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Abstract A calibration of the ATLAS flavour-tagging
algorithms using a new calibration procedure based on opti-
mal transportation maps is presented. Simultaneous, contin-
uous corrections to the b-jet, c-jet, and light-flavour jet clas-
sification probabilities from jet-tagging algorithms in simu-
lation are derived for b-jets using t t̄ → eμννbb data. After
application of the derived calibration maps, closure between
simulation and observation is achieved for jet flavour observ-
ables used in ATLAS analyses of Large Hadron Collider
(LHC) Run 2 proton-proton collision data. This continuous
calibration opens up new possibilities for the future use of
jet flavour information in LHC analyses and also serves as
a guide for deriving high-dimensional corrections to simula-
tion via transportation maps, an important development for
a broad range of inference tasks.

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . .
2 ATLAS detector . . . . . . . . . . . . . . . . . . . .
3 Methodology . . . . . . . . . . . . . . . . . . . . . .
4 Samples of observed and simulated events . . . . . .
5 Analysis . . . . . . . . . . . . . . . . . . . . . . . .

5.1 Event selection . . . . . . . . . . . . . . . . . .
5.2 Comparisons of data and simulation . . . . . . .
5.3 Approximations of fsig(pT ) and psim(q|pT) . . .
5.4 NN training set-ups . . . . . . . . . . . . . . . .

6 Background shape estimate . . . . . . . . . . . . . .
7 Uncertainties . . . . . . . . . . . . . . . . . . . . . .
8 Calibration results for b-jets . . . . . . . . . . . . . .

8.1 Extracted optimal calibration maps and compar-
isons with data . . . . . . . . . . . . . . . . . . .

8.2 Closure tests for common DDL1r
b operating points

8.3 Closure tests for charm-tagging selections . . . .
9 Conclusion . . . . . . . . . . . . . . . . . . . . . . .

N. D. Hehir, J. Khubua, B. Lund-Jensen, U. Mallik, I. P. J. Shipsey:
Deceased

� e-mail: atlas.publications@cern.ch

References . . . . . . . . . . . . . . . . . . . . . . . . .

1 Introduction

The identification and classification of jets containing heavy-
flavour hadrons (flavour tagging) is a crucial component of
many analyses of the Large Hadron Collider [1] (LHC) data
collected by the ATLAS detector [2]. For example, searches
and measurements targeting processes producing top quarks
(t) or Higgs bosons (H ) are particularly dependent on flavour
tagging because of the high branching fraction of these par-
ticles to heavy-flavour quarks [3–14].

Recent progress in flavour-tagging algorithms for classi-
fying jets containing b-hadrons (b-jets) and c-hadrons (c-
jets) has greatly increased the sensitivity of ATLAS analyses
to possible new phenomena [15–17]. These algorithms are
trained on samples produced by generators of proton-proton
(pp) collision events that are subsequently passed through
a sophisticated simulation of the ATLAS detector [18–20].
Contemporary algorithms take as input various observables
related to a jet – primarily calorimeter and tracking infor-
mation – and compute probabilities that each jet contains a
b-hadron (pb), a c-hadron (pc), or neither of these (pu). Tra-
ditionally, ATLAS analyses using flavour tagging define a
summary observable based on these outputs and categorize
jets by using this summary observable to separate signal from
the background jets. The most common summary observable
in use is the log-likelihood ratio of pb, pc, and pu assuming
some mixture of jet populations as a background hypothesis.
For example, for b-jet identification (“b-tagging”), the ratio

Db = log
pb

fc pc + (1 − fc)pu
(1)
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is an optimal discriminant between b-jets and non-b-jets
when the c-jet fraction of non-b-jets is fc.1 Alternatively, if
the goal is to identify c-jets and reject b-jets and light-flavour
jets (“charm-tagging”), the discriminant used is

Dc = log
pc

fb pb + (1 − fb)pu
. (2)

Typical values of fc used in previous ATLAS analyses range
between 0.018 and 0.08 for b-tagging, while for charm-
tagging, choices of 0.3 or 0.4 for fb are common.

From these discriminants, operating points are defined;
e.g. the “70% b-tagging operating point” is the value of Db

for which 70% of b-jets with pT > 20 GeV in a Standard
Model (SM) tt̄ sample have a higher discriminant score.

The probability of jets to pass or fail selections based on
these operating points is conventionally measured directly
in data, and the flavour-tagging information about simulated
jets is corrected such that on average it reflects the observed
performance in data. These corrections are calculated in bins2

of the jet’s transverse momentum (pT) because of the known
dependence of tagger performance on this quantity [15];
however, the corrections are averaged over other jet prop-
erties. It is worth emphasizing that the calibration is derived
purely based on the jet flavour-tagging information: other
aspects of the simulation may only be altered through corre-
lations with the flavour-tagging observables.

In ATLAS analyses of LHC Run 2 data, the calibration
is obtained by measuring the tagging efficiencies (the proba-
bility that a signal jet passes some selection) or mis-tag rates
(the probability that a background jet passes some selection)
for b-jets, c-jets, and the remaining jet population (light jets)
in regions enriched in each jet flavour. These tagging rates
in data (εdata) are compared with the expected rates in sim-
ulation (εsim), and correction scale factors (εdata/εsim) are
applied as weights to simulated jets [21–23]. For b-jets, these
scale factors typically deviate from unity by less than 5%, but
for c-jets and light-flavour jets, efficiency corrections may
reach 20% or 50%, respectively. This enables extraction of
physical parameters from ATLAS data that are unbiased by
mismodelling of flavour-tagging performance in the simula-
tion.

The resulting calibrations have a limited applicability:
they only correct identification efficiencies for a particular
choice of discriminant binning. For example, if an analy-
sis requires a different combination of b- and c-jet tagging

1 fc should be interpreted as an effective parameter that controls the
c-jet fraction at inference time; during the optimization of the classifi-
cation algorithm, a different fraction might be chosen.
2 In this work, a set of “bins”, such as those used to define a histogram,
is a collection of contiguous subsets that are used to build a piece-wise
approximation of a function. For example, the ranges (0, 0.5], (0.5,
0.75], (0.75, 1.0) define a binning of the open unit interval (0, 1) made
of three “bins”.

(e.g. a new b-tagging operating point or change in fc or fb), a
completely new set of corrections must be derived for the rel-
evant combination; this is especially pertinent in the search
for H → cc decays [5,14]. Similarly, while calibrations have
been performed with up to five bins of the tagging discrim-
inant score (“pseudo-continuous calibrations”), they do not
allow a truly continuous use of the tagging algorithms’ out-
put in physics analyses. Other analyses that would benefit
from non-standard operating points are those that need very
strong c-jet rejection, e.g. searches for rare top-quark produc-
tion processes [24]; those that use a very loose b-jet veto, such
as measurements of H → WW ∗ decays [25,26]; or those for
which the optimal operating point is strongly dependent on
event kinematics: for example searches for high-mass reso-
nances decaying into b-jets [27].

This paper describes an alternative calibration based on
changing (or transporting) the three flavour-tagging classi-
fier outputs (pu , pc, pb) such that the resulting probability
density of these features in simulation matches data. The
transportation map that calibrates the simulation is fully con-
tinuous (i.e. it is not binned); it does not involve reweighting
simulated events but rather alters the output of the flavour-
tagging algorithms for each jet. It is moreover designed such
that it minimally alters the simulation in a well-defined sense
that is made more formal in Sect. 3. The derivation of such
minimal transport maps between probability distributions is
the topic of optimal transportation theory [28,29].

ATLAS uses optimal-transportation-based corrections for
the energy calibrations of muons [30], electrons [31], and
hadronic jets [32], but these each rely on the shape of the
detector energy responses being nearly Gaussian. In the
Gaussian case, a transportation-based calibration amounts
to correcting the first two moments of a distribution; as
such, these calibrations are not usually formulated using the
optimal-transportation nomenclature. However, in the case of
jet flavour tagging, the probability density of discriminants is
highly non-Gaussian and has no well-motivated simple para-
metric form. Nevertheless, recent advances in neural optimal-
transport solvers allow the derivation of optimal transporta-
tion maps between distributions without known a priori den-
sities as long as samples can be drawn from them [33–
35]. Optimal transport has been proposed for several other
purposes in particle physics, including for background esti-
mates [36], measurements of multijet event shapes [37], and
for anomaly detection [38]. In this paper, the focus is on the
use of optimal transport for the calibration of the ATLAS
flavour-tagging algorithms.

This calibration procedure has several advantages over
more-traditional binned efficiency scale factors. Given a suit-
able choice of transport distance, there is a unique optimal
transport map that yields a simulation that reflects the data
while minimally altering the simulation. Transporting the
observables of simulated jets is inherently unitary in the
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sense that the number of jets in a sample is unaltered by
applying the calibration; this is not in general the case when
weighting by the data–simulation efficiency ratio, even after
having applied corresponding scale factors for jets that fail
the selection (“inefficiency scale factors”) [23]. Furthermore,
instead of correcting the tagging probabilities of particular
operating points or jet categories, their continuous density
is calibrated; this allows much more flexibility in using said
observables in data analysis. Finally, while flavour-tagging
calibrations in ATLAS have so far been limited to a single
one-dimensional discriminant with a fixed binning, in large
part due to the “curse of dimensionality” that makes multi-
dimensional binned distributions difficult to work with, cali-
brations based on neural optimal transport have the ability to
handle high-dimensional calibration problems with relative
ease and without any explicit binning choice.

The primary disadvantage of the transport-based calibra-
tion identified during the course of this study was that this
approach does not yet allow for in situ constraints on nui-
sance parameters, such as the flavour fractions that are fit-
ted in more-conventional flavour-tagging calibrations as in
Ref. [23]. Reweighting-based calibrations may also reduce
statistical fluctuations when considering systematic uncer-
tainties of the calibration, since events cannot migrate across
bin boundaries when applying weight variations. It is worth
noting that the application of weights to correct the distri-
bution of a particular observable will alter distributions over
other observables through correlations, while in the trans-
portation set-up only distributions that are explicitly cor-
rected or have an explicit dependence on them are changed
in the process; whether this is desirable depends on the par-
ticular use-case.

This paper presents the continuous calibration of the
ATLAS DL1r flavour-tagging classification probabilities [15]
(i.e. the discriminant outputs) for b-jets. A high-purity sam-
ple of b-jets is obtained by selecting events with an electron, a
muon, and exactly two jets, which yields a population of jets
dominated by tt̄ production and decay into eμννbb, follow-
ing the optimized requirements of previous flavour-tagging
calibrations [23]. Optimal calibration maps between the sim-
ulated and observed distributions of b-jet classification prob-
abilities are derived.

The paper is laid out as follows. Section 2 introduces the
ATLAS detector apparatus and coordinate system, and the
calibration methodology is described in Sect. 3. Section 4
outlines the simulated and collected data samples used in
this study. The data analysis and the estimation of uncertain-
ties are described in Sects. 5 and 7, respectively, building
largely on the work presented previously in Ref. [23]. Sec-
tion 6 describes the calibration of the DL1r distribution for
background jets, and Sect. 8 shows the extracted calibration
maps and data-simulation comparisons for b-jets.

2 ATLAS detector

The ATLAS detector [2] at the LHC covers nearly the entire
solid angle around the collision point.3 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 2T axial
magnetic field and provides charged-particle tracking in the
range |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 installed before Run 2 [39,40]. It is fol-
lowed by the silicon microstrip tracker, which usually pro-
vides eight measurements per track. These silicon detectors
are complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to
|η| = 2.0. The TRT also provides electron identification
information based on the fraction of hits (typically 30 in
total) above a higher energy-deposit threshold correspond-
ing 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-
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
copper/LAr and tungsten/LAr calorimeter modules opti-
mized for electromagnetic and hadronic energy measure-
ments respectively.

The muon spectrometer comprises separate trigger and
high-precision tracking chambers measuring the deflection
of muons in a magnetic field generated by the supercon-
ducting air-core toroidal magnets. The field integral of the
toroids ranges between 2.0 and 6.0 T m across most of the
spectrometer. 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

3 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.
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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 [41]
detector, which records Cherenkov light produced in the
quartz windows of photomultipliers located close to the beam
pipe.

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 trig-
ger [42]. The first-level trigger accepts events from the 40
MHz bunch crossings at a rate below 100 kHz, which the
high-level trigger reduces in order to record complete events
to disk at about 1 kHz.

A software suite [43] 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 Methodology

The aim of this study is to derive a pT-dependent mapping
TpT that moves the flavour-tagging outputs of simulated jets
such that, after this movement, the probability density of
the simulation matches that in data. The amount that a jet’s
flavour-tagging score moves can be used to define a distance
metric between the original simulated distribution and the
corrected distribution. In general, there are many mappings
that will achieve closure between simulation and data, but
an optimal mapping is one that moves the simulation as lit-
tle as possible. In the following section, these concepts are
introduced more formally, and the methods used to find the
optimal solution are described.

