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Introduction

Thesis work mainly about two parts:

● ATLAS electromagnetic calorimeter calibration and non-linearity
○ In-situ calibration of calorimeter using Z → ee events
○ Reduce non-linearity systematic uncertainty, crucial for H → diphoton mass measurement

● Double Higgs production in two b-jets and two photons final state
○ SM Higgs self-coupling
○ BSM: exotic self-coupling, new resonant particle 
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ATLAS experiment



ATLAS EM calorimeter (ECAL)

Sampling calorimeter:
Lead as absorber, liquid Argon as active material

4 layer structure (sampling):
Presampler: 
estimate energy loss before “accordion” 
Strip: 
high granularity strip separes neutral pion and converted 
photons
Middle: 
contains most of the shower
Back: 
longitudinal leakage
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Accurate calibration required for this complex detector.



ECAL calibration

● MVA calibration: 
regression, reconstructed energy to truth energy in MC, applied on both data and MC 

● Layer intercalibration: 
rebalance relative energy response Strip/Middle between data and MC

● Zee in-situ calibration: 
calibrate residual data-MC difference with Z mass peak (well known process with resonant mass around 91 GeV)
diff. arise from electronic mis-calibration, mis-modeling of detector geometry, LAr temperature, etc... 
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Zee calibration and linearity measurement 

Parameterize data-MC difference in function of pseudorapidity (η):
● α(η): scale correction

● C(η): resolution correction, Gaussian smearing

After step 4, remaining difference Data vs MC:
1% difference of scale, 0.5% difference on resolution. 

Residual data-MC difference on Z boson mass

α(η) C(η)
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Higgs mass precision measurement
H→diphoton analysis

7Preliminary results: factor ~ 2 reduction of uncertainty thanks to constrain and correlation

ECAL non-linearity: dominant systematic 
uncertainty of Higgs mass with two photon

Exploit energy-dependent scale correction with Zee:

Breakdown of Higgs mass systematic uncertainties

Consider it as measurements of all non-linearity systematic effect



ATLAS Run2 Higgs pair production 
in bbyy final state

CONF-note Moriond QCD: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/


Non resonant ggF: σSM=31.02 fb at 13 TeV for mH=125.09 GeV 

Non resonant VBF: σSM=1.72 fb at 13 TeV for mH=125.09 GeV 

Physics motivation
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ggF production: 
negative interference between triangle and box 

VBF production:
large suppression between VVHH and VVH

HHH

Tiny cross section (~σH/1000)



Motivation to new physics
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Anomalous self-coupling: σ increases with |𝜅λ| 
→possible sensitivity with Run 2 data

Search of resonant scalar:

Inspiration for categorization

Scalar:
● mX in [251, 1k] GeV
● Narrow width approximation



HH → bbyy
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Clean and easy to 
trigger for low mHH

High signal rate

Previous: HH combination 36.1 fb-1

Current analysis: 139 fb-1

expect better sensitivities

https://arxiv.org/pdf/1906.02025.pdf


Common preselection

12● Lepton veto

● 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)



Further selection with boosted decision tree (BDT)
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Non-resonant analysis BDT:

Resonant analysis BDT:

BDTs trained with plenty 
of kinematics variables



Statistical model (focus of my work)
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Maximum likelihood fit performed on myy∊[105, 160] 
GeV, simultaneously with all the categories 
(Non-resonant: 4 cats; Resonant: 1 cat for each mX)

Likelihood

Event parametrization

Full model pdf

B-only fit Non-resonant

Resonant



Full Run 2 CMS results: 

Non resonant results (focus of my work)
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95% CL limit on μHH assuming 𝜅λ=1:
obs: 4.1xSM (22xSM with 36.1 fb-1)
exp: 5.5xSM (26xSM with 36.1 fb-1)
O(3%) systematic effect

No signal observed, asymptotic limits with CLs have been derived for μHH, 𝜅λ=1 and 𝜅λ

95% CL limit on 𝜅λ:
obs: [-1.5, 6.7] ([-8.2, 13.2] with 36.1 fb-1)
exp: [-2.4, 7.7] ([-8.3, 13.2] with 36.1 fb-1)

VBF HH contributes to an improvement of 5%

Limit of μHH:
obs: 7.7xSM
exp: 5.2xSM

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

A factor ~ 5 improvement:
● ~ 2 from increase of lumi
● ~ 2.5 from analysis 

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


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

factor ~ 2 improvement w.r.t 36.1 fb-1

factor ~ 1.2 improvement from analysis 



Summary
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Non-resonant:
● Improvement w.r.t. 36.1 fb-1
● Similar results with CMS

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

Resonant:
● Improvement w.r.t. 36.1 fb-1

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]

Calibration:
● In-situ calibration of ECAL with Zee events.
● Non-linearity energy response of ECAL

HH→bbyy ATLAS Run2:



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 resonance (251-1000 GeV) at LO with MadGraph5_aMC@NLO v2.6.1 + Herwig v7.1.3

● Single Higgs and yy-continuum background : 

https://arxiv.org/abs/1807.04873


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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Data vs MC: diphoton mass spectrum
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Non-resonant Resonant

yybb: dominant background
Data-driven yj, jj via 2×2D (y: isolation and ID)

Single Higgs: ttH, ZH, ggH dominant
(all single Higgs modes involved)



Cut flow HH
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Non-resonant Resonant



Signal and background modeling
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myy used as final discriminant variable for both non-resonant and resonant analysis
HH signal and single Higgs background modeled with the same DSCB function
HH yields f(𝜅λ) parametrized with 2nd order polynomial, single Higgs yields fixed to SM prediction

Continuum background modelled with exponential function:
Low yy-continuum MC statistic

● Exponential checked by Wald test on data: no preference of higher degree function
● S+B fit on b-only template to compute uncertainty of spurious signal

Injection test: bias up to 10% (5%) for non-resonant (resonant) analysis

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 definit in the High mass 
BDT tight category (most sensitive), a 
negative signal strength ( μ≈-2 ) has been 
observed



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

○ signal pdf (DSCB)
○ spurious signal from 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 %))



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
-HF in ggH



Narrow width approximation: scalar
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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 particle -> off-shell dropped
1/decay_width: cross section = 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

https://indico.cern.ch/event/1016128/contributions/4300571/
https://indico.cern.ch/event/1028088/contributions/4320759/

stat-only exp obs

Asymptotic 5.314 3.787

Toys 100k 5.342 3.952

difference 0.5% 4.4%

full-model exp obs

Asymptotic 5.465 4.089

Toys 50k 5.912 4.237

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

https://indico.cern.ch/event/1016128/contributions/4300571/
https://indico.cern.ch/event/1028088/contributions/4320759/

