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Kunaf, Jim Laceyq, Rémi Lafayec,k, Bertrand Laforgef, Sandrine Laplacef, Bruno Lenzib,9

Jessica Levequec, Kun Liuf,w, Yanwen Liuw, Andrey Loginovd, Narei Lorenzo Martineze,10

Xinchou Louy, Jean-François Marchandq, Giovanni Marchiorif, Bruce Melladop, Fernando11

Monticellia, Jose Ocarizf, Krisztian Petersb, Elisabeth Petitc, Michael Pittm, Camila12

Rangel-Smithf, Alexander Readj, James Saxonn, Jana Schaarschmidte, Maud Schwoererc,13

Estelle Scifoe, Lillian Smestadj, Evgeny Soldatovt, Kerstin Tackmanng, Junichi Tanakai, Paul14

Tiptond, Heberth Torresf, Ruggero Turrah, Guillaume Unalb, Fuquan Wangp, Jin Wangy,15

Haichen Wangp, Hugh H. Williamsn, Sau Lan Wup, Youhei Yamaguchii, Taiki Yamamurai,16

Hongtao Yangp, Liwen Yaof,y17

aNational University of La Plata, La Plata, Argentina18
bEuropean Laboratory for Particle Physics (CERN), Geneva, Switzerland19

cLaboratoire d’Annecy-le-Vieux de Physique des Particules (LAPP), IN2P3-CNRS, Annecy-le-Vieux, France20
dDepartment of Physics, Yale University, New Haven CT, USA21
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❖ Introduction	  and	  motivation

❖ Observables

❖ Analysis	  results
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✦ Systematic uncertainties

✦ Signal yield at reconstructed level

✦ Measurement of fiducial cross section at particle level

❖ Conclusion
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Introduction

•  A local significance of 7.4 σ @ 126.8 GeV excess over background - Discovery! 

•  The total rate to SM : 1.55 ± 0.23 (stat) ± 0.21 (syst)
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Shower-shaped based
photon identification

7 TeV: Neural network
8 TeV: Rectangular cuts
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Checked on data with Z ! `+`��,
Z ! e+e� , sideband method

Shower shapes in finely
segmented (first layer) of
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Kerstin Tackmann (DESY) Search for the Higgs boson in the diphoton decay 3 / 18

The ATLAS calorimeters are finely segmented 
and can effectively distinguish between 
isolated photons and backgrounds like π0→γγ
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Motivation	  for	  differential	  cross	  section	  measurement

4

For the first time, directly measure several kinematic 
distributions of the Higgs boson in robust and close to model 
independent way

✦ Many of the current Higgs results make assumptions on the 
Higgs kinematics, these results provide a cross check of the 
validity of these assumptions

✦ Correct measured spectra for detector effects to provide 
easy and direct comparison with theoretical predictions at 
particle level 

pT of the Higgs, constructed
from the two photons.

The coupling measurement 
is sensitive to the kinematics

 of this variable.

In this talk, the
measurement of this variable 

is shown!
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Observables
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Table 1: List of variables studied with simple description and motivation.

Inclusive observables
pTγγ directly probe perturbative QCD calculation
|yγγ | QCD radiative correction and parton distribution

functions
| cos θ∗| spin & parity
Njets relative rate of Higgs boson production mechanisms
σi/σ≥i strong coupling as, theoretical description of

quark and gluon radiation (jet veto fraction)

1-jet observables
pT,jet1 hardest QCD radiation (higher order predictions)

2-jet observables
∆φjj spin and CP eigenvalue of the Higgs boson
pTγγ j j discriminate VBF against the much more abundant

ggH production
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Table 1: List of variables studied with simple description and motivation.

Inclusive observables
pTγγ directly probe perturbative QCD calculation
|yγγ | QCD radiative correction and parton distribution

functions
| cos θ∗| spin & parity
Njets relative rate of Higgs boson production mechanisms
σi/σ≥i strong coupling as, theoretical description of

quark and gluon radiation (jet veto fraction)

1-jet observables
pT,jet1 hardest QCD radiation (higher order predictions)

2-jet observables
∆φjj spin and CP eigenvalue of the Higgs boson
pTγγ j j discriminate VBF against the much more abundant

ggH production

We cannot really constrain precise SM calculations yet with current data statistics, 
but rather test if there are significant deviations from the SM in any of the 
kinematic distributions. 
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Analysis	  overview

6

‣	  Fiducial	  photon	  de@inition
•	  	  pT/mBB	  >	  0.35	  (0.25)	  for	  leading(sub-‐leading)	  
photon

•	  	  	  |η|	  <2.37	  	  	  	  (without	  1.37≥	  |η|	  ≥1.56	  for	  reco)
‣	  	  Jet	  de@inition
•	  Anti-‐kt	  	  R	  =	  0.4,	  pT	  >	  30	  GeV,	  |y|	  <	  4.4
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Selected data are divided in bins of observable

The jet energy scale and resolution uncertainties are estimated by applying shifts and smearings to the
jet energy within their expected uncertainties. These shifts are derived in situ, exploiting the transverse
momentum balance in �+jet, Z+jet, dijet and multijet events. Discrepancies between data and MC for the
jet energy scale for these measurements lead to a set of baseline uncertainties. The most important JES
uncertainties for this analysis are from the ⌘-intercalibration that particularly impacts the calibration of
forward jets, and due to the unknown composition and modelling of the associated calorimeter response
of quark and gluon initiated jets.

