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1 Introduction

The ability to separate jets of different flavours, known as jet flavour tagging, is of crucial importance
to the physics programme of the ATLAS experiment [1] at the Large Hadron Collider (LHC) [2]. In
particular, the ability to identify jets containing b-hadrons (b-jets) or c-hadrons (c-jets) and reject the large
background of light-flavour jets plays a central role in the observation of the Higgs boson decay into bottom
quarks and in the search for the Higgs boson decay into charm quarks [3-5], many Standard Model (SM)
precision measurements [6, 7], top-quark physics [8, 9], searches for Higgs boson pair production [10-13]
and physics beyond the SM [14-16].

Dedicated algorithms, referred to as jet flavour tagging algorithms, are exploited by the ATLAS Collaboration
when analysing data to identify b-jets or c-jets. For the identification of b-jets, which is the focus of
this paper, these algorithms typically rely on the long lifetime, high mass, large decay multiplicity of
b-hadrons, and the properties of the b-quark fragmentation. These physical characteristics are reflected by
properties of charged-particle tracks, most notably large transverse and longitudinal impact parameters (dy,
Z0), which serve as the primary input for the tagging algorithms. The previous generation of algorithms
utilised Deep Neural Networks [17] and Recurrent Neural Networks [18] to process these inputs. The
current state-of-the-art algorithm used for Run 3 data analysis is GN2 [19], a General Network (GN) series
machine-learning algorithm for flavour tagging based on the transformer architecture [20].

GN2 predicts the probabilities of a jet being a b-jet (pj), a c-jet (containing a c-hadron but no b-hadron,
Pe), a T-jet (containing a hadronically decaying 7-lepton but no b- or c-hadrons, p;), or a light-flavour jet
(pu) otherwise. A b-jet tagging discriminant Dgy; is defined as:
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where the coeflicients f, = 0.2 and f; = 0.01 were optimised to maximise the rejection of background jets
in simulated #7 events. In addition to flavour prediction, GN2 is trained on auxiliary tasks, such as vertex
prediction and track origin prediction [19]. These tasks improve the convergence of the training, enhance
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the overall flavour tagging performance, and increase the interpretability of the model. Evaluated in Monte
Carlo (MC) simulation, GN2 provides a significant improvement on the previous algorithm (DL1d), with
an increase in light-flavour jet rejection by a factor of two and c-jet rejection by a factor of three at the
same b-jet tagging efficiency.

This paper reports on the measurement of the GN2 b-jet tagging efficiency in data using proton—proton
(pp) collisions recorded at /s = 13.6 TeV during 2022 and 2023. The measurement, also referred to as
calibration, is used to derive correction factors, known as Scale Factors (SF), to account for differences
in efficiency between data and MC simulation. The calibration is performed in Pseudo-Continuous b-jet
Tagging (PCBT) bins, defined as exclusive ranges of the D¢y discriminant corresponding to intervals of
cumulative b-jet tagging efficiency. A high-purity sample of ¢7 events is selected, where each top-quark
decays as t — Wb, with a branching ratio close to 100%, and the W-boson decays leptonically, either in
the electron channel or the muon channel (W — ¢€v). The selection requires exactly two isolated leptons
with different flavours and opposite charges, along with two hadronic jets. This decay mode provides an
abundant source of b-jets. Following the method in Ref. [21], the b-jet tagging efficiency is extracted
simultaneously with the jet flavour composition of the sample using a maximum likelihood approach.
Systematic uncertainties are studied and incorporated into the final results.

This paper is structured as follows. Section 2 describes the ATLAS detector. Data and MC samples are
discussed in Section 3. The reconstruction of physics objects and event selection are covered in Section 4.
Section 5 describes the calibration method, while Section 6 discusses the uncertainties. Finally, results are
shown in Section 7, followed by the conclusion in Section 8.

2 ATLAS detector

The ATLAS detector [1, 22] at the LHC covers nearly the entire solid angle around the collision point.'
It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting air-core
toroidal magnets.

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

The calorimeter system covers the pseudorapidity range || < 4.9. Within the region |n| < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)
calorimeters, with an additional thin LAr presampler covering || < 1.8 to correct for energy loss in material

' 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, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is
E+p:

defined in terms of the polar angle 6 as n = —Intan(6/2) and is equal to the rapidity y = % In (E_—pz) in the relativistic limit.

Angular distance is measured in units of AR = +/(Ay)? + (A¢)2.



upstream of the calorimeters. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter,
segmented into three barrel structures within || < 1.7, and two copper/LAr hadronic endcap calorimeters.
The solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements, respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring
the deflection of muons in a magnetic field generated by the superconducting air-core toroidal magnets.
The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. Three layers of
precision chambers, each consisting of layers of monitored drift tubes, cover the region || < 2.7, except in
the innermost layer of the endcap region, where layers of small-strip thin-gap chambers and Micromegas
chambers both provide precision tracking in the region 1.3 < || < 2.7. The muon trigger system covers
the range |n7| < 2.4 with resistive-plate chambers in the barrel, thin-gap chambers in the endcap regions,
and the aforementioned small-strip thin-gap chambers and Micromegas chambers in the innermost layer of
the endcap.

