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Abstract Combined analyses of the Higgs boson pro-
duction and decay rates as well as its coupling strengths
to vector bosons and fermions are presented. The combi-
nations include the results of the analyses of the H —
vy, ZZ*, WW*, Zy, bb, Tt and up decay modes, and
the constraints on the associated production with a pair of top
quarks and on the off-shell coupling strengths of the Higgs
boson. The results are based on the LHC proton-proton col-
lision datasets, with integrated luminosities of up to 4.7 fb~!
at /s = 7TeVand20.3 fb~! at \/s = 8 TeV, recorded by the
ATLAS detector in 2011 and 2012. Combining all produc-
tion modes and decay channels, the measured signal yield,
normalised to the Standard Model expectation, is 1.181L8:i2.
The observed Higgs boson production and decay rates are
interpreted in a leading-order coupling framework, explor-
ing a wide range of benchmark coupling models both with
and without assumptions on the Higgs boson width and on
the Standard Model particle content in loop processes. The
data are found to be compatible with the Standard Model
expectations for a Higgs boson at a mass of 125.36 GeV for
all models considered.

1 Introduction

In 2012, the ATLAS and CMS Collaborations at the Large
Hadron Collider (LHC) reported the observation of a new
particle at a mass of approximately 125 GeV [1,2]. The
discovery made in the search for the Standard Model (SM)
Higgs boson (H), is a milestone in the quest to understand
electroweak symmetry breaking (EWSB). Within the SM,
EWSB is achieved through the Brout-Englert-Higgs mech-
anism [3-8] which predicts the existence of a neutral scalar
particle, commonly known as the Higgs boson. While the
SM does not predict the value of its mass (m g ), the produc-
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tion cross sections and decay branching ratios (BR) of the
Higgs boson can be precisely calculated once the mass is
known. Therefore, precision measurements of the properties
of the new particle are critical in ascertaining whether the
newly discovered particle is fully responsible for EWSB and
whether there are potential deviations from SM predictions.

At the LHC, SM production of the Higgs boson is dom-
inated by the gluon fusion process gg — H (ggF), fol-
lowed by the vector-boson fusion process qq' — gq'H
(VBF). Associated production with a W boson ¢q' — WH
(WH), a Z boson qq/gg — ZH (ZH) or with a pair of
top quarks ¢4 /gg — t1H (tt H) have sizeable contributions
as well. The W H and Z H production processes are collec-
tively referred to as the V H process. Contributions are also
expected from bb — H (bbH) and production in association
with a single top quark (#H). The latter proceeds through
either the gb — tHq' or gb — Wt H process. With the
present dataset, the LHC is expected to be most sensitive
to the Higgs boson decays of H — yy, ZZ*, WW*, 71
and bb. Together they account for approximately 88 % of all
decays of a SM Higgs boson at mpg ~ 125 GeV.

The discovery of the Higgs boson was made through anal-
yses of the bosonic decay modesin H — yy,H — ZZ* —
4¢ and H — WW* — fvlv ({ = e, 1) events. Since the
discovery, these analyses have been improved and updated
with more data [9-11]. The H — WW* — £vlv analysis
has been supplemented with a dedicated V H analysis target-
ing H — WW?* [12]. The ATLAS Collaboration has mea-
sured the Higgs boson mass from the H — yy and H —
ZZ7Z* — 4¢ decays to be mpy = 125.36 £ 0.41 GeV [13],
reported results in the H — 77 [14] and H — bb [15]
fermionic decay modes, and published upper limits on the
rare decays H — Zy [16] and H — pu [17]. Furthermore,
constraints have been set on the fH production rate [18-
20] and on the off-shell coupling strengths of the Higgs
boson [21]. These results are based on the full proton-proton
collision data with integrated luminosities of up to 4.7 fb~!
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at a centre-of-mass energy /s = 7 TeV recorded in 2011 and
20.3 fb~! at /s = 8 TeV recorded in 2012 by the ATLAS
detector at the LHC. A detailed description of the ATLAS
detector can be found in Ref. [22].

This paper presents the combined results of the analyses
mentioned above. These analyses are designed for maximum
sensitivities to SM Higgs boson production from different
processes, exploiting in particular the differences in kine-
matics through categorisation of the selected events. Thus
the yields of different Higgs boson production processes and
decays can be extracted. The Higgs boson coupling strengths
to SM vector bosons and fermions in different benchmark
models are probed for the measured Higgs boson mass of
mpy = 125.36 GeV. All results are obtained assuming the
Higgs boson has a small total decay width such that its
production and decay factorise. The ATLAS Collaboration
has previously published combined studies of Higgs boson
production and decay rates [23] and of spin-parity proper-
ties [24,25] using diboson final states. The results are found
to be consistent with expectations from the SM Higgs boson.
Compared with the previous publication, the current results
are based on the improved analysis sensitivities and the addi-
tion of information from other decay modes. A similar com-
bination has been published by the CMS Collaboration [26].

The paper is organised as follows. Section 2 briefly sum-
marises the individual analyses that are included in the com-
binations and Sect. 3 outlines the statistical method and the
treatment of systematic uncertainties used in the combina-
tions. In Sect. 4, the measured Higgs boson yields are com-
pared with the SM predictions for different production pro-
cesses and decay modes. In Sect. 5, the coupling strengths of
the Higgs boson are tested through fits to the observed data.
These studies probe possible deviations from the SM predic-
tions under various assumptions, motivated in many cases by
beyond-the-SM (BSM) physics scenarios. An upper limit on
the branching ratio to invisible or undetected decay modes
of the Higgs boson is also set. Finally, a brief summary is
presented in Sect. 6.

2 Input analyses to the combinations

The inputs to the combinations are the results from the anal-
ysesof H — yy, ZZ*, WW*, tt, bb, up and Zy decay
modes, and of the constraints on ##H and off-shell Higgs
boson production. These analyses and changes made for
the combinations are briefly discussed in this section. The
ATLAS Collaboration has also performed a search for the
rare H — J/vyy decay [27] which has the potential to
constrain the Higgs boson coupling strength to the charm
quark. However, the current result does not add sensitivity
and is therefore omitted from the combinations. Furthermore,
the inclusion of the results from direct searches for Higgs
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boson decays to invisible particles, such as those reported
in Refs. [28,29], is beyond the scope of the combinations
presented in this paper.

The theoretical calculations of the Higgs boson production
cross sections and decay branching ratios have been com-
piled in Refs. [30-32] and are summarised in Table 1. For
the ggF process, the cross section is computed at up to NNLO
in QCD corrections [33-38] and NLO in electroweak (EW)
corrections [39—41]. The effects of QCD soft-gluon resum-
mations at up to NNLL [42] are also applied. These calcula-
tions are described in Refs. [43—47]. For the VBF process, full
QCD and EW corrections up to NLO [48-50] and approxi-
mate NNLO [51,52] QCD corrections are used to calculate
the cross section. The cross sections of the WH and ZH
(qq — ZH) are calculated including QCD corrections up
to NNLO [53,54] and EW corrections up to NLO [55,56]
whereas the cross section of the gg — Z H process is calcu-
lated up to NLO in QCD corrections [57,58]. The cross sec-
tion for 7z H is computed up to NLO in QCD [59-62]. For the
bb H process, the cross section is calculated in QCD correc-
tions up to NLO [63-65] in the four-flavour scheme and up
to NNLO [66] in the five-flavour scheme with the Santander
matching scheme [67]. The cross sections of the  H processes
used are calculated at up to NLO in QCD corrections [68,69].
The PDF sets used in these calculations are CT10 [70,71],
MSTW2008 [72], NNPDF2.1 [73,74] and NNPDF2.3 [75]
following the prescription of Ref. [76]. The decay branch-
ing ratios of the Higgs boson are calculated using the HDE-
CAY [77,78] and Prophecy4f [79,80] programs, compiled in
Ref. [81].

All analyses use Monte Carlo (MC) samples to model the
acceptances of the Higgs boson events. Table 2 summarises
the event generators and parton distribution functions (PDF)
used for the analyses of the /s = 8 TeV data. The mod-
elling at /s = 7 TeV is similar, with one notable difference
of PYTHIAG [83] replacing PYTHIAS [84]. The ggF and VBF
production of the Higgs boson are simulated with the next-to-
leading order (NLO) matrix-element POWHEG program [85—
89] interfaced to either PYTHIA6 or PYTHIAS for the simula-
tion of the underlying event, parton showering and hadronisa-
tion (referred to as the showering program). The Higgs boson
transverse momentum distribution from ggF production is
reweighted to match the calculation of HRES2.1 [90,91],
which includes QCD corrections up to the next-to-next-
to-leading order (NNLO) and next-to-next-to-leading loga-
rithm (NNLL) in perturbative expansions. Furthermore, ggF
events with two or more jets are reweighted to match the
transverse momentum distribution from MINLO HJJ predic-
tions [92]. The WH and ZH (qq — Z H) production pro-
cesses are simulated with the leading-order (LO) PYTHIAS
program. The gg — Z H process contributes approximately
8 % to the total ZH production cross section in the SM.
For most of the analyses, the process is modelled using
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Table 1 SM predictions of the Higgs boson production cross sec-
tions and decay branching ratios and their uncertainties for mpy =
125.36 GeV, obtained by linear interpolations from those at 125.3 and
125.4 GeV from Ref. [32] except for the t H production cross section
which is obtained from Refs. [20,82]. The uncertainties of the cross

sections are the sum in quadrature of the uncertainties resulting from
variations of QCD scales, parton distribution functions and «s. The
uncertainty on the 7 H cross section is calculated following the proce-
dure in Refs. [20,32]

Production process Cross section (pb)

Decay channel Branching ratio (%)

s =7TeV 5 =8TeV
ggF 150£1.6 19.2£2.0 H — bb 57.1£19
VBF 1.22 £0.03 1.57 £0.04 H — WW* 22.0£0.9
WH 0.573 £0.016 0.698 £0.018 H — gg 8.53 £0.85
ZH 0.332£0.013 0.412+£0.013 H— 11 6.26 £0.35
bbH 0.155 £0.021 0.202 +0.028 H — cc 2.88+0.35
ttH 0.086 £ 0.009 0.128 +0.014 H— ZZ* 273 +£0.11
tH 0.012 £ 0.001 0.018 £ 0.001 H— yy 0.228 +0.011
Total 174 £ 1.6 223+2.0 H— Zy 0.157 +£0.014
H— up 0.022 +0.001
Table 2 Summary of event
generators, showering programs Production process Event generator Showering program PDF set
and PDF sets used to model the
Higgs boson production and ggF POWHEG PYTHIAG/PYTHIAS CT10
decays at /s = 8 TeV VBF POWHEG PYTHIA6/PYTHIA8 CT10
WH PYTHIA8 PYTHIA8 CTEQ6L1
ZH: qqg — ZH PYTHIA8 PYTHIA8 CTEQ6L1
ZH: gg —> ZH POWHEG PYTHIA8 CT10
ttH POWHEG PYTHIA8 CT10
bbH MADGRAPH5_AMC@NLO HERWIG++ CT10
tH: gb— tHq' MADGRAPH PYTHIA8 CT10
tH: gb > WtH MADGRAPH5_AMC@NLO HERWIG++ CT10

qq — ZH of PYTHIAS. Only the V H analysis in the H —
bb decay mode specifically models gg — ZH production
using POWHEG [85-87] interfaced to PYTHIAS. The ¢t H pro-
cess is modelled using the NLO calculation in the HELAC-
Oneloop package [93] interfaced to POWHEG and PYTHIA8
for the subsequent simulation. The ¢ H production process
is simulated using MADGRAPH [94] interfaced to PYTHIAS
for gb — tHq' and using MADGRAPH5_AMC@NLO [82]
interfaced to HERWIG++ [95] for gb — WrtH. The bbH
production process contributes approximately 1 % [96] to
the total Higgs boson cross section in the SM. It is simu-
lated with the MADGRAPH5_AMC @NLO program for some
analyses. The event kinematics of ggF and bb H production
are found to be similar for analysis categories that are most
important for bb H. Thus the acceptance times efficiency for
bbH is assumed to be the same as for ggF for all analyses.
The PDF sets used in the event generations are CT10 [70]
and CTEQG6L1 [97]. All Higgs boson decays are simulated
by the showering programs.

Throughout this paper, the signal-strength parameter u is
defined as the ratio of the measured Higgs boson yield to its
SM expectation:

o x BR

(6 x BR)sm

Here o is the production cross section of the Higgs boson.
For a specific production process i and decay channel f,1i.e.,
i — H — f, the signal-strength parameter is labelled as
/Lif and can be factorised in terms of the signal strengths of
production (u;) and decay (i r):

f oi X BRy

W= ey

M= o X BR gy = X
i BR
0i)SM fISM

Thus for each analysis category (c) as discussed later in this
section, the number of signal events (1) can be written as:

n$=> "> " pi(oi)sm x iy (BRp)smx Afp x el x L (3)
i f
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where the indices i and f indicate the production processes
and decays contributing to the category, Aff represents the
detector acceptance derived from simulation of the SM pro-
cess, &7 is the reconstruction efficiency within the accep-
tance and £ the integrated luminosity for the given category
c of the given channel.

However, the experimental data do not allow to separately
determine p; and p ¢ for any given process since only their
product is measured. All combined fits of signal strengths
presented in this paper make assumptions about the relation-
ship between u; of different production processes or simi-
larly between u ¢ of different decay modes. Thus the mean-
ing of the signal strength depends on the assumptions made.
Nevertheless, the production and decays can be factorised
using the ratios of cross sections and of branching ratios as
discussed in Sect. 4.4.

Leptons (£) refer to electrons or muons unless speci-
fied otherwise; the symbols Tjep and thaq refer to T leptons
identified through their decays to leptons or hadrons; and
variables pr, Et and EITniss refer to transverse momentum,
transverse energy and missing transverse momentum, respec-
tively. Notations indicating particle charges or antiparticles
are generally omitted.

The ATLAS experiment uses a right-handed coordinate
system with its origin at the nominal interaction point (IP)
in the centre of the detector and the z-axis along the beam
pipe. The x-axis points from the IP to the centre of the LHC
ring, and the y-axis points upward. Cylindrical coordinates
(r, ¢) are used in the transverse plane, ¢ being the azimuthal
angle around the beam pipe. The pseudorapidity is defined
in terms of the polar angle 6 as n = — Intan(6/2).

Table 3 gives an overview of the analyses that are inputs
to the combinations and their main results, as published. An
essential feature of these analyses is the extensive application
of exclusive categorisation, i.e., classifying candidate events
based on the expected kinematics of the different Higgs boson
production processes. The categorisation not only improves
the analysis sensitivity, but also allows for the discrimina-
tion among different production processes. Figure 1 sum-
marises the signal-strength measurements of different pro-
duction processes that are used as inputs to the combinations.

2.1 H— yy

In the H — yy analysis, described in detail in Ref. [9],
the Higgs boson signal is measured in events with at least
two isolated and well-identified photon candidates. The lead-
ing and subleading photon candidates are required to have
Et/m,, > 0.35 and 0.25, respectively, where m,,,, is the
invariant mass of the two selected photons. The diphoton
candidate events are grouped into twelve exclusive categories
separately for the /s = 7 and 8 TeV datasets; the order of
categorisation is chosen to give precedence to production
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modes with the most distinct signatures. Each category is
optimised by adjusting the event selection criteria to min-
imise the expected uncertainty on the signal yield of the tar-
geted production mode.

The first two categories are designed for 11 H production
based on the topology of leptonic and hadronic decays of
the associated 7 pair. They are described in Sect. 2.8. The
next four categories are optimised for V H production, tar-
geting one-lepton, dilepton, ErT“iss, and hadronic signatures
of W and Z boson decays. Events from VBF production are
identified by requiring two well-separated and high- p jets
and little hadronic activity between them. A boosted deci-
sion tree (BDT) [98,99] algorithm is employed to maximise
the VBF signal and background separation. Events are sorted
into two categories with different VBF purities according to
the output value of the BDT. Finally, the remaining events
are separated into four categories based on the pseudorapidi-
ties of the photons and the pt of the diphoton system [9],
the diphoton momentum transverse to its thrust axis in the
transverse plane.

For most of the categories, the background is composed
of a mixture of y—jet and jet—jet events, where one or two
jets are misidentified as photons, and y y events. In particular
the yy background is dominant and irreducible. The Higgs
boson signal is extracted from maximum-likelihood fits of
a narrow resonance plus continuum background models to
unbinned diphoton invariant-mass distributions observed in
the different event categories. In the fit, the signal is modelled
by the sum of a Crystal Ball function [100] and a smaller but
wider Gaussian component while the backgrounds are mod-
elled by category-dependent exponential functions of first-
or second-order polynomials.

22 H—>ZZ" - 4¢

The H — ZZ* — 4{ analysis, described in detail in
Ref. [10], has a high signal-to-background ratio, which is
about two for each of the four final states considered: 4u,
2e2u, 21u2e, and 4e, where the first lepton pair has an invari-
ant mass closer to the Z boson mass. The analysis selects
Higgs boson candidates by requiring two pairs of isolated,
same-flavour and opposite-charge leptons with one of the
two pairs having a dilepton invariant mass in the range 50 —
106 GeV.