Uncertainties from JVF modelling are quantified by varying the JVF cut up and down according to
its uncertainty around the nominal cut value of 0.25. The JVF uncertainty is estimated by comparing
simulation with data in Z + jet events and is parametrized as a function of jet pT and ⌘.

The uncertainty associated with the modelling of jets originating from pileup interactions is evaluated
by randomly subtracting a fraction of the simulated pileup jets. The fraction of pileup jets removed is
estimated by comparing the data to MC ratio of jets in pile-up enriched control regions of Z+ jets events.

The combined impact of these uncertainties on the signal yields ranges from 3-15% according to the
observable and bin, and is tabulated in the Appendix.

Migration e↵ects due to the photon energy scale, between bins in the cross section observables, were
estimated to be negligible.

The contamination of the jet related observables, due to the occurrence of double parton interaction
(DPI) in the context of simultaneous dijet and Higgs boson production, were found to be negligible.
The e↵ect was evaluated using the expected dijet cross section for the jet requirements presented in
Section 4.3, with the measured e↵ective area parameter for hard DPI [63].

7 Signal extraction

7.1 Binning of the observables

The dataset is divided into bins of the observables and the signal yield in each bin is extracted using an
extended unbinned likelihood fit to the diphoton invariant mass distribution. The binning was chosen
to allow di↵erential measurements, with statistics su�cient for a significant measurement in each bin,
using the expected signal yields from simulation. The nominal target significances were 2� (1.5�) per
bin for the inclusive (2-jet) variables. To obtain a reliable unfolding, the migrations between bins in
the reconstructed distributions must be small. The binnings chosen based on these considerations are
displayed in the variable summary tables in the Appendix.

7.2 Fit procedure and likelihood

An unbinned fit of the diphoton invariant mass is performed simultaneously in all bins, for each ob-
servable. The Higgs boson mass mH and the nuisance parameters on the signal shape and position are
common among all bins for each observable. The likelihood function maximized has the form
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bkg
i the mean value of the underlying Poisson distribution of the ni events,

and m j
�� is the diphoton mass for event j. The signal probability density functions (PDF) Si described in

Section 5.1 depend on the Higgs boson mass mH and on nuisance parameters from the energy resolution
and scale.
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unbinned Likelihood function definition 

      :  # of signal in ith bin

      :  # of background in ith bin
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Signal	  extracted	  with	  S+B	  unbinned	  likelihood	  Nit	  of	  
mBB	  separately	  for	  each	  bin	  of	  the	  observable.	  
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Analysis	  overview
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‣	  Fiducial	  photon	  de@inition
•	  	  pT/mBB	  >	  0.35	  (0.25)	  for	  leading(sub-‐leading)	  
photon

•	  	  	  |η|	  <2.37	  	  	  	  (without	  1.37≥	  |η|	  ≥1.56	  for	  reco)
‣	  	  Jet	  de@inition
•	  Anti-‐kt	  	  R	  =	  0.4,	  pT	  >	  30	  GeV,	  |y|	  <	  4.4
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‣	  Fiducial	  photon	  de@inition
•	  	  pT/mBB	  >	  0.35	  (0.25)	  for	  leading(sub-‐leading)	  
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1.	  Signal	  extraction
@	  reconstructed	  level
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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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Figure 5: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for Njets, �� j j and p�� j j

T . The jet veto fraction �Njets=i/�Njets�i is also shown. Systematic uncertainties
are presented in grey, and the black bars represent the quadratic sum of statistical and systematic errors.
The hatched histograms present theoretical predictions for the Standard Model at

p
s = 8 TeV and

mH = 126.8 GeV. Their width represents the theory uncertainties from missing higher order corrections,
the PDF set used, the simulation of the underlying event, and the H ! �� branching fraction. The sum
of VBF with WH, ZH, and tt̄H is denoted XH, and simulated as described in Section 3.1. These are
added to the simulated ggH predictions from POWHEG and MINLO.
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1.	  Signal	  extraction
@	  reconstructed	  level

2. Bin-by-bin correction for detector effects

3. Fiducial cross section measurement
@ particle level

can be directly compared with theory

⨉ =
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Figure 6: The fractional experimental uncertainties and the consecutive addition of luminosity, generator
modelling, detector modelling, and the statistical uncertainty associated with the yield extraction are
shown for the observables of the inclusive distribution. The large variations on the fractional uncertainties
on p��T and | cos ✓⇤| derive from fluctuations on the yield, rather than on variations in the absolute size of
the uncertainties.
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‣ Luminosity uncertainty

‣ Generator modelling uncertainty

• Composition of different production modes

• Shape

‣ Detector modelling uncertainty 

• Photon object selection:  trigger efficiency, 

PID, isolation efficiency, photon energy resolution and 
scale

• Jet object selection:   Jet energy scale/

resolution,  pileup modelling and suppression 
efficiency (JVF)

• Signal extraction in mγγ fitting: signal shape 

and signal/background modelling
Statistical uncertainty dominates.

