inelastic particle
collisions. The latest triumph of the SM is its prediction of
the Higgs boson and the discovery in 2012 of a compatible
particle by the ATLAS [1] and CMS [2] experiments in the
proton—proton (pp) collisions produced by CERN’s Large
Hadron Collider (LHC) [3]. Although the precision of the
SM and its impact on particle physics is hard to underes-
timate, it is fundamentally an incomplete, effective theory.
The usual list of limitations of the SM includes its inability
to explain the large difference between the electroweak scale
and the Planck scale of the gravitational interactions (known
as the “hierarchy problem”), the associated fine-tuning of the
Higgs potential, and its lack of viable dark matter candidates
(whose existence is corroborated by multiple astronomical
observations [4-6]).

When trying to describe the symmetries of special relativ-
ity and the internal gauge symmetries of quantum fields by a
common mechanism in an attempt to extend the SM, it can be
shown that the only way they can be combined into acommon
symmetry Lie group is as adirect product [ 7], meaning that no
interaction between them is possible. One of the only ways
to overcome this restriction is through the introduction of
graded Lie superalgebras [8], which gives rise to supersym-
metry (SUSY) [9-14], an extension of the SM which postu-
lates the existence of an additional (super)symmetry between
bosons and fermions. A direct consequence of SUSY is that
every known SM particle has at least one superpartner with
the same quantum numbers, but a spin that differs by one
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half, resulting in a plethora of new particles. This “fascinat-
ing mathematical structure” [15] leads to additional loop cor-
rections to the Higgs boson mass which perfectly cancel out
with those from the SM [16-19], thus solving the hierarchy
problem.

To accommodate experimental observations, especially
the stability of the proton, a conserved quantum number
R = (—=1)3B=D+25 [20] is often postulated, where B and
L are the baryon and total lepton numbers, and s is the spin
of the particle. Phenomenologically, this implies that SUSY
particles are pair-produced at collider experiments, and that
the lightest supersymmetric particle (LSP) is stable and can
be a viable dark matter candidate [21,22]. If supersymmetry
was preserved, the superpartners would have the same mass
as the SM particles, but this has not been observed. There-
fore, supersymmetry must be broken, and this introduces a
wide range of possible SUSY mass spectra [23]. A common
feature of SUSY models is the mixing of binos, winos and
higgsinos (the superpartners of the electroweak gauge bosons
and the Higgs boson, respectively). Their mass eigenstates
are known as charginos ( )le,tz) and neutralinos ( )210’2)3, 4)»
where the subscript denotes their ordering in increasing mass.
Third-generation squarks and sleptons are more likely to have
lower masses than their first- and second-generation counter-
parts and be next-to-lightest supersymmetric particle (NLSP)
candidates [24-26], and are of special interest for experimen-
tal searches because they provide distinct signatures. The
third-generation sneutrino is another option for the NLSP
[27-34] that can produce similar signatures. The ATLAS
Collaboration has an extensive programme of searches for
SUSY-inspired signatures [35,36].

2 Analysis targets

This paper describes a search for pair production of gluinos
or first- or second-generation left-handed squarks (superpart-
ners of gluons and quarks, respectively), with t-sleptons (7)
and t-sneutrinos (V; ) as co-NLSPs, targeting final states with
T-leptons, jets, and missing transverse momentum. Gluinos
are allowed to decay into an off-shell squark and a quark, a
common decay mode in the minimal supersymmetric model
(MSSM). Squarks are assumed to be left-handed and from
the first or second generation, and to decay via the second-
lightest neutralino XS or the lightest chargino X 1i ,as these are
the common decay modes for the left-handed squarks. Both
~+ ~0 ~ ~ . .
the X1 and X7 are assumed to couple to T and v, in associa-
tion with a SM t-lepton or v;, with the branching ratios set to
0.5. The T and v, decay into the LSP )210 and a SM t-lepton
or v;. Such cascade chains arise naturally in the MSSM when
the 7 or v, are light. The simplified SUSY models [25,26,37]
considered in this paper are shown in Fig. 1. According to the
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PMSSM scan [38], these final states are uniquely sensitive
to a subset of SUSY models. The ATLAS Collaboration pre-
viously searched for such signals using data gathered during
2015-2016 [39,40], excluding gluino masses below 2 TeV
and LSP masses below 1 TeV, and CMS considered simi-
lar signatures with data gathered during 2011 [41], exclud-
ing gluino masses below 1.15 TeV. The present search uses
140 fb~! and 51.8 fb~! of pp collision data recorded by the
ATLAS detector [42] during 2015-2018 at centre-of-mass
energies of /s = 13 TeV and 2022-2023 at /s = 13.6 TeV.

The kinematic properties of the final-state particles depend
heavily on the masses of SUSY particles in the decay chains.
The simplified models are parameterised in terms of the
gluino or squark mass m(g/q) and the LSP mass m ()Z?). The
other SUSY particles in the decay chain, namely Xé’ and 21* s
and 7 and v, are considered to be pairwise mass-degenerate.
Their masses are determined from the two free parameters
of the model as:

1
m(E) = m@) = 5 [m@/@ +mip)] .
1
m(@) = m(i0) = 5 [m(5) +mED). M

This parameterisation follows the conventions used in ATLAS
searches for gluinos and squarks with cascade decays [43,44]
used to simplify the model parameter phase space. The sensi-
tivity of the analysis does not depend strongly on the assump-
tions of Eq. (1) as long as the mass differences between SUSY
particles Am(g/q, f(li/f(g) and Am(f(li/f(g, )Z?) are larger
than~aifew GeV. The X 10 is set to be bino-like, while the X?
and X are wino-like, to facilitate the decays considered. The
coupling to all other SUSY particles is set to 0. The narrow-
width approximation is utilised for all decays. The simplified
models considered are primarily inspired by the MSSM, but
other SUSY models such as the NUHM [45,46], mSUGRA
[47], or GMSB [48] can also produce similar final states.

These simplified models result in a range of t-lepton-rich
signatures. The search is split into three orthogonal channels,
which are combined in a simultaneous fit, and which contain
events with:

e exactly one hadronically decaying t-lepton and no elec-
tron or muon (1TAUOLEP);

e exactly one hadronically decaying t-lepton and at least
one electron or muon (1TAUILEP);

e at least two hadronically decaying t-leptons (2TAU).

The additional kinematic information in the 1TAUILEP and
2TAU channels is used to separate signal from background
more efficiently. In principle, a OTAUILEP channel would also
be sensitive to the considered signal models, but the higher
branching ratio and competitive reconstruction and identifi-
cation efficiency for hadronically decaying t-leptons make
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Fig. 1 Diagrams showing the
production and decay of a a
gluino pair and b a squark pair.
In the gluino case, the two-step
decay via an off-shell squark
g~ 3% — qqi3 /X1 is
symbolised by a four-body
vertex

(a)

ITAUOLEP a more promising channel. The OTAUILEP chan-
nel would also overlap heavily with the dedicated searches
for SUSY with exactly one electron or muon in the final state
[49], while 1TAUOLEP is complementary to it.

The analysis uses two independent approaches. In the first
one, machine learning (ML) classifiers are used to split the
whole available phase space into various analysis regions.
This is the most inclusive way to analyse the data because it
uses every event (with a minor exception discussed below),
and no additional kinematic requirement is applied. The sec-
ond is based on the more traditional cut-and-count approach
used in previous search iterations [39,40]. The event selec-
tion is tailored to target different signal topologies and
suppress the main SM backgrounds. The use of kinematic
variables makes the interpretation simpler than in the ML
approach. The combination of improved analysis techniques,
alarger data sample, and enhanced calibration and identifica-
tion algorithms for jets and b-jets, light leptons (electrons and
muons, denoted by £), and t-leptons, significantly improves
the sensitivity of the search to new physics.

The paper is structured as follows. In Sect. 3, a brief
description of the ATLAS detector is given. Section 4 offers
an overview of the Monte Carlo (MC) samples used by
the analysis. Section 5 describes the reconstruction, iden-
tification, and calibration procedures for final-state objects.
The machine-learning and cut-and-count approaches are pre-
sented in Sect. 6. Section 7 discusses the data-driven estima-
tions of events with jets misidentified as t-leptons (fake taus),
common to both approaches. The statistical procedures and
systematic uncertainties affecting the analysis are gathered
in Sect. 8. Finally, the results are presented in Sect. 9.

3 ATLAS detector

The ATLAS experiment [42,50] is a multipurpose cylindri-
cal particle detector at the LHC with nearly 47 coverage

(b)

in solid angle.! Located at the heart of the ATLAS detec-
tor, the inner tracking detector begins 33 mm from the beam
axis and is surrounded by a thin superconducting solenoid
providing a 2T axial magnetic field. It consists of a silicon
pixel detector (starting with the “insertable B-layer” [51,52]
added before Run 2), a silicon microstrip tracker, and a tran-
sition radiation tracker, and covers the pseudorapidity range
n] < 2.5. Beyond the solenoid, lead/liquid-argon (LAr)
sampling calorimeters measure the energy and position of
electromagnetic showers with high granularity. In the cen-
tral region |n| < 1.7 the steel/scintillator-tile calorimeter
provides hadronic energy measurements. In the endcap and
forward regions, LAr calorimeters with copper or tungsten
absorbers are used for both electromagnetic and hadronic
shower measurements up to || = 4.9. The outermost layer of
the ATLAS detector is the muon spectrometer. It consists of
separate trigger and high-precision tracking chambers, oper-
ating in a magnetic field generated by three large air-core
toroidal superconducting magnets with eight coils each.

