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

The matter is described by fermions:

e quarks,

* leptons.

Interactions are mediated by bosons.

L=

-[>|»-x

mass = =2.2 MeV/c?
charge
spin

QUARKS

LEPTONS

=1.28 G

=173.1 GeV/c?

% % 0
VA Ve 1
up charm top gluon
~4.7 MeV/c? ~96 MeV ~4.18 GeV/c? 0
=Y = =15 0
VA Ve 1
down strange bottom photon
k=0.511 MeV/c? ~105. 66 MeV/c ~1.7768 GeV/c? ~91.19 GeV/c?
-1 -1 -1 ~ 0
VA Ve 1
electron muon tau Z boson
<2.2eV/c? <0.17 MeV/c <18.2 MeV/c? ~80.39 GeV/c?
0 0 4 +1
VA Ya 1
electron muon tau
neutrino neutrino neutrino W boson

——FE F* + By + h.c + ¢,y;;0¢; + h.c + |DHP|* + V()
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=125.09 GeV/c?

0
0

higgs

GAUGE BOSONS

VECTOR BOSONS

Discovered in 2012, jointly by

ATLAS and CMS.



https://www.sciencedirect.com/science/article/pii/S037026931200857X
https://www.sciencedirect.com/science/article/pii/S0370269312008581

W Beyond the Standard Model

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

is dark ?
Makter—anktimatter What is darle energy !

as:jmmd:rj ?

Why is there so much more
- Mmatter than antimatter in

the universe ?

What is dark makber ?

How to include gravity ? Included in the SM.

C——-} Does the graviton exist ?

Hierarchy problem ?
Number of free parameters quite large

Why the mass of the Higgs boson is much |
lighter than the Plank mass (101° GeV) ? C——b 19 free parameters in the SM

m Charline Rougier | PhD defense | 19/09/2023 3



W Extension of the scalarsector

I am an e.xper&mem&aiis& ;

If there is an extended scalar sector, we can observe its effects:

* Modifications of the 125 GeV Higgs boson properties

W} Require precise measurements of the ' properties.

e Discovery of BSM decays of the 125 GeV Higgs boson

el Searches are ongoing

* Direct discovery of new scalar particles

C—D That’s what I am looking for !

m Charline Rougier | PhD defense | 19/09/2023 il




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

M Two new additional scalar particles h; and h,.

What can we infer about their expec:?:ed properties ?

Two-real-scalar-singlet extension of the SM:

LHC phenomenology and benchmark scenarios

Tania Robens,’"* Tim Stefaniak,® ! and Jonas Wittbrodt?
1Ruder Boskovic Institute, Bijenicka cesta 54, 10000 Zagreb, Croatia
2DESY, NotkestraBe 85, 22607 Hamburg, Germany
(Dated: March 20, 2020)

Lnk Abstract

Many others BSM predict
additional bosons

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

m . > mhz > mhl

=125.09 GeV/c*

o @ my, >m; >my,
~ higgs

mhz >mh1 >m

.

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



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

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

"‘"“"‘""“b Two new additional scalar particles X and S.

What can we infer about their expec:?:eci properties ?

Two-real-scalar-singlet extension of the SM:

LHC phenomenology and benchmark scenarios

Tania Robens,’"* Tim Stefaniak,® ! and Jonas Wittbrodt?
1 Ruder Boskovic Institute, Bijenicka cesta 54, 10000 Zagreb, Croatia
2DESY, NotkestraBe 85, 22607 Hamburg, Germany
(Dated: March 20, 2020)

Lnk Abstract

Many others BSM predict
additional bosons

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

- KX - SS
=125.09 GeV/c? m > th > mhl
o H 0 my >moo>m
_hlggs l & " ¢ X = .
" My, > My, >m — -

X =SS

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

hz—)XX

— SX

non-exhaustive examples
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https://arxiv.org/pdf/1908.08554.pdf

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

“"“"‘"‘“} Two new additional scalar particles X and S.

What can we infer about their expetf:ed properties ?

Lebs hunt these new addiktional scalars

Charline Rougier | PhD defense | 19/09/2023

Two-real-scalar-singlet extension of the SM:

LHC phenomenology and benchmark scenarios

Tania Robens,’"* Tim Stefaniak,® ! and Jonas Wittbrodt?
1Ruder Boskovic Institute, Bijenicka cesta 54, 10000 Zagreb, Croatia
2DESY, NotkestraBe 85, 22607 Hamburg, Germany
(Dated: March 20, 2020)

Lnk Abstract

my >m  + mg

Many others BSM predict
additional bosons

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



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

Hadron Collider (LHC):

e, s * Also produce heavy ions collisions

ATLAS Experiment

LS2

Dioges Comsoiidation
splce cormolidation arypairel LIU hezalaton
7Tev BTV Lition colbmatons i etecyan innar Fighit

ATLAS - CMS
caperiment 1
beam pipes nomingd Lumd 2 x normingl Lumi ALICE - LHCb - .

“pgrede

L] L)
T5% normngd Lo ] / ]

Currently, the best tool to test the scalar sector is the Large

« Designed to produce p-p collisions at 4/s = 14 TeV

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



The ATLAS (A Toroidal LHC Apparatu$) is a 41 detector with a onion-layers cylindrical shape.