Potential biases of bin-by-bin correction have been carefully studied and the 
systematic uncertainties are evaluated.
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✦ Possible global excess as signal 
strength measurement. 

✦ Data tend to be slightly harder.

✦ Agreement within uncertainties 
with the SM prediction

‣ gg→H: Powheg+Pythia8 (mH = 125GeV)

‣ XH = VBF + (VH + ttH) 
(Powheg+Pythia8 and Pythia8)

‣ Uncertainties:

‣  theoretical prediction uncertainty: 
including higher	  order	  pertubative	  
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First	  measurements	  of	  Higgs	  kinematic	  distributions
-‐-‐	  Higgs	  signal	  yield	  in	  bins	  of	  other	  observables

12

 [GeV]
γγT

p Reconstructed 

]-1
  [

G
eV

Tp
 / 

d
Nd

0

5

10

15

20

25   PreliminaryATLAS

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

Htt + VH  =  VBF + HX

 [GeV]
γγT

p Reconstructed 
0 20 40 60 80 100 120 140 160 180 200

O
W

HE
G

Ra
tio

 to
 P

0

2

(a) p��T

|
γγ

y |Reconstructed 

|y
 / 

d|
Nd

0

100

200

300

400

500

600

700

800
  PreliminaryATLAS
 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

Htt + VH  =  VBF + HX

|
γγ

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

O
W

HE
G

Ra
tio

 to
 P

0

2

4

(b) |y�� |

*)|θ |cos(Reconstructed 

*)|θ
 / 

d|
co

s(
Nd

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2400

  PreliminaryATLAS
 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

Htt + VH  =  VBF + HX

*)|θ |cos(Reconstructed 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

O
W

HE
G

Ra
tio

 to
 P

0

2

4

6

(c) | cos ✓⇤|

 [GeV]
T,jet1
p Reconstructed 

]-1
  [

G
eV

Tp
 / 

d
Nd

0

2

4

6

8

10

12

14

16
  PreliminaryATLAS

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

Htt + VH  =  VBF + HX

 [GeV]
T,jet1
p Reconstructed 

0 20 40 60 80 100 120 140

O
W

HE
G

Ra
tio

 to
 P

0

1

2

3

(d) pj1
T

Figure 2: The fitted yield per bin for the Higgs pT , rapidity, | cos ✓⇤|, and the leading jet pT are shown.
The bin below 30 GeV in the leading jet pT spectrum is populated by events with a jet multiplicity of
zero. The grey bands for each data point show the systematic uncertainty on the yields, while the black
bars represent the total systematic and statistical error. The hatched histogram shows the SM expectation
with mH = 125 GeV simulated with the full detector response and e�ciencies. Its spread corresponds to
the quadratic sum of the migration uncertainties outlined in Section 6, and theoretical uncertainties. The
theory uncertainties are due to missing higher order corrections, the PDF set adopted, the simulation of
the underlying event, and the H ! �� branching fraction. The green line shows the contribution from
VBF, WH, ZH, and tt̄H production.
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T

Figure 3: The fitted yields for the jet multiplicity, the azimuthal angle between the leading and subleading
jet, and the pT of the summed Higgs and dijet are shown. See caption of Figure 2 for more details.
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Figure 3: The fitted yields for the jet multiplicity, the azimuthal angle between the leading and subleading
jet, and the pT of the summed Higgs and dijet are shown. See caption of Figure 2 for more details.
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Figure 3: The fitted yields for the jet multiplicity, the azimuthal angle between the leading and subleading
jet, and the pT of the summed Higgs and dijet are shown. See caption of Figure 2 for more details.
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Figure 2: The fitted yield per bin for the Higgs pT , rapidity, | cos ✓⇤|, and the leading jet pT are shown.
The bin below 30 GeV in the leading jet pT spectrum is populated by events with a jet multiplicity of
zero. The grey bands for each data point show the systematic uncertainty on the yields, while the black
bars represent the total systematic and statistical error. The hatched histogram shows the SM expectation
with mH = 125 GeV simulated with the full detector response and e�ciencies. Its spread corresponds to
the quadratic sum of the migration uncertainties outlined in Section 6, and theoretical uncertainties. The
theory uncertainties are due to missing higher order corrections, the PDF set adopted, the simulation of
the underlying event, and the H ! �� branching fraction. The green line shows the contribution from
VBF, WH, ZH, and tt̄H production.

