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Motivation
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• The Higgs potential describes the self-interaction of the Higgs field and governs electroweak symmetry breaking(EWSB).
After EWSB, the Higgs potential is given by:
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(In the SM , 𝑣 ≈ 246𝐺𝑒𝑉 , 𝑚! ≈ 125𝐺𝑒𝑉, 𝜆" = 𝜆# = 𝜆$% = &!
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• Searching for di-Higgs production is the unique experimental means to directly probe the Higgs trilinear self 
coupling(κ) =

)#,+,-
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Ø Non-resonant HH production

Gluon-gluon fusion(ggFHH)
𝜎!!
../ = 30.77 fb @ 13 TeV

𝜎!!
../ = 34.13 fb @ 13.6 TeV

Probe to 𝜅!
Unique probe to 𝜅"#

Vector boson fusion(VBFHH) 
𝜎!!01/ = 1.69 fb @ 13 TeV
𝜎!!01/ = 1.87 fb @ 13.6 TeV



𝐻𝐻 → 𝑏𝑏𝛾𝛾 channel
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• HH→ 𝑏𝑏𝛾𝛾 channel is one of the golden channels in HH combination
• HH→ 𝑏𝑏𝛾𝛾 final state:

ü Highest branching ratio (59%) 
x Large QCD background.

x Very Low branching ratio(0.23%)
ü Excellent photon trigger and reconstruction efficiency
ü Excellent 𝒎𝜸𝜸 resolution(1-2GeV)

Run2 Combination ( PhysRevLett.133.101801 ) HH decay branching ratio

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.101801


Data and MC sample
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• Data samples : Full run2(140𝐟𝐛$𝟏) + partial run3(𝟏𝟔𝟖𝐟𝐛$𝟏) dataset.
• Diphoton trigger are used for all years(negligible impact from single photon trigger)

Datasets & GRL Triggers

MC samples

HH signal

Single H 
background

Continuum 
background 

ggFHH:SM+5BSM sample

VBFHH:SM+12BSM sample



Pre-Selection
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𝑯 → 𝜸𝜸 Selection 𝑯 → 𝒃𝒃 Selection ttH reduction
• 2 tight and isolated photons
• 𝒑𝑻/𝒎𝜸𝜸 > 𝟎. 𝟑𝟓 𝟎. 𝟐𝟓 for 

leading (sub-leading) photon.
• 105 GeV<𝒎𝜸𝜸 <160 GeV .

• 𝑵𝒃5𝒋𝒆𝒕𝒔 ≥ 𝟐 at GN2 85% WP
• 𝝁-in-jet+𝒑𝑻-Reco Correction
• Kinematic Fit.

• 𝑵𝒍𝒆𝒑 = 𝟎
• 𝑵𝒄𝒆𝒏𝒕𝒓𝒂𝒍 𝒋𝒆𝒕𝒔 < 𝟔



Kinematic Fit
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• The Kinematic Fit is an event-by-event correction to calibrate the HH system in the transverse plane by using the 𝐻 → 𝛾𝛾
system to balance the 𝐻 → 𝑏𝑏 system.

• The KF using log-likelihood minimization, The likelihood function contains two iterations and defined by :

• The KF improved the 𝑚00 and 𝑚0011 resolutions by 27%(13%) and 46%(33%) with respect to No correction( b-
jet calibration).

• 1st iteration: without 𝑚&& constain to 
calculate unbiased 𝑚&& .

• 2nd iteration: with 𝑚&& constrain to improve 
the 𝑚&&'' resolution.



Event classification
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• The modified invariant mass(𝑚::;;
∗ = 𝑚::;; − 𝑚:: − 125𝐺𝑒𝑉 − (𝑚;; − 125𝐺𝑒𝑉) ) is used to split the events into High 

mass region(𝑚::;;
∗ > 350𝐺𝑒𝑉,target SM signal) and Low mass region(𝑚::;;

∗ < 350𝐺𝑒𝑉,target BSM signal).

• In each region. A dedicated BDT model is trained by combining the run2 and run3 MC sample using XGboost.



