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Transforming jet flavour tagging at ATLAS

The ATLAS Collaboration*

Jet flavour tagging enables the identification of jets originating from heavy-

flavour quarks in proton–proton collisions at the Large Hadron Collider,

playing a critical role in its physics programmes. This paper presents GN2, a

transformer-based flavour tagging algorithm deployed by the ATLAS Colla-

boration that represents a different methodology compared to previous

approaches. Designed to classify jets based on the flavour of their constituent

particles, GN2 processes low-level tracking information in an end-to-end

architecture and incorporates physics-informed auxiliary training objectives

to enhanceboth interpretability andperformance. Its performance is validated

in both simulation and collision data. Themeasured c-jet (light-jet) rejection in

data is improved by a factor of 3.5 (1.8) for a 70% b-jet tagging efficiency,

compared to the previous algorithm. GN2 provides substantial benefits for

physics analyses involving heavy-flavour jets, such as measurements of Higgs

boson pair production and the couplings of bottom and charm quarks to the

Higgs boson, and demonstrates the impact of advanced machine learning

methods in experimental particle physics.

The Large Hadron Collider (LHC)1 is the world’smost powerful particle

collider. It is used to extend the boundaries of our understanding of

fundamental particles and their interactions. It offers a unique

opportunity to test the StandardModel (SM)of particle physics, aswell

as search for new phenomena beyond the Standard Model (BSM). The

demanding experimental conditions at the LHC necessitate con-

tinuous innovation by the main experiments, pushing them to apply

cutting-edge technologies to efficiently identify physics processes of

interest within the largest proton–proton (pp) collision dataset ever

recorded. Hadronic jets, collimated streams of particles initialised by

quarks or gluons, are themost abundant physics objects inpp collision

events, and their characteristics are widely utilised in data analyses.

Theflavour of a hadronic jet isdeterminedby the types of hadrons

or leptons it contains. Flavour tagging concerns the classification of

hadronic jets into those containing b-hadrons (b-jets), c-hadrons

(c-jets), hadronic τ-lepton decays (τ-jets), and none of the above (light-

jets), using algorithms sensitive to the distinctive properties of the

respective classes. Since the beginning of Run 1 of the LHC

(2009–2013), the ATLAS experiment2,3 has achieved continuous

improvement in the performance of these algorithms. The progress

has mostly been driven by the integration of machine-learning tech-

niques, including boosted decision trees and neural networks. The

state-of-the-art algorithms used thus far to analyse the data at

ffiffiffi

s
p

= 13TeV from Run 2 of the LHC (2015–2018)4,5 led to very impactful

physics results such as the observations of the Higgs boson decaying

to bottom quarks6 and its production in association with a pair of top

quarks7. Flavour tagging plays an essential role in the comprehensive

research programme of ATLAS, which includes precision measure-

ments of the Higgs boson8, top quark9 and other SM processes10, as

well as the searches for supersymmetry11 and other BSM phenomena12.

This work describes a flavour tagging algorithm developed by the

ATLAS Collaboration for the analysis of data from pp collisions

recorded during Run 2 (2015–2018) and Run 3 (2022–2026) of the LHC

at centre-of-mass energies of
ffiffiffi

s
p

= 13TeV and
ffiffiffi

s
p

= 13:6TeV,

respectively.

Flavour-tagging techniques rely on the long lifetime, high mass,

high decay multiplicity and characteristic decay modes of b- and c-

hadrons, and the properties of heavy-quark fragmentation13. The

typical lifetime of the order of τ ≈ 1.5 ps13–15 for b-hadrons in jets with

transversemomenta in the range from tens to hundreds of GeV results

in them travelling a mean flight length 〈l〉 = βγcτ in the range from few

millimetres to centimetres before decaying, which often leads to a

secondary vertex significantly displaced from the collision point. Dis-

placed vertices can also be produced by c-hadrons, which have life-

times of τ ≈0.2–1.0 ps, depending on the species16–18, and τ-leptons,

which have a lifetime of τ ≈0.29 ps but a much lower decay
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multiplicity18,19. The majority of b-jets also contain a tertiary vertex

from the decay of the c-hadron produced in the b-hadron decay.

The traditional flavour-tagging algorithms developed by the

ATLAS Collaboration are based on a two-stage approach4,5,20. In the

first step, specialised low-level algorithms employ complementary

approaches to extract information from the trajectories of the

charged-particle constituents (‘tracks’) associated with the jet. These

specialised algorithms either rely on the properties of individual tracks

or leverage their correlations with properties of other tracks to expli-

citly reconstruct displaced vertices. In the second step, the outputs of

low-level algorithms are subsequently combined in a high-level mul-

tivariate classifier to maximise performance. The most recent algo-

rithm employed by the ATLAS Collaboration, following this paradigm,

is a deep neural network (DL1d) that leverages a low-level track-based

algorithm (DIPS)21 based on Deep Sets22. DL1d has already improved

the performance by a factor of 1.3 relative to the most advanced

algorithm used in published Run-2 physics analyses5.

The introduction of graph neural networks for object recon-

struction in particle physics experiments23 prompted a shift in the

design strategy of the ATLAS Collaboration. This led to the devel-

opment of the General Network (GN) series of flavour-tagging algo-

rithms, which directly process track and jet information and are

trained using target labels extracted from Monte Carlo (MC) simu-

lation. In parallel, the CMS Collaboration followed a similar trajec-

tory, evolving from two-stage approaches24,25 to unified, end-to-end

network architectures26–28.

