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INTRODUCTION ATLAS

ATLAS event display of a Higgs boson decaying to two b-quarks with an : :
associated W boson decaying into a muon and a neutrino ATLAS COI Iaboratlon rel Ies on
classifiers
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Candidate Event:

pp—H(—=bb) + W(-1v)

Run: 338712 Event: 335908183
e 5 2017-10-19 23:31:18 CEST
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Used in many analyses:
H - bb, H — cc, di-Higgs, ...

These classifiers are

-~ /

Example: VH - bE / cc presented this morning

Maxence Draguet | maxence.draguet@physics.ox.ac.uk | ICHEP Flavour Tagging with GNN



https://indico.cern.ch/event/1291157/contributions/5876813/

ATLAS

EXPERIMENT

CONTINUOUS EVOLUTION
— - — — DeepSet — Graph Attention -

ATLAS Simulation Preliminary
Vs =13TeV
ttjets, ep =70%

Continuously
improve the
performance of the
ATLAS tagger

for {b, c, light*, T**}
jet discrimination

Run 3 reco

C-jet rejection

2017 2018 2019 2020 2021 2022 2023
Year

*light = u, d, s, gluon . . . . e . . .
+ hadronic r decays resemble c-jets rejection = 1 / miss-classification efficiency



ATLAS
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CONTINUOUS EVOLUTION

e —>

Tracks & jet ATLAS Simulation Preliminary
Vs =13TeV
ttjets, ep =70%
Per-flavour* s .
agng O Run 3
probabilities o un 3 reco
& discriminant _g
G
on
simulated data
on
2017 2018 2019 2020 2021 2022 2023
real data Year

*{b, c, light, z} rejection = 1 / miss-classification efficiency



JET FLAVOUR TAGGING ATLAS

EXPERIMENT

New design adopted by ATLAS for GN1 & GN2

One large network to

Many small
submodels, rule them all,
cumbersome to mU/titaSk, mUltimOdal,
maintain agile and easy
limited use of . to update,_
fully leveraging

Deep Learning Deep Learning



GN2 ATLAS
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f Pooled Graph

Representation
- Jet flavour

Graph
Network

predictions
ATLAS GNN
dnsyrs @ — o
R —— ¥ e
ERELC ik (N '§ % = 38 = Track origin
s .;,;:.i SHEE ‘ g z3 predictions
o O, £ .
2355, I a
Tracks & Embedded Conditional Track I ——— -
Jets Inputs Tracks Representation —— e —— =
Transformer —— 235 Vertex
Encoder — i i = predictions

Multimodal Architecture Multitask
Combines Single network with  Per-flavour probabilities


https://cds.cern.ch/record/2811135/files/ATL-PHYS-PUB-2022-027.pdf
https://gitlab.cern.ch/atlas-flavor-tagging-tools/algorithms/salt
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Pooled Graph

Representation
- Jet flavour

Graph
Network

predictions
ATLAS GNN
drsien @ —_— o
TR [ ] ¥ o
ERELC ek (N S = 8¢ = Track origin
WE TN ‘ g z3 predictions
Lo ittt — £ .
Tracks & Embedded Conditional Track R — —
Jets Inputs Tracks Representation T =
Transformer ————— o5 Vertex
Encoder ————— i i = predictions

)

N1 I o {0101 7¢ parameters


https://cds.cern.ch/record/2811135/files/ATL-PHYS-PUB-2022-027.pdf
https://gitlab.cern.ch/atlas-flavor-tagging-tools/algorithms/salt

Track parameters
Uncertainties
Impact parameters

Pr &1
Resampled / flavour

ATLAS
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simulated
jets for training

Thanks to new pre-
processing software
+
Stabilising architecture
choices:

Layer Normalisation
Dropout



GN2 ATLAS

EXPERIMENT

Pooled Graph

Representation 5 % o
T gé - ;rctacfilictions
—_ < =
E— f)ﬁ S 8% Track origin
— EE ='= Z°‘E predictio?ws 2
— £ — - .
Tracks & Embedded Conditional Track -
Jets Inputs Tracks Representation ——| | — =
Transformer ———— Y Vertex
Encoder :3=:§ Bé = predictions
Nfeural "‘;t_wo;k Transformer Encoder Auxiliary tasks for
or comt T_e for conditional track expert knowledge
AeplrisstE ettt representation distillation

embedding



Pooled Graph

(I
{— Representation
I
Conditional Track
Representation
Pooled Graph
Representation y <
— §i |—Em ot flavour
G predictions
N £ -
@ 6 - .
— ] g2 e
._ 2 predictions
e i
! ._
_. |_ —
() ]
——— i= §’ S Vertex
— (R w '%'3 - predictions

ATLAS
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Lrotal = + aLlyqck +

Predict jet flavour probabilities +
tagging discriminant

D, =
b fcpc + (1 _ fc)plight

Truth Origin Description

Predlct orlgln process “Pilewp  Froma pp collision other than the primary interaction
Fake Created from the hits of multiple particles
Of eac h trac k Primary Does not originate from any secondary decay

fromB From the decay of a b-hadron

fromBC From a c-hadron decay, which itself is from the decay of a b-hadron
fromC From the decay of a c-hadron

OtherSecondary  From other secondary interactions and decays

Predict track-pairs vertex compatibility

10
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Significant improvement with GN2

1T T 7T I T 1T T 7T I L I T 1 T 7T I | B T TR | I T 1 T 7T I T 1T T 7T I T 1T T 7T :
ATLAS Simulation Preliminary DL1d

\/_§= 13 TeV, PFlow jets - GNA1
tt, 20 < pr <250 GeV —— GN2

rrrr|jrrrrrrrrrrrr|prr 11| rr 111 T 1T T3

ATLAS Simulation Preliminary DL1d 3
Vs =13 TeV, PFlow jets GN1
Z', 250 < pr < 6000 GeV —— GN2 ]

Background rejection
Background rejection

r~

—— Light-jets — Light-jets . .""""'—M-,-....,mm

e CAERS =emes C-{O1S
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Light-jets ratio
Light-jets ratio
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C-jets ratio
C-jets ratio
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b-jet efficiency b-jet efficiency

Left working point corresponds to right one
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Significant improvement with GN2

LI B B | I 1T T 7T I 1T T T I UL I T 1T T T I 1T T 7T I 1 T T I 1T T 7T
ATLAS Simulation Preliminary DL1d
Vs =13 TeV, PFlow jets GN1
Z', 250 < pr < 6000 GeV —— GN2
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ATLAS Simulation Preliminary DL1d
Vs =13 TeV, PFlow jets GN1
tt, 20 < pr < 250 GeV — GN2

T T TTTTIr

ETETaraa |

!

LI |||
T
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Boosted X — bb / cc

ATLAS Simulation Preliminary —— Dxbb
Vs =13 TeV, Anti-k¢ R=1.0 UFO jets —— 2VRDZN?
pr>250 GeV, 50 < m; <200 GeV, |n| <2 —— DG

—— DL1d

ATLAS Preliminary Simulation
Vs =13.6TeV, tt sample -—- fastDIPS | PFlow jets For

fastDIPS | EMTopo jets H i g g S
tagging
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Multijet

Top-rej
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Multi-jet-rej

Multijet ratio

0.9 1.0
H(bb) efficiency

+ HL-LHC forecast, application to other part of the Collaboration, ...
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https://cds.cern.ch/record/2866601/files/ATL-PHYS-PUB-2023-021.pdf
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ATLAS Simulation Preliminary
Vs =13TeV, |n| <2.5, cjets
GN1 &, = 77% Single cut WP
Nominal: Powheg + Pythia8

Powheg+Pythia8+EvtGen
Sherpa 2.2.12
Powheg+Herwig7.1.3+EvtGen
Powheg+Herwig7.2.1+EvtGen
amc@NLO+Herwig7.1.3+EvtGen
amc@NLO+Pythia8+EvtGen