Statement of the problem

The goal here is to derive TpT : �Q → �Q, where �Q is a space
of classifier outputs, pu , pc, and pb, described in Refs. [15,
16,23], such that after the application of TpT the probability
density function (“density”) in the corrected simulation is
equivalent to that measured in data, (TpT)# psim(�q|pT) ≈
pdata(�q|pT). Throughout this paper, �q is an element of �Q,
and the notation M# p(X) denotes the pushforward [29] of
a distribution p through a map M ; i.e. M acts on elements
x ∈ X while M# operates on probability distributions over
X . If samples are taken from some density x ∼ p(X), then
samples taken from the pushforward of p through M can be
built by applying M to each sample, i.e. Mx ∼ M# p(X).

In general, there are many mappings that achieve the
desired closure, but an optimal transport map is one that,
given a distance metric c defined over �Q, minimizes the total

distance that the simulation must move,

T̂pT = arg inf
TpT

∫

�q∈ �Q
c(�q, TpT �q)psim(�q|pT)d �q;

such that

(TpT)# psim(�q|pT) ≈ pdata(�q|pT).

For Euclidean distance metrics of the form c2(�x, �y) = (�x −
�y)2, the optimal transport map is known to be unique [29].

Optimality property of maps

The simulated samples used to analyse ATLAS data are based
on a wealth of knowledge of physical processes from a wide
variety of sources accumulated over many years. Carefully
tuned aspects of the simulation particularly relevant to jet
flavour tagging include high-fidelity approximations of soft
and collinear emissions within jets of partons as well as the
subsequent hadronization process [44–48], dedicated stud-
ies of the heavy-quark fragmentation process [49–54] and
heavy-hadron decays [55,56], and a detailed understanding
of particle interactions with detector components [19,20].
The calibration procedure is an exercise in fine-tuning the
simulation to account for possible inconsistencies with obser-
vation at a detailed level; deriving a transport map that
minimally alters the output of the simulation ensures that
upstream predictions, which have been compared with (and
tuned to agree with) previous measurements, are corrected
as little as possible.

Choice of calibration space

This calibration is derived for the quantities qi = logit pi ,
defined per component as

logit pi = log
pi

1 − pi + ε
,

where ε = 10−10 is introduced to prevent divisions by
zero, and the index i runs over the three flavours used
in the ATLAS jet classifiers: u, c, and b. These �q are
closely related to the likelihood ratios used to discriminate
between signal and background jets, as introduced in Eqs. (1)
and (2), and their components can take any real-numbered
values. Furthermore, up to a normalization constant the left
inverse of logit pi is the sigmoid activation function:4 it is
always possible to reconstruct the unique jet-flavour proba-
bilities (pb, pc, pu) from �q , meaning that a calibration of �q
4 The sigmoid activation function is given by p′

i = 1/(1 + e−qi ). To
ensure that the probabilities sum to unity, the sigmoid transformation is
normalized using pi = p′

i/
∑

i p
′
i .
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amounts to a calibration of (pb, pc, pu). Unlike the space of
(pb, pc, pu), the �Q space covers R3, and in this calibration,
the �Q space is treated as Euclidean with the usual quadratic
distance between �q and �q ′,

√
(�q − �q ′)2. Using this Euclidean

distance means there is a unique optimal transport mapping.
For jet flavour tagging, ATLAS calibrations are parameter-

ized by a jet’s flavour (i.e. calibrations are derived separately
for b-jets, c-jets, and light-flavour jets) and pT [21–23] in
order to ensure applicability across a wide range of analyses
of LHC data. The method introduced here follows that pre-
scription and provides corrections for b-jets as a function of
pT. This procedure could easily be extended to calibrations
parameterized by additional jet properties that traditionally
have been averaged over, which may lead to better general-
ization properties in future work; Ref. [57] is recommended
for a broader discussion of calibration universality.

Deriving approximate calibration maps

For metric spaces with a quadratic distance metric, the opti-
mal transport map between two continuous distributions is
the gradient of a scalar convex function [29]. Partially input-
convex neural networks (PICNNs) are flexible and generic
approximators of functions that are convex in a subset of their
arguments (i.e. “partially convex”) [58], and it is possible to
derive optimal transport maps for metric spaces that have a
Euclidean transport cost by using PICNNs [33].

Following this prescription, the optimal transport map
between pdata and p′

sim is derived via the loss function

L( f, g) = 1

Ndata

∑

�q,pT∼pdata

f (�q, pT) + 1

Nsim

∑

�q,pT∼p′
sim

�q · �∇ g(�q, pT) − f ( �∇ g(�q, pT), pT),

where f and g are convex functions of �q but not necessarily
of pT, and Ndata and Nsim are respectively the number of
observed events and the number of simulated events, and �∇
indicates the gradient with respect to �q . After minimizing L
with respect to f and maximizing it with respect to g, the
optimal choices f̂ and ĝ have the property that

( �∇ ĝ)# psim(�q|pT) ≈ pdata(�q|pT)

and

( �∇ f̂ )# pdata(�q|pT) ≈ psim(�q|pT),

i.e. the gradient of ĝ pushes psim forward to pdata, and the
gradient of f̂ pushes pdata forward to psim [34]. The desired
calibration transport maps are then given by T̂pT(�q) =
�∇ ĝ(�q, pT).

Background contamination and uncertainties

While a purposely selected population of jets may have a high
fraction of b-jets, there is always some contamination from
jets with other flavours. In this study, the salient information
needed to correctly account for this background contamina-
tion is the fraction of b-jets at each point in �Q × pT space,
p(sig|�q, pT).

A smooth signal jet fraction as a function of pT, fsig(pT) =
p(sig|pT), is obtained via neural density ratio estima-
tion techniques [59]: a classifier is trained to approxi-
mate the signal-to-background ratio as a function of pT,
p(sig|pT)/p(bkg|pT), and then p(sig|pT) is solved for by
setting p(bkg|pT) = 1 − p(sig|pT).

In order for the PICNN minimization procedure to result
in the correct mapping conditional on pT, it is necessary for
the pT distributions in data and simulation to be approxi-
mately equal. To ensure that these are indeed identical, the
conditional density psim(�q|pT) is approximated using con-
ditional normalizing flows [60], which are neural solvers
that can approximate continuous multivariate distributions
given samples from the target density. Separate normalizing
flows are used to approximate psig(�q|pT) and pbkg(�q|pT).
Combined with fsig(pT), these yield the full prediction for
p′

sim(�q, pT), which has the property p′
sim(pT) = pdata(pT),

defined as

p′
sim(�q, pT)

≡ ( fsig(pT)psig(�q|pT) + (1 − fsig(pT))pbkg(�q|pT)) pdata(pT).

(3)

Training batches for simulation are built by sampling from
p′

sim, which results in the desired, pT-corrected distribu-
tion [61]. Given the data pT distribution, p′

sim can be sep-
arated into a signal distribution p′

sig and a background distri-
bution p′

bkg, defined as:

p′
sig(�q, pT) ∝ psig(�q|pT) fsig(pT) pdata(pT)

and p′
bkg(�q, pT) ∝ pbkg(�q|pT) (1− fsig(pT)) pdata(pT).

Non-b-jet samples are effectively subtracted during the deter-
mination of the calibration maps by leaving them in place for
part of the training procedure, following

T̂pT �q =
{ �∇ ĝ(�q) for b-jets

�q for non-b-jets
.

A more thorough treatment of this mechanism can be found
in Ref. [34].

Uncertainties in the predicted b-jet fractions, fsig(pT),
and the non-b-jet shape, pbkg(�q|pT), are estimated by deriv-
ing a family of transport maps for a range of variations of
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each of them. For the purpose of illustrating the total uncer-
tainty of the corrected simulation, each variation is assumed
to correspond to a 1σ point of a normally distributed con-
tinuous parameter, and these parameters for different vari-
ations are treated as fully uncorrelated. Since the transport
map for each variation is derived separately, a more careful
uncertainty treatment is possible in analyses that depend on
this calibration by using the full family of maps. Systematic
uncertainties are assessed by altering the simulated predic-
tion in various ways; these are described further in Sect. 7.
In this study, the flavour fraction fsig(pT) is taken from sim-
ulation, while in previous work these were constrained using
background-enriched sidebands. The uncertainty in the shape
of the non-b-jet background, pbkg(�q|pT), is determined via a
b-jet-depleted control region and laid out in Sect. 6. Statisti-
cal uncertainties coming from the limited size of the observed
data set are estimated via bootstraps [62].

Figure 1 shows a schematic of the calibration process in
the context of jet flavour tagging.

4 Samples of observed and simulated events

This analysis uses the LHC pp collision data recorded by the
ATLAS detector during the years 2015–2018, with a collision
centre-of-mass energy of

√
s = 13 TeV. The total integrated

luminosity is 140.1 ± 1.2 fb−1 [63]. Only collision events
recorded during normal running of the entire ATLAS detector
are considered in this analysis [64]. As detailed in Sect. 5,
these data events were collected by requiring at least one
high-pT electron or muon to be identified by the ATLAS
trigger system [42,65,66].

A number of simulated event samples, corresponding to
a Monte Carlo integration of the relevant Standard Model
calculations [18], are used both to predict the processes that
populate the analysis selection region and to assess uncer-
tainties in the calibration of the simulation. The production
of tt̄ events was modelled using the PowhegBoxv2 [67–70]
generator at NLO with the NNPDF3.0NLO [71] set of parton
distribution functions (PDFs) and the hdamp parameter5 set to
1.5mt [72]. The events were interfaced to Pythia 8.230 [73]
to model the parton shower, hadronization, and underlying
event, with parameter values set according to the A14 set of
tuned parameters (tune) [48] and using the NNPDF2.3LO set
of PDFs [74]. The decays of bottom and charm hadrons were
performed by EvtGen 1.6.0 [55].

Alternative samples were generated to assess the uncer-
tainty in the tt̄ prediction. The uncertainty due to initial-

5 The hdamp parameter is a resummation damping factor and one of the
parameters that controls the matching of Powhegmatrix elements to
the parton shower and thus effectively regulates the high-pT radiation
against which the tt̄ system recoils.

state radiation (ISR) is estimated by simultaneously varying
the hdamp parameter and the renormalization and factoriza-
tion scales (μr and μf ), and choosing the Var3c up/down
variants of the A14 tune. Final-state radiation (FSR) uncer-
tainties are determined by scaling the parton-shower time-
like shower scale μr in Pythia up and down by a factor
of two. The impact of using a different parton shower and
hadronization model is evaluated by comparing the nomi-
nal tt̄ sample with another event sample also produced with
the PowhegBoxv2 generator using the NNPDF3.0NLO
PDF set. Events in the latter sample were interfaced with
Herwig 7.04 [45,75], which used the H7UE set of tuned
parameters [45] and the MMHT2014lo PDF set [76]. The
decays of bottom and charm hadrons were again simulated
using the EvtGen 1.6.0 program.

The associated production of a top quark and W boson
(tW ) was modelled by the PowhegBoxv2 generator at
NLO in QCD using the five-flavour scheme and the
NNPDF3.0NLO set of PDFs. The diagram removal scheme [77]
was used to remove interference and overlap with tt̄ production.
The events were interfaced to Pythia 8.230, which used the
A14 tune and the NNPDF2.3LO PDFs [74].

The production of W+jets and Z+jets was simulated
with the Sherpa 2.2.1 [78] generator using next-to-leading-
order (NLO) matrix elements (ME) for up to two partons,
and leading-order (LO) matrix elements for up to four par-
tons, calculated with the Comix [79] and OpenLoops [80–
82] libraries. They were matched with the Sherpa parton
shower [83] using theMEPS@NLOprescription [84–87] and
the set of tuned parameters developed by theSherpa authors.
The NNPDF3.0NNLO set of PDFs was used and the samples
were normalized to a next-to-next-to-leading-order (NNLO)
prediction [88].

The PowhegBoxv2 generator was used to simulate the
WW , WZ and Z Z [89] production processes at NLO accu-
racy in αs. The effect of singly resonant amplitudes and inter-
ference effects due to Z/γ ∗ and same-flavour lepton combi-
nations in the final state were included, where appropriate.
Interference effects between WW and Z Z for same-flavour
charged leptons and neutrinos were ignored. Events were
interfaced to Pythia 8.210 [73] for the modelling of the par-
ton shower, hadronization, and underlying event, with param-
eters set according to the AZNLO tune [90]. The CT10 PDF
set [91] was used for the hard-scattering processes, whereas
the CTEQ6L1 PDF set [92] was used for the parton shower.
EvtGen 1.2.0 [55] was used to decay bottom and charm
hadrons.