The ATLAS GN tagger uses jet flavour prediction as its primary

training target and introduces auxiliary training objectives to recon-

struct the internal structure of a jet by grouping tracks originating

from a common vertex and by predicting the underlying physics

process from which each track originated. Such physics domain

knowledge is embedded in a combined loss function that enables a

simultaneous optimisation, instead of relying on manually optimised

low-level algorithms. This flexible structure allows the swift re-tuning

of the algorithms to suit alternativeexperimental conditions or physics

goals. A demonstrator version, GN1, achieves the above design goals

using a graph-neural-network29, while the deployment version, GN2,

applies a single transformer model30, illustrated in Fig. 1. Details of the

algorithm architectures are summarised in the ‘Methods’ section,

together with descriptions of the ATLAS detector, simulation samples,

physics objects, and analysis strategies.

GN2 achieves a remarkable performance boost compared with

theDL1d algorithm, with improvements by a factor of 1.5-4 observed in

its major experimental applications. The deployment of GN2 should

greatly enhance the physics reach of ATLAS in flagship analyses, such

as the search for Higgs pair production and the c-quark Yukawa cou-

pling measurement, for which the projected sensitivity at the High

Luminosity LHC is improved by up to 30%31. These improvements do

not comewith a strongdependence on the choice and configurationof

theMC event generator, and are confirmed bymeasured performance

in recorded collisions. The innovative auxiliary training objectives

bring excellent interpretability and opens up new avenues for future

applications.

To facilitate future developments and strengthen the connections

between collider experiments and the broader scientific research

community, a subset of the training sample with all the required

information to train GN2 can be acquired via the CERN Open Data

Portal32,33.

Results
Algorithm performance in simulation
The performance of a b-tagging algorithm is evaluated based on its

ability to reject c-, τ- and light-jets while maintaining a desired b-jet

tagging efficiency. Similarly, the c-tagging performance is assessed by

its capability to distinguish c-jets from the other jet flavours. The data

samples used for training and evaluation of the model must contain

jets from all flavour classes. This is achieved using jets sampled from a

mixture of simulated top quark pair (tt) and Z 0 events, where the latter

sample considers a hypothetical heavy BSM particle, Z 034, which can

decay into pairs of b-quarks, c-quarks, τ-leptons or light quarks, to

populate jets in the TeV regime. The samples are simulated with MC

event generators at centre-of-mass energies of both
ffiffiffi

s
p

= 13TeV and
ffiffiffi

s
p

= 13:6TeV. All simulated events are processed through the ATLAS

detector simulation35 based on GEANT436–38. Further details on the

simulation samples and the jet flavour labelling are discussed in the

‘Methods’ section. A mixture of samples generated at
ffiffiffi

s
p

= 13:6TeV

Fig. 1 | Illustration of the GN2 algorithm with jet and track input variables,

discriminatingbetween jetflavours by exploiting secondary vertices andother

properties stemming from the displaced decays of b-hadrons, in the

transverse plane. The jet features are copied for each track associated with the

jet. The combined vectors are then fed into a per-track initialisation network,

followed by a transformer encoder and a global representation of the jet. njf (ntf)

corresponds to the number of jet (track) features. The pooled jet representation

and output track embeddings are provided as inputs to the three task-specific

networks. Details of the GN2 architecture are summarised in the ‘Methods’

section.
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and
ffiffiffi

s
p

= 13TeV is used in the training, to achieve similar performance

in both conditions. In this section, the performance evaluated with

Run-3 samples at
ffiffiffi

s
p

= 13:6TeV is presented. Jets are classified for b-

tagging using a single discriminantDb, which combines the algorithm’s

jet flavour prediction output probabilities of a jet being a b-jet (pb), a c-

jet (pc), a τ-jet (pτ) or a light-jet (pu) and is defined as:

Db = log
pb

f cpc + f τpτ + 1� f c � f τ
� �

pu

 !

: ð1Þ

A jet is considered b-tagged if it has a Db score larger than a given

value. A selection on Db defines an operating point (OP) associated

with a certain inclusive b-jet tagging efficiency, calculated as the frac-

tion of b-jets that are b-tagged. Themis-tagging rate for c-, τ- and light-

jets is determined by the fraction of jets that are mistakenly b-tagged,

for that given jet flavour, and the rejection is the reciprocal of the mis-

tagging rate. The ATLAS Collaboration uses a sample of simulated t�t

events, where most jets have a pT below 250GeV, to derive the OPs.

The free parameters fc(τ)determine the relativeweighting betweenpc(τ)
and pu in the discriminant Db. The specific value of fc is determined

through an optimisation procedure aimed at obtaining a certain bal-

ance between rejections of c-jets and light-jets in simulated tt events.

The value of fτ is optimised to maximise the τ-jet rejection, while

ensuring a negligible impact upon the c-jet and light-jet rejection. In

the case of GN2, fc(τ) is set to 0.2 (0.05), while for DL1d, which does not

have a τ-jet output in themodel, fc is set to 0.018. ForGN2, fc is tuned to

reach a much higher c-jet rejection, while still achieving a better light-

jet rejection, compared with DL1d.

Figure 2 illustrates the tagger performance in terms of the c-jet,

light-jet and τ-jet rejection as a function of the b-jet tagging efficiency.

