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The Higgs and the LHC
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today
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Higgs Properties
• Mass: 124.97 ± 0.24 GeV

• (Indirect) width:  < 14.4 MeV

• (15.2 MeV)

• Spin and parity

• Couplings
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JPC = 0++
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https://link.springer.com/content/pdf/10.1007/JHEP08(2012)098.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-07/


Probing Higgs Couplings at the LHC
�4

The Higgs boson at the LHC.

Higgs boson production
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Decay branching fractions @ mH =
125 GeV
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• H→WW*: 21%

• H→τ+τ-: 6.3%

• H→ZZ*: 2.6%

• H→γγ: 0.23%

5 key decay channels

Decay branching fractions for mH = 125 GeV

Tag 2 top quarksMain production 
channel: gluon-

gluon fusion

2 forward jets, 
little central 

hadronic activity

Tag W and Z 
decays

6.9M
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520k
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49 pb

4 main production modes
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Recent ATLAS Higgs coupling results
• Results with 80 fb-1

• VH(bb): PLB 786 (2018) 59

• ttH: PLB 784 (2018) 173

• H(γγ):ATLAS-CONF-2019-005, ATLAS-CONF-2018-028

• H(ZZ→4l): ATLAS-CONF-2019-005, ATLAS-CONF-2018-018

• H(μμ): ATLAS-CONF-2019-005, ATLAS-CONF-2018-026

• λHHH: ATL-PHYS-PUB-2019-009

• Results with 36 fb-1

• H(ττ):arXiv:1811.08856

• ttH(ML): PRD 97 (2018) 072003

• ttH(bb): PRD 97 (2018) 072016

• VBF H(bb): PRD 98 (2018) 052003

• H(inv): ATLAS-CONF-2018-054

• H(WW): PLB 789 (2019) 508
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36 fb-1

80 fb-1

140 fb-1

https://doi.org/10.1016/j.physletb.2018.09.013
https://doi.org/10.1016/j.physletb.2018.07.035
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-026/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-07
https://doi.org/10.1103/PhysRevD.97.072003
https://doi.org/10.1103/PhysRevD.97.072016
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-30
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-054
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-07
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Discovery Channels: H→γγ and H→ZZ→4l
• Results using 80 fb-1

• Probing cross-sections of 
individual production modes

• Up to ~15% precision

• Exp. and theo. systematics play 
a key role
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See talk by F. Cerutti, e.g. for simplified template cross-section (STXS) results
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ATLAS DRAFT

A.2 H! ZZ
⇤! 4`1269

Figure 20 shows the four-lepton invariant mass distribution for the Higgs boson candidates selected by the1270

H! Z Z⇤! 4` analysis, and Figure 20 the distributions of the BDT output in the analysis categories where1271

a BDT is used.1272
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Figure 20: Four-lepton invariant mass distribution for the Higgs boson candidates selected by the H! Z Z⇤! 4`
analysis in 79.8 fb�1 of data collected at

p
s = 13 TeV (black dots) together with the corresponding prediction obtained

from simulation (solid histograms). The uncertainty in the prediction is shown by the hatched band.

February 23, 2019 – 20:57 60

ATLAS-CONF-2018-028, ATLAS-CONF-2018-018 
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Measurements with H→WW
• Cross-section x BR measurements for ggF and VBF production

• ggF:11.4+1.2-1.1(stat)+1.2-1.1(theo syst.)+1.4-1.3 (exp syst.) pb

• (10.4 ± 0.6 pb)

• VBF: 0.5+0.24-0.22 (stat) ± 0.10 (theo syst.)+0.12-0.13(exp syst.) pb

• (0.81 ± 0.02 pb)
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PLB 789 (2019) 508
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Observation of coupling to τ-leptons
• 5.5 (5.0)σ for H→ττ (ATLAS/CMS Run-1)

• 6.4 (5.4)σ from ATLAS (7-13 TeV results)

• Sensitive decay channel for VBF production

• ggF: 3.1 ± 0.1(stat) +0.1.6-1.3 (syst.) pb

• (SM: 3.05 ± 0.13 pb)

• VBF:0.28 ± 0.09 (stat)+0.11-0.9 (syst.) pb

• (SM: 0.237 ± 0.006 pb)
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JHEP08(2016)045, arXiv:1811.08856
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Observation of coupling to b-quarks
• Difficult channel despite the large branching ratio 

(58%) due to large backgrounds

• Most sensitive production mode:  VH production

• Further searches using ggF,  VBF and ttH production

• Observed with 5.4σ (5.5σ) by ATLAS

• Cross-checked via observation of  VZ(bb) production

• Most sensitive channel for VH production
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Observation of coupling to top quarks
• ttH production provides a direct probe of the coupling of the Higgs boson to 

top quarks 

• Probes potential new physics contribution in the ggF loop

• 6.3σ (5.1σ) observation for ttH production from ATLAS through the 
combination of the major decay modes
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PLB 784 (2018) 173
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Rare Higgs decays
• Exploit growing LHC dataset to add 

limits on further decay channels

• H→μμ: < 2.1 (2.0) x SM

• H→Zγ: < 6.6 (4.4) x SM

• H→cc: 

• < ZH(cc):110 x SM

• < J/ψγ: 120 x SM

• H→φγ: < 200 x SM; H→ργ: < 50 x 
SM
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Higgs to Invisible
• Indirect: constraints from coupling fits

• Direct: searches for Higgs to decays to invisible particles

• Three separate ATLAS searches: V(had)H(inv), Z(lep)H(inv), VBF H(inv)

• B(H→inv) < 0.26 (0.17+0.07-0.05) @ 95% CL
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ATLAS combination 
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ATLAS DRAFT

5 Combined measurements of signal strength, production cross sections520

and branching ratios521

5.1 Global signal strength522

The global signal strength µ is determined following the procedures used for the measurements performed523

at
p

s = 7 and 8 TeV [3]. For a specific production mode i and decay final state f , the signal yield is524

expressed in terms of a single modifier µ f
i

as the production cross section �i and the branching fraction B f525

cannot be separately measured without further assumptions. The modifiers are defined as the ratios of the526

measured Higgs boson yields and their SM expectations, denoted by the subscript SM,527

µ f
i
= µi ⇥ µ f =

�i
(�i)SM

⇥ B f

(B f )SM
. (3)

The SM expectation by definition corresponds to µi = µ f = 1. The uncertainties on the SM predictions528

are included as nuisance parameters in the measurement of the signal strength modifiers, following the529

methodology introduced in Section 4.530

In the model used in this section, all the µ f
i

are set to a global signal strength µ, describing a common
scaling of the expected Higgs boson yield in all categories. Its combined measurement is

µ = 1.11+0.09
�0.08 = 1.11 ± 0.05 (stat.) +0.05

�0.04 (exp.) +0.05
�0.04 (sig. th.) +0.03

�0.03 (bkg. th.)

where the total uncertainty is decomposed into components for statistical uncertainties, experimental531

systematic uncertainties, and theory uncertainties on signal and background modeling, following the532

procedure outlined in Section 4. The signal theory component includes uncertainties due to missing533

higher-order perturbative QCD and electroweak corrections in the MC simulation, the choice of the PDF534

sets, the treatment of the underlying event, the matching between the hard-scattering process and the parton535

shower, choice of hadronization models, and branching ratio uncertainties. The measurement is consistent536

with the SM prediction with a p-value of pSM = 18%, computed using the procedure outlined in Section 4537

with one degree of freedom. The value of �2 log⇤(µ) as a function of µ is shown in Figure 1, for the538

full likelihood and the versions with some nuisance parameters fixed to their best-fit values to obtain the539

components of the uncertainty as described in Section 4.540

Table 3 shows a summary of the leading uncertainties in the combined measurement of the global signal541

strength, with uncertainties computed as described in Section 4. The dominant uncertainties arise from the542

theory modeling of the signal and background processes in simulation. Further important uncertainties543

relate to the luminosity measurement; the selection e�ciencies, energy scale and energy resolution of544

electrons and photons; the estimation of lepton yields from heavy-flavor decays, photon conversions or545

misidentified hadronic jets (classified as background modelling in the table); the jet energy scale and546

resolution, and the identification of heavy-flavor jets. Statistical uncertainties on the numbers of simulated547

events are also counted among the systematic uncertainties.548
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Higgs Production Modes

• Significances above 5σ are obtained for ggF,  VBF (6.5σ),  VH (5.3σ) and ttH 
(5.8σ) production modes when assuming SM branching ratios

• Low correlations between production modes

• Results are consistent with predictions from the Standard Model

�14
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Production and Decay Modes
�15

Fix production/decays with low 
sensitivity to SM values

 Parameter normalized to SM value 

2− 0 2 4 6 8
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-1 = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
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y = 125.09 GeV, |Hm
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Coupling vs Mass
�16