A two-level trigger system is used to select and record
events of interest. The level-1 trigger is implemented in
custom hardware. It uses information from the calorimeters
and the muon spectrometer to accept events at a rate below
100kHz. This is followed by the high-level trigger, which is
fully software-based [53,54]. It is used to reduce the average
accepted event rate to 1.25kHz in Run 2 and 3kHz in Run 3.

An extensive software suite [55] 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.

I ATLAS 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 x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical 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 n = —Intan(6/2). Angular distance is measured in units of
AR =/(An)? + (Ag)2.

@ Springer
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4 Data and simulated event samples

The analysis is performed on two data samples collected
with the ATLAS detector during proton—proton collisions
at /s = 13 TeV and /s = 13.6 TeV with a bunch-crossing
separation of 25 ns. The 13 TeV data sample corresponds to
an integrated luminosity of 140 fb~! collected during 2015—
2018 (Run 2 of the LHC). The 13.6 TeV data sample was
recorded during 2022-2023 (early Run 3) and corresponds to
51.8 fb~!. The luminosity is measured mainly by the LUCID-
2 detector [56], which records Cherenkov light produced in
the quartz windows of photomultipliers located close to the
beampipe. A set of data quality requirements is applied to
the data to ensure that the LHC beam conditions were sta-
ble and the ATLAS detector was fully functional [57]. The
quoted integrated luminosity is computed after the rejection
of luminosity blocks failing these requirements.

All events used by the analysis are required to pass a
missing transverse momentum (E‘T“iss) trigger [53,54,58]
requirement. During data-taking, the selection thresholds
increased gradually from 70 to 115 GeV, and the computa-
tion algorithms were modified, e.g. by including information
on charged-particle tracks [54]. These triggers are able to
select signal events with an efficiency of 80-90% for most of
the models considered, and around 40% for the most com-
pressed scenarios (i.e. the Am(g/q, f(?) < 100 GeV region).
The analysis also relies on single-lepton [59,60] and single-
jet [61] triggers in some low—E‘TniSS regions used for auxiliary
measurements to estimate how many jets are misidentified
as t-leptons (further described in Sect. 7).

The analysis makes use of MC simulations to model
the SM backgrounds and SUSY signals. The event gener-
ators and the cross-section computation accuracies are sum-
marised in Table 1. The ATLAS simulation framework [62,
63] was used to produce all MC samples. Its detailed simula-
tion of the detector response based on GEANT4 [64] ensures
that the same reconstruction and identification algorithms
can be applied to data and MC events. The effect of multi-
ple interactions in the same and neighbouring bunch cross-
ings (pileup) was modelled by overlaying each simulated
hard-scattering event with inelastic pp collision events. The
pileup model combines collision events from EPOS2.0.1.4
[65], using the LHC tune, and PYTHIA 8 [66], using the A3
tune [67] and the NNPDF2.3L0 set of parton distribution
functions (PDFs) [68].

The two main SM background categories consist of events
with jets misidentified as t-leptons (fake taus, modelled
inclusively for all production processes with a data-driven
approach described in Sect. 7), and 77 and single-top-quark
events, collectively referred to as “Top”. The W (tv)+jets
event contribution is significant in the 1TAUOLEP channel,
while diboson and Z (7 t)+jets events become more relevant
in the 1TAUILEP and 2TAU channels. Events from all other
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SM processes (W+jets and Z+jets without t-leptons, and var-
ious 11V and Higgs boson production processes) are grouped
into the “Other” category.

Independent SUSY signal event samples were simulated
for different simplified models. The range of gluino (squark)
masses considered is 0.5-2.6 (0.4-2.0) TeV, and the corre-
sponding range of )?? masses is 0.1-1.7 (0.1-1.3) TeV, with
a granularity of 200 GeV form(g/g) and 100 GeV for m ()Z?)
(with additional mass points in the compressed region). The
matrix element (ME) calculation is performed at tree level
and includes the emission of up to two additional partons.
The ME-parton-shower matching uses the CKKW-L pre-
scription [69,70], with the merging scale set to one quarter of
the mass of pair-produced particles. Signal cross-sections are
calculated to approximate next-to-next-to-leading order in
the strong coupling constant, adding the resummation of soft
gluon emission at next-to-next-to-leading-logarithm accu-
racy (giving “approximate NNLO+NNLL” accuracy) [71-
79]. The nominal cross-section and its uncertainty are derived
using the PDF4ALHC21_40_PDFAS PDF set, following the
recommendations of Ref. [80].

5 Event reconstruction and kinematic variables

The reconstruction algorithms and selection criteria described
in this section are harmonised across Run 2 and Run 3. If
an event contains several objects of the same type, they are
ordered in decreasing transverse momentum, pr.

Primary vertices are reconstructed from inner-detector
tracks with pt > 500MeV [126,127]. The primary ver-
tex with the largest sum of squared track pr is chosen as
the hard-scatter vertex, and serves as the origin for all the
objects described below except for t-leptons, where a dedi-
cated algorithm is used [128].

Jets are reconstructed from particle-flow objects [129]
using the anti-k; algorithm [130, 131] with aradius parameter
of R = 0.4. Jets undergo a sequence of calibrations which
include components derived both from simulation and in situ
measurements to correct for the difference between data and
MC simulations [132]. Only jets with pt > 20 GeV and
In| < 2.8 are considered, this avoids objects whose energy
is split between endcap and forward calorimeters. A neural-
network-based jet vertex tagger (NNJVT) [133] using the
default (“FixedEffPt”) working point is applied to jets with
pr < 60 GeV and |n| < 2.5 to suppress those from pileup.
Jets originating from the hadronisation of b-quarks are tagged
with the DL1dvO01 tagger [134—136]. It uses a fixed 85%-
efficiency working point corresponding to a selection that
correctly identifies 85% of the b-jets with |n| < 2.5, as deter-
mined in a sample of simulated ¢7 events, and is applied only
to jets in that |n| range. The b-tagging efficiencies in simu-
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lated events are corrected to match those measured in data
[137].

Electron candidates are required to satisfy the “Loose-
AndBLayerLLH” identification criteria [138,139], and have
pt > 10 GeV and |n| < 2.47. In addition, a |z9sinf| <
0.5 mm selection is applied to the longitudinal impact param-
eter z( to suppress non-prompt electrons. Electron candidates
have to survive the overlap removal procedure (OR, described
below), to satisfy the “Tight_VarRad” isolation criterion and
the “TightLLH” electron identification [138—140], and to
have a transverse impact parameter dy significance smaller
than 5 to be consider by the analysis.

Muon candidates are required to satisfy the “Medium”
identification criteria [141,142], and have pt > 10 GeV,
[n] < 2.7 and |z sin @] < 0.5 mm. If it survives the OR, a
muon candidate is used by the analysis if it also satisfies the
“PflowLoose_VarRad” isolation criteria [141,142] and has a
dy significance smaller than 3.

Hadronically decaying t-leptons are seeded by R =
0.4 anti-k; jets reconstructed from topological cell clusters
calibrated with the local hadronic cell-weighting scheme
[143,144]. The production vertex of the visible part of a
hadronic t-lepton decay (Thad-vis) 1S then determined from
tracks within AR = 0.2 of the axis of the seed jet. The
t-lepton candidate is built using tracks and calorimeter-cell
clusters, and undergoes a sequence of calibrations that com-
pose the “thad.vis Energy Scale calibration™ [128,145]. The
T-lepton candidates are required to have pt > 20GeV, || <
2.5, and one or three tracks associated with the tp,4.vis vertex
(as identified by a dedicated classifier [128]) with the sum
of their charges equal to £1. The region |n| € [1.37, 1.52]
is excluded, corresponding to the transition region between
the barrel and endcap calorimeters. A classifier based on a
recurrent neural network (RNN) [128] is used to separate 7-
leptons from background jets, using tracking and calorime-
ter measurement information, including information about
individual tracks and clusters, as input. The analysis uses
the “medium” th,4.vis 1dentification (medium 7h,q9 ID) work-
ing point, corresponding to 75% efficiency for 1-track and
60% efficiency for 3-track t-leptons. To suppress electrons
satisfying the medium tp,,g ID selection, the “Loose” work-
ing point of a dedicated electron-veto algorithm based on
an RNN classifier is used. Additionally, t-lepton candidates
that fail to satisfy the medium tp,g ID selection, but satisfy
all other selections and a much looser RNN classifier score
> (.01 selection, are used by the analysis to estimate the
fake-tau background. These objects are referred to as “anti-
ID taus”.

