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Abstract

Combined ATLAS and CMS measurements of the Higgs boson production and decay rates,
as well as constraints on its couplings to vector bosons and fermions, are presented. The
combination is based on the analysis of five production processes, namely gluon fusion, vec-
tor boson fusion, and associated production with a W or a Z boson or a pair of top quarks, and
of the six decay modes H — ZZ, WW, vy, tt, bb, and pu. All results are reported assuming
a value of 125.09 GeV for the Higgs boson mass, the result of the combined measurement
by the ATLAS and CMS experiments. The analysis uses the CERN LHC proton—proton
collision data recorded by the ATLAS and CMS experiments in 2011 and 2012, corres-
ponding to integrated luminosities per experiment of approximately 5 fb~! at /s = 7 TeV
and 20 fb~! at /s = 8 TeV. The Higgs boson production and decay rates measured by the
two experiments are combined within the context of three generic parameterisations: two
based on cross sections and branching fractions, and one on ratios of coupling modifiers.
Several interpretations of the measurements with more model-dependent parameterisations
are also given. The combined signal yield relative to the Standard Model prediction is meas-
ured to be 1.09 + 0.11. The combined measurements lead to observed significances for the
vector boson fusion production process and for the H — 77 decay of 5.4 and 5.5 standard
deviations, respectively. The data are consistent with the Standard Model predictions for all
parameterisations considered.
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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, mp, 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 ex-
periments, summarised in Refs. [17-21], established that all measurements 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 com-
bined measurement of the Higgs boson mass [22], using LHC Run 1 data for the H — yy 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

my = 125.09 £ 0.21(stat.) + 0.11(syst.) GeV, (1)

where the total uncertainty is dominated by the statistical component. The Higgs boson mass is assumed
to be my = 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 VH) or a pair of top quarks (1#H). The decay channels
considered are those to bosons, H —» ZZ, H - WW, and H — 7yy; and to fermions, H — 71, H — bb,
and H — pu. 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 ap-
proximately 5 fb~! at /s = 7 TeV (recorded in 2011) and 20 fb~! 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 pro-
duction 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 inter-
pretation of the data. Section 3 gives an overview of the analyses included in this combination, describes
the statistical procedure used, together 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 parameterisa-
tions. 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 sections and branching fractions, are presented. The
main features of the MC generators used to simulate Higgs boson production and decay in each experi-
ment are described. Finally, the formalisms of two widely used frameworks, based on signal strengths and
coupling modifiers, 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 processes, listed in
order of decreasing cross section at the Run 1 centre-of-mass energies:

e gluon fusion production gg — H (Fig. 1a);

e vector boson fusion production gg — gqH (Fig. 1b);

e associated production with a W boson, g¢ — WH (Fig. 2a), or with a Z boson, pp — ZH, including
a small (~ 8%) but less precisely known contribution from gg — ZH (9gZH) (Figs. 2a, 2b, and 2c¢);

e associated production with a pair of top quarks, gq,gg — 1tH (Fig. 3).



(a) (b)

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) g¢g — VH and
(b, ¢) g9 — 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/9g9 — bbH processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are gq,g9 — bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (¢H), shown in Fig. 4. The latter process proceeds through either
qq/qb — tHb/tHq' (tHq) (Figs. 4a and 4b) or gb — tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H — yy decay is mediated by W boson or heavy quark
loops (Fig. 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 Higgs boson mass my = 125.09 GeV. The SM
predictions of the branching fractions for H — gg, cc, and Zy are included for completeness. Although
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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.

(a) (b)

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.

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:

e for ggF and VBF production, both experiments use PowHeG [80—84] for the event generation, in-
terfaced either to PytHia8 [85] (ATLAS) or PytHia6.4 [86] (CMS) for the simulation of the par-
ton shower, the hadronisation, and the underlying event, collectively referred to in the following
as UEPS.



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 my = 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. gq¢g — 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
a,. 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].

Production Cross section [pb] Order of

process Vs =7TeV Vs =8TeV calculation
ggF 150 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)
[g9ZH] 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 174 £ 1.6 223 +2.0

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.

Decay mode Branching fraction [%]

H — bb 575 +19
H—> WW 21.6 =09
H — gg 8.56 +0.86
H—- 11 6.30 +0.36
H — cc 2.90 £0.35
H—ZZ 2.67 £0.11
H — yy 0.228 £0.011
H— Zy 0.155 +0.014
H — uu 0.022 +0.001




e for WH and ZH production, both experiments use LO event generators for all quark-initiated pro-
cesses, namely PyTHiA8 in ATLAS and PyTHiA6.4 in CMS. A prominent exception is the H — bb
decay channel, for which ATLAS uses Powngc interfaced to Pytaia8, while CMS uses Pownec
interfaced to HErwic++ [87]. The ggZH production process is also considered, even though it
contributes only approximately 8% of the total ZH production cross section in the SM, because it
is expected to yield a relatively hard Higgs boson transverse momentum (pr) spectrum, enhancing
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 VH analysis for the H — bb chan-
nel. ATLAS uses PownEg interfaced to Pytuia8 while CMS uses a reweighted gg — 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.

o for #tH production, ATLAS uses the NLO calculation of the HELAC-ONELooP package [88] inter-
faced to PowHEG, often referred to as PowHEL [89], while CMS simulates this process with the LO
PyTHIA6.4 program.

e within the SM, the contribution from tH production to analyses searching for ##H production
is small, but in certain BSM scenarios it may become large through interference effects
(see Section 2.4). The tH production processes are simulated in both experiments using
MapGrapuS_aMC@NLO [79] interfaced to HERwiG++ in the case of tHW production, while the
tHq production process is simulated using MADGRraPH [90] interfaced to PytHia8 in ATLAS and
MaDGRrAPHS_AMC@NLO interfaced to PytHia6.4 in CMS.

e 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 MapGrapH5_aAMC@NLO in
CMS, for the categories most sensitive to this production process in the various channels. Given
that the selection efficiencies of bbH production 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 cat-
egorisation and selection efficiencies, is reweighted to match the HREes2.1 prediction [45—47], which ac-
counts 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 re-
weighted to match the prediction of the Pownec 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.



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.

Production Event generator
process ATLAS CMS

ggF PowHnEG [80-84] PowHEG
VBF PowHEG PowHEG
WH PytHIAS [85] PyTHIAG.4 [86]
ZH (qq —» ZH or qg — ZH) PyTHIA8 PyTH1A6.4
g9ZH (g9 — ZH) PowHEG See text
ttH PownEL [88] PyTHIAG.4
tHq (gb — tHq) MabpGrarH [90] AMC@NLO [79]
tHW (gb — tHW) AMC@NLO AMC@NLO
bbH PyTHIAS PytHIAG.4, AMC@NLO

2.3. Signal strengths

The signal strength y, 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, y;, and for the decay, /, are defined as

(i)sm (B )sm

Hi @)
Here o; (i = ggF, VBF, WH,ZH, ttH) and B/ (f = ZZ, WW,yy, t7, bb, uu) are respectively the produc-
tion 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, 4; = 1 and &/ = 1 in the SM. Since o; and B/ cannot be
separated without additional assumptions, only the product of ; and u/ can be measured experimentally,
leading to a signal strength ,u{ for the combined production and decay:

;o a'i-Bf ;

L A 3
(osm - BHsy K ©)

u

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 per-
formed 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 follow-
ing: 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 ##H, 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 — Zvy signal strength is assumed
to be the same as for H — yy decays.



2.4. Coupling modifiers

Based on a LO-motivated framework [32] (k-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 o(i — H — f) contributing to a measured signal yield can be parameterised as:

oi(®) - TV (R)

; .Bf =
o T,

“)
where 'y is the total width of the Higgs boson and I" is the partial width for Higgs boson decay to the
final state f. A set of coupling modifiers, &, is introduced to parameterise 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 ““;”, a coupling modifier «; is defined such that:

K =ojfo™ or k& =TITh . 5)
where all k; 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 «; values different from unity, but the dominant higher-order QCD correc-
tions factorise to a large extent from any rescaling of the coupling strengths and are therefore assumed to
remain valid over the entire range of «; 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 Figs. 1-6. Individual coupling modifiers, corresponding to tree-level Higgs boson couplings to the
different particles, are introduced, as well as two effective coupling modifiers, «, and «,, which describe
the loop processes for ggF production and H — vy decay. This is possible because BSM particles that
might be present in these loops are not expected to appreciably change the kinematics of the correspond-
ing process. The gg — H and H — vy 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 process, which occurs
at LO through box and triangular loop diagrams (Figs. 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, kz
and «;.

