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Overview

• Combined measurements of Higgs boson properties 

• Signal strength and coupling fits 
- Providing model independent results for reinterpretation 
- Different assumptions in the kappa model 

• Going beyond inclusive measurements 
- Simplified template cross sections and theoretical uncertainties 
- Differential distributions 

• Interpretation in BSM scenarios
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Progress in Run 2

• Coverage of main production & decay modes in CMS: 

• For a combined coupling analysis, current state of the art is: 
- (1) Run 1 CMS combined measurements: Eur. Phys. J. C 75 (2015) 212 
- (2) The Run 1 CMS+ATLAS combination:  J. High Energy Phys. 08 (2016) 045
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Untagged VBF VH ttH

H→ZZ→4l ✔ ✔ ✔ ✔

H→γγ ✔ ✔ ✔ ✔

H→WW ✔ ✔ ✔ ✔

H→bb ✔ ✔ ✔ ✔

H→ττ ✔ ✔ ✔ ✔

H→μμ ✔ ✔

H→inv ✔ ✔ ✔

✔ Full 2016 dataset

✔ Partial 13 TeV dataset

✔ No 13 TeV update yet

https://arxiv.org/abs/1412.8662
https://arxiv.org/abs/1606.02266
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Mass
• Using high resolution H→γγ and 

H→ZZ→4l channels 

• Status from Run 1: CMS+ATLAS 
combination 

• Statistical uncertainty still dominates, 
main systematics related to energy or 
momentum scale of e, μ and γ

4

 [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 

Phys. Rev. Lett. 114 (2015) 191803
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• Status in Run 2: measurements in individual channels 

• H→ZZ: mH = 125.26 ± 0.20 (stat) ± 0.08 (syst) GeV 
- Kinematic fit with Z mass constraint to improve 4l res. 
- Already competitive with Run 1 
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Width
• Limits on Higgs width from the H→ZZ→4l channel using either on-shell or on-

shell + off-shell regions
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• Using on-shell only: 
- Direct measurement limited by the 4l mass resolution to 

~ 1 GeV 
- ΓH <  1.10 GeV at 95% CL (c.f. Run 1 limit ΓH <  3.4 GeV) 
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Phys. Lett. B 736 (2014) 64
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Figure 13: Observed and expected likelihood scan of GH using the full mass range 100 < m4` <
1600 GeV (left) or on-shell only range 105 < m4` < 140 GeV (right) with 12.9 fb�1 data, with
mH floated.

10.7 Constraints on HZZ anomalous couplings

Given the anomalous contributions in the tensor structure of HZZ interactions, characterized
by the coefficients a2, a3, and L1 defined in Ref. [15], the effective fractional ZZ cross sections
fai and phases fai are defined as follows

fa3 =
|a3|2s3

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fa3 = arg
✓

a3

a1

◆
,

fa2 =
|a2|2s2

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fa2 = arg
✓

a2

a1

◆
,

fL1 =
s̃L1/ (L1)

4

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fL1,

(15)

where a1 corresponds to the dominant SM-like tensor structure, si is the cross section of the
process H ! ZZ ! 2e2µ corresponding to ai = 1, aj 6=i = 0, while s̃L1 is the effective cross
section of the process corresponding to L1 = 1 TeV, given in units of fb · TeV4.

An unbinned maximum likelihood fit of the correlated three-dimensional distributions of three
discriminants defined in Table 1 is performed for each measurement of fa3, fa2, fL1. The proba-
bility density functions for both signal and background are built from histograms of full simu-
lated events. The signal probability is expressed in terms of parameters ~z, denoting the ensem-
ble of coupling fractions as fai and their phase fai, as

Psig

⇣
~x;~z = { fai, fai}

⌘
=

 
1 � Â

ai
fai

!
P0+ (~xi) + Â

ai
fai P0ai (~xi)

+ Â
ai

vuut fai

 
1 � Â

aj
faj

!
P0ai ,0+

interf (~xi; fai)

+
ai<aj

Â
ai,aj

q
fai faj P0ai ,0aj

interf
�
~xi; fai, faj

�
,

(16)

• Using both: 
- Indirect constraint on the 

width using ratio of off-shell 
to on-shell production in 
H→ZZ  

HIG-16-033
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Couplings: signal parameterisation

• Two main approaches used in combined coupling fits:
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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! tHq0 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, µi , and for173

the decay, µ f , are defined as174

µi =
�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, µi = 1 and µf = 1 in the SM. Since �i and BR f cannot177

8th August 2015 – 00:05 8
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be separately measured without additional assumptions, only the product of µi and µ f can be extracted178

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

µfi ⌘
�i · BR f

(�i · BR f )SM
= µi ⇥ 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

2j = � j/�
SM
j and 2j = �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 2H =
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.

8th August 2015 – 00:05 9
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of the Higgs boson are the same as as in the SM, the relation 2H = �H/�
SM
H holds. If instead also BSM205

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

�H =
2H · �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 ! tHbq0 cross sections increase by a factor of 6 and 13, respectively,225

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

its small SM cross section.227

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

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

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

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

alternative models should be tested.232

8th August 2015 – 00:05 10
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Where

2
H =

X

j

BRj
SM2

j

Scaling of generic i → H → f process

Signal strengths, μ Couplings, κ

Parameters scale cross sections and 
BRs relative to SM

Parameters scale cross sections and 
partial widths relative to SM
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Signal strengths
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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±

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±

Production Modes 
bbH grouped with ggF 
tH grouped with ttH Decay Modes

Higgs boson production processes and decay channels, in particular those which are expected to be small
in the SM but might be enhanced if new physics beyond the SM would be present.

Table 8 shows the results of the fit to the data with a breakdown of the statistical and total systematic
uncertainties, while the complete breakdown into the four components of the uncertainties is shown
in Table 19 in Appendix A. The assumptions that the coupling modifiers are the same at the two centre-of-
mass energies is assumed to be valid in this case as in the parameterisation of the ratios of cross sections
and branching ratios. These tables only show the values and uncertainties for positive values of all the
parameters, while Fig. 9 illustrates the complete ranges of allowed values with their total uncertainties,
including the negative ranges allowed for �WZ and � tg , the two parameters chosen to illustrate possible
interference e�ects due to ggZ H or tH production. Figure 10 shows the likelihood scan results for
these two parameters in the case of the combination of ATLAS and CMS, both for the observed and
expected results. In both cases, the best-fit values correspond to the positive sign, but the sensitivity to the
interference terms remains small at this stage. As described in Section 2.4, these are responsible for the
small asymmetry between the likelihood curves for the positive and negative values of these parameters
of interest. The p-value of the compatibility between the data and the SM predictions is 13%. As for the
first generic parameterisation, all results are consistent with the SM predictions within less than 2� except
for �bZ and �tg which reflect similar tensions to those described in Section 4.1 for the measurement of
the ratios of the bb and Z Z decay branching ratios and of the ttH and ggF production cross sections.