Tracking system: reconstruction of - -
charged particle trajectories and
vertices.

— Electromagnetic calorimeter:

5 reconstruction (direction and
energy) of photons and
electrons.

Magnet system: bends the
trajectories of charged

. 25m
particles for momentum

measurement.
LAr hadronic end-cap and
forward calorimeters . .
........................ \ Hadronic calorimeter:
g e | Efeloctiosaaetic loninsiat reconstruction (direction and
Muon chambers Solenoid magnet Transition radiation tracker f h d
Muon spectrometer: reconstruction of Semiconductor tracker energy) of hadrons.

muon trajectories.

m Charline Rougier | PhD defense | 19/09/2023 9




© Searchfor —5(bb) ()

X = St = SM, withmy > mg + my

The search is done using the ATLAS Run 2 dataset, corresponding to an integrated luminosity of 140 fh—1
recorded at 4/s = 13 TeV.

3 500 .

b O, ¥ ]

8 2090029902990 . < £ 400:_ _:

b - ]

A e 300~ -

“H Y - Phase space -

g 0909009900990 4:: 200 :— covered —:

v ' .

~125.09 GeV/c? 1 00 -_ _—
0 _«U’ with ms € [15,500] GeV I e e ]
_ higgs * my €[170,1000] GeV 200 300 400 500 600 700 800 900 1000

my [GeV]

CMS already publicly released results on this analysis: no signal is seen.

m Charline Rougier | PhD defense | 19/09/2023 10



https://cds.cern.ch/record/2815230

© Searchfor  —~5(bb) (yy):backgrounds ..

Final state is bbyy.

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

Resonant backgrounds

_ANA—
'z N

Continuum background

misidentified as b

’ { gm"_@ I b\ b !

misidentified asb

m Charline Rougier | PhD defense | 19/09/2023 11



© Selectionofthesignal .

Di-photon

v We select 2 photon candidates compatible with an Higgs decay:

H Y v" Apply identification criteria
v Reject photons from the decay 7° — yy
v Kinematic requirement to optimize the Higgs resonance peak: r:—T > 0.35 (0.25)
¥ YY

v m,, €[105,160] GeV

b ---~§ We reconstruct b-jet candidates:
) v" Reconstruct the stream of particles from the jet using the anti-k; algorithm with R=0.4
S,,,’ _ v pr > 25GeV
’ b v Ncentral jets € [2r5]

v b-tagging: identify the flavor of the quarks

m Charline Rougier | PhD defense | 19/09/2023 12




600

LELELE DL DL LA DL et LR ot
mulation internal

 EEERREE
- ATLASSi

>
[}
o)
= - Vs=13TeV
— o 500 _
‘Q 2 b-tagqed category P - SHtE,
“ _ Require 2 b-tagged 400 .
\@ @77% WP :
300 o
200 1o
When my > mg + my: L
L . I,ll: e
0300 3004400 500 600 700 800 900 1000

1 b*&agged ao&egcrv my [GeV]

< 2 Required 1 b-tagged

@77% WP

A\

m Charline Rougier | PhD defense | 19/09/2023 13

Limit between the two categories
empirically found to be 1':—)5( = 9%,




s

After the preselections:

10*

Yields

—t
o
W

10°

—
o

—_

—
<

Large phase space targeted by the analysis -8 design, train and use several Neural Networks ?

T T T T T T T T T T T T T T T I_=| n 5 T T T T T T T T T T T
Vs =13 TeV, 140 fb™", 2 b-tagged @ E = 10 s=13TeV, 140 fb™", 1 b-tagged é
] > =
‘ - 10' E
E = & 3
- R . 10° & =
E = = 1 ]
E —1__| —l = 1: 5
E__ 1 | | | | | | | | | I_‘— | | 10—1EI | | | | | | | | | | | | | | 3
£ ¥ ¥ &z = I £ F E § & % E T E L I £ ¥ ¥ ¥ 52 I £ F EI § & % E T E L CZ
Tt fF S 8 8 % 7 0° 8 = s % 2 & 3 T F S 8 &8 % 707 8 == > % s
&~ ::; £ N N o &~ ::; £ N N o

~ 95% background from yy + jets ~ 99% background from yy + jets

ey Parametrized Neural Network

Charline Rougier | PhD defense | 19/09/2023
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* Parametrized with my
* Input features > p7 and My,

* Parametrized with mg and my
* Input features — myp and rYleW

My = Mgy — (May — 125 GeV) Mbyy = Mipyy — (Myy — 125 GeV)

The PNN shape varies depending on the mg and my hypothesis.