The effect of multiple interactions in the same and neigh-
bouring bunch crossings (pile-up) was modelled by overlay-
ing the simulated hard-scattering event with inelastic proton–
proton (pp) events generated with Pythia 8.186 [44] using
the NNPDF2.3LO PDFs and the A3 tune [93].
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Fig. 1 Schematic of the optimal calibration maps derived in this study.
Only two of the three calibrated log-probabilities are shown. The dark-
ened region around the point of the arrow indicates that there is some

uncertainty in the transport mapping. The transport maps are determin-
istic, so the uncertainty is calculated by deriving transport maps between
alternative simulations and the data

5 Analysis

A precise calibration of the DL1r flavour probabilities for
b-jets requires an event selection that yields a relatively pure
b-jet sample and for which the backgrounds are well under-
stood. In Sect. 5.1, the object and event selection used to
achieve this are described; Sect. 5.2 shows the predicted event
kinematics compared with observed data after this selection.
Section 5.3 discusses the neural estimates of fsig(pT) and
psim built from the MC predictions and the level of closure
observed. Finally, the PICNN architecture used to perform
the calibration is explained in Sect. 5.4.

5.1 Event selection

A population of jets enriched in b-jets is obtained by applying
a selection targeting events from the dilepton tt̄ (eμννbb)
process, which provides a high-cross-section source of b-jets
with relatively low contamination from backgrounds. The
event selection follows earlier ATLAS calibrations of flavour
tagging for b-jets. The selection is described briefly below,
but a more detailed description may be found in Ref. [23]. The
major change in the event selection is a requirement applied
in the new analysis on the invariant mass of lepton–jet pairs,
m
j < 175 GeV; previously the region m
j ≥ 175 GeV
was used to define a background-enriched control region to
constrain jet flavour fractions in situ, but such events are
vetoed in this analysis.

5.1.1 Tracking and vertexing

The ID is used to reconstruct tracks corresponding to charged
particles [94,95]. Primary vertices (PVs) are reconstructed by
identifying points along the LHC beamline consistent with
a high density of charged particles, based on reconstructed
tracks [96]. At least one reconstructed PV is required in each
event, and the PV with the highest sum of the squared con-

stituent track transverse momenta is considered the “hard-
scatter” vertex.

5.1.2 Charged leptons

Electrons and muons are used to preferentially select events
with prompt leptons. Electron candidates are built from spa-
tially compatible isolated electromagnetic energy clusters
and ID tracks [97]; they are required to have ET > 28 GeV
and |η| < 2.47 after their energies are corrected using
calorimeter shower shape information. Candidates in the
calorimeter barrel-endcap transition region (1.37 < |η| <

1.52) are removed to avoid large uncertainties in the iden-
tification efficiency. Tight likelihood and isolation require-
ments are imposed to reduce the contamination from non-
prompt and fake electron candidates further. Efficiency scale
factors and energy calibration corrections derived in Z → ee
events are applied to ensure the electron reconstruction and
identification performance in data is reflected in simulation.

Muon candidates are ID tracks geometrically matched
to tracks in the muon spectrometer [98]. They must have
pT > 28 GeV and |η| < 2.5, and a Tight identification
requirement is applied. Furthermore, muons are required to
be isolated from surrounding hadronic activity in order to
remove contamination from hadronic jets and heavy-flavour
decays, using the Tight isolation criterion. Muon identifi-
cation efficiency and momentum response corrections are
derived in Z → μμ events, and the simulation is adjusted to
ensure the predicted performance matches that observed in
data [30].

5.1.3 Hadronic jets

Jets of hadronic particles are built from particle-flow can-
didates, which use tracking and calorimetry information to
ensure a good jet constituent response for both the charged
and neutral particles [99]. The anti-kt combinatorial recon-
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struction algorithm is used with a radius parameter R =
0.4 [100], as implemented in FastJet [101]. The recon-
structed jet transverse momenta are corrected to the particle-
level jet pT using simulation [32]. The jet response is mea-
sured in multijet, Z+jets, and γ +jets data, and the simu-
lation is corrected to reflect the response in data events.
Jets are required to have reconstructed transverse momenta
pT > 20 GeV; they must also fall within the fiducial volume
of the inner tracker, |η| < 2.5. A “jet vertex tagger” (JVT) is
used to reduce the fraction of jets with large energy fractions
from interaction other than the hard-scatter collision (“pile-
up interactions”) [102]. The efficiency of the JVT selection
in simulated jets from the hard-scatter collision is 92%, and
for jets with pT > 60 GeV the fraction of jets from pile-
up interactions is small enough that no JVT requirement is
imposed.

5.1.4 Jet flavour tagging

For flavour tagging, reconstructed tracks with pT > 500 MeV
are geometrically matched to hadronic jets using the �Rη

measure.6 The �Rη matching requirement varies with jet pT

since the opening angle of b-hadron decay products is wider
for low-pT b-hadrons than for those with high pT. The match-
ing criterion is �Rη(track, jet) < 0.45 at jet pT = 20 GeV,
and decreases asymptotically to �Rη < 0.25 for very high
pT jets; tracks are assigned to the closest jet in the event
that more than one valid match is found. A continuous cal-
ibration for the DL1r flavour-tagging algorithm [15], which
uses a variety of low-level inputs built from charged-particle
tracks, is derived in this study. The b- and c-jet identification
discriminants, denoted by DDL1r

b and DDL1r
c , are the Db and

Dc log-likelihood ratios respectively introduced in Eqs. (1)
and (2) for the DL1r tagging algorithm; fc is set to 0.018 for
DDL1r
b , while fb = 0.3 for DDL1r

c .
In simulation, jets are designated as b-jets, c-jets, τ -jets, or

light-flavour jets depending on the nearby final-state heavy-
flavour hadrons and τ -leptons. Electroweakly decaying b-
and c-hadrons and τ -leptons with pT > 5 GeV are matched
to a reconstructed jet if they are within �Rη = 0.3 of the jet
axis; priority is given to the nearest jet if more than one match
is found. If a b-hadron is matched to a jet, the jet is labelled
a b-jet; if no b-hadron is matched, the jet is subsequently
checked for charm hadrons and then τ -leptons, and given
the c-jet or τ -jet designation. If no heavy hadron or τ -lepton
is matched to a jet, it is considered a light-flavour jet. No
special distinction is made for jets with more than one heavy
hadron of the same flavour, e.g. bb or cc jets; similarly, no
attempt is made to separate light-flavour jets based on their
quark or gluon partonic origin. It should also be noted that the
fraction of τ -jets after the following event selection is much

6 �Rη ≡ √
(�η)2 + (�φ)2.

smaller than the uncertainty in the light-flavour jet fraction.
For the purposes of this calibration, τ -jets, c-jets, and light-
flavour jets are treated coherently as a non-b-jet background
population.

5.1.5 Event requirements

To select a sample enriched in tt̄ → eμννbb production,
events are required to contain exactly one selected electron
candidate and exactly one selected muon candidate. In order
to avoid double counting the same object across multiple
signatures, an object overlap-removal is applied among elec-
trons, muons, and jets, following the prescription in Sec-
tion 6.1 of Ref. [23]. After this, events with fewer than two
prompt charged leptons make up a negligible fraction of the
total rate, and the majority contribution of Drell–Yan Z → 



production is via the decays of two τ -leptons to one elec-
tron and one muon. At least one selected lepton candidate
must match a corresponding object in the ATLAS trigger
system [65,66], and efficiency scale factors are applied to
correct the trigger efficiency in simulation to that in data.

In order to further improve the b-jet purity, additional
selections are imposed to reduce the contribution from tt̄ +jets
production, following the procedure in Ref. [23]. Events
containing more than two selected jets are removed. Lep-
tons and jets are then paired by minimizing the sum of the
squared lepton-jet invariant masses over possible pairings:
minαβ (m2

j1,
α
+m2

j2,
β
), where α and β index the two recon-

structed leptons, and j1 and j2 are the two reconstructed jets
in the event. Only events where both resulting lepton-jet pair
invariant masses are less than 175 GeV, i.e. consistent with
two top-quark decays, are considered.

5.2 Comparisons of data and simulation

For relevant jet kinematics, agreement between data and sim-
ulation is observed within the assessed uncertainties, which
are described in Sect. 7. Figure 2 shows this agreement for the
jet pT, jet η, DDL1r

b , and DDL1r
c after the full event selection

described in Sect. 5.1, with the prediction separated by pro-
duction process. Figure 3 shows comparisons broken down
by jet flavour. It should be noted that the flavour-tagging
observables are shown after correcting the non-b-jet distri-
butions, as described in Sect. 6, but before applying any cor-
rections to b-jets. The mismodelling of the jet pT spectrum
in tt̄ events by these NLO predictions was also observed pre-
viously by ATLAS [7]; the modelling uncertainties assessed
in this study cover this discrepancy at the 1σ level.

5.3 Approximations of fsig(pT) and psim(�q|pT)

As described in Sect. 3, key ingredients to the derivation of
the �q optimal calibration maps are continuous approxima-
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Fig. 2 Comparison of jet observables between the simulation’s pre-
dictions and observed data, with the predictions separated by process:
the selected jets’ (a) pT, (b) |η|, (c) DDL1r

b and (d) DDL1r
c . Non-b-jet

distributions were estimated following the procedure in Sect. 6; no cor-
rection is applied to the simulation for b-jets. The uncertainty bands
denote the impact of all uncertainties described in Sect. 7

tions of the b-jet fraction fsig(pT) and the jet-flavour proba-
bility distributions psim(�q|pT) as a function of the jet pT. The
former is derived using a neural density ratio estimate trained
on jets from the simulation, and the latter is estimated using

conditional normalizing flows. Figure 4 shows the predicted
b-jet purity for the neural density ratio estimate, compared
for validation purposes with a binned estimate of the same
ratio obtained directly from MC events.
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Fig. 3 Comparison of jet observables between the simulation’s predic-
tions and observed data, with the predictions separated by jet flavour:
the selected jets’ (a) pT, (b) |η|, (c) DDL1r

b and (d) DDL1r
c . Non-b-jet

distributions were estimated following the procedure in Sect. 6; no cor-
rection is applied to the simulation for b-jets. The uncertainty bands
denote the impact of all uncertainties described in Sect. 7

Two conditional normalizing flows are used to param-
eterize psim(�q|pT) for b-jets and non-b-jets, denoted by
psig(�q|pT) and pbkg(�q|pT) respectively. The c-jet and τ -jet
fractions are predicted to be very small (1.9% and 0.2%,

respectively), so they are treated together with the light-
flavour jets in pbkg. Comparisons between MC and neu-
ral estimates in the space of 1D marginal distributions of
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Fig. 4 The predicted b-jet purity, fsig(pT), after the event selection,
is shown as a function of jet pT. Both the binned MC ( f hist

sig ) and neu-

ral purity ( f NN
sig ) estimates are shown, with good agreement observed

between the two. The uncertainty bands denote the impact of all uncer-
tainties described in Sect. 7

psim(�q, pT) are shown in Figures 5, 6, and 7. In all cases,
good closure is observed.

5.4 NN training set-ups

The PyTorch library [103] is used to train the vari-
ous neural networks (NN) in this analysis. Sample prepa-
rations, manipulations, and visualizations are performed

with NumPy [104], SciPy [105], Matplotlib [106],
Pandas [107], Seaborn [108], and SciKit-HEP [109].

Multi-layer perceptron for fsig(pT)

To approximate fsig(pT), a multi-layer perceptron composed
of 6 hidden layers and 512 nodes per layer is used with
the LeakyReLU activation function. Minimum-finding is
performed with the ADAMW optimizer [110] with β0 = 0,
β1 = 0.9 and a Cosine Annealing [111] learning rate
schedule with an initial learning rate of 5 × 10−5 which
decreases to 10−7. The batch size is 1024.

Normalizing flows for psig(�q|pT) and pbkg(�q|pT)

Two conditional normalizing flows with identical hyper-
parameters are employed to approximate psig(�q|pT) and
pbkg(�q|pT). The base distribution is a uniform density over
the unit cube. Neural spline flows [112] with 8 stacks of
rational quadratic transforms, each with 12 bins, were found
to provide good closure with the simulation. The train-
ing is performed over batches of 1024 samples with the
ADAMW optimizer with the same settings as in the training
of fsig(pT). The learning rate schedule used is the Cosine
Annealing [111] scheduler with an initial learning rate of
10−4 that decreases to 10−7 over a total of 500 epochs.

PICNNs for f and g

The network architecture used for the calibration consists of
two equally sized PICNNs [58,113,114], denoted by f and
g, which are each formed of parallel convex and non-convex

Fig. 5 Comparison of binned 1D marginals of psig between the sim-
ulation’s predictions (MC) and the neural estimates (psim ) integrated
over jet pT in the tt̄ region: (a) logit pb, (b) logit pc, and (c) logit pu .