Interpret the results in the 
κ framework as a function 

of the particle mass
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7 Interpretation of results in the  framework693

For a measurement of Higgs boson coupling strengths, production cross sections �i, decay branching694

fractions B f and the signal-strength parameters µ f
i

defined in Eq. 3 cannot be treated independently, as695

each observed process involves at least two Higgs boson coupling strengths. Scenarios with a consistent696

treatment of coupling strengths in Higgs boson production and decay modes are presented in this section.697

7.1 Framework for coupling-strength measurements698

Coupling strength modifiers  are introduced to study modifications of the Higgs boson couplings related699

to BSM physics, within a framework [27] (-framework) based on the leading-order contributions to each700

production and decay process. Within the assumptions made in this framework, the Higgs boson production701

and decay can be factorized, such that the cross section times branching fraction of an individual channel702

�(i ! H ! f ) contributing to a measured signal yield are parametrised as703

�i ⇥ B f =
�i() ⇥ � f ()

�H
, (6)

where �H is the total width of the Higgs boson and � f is the partial width for Higgs boson decay to the704

final state f . For a given production process or decay mode j, the corresponding coupling strength modifier705

j is defined as706

2
j
=
�j

�SM
j

or 2
j
=
� j

�
j

SM

. (7)

The SM expectation, denoted by the label SM, by definition corresponds to j = 1. Modifications of the707

coupling scale factors also change the Higgs boson total width �H by a factor H , defined as 2
H
=
Õ

j B f

SM
2
j

708

and assumed to be positive without loss of generality.709

The total width of the Higgs boson increases beyond modifications of j due to contributions from two710

additional classes of Higgs boson decays: invisible decays, which are identified through an Emiss
T signature711

in the analyses described in Section 3.8; and undetected decays, to which none of the analyses included in712

this combination are sensitive (for instance, Higgs boson decays to light quarks). Including a Higgs boson713

branching fraction to such invisible (Binv) or undetected (Bundet) decays, the Higgs boson total width is714

expressed as715

�H (,Binv,Bundet) =
2
H
()

(1 � Binv � Bundet)
�SM
H
. (8)

Constraints of Binv are provided by the analyses described in Section 3.8, but no direct constraints are716

included for Bundet. Since its value scales all observed cross sections of on-shell Higgs boson production717

�(i ! H ! f ) through Eqs. 6 and 8, further assumptions about undetected decays must be included in718

order to interpret these measurements in terms of absolute coupling-strength scale factors j . The simplest719

assumption is that there are no undetected Higgs boson decays and the invisible branching fraction is as720

predicted by SM. An alternative, weaker assumption, is to require W  1 and Z  1 [27]. A second721
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Probing BSM Contributions
�17

Explore three different scenarios for the total 
width

All scale factors measured 
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expectations
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Probing the Higgs Self-coupling
• Starting from the Higgs potential

• Consider modifications:

• Modified Higgs production cross-sections:

• Modified branching fractions

• Apply fit to Higgs combination (incl. STXS):

�18
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production mode ggF VBF ZH WH ttH

Ci

1 ⇥ 100 0.66 0.63 1.19 1.03 3.52
K i

EW 1.049 0.932 0.947 1.014 0.95
2
i

2
F

2
V

2
V

2
V

2
F

Table 3: Values of Ci

1, K i

EW and 2
i

for all inclusively analysed production modes.

3 Theoretical model91

Following Ref. [8, 9], in the present work the trilinear Higgs boson self couplings scales with � =92

�HHH/�SMHHH
and the dependence of the Higgs boson production cross sections on � is described by the93

relation:94

µi(�, i) =
�BSM

�SM = ZBSM
H

(�)
"
2
i
+
(� � 1)Ci

1

K i

EW

#
, (2)

where ZBSM
H

(�) is defined as:95

ZBSM
H

(�) =
1

1 � (2� � 1)�ZH

with �ZH = �1.536 ⇥ 10�3 , (3)

K i

EW =
�SM

NLO
�SM

LO
accounts for the complete NLO EW correction of the process i in the SM hypothesis (i.e.96

� = 1), Ci

1 is a process and kinematic dependent linear coe�cient that provides the sensitivity of the97

measurement from �, and k2
i
=

�BSM
LO
�SM

LO
(� = 1) introduces an additional contribution from the variation of98

other Higgs boson couplings parametrised as in the LO approximated -framework [29]. In particular,99

in the present work the coupling modifiers F and V have been considered. They describe the variation100

of the SM Higgs boson coupling to fermions and to massive vector bosons, respectively. As discussed101

in [9], for small deviations of F and V from 1, as currently constrained by the present Higgs boson102

measurements [3–5], the additional dependence on these coupling modifiers introduced by NLO EW103

corrections can be neglected. The values of these quantities for all production processes are shown in104

Table 3, where the values of Ci

1 and K i

EW are taken from Ref. [8, 9].105

The variation of the trilinear coupling �HHH a�ects also the Higgs boson decay rates. Indicating with f106

an Higgs-boson decay final-state, the SM branching fraction is modified by the coe�cient [9]:107

µ f (�,  f ) =
BRBSM

f

BRSM

f

=
2
f
+ (� � 1)C f

1Õ
j BRSM

j

h
2
j
+ (� � 1)C j

1

i (4)

where BRSM
j

is the Higgs boson SM decay rate to the j final state, j is the LO-EW branching fraction108

modifiers for the j final state
⇣
j = BRBSM

LO;j/BRSM
LO;j

⌘
that as for the cross section modifiers is parametrised109

as F and V , and C f

1 is the coe�cient that provides the NLO EW branching fraction dependence on �.110

The values of C f

1 (taken from Ref. [8]) and the expressions of j are reported in Table 4 for all the analysed111
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measurement from �, and k2
i
=

�BSM
LO
�SM

LO
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other Higgs boson couplings parametrised as in the LO approximated -framework [29]. In particular,99

in the present work the coupling modifiers F and V have been considered. They describe the variation100

of the SM Higgs boson coupling to fermions and to massive vector bosons, respectively. As discussed101

in [9], for small deviations of F and V from 1, as currently constrained by the present Higgs boson102

measurements [3–5], the additional dependence on these coupling modifiers introduced by NLO EW103

corrections can be neglected. The values of these quantities for all production processes are shown in104

Table 3, where the values of Ci

1 and K i

EW are taken from Ref. [8, 9].105

The variation of the trilinear coupling �HHH a�ects also the Higgs boson decay rates. Indicating with f106

an Higgs-boson decay final-state, the SM branching fraction is modified by the coe�cient [9]:107

µ f (�,  f ) =
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where BRSM
j

is the Higgs boson SM decay rate to the j final state, j is the LO-EW branching fraction108

modifiers for the j final state
⇣
j = BRBSM

LO;j/BRSM
LO;j

⌘
that as for the cross section modifiers is parametrised109

as F and V , and C f

1 is the coe�cient that provides the NLO EW branching fraction dependence on �.110

The values of C f

1 (taken from Ref. [8]) and the expressions of j are reported in Table 4 for all the analysed111
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1, K i
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for all inclusively analysed production modes.
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and the dependence of the Higgs boson production cross sections on � is described by the93
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of the SM Higgs boson coupling to fermions and to massive vector bosons, respectively. As discussed101

in [9], for small deviations of F and V from 1, as currently constrained by the present Higgs boson102

measurements [3–5], the additional dependence on these coupling modifiers introduced by NLO EW103

corrections can be neglected. The values of these quantities for all production processes are shown in104
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1 is the coe�cient that provides the NLO EW branching fraction dependence on �.110

The values of C f

1 (taken from Ref. [8]) and the expressions of j are reported in Table 4 for all the analysed111
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Conclusion
• Highlights since Moriond last year include

• Observation of the coupling of the Higgs to bottom quarks
• Observation of the coupling of the Higgs to top quarks
• New combination with observation of all main LHC Higgs 

production modes
• So far, the results seem to agree to a remarkable degree to the Standard 

Model predictions…

• But more data and more results to come

�19

See talks by F. Cerutti, H. Wang and J. Dickinson for more details
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Feynman Diagrams for κλ
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(a)

(b) (c) (d)

Figure 1: Examples of one loop �HHH -dependent diagrams for the Higgs boson self energy (a) and the single Higgs
boson production in the VBF (b), VH (c), and ttH (d) modes. The self-coupling vertex is indicated by the filled
circle.

kinematic region considered within each process, especially for the VH and ttH production modes. In this53

work, the di�erential distributions of the VBF, WH and ZH production modes are exploited to constrained54

� by using the cross-section measurements in bins defined within the simplified template cross section55