Event Categorization
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• The event categories are defined based on the HM and LM BDT score distributions. 3HM and 4 LM categories are 

extracted for Run2 and Run3 separately:

• The category boundaries are determined by maximizing the number-counting significance:

• Requiring at least 11  𝛾𝛾 + 𝑗𝑒𝑡𝑠 events for each sub category to ensure enough events for background modeling. 

• The same boundaries score are applied for Run2 and Run3 separately. ( 14 categories in total )

𝑍=>? = 2[ 𝑆 + 𝐵 . log 1 + $
1
− 𝑆] ,	 𝑍?@?= ∑=>?𝑍=>?'



Analysis Categories
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Signal and Background Modeling
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• Signal Modelling

• The 𝑚'' distribution of the di-Higgs signal and single Higgs background 

are modelled with a Double-side Crystal Ball (DSCB) function.

• The shape parameters are extracted by an unbinned likelihood fit to the 

SM ggF and VBF HH MC samples.

• The shape parameters are shared between di-Higgs signals and signal 

Higgs backgrounds for each categories.

• Background Modelling
• Single H Modelling : DSCB function , the same shape parameter as HH.

• Continuum background Modelling:

• The continuum background is modelled using an exponential function: 

𝑵𝒃𝒌𝒈. 𝐞𝐱𝐩 −𝜷𝒎𝜸𝜸 .

• The exponential slopes are the same for each Run2 and Run3 category 

pair, while the normalization of backgrounds are determined separately in 

the final fit(7 slope+14 Norm).



Systematic Uncertainties
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• The systematic uncertainties are mainly relevant for the HH signal 

and resonant background.

• The spurious signal uncertainties are the only source of 

uncertainties relevant for continuum background.

Ø Correlation Scheme:

• Trigger: Uncorrelated between run2 and run3.The decorrelation 

between 2022 and 2023/2024 due to L1 trigger change.

• JetMet:  Partial correlated.

• Muon ,theory, spurious uncertainties: full correlated

• The Rest of experimental uncertainties are uncorrelated.

Ø The total uncertainty still dominant by statistical uncertainty



Results
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• The results  are extracted from a simultaneous profile-likelihood fit to the 𝑚;; distribution in all categories.

“Weighted” plot of 𝑚11 by summing the 
contribution for each category and weighting 
for each contribution with 𝑤2 = log(1 + 3!

4!
).

Observed significance: 0.84𝝈
(Expected :𝟏. 𝟎𝟏𝝈)

Observed upper limit : 𝝁𝑯𝑯< 3.8
(Expected :  𝝁𝑯𝑯 <2.6 )



Results
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• Observed 𝜿𝝀 constrain at 95%  CL: [-1.7,6.6] 

(Expected:[-1.8,6.9])

• Observed 𝜿𝟐𝑽 constrain at 95% CL: [-0.5,2.6]

(Expected: [-0.4,2.6])



Summary
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• Search for Non-resonant HH Pair Production in 𝒃𝒃𝜸𝜸 final state with full run2 and partial run3 dataset is 

presented

• First ATLAS analysis with more than 300 fb5A dataset

• The Analysis strategy has been improved in multiple ways over the previous analysis

Ø Addition of 168 fb5A data from Run3

Ø GN2 for b-tagging and relaxing the number of b-jet requirement

Ø Kinematic Fit for improve the 𝑚:: resolution

Ø Tighter category cuts with Run2+3 combination

• Relative improvement with respect to previous analysis :

ü Expected upper limit on 𝜇!! improved by ~100%

ü Expected 𝜅B constrain at 95%  CL improved by ~20%

ü Expected 𝜅'0 constrain at 95%  CL improved by ~30%
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Backup



Difference with respect to legacy analysis 
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• Production Framework : HGamCore → Easyjet(common HH fwk):

• DAOD derivation : HIGG1D1→ PHYSLITE

• Primary vertex: NN vertex→ Hardest vertex(highest track ∑𝒑𝑻𝟐).

• b-tagging algorithm : DL1r → GN2:

• GN2 has much better background rejection power compare to DL1r.

