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The Standard Model

2

The Standard Model (SM) is a gauge theory describing the 
electromagnetic, weak and strong interactions.

The matter is described by fermions:
• quarks,
• leptons.

Interactions are mediated by bosons.
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Scalar sector Discovered in 2012, jointly by
ATLAS and CMS.
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https://www.sciencedirect.com/science/article/pii/S037026931200857X
https://www.sciencedirect.com/science/article/pii/S0370269312008581


Beyond the Standard Model
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We know the SM is not the end of the story. Many questions remain without clear answers:

How to include gravity ?

What is dark matter ? 

Included in the SM.

What is dark energy ? 

Number of free parameters quite large 
Hierarchy problem ?

Matter-antimatter 
asymmetry ?

19 free parameters in the SM 

Does the graviton exist ?

Why is there so much more 
matter than antimatter in 
the universe ?

Why the mass of the Higgs boson is much 
lighter than the Plank mass (10!" GeV) ?
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Extension of the scalar sector
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If there is an extended scalar sector, we can observe its effects:

• Modifications of the 125 GeV Higgs boson properties

• Discovery of BSM decays of the 125 GeV Higgs boson 

• Direct discovery of new scalar particles

I am an experimentalist !

That’s what I am looking for !

Require precise measurements of the H properMes.

Searches are ongoing
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Additional scalars
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The most simple extension of the scalar sector introduces two new real singlets. 
Link

Two new addiSonal scalar parScles ℎ! and ℎ#.

What can we infer about their expected properties ?

Many others BSM predict 
additional bosons

Ø Their properties highly depend on the specifics of the beyond the SM theory.

?𝑚$! > 𝑚H > 𝑚$"

𝑚H > 𝑚$! > 𝑚$"

𝑚$! > 𝑚$" > 𝑚H

?

Slide 2
SH

Tracking
Back-up-content

https://arxiv.org/pdf/1908.08554.pdf


Additional scalars
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The most simple extension of the scalar sector introduces two new real singlets. 
Link

Two new additional scalar particles X and S.

What can we infer about their expected properties ?

Many others BSM predict 
additional bosons

𝑚$! > 𝑚H > 𝑚$"

𝑚H > 𝑚$! > 𝑚$"

𝑚$! > 𝑚$" > 𝑚H

?

H → X X H → SS

X → HH

S → HH
X → SS

X → SH
H → SX

ℎ# → X X

non-exhaustive examples

Ø Their properties highly depend on the specifics of the beyond the SM theory.
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Additional scalars
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The most simple extension of the scalar sector introduces two new real singlets. 
Link

Two new additional scalar particles X and S.

What can we infer about their expected properties ?

Many others BSM predict 
addi:onal bosons

𝑚% > 𝑚H +𝑚&X → SH

Let’s hunt these new additional scalars 

Ø Their properties highly depend on the specifics of the beyond the SM theory.
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The Large Hadron Collider
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Today

Currently, the best tool to test the scalar sector is the Large 
Hadron Collider (LHC):

• Designed to produce p-p collisions at 𝑠 = 14 TeV
• Also produce heavy ions collisions
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The ATLAS detector
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The ATLAS (A Toroidal LHC ApparatuS) is a 4π detector with a onion-layers cylindrical shape. 

Tracking system: reconstruc:on of 
charged par:cle trajectories and 
ver:ces.

Muon spectrometer: reconstruction of 
muon trajectories.

Electromagnetic calorimeter: 
reconstruction (direction and 
energy) of photons and 
electrons.

Hadronic calorimeter: 
reconstruction (direction and 
energy) of hadrons.

Magnet system: bends the 
trajectories of charged 
particles for momentum 
measurement.
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Search for X → S b%b H γγ

10

with • 𝑚' ∈ 15, 500 GeV
• 𝑚( ∈ 170, 1000 GeV
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X → SH → SM, with 𝑚& > 𝑚' +𝑚(

The search is done using the ATLAS Run 2 dataset, corresponding to an integrated luminosity of 140 Bb−1
recorded at 𝑠 = 13 TeV. 

Phase space 
covered

CMS already publicly released results on this analysis: no signal is seen.
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https://cds.cern.ch/record/2815230


Search for X → S b%b H γγ : backgrounds
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Final state is (𝑏𝑏γγ.

