
An overview of the legacy 
 analysisHH → bb̄γγ

Adele D’Onofrio

6th October 2023
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Introduction & Motivations
 Measuring HH production gives us unique access to the triple Higgs coupling 
(self coupling) λ3, which gives information of the shape of the Higgs potential

 Deviations from SM could indicate BSM physics with an impact on HH 
production rate and kinematics


 Dependence on κλ and κ2V coupling modifiers

 Probing EFT interpretations


 Linked to many open questions in particle physics

 Characterizing it is a major goal of HL-LHC Nature 607, 41-47 2022 

   LHC Run 3 has started and expect to ~ double the dataset and number of HH events

Scales up to about 105 HH events in HL-LHC

Observation potentialities

https://www.nature.com/articles/s41586-022-04899-4
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Higgs boson pair production and decay modes

 No golden channel, combination is the key

 Standard Model (SM) di-Higgs production (Non Resonant)

 Gluon-gluon fusion (ggF) is the dominant production mode at LHC, accounting for ~ 
90% of the total di-Higgs production


 Destructive Interference between the triangle and the box diagrams  leads to a small 
cross section: σH ~ 1000 σHH


Vector Boson Fusion (VBF) provides additional sensitivity to  κλ and direct measurement 
of  κ2V


 Beyond SM models: Resonant di-Higgs production
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The  analysisHH → bb̄γγ
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The  final statebb̄γγ



w
w

w
.i

c
t.

tu
w

ie
n
.a

c
.a

t
w

w
w

.
i
c
t
.
t
u
w

i
e
n
.
a
c
.
a
t

www.ict.tuwien.ac.at

di
-H

ig
gs

 R
un

 2
 L

eg
ac

y 
bb
γγ

 st
at

us
 re

po
rt

Adele D’Onofrio - INFN Napoli - 6th October 2023
6

Analysis recipe
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Events selection and categorisation
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Categorisation
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Signal extraction
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Systematic uncertainties
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Systematic uncertainties
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Upper limits on HH production and constraints on κ
λ and κ

2V 
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Summary
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Towards Run 3 data analysis

 Run 3 of the LHC:

 2022: ~40 fb-1


 2023: ~70-80 fb-1


 Full Run-3: ~300 fb-1 

 Increase in √s (13 TeV -> 13.6 TeV) 
—> cross section increase will  

benefit certain physics processes 

LH
C

 S
ch

ed
ul

e

 Non-resonant Searches

 Run 2 + early Run 3 paper on non-resonant production with 
most sensitive channels (bbγγ, bbττ, 4b)—> Useful to push 
the developments of new analyses

Upper limit of 1 (and a significance of 2σ in ATLAS - > 3σ 
ATLAS+CMS!) at the end of Run 3!

 Ambitious ~40% improvement to reach this so we have to try 
hard and work towards this! 


 
 
 
 
 
 
 
 
 
 
 

 

μHH < 2.9 × SM

μHH < 1.6 × SM
μHH < 2.2 × SM

Pure Luminosity Scaling

http://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm
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Towards Run 3  analysisHH → bb̄γγ
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Thanks for

 listening!

Personal contributions
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Back-up 
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EFT interpretations for the Legacy HH → bb γ̄γ 
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EFT interpretations for the Legacy HH → bb γ̄γ 
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EFT interpretations for the Legacy HH → bb γ̄γ 
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EFT interpretations for the Legacy HH → bb γ̄γ 
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Combination of double Higgs searches 
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Run 3 improvements from the CP side
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Outlook for Run 3: the kinematic fit
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Other di-Higgs searches: ATLAS full Run 2
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Other di-Higgs searches:ATLAS legacy Run 2
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Other di-Higgs searches: CMS Run 2
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ggF HH cross section 
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Definition of m*b b  ̄γ γ 



w
w

w
.i

c
t.

tu
w

ie
n
.a

c
.a

t
w

w
w

.
i
c
t
.
t
u
w

i
e
n
.
a
c
.
a
t

www.ict.tuwien.ac.at

di
-H

ig
gs

 R
un

 2
 L

eg
ac

y 
bb
γγ

 st
at

us
 re

po
rt

Adele D’Onofrio - INFN Napoli - 6th October 2023
30

Data and MC samples
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Signal MC samples
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Background MC samples
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Triggers and pre-selection
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VBF-jets tagger
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Events selection

• After applying the pre-selection requirements, 

events are categorized based on the reduced 4-

object invariant mass  and on BDT outputs.m*
bb̄γγ

• Two bins in  are defined:m*
bb̄γγ

di-photon,  
b-jet, and VBF-jet   

tagger

Low Mass region: 

 GeVm*
bb̄γγ

≤ 350

Targets ggF HH events 

with  and 

, and VBF HH 
samples with all BSM 
couplings.

κλ = 5.6
κλ = 10

High Mass region:  GeVm*
bb̄γγ

> 350

Targets SM ggF HH 
events and VBF HH 
samples with all the 
SM + BSM couplings.
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Events selection: BDTs
• A separate BDT is trained in each  bin, to separate di-Higgs ggF + VBF signals from backgrounds.m*

bb̄γγ

Both the BDTs use the same set of input variables!