“, 103§| T I TTTT I | 3 B | I | 539 B O | I TTTT I [ B I I LI I TTTT I | [ o S | I LI ?
C_) = —— Number of signal =
"E - Vs=13 TeV, 140 fo! Number of (ry+jets) N
o 10%E- signal (m,, m) = (400, 200) GeV . =
o E -——Numborol:: E
é 10%— =5
5 :
z - -
1 I E
1 | - - Apply for each targeted mass point a dedicated
107'E M . . pe .
= requirement on the PNN classification score.
1072} F

-3
10°0 04702 03 04 05 06 07 08 09 1
PNN classification score

m Charline Rougier | PhD defense | 19/09/2023 15




4000

3500

—_
—
-
~
[2]
2
c
(3]
>
L

' \ SH signal for m = 750 GeV, mg = 500 GeV

DSCB fit - y2 =2.14

Sighal:

3000

2500

Modeled with a Double-Sided Cristal Ball:

2000

1500

1000

500

110 120 130 140 150 1?0

el |nclude also all resonant backgrounds.

Conkinuum ba\twgrom\dt

wlfy Exponential with a normalization taken on the data sideband.

m Charline Rougier | PhD defense | 19/09/2023 16
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©
S,
n
S

500

400

300

200

100

Events /(1)

IIIllIIIIlIIII IIIIIIIII|III| T

For illustration

Statistical fluctuation not 05
included in the modeling o e T e T e e

my, [GeV]
—' L L L L L T T H 05 w = 1 L B I L T T =
- . ] = ) - . 7]
- Vs=13TeV, 14017 g J 0452 S 20 s=13TeV, 140 fo" =
C ] 04 § (S B .2 ._
3 E g 100 @ o -
E o3 b3 E 0.3 §' C 08 07 06 7
- ] 2 80~ -
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02 O - 2 2 W ]
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L _] L . 3.2 3.0 _
5 08 ,.05% 1 0 C ]

IIIIIIIIIIIIIIIIIIIIIIIIIII
600 700 800 900 1000 1100

m, [GeV]
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S R E N B E B R B B
160 180 200 220 240 260 280 300

my [GeV]

o
o

0.45

©
I

0.35
0.3
0.25

o
N

Number of spurious signal

0.15
0.1
0.05
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Events/(2.5)

(my, mg) = (230,90) GeV

_
N

y2/ndof = 1.37, p-value = 25.4 %

—
o

2ANLL/ndof = 1.05, p-value = 39.5 %

> IIII|IIII|IIII|IIII IIII|IIII|
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s

m, [GeV]

120

100

80

60

40

20

F T T T O 8 < | | T T | L B H 1.8 8
N ) ] 1.8 ¢ ) - . - c
- Vs=13TeV, 140 fb" . S O C Vs=13TeV, 140 fb™ ] @
2 T he £ S 500 o1 e LR
- o - s E - 1 —14 §
— L . 14 F s00F- E 2
- mwi1o 08 1 112 = n - - = | L~

1 L _ 1
n B o 1 L
- - » @ - < 300 H E = | o 1
- _ 0.8 ? — ] ' c%g
- o) w = 4506 X 200— . . . . . JpS0.6 X
- —P 0.4 = 180.4
- 05 06 iz ® W 08 - ~ -0.0 -
= s B ® 102 100E H" -« B o0 102
N R R T S S S 0 RN I R T B S T 0

160 180 200 220 240 260 280 300 400 500 600 700 800 900 1000 1100
my [GeV] my [GeV]
No significant excess is seen in ATLAS Run 2 Data for the X — S(bB) (vy).
Charline Rougier | PhD defense | 19/09/2023 20
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Work in progress

Work in progress




; = I I . L= E
(3 1ooF 1§=13TeV, 140 1" Work in progress E =
® N . o)
E - mJ 30 =
100— 1.4 —] £
- w32 18 . 2
80— ] S
- 1917 15 23 0 ,‘_3
60— et 2
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160 180 200 220 240 260 280 300

m, [GeV]

mq [GeV]

Limits are found to be better at higher
masses due to a better signal efficiency and
lower background.

500

400

300

200

100

Observed 95% exclusion limits on
o(pp - X > SH - bbyy).

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

category.

Work in progress

Vs=13TeV, 140 fb™
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1 I B
400 500 600
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Observed imit on o(X—>SH—bbyy) [fb]
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mq [GeV]

No X = S(bl_)) (Yy) signal using ATLAS Run 2 Data corresponding to an integrated luminosity of
1

120

100

80

60

40

20

Statistic only

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

Vs =13 TeV, 3000 fb™

PR I T S NN TR SR S R T
160 180 200

I [ [ T [ T 4
] |
o
o1 05 E
02 02 02 1 1

03 03 o -
04 03 -
03 02 ]
05 —

P IR R RN ST SRR = 10_1
220 240 260 280 300
m, [GeV]

Expected limit on o(X—SH—bbyy) [fb]

mg [GeV]
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Statistic only

140
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1]

el
600

wf About a factor 10 of improvement in sensibility.
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e oy by by by
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""““""""} We need more data !

