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Higgs production and decay at the LHC (@13 TeV)
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10 11. Status of Higgs boson physics

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs
production channels in the SM, and the major MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:

NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL

Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.
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Higgs-strahlung (WH/ZH) associated prod. with top pair (ttH)gluon fusion (ggF)
σ = 48.6 pb σ = 3.78 pb σ = 2.25 pb σ = 0.5 pb

Access to many: 

production mechanisms (see top) 

decay channels (see left) 

Stringent test of the SM validity can 
be derived by combining all 
experimental accessible channels!

not all channels visible on this chart!

H→ZZ (2.6%) H→WW (21.3%)

H→Zγ (0.2%)
H→ττ (6.2%)

H→γγ (0.2%)

H→gg (8.5%)
H→cc (2.9%)

H→bb (58.1%)



Latest ATLAS combined Higgs measurements
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ATLAS has recently performed a very comprehensive combination of all the 
available channels, summarised in ATLAS-CONF-2019-005 

In this talk: 

global signal strength measurement                                                                                    
(ratios of the measured Higgs boson yields and their SM expectations) 

measurements of production cross sections 

measurements in kinematic regions defined within the simplified template cross 
section (STXS) framework 

measurements in the framework of multiplicative modifiers κ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/


Overview: input analyses

4Combined Higgs boson measurements at the ATLAS experiment - G. Artoni (Oxford)

Off-shell and H→invisible only used for results in the κ-framework  
H→µµ used in the κ-framework and BSM interpretation 
VBF, H→bb not used in the simplified template cross sections results



Inclusive signal strength (µ)
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The correlation coe�cients presented in this note are constructed as symmetric around the observed
best fit values of the parameters of interest using the second derivatives of the negative log-likelihood
ratio. Hence, the shown correlation matrices are not fully representative of the asymmetric uncertainties
observed in the measurements. While the reported information is su�cient to reinterpret the measurements
in terms of other parameterizations of the parameters of interest, this provides only an approximation
to the information contained in the full likelihood function. For this reason, results for a number of
commonly-used parameterizations are also provided in Sections 5 to 7.

5 Combined measurements of signal strength, production cross sections
and branching ratios

5.1 Global signal strength

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

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

expressed in terms of a single modifier µi f , as the production cross section �i and the branching fraction
Bf cannot be separately measured without further assumptions. The modifiers are defined as the ratios of
the measured Higgs boson yields and their SM expectations, denoted by the superscript SM,

µi f =
�i

�SM
i

⇥
B f

BSM
f

. (3)

The SM expectation by definition corresponds to µi f = 1. The uncertainties on the SM predictions
are included as nuisance parameters in the measurement of the signal strength modifiers, following the
methodology introduced in Section 4.

In the model used in this section, all the µi f 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 (bkg. th.)

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties on signal and background modeling, following the
procedure outlined in Section 4. The signal theory component includes uncertainties due to missing
higher-order perturbative QCD and electroweak corrections in the MC simulation, uncertainties on PDF
and ↵s values, the treatment of the underlying event, the matching between the hard-scattering process and
the parton shower, choice of hadronization models, and branching ratio uncertainties. The measurement is
consistent with the SM prediction with a p-value of pSM = 18%, computed using the procedure outlined in
Section 4 with one degree of freedom. The value of �2 ln⇤(µ) as a function of µ is shown in Figure 1, for
the full likelihood and the versions with sets of nuisance parameters fixed to their best-fit values to obtain
the components of the uncertainty as described in Section 4.

Table 3 shows a summary of the leading uncertainties in the combined measurement of the global signal
strength, with uncertainties computed as described in Section 4. The dominant uncertainties arise from the
theory modeling of the signal and background processes in simulation. Further important uncertainties
relate to the luminosity measurement; the selection e�ciencies, energy scale and energy resolution of
electrons and photons; the estimation of lepton yields from heavy-flavor decays, photon conversions or
misidentified hadronic jets (classified as background modelling in the table); the jet energy scale and
resolution, and the identification of heavy-flavor jets.

