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Introduction

�2

Previous combination was the Run1 legacy CMS+ATLAS 
combination
•~40fb-1 combined statistics
•Huge effort from the cross-experiments group

All main single Higgs analyses in CMS have completed 
their analysis of 2016 data
•2016 statistics is close to Run1
•We should be able to improve on the combined Run1 
results

Complex task:
•5 production modes x 5 (+1) decay modes (+invisible)
•11 analyses

A. Gilbert28/2/18

Summary of inputs
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table.
Production and decay tags Expected tagged signal fraction Number of categories Mass resolution

H ! gg, Section 2.1
Untagged 74–91% ggH 4
VBF 51–80% VBF 3
VH hadronic 25% WH, 15% ZH 1
WH leptonic 83% WH 1
ZH leptonic 98% ZH 1
Other VH 59–84% VH 2

gg

ttH 80–89% ttH, ⇡8% tH 2

⇡1 � 2%

H ! ZZ(⇤) ! 4`, Section 2.2
Untagged ⇡95% ggH 3
VBF ⇡11–47% VBF 6
VH hadronic ⇡13% WH, ⇡10% ZH 3
VH leptonic ⇡46% WH 3
VH pmiss

T ⇡56% ZH 3

4µ, 2e2µ, 4e

ttH ⇡71% ttH 3

⇡1 � 2%

H ! WW(⇤) ! `n`n, Section 2.3
ggH 0, 1, 2-jet ⇡55-92% ggH, up to ⇡15% H ! tt 17

eµ
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 2.4
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 2.5
W(`n)bb WH leptonic ⇡100% VH, ⇡97% WH 2

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

High pT(V) ZH leptonic ⇡100% ZH, of which ⇡36% is ggZH 2
Z(nn)bb ZH leptonic ⇡100% VH, 85% ZH 1

⇡10%

Boosted H Production with H ! bb, Section 2.6
H ! bb pT(H) bins ⇡72-79% ggH 6 ⇡25%

ttH production with H ! bb, Section 2.7
tt ! jets ⇡83-97% ttH with H ! bb 6
tt ! lepton+jets ⇡65-95% ttH with H ! bb, up to 20% H ! WW 18H ! bb
tt ! dilepton+jets ⇡84-96% ttH with H ! bb 3

ttH production with H ! leptons, Section 2.8
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
2`ss+1th tt : WW ⇡ 5 : 4, ⇡5% tH 2
1`+2th 96% ttH with H ! tt, ⇡6% tH 1

H ! WW, tt, ZZ

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

Paper

ggF VBF VH ttH

H→ZZ→4l ● ● ● ●
H→γγ ● ● ● ●
H→WW ● ● ● ●
H→bb ● ● ●
H→ττ ● ● ●
H→μμ ● ●
H→inv ● ● ●

• Total of 199 individual 
categories (counting signal 
and control regions) 
- 250 including H→inv 

• ~ 4300 nuisance parameters 
in the fit 
- ~ 5400 including H→inv 

• New optimisations developed 
for combine to keep fit time 
reasonable ⇒ will be made 
available to all users soon

A. Gilbert28/2/18

Introduction

• We have reached good coverage of all 
main production and decay modes with 
the 2016 dataset: motivates a combined 
signal strength / couplings analysis 

• Expect stronger constraints on many 
measurement compared to Run 1 
CMS+ATLAS combination

3

Analysis CADI Status
H→ZZ→4l HIG-16-041 Published

H→γγ HIG-16-040 CWR ended

H→WW HIG-16-042 Approval last week

VH→bb HIG-16-044 Accepted

H→ττ HIG-16-043 Accepted

H→μμ HIG-17-019 CWR ended

Boosted H→bb HIG-17-010 Published

ttH→WW/ZZ/ττ HIG-17-018 Final reading

ttH→bb (leptonic) HIG-17-026 Approval tomorrow

ttH→bb (hadronic) HIG-17-022 CWR ended

H→inv HIG-17-023 Approval last week

• Results shown today have two changes compared to frozen version: 
- H→WW updated ggH inclusive cross section from NNLO to N3LO 

