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WHAT THE DOUBLE PRODUCTION OF THE HIGGS BOSON 
WITH A TWO-PHOTON SIGNATURE IN ATLAS REVEALS 
ABOUT THE STABILITY OF OUR UNIVERSE & HOW A 
CHRONOMETER WILL ILLUMINATE OUR UNDERSTANDING
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THE SUPREME MECHANISM
F o u n d a t i o n s  &  P a t h  t o  t h e  L H C
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THE STANDARD MODEL
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THE MOST VALIDATED FRAMEWORK
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A C OMPLETE REPRESENTATION
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https://www.quantamagazine.org/a-new-map-of-the-standard-model-of-particle-physics-20201022/
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HOW HIGGS PAIR PRODUCTION EMERGE
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THE LARGE HADRON COLLIDER

¢ëÙ ZK-ÀÎÎÙúÙĖÀġÙĚ ēĖĆġĆĀĚ ÀĀÓ ëÙÀıĴ íĆĀĚ ġĆ ĀÙÀĖ úíçëġ ĚēÙÙÓ ÀĀÓ
ÎĆúúíÓÙĚ ġëÙÿ ġĆ ēĖĆÌÙ ġëÙ æĥĀÓÀÿÙĀġÀú ēÀĖġíÎúÙĚ ÀĀÓ æĆĖÎÙĚ Ćæ ĀÀġĥĖÙ
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WHEN THE STAGE MEETS THE SPOTLIGHT

¢ëÙ ¢Z z ÓÙġÙÎġĆĖ ĆÌĚÙĖıÙĚ ÀĀÓ ĖÙÎĆĖÓĚ ġëÙ ēÀĖġíÎúÙĚ ēĖĆÓĥÎÙÓ íĀ ZK-
ÎĆúúíĚíĆĀĚ ġĆ ĚġĥÓĴ æĥĀÓÀÿÙĀġÀú ēëĴĚíÎĚ ēëÙĀĆÿÙĀÀ
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SEARCHING FOR RARE PRODUCTION MODES
At 13.6 TeV at LHC 

ʹʶ ʷʸʴ æÌ▌▌╕  ╗

ʷʸːʵʷæÌ ▌▌╕╗╗

ʵːʼʻ æÌ╥║╕╗╗

ʴː ʼʻ æÌ ◄Ӷ◄╗╗

1500
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Expected events
ὴὩὶ ρππ Ὢὦ

‖ ÆÒÁÍÅ×ÏÒË
ὅ

#
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THE NEED TO KNOW MORE ABOUT THE HIGGS

Ensure (or not) the stability of our universe
ÅDoes our Universe lie at the bottom of a wine bottle?

The Higgs is a central piece in the SM
Å15 free parameters are affected by the Higgs potential

fĥĖ ĥĀíıÙĖĚÙ ĚÙÙÿĚ ġĆ ÌÙ
ÿÙġÀĚġÀÌúÙ ÀÎÎĆĖÓíĀç ġĆ ZK- ÓÀġÀ

-úĥÙ æĆĖ +ÙĴĆĀÓ ġëÙ zġÀĀÓÀĖÓ _ĆÓÙú ēëĴĚíÎĚ
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arXiv:1205.6497

Adapted from
PhysRevLett.115.201802

https://arxiv.org/abs/1205.6497
https://link.aps.org/doi/10.1103/PhysRevLett.115.201802
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Only 0.3% ╗╗ produced decay into 

2 photons & 2 b quarks

╗╗ᴼ╫╫♬♬ CHANNEL

H

ɾ

ɾ

H
╫

╫

+ Excellent resolution (□♬♬ͯ Ȣ ╖▄╥)
- Low branching ratio

-  Low resolution (□╫╫ ͯ Ȣ ╖▄╥)
+ High branching ratio

14



¢ëÙ ĀÙĲὸӶὸὌὌO ὦὦ‎‎

ĚÙÀĖÎë íĀ ¢Z z

¢íÿíĀç ēÙĖæĆĖÿÀĀÎÙ
Ćæ KG¢2

¢ëÙ ĖÀÓíÀġíĆĀ ÌĴ
ĚíĀçúÙ ÙıÙĀġĚ íĀ KG¢2

sĖĆÌíĀç ġëÙ KíççĚĚÙúæˡ
ÎĆĥēúíĀç Àġ KZZlK-
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SEARCH FOR ◄Ӷ◄╗╗ᴼ╫╫♬♬
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W h e n H H  b e c o m e s t o o  m a i n s t r e a m
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THE CONCEPT

ɾɾ+jets 
Continuum Background

125 GeV □♬♬

QCD multi -jet + ɾɾ
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THE CONCEPT

ɾɾ+jets 
Continuum Background

125 GeV □♬♬

?