(STXS) framework [14, 15].56

The note describes a global fit of � based on the combined measurements of single Higgs production57

and decay rates [4]. They include analyses targeting the H ! �� [16–18], H ! Z Z
⇤ [19, 20] , VH,58

H ! bb̄ [21, 22], H ! WW
⇤ [23], and H ! ⌧⌧ [24] decay channels, as well as two analyses targeting59

Higgs boson associated production with a top–antitop pair, in bb̄ and multileptons final states [25, 26].60

The results presented are obtained using data collected at
p

s = 13 TeV with an integrated luminosity61

ranging from 36.1 fb�1to 79.1 fb�1.62

The note is organized as follows: Section 2 reviews the dataset and input measurements, Section 363

summarises briefly the theoretical framework, Section 4 discusses the statistical model, Section 5 presents64

the results of the fit, and Section 6 provides a summary.65

2 Data and input measurement66

The results shown in this note are based on data collected by the ATLAS experiment [27, 28] in 2015,67

2016 and 2017. The integrated luminosities for the analysed Higgs boson decay channels are summarised68

in Table 1. Details about the individual analyses can be found in the references reported in the same69

table. Each analysis separates the selected events into orthogonal kinematic and topological regions, called70

categories, that are summarized in Table 2.71

The categories, defined according to the reconstructed final state, are designed to maximize the sensitivity72

to each truth-level region defined within the simplified template cross section framework [14, 15]. In73
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Figure 3: Schematic diagram of the VBF + V(had)H (left) and V(lep)H (right) STXS regions. p
H j j

T is the pT of the
Higgs boson plus two jets system, p

V

T is the pT of the vector boson V in the VH production mode, p
j1
T is the pT of the

jet with the highest pT. In the VH, H ! bb̄ analysis, the separation in jet number of the p
V

T [150, 250] region in the
VH production mode has been ignored, merging the 0 and the � 1 jet regions. The diagrams are obtained from Ref.
[14].

conservation and by the rotational symmetry of the decay. One exception is the decay to four fermions, that118

is typically mediated by the WW
⇤ and Z Z

⇤ vector boson state. Also in this case, due to the extremely small119

coupling of the Higgs boson to electrons and muons, di�erential contributions from � are negligible [9].120

The dependence of the � corrections on kinematics can be partially taken into account by exploiting121

cross-section measurements in bins of the STXS stage-1 framework. In this work, this has been done for122

the VBF, ZH and WH production modes, for which the STXS phase space region definitions are shown123

in Figure 3. The STXS bin configuration is not a priori optimized to perform a constraint on �, but the124

granularity of the stage-1 configuration allows to apply the � model in smaller kinematic regions, with125

respect to the inclusive phase space. The advantage of a more di�erential description of the dependence126

on � is, on one hand, to reduce the potential bias on the determination of � introduced by the analysis127

e�ciency and sensitivity being dependent on kinematics, and on the other hand, to exploit such kinematic128

dependence to further increase the sensitivity to �.129

For the ggF production, di�erential � corrections are not yet available, because these involve higher130

order calculations including two loop corrections. Therefore STXS bins related to ggF share the same131

parametrization as for the inclusive ggF production. Since no di�erential measurement in terms of STXS132

bins is available in the input channels for the ttH production mode, only the inclusive cross-section133

dependence on � has been considered in this case. The gg ! ZH cross section is not parametrised as134

a function of �, because the theoretical computation is still missing. Present data are not sensitive to135

this production mode; moreover, it should contribute mostly in high p
H

T regions where the sensitivity to136

� is expected to be small. Finally, also the cross section of bb̄H and single top associated Higgs boson137

production modes are not parametrised as a function of �, but they contribute, together with gg ! ZH138

process, to constrain F and V when they are fitted simultaneously with �.139

The parametrization of the variation of the production cross section as a function of � contained in Eq. 2,140

can be adapted to describe the cross section in each single STXS bin. This requires re-deriving the value of141

the kinematic dependent coe�cients C
i

1 in each region defined in the measurement. For each VBF, ZH,142
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STXS bin
VBF WH ZH

C
i

1 ⇥ 100

VBF + V(had)H

VBF-cuts + p
j1
T < 200 GeV,  2 j 0.63 0.91 1.07

VBF-cuts + p
j1
T < 200 GeV, � 3 j 0.61 0.85 1.04

VH-cuts + p
j1
T < 200 GeV 0.64 0.89 1.10

no VBF/VH-cuts, p
j1
T < 200 GeV 0.65 1.13 1.28

p
j1
T > 200 GeV 0.39 0.23 0.28

qq ! H`⌫

p
V

T < 150 GeV 1.15
150 < p

V

T < 250 GeV, 0 j 0.18
150 < p

V

T < 250 GeV, � 1 j 0.33
p
V

T > 250 GeV 0

qq ! H``
p
V

T < 150 GeV 1.33
150 < p

V

T < 250 GeV, 0 j 0.20

qq ! H⌫⌫
150 < p

V

T < 250 GeV, � 1 j 0.39
p
V

T > 250 GeV 0

Table 5: C
i

1 coe�cients for each region of the STXS scheme for the VBF, WH and ZH production modes. The same
definition for STXS regions and production modes as in Table 2 is used. In the VBF categories, “VBF-cuts” [14]
indicates selections applied to target the VBF di-jet topology, with requirements on the di-jet invariant mass (mj j)
and the di�erence in pseudorapidity between the two jets; the additional  2 j and � 3 j bin separation is performed
indirectly by requesting p

H j j

T 7 25 GeV. “VH-cuts” select the W, Z ! j j decays, requiring an mj j value close to the
vector boson mass [14]. The C

i

1 coe�cients of the p
V

T > 250 GeV regions are negligible, O(10�6), and are set to 0.

WH bin of the STXS stage-1 framework, the C
i

1 coe�cient has been computed using samples of events143

generated at LO EW using M��G����5_�MC@NLO 2.5.5 [30], and reweighted on an event-by-event144

basis with the reweighting tool provided in Ref. [9]. This tool evaluates the self coupling dependent145

contribution of the NLO EW correction, selecting only the relevant one-loop diagrams that include trilinear146

Higgs boson vertices.147

For each bin i of the STXS framework, C
i

1 is defined as the relative di�erence between the number of NLO148

and LO events. The C
i

1 values are reported in Table 5. The total electroweak corrections represented by149

the coe�cients K
i

EW
and entering in Eq. 2 also depend on the event kinematics. However, in the regions150

of phase space where these corrections are most significant (typically for high Higgs boson transverse151

momentum), the sensitivity to the Higgs boson trilinear coupling is minimal [9]. For example for the WH152

and ZH production modes, K
i

EW
variations of approximately 15% with respect to the inclusive value are153

expected only in high p
H

T regions, where the � sensitivity is suppressed (Ci

1 ' 0 in high p
H

T regions). For154

this reason, the coe�cients K
i

EW
can be assumed to be constant to a good approximation and set to their155

inclusive values that were already reported in Table 3.156

Due to the variations of the kinematic distributions, the selection e�ciency of the input analyses can157

also depend on �. This e�ect has been tested using Monte Carlo samples, generated at LO with158

M��G����5_�MC@NLO 2.5.5 and reweighted with a �HHH -dependent NLO EW correction for di�erent159

values of �. In general, a negligible dependence is found, except for the ttH production, which is160

characterized by a stronger � kinematic dependence: the selection e�ciency in the H ! �� analysis161

increases by 10% for � < �10, but in this interval the reduction of the cross section due to the �162
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H vs HH

• H

•   

• Observed:                          @ 95% CL

• Expected:                           @ 95% CL

• HH

• Observed:                            @ 95% CL

• Expected:                             @ 95% CL

�25

� = 4.0+3.7
�3.6(stat.)

+1.6
�1.5(exp.)