15

Signal strength: ratio of the total Higgs boson signal yield to its SM prediction 



Production cross-sections
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Much smaller correlations with respect to previous 
analyses (here and here) 

mild correlation between ggF and VBF (-15%) 
remaining 

Statistical and systematic uncertainties at the same 
level 
SM BR assumed here (and uncertainty included) 
bbH included in ggF, tH included in ttH, ggZH fully 
attributed to ZH 
Production cross-section times BR also measured 
(see backup)Cross-section normalized to SM value

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

Total Stat. Syst. SM PreliminaryATLAS
-1 = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

 = 76%
SM

p             Total     Stat.    Syst.

ggF   1.04  (  0.09±  ,  0.07±  ) 0.06−
 0.07+ 

VBF   1.21  (  0.22−
 0.24+  ,  0.17−

 0.18+  ) 0.13−
 0.16+ 

WH   1.30  (  0.38−
 0.40+  ,  0.27−

 0.28+  ) 0.27−
 0.29+ 

ZH   1.05  (  0.29−
 0.31+  ,  0.24±  ) 0.17−

 0.19+ 

tH+ttH   1.21  (  0.24−
 0.26+  ,  0.17±  ) 0.18−

 0.20+ 

https://arxiv.org/abs/1507.04548
https://arxiv.org/abs/1606.02266


Simplified template cross section (STXS)
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Main goal: reduce model dependence 
and maximise sensitivity to BSM 
physics, by measuring cross-sections 
per production mode in different phase-
space regions 
Benefits greatly by the combination of 
all available decay channels! 
“Staged” approach necessary, as these regions need to match the experimentally 
accessible ones 

so-called “stage 1” used here, with some regions grouped due to limited 
experimental sensitivity

gg→H 

gg→H, ≥ 1 jet, p
T

H ≥ 200 GeV 

gg→H, 0-jet

gg→H, 1-jet, p
T

H < 60 GeV

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

Les Houches '15 
YR4

https://arxiv.org/abs/1605.04692
https://arxiv.org/abs/1610.07922


STXS results
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Here showing results with BR fixed to the 
SM expectation 
Also available (see backup): 

cross sections times H→ZZ* BR                  
(with further measurements of BRf/BRZZ) 

finer granularity 

No significant deviation from SM 
expectations: p-value = 81% 
Large anti-correlation when cross-
contaminations between processes in the 
experimental selections are present

Parameter normalized to SM value
6− 4− 2− 0 2 4 6

Total Stat. Syst. SM PreliminaryATLAS
-1 = 13 TeV, 36.1 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm
 = 81%

SM
p

           Total    Stat.    Syst.

, 0-jetH→gg )0.09±,  0.10±  (0.13± 1.18  

 < 60 GeVH
T

p, 1-jet, H→gg )0.21−
0.22+ ,  0.31−

0.32+   (0.38−
0.39+  0.53  

 < 120 GeVH
T

p ≤, 1-jet, 60 H→gg )0.15−
0.17+ ,  0.27−

0.28+   (0.31−
0.33+  0.82  

 < 200 GeVH
T

p ≤, 1-jet, 120 H→gg )0.28−
0.36+ ,  0.56−

0.58+   (0.63−
0.68+  1.18  

 200 GeV≥ H
T

p 1-jet, ≥, H→gg )0.26−
0.32+ ,  0.52−

0.53+   (0.58−
0.62+  1.79  

 < 200 GeVH
T

p 2-jet, ≥, H→gg )0.24−
0.29+ ,  0.38−

0.39+   (0.45−
0.48+  1.02  

, VBF topo + RestHqq→qq )0.18−
0.21+ ,  0.24−

0.25+   (0.30−
0.32+  1.37  

, VH topoHqq→qq )0.21−
0.29+ ,  0.98−

1.15+   (1.00−
1.19+ -0.11  

 200 GeV≥ j
T

p, Hqq→qq )0.64−
0.61+ ,  1.10−

1.15+   (1.28−
1.30+ -0.88  

 < 250 GeV
T
Vp, νHl→qq )0.44−

0.48+ ,  0.56−
0.57+   (0.71−

0.75+  1.70  

 250 GeV≥ 
T
Vp, νHl→qq )0.37−

0.39+ ,  0.57−
0.61+   (0.68−

0.72+  1.14  

 < 150 GeV
T
Vp, Hll→gg/qq )0.49−

0.52+ ,  0.61−
0.63+   (0.79−

0.82+  0.85  

 < 250 GeV
T
Vp ≤, 150 Hll→gg/qq )0.38±,  0.56−

0.57+   (0.68± 0.62  

 250 GeV≥ 
T
Vp, Hll→gg/qq )0.29−

0.47+ ,  0.77−
0.81+   (0.82−

0.94+  1.84  

ttH + tH )0.18−
0.20+ ,  0.17±  (0.24−

0.26+  1.20  



κ-framework

9Combined Higgs boson measurements at the ATLAS experiment - G. Artoni (Oxford)