To measure the rates of different production processes,
each H — ZZ* — 4¢ candidate is assigned to one of four
categories depending on event characteristics beyond the four
selected leptons. The VBF category consists of candidates
with two additional jets with dijet mass m;; > 130 GeV.
The events failing this selection are considered for the V H-
hadronic category, where the dijet mass is required to be
40GeV < mj; < 130GeV. Events failing the VBF and
V H-hadronic categorisation criteria are considered for the
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Table 3 Overview of the individual analyses that are included in the
combinations described in this paper. The signal strengths, the statisti-
cal significances of a Higgs boson signal, or the 95 % CL upper lim-
its on the Higgs boson production rates or properties are also shown
wherever appropriate. A range is quoted for the upper limit on the off-
shell signal strength, depending on the assumption for the continuum
g8 — WW/ZZ cross section. These results are taken directly from the
individual publications. Results of the on-shell analyses are quoted for
mpy = 125.36 GeV except that mpy = 125.5 GeV is assumed for the
H — Zy and H — ppu analyses and that mpy = 125 GeV is used for

the 17 H searches with H — bb and tt H — multileptons. The luminos-
ity used for the /s = 7 TeV V H(— bb) analysis differs slightly from
the values used for other analyses because a previous version of the
luminosity calibration was applied. The significance is given in units of
standard deviations (SD). The numbers in parentheses are the expected
values for the SM Higgs boson. The ¢ H analysisinthe H — yy decay
is part of the H — yy analysis. It is included separately under the tt H
production for completeness. The checkmark (v') indicates whether the
analysis is performed for the respective 4/s = 7 and 8 TeV dataset

Analysis Signal [ Ldt b
Categorisation or final states Strength p Significance [SD] 7TeV 8 TeV
H— yy 9] 1.17 £0.27 5.2 (4.6) 4.5 20.3
tt H: leptonic, hadronic v v
V H: one-lepton, dilepton, ETmiSS, hadronic v v
VBEF: tight, loose v v
ggF: 4 pt categories v v
H — ZZ* — 4£[10] 1.447939 8.1(6.2) 45 20.3
VBF v v
V H: hadronic, leptonic v v
gek v v
H— WW*[11,12] 116792 6.5(5.9) 45 203
ggF: (0-jet, 1-jet) @ (ee 4+ ., ew) v v
ggF: > 2-jet and ep v
VBF: > 2-jet ® (ee + up, en) v v
V H: opposite-charge dilepton, three-lepton, four-lepton v v
V H: same-charge dilepton v
H — t7[14] 1437093 4.5(3.4) 4.5 203
Boosted: Tlep Tleps Tlep Thad > Thad Thad v v
VBF: Tlep Tleps Tlep Thad s Thad Thad v v
VH — Vbb[15] 0.52 £0.40 1.4 (2.6) 4.7 20.3
0¢ (ZH — vvbb): Niet = 2,3, Nog = 1,2, p} € 100-120 and > 120 GeV v v
16 (WH — €vbb): Njet = 2,3, Nog = 1,2, pf. < and > 120 GeV v v
20 (ZH — £0bb): Njet = 2,3, Npug = 1,2, pf < and > 120 GeV v v
95 % CL limit
H — Zy [16] u <1109 4.5 20.3
10 categories based on Anz, and pr¢ v v
H — pp[17] n<17.0(.2) 4.5 20.3
VBF and 6 other categories based on 71, and p#“ v v
tt H production [18-20] 4.5 20.3
H — bb: single-lepton, dilepton n <3422 v
tt H — multileptons: categories on lepton multiplicity n<4.724) v
H — yy: leptonic, hadronic uw<6.74.9) v v
Off-shell H* production [21] u < 5.1-8.6 (6.7-11.0) 20.3
H* > Z7Z — 4 v
H* - ZZ — 202v v
H* > WW — evuv v
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ATLAS Input measurements
Individual analysis
Y +1oonp
m, (GeV)
Overall: p = 1.17°9%7 1125.4 |
H— vy ggF:n=1.327% |1254 ——i
VBF: =087 1254 : : ety
WH: 1 = 1.0’]; 125.4 —_—
. _ 3.7
ZH:p = 0.170‘ 1254 | r—~—'
1= 1.440% [125.36 ——
H - zz* Overall: 1 1.447033
ggF+ttH: 1w = 17702 |125.36 ——
_ +1.6
VBF+VH: = 0378 |0 o I — e i
Overall: u = 1.16°% 125 36 am
H — WW* ot oo
9oF: 1 =0.98"0% 1125 36 =
A +0.55
VBF: 1 =1.28"0% 112536 e
_ 16
VH:u=3.0 1312536 i i ‘|—¥—0—|—|
Overall: p = 1.43°0%° 1125.36 =
H- 1t ot
goF:p =201 [125.36 et
_ 0.59
VBF+VH:p=1.240% | o I | i
_ Overall: p =0‘52’ng 125.36
VH — Vbb 1065
WH: = 1.117% |125 —_
_ +0.52
ZH:u=0.05" 0 1195 L —— |
H- Overall:p=-0.7j: 125.5
S
H— ZY Overall: p = 2‘713 125.5
|
bb: p = 1.5 [125 A
ttH BT
Multilepton: p = 2.1 1: 125 e
4 pi262
T PP i ; i i
A | A I B
-2 0 2 4

- . -1
Vs=7TeV,454.7f Signal strength (u)

Vs =8TeV, 20.3 b

Fig. 1 Summary of the signal-strength measurements, as published,
from individual analyses that are inputs to the combinations. The Higgs
boson mass column indicates the m i value at which the result is quoted.
The overall signal strength of each analysis (black) is the combined
result of the measurements for different production processes (blue)
assuming SM values for their cross-section ratios. The error bars rep-
resent 1o total uncertainties, combining statistical and systematic
contributions. The green shaded bands indicate the uncertainty on the
overall signal strength obtained by each analysis. The combined signal
strength of the H — yy analysis also includes the 7t H contribution
which is listed separately under ## H production

V H -leptonic category with the requirement of an additional
lepton. Finally, the remaining events are assigned to the ggF
category. The separation of VBF and V H production from
the dominant ggF production mode is improved by exploiting
two BDT discriminants trained on the jet kinematics, one
for the VBF category and the other for the V H-hadronic
category. A third BDT discriminant based on the four-lepton
kinematics is used to improve the separation between the ggF
signal and its main background.

The largest background comes from continuum Z Z* pro-
duction and is estimated using simulation normalised to the
SM next-to-leading-order cross-section calculation. For the
four-lepton events with an invariant mass, m4¢, below about
160 GeV, there are also important background contributions
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from Z+jets and 7 production with two prompt leptons,
where the additional charged lepton candidates arise from
decays of hadrons with b- or c-quark content, from photon
conversions or from misidentified jets. Their contributions
are estimated with data-driven methods.

For each category, the signal is extracted from a maximum-
likelihood fit to either the my4, distribution (V H categories)
or the combined two-dimensional distributions of mg4; and
a BDT discriminant (ggF and VBF categories). The four-
lepton mass range of 110 GeV < my4y < 140 GeV isincluded
in the fits.

23 H—> WwW*

Analyses targeting the ggF, VBF, and VH production
modes [11,12] are performed for the H — WW?* decay
channel. The ggF and VBF production processes are explored
throughthe H — WW* — ¢vfv decay and the V H process
is studied in final states with two or more leptons.

The analysis of the ggF and VBF production pro-
cesses [11] selects the signal candidate events by requiring
two oppositely charged leptons. Candidates are categorised
according to the number of jets (Njet) and to the flavours
of the leptons. The Nje categorisation separates the large
top-quark production background from the ggF signal while
the categorisation by lepton flavours isolates the challeng-
ing Drell-Yan background in the same-flavour categories.
The categories targeting ggF production include Njet = 0, 1
and >2 and are further divided into the same- and different-
flavour leptons for Njet = 0, 1. Only the different-flavour
leptons are considered for Nje; > 2. The categories targeting
VBF production require Njey > 2, separately for the same- or
different-flavour leptons. The primary background processes
are WW, top quark (¢7 and Wt), W+jets, Drell-Yan, and
other diboson (WZ, Wy, Wy*, and ZZ) production. Most
of the background contributions are estimated using data.
For the ggF categories, the final signal region is selected
by requiring the dilepton mass my < 55 GeV and their
azimuthal angular separation A¢yy < 1.8 and the signal
is extracted through a combined fit to the transverse mass
distributions of the dilepton plus E?iss system in both the
signal and control regions of different categories and lepton
flavours. For the VBF categories, a BDT combining informa-
tion such as rapidity separation and mass of the two leading
jets and the dilepton angular separation, is used as the final
discriminant, from which the signal is extracted.

The V H analysis [12] is optimised for different lepton
multiplicities: opposite-charge dileptons, same-charge dilep-
tons, three and four leptons. Most final states are required to
have E%ﬁss and events with a b-tagged jet are vetoed. Dilep-
ton final states target V H production with the H — WW*
decay with two bosons decaying leptonically and the other
hadronically. The opposite-charge dilepton final state selects
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events with two or more jets, with the value of m ;; required
to be close to the W and Z boson masses. Similar to the
ggF Njet > 2 category, the dominant background is from
top quark production. The same-charge dilepton category
accepts events with either one or two jets. The dominant
backgrounds are from WZ, Wy ™), and W+jets production.
The three-lepton final state targets WH with H — WW*
and has the highest sensitivity of the four final states. The
three leptons are required to have a net charge of +1 and the
event can have at most one jet. The dominant background
process is WZ production and is reduced with a Z — ££
veto. The four-lepton category is designed to accept events
from ZH production with the H — W W* decay. The net
charge of the leptons is required to be zero and at least one
pair of leptons is required to have the same flavour, opposite
charge, and an invariant mass close to the Z boson mass.
The dominant background is SM ZZ* production. In the
three-lepton category, the signal yield is extracted through
fits to distributions of a BDT or the minimum separation in
the n — ¢ plane between opposite-charge leptons depending
on the lepton flavours. For other categories, the event yields
are used, without exploiting information on the shapes of
distributions.

24 H— 11

The H — 7t analysis [14] considers both the leptonic
(tiep) and hadronic (thaq) decays of the t lepton. Three
sub-channels (TiepTiep, TiepThad aNd ThadThad) are defined by
orthogonal requirements on the number of reconstructed
hadronic t decays and leptons (electrons or muons) in the
event.!

Candidate events are divided into boosted and VBF cate-
gories. The boosted category targets signal events where the
Higgs boson is produced with a large boost, primarily from
the gluon fusion process, and requires the transverse momen-
tum of the reconstructed Higgs boson candidate to be greater
than 100 GeV. The VBF category contains events with two
jets separated in pseudorapidity and targets signal events pro-
duced through the vector boson fusion process. A separate
BDT is then employed in each category and sub-channel to
discriminate signal from background, utilising between five
and nine input variables, chosen in order to exploit discrimi-
nating features such as Higgs boson decay properties, event
activity, and the VBF topology in the corresponding cate-
gory. One of the most important input variables is the mass
of the tt system, which is quite challenging to reconstruct
due to the presence of at least two neutrinos in the final state;
the Missing Mass Calculator [101] is used for this purpose.

! For events with two leptons, a requirement on the invariant mass of the
77 system reconstructed via the collinear approximation also ensures
orthogonality with the H — WW* — £vfv analysis.

In all three sub-channels, the most important backgrounds
are irreducible Z — 1t events, and events with one or two
jets misidentified as t lepton decay products (primarily from
multijet and W+jets production). To estimate the Z — 7
background the embedding technique [102] is used, where
Z — uu events are selected in data and the reconstructed
muons are replaced by simulated 7 lepton decays. Fully data-
driven techniques are used for the estimation of backgrounds
from misidentified T decay products, while Monte Carlo sim-
ulation corrected to data is used for other backgrounds, such
as the top quark and Z — ¢¢ production.

The signal is extracted by fitting the shape of the BDT
discriminant with signal and background templates simulta-
neously in all signal regions. The fit also includes dedicated
control regions enriched with top quark, Z — £¢ and multijet
events. These control regions are used to constrain normali-
sations of the corresponding backgrounds.

2.5 VH with H — bb

The H — bb decay mode is predicted in the SM to have
the largest branching ratio (see Table 1). In spite of this large
branching ratio, an inclusive search for H — bb is not feasi-
ble because of the overwhelming background from multijet
production. Associated production of a Higgs boson with a
vector boson V (W or Z), offers a viable alternative because
leptonic decays of the vector boson, W — fv, Z — ££, and
Z — vy, can be efficiently used for triggering and back-
ground reduction.

The search for associated V H production with H —
bb [15] is performed for events containing zero, one, or two
charged leptons. Contributions from W — tvand Z — 17
decays in which the t leptons subsequently decay to electrons
or muons are also included. A b-tagging algorithm is used to
identify jets from H — bb decays. To improve the sensitiv-
ity, the three channels are each split into categories according
to the vector-boson transverse momentum, p¥ , the number of
jets, and the number and quality of the b-tagged jets. Topolog-
ical and kinematic selection criteria are applied within each
of the resulting categories. The categories providing most of
the sensitivity are those requiring two b-tagged jets and large
p¥ . The categories with low sensitivity are used to constrain
the contributions of the dominant background processes.

A binned profile maximum-likelihood fit to all cate-
gories simultaneously is used to extract the signal yield and
the background normalisations. The most significant back-
ground sources are V-+heavy-flavour-jet production and 77
production. The normalisations of these backgrounds are
fully determined by the likelihood fit. Other significant back-
ground sources are single-top-quark and diboson (W Z and
ZZ) production, with normalisations from theory, as well
as multijet events. The shapes of all backgrounds are esti-
mated from simulation, except for the multijet background
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for which the shape and normalisation are obtained using
multijet-enriched control samples.

Two versions of the analysis are performed. In the dijet-
mass analysis, the mass of the dijet system of b-tagged jets
is the final discriminating variable used in the statistical
analysis. In the multivariate analysis (MVA), which incor-
porates various kinematic variables in addition to the dijet
mass and the b-tagging information, the outputs of boosted
decision trees provide the final discriminating variable. Since
the MVA has higher expected sensitivity, it is chosen as the
nominal analysis for the /s = 8 TeV dataset to extract the
final results. For the /s = 7 TeV dataset, only a dijet-mass
analysis is performed.

The /s = 7TeV V H(— bb) analysis uses a previous ver-
sion of the luminosity calibration and therefore has a slightly
different luminosity value compared with those quoted for
other analyses. However, this small difference is expected to
have negligible effects on the results presented in this paper.

26 H—> Zy

The H — Zy analysis [16] with Z — ££ searches for a nar-
row peak in the reconstructed ££y invariant-mass distribution
around 125 GeV over a smooth background. The Z+y pro-
duction, Z — {¢{y radiative decays and Z+jets events where
a jet is misidentified as a photon dominate the background
contributions.

The analysis selects two isolated leptons of same flavour
and opposite charge and one isolated photon. Due to the kine-
matics of the decay, low pr thresholds are applied to the
leptons and the photon. The invariant mass of the dilepton
system must satisfy my, > mz — 10 GeV and the three-body
invariant mass must be consistent with the mass of the Higgs
boson. To enhance the sensitivity of the analysis, events are
classified into categories with different signal-to-background
ratios and invariant-mass resolutions, based on the pseudora-
pidity difference Anz, between the photon and the Z boson
and pry, the component of the Higgs boson candidate pr that
is orthogonal to the Zy thrust axis in the transverse plane.

The final discrimination between signal and background
events is based on a simultaneous likelihood fit to the m g,
spectra in each category, separately for the \/s = 7 and
8 TeV datasets. Similar to the H — y y analysis (Sect. 2.1),
the signal is modelled with the sum of a Crystal Ball function
and a smaller but wider Gaussian component while the back-
grounds are modelled with polynomials, or exponentiated
polynomials depending on categories.

2.7 H— up
The H — pp analysis [17] searches for a narrow peak in

the dimuon invariant mass m, distribution over a smooth
background, where the width of the signal is dominated by
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the experimental resolution. The mass spectrum is dominated
by the continuously falling background due to Z /y* produc-
tion, with smaller contributions from top quark and diboson
production.

The selected events containing a pair of oppositely
charged muons are separated into seven mutually exclusive
categories based on the VBF dijet signature, the muon pseu-
dorapidity 71, and the transverse momentum of the dimuon
system p4'“. The events with two or more jets that match
selections designed for the VBF process are accepted in the
VBEF signal region. All other selected events are split up into
six categories based on the values of 1, and pflf“ . This cat-
egorisation takes advantage of the higher momentum res-
olution for muons reconstructed in the central part of the
detector, and high p%  for the expected SM signal.