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 — vy 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 «; and «;, through the t—b interference. The relative
signs of the coupling modifiers «; and «,, 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, ap-
proximately 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 «y - ;. In the specific case where «y - k, = —1, the tHW
and tHq cross sections increase by factors of 6 and 13, respectively, so that the tH process displays some



Table 4: Higgs boson production cross sections o, partial decay widths I'/, and total decay width (in the absence of
BSM decays) parameterised as a function of the kx 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 'y 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.

Effective Resolved
Production Loops Interference scaling factor scaling factor
(ggF) v t=b < 1.06 - &7 + 0.01 - k% — 0.07 - kkp
o(VBF) - - 0.74 - 3, + 0.26 - k%
o(WH) - - K%V
o(qq/99 — ZH) - - K
o(gg — ZH) v —-Z 2.27- K% +0.37 - &2 — 1.64 - k7
o(ttH) - - K>
o(gb — tHW) - =W 1.84 -k + 1.57 - k3, — 241 - ek
o(qq/qb — tHgq) - =W 3.40 - k7 +3.56 - k3, — 5.96 - kikw
o (bbH) - - K7
Partial decay width
r# - — K%
rvw - - K%V
r”r v =W K)z, 1.59 - K%V +0.07 - K,z —0.66 - kyk;
e _ _ K2
rbb - - K%
rH - - KZ

Total width (Bgsm = 0)

0.57 - &5 +0.22 - k3, +0.09 - i+
Ty v - K2 0.06 - k% +0.03 - k2 + 0.03 - K2+
2 2
0.0023 - k5 + 0.0016 - k7, +
0.0001 - k% +0.00022 - &2

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 o, and partial decay widths I/
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 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 my = 125.09 GeV (they are similar for /s = 7 TeV).
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The current LHC data are insensitive to the coupling modifiers . and k, and have limited sensitivity to k.
Thus, in the following, it is assumed that . varies as k;, Ky as kp, and &, as .. Other coupling modifiers
(xy, kg, and «,) are irrelevant for the combination provided they are of order unity. When probing the
total width, the partial decay width I'%9 is assumed to vary as K;. These assumptions are not the same as
those described for the signal 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
reported 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,
kg, defined as K%I =2 BéMKf 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 K%{ =Iy/ F?IM holds. If instead deviations from the SM are introduced in the decays, the width
I'y can be expressed as:
K2 . FSM
[y=-2_H4 | (6)
1 - Bgsm

where Bggy 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 topolo-
gies 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 experi-
mental 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 I'y is not
experimentally constrained in a model-independent manner with sufficient precision, only ratios of coup-
ling strengths can be measured in the most generic parameterisation considered in the x-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 uncertain-
ties 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.

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 pro-
duction processes. They are H — yy [92,93], H — ZZ [94,95], H - WW [96-98], H — 771 [99, 100],
H — bb [101,102], and H — puu [103, 104]. The #tH production process was also studied separ-
ately [78,105-108] and the results are included in the combination. The H — uu analysis is included in
the combination fit only for the measurement of the corresponding decay signal strength reported in Sec-
tion 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 con-
straints for other parameterisations. The ATLAS [17] and CMS [18] individual combined publications
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take into account other results, such as upper limits on the H — Zy decay [109, 110], results on VBF pro-
duction 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 characteristics and their detailed properties.
This categorisation increases the sensitivity of the analysis 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 defined for the five main decay channels. The exception is H — bb, for which only the VH and #tH
production processes are used in the combination for the reasons stated above.

The signal yield in a category k, ngigna(k), can be expressed as a sum over all possible Higgs boson
production processes i, with cross section o7;, and decay modes f, with branching fraction B/:

nsignai(k) = L(K) - ZZ o APM ) -l (k) - B)

7
= L0 - ZZM:M AR CREACR W v

where L(k) represents the integrated luminosity, (k) the detector acceptance assuming SM Higgs

ASM
boson production and decay, and slf (k) the overall selection efficiency for the signal category k. The
symbols y; and u/ are the production and decay signal strengths, respectively, defined in Section 2.3. As
Eq. (7) shows, the measurements considered in this paper are only sensitive to the products of the cross

sections and branching fractions, o; - B/.

In the ideal case, each category would only contain signal events from a given production process and
decay mode. Most decay modes approach this ideal case, but, in the 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 toolKkits:
RooFir [116], RooStars [117], and HistFacTory [118]. The parameters of interest, @, e.g. signal strengths
(w), coupling modifiers (), production cross sections, branching fractions, or ratios of the above quantit-
ies, are estimated, together with their corresponding confidence intervals, via the profile likelihood ratio
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test statistic A(@) [119]. The latter depends on one or more parameters of interest, as well as on the
nuisance parameters, 6, which reflect various experimental or theoretical uncertainties:

L(@, 6(@))

A@) = =
L(@&,8

®)

"

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

scribed in Refs. [17, 18]. The vectors & and represent the unconditional maximum likelihood estimates

of the parameter values, while g denotes the conditional maximum likelihood estimate for given values
of the parameters of interest @. Systematic uncertainties and their correlations are a subset of the nuis-
ance parameters 6, 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 Sec-
tion 6.4 assumes that all fermion couplings are scaled by 7 and all weak vector boson couplings by «y.
The likelihood ratio is therefore a function of the two parameters of interest, kz and «y, and the profile
likelihood ratio is expressed as:

L(KF, Ky, é)(KF, KV))

A(kF, ky) = g
L(RF, Ry, 0)

(©))

Likelihood fits are performed to determine the parameters of interest and their uncertainties, 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 predic-
tion 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 corres-
ponding to the median of an ensemble of pseudo-experiments generated from the same parameterisation.
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 nuis-
ance 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 ¢(@) =
—21n A(@) is assumed to follow a y? distribution (asymptotic approximation). The 1o and 20 confidence
level (CL) intervals for one-dimensional measurements are defined by requiring g(a;) = 1 and g(a;) = 4,
respectively. In the case of disjoint intervals, the uncertainties corresponding only to the interval around
the best fit value with g(@;) < 1 are also given for some parameterisations. The 68% (95%) confidence
level regions for two-dimensional scans are defined at g(;) = 2.30 (5.99). For the derivation of the upper
limit on Bgsy in Section 6.1, the test statistic #(«) of Ref. [119] is used to account for the constraint
a = Bgsm = 0. This is equivalent to the confidence interval estimation method of Ref. [120]. The upper
limit at 95% CL corresponds to #(@) = 3.84. The p-values, characterising the compatibility of a fit result
with a given hypothesis, are likewise computed in the asymptotic approximation.
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3.3. Treatment of systematic uncertainties

The treatment of the systematic uncertainties and of their correlations is a crucial aspect of the com-
bination 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 correlated 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 experiments. 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 following: missing higher-
order QCD corrections (estimated through variation of the QCD scales, i.e. renormalisation and factorisa-
tion scale) and uncertainties in parton distribution functions (PDF), in the treatment of UEPS, and in Higgs
boson branching fractions. These uncertainties apply both to the inclusive cross sections and to the ac-
ceptances 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 uncorrel-
ated between different processes, except for the WH, ZH, and VBF production 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 uncertainties 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 ##W and #£Z backgrounds in the 7#H 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
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channel, the ¢tbb 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 #tbb background in the ##tH, 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, re-
flecting independent assessments of these uncertainties, except for the integrated luminosity uncertainties,
which are treated as partially correlated through the contribution arising from the imperfect knowledge of
the beam currents in the LHC accelerator.

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 experimental uncer-
tainties 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 theoret-
ical 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 o - 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 — yy
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 — yy 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:

o ATLAS now uses the Stewart-Tackmann prescription [48] for the jet bin uncertainties inthe H —» WW
channel instead of the jet-veto-efficiency procedure [49];

e CMS now includes the bbH, tH, and ggZH production processes in the signal model for all the
channels in which they are relevant;

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

e CMS now adopts a unified prescription for the treatment of the Higgs boson pr in the ggF produc-
tion process, as described in Section 2.2;

e The cross sections for the dominant backgrounds were adjusted to the most recent theoretical cal-
culations in the cases where they are estimated from simulation (ZZ background in the H — ZZ
channel and #tZ and #tW backgrounds in the ##H channels);

e 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 measure-
ments differ from the individual combined results by less than approximately 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 experi-
ment, as measurements of the overall signal strengths u, for each of the six decay channels and for the
1tH production process. The total observed and expected statistical significances for my = 125.09 GeV
are also shown, except for the H — pu 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 VH analysis for the
H — bb decay channel. Even though they are less sensitive, the 1#H 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.

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 o; - B/ for each
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Table 5: Overview of the decay channels analysed in this paper. The ##H 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 my = 125.09 GeV (Tables 12 and 13 in Section 5.2) are reported as
observed signal strengths ¢ 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 — pu 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 VH 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.