In both the tt and Z 0 samples, GN2 exhibits significantly better back-

ground rejection compared with DL1d across the entire range of b-jet

tagging efficiencies. The degree of improvement depends on the b-jet

tagging efficiency. In the tt sample, the c-jet (light-jet) rejection of GN2

improves bymore than a factor of 3 (1.6), compared with DL1d, for the

most commonly used 70% OP. The performance of both algorithms

starts degrading once the jet pT reaches around 200GeV, due to sev-

eral confounding factors, including suboptimal tracking performance

in dense environments where the spatial separation between tracks

becomes smaller39. In the Z 0 sample, applying the 70% OP selection on

Db yields a b-jet tagging efficiency of 30%, and the c-jet (light-jet)

rejection of GN2 improves by more than a factor of 3 (4), compared

with DL1d. The inclusion of a τ-jet output node in GN2 leads to an even

greater enhancement in the τ-jet rejection, by up to a factor of 8 (9) for

jets in the tt (Z 0) sample, without significantly degrading the c-jet and

light-jet rejection.

The performance of a c-tagging algorithm is evaluated based on

its ability to reject b-, τ- and light-jets while maintaining a desired c-jet

tagging efficiency. Due to the end-to-end architecture that does not

rely on low-level tagger inputs, GN2 can seamlessly be adapted as a c-

tagging algorithm without re-training any lower level algorithms.

Similar to b-tagging, a discriminant, Dc, is constructed as:

Dc = log
pc

f bpb + f τpτ + 1� f b � f τ
� �

pu

 !

, ð2Þ

Fig. 2 | b-tagging performance of GN2 and DL1d evaluated in MC simulations.

The c-jet (solid), light-jet (dotted-dashed), and τ-jet (dashed) rejections as a func-

tion of the b-jet tagging efficiency for a jets in the t�t sample with 20 < pT < 250GeV

and b jets in the Z 0 sample with 250< pt < 6000GeV, for both GN2 (light blue) and

DL1d (dark orange). The performance of GN2 with respect to DL1d is shown in the

bottom panels. The 68% confidence intervals calculated assuming no correlations

between the rejections are indicated by the shaded regions, and the uncertainty on

each rejection is obtained according to a binomial distribution.
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where fb(τ) is the free parameter that controls the flavour composition

of the background in the background hypothesis. The value chosen for

fb(τ) is 0.3 (0.01) for GN2, while for DL1d, fb is 0.1, following a similar

optimisation procedure as for Db.

The c-tagging performance of DL1d and GN2 are compared in

Fig. 3, which shows a significant improvement in performance across

all c-jet tagging efficiencies. The b-jet (light-jet) rejection is enhanced

by a factor of approximately 1.8 (2.2) in the tt sample at a 30% c-jet

tagging efficiency, which is a typical choice in measurements of the c-

quarkYukawa coupling40. Theb-jet (light-jet) rejection is increasedbya

factor of approximately 2.7 (4.7) in the Z 0 sample at a corresponding

efficiency of 10%. The τ-jet rejection is improved by a factor of

approximately 15 (40) in the tt (Z 0) sample.

Algorithm performance in collision data
Due to imperfections in thephysicsmodellingof theMCgenerator and

in the simulated detector response, the distribution of the input vari-

ables to the algorithms and their correlations differ between collision

data and simulation, resulting in a performance difference. It is not

practical to correct each individual mis-modelled variable, so dedi-

cated calibration analyses are employed to measure the tagging effi-

ciency of b-jets, c-jets and light-jets for pre-definedOPs directly4,41,42. In

the case of the GN2 algorithm, five OPs are defined corresponding to

inclusive b-jet tagging efficiencies of 65%, 70%, 77%, 85% and 90%while

for DL1d four OPs are constructed corresponding to inclusive b-jet

tagging efficiencies of 60%, 70%, 77% and 85%. The results presented in

this paper are derived using pp collision data recorded during Run 2 of

the LHC at
ffiffiffi

s
p

= 13 TeV, corresponding to an integrated luminosity of

140 fb−1. The tagging performance in data for b-jets, c-jets, and light-

jets is measured, in order to obtain jet-flavour-dependent simulation-

to-data correction factors, binned in jet pT. They are applied to MC-

simulated jets to rescale their tagging efficiencies and mis-tagging

rates to match those measured in collision data. The calibration of b-

jets and c-jets is done with t�t events4,41, while the calibration of light-

jets is performed using jets produced in association with a Z boson42.

Details of the calibration analyses are provided in the ‘Methods’

section.

Figure 4 presents the calibrated tagging efficiencies and rejec-

tions of GN2 and DL1d, along with their associated uncertainties, for

each OP. The inclusive efficiencies and rejections are obtained by

averaging over the events in a simulated tt sample after requiring the

presence of one reconstructed electron or muon. The original effi-

ciencies from the simulated sample are included as references,

enabling a direct comparison that shows similar agreement between

data and simulation for both GN2 and DL1d. The GN2 tagger

demonstrates clear improvements over DL1d in collision data. For

instance, the measured c-jet (light-jet) rejection in data is increased

by a factor of 3.5 (1.8) for the 70% OP. The measurements in data

provide conclusive evidence of the enhanced performance enabled

by advanced machine-learning algorithms in identifying heavy-

flavour jets at the LHC.

Discussion
Key challenges with machine-learning algorithms based on low-level

inputs, such as GN2, include the potential loss of interpretability and

the need to ensure consistent performance across different MC

simulationmethods. Robustness against these potential shortcomings

is critical to prevent the algorithm from relying on unphysical features

Fig. 3 | c-tagging performance of GN2 and DL1d evaluated in MC simulations.