Only statistical uncertainties from the limited size of the sample used
to fill the histograms are shown in the error bars
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Fig. 6 Comparison of binned 1D marginals of pbkg between the sim-
ulation’s predictions (MC) and the neural estimates (psim ) integrated
over jet pT in the tt̄ region: (a) logit pb, (b) logit pc, and (c) logit pu .

Only statistical uncertainties from the limited size of the sample used
to fill the histograms are shown in the error bars

Fig. 7 Comparison of binned
1D marginals between the
simulation’s predictions (MC)
and the neural estimates (psim )
integrated over jet pT for (a)
DDL1r
b for psig, (b) DDL1r

c for
psig, (c) DDL1r

b for pbkg, and (d)
DDL1r
c for pbkg in the tt̄ region.

Only statistical uncertainties
from the limited size of the
sample used to fill the
histograms are shown in the
error bars
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pathways [34]; after training, �∇ g yields the optimal transport
map T̂pT . Both networks have a depth of 4 layers with 128
(8) neurons per layer in the convex (non-convex) pathway.
After each convex layer except for the final layer, a zeroed
softplus function7 is used as the activation function, and for
the non-convex layers, the CELU [115] activation function is
used. The softplus function is also applied to enforce positive
weights in the convex pathway. The ADAMW optimizer with
β0 = 0 and β1 = 0.9 is used for minimum-finding, and a
Cosine Annealing [111] learning rate schedule is cho-
sen with an initial learning rate of 10−4 which decreases to
10−7. The networks are trained for 500 epochs, each consist-
ing of 512 training steps comprising 10 training batches for
g and 4 iterations for f ; training batches are built from 1024
jets.

6 Background shape estimate

The shape of the �q distribution in background jets is depen-
dent on a correct description of several aspects of the simu-
lation that are difficult to model, such as the rates of light-
hadron decays-in-flight and photon conversions; the detector
resolution and efficiency of charged-particle tracking, which
are also impacted by radiation damage over time; and the
modelling of interactions between jet constituents and the
detector material [116]. Indeed, in regions dominated by
non-b-jets, a large discrepancy between data and simulation
is observed, and this mismodelling of the non-b-jets would
bias the b-jet calibration. To minimize this bias, a correc-
tion of the �q shape versus pT for non-b-jets is derived in
such a region enriched in light-flavour jets and subsequently
applied to non-b-jets in the tt̄ phase space where the main
b-jet calibration is performed.

A region primarily composed of Z+jets events is selected
to yield a background-rich population of jets. The event selec-
tion largely follows that laid out in Ref. [21] but is summa-
rized briefly here. Two same-flavour charged light leptons
(ee or μμ pairs) are required, and the invariant mass m



of this pair of leptons is required to lie near the Z -boson
mass peak, 81 < m

/GeV < 101. The leading lepton must
have pT > 28 GeV, and the single-lepton triggers must fire,
as already described in Sect. 5.1. Due to poor modelling of
events with low Z -boson transverse momentum, the pT of the
dilepton system must be greater than 50 GeV. At least one
jet must be reconstructed with pT > 20 GeV and |η| < 2.5.

For this non-b-jet calibration, b-jets are treated as a back-
ground and are effectively subtracted to extract the transport
maps for non-b-jets, following the description in Sect. 3. MC

7 Softplus is defined as softplus(x) = log(1+ex ). For stability reasons,
the zeroed softplus function, softplus0(x) = softplus(x) − softplus(0),
is used.

Fig. 8 The predicted non-b-jet purity, fsig(pT), after the Z+jets event
selection, as a function of jet pT. The predicted purity is shown from the
binned ( f hist

sig ) and neural ( f NN
sig ) estimates. The uncertainty bars denote

the statistical uncertainty on the binned estimate

simulation predicts that the fraction of non-b-jets is above
93% across the full pT range probed in the Z+jets phase
space. The NN-based estimate used to describe the non-b-jet
fraction vs jet pT is shown in Fig. 8 and compared for valida-
tion purposes to its binned estimate. The ratio of charm jets to
light-flavour jets in the Z+jets phase space is similar to that in
the tt̄ phase space, so these components are treated together
in the background shape estimate: in Z+jets events approxi-
mately 8% of non-b-jets are charm jets, while this fraction is
≈ 6% in tt̄ events. This difference in charm-jet fraction has
a very small impact on the non-b-jet shape compared to the
assessed uncertainties. The non-b-jet corrections are derived
as optimal transportation maps between simulation and data
for the leading jet (ordered by pT) in each event.

In some regions, particularly at low jet pT and high
logit pb, the predicted b-jet yield exceeds the data yield;
this can occur if, for example, the Z + b production cross-
section is too large in simulation. Under these conditions,
there is no transport map for non-b-jets that results in closure
between corrected simulation and data. Since this portion of
the �Q space is ultimately dominated by uncertainties other
than that on the shape of the non-b-jet background, a sim-
ple approach is used to enforce the existence of a solution:
it is assumed that all jets in such regions are b-jets. A NN
discriminator is trained to output a density ratio estimate of
rb = fb(pT)pbsim(�q|pT)/pdata(�q|pT), where fb(pT) is the
predicted b-jet fraction and pbsim(�q|pT) is the predicted b-jet
distribution in the Z+jets phase space. If rb is less than unity,
jets in data are probabilistically down-sampled by 1 − rb to
subtract the b-jet background. Wherever this ratio is greater
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Fig. 9 2D slices of the calibration transport maps for non-b-jets with
pT = 64 GeV: (a) pb vs pc, (b) pb vs pu , and (c) pc vs pu . Arrow
directions and lengths correspond to the displacement of a non-b-jet at
the arrow’s origin, T̂ , needed to obtain closure between the data and

simulation such that T̂# psim(�q|pT) ≈ pdata(�q|pT). The length of the
arrows was normalized to avoid overlap and is indicated by the colour of
the background. For each 2D map, the missing dimension is determined
by requiring

∑
i pi = 1.

than unity (i.e. the b-jet yield is predicted to be above the data
yield), all data jets are removed. This amounts to enforcing
fb(pT)pbsim(�q|pT) = pdata(�q|pT), i.e. assuming all jets in
data in such cases are b-jets.

Figure 9 shows the 2D transport maps in �p space for non-
b-jets, evaluated at the mean observed jet pT in the tt̄ phase
space, 〈pT,data〉tt̄ = 64 GeV; to obtain these maps, the pi
are converted into qi , the calibration is applied to obtain an
updated set q′

i , and then these are translated back into altered
p′
i to determine the displacement with respect to the origi-

nal pi . Figures 10 and 11 show comparisons between simu-
lated and observed flavour observables in the Z+jets region
after the non-b-jet corrections are applied. Good agreement
is observed between the data and corrected simulation in the
regions for which the non-b-jet background is important in
the tt̄ phase space, as can be seen in Fig. 3. As discussed
in Sect. 7, the full difference between the distributions of
pbkg(�q|pT) for uncalibrated and calibrated non-b-jets in the
tt̄ phase space is taken as a systematic uncertainty of the b-jet
calibration maps.

7 Uncertainties

Several uncertainties in the optimal calibration maps are esti-
mated by deriving alternative maps and comparing them with
the nominal calibration. Statistical uncertainties are approx-
imated by sampling the observed data with replacement
(“bootstrapping”) 33 times and rederiving the calibration
maps – one for each bootstrap. Analyses utilizing this cali-
bration can estimate the impact of its statistical uncertainty
on their results by applying each alternative calibration, com-
paring these outcomes with the nominal, and considering the

combined impact of these uncorrelated variations divided
by

√
Nbootstraps. The statistical uncertainties, as presented in

Sect. 8, in most cases are small compared to the total uncer-
tainty.

Systematic uncertainties are assessed by altering the sim-
ulation in a number of ways that impact fsig(pT) and
pbkg(�q|pT) in Eq. (3). Each alternative simulation hypoth-
esis results in a new calibration map, and, as with the sta-
tistical uncertainties, each set of corrections can be applied
to estimate the corresponding uncertainty in the parameters
of interest in a particular analysis. The systematic uncertain-
ties assessed for fsig(pT) are those used in previous flavour-
tagging calibration measurements using similar event selec-
tion criteria [23]. Notably, psig(�q|pT) is not varied: a single
normalizing-flow approximation of this density is used for
all systematic variations.

Rather than training a new NN approximation of fsig(pT)

for each variation, only a correction � to the nominal
logit fsig(pT) is approximated with a secondary NN:

logit f variation
sig (pT) = logit f nominal

sig (pT) + �variation(pT)

This was found to converge more reliably than retraining an
entirely new approximation of fsig(pT) for each variation.

The uncertainties with the most significant impact on
fsig(pT) are evaluated in this measurement. Of the assessed
uncertainties, those that had more than a 2% impact on the
total fsig(pT) systematic uncertainty in any jet pT region
were retained. The retained systematic uncertainties are the
ISR, FSR, and alternative parton-shower model uncertain-
ties for tt̄ production, as described in Sect. 5.2; the jet energy
scale (JES) uncertainties from the η-intercalibration proce-
dure, the jet flavour response for gluon- and b-jets, the jet
flavour composition, and the jet-pile-up subtraction proce-
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Fig. 10 Comparisons between the observed data, uncalibrated simu-
lation, p′

sim, and corrected simulation, T̂# p′
sim, of the Z+jets selection

in (a) logit pu , (b) logit pc, and (c) logit pb. Both the non-b-jet and
b-jet components of the simulation are included in the predicted yields.
Only statistical uncertainties from the limited sample size of the data

and simulation used to fill the histograms are shown in the error bars. In
the b-jet calibration, the full difference between p′

sim and the corrected
non-b-jets shape is taken as a systematic uncertainty. Blue triangles in
the ratio panel indicate that the ratio is beyond the limits of the y-axis
range

Fig. 11 Comparisons between the observed data, uncalibrated sim-
ulation, p′

sim, and corrected simulation, T̂# p′
sim, of the Z+jets selec-

tion in (a) DDL1r
b and (b) DDL1r

c . Both the non-b-jet and b-jet com-
ponents of the simulation are included in the predicted yields. Only
statistical uncertainties from the limited sample size of the data

and simulation used to fill the histograms are shown in the error bars. In
the b-jet calibration, the full difference between p′

sim and the corrected
non-b-jets shape is taken as a systematic uncertainty. Blue triangles in
the ratio panel indicate that the ratio is beyond the limits of the y-axis
range

dure; and uncertainties in the jet energy resolution (JER)
eigenvector [32] for the leading jet. Uncertainties that were
determined to have a negligible impact include all other JES
and JER uncertainties; uncertainties due to parton distribu-
tion functions; uncertainties from charged-lepton triggering,

reconstruction, identification, and isolation efficiencies; and
uncertainties related to charged-lepton momentum resolu-
tions. The uncertainty due to limited-size simulated sam-
ples was also determined to be negligible. It was found that
the neglected uncertainties did not meaningfully change the
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Fig. 12 2D slices of the calibration transport maps for b-jets with
the mean jet pT in the tt̄ phase space, 〈pT,data〉tt̄ = 64 GeV: (a) pb
vs pc, (b) pb vs pu , and (c) pc vs pu . Arrow directions and lengths
correspond to the displacement of a b-jet at the arrow’s origin, T̂ ,
needed to obtain closure between the data and simulation such that

T̂# psim(�q|pT) ≈ pdata(�q|pT). The length of the arrows was normal-
ized to avoid overlap and is indicated by the colour of the background.
For each 2D map, the missing dimension is determined by requiring∑

i pi = 1

fsig(pT) uncertainty covariance when it was calculated for
ten pT bins.

In most cases, systematic uncertainties comprise two vari-
ations, “up” and “down”, which are symmetrized around the
nominal prediction: the magnitude of the uncertainty v is set
to |v| = |vup − vdown|/2. This symmetrized variation is gen-
erally assumed to correspond to the standard deviation of a
nuisance parameter prior or constraint.

An additional uncertainty in the estimate of the non-b-jet
background is derived by correcting pbkg(�q|pT) in the Z+jets
phase space, as described in Sect. 6. The difference between
the b-jet calibration maps before and after applying these
corrections to non-b-jets in the eμννbb measurement region
is taken as a systematic uncertainty. For each other systematic
variation, the expected impact on the non-b-jet background
shape was found to be negligible compared to this difference.

In order to illustrate the total uncertainty of the calibrated
simulation in this study, each uncertainty’s impact on the
prediction is assessed, and the total uncertainty is calculated
in the Gaussian approximation as the quadrature sum of all
uncertainties.

8 Calibration results for b-jets

With continuous estimates of the b-jet purity as a function
of jet pT, fsig(pT), and with the b-jet and background jet �q
densities conditional on pT, psig(�q|pT) and pbkg(�q|pT), the

optimal calibration maps of the jet flavour probabilities are
derived from the simulated and observed jets. In the following
figures, p′

sim(�q, pT) is obtained from a simulated sample 30
times larger than the data sample.