Channel References for Signal strength [u] Signal significance [o]
individual publications from results in this paper (Section 5.2)
ATLAS CMS ATLAS CMS ATLAS CMS
H—yy [92] [93] 1147027 111 7% 5.0 5.6
(538)  (93) @& 6D
H—-Z7ZZ [94] [95] 1.52 fgg‘g 1.04 jg:;g 7.6 7.0
(63) (%) 606 ©6.8)
H—->WW [96,97] [98] 1.22 fg:%? 0.90 fg:%? 6.8 4.8
(630) (%) ©® (5.6)
H- 1t [99] [100] 1.41 jg:;‘g 0.88 fgég 44 34
(00) (%) 63 6D
H — bb [101] [102] 0.62*937  0.81 708 1.7 2.0
(6% (%8 @1 25)
H — uu [103] [104] -0.6 jg:g 0.9 jg:g
(30 (%)
1tH production  [78,105,106] [108] 1.9 fg:g 2.9 f(l):g 2.7 3.6

(*67) (%) a6 (13)

channel i — H — f, or as ratios of cross sections and branching fractions plus one reference o -
B/ 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 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 parameterisations involving
ratios which are described in more detail in Sections 4.1.2 and 4.2. The first row makes explicit that the
g9 — H — ZZ channel is chosen as a reference. The Az, = kz/«, term in the fourth row is related to the
ratio of the ZH and ggF production cross sections. Once Az = kw/kz is also specified, the VBF, WH,
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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, Az, and Ay. The slightly different additional assumptions in each parameterisation
are discussed in the text.

o and B ratio parameterisation Coupling modifier ratio parameterisation
o(gg > H— Z27) Kgz = Kg - Kz [KH
OVBF/ O ggF
OWH /T ggF
OzH | T ggF Azg = Kz/[Ky
O'ttH/O'ggF /ltg = Kt/Kg
BYW B Awz = kw/Kz
B /B# Az = Kylkz
B™/B#* Az = Ke[Kz
B’ /B#Z bz = Kp/Kz

and ZH production cross sections are fully defined. This explains the smaller number of independent
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 approximations, 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.

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 o; - B/ 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 — yy, H — 171, 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 #tH production processes cannot be measured with meaningful precision
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Table 7: The signal parameterisation used to express the o; - B/ values for each specific channel i — H — f. The
values labelled with a "—" are not measured and are therefore fixed to the SM predictions.

Production process Decay channel
H—yy H—-72Z H-WW H-or1r H — bb

.BY” . BZZ TR\WW R\TT _
ggF (c-B JoF (o B)ggF (c-B JoF (c-B i
VBF (@ Blgr (@ B){ge (0 Blygp (0 B -
WH (c-B), (c-B¥L, (o-Byy (o-B)Y, (B,
ZH (c-B)Y, (c-BZ% (¢-BYY (BT, (0-B)Y,
il @By (@B @By @By @By

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.

Table 8 presents, for the combination of ATLAS and CMS, the fit results for each o-; - B/ 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 Fig. 7. Figure 7
additionally shows the theoretical uncertainties in the SM predictions for the fitted parameters. In almost
all cases, the dominant uncertainty is statistical. The results presented in Table 8 and Fig. 7 clearly
exhibit which decay modes are probed best for each production process, and conversely which production
processes are probed best for each decay mode. With the current sensitivity of the combination, six of the
o; - B/ products can be measured with a precision better than 40%, namely the H — yy, H — ZZ, and
H — WW decay modes for the ggF production process, and the H — yy, H - WW, and H — 71 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 Fig. 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 g9 —» 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 g9 — 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:

(o] Bf
cri-Bf=<f(gg—>H—>ZZ)'(aggF)'(ﬁ)v (10

where 0(gg —» H — ZZ) = 0y4F - B%Z in the narrow-width approximation. With o-(g9 — H — ZZ)
constraining the overall normalisation, the ratios in Eq. (10) can be determined separately, based on the
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Table 8: Best fit values of o;-B/ for each specific channel i — H — £, as obtained from the generic parameterisation
with 23 parameters for the combination of the ATLAS and CMS measurements, using the /s = 7 and 8 TeV data.
The cross sections are given for /s = 8 TeV, assuming the SM values for o;(7 TeV)/o;(8 TeV). The results are
shown 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] and the ratios
of the results to these SM predictions are also shown. The values labelled with a "—" are either not measured with
a meaningful precision and therefore not quoted, in the case of the H — ZZ decay channel for the WH, ZH, and
1tH 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.

Production Decay mode
process H — yy [fb] H — ZZ [fb] H — WW [pb] H — 77 [fb] H — bb [pb]
Best fit Uncertainty | Best fit Uncertainty Best fit Uncertainty | Bestfit Uncertainty | Best fit Uncertainty
value Stat  Syst | value  Stat Syst value Stat  Syst value Stat  Syst value Stat  Syst
ggF |Measured| 48.0 %957 194 53 158070 NG g | 357 N5 05 (130056 T S -
9.7 9.4\ (+25 150 (+140Y (+30 0.7 05) (+05 700\ (+400Y (+500
(t9.5) (tw) (tl.ﬁ) (i130) (t130) (tzo) (io,7) (to.s) (io.s) (t700) (t400) (isoo) -
Predicted 44 +5 510 £60 4.1 £0.5 1210 £140 11.0 £1.2
: 023 022 +0.07 034 +0.33 +0.09 0.17 012 +0.12 06 +04 +04
Ratio L1005 231 Zoos |13 7031 Toxo Zoor| 0841517 D1 o | 19%s  Zod Iod -
e 19 18 +06 46 46 7 0.14 0.13  +0.07 39 34 19
VBF | Measured| 4.6 ;¢ 07 S 3% 55 L| 03933 D loos | 1255 I I -
18 17\ (+05 60 60 8 0.15 0.13) (+0.07 39 34 19
(tl.b) (il,ﬁ) (f0.4) (is‘)) (t39) (rs) (to.u) (t0.12) (t0,0G) (t37) (tsz) (tls) -
Predicted | 3.60 +0.20 422 £2.0 0.341 £0.017 100 +6 0.91 £0.04
Ratio 13 +0.5 +0.5 +0.2 0.1 +1.1 +1.1  +0.2 1.2 +0.4 +0.4 +0.2 13 +0.4 +0.3 +0.2 _
05 -05 0.1 106 06 -02 <04 -03 02 204 03 -02
2.1 2.1 03 0.18 0.15  +0.10 64 55 432 021 0.17  +0.12
WH |Measured| 0.7 I s o3 - 0.24 %516 Toar loos | TO4Ie o 53| 042%0%  Ious fon
19 19) (+0.1 0.16 0.14) (+0.08 67 60\ (+30 022 0.18) (+0.12
(tl.s) (tl,s) (to.l) - (t0.14) (t0.13) (to,m) (J:64) (t54) (t32) (J:O.Zl) (t0.17) (to,ll)
Predicted | 1.60 £0.09 18.8 £0.9 0.152 +0.007 443 £2.8 0.404 £0.017
Ratio 0.5 +l.; +1.3 +8§ _ 1.6 +l.§ +(l)g +0.6 ~14 +1.4 +1.2 +8; 1.0 +0.5 +81 +8;
Dy 11 -0 O 1 -09 0.5 T4 -1 -0 Y 05 -04 0.
29 28 405 0.23 021 +0.10 56 52 420 0.09 008  +0.04
ZH |Measured| 0.5 %5, 55 3 - 0.53 7535 D loo | 87 Hi e | 008Z5%  oos  Zood
23 23) (+0.1 0.17 0.16) (+0.05 49 46 16 0.10 0.09) (+0.05
(t1.9) (i1.9) (tO.l) - (to.14) (i0.14) (io.04) (t40) (t38) (tIZ) (to.og) (to.os) (io.04)
Predicted | 0.94 +0.06 11.1 £0.6 0.089 +0.005 26.1 +1.8 0.238 £0.012
Ratio 0.5 +3.0 +3.0 +0.5 _ 59 +2.6 +2.3 +1.1 22 +2.2 +2.0 +0.8 0.4 +0.4 +0.3 +0.2
D 25 -25 02 2 20 21 -08 18 17 =06 T 04 03  -02
e 0.48 048  +0.07 0.05 004  +0.03 30 26 15 0.07 004  +0.06
H |Measured| 0.64 Tg30  To3g foy - 0.14 2503 Toos foos | 7155 In o I | 008%5%  oos Zoos
045 044 (+0.10 0.04 0.04) (+0.02 31 26 16 0.07 0.04) (+0.06
(t0.34) (t0.33) (to.os) - (3).04) (t0.04) (to,oz) (tze) (tz2) (tn) (J:O.()()) (to.m) (to.os)
Predicted |0.294 +0.035 3.4+04 0.0279 £0.0032 8.1%1.0 0.074 £0.008
: 16 16 +02 1.8 15 1.0 3.7 32 +19 10 05  +08
Ratio 2275 03 o - 507 O3 oo 71953 5Ly Ly | LI 05 los

