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The Higgs @ LHC
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Standard#Higgs#Decay#Modes#

- Dominant: bb  (57%) 

- ττ channel  (6.3%) 

- γγ channel  (0.2%) 

- WW channel  (22%) 

- ZZ channel  (3%) 

- µµ channel  (0.02%) 

- cc channel  (3%) 

Extremely difficult 

- Zγ channel  (0.2%) 
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Z to e or µ  (~3.4 %) 

W to e or µ  (~11 %) 

Higgs production at the LHC
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Higgs production at the LHC
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 H (NNLO+NNLL QCD + NLO EW)→pp 

H (NNLO QCD + NLO EW)q q→pp 
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H (NLO QCD)t t→pp 

 = 8 TeVs

8 TeV pp collisions

~500k Higgs bosons  
produced at the LHC

~19 pb ~1.6 pb

~1.1 pb ~0.13 pb
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Higgs production at the LHC
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Only one in ~1010 events will 
be a Higgs boson at the LHC = 8 TeVsLHC at 
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~19 pb ~1.6 pb

~1.1 pb ~0.13 pb

• ~500K Higgs bosons produced in the ATLAS detector


• only one in ~1010 events will be a Higgs boson.

(87%) (7%)

(5%) (1%)

W*,Z*

W*,Z*

S. Donato (UZH) SM Higgs boson 2

Introduction
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Swagato Banerjee !3

Higgs boson properties
Primary  
signature

W, Z

top+anti-top

Just 
H → bb

Production mode

• Huge multi-jet background 

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

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

• Large multi-jet background

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

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

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

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

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

• But gives access also to top quark coupling!

2 VBF jets 
(+ γ)

Where to look for H → bb at the LHC 

13

Production Modes 
(rates @ 13 TeV)

Decay Modes

Alexander Tuna 4

Higgs at the LHC

many detectable productions many detectable decays

Rich experimental signature: lots to explore
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Tamara	Vázquez	Schröder

Higgs production modes: reminder
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 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

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

→pp 

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

→pp 

gluon fusion 
(ggF)

vector boson 
 fusion (VBF)

W, Z associated 
production (VH)

top associated 
 production (tt̄H)

Run-1 Run-2

3.9
2.1
2.0

2.4

2.3

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

~4  
(missing WtH)

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

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

especially for tt̄H and tH

Run2Run1 Run2
Run1Run-1 Run-2 Run-2/1

~48.6 pb (88%) ~3.8 pb (7%)

~2.3 pb (4%) ~0.5 pb (1%)
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Production process Measured significance (σ) Expected significance (σ)

VBF 5.4 4.6

WH 2.4 2.7

ZH 2.3 2.9

V H 3.5 4.2

ttH 4.4 2.0

Decay channel

H → ττ 5.5 5.0

H → bb 2.6 3.7

Table 14. Measured and expected significances for the observation of Higgs boson production pro-
cesses and decay channels for the combination of ATLAS and CMS. Not included are the ggF pro-
duction process and the H → ZZ, H → WW , and H → γγ decay channels, which have already
been clearly observed. All results are obtained constraining the decay branching fractions to their
SM values when considering the production processes, and constraining the production cross sec-
tions to their SM values when studying the decays.

Figure 14 shows the 68% CL region for the ten-parameter fit of the five decay channels

included in the combination of the ATLAS and CMS measurements. These results are ob-

tained by combining the
√
s = 7 and 8TeV data, assuming that µf

F and µf
V are the same at

the two energies. The SM predictions of µf
F = 1 and µf

V = 1 lie within the 68% CL regions

of all these measurements. Combinations of these regions would require assumptions about

the branching fractions and are therefore not performed. Table 15 reports the best fit val-

ues and the total uncertainties for all the parameters of the fits, together with the expected

uncertainties for the combination of ATLAS and CMS. The p-values of the compatibility

between the data and the SM predictions are 90% and 75% for the ten-parameter and

six-parameter fits, respectively. The six-parameter fit, without any additional assumptions

about the Higgs boson branching fractions, yields: µV /µF = 1.09+0.36
−0.28, in agreement with

the SM.

– 37 –

The Legacy of Run-1

The first measurement of Higgs properties: 
No significant deviation from SM. 3

Higgs discovery
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Swagato Banerjee !2

A brief history of time
1964:   

BEH mechanism and its scalar boson 
to give mass to all elementary particles

Nobel Prize in Physics 2013:   
François Englert and Peter W. Higgs

2012:  
Discovery of Higgs boson  

with a mass of about 125 GeV  
using up to 10 fb-1 of data  

at √s = 7, 8 TeV by ATLAS & CMS 

Higgs at the LHC

21

one Higgs boson 
in ~1010 events

predictions. Assuming that the negative log-likelihood ratio
−2 lnΛðμ; mHÞ is distributed as a χ2 variable with two
degrees of freedom, the 68% confidence level (C.L.)
confidence regions are shown in Fig. 4 for each individual
measurement, as well as for the combined result.
In summary, a combined measurement of the Higgs

boson mass is performed in theH→ γγ andH → ZZ → 4l
channels using the LHC Run 1 data sets of the ATLAS

and CMS experiments, with minimal reliance on the
assumption that the Higgs boson behaves as predicted
by the SM.
The result is

mH ¼ 125.09$ 0.24 GeV

¼ 125.09$ 0.21 ðstatÞ $ 0.11 ðsystÞ GeV; ð9Þ

where the total uncertainty is dominated by the statistical
term, with the systematic uncertainty dominated by effects
related to the photon, electron, and muon energy or
momentum scales and resolutions. Compatibility tests are
performed to ascertain whether the measurements are
consistent with each other, both between the different decay
channels and between the two experiments. All tests on
the combined results indicate consistency of the different
measurements within 1σ, while the four Higgs boson mass
measurements in the two channels of the two experiments
agree within 2σ. The combined measurement of the Higgs
boson mass improves upon the results from the individual
experiments and is the most precise measurement to date of
this fundamental parameter of the newly discovered particle.

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS and CMS could not be operated
efficiently. We acknowledge the support of ANPCyT
(Argentina); YerPhI (Armenia); ARC (Australia);
BMWFW and FWF (Austria); ANAS (Azerbaijan);
SSTC (Belarus); FNRS and FWO (Belgium); CNPq,
CAPES, FAPERJ, and FAPESP (Brazil); MES
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FIG. 3 (color online). The impacts δmH (see text) of the nuisance parameter groups in Table I on the ATLAS (left), CMS (center), and
combined (right) mass measurement uncertainty. The observed (expected) results are shown by the solid (empty) bars.
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PRL 114, 191803 (2015) P HY S I CA L R EV I EW LE T T ER S week ending
15 MAY 2015

191803-7

±0.2%

±10%
from dedicated 
coupling measurements 
JHEP 08 (2016) 045

PRL 114, 191803(2015)
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How to Measure Higgs Property for Run2?

Comprehensive measurement methodologies including the new 
one of simplified template cross section measurement (STXS) 4

8

 
 

Michael Duehrssen Simplified/Template cross sections 6

What to do for run 2?
● Fiducial and differential measurements?

● Not easy and might not be possible for all channels
● Usually can't use most powerful techniques (MVAs)

● EFT analysis
● Very complex
● EFT also has model assumptions

● Would be good to find a doable compromise...

More powerful
(due to shape assumptions and use of MVAs)

Less powerful
(minimal assumptions)

Run 1-style coupling 
measurements:
μ  kappa

Simplified template 
cross sections

Fiducial/differential 
cross sections

Model independence

Analysis power
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Figure 1: Schematic overview of the simplified template cross section frame-
work.

duction modes is an essential aspect of the simplified template cross sections128

to reduce their model dependence.129

2 Guiding principles in the definition of simplified130

template cross section bins131

As outlined above, several considerations have been taken into account in132

the definition of the simplified template cross section bins.133

One important design goal is to reduce the dependence of the measure-134

ments on theoretical uncertainties in SM predictions. This has several as-135

pects. First, this requires avoiding that the measurements have to extrap-136

olate from a certain region in phase space to the full (or a larger region137

of) phase space whenever this extrapolation carries nontrivial or sizeable138

theoretical uncertainties. A example is the case where an event category139

selects an exclusive region of phase space, such as an exclusive jet bin. In140

this case, the associated theoretical uncertainties can be largely avoided in141

the measurement by defining a corresponding truth jet bin. The definition142

of the bins is preferably in terms of quantities that are directly measured by143

4

Higher collider energy
   Higher data statistics

3

Overview

• Measurement of the fiducial and 
differential cross sections in the        
H → γγ channel  

• Using 80 fb-1 of data collected 
(2015-2017) at 13 TeV centre of mass  

• Analysis uses events reconstructed 
with release 21 

• Strategy similar to the previous 
publication

Cross section measurement performed for the following  
• The inclusive fiducial region  
• Differentially for pTγγ, |yγγ| , pTj1 (Nbjet  will be shown on Monday)

ATLAS DRAFT

Table 1: List of variables included in the analysis. Here, pobject denotes the four-momentum of a given object.
Subscript T denotes the transverse components of momentum; y(object) and m(object) denote object’s rapidity and
mass.

Observable Definition
p��T or pT,�� diphoton pT, (p�1 + p�2 )T
|y�� | absolute diphoton rapidity, |y(p�1 + p�2 ) |
pj1

T leading jet pT, including the 0 jet events
Nb jets number of b-jets

1.2 Strategy141

The strategy used in this analysis is analogous to the previous
p

s = 8 TeV and
p

s = 13 TeV publications142

[1–4]. Firstly, events are chosen and objects are reconstructed as described in Section 3. The signal yield143

is extracted by fitting the invariant mass of the diphoton system, m�� as described in Section 5.3.1. This144

step requires parameterisations of the signal and background described in Section 4. The extracted yield145

is corrected for detector e�ects to obtain the particle level fiducial yield as described in Section 6. This146

step requires a definition of the particle level fiducial volume described in Section 3.2. The uncertainties147

associated with the di�erent steps of the measurement are summarised in Sections 4, 5.3.1, and 6.3.148

The fiducial volume described in Section 3.2 is chosen to closely approximate the phase space region149

sampled by the detector, whilst also being calculable by theorists. This is referred to as the inclusive150

fiducial volume. Di�erential spectra are constructed by dividing the inclusive fiducial volume into several151

bins. They allow comparison of the shapes of the events as well as their rates, thus providing further152

information with which to test theories. The choice of this binning is detailed in Section 3.3.153

The event selection for the Higgs boson in association with heavy flavour requires a lepton veto and a154

b-tag with the 70% working point and requiring pj1
T > 30 GeV. All Higgs production modes are considered155

signal processes.156

June 14, 2018 – 10:11 7



Why in H→γγ ?