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

Events were selected by the first-level trigger system implemented in custom hardware, followed by
selections made by algorithms implemented in software in the high-level trigger [23]. The first-level trigger
accepted events from the 40 MHz bunch crossings at a rate close to 100 kHz, which the high-level trigger
further reduced in order to record complete events to disk at an average rate of about 3 kHz.

The Run-3 detector configuration benefits from several upgrades compared with that of Run 2 to maintain
high detector performance at the higher pileup levels of Run 3. The improvements include a new innermost
layer of the muon spectrometer in the endcap region, which provides higher redundancy and a large
reduction in fake muon triggers. The trigger system also benefits from new digital electronics readout
of the LAr calorimeters with significantly increased granularity. Other updates and further details are
provided in Ref. [22].

A software suite [24] is used in data simulation, in the reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data acquisition systems of the experiment.

3 Data and simulated samples

This measurement is performed using data collected during the 2022 and 2023 periods at v/s = 13.6 TeV,
corresponding to an integrated luminosity of 56.0 + 1.1 tb~!, after applying data quality requirements [25—
27]. The luminosity is primarily measured by the LUCID-2 detector [28] located close to the beam pipe.
Data are recorded using triggers that require the presence of a single electron (muon) with the minimum
transverse momentum (pt) exceeding a threshold of 26(24) GeV [23].

MC simulated samples are used to estimate the yield of ## production and other processes satisfying the
selection criteria. Simulated 77 events are used to define the PCBT bins, while all MC samples are utilised
in the extraction of the calibration SFs that correct for differences in b-jet tagging efficiency between
simulation and data. The nominal ¢7 samples were generated with PowHeG Box v2 [29-31] for the matrix
element calculation at next-to-leading-order (NLO) in quantum chromodynamics (QCD) and interfaced to
PyTHia 8.308 [32] with the A14 set of tuned parameters [33, 34] for the parton showers, hadronisation and
the underlying event. The Agamp parameter, which regulates the high-pr radiation in the matrix element



to parton shower matching, is set to 1.5 X m,,. The NNPDF3.0nLo [35] and NNPDF2.3L0 [36] parton
distribution functions (PDFs) are used in the matrix element calculation and the parton shower modelling,
respectively. Three alternative ¢ samples were produced for the evaluation of modelling uncertainties. The
first one accounts for the modelling uncertainty in the parton shower radiation, in which the 4g,mp parameter
is set to 3.0 X myop and the VAR3 parameter variation group [37] is increased. The second set of alternative
samples were generated with different choices for the pthag parameter [38], to evaluate the uncertainty in
the matching between the NLO hard-scatter matrix element calculations and the parton shower [39]. The
final alternative sample, which is used to evaluate the parton shower modelling uncertainties, was produced
with Pownec Box v2 interfaced to HErwic 7.2.3 [40] with the default tune.

The non-#7 processes considered in the measurement either produce two prompt leptons or one prompt
lepton and at least one non-prompt lepton candidate. These background processes include single top-quark
production, single boson V+jets and diboson V'V production (where V is either a Z- or a W-boson). The
nominal sample for the production of a single top-quark in association with a W boson (Wt) is simulated with
PownEec Box v2 interfaced to PyTtHia 8.308 using the “diagram removal” scheme [41, 42]. The samples
for s- and 7-channel production of a single top-quark were also produced with PowHeG Box v2 interfaced
to PyTHia 8.308. Fully leptonically decaying diboson processes were simulated with SHERPA v2.2.14 and
SHERPA v2.2.16 [43-45]. Samples of Z+jets, W+jets, and semileptonically decaying diboson processes,
were produced with SHERPA v2.2.14. Alternative Wt samples were produced with PowHEG Box v2
interfaced to PyTHiA 8 using the “diagram subtraction” scheme [41, 42] to assess the uncertainty related to
the overlap between the ¢ and Wt production processes.

The effect of pile-up in the same and neighbouring bunch crossings was modelled in the simulation by
overlaying the hard-scattering event with simulated inelastic p p events [46] generated with Epos 2.0.1.4 [47,
48] and PytH1a 8.3. The events generated with Epos used the Epos LHC tune, while the PyTH1A events used
the NNPDF2.3L0 set of PDFs and the A3 set of tuned parameters [49]. PyTHiA is used to simulate events
that contain at least one high pr jet, isolated photon or lepton from a b-hadron decay, while Epos is used to
simulate all remaining events in the sample. The events are generated independently and a filter is applied
to the Epos generated events to veto the event topologies simulated by PytHia. Events in the simulation
were then reweighted to match the observed distribution of the average number of interactions per bunch
crossing in data. The EvrGen [50] package was used to model the decay of heavy flavour hadrons, except
samples generated with SHERPA that has its own model for hadron decays. All MC samples were processed
through the full ATLAS detector simulation [51] based on GEanT4 [52], and are reconstructed using the
same algorithms as in data.