8.1 Extracted optimal calibration maps and comparisons
with data

Figure 12 shows the 2D transport maps for b-jets evaluated at
the mean pT in data in the tt̄ region, 〈pT,data〉tt̄ = 64 GeV. As
in Sect. 6, the pi are converted into qi , the calibration applied,
and the resulting q ′

i translated back into p′
i to calculate the

calibration displacement with respect to the original pi .
Similarly, the mean 1D displacements for the nominal cali-

bration, δ�qi ≡ (T̂pT �q−�q)i , i ∈ (b, c, u), for each of the three
components is shown in Fig. 13 as a function of pT. In the
range 30 < pT/GeV < 100 the average correction is modest
(|δqi | � 0.1) but grows to be as large as |δqi | ∼ 0.5−0.75
at low and high pT. In particular, the mean logit pb correc-
tion is negative for all pT in the calibration range, while for
logit pu and logit pc the mean correction is always posi-
tive: the tagging algorithm slightly overstates its separating
power between b- and non-b-jets in data, especially at low-
and high-pT.
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Fig. 13 The mean and standard deviation of the 1D transport displace-
ments δqi as a function of pT for b-jets in the tt̄ phase space. The solid
lines and shaded areas respectively indicate the mean and standard devi-
ation of the 1D displacements as a function of pT. Only the nominal
transport map is shown, and dimensions in �q space that are not shown
are marginalized over p′

sim

Figures 14, 15, and 16 compare distributions from jets in
data and simulation, before and after calibrations are applied,
for �q , the flavour-tagging probabilities, and DL1r b- and c-
tagging variants, respectively. In all cases, the calibrated dis-
tributions are in agreement with the data.

8.2 Closure tests for common DDL1r
b operating points

Given the optimal transport maps, efficiencies can be
obtained for a given selection built from the jet flavour prob-
abilities and compared with the uncalibrated simulation and
LHC data: if the simulation has been calibrated adequately,
efficiencies in simulation should match those in data. In
this section the four common DDL1r

b selections used by the
ATLAS Collaboration during LHC Run 2 (defined as the
85%, 77%, 70%, and 60% efficiency operating points derived
in SM tt̄ events with at least one prompt final-state lepton) are
considered [15]. These operating points amount to requiring
that the jet DDL1r

b score is above 0.67, 2.20, 3.25, or 4.57,
respectively. The b-jet efficiencies in the uncalibrated and
calibrated simulations are compared in Fig. 17 as a func-
tion of the jet transverse momentum for the same operating
points, highlighting the impact of the calibration in correcting
the simulation for these selections. The absolute and relative
uncertainties on the b-tagging efficiency vs the jet pT for
these operating points are shown in Fig. 18.

After applying the calibration, the probability that simu-
lated jets satisfy some selection criterion should match the
probability observed in data. The b-tagging selection proba-
bilities in simulation and data are compared as a function of
the jet pT in Fig. 19; the corrected simulation matches the
observed data well within the calibration uncertainties.

Similarly, the measured b-jet efficiency, εsig,data, of a
selection can be defined as the fraction of jets passing the
selection after accounting for the background prediction:

Fig. 14 Comparisons between the observed data, uncalibrated simula-
tion, p′

sim, and corrected simulation, T̂# p′
sim, for (a) logit pb, (b) logit pc,

and (c) logit pu . Both the non-b-jet and total (non-b-jet + b-jet) nor-
malized yields are shown for simulation. The uncertainty band of the

corrected simulation denotes the impact of all uncertainties described
in Sect. 7 on the calibration maps. All marginals are shown for the pT-
corrected density p′

sim(�q, pT) = psim(�q|pT)pdata(pT). Non-b-jets in
simulation were corrected using transport maps derived in Sect. 6
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Fig. 15 Comparisons between the observed data, uncalibrated simula-
tion, p′

sim, and corrected simulation, T̂# p′
sim, for (a) pb, (b) pc, and (c)

pu . Both the non-b-jet and total (non-b-jet + b-jet) normalized yields
are shown for simulation. The uncertainty band of the corrected simu-

lation denotes the impact of all uncertainties described in Sect. 7 on the
calibration maps. All marginals are shown for the pT-corrected density
p′

sim(�q, pT) = psim(�q|pT)pdata(pT). Non-b-jets in simulation were
corrected using transport maps derived in Section 6

Fig. 16 Comparisons between the observed data, uncalibrated simu-
lation, p′

sim, and corrected simulation, T̂# p′
sim, for (a) DDL1r

b and (b)
DDL1r
c . Both the non-b-jet and total (non-b-jet + b-jet) normalized yields

are shown for simulation. The uncertainty band of the corrected simu-

lation denotes the impact of all uncertainties described in Sect. 7 on the
calibration maps. All marginals are shown for the pT-corrected density
p′

sim(�q, pT) = psim(�q|pT)pdata(pT). Non-b-jets in simulation were
corrected using transport maps derived in Sect. 6

εsig,data = N pass
sig,data

Nsig,data
,

where Nsig,data is the number of b-jets in data, and N pass
sig,data

is the number of those that pass some operating point selec-

tion. By dividing the numerator and denominator by the total
number of jets in data, this efficiency can be approximated
by taking fsig(pT) and the probability of a background jet
to satisfy the operating point, εbkg,sim, from simulation after
the correction described in Sect. 6,
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Fig. 17 Comparison between DDL1r
b b-jet efficiencies predicted by the

nominal simulation, p′
sim, and the calibrated simulation, T̂# p′

sim. The
DDL1r
b (a) 60%, (b) 70%, (c) 77%, and (d) 85% efficiency operating

points are shown. The uncertainty band of the calibrated simulation
denotes the impact of all uncertainties described in Sect. 7 on the cali-
bration maps.
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Fig. 18 Uncertainty breakdown of the calibrated simulation, T̂# p′
sim,

for DDL1r
b b-jet efficiency versus jet pT for various b-tagging oper-

ating points. The top panel shows the absolute uncertainties, while
the bottom panel shows the relative uncertainties. The (a) 60%,

(b) 70%, (c) 77%, and (d) 85% efficiency operating points are shown.
The grey uncertainty band of the calibrated simulation denotes the
impact of all uncertainties described in Sect. 7 on the calibration
maps

εsig = f pass
data − (1 − fsig(pT))εbkg

fsig(pT)
,

where f pass
data is the fraction of jets in data that pass the oper-

ating point selection. In order to validate the methodology

used to derive the calibration maps, Fig. 20 compares the
measured efficiency in the tt̄ phase space with the predicted
efficiencies before and after calibrations are applied. Good
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Fig. 19 Comparison of the probability of a selected jet to pass var-
ious DDL1r

b operating points, between data, the nominal simulated

prediction, p′
sim, and the calibrated simulation, T̂# p′

sim, as a func-
tion of the jet pT. The DDL1r

b (a) 60%, (b) 70%, (c) 77%, and
(d) 85% efficiency operating points are shown. The uncertainty

band of the calibrated simulation shows the impact of all uncer-
tainties described in Sect. 7 on the calibration maps. Non-b-jets
in simulation were corrected using transport maps derived in Sect.
6 and are included in curves for the nominal and calibrated
simulation
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Fig. 20 Comparison of b-jet efficiencies at different DDL1r
b operating

points, between the nominal simulation, p′
sim, the calibrated simulation,

T̂# p′
sim, and background-subtracted data (Data − p′

bkg), versus jet pT.

The DDL1r
b efficiency operating points shown are (a) 60%, (b) 70%, (c)

77%, and (d) 85%. The uncertainty band of Data − p′
bkg is calculated

by applying each variation of (1− fsig,variation) · p′
bkg,variation, where the

variations used are described in Sect. 7. Non-b-jets in simulation were
corrected using the transport maps derived in Sect. 6

agreement between the measured efficiencies and the cali-
brated efficiencies is observed across the full pT range.

Finally, Fig. 21 shows a comparison of binned and neural
estimates of the b-tagging efficiency scale factors versus pT,
where the binned scale factors were derived by applying the
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Fig. 21 Comparison between DDL1r
b efficiency scale factors derived

using the calibration transport maps and a likelihood-fit-based binned
scale-factor approach for the (a) 60%, (b) 70%, (c) 77%, and (d) 85%
efficiency operating points. The pale red uncertainty band denotes the
total impact of all uncertainties described in Sect. 7 on the transport-
based scale factors. It should be noted that the optimal transport calibra-
tion comprises a single, general correction that is universal in the sense

that all operating points ought to be calibrated after its application; the
likelihood-fit-based calibrations were derived individually for particu-
lar operating points. The “likelihood fit calibration” curve follows the
method for measuring the b-tagging efficiency described in Ref. [23],
in which the jet flavour fractions are extracted jointly with the b-tagging
efficiency. The grey serifs attached to the error bars of the likelihood-
based calibration scale factors show their statistical uncertainties
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Fig. 22 Comparison of the probability that a selected jet passes various
V H, H → cc c-tagging selections, between data (“Data”), the nomi-
nal simulated prediction, p′

sim, and the calibrated simulation, T̂# p′
sim,

as a function of the jet pT in the tt̄ phase space. The (a) c-tight, (b)
c-loose, and (c) untagged c-tagging categories are shown. The uncer-
tainty band of the corrected simulation denotes the impact of all uncer-

tainties described in Sect. 7 on the calibration maps. Error bars denote
statistical uncertainties. All efficiencies are shown for the pT-corrected
density p′

sim(�q, pT) = psim(�q|pT)pdata(pT). Non-b-jets in simulation
were corrected using transport maps derived in Sect. 6 and are included
in curves for the nominal and calibrated simulation

likelihood-fit approach in Ref. [23] to each operating point
individually. The two calibrations have similar precision, but
two important differences should be noted. First, the optimal
transport calibrations are inherently continuous both versus
the flavour-tagging discriminant and versus pT since they are
approximated as neural networks. This requirement reduces
the statistical uncertainty compared to the binned calibration,
which has no continuity imposed. Second, the likelihood-fit
approach for measuring efficiencies in pT bins includes in
situ constraints on the jet flavour fractions and therefore has
smaller uncertainties for backgrounds in the tt̄ phase space. In
particular, this mitigates the dominant uncertainties from the
modelling of tt̄ production; the transport-based calibration
does not currently benefit from this in situ constraint.

8.3 Closure tests for charm-tagging selections

With continuous calibration maps derived for the full tagging
probability space, the efficiency of more sophisticated selec-
tions based on a jet’s flavour probability scores should also
be properly calibrated. To illustrate this, the b-jet efficiencies
of selections used in the recent ATLAS search for H → cc̄
decays via V H production [14] are compared between simu-
lation, simulation corrected by the transport calibration, and
observed data. Only jets that do not satisfy the DL1r 70%
b-tagging efficiency operating point are considered as poten-
tial charm-jet candidates in the V H, H → cc analysis. The
remaining jets are categorized by their DDL1r

c score: those
with DDL1r

c > 1.76 are labelled c-tight; the remaining jets are
labelled c-loose if they satisfy DDL1r

c > 0.6735 and untagged
otherwise. In a tt̄ sample with at least one leptonic W -boson

decay, about 25% (20%) of c-jets pass the c-tight (c-loose)
requirement, and about 50% are untagged; for b-jets these
fraction are 10% for c-tight, 5% for c-loose, and 15% for
untagged.

The measured probability that a jet in the tt̄ phase space
satisfies the various V H, H → cc charm-tagging categories
as a function of jet pT is shown in Fig. 22.

Good agreement with the data is observed after calibra-
tion. Using the background-subtraction procedure introduced
in Sect. 8.2, the b-jet efficiencies in data are similarly mea-
sured for the charm-tagging working points and shown as a
function of jet pT in Fig. 23.

Figure 24 shows a comparison between the efficiencies
obtained from the uncalibrated and calibrated simulations as
a function of the jet pT in the three c-tagging categories.

Finally, Fig. 25 shows the absolute and relative uncertain-
ties as a function of jet pT in the three c-tagging categories.

9 Conclusion

Flavour tagging is a key component of a broad range of anal-
yses of LHC data collected by the ATLAS detector. Recent
advances in flavour-tagging performance, driven in part by
the uptake of state-of-the-art machine-learning techniques,
have improved the sensitivity to possible new phenomena
across a variety of final states.

