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Summary of results
• Many signal parametrisations (models) the same as used for CMS+ATLAS Run 1 or 

previous CMS-only combination, based on: 

• New results: 
- Fits for the simplified template cross sections 
- Constraint on the total Higgs width 
- Constraints on 2HDM & MSSM models. Previously done in Run 1, but not published

5

Signal strengths, μ Couplings, κ

DRAFT

signal in the di�erent channels.157

Table 3: Summary of event generators used to model the Higgs boson production and decays at
p

s = 8 TeV in the
ATLAS and CMS experiments.

Production Event generator
process ATLAS CMS

ggF P����� [27–31] P�����
VBF P����� P�����
W H P�����8 [32] P�����6.4 [33]
Z H: qq̄ ! Z H P�����8 P�����6.4
ggZ H: gg ! Z H P����� see text
ttH P����� P�����6.4
tHq: qb! tHq

0 M��G���� [42] �MC@NLO [22]
tHW : gb! WtH �MC@NLO �MC@NLO
bbH P�����8 P�����6, �MC@NLO

Table 3 summarises the choices of event generators for ATLAS and CMS. The impact of using di�erent158

generators is negligible since the most relevant aspects of the simulation of Higgs boson production and159

decay are treated consistently between the two experiments. For each process and decay, the cross section160

and branching ratio are normalized to the higher order state-of-the-art theoretical calculations, namely the161

values given in Tables 1 and 2.162

The transverse momentum (pT) distribution of the Higgs boson for the ggF production process, that163

a�ects in many cases categorization and selection e�ciency, is reweighted to match the calculation of164

HR��2.1 [43, 44], which includes next-to-next-to-leading-order (NNLO) perturbative QCD corrections165

and next-to-next-to-leading logarithmic (NNLL) QCD corrections. Furthermore, gg ! H events with166

two or more jets are reweighted to match the transverse momentum distribution from M�NLO H+2-jet167

predictions [45].168

2.3 Signal strengths169

Since the onset of the Higgs boson physics at the LHC, the signal-strength parameter µ, defined as the ratio170

between the measured Higgs boson rate and its SM expectation, has been extensively used to characterise171

the Higgs boson yield. However, µ is not a universal quantity and its meaning is analysis dependent. For172

a specific production and decay channel i ! H ! f , the signal strengths for the production, µ
i
, and for173

the decay, µ
f
, are defined as174

µ
i
=
�
i

�SM
i

and µf =
BR f

BR f

SM.
(2)

Here �
i

(i = ggF,VBF,W H, Z H, ttH, ...) and BR f ( f = ��, Z Z,WW, bb̄, ⌧⌧, ...) are the production175

cross section of i ! H and the decay branching ratio of H ! f . The subscript and superscript “SM” refer176

to their respective SM predictions. By definition, µ
i
= 1 and µf = 1 in the SM. Since �

i
and BR f cannot177
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be separately measured without additional assumptions, only the product of µ
i

and µ
f

can be extracted178

experimentally, leading to a signal strength for the production and decay as a whole179

µf
i
⌘ �

i
· BR f

(�
i
· BR f )SM

= µ
i
⇥ µf (3)

The combined ATLAS and CMS data are analysed using this signal-strength formalism and the results180

are presented in Section 5.181

2.4 Coupling modifiers182

Beyond the parameterisations using signal-strength parameters, coupling modifiers, also known as coup-183

ling scale factors, based on a leading-order motivated framework [25] (-framework) were proposed to184

interpret the LHC data. The same assumptions indicated above of a single SM-like Higgs boson resonance185

and that the narrow width approximation is valid are retained. Therefore, production and decay can be186

factorised such that the cross section times BR of an individual channel �(i! H ! f ) contributing to a187

measured signal yield can be parameterised as188

�
i
· BR f =

�
i
· �

f

�H
, (4)

where �
H

is the total width of the Higgs boson. Coupling modifiers  are introduced to parameterise189

potential deviations in the Higgs boson couplings to other particles in the SM. For each production process190

and decay mode, a coupling modifier 
j

is defined such that191

2
j
= �

j
/�SM

j
and 2

j
= �

j
/�SM

j
(5)

where “ j” indicates either a production process or a decay mode.2 Individual coupling modifiers,192

corresponding to tree-level Higgs boson couplings to the di�erent particles, are introduced as well193

as e�ective coupling modifiers 
g

and � that describe ggF production and H ! �� decay because194

new physics in these loops is not expected to appreciably change the kinematics of the corresponding195

process. In contrast, the gg ! Z H process, which occurs at leading order through box and triangular196

loop diagrams (see Figs. 2b and 2c) is not treated using an e�ective coupling modifier, because a197

ggH Z contact interaction from new physics would likely show a kinematic structure very di�erent from198

the SM gg ! Z H process [38, 46]. Any remaining BSM e�ects on the gg ! Z H process are related to199

modifications of the H Z Z and ttH interactions, which are best taken into account within the limitation200

of the framework, by resolving the loop in terms of the corresponding coupling modifiers, Z and t . By201

construction, all 
j
= 1 in the SM.202

Changes in the couplings will result in a variation of the Higgs boson width. A new modifier, 
H

, defined203

as 2
H
=
P

j
BR j

SM
2
j
, is introduced to characterise this variation. In case the only allowed decay modes204

2 In cases in which the Higgs boson production occurs through tree level diagrams involving couplings to di�erent particles, the
definition holds for e�ective “production properties” couplings that can be expressed as function of the individual coupling
modifiers.
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of the Higgs boson are the same as as in the SM, the relation 2
H
= �

H
/�SM

H
holds. If instead also BSM205

decays are allowed, the width �H can then be expressed as206

�H =
2
H
· �SM

H

1 � BRBSM
(6)

where BRBSM is the total branching ratio of BSM decays.207

Since �H is not experimentally constrained in a model-independent way to a meaningful precision at the208

LHC, only ratios of coupling strengths can be measured in the most generic model considered in the209

-framework.210

In the SM, it is possible to derive the relation between the coupling modifiers and the production cross211

sections �
i

and partial decay widths �
f
. The approximate expressions are indicated in Table 4. Given212

that observables are not sensitive to the absolute sign of the couplings but only to the relative ones through213

interference, in the following the convention of 
Z
> 0 will be used without any loss of generality.214

Di�erent production processes and decay modes probe di�erent coupling modifiers as can be visualised215

from the Feynman diagrams in Section 2.1. The -parameterisations provides the possibility to test216

for specific modifications of the Higgs boson couplings related to new physics beyond the SM. Loop217

processes such as gg ! H and H ! �� can be studied through either the e�ective coupling modifiers218

or the modifiers of the SM particles in the loops. The former allows for the parameterisation of potential219

BSM physics in the loops. Interference contributions of di�erent diagrams give rise to the sensitivity of220

relative signs between Higgs boson couplings to di�erent particles. The e�ect is particularly large for the221

tH production. In the SM, the tH cross section is small, at about 14% of the ttH cross section because222

of the destructive interference between diagrams of the couplings to the W boson and the top quark, as223

shown in Table 4, as 
t

and 
W

have the same signs . However, the interference becomes constructive for224

negative 
t
. The gb! WtH and qg ! tHbq

0 cross sections increase by a factor of 6 and 13, respectively,225

making the tHprocess sensitive to the relative sign of the W boson and the top quark couplings, despite226

its small SM cross section.227

The SM values for production cross sections and decay branching ratios include the best available higher-228

order QCD and electroweak corrections and therefore all coupling modifiers are expected to be 1 in the229

SM. This is only strictly true in the case of the SM and therefore the measurements in this framework230

should be considered as compatibility tests with the SM predictions and in case of significant discrepancies231

alternative models should be tested.232

8th August 2015 – 00:05 10

12

Total width determined as

2
H

=
X

j

BRj

SM2
j

Parameters scale cross sections and 
BRs relative to SM

Scaling of generic i → H → f process

Parameters scale cross sections and 
partial widths relative to SM

Parameter value
1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5 4

bbµ

ττµ

WWµ

ZZµ

γγµ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
σ1±
σ2±

JHEP 08 (2016) 045 

Introduction

�2

Diboson Higgs decays are crucial for precise measurements of the Higgs properties.
Run1 most precise results for the H boson properties from ATLAS + CMS combination:
• Mass                  mH = 125.09±0.24
• Signal strength μ=1.09±0.11
• Couplings to SM particles compatible with predictions

Run2: we are starting to measure cross sections and differential distributions
• Fiducial cross-section measurements
• Differential cross section 
• Simplified Template Cross Sections (STXS)

• Cross section split by production mode
• Divided in exclusive regions of phase space 
• Abstracted fiducial volumes
• Common abstracted object definitions

Results in this talk based on CMS and ATLAS H→WW, H→ZZ, and 
H→𝛄𝛄 analyses of 13TeV data collected in 2015, 2016 and 2017.

(EW qqH)

ggF bb̄H tHtt̄HVBF

(H+ leptonic V )

V H

qq̄ →WH

qq̄ → ZH

gg → ZH

VBF

H+ had. V

(Run1-like)

STXS tage 0

kV = {kW,kZ}; kF = {kt,kb,k𝜏,kμ}

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 
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H→WW*→l𝜈l𝜈
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Signal fraction

4-lepton ZH-tagged

3-lepton WH-tagged

2-jet VH-tagged

2-jet VBF-tagged

2-jet ggH-tagged

1-jet SF ggH-tagged

1-jet ggH-tagged

0-jet SF ggH-tagged

0-jet ggH-tagged

ggH
VBF
WH
ZH

Hbb
Htt

 (13 TeV)-135.9 fbCMS Preliminary

  2.7 events

  5.6 events

  19.6 events

  31.2 events

  103.3 events

  92.7 events

  313.3 events

  240.3 events

  509.4 events

CMS-PAS-HIG-16-042
ATLAS-CONF-2018-004

Good S/B ratio, high BR, relatively large background

𝜈 in the final state. Worse resolution wrt ZZ

Single- and di-lepton triggers to select events

≥2 high-pT opposite sign isolated leptons + MET. BDT selection in 
various categories.

Additional categorisation based on extra leptons, extra jets, and 
lepton flavours to target VBF and VH productions

Analyses based on mll and mT distributions
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H→𝛄𝛄

�4

Indirect probe of coupling through production loops
• Sensitive to vector/fermion couplings (kV, kF)
• Can test NP in the loops

Search strategy: peak over (abundant) and regular background

Observed width dominated by detector resolution

Efficient selection (40%)
• Trigger, photon ID, ET, isolation,…
• Abundant number of selected events allows for a large number of 
categories→sensitivity to different production/decay modes

Main uncertainties: photon ID/resolution, luminosity, statistical 
uncertainty still the largest factor

CMS-HIG-16-040 (arXiv:1804.02716)
CMS-PAS-HIG-17-015
ATLAS-2016-21 (arXiv:1802.04146)

http://arxiv.org/abs/1804.02716
https://arxiv.org/abs/1802.04146
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Categorisation

�5

CMS-HIG-16-040 (arXiv:1804.02716)
ATLAS-2016-21 (arXiv:1802.04146)

Vertex+photonID+kinematic BDT to select and classify the events
Large number of categories, with different S/B ratios and sensitive to different production modes
• Can be tuned to increase sensitivity to the STXS scheme (ATLAS)
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8 Results547

The observed number of events in the four decay channels after the event selection, as well as the expected548

signal and background yields, are presented in Table 6.549

Table 6: Number of expected and observed events in the four decay channels after the event selection, in the mass
range 115 GeV< m4` < 130 GeV. The sum of the expected number of SM Higgs boson events and the estimated
background yields is compared to the data. Combined statistical and systematic uncertainties are included for the
predictions (see Section 7).

