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Outline
1. Why measure cross sections? 
2. Definition of fiducial volume: its acceptances and NP corrections 
3. Overview of the measurement 
4. Signal extraction 
5. Correction for detector effects 
6. Uncertainties 
7. Physics results: 

1. Fiducial cross sections 
2. Differential cross sections
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Why cross sections?

• Cross sections offer a direct measurement of Higgs production rates in the data with 
minimal assumptions on the underlying model (‘model independent’). 
• Test of the compatibility of the SM with the data. 
• Can compare data to a range of different theory models now and in the future. 

• The inclusive Higgs production cross section is a hot topic in the theory community 
• Lot of activity to calculate the ggF Higgs production cross section to N3LO. 

!
!
!
!
!
!

• Differential cross sections offer a model independent way of probing the properties of the 
Higgs boson. 
• ‘State-of-the-art’ MC generator predictions are now at NLO accuracy in QCD, with 

some steps towards NNLO.
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Higgs differential cross section measurements



Dag Gillberg (CERN) 2014-12-07Higgs cross section measurements

ggF inclusive cross section
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• Presenting ATLAS Higgs cross section measurements 
• Measurements performed by extracting signal in the reference peak: 

all Higgs production modes included in this peak (not only ggF) 
• mH = 125.4 GeV (ATLAS measured Higgs mass), 8 TeV data only (20 fb-1) 
• Only presenting the measurements in the γγ and ZZ channels  

(with focus on γγ) 
• Measurements are designed to be as model independent as possible 

• I’m not including the recently published WW(*) fiducial cross section 
measurement as part of the WW paper: https://cds.cern.ch/record/1954714 

• See paper for details. The approach is a bit different from the γγ and ZZ 
results I will show. For example, the expected VBF contribution is 
subtracted.

A few initial remarks
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TABLE XXVII. Fiducial volume definitions for fiducial cross sections. The selection is made using only eµ events. Events in
which one or both W bosons decay to ⌧⌫ are excluded from the fiducial volume, but are present in the reconstructed volume.
Energy-related quantities are in GeV.

Type nj =0 nj =1

Pre-selection p `1
t > 22

p `2
t > 10

Opposite charge `
m`` > 10
p ⌫⌫
t > 20

nj-dependent ��``,⌫⌫ >⇡/2 -
p ``
t > 30 -

- m`
t> 50

- m⌧⌧ < 66
m`` < 55 m`` < 55
��`` < 1.8 ��`` < 1.8

The uncertainty due to experimental systematics is approximately 5%. Remaining theoretical uncertainties on
the C values have been computed by comparing the predictions of powheg+herwig, powheg+pythia8 and
powheg+pythia6, and are found to be approximately 2% and are neglected. The acceptance of the fiducial volume
is

A
0j = 0.206± 0.030

A
1j = 0.075± 0.017.

(23)

The uncertainties on the acceptance are purely theoretical in origin and the largest contributions are from the QCD
scale uncertainty on the jet binning.

The cross section values are computed by fitting the µ values in the nj =0 and 1 categories. The VBF contribution
is subtracted assuming the expected yield from the SM instead of using the simultaneous fit to the VBF signal regions
as is done for the inclusive cross sections. The non-negligible ggF yield in the VBF categories would require an
assumption on the ggF acceptance for di↵erent jet multiplicities, whereas the fiducial cross section measurement is
intended to avoid this type of assumption. The obtained signal strengths are:

µ
0j,eµ = 1.39 ± 0.27 +0.21

�0.19
+0.24
�0.14

µ
1j,eµ = 1.14 ± 0.42 ± 0.26 +0.28

�0.12

(stat.) (syst.) (sig.)

(24)

where (sig.) indicates the systematic uncertainties on the signal yield and acceptance, which do not apply to the
fiducial cross section measurements. The corresponding cross sections, evaluated at mH =125.36GeV and using the
8TeV data, are:

�ggF

fid,0j = 27.5 +5.4
�5.3

+4.3
�3.7 = 27.5 +6.9

�6.5 fb

�ggF

fid,1j = 8.4 +3.1
�3.0 ± 1.9 = 8.4 ± 3.6 fb.

(stat.)(syst.)

(25)

The predicted values are 19.9± 3.3 fb and 7.3± 1.8 fb, respectively.

X. CONCLUSIONS

The decay H!WW ⇤ ! `⌫`⌫ has been observed with a significance of 6.1 standard deviations in an analysis of
ATLAS data corresponding to 25 fb�1 of integrated luminosity from

p
s=7 and 8TeV pp collisions produced by the

Large Hadron Collider at CERN. This observation confirms the predicted decay of the Higgs boson to W bosons, at
a rate consistent with that given by the Standard Model. The SM predictions are additionally supported by evidence
for VBF production in this channel, with an observed significance of 3.2 standard deviations.

https://cds.cern.ch/record/1954714
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Cross section measured