‣ As already discussed in the H→WW approval last week 

‣ Cross section increases by +10% 

- H→μμ removed from the combination in agreement with ARC 
‣ An update to treatment of background normalisation currently being implemented, with some 

change of numerical results expected compared to current public results

JHEP 11 (2017) 047

PLB 780 (2018) 501

PLB 779 (2018) 283

PRL 120 (2018) 071802

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-041/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-044/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-043/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-010/index.html
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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
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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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2
j = �j/�

SM
j 2

j = �j/�
SM
j

DRAFT

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

VBF loose (MVA)

high pTt

VBF tight (MVA)

low pTt

tt̄H leptonic

VH leptonic

H→ZZ
· · ·
· · ·
· · ·

= 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)

= 0-jet

≥ 1-jet

σ(bb̄H) σ(tH)

Rest

σ
(V

B
F
)

≥ 2-jet VBF cuts

high-q2 BSM

≃ 2-jet

! 3-jet

= 0-jet

≥ 1-jet

σ
(g

g
F
)

≥ 2-jet VBF cuts
· · ·

· · ·

· · ·

· · ·

· · ·

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
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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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Overview

�6

Tricky business
•11 analyses
•265 event categories
•5500+ nuisance parameters
•Including both shape and yield systematics
•All in one fit in one go!

Need Common description of signal
•All gluon fusion signals scaled/weighted to match 
NNLOPS predictions

•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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Systematic uncertainties

�7

Signal theory uncertainties
•Systematic uncertainties on cross section due to QCD scale and PDFs correlated, as are  
those on branching ratios due to partial width uncertainties 

•UE/PS uncertainties also correlated 

Background theory uncertainties: 
•When backgrounds are normalised from MC correlate uncertainties on cross section 
•E.g. tt+HF correlated between ttH→bb hadronic and leptonic analyses 

Correlation of experimental uncertainties: 
•Luminosity, pileup reweighting, JES, b-tagging (when from the same physic modelling) 
•b-tagging: similar to JES, some use split sources, others single parameters 
•Lepton efficiencies: generally not correlated - analyses use different triggers, working 
points and kinematic selections 
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Signal strengths (I)

�8

30% improvement on precision for ggH production 
50% improvement in ttH makes ttH observation finally feasible!
Ratios normalised to gg→H→ZZ (to reduce uncertainties)

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

ZZµ/bbµ

ZZµ/ττµ

ZZµ/γγµ

ZZµ/WWµ

ggH
µ/

ttH
µ

ggH
µ/

ZH
µ

ggH
µ/

WH
µ

ggH
µ/

VBF
µ

ZZ)→H→(ggµ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

Parameter value
0 0.5 1 1.5 2 2.5

bbµ

ττµ

WWµ

ZZµ

γγµ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggH
µ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

note: bbH scales with ggH, tH with ttH
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Signal strengths (II)

�9

f
i
µ

2− 1− 0 1 2 3 4 5 6 7 8
bb
ττ

WW
ZZ
γγ

bb
WW

ZZ
γγ

bb
WW

ZZ
γγ
ττ

WW
ZZ
γγ

bb
ττ

WW
ZZ
γγ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
 intervalσ1

ttH
W

H
ZH

gg
H

VB
F

Different interpretations possible by applying 
constraints on 𝜇i, 𝜇f, i.e. STXS, ratios of cross 
sections

Global signal strength: 𝜇=1.17±0.10

Picture consistent with SM expectations

Most general parametrisation: product of 
production x decay signal strength with all 
parameters floating
•5x5 matrix 𝜇i={ggH, VBF, WH, ZH, ttH} x 
𝜇f={𝛄𝛄, ZZ, WW, bb, ττ}

•22/25 measurements available (H𝜇𝜇 is coming)

A. Gilbert28/2/18

Parameter value
0 0.5 1 1.5 2 2.5

bbµ

ττµ

WWµ

ZZµ

γγµ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

Signal strengths

• Combined:

8

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggH
µ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

c.f. Run 1 CMS+ATLAS: µ = 1.09+0.11
�0.10 = 1.09+0.07

�0.07(stat)
+0.07
�0.06(sig. th.)

+0.05
�0.05(other sys.)
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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

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

• NB: in signal strength measurements μttH scales ttH+tH, μggH scales ggH+bbH

Significance: 
4.8σ obs (4.2σ exp)

A. Gilbert28/2/18

Parameter value
0 0.5 1 1.5 2 2.5

bbµ

ττµ

WWµ

ZZµ

γγµ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

Signal strengths

• Combined:

8

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggH
µ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

c.f. Run 1 CMS+ATLAS: µ = 1.09+0.11
�0.10 = 1.09+0.07

�0.07(stat)
+0.07
�0.06(sig. th.)