five production processes (ggF, VBF, WH, ZH, and ttH) and five decay modes (H — ZZ, H —» WW,
H — yy, H —» tr, 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, o(gg — H — ZZ), four
ratios of production cross sections, o/ 4k, and four ratios of branching fractions, B/ /B%, as reported
in the left column of Table 6.
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Figure 7: Best fit values of o; - B/ for each specific channel i — H — f, as obtained from the generic paramet-
erisation with 23 parameters for the combination of the ATLAS and CMS measurements. The error bars indicate
the 1o 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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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 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 Fig. 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 Fig. 8, where the fit result for each parameter is normalised to the corresponding
SM prediction. Also shown in Fig. 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 in o(9gg — H — ZZ) are reduced
by almost a factor of two in Table 9, owing to the contributions from the other decay channels (mainly
H — yy and H — WW). The total uncertainty in o(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 o(gg - H — WW),
but with a much larger contribution of ~11% from the systematic uncertainties. The ratios oygr/0 g,
BWW/B%Z B?Y/B%%, and B™" /B%% 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 20-; however, the production cross section ratio
O [0 ggr relative to the SM ratio is measured to be 3.3%}5, corresponding to an excess of approxim-
ately 3.00 relative to the SM prediction. This excess is mainly due to the multi-lepton categories. The
ratio oz /0 44F relative to the SM ratio is measured to be 3.21:2, with the observed excess mainly due to
the ZH, H — WW measurements. The ratio of branching fractions B?”/B% is measured to be 0.19J_r8:%
relative to the SM prediction. In this parameterisation, the high values found for the production cross
section ratios for the ZH and rtH 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 B?”/B%Z parameter is very asymmetric, as shown in Fig. 9, resulting in an overall deficit of approx-
imately 2.50 relative to the SM prediction. This deviation is anticorrelated with the ones quoted above

for the o711y /0 ygr and oz /0 y4gr production cross section ratios, as shown in Fig. 28 of Appendix A.

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: o;(7TeV)/o;(8TeV). Given the limited size of the data samples at 7 TeV, only the ggF and
VBEF ratios can be extracted with a meaningful precision. The results are: oy (7 TeV)/oyyr(8 TeV) =
1'12i833 and oypp(7 TeV)/over(8 TeV) = 0.377942. Both values are consistent with the SM predictions

-0.43°
of O'ggp(7 TeV)/O'ggF(S TeV) =0.78 and O_VBF(7 TeV)/O'VBF(S TCV) =0.77.
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Table 9: Best fit values of o(99 = H — ZZ), /0 44, and B/ /B%%, 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 o;(7 TeV)/o;(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.

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

+0.11 +0.11 +0.02 +0.19 +0.19 +0.05 +0.14 +0.13 +0.05

olgg — 0.51 £0.06 0.59 510 o0 Zooe | 077515 Zo16 Zoos | 044550 -0.11 -0.03
+0.11 +0.11 +0.03 +0.16 +0.16 +0.03 +0.15 +0.15 +0.04

H — Z7) [pb] (-0.10) (—0.09) (—o.oz) (—0.14) (—0413) (—0402) (—0413) (-0.13) (-0.03)
+0.034 40029  +0.018 +0.035 40030  +0.019 40073 +0.061  +0.039

OVBF/ O ggF 0.082£0.009 | 0.109 %5057 Zooas  Zoois | 0079005 Zoos ooz | 013810051 looas  Toons
(+0.029) (+04024) (+04016) (+o.o42) (+0.036) (+o.022) (+04043) (+04037) (+0.023)

-0.024) \-0.020) \-0.012 -0031) \-0.028) \-0.014 -0.033) \-0.029) \-0.015

+0.028 40024 40015 40036 +0.031  +0.020 +0.044 40037 +0.023

OWH [T ggF 0.037£0.004 | 0.031 %5056 T2 Toois | 0054505 oo Zooz | 000570037 Tooas oo
(+o.021) (+o.o19) (+o4011) (+o.033) (+o.029) (+o.015) (+04032) (+04027) (+0.017)

-0.017) \-0.015) \-0.007 -0.022) \-0.020) \-0.009 -0.022) \-0.020) \-0.010

+0.039 40032 +0.023 40028 +0.021  +0.018 +0.076  +0.063  +0.044

OzH [0 ggF 0.0216 £0.0024 10.066 *yo5;  Tgoos  Igois |9013 %001 Toore  Zooor | 01230053 Zoode  —0.0%6
(+0.016) (+o4o14) (+o.oo9) (+o.027) (+o.oz3) (+o.014) (+04024) (+04020) (+0.014)

-0011) \-0.010) \-0.004 -0014) \-0013) \-0.005 -0.013) \-0.012) \-0.006

+0.007  +0.005  +0.004 +0.007 40005  +0.004 40016 40012 +0.010

Tt [T ggF 0.0067 £0.0010 10.022 %5006 Tgoos  Zgoos | 90130005 Tooos o003 | 0034 X501 Zooio  Zo.006
(+0Aoo4) (+o.oo3) (+o4oo3) (+o.ooe) (+o.005) (+o.oo4) (+04007) (+04005) (+0.004)

-0.004) \-0.003) \-0.002 -0.004) \-0.004) \-0.003 -0.005) \-0.004) \-0.004

BWW /B%Z 8.09+<001| 6714 1S e 6.5%%1 2o 18 71439 el
(+2A2) (+240) (+049) (+3.5) (+3.3) (+1A2) (+342) (+2.9) (+1.4)

-1.7 -1.6 -0.7 24 22 -0.9 22 -20 -1.0

Yy /RZZ +0.018 40018 +0.004 40024 40023 +0.007 +0.034 40032 +0.010
BY/B 0.0854 £0.0010 1 0.069 *g415  Tgois Zgoos |9062%001s  Zoorr  Zooos | 007900 003 Zo.00e
(+0A025) (+o.oz4) (+04OO6) (+o.040) (+o.039) (+o.010) (+04035) (+04034) (+0.008)

-0.019) \-0.019) \-0.004 -0.027) \-0.027) \-0.006 —0.025) \-0.024) \-0.005

BT /B% 2.36 +0.05 1.8 704 013 2241 o e 1.6 702 08 02
(+0.9) (+048) (+045) (+l.5) (+1A3) (+0A8) (+142) (+l.0) (+0.7)

-0.7 -0.6 -03 -1.0 -0.9 -05 -0.9 -0.7 04

B /877 R AR R v BN Yk L C U R TR
(+1648) (+13.9) (+945) (+29.3) (+24.2) (+16.6) (+29.4) (+2344) (+1748)

-9.0 -79 —44 -118 -10.5 -53 -11.9 -10.4 -5.9

4.2. Parameterisation using ratios of coupling modifiers

The parameterisation using the Higgs boson coupling modifiers is based on the x-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 g9 — H — ZZ channel is parameterised as a function of k7 = &, kz /Ky,
where «, 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 Az, = kz/k, parameter is
probed by the measurements of VBF and ZH production, while the measurements of the #H production
process are sensitive to d,, = k;/k,. Three of the decay modes, namely H - WW, H — 7, and H — bb,
probe the three ratios dwz = kw/kz, drz = &:/kz, and dpz = Kp/kz, through their respective ratios to
the H — ZZ branching fraction. The remaining decay mode, H — 7y, which in the SM occurs through
loops involving predominantly the top quark and the W boson, is sensitive to the ratio 4,7 = «,/kz. In this
parameterisation, dwz = kw/kz is also probed by the VBF, WH, and ZH production processes. Without
any loss of generality, the signs of k7 and «, can be assumed to be the same, constraining Az, and k7 to

be positive.
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Figure 8: Best fit values of the o(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 o;(7 TeV)/o;(8 TeV). The error
bars indicate the 1o (thick lines) and 20" (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 B”” /B%? parameter
normalised to the corresponding SM prediction. All the other parameters of interest are also varied in the minim-
isation procedure. The red (green) horizontal line at the —2A In A value of 1 (4) indicates the value of the profile
likelihood ratio corresponding to a 1o (20) CL interval for the parameter of interest, assuming the asymptotic
x? distribution of the test statistic. The vertical dashed line indicates the SM prediction.