5

• High photon reconstruction and identification efficiencies lead 
to a sizable Higgs signal yield


• Good photon resolution exhibits the Higgs signal a peak on top of 
a smoothing falling background


• Nice signal-background separation

Run1Higgs decays

8

H→γγ 
exp. yield ~ 450 
σ(mH) ~ 1-2% 

S/B ~ 3%

H→ZZ*(4l) 
exp. yield ~ 20 
σ(mH) ~ 1-2% 

S/B ~ 1.6

H→WW*(2l2ν) 
exp. yield ~ 500 
σ(mT,H) ~ 20% 

S/B ~ 15%

H→ττ 
exp. yield ~ 300 
σ(mH) ~ 10-20% 

S/B ~ 1-30%

H→bb 
exp. yield ~ 400 
σ(mH) ~ 10-20% 

S/B ~ 1-10%

Higgs field serves as the source of  mass generation 
in the fermion sector through the Yukawa interaction.



Di-photon Selection / Categorization

6

• Make use of event kinematics and topologies 
of diff. production modes


• Maximize the sensitivity to the regions of STXS

✦ Preselection of two leading loose photons within |η|<2.37 excluding crack region 
[1.37, 1.52]


✦ Photon candidates must be tight identification requirements + isolated (track and 
calorimeter isolation within ΔR=0.2)


✦ Leading (sub-leading) photon with pT
γ/mγγ>0.35(0.25)


✦ Diphoton mass window of 105 GeV < mγγ < 160GeV

36.1fb-1

Dedicated BDTs to separate ttH 
signal with 79.8fb-1 for discovery of 
t-Yukawa coupling 


Full update with 79.8fb-1  will be 
available  @ ICHEP



Mass measurement

7
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DRAFT

measurements, as well as various combinations, along with the LHC Run 1 result, are summarised in504

Figure 4.505

123 124 125 126 127 128
 [GeV]

H
m

Total Stat. onlyATLAS
        Total      (Stat. only)

 Run 1ATLAS + CMS  0.21) GeV± 0.24 ( ±125.09 

 CombinedRun 1+2  0.16) GeV± 0.24 ( ±124.97 

 CombinedRun 2  0.18) GeV± 0.27 ( ±124.86 

 CombinedRun 1  0.37) GeV± 0.41 ( ±125.38 

γγ→H Run 1+2  0.19) GeV± 0.35 ( ±125.32 

l4→H Run 1+2  0.30) GeV± 0.30 ( ±124.71 

γγ→H Run 2  0.21) GeV± 0.40 ( ±124.93 

l4→H Run 2  0.36) GeV± 0.37 ( ±124.79 

γγ→H Run 1  0.43) GeV± 0.51 ( ±126.02 

l4→H Run 1  0.52) GeV± 0.52 ( ±124.51 

-1 = 13 TeV, 36.1 fbs: Run 2, -1 = 7-8 TeV, 25 fbs: Run 1

Figure 4: Summary of the Higgs boson mass measurements from the individual and combined analyses performed
here, compared with the combined Run 1 measurement by ATLAS and CMS [6]. The statistical-only (horizontal
yellow-shaded bands) and total (black error bars) uncertainties are indicated. The (red) vertical line and correspond-
ing (grey) shaded column indicate the central value and the total uncertainty of the combined ATLAS Run 1 + 2
measurement, respectively.

The combination of the four ATLAS measurements using the BLUE approach as an alternative method,506

assuming two uncorrelated channels,3 is found to be mH = 124.97 ± 0.23 GeV = 124.97 ± 0.19 (stat) ±507

0.13 (syst) GeV. The splitting of the errors takes into account the relative weight of the two channels in508

the combined measurement.509

510

10 Conclusion511

The mass of the Higgs boson has been measured from a combined fit to the invariant mass spectra of512

the decay channels H ! Z Z⇤ ! 4` and H ! ��. The results are obtained from a Run 2 pp collision513

data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at a centre-of-mass514

energy of 13 TeV, corresponding to an integrated luminosity of 36.1 fb�1. The measurements are based on515

3 The combination of the two LHC run periods for each channel was used as input.
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CMS :125.26±0.21(±0.20±0.08)GeV 
            σ(mH)/mH ~ 0.17%

0.84
5.1%

◈ Dominant systematic uncertainties in γγ channel:

• Photon energy scale:    ±260MeV in “ggH 0J Cen” - 470MeV in “Jet BSM”

• Background modeling: ±60MeV

• Event vertex selection: ±40MeV


◈ ATLAS-only Combined result is comparable w.r.t. ATLAS+CMS Run-1 combination

◈ Uncertainty on coupling ~ 0.5%

JHEP 11 (2017) 047

Compatible with 12.3%

systematic uncertainties. The nuisance parameter values from the unconditional maximum-likelihood fit
are consistent with the pre-fit values within one standard deviation.

Table 1: Main sources of systematic uncertainty in the Higgs boson mass mH measured with the 4` and �� final
states using Run 1 and Run 2 data.

Source Systematic uncertainty in mH [MeV]

EM calorimeter response linearity 60
Non-ID material 55
EM calorimeter layer intercalibration 55
Z ! ee calibration 45
ID material 45
Lateral shower shape 40
Muon momentum scale 20
Conversion reconstruction 20
H ! �� background modelling 20
H ! �� vertex reconstruction 15
e/� energy resolution 15
All other systematic uncertainties 10

The probability that the mH results from the four measurements (in the 4` and �� final states, using
Run 1 or Run 2 ATLAS data) are compatible is 12.3%. The results from each of the four individual
measurements, as well as various combinations, along with the LHC Run 1 result, are summarised in
Figure 4.

The combination of the four ATLAS measurements using the BLUE approach as an alternative method,
assuming two uncorrelated channels,3 is found to be mH = 124.97 ± 0.23 GeV = 124.97 ± 0.19 (stat) ±
0.13 (syst)GeV. The splitting of the errors takes into account the relative weight of the two channels in
the combined measurement.

3 The combination of the two LHC run periods for each channel was used as input.
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Figure 12: Summary of the signal strengths measured for the di�erent production processes (ggH, VBF, VH
and top) and globally (µRun�2), compared to the global signal strength measured at 7 and 8 TeV (µRun�1) [75].
The black and orange error bars show the total and statistical uncertainties. The signal strength µRun�1 was
derived assuming the Higgs production-mode cross section based on Refs. [17, 110]. Uncertainties smaller
than 0.05 are displayed as 0.0. In the more recent theoretical predictions used in this analysis [7, 32], the
gluon–gluon fusion production-mode cross section is larger by approximately 10%. In this measurement, the
bb̄H contributions are scaled with ggH (µbbH = µggH), and the tH and tt̄H productions are measured together
(µtop = µttH+tH). Associated production with Z or W bosons is assumed to be scaled by a single signal strength
parameter (µVH = µZH = µWH).

µggH = 0.81 +0.19
�0.18 = 0.81 ± 0.16 (stat.) +0.07

�0.06 (exp.) +0.07
�0.05 (theo.)

µVBF = 2.0 +0.6
�0.5 = 2.0 ± 0.5 (stat.) +0.3

�0.2 (exp.) +0.3
�0.2 (theo.)

µVH = 0.7 +0.9
�0.8 = 0.7 ± 0.8 (stat.) +0.2

�0.2 (exp.) +0.2
�0.1 (theo.)

µtop = 0.5 +0.6
�0.6 = 0.5 +0.6

�0.5 (stat.) +0.1
�0.1 (exp.) +0.1

�0.0 (theo.)

For Higgs boson production via VH the signal strength is assumed to be scaled by a single parameter
(i.e. µVH = µZH = µWH). The bb̄H contributions are scaled with ggH (i.e. µbbH = µggH), and the tH
and tt̄H productions are measured together rather than separately (i.e. µtop = µttH+tH).

The ggH signal strength is 1 � below the Standard Model prediction, while the VBF signal strength
is 2.2 � above the prediction. The expected and observed significances Z0 of VBF production are
reported in Table 7: the significance of the observed VBF signal is close to 5 �.

Since no significant evidence is observed for VH and top-associated Higgs boson production, upper
limits at 95% CL are reported for their signal strengths, as shown in Table 8 and Figure 13. The accuracy

42

Signal strength

•    mH=125.09GeV (ATLAS+CMS Run1 combination)


• The global signal strength measurement improves on the Run1 precision 
with a factor of 2.

8
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Figure 11: Summary of the signal strengths measured for the di↵erent production processes (ggH, VBF, VH and
tt̄H + tH) and globally (µRun�2), compared to the global signal strength measured at 7 and 8 TeV (µRun�1) [76].
The black (red) error bar shows the total (statistical) uncertainty. The µRun�1 was derived assuming the Higgs
production cross section based on Ref. [19, 100]. In the more recent theoretical predictions used in this analysis [10,
34], the gluon fusion production cross section is larger by approximately 10%. In this measurement, the bb̄H
contributions are scaled with ggH (µbbH = µggH), and the sum of tH and tt̄H productions are measured together
(µtop = µttH+tH). Associated production with Z or W bosons is assumed to be a↵ected by a single signal strength
parameter (µVH = µZH = µWH).

Table 7: Expected and observed local significances of the VBF, VH and top-quark associated production mode
signal strengths.

Measurement Exp. Z0 Obs. Z0
µVBF 2.6 � 4.9 �
µVH 1.4 � 0.8 �
µtop 1.8 � 1.0 �

37

Table 7: Expected and observed significances of the VBF, VH and top quark associated production mode signal
strengths.

Measurement Exp. Z0 Obs. Z0

µVBF 2.6 � 4.9 �
µVH 1.4 � 0.8 �
µtop 1.8 � 1.0 �

Table 8: Observed and expected upper limits at 95% CL on the signal strengths µVH and µtop. The median
expected limits are given for either the case when the true value of the signal strength under study is the SM
value (µi = 1) or zero. The ±1 � and ±2 � intervals for the expected upper limit in the case µi = 0 are also
reported.