Final Signal Z Z
⇤ Other Total Observed

state background backgrounds expected
4µ 40.5 ± 1.7 19.0 ± 1.1 1.71 ± 0.10 61.2 ± 2.0 64

2e2µ 28.2 ± 1.2 13.3 ± 0.8 1.38 ± 0.10 42.8 ± 1.4 64
2µ2e 22.1 ± 1.4 9.2 ± 0.9 2.99 ± 0.09 34.3 ± 1.7 39
4e 21.1 ± 1.4 8.6 ± 0.8 2.90 ± 0.09 32.5 ± 1.6 28

Total 112 ± 5 50 ± 4 8.96 ± 0.12 171 ± 6 195

Figures 3 and 4 show the expected and observed four-lepton invariant mass distributions, inclusive and550

per final state. Only events with a four-lepton invariant mass in the range 115�130 GeV are used in the551

extraction of the signal yield. The m4` distribution shows two clear peaks corresponding to Z ! 4`552

production and to the Higgs boson signal with a mass near 125 GeV. The overall observed and predicted553

event counts agree within 1.7 standard deviations.
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H
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 4l→ ZZ* →H 
-113 TeV, 79.8 fb

Figure 3: The expected and observed inclusive four-lepton invariant mass distributions for the selected Higgs boson
candidates, shown for an integrated luminosity of 79.8 fb�1 and at

p
s = 13 TeV. The uncertainty in the prediction

is shown by the hatched band, calculated as described in Section 7.
554

1st June 2018 – 09:32 21

2015 + 2016 + 2017

11. Summary 17

 (GeV)l4m
0

20

40

60

80

100

120

140

160

180

200

220

Ev
en

ts
 / 

4 
G

eV Data
H(125)

*γZZ, Z→qq
*γZZ, Z→gg

Z+X

 (13 TeV)-177.4 fbPreliminary 2016 + 2017 CMS
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Figure 9: Distribution of the four-lepton reconstructed invariant mass m4` in the full mass range
combining 2016 and 2017. Points with error bars represent the data and stacked histograms
represent expected distributions of the signal and background processes. The SM Higgs boson
signal with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds are normalized to the
SM expectation, the Z+X background to the estimation from data. The order in perturbation
theory used for the normalization of the irreducible backgrounds is described in Section 7.1.
No events are observed with m4` > 1.1 TeV.

µVBF,VH = 0.60+0.62
�0.49. The 68% CL contours in the (µggH, ttH,bb̄H,tqH, µVBF,VH) plane are shown in444

Fig. 10 (left) for results with 2016, 2017 data and their combination.445

Table 4: Expected and observed signal-strength modifiers for combined 2016 and 2017 data.

Inclusive µggH,bb̄H µVBF µVHhad µVHlep µtt̄H,tqH

Expected 1.00 ± 0.10(stat)+0.08
�0.06(exp. syst)+0.07

�0.05(th. syst) 1.00+0.17
�0.16 1.00+0.86

�0.67 1.00+2.39
�1.00 1.00+2.30

�1.00 1.00+1.80
�1.00

Observed 1.06 ± 0.10(stat)+0.08
�0.06(exp. syst)+0.07

�0.05(th. syst) 1.15+0.18
�0.16 0.69+0.75

�0.57 0.00+1.16
�0.00 1.25+2.46

�1.25 0.00+0.53
�0.00

11 Summary446

Several measurements of Higgs boson production in the four-lepton final state at
p

s = 13 TeV447

have been presented, using data samples corresponding to an integrated luminosity of 41.5 fb�1.448

The measured signal strength modifier is µ = 1.10+0.19
�0.17, and the measured signal strength mod-449

ifiers associated with fermions and vector bosons are µggH, ttH,bb̄H,tqH = 1.11+0.23
�0.21 and µVBF,VH =450

1.00+0.96
�0.71, respectively. Results based on data collected in 2016 and 2017 are combined and the451

measured signal strength modifier is µ = 1.06+0.15
�0.13. All results are consistent, within their un-452

certainties, with the expectations for the SM Higgs boson.453
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H→ZZ*→4l

�7

CMS-PAS-HIG-18-001
Phys. Lett. B 775 (2017) 1

JHEP 03 (2018) 095
ATLAS-CONF-2018-018

Low signal rate, but very clear signal topology over a small, flat background (mainly qqZZ, Z+jets)
•4 isolated leptons in final state combined in 2 Z pairs
•Kinematical information (matrix element KD discriminants) or BDT techniques to separate signal 
and background and categorise events

Analysis is still being improved:
•Improved event categorisation to target VH and ttH productions
•CMS: dedicated discriminants to target different production modes (ggH, VBF, VH)

NEW

First public Higgs analyses including 2017 data!
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Figure 6: Distribution of categorization discriminants in the mass region 118 < m4` < 130 GeV:
(Left) D2jet, (Middle) D1jet, (Right) DVH = max(DWH,DZH). Points with error bars represent the
data and stacked histograms represent expected distributions of the signal and background
processes. The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ
backgrounds are normalized to the SM expectation, the Z+X background to the estimation from
data. The vertical gray dashed lines denote the working points used in the event categorization.
The SM Higgs boson signal is separated into two components: the production mode which is
targeted by the specific discriminant, and other production modes which is always dominated
by the gluon fusion process. The order in perturbation theory used for the normalization of the
irreducible backgrounds is described in Section 7.1.
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Figure 7: Distribution of kinematic discriminants in the mass region 118 < m4` < 130 GeV:
(Left) Dkin

bkg , (Middle) DVBF+dec
bkg , (Right) DVH+dec

bkg . Points with error bars represent the data and
stacked histograms represent expected distributions of the signal and background processes.
The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds
are normalized to the SM expectation, the Z+X background to the estimation from data. The SM
Higgs boson signal is separated into two components: the production mode which is targeted
by the specific discriminant, and other production modes which is always dominated by the
gluon fusion process.

A simultaneous fit to all categories is performed to extract the signal-strength modifier, de-400

fined as the ratio of the observed Higgs boson rate in the H ! ZZ ! 4` decay channel to401

the standard model expectation. At mH = 125.09 GeV, the combined result is µ = s/sSM =402

1.10+0.14
�0.13(stat)+0.13

�0.14(syst) = 1.10+0.19
�0.17, which is compared to the results for each of the seven403

event categories in Fig. 8 (top left). The observed values are consistent with 1 within the uncer-404
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Figure 6: Distribution of categorization discriminants in the mass region 118 < m4` < 130 GeV:
(Left) D2jet, (Middle) D1jet, (Right) DVH = max(DWH,DZH). Points with error bars represent the
data and stacked histograms represent expected distributions of the signal and background
processes. The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ
backgrounds are normalized to the SM expectation, the Z+X background to the estimation from
data. The vertical gray dashed lines denote the working points used in the event categorization.
The SM Higgs boson signal is separated into two components: the production mode which is
targeted by the specific discriminant, and other production modes which is always dominated
by the gluon fusion process. The order in perturbation theory used for the normalization of the
irreducible backgrounds is described in Section 7.1.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
kin
bkgD

0

5

10

15

20

25

30

Ev
en

ts
 / 

0.
1

Data
H(125)

*γZZ, Z→qq
*γZZ, Z→gg

Z+X

 < 130 GeVl4118 < m

 (13 TeV)-141.5 fbPreliminary CMS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
VBF+dec
bkgD

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Ev
en

ts
 / 

0.
1

Data
H(125), VBF
H(125), other

*γZZ, Z→qq
*γZZ, Z→gg

Z+X

 < 130 GeVl4118 < m
VBF-2jet tagged category

 (13 TeV)-141.5 fbPreliminary CMS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
VH+dec
bkgD

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Ev
en

ts
 / 

0.
1

Data
H(125), VH
H(125), other

*γZZ, Z→qq
*γZZ, Z→gg

Z+X

 < 130 GeVl4118 < m
VH-hadronic tagged category

 (13 TeV)-141.5 fbPreliminary CMS

Figure 7: Distribution of kinematic discriminants in the mass region 118 < m4` < 130 GeV:
(Left) Dkin

bkg , (Middle) DVBF+dec
bkg , (Right) DVH+dec

bkg . Points with error bars represent the data and
stacked histograms represent expected distributions of the signal and background processes.
The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds
are normalized to the SM expectation, the Z+X background to the estimation from data. The SM
Higgs boson signal is separated into two components: the production mode which is targeted
by the specific discriminant, and other production modes which is always dominated by the
gluon fusion process.

A simultaneous fit to all categories is performed to extract the signal-strength modifier, de-400

fined as the ratio of the observed Higgs boson rate in the H ! ZZ ! 4` decay channel to401

the standard model expectation. At mH = 125.09 GeV, the combined result is µ = s/sSM =402

1.10+0.14
�0.13(stat)+0.13

�0.14(syst) = 1.10+0.19
�0.17, which is compared to the results for each of the seven403

event categories in Fig. 8 (top left). The observed values are consistent with 1 within the uncer-404

NEW

2017 data

14

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2jetD
0

1

2

3

4

5

6

7

8

9

Ev
en

ts
 / 

0.
1

Data
H(125), VBF
H(125), other

*γZZ, Z→qq
*γZZ, Z→gg

Z+X

 2≥N(jets) 
 < 130 GeVl4118 < m

 (13 TeV)-141.5 fbPreliminary CMS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1jetD
0

2

4

6

8

10

12

14

16

Ev
en

ts
 / 

0.
1

Data
H(125), VBF
H(125), other

*γZZ, Z→qq
*γZZ, Z→gg

Z+X

N(jets) = 1
 < 130 GeVl4118 < m

 (13 TeV)-141.5 fbPreliminary CMS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

VHD
0

2

4

6

8

10

12

14

16

18

20

22

Ev
en

ts
 / 

0.
1

Data
H(125), VH
H(125), other

*γZZ, Z→qq
*γZZ, Z→gg

Z+X

 2≥N(jets) 
 < 130 GeVl4118 < m

 (13 TeV)-141.5 fbPreliminary CMS

Figure 6: Distribution of categorization discriminants in the mass region 118 < m4` < 130 GeV:
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processes. The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ
backgrounds are normalized to the SM expectation, the Z+X background to the estimation from
data. The vertical gray dashed lines denote the working points used in the event categorization.
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irreducible backgrounds is described in Section 7.1.
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Figure 2: Standard Model signal composition in terms of the reduced Stage-1 production bins in each reconstructed
event category. The ggF and bbH contributions are shown separately but both contribute to the same (ggF)
production bin.

Table 4: The BDT discriminants and their corresponding input variables used for the measurement of cross sections
per production bin. The jets are denoted by “ j”. See the text for variable definitions.