4 Object definition and event selection

Events are required to have at least one reconstructed collision vertex with two or more associated tracks
with pt > 500 MeV. The primary vertex is defined as the vertex with the highest }; p% of its associated
tracks [53, 54]. To obtain a b-jet-enriched sample, events compatible with originating from the dileptonic
decay of a t7 pair are selected. This preselection requires exactly one electron candidate and one muon
candidate with opposite charges and exactly two jets. At least one lepton must be identified in the trigger
system and match one of the two offline lepton candidates. Corrections are applied to the simulation to
account for known differences in trigger efficiency between the data and MC simulation.

Electron candidates are reconstructed from energy deposits in the Electromagnetic calorimeter matched
to tracks in the ID [55]. They are required to satisfy || < 2.47, excluding the calorimeter transition



region 1.37 < || < 1.52, and have a transverse momentum pt > 28 GeV. Electrons must satisfy
a tight identification criterion [55]. To select prompt electrons, candidates must fulfil tight isolation
requirements [55], which include the requirement to be isolated from nearby tracks in the ID and from
additional calorimeter activity. Electron energies are calibrated using the Z mass peak [56]. SFs are derived
in Z — ee events and applied to the simulation to account for differences in reconstruction, identification,
and isolation efficiencies between data and MC simulation.

Muon candidates are reconstructed from high-quality tracks in the MS matched to tracks in the ID [57].
They are required to have || < 2.5 and pr > 28 GeV, and to satisfy a medium identification criterion [57].
Similar to electron candidates, muon candidates must also fulfil tight isolation requirements. SFs are derived
in Z — pu events and applied to the simulated events to account for differences in muon reconstruction,
identification, and isolation efficiencies between data and MC simulation. Muon momenta are calibrated
using the Z mass peak [58].

Electron and muon candidates must originate from the primary vertex by requiring |zo| sinf < 0.5 mm
(where 6 is the polar angle of the track), as well as |dy|/og, < 5 for electrons (where o7, represents the
uncertainty in the transverse impact parameter) or |do|/o g, < 3 for muons.

Jets are reconstructed from particle-flow objects combining ID and calorimeter information [59], using the
anti-k, algorithm [60, 61] with a radius parameter of R = 0.4. The jet four-momentum is calibrated to the
particle level using a combination of simulation-based corrections and in situ calibrations [62]. Jets are
required to be central (|| < 2.5) and to have pt > 20 GeV. To suppress the contamination from pile-up
jets, the jet vertex tagger (JVT) algorithm is applied to jets with || < 2.4 and pt < 60 GeV [63], requiring
a tight JVT selection criterion. In the MC simulation, reconstructed jets are labelled according to their
flavour using truth information, following a procedure referred to as truth labelling. A reconstructed jet is
labelled as a b-jets if it contains at least one weakly decaying b-hadron with pt > 5 GeV within a cone of
size AR < 0.3 around the jet axis [21]. If no b-hadrons are found within the cone, matching to c-hadrons is
considered using the same selection criteria, followed by matching to 7-leptons. All remaining jets are
labelled as light-flavour jets. In the following, a reconstructed jet that has been truth labelled as a b-jet,
c-jet or light-flavour jet is referred to as a truth b-jet, c-jet or light-flavour jet, respectively.

Overlap removal is applied to avoid double-counting physics objects. To prevent double-counting electron
energy deposits as jets, all reconstructed jets within AR < 0.2 of a reconstructed electron are removed. If
the nearest jet surviving the selection is within AR < 0.4 of the electron, the electron is discarded. To
minimise the fraction of muons from heavy-flavour decays inside jets mistakenly identified as prompt
muons, muons are required to be separated by AR > 0.4 from the nearest jet. In cases where a muon
and a jet are reconstructed within AR < 0.4 of one another, the muon is removed if the jet has at least
three associated tracks; otherwise, the jet is removed. This ensures that high-energy muons undergoing
significant energy loss in the calorimeter are not mistakenly considered as jets.

The following preselection criteria are applied, on top of the trigger requirements, to select a sample
enriched in #7 events:

* Lepton selection. Exactly two well-identified leptons of different flavour and opposite charges (eu)
are required to suppress the background from Z+jets and non-prompt leptons events. To minimise the
contamination from events where the two leptons originate from 7-lepton decays, the electron—muon
invariant mass m.,, is required to be above 50 GeV.