Other SM processes have the same final state: single Higgs production, di-Higgs production and 
continuum background.

ggH ZH ttH γγ+jets

Resonant backgrounds Continuum background

misidentified as b

misidentified as b

2𝑏

𝑏

𝑏

2𝑏
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Selection of the signal
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Di-photon

ü Apply identification criteria 
ü Reject photons from the decay 𝜋) → 𝛾𝛾
ü Kinematic requirement to optimize the Higgs resonance peak: *#

+$$
> 0.35 (0.25)

ü 𝑚,, ∈ 105,160 GeV

ü Reconstruct the stream of particles from the jet using the anti-𝑘- algorithm with R=0.4
ü 𝑝. > 25 GeV
ü 𝑁/01-234 50-6 ∈ [2,5]
ü b-tagging: identify the flavor of the quarks

b-jet

We select 2 photon candidates compaMble with an Higgs decay:

We reconstruct b-jet candidates:
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Selection of the signal: categories
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b

!b

b

When m) ≫ m* +m+:

2 b-tagged category
Require 2 b-tagged 

@77% WP

1 b-tagged category
Required 1 b-tagged 

@77% WP Limit between the two categories 
empirically found to be 𝒎𝑺

𝒎𝑿
= 𝟗%.
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Mul?variate discriminant
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After the preselections:
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~ 99% background from 𝛾𝛾 + 𝑗𝑒𝑡𝑠

b

(b
b

~ 95% background from 𝛾𝛾 + 𝑗𝑒𝑡𝑠

Large phase space targeted by the analysis              design, train and use several Neural Networks ?

Parametrized Neural Network
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Parametrized Neural Network (PNN)
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b

!b

b• Parametrized with m& and m%
• Input features → mb8b and Jmb8bγγ

• Parametrized with m%
• Input features → 𝑝.9 and Jmbγγ

The PNN shape varies depending on the m* and m) hypothesis.

Apply for each targeted mass point a dedicated 
requirement on the PNN classification score.
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Signal and background modelling
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Signal:

Continuum background:
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Modeled with a Double-Sided Cristal Ball:

Include also all resonant backgrounds.

Exponential with a normalization taken on the data sideband.
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Spurious signal
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𝑚,, [GeV]

For illustration

Statistical fluctuation not 
included in the modeling
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Systematic uncertainties

18Charline Rougier | PhD defense | 19/09/2023

110 120 130 140 150 160
 [GeV]ggm

3-10

2-10

1-10

1

 

Nominal
 downs1 
 ups1 

-1 = 13 TeV, 140 fbs

𝑚! , 𝑚" = 250, 110 GeV

Photon energy scale

Ph
ot

on
 tr

ig
ge

r

Pi
le

-u
p 

re
w

ei
gh

tin
g 

Ph
ot

on
 e

ne
rg

y 
re

so
lu

tio
n

Ph
ot

on
 e

ne
rg

y 
sc

al
e

Ph
ot

on
 ID

Ph
ot

on
 is

ol
at

io
n

Je
t e

ne
rg

y 
re

so
lu

tio
n

Je
t e

ne
rg

y 
sc

al
e

b-
je

t e
ffi

ci
en

cy

c-
je

t e
ffi

ci
en

cy

Li
gh

t-j
et

 e
ffi

ci
en

cy

Je
t e

ta
 c

al
ib

ra
tio

n

Je
t p

ile
-u

p 
of

fs
et

Je
t v

er
te

x 
ta

gg
er

4-

2-

0
2

4

6

8

M
ag

ni
tu

de
 o

f s
ys

te
m

at
ic

s 
[%

]

 ups1 

 downs1 Signal
) = (250, 110) GeV

S
, m

X
, (m-1 = 13 TeV, 140 fbs

Ph
ot

on
 tr

ig
ge

r

Pi
le

-u
p 

re
w

ei
gh

tin
g 

Ph
ot

on
 e

ne
rg

y 
re

so
lu

tio
n

Ph
ot

on
 e

ne
rg

y 
sc

al
e

Ph
ot

on
 ID

Ph
ot

on
 is

ol
at

io
n

Je
t e

ne
rg

y 
re

so
lu

tio
n

Je
t e

ne
rg

y 
sc

al
e

b-
je

t e
ffi

ci
en

cy

c-
je

t e
ffi

ci
en

cy

Li
gh

t-j
et

 e
ffi

ci
en

cy

Je
t e

ta
 c

al
ib

ra
tio

n

Je
t p

ile
-u

p 
of

fs
et

Je
t v

er
te

x 
ta

gg
er

4-

2-

0
2

4

6

8

M
ag

ni
tu

de
 o

f s
ys

te
m

at
ic

s 
[%

]