+1.3
�0.9(sig.th)

+0.8
�0.9(bkg.th)

�3.2 < � < 11.9

�6.2 < � < 14.4

�5.0 < � < 12.1

�5.8 < � < 12.0

~80 fb-1

~36 fb-1



Likelihoods
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(b)

Figure 4: Profile likelihood scan, in terms of �2 ln⇤(�), performed as a function of � on data (a) and on the Asimov
dataset [32] generated under the SM hypothesis (b). The solid black line shows the profile likelihood distributions
obtained including all systematic uncertainties (“Total”). Results from a statistic only fit “Stat. only” (black dashed
line), including the experimental systematics “Stat. + Exp. Sys.” (blue solid line) , adding theory systematics related
to the signal “Stat.+ Exp. Sys.+ Sig. Th. Sys.” (red solid line) are also shown. The dotted horizontal lines show the
�2 ln⇤(�) = 1 and �2 ln⇤(�) = 4 levels that are used to define the ±1� and ±2� uncertainties on �.

also significantly di�erent likelihood shapes, as shown in Figure 5. The dominant contributions to the �231

sensitivity derive from the di-boson decay channels ��, Z Z
⇤, WW

⇤ and from the ggF and ttH production232

modes.233

The production mode that is most sensitive to the Higgs boson self-coupling is gluon fusion. In order to234

cross-check the e�ect on the results from assuming a kinematic independent parametrization of the gluon235

fusion production cross section as a function of �, an additional fit has been performed by excluding the236

STXS bins with Higgs boson transverse momentum above 120 GeV. This has been technically realized by237

introducing signal strength parameters for these STXS bins and profiling them independently in the fit.238

The result is a minimal change of the central value (⇠ 5%) and uncertainty on �.239

In addition, the impact on the � determination of using an inclusive cross section measurement, rather than240

the di�erential cross section information contained in the STXS bins, has been studied. An alternative fit241

has been performed where the VBF, VH and ZH production modes are considered as single inclusive bins.242

Compared to the use of di�erential information, the inclusive fit does not currently lead to a significant loss243

in sensitivity to �. However, di�erential information should help most in the ttH production mode, where244

it is currently not considered. All results are summarised in Table 6.245

5.2 Results of fits to � and either kV or kF246

Two additional fit configurations are considered in this note, in which a simultaneous fit is performed to �247

and F , or to � and V . The remaining coupling modifier that is not included in the fit, V in the first case248
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Likelihoods by Channel
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Figure 5: Profile likelihood scan, in terms of �2 ln⇤(�), performed as a function of � on Asimov datasets [32]
generated under the SM hypothesis for each Higgs boson production mode (a) and each decay channel (b). In (a)
the scan is performed parametrising all branching fractions and the selected production mode cross section as a
function of �, while freely floating the signal strengths of the other production modes, in (b) all production mode
cross sections and decay branching fractions are expressed as a function of �, but only the categories of the selected
channel are included in the fit. The ttH multi-lepton categories are excluded from the H ! Z Z

⇤, H ! WW
⇤, and

H ! ⌧⌧ fits.

and F in the second case, is kept fixed to the SM prediction. These fits target BSM scenarios where new249

physics could a�ect only the Yukawa type terms (V = 1) of the SM or only the couplings to vector bosons250

(F = 1), in addition to the Higgs boson self-coupling (� ) [34].251

The theory parametrization used in this study in terms of cross section dependence on � and V or F252

assumes partial factorization of the changes to the cross section induced by the single-Higgs coupling253

modifier V /F , and those induced by the self-coupling modifier �. While this assumption is not justified in254

the presence of large deviations from the SM expectations, it also reflects the fact that NLO EW correction255

are not theoretically well defined after introducing LO-motivated single-Higgs coupling modifiers. While a256

more complete theoretical framework (such as an E�ective Field Theory approach) is needed to overcome257

these di�culties, the results presented in this section give a rough indication of the simultaneous sensitivity258

to both Higgs boson self-coupling and single Higgs boson couplings with the data statistics currently259

available for the input analyses. The results are summarised in Table 6.260

Figure 6 shows negative log-likelihood contours on the (�, F ) and (�, V ) grids obtained from fits261

performed in the V = 1 or F = 1 hypothesis, respectively. As expected, including additional degrees of262

freedom to the fit reduces the constraining power of the measurement. In particular, the sensitivity to � is263

not much degraded when determining F at the same time, while it is degraded by 50% (on the expected264

lower 95% C.L. exclusion limit) when determining simultaneously V and �. An even less constrained fit,265

performed by either fitting simultaneously �, V and F , or fitting simultaneously � and a common single266

Higgs boson coupling modifier ( = V = F ), results in nearly no sensitivity to � within the theoretically267

allowed range of |� | < 20.268

16th March 2019 – 23:07 13



Likelihood Contours
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Figure 6: Negative log-likelihood contours at 68% and 95% C.L. in the (�, F ) plane under the assumption of V = 1
(a), and in the (�, V ) plane under the assumption of F = 1 (b). The best fit value is indicated by a cross while the
SM hypothesis is indicated by a star. The plot assumes that the approximations in Refs. [8,9] are valid inside the
shown contours.

6 Conclusion269

The Higgs boson self-coupling modifier � = �HHH/�SMHHH
has been extracted with a global fit procedure [8,270

9] applied to the combination of analyses targeting the single Higgs production modes [4] on data collected271

at
p

s = 13 TeV up to an integrated luminosity of up to 80 fb�1. In the simplified assumption that all272

deviations from the SM expectation have to be interpreted as a modification of the trilinear coupling of the273

Higgs boson, the best fit value of � is � = 4.0+4.3
�4.1, excluding at the 95% C.L. values outside the interval274

�3.2 < � < 11.9. Additional results, including the simultaneous determination of the Higgs boson275

self-coupling and single Higgs boson couplings to either fermions or bosons, have also been derived.276

This analysis shows that an alternative and complementary approach to constrain the Higgs boson self-277

coupling through direct double Higgs production searches is feasible. This approach can provide sensitivity278

that is not far from to the more direct determination of the Higgs boson self-coupling through double279

Higgs production. However, the constraints become significantly weaker in new physics scenarios where280

simultaneous modifications to the single Higgs boson couplings are allowed, to the point of almost vanishing281

when a single overall Higgs coupling rescaling modifier is considered. The di�erential information currently282

provided by the STXS binning in the VBF, WH and ZH production modes does not help to remove such283

degeneracies nor to improve the sensitivity to � significantly. Nevertheless, a dedicated optimization of284

the kinematic binning, including the most sensitive ggF and ttH production modes, still needs to be fully285

theoretically and experimentally explored and might improve the sensitivity in the future.286
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POIs Granularity F+1�
�1� V+1�

�1� �+1�
�1� � [95% C.L.]

� STXS 1 1
4.0+4.3

�4.1 [�3.2,11.9]
1.0+8.8

�4.4 [�6.2,14.4]

� inclusive 1 1
4.6+4.3

�4.2 [�2.9,12.5]
1.0+9.5

�4.3 [�6.1,15.0]

�, V STXS 1
1.04+0.05

�0.04 4.8+7.4
�6.7 [�6.7,18.4]

1.00+0.05
�0.04 1.0+9.9

�6.1 [�9.4,18.9]

�, F STXS
0.99+0.08

�0.08 1
4.1+4.3

�4.1 [�3.2,11.9]
1.0+0.08

�0.08 1.0+8.8
�4.4 [�6.3,14.4]

Table 6: Best fit values for  modifiers with ±1� uncertainties. The first column shows the parameter(s) of interest in
each fit configuration, where the other coupling modifiers are kept fixed to the SM prediction. The fit to determine �
has been performed in two configurations, one using the full STXS granularity for VBF, ZH and WH (STXS), and
the other only considering the inclusive parametrization for all the production modes (inclusive). The 95% C.L.
interval for � is also reported. For each fit result the upper row corresponds to the observed results, and the lower row
to the expected results obtained using Asimov datasets generated under the SM hypothesis [32]. The �, V and �,
F fit results are obtained under the assumption that the approximations in Refs. [8,9] are valid in 95% C.L. regions.
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Table 1: Integrated luminosity of the dataset used for each input analysis to the combination.

Analysis Integrated luminosity (fb�1)
H ! �� (including ttH, H ! ��) 79.8
H! Z Z⇤! 4` (including ttH, H! Z Z⇤! 4`) 79.8
H!WW⇤! e⌫µ⌫ 36.1
H ! ⌧⌧ 36.1
VH, H ! bb̄ 79.8
VBF, H ! bb̄ 24.5 – 30.6
H ! µµ 79.8
ttH, H ! bb̄ and ttH multilepton 36.1
H ! invisible 36.1
O�-shell H ! Z Z⇤ ! 4` and H ! Z Z⇤ ! 2`2⌫ 36.1

Most analyses use a consistent set of Higgs boson signal samples which is described in the following131

paragraphs. Exceptions thereof are the VBF, H ! bb̄ and o�-shell production analyses, described in132

Sections 3.5.2 and 3.9 respectively, and the measurements targeting decays of the Higgs boson to invisible133

final states described in Section 3.8. The samples used for these analyses are described separately at the134

end of this section.135

Higgs boson production via gluon fusion is simulated using the P����� B�� [31–34] NNLOPS imple-136

mentation [35, 36]. The event generator uses HNNLO [37] to reweight the inclusive Higgs boson rapidity137

distribution produced by the next-to-leading order (NLO) generation of pp ! H + parton, with the scale138

of each parton emission determined using the M�NLO procedure [38]. The PDF4LHC15 [39] parton139

distribution functions (PDFs) are used for the central prediction and uncertainty. The sample is normalized140

such that it reproduces the total cross section predicted by a next-to-next-to-next-to-leading-order (N3LO)141