• Binning determined by available statistics
6

For γγ and ZZ
Higgs kinematics:  pTH,  |yH|   

Jet activity:  Njets, pjet1 

Spin & CP:  cos θ*

γγ only

beam thrust: τjet, ∑τjet

VBF: mjj,  pTγγjj,  ∆yjj, ∆ϕ(γγ,jj)
Jet activity: 

2D: pTH vs Njets bins: {0,1,≥2} jets, cos θ* vs pTH

|yjet1|, pTjet2, |yjet2|, HT,jets

Higgs kinematics:  pTt Njets 50 GeV threshold

Spin & CP:  ∆ϕjj

ZZ only: m34 = dilepton-mass of offshell Z

Fiducial regions: γγ only
VBF-enhanced: 
mjj >400, ∆yjj > 2.8, ∆ϕ(γγ,jj) > 2.6 

Higgs + 1 lepton: 
at least one e or µ with  
pT > 15 GeV, |η|<2.47 

Higgs + ETmiss > 80 GeV

Jet definition

jets: anti-kt R=0.4, |y|<4.4 
pT > 30 GeV
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Definition of fiducial volume
• Fiducial volume defined at truth particle level 

• Particles with a mean life time longer than: c𝜏 > 10 mm 

• Idea: apply same selection criteria as applied in the data analysis 
• Avoid model dependent extrapolation 
• “Trivial” extrapolation kept in to simplify 

definition (e.g. detector “crack”) 
• H→γγ: require the two photons from the Higgs  

to be central: |η|<2.37, and have  
pT ≿ 44 GeV and 32 GeV (see exact def. below) 
• Reco-level: also avoid barrel-endcap transition 

region: 1.37<|η|<1.52 (i.e. rely on MC for  
fraction of  MC events in this region)
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Higgs differential xsec combination 02/12/2014
michaela.queitsch-maitland@cern.ch

Combination method overview
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Combination method overview
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Fiducial acceptance
• Fiducial acceptance as a function of Higgs pT   for ggF only 

• Split into kinematic acceptance and photon isolation
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• Photon isolation requirement:  
∑ET < 14 GeV 
of particles within DR<0.4,  
mimics ATLAS photon isolation 
analysis selection 

• Note: efficiency depend on 
amount of hadronic activity 

• Kinematic acceptance: 
both photons central: |η|<2.37  
pTγγ/mγγ > 0.35 and 0.25 
• Quite stable (~61%) vs most 

variables 
• Depends on the Higgs boost 

along z-axis (rapidty)  
Fwd Higgs → fwd decay 
products H→ZZ does not apply any isolation requirements 

Kinematic acceptance ~50%
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Fiducial acceptance
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Comparing analytical ggF predictions with data
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gluon fusion
other production modes 

XH = VBF+VH+ttH

Non-perturbative correction factor 
accounting for hadronization and  

underlying event activity

ggF cross section

Kinematic acceptance for 
Higgs decay product to  

fulfil fiducial requirements
Efficiency for photons to  

fulfil particle level isolation 
(part of γγ fiducial definition 

not used for ZZ)

Branching ratio

Example for H→γγ inclusive fiducial cross section, mH = 125.4 GeV

LHC-XS: 19.15 pb 0.228%
~63% ~98% 1.00 ~4 fb

= 30.5 fb

Fiducial 
Acceptance

Fiducial 
cross section 

that’s measured 
in data

SM prediction

Note: in a differential distribution, each bin defines its own fiducial 
volume. Hence equation below holds bin-by-bin.



Comparing analytical ggF predictions with data

Our estimates of the above factors are in HEP data

… and the measurements of course

http://hepdata.cedar.ac.uk/view/ins1306615

http://hepdata.cedar.ac.uk/view/ins1306615
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Non perturbative correction
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July 23, 2014 – 08 : 23 DRAFT 329
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Figure 217: Non-perturbative correction factor comparison between di↵erent generators and di↵erent
tunes for the inclusive case.
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Figure 217: Non-perturbative correction factor comparison between di↵erent generators and di↵erent
tunes for the inclusive case.
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Figure 217: Non-perturbative correction factor comparison between di↵erent generators and di↵erent
tunes for the inclusive case.

Bin-by-bin ratio:  
“particle-level”/“parton-level” 

“parton-level”: ME+Parton-showering 

“particle-level”: adds hadronization+UE 
(and beam-breakup) 
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1. Signal extraction 2. Unfold to particle level 
      and divide by integrated  
      luminosity and bin-width

3. Plot and compare with  
     theory

a) Spit dataset into bins of variable of 
interest (here 4 Njets bins) 

b) For each bin, extract s from a s+b fit 
to the mγγ spectra 

c) Large statistical uncertainty due to 
small s/b

a) correction for detector 
effects with bin-by-bin 
unfolding 

b) convert to (“differential”) 
cross section by dividing by 
int. lumi (and bin-width) 

a) compare to particle level 
prediction - i.e. no need for 
detector simulation 

b) Can also compare with 
analytical calculations 
(parton level) but then need 
small parton→particle level  
(NP) correction