Study modifications of the Higgs boson couplings related to BSM physics  
Assume production and decay can be factorised 
Cross section times branching fraction parametrised as   

Coupling strength modifiers defined as 

Higgs boson total width also modified:  

LHC data insensitive to κc and κs (assumed here to vary like κt and κb, respectively)

and decay can be factorized, such that the cross section times branching fraction of an individual channel
�(i ! H ! f ) contributing to a measured signal yield is parametrised as

�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 the final
state f . For a given production process or decay mode j, the corresponding coupling strength modifier j
is defined as

2j =
�j

�SM
j

or 2j =
�j

�SM
j

. (7)

The SM expectation, denoted by the label SM, by definition corresponds to j = 1. Modifications
of the coupling scale factors also change the Higgs boson total width �H by a factor H , defined as
2H =

Õ
j BSM

f 
2
j .

The total width of the Higgs boson increases beyond modifications of j due to contributions from two
additional classes of Higgs boson decays: invisible decays, which are identified through an Emiss

T signature
in the analyses described in Section 3.8; and undetected decays, to which none of the analyses included
in this combination are sensitive (the latter includes for instance Higgs boson decays to light quarks, or
to BSM particles to which none of the input analyses provide appreciable sensitivity). In the SM, the
branching ratio for decays to invisible final states is ⇠ 0.1%, from the H ! Z Z⇤ ! 4⌫ process. BSM
contributions to this branching fraction and to the branching fraction to undetected final states are denoted
by Binv and Bundet respectively, with the SM corresponding to Binv = Bundet = 0. The Higgs boson total
width is then expressed as

�H (,Binv,Bundet) =
2H ()

(1 � Binv � Bundet)
�SM
H . (8)

Constraints of Binv are provided by the analyses described in Section 3.8, but no direct constraints are
included for Bundet. Since its value scales all observed cross sections of on-shell Higgs boson production
�(i ! H ! f ) through Eqs. 6 and 8, further assumptions about undetected decays must be included in
order to interpret these measurements in terms of absolute coupling-strength scale factors j . The simplest
assumption is that there are no undetected Higgs boson decays and the invisible branching fraction is as
predicted by SM. An alternative, weaker assumption, is to require W  1 and Z  1 [28]. A second
alternative uses the assumption that the signal strength of o�-shell Higgs boson production only depends on
the coupling-strength scale factors and not on the total width [94, 95], �o�(i ! H⇤ ! f ) ⇠ 2

i,o� ⇥ 2
f ,o�.

If the coupling strengths in o�-shell Higgs boson production are furthermore assumed to be identical
to those for on-shell Higgs boson production, j ,o� = j ,on, and both the o�-shell signal strength and
coupling-strength scale factors are independent of the energy scale of Higgs boson production, the Higgs
boson total width can be determined from the ratio of o�-shell to on-shell signal strengths [18, 107]. These
assumptions can also be extended to apply to Binv as well as Bundet, as an alternative to the measurements
of Section 3.8.
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boson total width can be determined from the ratio of o�-shell to on-shell signal strengths [18, 107]. These
assumptions can also be extended to apply to Binv as well as Bundet, as an alternative to the measurements
of Section 3.8.
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7.2 Fermion and gauge boson couplings