QCD calculation with NLO electroweak corrections applied [25, 40–43]. The NNLOPS generator142

reproduces the Higgs boson pT distribution predicted by the NNLO plus next-to-next-to-leading logarithm143

(NNLL) calculation of H���2.3 [44], which includes the e�ects of top- and bottom-quark masses and uses144

dynamical renormalization and factorization scales.145

The VBF production process is simulated to NLO accuracy in QCD using the P����� B�� [45] generator146

with the PDF4LHC15 set of PDFs. The sample is normalized to an approximate-NNLO QCD cross section147

with NLO electroweak corrections applied [25, 46–48].148

The qq ! VH production processes are simulated to NLO accuracy in QCD using P����� B��,149

G�S�� [49] and M�NLO [50, 51] generators with the PDF4LHC15 set of PDFs. The samples are150

normalized to cross sections calculated at NNLO in QCD with NLO electroweak corrections [52, 53].151

The gg ! ZH process [25, 54] is generated only at LO, using P����� B�� and NLO PDFs, but not the152

M�NLO technique.153

Higgs boson production in association with a top–antitop pair is simulated at NLO accuracy in QCD using154

the P����� B�� generator with the PDF4LHC15 set of PDFs for the H! �� and H! Z Z⇤! 4` decay155

processes. For other Higgs boson decays, the M��G����5_�MC@NLO [55] generator is used with the156

NNPDF3.0 [56] set of PDFs. In both cases the sample is normalized to a calculation with NLO QCD and157

electroweak corrections [25, 57–60].158
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Figure 1: Variations of �2 ln⇤(µ) as a function of µ with all systematic uncertainties included (solid black line), with
parameters describing theory uncertainties on background processes fixed to their best-fit values (solid blue line),
with the same procedure also applied to theory uncertainties on the signal process (solid red line) and all systematic
uncertainties (dotted black line). The dashed horizontal lines show the levels �2 ln⇤(µ) = 1 and �2 ln⇤(µ) = 4
which are used to define, respectively, the 1� and 2� confidence intervals on µ, as described in Section 4.

5.2 Production cross sections546

Higgs boson production is studied in each of its main production modes. The production mechanisms547

considered are ggF, VBF, WH, ZH (including gg ! ZH), and the combination of ttH and tH (ttH+tH).548

In cases where several processes are combined, the combination assumes the relative fractions of each549

component to be as in the SM, with theory uncertainties assigned. The small contribution from bb̄H is550

grouped with ggF. Cross sections are reported in the region |yH | < 2.5 of the Higgs boson rapidity yH .551

Results are obtained in a simultaneous fit to the data, with the cross section of each production mechanism552

as parameters of interest. Higgs boson decay branching fractions are set to their SM values, within the553

uncertainties specified in Ref. [26].554

The results are shown in Figure 2 and Table 4. The leading sources of uncertainty on the production cross555

section measurements are summarized in Table 5, with uncertainties computed as described in Section 4.556

The measured ttH+tH production cross section di�ers from the ttH cross section reported in Ref. [6], after557

accounting for the di�erence between the |yH | < 2.5 region used in this note and the inclusive phase space558

considered in Ref. [6]. This is due in part to the inclusion of tH, which in Ref. [6] is fixed to the SM and not559

included in the reported ttH cross section, as well as to a better control of systematic e�ects, in particular560

related to photon energy scale and resolution, due to the H! �� categories targeting other processes which561
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Table 3: Summary of the relative uncertainties �µ/µ a�ecting the measurement of the combined global signal
strength µ. "MC stat." refers to uncertainties due to limited numbers of simulated events. "Other" refers to the
combined e�ect of the sources of experimental systematic uncertainty not explicitly listed in the table.

Uncertainty source �µ/µ [%]
Statistical uncertainty 4.4
Systematic uncertainties 6.2

Theory uncertainties 4.8
Signal 4.2
Background 2.6

Experimental uncertainties (excl. MC stat.) 4.1
Luminosity 2.0
Background modeling 1.6
Jets, Emiss

T 1.4
Flavour tagging 1.1
Electrons, photons 2.2
Muons 0.2
⌧-lepton 0.4
Other 1.6

MC statistical uncertainty 1.7
Total uncertainty 7.6

Table 4: Best-fit values and uncertainties of the production cross sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.),
experimental systematic uncertainties (Exp.), and theory uncertainties in the modeling of the signal (Sig. th.) and
background (Bkg. th.) processes. SM predictions [26] are shown for the cross section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis are
also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined VH
significance is reported assuming the SM value of the ratio of WH to ZH production.

Process Value Uncertainty [pb] SM pred. Significance
(|yH | < 2.5) [pb] Total Stat. Exp. Sig. th. Bkg. th. [pb] obs. (exp.)
ggF 46.5 ±4.0 ±3.1 ±2.2 ±0.9 ±1.3 44.7 ± 2.2 -
VBF 4.25 +0.84

�0.77
+0.63
�0.60

+0.35
�0.32

+0.42
�0.32

+0.14
�0.11 3.515 ± 0.075 6.5 (5.3)

WH 1.57 +0.48
�0.46

+0.34
�0.33

+0.25
�0.24

+0.11
�0.07 ±0.20 1.204 ± 0.024 3.5 (2.7)

)
5.3 (4.7)

ZH 0.84 +0.25
�0.23 ±0.19 ±0.09 +0.07

�0.04 ±0.10 0.797+0.033
�0.026 3.6 (3.6)

ttH+tH 0.71 +0.15
�0.14 ±0.10 ±0.07 +0.05

�0.04
+0.08
�0.07 0.586+0.034

�0.049 5.8 (5.4)
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Table 3: Summary of the relative uncertainties �µ/µ a�ecting the measurement of the combined global signal
strength µ. "MC stat." refers to uncertainties due to limited numbers of simulated events. "Other" refers to the
combined e�ect of the sources of experimental systematic uncertainty not explicitly listed in the table.

Uncertainty source �µ/µ [%]
Statistical uncertainty 4.4
Systematic uncertainties 6.2

Theory uncertainties 4.8
Signal 4.2
Background 2.6

Experimental uncertainties (excl. MC stat.) 4.1
Luminosity 2.0
Background modeling 1.6
Jets, Emiss

T 1.4
Flavour tagging 1.1
Electrons, photons 2.2
Muons 0.2
⌧-lepton 0.4
Other 1.6

MC statistical uncertainty 1.7
Total uncertainty 7.6

Table 4: Best-fit values and uncertainties of the production cross sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.),
experimental systematic uncertainties (Exp.), and theory uncertainties in the modeling of the signal (Sig. th.) and
background (Bkg. th.) processes. SM predictions [26] are shown for the cross section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis are
also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined VH
significance is reported assuming the SM value of the ratio of WH to ZH production.

Process Value Uncertainty [pb] SM pred. Significance
(|yH | < 2.5) [pb] Total Stat. Exp. Sig. th. Bkg. th. [pb] obs. (exp.)
ggF 46.5 ±4.0 ±3.1 ±2.2 ±0.9 ±1.3 44.7 ± 2.2 -
VBF 4.25 +0.84

�0.77
+0.63
�0.60

+0.35
�0.32

+0.42
�0.32

+0.14
�0.11 3.515 ± 0.075 6.5 (5.3)

WH 1.57 +0.48
�0.46

+0.34
�0.33

+0.25
�0.24

+0.11
�0.07 ±0.20 1.204 ± 0.024 3.5 (2.7)

)
5.3 (4.7)

ZH 0.84 +0.25
�0.23 ±0.19 ±0.09 +0.07

�0.04 ±0.10 0.797+0.033
�0.026 3.6 (3.6)

ttH+tH 0.71 +0.15
�0.14 ±0.10 ±0.07 +0.05

�0.04
+0.08
�0.07 0.586+0.034

�0.049 5.8 (5.4)
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Table 5: Summary of the uncertainties a�ecting the production cross section measurements. "MC stat." refers to
uncertainties due to limited numbers of simulated events. "Other" refers to the combined e�ect of the sources of
experimental systematic uncertainty not explicitly listed in the table.

