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Introduction
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• Yesterday we reviewed how the analyses of 
each Higgs decay channels progressed in 
CMS during Run 1 of the LHC 

• Same set of channels also studied in ATLAS 
• Both experiments also published 

combination results 
• Not a combination of results, a new 

combined result ⇒ perform fits to the 
data of all channels simultaneously 

• At the beginning of 2015 CMS and ATLAS 
embarked on an effort to make a 
combined analysis of the Higgs couplings 

• 1.5 years later… resulting paper submitted 
for publication
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Measurements of the Higgs boson production and decay rates and
constraints on its couplings from a combined ATLAS and CMS

analysis of the LHC pp collision data at
p

s = 7 and 8 TeV
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Abstract

Combined ATLAS and CMS measurements of the Higgs boson production and decay rates,
as well as constraints on its couplings to vector bosons and fermions, are presented. The
combination is based on the analysis of five production processes, namely gluon fusion, vec-
tor boson fusion, and associated production with a W or a Z boson or a pair of top quarks, and
of the six decay modes H ! ZZ,WW, ��, ⌧⌧, bb, and µµ. All results are reported assuming
a value of 125.09 GeV for the Higgs boson mass, the result of the combined measurement
by the ATLAS and CMS experiments. The analysis uses the CERN LHC proton–proton
collision data recorded by the ATLAS and CMS experiments in 2011 and 2012, corres-
ponding to integrated luminosities per experiment of approximately 5 fb�1 at

p
s = 7 TeV

and 20 fb�1 at
p

s = 8 TeV. The Higgs boson production and decay rates measured by the
two experiments are combined within the context of three generic parameterisations: two
based on cross sections and branching fractions, and one on ratios of coupling modifiers.
Several interpretations of the measurements with more model-dependent parameterisations
are also given. The combined signal yield relative to the Standard Model prediction is meas-
ured to be 1.09 ± 0.11. The combined measurements lead to observed significances for the
vector boson fusion production process and for the H ! ⌧⌧ decay of 5.4 and 5.5 standard
deviations, respectively. The data are consistent with the Standard Model predictions for all
parameterisations considered.

c� 2016 CERN for the benefit of the ATLAS and CMS Collaborations.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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LHC Higgs Combination Group
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• Launched at the end of 2010 

• Initial work: (ATL-PHYS-PUB-2011-11/CMS NOTE-2011/005): 
• Defining statistical procedures for setting exclusion limits on signals or quantifying an excess 

• Identifying common systematic uncertainties and how uncertainties will be modelled (in particular 
on the signal processes) 

• Toy combinations as a technical exercise / validation 

• Results: 
• Established RooFit workspaces and fitting framework as common tools 

• Definition of test statistic and CLs criteria that would be used for virtually all ATLAS and CMS Higgs 
results
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Figure 3: The combined 95% C.L. upper limits on the signal strength modifier µ = �/�SM ,
obtained with the CL

s

method, as a function of the SM Higgs boson mass in the range
110-600 GeV/c2. The observed limits are shown by solid symbols. The dashed line
indicates the median expected µ95% value for the background-only hypothesis, while the
green (yellow) band indicates the range expected to contain 68% (95%) of all observed
limit excursions from the median.
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• CMS+ATLAS combination with 7 TeV data 

• ATLAS-CONF-2011-157 / CMS PAS HIG-11-023 
• ZZ, WW, γγ, ττ, bb final states 

• 268 nuisance parameters 

• CLs values determined by fitting toy datasets 
for test stat. distributions 

• Asymptotic formulae used as a cross check 
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Run 1 Legacy Mass Combination
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• Important to establish the best measurement of mH before attempting couplings 

• Using high resolution H→γγ and H→ZZ→4l channels
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 Run 1LHC

γγ→H
l4→ZZ→H

l+4γγCombined 
Stat. only uncert.

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

Phys. Rev. Lett. 114 (2015) 191803
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Properties
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Spin/Parity

• Indirect constraint on the width using 
ratio of off-shell to on-shell production in 
H→ZZ 

• SM predicts Γ ~ 4 MeV 

• ATLAS and CMS find limits on Γ/ΓSM ~ 4-8

• Test many alternative hypotheses 
against SM CP-even scalar, JP = 0+, 

e.g. pseudoscalar, spin-2 

• All rejected at 99.9% CL
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Input Preparation 
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• Based on the inputs to the separate CMS and ATLAS combinations: the main five 
decay channels + ttH analyses 

• H→μμ  only included for one particular result 

• Each analysis targeting a particular production/decay mode may also consider 
contributions from other processes that are not specifically targeted, e.g. H→WW 
entering H→ττ analysis, single-top + Higgs production in ttH

