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Abstract Measurements of t t̄�+�− production in the
region of high dilepton invariant mass with effective field
theory (EFT) interpretations are presented. They are per-
formed using final states with three isolated leptons (electrons
or muons) and are based on

√
s = 13 TeV proton–proton

collision data with an integrated luminosity of 140 fb−1,
recorded from 2015 to 2018 with the ATLAS detector at
the Large Hadron Collider. Measurements of the t t̄ �+�−
signal strength and cross-section upper-limits are performed
inclusively in lepton flavour and separately for electrons and
muons. The study also aims to probe anomalous four-fermion
interactions including to test for possible lepton flavor uni-
versality violation. No significant deviations from the Stan-
dard Model predictions are observed and the measurements
are interpreted through the EFT formalism to provide new
constraints on the relevant operators.
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1 Introduction

The top quark as the heaviest fundamental particle has a
unique role in testing the Standard Model (SM) and elec-
troweak (EW) symmetry breaking. The study of rare pro-
cesses involving the production of top quarks and heavy
bosons is interesting in its own right as a test of the SM
electroweak sector at high energy. This also offers a window
on to couplings between top quarks and bosons that cannot
be directly tested elsewhere in particle collisions. The pro-
duction of a top–antitop quark pair in association with a Z
boson, t t̄ Z , is an example of such a process. One of the clean-
est signatures of this process is where the Z boson decays
leptonically, t t̄ Z → t t̄ �+�−. Measurements of this process,
where the Z boson is on-shell, O(10) GeV from the Z mass,
have recently been performed at the Large Hadron Collider
(LHC) [1] by ATLAS and CMS [2–4] inclusively and at the
differential level. This process gives direct sensitivity to the
t–Z coupling, which is important as deviations from the SM
could be a sign of new physics effects in the EW symmetry
breaking mechanism. Several beyond the SM (BSM) models
predict such deviations [5–12].

Off-shell t t̄ �+�− production, where the opposite-sign
same-flavour lepton pair originates from the Z/γ ∗ decay, has
not yet been measured by ATLAS. This process is also highly
interesting as it gives sensitivity to the effective t t̄ �+�− cou-
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Fig. 1 Representative Feynman
diagrams for t t̄ �+�− a in the
SM and b with an effective
vertex

Table 1 Definitions are given of the relevant dimension-6 SMEFT oper-
ators. The convention for notation used follows that of Ref. [30], where
relevant SU (2)L indices are represented by k and p, r represent flavour
indices. The top flavour assumptions are used. Relevant for this mea-
surement is that each of the seven top–lepton operators have correspond-

ing three flavour-diagonal Wilson Coefficients (WCs) denoted cX,i with
i = 1, 2, 3 an index running over the lepton generations, for a given
operator, X . The handedness, left (L) and right (R), of the quarks and
leptons in the interaction vertices is given

Operator Definition Description

Ote (ēpγμer )(t̄γ μt) R-handed leptons and R-handed quarks in the t t̄�+�− vertex

OQe (Q̄γμQ)(ēpγ μer ) R-handed leptons and L-handed quarks in the t t̄�+�− and bb̄�+�− vertices

Otl (l̄ pγμlr )(t̄γ μt) L-handed leptons and R-handed quarks in the t t̄�+�− vertex

O1
Ql (l̄ pγμlr )(Q̄γ μQ) L-handed leptons and L-handed quarks in the t t̄�+�− and bb̄�+�− vertices, weak-singlet

O3
Ql (l̄ pσ iγμlr )(Q̄σ iγ μQ) L-handed leptons and L-handed quarks in the t t̄�+�− and bb̄�+�− vertices, weak-triplet

O1
leQt (l̄ jper )ε jk(Q̄k t) Mixed L-/R-handed quarks and leptons in the t t̄�+�−, t b̄�+�− and bb̄�+�− vertices, scalar

O3
leQt (l̄ jpσμνer )ε jk(Q̄kσμν t) Mixed L-/R-handed quarks and leptons in the t t̄�+�−, t b̄�ν, t̄b�ν and bb̄�+�− vertices, tensor

pling. It is possible to more generically probe possible BSM
contributions to these kinds of couplings in the context of
effective field theories (EFTs) [13,14]. Figure 1 shows Feyn-
man diagrams for t t̄ �+�− production in the SM and a pos-
sible effective vertex that affects the coupling of interest.
The t t̄ �+�− type of coupling is poorly constrained in exist-
ing measurements probing EFT couplings relating to the top
quark [15]. High-mass t t̄ �+�− events are particularly sensi-
tive to such couplings, the impact of the relevant EFT opera-
tors strongly increasing with energy [14], motivating a ded-
icated measurement.

Furthermore, some of the most intriguing evidence for
new physics has come from anomalies observed in lepton
flavour universality (LFU) tests in B-hadron decays into a
D∗ and lepton-neutrino pair [16–23]. These measurements
have highlighted the importance of probing LFU in general,
and there is a commonality in couplings which means anoma-
lies in the B-sector could also be manifest in the top quark
sector [24–29].

Therefore, the target of this analysis is to make dedi-
cated measurements of t t̄ �+�−, (� = e, μ), with a focus
on the high dilepton invariant mass region. This is achieved
by selecting events with three isolated leptons with addi-
tional requirements on jet activity to provide a region pure

in t t̄ �+�− production. The three-lepton selection provides
a balance between high purity, worsened with a two-lepton
selection, and reasonable data statistics, worsened by a four-
lepton selection. Many aspects of the analysis are built
upon the previous ATLAS measurement of t t̄ Z produc-
tion [2] with several extensions to deal with the relatively
larger background contributions away from the Z boson
mass peak. Measurements of the t t̄ �+�− signal strength,
μ(t t̄ �+�−) = σ(obs)/σ (SM), and cross-section upper lim-
its are made inclusively in lepton flavour and separately
for electrons and muons. These measurements are used to
search for new physics entering via four-fermion top quark–
lepton EFT operators in the SMEFT [30] formalism, with
the top flavour assumptions. The relevant operators, con-
sidering only those of dimension-6, are shown in Table 1 and
the effect of these operators is parameterised as a function of
their corresponding Wilson Coefficients (WCs) assuming a
mass scale, � = 1 TeV, that characterizes the beyond the SM
dynamics. The operators, and WCs, can be treated as flavour-
inclusive (no differentiation between lepton flavours), or
flavour-split (with individual operators per lepton flavour).
Both interpretations are considered in this measurement.
Additionally, to probe any possible LFU violation that could
be present, an analysis of the flavour-relative WCs, the dif-
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ference between the flavour-split electron and muons WCs,
is tested for the first time at the LHC. The final outcome
is measurements of the relevant WCs in flavour-inclusive,
flavour-split and flavour-relative scenarios looking for devia-
tions from the SM and setting limits on possible new physics.

The paper is structured as follows: Sect. 2 outlines the
ATLAS detector, Sect. 3 provides an overview of the data and
MC samples used in the measurements, and Sect. 4 details
the object reconstruction and selection. Section 5 describes
the signal region definitions and provides a description of the
strategy to estimate backgrounds, an overview of the system-
atic uncertainties is given in Sect. 6, the results are presented
in Sect. 7 and conclusions are given in Sect. 8.

2 ATLAS detector

The ATLAS detector [31] at the LHC covers nearly the entire
solid angle around the collision point.1 It consists of an
inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial
magnetic field and provides charged-particle tracking in the
range of |η| < 2.5. The high-granularity silicon pixel detec-
tor covers the vertex region and typically provides four
measurements per track, the first hit generally being in the
insertable B-layer (IBL) installed before Run 2 [32,33]. It
is followed by the SemiConductor Tracker (SCT), which
usually provides eight measurements per track. These sili-
con detectors are complemented by the transition radiation
tracker (TRT), which enables radially extended track recon-
struction up to |η| = 2.0. The TRT also provides electron
identification information based on the fraction of hits (typ-
ically 30 in total) above a higher energy-deposit threshold
corresponding to transition radiation.

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

1 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. Polar coordinates (r, φ)

are used in the transverse plane, φ being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle θ

as η = − ln tan(θ/2) and is equal to the rapidity y = 1
2 ln

(
E+pz
E−pz

)
in

the relativistic limit. Angular distance is measured in units of �R ≡√
(�y)2 + (�φ)2.

tile calorimeter, segmented into three barrel structures within
|η| < 1.7, and two copper/LAr hadronic endcap calorime-
ters. The solid angle coverage is completed with forward cop-
per/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic energy measurements respec-
tively.

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

The luminosity is measured mainly by the LUCID–2 [34]
detector that records Cherenkov light produced in the quartz
windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system imple-
mented in custom hardware, followed by selections made
by algorithms implemented in software in the high-level
trigger [35]. The first-level trigger accepts events from the
40 MHz bunch crossings at a rate below 100 kHz, which the
high-level trigger further reduces in order to record complete
events to disk at about 1.25 kHz.

A software suite [36] 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 full Run 2 data sample, collected in pp collisions dur-
ing the years 2015–2018 and corresponding to a luminos-
ity of 140 fb−1 is used. Only events from time periods in
which LHC beams were stable and all ATLAS detectors
were operational are selected [37]. The uncertainty in the
combined 2015–2018 integrated luminosity is 0.83% [38],
obtained using the LUCID-2 detector [34] for the primary
luminosity measurements, complemented by measurements
using the inner detector and calorimeters The average num-
ber of interactions per bunch crossing, μ̂, ranges from 0.5 to
approximately 80 and has a mean of 33.7.

The data were collected using a combination of single-
electron and single-muon triggers, with requirements on the
lepton candidates to maintain high efficiency across the full
momentum range while controlling the trigger rates [35,39–
41]. For electrons the trigger thresholds were pT = 26, 60 and
140 GeV, whereas for muons the thresholds were pT = 26 and

123



 1434 Page 4 of 36 Eur. Phys. J. C          (2025) 85:1434 

Table 2 The configurations
used for event generation of
signal and background
processes. The samples in black
indicate those used as the
nominal configurations, those in
grey and parentheses are used to
estimate the systematic
uncertainties

50 GeV. Isolation requirements were applied to the triggers
with the lowest pT thresholds of 26 GeV for electrons and
muons.

Samples of simulated events are produced using Monte
Carlo (MC) techniques to model the different SM processes.
The estimate of the t t̄ �+�− signal and most considered back-
grounds is based upon these simulations. More details of the
event generation are given in the following paragraphs and
are summarised in Table 2, with the samples in black, or in
parentheses, indicating those used as the nominal configura-
tions, or to estimate the systematic uncertainties, respectively.
Several data-driven corrections are applied to the estimated
backgrounds and detailed in Sect. 5.

After generating events for each process of interest, the
detector response was modelled by either a full simulation of
the ATLAS detector based on Geant4 [42,43] or a fast simu-
lation (AtlFast 2) relying on parameterised showers in the
calorimeter [44]. The latter was only used for the modelling
of some rare background processes and the modelling of pro-
cesses with alternative generators (see Sect. 6). Additional
simulated pp collisions, generated with Pythia8.186 [45]
using parameter values from the A3 tune [46], are overlaid to
model the effects of both the in-time and out-of-time pile-up.
Events are weighted such that the pile-up distribution reflect
the number of additional interactions observed in data. All
simulated events are processed using the same reconstruc-
tion algorithms and analysis chain as the data. Corrections
are applied so that the object reconstruction and identification

efficiencies, energy scales and energy resolutions in simula-
tion match those determined from data, with uncertainties
described in Sect. 6.

The SM signal process, associated production of a top–
antitop pair with a pair of same-flavour opposite-charge lep-
tons, is modelled using the MadGraph5_aMC@NLO 2.8.1
[47] (MG5_aMC) generator that provides matrix elements
(MEs) at next-to-leading-order (NLO) in the strong coupling
constant αs with the NNPDF3.0NLO [48] parton distribu-
tion function (PDF) set. The functional form of the renor-
malization and factorization scales (μr, μf ) is set to the

default scale 0.5×∑
i

√
m2

i + p2
T,i , where the sum runs over

all the particles generated from the matrix element calcula-
tion. Top quarks are decayed at leading-order (LO) using
MadSpin [49,50] to preserve all spin correlations. The top-
quark mass is set to 172.5 GeV, in this sample and for all
other samples involving top-quarks. The events are inter-
faced with Pythia8.244 [51] for the parton shower and its
hadronization, using the A14 set of tuned parameters [52]
and the NNPDF2.3LO PDF set. The decays of bottom
and charm hadrons are simulated using the EvtGen 1.7.0
package [53], as are all other samples in the measurement
showered using Pythia. The (on-shell) t t̄ Z cross-section
is calculated at NLO quantum chromodynamics (QCD) and
NLO EW accuracy using MadGraph5_aMC@NLO and
reported in Ref. [54]. The γ ∗ contribution and the Z/γ ∗
interference are taken into account with an off-shell (down
to m(�+�−) = 5 GeV) correction calculated in Ref. [55].
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The predicted value at 13 TeV is 0.88+0.09
−0.10 pb, where the

uncertainties arise from variations of renormalization and
factorization scales, PDF uncertainties, and αs variations.

For top-quark–antiquark pair production with a Wboson
(t t̄ W ), the Sherpa2.2.10 [56,57] generator and default par-
ton shower are used at NLO accuracy in QCD, with multi-leg
merging of up to one additional parton at NLO and up to two
additional partons at LO (MEPS@NLO setup [58–61] with a
merging scale of 30 GeV). The NNPDF3.1nnlo [62] PDF
set is used. Additionally a LO QCD sample is also gener-
ated with Sherpa2.2.10 but for the electroweak production
of the t t̄ W j final state. The cross-sections of these QCD and
EW t t̄ W samples are scaled separately to the predictions of
Ref. [63].

Events featuring the production of a t t̄ pair in associ-
ation with a SM Higgs boson with a mass of 125 GeV
(t t̄ H ) are simulated using NLO matrix elements in Mad-
Graph5_aMC@NLO 2.6.0 with the NNPDF3.0NLO PDF
set. The samples are showered with Pythia8.230 using the
A14 tune.

The production of single top quarks in association with
a Z/γ ∗ in the dileptonic decay mode, including off-shell
effects down to m(�+�−) = 5 GeV, t�+�−q, is mod-
elled using the MadGraph5_aMC@NLO 2.9.5 generator
at NLO. The production of single top quarks in association
with a Wand a Zboson (tW Z ) is modelled using Mad-
Graph5_aMC@NLO 2.2.2 at NLO [64], both using the
NNPDF3.0NLO PDF set. The t�+�−q events are interfaced
with Pythia8.245 and the tW Z events with Pythia8.212,
using the A14 tune and the NNPDF2.3LO PDF set. The
t�+�−q sample is simulated in the four-flavour scheme
(therefore including an additional b-quark in the final state)
and normalised to a cross section obtained in the five-flavour
scheme.

The possible overlap between events in the t t̄ Z sample
and tW Z sample, which can occur when a NLO real emission
is included in the latter, must be removed. The tW Z sample
follows the “diagram removal 1” (DR1) scheme described in
Ref. [64] and ignores any Feynman diagrams containing two
resonant top quarks for the overlap removal.