Uncertainty source ��ggF
�ggF

[%] ��VBF
�VBF

[%] ��WH

�WH

[%] ��ZH

�ZH

[%] ��
t tH+tH

�
t tH+tH

[%]
Statistical uncertainties 6.4 15 21 23 14
Systematic uncertainties 6.2 12 22 17 15

Theory uncertainties 3.4 9.2 14 14 12
Signal 2.0 8.7 5.8 6.7 6.3
Background 2.7 3.0 13 12 10

Experimental uncertainties (excl. MC stat.) 5.0 6.5 9.9 9.6 9.2
Luminosity 2.1 1.8 1.8 1.8 3.1
Background modeling 2.5 2.2 4.7 2.9 5.7
Jets, Emiss

T 0.9 5.4 3.0 3.3 4.0
Flavour tagging 0.9 1.3 7.9 8.0 1.8
Electrons, photons 2.5 1.7 1.8 1.5 3.8
Muons 0.4 0.3 0.1 0.2 0.5
⌧-lepton 0.2 1.3 0.3 0.1 2.4
Other 2.5 1.2 0.3 1.1 0.8

MC statistical uncertainties 1.6 4.8 8.8 7.9 4.4
Total uncertainties 8.9 19 30 29 21

are included in this combination, as described in Section 3.1. The correlations between the measured cross562

sections, shown in Figure 3, are significantly reduced with respect to previous analyses [3, 105].563

A modest correlation of �15% between the ggF and VBF processes remains however, because of564

contributions from ggF production in the VBF-enriched selections. The compatibility between the565

measurement and the SM prediction corresponds to a p-value of pSM = 76%, computed using the procedure566

outlined in Section 4 with 5 degrees of freedom.567

Figure 4 shows the observed likelihood contours in the plane of �ggF versus �VBF from individual channels568

and the combined fit, together with the SM prediction. The cross sections for the other production modes569

are profiled.570

Significances above 5� are observed for the combined measurements of the ggF, VBF, VH and ttH+tH571

production processes. For the VBF process, the observed (expected) significance is 6.5� (5.3�). For572

the WH and ZH modes, these are respectively 3.5� (2.7�) and 3.6� (3.6�). Combining WH and ZH573

production into a single VH process, with the ratio of WH to ZH production set to its SM value leads to574

an observed (expected) significance for this process of 5.3� (4.7�). For the combination of ttH and tH575

production, the observed (expected) significance is 5.8� (5.4�).576

March 17, 2019 – 11:28 20



Systematics Breakdown for Combination (2)
�36

ATLAS DRAFT

Table 6: Best-fit values and uncertainties of the production cross sections times branching ratios of the Higgs boson,
for the combinations in which su�cient sensitivity is provided by the input analyses. Combinations not shown in the
table are fixed to their SM values within uncertainties. For ttH+tH production, H ! VV⇤ refers to the combination
of H ! WW⇤ and H ! Z Z⇤, with a relative weight fixed by their respective SM branching fractions. The total
uncertainties are decomposed into components for data statistics (Stat.), experimental systematic uncertainties
(Exp.), and theory uncertainties in the modeling of the signal (Sig. th.) and background (Bkg. th.) processes. SM
predictions [26] are shown for each process.

Process Value Uncertainty [fb] SM pred.
(|yH | < 2.5) [fb] Total Stat. Exp. Sig. th. Bkg. th. [fb]
ggF, H! �� 97 ±14 ±11 ±8 ±2 +2

�1 101.5 ± 5.3
ggF, H ! Z Z⇤ 1230 +190

�180 ±170 ±60 ±20 ±20 1181 ± 61
ggF, H ! WW⇤ 10400 ±1800 ±1100 ±1100 ±380 +960

�870 9600 ± 500
ggF, H ! ⌧⌧ 2700 +1700

�1500 ±1000 ±920 +810
�310

+390
�420 2800 ± 140

VBF, H! �� 11.1 +3.2
�2.8

+2.5
�2.4

+1.4
�1.0

+1.5
�1.1

+0.3
�0.2 7.98 ± 0.21

VBF, H ! Z Z⇤ 249 +91
�77

+87
�75

+16
�11

+17
�12

+9
�7 92.8 ± 2.3

VBF, H ! WW⇤ 450 +270
�260

+220
�200

+120
�130

+80
�70

+70
�80 756 ± 19

VBF, H ! ⌧⌧ 260 +130
�120 ±90 +80

�70
+30
�10

+30
�20 220 ± 6

VBF, H ! bb̄ 6100 +3400
�3300

+3300
�3200

+700
�600 ±300 ±300 2040 ± 50

VH, H! �� 5.0 +2.6
�2.5

+2.4
�2.2

+1.0
�0.9 ±0.5 ±0.1 4.54+0.13

�0.12

VH, H ! Z Z⇤ 36 +63
�41

+62
�41

+5
�4

+6
�4

+4
�2 52.8 ± 1.4

VH, H ! bb̄ 1380 +310
�290

+210
�200 ±150 +120

�80 ±140 1162+31
�29

ttH+tH, H! �� 1.46 +0.55
�0.47

+0.48
�0.44

+0.19
�0.15

+0.17
�0.11 ±0.03 1.33+0.08

�0.11

ttH+tH, H ! VV⇤ 212 +84
�81

+61
�59

+47
�44

+17
�10

+31
�30 142+8

�12

ttH+tH, H ! ⌧⌧ 51 +41
�35

+31
�28

+26
�21

+6
�4

+8
�6 36.7+2.2

�3.1

ttH+tH, H ! bb̄ 270 ±200 ±100 ±80 +40
�10

+150
�160 341+20

�29
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Figure 4: Observed likelihood contours in the plane of �VBF versus �ggF from individual channels and the combined
fit. Contours for 68% (95%) CL, defined in the asymptotic approximation by �2 ln⇤ = 2.28 (5.99), are shown in
solid (dashed) lines. The crosses indicate the best-fit values, and the solid ellipse the SM prediction. Higgs boson
branching fractions are fixed to their SM values within theory uncertainties. The compatibility between the combined
measurement and the SM prediction, estimated using the procedure outlined in the text with 2 degrees of freedom, is
indicated.

5.3 Products of production cross sections and branching ratios577

A description of both the production and decay mechanisms of the Higgs boson is obtained by considering578

the products (� ⇥ B)i f of the cross section in production process i and branching fraction to final state f .579

The production processes are defined as in Section 5.2 except for the fact that the WH and ZH processes,580

which cannot be reliably determined in all decay channels except H ! bb̄, are considered together as a581

single VH process, with the ratio of WH to ZH cross sections fixed to its SM value within uncertainties.582

The decay modes considered are H! ��, H ! Z Z⇤, H ! WW⇤, H ! ⌧⌧ and H ! bb̄. There are in583

total 20 such independent products, but the analyses included in the combination provide little sensitivity to584

ggF production in the H ! bb̄ decay mode, and to VH production in the H ! WW⇤ and H ! ⌧⌧ decay585

modes. The corresponding products are therefore fixed to their SM values within uncertainties. For the586

same reason, in ttH production the H ! Z Z⇤ decay mode is considered together with H ! WW⇤ as a587

single H ! VV⇤ process, with the ratio of H ! Z Z⇤ to H ! WW⇤ fixed to its SM value. The results are588

obtained from a simultaneous fit of all input analyses, with the 15 independent (� ⇥ B) products defined589

above as parameters of interest. They are shown in Figure 5 and Table 6. The correlation matrix of the590

measurements in shown in Figure 6. The largest terms in absolute value are between the ttH, H ! VV⇤
591

and ttH, H ! ⌧⌧ processes, and between the ggF, H ! ⌧⌧ and VBF, H ! ⌧⌧ processes. In both cases,592

this is due to cross-contamination between these processes in the analyses providing the most sensitive593

measurements. The compatibility between the measurement and the SM prediction corresponds to a594

p-value of pSM = 71%, computed using the procedure outlined in Section 4 with 15 degrees of freedom.595
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Figure 6: Correlation matrix for the measured values of the production cross sections times branching ratios of the
Higgs boson, for the combinations in which su�cient sensitivity is provided by the input analyses.
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5.4 Ratios of cross sections and branching fractions596

The products (� ⇥ B)i f described in Section 5.3 can be expressed as597

(� ⇥ B)i f = �ZZ

ggF ·
✓
�i
�ggF

◆
·
✓ B f

BZZ

◆
, (4)

in terms of the cross section times branching ratio �ZZ

ggF for the reference process gg ! H ! Z Z⇤, which598

is precisely measured and exhibits small systematic uncertainties, ratios of production cross sections to that599

of ggF, �i/�ggF, and ratios of branching fractions to that of H ! Z Z⇤, B f /BZZ .600

Results are shown in Figure 7 and Table 7.

Parameter normalized to SM value
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p           Total   Stat.   Syst.