Measurement Observed Exp. Limit Exp. Limit +2� +1� �1� �2�
(µi = 1) (µi = 0)

µVH 2.3 2.5 1.5 3.1 2.2 1.1 0.8
µtop 1.7 2.3 1.2 2.6 1.8 0.9 0.6

Upper Limits 
0 0.5 1 1.5 2 2.5 3 3.5

top
μ

VH
μ

ATLAS
-1 = 13 TeV, 36.1 fbs

 1 ±=0) 
i

μExpected (
 2 ±=0) 

i
μExpected (

=1)
i

μSM Expected (
Observed = 125.09 GeV Hm,γγ→H

Figure 13: Summary of asymptotic limits for the signal strengths of the associated production processes (VH
and top).

of the asymptotic approximation was validated using ensembles of pseudo-experiments. Appendix F
provides separate limits on µZH and µWH, and Appendix G.1 shows the expected uncertainties for the
inclusive and production-mode specific signal strengths reported in Figure 12.
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Production mode cross section

• The signal yield in each category c is parametrized with the cross section of each 
mode.


• Direct measurement on the production mode cross section, as well as rate 
parametrization to cancel out the impact of the possible branching ratio derivations.
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8.2.3. Production mode cross sections996

The production mode cross sections for mH = 125.09 ± 0.24 GeV in a fiducial Higgs boson rapidity997

region |yH | < 2.5, multiplied by the branching ratio of the Higgs boson decay to diphotons, are evaluated998

in the following way. The fitted value of �top corresponds to the sum of tt̄H, tHqb̄, and tHW production999

mode cross sections under the assumption that their relative ratios are as predicted by the SM. The VH1000

production mode cross section value is fit under the assumption that the ratio of the WH and ZH produc-1001

tion mode cross sections is as predicted by the SM and includes both production from quark and gluon1002

initial states. Such results are obtained through signal+background fits to the diphoton invariant mass1003

distribution in each category by expressing, in the likelihood, the signal yield Nc
sig,i in each category c for1004

a particular production mode i as Nc
sig,i = L ⇥ �SM

i ⇥ BSM(H ! ��) ⇥ ✏ci using the same notation as in1005

Section 8.2.2.1006

The production mode cross sections are summarized in Figure 14 and Table 9 below5.1007

Table 9: Best-fit values and uncertainties of the production mode cross sections times branching ratio. The SM
predictions [7] are shown for each production process.

Process Result Uncertainty [fb] SM prediction

(|yH | < 2.5) [fb] Total Stat. Exp. Th. [fb]

ggH 82 +19
�18

⇣
±16 +7

�6
+5
�4

⌘
102+5

�7

VBF 16 +5
�4

⇣
±4 ±2 +3

�2

⌘
8.0 ± 0.2

VH 3 ±4
⇣
+4
�3 ±1 +1

�0

⌘
4.5 ± 0.2

top 0.7 +0.9
�0.7

⇣
+0.8
�0.7

+0.2
�0.1

+0.2
�0.0

⌘
1.3 ± 0.1

The 68% and 95% CL two-dimensional contours of �ggH ⇥ B(H ! ��) and �VBF ⇥ B(H ! ��) are1008

shown in Figure 15, profiling �VH ⇥ B(H ! ��) and �top ⇥ B(H ! ��) in the fits. The SM expectation1009

of �ggH ⇥ B(H ! ��) vs �VBF ⇥ B(H ! ��) is within the 95% CL contour of this measurement.1010

To cancel out the impact of possible deviations in the H ! �� branching ratio, ratios of the production
mode cross sections with respect to the ggH cross section are also extracted. Such ratios, normalized for
convenience of presentation to the central values of their SM predictions, are6

�VBF/�ggH

(�VBF/�ggH)SM = 2.5 +1.3
�0.9 = 2.5 +1.1

�0.8 (stat.) +0.5
�0.3 (exp.) +0.5

�0.3 (theory)

�VH/�ggH

(�VH/�ggH)SM = 0.9 +1.3
�1.0 = 0.9 +1.2

�0.9 (stat.) +0.3
�0.3 (exp.) +0.2

�0.1 (theory)

�top/�ggH

(�top/�ggH)SM = 0.7 +0.8
�0.7 = 0.7 +0.8

�0.7 (stat.) +0.2
�0.1 (exp.) +0.2

�0.0 (theory)

5 Uncertainties smaller than 0.05 are displayed as 0.0.
6 The quoted theory uncertainty only accounts for the uncertainty on the acceptance. The production cross section uncertainties

are not included in the uncertainty budget.
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8.2.3. Production mode cross sections996

The production mode cross sections for mH = 125.09 ± 0.24 GeV in a fiducial Higgs boson rapidity997

region |yH | < 2.5, multiplied by the branching ratio of the Higgs boson decay to diphotons, are evaluated998

in the following way. The fitted value of �top corresponds to the sum of tt̄H, tHqb̄, and tHW production999

mode cross sections under the assumption that their relative ratios are as predicted by the SM. The VH1000

production mode cross section value is fit under the assumption that the ratio of the WH and ZH produc-1001

tion mode cross sections is as predicted by the SM and includes both production from quark and gluon1002

initial states. Such results are obtained through signal+background fits to the diphoton invariant mass1003

distribution in each category by expressing, in the likelihood, the signal yield Nc
sig,i in each category c for1004

a particular production mode i as Nc
sig,i = L ⇥ �SM

i ⇥ BSM(H ! ��) ⇥ ✏ci using the same notation as in1005

Section 8.2.2.1006

The production mode cross sections are summarized in Figure 14 and Table 9 below5.1007

Table 9: Best-fit values and uncertainties of the production mode cross sections times branching ratio. The SM
predictions [7] are shown for each production process.

Process Result Uncertainty [fb] SM prediction

(|yH | < 2.5) [fb] Total Stat. Exp. Th. [fb]

ggH 82 +19
�18

⇣
±16 +7

�6
+5
�4

⌘
102+5

�7

VBF 16 +5
�4

⇣
±4 ±2 +3

�2

⌘
8.0 ± 0.2

VH 3 ±4
⇣
+4
�3 ±1 +1

�0

⌘
4.5 ± 0.2

top 0.7 +0.9
�0.7

⇣
+0.8
�0.7

+0.2
�0.1

+0.2
�0.0

⌘
1.3 ± 0.1

The 68% and 95% CL two-dimensional contours of �ggH ⇥ B(H ! ��) and �VBF ⇥ B(H ! ��) are1008

shown in Figure 15, profiling �VH ⇥ B(H ! ��) and �top ⇥ B(H ! ��) in the fits. The SM expectation1009

of �ggH ⇥ B(H ! ��) vs �VBF ⇥ B(H ! ��) is within the 95% CL contour of this measurement.1010

To cancel out the impact of possible deviations in the H ! �� branching ratio, ratios of the production
mode cross sections with respect to the ggH cross section are also extracted. Such ratios, normalized for
convenience of presentation to the central values of their SM predictions, are6

�VBF/�ggH

(�VBF/�ggH)SM = 2.5 +1.3
�0.9 = 2.5 +1.1

�0.8 (stat.) +0.5
�0.3 (exp.) +0.5

�0.3 (theory)

�VH/�ggH

(�VH/�ggH)SM = 0.9 +1.3
�1.0 = 0.9 +1.2

�0.9 (stat.) +0.3
�0.3 (exp.) +0.2

�0.1 (theory)

�top/�ggH

(�top/�ggH)SM = 0.7 +0.8
�0.7 = 0.7 +0.8

�0.7 (stat.) +0.2
�0.1 (exp.) +0.2

�0.0 (theory)

5 Uncertainties smaller than 0.05 are displayed as 0.0.
6 The quoted theory uncertainty only accounts for the uncertainty on the acceptance. The production cross section uncertainties

are not included in the uncertainty budget.
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8.2.3 Production mode cross sections

The production mode cross sections for mH = 125.09±0.24 GeV in a fiducial Higgs boson rapidity region
|yH | < 2.5, multiplied by the branching ratio of the Higgs boson decay to diphotons, are evaluated in the
following way: The fitted value of �top corresponds to the sum of tt̄H, tHqb̄, and tHW production cross
sections under the assumption that their relative ratios are as predicted by the SM. The VH production
cross section value is fit under the assumption that the ratio of the WH and ZH production cross sections
is as predicted by the SM and includes both production from quark and gluon initial states. Such results
are obtained through signal+background fits to the diphoton invariant mass distribution in each category
by expressing, in the likelihood, the signal yield Nc

sig,i in each category c for a particular production mode
i as Nc

sig,i = L ⇥ �SM
i ⇥ BSM(H ! ��) ⇥ (A ⇥ ✏)c

i .

The production mode cross sections are summarized in Figure 13 and found to be6:

�ggH ⇥ B(H ! ��) = 82 +18
�18 fb = 82+16

�16 (stat.) +7
�6 (exp.) +5

�4 (theory) fb

�VBF ⇥ B(H ! ��) = 17 +5
�4 fb = 17 +4

�4 (stat.) +2
�2 (exp.) +2

�2 (theory) fb

�VH ⇥ B(H ! ��) = 3 +4
�4 fb = 3 +4

�3 (stat.) +1
�1 (exp.) +1

�0 (theory) fb

�top ⇥ B(H ! ��) = 0.7 +0.9
�0.7 fb = 0.7 +0.8

�0.7 (stat.) +0.2
�0.1 (exp.) +0.1

�0.0 (theory) fb

The corresponding Standard Model expectations are:

�ggH ⇥ B(H ! ��) = 102 +19
�18 fb = 102+17

�17 (stat.) +8
�6 (exp.) +4

�3 (theory) fb

�VBF ⇥ B(H ! ��) = 8 +4
�3 fb = 8 +3

�3 (stat.) +1
�1 (exp.) +1

�1 (theory) fb

�VH ⇥ B(H ! ��) = 5 +4
�3 fb = 5 +4

�3 (stat.) +1
�1 (exp.) +0

�0 (theory) fb

�top ⇥ B(H ! ��) = 1.3 +0.9
�0.8 fb = 1.3 +0.9

�0.8 (stat.) +0.2
�0.1 (exp.) +0.2

�0.1 (theory) fb

The 68% and 95% CL two-dimensional contours of �ggH ⇥ B(H ! ��) and �VBF ⇥ B(H ! ��) are
shown in Figure 14, profiling �VH ⇥ B(H ! ��) and �top ⇥ B(H ! ��) in the fits. The SM expectation
of �ggH ⇥ B(H ! ��) vs �VBF ⇥ B(H ! ��) is within the 95% CL contour of this measurement.