20.3 fb-1  
(±2.8%)

correction factor  
for detector effects



Higgs boson mass
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New e/γ calibration (spring 2014) 
• Calorimeter layers individually 

calibrated with µ, e and γ (A) 
• Energy response stable within 0.5% 

versus time and pileup (B) 
• Improved material description of the 

calorimeters: inactive material 
constrained to 2-10%X0 

• Precise MVA-based EM cluster 
calibration → 10% improved H→γγ 
mγγ resolution 

• Data-MC agreement within (small!) 
uncertainty after calibration (C)

(A) (B)

(C)

±0.5%

(C)

Combined Higgs mass: 125.36 ±0.37 (stat) ±0.21 (syst)

ZZ-γγ compatibility: 2.0σ 

Final ATLAS RunI Higgs mass measurement, 1406.3827

Combined Higgs mass: 125.36 ±0.37 (stat) ±0.21 (syst)

ZZ-γγ compatibility: 2.0σ 

Final ATLAS RunI Higgs mass measurement, 1406.3827

• Uncertainties:  
 
 
 

• µ from H→γγ 
 
 

• γγ-ZZ compatibility 
 
 
 

[GeV] sys stat
old 0.6 0.24

new 0.21 0.37

old new
2.5 σ 2.0 σ

old new
1.55±0.30 1.29±0.30

Calorimeter layer intercalibration Stability vs time & pileup Data vs MC & uncertainty

New CMS Combined mass: 125.03 ±0.27 (stat) ±0.15 (syst)

http://arxiv.org/abs/1406.3827
http://arxiv.org/abs/1406.3827
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Signal extraction γγ
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H � ��: photon identification and isolation

I Fine � granularity in the
strip layer to reject ⇥0

I EM shower shape to reject
fake photons from jets
� O(8000) jet rejection
85% photon e�ciency

I Longitudinal segmentation
to measure shower
direction and to improve
energy measurement

I Select isolated photons

I Excellent description of data by
MC (cross-check)

I Uncertainty on event normalization
from the isolation cut is 5%

R. Ospanov

The ATLAS calorimeters are finely 
segmented and can effectively 
distinguish between isolated 
photons and backgrounds like π0→γγ

All diphoton events  
with 3-or-more jets 

Nice Higgs resonance peak 
seen! 
Background estimated by  
smooth fit. 

Main systematics from  
photon energy resolution, 
i.e. uncertainty on width  
of the resonance peak
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Significantly better s/b  
compared to γγ 

Irreducible ZZ from MC 
Normalization from NLO 
calculation. 

Reducible background  
(jets fake one or more  
leptons) estimated from 
data in control regions 

In 8 TeV data  
34 data events in signal  
window: 118-129 GeV 
After subtracting background  
→ 25.1 signal events
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Figure 1. The diphoton invariant mass spectrum for four bins of jet multiplicity as described in the
legend. The curves show the results of the single simultaneous fit to data for all multiplicity bins,
where the Higgs boson mass is fixed to be mH = 125.4 GeV. The red line is the combined signal
and background probability distribution functions, and the dashed line shows the background-only
probability distribution function. 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.

additional bin when fitting the mjj distribution. The use of all events in each fit helps to325

constrain the systematic uncertainties from the photon energy scale and resolution.326

Figure 1 shows the result of the signal-plus-background fit to the diphoton invariant327

mass reconstructed in di↵erent jet multiplicity bins. The di↵erence in the extracted signal328

yield between fixing the Higgs boson mass and allowing it to float in the fit is 3.2% in the329

baseline fiducial region, with the largest e↵ect being 16% for N
jets

= 1. These di↵erences330

are smaller than statistical uncertainties in the fit itself for all the results presented in this331

paper. The total number of selected diphoton events in each fiducial region, the extracted332

signal yields and the expected yields from simulation are presented in table 1.333

The cross section, �i, in a given fiducial region (or bin of a di↵erential distribution) is334
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Figure 1. The diphoton invariant mass spectrum for four bins of jet multiplicity as described in the
legend. The curves show the results of the single simultaneous fit to data for all multiplicity bins,
where the Higgs boson mass is fixed to be mH = 125.4 GeV. The red line is the combined signal
and background probability distribution functions, and the dashed line shows the background-only
probability distribution function. 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.
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constrain the systematic uncertainties from the photon energy scale and resolution.326
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yield between fixing the Higgs boson mass and allowing it to float in the fit is 3.2% in the329

baseline fiducial region, with the largest e↵ect being 16% for N
jets

= 1. These di↵erences330

are smaller than statistical uncertainties in the fit itself for all the results presented in this331

paper. The total number of selected diphoton events in each fiducial region, the extracted332

signal yields and the expected yields from simulation are presented in table 1.333
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aka unfolding

Comparison between fitted data and expected yields at reconstructed level1074
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Figure 18. Extracted signal yields compared with predictions from Powheg at reconstructed
level for p��
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(a) and N
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(b).