Reconstructed event category BDT discriminant Input variables
0 j-p4`

T -Low BDTggF p
4`
T , ⌘4`, DZZ⇤

1 j-p4`
T -Low BDT1 j-p4`

T -Low
VBF p

j

T, ⌘ j , �R( j, 4`)
1 j-p4`

T -Med BDT1 j-p4`
T -Med

VBF p
j

T, ⌘ j , �R( j, 4`)
VBF-enriched-p j

T-Low BDTVBF m j j , �⌘ j j , p
j1
T , p

j2
T , ⌘⇤4`, �R

min
jZ

, p
4` j j
T

VH-Had-enriched BDTVH -Had m j j , �⌘ j j , p
j1
T , p

j2
T , ⌘⇤4`, �R

min
jZ

, ⌘ j1

ttH-Had-enriched BDTt tH -Had
m j j , �⌘ j j , �R

min
jZ

, �R( j, 4`), ⌘⇤4`,

E
miss
T , p

j j

T , Njets, Nb�jets, HT,Msig
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Mass measurement

�8

H→ZZ→4l and H→𝛄𝛄 are the final states with the highest precision for the mass measurement

Most precise measurement at the moment comes 
from CMS H→ZZ→4l mass measurement with 
2016 data mH = 125.26±0.21 GeV

ATLAS performed the combined measurement of the 
Run1 and Run2 (2015+2016) H→ZZ→4l and H→𝛄𝛄 
mass measurements, mH = 124.97±0.24 GeV

123 124 125 126 127 128
 [GeV]Hm

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
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NEW
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CMS-PAS-HIG-16-041
arXiv:1806.00242

https://arxiv.org/abs/1806.00242


Giacomo Ortona                                                                                                                                                                                      LHCP2018 - Bologna - 04/06/2018

Signal strengths
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Figure 10: (Left) Result of the 2D likelihood scan for the µggH, ttH,bb̄H,tqH and µVBF,VH signal-
strength modifiers. The solid contours show the 68% CL regions. The cross indicates the best-fit
value, and the diamond represents the expected value for the SM Higgs boson. (Right) Results
of likelihood scans for the signal-strength modifiers corresponding to the main SM Higgs bo-
son production modes, compared to the SM expectation shown as a vertical dashed line. The
horizontal bars indicate the ± 1s uncertainties. The uncertainties include both statistical and
systematic sources. The measurements of the global signal strength µ are also shown.

NEW

ATLAS 2015+2016+2017: 
Run1 CMS+ATLAS: μ=1.09+0.18-0.16

Run2 small deficit in VBF, small 
excess in gluon fusion. Opposite 
with respect Run1
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Table 8: The fiducial and total cross sections of Higgs boson production measured in the 4` final state. The fiducial
cross sections are given separately for each decay channel, and for same- and opposite-flavour decays. The inclusive
fiducial cross section is measured as the sum of all channels (�sum), as well as by combining the per-channel
measurements assuming SM Z Z

⇤ ! 4` relative branching ratios (�comb). For the total cross section (�tot), the
Higgs boson branching ratio at 125 GeV is assumed. The total SM prediction is accurate to N3LO in QCD for
the ggF process. For the fiducial cross section predictions, the SM cross sections are multiplied by the acceptances
determined using the NNLOPS sample for ggF. For all the other production modes, the predictions from the samples
discussed in Section 3 are added. The p-values indicating the compatibility of the measurement and the SM
prediction are shown as well. They do not include the systematic uncertainty in the theoretical predictions.

Cross section [fb] Data (± (stat.) ± (syst.) ) Standard Model prediction p-value [%]
�4µ 0.97 ±0.17 ±0.05 0.886 ± 0.039 62
�4e 0.61 ±0.21 ±0.07 0.886 ± 0.039 25
�2µ2e 0.88 ±0.21 ±0.08 0.786 ± 0.035 66
�2e2µ 1.37 ±0.22 ±0.07 0.786 ± 0.035 0.3
�4µ+4e 1.58 ±0.27 ±0.10 1.77 ± 0.07 51
�2µ2e+2e2µ 2.26 ±0.31 ±0.13 1.57 ± 0.06 2.4
�sum 3.84 ±0.41 ±0.23 3.35 ± 0.15 27
�comb 4.04 ±0.41 ±0.22 3.35 ± 0.15 12

�tot [pb] 67.2 ±6.8 ±4.1 55.7 ± 2.5 13

by NNLOPS and M��G����5_�MC@NLO-FxFx. All samples are normalised to the most accurate SM608

predictions, as discussed in Section 3. The shaded bands on the expected cross sections indicate the PDF609

and scale uncertainties. The figures include the p-values quantifying the compatibility of the measurement610

and the SM predictions.611

8.3 Production mode cross sections612

Assuming that the relative signal fractions in each production bin are given by the predictions for the SM
Higgs boson, the inclusive H ! Z Z

⇤ production cross section for |yH | < 2.5 is measured to be:

� · B ⌘ � · B(H ! Z Z
⇤) = 1.58 ± 0.15(stat.) ± 0.08(exp.) ± 0.04(th.) pb = 1.58 ± 0.18 pb.

The SM prediction is (� · B)SM ⌘ (� · B(H ! Z Z
⇤))SM = 1.33 ± 0.09 pb. The data are also interpreted

in terms of the global signal strength, yielding

µ = 1.20 ± 0.12(stat.) ± 0.06(exp.)+0.08
�0.07 (th.) = 1.20+0.16

�0.15.

The measured cross section and signal strength agree with the SM prediction at the level of 1.5 and613

1.4 standard deviations, respectively. The corresponding likelihood functions are shown in Figure 12.614

The dominant systematic uncertainty in the cross section measurement is the experimental uncertainty in615

the lepton e�ciency and integrated luminosity measurements. The signal strength measurement is also616

equally a�ected by the theoretical uncertainty of the ggF signal yield due to QCD scale variations.617

1st June 2018 – 09:32 29

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

DRAFT

Table 8: The fiducial and total cross sections of Higgs boson production measured in the 4` final state. The fiducial
cross sections are given separately for each decay channel, and for same- and opposite-flavour decays. The inclusive
fiducial cross section is measured as the sum of all channels (�sum), as well as by combining the per-channel
measurements assuming SM Z Z

⇤ ! 4` relative branching ratios (�comb). For the total cross section (�tot), the
Higgs boson branching ratio at 125 GeV is assumed. The total SM prediction is accurate to N3LO in QCD for
the ggF process. For the fiducial cross section predictions, the SM cross sections are multiplied by the acceptances
determined using the NNLOPS sample for ggF. For all the other production modes, the predictions from the samples
discussed in Section 3 are added. The p-values indicating the compatibility of the measurement and the SM
prediction are shown as well. They do not include the systematic uncertainty in the theoretical predictions.

Cross section [fb] Data (± (stat.) ± (syst.) ) Standard Model prediction p-value [%]
�4µ 0.97 ±0.17 ±0.05 0.886 ± 0.039 62
�4e 0.61 ±0.21 ±0.07 0.886 ± 0.039 25
�2µ2e 0.88 ±0.21 ±0.08 0.786 ± 0.035 66
�2e2µ 1.37 ±0.22 ±0.07 0.786 ± 0.035 0.3
�4µ+4e 1.58 ±0.27 ±0.10 1.77 ± 0.07 51
�2µ2e+2e2µ 2.26 ±0.31 ±0.13 1.57 ± 0.06 2.4
�sum 3.84 ±0.41 ±0.23 3.35 ± 0.15 27
�comb 4.04 ±0.41 ±0.22 3.35 ± 0.15 12

�tot [pb] 67.2 ±6.8 ±4.1 55.7 ± 2.5 13

by NNLOPS and M��G����5_�MC@NLO-FxFx. All samples are normalised to the most accurate SM608

predictions, as discussed in Section 3. The shaded bands on the expected cross sections indicate the PDF609
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and the SM predictions.611
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Higgs boson, the inclusive H ! Z Z

⇤ production cross section for |yH | < 2.5 is measured to be:

� · B ⌘ � · B(H ! Z Z
⇤) = 1.58 ± 0.15(stat.) ± 0.08(exp.) ± 0.04(th.) pb = 1.58 ± 0.18 pb.

The SM prediction is (� · B)SM ⌘ (� · B(H ! Z Z
⇤))SM = 1.33 ± 0.09 pb. The data are also interpreted

in terms of the global signal strength, yielding

µ = 1.20 ± 0.12(stat.) ± 0.06(exp.)+0.08
�0.07 (th.) = 1.20+0.16

�0.15.

The measured cross section and signal strength agree with the SM prediction at the level of 1.5 and613

1.4 standard deviations, respectively. The corresponding likelihood functions are shown in Figure 12.614

The dominant systematic uncertainty in the cross section measurement is the experimental uncertainty in615

the lepton e�ciency and integrated luminosity measurements. The signal strength measurement is also616

equally a�ected by the theoretical uncertainty of the ggF signal yield due to QCD scale variations.617
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Run1: ATLAS excess, CMS deficit
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Table 4: Post-fit MC and data yields in ggF and VBF SRs. The yields and the uncertainties take into account
the pulls and data-constraints of the nuisance parameters, and the correlations between the fit regions and the
background processes. The quoted uncertainties include the theoretical and experimental systematic sources and
those due to sample statistics. The sum of all the contributions may di�er from the total value due to rounding. In
the determination of the uncertainties on the total background correlations have been taken into account.

Process Njet = 0 SR Njet = 1 SR Njet � 2 VBF SR

ggF 680 ± 110 303 ± 52 37± 13
VBF 6.8± 0.8 30.0± 1.9 30± 16

WW 2960 ± 670 1020 ± 390 386± 59
VV 323 ± 34 204 ± 30 71± 14
tt̄/Wt 580 ± 128 1400 ± 180 1234± 89
Mis-Id 471 ± 80 246 ± 50 109± 38
Z/�⇤ 27 ± 10 76 ± 22 298± 42

Total 5062 ± 67 3290 ± 51 2138± 47
Observed 5089 3264 2164

Table 5: Breakdown of the main contributions to the total uncertainty in �ggF and �VBF. The sum in quadrature of
the individual components di�ers from the total uncertainty due to correlations between the components.

Source ��ggF
�ggF

[%] ��VBF
�VBF

[%]

Data statistics ±8 ±46
CR statistics ±8 ±9
MC statistics ±5 ±23
Theoretical uncertainties ±8 ±21

ggF signal ±5 ±15
VBF signal <1 ±15
WW ±5 ±12
Top-quark ±4 ±4

Experimental uncertainties ±9 ±8
b-tagging ±5 ±6
Pile-up ±5 ±2
Jet ±3 ±4
Electron ±3 <1
Misidentified leptons ±5 ±9

Luminosity ±2 ±3
TOTAL ±17 ±59

The signal strength parameter µ is defined as the ratio of the measured signal yield to that predicted by
the SM. The measured signal strengths for the ggF and VBF production modes in the H!WW

⇤ decay
are simultaneously determined to be

µggF = 1.21+0.12
�0.11(stat.)+0.18

�0.17 (sys.) = 1.21+0.22
�0.21

µVBF = 0.62+0.30
�0.28(stat.) ± 0.22(sys.) = 0.62+0.37

�0.36.

In addition the �ggF(VBF) · BH!WW ⇤ for ggF and VBF are evaluated. The branching fraction BH!WW ⇤
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Table 7: MC and Data yields for the VBF analysis in the SRs and CRs. SR1 corresponds to �0.8 < BDT < 0.7 and
SR2 to 0.7 < BDT < 1. Normalisation factors derived from maximising the likelihood function are applied. The
errors include MC statistical uncertainties on the yield, NF statistical uncertainties, detector systematic uncertainties
and theory systematic uncertainties. The sum of all the contributions may di↵er from the total value due to rounding.
In the determination of the uncertainties on the total background correlations have been taken into account.