+0.05
�0.05(other sys.)

<latexit sha1_base64="qjR8CN0I3gUNLJsKD7bbL8NAEHg="></latexit><latexit sha1_base64="qjR8CN0I3gUNLJsKD7bbL8NAEHg="></latexit><latexit sha1_base64="qjR8CN0I3gUNLJsKD7bbL8NAEHg="></latexit><latexit sha1_base64="qjR8CN0I3gUNLJsKD7bbL8NAEHg="></latexit>

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

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

• NB: in signal strength measurements μttH scales ttH+tH, μggH scales ggH+bbH

Significance: 
4.8σ obs (4.2σ exp)
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Coupling modifiers

�10

•Interference between 
processes, scaling can 
be sensitive to the 
relative sign of the k

•If possible, let k be 
negative (depends on the 
model)

•kb<0 slightly favoured in 
the resolved model

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

|γκ|

|gκ|

|bκ|

|τκ|

tκ

|Wκ|

Zκ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
 intervalσ1
 intervalσ2

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

|µκ|

bκ

|τκ|

tκ

|Wκ|

Zκ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
 intervalσ1
 intervalσ2

Resolved g/γ loops, k-framework

Unresolved g/γ loops
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Vκ
0.5 1 1.5 2

F
κ

0.5

1

1.5

2

bb→H ττ→H

ZZ→H γγ→H

WW→H Combined

Best fit SM expected

 regionσ1  regionσ2

 (13 TeV)-135.9 fbCMS Preliminary

Multidimensional scans in the k-space

�11

2 parameters (kV,KF) or 10 parameters model (kiV, kiF)
Compatible results. Negative quadrant already 
excluded at Run 1

γκ
0.8 1 1.2

g
κ

0.8

1

1.2

1.4

 regionσ1  regionσ2 Best fit SM expected

 (13 TeV)-135.9 fbCMS Preliminary
All other ki fixed, BRinv and BRundet free to float
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Ratios of coupling modifiers

�12

Same concept as the ratio of signal 
strengths
•Use the ratio to reduce the 
uncertainties on the measurement

•Reference value: kgZ = kg * kZ/kH

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

|bZλ|

|Zτλ|

|Zγλ|

WZλ

tgλ

Zgλ

gZκ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
 intervalσ1
 intervalσ2

Uncertainty Uncertainty
Parameter Best fit Stat. Syst. Parameter Best fit Stat. Syst.

kgZ
1.02 +0.09

�0.09
+0.07
�0.07

+0.05
�0.05 lgZ

1.08 +0.12
�0.10

+0.10
�0.09

+0.07
�0.05

(+0.09
�0.09) (+0.07

�0.07) (+0.05
�0.05) (+0.10

�0.09) (+0.09
�0.08) (+0.05

�0.04)

lWZ
1.13 +0.11

�0.10
+0.09
�0.08

+0.06
�0.06 lbZ

1.11 +0.23
�0.20

+0.17
�0.17

+0.16
�0.11

(+0.11
�0.09) (+0.09

�0.08) (+0.06
�0.05) (+0.22

�0.19) (+0.16
�0.14) (+0.14

�0.13)

ltg
0.96 +0.16

�0.15
+0.10
�0.10

+0.13
�0.12 ltZ

1.02 +0.16
�0.15

+0.11
�0.10

+0.12
�0.11

(+0.17
�0.16) (+0.11

�0.11) (+0.13
�0.12) (+0.16

�0.14) (+0.11
�0.10) (+0.11

�0.10)

lZg
0.87 +0.14

�0.17
+0.11
�0.15

+0.09
�0.09 -

(+0.17
�0.16) (+0.13

�0.13) (+0.11
�0.09)
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Coupling to leptons and fermions

�13

Test for SM deviations in the ratio between up/down quarks or in the ratio of the couplings 
between fermions and leptons

No deviations observed

The same structure can be used to test hMSSM/2HDM models

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

qqκ

Vqλ

lqλ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
 intervalσ1
 intervalσ2

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

uuκ

Vuλ

duλ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
 intervalσ1
 intervalσ2
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BSM models: 2HDM/hMSSM