Number of Jets

ATLAS

EXPERIMENT

Data / MC Agreement

ATLAS Preliminary [ Liontjets
s=13.6 TeV, 44.3 f5' [edets
Multijet Events, p_> 500 GeV B b-iets

-4~ Run 2 Data

ATLAS Preliminary Il iets
Vs=13.6TeV, 11.9fb' [ Lightjets
Dilepton f Events [ ciets

-4~ Data 2022

Number of Jets

10 15
GN1 Discriminant GN1 Discriminant

v Good agreement in the bulk
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GN2 ATLAS

GN models bring a remarkable EXPERIMENT
improvement to ATLAS
ATLAS Simulation Preliminary, ATLAS Simulation Preliminary,
uP uP GN2 with LR initial 1e-05 SP GN2 with LR initial 1e-05
g 0.630 0.630
@%-i.r..@
”ég?i’z%% 0.625 0625
(®) 7 0620 0620 §
§ 0615 0615 E S P
S 0610 0610 8
© ‘ —_
Maximal 2 osos o5 > Standard
Update = o600 w0 Parametrisation
Parametrisation ... 0505 (LeCun)
0.590 0.590
uTransfer LR max LR max
Ok:40} -
ﬁi%@ > HPO on the smaller model — faster training — better coverage
Ol » Zero-shot transfer: best HP small model = best HP large model

Maxence Draguet | maxence.draguet@physics.ox.ac.uk | ICHEP Flavour Tagging with GNN 2


https://arxiv.org/abs/2203.03466
https://arxiv.org/abs/2011.14522

GN2 ATLAS

Real Deployment EXPERIMENT
LR Scheduler Optimisation: LR Max per LR Initial

/ ATLAS Simulation Preliminary, ATLAS Simulation Preliminary, ATLAS Simulation Preliminary, ATLAS Simulation Preliminary, \
0630 SP GN2 with LR initial 1e-07 SP GN2 with LR initial 1e-06 SP GN2 with LR initial 1e-05 SP GN2 with LR initial 0.0001
0625
o,

, 0620 < Some SP

(%]

o - -

S 0615 tralnlngs

S 0610

S F 5 unstable

= 0605

o,

2 o < No guarantee
0.595 Optl mum
059 shared

2 -8 .
k LR max LR max LR max LR max / acCross Wldth
ATLAS Simulation Preliminary, ATLAS Simulation Preliminary, ATLAS Simulation Preliminary, ATLAS Simulation Preliminary,
0630 uP GN2 with LR initial 1e-07 uP GN2 with LR initial 1e-06 uP GN2 with LR initial 1e-05 uP GN2 with LR initial 0.0001
0625
0.620

?

S 0615

(=

S 0610

S

§ 0605 for
) sufficient
0.595 .

width
0.590

2" 2
\ LR max LR max LR max
16
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c
2 ATLAS Simulation Preliminary —— GN2 sub-optimal —_
_3’_,\ Vs =13 TeV, ttbar sample, f, = 0.1 —— GN2 optimal ROC cu rves O n tt
)
° ATLAS Simulation Preliminary,
3 uP GN2 with LR initial 1e-05
S 0.630
g \
8 N\
© 0.625
® \\
0.620
2 \
72}
9 0615 AN v
\
— Lightj S 0610 AN /
Light-jets 12 -
=== C-jets g \
’ 2 0605
>
0.600
0.595 a— /|
0.590 | | : I
-14 -13 -12 -11 -10 -9 =
2 2 2 2 2 2 2
LR max
0.9 1.0
b-jet efficiency Pb
Dy,

- fcpc + (1 I fc)plight
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Vassily Kandinsky, Several Circles, 1926

VTCXOP>D

René Magritte — Le Retour

René Magritte — Souvenir de Voyage

Piet Mondriaan
— Composition with Red, Yellow, and Blue



ATLAS
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Jet Input Description
PT Jet transverse momentum
n Signed jet pseudorapidity

