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Higgs productions and decays
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 H (N3LO QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

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

→pp 

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

→pp 

Higgs production modes Higgs decay channels

• A broad range of measurements of Higgs properties have been performed using 
proton–proton collision data produced by LHC

CERN–2017–002-M



Motivation and Introduction
• The combination of Higgs-boson decay channels could maximize the 

precision of these measurements

• In Run II, we presents the combination of measurements of Higgs boson 
production in the 𝐻 → 𝛾𝛾 and 𝐻 → 𝑍𝑍∗ → 4𝑙 decay channels for now (ATLAS-
CONF-2017-047)
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Introduction
• We presents combination measurements

• Total cross section
• Global signal strength
• Production cross sections/Ratio of cross sections
• Simplified template cross sections
• 𝜅 framework

• 𝜅), 𝜅*
• 𝜅+, 𝜅,
• Generic model

• All measurements are performed assuming 
• 𝑀. = 125.09 ± 0.21 𝑠𝑡𝑎𝑡. ± 0.11 𝑠𝑦𝑠𝑡. 	𝐺𝑒𝑉
• 𝐵𝑅,, = 2.27 ± 0.07 ×10CD

• 𝐵𝑅EF = 1.251 ± 0.027 ×10CE

• Data were collected in 2015 and 2016, at a centre-of-mass 
energy of 13 TeV, corresponds to an integrated luminosity 
of 36.1 𝑓𝑏CI
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Event categories
• The analyses of the individual decay channels separate the measured events into 

exclusive kinematic and topological categories

• The categories are structured hierarchically to prioritize the selection of signal events 
from processes with the smallest production cross sections

• A number of likelihood fits are presented to do combination measurements based on 
event categories
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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
j-Low 

VBF-pT
j-High 

 pT
H < 60 GeV

 pT
H > 120 GeV

 60 < pT
H < 120 GeV

≥ 2-jets

0-jet

1-jet

ggF-1j-pT
H-High 

ggF-1j-pT
H-Low 

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

𝐻 → 𝑍𝑍∗ → 4𝑙

CERN-EP-2017-206ATL-COM-PHYS-2016-1784  



Global signal strength
• The global signal strength	𝜇	is defined as the ratio of the observed yield to its SM expectation
• 𝜇 = K×L

K×L MN

• 𝜇,, = 0.99 ± 0.14 𝑠𝑡𝑎𝑡.CO.II
PO.IQ

CO.OR
PO.OS 𝑒𝑥𝑝. CO.OR

PO.OS 𝑡ℎ.
• 𝜇WW = 1.28CO.IYPO.QI 𝑠𝑡𝑎𝑡.CO.IZ

PO.I[
CO.OS
PO.O[ 𝑒𝑥𝑝. CO.OS

PO.O[ 𝑡ℎ.
• 𝜇 = 1.09 ± 0.12 ±0.09 𝑠𝑡𝑎𝑡. CO.OR

PO.OS 𝑒𝑥𝑝. CO.OR
PO.OS 𝑡ℎ.
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-1 = 13 TeV, 36.1 fbs
4l→ZZ*→H and γγ→H

 = 125.09 GeVHm

Combination

γγ→H

4l→ZZ*→H
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• Run I result with all decay 
channels 
(𝛾𝛾,𝑍𝑍∗,𝑍𝛾,𝑊𝑊∗,𝑏𝑏],𝜏𝜏,𝜇𝜇)

• 𝜇 = 1.18CO.IEPO.IR _±0.10 𝑠𝑡𝑎𝑡. ±

0.07 𝑒𝑥𝑝. CO.OZ
PO.O[ 𝑡ℎ𝑒𝑜. a

• Comparing to Run I results, errors decrease by 14%
• Comparing to individual decay measurements, errors 

decrease by 22%/30% (𝛾𝛾/𝑍𝑍∗)

• The measurement is consistent with the SM prediction 
with a 𝑝-value of 𝑝cd = 47%

• The leading uncertainties are
• Theoretical: 𝜎++gcd , PDFs, Branching fractions and 𝛼c
• Experimental: Luminosity, Energy resolution (𝑒, 𝛾) 

and Pileup



Total cross section 
•
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QCD scale uncertainty

)sα PDF+⊕(scale Total uncertainty 
γγ→H l4→*ZZ→H

combined data
systematic uncertainty

-1 = 7 TeV,  4.5 fbs
-1 = 8 TeV,  20.3 fbs
-1 = 13 TeV, 36.1 fbs

• The total 𝑝𝑝 → 𝐻 + 𝑋	cross sections at centre-of-mass energies of 7, 8 and 13 TeV
are measured in data corresponding to integrated luminosities of 4.5	𝑓𝑏CI, 
20.3	𝑓𝑏CIand 36.1	𝑓𝑏CI