�14

Translate 2HDM 
parameters to couplings 
and use a 3D likelihood 
function in  
{λdu, λVu, κuu} or {λlq, λVq, κqq} 

Lobe in 2HDM due to 
allowed kd<0 values

Significant improvement 
in hMSSM exclusion

)α-βcos(
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

β
ta

n

1−10

1

10
 (13 TeV)-135.9 fb

2HDM Type I

Observed 95% CL

Expected 95% CL

CMS Preliminary

(a)

)α-βcos(
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

β
ta

n
1−10

1

10
 (13 TeV)-135.9 fb

2HDM Type II

Observed 95% CL

Expected 95% CL

CMS Preliminary

(b)

)α-βcos(
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

β
ta

n

1−10

1

10
 (13 TeV)-135.9 fb

2HDM Type III

Observed 95% CL

Expected 95% CL

CMS Preliminary

(c)

)α-βcos(
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

β
ta

n

1−10

1

10
 (13 TeV)-135.9 fb

2HDM Type IV

Observed 95% CL

Expected 95% CL

CMS Preliminary

(d)

(e)

(a) (b)

(c) (d)

 (GeV)Am
200 300 400 500 600 700 800 900 1000

β
ta

n

1

10

 (13 TeV)-135.9 fb

hMSSM

Observed 95% CL

Expected 95% CL

CMS Preliminary

(e)
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Constraints on 2HDM/MSSM scenarios

• Follow similar approach to that used 
for HIG-16-007 

• Translate 2HDM parameters to 
couplings and use 3D likelihood 
function in {λdu, λVu, κuu} or {λlq, λVq, κqq}  

23

2HDM hMSSM

type I type II Type III Type IV
kV sin(b � a) sin(b � a) sin(b � a) sin(b � a) sd+su tan bp

1+tan2 b

ku cos(a)/ sin(b) cos(a)/ sin(b) cos(a)/ sin(b) cos(a)/ sin(b) su

p
1+tan2 b
tan b

kd cos(a)/ sin(b) � sin(a)/ cos(b) cos(a)/ sin(b) � sin(a)/ cos(b) sd

q
1 + tan2 b

k` cos(a)/ sin(b) � sin(a)/ cos(b) � sin(a)/ cos(b) cos(a)/ sin(b) sd

q
1 + tan2 b

Table 13: Modifications to the couplings of the Higgs bosons to up-type ( ) and down-type
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negative κd

Paper Paper

In backup: comparison to CMS Run 1 and ATLAS Run1
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ttH observation

�15

•Combination of Run1 and Run2 results (7+8+13TeV)
•Several Higgs decay (WW, ZZ, 𝛾𝛾, ττ, bb) covered in multiple final states
•Slight over fluctuation in all 3 datasets, most evident in the high sensitivity region
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𝜇ttH=1.26+0.31−0.26 corresponding to 5.2σ observed (4.2σ expected)
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Simplified Template Cross Section

�16

Good agreement between stage-0 
prediction and observation, both in 
production and decay rates

Statistics not yet sufficient to perform 
a stage-1 combination
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22 Contents
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Figure 8: Summary of the stage 0 model, ratios of cross sections and branching ratios. The
points indicate the best-fit values while the error bars show the ±1s and ±2s uncertainties.
Also shown are the ±1s uncertainties on the measurements considering only the contributions
from the systematic uncertainties. Also shown are the uncertainties on the SM predictions.

Uncertainty Uncertainty
Parameter Best fit Stat. Syst. Parameter Best fit Stat. Syst.

sggH · BRZZ 1.00 +0.19
�0.16

+0.16
�0.15

+0.09
�0.07 BRbb/BRZZ 0.96 +0.45

�0.32
+0.32
�0.25

+0.31
�0.20

(+0.18
�0.16) (+0.16

�0.15) (+0.09
�0.07) (+0.58

�0.38) (+0.40
�0.29) (+0.42

�0.25)

sVBF · BRZZ 0.66 +0.32
�0.26

+0.27
�0.22

+0.17
�0.13 BRtt/BRZZ 0.99 +0.35

�0.29
+0.24
�0.20

+0.25
�0.20

(+0.40
�0.32) (+0.33

�0.28) (+0.22
�0.16) (+0.36

�0.28) (+0.26
�0.21) (+0.26

�0.19)

