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in 2011 and 2012, corresponding to integrated luminosities per experiment of approxi-

mately 5 fb−1 at
√
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√
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generic parameterisations: two based on cross sections and branching fractions, and one

on ratios of coupling modifiers. Several interpretations of the measurements with more
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1 Introduction

The elucidation of the mechanism of electroweak (EW) symmetry breaking has been one

of the main goals driving the design of the ATLAS [1] and CMS [2] experiments at the

CERN LHC. In the Standard Model (SM) of particle physics [3–6], the breaking of the

symmetry is achieved through the introduction of a complex doublet scalar field, leading

to the prediction of the existence of one physical neutral scalar particle, commonly known

as the Higgs boson [7–12]. Through Yukawa interactions, the Higgs scalar field can also

account for fermion masses [4, 13]. While the SM does not predict the value of the Higgs

boson mass, mH , the production cross sections and decay branching fractions (B) of the

Higgs boson can be precisely calculated once its mass is known.

In 2012, the ATLAS and CMS Collaborations reported the observation of a new particle

with a mass of approximately 125 GeV and Higgs-boson-like properties [14–16]. Subsequent

results from both experiments, summarised in refs. [17–21], established that all measure-

ments of the properties of the new particle, including its spin, CP properties, and coupling

strengths to SM particles, are consistent within the uncertainties with those expected for

the SM Higgs boson. ATLAS and CMS have published a combined measurement of the

Higgs boson mass [22], using LHC Run 1 data for the H → γγ and H → ZZ channels,

where Run 1 indicates the LHC proton-proton (pp) data taking period in 2011 and 2012

at centre-of-mass energies
√
s = 7 and 8 TeV. The combined mass measurement is

mH = 125.09± 0.21(stat.)± 0.11(syst.) GeV, (1.1)

where the total uncertainty is dominated by the statistical component. The Higgs boson

mass is assumed to be mH = 125.09 GeV for all analyses presented in this paper.

This paper reports the first ATLAS and CMS combined measurements of the Higgs

boson production and decay rates as well as constraints on its couplings to SM particles.

These measurements yield the most precise and comprehensive experimental results on

these quantities to date. The main production processes studied are gluon fusion (ggF),

vector boson fusion (VBF), and associated production with vector bosons (WH and ZH,

denoted together as V H) or a pair of top quarks (ttH). The decay channels considered are

those to bosons, H → ZZ, H → WW , and H → γγ; and to fermions, H → ττ , H → bb,

and H → µµ. Throughout this paper, Z and W indicate both real and virtual vector

bosons, and no distinction is made between particles and antiparticles.

All analyses used in the combination are based on the complete Run 1 collision data

collected by the ATLAS and CMS experiments. These data correspond to integrated

luminosities per experiment of approximately 5 fb−1 at
√
s = 7 TeV (recorded in 2011)
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and 20 fb−1 at
√
s = 8 TeV (recorded in 2012). The results of the ATLAS and CMS

individual combinations based on the Run 1 data are reported in refs. [17, 18].

Unless otherwise stated, in this paper it is assumed, as in refs. [17, 18], that the

particle under study is a single SM-like Higgs boson state, i.e. a CP-even scalar particle

with the tensor coupling structure of the SM for its interactions. The Higgs boson width,

predicted to be approximately 4 MeV in the SM, is assumed to be small enough that

the narrow-width approximation is valid and that the Higgs boson production and decay

mechanisms can be factorised. These assumptions are corroborated by tests of the spin

and CP properties of the Higgs boson [20, 21] and by studies of its width [18, 23–25]. The

Higgs boson signal modelling is based on the hypothesis of a SM Higgs boson in terms

of its production and decay kinematics. Measurements of differential production cross

sections [26–29] support these assumptions within the current statistical uncertainties.

The inherent model dependence related to these hypotheses applies to all results presented

here; the reliance on this model has a negligible impact for small deviations from the SM,

but could be important for significant deviations from the SM predictions.

The results presented here for each experiment separately are slightly different from

those reported in refs. [17, 18]. Some small variations with respect to the earlier results are

related to a different choice for the value of the Higgs boson mass. Other differences arise

from minor modifications to the signal parameterisation and to the treatment of systematic

uncertainties. These modifications are introduced in the present analysis to allow a fully

consistent and correlated treatment of the dominant theoretical uncertainties in the signal

modelling between the two experiments.

This paper is organised as described below. Section 2 briefly reviews the theoretical

calculations of Higgs boson production and decay, and the modelling of the Higgs boson

signal in Monte Carlo (MC) simulation; it also introduces the formalisms of signal strengths

and coupling modifiers used for the interpretation of the data. Section 3 gives an overview

of the analyses included in this combination, describes the statistical procedure used, to-

gether with the treatment of systematic uncertainties, and summarises modifications to the

individual analyses for the combination. Section 4 describes the parameterisation of the

measured signal yields in generic terms and reports the results using three distinct param-

eterisations. Section 5 compares the measured Higgs boson yields to the SM predictions

for different production processes and decay modes, and reports the results of a test for

the possible presence of multiple mass-degenerate states. Section 6 studies the couplings

of the Higgs boson to probe for possible deviations from the SM predictions, using various

assumptions motivated in many cases by beyond the SM (BSM) physics scenarios. Finally,

section 7 presents a summary of the results.

2 Higgs boson phenomenology and interpretation framework

This section briefly reviews Higgs boson phenomenology and introduces the most important

aspects of the interpretation framework used to combine the measurements and to assess

their compatibility with the SM predictions. The dominant production processes and major

decay modes of the SM Higgs boson, along with the theoretical predictions for the cross sec-

tions and branching fractions, are presented. The main features of the MC generators used

to simulate Higgs boson production and decay in each experiment are described. Finally,
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Figure 1. Examples of leading-order Feynman diagrams for Higgs boson production via the (a)

ggF and (b) VBF production processes.
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Figure 2. Examples of leading-order Feynman diagrams for Higgs boson production via the (a)

qq → V H and (b, c) gg → ZH production processes.
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Figure 3. Examples of leading-order Feynman diagrams for Higgs boson production via the

qq/gg → ttH and qq/gg → bbH processes.

the formalisms of two widely used frameworks, based on signal strengths and coupling mod-

ifiers, for the interpretation of the Higgs boson measurements at the LHC, are introduced.

2.1 Higgs boson production and decay

In the SM, Higgs boson production at the LHC mainly occurs through the following pro-

cesses, listed in order of decreasing cross section at the Run 1 centre-of-mass energies:

• gluon fusion production gg → H (figure 1a);

• vector boson fusion production qq → qqH (figure 1b);

• associated production with a W boson, qq → WH (figure 2a), or with a Z boson,

pp → ZH, including a small (∼ 8%) but less precisely known contribution from

gg → ZH (ggZH) (figures 2a, 2b, and 2c);

• associated production with a pair of top quarks, qq, gg → ttH (figure 3).
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Figure 4. Examples of leading-order Feynman diagrams for Higgs boson production in association

with a single top quark via the (a, b) tHq and (c, d) tHW production processes.
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Figure 5. Examples of leading-order Feynman diagrams for Higgs boson decays (a) to W and Z

bosons and (b) to fermions.
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Figure 6. Examples of leading-order Feynman diagrams for Higgs boson decays to a pair of

photons.

Other less important production processes in the SM, which are not the target of a

direct search but are included in the combination, are qq, gg → bbH (bbH), also shown in

figure 3, and production in association with a single top quark (tH), shown in figure 4.

The latter process proceeds through either qq/qb → tHb/tHq′ (tHq) (figures 4a and 4b)

or gb→ tHW (tHW ) (figures 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays con-

sidered in the combination are shown in figures 5 and 6. The decays to W and Z bosons

(figure 5a) and to fermions (figure 5b) proceed through tree-level processes whereas the

H → γγ decay is mediated by W boson or heavy quark loops (figure 6).

The SM Higgs boson production cross sections and decay branching fractions are taken

from refs. [30–32] and are based on the extensive theoretical work documented in refs. [33–

77]. The inclusive cross sections and branching fractions for the most important production

and decay modes are summarised with their overall uncertainties in tables 1 and 2 for a
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Production Cross section [pb] Order of

process
√
s = 7 TeV

√
s = 8 TeV calculation

ggF 15.0 ± 1.6 19.2 ± 2.0 NNLO(QCD) + NLO(EW)

VBF 1.22 ± 0.03 1.58 ± 0.04 NLO(QCD+EW) + approx. NNLO(QCD)

WH 0.577 ± 0.016 0.703 ± 0.018 NNLO(QCD) + NLO(EW)

ZH 0.334 ± 0.013 0.414 ± 0.016 NNLO(QCD) + NLO(EW)

[ggZH] 0.023 ± 0.007 0.032 ± 0.010 NLO(QCD)

ttH 0.086 ± 0.009 0.129 ± 0.014 NLO(QCD)

tH 0.012 ± 0.001 0.018 ± 0.001 NLO(QCD)

bbH 0.156 ± 0.021 0.203 ± 0.028 5FS NNLO(QCD) + 4FS NLO(QCD)

Total 17.4 ± 1.6 22.3 ± 2.0

Table 1. Standard Model predictions for the Higgs boson production cross sections together

with their theoretical uncertainties. The value of the Higgs boson mass is assumed to be mH =

125.09 GeV and the predictions are obtained by linear interpolation between those at 125.0 and

125.1 GeV from ref. [32] except for the tH cross section, which is taken from ref. [78]. The pp →
ZH cross section, calculated at NNLO in QCD, includes both the quark-initiated, i.e. qq → ZH

or qg → ZH, and the gg → ZH contributions. The contribution from the gg → ZH production

process, calculated only at NLO in QCD and indicated separately in brackets, is given with a

theoretical uncertainty assumed to be 30%. The uncertainties in the cross sections are evaluated

as the sum in quadrature of the uncertainties resulting from variations of the QCD scales, parton

distribution functions, and αs. The uncertainty in the tH cross section is calculated following

the procedure of ref. [79]. The order of the theoretical calculations for the different production

processes is also indicated. In the case of bbH production, the values are given for the mixture of

five-flavour (5FS) and four-flavour (4FS) schemes recommended in ref. [74].

Higgs boson mass mH = 125.09 GeV. The SM predictions of the branching fractions for

H → gg, cc, and Zγ are included for completeness. Although not an explicit part of the

searches, they impact the combination through their contributions to the Higgs boson width

and, at a small level, through their expected yields in some of the individual analyses.

2.2 Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics,

to estimate the acceptance and selection efficiency, and to describe the distributions of

variables used to discriminate between signal and background events. The main features

of the signal simulation are summarised here; for more details, the reader is referred to the

individual publications:

• for ggF and VBF production, both experiments use Powheg [80–84] for the event

generation, interfaced either to Pythia8 [85] (ATLAS) or Pythia6.4 [86] (CMS)

for the simulation of the parton shower, the hadronisation, and the underlying event,

collectively referred to in the following as UEPS.

– 5 –
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Decay mode Branching fraction [%]

H → bb 57.5 ± 1.9

H →WW 21.6 ± 0.9

H → gg 8.56 ± 0.86

H → ττ 6.30 ± 0.36

H → cc 2.90 ± 0.35

H → ZZ 2.67 ± 0.11

H → γγ 0.228 ± 0.011

H → Zγ 0.155 ± 0.014

H → µµ 0.022 ± 0.001

Table 2. Standard Model predictions for the decay branching fractions of a Higgs boson with

a mass of 125.09 GeV, together with their uncertainties [32]. Included are decay modes that are

either directly studied or important for the combination because of their contributions to the Higgs

boson width.

• for WH and ZH production, both experiments use LO event generators for all quark-

initiated processes, namely Pythia8 in ATLAS and Pythia6.4 in CMS. A promi-

nent exception is the H → bb decay channel, for which ATLAS uses Powheg in-

terfaced to Pythia8, while CMS uses Powheg interfaced to Herwig++ [87]. The

ggZH production process is also considered, even though it contributes only approxi-

mately 8% of the total ZH production cross section in the SM, because it is expected

to yield a relatively hard Higgs boson transverse momentum (pT) spectrum, enhanc-

ing the contribution to the most sensitive categories in the H → bb decay channel.

Both experiments therefore include ggZH production as a separate process in the

V H analysis for the H → bb channel. ATLAS uses Powheg interfaced to Pythia8

while CMS uses a reweighted qq → ZH sample to model the ggZH contribution,

including next-to-leading order (NLO) effects [66, 67]. For the other channels, the

contribution from this process is only accounted for as a correction to the overall

signal cross section.

• for ttH production, ATLAS uses the NLO calculation of the HELAC-Oneloop

package [88] interfaced to Powheg, often referred to as Powhel [89], while CMS

simulates this process with the LO Pythia6.4 program.

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

production is small, but in certain BSM scenarios it may become large through in-

terference effects (see section 2.4). The tH production processes are simulated in

both experiments using MadGraph5 aMC@NLO [79] interfaced to Herwig++ in

the case of tHW production, while the tHq production process is simulated using

– 6 –
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MadGraph [90] interfaced to Pythia8 in ATLAS and MadGraph5 aMC@NLO

interfaced to Pythia6.4 in CMS.

• finally, bbH production contributes approximately 1% to the total Higgs boson cross

section in the SM. It is studied using Pythia8 in ATLAS and Pythia6.4 and Mad-

Graph5 aMC@NLO in CMS, for the categories most sensitive to this production

process in the various channels. Given that the selection efficiencies of bbH produc-

tion are similar to those of the ggF process, the latter process is used to model the

bbH signal for all decay channels, with an approximate correction to account for the

difference in overall efficiency.

Table 3 summarises the event generators used by ATLAS and CMS for the
√
s =

8 TeV data analyses. For each production process and decay mode, the cross section

and branching fraction used correspond to the higher-order state-of-the-art theoretical

calculations, namely the values given in tables 1 and 2.

Furthermore, the pT distribution of the Higgs boson in the ggF process, which in many

cases affects categorisation and selection efficiencies, is reweighted to match the HRes2.1

prediction [45–47], which accounts for next-to-next-to-leading-order (NNLO) and next-to-

next-to-leading-logarithmic (NNLL) QCD corrections. In addition, the Higgs boson pT

spectrum in gg → H events with two or more jets is reweighted to match the prediction

of the Powheg MiNLO H+2-jet generator [91]. This consistent treatment by the two

experiments of the most prominent theoretical aspects of Higgs boson production and

decay is quite important since all theoretical uncertainties in the various signal processes

described in table 3 are treated as correlated for the combination (see section 3). The

impact of using different generators for the less sensitive channels is negligible compared

to their dominant sources of uncertainty.

2.3 Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM

prediction, is used to characterise the Higgs boson yields. For a specific production process

and decay mode i→ H → f , the signal strengths for the production, µi, and for the decay,

µf , are defined as

µi =
σi

(σi)SM
and µf =

Bf

(Bf )SM
. (2.1)

Here σi (i = ggF,VBF,WH,ZH, ttH) and Bf (f = ZZ,WW, γγ, ττ, bb, µµ) are respec-

tively the production cross section for i→ H and the decay branching fraction for H → f .