* Jet selection. Events with exactly two jets with pt > 20 GeV are selected. This requirement
suppresses the contribution of events with high-pt light-flavour jets from final- or initial-state
radiation or hadronic W-boson decays.

¢ Jet-lepton pair invariant mass selection. There are two unique ways to pair the two leptons
and the two jets. To best associate the objects originating from the same top-quark decay, the

pairing that minimises | /m? , +m> ¢; is chosen, where ji (j2) is the leading(subleading) in pr
of the jet, and ¢; ; are the two leptons. This pairing procedure selects the jet-lepton pairing most
compatible with the top-quark decay topology, for which the invariant mass has a kinematic endpoint
ataround m; , < 150 GeV. Both m;, » and m, ¢ are further required to be above 20 GeV to avoid
mis-modelling associated with very soft objects.

The mis-tagging rate of non-b-jet components in the MC simulation has been corrected with the procedure
described in Section 6. After the correction, the data and MC comparison of the  and pr distributions of
the leading and subleading jets for events satisfying the preselection are shown in Figure 1. In the upper
panel, the pre-fit MC distribution is shown as a breakdown of the ¢ contribution and the non-#f processes.
In the ratio panel, the pre-fit MC distribution is compared with the post-fit MC distribution corrected
by the measured b-jet tagging efficiency and jet flavour composition (measurement method described in
Section 5).

Based on the truth flavour of the leading and subleading selected jets in simulation, events are labelled as
bb, bl, Ib, or ll. Here, [ refers to all non-b jets, including c-jets, of which the contribution is one order of
magnitude smaller than that of light-jets after the preselection. Specifically, bb (/) events are those where
both (neither) of the selected jets are truth b-jets.

Events satisfying the preselection are further categorised depending on the jet—lepton invariant masses
mj, ¢ and mj, , shown in Figure 2 to define a Signal Region (SR) enriched in bb events and three Control
Regions (CR) enriched in /b, bl, and [/ events. These control regions help to estimate the background
contamination from mistagged events. The SR is defined by requiring both m ;, , and m , ¢ to be below
175 GeV. In the SR, the bb purity is approximately 58%; the remaining 42% consists of events where one
or both jets are truth light or charm jets. The categorisation is summarised in Table 1 and the jet flavour
compositions are shown in Figure 3.

Table 1: Definition of signal and control regions for the simultaneous estimate of the b-jet tagging efficiencies and
the jet truth flavour compositions bb, I1, bl, [b. The jet-lepton invariant mass is defined as m; ¢.

Analysis region  Description Selection
SR bb-enriched mji <175 GeV and mp r < 175 GeV
CRyL ll-enriched mj ¢ > 175 GeV and mjp » > 175 GeV
CRgL bl-enriched mji <175 GeV and mjp ¢ > 175 GeV
CRyip Ib-enriched mj ¢ > 175 GeV and mj; r < 175 GeV

The leading jet pr distribution in the SR is shown in Figure 4(a), showing good data—MC agreement within
the total uncertainty. The GN2 score distribution of the leading jet is shown in Figure 4(b) with the six
PCBT bins: [100%, 90%], [90%, 85%], [85%, 77%], [77%, 70%], [70%, 65%], and [65%, 0%]. Each
PCBT bin represents an exclusive interval of the corresponding GN2 score, or equivalently, an interval of
the cumulative b-jet tagging efficiency.
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Figure 1: Distributions of the (a) leading jet p, (b) leading jet 17, (c) subleading jet pr and (d) subleading jet 7,
for events satisfying the selection criteria in data and MC samples. MC events are split into the 77 signal and the
background processes. The total contribution of simulated MC events is normalised to the total data yield. The
bottom panels show the data-to-MC ratio, where the black markers correspond to the pre-fit MC simulation and the
blue markers correspond to the post-fit MC simulation. The error bars represent the statistical uncertainty of the
data. The shaded band, displayed only in the bottom panel, is the sum in quadrature of MC statistical and systematic
uncertainties (described in Section 6) in the pre-fit MC simulation.
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mis-tagging scale factors, as described in Section 6. The total contribution of simulated MC events is normalised to
the total data yield. The bottom panels show the data-to-MC ratio, where the black markers correspond to the pre-fit
MC simulation and the blue markers correspond to the post-fit MC simulation. The error bars represent the statistical
uncertainty of the data. The shaded band is the sum in quadrature of MC statistical and systematic uncertainties
in the pre-fit MC simulation (consisting of detector uncertainties and physics modelling uncertainties described in
Section 6).
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Figure 4: Leading jet (a) pr distribution and (b) GN2 score distribution within the SR, where the six PCBT bins
follow the increase of the GN2 score: [100%, 90%], [90%, 85%], [85%, 77%], [77%, 70%], [70%, 65%] and [65%,
0%]. The non-b-jet contribution in the MC simulation has been corrected by the measured light-jet mis-tagging scale
factors, as described in Section 6. The total contribution of simulated MC events is normalised to the total data yield.
The bottom panel shows the data-to-MC ratio, where the black markers correspond to the pre-fit MC simulation and
the blue markers correspond to the post-fit MC simulation. The error bars represent the data’s statistical uncertainty.
The shaded band is the sum in quadrature of MC statistical and systematic uncertainties in the pre-fit MC simulation
(consisting of detector uncertainties and physics modelling uncertainties described in Section 6).