To cancel out the impact of possible deviations in the H ! �� branching ratio, ratios of the produc-
tion cross-sections with respect to the ggH cross-section are also extracted. Such ratios, normalised for
convenience of presentation to the central values of their SM predictions, are

�VBF/�ggH

(�VBF/�ggH)SM = 2.6 +1.3
�0.9 = 2.6 +1.1

�0.8 (stat.) +0.5
�0.3 (exp.) +0.5

�0.3 (theory)

�VH/�ggH

(�VH/�ggH)SM = 0.9 +1.3
�1.0 = 0.9 +1.2

�0.9 (stat.) +0.4
�0.3 (exp.) +0.2

�0.1 (theory)

�top/�ggH

(�top/�ggH)SM = 0.7 +0.9
�0.7 = 0.7 +0.8

�0.7 (stat.) +0.2
�0.1 (exp.) +0.2

�0.0 (theory)

6 Note that uncertainties smaller than 0.05 are displayed as 0.0.
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 B normalized to SM×σMeasured
0 0.5 1 1.5 2 2.5

top

VH

VBF

ggH

ATLAS
-1=13 TeV, 36.1 fbs

=125.09 GeV 
H

,  mγγ→ H 
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Figure 14: Summary plot of the measured production-mode cross sections times the Higgs to diphoton branching
ratio. For illustration purposes the central values have been divided by their SM expectations but no additional
theory uncertainties have been added to the uncertainty of the ratio. The uncertainties in the predicted SM cross
sections are shown in gray bands in the plot. The fitted value of �top corresponds to the sum of tt̄H, tHq, and
tHW production-mode cross sections under the assumption that their relative ratios are as predicted by the SM.
The VH production mode cross-section values are determined under the assumption that the ratio of the WH
and ZH production-mode cross sections is as predicted by the SM and includes production from both the quark
and gluon initial states. The bb̄H contributions are merged with ggH.
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κ - framework

10

❖ Assumptions: 
• Single state, spin 0 and CP-even. 
• Narrow-width approximation: 

❖ Methodology: parametrize deviations with coupling scale factors {κx}

recent phenomenological works of Refs. [318–320] which have been further extended in several direc-
tions [321–408] along the lines that are formalized in the present recommendation. While the interim
framework is not final, it has an accuracy that matches the statistical power of the datasets that the LHC
experiments have collected until the end of the 2012 LHC run and is an explicit attempt to provide a
common ground for the dialogue in the, and between the, experimental and theoretical communities.

Based on that framework, a series of benchmark parameterizations are presented in Section 10.3.
Each benchmark parameterization allows to explore specific aspects of the coupling structure of the
new state. The parameterizations have varying degrees of complexity, with the aim to cover the most
interesting possibilities that can be realistically tested with the LHC 7 and 8 TeV datasets. On the one
hand, the framework and benchmarks were designed to provide a recommendation to experiments on
how to perform coupling fits that are useful for the theory community. On the other hand the theory
community can prepare for results based on the framework discussed in this document.

10.2.1 Idea and underlying assumptions
The idea behind this framework is that all deviations from the SM are computed assuming that there is
only one underlying state at ∼ 125 GeV. It is assumed that this state is a Higgs boson, i.e. the excitation
of a field whose vacuum expectation value (VEV) breaks electroweak symmetry, and that it is SM-like,
in the sense that the experimental results so far are compatible with the interpretation of the state in
terms of the SM Higgs boson. No specific assumptions are made on any additional states of new physics
(and their decoupling properties) that could influence the phenomenology of the 125 GeV state, such
as additional Higgs bosons (which could be heavier but also lighter than 125 GeV), additional scalars
that do not develop a VEV, and new fermions and/or gauge bosons that could interact with the state at
125 GeV, giving rise, for instance, to an invisible decay mode.

The purpose of this framework is to either confirm that the light, narrow, resonance indeed matches
the properties of the SM Higgs, or to establish a deviation from the SM behavior, which would rule out
the SM if sufficiently significant. In the latter case the next goal in the quest to identify the nature of
EWSB would obviously be to test the compatibility of the observed patterns with alternative frameworks
of EWSB.

In investigating the experimental information that can be obtained on the coupling properties of
the new state near 125 GeV from the LHC data collected so far the following assumptions are made45:

– The signals observed in the different search channels originate from a single narrow resonance
with a mass near 125 GeV. The case of several, possibly overlapping, resonances in this mass
region is not considered.

– The width of the assumed Higgs boson near 125 GeV is neglected, i.e. the zero-width approxima-
tion for this state is used. Hence the signal cross section can be decomposed in the following way
for all channels:

(σ · BR) (ii → H→ ff ) =
σii · Γff

ΓH
(92)

where σii is the production cross section through the initial state ii , Γff the partial decay width
into the final state ff and ΓH the total width of the Higgs boson.

Within the context of these assumptions, in the following a simplified framework for investigating
the experimental information that can be obtained on the coupling properties of the new state is outlined.
In general, the couplings of the assumed Higgs state near 125 GeV are “pseudo-observables”, i.e. they
cannot be directly measured. This means that a certain “unfolding procedure” is necessary to extract
information on the couplings from the measured quantities like cross sections times branching ratios
(for specific experimental cuts and acceptances). This gives rise to a certain model dependence of the

45The experiments are encouraged to test the assumptions of the framework, but that lies outside the scope of this document.
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Figure 18: Likelihood contours in (a) the (g, �) plane, and (b) the (V , F ) plane, compared to the Standard
Model prediction (red star) for a Higgs boson mass mH = 125.09 GeV. In (a), all coupling-strength modifiers
other than g and � are fixed to their SM value. In (b), the gg ! H and H ! �� loops are resolved in
terms of two universal coupling-strength modifiers F and V , under the assumption that V = W = Z and
F = t = b = ⌧ = µ.

Table 13: Best-fit values and uncertainties of g�, �Vg, and �tg.

Parameter Result
Uncertainty

Total Stat. Exp. Theo.

g� 0.90 ±0.10
⇣
±0.09 ±0.04 +0.04

�0.03

⌘
�Vg 1.41 +0.31

�0.26

⇣
+0.28
�0.23

+0.10
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+0.04
�0.03

⌘
�tg 0.8 +0.4

�0.6

⇣
+0.4
�0.6 ±0.1 +0.1

�0.0

⌘

The SM prediction is found within the 68% CL contour for the first model and within the 95% CL
contour for the second model.

Finally, a set of three ratios is constructed to probe the loop vertices (g, �), total width (H ), and the
vector and top couplings (t and V respectively): g� = g�/H , �Vg = V/g, and �tg = t/g.
The parameter �tg is allowed to be negative to exploit the sensitivity to the relative sign from the tH
and gg ! ZH processes. The expected and observed sensitivities to the relative sign are illustrated in
Figure 19. The bottom quark Yukawa coupling strength is kept fixed to the top quark Yukawa coupling
strength (�bg = �tg); this contribution is irrelevant to the �tg measurement as there is no sensitivity
to bb̄H in the analysis. All other parameters are assumed to be positive without losing generality.
The inclusion of H in the parameterization allows for non-SM decays of the Higgs boson, but this
parameter is not determined directly. The best fit values of these coupling ratios are summarized in
Table 13.
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Finally, a set of three ratios is constructed to probe the loop vertices (g, �), total width (H ), and the
vector and top couplings (t and V respectively): g� = g�/H , �Vg = V/g, and �tg = t/g.
The parameter �tg is allowed to be negative to exploit the sensitivity to the relative sign from the tH
and gg ! ZH processes. The expected and observed sensitivities to the relative sign are illustrated in
Figure 19. The bottom quark Yukawa coupling strength is kept fixed to the top quark Yukawa coupling
strength (�bg = �tg); this contribution is irrelevant to the �tg measurement as there is no sensitivity
to bb̄H in the analysis. All other parameters are assumed to be positive without losing generality.
The inclusion of H in the parameterization allows for non-SM decays of the Higgs boson, but this
parameter is not determined directly. The best fit values of these coupling ratios are summarized in
Table 13.

51

arXiv:1802.04146



Vκ
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

fκ

0.5

1

1.5

2

2.5
 PreliminaryATLAS

-1 = 13 TeV, 36.1 fbs

4l→ZZ*→H and γγ→H

 = 125.09 GeVHm

SM prediction
Best fit
Combined 68% CL
Combined 95% CL

 68% CLγγ→H
 68% CL4l→ZZ*→H

Figure 11: Contours at 68% and 95% CL in the (F, V) plane.

gκ
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

γκ

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5
 PreliminaryATLAS

-1 = 13 TeV, 36.1 fbs

4l→ZZ*→H and γγ→H

 = 125.09 GeVHm

SM prediction
Best fit
68% CL
95% CL

Figure 12: Contours at 68% and 95% CL in the (�, g) plane.

Higgs boson, but this parameter is not determined directly. The results are summarized in Table 10 and
shown in Figure 13. The correlations between the fitted coupling modifiers are summarized in Figure 14.
The four-dimensional compatibility with the SM prediction is pSM = 15%.
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κ - framework

11

❖ Assumptions: 
• Single state, spin 0 and CP-even. 
• Narrow-width approximation: 

❖ Methodology: parametrize deviations with coupling scale factors {κx}

recent phenomenological works of Refs. [318–320] which have been further extended in several direc-
tions [321–408] along the lines that are formalized in the present recommendation. While the interim
framework is not final, it has an accuracy that matches the statistical power of the datasets that the LHC
experiments have collected until the end of the 2012 LHC run and is an explicit attempt to provide a
common ground for the dialogue in the, and between the, experimental and theoretical communities.

Based on that framework, a series of benchmark parameterizations are presented in Section 10.3.
Each benchmark parameterization allows to explore specific aspects of the coupling structure of the
new state. The parameterizations have varying degrees of complexity, with the aim to cover the most
interesting possibilities that can be realistically tested with the LHC 7 and 8 TeV datasets. On the one
hand, the framework and benchmarks were designed to provide a recommendation to experiments on
how to perform coupling fits that are useful for the theory community. On the other hand the theory
community can prepare for results based on the framework discussed in this document.

10.2.1 Idea and underlying assumptions
The idea behind this framework is that all deviations from the SM are computed assuming that there is
only one underlying state at ∼ 125 GeV. It is assumed that this state is a Higgs boson, i.e. the excitation
of a field whose vacuum expectation value (VEV) breaks electroweak symmetry, and that it is SM-like,
in the sense that the experimental results so far are compatible with the interpretation of the state in
terms of the SM Higgs boson. No specific assumptions are made on any additional states of new physics
(and their decoupling properties) that could influence the phenomenology of the 125 GeV state, such
as additional Higgs bosons (which could be heavier but also lighter than 125 GeV), additional scalars
that do not develop a VEV, and new fermions and/or gauge bosons that could interact with the state at
125 GeV, giving rise, for instance, to an invisible decay mode.

