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Why study Higgs pair production?

The Higgs Potential:

1 A
V(H) = im%{H2 + MAH? + ZH4

where:

mZ
=_H my = 125 GeV, v = 246 GeV
202
. H3 term — trilinear Higgs self-coupling
. H* term — quartic Higgs self-coupling

_ AHHH
GONS ASM
HHH

Parameterizes possible deviations from the
Standard Model Higgs self-coupling

Ka =1 for Standard Model

The self-coupling A determines the shape of the Higgs potential
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Higgs boson pair production provides direct sensitivity to the
trilinear Higgs self-coupling



Double Higgs Signal Processes: ggFHH and VBFHH

gluon gluon Fusion Vector Boson Fusion
ggFHH VBFHH
(dominant)
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e 30.77fbat Ns=13TeV o 1.69fbat s=13TeV
e 34.13fbat\s = 13.6TeV o 1.87fbat\s=13.6TeV
e contains the Higgs self-coupling e Jess sensitive to the trilinear coupling, also
L sensitive to the quartic VVVHH coupling




Double Higgs Production HH = bbyy decay channel

Why the HH = bbyy channel:

e Low branching ratio (~0.26%), but clean
experimental signature: two high-energy photons
and two b-jets make the final state identifiable

e  Excellent diphoton mass resolution and trigger
efficiency

e Low background contamination compared to
all-hadronic channels

e  One of the most sensitive channels for probing the
Higgs self-coupling and HH production
cross-section




Background Processes to HH = bbyy decay channel

ggF H(yy)

VBF H(yy)

Single WHvY)
Higgs ZH(yy)

ttH(yy)

bbH(yy)

Yy+bb
Yy +

yy+other jets

Single Higgs production:

e Real Higgs with H=yy, but not from Higgs pair production
e  Especially ttH has a large cross-section

e  Contributes to background in diphoton mass window

Continuum background yy + jets:

e  Main background

e Two photons from QCD processes plus jets (some b-jets or
mistagged light jets)

e Very similar final state to the signal



Cutflow Challenge - ntuple validation

o Validated the newly produced Run 2 and Run 3 analysis ntuples:
/eos/atlas/atlascerngroupdisk/phys-higp/PHOTON/hh-h-yy-couplings/v2p1/Run3_mc23/

o Reproduced event yields and cutflow efficiencies

o Studied the impact of event selection on signal efficiency and background rejection
e Compared two different b-tagging working points

DSID Generator

PDF (ME) PDF+Tune (PS) Prod. Mode

603559 POWHEG + PYTHIAS + EVTGEN

PDFLHC21 A14NNPDF23LO SM ggF HH (ka1 = 1)

525376 | MADGRAPH + PYTHIAS + EVTGEN

NNPDF30NLO | AI4NNPDF23LO | SMVBFHH (ka =1, kv =1, kv = 1)

343081 | TNNPDE30NNLO | AZNLOCTEQ6

Goapi | POWHEO+PYTHIAS®EVIGEN | ppramcar | aunweDRiO | et
700980 SHERPA 2.2.14 NNPDF30NNLO yy+0,1(NLO),2,3(LO), m,,, € (90, 175) GeV
A7 SHERPA 2.2.14 NNPDF30NNLO yy + bB(NLO), m,, € (90, 175) GeV

Source:  arXiv:2507.03495



https://arxiv.org/abs/2507.03495

Cutflow Challenge - ntuple validation

o Validated the newly produced Run 2 and Run 3 analysis ntuples:
/eos/atlas/atlascerngroupdisk/phys-higp/PHOTON/hh-h-yy-couplings/v2p1/Run3_mc23/

o Reproduced event yields and cutflow efficiencies
o Studied the impact of event selection on signal efficiency and background rejection
e Compared two different b-tagging working points