• Relax the b-jet requirements: b-tag WP 77% → 85% and 𝑵𝒃$𝒋𝒆𝒕 = 𝟐 → 𝑵𝒃$𝒋𝒆𝒕 ≥ 𝟐 .

• Other changes and improvements:

• Adopt the Kinematic Fit method to further improve the 𝑚00 resolution.

• Additional partial Run3 dataset: 2022 - 2024 data(168fb$8).

• MC generator and PDF set update

• Retrain the BDT model and background shape correlation.
• Powheg bug fixed,AF3,CP recommendations…



MC samples
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Objects definition

2025/10/31 18

Ø Photons:
• Tight ID and FixedCutLoose Isolation.
• 𝜂 < 1.37 or 1.52 < 𝜂 < 2.37.

Ø Jets:
• PFlow jets +Jet-Vertex Tagger(JVT) +FJVT.
• Anti-kt R = 0.4,𝑝9 > 25 𝐺𝑒𝑉, 𝜂 < 4.5
• b-tagging: GN2 with 85% WP + b-jet correction
• VBF jets(Additional jets except H→bb candidate): the pair of jets with the highest 𝑚:: .

Ø Leptons:
• Electrons: 𝑝9> 4.5 𝐺𝑒𝑉 , 𝜂 < 1.37 or 1.52 < 𝜂 < 2.37.Medium ID and Loose_VarRad

Isolation.
• Muons: 𝑝9> 3 𝐺𝑒𝑉 , 𝜂 < 2.5.Medium ID and pflowLoose_VarRad Isolation.

Ø Overlap removal:
• Use The common Athena OR instead of dedicate HGam OR (negligible impact)



Cutflow
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Background decomposition
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Hyperparameters
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Feature importance 
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Spurious signal test
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• The spurious signal test is used to select the function form to describe the non-resonant background and estimate the 
bias as a system uncertainty on signal yield .

• The spurious signal test procedure :
• Using non-resonant 𝛾𝛾 + 𝑏𝑏 sample as template due to higher statistic.
• Fit the background-only template using a signal+background model (exponential v.s. power: The exponential and 

power functions perform similarly and for simplicity the exponential function is chosen for all categories) .
• Perform multiple fits for 𝑚;; ∈ 123,127 𝐺𝑒𝑉 in 0.5 GeV intervals.
• The spurious signal ,𝑁CD, is defined as the Maximum fitted signal events in the 4𝐺𝑒𝑉 window.



Checks on background modelling strategy
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• Compatibility test between Run2 and Run3 on 
data

• Unbinned KS(Kolmogorov-Smirnov) test on 

data sideband for HM and LM region .

• P-value :0.14 and 0.75 for LM and HM region .

• Checks the impact from the potential slope bias on 
final results

• Bias=±10×|𝑠𝑙𝑜𝑝𝑒EFG' − 𝑠𝑙𝑜𝑝𝑒EFG"|
• Negligible impact on statistical result



Checks on background modelling strategy
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• Compatibility test between run2 and run3 on background shape
• Using high stats 𝛾𝛾+bb sample.
• Hypothesis testing with unbinned NLL: same shape(Null hypothesis) vs different shape(alternative hypothesis).



Signal Modelling plots
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Signal Yield parametrization
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Systematic Uncertainties
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Systematic breakdown
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• Evaluate the impact on 95 % 𝜇;; upper limit
• Floating a group of systematics while fixing others to 0,then compare to the stat only result 



NP Ranking Plots
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Fit Plots
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Run2 HM Run3 HM

Run2 LM
Run3 LM

• The observed sensitivities are similar to legacy 
analysis due to the deficit of events in signal region.



Post-fit yields
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Run2 Run3

• The observed sensitivities are similar to legacy analysis due to 
the deficit of events in signal region.



Results compare to legacy
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• ~20% improvement on the expected 95% 𝐶𝐿 𝜅! wrt the legacy analysis
• ~30% improvement on the expected 95% 𝐶𝐿 𝜅"# wrt the legacy analysis
• Smaller improvement as expected due to the Powheg bug fix, Smaller ggFHH 

Xsec and VBFHH Xec.

New results

Old results in legacy 
run2


