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Outline.
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Talk focuses on the mass, cross sections and couplings 
measurements from the ATLAS Run-2 combination and the 

ATLAS+CMS Run-I combination 

Introduction 

Higgs boson mass combination 

Higgs boson signal strength, cross sections and couplings combination 

Conclusions and outlook
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LHC performed very well during Run-1 and Run-2  
Both ATLAS and CMS experiments achieved very high data taking efficiencies 

~90% of data ready for physics 
Data for analysis: 

2011: √s=7 TeV: ~5 fb-1 
2012: √s=8 TeV: ~20 fb-1 
2015 & 2016: √s=13 TeV: ~36 fb-1 

LHC and detector performance.
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Higgs Discovery: July 2012.
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Crowning achievement of Run 1 
To determine whether the discovered 
boson is fully compatible with the 
Standard Model Higgs, precise property 
measurements are required 

Large effort towards studying its 
properties and searching for NP 
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Higgs boson production & decay.
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bbH and gg→ZH 
not targeted by 
specific analysis 

categories 
implemented in 

the fit model 
ggF: ~ 87% VH ≣ WH or ZH: ~4%VBF: ~ 7% ttH: ~ 2% 
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No dedicated 
analyses for 

H→cc or H→gg 
(S/B too low ) 

Before making a statement on the SM nature of the Higgs, we first need mH 
Once the mass is determined then all other properties of the Higgs boson are 

set and calculable
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α⃗: a vector of POI 

θ⃗: nuisance parameters (NP), corresponding to systematic uncertainties  

α⃗, θ⃗ are the values of the POI and NP that maximize L  

θ⃗(α⃗) is the value of the NP that maximize L for a given α⃗  
Assume asymptotic approximation to be valid:  f (Λ) = χ2(ndof )

Combination: statistical methodology.

6

Theory uncertainties assumed uncorrelated between production modes 
(except for VBF+VH) and correlated between the two experiments 

QCD, PDF, UEPS, Bf 
Experimental uncertainties are correlated between analysis channels but 
uncorrelated between the two experiments, except for part of the luminosity

Combine measurements and fit for 
parameters of interest (POI) using a profile 
likelihood ratio: 

⇤ = L(~↵,
ˆ̂
~✓(~↵))

L(~̂↵,~̂✓)
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Higgs boson mass

7
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Mass combination.

8

Combining measurements in H→γγ and H→4l decay channels 
channels have the best mass resolution 

Neglect interference between gg→γγ and gg→H→γγ :  

∆mγγ = −35 ± 9 MeV (ATLAS)  
Use profile likelihood ratio
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 [GeV]Hm
124 124.5 125 125.5 126 126.5

Total Stat. Syst. PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

  Total      Stat.   Syst.

Combined  0.21) GeV± 0.19 ± 0.28 ( ±124.98 

γγ→H  0.36) GeV± 0.21 ± 0.42 ( ±125.11 

l4→ZZ*→H  0.05) GeV± 0.37 ± 0.37 ( ±124.88 

LHC Run 1  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

13 TeV ATLAS mass combination.
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ATLAS combined mass in excellent 
agreement with the LHC Run-1 

average

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

 [GeV]Hm

124 125 126

)
Λ

-2
ln

(

0

2

4

6

8

10

12

14 Combined
 4l→ ZZ* →H 

γγ →H 
Stat. only

ATLAS  Preliminary
-1 = 13 TeV, 36.1 fbs

σ1

σ2

Figure 11: The value of �2 ln⇤ as a function of mH for the individual channels H ! Z Z⇤ ! 4` and H ! ��, and
their combination (blue, red, and black respectively). The dashed lines show the statistical component of the mass
measurements.

Table 9: Main sources of systematic uncertainty on the combined mass mH .

Source Systematic uncertainty on mH [MeV]

LAr cell non-linearity 90
LAr layer calibration 90
Non-ID material 60
ID material 50
Lateral shower shape 50
Z ! ee calibration 30
Muon momentum scale 20
Conversion reconstruction 20

27
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Higgs boson cross sections, signal 
strengths and couplings

10
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H→γγ+H→4l total cross section.

11

[TeV] s
7 8 9 10 11 12 13

[p
b]

 
H

→
pp
σ

0

20

40

60

80

100 ATLAS  Preliminary  = 125.09 GeVHm   H→ppσ

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

Total cross section based on inclusive yields in each decay channel 
Yields extracted via a fit to the inclusive mass distributions (mγγ and m4l) 
Corrections for: detector effects, fiducial acceptances, BR 

Individual channel compatibility: p-value = 29% 
Compatibility with SM: p-value = 84%
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Production and decay combination inputs.