Decay channel Total cross section (pp ! H +X)p
s =7TeV

p
s =8TeV

p
s =13TeV

H ! �� 35

+13
�12 pb 30.5+7.5

�7.4 pb 47.9+9.1
�8.6 pb

H ! ZZ⇤ ! 4` 33

+21
�16 pb 37

+9
�8 pb 68.0+11.4

�10.4 pb

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

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

�5.9 (stat.) +4.0
�3.3 (syst.) pb

SM prediction [8] 19.2± 0.9 pb 24.5± 1.1 pb 55.6+2.4
�3.4 pb

• The systematic uncertainties are smaller than the statistical uncertainties for the 
measurements at all three center-of-mass energies

• The results of the individual decay channels are compatible with a 𝑝-value of 29%, 
and no deviation from the SM predictions is observed (𝑝cd = 84%)
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Production cross sections 

Cross section normalized to SM
1− 0 1 2 3 4 5

Measurement

Stat. uncertainty

Syst. uncertainty

SM prediction

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs
4l→ZZ*→H and γγ→H
|<2.5

H
y = 125.09 GeV, |Hm

ggF

VBF

VH

Htt

• A combined fit is performed for the cross sections of 𝑔𝑔𝐹, 𝑉𝐵𝐹, 𝑉𝐻, and 𝑡𝑡̅𝐻 for 
|𝑦.| < 2.5 and assuming SM branching fractions

• The measurements of 𝑔𝑔𝐹 and 𝑡𝑡̅𝐻 production include the 𝑏𝑏]𝐻 and 𝑡𝐻𝑋 processes 

Process Result Uncertainty [pb] SM prediction

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

ggF 43.9 +6.2
�6.0

⇣
+5.5
�5.4

+2.7
�2.3 ±1.2

⌘
44.5+2.0

�3.0

VBF 7.9 +2.1
�1.8

⇣
+1.7
�1.6

+0.8
�0.6

+1.0
�0.7

⌘
3.52+0.08

�0.07

V H 0.3 +1.6
�1.4

⇣
+1.5
�1.3 ±0.4 +0.3

�0.2

⌘
1.99+0.06

�0.05

t¯tH 0.27 +0.37
�0.32

⇣
+0.36
�0.31

+0.06
�0.05

+0.05
�0.02

⌘
0.59+0.03

�0.05

• The four-dimensional compatibility between the measurement and the SM prediction 
corresponds to a 𝑝-value of 𝑝cd = 5%
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𝑉𝐵𝐹 VS 𝑔𝑔𝐹
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-1 = 13 TeV, 36.1 fbs
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|<2.5
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• The measurements of the 𝑔𝑔𝐹 and 𝑉𝐵𝐹 cross-sections are typically anti-correlated, 
since the selections used to identify 𝑉𝐵𝐹 production also select some 𝑔𝑔𝐹
production events

• The measured likelihood contours in the 𝜎*Lg versus 𝜎++g plane from 𝐻 → 𝛾𝛾	and 
𝐻 → 𝑍𝑍∗ → 4𝑙, and their combination

 [pb]ggFσ
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b]
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σ

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

4l→ZZ*→H and γγ→H

|<2.5
H
y = 125.09 GeV, |Hm
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SM prediction
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• The two-dimensional compatibility between the measurement and the SM prediction 
corresponds to a 𝑝-value of 𝑝cd = 3%



Ratios of cross sections and branching fractions

Quantity Result

Uncertainty

SM prediction

Total Stat. Exp. Th.

�ggF·B4` [fb] 6.6 +1.2
�1.0

⇣
+1.1
�1.0 ±0.4 ±0.2

⌘
5.6+0.3

�0.4

B��/B4` 12.5 +2.8
�2.3

⇣
+2.6
�2.2

+0.9
�0.7 ±0.2

⌘
18.1± 0.2

�VBF/�ggF [10

�2
] 21.5 +8.5

�6.3

⇣
+7.3
�5.6

+2.8
�1.7

+3.6
�2.2

⌘
7.9+0.4

�0.6

�V H/�ggF [10

�2
] 0.2 +4.5

�3.4

⇣
+4.2
�3.2

+1.2
�0.9

+0.9
�0.4

⌘
4.5+0.2

�0.3

�tt̄H/�ggF [10

�2
] 0.7 +1.0

�0.9

⇣
+1.0
�0.9

+0.2
�0.1 ±0.1

⌘
1.3± 0.1

• To remove the assumption of the SM branching fractions of the Higgs boson
• A combined fit of the production cross-section ratios 𝜎*Lg/𝜎++g, 𝜎*./𝜎++g, and 
𝜎ss̅./𝜎++g, the branching-fraction ratio 𝐵,,/𝐵EF, and the product 𝜎++g×𝐵EF divided by 
its SM prediction are presented  

• Common systematic uncertainties cancel in these ratios, reducing model 
dependence and improving precision

• 𝜎t ⋅ 𝐵) = 𝜎++g ⋅ 𝐵EF ⋅
Kv

Kwwx
⋅ Ly

Lz{

Quantity normalized to SM
1− 0 1 2 3 4 5 6

Measurement

Stat. uncertainty

Syst. uncertainty

SM prediction

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs
4l→ZZ*→H and γγ→H
|<2.5

H
y = 125.09 GeV, |Hm

l4 B• ggFσ

l4/BγγB

ggFσ/VBFσ

ggFσ/VHσ

ggFσ/ttHσ

• The five-dimensional compatibility between the measurements and the SM 
predictions corresponds to a 𝑝-value of 𝑝cd = 3%
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Merged Stage1 STXS measurement
• The simplified template cross section framework defines a set of kinematic regions 

for each production process and combines these with the ratios of branching 
fractions for the various decay channels