5. Measurements of signal strengths

In Section 4.1, the fit results from a generic parameterisation, expressed mostly as ratios of cross sections
and of branching ratios, have been shown. This section probes more specific parameterisations with
additional assumptions. In the following, results from the fits are presented starting with the most
restrictive parameterisation as a function of a single parameter of interest, which has historically been
the approach to assess the sensitivity of the experimental data to the presence of a Higgs boson. The
results are obtained from the combined fits to the

p
s = 7 and 8 TeV data under the premise that the signal

strengths are the same at the two energies.

5.1. Global signal strength

The simplest and most restrictive signal strength parameterisation is to assume that the µi and µf values
are the same for all production processes and decay channels. In this case, the SM predictions of signal
yields in all categories are scaled by a global signal strength µ. Such a parameterisation provides the
simplest test of the compatibility of the experimental data with the SM predictions. A fit to the combined
ATLAS and CMS data at

p
s = 7 and 8 TeV with µ as the parameter of interest results in the best-fit

value:
µ = 1.09+0.11

�0.10 = 1.09+0.07
�0.07 (stat) +0.04

�0.04 (expt) +0.03
�0.03 (thbgd)+0.07

�0.06 (thsig),

where the breakdown of the uncertainties into their four main components is done as described in Sec-
tion 3.3. The overall systematic uncertainty of +0.09

�0.08 is larger than the statistical uncertainty and its largest
component is the theoretical uncertainty on the ggF cross section. This result is consistent with the SM
expectation of µ = 1 within less than 1� and the p-value of the compatibility between the data and the SM
predictions is 34%. This result is shown in Table 9, together with that from each experiment, including

26

• CMS+ATLAS:
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Generic signal strength results
• Most generic parametrisation:  one μ per production x decay combination

8

• Results given as σ x Β measurement - inclusive 
theory uncertainties removed 

• Uncertainty split into stat. and syst. sources

 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

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
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Recasting
• Correlation/covariance matrix also provided. Non-zero entries mostly due to 

experimental categories not perfectly able to distinguish certain processes 
- E.g. contamination of gluon-fusion in VBF targeting categories  
- V(had)H categories that select both WH and ZH production
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CMS and ATLAS  Run 1LHC • Is this sufficient for the community or 
can we go further? 

• More accurate NLL information 
required? 

• More splitting of uncertainties into 
sources, e.g. theory uncertainties 
separately? 

• Information on the impact of specific 
theory uncertainties on results?
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Couplings: BSM loop/decay contributions

• Use effective couplings for ggH (κg) and H→γγ (κγ) 

• Consider two scenarios:   ΒRBSM = 0 and BRBSM floating, but |κw|, |κZ| < 1 

• Sensitive to relative signs of κt, κW and κZ via interference in tH and ggZH production

10

• Care needed with BRBSM: not just 
Higgs decays to new particles but 
also non-SM BRs to unmeasured 
final states, e.g. gg and cc
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BRBSM < 0.34 @ 95% CL
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Couplings: BSM loop/decay contributions

• One step further: the CMS Run 1 combination also included the direct 
H→invisible searches (VBF, VH prod modes) 
- Define BRBSM = BRinv + BRundet 

• Assuming BRundet = 0, improve on BRinv sensitivity in 95 CL limits:  
- Combination: 0.49 obs. (0.32 exp.), H→inv alone: 0.58 obs. (0.44 exp)
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40 7 Compatibility of the observed data with the SM Higgs boson couplings
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Figure 18: (Left) Likelihood scan versus BRBSM = GBSM/Gtot. The solid curve represents the
observation in data and the dashed curve indicates the expected median result in the presence
of the SM Higgs boson. The modifiers for both the tree-level and loop-induced couplings are
profiled, but the couplings to the electroweak bosons are assumed to be bounded by the SM
expectation (kV  1). (Right) Result when also combining with data from the H(inv) searches,
thus assuming that BRBSM = BRinv, i.e. BRundet = 0.
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Figure 19: (Left) The 2D likelihood scan for the BRinv and BRundet parameters for a combined
analysis of the H(inv) search data and visible decay channels. The cross indicates the best-fit
values. The solid, dashed, and dotted contours show the 68%, 95%, and 99.7% CL confidence
regions, respectively. The diamond represents the SM expectation, (BRinv, BRundet) = (0, 0).
(Right) The likelihood scan versus BRundet. The solid curve represents the observation in data
and the dashed curve indicates the expected median result in the presence of the SM Higgs
boson. BRinv is constrained by the data from the H(inv) searches and modifiers for both the
tree-level and loop-induced couplings are profiled, but the couplings to the electroweak bosons
are assumed to be bounded by the SM expectation (kV  1).
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Couplings - no BSM loop/decay contributions
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• Resolve ggH (κg) and H→γγ (κγ) loops 

• Includes H→μμ analyses for reduced coupling 
vs particle mass

Parameter value
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Figure 18: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation assuming the absence of BSM particles in the loops, BBSM = 0. The hatched
area indicates the non-allowed region for the parameter that is assumed to be positive without loss of generality. The
error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

pressed as a function of a mass scaling parameter ✏, with a value ✏ = 0 in the SM, and a free parameter M,
equal to v in the SM: F,i = v · m✏F,i/M

1+✏ and V,i = v · m2✏
V,i/M

1+2✏ . A fit is then performed with the
same assumptions as those of Table 18 with ✏ and M as parameters of interest. The results for the com-
bination of ATLAS and CMS are ✏ = 0.023+0.029

�0.027 and M = 233+13
�12 GeV, and are compatible with the

SM predictions. Figure 19 shows the results of this fit with its corresponding 68% and 95% CL bands.

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [130].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],

43
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Figure 18: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation assuming the absence of BSM particles in the loops, BBSM = 0. The hatched
area indicates the non-allowed region for the parameter that is assumed to be positive without loss of generality. The
error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

pressed as a function of a mass scaling parameter ✏, with a value ✏ = 0 in the SM, and a free parameter M,
equal to v in the SM: F,i = v · m✏F,i/M

1+✏ and V,i = v · m2✏
V,i/M

1+2✏ . A fit is then performed with the
same assumptions as those of Table 18 with ✏ and M as parameters of interest. The results for the com-
bination of ATLAS and CMS are ✏ = 0.023+0.029

�0.027 and M = 233+13
�12 GeV, and are compatible with the

SM predictions. Figure 19 shows the results of this fit with its corresponding 68% and 95% CL bands.