ZZ
ggFσ   1.13  (  0.13±  ,  0.11−

 0.12+
  ) 0.06± 

ggFσ/VBFσ   1.24  (  0.27−

 0.32+
  ,  0.22−

 0.24+
  ) 0.15−

 0.21+
 

ggFσ/WHσ   1.24  (  0.45−

 0.59+
  ,  0.35−

 0.44+
  ) 0.29−

 0.39+
 

ggFσ/ZHσ   1.01  (  0.34−

 0.47+
  ,  0.29−

 0.37+
  ) 0.19−

 0.30+
 

ggFσ/tH+ttHσ   1.20  (  0.27−

 0.31+
  ,  0.21−

 0.24+
  ) 0.17−

 0.20+
 

ZZ/BγγB   0.87  (  0.12−

 0.14+
  ,  0.11−

 0.12+
  ) 0.06−

 0.07+
 

ZZ/BWWB   0.84  (  0.15−

 0.18+
  ,  0.11−

 0.13+
  ) 0.11−

 0.12+
 

ZZ/BττB   0.86  (  0.22−

 0.26+
  ,  0.17−

 0.19+
  ) 0.14−

 0.18+
 

ZZ/BbbB   0.93  (  0.27−

 0.38+
  ,  0.21−

 0.27+
  ) 0.18−

 0.26+
 

Figure 7: Results of a simultaneous fit for �ZZ

ggF , �VBF/�ggF, �WH/�ggF, �ZH/�ggF, �
ttH+tH/�ggF, B��/BZZ ,

BWW/BZZ , B⌧⌧/BZZ , and Bbb/BZZ . The fit results are normalized to the SM predictions. The black error bars,
blue boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements, respectively.
The gray bands show the theory uncertainties in the predictions.

601

The compatibility between the measurements and the SM predictions corresponds to a p-value of602

pSM = 93%, computed using the procedure outlined in Section 4 with 9 degrees of freedom.603
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Table 7: Best-fit values and uncertainties of �ZZ

ggF , together with ratios of production cross sections normalized to �ggF,
and ratios of branching fractions normalized to BZZ . Uncertainties in the SM predictions are computed following the
same method as for Ref. [3].

Quantity Value
Uncertainty

SM prediction
Total Stat. Exp. SigTheo. BkgTheo.

�ZZ

ggF [pb] 1.33 ±0.15 +0.14
�0.13 ±0.06 ±0.02 ±0.04 1.181 ± 0.061

�VBF/�ggF 0.097 +0.025
�0.021

+0.019
�0.017

+0.010
�0.008

+0.011
�0.008

+0.006
�0.005 0.0786 ± 0.0043

�WH/�ggF 0.034 +0.016
�0.012

+0.012
�0.009

+0.008
�0.006

+0.003
�0.002

+0.007
�0.005 0.0269+0.0014

�0.0015

�ZH/�ggF 0.0180 +0.0084
�0.0062

+0.0066
�0.0052

+0.0034
�0.0021

+0.0016
�0.0009

+0.0037
�0.0025 0.0178+0.0011

�0.0010

�
ttH+tH/�ggF 0.0157 +0.0041

�0.0035
+0.0031
�0.0029

+0.0020
�0.0017

+0.0012
�0.0008

+0.0013
�0.0012 0.0131+0.0010

�0.0013

B��/BZZ 0.075 +0.012
�0.010

+0.010
�0.009

+0.006
�0.005

+0.002
�0.001 ±0.002 0.0860 ± 0.0010

BWW/BZZ 6.8 +1.5
�1.2

+1.1
�0.9

+0.8
�0.7 ±0.2 +0.6

�0.5 8.15± < 0.01

B⌧⌧/BZZ 2.04 +0.62
�0.52

+0.45
�0.40

+0.36
�0.31

+0.17
�0.09

+0.12
�0.09 2.369 ± 0.017

Bbb/BZZ 20.5 +8.4
�6.2

+6.2
�4.6

+3.7
�2.4

+1.3
�0.9

+4.2
�2.9 22.00 ± 0.51

6 Combined measurements of simplified template cross sections604

6.1 Simplified template cross section framework605

Simplified template cross sections [26, 27] are defined through a partition of the phase space of the SM606

Higgs production process into a set of non-overlapping regions. These regions are defined in terms of607

the kinematics of the Higgs boson and, when they are present, of associated jets and W and Z bosons,608

independently of the Higgs boson decay process. They are chosen according to three criteria: sensitivity609

to deviations from the SM expectation, avoidance of large theory uncertainties in the corresponding SM610

predictions, and to approximately match experimental selections so as to minimize model-dependent611

extrapolations. Analysis selections do not however necessarily correspond exactly to the STXS regions.612

All regions are defined for a Higgs boson rapidity yH satisfying |yH | < 2.5, corresponding approximately to613

the region of experimental sensitivity. Jets are reconstructed from all stable particles with a lifetime greater614

than 10 ps, excluding the Higgs decay products, using the anti-kt algorithm with a jet radius parameter615

R = 0.4, and must have a transverse momentum pT,jet > 30 GeV.616

The measurements presented in this note are based on the Stage 1 splitting of the STXS framework [26].617

Higgs boson production is first classified according to the nature of the initial state and of associated618

particles, the latter including the decay products of W and Z bosons if they are present. These categories are,619

by order of decreasing selection priority: ttH and tH processes; qq ! Hqq processes, with contributions620

from both VBF production and quark-initiated VH production with a hadronic decay of the gauge boson;621

gg ! ZH with Z ! qq̄; VH production with a leptonic decay of the vector boson (V(lep)H), including622

gg ! ZH production; and finally the gluon fusion process. The latter is considered together with623
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gg→H 

gg→H, ≥ 1 jet, p
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gg→H, 0-jet

gg→H, 1-jet, p
T
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gg→H, 1-jet, 120 ≤ p
T

H < 200 GeV

gg→H, 1-jet, 60 ≤ p
T

H < 120 GeV

gg→H, ≥ 2 jet, p
T

H < 200 GeV

qq → Hqq

qq → Hqq, p
T

j ≥ 200 GeV 

qq → Hqq, VBF topo + Rest

V(lep)H

qq→ H�ν, p
T

V < 250 GeV 

qq→ H�ν, p
T

V ≥ 250 GeV 

gg/qq→ H��, p
T

V < 150 GeV 

gg/qq→ H��, 150 ≤ p
T

V < 250 GeV 

gg/qq→ H��, p
T

V ≥ 250 GeV ttH + tH

qq → Hqq, VH topo

Figure 8: Definition of the STXS measurement regions used in this note. For each Higgs boson production process,
the regions are defined starting from the top of the corresponding schematic, with regions nearer the top taking
precedence in case of overlapping selections. The bb̄H production mode is considered as part of gg ! H.

The measurement is performed as described by Eq. 1, with parameters of interest of the form (� ⇥ B)i f667

denoting the cross section times branching ratio in STXS region i and decay channel f . The acceptance668

factors (✏ ⇥ A)k
i f

for each analysis category k are determined from SM Higgs boson production processes,669

modeled using the samples described in Section 2, and act as templates in the fits of the STXS cross670

sections to the data. The dependence on the theory assumptions is reduced compared to the measurement671

of the total cross sections in each production mode, since the (✏ ⇥ A)k
i f

are computed over smaller regions.672

Assumptions on the kinematics within a given STXS region lead to some model-dependence, which can be673

reduced further using a finer splitting the phase space as justified by the experimental precision.674

Theory uncertainties for the gg ! H and qq ! Hqq processes are defined as in Ref. [4], while those of675

the V(lep)H process follow the scheme described in [106]. For the measurement bins defined by merging676

several bins of the STXS Stage-1 framework, the (✏ ⇥ A) factors are determined assuming that the relative677

fractions of each Stage-1 bin in the total are as in the SM, and SM uncertainties on these fractions are678

included in the measurement.679
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7.2 Fermion and gauge boson couplings767

The model studied in this section probes the universal coupling strength scale factors V = W = Z for768

all vector bosons and F = t = b = ⌧ = µ for all fermions. The e�ective couplings corresponding to769

the ggH and H ! �� vertex loops are resolved in terms of the fundamental SM couplings. It is assumed770

that there are no invisible or undetected Higgs boson decays, i.e. Binv = Bundet = 0. Only the relative sign771

between V and F is physical. As a negative relative sign has been excluded [3], V � 0 and F � 0 are772

assumed. These definitions can be applied either globally, yielding two parameters, or separately for each773

of the five major decay channels, yielding ten parameters,  f
V

and  f
F

with the superscript f indicating the774

decay mode. The best-fit values and uncertainties from a combined fit are775

V = 1.05 ± 0.04
F = 1.05 ± 0.09.