Combination Inputs

7

• Not included as not in 
both CMS and ATLAS 
combination results: 

• H→Zγ search 

• Off-shell measurements 

• H→invisible searches 

• VBF H→bb

Untagged VBF VH ttH

H→γγ ✓ ✓ ✓ ✓

Η→ZZ→4l ✓ ✓ ✓ ✓

Η→WW→2l2ν ✓ ✓ ✓ ✓

H→ττ ✓ ✓ ✓ ✓

H→bb ✓ ✓

H→μμ ✓ ✓



1/7/16

Nuisance Parameter Correlations
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• Luminosity uncertainties partially correlated as for mass combination 

• The conclusion of the review was that the majority of background-related 
uncertainties are uncorrelated between experiments, as: 
• many are fully or partially data-driven, 

• different MC generators, correction factors, analysis selections are used. 

• Exceptions include inclusive cross section uncertainties on qq→ZZ and tt ̄+ V processes 

• Signal theory uncertainties are main source of correlation between experiments 
• QCD scale:  

• Simple to correlate inclusive uncertainty, jet bins more difficult 
• PDFs: 

• Correlate inclusive PDF uncertainties between experiments 

• Underlying event, parton shower and branching ratio uncertainties: 

• Generally a smaller effect but also correlated between experiments 
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Technical Implementation

9

• RooFit & RooStats packages (built on top of ROOT) are the frameworks of choice 

• Big advantage of RooFit is its OOP design and abstraction of virtually every aspect of 
model-building. Everything is an object:

Wouter Verkerke, UCSB

RooFit core design philosophy

• Mathematical objects are represented as C++ objects

variable RooRealVar

function RooAbsReal

PDF RooAbsPdf

space point RooArgSet

list of space points RooAbsData

integral RooRealIntegral

RooFit classMathematical concept

)(xf

x

xr

dxxf
x

x
∫
max

min

)(

)(xf

W. Verkerke
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RooAddPdf

Technical Implementation - An Example

10

RooDataHist 
(RooAbsData)

H→ττ 
RooHistPdf 
(RooAbsPdf)

Ζ→ττ 
RooHistPdf 
(RooAbsPdf)

W+jets 
RooHistPdf 
(RooAbsPdf)

QCD 
RooHistPdf 
(RooAbsPdf)
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• Every analysis category 
represented as a dataset 
(binned or un-binned) 

• The signal + background 
described by a PDF, 
typically the sum of 
several signal and 
background PDFs 

• Both data and PDF 
defined in terms of 
observables, e.g. di-tau 
mass here, but in 
principle any N-
dimensional space 
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Parameters

RooAddPdf

Technical Implementation - An Example
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• PDF normalisations and 
shapes typically depend 
on a number of 
parameters: 

• Parameters of 
interest (POIs) 

• Nuisance parameters 
(NPs) e.g. to 
represent systematic 
uncertainties

POI: μ

NP: Tau ID Eff.

NP: ggH QCD scale

. 

. 

.

NP: Luminosity
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RooDataSet

RooSimultaneous PDF

Parameters

RooAddPdf

Technical Implementation - An Example

12
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• Straightforward to 
combine PDFs and 
datasets of different 
categories 

• The CMS+ATLAS 
combination is made by 
merging the 
simultaneous PDFs from 
both experiments 

• Total categories: 574 

• Total NPs: 4268

POI: μ

NP: Tau ID Eff.

NP: ggH QCD scale

. 

. 

.

NP: Luminosity
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RooDataSet

RooSimultaneous PDF

Parameters

RooAddPdf

Technical Implementation - An Example
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Technical Challenges
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• Fit convergence: Minuit handles a 4300 parameter fit surprisingly well, few tricks used 
to reduce the time needed for convergence 

• Memory usage: ~4-5GB needed for combination 

• Fitting time:  
• 0.5 - 1 hours per combined fit thanks to significant optimisations by previous 

combine developers 

• Each best-fit value + uncertainties from scan of ~ 40 points 
• Total number of fits =  150 (POIs) * 40 (points) * 2 (observed, asimov) 

• + ~10 2D scans requiring 1600 fits each 

• Total CPU time ~ 12000 hours (fairly modest by HEP standards) 
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Methodology & Signal Parameterisation 

15
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Statistics
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• Workhorse of the combination is the profile likelihood ratio, Λ 

• Exploit the asymptotic limit: 

• Test statistic q(α⃗) = - 2 ln (Λ(α⃗)) is assumed to follow a χ2 distribution with α⃗ degrees 
of freedom 

• ⇒ To determine a confidence-level (CL) interval for a single parameter α, we only 

need to find the values of α where q(α⃗) = the χ2 critical value for that CL, e.g.  