12

To increase sensitivity most analyses split datasets into categories 
Categories have different S/B and background uncertainties 
Many categories provide sensitivity to different production modes  

Categories receive contributions from different productions and decay 
processes and encode information about different couplings 

Assumptions:  
Single Higgs boson, CP-even, SM kinematics  
Narrow Width Approximation (NWA: ΓH ~4 MeV) 

S/B too low in gg→H→bb 
ATLAS+CMS Run-1 

VBF H → bb (CMS) not included 
H→µµ Nsig too low for VH  ttH 

H → µµ used only in one model 
ATLAS Run-2 

considering only H→γγ and H→4l

� (i ! H ! f) = �
i

�
f

�
tot

DRAFT

Table 44: The measured cross sections in the baseline, VBF-enhanced, high-MET, single-lepton, and tt̄H-enriched
fiducial regions. The gluon fusion contribution to the Standard Model prediction in the baseline region is taken
from NNLOPS with a K-factor applied to match the N3LO total cross section prediction of Ref. [70], multiplied
with the predicted H ! �� branching ratio. The contributions to the Standard Model prediction from VBF, VH and
tt̄H production mechanisms are determined using the particle-level predictions described in Section 3 normalised
to state-of-the-art theoretical calculations.

Fiducial region Measured cross section (fb) SM prediction (fb)
Baseline fiducial 54.8 ± 9.1 (stat.) ± 3.9 (syst.) 63.5 ± 2.4 [N3LO + XH]
VBF-enhanced 3.7 ± 0.8 (stat.) ± 0.4 (syst.) 2.3 ± 0.1 [NNLOPS + XH]
single lepton 0.61 ± 0.44 (stat.) ± 0.17 (syst.) 0.57 ± 0.03 [NNLOPS + XH]
high-MET  1.0 95% CL 0.30 ± 0.02 [NNLOPS + XH]
ttH  1.3 95% CL 0.56 ± 0.05 [NNLOPS + XH]

12 Results993

ggF VBF VH ttH
H ! �� X X X X X X X X

H ! ZZ⇤ ! 4l X X X X X X X X
H ! WW ! 2l2⌫ X 7 X 7 X 7 X 7

H ! ⌧⌧ X 7 X 7 X 7 X 7
H ! bb 7 7 7 7 X 7 X 7
H ! µµ X 7 X 7 7 7 7 7

Table 43

The cross section for pp! H ! �� measured in the baseline fiducial region is

�fid = 54.8 ± 9.1 (stat.) ± 3.9 (syst.) 9.9(tot.) fb

which is to be compared with the Standard Model prediction for inclusive Higgs boson production of994

61.7 +3.1
�4.1 fb. The gluon fusion contribution to the Standard Model prediction is taken to be the N3LO995

prediction of Ref. [70], multiplied with the predicted the H ! �� branching ratio and taking into account996

the fiducial acceptance5. The fiducial acceptance is defined using the NNLOPS prediction for gluon997

fusion [19], described in Section 3. The contributions to the Standard Model prediction from the VBF, VH998

and tt̄H production mechanisms are determined using the particle-level predictions described in Section 3,999

and are collectively referred to as XH. Although the measured cross section is somewhat lower than the1000

Standard Model prediction, the e↵ect is not statistically significant.1001

The cross sections measured in the baseline, VBF-enhanced, high-MET, single-lepton, and tt̄H-enriched1002

fiducial regions are presented in Table 44. As described for the baseline fiducial region above, the results1003

are shown comparing data unfolded to the particle-level with a state-of-the-art Standard Model (SM)1004

prediction. The plots in Figure 25 summarize the fiducial cross-sections. The inclusive cross-section is1005

slightly below the SM prediction, while the VBF enriched cross-section is slightly above. Theoretical1006

predictions describe the data within the quoted uncertainties.1007

Di↵erential cross sections are measured in a variety of variables and compared to theoretical predictions,1008

which are described in Section 10.1009

5 Shifting the Higgs boson mass by its measured uncertainties results in less than 1% shift in the calculated cross section times
branching ratio (taking into account the e↵ect on the acceptance) and is therefore neglected.

22nd August 2017 – 22:20 91

Run-1 ATLAS+CMS      13 TeV ATLAS
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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±

σi set to SM when measuring µf 

µf =
Bf

Bf
SM

Signal strength measurements.