The background production of t t̄ events is modelled
using the PowhegBox2 generator [65] at NLO with the
NNPDF3.0NLO PDF set and the damping factor hdamp set
to 1.5 times the top quark mass. The events are interfaced with
Pythia8.230 using the A14 tune and the NNPDF2.3LO
PDF set.

Diboson plus jets processes featuring the production of
three charged leptons and one neutrino or four charged lep-
tons (denoted by WZ+jets or Z Z+jets, respectively) are
simulated using the Sherpa2.2.2 generator. Multiple matrix
elements are matched and merged with the Sherpa parton
shower based on the Catani–Seymour dipole factorisation
scheme [66,67] using the MEPS@NLO prescription. The vir-

tual QCD correction for matrix elements at NLO accuracy are
provided by the OpenLoops library [68–70]. The production
of Wand Zbosons with multiple jets (V+jets) is simulated
similarly but with the Sherpa2.2.1 generator.

Smaller backgrounds featuring Higgs boson production in
association with a Wor Z(V H ), four top-quark production
(t t̄ t t̄ ), triple top-quark production (t t t̄ ), the production of
a t t̄ pair with two Wbosons (t t̄ WW ), the production of a
t t̄ pair with two neutrinos or two jets and processes with three
heavy gauge bosons (WWW , WWZ , WZZ and Z Z Z ) are
simulated with the settings shown in Table 2.

Additional MC samples encapsulating EFT effects are
produced at LO in QCD for the t t̄ �+�− process, using
the MadGraph2.9.3 generator and Pythia8.245 parton
shower (with the default A14 tune settings). They include
the SMEFTsim 3.0 model [30] as the Universal Feyn-
man Output (UFO) model, in the MW electroweak input
scheme [71] with the top flavour restrictions (5FS). The
nominal events are generated according to the SM, and the
MadGraph reweighting module [72] is used to compute a
large number of alternative event weights corresponding to
the inclusion of dimension-6 EFT vertices and propagators
in the production Feynman diagrams.

4 Object identification and reconstruction

Two categories of leptons are defined in the analysis: a looser
category referred to as pre-selected leptons used for object
overlap removal, described later in this section, and to define
background-enriched regions; and a tighter category of signal
leptons used in the selection requirements for most regions,
including the signal regions.

Electron candidates are reconstructed from clusters of
energy deposits in the electromagnetic calorimeter that are
matched to a track in the ID. They are required to satisfy
pT > 7 GeV, |η| < 2.47 and a likelihood-based electron
identification [73] is required. Further requirements for pre-
selected electrons and signal electrons used in the analysis
are summarised in the following. For pre-selected electrons,
the LooseAndBLayerLH identification is used, while for
the signal electrons used in one of the analysis regions,
MediumLH is required. Electrons in the LAr transition
region (1.37 < |η| < 1.52) are rejected and requirements
on the transverse (d0) and longitudinal (z0) impact param-
eter are applied to mitigate the contribution from electrons
from reducible backgrounds and pile-up. To suppress elec-
trons with incorrect charge assignment, a boosted decision
tree (BDT) discriminant based on calorimeter and tracking
quantities is applied and finally a procedure to resolve ambi-
guities between overlapping reconstructed objects is applied.
The electron energy scale is calibrated using data [73,74].
The associated scale factors (SFs) for electron reconstruc-

123



 1434 Page 6 of 36 Eur. Phys. J. C          (2025) 85:1434 

tion, identification, and isolation are applied in MC, to cor-
rect for the efficiency differences between data and simu-
lation [75]. The associated scale factors (SFs) for electron
reconstruction, identification, and isolation are applied in
MC, to correct for the efficiency differences between data and
simulation. The selection criteria above largely suppress the
contribution from non-prompt leptons arising from hadron
decays that contain bottom- or charm-quarks (referred to as
“heavy-flavour (HF) non-prompt leptons”). However, as this
measurement is particularly sensitive to such backgrounds,
signal electrons have a further selection requirement from
a non-prompt lepton BDT discriminant [76], based on iso-
lation and lifetime information about a track-based jet that
matches the selected light lepton.

Muon candidates are reconstructed from MS tracks
matched to ID tracks in the pseudorapidity range of |η| < 2.5
and are required to have pT > 7 GeV. Both the pre-selected
and signal muons are required to satisfy Medium identi-
fication requirements defined in Refs. [77,78]. Selections
on the longitudinal and transverse impact parameters are
applied as for the electrons and also, as with electrons, the
pre-selected muons have no isolation requirements, while
the signal muons selected for the analysis need to satisfy
the non-prompt lepton BDT isolation working point require-
ments. The associated SFs for identification and isolation are
applied as multiplicative factors to the MC event weight, to
correct for the efficiency differences between data and MC.

Jets are reconstructed using the anti-kt jet algorithm [79]
as implemented in the FastJet package [80] with the
distance parameter R set to 0.4. Topological clusters are
used [81] along with ID tracks as input to the particle
flow reconstruction algorithm [82]. The algorithm removes
calorimeter energy deposits due to charged hadrons and uses
more precise measurements of their momenta from tracks
instead. Jets are calibrated [83] with the EMPFlow scheme
applying the jet area pile-up corrections. The jets are kept
only if they have pT > 25 GeV and are inside a pseudorapid-
ity range of |η| < 2.5. The JetVertexTagger (JVT) [84]
is employed to mitigate pile-up effects, and specifically
rejects any selected jets after the overlap removal procedure
with pT < 60 GeV, |η| < 2.4 and for which JVT < 0.5
(Tight working point).

Jets containing a b-hadron, referred to as b-jets, are iden-
tified with the DL1r b-tagging algorithm [85]. A working
point (WP) corresponding to an 85% b-tagging efficiency
is used in most regions for pre-selections. Exclusive bins
in the b-tagging discriminant corresponding to different b-
tagged jet identification efficiencies are also used, as pseudo-
continuous b-tagging (PCBT). This allows the possible use
of different calibrated b-tagging WPs in defining regions.

The missing transverse momentum �pmiss
T (with magnitude

Emiss
T ) is defined as the negative vector sum of the pT of all

selected and calibrated objects in the event, including a term

to account for the momenta of soft particles that are not asso-
ciated with any of the selected objects [86]. This soft term is
calculated from inner-detector tracks matched to the primary
vertex, which makes it more resilient to contamination from
pile-up interactions.

After the identification, overlaps between objects are
resolved to avoid double-counting of physics objects. Pre-
selected leptons and jets are used for this procedure. The
sequence of operations that are performed to solve these
ambiguities, referred to as the overlap removal (OR) proce-
dure, is applied in the following steps. First, the lowest pT of
any electron pair found with a shared track or an overlapping
calorimeter cluster is removed. Next, any muon matched with
significant calorimeter energy deposits and found to share a
track with an electron is removed, then any subsequent elec-
tron found to share a track with a muon is removed. Any jet
found within a �R of 0.2 of an electron is removed, then
any electron found within a �R of 0.4 of a jet is removed.
Any jet with fewer than three tracks associated with it and
found within a �R of 0.2 of a muon is removed. Any jet
with fewer than three tracks associated with it that has a
muon inner-detector track ghost-associated [85,87] to it, is
removed. Finally, any muon later found within a �R of 0.4
of a jet is removed.

5 Analysis strategy

Regions enriched in the signal of t t̄ �+�− at high invariant
mass of the �+�− pair are defined to obtain sensitivity to the
targeted four-fermion EFT operators. The three-lepton final
state is utilised due to the high t t̄ �+�− purity that can be
obtained.

Several aspects of the analysis are built on a previous
ATLAS measurement of t t̄ Z production [2]. The main
changes are to deal with the relatively larger background con-
tributions away from the Z boson mass peak. These changes
are the use of a tighter lepton isolation requirement and the
addition of new control regions defined to target the relevant
backgrounds.

Background contamination in the signal regions (SRs) is
due to contributions from several SM processes which can
feature the same final state particles as the signal process.
These are broadly split into two categories based on the
source of the reconstructed leptons: backgrounds where the
three final state leptons are prompt (discussed in Sect. 5.3),
and those where at least one of the leptons is labelled as
fake as it originates from a non-prompt source (described in
Sect. 5.4).

Dedicated control regions (CRs) enriched in the domi-
nant backgrounds are defined to constrain these backgrounds
from data. There are in total thirteen of these CRs. In eight of
them only the overall normalisation enters into the fit: three
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Fig. 2 Schematic diagram of the signal and control regions in the fits.
Labelled are their main defining features and the signal or background
process they are primarily targetting

that target the normalisation of the events with a fake elec-
tron from photon conversions (F-e-IntConv, F-e-ExtConv);
two to constrain events with non-prompt fake electrons and
muons originating from heavy-flavour hadrons (F-e-HF, F-
m-HF); and three targeting on-shell t t̄ Z and diboson (VV)
production. There are five further CRs which are binned
in a dedicated observable: one to constrain electrons from
light-flavour hadrons (F-e-LF); and four primarily sensitive
to t t̄ W , t t̄ H and electrons with misidentified charge (charge-
flip) in addition to the previous backgrounds. The charge-flip
background is estimated by using a data-driven approach in
the 2LSS CRs and all other backgrounds are estimated purely
from simulation. An overview of the signal and CRs is pro-
vided schematically in Fig. 2 and comparisons to data are
provided in Fig. 3c.

The binned yields (templates) of some simulated pro-
cesses, namely on-shell t t̄ Z and the t t̄ W , VV , F-e-HF, F-
m-HF, F-e-LF, F-e-IntConv, F-e-ExtConv backgrounds are
adjusted via normalisation factors that are determined by per-
forming a likelihood fit to data across these dedicated CRs
simultaneously with the signal regions.

5.1 Event categorisation

In the following, simulated events are categorised according
to different criteria. If all leptons in the events are categorised
as prompt, the event is classified according to its process
(rare processes are grouped as ‘Other’, including t t̄ t t̄ , t t t̄ ,

V H , WW , VVV , t t̄ WW , t t̄qq and t t̄νν). If one lepton is
categorised as non-prompt, the event is classified according
to the type of the non-prompt lepton.

Leptons are categorised as prompt if generator-level
information, using a �R matching between generator- and
detector-level information, identifies them as electrons or
muons originating from a τ -lepton or W , Z or H boson. Oth-
erwise the leptons are categorised as fake and attributed to one
of the following categories using their generator-level infor-
mation. Heavy flavour fakes are those identified as originat-
ing from a strange, charmed or bottom hadron. Light flavour
fakes are similarly those originating from a light baryon or
meson, for example from pions. Charge-flip fakes are prompt
electrons with mis-identified charge. Conversion electrons
are those from photon conversion and are further categorised
into two sub-categories; internal photon conversions, from
γ ∗ → e+e−, and external conversions, photon conversions
in the detector material. Finally, conversion muons are those
originating from a muon internal photon conversion.

5.2 Signal selection

Events entering the signal region are required to con-
tain exactly three signal leptons with transverse momen-
tum greater than 27 GeV, 20 GeV and 15 GeV and least
one opposite-sign (charge) same-flavour (OSSF) lepton pair.
Additionally all OSSF pairs are required to have a minimal
invariant mass of 10 GeV in order to remove contributions
from low mass resonances. Finally at least three jets includ-
ing at least one b-tagged jet at the 85 % efficiency b-tagging
working point are required. The mass of the OSSF pair clos-
est to the Z mass (referred to as m(�+�−) in the following)
has to be above 101.2 GeV, targeting specifically the high-
mass t t̄ �+�− region. Additionally none of the leptons should
be flagged as conversion candidates as described in Sect. 5.4.

To increase the sensitivity to the flavour specific EFT WCs,
the SR is split into two regions corresponding to t t̄ e+e− and
t t̄ μ+μ− by requiring at least two electrons or two muons
respectively.

The resulting SRs (summarised in Table 3 and shown in
Fig. 4) with the event yields for each process detailed in
Table 4 are then binned in the m(�+�−) distribution. This
variable is found to give the highest sensitivity to the four-
fermion EFT operators. As the impact of these EFT opera-
tors grows with energy, an optimised binning in the highest
m(�+�−) bins increases the sensitivity.

5.3 Prompt backgrounds

The dominant background in the SRs is from the t t̄W process,
for which the normalisation is treated as a free floating param-
eter in the fit mainly constrained by dedicated CRs (detailed
in Table 5). These regions require events to contain exactly
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Fig. 3 Event yields as a function of the relevant kinematic variables
in a the CR-2LSS CRs, b the CR-3L-Zjets-e CR, and c inclusively in
all CRs considered in the analysis after the fit to data. The uncertainty

band includes the statistical as well as the systematical components. In
figures a and b the highest bin is inclusive and contains events above
the bin edge

two same-sign (SS) leptons that do not fulfill the conversion
criteria and satisfy pT > 27 GeV and pT > 20 GeV respec-
tively. Additionally at least three jets are required, where
at least one is b-tagged at the 85 % efficiency WP. Events
are split into 2μ, 2e, eμ and μe regions, where for the lat-
ter two regions the order defines the flavour of the leading
and subleading pT leptons respectively. For the 2e regions
events with an invariant mass of the two leptons around the Z
peak are vetoed to suppress backgrounds containing charge-

flip leptons. The 2LSS CRs are binned in leading lepton pT

as this leads to additional EFT sensitivity from high-mass
t t̄ �+�− events where one lepton is not reconstructed, with
the pT of the leading lepton characterising the energy of the
event well.

Additionally two CRs targeting contributions from the
t t̄ Z and the WZ+jets processes are obtained by using the
SR selection requirements, but requiring the invariant mass
of the OSSF pair within the Z peak, 81.2 GeV < m(�+�−) <
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Table 3 Summary of the selection criteria for the 3L SRs and CRs. The
neural network used for the splitting the t t̄ Z CR and the WZ+jets CR
is introduced in Sect. 5.3

101.2 GeV. The t t̄ Z and the WZ+jets region are split by a
requirement on a Deep Neural Network (DNN) output score,
classifying how likely it is that an event is a diboson event.
This DNN is the same as that used in the on-shell t t̄ Z analy-
sis [2]. It corresponds to a 3-class DNN discrimination among
t t̄ Z , t�+�−q and diboson events and the requirements used
for splitting the regions were defined by optimising the sig-

nal sensitivity. In this analysis, the t�+�−q region is dis-
regarded. As in the t t̄ Z analysis, events entering the t t̄ Z
CR are required to satisfy the DNN (t�+�−q) < 0.43 and
DNN (VV ) < 0.22 requirements, while events entering the
WZ+jets CR need to satisfy the DNN (VV ) ≥ 0.22 require-
ment. Compared with the t t̄ Z analysis, the tighter require-
ment of a b-tagged jet at the 60 % tagging working point is
removed in the WZ+jet CR (while still requiring at least one
b-tagged jet at 85 %), in order to get aWZ+jets CR targetting
all flavour contributions instead of a specific WZ + b CR to
better match the composition in the high-mass SR. Similar to
the SR, the t t̄ Z region is split into t t̄ e+e− and t t̄ μ+μ−. All
three of these CRs only contain one bin, with the selections
summarised in Table 3.