• 1D 68% CL at q(α) = 1.00 

not used because of the overwhelming QCD background while the VBF mode has low sensitivity and
is not included in this combination, although CMS recently published their first result in this specific
channel [71].

The signal yield in a category k, nsignal(k), can be expressed as a sum over all possible Higgs boson
production processes i, with cross section �i , and decay channels f , with branching ratio BR f :

nsignal(k) = L(k) ⇥
X

i

X

f

(
�i ⇥ Af

i (k) ⇥ " fi (k) ⇥ BR f
)
,

= L(k) ⇥
X

i

X

f

µi µ
f
(
�SM
i ⇥ Af

i (k) ⇥ " fi (k) ⇥ BR f
SM

) (7)

where L(k) represents the integrated luminosity, Af
i (k) the detector acceptance, and " fi (k) the overall

selection and analysis e�ciency for the signal category k. The symbols µi and µf are the production and
decay signal strengths defined in Section 2.3, respectively. As Eq. 7 shows, the measurements considered
in this paper are only sensitive to the products of the cross sections and branching ratios, �i ⇥ BR f .
Additional information or assumptions are needed to determine the cross sections and branching ratios
separately.

In the ideal case, each category would only select signal events from a given production process and decay
channel. Most decay channels approach this ideal case, but, in the case of the production processes, the
categories are much less pure and there is important cross-contamination in most channels.

3.2. Statistical treatment

The overall statistics methodology used in the combination to extract the parameters of interest in various
parameterisations is that adopted also for the individual ATLAS and CMS combinations, as published
in Refs. [13,14]. It has been developed by the ATLAS and CMS Collaborations in the context of the LHC
Higgs Combination Group and is described in Ref. [72]. Some details of this procedure are important for
this combination and are briefly reviewed here.

The statistical treatment of the data is based on the standard LHC data modelling and handling toolkits,
RooFit [73], RooStats [74] and HistFactory [75]. The parameters of interest ~↵, e.g. signal strengths
(µ), coupling modifiers (), production cross sections, branching ratios or ratios of the above quantities,
are estimated with their corresponding confidence intervals via the profile likelihood ratio test statistic
⇤(~↵) [76]. The latter depends on one or more parameters of interest, as well as on the nuisance parameters
~✓, which reflect various experimental or theoretical uncertainties.

⇤(~↵) =
L
�
~↵ ,

ˆ̂
~✓(~↵)
�

L(~̂↵, ~̂✓)
(8)

The likelihood functions in the numerator and denominator of this equation are built using products of
signal and background probability density functions (pdfs) in the discriminating variables. The pdfs are
derived from simulation for the signal and from both data and simulation for the background, as described
in Refs. [13, 14]. The vectors ~̂↵ and ~̂✓ denote the unconditional maximum likelihood estimates of the
parameter values, and

ˆ̂
~✓ denotes the conditional maximum likelihood estimate for given fixed values of

13

α⃗ = Set of POIs at some 
fixed values to be tested 

θ⃗ = Nuisance parameters

Values of α⃗  and θ⃗  that globally 
maximise the likelihood 
(unconditional estimate)

Values of θ⃗  that maximise the 
likelihood given the fixed 
values of α⃗ being tested 
(conditional estimate)
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Signal Parameterisation
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Signal strengths, μ Couplings, κ

DRAFT

signal in the di�erent channels.157

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

s = 8 TeV in the
ATLAS and CMS experiments.

Production Event generator
process ATLAS CMS

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

Parameters scale cross sections and 
BRs relative to SM

Scaling of generic i → H → f process

Parameters scale cross sections and 
partial widths relative to SM
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DRAFT
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(a)
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b̄, ⌧+, µ+

b, ⌧�, µ�

(b)

Figure 5: Leading-order Feynman diagrams of Higgs boson decays (a) to W and Z bosons and (b) to fermions.
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Figure 6: Leading-order Feynman diagrams of Higgs boson decays to a pair of photons.

• W H and Z H production is simulated with the leading-order (LO) P����� program (ATLAS P�-133

����8 and CMS P�����6), with the exception of the H ! bb̄ channel for which CMS uses P�����134

+ H�����++ [34] whereas ATLAS uses P����� +P�����8 . The ggZ H process contributes135

approximately 8% to the total Z H production cross section in the SM, but due to its harder pT136

spectrum, it has a larger e�ect on the measurements, mainly in the H ! bb̄ channel where the VH137

process is the most important tag. For most channels, the contribution from this process is only138

accounted for as a correction to the overall signal cross section, but both ATLAS and CMS include139

ggZ H as a separate process in the V H analysis in the H ! bb̄ channel. In the case of CMS,140

given that the MC sample was not available at the time of the publication [35, 36], a reweigthed141

qq̄ ! Z H sample is used to model the gg ! Z H contribution and includes next-to-leading order142