zëÀēÙ ̪ ĴíÙúÓ æĖĆÿ ÓÀġÀ ĚíÓÙÌÀĀÓĚ
 ὪὭὸ ύὭὸὬ ὩὼὴέὲὩὲὸὭὥὰὦὰὭὲὨὩὨ ίὭὫὲὥὰ ὶὩὫὭέὲ

ὛὭὨὩὦὥὲὨί ά ᶰρπυȟρςπ᷾ ρσπȟρφπ

QCD multi -jet + ɾɾ
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THE CONCEPT

ɾɾ+jets 
Continuum Background

125 GeV

Single Higgs 
Background

□♬♬

QCD multi -jet + ɾɾ

▌▌╕╗ 
╥║╕╗
◄Ӷ◄╗ 
╫╫╗
╥╗ 
◄╗

19



11/7/2025 |                                   PhD  Defense  -  Arthur Lafarge                                     |                     LPCA  -  Clermont-Ferrand

THE CONCEPT

ɾɾ+jets 
Continuum Background

125 GeV

Single Higgs 
Background

Di-Higgs 
Background

□♬♬

QCD multi -jet + ɾɾ

▌▌╕╗╗ 
╥║╕╗ἒ
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THE CONCEPT

ɾɾ+jets 
Continuum Background

125 GeV

Single Higgs 
Background

Di-Higgs 
Background

□♬♬

ttHH
Signal

QCD multi -jet + ɾɾ

▌▌╕╗╗ 
╥║╕╗╗

◄Ӷ◄╗╗O ╫╫♬♬
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THE CONCEPT

ɾɾ+jets 
Continuum Background

125 GeV

Single Higgs 
Background

Di-Higgs 
Background

□♬♬

ttHH
Signal

zëÀēÙ ̪ ĴíÙúÓĚ æĖĆÿ ĚíÿĥúÀġíĆĀĚ
Ὢ̃ὭὸύὭὸὬὨέόὦὰὩίὭὨὩὨὧὶώίὸὥὰὦὥὰὰ˝

QCD multi -jet + ɾɾ
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PRE-SELECTION
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ὦ

ὦ

ʶ ēëĆġĆĀĚ ġ úÙÀĚġ ʶ ÌĕlĥÀĖ÷Ě

Å b-tagging passing the 90% working point (GN2)

Å Dedicated corrections of 4-momentum of b-jets

Å Di-photon triggers

Å 105 < ά‎‎ < 160 ὋὩὠ

ÅὴὝ/ά‎‎ > 0.35 (0.25) : leading (sub-leading) 

Å Tight and Isolated 

Dataset: 140 fb-1  at 13 TeV + 59 fb-1 at 13.6 TeV

ʴːʷʹ ĚíçĀÀú ÙıÙĀġĚ ÙĳēÙÎġÙÓ

ʴːʵʵ ĚíçĀÀú ÙıÙĀġĚ ÙĳēÙÎġÙÓ
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ISOLATING SIGNAL
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No single variable perfectly discriminates signal from background

A Boosted Decision Tree exploits correlations between variables to maximize 

overall separation power and improve statistical precision

24

4 BDTs to identify signal from backgrounds

ÅHyperparameters optimization (ψͯπὯ ὩὺὩὲὸί)

ÅFinal training (ͯφππὯ ὩὺὩὲὸίȟὪόὰὰ έὲ ὥὺὥὰὥὭὦὰὩ ίὸὥὸί)

‎‎ὦὦ ὸὸ‎Ӷ‎ ὸӶὸὌ Ὄ ὌὌ



OPTIMIZING SENSITIVTY
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Categorizing events isolates regions with different sensitivities, 

maximizing the overall signal extraction power

25

Increasing sensitivity
ÅRun 2 + partial Run 3 merged 

ÅMerging improves sensitivity by ~20% over separate Run 2 and Run 3 treatments

ÅRequirement set to expect 3 data events in sidebands

ʷ ĚíçĀÀú ĖÙçíĆĀĚ ÓÙæíĀÙÓ

zĥææíÎíÙĀġ zv ĚġÀġíĚġíÎĚ ÀĖÙ
ĀÙÙÓÙÓ ġĆ æíġ ġëÙ□♬♬ĚēÙÎġĖĥÿ



BDT SCORES
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◄Ӷ◄╗ĖÙēĖÙĚÙĀġĚ ġëÙ ÿÀíĀ ĖÙĚĆĀÀĀġ ÌÀÎ÷çĖĆĥĀÓ íĀ zvĚ

-ĆĀġíĀĥĥÿ _- ıĚ ÓÀġÀ íĀ ĚíÓÙÌÀĀÓĚÀĖÙ ÎĆÿēÀġíÌúÙ
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Validation of sculpting in □♬♬ spectrum
ÅHypothesis: BDT could learn the ά  peak and induce a sculpting to increase sensitivity