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [130].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],

43

M, ε model:
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Simplified template cross sections
• YR4 (arXiv:1610.07922) proposes simplified 

template cross sections 

• Several stages proposed with increasing split 
of production modes by jet multiplicity, pTH etc 

• Possibility to connect to BSM models in 
different frameworks, e.g. kappa model, EFT 
coefficients

13
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(EW qqH)

ggF bb̄H tHtt̄HVBF
(H+ leptonic V )

V H

qq̄ !WH

qq̄ ! ZH

gg ! ZH

VBF

H+ had. V

(Run1-like)

Figure 217: Stage 0 bins.

it has to be carefully checked and balanced against the requirement to not introduce theory dependence,10486

e.g., by selecting specific regions of phase space.10487

Another design goal is to isolate regions of phase space, typically at large kinematic scales, where10488

BSM effects could be potentially large and visible above the SM background. Explicitly separating these10489

also reduces the dependence of the measurements on the assumed SM kinematic distribution.10490

In addition, the experimental sensitivity is maximized by allowing the combination of all decay10491

channels, which requires the framework to be used by all analyses. To facilitate the experimental im-10492

plementation, the bins should be mutually exclusive to avoid introducing statistical correlations between10493

different bins. In addition, the number of bins should be kept minimal to avoid technical complications10494

in the individual analyses as well as the global fit, e.g. in the evaluation of the full covariance matrix.10495

For example, each bin should typically have some sensitivity from at least one event category in order10496

to avoid the need to statistically combine many poorly constrained or unconstrained measurements. On10497

the other hand, in BSM sensitive bins experimental limits are already very useful for the theoretical10498

interpretation.10499

III.2.2.a Splitting of production modes10500

The definition of the production modes has some notable differences compared to Run1 to deal with10501

the fact that the naive distinction between the qq̄ ! V H and VBF processes, and similarly between10502

gg ! V H and gluon-fusion production, becomes ambiguous at higher order when the V decays hadron-10503

ically. For this reason, the V H production mode is explicitly defined as Higgs production in association10504

with a leptonically decaying V boson. The qq̄ ! V H process with a hadronically decaying V boson is10505

considered to be part of what is called “VBF production”, which is defined as electroweak qqH produc-10506

tion. Similarly, the gg ! ZH process with hadronically decaying Z boson is included in what is called10507

“gluon-fusion production”.10508

In principle, also the separation of ZH production with a leptonic Z into qq̄ or gg initial states10509

becomes ambiguous at higher order. For present practical purposes, on the experimental side the split10510

can be defined according to the separate MC samples for qq̄ ! ZH and gg ! ZH used in the analyses.10511

III.2.2.b Staging10512

In practice, it will be impossible to define a set of bins that satisfies all of the above requirements for10513

every analysis. Some analyses will only be able to constrain a subset of all bins or only constrain the sum10514

of a set of bins. In addition, the number of bins that will be possible to measure increases with increasing10515

amount of available data. For this reason, several stages with an increasing number of bins are defined.10516

The evolution from one stage to the next can take place independently for each production mode.10517

Stage 0

0 0.5 1 1.5 2 2.5 3

−0.00
1.18+ = 0.00theoσ / 

Htt
σ

0.00−
2.65+ = 0.00theoσ / VHlepσ

−0.00
2.80+ = 0.00theoσ / VHhadσ

0.04−
1.02+ = 0.04theoσ / VBFσ

0.20−
0.20+ = 1.20theoσ / ggHσ

CMS  (13 TeV)-135.9 fb

H → ZZ* → 4l

 = 125.09 GeVHm

SM prediction

 stage-0 subprocesses
_ � ���H_\
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Figure 219: Stage 1 binning for gluon fusion production.

– The Nj � 2 with VBF topology bin is split further into an exclusive 2-jet-like and inclusive 3-
jet-like bin. The split is implemented by a cut on pHjj

T = |~pH
T + ~pj1

T + ~pj2
T | at 25 GeV. See the

corresponding discussion for VBF for more details. This split is explicitly included here since it
induces nontrivial theory uncertainties in the gluon-fusion contribution.

– The Nj = 1 and Nj � 2 bins are further split into pH
T bins.

– 0 GeV < pH
T < 60 GeV: The boson channels have most sensitivity in the low pH

T region. The
upper cut is chosen as low as possible to give a more even split of events but at the same time
high enough that no resummation effects are expected. The cut should also be sufficiently
high that the jet pT cut introduces a negligible bias.

– 60 GeV < pH
T < 120 GeV: This is the resulting intermediate bin between the low and high

pH
T regions. The lower cut here is high enough that this bin can be safely treated as a hard

H + j system in the theoretical description.
– 120 GeV < pH

T < 200 GeV: The boosted selection in H ! ⌧⌧ contributes to the high pH
T

region. Defining a separate bin avoids large extrapolations for the H ! ⌧⌧ contribution.
For Nj = 2, this bin likely provides a substantial part of the gluon-fusion contribution in the
hadronic V H selection.

– pH
T > 200 GeV: Beyond the top-quark mass, the top-quark loop gets resolved and top-quark

mass effects become relevant. Splitting off the high-pH
T region ensures the usability of the

heavy-top expansion for the lower-pH
T bins. At the same time, the high pH

T bin in principle
offers the possibility to distinguish a pointlike ggH vertex induced by heavier BSM particles
in the loop from the resolved top-quark loop.

At intermediate stages, all lower three pH
T bins, or any two adjacent bins, can be merged. Alterna-

tively or in addition the Nj = 1 and Nj � 2 bins can be merged by individual analyses as needed, and
potentially also when the combination is performed at an intermediate stage.

ggF in stage 1

H→ZZ Run 2 results for Stage-0
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WG1 scheme for ggF uncertainties

14

• Along with STXS will adapt 
new scheme for ggF 
uncertainties: 
- Consistent treatment for all 

channels, makes 
combination more 
straightforward 

- Independent uncertainty 
sources targeted as 
migration uncertainty 
between bins, e.g. STXS

Test of uncertainty scheme using MC events

• Here extending the proposed scheme presented in last WG1 meeting in November 

• Jet bin uncertainties evaluated according to the BLPTW scheme of YR4: 
 
 
 
 
 
 

• Accounts for uncertainties and migrations between the =0, =1 and >=2 jet bins 

• Uncertainties also needed for: 

• Higgs pT spectrum within a given jet bin 

• Quark mass treatment in ggF loop, if significant wrt QCD scale uncertainties 

• VBF region

5

June 26, 2016 – 22 : 17 DRAFT 79

pcut
T = 25 GeV �/pb �µ �' �0/1

cut �1/2
cut total pert. unc.

��0 47.41±2.40 4.6% 2.0% - - 5.1%

�0 26.25±1.97 4.7% 0.6% 5.8% - 7.5%

��1 21.16±1.96 4.5% 3.8% 7.1% - 9.3%

�1 13.28±1.76 4.2% 3.3% 9.8% 7.2% 13.3%

��2 7.88±1.12 5.1% 4.6% 2.7% 12.2% 14.3%

pcut
T = 30 GeV �/pb �µ �' �0/1

cut �1/2
cut total pert. unc.

��0 47.41±2.40 4.6% 2.0% - - 5.1%

�0 29.51±1.65 3.8% 0.1% 4.1% - 5.6%

��1 17.90±1.88 6.0% 5.2% 6.8% - 10.5%

�1 11.94±1.58 5.5% 4.8% 8.4% 7.2% 13.2%

��2 5.96±1.05 7.1% 6.1% 3.6% 14.5% 17.6%

Table 4.17: Predictions for the 0/1/2-jet bins for pcut
T = 25 GeV (top) and pcut

T = 30 GeV (bottom).

