
2022/7/25 1

IHEP, CAS
Higgs Potential 2022, July 25th

Gangcheng Lu!, on behalf of the ATLAS collaboration
1

Measurements of the Higgs boson inclusive and differential 
fiducial cross-sections in the diphoton decay channel with 𝒑𝒑
collisions at 𝒔 = 𝟏𝟑 TeV with the ATLAS detector  
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Standard Model and Higgs boson
uStandard Model describes fundamental particles and forces that make up our Universe
uHiggs boson is responsible for the masses of elementary particles, discovered by ATLAS 

and CMS 10 years ago, filling the last puzzle piece of SM

Discovery of Higgs boson opens a new era of particle physics
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Production and decays of Higgs boson
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Swagato Banerjee !3

Higgs boson properties
Primary  
signature

W, Z

top+anti-top

Just 
H → bb

Production mode

• Huge multi-jet background 

• Triggering possible at high pT(H), but S/B  
expected to be ~ O(0.1%)

• Jet substructure analysis by CMS (pT(H)>450 GeV)

• Large multi-jet background

• Still a fully hadronic final state: trigger and  
background modeling is challenging

• Additional γ helps (~similar sensitivity, higher S/B)

• Exploit leptonic signatures for trigger, and  
suppression of multi-jet background.

• Main search channel for H → bb at the LHC!

• Leptonic signatures for trigger, but challenging  
due to combinatorics and tt+bb backgrounds

• But gives access also to top quark coupling!

2 VBF jets 
(+ γ)

Where to look for H → bb at the LHC 

13

Production Modes 
(rates @ 13 TeV)

Decay Modes

Alexander Tuna 4

Higgs at the LHC

many detectable productions many detectable decays

Rich experimental signature: lots to explore
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μμ, Zγ, …
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Tamara	Vázquez	Schröder

Higgs production modes: reminder
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 H (N3LO QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

 tH (NLO QCD, t-ch + s-ch)

→pp 

gluon fusion 
(ggF)

vector boson 
 fusion (VBF)

W, Z associated 
production (VH)

top associated 
 production (tt̄H)

Run-1 Run-2

3.9
2.1
2.0

2.4

2.3

Run-2(13TeV) 
Run-1(8TeV)

~4  
(missing WtH)

cross section calculation 
@ N3LO(QCD)+NLO(EW)

 Gluon fusion has the largest production rate, 
order of magnitude higher than VBF or VH 
 Large cross section increase from 8 to 13 TeV, 

especially for tt̄H and tH

Run2Run1 Run2
Run1

uExcellent photon reconstruction and identification 
efficiency lead to a high Higgs signal yield

uNice signal-background separation
uGood photon resolution exhibits the Higgs signal a 

peak on top of a smoothly-falling background

Why 𝑯 → 𝜸𝜸 important?ggF (87%) VH (4%)VBF (7%)

ttH, bbH (2%) tH (<0.2%)
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How we measure Higgs properties in Run2
Most model-independent measurement!

General workspace of fiducial XS measurements 

Reco-level yield
Fiducial

Particle-level XS
Fiducialcorrect for 

detector effects

Unfolding

Parton-level
Fiducial

Parton-level
Inclusive

Fid. Corr.

NP Corr.
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Definitions of 𝑯 → 𝜸𝜸 fiducial phase space

Subsets of the diphoton baseline fiducial region are 
defined to provide phase-space regions sensitive to 
particular Higgs production modes

u VBF-enhanced (VBF): at least 2 jets, 𝑚!! > 600 GeV, 
Δ𝑦!! > 3.5

u 𝑵𝒍𝒆𝒑𝒕𝒐𝒏 ≥ 𝟏 (𝑽𝑯, 𝒕�̅�𝑯 and 𝒕𝑯): at least one e(𝜇) with 𝑝( >
15 GeV and 𝜂 < 2.47(2.7)

u High 𝑬𝑻𝒎𝒊𝒔𝒔 (𝑽𝑯, 𝒕�̅�𝑯 and BSM effects): 𝐸(-.// > 80 GeV 
and 𝑝(

00 > 80 GeV

u 𝒕�̅�𝑯-enhanced (𝒕�̅�𝑯 and 𝒕𝑯): ≥ 1 b-jet AND ((≥ 1 lepton, 
≥ 3 jets) OR (0 leptons, ≥ 4 jets))

Baseline Diphoton fiducial volume (to mimic 
detector-level acceptance region):
At least 2 isolated prompt photons, 𝜂 < 1.37 or 
1.52 < 𝜂 < 2.37, 𝑝!/𝑚"" > 0.35 and 0.25
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Signal and background modeling
Signal modeling
uDouble-sided Crystal Ball function used. Individual fit to 
𝑚:: distribution in each analysis bin independently. 

Background modeling
uMain source of background is non-resonant 𝛾𝛾 and 𝛾𝑗. 