 ups1 

 downs1 ttH
) = (250, 110) GeV

S
, m

X
, (m-1 = 13 TeV, 140 fbs

Ph
ot

on
 tr

ig
ge

r

Pi
le

-u
p 

re
w

ei
gh

tin
g 

Ph
ot

on
 e

ne
rg

y 
re

so
lu

tio
n

Ph
ot

on
 e

ne
rg

y 
sc

al
e

Ph
ot

on
 ID

Ph
ot

on
 is

ol
at

io
n

Je
t e

ne
rg

y 
re

so
lu

tio
n

Je
t e

ne
rg

y 
sc

al
e

b-
je

t e
ffi

ci
en

cy

c-
je

t e
ffi

ci
en

cy

Li
gh

t-j
et

 e
ffi

ci
en

cy

Je
t e

ta
 c

al
ib

ra
tio

n

Je
t p

ile
-u

p 
of

fs
et

Je
t v

er
te

x 
ta

gg
er10-

5-

0

5

10

15

M
ag

ni
tu

de
 o

f s
ys

te
m

at
ic

s 
[%

]

 ups1 

 downs1 ZH
) = (250, 110) GeV

S
, m

X
, (m-1 = 13 TeV, 140 fbs

Ph
ot

on
 tr

ig
ge

r

Pi
le

-u
p 

re
w

ei
gh

tin
g 

Ph
ot

on
 e

ne
rg

y 
re

so
lu

tio
n

Ph
ot

on
 e

ne
rg

y 
sc

al
e

Ph
ot

on
 ID

Ph
ot

on
 is

ol
at

io
n

Je
t e

ne
rg

y 
re

so
lu

tio
n

Je
t e

ne
rg

y 
sc

al
e

b-
je

t e
ffi

ci
en

cy

c-
je

t e
ffi

ci
en

cy

Li
gh

t-j
et

 e
ffi

ci
en

cy

Je
t e

ta
 c

al
ib

ra
tio

n

Je
t p

ile
-u

p 
of

fs
et

Je
t v

er
te

x 
ta

gg
er10-

5-

0

5

10

15

M
ag

ni
tu

de
 o

f s
ys

te
m

at
ic

s 
[%

]

 ups1 

 downs1 ggH
) = (250, 110) GeV

S
, m

X
, (m-1 = 13 TeV, 140 fbs

Slide 2
SH

Tracking
Back-up-content



Mass spectrum
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Observed local significance
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No significant excess is seen in ATLAS Run 2 Data for the X → S b2b H γγ .
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Upper limits on the cross-section
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Observed 95% exclusion limits on 
𝜎 𝑝𝑝 → 𝑋 → 𝑆𝐻 → 𝑏2𝑏𝛾𝛾 . 

The red line is the border between 
the 1 b-tagged and 2 b-tagged 
category.

Limits are found to be better at higher 
masses due to a better signal efficiency and 
lower background.
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Discussion
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No X → S b(b H γγ signal using ATLAS Run 2 Data corresponding to an integrated luminosity of  140
Bb−1.

Does not mean that our X and S do not exist.

Statistic onlyStatistic only

About a factor 10 of improvement in sensibility.
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High-luminosity era
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Start of HL-LHC

Upcoming upgrade of the LHC:
• Increase the luminosity of the accelerator by a 

factor 3
• Increase the data taking rate of the experiment

We need more data !

Sharp increase of the event complexity:
Number of simultaneous proton-proton interactions:

40 → 200
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High-luminosity era
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View of ITk

The LHC experiments are upgrading their detector to cope with the harsher environment.

