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Introduction
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Introduction

The Standard Model of Particle Physics

three generations of matter

Standard Model of Elementary Particles

interactions / force carriers

LM describes the properties of the particles and their (fermions) (bosons)
interactions I 11 1
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Introduction

The Higgs Potential
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Introduction

Di-Higgs Searches

2
my
LM S y(@) =V, Y S ) R b
LO ggF Feynman Diagrams

Latest constraints on the Higgs boson’s
self-coupling constant:

—13<k; <6.7

AHHH/A?II\I/!IH

Combination of ATLAS and CMS searches for Higgs boson
pair production at /s = 13 TeV with the ATLAS detector

Hind Taibi 29th May 2026 5


https://arxiv.org/abs/2602.23991

Introduction

The HH — bbyy Channel
B Ww 1T Y AVA vy
High contribution from HH — bbyy in di-Higgs
searches
Latest results of the HH — bbyy analysis )
using full Run 2 and partial Run 3 data: i
—16 <K, <6.6 TT 73% | 27% | 039%
- New b-tagging algorithm
With gging aig - g
{ Same photo identification procedure ZZ 3.1% 1.4%
mm) [mplement new photon id. for next analysis YY 0.10%
(e. g. BDT, gives ~5-10 % more efficiency)
mmp Calibrate the new photon id. b Y
- . . —_ I -——— %%
Study of Higgs boson pair production in the HH — bbyy final state with H H
308 fb~! of data collected at v/s =13 TeV and 13.6 by the ATLAS < —
experiment b ) 4
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https://arxiv.org/pdf/2507.03495

Photon Identification in
ATLAS
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Photon Identification in ATLAS

Photon Detection

Photons do not leave a track in the tracker. hadronic calorimeter
third layer /~
AnxAg—0.05x0.0245 -

second layer
AnxAp=0.025x0.0245

Photon reconstruction is derived from calorimeter measurements.

The energy of the photon candidate is computed from clusters in the

first layer (strips) £
AnxAg-0.0031x0.098 ~ AF

T T T

Converted photons decay into an e*e™ pair in the tracker. e

\

Calorimeter
beam axis

Tracker

Tracker insertable B-layer
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Photon Identification in ATLAS

Prompt (7rue) and Non-Prompt (Fake) Photons

True photons: photons in the final state not : |I

coming from hadron decays (H — yy) \ II
1I".| ‘lllll 1I|I IIII ]
\ ‘- ||
) \
Fake photons: photons coming from the decay \ \ \ I". I', |
of neutral mesons in QCD jets (7° = yy) H \ Vo '|l |

‘ ”%.‘\."-.'f""ﬂ"-.I"ﬂ‘."-‘.'.l".‘... TTTCTTTT LTI
,Il"-l\\:"'"']Hn ll"n \ 'Ill'ull'-.lll'-ll'l.ﬁ".lll'\':::':::'.ll'ullﬁll'.ll '_.'.II'| IIIIII:I \ II IIll II ||| | | | | ! !|

mmp Highly collimated photon pair A '.ll'."."" W

mm) Dominant source of background in H — yy

Display of prompt-photon
event

Display of non-prompt-photon
event
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Photon Identification in ATLAS

Shower-Shape Variables for Photon Identification
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z s T side = n LE; XE; . :
c - rue y = l l
B b ey — ruer . " | o B —Fae
- pre[20,25] [GeV . [ppp— . — width in a 3x5 (An x A¢) | e ratio = —=
- Pre(20.28(1 Ey2. Susmmss Ey?, Eus region of cells in § z E |+F 2
- _ =3x7 EEEEEE 33 mEm : 2 p “max. max,2
Ro =5 HEEHE Ro = 5" B
o 7%x7 sEESESE “3x7 88 e
: LE;(i— ‘ml\
E fphad s = \/
C Rhad o= —I—F "
ob- T wy3 uses 3x2 strips (1 X @)
00 0?1' 0?2 0?3 0f4 olls ' ofs 0.7 '.".,;_:—:__/_1_'—_- ol J ||‘| Wit is defined 5lmlldrly
S ac M) ctring
fi 1 Hadronic .l“ll b but uses 20 x2 strips
Second layer S»

Strips S

—

Legacy approach: rectangular cuts on shower-shape variables (SSV)

mm) [ oose and Tight photon id.