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 uncertainties into the four components
is shown in Table 22 of Appendix B. The measured correlation matrix can be found in Fig. 29 of Ap-
pendix A. The coupling modifiers are assumed 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 allowed
for Awz and A, 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 inter-
ference terms are responsible for the small asymmetry between the likelihood curves for the positive and
negative values of the parameters 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 Apz (shown in Fig. 31), describes how the four possible sign combinations between Ayz and A,, may
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Table 10: Best fit values of k,z = k,-«z/«y and of the ratios of coupling modifiers, as defined in the parameterisation
studied in the context of the k-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 A, and Ay, for
which a negative solution is allowed, are calculated around the overall best fit value. The combined 1o~ CL intervals
are A, = [-2.00,-1.59] U [1.50,2.07] and Ayz = [-0.96,-0.82] U [0.80, 0.98]. The expected uncertainties in the
measurements are displayed in parentheses. For those parameters with no sensitivity to the sign, only the absolute
values are shown.

Parameter | Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty
value Stat Syst value Stat Syst value Stat Syst
ATLAS+CMS ATLAS CMS

+0.11 +0.09 +0.06 +0.16 +0.14 +0.08 +0.14 +0.12 +0.07

Kgz 1.09 -0.11 -0.09 -0.06 1.20 -0.15 -0.14 -0.07 0.99 -0.13 -0.12 -0.06
(+0‘11) (+0‘09) (+0.06) (+o.15) (+0‘14) (+0.o7) (+o.14) (+0.13) (+0.o7)

—-0.11 -0.09 -0.05 -0.15 -0.13 -0.06 -0.14 -0.12 -0.06

+0.23 +0.18 +0.15 +0.26 +0.21 +0.15 +0.45 +0.35 +0.28

Azg 1.27 -0.20 -0.16 -0.12 1.07 -0.22 -0.18 -0.11 1.47 -0.34 -0.28 -0.20
(+0.20) (+0.15) (+0412) (+0.28) (+0.23) (+0.16) (+o.27) (+0.21) (+0.16)

-0.17 -0.14 -0.10 -0.23 -0.20 —-0.11 -0.23 -0.19 -0.13

+0.30 +0.21 +0.21 +0.34 +0.25 +0.23 +0.50 +0.43 +0.26

Asg 1.78 -0.27 -0.20 -0.18 1.40 -0.33 —-0.24 -0.23 -2.26 -0.53 -0.39 -0.36
(+O.28) (+0.20) (+0‘2o) (+0.38) (+O.28) (+0.25) (+0.42) (+0.31) (+0.28)

-0.38 -0.30 -0.24 -0.54 -0.39 -0.37 -0.64 -0.42 -0.49

+0.10 +0.09 +0.04 +0.14 +0.13 +0.05 +0.13 +0.11 +0.06

Awz 0.88 -0.09 -0.08 -0.04 0.92 -0.12 —-0.11 -0.05 -0.85 -0.15 -0.13 -0.07
(+0. 1 2) (+0.1 1 ) (+0.05) (+o. 1 8) (+0. 1 7) (+0.06) (+0. 1 7) (+0. 1 5) (+0‘07)

-0.10 -0.09 -0.04 -0.15 -0.13 -0.06 -0.14 -0.13 -0.06

+0.11 +0.10 +0.04 +0.15 +0.15 +0.05 +0.17 +0.16 +0.05

|/172| 0.89 -0.10 -0.09 -0.03 0.87 -0.13 -0.13 -0.04 0.91 -0.14 -0.14 —-0.04
(+0.13) (+0.13) (+0.04) (+0.20) (+0.20) (+0.06) (+0.18) (+O.18) (+0.05)

-0.12 -0.11 -0.03 -0.17 -0.17 -0.04 -0.16 -0.15 -0.04

+0.13 +0.12 +0.07 +0.21 +0.18 +0.11 +0.20 +0.17 +0.10

|:z] 0.85 -0.12 -0.10 -0.06 0.96 -0.18 -0.15 -0.09 0.78 -0.17 -0.15 -0.09
(+0.17) (+0.14) (+0409) (+o.27) (+0.23) (+0.14) (+0.23) (+0.19) (+0.12)

-0.15 -0.13 -0.08 -0.23 -0.19 —-0.12 -0.20 -0.17 -0.11

+0.16 +0.12 +0.10 +0.24 +0.20 +0.14 +0.26 +0.23 +0.13

|Apz] 0.58 -0.20 -0.17 -0.10 0.61 -0.24 -0.19 -0.16 0.47 -0.17 -0.13 —-0.12
(+0.25) (+0.21) (+0.13) (+0.36) (+0.31) (+0.18) (+0.38) (+0.32) (+0.2o)

-0.22 -0.20 -0.10 -0.29 -0.26 -0.13 -0.37 —-0.34 -0.16

impact the best fit value and the uncertainty in the other parameters of interest. The p-value of the compat-
ibility between the data and the SM predictions is 13%. All results are consistent with the SM predictions
within less than 207, except those for A;, and 4,7, 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 #H and ggF production
cross sections, and of the ratios of the bb and ZZ decay branching fractions.
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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 1o (thick lines) and 20 (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.
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Figure 11: Observed (solid line) and expected (dashed line) negative log-likelihood scans for Adw; (top) and A,
(bottom), the two parameters of Fig. 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 —2A In A value of
1 (4) indicate the value of the profile likelihood ratio corresponding to a 1o (20) CL interval for the parameter of

interest, assuming the asymptotic y? distribution of the test statistic.
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Table 11: Measured global signal strength y 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.

Best fit u Uncertainty

Total | Stat Expt Thbgd Thsig
ATLAS + CMS (measured) ~ 1.09 00 | #0807 +000 #8003 +007
ATLAS + CMS (expected) o1 | 007 Toor  Toms oo
ATLAS (measured) 120 %503 | %0 Soos oo oo
ATLAS expected) T8 g a4
CMS (measured) 097 013 | Zow Zoos oo Tooe
CMS (expected) 013 | 000 005 003 o006

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 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 ,ul.f , as defined in Eq. (3), 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 p.
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 u as the parameter of
interest results in the best fit value:

p= 1097018 = 1.09*5:97 (stat) *0:0% (expt) *03 (thbgd)*0.07 (thsig),

where the breakdown of the uncertainties into their four components is performed as described in Sec-
tion 3.3. The overall systematic uncertainty of ig:gg is larger than the statistical uncertainty and its largest
component is the theoretical uncertainty in the ggF cross section. This result is consistent with the SM
prediction of u = 1 within less than 10 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, includ-
ing the breakdown of the uncertainties into their four components. The expected uncertainties and their

breakdown are also given.
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Table 12: Measured signal strengths y and their total uncertainties for different Higgs boson production processes.
The results are shown for the combination of ATLAS and CMS, and separately for each experiment, for the com-
bined +/s = 7 and 8 TeV data. The expected uncertainties in the measurements are displayed in parentheses. These
results are obtained assuming that the Higgs boson branching fractions are the same as in the SM.

Production process | ATLAS+CMS | ATLAS CMS
HggF 1.03 tg:}g 1.26 tgf% 0.84 J:g:%
0.16 0.21 0.20
(+6:15) i N )
HVBE 1181073 121205 | L1453
0.24 0.32 0.36
(J—rO.23) (J—FO.29) (J—r0.34)
UWH 0.89 *049 1.25%03¢ | 0.46 *037
0.41 0.56 0.60
(t0.39) (tO.SB) (J—rO.57)
Kz 0.79 %536 030 %535 | 135703
0.39 0.55 0.55
(t0.36) (tO.Sl) (J—rO.Sl)
Hati 23704 L9755 | 295
(*63) (67) | (63)

5.2. Signal strengths of individual production processes and decay channels

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

Assuming the SM values for the Higgs boson branching fractions, namely u/ = 1 in Eq. (7), the five main
Higgs boson production processes are explored with independent signal strengths: g .F, uvBr, UwH, HzH,
and p,g. 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 process.
Figure 12 illustrates these results with their total uncertainties. The p-value of the compatibility between
the data and the SM predictions is 24%.
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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 1o (thick lines) and 20 (thin lines) intervals.
The measurements of the global signal strength u are also shown.
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Table 13: Measured signal strengths u 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.