(NLO) e�ects [37–40].143

• In the case of CMS, ttH production is simulated with the LO P�����6 program, whereas ATLAS144

uses the NLO calculation of the HELAC-Oneloop package [41] interfaced to P����� (this chain is145

often referred to as P�����).146

• Within the SM, the contribution from tH production to analyses searching for ttH production147

is expected to be small but in certain BSM scenarios it may become large through interference148

e�ects (see Section 2.4). For example for a negative value of the Higgs-top coupling with the149

same absolute strength as in the SM the tH total cross section becomes larger than that of the150

ttH process. The tH production processes are simulated using M��G���� [42] in ATLAS and151

M��G����5_�MC@NLO [22] in CMS for tHq and using M��G����5_�MC@NLO for tHW .152

• Finally, bbH production contributes approximately 1% to the total Higgs boson cross section in the153

SM. It is simulated with P�����, P�����8 and M��G����5_�MC@NLO for a few cases in some154

channels. Given that the kinematic characteristics of bbH production are found to be similar to155

those of the ggF process, the latter, after correcting for the overall e�ciency, is used to model the156
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• Within the SM, the contribution from tH production to analyses searching for ttH production147
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input analyses but contribute to the total 
width 
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• For this, and other key measurements, 
break uncertainty down into 4 
components: 
• statistical, experimental, background 

theory, signal theory 

• All ~4300 NPs assigned to one of these 
groups 

• Each component determined by fixing 
successive group of NPs to best-fit 
values θ ̂and repeating NLL scan µ
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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

Assumptions 
 - SM ratios of all cross sections & BRs 
 - 7/8 TeV ratios as in SM
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• Useful for extrapolating results to 
higher luminosity and understanding 
what sources may limit future precision 

• Signal theory uncertainty as large as 
statistical uncertainty 

• However dominant parts will be 
reduced for Run 2:  

• N3LO ggH scale: 8% → 2-3% 

• New PDF4LHC: 7% → 2%
µ
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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
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�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
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 - SM ratios of all cross sections & BRs 
 - 7/8 TeV ratios as in SM
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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
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CMS
σ1±
σ2±

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

ZH
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WH
µ

VBF
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ggF
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 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
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σ2±

Production & 
Decay
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Assumptions 
 - SM ratios of BRs or cross sections

Production Modes 
bbH grouped with ggF 
tH grouped with ttH

Decay Modes

• Most significant deviation from μ=1 is 
ttH (2.3σ)
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Assumptions 
 - SM ratios of BRs or cross sections

Production Modes 
bbH grouped with ggF 
tH grouped with ttH

Decay Modes

• Most significant deviation from μ=1 is 
ttH (2.3σ)
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• Calculated with respect to μ=0 using asymptotic formulae 

• Now ≥ 5σ for: VBF production, H→ττ decay 

• Personal take: 5σ was chosen as the threshold for claiming discovery, in part to 
due to the look-elsewhere effect - less relevant for specific production/decay 
modes once Higgs boson is discovered

Table 14: Measured and expected significances for the observation of Higgs boson production processes and decay
channels for the combination of ATLAS and CMS. Not included are the ggF production process and the H ! ZZ,
H ! WW, and H ! �� decay channels, which have already been clearly observed. All results are obtained
constraining the decay branching fractions to their SM values when considering the production processes, and
constraining the production cross sections to their SM values when studying the decays.

Production process Measured significance (�) Expected significance (�)
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 ! ⌧⌧ 5.5 5.0
H ! bb 2.6 3.7

5.3. Boson- and fermion-mediated production processes

The Higgs boson production processes can be associated with Higgs boson couplings to either fermions
(ggF and ttH) or vector bosons (VBF, WH, and ZH). Potential deviations of these couplings from the SM
predictions can be tested by using a parameterisation with two signal strengths for each decay channel f :
µ f

F = µ
f
ggF+ttH for the fermion-mediated production processes and µ f

V = µ
f
VBF+VH for the vector-boson-

mediated production processes. The branching fraction cancels in the ratio µ f
V/µ

f
F that can be formed for

each Higgs boson decay channel. Two fits are performed for the combination of ATLAS and CMS, and
also separately for each experiment. The first is a ten-parameter fit of µ f

F and µ f
V for each of the five decay

channels, while the second is a six-parameter fit of µV/µF and µ f
F for each of the five decay channels.