A single energy deposit in the calorimeter or a track in the
inner detector can be used in the reconstruction of several
analysis objects. To avoid double-counting and resolve the
ambiguity, the OR procedure is performed for every event.
It ensures that every detector signature is matched to at most
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one reconstructed object. The OR procedure used follows the
one described in Ref. [146], with the addition that if a b-jet
is closer than AR = 0.2 to an anti-ID tau, the anti-ID tau is
discarded, similarly to Ref. [147].

The missing transverse momentum E%liss is computed as
the magnitude of ﬁ}“iss, the negative vector sum of the trans-
verse momenta of electrons, muons, t-leptons or anti-ID
taus, jets, and a “soft term” composed of tracks from the
primary vertex not associated with any reconstructed objects
[148]. Only anti-ID taus that are “promoted” to t-leptons
when modelling the fake-tau backgound (Sect. 7) are treated
as t-leptons instead of jets in the computation. The “tight”
E%liss working point is used, defining the properties of the jets
used for the calculation. Three additional variables related to
E%liss are used in the analysis:

e The transverse mass mr is defined as m2(p, p2) =
2(pf b —pe.pk ), where a and b represent any two
massless particles. When the transverse mass of a singu-
lar object is used, e.g. m%‘, the massless p?iss vector is
used for the second object in the computation.

e The stransverse mass mty [149,150] is used to discrim-
inate between processes where two leptons come from
a resonant decay and processes where they come from
non-resonant decays. The mt variable is computed as

. lepy - lepy -
mT2 =  min (max [mT(PTep1 P mr(py 2, pY )]) .

P+ ph—p

P1 2

where ﬁ%e and ﬁ%ep correspond to the transverse
momenta of the two leading leptons, at least one of which
is a t-lepton, and (a, b) refers to two invisible mass-
less particles assumed to be produced with transverse
momenta p¢ and pL.

e Object-based E%“iss significance [151] is a variable
designed to separate events where the measured ETmiss
is consistent with being due to detector resolution smear-
ing alone from events where E%‘iss is likely to be the result
of neutrinos or SUSY particles not interacting with the
detector material.

Another event-level variable used is Hr, the scalar sum of
the pr of jets, t-leptons, electrons, and muons.

6 Analysis strategy

All events considered by the analysis are required to satisfy
an inclusive preselection to ensure selection in the regime
where the triggers operate at full efficiency. Since ErTniss per-
formance depends on the topology of the objects, the pre-
selection affects not only the E‘T]rliss value, but also the jet
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selection. The events are required to have E%‘iss > 200 GeV,
at least one hadronically decaying t-lepton, and at least two
jets, one of which has pr > 120 GeV. Additionally, to
suppress contributions from QCD multijet processes, where
the E%‘iss comes from mismeasurements of jet energies, the
angular separation between the two leading jets and ETTniSS is
required to be larger than 0.4 in the transverse plane.

Several signal regions (SRs) that are sensitive to the SUSY
models with t-lepton+ E'T“iss signatures are defined. The
common strategy for the design of the SRs is the multi-bin
approach, where not only the yields, but also the shape of
the most sensitive variable is utilised. The same kinematic-
variable selections are used for Run 2 and Run 3 data samples,
but the binning of each variable changes to ensure that at least
five events are expected in each bin before any data-driven
corrections are applied. All SRs are optimised using Asimov
signal significance as the metric of merit [152].

Events with t-leptons that either originate from Tth,g
decays (true t-leptons) or from light leptons misidentified
as t-leptons are modelled using MC simulation with data-
driven corrections. Dedicated control regions (CRs) enriched
in major backgrounds are used to derive normalisation factors
(NFs) in simultaneous fits of MC predictions to data (further
described in Sect. 8). These affect only the overall normali-
sation of the MC simulation (i.e. the CRs are not binned in
any variable), and only the events without jets misidentified
as 7-leptons. Validation regions (VRs) are defined to be kine-
matically closer to the SRs than the CRs. The results of the
fit are propagated from the CRs to the VRs, to validate the
extrapolation to the SRs. Events with jets misidentified as
T-leptons are estimated in a data-driven way, as discussed in
Sect. 7. These events are not normalised to the data, and no
CRs are needed for them. The following subsections describe
two different approaches used to define the SRs and CRs.

6.1 Machine-learning approach

The first approach is the ML-based analysis. The key ideas for
this approach are that no kinematic variables are used to fur-
ther define any of the regions except the classifier scores, and
that the whole data sample is used inclusively. This approach
allows the classifier to fully evaluate and utilise the correla-
tion of all variables it is trained on. A multi-class approach is
chosen, with one category for signal and multiple categories
for SM processes. The different scores are normalised such
that they are always positive and sum to 1 for every event.
Three boosted decision trees (BDTs) are trained using the
XGBoost library [153], one for each of the three channels
(1TAUOLEP, 1TAUILEP, 2TAU). Four-momentum and high-
level kinematic variables associated with t-leptons and up to
three leading jets are used for training, along with event-level
variables such as E%‘iss, Hr, and E‘TniSS significance. In par-
ticular, the addition of the transverse mass and angular sep-

aration of the t-lepton and E‘T’fliSS improves the performance
significantly. Lepton kinematic variables, including m> and
the invariant mass of the leading lepton and t-lepton pair, are
also used for training in the 1TAUILEP channel. Transverse
masses of 7-leptons, light leptons, and jets are some of the
most important variables. The total number of leptons of each
flavour and the stransverse mass m; of the two t-leptons are
used as additional input variables for the 2TAU channel. The
sum of the transverse masses of the t-leptons is also used, and
is one of the most powerful variables. Only simulated events
are used for the training, including those with fake taus. A
mixture of Run 2 and Run 3 samples is used in the training
of common classifiers; this approach outperforms separate
training for Run 2 and Run 3 because of the larger training
samples. The training samples are rescaled with class weights
such that the class distributions are balanced. All simplified
SUSY model simulations are included as a common Signal
class, ensuring that a wide range of kinematic signatures is
covered.

Each BDT is trained using five-fold cross-validation [ 154]
and early stopping is implemented, triggering whenever the
validation loss does not improve after 100 iterations. The
maximum number of trees in the ensemble, per training
fold, is taken to be 10000, but the early stopping mech-
anism always terminates the training before reaching this
number. The typical number of iterations is around 15000
in the 1TAUOLEP channel, 5000 in the 1TAUILEP channel,
and below 2000 in the 2TAU channel. The loss function
is defined as the multi-class logloss [155]. Hyperparameter
optimisation was studied extensively, using both traditional
grid searches and a modern optimiser using the Optuna soft-
ware package [156]. A tree depth of five is found to maximise
performance and minimise overtraining. For the regularisa-
tion parameters, the minimum information needed to decide
on a node split (y) is found to be the most important and is
takentobe0.1. The training is stable with respect to variations
of other hyperparameters, so they are set to their default val-
ues. The training is optimised separately for the three search
channels. However, utilising early stopping, the channels are
found to converge to stable minima using the same set of
hyperparameters with a learning rate of 0.01.

The final classification of an event is done in two steps.
First, a selection based on the signal score is performed,
separating events with high/medium/low signal scores into
SRs/VRs/CRs. The high scores are selected to maximise the
sensitivity to all the possible signal models considered, while
the lower scores ensure that the signal contamination is below
1% in the CRs. Then the CRs and VRs are split accord-
ing to the the most likely classification if the “Signal” class
is ignored, i.e. the argument of the maxima of all the non-
signal scores y € {Z, W, V'V, Top, fake tau}. For example,
vy € {Z, VV} refers to the set of events that enter the “Z” or
“V V” class when the signal score is ignored.
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Fig. 2 Expected background composition across the range of signal scores. The numbers of events shown are normalised to their bin-width.

Benchmark signal points are overlayed

In the 1TAUOLEP channel, six different classes are defined
— WHjets, Z+jets, diboson, Top (¢7 + single-top-quark pro-
duction), fake taus, and Signal. The SRs are defined by select-
ing events with a signal score larger than 0.8. The events
selected in this way are then binned in signal score. This
approach utilises the information encoded in the shape of
the classifier score distribution, increasing the sensitivity
and constraining the detector-related systematic uncertain-
ties. Since the 1TAUOLEP channel has the largest yields, 27

@ Springer

(13) bins are defined in Run 2 (Run 3) 1TAUOLEP SRs. The
dominant backgrounds are due to W+jets events, fake taus,
and Top processes.

