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Introduction of H->γγ
SM Higgs production: ggH, VBF, VH, ttH, bbH, tH


H->γγ final state: loop decay that sensitive to BSM


Small branching ratio (0.227%), but high signal 
significance with 2 prompt-isolated photons, good 
resolution (<2%)


Smoothly falling background by fitting data sideband, 
signal is based on MC simulation and modeled by 
Double-sided crystal ball function
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Fiducial cross section
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Model independent Higgs property measurement at particle level.


Fiducial cross-section: cross-section measured in the detector acceptance


Differential cross-section: measurement in the bins of Higgs kinematic or jet 
related observables, sensitive to enhance/weaken of couplings parameters

Signal events 
Reco-level

Cross-section 
Particle level

Fiducial Selection 
In ATLAS Data

S+B fit

Other Theory/
Experiments

Unfolding

Compare
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Full Run2 Data: 139 fb-1 2015-2018 data with ATLAS


MC Signal: ggH VBF, VH ttH bbH, ttH, tH 

MC Background:  

non-resonance γγ (~80%) - large statistic fast-simulation 


MC; γ+jet, jet+γ, jet+jet (~20%) - data-driven method;


 Vγ、Vγγ、t ̄tγγ MC (minor contribution).

Dataset and MC Samples

Process Generator Showering PDF set
� [pb]

Order of � calculationp
s = 13 TeV

ggF Powheg NNLOPS Pythia 8 PDF4LHC15 48.52 N3LO(QCD)+NLO(EW)
VBF Powheg-Box Pythia 8 PDF4LHC15 3.78 approximate-NNLO(QCD)+NLO(EW)
WH Powheg-Box Pythia 8 PDF4LHC15 1.37 NNLO(QCD)+NLO(EW)
qq̄

0!ZH Powheg-Box Pythia 8 PDF4LHC15 0.76 NNLO(QCD)+NLO(EW)
gg!ZH Powheg-Box Pythia 8 PDF4LHC15 0.12 NNLO(QCD)+NLO(EW)
tt̄H Powheg-Box Pythia 8 PDF4LHC15 0.51 NNLO(QCD)+NLO(EW)
bb̄H Powheg-Box Pythia 8 PDF4LHC15 0.49 NNLO(QCD)+NLO(EW)
tHq MG5 aMC@NLO Pythia 8 CT10 0.07 4FS(LO)
tHW MG5 aMC@NLO Herwig++ CT10 0.02 5FS(NLO)

�� Sherpa Sherpa CT10
V �� Sherpa Sherpa CT10
tt̄�� MG5 aMC@NLO Pythia 8 PDF4LHC15 Shuo Han (IHEP) | 5

Process Generator Cross-section normalisation � ⇥ BR[fb]

ggF Powheg NNLOPS N
3
LO(QCD)+NLO(EW) 110

VBF Powheg-Box approx.NNLO(QCD)+NLO(EW) 8.58

W
+
H Powheg-Box NNLO(QCD)+NLO(EW) 1.90

W
�
H Powheg-Box NNLO(QCD)+NLO(EW) 1.21

qq̄ ! ZH Powheg-Box NNLO(QCD)+NLO(EW) 1.73

gg ! ZH Powheg-Box NLO(QCD)+NLO(EW) 0.28

tt̄H Powheg-Box NLO(QCD)+NLO(EW) 1.15

bb̄H Powheg-Box 5FS (NNLO), 4FS (NLO) 1.10



Trigger : single photon and di-photon trigger


Primary vertex: di-photon vertex via NN training

Event selection

Fiducial region
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Objects Fiducial definition

Photons |⌘| < 2.37 (excluding 1.37 < |⌘| < 1.52),
P

piT/p
�
T < 0.05

Jets anti-kt, R = 0.4, pT > 30 GeV, |y| < 4.4
Diphoton N� � 2, 105GeV < m�� < 160GeV , p�1

T /m�� > 0.35, p�2
T /m�� > 0.25
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Signal: individual DSCB fit based on MC @ 125 GeV, shift the signal model to 125.09 GeV


Background: γγ γj jγ and jj (purity from 2x2D sideband method), very few Vγ / Vγγ


Shape: linear re-weighting γγ MC to the total background by fitting non-γγ/γγ ratio