Main signal: Run 3:
ggFHH (SM) - FS Run 3 Run 2 E g9FHH (SM) - FS

Cuts Yields Entries |Efficiency |Cumul. Effi y |Yields Entries |Efficiency |Cumul. Efficiency E 0.455— Jre=]
All events 15.56526082130000 [1.0000  |1.0000 11.6237889407 | 1580000 |1.0000 1.0000 2 E J
Event cleaning and Dalitz filter |15.3702298/2102224 (0.9875  |0.9875 11.5483852192 | 1569718 |0.9935 0.9935 § 04 =
Pass trigger (all triggers) 11.6211244{1611527 [0.7561  |0.7466 8.8226437038 |1216656 |0.7640 0.7590 4 035
2 loose photons 9.666100691341619 (0.8318  |0.6210 7.2861484703 |1007147 |0.8258 0.6268 g - =
trigger g (all triggers) |9.47744532/1316418 |0.9805  |0.6089 7.2433767954 |1001441 |0.9941 0.6232 g =
2 tight ID photon 7.77114099(1081034 [0.8200  |0.4993 5.9876473905 (826722 |0.8266 0.5151 & 025F
2 tight ID and Iso photons 6.90508385{962230 [0.8886  |0.4436 52897263797 (729621 |0.8834 0.4551 02F-
rel. pT cuts 6.35427404/888191 [0.9202  |0.4082 48554802930 [671275 |0.9179 0.4177 -
myy €[105,160]GeV 6.34595530{887025 [0.9987  |0.4077 48492990547 [670419 |0.9987 0.4172 015 =
Niep =0 6.32562404/884193 [0.9968  |0.4064 48329488110 |668232 |0.9966 0.4158 01
Nj=22 5.80892681/818370 [0.9183  |0.3732 44383861518 |618827 |0.9184 0.3818 Gk Et il L
Nj central<6 5.56492949783469 [0.9580 _ [0.3575 42498239373 (592108 |0.9575 0.3656 = 4_,_1
22 b-jets with 90% WP 2.91762350|420449 [ [0.5243 0.1874 2.3272922249 324567 |0.5476 0.2002 05—t nlo‘ : 20 30 — 110 . 60
22 b-jets with 85% WP 2.53614865372463 [[0.8693  [0.1629 2.0301111028 (286930 |0.8723 0.1747 m, (GeV)




Cutflow Challenge - ntuple validation

o Validated the newly produced Run 2 and Run 3 analysis ntuples:
/eos/atlas/atlascerngroupdisk/phys-higp/PHOTON/hh-h-yy-couplings/v2p1/Run3_mc23/

o Reproduced event yields and cutflow efficiencies

o Studied the impact of event selection on signal efficiency and background rejection
o Compared two different b-tagging working points

Main background:

Run 3:
Sherpa yy+jets inclusive Run 3 Run 2 yyjets
Cuts Yields [Entries  [Efficiency [cumul. Efficiency [Yields Entries  |Efficiency |Cumul. Efficiency 3 008
All events 1821380.978 374053960 1 1 1403334.636 281431815 1 1 g B
Event cleaning and Dalitz filter |1821380.978 374053960 1 1 1403334.636 281431815 1 1 S go7l
Pass trigger (all triggers) 1821380.978 374053960 1 1 1403334.636 281431815 1 1 5 C
2 loose photons 1821380.978 374053960 1 1 1403334.636 281431815 1 i = C
trigger g (all triggers) | 1821380.978 374053960 1 1 1403334.636 281431815 1 1 5 008"
2 tight ID photon 1623127.007 333403713 0.89115183 0.8911518385 1255882.766 252291743 0.89492750% 0.8949275058 g E
2 tight ID and Iso photons 1316824.561 273055920 0.81128867 0.7229813955 1007096.38 204574105 0.80190317:0.71764521 005~
rel. pT cuts 1142035.969 236850043 0.86726508 0.6270165235 830486.0581 160972936 0.82463414(0.5917947413 -
myy €[105,160]GeV 1142035.969 236850043 1 0.6270165235 830486.0581 169972936 1 0.5917947413 004
Nlep =0 1141596.126 236765959 0.99961486 0.6267750353 830179.8468 169915539 0.99963128( 0.5915765386 r
Nj 22 466987.6336 85755461 0.40906553 0.256392067 297952.1758 53923547 0.358900757 0.2123172678 r
Nj central<é 464075.1941 85274451 0.99376334 0.2547930388 295836.5172 53576047 0.99289933:0.210809674 0.03—
>2 b-jets with 90% WP 5591.607927  709316[0.01204912 0.003070032023 | 3397.640581 484742 0.01148485¢ 0.002421119306 C
22 b-jets with 85% WP 2629.363579  349564]0.47022632 0.001443609883 | 1685.495963 245221 0.49607835¢ 0.001201064892 Do e Lo vu wloeu ruola v el cn ol n s
m,, (GeV)