The subscript “SM” refers to their respective SM predictions, so by definition, µi = 1

and µf = 1 in the SM. Since σi and Bf cannot be separated without additional assump-

tions, only the product of µi and µf can be measured experimentally, leading to a signal

strength µfi for the combined production and decay:

µfi =
σi · Bf

(σi)SM · (Bf )SM
= µi · µf . (2.2)

– 7 –
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Production Event generator

process ATLAS CMS

ggF Powheg [80–84] Powheg

VBF Powheg Powheg

WH Pythia8 [85] Pythia6.4 [86]

ZH (qq → ZH or qg → ZH) Pythia8 Pythia6.4

ggZH (gg → ZH) Powheg See text

ttH Powhel [88] Pythia6.4

tHq (qb→ tHq) MadGraph [90] aMC@NLO [79]

tHW (gb→ tHW ) aMC@NLO aMC@NLO

bbH Pythia8 Pythia6.4, aMC@NLO

Table 3. Summary of the event generators used by ATLAS and CMS to model the Higgs boson

production processes and decay channels at
√
s = 8 TeV.

The ATLAS and CMS data are combined and analysed using this signal strength

formalism and the results are presented in section 5. For all these signal strength fits, as

well as for the generic parameterisations presented in section 4.1, the parameterisations of

the expected yields in each analysis category are performed with a set of assumptions, which

are needed because some production processes or decay modes, which are not specifically

searched for, contribute to other channels. These assumptions are the following: for the

production processes, the bbH signal strength is assumed to be the same as for ggF, the

tH signal strength is assumed to be the same as for ttH, and the ggZH signal strength is

assumed to be the same as for quark-initiated ZH production; for the Higgs boson decays,

the H → gg and H → cc signal strengths are assumed to be the same as for H → bb decays,

and the H → Zγ signal strength is assumed to be the same as for H → γγ decays.

2.4 Coupling modifiers

Based on a LO-motivated framework [32] (κ-framework), coupling modifiers have been

proposed to interpret the LHC data by introducing specific modifications of the Higgs boson

couplings related to BSM physics. Within the assumptions already mentioned in section 1,

the production and decay of the Higgs boson can be factorised, such that the cross section

times branching fraction of an individual channel σ(i → H → f ) contributing to a measured

signal yield can be parameterised as:

σi · Bf =
σi(~κ) · Γf (~κ)

ΓH
, (2.3)

where ΓH is the total width of the Higgs boson and Γf is the partial width for Higgs boson

decay to the final state f . A set of coupling modifiers, ~κ, is introduced to parameterise

– 8 –
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possible deviations from the SM predictions of the Higgs boson couplings to SM bosons and

fermions. For a given production process or decay mode, denoted “j”, a coupling modifier

κj is defined such that:

κ2
j = σj/σ

SM
j or κ2

j = Γj/ΓjSM, (2.4)

where all κj values equal unity in the SM; here, by construction, the SM cross sections and

branching fractions include the best available higher-order QCD and EW corrections. This

higher-order accuracy is not necessarily preserved for κj values different from unity, but

the dominant higher-order QCD corrections factorise to a large extent from any rescaling

of the coupling strengths and are therefore assumed to remain valid over the entire range

of κj values considered in this paper. Different production processes and decay modes

probe different coupling modifiers, as can be visualised from the Feynman diagrams shown

in figures 1–6. Individual coupling modifiers, corresponding to tree-level Higgs boson cou-

plings to the different particles, are introduced, as well as two effective coupling modifiers,

κg and κγ , which describe the loop processes for ggF production and H → γγ decay.

This is possible because BSM particles that might be present in these loops are not ex-

pected to appreciably change the kinematics of the corresponding process. The gg → H

and H → γγ loop processes can thus be studied, either through these effective coupling

modifiers, thereby providing sensitivity to potential BSM particles in the loops, or through

the coupling modifiers corresponding to the SM particles. In contrast, the gg → ZH pro-

cess, which occurs at LO through box and triangular loop diagrams (figures 2b and 2c), is

always taken into account, within the limitations of the framework, by resolving the loop

in terms of the corresponding coupling modifiers, κZ and κt.

Contributions from interference effects between the different diagrams provide some

sensitivity to the relative signs of the Higgs boson couplings to different particles. As

discussed in section 6.4, such effects are potentially largest for the H → γγ decays, but

may also be significant in the case of ggZH and tH production. The ggF production

process, when resolved in terms of its SM structure, provides sensitivity, although limited,

to the relative signs of κt and κb through the t–b interference. The relative signs of the

coupling modifiers κτ and κµ with respect to other coupling modifiers are not considered

in this paper, since the current sensitivity to possible interference terms is negligible.

As an example of the possible size of such interference effects, the tH cross section

is small in the SM, approximately 14% of the ttH cross section, because of destructive

interference between diagrams involving the couplings to the W boson and the top quark,

as shown in table 4. However, the interference becomes constructive for negative values

of the product κW · κt. In the specific case where κW · κt = −1, the tHW and tHq cross

sections increase by factors of 6 and 13, respectively, so that the tH process displays some

sensitivity to the relative sign between the W boson and top quark couplings, despite its

small SM cross section.

The relations among the coupling modifiers, the production cross sections σi, and par-

tial decay widths Γf are derived within this context, as shown in table 4, and are used as a

parameterisation to extract the coupling modifiers from the measurements. The coefficients

are derived from Higgs production cross sections and decay rates evaluated including the

– 9 –
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Effective Resolved

Production Loops Interference scaling factor scaling factor

σ(ggF) X t–b κ2
g 1.06 · κ2

t + 0.01 · κ2
b − 0.07 · κtκb

σ(VBF) — — 0.74 · κ2
W + 0.26 · κ2

Z

σ(WH) — — κ2
W

σ(qq/qg → ZH) — — κ2
Z

σ(gg → ZH) X t–Z 2.27 · κ2
Z + 0.37 · κ2

t − 1.64 · κZκt

σ(ttH) — — κ2
t

σ(gb→ tHW ) — t–W 1.84 · κ2
t + 1.57 · κ2

W − 2.41 · κtκW

σ(qq/qb→ tHq) — t–W 3.40 · κ2
t + 3.56 · κ2

W − 5.96 · κtκW

σ(bbH) — — κ2
b

Partial decay width

ΓZZ — — κ2
Z

ΓWW — — κ2
W

Γγγ X t–W κ2
γ 1.59 · κ2

W + 0.07 · κ2
t − 0.66 · κWκt

Γττ — — κ2
τ

Γbb — — κ2
b

Γµµ — — κ2
µ

Total width (BBSM = 0)

0.57 · κ2
b + 0.22 · κ2

W + 0.09 · κ2
g+

ΓH X — κ2
H 0.06 · κ2

τ + 0.03 · κ2
Z + 0.03 · κ2

c+

0.0023 · κ2
γ + 0.0016 · κ2

(Zγ)+

0.0001 · κ2
s + 0.00022 · κ2

µ

Table 4. Higgs boson production cross sections σi, partial decay widths Γf , and total decay

width (in the absence of BSM decays) parameterised as a function of the κ coupling modifiers

as discussed in the text, including higher-order QCD and EW corrections to the inclusive cross

sections and decay partial widths. The coefficients in the expression for ΓH do not sum exactly to

unity because some contributions that are negligible or not relevant to the analyses presented in

this paper are not shown.
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best available higher-order QCD and EW corrections (up to NNLO QCD and NLO EW

precision), as indicated in tables 1 and 2. The numerical values are obtained from ref. [32]

and are given for
√
s = 8 TeV and mH = 125.09 GeV (they are similar for

√
s = 7 TeV).

The current LHC data are insensitive to the coupling modifiers κc and κs, and have limited

sensitivity to κµ. Thus, in the following, it is assumed that κc varies as κt, κs as κb, and

κµ as κτ . Other coupling modifiers (κu, κd, and κe) are irrelevant for the combination pro-

vided they are of order unity. When probing the total width, the partial decay width Γgg is

assumed to vary as κ2
g. These assumptions are not the same as those described for the sig-

nal strength framework in section 2.3, so the two parameterisations are only approximately

equivalent. The two sets of assumptions have a negligible impact on the measurements re-

ported here provided that the unmeasured parameters do not deviate strongly from unity.

Changes in the values of the couplings will result in a variation of the Higgs boson

width. A new modifier, κH , defined as κ2
H =

∑
j Bj

SMκ
2
j and assumed to be positive

without loss of generality, is introduced to characterise this variation. In the case where

the SM decays of the Higgs boson are the only ones allowed, the relation κ2
H = ΓH/Γ

SM
H

holds. If instead deviations from the SM are introduced in the decays, the width ΓH can

be expressed as:

ΓH =
κ2
H · ΓSM

H

1− BBSM
, (2.5)

where BBSM indicates the total branching fraction into BSM decays. Such BSM decays can

be of three types: decays into BSM particles that are invisible to the detector because they

do not appreciably interact with ordinary matter, decays into BSM particles that are not

detected because they produce event topologies that are not searched for, or modifications

of the decay branching fractions into SM particles in the case of channels that are not

directly measured, such as H → cc. Although direct and indirect experimental constraints

on the Higgs boson width exist, they are either model dependent or are not stringent enough

to constrain the present fits, and are therefore not included in the combinations. Since ΓH
is not experimentally constrained in a model-independent manner with sufficient precision,

only ratios of coupling strengths can be measured in the most generic parameterisation

considered in the κ-framework.

3 Combination procedure and experimental inputs

The individual ATLAS and CMS analyses of the Higgs boson production and decay rates

are combined using the profile likelihood method described in section 3.2. The combination

is based on simultaneous fits to the data from both experiments taking into account the

correlations between systematic uncertainties within each experiment and between the two

experiments. The analyses included in the combination, the statistical procedure used,

the treatment of systematic uncertainties, and the changes made to the analyses for the

combination are summarised in this section.
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3.1 Overview of input analyses

The individual analyses included in the combination were published separately by each

experiment. Most of these analyses examine a specific Higgs boson decay mode, with

categories related to the various production processes. They are H → γγ [92, 93], H →
ZZ [94, 95], H → WW [96–98], H → ττ [99, 100], H → bb [101, 102], and H → µµ [103,

104]. The ttH production process was also studied separately [78, 105–108] and the results

are included in the combination. The H → µµ analysis is included in the combination fit

only for the measurement of the corresponding decay signal strength reported in section 5.2

and for the specific parameterisation of the coupling analysis described in section 6.2. It

provides constraints on the coupling of the Higgs boson to second-generation fermions, but

offers no relevant constraints for other parameterisations. The ATLAS [17] and CMS [18]

individual combined publications take into account other results, such as upper limits on the

H → Zγ decay [109, 110], results on VBF production in the H → bb decay channel [111],

constraints on off-shell Higgs boson production [23, 24], and upper limits on invisible Higgs

boson decays [112–114]. These results are not considered further here since they were not

included in both combined publications of the individual experiments. In the case of the

H → bb decay mode, the ggF production process is not considered by either experiment

because of the overwhelming QCD multijet background.

Almost all input analyses are based on the concept of event categorisation. For each

decay mode, events are classified in different categories, based on their kinematic character-

istics and their detailed properties. This categorisation increases the sensitivity of the anal-

ysis and also allows separation of the different production processes on the basis of exclusive

selections that identify the decay products of the particles produced in association with

the Higgs boson: W or Z boson decays, VBF jets, and so on. A total of approximately 600

exclusive categories addressing the five production processes explicitly considered are de-

fined for the five main decay channels. The exception is H → bb, for which only the V H

and ttH production processes are used in the combination for the reasons stated above.

The signal yield in a category k, nsignal(k), can be expressed as a sum over all pos-

sible Higgs boson production processes i, with cross section σi, and decay modes f , with

branching fraction Bf :

nsignal(k) = L(k) ·
∑
i

∑
f

{
σi ·Af,SMi (k) · εfi (k) · Bf

}
= L(k) ·

∑
i

∑
f

µiµ
f
{
σSM
i ·Af,SMi (k) · εfi (k) · Bf

SM

}
,

(3.1)

where L(k) represents the integrated luminosity, Af,SMi (k) the detector acceptance assum-

ing SM Higgs boson production and decay, and εfi (k) the overall selection efficiency for the

signal category k. The symbols µi and µf are the production and decay signal strengths,

respectively, defined in section 2.3. As eq. (3.1) shows, the measurements considered in this

paper are only sensitive to the products of the cross sections and branching fractions, σi ·Bf .

In the ideal case, each category would only contain signal events from a given pro-

duction process and decay mode. Most decay modes approach this ideal case, but, in the
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case of the production processes, the categories are much less pure and there is significant

cross-contamination in most channels.

3.2 Statistical treatment

The overall statistical methodology used in the combination to extract the parameters of

interest in various parameterisations is the same as that used for the individual ATLAS

and CMS combinations, as published in refs. [17, 18]. It was developed by the ATLAS

and CMS Collaborations and is described in ref. [115]. 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 [116], RooStats [117], and HistFactory [118]. The

parameters of interest, ~α, e.g. signal strengths (µ), coupling modifiers (κ), production

cross sections, branching fractions, or ratios of the above quantities, are estimated, together

with their corresponding confidence intervals, via the profile likelihood ratio test statistic

Λ(~α) [119]. The latter depends on one or more parameters of interest, as well as on the

nuisance parameters, ~θ, which reflect various experimental or theoretical uncertainties:

Λ(~α) =
L
(
~α ,

ˆ̂
~θ(~α)

)
L(~̂α, ~̂θ)

. (3.2)

The likelihood functions in the numerator and denominator of this equation are con-

structed using products of signal and background probability density functions (pdfs) of

the discriminating variables. The pdfs are obtained from simulation for the signal and from

both data and simulation for the background, as described in refs. [17, 18]. The vectors ~̂α

and ~̂θ represent the unconditional maximum likelihood estimates of the parameter values,

while
ˆ̂
~θ denotes the conditional maximum likelihood estimate for given values of the pa-

rameters of interest ~α. Systematic uncertainties and their correlations are a subset of the

nuisance parameters ~θ, described by likelihood functions associated with the estimate of

the corresponding parameter.

As an example of a specific choice of parameters of interest, the parameterisation

considered in section 6.4 assumes that all fermion couplings are scaled by κF and all weak

vector boson couplings by κV . The likelihood ratio is therefore a function of the two

parameters of interest, κF and κV , and the profile likelihood ratio is expressed as:

Λ(κF , κV ) =
L
(
κF , κV ,

ˆ̂
~θ(κF , κV )

)
L(κ̂F , κ̂V , ~̂θ)

. (3.3)

Likelihood fits are performed to determine the parameters of interest and their uncer-

tainties, using the data to obtain the observed values and Asimov data sets to determine

the predicted values in the SM. An Asimov data set [119] is a pseudo-data distribution

that is equal to the signal plus background prediction for given values of the parameters

of interest and of all nuisance parameters, and does not include statistical fluctuations. It

is a representative data set of a given parameterisation that yields a result corresponding
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to the median of an ensemble of pseudo-experiments generated from the same parameteri-

sation. A pre-fit Asimov data set is meant to represent the predictions of the theory, and

all parameters are fixed to their estimates prior to the fit to the data.