New approach: use SSV to train a machine-learning (ML) [~ Must be calibrated to be used in analyses

algorithm (e. g. BDT)
mm) N/ -based photon id.
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Tight Identification Calibration
with Radiative Z
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Tight Identification Calibration with Radiative Z

[J [ J £+
Radiative Z Method
_ mllY = m?
== Clear bump at ~91 GeV
in m'% distribution
= 120 - T ]
§' i i_é:’;l;ﬁysmternal -
s 100 |~ ----- Cutonm o -
90 = L : :
T 1E AR A cut on the m" distribution, alongside other selections on the
= . leptons, removes initial state radiation (ISR)
70 —
s == Pure samples with a true photon in the final state
» = i == Photon id. efficiency can be estimated from the
: . s e . photon 1d. performance on these samples
40 60 80 100 120 10
m'v [GeV]
Hind Taibi 29th May 2026 12



Tight Identification Calibration with Radiative Z

Used Samples

Radiative Z (Z — lly) data
* Targeted Z — lly events
2022, 2023 and 2024 (Run 3)

Z — eey and Z — puy * Reconstructed from detector information

* Contains background (mainly Z + j after ISR removal)
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Tight Identification Calibration with Radiative Z

Used Samples

Radiative Z (Z — lly) data Radiative Z (Z — lly) MC
e Simulated Z — [ly events
2022, 2023 and 2024 (Run 3) mc23a, e and d (Run 3)

7 > eey and Z > uuy 7 — eey and Z — uuy * Truth information available

* Doesn’t contain background
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Tight Identification Calibration with Radiative Z

Used Samples

Contains Z + j as dominant background source

3

Radiative Z (Z — lly) data Radiative Z (Z — lly) MC Z + jMC

2022, 2023 and 2024 (Run 3) mc23a, e and d (Run 3) mc23a, ¢ and d (Run 3)
Z — eey and Z - uuy Z — eey and Z - uuy Z(—ee)+jand Z(> up) +j

* Simulated Z + j events

 Low statistics

mm) Cannot be directly used for
background estimation
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Tight Identification Calibration with Radiative Z

Used Samples
Radiative Z (Z — lly) data Radiative Z (Z — lly) MC Z + jMC
2022, 2023 and 2024 (Run 3) mc23a, e and d (Run 3) mc23a, ¢ and d (Run 3)
Z — eey and Z - uuy Z - eey and Z — uuy Z(—ee)+jand Z(> up) +j

| Used to cross check of the

Used for signal and background estimation estimated background
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Tight Identification Calibration with Radiative Z

108

General Procedure >
S,
We use the distribution of the invariant mass m* in Z — lly x
decays to estimate the number of signal events before and 3
after Tight id. £
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Tight Identification Calibration with Radiative Z

108

General Procedure >
S,
We use the distribution of the invariant mass m* in Z — lly x
decays to estimate the number of signal events before and 3
after Tight id. £
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8  —
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In MC the number of signal events is obtained by integrating
the m*" distribution.
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Tight Identification Calibration with Radiative Z

— 108 ' —r rrrrrrTr T L —

General Procedure > _F ATLASInternal e =

o L . O 10 eZoppy Bkg model "=

We use the distribution of the invariant mass m*" in Z — lly z MO%;; ° -

decays to estimate the number of signal events before and § 108 Unconverted y ¢ Data E

after Tight 1d. 1 2 o prE[10, 15[ GeV Ns=55974:264 __|

NS ' o = In'l€[0.0, 0.6] =

€1 d. = o = aferld Ng=4717£137 3

Ng 10% = ' Nuc =68077+313 =

oL .

In MC the number of signal events is obtained by integrating 10 = -

the m!Y distribution. 102 paneesee®e®® T e %, .
In data the number of signal events is estimated with a 10
template fit where PDF = PDFy;c + PDFpy, is fitted to the )
data and yields Ng and N are the free parameters of the fit. 10

FJ 2 | I P I L

s E . VN

: ®geteseeneteeter,, - Toog -
Sl ooty Ty e
EU - | TR T T T AN T SO NN NN N | 1 -
%0 70 80 90 100 110 120
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Tight Identification Calibration with Radiative Z

— 1 08 ' —r rrrrrrTr T L —
General Procedure > _E ATLASInternal e =
o N 0y - o W eZoppy Bkg model "5
We use the distribution of the invariant mass m**Y in Z — lly x Model =
decays to estimate the number of signal events before and § 108 Unconverted y ¢ Data E
after Tight id. 1d 2 o i Ns=559741264 __
NS . o = [n*1€[0.0, 0.6] =
€. = & o = aferld Ng=4717£137 3
Ng 10 = ' Nuc =68077+313 =
i N
In MC the number of signal events is obtained by integrating 10 = =
the m*" distribution. 102 pooeeoee®®® e -
In data the number of signal events is estimated with a 10!
template fit where PDF = PDFy;c + PDFpy, is fitted to the )
data and yields Ng and N are the free parameters of the fit. 10
. — 2 T T T T T T
Scale factors to correct the MC difference w. r. t. data: § = ! =
= 1 0000000400000 00,0 o sgetensesetenteny, oget 4y
Data S — Poetres 'M#,ﬁ #h $¢
€1d. £ E g B
SF = MC g [ l | ISR BT B | =
£1d. %0 70 80 90 100 110 120
m'" [GeV]
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Tight Identification Calibration with Radiative Z