The contributions of W+jets events with true t-leptons to
the ITAUILEP and 2TAU channels are strongly suppressed by
the requirement of at least one additional lepton. Therefore,
only five classes are used — Z+jets, diboson, Top, fake taus,
and Signal. In the ITAUILEP channel, only events with a
signal score larger than 0.8 are selected, and they are then
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Table 2 Definitions of the ML-based 1TAUOLEP SRs, CRs and VRs

Signal score y={W,Z,VV} y = {Top} y = {Fake}
1TAUOLEP SR > 0.8 - - -
1TAUOLEP W CR <03 True - -
1TAUOLEP W VR € [0.3,0.8] True - -
1TAUOLEP Top CR <03 - True -
1TAUOLEP Top VR € [0.3,0.8] - True -
ITAUOLEP Fake tau VR < 0.3 - - True
ITAUOLEP Fake tight VR € [0.3,0.8] - True
Table 3 Definitions of the ML-based 1TAUILEP SRs, CRs and VRs

Signal score y={Z} y = {Top} y = {Fake} y={VV} Diboson score

1TAUILEP SR > 0.8 - - - - -
1TAUILEP Z VR < 0.8 True - - - -
1TAUILEP Top CR <03 - True - - -
1TAUILEP Top VR € [0.3,0.8] - True - - -
ITAUILEP Fake tau VR < 0.3 - - True - -
ITAUILEP Fake tight VR € [0.3,0.8] - - True - -
ITAUILEP VV CR < 0.3 - - - True > 0.75
ITAUILEP VV VR Run 2 € [0.15,0.8] - - - True € [0.5,0.75]
1TAUILEP VV VR Run 3 € [0.05,0.8] - - - True € [0.5,0.75]
Table 4 Definitions of the ML-based 2TAU SRs, CRs and VRs

Signal score y=1{zZ} vy = {Top} vy = {Fake} y={VV}
2TAU SR > 0.75 - - - -
2TAU Z CR < 0.75 True - - -
21AU Top VR < 0.75 - True - -
2TAU Fake tau VR < 0.75 - - True -
2TAU VV VR <0.75 - - - True

binned in signal score. In total, 11 (5) bins are defined in
the Run 2 (Run 3) 1TAUILEP SRs. In the 2TAU channel the
signal score requirement is relaxed to > 0.75 as the signal
separation power of the classifier is much stronger; here, 3
bins are defined for Run 2, and 1 for Run 3.

The expected SM background distributions binned in the
BDT scores for all channels are shown in Fig. 2. The bin-
ning in the SRs corresponds to the one used for the statistical
analysis. The fake-tau contribution is estimated from the MC
simulation on which the classifiers are trained. Yields from
several benchmark signal models are overlayed, correspond-
ing to the low-Am(g/q, )Z?), high-m(g/g), and high—m()N(?)
signal-parameter phase space. The convention for bench-
mark signal-model names is “GG/SS m(g/q) m()??)” where
GG/SS refers to the gluino/squark model, and the masses
are given in GeV. The signal-model kinematic properties
change with lower Am(g/q, )Z?) values, becoming more

background-like in the compressed region, which leads to
a flatter classifier score distribution.

Six CRs are defined for each of the Run 2 and Run 3
data samples to derive separate sets of NFs. The split allows
more freedom to treat different MC generator versions and
other experimental differences. All CRs in the ITAUOLEP and
1TAUILEP channels are required to have signal scores < 0.3
to suppress potential signal contamination (< 1% for any sig-
nal model not already excluded by previous searches). In the
2TAU channel, this requirement is relaxed to < 0.75, like in
the SR definition. The definitions of all the CRs and VRs
used in the ML-based approach are summarised in Tables 2,
3 and 4 and illustrated schematically in Fig. 3.

The overall yields of W+jets in the 1TAUOLEP channel
are so large compared with Z+jets and diboson production
that even a relatively small fraction of mislabelled events
results in a large contribution to the = {Z, V V} regions.
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Therefore, the W+jets CR (W (rv) CR 1TAUOLEP) is defined
by the requirement y = {W, Z, VV}. Even with this inclu-
sive selection the purity of the CR is 84% (83%) in Run 2
(Run 3). The diboson CR is defined in the ITAUILEP channel
(as this is the only channel with significant diboson produc-
tion yields) by requiring a diboson classifier score > 0.75
(this automatically satisfies y = {V V} because the sum of
scores is normalised to 1), to suppress Top and fake-tau back-
ground contamination. This selection results in a purity of
55% (49%) in Run 2 (Run 3). The Z+jets CR is then defined
in the 2TAU channel, where this background makes the largest
contribution to the SRs. The requirement for Z (7 7) CR 2TAU
is y = {Z}. The fraction of Z+jets events in these CRs is 90%
in both Run 2 and Run 3. The NFs derived for these back-
grounds apply to all three channels, even though the CRs are
each defined only in one channel. This is motivated by the
small W(rv) and Z(r 1) background yields expected in the
SRs other than 1TAUOLEP and 2TAU respectively, and similar
kinematic properties of diboson processes observed across
the channels.

The combined #7 and single-top-quark production yield
is large enough to allow a separate CR to be defined for
each of the three channels by requiring y = {Top}. These
separate Top CRs allow the fit to accommodate differ-
ences between the channels. The purity of these regions is
78%/92%/71% (17%/90%/61%) in Run 2 (Run 3) in the
ITAUOLEP/ 1TAUILEP/2TAU channels. The CR distributions
of some important kinematic variables in data and MC sim-
ulation are shown in Fig. 4.

A validation region for W+jets is defined in the 1TAUOLEP
channel by requiring a tighter selection on the signal score.
Validation regions for Top backgrounds are similarly defined
in the 1TAUOLEP and 1TAUILEP channels. A diboson valida-
tion region is defined in the 1TAUILEP channel, by requiring
a diboson classifier score € [0.5,0.75] and a signal score
> 0.15 (0.05) for Run 2 (Run 3). The Z+jets validation
region is defined in the 1TAUILEP channel as well, as the
yields in the 2TAU region are low. This region corresponds
to Z(trt) decays where one of the r-leptons decays leptoni-
cally and the other decays hadronically. Another diboson VR
is defined in the 2TAU channel by requiring y = V'V. This
region is used for the validation of the overall modelling in
the 2TAU channel because it is heavily contaminated by all
major backgrounds. The VR distributions of some important
kinematic variables in data and MC simulation are shown in
Fig. 5.

No CRs are defined for fake taus. Instead, five VRs in
total are used to validate the performance of the data-driven
background modelling. These VRs are defined by requiring
y = {fake tau}. In the 1TAUOLEP and 1TAUILEP channels
the events with signal score € [0, 0.3] are used for fake-
tau VRs. Signal scores € [0.3,0.8] are used for the fake-
tau tight VRs, which have significantly fewer events but are
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more signal-like kinematically. In the 2TAU channel, signal
scores € [0, 0.75] are used to define the fake-tau VR, as the
number of events available is much lower. The fake-tau VR
distributions of some important kinematic variables in data
and MC simulation are shown later, in Fig. 7.

6.2 Cut-and-count approach

In the cut-and-count analysis the data are split into three
channels — 1TAUOLEP, ITAUILEP, and 2TAU, similarly to the
ML-based approach. The 2TAU channel is used inclusively,
targeting the higher-mass part of the signal parameter space.
In the channels with exactly one t-lepton, two different types
of kinematic signatures are targeted, one corresponding to
low Am(g/q, f(?), and the other to higher m(g/g). Unlike
the ML approach, the CRs and VRs are used for all three
channels inclusively.

The most powerful discriminating variables for the signal
models considered in this paper are found to be related to
the missing transverse momentum. For the 1 TAUOLEP chan-
nel, EITIliSS itself shows the most discrimination power and is
used as the multi-bin variable, with selections on Ht and m%‘
providing suppression of SM backgrounds, while an ErTniss
< 400 GeV selection is used for CRs and VRs. Two orthog-
onal SRs are defined — the Compressed SR (CompSR, tar-
geting the low-Am(g/q, )Z{)) signal models) and the High
Mass SR (HMSR, targeting high-m(g/g) signal models).
Their orthogonality is ensured by a requirement on the 7-
lepton pr. In the CompSR the small mass-splitting between
the SUSY decay products results in soft r-leptons, and the
event selection requires p{-‘ < 45 GeV. In the HMSR the
focus is on sensitivity to low mysp values, corresponding
to larger mass-splitting and t-leptons with higher transverse
momentum. As such, all events in the HMSR are required to
have p7' > 45 GeV, and the requirement on m{' is set much
higher than in CompSR. Another consequence of the larger
mass-splitting in the signal events targeted by the HMSR is
a higher jet multiplicity, which allows an Njes > 3 require-
ment to efficiently reduce the W+jets background. The exact
selections used to define the 1TAUOLEP SRs are summarised
in Table 5.

In the 1TAUILEP channel the kinematic properties of the
7-leptons for the signal models remain approximately the
same as in the ITAUOLEP channel, and the same splitting
into CompSR and HMSR is made by orthogonal selections
on t-lepton pr. However, use of the m{ + m? variable,
in addition to Ht and mfrl, further suppresses the Z+jets
and W+jets backgrounds in the ITAUILEP channel. The
main discriminating variable E%liss is used for binning in
both SRs. Due to the low lepton energies in the CompSR,
the compressed-topology sensitivity is dominated by the
1TAUOLEP channel. However, in the HMSR the contribu-
tion from the 1TAUILEP channel is significant. The exact
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Fig. 3 Schematic definitions of the ML-based SRs, CRs and VRs. The diboson VR in the 1TAUILEP channel additionally relaxes the signal score
requirement to > 0.15 (0.05) for Run 2 (Run 3)
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Fig. 4 Distributions of important variables used in ML-based CRs in
Run 2 (top row) and Run 3 (bottom row). The total statistical and sys-
tematic uncertainty of the SM background is shown by the hatched
band. The top-quark, diboson, W (tv), and Z(r7) background predic-

selections used in the 1TAUILEP channel are summarised in
Table 5.