sH+V(qq) · BRZZ 3.77 +2.00
�1.69

+1.76
�1.51

+0.93
�0.75 BRWW/BRZZ 1.29 +0.29

�0.24
+0.24
�0.20

+0.17
�0.13

(+1.66
�1.06) (+1.50

�1.06) (+0.72
�0.00) (+0.24

�0.20) (+0.20
�0.16) (+0.14

�0.11)

sH+W(`n) · BRZZ 1.94 +0.89
�0.68

+0.72
�0.57

+0.51
�0.37 BRgg/BRZZ 1.14 +0.26

�0.20
+0.22
�0.18

+0.13
�0.09

(+0.68
�0.53) (+0.56

�0.44) (+0.40
�0.29) (+0.23

�0.18) (+0.21
�0.17) (+0.11

�0.08)

sH+Z(``/nn) · BRZZ 0.83 +0.58
�0.43

+0.49
�0.39

+0.30
�0.17 -

(+0.70
�0.47) (+0.56

�0.41) (+0.43
�0.22)

sttH · BRZZ 1.08 +0.37
�0.29

+0.26
�0.22

+0.26
�0.19 -

(+0.38
�0.31) (+0.28

�0.24) (+0.26
�0.20)

Table 6: Best-fit values and ±1s uncertainties for the parameters of the stage 0 simplified tem-
plate cross section model. The values are all normalized to the SM predictions. The expected
uncertainties are given in brackets.

troweak (EW) corrections. This higher-order accuracy is not necessarily preserved for kj values
different from unity, but the dominant higher-order QCD corrections factorize to a large extent
from any rescaling of the coupling strengths, and are therefore assumed to remain valid over

Simplified template cross sections

• Results given for the stage-0 simplified 
template cross sections
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HIG-17-031: CMS h(125) Higgs Combination              David Sperka 11

Simpli6ed Template Cross Sections

● Quoting results for the Stage-0 sub-
processes

● Theory uncs. on total cross section 
removed from the fit

➔ To be added to the plot

➔ Also will renormalize to SM values 
• Inclusive theory uncertainties not 

included in the fit, shown as 
uncertainty on SM prediction 
instead

Paper

Paper

(merged with ggF) (merged with ttH)

merged
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Mass scaling model

�17

•Resolved loops model used for the scaling.
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• Assume no new particles in ggH or H→γγ loops 

• Also show result of two parameter (M, ε) fit where: 

• SM is recovered when 
- ε = 0, M = 246 GeV 

• Observed result: 
- ε = 0.029+0.026-0.024 
- M = 230.6+8.4-7.9 GeV

7. Measurements of the Higgs boson’s couplings 25
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Figure 10: Left: Likelihood scan in the M-e plane. The best-fit point and, 1s, 2s CL regions are
shown, along with the SM prediction. Right: Result of the phenomenological M, e fit overlayed
with the resolved k-framework model. The result for kµ is taken from Ref. [28].

Parameter

kW kZ kt kb kt

Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty
value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst.

1.10 +0.11
�0.17

+0.08
�0.16

+0.07
�0.07 0.99 +0.11

�0.12
+0.09
�0.10

+0.06
�0.07 1.10 +0.12

�0.11
+0.08
�0.07

+0.09
�0.08 �1.10 +0.33

�0.24
+0.29
�0.16

+0.15
�0.17 1.01 +0.16

�0.20
+0.11
�0.17

+0.12
�0.10

(+0.11
�0.10) (

+0.08
�0.08) (

+0.06
�0.06) (+0.11

�0.11) (
+0.09
�0.09) (

+0.06
�0.06) (+0.11

�0.12) (
+0.07
�0.08) (

+0.09
�0.09) (+0.23

�0.22) (
+0.15
�0.15) (

+0.17
�0.16) (+0.17

�0.15) (
+0.12
�0.10) (

+0.12
�0.11)

Table 8: Best-fit values and ±1s uncertainties for the parameters of the k model in which the
loop processes are resolved. The expected uncertainties are given in brackets.

assumptions are made concerning the BSM branching fraction. In the first parametrization it
is assumed that BRBSM = 0, whereas in the second, BRinv. and BRundet. are allowed to vary as
POIs, and instead the constraint |kW|, |kZ|  1 is imposed. The likelihood scan for the BRinv.
parameter in this model, and the 2D likelihood scan of BRinv. vs BRundet. are given in Figure 12.
The 68% and 95% CL regions for the right panel in Figure 12 are determined as the regions for
which q(BRundet.,BRinv. ) < 2.28 and q(BRundet.,BRinv. ) < 5.99, respectively. A 95% CL upper
limit of BRinv. < 0.21% is determined, corresponding to the value for which q < 3.84 [74]. The
uncertainty on the measurement of ktextt is reduced by nearly 40% compared to Ref. [30]. This
improvement is due to the improved sensitivity to the ttH production mode as described in
Section 6.