Figure 14 shows the 68% CL region for the ten-parameter fit of the five decay channels included in
the combination of the ATLAS and CMS measurements. These results are obtained by combining thep

s = 7 and 8 TeV data, assuming that µ f
F and µ f

V are the same at the two energies. The SM predictions
of µ f

F = 1 and µ f
V = 1 lie within the 68% CL regions of all these measurements. Combinations of

these regions would require assumptions about the branching fractions and are therefore not performed.
Table 15 reports the best fit values and the total uncertainties for all the parameters of the fits, together with
the expected uncertainties for the combination of ATLAS and CMS. The p-values of the compatibility
between the data and the SM predictions are 90% and 75% for the ten-parameter and six-parameter fits,
respectively. The six-parameter fit, without any additional assumptions about the Higgs boson branching
fractions, yields: µV/µF = 1.09+0.36

�0.28, in agreement with the SM.

5.4. Search for mass-degenerate states with di↵erent coupling structures

One important assumption underlying all the results reported elsewhere in this paper is that the obser-
vations are due to the presence of a single particle with well defined mass that has been precisely meas-
ured [22]. This section addresses the case in which the observed signal could be due to the presence of two
or more particles with similar masses, such that they cannot be resolved within the current precision of the

34
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• Perform scans of μFi, μVi for each decay mode i (10 parameter fit) 

• Purpose is to measure vector boson and fermion-mediated production 

• Also a 6 parameter fit with one common μV/μF and five μFi  

• Ratio μV/μF = 1.06 +0.35-0.27  is independent of assumptions on BRs

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

Assumptions 
 - VH/VBF and ttH/ggF rates as in SM
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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.

• Introduced by ATLAS - new model for CMS 
• Normalise the rate for any particular channel to a 

reference process using ratios of cross sections 
and branching ratios 

• Motivation: 

• Explicitly no assumptions on relative cross 
sections or BRs (unlike other results) 

• Measured values independent of SM 
prediction and inclusive theory uncertainties 

• Cancellation of common systematic 
uncertainties in ratios 

• Choose reference process as one measured with 
the smallest uncertainty: gg→H→ZZ 

Table 6: Parameters of interest in the two generic parameterisations described in Sections 4.1 and 4.2. For both
parameterisations, the gg ! H ! Z Z channel is chosen as a reference, expressed through the first row in the
table. All other measurements are expressed as ratios of cross sections or branching ratios in the first column
and of coupling modifiers in the second column. There are more parameters of interest in the case of the first
parameterisation, because the ratios of cross sections for the W H Z H , and VBF processes can all be expressed
as functions of two parameters �WZ and �Zg in the coupling parameterisation. The slightly di�erent additional
assumptions in each parameterisation are discussed in the text.

� and BR ratio model Coupling-strength ratio model
�(gg ! H ! Z Z ) gZ = g · Z/H
�VBF/�ggF
�WH/�ggF
�ZH/�ggF �Zg = Z/g
�t tH/�ggF �tg = t/g

BRWW /BRZZ �WZ = W/Z
BR��/BRZZ �g Z = g /Z
BR⌧⌧/BRZZ �tZ = ⌧/Z
BRbb/BRZZ �bZ = b/Z

4.1. Parameterisation using ratios of cross sections and branching ratios

As discussed in Section 3.1, the measured Higgs boson rates are only sensitive to cross sections times
branching ratios. Thus, from the rate measurements alone, the cross sections and decay branching ratios
cannot be separately determined in a model-independent way. However, ratios of cross sections and of
branching ratios can be extracted, without any additional assumptions beyond the general ones discussed
in Section 1, from a combined fit to the data. This is achieved by normalising the yield of any specific
channel i ! H ! f to a reference process. In this paper, gg ! H ! Z Z is chosen as the reference,
because the combined value for �(gg ! H ! Z Z ) has the smallest systematic and one of the smallest
overall uncertainties.

The product of the cross section and the branching ratio of i ! H ! f can then be expressed using the
ratios as:

�i · BR f = �(gg ! H ! Z Z ) ⇥ *,
�i
�ggF

+
- ⇥

*
,

BR f

BRZZ
+
- , (10)

where �(gg ! H ! Z Z ) = �ggF · BRZZ under the narrow width approximation. With �(gg ! H !
Z Z ) constraining the normalisation, the ratios in Eq. 10 can be determined separately, based on the five
production processes (ggF, VBF, W H , Z H and ttH) and five decay modes (H ! Z Z , H ! WW ,
H ! ��, H ! ⌧⌧ and H ! bb). The combined fit results can be presented as a function of nine
parameters of interest: one reference cross section times branching ratio, �(gg ! H ! Z Z ), four
ratios of production cross sections, �i/�ggF and four ratios of branching ratios, BR f /BRZZ as shown in
Table 6.