The b-jet (solid), light-jet (dotted-dashed), and τ-jet (dashed) rejections as a func-

tion of the c-jet tagging efficiency for a jets in the t�t sample with 20 < pT < 250GeV

and b jets in the Z 0 sample with 250< pt < 6000GeV, for both GN2 (light blue) and

DL1d (dark orange). The performance of GN2 relative to DL1d is shown in the

bottom panels. The 68% confidence intervals calculated assuming no correlations

between the rejections are indicated by the shaded regions, and the uncertainty on

each rejection is obtained according to a binomial distribution.
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of the training sample. In this section, these aspects are discussed

further.

Physics inspiration and the auxiliary training objectives
Akey strength of theGN2model lies in its physics-inspired constraints,

which aid the main task of jet classification while also improving the

interpretability of the model. This is accomplished by incorporating

two additional training objectives: predicting the origin of tracks

associated with the jet and determining which tracks originate from

commonvertices. Theseobjectives are not strictly necessary for the jet

classification task and are therefore referred to as auxiliary training

objectives. The technical implementation details are provided in the

‘Methods’ section.

The track classification auxiliary training objective aims to esti-

mate the probability that a track originates from one of the following

physical processes: a pile-up interaction43; the primary hard-scatter

interaction; the decay of a b-hadron; the decay of a c-hadron produced

by a b-hadron; the decay of a c-hadron; the decay of a τ-lepton; or any

other secondary source. Class-weighted losses are applied during

training tomitigate the class imbalance, and tracks are classified by the

highest-probability category during evaluation. The class weights are

fixed andbasedon the inverse class frequencies in the training dataset.

The classification efficiency refers to the probability for the track’s

origin to be correctly predicted, in a group of tracks with certain target

origins, while the purity corresponds to the fraction of correctly pre-

dicted tracks, within a group of tracks with specific predicted origins.

When combining the two categories involving a b-hadron, GN2

achieves an efficiency (purity) of 84% (84%). For tracks that are not of

heavy-flavour (HF) origin, the efficiency (purity) is 85% (96%). The

above performance is evaluated in Run-3 samples at
ffiffiffi

s
p

= 13:6TeV.

The vertex finding auxiliary training objective aims to identify

groups of tracks that originate from a common spatial point. Each pair

of tracks in the jet is classified to determine whether they share the

same vertex. Using these pair-wise compatibility scores, track groups

(vertices) are formed via a union-find algorithm44. SV1, an existing

secondary vertex reconstruction algorithm detailed in ref. 5, serves as

a reference algorithm. SV1 reconstructs a single inclusive vertex,

whereasGN2 can identifymultiple vertices of various typeswithin a jet.

Therefore, an aggregationprocedure is applied to theoutput ofGN2 to

enable a direct comparison with the single inclusive vertex produced

by SV1. To study the vertex properties of b-jets, the identified vertex

containing the most tracks that have a predicted primary origin is

removed, as this is likely to be the vertex associated with the primary

hard-scatter interaction. Next, the remaining GN2 vertices that include

at least one track predicted to have a HF origin are consolidated into a

single inclusive vertex.

An inclusive reference vertex is constructed in simulated events,

by combining all tracks from simulation-level secondary vertices

within the jet that consist solely of HF tracks. A Billoir fit45 is performed

on the tracks selected by the GN2 and SV1 vertex finding algorithms to

obtain the transverse displacement of the vertex, Lxy. Figure 5 presents

the Lxy distribution for vertices obtained with GN2 and DL1d in b-jets

from a simulated tt sample, compared to the expected distribution

derived from the inclusive reference vertex. GN2 consistently achieves

higher vertex-finding efficiency than SV1 across the entire distribution

of Lxy. The mass of the secondary vertex can also be calculated using

the momenta of tracks selected by the vertex finding algorithms. The

distribution of the secondary vertex mass normalised to unity is also

shown in Fig. 5. Remarkably, the mass of the secondary vertices

reconstructed by GN2 exhibits good agreement with the mass of the

inclusive reference vertex, despite the vertexmass not being explicitly

targeted during training. Unlike SV1, GN2 does not impose explicit

selections on track properties such as impact parameters. This leads to

a higher efficiency, albeit with a small contamination from non-HF

tracks, which results in a slightly larger secondary vertex mass.

GN2 identifies all types of vertices including those from material

interactions, photon conversions, and in-flight decays of light hadrons.

Consequently, the rate of vertices reconstructed in light-jets, defined

as the fraction of light-jets containing a GN2 inclusive vertex, is

expected to be much higher compared to SV1 if no selections are

applied in the aggregation procedure described above. Figure 6 con-

firms thiswith light-jets in the simulated tt sample and shows that once

requiring the GN2 inclusive vertex to contain at least one track with

predicted HF origin, the vertexing rate is dramatically reduced, down

to the same level as SV1.

To test the impact of the auxiliary objectives on the performance of

the main jet classification task, various GN2 configurations are trained

and tested. The resulting c-jet and light-jet rejections are reduced by up

to 30% in both the tt and Z 0 samples, if both auxiliary objectives are

disabled. Disabling only one of them is sufficient to recover most of the

performance loss, indicating that the two tasks are highly correlated in

their contributions to the main jet flavour tagging objective.