Accounting for the additional contribution from BSM decays, the total width of the Higgs bo-
son, relative to its SM value can be written as,

GH

GSM
H

=
k2

H
1 � (BRundet. + BRinv.)

(7)

Using Equation 7, this model is also reinterpreted as a constraint on the total Higgs boson
width, and the corresponding likelihood scan is shown in Figure 13.
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Figure 16: Observed and expected negative log-likelihood scan of BRBSM, shown for the combination of ATLAS
and CMS in the case of the parameterisation allowing non-SM loop couplings with additional BSM contributions
to the Higgs boson width. This corresponds to the constraint 

V
 1 in Fig. 15. The red horizontal line at 3.84

indicates the log-likelihood variation corresponding to the 95% CL upper limit, as discussed in Section 3.2.
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Higgs Width

�18

Best fit: Γ/ΓSM = 0.98+0.29-0.22

Unresolved model with 
effective gluon and photon 
couplings

Dominated by experimental 
resolution

Not competitive with indirect 
measurements (off-shell), but 
more general
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BSM models: Higgs to invisible

�19

Without Hinv channel: BRBSM < 0.31 (0.38) observed (expected) [compare to LHC run1 < 0.34 (0.39)]
Including Hinv:
•BRinv < 0.22 (0.16) observed (expected)
•BRundet < 0.29 (0.38) observed (expected) 

Parameter value
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Conclusions

�20

The full combination of 2016 CMS single Higgs results has been presented
Results reported in HIG-17-031

Most precise measurement of Higgs properties available

Ever more results included in the combination (width, STXS, hMSSM)

No significant discrepancies observed with respect to expectations

Statistical precision at the level of theory and systematic uncertainties

We are readying for the legacy Run2 combination with ATLAS
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Signal strengths

�22
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Signal strengths

�23

Production

process

Decay mode

ggH VBF WH ZH ttH

Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty

value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst.

H ! bb 2.51
+2.44

�2.01

+1.96

�1.92

+1.46

�0.59
� 1.73

+0.70

�0.68

+0.53

�0.51

+0.46

�0.44
0.99

+0.48

�0.45

+0.41

�0.40

+0.23

�0.20
0.91

+0.45

�0.43

+0.24

�0.24

+0.38

�0.36

(+2.06

�1.86
) (+1.86

�1.83
) (+0.89

�0.33
) � (+0.69

�0.67
) (+0.53

�0.51
) (+0.45

�0.44
) (+0.46

�0.44
) (+0.40

�0.39
) (+0.23

�0.20
) (+0.44

�0.42
) (+0.24

�0.23
) (+0.37

�0.35
)

H ! tt 1.05
+0.53

�0.47

+0.25

�0.25

+0.47

�0.40
1.12

+0.45

�0.43

+0.37

�0.35

+0.25

�0.25
� � 0.22

+1.03

�0.88

+0.80

�0.71

+0.65

�0.52
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�0.41
) (+0.23

�0.23
) (+0.38

�0.34
) (+0.45

�0.43
) (+0.37

�0.35
) (+0.25

�0.24
) � � (+0.98

�0.87
) (+0.80

�0.73
) (+0.56

�0.47
)

H ! WW 1.35
+0.20

�0.19

+0.12

�0.12

+0.17

�0.15
0.28

+0.64

�0.60

+0.58

�0.53

+0.28

�0.28
3.91

+2.26

�2.01

+1.89

�1.72

+1.24

�1.05
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+1.74
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�0.22
1.60

+0.66

�0.59

+0.40

�0.39
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�0.45
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�0.16
) (+0.10

�0.10
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) (+0.45

�0.20
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H ! ZZ 1.22
+0.24
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