These fits are rather challenging, involving many parameters of interest and a very

large number of nuisance parameters. All the fit results were independently cross-checked

to a very high level of precision by ATLAS and CMS, both for the combination and for

the individual results. In particular, fine likelihood scans of all the parameters of interest

were inspected to verify the convergence and stability of the fits.

For all results presented in this paper, unless otherwise stated, the negative log-

likelihood estimator q(~α) = −2 ln Λ(~α) is assumed to follow a χ2 distribution (asymptotic

approximation). The 1σ and 2σ confidence level (CL) intervals for one-dimensional mea-

surements are defined by requiring q(αi) = 1 and q(αi) = 4, respectively. In the case of

disjoint intervals, the uncertainties corresponding only to the interval around the best fit

value with q(αi) < 1 are also given for some parameterisations. The 68% (95%) confidence

level regions for two-dimensional scans are defined at q(αi) = 2.30 (5.99). For the deriva-

tion of the upper limit on BBSM in section 6.1, the test statistic t̃(α) of ref. [119] is used

to account for the constraint α = BBSM ≥ 0. This is equivalent to the confidence interval

estimation method of ref. [120]. The upper limit at 95% CL corresponds to t̃(α) = 3.84.

The p-values, characterising the compatibility of a fit result with a given hypothesis, are

likewise computed in the asymptotic approximation.

3.3 Treatment of systematic uncertainties

The treatment of the systematic uncertainties and of their correlations is a crucial aspect

of the combination of Higgs boson coupling measurements. The details of the chosen

methodology for treating systematic uncertainties, characterised by nuisance parameters,

are given in ref. [115]. The combined analysis presented here incorporates approximately

4200 nuisance parameters. A large fraction of these are statistical in nature, i.e. related to

the finite size of the simulated samples used to model the expected signals and backgrounds,

but are classified as part of the systematic uncertainties, as described below.

Nuisance parameters can be associated with a single analysis category or can be cor-

related between categories, channels, and/or experiments. A very important and delicate

part of this combination is the estimation of the correlations between the various sources

of systematic uncertainty, both between the various channels and between the two ex-

periments. The correlations within each experiment are modelled following the procedure

adopted for their individual combinations. The systematic uncertainties that are correlated

between the two experiments are theoretical systematic uncertainties affecting the signal

yield, certain theoretical systematic uncertainties in the background predictions, and a part

of the experimental uncertainty related to the measurement of the integrated luminosity.

The main sources of theoretical uncertainties affecting the signal yield are the fol-

lowing: missing higher-order QCD corrections (estimated through variation of the QCD

scales, i.e. renormalisation and factorisation scale) and uncertainties in parton distribu-

tion functions (PDF), in the treatment of UEPS, and in Higgs boson branching fractions.
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These uncertainties apply both to the inclusive cross sections and to the acceptances and

selection efficiencies in the various categories. The PDF uncertainties in the inclusive rates

are correlated between the two experiments for a given production process, but are treated

as uncorrelated between different processes, except for the WH, ZH, and VBF produc-

tion processes, where they are assumed to be fully correlated. A cross-check with the full

PDF correlation matrix, as given in ref. [32], yields differences no larger than 1% for the

generic parameterisations discussed in section 4. Similarly, QCD scale and UEPS uncer-

tainties are assumed to be correlated between the two experiments in the same production

processes and to be uncorrelated between different processes. The effects of correlations

between Higgs boson branching fractions were determined to be negligible in general, and

are ignored in the fits, except for the uncertainties in the branching fractions to WW and

ZZ, which are assumed to be fully correlated. When measuring ratios, however, there are

cases, e.g. the measurements of ratios of coupling modifiers described in section 4.2, where

such uncertainties become the dominant theoretical uncertainties, and in these cases the

full branching fraction correlation model specified in ref. [32] was applied. Other theoretical

uncertainties in the signal acceptance and selection efficiencies are also usually small. They

are estimated and treated in very different manners by the two experiments and therefore

are assumed to be uncorrelated between ATLAS and CMS. It was verified that treating

them as correlated would have a negligible impact on the results.

Whereas the signal selection criteria are quite inclusive in most channels, this is not

the case for the backgrounds, which are often restricted to very limited regions of phase

space and which are often treated differently by the two experiments. For these reasons,

the ATLAS and CMS background modelling uncertainties cannot be easily correlated, even

though such correlations should be considered for channels where they represent significant

contributions to the overall systematic uncertainty. Obvious examples are those where the

background estimates are obtained from simulation, as is the case for the ZZ continuum

background in the H → ZZ channel, and for the ttW and ttZ backgrounds in the ttH

multi-lepton channel. For these two cases, the background cross section uncertainties are

treated as fully correlated between the two experiments. Other more complex examples

are the WW continuum background in the H →WW channel, the ttbb background in the

ttH,H → bb channel, and the Wbb background in the WH,H → bb channel. In these cases,

it was verified that the choice of not implementing correlations in the background modelling

uncertainties between the two experiments has only a small impact on the measurements.

The most significant impact was found for the ttbb background in the ttH,H → bb channel,

for which the choice of different correlation models between the two experiments yields an

impact below 10% of the total uncertainty in the signal strength measurement in this

specific channel.

Finally, all experimental systematic uncertainties are treated independently by the two

experiments, reflecting independent assessments of these uncertainties, except for the inte-

grated luminosity uncertainties, which are treated as partially correlated through the con-

tribution arising from the imperfect knowledge of the beam currents in the LHC accelerator.
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The various sources of uncertainties can be broadly classified in four groups:

1. uncertainties (labelled as “stat” in the following) that are statistical in nature. In

addition to the data, these include the statistical uncertainties in certain background

control regions and certain fit parameters used to describe backgrounds measured

from data, but they exclude the finite size of MC simulation samples;

2. theoretical uncertainties affecting the Higgs boson signal (labelled as “thsig” in the

following);

3. theoretical uncertainties affecting background processes only (these are not correlated

with any of the signal theoretical uncertainties and are labelled as “thbgd” in the

following);

4. all other uncertainties (labelled as “expt” in the following), which include the ex-

perimental uncertainties and those related to the finite size of the MC simulation

samples.

Some of the results are provided with a full breakdown of the uncertainties into these

four categories, but, in most cases, the uncertainties are divided only into their statistical

and systematic (syst) components. In some cases, as in section 4, when considering ratios of

cross sections or coupling strengths, the theoretical systematic uncertainties are very small,

because the signal normalisation uncertainties, which are in general dominant, do not affect

the measurements. The precision with which the uncertainties and their components are

quoted is typically of order 1% relative to the SM prediction.

As mentioned above, the Higgs boson mass is fixed, for all results reported in this paper,

at the measured value of 125.09 GeV. The impact of the Higgs boson mass uncertainty

(±0.24 GeV) on the measurements has two main sources. One is the dependence of the

σ · B product on the mass. This dependence has an impact only on the measurements of

the signal strengths and of the coupling modifiers, in which the SM signal yield predictions

enter directly. The associated uncertainties are up to 4% for the signal strengths and 2% for

the coupling modifiers. The other source of uncertainty is the dependence of the measured

yields on the mass, arising from the fit to the mass spectra in the high-resolution H → γγ

and H → ZZ decay channels. In principle, this uncertainty affects all the measurements,

including those related to the generic parameterisations, and is expected to be of the same

order as the first one, namely 1% to 2%. In practice, since the measured masses in the

H → γγ and H → ZZ decay channels, resulting from the combination of ATLAS and CMS

data, agree within 100 MeV, this uncertainty is less than 1% for all combined ATLAS and

CMS measurements reported in this paper. Additional uncertainties of approximately 1%

in the measurements of the Higgs boson signal strengths and coupling modifiers arise from

the uncertainty in the LHC beam energy, which is estimated to be 0.66% at 8 TeV [121].

The uncertainties in the Higgs boson mass and the LHC beam energy are much smaller

than the statistical uncertainties in the measurements and are neglected in the following.
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3.4 Analysis modifications for the combination

There are some differences in the treatment of signal and background in the combined

analysis compared to the published analyses from each experiment. The differences are

larger for CMS than for ATLAS, mainly because the CMS analyses were published earlier,

before some refinements for the SM Higgs boson predictions were made available. The

main differences are the following:

• ATLAS now uses the Stewart-Tackmann prescription [48] for the jet bin uncertainties

in the H →WW channel instead of the jet-veto-efficiency procedure [49];

• CMS now includes the bbH, tH, and ggZH production processes in the signal model

for all the channels in which they are relevant;

• CMS now uses the signal cross section calculations from ref. [32] for all channels;

• CMS now adopts a unified prescription for the treatment of the Higgs boson pT in

the ggF production process, as described in section 2.2;

• The cross sections for the dominant backgrounds were adjusted to the most recent the-

oretical calculations in the cases where they are estimated from simulation (ZZ back-

ground in the H → ZZ channel and ttZ and ttW backgrounds in the ttH channels);

• Both experiments have adopted the same correlation scheme for some of the signal

theoretical uncertainties: for example, the treatment of the PDF uncertainties in the

signal production cross sections now follows a common scheme for all decay channels,

as described in section 3.3.

The total effect of these modifications is small, both for the expected and observed

results. All measurements differ from the individual combined results by less than approx-

imately 10% of the total uncertainty for CMS and by even less for ATLAS.

Table 5 gives an overview of the Higgs boson decay and production processes that

are combined in the following. To provide a snapshot of the relative importance of the

various channels, the results from the analysis presented in this paper (tables 12 and 13

in section 5.2) are shown separately for each experiment, as measurements of the overall

signal strengths µ, for each of the six decay channels and for the ttH production process.

The total observed and expected statistical significances for mH = 125.09 GeV are also

shown, except for the H → µµ channel, which has very low sensitivity. These results are

quite close to those published for the individual analyses by each experiment, which are

cited in table 5. For several decay channels, these refer only to the most sensitive analyses,

e.g. the V H analysis for the H → bb decay channel. Even though they are less sensitive, the

ttH analyses have a contribution from all the decay channels, and this is one of the reasons

for quoting this production process specifically in this table. As stated above, the differences

between the analysis in this paper and the published ones are also in part due to the different

values assumed for the Higgs boson mass, and to adjustments in the various analyses for the

purposes of this combination, mostly in terms of the signal modelling and of the treatment

of the correlations of the signal theoretical uncertainties between different channels.
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Channel References for Signal strength [µ] Signal significance [σ]

individual publications from results in this paper (section 5.2)

ATLAS CMS ATLAS CMS ATLAS CMS

H → γγ [92] [93] 1.14 +0.27
−0.25 1.11 +0.25

−0.23 5.0 5.6(
+0.26
−0.24

) (
+0.23
−0.21

)
(4.6) (5.1)

H → ZZ [94] [95] 1.52 +0.40
−0.34 1.04 +0.32

−0.26 7.6 7.0(
+0.32
−0.27

) (
+0.30
−0.25

)
(5.6) (6.8)

H →WW [96, 97] [98] 1.22 +0.23
−0.21 0.90 +0.23

−0.21 6.8 4.8(
+0.21
−0.20

) (
+0.23
−0.20

)
(5.8) (5.6)

H → ττ [99] [100] 1.41 +0.40
−0.36 0.88 +0.30

−0.28 4.4 3.4(
+0.37
−0.33

) (
+0.31
−0.29

)
(3.3) (3.7)

H → bb [101] [102] 0.62 +0.37
−0.37 0.81 +0.45

−0.43 1.7 2.0(
+0.39
−0.37

) (
+0.45
−0.43

)
(2.7) (2.5)

H → µµ [103] [104] −0.6 +3.6
−3.6 0.9 +3.6

−3.5(
+3.6
−3.6

) (
+3.3
−3.2

)
ttH production [78, 105, 106] [108] 1.9 +0.8

−0.7 2.9 +1.0
−0.9 2.7 3.6(

+0.7
−0.7

) (
+0.9
−0.8

)
(1.6) (1.3)

Table 5. Overview of the decay channels analysed in this paper. The ttH production process,

which has contributions from all decay channels, is also shown. To show the relative importance

of the various channels, the results from the combined analysis presented in this paper for mH =

125.09 GeV (tables 12 and 13 in section 5.2) are reported as observed signal strengths µ with their

measured uncertainties. The expected uncertainties are shown in parentheses. Also shown are the

observed statistical significances, together with the expected significances in parentheses, except

for the H → µµ channel, which has very low sensitivity. For most decay channels, only the most

sensitive analyses are quoted as references, e.g. the ggF and VBF analyses for the H →WW decay

channel or the V H analysis for the H → bb decay channel. Although not exactly the same, the

results are close to those from the individual publications, in which slightly different values for the

Higgs boson mass were assumed and in which the signal modelling and signal uncertainties were

slightly different, as discussed in the text.

4 Generic parameterisations of experimental results

This section describes three generic parameterisations and presents their results. The first

two are based on cross sections and branching fractions, either expressed as independent

products σi · Bf for each channel i→ H → f , or as ratios of cross sections and branching

fractions plus one reference σi · Bf product. In these parameterisations, the theoretical

uncertainties in the signal inclusive cross sections for the various production processes do

not affect the measured observables, in contrast to measurements of signal strengths, such

– 18 –



J
H
E
P
0
8
(
2
0
1
6
)
0
4
5

σ and B ratio parameterisation Coupling modifier ratio parameterisation

σ(gg → H → ZZ) κgZ = κg · κZ/κH

σVBF/σggF

σWH/σggF

σZH/σggF λZg = κZ/κg

σttH/σggF λtg = κt/κg

BWW /BZZ λWZ = κW /κZ

Bγγ/BZZ λγZ = κγ/κZ

Bττ/BZZ λτZ = κτ/κZ

Bbb/BZZ λbZ = κb/κZ

Table 6. Parameters of interest in the two generic parameterisations described in sections 4.1.2

and 4.2. For both parameterisations, the gg → H → ZZ 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 fractions in the first column and of coupling modifiers in the second column. There

are fewer parameters of interest in the case of the coupling parameterisation, in which the ratios

of cross sections for the WH, ZH, and VBF processes can all be expressed as functions of the two

parameters, λZg and λWZ . The slightly different additional assumptions in each parameterisation

are discussed in the text.

as those described in section 2.3. These analyses lead to the most model-independent

results presented in this paper and test, with minimal assumptions, the compatibility

of the measurements with the SM. The third generic parameterisation is derived from

the one described in section 2.4 and is based on ratios of coupling modifiers. None of

these parameterisations incorporate any assumption about the Higgs boson total width

other than the narrow-width approximation. Some theoretical and experimental systematic

uncertainties largely cancel in the parameterisations involving ratios but at the current level

of sensitivity the impact is small.