13

ATLAS+CMS Run-1: µ = 1.09 ± 0.07(stat.) ± 0.05(exp.)± 0.03(th. B) ± 0.07(th. S) 
ATLAS 13 TeV: µ = 1.09 ± 0.09(stat.) ± 0.06(exp.)± 0.06(th.) 

All production and decay signal strength measurements consistent with SM

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±

µi =
�i

�i,SM

µ =
� ·B

(� ·B)SM

Bf set to SM when measuring µi 
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13 TeV H→γγ+H→4l production cross sections.
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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

Higgs production is studied further by separating the production 
mechanism cross sections 

Assuming SM branching fractions, a combined fit is performed, to extract 
the production cross sections (ggF, VBF, VH, and ttH) for |yH|<2.5  
Measurements of ggF and ttH include bbH and tH, respectively 
Compatibility with SM predictions: p-value = 5%
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13 TeV H→γγ+H→4l: VBF vs. ggF cross sections.

ggF and VBF cross sections measured with the best precision 
Anti-correlated since the VBF selection categories have 

significant contribution from ggF production

σ(VBF) vs. σ(ggF) likelihood contours for each analysis channel and their combination 
(VH and ttH profiled with the data)

2D compatibility 
with SM 

predictions: 
 p-value = 3%
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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

13 TeV H→γγ+H→4l cross section ratios.
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�i ·Bf = �(gg ! H ! ZZ) ·
✓

�i

�ggF

◆
·
✓

Bf

BZZ

◆
VBF, VH, and ttH normalized to ggF and Bγγ normalized to BZZ  

Combined fit to extract the production and decay ratios for |yH|<2.5  
Compatibility with SM predictions: p-value = 3%
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STXS framework (|yH|<2.5).
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Figure 1: Schematic overview of the simplified template cross section frame-
work.

fiducial volumes are used and larger acceptance corrections are allowed in
order to maximally benefit from the use of event categories and multivari-
ate techniques. They are also inclusive in the Higgs decay to allow for the
combination of the di↵erent decay channels. The fiducial and di↵erential
measurements are designed to be agnostic to the production modes as much
as possible, while the separation into the production modes is an important
part of the design of the simplified template cross sections.

0.1.2 Guiding principles in the definition of simplified tem-
plate cross section bins

As outlined above, several considerations have been taken into account in
the definition of the simplified template cross section bins.

One important design goal is to reduce the dependence of the measure-
ments on theoretical uncertainties in SM predictions. This has several as-
pects. First, this requires avoiding that the measurements have to extrapo-
late from a certain region in phase space to the full (or a larger region of)

4

Simplified template cross sections (STXS) provide a natural evolution 
of signal strength measurements 

Maximize sensitivity of the measurements and reduce the theory 
dependences that get directly folded into measurements
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STXS stage-1 regions (|yH|<2.5).
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13 TeV STXS stage-1 combined measurements.
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 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
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T
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T
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ttH→gg/qq

Ratio normalized to SM
0.20.40.60.8 1 1.21.4
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Results give a good overall agreement with SM predictions 
in a range of kinematic regions of Higgs boson production processes 
The compatibility of the measurements with the SM expectation 
corresponds to a p-value of 9%
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STXS measurement correlations.
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|<2.5

H
y = 125.09 GeV, |Hm

Correlations: 
Largest between the BR ratio and gg→H 0-jet  
and qq→Hqq pTj<200GeV  

qq→Hqq  pTj < 200 GeV has greater tension 
between the two channels.  

Significant between gg→H 0-jet and gg→H 1-
jet pTH < 60 GeV, due to migrations between 
experimental jet-bin categories
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Leading-order (LO) framework (limited predictive power) developed by the 
LHC Higgs Cross Section WG to study Higgs couplings 

useful as long as the overall picture is SM-like 

Potential deviations from the SM predictions of the Higgs boson couplings to 
SM bosons and fermions encoded into a set of coupling modifiers: 

The same couplings are involved in production and decay modes, hence the 
yield measurements need to be be projected onto the individual couplings 

Loops (ggF, H→γγ) either expressed with effective coupling modifiers κg, κγ, or 
using more fundamental coupling modifiers κx

κ-framework.
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j 2

j �H =
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1�BBSM

production decay Total width

�ggF = g · �SM
ggF = (1.06 · 2
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b � 0.07 · tb) · �SM

ggF

2
W,Z =

�W,Z

�SM
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Η

W/Z

W/Z

q

q

H

q

q

W,Z �V BF = (0.74 · 2
W + 0.26 · 2

Z) · �SM
VBF

6 Results in the  framework

The  framework parameterizes new Higgs boson interactions as multiplicative coe�cients to cross
sections and partial widths as follows [11]:

�(i ! H ! f ) = 2i �SM
i

2f �
SM
f

2H�
SM
H

, (5)

where i and f are the initial and final states, respectively, �SM
i is the SM production cross section, and

�SM
H and �SM

f
are the SM values of the total Higgs boson width and the partial width of final state f ,

respectively. In the absence of non-SM decays the coe�cient to the Higgs boson width, H , is a function of
the other  parameters; similarly, in the absence of non-SM loops in the e�ective Hgg and H�� couplings,
the corresponding coe�cients g and � are functions of the other parameters.