In both the 1TAUOLEP and 1TAUILEP channels, the main
backgrounds come from ¢7 and W+jets production. In the
1TAUOLEP channel, W (tv)+jets is the dominant background,
while in the 1TAUILEP channel it is W (£v)+jets production
with one of the jets misidentified as a t-lepton. Multijet
events with a misidentified t-lepton are another significant
background in the 1TAUOLEP CompSR

Finally, for the 2TAU channel, the m '+ m ? variable pro-
vides the most discriminating power and is used forbinning in
the SR. This variable is highly correlated with EX, and no
additional E%‘iss selection beyond the preselection improves
the sensitivity. Together with the Ht and Njeis requirements,
it suppresses the SM backgrounds (mainly Z+jets). The
selection of the two t-leptons reduces the signal yields in the
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(e) Run 3, Z(77) CR 2tAU, m.2

T (f) Run 3, W(rv) CR, BDT score

tions are normalised according to the background-only fit. The leftmost
and rightmost bins include the underflow and overflow entries respec-
tively. The ratio of the observed yield to the expected yield is shown in
the lower panel

compressed region, so no splitting of the SRs is considered
and the optimisation of the SR focuses on the high-m(g/q)
scenarios only. The selections used to define the TwoTauSR
are summarised in Table 5. All SRs are further binned in the
most sensitive variables EY miss for 1TAUOLEP and 1TAUILEP
channels, m '+ m ? for the 2TAU channel, with the exact
values shown in Table 6.

Control regions enriched in Z+jets (Z CR) are selected by
requiring the presence of exactly two t-leptons with oppo-
site charges. A veto on b-jets is applied to suppress Top back-
grounds. To increase the purity of Z+jets and to reduce signal
contamination, additional requirements on Hy, mi + m¢
and mT; variables are applied. The Z CRs have 82% (83%)
purity in Run 2 (Run 3) and include most of the Z+jets avail-
able with the analysis preselection. No additional selection
is imposed on the number of leptons — the contributions of
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Fig. 5 Distributions of important variables used in ML-based VRs in
Run 2 (top row) and Run 3 (bottom row). The total statistical and sys-
tematic uncertainty of the SM background is shown by the hatched
band. The top-quark, diboson, W (zv), and Z(r7) background predic-
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the lower panel

Table 5 1TAUOLEP, ITAUILEP, and 2TAU channel SR definitions for the cut-and-count approach

ET™ [GeV]
(f) Run 3, Top VR ITAUOLEP, EINSS

tions are normalised according to the background-only fit. The leftmost
and rightmost bins include the underflow and overflow entries respec-
tively. The ratio of the observed yield to the expected yield is shown in

Compressed SR High mass SR TwoTau SR

Channel 1TAUOLEP ITAUILEP 1TAUOLEP ITAUILEP 2TAU
Ne+ Ny =0 > 1 =0 > 1 -

N 2
EMiss [GeV] > 400 > 200
Hr [GeV] - > 1000 > 800
Niets >2 >3 >3
Py [GeV] <45 >4 B

my [GeV] > 80 - > 250 > 120 -

mi 4+ mb! [GeV] - > 350 - > 350 -

my +my [GeV] - - - - =~ 150
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Table 6 1TAUOLEP, ITAUILEP, and 2TAU channel SR binning for the cut-and-count approach

ESS bins [GeV]

m3 + m7 bins [GeV]

Run 2
ITAUOLEP compressed SR
ITAUILEP compressed SR
ITAUOLEP high mass SR
1TAUILEP high mass SR
2TAU twoTau SR

Run 3
1TAUOLEP compressed SR
1TAUILEP compressed SR
ITAUOLEP high mass SR
ITAUILEP high mass SR
2TAU twoTau SR

[400, 500, 600, 700, co]

[400, 550, 700, oo]

[400, 500, 600, 700, co]

[400, 550, 700, oo]

[400, 500, 600, 700, co]

[400, 550, oo]
[400, 500, 600, oo]
[400, 550, oo]

[150, 200, 250, 300, 400, 500, 600, co]

[150, 200, 250, 300, 400, 500, co]

Table 7 Requirements for the cut-and-count CRs and VRs

Z CR W CR Top CR Z VR W VR Top VR

Hr [GeV] < 800 < 800 < 800 < 800 [600, 1000]
EWiSS [GeV] - <300 <300 <300 [300, 400]
N: =2 =1 =1 =1 =1 =1
Charge Opposite t-lepton charge -
N, + N, - =0 =0 > 1 =0 =0
Nojets = =0 > 1 =0 =0 > 1
Niets Ed >3 >3 >2 >3 >3
m7 [GeV] - <80 <80 - <80 <80
m7 +mg [GeV] < - - - - -
mi +mt! [GeV] - - - <100 - -
mr2 [GeV] < - - - - -
m(ty, 1) [GeV] - - - < 60 - -
fake-tau valdation regions i Zwv) VR W fake VR Top fake VR
the cut-and-count channel Hy [GeV] <800

ENSS [GeV] <300

Ny =1 =1 =1

N,y + N, =0 1 =

No-jets =0 =0 =1

m [GeV] € [100, 200] -

m4! [GeV] - < 100 < 100

m(t, £1) [GeV] - > 60 -

Ess /(ERsS + Hr) >0.3 - -

Ag(jet,, piiss) >2.0 - -

A (1, piRiss) > 1.0 - _
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such events were studied and found to be less than 1% of the
total yields.

Due to the potential signal contamination, no reasonably
populated validation region can be defined for Z+jets in the
2TAU channel. Instead, the 1TAUILEP channel is used. The
events are required to have exactly one lepton and one t-
lepton, and a b-jet veto is applied. Additional requirements
on ErT“i“, Hr, and the sum of transverse masses of the 7-
lepton and ¢ are used to suppress signal and t7 contam-
ination. Finally, a selection on the visible invariant mass,
m(t, ) < 60 GeV, suppresses the non-resonant contribu-
tions and keeps the region orthogonal to the fake-tau valida-
tion regions (described below).

Control regions enriched in W+jets background (W CR)
are defined by requiring the presence of at least three jets
and exactly one t-lepton. A veto on b-jets and leptons is
applied. Signal and fake tau contamination is suppressed by
requirement on Hr, E'T“i“, and m%‘ variables. This results
in highly populated regions with a purity of 82% (79%) in
Run 2 (Run 3). The regions used to validate the W+jets cor-
rections (W VR) are defined by tightening the Ef}liss and Ht
requirements of the W CR, keeping the selection orthogo-
nal to the CR while ensuring that the kinematic selection is
sufficiently similar to the SRs.

Another pair of CRs are used to correct the inclusive
modelling of 77 and single-top-quark backgrounds (Top CR).
The dominant contribution comes from ¢z production, with
single-top-quark production contributing 10—20% in all the
analysis regions. A common normalisation factor is derived
for the two backgrounds. The Top CR is defined similarly
to the W CR, but with a requirement of at least one b-jet
added. The purity of the Top CR is 72% (72%) in Run 2
(Run 3). The validation regions for Top backgrounds (Top
VR) are defined similarly, tightening the Top CR ErTniSS and
Hr requirements. The CR and VR definitions are the same
in Run 2 and Run 3. The definitions of the CRs and VRs
are summarised in Table 7, and the modelling of important
kinematic variables is shown in Fig. 6. The potential sig-
nal contamination in all CRs is below 1% for all the signal
models not excluded by the previous searches.

A set of additional validation regions is defined in order
to monitor the data-driven modelling of the fake-tau back-
grounds. W fake-tau (Top fake-tau) VRs are defined to be
kinematically similar to the W(Top) CRs. The events are
required to have exactly one ¢ and one t-lepton, with addi-
tional kinematic selections on E‘Tniss, Hr, and the lepton
transverse mass m? to suppress signal and true tau con-
tamination. The W(Top) fake-tau VRs are also required to
have exactly 0(> 1) b-tagged jets. Finally, the dilepton vis-
ible invariant mass has to exceed 60 GeV in the W fake-
tau VR, suppressing Z(ThadTiep) contributions. The Z(vv)
fake-tau VR is defined by selecting events with large m?,

E%liss / (E%liss + Hr), and angular separation between the 7-
lepton/leading jet and EX in the transverse plane, ensur-
ing that the main E%niss contribution comes from the invis-
ible decay of Z boson. Events containing leptons or b-jets
are vetoed while Efrniss and Ht requirements suppress signal
contamination. The selection criteria for the fake-tau VRs
are summarised in Table 8. The modelling of some impor-
tant kinematic variables in data and simulation is shown in
Fig. 8.