Category SR1 SR2 Top CR Z+jets CR

VBF 9.3± 3.6 5.1± 1.8 1.7± 0.6 1.1± 0.4
Other Higgs 8.0± 4.0 0.7± 0.4 1.1± 0.2 1.2± 0.0

WW 13.0± 8.0 0.4± 0.2 1.4± 0.5 2.0± 0.9
Other VV 6.6± 2.6 0.2± 0.1 0.2± 0.0 0.8± 0.2
Top quark 42.2± 7.6 0.9± 0.7 186 ± 17 3.6± 1.6
W+jets 24.3± 9.2 1.2± 0.7 8.8± 4.0 4.4± 2.2
Z+jets 18.0± 9.9 0.1± 0.1 1.3± 1.0 27 ± 10

Total background 115 ± 13 3.5± 1.9 199 ± 17 38.8± 9.8
Observed 120 9 202 41

In the VBF analysis a simultaneous fit is performed to two ranges of the BDT output distribution in the
signal region as well as to the yields of the top-quark CR and the Z ! ⌧⌧ CR. An overview of the fit
regions is given in Fig. 6(a) comparing the observed yields to the post-fit yields. Details on the yields in
SR and CRs are given in Table 7. Anti-correlations between the uncertainty on the Z ! ⌧⌧ normalisation,
the top-quark normalisation, theW+jets background estimation, and the jet energy scale yield a reduction
in uncertainty on the total estimated background. The observed (expected) significance in the presented
measurement of VBF production is 1.9� (1.2�) assuming a Higgs boson mass of 125GeV.

In case of the WH analysis the simultaneous fit is performed to the yields of the Z-dominated and Z-
depleted SRs as well as to the top-quark CRs, the WZ/W�⇤ CR, the Z� CR, and the Z+jets CRs. The
measurement of WH production has an observed (expected) significance of 0.77� (0.24�). The post-fit
yields are given in Tables 8 and 9, respectively for SRs and CRs, and the fit regions are illustrated in
Fig. 6(b).

The VBF-specific result is extracted by considering the ggF and VH production modes as background,
using the SM predicted cross-sections and treating their uncertainties as nuisance parameters. In the case
of the WH analysis, the ggF, VBF, and ZH production modes are considered as background.

The fit results for the signal strength for the VBF and WH production modes are respectively:

µVBF = 1.7+1.0
�0.8(stat)+0.6

�0.4(sys)

µWH = 3.2+3.7
�3.2(stat)+2.3

�2.7(sys)

Since the contribution of the ggF production process to the background in the VBF analysis is not negli-
gible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been assessed. A
scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred percent,
i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25% which is
well below the precision of the given measurement.
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Figure 15: Expected fraction of signal events per production mode in the different categories.
For each category, the seff and sHM of the signal model, as described in the text, are given. The
ratio of the number of signal events (S) to the number of signal-plus-background events (S+B)
is shown on the right hand side.

A likelihood scan of the signal strength modifier is performed, with other parameters of the
signal and background models allowed to vary. Systematic uncertainties are included in the
form of nuisance parameters and the results are obtained using an asymptotic approach [52–
54] with a test statistic based on the profile likelihood ratio (q) [55]. The individual contri-
butions of the statistical and systematic uncertainties are separated by performing a likeli-
hood scan removing the systematic uncertainties to determine the statistical uncertainty. The
systematic uncertainty is then taken as the difference in quadrature between the total uncer-
tainty and the statistical uncertainty. The results can be found in Fig. 16. The best fit signal
strength modifier measured for all categories combined using this method is bµ = 1.18+0.17

�0.14 =

1.18 +0.12
�0.11 (stat)+0.09

�0.07 (syst)+0.07
�0.06 (theo). The best fit mass is found at bmH = 125.4 ± 0.3 GeV =

125.4± 0.2 (stat)± 0.2 (syst) GeV. A precise determination of the systematic uncertainties affect-
ing the best fit mass is not within the scope of this analysis. The maximum relative variation of
bµ for mH within a range of ±1 GeV around 125 GeV is less than 2%.

The results of a fit to the signal strength modifier for each production mode, defined analo-
gously to the overall µ above, are shown in Fig. 17. The observed rates of the VBF, ttH, and VH
production modes correspond respectively to p-values of 4.2, 0.074, and 0.47%, with respect to
the absence of the considered production mode. The expected p-values are 1.8, 7.3, and 12%,
respectively, for an SM Higgs boson, with the current data set.

A similar fit is performed to extract the ratios of observed cross sections to the SM prediction in
the stage 0 of the simplified template cross section (STXS) framework [32]. These cross sections
are for a reduced fiducial volume, defined by requiring the Higgs boson rapidity to be less than
2.5. Outside of this volume the analysis has a negligible acceptance. The ratios are measured for
the ggH, VBF, ttH, and VH production processes. VH is further split considering the decay of
the associated boson into WH leptonic, ZH leptonic, and VH hadronic, which groups hadronic
decays of both the W and Z bosons. The STXS approach differs from the signal strength mod-
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Signal strengths
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ATLAS 2015+2016+2017: 
Run1 CMS+ATLAS: μ=1.09+0.18-0.16

Run2 small deficit in VBF, small 
excess in gluon fusion. Opposite 
with respect Run1
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Table 8: The fiducial and total cross sections of Higgs boson production measured in the 4` final state. The fiducial
cross sections are given separately for each decay channel, and for same- and opposite-flavour decays. The inclusive
fiducial cross section is measured as the sum of all channels (�sum), as well as by combining the per-channel
measurements assuming SM Z Z

⇤ ! 4` relative branching ratios (�comb). For the total cross section (�tot), the
Higgs boson branching ratio at 125 GeV is assumed. The total SM prediction is accurate to N3LO in QCD for
the ggF process. For the fiducial cross section predictions, the SM cross sections are multiplied by the acceptances
determined using the NNLOPS sample for ggF. For all the other production modes, the predictions from the samples
discussed in Section 3 are added. The p-values indicating the compatibility of the measurement and the SM
prediction are shown as well. They do not include the systematic uncertainty in the theoretical predictions.

Cross section [fb] Data (± (stat.) ± (syst.) ) Standard Model prediction p-value [%]
�4µ 0.97 ±0.17 ±0.05 0.886 ± 0.039 62
�4e 0.61 ±0.21 ±0.07 0.886 ± 0.039 25
�2µ2e 0.88 ±0.21 ±0.08 0.786 ± 0.035 66
�2e2µ 1.37 ±0.22 ±0.07 0.786 ± 0.035 0.3
�4µ+4e 1.58 ±0.27 ±0.10 1.77 ± 0.07 51
�2µ2e+2e2µ 2.26 ±0.31 ±0.13 1.57 ± 0.06 2.4
�sum 3.84 ±0.41 ±0.23 3.35 ± 0.15 27
�comb 4.04 ±0.41 ±0.22 3.35 ± 0.15 12

�tot [pb] 67.2 ±6.8 ±4.1 55.7 ± 2.5 13

by NNLOPS and M��G����5_�MC@NLO-FxFx. All samples are normalised to the most accurate SM608

predictions, as discussed in Section 3. The shaded bands on the expected cross sections indicate the PDF609

and scale uncertainties. The figures include the p-values quantifying the compatibility of the measurement610

and the SM predictions.611

8.3 Production mode cross sections612

Assuming that the relative signal fractions in each production bin are given by the predictions for the SM
Higgs boson, the inclusive H ! Z Z

⇤ production cross section for |yH | < 2.5 is measured to be:

� · B ⌘ � · B(H ! Z Z
⇤) = 1.58 ± 0.15(stat.) ± 0.08(exp.) ± 0.04(th.) pb = 1.58 ± 0.18 pb.

The SM prediction is (� · B)SM ⌘ (� · B(H ! Z Z
⇤))SM = 1.33 ± 0.09 pb. The data are also interpreted

in terms of the global signal strength, yielding

µ = 1.20 ± 0.12(stat.) ± 0.06(exp.)+0.08
�0.07 (th.) = 1.20+0.16

�0.15.

The measured cross section and signal strength agree with the SM prediction at the level of 1.5 and613

1.4 standard deviations, respectively. The corresponding likelihood functions are shown in Figure 12.614

The dominant systematic uncertainty in the cross section measurement is the experimental uncertainty in615

the lepton e�ciency and integrated luminosity measurements. The signal strength measurement is also616

equally a�ected by the theoretical uncertainty of the ggF signal yield due to QCD scale variations.617
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25% improvement on Run1 combination

Table 4: Post-fit MC and data yields in ggF and VBF SRs. The yields and the uncertainties take into account
the pulls and data-constraints of the nuisance parameters, and the correlations between the fit regions and the
background processes. The quoted uncertainties include the theoretical and experimental systematic sources and
those due to sample statistics. The sum of all the contributions may di�er from the total value due to rounding. In
the determination of the uncertainties on the total background correlations have been taken into account.

Process Njet = 0 SR Njet = 1 SR Njet � 2 VBF SR

ggF 680 ± 110 303 ± 52 37± 13
VBF 6.8± 0.8 30.0± 1.9 30± 16

WW 2960 ± 670 1020 ± 390 386± 59
VV 323 ± 34 204 ± 30 71± 14
tt̄/Wt 580 ± 128 1400 ± 180 1234± 89
Mis-Id 471 ± 80 246 ± 50 109± 38
Z/�⇤ 27 ± 10 76 ± 22 298± 42

Total 5062 ± 67 3290 ± 51 2138± 47
Observed 5089 3264 2164

Table 5: Breakdown of the main contributions to the total uncertainty in �ggF and �VBF. The sum in quadrature of
the individual components di�ers from the total uncertainty due to correlations between the components.

Source ��ggF
�ggF

[%] ��VBF
�VBF

[%]

Data statistics ±8 ±46
CR statistics ±8 ±9
MC statistics ±5 ±23
Theoretical uncertainties ±8 ±21

ggF signal ±5 ±15
VBF signal <1 ±15
WW ±5 ±12
Top-quark ±4 ±4

Experimental uncertainties ±9 ±8
b-tagging ±5 ±6
Pile-up ±5 ±2
Jet ±3 ±4
Electron ±3 <1
Misidentified leptons ±5 ±9

Luminosity ±2 ±3
TOTAL ±17 ±59

The signal strength parameter µ is defined as the ratio of the measured signal yield to that predicted by
the SM. The measured signal strengths for the ggF and VBF production modes in the H!WW

⇤ decay
are simultaneously determined to be

µggF = 1.21+0.12
�0.11(stat.)+0.18

�0.17 (sys.) = 1.21+0.22
�0.21

µVBF = 0.62+0.30
�0.28(stat.) ± 0.22(sys.) = 0.62+0.37

�0.36.

In addition the �ggF(VBF) · BH!WW ⇤ for ggF and VBF are evaluated. The branching fraction BH!WW ⇤
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Table 7: MC and Data yields for the VBF analysis in the SRs and CRs. SR1 corresponds to �0.8 < BDT < 0.7 and
SR2 to 0.7 < BDT < 1. Normalisation factors derived from maximising the likelihood function are applied. The
errors include MC statistical uncertainties on the yield, NF statistical uncertainties, detector systematic uncertainties
and theory systematic uncertainties. The sum of all the contributions may di↵er from the total value due to rounding.
In the determination of the uncertainties on the total background correlations have been taken into account.

