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Flavor Tagging at the ATLAS

[1] ATLAS-PHOTO-2022-055-3
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The ATLAS experiment at the LHC, currently
finishing Run 3 data-taking, includes a broad
and diverse physics program of
measurements and searches

Many processes studied involve the decay of
Higgs bosons, top quarks, or beyond-the-
Standard Model particles into b- and c-
quarks

Improving b- and c-quark identification
against other sources of jets through
algorithm development can significantly
extend discovery reach

[2] ATLAS-PHOTO-2022-043-4


https://cds.cern.ch/record/2837191
https://cds.cern.ch/record/2814924
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Previous Baseline: DL1 Taggers

« Jet flavor taggers are based on jet kinematics and tracks

- /M
- Tracks: trajectories of charged particles in the

detector associated with jets

- b-hadrons have significant lifetime, so tracks from b-
decays may have significant impact parameter
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* DL1 taggers start with low-level, independently- :
optimized algorithms for reconstructing particular |
aspects of jets :
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- Includes impact parameter and secondary vertex
taggers

 DL1 taggers take outputs of low-level algorithms as
inputs for a high-level deep neural network (NN) which
outputs a probability for each jet flavor

- Used from Run 2 to early Run 3

[3] ATL-PHYS-PUB-2022-027 _ _ __ _ _ __ jet Flavour


https://cds.cern.ch/record/2811135
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General Network (GN) Taggers

* Single NN takes in jet and track information and outputs
jet flavor classification along with 2 auxiliary tasks:

-——— Simulation ———

- 1: grouping tracks originating from the same vertex

- 2: predicting the originating physics process for
each track

Associated
tracks
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* Auxiliary tasks: simultaneously-optimized objectives that |
guide NN in underlying physics in place of low-level :
algorithms :

— Help interpretability and are demonstrated to |
improve tagger light- and c-jet rejection by up to :

43% :
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* NN outputs a global pooled representation of the jet and
track embeddings, which are then used by 3
independent feed-forward NNs to create tagger outputs

[3] ATL-PHYS-PUB-2022-027 _ __
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https://cds.cern.ch/record/2811135
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Transformer Architecture: GN2
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[4] Nat Commun 17, 541 (2026)

Based on a transformer architecture where each node is a representation of a single track
associated with the jet

Transformer network has 4 layers that update these representations and have attention
heads that allow tracks to use information from all other tracks


https://doi.org/10.1038/s41467-025-65059-6
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Discriminant and Working Pomts

[4] Nat Commun 17, 541 (2026)
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https://doi.org/10.1038/s41467-025-65059-6
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Tagger Calibration

Calibration analyses: measure tagging efficiencies for each jet flavor in data
to correct for imperfect simulation modeling

Obtain scale factors (SFs), dependent on jet flavor and pr bin, to be applied
to simulated jets to match their efficiencies to data

b- and c-jets:
— Calibrated using top quark pair events

- SFs typically close to 1, with total uncertainties up to 8% for b-jets and
17% for c-jets

Light-jets:

— Calibrated using events with jets produced in association with a Z boson
decaying to leptons

- SFsin the range of about 1.1-1.3, with total uncertainties up to 23%
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Performance In Data
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[4] Nat Commun 17, 541 (2026)
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« After calibration, at 70% b-jet efficiency WP, c-jet rejection increases by a factor of 3.5,
and light-jet rejection increases by a factor of 1.8 in data for GN2 compared to DL1d

Light-jet rejection is lower than in simulation, as light-jet SFs are typically larger

than 1


https://doi.org/10.1038/s41467-025-65059-6
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Next Generation Tagger: GN3
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* Add charged and neutral particle flow (PFlow) inputs

Vertex
prediction

[5] ATL-PHYS-PUB-2026-001

- PFIIO\_N oli)Jects”cons?t r?f dtca[potlogllgal clusters of . New auxiliary tasks: jet
calorimeter cells matched to tracks o+ regression and track
e Add soft lepton (electron and muon) tracks to inputs particle identification