In this study, a new strategy for deriving unbinned calibra-
tions for high-dimensional simulations is developed. Neural
solvers are used to find optimal transport maps to calibrate
the multi-class flavour-tagging discriminators used to anal-
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Fig. 23 Comparison of b-jet efficiencies for the V H, H →
cc c-tagging categories, between the pT-corrected simulation,
p′

sim, calibrated simulation, T̂# p′
sim, and background-subtracted data

(data−p′
bkg), versus jet pT in the tt̄ phase space. The b-jets effi-

ciency in data is calculated by subtracting the simulated non-b-jet
contribution from data (Data − (1 − fsig) · p′

bkg). The (a) c-tight,

(b) c-loose, and (c) untagged c-tagging categories are shown. The
uncertainty band of Data − p′

bkg is calculated by subtracting each
(1 − fsig,variation) · p′

bkg,variation from the data. The variations used are
described in Sect. 7. Non-b-jets in simulation were corrected using
transport maps derived in Sect. 6

Fig. 24 Comparison of b-jet efficiencies for the V H, H → cc c-
tagging categories, between the nominal simulation, p′

sim, and cali-

brated simulation, T̂# p′
sim, in the tt̄ phase space. The (a) c-tight, (b)

c-loose, and (c) untagged c-tagging categories are shown. The uncer-

tainty band of the corrected simulation denotes the impact of all uncer-
tainties described in Sect. 7 on the calibration maps. Error bars show
statistical uncertainties. All efficiencies are shown for the pT-corrected
density p′

sim(�q, pT) = psim(�q|pT)pdata(pT)

yse ATLAS data. As opposed to traditional strategies, which
involve deriving per-jet weights from data-to-simulation effi-
ciency ratios, the optimal-transportation-based calibration
presented here alters the flavour probabilities for individ-
ual jets such that the performance in simulation matches that
in data. Moreover, the derived transportation maps are con-
structed such that the simulation is minimally altered while
achieving closure with the performance in data.

This calibration strategy is applied in a sample of b-jets
obtained from tt̄ events in Run 2 LHC pp collision data with√
s = 13 TeV collected by the ATLAS detector. The outcome

is a set of continuous corrections that yield a calibrated simu-
lation in the three-dimensional space of jet flavour probabil-
ities conditional on the jet pT. After applying the calibration
transport map to the simulation, the performance observed
in data is reproduced for a wide range of b-tagging oper-
ating points, with efficiencies ranging from 60 to 85%. The
corrected simulation also accurately reflects the performance
achieved in data with more sophisticated selections built from
the jet classification scores, such as those recently developed
in the ATLAS search for H → cc̄ decays.
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Fig. 25 Uncertainty breakdown of the calibrated simulation, T̂# p′
sim,

for corrected b-jet efficiencies versus jet pT for various c-tagging oper-
ating points. The top panel shows the absolute uncertainties, while
the bottom panel shows the relative uncertainties. The (a) c-tight, (b)

c-loose, and (c) untagged operating points are shown. The grey uncer-
tainty band of the calibrated simulation denotes the impact of all uncer-
tainties described in Sect. 7 on the calibration maps

The presented calibration provides a robust set of three-
dimensional corrections to the ATLAS simulation for the
jet flavour-tagging algorithms used to analyse LHC collision
data. This enables a more effective exploitation of jet flavour
information in ATLAS analyses, including those which ben-
efit from simultaneous bottom- and charm-jet identification
such as joint measurements of H → bb and H → cc [14];
that require very strong c-jet rejection, such as searches for
rare top-quark processes [24]; or which would gain from tag-
ging operating points that smoothing vary with event kine-
matics, such as searches for high-mass resonances [27]. This
development also opens several promising avenues for future
research, including calibrations derived for finer-grained fea-
tures, conditioned on more relevant kinematic information,
or integrated into the training of inference networks [117].
These developments lay the groundwork for a more general
and flexible framework for reliable inference based on imper-
fect simulation.
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O. Zormpa48 , W. Zou43 , L. Zwalinski37

1 Department of Physics, University of Adelaide, Adelaide, Australia
2 Department of Physics, University of Alberta, Edmonton, AB, Canada
3 (a)Department of Physics, Ankara University, Ankara, Türkiye; (b)Division of Physics, TOBB University of Economics

and Technology, Ankara, Türkiye
4 LAPP, CNRS/IN2P3, Université Savoie Mont Blanc, Annecy, France
5 APC, CNRS/IN2P3, Université Paris Cité, Paris, France
6 High Energy Physics Division, Argonne National Laboratory, Argonne, IL, USA
7 Department of Physics, University of Arizona, Tucson, AZ, USA
8 Department of Physics, University of Texas at Arlington, Arlington, TX, USA
9 Physics Department, National and Kapodistrian University of Athens, Athens, Greece

10 Physics Department, National Technical University of Athens, Zografou, Greece
11 Department of Physics, University of Texas at Austin, Austin, TX, USA
12 Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan

123

http://orcid.org/0000-0002-7223-2965
http://orcid.org/0000-0002-7011-9432
http://orcid.org/0000-0002-5102-9140
http://orcid.org/0000-0002-1596-2611
http://orcid.org/0000-0002-6497-6809
http://orcid.org/0000-0002-0237-292X
http://orcid.org/0000-0002-6270-9176
http://orcid.org/0000-0003-2281-3822
http://orcid.org/0000-0002-9181-8048
http://orcid.org/0000-0002-0048-4602
http://orcid.org/0000-0002-4839-6281
http://orcid.org/0000-0002-5338-8972
http://orcid.org/0000-0001-8547-6099
http://orcid.org/0000-0001-9156-970X
http://orcid.org/0000-0003-0097-123X
http://orcid.org/0000-0003-2987-3772
http://orcid.org/0000-0001-8891-8606
http://orcid.org/0009-0005-7503-3370
http://orcid.org/0000-0002-3429-4778
http://orcid.org/0000-0002-3114-3798
http://orcid.org/0000-0001-8899-4027
http://orcid.org/0000-0003-2607-7287
http://orcid.org/0000-0001-8757-2180
http://orcid.org/0000-0002-7110-8516
http://orcid.org/0000-0001-8474-5357
http://orcid.org/0000-0002-4157-0996
http://orcid.org/0000-0002-7561-204X
http://orcid.org/0000-0003-2541-4827
http://orcid.org/0000-0001-5415-5225
http://orcid.org/0000-0003-4477-9733
http://orcid.org/0000-0001-8083-0001
http://orcid.org/0000-0002-6251-1178
http://orcid.org/0000-0003-3208-9209
http://orcid.org/0000-0003-3473-7038
http://orcid.org/0000-0003-0472-3516
http://orcid.org/0009-0008-7683-7428
http://orcid.org/0000-0002-8600-9799
http://orcid.org/0000-0002-5588-0020
http://orcid.org/0000-0002-9198-5911
http://orcid.org/0000-0002-6324-8551
http://orcid.org/0000-0003-0616-7330
http://orcid.org/0009-0006-1584-6916
http://orcid.org/0000-0002-9039-8758
http://orcid.org/0000-0001-8535-4809
http://orcid.org/0000-0002-0385-3784
http://orcid.org/0000-0002-7867-7922
http://orcid.org/0000-0002-4848-5540
http://orcid.org/0000-0001-5551-5456
http://orcid.org/0000-0003-2482-711X
http://orcid.org/0000-0001-9116-055X
http://orcid.org/0000-0002-8487-8480
http://orcid.org/0000-0003-3952-8139
http://orcid.org/0000-0002-5246-5497
http://orcid.org/0000-0002-1024-0687
http://orcid.org/0000-0001-7613-5997
http://orcid.org/0000-0001-9839-608X
http://orcid.org/0000-0001-8530-6487
http://orcid.org/0000-0002-5821-4875
http://orcid.org/0000-0001-7477-4955
http://orcid.org/0000-0002-1152-2221
http://orcid.org/0000-0002-7184-9891
http://orcid.org/0000-0001-9714-9319
http://orcid.org/0000-0002-2411-7399
http://orcid.org/0000-0001-5173-2234
http://orcid.org/0000-0003-2693-3442
http://orcid.org/0000-0003-4693-5365
http://orcid.org/0009-0003-3345-4359
http://orcid.org/0000-0002-0928-2070
http://orcid.org/0000-0002-9862-3091
http://orcid.org/0000-0003-0756-0206
http://orcid.org/0000-0002-2298-7315
http://orcid.org/0000-0001-5530-9919
http://orcid.org/0000-0002-8268-8325
http://orcid.org/0000-0002-6382-1573
http://orcid.org/0000-0001-7052-7973
http://orcid.org/0000-0003-3704-5782
http://orcid.org/0000-0002-9724-2684
http://orcid.org/0000-0003-3352-126X
http://orcid.org/0000-0002-0753-7308
http://orcid.org/0000-0003-0872-8920
http://orcid.org/0000-0002-5294-6856
http://orcid.org/0000-0002-8659-5767
http://orcid.org/0000-0002-5074-0539
http://orcid.org/0000-0002-2770-9031
http://orcid.org/0000-0002-2841-1616
http://orcid.org/0000-0001-9524-8452
http://orcid.org/0000-0001-9725-2316
http://orcid.org/0000-0002-5158-307X
http://orcid.org/0000-0003-4563-2346
http://orcid.org/0000-0003-2165-871X
http://orcid.org/0000-0002-6456-6834
http://orcid.org/0000-0002-5450-2511
http://orcid.org/0000-0002-8678-893X
http://orcid.org/0000-0003-1623-3899
http://orcid.org/0000-0002-4375-5265
http://orcid.org/0000-0001-9971-0077
http://orcid.org/0000-0002-8192-8999
http://orcid.org/0000-0002-9507-1869
http://orcid.org/0000-0003-0714-1466
http://orcid.org/0000-0001-8315-9778
http://orcid.org/0000-0001-5474-4580
http://orcid.org/0000-0002-2005-3113
http://orcid.org/0000-0002-2711-4820
http://orcid.org/0000-0003-3605-3633
http://orcid.org/0000-0001-9232-4827
http://orcid.org/0000-0001-6219-8946
http://orcid.org/0000-0002-8483-9502
http://orcid.org/0000-0003-0924-7889
http://orcid.org/0000-0002-5646-1856
http://orcid.org/0000-0001-6174-401X
http://orcid.org/0000-0002-4120-1453
http://orcid.org/0000-0002-7811-7474
http://orcid.org/0000-0002-3307-903X
http://orcid.org/0000-0001-5038-1399
http://orcid.org/0000-0003-1532-6399
http://orcid.org/0000-0001-8290-3200
http://orcid.org/0000-0001-9606-7688
http://orcid.org/0000-0002-6166-6979
http://orcid.org/0000-0002-0688-3380
http://orcid.org/0000-0001-5100-2522
http://orcid.org/0000-0001-9184-2921
http://orcid.org/0000-0002-9588-1773
http://orcid.org/0000-0003-3089-022X
http://orcid.org/0000-0002-3865-4996
http://orcid.org/0000-0003-4273-6334
http://orcid.org/0000-0003-1171-0887
http://orcid.org/0000-0001-8563-0412
http://orcid.org/0000-0002-3298-4900
http://orcid.org/0000-0003-3700-8818
http://orcid.org/0000-0001-5283-4080
http://orcid.org/0000-0002-5252-2375
http://orcid.org/0000-0001-5866-1504
http://orcid.org/0000-0001-7655-389X
http://orcid.org/0009-0002-0828-5349
http://orcid.org/0000-0002-1528-4865
http://orcid.org/0000-0002-5392-902X
http://orcid.org/0000-0002-4055-218X
http://orcid.org/0000-0001-9690-2997
http://orcid.org/0000-0001-9895-4475
http://orcid.org/0000-0002-0988-1655
http://orcid.org/0000-0003-3073-3662
http://orcid.org/0009-0007-3125-1880
http://orcid.org/0000-0001-6707-5590
http://orcid.org/0009-0005-0548-6219
http://orcid.org/0000-0002-4853-7558
http://orcid.org/0000-0001-6355-2767
http://orcid.org/0000-0001-6110-2172
http://orcid.org/0000-0001-8997-3199
http://orcid.org/0000-0002-1928-1717
http://orcid.org/0000-0002-0215-6151
http://orcid.org/0000-0001-9563-4804
http://orcid.org/0000-0001-9571-3131
http://orcid.org/0000-0002-2680-0474
http://orcid.org/0000-0001-6977-3456
http://orcid.org/0000-0002-3725-4800
http://orcid.org/0000-0003-1721-2176
http://orcid.org/0000-0003-2123-5311
http://orcid.org/0000-0003-0411-3590
http://orcid.org/0000-0003-3710-6995
http://orcid.org/0000-0002-1512-5506
http://orcid.org/0000-0002-2483-4937
http://orcid.org/0000-0001-7367-1380
http://orcid.org/0000-0003-3554-7113
http://orcid.org/0000-0002-0204-984X
http://orcid.org/0000-0002-4996-1924
http://orcid.org/0000-0002-1452-9824
http://orcid.org/0000-0002-9201-0972
http://orcid.org/0000-0001-8524-1855
http://orcid.org/0000-0002-3335-1988
http://orcid.org/0000-0003-0552-5490
http://orcid.org/0000-0001-9274-707X
http://orcid.org/0000-0002-7864-4282
http://orcid.org/0000-0002-3245-7676
http://orcid.org/0000-0002-8484-9655
http://orcid.org/0000-0003-0586-7052
http://orcid.org/0000-0002-3372-2590
http://orcid.org/0000-0002-1827-9201
http://orcid.org/0000-0002-6689-0232
http://orcid.org/0000-0003-2174-807X
http://orcid.org/0000-0003-1988-8401
http://orcid.org/0000-0001-8253-9517
http://orcid.org/0000-0001-5858-6639
http://orcid.org/0000-0003-3268-3486
http://orcid.org/0009-0006-8942-5911
http://orcid.org/0000-0003-4762-8201
http://orcid.org/0000-0001-9834-7309
http://orcid.org/0000-0002-0991-5026
http://orcid.org/0000-0002-8452-0315
http://orcid.org/0000-0001-6470-4662
http://orcid.org/0000-0002-4105-2988
http://orcid.org/0000-0001-5626-0993
http://orcid.org/0000-0002-3366-532X
http://orcid.org/0000-0002-9330-8842
http://orcid.org/0000-0001-7909-4772
http://orcid.org/0000-0002-4499-2545
http://orcid.org/0000-0002-5030-7516
http://orcid.org/0000-0003-2770-1387
http://orcid.org/0000-0002-1222-7937
http://orcid.org/0009-0006-5900-2539
http://orcid.org/0000-0002-4687-3662
http://orcid.org/0000-0003-2280-8636
http://orcid.org/0000-0002-2032-442X
http://orcid.org/0000-0002-2029-2659
http://orcid.org/0000-0002-4867-3138
http://orcid.org/0000-0002-5447-1989
http://orcid.org/0000-0001-8265-6916
http://orcid.org/0000-0002-9720-1794
http://orcid.org/0000-0001-9101-3226
http://orcid.org/0000-0002-4198-3029
http://orcid.org/0000-0003-0524-1914
http://orcid.org/0000-0001-7335-4983
http://orcid.org/0000-0002-4380-1655
http://orcid.org/0000-0002-9907-838X
http://orcid.org/0000-0002-9778-9209
http://orcid.org/0009-0000-4105-4564
http://orcid.org/0000-0002-9336-9338
http://orcid.org/0000-0002-9177-6108
http://orcid.org/0000-0002-8265-474X
http://orcid.org/0000-0001-9039-9809
http://orcid.org/0000-0002-8480-2662
http://orcid.org/0000-0001-7729-085X
http://orcid.org/0000-0003-4731-0754
http://orcid.org/0000-0001-6274-7714
http://orcid.org/0000-0001-7287-9091
http://orcid.org/0000-0003-2029-0300
http://orcid.org/0000-0002-1630-0986
http://orcid.org/0000-0002-7936-8419
http://orcid.org/0000-0002-7853-9079
http://orcid.org/0000-0002-6638-847X
http://orcid.org/0000-0002-6427-0806
http://orcid.org/0000-0003-0494-6728
http://orcid.org/0000-0001-6758-3974
http://orcid.org/0000-0001-8178-8861
http://orcid.org/0000-0002-3360-4965
http://orcid.org/0000-0002-9748-3074
http://orcid.org/0009-0006-9951-2090
http://orcid.org/0000-0002-2079-996X
http://orcid.org/0000-0002-8323-7753
http://orcid.org/0000-0001-9377-650X
http://orcid.org/0000-0002-0034-6576
http://orcid.org/0000-0002-7986-9045
http://orcid.org/0000-0002-1775-2511
http://orcid.org/0009-0009-4564-4014
http://orcid.org/0009-0009-4876-1611
http://orcid.org/0000-0001-8015-3901
http://orcid.org/0000-0002-5278-2855
http://orcid.org/0000-0001-7964-0091
http://orcid.org/0000-0002-7306-1053
http://orcid.org/0000-0003-0996-3279
http://orcid.org/0000-0003-2468-9634
http://orcid.org/0000-0003-0277-4870
http://orcid.org/0000-0002-5117-4671
http://orcid.org/0000-0002-2891-8812
http://orcid.org/0000-0003-4236-8930
http://orcid.org/0000-0002-0993-6185
http://orcid.org/0000-0003-2138-6187
http://orcid.org/0000-0003-2073-4901
http://orcid.org/0000-0003-3177-903X
http://orcid.org/0000-0002-0779-8815
http://orcid.org/0000-0002-9397-2313