The individual channel measurements are combined to obtain confidence intervals for the i coe�cients
using progressively relaxed assumptions on the coupling relationships. First, two-parameter fits are
performed for the coe�cients of couplings to fermions ( f ) and to weak vector bosons (V ), and for the
coe�cients g and �. In these fits the branching fraction to non-SM particles is assumed to be zero.
This assumption is removed in a four-parameter fit, where the coe�cient for the Higgs boson width H is
added to a combination of ratios of the other  parameters. The fits assume no other deviations from the
SM and include theory uncertainties on the predicted signal yields, as in the case of the signal strength
measurement.

In the first model, a two-parameter fit of  f and V is performed. The H ! Z Z⇤ ! 4` branching fraction
is proportional to 2V , while the H ! �� branching fraction depends on 2V , 2f , and V  f due to significant
contributions from top-quark and W-boson loops, and their interference, in the decay. Both branching
fractions are inversely dependent on these three  combinations through the total width of the Higgs boson.
The dominant production mechanisms of ggF and VBF have 2f and 2V dependencies, respectively. The
fit results are summarized in Figure 11 and show a small positive correlation due in part to the destructive
interference between the top-quark and W-boson loops in the H ! �� decay. The fit to data excludes
 f < 0 well beyond the 95% CL, so only  f > 0 is shown. The best-fit values and uncertainties are
V = 1.03± 0.06,  f = 0.89+0.20

�0.15. The correlation between the two quantities is estimated to be 54%. The
two-dimensional compatibility with the SM prediction is pSM = 52%.

In the second model, the e�ective couplings g and � capture all loop contributions to the Higgs-boson
interaction with gluons and photons, respectively. New loop processes would appear in these modifiers
rather than being absorbed by the  f and V modifiers. In this model, production and decay modes other
than ggF, H ! gg and H ! �� are fixed to their SM expectations. The two-parameter fit for g and
� (Figure 12) shows a strong anti-correlation because the leading constraint comes from H ! �� in the
gluon fusion channel. The best-fit values and uncertainties are g = 1.08+0.11

�0.10 and � = 0.93+0.09
�0.08. The

correlation between the two quantities is estimated to be -64%. The two-dimensional compatibility with
the SM prediction is pSM = 68%.

Finally, a set of four ratios is constructed to probe the loop vertices (g, �), total width (H ), and the
fermion and vector couplings ( f and V respectively): gV = gV/H , �Vg = V/g, � f g =  f /g,
and ��V = �/V . The parameter � f g is allowed to go negative to exploit the moderate sensitivity to the
relative sign from tHX and gg ! ZH processes. All the other parameters are assumed to be positive
without losing generality. The inclusion of H in the parameterization allows for non-SM decays of the
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13 TeV ATLAS couplings modifier results.
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Vκ
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

f
κ

0.5
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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

Boson vs. fermion couplings 
SM Higgs couplings to fermions and boson very different (Yukawa vs Dµ → κF vs κV)  
κF, κV in agreement with SM 
κF <0 excluded at > 95% CL 
2D compatibility with SM: p-value = 52%
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13 TeV ATLAS couplings modifier results.

23

gκ
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

γ
κ

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

Effective couplings for κγ and κg 
No BSM decays (BBSM = 0) 
ggF and Hγγ loops are allowed to be affected by contributions from 
additional particles 
2 free parameters κγ, κg, all other coupling modifiers fixed to their SM values 
2D compatibility with SM: p-value = 68%
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13 TeV ATLAS couplings modifier ratios.
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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

Conversion of signal strength ratios to the κ-framework using: 

Four ratios constructed to probe loop vertices (κg, κγ), total width κH and 
fermion and vector couplings (κf, κV)

�ij =
i
j

Negative ranges allowed for λfg to 
exploit the moderate sensitivity to the 
relative sign from tHX and ggZH 