Function decision: spurious signal tests scan in 121-129 GeV


GPR smoothing is minimizing the spurious signal uncertainty by 0-20%

Signal / background modeling
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The number of signal events from S+B fit is bin by bin unfolded to particle level 
cross-section 

Toy study is done to estimate the bias of each method (matrix inversion, Bayesian, 
IDS, SVD..), bin by bin has small statistic uncreftainty with acceptable bias

S+B fit and unfolding

Statistic Un. And bias from each unfolding method

Particle - Reco 
level (folding)

“Correction 
factor”
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Unfolding systematic uncertainties

Correction factor:  photon energy scale, photon ID/ISO, Jet energy scale/resolution


Signal extraction: mainly from spurious signal


Theoretical uncertainties: QCD scale, PDF, signal composition, Underlying event…


Statistic uncertainty is still dominant in most of the differential bins, and similar contribution to total 
uncertainty in the fiducial region. 

Systematic Un.
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Full Run2 (139 fb-1) fiducial cross-section (SM: 63.6±3.3 fb)


Default SM expectation: ggH N3LO, VBF WH qqZH NNLO, ggZH ttH bbH NLO


Compatibility is calculated comparing to SM expectation, no obvious excess found beyond SM.   

Full-Run2 publication: ATLAS-CONF-2019-029


Previous publication: ATLAS-CONF-2018-028 (79.9 fb-1), PhysRevD.98.052005 (36.1fb-1)

Results
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Various of expectations compared, more consistent with N3LO QCD calculations

Results
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Effective Lagrangian interpretation
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Charm-Yukawa interpretation of pT_γγ
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Similar precision as CMS 
36fb-1 Hγγ and HZZ 

arXiv:1812.06504 
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Combination of differential cross-section
Combination is done with Full-Run2 dataset between Hγγ and H-ZZ-4l ATLAS-CONF-2019-032


Only pT_H and total cross section were calculated, using bin by bin unfolding


Acceptance and corresponding uncertainties were included for the global cross-section


All results consistent with SM expectation (global Xs compatibility 96%, on pT_H 78%)


Stat. And Syst. Uncertainties are with the similar size. γγ background modeling have large 
impact

γγ only σ_global = 56.7+6.4-6.2 pb 
Combined with 4l = 55.4+4.3-4.2 pb

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-032/
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CMS 2015+2016 result
CMS 35.9 fb-1 result: CERN-
EP-2018-166 https://arxiv.org/pdf/
1807.03825.pdf


CMS Hγγ Fiducial: 84 ± 13 fb


Global: 62 ± 10 pb, With acceptance 
~0.60 

ATLAS Hγγ Fiducial : 65.2 ± 7.2 fb


Global : 56.7 ± 6.4 pb, With 
acceptance ~0.51 

Combined with H4l: 55.4±4.3 pb


Still match in uncertainty, will be 
improved with CMS full Run2 result

https://arxiv.org/pdf/1807.03825.pdf
https://arxiv.org/pdf/1807.03825.pdf
https://arxiv.org/pdf/1807.03825.pdf


Summary
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Fiducial and differential cross section measurement with ATLAS full Run2 dataset 
(140 fb-1), the result is consistent with SM expectation (Fiducial Xs. : 65.2±7.2 fb)


Fiducial cross-section is more limited by systematic uncertainties 


Model independent differential fiducial cross section are mostly statistical limited, 
good agreement with high order QCD (N3LO) calculations


Interpretations: 


Effective Lagrangian: SILH (more accurate than 36.1fb-1 publication) and SMEFT 
(new) models, Including Dphi_jj that is sensitive to the EFT interpretation


Charm-Yukawa coupling, Set limit on kappa_c using pT_γγ, similar precision as 
CMS 36.1fb-1 Hγγ and HZZ.


Combination is done between Hγγ and HZZ channels with full Run2 dataset, 


On pT_H and fiducial, bin by bin method, for the global cross section, 
consistent with SM (Global Xs. : 55.4±4.3 pb, Hγγ only: 56.7±6.4 pb) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.052005


backup
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Combination of differential cross-section
The Hγγ is measuring with a 2-step strategy that dividing mass-fitting and unfolding 

For combination, we do 1-step implementing bin_by_bin correction factor into the workspace. 