Main Signal and Background yields

Run 2 + Run 3

b_'fae;‘;’iig 90% WP | 85% WP b_'i’:;‘;f‘g 90% WP | 85% WP b_?:;‘;’iﬁg 90% WP | 85% WP
ggF HH (bbyy) 4.25 2.327 2.03 5.565 2.918 2.536 9.815 5.245 4.566
VBF HH (bbyy) 0.212 0.086 0.07 0.272 0.104 0.089 0.484 0.156 0.159
Yy *+ jets 295836.517 | 3397.641 & 1685.496 | 464075194 | 5501.698 @ 2629.364 & 759911.711 | 8989.339 | 4314.86




Comparison of myy shape in Single H and HH Production

Assumption: myy shape for single Higgs production and diHiggs production

Different production mechanisms can modify event kinematics: Higgs boost, photon pT, detector acceptance
These effects could potentially impact the diphoton mass shape

Compared:

- ggFH vs ggFHH

- inclusive single-H vs inclusive diHiggs samples

Performed Gaussian fits in the signal region

Inside the signal window:

95.57% of ggFH Run 3 events

98.02% of ggFHH Run 3 events

97.09% of all single Higgs Run 3 events

97.98% of all diHiggs Run 3 events 0.7
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Machine Learning (Neural Network) for Signal-Background Separation in HH — bbyy : Run 2 + Run 3

Neural Network Setup

85% 2pBjets

Run 2+Run 3

e  Trained for the high-mass analysis region (m*bbW 2 350 GeV ) High Mass Region T
e  Goal: separate HH signal from continuum and Higgs backgrounds
e Input features based on event kinematics and reconstructed Higgs candidates
e Dataset split: __ Q{gsv"\'{')" 3.982
50% training sdl\'anlg:g 4.107
25% validation ( ) \ig: H;" 0.125
25% testing Y
mbb ggF H(yy)
single_to%ges%
A VBF H(yy)
o
jet2_pt
Py Single WH() 35.803
s Higgs ZH(yy)
t_bala
§ TEDR 1855.755
£ relppgfong pt ttH(vy)
rel photggg t
T —
Pyt
’ O%?r;rz?v% U 1819.952
protgy}- Ei vy + |
Pt h Yy+jets
1|0 2'0 Bb
Weight Magnitude Importance 11
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Binned Significance Estimation

e Neural network output used on test set to separate signal-like and background-like events

e  Events grouped into bins of NN score
e  Expected significance estimated for signal region: 120GeV< m < 130GeV using the Asimov formula

NN Score Distribution (Log Scale)
[ signal (Test) S
[ Background (Test) 2z = 2[(5 4 l))l”(l + E) = ’q]
801
< 2 2 < 2
az. =\ \zzios ¥ )
\/ s ap’ b
&
s Z = 0.737£0.029
a2
E 407 2
Ztotal = Z ==
2041
[ signal (Train) 1 i 2
-1 [ Background (Train) JZ — ~3 0-::
¢ Signal (validation) Z
¢ Background (Validation) 0
0.0 0'2 0'4 0'6 0'8 10 0.0 0.2 0.4 0.6 0.8 1.0
: ’ ’ : ’ ’ NN Score