The fixed-order perturbative description of its differential spectrum features large logarithms in the form1997

↵n
S lnm(MH/pH

t )/pH
t , with m  2n�1, which spoil the convergence of the series at small pH

t . In order to1998

obtain meaningful predictions in that phase-space region, such terms must be resummed to all orders in1999

↵S , so that the perturbative series can be recast in terms of dominant all-order towers of logarithms. The2000

logarithmic accuracy is commonly defined at the level of the logarithm of the cumulative cross section,2001

henceforth referred to as ⌃(pH
t ), where one refers to the dominant terms ↵n

s lnn+1(MH/pH
t ) as leading2002

logarithms (LL), to terms ↵n
s lnn(MH/pH

t ) as next-to-leading logarithms (NLL), to ↵n
s lnn�1(MH/pH

t ) as2003

next-to-next-to-leading logarithms (NNLL), and so on.2004

The all-order computation of the logarithms of the ratio MH/pH
t has been performed up to NNLL2005

order in refs. [190,191] using the formalism developed in [192,193], and in ref. [194] using an effective-2006

field-theory approach. These resummed results are usually matched to fixed-order predictions in order2007

to obtain a description of pH
t which gives a reliable coverage of the whole phase space. The recent2008

computations of the differential pH
t distribution at next-to-next-to-leading order (NNLO) [167, 170, 171,2009

195], and of the inclusive gluon-fusion cross section at next-to-next-to-next-to-leading order (N3LO)2010

in [91, 94], once combined with state-of-the-art resummation, allow to obtain a formal NNLL+NNLO2011

accuracy for d�/dpH
t .2012

All of the resummation approaches mentioned so far rely on an impact-parameter-space formula-2013

tion [196, 197], which is motivated by the fact that the observable naturally factorises in this space as a2014

product of the contributions of each individual emission. Conversely, in pH
t space one is unable to find,2015

at a given order beyond LL, a closed analytic expression for the resummed distribution which is simulta-2016

neously free of logarithmically subleading corrections and of singularities at finite pH
t values [198]. This2017

fact has a simple physical origin: the region of small pH
t receives contributions both from configurations2018

in which each of the transverse momenta of the radiated partons is equally small (Sudakov limit), and2019

from configurations where pH
t tends to zero owing to cancellations among non-zero transverse momenta2020

of the emissions. The latter mechanism is in fact the dominant one at small pH
t and, as a result, the cumu-2021

lative cross section in that region vanishes as O(pH
t
2) rather than being exponentially suppressed [197].2022

If these effects are neglected in a resummation performed in transverse-momentum space, the latter2023

would feature a geometric singularity at some finite value of pH
t . The same issue is present in an impact-2024

parameter-space formulation whenever one tries to obtain a result in pH
t space free of any contamination2025

from subleading logarithmic terms.2026

However, it has recently been shown [199] that the problem can be solved also in transverse-2027

QCD uncertainty split into 4 
independent sources 
normalization 
resummation 
0⟷1 jet migration 
1⟷2 jet migration

A first look at numbers (more during discussion part)

• Using ATLAS MC (Powheg NNLOPS) normalized to N3LO @mH = 125.09 GeV

10

  Cross sections and fractional uncertainties
        STXS    sig     stat       mu      res    mig01    mig12      pTH     qm_b   qm_top      Tot
        Incl  48.52 +/- 0.00    +4.6%    +2.2%    +0.0%    -0.0%    -0.1%    -0.2%    +0.0%    +5.1%
        FWDH   4.27 +/- 0.01    +4.4%    +1.8%    -0.5%    -0.4%    -0.5%    -0.6%    -1.5%    +5.1%
        VBF1   0.27 +/- 0.00    +7.9%    +7.9%    +3.9%   +16.2%    -2.5%    -2.4%    +0.1%   +20.3%
        VBF2   0.36 +/- 0.00    +7.9%    +7.9%    +3.9%   +16.2%    -0.9%    -1.1%    +0.2%   +20.1%
          0J  27.25 +/- 0.03    +3.8%    +0.1%    -4.1%    +0.0%    +0.0%    -0.2%    +0.0%    +5.6%
     1J_0-60   6.49 +/- 0.01    +5.3%    +4.6%    +8.1%    -6.9%    -4.5%    -4.0%    +0.0%   +14.1%
       1J_60   4.50 +/- 0.01    +5.3%    +4.6%    +8.1%    -6.9%    +3.0%    +4.9%    +0.0%   +14.0%
      1J_120   0.74 +/- 0.00    +5.3%    +4.6%    +8.1%    -6.9%   +14.0%    +5.0%    +0.5%   +19.6%
      1J_200   0.15 +/- 0.00    +5.3%    +4.6%    +8.1%    -6.9%   +16.0%    +5.0%   +10.5%   +23.5%
     2J_0-60   1.22 +/- 0.01    +7.9%    +7.9%    +3.9%   +16.2%    -7.4%    -7.2%    +0.0%   +22.5%
       2J_60   1.86 +/- 0.01    +7.9%    +7.9%    +3.9%   +16.2%    -1.0%    -0.1%    +0.0%   +20.0%
      2J_120   0.99 +/- 0.00    +7.9%    +7.9%    +3.9%   +16.2%    +6.8%    +5.0%    +0.6%   +21.7%
      2J_200   0.42 +/- 0.00    +7.9%    +7.9%    +3.9%   +16.2%   +15.5%    +5.0%   +11.8%   +28.3%
         =0J  30.12 +/- 0.03    +3.8%    +0.1%    -4.1%    +0.0%    +0.0%    -0.2%    -0.2%    +5.6%
         =1J  12.92 +/- 0.02    +5.3%    +4.6%    +8.1%    -6.9%    -0.3%    +0.0%    +0.2%   +12.7%
        >=2J   5.47 +/- 0.01    +7.9%    +7.9%    +3.9%   +16.1%    +0.1%    -0.7%    +1.1%   +20.0%
 >=1J 60-200   9.09 +/- 0.01    +6.3%    +5.8%    +6.5%    +1.8%    +3.4%    +3.7%    +0.2%   +12.0%
>=1J 120-200   1.96 +/- 0.01    +6.9%    +6.6%    +5.6%    +7.0%    +9.6%    +5.0%    +0.6%   +17.0%
   >=1J >200   0.58 +/- 0.00    +7.2%    +7.0%    +5.0%   +10.1%   +15.6%    +5.0%   +11.4%   +25.0%
    >=1J >60   9.68 +/- 0.01    +6.3%    +5.9%    +6.4%    +2.3%    +4.2%    +3.8%    +0.8%   +12.4%
   >=1J >120   2.54 +/- 0.01    +6.9%    +6.7%    +5.4%    +7.7%   +11.0%    +5.0%    +3.1%   +18.4%
         >=1  18.40 +/- 0.02    +6.1%    +5.6%    +6.8%    -0.1%    -0.2%    -0.2%    +0.5%   +10.7%

The 11  
ggF  

STXS 
bins

F. Caola, D. Gillberg, A. Massironi, P. Monni
Higgs pT spectrum
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Differential measurements
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• H→γγ and H→ZZ→4l channels provide differential fiducial cross sections at  particle 
level, chosen to match reco. selections closely 

• Differential cross sections given for pTH  and number of jets 
- High pTH  tail sensitive to BSM effects, low pTH  to lighter couplings, e.g. κc 

• Combination of channels will be possible by unfolding to common phase-space 
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BSM interpretation

16

• Couplings constraints can be interpreted as 
constraints in 2HDM/MSSM models 

• Uses the full likelihood with κV, κu and κd as 
parameters, related to cos(β-α)/tanβ or mΑ/
tanβ

HIG-16-007
3.2 Constraints from direct searches 7

Table 2: Modifications of the couplings of the h to up- (ku), down-type (kd) fermions and vector
bosons (kV), with respect to the SM expectation, in 2HDM’s model of type-I (second column)
and II (third column) and for the hMSSM (fourth column). The coupling modifications for the
hMSSM are completed by the expressions for su and sd as given in Equation (4).