5 Extraction of the b-jet tagging efficiency

The method of b-jet tagging efficiency extraction based on the maximum likelihood approach has been
documented in detail in Ref. [21] and is briefly summarised below.

In both the SR and three CRs, the selected events are binned into a two-dimensional grid of the leading jet
prt (T'™) and subleading jet pt (T'"). The bin boundaries of [20, 40, 60, 140, 400] GeV are selected to have
enough number of events to perform the H-jet tagging efficiency measurement in each bin and to ensure the
convergence of the likelihood fit. This corresponds to 10 (7™, T™) bins in the SR and in each of the three
CRs. The composition of jet flavour is dependent on the jet pr. For example, the fraction of bb events
in the SR as a function of the leading and subleading jet pt is shown in Figure 5. The lower fraction of
bb events in the low jet pr region is due to a lower purity of ¢f events in this phase space, as compared
with the region of 60 < jet pt < 400 GeV. In contrast, the high jet pr area is dominated by the ¢f process;
therefore ensuring fractions of bb events to be higher than 80%. In the SR, events in each (7", T") bin are
further divided into 6 x 6 PCBT bins of the leading jet (O%) and subleading jet (O”). This categorisation
strategy results in 390 bins in the input to the likelihood fit, including 10 (7™, 7™) in each of the CRs and
360 (T™,T", 0%, OP) bins in the SR.
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The total prediction of each (77", T™) bin in one of the CRs (CRy,, CRpL,, or CR p) is expressed as:

m nN _ _M,n_mn m,n_ mn m,n. mn m,n_m,n
ver(T™. T") = ¢,y Ver b + €or Verwt T € Vera ¥ €10 Yer.r»

that is the sum of the predicted numbers of events v in all jet flavour compositions, each multiplied by the
corresponding jet flavour composition correction factor (cpp, Cpi, c1p OF ¢77). The jet flavour composition
correction factors are shared between the CRs and SR predictions and allow to adjust the jet flavour
composition to data. They are determined for each systematic uncertainty variation, which reduces the
sensitivity to the mis-modelling of jet flavour composition in the simulation and improve the precision of
the measurement. The total prediction of each (T, T", ok, or ) bin in the SR is written as:
k . m, k
vsr(T™,T", 0%, 07) = cyp"ver', - Pu(OF|T™) - Py (OPIT")
. m, k
+ CZ”V?RY’LM - PL(OF|T™) - P (OP|T™)
+ ViR, - PIONT™) - P (0P |T)

SR.Ib
+ "Ry PUOMT™) - P (OP|T™),

where the #;, are the b-jet tagging efficiencies to be measured in PCBT bins for each interval of jet pt
and % are the light-jet mis-tagging rates computed from the MC, where the correction on the light-jet
mis-tagging rate derived from a dedicated calibration analysis has been accounted for and applied to the
total non-b-jet contribution.

The likelihood is defined as:

In L(©) = Z Z (—VCR(C:)) +ncgrln VCR(C:))) + Z (—VSR((:)) +nggIn VSR((:))) , (D
m,n (LL, BL, LB k,p

where ncg is the observed number of events in each (7™, T") bin for the three CRs, ngg is that in each
(Ok, OP,T™,T™) bin for the SR, and

(:) — (pb(Ok |Tm)’ Cl;};n, C;)nl,n’ C;r[z?,n, C?;’n)
is the list of free parameters to be determined. The unitarity constraint is applied to the b-jet tagging
efficiency from all PCBT bins, resulting in five free parameters of #}, in each of the four jet pr bins. In
total, there are fourty jet flavour composition correction factors and twenty 5 ’s to be determined by the fit.
The minimisation of the likelihood with respect to the data, which is evaluated numerically by RooFit [64],
returns the most probable value of ® and their statistical uncertainty due to the finite number of events in
the data.

The likelihood fit has been tested for bias using pseudo-data from the nominal MC simulation and from
MC samples with varied jet flavour compositions. These tests showed the fit introduces negligible bias, so
no additional systematic uncertainty related to the fitting procedure is required.

6 Uncertainties

Uncertainties related to the measurement of the b-jet tagging efficiency arise from both statistical and
systematic origin due to detector effects and physics modelling.
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Figure 5: Fraction of bb flavour events in the signal region from all simulated MC contributions as a function of the
leading and subleading jet pt. Uncertainties are statistical only.