Cross-check is done to make sure the 2 strategies agree with each other

Analysis Strategy in brief — Signal extraction
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5 Extraction of signal yield and correction for detector e�ects290

The signal is extracted using the approach adopted in previous ATLAS measurements of291

H ! �� [1, 10, 13]. An unbinned maximum likelihood fit is performed on them�� spectrum292

in each fiducial region or bin of a di↵erential distribution. The likelihood function, L, is293

given by294

L(m�� , ⌫
sig, ⌫bkg,mH) =

Y

i

8
<

:
e�⌫i

ni!

niY

j

h
⌫sig
i

Si(m
j

�� ;mH) + ⌫bkg
i

Bi(m
j

��)
i
9
=

;⇥
Y

k

Gk

(5.1)

where i labels the categories (bins) being simultaneously fitted, ⌫sig
i

is the fitted number of295

signal events, ⌫bkg
i

is the fitted number of background events, ⌫i = ⌫sig
i

+ ⌫bkg
i

is the mean296

value of the underlying Poisson distribution for the ni events, m
j
�� is the diphoton invariant297

mass for event j, Si(m
j
�� ;mH) and Bi(m

j
��) are the signal and background probability298

distribution functions, and the Gk incorporate constraints from uncertainties on the photon299

energy scale and resolution, as well as the uncertainty in the fitted peak position from the300

chosen background parameterisation. Other uncertainties that do not a↵ect the shape of301

the diphoton mass spectrum are not included in the fit and are dealt with as part of the302

correction for detector e↵ects.303

The signal probability distribution function is modelled as the sum of a Crystal Ball304

and a Gaussian function and the fit is performed after fixing the Higgs boson mass to305

be mH = 125.4 GeV [9]. The Gaussian and Crystal Ball functions are required to have306

the same mean and the parameters of the model are interpolated using simulated samples307

with di↵erent Higgs boson masses. The background probability distribution is modelled308

as the exponential of a first-order, second or third order polynomial. The background309

function is chosen, in each fiducial region or bin of a di↵erential distribution, to minimise310

the bias observed in the extracted yield [1, 13] when fitting a background-only distribution311

constructed from the ��, �j and jj simulated samples, after normalising the samples using312

data-driven scale factors determined in designated control regions.313

All events selected in the inclusive region are included in the signal extraction for all314

observables, with any uncategorised events placed into an additional bin and included in315

the fit. For example, events containing zero or one jets are included in this additional bin316

when fitting the mjj distribution.317

Figure 1 shows the result of the signal-plus-background fit to the diphoton invariant318

mass reconstructed in di↵erent jet multiplicity bins. The di↵erence in the extracted signal319

yield between fixing the Higgs boson mass and allowing it to float in the fit is 3.2% in320

the inclusive region, with the largest e↵ect being 16% for Njets = 1. These di↵erences are321

smaller than statistical uncertainties in the fit itself for all the results presented in this322

paper. The total number of selected diphoton events in each fiducial region, the extracted323

signal yields and the expected yields from simulation are presented in Table 1.324

The cross section, �, in a given fiducial region (or bin of a distribution) is defined by325

�i =
⌫sig
i

ci
R
L dt

, (5.2)

– 8 –

1. Signal extraction from fit to mɣɣ mass 
spectrum in  bins of observable of interest

2. Unfold measured spectrum  
into cross section with correction factors

correction factor

observed yield

cross section

integrated luminosity

Illustration of the simultaneous fit for Njets

Correction factors + uncertainties for Njets 
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Figure 10: The correction factors used in the unfolding for each observable and bin are shown, with
their full uncertainties.
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Gluon fusion cross section

Figure 7 shows the measurement of the Higgs boson
production cross section compared to a range of theory
predictions, including LHC-XS, the result used by the
ATLAS and CMS collaboration in Run 1, for which the
ggF part is accurate to NNLO+NNLL in QCD [10], as
well as ggF cross section calculations that attempt to
go beyond NNLO, including the recently completed full
N3LO prediction. Details about the various predictions
are presented in Table XX, and the central values and a
breakdown of the uncertainties of the calculations as well
as the measurement are reported in Table XXI.
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FIG. 7. Measured total cross section of Higgs boson produc-
tion compared to di↵erent theoretical calculations.

TABLE XX. Summary of the ggF predictions used in the
comparison with the measured cross sections. The second
column states the order in QCD perturbation theory and
which threshold resummation is applied, if any. Further de-
tails are provided in the footnotes. All predictions are for
mH = 125.4 GeV and

p
s = 8 TeV.