Expressing the measurements through ratios of cross sections and branching ratios has the advantage that
the ratios are independent of the theoretical predictions on the inclusive production cross sections and

19

Assumptions 
 - Only the 7/8 TeV 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.

• Largest disagreement in BRbb/BRZZ (2.4σ) 

• Though some care needed with the uncertainties 
on ratios ⇒ non-Gaussian behaviour 

• Does this, and the other features of these results, 
make sense?  

Table 6: Parameters of interest in the two generic parameterisations described in Sections 4.1 and 4.2. For both
parameterisations, the gg ! H ! Z Z channel is chosen as a reference, expressed through the first row in the
table. All other measurements are expressed as ratios of cross sections or branching ratios in the first column
and of coupling modifiers in the second column. There are more parameters of interest in the case of the first
parameterisation, because the ratios of cross sections for the W H Z H , and VBF processes can all be expressed
as functions of two parameters �WZ and �Zg in the coupling parameterisation. The slightly di�erent additional
assumptions in each parameterisation are discussed in the text.

� and BR ratio model Coupling-strength ratio model
�(gg ! H ! Z Z ) gZ = g · Z/H
�VBF/�ggF
�WH/�ggF
�ZH/�ggF �Zg = Z/g
�t tH/�ggF �tg = t/g

BRWW /BRZZ �WZ = W/Z
BR��/BRZZ �g Z = g /Z
BR⌧⌧/BRZZ �tZ = ⌧/Z
BRbb/BRZZ �bZ = b/Z

4.1. Parameterisation using ratios of cross sections and branching ratios

As discussed in Section 3.1, the measured Higgs boson rates are only sensitive to cross sections times
branching ratios. Thus, from the rate measurements alone, the cross sections and decay branching ratios
cannot be separately determined in a model-independent way. However, ratios of cross sections and of
branching ratios can be extracted, without any additional assumptions beyond the general ones discussed
in Section 1, from a combined fit to the data. This is achieved by normalising the yield of any specific
channel i ! H ! f to a reference process. In this paper, gg ! H ! Z Z is chosen as the reference,
because the combined value for �(gg ! H ! Z Z ) has the smallest systematic and one of the smallest
overall uncertainties.

The product of the cross section and the branching ratio of i ! H ! f can then be expressed using the
ratios as:

�i · BR f = �(gg ! H ! Z Z ) ⇥ *,
�i
�ggF

+
- ⇥

*
,

BR f

BRZZ
+
- , (10)

where �(gg ! H ! Z Z ) = �ggF · BRZZ under the narrow width approximation. With �(gg ! H !
Z Z ) constraining the normalisation, the ratios in Eq. 10 can be determined separately, based on the five
production processes (ggF, VBF, W H , Z H and ttH) and five decay modes (H ! Z Z , H ! WW ,
H ! ��, H ! ⌧⌧ and H ! bb). The combined fit results can be presented as a function of nine
parameters of interest: one reference cross section times branching ratio, �(gg ! H ! Z Z ), four
ratios of production cross sections, �i/�ggF and four ratios of branching ratios, BR f /BRZZ as shown in
Table 6.

Expressing the measurements through ratios of cross sections and branching ratios has the advantage that
the ratios are independent of the theoretical predictions on the inclusive production cross sections and
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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.

1) Well measured ggF→ZZ: 0.85 +0.27 -0.22

2) Known excess in ttH→WW ⇒ larger value  ttH/
ggF  preferred in fit (5.1): 0.85 * 5.1 * 0.9 = 3.9, in 
good agreement with ttH result

34 9 Results

mH = 125.6 GeV are given in the right panel of figure 15.

Table 8: The best-fit values of the signal strength parameter µ = s/sSM for each ttH channel
at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed to be below
approximately �6 by the requirement that the expected signal-plus-background event yield
must not be negative in either of the two jet multiplicity bins. The observed and expected 95%
CL upper limits on the signal strength parameter µ = s/sSM for each ttH channel at mH =
125.6 GeV are also shown.

ttH channel Best-fit µ 95% CL upper limits on µ = s/sSM (mH = 125.6 GeV)
Expected

Observed Observed Median Median 68% CL range 95% CL rangesignal-injected

gg +2.7+2.6
�1.8 7.4 5.7 4.7 [3.1, 7.6] [2.2, 11.7]

bb +0.7+1.9
�1.9 4.1 5.0 3.5 [2.5, 5.0] [1.9, 6.7]

thth �1.3+6.3
�5.5 13.0 16.2 14.2 [9.5, 21.7] [6.9, 32.5]

4l �4.7+5.0
�1.3 6.8 11.9 8.8 [5.7, 14.3] [4.0, 22.5]

3l +3.1+2.4
�2.0 7.5 5.0 4.1 [2.8, 6.3] [2.0, 9.5]