11

 [GeV]
γγT

p Reconstructed 

]-1
  [

G
eV

Tp
 / 

d
Nd

0

5

10

15

20

25   PreliminaryATLAS

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

Htt + VH  =  VBF + HX

 [GeV]
γγT

p Reconstructed 
0 20 40 60 80 100 120 140 160 180 200

O
W

HE
G

Ra
tio

 to
 P

0

2

(a) p��T

|
γγ

y |Reconstructed 

|y
 / 

d|
Nd

0

100

200

300

400

500

600

700

800
  PreliminaryATLAS
 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

Htt + VH  =  VBF + HX

|
γγ

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

O
W

HE
G

Ra
tio

 to
 P

0

2

4

(b) |y�� |

*)|θ |cos(Reconstructed 

*)|θ
 / 

d|
co

s(
Nd

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2400

  PreliminaryATLAS
 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

Htt + VH  =  VBF + HX

*)|θ |cos(Reconstructed 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

O
W

HE
G

Ra
tio

 to
 P

0

2

4

6

(c) | cos ✓⇤|

 [GeV]
T,jet1
p Reconstructed 

]-1
  [

G
eV

Tp
 / 

d
Nd

0

2

4

6

8

10

12

14

16
  PreliminaryATLAS

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

Htt + VH  =  VBF + HX

 [GeV]
T,jet1
p Reconstructed 

0 20 40 60 80 100 120 140

O
W

HE
G

Ra
tio

 to
 P

0

1

2

3

(d) pj1
T

Figure 2: The fitted yield per bin for the Higgs pT , rapidity, | cos ✓⇤|, and the leading jet pT are shown.
The bin below 30 GeV in the leading jet pT spectrum is populated by events with a jet multiplicity of
zero. The grey bands for each data point show the systematic uncertainty on the yields, while the black
bars represent the total systematic and statistical error. The hatched histogram shows the SM expectation
with mH = 125 GeV simulated with the full detector response and e�ciencies. Its spread corresponds to
the quadratic sum of the migration uncertainties outlined in Section 6, and theoretical uncertainties. The
theory uncertainties are due to missing higher order corrections, the PDF set adopted, the simulation of
the underlying event, and the H ! �� branching fraction. The green line shows the contribution from
VBF, WH, ZH, and tt̄H production.
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Figure 4: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for p��T , |y��|, | cos ✓⇤|, and p j1

T . Systematic uncertainties are presented in grey, and the black bars repre-
sent the quadratic sum of statistical and systematic errors. The hatched histograms present theoretical
predictions for the Standard Model at

p
s = 8 TeV and mH = 126.8 GeV. Their width represents the

theory uncertainties from missing higher order corrections, the PDF set used, the simulation of the un-
derlying event, and the H ! �� branching fraction. The sum of VBF with WH, ZH, and tt̄H is denoted
XH, and simulated as described in Section 3.1. These are added to the simulated ggH predictions from
POWHEG, MINLO, and HRes.
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13

Njets p��T |y��| | cos ✓⇤| p j1
T �� j j p�� j j

T

POWHEG 0.54 0.55 0.38 0.69 0.79 0.42 0.50
MINLO 0.44 – – 0.67 0.73 0.45 0.49
HRes 1.0 – 0.39 0.44 – – – –

Table 2: Displayed are the probabilities from �2 tests for the agreement between the unfolded observa-
tion and the theoretical predictions, calculated with the full covariance between bins of the observables.

The observed cross section in the fiducial region is higher than the SM expectation, in agreement
with earlier analyses in the diphoton channel from ATLAS [?]. Within the limited statistics of the mea-
surement, the predicted shapes agree well with the observation. Table 2 quantifies the agreement for all
displayed predictions, by calculating the probabilities of �2 tests for all unfolded observables with re-
spect to the predictions, taking into account the full covariance between the bins. The probabilities range
from 0.38 (|y��| with POWHEG) to 0.79 (p j1

T with POWHEG). The HRes1.0 prediction of p��T , for which
the p-value is 0.39, will soon be superseded by Ref. [?], taking into account the finite quark mass e↵ects.
The POWHEG prediction for �� j j is not expected to perform well, because the emission of the second
jet is made purely by the parton shower algorithm, and does not include any angular correlations from
the matrix element. The theoretical uncertainties for large Njets are unnaturally small, because scale vari-
ations do not significantly shift the predictions from the parton shower algorithm. A more-conservative
presentation of the theoretical uncertainties of this distribution is presented in Figure ?? in the Appendix.

Two additional NNLO+NNLL predictions from Refs. [?,?] for p j1
T are included as well, in Figure ??.

10 Conclusions

This note presents direct measurements of di↵erential cross sections of the Higgs boson in the diphoton
channel, from 20.3 fb-1 of data at

p
s = 8 TeV collected by the ATLAS experiment at the LHC in 2012.