7 Modelling of jets misidentified as t-leptons

All of the events used by the analysis are required to have
at least one object satisfying the selection criteria for a t-
lepton. These objects are often actual, true t-leptons, but
some light leptons and jets can also satisfy the selection
(fake taus). Events with t-lepton candidates coming from
all three lepton generations are modelled with MC simula-
tion, as the multiplicity of such objects is well predicted.
The multiplicity of jets in an event, on the other hand, is
harder to model. Therefore, a data-driven approach is used
to model such events inclusively, regardless of the SM pro-
cess producing them. The method is based on the Universal
Fake Factor (UFF) approach [157]. A notable advantage of
the data-driven approach is that the backgrounds estimated
in this way include contributions from multijet production,
beam noise, and other hadronic backgrounds that are tradi-
tionally hard to model with MC simulation.

The UFF approach uses dedicated fake-tau-enriched
regions that are independent of the analysis phase-space to
measure the fake factors (FFs), defined as

FF Number of fake taus passing medium tau ID criteria

" Number of fake taus not passing medium tau ID criteria

as a function of several t-lepton kinematic variables — pr, ||,
and decay mode. The main assumption is that the probability
of an object to satisfy the th,q ID criteria depends only on the
properties of the object itself, so it can be extrapolated from
any measurement region. This allows the use of the same
technique and FF measurements for the two different search
strategies, cut-and-count and ML-based.

Three FF measurement regions are used. The first one
is a back-to-back dijet selection (Multijet) with an addi-
tional low-pr (relative to the leading jet) t-lepton candi-
date. The second region (Z(££)) requires two same-flavour
opposite-charge leptons consistent with a Z-boson decay
with an additional t-lepton candidate present. Finally, the
third region is based on a same-charge muon and t-lepton
selection (W (uv)). The W (ev) process was also considered,
but ultimately rejected due to the large Z(ee) contamination.
An additional selection is imposed on the NNJVT score of the
jet geometrically matched to the t-lepton candidate before
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Fig. 6 Distributions of important variables used in cut-and-count VRs
in Run 2 (top row) and Run 3 (bottom row). The total statistical and
systematic uncertainty of the SM background is shown by the hatched
band. The top-quark, W (rv), and Z(r7) background predictions are

the OR procedure is applied. This is done to further sup-
press/enhance contributions from the pileup jets. The details
of the FF measurement regions are gathered in Table 9. In par-
ticular, the Efrniss < 50 GeV requirement guarantees orthog-
onality to the analysis phase-space.

For each analysis CR, VR, and SR, an anti-ID region is
defined by replacing the requirement on the number of t-
leptons with one on anti-ID taus. The contributions from 7-
leptons modelled with the MC simulation are subtracted. The
resulting data-minus-simulation mixture is scaled by the FFs
as a function of anti-ID tau kinematic properties, giving the
fake-tau background estimate in the nominal region. In the
case of events with more than one t-lepton, the data-driven
approach is used if at least one of the two leading t-leptons
is a fake tau. The method described in Ref. [157] is used to
avoid double-counting in events with two fake taus.

@ Springer

(e) Run 3, Top VR, m;l

(f) Run 3, Z VR, p?

normalised according to the background-only fit. The leftmost and right-
most bins include the underflow and overflow entries respectively. The
ratio of the observed yield to the expected yield is shown in the lower
panel

In the UFF approach, the most important variable to con-
trol is the jet origin of the fake tau. The jets can originate
from gluons, light- or heavy-flavour quarks, and pileup, each
having distinct properties. Several regions are used to mea-
sure FFs such that the mixture of fake tau origins is different
in each of them. Templates of the track-based t-lepton width
variable

EptTraCki x AR(t, track;)

Epflfacki

3

which is sensitive to the jet origin mixture are also measured
with the same binning as the FFs. Only the tracks matched
to the Thad-vis Vertex or jets arising from the hard scattering
interactions by a dedicated RNN-based track classifier are
considered. The combined FF is determined in template fits
using the track-based t-lepton width.
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Table 9 Fake-factor
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measurement regions. The equirement uitjet (£0) W)
jet . . . . .
pr'/py recy]nrement is relaxed Single-jet trigger Pass - -
to > 3 for pr > 150 GeV Single-lepton trigger - Pass Pass
Ny =1 > 1 =1
Niet >2 -
Nb-jets =0 =0 =0
AR(jety, jet,) [2.7,3.5] -
jet
Py /oy >4 - -
Ny - 2e or 2 Oe and 1
m(y, £2) [GeV] - [70, 110] -
Charge(ty, (1) - - Same-sign
NNIJVT score > 0.8 > 0.8 <0.8
ERiSS [GeV] <50 <50 <50
E’TniSS significance <2 <2 <2
Ad(ty, piRiss) > 1.0 > 1.0 > 1.0
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Fig. 7 Distributions of important variables used in the ML-based fake- predictions are normalised according to the background-only fit. The
tau VRs in Run 2 (top row) and Run 3 (bottom row). The total statisti- leftmost and rightmost bins include the underflow and overflow entries

cal and systematic uncertainty of the SM background is shown by the respectively. The ratio of the observed yield to the expected yield is
hatched band. The top-quark, diboson, W (rv), and Z(r ) background shown in the lower panel
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Fig. 8 Distributions of important variables used in cut-and-count fake-
tau VRs in Run 2 (top row) and Run 3 (bottom row). The total statisti-
cal and systematic uncertainty of the SM background is shown by the
hatched band. The top-quark, W(zv), and Z(z7) background predic-

Several validation regions are defined to access the per-
formance of the fake-tau modelling, as described in Sect. 6.
The modelling of a few important kinematic variables is
shown in Figs. 7 and 8 for the ML-based and cut-and-count
approaches, respectively. The normalisation of the fake taus
is not fitted to the data, but some of the VRs have signif-
icant contributions from r7 and W+jets processes, which
are corrected in the fits. The systematic uncertainties of this
approach are described in Sect. 8.

8 Statistical analysis and systematic uncertainties
For the statistical analysis of the data the HISTFITTER work-

flow [158] is followed by using PYHF [159], the Python imple-
mentation of HISTFACTORY. Diagnostic utilities from the
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tions are normalised according to the background-only fit. The leftmost
and rightmost bins include the underflow and overflow entries respec-
tively. The ratio of the observed yield to the expected yield is shown in
the lower panel

CABINETRY package [160] are also used. Two types of min-
imisation routines are used by PYHF: MINUIT (Migrad) [161]
with NUMPY backend, and minimize from the SCIPY library
[162] with JAX backend. As described in Sect. 6, dedicated
CRs and SRs are defined and included in simultaneous likeli-
hood fits. The binned-fit procedure is based on the HISTFAC-
TORY [163] algorithm. It is used to build a parametric model
describing the observed data, the nominal predictions, and
the systematic and statistical uncertainties of these predic-
tions, in all regions of interest. A general likelihood function
L is constructed as a product of Poisson distributions, cor-
responding to the event counts in the binned regions, and
constraint terms (Gaussian or Poisson) describing the sys-
tematic uncertainties. Signal rate(s) and normalisation fac-
tors for background processes are free within bounds in the
fit, while the systematic uncertainties are subject to the con-



Eur. Phys. J. C (2025) 85:1437

Page 19 of 47 1437

straints. The fit then minimises the value of —log(L). For
the current analysis the asymptotic approximation [152] is
assumed to be valid (and is validated by direct comparison
with MC experiments). Three main fit types are used by the
search, differing by the presence of different regions in the
likelihood and the assumptions made about the signal model
and rate.

In background-only fits, the signal contribution is assumed
to be zero everywhere and the signal rate is thus decoupled
from the fit. Only CRs are included in the fit, and the results
are extrapolated to the VRs and SRs. The purpose of these
fits is to evaluate the quality of background modelling and to
allow model-independent statements to be made. All direct
comparisons of data and MC modelling shown in this paper
are either done before any fit or come from background-only
fits.

Model-dependent (or exclusion) fits include both the CRs
and SRs, which allows systematic uncertainties to be con-
strained more strongly. A particular signal model is assumed
and the signal cross-section is included as the parameter of
interest in the fit. For each of the models, the background-
only and background-plus-signal hypotheses are tested and
the CLg prescription [164] is used to obtain results corre-
sponding to an exclusion region defined by CLs < 0.05.
These fits are used to construct the exclusion contours that
are presented in Sect. 9.

Finally, model-independent fits are used to make qual-
itative (and model-independent) statements about whether
the measurements in single-bin regions are consistent with
the SM predictions or not. All the CRs and one chosen
SR are included in each of these fits. A signal contribu-
tion of zero is assumed in the CRs, and a signal contribu-
tion equal to the fitted signal strength is assumed in the SR.
The signal rate derived from the fit is then interpreted as the
allowed/excluded cross-section of the signal. The selection
of the regions tested and the results are further discussed in
Sect. 9.

For all of the fits, Run 2 and Run 3 data samples are first
treated separately in individual fits. Combined Run 2 and
Run 3 exclusion fits are then performed to obtain the most
stringent limits.