Fractions of background components measured using a 
2x2D side-band method. 

uA spurious signal test used to determine bkg. function, 
which requires 𝑺/𝑺𝒓𝒆𝒇 < 𝟏𝟎% and 𝑺/𝜟𝑺 < 𝟐𝟎%. GPR 
approach exploited to smoothen background template to 
suppress statistical fluctuations, that can reduce SS by 30% 
in average 

AA is SR. AD and DA corresponds to 𝛾𝑗 CR
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Systematic uncertainties

Affect signal or background shape Affect response matrix

uPhoton energy scale uncertainty: shift 
signal peak position

uPhoton energy resolution uncertainty: 
broaden or narrow signal width

uSpurious signal uncertainty: 
originated from choice of background 
model

Others
u Luminosity uncertainty: 1.7%
u BR of Dalitz decays: usually < 1%

u Experimental
u Diphoton trigger efficiency, Vertex selection efficiency, 

Photon ID/ISO efficiency, Photon energy 
scale/resolution, pile-up, JET, Lepton, 𝐸!#$%%, b-tagging

u Theoretical
u Signal composition: estimated by varying XS of each 

production mode within its measured uncertainty
u Modeling of matrix element generator: estimated by 

difference between response matrix from nominal 
Powheg and alternative MadGraph5

u Modeling of parton shower, underlying event and 
hadronization: estimated from switching PS algorithm 
from nominal Pythia8 to Herwig7
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Unfolding (from 𝑵!"#$ to particle-level cross-sections)

𝑁! parameterized as function of 
XS via Response Matrix 𝑹Modeling of 

signal and 
background

Determine  sig. 
parameters and bkg. 
function

A simultaneous fit of all the 
reco-bins for a given observable

Measured cross-sections, compared 
with various predictions directly 

𝑪𝒓𝐟𝐢𝐝 corrects for events that pass selection but outside of the 
fiducial region. 
𝑹𝒕,𝒓 is the probability for a signal event generated in truth-bin 
𝒕 to be selected in reco-bin 𝒓. They are estimated from SM 
simulations taking into account all the production modes 

Response matrix of 𝑵𝒋𝒆𝒕𝒔
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Fiducial cross-section measurements

Unfolding

Diphoton baseline

VBF-enhanced 𝑁&'( ≥ 1

High 𝐸!#$%% ttH-enhanced
Diphoton fiducial XS times 𝑩𝑹𝜸𝜸 measured to 
be:
𝝈𝒇𝒊𝒅 = 𝟔𝟕 ± 𝟓(𝒔𝒕𝒂𝒕. ) ± 𝟒(𝒔𝒚𝒔. ) fb, compatible 
with SM predicted 𝝈𝒇𝒊𝒅𝑺𝑴 = 𝟔𝟒 ± 𝟒 fb
Extrapolated to total Higgs production phase 
space:
𝝈𝒕𝒐𝒕 = 𝟓𝟖 ± 𝟒(𝒔𝒕𝒂𝒕. ) ± 𝟒(𝒔𝒚𝒔. ) pb



2022/7/25 10

Binning definitions of differential variables 

~30 differential variables included in the paper:

Probe very wide regions of phase space
The binning determined using following principles:
uAn expected signal significance close to or greater than 2𝜎
uA migration purity close to or higher than 50%
uUnification with HZZ analysis as possible(eventually CMS), for future combination

Diphoton kinematic 𝑝(
00 , |𝑦00 |, 𝑝(

02/𝑚00 , 𝑝(
03/𝑚00

Jet multiplicities 𝑁4567, 𝑁894567
1-jet inclusive 𝑝(

!2, 𝐻( , 𝑝(
00! , 𝑚00! , 𝜏:,!2, Σ𝜏:,!

2-jet inclusive 𝑚!! , Δ𝜙!! , Δ𝜙00,!! , 𝑝(
00!!

2D differential 𝑝(
00 vs 𝑦00 , 𝑝(

00 vs 𝑝(
00! , 𝑝(

00vs 𝜏:,!2, (𝑝(
02 + 𝑝(

03)/𝑚00 vs (𝑝(
02 − 𝑝(

03)/𝑚00

Jet-veto 𝑝(
00 456<56= >?@5A, 𝑝(

00 456<56= B?@5A, 𝑝(
00 456<56= C?@5A, 𝑝(

00 456<56= D?@5A

VBF-enhanced VBF |𝜂∗|, VBF Δ𝜙!! , VBF 𝑝(
!2, VBF 𝑝(,00!! , VBF 𝑝(

!2 vs Δ𝜙!!