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 ¢

dy Closest distance from the track to the PV in the longitudinal plane
Zosin @ Closest distance from the track to the PV in the transverse plane
o(q/p) Uncertainty on g/p

o(0) Uncertainty on track polar angle 6

o(¢) Uncertainty on track azimuthal angle ¢

s(do) Lifetime signed transverse IP significance

5(zo0) 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

nPixHoles Number of pixel holes

nSCTHoles = Number of SCT holes

leptonID Indicates if track was used in the reconstruction of an electron or muon (only for GN1 Lep)




Parameter

PT
|do
|20 sin 6|

Silicon hits
Shared silicon hits
Silicon holes
Pixel holes

Selection
> 500 MeV
< 3.5 mm
< 5 mm

> 8

<2

<3

<2

ATLAS

EXPERIMENT

“Quality selections applied to tracks, where @ is the
transverse IP of the track, z is the longitudinal IP with respect
to the PV and @ is the track polar angle. Shared hits are hits
used on multiple tracks which have not been classified as split
by the cluster-splitting neural networks. Shared hits on pixel
layers are given a weight of 1, while shared hits in the SCT are
given a weight of 0.5. A hole is a missing hit, where one is
expected, on a layer between two other hits on a track”.



https://cds.cern.ch/record/2811135/files/ATL-PHYS-PUB-2022-027.pdf

c-jet mistag rate

ATLAS Simulation Preliminary
Vs =13TeV, |n| <2.5, cjets
GN1 &, = 77% Single cut WP
Nominal: Powheg + Pythia8

Powheg+Pythia8+EvtGen
Sherpa 2.2.12
Powheg+Herwig7.1.3+EvtGen
Powheg+Herwig7.2.1+EvtGen
amc@NLO+Herwig7.1.3+EvtGen
amc@NLO+Pythia8+EvtGen

Light-jet mistag rate

o
o
o
~

o
o
o
(2]

o
o
o
o

Light-jets

ATLAS Simulation Preliminary

Vs =13 TeV, |n| < 2.5, Light-jets
GN1 &p = 77% Single cut WP
Nominal: Powheg + Pythia8

ATLAS

EXPERIMENT

Powheg+Pythia8+EvtGen
Sherpa 2.2.12
Powheg+Herwig7.1.3+EvtGen
Powheg+Herwig7.2.1+EvtGen
amc@NLO+Herwig7.1.3+EvtGen
amc@NLO+Pythia8+EvtGen




ATLAS

EXPERIMENT

> “Tag and probe” event selection: tag jet must pass 85% b-eff

» Simulations are scaled to match the total yield in data ,
« 2-lepton 2-jet

: ﬁ ATLAS Preliminary ﬁ 10°t- ATLAS Preliminary Il oets SeleCthr.], 1
Tag Jet pass. |G e | cPion trigger
85% b-eff E £ et © Opposite sign
electron and
pr > 200 muon
GeV * |nvariant mass
of each lepton-
=vent = g jet pair< 175
PT>C§O\(; § 5 ey § ' \ GeV
a8 - o i = -

GN1 Discriminant GN1 Discriminant Tag g er
discriminant for

leading jet
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What if we could do HPO on a smaller model instead?
PARAMETRIZATION MATTERS!

J

. . i | . 1
input hidden layers output /WLm ~ N0, qin ) WLm ~N (O, 7 ) %
:in L]l:n E
wlhid ~ v <O, = ) wlhid ~ v (O, = > P
Dhia Lhid 2
1 1
whout ~ N\ (0’ = ) whout ~ ¢ (0, - ) =
Lout Lout E
bL. =0 bL. =0 — /
Lin - rl \
Vv weights x £
wel —
ghtsn Lhig ) — §
Lout =1 )