In ATLAS, this includes:
• Installation of a new Inner Tracker ITk
• Installation of a a High-Granularity Timing Detector 
• Upgrade of trigger and data acquisition system
• Replacement of the muon small wheel
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Tracking during HL-LHC: a computing challenge
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Sixty years before this thesis : 
track reconstruction with a pen 

and a ruler.

Picture from: M. Elsing

ATLAS current inner detector
Run 1 ~ 12 pile-up interactions

Can we accelerate the algorithm ?

Track reconstruction is a key step in the event reconstruction, allows to estimate physics parameters of charged 
particles (𝑝. , 𝑑), 𝑧), 𝜑, …).

Tracking done using digital 
readout and algorithms.

The algorithms will become too slow 
to cope with the combinatorics 

within the CPU budget.

ATLAS ITk with its 200 pile-up 
interactions.
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Machine learning applied to tracking
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How to deploy a Machine Learning solution for tracking ?

Ø Ask the ML: organize a tracking challenge on the Kaggle platform:                            .

The challenge provides an open source tracking dataset, using a detector geometry mimicking 
the one from the LHC general purpose experiments.

Lea
der

boa
rd

ü About 650 participants !
ü No groundbreaking solution: ML is not at the 

core of the best algorithms

Why is it so difficult to use ML for tracking ?

Slide 2
SH

Tracking
Back-up-content



Deep machine learning applied to tracking
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All the problem lies in the data representation: raw data from tracking detectors are sparse data.

Why is it so difficult to use ML for tracking ?

Data fed to Neural Networks are frequently represented as an image.

Unsuitable for our tracking detector data.

More natural representation:
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Deep machine learning applied to tracking

28Charline Rougier | PhD defense | 19/09/2023

All the problem lies in the data representation: raw data from tracking detectors are sparse data.

Why is it so difficult to use ML for tracking ?

Data fed to Neural Networks are frequently represented as an image.

Unsuitable for our tracking detector data.

More natural representation:

A graph representation !Proof of principle by Exa.TrkX project
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Tracking with a Graph Neural Network

29Charline Rougier | PhD defense | 19/09/2023

1 Charged particles 
produce space-points 
inside the detector. 2 Graph creation.

3 Edge classification 
using a Graph Neural 
Network. 4 Track building.
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The interaction Network model

30Charline Rougier | PhD defense | 19/09/2023

Tracking data 
represented as a 

graph

r

z
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The interaction Network model

31Charline Rougier | PhD defense | 19/09/2023

Tracking data 
represented as a 

graph

Node
Encoder

Edge
Encoder

MLP

MLP

r

z

Slide 2
SH

Tracking
Back-up-content



The interaction Network model

32Charline Rougier | PhD defense | 19/09/2023

Tracking data 
represented as a 

graph

Node
Encoder

Edge
Encoder

MLP

MLP

Interaction
Network

r

z
Edge update: −1
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The interaction Network model

33Charline Rougier | PhD defense | 19/09/2023

Tracking data 
represented as a 

graph

Node
Encoder

Edge
Encoder

MLP

MLP

Interaction
Network

r

z
Node update:
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The interaction Network model

34Charline Rougier | PhD defense | 19/09/2023

Tracking data 
represented as a 

graph

Node
Encoder

Edge
Encoder

MLP

MLP

Interaction
Network

Message-passing mechanism r

z
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The interaction Network model

35Charline Rougier | PhD defense | 19/09/2023

Tracking data 
represented as a 

graph

Node
Encoder

Edge
Encoder

MLP

MLP

Interaction
Network

Message-passing mechanism r

z
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The interaction Network model

36Charline Rougier | PhD defense | 19/09/2023

Tracking data 
represented as a 

graph

Node
Encoder

Edge
Encoder

MLP

MLP

Interaction
Network

Message-passing

Classification
score r

z
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ATLAS simulated sample: 𝐭 ̅𝐭 𝐰𝐢𝐭𝐡 𝛍 = 𝟐𝟎𝟎 𝐚𝐭 𝒔 = 𝟏𝟒 𝑻𝒆𝑽
• About 10k charged particles per event
• About 300k space-points per event

Define target particles
• p: > 1 GeV
• No secondaries
• No electrons
• At least 3 space-points in the detector

Simulated sample

37Charline Rougier | PhD defense | 19/09/2023

Strip subdetector: 1 space-point = 2 clusters 

Pixel subdetector: 1 space-point = 1 cluster

Select 𝐭 ̅𝐭 and pile-up interactions
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Graph creation: the module map

38Charline Rougier | PhD defense | 19/09/2023

The path of a target par8cle is followed through ITk to record all possible connec3ons between triplets of 
silicon modules:

Ø Built using 90 000 t ̅t events with µ = 200
Ø It comprises 1 242 665 connecSons
Ø DirecSon “inside-out” is given to edges.