Table 6 gives an overview of the parameters of interest for the two generic parame-

terisations involving ratios which are described in more detail in sections 4.1.2 and 4.2.

The first row makes explicit that the gg → H → ZZ channel is chosen as a reference.

The λZg = κZ/κg term in the fourth row is related to the ratio of the ZH and ggF

production cross sections. Once λWZ = κW /κZ is also specified, the VBF, WH, and

ZH production cross sections are fully defined. This explains the smaller number of inde-

pendent parameters of interest in the coupling modifier ratio parameterisation compared

to the parameterisation based mostly on ratios of cross sections and branching fractions.

In addition, these two parameterisations rely on slightly different assumptions and approx-

imations, which are summarised in sections 2.3 and 2.4. These approximations are due

to the fact that one cannot experimentally constrain all possible Higgs boson production

processes and decay modes, in particular those that are expected to be small in the SM,

but might be enhanced, should specific BSM physics scenarios be realised in nature.

– 19 –



J
H
E
P
0
8
(
2
0
1
6
)
0
4
5

Production process Decay channel

H → γγ H → ZZ H →WW H → ττ H → bb

ggF (σ · B)γγggF (σ · B)ZZggF (σ · B)WW
ggF (σ · B)ττggF −

VBF (σ · B)γγVBF (σ · B)ZZVBF (σ · B)WW
VBF (σ · B)ττVBF −

WH (σ · B)γγWH (σ · B)ZZWH (σ · B)WW
WH (σ · B)ττWH (σ · B)bbWH

ZH (σ · B)γγZH (σ · B)ZZZH (σ · B)WW
ZH (σ · B)ττZH (σ · B)bbZH

ttH (σ · B)γγttH (σ · B)ZZttH (σ · B)WW
ttH (σ · B)ττttH (σ · B)bbttH

Table 7. The signal parameterisation used to express the σi · Bf values for each specific chan-

nel i → H → f . The values labelled with a ”−” are not measured and are therefore fixed to the

SM predictions.

4.1 Parameterisations using cross sections and branching fractions

4.1.1 Parameterisation using independent products of cross sections and

branching fractions

In a very generic approach, one can extract for each specific channel i → H → f a

measurement of the product σi · Bf and then compare it to the theoretical prediction.

Based on all the categories considered in the various analyses and on the five production

processes (ggF, VBF, WH, ZH, and ttH) and five main decay channels (H → ZZ,

H → WW , H → γγ, H → ττ , and H → bb) considered in this paper, there are in

principle 25 such independent products to be measured. In practice, as already mentioned,

the ggF and VBF production processes are not probed in the case of the H → bb decay

mode and are assumed to have the values predicted by the SM, so the fit is performed with

23 parameters of interest, which are specified in table 7. The individual experiments cannot

provide constraints on all the parameters of interest because of the low overall expected and

observed yields in the current data. Even when combining the ATLAS and CMS data, the

ZH, WH, and ttH production processes cannot be measured with meaningful precision

in the H → ZZ decay channel. The fit results are therefore quoted only for the remaining

20 parameters and for the combined ATLAS and CMS data.
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Table 8 presents, for the combination of ATLAS and CMS, the fit results for each

σi · Bf product along with its statistical and systematic uncertainties. The corresponding

SM predictions are also given. The ratios of the fit results to SM predictions are included

in table 8 and displayed in figure 7. Figure 7 additionally shows the theoretical uncer-

tainties in the SM predictions for the fitted parameters. In almost all cases, the dominant

uncertainty is statistical. The results presented in table 8 and figure 7 clearly exhibit which

decay modes are probed best for each production process, and conversely which produc-

tion processes are probed best for each decay mode. With the current sensitivity of the

combination, six of the σi ·Bf products can be measured with a precision better than 40%,

namely the H → γγ, H → ZZ, and H → WW decay modes for the ggF production

process, and the H → γγ, H → WW , and H → ττ decay modes for the VBF production

process. Because of the sizeable cross-contamination between the ggF and VBF categories,

the corresponding results are significantly anticorrelated, as illustrated by the measured

correlation matrix in figure 27 of appendix A.

4.1.2 Parameterisation using ratios of cross sections and branching fractions

If there is only one Higgs boson, each row or column in table 7 can be derived from the others

by identical ratios of cross sections for the rows and of branching fractions for the columns.

Therefore, in a second generic approach, ratios of cross sections and of branching fractions

can be extracted from a combined fit to the data by normalising the yield of any specific

channel i → H → f to a reference process. In this paper, the gg → H → ZZ channel is

chosen as the reference because it has very little background and is one of the channels with

the smallest overall and systematic uncertainties. The gg → H →WW channel, which has

the smallest overall uncertainty but larger systematic uncertainties, is used as an alternate

reference for comparison, and the corresponding results are reported in appendix B.

The product of the cross section and the branching fraction of i → H → f can then

be expressed using the ratios as:

σi · Bf = σ(gg → H → ZZ) ·
(

σi
σggF

)
·
(

Bf

BZZ

)
, (4.1)

where σ(gg → H → ZZ) = σggF · BZZ in the narrow-width approximation. With σ(gg →
H → ZZ) constraining the overall normalisation, the ratios in eq. (4.1) can be determined

separately, based on the five production processes (ggF, VBF, WH, ZH, and ttH) and

five decay modes (H → ZZ, H → WW , H → γγ, H → ττ , and H → bb). The combined

fit results can be presented as a function of nine parameters of interest: one reference

cross section times branching fraction, σ(gg → H → ZZ), four ratios of production cross

sections, σi/σggF, and four ratios of branching fractions, Bf/BZZ , as reported in the left

column of table 6.

Expressing the measurements through ratios of cross sections and branching fractions

has the advantage that the ratios are independent of the theoretical predictions for the

inclusive production cross sections and decay branching fractions of the Higgs boson. In

particular, they are not subject to the dominant signal theoretical uncertainties in the

inclusive cross sections for the various production processes. These measurements will
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Figure 7. Best fit values of σi ·Bf for each specific channel i→ H → f , as obtained from the generic

parameterisation with 23 parameters for the combination of the ATLAS and CMS measurements.

The error bars indicate the 1σ intervals. The fit results are normalised to the SM predictions for the

various parameters and the shaded bands indicate the theoretical uncertainties in these predictions.

Only 20 parameters are shown because some are either not measured with a meaningful precision,

in the case of the H → ZZ decay channel for the WH, ZH, and ttH production processes, or

not measured at all and therefore fixed to their corresponding SM predictions, in the case of the

H → bb decay mode for the ggF and VBF production processes.
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Parameter SM prediction Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty

value Stat Syst value Stat Syst value Stat Syst

ATLAS+CMS ATLAS CMS

σ(gg →

H → ZZ) [pb]

0.51±0.06 0.59 +0.11
−0.10

+0.11
−0.10

+0.02
−0.02 0.77 +0.19

−0.17
+0.19
−0.16

+0.05
−0.03 0.44 +0.14

−0.12
+0.13
−0.11

+0.05
−0.03(

+0.11
−0.10

) (
+0.11
−0.09

) (
+0.03
−0.02

) (
+0.16
−0.14

) (
+0.16
−0.13

) (
+0.03
−0.02

) (
+0.15
−0.13

) (
+0.15
−0.13

) (
+0.04
−0.03

)
σVBF/σggF 0.082±0.009 0.109 +0.034

−0.027
+0.029
−0.024

+0.018
−0.013 0.079 +0.035

−0.026
+0.030
−0.023

+0.019
−0.012 0.138 +0.073

−0.051
+0.061
−0.046

+0.039
−0.023(

+0.029
−0.024

) (
+0.024
−0.020

) (
+0.016
−0.012

) (
+0.042
−0.031

) (
+0.036
−0.028

) (
+0.022
−0.014

) (
+0.043
−0.033

) (
+0.037
−0.029

) (
+0.023
−0.015

)
σWH/σggF 0.037±0.004 0.031 +0.028

−0.026
+0.024
−0.022

+0.015
−0.014 0.054 +0.036

−0.026
+0.031
−0.023

+0.020
−0.013 0.005 +0.044

−0.037
+0.037
−0.028

+0.023
−0.024(

+0.021
−0.017

) (
+0.019
−0.015

) (
+0.011
−0.007

) (
+0.033
−0.022

) (
+0.029
−0.020

) (
+0.015
−0.009

) (
+0.032
−0.022

) (
+0.027
−0.020

) (
+0.017
−0.010

)
σZH/σggF 0.0216±0.0024 0.066 +0.039

−0.031
+0.032
−0.025

+0.023
−0.018 0.013 +0.028

−0.014
+0.021
−0.012

+0.018
−0.007 0.123 +0.076

−0.053
+0.063
−0.046

+0.044
−0.026(

+0.016
−0.011

) (
+0.014
−0.010

) (
+0.009
−0.004

) (
+0.027
−0.014

) (
+0.023
−0.013

) (
+0.014
−0.005

) (
+0.024
−0.013

) (
+0.020
−0.012

) (
+0.014
−0.006

)
σttH/σggF 0.0067±0.0010 0.022 +0.007

−0.006
+0.005
−0.005

+0.004
−0.003 0.013 +0.007

−0.005
+0.005
−0.004

+0.004
−0.003 0.034 +0.016

−0.012
+0.012
−0.010

+0.010
−0.006(

+0.004
−0.004

) (
+0.003
−0.003

) (
+0.003
−0.002

) (
+0.006
−0.004

) (
+0.005
−0.004

) (
+0.004
−0.003

) (
+0.007
−0.005

) (
+0.005
−0.004

) (
+0.004
−0.004

)
BWW /BZZ 8.09± < 0.01 6.7 +1.6

−1.3
+1.5
−1.2

+0.6
−0.5 6.5 +2.1

−1.6
+2.0
−1.4

+0.8
−0.6 7.1 +2.9

−2.1
+2.6
−1.8

+1.3
−0.9(

+2.2
−1.7

) (
+2.0
−1.6

) (
+0.9
−0.7

) (
+3.5
−2.4

) (
+3.3
−2.2

) (
+1.2
−0.9

) (
+3.2
−2.2

) (
+2.9
−2.0

) (
+1.4
−1.0

)
Bγγ/BZZ 0.0854±0.0010 0.069 +0.018

−0.014
+0.018
−0.014

+0.004
−0.003 0.062 +0.024

−0.018
+0.023
−0.017

+0.007
−0.005 0.079 +0.034

−0.023
+0.032
−0.023

+0.010
−0.006(

+0.025
−0.019

) (
+0.024
−0.019

) (
+0.006
−0.004

) (
+0.040
−0.027

) (
+0.039
−0.027

) (
+0.010
−0.006

) (
+0.035
−0.025

) (
+0.034
−0.024

) (
+0.008
−0.005

)
Bττ/BZZ 2.36±0.05 1.8 +0.6

−0.5
+0.5
−0.4

+0.3
−0.2 2.2 +1.1

−0.7
+0.9
−0.6

+0.6
−0.4 1.6 +0.9

−0.6
+0.8
−0.5

+0.5
−0.3(

+0.9
−0.7

) (
+0.8
−0.6

) (
+0.5
−0.3

) (
+1.5
−1.0

) (
+1.3
−0.9

) (
+0.8
−0.5

) (
+1.2
−0.9

) (
+1.0
−0.7

) (
+0.7
−0.4

)
Bbb/BZZ 21.5±1.0 4.2 +4.4

−2.6
+2.8
−2.0

+3.4
−1.6 9.6 +10.1

−5.7
+7.4
−4.4

+6.9
−3.6 3.7 +4.1

−2.4
+3.1
−2.0

+2.7
−1.4(

+16.8
−9.0

) (
+13.9
−7.9

) (
+9.5
−4.4

) (
+29.3
−11.8

) (
+24.2
−10.5

) (
+16.6
−5.3

) (
+29.4
−11.9

) (
+23.4
−10.4

) (
+17.8
−5.9

)

Table 9. Best fit values of σ(gg → H → ZZ), σi/σggF, and Bf/BZZ , as obtained from the

generic parameterisation with nine parameters for the combined analysis of the
√
s = 7 and 8 TeV

data. The values involving cross sections are given for
√
s = 8 TeV, assuming the SM values

for σi(7 TeV)/σi(8 TeV). The results are reported for the combination of ATLAS and CMS and

also separately for each experiment, together with their total uncertainties and their breakdown

into statistical and systematic components. The expected uncertainties in the measurements are

displayed in parentheses. The SM predictions [32] are also shown with their total uncertainties.

therefore remain valid when, for example, improved theoretical calculations of Higgs boson

production cross sections become available. The remaining theoretical uncertainties are

those related to the acceptances and selection efficiencies in the various categories, for

which SM Higgs boson production and decay kinematics are assumed in the simulation,

based on the MC generators discussed in section 2.2.

Table 9 shows the results of the fit to the data with a breakdown of the uncertainties

into their statistical and systematic components. The full breakdown of the uncertainties

into the four components is shown in table 20 of appendix B, while the measured correlation

matrix can be found in figure 28 of appendix A. The results are shown for the combination of

ATLAS and CMS and also separately for each experiment. They are illustrated in figure 8,

where the fit result for each parameter is normalised to the corresponding SM prediction.

Also shown in figure 8 are the theoretical uncertainties in the SM predictions for the fitted

parameters. For the ratios of branching fractions, the theoretical uncertainties in the

predictions are barely visible since they are below 5%. Compared to the results of the fit of

table 8, where the ggF parameters are independent for each decay mode, the uncertainties
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Figure 8. Best fit values of the σ(gg → H → ZZ) cross section and of ratios of cross sections

and branching fractions, as obtained from the generic parameterisation with nine parameters and

tabulated in table 9 for the combination of the ATLAS and CMS measurements. Also shown are

the results from each experiment. The values involving cross sections are given for
√
s = 8 TeV,

assuming the SM values for σi(7 TeV)/σi(8 TeV). The error bars indicate the 1σ (thick lines)

and 2σ (thin lines) intervals. The fit results are normalised to the SM predictions for the various

parameters and the shaded bands indicate the theoretical uncertainties in these predictions.
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Figure 9. Observed (solid line) and expected (dashed line) negative log-likelihood scan of the

Bbb/BZZ parameter normalised to the corresponding SM prediction. All the other parameters

of interest are also varied in the minimisation procedure. The red (green) horizontal line at the

−2∆ ln Λ value of 1 (4) indicates the value of the profile likelihood ratio corresponding to a 1σ

(2σ) CL interval for the parameter of interest, assuming the asymptotic χ2 distribution of the test

statistic. The vertical dashed line indicates the SM prediction.

in σ(gg → H → ZZ) are reduced by almost a factor of two in table 9, owing to the

contributions from the other decay channels (mainly H → γγ and H → WW ). The total

uncertainty in σ(gg → H → ZZ) is approximately 18%, with its main contribution coming

from the statistical uncertainty. The total relative systematic uncertainty is only ∼4%.