HL-LHC

. Upcoming upgrade of the LHC:
| 138 Tev 13.6 - 14 ToV L
energy « Increase the luminosity of the accelerator by a
HL-LHC
pilot baam achason bevi installation factor 3
— . .
m « Increase the data taking rate of the experiment
amas-cus H—

2 w nomingd Lumi

Sharp increase of the event complexity:

(4soto” | n..m, C_Q Number of simultaneous proton-proton interactions:

o 40 — 200
Start of HL-LHC

m Charline Rougier | PhD defense | 19/09/2023 23



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 View of ITk

Run 3 (u=55) Run 4 (1=88-140) Run 5 (1=165-200)

T I T T T T T T j T 'I T I T T T I T T T I T T T T T T I T T T I T
S0~ ATLAS Prehmlnary

-~ 2022 Computing Model - CPU

|

(Ll

»

&
o L.
2] - 1
= 40~ « Conservative R&D 2 ]
5 - v Aggressive R&D ‘,—".- 1
g - — Sustained budget model 28 d
g 30 = (+10% +20% capacity/year) ’ =
2 20 =
(_J L d
S - ]
g top .
_I I 1 1L 1 [ 1 1 1 I (] 1 1 I L 1 L I L 1 1 I 1 L 1 l 1 1 1 I 1 1 1 I _I.
02020 2022 2024 2026 2028 2030 2032 2034 2036

Year
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=

Tracking
Back-up-content

Tracking during HL-LHC: a computing challenge

Track reconstruction is a key step in the event reconstruction, allows to estimate physics parameters of charged
particles (pr, dg, Zg, @, -..).

Picture from: M. Elsing

ATLAS ITk with its 200 pile-up
ATLAS current inner detector interactions.
Run 1~ 12 pile-up interactions

Tracking done using digital The algorithm;wkilll become too_slow
readout and algorithms. to cope YVIt the combinatorics
within the CPU budget.

Sixty years before this thesis :
track reconstruction with a pen
and a ruler.

Can we accelerate the algorithm ?

Charline Rougier | PhD defense | 19/09/2023 25


https://elsing.web.cern.ch/elsing/talks/OpenlabTrackingLecture2.pdf

Slide 2

Machine learning applied to tracking o

=

Tracking
Back-up-content

How to deploy a Machine Learning solution for tracking ?

» Ask the ML: organize a tracking challenge on the Kaggle platform: 1&.-.;,.:[:%{ :

$25,000

Prize Money

@\4 CERN - 651 teams - 4'years ago

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

&>
va& Top Quarks > | 0.92182 10 ) )
\‘&&&’5 oo B oo v" About 650 participants !
B oo = % No groundbreaking solution: ML is not at the
5 o s core of the best algorithms
Yuval & Trian B 0.80414 56
nz Why is it so difficult to use ML for tracking ?

I 2' I Charline Rougier | PhD defense | 19/09/2023
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Why is it so difficult to use ML for bracking ?

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

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

Unsuitable for our tracking detector data.

More natural representation:

¥ X
—F ¥¥¥
¥—X— 4
—N———
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Why is it so difficult to use ML for bracking ?

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

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

Unsuitable for our tracking detector data.

More natural representation:

Proof of principle by Exa.TrkX project x/‘,‘/"‘ A gmpk represeh&a&iov\ ;

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



https://arxiv.org/abs/1810.06111

Charged particles
produce space-points
inside the detector.

1

using a Graph Neural

Edge classification
Network.

2

| 2IT



Tracking data
represem&ed as a
graph

T Q Z
Nnodes’ : : : ]

An Ap Ar Az
N edges : : : 5

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



Tracking data
represem&ed as a

graph MLP
r o9 z Node
dees’ Pt ] C—> | Encoder
MLP
An A(p Ar Az]
Nedges :> Edge
Encoder

.

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




Tracking data
represem&ed as a

graph MLP

Node
r Q@ z
An A(p Ar Az
Encoder

Edge update: e(uv) = MLP¢ ([h’c 1 hk 1 (u_;)]) r ‘
‘ Z

Interaction
Network

N edges

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



Tracking data
represem&ed as a
graph MLP
Node
T
dees’s : z] —)
)

Interaction
Network

N edges

MLP
An Ap Ar Az :>
P ‘ :> Edge

Encoder

Node update: hz - MLPGIZ (hﬁ_l’ Z el(c'v,u)> Z el(cu,v)> ‘r
yA

°

o
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Interaction

MLP Network

" [

Encoder

Tracking data
represem&ed as a
graph MLP
7 Node
NnodesF <p ] I:> Encoder
— i

An A(p Ar Az

N edges

°

Message-passing mechanism r 6
‘ Z
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Interaction

MLP Network

" [

Encoder

Tracking data
represem&ed as a
graph MLP
7 Node
NnodesF <p ] I:> Encoder
— i

An A(p Ar Az

N edges

°

Message-passing mechanism r 6
‘ Z
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0.99

0
0.1 ‘
0.99
0.2

Tracking data
represem&ed as a

graph MLP ‘
Node
5 % F 0.4
Nnodes ’ : : : ] :> Encoder 0.4 04
VILP Interaction :
An A(p Ar Az Network ‘
Ne es :> Ed e
= ] EnCOgder Message-passing 0.3

ﬂ 0.99 :
Classification ‘ ‘ 0.3
r O

| .

score
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ATLAS simulated sample: tt with (u) = 200 at+/s = 14 TeV

- About 10k charged particles per event
- About 300k space-points per event

Define target particles

* pr>1GeV
« No secondaries
« No electrons

« At least 3 space-points in the detector

L A A IR A B
1400-ATLAS Simulation Preliminary

r [mm]

1200 n=10

1000
800

600

400

E]
n
g
=

>' Select tt and pile-up interactions

—/

3
n
g
=)

» Strip subdetector: 1 space-point = 2 clusters

e
n
&
- o

0

z [mm]

» Pixel subdetector: 1 space-point = 1 cluster
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Graph edge construction efficiency

The path of a target particle is followed through ITk to record all possible connections between triplets of

silicon modules:
» Built using 90 000 tt events with () = 200
» It comprises 1 242 665 connections
» Direction “inside-out” is given to edges.