Ø On average, the graphs have O(270k) nodes and O(1.3 million) edges.
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Module Map created using 90k events

 > 1 GeV
T

 and soft interactions) pt = 200, primaries (tñµá, t = 14 TeV, ts
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 and soft interactions) pt = 200, primaries (tñµá, t = 14 TeV, ts
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Training the GNN

39Charline Rougier | PhD defense | 19/09/2023

A technical challenge
Simple GNN architecture configuration

Use of memory management technique.

Require 200 GB of GPU memory to train the model
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Signal efficiency

1
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GNN classifier
Naive classifier
Edge classification score s = 0.5

ATLAS Simulation Preliminary

using Module Map

 > 1 GeV
T

 and soft interactions) pt = 200, primaries (tñµá, t = 14 TeV, ts

Configuration of the GNN architecture
• 2 layers in each MLP
• 128−dimensional space parameters
• 8 message-passing iterations

wi=*
1 for true edges
0.1 for fake edges

0 for non−target edges
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Edge classification performance

40Charline Rougier | PhD defense | 19/09/2023
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ATLAS Simulation Preliminary

using Module Map

 > 1 GeV
T

 and soft interactions) pt = 200, primaries (tñµá, t = 14 TeV, ts

4- 3- 2- 1- 0 1 2 3 4
h

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

G
N

N
 p

er
-e

dg
e 

ef
fic

ie
nc

y

ATLAS Simulation Preliminary

using Module Map

 > 1 GeV
T

 and soft interactions) pt = 200, primaries (tñµá, t = 14 TeV, ts
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ATLAS Simulation Preliminary

using Module Map

 > 1 GeV
T

 and soft interactions) pt = 200, primaries (tñµá, t = 14 TeV, ts

Cut at s = 0.5 on the edge classification score

Efficiency vs. 𝜂 Efficiency vs. 𝑝" Purity vs. 𝜂

Efficiency and purity degradation in the central region.

What is the source of the inefficiency ?
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Investigation of the GNN edge-performance

41Charline Rougier | PhD defense | 19/09/2023
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ATLAS Simulation Preliminary

using Module Map

 > 1 GeV
T

 and soft interactions) pt = 200, primaries (tñµá, t = 14 TeV, ts

Cut at s = 0.5 on the edge classification score
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Building track candidates

42Charline Rougier | PhD defense | 19/09/2023

Connected 
components

Loose cut on the edge score classification @0.1 : ~ 1.3M edges -> 30k edges

Zoom on 
a graph

Legend

Edge below threshold

Edge above threshold

Nodes same color = Nodes same particles
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Building track candidates

43Charline Rougier | PhD defense | 19/09/2023

Connected 
components

Walk-through
algorithm

(from TrackML)

No further filtering:
the track candidate is built

❌

killed

or

Iterative algorithm with tighter cuts on edge score classification

Legend

Edge below threshold

Edge above threshold

Nodes same color = Nodes same particles
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GNN track reconstruction efficiency
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Matching to truth particles without track fit:
Standard matching
Strict matching

ATLAS Simulation Preliminary

using Module Map

 > 1 GeV
T

 and soft interactions) pt = 200, primaries (tñµá, t = 14 TeV, ts

Track candidate not matched to any 
particle = fake track

Ø found to be 𝑂 10;<

Matching criteria:
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Matching to truth particles without track fit:
Standard matching
Strict matching

ATLAS Simulation Preliminary

using Module Map

 > 1 GeV
T

 and soft interactions) pt = 200, primaries (tñµá, t = 14 TeV, ts
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A Ph.D. in 3 years
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2018

Oct 2020: 
Beginning of my Ph.D.

Oct 2023: 
End of my Ph.D.