Although the outputs from the auxiliary tasks described above

mainly serve as a way to improve HF jet identification, with future

Fig. 4 | b-tagging performance of GN2 and DL1d measured in data and MC

simulations. The a light-jet rejection and b c-jet rejection as a function of the b-jet

tagging efficiency for GN2 (light blue) and DL1d (dark orange), directly obtained in

simulation (hollowed circle) and rescaled to match those in collision data (solid

point). The horizontal error bands correspond to the uncertainties associated with

theb-jet tagging efficiencymeasurement,while the vertical error bands indicate the

uncertainties associated with the rejection measurements. A tt MC simulation

sample with a reconstructed electron or muon is used to derive these results.
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development, their direct usage in physics analyses remains a pro-

mising possibility.

Robustness against generator modelling variations
Flavour-tagging algorithms are sensitive to the modelling of parton

showering, hadronisation, the underlying event and the properties of

heavy-hadron decays46. To evaluate the robustness of the algorithm

against modelling variations, a comparative study of the GN2 perfor-

mance in the nominal simulated tt sample used during training and

samples producedwith alternative generator settings, bothwith Run-2

conditions at
ffiffiffi

s
p

= 13TeV, is performed.

The event and showering generators adopted for the nominal

sample are POWHEGBOX
47–50 and PYTHIA

51, respectively. The alternative

samples include theuseof a different showering generator (HERWIG
52–54),

whilst keeping the same event generator, and the use of SHERPA55, which

applies a different approach to all parts of the event generationmodel.

The ratio between the efficiency obtained with an alternative gen-

erator setup and with the nominal setup is used to quantify the gen-

erator dependence of the algorithms.

Table 1 shows these ratios forb-jets, c-jets, and light-jets at the 70%

and85%OPs. Across the tested generators, theGN2performance forb-

jets agrees to within 1–2%, for c-jets the agreement is within 10%, and

for light-jets the agreement is within 4%. Similar agreement is also

observed for other OPs. The level of relative disagreement between

DL1d and GN2 is close to unity, suggesting that despite the GN2model

being significantly more complex, it does not induce additional gen-

erator dependence.

Methods
The ATLAS detector
TheATLASexperiment2,3 at the LHC is amultipurposeparticle detector

with a forward-backward symmetric cylindrical geometry and a solid-

angle coverage of almost 4π. It is used to record particles produced in

pp collisions at the LHC through a combination of particle position and

energy measurements. It includes an inner-tracking detector (ID) sur-

rounded by a thin superconducting solenoid providing a 2 T axial

magnetic field, electromagnetic and hadronic calorimeters, and a

muon spectrometer. The ID consists of silicon pixel, siliconmicrostrip,

and transition radiation tracking detectors. The muon spectrometer

surrounds the calorimeters and is based on three large super-

conducting air-core toroidal magnets with eight coils each providing a

field integral of between 2 Tm and 6Tm across the detector.

An extensive software suite56 is used in data simulation, the

reconstruction and analysis of real and simulated data, detector

operations, and the trigger and data acquisition systems of the

experiment.

Monte Carlo simulation samples
The tt events at

ffiffiffi

s
p

= 13TeV are modelled using the POWHEGBOX[v2]47–50

event generator at next-to-leading-order (NLO) in the strong coupling

Fig. 6 | The rate of inclusive vertices reconstructed by the GN2 algorithm in

light-jets asa functionof the jetpT, without any selections (dotted-dashed) and

with the requirement of the vertex containingat leastone trackwithpredicted

HForigin (solid).Results from the SV1 algorithmare added as a reference (dotted).

The 68% confidence intervals calculated according to a binomial distribution are

indicated by the shaded regions.

(b)

Fig. 5 | Secondary vertexproperties reconstructed using tracks grouped by the

GN2 and SV1 algorithms. The a transverse displacement and the b mass of the

secondary vertex obtained by the GN2 (solid) and the SV1 (dotted) algorithms.

While the transverse displacement is calculated via a Billoir fit performed on the

tracks assigned to the vertexby the respective algorithm, the vertexmass is defined

as the invariant mass of the same set of assigned tracks. MC truth (dashed) corre-

sponds to an inclusive reference vertex derived from all tracks associated to

simulation-level vertices containing only b-hadron tracks. The last bin in each plot

includes overflow.
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constant αs with the NNPDF3.0 NLO57 parton distribution function

(PDF) set and thefirst-gluon-emission cut-off scale parameterhdamp set

to 1.5mt, with a top-quark mass of mt = 172.5 GeV. Parton shower,

hadronisation, and the underlying event are modelled by interfacing

POWHEGBOX[v2] to PYTHIA 8.23051, using the A14 set of tuned parameters58

and the NNPDF2.3LO PDF set59. The decays of b- and c-hadrons are

performed by EVTGEN 1.6.060.

The Z 0 events at
ffiffiffi

s
p

= 13TeV used to enrich the dataset with high-

pT jets are generated using PYTHIA 8.243 with the A14 set of tuned

parameters for the underlying event and the leading-order (LO) NNPDF

2.3LO PDF set. A broad jet pT spectrum with an almost uniform dis-

tribution between 250GeV and 1.5 TeV and a tail expanding to 6 TeV is

obtained by applying a weighting factor that modifies the original

cross-section of the Z 0 resonance. The decays to b�b, c�c, and light-

flavour quark pairs are set to have equal branching ratios, while the

branching ratio to τ�τ is set to 5%. The decays of b- and c-hadrons are

performed by EVTGEN 1.7.0.