Category SR1 SR2 Top CR Z+jets CR

VBF 9.3± 3.6 5.1± 1.8 1.7± 0.6 1.1± 0.4
Other Higgs 8.0± 4.0 0.7± 0.4 1.1± 0.2 1.2± 0.0

WW 13.0± 8.0 0.4± 0.2 1.4± 0.5 2.0± 0.9
Other VV 6.6± 2.6 0.2± 0.1 0.2± 0.0 0.8± 0.2
Top quark 42.2± 7.6 0.9± 0.7 186 ± 17 3.6± 1.6
W+jets 24.3± 9.2 1.2± 0.7 8.8± 4.0 4.4± 2.2
Z+jets 18.0± 9.9 0.1± 0.1 1.3± 1.0 27 ± 10

Total background 115 ± 13 3.5± 1.9 199 ± 17 38.8± 9.8
Observed 120 9 202 41

In the VBF analysis a simultaneous fit is performed to two ranges of the BDT output distribution in the
signal region as well as to the yields of the top-quark CR and the Z ! ⌧⌧ CR. An overview of the fit
regions is given in Fig. 6(a) comparing the observed yields to the post-fit yields. Details on the yields in
SR and CRs are given in Table 7. Anti-correlations between the uncertainty on the Z ! ⌧⌧ normalisation,
the top-quark normalisation, theW+jets background estimation, and the jet energy scale yield a reduction
in uncertainty on the total estimated background. The observed (expected) significance in the presented
measurement of VBF production is 1.9� (1.2�) assuming a Higgs boson mass of 125GeV.

In case of the WH analysis the simultaneous fit is performed to the yields of the Z-dominated and Z-
depleted SRs as well as to the top-quark CRs, the WZ/W�⇤ CR, the Z� CR, and the Z+jets CRs. The
measurement of WH production has an observed (expected) significance of 0.77� (0.24�). The post-fit
yields are given in Tables 8 and 9, respectively for SRs and CRs, and the fit regions are illustrated in
Fig. 6(b).

The VBF-specific result is extracted by considering the ggF and VH production modes as background,
using the SM predicted cross-sections and treating their uncertainties as nuisance parameters. In the case
of the WH analysis, the ggF, VBF, and ZH production modes are considered as background.

The fit results for the signal strength for the VBF and WH production modes are respectively:

µVBF = 1.7+1.0
�0.8(stat)+0.6

�0.4(sys)

µWH = 3.2+3.7
�3.2(stat)+2.3

�2.7(sys)

Since the contribution of the ggF production process to the background in the VBF analysis is not negli-
gible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been assessed. A
scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred percent,
i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25% which is
well below the precision of the given measurement.
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Figure 15: Expected fraction of signal events per production mode in the different categories.
For each category, the seff and sHM of the signal model, as described in the text, are given. The
ratio of the number of signal events (S) to the number of signal-plus-background events (S+B)
is shown on the right hand side.

A likelihood scan of the signal strength modifier is performed, with other parameters of the
signal and background models allowed to vary. Systematic uncertainties are included in the
form of nuisance parameters and the results are obtained using an asymptotic approach [52–
54] with a test statistic based on the profile likelihood ratio (q) [55]. The individual contri-
butions of the statistical and systematic uncertainties are separated by performing a likeli-
hood scan removing the systematic uncertainties to determine the statistical uncertainty. The
systematic uncertainty is then taken as the difference in quadrature between the total uncer-
tainty and the statistical uncertainty. The results can be found in Fig. 16. The best fit signal
strength modifier measured for all categories combined using this method is bµ = 1.18+0.17

�0.14 =

1.18 +0.12
�0.11 (stat)+0.09

�0.07 (syst)+0.07
�0.06 (theo). The best fit mass is found at bmH = 125.4 ± 0.3 GeV =

125.4± 0.2 (stat)± 0.2 (syst) GeV. A precise determination of the systematic uncertainties affect-
ing the best fit mass is not within the scope of this analysis. The maximum relative variation of
bµ for mH within a range of ±1 GeV around 125 GeV is less than 2%.

The results of a fit to the signal strength modifier for each production mode, defined analo-
gously to the overall µ above, are shown in Fig. 17. The observed rates of the VBF, ttH, and VH
production modes correspond respectively to p-values of 4.2, 0.074, and 0.47%, with respect to
the absence of the considered production mode. The expected p-values are 1.8, 7.3, and 12%,
respectively, for an SM Higgs boson, with the current data set.

A similar fit is performed to extract the ratios of observed cross sections to the SM prediction in
the stage 0 of the simplified template cross section (STXS) framework [32]. These cross sections
are for a reduced fiducial volume, defined by requiring the Higgs boson rapidity to be less than
2.5. Outside of this volume the analysis has a negligible acceptance. The ratios are measured for
the ggH, VBF, ttH, and VH production processes. VH is further split considering the decay of
the associated boson into WH leptonic, ZH leptonic, and VH hadronic, which groups hadronic
decays of both the W and Z bosons. The STXS approach differs from the signal strength mod-
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Figure 10: (Left) Result of the 2D likelihood scan for the µggH, ttH,bb̄H,tqH and µVBF,VH signal-
strength modifiers. The solid contours show the 68% CL regions. The cross indicates the best-fit
value, and the diamond represents the expected value for the SM Higgs boson. (Right) Results
of likelihood scans for the signal-strength modifiers corresponding to the main SM Higgs bo-
son production modes, compared to the SM expectation shown as a vertical dashed line. The
horizontal bars indicate the ± 1s uncertainties. The uncertainties include both statistical and
systematic sources. The measurements of the global signal strength µ are also shown.
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ATLAS-2016-21 (arXiv:1802.04146)
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SM prediction

Both fiducial (inclusive) cross section, STXS, and differential distributions show good agreement with 
theoretical predictions
Experimental uncertainties are comparable to theoretical ones in the most populated bins (low pT, low Njets)
Differential cross-section as a function of pT(H), Njet, yH, cos𝜗* (see backup)

ATLAS: EFT reinterpretation to probe anomalous couplings

https://arxiv.org/abs/1802.04146
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Phys. Lett. B 775 (2017) 1
ATLAS-CONF-2018-018

ATLAS already attempting at (simplified) stage-1 STXS subprocesses.
CMS show a small excess (mostly driven by excess in 2e2μ)
no ttH event observed yet in either of the experiments
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Figure 13: The observed and expected SM values of the cross section ratios � · B normalised by the SM expectation
(� ·B)SM for the inclusive production and in the (a) Stage-0 and (b) reduced Stage-1 production bins for an integrated
luminosity of 79.8 fb�1at

p
s = 13 TeV. Di�erent colours for the observed results indicate di�erent Higgs boson

production modes. The hatched area indicates that the ttH parameter of interest is constrained to positive values. For
visualisation purposes, the VBF-p j

T-High value is divided by a factor of three when shown normalised to (� · B)SM.
The yellow vertical band represents the theory uncertainty in the signal prediction, while the horizontal grey bands
represent the expected measurement uncertainty.
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expected signal-strength modifiers in Table 4. A two-dimensional fit is performed assuming a442

mass of mH = 125.09 GeV leading to the measurements of µggH, ttH,bb̄H,tqH = 1.12+0.16
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1 1.2 1.4 1.6 1.8

 [pb]B⋅σ

0

2

4

6

8

10

12

)
λ

-2
ln

( Observed-Stat. only

Observed

Expected-Stat. only

Expected

ATLAS Preliminary

 4l→ ZZ* →H 
-113 TeV, 79.8 fb

σ1

σ2

(a)

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

µ

0

2

4

6

8

10

12

14

)
λ

-2
ln

( Observed-Stat. only

Observed

Expected-Stat. only

Expected

ATLAS Preliminary

 4l→ ZZ* →H 
-113 TeV, 79.8 fb

σ1

σ2

(b)

Figure 12: The expected (blue) and observed (black) profile likelihood as a function of (a) � · B(H ! Z Z
⇤) and

(b) the inclusive signal strength µ; the scans are shown both with (solid line) and without (dashed line) systematic
uncertainties.

1st June 2018 – 09:32 31

NEW

2015 + 2016 + 2017 2015 + 2016 + 20172017

http://dx.doi.org/10.1016/j.physletb.2017.10.021


Giacomo Ortona                                                                                                                                                                                      LHCP2018 - Bologna - 04/06/2018

ATLAS ZZ+𝛄𝛄 combination
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Higgs differential cross-section.
From the H𝛄𝛄 and HZZ combination of 
the 2015+2016 dataset
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Per production mode Per decay mode

~30% improvement 
in precision

~45% improvement 
in precision

Paper Paper

16 Contents

The free parameters describing the shapes and normalizations of the data-driven background
models, and discrete nuisances which allow for switching the background parametrization
choice in each of the H ! gg analysis categories are fully determined by the data without any
additional constraints, and are therefore assigned to the statistical uncertainty of a measure-
ment. The remaining uncertainties are assigned to the systematic uncertainty.

6 Signal strength and cross section fits

The signal strength modifier µ, defined as the ratio between the measured Higgs boson yield
and its SM expectation, has been extensively used to characterise the Higgs boson yields. How-
ever, the specific meaning of µ varies depending on the analysis. For a specific production and
decay channel i ! H ! f , the signal strengths for the production, µi, and for the decay, µ f , are
defined as,

µi =
si

(si)SM
and µ f =

BR f

(BR f )SM.
(2)

Here si (i = ggH, VBF, WH, ZH, ttH) and BR f ( f = ZZ, WW, gg, tt, bb) are, respectively,
the production cross section for i ! H and the decay branching ratio for H ! f . The sub-
script ”SM” refers to their respective SM predictions, so by definition, the SM corresponds to
µi = µ f = 1. Since si and BR f cannot be separately measured without additional assumptions,
only the product of µi and µ f can be extracted experimentally, leading to a signal strength µ

f
i

for the combined production and decay,

µ
f
i =

si · BR f

(si)SM · (BR f )SM
= µi ⇥ µ f (3)

In this section, results are presented for several signal strength parametrizations, starting with
a single global signal strength µ, which is the most restrictive in terms of the number of as-
sumptions assumed. Further parametrizations are defined by relaxing the constraint that all
production and decay rates scale with a common signal strength modifier.

The combined measurement of the common signal strength modifier is,

µ = 1.17+0.10
�0.10

= 1.17+0.06
�0.06 (stat.) +0.06

�0.05 (sig. th.) +0.06
�0.06 (other sys.),

(4)

where the total uncertainty has been decomposed into statistical, signal theory systematic, and
other systematic components.

Relaxing the assumption of a common production mode scaling leads to a parametrization
with five production signal strength modifiers: µggH, µVBF, µWH, µZH, and µttH. In this pa-
rameterization, as well as all subsequent parametrizations involving signal strengths or cross
sections, the tH production is assumed to scale like ttH. Conversely, relaxing the common de-
cay mode scaling leads to one with the modifiers: µgg, µZZ, µWW, µtt, and µbb. Results of the
fits in these two models are summarized in Figure 5. The numerical values, including the un-
certainty decomposition into statistical and systematic parts, and the corresponding expected
uncertainties, are given in Table 3.