Appendix B shows the results obtained when choosing the H → WW decay mode as an

alternative reference process. This yields a smaller total uncertainty of approximately 15%

in σ(gg → H →WW ), but with a much larger contribution of ∼11% from the systematic

uncertainties. The ratios σVBF/σggF, BWW /BZZ , Bγγ/BZZ , and Bττ/BZZ are measured

with relative uncertainties of 30–40%.

The p-value of the compatibility between the data and the SM predictions is 16%. Most

measurements are consistent with the SM predictions within less than 2σ; however, the
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Parameter Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty

value Stat Syst value Stat Syst value Stat Syst

ATLAS+CMS ATLAS CMS

κgZ 1.09 +0.11
−0.11

+0.09
−0.09

+0.06
−0.06 1.20 +0.16

−0.15
+0.14
−0.14

+0.08
−0.07 0.99 +0.14

−0.13
+0.12
−0.12

+0.07
−0.06(

+0.11
−0.11

) (
+0.09
−0.09

) (
+0.06
−0.05

) (
+0.15
−0.15

) (
+0.14
−0.13

) (
+0.07
−0.06

) (
+0.14
−0.14

) (
+0.13
−0.12

) (
+0.07
−0.06

)
λZg 1.27 +0.23

−0.20
+0.18
−0.16

+0.15
−0.12 1.07 +0.26

−0.22
+0.21
−0.18

+0.15
−0.11 1.47 +0.45

−0.34
+0.35
−0.28

+0.28
−0.20(

+0.20
−0.17

) (
+0.15
−0.14

) (
+0.12
−0.10

) (
+0.28
−0.23

) (
+0.23
−0.20

) (
+0.16
−0.11

) (
+0.27
−0.23

) (
+0.21
−0.19

) (
+0.16
−0.13

)
λtg 1.78 +0.30

−0.27
+0.21
−0.20

+0.21
−0.18 1.40 +0.34

−0.33
+0.25
−0.24

+0.23
−0.23 -2.26 +0.50

−0.53
+0.43
−0.39

+0.26
−0.36(

+0.28
−0.38

) (
+0.20
−0.30

) (
+0.20
−0.24

) (
+0.38
−0.54

) (
+0.28
−0.39

) (
+0.25
−0.37

) (
+0.42
−0.64

) (
+0.31
−0.42

) (
+0.28
−0.49

)
λWZ 0.88 +0.10

−0.09
+0.09
−0.08

+0.04
−0.04 0.92 +0.14

−0.12
+0.13
−0.11

+0.05
−0.05 -0.85 +0.13

−0.15
+0.11
−0.13

+0.06
−0.07(

+0.12
−0.10

) (
+0.11
−0.09

) (
+0.05
−0.04

) (
+0.18
−0.15

) (
+0.17
−0.13

) (
+0.06
−0.06

) (
+0.17
−0.14

) (
+0.15
−0.13

) (
+0.07
−0.06

)
|λγZ | 0.89 +0.11

−0.10
+0.10
−0.09

+0.04
−0.03 0.87 +0.15

−0.13
+0.15
−0.13

+0.05
−0.04 0.91 +0.17

−0.14
+0.16
−0.14

+0.05
−0.04(

+0.13
−0.12

) (
+0.13
−0.11

) (
+0.04
−0.03

) (
+0.20
−0.17

) (
+0.20
−0.17

) (
+0.06
−0.04

) (
+0.18
−0.16

) (
+0.18
−0.15

) (
+0.05
−0.04

)
|λτZ | 0.85 +0.13

−0.12
+0.12
−0.10

+0.07
−0.06 0.96 +0.21

−0.18
+0.18
−0.15

+0.11
−0.09 0.78 +0.20

−0.17
+0.17
−0.15

+0.10
−0.09(

+0.17
−0.15

) (
+0.14
−0.13

) (
+0.09
−0.08

) (
+0.27
−0.23

) (
+0.23
−0.19

) (
+0.14
−0.12

) (
+0.23
−0.20

) (
+0.19
−0.17

) (
+0.12
−0.11

)
|λbZ | 0.58 +0.16

−0.20
+0.12
−0.17

+0.10
−0.10 0.61 +0.24

−0.24
+0.20
−0.19

+0.14
−0.16 0.47 +0.26

−0.17
+0.23
−0.13

+0.13
−0.12(

+0.25
−0.22

) (
+0.21
−0.20

) (
+0.13
−0.10

) (
+0.36
−0.29

) (
+0.31
−0.26

) (
+0.18
−0.13

) (
+0.38
−0.37

) (
+0.32
−0.34

) (
+0.20
−0.16

)
Table 10. Best fit values of κgZ = κg · κZ/κH and of the ratios of coupling modifiers, as defined

in the parameterisation studied in the context of the κ-framework, from the combined analysis of

the
√
s = 7 and 8 TeV data. The results are shown for the combination of ATLAS and CMS and

also separately for each experiment, together with their total uncertainties and their breakdown

into statistical and systematic components. The uncertainties in λtg and λWZ , for which a negative

solution is allowed, are calculated around the overall best fit value. The combined 1σ CL intervals

are λtg = [−2.00,−1.59]∪ [1.50, 2.07] and λWZ = [−0.96,−0.82]∪ [0.80, 0.98]. The expected uncer-

tainties in the measurements are displayed in parentheses. For those parameters with no sensitivity

to the sign, only the absolute values are shown.

production cross section ratio σttH/σggF relative to the SM ratio is measured to be 3.3+1.0
−0.9,

corresponding to an excess of approximately 3.0σ relative to the SM prediction. This excess

is mainly due to the multi-lepton categories. The ratio σZH/σggF relative to the SM ratio

is measured to be 3.2+1.8
−1.4, with the observed excess mainly due to the ZH, H →WW mea-

surements. The ratio of branching fractions Bbb/BZZ is measured to be 0.19+0.21
−0.12 relative

to the SM prediction. In this parameterisation, the high values found for the production

cross section ratios for the ZH and ttH processes induce a low value for the H → bb decay

branching fraction because the H → bb decay mode does not contribute to the observed

excesses. The likelihood scan of the Bbb/BZZ parameter is very asymmetric, as shown

in figure 9, resulting in an overall deficit of approximately 2.5σ relative to the SM predic-

tion. This deviation is anticorrelated with the ones quoted above for the σttH/σggF and

σZH/σggF production cross section ratios, as shown in figure 28 of appendix A.
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Figure 10. Best fit values of ratios of Higgs boson coupling modifiers, as obtained from the generic

parameterisation described in the text and as tabulated in table 10 for the combination of the

ATLAS and CMS measurements. Also shown are the results from each experiment. The error

bars indicate the 1σ (thick lines) and 2σ (thin lines) intervals. The hatched areas indicate the

non-allowed regions for the parameters that are assumed to be positive without loss of generality.

For those parameters with no sensitivity to the sign, only the absolute values are shown.

In the various fits, the combination of the 7 and 8 TeV data is performed assuming

that the ratios of the production cross sections at 7 and 8 TeV are the same as in the SM.

One can introduce as free parameters in the fit the ratios of the production cross sections

at 7 and 8 TeV of the five main production processes: σi(7TeV)/σi(8TeV). Given the

limited size of the data samples at 7 TeV, only the ggF and VBF ratios can be extracted

with a meaningful precision. The results are: σggF(7 TeV)/σggF(8 TeV) = 1.12+0.33
−0.29 and

σVBF(7 TeV)/σVBF(8 TeV) = 0.37+0.49
−0.43. Both values are consistent with the SM predictions

of σggF(7 TeV)/σggF(8 TeV) = 0.78 and σVBF(7 TeV)/σVBF(8 TeV) = 0.77.
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4.2 Parameterisation using ratios of coupling modifiers

The parameterisation using the Higgs boson coupling modifiers is based on the κ-framework

described in section 2.4 and the parameters of interest are listed in the right column of

table 6. The cross section times branching fraction for the gg → H → ZZ channel

is parameterised as a function of κgZ = κg · κZ/κH , where κg is the effective coupling

modifier of the Higgs boson to the gluon in ggF production, which in the SM occurs

mainly through loops involving top and bottom quarks. The λZg = κZ/κg parameter is

probed by the measurements of VBF and ZH production, while the measurements of the

ttH production process are sensitive to λtg = κt/κg. Three of the decay modes, namely

H → WW , H → ττ , and H → bb, probe the three ratios λWZ = κW /κZ , λτZ = κτ/κZ ,

and λbZ = κb/κZ , through their respective ratios to the H → ZZ branching fraction.

The remaining decay mode, H → γγ, which in the SM occurs through loops involving

predominantly the top quark and the W boson, is sensitive to the ratio λγZ = κγ/κZ . In

this parameterisation, λWZ = κW /κZ is also probed by the VBF, WH, and ZH production

processes. Without any loss of generality, the signs of κZ and κg can be assumed to be the

same, constraining λZg and κgZ to be positive.

Table 10 shows the results of the fit to the data with a breakdown of uncertainties

into their statistical and systematic components, while the complete breakdown of the un-

certainties into the four components is shown in table 22 of appendix B. The measured

correlation matrix can be found in figure 29 of appendix A. The coupling modifiers are as-

sumed to be the same at the two centre-of-mass energies, as in the parameterisation based

on the ratios of cross sections and branching fractions. Figure 10 illustrates the complete

ranges of allowed values with their total uncertainties, including the negative ranges al-

lowed for λWZ and λtg, the two parameters chosen to illustrate possible interference effects

due to ggZH or tH production. Figure 11 shows the likelihood scan results for these two

parameters for the combination of ATLAS and CMS, both for the observed and expected

results. As described in section 2.4, the interference terms are responsible for the small

asymmetry between the likelihood curves for the positive and negative values of the param-

eters of interest. In both cases, the best fit values correspond to the positive sign, but the

sensitivity to the interference terms remains small. Appendix C, with the specific example

of λbZ (shown in figure 31), describes how the four possible sign combinations between λWZ

and λtg may impact the best fit value and the uncertainty in the other parameters of in-

terest. The p-value of the compatibility between the data and the SM predictions is 13%.

All results are consistent with the SM predictions within less than 2σ, except those for λtg
and λbZ , which exhibit deviations from the SM similar to those reported and explained

in section 4.1.2 for the measurement of the ratios of the ttH and ggF production cross

sections, and of the ratios of the bb and ZZ decay branching fractions.

5 Measurements of signal strengths

Section 4.1 presents the results from generic parameterisations, expressed in terms of cross

sections and branching fractions. This section probes more specific parameterisations, with

additional assumptions. Results for these parameterisations are presented, starting with
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Figure 11. Observed (solid line) and expected (dashed line) negative log-likelihood scans for λWZ

(top) and λtg (bottom), the two parameters of figure 10 that are of interest in the negative range

in the generic parameterisation of ratios of Higgs boson coupling modifiers described in the text.

All the other parameters of interest from the list in the legend are also varied in the minimisation

procedure. The red (green) horizontal lines at the −2∆ ln Λ value of 1 (4) indicate the value of

the profile likelihood ratio corresponding to a 1σ (2σ) CL interval for the parameter of interest,

assuming the asymptotic χ2 distribution of the test statistic.
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Best fit µ Uncertainty

Total Stat Expt Thbgd Thsig

ATLAS + CMS (measured) 1.09 +0.11
−0.10

+0.07
−0.07

+0.04
−0.04

+0.03
−0.03

+0.07
−0.06

ATLAS + CMS (expected) +0.11
−0.10

+0.07
−0.07

+0.04
−0.04

+0.03
−0.03

+0.07
−0.06

ATLAS (measured) 1.20 +0.15
−0.14

+0.10
−0.10

+0.06
−0.06

+0.04
−0.04

+0.08
−0.07

ATLAS (expected) +0.14
−0.13

+0.10
−0.10

+0.06
−0.05

+0.04
−0.04

+0.07
−0.06

CMS (measured) 0.97 +0.14
−0.13

+0.09
−0.09

+0.05
−0.05

+0.04
−0.03

+0.07
−0.06

CMS (expected) +0.14
−0.13

+0.09
−0.09

+0.05
−0.05

+0.04
−0.03

+0.08
−0.06

Table 11. Measured global signal strength µ and its total uncertainty, together with the breakdown

of the uncertainty into its four components as defined in section 3.3. The results are shown for the

combination of ATLAS and CMS, and separately for each experiment. The expected uncertainty,

with its breakdown, is also shown.

the most restrictive one using a single parameter of interest, which was used to assess the

sensitivity of the experimental analyses to the presence of a Higgs boson at the time of its

discovery. Section 5.4 describes the test of a hypothesis that two or more neutral Higgs

bosons might be present with similar masses.

5.1 Global signal strength

The simplest and most restrictive signal strength parameterisation is to assume that the

values of the signal strengths µfi , as defined in eq. (2.2), are the same for all production

processes i and decay channels f . 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 ATLAS and CMS data at
√
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 components is performed as de-

scribed in section 3.3. The overall systematic uncertainty of +0.09
−0.08 is larger than the statis-

tical uncertainty and its largest component is the theoretical uncertainty in the ggF cross

section. This result is consistent with the SM prediction of µ = 1 within less than 1σ and

the p-value of the compatibility between the data and the SM predictions is 40%. This

result is shown in table 11, together with that from each experiment, including the break-

down of the uncertainties into their four components. The expected uncertainties and their

breakdown are also given.
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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

)
Table 12. Measured signal strengths µ and their total uncertainties for different Higgs boson pro-

duction processes. The results are shown for the combination of ATLAS and CMS, and separately

for each experiment, for the combined
√
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.

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 measurements 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 µf = 1

in eq. (3.1), 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
√
s = 7 and 8 TeV data sets. The

signal strengths at the two energies are assumed to be the same for each production pro-

cess. 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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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±

Figure 12. Best fit results for the production signal strengths for the combination of ATLAS and

CMS data. Also shown are the results from each experiment. The error bars indicate the 1σ (thick

lines) and 2σ (thin lines) intervals. The measurements of the global signal strength µ are also shown.

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
√
s = 7 and 8 TeV data sets can be combined without additional assumptions. Table 13

and figure 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%.
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Decay channel ATLAS+CMS ATLAS CMS

µγγ 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

)
µττ 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

)
Table 13. Measured signal strengths µ and their total uncertainties for different Higgs boson

decay channels. The results are shown for the combination of ATLAS and CMS, and separately

for each experiment, for the combined
√
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
√
s = 7 and 8 TeV are the same as in the SM.