Best fit > 0, but limited sensitivity 
to interference terms 

4D compatibility with SM:  
p-value = 15%

gV =
gV

H
, �V g =

V

g
, �fg =

f

g
, ��V =

�

V

�H =
2
H�SM

H
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Run-1 Couplings modifiers (no BSM).
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Parameter value
2− 1− 0 1 2 3
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m V

κ
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r 
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m F
κ
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3−10

2−10

1−10

1
W

t
Z

b
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τ

ATLAS+CMS
SM Higgs boson

] fitε[M, 
68% CL
95% CL

Run 1 LHC
CMS and ATLAS

Express κg,H,γ with other κs, BRBSM = 0, H → µµ also combined 

Coupling modifiers lower than those 
predicted by the SM when compared to 
the global signal strength or the fit 
results of the decay signal strengths

Parameterization derived from the coupling 
modifiers make the dependence on the particle 
masses explicit (as in the SM):  

linear for the fermion Yukawa couplings and 
quadratic for the gauge couplings of the Higgs 

to the V-bosons 
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Parameter value
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Run-1 couplings with BSM loops and new decays.
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Probe new decay channels: NWA, BBSM > 0 and impose |κV|< 1 
upper limit of BBSM = 0.34 at 95% CL (expected limit: 0.39) 

The p-value of the compatibility between the data and the SM 
predictions is 11%, assuming that BBSM = 0

�H =
2
H�SM

H

1�BBSM
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Conclusion and outlook.

Run-1 (ATLAS+CMS) 

Mass measured at 0.2% level : mH = 125.09 ± 0.24 GeV 

Various parameterization explored and were all found in agreement with SM 
(worst p-value of 11%) 

Run-2 (ATLAS: H→γγ & H→4l) 

mH = 124.98 ± 0.28 GeV, in agreement with ATLAS+CMS Run-1 result 

Preliminary combination results for coupling modifiers, production mode and 
total cross sections 

Possible improvements over the kappa-framework being investigated: 
preliminary results shown from STXS framework, future considerations: 
EFT and PO 

All measurements consistent with SM expectations 

Run-1 ATLAS+CMS combination provides the most accurate measurements in the 
Higgs sector, though the ATLAS Run-2 combination approaching the same accuracy 

Increased statistics from the final Run-II dataset and improved theory 
predictions are already providing a significant increase in sensitivity 
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Combine categories and fit for cross sections (σi) or signal strength of 
different production processes (i) and final states (f) 

Analyses extract signal yields: 

where L is the luminosity, ε efficiencies, A the detector acceptance and µi, µf are 
production and decay signal strengths

30
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Production and decay signal strengths.
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STXS signal composition by production mode 
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Figure 8: The expected composition of the selected Higgs boson events, in terms of the di↵erent production modes,
for each reconstructed category.
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production modes, for each 
reconstructed category
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STXS signal fractions (|yH|<2.5).
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Figure 7: The fraction of signal events assigned to each reconstructed category (x axis and listed in Table 4) and
originating from a given region (listed in Table 1) of the stage-1 simplified template cross section framework (y
axis). The black lines separate the tt̄H and tH, VH leptonic, VH hadronic and VBF enriched, and untagged
categories, along with the simplified template cross section regions they are most sensitive to. The colour shows
the purity of the region per category.
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Analysis categories entering the combination.
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H ! ��

t¯tH+tH leptonic (two tHX and one t¯tH categories)

t¯tH+tH hadronic (two tHX and four BDT t¯tH categories)

V H dilepton

V H one-lepton, p`+MET
T � 150 GeV

V H one-lepton, p`+MET
T ¡150 GeV

V H Emiss
T , Emiss

T � 150 GeV

V H Emiss
T , Emiss

T ¡150 GeV

V H+VBF pj1T � 200 GeV

V H hadronic (BDT tight and loose categories)

VBF, p��jjT � 25 GeV (BDT tight and loose categories)

VBF, p��jjT ¡25 GeV (BDT tight and loose categories)

ggF 2-jet, p��T � 200 GeV

ggF 2-jet, 120 GeV  p��T ¡200 GeV

ggF 2-jet, 60 GeV  p��T ¡120 GeV

ggF 2-jet, p��T < 60 GeV

ggF 1-jet, p��T � 200 GeV

ggF 1-jet, 120 GeV  p��T ¡200 GeV

ggF 1-jet, 60 GeV  p��T ¡120 GeV

ggF 1-jet, p��T ¡ 60 GeV

ggF 0-jet (central and forward categories)