These measurements are performed for the fiducial range of |⌘| < 2.37 and ET/m�� > 0.35 (0.25) for the
leading (subleading) photon, and with 105 GeV < m�� < 160 GeV. The variables presented describe the
fundamental kinematic properties of the Higgs boson, probe its spin and parity, and test the theoretical
description of QCD in its production. The di↵erential cross-sections in seven observables are extracted
by fits to the diphoton invariant mass spectrum: p��T , |y��|, | cos ✓⇤|, Njets, p j1

T , �� j j, and p�� j j
T . The jet veto

fraction �Njets=i/�Njets�i is calculated from the Njets distribution. The measured di↵erential cross sections
are compared with various theoretical predictions. Within the experimental and theoretical uncertainties,
no significant deviation from the SM expectation is observed.

14

Probabilities from χ2 test, taking into account 
the full covariance between bins

No significant difference between the 
predicted shapes and the observation.

γ
γ

j
j

j

pT
γγ

full detector unfolding applied
 brings the measurements to particle level
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Fiducial	  differential	  cross	  section
-‐-‐	  Higgs	  rapidity	  and	  cosθ*	  	  

‣ Agreement within uncertainties with the SM prediction.

‣ The measurement of cosθ* is complementary to what is determined in the dedicated spin 
analysis, and the individual yields are extracted in a model independent way.
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Figure 4: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for p��T , |y��|, | cos ✓⇤|, and p j1

T . Systematic uncertainties are presented in grey, and the black bars repre-
sent the quadratic sum of statistical and systematic errors. The hatched histograms present theoretical
predictions for the Standard Model at

p
s = 8 TeV and mH = 126.8 GeV. Their width represents the

theory uncertainties from missing higher order corrections, the PDF set used, the simulation of the un-
derlying event, and the H ! �� branching fraction. The sum of VBF with WH, ZH, and tt̄H is denoted
XH, and simulated as described in Section 3.1. These are added to the simulated ggH predictions from
POWHEG, MINLO, and HRes.
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Figure 4: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for p��T , |y��|, | cos ✓⇤|, and p j1

T . Systematic uncertainties are presented in grey, and the black bars repre-
sent the quadratic sum of statistical and systematic errors. The hatched histograms present theoretical
predictions for the Standard Model at

p
s = 8 TeV and mH = 126.8 GeV. Their width represents the

theory uncertainties from missing higher order corrections, the PDF set used, the simulation of the un-
derlying event, and the H ! �� branching fraction. The sum of VBF with WH, ZH, and tt̄H is denoted
XH, and simulated as described in Section 3.1. These are added to the simulated ggH predictions from
POWHEG, MINLO, and HRes.
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Figure 8: The measured and unfolded distributions for the jet multiplicity and jet veto fraction are com-
pared with the predictions from POWHEG and MINLO. The data points are identical with Figures 5(a)
and 5(b), but the theory uncertainties due to missing higher order corrections, are calculated using the
procedure outlined in Ref. [?], as is used in most Higgs boson studies. The inputs to this procedure
are the total Higgs boson production cross section of Ref [?] and the inclusive 1 and 2 jet cross section
uncertainties calculated using MCFM [?, ?, ?, ?] to obtain a conservative estimate based on fixed order
predictions.
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Figure 9: The measured and unfolded inclusive leading jet pT spectrum is shown. The bin below
30 GeV is populated by events with a jet multiplicity of zero. The di↵erential cross sections are compared
to the theory predictions of Refs. [?, ?], both of which simulate ggH at NNLO precision with NNLL
resummations. To make a meaningful comparison with data, the contributions from other production
modes were added.
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Figure 8: The measured and unfolded distributions for the jet multiplicity and jet veto fraction are com-
pared with the predictions from POWHEG and MINLO. The data points are identical with Figures 5(a)
and 5(b), but the theory uncertainties due to missing higher order corrections, are calculated using the
procedure outlined in Ref. [?], as is used in most Higgs boson studies. The inputs to this procedure
are the total Higgs boson production cross section of Ref [?] and the inclusive 1 and 2 jet cross section
uncertainties calculated using MCFM [?, ?, ?, ?] to obtain a conservative estimate based on fixed order
predictions.
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Figure 9: The measured and unfolded inclusive leading jet pT spectrum is shown. The bin below
30 GeV is populated by events with a jet multiplicity of zero. The di↵erential cross sections are compared
to the theory predictions of Refs. [?, ?], both of which simulate ggH at NNLO precision with NNLL
resummations. To make a meaningful comparison with data, the contributions from other production
modes were added.
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‣ More conservative uncertainty estimation with the procedure of reference [Phys. 
Rev. D 85, 034011 (2012)] using input uncertainties from MCFM.
‣ Good agreement on the jet veto fraction distribution indicates that we have a 

fair understanding.
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Figure 8: The measured and unfolded distributions for the jet multiplicity and jet veto fraction are com-
pared with the predictions from POWHEG and MINLO. The data points are identical with Figures 5(a)
and 5(b), but the theory uncertainties due to missing higher order corrections, are calculated using the
procedure outlined in Ref. [68], as is used in most Higgs boson studies. The inputs to this procedure
are the total Higgs boson production cross section of Ref [23] and the inclusive 1 and 2 jet cross section
uncertainties calculated using MCFM [69–72] to obtain a conservative estimate based on fixed order
predictions.
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Figure 9: The measured and unfolded inclusive leading jet pT spectrum is shown. The bin below 30 GeV
is populated by events with a jet multiplicity of zero. The di↵erential cross sections are compared to
the theory predictions of Refs. [66, 67], both of which simulate ggH at NNLO precision with NNLL
resummations. To make a meaningful comparison with data, the contributions from other production
modes were added.
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Figure 4: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for p��T , |y��|, | cos ✓⇤|, and p j1