The improvement in the precision of the measurement of the ggH production rate of ⇠50%
(from ⇠20% to ⇠10%) compared to Ref. [28] and ⇠33% (from ⇠15% to ⇠10%) compared to
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Conclusions
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Latest results on Higgs to diboson have been presented, from H→WW, H→ZZ→4l, H→𝛄𝛄
•Precision on signal strengths and couplings already matches the one obtained at the end of Run1 in 
most cases

•Some of the excesses/deficits observed at the end of run1 have been mitigated by the latest results

First analyses presenting 2017 data analysis 
•H→ZZ→4l 2017 data analysis presented by both ATLAS and CMS

New mass measurement from ATLAS, combining H→ZZ→4l and H→𝛄𝛄 in both run1 and run2

Collaborations are moving towards the measurement of differential distributions and cross-
sections
•Reaching the theoretical uncertainty in the most populated bins
•New ZZ+𝛄𝛄 differential cross section measurement from ATLAS, which greatly reduces 
uncertainties

Combination effort underway, CMS already performed full 2016 combination
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CMS single Higgs combination
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CMS-PAS-HIG-17-031

Tricky business
•11 analyses
•265 event categories
•5500+ nuisance parameters
•Including both shape and yield systematics
•Up to 25 parameters

Need Common description of signal
•All gluon fusion signals weighted to match 
NNLOPS shape predictions and N3LO cross-
section

•Use WG1 interim ggH uncertainty scheme

Need common treatment of correlated 
systematic uncertainties
•Carefully check correlations

Production and decay tags Expected tagged signal fraction
Number of

Mass resolution
categories

H ! gg, Section ??
Untagged 74-91% ggH 4

VBF 51-80% VBF 3

VH hadronic 25% WH, 15% ZH 1

WH leptonic 64-83% WH 2

ZH leptonic 98% ZH 1

VH pmiss

T
59% VH 1

gg

ttH 80-89% ttH, ⇡8% tH 2

⇡1-2%

H ! ZZ
(⇤) ! 4`, Section ??

Untagged ⇡95% ggH 3

VBF 1, 2-jet ⇡11-47% VBF 6

VH hadronic ⇡13% WH, ⇡10% ZH 3

VH leptonic ⇡46% WH 3

VH pmiss

T
⇡56% ZH 3

4µ, 2e2µ/2µ2e, 4e

ttH ⇡71% ttH 3

⇡1-2%

H ! WW
(⇤) ! `n`n, Section ??

ggH 0, 1, 2-jet ⇡55-92% ggH, up to ⇡15% H ! tt 17
eµ/µe

VBF 2-jet ⇡47% VBF, up to ⇡25% H ! tt 2

ee+µµ ggH 0, 1-jet ⇡84-94% ggH 6

eµ+jj VH 2-jet 22% VH, 21% H ! tt 1

3` WH leptonic ⇡80% WH, up to 19% H ! tt 2

4` ZH leptonic 85-90% ZH, up to 14% H ! tt 2

⇡20%

H ! tt, Section ??
0-jet ⇡70-98% ggH, 29% H ! WW in eµ 4

VBF ⇡35-60% VBF, 42% H ! WW in eµ 4eµ, eth, µth, thth

Boosted ⇡48-83% ggH, 43% H ! WW in eµ 4

⇡10-20%

VH production with H ! bb, Section ??
Z(nn)bb ZH leptonic ⇡100% VH, 85% ZH 1

W(`n)bb WH leptonic ⇡100% VH, ⇡97% WH 2

Low pT(V) ZH leptonic ⇡100% ZH, of which ⇡20% ggZH 2
Z(``)bb

High pT(V) ZH leptonic ⇡100% ZH, of which ⇡36% ggZH 2

⇡10%

Boosted H Production with H ! bb, Section ??
H ! bb pT(H) bins ⇡72-79% ggH 6 ⇡10%

ttH production with H ! leptons, Section ??
2`ss WW/tt ⇡ 4.5, ⇡5% tH 10

3` WW : tt : ZZ ⇡ 15 : 4 : 1, ⇡5% tH 4

4` WW : tt : ZZ ⇡ 6 : 1 : 1, ⇡3% tH 1

1`+2th 96% ttH with H ! tt, ⇡6% tH 1

2`ss+1th tt : WW ⇡ 5 : 4, ⇡5% tH 2

H ! WW, tt, ZZ

3`+1th tt : WW : ZZ ⇡ 11 : 7 : 1, ⇡3% tH 1

ttH production with H ! bb, Section ??
tt ! jets ⇡83-97% ttH with H ! bb 6

tt ! 1`+jets ⇡65-95% ttH with H ! bb, up to 20% H ! WW 18H ! bb

tt ! 2`+jets ⇡84-96% ttH with H ! bb 3

H ! µµ, Section ??
µµ S/B bins 56-96% ggH, 1-42% VBF 15 ⇡1-2%

Search for invisible H decays, Section ??
VBF 52% VBF, 48% ggH 1

ggH + � 1 jet 80% ggH, 9% VBF 1

VH hadronic 54% VH, 39% ggH 1
H ! inv.

ZH leptonic ⇡100% ZH, of which 21% ggZH 1
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Signal strengths
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Most immediate quantity: ratio of observed “rate” with respect 
to the expected results

Production: ratio of cross-sections

Decay: ratio of branching fractions

Many systematic uncertainties and theory assumptions cancel 
out in the ratio

• Easy to interpret
• Deviation from SM immediately visible
• Can decouple production and decay mechanisms
• Only effects modifying the absolute normalisation are 

visible, no sensitivity to shapes

No immediate relation with the width, each signal strength is 
independent from each other, but possible reinterpretation 
in the k-framework 

A. Gilbert28/2/18

Summary of results
• Many signal parametrisations (models) the same as used for CMS+ATLAS Run 1 or 

previous CMS-only combination, based on: 

• New results: 
- Fits for the simplified template cross sections 
- Constraint on the total Higgs width 
- Constraints on 2HDM & MSSM models. Previously done in Run 1, but not published

5

Signal strengths, μ Couplings, κ

DRAFT

signal in the di�erent channels.157

Table 3: Summary of event generators used to model the Higgs boson production and decays at
p

s = 8 TeV in the
ATLAS and CMS experiments.

Production Event generator
process ATLAS CMS

ggF P����� [27–31] P�����
VBF P����� P�����
W H P�����8 [32] P�����6.4 [33]
Z H: qq̄ ! Z H P�����8 P�����6.4
ggZ H: gg ! Z H P����� see text
ttH P����� P�����6.4
tHq: qb! tHq

0 M��G���� [42] �MC@NLO [22]
tHW : gb! WtH �MC@NLO �MC@NLO
bbH P�����8 P�����6, �MC@NLO

Table 3 summarises the choices of event generators for ATLAS and CMS. The impact of using di�erent158

generators is negligible since the most relevant aspects of the simulation of Higgs boson production and159

decay are treated consistently between the two experiments. For each process and decay, the cross section160

and branching ratio are normalized to the higher order state-of-the-art theoretical calculations, namely the161

values given in Tables 1 and 2.162

The transverse momentum (pT) distribution of the Higgs boson for the ggF production process, that163

a�ects in many cases categorization and selection e�ciency, is reweighted to match the calculation of164

HR��2.1 [43, 44], which includes next-to-next-to-leading-order (NNLO) perturbative QCD corrections165

and next-to-next-to-leading logarithmic (NNLL) QCD corrections. Furthermore, gg ! H events with166

two or more jets are reweighted to match the transverse momentum distribution from M�NLO H+2-jet167

predictions [45].168

2.3 Signal strengths169

Since the onset of the Higgs boson physics at the LHC, the signal-strength parameter µ, defined as the ratio170

between the measured Higgs boson rate and its SM expectation, has been extensively used to characterise171

the Higgs boson yield. However, µ is not a universal quantity and its meaning is analysis dependent. For172

a specific production and decay channel i ! H ! f , the signal strengths for the production, µ
i
, and for173

the decay, µ
f
, are defined as174

µ
i
=
�
i

�SM
i

and µf =
BR f

BR f

SM.
(2)

Here �
i

(i = ggF,VBF,W H, Z H, ttH, ...) and BR f ( f = ��, Z Z,WW, bb̄, ⌧⌧, ...) are the production175

cross section of i ! H and the decay branching ratio of H ! f . The subscript and superscript “SM” refer176

to their respective SM predictions. By definition, µ
i
= 1 and µf = 1 in the SM. Since �

i
and BR f cannot177
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be separately measured without additional assumptions, only the product of µ
i

and µ
f

can be extracted178

experimentally, leading to a signal strength for the production and decay as a whole179

µf
i
⌘ �

i
· BR f

(�
i
· BR f )SM

= µ
i
⇥ µf (3)

The combined ATLAS and CMS data are analysed using this signal-strength formalism and the results180

are presented in Section 5.181

2.4 Coupling modifiers182

Beyond the parameterisations using signal-strength parameters, coupling modifiers, also known as coup-183

ling scale factors, based on a leading-order motivated framework [25] (-framework) were proposed to184

interpret the LHC data. The same assumptions indicated above of a single SM-like Higgs boson resonance185

and that the narrow width approximation is valid are retained. Therefore, production and decay can be186

factorised such that the cross section times BR of an individual channel �(i! H ! f ) contributing to a187

measured signal yield can be parameterised as188

�
i
· BR f =

�
i
· �

f

�H
, (4)

where �
H

is the total width of the Higgs boson. Coupling modifiers  are introduced to parameterise189

potential deviations in the Higgs boson couplings to other particles in the SM. For each production process190

and decay mode, a coupling modifier 
j

is defined such that191

2
j
= �

j
/�SM

j
and 2

j
= �

j
/�SM

j
(5)

where “ j” indicates either a production process or a decay mode.2 Individual coupling modifiers,192

corresponding to tree-level Higgs boson couplings to the di�erent particles, are introduced as well193

as e�ective coupling modifiers 
g

and � that describe ggF production and H ! �� decay because194

new physics in these loops is not expected to appreciably change the kinematics of the corresponding195

process. In contrast, the gg ! Z H process, which occurs at leading order through box and triangular196

loop diagrams (see Figs. 2b and 2c) is not treated using an e�ective coupling modifier, because a197

ggH Z contact interaction from new physics would likely show a kinematic structure very di�erent from198

the SM gg ! Z H process [38, 46]. Any remaining BSM e�ects on the gg ! Z H process are related to199

modifications of the H Z Z and ttH interactions, which are best taken into account within the limitation200

of the framework, by resolving the loop in terms of the corresponding coupling modifiers, Z and t . By201

construction, all 
j
= 1 in the SM.202

Changes in the couplings will result in a variation of the Higgs boson width. A new modifier, 
H

, defined203

as 2
H
=
P

j
BR j

SM
2
j
, is introduced to characterise this variation. In case the only allowed decay modes204

2 In cases in which the Higgs boson production occurs through tree level diagrams involving couplings to di�erent particles, the
definition holds for e�ective “production properties” couplings that can be expressed as function of the individual coupling
modifiers.
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of the Higgs boson are the same as as in the SM, the relation 2
H
= �

H
/�SM

H
holds. If instead also BSM205

decays are allowed, the width �H can then be expressed as206

�H =
2
H
· �SM

H

1 � BRBSM
(6)

where BRBSM is the total branching ratio of BSM decays.207

Since �H is not experimentally constrained in a model-independent way to a meaningful precision at the208