5.4 Non-prompt backgrounds

This measurement is sensitive to events containing non-
prompt fake leptons as they constitute a reducible back-
ground in the two same-sign lepton and three-lepton regions.
Even after dedicated object selection criteria to reduce them,
the large t t̄ cross-section relative to the rare top-quark pro-

Fig. 4 Distribution of a the t t̄ e+e− and b the t t̄ μ+μ− SRs binned
in the dilepton invariant mass closest to the Z mass after the fit to data
where the ctl WC is the primary parameter of interest. The uncertainty
bands include statistical and systematical uncertainties. In both figures
the highest bin is inclusive and contains events above the bin edge. The

green dotted and dashed lines show the total expectation in the presence
of an EFT signal corresponding to ctl = 1.0 and ctl = 3.0 respectively.
The triangle symbol in the ratio panel indicates that a data point is above
the limit of the frame
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Table 4 Expected yields from MC of the different processes in the
t t̄ e+e− and t t̄ μ+μ− SRs, SR-3L-ttll(high-m)-ee and SR-3L-ttll(high-
m)-μμ, and are compared to the observed yields in data. The indicated
uncertainties include those from the limited dataset size as well as all
other systematic uncertainties, discussed in Sect. 6, before the fit to data

SR-3L-ttll(high-m)

Process ee μμ

t t̄ �+�− 19.4 ± 1.4 27.4 ± 1.2

t t̄ W 19.9 ± 1.9 27.5 ± 3.5

t t̄ H 8.6 ± 0.8 11.9 ± 1.1

WZ 12 ± 5 20 ± 8

Z Z 1.4 ± 0.6 2.4 ± 1.0

t�+�−q, tW Z 4.2 ± 0.8 6.5 ± 1.2

F-e-ExtConv 1.2 ± 1.1 0.67 ± 0.04

F-e-IntConv 4.9 ± 1.1 6.2 ± 2.6

F-e-HF 2.1 ± 1.5 4.5 ± 0.7

F-e-LF 2.4 ± 0.7 2.0 ± 0.5

F-m-HF 5.8 ± 1.5 4.2 ± 0.5

Other (fakes) 4.4 ± 2.1 6 ± 4

Other (non-fakes) 4.6 ± 1.6 5.7 ± 1.9

Total 91 ± 7 124 ± 9

Data 89 128

Table 5 Summary of the selection criteria for the 2LSS CRs

cesses probed in this analysis means that this background can
be significant.

The SRs have too few MC events to use for the fake lepton
backgrounds. The default estimations, using signal leptons,
are replaced by those produced with the looser preselection
lepton criteria applied. The distribution with the preselec-
tion lepton requirement is then scaled to the integral of the
distribution with the signal selection, with the shape of the
template in m(�+�−) agreeing very well between both of the
distributions. This method significantly reduces uncertainty
in the fake templates due to limited MC events.

Three regions target the HF and LF fakes: the events are
required to contain exactly three leptons, two signal leptons
and one lepton that satisfies the preselection lepton definition
but fails the signal lepton definition, with transverse momen-
tum greater than 27 GeV, 20 GeV and 15 GeV and the sum
of charges of plus or minus one. Additionally, there have to
be at least three jets, with at least one of them b-tagged at

an efficiency working point of 85 %. Events are split into
three regions based on requirements on the leptons. If the
event contains an OSSF pair, has Emiss

T < 80 GeV and the
non-signal lepton is an electron it enters the CR-3L-Zjets-e
region. If the event does not have an OSSF pair, depending
on whether the non-signal lepton is an electron or muon it
enters the CR-3L-t t̄ -e or CR-3L-t t̄ -μ region respectively.
While the t t̄ -e/μ CRs only contain one bin, the Zjets-e CR
is binned in the transverse mass of the lepton–Emiss

T system,
mT(W ). The latter binning is taken from the on-shell t t̄ Z
analysis [2] and is found to give a good discrimination of the
LF electron fakes.

To create regions with relatively high event counts of con-
version fakes and high purity a Z(→ μμγ ) CR is imple-
mented. The events are required to contain three tight lep-
tons, of which two are an opposite sign muon pair and
one is an electron. The Emiss

T must be smaller than 50 GeV
and the event should contain no b-tagged jets at a WP of
85 %. Additionally the invariant mass of the two muons is
required to be above 20 GeV but outside the Z boson peak
defined as 10 GeV around the Z mass. The trileptonic invari-
ant mass is then required to lie inside this Z mass window.
Events are added to the CRs if the electron has a recon-
structed conversion vertex [73]. If the conversion radius >

and m(�+�−) < 100 MeV (where the mass is calculated
relative to the conversion vertex) the event enters the exter-
nal conversion CR, CR-Zγ -Ext. If the conversion radius
< 20 mm and m(�+�−) < 100 MeV (where the mass is
calculated relative to the primary vertex) it enters the inter-
nal conversion CR, CR-Zγ -Int. Additionally to these two
CRs selecting conversions, the prompt Zγ region is added
as a CR, where, similar to the SR and the other prompt back-
ground CRs, events with conversion like leptons are vetoed.
This prompt region emulates a selection closer to the SR
and the 2LSS CRs as it contains events that fail to satisfy
the conversion rejection criteria. All three of these conver-
sion CRs only contain one bin. As the conversion variables
cannot be computed for muons, the CRs do not include con-
version muons but only conversion electrons. As the physics
process between internal electron and muon conversions is
the same, the computed normalisation factor is applied to
electrons and muons.

Finally, a data-driven charge-flip estimate is used in the
2LSS CRs. Charge-flip rates are derived for electrons in
pT and η bins using two Z → ee regions, one with
opposite-sign electrons and one with same-sign electrons.
The regions select events with exactly two signal electrons,
at most one jet and no b-tagged jet. Additionally a Z peak
region is defined with 71 GeV < m(e+e−) < 101 GeV,
where a background subtraction is performed, assuming lin-
ear backgrounds, by subtracting the event yields from two
side-band regions (61 GeV < m(e+e−) < 71 GeV and
101 GeV < m(e+e−) < 111 GeV). The charge-flip rates are
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then obtained by maximising a likelihood function where the
charge-flip rates in each lepton pT and η bin are the param-
eters of interest. The charge-flip estimate in the 2LSS CR
are then estimated by applying these rates to a region with
identical selection except with the SS switched to an OS one.

Distributions for all the CRs considered in the analysis are
shown, after the fit to data, in Fig. 3.

6 Systematic uncertainties

The systematic uncertainties described in the following are
separated into detector systematic uncertainties, which are
related to the reconstruction and identification of physics
objects in the detector, theory uncertainties related to the
modelling of the different processes and uncertainties asso-
ciated with the estimate of the fake-lepton background.

6.1 Detector-related uncertainties

The luminosity estimate has a relative uncertainty of 0.83%,
derived following the prescriptions described in Ref. [38] and
is applied to all processes determined from MC simulations.

An uncertainty related to the SFs used for MC to account
for differences in pile-up distributions between MC and data
is applied. This uncertainty is obtained by re-scaling the μ̂

value in data by 1/0.99 and 1/1.07, around the central SF
of 1/1.03. The uncertainty in the jet energy scale (JES) is
derived combining information from test-beam data, LHC
collision data and simulation [83]. The jet energy resolution
(JER) is measured separately for data and MC using two in
situ techniques [83]. A systematic uncertainty is defined as
the quadratic difference between the jet energy resolutions
for data and simulation. To determine this the energy of jets in
the simulation is smeared by this residual difference, and the
changes in the normalisation and shape of the final discrimi-
nant are compared with the default prediction. Uncertainties
associated with the jet vertex tagging (JVT) are applied and
account for the choice of MC generator and residual contam-
ination from pile-up jets after pile-up suppression.

The effects of uncertainties in efficiencies for the heavy-
flavour identification of jets by the b-tagging algorithm were
evaluated. These efficiencies are measured from data and
depend on the jet flavour and kinematic quantities of the
jets. The SFs and their uncertainties are applied to each jet
in the simulation depending on its flavour, pT and η [85].
Additionally, flavour tagging extrapolation uncertainties for
jets with pT above the calibration range are considered.

Uncertainties associated with the electron efficiency SFs
are considered for the reconstruction and trigger uncertainties
(observed to be largely sub-dominant) and the electron iden-
tification and isolation SFs. The accuracy of the momentum
scale and resolution of electrons in simulation is checked

using reconstructed distributions of the Z → e+e− and
J/ψ → e+e− masses. Small discrepancies are observed
between data and simulation, and corrections for the energy
scale and resolution are applied. A detailed description can
be found in Ref. [73].

SFs are also applied to correct for the difference between
data and simulation in the muon identification, isolation and
trigger efficiency, as well as track-to-vertex association [78]
and associated uncertainties in these SFs are considered.
Momentum scale and resolution corrections are applied for
muons in the simulation. Uncertainties in both the momen-
tum scale and resolutions in the MS and the ID are considered
and varied separately. Additional uncertainties are consid-
ered to account for the charge-dependent scale correction
applied on data. A more detailed description can be found in
Ref. [78].

Uncertainties are applied to the scale and resolution of the
soft track component of the missing transverse energy. They
are derived from the agreement between data and MC of the
pT balance between the hard and soft Emiss

T components.

6.2 Modelling uncertainties

To obtain the uncertainties in t t̄ �+�− related to missing
higher-order effects, μr and μf are simultaneously varied
up and down by a factor of two and compared with the
nominal predictions. Uncertainties on the PDF are evaluated
following the recommended PDF4LHC prescription [88].
The uncertainties associated with the parton showering algo-
rithm and the underlying event model2 are evaluated by
comparing the nominal samples, generated with Mad-
Graph5_aMC@NLO interfaced to Pythia8, to equivalent
samples interfaced to Herwig7 [89,90] instead. Uncertain-
ties related to the modelling of initial-state radiation are
obtained from the up and down Var3c variations of the
Pythia A14 tune in dedicated alternative samples.

Uncertainties in t t̄ W due to missing higher-order QCD
corrections in the modelling are considered by including
simultaneous variations of μr and μf by a factor of two
up and down. Matrix element and parton shower uncertain-
ties are estimated comparing the nominal Sherpa prediction
with MadGraph5_aMC@NLO interfaced with Pythia8
using the FxFx merging prescription [91] for the QCD part
and with MadGraph5_aMC@NLO+Pythia8 for the EW
part. An additional parton shower uncertainty is considered
using the relative difference between Powheg+Pythia8 and
Powheg+Herwig7 predictions. Finally a normalisation-
only uncertainty in the relative yields of the EW sample
within the QCD+EW t t̄W templates is applied by varying
the EW fraction between the values of the Sherpa and the
MG5_aMC@NLO prediction.

2 In the following only, referred to as “parton shower uncertainty”.
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Uncertainties in the modelling of the WZ → ���ν

(WZ+jets) and Z Z → ���� (Z Z+jets) processes related
to the matrix element matching scale, resummation scale
and recoil scheme are estimated by using alternative “truth-
level” samples. The μr and μf scale and PDF uncertainties
are evaluated following the same prescription as used for the
t t̄ �+�− sample. In addition, normalisation uncertainties are
applied to the different additional jet flavour components:
light quarks and gluons (l), charm quarks (c) and bottom
quarks (b). An uncertainty of 30% is applied to WZ + l
and WZ + c and of 50% to the WZ + b components of the
WZ+jets background. Similarly, normalisation uncertain-
ties of 10%, 30% and 50% are applied to the Z Z + l, Z Z +c
and Z Z + b components of the Z Z+jets background.

A cross-section normalisation uncertainty of 14% is
assigned to the t�+�−q process, based on the dedicated
ATLAS measurement presented in Ref. [92]. Uncertainties
in the parton shower model, initial-state radiation, scale and
PDF variations are obtained in a similar way to the t t̄ �+�−
sample.

For the tW Z background process, a flat 30 % normalisa-
tion uncertainty is added. No parton shower uncertainty is
considered, but instead the difference relative to an alterna-
tive diagram removal scheme (DR2) [64] is treated as a mod-
elling uncertainty. The DR2 scheme, additionally to the nom-
inal DR scheme, considers the interference terms (at the level
of squared amplitudes) between single- and double-resonant
t t̄ production. As with the processes described above, PDF
and scale uncertainties are taken into account.

Only theory uncertainties in the normalisation of the cross-
section of the t t̄ H process are considered. These follow the
scale and PDF uncertainties prescribed in Ref. [54].

The t t̄ process is the dominant contribution to the fake
backgrounds. While the normalisation of the fake back-
grounds is obtained in the template fit, shape systematic
uncertainties are considered for t t̄ separately for each of the
fake background contributions. The parton shower uncer-
tainty is estimated by using the alternative Powheg+Herwig
7 sample. Additionally uncertainties in the value of hdamp are
covered by using an alternative sample with twice the value
of the default hdamp (set to 1.5mt ). Finally, a sample with the
Powheg-specific parameter in Pythia8 set to pT,hard = 1
(compared with the nominal sample with pT,hard = 0) is
considered for the matrix element uncertainty.

For other minor background processes, such as HV ,
VVV , t t̄ WW or multi-top-quark (t t t̄ ) production, a com-
mon conservative overall normalisation uncertainty of 50%
is applied. These background components contribute to about
2.5% of the total event yields in the signal regions. For
t t̄ t t̄ , a normalisation uncertainty of +70% −15% is applied
based on the measurement in Ref. [93]. Additionally, a par-
ton shower uncertainty is obtained similarly to the t t̄ �+�−
sample.

6.3 Non-prompt background uncertainties

A normalisation uncertainty of 30 % is applied to the
simulation-based charge-flip templates in the 3� regions,
based on the largest uncertainties seen in the data-driven esti-
mate, and a conservative 50 % uncertainty is assigned to the
fake leptons that do not fall into the categories defined in
Sect. 5.1.

An uncertainty is applied to the estimate of the fake tem-
plates in the SRs, consisting of the difference between the
distribution of the tight and loose selection (taking half of
the difference between the event yield predicted by the tight
and the loose selection in every bin and mirroring it).

Three uncertainties are considered for the data-driven
charge-flip estimate: an uncertainty due to the limited event
numbers of the charge-flip rate extraction samples, an uncer-
tainty due to the choice of binning used to derived those
rates and an uncertainty in the extrapolation from a Z boson-
enriched region to a t t̄ -enriched region.

7 Results

Results are presented in two interpretations, one with a focus
on measurement of the SM t t̄ �+�− process in the signal
region, and one using the EFT formalism to probe for signs
of BSM physics. In both of these cases maximum-likelihood
fits of the signal and background predictions in the signal and
control regions to the event yields in data are performed. The
likelihood function L(�s, �λ, �θ) is constructed as a product of
Poisson probability terms over all bins considered in the mea-
surement, and depends on the signal, �s, the normalisation fac-
tors for several backgrounds (see Sect. 5), �λ, and a set of nui-
sance parameters (NP), �θ , encoding systematic uncertainties
in the signal and background expectations [94,95]. System-
atic uncertainties can impact the estimated signal and back-
ground rates, the migration of events between categories, and
the shape of the fitted distributions. Both �s and �λ are treated
as free parameters in the likelihood fit. The NPs �θ allow vari-
ations of the expectations for signal and background accord-
ing to the systematic uncertainties, subject to Gaussian-shape
constraints in the likelihood fit. Their fitted values represent
the deviations from the nominal expectations that are needed
to provide the best fit to the data. Statistical uncertainties in
each bin due to the limited size of the simulated event sam-
ples are taken into account with dedicated parameters, using
the Beeston–Barlow “lite” technique [96].