* Add ghost association of tracks


https://cds.cern.ch/record/2953652
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GN3: Performance Improvements

In simulation,
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at 70% b-jet efficiency WP, GN3 shows a factor of 1.8 improvement in c-jet

rejection and a factor of 2.4 improvement in light-jet rejection compared to GN2


https://cds.cern.ch/record/2953652
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What's Next: HL-LHC Slmulatlon

6] ATL-PHYS-PUB-2026-002

* GN2 performance studied in § " [ artas Smoon vy | Font <i- 20§ “if‘A‘T'L‘A;'s.‘m‘u.‘a{.;n‘p};l.'m.‘n;;y' T e < —200 ]
. . .. 8 10°F VS =13.6/14TeV, || <2.5, Rund <p>=42 o  § 10 F v5=13.6/14TeV, |n| < 2.5, Run3 <u> =42 3
simulations optimized for the = 2 " dzo<pr<zsocey |9 s 2260 <pr 6000 Gev
: : : ’ c 10 ¢ E 3
High-Luminosity LHC’s new g — lgnes | 310 — Lignots
ATLAS Inner Tracker (ITk) 8 B - BRI
L S
- Pileup of <y>~200 o' 1 oF
(compare to current ~42) e )
- Extends coverage range s 1| | 5 ]
for flavor-tagging in R TUNN VUUN RO VOV U UOT TOUNE . 0 SN Y S S S By wee-= S
pseudorapidity from [n[<2.5 o | ] oo s e B ]
to |n|<4.0 5 L 1 g =f -
00.95_—.\.\i...‘i..‘.i....i...\i .............. ] v 0:_ ......... ]
060 065 070 075 080 085 090 095 100 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
b-jets efficiency b-jets efficiency

* Rejection performance results for jets in the pr regime of top quark pair events are comparable
to Run 3 despite large increase in pileup

* In high-pr regime, rejection may improve up to 40 times compared to Run 3, enabled by the
11 More than 2 times finer granularity and additional layer of the upgraded ITk pixel detector


https://cds.cern.ch/record/2956726
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Conclusion

[7] FTAG-2023-07
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GN2 is demonstrated both in simulation and calibrated data performance to have improved

rejection of c- and light-jets by factors of 3.5 and 1.8, respectively, at the 70% b-jet

efficiency WP compared to previous NN-based tagger DL1d

Developments in flavor-tagging continue with the GN3 tagger algorithm and the future HL-
LHC when the new ITk will bring significant increase to the range of n accessible for flavor-
tagging and potentially very large improvements in tagger performance for high-pr jets


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-07/
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GN2 Input Features List

Jet Input Description

PT Jet transverse momentum

n Signed jet pseudorapidity

Track Input Description

qlp Track charge divided by momentum (measure of curvature)
dn Pseudorapidity of the track, relative to the jet i

do Azimuthal angle of the track, relative to the jet ¢

dy Closest distance from the track to the PV in the transverse plane
Zosinf Closest distance from the track to the PV in the longitudinal plane
a(q/p) Uncertainty on ¢/p

o(6) Uncertainty on track polar angle ¢

a(¢) Uncertainty on track azimuthal angle ¢

s(dy) Lifetime signed transverse IP significance

s(zpsin 6) Lifetime signed longitudinal IP significance

nPixHits Number of pixel hits

nSCTHits Number of SCT hits

nIBLHits Number of IBL hits

nBLHits Number of B-layer hits

nIBLShared  Number of shared IBL hits

nIBLSplit Number of split IBL hits

nPixShared =~ Number of shared pixel hits

nPixSplit Number of split pixel hits

nSCTShared

Number of shared SCT hits [4] Nat Commun 17, 541 (2026)



https://doi.org/10.1038/s41467-025-65059-6
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GNZ2 vs DL1d Background
Rejection: High pr Regime