T . Systematic uncertainties are presented in grey, and the black bars repre-
sent the quadratic sum of statistical and systematic errors. The hatched histograms present theoretical
predictions for the Standard Model at

p
s = 8 TeV and mH = 126.8 GeV. Their width represents the

theory uncertainties from missing higher order corrections, the PDF set used, the simulation of the un-
derlying event, and the H ! �� branching fraction. The sum of VBF with WH, ZH, and tt̄H is denoted
XH, and simulated as described in Section 3.1. These are added to the simulated ggH predictions from
POWHEG, MINLO, and HRes.
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Same data points but different
more precise theoretical prediction! 

The 0-30 GeV bin contains the cross section for 
events without any jet above 30 GeV

• Theory predictions describe the spectrum well
• Comparison is made with the predictions with STWZ [PRL. 109, 202001 (2012)] 

and JETVHETO  [hep-ph:1307.1808] calculation, which are precise to NNLO
+NNLL’ and NNLO+NNLL respectively.

γ

γ

j1

j

pT
j1
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Fiducial	  differential	  cross	  section
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐-‐	  di-‐jet	  observables

• Largest excess in last ∆ϕjj bin. Carefully checked for systematic biases.  

•	  Predictions for both distributions are consistent with the observed spectra. 

17

jetsN Particle level 

  [
fb

]
fid

σ

0

5

10

15

20

25

30

35
  PreliminaryATLAS

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

HX) + 8YPHJ+INLO M+1j NLO+PS (H→gg

Htt + VH  =  VBF + HX

jetsN Particle level 
0 1 2 3≥

O
W

HE
G

Ra
tio

 to
 P

0

1

2

3

(a) Njets

 0≥σ / 0σ  1≥σ / 1σ  2≥σ / 2σ

 i≥
σ

 / i
σ

Je
t v

et
o 

fra
ct

io
n,

 

0.4

0.5

0.6
0.7

0.8

0.9
1

1.1

1.2   PreliminaryATLAS

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

HX) + 8YPHJ+INLO M+1j NLO+PS (H→gg

 0≥σ / 0σ  1≥σ / 1σ  2≥σ / 2σ

O
W

HE
G

Ra
tio

 to
 P

0.6
0.8

1
1.2
1.4

(b) �Njets=i/�Njets�i

jj
φΔ Particle level 

  [
fb

]
φ

Δ
 / 

d
fid

σd

0

2

4

6

8

10

12
  PreliminaryATLAS

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

HX) + 8YPHJ+INLO M+1j NLO+PS (H→gg

Htt + VH  =  VBF + HX

jj
φΔ Particle level 

0 0.5 1 1.5 2 2.5 3

O
W

HE
G

Ra
tio

 to
 P

0

5

(c) �� j j

 [GeV]
HjjT,

p Particle level 

  [
fb

/G
eV

]
Tp

 / 
d

fid
σd

0

0.05

0.1

0.15

0.2

0.25

0.3   PreliminaryATLAS

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

HX) + 8YPHJ+INLO M+1j NLO+PS (H→gg

Htt + VH  =  VBF + HX

 [GeV]
HjjT,

p Particle level 
0 20 40 60 80 100 120 140

O
W

HE
G

Ra
tio

 to
 P

0

2

4

6

(d) p�� j j
T

Figure 5: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for Njets, �� j j and p�� j j

T . The jet veto fraction �Njets=i/�Njets�i is also shown. Systematic uncertainties
are presented in grey, and the black bars represent the quadratic sum of statistical and systematic errors.
The hatched histograms present theoretical predictions for the Standard Model at

p
s = 8 TeV and

mH = 126.8 GeV. Their width represents the theory uncertainties from missing higher order corrections,
the PDF set used, the simulation of the underlying event, and the H ! �� branching fraction. The sum
of VBF with WH, ZH, and tt̄H is denoted XH, and simulated as described in Section 3.1. These are
added to the simulated ggH predictions from POWHEG and MINLO.
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Figure 5: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for Njets, �� j j and p�� j j

T . The jet veto fraction �Njets=i/�Njets�i is also shown. Systematic uncertainties
are presented in grey, and the black bars represent the quadratic sum of statistical and systematic errors.
The hatched histograms present theoretical predictions for the Standard Model at

p
s = 8 TeV and

mH = 126.8 GeV. Their width represents the theory uncertainties from missing higher order corrections,
the PDF set used, the simulation of the underlying event, and the H ! �� branching fraction. The sum
of VBF with WH, ZH, and tt̄H is denoted XH, and simulated as described in Section 3.1. These are
added to the simulated ggH predictions from POWHEG and MINLO.
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Conclusion

• First	  measurements	  of	  Higgs	  differential	  cross	  sections	  with	  the	  full	  
2012	  dataset	  and	  comparisons	  with	  several	  MC	  predictions	  are	  
presented.