The data statistical uncertainty in the b-jet tagging efficiency is directly taken from the error matrix returned
by the minimisation of the likelihood. The size of the data statistical uncertainty varies from 0.5% in the
[65%, 0%] PCBT bin and medium jet pt range of 60 < pt < 140 GeV to around 10% in the [100%, 90%]
PCBT bin and low jet pt range of 20 < pt < 40 GeV. The uncertainty in the b-jet tagging efficiency due
to the finite number of simulated MC events of all processes is estimated by the bootstrap method [65].
The standard deviation of b-jet tagging efficiency obtained from repeated fits using resampled MC events
is taken to be the MC statistical uncertainty. This uncertainty source is the largest in the [100%, 90%]
PCBT bin and low jet pt range of 20 < pt < 40 GeV, where it reaches 3%. In the other PCBT bins, the
MC statistical uncertainty amounts to no more than 0.5%.

Systematic uncertainties in the b-jet tagging efficiency are estimated by replacing the nominal MC prediction
with a systematic variation and repeating the likelihood fit. The offset between the efficiency from the
nominal fit to the data and the efficiency obtained with the systematic variation is taken to be the systematic
uncertainty of the source under study. The uncertainties of up and down variations of the same systematic
source on the b-jet tagging efficiency are symmetrised with respect to the result of the nominal fit. The
first group of systematic uncertainties from the detector response is related to the uncertainty in the lepton
selection efficiency, the lepton energy correction, energy scale and resolution of jets, the uncertainty in
pile-up modelling and the uncertainty related to the performance of the JVT algorithm [66]. Jet energy
scale and resolution uncertainties are the leading uncertainty sources related to detector response. The
detector uncertainties are below 4% in all bins except the [100%, 90%] PCBT bin in the low jet p range
of 20 < pr < 40 GeV, where it can go up to 18% due to large jet energy scale and resolution uncertainties.
The second group of systematic uncertainties concerns the physics modelling of 77 and single top-quark
production. This group of systematic uncertainties consists of the following:

* Uncertainties originating from PDFs are accounted for by following the PDFALHC recommenda-
tions [67, 68]. The five-flavour scheme with variation on «; is used for the ¢7 production process
and the single top production process in the s- and Wt channels, while the four-flavour scheme is
used for the single top production in the z-channel. The PDF uncertainty is considered uncorrelated
between different processes.
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* Uncertainties in the QCD radiation are evaluated by increasing or decreasing the amount of initial-
state radiation (ISR) and final-state radiation (FSR) within PytHia 8 [37]. These uncertainties are
considered uncorrelated between different processes.

* Uncertainties in the matching between the matrix element calculation and the parton shower are
taken into account by changing the choice of the Powneg-hardness definition and using a different
damping factor. The MC sample of this variation is described earlier in Section 3.

* Uncertainties in the modelling of the parton shower and hadronisation processes are assessed by
comparing the difference between PytHia 8 and HErwiG 7.

¢ The impact of the interference between the single top tW and #f production is investigated by
comparing the difference between the nominal “diagram removal” scheme and the alternative
“diagram subtraction” scheme, as discussed in Section 3.

The size of the #f modelling uncertainties ranges from 0.5% in the [70%, 65%] PCBT bin and medium
pr region of 60 < pr < 140 GeV to 14% in the [100%, 90%] PCBT bin and low jet pr region of
20 < pt < 40 GeV, where the uncertainties in the modelling of parton shower and hadronisation processes
and in the modelling of QCD FSR dominate. The single top modelling uncertainties, dominated by the
difference between the ’diagram removal’ scheme and the ’diagram subtraction’ scheme, are below 1%
except the [100%, 90%] PCBT bin. In the [100%, 90%] PCBT bin, the single top modelling uncertainties
are the largest, where they amount to the maximum of 6% in the region of 140 < jet pt < 400 GeV.
The other sources of physics modelling uncertainties not listed above, including the uncertainties in
the production cross-sections of V+jets and diboson processes, were found to be negligible in previous
measurement of the b-jet tagging efficiencies [21] and are therefore not included in this work.

The last group of systematic uncertainties consists of two sources estimated from dedicated procedures.
The first source is the uncertainty in the rate of electrons not originating from the Z- or W-boson decay
(non-prompt electrons) in the MC simulation. The other uncertainty originates from the correction on
the probability for non-b-jets, mainly light-flavour jets, to mistakenly be identified as b-jets. Non-prompt
leptons are included in the simulation of the nominal MC. Even though non-prompt electrons predicted
by the simulation only reach per-mille level fraction in the total event yield, the mis-modelling of the
non-prompt electron rate is expected to introduce a non-negligible source of uncertainty to the measurement
of the b-jet tagging efficiency. The uncertainty variation on the non-prompt electron rate is derived
from a data-driven approach. First, event selections are carried out as described in Section 4, but two
same-charged leptons are required instead of the nominal opposite-charge selection. Then, the ratio of
data subtracted by the MC contribution with a prompt electron over the MC events with a non-prompt
electron is computed in three coarse bins of electron pt: [0, 150, 300, 400] GeV. The ratio is the
highest for 0 < electron pt < 150 GeV, reaching 5.5 (3.4) in the data taken during 2022 (2023). For
300 < electron pt < 400 GeV, the ratio drops to 1.3 (1.6) for the data taken during 2022 (2023). Finally,
this ratio is applied as correction factors to reweight the events with a non-prompt electron in the nominal
MC as a function of electron pr, thereby producing the uncertainty variation of the non-prompt electron
rate. Typically, the non-prompt electron rate uncertainty is important only in the lowest jet pt bin of
20 < pt < 40 GeV, spanning the range from 1% to 7%.

