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Motivation – Higgs self-coupling
• The Higgs boson completes the Standard Model of Particle Physics.

• However, the shape of the Higgs potential has yet to be measured.

• We can probe the Higgs potential by measuring the Higgs self-coupling (𝝀).

Measuring HH production gives us access
to the trilinear Higgs self−coupling (𝜆!!!)

𝜿𝝀 =
𝝀𝑯𝑯𝑯
𝝀𝑯𝑯𝑯𝑺𝑴



Non-resonant HH production
• Anomalous couplings (𝜿𝝀 ≠ 1, etc.)

𝜿𝝀 =
𝝀𝑯𝑯𝑯
𝝀𝑯𝑯𝑯𝑺𝑴

Resonant HH production
• 𝑋: a narrow-width scalar particle

Gluon-gluon fusion (ggFHH)
• σNNLO = 31.05 [fb] @13 TeV, mH = 125 GeV

Vector boson fusion (VBFHH)
• σN3LO = 1.726 [fb] @13 TeV, mH = 125 GeV
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HH production at LHC
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SM BSM enhancement
Destructive interference, 1000x 
smaller than single H production



Search for Non-resonant and Resonant HH production in 𝒃𝒃𝜸𝜸 channel (full Run2 data, 139 𝑓𝑏!").

One of the most sensitive HH final states:
• 𝐻 → 𝑏𝑏: largest branching ratio 

• 𝐻 → 𝛾𝛾: excellent photon resolution, clean final state
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HH𝛾𝛾𝑏𝑏 Analysis overview

bb WW ττ ZZ γγ

bb 34%

WW 25% 4.6%

ττ 7.3% 2.7% 0.39%

ZZ 3.1% 1.1% 0.33% 0.069%

γγ 0.26% 0.10% 0.028% 0.012% 0.0005%
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Search for Non-resonant and Resonant HH production in 𝜸𝜸𝒃𝒃 channel (full Run2 data, 139 𝑓𝑏!").

Main backgrounds
• Single Higgs production H → 𝛾𝛾

• Non-resonant 𝛾𝛾+jets backgrounds

Common Preselection
• 2 identified and isolated photons

• 2 b-tagged jets (77% DL1r b-tagging efficiency)

• < 6 central jets (reject 𝒕�̅�𝑯 hadronic decay)

• 0 leptons (reject 𝒕�̅�𝑯 leptonic decay)

Multivariate method designed to reject background processes.

Statistical results obtained from a fit of 𝒎𝜸𝜸 distribution.
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HH𝛾𝛾𝑏𝑏 Analysis overview
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Event categorization
Both Non-resonant and Resonant search rely on a combination of (𝒎𝜸𝜸𝒃𝒃

∗ + BDT score).

2022/11/8

Modified invariant mass

𝒎𝜸𝜸𝒃𝒃
∗ = 𝒎𝜸𝜸𝒃𝒃 −𝒎𝜸𝜸 −𝒎𝒃𝒃 + 𝟐𝟓𝟎 𝑮𝒆𝑽

Provide cancellation of experimental resolution effects

Ø particularly for the resonant signals
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Event categorization
Non-resonant analysis: target SM HH → 𝛾𝛾𝑏𝑏 processes, and possible modifications to 𝜅&.

Ø Two 𝒎𝜸𝜸𝒃𝒃
∗ mass regions

• Provide enhanced sensitivity to 𝜿𝝀

𝑚""##
∗ < 350 𝐺𝑒𝑉

Low mass region
Target 𝜅%=10

𝑚""##
∗ ≥ 350 𝐺𝑒𝑉

High mass region
Target 𝜅%=1
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BSM SM

Ø Boosted Decision Tree, one BDT in each mass region
• Against diphoton continuum and single Higgs backgrounds 

• Input variables: photon, jet and missing transverse energy variables
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Resonant analysis: target 𝑋 → HH → 𝛾𝛾𝑏𝑏 processes, with 𝑚' ∈ 251, 1000 GeV.