The m ,,, distribution in the 110-160 GeV region is fitted
with an analytic signal-plus-background model separately for
the /s = 7 and 8 TeV datasets, setting a limit on the dimuon
decay of the SM Higgs boson with amass of 125.5 GeV. In the
fit, the signal is modelled as the sum of a Crystal Ball function
and a Gaussian function in all regions while the backgrounds
are modelled using exponentials or polynomials.

2.8 tt H production

Searches forqg /gg — t1 H production have been performed
with three analyses targeting the Higgs boson decays H —
bb, H - (WW*, 11, ZZ*) — leptons, and H — yy.
The search in the H — yy decay mode uses both /s = 7
and 8 TeV data, while the other two use only the \/s = 8 TeV
data.

The search for ¢t H production with H — bb [18] con-
siders two separate selections optimised for single-lepton
and dilepton final states of ¢7 decays. In the single-lepton
channel, events are required to have one isolated electron or
muon and at least four jets. In the dilepton channel, events
are required to have two opposite-charge leptons (ee, uu or
ep) and at least two jets; events consistent with originating
from a Z — ¢{ decay are rejected. In both cases at least
two b-tagged jets are required. Candidate events are cate-
gorised according to the jet and b-jet multiplicities with a total
of nine (six) categories for the single-lepton (dilepton) final
states. The background is dominated by ¢7+jets events, with
increasing fractions of 17bb and t7c¢ at the higher b-jet mul-
tiplicities characteristic of signal events. The analysis uses a
neural network to discriminate signal from background in the
most signal-like categories. Simpler kinematic discriminants
are used in background-like categories.

The ttH search with H — WW?*, tt and ZZ*
decays [19] exploits several multilepton signatures resulting
from leptonic decays of vector bosons and/or the presence
of t leptons. The events are categorised by the number of
reconstructed electrons or muons and hadronic T candidates.
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The five channels used in this combination are: one lepton
with two hadronic t candidates, two same-charge leptons
with zero or one hadronic 7 candidate, three leptons, and
four leptons. The largest backgrounds in the analysis are
non-prompt leptons, primarily arising from semileptonic b-
hadron decays in 77 events; electron charge misreconstruction
in events where opposite-charge leptons are produced; and
the production of 17W and ¢7Z (¢7V). The potential signal is
determined from the numbers of observed events in data and
of the estimated number of background events.

The ¢t H search in the H — yy channel [20] is part of
the H — yy analysis (see Sect. 2.1) and employs the same
diphoton selection. The leptonic as well as fully hadronic
decay signatures of the ¢ system are considered. The leptonic
selection requires at least one lepton and one b-tagged jet as
well as E%‘iss. In the hadronic selection, different combina-
tions of jet and b-tagging multiplicities are applied to improve
the signal sensitivity. The small contribution from ggF, VBF
and V H production is estimated from Monte Carlo simula-
tion. The ## H signal is extracted from a fit to the observed
diphoton mass distribution.

2.9 Off-shell Higgs boson production

Measurements of the H* — ZZ and H* — W W final states
in the mass range above the 2mz and 2my thresholds (off-
shell region) provide a unique opportunity to measure the
off-shell coupling strengths of the observed Higgs boson, as
discussed in Refs. [103-106]. The ZZ — 4¢, ZZ — 2£2v
and WW — evpuv final states in the /s = 8 TeV dataset are
used in these measurements, detailed in Ref. [21]. Assuming
the relevant Higgs boson coupling strengths are independent
of the energy scale of Higgs boson production, a combina-
tion with the on-shell measurements can be interpreted as a
constraint on the total width of the Higgs boson.

The analysis in the ZZ — 4/ final state follows closely
the Higgs boson measurements in the same final state,
described in Sect. 2.2, with the same object definitions,
event selections and background estimation methods. The
off-peak region is defined to include the range 220 GeV <
mqe < 1000GeV. Like the H — ZZ* — 4¢ analysis,
the background is dominated by qq/gg — ZZ production.
A matrix-element-based discriminant [21] is constructed to
enhance the gg — H™ — ZZ signal and is used in a binned
maximum-likelihood fit for the final result.

The analysis in the ZZ — 2{¢2v channel follows closely
the Z H analysis with the Higgs boson decaying to weakly
interacting particles [28], with the same object definitions. As
the analysis is performed inclusively in the number of jets in
the final states, kinematic cuts are optimised accordingly.
SM ZZ and WZ production are the major backgrounds.
The transverse mass (m%z) [21], reconstructed from the
momentum of the dilepton system and the missing trans-

verse momentum, is chosen as the discriminating variable.
Events in the range of 380 GeV < m%z < 1000 GeV are
used in a binned maximum likelihood fit for the final result.

The analysis inthe WW — evuv channel follows closely
the Higgs boson measurements in the oppositely charged
electron—muon pair final state, described in Sect. 2.3, with
the same object definitions. The analysis is performed inclu-
sively in the number of jets in the final state, and selections are
optimised for the off-shell region with revised background
estimation methods. Top quark pairs and WW events con-
stitute the major backgrounds. In order to isolate the off-
shell Higgs boson production while minimising sensitivity to
higher-order QCD effects on gg — W W kinematics, a new
variable Rg [12], defined as the weighted combination of the
dilepton mass and the transverse mass of the dilepton and
ErTniss system, is constructed to select the signal region. The
final results are obtained from the numbers of events observed
in the data and expected from background processes in the
signal region of Rg > 450 GeV.

2.10 Modifications of analyses

To ensure a consistent interpretation of all inputs in terms of
Higgs boson coupling strengths, several minor modifications
were made to the inputs of these combinations with respect
to their previously published versions:

e The upper limits on the H — Zy and H — uu decays
and the results of the ¢ H searches in H — bb and
tt H — multilepton decays have been updated to assume
a Higgs boson mass of 125.36 GeV.

e In some individual analyses, cross-feed of other Higgs
boson decays occurs: in the VH, H — WW* selec-
tion cross-feed of H — t7 and H — ZZ* occurs
(whereas this cross-feed is negligible in the ggF and VBF
H — WW™*analyses where a veto on the reconstructed
7T mass is applied). Similarly, there is cross-feed from
H — WW+*inthe H — tt analysis. In such cases, this
cross-feed was treated as background in the relevant indi-
vidual channel analyses. For the combinations described
in this paper, such events are interpreted as signal from
the corresponding Higgs boson decay.

e The rate of gg — ZH events in the V H channels is
parameterised in terms of Higgs boson coupling strengths
to Z bosons and top quarks, following the calculations of
Ref. [58] for /s = 7 and 8 TeV.

e The rate of t H events in all the t# H channels is parame-
terised in terms of Higgs boson coupling strengths to W
bosons and top quarks.

e Inthe standalone analysis of the ¢t H channels, small con-
tributions from Higgs boson decays to the cc and gg final
states are explicitly modelled. To avoid spurious sensi-
tivity due to these very small components in the com-

@ Springer



6 Page 10 of 51

Eur. Phys. J. C (2016) 76:6

bined analyses presented in this paper, both aforemen-
tioned decays are treated like H — bb in the fits for the
Higgs boson signal strength. In fits for Higgs boson cou-
pling strengths, it is assumed that the coupling strengths
ofthe H — ccand H — gg decays scale as the tf — H
and gg — H couplings, respectively.

e Theoretical uncertainties from QCD scales in Higgs
boson signal processes have been updated to be con-
sistent with the latest recommendations [32] for H —
WW*, bb, Tt and Zy. No modifications were needed
for the H— yy and H — ZZ* channels.

e In channels where bbH production was not explicitly
modelled, the signal strength of ggF is redefined to
include this process. In channels where bb H was mod-
elled explicitly (H — yy, ZZ*), ggF and bbH produc-
tion are correlated with their ratio fixed to the SM value,
allowing a consistent treatment of bb H production across
all channels. The impact of this average scaling on the
results is negligible since, as can be seen in Table 3, the
bb H production process has a cross section which is only
1 % of the ggF production in the SM.

e The off-shell analysis depends on the unknown K -factor
from higher-order QCD corrections for the gg — V'V
background process. In the case of the very similar Higgs
boson signal gg — H™ — V'V production process, a
K -factor between 0.5 and 2 is expected, as discussed
in Ref. [21]. The results are given as a function of the
unknown ratio of the K-factors for gg — V'V back-
ground and gg — H* — V'V signal, RZ*. The range
0.5-2.0 is chosen as a systematic uncertainty on Rfl*.

3 Statistical procedure

The statistical treatment of the datais described in Refs. [107—
111]. Hypothesis testing and confidence intervals are based
on the A(a) profile likelihood ratio [112] test statistic. The
test statistic depends on one or more parameters of interest
a, such as the Higgs boson signal strength ¢ normalised to
the SM expectation (Eq. (1)), Higgs boson mass m g, cou-
pling strength scale factors k and their ratios A, as well as on
additional parameters # that are not of interest,

L(e, ()

Alx) = =
L(a, )

“

The likelihood functions in the numerator and denomina-
tor of the above equation are built using sums of signal and
background probability density functions (pdfs) of the dis-
criminating variables, introduced in Sect. 2. The pdfs are
derived from MC simulation for the signal and from both
data and simulation for the background. Likelihood fits to
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the observed data are done for the parameters of interest.
The single circumflex in Eq. (4) denotes the unconditional
maximum-likelihood estimate of a parameter, i.e. both the
parameters of interest and the nuisance parameters are varied
to maximise the likelihood function. The double circumflex
denotes a conditional maximum-likelihood estimate, i.e. an
estimate for given fixed values of the parameters of interest .

Systematic uncertainties and their correlations [107] are
modelled by introducing nuisance parameters 6 described by
likelihood functions associated with the estimate of the corre-
sponding effect. Systematic uncertainties that affect multiple
measurements are modelled with common nuisance param-
eters to propagate the effect of these uncertainties coherently
to all measurements. Most experimental systematic uncer-
tainties are modelled independently for the /s = 7 and
8 TeV data samples, reflecting independent assessments of
these uncertainties, but a subset of these uncertainties, e.g.
material effects and some components of the jet energy scale,
are considered common to the two data taking periods and
are correspondingly described by a common set of nuisance
parameters.

Components of theoretical uncertainties, scale uncertain-
ties of a given Higgs boson production process as well as
PDF-induced uncertainties, that affect the inclusive signal
rate are described with common nuisance parameters in all
channels, whereas components of theoretical uncertainties
that affect the acceptance of individual channels are mod-
elled with separate nuisance parameters for each decay chan-
nel. Specifically, since PDF-induced uncertainties and scale
uncertainties are described by separate nuisance parameters,
these uncertainties are effectively treated as uncorrelated.
The PDF uncertainties of the inclusive rates are treated as cor-
related for W H, Z H and VBF production, as anti-correlated
for gg — ZH and qq — ZH production and as uncorre-
lated for ggF and #t H production. A cross check with the full
correlation matrix as given in Ref. [32] show no differences
larger than 1 % for the most generic model (Sect. 5.5.3).
Similarly, the effects of correlations between Higgs boson
branching ratios and partial decay widths have been deter-
mined to be negligible, and are ignored in the combinations,
except for the branching ratios to WW* and ZZ* which are
treated as fully correlated. When results are provided with
a breakdown of the systematic uncertainties in experimen-
tal and theoretical uncertainties, the theoretical uncertainties
correspond to the influence of all nuisance parameters that
can affect Higgs boson signal distributions, e.g. parton den-
sity functions related to Higgs boson production, QCD scale
uncertainties related to Higgs boson production processes
and uncertainties on the Higgs boson branching ratios. The-
oretical uncertainties that exclusively affect background sam-
ples are included in the systematic uncertainty components.

The choice of the parameters of interest depends on the test
under consideration, with the remaining parameters being
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“profiled”, i.e., similarly to nuisance parameters they are set
to the values that maximise the likelihood function for the
given fixed values of the parameters of interest.

Asymptotically, a test statistic —21In A(a) of several
parameters of interest o is distributed as a x? distribution
with n degrees of freedom, where 7 is the dimensionality of
the vector a.. In particular, the 100(1 — B) % confidence level
(CL) contours are defined by —21In A(e) < kg, where kg
satisfies P ( X,% > kg) = B. For one degree of freedom the
68 % and 95 % CL intervals are given by —21n A(a) = 1.0
and 4.0, respectively. For two degrees of freedom the 68 and
95 % CL contours are given by —21n A(«) = 2.3 and 6.0,
respectively. All results presented in the following sections
are based on likelihood evaluations and give CL intervals
under asymptotic approximation.” For selected parameters
of interest a physical boundary on the parameter values is
included in the statistical interpretation. For example, branch-
ing ratio parameters can conceptually not be smaller than
zero. The 95 % confidence interval quoted for such parame-
ters is then based on the profile likelihood ratio restricted to
the allowed region of parameter space; the confidence inter-
val is defined by the standard X2 cutoff, which leads to some
over-coverage near the boundaries.

For the measurements in the following sections the com-
patibility with the Standard Model, pswm, is quantified using
the p-value’ obtained from the profile likelihood ratio A (& =
asMm), where « is the set of parameters of interest and asy are
their Standard Model values. For a given benchmark coupling
model, « is the set of Higgs boson coupling scale factors «;
and ratios of coupling scale factors A;; probed by that model,
where the indices i, j refer to the parameters of interest of
the model (see Sect. 5). All other parameters are treated as
independent nuisance parameters.

4 Signal-strength measurements

This section discusses the measurements of the signal-
strength parameter p of different production modes and
decay channels as well as their ratios for a fixed Higgs boson
mass hypothesis of my = 125.36 GeV [23]. The signal-
strength parameter is a measure of potential deviations from
the SM prediction under the assumption that the Higgs boson
production and decay kinematics do not change apprecia-
bly from the SM expectations. In particular, the transverse
momentum and rapidity distributions of the Higgs boson are
assumed to be those predicted for the SM Higgs boson by

2 Whenever probabilities are translated into the number of Gaussian
standard deviations the two-sided convention is chosen.

3 The p-value is defined as the probability to obtain a value of the
test statistic that is at least as high as the observed value, under the
hypothesis that is being tested.

state-of-the-art event generators and calculations of each pro-
duction process. This assumption is corroborated by studies
such as the measurements of differential production cross
sections [113,114] and tests of spin and CP properties of the
Higgs boson [24,115].

For the discussion in this section, bb H is assumed to have
the same signal strength as ggF, t H the same as t#H, and
gg — ZH the same as gg — Z H, unless noted otherwise.
The ggF and bb H processes lead to similar event signatures
and no attempt is made to separate them in the analyses,
thus the assumption of equal signal strength implies that the
observed ggF signal is interpreted as a mixture of bbH and
ggF events following their SM ratio of cross sections. The
ttH and t H events have similar topologies. The gg — ZH
process leads to the same final state as the gg — Z H process.
Whenever W H and Z H are combined into V H, their signal
strengths are assumed to be the same.

4.1 Global signal strength

In Sect. 2, the published ATLAS measurements on Higgs
boson production and decay modes based on individual final
states as well as the changes since their publication are sum-
marised. Figure 2 shows the updated measurements of the
signal-strength parameter p from a simultaneous fit to all
decay channels analysed, assuming SM values for the cross-
section ratios of different Higgs boson production processes
(or equivalently all u;’s of Eq. (2) are set to be equal). In
the fit, the SM predictions of the signal yields are scaled by
decay-dependent signal-strength parameters, independent of
production processes. Compared to the separate measure-
ments shown in Fig. 1, small changes are observed, resulting
from the assignment of the Higgs boson yields in the 1t H
searches to appropriate decay channels, namely H — WW*,
H — tr and H — bb.* The central values all increase
slightly due to the high observed signal-strength values of
the rt H searches, but the uncertainties are barely improved
because of the limited significance obtained for the ¢ H pro-
duction process with the current dataset. The most significant
change in the signal strength is observed for the H — bb
decay. The combination of the V H (— bb) analysis and the
tt H(— bb) search leads to an observed (expected) signifi-
cance of 1.8 (2.8) standard deviations for the H — bb decay
channel.

Assuming a multiplier common to all decay modes, signal-
strength measurements of individual decay modes can be
combined to give a global and more precise measurement,
providing the simplest consistency test with the SM expec-

4 The measurement of the gqg/gg — tIH signal strength in the
multiple-lepton decay mode contributes to all final states with leptons in
Fig. 2, according to the prediction of MC simulation, i.e. predominantly
tothe H > WW* and H — ZZ* final states.
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Fig. 2 The observed signal strengths and uncertainties for differ-
ent Higgs boson decay channels and their combination for my =
125.36 GeV. Higgs boson signals corresponding to the same decay chan-
nel are combined together for all analyses, assuming SM values for the
cross-section ratios of different production processes. The best-fit val-
ues are shown by the solid vertical lines. The total =10 uncertainties are
indicated by green shaded bands, with the individual contributions from
the statistical uncertainty (fop), the total (experimental and theoretical)
systematic uncertainty (middle), and the signal theoretical uncertainty
(bottom) on the signal strength shown as horizontal error bars

tation. Combining all measurements using the profile like-
lihood ratio A(w) results in a global signal-strength value
of

p= 1181013 = 1.18 £ 0.10 (stat.) + 0.07 (syst.) T905 (theo.),

where the labels stat., syst. and theo. refer to statistical, sys-
tematic, and signal theoretical uncertainties, respectively.
The signal theoretical uncertainty includes contributions
from uncertainties in SM cross sections and branching ratios
as well as in the modelling of the production and decays
of the Higgs boson, as discussed in Sect. 3. The theoreti-
cal uncertainties of background processes are included in the
uncertainty labelled as systematic uncertainty.

