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Outline

ATLAS-CONF-2021-016 (this talk)

JHEP 11 (2018) 040 (ATLAS 36 𝑓𝑏!") 

JHEP 03 (2021) 257 (CMS full Run2)

ATLAS-CONF-2021-052 (HH summary)

https://cds.cern.ch/record/2759683
https://link.springer.com/article/10.1007/JHEP11(2018)040
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://cds.cern.ch/record/2786865/files/ATLAS-CONF-2021-052.pdf


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

Resonant HH production
Benchmark model:

𝑋 - a narrow-width scalar particle

Gluon-gluon fusion (ggFHH)
• σNNLO = 31.02 [fb] @13 TeV, mH = 125.09 GeV

Vector boson fusion (VBFHH)
• σN3LO = 1.723 [fb] @13 TeV, mH = 125.09 GeV
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Motivation – HH production
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Measuring HH production gives us access to the trilinear Higgs self-coupling (𝝀𝑯𝑯𝑯).

𝜿𝝀 =
𝝀𝑯𝑯𝑯
𝝀𝑯𝑯𝑯𝑺𝑴

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGHH?redirectedfrom=LHCPhysics.LHCHXSWGHH


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%

𝜸𝜸𝒃𝒃 channel is one of the most sensitive HH final states.
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Motivation - 𝛾𝛾𝑏𝑏 final state

𝑯 → 𝒃𝒃: Large branching ratio

𝑯 → 𝜸𝜸: 
Excellent photon resolution

Relatively small background
Excellent handle for trigger (advantage for low 𝑚$$) 

𝜸𝜸𝐛𝐛: advantage in 𝜿𝝀 constraint
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Search for Non-resonant and Resonant HH production in 𝜸𝜸𝒃𝒃 channel (full Run2 data, 139 𝑓𝑏"#).

Main backgrounds
• Non-resonant 𝛾𝛾 backgrounds

• Single Higgs production

Common Preselection
• Diphoton trigger

• Tight ID, calorimeter & track Isolation

• 𝑝%
&/𝑚&&> 0.25(0.35) for 𝛾"(𝛾')

• 105 GeV < 𝑚&& < 160 GeV

• Fewer than 6 central jets (reject hadronic top decays)

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

• Veto events containing an electron or muon (reject leptonic top decays)
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HH𝛾𝛾𝑏𝑏 Analysis overview
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Categorization
For both Non-resonant and Resonant searches:

Signal regions are defined using 𝑚$$%%
∗ and BDT score

2021/11/26

Modified invariant mass

𝒎𝜸𝜸𝒃𝒃
∗ = 𝒎𝜸𝜸𝒃𝒃 −𝒎𝜸𝜸 −𝒎𝒃𝒃 + 𝟐𝟓𝟎 𝑮𝒆𝑽

• Provides cancellation of experimental resolution effects

• Greater improvement for resonant signals



Non-resonant analysis: target SM HH → 𝛾𝛾𝑏𝑏 processes, and possible modifications to 𝜅).

Target mainly ggF HH production, but VBF HH events also considered as signal.

Ø Modified invariant mass 𝒎𝜸𝜸𝒃𝒃
∗ = 𝒎𝜸𝜸𝒃𝒃 −𝒎𝜸𝜸 −𝒎𝒃𝒃 + 𝟐𝟓𝟎 𝑮𝒆𝑽

• Low and high mass categories provide enhanced sensitivity to 𝜅(
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Non-resonant Categorization
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BSM SM
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Non-resonant analysis: target SM HH → 𝛾𝛾𝑏𝑏 processes, and possible modifications to 𝜅).

Target mainly ggF HH production, but VBF HH events also considered as signal.