The model studied in this section probes the universal coupling strength scale factors V = W = Z for
all vector bosons and F = t = b = ⌧ = µ for all fermions. The e�ective couplings corresponding to
the ggH and H ! �� vertex loops are resolved in terms of the fundamental SM couplings. It is assumed
that there are no invisible or undetected Higgs boson decays, i.e. Binv = Bundet = 0. Only the relative sign
between V and F is physical. As a negative relative sign has been excluded [3], V � 0 and F � 0 are
assumed. These definitions can be applied either globally, yielding two parameters, or separately for each
of the five major decay channels, yielding ten parameters,  fV and  fF with the superscript f indicating the
decay mode. The best-fit values and uncertainties from a combined fit are

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 the
individual decay modes in this benchmark model. Both V and F are measured to be compatible with the
SM expectation. The compatibility of the SM hypothesis with the best fit point corresponds to a p-value
of pSM = 41%, computed using the procedure outlined in Section 4 with two degrees of freedom. In the
combined measurement a linear correlation of 44% between V and F is observed.
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Figure 12: Negative log-likelihood contours at 68% and 95% CL in the ( fV ,  fF ) 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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7.4 Generic parametrization assuming no new particles in loops and decays

In this model the coupling scale factors for the coupling strengths to W , Z , t, b, ⌧ and µ are treated
independently. The Higgs boson couplings to second generation quarks are assumed to scale as the
couplings to the third generation quarks. SM values are assumed for the couplings to first generation
fermions. Furthermore, it is assumed that only SM particles contribute to Higgs boson vertices involving
loops, and modifications of the coupling strength scale factors for fermions and vector bosons are propagated
through the loop calculations. No invisible or undetected Higgs boson decays are assumed to exist. All
coupling strength scale factors are assumed to be positive. The results of the H ! µµ analysis are included
for this specific benchmark model. The results are shown in Table 10. The expected 95% upper limit on µ
is 1.79. All measured coupling-strength scale factors in this generic model are found to be compatible
with their SM expectation. The compatibility of the SM hypothesis with the best fit point corresponds to a
p-value of pSM = 76%, computed using the procedure outlined in Section 4 with six degrees of freedom.
Figure 15 shows the results of this benchmark model in terms of reduced coupling strength scale factors

yV ,i =

r
V ,i

gV ,i

2v
=
p
V ,i

mV ,i

v
(9)

for weak bosons with a mass mV , where gV ,i is the absolute Higgs boson coupling strength, v = 246 GeV
is the vacuum expectation value of the Higgs field and

yF ,i = F ,i
gF ,ip

2
= F ,i

mF ,i

v
(10)

for fermions as a function of the particle mass mF , assuming a SM Higgs boson with a mass of 125.09 GeV.
For the b-quark mass the MS running mass evaluated at a scale of 125.09 GeV is assumed.

Table 10: Fit results for Z , W , b, t , ⌧ and µ, all assumed to be positive. In this benchmark model no BSM
contributions to Higgs boson decays are assumed to exist and Higgs boson vertices involving loops are resolved in
terms of their SM content. The upper limit on µ is set using the CLs prescription.

Parameter Result
Z 1.10 ± 0.08
W 1.05 ± 0.08
b 1.06+0.19

�0.18

t 1.02+0.11
�0.10

⌧ 1.07 ± 0.15
µ < 1.51 at 95% CL.
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Measurement of Higgs boson production cross sections and branching ratios 
performed based on up to 79.8 fb-1 recorded during LHC’s Run 2 
Global signal strength: µ = 1.11 

Observation of all main LHC Higgs production modes 

VBF, VH and ttH production mode significances of 6.5σ, 5.3σ and 5.8σ, 
respectively 

Comprehensive STXS measurement based on all major Higgs decay channels 
Data also interpreted using κ framework and BSM models 
No significant deviation from the SM! 

Increased precision (up to a factor 2) can be reached with full Run 2 results and 
ATLAS-CMS combination

+0.09
-0.08
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 Parameter normalized to SM value 
2− 0 2 4 6 8
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-1 = 13 TeV, 24.5 - 79.8 fbs
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H
y = 125.09 GeV, |Hm
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Parameter normalized to SM value
10− 5− 0 5 10 15

Total Stat.
Syst. SM

 PreliminaryATLAS
-1 = 13 TeV, 36.1 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm
 = 89%

SM
p

           Total    Stat.    Syst.