NN Score



Background Normalization Using myy Sidebands

Used myy sidebands to estimate continuum background normalization
Derived a global scaling factor a=1.599 + 0.023

Initial significance estimates used this global normalization approach
Applied the same normalization across the NN regions

Bscaled = a - Bumc

— [ After scaling (SF=1.60)
— [ Before scaling

Events / 2.5 GeV
= I - - N
~ o N 1% ~ o
w o w o w o
T T T

&

N
w
T

110 120 130 140 150 160
myy [GeV]
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Background Modeling in Split NN Regions

Does the continuum background behave in the same way across the entire NN score?

Methodology

Motivation
e  Applied the trained neural network to the events

e  Previous background estimation used a

single global normalization factor e  Split events into multiple NN-score regions:
- background-enriched
e Investigated whether the continuum - two intermediate
background behavior remains stable across - signal-enriched

NN-score regions
e  Studied the myy distributions separately in each region
e  Studied the validity of a universal
background scaling approach e  Excluded the Higgs signal window: 120<myy<130 GeV

e Performed exponential fits to sideband distributions

14



Comparison of Sideband Fits in NN Regions

e  Compare fit parameters between background
e  Test whether the normalization behavior is universal across NN regions exponential fit:
e Investigate possible region-dependent differences in continuum background modeling -bmyy
e  Evaluate the impact on background estimation and significance calculation ae
0-0.04 0.04-0.2 0.2-0.92 0.92-1
Region: rl Region: r2 Region: r3 Region: st
2 | /= mc yyjets S [ MCyyjets I [ MCyyjets i [ MCyyjets
— = mcfit i -~ Mcfit - - Mcfit 54 — = MCfit
N
]
H |
N
5]
o 130 10 150 110 120 130 140 150 160 160 ’ o o 10 260
myy [GeV] myy [GeV] myy [GeV] myy [GeV]
a= b= a= b= = b= = b=
N e_vents 149.09 0.0172 294.11 0.0189 594.49 420.88 0.0235 448.16 30.89 = 0.0273 21.15
(vyjets) +15.53 +0.0008 +28.14 +0.0008 +38.44 +0.0007 6.04 +0.0018
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Sideband Shape Comparison between NN Regions

e  Variations more pronounced in:

- the signal-enriched region

- Region 3 (0.2<NN<0.92)

Signal-enriched region limited by low statistics

Region 3 contains the strongest mixture of signal-like and background-like events
e  Possible NN-region dependence of continuum background shape

0.040

® MC (yyjets)
0.035 -
o 0.030 4
g
Q
£
g 0.025 -
Q
a [)
Q.
o
“ 0.020 A E
0.015 A
0.010 T T T T
rl r2 r3 sr

NN region
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Study of Region 3 Subcategories

251

204

Broad NN-score range in Region 3 suggested mixed signal/background composition
Region further subdivided to study shape stability in finer NN intervals

Sub-regions:
r3a: 0.2<NN<0.6
r3b: 0.6<NN<0.8
r3c: 0.8<NN<0.92

Highest-score region motivated by current BDT-based analysis strategy

Region: r3a

[ MCyyjets
-=- MCfit

110 120 130
myy [GeV]

Region: r3a

M

C (yyjets only): 331.42

140 150 160

MC fit: a=310.93 + 30.23, b=0.0239 + 0.0008

Region: r3b

[ MCyyjets
=== MC fit

110 120 130 140 150 160
myy [GeV]

Region: r3b
MC (yyjets only): 76.77
MC fit: a=67.12 + 10.12, b=0.0233 £ 0.0012

Region: r3c

[ MCyyjets
--- MCfit

110 120 130
myy [GeV]