 1272 Page 40 of 44 Eur. Phys. J. C          (2025) 85:1272 

13 Institut de Física d’Altes Energies (IFAE), Barcelona Institute of Science and Technology, Barcelona, Spain
14 Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China
15 Physics Department, Tsinghua University, Beijing, China
16 Institute of Physics, University of Belgrade, Belgrade, Serbia
17 Department for Physics and Technology, University of Bergen, Bergen, Norway
18 (a)Physics Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA; (b)University of California, Berkeley,

CA, USA
19 Institut für Physik, Humboldt Universität zu Berlin, Berlin, Germany
20 Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics, University of Bern, Bern,

Switzerland
21 School of Physics and Astronomy, University of Birmingham, Birmingham, UK
22 (a)Department of Physics, Bogazici University, Istanbul, Türkiye; (b)Department of Physics Engineering, Gaziantep

University, Gaziantep, Türkiye; (c)Department of Physics, Istanbul University, Istanbul, Türkiye
23 (a)Facultad de Ciencias y Centro de Investigaciónes, Universidad Antonio Nariño, Bogotá, Colombia; (b)Departamento

de Física, Universidad Nacional de Colombia, Bogotá, Colombia
24 (a)Dipartimento di Fisica e Astronomia A. Righi, Università di Bologna, Bologna, Italy; (b)INFN Sezione di Bologna,

Bologna, Italy
25 Physikalisches Institut, Universität Bonn, Bonn, Germany
26 Department of Physics, Boston University, Boston, MA, USA
27 Department of Physics, Brandeis University, Waltham, MA, USA
28 (a)Transilvania University of Brasov, Brasov, Romania; (b)Horia Hulubei National Institute of Physics and Nuclear

Engineering, Bucharest, Romania; (c)Department of Physics, Alexandru Ioan Cuza University of Iasi, Iasi, Romania
; (d)National Institute for Research and Development of Isotopic and Molecular Technologies, Physics Department,
Cluj-Napoca, Romania; (e)National University of Science and Technology Politechnica, Bucharest, Romania; (f)West
University in Timisoara, Timisoara, Romania; (g)Faculty of Physics, University of Bucharest, Bucharest, Romania

29 (a)Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovakia; (b)Department of
Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences, Kosice, Slovak Republic

30 Physics Department, Brookhaven National Laboratory, Upton, NY, USA
31 Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Departamento de Física, y CONICET, Instituto

de Física de Buenos Aires (IFIBA), Buenos Aires, Argentina
32 California State University, Long Beach, CA, USA
33 Cavendish Laboratory, University of Cambridge, Cambridge, UK
34 (a)Department of Physics, University of Cape Town, Cape Town, South Africa; (b)iThemba Labs, Western Cape, South

Africa; (c)Department of Mechanical Engineering Science, University of Johannesburg, Johannesburg,
South Africa; (d)National Institute of Physics, University of the Philippines Diliman (Philippines), Quezon City,
Philippines; (e)University of South Africa, Department of Physics, Pretoria, South Africa; (f)University of Zululand,
KwaDlangezwa, South Africa; (g)School of Physics, University of the Witwatersrand, Johannesburg, South Africa

35 Department of Physics, Carleton University, Ottawa, ON, Canada
36 (a)Faculté des Sciences Ain Chock, Université Hassan II de Casablanca, Casablanca, Morocco; (b)Faculté des Sciences,

Université Ibn-Tofail, Kénitra, Morocco; (c)Faculté des Sciences Semlalia, LPHEA-Marrakech, Université Cadi Ayyad,
Marrakech, Morocco; (d)LPMR, Faculté des Sciences, Université Mohamed Premier, Oujda, Morocco; (e)Faculté des
sciences, Université Mohammed V, Rabat, Morocco; (f)Institute of Applied Physics, Mohammed VI Polytechnic
University, Ben Guerir, Morocco

37 CERN, Geneva, Switzerland
38 Affiliated with an Institute Formerly Covered by a Cooperation Agreement with CERN, Geneva, Switzerland
39 Affiliated with an Institute Covered by a Cooperation Agreement with CERN, Geneva, Switzerland
40 Affiliated with an International Laboratory Covered by a Cooperation Agreement with CERN, Geneva, Switzerland
41 Enrico Fermi Institute, University of Chicago, Chicago, IL, USA
42 LPC, CNRS/IN2P3, Université Clermont Auvergne, Clermont-Ferrand, France
43 Nevis Laboratory, Columbia University, Irvington, NY, USA
44 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark
45 (a)Dipartimento di Fisica, Università della Calabria, Rende, Italy; (b)Laboratori Nazionali di Frascati, INFN Gruppo

Collegato di Cosenza, Cosenza, Italy

123



Eur. Phys. J. C          (2025) 85:1272 Page 41 of 44  1272 

46 Physics Department, Southern Methodist University, Dallas, TX, USA
47 Physics Department, University of Texas at Dallas, Richardson, TX, USA
48 National Centre for Scientific Research “Demokritos”, Agia Paraskevi, Greece
49 (a)Department of Physics, Stockholm University, Stockholm, Sweden; (b)Oskar Klein Centre, Stockholm, Sweden
50 Deutsches Elektronen-Synchrotron DESY, Hamburg and Zeuthen, Germany
51 Fakultät Physik , Technische Universität Dortmund, Dortmund, Germany
52 Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Dresden, Germany
53 Department of Physics, Duke University, Durham, NC, USA
54 SUPA-School of Physics and Astronomy, University of Edinburgh, Edinburgh, UK
55 INFN e Laboratori Nazionali di Frascati, Frascati, Italy
56 Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany
57 II. Physikalisches Institut, Georg-August-Universität Göttingen, Göttingen, Germany
58 Département de Physique Nucléaire et Corpusculaire, Université de Genève, Geneva, Switzerland
59 (a)Dipartimento di Fisica, Università di Genova, Genoa, Italy; (b)INFN Sezione di Genova, Genoa, Italy
60 II. Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen, Germany
61 SUPA-School of Physics and Astronomy, University of Glasgow, Glasgow, UK
62 LPSC, CNRS/IN2P3, Grenoble INP, Université Grenoble Alpes, Grenoble, France
63 Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge, MA, USA
64 (a)Department of Modern Physics and State Key Laboratory of Particle Detection and Electronics, University of Science

and Technology of China, Hefei, China; (b)Institute of Frontier and Interdisciplinary Science and Key Laboratory of
Particle Physics and Particle Irradiation (MOE), Shandong University, Qingdao, China; (c)State Key Laboratory of Dark
Matter Physics, School of Physics and Astronomy, Key Laboratory for Particle Astrophysics and Cosmology (MOE),
Shanghai Jiao Tong University, SKLPPC, Shanghai, China; (d)State Key Laboratory of Dark Matter Physics, Tsung-Dao
Lee Institute, Shanghai Jiao Tong University, Shanghai, China; (e)School of Physics, Zhengzhou University, Zhengzhou,
China

65 (a)Kirchhoff-Institut für Physik, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany; (b)Physikalisches Institut,
Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany

66 (a)Department of Physics, Chinese University of Hong Kong, Shatin, N.T., Hong Kong, China; (b)Department of Physics,
University of Hong Kong, Pok Fu La, Hong Kong, China; (c)Department of Physics and Institute for Advanced Study,
Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China

67 Department of Physics, National Tsing Hua University, Hsinchu, Taiwan
68 IJCLab, CNRS/IN2P3, Université Paris-Saclay, 91405 Orsay, France
69 Centro Nacional de Microelectrónica (IMB-CNM-CSIC), Barcelona, Spain
70 Department of Physics, Indiana University, Bloomington, IN, USA
71 (a)INFN Gruppo Collegato di Udine, Sezione di Trieste, Udine, Italy; (b)ICTP, Trieste, Italy; (c)Dipartimento Politecnico

di Ingegneria e Architettura, Università di Udine, Udine, Italy
72 (a)INFN Sezione di Lecce, Lecce, Italy; (b)Dipartimento di Matematica e Fisica, Università del Salento, Lecce, Italy
73 (a)INFN Sezione di Milano, Milan, Italy; (b)Dipartimento di Fisica, Università di Milano, Milan, Italy
74 (a)INFN Sezione di Napoli, Naples, Italy; (b)Dipartimento di Fisica, Università di Napoli, Naples, Italy
75 (a)INFN Sezione di Pavia, Pavia, Italy; (b)Dipartimento di Fisica, Università di Pavia, Pavia, Italy
76 (a)INFN Sezione di Pisa, Pisa, Italy; (b)Dipartimento di Fisica E. Fermi, Università di Pisa, Pisa, Italy
77 (a)INFN Sezione di Roma, Rome, Italy; (b)Dipartimento di Fisica, Sapienza Università di Roma, Rome, Italy
78 (a)INFN Sezione di Roma Tor Vergata, Rome, Italy; (b)Dipartimento di Fisica, Università di Roma Tor Vergata, Rome,