» On average, the graphs have O(270k) nodes and O(1.3 million) edges.

rrr 1| rrrrrrrryrrrrrrr [ r T
1.04— o , _ —
L Ys =14 TeV, tf, (u) = 200, primaries (tf and soft interactions) P> 1 GeV -

I~ Module Map created using 90k events B
1.02— —
1 | —
!—“'.'.'ﬂ_._ m...-.-.—.—t
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Background rejection

A technical challenge
Simple GNN architecture configuration

C_t} Require 200 GB of GPU memory to train the model

Use of memory management technique.

ATLAS S|mulat|on Prellmlnary

\s =14 TeV, tf, (u) = 200, primaries (tf and soft interactions) pT >1GeV

10°
107

using Module Map

10°
10°

4
1 O GNN classifier
....... Naive classifier

) Edge classification score s = 0.5

10°
10°
10

III':l'm] IIII|'|T|] IIII|'|T|| Illlll'ﬂl TTTT

-_IIIII_I,I,ll IIIILI,I,I] IIII|_|,|,|| IIIIII,IJI IIIILI_lI] IIIILI,I,I] IIIILI,I,I] IIIII_I,I]I

2 03 04 05 06 07 08 09

Signal efficiency

Configuration of the GNN architecture

LBCE(W b

wij=

- 2 layersin each MLP
- 128-dimensional space parameters
- 8 message-passing iterations

_1
N

1 for true edges
0.1 for fake edges
0 for non—target edges
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N
Z} [yz log(puws(zi)) + (1 — ;) log(1 — puws(zi))| X ws
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Cut at s = 0.5 on the edge classification score

Efficiency vs. 1 Efficiency vs. pr Purity vs. n
c>.>, | L I L I L I T 1T I T T I T 1T I T T I T |_ 5 1 _2 [ T T T T T T T T I T T T T T T T |_ b 1 _2 [ T T T T I T T T T I L I L I T T 171 I T T 171 I T T 171 I L |_
S 1.04— ATLAS Simulation Preliminary — S - ATLAS Simulation Preliminary 1 5 - ATLAS Simulation Preliminary -
g 1.02 :_ s =14 TeV, tf, (u) = 200, primaries (tf and soft interactions) p,>1 GeV _: :3(::) 1.15 :_ Vs =14 TeV, tf, (u) = 200, primaries (tf and soft interactions) P> 1 GeV _: % 1.1 :_ Vs =14 TeV, tf, (u) = 200, primaries (tf and soft interactions) P> 1 GeV _:
(0] ) I~ using Module Map 1 () [ using Module Map ull detoct n % [ using Module Map n
| — r —0— ful letector — — ]
_qé').’ 1__ __ _qé') 1'1: -l >2 n g 1: .t .o -.-:
o N o ey, PGP 2 ] o) - i <2 1 8 C g . - v R
—_ L - . — - —] - —
2 3 ToetTen vees® 1 2 e w R I ° - .
0.96— — pd — -y g g g . 8 . —
° 4 O BT e : : OGRS S :
0.94F - 0.951- -+ S 0.7~ -
- . - —— R - ]
0.92— — 0.9 — 0.6 -
0_9_' o b b b b b b L 085: I I I | I I I Lo |: 05:| v v v by b b b b by |:
-4 -3 -2 -1 0 1 2 3 4 ’ 10 10 24 _ _ -1 0 1 2 4
n P, [GeV] n
Efficiency and purity degradation in the central region.
[ [ [ [
What is the source of the inefficiency ?
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Cut at s = 0.5 on the edge classification score

1400[— T T ™)

- ATLAS Slmulatlon Prellmlnary .

1200 [ fs=14TeV, tf, (u) = 200, primaries (ff and soft interactions) p>1 GeV ]

[ using Module Map ]
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Zoom own
a graph

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

Connected
Compohe.hks
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Cownnected
co mpohav\&s

. Iterative algorithm with tighter cuts on edge score classification
v v

No further filtering: .
the track candidate is built killed
Walk-through A
algorithm \@ or x
(from TrackemL) f {
T
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Matching criteria: LI I LT

Standard matching

. Pmatch > 0.5 Track candidate not matched to any
Fasticle particle = fake track
e e w w e _3
e e www » found to be 0(107>)
Strict Matching
Pmatch = 1