Ø Modified invariant mass 𝒎𝜸𝜸𝒃𝒃
∗ = 𝒎𝜸𝜸𝒃𝒃 −𝒎𝜸𝜸 −𝒎𝒃𝒃 + 𝟐𝟓𝟎 𝑮𝒆𝑽

• Low and high mass categories provide enhanced sensitivity to 𝜅(

Ø Boosted Decision Tree
• Against 𝛾𝛾 and single Higgs backgrounds 

• BDT trained on photon, jet and missing transverse energy variables
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Non-resonant Categorization
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Resonant analysis: target BSM HH → 𝑋 → 𝛾𝛾𝑏𝑏 processes, with 𝑚* ∈ 251, 1000 GeV.

Non-resonant SM HH production included as background.

Ø Modified invariant mass 𝒎𝜸𝜸𝒃𝒃
∗ = 𝒎𝜸𝜸𝒃𝒃 −𝒎𝜸𝜸 −𝒎𝒃𝒃 + 𝟐𝟓𝟎 𝑮𝒆𝑽

• ±2𝜎 window cut around each mass hypothesis of the resonance

• ±4𝜎 cut for 𝑚) = 900, 1000 GeV due to the lack of background statistics

Ø Boosted Decision Tree
• Shared by all resonance masses to avoid lack of background at high mass

• BDTs trained on photon, jet and missing transverse energy variables

• 2 BDTs against 𝛾𝛾+𝑡𝑡𝛾𝛾 and single Higgs backgrounds respectively

• For each 𝑚), cut on the combined BDT score
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Resonant Categorization
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Maximum likelihood fit performed on 𝑚$$ simultaneously with all the categories.
(Non-resonant: 4 categories; Resonant: 1 category for each 𝑚*)

Ø Signal parameterization
Normalization fixed to SM, shape from a double sided crystal ball (DSCB) fit to MC

Non-resonant

• Fit to SM 𝑯𝑯 signal, model shared with 𝑯 background

Resonant

• Fit to resonance signals, model shared with SM 𝑯𝑯 and 𝑯 background

Ø Background parameterization
Normalization floating, shape = exponential function

• Function form determined from spurious signal studies.

• Spurious signal (potential bias due to choice of function) estimated by fitting S+B to B-only template. 
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Signal and background modeling

118 120 122 124 126 128 130 132
 [GeV]ggm

0.05

0.1

0.15

0.2

0.25

Ev
en

ts
 / 

0.
50

 G
eV ATLAS Simulation Preliminary

-1=13 TeV,  139 fbs

High mass BDT tight
ggbb®HH

gg+VBF HH
pdf

118 120 122 124 126 128 130 132
 [GeV]ggm

0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

M
C

/M
od

el

110 120 130 140 150 160
[GeV]γγm

2

4

6

8

Ev
en

ts
 / 

2.
5 

G
eV Data

Continuum Background

Total Background

PreliminaryATLAS
-1= 13 TeV, 139 fbs

γγbb→HH
High mass BDT tight



2021/11/26 11

Observed (Expected) Results

Non-resonant
• 𝝁𝑯𝑯 limit: 4.1 x SM (5.5 x SM) 

• 𝜿𝝀 interval: [−1.5, 6.7] ([−2.4, 7.7]) 
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CMS full Run2 JHEP 03 (2021) 257
𝝁𝑯𝑯 limit: 7.7 (5.2) x SM
𝜿𝝀 interval: [-3.3, 8.5] ([-2.5, 8.2]) 

ATLAS 36 𝑓𝑏() JHEP 11 (2018) 040
𝝁𝑯𝑯 limit: 22 (28) x SM
𝜿𝝀 interval: [-8.2, 13.2] ([-8.3, 13.2]) 

Resonant
• XS upper limits vary between 610-47 𝑓𝑏 (360-43 𝑓𝑏) in 251 ≤ 𝑚) ≤ 1000GeV

~2-3 improvement depending on the 𝑚) value 

~2 from increase of lumi; ~1.2 from analysis strategy

Expands the analyzed mass range of the resonance search to lower values. 