The uncertainty on the global signal strength has com-
parable statistical and systematic components and is signifi-
cantly reduced compared to the individual measurements, as
illustrated in Fig. 2. Here, the largest source of experimental
systematic uncertainty is from background estimates in the
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analyses of individual channels. This result is consistent with
the SM expectation of © = 1, with a p-value of 18 %, All
individual measurements of the signal-strength parameters
are consistent and compatible with the combined value, with
a p-value of 76 %.

Performing independent combinations of measurements
at /s = 7 and 8 TeV independently lead to signal-strength
values of

1(7TeV) = 0.757932 = 0.75 7038 (stat.) 013 (syst.) 7008 (theo.), and

1w TeV) = 1.28 7017 = 1.28 £ 0.11 (stat.) 7508 (syst.) 7003 (theo.)

at these two energies. The relative theoretical uncertainty of
~7 % on the measured u value at /s = 8 TeV arises pre-
dominantly from the uncertainty on the total cross section, but
is nevertheless smaller than the corresponding uncertainty of
~9 % on the total SM cross section shown in Table 1, because
u is effectively a weighted average of the signal-strength
measurements in all categories: the contributions from VBF
and V H production, which have comparatively small theo-
retical uncertainties, have larger weights in this average than
in the total cross section.

4.2 Individual production processes

In addition to the signal strengths of different decay channels,
the signal strengths of different production modes are also
determined, exploiting the sensitivity offered by the use of
event categories in the analyses of all channels.

The Higgs boson production modes can be probed with
four signal-strength parameters: (tgoF, VBF, v H and (s H,
one for each main production mode, combining Higgs boson
signals from different decay channels under the assumption
of SM values for the ratios of the branching ratios of differ-
ent Higgs boson decays. This assumption is equivalent to set
all ,u’fs in Eq. (2) to be equal. The SM predictions of the
signal yields are scaled by these four production-dependent
parameters. The best-fit values of these parameters for the
/s = 8 TeV data separately and in combination with the
/s = 7 TeV data are shown in Table 4. Uncertainty compo-
nents from statistics, systematics, and signal theory are also
shown. The accuracy with which the uncertainties are broken
down is limited by the precision of the fit and more impor-
tantly by the approximations made in individual analyses
when neglecting uncertainties which are small with respect
to, e.g., the statistical uncertainty. The /s = 7 and 8 TeV
combined values with their total uncertainties are also illus-
trated in Fig. 3. The /s = 7 TeV data are included in the
combinations only, as they have limited statistical power to
distinguish between different production modes. The signal-
strength measurements are in reasonable agreement with the
SM predictions of unity. Although the results support the
SM prediction of the ¢t H production (see Sect. 4.4), this
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Table 4 Measured signal strengths p at mg = 125.36 GeV and
their total £10 uncertainties for different production modes for the
/s = 8 TeV data and the combination with the /s = 7 TeV data. The
/s = 7TeV data do not have sufficient statistical power to yield mean-
ingful measurements for individual production modes, but are included

in the combination. Shown in the square brackets are uncertainty com-
ponents: statistical (first), systematic (second) and signal theoretical
(third) uncertainties. These results are derived using SM values for the
ratios of branching ratios of different Higgs boson decay channels

Production process

Signal strength p at mpg = 125.36 GeV

s =8TeV Combined /s = 7 and 8 TeV
+0.25 [+0.16 +0.10 +0.16 +0.23 [+0.14 +0.09 +0.16
ggF 1.23 %051 [70.16 ~0.08 70411} 1.23 2020 [70.14 ~0.08 70.12}
+0.39 [+032 +0.17 +0.13 +0.28 +0.13 +0.11
VBF 1.55203s [70.31 ~0.13 70.11] 1.23+0.32 [70,27 ~0.12 70.09]
+0.37 +0.20 +0.12 +0.31 +0.17 +0.10
VH 0.93+0.39 [70.33 ~0.18 —0.06] 0.80+0.36 [70.30 ~0.17 —005]
+0.51 +0.58 +0.28 +0.52 +0.58 +031
ttH 1.62+£0.78 [—0.50 ~0.54 70.10] 1.81+£0.80 [—0450 -055 70.12]

ATLAS
68% CL: sesliemm  \/S=7TeV,45-4.7f"
95%CL:  ———  \/s=8TeV,20.3f""
'T'"'E""T""T""T""
0.23
Hggr = 1.23705 ;
HMyBr = 1.23+0.32 45*7
Hyy=080%0.36| — =i
Uy = 1.81 £0.80 E =
: my=125.36 GeV
N T N B R

PR P EE—
0 0.5 1 15 2 25 3
Signal strength ()

Fig. 3 The best-fit signal-strength values of different production
modes determined from the combined fit to the /s = 7 and 8 TeV
data. Higgs boson signals corresponding to the same production pro-
cess but from different decay channels are combined together, assuming
SM values for the ratios of the branching ratios of different Higgs boson
decay channels. The inner and outer error bars correspond to 68 and
95 % CL intervals. Total uncertainties combining statistical, experimen-
tal and theoretical systematic uncertainties are shown

production process remains to be firmly established in future
LHC runs. Thus, a 95 % CL upper limit on its signal strength
is also derived. Combining the results from various analyses
with sensitivity to ## H production, the observed and expected
limits are ;g < 3.2 and 1.4, respectively.

The signal-strength measurements shown in Table 4 are
extrapolated to total cross-section measurements for each
production process, as shown in Table 5 for /s = 8 TeV,
with the further assumption of SM values for the Higgs
boson decay branching ratios. The theoretical uncertainties
on the absolute values of the SM Higgs boson production
cross sections are thereby removed, but significant theoreti-
cal uncertainties remain, related to the modelling of the Higgs
boson production and of the acceptance of the event selec-
tion. One can sum the different cross sections to obtain an
overall extrapolated cross section for Higgs boson produc-

Table 5 Measured cross sections of different Higgs boson production
processes at /s = 8 TeV for my = 125.36 GeV obtained from the
signal-strength values of Table 4. Their SM predictions can be found in
Table 1. Shown in the square brackets are uncertainty components: sta-
tistical (first), systematic (second) and signal theoretical (third) uncer-
tainties. The theoretical uncertainties here arise from the modelling of
Higgs boson production and decays. These results are derived using the
SM values of the Higgs boson decay branching ratios

Production process Cross section (pb) at /s = 8 TeV

osF 239436 [ 1 41]

VBF 2.43+0.58 [tg;i‘; o i8;}2]
vH 1.03 +0.53 [tg;gg e tg;};g}
i 0245011 [*357 4588 *601 ]

tion. The measurement is performed at /s = 7 TeV as well
despite of the limited statistical power of the dataset. The
resulting total Higgs boson production cross sections at the
two energies are

on(1TeV) = 22.1 74 pb

= 22.1 787 (stat.) 737 (syst.) T} (theo.) pb, and
on(8TeV) = 27.7 +3.7pb

= 27.7 + 3.0 (stat.) f%g (syst.) f(l):g (theo.) pb,

to be compared with the theoretical predictions of 17.4 +
1.6 pbat /s =7 TeV and 22.3 £ 2.0 pb at /s = 8 TeV, as
shown in Table 1.

These cross sections are different from what one would
naively expect from the global signal-strength values dis-
cussed in Sect. 4.1, particularly for /s = 7 TeV. The differ-
ences are largely the result of analysis categorisation. Cat-
egories often explore production processes or phase-space
regions with distinct signal-event topologies. The resulting
high signal-to-background ratios can significantly improve
the precision of the signal-strength measurements. However,
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Fig. 4 Likelihood contours in the (/‘gng itH> u‘\CBF +vp) Plane for a
Higgs boson mass my = 125.36 GeV measured separately for H —
WW*, ZZ*, bb, yy and t7 decays. SM values are assumed for the
relative contributions between ggF and ¢ H and between VBF and V H
production. The straight lower portions of the H — yy and H —
ZZ* — 44 contours are due to the small numbers of events in these
channels and the requirement of a positive probability density function.
The best-fit values to the data (plus symbol) and the 68 % (full) and 95 %
(dashed) CL contours are indicated, as well as the SM expectation (x)

these categories often account for small fractions of the pro-
duction cross section and thus have limited impact on the total
cross-section measurement, which is dominated by processes
with larger expected cross sections. One good example is the
VBF category. It contributes significantly to the global signal-
strength measurement, but has a relatively minor impact on
the total cross-section measurement.

4.3 Boson and fermion-mediated production processes

The Higgs boson production processes can be categorised
into two groups according to the Higgs boson couplings to
fermions (ggF and #7 H) or vector bosons (VBF and V H).
Potential deviations from the SM can be tested with two
signal-strength parameters, uggF iH = (MggF = ,utj; ) and

,u(,BF +VH = (MVBF u‘f, ) for each decay channel f,
assuming SM values for the ratio of ggF and ¢7 H cross sec-
tions and the ratio of VBF and VH cross sections. Signal con-
taminations from one group to another, e.g. ggF events with
two jets passing the VBF selection, are taken into account in
the simultaneous fit. The 68 and 95 % CL two-dimensional
contours of MggF+th and M{/BF+VH of the five main decay
channels are shown in Fig. 4. The measurements of H — uu
and H — Zy decays have relatively poor sensitivities and
are therefore not included in the figure. The cutoff in the con-
tours of the H— yy and H — ZZ* decays is caused by the
expected sum of signal and background yields in one of the
contributing measurements going below zero in some regions

@ Springer

Table 6 The best-fit values and their uncertainties for the ratio R sy of
cross sections for the vector-boson- and fermion-mediated production
processes relative to their SM values at my = 125.36 GeV for the
individual decay channels and their combination. Shown in the square
brackets are uncertainty components: statistical (first), systematic (sec-
ond) and signal theoretical (third) uncertainties. These results are inde-
pendent of the Higgs boson decay branching ratios

Decay channel Cross-section ratio R 77

H—yy 056058 [*05 +05 01t
H— 77" 018752 [*416+03 03]
H—> Ww* 147408 [+8% eyt +8?§]
Hos e 08175 [ 5% 193]
H — bb 0335593 [*03 +0% *04t]
Combined 09604 [*033 03 018]

of the parameter space shown in Fig. 4. The SM expectation
of il ypsryyy = 1 and pipp = 1 is within the 68 % CL
contour of most of these measurements.

The relative production cross sections of the processes
mediated by vector bosons and by fermions can be tested
using the ratio /,L‘\f,BF wvu/ ,uggF i+ When measured sepa-
rately for each decay channel, this ratio reduces to the ratio
of production cross sections because the Higgs boson decay
branching ratios cancel and is equivalent to the ratio of u;
defined in Sect. 4.1, i.e.,

f
MVBE4VH _ OVBF+VH/OggF+itH —  AVBF+VH

7 [a /o ] = et riHl ERff.
MooFyirH VBF+V H /OggF+ttH | g\ ggF+it

(&)

The observed ratios are shown in Table 6 and illustrated in
Fig. 5 for the five main decay channels. The signal-strength
parameter vagp s Of each decay channel is profiled in the
fit. The combination of these measurements yields an overall
value of the ratio of cross sections for the vector-boson- and
fermion-mediated processes (relative to its SM prediction):

4 33 2 1
Rcombined = 0.96 7043 = 0.96 7033 (stat.) 7029 (syst.) 7513 (theo.).

4.4 Ratios of production cross sections and partial decay
widths

At the LHC, the Higgs boson production cross sections and
decay branching ratios cannot be separately determined in a
model-independent way as only their products are measured.
However, the ratios of cross sections and ratios of branching
ratios can be disentangled without any assumptions, within
the validity of the narrow width approximation of the Higgs
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Fig. 5 The ratios of cross sections for the vector-boson- and fermion-
mediated processes relative to their SM values at my = 125.36 GeV,
measured in the individual Higgs boson decay final states and their com-
bination, Rcombined (see text). The inner and outer error bars represent
68 and 95 % CL intervals, combining statistical and systematic uncer-
tainties. These measurements are independent of Higgs boson decay
branching ratios

boson. By normalising to the cross section of the gg — H —
W W* production process, o (gg — H — WW¥*), the yields
of other Higgs boson production modes and decay channels
can be parameterised using the ratios of cross sections and
ratios of branching ratios. For the production and decay i —
H — f, the yield is then

o; BRf
oi-BRy = (O‘ggp 'BRWW*) x OggF x BRWlW*

* oi Uy
=o0(gg > H—> WW) x| — ] x . (6)
OggF Ty w+

The ratio of branching ratios in the above equation is sub-
stituted by the equivalent ratio of partial decay widths. The
ratios extracted from the measured yields are independent
of theoretical predictions on the inclusive cross sections
and partial decay widths (and thus branching ratios). Fur-
thermore, many experimental systematic uncertainties can-
cel in the ratios. The residual theoretical uncertainties are
related to the modelling of the Higgs boson production and
decay, which impacts the signal acceptance calculations. The
gg¢ — H — WW?* process is chosen as the reference
because it has both the smallest statistical and overall uncer-
tainties, as shown in Fig. 2.

The /s = 7 and 8 TeV data are fitted witho (gg — H —
WW?*),0;/0ger and I ¢ / Ty = as parameters of interest and
the results are listed in Table 7, together with the SM predic-
tions [32]. The results after normalising to their SM values
are illustrated in Fig. 6. The resultsof 6 (gg — H — WW™)
and o /oger from the combined analysis of the /s = 7 and

8 TeV data are shown for /s = 8 TeV, assuming the SM
values for 0; (7 TeV)/o; (8 TeV). The W H and Z H produc-
tion processes are treated independently in the fit to allow for
direct comparisons with theoretical predictions. The searches
for H - puu and H — Zy decays are included in the fit,
but the current datasets do not result in sensitive measure-
ments for these two decays. Therefore only 95 % CL upper
limits are derived, namely 0.006 for I,/ I'ww+ and 0.078
for I'z,, / 'ww=. The p-value of the compatibility between
the data and the SM predictions is found to be 80 %.

The results exhibit a few interesting features that are
worth mentioning. As a multiplicative factor common to
all rates in this parameterisation, o (gg — H — WW¥)
is pulled up in the fit to accommodate the observed large
global signal-strength value (Sect. 4.1). The best-fit value of
o(gg > H — WW¥) is approximately 15 % above the
SM prediction, to be compared to the significantly lower
value of 0.98 Jjgég, found from the stand-alone measure-
ment from the H — WW?* decay (see Fig. 1). Moreover,
there are by construction large anti-correlations between
o(gg - H— WW?*),0;/0ger and T' ¢/ Tyyyy+.

Table 8 shows the observed and expected significances
in units of standard deviations of the VBF, WH, ZH and
tt H production processes. Listed under V H are the com-
bined significances of WH and ZH production, assuming
the SM value for their relative cross sections. The signifi-
cance is calculated from a likelihood scan, where the contri-
butions from other processes are fixed at their best-fit values.
As the gg — H — WW™* process is chosen as the refer-
ence, the significances are calculated using the observable
o(gg > H — WW¥) for the ggF process and the cross-
section ratios o;/oggr for all other processes. The cross-
section ratios are independent of the Higgs boson decay
branching ratios and have the advantage of the cancellation
of many experimental uncertainties. The result provides an
unequivocal confirmation of the gluon fusion production of
the Higgs boson with its significance exceeding well above
five standard deviations. Furthermore, the result also offers
strong evidence, at 4.3 standard deviations, of vector-boson
fusion production and supports the SM assumptions of pro-
duction in association with vector bosons or a pair of top
quarks.

An alternative parameterisation normalising the ratios of
cross sections and of branching ratios to their SM values is
presented in Appendix A.

5 Coupling-strength fits
In the previous section signal-strength parameter /L;-f for a
given Higgs boson production or decay mode is discussed.