The tt and Z 0 events at
ffiffiffi

s
p

= 13:6TeV are produced using the same

setups, but with newer versions of PYTHIA (8.308) and EVTGEN (2.1.1).

The impact of using different generators and models for parton

shower and hadronisation is studied with simulated tt events from

alternative generator setups. Two scenarios are considered, where

either only the showering algorithm is varied, or the entire chain is

changed. The former is achieved by interfacing the POWHEGBOX[v2]

generator with the HERWIG[7.2.1]52–54 showering algorithm using the

HERWIG[7.1] default set of tuned parameters, with the NNPDF 3.0 NLO set

of PDFs. The latter is realised with the SHERPA[2.2.12]55 generator, using

NLO-accuratematrix elements for up toone additional parton, and LO-

accurate matrix elements for up to four additional partons, calculated

with the COMIX61 and OPENLOOPS
62–64 libraries. The SHERPA parton

shower65,66 is appliedusing theMEPS@NLOprescription67–70 and the set of

tuned parameters developed by the SHERPA authors to match the NNPDF

3.0 NNLO set of PDFs.

Objects for flavour tagging
ATLAS uses a right-handed coordinate system with its origin at the

nominal interaction point in the centre of the detector and the z-axis

along the beam pipe. The x-axis points from the nominal interaction

point to the centre of the LHC ring, and the y-axis points upwards.

Cylindrical 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 tanðθ=2Þ. Angular distance is

measured in units of ΔR �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 + ðΔϕÞ2
q

.

The fundamental objects for flavour tagging are jets, tracks, and

vertices. A concise description of these objects is provided below,

while a detailed description is available in ref. 5.

Tracks are reconstructed from ID information39,71. To be con-

sidered for jet flavour tagging they are required to be within ∣η∣ < 2.5,

have pT >0.5 GeV and satisfy criteria designed to reject fake andpoorly

measured tracks72.

Primary vertices (PVs) are reconstructed from tracks in the lumi-

nous region of the colliding LHC beams using an adaptivemulti-vertex

filter73,74. The PV with the highest sum of squared transverse momenta

pT of contributing tracks is selected as the primary interaction point

(IP) and provides the reference point in an event. The distance of

closest approach of a track to the IP, the ‘perigee’, is indicated in the

transverse plane by the transverse impact parameter d0. The long-

itudinal separation between the IP and the point on the track where d0
is measured, is indicated by the longitudinal impact parameter z0.

Tracks with large impact parameters can indicate the presence of

displaced decays, providing vital information to the flavour tagging

algorithms.

The DIPS and GN2 algorithms require tracks to be reconstructed

from at least 8 hits in the silicon detector, at most one of which con-

tributes to two tracks, atmost two ‘holes’ in the silicon detector, and at

most one hole in the pixel detector, where hole denotes a hit missing

whereone is expected from the track trajectory. Further, requirements

on the track impact parameters, ∣d0∣ < 3.5mm and jz0 sinθj< 5mm,

retain charged particle tracks originating fromHFhadron decayswhile

suppressing tracks from other sources.

Jets are reconstructed using the anti-kt algorithm
75 with radius

parameter R =0.4 using the ‘fastjet’ package76. The input constituents

are ‘particle-flow’ objects77 which combine signals in the ATLAS

calorimeters and ID to exploit precision tracking information for low-

pT charged hadrons spatially matched with calorimeter energy

deposits. The jet pT is corrected to the corresponding particle-level jet

pT using calibration techniques described in ref. 78. The jets are

required to have pT > 20GeV (to be within the valid calibration range)

and ∣η∣ < 2.5 (to be within the tracking fiducial volume set by the ID

acceptance) to be considered for flavour tagging. Additionally, jets

frompile-up interactions are suppressed by the ‘jet vertex tagger’ (JVT)

algorithm79, which uses the ID tracks associated with the jet to form a

multivariate discriminant. The JVT efficiency for jets originating from

the IP is 92% in the simulation. The jet axis, derived from the sumof the

momenta of the jet constituents, is used when associating tracks with

the jet and when assigning a lifetime sign to the tracks’ impact para-

meters. Tracks are associated with a given jet by setting a maximum

allowed angular separationΔR between the trackmomenta, defined at

the perigee, and the jet axis. TheΔR requirement varies as a functionof

the jet pT to account for decay products from b-hadrons with larger pT
being more collimated, ranging from 0.45 for jet pT = 20GeV to 0.26

for jet pT > 150GeV. If a track can be associated with multiple jets, it is

assigned to the jet closest in ΔR. The sign convention for the lifetime-

signed impact parameters assigns a positive sign if the track intersects

the jet axis in the transverse plane in front of the IP, and a negative sign

if the intersection lies behind the IP20. The flavour labels of jets in

simulation are assigned depending on the hadrons associated with the

jet. The set of weakly decaying hadrons and hadronically decaying τ-

leptons with pT > 5GeV within a ΔR <0.3 cone around the jet axis

determines the jet flavour following a sequential labelling decision

tree. A jet is labelled a b-jet if it contains at least one b-hadron with

pT > 5GeV, a c-jet (τ-jet) if it contains at least one c-hadron (hadronic τ-

lepton decay) and no b-hadron, and otherwise it is called a light-jet,

where the latter is an inclusive label for the jets originating from a light

quark or gluon. These labels are used both for training the algorithms,

and for evaluating their performance.