Italy
79 (a)INFN Sezione di Roma Tre, Rome, Italy; (b)Dipartimento di Matematica e Fisica, Università Roma Tre, Rome, Italy
80 (a)INFN-TIFPA, Povo, Italy; (b)Università degli Studi di Trento, Trento, Italy
81 Department of Astro and Particle Physics, Universität Innsbruck, Innsbruck, Austria
82 University of Iowa, Iowa City, IA, USA
83 Department of Physics and Astronomy, Iowa State University, Ames, IA, USA
84 Istinye University, Sariyer, Istanbul, Türkiye
85 (a)Departamento de Engenharia Elétrica, Universidade Federal de Juiz de Fora (UFJF), Juiz de Fora,

123



 1272 Page 42 of 44 Eur. Phys. J. C          (2025) 85:1272 

Brazil; (b)Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro, Brazil; (c)Instituto de Física,
Universidade de São Paulo, São Paulo, Brazil; (d)Rio de Janeiro State University, Rio de Janeiro, Brazil; (e)Federal
University of Bahia, Bahia, Brazil

86 KEK, High Energy Accelerator Research Organization, Tsukuba, Japan
87 Graduate School of Science, Kobe University, Kobe, Japan
88 (a)AGH University of Krakow, Faculty of Physics and Applied Computer Science, Kraków, Poland; (b)Marian

Smoluchowski Institute of Physics, Jagiellonian University, Kraków, Poland
89 Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland
90 Faculty of Science, Kyoto University, Kyoto, Japan
91 Research Center for Advanced Particle Physics and Department of Physics, Kyushu University, Fukuoka , Japan
92 L2IT, CNRS/IN2P3, UPS, Université de Toulouse, Toulouse, France
93 Instituto de Física La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
94 Physics Department, Lancaster University, Lancaster, UK
95 Oliver Lodge Laboratory, University of Liverpool, Liverpool, UK
96 Department of Experimental Particle Physics, Jožef Stefan Institute and Department of Physics, University of Ljubljana,

Ljubljana, Slovenia
97 Department of Physics and Astronomy, Queen Mary University of London, London, UK
98 Department of Physics, Royal Holloway University of London, Egham, UK
99 Department of Physics and Astronomy, University College London, London, UK

100 Louisiana Tech University, Ruston, LA, USA
101 Fysiska institutionen, Lunds universitet, Lund, Sweden
102 Departamento de Física Teorica C-15 and CIAFF, Universidad Autónoma de Madrid, Madrid, Spain
103 Institut für Physik, Universität Mainz, Mainz, Germany
104 School of Physics and Astronomy, University of Manchester, Manchester, UK
105 CPPM, CNRS/IN2P3, Aix-Marseille Université, Marseille, France
106 Department of Physics, University of Massachusetts, Amherst, MA, USA
107 Department of Physics, McGill University, Montreal, QC, Canada
108 School of Physics, University of Melbourne, Victoria, Australia
109 Department of Physics, University of Michigan, Ann Arbor, MI, USA
110 Department of Physics and Astronomy, Michigan State University, East Lansing, MI, USA
111 Group of Particle Physics, University of Montreal, Montreal, QC, Canada
112 Fakultät für Physik, Ludwig-Maximilians-Universität München, Munich, Germany
113 Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), Munich, Germany
114 Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan
115 (a)Department of Physics, Nanjing University, Nanjing, China; (b)School of Science, Shenzhen Campus of Sun Yat-sen

University, Guangzhou, China; (c)University of Chinese Academy of Science (UCAS), Beijing, China
116 Department of Physics and Astronomy, University of New Mexico, Albuquerque, NM, USA
117 Institute for Mathematics, Astrophysics and Particle Physics, Radboud University/Nikhef, Nijmegen, Netherlands
118 Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam, Netherlands
119 Department of Physics, Northern Illinois University, DeKalb, IL, USA
120 (a)New York University Abu Dhabi, Abu Dhabi, United Arab Emirates; (b)United Arab Emirates University, Al Ain,

United Arab Emirates
121 Department of Physics, New York University, New York, NY, USA
122 Ochanomizu University, Otsuka, Bunkyo-ku, Tokyo, Japan
123 Ohio State University, Columbus, OH, USA
124 Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman, OK, USA
125 Department of Physics, Oklahoma State University, Stillwater, OK, USA
126 Joint Laboratory of Optics, Palacký University, Olomouc, Czech Republic
127 Institute for Fundamental Science, University of Oregon, Eugene, OR, USA
128 Graduate School of Science, University of Osaka, Osaka, Japan
129 Department of Physics, University of Oslo, Oslo, Norway
130 Department of Physics, Oxford University, Oxford, UK
131 LPNHE, CNRS/IN2P3, Sorbonne Université, Université Paris Cité, Paris, France

123



Eur. Phys. J. C          (2025) 85:1272 Page 43 of 44  1272 

132 Department of Physics, University of Pennsylvania, Philadelphia, PA, USA
133 Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA, USA
134 (a)Laboratório de Instrumentação e Física Experimental de Partículas-LIP, Lisbon, Portugal; (b)Departamento de Física,

Faculdade de Ciências, Universidade de Lisboa, Lisbon, Portugal; (c)Departamento de Física, Universidade de Coimbra,
Coimbra, Portugal; (d)Centro de Física Nuclear da Universidade de Lisboa, Lisbon, Portugal; (e)Departamento de Física,
Escola de Ciências, Universidade do Minho, Braga, Portugal; (f)Departamento de Física Teórica y del Cosmos,
Universidad de Granada, Granada, Spain; (g)Departamento de Física, Instituto Superior Técnico, Universidade de Lisboa,
Lisbon, Portugal

135 Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
136 Czech Technical University in Prague, Prague, Czech Republic
137 Faculty of Mathematics and Physics, Charles University, Prague, Czech Republic
138 Particle Physics Department, Rutherford Appleton Laboratory, Didcot, UK
139 IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
140 Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz, CA, USA
141 (a)Departamento de Física, Pontificia Universidad Católica de Chile, Santiago, Chile; (b)Millennium Institute for

Subatomic Physics at High Energy Frontier (SAPHIR), Santiago, Chile; (c)Instituto de Investigación Multidisciplinario
en Ciencia y Tecnología, y Departamento de Física, Universidad de La Serena, La Serena, Chile; (d)Department of
Physics, Universidad Andres Bello, Santiago, Chile; (e)Instituto de Alta Investigación, Universidad de Tarapacá, Arica,
Chile; (f)Departamento de Física, Universidad Técnica Federico Santa María, Valparaiso, Chile

142 Department of Physics, Institute of Science, Tokyo, Japan
143 Department of Physics, University of Washington, Seattle, WA, USA
144 Department of Physics and Astronomy, University of Sheffield, Sheffield, UK
145 Department of Physics, Shinshu University, Nagano, Japan
146 Department Physik, Universität Siegen, Siegen, Germany
147 Department of Physics, Simon Fraser University, Burnaby, BC, Canada
148 SLAC National Accelerator Laboratory, Stanford, CA, USA
149 Department of Physics, Royal Institute of Technology, Stockholm, Sweden
150 Departments of Physics and Astronomy, Stony Brook University, Stony Brook, NY, USA
151 Department of Physics and Astronomy, University of Sussex, Brighton, UK
152 School of Physics, University of Sydney, Sydney, Australia
153 Institute of Physics, Academia Sinica, Taipei, Taiwan
154 (a)E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi, Georgia; (b)High Energy

Physics Institute, Tbilisi State University, Tbilisi, Georgia; (c)University of Georgia, Tbilisi, Georgia
155 Department of Physics, Technion, Israel Institute of Technology, Haifa, Israel
156 Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv, Israel
157 Department of Physics, Aristotle University of Thessaloniki, Thessaloníki, Greece
158 International Center for Elementary Particle Physics and Department of Physics, University of Tokyo, Tokyo, Japan
159 Department of Physics, University of Toronto, Toronto, ON, Canada
160 (a)TRIUMF, Vancouver, BC, Canada; (b)Department of Physics and Astronomy, York University, Toronto, ON, Canada
161 Division of Physics and Tomonaga Center for the History of the Universe, Faculty of Pure and Applied Sciences,

University of Tsukuba, Tsukuba, Japan
162 Department of Physics and Astronomy, Tufts University, Medford, MA, USA
163 Department of Physics and Astronomy, University of California Irvine, Irvine, CA, USA
164 University of West Attica, Athens, Greece
165 University of Sharjah, Sharjah, United Arab Emirates
166 Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden
167 Department of Physics, University of Illinois, Urbana, IL, USA
168 Instituto de Física Corpuscular (IFIC), Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain
169 Department of Physics, University of British Columbia, Vancouver, BC, Canada
170 Department of Physics and Astronomy, University of Victoria, Victoria, BC, Canada
171 Fakultät für Physik und Astronomie, Julius-Maximilians-Universität Würzburg, Würzburg, Germany
172 Department of Physics, University of Warwick, Coventry, UK
173 Waseda University, Tokyo, Japan

123



 1272 Page 44 of 44 Eur. Phys. J. C          (2025) 85:1272 

174 Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot, Israel
175 Department of Physics, University of Wisconsin, Madison, WI, USA
176 Fakultät für Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universität Wuppertal, Wuppertal,

Germany
177 Department of Physics, Yale University, New Haven, CT, USA
178 Yerevan Physics Institute, Yerevan, Armenia

a Also at Affiliated with an Institute Covered by a Cooperation Agreement with CERN, Geneva, Switzerland
b Also at An-Najah National University, Nablus, Palestine
c Also at Borough of Manhattan Community College, City University of New York, New York, NY, USA
d Also at Center for High Energy Physics, Peking University, Beijing, China
e Also at Center for Interdisciplinary Research and Innovation (CIRI-AUTH), Thessaloníki, Greece
f Also at CERN, Geneva, Switzerland
g Also at CMD-AC UNEC Research Center, Azerbaijan State University of Economics (UNEC), Baku, Azerbaijan
h Also at Département de Physique Nucléaire et Corpusculaire, Université de Genève, Geneva, Switzerland
i Also at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona, Spain
j Also at Department of Financial and Management Engineering, University of the Aegean, Chios, Greece

k Also at Department of Physics, California State University, Sacramento, USA
l Also at Department of Physics, King’s College London, London, UK

m Also at Department of Physics, Stanford University, Stanford, CA, USA
n Also at Department of Physics, Stellenbosch University, Stellenbosch, South Africa
o Also at Department of Physics, University of Fribourg, Fribourg, Switzerland
p Also at Department of Physics, University of Thessaly, Volos, Greece
q Also at Department of Physics, Westmont College, Santa Barbara, USA
r Also at Faculty of Physics, Sofia University ‘St. Kliment Ohridski’, Sofia, Bulgaria
s Also at Hellenic Open University, Patras, Greece
t Also at Imam Mohammad Ibn Saud Islamic University, Riyadh, Saudi Arabia
u Also at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain
v Also at Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany
w Also at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of Sciences, Sofia,

Bulgaria
x Also at Institute of Applied Physics, Mohammed VI Polytechnic University, Ben Guerir, Morocco
y Also at Institute of Particle Physics (IPP), Toronto, Canada
z Also at Institute of Physics and Technology, Mongolian Academy of Sciences, Ulaanbaatar, Mongolia

aa Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
ab Also at Institute of Theoretical Physics, Ilia State University, Tbilisi, Georgia
ac Also at National Institute of Physics, University of the Philippines Diliman (Philippines), Quezon City, Philippines
ad Also at Technical University of Munich, Munich, Germany
ae Also at The Collaborative Innovation Center of Quantum Matter (CICQM), Beijing, China
af Also at TRIUMF, Vancouver, BC, Canada
ag Also at Università di Napoli Parthenope, Naples, Italy
ah Also at University of Colorado Boulder, Department of Physics, Colorado, USA
ai Also at Washington College, Chestertown, MD, USA
aj Also at Physics Department, Yeditepe University, Istanbul, Türkiye

∗ Deceased

123


	A continuous calibration of the ATLAS flavour-tagging classifiers via optimal transportation maps
	Abstract 
	1 Introduction
	2 ATLAS detector
	3 Methodology
	4 Samples of observed and simulated events
	5 Analysis
	5.1 Event selection
	5.2 Comparisons of data and simulation
	5.3 Approximations of fsig(pT) and psim (q q q q | pT)
	5.4 NN training set-ups

	6 Background shape estimate
	7 Uncertainties
	8 Calibration results for b-jets
	8.1 Extracted optimal calibration maps and comparisons with data
	8.2 Closure tests for common DDL1rb operating points
	8.3 Closure tests for charm-tagging selections

	9 Conclusion
	Acknowledgements
	References