For a measurement of Higgs boson coupling strengths, pro-
duction and decay modes cannot be treated independently,

@ Springer
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Table 7 Best-fit values of 0(¢¢ — H — WW?), 0;/0gr and
I'y/Tww+ for a Higgs boson with my = 125.36 GeV from the
combined analysis of the /s 7 and 8 TeV data. The cross-
section ratios are given for /s = 8 TeV assuming the SM values

for o; (7 TeV)/o; (8 TeV). Shown in square brackets are uncertainty
components: statistical (first), systematic (second) and signal theoreti-
cal (third) uncertainties. The SM predictions [32] are shown in the last
column

Parameter

Best-fit value

SM prediction

o(gg — H — WW*) (pb) 486109 [iS;ZS H03e tg;%g] 4224047

ovoe oom #4338 [+802 *401s o] 0082 0009
oWH /ot 0.053 50037 [*063 0015 +606%) 0.036 0.004
S 0013 #438 [+ 0% w0 0021 £ 0002
o Qo129 [+0as aees roum] 0007 % 0.001
Ty, / Ty 0.010 T0:003 | +0.003 +0.002 fg;gggg] 0.01036 £ 0.00011
P2/ T 015985 [+Re va roou] 0124 <0001
| 0.34 1014 [tg;&éﬁ s i8;3$%] 0.285 + 0.006
T/ Twws 153558 [Fhe T 10 2.60 +0.12

ATLAS \s=7TeV,45-4.71""
V/s=8TeV,20.3f07"
m== Observed: 68% CL —— Observed: 95% CL SM prediction
TYYT{YTTY‘TYTT‘YTYY YTTT‘TTYT{YTTY‘TTYT{YTTY‘TYTT
o(gg—~ H— WW?) —pf——
OvBFOggr ———
OWH/O ggF
OzH/0 ggF
UttH/aggF
Tl ww - T
I 2240w + I
Ty + —
T oo/ T =
my = 125.36 GeV
1111111111111111111 11111111111111111111111111111
-1 050 05 1 15 2 25 3 35 4

Value normalised to SM prediction

Fig. 6 The gg — H — WW?™* cross section, ratios of cross sec-
tions and of partial decay widths relative to their SM values at mpg =
125.36 GeV from the combined analyses of the /s = 7 and 8 TeV data.
The inner and outer error bars on the measurements are 68 and 95 %
CL intervals. The SM predictions are shown as the vertical line at unity
with grey bands representing theoretical uncertainties on the ratios of
inclusive cross sections and of partial decay widths

as each observed process involves at least two Higgs boson
coupling strengths. Scenarios with a consistent treatment of
coupling strengths in production and decay modes are stud-
ied in this section. All uncertainties on the best-fit values
shown take into account both the experimental and theoreti-

@ Springer

Table 8 The observed and expected significances in units of standard
deviations for different Higgs boson production processes except ggF
production which is well established (see text). The significances of
V H production are obtained by combining the W H and Z H processes,
assuming the SM value for their relative cross sections. All significances
are calculated under the asymptotic approximation [112]

Process VBF ttH WH ZH VH
Observed 4.3 2.5 2.1 0.9 2.6
Expected 3.8 1.5 2.0 2.1 3.1

cal systematic uncertainties. For selected benchmark models
a breakdown of parameter uncertainties in statistical uncer-
tainties and in experimental and theoretical systematic uncer-
tainties is presented.

5.1 Framework for coupling-strength measurements

Following the leading-order (LO) tree-level-motivated fra-
mework and benchmark models recommended in Ref. [32],
measurements of Higgs boson coupling-strength scale fac-
tors kj are implemented for the combination of all analyses
and channels summarised in Table 3.

5.1.1 Structure and assumptions of the framework for
benchmark models

The framework is based on the assumption that the signals
observed in the different channels originate from a single
narrow resonance with a mass near 125.36 GeV. The case of
several, possibly overlapping, resonances in this mass region
is not considered. Unless otherwise noted, the Higgs boson
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production and decay kinematics are assumed to be compat-
ible with those expected for a SM Higgs boson, similar to
what was assumed for the signal-strength measurements of
Sect. 4.

The width of the assumed Higgs boson near 125.36 GeV is
neglected in the Higgs boson propagator, i.e. the zero-width
approximation is used. In this approximation, the cross sec-
tion o (i - H — f) for on-shell measurements can always
be decomposed as follows:

oi(k;) - Trlkj)

oci— H—f)= )
J

@)

where o; is the Higgs boson production cross section through
the initial state i, I'y its the partial decay width into the final
state f and 'y the total width of the Higgs boson. The index
Jj runs over all Higgs boson couplings. The components of
oi, I'r, and I'y of Eq. (7) are expressed in scale factors «; of
the Higgs boson coupling strengths to other particles j that
are motivated by the leading-order processes that contribute
to production or decay, and are detailed in Sect. 5.1.2. All
scale factors are defined such that a value of x; = 1 corre-
sponds to the best available SM prediction, including higher-
order QCD and EW corrections. This higher-order accuracy
is generally lost for «; # 1, nevertheless higher-order QCD
corrections approximately factorise with respect to coupling
rescaling and are accounted for wherever possible.

Modifications of the coupling scale factors change the
Higgs boson width I'y (« ;) by a factor Kf,(/cj) with respect
to the SM Higgs boson I'sM,

Trcj) = e Gej) - TR,

where K}{ (kj) is the sum of the scale factors sz. weighted
by the corresponding SM branching ratios. The total width
of the Higgs boson increases beyond modifications of «; if
invisible or undetected Higgs boson decays® occur that are
not present in the SM. Including a Higgs boson branching

fraction BR; ;. to such invisible or undetected decays, the
full expression for the assumed Higgs boson width becomes

2 (.
Kiz () SM

Fu(kj,BRi ) = A—BR, ) H

®)

As BR; . scales all observed cross-sections of on-shell
Higgs boson production o (i — H — f), some assumption
about invisible decays must be made to be able to interpret
these measurements in terms of absolute coupling-strength

> Invisible final states can be directly searched for through the E‘Tniss
signature [28]. An example of an undetected mode would be a decay
mode to multiple light jets, which presently cannot be distinguished
from multijet backgrounds.

scale factors ;. The signal-strength measurements of off-
shell Higgs boson production [21], on the other hand, is
assumed to only depend on the coupling-strength scale fac-
tors and not on the total width [103,104], i.e.

o — H* — f) ~ Kfoff . K},Off )

where the additional assumption of non-running coupling-
strength scale factors, «j off = K on allows I'y to be con-
strained using using Eq. (8), from a simultaneous measure-
ment of on-shell and off-shell measurements. While this
assumption of non-running coupling-strength scale factors
cannot hold universally for ggF and VBF production with-
out violating unitarity, it is assumed to hold in the region
of phase space of the off-shell H* — WW and H* — ZZ
measurements described in Sect. 2.9 which is relatively close
to the on-shell regime [116]. Alternatively, ratios of coupling-
strength scale factors can be measured without assumptions
on the Higgs boson total width, as the identical contribu-
tions of 'y to each coupling strength cancel in any ratio of
these.

Finally, only modifications of coupling strengths, i.e. of
absolute values of coupling strengths, are taken into account,
while the tensor structure of the couplings is assumed to be
the same as in the SM. This means in particular that the
observed state is assumed to be a CP-even scalar as in the
SM. This assumption was tested by both the ATLAS [24] and
CMS [115] Collaborations.

5.1.2 Characterisation of the input measurements in terms
of coupling strengths

The combined input channels described in Table 3 probe eight
different production processes: o (ggF), o (VBF), o (WH),
o(qq - ZH),0(gg — ZH),o0(bbH),0o(ttH),ando (tH)
whose SM cross sections are listed in Table 1.° Table 9 sum-
marises the Higgs boson coupling-strength characteristics of
all production processes and lists the rate scaling behaviour
in terms of Higgs boson coupling-strength scale factors.

The ggF production process (Fig. 7a) involves a loop pro-
cess at lowest order, with contributions from ¢- and b-quark
loops and a small interference between them. The VBF pro-
duction (Fig. 7b) process probes a combination of ky and
kz coupling-strength scale factors, with a negligible amount
(«0.1 %) of interference between these tree-level contribu-
tions.

The g9 — WH and qq — Z H processes (Fig. 8a) each
probe a single coupling strength, with scale factors « and
kz, respectively. The gluon-initiated associated production
of a Higgs boson with a Z boson, o (gg — ZH), is charac-

6 The ZH production cross section quoted in Table 1 comprises both
the q¢ — ZH and gg — Z H processes.
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Table 9 Overview of Higgs boson production cross sections o;, the
Higgs boson partial decay widths I"y and the Higgs boson total width
Iy . For each production or decay mode the scaling of the corresponding
rate in terms of Higgs boson coupling-strength scale factors is given. For
processes where multiple amplitudes contribute, the rate may depend
on multiple Higgs boson coupling-strength scale factors, and interfer-
ence terms may give rise to scalar product terms «;«; that allow the

relative sign of the coupling-strength scale factors «; and «; to be deter-
mined. Expressions originate from Ref. [32], except foro(gg — ZH)
(from Ref. [58]) and o(gb — WtH) and o(gb — tHq') (calcu-
lated using Ref. [82]). The expressions are given for /s = 8 TeV and
mpy = 125.36 GeV and are similar for /s = 7 TeV. Interference con-
tributions with negligible magnitudes have been omitted in this table

Production Loops Interference Expression in fundamental coupling-strength scale factors
o (ggF) v bt icg ~1.06 - i} +0.01 - i = 0.07 - ik
o (VBF) - - ~0.74 - k3, +0.26 - 12
o(WH) - _ '”"‘24/
o(qqg — ZH) - - ~ic2
o(gg — ZH) v Z—t Kooziy ~ 227 - 15 +0.37 - i} — 1.64 - k7K
o (bbH) - - ~k}
o(ttH) _ _ thz
o(gb — WtH) - W—t "*1.84~Kt2-|—1.57'K$V—2.41'K[KW
o(gh — tHq') - W—1t ~3.4- k2 +3.56- k% —5.96 - kikw
Partial decay width
Thp - - ~p
Cww - _ “’K%v
zz - - ~ic3
[ze - — NKE
r - - ~K2
1292 "
Ty, v W—1t iy ~ 1.59 - iy +0.07 - 17 = 0.66 - kwi;
I'zy v W—t iz, ~ 1121, +0.00035 - 17 = 0.12 - ke
Total decay width
W 0.57 -k} +0.22 - k3, +0.09 - Ké§+
Ty v P K5 ~ 0.06 - k2 +0.03 - 2 +0.03 - k2+
0.0023 - K}% +0.0016 - K%y +0.00022 - Kﬁ
Fig. 7 Feynman diagrams of
Higgs boson production via a g
the ggF and b VBF production
processes
t/hh - ———— H
g9
() (b)

terised by gluon-fusion-style production involving ¢, b-quark
loops where the Z boson is always radiated from the fermion
loop and the Higgs boson is either radiated directly from the
fermion loop (Fig. 8b), or is radiated from the outgoing Z
boson (Fig. 8c). The cross section of gg — Z H production
is sensitive to the relative sign between «; and kz due to inter-
ference between these contributions. This separate treatment
of gg — ZH production is not present in the framework
described in Ref. [32].

@ Springer

The ¢t H production process (Fig. 9a) directly probes the
Higgs boson coupling strength to top quarks, parameterised
in the framework with the scale factor «;. Tree-level ¢t H pro-
duction, comprising the processes gg — tHbq' (Fig. 9b,
c) and gb — WtrH (Fig. 94, e), is included as background
to events in all reconstructed ¢t H categories, and has for
SM Higgs boson coupling strengths a large destructive inter-
ference [69] between contributions where the Higgs boson
is radiated from the W boson and from the top quark. The
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Fig. 8 Feynman diagrams of Higgs boson production via a the ¢ — V H and b, ¢ gg — Z H production processes
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Fig. 9 Feynman diagrams of Higgs boson production via a the t7H (bbH) and b, ¢ t Hg'b and d, e Wt H processes
SM cross section for # H production is consequently small, W,z b7~
about 14 % of the ¢t H cross section. However, for nega-
tive k; the interference becomes constructive and, following
Table 9, the cross section increases by a factor of 6 (13) for Tttty TTTC TTTTTHTTTT
|k | = |kw | = 1 for the gb — WtH (qg — tHbq') pro-
cess, making the t H process sensitive to the relative sign of o
the W and top-quark coupling strength, despite its small SM w2 (b) ok

cross section. The modelling of # H production is not present
in the framework described in Ref. [32].

The bbH (Fig. 9a) production process directly probes the
Higgs boson coupling strength to b-quarks, with scale factor
kp. Simulation studies using bb H samples produced in the
four-flavour scheme [82,96] have shown that the ggF samples
are a good approximation for bbH production for the most
important analysis categories, therefore bbH production is
always modelled using simulated ggF events (see Sect. 2.10).

The combined input channels probe seven Higgs boson
decay modes. Five of these decay modes, H — WW* , H —
Z7Z* H — bb, H — 17,and H — up each probe a
single coupling-strength scale factor to either a gauge boson
(Fig. 10a) or to a fermion (Fig. 10b). The remaining two decay
modes, H — yy and H — Zy are characterised by the

(a)

Fig. 10 Feynman diagrams of Higgs boson decays a to W and Z
bosons and b to fermions

interference between W boson or top-quark loop diagrams
(Fig. 11). These modes probe the W and ¢ coupling strengths
as well as their relative sign through interference effects.
For completeness it should be noted also that the ggF,
tH and gg — Z H cross sections expressed in Higgs boson
coupling strengths depend on the kinematic selection crite-
ria used. The b—¢ interference expression quoted in Table 9
for ggF is valid for the inclusive cross section, but in events
with additional jets the top-quark loop dominates, and the
observed interference is somewhat smaller. For gg — ZH
production the effect of phase-space dependence was esti-
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Fig. 11 Feynman diagrams of Higgs boson decays to a pair of photons, or to a photon and a Z boson

mated for H — bb decays with a variant of the coupling
model that introduces separate coupling-dependent cross-
section expressions for each of the Z boson p bins of the
H — bb analysis. The effect on coupling strength measure-
ments of approximating the gg — ZH production cross
section with an inclusive expression instead of using the set
of pr-dependent expressions was determined to be negli-
gible at the current experimental precision, with the largest
effect being a ~ 0.1o reduction of the expected sensitivity in
the determination of the relative sign of the W /Z couplings.
Neither this phase-space dependence, nor that of ggF are con-
sidered in this paper. For the t H process on the other hand,
which features a comparatively large W—¢ interference term,
the effect of phase-space dependence is taken into account,
even though Table 9 only lists the inclusive expression.

5.1.3 Effective coupling-strength scale factors

In some of the fits, effective scale factors kg, «, and kz, are
introduced to describe the processes gg — H, H — yy and
H — Zy, which are loop-induced in the SM, as shown in
Figs. 7a and 11, respectively. In other fits they are treated as
a function of the more fundamental coupling-strength scale
factors «y, kp, kw, and similarly for all other particles that
contribute to these SM loop processes. In these cases, the
loop contributions are expressed in terms of the fundamental
coupling strengths, including all interference effects, as listed
for the SM in Table 9. The loop process gg — Z H is never
treated as an effective scale factor, as unlike in the other
loop processes, a gg H Z contact interaction from new physics
would likely show a kinematic structure very different from
the SM gg — Z H process [58] assumed in the current study
and is expected to be suppressed. What then remains of BSM
effects on the gg — ZH process are modifications of the
Higgs boson couplings to the top quark (Fig. 8b) and the
Z boson (Fig. 8c), which are taken into account within the
limitation of the framework by the coupling-strength scale
factors «; and k.

5.1.4 Strategies for measurements of absolute coupling
strengths

As all observed Higgs boson cross sections in the LO frame-
work are inversely proportional to the Higgs boson width

@ Springer

(Eq. (7)), which is not experimentally constrained to a mean-
ingful precision at the LHC, only ratios of coupling strengths
can be measured at the LHC without assumptions about the
Higgs boson width. To make measurements of absolute cou-
pling strengths, an assumption about the Higgs boson width
must be introduced.

The simplest assumption is that there are no invisible or
undetected Higgs boson decays, i.e. BR; ;. = Oisassumedin
Eq. (8). An alternative, less strong assumption, is that ky < 1
and xz < 1[32]. This assumption is theoretically motivated
by the premise that the Higgs boson should solve the uni-
tarity problem in vector boson scattering and also holds in
a wide class of BSM models. In particular, it is valid in any
model with an arbitrary number of Higgs doublets, with and
without additional Higgs singlets. The assumption is also jus-
tified in certain classes of composite Higgs boson models. A
second alternative is to assume that the coupling strengths in
off-shell Higgs boson production are identical to those for on-
shell Higgs boson production. Under the assumption that the
off-shell signal strength and coupling-strength scale factors
are independent of the energy scale of Higgs boson produc-
tion, the total Higgs boson decay width can be determined
from the ratio of off-shell to on-shell signal strengths [21].
The constraint BR; , > 0, motivated by the basic assump-
tion that the total width of the Higgs boson must be greater or
equal to the sum of the measured partial widths, always intro-
duces a lower bound on the Higgs boson width. The differ-
ence in effect of these assumptions is therefore mostly in the
resulting upper limit on the Higgs boson width. The assump-
tions made for the various measurements are summarised in
Table 10 and discussed in the next sections together with the
results.