The analysis considers three main types of systematic
uncertainties. The experimental uncertainties include sys-
tematic uncertainties related to the reconstruction, identifi-
cation, calibration, and corrections applied to the physical
objects used in the analysis. Theoretical uncertainties com-
prise uncertainties of the MC generators and PDF sets. The
third type of uncertainties considered are statistical uncer-
tainties, related to the limited number of MC simulated events
or limited number of data events used in the data-driven fake-
tau estimations. The following correlation scheme is used:

e detector uncertainties are correlated across regions and
samples;

e theory uncertainties are correlated across regions, but not
samples;

e fake-tau uncertainties are uncorrelated across regions and
samples, as they are largely statistical;

e no uncertainties are correlated between Run 2 and Run 3.

In the cases where correlation between Run 2 and Run 3 is
expected (primarily jet and theory uncertainties), both corre-
lation schemes were tested and no significant difference was
observed. Thus, it is more practical to treat them as uncorre-
lated, simplifying the fitting procedures.

The experimental uncertainties are grouped according to
the object they are applied to. Jet uncertainties include uncer-
tainties from the energy scale calibration [165] and resolution
[132], and the NNJVT jet-vertex-tagging uncertainties [ 166].
The jet flavour-tagging uncertainties [137,167,168] are also
considered. Experimental uncertainties for t-leptons con-
sist of uncertainties from reconstruction and identification
algorithms, energy scale calibrations, and the electron veto
[145,169]. The experimental uncertainties for electrons and
muons include uncertainties from reconstruction, isolation,
and identification algorithms [138,139,141,142]. The reso-
lution and energy scale uncertainties for all the objects used
in the analysis are propagated into the E%‘iss calculations,
and uncertainties in the modelling of the underlying event
and tracks not matched to any of the reconstructed objects
are used to compute dedicated soft-term uncertainties [148].

The uncertainty in the combined Run 2 (Run 3) integrated
luminosity is 0.83% (2.0%) [56,170,171], obtained from
luminosity measurements with the LUCID-2 detector. Pileup
reweighting is applied to all simulated events to match the
observed conditions in data and is also assigned systematic
uncertainties.

Dedicated uncertainties are applied to the fake-factor
method for fake taus. The statistical uncertainty of the
FFs due to the limited number of events in the measure-
ment regions is one such uncertainty. The statistical uncer-
tainty due to the limited number of data events in the anti-
ID regions used for the measurements is also considered.
The MC-simulated number of true t-leptons in the anti-ID
regions is varied by £30% (as a conservative estimate of
expected detector uncertainty), and the effect of this variation
is included as a separate uncertainty. The shape uncertainty
of the templates used to determine the flavour composition of
the fake-tau seed jets and the uncertainty of the flavour com-
position itself are also considered. Given that most of the
fake-tau uncertainties are statistical, no correlation between
regions is assumed. Alternative correlation schemes were
tested, and no significant difference was observed, so the
no-correlation scheme is selected as the most conservative
and straightforward approach.
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(c) Run 2 ML-based VRs

Fig. 9 Comparison of the dominant groups of systematic uncertainties
in the total background prediction after the background-only fit for the
ML-based approach, relative to the total yields. The total uncertainty
is calculated using all the available systematic and statistical uncertain-

Variations of the factorisation and renormalisation scales
(ur and ur) are used to estimate uncertainties due to the
lack of higher-order corrections in the simulations. The stan-
dard 7-point scale-variation scheme is used, where {¢;, s}
are varied from their nominal values by factors of {0.5, 0.5},
{0.5, 1}, {1, 0.5}, {2, 1}, {1, 2}, and {2, 2}. These variations
are implemented as alternative weights. The envelope of the
effects of the six variations is used as the final uncertainty. For
the NNPDF sets the standard prescription is followed [172],
using the LHAPDF library to evaluate the effect of 100 alter-
native PDF variations. The effect of the PDF uncertainties is
then combined in quadrature with the effect of varying the

@ Springer

(d) Run 3 ML-based VRs

ties. “Other” refers to E-‘Fi“, muon, electron, and pileup uncertainties.
“True tau” refers to the experimental uncertainties of t-leptons. The
individual uncertainties can be correlated and do not necessarily add in
quadrature to the total uncertainty

strong coupling constant «g. Theoretical systematic uncer-
tainties related to the PDF and scale variations are applied to
all samples except the signal samples, for which dedicated
higher-order cross-section uncertainties are available.
Additional theory uncertainties related to final-state radi-
ation variations, variations of the A14 tune due to varying
o for initial-state radiation, and variations of the merg-
ing parameter and resummation scale in SHERPA-generated
samples [88,89] are considered where appropriate. For ¢f
samples, a direct comparison is made with alternative sam-
ples generated such that the p of the POWHEG emission is
tested against all other incoming and outgoing partons, and
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(b) Run 3 cut-and-count SRs and VRs

Fig. 10 Comparison of the dominant groups of systematic uncertain-
ties in the total background prediction after the background-only fit
for the cut-and-count approach, relative to the total yields. The total
uncertainty is calculated using all the available systematic and statistical

the minimum value is chosen as the pThard scale (i.e. the
pThard parameter is set to option 1 in PYTHIA 8). Another
comparison uses 77 samples generated with the Adamp (first-
emission damping parameter) value set to 3 X myp instead
of the nominal 1.5 x myop. The uncertainty from the parton-
shower approach is estimated by comparing the nominal ¢7
samples (POWHEG+PYTHIA) with POWHEG+HERWIG sam-
ples [173,174]. For single-top-quark production a compar-
ison is made between samples produced using the diagram
removal (nominal) and diagram subtraction schemes, which
are used to remove the overlap with the ¢7 production in the
next-to-leading-order calculations.

For signal MC production, general simulation variations
not affected by the cross-section uncertainties are also con-
sidered. These uncertainties include the radiation uncertainty
and the effect of varying the factorisation and renormalisa-
tion scales, merging scales, and parton-shower tuning. The
combined uncertainty from the signal theory uncertainties
is estimated by using envelopes around the nominal result.
From the comparisons the 68% (95%) confidence intervals
generally lie within the 1o (20) Poisson uncertainty of the
nominal sample, indicating that no statistically significant
effect is expected. A conservative upper limit of 10% is used
for all signal models.

The largestindividual contributions to the total uncertainty
in the ML-based SRs come from the factorisation and renor-
malisation scale uncertainties for W+jets and Z+jets back-

uncertainties. “Other” refers to E%"i“, muon, electron, and pileup uncer-
tainties. “True tau” refers to the experimental uncertainties of t-leptons.
The individual uncertainties can be correlated and do not necessarily
add in quadrature to the total uncertainty

grounds, and comparisons with alternative generators for ¢
and single-top-quark MC samples. In the ITAUOLEP chan-
nel the cumulative effect of experimental jet uncertainties
is sizeable. Statistical uncertainties and modelling of the 7-
leptons (true and fake) also contribute significantly in most
SRs. In most of the cut-and-count SRs, Top theory uncer-
tainties (mainly from comparisons with alternative genera-
tors) are dominant. In the HMSR 1TAUOLEP channel, fac-
torisation and renormalisation scale uncertainties for W+jets
backgrounds are important as well. The CompSR 1TAUOLEP
channel is dominated by fake taus, leading to a large contri-
bution from the fake-tau uncertainties.

The breakdown of the effects of different sources of sys-
tematic uncertainty in the VRs and SRs is shown in Figs. 9
and 10. To find the effect of a group of uncertainties, its
square is evaluated as the difference between the squares of
the total uncertainty and the uncertainty computed without
this group. In the ML-based analysis the Run 2 SRs tend to
have larger total uncertainties than the Run 3 ones, due to the
effects of several experimental jet and EITIliSS uncertainties in
the 1TAUOLEP channel. The contribution of theory uncertain-
ties is on average larger in Run 2 than in Run 3 in all channels.
This can also be seen in the uncertainties of the Top VRs of
Run 2 and Run 3. In the cut-and-count SRs, the Top theory
uncertainties and jet non-closure uncertainties are more dom-
inant in the Run 3 SRs, leading to larger total uncertainties
overall. The fake-tau uncertainties are also larger in Run 3
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(b) Run 2 1taulLEP and 2TAU

Fig. 11 A comparison of the observed and expected yields in the bins
of the a Run 2 1TAUOLEP, b Run 2 ITAUILEP and 2TAU, and ¢ Run 3
ML SRs used in the analysis is shown in the upper panel. The lower
panel shows the statistical significance [175] of the observation given

because fewer events are available for measurements of the
fake factors; this is the leading contribution in the CompSR
1TAUOLEP channel.