• 𝑦| = ∑ 𝐴|t ⋅ 𝑟t ⋅ 𝜎t ⋅ 𝐵EF cd ⋅ 𝑟) ⋅
Ly
Lz{ cd

⋅ ℒ�
t

• By dividing the cross sections into kinematic regions, the framework reduces the 
reliance on the SM for cross-section measurements
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ggF

≥ 2-jet

pH
T [200,∞]
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T [60, 120]
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pH
T [0, 60]
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(+)

(+)

(+) (+)
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≥ 2-jet

p
Hjj
T [0, 25]
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Hjj
T [25,∞]

≃ 2j

! 3j
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T < 200

VBF cuts

p
j1
T [200,∞]

BSM

p
j1
T [0, 200]

p
Hjj
T [0, 25]

p
Hjj
T [25,∞]

(+) ! 3j

≃ 2j

VBF (EW qqH incl.V H→qqH)

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

gg → ZHqq̄ → V H

V H

= 0-jet

≥ 1-jet

pV
T [0, 150]

pV
T [150,∞]

(+)

(H+ leptonic V )

pV
T [0, 150]

pV
T [150, 250]

= 0-jet

≥ 1-jet

pV
T [250,∞]

W → ℓν

(+)

Z → ℓℓ + νν̄

= 0-jet

≥ 1-jet

(+)

pV
T [250,∞]

pV
T [0, 150]

pV
T [150, 250]

(+)

±

(EW qqH)

ggF bb̄H tHtt̄HVBF

(H+ leptonic V )

V H

qq̄ →WH

qq̄ → ZH

gg → ZH

VBF

H+ had. V

(Run1-like)

ATLAS preliminary
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• The current data sets are not 
sensitive to the SM production of the 
full set of stage-1 processes

• Lower-rate regions are merged in 
order to give sensitivity to SM 
production and to minimize 
correlations 



Simplified template cross sections 

 normalized to SM4l B× iσ
1− 0 1 2 3 4 5 6

Measurement

Stat. uncertainty

Syst. uncertainty

SM prediction

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs
4l→ZZ*→H and γγ→H
|<2.5

H
y = 125.09 GeV, |Hm

 (0-jet)H→gg

 < 60 GeV)H
T
p (1-jet, H→gg

 < 120 GeV)H
T
p ≤   (1-jet, 60 

H→gg

 < 200 GeV)H
T
p ≤   (1-jet, 120 

H→gg

   or VBF-like)
 < 200 GeVH

T
p 2-jet, ≥ (H→gg

 200 GeV)≥ j
T
p (Hqq→qq+ 

 200 GeV)≥ H
T
p 1-jet, ≥ (H→gg

 < 200 GeV)j
T
p (Hqq→qq

νHll/Hl→gg/qq

ttH→gg/qq

Ratio normalized to SM
0.20.40.60.8 1 1.21.4

4l / BγγB

Measurement region Result

Uncertainty

SM prediction

Total Stat. Syst.

B��/B4` 12.5 +2.8
�2.3

⇣
+2.6
�2.2

+0.8
�0.6

⌘
18.1± 0.2

gg ! H (0-jet) 29.7 +7.3
�6.4

⇣
+6.6
�6.0

+3.1
�2.4

⌘
pb 27.6± 1.9 pb

gg ! H (1-jet, pHT < 60 GeV ) 4.4 +4.8
�4.5

⇣
+4.4
�4.1

+1.7
�1.8

⌘
pb 6.6± 0.9 pb

gg ! H (1-jet, 60  pHT < 120 GeV ) 4.6 +2.8
�2.4

⇣
+2.7
�2.4

+0.7
�0.5

⌘
pb 4.6± 0.7 pb

gg ! H (1-jet, 120  pHT < 200 GeV ) 1.6 +1.1
�0.9

⇣
+1.0
�0.9

+0.3
�0.2

⌘
pb 0.75± 0.15 pb

gg ! H (� 2-jet, pHT < 200 GeV or VBF-like) 10.6 +4.7
�4.2

⇣
+4.3
�3.9

+1.9
�1.4

⌘
pb 4.8± 1.0 pb

gg ! H (� 1-jet, pHT � 200 GeV )

1.9 +0.9
�0.7

⇣
+0.8
�0.7

+0.3
�0.2

⌘
pb 0.81± 0.16 pb

+ qq ! Hqq (pjT � 200 GeV )

qq ! Hqq (pjT < 200 GeV ) 9.8 +4.3
�3.5

⇣
+4.0
�3.2

+1.5
�1.4

⌘
pb 4.58+0.15

�0.18 pb

gg/qq ! H``/H`⌫ 0.2 +0.9
�0.7

⇣
+0.8
�0.7 ±0.2

⌘
pb 0.63+0.03

�0.06 pb

qq̄/gg ! t¯tH 0.3 +0.5
�0.4

⇣
+0.5
�0.4 ±0.1

⌘
pb 0.59+0.04

�0.05 pb

• The results show good overall agreement with the 
SM predictions in a range of kinematic regions of 
Higgs boson production processes