— 10 g ————
% = ATLAS nternal MC Z+]{in SR)
Background Template & 0oy Faw 5k (1o el in CF)
[ e Sig. leakage (from MC Iy in CR)
4 105E py=[10.150[GeV —— Bkg (sig. leak. substracted)
. . z n¥) = [0.0. 2.57]
Not enough statistics of MC Z + j g E ety
107 :g I
=) We use a data-driven background estimation approach -
W0 e
10! é—
10° ;g
107! é—
10—? P P P S S P R
%} - ATLAS internal MC Z+j(in SR) -
% 100 Z - eey Bkg (sig. leak. substracted) —
§ = pre[n, 150[ Gev f
:.._=:31 B n¥| = (0.0, 2.37| 7
g 10! E_ Unconverled y —i
& F ]
107 = =
107 = 3
*Control region (CR): anti-id.-and-anti-iso. region L il
**Signal region (SR): 1d.-and-iso. region 60 70 80 % 100 110 120
mn’v [GEV]
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Tight Identification Calibration with Radiative Z

— 10!5'— ---- T T r—r T T T Tt
'% = ATLAS Internal MC Z+] (in SR)
Background Temp]ate S 107z eey Raw bikg (irom data fly In CR)
& - Sig. leakage (from MC fly in CR)
4 105E py=[10.150[GeV —— Bkg (sig. leak. substracted)
. . z n¥) = [0.0. 2.57]
Not enough statistics of MC Z + j E OE owetesy
. . . 100 e T e T
=) We use a data-driven background estimation approach -
L
10! ;—
Data Z — [ly in CR* HE) Wk
(= Background + signal leakage) 0 b
10—? T
% - ATLAS internal MC Z+j(in SR) -
% 10° = Z = eey Bkg (sig. leak. substracted) =
g E el =10, 150] GeV ;
:"—::31 B n|e (0.0, 2.37| n
E 10! E_ Unconverled y —i
107 E =
107 = 3
*Control region (CR): anti-id.-and-anti-iso. region L m
**Signal region (SR): id.-and-iso. region "6 70 80 so 10 110 120
mn’V[GeV]
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Tight Identification Calibration with Radiative Z

— 10!§"’ lllll T T rrer 11 11511 7T
'% = ATLAS internal MC Z+] (in SR)
Background Template S Faw g o cita iy n )
[ e Sig. leakage (from MC Iy in CR)
4 105E py=[10.150[GeV —— Bkg (sig. leak. substracted)
. . z n¥) = [0.0. 2.57]
Not enough statistics of MC Z + j EOE ey
. . . 1ol e N
=) We use a data-driven background estimation approach -
L
10! ;—
Data Z — [ly in CR* H) wh
(= Background + signal leakage) 0 b
. R 10—? e
MC Z - lly in CR* = Signal leakage [
%} ~ ATLAS internal MC Z+j(in SR) .
% 10° = Z = eey Bkg (sig. leak. substracted) =
g E el =10, 150] GeV ;
:.._=:31 B n¥| = (0.0, 2.37| 7
E 10! E_ Unconverled y —i
107 =
107 = 3
*Control region (CR): anti-id.-and-anti-iso. region ) - :
**Signal region (SR): 1d.-and-iso. region 070 8o 80 00 110 120
mn’V[GeV]
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Tight Identification Calibration with Radiative Z

._10f§—|—--...-|--|---|--
> = ATLAS internal MC Z+] {in SR)
Background Template o Zoeer Raw bkg (from data fy In GR)
[ - ----- Sig. leakage (from MC fly in CR)
4 105E py=[10.150[GeV —— Bkg (sig. leak. substracted)
. . z n¥) = [0.0. 2.57]
Not enough statistics of MC Z + j S E Unconveresy
F T M T —
. . . 10° ——
=) We use a data-driven background estimation approach £
W0 e
10! ;—
Data Z — lly in CR* H) ol
(= Background + signal leakage) 0 b
. R 10—? e
MC Z - lly in CR* = Signal leakage N .
%} ~ ATLAS internal MC Z+j(in SR) .
% 10° = Z = eey Bkg (sig. leak. substracted) =
- Signal leakage = Background template used for the fit § | erenosoce =
= B n¥| = (0.0, 2.37| 1
: y 4 :g 10_] E noanver ed —:
m) Shape to be compared with MC Z + j in SR** §  F Uremereay E
0t =
107 3
*Control region (CR): anti-id.-and-anti-iso. region ) - | :
**Signal region (SR): 1d.-and-iso. region 60 70 80 0 100 110 120
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Tight Identification Calibration with Radiative Z