Åά  is not used in the training of the BDTs

ÅNo sculpting observed

□♬♬ SCULPTING CROSS-CHECK
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ĀĴ ēĆġÙĀġíÀú ĚÎĥúēġíĀç ÙææÙÎġĚ Ĳíúú ÌÙ ÀÌĚĆĖÌÙÓ ÌĴ À
ÓÙÓíÎÀġÙÓ ĚĴĚġÙÿÀġíÎĚ
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Use of standard □♬♬ fit procedure
ÅModelling  parameters are extracted considering all resonant processes inclusively 

ÅParameters extracted for each Signal Regions

ÅApplied same shape on each resonant processes

ÅὸӶὸὌ dominates in the resonant part

SIGNAL MODELLING
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SR 1 SR 2 SR 3
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DATA/MC VALIDATION
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`Ć ÙĳÎÙĚĚ ıíĚíÌúÙ

Toward the most sensitive category

29



STATISTICAL MODEL
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probability to observe ὲ events when expecting ὔ —
 Oaffect event yields (signal strength ʈ, cross-section)

ƚƝźĪĎĪŕūŕƪǐȒıĶųƣŕƪǐȒĶǉĎūƯĎƪĶıȒĎƪȒĶĎīŒȒĶǉĶųƪȴƣȒŕųǉĎƝŕĎųƪȒŲĎƣƣ

 Ocarries mass peak and background shape information.

Gaussian/log-normal priors  on systematics.

Ÿ ensures uncertainties on JES, PDFs, etc. are included.

Product over Signal Regions

30



First observed limit set on ◄Ӷ◄╗╗O ╫╫♬♬ in ATLAS

 OEvery signal with a cross section above χω„  are excluded

ÅStat-limited channel
Å12%contribution of systematics on the upper limit

ÅAims to be combined with two other channels

Challenge the CMS ◄Ӷ◄╗╗O ♬♬╧╧ search
ÅA limit of 120 observed (86 expected)

RESULTS
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ωυϷ ὅὒ όὴὴὩὶ ὰὭάὭὸ
‘ χω

31

‘
„

„



11/ 7/ 2025 |                                   PhD  Defense  -  Arthur Lafarge                                     |                     LPCA  -  Clermont-Ferrand

◄Ӷ◄╗╗ : THE FUTURE FOR HIGGS PAIR SEARCHES ?
A production mode for future high energy colliders

A steeper cross-section rise

σωρσȢφ 4Å6 O  ρτρππ 4Å6

Ɑ▌▌╕ȾⱭ◄◄╗╗

ςȢρρσȢφ 4Å6 O  ρρππ 4Å6

Ɑ╥║╕ȾⱭ◄◄╗╗
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σωρσȢφ 4Å6 O  ρτρππ 4Å6

Ɑ▌▌╕ȾⱭ◄◄╗╗

ςȢρρσȢφ 4Å6 O  ρρππ 4Å6

Ɑ╥║╕ȾⱭ◄◄╗╗

A production mode for future high energy colliders

A steeper cross-section rise

A probe of Higgs self-coupling
ÅEnhanced sensitivity at high ‖

A unique topology for BSM physics 
ÅUnique direct access to ‖

33

◄Ӷ◄╗╗ : THE FUTURE FOR HIGGS PAIR SEARCHES ?



THE HIGH GRANULARITY TIMING DETECTOR
A  c h r o n o m e t e r  f o r  H L- L H C
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CONTEXT: HGTD & MODULE

The HL-LHC Program
Å Up to ςππ simultaneous collisions
Å υͯ time the current pile- up
 OMultiplied by 6 the collected data

`ÙÎÙĚĚíġĴ ġĆ ÀÓÓ À ġíÿíĀç
ÓíÿÙĀĚíĆĀ
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EARLY LHC PILE-UP 
zĆĥĖÎÙ
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https://cds.cern.ch/images/ATLAS-PHO-Event-2016-003-4


zĆĥĖÎÙHL-LHC PILE-UP 
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https://cds.cern.ch/record/2846411


CONTEXT: HGTD & MODULE

The HL-LHC Program
Å Up to ςππ simultaneous collisions
Å υͯ time the current pile- up
 OMultiplied by 6 the collected data

High Granularity Timing 
Detector

Å New ATLAS sub- detector
Å ςͯπσπ (Run 4)
Å 8032 modules (ASIC+sensor)
Å 2.4 < | |́ < 4

`ÙÎÙĚĚíġĴ ġĆ ÀÓÓ À ġíÿíĀç
ÓíÿÙĀĚíĆĀ

ZíÿíġÙÓ ĚēÀÎÙ ÀĀÓ ëíçë
ĖÀÓíÀġíĆĀ ÙĀıíĖĆĀÿÙĀġ
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TRACK SEPARATION

With HGTD

With ITk
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