7.1 SM results

Measurements are reported of the SM t t̄ �+�− signal strength,
μ(t t̄ �+�−), inclusive in lepton flavour and split into separate
electron and muon channels. The signal strength is defined as
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Table 6 Results of the measurement of the SM t t̄ �+�− signal strength
and significance for the signal region with m(�+�−) > mZ + 10 GeV.
Also the expected and observed 95% confidence level (CL) upper

limits on a possible BSM signal for the very high mass region with
m(�+�−) > 550 GeV are shown

m(�+�−) > mZ + 10 GeV m(�+�−) > 550 GeV

μ(t t̄ �+�−) Significance Exp. 95% CL upper limit Obs. 95% CL upper limit

t t̄ e+e− 0.8+0.6
−0.6 1.4σ 25.4 ab 26.9 ab

t t̄ μ+μ− 1.1+0.5
−0.5 2.5σ 27.5 ab 26.0 ab

t t̄ �+�− 1.0+0.4
−0.4 2.9σ 30.5 ab 30.8 ab

the ratio of the t t̄ �+�− yield in the SR measured in the data
divided by the predicted yield at detector level in the same
SR. These provide a direct indication of the agreement of the
data with the SM expectation before moving on to consider an
interpretation searching for BSM contributions. The percent-
age of simulated t t̄ �+�− events passing the detector-level SR
selection which have generated m(�+�−) > mZ + 10 GeV
is approximately 60%.

However, for BSM signals that contribute primarily at
high mass the cross-section for the full invariant mass range,
m(�+�−) > mZ +10 GeV, has limited use, therefore model-
independent visible cross-section upper limits for a BSM
contribution on top of SM t t̄ �+�− are provided for the high-
est m(�+�−) bins (> 550 GeV) at the 95% confidence level
(CL) [94]. This is equivalent to fitting the highest bin in each
of the signal regions shown in Fig. 4. The visible cross-
section upper limit is defined by dividing the upper limit
on the number of signal events in the high mass bin by the
integrated luminosity.

The results are shown in Table 6. The measured signal
strengths are all compatible with the SM with a combined
observed (expected) t t̄ �+�− significance of 2.9σ (2.8σ ).
The combined observed (expected) 95% CL cross-section
upper limit for the high mass region, m(�+�−) > 550 GeV,
is 30.8 ab (30.5 ab). For the t t̄ e+e− channel the observed
(expected) significance is 1.4σ (1.7σ ) and the 95% CL cross-
section upper limit for the high mass region is 26.9 ab
(25.4 ab). For the t t̄ μ+μ− channel the observed (expected)
significance is 2.5σ (2.0σ ) and the 95% CL cross-section
upper limit for the high mass region is 26.0 ab (27.5 ab).

7.2 EFT interpretation fit

The focus of EFT interpretation of the analysis is the mea-
surement of the WCs of the six four-fermion EFT opera-
tors outlined in Sect. 1: Otl , Ote, OQe, O

−
Ql (O1

Ql − O3
Ql ),

O1
leQt and O3

leQt . These are considered in flavour-inclusive
and flavour-split scenarios, the latter denoted by 11 and 22
indices (�+�− = ee, μμ = 11, 22). Fits are performed indi-
vidually to a single operator at a time (other WCs fixed to 0).
A dedicated flavour-relative fit configuration is used to test for

LFU-violating signals by testing the difference between elec-
tron and muon WCs for each operator, e.g. �(ctl(22)−ctl(11)).
The primary focus is on results relating to the single operator
fits due to a lack of sensitivity to multi-operator fits, which
is explained in more detail in Sect. 7.6.

The effect of the EFT operators on the t t̄ �+�− process
is parameterised bin by bin with a second order polynomial
function parameterised by the relative change in yield from
each operator due to interference with the SM at O(�−2)

(linear) and pure EFT contributions (quadratic, including
cross-terms where relevant) at O(�−4). The EFT contri-
bution approximates higher order QCD effects by scaling
the SM EFT prediction at LO in QCD to the SM prediction
at NLO in QCD bin-by-bin. Once the EFT parameterisa-
tion is obtained, a profile-likelihood fit is performed, where
the individual WCs are treated as free floating in the fit to
data. Maximum-likelihood fits are performed with the sig-
nal parameterised by EFT WCs for each of the scenarios
described.

The EFT contributions are only applied to the t t̄ �+�− sig-
nal process, sensitivity to t�+�−q was also investigated but
found to be negligible and is therefore neglected. EFT contri-
butions are considered in the on-shell t t̄ Z process but these
contribute very little to the overall sensitivity. This allows the
overall t t̄ �+�− normalisation, λt t̄ Z , to be controlled, primar-
ily from the on-shell CRs, in the fit to data.

Figure 4 shows the signal regions after the fit to data for the
ctl WC (other WCs fixed to 0). As expected from the SM fit
results, there are no significant deviations from the expected
background predictions after the fit to data, the fitted normal-
isation factors are: λt t̄ Z = 1.09±0.10, λt t̄ W = 1.18±0.11,
λWZ = 0.92 ± 0.26, λIntCo = 1.04 ± 0.12, λExtCo =
1.22 ± 0.15, λHFμ = 1.03 ± 0.11, λHFe = 0.89 ± 0.19,
λLFe = 1.84 ± 0.82. No significant changes in the results
for the background normalisation factors are observed in the
fits to other combinations of WCs. The t t̄ W normalisation
factor is higher than unity but compatible with measurements
made previously in ATLAS in a similar phase space [97].

The data are in good agreement with the SM expectation
within the quoted uncertainty which is dominated by the lim-
ited size of the data samples. For the fit to the ctl WC (other
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Table 7 Results of the fit to data for each WC fitted individually considering O(�−4) effects. The best fit value, 68% and 95% confidence intervals
for the asymptotic assumption (Asymp. CI) and the coverage calculated from pseudodata (Pseud. CI) are shown

O(�−4)[TeV−2]
Best fit 68% Asymp. CI 68% Pseud. CI 95% Asymp. CI 95% Pseud. CI

ctl −0.44 [−1.10, 1.24] [−1.17, 1.31] [−1.65, 1.80] [−1.71, 1.86]
cte −0.45 [−1.05, 1.18] [−1.21, 1.41] [−1.57, 1.79] [−1.64, 1.96]
cQe −0.54 [−1.23, 1.19] [−1.32, 1.32] [−1.82, 1.83] [−1.87, 1.88]
c−
Ql 0.69 [−0.98, 1.41] [−1.15, 1.74] [−1.57, 2.03] [−1.66, 2.33]
c1
leQt −0.61 [−1.51, 1.50] [−1.55, 1.54] [−2.27, 2.27] [−2.32, 2.33]
c3
leQt −0.12 [−0.26, 0.26] [−0.27, 0.27] [−0.37, 0.37] [−0.38, 0.38]

Table 8 Results of the fit to data for each WC fitted individually considering only O(�−2) effects. The best fit value and 68% and 95% confidence
intervals from the asymptotic assumption (Asymp.) are shown

O(�−2)[TeV−2]
Best fit value 68% Asymp. CI 95% Asymp. CI

ctl −1.21 [−8.23, 4.22] [−11.83, 8.62]
cte −1.42 [−4.45, 1.09] [−7.94, 3.10]
cQe −11.65 [−25.75, 0.98] [−40.97, 11.53]
c−
Ql −0.16 [−2.66, 1.91] [−5.58, 3.67]

Fig. 5 Scans of the fitted negative log-likelihood value as a function of the WC value for a ctl and b cQe. The solid line shows the standard
profile likelihood ratio approach, the cross and plus markers show the values of the 68% and 95% coverage, respectively, calculated from the fits
to pseudodata (Pseud.)

WCs fixed to 0) the statistical uncertainty due to limited data
set size is +1.63

−0.60 TeV−2 compared with the total systematic

uncertainty of +0.41
−0.28 TeV−2. The largest systematic uncer-

tainties are due to the SM t t̄ �+�− and t t̄ W modelling, and
the limited size of MC samples in some of the high m(�+�−)

bins.
The EFT WC values are fitted and further confirm com-

patibility with the SM as reported in the following.

7.3 EFT flavour-inclusive fit results

The results for the various flavour-inclusive fit configura-
tions described above are shown in Tables 7 and 8 for cases
where all EFT effects are considered, O(�−4), and where
only SM interference effects of the EFT operators are con-
sidered, O(�−2), respectively. In the latter case the O1

leQt

and O3
leQt operators are not included as they have no equiv-

alent SM interaction so there is no interference with the SM
and sensitivity only arises from the pure EFT contribution.
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Fig. 6 Confidence intervals on the WCs for a fit to data with only one
WC constrained at a time for a the flavour-inclusive WCs and b the cor-
responding 95% exclusion limits on new physics scale � for different

assumptions on the value of the (dimensionless) coupling. The results
have the coverage calculated from pseudodata (Pseud.)

Fig. 7 The confidence intervals for a ctl and b cQe from fits to data for different values of them(�+�−) upper cut-off. The results use the asymptotic
assumption to calculate the intervals (Asymp.)

Table 7 shows the best fit values, 68% and 95% confi-
dence intervals (CIs) from the fit to data including O(�−4)

EFT contributions. All the fitted WC values are compatible
with the SM. The dominant uncertainty in all cases is due
to the limited data size. Constraints on the O3

leQt operator
are tighter than for other operators, this is expected due to
the definition of this operator. These limits improve upon
previous constraints on these operators from the CMS Col-
laboration [15].

In the case of EFT paramerisations where the (quadratic)
pure-EFT O(�−4) terms are dominant a breakdown of a
key axiom of Wilks’ theorem [98] can occur, the profile-
likelihood ratio (PLR) may not follow the expected χ2-
distribution [99]. This can lead to coverage in the test statis-
tic different to what is expected in the asymptotic case. The
true coverage can be determined with toy pseudodata and
adjusting where to read off the CI accordingly. Therefore,

additionally to the non-coverage adjusted results (Asymp.
CI), results are also given where the 68% and 95% CIs are
coverage-adjusted (Pseud. CI) for the fits to data where only a
single WC at a time is a free parameter in the fit. This adjust-
ment is calculated by generating toy pseudodata and taking
the value of the 68% and 95% percentiles of the fitted pseudo-
data test statistics. Scans of the fitted negative log-likelihood
value as a function of the WC value are shown in Fig. 5 for ctl
and cQe. The solid line shows the negative log-likelihood as
a function of the WC, the crosses and plusses show the val-
ues of the 68% and 95% coverage calculated from the fits to
pseudodata, compared with the coverage value in the asymp-
totic assumption of a profile likelihood ratio, −� ln L = 0.5
and −� ln L = 1.96. The confidence intervals calculated
with the coverage from pseudodata are quoted by interpo-
lating between the markers and giving the intersection with
the likelihood scan. The percentage value written in text is
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Table 9 Fit results for the considered EFT flavour specific WCs.
Results are shown for the 68% and 96% confidence intervals for the
asymptotic assumption (Asymp.) and the coverage calculated from

pseudodata (Pseud.). In all cases only one EFT operator is considered
at a time but both of the corresponding flavour-dependent WCs are
constrained at the same time

O(�−4)[TeV−2]
Best fit 68% Asymp. CI 68% Pseud. CI 95% Asymp. CI 95% Pseud. CI

ctl(11) 0.22 [−1.10, 1.24] [−1.20, 1.36] [−2.23, 2.37] [−2.31, 2.52]
ctl(22) −0.81 [−1.57, 1.79] [−1.64, 1.85] [−2.25, 2.49] [−2.28, 2.51]
cte(11) −0.24 [−1.19, 1.21] [−1.44, 1.55] [−2.32, 2.47] [−2.48, 3.10]
cte(22) −0.67 [−1.40, 1.79] [−1.56, 2.07] [−2.06, 2.52] [−2.09, 2.66]
cQe(11) −0.24 [−1.28, 1.22] [−1.40, 1.31] [−2.52, 2.45] [−2.61, 2.58]
cQe(22) −0.89 [−1.72, 1.77] [−1.76, 1.84] [−2.46, 2.53] [−2.48, 2.55]
c−
Ql(11) 0.48 [−1.00, 1.49] [−1.30, 2.09] [−2.16, 2.81] [−2.30, 3.43]
c−
Ql(22) −0.66 [−1.46, 1.99] [−1.65, 2.44] [−2.17, 2.78] [−2.45, 3.10]
c1
leQt (11) −0.22 [−1.57, 1.58] [−1.67, 1.70] [−3.13, 3.13] [−3.12, 3.12]
c1
leQt (22) −1.08 [−2.21, 2.20] [−2.27, 2.26] [−3.22, 3.22] [−3.21, 3.21]
c3
leQt (11) 0.0 [−0.26, 0.26] [−0.28, 0.27] [−0.50, 0.50] [−0.50, 0.50]
c3
leQt (22) −0.20 [−0.35, 0.35] [−0.36, 0.35] [−0.48, 0.48] [−0.48, 0.48]

the actual coverage value at the WC value corresponding to
the nominal −� ln L = 0.5 and −� ln L = 1.96 points. The
O(�−4) CIs calculated from pseudodata and the correspond-
ing 95% confidence level limits on the new physics scale, �,
are also summarised in Fig. 6.

Table 8 shows results of the fit to data considering only
O(�−2) EFT–SM interference contributions. As expected
given that no significant deviation from the expectation is
observed in the data, the fitted WC values are compatible with
the SM. There is only limited sensitivity to this contribution
alone, as the energy growth that gives the best sensitivity at
high mass comes primarily from O(�−4) contributions.

It is important to consider the range of EFT validity for
measurements which are sensitive to the pure EFT contribu-
tion. As suggested by the LHC EFT Working Group [100]
clipping can be applied by removing events above a partic-
ular m(�+�−) value. Figure 7 shows the results for the ctl
and cQe WCs as a function of different values of the high
m(�+�−) cut-off used in the analysis. The clipping values
are chosen to be 550 GeV, 800 GeV and 1 TeV. It can be seen
that the WC contraints degrade, as expected, when lower cut-
offs are applied but that they are rather stable for 1 TeV and
above. This gives confidence that the nominal result with-
out clipping can be trusted and does not suffer from issues
related to the region of validity of the EFT model. Therefore,
the default EFT results are obtained without applying any
m(�+�−) cut-off.

7.4 EFT flavour-separated fit results

Table 9 shows the results of the flavour-separated EFT WC
fits to data. Due to the limited sensitivity of the O(�−2)

contribution alone results are considered only with full
EFT O(�−4) effects taken into account. The sensitivity is
diluted relative to the equivalent flavour-inclusive results, as
expected due to the additional degrees of freedom in the fit
and reduction in number of sensitive bins per WC, but signif-
icant constraining power still remains due to the good lepton
flavour identification efficiency of ATLAS. Again, all WCs
are compatible with the SM, as expected from the good agree-
ment between data and expectation for each flavour-split sig-
nal region. These results are also summarised in Fig. 8.