• The ten-dimensional compatibility between the 
measurement and the SM prediction corresponds 
to a 𝑝-value of 𝑝cd = 9%

2017/12/22 Combined Measurements of Higgs Boson Couplings 12



𝜅 framework
• The 𝜅 framework parameterizes new Higgs boson interactions as multiplicative 

coefficients to cross sections and partial widths

• 𝜎 𝑖 → 𝐻 → 𝑓 = 𝜅tQ𝜎tcd
�y
��y

MN

��
� ��

MN

• First, two-parameter fits are performed for the coefficients of couplings to fermions 
(𝜅)) and to weak vector bosons (𝜅*)

Vκ
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

fκ

0.5

1

1.5

2

2.5
 PreliminaryATLAS

-1 = 13 TeV, 36.1 fbs

4l→ZZ*→H and γγ→H

 = 125.09 GeVHm

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

 68% CLγγ→H
 68% CL4l→ZZ*→H

• A small positive correlation due in part to the destructive 
interference between the top-quark and W-boson loops 
in the 𝐻 → 𝛾𝛾 decay

• The correlation between the two quantities is estimated 
to be 54% 

• 𝜅* = 1.03 ± 0.06
• 𝜅) = 0.89CO.IRPO.QO

• Comparing to Run I results, 𝜅) errors are larger (40%) 
because Run I measurements contain more Yukawa 
couplings (𝑍𝛾, 𝑏𝑏], 𝜏𝜏, 𝜇𝜇)

• The two-dimensional compatibility with the SM 
prediction is 𝑝cd = 52%
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• Run1 result with all decay 
channels 
(𝛾𝛾,𝑍𝑍∗,𝑍𝛾,𝑊𝑊∗,𝑏𝑏],𝜏𝜏,𝜇𝜇)

• 𝜅* = 1.09 ± 0.07
• 𝜅) = 1.11CO.ISPO.IS



𝜅+, 𝜅,

gκ
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

γκ

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5
 PreliminaryATLAS

-1 = 13 TeV, 36.1 fbs

4l→ZZ*→H and γγ→H

 = 125.09 GeVHm

SM prediction
Best fit
68% CL
95% CL

• The effective couplings 𝜅+ and 𝜅, capture all loop contributions to the Higgs-boson 
interaction with gluons and photons

• New loop processes would appear in these modifiers rather than being absorbed by 
the 𝜅) and 𝜅* modifiers

• A strong anti-correlation because the leading constraint comes from 𝐻 → 𝛾𝛾 in the 
gluon fusion channel

• The correlation between the two quantities is estimated to be -64% 
• 𝜅+ = 1.08CO.IOPO.II

• 𝜅, = 0.93CO.O[PO.OY

• Comparing to Run I results, errors decrease by 12%/19% (𝜅+/𝜅,)
• The two-dimensional compatibility with the SM prediction is 𝑝cd = 68%
2017/12/22 Combined Measurements of Higgs Boson Couplings 14

• Run1 result with all decay 
channels 
(𝛾𝛾,𝑍𝑍∗,𝑍𝛾,𝑊𝑊∗,𝑏𝑏],𝜏𝜏,𝜇𝜇)

• 𝜅+ = 1.12CO.IIPO.IE

• 𝜅, = 1.00CO.IQPO.IQ



Generic model

Parameter Result

Uncertainty

Total Stat. Exp. Th.

gV 1.07 ±0.09
⇣
±0.08 ±0.03 +0.04

�0.03

⌘

�V g 1.41 +0.26
�0.23

⇣
+0.23
�0.20

+0.08
�0.06

+0.09
�0.08

⌘

��V 0.84 +0.09
�0.08

⇣
±0.08 +0.03

�0.02 ±0.01
⌘

�fg 0.74 +0.41
�0.63

⇣
+0.40
�0.62

+0.06
�0.14

+0.07
�0.05

⌘

Quantity
0 0.5 1 1.5 2 2.5 3

Measurement

Stat. uncertainty

Syst. uncertainty

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs
4l→ZZ*→H and γγ→H

 = 125.09 GeVHm

gVκ

Vgλ

Vγλ

fgλ

• The four-dimensional compatibility with the SM prediction is 𝑝cd = 15%	

• A set of four ratios is constructed to probe the loop vertices, total width, and the 
fermion and vector couplings

• 𝜅+* = 𝜅+𝜅*/𝜅.
• 𝜆*+ = 𝜅*/𝜅+
• 𝜆)+ = 𝜅)/𝜅+
• 𝜆,* = 𝜅,/𝜅*
• The inclusion of 𝜅. in the parameterization allows for non-SM decays of the Higgs 

boson
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Summary
• Higgs boson productions and decays combination 

measurements
• The total cross section at 𝑠� = 13	𝑇𝑒𝑉 is measured to be 
57.0CR.YPS.O 𝑠𝑡𝑎𝑡. CD.D