(3\ 1_4_I T TT | LI | T 1T | T 1T | T TT | T TT | LI T 1T T TT LI I_ Track purity: 1 1_2_| LI | L | L | LI | LI | L L T T T |_
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;f:_) 1 3 :_ \s =14 TeV, tf, (u) = 200, primaries (tf and soft interactions) pT >1GeV _: g 1 1 5 E_ Vs =14 TeV, tf, (u) = 200, primaries (tf and soft interactions) pT >1GeV _E
E = using Module Map ] HCI_) 1 1—_ using Module Map 1
C 1 2 __ ] c e :
'g : Matching to truth particles without track fit: m _'C—_D, — Matching to truth particles without track fit: n
O — —_— andard matchin — O - —_— andard matchin 1
E 1 . 1 - —_— ::ric‘tjm:tchi:lgh ? - E 1 .05 = r S ::rict':l : tj‘ ° .
s F ] - E
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m Charline Rougier | PhD defense | 19/09/2023 44



o -
oe

End Run 2 @LHC CNN track Start Run 3 @LHC
racking )
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Slide 2
SH

Tracking
Back-up-content

Thank you for your attention
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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

GNN Tracking

Misc
FCC
LHCb
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Tracking

Timing
SPs vs clusters resol

QT: seeder validation
TrackML-like GNN results
Origin fake edges

More GNN edge perf plots

Track selection

Comparison with CKF
Inference benchmark
Graph topo

MM vs ML

GSF
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2 b-tagged ta&egorj

@m:

input_1 input: | [(None, 4)]
InputLayer | output: | [(None, 4)]
dense input: (None, 4)
Dense | relu | output: | (None, 85)
dropout | input: | (None, 85)
Dropout | output: | (None, 85)
dense 1 input: | (None, 85)
Dense I relu | output: | (None, 49)
dropout_1 | input: | (None, 49)
Dropout (None, 49)

output:

(None, 49)
Dense I relu | output: | (None, 45)
dropout 2 | input: | (None, 45)
Dropout | output: | (None, 45)
dense 3 input: | (None, 45)
Dense | relu | output: | (None, 81)
dropout_3 | input: | (None, 81)
Dropout | output: | (None, 81)
dense 4 input: | (None, 81)
Dense | sigmoid | output: | (None, 1)

Number of hidden layers 4
Layer 1 dropout rate 0.05
Layer 2 droport rate 0.1
Layer 3 dropout rate 0.2
Layer 4 dropout rate 0.1
Learning rate 0.009137
Optimizer Adam
Loss function Binary Loss
Initial bias 0.118
Signal class weight 0.945
Background class weight 1.062
Batch size 212613
Number of batches 2
Number of epochs 2000

In both category, final activation function = sigmoid
Automatically tuned with Keras Tuner (maximize AUC)
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Similar for 1 b-tagged category
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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:

Zs=1/2[(S+B)In(1+S/B) - 5],

(mx, mg) PNN cut (mx, mg) PNN cut (mx,mg) PNN cut
[GeV] value [GeV] value [GeV] value
(170, 30) 0.56 (245, 50) 0.92 (500, 300) 0.91
(180, 50) 0.81 (245, 70) 0.92 (600, 70) 0.86
g L l Trrr I | 5 I P | I Trrorr l TrIrrir I Trrorr I LI I | I S I LI I TrTr l_ (1857 30) 0.80 (245, 90) 091 (600, 170) 0.88
S _ -1 2 Aot el = (190, 15) 0.70 (250, 15) 0.78 (600, 200) 0.87
2 0 f n;(lsm-l)-?x(’;g Ct:)v salmpinisiine B (190, 50) 0.90 (250, 100) 0.91 (600, 300) 0.88
° R ) B o e ot = (200, 70) 0.92 (250, 110) 0.91 (600, 400) 0.91
o * Numberof 2 3 (205, 30) 0.91 (300, 30) 0.92 (750, 70) 0.97
-g - (205, 50) 0.91 (300, 70) 0.90 (750, 110) 0.93
5 . (210, 15) 0.75 (300, 110) 0.92 (750, 170) 0.84
< 102 o (210, 70) 0.92 (300, 170) 0.92 (750, 200) 0.81
= (220, 90) 0.91 (400, 30) 0.88 (750, 300) 0.88
a (225, 30) 0.92 (400, 70) 0.90 (750, 400) 0.81
/ - (225, 50) 0.92 (400, 110) 0.89 (750, 500) 0.82
- = (225, 70) 0.92 (400, 170) 0.88 (1000, 70) 0.98
10 e N 'X_, (230, 15) 0.74 (400, 200) 0.89 (1000, 110) 0.61
X e 3 (230, 90) 0.91 (500, 30) 0.92 (1000, 170) 0.82
%0, %%, o (230, 100) 0.91 (500, 70) 0.91 (1000, 200) 0.76
ot o (240, 100) 0.91 (500, 110) 0.89 (1000, 300) 0.73
i R Wk I ™ (240, 110) 0.90 (500, 170) 0.90 (1000, 400) 0.55
0 01 02 03 04 05 6 0.7 08 09 1 (245, 30) 0.92 (500, 200) 0.87 (1000, 500) 0.67

PNN score cut Blue line: above this cut Blue cell = 1 b-tagged category
value, we do not have 9
events in the m,,, data

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




Table 6: Cutflows for some generated MC signal sample. A signal cross-section of 1 fb is considered.