H ! ZZ⇤ ! 4`

t¯tH
V H leptonic

2-jet V H

2-jet VBF, pj1T � 200 GeV

2-jet VBF, pj1T ¡200 GeV

1-jet ggF, p4`T � 120 GeV

1-jet ggF, 60 GeV¡p4`T ¡120 GeV

1-jet ggF, p4`T ¡60 GeV

0-jet ggF
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Stage 0 process Measurement region Stage 1 region

gg ! H 0-jet 0-jet

1-jet, pHT < 60GeV 1-jet, pHT < 60GeV

1-jet, 60  pHT < 120GeV 1-jet, 60  pHT < 120GeV

1-jet, 120  pHT < 200GeV 1-jet, 120  pHT < 200GeV

� 1-jet, pHT > 200GeV 1-jet, pHT > 200GeV

� 2-jet, pHT > 200GeV

� 2-jet, pHT < 200GeV or VBF-like � 2-jet, pHT < 60GeV

� 2-jet, 60  pHT < 120GeV

� 2-jet, 120  pHT < 200GeV

VBF-like, pHjj
T < 25GeV

VBF-like, pHjj
T � 25GeV

qq ! Hqq pjT � 200GeV pjT � 200GeV

pjT < 200GeV pjT < 200GeV , VBF-like, pHjj
T < 25GeV

pjT < 200GeV , VBF-like, pHjj
T � 25GeV

pjT < 200GeV , VH-like

pjT < 200GeV , Rest

ATLAS 13 TeV: STXS kinematic regions.
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ATLAS Run-2 cross section correlations.
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STXS stage-1 σi∙BZZ / BSMZZ.
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Mass vs. μ.
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γγ→H
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Stat. only uncert.
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 [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 

Run-1 ATLAS+CMS mass combination.

Results from the Run-1 ATLAS+CMS mass combination: 
Systematic uncertainty breakdown given in backup 

Dominant uncertainties: 
non-linearity, material in front of ECAL, muon calibration
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Mass systematic uncertainties.
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0 0.05 0.1

ATLAS
Observed
Expected

combined result
Uncertainty in ATLAS

0 0.05 0.1
 [GeV]Hmδ

CMS
Observed
Expected

combined result
Uncertainty in CMS

0 0.02 0.04 0.06

Combined
Observed
Expected

combined result
Uncertainty in LHC

Theory uncertainties

Additional experimental
systematic uncertainties

Integrated luminosity

 background modelingγγ →H ATLAS 

Muon momentum scale & resolution

CMS electron energy scale & resolution

 calibration ee→Z 

 vertex & conversionγγ →H ATLAS 
reconstruction

Photon energy resolution

ECAL lateral shower shape

ECAL longitudinal response

Material in front of ECAL

ATLAS ECAL non-linearity /
  photon non-linearityCMS 

CMS and ATLAS
 Run 1LHC
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Couplings: compatibility with SM.
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Parameterisation p-value DOF Parameters

Global signal strength 40% 1 µ

Production processes 24% 5 µggF, µVBF, µWH, µZH, µttH

Decay modes 65% 5 µgg, µZZ, µWW , µtt, µbb

Decay modes with H !
µµ

75% 6 µgg, µZZ, µWW , µtt, µbb, µµµ

µV and µF per decay 90% 10 µgg
V , µZZ

V , µWW
V , µtt

V , µbb
V , µgg

F , µZZ
F , µWW

F , µtt
F , µbb

F

µV/µF ratio 75% 6 µV/µF, µgg
F , µZZ

F , µWW
F , µtt

F , µbb
F

si · B f product 20% 23 (s · B)gg
ggF, (s · B)ZZ

ggF, (s · B)WW
ggF , (s · B)tt

ggF, (s · B)gg
VBF,

(s · B)ZZ
VBF, (s · B)WW

VBF , (s · B)tt
VBF, (s · B)gg

WH,
(s · B)ZZ

WH, (s · B)WW
WH , (s · B)tt

WH, (s · B)bb
WH,

(s · B)gg
ZH, (s · B)ZZ

ZH, (s · B)WW
ZH , (s · B)tt

ZH, (s · B)bb
ZH,

(s · B)gg
ttH, (s · B)ZZ

ttH, (s · B)WW
ttH , (s · B)tt

ttH, (s · B)bb
ttH

Ratios of s and BR relative
to s(gg ! H ! ZZ)

16% 9 s(gg ! H ! ZZ), sVBF/sggF, sWH/sggF, sZH/sggF,
sttH/sggF, BWW/BZZ, Bgg/BZZ, Btt/BZZ, Bbb/BZZ

