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Physics Motivation
HH production is the simplest production mode sensitive to the Higgs 
boson self-coupling. The HH → 𝑏𝑏𝛾𝛾 channel allows to combine the 
high mass precision of the di-photon system to the important 
branching ratio of Higgs boson to b-quarks. The analysis is divided in 
two:

• Non-Resonant: search for SM HH production targeting two 
mechanisms, ggF and VBF.

• Resonant: search for narrow-width BSM 𝑋 → 𝐻𝐻 (ggF
mechanism), where 𝑚! ∈ [251,1000] GeV:
• Leading channel in sensitivity for low resonances mass hypotheses.

2

ATLAS-CONF-2021-052

https://indico.cern.ch/event/1001391/timetable/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/


Samples and selection criteria
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Data and MC Samples
• Data: 139 fb"# collected during Run 2.

• Signal Resonant ggF HH at LO with 22 mass points [251,1000] GeV.
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Selection criteria
• Pre-selection (first selection criteria before further specific 

selection):
• Two tight and isolated ID photons with !!! """ > 0.35 (0.25) for the 

leading (subleading) photon. Lepton veto 𝑁# = 0:
• At least two central jets and less than 6 central jets with 𝑝$ > 25 GeV, 

𝜂 < 2.5, 𝛾 < 4.4.
• Exactly 2 b-jet at 77% WP. The b-jets candidates are selected by ranking 

by the b-tag working point (WP). The algorithm used to determine the 
flavour of the jet is DL1r based.

• B-jets corrections are applied to correct semileptonic decay of 
b-hadron documented in HGam Performance Note (link).

• For further selection we require at least 0.8 background events 
in the window 123 < 𝑚!! < 127 GeV to be able to perform a 
fit in 𝑚!!.
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https://gitlab.cern.ch/atlas-physics-office/HIGG/ANA-HIGG-2019-13/ANA-HIGG-2019-13-INT2/-/tree/master


Resonant analysis selection
• A multivariable analysis (MVA) is used for the 

resonant analysis selection.

• Two BDTs are trained given the different nature of 
the backgrounds:
• Diphoton continuum plus 𝑡𝑡𝛾𝛾 which adds true photon 

information.
• SH plus 𝑡𝑡𝛾𝛾 which adds top and b-tagging information.

• A single BDT is trained for all the resonance 
masses. 

• To make the BDT independent of the resonance 
mass input the signal is reweighted event by event 
to match 𝑚$%$&&

∗ background.
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Events
2 high 𝑝! photons
2 b-jets @ 77% WP

Continuum BDT Training
Signal: all resonances
reweighted
Bkg: 𝛾𝛾 + 𝑡 ̅𝑡𝛾𝛾

Single Higgs BDT Training
Signal: all resonances
reweighted
Bkg: SingleH + 𝑡 ̅𝑡𝛾𝛾

Resonance Category
Combine trainings
Cut around 𝑚""##

∗

Optimize combination

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/


Resonant analysis selection
• The overall BDT score of an event is then obtained by 

combining both BDT scores in quadrature: 

• Further selection is applied around the 𝑚( window:
• Fitting 𝑚./.&&

∗ using a CB function for each resonance obtaining the 
window 𝑀𝑒𝑎𝑛 ± 2 4 𝑅𝑀𝑆 (900 and 1000 GeV).

• The coefficient 𝐶# C) = 1 − C# and the BDT score is then 
scanned in a two step way:
• Optimized selection for maximum binned Asimov’s significance*.
• Second scan to provide a common 𝐶1 for all resonance masses at a 

maximum lost of a 5% from the maximum significance
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*𝑍 = 2[ 𝑠 + 𝑏 ln(1 + ⁄𝑠 𝑏) − 𝑠]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/


Resonant data / MC comparison
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• Distribution of 𝑚&& at selection level for the resonance mass points of 𝑚! = 300, 500
GeV. The data-derived fractions of non-resonant 𝛾𝛾, 𝛾 − 𝑗𝑒𝑡 and di-jet backgrounds are 
applied and the total background is normalized to the data sideband. 

• Most of the background comes from continuum background.
• Signal shown is factorized by current limits.

HDBS-2018-34

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/


Signal and background modelling
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Resonant signal modelling
• The 𝑚&& signal model are described by a double-

sided Crystal Ball function.
• The same parameterized functions are used for both

the single Higgs and di-Higgs boson processes since
no statistical bias is found.

• This procedure is repeated for all resonance mass
hypotheses.
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Background modelling
• For the background modelling we use the spurious signal test for 

any potential fake signal obtained from fitting the background 
distribution that describes signal plus background shape.

• The background is fitted with a signal plus background model 
and the fitted signal events is computed for different Higgs 
masses.

• The spurious signal 𝑁*+ is taken as the largest number of fitted 
signal events:
• |𝑀𝑎𝑥 ⁄𝑁0! 𝜎12-) < 20%

• For low statistic categories the criteria is relaxed to 
accommodate 2𝜎 local statistical fluctuations (Δ,-) in the 
background template:

• The background function is selected as an exponential function.
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Systematics
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Systematics
• Summary of dominant systematic uncertainties affecting expected yield and shape after the 

selection for both searches.