Ø One mass region for each 𝑚'

• 2𝜎 window cut around each 𝑚)

𝜎 from a fit to 𝑚!!""
∗ using Crystal Ball function

Relaxed to 4𝜎 for 𝑚$ = 900, 1000 GeV
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Event categorization
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Ø Boosted Decision Tree
• Two separate BDTs against 𝛾𝛾+𝑡�̅�𝛾𝛾 and single Higgs backgrounds

• Cut on the combined BDT score for each 𝑚&

• Input variables: photon, jet and missing transverse energy variables

discard 𝐶', 𝐶( and the 𝐵𝐷𝑇)*) cut value are 

scanned to maximize the significance



Ø Signal parameterization - Double sided crystal ball (DSCB) function

Non-resonant analysis
• Fit to SM 𝑯𝑯 signal MC, model shared with 𝑯 background

• No sizable dependence on 𝜅% is observed

Resonant analysis
• Fit to resonance signal MC, model shared with SM 𝑯𝑯 and 𝑯 background

Ø Continuum background parameterization - Exponential function
• Function form determined from spurious signal study

• Spurious signal = a bias estimated from a S+B fit to a B-only MC template

also a systematic uncertainty assigned to the function choice

• Functions with smaller spurious signal are preferred
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Signal and background modeling
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Statistical results obtained from a maximum-likelihood fit to the 𝒎𝜸𝜸 distribution
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Results
No signal is observed. Exclusion limits at 95%CL are set. 

Non-resonant

Upper limit on 𝝈(𝑯𝑯) 𝜿𝝀 constraint

Observed 4.2 x SM [−1.5, 6.7]
(Expected) 5.7 x SM [−2.4, 7.7]

CMS JHEP 03 (2021) 257

𝝈(𝑯𝑯) limit: 7.7 (5.2) x SM

𝜿𝝀 constraint: [-3.3, 8.5] ([-2.5, 8.2]) 

ATLAS 36 𝑓𝑏+' JHEP 11 (2018) 040

𝝈(𝑯𝑯) limit: 22 (28) x SM

𝜿𝝀 constraint: [-8.2, 13.2] ([-8.3, 13.2]) Shrinks by a factor of ~2

Improved by a factor of 5

https://link.springer.com/article/10.1007/JHEP03(2021)257
https://link.springer.com/article/10.1007/JHEP11(2018)040
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Results
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ATLAS 36 𝑓𝑏+' JHEP 11 (2018) 040

𝝈(𝐗 → 𝐇𝐇) upper limits vary between 1.1 𝑝𝑏 and 0.12 𝑝𝑏

(0.9 𝑝𝑏 and 0.15 𝑝𝑏) in 𝑚& ∈ 260, 1000 GeV

No signal is observed. Exclusion limits at 95%CL are set. 

Resonant
𝝈(𝐗 → 𝐇𝐇) upper limits vary between 610 𝑓𝑏 and 47 𝑓𝑏 (360 𝑓𝑏 and 43 𝑓𝑏) in 𝑚) ∈ 251, 1000 GeV

Improved by a factor of 2-3 depending on the 𝑚& value. 

The analyzed mass range expanded to lower values.

https://link.springer.com/article/10.1007/JHEP11(2018)040
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Summary
Searches for non-resonant and resonant HH production are performed in the 𝑏𝑏𝛾𝛾 final state (139 𝑓𝑏!" ).
No significant excess with respect to the SM background expectation is observed.

Upper limits on 𝝈(𝑯𝑯) and constraints on 𝜿𝝀 are set. 

Improvement compared to the previous ATLAS result based on 36 𝑓𝑏!" data:
• Extended data set by a factor of ~4

• Categorization based on 𝑚**++
∗ and multivariate event selections

• More precise object reconstruction and calibration 

Publication: PhysRevD.106.052001

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001


Thanks!

2022/11/8 13

JHEP 11 (2018) 040 (ATLAS 36 𝑓𝑏+') 

JHEP 03 (2021) 257 (CMS)

ATLAS-PHYS-PUB-2021-031 (HH summary)

https://link.springer.com/article/10.1007/JHEP11(2018)040
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-031/
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HH production
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Background Samples
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Event preselection
Ø Photon identification (Tight WP)

Ø Calorimeter- and track-based isolation within a cone of Δ𝑅 = 0.2

𝐸,-./ < 0.065 ⋅ 𝐸, and 𝑝,-./ < 0.05 ⋅ 𝐸,

Ø 105 < 𝒎𝜸𝜸 < 160 𝐺𝑒𝑉

Ø 𝑝,
"'/𝑚"" > 0.35, 𝑝,

"(/𝑚"" > 0.25

Ø DL1r b-tagging (a deep-learning neural network)

WP: 77% efficiency

Ø Energy correction

• muon-in-jet correction: muons from semileptonic

𝑏-hadron decays

• 𝒑𝑻-reco correction: 𝑝, loss due to neutrinos and 

objects outside of the jet cone
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Non-resonant BDT variables
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Non-resonant Categorization

Low mass region High mass region
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Resonant BDT variables
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Signal modeling - DSCB
A Gaussian core + asymmetric power law tails

non-Gaussian tails can 
arise from experimental
effects, such as photon 
energy mismeasurements. 