Start Run 3 @LHC

Run 2

2022
End Run 2 @LHC

Today

Creation of
2019

GNN tracking 
Proof of principle
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A Ph.D. in 3 years
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2018

Oct 2020: 
Beginning of my Ph.D.

Oct 2023: 
End of my Ph.D.

Start Run 3 @LHC

Run 2

2022
End Run 2 @LHC

Today

Creation of
2019

GNN tracking 
Proof of principle

Plenary @CHEP 2021
First GNN tracking 

performance

May 2021
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Perfect matching
Tight matching
Loose matching

=14 TeVs=200, µ>1 GeV, 
T

, pt t
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A Ph.D. in 3 years
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2018

Oct 2020: 
Beginning of my Ph.D.

Oct 2023: 
End of my Ph.D.

Start Run 3 @LHC

Run 2

2022
End Run 2 @LHC

Today

Creation of
2019

GNN tracking 
Proof of principle

Plenary @CHEP 2021
First GNN tracking 

performance

May 2021

QT: getting ATLAS authorship
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A Ph.D. in 3 years
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2018

Oct 2020: 
Beginning of my Ph.D.

Oct 2023: 
End of my Ph.D.

Start Run 3 @LHC

Run 2

2022
End Run 2 @LHC

Today

Creation of
2019

GNN tracking 
Proof of principle

Plenary @CHEP 2021
First GNN tracking 

performance

May 2021 End 2021:
Join the SH 

analysis

QT: getting ATLAS authorship
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QT: getting ATLAS authorship

A Ph.D. in 3 years

49Charline Rougier | PhD defense | 19/09/2023

2018

Oct 2020: 
Beginning of my Ph.D.

Oct 2023: 
End of my Ph.D.

Start Run 3 @LHC

Run 2

2022
End Run 2 @LHC

Today

Creation of
2019

GNN tracking 
Proof of principle

Plenary @CHEP 2021
First GNN tracking 

performance

May 2021 End 2021:
Join the SH 

analysis

May 2022

Plenary @CTD 2022
First ITk GNN tracking performance
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Matching to truth particles without track fit:
Standard matching
Strict matching

ATLAS Simulation Preliminary

using Module Map

 > 1 GeV
T

 and soft interactions) pt = 200, primaries (tñµá, t = 14 TeV, ts
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QT: getting authorship

A Ph.D. in 3 years

50Charline Rougier | PhD defense | 19/09/2023

2018

Oct 2020: 
Beginning of my Ph.D.

Oct 2023: 
End of my Ph.D.

Start Run 3 @LHC

Run 2

2022
End Run 2 @LHC

Today

Creation of
2019

GNN tracking 
Proof of principle

Plenary @CHEP 2021
First GNN tracking 

performance

May 2021 End 2021:
Join the SH 

analysis

May 2022

Plenary @CTD 2022
First ITk GNN tracking performance

May 2023

CHEP 2023
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ATLAS Simulation Preliminary

using Module Map

 > 1 GeV
T

 and soft interactions) pt = 200, primaries (tñµá, t = 14 TeV, ts
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ATLAS Simulation Preliminary

using Module Map, Total per-edge purity over the detector : 92.6%

 > 1 GeV
T

 and soft interactions) pt = 200, primaries (tñµá, t = 14 TeV, ts
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A Ph.D. in 3 years
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2018

Oct 2020: 
Beginning of my Ph.D.

Oct 2023: 
End of my Ph.D.

Start Run 3 @LHC

Run 2

2022
End Run 2 @LHC

Today

Creation of
2019

GNN tracking 
Proof of principle

Plenary @CHEP 2021
First GNN tracking 

performance

May 2021 End 2021:
Join the SH 

analysis

May 2022

Plenary @CTD 2022
First ITk GNN tracking performance

May 2023

CHEP 2023

Sept 2023
HDBS approval 

SH analysis

QT: getting ATLAS authorship
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What next ?
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Oct 2023: 
End of my Ph.D.

First HiLumi 
collisions recorded

~2029

Start Run 4 @LHC

~2025
End Run 3 @LHC

ATLAS & CMS
Upgrades
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What next ?
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Oct 2023: 
End of my Ph.D.