Targets for the auxiliary training objectives are obtained from the

simulation-level event record. Tracks are matched with simulation-

level particles using the approach in ref. 39. Track-origin labels are

obtained by analysing the decay history of thematched particles,while

track-pair-compatibility labels are obtained by considering the

Table 1 | Ratiosof theefficienciesobtainedwith samples using
alternative MC generators, relative to those in the nominal
POWHEGBOX + PYTHIA sample used during training of the
algorithm

70% OP 85% OP

DL1d GN2 DL1d GN2

POWHEGBOX + HERWIG b-jets 0.984 0.984 0.989 0.990

c-jets 0.951 0.904 0.977 0.983

light-
jets

1.003 1.000 1.015 1.011

SHERPA b-jets 0.996 0.995 0.992 0.992

c -jets 0.923 0.938 0.947 0.931

light-
jets

1.039 1.013 1.077 1.042

Statistical uncertainties from evaluating the same algorithm on different samples are negligible

and thus not shown.
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production vertices of the matched particles. Production vertices

within 0.1mm in 3D space are merged to account for the finite reso-

lution of the detector, and the matched track-pairs are assigned the

same label.

The algorithm architecture
The primary flavour tagging algorithm presented is GN2, which

directly learns fromthe chargedparticle tracks via a transformer-based

model. Another algorithm, DL1d, which follows previous approaches

of combining inputs from several low-level taggers in a multivariate

technique, is also discussed as a baseline reference.

Both algorithms are trained on a dataset created from combining

the simulated tt and Z 0 samples described earlier in this section. Jets

with 20GeV < pT < 250GeV are taken from the tt sample and those

with 250GeV < pT < 6TeV from the Z 0 sample. The b-jets, light-jets and

τ-jets are re-sampled in pT and η to match the corresponding c-jet

distributions, thereby preventing the models from discriminating

between jet flavours based on relative kinematic differences. All input

variables to the algorithm training are normalised to have zero mean

and unit variance. A coarse optimisation of hyperparameters, such as

the number of layers, is carried out for both algorithms, and the

AdamW80 (Adam81) optimiser is used for training GN2 (DL1d) with the

learning rate and optimisation schedule defined below.

The GN2 algorithm is an end-to-end architecture without any

intermediate taggers involved, as illustrated in Fig. 1. It is based on the

GN129 demonstrator version of the algorithm, replacing the Graph

Attention Network82 with a Transformer30 along with other archi-

tecture optimisations. GN2 directly accepts information about the jet

and associated tracks that are provided by the standard event recon-

struction. This results in a simpler and more flexible algorithm which

can be easily reoptimised for different physics objectives, such as the

identification of highly energetic Higgs bosons decaying into b- or c-

quark pairs83, jet energy regression84, exotic jet tagging85, and jet fla-

vour tagging in the ATLAS high-level trigger86. Additionally, when

compared with DL1d, GN2 is trained to recognise an additional class of

jets that originate from hadronic τ-lepton decays.

First, the jet features are concatenatedwith afixed-size array of 40

track feature vectors, with unused elements masked when fewer than

40 tracks are available, allowing it to handle variable track multiplicity

without zero-padding. Tracks with smaller absolute track impact

parameter significance5 are dropped if there are more than 40 tracks.

The same inputs as for GN129 are used, except the variables related to

holes in the silicon tracker, which were found to have no impact on

performance. A complementary interpretability analysis using inte-

grated gradients shows that the impact parameter significances and

angular variables emerge as particularly influential87. The combined

vectors are then fed into a per-track initialisation network, which is

composed of a single hidden layer and an output layer of size 256.

Next, a four layer transformer encoder with eight attention heads is

used to produce track representations that incorporate information

from other tracks inside the jet. The transformer has an embedding

size of 256 and a feed-forward dimension of 512, and uses pre-

LayerNorm88. After the transformer encoder, the output track repre-

sentations are projected down to dimension 128, and a global repre-

sentation of the jet is produced using attention pooling89. The pooled

jet representation andoutput track embeddings areprovided as inputs

to the three task-specific networks. The primary objective, jet classifi-

cation, uses only the pooled jet representation and has an output layer

of size 4, providing pb, pc, pu and pτ for thefinal discriminant definition.

The two auxiliary objectives introduced in the Discussion section take

advantage of the track embeddings, in addition to the global jet

representation. The track origin classification task uses individual track

embeddings and has 7 output categories, while the track-pair com-

patibility task employs a binary output layer, using the embeddings of

each pair of tracks. Each task-specific network consists of three hidden

layers with size 128, 64 and 32, respectively. ReLU activation90 is used

throughout the model. Cross-entropy loss is used by all three task-

specific networks, which is combinedwith tunableweights to form the

final loss function, enabling a simultaneous optimisation of the entire

algorithm. GN2 applies the same auxiliary network structures and loss

weights as GN129.

GN2 is trained using a 4-fold strategy to prevent memorisation of

the training samples, given their possible use in ATLAS physics ana-

lyses. Jets are assigned to one of the four folds pseudo-randomly, with

a number seeded by the event number and discrete jet properties.