- BRERE ; .
__g ATLAS Slmulatlon GN2 Z
8 1o4 = V5 =13.6TeV, Z' events DL1d
o F 250 < pt < 6000 GeV, |n| <2.5 E
L . N N
210’ 3
=1 E E
o
21k E
[$]
©
m 1
10'F .
B VIS B B S SRR SR B
SRR T | — T . g
t — C-jets
41 —
2F I
= t — g =
F --=-= Light-jets
4 —
he} ) - -
2 N
_ LA A e o an a
D I O S SN SR TTTC T T.jets
(@) L
—— L
o 5r .
E L
o } I Prpumqeyebapmmnegapepnsnayepupnageyapaponney

Y R R A R Y

b-jet efficiency [4] Nat Commun 17, 541 (2026)


https://doi.org/10.1038/s41467-025-65059-6

Storm Lin (SBU) - Transforming Flavor Tagging with the ATLAS Detector - Pheno2026

GN3 Input Features List

PFlow Input

Description

pr

energy

dn

dg
isCharged

PFlow transverse momentum

PFlow energy

Pseudorapidity of the PFlow, relative to the jet n
Azimuthal angle of the PFlow, relative to the jet ¢
Boolean which describes whether a PFlow is charged or not

17

Track Input Description

q/p Track charge divided by momentum (measure of curvature)

dn Pseudorapidity of the track, relative to the jet n

d¢ Azimuthal angle of the track, relative to the jet ¢

do Closest distance from the track to the PV in the transverse plane
2o sin 6 Closest distance from the track to the PV in the longitudinal plane
a(q/p) Uncertainty on g/p

o(0) Uncertainty on track polar angle 6

a(9) Uncertainty on track azimuthal angle ¢

s(dp) Lifetime signed transverse IP significance®

s(zosin 9) Lifetime signed longitudinal IP significance

nPixHits Number of pixel hits

nSCTHits Number of SCT hits

nIBLHits Number of IBL hits (innermost pixel layer)

nBLHits Number of hits in the next-to-innermost pixel layer

nIBLShared Number of shared IBL hits

nIBLSplit Number of split IBL hits

nPixShared Number of shared pixel hits

nPixSplit Number of split pixel hits

nSCTShared  Number of shared SCT hits

leptonID Electron and muon reconstruction label associated to the track
muonQuality ~ Muon reconstruction quality flag (Loose, Medium, or Tight)

M Imbalance of the muon three-momentum between the MS and the ID
R Ratio of ¢/p measured independently in the MS and the ID

S Azimuthal angular deviation between scattering centers belonging to a muon track

a The lifetime signed impact parameters assign a positive sign to the tracks originating as if downstream of the jet

[FTAG-2019-02].

[5] ATL-PHYS-PUB-2026-001


https://cds.cern.ch/record/2953652
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GN3: Distinguishing Jet Flavor with
Muons
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[5] ATL-PHYS-PUB-2026-001
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GN3: Architectural Changes from GN2

Component

GN2

GN3

Track—jet association
Track selection
Inputs

Activation function
Initialisation layers
Transformer encoder

Embedding dimension
Jet classification
Auxiliary tasks

Loss balancing
Optimiser

A R-based association
do < 3.5mm, 40 tracks
Jets and tracks

ReLU

256

4  scaled
attention
256

4 classes: b,c, b, T
Track-origin,
compatibility
Fixed weights per task
AdamW

dot-product

vertex

Ghost-association

dop < 5mm, 50 tracks

Jets, ghost-associated tracks, soft
muons, PFlow objects

SiLU

512

4 flash attention, gated linear units, 8
register tokens

512

6 classes: b,c,ud, s, g, 7

Track-origin, vertex compatibility, track-
type identification, jet pr regression
Geometric mean of losses (GLS)

Lion

[5] ATL-PHYS-PUB-2026-001


https://cds.cern.ch/record/2953652
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