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Interest: Higgs self coupling

● HHH: with double Higgs production
● HHHH (almost out of reach of LHC)



Main double Higgs production modes
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σSM=31.02 fb at 13 TeV for mH=125.09 GeV

 

Dominant by ggF:

➢ Offshell Higgs in triangle

➢ Destructive interference
ggF:

triangle

box
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σSM=31.02 fb at 13 TeV for mH=125.09 GeV

 

σSM=1.72 fb at 13 TeV for mH=125.09 GeV 

Dominant by ggF:

➢ Offshell Higgs in triangle

➢ Destructive interference

SM HH cross section:

~ 1k times smaller than 1-H

~ 1σ significance

Life ends up?

ggF:

VBF:

triangle

box



Main double Higgs production modes
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σSM=31.02 fb at 13 TeV for mH=125.09 GeV

 

σSM=1.72 fb at 13 TeV for mH=125.09 GeV 

Dominant by ggF:

➢ Offshell Higgs in triangle

➢ Destructive interference

SM HH cross section:

~ 1k times smaller than 1-H

~ 1σ significance

Life ends up?

ggF:

VBF:

triangle

box

Probe real shape of Higgs 
potential:



Non-resonant analysis: Higgs trilinear coupling
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HH cross section in function of 𝜅λ



Non-resonant analysis: Higgs trilinear coupling
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Some 𝜅λ leads to enhancement of HH production might be observable with Run 2 ATLAS data

Search of two on-shell Higgs boson in final state, with non-resonant peak in mHH spectrum 
(off-shell intermediate Higgs)

HH cross section in function of 𝜅λ



Resonant analysis: new spin-0 heavy scalar
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Search of new scalar X decay into two Higgs Boson, with 
resonant peak in mHH spectrum (mX>2mH)

● Different mass hypothesis tested from 251 GeV to 1 TeV
● Narrow width approximation 
● CP even
● Model-independent

BSM theories predict spin-0:

● Two-Higgs-Doublet Models

● Electroweak Singlet Models



Final state signal: HH → bbγγ

11

Good resolution
Low background

High signal rate

Main background in this channel:

● Dominant: γγ+jets

● Sub-dominant: single Higgs production (ggH, ttH, VBFH, etc.)

bbbb, bb𝜏𝜏, bbγγ, bbWW, ...



12

Photon and b-jets with ATLAS

One of the 4 experiments at LHC CERN

proton-proton beam in the center

From innermost to outermost:
- Inner tracker: charged particles
- ECAL: e/γ 
- HCAL: jet 
- Muon chamber: muons

HH→bbγγ: 
Photons reconstructed by tracker and ECAL
Jets reconstructed by tracker and HCAL
(b-tagging with Insertable B-layer)



Common preselection
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● Lepton veto: reduce top background 

● Di-photons trigger: efficiency: 82.9% for SMHH; 69.5% for mX=300 GeV
  HTL_g35_loose_g25_loose (2015-2016)   HLT_g35_medium_g25_medium_L12EM20VH (2017-2018)

Two good quality photons:
● Well identified (tight ID)
● With few other particles around the photon (Isolated)
● 105 GeV < mᵧᵧ < 160 GeV
● γγ vertex
● ET/mᵧᵧ > 0.35 and 0.25

Less than 6 central jets (reduce ttH)
● Particle Flow jets, anti-kt R=0.4, tight JVT

Exact two b-jets:
● DL1r 77% working point
● B-jet energy resolution correction (muon in jet, pt-reco)



Non-resonant: optimization for various 𝜅λ
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mbbγγ-𝜅λ correlation



Non-resonant: optimization for various 𝜅λ
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Big (small) 𝜅λ prefers small (big) mbbγγ

Two Boosted decision tree:
● High mass (> 350 GeV): 𝜅λ=1 as signal

● Low mass (< 350 GeV): 𝜅λ=10 as signal

Events are divided into 4 categories by 
mbbγγ and BDT scores

Using mγγ as final discriminant variable

mbbγγ-𝜅λ correlation



Resonant: for various scalar masses
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1 common BDT for all mX to against the bkg

For each mX, further cut on mbbγγ (window near the mX value)