Selection (190,15) (250,110) (600, 170) (1000, 300)
Yield Efficiency | Yield Efficiency | Yield Efficiency | Yield Efficiency

All events 148.18  100.0% | 148.78 100.0% | 144.19 100.0% | 143.64 100.0 %
Pass trigger 93.41 63.0% 97.40 65.5% 126.71 87.9% 13382 932 %
Has primary vertex 93.41 63.0% 97.40 65.5% 126.71 87.9% 133.82  93.2%
2 loose photons 73.44 49.6% 77.38 52.0% 86.76 60.2% 95.58 66.5%
e — 7y ambiguity 73.40 49.5% 77.35 52.0% 86.72 60.1% 95:55 66.5%
Trigger match 66.94 45.2% 70.35 47.3% 84.48 58.6% 94.85 66.0%
Photon tight ID cut 57.19 38.6% 59.72 40.1% 71.82 49.8% 80.21 55.8 %
Photon isolation cut 49.60 33.5% 49.80 33.5% 65.62 45.5% 74.99 52.2%
Rel. pr cuts 45.59 30.8% 46.01 30.9% 60.46 41.9% 71.61 49.9%
m,, € [105,160] GeV | 45.56 30.7% 45.96 30.9% 60.37 41.9% 71.48 49.8%
Niepton == 0 45.53 30.7% 45.9 30.9% 60.30 41.8% 71.34 49.7%
Neentraljets € [2, 5] 1703 11.5% 30.42 20.4% 54.53 37.8% 68.62 47.8%
1 b-tagged selection 10.71 7.2% 14.67 9.9% 21.95 15.2% 24.31 16.9%
2 b-tagged selection 0.59 0.4% 9.94 6.7% 23.60 16.4% 30.83 21.5 %
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Timing consideration

« The target is to run the full pipeline in < 1 second.
« Need to be fully run on GPU.

TrackML timing (Similar graph size as for ITk):

Pipeline step V100 GPU

Graph construction (metric learning) ~ 500 ms

: In progress
Graph construction (module map) target ~ 100 ms
GNN ~170 ms
Connecting component ~100 ms

(See this paper)

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.
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https://arxiv.org/pdf/2202.06929.pdf
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Figure 12.4: Cluster and space-point resolution in the ITk strip subdetector. The
resolution is defined as the difference in z or r between the simulated
Geant4 hit positions and the reconstructed cluster and space-point ones.
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 Motivation

Porting and validation of the new ITk seed maker algorithm of r22 to r21.9. This back-porting allows us to study
the new seed maker with well-understood simulated samples produced using r21.9.

Jira ticket here

Creation of a Seed Maker compatible
with multi-threading:

ITk Seed Maker

Named New ITK seeder later

of release 22

ITkSiSpacePointsSeedMaker backward-ported

into release 21.9

>

ITk Seed Maker
of release 22

backported into release 21.9
SiSpacePointsSeedMaker_ITKNew

Default ITk Seed Maker
of release 21.9
SiSpacePointsSeedMaker_ITK

Named default seeder later

™

_

Test the release
22 seed maker
and upgrade it if
needed

Two seed makers: validation of the release 22 seeder is now possible by comparing to the default ITk seeder of

release 21.9.
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* Comparison of the new ITk seeder with the default one
Using the 400 tt events with (u)=200 :

Total number of seeds 12 419 289
PPP seeds 10 234 093
SSS seeds 2185196
Total number of seeds giving a track 1383 446
PPP seeds giving a track 932 797
SSS seeds giving a track 450 649
Tracking efficiency 90.396%
Fake tracks rate for 9 clusters 6.68x1073

9 866 806
7702037
2164769
1336765
888 978
447 787
90.282%
6.51x1073

79.4%
62.0%
99.0%
96.6%
95.3%
99.4%
99.99%
97.5%

21.9

The New ITk seeder find less seeds than the default one, especially in the pixel. The tracking efficiency is slightly

degraded as well.
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* Comparison of distribution of seeds
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z, of seeds

o The New ITk seeder produces no seeds for d,> 0.7

o n distribution is buggy, but it is only use in the validation Ntuple.

» Let’s hunt bugs
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Total number of seeds 12 419 289 12 563 203
PPP seeds 10 234 093 10 378 008
SSS seeds 2185 196 2185195
Total number of seeds giving a track 1383 446 1389 585
PPP seeds giving a track 932 797 938 936
SSS seeds giving a track 450 649 450 649
Tracking efficiency 90.396% 90.398%
Fake tracks rate for 9 clusters 6.68x1073 6.69x1073

This does not degrade the tracking efficiency. More seeds are produced, so the tracking efficiency is slightly

improved.
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) 1.1 . —— Perfect matching
¢ [ ttp>0.5GeV,n=200, Vs=14 TeV| . Tignt matching
E - —+— Loose matching
2 | S e e S .
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Z 09l e
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= ~ s
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https://arxiv.org/abs/2103.00916

| 2IT
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Track reconstruction efficiency

1.1 —a— Perfect matching
© ﬁ, pT>1 GeV, u.=200, E=14 TeV —e— Tight matching
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Theory