Decay channel | ATLAS+CMS ATLAS CMS
w 1.14 7049 1147027 | 1,11 7023
0.18 0.26 0.23
(J—r0.17) (J—r0.24) (tO.ZI)
e 129533 152755 | 104755
0.23 0.32 0.30
(J—r().20) (J—r().27) (iO.ZS)
u Loo st | 12278% | 090 %0%
0.16 0.21 0.23
(J:O.IS) (J:O.ZO) (iO.ZO)
i 1117923 1.41 7030 | 0.88 7030
0.24 0.37 0.31
(to.zz) (J—r0.33) (i0.29)
& 070283 | 062243 | 081
0.29 0.39 0.45
(J—rO.ZS) (J—rO.37) (i0.43)
e 0.1733 06736 | 09753
2.4 3.6 33
(439) (30 | (%)

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

From the combined likelihood scans it is possible to evaluate the significances for the observation of the
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 V2, since the theoretical uncertainties in the Higgs boson signal are only
weakly relevant for this evaluation and all the other significant uncertainties are uncorrelated between the
two experiments. The results are reported in Table 14 for all production processes and decay channels,
except for those that have already been clearly observed, namely the ggF production process and the
H — 7ZZ,H— WW, and H — vy decay channels. The combined significances for the observation of the
VBF production process and of the H — 77 decay are each above 507, and the combined significance for
the VH production process is above 30-. The combined significance for the ##H process is 4.40", whereas
only 2.00 is expected, corresponding to a measured excess of 2.30- with respect to the SM prediction.
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Figure 13: Best fit results for the decay signal strengths for the combination of ATLAS and CMS data (the results
for p#* are reported in Table 13). Also shown are the results from each experiment. The error bars indicate the
1o (thick lines) and 20 (thin lines) intervals.
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Table 14: Measured and expected significances for the observation of Higgs boson production processes and decay
channels for the combination of ATLAS and CMS. Not included are the ggF production process and the H — ZZ,
H — WW, and H — yy decay channels, which have already been clearly observed. All results are obtained
constraining the decay branching fractions to their SM values when considering the production processes, and
constraining the production cross sections to their SM values when studying the decays.

Production process Measured significance (o) Expected significance (o)

VBF 54 4.6
WH 24 2.7
ZH 23 2.9
VH 35 4.2
1tH 44 2.0
Decay channel

H—-r1T 5.5 5.0
H — bb 2.6 3.7

5.3. Boson- and fermion-mediated production processes

The Higgs boson production processes can be associated with Higgs boson couplings to either fermions
(ggF and 1tH) 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:

HE = Hygreun for the fermion-mediated production processes and y{, = y{,BF Ly for the vector-boson-

mediated production processes. The branching fraction cancels in the ratio y{, / ,uJ; 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 ,uj; and ,u{, for each of the five decay

channels, while the second is a six-parameter fit of uy/ur and ,u'II; for each of the five decay channels.

Figure 14 shows the 68% CL region for the ten-parameter fit of the five decay channels included in
the combination of the ATLAS and CMS measurements. These results are obtained by combining the
Vs = 7 and 8 TeV data, assuming that ,u]; and ,u{, are the same at the two energies. The SM predictions
of uf; = 1 and ,u{, = 1 lie within the 68% CL regions of all these measurements. Combinations of
these regions would require assumptions about the branching fractions and are therefore not performed.
Table 15 reports the best fit values and the total uncertainties for all the parameters of the fits, together with
the expected uncertainties for the combination of ATLAS and CMS. The p-values of the compatibility
between the data and the SM predictions are 90% and 75% for the ten-parameter and six-parameter fits,
respectively. The six-parameter fit, without any additional assumptions about the Higgs boson branching

fractions, yields: uy/ur = 1.09f8:§g, in agreement with the SM.

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 obser-
vations are due to the presence of a single particle with well defined mass that has been precisely meas-
ured [22]. This section addresses the case in which the observed signal could be due to the presence of two
or more particles with similar masses, such that they cannot be resolved within the current precision of the
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Figure 14: Negative log-likelihood contours at 68% CL in the (,u?; JFH? u{,BF Lvg) 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—>Z7Z, H—- WW,H — yy, H— tr,and H — bb. The best fit values obtained for each of the five decay
channels are also shown, together with the SM expectation.

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 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.
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f

ggF+ A0 u{, = ,u{,BF Lyy for each of the five decay channels,

Table 15: Results of the ten-parameter fit of ;1’; =u

and of the six-parameter fit of the global ratio uy/ur = pversva/Hggrrun together with ,u‘; 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.

Parameter | ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty | Measured | Measured
Ten-parameter fit of ,uj; and ,u];
7 Lo B oens [ g
' 047%55) "84 0247557 | 1451355
i 138704 e 156032 | 108105
Y 1121555 f03s 1297035 | 088753
| ey B osogy | ossy
Ky 1.16%3; 023 1.30%53; | 100755
W | L e | ey | osen
et 09803 0o 110757 | 084755
My 106756 0% L7253 | 0895
iy L1502 0 Ls2ls | ot

Six-parameter fit of global uy/ur and of u{,

1y /e 1.097038 s 0925040 | 1.317053
py 1.107033 0T 1174035 | 1017332
i 1.27403% 030 1.55504% | 0.98703¢
up” 1.067074 017 1255073 | 0.8479%
g 1.05:93 03 1.50%0%8 | 074035
i 0.64703] o 0675930 | 0.637033

The 25 possible combinations resulting from five production processes times five decay modes can be
parameterised using a 5 X 5 matrix M in two ways:

o 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;

e 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 sec-
tion 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 X 5 matrix M and the number of degenerate states.
More specifically, if the observations are due to a single state, the matrix can be obtained from one of its
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Table 16: The two signal parameterisations used to scale the expected yields of the 5 x5 combinations 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 ,u F and A BF are set
to unity in the fits, since the current analyses are not able to constrain them.

General matrix parameterisation: rank(M) =
H—oyy H—>ZZ H->WW H-o1tr H-bb

Y 7Z WW bb
g9k HggF H ng HggF H ;;F Hyg F
VBF YY YY z7Z ww , WW P bb

TT TT
Aypp “ggF VBF 'uggF vBF Hggf  VvBF HygF /lVBF 'uggF

YY zZ ww  WwW
WH | 2 H#ggp AT A Pl

TT TT
wH HggF wH Hggr /lWH '“gqF

vy 77 77 WW  WW T bb

ZH | 4 H:“ng Gn e Azn Pggp  AgpHggr A H'uggF
7z 77 WW o WW

1ttH /lttH 'uggF /lttH 'uggF /1ttH “ggF /1ttH 'uggF /lttH ﬂggF

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

H—-oyy H—>ZZ H->WW H-or1tr H-bb
99F “ZZF “gng ”gvg‘g Hogr ”ZZF
VBF | Avpr MWF AVBF ,UggF AVBF ,UWF AVBF Mygr  AVBE #gg}:
WH | Awy ,uggp Awn ,Uggp AwH ,UggF Awn ,UggF AwH MWF
ZH | Azh ,qup Azn ,Uggp AzH IJWF AzH Myge  Azn /Jggp
ttH | Aun IJWF AuH ,Uggl: Aun ﬂggp AuH ,Uggp Aun ﬂggF

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 of M used in this test are shown in Table 16. They are
both expressed in terms of ,uJ JF defined as in Eq. (3). Then, for the general case, the other parameters are

Vo= /ﬂ / ,uf whereas for the rank(M) = 1 case the other parameters are A; = p;/pg4gr. In this section,
the index i runs over the VBF, WH, ZH, and t#tH 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 /l] = A;. The SM prediction corresponds to the rank(M) =1 case, where

— .= )
yggF =4 =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, ¢, is built that compares the hypothesis of a single-state matrix with rank(M) = 1 to the
general hypothesis with rank(M) = 5

L(datalxl] A gF)
1=-2In : (1D

VY
L(datal4; ,,uggF)

where ,&é JF and [/gé r represent the best fit values of the parameters of interest, respectively for the single-
state and general hypotheses. The observed value of g, in data is compared with the expected distribution,
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as obtained from pseudo-data samples randomly generated from the best fit values of the rank(M) =1 hy-
pothesis. 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 considered as the results of compatib-
ility 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 «-
framework. This section probes more specific parameterisations with additional assumptions. In the
following, results from a few selected parameterisations, with increasingly 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.

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 Bgsy free, provided that Bgsy > 0, but assumes that |«y| < 1 and |kz| < 1
and that the signs of kxw and «kz are the same, assumptions denoted |ky| < 1 in the following; the second
assumes Bggym = 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 — vy 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 «, and «,. 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, kz, kw, Kz, Kz, Kp, Ky, and
Ky, one for each SM particle involved in the production processes and decay modes studied, plus Bgsm in
the case of the first fit. Here and in Section 6.2, the coupling modifier «; is assumed to be positive, without
any loss of generality.