PE.O 𝑠𝑦𝑠𝑡. 	𝑝𝑏
• The global signal strength is 1.09 ± 0.12

• All results of production cross sections, ratio of cross 
sections, simplified template cross sections and 𝜅
frameworks were performed
• No significant deviation from the Standard Model predictions 

is observed

• The combination with more channels (𝑏𝑏], 𝑡𝑡̅𝐻(𝑀𝐿)) in Run II 
is ongoing!
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Backup
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ATLAS+CMS Run I 
Combination Results
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𝜎 ⋅ 𝐵
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Production

process

Decay mode

H ! gg [fb] H ! ZZ [fb] H ! WW [pb] H ! tt [fb] H ! bb [pb]

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

ggF Measured 48.0

+10.0

�9.7

+9.4

�9.4

+3.2

�2.3

580

+170

�160

+170

�160

+40

�40

3.5

+0.7

�0.7

+0.5

�0.5

+0.5

�0.5

1300

+700

�700

+400

�400

+500

�500

�⇣
+9.7

�9.5

⌘ ⇣
+9.4

�9.4

⌘ ⇣
+2.5

�1.6

⌘ ⇣
+150

�130

⌘ ⇣
+140

�130

⌘ ⇣
+30

�20

⌘ ⇣
+0.7

�0.7

⌘ ⇣
+0.5

�0.5

⌘ ⇣
+0.5

�0.5

⌘ ⇣
+700

�700

⌘ ⇣
+400

�400

⌘ ⇣
+500

�500

⌘
�

Predicted 44 ±5 510 ±60 4.1 ±0.5 1210 ±140 11.0 ±1.2

Ratio 1.10

+0.23

�0.22

+0.22

�0.21

+0.07

�0.05

1.13

+0.34

�0.31

+0.33

�0.30

+0.09

�0.07

0.84

+0.17

�0.17

+0.12

�0.12

+0.12

�0.11

1.0

+0.6

�0.6

+0.4

�0.4

+0.4

�0.4

�

VBF Measured 4.6

+1.9

�1.8

+1.8

�1.7

+0.6

�0.5

3

+46

�26

+46

�25

+7

�7

0.39

+0.14

�0.13

+0.13

�0.12

+0.07

�0.05

125

+39

�37

+34

�32

+19

�18

�⇣
+1.8

�1.6

⌘ ⇣
+1.7

�1.6

⌘ ⇣
+0.5

�0.4

⌘ ⇣
+60

�39

⌘ ⇣
+60

�39

⌘ ⇣
+8

�5

⌘ ⇣
+0.15

�0.13

⌘ ⇣
+0.13

�0.12

⌘ ⇣
+0.07

�0.06

⌘ ⇣
+39

�37

⌘ ⇣
+34

�32

⌘ ⇣
+19

�18

⌘
�

Predicted 3.60 ±0.20 42.2 ±2.0 0.341 ±0.017 100 ±6 0.91 ±0.04

Ratio 1.3

+0.5

�0.5

+0.5

�0.5

+0.2

�0.1

0.1

+1.1

�0.6

+1.1

�0.6

+0.2

�0.2

1.2

+0.4

�0.4

+0.4

�0.3

+0.2

�0.2

1.3

+0.4

�0.4

+0.3

�0.3

+0.2

�0.2

�

WH Measured 0.7

+2.1

�1.9

+2.1

�1.8

+0.3

�0.3

� 0.24

+0.18

�0.16

+0.15

�0.14

+0.10

�0.08

�64

+64

�61

+55

�50