2HDM hMSSM
type I type II/MSSM

kV sin(b � a) sin(b � a) sd+su tan bp
1+tan2 b

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

p
1+tan2 b
tan b

kd cos(a)/ sin(b) � sin(a)/ cos(b) sd

q
1 + tan2 b

templates the CLS value is obtained for each point in the exclusion plane, based on a likelihood
ratio

q(mA,H, tan b) =
L(data|µ · s + b, {q̂i,µ})

��
µ=1

L(data|µ̂ · s + b, {q̂i})
, (5)

where µ corresponds to a single signal strength parameter, s to the expected signal and b to
the expected background yields. The value µ = 1 corresponds to the exact prediction of the
scenario for given mA,H and tan b. The parameters {q̂i,µ} correspond to the best estimates of
the nuisance parameters for a fixed value of µ, and {q̂i} to the global best estimates of the
nuisance parameters for 0  µ̂  1. Those points where CLS falls below 0.05 are excluded at
95% CL. This method has been used for the A/H/h ! tt (with a slightly different test statistic
as discussed below), A/H/h ! µµ and the combined A ! Zh(``tt) and H ! hh(bbtt)
searches described below; (ii) in a second approach model-independent 95% CL limits have
been obtained on the cross section times branching fraction of a single, narrow-width resonance
(with the exception of the H ! WW/ZZ analysis that takes the decay width of the H into
account). These limits have been translated into the exclusion plane of each considered scenario
by a comparison with the predicted cross section times branching fraction. This method has
been used for all other analyses that are described below.

The following analyses that have been chosen for the summary exclusion plots have been pub-
lished as searches for additional Higgs bosons in the context of the MSSM:

• A search in the A/H/h ! tt channel [38], in a mass range from 90 to 1000 GeV.
This is the most sensitive CMS search to all three neutral Higgs bosons in the MSSM.
The discriminating variable is the fully reconstructed invariant di-t mass, mtt. The
search is performed in the µµ, eµ, µth, eth and thth final states taking the subsequent
decays of the t into electrons, muons and hadrons into account and indicating the
decay of the t into hadrons by th. Due to the presence of neutrinos in the decay
of the di-t system the invariant mass reconstruction is further complicated, which
is addressed by a likelihood based reconstruction method [39]. The resolution that
can be achieved ranges between 10–20% of mtt, depending on the final state. To
increase the sensitivity of the analysis to the MSSM, event categories are exploited
that take advantage of the predicted increased production of the A and the H in as-
sociation with b-quarks, due to the enhanced coupling to down-type fermions. For
the limit setting the coarse experimental resolution of mtt justifies the use of single
mass templates obtained from the simulation with Pythia [40], which have been
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6 3 Summary of the analyses entering the exclusion contours

Although the data slightly prefer a positive sign of ldu, the positive and negative signs can not
be distinguished at the 95% CL.

Note that these exclusions contours are general to all 2HDM’s of these types. They thus apply
to any further specified 2HDM scenario, as defined e.g. in Section 2. The Figure demonstrates
that the observed couplings of the H0 already set strong general constraints on the allowed
values for cos(b � a) for all 2HDM’s of type-I or II. Values still allowed are cos(b � a) . 0.5
for the 2HDM of type-I and cos(b � a) . 0.2 for the 2HDM of type-II, which has been taken
into account by the parameter choice for the 2HDM scenarios in Section 2. As can be seen
from Figure 1 (right) the coupling constraint is stronger for the 2HDM of type-II. For this reason
the exclusion summary plots for this scenario contain an additional 95% CL exclusion contour
from the compatibility of the predicted couplings to the h with the observed couplings of the
H0 for values of tan b & 2.5. For this exclusion contour cos(b � a) = 0.1 has been fixed,
according to the scenario, and only tan b has been varied as a free parameter in the scan. The
exclusion contour has then been obtained from an increase of q(tan b), relative to the minimum
in this parameter subspace, of Dq = 3.84, corresponding to a 95% CL confidence region for a
c2 function with one degree of freedom. For the 2HDM scenario of type-I a similar scan yields
an exclusion for tan b & 0.5, which coincides with the lower bound of the displayed parameter
space.

Note that the coupling modifications for the 2HDM of type-II in Table 2 are identical to the tree-
level modifications of the couplings of the h in the MSSM. In the hMSSM, which contains the
additional constraint given by the exact knowledge of mh, tan a can be expressed by mZ, mh,
mA and tan b. In this case the coupling modifications as given in Table 2 are completed by the
relations for su and sd given by

su =
1r

1 + (m2
A+m2

Z)
2 tan2 b

(m2
Z+m2

A tan2 b�m2
h(1+tan2 b))2

sd = su · m2
A + m2

Z tan b

m2
Z + m2

A tan2 b � m2
h(1 + tan2 b)

, (4)

where mZ has been set to 91 GeV and mA and tan b are subject to the parameter scan. These
relations thus allow for a 95% CL exclusion as a function of mA and tan b also in the summary
exclusion plot for the hMSSM, which in this case has been obtained again from an increase of
q(mA, tan b), relative to the absolute minimum in the mA–tan b plane, of Dq = 5.99, correspond-
ing to a 95% confidence region for a c2 function with two degrees of freedom. An overview of
the scenarios in which the coupling constraint will explicitly appear in the exclusion summary
plot is given in Table 3.

3.2 Constraints from direct searches

In addition to the constraints from the coupling structure of the H0 several direct searches
for (additional heavy) Higgs bosons that have been published using the LHC run-1 dataset,
contribute to the summary exclusion plots presented in this note. No indications for a signal
have been observed in any of these searches and 95% CL limits have been set using the modified
frequentist approach as used for the SM Higgs boson searches and described in Ref. [36, 37].
For the statistical inference uncertainties have been incorporated into the likelihood function in
the form of nuisance parameters qi. There are two ways in which the limits have been obtained:
(i) in a first way templates have been obtained for the full signal prediction for each value in the
exclusion plane of the considered scenario (mA–tan b in the MSSM or mH–tan b in the 2HDM).
These may contain the signal for a charged or up to three neutral Higgs bosons. With these
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Summary

• Large fraction of target analyses now covered with the full 2016 dataset 
- Up to factor 2 improvement over run 1 

• Increasing focus on more granular measurements during run 2: 
- Fiducial/differential cross sections in H→ZZ and H→γγ 
- Simplified template cross section measurements 
- Currently stage-0 results, move to stage-1 

• Combined fits of all channels will give most coherent results on signal strengths /
couplings - input from the theory community on new models/interpretations is 
appreciated