Figure 15 and Table 17 show the results of the two fits, assuming either |«y| < 1 and Bgsym > 0 or Bgsm =
0. In the former case, an upper limit of Bgsm = 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 Fig. 16. Appendix C
describes how the two possible sign combinations between ky and kz impact the likelihood scan of Bgsm
for the observed and expected results, as illustrated in Fig. 32. The p-value of the compatibility between
the data and the SM predictions is 11% with the assumption that Bggm = 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 (Bgsym = 0), and that only the gluon—gluon production
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Figure 15: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the first one
assumes that Bgsy = 0 and that |ky| < 1, where xy denotes «z or «y, and the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. Bgsy = 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 «; parameter, which is assumed
to be positive without loss of generality. The error bars indicate the 1o (thick lines) and 20 (thin lines) intervals.
When a parameter is constrained and reaches a boundary, namely |«y| = 1 or Bggm = 0, the uncertainty is not
defined beyond this boundary. For those parameters with no sensitivity to the sign, only the absolute values are
shown.

and yy decay loops may be affected by the presence of additional particles. The results of this fit, which
has only the effective coupling modifiers «, and «, as free parameters, with all other coupling modifiers
fixed to their SM values of unity, are shown in Fig. 17. The point x, = 1 and x, = 1 lies within the 68%
CL region and the p-value of the compatibility between the data and the SM predictions is 82%.
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Table 17: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the first one
assumes that |[ky| < 1, where «y denotes k7 or ky, and that Bggy > 0, while the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. Bgsm = 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 1o intervals are shown on a second line. When
a parameter is constrained and reaches a boundary, namely Bgsy = 0, the uncertainty is not indicated. For those
parameters with no sensitivity to the sign, only the absolute values are shown.

Parameter | ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty Measured Measured
Parameterisation assuming |ky| < 1 and Bgsy > 0
Kz 1.00 1.00 -1.00
[0.92,1.00] [-1.00, —0.89]U [-0.97,-0.94]U | [-1.00, —0.84]uU
[0.89,1.00] [0.86, 1.00] [0.90, 1.00]
Kw 0.90 0.92 -0.84
[0.81,0.99] [-1.00, —0.90]U [-0.88,-0.84]U | [-1.00,-0.71]U
[0.89,1.00] [0.79,1.00] [0.76,0.98]
0.23 0.27 0.35 0.42
K 143755 03 1317533 1457035
e 087511 015 0.97:5:7 0.79*5:1
s 0.57518 o 0.61757 0.49*55
K 08101 N 0947518 0.69%1
Iy 0.90*5:50 o1 0.87513 0.8975:13
BBSM 0.00+0.16 +0.19 0'00+0.25 0.03+0.26
Parameterisation assuming Bggy = 0
Kz -0.98 1.01 -0.99
[-1.08, —-0.88]uU [-1.01,-0.87]U [-1.09,-0.85]U | [-1.14,-0.84]U
[0.94,1.13] [0.89,1.11] [0.87,1.15] [0.94,1.19]
Kw 0.87 0.92 0.84
[0.78,1.00] [-1.08, -0.90]U [-0.94, -0.85]U | [-0.99, -0.74]U
[0.88,1.11] [0.78,1.05] [0.71,1.01]
0.24 0.26 0.3 0.33
Kt 1407557 039 1 '32to.3é L5175
e 0.8470:17 o1 0.97315 0.77:5:15
0.27 0.25 0.26 0.34
kol 0.497) 75 028 0.617) 3] 0.4775 75
Ikg] 0.78013 o4 0.9470:13 0.67015
0.14 0.12 0.15 0.19
licy | 0.87:“0.09 to.13 O.88J_“0.15 0.891"0.13
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Figure 16: Observed (solid line) and expected (dashed line) negative log-likelihood scan of Bggy, 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 |«y| < 1 and Bggyy > 0 in Fig. 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.

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 — vy decay. This assumption is supported by the measurements of the effective coupling modifiers
kg and k,, which are consistent with the SM predictions. The cross section for ggF production and the
branching fraction for the H — 7y decay are expressed in terms of the coupling modifiers of the SM
particles in the loops, as indicated in Table 4. This leads to a parameterisation with six free coupling
modifiers: kw, Kz, K;, Kz, Kp, and k,;; the results of the H — pu analysis are included for this specific case.
In this more constrained fit, it is also assumed that Bgsy = 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 ¢ = 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 k3, as measured by the combination
of ATLAS and CMS and by each experiment. A low value of «; decreases the total Higgs boson width
through the dominant I'” partial decay width, and, as a consequence, the measured values of all the
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Figure 17: Negative log-likelihood contours at 68% and 95% CL in the («,, k,) 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 assuming Bggy = O.

coupling modifiers decrease, such that the values of o;(¥) - B/ remain consistent with the observed signal
yields. The p-value of the compatibility between the data and the SM predictions is 74%.

A different view of the relation between the fitted coupling modifiers and the SM predictions is presented
in Fig. 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 mp;, the parameters are «r; - yr,/ V2 = KEi -+ mg;/v,
where yr; 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 my;;, the new parameters are /Ky, - gv,i/2v = +[Ky; - my;/v, where gy; is the absolute Higgs boson
gauge coupling strength. The linear scaling of these new parameters as a function of the particle masses
observed in Fig. 19 indicates qualitatively the compatibility of the measurements with the SM. For the
b quark, the running mass evaluated at a scale equal to my, my(my) = 2.76 GeV, is used.

Following the phenomenological model suggested in Ref. [129], the coupling modifiers can also be ex-

42



ATLAS and CMS -8~ ATLAS+CMS
LHC Run1 - ATLAS

-+ CMS
: — 1o interval
K, — —~4— — 20 interval

Kl -

-2 -1 0 1 2 3
Parameter value

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, Bgsy = 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 1o (thick lines) and 20 (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |«,| = O, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

pressed as a function of a mass scaling parameter €, with a Value € = 0 in the SM, and a free parameter M,
equal to v in the SM: kp; = v - mFl/M“E and ky; = v - /M1+2€ A fit is then performed with the
same assumptions as those of Table 18 with € and M as parameters of interest. The results for the com-
bination of ATLAS and CMS are € = 0. 023+8 8%2 and M = 233+13 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],
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Table 18: Fit results for the parameterisation assuming the absence of BSM particles in the loops (Bgsm = 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 10~ CL in-
tervals are shown on a second line. When a parameter is constrained and reaches a boundary, namely |«,| = 0, the
uncertainty is not indicated. For those parameters with no sensitivity to the sign, only the absolute values are shown.

Parameter | ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty Measured Measured
Kz 1.00 0.98 1.03
[-1.05,-0.86]U [-1.00, -0.88]uU [-1.07,-0.83]U | [-1.11,-0.83]U
[0.90,1.11] [0.90, 1.10] [0.84,1.12] [0.87,1.19]
s 091755 o 0917515 09277
i 0877513 3H 0.9870% 077751
o 09051 % 099%4% | osgd
Kp 0.67 0.64 0.71
[-0.73,-0.47]u [-1.24,-0.76]U [-0.89,-0.33]u | [-0.91,-0.40]U
[0.40,0.89] [0.74,1.24] [0.30,0.94] [0.35,1.04]
|Kﬂ| 0‘2+1.2 +0.9 0.0+1.4 O.5+1'4

in which the total Higgs boson width is also allowed to vary. The main parameters of interest for these
tests are Ag, = Kq/k, for the up- and down-type fermion symmetry, and A;, = «;/«, for the lepton and
quark symmetry, where both are allowed to be positive or negative. In this parameterisation, the loops are
resolved in terms of their expected SM contributions.

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

The free parameters for this test are: Ay, = &q/ky, Avy = kv/ky, and &, = &, - Kk, /Ky, where this latter
term is positive definite since «y is always assumed to be positive. The up-type fermion couplings are
mainly probed by the ggF production process, the H — yy decay channel, and to a certain extent the 1tH
production process. The down-type fermion couplings are mainly probed by the H — bb and H — 17
decays. A small sensitivity to the relative sign arises from the interference between top and bottom quarks
in the gluon fusion loop.

The results of the fit are reported in Table 19 and Fig. 20. The p-value of the compatibility between
the data and the SM predictions is 72%. The likelihood scan for the A4, parameter is shown in Fig. 21
for the combination of ATLAS and CMS. Negative values for the parameter Ay, are excluded by more
than 40
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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 kz - mp /v for the fermions, and as /ky - my /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, €] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.

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 A;; = k1/ky, Avy = Ky /Kg, and Kyq = Kq- Ky /K,
where the latter term is positive definite, like «,,. The quark couplings are mainly probed by the ggF
process, the H — yy and H — bb decays, and to a lesser extent by the 1#H process. The lepton couplings
are probed by the H — 77 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 4;, parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the A;, parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter Ay, are excluded by more
than 40
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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 «,,, and k,, are both positive definite since kg is always
assumed to be positive. For the parameter A ,, for which both signs are allowed, the 1o~ CL intervals
are shown on a second line. For the parameter A, for which there is no sensitivity to the sign, only the
absolute values are shown. Negative values for the parameters Ay, and Ay, are excluded by more than 4c-.