- , ,  of the 2 
candidate photons.


- , , , -tag score of 
the 2 candidate -jets.


- , , , -tag score of 
the 3rd and 4th leading jets.


- , ,  and .


-  and single-topness .


-  and .

pT /mγγ η ϕ

pT /mγγ η ϕ b
b

pT /mγγ η ϕ b

pbb
T ηbb ϕbb mbb

HT χWt
Emiss

T ϕMET

- Invariant mass of the 2 VBF jets  
and .


- BDT score of the VBF jet pair.


- 4-object invariant mass .

- Distance between the 2 photons 

and between the 2 -jets:  
and .


- Event shape variables: transverse 
sphericity, planar flow, and  
balance.

mjj
Δη( j1, j2)

mbb̄γγ

b ΔR(γ1, γ2)
ΔR(b1, b2)

pT

They include ggF-related and VBF-related variables!

+

Each sample is assigned a per-process weight, chosen via a hyperparameter optimization!

The HPO uses directly the overall significance as a figure of merit!

Low Mass High Mass

Signal

• ggF HH with κλ = 5.6 and 

κλ = 10


• VBF HH samples with (κλ, 

κ2V, κV) = (0,1,1), (10,1,1), 

(1,1.5,1), (1,3,1), (-5,1,0.5).

• SM ggF HH 


• SM + BSM VBF HH 

samples, with (κλ, κ2V, κV) = 

(0,1,1), (10,1,1), (1,1.5,1), 

(1,3,1), (-5,1,0.5).

Background
• All single Higgs processes


• γγ + ttγγ samples

• All single Higgs processes


• γγ + ttγγ samples

High Mass region
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Events selection: analysis categories
3 categories in the High Mass region and 4 categories in the Low Mass region are defined, by selecting the 

thresholds in the BDT outputs that maximize the following number counting significances:

- High Mass region:


- Low Mass region:

, where:Ztarget SM = 2 ⋅ [(S + B) ⋅ ln(1 + S/B) − S]

- S: SM ggF HH + VBF HH.

- B: single Higgs processes + .γγ

- S: ggF HH with 5.6+ VBF HH with (κλ, κ2V, κV) = 
(10,1,1).


κλ =
, where:Ztarget κλ

= 2 ⋅ [(S + B) ⋅ ln(1 + S/B) − S]

Low Mass region High Mass region

+
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Data/MC comparison: High Mass categories 
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Data/MC comparison: Low Mass categories 
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Signal modelling : High Mass categories 
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Signal modelling : Low Mass categories 
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Impact of systematic uncertainties on the upper limits on μ
HH 
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mγγ distributions and signal + background fits 
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mγγ distributions and background only fits 
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Cross checks on μHH
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Parametrization of the single Higgs processes as a function of κλ 
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Comparison with the previous ggF full Run 2 HH → bb γ̄γ analysis 
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Compatibility with previous ggF full Run 2 HH → bb γ̄γ analysis 
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Background modelling with analytic functions

 inspired by Shuo’s slides, Higgs Workshop 2023 

Analytical functions are used to model backgrounds directly from data

 Typically, analytical functions in the background modelling are used when the invariant mass mγγ is the discriminating variable and the main 
background comes from the non resonant γγ continuum spectrum

 The high reconstruction efficiency and low energy resolution of objects allows the search/measurements directly on the mass of the 
reconstructed γγ system


 Analytical functions are used to describe the falling background on mγγ

 "spurious signal" study is crucial to choose the function form and estimate modelling uncertainties 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Spurious signal as a measure of potential bias
 When using S + B pdf to fit the bkg-only distribution, if the shape of the bkg-only distribution and pdf has intrinsic 
difference, the fitted signal yield would not be zero. That non-zero fitted signal yield is referred to as the spurious signal 
  Here, the spurious signal can be considered as a measure of the bias introduced to the fitted signal yield by the intrinsic 
difference in shape between the analytic function and background

 In practice, our MC sample provides an approximation of the true background shape, and the spurious signal is an estimate of 
the bias arising from the shape difference between the analytical function and the background MC

Interpolate from the sidebands into the signal 
region using an analytic function 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Spurious signal method

Measured by performing S+B fits on a background-only template!

• The number of signal events is extracted for different values of 
 GeV with steps of 0.5 GeV.


• Bias (i.e. spurious signal) of the tested functional form → largest signal 
yield in the  window!

mH

∈ [123,127]

mH

The chosen functional form has to pass the (relaxed) 
spurious signal test:

• 


•

|Nsp | < 10% ⋅ NS,exp

|Nsp | < 20% ⋅ σbkg

Expected signal 
yield according to 
the SM.

Stat. uncertainty on the 
fitted number of signal 
events on the bkg 
template.

If no function satisfies these conditions, the 
test is further relaxed by replacing  with 

, where:

Nsp

ζsp

ζsp =
Nsp + 2ΔMC if Nsp + 2ΔMC < 0
Nsp − 2ΔMC if Nsp − 2ΔMC > 0
0 otherwise

Local stat. fluctuations of 
the background template.

 The best functional form for modeling the continuum background is chosen as a compromise 
between having a minimal number of degrees of freedom and a small bias!