Yield

Parton shower QCD scale

PDF+ag

QCD scale
PDF+a

QCD scale
PDF+a

Others single Higgs

QCD scale
PDF+ag

QCD scale
PDF+ag

Continuum

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 1 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
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Non-fiducial particles = particles with [1]| >4 or 1,6y > 26 cm

3
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g 180 T T T T T -
o) - ATLAS Simulation Preliminary =
S 160 R
,_,G_J 140F Is =14 TeV, tf, (u) = 200, primaries (tf and soft interactions) p,>1GevV =
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No significant excesses are seen. 10

Although, local (global) significance of 3.8 (2.8) 7077
standard deviations is observed for /gf‘gs :

— Q
(my, msgyy) = (650,90) GeV. <

CMS Preliminary

138 fb™' (13 TeV

I
S my = 300 GeV (x10')

e
T S

m, = 650

I T T T T T T T

pp—X—HY—yybb (Spin-0)

-_— ™0 (x10") [ = Expected limit + 2 std. deviatio
I Expected limit + 1 std.deviation

=400 GeV (x10™
—— b . Expected 95% upper limit

s> ™ =450 GeV (x10") o Observed 95% upper limit

- s m, =600 GeV (x10%)

GeV (x107)

m, = 700 GeV (x10%)
my = 750 GeV (x10%)
my =800 GeV (x10%)
m, = 850 GeV (x10%)
'my =900 GeV (x107)

m, = 950 GeV (x10')
__>m, = 1000 GeV (x10°)
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my [GeV]
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https://cds.cern.ch/record/2815230

© Discoveryandupperlimits .

Testing for discovery
— Background only hypothesis H,

Number of L n Nsyst
expected events [ = —np(mw) 1_[ Cs(0s; as, 55) 4~
Systematic uncertainties _ SignificanceZ | 1 — p, [%]

Evidence 30 99.7%
PDF describing the shape : o
of the distribution Discovery 50 99.9997%
Probability to reject 4_/
the background only
hypothesis.

Exclusion Limiks

wlfy Signal + background hypothesis H;

We set upper limits on the signal cross-section a(pp - X ->SH - bEyy).
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Track Reconstruction Efficiency

Requirements In] <20 20<|n <26 |26<]|n <40
Number of pixel + strip hits >9 >8 >7
Number of pixel hits >1 >1 >1
Number of holes < 2 <2 <2
Number of double holes <1 <1 <1
Number of pixel holes <2 <2 <2
Number of strip holes <2 <2 <2
pr [MeV] > 900 > 400 > 400
do [mm] <2 <2 <10
2o [cm)] <20 <20 < 20
1_15_| T 17T I L I T 1T T T I L I T 1T T T | L | L | T 17T I_ from ITk plxel TDR Q) :I T 17T I L I T 1T T T I L I L | II-II-k|<I |> T |20|0| | T 17T |:
- . . —=— ITk, () = 200 ] T - : : —=— ITK, (n) = ]
e ATLAS Simulation e RunD E T 10_1FATLAS Simulation —— Run-2, Loose, () = 20
- - e = —— Run-2, Tight, (1) = 20 =
1.05Ft p,>1GeV, Vs =14 TeV . T - tt,p.>1GeV, Is=14TeV .
- - 107%¢ — E
C ] —— E
0.95 . = E
= —_—— .
0.9 —0— L e S ] - _§I
E —_—— —D—E ]
0.85 —_— -
C —— _ =05
0.8 - .
O 75 :I j - I Ll Ll I j - L I L j - I j - L I L j - I Ll Ll I j - I: ) I I Ll Ll I j - L I L j - I Ll Ll I j - L I L j - I j - a
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Average number of strip hits on a track as a function of the true pseudorapidity 7. for hard scattering primary particles from # decays at (u) = 200. The
tracks, i.e. sets of hits, from the two track finding methods are fit using the method that is part of the standard reconstruction (ATL-PHYS-PUB-2019-014). Tracks
found by the CKF and the subsequent ambiguity solution (ATLAS-TDR-025) are selected using the standard quality requirements (cf. Table 7 of ATL-PHYS-PUB-
2019-014) and are required to satisfy pr > 1 GeV. Tracks found by the GNN are required to satisfy criteria that are slightly less strict: at least 6 silicon hits,
transverse impact parameter |do| < 20 mm, longitudinal impact parameter |zo| < 25 cm and pr > 1 GeV. The simulated particles matched to reconstructed
tracks are required to satisfy pr > 2 GeV to avoid turn-on effects. The ratio is defined as the number of hits for the GNN track finding divided by the number of
hits for the CKF track finding. The same set of 100 simulated events is used to evaluate the track hit content obtained for tracks from CKF and from GNN track
finding. The differences in the number of strip hits per track from the two track finding methods is largely due to the use of space points (built from hits on both
sides of a given strip module) in the GNN track finding and the use of individual hits in the CKF track finding.
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GNN per-edge purity
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© Inferencebenchmark .

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 Study on TrackML sample,
without optimization.

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
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 ~91 km ring-shaped underground tunnel
e Start of construction = 2030
* Proto-collaboration are being formed

e atleast 4 detectors

I S 7

~2040 15 years Energies from 80 to 400 GeV
After HL-LHC
pP-p ~2080 25 years 100 TeV
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