+32

�34

0.42

+0.21

�0.20

+0.17

�0.16

+0.12

�0.11⇣
+1.9

�1.8

⌘ ⇣
+1.9

�1.8

⌘ ⇣
+0.1

�0.1

⌘
�

⇣
+0.16

�0.14

⌘ ⇣
+0.14

�0.13

⌘ ⇣
+0.08

�0.07

⌘ ⇣
+67

�64

⌘ ⇣
+60

�54

⌘ ⇣
+30

�32

⌘ ⇣
+0.22

�0.21

⌘ ⇣
+0.18

�0.17

⌘ ⇣
+0.12

�0.11

⌘

Predicted 1.60 ±0.09 18.8 ±0.9 0.152 ±0.007 44.3 ±2.8 0.404 ±0.017

Ratio 0.5

+1.3

�1.2

+1.3

�1.1

+0.2

�0.2

� 1.6

+1.2

�1.0

+1.0

�0.9

+0.6

�0.5

�1.4

+1.4

�1.4

+1.2

�1.1

+0.7

�0.8

1.0

+0.5

�0.5

+0.4

�0.4

+0.3

�0.3

ZH Measured 0.5

+2.9

�2.4

+2.8

�2.3

+0.5

�0.2

� 0.53

+0.23

�0.20

+0.21

�0.19

+0.10

�0.07

58

+56

�47

+52

�44

+20

�16

0.08

+0.09

�0.09

+0.08

�0.08

+0.04

�0.04⇣
+2.3

�1.9

⌘ ⇣
+2.3

�1.9

⌘ ⇣
+0.1

�0.1

⌘
�

⇣
+0.17

�0.14

⌘ ⇣
+0.16

�0.14

⌘ ⇣
+0.05

�0.04

⌘ ⇣
+49

�40

⌘ ⇣
+46

�38

⌘ ⇣
+16

�12

⌘ ⇣
+0.10

�0.09

⌘ ⇣
+0.09

�0.08

⌘ ⇣
+0.05

�0.04

⌘

Predicted 0.94 ±0.06 11.1 ±0.6 0.089 ±0.005 26.1 ±1.8 0.238 ±0.012

Ratio 0.5

+3.0

�2.5

+3.0

�2.5

+0.5

�0.2

� 5.9

+2.6

�2.2

+2.3

�2.1

+1.1

�0.8

2.2

+2.2

�1.8

+2.0

�1.7

+0.8

�0.6

0.4

+0.4

�0.4

+0.3

�0.3

+0.2

�0.2

ttH Measured 0.64

+0.48

�0.38

+0.48

�0.38

+0.07

�0.04

� 0.14

+0.05

�0.05

+0.04

�0.04

+0.03

�0.03

�15

+30

�26

+26

�22

+15

�15

0.08

+0.07

�0.07

+0.04

�0.04

+0.06

�0.06⇣
+0.45

�0.34

⌘ ⇣
+0.44

�0.33

⌘ ⇣
+0.10

�0.05

⌘
�

⇣
+0.04

�0.04

⌘ ⇣
+0.04

�0.04

⌘ ⇣
+0.02

�0.02

⌘ ⇣
+31

�26

⌘ ⇣
+26

�22

⌘ ⇣
+16

�13

⌘ ⇣
+0.07

�0.06

⌘ ⇣
+0.04

�0.04

⌘ ⇣
+0.06

�0.05

⌘

Predicted 0.294 ±0.035 3.4 ±0.4 0.0279 ±0.0032 8.1 ±1.0 0.074 ±0.008

Ratio 2.2

+1.6

�1.3

+1.6

�1.3

+0.2

�0.1

� 5.0

+1.8

�1.7

+1.5

�1.5

+1.0

�0.9

�1.9

+3.7

�3.3

+3.2

�2.7

+1.9

�1.8

1.1

+1.0

�1.0

+0.5

�0.5

+0.8

�0.8

 B norm. to SM prediction⋅ σ
6− 4− 2− 0 2 4 6 8 10

bb
ττ

WW
γγ

bb
ττ

WW
γγ

bb
ττ

WW
γγ
ττ

WW
ZZ
γγ
ττ

WW
ZZ
γγ

 Run 1LHC
CMS and ATLAS σ1±Observed 

Th. uncert.

ttH
gg

F
ZH

VB
F

W
H



Ratio of cross sections and branching ratios
Production

process

Decay mode

H ! gg [fb] H ! ZZ [fb] H ! WW [pb] H ! tt [fb] H ! bb [pb]