The central value of the total non-b-jet mis-tagging rate is corrected using scale factors derived from a
dedicated calibration analysis for light-jet mis-tagging rate. The method of the calibration is similar to the
one described in [69]. The light-jet mis-tagging scale factors are compatible with unity for the [100%, 90%]
PCBT bin, and vary between 1.3 and 1.5 most of the other PCBT bins. The impact of the uncertainties
associated with the light-jet mis-tagging rate calibration is evaluated in this measurement. In all PCBT bins
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except the [65%, 0%] PCBT bin, the mis-tagging systematic uncertainties in the b-jet tagging efficiency is
the largest in the first jet pt bin between 20 and 40 GeV. The relative uncertainty amounts to 2% on the
b-jet tagging efficiency in the [100%, 90%] and [90%, 85%] PCBT bins for 20 < jet pt < 40 GeV, where
the fraction of non-truth b-jet is the largest. The mis-tagging systematic uncertainties decreases with a
higher fraction of b-jet contribution in the PCBT bins.

The total uncertainty is the sum in quadrature of the data statistical uncertainty, the MC statistical
uncertainty and all the systematic uncertainties, computed for each PCBT and jet pt bin and ranges from
1% in the [65%, 0%] PCBT bin for 60 < jet pt < 140 GeV to 25% in the [100%, 90%] PCBT bin for
20 < jet pt <40 GeV.

7 Results

With the likelihood fit described in Section 5, measurements of the GN2 b-jet tagging efficiency are
carried out in each PCBT bin as a function of jet pt, as shown in Figure 6. For illustrative purposes,
the measurements are also compared with the efficiency evaluated from simulated ¢7 samples after the
SR selection. For each PCBT bin O and jet pr interval 7™, the simulation-to-data scale factor of the
b-jet tagging efficiency is the ratio of the measured b-jet tagging efficiency (PE‘“"(O" |T"™)) over the b-jet
tagging efficiency in the sum of all nominal MC samples (P?C(Ok |T™))

Data nyk|7m
SF(O*, ™) = 7;3%(—0]{'”.
p (OX[T™)
Scale factors are derived for all PCBT bins as a function of jet pr, as shown in Figure 7. The scale factors,
ranging from 0.9 to 1.3, are applied as weights in ATLAS physics analyses. The post-fit values of the
flavour composition correction factors cpp, Cp1, c1p and cj; range from 0.7 to 1.3, depending on the flavour
composition and jet pr intervals, and are listed in Table 2.

Table 2: Post-fit values of jet flavour composition correction factors cpp, cp, ¢1p and cyy in intervals of leading and
subleading jet pr. Only data statistical uncertainties are quoted.

Leading jet pr [GeV ] Subleading jet pr [GeV ] Correction factors
Chb Chl Clb Cl

20 < pt,1 <40 20 < p12 <40 0.89 + 0.03 0.88 +0.02 0.83 +£0.03 1.02 +£ 0.04

40 < pr; < 60 20 < p12 <40 0.90 + 0.02 0.85 +£0.03 0.78 + 0.05 0.97 £0.04
40 < p12 < 60 0.93 +£0.02 0.89 +£0.05 0.75 + 0.06 1.18 £ 0.10

60 < pt,1 < 140 20 < p12 <40 0.89 £ 0.02 0.85 +£0.02 0.88 + 0.05 0.98 + 0.04
40 < pt2 <60 0.90 = 0.01 0.81 £0.04 0.87 £0.04 1.08 £ 0.07
60 < pt2 < 140 0.90 £ 0.01 0.83 £ 0.04 0.87 + 0.04 1.04 £0.11

140 < pr; < 400 20 < p12 <40 0.82 +0.03 0.82 +£0.03 0.99 +0.10 1.18 £ 0.08
40 < pr2 < 60 0.85 +£0.03 0.66 + 0.06 0.89 + 0.09 1.23 +0.16
60 < pt2 < 140 0.82 +£0.02 0.80 £ 0.06 1.07 = 0.07 1.30 £ 0.16
140 < pr2 < 400 0.78 +0.03 1.21 £0.02 1.21 +0.13 1.06 = 0.03