The purpose of this framework is to either confirm that the light, narrow, resonance indeed matches
the properties of the SM Higgs, or to establish a deviation from the SM behavior, which would rule out
the SM if sufficiently significant. In the latter case the next goal in the quest to identify the nature of
EWSB would obviously be to test the compatibility of the observed patterns with alternative frameworks
of EWSB.

In investigating the experimental information that can be obtained on the coupling properties of
the new state near 125 GeV from the LHC data collected so far the following assumptions are made45:

– The signals observed in the different search channels originate from a single narrow resonance
with a mass near 125 GeV. The case of several, possibly overlapping, resonances in this mass
region is not considered.

– The width of the assumed Higgs boson near 125 GeV is neglected, i.e. the zero-width approxima-
tion for this state is used. Hence the signal cross section can be decomposed in the following way
for all channels:

(σ · BR) (ii → H→ ff ) =
σii · Γff

ΓH
(92)

where σii is the production cross section through the initial state ii , Γff the partial decay width
into the final state ff and ΓH the total width of the Higgs boson.

Within the context of these assumptions, in the following a simplified framework for investigating
the experimental information that can be obtained on the coupling properties of the new state is outlined.
In general, the couplings of the assumed Higgs state near 125 GeV are “pseudo-observables”, i.e. they
cannot be directly measured. This means that a certain “unfolding procedure” is necessary to extract
information on the couplings from the measured quantities like cross sections times branching ratios
(for specific experimental cuts and acceptances). This gives rise to a certain model dependence of the

45The experiments are encouraged to test the assumptions of the framework, but that lies outside the scope of this document.
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Higgs boson, but this parameter is not determined directly. The results are summarized in Table 10 and
shown in Figure 13. The correlations between the fitted coupling modifiers are summarized in Figure 14.
The four-dimensional compatibility with the SM prediction is pSM = 15%.
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Figure 16: Summary plot of the measured simplified template cross sections times the Higgs to diphoton
branching ratio. For illustration purposes the central values have been divided by their SM expectations but no
additional theory uncertainties have been included in the uncertainty of the ratio due to this. The uncertainties
in the predicted SM cross sections are shown in gray in the plot. The definition of the measured regions
can be found in Table 1. The fitted value of �(top) corresponds to the sum of tt̄Hand tH production-mode
cross sections under the assumption that their relative ratios are as predicted by the SM. The �(VH, leptonic)
cross-section values are determined under the assumption that the ratio of the WH and ZH production mode
cross sections is as predicted by the SM and includes production from both the quark and gluon initial states.
The bb̄H contributions are merged with ggH.

The evaluated cross sections including their correlations are summarized in Figures 16 and 17. The
expected Standard Model correlations can be found in Appendix H. All observed cross sections are in
agreement with the Standard Model values. The Standard Model prediction is determined using the
generators in Section 4 and the theory uncertainties due to missing higher-order corrections and due to
the chosen PDF set are constructed as described in Section 7.3. The largest deviation (1.7 �) from the
SM prediction is found in the ggH, 0 jet bin. The di�erence of the cross sections for the pH

T > 200GeV
ggH and pj

T > 200GeV VBF regions is found to be 4.8+2.9
�2.7 fb.
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Simplified template cross section

• A merged strategy for simplified template cross section measurement is used to reduce 
strong correlations and keep total uncertainty near or below 100% 

• The signal yield in each category c is the sum over the yields from the simplified template 
regions


• Since defined to minimize theoretical uncertainty, the measurements are strongly 
dominated by experimental uncertainty 12

= 0-jet

ggF

� 2-jet

pH
T [200, �]

BSM

pH
T [0, 60]

pH
T [60, 120]

pH
T [120, 200]

= 1-jet

pH
T [200, �]

BSM

pH
T [0, 60]

pH
T [60, 120]

pH
T [120, 200]

(+)

(+)

(+) (+)

(+)

� 2-jet

pHjj
T [0, 25]

pHjj
T [25, �]

� 2j

� 3j

pH
T < 200

VBF cuts

pj1
T [200, �]

BSM

pj1
T [0, 200]

pHjj
T [0, 25]

pHjj
T [25, �]

(+) � 3j

� 2j

VBF (EW qqH incl. V H �qqH)

� 2-jet VBF cuts � 2-jet VH cuts Rest(+)

gg � ZHqq̄ � V H

V H

= 0-jet

� 1-jet

pV
T [0, 150]

pV
T [150, �]

(+)

(H+ leptonic V )

pV
T [0, 150]

pV
T [150, 250]

= 0-jet

� 1-jet

pV
T [250, �]

W � ��

(+)

Z � �� + ��̄

= 0-jet

� 1-jet
(+)

pV
T [250, �]

pV
T [0, 150]

pV
T [150, 250]

(+)

±

(EW qqH)

ggF bb̄H tHtt̄HVBF
(H+ leptonic V )

V H

qq̄ �WH

qq̄ � ZH

gg � ZH

VBF

H+ had. V

(Run1-like)

ATLAS preliminary

Figure 8: The merged STXS stage-1 regions [8] defined for the measurements. All regions enclosed by red boxes
are merged, except for the sum and di�erence indicated by the “±” sign connecting two merged gg ! H regions
with one qq ! Hqq region. The bbH region is merged with the gg ! H bins.

exists between the gg ! H 0-jet and gg ! H 1-jet pH
T < 60 GeV regions due to migrations between

experimental jet-bin categories. Finally, there is a substantial anti-correlation between the qq ! Hqq
pj

T < 200 GeV region and the similar gg ! H 2-jet region because of the experimental di�culty in
distinguishing between these processes.

The results show good overall agreement with the SM predictions in a range of kinematic regions of Higgs
boson production processes. The ten-dimensional compatibility between the measurement and the SM
prediction corresponds to a p-value of pSM = 9%.
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Largest deviation 1.7σ

8.2.4 Simplified template cross sections

As the current data are not yet sensitive to all of the 31 regions with |yH | < 2.5 of the “stage-1” scheme
of the simplified template cross section framework, simplified template cross sections are reported for
9 phase space regions obtained from merging the initial 31 as described in Section 1.2 and Table 1. To
retain sensitivity to BSM Higgs boson production, the pH

T > 200 GeV gluon fusion and p j
T > 200 GeV

VBF regions are not merged with other regions. Due to their large anti-correlation, only the sum of these
two regions are quoted here; the experimental sensitivity to their di↵erence is small, and results for it
are not reported, though it is included in the final fit. This scheme has been optimized to reduce strong
anti-correlations between the measured cross sections and to keep measurements near or below 100%
total uncertainty. In the likelihood, the signal yield Nc

sig in each category c is the sum over the yields Nc
sig,t

expected from each of the 10 regions t of phase space, where Nc
sig,t = L⇥�SM

t ⇥ BSM(H ! ��)⇥ (A⇥ ✏)c
t

and the additional region corresponds to the di↵erence of the cross sections for the pH
T > 200 GeV gluon

fusion and p j
T > 200 GeV VBF regions.

The observed cross sections are:

�(ggH, 0 jet) ⇥ B(H ! ��) = 37 +15
�15 fb

= 37 +14
�14 (stat.) +6

�5 (syst.) fb

�(ggH, 1 jet, pH
T < 60 GeV) ⇥ B(H ! ��) = 13 +13

�12 fb

= 13 +12
�12 (stat.) +5

�4 (syst.) fb

�(ggH, 1 jet, 60  pH
T < 120 GeV) ⇥ B(H ! ��) = 5 +6

�6 fb

= 5 +6
�6 (stat.) +2

�1 (syst.) fb

�(ggH, 1 jet, 120  pH
T < 200 GeV) ⇥ B(H ! ��) = 2.6 +1.7

�1.6 fb

= 2.6 +1.6
�1.5 (stat.) +0.8

�0.5 (syst.) fb

�(ggH,� 2 jet) ⇥ B(H ! ��) = 20 +9
�8 fb

= 20 +8
�8 (stat.) +4

�3 (syst.) fb

�(qq! Hqq, p j
T < 200 GeV) ⇥ B(H ! ��) = 15 +6

�5 fb

= 15 +5
�5 (stat.) +3

�2 (syst.) fb

�(ggH + qq! Hqq,BSM � like) ⇥ B(H ! ��) = 1.9 +1.4
�1.4 fb

= 1.9 +1.3
�1.2 (stat.) +0.6

�0.6 (syst.) fb

�(VH, leptonic) ⇥ B(H ! ��) = 0.7 +1.4
�1.3 fb

= 0.7 +1.4
�1.2 (stat.) +0.3

�0.3 (syst.) fb

�(top) ⇥ B(H ! ��) = 0.7 +0.8
�0.7 fb

= 0.7 +0.8
�0.7 (stat.) +0.2

�0.1 (syst.) fb
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Figure 8: The merged STXS stage-1 regions [8] defined for the measurements. All regions enclosed by red boxes
are merged, except for the sum and di�erence indicated by the “±” sign connecting two merged gg ! H regions
with one qq ! Hqq region. The bbH region is merged with the gg ! H bins.

exists between the gg ! H 0-jet and gg ! H 1-jet pH
T < 60 GeV regions due to migrations between

experimental jet-bin categories. Finally, there is a substantial anti-correlation between the qq ! Hqq
pj

T < 200 GeV region and the similar gg ! H 2-jet region because of the experimental di�culty in
distinguishing between these processes.

The results show good overall agreement with the SM predictions in a range of kinematic regions of Higgs
boson production processes. The ten-dimensional compatibility between the measurement and the SM
prediction corresponds to a p-value of pSM = 9%.
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Figure 1: Total pp ! H + X cross sections measured at centre-of-mass energies of 7, 8, and 13 TeV, compared
to Standard Model predictions at up to N3LO in QCD. Shown are the measurements in the H ! �� channel (red
triangles), the H ! Z Z⇤ ! 4` channel (green rectangles), and the combinations of these two channels (black dots).
The individual channel results are o�set along the x-axis for display purposes. The grey bands on the combined
measurements represent the systematic uncertainty, while the error bars show the total uncertainty. The light (dark)
blue band shows the estimated uncertainty due to missing higher-order corrections (the total theoretical uncertainty).
The total theoretical uncertainty corresponds to the higher-order-correction uncertainty summed in quadrature with
the sum of the PDF and ↵S uncertainties, and is partially correlated across values of the centre-of-mass energy.