First HiLumi 
collisions recorded

~2029

Start Run 4 @LHC
ATLAS & CMS upgrades

Oct. 2023

CTD 2023
In Toulouse

Present first comparison 
between CKF and GNN

~2025
End Run 3 @LHC

ATLAS & CMS
Upgrades
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What next ?
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Oct 2023: 
End of my Ph.D.

First HiLumi 
collisions recorded

~2025 ~2029
End Run 3 @LHC

Start Run 4 @LHCATLAS & CMS
Upgrades

Oct. 2023

CTD 2023
In Toulouse

SH paper

End 2023
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What next ?
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Oct 2023: 
End of my Ph.D.

First HiLumi 
collisions recorded

~2025 ~2029
End Run 3 @LHC

Start Run 4 @LHCATLAS & CMS
Upgrades

Oct. 2023

CTD 2023
In Toulouse

SH paper

End 2023

2024

Completion of GNN tracking
demonstrator for ATLAS ITk

Target papers on physics 
and technical performance
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What next ?
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Oct 2023: 
End of my Ph.D.

First HiLumi 
collisions recorded

~2025 ~2029
End Run 3 @LHC

Start Run 4 @LHC
ATLAS & CMS

Upgrades

Oct. 2023

CTD 2023
In Toulouse

SH paper

End 2023

2024

Completion of GNN tracking
demonstrator for ATLAS ITk

Target papers on physics 
and technical performance
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Thank you for your a,en.on

Charline Rougier | PhD defense | 19/09/2023 57
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Content back-up
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Analysis
PNN architecture
PNN score cuts
signal cutflows
Yields and signal efficiency
Summary of systematics
Impact of systematics
CMS results
Likelihood fit

Tracking
Timing
SPs vs clusters resol
QT: seeder valida8on
TrackML-like GNN results
Origin fake edges
More GNN edge perf plots
Track selec8on
Comparison with CKF
Inference benchmark
Graph topo
MM vs ML
GSF

GNN Tracking

Misc
FCC
LHCb
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Analysis: PNN architectures

59Charline Rougier | PhD defense | 19/09/2023

2 b-tagged category

In both category, final ac8va8on func8on = sigmoid
Automa8cally tuned with Keras Tuner (maximize AUC)

Similar for 1 b-tagged category
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Analysis: PNN architectures
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Optimization of the PNN classification cuts

61Charline Rougier | PhD defense | 19/09/2023

We know from previous analysis, that we will be able to use the asymptotic approximation if we guarantee to have 
at least 9 event in the m== data side-band. We want to maximize the significance:  

Blue line: above this cut 
value, we do not have 9 
events in the m== data 
side-band.

Black line: value of cut 
chosen, maximizing the 
significance.

Blue cell = 1 b-tagged category
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Analysis: cutflows before PNN cuts
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Analysis: signal efficiency
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Analysis: continuum

64Charline Rougier | PhD defense | 19/09/2023

1

10

210

310

 T
ot

al
 c

on
tin

uu
m

 b
ac

kg
ro

un
ds

 y
ie

ld

2008.8 1285.1 1248.9 824.4

12.1 14.2 17.4 21.2 23.8 22.2

9.8 9.3 15.4 18.8 22.3

13.321.1 25.0 28.7 27.3

22.0 36.5 39.5

22.5 38.541.7
27.039.6 27.9

160 180 200 220 240 260 280 300
 [GeV]Xm

20

40

60

80

100

120 [G
eV

]
S

m

-1 = 13 TeV, 140 fbs

1

10

210

 T
ot

al
 c

on
tin

uu
m

 b
ac

kg
ro

un
ds

 y
ie

ld

165.9 77.3

18.6 14.1 17.7 22.9 11.4
18.1 11.9 6.5 15.3

22.6 10.4 9.6 10.3 8.8
26.4 13.9 9.8 11.9 10.5

17.3 10.4 6.7 8.4

13.0 9.6 15.9

11.8 9.5

400 500 600 700 800 900 1000 1100
 [GeV]Xm

100

200

300

400

500 [G
eV

]
S

m

-1 = 13 TeV, 140 fbs

Slide 2
SH

Tracking
Back-up-content



Analysis: single Higgs
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Analysis: single Higgs
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Tracking: timing
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Timing consideration
• The target is to run the full pipeline in < 1 second.
• Need to be fully run on GPU.