5.2 Fermion versus vector (gauge) coupling strengths

Benchmark coupling models in this section allow for differ-
ent Higgs boson coupling strengths to fermions and bosons,
reflecting the different structure of the interactions of the SM
Higgs sector with gauge bosons and fermions. It is always
assumed that only SM particles contribute to the gg — H,
H— yy, H — Zy and gg — Z H vertex loops, and mod-
ifications of the coupling-strength scale factors for fermions
and vector bosons are propagated through the loop calcula-
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Table 10 Summary of benchmark coupling models considered in
this paper, where A;; = «;/kj, kii = Kik;i/kn, and the functional

ky = Ky(Kp, K¢, K¢, kw), and kg = kg (k;). The tick marks indicate
which assumptions are made in each case. The last column shows, as an

dependence assumptions are: ky = kw = Kz, KF = k; = kp = example, the relative coupling strengths involved inthe gg — H— yy
kr = ky (and similarly for the other fermions), Kk, = Kg(kp, k1), process
Sectionin  Corresponding Probed couplings Parameters Functional assumptions Example: gg - H— yy
this paper table in Ref.[32] of interest
Ky KF Kg Ky KH
5.2.1 43.1 Couplings to fermions and kv, kf v v v v v K%— . K}% (kF, Kv)/KI%I (kF,Kky)
bosons
) <1 — v v v K%'KV(KF,KV)Z
522 432 kP kv BRiu Vv ke Ty (=BRLw
523 43.3 A.FV,KVV v v - K‘Z/V AA%;V -K%(}»Fv,)\]:v,)q:v,l)
5.3.1 46 Up-/down-type fermions Xdus AVus Kuu Kuska v v — K&u . K; (Agu, 1) - K}% aus 1y Aaus Avu)
53.2 47 Leptons/quarks higs Avgs Kqq kikg vV — Koy k(L 1, heg, hvg)
Ke» Ky, 2. 2,2
54.1 48.1 Vertex loops + - =1 =1 - = v Kg 'Ky/’(H(Kg’ Ky)
H —invisible/undetected kzy
decays
542 48.2 Ke- Koy =1 =1 N K212 /i (ks k) - (1 — BRy_ )
h . kzy, BRi u. - ¢ Ky /K (Kg, Ky .
KF KV, Koy Ky, <1 — — — v K2 iy (kg Ky )2
54.3 49 & S (1 - BRy
KZy, BRi_‘u' . — — — Kon = Koff kG (KF Ky Kg.Ky) ( 1.,u.)
2 2
5.5.1 51 Generic models with and Kw, Kz, Ki, - - v v v L ("Z'm Ky Ukt W)
R R Ky (Kp K Ko K KW KZ)
without assumptions on Kby Kz Ky
vertex loops and 'y
Kw, Kz, ki, kp, <1 — - - Vv -
KK
552 50.2 Keokp, kg ky,  —  — S T - (1= BRi.u)
KZy, BRi. .. - - - - Kon = Koff s
AWz, higy Abz
553 50.3 Az, Agzs hyz,  — - - - - K?Z : )‘iz
Mzy)z, Kgz

tions. Models with and without assumptions about the total
width are presented.

5.2.1 Assuming only SM contributions to the total width

In the first benchmark model no undetected or invisible Higgs
boson decays are assumed to exist, i.e. BRj y. = 0. The
universal coupling-strength scale factors kg for all fermions
and «y for all vector bosons are defined in this model as:

Ky = Kw = Kz

KF =Kt =Kp = Ky = Kg = K.

As only SM particles are assumed to contribute to the gg —
H loop in this benchmark model, the gluon fusion process
depends directly on the fermion scale factor K%-. Only the
relative sign between «r and ky is physical and hence in
the following only xy > 0 is considered, without loss of
generality. Sensitivity to this relative sign is gained from the

negative interference between the loop contributions of the W
boson and the ¢-quark in H— yy and H — Zy decays and
in gg¢ — Z H production, as well as from the r H processes
(see the corresponding expressions in Table 9).

Figure 12 shows the results of the fits for this benchmark
model. Figure 12a illustrates how the decays H— yy, H —
Z7* H —- WW* H — tr and H — bb contribute to
the combined measurement. The slight asymmetry in «r for
H — WW* and H — bb decays is introduced by the
small contributions of the tH and gg — ZH production
processes that contribute to these decay modes, and which
are sensitive to the sign of «r due to interference effects. The
strong constraint on k from H — W W* decays is related
to the 3.20° observation of the VBF production process in
this channel [11]. Outside the range shown in Fig. 12a there
are two additional minima for H— yy. The long tails in the
H — bb contour towards high values of |«y | are the result
of an asymptotically disappearing sensitivity of the observed
signal strength in the bb final states to v at large values
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Fig. 12 Results of fits for the two-parameter benchmark model defined
in Sect. 5.2.1 that probes different coupling-strength scale factors for
fermions and vector bosons, assuming only SM contributions to the
total width: a results of the two-dimensional fit to x and v, including
68 % and 95 % CL contours; overlaying the 68 % CL contours derived
from the individual channels and their combination; b the same mea-
surement, without the overlays of the individual channels; ¢ the profile
likelihood ratio as a function of the coupling-strength scale factors «
(kv is profiled) and d as a function of «y (kF is profiled). The dashed

of ky. The combined measurement without overlays is also
shown in Fig. 12b.

Figure 12a, b only show the SM-like minimum with a
positive relative sign, as the local minimum with negative
relative sign is disfavoured at the 4.0 level, which can been
seen in the wider scan of xr, where kv is profiled, shown in
Fig. 12c. The likelihood as a function of «y, profiling «r, is
given in Fig. 12d. Around ky = 0.8 the sign of the chosen
profiled solution for k¢ changes, causing a kink in the like-
lihood. The profile likelihood curves restricting k r to either
positive or negative values are also shown in Fig. 12d as thin
curves, and illustrate that this sign change in the unrestricted
profile likelihood is the origin of the kink.

@ Springer

curves in ¢ and d show the SM expectations. In d the sign of the cho-
sen profiled solution for kr changes at ky ~ 0.8 , causing a kink in
the likelihood. The profile likelihood curves restricting «r to be either
positive or negative are also shown to illustrate that this sign change
in the unrestricted profile likelihood is the origin of the kink. The red
(green) horizontal line indicates the value of the profile likelihood ratio
corresponding to a 68 % (95 %) confidence interval for the parameter
of interest, assuming the asymptotic x> distribution for the test statistic

Both «r and ky are measured to be compatible with their
SM expectation and the two-dimensional compatibility of the
SM hypothesis with the best-fit point is 41 %. The best-fit
values and uncertainties are:

kv =109+ 0.07 [*§03(stat) *§(syst) *f i theo, |
k= 111 £0.16[ 751 star) *f 39 (syst) *0 8 (theo,)].

5.2.2 Allowing for invisible or undetected Higgs boson
decays in the total width

The second benchmark model of this section allows for the
presence of invisible or undetected Higgs boson decays by
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Fig. 13 Results of fits for benchmark models that probe for potential
extra contributions to the total width, but do not allow contributions
from non-SM particles in the H— yy, g¢ — H and H — Zy loops,
with free gauge and fermion coupling-strength scale factors kv, kf.
The estimated values of each parameter under the constraint ky < 1,
Kon = Koff of BR; y. = 0 are shown with markers in the shape of box,
circle, or diamond, respectively. The inner and outer bars correspond to
68 and 95 % CL intervals. The confidence intervals of BR;_,,. and, in the
benchmark model with the constraint ky < 1, also ky, are estimated
with respect to their physical bounds, as described in the text. The
numerical values of the fit under the constraint ky < 1 are shown on
the left. Values for the two alternative constraints are also shown (in a
reduced font size due to space constraints)

introducing BR;_,. as a free parameter in the expression of
Eq. (8) for the Higgs boson total width. The free parameters
of this model thus are xkr, Ky and BR;_,,.. Loop processes are
still assumed to have only SM content.

With the introduction of BR; . as a free parameter, the
assumed Higgs boson width has no intrinsic upper bound and
an additional constraint must be imposed on the model that
infers an upper bound on I'y. Both choices of constraints on
the total width discussed in Sect. 5.1 are studied: ky < 1 and
Kon = Koff-

Figure 13 shows the results of fits for this benchmark sce-
nario. For comparison the results of the benchmark model
of Sect. 5.2.1 are included, corresponding to the condition
BR;_u. =0. The coupling-strength scale factors k 7 and k' are
measured to be compatible with the SM values and a limit is
set on the fraction of Higgs boson decays to invisible or unde-
tected final states. The three-dimensional compatibility of the
SM hypothesis with the best-fit point is 99 % (29 %), when
applying the ky < 1 (off-shell) constraint, respectively. When
imposing the physical constraint BR; , > 0, the 95 % CL
upper limit is BR;_ . <0.13 (0.52), when applying the con-
straint ky < 1 (kon =kKoff). The corresponding expected limit
on BR; ., under the hypothesis of the SM, is 0.24 (0.71).

Also shown in Fig. 13 is the uncertainty on the total width
that the model variants allow, expressed as theratio 'y / I E,M.
These estimates for the width are obtained from alterna-
tive parameterisations of these benchmark models, where the
coupling-strength scale factor kr is replaced by the expres-
sion that results from solving Eq. (8) for «f, introducing
T/ FIS{M as a parameter of the model. Figure 13 shows that
the upper bound on the Higgs boson width from the assump-
tion Koff = Kon 1S substantially weaker than the bound from
the assumption ky < 1. These choices of constraints on
the Higgs boson width complement each other in terms of
explored parameter space: the present limit of juofr < 5.1[21]
in the combined off-shell measurement in the H — WW*
and H — ZZ* channels effectively constrains «y to be
greater than one in the combined fit when exploiting the
assumption Kon = Koff -

The parameterisation of the off-shell signal strength o
in terms of couplings implicitly requires that puog > 0 (see
Ref. [21] for details). This boundary condition causes the
distribution of the test statistic to deviate from its asymptotic
form for low values of oy, with deviations in p-values of
up to 10 % for oo & 2.5, which corresponds to the value
of o,fr at the upper boundary of the 68 % asymptotic confi-
dence interval of '/ FIS_IM. The upper bound of the 68 % CL
interval for the scenario koff = kon shown in Fig. 13 should
therefore be considered to be only approximate. Since the
lower bound on I'y/ FEIM is always dominated by the con-
straint BR; . > 0, it is not affected by this deviation from
the asymptotic behaviour.

5.2.3 No assumption about the total width

In the last benchmark model of this section no assumption
about the total width is made. In this model only ratios of
coupling-strength scale factors are measured, choosing as
free parameters

AFv = KFr/Ky

Kyy =Ky - Ky /KH,

where Apy is the ratio of the fermion and vector boson
coupling-strength scale factors, kyy is an overall scale that
includes the total width and applies to all rates, and kg is
defined in Table 9.

Figure 14 shows the results of this fit. Both ratio parame-
ters are found to be consistent with the SM expectation and
the two-dimensional compatibility of the SM hypothesis with
the best-fit point is 41 %. The best-fit values and uncertain-
ties, when profiling the other parameter, are:

ary = 1025013 [F0 1 star) S 98 csyst) *f it theo) |

.14 11 . .04
kv = LOT0 [0 Gstat) T8 (syst) T fiheos)].
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Fig. 14 Results of fits for the two-parameter benchmark model defined
in Sect. 5.2.3 that probes different coupling-strength scale factors for
fermions and vector bosons without assumptions about the total width:
a profile likelihood ratio as a function of the coupling-strength scale
factor ratio Ay (kyy is profiled). The dashed curve shows the SM

Similar to the model described in Sect. 5.2.1, Fig. 14a
shows the determination of the sign of Apy disfavouring
Arpy = —1 at approximately 4.00, while Fig. 14b shows
the two-dimensional likelihood contour. The estimates of the
two parameters are anticorrelated because only their product
appears in the model.

5.3 Probing relations within the fermion coupling sector

The previous sections assumed universal coupling-strength
scale factors for all fermions, while many extensions of the
SM predict deviations from universality within the fermion
sector [32]. In this section, benchmark models are explored
that probe the relations between the up- and down-type
fermions and between the lepton and quark sectors, using
the information in the currently accessible channels, in par-
ticularin H — bb, H — vt and H — pu decays and 11 H
production. The models considered assume that only SM par-
ticles contribute to the gg — H, H— yy, H — Zy and
gg — Z H vertex loops, and modifications of the coupling-
strength scale factors are propagated through the loop calcu-
lations. As only ratios of coupling-strength scale factors are
explored, no assumptions on the total width are made.

5.3.1 Probing the up- and down-type fermion symmetry

Many extensions of the SM contain different coupling
strengths of the Higgs boson to up-type and down-type
fermions. This is for instance the case for certain Two-
Higgs-Doublet Models (2HDM) [117-119]. In this bench-
mark model the ratio Ay, of down- and up-type fermions
coupling-strength scale factors is probed, while vector boson
coupling-strength scale factors are assumed to be unified and
equal to ky . The indices u, d stand for all up- and down-type
fermions, respectively. The free parameters are:
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expectation. The red (green) horizontal line indicates the value of the
profile likelihood ratio corresponding to a 68 % (95 %) confidence
interval for the parameter of interest, assuming the asymptotic x 2 dis-
tribution for the test statistic. b Results of the two-dimensional fit to
kyy and Ly, including 68 and 95 % CL contours

Adu = Kd/Ku
Avu = Ky /Ky
Kuuy = Ky * Ku/KH.

The up-type quark coupling-strength scale factor is mostly
indirectly constrained through the gg — H production chan-
nel, from the Higgs boson to top-quark coupling strength,
with an additional weak direct constraint from the gg/gg —
ttH production channel, while the down-type coupling
strength is constrained through the H — bb, H — 77 and
H — pp decays as well as weakly through the bb — H
production mode and the b-quark loop in the gg — H pro-
duction mode.

The fit results for the parameters of interest in this bench-
mark model, when profiling the other parameters, are:

Adu € [—1.08, —0.811U[0.75, 1.04] (68 % CL)
Avu = 0927013

+0.33
feun = 1.25733.

Near the SM prediction of 1y, = 1, the best-fit value is
Adu = 0.904_'8:}‘5‘. All parameters are measured to be con-
sistent with their SM expectation and the three-dimensional
compatibility of the SM hypothesis with the best-fit point is
51 %.

The likelihood curves corresponding to these measure-
ments are shown in Fig. 15. The likelihood curve of Fig. 15a
is nearly symmetric around A4, = 0 as the model is almost
insensitive to the relative sign of «, and «4. The interfer-
ence of contributions from the b-quark and #-quark loops in
the gg — H production induces an observed asymmetry
of about 0.60 (no significant asymmetry is expected with
the present sensitivity). The profile likelihood ratio value
at Ay, = 0 provides 4.50 evidence of the coupling of the
Higgs boson to down-type fermions, mostly coming from



Eur. Phys. J. C (2016) 76:6

Page 25 0f 51 6

(5,; SO A T T
< [ Vs=7Tev, 45470 === SM expected
25 |- s=8Tev, 203" — Observed
£ F
o F o ;
20F ™ H
~ 30T T T T T T e ' Eo \_/
< | ATLAS . [wvihal ] 15E N
= [ Vs=7TeVv,4547f" «ees SM expected B F - 3
c 25 {s=8TeV,20.3" —— Observed ] 10E
(\nl C n E . K
o B 5F
20~ — C .
- g 0-||||||\\.y“/||
C ] -25-2-15-1-05 0 05 1 15 2 25
e E (b) ot
10E - ¥§ 30 T e
r ] Ne F ATLAS [N 4
r N < [ Vs=7Tev,45471" ----- SM expected ]
r 7] c 25 G=sTev.z0sm’ — Observed -
5 — o~ E E
C . ! iy ]
B e B AL Ao A W U 7 e
-25 2 -15 -1 -05 O 0.5 1 1.5 2 25
A’du 5
(a) E
0 | P T o I I
0.5 1 1.5 2 25 3
(© Kuu

Fig. 15 Results of fits for the benchmark model described in Sect. 5.3.1
that probes the ratio of scale factors between down- and up-type
fermions: profile likelihood ratios as functions of the coupling-strength
scale factor ratios a A4, (Ay, and «,,, are profiled), b Ay, (A4, and ky,,
are profiled), and ¢ the overall scale factor «,, (L4, and Ay, are pro-

the H — 77 measurement and to a lesser extent from the
H — bb measurement. Vanishing coupling strengths of the
Higgs boson to up-type fermions (k,,, = 0) and vector bosons
(Ayy = 0) are excluded at a level of >50.

5.3.2 Probing the quark and lepton symmetry

Extensions of the SM can also contain different coupling
strengths of the Higgs boson to leptons and quarks, notably
some variants of Two-Higgs-Doublet Models. In this bench-
mark model the ratio A.¢, of coupling-strength scale factors to
leptons and quarks is probed, while vector boson coupling-
strength scale factors are assumed to be unified and equal to
ky. The indices ¢, g stand for all leptons and quarks, respec-
tively. The free parameters are:

= K¢ /Ky
)"Vq Kv/Kq

Kgq = Kq " Kq/KH-

Aeg

The lepton coupling strength is constrained through the H —
vt and H — pp decays. The fit results for the parameters
of interest of this benchmark model, when profiling the other
parameters, are:

filed). The dashed curves show the SM expectations. The red (green)
horizontal line indicates the value on the profile likelihood ratio cor-
responding to a 68 % (95 %) confidence interval for the parameter of
interest, assuming the asymptotic x? distribution for the test statistic

Aeg € [—1.34,-0.94] U [0.94, 1.34] (68 % CL)

— +0.18
= 1.03%55

_ +0.24
kqq = 1.03755.