Table 3 and Figure 1. The measurements at 7 and 8 TeV are taken from Ref. [67]. For comparison,
the SM predictions for the total cross section at the three centre-of-mass energies are given [8, 22–25].
The systematic uncertainties are smaller than the statistical uncertainties for the measurements at all three
center-of-mass energies. The results of the individual decay channels are compatible with a p-value of
29%, and no deviation from the SM predictions is observed (pSM = 84%).

Table 3: Total pp ! H + X cross sections measured using H ! �� and H ! Z Z⇤ ! 4` decays, and their
combination, for centre-of-mass energies of 7, 8 and 13 TeV. The SM predictions [8] are computed for a Higgs
boson mass of 125.09 GeV [10]. The uncertainties in the individual channels are dominantly statistical.

Decay channel Total cross section (pp ! H + X)
p

s =7 TeV
p

s =8 TeV
p

s =13 TeV

H ! �� 35+13
�12 pb 30.5+7.5

�7.4 pb 47.9+9.1
�8.6 pb

H ! Z Z⇤ ! 4` 33+21
�16 pb 37+9

�8 pb 68.0+11.4
�10.4 pb

Combination 34 ± 10 (stat.) +4
�2 (syst.) pb 33.3+5.5

�5.3 (stat.) +1.7
�1.3 (syst.) pb 57.0+6.0

�5.9 (stat.) +4.0
�3.3 (syst.) pb

SM prediction [8] 19.2 ± 0.9 pb 24.5 ± 1.1 pb 55.6+2.4
�3.4 pb
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Table 3 and Figure 1. The measurements at 7 and 8 TeV are taken from Ref. [67]. For comparison,
the SM predictions for the total cross section at the three centre-of-mass energies are given [8, 22–25].
The systematic uncertainties are smaller than the statistical uncertainties for the measurements at all three
center-of-mass energies. The results of the individual decay channels are compatible with a p-value of
29%, and no deviation from the SM predictions is observed (pSM = 84%).

Table 3: Total pp ! H + X cross sections measured using H ! �� and H ! Z Z⇤ ! 4` decays, and their
combination, for centre-of-mass energies of 7, 8 and 13 TeV. The SM predictions [8] are computed for a Higgs
boson mass of 125.09 GeV [10]. The uncertainties in the individual channels are dominantly statistical.

Decay channel Total cross section (pp ! H + X)
p

s =7 TeV
p

s =8 TeV
p

s =13 TeV

H ! �� 35+13
�12 pb 30.5+7.5

�7.4 pb 47.9+9.1
�8.6 pb

H ! Z Z⇤ ! 4` 33+21
�16 pb 37+9

�8 pb 68.0+11.4
�10.4 pb

Combination 34 ± 10 (stat.) +4
�2 (syst.) pb 33.3+5.5

�5.3 (stat.) +1.7
�1.3 (syst.) pb 57.0+6.0

�5.9 (stat.) +4.0
�3.3 (syst.) pb

SM prediction [8] 19.2 ± 0.9 pb 24.5 ± 1.1 pb 55.6+2.4
�3.4 pb
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Figure 24: The measured cross sections or cross-section upper limits of the diphoton, VBF-enhanced, Nlepton � 1,
high Emiss

T , and tt̄H-enhanced fiducial regions are shown. The intervals on the vertical axis each represent one
of these fiducial regions. The data are shown as filled (black) circles. The error bar on each measured cross
section represents the total uncertainty in the measurement, with the systematic uncertainty shown as a dark
gray rectangle. Each cross section limit is shown at the 95% confidence level. The measured cross sections are
compared to a range of predictions and a detailed description of each prediction can be found in the text. All
comparisons include the SM predictions arising from VBF, VH, tt̄H, and bb̄H, which are collectively labeled
as XH.

61

Table 15: The measured cross sections in the diphoton, VBF-enhanced, Nlepton � 1, high Emiss
T , and tt̄H-enhanced

fiducial regions. The gluon–gluon fusion contribution to the Standard Model prediction of the diphoton fiducial
region is taken to be the N3LO prediction of Refs. [7, 24, 31–34] corrected for the H ! �� branching ratio and
the fiducial acceptance. The gluon–gluon fusion contribution to the Standard Model for all the other regions
is taken from the P����� NNLOPS prediction normalized with the N3LO prediction and includes all theory
uncertainties related to gluon–gluon fusion as discussed in Section 7.3. The contributions to the Standard
Model prediction from VBF, VH tt̄H and bb̄H production mechanisms are determined using the particle-level
predictions described in Section 4 normalized with theoretical calculations.
Fiducial region Measured cross section SM prediction
Diphoton fiducial 55 ± 9 (stat.) ± 4 (exp.) ± 0.1 (theo.) fb 64 ± 2 fb [N3LO + XH]
VBF-enhanced 3.7 ± 0.8 (stat.) ± 0.5 (exp.) ± 0.2 (theo.) fb 2.3 ± 0.1 fb [default MC + XH]
Nlepton � 1  1.39 fb 95% CL 0.57 ± 0.03 fb [default MC + XH]
High Emiss

T  1.00 fb 95% CL 0.30 ± 0.02 fb [default MC + XH]
tt̄H-enhanced  1.27 fb 95% CL 0.55 ± 0.06 fb [default MC + XH]

The cross section of the VBF-enhanced region is measured to be

�VBF�enhanced = 3.7 ± 0.8 (stat.) ± 0.5 (exp.) ± 0.2 (theo.) fb ,

which is to be compared with the Standard Model prediction of 2.3 ± 0.1 fb. The gluon–gluon fusion
part of the SM prediction is constructed from the P����� NNLOPS prediction for gluon–gluon fusion
normalized with the N3LO in QCD and NLO EW prediction of Refs. [7, 24, 31–34]. This prediction is
labeled as “default MC” in the following and includes all theory uncertainties related to gluon–gluon
fusion as discussed in Section 7.3.

For the Nlepton � 1, high Emiss
T , and tt̄H-enhanced fiducial regions, limits on the cross sections are

reported at the 95% CL.9

Figure 24 and Table 15 summarize measured cross sections of the fiducial regions and limits, and
compare both to the Standard Model expectations, constructed as outlined above. The P�����
NNLOPS prediction, without any additional corrections, is also shown. The uncertainty band is
estimated using a set of scale variations and includes PDF uncertainties from eigenvector variations.
The Standard Model predictions of all fiducial regions are in agreement with the corresponding
measured cross sections.

9 The quoted CL values were obtained using the unfolded cross sections and their corresponding uncertainties assuming
Gaussian errors.
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Figure 32: (a) The ratio of the first moment (mean) of each di�erential distribution predicted by the Standard
Model to that observed in the data. The SM moment is calculated by using the default MC distributions for
gluon–gluon fusion and the other production mechanisms. (b) The ratio of the second moment (RMS) of each
di�erential distribution predicted by the Standard Model to that observed in the data. The intervals on the vertical
axes each represent one of the di�erential distributions. The band for the theoretical prediction represents the
corresponding uncertainty in that prediction (see text for details). The error bar on the data represents the total
uncertainty in the measurement, with the gray band representing only the systematic uncertainty.
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Differential cross section measurement

• The data slightly undershoot (overshoot) the SM prediction at low 
(large) transverse momentum.


• The compatibility is tested with the probability from χ2 test and first/
second moment, shows a good agreement.
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Figure 28: The di�erential cross sections for pp ! H ! �� as a function of (a) | cos ✓⇤ | and (b) �� j j are
shown and compared to the SM expectations. The data and theoretical predictions are presented in the same
way as in Figure 26. In addition, the SCET���+MCFM8 prediction and the S����� (M���@N��) and G�S��
predictions, described in the text, are displayed in (a) and (b), respectively.

The di�erential cross sections for pp ! H ! �� as a function of |�yj j |, |����, j j |, and mj j are
shown for events with at least two jets with pT > 30 GeV in Figure 29. These variables are used to
discriminate between gluon–gluon fusion and the VBF production of the Higgs boson and enter the
multivariate classifier introduced in Section 8.1.4 that defines the categories used for the simplified
template cross-section and coupling measurements. The measured distributions are in agreement to
the default MC, S����� (M���@N��), and the G�S�� predictions. The accuracy of the fixed-order
parton-level prediction from G�S�� breaks down in the lowest bin of ⇡ � |����, j j | and the measured
cross section moderately exceeds the SM predictions at high mj j values.

9.5.5 Double-di�erential cross sections

The double-di�erential cross section for pp ! H ! �� as a function of p��T and Njets, for jets with
pT > 30 GeV, and p��T and | cos ✓⇤ | are shown in Figure 30. These cross sections are sensitive to the
modeling of the Higgs boson kinematic, its production mechanisms, and its spin-CP properties. Both
double-di�erential cross sections are in agreement with the Standard Model expectation.

9.5.6 Impact of systematic uncertainties on results

A summary of the uncertainties in the measured cross sections of the fiducial regions are shown in
Table 16. As an example concerning the di�erential measurements, a breakdown of the systematic
uncertainties in the di�erential cross sections as a function of p��T and Njets is shown in Figure 31.
The measurements are dominated by the statistical uncertainties. For the systematic uncertainties,
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Figure 26: The di�erential cross sections for pp ! H ! �� as a function of (a) p��T and (b) |y�� | are shown
and compared to the SM expectations.

small whilst retaining enough statistical power to measure the di�erential spectra. The measured pj1
T

spectrum shown in Figure 27(a) is compared to the default MC prediction as introduced in the previous
section as well as to the NNLOJET and SCET���(STWZ) [98, 134] predictions. Both the NNLOJET
and SCET��� predictions are corrected using isolation correction factors to account for the impact of
the isolation e�ciency. In addition, the NNLOJET prediction is corrected for the kinematic acceptance
and the uncertainties in these corrections is included in the uncertainty bands of both NNLOJET and
SCET���. The first bin of the leading jet pT spectrum represents zero-jet events that do not contain
any jet with pT> 30 GeV. The predicted pT distributions slightly exceed the measured distribution
at low transverse momentum and all show a slight deficit at large transverse momentum. Both are
compatible with the observed slightly harder Higgs boson transverse momentum distribution. The
measured |yj1 | distribution shown in Figure 27(b) is compared to the default MC and the NNLOJET
predictions: Both show a slight excess at low rapidity. In Figure 27(c) the measured subleading jet pT
distribution is shown. The first bin of pj2

T represents one-jet events that do not contain two or more jets
with pT> 30 GeV. The measured distribution is compared to the default MC, S����� (M���@N��),
and G�S�� predictions, as introduced in Section 9.4. Finally, in Figure 27(d) the subleading jet
rapidity distribution, |yj2 |, is shown and compared to the expectation from the default MC, S�����
(M���@N��), and G�S�� predictions. The SM predictions are in agreement with the measured
distributions and no significant deviations are seen.