One of the main benefits is the ability to describe the effects of systematic uncertainties in its shape with extra parameters
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Diphoton background decomposition
• Reconstructed 𝛾𝛾 events is mainly composed of 𝛾𝛾, 𝛾-jets and jet-jet events, where the jet(s) fake(s) a real photon. 
• The 2x2D sideband method is developed using the discriminating power of photon identification and isolation criteria.

• The event yields in the signal region and the 15 sidebands can be expressed as functions of the photon efficiencies, jet fake rates 

and correlation coefficients. 

C D

A B

Leading object Sub-leading object

C D

A B

Photon isolated Photon non-isolated
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AC AD BC BD

AA AB BA BB
Reference

Suffers from low statistics, not used in constructing the background templates for the spurious signal procedure. 

https://cds.cern.ch/record/1450063/files/ATL-COM-PHYS-2012-592.pdf?
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Spurious signal

Ø Selection criteria: 

• The least number of parameters is preferred.

• The smaller systematic uncertainty (spurious signal) is preferred. 

Spurious signal: a bias estimated from a signal + background fit to a background-only MC template. 

𝑁() = max
"*"+,2+"*- ./0

|𝑁((𝑚1)|

Wald tests show that the data do not prefer a higher degree functional form with respect to the exponential form. 

p 𝑁,- < 20% of the data’s statistical uncertainty + 2 × the MC background template statistical uncertainty

p must satisfy a simple 𝜒. requirement in a background-only fit to the MC template: 𝑝 − 𝑣𝑎𝑙𝑢𝑒 𝜒. > 1%
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Systematic uncertainties
In general the analysis is almost completely statistically dominated with the Run 2 dataset
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Statistical framework

Likelihood

Event parameterization

Model PDF

Ø The results of the analysis are obtained from a maximum-likelihood fit of the 𝑚𝛾𝛾 distribution.
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Statistical framework
Ø The measurement of the parameter of interest is carried out using a statistical test based on the 

profile likelihood ratio

the profile likelihood ratio the profile-likelihood-ratio-based test statistic
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𝜅! reweighting for ggF HH samples

g

g

H

H

U�V

g

g H

H

H

�

U#V

6B;m`2 R, h?2 irQ i`22@H2p2H 62vMK�M .B�;`�Kb 7Q` /B@>B;;b T`Q/m+iBQM pB� :HmQM@:HmQM 6mbBQMX

H

H

q q

q q

H

V

V

�

U�V

H

H

q q

q q

V

V

U#V

H

H

q q

q q

V

V

U+V

6B;m`2 k, h?2 i?`22 i`22@H2p2H 62vMK�M .B�;`�Kb 7Q` /B@>B;;b T`Q/m+iBQM pB� o2+iQ` "QbQM 6mbBQMX

R

g

g

H

H

U�V

g

g H

H

H

�

U#V

6B;m`2 R, h?2 irQ i`22@H2p2H 62vMK�M .B�;`�Kb 7Q` /B@>B;;b T`Q/m+iBQM pB� :HmQM@:HmQM 6mbBQMX

H

H

q q

q q

H

V

V

�

U�V

H

H

q q

q q

V

V

U#V

H

H

q q

q q

V

V

U+V

6B;m`2 k, h?2 i?`22 i`22@H2p2H 62vMK�M .B�;`�Kb 7Q` /B@>B;;b T`Q/m+iBQM pB� o2+iQ` "QbQM 6mbBQMX

R

Common HH procedure. The method derives the scale factors as a function of 𝜿𝝀 in bins of 𝒎𝑯𝑯 by performing a linear
combination of samples generated at 𝜅% = 0, 1,20. 
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HH summary

good sensitivity at low resonant masses 
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ttgammagamma
import model sm-no_b_mass
define p = g u c d s b u~ c~ d~ s~ b~ 
define l+ = e+ mu+ ta+ 
define vl = ve vm vt 
define uc~ = u~ c~ 
define ds = d s 
define l- = e- mu- ta-
define vl~ = ve~ vm~ vt~ 
define uc = u c 
define ds~ = d~ s~ 
generate p p > t t~ > l+ vl b ds uc~ b~ a a QCD=2 QED=6 \n
add process p p > t t~ > uc ds~ b l- vl~ b~ a a QCD=2 QED=6 \n 
add process p p > t t~ > l+ vl b l- vl~ b~ a a QCD=2 QED=6 """ 


