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● Study the Higgs potential still untested!

● Origin of the EW scale (Hierarchy Problem)

● Baryogenesis → 1st order phase transition

● Metastability of the Higgs vacuum

● Search for new massive scalar (Composite Higgs, 2HDM, SUSY)

ᆞᆞᆞ+

Beyond Standard Model (BSM)

EWSB

Di-Higgs SearchesᆞMotivations
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Di-Higgs SearchesᆞSignal
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1. Non-resonant search
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Di-Higgs SearchesᆞSignal

2. Resonant search

Search for BSM where 
the SM is suppressed 

1. Non-resonant search

Destructive Interference

Off-shell Higgs: higher sensitivity to UV physics
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Di-Higgs SearchesᆞBackground

+

Single Higgs:  ggF, VBF, Wh, Zh, tth, Zh ...

+ ᆞᆞᆞ
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(Monte-Carlo methods)



Di-Higgs SearchesᆞBackground

+

Single Higgs:  ggF, VBF, Wh, Zh, tth, Zh ...

example

Others:  γγ + jets

+ ᆞᆞᆞ

+ many many more 
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(Monte-Carlo methods)

(data-driven method)



● The analysis considers the full Run 2 data set of 139 fb−1 at 13 TeV. 

● Processes from the SM produce a smoothly falling di-photon invariant mass 

spectrum.

● Different resonant and non-resonant regions and selections. 

● BDTs (Boosted Decision Trees) are  used  to :

○ Reject background processes in (non)resonant 𝐻𝐻 searches.

○ Divide data into  invariant mass categories to target different 𝜅𝜆 ranges. 

● Statistical results are obtained from a fit 𝑚𝛾𝛾. 

● The selection criteria depend on the mass of the probed scalar particle. 
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Analysis strategy



Object selection

● Trigger on di-photon events.

● Photons:

○ Tight Identification.

○ Loose Isolation.

● Jets:

○ Particle flow.

○ anti-kT algorithm.

○ b-tagger
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Electromagnetic Calorimeter (ECAL)

Hadronic Calorimeter (HCAL)

Tracker

Overview of the ATLAS detector and object selection



Acceptance x efficiency:

● SM ggF HH: 14%.

● m
X

 = 300 : 8.5%

● m
X

 = 500 : 14%
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Alternative 4-body invariant mass is used:

● Improves mass resolution.

● Detector resolutions effects cancel 

out.

Event selection



Nonresonant 
Resonant
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Sidebands regions definition from the m𝛾𝛾 distribution:

● Sidebands (CRs):  105 ≤ m𝛾𝛾 ≤ 120 GeV and 130 ≤ m𝛾𝛾 ≤ 160 GeV.

● Signal region (Higgs peak): 120 < m𝛾𝛾 < 130 GeV

Selection nonresonant & resonant

BDT 

m*
bbγγ< 350 GeV

BDT 

m*
bbγγ> 350 GeV

BDT for γγ 
background.

BDT for single-Higgs 
background.

The two BDT scores are combined and BDT cut optimized by 

maximizing the signal significance.

+ᆞᆞᆞ



 The signal and backgrounds are extracted by fitting analytic functions to the 
diphoton invariant mass distributions in the range of 105 -160 GeV.

● Di-Higgs and single-Higgs m𝛾𝛾 shapes are modelled using 

double sided Crystal Balls (gaussian core and power-law tails).

● Background is modelled with simple exponential function:

○ Has least number of parameters.

○ Passes spurious signal tests.

11

Signal & Background parameterization



● Maximum likelihood fit of the  m𝞬𝞬 (105 < m𝞬𝞬 < 160 GeV) has been performed for both Nonresonant & 

Resonant searches.

● Fit done simultaneously over all categories.

● Expected number of events N
c
 considers:

○ Di-Higgs boson production.

○ Single Higgs boson production.

○ Non-resonant background.

○ Spurious signals from background modelling.
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Statistical analysis



Systematic uncertainties

● The analysis is limited by statistical 

precision.

● The uncertainty on the integrated 
luminosity is 1.7%, obtained using the 
LUCID-2 detector.

● Dominant systematics:

○ Spurious signal

○ Parton showering model

○ Photon energy resolution.
Impact of systematic uncertainties under 2% on the upper limit on the 

cross section.
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Results. Nonresonant

● 95% CL upper limit  on the nonresonant  HH production cross section: 130 fb  (expected 180 fb)
● Signal strength:      observed (expected) = 4.2 (5.7).
● Upper limits on the 𝐻𝐻 production cross section are also computed as a function of 𝜅𝜆:

○ Single-Higgs-boson production cross section, Higgs decay BR and Higgs coupling strength set to SM values.
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No significant excess over the SM 
background expectations is found

Results. Nonresonant

● 95% CL upper limit  on the nonresonant  HH production cross section: 130 fb  (expected 180 fb)
● Signal strength:      observed (expected) = 4.2 (5.7).
● Upper limits on the 𝐻𝐻 production cross section are also computed as a function of 𝜅𝜆:

○ Single-Higgs-boson production cross section, Higgs decay BR and Higgs coupling strength set to SM values.