Figure 12 shows the results of the combined fit in the (V , F ) plane as well as the contributions of the776

individual decay modes in this benchmark model. Both V and F are measured to be compatible with the777

SM expectation. The compatibility of the SM hypothesis with the best fit point corresponds to a p-value778

of pSM = 41%, computed using the procedure outlined in Section 4 with two degrees of freedom. In the779

combined measurement a linear correlation of 44% between V and F is observed.780

Vκ
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

F
κ

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2  PreliminaryATLAS
1− = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

 = 41%
SM
p

Best fit
68% CL
95% CL
SM

Combined γγ→H

ZZ→H WW→H

bb→H ττ→H

Figure 12: Negative log-likelihood contours at 68% and 95% CL in the ( f
V

,  f
F

) plane for the individual decay modes
and their combination (F versus V shown in black) assuming the coupling strengths to fermions and vector bosons
to be positive. No contributions from invisible or undetected Higgs boson decays are assumed. The best fit value for
each measurement is indicated by a cross while the SM hypothesis is indicated by a star.
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7.6 Generic parameterization using ratios of coupling modifiers850

The five absolute coupling strength scale factors and two e�ective loop coupling scale factors measured in851

the previous benchmark model are expressed as ratios of scale factors that can be measured independent852

of any assumptions on the Higgs boson total width. The model parameters are defined in Table 12. All853

parameters are assumed to be positive. This parametrization represents the most model-independent854

determination of coupling-strength scale factors that is currently possible in the -framework. The numerical855

results from the fit to this benchmark model are summarized in Table 12 and visualized in Figure 17. All856

model parameters are measured to be compatible with their SM expectation. The compatibility of the SM857

hypothesis with the best fit point corresponds to a p-value of pSM = 85%, computed using the procedure858

outlined in Section 4 with seven degrees of freedom.859

The parameter �WZ in this model is of particular interest: identical coupling-strength scale factors for the860

W and Z bosons are required within tight bounds by the SU(2) custodial symmetry and the ⇢ parameter861

measurements at LEP and at the Tevatron [109]. The ratio ��Z is sensitive to new charged particles862

contributing to the H! �� loop in comparison to H ! Z Z⇤ decays. Similarly, the ratio �tg is sensitive to863

new colored particles contributing through the ggF loop as compared to ttH. The observed values are in864

agreement with the SM expectation.865

Table 12: Best-fit values and uncertainties of ratios of coupling modifiers. The second column provides the expression
of the measured parameters in terms of the coupling modifiers defined in previous sections. All parameters are
defined to be unity in the SM.

Parameter
Definition in terms

of  modifiers
Result

gZ gZ/H 1.06 ± 0.07
�tg t/g 1.10+0.15

�0.14

�Zg Z/g 1.12+0.15
�0.13

�WZ W/Z 0.95 ± 0.08
��Z �/Z 0.94 ± 0.07
�⌧Z ⌧/Z 0.95 ± 0.13
�bZ b/Z 0.93+0.15

�0.13
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Figure 17: Measured ratios of coupling modifiers. The dashed line indicates the SM value of unity for each parameter.

8 Constraints on New Phenomena866

Two Higgs doublet models (2HDMs) [28, 110–112] and supersymmetry [113–118] are promising extensions867

of the SM. The measurements are interpreted in these benchmark models, providing indirect limits on868

their parameters that are complementary to those obtained by direct searches for new particles. The869

interpretations presented in this section follow the procedure discussed in Ref. [29].870

8.1 Two Higgs doublet model871

In 2HDMs, the SM Higgs sector is extended by introducing an additional complex isodoublet scalar field872

with weak hypercharge one. Four types of 2HDMs satisfy the Paschos-Glashow-Weinberg condition [119,873

120], which prevents the appearance of tree-level flavor-changing neutral currents:874

• Type I: One Higgs doublet couples to vector bosons, while the other one couples to fermions. The875

first doublet is fermiophobic in the limit where the two Higgs doublets do not mix.876

• Type II: One Higgs doublet couples to up-type quarks and the other one to down-type quarks and877

charged leptons.878

• Lepton-specific: The Higgs bosons have the same couplings to quarks as in the Type I model and to879

charged leptons as in Type II.880

• Flipped: The Higgs bosons have the same couplings to quarks as in the Type II model and to charged881

leptons as in Type I.882
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Table 1: Observed and expected upper limits on BH!inv at 95% CL from direct searches for invisible decays of the
125 GeV Higgs boson and statistical combinations. Also given are the observed p-values under the SM hypothesis.

Analysis
p

s Int. luminosity Observed Expected pSM-value Reference
Run 2 VBF 13 TeV 36.1 fb�1 0.37 0.28+0.11

�0.08 0.19 [33]
Run 2 Z H 13 TeV 36.1 fb�1 0.67 0.39+0.17

�0.11 0.06 [34]
Run 2 V H 13 TeV 36.1 fb�1 0.83 0.58+0.23

�0.16 0.12 [35]
Run 2 Comb. 13 TeV 36.1 fb�1 0.38 0.21+0.08

�0.06 0.03 this note
Run 1 Comb. 7, 8 TeV 4.7, 20.3 fb�1 0.25 0.27+0.10

�0.08 — [32]
Run 1+2 Comb. 7, 8, 13 TeV 4.7, 20.3, 36.1 fb�1 0.26 0.17+0.07

�0.05 0.10 this note

clearly identifiable. Hence, no correlations between Run 1 and 2 are assumed for most instrumental
uncertainties. The uncertainties related to the modeling of the calorimeter response dependence on jet
flavor and pile-up are taken as either correlated or uncorrelated between the runs, and the choice which
results in a weaker expected exclusion limit on BH!inv is adopted. The uncertainty on the b-JES is
estimated using MC simulations [51, 52] and is therefore considered correlated. For the signal modeling,
the parton shower uncertainty in the V H channel, the uncertainty from missing higher order corrections
in the Z H analysis, and the uncertainty on the jet multiplicity in the VBF channel [53] are each taken as
correlated between the runs, since the estimated uncertainties stem from the same source. For the same
reason, the uncertainty from missing higher order corrections on the dominant background from diboson
production in the Z H search is treated as correlated. All other background modeling uncertainties are
considered uncorrelated. The impact of these correlation assumptions on the combined BH!inv limit is
found to be at most 0.005. In addition, scenarios ranging from full anti-correlation to full correlation
were studied using BLUE [54] for the components of the JES uncertainty, the V+jets background, and the
diboson production that are nominally not correlated due to di�erent parameterisations in Run 1 and 2.
Their absolute e�ect on the BH!inv limit is at most 0.01.

The observed�2�ln(⇤)(BH!inv; ✓) ratio of the combined Run 1+2 result is represented in Fig. 1 alongside
the individual Run 1 and Run 2 combinations. An upper limit of BH!inv < 0.26 (0.17+0.07

�0.05) at 95% CL
is observed (expected). The pSM-value under the SM hypothesis is 10%. The final result, together with
the results in the individual Run 2 analyses as well as the Run 2-only and the Run 1-only combinations, is
summarized in Table 1, and the upper limits on BH!inv are graphically represented in Fig. 2.

The combined observed Run 1+2 exclusion limit of BH!inv < 0.24 at 90% CL is shown together with
the limits from representative direct DM detection experiments [55–59] in Fig. 3. This comparison is
performed in the context of Higgs portal models [60]. The translation of the H ! inv result into a
weak interacting massive particle–nucleon scattering cross section �WIMP-N is performed in an e�ective
field theory approach [29] under the assumption that invisible Higgs decays to a pair of WIMPs are
kinematically possible and that the WIMP is a scalar or a fermion [23, 61, 62]. The calculation uses the
nuclear form factor fN = 0.308 ± 0.018 [63]. The excluded �WIMP-N range down to 2 ⇥ 10�45 cm2 in
the scalar WIMP scenario. In the fermion WIMP case, the e�ective coupling is reduced by m2

H
[29],

excluding�WIMP-N down to 10�46 cm2. While the ATLAS exclusion limits extend to mWIMP < 1 GeV, that
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Figure 2: The observed and expected upper limits on BH!inv at 95% CL from direct searches for invisible decays
of the 125 GeV Higgs boson and statistical combinations.
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Figure 3: Comparison of the upper limits at 90% CL from direct detection experiments [55–59] on the spin-
independent WIMP-nucleon scattering cross section to the observed exclusion limits from this analysis, assuming
that the DM particle is either a scalar or a fermion. The regions above the limit contours are excluded in the range
shown in the plot.

region is subject to uncertainties in the modelling the nuclear recoil and is therefore not shown explicitly
in Figure 3.

In summary, direct searches for invisible Higgs boson decays using up to 36.1 fb�1 of pp collision data atp
s = 13 TeV recorded in 2015 and 2016 in the VBF [33], Z H [34], and V H [35] topologies are statistically

combined assuming SM-like Higgs boson production, and an upper limit on the invisible Higgs branching
ratio of BH!inv < 0.38 (0.21+0.08

�0.06) is observed (expected) at 95% CL. A statistical combination of this
result with the combination of direct H ! inv searches using up to 4.7 fb�1 of pp collision data at

6