LHC, only ratios of coupling strengths can be measured in the most generic model considered in the209

-framework.210

In the SM, it is possible to derive the relation between the coupling modifiers and the production cross211

sections �
i

and partial decay widths �
f
. The approximate expressions are indicated in Table 4. Given212

that observables are not sensitive to the absolute sign of the couplings but only to the relative ones through213

interference, in the following the convention of 
Z
> 0 will be used without any loss of generality.214

Di�erent production processes and decay modes probe di�erent coupling modifiers as can be visualised215

from the Feynman diagrams in Section 2.1. The -parameterisations provides the possibility to test216

for specific modifications of the Higgs boson couplings related to new physics beyond the SM. Loop217

processes such as gg ! H and H ! �� can be studied through either the e�ective coupling modifiers218

or the modifiers of the SM particles in the loops. The former allows for the parameterisation of potential219

BSM physics in the loops. Interference contributions of di�erent diagrams give rise to the sensitivity of220

relative signs between Higgs boson couplings to di�erent particles. The e�ect is particularly large for the221

tH production. In the SM, the tH cross section is small, at about 14% of the ttH cross section because222

of the destructive interference between diagrams of the couplings to the W boson and the top quark, as223

shown in Table 4, as 
t

and 
W

have the same signs . However, the interference becomes constructive for224

negative 
t
. The gb! WtH and qg ! tHbq

0 cross sections increase by a factor of 6 and 13, respectively,225

making the tHprocess sensitive to the relative sign of the W boson and the top quark couplings, despite226

its small SM cross section.227

The SM values for production cross sections and decay branching ratios include the best available higher-228

order QCD and electroweak corrections and therefore all coupling modifiers are expected to be 1 in the229

SM. This is only strictly true in the case of the SM and therefore the measurements in this framework230

should be considered as compatibility tests with the SM predictions and in case of significant discrepancies231

alternative models should be tested.232
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Total width determined as

2
H

=
X

j

BRj

SM2
j

Parameters scale cross sections and 
BRs relative to SM

Scaling of generic i → H → f process

Parameters scale cross sections and 
partial widths relative to SM
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K-framework
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At first, signal strengths 𝜇 (ratio of observed cross-section 
to SM predictions)

• Good to verify H(125) properties and to check 
compatibility with SM

• Not ideal parametrization when introducing NP

Second step, K-framework:  
• Disentangles production and decay mechanisms. 

Notation kf = {kt,kb,k𝛕} ; kV = {kW,kZ}
• Effective coupling modifiers for processes with loops (kg, 

kγ, kH…) 
• Also possible to describe as coupling modifier ratios  

λij=κi/κj
• Production processes:  ggF, VBF, WH, ZH, ttH
• Decay channels: HZZ,WW,γγ,ττ,bb,µµ 

Can be used to estimate the Higgs width

Next steps: PseudoObservables, cross-sections…
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Fiducial and Simplified template cross-section
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Fiducial cross-section
•Optimized for maximal theoretical 
independence

•Fiducial in Higgs decay
•Smallest acceptance corrections
•Simple signal cuts
•“Exact” fiducial volume
•Targeted object definitions
•Agnostic to production mode
Can be done with single and differential 
distributions
Only feasible in HZZ,H𝛄𝛄,HWW
Combination not straightforward

Simplified templates cross section
•Target maximum sensitivity, while keeping 
theoretical dependence as small as 
possible

•Cross section split by production mode
•Cross section divided in exclusive regions 
of phase space (bins)

•Larger acceptance corrections
•Abstracted fiducial volumes
•Inclusive in Higgs decay
•Allows complex event selections, 
categorisation

Common abstracted object definitions
Can be done in all decay modes
Explicitly designed for combination
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H→ττ
· · ·
· · ·
· · ·

H
→

γ
γ
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VBF tight (MVA)
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tt̄H leptonic

VH leptonic
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· · ·
· · ·
· · ·

= 0-jet

H
→

W
W

= 1-jet

≥ 2-jet VBF cuts

H
→

b
b̄

MVA high pT (V )

MVA low pT (V )

· · ·

· · ·

· · ·

σ(tt̄H)

σ
(V

H
) low pV

T

high pV
T

very high pV
T

ratios of Γγγ ΓZZ ΓWW Γbb̄ Γττ (ΓZγ Γµµ)
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≥ 1-jet

σ(bb̄H) σ(tH)
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σ
(V

B
F
)

≥ 2-jet VBF cuts
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≃ 2-jet

! 3-jet
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≥ 1-jet

σ
(g

g
F
)
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· · ·

· · ·

· · ·

· · ·

· · ·

µi,κi

gk

EFT
coeffs

specific

BSM

(EW qqH)

ggF bb̄H tHtt̄HVBF

(H+ leptonic V )

V H

qq̄ →WH

qq̄ → ZH

gg → ZH

VBF

H+ had. V

(Run1-like)

Stage 0 bins

Fiducial and Simplified template cross-section

�20

Simplified templates cross section
•Target maximum sensitivity, while keeping 
theoretical dependence as small as 
possible

•Cross section split by production mode
•Cross section divided in exclusive regions 
of phase space (bins)

•Larger acceptance corrections
•Abstracted fiducial volumes
•Inclusive in Higgs decay
•Allows complex event selections, 
categorisation

Common abstracted object definitions
Can be done in all decay modes
Explicitly designed for combination
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Reduces STXS
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VH-Had-enriched†

pT
j > 200 GeV

pT
j < 200 GeV

118 < m4l < 129 GeV

0j

1j-pT
4l-Medium

1j-pT
4l-Low

1j-pT
4l-High

 ttH
ttH-enriched

 Nlep ≥ 5
VH-Lep-enriched

 Njets ≥ 2

VBF-enriched-pT
j-Low

VBF-enriched-pT
j -High

mjj < 120 GeV

mjj > 120 GeV

 Njet = 1

 pT
4l > 120 GeV

 60 < pT
4l < 120 GeV

 pT
4l < 60 GeV

 Njet = 0

ATLAS

ttH

ggF-2j

ggF-0j

VH-Lep

VH-Had

VBF-pT
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VBF-pT
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 pT
H < 60 GeV

 pT
H > 120 GeV
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≥ 2-jets
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1-jet

ggF-1j-pT
H-High 

ggF-1j-pT
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ggF-1j-pT
H-Medium 

 pT
j > 200 GeV

 pT
j < 200 GeV

Leptonic V decay

Hadronic V decay

Stage 0 Reduced
Stage 1

VH

VBF

ttH

Reconstructed event categoriesProduction bins

ggF

†: VH-Had enriched is divided into pT
4l > 150 GeV 

and pT
4l < 150 GeV sub-categories for tensor 

structure measurment
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•CMS

•ATLAS

Higgs to WW, Results
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CMS-PAS-HIG-16-042
ATLAS-CONF-2018-004
ATLAS-CONF-2016-112

21

8 Results

For each analysis category a discriminating variable is identified. The signal strength modifier,
defined as the ratio between the measured signal cross section and the SM expectation in the
H ! WW ! 2`2n decay channel, is measured by performing a binned maximum likelihood fit
using simulated binned templates for signal and background processes. The normalization of
the major background contributions is estimated directly from data samples that are enriched
in events arising from each specific background.

The combined results obtained using all the individual analysis categories are described in this
section. A summary of the expected fraction of different signal production modes in each cat-
egory is shown in Fig. 7, together with the total number of expected H ! WW events. The
chosen categorization proves effective in tackling the different production mechanisms, espe-
cially ggH, VBF and VH. The statistical procedure used to perform the combination is briefly
described in Section 7. The measurements assume a Higgs boson mass of mH = 125.09 GeV,
as reported in the ATLAS and CMS combined Higgs boson mass measurement. The results
reported below show a very weak dependency on the Higgs boson mass hypothesis.
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Figure 7: Expected relative fraction of different Higgs boson production mechanisms in each
category included in the combination, together with the expected signal yield.

The number of expected signal and background events, and the number of observed events in
data, in each category after the full event selection are shown in Tables 10 and 11. The yields
correspond to the prefit values, and correlations among different categories are not taken into
account.

8.1 Signal strength modifiers

The signal strength modifier (µ̂), defined as the ratio between the measured signal cross section
and the SM expectation, is extracted by performing a simultaneous fit to all categories assuming
that the relative proportions of the different production mechanisms are as the SM ones. As
such, the value of µ̂ provides a insight on the compatibility between our measurement and the
SM. The combined observed signal strength modifier is:

µ̂ = 1.28+0.18
�0.17 = 1.28 ± 0.10(stat)+0.11

�0.11(syst)+0.10
�0.07(theo.) (4)

where the statistical, experimental, and theoretical uncertainties are reported separately. The

Table 4: Post-fit MC and data yields in ggF and VBF SRs. The yields and the uncertainties take into account
the pulls and data-constraints of the nuisance parameters, and the correlations between the fit regions and the
background processes. The quoted uncertainties include the theoretical and experimental systematic sources and
those due to sample statistics. The sum of all the contributions may di�er from the total value due to rounding. In
the determination of the uncertainties on the total background correlations have been taken into account.

Process Njet = 0 SR Njet = 1 SR Njet � 2 VBF SR

ggF 680 ± 110 303 ± 52 37± 13
VBF 6.8± 0.8 30.0± 1.9 30± 16

WW 2960 ± 670 1020 ± 390 386± 59
VV 323 ± 34 204 ± 30 71± 14
tt̄/Wt 580 ± 128 1400 ± 180 1234± 89
Mis-Id 471 ± 80 246 ± 50 109± 38
Z/�⇤ 27 ± 10 76 ± 22 298± 42

Total 5062 ± 67 3290 ± 51 2138± 47
Observed 5089 3264 2164

Table 5: Breakdown of the main contributions to the total uncertainty in �ggF and �VBF. The sum in quadrature of
the individual components di�ers from the total uncertainty due to correlations between the components.

Source ��ggF
�ggF

[%] ��VBF
�VBF

[%]

Data statistics ±8 ±46
CR statistics ±8 ±9
MC statistics ±5 ±23
Theoretical uncertainties ±8 ±21

ggF signal ±5 ±15
VBF signal <1 ±15
WW ±5 ±12
Top-quark ±4 ±4

Experimental uncertainties ±9 ±8
b-tagging ±5 ±6
Pile-up ±5 ±2
Jet ±3 ±4
Electron ±3 <1
Misidentified leptons ±5 ±9

Luminosity ±2 ±3
TOTAL ±17 ±59

The signal strength parameter µ is defined as the ratio of the measured signal yield to that predicted by
the SM. The measured signal strengths for the ggF and VBF production modes in the H!WW

⇤ decay
are simultaneously determined to be

µggF = 1.21+0.12
�0.11(stat.)+0.18

�0.17 (sys.) = 1.21+0.22
�0.21

µVBF = 0.62+0.30
�0.28(stat.) ± 0.22(sys.) = 0.62+0.37

�0.36.

In addition the �ggF(VBF) · BH!WW ⇤ for ggF and VBF are evaluated. The branching fraction BH!WW ⇤
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Table 7: MC and Data yields for the VBF analysis in the SRs and CRs. SR1 corresponds to �0.8 < BDT < 0.7 and
SR2 to 0.7 < BDT < 1. Normalisation factors derived from maximising the likelihood function are applied. The
errors include MC statistical uncertainties on the yield, NF statistical uncertainties, detector systematic uncertainties
and theory systematic uncertainties. The sum of all the contributions may di↵er from the total value due to rounding.
In the determination of the uncertainties on the total background correlations have been taken into account.