*LeCun et al; 1998 With attention scale 1/ d™ instead 1/Vd®



https://arxiv.org/abs/2011.14522
https://cseweb.ucsd.edu/classes/wi08/cse253/Handouts/lecun-98b.pdf

Maximal Update Parametrization ATLA

EXPERIMENT
“Effect of on activations “Each is
becomes roughly ? without blowing up”
uTransfer uP
OFH0 : o
e f(x) = V'Ux withx e R& VT, U e R™! it
@
4 SP N 1 I
|
vi~¥ (0-) U ~N O Vi~d (0,)  U~N (0, 1)
7]
VV+0U U <U+ 0V V’<—V+;U U<U+ 0V
HZ
f(x) « (VU + +0VTV + 02UTV) || f(x) « (VIU + +0ovTly + — utv)

o AN %

*Sum of n squared Gaussians of variance 1 is a Chi distribution of degree n
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https://arxiv.org/abs/2203.03466
https://arxiv.org/abs/2011.14522

Maximal Update Parametrization

Pre-activation weights L,;(m) = ¥ [w™)
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ATLAS Simulation Preliminary, SP GN2-like, Ir=0.01, nseeds=5\
e - = t = = - =
0 , Ipltlallsatlon 15! training step 2" training step
2 = 2
< % — 2*
.
A A . -
2 —==\ 2-2
-6 5
2 2 2-5
25 26 27 28 29 21 0 21 1 25 26 27 28 29 21 0 21 1 25 26 27 28 29 21 0 21 1
Width Width Width /
o ) t o ATLAS Simulation Preliminary, uP GN2-like, Ir=0.01, nseeds=5
Initialisation 1! training step 2"d training step
| | | N | | | | 1 | 1 | | | 2 —
2’ 2’ 2
e
) ‘ 2
- p)
- o 4 2 4
2—4
6 6
p) p) y®
25 26 27 28 29 210 21 1 25 26 27 28 29 210 21 1 25 26 27 28 29 21 0 21 1
Width Width Width




MTransfer

uP

Pathologic Test Case

Fixed LR Value Optimisation on Simplified Architecture

o
©
g

o
©
N

o
©
o

o
o
o)

o
®
(o)

0.84

0.82

Average Training Loss [100 steps]

0.80

ATLAS Simulation Preliminary, uP GN2-like, nseeds=5 ATLAS Simulation Preliminary, SP GN2-like, nseeds=5

LR LR
v' uP models share LR optimum across large widths differences

v Wider yP models are better
v MP models outperforms SP equivalent

0.94

0.92

0.90

0.88

0.86

0.84

0.82

0.80

ATLAS

EXPERIMENT

Average Training Loss [100 steps]

SP
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Transfer ATLAS
H Pathologic Test Case FRPERIMENT
Fixed LR Value Optimisation on Simplified Architecture

ATLAS Simulation Preliminary, uP GN2-like, nseeds=5 ATLAS Simulation Preliminary, SP GN2-like, nseeds=5

D 094 @
Q. Q.
© 085 2
Z 092 @
o o
(@) o
= 084 0.90 —
(7)) (7))
3 3
P 8 088 S SP
” 2 0383 g
£ 086 C
© ©
= =
® 0.82 084 g
(@)} (@)}
© ©
: 082 &
< 0.81 <
0.80
2—13 2—12 2—11 2—10 2—9 2—8 2—13 2—12 2—11 2—10 2—9 2—8
LR LR

v' uP models share LR optimum across large widths differences
v Wider yP models are better
v' MP models outperforms SP equivalent
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» Many variants under consideration (WIP):

o lepton,
more tracks o more output classes (taus, lep/had b, ...)
J

O
o hadronic taus o full vertex reconstruction,
o neutral constituents o mass /energy regression
o trackless b-tagging with hits

» Now training on combined MC data for Run3: ~ 300M jets
» Calibration & Trigger ongoing
» GN2X for boosted Higgs tagging (H(bb) & H(cc)) vs top and QCD

> Synergies with other groups: Tau tagging, emerging jet tagging, ...