7.5 EFT lepton flavour universality violation sensitive fits

Flavour-relative fits to data are also performed in the config-
uration targetting LFU-violation in the EFT effects. This is
captured by the difference between the flavour-split WCs for
different operators, OX , defined as �(c[X ](22)−c[X ](11)), that
are probed to search for EFT effects that apply preferentially
on either electron or muon couplings to the top quark. In
these fits the difference between flavours is a free parameter
but apply relative to a single-flavour reference WC. A con-
vention is chosen to make the electron flavour WC, c[X ](11),
the reference, so this is additionally a free parameter in the
fit. Table 10 shows the results of the fits to data, in the case
O(�−4) terms are considered and only single operators, OX ,
have WCs included in the fit at a time (other WCs fixed to
0). These results are also summarised in Fig. 8.

There is potential for systematic uncertainties to cancel
out in the �(c[X ](22) − c[X ](11)), but this analysis is now lim-
ited by the available Run 2 data sample size, so it is observed
that the sensitivity to the flavour-split WC difference is lower
than that of the individual flavour-specific WCs. Nonetheless,
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Fig. 8 Confidence intervals on the WCs for a fit to data with only one
WC constrained at a time for a the flavour-dependent WCs and b the
corresponding 95% exclusion limits on new physics scale � for dif-
ferent assumptions on the value of the (dimensionless) coupling. Both

of these results account for the coverage calculated from pseudodata
(Pseud.). In addition c limits on the difference between flavour depen-
dent WCs per operator are shown. These results use the asymptotic
assumption to calculate the intervals (Asymp.)

this marks the first search for LFU-violation for EFT effects
using this final state and cancellation of systematic uncertain-
ties is observed which will become valuable with a larger data
sample size. For example, systematic uncertainties in back-
grounds common to both t t̄ e+e− and t t̄ μ+μ− SRs, such
as the t t̄ W and fake lepton backgrounds, are reduced while
uncertainties relating specifically one lepton flavour, such as
those in the electron isolation SFs, become of higher relative
importance.

As with the other results, all fitted WC values are in good
agreement with the SM, both for the flavour-split results and
for the different WCs between flavours. In most cases the cen-
tral value of the fitted �(c[X ](22)−c[X ](11)) value corresponds
to the calculation based on the results in Table 9, however
for ctl and c1

leQt (11) this is not the case. This is due to the

double-minimum structure as can be seen in Fig. 5a, where
in this case an alternative minimum is preferred. Overall,
the confidence intervals are the more meaningful quantities
when interpreting the flavour-relative results.

7.6 Discussion of multi-operator EFT fit sensitivity

Despite there being differences in behaviour as a function
of m(�+�−) for the different EFT operators of interest it is
challenging to simultaneously constrain all six operators of
interest. This is expected given that sensitivity comes from
only a limited number of high-mass bins. The behaviour of
the multi-operator fits is non-trivial as correlations are hid-
den in the case that the WC values are close to zero, as hap-
pens when calculating expected sensitivity with Asimov fits.
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Table 10 Results of the fit to data of the difference between the flavour-specific WCs. The results use the asymptotic assumption to calculate the
intervals (Asymp. CI)

O(�−4)[TeV−2]
Best fit 68% Asymp. CI 95% Asymp. CI

ctl(22) − ctl(11) 0.79 [−2.28, 2.32] [−3.44, 3.45]
cte(22) − cte(11) −0.43 [−2.10, 2.36] [−3.34, 3.51]
cQe(22) − cQe(11) −0.66 [−2.39, 2.43] [−3.62, 3.71]
c−
Ql(22) − c−

Ql(11) −1.14 [−2.38, 2.37] [−3.72, 3.54]
c1
leQt (22) − c1

leQt (11) −1.32 [−3.03, 3.03] [−4.58, 4.58]
c3
leQt (22) − c3

leQt (11) −0.20 [−0.50, 0.50] [−0.75, 0.75]

Fig. 9 Studies on the sensitivity to multiple WCs at a time. Results are
shown for fits considering only the statistical uncertainties for the SM
expectation, for (top) all WCs= 0, and (bottom) for an injected value of
ctl = 1.53, close to the 95% confidence interval limit. The distributions

considered in each case are a the fitted pseudodata, b the 1D likelihood
scans, c the 2D likelihood scan for a 2D fit and d the 2D likelihood scan
for a 3D fit

Therefore, many tests are performed with and without EFT
signal injection to show how the expected sensitivity can
decrease when a signal is present and the fit is exposed to
the possible correlations. Figure 9 demonstrates the lack of
an ability to probe all operators at once by showing results
in two scenarios, one without any signal injection i.e. all
WCs with a nominal value of zero (Fig. 9 top), and another
where a signal is injected with ctl = 1.53, chosen as it is
close to the 95% confidence interval limit (Fig. 9 bottom).
These results are derived with only statistical uncertainties
considered in the fits to the pseudodata as this is the dominant
uncertainty component and the inclusion of full systematic
uncertainties is very computationally demanding. The dis-
tributions considered in each case are the fitted pseudodata
(a), 1D likelihood scans (b), 2D likelihood scan for a 2D
fit (c) and 2D likelihood scan for a 3D fit (d). These results
show that although it can seem that there is minimal corre-
lation between WCs in a multi-operator Asimov fit with no

signal injection, this is misleading. There cannot be anticor-
relations between WCs with large quadratic component to
accommodate low observed signal, as changes to the WCs
can only increase the signal yield, not decrease it. However,
if a sizeable signal were to be observed then the correlation is
much more strongly manifested as intermediate values of the
WCs between zero and the injected value can be absorbed by
smaller non-zero values of multiple WCs. This is illustrated
in 1D in Fig. 9 (b-bottom) and in 2D for Fig. 9 (d-bottom).
It is these results that motivate not including multi-operator
fits in the results even though there is sensitivity when the
observed EFT signal is small.

8 Conclusion

This paper presents a search for new physics in the t t̄ �+�−
final state. This process is highly interesting as it provides a
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probe of the t t̄ �+�− interaction vertex, which offers unique
sensitivity to four-fermion EFT operators. To exploit this sen-
sitivity the measurement is focused on the region of high
invariant mass of �+�− pair that has not previously been
probed directly by ATLAS. Data from proton–proton colli-
sions corresponding to an integrated luminosity of 140 fb−1

at
√
s = 13 TeV are used.

The three-lepton final state is targeted due to the high
t t̄ �+�− purity. Important backgrounds arise through the t t̄ W
process and fake leptons from t t̄ events, these are controlled
using dedicated control regions.

Profile likelihood fits to the data are used for several inter-
pretations. This includes measurement of the signal strength
of SM t t̄ �+�− for m(�+�−) > mZ + 10 GeV, computation
of cross-section upper limits for a BSM signature in the
region of m(�+�−) > 550 GeV, and extraction of EFT
coefficients in various combinations. These include flavour-
inclusive and, for the first time, flavour-split results, with con-
figurations that test for lepton flavour universality-violating
signals.

The best-fit values are compatible with the SM and lim-
its on the relevant EFT WCs are set. These limits improve
upon previous constraints on these operators from the CMS
Collaboration [15].

The search for lepton flavour universality-violating EFT
effects is still limited by the available Run 2 statistical preci-
sion, but this result demonstrates that cancellation of system-
atic uncertainties is possible and with more data this method
could provide higher-precision tests of the SM. Again, no
deviations from the SM or signs of lepton flavour universal-
ity violation are observed.
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M. S. Filip28b,u , A. Filipčič95 , E. K. Filmer162a , F. Filthaut116 , M. C. N. Fiolhais133a,133c,c , L. Fiorini169 ,
W. C. Fisher109 , T. Fitschen103 , P. M. Fitzhugh138, I. Fleck147 , P. Fleischmann108 , T. Flick177 , M. Flores34d,ag ,
L. R. Flores Castillo64a , L. Flores Sanz De Acedo37 , F. M. Follega78a,78b , N. Fomin33 , J. H. Foo161 ,
A. Formica138 , A. C. Forti103 , E. Fortin37 , A. W. Fortman18a , L. Foster18a , L. Fountas9,j , D. Fournier66 ,
H. Fox93 , P. Francavilla74a,74b , S. Francescato61 , S. Franchellucci56 , M. Franchini24b,24a , S. Franchino63a ,
D. Francis37, L. Franco116 , V. Franco Lima37 , L. Franconi48 , M. Franklin61 , G. Frattari27 , Y. Y. Frid157 ,
J. Friend59 , N. Fritzsche37 , A. Froch56 , D. Froidevaux37 , J. A. Frost129 , Y. Fu109 , S. Fuenzalida Garrido140f ,
M. Fujimoto104 , K. Y. Fung64a , E. Furtado De Simas Filho83e , M. Furukawa159 , J. Fuster169 , A. Gaa55 ,
A. Gabrielli24b,24a , A. Gabrielli161 , P. Gadow37 , G. Gagliardi57b,57a , L. G. Gagnon18a , S. Gaid88b ,
S. Galantzan157 , J. Gallagher1 , E. J. Gallas129 , A. L. Gallen167 , B. J. Gallop137 , K. K. Gan122 ,
S. Ganguly159 , Y. Gao52 , A. Garabaglu142 , F. M. Garay Walls140a,140b , C. García169 , A. Garcia Alonso117 ,
A. G. Garcia Caffaro178 , J. E. García Navarro169 , M. Garcia-Sciveres18a , G. L. Gardner131 , R. W. Gardner40 ,
N. Garelli164 , R. B. Garg149 , J. M. Gargan52 , C. A. Garner161, C. M. Garvey34a , V. K. Gassmann164,
G. Gaudio73a , V. Gautam13, P. Gauzzi75a,75b , J. Gavranovic95 , I. L. Gavrilenko133a , A. Gavrilyuk38 ,
C. Gay170 , G. Gaycken126 , E. N. Gazis10 , A. Gekow122, C. Gemme57b , M. H. Genest60 , A. D. Gentry115 ,
S. George97 , T. Geralis46 , A. A. Gerwin123 , P. Gessinger-Befurt37 , M. E. Geyik177 , M. Ghani173 ,
K. Ghorbanian96 , A. Ghosal147 , A. Ghosh165 , A. Ghosh7 , B. Giacobbe24b , S. Giagu75a,75b , T. Giani117 ,
A. Giannini62 , S. M. Gibson97 , M. Gignac139 , D. T. Gil86b , A. K. Gilbert86a , B. J. Gilbert42 , D. Gillberg35 ,
G. Gilles117 , D. M. Gingrich2,ai , M. P. Giordani69a,69c , P. F. Giraud138 , G. Giugliarelli69a,69c , D. Giugni71a ,
F. Giuli76a,76b , I. Gkialas9,j , L. K. Gladilin38 , C. Glasman101 , M. Glazewska20 , R. M. Gleason165 ,
G. Glemža48 , M. Glisic126, I. Gnesi44b , Y. Go30 , M. Goblirsch-Kolb37 , B. Gocke49 , D. Godin110,
B. Gokturk22a , S. Goldfarb107 , T. Golling56 , M. G. D. Gololo34c , D. Golubkov38 , J. P. Gombas109 ,
A. Gomes133a,133b , G. Gomes Da Silva147 , A. J. Gomez Delegido169 , R. Gonçalo133a , L. Gonella21 ,
A. Gongadze155c , F. Gonnella21 , J. L. Gonski149 , R. Y. González Andana52 , S. González de la Hoz169 ,
M. V. Gonzalez Rodrigues48 , R. Gonzalez Suarez167 , S. Gonzalez-Sevilla56 , L. Goossens37 , B. Gorini37 ,
E. Gorini70a,70b , A. Gorišek95 , T. C. Gosart131 , A. T. Goshaw51 , M. I. Gostkin39 , S. Goswami124 ,
C. A. Gottardo37 , S. A. Gotz111 , M. Gouighri36b , A. G. Goussiou142 , N. Govender34c , R. P. Grabarczyk129 ,
I. Grabowska-Bold86a , K. Graham35 , E. Gramstad128 , S. Grancagnolo70a,70b , C. M. Grant1, P. M. Gravila28f ,
F. G. Gravili70a,70b , H. M. Gray18a , M. Greco112 , M. J. Green1 , C. Grefe25 , A. S. Grefsrud17 , I. M. Gregor48 ,
K. T. Greif165 , P. Grenier149 , S. G. Grewe112, A. A. Grillo139 , K. Grimm32 , S. Grinstein13,y , J.-F. Grivaz66 ,
E. Gross175 , J. Grosse-Knetter55 , L. Guan108 , G. Guerrieri37 , R. Guevara128 , R. Gugel102 , J. A. M. Guhit108 ,
A. Guida19 , E. Guilloton173 , S. Guindon37 , F. Guo14,114c , J. Guo144a , L. Guo48 , L. Guo114b,w ,