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

ggF Measured 48.0

+10.0

�9.7

+9.4

�9.4

+3.2

�2.3

580

+170

�160

+170

�160

+40

�40

3.5

+0.7

�0.7

+0.5

�0.5

+0.5

�0.5

1300

+700

�700

+400

�400

+500

�500

�⇣
+9.7

�9.5

⌘ ⇣
+9.4

�9.4

⌘ ⇣
+2.5

�1.6

⌘ ⇣
+150

�130

⌘ ⇣
+140

�130

⌘ ⇣
+30

�20

⌘ ⇣
+0.7

�0.7

⌘ ⇣
+0.5

�0.5

⌘ ⇣
+0.5

�0.5

⌘ ⇣
+700

�700

⌘ ⇣
+400

�400

⌘ ⇣
+500

�500

⌘
�

Predicted 44 ±5 510 ±60 4.1 ±0.5 1210 ±140 11.0 ±1.2

Ratio 1.10

+0.23

�0.22

+0.22

�0.21

+0.07

�0.05

1.13

+0.34

�0.31

+0.33

�0.30

+0.09

�0.07

0.84

+0.17

�0.17

+0.12

�0.12

+0.12

�0.11

1.0

+0.6

�0.6

+0.4

�0.4

+0.4

�0.4

�

VBF Measured 4.6

+1.9

�1.8

+1.8

�1.7

+0.6

�0.5

3

+46

�26

+46

�25

+7

�7

0.39

+0.14

�0.13

+0.13

�0.12

+0.07

�0.05

125

+39

�37

+34

�32

+19

�18

�⇣
+1.8

�1.6

⌘ ⇣
+1.7

�1.6

⌘ ⇣
+0.5

�0.4

⌘ ⇣
+60

�39

⌘ ⇣
+60

�39

⌘ ⇣
+8

�5

⌘ ⇣
+0.15

�0.13

⌘ ⇣
+0.13

�0.12

⌘ ⇣
+0.07

�0.06

⌘ ⇣
+39

�37

⌘ ⇣
+34

�32

⌘ ⇣
+19

�18

⌘
�

Predicted 3.60 ±0.20 42.2 ±2.0 0.341 ±0.017 100 ±6 0.91 ±0.04

Ratio 1.3

+0.5

�0.5

+0.5

�0.5

+0.2

�0.1

0.1

+1.1

�0.6

+1.1

�0.6

+0.2

�0.2

1.2

+0.4

�0.4

+0.4

�0.3

+0.2

�0.2

1.3

+0.4

�0.4

+0.3

�0.3

+0.2

�0.2

�

WH Measured 0.7

+2.1

�1.9

+2.1

�1.8

+0.3

�0.3

� 0.24

+0.18

�0.16

+0.15

�0.14

+0.10

�0.08

�64

+64

�61

+55

�50

+32

�34

0.42

+0.21

�0.20

+0.17

�0.16

+0.12

�0.11⇣
+1.9

�1.8

⌘ ⇣
+1.9

�1.8

⌘ ⇣
+0.1

�0.1

⌘
�

⇣
+0.16

�0.14

⌘ ⇣
+0.14

�0.13

⌘ ⇣
+0.08

�0.07

⌘ ⇣
+67

�64

⌘ ⇣
+60

�54

⌘ ⇣
+30

�32

⌘ ⇣
+0.22

�0.21

⌘ ⇣
+0.18

�0.17

⌘ ⇣
+0.12

�0.11

⌘

Predicted 1.60 ±0.09 18.8 ±0.9 0.152 ±0.007 44.3 ±2.8 0.404 ±0.017

Ratio 0.5

+1.3

�1.2

+1.3

�1.1

+0.2

�0.2

� 1.6

+1.2

�1.0

+1.0

�0.9

+0.6

�0.5

�1.4

+1.4

�1.4

+1.2

�1.1

+0.7

�0.8

1.0

+0.5

�0.5

+0.4

�0.4

+0.3

�0.3

ZH Measured 0.5

+2.9

�2.4

+2.8

�2.3

+0.5

�0.2

� 0.53

+0.23

�0.20

+0.21

�0.19

+0.10

�0.07

58

+56

�47

+52

�44

+20

�16

0.08

+0.09

�0.09

+0.08

�0.08

+0.04

�0.04⇣
+2.3

�1.9

⌘ ⇣
+2.3

�1.9

⌘ ⇣
+0.1

�0.1

⌘
�

⇣
+0.17

�0.14

⌘ ⇣
+0.16

�0.14

⌘ ⇣
+0.05

�0.04

⌘ ⇣
+49

�40

⌘ ⇣
+46

�38

⌘ ⇣
+16

�12

⌘ ⇣
+0.10

�0.09

⌘ ⇣
+0.09

�0.08

⌘ ⇣
+0.05

�0.04

⌘

Predicted 0.94 ±0.06 11.1 ±0.6 0.089 ±0.005 26.1 ±1.8 0.238 ±0.012

Ratio 0.5

+3.0

�2.5

+3.0

�2.5

+0.5

�0.2

� 5.9

+2.6

�2.2

+2.3

�2.1

+1.1

�0.8

2.2

+2.2

�1.8

+2.0

�1.7

+0.8

�0.6

0.4

+0.4

�0.4

+0.3

�0.3

+0.2

�0.2

ttH Measured 0.64

+0.48

�0.38

+0.48

�0.38

+0.07

�0.04

� 0.14

+0.05

�0.05

+0.04

�0.04

+0.03

�0.03

�15

+30

�26

+26

�22

+15

�15

0.08

+0.07

�0.07

+0.04

�0.04

+0.06

�0.06⇣
+0.45

�0.34

⌘ ⇣
+0.44

�0.33

⌘ ⇣
+0.10

�0.05

⌘
�

⇣
+0.04

�0.04

⌘ ⇣
+0.04

�0.04

⌘ ⇣
+0.02

�0.02

⌘ ⇣
+31

�26

⌘ ⇣
+26

�22

⌘ ⇣
+16

�13

⌘ ⇣
+0.07

�0.06

⌘ ⇣
+0.04

�0.04

⌘ ⇣
+0.06

�0.05

⌘

Predicted 0.294 ±0.035 3.4 ±0.4 0.0279 ±0.0032 8.1 ±1.0 0.074 ±0.008

Ratio 2.2

+1.6

�1.3

+1.6

�1.3

+0.2

�0.1

� 5.0

+1.8

�1.7

+1.5

�1.5

+1.0

�0.9

�1.9

+3.7

�3.3

+3.2

�2.7

+1.9

�1.8

1.1

+1.0

�1.0

+0.5

�0.5

+0.8

�0.8
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• The p-value of the compatibility between 
the data and the SM predictions is 16% 

• Most measurements are consistent with 
the SM predictions within less than 2𝜎



Global signal strength
• 𝜇 = 1.09CO.IOPO.II ±0.07 𝑠𝑡𝑎𝑡. ± 0.04 𝑒𝑥𝑝. ± 0.03 𝑡ℎ𝐵𝑘𝑔. CO.OS