Same-sign 2l +5.3+2.1
�1.8 9.0 3.6 3.4 [2.3, 5.0] [1.7, 7.2]

Combined +2.8+1.0
�0.9 4.5 2.7 1.7 [1.2, 2.5] [0.9, 3.5]

 = 125.6 GeVH at mSMσ/σBest fit 
-10 -8 -6 -4 -2 0 2 4 6 8 10

Combination

Same-Sign 2l

3l

4l

hτhτ

bb

γγ

CMS -1 = 8 TeV, 19.3-19.7 fbs; -1 = 7 TeV, 5.0-5.1 fbs

Htt
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∆
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 -0.9
+1.0 = 2.8 

Htt
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-1 = 8 TeV, 19.3-19.7 fbs;  -1 = 7 TeV, 5.0-5.1 fbs

Figure 13: Left: The best-fit values of the signal strength parameter µ = s/sSM for each ttH
channel at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed
to be below approximately �6 by the requirement that the expected signal-plus-background
event yield must not be negative in either of the two jet multiplicity bins. Right: The 1D test
statistic q(µttH) scan vs. the signal strength parameter for ttH processes µttH, profiling all other
nuisance parameters. The lower and upper horizontal lines correspond to the 68% and 95%
CL, respectively. The µttH values where these lines intersect with the q(µttH) curve are shown
by the vertical lines.

CMS ttH Results
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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.

1) Well measured ggF→ZZ: 0.85 +0.27 -0.22

2) Known excess in ttH→WW ⇒ larger value  ttH/
ggF  preferred in fit (5.1): 0.85 * 5.1 * 0.9 = 3.9, in 
good agreement with ttH result

34 9 Results

mH = 125.6 GeV are given in the right panel of figure 15.

Table 8: The best-fit values of the signal strength parameter µ = s/sSM for each ttH channel
at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed to be below
approximately �6 by the requirement that the expected signal-plus-background event yield
must not be negative in either of the two jet multiplicity bins. The observed and expected 95%
CL upper limits on the signal strength parameter µ = s/sSM for each ttH channel at mH =
125.6 GeV are also shown.

ttH channel Best-fit µ 95% CL upper limits on µ = s/sSM (mH = 125.6 GeV)
Expected

Observed Observed Median Median 68% CL range 95% CL rangesignal-injected

gg +2.7+2.6
�1.8 7.4 5.7 4.7 [3.1, 7.6] [2.2, 11.7]

bb +0.7+1.9
�1.9 4.1 5.0 3.5 [2.5, 5.0] [1.9, 6.7]

thth �1.3+6.3
�5.5 13.0 16.2 14.2 [9.5, 21.7] [6.9, 32.5]

4l �4.7+5.0
�1.3 6.8 11.9 8.8 [5.7, 14.3] [4.0, 22.5]

3l +3.1+2.4
�2.0 7.5 5.0 4.1 [2.8, 6.3] [2.0, 9.5]

Same-sign 2l +5.3+2.1
�1.8 9.0 3.6 3.4 [2.3, 5.0] [1.7, 7.2]

Combined +2.8+1.0
�0.9 4.5 2.7 1.7 [1.2, 2.5] [0.9, 3.5]

 = 125.6 GeVH at mSMσ/σBest fit 
-10 -8 -6 -4 -2 0 2 4 6 8 10

Combination

Same-Sign 2l

3l

4l

hτhτ
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γγ

CMS -1 = 8 TeV, 19.3-19.7 fbs; -1 = 7 TeV, 5.0-5.1 fbs
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Figure 13: Left: The best-fit values of the signal strength parameter µ = s/sSM for each ttH
channel at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed
to be below approximately �6 by the requirement that the expected signal-plus-background
event yield must not be negative in either of the two jet multiplicity bins. Right: The 1D test
statistic q(µttH) scan vs. the signal strength parameter for ttH processes µttH, profiling all other
nuisance parameters. The lower and upper horizontal lines correspond to the 68% and 95%
CL, respectively. The µttH values where these lines intersect with the q(µttH) curve are shown
by the vertical lines.

3) Prefer bb/WW low (0.20) for ttH→bb at the 
observed rate: 0.85 * 5.1 * 0.17 = 0.74

CMS ttH Results
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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.