9.5.3 Measurements of cross sections probing spin and CP

The absolute value of the cosine of the angle between the beam axis and the photons in the Collins–
Soper frame [11] of the Higgs boson, | cos ✓⇤ |, can be used to study the spin of the Higgs boson. The
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Figure 32: (a) The ratio of the first moment (mean) of each di�erential distribution predicted by the Standard
Model to that observed in the data. The SM moment is calculated by using the default MC distributions for
gluon–gluon fusion and the other production mechanisms. (b) The ratio of the second moment (RMS) of each
di�erential distribution predicted by the Standard Model to that observed in the data. The intervals on the vertical
axes each represent one of the di�erential distributions. The band for the theoretical prediction represents the
corresponding uncertainty in that prediction (see text for details). The error bar on the data represents the total
uncertainty in the measurement, with the gray band representing only the systematic uncertainty.
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Figure 28: The di�erential cross sections for pp ! H ! �� as a function of (a) | cos ✓⇤ | and (b) �� j j are
shown and compared to the SM expectations. The data and theoretical predictions are presented in the same
way as in Figure 26. In addition, the SCET���+MCFM8 prediction and the S����� (M���@N��) and G�S��
predictions, described in the text, are displayed in (a) and (b), respectively.

The di�erential cross sections for pp ! H ! �� as a function of |�yj j |, |����, j j |, and mj j are
shown for events with at least two jets with pT > 30 GeV in Figure 29. These variables are used to
discriminate between gluon–gluon fusion and the VBF production of the Higgs boson and enter the
multivariate classifier introduced in Section 8.1.4 that defines the categories used for the simplified
template cross-section and coupling measurements. The measured distributions are in agreement to
the default MC, S����� (M���@N��), and the G�S�� predictions. The accuracy of the fixed-order
parton-level prediction from G�S�� breaks down in the lowest bin of ⇡ � |����, j j | and the measured
cross section moderately exceeds the SM predictions at high mj j values.

9.5.5 Double-di�erential cross sections

The double-di�erential cross section for pp ! H ! �� as a function of p��T and Njets, for jets with
pT > 30 GeV, and p��T and | cos ✓⇤ | are shown in Figure 30. These cross sections are sensitive to the
modeling of the Higgs boson kinematic, its production mechanisms, and its spin-CP properties. Both
double-di�erential cross sections are in agreement with the Standard Model expectation.

9.5.6 Impact of systematic uncertainties on results

A summary of the uncertainties in the measured cross sections of the fiducial regions are shown in
Table 16. As an example concerning the di�erential measurements, a breakdown of the systematic
uncertainties in the di�erential cross sections as a function of p��T and Njets is shown in Figure 31.
The measurements are dominated by the statistical uncertainties. For the systematic uncertainties,
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Figure 26: The di�erential cross sections for pp ! H ! �� as a function of (a) p��T and (b) |y�� | are shown
and compared to the SM expectations.

small whilst retaining enough statistical power to measure the di�erential spectra. The measured pj1
T

spectrum shown in Figure 27(a) is compared to the default MC prediction as introduced in the previous
section as well as to the NNLOJET and SCET���(STWZ) [98, 134] predictions. Both the NNLOJET
and SCET��� predictions are corrected using isolation correction factors to account for the impact of
the isolation e�ciency. In addition, the NNLOJET prediction is corrected for the kinematic acceptance
and the uncertainties in these corrections is included in the uncertainty bands of both NNLOJET and
SCET���. The first bin of the leading jet pT spectrum represents zero-jet events that do not contain
any jet with pT> 30 GeV. The predicted pT distributions slightly exceed the measured distribution
at low transverse momentum and all show a slight deficit at large transverse momentum. Both are
compatible with the observed slightly harder Higgs boson transverse momentum distribution. The
measured |yj1 | distribution shown in Figure 27(b) is compared to the default MC and the NNLOJET
predictions: Both show a slight excess at low rapidity. In Figure 27(c) the measured subleading jet pT
distribution is shown. The first bin of pj2

T represents one-jet events that do not contain two or more jets
with pT> 30 GeV. The measured distribution is compared to the default MC, S����� (M���@N��),
and G�S�� predictions, as introduced in Section 9.4. Finally, in Figure 27(d) the subleading jet
rapidity distribution, |yj2 |, is shown and compared to the expectation from the default MC, S�����
(M���@N��), and G�S�� predictions. The SM predictions are in agreement with the measured
distributions and no significant deviations are seen.

9.5.3 Measurements of cross sections probing spin and CP

The absolute value of the cosine of the angle between the beam axis and the photons in the Collins–
Soper frame [11] of the Higgs boson, | cos ✓⇤ |, can be used to study the spin of the Higgs boson. The
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Figure 2: Di�erential cross sections in the full phase space measured with the H ! �� (red upward triangle) and
H ! Z Z⇤ ! 4` (blue downward triangle) decay channels, as well as the combined measurement (black circle)
for (a) Higgs boson transverse momentum pH

T , (b) Higgs boson rapidity |yH |, (c) number of jets Njets with pT >

30 GeV, and (d) the transverse momentum of the leading jet pj1
T . The first bin in the pj1

T distribution corresponds to
the 0-jet bin in the Njets distribution, as indicated by the black vertical line. Di�erent SM predictions are overlaid,
their bands indicating the PDF uncertainties as well as uncertainties due to missing higher-order corrections. The
ordering of the predictions is the same in the legend as in the figure. Predictions for the other production processes
XH are added to the ggF predictions, and also shown separately as a shaded area. The dotted red line corresponds to
the central value of the NNLOPS ggF prediction, scaled to the total N3LO cross section by the given K-factor, and
added to the XH prediction. The uncertainties due to higher orders in the NNLOPS prediction are obtained as in
Refs. [10, 11, 77]. The M�������5_�MC@NLO prediction is scaled to the total N3LO cross section by the given
K-factor. For better visibility, all bins are shown as having the same size, independent of their numerical width.
The panel on the bottom shows the ratio of the predictions to the combined measurement. The total uncertainties of
the combined measurement are indicated by the black error bars.
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Figure 4: Measured H ! gg differential cross-section (black points) for (a) pT,gg, (b) Njets.
The measurements are compared to the theoretical predictions, combining the Higgs boson
cross sections and branching fraction as in the LHC Higgs Cross Section Working Group [15]
with two different generators for the gluon-gluon fusion process: MADGRAPH aMC@NLO
(in orange) and POWHEG (in green). The sum of the contributions from VBF, VH and ttH
processes, labeled as HX, is generated using MADGRAPH aMC@NLO and is shown in blue in
the plot.
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Figure 33: (a) The measured di�erential cross sections as a function of p��T , Njets, mj j , |�� j j |, and pj1
T are

compared to the SM hypothesis and two non-SM hypotheses with c̄g = 1 ⇥ 10�4 and c̄HW = 0.05, respectively.
(b) Ratios of di�erential cross sections, as predcited for specific by specific choices of Wilson coe�cient, to the
di�erential cross sections predicted by the SM: the impact of non-zero c̄g and c̃g is shown relative to the SM
ggH prediction, while the impact of non-zero c̄HW and c̃HW is shown relative to the SM VBF+VH prediction.
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1 Introduction

The discovery of a Higgs boson at the ATLAS and CMS experiments [1,2] o↵ers a new opportunity to search
for physics beyond the Standard Model (SM) by examining the strength and structure of the Higgs boson’s
interactions with other particles. Thus far, the interactions of the Higgs boson have been probed using the
-framework [3], in which the strength of a given coupling is allowed to vary from the SM prediction by a
constant value. In this approach, the total rate of a given production and decay channel can di↵er from the
SM prediction, but the kinematic properties of the Higgs boson in each decay channel are unchanged.

An alternative framework for probing physics beyond the SM is the e↵ective field theory (EFT) approach [3–
8], whereby the SM Lagrangian is augmented by additional operators of dimension-six or higher. Some of
these operators produce new tensor structures for the interactions between the Higgs boson and the SM
particles, which can modify the shapes of the Higgs boson kinematic distributions as well as the associated
jet spectra. The new interactions arise as the low-energy manifestation of new physics that exists at energy
scales much larger than the partonic centre-of-mass energies being probed.

In this Letter, the e↵ects of EFT operators that produce anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W bosons and Z bosons are studied. The analysis is performed using
a simultaneous fit to five detector-corrected di↵erential cross sections in the H ! �� decay channel, which
were previously published by the ATLAS Collaboration [9]. These are the di↵erential cross sections as
a function of the diphoton transverse momentum (p��T ), the number of jets produced in association with
the diphoton system (Njets), the leading-jet transverse momentum (p j1

T ), and the invariant mass (m j j) and
di↵erence in azimuthal angle (�� j j) of the leading and sub-leading jets in events containing two or more jets.
The inclusion of di↵erential information significantly improves the sensitivity to operators that modify the
Higgs boson’s interactions with W and Z bosons. To perform a simultaneous analysis of these distributions,
the statistical correlations between bins of di↵erent distributions need to be included in the fit procedure.
These correlations are evaluated by analysing the H ! �� candidate events in the data, and are published as
part of this Letter to allow future studies of new physics that produces non-SM kinematic distributions for
H ! ��.

2 Higgs e↵ective field theory framework

The EFT used in this analysis is presented in Ref. [8]. In this model, the SM Lagrangian is augmented
with the dimension-six CP-even operators of the Strongly Interacting Light Higgs formulation [6] and cor-
responding CP-odd operators. The H ! �� di↵erential cross sections are mainly sensitive to the operators
that a↵ect the Higgs boson’s interactions with gauge bosons and the relevant terms in the Lagrangian can be
specified by

L = c̄�O� + c̄gOg + c̄HWOHW + c̄HBOHB

+ c̃�Õ� + c̃gÕg + c̃HWÕHW + c̃HBÕHB,

where c̄i and c̃i are ‘Wilson coe�cients’ specifying the strength of the new CP-even and CP-odd interactions,
respectively, and the dimension-six operators Oi are those described in Refs. [8, 10]. In the SM, all of the

2

Overview

For a full introduction and 1D scan results, see the last talk:
https://indico.cern.ch/event/384019/contribution/1/material/slides/0.pdf

Analysis idea: Simultaneous fit to measured fiducial cross section with cross
correlations can be used to constrain new physics in the Higgs sector
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Figure 1: Distribution of the BDT output in the (a) Had and (b) Lep region in the H ! �� analysis. The distribution
of the simulated tt̄H signal is compared with that of the other Higgs boson production modes, as well as to the
continuum background from data in the diphoton invariant-mass sidebands of 105 GeV < m�� < 120 GeV and
130 GeV < m�� < 160 GeV. Events to the left of the vertical line are rejected. The distributions are normalized to
unity.

modes are fixed to their SM expectations [26–37]. The predicted ggF, VBF and VH (both qq ! ZH
and gg ! ZH) yields are each assigned a conservative 100% uncertainty, which is due to the theoretical
uncertainty in the radiation of additional heavy-flavour jets in these Higgs boson production modes. This
is supported by measurements using H ! Z Z⇤ ! 4` [5], tt̄bb̄ [38], and Vb [39, 40] events. The impact
of this uncertainty on the H ! �� and combined results is small.