Using mγγ as final discriminant variable



Real data and simulation (for illustration)
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Non-resonant Resonant

Use diphoton mass (mγγ) as final discriminant variable

γγ+jets: dominant background
Single Higgs: ttH, ZH, ggH

For non-resonant, a large deficit observed between 120 
and 130 GeV for the most sensitive category (lack of 
statistics)



★ Extended Likelihood with auxiliary constraints

○ Likelihood as product of all categories

○ Parameter of interest: signal strength or HH cross section

○ Poisson term constraining the events in each category

○ Pdf on mγγ:

■ HH signal and 1-H bkg: Double sided crystal ball function (power+Gaus+power)

■ γγ+jets: exponential function

○ Pre-fit constraint of nuisance parameters (mainly systematics, often Gaussian)

Statistical model
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Maximum likelihood fit performed on mγγ∊[105, 160] GeV



B-only fit with observed data
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Non-resonant Resonant

Agreement with b-only model
No clear HH signal
*little bump near 125 GeV correspond to 1-H

What we could do if observing no signal?
Still have constraint on signal (→limit)



Limit setting with CLs method
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Consider a test statistic Q, e.g. likelihood ratio, constructing PDF of Q for
● Null hypothesis with different signal s: f(Q|s+b)
● Alternative hypothesis with b-only: f(Q|b)

Green area: p-value of null, i.e. ps+b
Yellow area: p-value of alternative pb

For each value of s, CLs could be computed
Limit of s is the one giving CLs=ɑ
1-ɑ is confidence level, e.g. 95%

Copy from statistic course of Glen Cowan

http://www.pp.rhul.ac.uk/~cowan/stat_course.html


Non resonant results
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Upper Limit (95% CL) on μHH assuming 𝜅λ=1:

obs: 4.1xSM
exp: 5.5xSM
Statistical dominated, ~3% systematic effect
obs<exp, due to deficits in observed data

No signal observed, asymptotic limits with CLs have been derived for μSMHH and 𝜅λ

Limit (95% CL) on 𝜅λ:

obs: [-1.5, 6.7]   
exp: [-2.4, 7.7]  
VBF HH contributes to an improvement of 5%



Resonant results
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No signal observed, upper limits with CLs on cross section of each mX:



Conclusion
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Non-resonant:

95% CL limit on μHH,𝜅λ=1:
obs: 4.1xSM
exp: 5.5xSM

Resonant:

95% CL limit on σ(gg→X→HH):
obs: 610–47 fb
exp: 360–43 fb
for 251 GeV ≤ mX ≤ 1000 GeV

95% CL limit on 𝜅λ:
obs: [-1.5, 6.7]
exp: [-2.4, 7.7]

Run 2 ATLAS results 139 fb-1:

Result compatible with other HH channels:
http://cdsweb.cern.ch/record/2777013/files/ATL-PHYS-PUB-2021-031.pdf

Comparable with CMS:
https://cds.cern.ch/record/2742937/files/HIG-19-018-pas.pdf?version=1

Extrapolation to HL-LHC (3000 fb-1):
Expect to measure 𝜅λ with 0.5 uncertainty if equal to 1 
https://arxiv.org/pdf/1902.00134.pdf

http://cdsweb.cern.ch/record/2777013/files/ATL-PHYS-PUB-2021-031.pdf
https://cds.cern.ch/record/2742937/files/HIG-19-018-pas.pdf?version=1
https://arxiv.org/pdf/1902.00134.pdf


Backup
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Single Higgs and continuum bkg MC

Data and MC
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● Full Run 2 data (139 fb-1): previous study with 36.1 fb-1

● ggF HH signal (𝜅λ = 1,10) at NLO with Powheg-Box v2 + Pythia 8 + 𝜅λ reweighting technique

● VBF HH signal (𝜅λ = 0,1,2,10) at LO MadGraph5_aMC@NLO v2.6.0 NNPDF3.0nlo + Pythia 8
○ Herwig 7 used for parton shower uncertainty

● Spin 0 signal (251-1000 GeV) at LO with MadGraph5_aMC@NLO v2.6.1 + Herwig v7.1.3