Avg

Near the SM prediction of Ag; = 1, the best-fit value is
Aeg = 1.12J_r8:%§. All parameters are measured to be con-
sistent with their SM expectation and the three-dimensional
compatibility of the SM hypothesis with the best-fit point is
53 %.

Figure 16 shows the likelihood curves corresponding to
the fit results for this benchmark. Similar to the model of
Sect. 5.3.1, the likelihood curve is nearly symmetric around
Aeg = 0. A vanishing coupling strength of the Higgs boson
to leptons, i.e. A¢g = 0, is excluded at the ~4.40 level due
to the H — tt measurement. The profile likelihood ratio
values at k;q = 0 and Ay, = 0 provide strong confirmation
of Higgs boson couplings to quarks and vector bosons with
both significances of >5¢.

5.4 Probing beyond the SM contributions in loops and
decays

In this section, contributions from new particles either in

loops or in new final states are probed. For the H— yy,
H — Zy and gg — H vertices, effective scale factors «,,,
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Fig. 16 Results of fits for the benchmark model described in Sect. 5.3.2
that probes the symmetry between quarks and leptons: profile likelihood
ratios as functions of the coupling-strength scale factor ratiosa A¢y (Ly4
and k44 are profiled), b Ay 4 (A¢q and k4 are profiled), and ¢ the overall
scale factor k44 (A¢y and Ay, are profiled). The dashed curves show the

kzy and kg are introduced that allow for extra contributions
from new particles. These effective scale factors are defined
to be positive as there is by construction no sensitivity to the
sign of these coupling strengths. The potential new particles
contributing to these vertex loops may or may not contribute
to the total width of the observed state through direct invis-
ible or undetected decays. In the latter case the total width
is parameterised in terms of the additional branching ratio
BR;_ .. into invisible or undetected particles.

5.4.1 Probing BSM contributions in loop vertices only

In the first benchmark model of this section, BSM contri-
butions can modify the loop coupling strengths from their
SM prediction, but it is assumed that there are no extra con-
tributions to the total width caused by non-SM particles.
Furthermore, all coupling-strength scale factors of known
SM particles are assumed to be as predicted by the SM, i.e.
Kw = Kz = k; = kp = kr = Kk, = 1. The free parameters
are thus kg, ), and kz,, .

Figure 17a shows the results of fits for this benchmark
scenario and the best-fit values and uncertainties, when pro-
filing the other parameters. The effective coupling-strength
scale factors k, and «, are measured to be consistent with
the SM expectation, whereas a limit is set on the effective

@ Springer

SM expectations. The red (green) horizontal line indicates the value
of the profile likelihood ratio corresponding to a 68 % (95 %) confi-
dence interval for the parameter of interest, assuming the asymptotic
%2 distribution for the test statistic

coupling-strength scale factor «z,. Figure 17b shows the
two-dimensional likelihood contour for kg vs. k), , where k7,
is profiled. The three-dimensional compatibility of the SM
hypothesis with the best-fit point is 69 %.

5.4.2 Probing BSM contributions in loop vertices and to
the total width

The second benchmark model of this section removes the
assumption of no invisible or undetected Higgs boson decays,
introducing BR; . as additional model parameter. The free
parameters of this benchmark model are thus kg, k), k7,
and BR; .. The coupling-strength scale factors of known
SM particles are still assumed to be at their SM values of 1.
Due to this assumption, the parameterisation of Higgs boson
channels that do not involve a loop process, e.g. VBF produc-
tion of H — W W* and associated production of H — bb,
depends only on BR;_ . in this model, and not on kg, «, or
kzy, and can hence constrain BR; . from the data. Thus no
additional constraints, beyond those introduced in the bench-
mark model of Sect. 5.2.2, are necessary in this model.

The results of fits to this benchmark model are shown in
Fig. 18, along with the uncertainty on the total width that this
model allows, obtained in the same fashion as for the previ-
ous benchmark models. The effective coupling-strength scale
factors kg and «,, are measured to be consistent with the SM
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Fig. 17 Results of fits for the benchmark model that probes for contri-
butions from non-SM particlesinthe H— yy, H - Zy andgg — H
loops, assuming no extra contributions to the total width: a overview of
fitted parameters, where the inner and outer bars correspond to 68 and
95 % CL intervals, and b results of the two-dimensional fit to «,, and
kg, including 68 and 95 % CL contours (kz,, is profiled)

my, = 125.36 GeV
R

expectation, whereas limits are set on the effective coupling-
strength scale factor «z,, and the branching fraction BR; ..
By using the physical constraint BR; , > 0, the observed
95 % CL upper limit is BR;_,, < 0.27 compared with the
expected limit of BR; . < 0.37 under the SM hypothesis.
The four-dimensional compatibility of the SM hypothesis
with the best-fit point is 74 %. The best-fit values of the
model parameters of interest and their uncertainties, when
profiling the other parameters, are
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In a variant of the fit where no limits are imposed on BR;_ .
its best-fit value is

BRyu = —0.15502 [+ (star) *{ 11 syst) *98theo .
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Fig. 18 Results of fits for benchmark models that probe for contribu-
tions from non-SM particles in the H— yy, H — Zy and gg — H
loops, while allowing for potential extra contributions to the total width:
a overview of fitted parameters. The inner and outer bars correspond
to 68 and 95 % CL intervals. The confidence intervals for BR; , are
estimated with respect to the physical bounds as described in the text.
b Profile likelihood ratio as a function of the branching fraction BR; 4.
to invisible or undetected decay modes (ky , kg and kz,, are profiled).
The red (green) horizontal line indicates the value of the profile likeli-
hood ratio corresponding to a 68 % (95 %) confidence interval for the
parameter of interest, assuming the asymptotic x? distribution for the
test statistic

corresponding to the likelihood curve shown in Fig. 18b.
Without the condition BR; ;. > 0, the best-fit value of BR; .
assumes a small (unphysical) negative value that is consistent
with zero within the uncertainty.

As the choice of free parameters in this model gives extra
degrees of freedom to ggF productionand H— yy and H —
Zy decays, the most precise measurements based on ggF
production or H— yy decays (see Fig. 2) do not give a
sizeable contribution to the determination of BR;_ .. Instead
BR;. . is mostly constrained by channels sensitive to VBF
and V H production, as the tree-level couplings involved in
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these production modes are fixed to their SM values within
this model. The upward uncertainty on '/ FlsiM is notably
increased with respect to that of the model in Sect. 5.4.1
due to the removing the constraint on BR; , , whereas the
downward uncertainty is identical due to the condition that
BRi.,u. > 0.

5.4.3 Probing BSM contributions in loop vertices and to
the total width allowing modified couplings to SM
particles

The last benchmark model of this section removes the
assumption of SM couplings of the Higgs boson for non-
loop vertices used so far in this section, re-introducing
the coupling-strength scale factors «kr and «xy defined in
Sect. 5.2.1 to allow deviations of the coupling strength of the
Higgs boson to fermions and gauge bosons, respectively. As
the expression for kg is no longer strongly constrained due
to the newly introduced degrees of freedom, the upper limit
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Fig. 19 Results of fits for benchmark models that probe for contribu-
tions from non-SM particles in the H— yy, g¢g — Hand H — Zy
loops, with free gauge and fermion coupling-strength scale factors
Ky, kr, while allowing for potential extra contributions to the total
width. The estimated values of each parameter under the constraint
Ky < 1 orkon = koff are shown with markers in the shape of a box
or a circle, respectively. The inner and outer bars correspond to 68
and 95 % CL intervals. The confidence intervals of BR; ,. and, in the
benchmark model with the constraint ky < 1, also «y, are estimated
with respect to their physical constraints as described in the text. The
numerical values of the fit under the constraint ky < 1 are shown on
the left. Values for the alternative ko, = koff constraint are also shown
(in a reduced font size due to space constraints)
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Fig. 20 Overview of best-fit values of parameters with 68 and 95 %
CL intervals for generic model 1 (see text). In this model only SM
particles are considered in loops and no invisible or undetected Higgs
boson decays are allowed. The sign of «y is assumed to be positive, as
indicated by the hatched area, without loss of generality. The inner and
outer bars correspond to 68 and 95 % CL intervals

on 'y is no longer bounded, and an additional constraint on
the total Higgs boson width must be introduced. Similar to
the model of Sect. 5.2.2 the two choices of the constraints on
the total width discussed in Sect. 5.1 are studied: xy < 1 and
Kon = Koff. The free parameters of this model are k¢, kv, kg,
Ky, kzy and BRj ..

Figure 19 shows the best-fit values and their uncertainties.
The coupling-strength scale factors «g, k), Ky and kr are
measured to be consistent with their SM expectation, while
limits are set on the coupling-strength scale factor kz,, and the
branching fraction BR;_,. to invisible or undetected decays.
By using the physical constraint BR; , > 0, the 95 % CL
upper limit is BR; . < 0.27 (0.54) when applying the con-
straint ky < 1 (kon = Koff). The expected limit in case of the
SM hypothesisis BR; ,. < 0.39 (0.72). The six-dimensional
compatibility of the SM hypothesis with the best-fit point
is 96 % (64 %) when applying the ky < 1 (kon = Koff)
constraint, respectively. The uncertainty on '/ FIS_IM is sig-
nificantly increased compared with models in Sects. 5.4.1
and 5.4.2 due to the further relaxed coupling constraints, in
particular both the 68 and 95 % CL intervals of '/ I'tM
extend below 1.

5.5 Generic models

In the benchmark models studied in Sects. 5.2, 5.3 and 5.4,
specific aspects of the Higgs sector are tested by combining
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Fig. 21 Results of fits for generic model 1 (see text): profile likelihood
ratios as functions of the coupling-strength scale factors a «;, b «p, ¢
kw, and d «z. For each measurement, the other coupling-strength scale
factors are profiled. The kinks in the curves of a and ¢ are caused by tran-
sitions in solutions chosen by the profile likelihood for the relative sign

coupling-strength scale factors into a minimum number of
parameters under certain assumptions, thereby maximising
the sensitivity to the scenarios under study. In generic models
the scale factors for the coupling strengthsto W, Z, ¢, b, T and
wu are treated independently, while for the loop vertices and
the total width 'y, either the SM particle content is assumed
(Sect. 5.5.1) or no such assumption is made (Sects. 5.5.2 and
5.5.3).

5.5.1 Generic model 1: no new particles in loops and in
decays

In the first generic benchmark model all coupling-strength
scale factors to SM particles, relevant to the measured modes,
are fitted independently. The free parameters are: kw, kz, ki,
Kkp, Kz, and k. Itis assumed that only SM particles contribute
to Higgs boson vertices involving loops, and modifications
of the coupling-strength scale factors for fermions and vec-
tor bosons are propagated through the loop calculations. No
invisible or undetected Higgs boson decays are assumed to
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between profiled couplings. The dashed curves show the SM expecta-
tions. The red (green) horizontal line indicates the value of the profile
likelihood ratio corresponding to a 68 % (95 %) confidence interval for
the parameter of interest, assuming the asymptotic 2 distribution for
the test statistic

exist. Only the W coupling-strength scale factor is assumed
to be positive without loss of generality: due to interference
terms, the fit is sensitive to the relative sign of the W and ¢
couplings (through the tH, H— yy, H — Zy processes)
and the relative sign of the Z and ¢ coupling (through the
g8 — Z H process), providing indirect sensitivity to the rel-
ative sign of the W and Z coupling. Furthermore, the model
has some sensitivity to the relative sign of the ¢ and b coupling
(through the ggF process).

Figure 20 summarises the results of the fits for this bench-
mark scenario. All measured coupling-strength scale factors
in this generic model are found to be compatible with their
SM expectation, and the six-dimensional compatibility of
the SM hypothesis with the best-fit point is 57 %. Illustrative
likelihoods of the measurements summarised in Fig. 20 are
shown in Fig. 21. As shown in Fig. 21a, b, the negative solu-
tion of «; is strongly disfavoured at 3.10 (2.90 expected),
while the negative minimum of «, is slightly disfavoured at
0.50 (no sensitivity expected).
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Fig. 22 Fit results for the reduced coupling-strength scale factors
Vi =/Kv.i gzvl;" = //cv,,-m;/"' forweak bosonsand yp; = Kp,l-é:% =

mpr.; . . . .
KF,i 5 < for fermions as a function of the particle mass, assuming a SM

Higgs boson with a mass of 125.36 GeV. The dashed line indicates the
predicted mass dependence for the SM Higgs boson

For the measurements in this generic model, it should be
noted that the low fitted value of «;, causes a reduction of the
total width T'y by about 30 % compared to the SM expec-
tation (see Table 9), which in turn induces a reduction of all
other «-values by about 20 %.

Figure 22 shows the results of the fit for generic model 1
as reduced coupling-strength scale factors

8V.,i

Yv,i =KV, o = VKV,

my i

(10)
v

for weak bosons with a mass my, where gy ; is the absolute
Higgs boson coupling strength, v is the vacuum expectation
value of the Higgs field and

8F,i meri
YF,i = KF,i_ﬁ =KF,i

(1)

v

for fermions as a function of the particle mass m g, assuming
a SM Higgs boson with a mass of 125.36 GeV. For the b-
quark mass in Fig. 22 the M S running mass evaluated at a
scale of 125.36 GeV is assumed.

5.5.2 Generic model 2: allow new particles in loops and in
decay

In the second generic benchmark model the six free parame-

ters from the first generic model are retained but the assump-
tions on the absence of BSM contributions in loops and to
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Fig. 23 Results of fits for generic model 2 (see text): the estimated
values of each parameter under the constraint ky < 1, kon = Koff OF
BR; 4. = 0 are shown with markers in the shape of a box, a circle,
or a diamond, respectively. The hatched area indicates regions that are
outside the defined parameter boundaries. The inner and outer bars
correspond to 68 and 95 % CL intervals. The confidence intervals of
BR; .. and, in the benchmark model with the constraints ky < 1 and
lkz| < 1, also kw and k7, are estimated with respect to their physical
bounds as described in the text. Numerical results are shown in Table 11

the total width are dropped. Effective coupling-strength scale
factors for loop vertices are introduced, and optionally a
branching ratio BR; , to new non-SM decays that might
yield invisible or undetected final states is introduced, result-
ing in a total of 9 (10) free parameters. In the variant where
BR;_ .. is not fixed to zero, either the constraint ky < 1 is
imposed, or the constraint on the total width from off-shell
measurements is included.

Figure 23 summarises the results of the fits for this bench-
mark scenario. The numerical results are shown in Table 11.
As an illustration of contributions from different sources, the
uncertainty components are shown for the case of BR; , =
0. All fundamental coupling-strength scale factors, as well
as the loop-coupling scale factors «, and «,, are measured to
be compatible with their SM expectation under all explored
assumptions, while limits are set on the loop-coupling scale
factor «z,, and the fraction of Higgs boson decays to invisi-
ble or undetected decays. When imposing the physical con-
straint BR; . > 0 in the inference on BR;_ ., the 95% CL
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Table 11 Numerical results of the fits to generic model 2 : effec-
tive coupling-strength scale factors for loop processes allowing non-
SM contributions with various assumptions on the total Higgs boson
width. These results are illustrated in Fig. 23. The confidence inter-
val of BR;_,. in the benchmark model with the constraints ky < 1
and |kz| < 1, and the confidence intervals ky and k7, are estimated
with respect to their physical bounds, as described in the text. Shown
in square brackets are uncertainty components from different sources

for the case of BR;_,. = 0 as an illustration. For xz and «;, the uncer-
tainty breakdowns are provided for the preferred positive solutions.
Also shown is the uncertainty on the total width that the model variants
allow, expressed as the ratio 'y / F?IM. These estimates for the width are
obtained from alternative parameterisations of these benchmark models
where the effective coupling-strength scale factor «, is replaced by the
expression that results from solving Eq. (8) for «, introducing I'y / F[S_'IM
as a parameter of the model

Parameter ky <1 Kon = Koff BR u =0

Fitted Value Uncertainty breakdown
cw >0.64 (95 % CL) = 0.96+03 =0.92+014 [0 stat) *5 07 syst) 53 theo.)]
Kz >0.71 (95 % CL) = 105538 € [—1.08, —0.84] U [0.86, 1.14] [ 13 (stat.) T0-95 (syst.) T003 (theo. )]
K1 =1.281032 = 135105, € [~1.12, —1.00] U [0.93, 1.60] [ 0235 (stat.) 032 (syst.) T oz (theo. )]
k| = 062028 0.641034 0.62+031 [£03 stat) *6 T syst) 005 theo)]
e | = 099792 1031021 1.00 4 0.20 [0 stat) 6 syst) 085 theo)]
el < 23(95%CL) 2.8(95%CL) 2.3(95%CL)
Ky = 0907016 0.934:43¢ 0.90 £0.15 [0 0stat) *597 syst) 503 theo,)|
ke = 09202 1024037 0.92 £0.17 [0 186stat) *5 0 syst) 0 theo,)]
Kzy < 315(95%CL) 4.03 (95 % CL) 3.18 (95 % CL)
BRi . 0.49 (95 % CL) 0.68 (95 % CL) -
Pa/TS = 0647038 0.7443] 0.647031 [ 031 stat) *§ 2 6yst) 008 theo,)|

upper limit is BR; y. < 0.49 (0.68) under the constraint
ky < 1 (kon = koff) on the Higgs boson total width. The
nine-dimensional compatibility of the SM hypothesis with
the best-fit point is 73 % when BR;_,,. is fixed to zero. The
compatibilities for the fits with the conditions xy < 1 and
Kon = Koff imposed are 80 and 57 %, respectively.