The most important theoretical uncertainties a�ecting the tt̄H cross-section measurement in the H ! ��
decay channel are those related to the parton-shower modelling in the tt̄H simulation, which are evaluated
by comparing the shower and hadronization modelling of P�����8 with H�����7 [41, 42], and correspond
to a relative uncertainty of 8% in the tt̄H cross-section measurement, and the modelling uncertainty in the
Higgs boson plus heavy-flavour background (4%). The dominant experimental uncertainties are related to
the reconstruction of the jet energy (5%), the photon isolation requirements (4%), and the photon energy
resolution (6%) and scale (4%).

This analysis is about 50% more sensitive than the one in Ref. [6] for the same integrated luminosity, with
the two regions (Had and Lep) achieving similar sensitivity. The improvements include new reconstruction
algorithms, the relaxed requirements on jets and b-tagged jets, and a BDT-based instead of a cut-based
selection for the Lep region. The largest sensitivity improvement (about 30%) is achieved by using four-
momentum information of photons, jets and leptons, as well as b-tagging information of jets, as input to
the BDT. Both the Had BDT and the Lep BDT use the scaled photon pT/m�� observable to prevent the
diphoton mass being used as a discriminating variable by the BDT. This is further verified using fits of
the functional forms chosen in each BDT bin in several additional control regions in data and simulation,
and no evidence of a bias is found.

Figure 2 shows the observed m�� distribution in the tt̄H-sensitive BDT bins. For illustration purposes,
events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT bin is the expected tt̄H signal
(background) in the smallest m�� window containing 90% of the expected signal. Both the signal-plus-
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continuum background from data in the diphoton invariant-mass sidebands of 105 GeV < m�� < 120 GeV and
130 GeV < m�� < 160 GeV. Events to the left of the vertical line are rejected. The distributions are normalized to
unity.
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resolution (6%) and scale (4%).

This analysis is about 50% more sensitive than the one in Ref. [6] for the same integrated luminosity, with
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algorithms, the relaxed requirements on jets and b-tagged jets, and a BDT-based instead of a cut-based
selection for the Lep region. The largest sensitivity improvement (about 30%) is achieved by using four-
momentum information of photons, jets and leptons, as well as b-tagging information of jets, as input to
the BDT. Both the Had BDT and the Lep BDT use the scaled photon pT/m�� observable to prevent the
diphoton mass being used as a discriminating variable by the BDT. This is further verified using fits of
the functional forms chosen in each BDT bin in several additional control regions in data and simulation,
and no evidence of a bias is found.

Figure 2 shows the observed m�� distribution in the tt̄H-sensitive BDT bins. For illustration purposes,
events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT bin is the expected tt̄H signal
(background) in the smallest m�� window containing 90% of the expected signal. Both the signal-plus-

4

110 120 130 140 150 160
 [GeV]γγm

5

10

15

20

25

30

35

Su
m

 o
f W

ei
gh

ts
 / 

 2
.5

 G
eV Data

Continuum Background
Total Background
Signal + Background

ATLAS
-1 = 13 TeV, 79.8 fbs

 = 125.09 GeVHm
All categories
ln(1+S/B) weighted sum

Figure 2: Weighted diphoton invariant mass spectrum in the tt̄H-sensitive BDT bins observed in 79.8 fb�1 of
13 TeV data. Events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT bin is the expected tt̄H signal
(background) in the smallest m�� window containing 90% of the expected signal. The error bars represent 68%
confidence intervals of the weighted sums. The solid red curve shows the fitted signal-plus-background model with
the Higgs boson mass constrained to 125.09 ± 0.24 GeV. The non-resonant and total background components
of the fit are shown with the dotted blue curve and dashed green curve. Both the signal-plus-background and
background-only curves shown here are obtained from the weighted sum of the individual curves in each BDT bin.

background and background-only curves shown here are obtained from the weighted sum of the individual
curves in each BDT bin. The expected and observed event yields are presented in Table 1 and shown in
Figure 3. In Figure 3, a tt̄H signal strength µ = �/�SM of 1.4 is assumed. The total number of fitted
tt̄H signal events in the mass range 105 GeV < m�� < 160 GeV is 36+12

�11. For 13 TeV data corresponding
to an integrated luminosity of 79.8 fb�1, the expected significance of the tt̄H signal in the H ! ��
channel is 3.7 standard deviations. The significance of the observed tt̄H signal is 4.1 standard deviations.
The expected significance in the Had (Lep) region is 2.7 (2.5) standard deviations, while the observed
significance in the Had (Lep) region is 3.8 (1.9) standard deviations.

3 H ! ZZ⇤ ! 4`

In the H ! Z Z⇤ ! 4` analysis, using the same data as in the H ! �� analysis, events with at least
four isolated leptons (four electrons, four muons, or two electrons and two muons) corresponding to two
same-flavour opposite-charge pairs are selected. To search for tt̄H events, at least one jet is required,
with pT > 30 GeV and containing a b-hadron identified using a b-tagging algorithm with an e�ciency
of 70%. The event selection is described in more detail in Ref. [5]. The current analysis improves the
expected tt̄H significance by defining two signal regions, and by applying a BDT in one of them. A ‘Had’
region enriched in hadronic top-quark decays is formed by requiring at least three additional jets and zero
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Figure 5: Combined tt̄H production cross section, as well as cross sections measured in the individual analyses,
divided by the SM prediction. The �� and Z Z⇤ ! 4` analyses use 13 TeV data corresponding to an integrated
luminosity of 79.8 fb�1, and the multilepton and bb̄ analyses use data corresponding to an integrated luminosity
of 36.1 fb�1. The black lines show the total uncertainties, and the bands indicate the statistical and systematic
uncertainties. The red vertical line indicates the SM cross-section prediction [37], and the grey band represents the
PDF+↵S uncertainties and the uncertainties due to missing higher-order corrections.
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• Two dedicated boosted decision trees 
are trained to discriminate the signal from 
background. (Had region + Lep region)

Signifiance Obs. Exp.
Had region 3.8 σ 2.7 σ
Lep region 1.9 σ 2.5 σ

Total 4.1 σ 3.7 σ Obs. (Exp.)  significance:  6.3 (5.1) σ
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• With Run2 2015+2016 data (36.1 fb-1): 

• Comprehensive measurement methodologies including Run-1 type 
coupling measurement, fiducial and differential cross section measurement 
and the new one of simplified template cross section measurement. 


• Extensive Higgs property measurement in H→γγ and further combination 
with H→ZZ.


• Overall, all the results are in good agreement with the SM prediction.


• With higher statistics data: 

• More extensive and sensitivity measurement.


• Looking forward to the update results with ~80 fb-1 @ ICHEP2018
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SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.
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Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the di↵erent experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb�1 and 3000 fb�1of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from the combination of
the measurements from the di↵erent experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

Additional information about the Higgs boson coupling properties can be gained through the search

1A luminosity uncertainty of 3% is assumed for both the 300 fb�1 and 3000 fb�1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.
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�µ/µ 300 fb�1

All unc. No theory unc.
H ! �� (comb.) 0.13 0.09

(0j) 0.19 0.12
(1j) 0.27 0.14

(VBF-like) 0.47 0.43
(WH-like) 0.48 0.48
(ZH-like) 0.85 0.85
(ttH-like) 0.38 0.36

H ! ZZ (comb.) 0.11 0.07
(VH-like) 0.35 0.34
(ttH-like) 0.49 0.48

(VBF-like) 0.36 0.33
(ggF-like) 0.12 0.07

H ! WW (comb.) 0.13 0.08
(0j) 0.18 0.09
(1j) 0.30 0.18

(VBF-like) 0.21 0.20
H ! Z� (incl.) 0.46 0.44

H ! bb̄ (comb.) 0.26 0.26
(WH-like) 0.57 0.56
(ZH-like) 0.29 0.29

H ! ⌧⌧ (VBF-like) 0.21 0.18
H ! µµ (comb.) 0.39 0.38

(incl.) 0.47 0.45
(ttH-like) 0.74 0.72

3000 fb�1

All unc. No theory unc.
0.09 0.04
0.16 0.05
0.23 0.05
0.22 0.15
0.19 0.17
0.28 0.27
0.17 0.12
0.09 0.04
0.13 0.12
0.20 0.16
0.21 0.16
0.11 0.04
0.11 0.05
0.16 0.05
0.26 0.10
0.15 0.09
0.30 0.27
0.14 0.12
0.37 0.36
0.14 0.13
0.19 0.15
0.16 0.12
0.18 0.14
0.27 0.23

Table 1: Relative uncertainty on the signal strength µ for the combination of Higgs analyses at 14 TeV,
with 300 fb�1 (left) and 3000 fb�1 (right), assuming a SM Higgs boson with a mass of 125 GeV and
assuming production cross sections as in the SM. For both 300 and 3000 fb�1 the first column shows
the results including current theory systematic uncertainties, while the second column shows the uncer-
tainties obtained using only the statistical and experimental systematic uncertainties. The abbreviation
“(comb.)” indicates that the precision on µ is obtained from the combination of the measurements from
the di↵erent experimental sub-categories for the same final state, while “(incl.)” indicates that the mea-
surement from the inclusive analysis was used.
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SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.
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Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the di↵erent experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb�1 and 3000 fb�1of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from the combination of
the measurements from the di↵erent experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

Additional information about the Higgs boson coupling properties can be gained through the search

1A luminosity uncertainty of 3% is assumed for both the 300 fb�1 and 3000 fb�1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.
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More challenge for theoretical precision