17
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Backup
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Decay processes
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Production processes
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• Usual suspects:
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H→ZZ anomalous couplings

• Angular analysis of H→ZZ→4l events to search for anomalous spin-0 couplings  

• New for 13 TeV: use kinematics of production H(VV) vertex in VBF and VH modes  as well 
as in 4l decay  

• Amplitude parametrised as:

21

2 2 Phenomenology of anomalous H boson interactions

2 Phenomenology of anomalous H boson interactions

We assume that the H boson couples to two gauge bosons VV, such as ZZ, Zg, gg, WW, or
gg, which in turn couple to quarks or leptons [19–34]. Three general tensor structures that are
allowed by Lorentz symmetry are tested. Each term includes a form factor Fi(q2

1, q2
2), where

q1 and q2 are the four-momenta of the two difermion states, such as e+e� and µ+µ� in the
H ! e+e�µ+µ� decay. The H boson coupling to fermions is assumed not to be mediated
through a new heavy state V0, generating the so-called contact terms [35, 36]. We therefore
study the process H ! VV ! 4f and the equivalent processes in production, rather than
H ! VV0 ! 4f or equivalent processes. Nonetheless, those contact terms are equivalent to the
anomalous HVV couplings already tested using the fL1 and f Zg

L1 parameters [13]. It is assumed
that all lepton and quark couplings to vector bosons follow the SM predictions. Relaxing this re-
quirement would be equivalent to allowing the contact terms to vary with flavor, which would
result in too many unconstrained parameters to be tested with the present amount of data.
Only the lowest order operators, or lowest order terms in the (q2

j /L2) form-factor expansion,
are tested, where L is the energy scale of new physics.

Anomalous interactions of a spin-zero H boson with two spin-one gauge bosons VV, such as
ZZ, Zg, gg, WW, and gg, are parameterized with a scattering amplitude that includes three
tensor structures with expansion of coefficients up to (q2/L2):

A(HVV) ⇠
"

aVV
1 +

kVV
1 q2

1 + kVV
2 q2

2�
LVV

1
�2

#
m2

V1e⇤V1e⇤V2 + aVV
2 f ⇤(1)µn f ⇤(2),µn + aVV

3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where qi, eVi, and mV1 are the four-momentum, polarization vector, and pole mass of a gauge
boson, f (i)µn = e

µ
Viq

n
i � en

Viq
µ
i , and f̃ (i)µn = 1

2 eµnrs f (i),rs [13, 33].

In Eq. (1), the only leading tree-level contributions are aZZ
1 6= 0 and aWW

1 6= 0, and we assume
custodial symmetry, so that aZZ

1 = aWW
1 . The rest of the couplings are considered anomalous

contributions. Tiny anomalous terms arise in the SM due to loop effects, and new, beyond stan-
dard model (BSM) contributions could make them larger. The SM values of those couplings
are not yet accessible experimentally. Considerations of gauge invariance and symmetry be-
tween two identical bosons require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1,2 = k

gg
1,2 = kZg

1 = 0, and
kZg

2 = � exp(ifZg
L1), where fVV

L1 is the phase of the corresponding coupling. The aZg
2,3 and agg

2,3
terms were tested in the Run 1 analysis [13], but have tighter constraints from on-shell pho-
ton measurements in H ! Zg and gg. We therefore do not repeat those measurements. The
HWW couplings appear in VBF and WH production. We relate those couplings to the HZZ
measurements assuming aWW

i = aZZ
i and drop the ZZ labels in what follows. Four anomalous

couplings are left to be tested: a2, a3, k2/L2
1, and kZg

2 /
⇣

LZg
1

⌘2
. The generic notation ai refers to

all four of these couplings, as well as the SM coupling a1.

Equation (1) describes both the H ! VV decay and the production of the H boson via either
VBF or VH. All three of these processes are considered, which are illustrated in Fig. 1. While q2

i
in the H ! VV process does not exceed (100 GeV)2 due to the kinematic bound, in associated
production no such bound exists. In the present analysis it is assumed that the q2

i range is not
restricted within the allowed phase space.

The effective fractional cross sections fai and phases fai are defined as follows:

fai = |ai|2si

.
Â |aj|2sj, and fai = arg (ai/a1) . (2)

Gluon fusion (decay) VBF production VH production

BSM CP-even BSM CP-odd

arXiv:1707.00541
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H→ZZ anomalous couplings

• Fits for anomalous coupling ratios fai: 

• Run 2 gives ~ factor 10 improvement in 68% CL 
sensitivity over run 1 due to addition of production 
information

22
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10 5 Results and discussion

Table 3: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (in square
brackets) intervals on anomalous coupling parameters obtained from the combined Run 1 and
Run 2 data analysis.

Parameter Observed Expected
fa3 cos(fa3) 0.00+0.26

�0.09 [�0.38, 0.46] 0.000+0.010
�0.010 [�0.25, 0.25]

fa2 cos(fa2) 0.01+0.12
�0.02 [�0.04, 0.43] 0.000+0.009

�0.008 [�0.06, 0.19]
fL1 cos(fL1) 0.02+0.08

�0.06 [�0.49, 0.18] 0.000+0.003
�0.002 [�0.60, 0.12]

f Zg
L1 cos(fZg

L1) 0.26+0.30
�0.35 [�0.40, 0.79] 0.000+0.019

�0.022 [�0.37, 0.71]

Run 1 analysis [13], as is evident from the narrow minima at fai = 0 in the expectations in Fig. 3.
This effect comes from utilizing production information, because the cross section in VBF and
VH production increases quickly with fai due to larger q2 values contributing in Eq. (1) [33].
The best fitted µV values, which give the ratio of the signal strength in VBF and VH to the SM
expectation, are less than 1 in all four analyses: 0.76+1.10

�0.76 at fa3 = 0, 0.01+0.89
�0.01 at fa2 = 0, 0.20+0.94

�0.20

at fL1 = 0, and 0.24+0.84
�0.24 at f Zg

L1 = 0. This overall behavior is consistent with a downward
statistical fluctuation in the small number of VBF and VH events, while the values obtained
for the different analyses vary because of the differences in categorization. Because fewer VBF
and VH events are observed than expected, the narrow minima of �2 ln(L) at fai = 0, which
come from the production information in these events, are observed to be less pronounced than
expected. The minimum is most pronounced in the fa3 analysis in Fig. 3 (a) due to the largest
observed µV value.

The improvement in the 95% CL constraints with respect to Run 1 is mostly due to the increase
in the number of events with H ! 4` decay information by about a factor of four. Another
factor of four increase in the data sample size is expected by the end of 2018, under similar
running conditions. At that time, the inclusion of production information is expected to result
in improvements to the 95% CL constraints in line with the improvements already seen in the
68% CL constraints.

Other features in Fig. 3 can be explained by examining the kinematic distributions in Fig. 2.
The Ddec

0� distribution in Fig. 2 (e) favors a mixture of the fa3 = 0 and fa3 = 1 models, resulting
in the best fit value of fa3 = 0.30 ± 0.21 in Run 2. The Ddec

CP distribution in Fig. 2 (h) has a
small forward-backward asymmetry which gives preference to the fa3 cos(fa3) = +0.30 value
as opposed to �0.30. The narrow local minimum at fa3 = 0 corresponds to the distribution
of events in the tagged categories in Fig. 2 (f), (g), which favors the SM hypothesis. The Run 1
result [13] favors the SM strongly, and therefore combining the two data sets results in a global
minimum at fa3 = 0.