From the combined likelihood scans it is possible to evaluate the significances for the

observation of the different 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
√

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 pro-

duction process and the H → ZZ, H →WW , and H → γγ decay channels. The combined

significances for the observation of the VBF production process and of the H → ττ de-

cay are each above 5σ, and the combined significance for the V H production process is

above 3σ. The combined significance for the ttH process is 4.4σ, whereas only 2.0σ is

expected, corresponding to a measured excess of 2.3σ with respect to the SM prediction.
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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

γγ
µ

 Run 1LHC

CMS and ATLAS ATLAS+CMS

ATLAS

CMS

σ1±

σ2±

Figure 13. Best fit results for the decay signal strengths for the combination of ATLAS and CMS

data (the results for µµµ are reported in table 13). Also shown are the results from each experiment.

The error bars indicate the 1σ (thick lines) and 2σ (thin lines) intervals.

5.3 Boson- and fermion-mediated production processes

The Higgs boson production processes can be associated with Higgs boson couplings to ei-

ther 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 : µfF = µfggF+ttH for the fermion-mediated

production processes and µfV = µfVBF+V H for the vector-boson-mediated production pro-

cesses. The branching fraction cancels in the ratio µfV /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 µfF and µfV
for each of the five decay channels, while the second is a six-parameter fit of µV /µF and

µfF for each of the five decay channels.
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Production process Measured significance (σ) Expected significance (σ)

VBF 5.4 4.6

WH 2.4 2.7

ZH 2.3 2.9

V H 3.5 4.2

ttH 4.4 2.0

Decay channel

H → ττ 5.5 5.0

H → bb 2.6 3.7

Table 14. Measured and expected significances for the observation of Higgs boson production pro-

cesses and decay channels for the combination of ATLAS and CMS. Not included are the ggF pro-

duction process and the H → ZZ, H → WW , and H → γγ 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 sec-

tions to their SM values when studying the decays.

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 ob-

tained by combining the
√
s = 7 and 8 TeV data, assuming that µfF and µfV are the same at

the two energies. The SM predictions of µfF = 1 and µfV = 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 val-

ues 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.
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Figure 14. Negative log-likelihood contours at 68% CL in the (µfggF+ttH , µfVBF+V H) plane for the

combination of ATLAS and CMS, as obtained from the ten-parameter fit described in the text for

each of the five decay channels H → ZZ, H →WW , H → γγ, H → ττ , and H → bb. The best fit

values obtained for each of the five decay channels are also shown, together with the SM expectation.

5.4 Search for mass-degenerate states with different coupling structures

One important assumption underlying all the results reported elsewhere in this paper is

that the observations are due to the presence of a single particle with well defined mass that

has been precisely measured [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 mass measurements in the

different channels. Several BSM models predict, for example, a superposition of states with

indistinguishable mass values [122–125], possibly with different coupling structures to the

SM particles. With such an assumption, it may be possible to distinguish between single

and multiple states by measuring the cross sections of individual production processes
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Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS

Measured Expected uncertainty Measured Measured

Ten-parameter fit of µfF and µfV

µγγV 1.05+0.44
−0.41

+0.41
−0.38 0.69+0.63

−0.58 1.37+0.62
−0.56

µZZV 0.47+1.37
−0.92

+1.16
−0.84 0.24+1.60

−0.93 1.45+2.32
−2.29

µWW
V 1.38+0.41

−0.37
+0.38
−0.35 1.56+0.52

−0.46 1.08+0.65
−0.58

µττV 1.12+0.37
−0.35

+0.38
−0.35 1.29+0.58

−0.53 0.88+0.49
−0.45

µbbV 0.65+0.31
−0.29

+0.32
−0.30 0.50+0.39

−0.37 0.85+0.47
−0.44

µγγF 1.16+0.27
−0.24

+0.25
−0.23 1.30+0.37

−0.33 1.00+0.33
−0.30

µZZF 1.42+0.37
−0.33

+0.29
−0.25 1.74+0.51

−0.44 0.96+0.53
−0.41

µWW
F 0.98+0.22

−0.20
+0.21
−0.19 1.10+0.29

−0.26 0.84+0.27
−0.24

µττF 1.06+0.60
−0.56

+0.56
−0.53 1.72+1.24

−1.12 0.89+0.67
−0.63

µbbF 1.15+0.99
−0.94

+0.90
−0.86 1.52+1.16

−1.09 0.11+1.85
−1.90

Six-parameter fit of global µV /µF and of µfF

µV /µF 1.09+0.36
−0.28

+0.34
−0.27 0.92+0.40

−0.30 1.31+0.68
−0.47

µγγF 1.10+0.23
−0.21

+0.21
−0.19 1.17+0.32

−0.28 1.01+0.29
−0.25

µZZF 1.27+0.28
−0.24

+0.24
−0.20 1.55+0.43

−0.35 0.98+0.32
−0.26

µWW
F 1.06+0.21

−0.18
+0.19
−0.17 1.25+0.28

−0.24 0.84+0.25
−0.21

µττF 1.05+0.33
−0.27

+0.33
−0.27 1.50+0.64

−0.48 0.74+0.38
−0.29

µbbF 0.64+0.37
−0.28

+0.45
−0.34 0.67+0.58

−0.41 0.63+0.53
−0.35

Table 15. Results of the ten-parameter fit of µfF = µfggF+ttH and µfV = µfVBF+V H for each of the

five decay channels, and of the six-parameter fit of the global ratio µV /µF = µVBF+V H/µggF+ttH
together with µfF for each of the five decay channels. The results are shown for the combination of

ATLAS and CMS, together with their measured and expected uncertainties. The measured results

are also shown separately for each experiment.
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General matrix parameterisation: rank(M) = 5

H → γγ H → ZZ H →WW H → ττ H → bb

ggF µγγggF µZZggF µWW
ggF µττggF µbbggF

VBF λγγVBF µ
γγ
ggF λZZVBF µ

ZZ
ggF λWW

VBF µ
WW
ggF λττVBF µ

ττ
ggF λbbVBF µ

bb
ggF

WH λγγWH µγγggF λZZWH µZZggF λWW
WH µWW

ggF λττWH µττggF λbbWH µbbggF
ZH λγγZH µγγggF λZZZH µZZggF λWW

ZH µWW
ggF λττZH µττggF λbbZH µbbggF

ttH λγγttH µγγggF λZZttH µZZggF λWW
ttH µWW

ggF λττttH µττggF λbbttH µbbggF

Single-state matrix parameterisation: rank(M) = 1

H → γγ H → ZZ H →WW H → ττ H → bb

ggF µγγggF µZZggF µWW
ggF µττggF µbbggF

VBF λVBF µ
γγ
ggF λVBF µ

ZZ
ggF λVBF µ

WW
ggF λVBF µ

ττ
ggF λVBF µ

bb
ggF

WH λWH µγγggF λWH µZZggF λWH µWW
ggF λWH µττggF λWH µbbggF

ZH λZH µγγggF λZH µZZggF λZH µWW
ggF λZH µττggF λZH µbbggF

ttH λttH µγγggF λttH µZZggF λttH µWW
ggF λttH µττggF λttH µbbggF

Table 16. The two signal parameterisations used to scale the expected yields of the 5 × 5 com-

binations of production processes and decay modes. The first parameterisation corresponds to the

most general case with 25 independent parameters, while the second parameterisation corresponds

to that expected for a single Higgs boson state. As explained in the text for the case of the general

matrix parameterisation, the two parameters µbbggF and λbbVBF are set to unity in the fits, since the

current analyses are not able to constrain them.

independently for each decay mode, as described in section 4.1.1. Several methods have

been proposed to assess the compatibility of the data with a single state [126, 127]. A test

for the possible presence of overlapping Higgs boson states is performed, based on a profile

likelihood ratio suggested in ref. [128]. This test accounts both for missing measurements,

such as the H → bb decay mode in the ggF and VBF production processes, and for

uncertainties in the measurements, including their correlations.

The 25 possible combinations resulting from five production processes times five decay

modes can be parameterised using a 5 × 5 matrix M in two ways:

• allowing full freedom for all yields except the two mentioned above, which are not

addressed in the combined analyses, leading to 23 free parameters, similarly to the fit

performed for all products of cross sections times branching fractions and presented

in section 4.1.1;

• assuming that all yields originate from five production processes and five decay modes,

leading to nine free parameters, as shown in table 6, similarly to the fit performed for

one reference cross section times branching fraction and eight ratios of cross sections

and branching fractions, described in section 4.1.2.

There is a direct relation between the rank of the 5 × 5 matrix M and the number

of degenerate states. More specifically, if the observations are due to a single state, the
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matrix can be obtained from one of its rows by using one common multiplier per row and

therefore rank(M) = 1, in contrast to rank(M) = 5 in the most general case. The two

parameterisations ofM used in this test are shown in table 16. They are both expressed in

terms of µjggF, defined as in eq. (2.2). Then, for the general case, the other parameters are

λji = µji/µ
j
ggF, whereas for the rank(M) = 1 case the other parameters are λi = µi/µggF.

In this section, the index i runs over the VBF, WH, ZH, and ttH production processes

and the index j runs over the five decay modes. The two statistical parameterisations

are nested since the second one can be obtained from the first by imposing λji = λi. The

SM prediction corresponds to the rank(M) =1 case, where µjggF = λi = λji = 1.

In contrast to the fits described previously, all the parameters of interest are constrained

to be positive for the fits performed in this section. This choice to restrict the parameter

space to the physically meaningful region improves the convergence of the fits. The results

of the fits to the data are consistent with those presented in section 4.1 for the two similar

parameterisations and are not reported here.

In order to quantify the compatibility of the data with the single-state hypothesis, a

profile likelihood ratio test statistic, qλ, is built that compares the hypothesis of a single-

state matrix with rank(M) = 1 to the general hypothesis with rank(M) = 5:

qλ = −2 ln
L(data|λji = λ̂i, µ̂

j
ggF)

L(data|λ̂ji , µ̂
′j
ggF)

, (5.1)

where µ̂jggF and µ̂′jggF represent the best fit values of the parameters of interest, respec-

tively for the single-state and general hypotheses. The observed value of qλ in data is

compared with the expected distribution, as obtained from pseudo-data samples randomly

generated from the best fit values of the rank(M) =1 hypothesis. The p-value of the

data with the single-state hypothesis is (29±2)%, where the uncertainty reflects the finite

number of pseudo-data samples generated, and does not show any significant departure

from the single-state hypothesis. The p-values obtained for the individual experiments

are 58% and 33% for ATLAS and CMS, respectively. These p-values can only be consid-

ered as the results of compatibility tests with the single-state hypothesis, represented by

the rank(M) = 1 parameterisation described above.

6 Constraints on Higgs boson couplings

Section 4.2 discusses the fit results from the most generic parameterisation in the context

of the κ-framework. This section probes more specific parameterisations with additional

assumptions. In the following, results from a few selected parameterisations, with increas-

ingly restrictive assumptions, are presented. The results are obtained from the combined

fits to the
√
s = 7 and 8 TeV data assuming that the coupling modifiers are the same at

the two energies.
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6.1 Parameterisations allowing contributions from BSM particles in loops and

in decays

As discussed in sections 2 and 3, the rates of Higgs boson production in the various decay

modes are inversely proportional to the Higgs boson width, which is sensitive to potential

invisible or undetected decay modes predicted by BSM theories. To directly measure the

individual coupling modifiers, an assumption about the Higgs boson width is necessary.

Two possible scenarios are considered in this section: the first leaves BBSM free, provided

that BBSM ≥ 0, but assumes that |κW | ≤ 1 and |κZ | ≤ 1 and that the signs of κW and κZ
are the same, assumptions denoted |κV | ≤ 1 in the following; the second assumes BBSM = 0.

The constraints assumed in the first scenario are compatible with a wide range of BSM

physics, which may become manifest in the loop-induced processes of gg → H production

and H → γγ decay. These processes are particularly sensitive to loop contributions from

new heavy particles, carrying electric or colour charge, or both, and such new physics

can be probed using the effective coupling modifiers κg and κγ . Furthermore, potential

deviations from the SM of the tree-level couplings to ordinary particles are parameterised

with their respective coupling modifiers. The parameters of interest in the fits to data are

thus the seven independent coupling modifiers, κZ , κW , κt, κτ , κb, κg, and κγ , one for each

SM particle involved in the production processes and decay modes studied, plus BBSM in

the case of the first fit. Here and in section 6.2, the coupling modifier κt is assumed to be

positive, without any loss of generality.

Figure 15 and table 17 show the results of the two fits, assuming either |κV | ≤ 1

and BBSM ≥ 0 or BBSM = 0. In the former case, an upper limit of BBSM = 0.34 at 95% CL

is obtained, compared to an expected upper limit of 0.39. The corresponding negative

log-likelihood scan is shown in figure 16. Appendix C describes how the two possible sign

combinations between κW and κZ impact the likelihood scan of BBSM for the observed and

expected results, as illustrated in figure 32. The p-value of the compatibility between the

data and the SM predictions is 11% with the assumption that BBSM = 0.

Another fit, motivated, for example, by BSM scenarios with new heavy particles that

may contribute to loop processes in Higgs boson production or decay, assumes that all

the couplings to SM particles are the same as in the SM, that there are no BSM decays

(BBSM = 0), and that only the gluon-gluon production and γγ decay loops may be affected

by the presence of additional particles. The results of this fit, which has only the effective

coupling modifiers κγ and κg as free parameters, with all other coupling modifiers fixed

to their SM values of unity, are shown in figure 17. The point κγ = 1 and κg = 1 lies

within the 68% CL region and the p-value of the compatibility between the data and the

SM predictions is 82%.