Ratios of s and BR relative
to s(gg ! H ! ZZ) and
7/8 TeV

26% 14 s(gg ! H ! ZZ), sVBF/sggF, sWH/sggF, sZH/sggF,
sttH/sggF, BWW/BZZ, Bgg/BZZ, Btt/BZZ, Bbb/BZZ,
s7TeV

ggF /s8TeV
ggF , s7TeV

VBF /s8TeV
VBF , s7TeV

WH /s8TeV
WH , s7TeV

ZH /s8TeV
ZH ,

s7TeV
ttH /s8TeV

ttH

Coupling ratios 12% 7 kgZ, lZg, ltg, lWZ, lgZ, ltZ, lbZ

Couplings, SM loops 74% 6 kZ, kW , kt, kt, kb, kµ

Couplings vs mass 55% 2 M, e

Couplings, BSM loops 11% 7 kZ, kW , kt, kt, kb, kg, kg

BSM loops only 87% 2 kg, kg

Fermion and vector cou-
plings

64% 2 lFV , kVV

Up vs down couplings 72% 3 ldu, lVu, kuu

Lepton vs quark cou-
plings

79% 3 llq, lVq, kqq
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κ-framework parameterization.
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Effective Resolved

Production Loops Interference scaling factor scaling factor

s(ggF) X t–b k2

g 1.06 · k2

t + 0.01 · k2

b � 0.07 · ktkb

s(VBF) – – 0.74 · k2

W + 0.26 · k2

Z

s(WH) – – k2

W

s(qq/qg ! ZH) – – k2

Z

s(gg ! ZH) X t–Z 2.27 · k2

Z + 0.37 · k2

t � 1.64 · kZkt

s(ttH) – – k2

t

s(gb ! tHW) – t–W 1.84 · k2

t + 1.57 · k2

W � 2.41 · ktkW

s(qq/qb ! tHq) – t–W 3.40 · k2

t + 3.56 · k2

W � 5.96 · ktkW

s(bbH) – – k2

b

Partial decay width

GZZ
– – k2

Z

GWW
– – k2

W

Ggg X t–W k2

g 1.59 · k2

W + 0.07 · k2

t � 0.66 · kWkt

Gtt
– – k2

t

Gbb
– – k2

b

Gµµ
– – k2

µ

Total width (B

BSM

= 0)

0.57 · k2

b + 0.22 · k2

W + 0.09 · k2

g+

GH X – k2

H 0.06 · k2

t + 0.03 · k2

Z + 0.03 · k2

c+

0.0023 · k2

g + 0.0016 · k2

(Zg)+

0.0001 · k2

s + 0.00022 · k2

µ
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Run-1 Cross section and BR ratio correlations.
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σi∙Bf for each channel ( i→H→f ).
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 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

The sensitivity of the Run-I 
combination allows six of the 
σi·Bf  to be measured with a 
precision better than 40% 

ggF 
H → γγ, H → ZZ, H → WW  

VBF  
H → γγ, H → WW, H → ττ  
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Run-1 Production and decay significances.
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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

Factor of √2 improvement in sensitivity from ATLAS+CMS combination 
Combined >5σ significance provides observation of VBF 
production and H→ττ decay 
>3σ significance for VH production  
4.4σ significance for ttH (2.3σ excess relative to SM)
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Cross section and branching fraction ratios.
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Parameter value norm. to SM prediction
1− 0 1 2 3 4 5 6

ZZ/BbbB

ZZ/BττB

ZZ/BγγB

ZZ/BWWB

ggFσ/ttHσ

ggFσ/ZHσ

ggFσ/WHσ

ggFσ/VBFσ

ZZ)→H→(ggσ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
σ1±
σ2±

Th. uncert.

 norm. to SM predictionZZ/BbbB
0 0.5 1 1.5 2

Λ
2 

ln
 

−

0

1
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3

4

5

6

7

8

9

10

Run 1 LHC
CMS and ATLAS

]ZZB/WW, BZZB/γγ, BZZB/bb, BZZB/ττB
,ggFσ/ZHσ, ggFσ/WHσ, ggFσ/ttHσ, ggFσ/VBFσ, ZZ

ggFσ[

Observed
SM expected

�i ·Bf = �(gg ! H ! ZZ) ·
✓

�i

�ggF

◆
·
✓

Bf

BZZ

◆

Bbb

BZZ

�ttH

�ggF

�ZH

�ggF

~2.5σ deficit relative to SM (in current 
parameterization, high values for σttH/σggF 
and σZH/σggF  induce a low H→bb)

ratio of 3.3±1.0 (3σ excess) relative 
to SM (mainly from multi-lepton)

ratio of 3.2±1.7 relative to 
SM (slightly milder excess)
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ggF+ttH
fµ