123

http://orcid.org/0000-0001-5271-5153
http://orcid.org/0000-0002-5662-3675
http://orcid.org/0009-0001-4200-1592
http://orcid.org/0000-0002-9753-6498
http://orcid.org/0000-0001-8329-4240
http://orcid.org/0000-0002-6075-0191
http://orcid.org/0000-0002-8998-0839
http://orcid.org/0000-0002-0343-6331
http://orcid.org/0000-0003-2408-5099
http://orcid.org/0000-0002-0683-9910
http://orcid.org/0000-0002-5381-2649
http://orcid.org/0000-0001-9909-0090
http://orcid.org/0000-0001-9884-3070
http://orcid.org/0000-0001-6113-0878
http://orcid.org/0000-0001-6322-6195
http://orcid.org/0000-0003-1530-0519
http://orcid.org/0009-0008-3244-6804
http://orcid.org/0000-0001-8955-9510
http://orcid.org/0000-0002-2885-9779
http://orcid.org/0009-0004-5587-1804
http://orcid.org/0000-0003-0699-3931
http://orcid.org/0000-0002-6758-0113
http://orcid.org/0000-0001-8703-7938
http://orcid.org/0000-0003-2182-2727
http://orcid.org/0000-0002-3847-0775
http://orcid.org/0000-0002-7276-6342
http://orcid.org/0000-0002-7756-7801
http://orcid.org/0000-0001-5914-0524
http://orcid.org/0000-0002-5916-3467
http://orcid.org/0000-0002-8713-8162
http://orcid.org/0000-0002-9092-9344
http://orcid.org/0000-0003-2499-1649
http://orcid.org/0000-0002-4871-2176
http://orcid.org/0000-0002-5833-7058
http://orcid.org/0000-0003-4089-3416
http://orcid.org/0000-0003-3310-4642
http://orcid.org/0000-0002-7667-260X
http://orcid.org/0000-0001-9935-6397
http://orcid.org/0000-0003-2626-2247
http://orcid.org/0000-0002-5789-9825
http://orcid.org/0000-0003-3469-6045
http://orcid.org/0000-0002-6066-4744
http://orcid.org/0000-0003-4157-592X
http://orcid.org/0000-0002-4400-6303
http://orcid.org/0000-0001-5430-4702
http://orcid.org/0000-0003-1464-0335
http://orcid.org/0000-0001-9632-6352
http://orcid.org/0000-0002-0805-9184
http://orcid.org/0000-0002-2878-261X
http://orcid.org/0000-0003-3300-9717
http://orcid.org/0000-0003-0336-3723
http://orcid.org/0000-0001-5238-4921
http://orcid.org/0000-0001-5370-8377
http://orcid.org/0000-0003-3529-5171
http://orcid.org/0000-0002-4391-9100
http://orcid.org/0000-0002-7341-9115
http://orcid.org/0000-0002-7032-2799
http://orcid.org/0000-0002-7999-3767
http://orcid.org/0000-0001-9172-2946
http://orcid.org/0000-0002-8955-9681
http://orcid.org/0000-0002-9669-5374
http://orcid.org/0000-0001-5997-3569
http://orcid.org/0000-0001-5265-3175
http://orcid.org/0000-0003-3596-5331
http://orcid.org/0000-0002-1920-4930
http://orcid.org/0000-0001-8899-051X
http://orcid.org/0000-0002-3012-9986
http://orcid.org/0000-0002-1213-0545
http://orcid.org/0000-0002-1363-9175
http://orcid.org/0000-0002-9916-3349
http://orcid.org/0000-0003-2296-1112
http://orcid.org/0000-0002-4095-4808
http://orcid.org/0000-0003-2793-5335
http://orcid.org/0000-0003-4656-3936
http://orcid.org/0000-0003-4270-2775
http://orcid.org/0000-0003-4442-4537
http://orcid.org/0000-0001-6871-7794
http://orcid.org/0000-0003-0434-6925
http://orcid.org/0000-0003-2183-3127
http://orcid.org/0000-0002-4333-5084
http://orcid.org/0000-0002-7520-293X
http://orcid.org/0000-0002-7912-2830
http://orcid.org/0000-0001-8474-0978
http://orcid.org/0000-0002-4002-8353
http://orcid.org/0000-0002-4056-4578
http://orcid.org/0000-0003-0154-4328
http://orcid.org/0000-0001-7882-2125
http://orcid.org/0009-0006-2877-7710
http://orcid.org/0000-0002-7118-341X
http://orcid.org/0000-0002-2298-3605
http://orcid.org/0000-0003-2315-2499
http://orcid.org/0000-0002-1919-4250
http://orcid.org/0000-0003-4278-7182
http://orcid.org/0000-0003-2611-1975
http://orcid.org/0009-0009-7615-6275
http://orcid.org/0000-0001-7868-3858
http://orcid.org/0000-0001-8630-6585
http://orcid.org/0000-0002-8773-145X
http://orcid.org/0000-0001-9442-7598
http://orcid.org/0000-0003-2245-150X
http://orcid.org/0000-0003-0000-2439
http://orcid.org/0000-0002-3983-0728
http://orcid.org/0000-0003-1363-9324
http://orcid.org/0000-0002-8766-4891
http://orcid.org/0000-0001-5350-9271
http://orcid.org/0000-0002-6423-7213
http://orcid.org/0000-0003-1289-2141
http://orcid.org/0000-0002-2190-9091
http://orcid.org/0000-0001-5137-473X
http://orcid.org/0000-0003-4176-2768
http://orcid.org/0000-0002-1733-7158
http://orcid.org/0000-0003-4124-7862
http://orcid.org/0000-0002-1403-0951
http://orcid.org/0000-0002-0731-9562
http://orcid.org/0000-0001-9138-3200
http://orcid.org/0000-0001-5155-3420
http://orcid.org/0009-0007-2746-3813
http://orcid.org/0000-0001-5489-1759
http://orcid.org/0009-0001-1738-7729
http://orcid.org/0000-0002-7818-6971
http://orcid.org/0000-0003-2372-1444
http://orcid.org/0000-0002-1007-7816
http://orcid.org/0000-0003-2887-5311
http://orcid.org/0000-0002-1387-153X
http://orcid.org/0000-0001-5566-1373
http://orcid.org/0000-0002-5687-9240
http://orcid.org/0000-0002-5562-7893
http://orcid.org/0000-0002-4406-0430
http://orcid.org/0000-0002-0678-1667
http://orcid.org/0000-0002-4610-5612
http://orcid.org/0000-0002-1217-4097
http://orcid.org/0000-0003-3812-3375
http://orcid.org/0009-0007-9276-3302
http://orcid.org/0000-0001-5671-1555
http://orcid.org/0000-0001-6967-7325
http://orcid.org/0000-0003-3338-2247
http://orcid.org/0000-0001-9035-0335
http://orcid.org/0000-0002-5070-2735
http://orcid.org/0000-0003-3043-3045
http://orcid.org/0000-0002-1152-7372
http://orcid.org/0000-0003-1461-8648
http://orcid.org/0000-0001-6968-340X
http://orcid.org/0000-0002-8356-6987
http://orcid.org/0000-0002-4462-2851
http://orcid.org/0000-0003-1551-5974
http://orcid.org/0000-0002-4006-3597
http://orcid.org/0000-0003-2317-9560
http://orcid.org/0000-0001-9457-394X
http://orcid.org/0000-0003-4577-0685
http://orcid.org/0000-0001-8308-2643
http://orcid.org/0000-0002-0532-7921
http://orcid.org/0000-0002-6418-9522
http://orcid.org/0000-0001-9454-9069
http://orcid.org/0009-0003-9084-4230
http://orcid.org/0000-0002-9986-6597
http://orcid.org/0000-0003-4836-0358
http://orcid.org/0000-0003-3089-6090
http://orcid.org/0000-0003-1164-6870
http://orcid.org/0000-0001-5315-9275
http://orcid.org/0000-0003-0695-0798
http://orcid.org/0000-0002-4554-252X
http://orcid.org/0000-0002-8159-8010
http://orcid.org/0000-0002-1687-4314
http://orcid.org/0000-0002-3761-209X
http://orcid.org/0000-0002-0647-6072
http://orcid.org/0000-0002-6595-883X
http://orcid.org/0000-0002-7829-6564
http://orcid.org/0000-0003-1565-1773
http://orcid.org/0009-0001-8430-1454
http://orcid.org/0000-0002-9350-1060
http://orcid.org/0000-0002-8259-2622
http://orcid.org/0000-0003-3986-3922
http://orcid.org/0000-0003-3562-9944
http://orcid.org/0000-0002-7370-7395
http://orcid.org/0000-0002-7835-5157
http://orcid.org/0000-0002-6701-8198
http://orcid.org/0000-0003-2131-2970
http://orcid.org/0000-0001-8707-785X
http://orcid.org/0000-0003-4888-2260
http://orcid.org/0000-0002-1290-2031
http://orcid.org/0000-0003-4011-5550
http://orcid.org/0000-0001-5346-7841
http://orcid.org/0000-0003-0768-9325
http://orcid.org/0000-0003-4475-6734
http://orcid.org/0000-0002-3550-4124
http://orcid.org/0000-0003-3000-8479
http://orcid.org/0009-0001-6883-9166
http://orcid.org/0000-0001-5047-5889
http://orcid.org/0000-0001-9284-6270
http://orcid.org/0000-0002-1259-1034
http://orcid.org/0000-0002-7365-166X
http://orcid.org/0000-0001-7401-5043
http://orcid.org/0000-0002-1550-1487
http://orcid.org/0000-0003-1285-9261
http://orcid.org/0000-0001-6326-4773
http://orcid.org/0000-0002-8105-6027
http://orcid.org/0000-0002-6670-1104
http://orcid.org/0000-0003-1625-7452
http://orcid.org/0000-0002-9566-7793
http://orcid.org/0000-0001-9095-4710
http://orcid.org/0000-0002-0279-0523
http://orcid.org/0000-0002-5800-4210
http://orcid.org/0000-0002-8980-3314
http://orcid.org/0000-0003-1433-9366
http://orcid.org/0000-0003-0534-9634
http://orcid.org/0000-0002-2691-7963
http://orcid.org/0009-0003-7280-8906
http://orcid.org/0000-0001-8849-4970
http://orcid.org/0000-0002-6833-0933
http://orcid.org/0000-0003-4841-5822
http://orcid.org/0000-0002-8760-9518
http://orcid.org/0000-0001-7219-2636
http://orcid.org/0000-0003-3837-6567
http://orcid.org/0000-0002-9354-9507
http://orcid.org/0000-0002-2941-9257
http://orcid.org/0000-0002-9272-4254
http://orcid.org/0000-0002-1702-5699
http://orcid.org/0000-0002-4098-2024
http://orcid.org/0009-0003-8477-0095
http://orcid.org/0000-0003-3565-3290
http://orcid.org/0000-0001-7188-979X
http://orcid.org/0009-0008-9367-6646
http://orcid.org/0000-0002-3056-7417
http://orcid.org/0000-0002-7491-0838
http://orcid.org/0000-0002-4123-508X
http://orcid.org/0000-0002-7985-9445
http://orcid.org/0000-0003-0661-9288
http://orcid.org/0000-0003-0819-1553
http://orcid.org/0000-0002-5716-356X
http://orcid.org/0000-0003-2987-7642
http://orcid.org/0000-0001-9192-3537
http://orcid.org/0000-0001-7135-6731
http://orcid.org/0000-0002-5683-814X
http://orcid.org/0000-0002-1236-9249
http://orcid.org/0000-0003-4155-7844
http://orcid.org/0000-0001-9021-8836
http://orcid.org/0000-0002-8813-4446
http://orcid.org/0000-0003-0731-710X
http://orcid.org/0000-0003-0341-0171
http://orcid.org/0000-0001-8451-4604
http://orcid.org/0000-0002-2552-1449
http://orcid.org/0000-0002-0792-6039
http://orcid.org/0000-0002-8485-9351
http://orcid.org/0000-0001-5765-1750
http://orcid.org/0000-0002-6976-0951
http://orcid.org/0000-0002-8506-274X
http://orcid.org/0000-0002-8402-723X
http://orcid.org/0000-0001-9422-8636
http://orcid.org/0000-0003-2025-3817
http://orcid.org/0009-0000-0382-3959
http://orcid.org/0000-0003-2665-0610
http://orcid.org/0000-0003-4977-5256
http://orcid.org/0000-0002-0772-7312
http://orcid.org/0000-0003-1253-1223
http://orcid.org/0000-0002-2785-9654
http://orcid.org/0000-0001-8074-2538
http://orcid.org/0000-0002-6045-8617
http://orcid.org/0000-0002-1677-3097
http://orcid.org/0000-0001-8535-6687
http://orcid.org/0000-0002-0689-5402
http://orcid.org/0000-0002-5521-9793
http://orcid.org/0000-0002-8285-3570
http://orcid.org/0000-0002-5940-9893
http://orcid.org/0000-0002-3552-1266
http://orcid.org/0000-0003-4315-2621
http://orcid.org/0000-0002-3826-3442
http://orcid.org/0000-0002-4919-0808
http://orcid.org/0000-0001-8183-1612
http://orcid.org/0000-0003-0885-1654
http://orcid.org/0000-0003-2037-6315
http://orcid.org/0000-0002-0700-1757
http://orcid.org/0000-0001-5304-5390
http://orcid.org/0000-0002-7906-8088
http://orcid.org/0000-0002-6126-7230
http://orcid.org/0000-0003-4458-9403
http://orcid.org/0000-0002-2536-4498
http://orcid.org/0000-0003-4177-9666
http://orcid.org/0000-0002-7688-2797
http://orcid.org/0000-0002-3903-3438
http://orcid.org/0000-0002-8867-2551
http://orcid.org/0000-0002-5704-0885
http://orcid.org/0000-0002-4311-3756
http://orcid.org/0000-0001-9566-4640
http://orcid.org/0000-0003-0348-0364
http://orcid.org/0000-0002-7518-7055
http://orcid.org/0000-0002-9551-0251
http://orcid.org/0000-0001-6211-7122
http://orcid.org/0000-0002-5068-5429
http://orcid.org/0009-0007-1845-0762
http://orcid.org/0000-0001-9159-1210
http://orcid.org/0000-0002-5832-8653
http://orcid.org/0000-0001-5792-5352
http://orcid.org/0000-0001-8490-8304
http://orcid.org/0000-0002-0154-577X
http://orcid.org/0000-0003-2422-5960
http://orcid.org/0000-0002-5293-4716
http://orcid.org/0000-0001-8687-7273
http://orcid.org/0000-0003-4402-7160
http://orcid.org/0000-0001-7050-5301
http://orcid.org/0009-0005-9063-4131
http://orcid.org/0000-0002-5976-7818
http://orcid.org/0000-0001-6607-0595
http://orcid.org/0000-0002-9926-5417
http://orcid.org/0000-0003-2950-1872
http://orcid.org/0000-0001-6587-7397
http://orcid.org/0000-0002-6460-8694
http://orcid.org/0000-0003-4793-7995
http://orcid.org/0000-0003-1244-9350
http://orcid.org/0000-0003-3085-7067
http://orcid.org/0000-0003-1897-1617
http://orcid.org/0000-0002-3403-1177
http://orcid.org/0009-0004-6822-7452
http://orcid.org/0000-0002-3349-1163
http://orcid.org/0000-0002-9802-0901
http://orcid.org/0000-0001-9021-9038
http://orcid.org/0000-0003-4814-6693
http://orcid.org/0000-0001-7595-3859
http://orcid.org/0000-0002-3864-9257
http://orcid.org/0000-0001-8125-9433
http://orcid.org/0000-0002-6785-9202
http://orcid.org/0009-0006-9125-5210