Pipeline step V100 GPU

Graph construction (metric learning) ~ 500 ms

Graph construction (module map) In progress 
target ~ 100 ms

GNN ~170 ms

Connecting component ~100 ms

TrackML timing (Similar graph size as for ITk): 

How to improve: GPU kernels have dedicated operation for NN. But the GNN model is much complex with its 8 
message-passing operations and the way the memory is therefore handle. 
Using dedicated GNN kernels could only improve the timing, the memory consumption and the energy cost.

(See this paper)
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https://arxiv.org/pdf/2202.06929.pdf


Tracking: resolution of clusters and SPs in strip
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Tracking QT: validation of the seeder
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Tracking QT: validation of the seeder
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Tracking QT: validation of the seeder

71Charline Rougier | PhD defense | 19/09/2023

Slide 2
SH

Tracking
Back-up-content



Tracking QT: validation of the seeder
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Tracking: TrackML GNN results
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https://arxiv.org/abs/2103.00916
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Summary of included systematics
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Signal ttH ggH ZH Others single Higgs Di-Higgs Continuum

Theory Yield Parton shower QCD scale
PDF+𝛼!

QCD scale
PDF+𝛼!

QCD scale
PDF+𝛼!

QCD scale
PDF+𝛼!

QCD scale
PDF+𝛼!

Experimental Yield Luminosity
Photon trigger efficiency
Pile-up scale factors
Photon energy resolution and scale
Photon identification efficiency
Photon isolation efficiency
Jet energy resolution and scale
Jet 𝜂 calibration
Flavor tagging efficiencies
Jet Vertex tagger
Jet pile-up offset

Negligeable Negligeable Spurious signal

Shape Photon energy resolution and scale
Photon identification efficiency
Photon isolation efficiency
Photon trigger efficiency

Negligeable Negligeable

Slide 2
SH

Tracking
Back-up-content



Analysis: impact systematics
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Investigation of the GNN edge-performance
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 space point

ghost

edges involving 

random-space point combinations

edges from electrons

non-successive space point from target particles

non-successive space point from non-target particles

edges from non-fiducial particles
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Non-fiducial particles = particles with 𝜂 > 4 or 𝑟#$%&$' > 26 cm

👻
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Previous       results
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CMS already released public results on this analysis.

No significant excesses are seen.

Although, local (global) significance of 3.8 (2.8) 
standard deviations is observed for
m), m*(-) = 650, 90 GeV.
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https://cds.cern.ch/record/2815230


Discovery and upper limits
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Background only hypothesis 𝐻/

Testing for discovery

L =
𝑒;>

𝑛! %
?@!

1

𝑝 𝑚,,
? %

6@!

1+,+-

𝐶6(𝜃6; 𝛼', 𝛿6)
Number of 

expected events

PDF describing the shape 
of the distribution

Systematic uncertainties Significance Z 𝟏 − 𝒑𝟎 [%]

Evidence 3𝜎 99.7%

Discovery 5𝜎 99.9997%

Probability to reject 
the background only 
hypothesis.

Signal + background hypothesis 𝐻0

Exclusion limits

We set upper limits on the signal cross-section 𝜎 𝑝𝑝 → 𝑋 → 𝑆𝐻 → 𝑏(𝑏𝛾𝛾 .
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Track selection and CKF perf
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Comparison with CKF
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Edge classification performance
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Inference benchmark
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Prediction sample
100 events from TrackML
Graphs have similar size as those obtained with ITK

Quadro RTX 8000 GeForce RTX 2080 
Ti Gaming GPU

GPU memory capacity (GB) 48 11

Runtime mixed precision (16/32) 350 ms / event

Memory peak consumption 5.4 GB

No memory issue during prediction

Will also benefit from dedicated kernel => large factor of improvement expected from dedicated CUDA kernel

Study on TrackML sample, 
without optimization.
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Graph topology
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MM vs ML
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Future circular collider
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• ~ 91 km ring-shaped underground tunnel

• Start of construction = 2030

• Proto-collaboration are being formed

• at least 4 detectors

Start Operation

e-e ~2040
After HL-LHC

15 years Energies from 80 to 400 GeV

p-p ~2080 25 years 100 TeV
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LHCb tracker
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Single electron: event display
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