Certain values of anomalous couplings, such as fa2 cos(fa2) ⇠ �0.5 and fL1 cos(fL1) ⇠ +0.5,
lead to strong interference effects between the SM and anomalous amplitudes in Eq. (1). There-
fore, kinematic distributions of such models are easily distinguished from SM distributions,
and they are excluded at high CL in Fig. 3. Such anomalous models are shown in Fig. 2 (b), (c).
The fa3 = 1 and f Zg

L1 = 1 models are shown in other cases in Fig. 2, as the most distinct from SM,
except for (h), where maximal forward-backward asymmetry in DCP is shown for fa3 = 0.5. In
all cases, the observed distributions in Fig. 2 are consistent with the SM expectations.

2 2 Phenomenology of anomalous H boson interactions

2 Phenomenology of anomalous H boson interactions

We assume that the H boson couples to two gauge bosons VV, such as ZZ, Zg, gg, WW, or
gg, which in turn couple to quarks or leptons [19–34]. Three general tensor structures that are
allowed by Lorentz symmetry are tested. Each term includes a form factor Fi(q2

1, q2
2), where

q1 and q2 are the four-momenta of the two difermion states, such as e+e� and µ+µ� in the
H ! e+e�µ+µ� decay. The H boson coupling to fermions is assumed not to be mediated
through a new heavy state V0, generating the so-called contact terms [35, 36]. We therefore
study the process H ! VV ! 4f and the equivalent processes in production, rather than
H ! VV0 ! 4f or equivalent processes. Nonetheless, those contact terms are equivalent to the
anomalous HVV couplings already tested using the fL1 and f Zg

L1 parameters [13]. It is assumed
that all lepton and quark couplings to vector bosons follow the SM predictions. Relaxing this re-
quirement would be equivalent to allowing the contact terms to vary with flavor, which would
result in too many unconstrained parameters to be tested with the present amount of data.
Only the lowest order operators, or lowest order terms in the (q2

j /L2) form-factor expansion,
are tested, where L is the energy scale of new physics.

Anomalous interactions of a spin-zero H boson with two spin-one gauge bosons VV, such as
ZZ, Zg, gg, WW, and gg, are parameterized with a scattering amplitude that includes three
tensor structures with expansion of coefficients up to (q2/L2):

A(HVV) ⇠
"

aVV
1 +

kVV
1 q2

1 + kVV
2 q2

2�
LVV

1
�2

#
m2

V1e⇤V1e⇤V2 + aVV
2 f ⇤(1)µn f ⇤(2),µn + aVV

3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where qi, eVi, and mV1 are the four-momentum, polarization vector, and pole mass of a gauge
boson, f (i)µn = e

µ
Viq

n
i � en

Viq
µ
i , and f̃ (i)µn = 1

2 eµnrs f (i),rs [13, 33].

In Eq. (1), the only leading tree-level contributions are aZZ
1 6= 0 and aWW

1 6= 0, and we assume
custodial symmetry, so that aZZ

1 = aWW
1 . The rest of the couplings are considered anomalous

contributions. Tiny anomalous terms arise in the SM due to loop effects, and new, beyond stan-
dard model (BSM) contributions could make them larger. The SM values of those couplings
are not yet accessible experimentally. Considerations of gauge invariance and symmetry be-
tween two identical bosons require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1,2 = k

gg
1,2 = kZg

1 = 0, and
kZg

2 = � exp(ifZg
L1), where fVV

L1 is the phase of the corresponding coupling. The aZg
2,3 and agg

2,3
terms were tested in the Run 1 analysis [13], but have tighter constraints from on-shell pho-
ton measurements in H ! Zg and gg. We therefore do not repeat those measurements. The
HWW couplings appear in VBF and WH production. We relate those couplings to the HZZ
measurements assuming aWW

i = aZZ
i and drop the ZZ labels in what follows. Four anomalous

couplings are left to be tested: a2, a3, k2/L2
1, and kZg

2 /
⇣

LZg
1

⌘2
. The generic notation ai refers to

all four of these couplings, as well as the SM coupling a1.

Equation (1) describes both the H ! VV decay and the production of the H boson via either
VBF or VH. All three of these processes are considered, which are illustrated in Fig. 1. While q2

i
in the H ! VV process does not exceed (100 GeV)2 due to the kinematic bound, in associated
production no such bound exists. In the present analysis it is assumed that the q2

i range is not
restricted within the allowed phase space.

The effective fractional cross sections fai and phases fai are defined as follows:

fai = |ai|2si

.
Â |aj|2sj, and fai = arg (ai/a1) . (2)

arXiv:1707.00541
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• Using high resolution H→γγ and H→ZZ→4l channels 

• Important to establish the best measurement of mH before attempting couplings 

• Statistical uncertainty still dominates, main systematics related to energy or 
momentum scale of e, μ and γ

mH = 125.09  ± 0.24 GeV = 125.09  ± 0.21 (stat.) ± 0.11 (syst) GeV 

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

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

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

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

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

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

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

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

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 
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Table 13: Measured signal strengths µ and their total uncertainties for di↵erent Higgs boson decay channels. The
results are shown for the combination of ATLAS and CMS, and separately for each experiment, for the combinedp

s = 7 and 8 TeV data. The expected uncertainties in the measurements are displayed in parentheses. These results
are obtained assuming that the Higgs boson production process cross sections at

p
s = 7 and 8 TeV are the same as

in the SM.

Decay channel ATLAS+CMS ATLAS CMS

µ�� 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

⌘

µ⌧⌧ 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

⌘

Higgs boson decays are also studied with six independent signal strengths, one for each decay channel
included in the combination, assuming that the Higgs boson production cross sections are the same as in
the SM. Unlike the production signal strengths, these decay-based signal strengths are independent of the
collision centre-of-mass energy and therefore the

p
s = 7 and 8 TeV data sets can be combined without

additional assumptions. Table 13 and Fig. 13 present the best fit results for the combination of ATLAS
and CMS, and separately for each experiment (the results for µµµ are only reported in Table 13). The
p-value of the compatibility between the data and the SM predictions is 75%.

From the combined likelihood scans it is possible to evaluate the significances for the observation of the
di↵erent production processes and decay channels. The combination of the data from the two experiments
corresponds to summing their recorded integrated luminosities and consequently increases the sensitivity
by approximately a factor of

p
2, since the theoretical uncertainties in the Higgs boson signal are only

weakly relevant for this evaluation and all the other significant uncertainties are uncorrelated between the
two experiments. The results are reported in Table 14 for all production processes and decay channels,
except for those that have already been clearly observed, namely the ggF production process and the
H ! ZZ, H ! WW, and H ! �� decay channels. The combined significances for the observation of the
VBF production process and of the H ! ⌧⌧ decay are each above 5�, and the combined significance for
the VH production process is above 3�. The combined significance for the ttH process is 4.4�, whereas
only 2.0� is expected, corresponding to a measured excess of 2.3� with respect to the SM prediction.
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Table 12: Measured signal strengths µ and their total uncertainties for di↵erent Higgs boson production processes.
The results are shown for the combination of ATLAS and CMS, and separately for each experiment, for the com-
bined

p
s = 7 and 8 TeV data. The expected uncertainties in the measurements are displayed in parentheses. These

results are obtained assuming that the Higgs boson branching fractions are the same as in the SM.