Correction factors for detector e↵ects1075
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Figure 19. Bin-by-bin correction factors for detector e↵ects for p��
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(a) and N
jets

(b).
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Defined as Nreconstructed / Nparticle-level in each bin 

Driven by photon reconstruction efficiency:  
~80% per photon → 64% probability that both photons get reconstructed 

Also account for bin-migration. 
→ Very small effect for photon/lepton defined variables 
→ Sizeable for jet-based observables due to JES/JER and pileup  
    (see larger to the right) 
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Figure 21. Reconstructed to particle level response matrices for the diphoton p
T

(a), rapidity
(b), |cos ✓⇤| (c), the azimuthal angle between the leading two jets (d), their invariant mass (e), and
the azimuthal angle between the dijet and diphoton system (f). For each reconstructed level bin,
the fraction of events in the di↵erent truth bins are given.
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Reconstructed to particle level response matrices1076
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Figure 20. Reconstructed to particle level response matrices for the jet multiplicity with the
default 30 GeV (a), and a 50 GeV (b), p

T

threshold, the leading jet p
T

(c) and rapidity (d), and
the second jet p

T

(e) and the scalar p
T

sum of all jets (f). For each reconstructed level bin, the
fraction of events in the di↵erent truth bins are given.
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Similar for ZZ: higher reconstruction efficiency per lepton 
but there are 4 of them, hence slightly larger overall  
correction for dector effects
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Source Uncertainty on fiducial cross section (%)

Baseline N
jets

� 1 N
jets

� 2 N
jets

� 3 VBF-

enhanced

Signal extraction (stat.) ±22 ±25 ±30 ±33 ±34

Signal extraction (syst.) ±6.5 ±7.4 ±7.1 ±6.5 ±9.0

Photon e�ciency ±1.5 ±2.1 ±3.1 ±4.2 ±2.3

Jet energy scale/resolution - +6.2
�5.8

+11

�10

+15

�13

+12

�11

JVF/pileup-jet - ±1.3 ±2.2 ±3.3 ±0.5

Theoretical modelling +3.3
�1.0

+5.0
�2.6 ±4.1 +6.3

�4.9
+2.2
�3.2

Luminosity ±2.8 ±2.8 ±2.8 ±2.8 ±2.8

Table 2. Uncertainties, expressed as percentages, on the cross sections measured in the baseline,
N

jets

� 1, N
jets

� 2, N
jets

� 3 and VBF-enhanced fiducial regions. The signal extraction system-
atic uncertainty contains the e↵ect of the photon energy scale and resolution, the impact of the
background modelling on the signal yield and the uncertainty in the fitted peak position from the
chosen background parameterisation.
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Figure 2. The e↵ect of systematic uncertainties associated with the signal extraction, the correction
for detector e↵ects (experimental and theoretical modelling) and the luminosity on the di↵erential
cross section as a function of (a) |y�� | and (b) N

jets

. The statistical uncertainty associated with the
signal extraction is also shown as a grey band.

scale and resolution uncertainties become increasingly important for high jet multiplicities477

and in the VBF-enhanced phase space.478

7 Limit setting in the absence of a signal479

The extracted signal yields in the single-lepton and high-Emiss

T

fiducial regions are consistent480

with zero and the data are used to place limits on the fiducial cross section in these481

regions. For each measurement the data are split into two categories, one of which contains482

those events that satisfy the baseline selection and are in the specified fiducial region and483

one that contains those events that are not. The diphoton spectrum in both categories484
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Completely dominated by the statistical uncertainty.  
This picture will change in Run II… 

Now. Let’s jump to the results!



H→γγ fiducial cross sections

23

30.5 fb

Our measurement: 43.2 +/-9.4 +/-3.2 pb 
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Fiducial region Measured cross section (fb)

Baseline 43.2± 9.4 (stat.)+3.2
�2.9 (syst.)± 1.2 (lumi)

N
jets

� 1 21.5± 5.3 (stat.)+2.4
�2.2 (syst.)± 0.6 (lumi)

N
jets

� 2 9.2± 2.8 (stat.)+1.3
�1.2 (syst.)± 0.3 (lumi)

N
jets

� 3 4.0± 1.3 (stat.) ± 0.7 (syst.)± 0.1 (lumi)

VBF-enhanced 1.68± 0.58 (stat.)+0.24
�0.25 (syst.)± 0.05 (lumi)

N
leptons

� 1 < 0.80

Emiss

T

> 80 GeV < 0.74

Table 3. Measured cross sections in the baseline, N
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Transverse momentum
• Differential cross sections as a function of transverse 

momentum of the Higgs-like resonance compared with 
theory for the γγ (left) and ZZ (right) fiducial regions

Consistent with SM theory predictions 
p-values 0.09-0.12 (γγ) 0.16-0.30 (ZZ)

25



Jet multiplicity

26

• Number of jets (anti-kt  R = 0.4) with pT > 30 GeV and |y|<4.4 produced  
in association with the Higgs-like resonance 

• ≥3 jets bin for ZZ only contain 1 event

Consistent with SM theory predictions 
p-values 0.30-0.42 (γγ) 0.28-0.37 (ZZ)



Dag Gillberg (CERN) 2014-12-07Higgs cross section measurements

Higgs pT in bins of Njets
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Figure 14. Di↵erential distributions for pp ! H ! �� as a function of (a) |cos ✓⇤| separately for
p��
T