6.2 Parameterisation assuming SM structure of the loops and no BSM decays

In this section it is assumed that there are no new particles in the loops entering ggF

production and H → γγ decay. This assumption is supported by the measurements of the

effective coupling modifiers κg and κγ , which are consistent with the SM predictions. The

cross section for ggF production and the branching fraction for the H → γγ decay are

expressed in terms of the coupling modifiers of the SM particles in the loops, as indicated
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Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS

Measured Expected uncertainty Measured Measured

Parameterisation assuming |κV | ≤ 1 and BBSM ≥ 0

κZ 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]

κW 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]

κt 1.43+0.23
−0.22

+0.27
−0.32 1.31+0.35

−0.33 1.45+0.42
−0.32

|κτ | 0.87+0.12
−0.11

+0.14
−0.15 0.97+0.21

−0.17 0.79+0.20
−0.16

|κb| 0.57+0.16
−0.16

+0.19
−0.23 0.61+0.24

−0.26 0.49+0.26
−0.19

|κg| 0.81+0.13
−0.10

+0.17
−0.14 0.94+0.23

−0.16 0.69+0.21
−0.13

|κγ | 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

κZ −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]

κW 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]

κt 1.40+0.24
−0.21

+0.26
−0.39 1.32+0.31

−0.33 1.51+0.33
−0.32

|κτ | 0.84+0.15
−0.11

+0.16
−0.15 0.97+0.19

−0.19 0.77+0.18
−0.15

|κb| 0.49+0.27
−0.15

+0.25
−0.28 0.61+0.26

−0.31 0.47+0.34
−0.19

|κg| 0.78+0.13
−0.10

+0.17
−0.14 0.94+0.18

−0.17 0.67+0.14
−0.12

|κγ | 0.87+0.14
−0.09

+0.12
−0.13 0.88+0.15

−0.15 0.89+0.19
−0.13

Table 17. Fit results for two parameterisations allowing BSM loop couplings discussed in the

text: the first one assumes that |κV | ≤ 1, where κV denotes κZ or κW , 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 1σ 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.
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Figure 15. Fit results for two parameterisations allowing BSM loop couplings discussed in the

text: the first one assumes that BBSM ≥ 0 and that |κV | ≤ 1, where κV denotes κZ or κW , and

the second one assumes that there are no additional BSM contributions to the Higgs boson width,

i.e. BBSM = 0. The measured results for the combination of ATLAS and CMS are reported together

with their uncertainties, as well as the individual results from each experiment. The hatched areas

show the non-allowed regions for the κt parameter, which is assumed to be positive without loss

of generality. The error bars indicate the 1σ (thick lines) and 2σ (thin lines) intervals. When a

parameter is constrained and reaches a boundary, namely |κV | = 1 or BBSM = 0, the uncertainty

is not defined beyond this boundary. For those parameters with no sensitivity to the sign, only the

absolute values are shown.

in table 4. This leads to a parameterisation with six free coupling modifiers: κW , κZ , κt, κτ ,

κb, and κµ; the results of the H → µµ analysis are included for this specific case. In this

more constrained fit, it is also assumed that BBSM = 0.

Figure 18 and table 18 show the results of the fit for the combination of ATLAS and

CMS, and separately for each experiment. Compared to the results from the fitted decay

signal strengths (table 13) or the global signal strength µ = 1.09± 0.11 (section 5.1), this

fit yields values of the coupling modifiers lower than those predicted by the SM. This is a

consequence of the low value of κb, as measured by the combination of ATLAS and CMS

and by each experiment. A low value of κb decreases the total Higgs boson width through

the dominant Γbb partial decay width, and, as a consequence, the measured values of all

the coupling modifiers decrease, such that the values of σi(~κ) · Bf remain consistent with

the observed signal yields. The p-value of the compatibility between the data and the SM

predictions is 74%.
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Figure 16. Observed (solid line) and expected (dashed line) negative log-likelihood scan of BBSM,

shown for the combination of ATLAS and CMS when allowing additional BSM contributions to

the Higgs boson width. The results are shown for the parameterisation with the assumptions that

|κV | ≤ 1 and BBSM ≥ 0 in figure 15. All the other parameters of interest from the list in the

legend are also varied in the minimisation procedure. The red horizontal line at 3.84 indicates the

log-likelihood variation corresponding to the 95% CL upper limit, as discussed in section 3.2.

A different view of the relation between the fitted coupling modifiers and the SM pre-

dictions is presented in figure 19. New parameters are derived from the coupling modifiers,

to make explicit the dependence on the particle masses: linear for the Yukawa couplings

to the fermions and quadratic for the gauge couplings of the Higgs boson to the weak

vector bosons. These new parameters are all assumed in this case to be positive. For

fermions with mass mF,i, the parameters are κF,i · yF,i/
√

2 = κF,i · mF,i/v, where yF,i
is the Yukawa coupling strength, assuming a SM Higgs boson with a mass of 125.09 GeV,

and v = 246 GeV is the vacuum expectation value of the Higgs field. For the weak vector

bosons with mass mV,i, the new parameters are
√
κV,i · gV,i/2v =

√
κV,i · mV,i/v, where

gV,i is the absolute Higgs boson gauge coupling strength. The linear scaling of these new

parameters as a function of the particle masses observed in figure 19 indicates qualitatively

the compatibility of the measurements with the SM. For the b quark, the running mass

evaluated at a scale equal to mH , mb(mH) = 2.76 GeV, is used.

Following the phenomenological model suggested in ref. [129], the coupling modifiers

can also be expressed as a function of a mass scaling parameter ε, with a value ε = 0 in

the SM, and a free parameter M , equal to v in the SM: κF,i = v · mε
F,i/M

1+ε and κV,i =
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Figure 17. Negative log-likelihood contours at 68% and 95% CL in the (κγ , κg) plane for the

combination of ATLAS and CMS and for each experiment separately, as obtained from the fit to

the parameterisation constraining all the other coupling modifiers to their SM values and assum-

ing BBSM = 0.

v · m2ε
V,i/M

1+2ε. A fit is then performed with the same assumptions as those of table 18 with

ε and M as parameters of interest. The results for the combination of ATLAS and CMS

are ε = 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], in which the total Higgs boson width is also allowed to vary. The

main parameters of interest for these tests are λdu = κd/κu for the up- and down-type

fermion symmetry, and λlq = κl/κq 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.
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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 1σ (thick lines) and

2σ (thin lines) intervals. When a parameter is constrained and reaches a boundary, namely |κµ| = 0,

the uncertainty is not defined beyond this boundary. For those parameters with no sensitivity to

the sign, only the absolute values are shown.

6.3.1 Probing the up- and down-type fermion symmetry

The free parameters for this test are: λdu = κd/κu, λV u = κV /κu, and κuu = κu · κu/κH ,

where this latter term is positive definite since κH is always assumed to be positive. The

up-type fermion couplings are mainly probed by the ggF production process, the H → γγ

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 → ττ 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 figure 20. The p-value of the

compatibility between the data and the SM predictions is 72%. The likelihood scan for

the λdu parameter is shown in figure 21 for the combination of ATLAS and CMS. Negative

values for the parameter λV u are excluded by more than 4σ.
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Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS

Measured Expected uncertainty Measured Measured

κZ 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]

κW 0.91+0.10
−0.12

+0.10
−0.11 0.91+0.12

−0.15 0.92+0.14
−0.17

κt 0.87+0.15
−0.15

+0.15
−0.18 0.98+0.21

−0.20 0.77+0.20
−0.18

|κτ | 0.90+0.14
−0.16

+0.15
−0.14 0.99+0.20

−0.20 0.83+0.20
−0.21

κb 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]

|κµ| 0.2+1.2 +0.9 0.0+1.4 0.5+1.4

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 1σ CL intervals are shown on a second line. When a

parameter is constrained and reaches a boundary, namely |κµ| = 0, the uncertainty is not indicated.

For those parameters with no sensitivity to the sign, only the absolute values are shown.

6.3.2 Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of section 6.3.1, which probes the

up- and down-type fermion symmetry. In this case, the free parameters are λlq = κl/κq,

λV q = κV /κq, and κqq = κq · κq/κH , where the latter term is positive definite, like κuu.

The quark couplings are mainly probed by the ggF process, the H → γγ and H → bb

decays, and to a lesser extent by the ttH process. The lepton couplings are probed by

the H → ττ decays. The results are expected, however, to be insensitive to the relative

sign of the couplings, because there is no sizeable lepton-quark interference in any of the

relevant Higgs boson production processes and decay modes. Only the absolute value of

the λlq parameter is therefore considered in the fit.

The results of the fit are reported in table 19 and figure 22. The p-value of the

compatibility between the data and the SM predictions is 79%. The likelihood scan for

the λlq parameter is shown in figure 23 for the combination of ATLAS and CMS. Negative

values for the parameter λV q are excluded by more than 4σ.
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Figure 19. Best fit values as a function of particle mass for the combination of ATLAS and CMS

data in the case of the parameterisation described in the text, with parameters defined as κF · mF /v

for the fermions, and as
√
κV · mV /v for the weak vector bosons, where v = 246 GeV is the vacuum

expectation value of the Higgs field. The dashed (blue) line indicates the predicted dependence on

the particle mass in the case of the SM Higgs boson. The solid (red) line indicates the best fit result

to the [M, ε] phenomenological model of ref. [129] with the corresponding 68% and 95% CL bands.

6.4 Fermion and vector boson couplings

The last and most constrained parameterisation studied in this section is motivated by

the intrinsic difference between the Higgs boson couplings to weak vector bosons, which

originate from the breaking of the EW symmetry, and the Yukawa couplings to the fermions.

Similarly to section 6.2, it is assumed in this section that there are no new particles in the

loops (ggF production process and H → γγ decay mode) and that there are no BSM decays,

i.e. BBSM = 0. Vector and fermion coupling modifiers, κV and κF , are defined such that

κZ = κW = κV and κt = κτ = κb = κF . These definitions can be applied either globally,

yielding two parameters, or separately for each of the five decay channels, yielding ten

parameters κfV and κfF (following the notation related to Higgs boson decays used for the

signal strength parameterisation). Two fits are performed: a two-parameter fit as a function

of κV and κF , and a ten-parameter fit as a function of κfV and κfF for each decay channel.

As explained in section 2.4 and shown explicitly in table 4, the Higgs boson production

cross sections and partial decay widths are only sensitive to products of coupling modifiers

and not to their absolute sign. Any sensitivity to the relative sign between κV and κF
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separately for each experiment, for the parameterisation testing the up- and down-type fermion

coupling ratios. The error bars indicate the 1σ (thick lines) and 2σ (thin lines) intervals. The

parameter κuu is positive definite since κH is always assumed to be positive. Negative values for

the parameter λV u are excluded by more than 4σ.
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Figure 21. Observed (solid line) and expected (dashed line) negative log-likelihood scan of the λdu
parameter, probing the ratios of coupling modifiers for up-type versus down-type fermions for the

combination of ATLAS and CMS. The other parameters of interest from the list in the legend are

also varied in the minimisation procedure. The red (green) horizontal line at the −2∆ ln Λ value of

1 (4) indicates the value of the profile likelihood ratio corresponding to a 1σ (2σ) CL interval for

the parameter of interest, assuming the asymptotic χ2 distribution of the test statistic.
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The error bars indicate the 1σ (thick lines) and 2σ (thin lines) intervals. For the parameter λlq, for

which there is no sensitivity to the sign, only the absolute values are shown. The parameter κqq is

positive definite since κH is always assumed to be positive. Negative values for the parameter λV q
are excluded by more than 4σ.
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Figure 23. Observed (solid line) and expected (dashed line) negative log-likelihood scan of the λlq
parameter, probing the ratios of coupling modifiers for leptons versus quarks for the combination

of ATLAS and CMS. The other parameters of interest from the list in the legend are also varied in

the minimisation procedure. The red (green) horizontal line at the −2∆ ln Λ value of 1 (4) indicates

the value of the profile likelihood ratio corresponding to a 1σ (2σ) CL interval for the parameter of

interest, assuming the asymptotic χ2 distribution of the test statistic.
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Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS

Measured Expected uncertainty Measured Measured

λdu 0.92 0.86 1.01

[0.80, 1.04] [−1.21,−0.92]∪ [−1.03,−0.78]∪ [−1.20,−0.94]∪

[0.87, 1.14] [0.73, 1.01] [0.83, 1.21]

λV u 1.00+0.13
−0.12

+0.20
−0.12 0.88+0.18

−0.14 1.16+0.23
−0.19

κuu 1.07+0.22
−0.18

+0.20
−0.27 1.33+0.35

−0.34 0.82+0.24
−0.21

|λlq| 1.06+0.15
−0.14

+0.16
−0.14 1.10+0.20

−0.18 1.05+0.24
−0.22

λV q 1.09+0.14
−0.13

+0.13
−0.12 1.01+0.17

−0.15 1.18+0.22
−0.19

κqq 0.93+0.17
−0.15

+0.18
−0.16 1.07+0.24

−0.21 0.80+0.22
−0.18

Table 19. Summary of fit results for the two parameterisations probing the ratios of coupling

modifiers for up-type versus down-type fermions and for leptons versus quarks. The results for

the combination of ATLAS and CMS are reported together with their measured and expected

uncertainties. Also shown are the results from each experiment. The parameters κuu and κqq are

both positive definite since κH is always assumed to be positive. For the parameter λdu, for which

both signs are allowed, the 1σ CL intervals are shown on a second line. For the parameter λlq, for

which there is no sensitivity to the sign, only the absolute values are shown. Negative values for

the parameters λV u and λV q are excluded by more than 4σ.

can only occur through interference terms, either in the H → γγ decays, through the t–

W interference in the γγ decay loop, or in ggZH or tH production. Without any loss of

generality, this parameterisation assumes that one of the two coupling modifiers, namely κV
(or κfV ), is positive.

The combined ATLAS and CMS results are shown in figure 24 for the individual

channels and their combination. The individual decay channels are seen to be compatible

with each other only for positive values of κfF . The incompatibility between the channels

for negative values of κfF arises mostly from the H → γγ, H → WW , and H → ZZ

channels. Nonetheless, the best fit values for most of the individual channels correspond

to negative values of κfF . However, the best fit value from the global fit yields κF ≥ 0, a

result that is driven by the large asymmetry between the positive and negative coupling

ratios in the case of H → γγ decays.

The fact that, for four of the five individual channels, the best fit values correspond

to κfF ≤ 0 is not significant, as shown by the likelihood curves in figures 25 (a-e). The H →
bb decay channel displays the largest expected sensitivity, mostly arising from the contribu-

tion of the ggZH process, and the best fit value of κbbF is positive. For all other decay modes,

a small sensitivity arises because of the tH process. The excess observed in the combination

of the two experiments for the ttH production process induces a preference for a relative
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Figure 25. Observed (solid line) and expected (dashed line) negative log-likelihood scans for

the five κfF parameters, corresponding to each individual decay channel, and for the global κF
parameter, corresponding to the combination of all decay channels: (a) κγγF , (b) κZZF , (c) κWW

F , (d)

κττF , (e) κbbF , and (f) κF . All the other parameters of interest from the list in the legends are also

varied in the minimisation procedure. The red (green) horizontal lines at the −2∆ ln Λ value of 1

(4) indicate the value of the profile likelihood ratio corresponding to a 1σ (2σ) CL interval for the

parameter of interest, assuming the asymptotic χ2 distribution of the test statistic.
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Figure 26. Top: negative log-likelihood contours at 68% and 95% CL in the (κF , κV ) plane on an

enlarged scale for the combination of ATLAS and CMS and for the global fit of all channels. Also

shown are the contours obtained for each experiment separately. Bottom: negative log-likelihood

contours at 68% CL in the (κfF , κfV ) plane for the combination of ATLAS and CMS and for the

individual decay channels as well as for their global combination (κF versus κV ), assuming that all

coupling modifiers are positive.
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negative sign between the two coupling modifiers, which increases significantly the tH cross

section and thereby provides a better fit to the data. The only visible difference between

the two minima at positive and negative values of κfF is observed for the H →WW channel.

As stated above, the channel most affected by the relative sign of the couplings is

the H → γγ decay channel: because of the negative t–W interference in the γγ loop, the

H → γγ partial width would be much larger if the sign of κγγF were opposite to that of κγγV .