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

⌘

µVBF 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

⌘

5.2. Signal strengths of individual production processes and decay channels

The global signal strength is the most precisely measured Higgs boson coupling-related observable, but
this simple parameterisation is very model dependent, since all Higgs boson production and decay meas-
urements are combined assuming that all their ratios are the same as in the SM. The compatibility of the
measurements with the SM can be tested in a less model-dependent way by relaxing these assumptions
separately for the production cross sections and the decay branching fractions.

Assuming the SM values for the Higgs boson branching fractions, namely µ f = 1 in Eq. (7), the five main
Higgs boson production processes are explored with independent signal strengths: µggF, µVBF, µWH , µZH ,
and µttH . A combined analysis of the ATLAS and CMS data is performed with these five signal strengths
as parameters of interest. The results are shown in Table 12 for the combined

p
s = 7 and 8 TeV data

sets. The signal strengths at the two energies are assumed to be the same for each production process.
Figure 12 illustrates these results with their total uncertainties. The p-value of the compatibility between
the data and the SM predictions is 24%.
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Table 17: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the first one
assumes that |V |  1, where V denotes Z or W , and that BBSM � 0, while the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. BBSM = 0. The results for the combination of
ATLAS and CMS are reported with their measured and expected uncertainties. Also shown are the results from
each experiment. For the parameters with both signs allowed, the 1� intervals are shown on a second line. When
a parameter is constrained and reaches a boundary, namely BBSM = 0, the uncertainty is not indicated. For those
parameters with no sensitivity to the sign, only the absolute values are shown.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS

Measured Expected uncertainty Measured Measured

Parameterisation assuming |V |  1 and BBSM � 0

Z 1.00 1.00 �1.00
[0.92, 1.00] [�1.00,�0.89][ [�0.97,�0.94][ [�1.00,�0.84][

[0.89, 1.00] [0.86, 1.00] [0.90, 1.00]

W 0.90 0.92 �0.84
[0.81, 0.99] [�1.00,�0.90][ [�0.88,�0.84][ [�1.00,�0.71][

[0.89, 1.00] [0.79, 1.00] [0.76, 0.98]

t 1.43+0.23
�0.22

+0.27
�0.32 1.31+0.35

�0.33 1.45+0.42
�0.32

|⌧| 0.87+0.12
�0.11

+0.14
�0.15 0.97+0.21

�0.17 0.79+0.20
�0.16

|b| 0.57+0.16
�0.16

+0.19
�0.23 0.61+0.24

�0.26 0.49+0.26
�0.19

|g| 0.81+0.13
�0.10

+0.17
�0.14 0.94+0.23

�0.16 0.69+0.21
�0.13

|�| 0.90+0.10
�0.09

+0.10
�0.12 0.87+0.15

�0.14 0.89+0.17
�0.13

BBSM 0.00+0.16 +0.19 0.00+0.25 0.03+0.26

Parameterisation assuming BBSM = 0

Z �0.98 1.01 �0.99
[�1.08,�0.88][ [�1.01,�0.87][ [�1.09,�0.85][ [�1.14,�0.84][

[0.94, 1.13] [0.89, 1.11] [0.87, 1.15] [0.94, 1.19]

W 0.87 0.92 0.84
[0.78, 1.00] [�1.08,�0.90][ [�0.94,�0.85][ [�0.99,�0.74][

[0.88, 1.11] [0.78, 1.05] [0.71, 1.01]

t 1.40+0.24
�0.21

+0.26
�0.39 1.32+0.31

�0.33 1.51+0.33
�0.32

|⌧| 0.84+0.15
�0.11

+0.16
�0.15 0.97+0.19

�0.19 0.77+0.18
�0.15

|b| 0.49+0.27
�0.15

+0.25
�0.28 0.61+0.26

�0.31 0.47+0.34
�0.19

|g| 0.78+0.13
�0.10

+0.17
�0.14 0.94+0.18

�0.17 0.67+0.14
�0.12

|�| 0.87+0.14
�0.09

+0.12
�0.13 0.88+0.15

�0.15 0.89+0.19
�0.13
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Table 18: Fit results for the parameterisation assuming the absence of BSM particles in the loops (BBSM = 0).
The results with their measured and expected uncertainties are reported for the combination of ATLAS and CMS,
together with the individual results from each experiment. For the parameters with both signs allowed, the 1�CL in-
tervals are shown on a second line. When a parameter is constrained and reaches a boundary, namely |µ| = 0, the
uncertainty is not indicated. For those parameters with no sensitivity to the sign, only the absolute values are shown.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS

Measured Expected uncertainty Measured Measured

Z 1.00 0.98 1.03
[�1.05,�0.86][ [�1.00,�0.88][ [�1.07,�0.83][ [�1.11,�0.83][

[0.90, 1.11] [0.90, 1.10] [0.84, 1.12] [0.87, 1.19]

W 0.91+0.10
�0.12

+0.10
�0.11 0.91+0.12

�0.15 0.92+0.14
�0.17

t 0.87+0.15
�0.15

+0.15
�0.18 0.98+0.21

�0.20 0.77+0.20
�0.18

|⌧| 0.90+0.14
�0.16

+0.15
�0.14 0.99+0.20

�0.20 0.83+0.20
�0.21

b 0.67 0.64 0.71
[�0.73,�0.47][ [�1.24,�0.76][ [�0.89,�0.33][ [�0.91,�0.40][

[0.40, 0.89] [0.74, 1.24] [0.30, 0.94] [0.35, 1.04]

|µ| 0.2+1.2 +0.9 0.0+1.4 0.5+1.4

in which the total Higgs boson width is also allowed to vary. The main parameters of interest for these
tests are �du = d/u for the up- and down-type fermion symmetry, and �lq = l/q for the lepton and
quark symmetry, where both are allowed to be positive or negative. In this parameterisation, the loops are
resolved in terms of their expected SM contributions.

6.3.1. Probing the up- and down-type fermion symmetry

The free parameters for this test are: �du = d/u, �Vu = V/u, and uu = u · u/H , where this latter
term is positive definite since H is always assumed to be positive. The up-type fermion couplings are
mainly probed by the ggF production process, the H ! �� decay channel, and to a certain extent the ttH
production process. The down-type fermion couplings are mainly probed by the H ! bb and H ! ⌧⌧
decays. A small sensitivity to the relative sign arises from the interference between top and bottom quarks
in the gluon fusion loop.

The results of the fit are reported in Table 19 and Fig. 20. The p-value of the compatibility between
the data and the SM predictions is 72%. The likelihood scan for the �du parameter is shown in Fig. 21
for the combination of ATLAS and CMS. Negative values for the parameter �Vu are excluded by more
than 4�.
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