Four classifiers are then trained, each excluding one of the four folds

from the training dataset. In physics analysis, each jet is tagged using

the classifier it was excluded from during training. Each of the four

networks has approximately 2.3M trainable parameters and is trained

using approximately 45M (18M) b-jets, 45M (18M) c-jets, 90M (36M)

light-jets and 6.25M (2.5M) τ-jets from the tt (Z 0) sample, simulated at

both
ffiffiffi

s
p

= 13TeV and
ffiffiffi

s
p

= 13:6TeV, with a mixing ratio of 2:1. A

learning rate scheduler with cosine annealing91 is used with the initial

learning rate set to 1 × 10−7, which is increased to 5 × 10−4 after the first

1% of training steps have been completed. It reduces to 1 × 10−5 over the

remainder of the training run. Aweight decay of 1 × 10−5 is also added. A

batch size of 12,000 is adopted. The different folds have compatible

performance within statistical uncertainty. The training data is trans-

lated from a standard ATLAS format56 to HDF592. The network is

trained with PYTORCH LIGHTNING93–95, consuming roughly 300 GPU

hours on an NVIDIA A100 card. It is deployed in ATLAS software with

ONNXRUNTIME96, adding negligible CPU time. With the updated

architecture and training setup, the c-jet (light-jet) rejection is

improved by a factor of 1.5 (1.7) for a 70% b-jet tagging efficiency, in the

tt sample, and by a factor of 1.3 (1.4) for the corresponding 30% b-jet

tagging efficiency, in the Z 0 sample.

The DL1d algorithm inherits the architecture from its predecessor

DL1r, described in Ref. 5, but processes track impact parameters with

the DIPS algorithm based on DeepSets21,22 instead of a recurrent neural

network97. Overall, 44 input features are fed intoDL1d, including the jet

pT and η. The architecture of DL1d includes eight hidden layers of size

256, 128, 60, 48, 36, 24, 12, and 6, each followed with ReLU activation

and batch normalisation. The training was performed with a learning

rate of 1 × 10−3 and training batch size of 15,000. The training data

pipeline is similar to GN2, with the exception that training is done with

KERAS and TENSORFLOW98 via UMAMI, a dedicated Python toolkit99,

and deployed in the ATLAS software with LWTNN100.

Performance measurement strategies in collision data
The measurement of the b-jet tagging efficiency in collision data is

carried out in a roughly 90% pure sample of t�t events where both

top quarks decay leptonically into a lepton, a neutrino and a b-

quark. The events are required to contain exactly one electron and

one muon of opposite charge, in addition to two jets. The invariant

masses of the two lepton-jet pairs are used to define one region

enriched in b-jets and three control regions (CRs). The b-jet-enri-

ched region is determined by requiring that both lepton-jet pairs

have invariant masses compatible with an on-shell top quark decay.

The CRs are used in a likelihood fit to constrain the predicted jet

flavour composition. They are constructed to have increased frac-

tions of non-b-jets by requiring that at least one or both of the

lepton-jet pairs do not originate from the same top-quark decay. The

analysis employs a statistical model based on a likelihood function

that extracts the efficiency in collision data binned in pT for all the b-

jets in the sample. The dominant systematic uncertainty comes from

the modelling of t�t events. Additional details on the b-jet calibration

procedure are available in ref. 4.

The calibration measurement of the c-jet mis-tagging rate is per-

formed in t�t events where one top quark decays leptonically while the

other top quark decays hadronically. A sample of c-jets is obtained
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through the W ± ! c�sð�csÞ decay from the hadronically decaying top

quark. A likelihood-based kinematic reconstruction is employed to find,

among the four jets in the event, two jets associated with the hadroni-

cally decaying W-boson and two jets stemming from the b-quarks pro-

duced in the top quark decays. The mis-tagging rate of c-jets is

determined byminimising a χ2 function computed in bins of the jet pT of

the two jets from the W-boson decay. Additional terms that correct for

the potential mis-modelling of the total number of events in each jet pT
bin are estimated simultaneously from the fit to collision data, while the

contribution of background events, in which no c-jets are associated

with theW-boson decay, is estimated from simulations. Themis-tagging

rate of light-jets in this sample is corrected using the method described

below. As with the b-jets calibration analysis, the leading source of sys-

tematic uncertainties is themodelling of t�t events. The c-jet mis-tagging

rate calibration procedure is detailed in ref. 41.

The mis-tagging rate for light-jets is determined using jets pro-

duced in association with a Z boson, where the Z boson decays into

muon or electron pairs. The key challenge in this calibration is to

develop a method capable of extracting a light-jet mis-tagging rate in

data despite the high rejection of the taggers. Themethod used in this

work involves exploiting transformed track variables in alternate tag-

gers that provide reduced b(c)-jet tagging efficiency and almost

unchanged light-jet rejection. The mis-tagging rate of this modified

tagger is measured from a fit to the flavour-sensitive secondary vertex

mass distribution in collision data, and dedicated uncertainties are

introduced so that it can be extrapolated to that of the nominal tagger.

These extrapolation uncertainties are a leading source of systematic

uncertainty. A detailed description of the procedure is provided

in ref. 42.

Data availability
Raw data were generated by the ATLAS experiment. Derived data

supporting the findings of this study are available from the ATLAS

Collaboration upon request. A subset of the training sample and

instructions to train GN2 can be acquired via the CERN Open Data

Portal32,33.

Code availability
The ATLAS data reduction software is available at Zenodo (https://doi.

org/10.5281/zenodo.4772550)102. The GN2 training software suite can

be found at JOSS (https://joss.theoj.org/papers/10.21105/joss.07217)95,

and the DL1d training software stack is available at JOSS (https://joss.

theoj.org/papers/10.21105/joss.05833)99.
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