• Systemmatics are taken as the maximum across all resonances mass hypotheses.
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Statistical Model
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Statistical Model
• The statistical results are obtained from a maximum likelihood fit of the 𝑚&& distribution in the 

range of 105,160 GeV over all categories.
• The nominal single Higgs yields are fixed to values from simulation.

• The signal strength, non-resonant background shape parameters and the nuisance parameters, 
representing the systematic uncertainties, are free parameters in the fit.
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Results
• Background only fit for two mass hypothesis.

• Number of data events in the 120 < 𝑚&& <
130 GeV. Values are obtained from a fit of the 
Asimov data set while the continuum background is 
obtained from fit of the data sideband.
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Results
• Observed and expected limit at 95% CL on the production cross section of a narrow-width scalar

resonance X as a function of the mass 𝑚! of the hypothetical scalar particle. The observed 
(expected) upper limits are in the range 641-49 fb (392-46 fb) depending of the mass hypothesis.

• The limit computed with 36 fb"# can be seen in the right as a comparison to the new limit with 
139 fb"#.

• There is an improvement of a factor 3 respect to the previous analysis depending of the 𝑚!.
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Conclusions
• Presented the resonant analysis for 𝐻𝐻 → 𝑏𝑏𝛾𝛾 final state with the full Run 2 

data set.
• Leading channel for low resonances mass hypotheses.
• Up to a factor 3 improvement w.r.t the previous 36 fbGH result.
• More details in the paper.
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https://arxiv.org/abs/2112.11876


Back up
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Data / MC Comparison
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Distributions of 𝑚)) and 𝑚1 31))
∗ for events satisfying the preselection criteria. The data-derived fractions of 

nonresonant 𝛾𝛾, 𝛾 −jet and dijet background are applied and the total background is normalized to the data 
sideband. The scalar resonance signal is scaled to a total production cross section σ(pp → X → HH) = 370 fb for
mX = 300 GeV or σ(pp → X → HH) = 67 fb for mX = 500 GeV.



Selection criteria details
• Pre-selection (first selection criteria before further specific selection):

• Two tight and isolated ID photons with 𝜂 < 1.37 or 1.52 < 𝜂 < 2.37. !!! """ > 0.35 (0.25) for the 
leading (subleading) photon. The isolation requirement 𝑡𝑜𝑝𝑜𝐸𝑡𝐶𝑜𝑛𝑒20 < 0.065 𝑥 𝑝$ and 𝑝$𝑐𝑜𝑛𝑒20 <
0.05 𝑥 𝑝$.

• Lepton veto 𝑁# = 0:
• Electrons: 𝑝! > 10 GeV, 𝜂 < 1.37 or 1.52 < 𝜂 < 2.37, Medium LH ID, 𝑑"𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑐𝑒 < 5, Δ𝑍"𝑠𝑖𝑛𝜃 < 0.5 mm. 

Isolation criteria 𝑡𝑜𝑝𝑜𝐸𝑡𝐶𝑜𝑛𝑒20 < 0.02 𝑥 𝑝! and 𝑝!𝑐𝑜𝑛𝑒20 < 0.15 𝑥 𝑝! .
• Muons: 𝑝! > 10 GeV, 𝜂 < 2.7, Medium ID, 𝑑"𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑐𝑒 < 3, Δ𝑍"𝑠𝑖𝑛𝜃 < 0.5 mm. GradientLoose isolation.

• At least two AntiKt4EMPFlow central jets and less than 6 central jets with 𝑝$ > 25 GeV, 𝜂 < 2.5, 
𝛾 < 4.4, JetVertexFraction (JVT) tight.

• Exactly 2 b-jet at 77% WP. The b-jets candidates are selected by ranking by the b-tag working point (WP) 
they pass and tie breaking by 𝑝$. The algorithm used to determine the flavour of the jet is DL1r based 
in a deep neural network (RNNIP).

• B-jets corrections are applied to correct semileptonic decay of b-hadron documented in 
HGam Performance Note (link).

• For further selection we require at least 0.8 background events in the window          
123 < 𝑚!! < 127 GeV to be able to perform a fit in 𝑚!!.
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Resonant cutflow for 300 GeV
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Resonant analysis training variables
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Resonant BDT Score cuts
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Resonant MVA setup
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Systematics
• MC systematics applied to signal and single Higgs:
• Experimental systematics:

• Pile-up modelling.
• Diphoton trigger efficiency.
• Photons: ID efficiency, isolation efficiency, energy scale, energy resolution.
• Jets: energy scale, energy resolution, vertex tagger efficiency.
• Flavour tagging efficiencies.

• Theoretical systematics:
• QCD scale uncertainties.
• 𝛼2.
• Parton shower modelling.
• Heavy-flavour uncertainty.

• Diphoton continuum is affected by spurious signal.
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