1) Well measured ggF→ZZ: 0.85 +0.27 -0.22

2) Known excess in ttH→WW ⇒ larger value  ttH/
ggF  preferred in fit (5.1): 0.85 * 5.1 * 0.9 = 3.9, in 
good agreement with ttH result

3) Prefer bb/WW low (0.20) for ttH→bb at the 
observed rate: 0.85 * 5.1 * 0.17 = 0.83

CMS ttH Results

4) The ZH production is not strongly constrained. 
Becomes large to get observed ZH→bb rate: 0.85 * 
0.17 * 5.70(ZH/ggF) = 0.87

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

• Consider two scenarios: 

• ΒRBSM = 0 
• BRBSM floating, but κw, κZ < 1 

• 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

Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

BSMBR

γκ

gκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS

 1≤ Vκ
=0BSMBR

σ 1±
σ 2±

BSMB
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Λ
2 

ln
 

−

0

1

2

3

4

5

6

7

8

9

Run 1 LHC
CMS and ATLAS ]BSM, Bγκ, gκ, bκ, τκ, tκ, Wκ, Zκ[

Observed
SM expected

BRBSM < 0.34 @ 95% CL
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• Alternatively assume BSM 
modification is only in the loops 

• E.g.  new heavy fermions with 
mass > mH/2 

• Fix κt=κb=κτ=κZ=κW=1, BRBSM=0 
and scan (κg, κγ) 

• Result very compatible with 
κg=κγ=1

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
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Parameter value
2− 1− 0 1 2 3

|µκ|

bκ

|τκ|

tκ

Wκ

Zκ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS

 intervalσ1
 intervalσ2

Couplings - no BSM loop/decay contributions

37

• Resolve ggH (κg) and H→γγ (κγ) loops 

• Include H→μμ analyses here to make 
“publicity plot”

Particle mass [GeV]
1−10 1 10 210

vV
m V
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ATLAS+CMS
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] fitε[M, 
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Parameter value
2− 1− 0 1 2 3

|µκ|

bκ

|τκ|

tκ

Wκ

Zκ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS

 intervalσ1
 intervalσ2

Couplings - no BSM loop/decay contributions

38

• Resolve ggH (κg) and H→γγ (κγ) loops 

• Include H→μμ analyses here to make 
“publicity plot”

Particle mass [GeV]
1−10 1 10 210

vV
m V

κ
 o

r 
vF

m F
κ

4−10

3−10

2−10

1−10

1
W

t
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b
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τ

ATLAS+CMS
SM Higgs boson

] fitε[M, 
68% CL
95% CL

Run 1 LHC
CMS and ATLAS

Main effect of resolving loops is on κt which was 
previously only constrained by ttH production

Interesting feature alert!  All κ values ≤ 1 whereas 
overall signal strength is 1.09
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Parameter value
2− 1− 0 1 2 3

|µκ|

bκ

|τκ|

tκ

Wκ

Zκ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS

 intervalσ1
 intervalσ2

Couplings - no BSM loop/decay contributions

39

• Couplings are not really independent 
• Correlation between κb, which is low, 

and the others due to large Γbb

Interesting feature alert!  All κ values ≤ 1 whereas 
overall signal strength is 1.09
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• Similar concept to cross section ratios 

• Generic model in which the total width is a free 
parameter embedded in: κgZ = κgκZ/κH 

• All other parameters are ratios: λij = κi/κj 

• Relative signs become important…

Parameter value
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• The signal processes scale as the square of the κ parameters, meaning there is a sign 
ambiguity that for most processes we cannot resolve 

• However for processes with interference between two effective couplings we are sensitive to 
relative signs 

• In this model: λWZ (via interference in VBF) and λtg (via interference in ggZH, tHW, tHq) 

• Can obtain up to four distinct likelihood curves for choices of λWZ, λtg = (+, -), (-, +), (+, +), (-, -)
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Enhances tHq production 
by a factor ~13

Enhances ggZH production by a 
factor ~4
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• Tests of up-down fermion symmetry and quark-
lepton symmetry (relevant for 2HDM, MSSM etc)

Parameter value
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• Commonly-presented model in which 

• κV = κW = κZ 

• κF = κt = κb = κτ 

• Perform additional scans in a model with  
separate κVf, κFf per decay-mode 

• But not that this is a 10 parameter fit instead 
of 5 x 2 parameter fits 

• Here the best-fit is restricted to quadrant where 
κV>0, κF>0 

• All channels compatible with κV=κF=1 
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Fκ
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• Most channels nearly degenerate in relative sign of κV and κF 
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• Most channels nearly degenerate in relative sign of κV and κF 
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• A comprehensive combined measurement of ATLAS and CMS Higgs boson 
couplings has been performed 
• Strong picture of overall consistency with SM expectations, but still room for 

deviations! 

• Also a significant technical achievement 

• By combining their datasets the two experiments are able to provide the best overall 
measurement of the Higgs boson couplings 

• Results are given for more constrained (one μ value) and less constrained models (ratio 
models) in both the signal strength and coupling modifier models

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
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