9 Results

The observed and expected yields in all the SRs used by the
analysis are shown in Figs. 11 and 12. The NFs are deter-
mined with the background-only fit procedure described in
Sect. 8. No significant deviations from the SM are observed.
The largest excess of events has less than 20 significance,
in the Run 2 HMSR 1TAUOLEP E%‘iss € [400, 500] GeV
bin. The largest deficit of events has just over 2o signifi-
cance, in the second bin of the Run 3 1TAUOLEP ML SR.
Benchmark signal models are overlayed, showing that the
minor excesses seen are not compatible with the expected
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the predicted number of events. The top-quark, W (rv), and Z(t t) back-
ground predictions are normalised according to the background-only fit.
The total statistical and systematic uncertainty of the SM background
is shown by the hatched band. Benchmark signal models are overlayed

SUSY signal yields. A slight tendency to overestimate the
SM background is seen in the Run 2 CompSR 1TAUILEP.
An exclusion fit is performed for every simplified SUSY
model considered by the analysis. All of the relevant SRs
are included in the fit together with the CRs. In addition to
the NFs, the signal strength parameter pu is included as the
parameter of interest. A comparison of the background-only
(u = 0) and signal-plus-background (. = 1) hypothesis
tests is performed. A common value of p is used for Run 2
and Run 3 data. The signal model most compatible with the
observed data is GG 1300 1200 in the ML-based SRs, with
local p-value of 0.00058 (Z = 3.2). Following the conven-
tion adopted for ATLAS SUSY searches, the SUSY cross-
section uncertainty due to missing higher-order corrections
is not included in the fit directly. Instead, the effects of rais-
ing and lowering the nominal cross-section by its theoretical
uncertainty are shown. The results are presented in the two-
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top-quark, W(rv), and Z(rt) background predictions are normalised
according to the background-only fit. The total statistical and system-

Fig. 12 A comparison of the observed and expected yields in the bins
of the a Run 2 and b Run 3 cut-and-count SRs used in the analysis is
shown in the upper panel. The lower panel shows the statistical signifi-

atic uncertainty of the SM background is shown by the hatched band.

Benchmark signal models are overlayed

cance [175] of the observation given the predicted number of events. The
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Fig. 13 The exclusion contours from the ML-based and cut-and-count approaches, for a gluino pair production and b squark pair production. The
results are obtained using the CLg prescription. The gluino limits are overlayed with the previous, partial Run 2, search

dimensional parameter spaces, as exclusion contours at 95%
confidence level (CL) following the CLg prescription, and
as upper limits on o,ps/0sysy. The ML-based and cut-and-
count analysis results are shown in Fig. 13 for both gluino and
squark pair production. The ML approach has better sensi-
tivity in the high-m(g/g) and high-m ()Z? ) parts of the phase
space, excluding gluino masses up to 2.25 TeV and m (X ?) up
to 1.35 TeV. For squark models, m ()??) valuesupto 0.85 TeV
are excluded. The cut-and-count approach has stronger sen-
sitivity towards the compressed, low-Am(g/q, )Z?) region
of the parameter space because of the dedicated CompSR
regions, excluding models with Am (g, )Z?) > 150 GeV and
Am(q, f(?) > 130 GeV. The observed limits from the cut-
and-count analysis also reach gluino masses of 2.3 TeV and
squark masses of 1.7 TeV for the m()??) = 0.1 TeV mod-
els. A comparison of the presented results with the previ-
ous searches targeting similar final states with data collected
in 2015-2016 is shown in Fig. 13a. The improvement is
mainly due to the more sophisticated r-lepton reconstruc-
tion and identification techniques, the larger data sample,
and the use of ML techniques. Upper limits on the signal
cross-section are shown in Fig. 14 for the ML-based and cut-
and-count approaches. The upper limits are normalised to the
theory SUSY cross-section for the corresponding m(g/q)
pair production. Compared to Run 2 only, the combined
Run 2 and Run 3 fits in the ML-based (cut-and-count) analy-
sis strengthen the upper limits on the observed cross-section
by up to 10% (30%) in the high-m()zlo) regions, up to 20%
(50%)inthe low-Am(g/q, )Z?) regions, and up to 10% (10%)
in the low-mp gp region.

Model-independent statements about the presence of new
physics are made for several regions. A generic new signal is

@ Springer

assumed to be present in one particular region, a signal-plus-
background fit is performed over all CRs and the selected
region, and the profile-likelihood-ratio test statistic is eval-
uated. The final bin of every individual SR is used for this
procedure (one at a time) together with all the CRs. In the
cut-and-count approach, these bins are the tails of kinematic
distributions, sensitive to any new physics with t-leptons
and E‘T“iss. For the ML-based approach the classifier score
is intrinsically tuned to be sensitive to a particular class of
SUSY models. If the new physics is sufficiently similar to the
models the classifiers are trained on, the sensitivity is max-
imised. The limits are set independently for Run 2 and Run 3,
not assuming any particular cross-section dependence for the
new physics. The results, including the upper limit on the vis-
ible cross-section oyis at 95% CL, number of signal events
given the observed and predicted numbers of background
events, confidence level for the background-only hypothe-
sis, and the discovery p-value and its associated significance,
are presented in Table 10. Upper limits of 0.02—0.31 fb are
placed on the cross-section of a new physics process appear-
ing in these regions.

10 Conclusion

A search for pair production of supersymmetric particles
with cascade decays in events with hadronically decaying
t-leptons, jets, and missing transverse momentum is pre-
sented, performed both with ML-based and cut-and-count
approaches. Final states with exactly one t-lepton and no
other leptons, exactly one t-lepton and at least one other
lepton, or at least two t-leptons are considered. The search
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Fig. 14 Upper limit on the observed cross-section normalised to the theory-predicted SUSY cross-section, obtained with the ML-based (top row)

and cut-and-count (bottom row) approaches

uses pp collisions at /s = 13 TeV and 13.6 TeV deliv-
ered by the Large Hadron Collider to collect data with the
ATLAS detector in 2015-2018 and 2022-2023 respectively,
corresponding to integrated luminosities of 140 fb~! and
51.8 fb~—!. The enhanced calibration and identification algo-
rithms, data sample, and analysis techniques improve the
sensitivity across the whole range of masses considered com-
pared to the previous searches. No significant deviations from
the SM predictions are observed in either a cut-and-count or
ML-based approach. The results are interpreted in the context
of simplified supersymmetric models, setting the most strin-

gent limits for these channels. For gluino pair-production
models, gluino masses below 2.25 GeV are excluded, and
LSP masses below 1.35 TeV are excluded for gluino masses
around 2 TeV. Squark pair-production models with squark
masses up to 1.7 TeV, and LSP masses up to 0.85 TeV are
excluded.
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Table 10 Upper limits at 95% CL on the visible cross-section oy;s, on
the number of signal events (Sgss), and on the number of signal events
given the expected number (and £10 excursions of the expectation) of

background events (S?fp). The last two columns indicate the CL;, value
(i.e. the confidence level observed for the background-only hypothesis),
the discovery p-value (po), and its associated significance Z

Signal region Bin Total bkg Data ovis [fb] 5% Sonp CLyp po (Z)
Run 2 cut-and-count
CompSR 1TAUOLEP ESs > 700 GeV 45+43 49 0.16 222 17.9712 0.73 0.26 (0.6)
CompSR 1TAUILEP EMiSS > 700 GeV 4.6+ 1.1 0.026 3.7 6.0155 0.1 0.50 (0.0)
HMSR 1TAUOLEP EISS > 700 GeV 7.9+13 4 0.031 43 7.313% 008  0.50(0.0)
HMSR ITAUILEP EiSs > 700 GeV 26+1.0 1 0.024 3.3 51137 0.14  0.50(0.0)
TwoTauSR 2TAU my +m7 > 600 GeV 50£09 4 0.036 5.0 6.0139 0.33 0.50 (0.0)
Run 3 cut-and-count
CompSR 1TAUOLEP ESs > 700 GeV 27£3.6 27 0.29 14.8 14.9792 0.5 0.50 (0.0)
CompSR 1TAUILEP EMSS > 550 GeV 8.1+ 1.6 10 0.20 10.2 7.8431 076  0.21(0.8)
HMSR 1TAUOLEP ENsS > 600 GeV 77419 9 0.31 16.0 12.671% 0.63 0.26 (0.6)
HMSR ITAUILEP EMis > 550 GeV 39+1.1 0.14 7.2 58130 0.71 0.26 (0.6)
TwoTauSR 2TAU my +m7 > 550 GeV 57415 6 0.14 74 7.0%33 0.55 0.44 (0.2)
Run 2 ML
1TAUOLEP SR MLSR27 55+1.3 5 0.07 10.1 11.37%7 0.41 0.50 (0.0)
ITAUILEP SR MLSRI11 6319 7 0.15 203 18.275% 0.55 0.34 (0.4)
2TAU SR MLSR3 85+£22 9 0.09 133 12.4789 0.53 0.41(0.2)
Run 3 ML
ITAUOLEP SR MLSRI13 63417 0.29 15.1 14,1799 0.54  0.35(0.4)
ITAUILEP SR MLSRS 57415 0.20 10.6 10.07, 50 0.53 0.43 (0.2)
2TAU SR MLSRI1 72417 8 0.17 8.9 7.9754 0.61 0.36 (0.4)
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