● Background: Single Higgs (ggH, ttH, VBFH, etc.) and continuum γγ+jets : 

https://arxiv.org/abs/1807.04873


Summary
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Non-resonant:

95% CL limit on μHH,𝜅λ=1:
obs: 4.1xSM
exp: 5.5xSM

Resonant:

95% CL limit on σ(gg→X→HH):
obs: 610–47 fb
exp: 360–43 fb
for 251 GeV ≤ mX ≤ 1000 GeV

95% CL limit on 𝜅λ:
obs: [-1.5, 6.7]
exp: [-2.4, 7.7]

Full Run 2 CMS results: 
Limit of μHH:
obs: 7.7xSM
exp: 5.2xSM

Limit of 𝜅λ:
obs: [-3.3, 8.5]
exp: [-2.5, 8.2]

Comparison to CMS:

Run 2 ATLAS results:

https://cds.cern.ch/record/2742937/files/HIG-19-018-pas.pdf?version=1


Systematic uncertainties
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Systematic uncertainties:
● Event rate
● Shape of mγγ

○ signal pdf (DSCB)
○ spurious signal for bkg

Experimental systematics
photon, jets, b-tagging ...

Theoretical systematics
- QCD, pdf+αs
- HF (100 %) [ggH, VBF, WH]
- BRs, mtop
- Parton Showering (H7 vs Py8)
- 𝜅λ reweighting syst (O(5 %))

Impact of systematics on limits:
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Inspiration for categorization

Use mbbyy* to improve the resolution:



Prediction of different 𝜅λ with reweighting technique
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Description from previous 36.1 fb-1 
note.

Linear combination of 3 𝜅λ samples 
for generation of other values of 𝜅λ 

Event-level weight applied on mHH 
kinematics

For current Run 2 analysis, 𝜅λ =0, 
1, 20 are used.

Systematic uncertainty estimated 
with differences between 
generated and reweighted samples 
at 𝜅λ=10.

https://atlas-glance.cern.ch/atlas/analysis/papers/details?id=9103
https://atlas-glance.cern.ch/atlas/analysis/papers/details?id=9103


Non resonant BDT input variables
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Resonant BDT input variables
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Data vs MC: preselection
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Cut flow HH
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Non-resonant Resonant



Background modeling and spurious signal
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Non-resonant

Resonant

S+B fit on b-only MC templates:



Non-resonant likelihood scan
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Likelihood scan on μ, with 𝜅λ=1 Likelihood scan on 𝜅λ, with μ=1

Likelihood performed simultaneously and individually with all the categories



Non-resonant S+B fit
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Due to the large deficit in the High mass 
BDT tight category (most sensitive), a 
negative signal strength ( μ≈-2 ) has been 
observed



Non-resonant

Ranking of systematic: expected
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Resonant

Asimov dataset :
syst. profiled from bkg-only fit 
+ add µHH=1 (SM)

Dominant systematic :
-spurious signal



Limit setting with CLs method
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Advantage of CLs: not to exclude a hypothesis when pdf of test 
statistics (Q) are similar between s+b and b

Test statistics used in this analysis



Narrow width approximation
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Narrow width approx. allows to write the propagator (w/ decay width) as dirac function and 
1/decay_width.

Dirac function: on-shell 
1/decay_width: cross section of one decay channel = production cross section * BR



Non resonant results: toys vs asymptotic
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For SM HH signal strength μ, toys have been studied for the validation of asymptotic formula, for both 
stat-only and full model

stat-only exp obs

Asymptotic 5.3 3.8

Toys 100k 5.3 4.0

difference 0.5% 4.4%

full-model exp obs

Asymptotic 5.5 4.1

Toys 50k 5.9 4.2

difference 8.2% 3.6%

stat-only: bias up to 4%
full model: for expected, bias increased to 8%

*stat-only limits derived by simply 
setting all NPs to 0 in the model

Conclusion: the asymptotic formula works with a bias up to 8%



Resonant search CMS 36 fb-1
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http://cms-results.web.cern.ch/cms-re
sults/public-results/publications/HIG-1
7-008/index.html

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-008/index.html


Up fluctuation of CMS data
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