● 95% CL upper limit  on the production XS of a narrow-width resonance of a hypothetical scalar particle X.
● Limits in range 251 ≤ m

X
 ≤1000 GeV :

○ Observed: 640 - 44 fb.
○ Expected: 391 - 46 fb.

● Improvement up to a factor of 3 compared to previous ATLAS analysis.
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No significant excess over the SM background 
expectations is found

Results. Resonant



Summary & outlook 

● Di-Higgs searches: probes the Higgs potential and is a window to BSM physics

● Search for nonresonant & resonant Higgs boson pair production in the bbࠡγγ final state with Run2 

dataset has been discussed.

● Signal is modelled with double sided Crystal Ball, and background with one-parameter exponential

● BDT has been used to separate Signal from backgrounds in order to  improve the sensitivity.

● No significant excess over the SM expectations has been found.

● The results improves the ATLAS limits on HH→bbࠡ𝛾𝛾  production cross section by up to factor of 

five, and allowed the  𝜅𝜆 range shrink by about a factor of two.

Outlook  
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HL-LHC or Higgs factory  will be essential to improve the precision of the measurement of the Higgs 
self-couplings! 



Back-up 
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BDT categories
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● Signal region is mainly composed of 𝛾𝛾, 𝛾-jet and dijet events, where one or two jets are mis-identified as photons.

● Contribution of each one of them is estimated using the data driven method (ABCD) in the sidebands regions:

○ 𝛾𝛾:  85%

○ 𝛾-jet: 15%

○ Dijet: negligible.

● MC is normalized by the 𝛾𝛾, 𝛾-jet and dijet fractions in the data sidebands regions.
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Jet faking photons estimation
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Simulation Samples



Simulation Samples

●Nonresonant ggF HH signal obtained from reweighting method based on simulations with different 𝜅𝜆  values.

●VBF HH at LO and rescaled to N3LO.  𝜅𝜆 dependence interpolated from second-order polynomial fit of MC samples.

●Resonant ggF HH generated at LO with 25 different m
X

 values in the range of [251, 1000] GeV.
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Nonresonant
● Events are divided in two mass regions: low mass (m*

bbγγ< 350 GeV) 

and  high mass (m*
bbγγ>350 GeV)

● A BDT is trained for each mass region.

● Two categories for each mass region defined based on the BDT score 

by maximizing the combined number-counting significance.

Resonant
● Signal are reweighed to match the m*

bbγγ background distribution.

● Two BDT trained to separate the signal against two main sources of 

backgrounds: γγ and single-Higgs backgrounds.

● The two BDT scores are combined and BDT cut optimized by 

maximizing the signal significance.
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Sidebands regions definition from the m𝛾𝛾 distribution:

● Sidebands (CRs):  105 ≤ m𝛾𝛾 ≤ 120 GeV and 130 ≤ m𝛾𝛾 ≤ 160 GeV.

● Signal region (Higgs peak): 120 < m𝛾𝛾 < 130 GeV

Selection nonresonant & resonant



Non-resonant regions definitions
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Resonant regions
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Resonant regions:
● Two BDTs are trained depending on the final state signature: single-Higgs or di-photon.
● BDTs are combined in quadrature as a function of C

1
 and C

2
 coefficients.

● C
1

, C
2

 and BDT cut is optimized in a two step process:
○ Get signal significance for each value of C

1
, C

2
 and BDT cut, for each mass point.

○ Obtain those C
1

 and C
2

 coefficients that are in a range of 5% around the maximum significance.



 The signal and backgrounds are extracted by fitting analytic functions to the 
diphoton invariant mass distributions in the range of 105 -160 GeV.

● Di-Higgs and single-Higgs m𝛾𝛾 shapes are modelled using double sided 

Crystal Balls (gaussian core and power-law tails),

● MC m𝛾𝛾 distribution is fitted to obtain the shape parameters for each 

category. 

○ Insensitive to specific signal processes.

● Background is modelled with simple exponential function:

○ Passes spurious signal tests: fit with a S+B function a 
background-only MC distribution and extract the fitted signal.

○ Has least number of parameters.
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Signal & Background parameterization



Results . Nonresonant 
An alternative statistical analysis consists in 

determining the best-fit value of the 𝜅𝜆 coupling 

modifier.

The best-fit value of 𝜅𝜆 and its uncertainty are obtained 

by means of a negative log-likelihood scan.
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The number of data events observed in the 120 <𝑚𝛾𝛾 < 130 GeV window, the 

number of 𝐻𝐻 signal events expected for 𝜅𝜆 = 1 and for 𝜅𝜆 = 10



Results . Nonresonant 
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Comparison of the background only-fit 
with data for the four categories of the 
nonresonant search 



Results . Resonant 
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Comparison of the Data with the background-only fit for 
● 𝑚𝑋 = 300 GeV (left)

● 𝑚𝑋 = 500 GeV (right)