< 80 GeV (green) and 80 < p��
T

< 200 GeV (blue), and (b) versus p��
T

separately for N
jets

= 0
(green), N

jets

= 1 (blue) and N
jets

� 2 (red). For (c) the di↵erential distribution is shown for pj1
T

for events with N
jets

= 1. The data and theoretical predictions for pj1
T

are presented the same way
as in figure 10, although the SM prediction is now constructed using the Minlo HJ prediction for
gluon fusion and the default MC samples for the other production mechanisms. The Minlo HJ

prediction is normalised to the LHC-XS prediction using a K-factor of K
ggF

= 1.54.
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Leading jet pT

28

Consistent with SM theory predictions 
p-values 0.79-0.84 (γγ) 0.26-0.33 (ZZ)

• Transverse momentum of the leading jet produced in association  
with the Higgs boson (anti-kt  R = 0.4, |y|<4.4) 

• The first bin contains the events with no jet with pT > 30 GeV
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Higgs rapidity
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Figure 4. The di↵erential cross section for pp ! H ! �� as a function of (a) the diphoton
transverse momentum, p��

T

, and (b) the absolute rapidity of the diphoton system, |y�� |. The data
are shown as filled (black) circles. The vertical error bar on each data point represents the total
uncertainty in the measured cross section and the shaded (grey) band is the systematic component.
The SM prediction, defined using the Hres prediction for gluon fusion and the default MC samples
for the other production mechanisms, is presented as a hatched (blue) band, with the depth of
the band reflecting the total theoretical uncertainty (see text for details). The small contribution
from VBF, V H and tt̄H is also shown separately as a dashed (green) line and denoted by XH.
The Hres predictions are normalised to the total LHC-XS cross section [56] using a K-factor of
K

ggF

= 1.15.

for gluon fusion. The inclusion of all production mechanisms is expected to reduce the jet668

veto e�ciency by approximately 0.06, bringing the theoretical prediction into even better669

agreement with the data.670

Figures 6(a) and 6(b) show the di↵erential cross section as a function of the leading671

jet’s transverse momentum and rapidity, respectively. Figure 6(c) shows the di↵erential672

cross section as a function ofH
T

. The shape of all these distributions are in good agreement673

with the prediction provided by Minlo HJ for gluon fusion and the default MC samples674

for the other production mechanisms. Figure 6(d) shows the di↵erential cross section as a675

function of the subleading jet transverse momentum, the shape of which is satisfactorily676

described by the theoretical predictions provided by Minlo HJJ for gluon fusion and the677

default MC samples for the other production mechanisms. The Minlo HJJ prediction is678

normalised to the LHC-XS prediction using a K-factor of K
ggF

= 1.10.679

The di↵erential cross sections as a function of the dijet rapidity separation, |�yjj |,680

and the azimuthal angle between the diphoton and dijet system, |����,jj |, for events681

containing two or more jets, are shown in figure 7. These are standard variables used to682

discriminate between gluon fusion and vector-boson fusion production of the Higgs boson683
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Spin-CP: cos θ*
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Figure 8. The di↵erential cross section as a function of (a) the cosine of the photon decay angle
in the Collins–Soper frame, |cos ✓⇤|, and (b) the azimuthal angle between the highest transverse
momentum jets in events containing two or more jets, |��jj |. The data and theoretical predictions
are presented the same way as in figure 4, although the SM prediction in (b) is now defined using
the Minlo HJJ prediction for gluon fusion and the default MC samples for the other production
mechanisms. The Hres and Minlo HJJ predictions are normalised to the LHC-XS prediction
using K-factors of K

ggF

= 1.15 and K
ggF

= 1.10, respectively.

generators presented in section 4. The uncertainty in this prediction includes scale and721

PDF uncertainties for the gluon fusion and VBF components, plus an added uncertainty722

for gluon fusion which is derived from the envelope of predictions obtained fromMinlo HJ,723

Minlo HJJ and Sherpa. The SM prediction is in agreement with the data.724

Figure 9 shows the first and second moments of each di↵erential distribution compared725

to a variety of theoretical predictions obtained from the MC event generators. In general,726

the event generator predictions are in good agreement with the data. The increased jet727

activity and harder jet transverse momentum spectra suggest that there is more quark and728

gluon radiation in the data than in the theoretical predictions. However, the variables are729

correlated so this increase is not significant. The theoretical modelling is further explored730

for each of the di↵erential distributions by performing a �2 comparison with data in table731

5. There is satisfactory agreement, within statistical uncertainties, between theory and732

data for all �2 tests.733

The results presented in this section are published in HEPDATA [109], with a complete734

breakdown of the uncertainties and their correlations, and a RIVET analysis routine is735

provided [110]. The di↵erential cross sections as a function of other variables have also been736

measured and are documented in appendix A and in HEPDATA. Each of these additional737

variables shows a high degree of correlation with the variables presented in this section.738
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VBF variables
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Figure 7. The di↵erential cross section for pp ! H ! �� as a function of (a) the dijet rapidity
separation, |�yjj |, and (b) the azimuthal angle between the dijet and diphoton systems presented
as |⇡ �����,jj |. The data and theoretical predictions are presented the same way as in figure 4,
although the SM prediction is now defined using the Minlo HJJ prediction for gluon fusion and
the default MC samples for the other production mechanisms. The Minlo HJJ prediction is
normalised to the LHC-XS prediction using a K-factor of K

ggF

= 1.10.