PO.OZ 𝑡ℎ𝑆𝑖𝑔

• This result is consistent with the SM prediction of 𝜇 = 1 within less than 1𝜎
• The p-value of the compatibility between the data and the SM predictions is 40% 
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Best fit µ Uncertainty

Total Stat Expt Thbgd Thsig

ATLAS + CMS (measured) 1.09

+0.11

�0.10

+0.07

�0.07

+0.04

�0.04

+0.03

�0.03

+0.07

�0.06

ATLAS + CMS (expected)

+0.11

�0.10

+0.07

�0.07

+0.04

�0.04

+0.03

�0.03

+0.07

�0.06

ATLAS (measured) 1.20

+0.15

�0.14

+0.10

�0.10

+0.06

�0.06

+0.04

�0.04

+0.08

�0.07

ATLAS (expected)

+0.14

�0.13

+0.10

�0.10

+0.06

�0.05

+0.04

�0.04

+0.07

�0.06

CMS (measured) 0.97

+0.14

�0.13

+0.09

�0.09

+0.05

�0.05

+0.04

�0.03

+0.07

�0.06

CMS (expected)

+0.14

�0.13

+0.09

�0.09

+0.05

�0.05

+0.04

�0.03

+0.08

�0.06



Signal strengths of production processes
Production process ATLAS+CMS ATLAS CMS

µggF

1.03

+0.16

�0.14

1.26

+0.23

�0.20

0.84

+0.18

�0.16⇣
+0.16

�0.14

⌘ ⇣
+0.21

�0.18

⌘ ⇣
+0.20

�0.17

⌘

µ
VBF

1.18

+0.25

�0.23

1.21

+0.33

�0.30

1.14

+0.37

�0.34⇣
+0.24

�0.23

⌘ ⇣
+0.32

�0.29

⌘ ⇣
+0.36

�0.34

⌘

µWH 0.89

+0.40

�0.38

1.25

+0.56

�0.52

0.46

+0.57

�0.53⇣
+0.41

�0.39

⌘ ⇣
+0.56

�0.53

⌘ ⇣
+0.60

�0.57

⌘

µZH 0.79

+0.38

�0.36

0.30

+0.51

�0.45

1.35

+0.58

�0.54⇣
+0.39

�0.36

⌘ ⇣
+0.55

�0.51

⌘ ⇣
+0.55

�0.51

⌘

µttH 2.3

+0.7

�0.6

1.9

+0.8

�0.7

2.9

+1.0

�0.9⇣
+0.5

�0.5

⌘ ⇣
+0.7

�0.7

⌘ ⇣
+0.9

�0.8

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

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggF
µ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
σ1±
σ2±

• The p-value of the compatibility between 
the data and the SM predictions is 24% 



Signal strengths of decay channels
Decay channel ATLAS+CMS ATLAS CMS

µgg 1.14 +0.19
�0.18 1.14 +0.27

�0.25 1.11 +0.25
�0.23⇣

+0.18
�0.17

⌘ ⇣
+0.26
�0.24

⌘ ⇣
+0.23
�0.21

⌘

µZZ 1.29 +0.26
�0.23 1.52 +0.40

�0.34 1.04 +0.32
�0.26⇣

+0.23
�0.20

⌘ ⇣
+0.32
�0.27

⌘ ⇣
+0.30
�0.25

⌘

µWW 1.09 +0.18
�0.16 1.22 +0.23

�0.21 0.90 +0.23
�0.21⇣

+0.16
�0.15

⌘ ⇣
+0.21
�0.20

⌘ ⇣
+0.23
�0.20

⌘

µtt 1.11 +0.24
�0.22 1.41 +0.40

�0.36 0.88 +0.30
�0.28⇣

+0.24
�0.22

⌘ ⇣
+0.37
�0.33

⌘ ⇣
+0.31
�0.29

⌘

µbb 0.70 +0.29
�0.27 0.62 +0.37

�0.37 0.81 +0.45
�0.43⇣

+0.29
�0.28

⌘ ⇣
+0.39
�0.37

⌘ ⇣
+0.45
�0.43

⌘

µµµ 0.1 +2.5
�2.5 �0.6 +3.6

�3.6 0.9 +3.6
�3.5⇣

+2.4
�2.3

⌘ ⇣
+3.6
�3.6

⌘ ⇣
+3.3
�3.2

⌘
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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±

• The p-value of the compatibility between the data and the SM predictions is 75% 



ATLAS+CMS Run I significance

Production process Measured significance (s) Expected significance (s)

VBF 5.4 4.6

WH 2.4 2.7

ZH 2.3 2.9

VH 3.5 4.2

ttH 4.4 2.0

Decay channel

H ! tt 5.5 5.0

H ! bb 2.6 3.7
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𝜅 Framework
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Modifier interpretation
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• 𝜅+Q

• 𝜅*LgQ

• 𝜅s.Q

• 𝜅�.
Q