Total cross-section calculations

LHC-XS [10] NNLO+NNLLa,b,c

ADDFGHLM [27–30] N3LOa,b,c

ABNY [47] NNLO+NNLLa,b,c,d,e

STWZ [31] NNLOc,d

dFMMV [48] approx. N3LOc

BBFMR [49–51] approx. N3LO+N3LLa,b,c

a Considers b- (and c-) quark masses in the gg ! H loop
b Includes electroweak corrections
c Based on MSTW2008nnlo [18] (↵s from PDF set)
d Uses ⇡

2-resummed gg ! H form factor
e In the counting of Ref. [47], the result has N3LL accuracy

For the predictions, uncertainties from renormaliza-
tion, factorization and, where appropriate, resumma-
tion scale variations as well as uncertainties due to ap-
proximation or missing terms beyond NNLO are pro-

TABLE XXI. Central values and uncertainties for the di↵er-
ent ggF predictions and the data.

Name �gg!H [pb]

Data�XH
a 30.0 ±5.3 (stat) ±1.6 (sys)

LHC-XS 19.15 +1.38

�1.49
(scale) +1.44

�1.32
(pdf)

ADDFGHLM 20.55 +0.04

�0.45
(scale) +1.60

�1.44
(pdf)

ABNY 19.54 +0.55

�0.14
(scale) +1.47

�1.35
(pdf) ±0.78 (appr.)

STWZ 20.41 ±1.18 (scale) +1.53

�1.41
(pdf)

dFMMV 21.12 +0.29

�0.42
(scale) +1.58

�1.46
(pdf) ±0.56 (appr.)

BBFMR 21.32 +1.39

�0.45
(scale) +1.60

�1.47
(pdf) ±1.39 (appr.)

a Non-ggF cross section
�XH = 3.01+0.05

�0.06
(scale) ± 0.09 (pdf) pb, subtracted from the

measured inclusive cross section: 33.0± 5.3 (stat)± 1.6 (sys) pb.

vided separately for each prediction. The same rela-
tive PDF uncertainty of +7.5

�6.9
% is assigned to all ggF

predictions, except for the ADDFGHLM prediction for
which this uncertainty is increased to +7.8

�7.0
% correspond-

ing to the change in MSTW2008nnlo uncertainty ob-
served by the group when changing the matrix element
from NNLO to N3LO. The non-ggF contribution (�XH =
3.01+0.05

�0.06
(scale) ± 0.09 (pdf) pb, XH = VBF + V H +

tt̄H + bb̄H) is added to the ggF predictions to be able
to compare to the data in Fig. 7.
As detailed in Table XX, all inclusive predictions use

the same PDF set but di↵er in the perturbative calcula-
tion. Four of the predictions apply both electroweak cor-
rections and consider finite b- and c-quark masses. These
corrections have non-negligible impacts on the ggF cross
section; the electroweak correction results in an increase
of approximately 5%, while the bottom and charm cor-
rections give a O(5 � 10%) reduction depending on pre-
cisely how they have been implemented in the calcula-
tions. They therefore have an opposite e↵ect on the total
cross section such that their numerical e↵ects partially
cancel. The STWZ and dFMMV predictions consider
neither of these corrections.
The calculations take di↵erent approaches to approx-

imately evaluate the ggF cross section beyond NNLO.
Therefore the preferred scale for each calculation di↵ers,
and the choice of scale and the precise scale variations
applied was left to the authors of the calculations. The
LHC-XS, ABNY, STWZ, and BBFMR predictions use
a central scale of µ0 = mH as their overall scale, while
dFMMV and ADDFGHLM use µ0 = mH/2.
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ÆUá�

Combined#Inclusive#Total#Cross#Sec?on#

Data LHC-XS ABNY STWZ dFMMV BBFMR ADDFGHLM

[p
b]

 
H

→
pp
σ

15

20

25

30

35

40

45

50

55 Preliminary  ATLAS
γγ→H l4→ZZ→H

comb. data syst. unc.
-1 dt = 20.3 fbL ∫

 = 125.4 GeVHm = 8 TeV,  s,  H→pp
 0.1 pb± = 3.0 XHσ   XHσ + ggFσ

Hbb + Htt + VH  =  VBF + XH

QCD scale uncertainty
LO approx. uncert.3QCD scale and N

)sα PDF+⊕LO approx. 3(scale, NTot. uncert. 