area parameter for double parton scattering measured in W +2 jet events at ATLAS [108].704

The azimuthal angle between the jets is sensitive to the charge conjugation and parity705

properties of the Higgs boson interactions. For example, in gluon fusion, a CP-even coupling706

has a dip at ⇡/2 and peaks at 0 and ⇡, whereas a purely CP-odd coupling would present as a707

peak at ⇡/2 and dips at 0 and ⇡ [19, 20]. For VBF, the SM prediction is approximately flat708

with a slight rise towards |��jj | = ⇡ [18]. Any additional anomalous CP-even or CP-odd709

contribution to the interaction between the Higgs boson and weak bosons would manifest710

itself as an additional oscillatory component, and any interference between the SM and711

anomalous couplings can produce distributions peaked at either |��jj | = 0 or |��jj | = ⇡712

[18]. The shape of the distribution is therefore sensitive to the relative contribution of713

gluon fusion and vector-boson fusion, as well as the tensor structure of the interactions714

between the Higgs boson and gluons or weak bosons. To further quantify the structure of715

the azimuthal angle between the two jets, an asymmetry is defined as716

A
�� =

�(|��| < ⇡
3

)� �(⇡
3

< |��| < 2⇡
3

) + �(|��| > 2⇡
3

)

�(|��| < ⇡
3

) + �(⇡
3

< |��| < 2⇡
3

) + �(|��| > 2⇡
3

)
(10.1)

which is motivated by a similar variable presented elsewhere [20]. The measured asymme-717

try in data is A
�� = 0.72+0.23

�0.29 (stat.)
+0.01
�0.02 (syst.). This can be compared to the Standard718

Model prediction of ASM

�� = 0.43 ± 0.02, which is constructed from the Minlo HJJ pre-719

diction for gluon fusion and the standard VBF, V H and tt̄H predictions using the event720
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MC/data ratio of mean and mode of  
differential distributions

33



Summary

• Presented ATLAS 8 TeV γγ and ZZ differential measurements 
• Can be directly compared with theory predictions: now and in the future 
• (γγ, ZZ soon) Available in HEPdata and + dedicated Rivet routine 
• Statistical uncertainty dominant. Expect about equal statistical precision 

with full 2015 dataset (10 fb-1 @ 13 TeV). By the end of Run II expect  
100 fb-1 and x3 smaller uncertainties  

• γγ and ZZ use the same bin edges, and can be combined if one adjust for 
the channel dependent a) branching ratio and b) the fiducial acceptance 

• Can use measurements to constrain theory, see talk by … 
• Happy birthday Florian!

34
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Scalar pT sum and second jet pT
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Figure 6. The di↵erential cross section for pp ! H ! �� as a function of (a) the leading jet
transverse momentum, pj1

T

, (b) the leading jet absolute rapidity, |yj1 |, (c) the scalar sum of jet
transverse momenta, H

T

, and (d) the subleading jet transverse momentum, pj2
T

. The first bin in
(a) and (c) represent 0-jet events that do not contain an additional jet with p

T

> 30 GeV. Similarly
the first bin in (d) represents 1-jet events that do not contain an additional jet. The data and
theoretical predictions are presented the same way as in figure 4, although the SM prediction is
now constructed using the Minlo HJ (or Minlo HJJ) prediction for gluon fusion and the default
MC samples for the other production mechanisms. The Minlo HJ and Minlo HJJ predictions are
normalised to the LHC-XS prediction using K-factors of K

ggF

= 1.54 and K
ggF

= 1.10, respectively.
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Leading jet rapidity, Njets(pT>50)
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Figure 6. The di↵erential cross section for pp ! H ! �� as a function of (a) the leading jet
transverse momentum, pj1

T

, (b) the leading jet absolute rapidity, |yj1 |, (c) the scalar sum of jet
transverse momenta, H

T

, and (d) the subleading jet transverse momentum, pj2
T

. The first bin in
(a) and (c) represent 0-jet events that do not contain an additional jet with p

T

> 30 GeV. Similarly
the first bin in (d) represents 1-jet events that do not contain an additional jet. The data and
theoretical predictions are presented the same way as in figure 4, although the SM prediction is
now constructed using the Minlo HJ (or Minlo HJJ) prediction for gluon fusion and the default
MC samples for the other production mechanisms. The Minlo HJ and Minlo HJJ predictions are
normalised to the LHC-XS prediction using K-factors of K

ggF

= 1.54 and K
ggF

= 1.10, respectively.
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Figure 5. The di↵erential cross section for pp ! H ! �� as a function of (a) the jet multiplicity for
pjet
T