• The	  measured	  spectra	  of	  7	  observables	  and	  the	  jet	  veto	  fraction	  are	  
sensitive	  to	  the	  fundamental	  kinematic	  properties	  of	  Higgs	  boson,	  probe	  
its	  spin	  and	  parity	  and	  test	  the	  QCD	  theoretical	  prediction.

• Except	  for	  possible	  global	  excess	  as	  signal	  strength	  measurement,	  with	  
the	  limited	  statistics	  of	  the	  measurement,	  the	  predicted	  shapes	  agree	  
with	  the	  observation,	  and	  no	  signiYicant	  deviation	  from	  the	  SM	  
expectation	  is	  observed.

18
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Observables	  of	  interest

19

Any suggestion on the observables of interest is welcome.

More theoretical comparison?
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Comparison	  with	  theoretical	  predictions

❖Theoretical prediction uncertainties 
(Stat. ⊕ (Scale+PDF) ⊕ UE ⊕ BR): 

•	  Sum	  in	  quadrature	  of	  PDF+	  αs	  variations
•	  Envelop	  of	  Renormalization/factorization/resummation	  

•	  Underlying	  event	  modeling
•	  Branching	  ratio	  of	  Higgs	  decay

21

ggH prediction:
‣ POWHEG H @ NLO + Py8

‣ MINLO H + 1jet @ NLO + Py8

‣ HRES H & NNLO + approx. NNLL.

‣ JetVheto H @ NNLO/NNLL

‣ STWZ H + 1jet @NNLO/NNLL’

XH prediction:
‣ VBF: POWHEG H @ NLO + Py8

‣  Other: Py8 @ LO

‣  All scaled with k-factor of the Higgs 

Njets p��T |y��| | cos ✓⇤| p j1
T �� j j p�� j j

T

POWHEG 0.54 0.55 0.38 0.69 0.79 0.42 0.50
MINLO 0.44 – – 0.67 0.73 0.45 0.49
HRes 1.0 – 0.39 0.44 – – – –

Table 2: Displayed are the probabilities from �2 tests for the agreement between the unfolded observa-
tion and the theoretical predictions, calculated with the full covariance between bins of the observables.

The observed cross section in the fiducial region is higher than the SM expectation, in agreement
with earlier analyses in the diphoton channel from ATLAS [?]. Within the limited statistics of the mea-
surement, the predicted shapes agree well with the observation. Table 2 quantifies the agreement for all
displayed predictions, by calculating the probabilities of �2 tests for all unfolded observables with re-
spect to the predictions, taking into account the full covariance between the bins. The probabilities range
from 0.38 (|y��| with POWHEG) to 0.79 (p j1

T with POWHEG). The HRes1.0 prediction of p��T , for which
the p-value is 0.39, will soon be superseded by Ref. [?], taking into account the finite quark mass e↵ects.
The POWHEG prediction for �� j j is not expected to perform well, because the emission of the second
jet is made purely by the parton shower algorithm, and does not include any angular correlations from
the matrix element. The theoretical uncertainties for large Njets are unnaturally small, because scale vari-
ations do not significantly shift the predictions from the parton shower algorithm. A more-conservative
presentation of the theoretical uncertainties of this distribution is presented in Figure ?? in the Appendix.

Two additional NNLO+NNLL predictions from Refs. [?,?] for p j1
T are included as well, in Figure ??.

10 Conclusions

This note presents direct measurements of di↵erential cross sections of the Higgs boson in the diphoton
channel, from 20.3 fb-1 of data at

p
s = 8 TeV collected by the ATLAS experiment at the LHC in 2012.

These measurements are performed for the fiducial range of |⌘| < 2.37 and ET/m�� > 0.35 (0.25) for the
leading (subleading) photon, and with 105 GeV < m�� < 160 GeV. The variables presented describe the
fundamental kinematic properties of the Higgs boson, probe its spin and parity, and test the theoretical
description of QCD in its production. The di↵erential cross-sections in seven observables are extracted
by fits to the diphoton invariant mass spectrum: p��T , |y��|, | cos ✓⇤|, Njets, p j1

T , �� j j, and p�� j j
T . The jet veto

fraction �Njets=i/�Njets�i is calculated from the Njets distribution. The measured di↵erential cross sections
are compared with various theoretical predictions. Within the experimental and theoretical uncertainties,
no significant deviation from the SM expectation is observed.