Similar to the results of the benchmark model in Sect. 5.2.2
the upper bound of the 68 % CL interval for the scenario
Kon = Koff should be considered to be only approximate due
to deviations of the test-statistic distribution from its asymp-
totic form. The deviation of the asymptotic distribution was
shown to be negligible for off-shell signal strengths corre-
sponding to the upper end of the 95 % asymptotic confidence
interval (Table 11).

Also shown in Fig 23 are the resulting ranges of the total
width of the Higgs boson, expressed as the ratio I'yy/ FE,M.
These estimates are obtained from alternative parameter-
isations of these benchmark models, where the effective
coupling-strength scale factor «, is replaced by the expres-
sion that results from solving Eq. (8) for k,, introducing
T/ FIS{M as a parameter of the model. The figure shows that
the upper bound on the Higgs boson width from the assump-
tion kon = Koff 1S substantially weaker than the bound from
the assumption ky < 1. These results on I'y/ I'$M repre-
sent the most model-independent measurements of the Higgs
boson total width presented in this paper.

Figure 24 shows profile likelihood ratios as a function
of selected coupling-strength scale factors. In Fig. 24a, the
negative minimum of «; is shown to be disfavoured at 1.0o.
The minimum corresponding to the positive solution is found
atk; = 1 28*8 ;g The sensitivity to disfavour the negative
solution of «; is reduced with respect to generic model 1 as
the interference in loop couplings can no longer be exploited
because effective coupling-strength scale factors were intro-
duced. The observed residual sensitivity to the sign of «; is
exclusively due to the tree-level interference effect of the t H
background in the ## H channel.

The power of individual loop processes to measure the
magnitude of k; and resolve the sign of k; relative to xw is
illustrated in more detail in Fig. 25. The blue curve shows
the profile likelihood ratio as a function of «; for a model
with the least sensitivity to the sign of «;: all loop processes
are described with effective coupling parameters, including
the gg — Z H loop process. Subsequently the red, green and
orange curves represent the profile likelihood ratios for mod-
els that incrementally include information from loop pro-
cesses by resolving the gg — ZH, ggFand H — yy, Zy
loop processes into their expected SM content. Here the red
curve corresponds to the configuration of generic model 2,
and the orange curve corresponds to the configuration of
generic model 1. As expected, resolving gg — Z H process
adds little information on «;. Additionally resolving the ggF
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Fig. 24 Results of fits for generic model 2 (see text): profile likelihood
ratios as functions of the coupling-strength scale factors a «;, b «p, ¢
kw, and d kz. For each measurement, the other coupling-strength scale
factors are profiled. The red (green) horizontal line indicates the value

loop process into its SM content greatly improves the pre-
cision on «; (green curve), but reduces the sensitivity to the
relative sign of k; and «yw. This reduction happens because
on one hand the ggF process yields no new information on
this relative sign, as it is dominated by b interference, and
on the other hand because it decreases the observed magni-
tude of «;, to a more SM-compatible level, thereby reducing
the sensitivity of the ¢+ H process to the relative sign. Fur-
ther resolving the H— yy and H — Zy loop processes,
which are dominated by W—¢ interference, greatly improves
the measurement of the relative sign of xw and «; (orange
curve), but does not significantly contribute to the precision
of the magnitude of «;.

5.5.3 Generic model 3: allow new particles in loops, no
assumptions on the total width

In the final benchmark model of this section, the six abso-
lute coupling-strength scale factors and three effective loop-
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of the profile likelihood ratio corresponding to a 68 % (95 %) confi-
dence interval for the parameter of interest, assuming the asymptotic
x? distribution for the test statistic

coupling scale factors of generic model 2 are expressed as
ratios of scale factors that can be measured independent of
any assumptions on the Higgs boson total width. The free
parameters are chosen as:

Kgz = Kg - Kz/KH

Azg = Kz /Kg
Awz = kw/Kkz
Aig = Ki/Kg
Abz = Kp/Kz

hiz = K¢ /kz
Az = Kp/Kkz
Ayz =Ky [Kz
hzyz = Kzy[Kkz.
Figure 26 shows the full set of results obtained from the fit

to this benchmark model. The fitted values and their uncer-
tainties are also shown in Table 12. As the loop-induced pro-
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Fig. 25 Profile likelihood ratio as a function of «, for models with and
without resolved loop processes: shown are measurements of x; with no
loop processes resolved (blue), only gg — Z H resolved (red, generic
model 2), gg — H additionally resolved (green), and H— yy and
H — Zy additionally resolved (orange, generic model 1). The dashed
blue and orange curves correspond to the expected sensitivity for the
no-loop and all-loop models. All profile likelihood curves are drawn
for the full range of «;, however some curves are partially obscured
when overlapping with another nearly identical curve. The red (green)
horizontal line indicates the value of the profile likelihood ratio cor-
responding to a 68 % (95 %) confidence interval for the parameter of
interest, assuming the asymptotic x2 distribution for the test statistic

cesses are expressed by effective coupling-strength scale fac-
tors, there is little sensitivity to the relative sign of coupling-
strength scale factors due to tH and gg — ZH pro-
cesses only. Hence only positive values for all «-factors
except k; are shown without loss of generality. The param-
eter Kgz, Azg, Awz, Arg, Abz, Arz and A,z are all measured
to be compatible with their SM expectation, while limits are
set on the parameters A,z and A(z,)z. The nine-dimensional

Table 12 Numerical results of the fits for generic model 3: measure-
ments of ratios of coupling-strength scale factors in which assumptions
on the Higgs boson total width cancel. These results are also shown

ATLAS Vs=7TeV,45-4.7"
68% CL: === \/5_8TeV,20.31b"'
95%CL: ———
TTIITII‘ITTI{TITT!TTIT‘ITTIITI
Kgz=1.18 £0.16 -
Azg=1.09%933 R —
Awz € [-1.04,-0.81] o {
u[0.80, 1.06] :
Mg €[-1.70,-1.07] i
u[1.03,1.73] ;
Apz=0.60+0.27 -
Az = 09907 -
(95%CL) A,z<2.3 ——
Ayz=0.90 £0.15 -
(950/001_) A(ZY)Z< 3.2
my =125.36GeV
11Illllllllllllll!llllllllllll
-2 -1 0 1 2 3

Parameter value

Fig. 26 Results of fits for generic model 3 (see text): allowing devi-
ations in vertex loop-coupling scale factors and in the total width.
Overview of best-fit values of parameters, where the inner and outer
bars correspond to 68 and 95 % CL intervals. The hatched areas indicate
regions that are outside the defined parameter boundaries

compatibility of the SM hypothesis with the best-fit point is
73 %.

The parameter Awz = kw/kz in this model is of particular
interest: identical coupling-strength scale factors for the W
and Z bosons are required within tight bounds by the SU(2)
custodial symmetry and the p parameter measurements at

in Fig. 26. Shown in square brackets are uncertainty components from
different sources. For Awz and A, the uncertainty breakdowns are pro-
vided for the preferred positive solutions

Parameter Measurement Uncertainty breakdown

Kez = 1.1840.16 [0 stat) 5 icsyst) * 08 theo, |
Azg = 1 09+8 %g [ 82' (stat.) +8 i%(syst 88§(the0 )]
Az € [—1.04, —0.81] U [0.80, 1.06] [0 tstat) 5 03syst) * R theo, |
g = [—1.70, —1.07] U [1.03, 1.73] [ 038 stat) 52 syst) *{ b theo, |
oz = 0.60 +0.27 [ 035 stat) 51 syst) *6 83 theo, |
Az = 0.99‘_ng%3 [ 8 16(stat ) +8j(l)é(syst ) +8 8g(theo )]
izl < 2.3(95 % CL)

hyz = 0.90 £0.15 [0 6stat) *5 %5 syst) 03 theo)]
Azpz] < 3.2(95 % CL)
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Fig. 27 Results of fits for generic model 3 (see text): profile likelihood
ratios as functions of the coupling-strength scale factor ratios a Ayz, b
Mg and € A, z. In all cases, the other parameters are profiled. The dashed
curves show the SM expectations. The red (green) horizontal line indi-

LEP and at the Tevatron [120]. This custodial constraint is
directly probed in the Higgs sector through the parameter
Awz. The measured ratio Ay is in part directly constrained
by the decays inthe H— WW*— ¢vlvand H— ZZ*— 4¢
channels and the WH and ZH production processes. It is
also indirectly constrained by the VBF production process,
which in the SM is 74 % W fusion-mediated and 26 % Z
fusion-mediated (see Table 9). Figure 27a shows the pro-
file likelihood ratio as a function of the coupling-strength
scale factor ratio Awyz. Due to the interference terms, the fit
is sensitive to the relative sign of the W and ¢ coupling (t H)

and the relative sign of the Z and ¢ coupling (¢g — ZH),
providing indirect sensitivity to the sign of Awz. The neg-
ative solution is disfavoured at 0.50 (0.30 expected). The

@ Springer

(o)

cates the cutoff value of the profile likelihood ratio corresponding to a
68 % (95 %) confidence interval for the parameter of interest, assuming
the asymptotic x 2 distribution for the test statistic

minimum corresponding to the positive solution is found at

Awz = 0.92f8:%3, in excellent agreement with the prediction

of SU(2) custodial symmetry.

Also shown in Fig. 27b, ¢ are the ratios A,z and A,,. The
ratio A,z is sensitive to new charged particles contributing
to the H— yy loop in comparison to H — ZZ* decays.
Similarly, the ratio A, is sensitive to new coloured particles
contributing through the gg — H loop as compared to ¢ H.
The minimum corresponding to the positive solution is found
at A, = 1.38 &= 0.35. Both are observed to be compatible
with the SM expectation.

The fit in the third generic benchmark model uses only
the basic assumptions, as stated at the beginning of this sec-
tion, and hence represents the most model-independent deter-
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mination of coupling-strength scale factors that is currently
possible.

6 Conclusion

The Higgs boson production and decay properties are studied
using proton—proton collision data collected by the ATLAS
experiment at the Large Hadron Collider corresponding to
integrated luminosities of up to 4.7 fb=! at \/s = 7 TeV
and 20.3 fb~! at \/s = 8 TeV. The study combines specific
analyses of the H — yy, ZZ*, WW*, Zy, bb, T and
up decay channels, as well as searches for ¢t H production
and measurements of off-shell Higgs boson production. It
significantly extends a previous combination of the H —
yy, ZZ* and WW* decays [23]. In particular, the addition of
the fermionic decays of the Higgs boson in the combinations
allows for direct tests of the Yukawa interactions of the Higgs
boson with fermions.

The measured Higgs boson signal yields are compared
with the SM expectations at the fixed Higgs boson mass
of myg = 125.36 GeV. The combined yield relative to its
SM prediction is determined to be 1.18 & 0.10 (stat.) £+
0.07 (syst.) fg:g? (theo.). The combined analysis provides
unequivocal confirmation of gluon fusion production of the
Higgs boson with a significance exceeding 50 and strong
evidence of vector-boson fusion production with a signifi-
cance of 4.30 . Furthermore, it supports the SM predictions of
Higgs boson production in association with a vector boson or
a pair of top quarks. Values for the total cross sections can be
obtained from the signal strength of each production process
within the uncertainties related to the modelling of Higgs
boson production and decay kinematics and assuming SM
decay branching ratios. The total cross sections at /s = 7
and 8 TeV are 22.1 fg:; (stat.) f%g (syst.) ﬂ:z (theo.) pb and
27.7 £ 3.0 (stat.) f%;g (syst.) fé:g (theo.) pb, respectively.

The observed Higgs boson production and decay rates
are also interpreted in a leading-order coupling framework,
exploring a wide range of benchmark coupling models both
with and without assumptions about the Higgs boson width
and the SM particle content of loop processes. Higgs boson
couplings to up-type fermions and vector bosons are found
with both significances above 5o and to down-type fermions
with a significance of 4.5¢, under the assumption of unified
coupling scale factors, one for each type of particles. In a
different model with separate unified coupling scale factors
for leptons, quarks and vector bosons, Higgs boson couplings
to leptons are found with a significance of ~4.4c.

The Higgs boson coupling strengths to fermions and
bosons are measured with a precision of £16 and +7 %
respectively, when assuming the SM Higgs boson width, and
are observed to be compatible with the SM expectations.
Coupling strengths of loop processes are measured with a

precision of 12 % when assuming the SM expectations
for non-loop Higgs boson coupling strengths and the Higgs
boson total width, increasing to about £20 % when these
assumptions are removed. No significant deviations from the
SM expectations of Higgs boson coupling strengths in loop
processes are observed.

Measurements of coupling strengths to , t leptons, b, ¢
quarks and W, Z bosons, or ratios of these coupling strengths
are presented in the context of generic Higgs boson coupling
models. They can constrain the ratio of W and Z coupling
strengths, a probe of custodial symmetry, with a precision of
£13 %. For benchmark models that measure absolute cou-
pling strengths, a variety of physics-motivated constraints
on the Higgs boson total width have been explored. The
measured Higgs boson coupling strengths and their preci-
sion are found to depend only weakly on the choice of these
constraints. A third generic benchmark model uses only the
most basic assumptions and hence represents the most model-
independent determination of the coupling strength scale fac-
tors that is currently possible. In this model ratios of cou-
plings are constrained with a precision of 15-40 %.

The p-values expressing compatibility of the SM hypoth-
esis with the best-fit point range between 29 and 99 % for all
considered benchmark models. The observed data are thus
very compatible with the SM expectation under a wide range
of assumptions.
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Appendix A: Alternative parameterisation of ratios of
cross sections and of branching ratios

An alternative to the parameterisation of Sect. 4.4 is to nor-
malise the ratios of cross sections and of branching ratios
to their SM values. Compared with Eq. (6), the yield of the
production and decay i — H — f can be parameterised as

Ww*
= (“ggF “ Ri/ggF - pf/WW*) x [o7 - BRy]gy -
(12)

Here R and p are ratios of cross sections and branching ratios
relative to their SM expectations, respectively:

A
* [ai / "ggF]SM
BR ;/BRy -
= . 13
pIww [BR/BRww+ gy, (13)

Table 13 Best-fit values of gg — H — W W™ signal strength Mgvgl‘év*,
ratios of cross sections R;/ger and of branching ratios o/ ww+. All
RigeF and p s/ ww+ are measured relative to their SM values formpy =
125.36 GeV from the combined analysis of the /s = 7 and 8 TeV data.
Shown in square brackets are uncertainty components: statistical (first),
systematic (second) and signal theoretical (third) uncertainties

Parameter Best-fit value

Mok LIS [£18 +0 12 2017
RVBF/gsF 099048 [*637 030+ 18]
Rw H ggF 1477558 [ES:EZ 05 fgffg]
Rzt jegr 0.60 38 [*05 105 +03]
Ritti/ger LU [F0R H05 4015
Pyy/wws 097032 [+028 1015 +03e]
PZZ*|WW* 124057 [fgj% oo tgigﬂ
Pre/wws 1204033 [0 +633 407
Pob W 059705 [£04 +04 2]

@ Springer

The data are fitted with ,ugvgl‘?/ *, four ratios of production
cross sections and one ratio of branching ratios for each decay
channel other than the H — W W* decay. The results shown
in Table 13 are nearly identical to the best-fit values relative to
their SM predictions shown in Table 7. The small differences
are expected from the inclusion of additional nuisance param-
eters of the SM predictions and from the precision of the fits.
One clear advantage of the parameterisation of Sect. 4.4 is
that the results are independent of the SM predictions and
are, therefore, not affected by the theoretical uncertainties of
the predictions. Consequently, the fitted values of the ratios
of cross sections and of partial decay widths shown in Table 7
have significantly smaller theoretical uncertainties than their
counterparts (R;/geF and p,/ww+) in Table 13. The former
is only affected by the theoretical uncertainties in the mod-
elling of Higgs boson production whereas the latter suffer
from both the modelling uncertainties and the uncertainties
of the SM predictions.
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