> 30 GeV and (b) the jet multiplicity for pjet
T

> 50 GeV. The data and theoretical predictions
are presented the same way as in figure 4, although the SM prediction is now constructed using
the Minlo HJ prediction for gluon fusion and the default MC samples for the other production
mechanisms. The Minlo HJ prediction is normalised to the LHC-XS prediction using a K-factor
of K

ggF

= 1.54.

at the LHC [14]. The data are compared to the SM prediction provided by Minlo HJJ684

for gluon fusion and the default MC samples for the other production mechanisms. The685

shape of the SM prediction is in satisfactory agreement with the data.686

The di↵erential cross section as a function of the cosine of the photon decay angle in the687

Collins–Soper frame, |cos ✓⇤|, is shown in figure 8(a). This distribution is sensitive to the688

spin of the Higgs boson. The data are compatible with the results of earlier dedicated spin689

studies [11], where the signal yields were extracted under the assumption of a particular690

spin hypothesis and not corrected for detector e↵ects. The data are compared to the SM691

prediction defined using the Hres prediction for gluon fusion and the default MC samples692

for the other production mechanisms. The SM prediction is in good agreement with the693

data.694

The di↵erential cross section as a function of the azimuthal angle between the jets in695

events containing two or more jets is shown in figure 8(b). The data are compared to the696

SM prediction defined using theMinlo HJJ prediction for gluon fusion and the default MC697

samples for the other production mechanisms. There is an upward deviation in data with698

respect to the SM prediction in the bin at |��jj | ⇠ ⇡, with an associated significance of699

2.3�. This deviation remains present if the azimuthal angle between the jets is constructed700

using only central jets (|y| < 2.4) with an increased JVF cut, which suggests that pileup is701

not responsible for the additional back-to-back jets. Similarly, the contribution of double702

parton scattering to H+2 jet production was estimated to be just 1.3%, using the e↵ective703
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Figure 11. The di↵erential cross section for pp ! H ! �� as a function of (a) ⌧
1

and (b)
P

i ⌧i
measured in the baseline fiducial region. The data and theoretical predictions are presented the
same way as in figure 10, although the SM prediction is now constructed using the Minlo HJ

prediction for gluon fusion and the default MC samples for the other production mechanisms. The
first bin of these distributions contains the events for which no jet fullfils the ⌧ > 8 GeV and
p
T

> 25 GeV requirements. The Minlo HJ prediction is normalised to the LHC-XS prediction
using a K-factor of K

ggF

= 1.54

Measurements of four additional variables are presented in figure 12: the third-leading785

jet transverse momentum pj3
T

; the sub-leading jet rapidity, |yj2 |; the dijet invariant mass786

mjj , and the transverse momentum of the diphoton–dijet system p
T,��jj.787

Figure 13 shows the first and second moments of each of the additional di↵erential788

distributions. The data are compared to a variety of theoretical predictions obtained from789

the MC event generators. In general, the event generator predictions are in good agreement790

with the data, which is further quantified by a �2 comparison presented in table 6.791
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A Additional unfolded di↵erential cross sections772

This appendix presents measurements of di↵erential cross sections as a function of eight773

additional variables that are compared with theoretical predictions.774

Figure 10 shows the di↵erential cross section as a function of p��
Tt

, defined as the mag-775

nitude of the transverse momentum of the diphoton system perpendicular to the diphoton776

thrust axis [14], as well as the rapidity separation between the two photons |�y�� |.777

Figure 11 presents measurements of the beam-thrust-like variables ⌧
1

and
P

i ⌧i. For778

a given jet, ⌧ is defined by779

⌧ =
m

T

2 cosh y⇤
, y⇤ = y � y�� , m

T

=
q
p2
T

+m2, (A.1)

where y is the jet rapidity and m is the jet mass. The variable ⌧
1

refers to the highest-⌧780

jet, and
P

i ⌧i is the scalar sum of ⌧ for all jets with ⌧ > 8 GeV, analogous to pj1
T

and H
T

,781

respectively. For large jet rapidities, ⌧ corresponds to the small light-cone component of782

the jet, p+
jet

= E
jet

� |pz,jet|, while the sum is closely analogous to the beam-thrust global783

event shape [111] (both measured in the diphoton rest frame).784
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Figure 10. The di↵erential cross section for pp ! H ! �� as a function of (a) p��
Tt

and (b) |�y�� |.
The data are shown as filled (black) circles. The vertical error bar on each data point represents
the total uncertainty in the measured cross section, and the shaded (grey) band is the systematic
uncertainty component. The SM prediction, defined using the Hres prediction for gluon fusion
and the default MC samples for the other production mechanisms, is presented as a hatched (blue)
band (see text for details). The small contribution from VBF, V H and tt̄H is also shown separately
as a dashed (green) line and denoted as XH. The Hres predictions are normalised to the total
LHC-XS cross section [56] using a K-factor of K

ggF

= 1.15.
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Figure 12. The di↵erential cross section for pp ! H ! �� as a function of (a) the subleading
jet rapidity |yj2 |, (b) the third-leading jet transverse momentum pj3