NNLO 2π NNLO+ 2πNNLO+ LO3Napprox. LO3N approx. LO3Npart. 
+NNLL thr. +NNLL thr. LL thr.3+N

##

##

4

0 20 40 60 80 100 120 140 160 180 200

  [
pb

/G
eV

]
H Tp

 / 
d

σd

2−10

1−10

1 XH + ESHR
Hbb + Htt + VH  =  VBF + XH

H→pp   ATLAS

data, tot. unc. syst. unc.
-1 = 8 TeV,  20.3 fbs

  [GeV]H
T
p

0 20 40 60 80 100 120 140 160 180 200

H
R

es
R

at
io

 to
 

0

2

4
0 20 40 60 80 100 120 140 160 180 200

  [
1/

G
eV

]
H Tp

 / 
d

σ
 dσ

1/

3−10

2−10

XH + ESHR
XH8 + Y+PNLOPSN

XH8 + Y+PMG5_aMC@NLO
XH + HERPA 2.1.1S

Hbb + Htt + VH  =  VBF + XH

H→pp   ATLAS

data, tot. unc. syst. unc.
-1 = 8 TeV,  20.3 fbs

  [GeV]H
T
p

0 20 40 60 80 100 120 140 160 180 200

HR
es

Ra
tio

 to
 

0

1

2

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

|  
[p

b]
H y

 / 
d|

σd

0

5

10

15

20

25

30

35

40
XH + ESHR

Hbb + Htt + VH  =  VBF + XH
H→pp   ATLAS

data, tot. unc. syst. unc.
-1 = 8 TeV,  20.3 fbs

|Hy|
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

H
R

es
R

at
io

 to
 

0
1
2
3

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

|H y
 / 

d|
σ

 dσ
1/

0

0.2

0.4

0.6

0.8

1

1.2 XH + ESHR
XH8 + Y+PNLOPSN

XH8 + Y+PMG5_aMC@NLO
XH + HERPA 2.1.1S

Hbb + Htt + VH  =  VBF + XH

H→pp   ATLAS
data, tot. unc. syst. unc.

-1 = 8 TeV,  20.3 fbs

|Hy|
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

HR
es

Ra
tio

 to
 

0

1

2

0 20 40 60 80 100 120 140

  [
pb

/G
eV

]
j1 Tp

 / 
d

σd

2−10

1−10

1

XH + STWZ
XH + JetVHeto

Hbb + Htt + VH  =  VBF + XH

H→pp   ATLAS

data, tot. unc. syst. unc.
-1 = 8 TeV,  20.3 fbs

 0≥ jetsN = 0.4, R tkanti-

  [GeV]j1
T
p

0 20 40 60 80 100 120 140

ST
W

Z
R

at
io

 to
 

0
1
2
3 0 20 40 60 80 100 120 140

  [
1/

G
eV

]
j1 Tp

 / 
d

σ
 dσ

1/

3−10

2−10

XH8 + Y+PNLOPSN
XH8 + Y+PMG5_aMC@NLO

XH + HERPA 2.1.1S
Hbb + Htt + VH  =  VBF + XH

H→pp   ATLAS

data, tot. unc. syst. unc.
-1 = 8 TeV,  20.3 fbs

 0≥ jetsN = 0.4, R tkanti-

  [GeV]j1
T
p

0 20 40 60 80 100 120 140

NN
LO

PS
Ra

tio
 to

 

0

1

2

FIG. 3. Di↵erential cross sections (left) and normalized cross-section shapes (right) for inclusive Higgs boson production
measured by combining the H ! �� and H ! ZZ

⇤ ! 4` channels. The measured variables are the Higgs boson transverse
momentum p

H

T (top) and its rapidity |yH| (middle), and the transverse momentum of the leading jet pj1
T
(bottom). The 0–30 GeV

bin of the p
j1

T
distributions corresponds to events without jets above 30 GeV. Various theoretical predictions are presented,

using the same bin widths as the measurement.
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Unfolding extractionTwo-Step

One-Step: merge signal extraction and unfolding

Ni
s = σi

SM,global × acc.i × Brγγ × eff i × Lumi .