 1434 Page 26 of 36 Eur. Phys. J. C          (2025) 85:1434 

Y. Guo108 , A. Gupta49 , R. Gupta132 , S. Gupta27 , S. Gurbuz25 , S. S. Gurdasani48 , G. Gustavino75a,75b ,
P. Gutierrez123 , L. F. Gutierrez Zagazeta131 , M. Gutsche50 , C. Gutschow98 , C. Gwenlan129 , C. B. Gwilliam94 ,
E. S. Haaland128 , A. Haas120 , M. Habedank59 , C. Haber18a , H. K. Hadavand8 , A. Haddad41 , A. Hadef50 ,
A. I. Hagan93 , J. J. Hahn147 , E. H. Haines98 , M. Haleem172 , J. Haley124 , G. D. Hallewell104 , L. Halser20 ,
K. Hamano171 , M. Hamer25 , S. E. D. Hammoud66 , E. J. Hampshire97 , J. Han143a , L. Han114a , L. Han62 ,
S. Han18a , K. Hanagaki84 , M. Hance139 , D. A. Hangal42 , H. Hanif148 , M. D. Hank131 , J. B. Hansen43 ,
P. H. Hansen43 , D. Harada56 , T. Harenberg177 , S. Harkusha179 , M. L. Harris105 , Y. T. Harris25 ,
J. Harrison13 , N. M. Harrison122 , P. F. Harrison173, M. L. E. Hart98 , N. M. Hartman112 , N. M. Hartmann111 ,
R. Z. Hasan97,137 , Y. Hasegawa146 , F. Haslbeck129 , S. Hassan17 , R. Hauser109 , M. Haviernik136 ,
C. M. Hawkes21 , R. J. Hawkings37 , Y. Hayashi159 , D. Hayden109 , C. Hayes108 , R. L. Hayes117 ,
C. P. Hays129 , J. M. Hays96 , H. S. Hayward94 , M. He14,114c , Y. He48 , Y. He98 , N. B. Heatley96 ,
V. Hedberg100 , C. Heidegger54 , K. K. Heidegger54 , J. Heilman35 , S. Heim48 , T. Heim18a , J. G. Heinlein131 ,
J. J. Heinrich126 , L. Heinrich112 , J. Hejbal134 , M. Helbig50 , A. Held176 , S. Hellesund17 , C. M. Helling170 ,
S. Hellman47a,47b , A. M. Henriques Correia37, H. Herde100 , Y. Hernández Jiménez151 , L. M. Herrmann25 ,
T. Herrmann50 , G. Herten54 , R. Hertenberger111 , L. Hervas37 , M. E. Hesping102 , N. P. Hessey162a ,
J. Hessler112 , M. Hidaoui36b , N. Hidic136 , E. Hill161 , T. S. Hillersoy17 , S. J. Hillier21 , J. R. Hinds109 ,
F. Hinterkeuser25 , M. Hirose127 , S. Hirose163 , D. Hirschbuehl177 , T. G. Hitchings103 , B. Hiti95 ,
J. Hobbs151 , R. Hobincu28e , N. Hod175 , A. M. Hodges168 , M. C. Hodgkinson145 , B. H. Hodkinson129 ,
A. Hoecker37 , D. D. Hofer108 , J. Hofer169 , M. Holzbock37 , L. B. A. H. Hommels33 , V. Homsak129 ,
B. P. Honan103 , J. J. Hong68 , T. M. Hong132 , B. H. Hooberman168 , W. H. Hopkins6 , M. C. Hoppesch168 ,
Y. Horii113 , M. E. Horstmann112 , S. Hou154 , M. R. Housenga168 , A. S. Howard95 , J. Howarth59 ,
J. Hoya6 , M. Hrabovsky125 , T. Hryn’ova4 , P. J. Hsu65 , S.-C. Hsu142 , T. Hsu66 , M. Hu18a , Q. Hu62 ,
S. Huang33 , X. Huang14,114c , Y. Huang136 , Y. Huang114b , Y. Huang102 , Y. Huang14 , Z. Huang66 ,
Z. Hubacek135 , M. Huebner25 , F. Huegging25 , T. B. Huffman129 , M. Hufnagel Maranha De Faria83a ,
C. A. Hugli48 , M. Huhtinen37 , S. K. Huiberts17 , R. Hulsken106 , C. E. Hultquist18a , N. Huseynov12,g ,
J. Huston109 , J. Huth61 , R. Hyneman7 , G. Iacobucci56 , G. Iakovidis30 , L. Iconomidou-Fayard66 ,
J. P. Iddon37 , P. Iengo72a,72b , R. Iguchi159 , Y. Iiyama159 , T. Iizawa159 , Y. Ikegami84 , D. Iliadis158 ,
N. Ilic161 , H. Imam36a , G. Inacio Goncalves83d , S. A. Infante Cabanas140c , T. Ingebretsen Carlson47a,47b ,
J. M. Inglis96 , G. Introzzi73a,73b , M. Iodice77a , V. Ippolito75a,75b , R. K. Irwin94 , M. Ishino159 , W. Islam176 ,
C. Issever19 , S. Istin22a,an , K. Itabashi84 , H. Ito174 , R. Iuppa78a,78b , A. Ivina175 , V. Izzo72a , P. Jacka134 ,
P. Jackson1 , P. Jain48 , K. Jakobs54 , T. Jakoubek175 , J. Jamieson59 , W. Jang159 , S. Jankovych136 ,
M. Javurkova105 , P. Jawahar103 , L. Jeanty126 , J. Jejelava155a,af , P. Jenni54,f , C. E. Jessiman35 ,
C. Jia143a , H. Jia170 , J. Jia151 , X. Jia14,114c , Z. Jia114a , C. Jiang52 , Q. Jiang64b , S. Jiggins48 ,
M. Jimenez Ortega169 , J. Jimenez Pena13 , S. Jin114a , A. Jinaru28b , O. Jinnouchi141 , P. Johansson145 ,
K. A. Johns7 , J. W. Johnson139 , F. A. Jolly48 , D. M. Jones152 , E. Jones48 , K. S. Jones8, P. Jones33 ,
R. W. L. Jones93 , T. J. Jones94 , H. L. Joos55,37 , R. Joshi122 , J. Jovicevic16 , X. Ju18a , J. J. Junggeburth37 ,
T. Junkermann63a , A. Juste Rozas13,y , M. K. Juzek87 , S. Kabana140e , A. Kaczmarska87 , M. Kado112 ,
H. Kagan122 , M. Kagan149 , A. Kahn131 , C. Kahra102 , T. Kaji159 , E. Kajomovitz156 , N. Kakati175 ,
N. Kakoty13 , I. Kalaitzidou54 , S. Kandel8 , N. J. Kang139 , D. Kar34g , K. Karava129 , E. Karentzos25 ,
O. Karkout117 , S. N. Karpov39 , Z. M. Karpova39 , V. Kartvelishvili93 , A. N. Karyukhin38 , E. Kasimi158 ,
J. Katzy48 , S. Kaur35 , K. Kawade146 , M. P. Kawale123 , C. Kawamoto89 , T. Kawamoto62 , E. F. Kay37 ,
F. I. Kaya164 , S. Kazakos109 , V. F. Kazanin38 , J. M. Keaveney34a , R. Keeler171 , G. V. Kehris61 , J. S. Keller35 ,
J. J. Kempster152 , O. Kepka134 , J. Kerr162b , B. P. Kerridge137 , B. P. Kerševan95 , L. Keszeghova29a ,
R. A. Khan132 , A. Khanov124 , A. G. Kharlamov38 , T. Kharlamova38 , E. E. Khoda142 , M. Kholodenko133a ,
T. J. Khoo19 , G. Khoriauli172 , Y. Khoulaki36a , J. Khubua155b,* , Y. A. R. Khwaira130 , B. Kibirige34g, D. Kim6 ,
D. W. Kim47a,47b , Y. K. Kim40 , N. Kimura98 , M. K. Kingston55 , A. Kirchhoff55 , C. Kirfel25 , F. Kirfel25 ,
J. Kirk137 , A. E. Kiryunin112 , S. Kita163 , O. Kivernyk25 , M. Klassen164 , C. Klein35 , L. Klein172 ,
M. H. Klein45 , S. B. Klein56 , U. Klein94 , A. Klimentov30 , T. Klioutchnikova37 , P. Kluit117 , S. Kluth112 ,
E. Kneringer79 , T. M. Knight161 , A. Knue49 , M. Kobel50 , D. Kobylianskii175 , S. F. Koch129 , M. Kocian149 ,
P. Kodyš136 , D. M. Koeck126 , T. Koffas35 , O. Kolay50 , I. Koletsou4 , T. Komarek87 , K. Köneke55 ,
A. X. Y. Kong1 , T. Kono121 , N. Konstantinidis98 , P. Kontaxakis56 , B. Konya100 , R. Kopeliansky42 ,
S. Koperny86a , K. Korcyl87 , K. Kordas158,d , A. Korn98 , S. Korn55 , I. Korolkov13 , N. Korotkova38 ,
B. Kortman117 , O. Kortner112 , S. Kortner112 , W. H. Kostecka118 , M. Kostov29a , V. V. Kostyukhin147 ,

123

http://orcid.org/0000-0002-6027-5132
http://orcid.org/0009-0003-7307-9741
http://orcid.org/0000-0002-8508-8405
http://orcid.org/0009-0001-6021-4313
http://orcid.org/0000-0002-9152-1455
http://orcid.org/0000-0002-8836-0099
http://orcid.org/0000-0002-5938-4921
http://orcid.org/0000-0003-2326-3877
http://orcid.org/0000-0003-0374-1595
http://orcid.org/0000-0002-0947-7062
http://orcid.org/0000-0003-0857-794X
http://orcid.org/0000-0002-3518-0617
http://orcid.org/0000-0002-9401-5304
http://orcid.org/0000-0002-3676-493X
http://orcid.org/0000-0002-4832-0455
http://orcid.org/0000-0002-7412-9355
http://orcid.org/0000-0002-0155-1360
http://orcid.org/0000-0001-5447-3346
http://orcid.org/0000-0001-9553-9372
http://orcid.org/0000-0003-2508-0628
http://orcid.org/0000-0002-2079-4739
http://orcid.org/0000-0002-1677-4735
http://orcid.org/0000-0002-5417-2081
http://orcid.org/0000-0003-3826-6333
http://orcid.org/0000-0002-6938-7405
http://orcid.org/0000-0001-6267-8560
http://orcid.org/0000-0002-0759-7247
http://orcid.org/0000-0002-9438-8020
http://orcid.org/0000-0003-1550-2030
http://orcid.org/0009-0004-8491-5685
http://orcid.org/0000-0001-7988-4504
http://orcid.org/0000-0002-1008-0943
http://orcid.org/0000-0003-3321-8412
http://orcid.org/0000-0002-6353-9711
http://orcid.org/0000-0001-8383-7348
http://orcid.org/0000-0003-0676-0441
http://orcid.org/0000-0001-8392-0934
http://orcid.org/0000-0002-3826-7232
http://orcid.org/0000-0002-0984-7887
http://orcid.org/0000-0002-4731-6120
http://orcid.org/0000-0002-3684-8340
http://orcid.org/0000-0002-6764-4789
http://orcid.org/0000-0002-0792-0569
http://orcid.org/0000-0001-8682-3734
http://orcid.org/0000-0002-0309-4490
http://orcid.org/0009-0001-8882-5976
http://orcid.org/0000-0001-5816-2158
http://orcid.org/0000-0003-2576-080X
http://orcid.org/0000-0002-7461-8351
http://orcid.org/0009-0004-5309-911X
http://orcid.org/0000-0001-9111-4916
http://orcid.org/0000-0003-0047-2908
http://orcid.org/0009-0009-5896-9141
http://orcid.org/0000-0003-2683-7389
http://orcid.org/0000-0002-1804-5747
http://orcid.org/0000-0002-5027-4320
http://orcid.org/0000-0001-7682-8857
http://orcid.org/0009-0004-1888-506X
http://orcid.org/0000-0001-9167-0592
http://orcid.org/0000-0001-9719-0290
http://orcid.org/0000-0002-1222-4672
http://orcid.org/0000-0001-5220-2972
http://orcid.org/0000-0002-0298-0351
http://orcid.org/0000-0001-7752-9285
http://orcid.org/0000-0003-2371-9723
http://orcid.org/0000-0003-1554-5401
http://orcid.org/0000-0002-0972-3411
http://orcid.org/0000-0003-0514-2115
http://orcid.org/0000-0001-8068-5596
http://orcid.org/0009-0005-3061-4294
http://orcid.org/0000-0003-2204-4779
http://orcid.org/0000-0002-4596-3965
http://orcid.org/0000-0001-8821-1205
http://orcid.org/0000-0003-3113-0484
http://orcid.org/0000-0001-6792-2294
http://orcid.org/0000-0002-2639-6571
http://orcid.org/0000-0002-7669-5318
http://orcid.org/0000-0001-6878-9405
http://orcid.org/0000-0002-0253-0924
http://orcid.org/0000-0002-4048-7584
http://orcid.org/0000-0002-4600-3659
https://orcid.org/0009-0005-5487-2124
http://orcid.org/0000-0002-8924-5885
http://orcid.org/0000-0002-4424-4643
http://orcid.org/0000-0002-2657-7532
http://orcid.org/0000-0002-5415-1600
http://orcid.org/0000-0001-8926-6734
http://orcid.org/0000-0001-9844-6200
http://orcid.org/0000-0002-8794-0948
http://orcid.org/0000-0002-1478-3152
http://orcid.org/0000-0001-7661-5122
http://orcid.org/0000-0002-2646-5805
http://orcid.org/0000-0002-0778-2717
http://orcid.org/0000-0002-2447-904X
http://orcid.org/0000-0002-6698-9937
http://orcid.org/0000-0002-4834-4596
http://orcid.org/0000-0003-2025-6495
http://orcid.org/0000-0003-4695-2798
http://orcid.org/0000-0002-1725-7414
http://orcid.org/0009-0001-5514-2562
http://orcid.org/0000-0002-7599-6469
http://orcid.org/0000-0001-7844-8815
http://orcid.org/0000-0002-0556-189X
http://orcid.org/0000-0003-4988-9149
http://orcid.org/0000-0002-2389-1286
http://orcid.org/0000-0002-7998-8925
http://orcid.org/0000-0001-8978-7118
http://orcid.org/0000-0002-8668-6933
http://orcid.org/0000-0001-5404-7857
http://orcid.org/0000-0001-7602-5771
http://orcid.org/0000-0001-5241-0544
http://orcid.org/0000-0002-1021-2555
http://orcid.org/0000-0002-1040-1241
http://orcid.org/0000-0002-2244-189X
http://orcid.org/0000-0002-6596-9395
http://orcid.org/0000-0003-0028-6486
http://orcid.org/0000-0003-2799-5020
http://orcid.org/0000-0001-8018-4185
http://orcid.org/0000-0003-0684-600X
http://orcid.org/0009-0004-4973-7799
http://orcid.org/0000-0002-2698-4787
http://orcid.org/0000-0002-1685-8090
http://orcid.org/0000-0001-7834-328X
http://orcid.org/0000-0002-4090-6099
http://orcid.org/0000-0001-7814-8740
http://orcid.org/0000-0002-7773-3654
http://orcid.org/0000-0003-0457-3052
http://orcid.org/0000-0002-4359-6364
http://orcid.org/0000-0001-9861-151X
http://orcid.org/0000-0002-5356-5510
http://orcid.org/0000-0003-0625-8996
http://orcid.org/0000-0002-0560-8985
http://orcid.org/0000-0002-7562-0234
http://orcid.org/0000-0003-4223-7316
http://orcid.org/0000-0001-5914-8614
http://orcid.org/0000-0003-3895-8356
http://orcid.org/0000-0001-6214-8500
http://orcid.org/0000-0001-9157-295X
http://orcid.org/0000-0003-2858-6931
http://orcid.org/0000-0002-9705-7518
http://orcid.org/0000-0002-1177-6758
http://orcid.org/0009-0004-1494-0543
http://orcid.org/0000-0003-1826-2749
http://orcid.org/0009-0005-6128-0936
http://orcid.org/0000-0002-1499-6051
http://orcid.org/0000-0002-5972-2855
http://orcid.org/0000-0002-9008-1937
http://orcid.org/0000-0003-3250-9066
http://orcid.org/0000-0002-1162-8763
http://orcid.org/0000-0002-7472-3151
http://orcid.org/0000-0002-5332-2738
http://orcid.org/0009-0002-7136-9457
http://orcid.org/0000-0002-3654-5614
http://orcid.org/0000-0002-1752-3583
http://orcid.org/0000-0002-3277-7418
http://orcid.org/0000-0002-0095-1290
http://orcid.org/0009-0006-8213-621X
http://orcid.org/0000-0003-2201-5572
http://orcid.org/0000-0001-9097-3014
http://orcid.org/0000-0002-6867-2538
http://orcid.org/0000-0002-9093-7141
http://orcid.org/0000-0001-9965-5442
http://orcid.org/0000-0002-0330-5921
http://orcid.org/0000-0001-6334-6648
http://orcid.org/0000-0002-2851-5554
http://orcid.org/0000-0002-5035-1242
http://orcid.org/0000-0002-0940-244X
http://orcid.org/0000-0002-8297-5930
http://orcid.org/0000-0001-5312-4865
http://orcid.org/0000-0001-7287-6579
http://orcid.org/0000-0001-6303-2761
http://orcid.org/0000-0003-0105-7634
http://orcid.org/0000-0002-7854-3174
http://orcid.org/0000-0002-6807-3172
http://orcid.org/0009-0007-6929-5555
http://orcid.org/0000-0002-3699-8517
http://orcid.org/0000-0002-9130-4792
http://orcid.org/0000-0002-1314-2580
http://orcid.org/0000-0003-4446-8150
http://orcid.org/0000-0001-5126-1620
http://orcid.org/0000-0001-6067-104X
http://orcid.org/0000-0002-7185-1334
http://orcid.org/0000-0002-5624-5934
http://orcid.org/0000-0001-8259-1067
http://orcid.org/0000-0001-8504-6291
http://orcid.org/0000-0002-6766-4704
http://orcid.org/0000-0003-2018-5850
http://orcid.org/0000-0001-5038-2762
http://orcid.org/0000-0002-9152-383X
http://orcid.org/0000-0002-8770-1592
http://orcid.org/0000-0003-2489-9930
http://orcid.org/0000-0002-0847-402X
http://orcid.org/0000-0001-7277-9912
http://orcid.org/0000-0001-8885-012X
http://orcid.org/0000-0001-7038-0369
http://orcid.org/0000-0001-9554-0787
http://orcid.org/0000-0002-3665-7747
http://orcid.org/0000-0002-8864-7612
http://orcid.org/0000-0001-8798-808X
http://orcid.org/0000-0003-2501-249X
http://orcid.org/0000-0001-6507-4623
http://orcid.org/0000-0002-0159-6593
http://orcid.org/0000-0002-4539-4192
http://orcid.org/0000-0002-2839-801X
http://orcid.org/0000-0003-2226-0519
http://orcid.org/0000-0002-7391-4423
http://orcid.org/0000-0002-5725-3397
http://orcid.org/0000-0002-5254-9930
http://orcid.org/0000-0002-2657-3099
http://orcid.org/0009-0005-0253-5716
http://orcid.org/0009-0008-8139-7279
http://orcid.org/0000-0003-2906-1977
http://orcid.org/0009-0002-4326-7461
http://orcid.org/0000-0002-8705-628X
http://orcid.org/0000-0002-5076-7803
http://orcid.org/0000-0001-7449-9164
http://orcid.org/0000-0001-5073-0974
http://orcid.org/0000-0001-5410-1315
http://orcid.org/0000-0001-9147-6052
http://orcid.org/0000-0002-4837-3733
http://orcid.org/0009-0001-1943-1658
http://orcid.org/0000-0002-9204-4689
http://orcid.org/0000-0001-6289-2292
http://orcid.org/0000-0002-6293-6432
http://orcid.org/0000-0002-6427-3513
http://orcid.org/0000-0002-2580-1977
http://orcid.org/0000-0003-4313-4255
http://orcid.org/0000-0001-6249-7444
http://orcid.org/0000-0001-5650-4556
http://orcid.org/0000-0002-9745-1638
http://orcid.org/0000-0001-7205-1171
http://orcid.org/0000-0002-1119-8820
http://orcid.org/0000-0002-1558-3291
http://orcid.org/0000-0002-7269-9194
http://orcid.org/0000-0003-0568-5750
http://orcid.org/0000-0002-8880-4120
http://orcid.org/0000-0002-1003-7638
http://orcid.org/0000-0002-4693-7857
http://orcid.org/0000-0002-3386-6869
http://orcid.org/0000-0001-7131-3029
http://orcid.org/0000-0002-9003-5711
http://orcid.org/0000-0002-6532-7501
http://orcid.org/0000-0002-8464-1790
http://orcid.org/0000-0003-2155-1859
http://orcid.org/0009-0009-1285-1447
http://orcid.org/0000-0002-4563-3253
http://orcid.org/0009-0005-6895-1886
http://orcid.org/0000-0001-5009-0399
http://orcid.org/0000-0002-4238-9822
http://orcid.org/0000-0002-5010-8613
http://orcid.org/0000-0002-1037-1206
http://orcid.org/0000-0002-4907-9499
http://orcid.org/0000-0002-2230-5353
http://orcid.org/0000-0003-0254-4629
http://orcid.org/0000-0002-1957-3787
http://orcid.org/0000-0001-9087-4315
http://orcid.org/0000-0002-7139-8197
http://orcid.org/0000-0003-3121-395X
http://orcid.org/0000-0002-7602-1284
http://orcid.org/0000-0002-7874-6107
http://orcid.org/0009-0008-7282-7396
http://orcid.org/0000-0002-3057-8378
http://orcid.org/0000-0002-5841-5511
http://orcid.org/0000-0002-6304-3230
http://orcid.org/0000-0002-9775-7303
http://orcid.org/0000-0002-7252-3201
http://orcid.org/0000-0002-4906-5468
http://orcid.org/0000-0003-0766-5307
http://orcid.org/0000-0002-0510-4189
http://orcid.org/0000-0002-1119-1004
http://orcid.org/0000-0001-7140-9813
http://orcid.org/0000-0003-4168-3373
http://orcid.org/0000-0002-2555-497X
http://orcid.org/0009-0001-1891-325X
http://orcid.org/0000-0003-4171-1768
http://orcid.org/0000-0002-4529-452X
http://orcid.org/0000-0001-6830-4244
http://orcid.org/0009-0005-8074-6156
http://orcid.org/0000-0001-9621-422X
http://orcid.org/0000-0002-1051-3833
http://orcid.org/0000-0002-0387-6804
http://orcid.org/0000-0001-8720-6615
http://orcid.org/0000-0002-8340-9455
http://orcid.org/0000-0002-5954-3101
http://orcid.org/0000-0002-6353-8452
http://orcid.org/0000-0001-5190-5705
http://orcid.org/0000-0003-2350-1249
http://orcid.org/0000-0001-8538-1647
http://orcid.org/0000-0002-0331-6559
http://orcid.org/0000-0002-9635-1491
http://orcid.org/0000-0003-3286-1326
http://orcid.org/0000-0002-8883-9374
http://orcid.org/0009-0003-7785-7803
http://orcid.org/0000-0001-5611-9543
http://orcid.org/0000-0003-1679-6907
http://orcid.org/0000-0001-6242-8852
http://orcid.org/0000-0001-8096-7577
http://orcid.org/0000-0001-7490-6890
http://orcid.org/0000-0002-7246-0570
http://orcid.org/0000-0002-6854-2717
http://orcid.org/0000-0002-4326-9742
http://orcid.org/0000-0002-3780-1755
http://orcid.org/0000-0002-0145-4747
http://orcid.org/0000-0002-9999-2534
http://orcid.org/0000-0002-2999-6150
http://orcid.org/0000-0001-7391-5330
http://orcid.org/0000-0003-2748-4829
http://orcid.org/0000-0002-9580-0363
http://orcid.org/0000-0001-6419-5829
http://orcid.org/0000-0001-8484-2261
http://orcid.org/0000-0002-6206-1912
http://orcid.org/0000-0003-2486-7672
http://orcid.org/0000-0002-1559-9285
http://orcid.org/0000-0002-0124-2699
http://orcid.org/0009-0002-0070-5900
http://orcid.org/0000-0002-2676-2842
http://orcid.org/0000-0003-4559-6058
http://orcid.org/0000-0002-8644-2349
http://orcid.org/0000-0002-9090-5502
http://orcid.org/0000-0001-9612-4988
http://orcid.org/0000-0003-2526-4910
http://orcid.org/0000-0002-8560-8917
http://orcid.org/0000-0002-3047-3146
http://orcid.org/0000-0002-6901-9717
http://orcid.org/0000-0001-8063-8765
http://orcid.org/0000-0003-1553-2950
http://orcid.org/0000-0002-4140-6360
http://orcid.org/0000-0002-4860-5979
http://orcid.org/0000-0002-1859-6557
http://orcid.org/0000-0002-8775-1194
http://orcid.org/0000-0002-2023-5945
http://orcid.org/0000-0001-8085-4505
http://orcid.org/0000-0003-0486-2081
http://orcid.org/0000-0002-3962-2099
http://orcid.org/0000-0001-9291-5408
http://orcid.org/0000-0002-9211-9775
http://orcid.org/0000-0003-3640-8676
http://orcid.org/0000-0001-7081-3275
http://orcid.org/0000-0003-0352-3096
http://orcid.org/0000-0001-8667-1814
http://orcid.org/0000-0003-1772-6898
http://orcid.org/0009-0000-3402-3604
http://orcid.org/0000-0002-0490-9209