T

, (c) the dijet invariant mass
mjj , and (d) the transverse momentum of the diphoton–dijet system p

T,��jj. All variables are

defined in the subset of the data containing two or more jets. The first bin of the pj3
T

contains
events with two jets with p

T

> 30 GeV, but no third jet above this p
T

threshold. The data and
theoretical predictions are presented the same way as in figure 10, although the SM prediction is
now constructed using the Minlo HJJ prediction for gluon fusion and the default MC samples
for the other production mechanisms. The Minlo HJJ prediction is normalised to the LHC-XS
prediction using a K-factor of K

ggF

= 1.10.
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Figure 12. The di↵erential cross section for pp ! H ! �� as a function of (a) the subleading
jet rapidity |yj2 |, (b) the third-leading jet transverse momentum pj3

T

, (c) the dijet invariant mass
mjj , and (d) the transverse momentum of the diphoton–dijet system p

T,��jj. All variables are

defined in the subset of the data containing two or more jets. The first bin of the pj3
T

contains
events with two jets with p

T

> 30 GeV, but no third jet above this p
T

threshold. The data and
theoretical predictions are presented the same way as in figure 10, although the SM prediction is
now constructed using the Minlo HJJ prediction for gluon fusion and the default MC samples
for the other production mechanisms. The Minlo HJJ prediction is normalised to the LHC-XS
prediction using a K-factor of K

ggF

= 1.10.
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Figure 14. Di↵erential distributions for pp ! H ! �� as a function of (a) |cos ✓⇤| separately for
p��
T

< 80 GeV (green) and 80 < p��
T

< 200 GeV (blue), and (b) versus p��
T

separately for N
jets

= 0
(green), N

jets

= 1 (blue) and N
jets

� 2 (red). For (c) the di↵erential distribution is shown for pj1
T

for events with N
jets

= 1. The data and theoretical predictions for pj1
T

are presented the same way
as in figure 10, although the SM prediction is now constructed using the Minlo HJ prediction for
gluon fusion and the default MC samples for the other production mechanisms. The Minlo HJ

prediction is normalised to the LHC-XS prediction using a K-factor of K
ggF

= 1.54.
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Figure 14. Di↵erential distributions for pp ! H ! �� as a function of (a) |cos ✓⇤| separately for
p��
T

< 80 GeV (green) and 80 < p��
T

< 200 GeV (blue), and (b) versus p��
T

separately for N
jets

= 0
(green), N

jets

= 1 (blue) and N
jets

� 2 (red). For (c) the di↵erential distribution is shown for pj1
T

for events with N
jets

= 1. The data and theoretical predictions for pj1
T

are presented the same way
as in figure 10, although the SM prediction is now constructed using the Minlo HJ prediction for
gluon fusion and the default MC samples for the other production mechanisms. The Minlo HJ

prediction is normalised to the LHC-XS prediction using a K-factor of K
ggF

= 1.54.
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• Measurement of fiducial and differential cross sections are corrected for detector effects 
and designed to be as model independent as possible 

• Corrected measured distributions can be  
• direct comparison with theory (without the need of detector simulation) 
• used to probe a variety of physics:  fiducial cross section; kinematic properties; QCD; 

associated jet activity; spin/CP; BSM Higgs scenarios …  
• Fiducial definitions chosen to closely replicate analysis  

selection to minimize model dependence: 

• H→γγ inclusive cross section:  nsig = 570±130, ci = 0.65±0.02: 

• H→ZZ inclusive cross section: 

Fiducial differential cross sections

41

H→γγ   two isolated photons: 
• pTγ1 / mγγ > 0.35,   pTγ2 / mγγ > 0.25 
• |η|<2.37 
• isolation criteria: 

ET < 14 GeV of particles in ΔR<0.4

H→ZZ   4e, 4µ or eeµµ 
• e: pT > 7 GeV, |η|<2.47 
• µ: pT > 6 GeV, |η|<2.7

differential cross section of bin i number of extracted 
signal events 

20.3 fb-1 (±2.8%)correction factor  
for detector effects

bin width



Example mγγ spectra for an Njets bin

42
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baseline dFG ABNY STWZ dFMMV BBFMR BBFMR

 [p
b]

gg
F

σ

35

40

45

50

55

60

NNLO
F.O.

NNLO
NNLL

2πNNLO+
NNLL'

2πNNLO+
F.O.

LO3part. N
F.O.

LO3part. N
F.O.

LO3part. N
LL'3N

Hm = 
0

µ, /2Hm = 
0

µ = 13 TeV,  sggF inclusive cross section, 
Uncertainty from largest scale-var deviation from nominal

 variation
R

µ

)Hm = 0mRun 1 HXSWG recommendation (dFG 

 = 13 TeVs = 125 GeV  Hm
No EW correction, infinite top-mass approximation

 = 0.1171sαMSTW2008nnlo68cl, 

ggF inclusive cross sections



Dag Gillberg (CERN) 2014-12-07Higgs cross section measurements 45

baseline dFG ABNY STWZ dFMMV BBFMR BBFMR
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