ZZB ×, 0-jet H→gg )0.08−
0.09+ ,  0.15−

0.16+   (0.17−
0.18+  1.29  

ZZB × < 60 GeV H
T

p, 1-jet, H→gg )0.22−
0.23+ ,  0.35−

0.37+   (0.41−
0.43+  0.57  

ZZB × < 120 GeV H
T

p ≤, 1-jet, 60 H→gg )0.15−
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0.33+   (0.34−
0.38+  0.87  

ZZB × < 200 GeV H
T
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ZZB × < 200 GeV H
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T

p, Hqq→qq )0.72−
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T
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Parameter normalized to SM value
10− 5− 0 5 10 15

Total Stat. Syst. SM PreliminaryATLAS
-1 = 13 TeV, 36.1 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm
 = 69%

SM
p

          Total  Stat.  Syst.
ZZB ×, 0-jet H→gg )0.10±,  -0.15

+0.16   (-0.18
+0.19  1.30  

ZZB × < 60 GeV H
T

p, 1-jet, H→gg )-0.30
+0.28 ,  -0.45

+0.47   (0.55± 1.16  
ZZB × < 120 GeV H

T
p ≤, 1-jet, 60 H→gg )-0.28

+0.32 ,  -0.48
+0.51   (-0.56

+0.60  1.36  
ZZB × < 200 GeV H

T
p ≤, 1-jet, 120 H→gg )-0.46

+0.52 ,  -0.88
+0.94   (-0.99

+1.08  2.39  
ZZB × 200 GeV ≥ H

T
p, 1-jet, H→gg )-0.44

+0.53 ,  -1.09
+1.19   (-1.17

+1.30  1.52  
ZZB × < 60 GeV H

T
p 2-jet, ≥, H→gg )-0.79

+1.23 ,  -1.96
+1.97   (-2.12

+2.32  0.71  
ZZB × < 120 GeV H

T
p ≤ 2-jet, 60 ≥, H→gg )-0.50

+0.60 ,  -1.05
+1.11   (-1.17

+1.26  2.12  
ZZB × < 200 GeV H

T
p ≤ 2-jet, 120 ≥, H→gg )-0.39

+0.38 ,  -0.89
+0.94   (-0.97

+1.01  1.21  
ZZB × 200 GeV ≥ H

T
p 2-jet, ≥, H→gg )-0.46

+0.58 ,  -0.98
+1.12   (-1.08

+1.26  3.19  
ZZB ×, VBF-like H→gg )-1.37

+1.84 ,  -2.16
+2.41   (-2.55

+3.03  6.90  
ZZB ×, VBF-like Hqq→qq )-0.27

+0.30 ,  -0.45
+0.48   (-0.52

+0.57  0.92  
ZZB ×-like VH, Hqq→qq )-0.35

+0.42 ,  -1.25
+1.48   (-1.30

+1.53 -0.34  
ZZB ×, rest Hqq→qq )-1.26

+1.74 ,  -2.07
+2.41   (-2.42

+2.97 -2.70  
ZZB × 200 GeV ≥ j

Tp, Hqq→qq )-0.93
+0.88 ,  -1.55

+1.54   (-1.81
+1.77 -1.67  

ZZB × < 150 GeV 
T
Vp, νHl→qq )-0.59

+0.68 ,  -1.49
+1.67   (-1.60

+1.81  2.57  
ZZB × < 250 GeV 

T
Vp ≤, 150 νHl→qq )-0.93

+1.58 ,  -1.19
+1.57   (-1.51

+2.23  2.20  
ZZB × 250 GeV ≥ 

T
Vp, νHl→qq )-0.66

+1.98 ,  -1.04
+1.49   (-1.24

+2.48  1.99  
ZZB × < 150 GeV 

T
Vp, Hll→gg/qq )-1.34

+0.79 ,  -1.01
+1.05   (-1.68
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ZZB × < 250 GeV 
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+0.12   (-0.12

+0.14  0.81  
ZZ/BbbB )-0.22

+0.32 ,  -0.18
+0.24   (-0.29

+0.39  0.61  
ZZ/BWWB )-0.12

+0.14 ,  -0.12
+0.14   (-0.17

+0.20  0.93  
ZZ/B-τ+τB )-0.14

+0.19 ,  -0.18
+0.22   (-0.23

+0.29  0.78  
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