0 1 2 3

VB
F+

VH
f
µ

1−

0

1

2

3 Run 1 LHC
CMS and ATLAS γγ →H 

 ZZ→H 
 WW→H 
ττ →H 

 bb→H 

68% CL Best fit SM expected

Parameterization using 
two production signal 
strengths (i), one for 
fermions and one for 
bosons:  

µfggF+ttH vs. µfVBF+VH  

Good agreement with SM 
prediction for all decay 
channels

Production μ by decay channel.
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µf
i =

�i ·Bf

�SM
i ·Bf

SM

q q

H

q

q

W
,Z

q q
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t
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g t
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Couplings with BSM loops and new decays (II).
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γκ
0.6 0.8 1 1.2 1.4 1.6

g
κ

0.6

0.8

1

1.2

1.4

1.6 Run 1 LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS

68% CL 95% CL Best fit SM expected

No BSM decays (BBSM = 0) 
All the couplings to SM particles 
are the same as in the SM 
Only the ggF production and γγ 
decay loops are allowed to be 
affected by the presence of 
additional particles 
Only free parameters κγ and κg, 
with all other coupling modifiers 
fixed to their SM values 

p-value of the compatibility 
between the data and the SM 
predictions is 82% 

�H =
2
H�SM

H

1�BBSM
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Parameter value
3− 2− 1− 0 1 2 3

|bZλ|

|Zτλ|

|Zγλ|

WZλ

tgλ

Zgλ

gZκ

 Run 1LHC
CMS and ATLAS

ATLAS+CMS
ATLAS
CMS

 intervalσ1
 intervalσ2

Conversion of signal strength ratios into 
κ-framework using: 

Cross section times branching fraction for 
the gg→H→ZZ channel is parameterized 
as a function of: 
  

   then all other κ’s can be determined

Couplings modifier ratios.
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�ij =
i
j

gZ = gZ
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WZλ
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Run 1 LHC
CMS and ATLAS ]tgλ, Zτλ, Zγλ, bZλ, Zgλ, WZλ, gZκ[

Observed
SM expected

tgλ
3− 2− 1− 0 1 2 3

Λ
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ln
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3
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6

7
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10

Run 1 LHC
CMS and ATLAS ]tgλ, Zτλ, Zγλ, bZλ, Zgλ, WZλ, gZκ[

Observed
SM expected

Negative ranges allowed for λWZ 
and λtg to illustrate possible 
interference effects due to ggZH 
or tH production  
Best fit >0, but limited sensitivity 
to interference terms
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Boson vs. fermion couplings.
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Vκ
0.8 1 1.2 1.4

F
κ

0.4

0.6

0.8

1

1.2

1.4

1.6

ATLAS+CMS

ATLAS

CMS

68% CL 95% CL Best fit SM expected

Run 1 LHC
CMS and ATLAS

SM Higgs couplings to fermions and boson very different  
Yukawa vs Dµ → κF vs κV  

κF, κV in agreement with SM 
κF × κV < 0 excluded at almost 5σ



J. Lacey

κF vs κV.
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f
Vκ
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f F
κ
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Combined γγ→H

ZZ→H WW→H

ττ→H bb→H
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SM expected

Run 1 LHC
CMS and ATLAS

f
Vκ
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f F
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Combined
γγ→H

ZZ→H
WW→H
ττ→H

bb→H

68% CL 95% CL Best fit SM expected

Run 1 LHC
CMS and ATLAS

Likelihood contours at 68% and 95% CL 
in the (κF

f , κV
f ) plane for the individual 

decay channels and also the 
combination, with no assumption about 
the sign of the coupling modifiers

Likelihood contours at 68% CL in the 
(κFf , κVf ) plane for the combination 
and for the individual decay channels 
as well as for their global combination, 
all κ’s are assumed to positive
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u-type & d-type quarks could couple to different fields 
Test potential variations of 
Charged leptons have same couplings as d-quarks for λud  
test the variation of coupling to leptons vs quarks 

All ratios consistent with unity 

Lepton-quark and up-down symmetry.
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Parameter value
0 0.5 1 1.5 2 2.5 3

qqκ

Vqλ

|lqλ|

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS

CMS

σ1±

σ2±

Parameter value
2− 1− 0 1 2 3 4

uuκ

Vuλ

duλ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS

CMS

 intervalσ1

 intervalσ2

�ud = d
u

�lq = l
q
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Couplings with BSM loops and new decays.
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