~ 5 improvement w.r.t 36 𝑓𝑏!"
~2 from increase of lumi
~2.5 from analysis strategy

Shrinks by a factor of ~2

No signal is observed, upper Limits at 95%CL are set based on the profile likelihood ratio approach. 

https://link.springer.com/article/10.1007/JHEP03(2021)257
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. 

Both limited by statistics. Dominant systematic: spurious signal.

Improvement compared to the previous ATLAS result based on 36 𝑓𝑏"# of 13 TeV 𝑝𝑝 collisions  

• Extends the data set by more than a factor of 4

• Incorporates a categorization based on 𝑚$$%%
∗ and multivariate event selections

• More precise object reconstruction and calibration 

Publication of the Run 2 paper soon.

Preparing the dedicated analysis for VBFHH and SH → 𝑏𝑏𝛾𝛾 signals.



Thanks!
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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).

𝜿𝝀 =
𝝀𝑯𝑯𝑯
𝝀𝑯𝑯𝑯𝑺𝑴
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LHC seminar Nov-23

https://indico.cern.ch/event/1065153/
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Overview 
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Background Samples



2021/11/26 18

Common selections

H(bb)

1. PFlow jets (AntiKt4PFlowCustomVtxHggJets) with pT

> 25 GeV and |𝜂|<2.5 passing JetVertexFraction (JVT) 

tight and Jet cleaning

2. Exactly 2 b-jets passing the 77% DL1r b-tagging WP 

and ranked by pT
• mbb resolution improved by a muon-in-jet correction, 

as well as a 𝑝T-reco correction to account for 𝑝T loss
due to neutrinos and objects outside of the jet cone.
Resolution improves by about 22% 
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Non-resonant BDT variables

highest discriminating power: 𝑚-- and 𝐻%
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Non-resonant Categorization
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Resonant BDT variables
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Signal modeling - DSCB
A Gaussian core + asymmetric power law tails
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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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Suffers from low statistics, not used in constructing the background templates for the spurious signal procedure. 



2021/11/26 26

Spurious signal

Ø Selection criteria: 
p The function should satisfy at least one of the following criteria: 

Nominal criteria Relaxed criteria (for low-statistic bkg MC)

• 𝑁*,,-. = expected SM signal events
• 𝜎&/0 = stat. uncertainty on Nsig when fitting the sig+bkg model to the asimov dataset
• Δ12 = local statistical fluctuation of the MC background template

𝑵𝒔𝒑=or

p The function must satisfy a simple 𝜒3 requirement in a background-only fit to the MC template: 
𝑝 − 𝑣𝑎𝑙𝑢𝑒 𝜒3 > 1%

The 𝜒3 is computed with a background template uniformly binned over 105 < 𝑚𝛾𝛾 < 160 GeV. 

Ø The least number of parameters is preferred.
Ø The smaller systematic uncertainty (spurious signal) is preferred. 

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

𝑁01 = max
"'"23!2"'4 567

|𝑁0(𝑚$)|

Bkg templates from MC
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Wald test
Wald test: un-bin fit on data sideband to reject simpler background function for low statistic categories.
We restrict the function options to exponential of 1st, 2nd and 3rd order: 

𝑓4𝑥 = 𝑒∑!"#
$ 6!-!!𝑥 = m%%

Define the test statistics using the likelihood values of the two fits 𝐿) and 𝐿3:

𝜆),3 = −2 ln
𝐿)
𝐿3

Check the P-value 𝑃 𝜆 ≥ 𝜆7686 . Only if the P-value < 0.05 will we reject the simpler function.

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

Expected number of events

Model PDF
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𝜅! reweighting for ggF HH samples
Common HH procedure: derive the scale factors as a function of 𝜅( in bins of 𝒎𝑯𝑯 by performing a linear combination

of truth level HH ggF samples generated at 𝜅( = 0, 1,20. 
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HH summary

𝜸𝜸𝐛𝐛: Good sensitivity at low resonant masses Harmonized mH to 125 GeV