Region: r3c
MC (yyjets only): 39.96

150 160

MC fit: a=43.40 + 7.33, b=0.0250 + 0.0014
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Study of Region 3 Subcategories

e Similar b values are observed in r3a, r3b ] ]
Exponential slope comparison

and r3c
e No strong evidence for a significant

change in the continuum background shape ®  MC (yyjets)
e Region r3c contains fewer mixed 0.026 1

background topologies after NN selection

0.025 A ®

Higher NN-score regions are increasingly
statistics-limited:
in Region r3b:
~77 MC events 0.023 1
in Region r3c:
~40 MC events

0.024 A

b parameter

0.022 A

r3a r3b r3c
NN sub-region
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Two Neural Network Approach - Motivation

The previous model combines all kinematic variables into a single classifier:

e m,, is the most powerful discriminating variable
e  Otherinputs provide smaller additional separation and contribute at a secondary level

Introduction of a two-stage NN approach:

e  First Neural Network: signal-background separation without m_ related information

e  Second Neural Network: refinement using first Neural Network output + m,  information

single_topness
jet3_pt
vbf_jj_m
pt_balance
jeta_pt
jet4_pcbt
Jjet3_pcbt
met_met

mHH

dR_yy
rel_photonl_pt
vbf_jj_deta
Jjet4_phi
jet3_phi
jet4_eta
jet3_eta
sphericityT
rel_photon2_pt
jetl_pcbt
jet2_pcbt
planarFlow
photon2_eta
photonl_eta
met_phi
photon1_phi
photon2_phi

Feature

k
0.0

Weight Magnitude Importance

\ mbb

Feature

scorel
bb_pt
jetl_pt
dR_bb
bb_eta
jet2_pt
HT
jetl_eta
jet2_eta
jet2_phi
bb_phi

jetl_phi

4 6
Weight Magnitude Importance
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Two Neural Network Approach - Binned Significance Estimation

30 A

Number of Events

10 1

Explored a staged learning strategy:

Separating the learning task allows the discriminating power of m_ to be incorporated later
Expected significance shows slight improvement in comparison to the single neural network

Z =0.464+0.015

[ signal (Test)
[ Background (Test)

0.0

0.2

0.4 0.6
NN Score

0.8

1.0

Number of Events

8

8

20 A

10 1

[ signal (Test)

[ Background (Test)

Z =0.786%0.037

0.0

0.2

0.4
NN Score

0.6

0.8

1.0
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Two Neural Network Approach - Bootstrap Stability Study

two NN

single NN

Binned Significance

Binned Significance

0.82 4

0.80

o
S
@

e
3
=)

0.74 1

0.72 1

0.76

0.74 1

0.72 4

° ® Binned Significance
=== Mean = 0.760
----- Mean + 10 = 0.784
~~~~~ Mean - 10 = 0.735

01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Iterations

Bootstrap Study: Binned Significance Across Iterations

® Binned Significance °
=== Mean = 0.749
® e Mean + 10 = 0.766
~~~~~ Mean - 10 = 0.732

01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Iterations

Purpose:

Assess the stability of the neural network performance and
the consistency of the estimated significance

Compare the performance of the baseline and two-stage
neural network architectures

Method:

Result:
[ ]
[ ]

Performed resampling (bootstrapping) across
multiple iterations

For each iteration, retrained and computed the
corresponding significance

Single Neural Network: Z = 0.749 £ 0.017

Two-stage Neural Network: Z = 0.760 * 0.024

Both approaches show stable performance across
bootstrap iterations

The two-stage architecture achieves a comparable

or slightly improved significance

Warrants further investigation 21



Conclusions

e \alidated the new analysis ntuples through cutflow studies

e \erified the consistency of the reconstructed myy shape between single Higgs and di-Higgs production
e Applied a neural network to enhance signal-background separation

e Investigated continuum background modeling across neural network score regions

e Developed and evaluated a two-stage neural network architecture

e Bootstrap studies indicate stable performance, with only a modest improvement in significance

e Further optimization and validation are required to assess the full potential of the approach

Thank you for your time
22