When combining the H → γγ decay channel with all the other channels, the opposite sign

case is excluded by almost 5σ, as can be inferred from figure 25 (f).

Figure 26 (top) presents, on an enlarged scale, the results of the scan for the global

coupling modifiers as well as those obtained separately for each experiment. For complete-

ness, additional likelihood scans are performed for the two global coupling modifiers and

for those of each decay channel, assuming in all cases that κF and κV are both positive.

The results of these scans are shown in figure 26 (bottom). The most precise determination

of κfF and κfV is obtained from the H →WW decay channel because it is the only one that

provides significant constraints on both parameters, through the measurements of the ggF

and VBF production processes. The difference in size between the H → WW confidence

regions obtained for κfF ≥ 0 in figure 24 and figure 26 (bottom), where it is explicitly as-

sumed that κfF ≥ 0, is due to the fact that the negative log-likelihood contours are evaluated

using as a reference the minima obtained from different likelihood fits. The combination

of all decay modes provides significant additional constraints. All results are in agreement

with the SM prediction, κfF = 1 and κfV = 1, and the p-value of the compatibility between

the data and the SM predictions is 59%.

7 Summary

An extensive set of combined ATLAS and CMS measurements of the Higgs boson produc-

tion and decay rates is presented, and a number of constraints on its couplings to vector

bosons and fermions are derived based on various sets of assumptions. The combination

is based on the analysis of approximately 600 categories of selected events, concerning five

production processes, ggF, VBF, WH, ZH, and ttH, where ggF and VBF refer, respec-

tively, to production through the gluon fusion and vector boson fusion processes; and six

decay channels, H → ZZ,WW, γγ, ττ, bb, and µµ. All results are reported assuming a

value of 125.09 GeV for the Higgs boson mass, the result of the combined Higgs boson

mass measurement by the two experiments [22]. The analysis uses the LHC proton-proton

collision data sets recorded by the ATLAS and CMS detectors in 2011 and 2012, corre-

sponding to integrated luminosities per experiment of approximately 5 fb−1 at
√
s = 7 TeV

and 20 fb−1 at
√
s = 8 TeV. This paper presents the final Higgs boson coupling combined

results from ATLAS and CMS based on the LHC Run 1 data.

The combined analysis is sensitive to the couplings of the Higgs boson to the weak vec-

tor bosons and to the heavier fermions (top quarks, b quarks, τ leptons, and – marginally –

muons). The analysis is also sensitive to the effective couplings of the Higgs boson to the

photon and the gluon. At the LHC, only products of cross sections and branching fractions

are measured, so the width of the Higgs boson cannot be probed without assumptions be-
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yond the main one used for all measurements presented here, namely that the Higgs boson

production and decay kinematics are close to those predicted by the Standard Model (SM).

In general, the combined analysis presented in this paper provides a significant improve-

ment with respect to the individual combinations published by each experiment separately.

The precision of the results improves in most cases by a factor of approximately 1/
√

2, as

one would expect for the combination of two largely uncorrelated measurements based on

similar-size data samples. A few illustrative results are summarised below.

For the first time, results are shown for the most generic parameterisation of the

observed event yields in terms of products of Higgs boson production cross sections times

branching fractions, separately for each of 20 measurable (σi, Bf ) pairs of production

processes and decay modes. These measurements do not rely on theoretical predictions for

the inclusive cross sections and the uncertainties are mostly dominated by their statistical

component. In the context of this parameterisation, one can test whether the observed

yields arise from more than one Higgs boson, all with experimentally indistinguishable

masses, but possibly with different coupling structures to the SM particles. The data are

compatible with the hypothesis of a single Higgs boson, yielding a p-value of 29%.

Fits to the observed event yields are also performed without any assumption about the

Higgs boson width in the context of two other generic parameterisations. The first parame-

terisation is in terms of ratios of production cross sections and branching fractions, together

with the reference cross section of the process gg → H → ZZ. All results are compatible

with the SM. The best relative precision, of about 30%, is achieved for the ratio of cross

sections σVBF/σggF and for the ratios of branching fractions BWW /BZZ and Bγγ/BZZ . A

relative precision of around 40% is achieved for the ratio of branching fractions Bττ/BZZ .

The second parameterisation is in terms of ratios of coupling modifiers, together with one

parameter expressing the gg → H → ZZ reference process in terms of these modifiers.

The ratios of coupling modifiers are measured with precisions of approximately 10–20%,

where the improvement in precision in this second parameterisation arises because the

signal yields are expressed as squares or products of these coupling modifiers.

All measurements based on the generic parameterisations are compatible between the

two experiments and with the predictions of the SM. The potential presence of physics

beyond the SM (BSM) is also probed using specific parameterisations. With minimal

additional assumptions, the overall branching fraction of the Higgs boson into BSM decays

is determined to be less than 34% at 95% CL. This constraint applies to invisible decays into

BSM particles, decays into BSM particles that are not detected as such, and modifications

of the decays into SM particles that are not directly measured by the experiments.

The combined signal yield relative to the SM expectation is measured to be 1.09 ±
0.07 (stat) ±0.08 (syst), where the systematic uncertainty is dominated by the theoretical

uncertainty in the inclusive cross sections. The measured (expected) significance for the

direct observation of the VBF production process is at the level of 5.4σ (4.6σ), while that

for the H → ττ decay channel is at the level of 5.5σ (5.0σ).
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A Correlation matrices

Figures 27, 28 and 29 show the correlation matrices obtained from the fits to the generic

parameterisations described respectively in sections 4.1.1, 4.1.2, and 4.2. The correlation

coefficients are evaluated around the best fit values, using the second derivatives of the

negative log-likelihood ratio.

In the case of the parameterisation using 23 products of cross sections times branching

fractions, most of the parameters are uncorrelated, as shown in figure 27. Some signifi-

cant anticorrelations are present however, because of cross-contamination between different

channels. These can be seen in the ggF versus VBF production processes for all decay

modes, in the WH versus ZH production processes for the H → γγ decay mode, and in

the H →WW versus H → ττ decay modes for the ttH production process.

In contrast, for the two parameterisations based on ratios shown in figures 28 and 29,

correlations are present for all pairs of parameters. For example, in each of these pa-

rameterisations, the first parameter is anticorrelated to most of the others, which are all

expressed as ratios of cross sections, branching fractions, or coupling modifiers, because it

is directly correlated to the denominators of these ratios.

These correlation matrices are constructed as symmetric at the observed best fit values

of the parameters of interest, and therefore are not fully representative of the asymmet-

ric uncertainties observed in certain parameterisations, as shown for example in figure 9.

The derivation of the results for a specific parameterisation, with additional assumptions

compared to a more generic one, from the fit results and the covariance matrix of this

more generic parameterisation, is therefore not straightforward. This is one of the reasons

for quoting the best fit results in sections 5 and 6 for a wide range of parameterisations,

beyond the more generic ones discussed in section 4.

B Breakdown of systematic uncertainties

The results of the generic parameterisation of section 4.1.2, in terms of ratios of cross

sections and branching fractions, with gg → H → ZZ as the reference channel, are shown

with the full breakdown of the uncertainties in table 20. The corresponding results for

a similar parameterisation, with gg → H → WW as reference, are shown in table 21

and illustrated in figure 30. The parameters corresponding to ratios of cross sections

are identical in each of these parameterisations, and they are included in both tables for

convenience, as are the two ratios, BWW /BZZ and BZZ/BWW . Finally, the results of the

generic parameterisation of section 4.2, in terms of ratios of coupling modifiers, are shown

with the full breakdown of the uncertainties in table 22.
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Figure 27. Correlation matrix obtained from the fit combining the ATLAS and CMS data using

the generic parameterisation with 23 parameters described in section 4.1.1. Only 20 parameters

are shown because the other three, corresponding to the H → ZZ decay channel for the WH, ZH,

and ttH production processes, are not measured with a meaningful precision.
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Figure 28. Correlation matrix obtained from the fit combining the ATLAS and CMS data using

the generic parameterisation with nine parameters described in section 4.1.2.
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Figure 29. Correlation matrix obtained from the fit combining the ATLAS and CMS data using

the generic parameterisation with seven parameters described in section 4.2.
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Figure 30. Best fit values of the gg → H →WW cross section and of ratios of cross sections and

branching fractions, as obtained from the generic parameterisation described in section 4.1.2 and

as tabulated in table 21 for the combination of the ATLAS and CMS measurements. Also shown

are the results from each experiment. The values involving cross sections are given for
√
s = 8 TeV,

assuming the SM values for σi(7 TeV)/σi(8 TeV). The error bars indicate the 1σ (thick lines) and

2σ (thin lines) intervals. In this figure, the fit results are normalised to the SM predictions for the

various parameters and the shaded bands indicate the theoretical uncertainties in these predictions.
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Figure 31. Negative log-likelihood scan for λbZ showing the minima obtained when considering

all sign combinations (solid line) and each specific one separately (dashed lines).
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Figure 32. Observed (left) and expected (right) negative log-likelihood scan for BBSM, the minima

obtained when considering both sign combinations (solid line) and each specific one separately

(dashed lines).

C Likelihood scans for coupling modifier parameterisations

For the results based on certain coupling modifier parameterisations described in sec-

tions 4.2 and 6, it is necessary to account for the relative signs between parameters that
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modify the rates of certain signal production processes and decay modes through interfer-

ence effects. For example, in the generic parameterisation in terms of ratios of coupling

modifiers, the signs of λZg, λWZ , and λtg affect the rates of tH production through t–

W interference, and of ggZH production through t–Z interference. The parameters λZg
and, as a consequence, κgZ are assumed to be positive without loss of generality. From

this follows that there are four relevant sign combinations of λWZ and λtg, which must be

evaluated when performing all likelihood scans. An example is given in figure 31 for |λbZ |,
with a separate curve shown for each sign combination. Each sign hypothesis gives rise

to a distinct local minimum. As the negative log-likelihood for each case is determined

relative to a common reference point, it is possible to identify the global minimum. For

this parameterisation, the SM sign hypothesis (λWZ > 0, λtg > 0) corresponds to this

global minimum. A new negative log-likelihood curve is defined as the envelope of the ones

obtained for the different sign hypotheses, by taking the smallest value of −2 ln Λ from

the different sign hypotheses as a function of the parameter being considered in the scan.

This curve, indicated by the solid line in figure 31, is used to determine the uncertainties

and the confidence intervals. In the case of the example chosen here, but also more gen-

erally, this procedure results in larger confidence intervals than would be found from the

(λWZ > 0, λtg > 0) hypothesis alone.

Another example of the effect of the different sign combinations is given in figure 32,

which shows the observed and expected negative log-likelihood scans for BBSM using the

parameterisation described in section 6.1. Given that in this parameterisation, opposite

signs of κW and κZ are not considered, only two sign combination hypotheses, κW >

0, κZ > 0 and κW < 0, κZ < 0, are evaluated. In the expected negative log-likelihood

curve, a transition between the two hypotheses occurs at BBSM ≈ 0.175. This has the

effect of increasing the expected 95% CL upper limit on BBSM from 0.35, when considering

only the κW > 0, κZ > 0 case, to 0.39, once both sign combinations are considered.
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Vergata, Roma, Italy
135 (a) INFN Sezione di Roma Tre; (b) Dipartimento di Matematica e Fisica, Università Roma Tre,
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G.G. Da Silveira, D. De Jesus Damiao, C. De Oliveira Martins, S. Fonseca De Souza,

L.M. Huertas Guativa, H. Malbouisson, D. Matos Figueiredo, C. Mora Herrera, L. Mundim,

H. Nogima, W.L. Prado Da Silva, A. Santoro, A. Sznajder, E.J. Tonelli Manganote4,

A. Vilela Pereira

Universidade Estadual Paulista a, Universidade Federal do ABC b, São Paulo,

Brazil

S. Ahujaa, C.A. Bernardesb, S. Dograa, T.R. Fernandez Perez Tomeia, E.M. Gregoresb,

P.G. Mercadanteb, C.S. Moona,5, S.F. Novaesa, Sandra S. Padulaa, D. Romero Abadb,

J.C. Ruiz Vargas

Institute for Nuclear Research and Nuclear Energy, Sofia, Bulgaria

A. Aleksandrov, R. Hadjiiska, P. Iaydjiev, M. Rodozov, S. Stoykova, G. Sultanov, M. Vu-

tova

University of Sofia, Sofia, Bulgaria

A. Dimitrov, I. Glushkov, L. Litov, B. Pavlov, P. Petkov

Beihang University, Beijing, China

W. Fang6

Institute of High Energy Physics, Beijing, China

M. Ahmad, J.G. Bian, G.M. Chen, H.S. Chen, M. Chen, Y. Chen7, T. Cheng, R. Du,

C.H. Jiang, D. Leggat, Z. Liu, F. Romeo, S.M. Shaheen, A. Spiezia, J. Tao, C. Wang,

Z. Wang, H. Zhang, J. Zhao

State Key Laboratory of Nuclear Physics and Technology, Peking University,

Beijing, China

C. Asawatangtrakuldee, Y. Ban, Q. Li, S. Liu, Y. Mao, S.J. Qian, D. Wang, Z. Xu

Universidad de Los Andes, Bogota, Colombia

C. Avila, A. Cabrera, L.F. Chaparro Sierra, C. Florez, J.P. Gomez,
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I.N. Naranjo, M. Nguyen, C. Ochando, G. Ortona, P. Paganini, P. Pigard, S. Regnard,

R. Salerno, Y. Sirois, T. Strebler, Y. Yilmaz, A. Zabi

Institut Pluridisciplinaire Hubert Curien, Université de Strasbourg, Univer-
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RWTH Aachen University, III. Physikalisches Institut B, Aachen, Germany
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A. Tatarinov, K.A. Ulmer

Texas Tech University, Lubbock, U.S.A.

N. Akchurin, C. Cowden, J. Damgov, C. Dragoiu, P.R. Dudero, J. Faulkner, S. Kunori,

K. Lamichhane, S.W. Lee, T. Libeiro, S. Undleeb, I. Volobouev, Z. Wang

Vanderbilt University, Nashville, U.S.A.

A.G. Delannoy, S. Greene, A. Gurrola, R. Janjam, W. Johns, C. Maguire, A. Melo, H. Ni,

P. Sheldon, S. Tuo, J. Velkovska, Q. Xu

University of Virginia, Charlottesville, U.S.A.

M.W. Arenton, P. Barria, B. Cox, J. Goodell, R. Hirosky, A. Ledovskoy, H. Li, C. Neu,

T. Sinthuprasith, X. Sun, Y. Wang, E. Wolfe, F. Xia

Wayne State University, Detroit, U.S.A.

C. Clarke, R. Harr, P.E. Karchin, P. Lamichhane, J. Sturdy

University of Wisconsin - Madison, Madison, WI, U.S.A.

D.A. Belknap, S. Dasu, L. Dodd, S. Duric, B. Gomber, M. Grothe, M. Herndon,
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