The uncertainty in the measurement of b-jet tagging efficiency for the [65%), 0%] PCBT bin is summarised in
Figure 8. The leading uncertainties in the low jet pt region are the detector systematic uncertainties, which
are dominated by the uncertainties in the energy scale and resolution of jets. For 60 < jet pr < 140 GeV
where the number of events is the largest, the uncertainty breakdown is summarised for all PCBT bins in
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Figure 6: GN2 b-jet tagging efficiency as a function of jet pt for all PCBT bins: (a) [100%, 90%], (b) [90%, 85%],
(c) [85%, 77%], (d) [77%, 70%], (e) [70%, 65%] and (f) [65%, 0%]. The measurement is shown together with the
efficiency derived from simulated #7 events satisfying the SR selection. Vertical error bars include data statistical
uncertainties only while the green bands correspond to the sum in quadrature of data statistical, MC statistical and
systematic uncertainties. The markers are located at the mean of the b-jet pt distribution in each pt bin.
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Table 3. The total uncertainty in this interval of jet pt ranges between 0.9% and 7.8%, depending on the
PCBT bin. For jet pt larger than 140 GeV, the data statistical uncertainty increases.

~
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Figure 8: Breakdown of the relative uncertainties impacting the b-jet tagging efficiency in the [65%, 0%] PCBT
bin as a function of the jet pr. Detector systematic uncertainties, ¢f modelling uncertainties, single top modelling
uncertainties, non-prompt lepton correction uncertainties, light-flavour jet mis-tagging uncertainties, MC statistical
uncertainties, data statistical uncertainties, and total uncertainties are shown from left to right in each bin of jet pr.

Table 3: Relative uncertainty breakdown for the b-jet tagging efficiency in the 60 < pt < 140 GeV jet pt bin. The
PCBT bins are intervals of cumulative b-jet tagging efficiency.

Relative uncertainty [%] on
b-jet tagging efficiency per PCBT bin

[100%, 90%] [90%, 85%] [85%, 77%] [77%, 70%] [70%, 65%] [65%, 0%]

Source of uncertainty

Detector syst. 2.2 0.3 0.2 0.3 0.2 0.3
tf modelling 4.5 0.7 0.5 0.5 0.5 0.5
Single top modelling 5.2 0.1 0.5 0.6 0.5 0.6
Non-prompt lep. modelling 0.1 0.1 0.2 <0.1 0.1 <0.1
Mis-tagging syst. 0.6 0.5 0.2 0.2 0.1 <0.1
MC stat. 0.5 0.1 0.1 0.1 0.1 0.1

Total systematic uncertainties 7.3 0.9 0.8 0.8 0.8 0.8
Statistical uncertainty 3.0 1.9 1.5 1.6 1.8 0.4
Total uncertainty 7.8 2.1 1.7 1.7 1.9 0.9

8 Conclusion

The b-jet performance of the GN2 algorithm is studied with data recorded by the ATLAS experiment
during the years 2022 and 2023 of Run 3 at a centre-of-mass energy of 13.6 TeV, corresponding to an
integrated luminosity of 56 fb~!.
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The measurement of the b-jet tagging efficiency of the GN2 algorithm in pp collisions relies on a sample
enriched in dileptonic ¢ events, which is obtained by selecting events with exactly two jets, a single electron
and a single muon of opposite electric charge. These selected events are further categorised according to
the pt of the two jets, the invariant mass of the two jet-lepton pairs, and the PCBT bins of the two jets.
The categorised events are used as input to a likelihood fit that simultaneously infers the b-jet tagging
efficiencies and the jet flavour composition of the data. The b-jet tagging efficiencies are measured for jets
with a transverse momentum between 20 and 400 GeV, providing b-jet tagging efficiencies in each PCBT
bin. Simulation-to-data scale factors are then computed in PCBT bins as a function of jet pt by dividing the
measured efficiency in collision data by the expected value in the simulation. The simulation-to-data scale
factors obtained from the measurements are between 0.9 and 1.3. The measured b-jet tagging efficiencies
have a total uncertainty of around 1% for jets with transverse momentum larger than 60 GeV in the [65%,
0%] interval of cumulative efficiency. The precision of the measurement at low jet pt is mostly limited by
the uncertainties in jet energy calibration and physics modelling, while at high jet pr the total uncertainty
receives a larger contribution from the statistical uncertainty of the data. The jet flavour composition
correction factors inferred from the data events are also reported for all intervals of jet pr.

These results validate the outstanding b-jet tagging performance of the GN2 algorithm used by the ATLAS
experiment during the Run 3 data-taking. The central values of the b-jet tagging efficiency scale factors of
the GN2 algorithm are provided to ATLAS physics analyses, along with the uncertainties and correlation
scheme of uncertainties sources across jet pr and PCBT bins.
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