Category SR1 SR2 Top CR Z+jets CR

VBF 9.3± 3.6 5.1± 1.8 1.7± 0.6 1.1± 0.4
Other Higgs 8.0± 4.0 0.7± 0.4 1.1± 0.2 1.2± 0.0

WW 13.0± 8.0 0.4± 0.2 1.4± 0.5 2.0± 0.9
Other VV 6.6± 2.6 0.2± 0.1 0.2± 0.0 0.8± 0.2
Top quark 42.2± 7.6 0.9± 0.7 186 ± 17 3.6± 1.6
W+jets 24.3± 9.2 1.2± 0.7 8.8± 4.0 4.4± 2.2
Z+jets 18.0± 9.9 0.1± 0.1 1.3± 1.0 27 ± 10

Total background 115 ± 13 3.5± 1.9 199 ± 17 38.8± 9.8
Observed 120 9 202 41

In the VBF analysis a simultaneous fit is performed to two ranges of the BDT output distribution in the
signal region as well as to the yields of the top-quark CR and the Z ! ⌧⌧ CR. An overview of the fit
regions is given in Fig. 6(a) comparing the observed yields to the post-fit yields. Details on the yields in
SR and CRs are given in Table 7. Anti-correlations between the uncertainty on the Z ! ⌧⌧ normalisation,
the top-quark normalisation, theW+jets background estimation, and the jet energy scale yield a reduction
in uncertainty on the total estimated background. The observed (expected) significance in the presented
measurement of VBF production is 1.9� (1.2�) assuming a Higgs boson mass of 125GeV.

In case of the WH analysis the simultaneous fit is performed to the yields of the Z-dominated and Z-
depleted SRs as well as to the top-quark CRs, the WZ/W�⇤ CR, the Z� CR, and the Z+jets CRs. The
measurement of WH production has an observed (expected) significance of 0.77� (0.24�). The post-fit
yields are given in Tables 8 and 9, respectively for SRs and CRs, and the fit regions are illustrated in
Fig. 6(b).

The VBF-specific result is extracted by considering the ggF and VH production modes as background,
using the SM predicted cross-sections and treating their uncertainties as nuisance parameters. In the case
of the WH analysis, the ggF, VBF, and ZH production modes are considered as background.

The fit results for the signal strength for the VBF and WH production modes are respectively:

µVBF = 1.7+1.0
�0.8(stat)+0.6

�0.4(sys)

µWH = 3.2+3.7
�3.2(stat)+2.3

�2.7(sys)

Since the contribution of the ggF production process to the background in the VBF analysis is not negli-
gible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been assessed. A
scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred percent,
i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25% which is
well below the precision of the given measurement.
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Figure 4: Post-fit combined transverse mass distribution for Njet  1. The SM Higgs boson signal prediction shown is
summed over all production processes. The bottom pad shows the residuals of the data with respect to the estimated
background compared to the distribution for a SM Higgs boson with mH = 125 GeV. The background and signal
processes are normalised to the result of the statistical analysis. The hatched band shows the sum in quadrature of
statistical and systematic uncertainties of the signal and background predictions taking into account the pulls and
data-constraints of the nuisance parameters, and the correlations between the fit regions.

is 0.2137 ± 0.99%(TH)+0.99%
�0.98%(PU(mq))+0.66%

�0.63%(PU(↵S)) [62]. The central value is the product of µ and
the predicted SM cross-section time branching fraction. The resulting cross-sections times branching
fractions are simultaneously determined to be

�ggF · BH!WW ⇤ = 12.6+1.3
�1.2(stat.)+1.9

�1.8 (sys.) pb = 12.6+2.3
�2.1 pb

�VBF · BH!WW ⇤ = 0.50+0.24
�0.23(stat.) ± 0.18(sys.) pb = 0.50+0.30

�0.29 pb.

The predicted cross-section times branching fraction values are 10.4±0.6 pb and 0.81±0.02 pb for ggF and
VBF [62], respectively. The observed (expected) significances of ggF and VBF productions are 6.3 (5.2)
standard deviations and 1.9 (2.7) standard deviations, respectively. When determining the significance for
the VBF production, the ggF production is profiled, and vice-versa. The 68% and 95% confidence level
two-dimensional contours of �ggF · BH!WW ⇤ and �VBF · BH!WW ⇤ are shown in Figure 5.

The measurement of the ggF and VBF cross-sections are in agreement with the SM predictions within
1�.
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lower range corresponds to the VBF and VH processes in their dedicated categories and the363

upper range corresponds to the ggH process yield in the VBF-2jet-tagged category. Additional364

uncertainties come from the imprecise knowledge of the jet energy scale (from 2% for the ggH365

yield in the untagged category to 22% for ggH yield in the VBF-2jet-tagged category) and b-366

tagging efficiency and light quarks (u, d, s, c) and gluon jet mistag rate (up to 11% in the367

tt̄H-hadronic-tagged category).368

10 Results369

The reconstructed four-lepton invariant mass distribution is shown in Fig. 2 for the sum of the370

4e, 4µ and 2e2µ subchannels, and compared with the expectations from signal and background371

processes. The error bars on the data points correspond to the so-called Garwood confidence372

intervals at 68% confidence level (CL) [64].The observed distribution agrees with the expecta-373

tion within the statistical uncertainties over the whole spectrum. In Fig. 3, the reconstructed374

four-lepton invariant mass distributions are split by event category, for the low-mass range.375
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Figure 2: Distribution of the four-lepton reconstructed invariant mass m4` in the full mass range
(left) and the low-mass range (right). Points with error bars represent the data and stacked
histograms represent expected distributions of the signal and background processes. The SM
Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds are
normalized to the SM expectation, the Z+X background to the estimation from data. The order
in perturbation theory used for the normalization of the irreducible backgrounds is described
in Section 7.1. No events are observed with m4` > 1.1 TeV.

The number of candidates observed in data and the expected yields for the backgrounds and376

Higgs boson signal after the full event selection are reported in Table 1 for the full range of m4`.377

Table 2 shows the expected and observed yields for each of the seven event categories.378

The reconstructed dilepton invariant masses selected as Z1 and Z2 are shown in Fig. 5 for 118 <379

m4` < 130 GeV, with their correlation. The distribution of the discriminants used for event380

categorization along with the corresponding working point values are shown in Fig. 6. The381

correlation of the kinematic discriminants Dkin
bkg, DVBF+dec

bkg and D
VH+dec
bkg with the four-lepton382

invariant mass is shown in Fig. 4. Their distributions for 118 < m4` < 130 GeV are shown in383

Fig. 7.384
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Cross sections
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Still large uncertainties on the tails
Approaching theoretical uncertainties in the low n-
jets bins
No large deviations observed at the moment
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Figure 11: Di�erential fiducial cross sections, for (a) the transverse momentum pT,4` of the Higgs boson, (b)
the number of jets Njets. The measured cross sections are compared to ggF predictions by NNLOPS and M��-
G����5_�MC@NLO-FxFx normalised to the N3LO total cross section with the listed K-factors. MC based
predictions for all other Higgs boson production modes X H are normalised to the SM predictions. The error bars
on the data points show the total uncertainties, while the systematic uncertainties are indicated by the boxes. The
shaded bands on the expected cross sections indicate the PDF and scale uncertainties, calculated as described in
Section 7.2. The p-values indicating the compatibility of the measurement and the SM prediction are shown as well.
They do not include the systematic uncertainty in the theoretical predictions. The bottom part of the figures shows
the ratio of di�erent predictions to the data, the grey area represents the total uncertainty of the measurement.
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(b) the inclusive signal strength µ; the scans are shown both with (solid line) and without (dashed line) systematic
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Both fiducial (inclusive) cross 
section and STXS show good 

CMS-PAS-HIG-17-015
ATLAS-2016-21 (arXiv:1802.04146)

https://arxiv.org/abs/1802.04146
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Cross sections
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ATLAS already attempting at (simplified) stage-1 
STXS subprocesses.
Fiducial cross section show a small upward 
fluctuation (mostly driven by fluctuations in 2e2μ)
no ttH event observed yet 
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Phys. Lett. B 775 (2017) 1
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Figure 8: (Top left) Observed values of the signal strength µ = s/sSM for the seven event cat-
egories, compared to the combined µ shown as a vertical line with a filled band representing
the uncertainty. The horizontal bars indicate the one standard deviation uncertainties. (Top
right) Results of likelihood scans for the signal-strength modifiers corresponding to the main
SM Higgs boson production modes, compared to the combined µ shown as a vertical line. The
horizontal bars and the filled band indicate the ± 1s uncertainties. The uncertainties include
both statistical and systematic sources. (Bottom left) Result of the 2D likelihood scan for the
µggH, ttH,bb̄H,tqH and µVBF,VH signal-strength modifiers. The solid and dashed contours show the
68% and 95% CL regions, respectively. The cross indicates the best-fit value, and the diamond
represents the expected value for the SM Higgs boson. (Bottom right) Results of the fit for sim-
plified template cross sections for the stage 0 sub-processes, normalized to the SM prediction.

expected signal-strength modifiers in Table 4. A two-dimensional fit is performed assuming a442

mass of mH = 125.09 GeV leading to the measurements of µggH, ttH,bb̄H,tqH = 1.12+0.16
�0.18 and443
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CMS-HIG-16-040 (arXiv:1804.02716)
ATLAS-2016-21 (arXiv:1802.04146)

µ
2− 0 2 4 6 8

-1.0
+1.1        2.4 VH

-0.8
+0.9        2.2 Htt

-0.5
+0.6        0.8 VBF

-0.18
+0.20      1.10 ggH

0.14−
0.17+ =   1.18 

combined
µ

 profiledHm

Combined 68% CL

Per process 68% CL

SM
µ=µ

CMS
γγ→H

TeV)  (13-1  35.9 fb

HtggH,t
µ

0 0.5 1 1.5 2 2.5 3

VB
F,

VH
µ

0

0.5

1

1.5

2

2.5

3

)
VB

F,
VH

µ, Ht
gg

H
,t

µ
q(

0

2

4

6

8

10
Best Fit

SM

68% CL

95% CL

CMS TeV)  (13-135.9 fb

 profiledHm

http://arxiv.org/abs/1804.02716
https://arxiv.org/abs/1802.04146


Giacomo Ortona                                                                                                                                                                                      LHCP2018 - Bologna - 04/06/2018

H→𝛄𝛄, Cross sections
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ATLAS-2016-21 (arXiv:1802.04146)
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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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HVV Tensor Structure
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Expanded HVV amplitude to include anomalous coupling 
in the tensor structure.
CMS:

ATLAS: morphing function to introduce anomalous 
couplings in the signal model

Phys. Lett. B 775 (2017) 1
JHEP 03 (2018) 095  

http://dx.doi.org/10.1016/j.physletb.2017.10.021
https://link.springer.com/content/pdf/10.1007/JHEP03(2018)095.pdf
https://link.springer.com/article/10.1007/JHEP10(2017)132
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Combinations
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H→ZZ
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H→WW
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H→𝛄𝛄