14

Probabilities from chi2 test, taking into account 
the full covariance between bins

Predicted shapes mostly agree well with
the observation.
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Signal	  extraction

22

Signal	  mγγ	  shape	  modelling
• Crystal	  Ball	  function	  +	  a	  wide	  gaussian,	  
parameterized	  as	  a	  function	  of	  mH
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Figure 1: Diphoton invariant mass distributions are presented for the 4 bins of the Njets extraction. The
curves show the results of the single simultaneous fit to data for all Njets bins. The red line is the combined
signal and background PDF, and the dashed line shows the background PDF. The di↵erence of the two
curves is the extracted signal yield. The bottom inset displays the residuals of the data with respect to
the fitted background component, and the dotted red line corresponds to the signal PDF.

10

Background	  mγγ	  modelling
• smooth	  function	  used
• validated	  using	  the	  same	  procedure	  as	  used	  in	  
main	  analysis	  (ATLAS-CONF-2013-029)
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Fiducial	  differential	  cross	  section
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐-‐Jet	  multiplicity
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Figure 5: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for Njets, �� j j and p�� j j

T . The jet veto fraction �Njets=i/�Njets�i is also shown. Systematic uncertainties
are presented in grey, and the black bars represent the quadratic sum of statistical and systematic errors.
The hatched histograms present theoretical predictions for the Standard Model at

p
s = 8 TeV and

mH = 126.8 GeV. Their width represents the theory uncertainties from missing higher order corrections,
the PDF set used, the simulation of the underlying event, and the H ! �� branching fraction. The sum
of VBF with WH, ZH, and tt̄H is denoted XH, and simulated as described in Section 3.1. These are
added to the simulated ggH predictions from POWHEG and MINLO.
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Figure 5: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for Njets, �� j j and p�� j j

T . The jet veto fraction �Njets=i/�Njets�i is also shown. Systematic uncertainties
are presented in grey, and the black bars represent the quadratic sum of statistical and systematic errors.
The hatched histograms present theoretical predictions for the Standard Model at

p
s = 8 TeV and

mH = 126.8 GeV. Their width represents the theory uncertainties from missing higher order corrections,
the PDF set used, the simulation of the underlying event, and the H ! �� branching fraction. The sum
of VBF with WH, ZH, and tt̄H is denoted XH, and simulated as described in Section 3.1. These are
added to the simulated ggH predictions from POWHEG and MINLO.
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Figure 8: The measured and unfolded distributions for the jet multiplicity and jet veto fraction are com-
pared with the predictions from POWHEG and MINLO. The data points are identical with Figures 5(a)
and 5(b), but the theory uncertainties due to missing higher order corrections, are calculated using the
procedure outlined in Ref. [?], as is used in most Higgs boson studies. The inputs to this procedure
are the total Higgs boson production cross section of Ref [?] and the inclusive 1 and 2 jet cross section
uncertainties calculated using MCFM [?, ?, ?, ?] to obtain a conservative estimate based on fixed order
predictions.
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Figure 9: The measured and unfolded inclusive leading jet pT spectrum is shown. The bin below
30 GeV is populated by events with a jet multiplicity of zero. The di↵erential cross sections are compared
to the theory predictions of Refs. [?, ?], both of which simulate ggH at NNLO precision with NNLL
resummations. To make a meaningful comparison with data, the contributions from other production
modes were added.
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Figure 8: The measured and unfolded distributions for the jet multiplicity and jet veto fraction are com-
pared with the predictions from POWHEG and MINLO. The data points are identical with Figures 5(a)
and 5(b), but the theory uncertainties due to missing higher order corrections, are calculated using the
procedure outlined in Ref. [?], as is used in most Higgs boson studies. The inputs to this procedure
are the total Higgs boson production cross section of Ref [?] and the inclusive 1 and 2 jet cross section
uncertainties calculated using MCFM [?, ?, ?, ?] to obtain a conservative estimate based on fixed order
predictions.
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Figure 9: The measured and unfolded inclusive leading jet pT spectrum is shown. The bin below
30 GeV is populated by events with a jet multiplicity of zero. The di↵erential cross sections are compared
to the theory predictions of Refs. [?, ?], both of which simulate ggH at NNLO precision with NNLL
resummations. To make a meaningful comparison with data, the contributions from other production
modes were added.
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Theory unc. of large Njets 
are unnaturally small, 
because scale variations do 
not significantly shift the 
predictions from the parton 
shower algorithm

More conservative 
uncertainty estimation with 
the ST procedure [Phys. Rev. D 
85, 034011 (2012)] using input 
uncertainties from MCFM.

Good agreement indicates that we 
have a fair understanding of this.
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Unfolding	  treatment

• Bin-by-bin unfolding method is used to correct for detector effect.
• Unfolding factor :  Ci = niparticle/ni

reconstructed, is derived bin-by-bin. This unfolding 
procedure corrects for all efficiencies, acceptances and resolution effects.

24

✦ The distributions at particle level are restored by multiplying the extracted 
  binned signal yield by unfolding factor.
✦ Potential biases have been carefully studied and  systematic uncertainties are 

evaluated.
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