Events Separation

i i
: ‘? :' """"""""""""""" ] i
. i 2 30 —— Unconverted y —| |
Events are separated according to: : 8 E menenis ~ — Cometedy 3 1
1 25— 2l — 1
1 —  pre[25,30[ [GeV] - H
i 20~ =
; : N
- = 1
D IIEVEASN 7 — eey or Z — uuy i 1BE- ERE
- — 1
! e ERR
] 1 - A
(O I\ I Converted or unconverted photons i °E 1
1 0F - i
i 06. — l017L - Aofs. P .019A ri .1 10L —— ;111, - l1 s i
MBS [0, 0.6,0.8, 1.37[ U ]1.52, 1.81, 2.01, 2.37[ i Ro |
D e o A

p)T’ you ()8 [10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 100[ GeV

€ | Ep 1
. . . . o y Y o _g + _2 0. =
So the efficiency is estimated in conversion-|nY|- p; bins for Z — eey . e oy £
and Z — puy and is then combined to give an efficiency for Z — lly. 1 1 1 + 1
oz ot
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Tight Identification Calibration with Radiative Z

Procedure Parameters > [ ATLASInternal e 3
S WEZoseey Bkg model 3
B < - ~——— Model -
. . 5 108 = Unconverted y ¢ Data —
Fit Region (FR) ~ = e 110, 15{ Gev =
= —  pre[10, 15[ Ge Z
. mlly € [60, 120] GeV (nom.) L% 105 = 1Y<[00, 0.6] Ng=47271+269 —
. ll — Ng=14063+198 =
m'Y € [46,125] GeV —  Before Id. 8 3
e milv g [70,110] GeV 10% & Nug = 52821279
10° - ; -
Parameters to Signal Region (SR) E eee®® T =
vary for sys. unc. — 2 foan®e e _
ty y }t, . m! € [80,100] GeV (nom.) 107§ v
cstimation . mW¥ €[70,110] GeV F -
+  m!" € [85,95] GeV 10 =
100 _F ' B T | | ] 1 %
Bkg Template Shape (BS) 5 2 T ; 1 . -
S LX) .
* Data - sig. leak. in CR (nom.) = _--!;!.-Mn“;.....wm.w.,..wi
e (Data —sig. leak. In CR) reweighted with MC Z + j in SR g .
— (] I P TR I R R —
Os_o 70 80 90 100 110 120
B The maximum d.eV1at10n from the nominal value is taken ‘ : signal Region : m'Y [Ge\/j
as a sys. uncertainty. - Fit Region it
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Tight Identification Calibration with Radiative Z

R It _ . . |.q5t'| G. [D'.D’ 0'6.[ . .

esults = [ ' - :
1 5| _ATLAS Internal 4 Nadezhda's eff. __
| MC Z - Ily (combined) _+_ Hind's eff. |
The estimated efficiencies are to be compared with the - ‘_Unconvertedy _____________________________________ -
consolidated Run 3 efficiencies (computed by Nadezhda) L _
- & .—I—
B Good marching between the two - - .
0.8 — ++ —
. " -
~1-3 % total uncertainty on efficiency B - |
: 0.6 —= —
Dominant source of uncertainty: systematic uncertainty due to T -
background shape |
0.4 |
s M —— —
w — _]
l Iu:_j 1.0 %—.—.——c—-.-——c—-—.-—c——.——c - —:
ell /el with an error bar of o_n /£l T T T T -

1d./ €1d. il /€1a. 20 40 60 80 100
pr [GeV]
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Conclusion and Next Steps
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Conclusion and Next Steps

Conclusion

* Generic procedure of photon id. efficiency estimation completed

» Efficiencies estimated with this procedure in agreement with consolidated Run 3 efficiencies

Next Steps

* Produce new radiative-Z ntuples with a BDT score associated to the photon (ongoing)
* Edtimate efficiency of BDT-based photon id. for 1 working point
* Calibrate entire BDT score

« Move on to the HH — bbyy analysis by evaluating impact of new photon id. BDT and uncertainties on current analysis
(targeting Moriond 2027)

« Begin to work on alternative categorization simultaneously fitting HH — bbyy and signle H — yy

* On longer term (legacy analysis), possibly measure at the same time H and HH STXS
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Conclusion and Next Steps

Upcoming Presentations in Workshops
* e/y workshop (Edimburgh, 15th-19th June)

* Di-Higgs workdhop (Grenoble, 8th-10th July)

Trainings
* Completed 61/120 h of training:

o Encadrer efficacement des TD
o MOOC Doctorat et poursuite de carriere/ PhD and career development
o ATLAS Software Tutorials

* Completed 29 h of teaching (at IUT):

o Introduction a I’analyse de données

o TP de mathématiques

* Will be participating the European school of HEP (Ostroda, 19th June-2 July)
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Backup
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