Diphoton
fiducial
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Differential fiducial cross-section measurements
Kinematic Jet-related 2D differential VBF-enhanced

The measurements compatible with various predictions at different orders of QCD accuracy (such as MATRIX+RaDISH, 
ResBos2, SCETlib::qT)
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Limits on the 𝒃- and 𝒄-quark Yukawa coupling
Two fitting strategy studied:
u Only consider variation of shape (shape)
u Consider also the normalization of cross-section times branching 

ratio (shape+XS+BR)

2 primary productions in the study

Quark-initiated

In shape+XS+BR scenario, 𝜅F limits are comparable with direct searches, 
while constraints on 𝜅G improve ( 𝜅G < 8.5 in direct searches)

Gluon-gluon fusion

Probe 𝜅F and 𝜅G indirectly through the measured 𝑝(
00spectrum
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Effective Field Theory (EFT) interpretation
u In EFT approach, an effective Lagrangian is defined by ℒHI supplemented by additional dimention-6 operators:

ℒJKL = ℒMN + ∑.
G!
O"
Ο.
(D)

u Limits on the Wilson coefficients are obtained using a simultaneous fit to 5 measured cross-sections and their correlations: 
𝑝(
00 , 𝑁4567, 𝑚!! , Δ𝜙!! and 𝑝(

!#

u In SMEFT formulation, following operators considered. The Wilson coefficients are 𝒄𝑯𝑮, 𝒄𝑯𝑾, 𝒄𝑯𝑩, 𝒄𝑯𝑾𝑩 and their CP-odd counter-parts

Ratio of obs xs to SM as a function of variables:

CP-even CP-odd

Limits on Wilson coefficients are set by 
constructing a likelihood function: 

Parameterize 𝝈𝒐𝒃𝒔 as 
function of Wilson 
coefficients

Total statistical correlations among bins of 5 observables



Two scenarios provided. One uses only interference terms, and the other uses both interference and 
quadratic terms

Interference terms Quadratic terms

Effective Field Theory (EFT) interpretation
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u Place stringent limits on all CP-even operators, as they affect 
primarily normalization of XS (𝑐VW) or BR (𝑐VX , 𝑐VY and 𝑐VXY)

u Δ𝜙!! can only constrain 𝑐V ZW and 𝑐V [X well now. Very loose 
limits on 𝑐V ZY and 𝑐V [XY due to lack of sensitivity at current 
accuracy

CP-odd VS CP-even
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Comparison with CMS paper
Comparison with CMS 𝑯 → 𝜸𝜸 differential cross-section paper [link]

Details ATLAS CMS

Diphoton fiducial definition 𝑝$
%&/𝑚%%(𝑝$

%'/𝑚%%) > 0.35(0.25)
𝜂 ∈ 0,1.37 ⋃[1.52,2.37]

𝑝"
#$/𝑚##(𝑝"

#%/𝑚##) > 0.33(0.25)
𝜂 < 2.5

Looser criteria

Binning of variables Not absolutely the same. For example, in high 𝑝"& region, ATLAS use a finer binning of 250-300-450-
650-13000, while CMS use 250-350-450-∞

Photon identification Cut based selection, 𝜂/𝑝(-dependent BDT-based ID, , 𝜂/𝑝(/𝜌 -dependent 

Background modeling From spurious signal study. A dominant 
systematic uncertainty

From Discrete profiling method. No 
spurious signal uncertainty introduced

Interpretations b- and c-quark Yukawa, EFT Not included

https://cds.cern.ch/record/2803740
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Comparison with CMS paper
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uATLAS fiducial and differential 
measurements have similar sensitivity to 
CMS, limited by statistical uncertainty. But 
systematic uncertainties of CMS are ~ half 
smaller (free of spurious signal uncertainty).

uAn important task for us is to get rid of 
systematic uncertainty in the next Run3 
study!
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Conclusion
uMeasurements of Higgs boson fiducial and differential cross-section in diphoton decay 

channel performed using Full Run2 data collected by ATLAS in 2015-2018. The cross-
sections in 5 fiducial phase space volumes and a variety of differential analysis bins 
get measured and compared with various theoretical predictions. None of them 
exhibits significant deviation from predictions

uA b- and c-quark Yukawa interpretation and EFT interpretation of some selected 
observables place more stringent constraints on BSM models

uA comparison with CMS measurements reveals getting rid of systematic uncertainty 
would be an important task for us in the Run3 period.  
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Backup
backup
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Data and simulation samples
Full Run2 data at 𝑠 = 13 TeV recorded by ATLAS between 2015-2018 used, with an integrated
luminosity of 139.0 =bY!, assuming 𝑚Z = 125.09 GeV. Events were selected with a trigger requiring 
𝐸[
:' 𝐸[

:( > 35 25 GeV. Loose identification applied by triggers in 2015-2016 and tightened in 
2017-2018

Signal

background

Powheg+Pythia for all 
production modes 
except tH in nominal 
case. Other generators 
also used when 
estimating UEPS/ME 
uncertainties 