Parameter | ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty Measured Measured
Adu 0.92 0.86 1.01
[0.80, 1.04] [-1.21,-0.92]u [-1.03,-0.78]U | [-1.20,-0.94]U
[0.87,1.14] [0.73,1.01] [0.83,1.21]
A 100513 0% 088013 1165755
K LO7'51 "027 133505 0827531
| e e Logy | ost
Avg 1097513 T L0153 LI8%G1S
Kgq 0.9375:15 016 1072551 0807575
ATLAS and CMS @ ATLAS+CMS
LHC Run 1
| =¥ ATLAS
: =& CMS
)\ - _._ =— 1o interval
du ——— avk — 20 interval
N —
T
K ———
uu e
_*:_
N B RN U BT R
-2 -1 0 1 2 3 4

Parameter value

Figure 20: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation testing the up- and down-type fermion coupling ratios. The error bars indicate
the 1o (thick lines) and 2¢ (thin lines) intervals. The parameter «,,, is positive definite since «y is always assumed
to be positive. Negative values for the parameter Ay, are excluded by more than 40
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Figure 21: Observed (solid line) and expected (dashed line) negative log-likelihood scan of the A;, 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 —2AIn A value of 1 (4) indicates the value of the profile likelihood ratio
corresponding to a 1o~ (207) CL interval for the parameter of interest, assuming the asymptotic y? distribution of the
test statistic.

6.4. Fermion and vector boson couplings

The last and most constrained parameterisation studied in this section is motivated by the intrinsic differ-
ence 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 — yy decay mode)
and that there are no BSM decays, i.e. Bgsm = 0. Vector and fermion coupling modifiers, xy and «r, are
defined such that x; = kw = «y and x;, = kr = k, = kp. These definitions can be applied either glob-
ally, yielding two parameters, or separately for each of the five decay channels, yielding ten parameters
K‘C and KIC (following the notation related to Higgs boson decays used for the signal strength parameterisa-
tion). Two fits are performed: a two-parameter fit as a function of xy and «r, and a ten-parameter fit as a
function of K‘C and K[C 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 «y and kr can only occur through interference terms, either
in the H — yy decays, through the +—W interference in the yy decay loop, or in ggZH or tH production.
Without any loss of generality, this parameterisation assumes that one of the two coupling modifiers,
namely «y (or K‘f,), is positive.

The combined ATLAS and CMS results are shown in Fig. 24 for the individual channels and their com-
bination. The individual decay channels are seen to be compatible with each other only for positive
values of K]; The incompatibility between the channels for negative values of K; arises mostly from the
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Figure 22: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each ex-
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Figure 23: Observed (solid line) and expected (dashed line) negative log-likelihood scan of the 4;, 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 —2A In A value of 1 (4) indicates the value of the profile likelihood ratio corresponding to a
1o (20) CL interval for the parameter of interest, assuming the asymptotic y? distribution of the test statistic.
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ATLAS and CMS and for the individual decay channels, as well as for their combination (kr versus ky shown in
black), without any assumption about the sign of the coupling modifiers. The other two quadrants (not shown) are
symmetric with respect to the point (0,0).

H — yy, H—> WW, and H — ZZ channels. Nonetheless, the best fit values for most of the individual
channels correspond to negative values of K; However, the best fit value from the global fit yields x¢ > O,
a result that is driven by the large asymmetry between the positive and negative coupling ratios in the case
of H — yy decays.

The fact that, for four of the five individual channels, the best fit values correspond to K; < 0 is not

significant, as shown by the likelihood curves in Figs. 25 (a-e). The H — bb decay channel displays the
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largest expected sensitivity, mostly arising from the contribution of the ggZH process, and the best fit
value of K?:b 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 1#H production process induces a
preference for a relative 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 K; is observed for the H — WW channel.

As stated above, the channel most affected by the relative sign of the couplings is the H — yy decay
channel: because of the negative +—W interference in the yy loop, the H — yy partial width would be
much larger if the sign of } were opposite to that of «. When combining the H — 7y decay channel
with all the other channels, the opposite sign case is excluded by almost 5o, as can be inferred from
Fig. 25 ().

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 completeness, additional likelihood scans
are performed for the two global coupling modifiers and for those of each decay channel, assuming in all
cases that «r and «y are both positive. The results of these scans are shown in Fig. 26 (bottom). The most
precise determination of KIC and K(/ 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 K; > 0in Fig. 24 and Fig. 26 (bottom), where it is explicitly assumed that K; > 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, K; =1and K‘f/ = 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 production and de-
cay 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, respectively, to production through the gluon fusion and vector boson fusion
processes; and six decay channels, H — ZZ, WW, yy, tt, bb, and uu. All results are reported assuming a
value of 125.09 GeV for the Higgs boson mass, the result of the combined Higgs boson mass measure-
ment 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, corresponding to integrated luminosities per exper-
iment of approximately 5 fb~! at 4/s = 7 TeV and 20 fb~! 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 vector bosons and
to the heavier fermions (top quarks, b quarks, 7 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 beyond 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 improvement
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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/ V2, as one would expect for the com-
bination 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 (c;, B/) 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 parameterisation 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 ovpr/0g.r and for the ratios of branching fractions B"" /B##
and B?7/B%. A relative precision of around 40% is achieved for the ratio of branching fractions B™/B%%.
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 sec-
tions. The measured (expected) significance for the direct observation of the VBF production process is
at the level of 5.40° (4.607), while that for the H — 77 decay channel is at the level of 5.50 (5.00).
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Figure 25: Observed (solid line) and expected (dashed line) negative log-likelihood scans for the five K; parameters,
corresponding to each individual decay channel, and for the global xr parameter, corresponding to the combination
of all decay channels: (a) &7, (b) k7, (c) kp", (d) 7, (e) k4, and (f) k. 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
—2A1n A value of 1 (4) indicate the value of the profile likelihood ratio corresponding to a 1o~ (20) CL interval for
the parameter of interest, assuming the asymptotic y* distribution of the test statistic.
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Appendix

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 coeflicients 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 Fig. 27. Some significant 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 —
vy decay mode, and in the H - WW versus H — 71 decay modes for the ##H production process.

In contrast, for the two parameterisations based on ratios shown in Figs. 28 and 29, correlations are
present for all pairs of parameters. For example, in each of these parameterisations, 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 paramet-
ers of interest, and therefore are not fully representative of the asymmetric uncertainties observed in
certain parameterisations, as shown for example in Fig. 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 branch-
ing 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, withgg - H - WW
as reference, are shown in Table 21 and illustrated in Fig. 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, BYW /B%Z and B%4/B"W. Finally, the results of the generic paramet-
erisation 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 para-
meterisation 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 #tH 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 para-
meterisation 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 para-
meterisation 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 o;(7 TeV)/o;(8 TeV). The
error bars indicate the 1o (thick lines) and 20 (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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C. Likelihood scans for coupling modifier parameterisations

For the results based on certain coupling modifier parameterisations described in Sections 4.2 and 6, it
is necessary to account for the relative signs between parameters that modify the rates of certain signal
production processes and decay modes through interference effects. For example, in the generic para-
meterisation in terms of ratios of coupling modifiers, the signs of Az,, Awz, and A, affect the rates of tH
production through —W interference, and of ggZH production through 7—Z interference. The paramet-
ers Az, and, as a consequence, k,z are assumed to be positive without loss of generality. From this follows
that there are four relevant sign combinations of Ayz and A, which must be evaluated when performing
all likelihood scans. An example is given in Fig. 31 for |1,z|, 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 min-
imum. For this parameterisation, the SM sign hypothesis (1yz > 0, 4;;, > 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 —21n A from the different sign hypotheses as a
function of the parameter being considered in the scan. This curve, indicated by the solid line in Fig. 31,
is used to determine the uncertainties and the confidence intervals. In the case of the example chosen
here, but also more generally, this procedure results in larger confidence intervals than would be found
from the (dwz > 0, 4,4 > 0) hypothesis alone.

Another example of the effect of the different sign combinations is given in Fig. 32, which shows the ob-
served and expected negative log-likelihood scans for Bggy using the parameterisation described in Sec-
tion 6.1. Given that in this parameterisation, opposite signs of ky and kz are not considered, only two
sign combination hypotheses, xy > 0,xz > 0 and xy < 0,kz < 0, are evaluated. In the expected neg-
ative log-likelihood curve, a transition between the two hypotheses occurs at Bgsy ~ 0.175. This has
the effect of increasing the expected 95% CL upper limit on Bggy from 0.35, when considering only the
kw > 0,kz > 0 case, to 0.39, once both sign combinations are considered.
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Figure 31: Negative log-likelihood scan for 4;; showing the minima obtained when considering all sign combina-
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Figure 32: Observed (left) and expected (right) negative log-likelihood scan for Bggy, the minima obtained when
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