Eur. Phys. J. C          (2025) 85:1434 Page 27 of 36  1434 

A. Kotsokechagia37 , A. Kotwal51 , A. Koulouris37 , A. Kourkoumeli-Charalampidi73a,73b , C. Kourkoumelis9 ,
E. Kourlitis112 , O. Kovanda126 , R. Kowalewski171 , W. Kozanecki126 , A. S. Kozhin38 , V. A. Kramarenko38 ,
G. Kramberger95 , P. Kramer25 , M. W. Krasny130 , A. Krasznahorkay105 , A. C. Kraus118 , J. W. Kraus177 ,
J. A. Kremer48 , N. B. Krengel147 , T. Kresse50 , L. Kretschmann177 , J. Kretzschmar94 , K. Kreul19 ,
P. Krieger161 , K. Krizka21 , K. Kroeninger49 , H. Kroha112 , J. Kroll134 , J. Kroll131 , K. S. Krowpman109 ,
U. Kruchonak39 , H. Krüger25 , N. Krumnack81, M. C. Kruse51 , O. Kuchinskaia39 , S. Kuday3a , S. Kuehn37 ,
R. Kuesters54 , T. Kuhl48 , V. Kukhtin39 , Y. Kulchitsky39 , S. Kuleshov140d,140b , J. Kull1 , M. Kumar34g ,
N. Kumari48 , P. Kumari162b , A. Kupco134 , T. Kupfer49, A. Kupich38 , O. Kuprash54 , H. Kurashige85 ,
L. L. Kurchaninov162a , O. Kurdysh4 , Y. A. Kurochkin38 , A. Kurova38 , M. Kuze141 , A. K. Kvam105 ,
J. Kvita125 , N. G. Kyriacou108 , C. Lacasta169 , F. Lacava75a,75b , H. Lacker19 , D. Lacour130 , N. N. Lad98 ,
E. Ladygin39 , A. Lafarge41 , B. Laforge130 , T. Lagouri178 , F. Z. Lahbabi36a , S. Lai55 , J. E. Lambert171 ,
S. Lammers68 , W. Lampl7 , C. Lampoudis158,d , G. Lamprinoudis102 , A. N. Lancaster118 , E. Lançon30 ,
U. Landgraf54 , M. P. J. Landon96 , V. S. Lang54 , O. K. B. Langrekken128 , A. J. Lankford165 , F. Lanni37 ,
K. Lantzsch25 , A. Lanza73a , M. Lanzac Berrocal169 , J. F. Laporte138 , T. Lari71a , D. Larsen17 , L. Larson11 ,
F. Lasagni Manghi24b , M. Lassnig37 , S. D. Lawlor145 , R. Lazaridou173, M. Lazzaroni71a,71b , H. D. M. Le109 ,
E. M. Le Boulicaut178 , L. T. Le Pottier18a , B. Leban24b,24a , F. Ledroit-Guillon60 , T. F. Lee162b , L. L. Leeuw34c ,
M. Lefebvre171 , C. Leggett18a , G. Lehmann Miotto37 , M. Leigh56 , W. A. Leight105 , W. Leinonen116 ,
A. Leisos158,v , M. A. L. Leite83c , C. E. Leitgeb19 , R. Leitner136 , K. J. C. Leney45 , T. Lenz25 ,
S. Leone74a , C. Leonidopoulos52 , A. Leopold150 , J. H. Lepage Bourbonnais35 , R. Les109 , C. G. Lester33 ,
M. Levchenko38 , J. Levêque4 , L. J. Levinson175 , G. Levrini24b,24a , M. P. Lewicki87 , C. Lewis142 ,
D. J. Lewis4 , L. Lewitt145 , A. Li30 , B. Li143a , C. Li108, C-Q. Li112 , H. Li143a , H. Li103 , H. Li15 ,
H. Li62, H. Li143a , J. Li144a , K. Li14 , L. Li144a , R. Li178 , S. Li14,114c , S. Li144b,144a , T. Li5 , X. Li106 ,
Z. Li159 , Z. Li14,114c , Z. Li62 , S. Liang14,114c , Z. Liang14 , M. Liberatore138 , B. Liberti76a , K. Lie64c ,
J. Lieber Marin83e , H. Lien68 , H. Lin108 , S. F. Lin151 , L. Linden111 , R. E. Lindley7 , J. H. Lindon37 ,
J. Ling61 , E. Lipeles131 , A. Lipniacka17 , A. Lister170 , J. D. Little68 , B. Liu14 , B. X. Liu114b ,
D. Liu144b,144a , D. Liu139 , E. H. L. Liu21 , J. K. K. Liu120 , K. Liu144b , K. Liu144b,144a , M. Liu62 ,
M. Y. Liu62 , P. Liu14 , Q. Liu144b,142,144a , X. Liu62 , X. Liu143a , Y. Liu114b,114c , Y. L. Liu143a , Y. W. Liu62 ,
Z. Liu66,l , S. L. Lloyd96 , E. M. Lobodzinska48 , P. Loch7 , E. Lodhi161 , T. Lohse19 , K. Lohwasser145 ,
E. Loiacono48 , J. D. Lomas21 , J. D. Long42 , I. Longarini165 , R. Longo168 , A. Lopez Solis13 ,
N. A. Lopez-canelas7 , N. Lorenzo Martinez4 , A. M. Lory111 , M. Losada119a , G. Löschcke Centeno152 ,
X. Lou47a,47b , X. Lou14,114c , A. Lounis66 , P. A. Love93 , M. Lu66 , S. Lu131 , Y. J. Lu154 ,
H. J. Lubatti142 , C. Luci75a,75b , F. L. Lucio Alves114a , F. Luehring68 , B. S. Lunday131 , O. Lundberg150 ,
J. Lunde37 , N. A. Luongo6 , M. S. Lutz37 , A. B. Lux26 , D. Lynn30 , R. Lysak134 , V. Lysenko135 ,
E. Lytken100 , V. Lyubushkin39 , T. Lyubushkina39 , M. M. Lyukova151 , M. F. Mohd Soberi52 , H. Ma30 ,
K. Ma62 , L. L. Ma143a , W. Ma62 , Y. Ma124 , J. C. MacDonald102 , P. C. Machado De Abreu Farias83e ,
R. Madar41 , T. Madula98 , J. Maeda85 , T. Maeno30 , P. T. Mafa34c,k , H. Maguire145 , V. Maiboroda66 ,
A. Maio133a,133b,133d , K. Maj86a , O. Majersky48 , S. Majewski126 , R. Makhmanazarov38 , N. Makovec66 ,
V. Maksimovic16 , B. Malaescu130 , J. Malamant128, Pa. Malecki87 , V. P. Maleev38 , F. Malek60,p ,
M. Mali95 , D. Malito97 , U. Mallik80,* , A. Maloizel5 , S. Maltezos10, A. Malvezzi Lopes83d , S. Malyukov39,
J. Mamuzic13 , G. Mancini53 , M. N. Mancini27 , G. Manco73a,73b , J. P. Mandalia96 , S. S. Mandarry152 ,
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