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Why measure Higgs properties ?
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“ this theory is sometimes dignified with the 
title `the minimal standard model´, but its is 
not really a model at all ” 

Murayama and Peskin
(hep-ex/9606003)
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MH	=	124.98	± 0.28	(± 0.19	± 0.21)	
MH	=	125.26	± 0.21	(± 0.20	± 0.08)	
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Observation of ttH production (1804.02610)
Best fit value for ttH signal strength Test statistic -2 log-likelihood ratio
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µ= 1.26+0.31
�0.26

signif.= 5.2 s



Combined Measurements of the Higgs Boson Couplings at 
13 TeV (CMS)

5/10/18 11

3

H

t

t

t

g

g

(a)

H

q

q

q

q

V

V

(b)

V

V

Hq

q

(c)

H

t

t

g

g t

(d)

Figure 1: Examples of leading order Feynman diagrams for the (a) ggH, (b) VBF, (c) VH, and
(d) ttH production modes.
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Figure 2: Examples of leading order Feynman diagrams for the gg ! ZH production mode.

4 1 Introduction
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Figure 3: Examples of leading order Feynman diagrams for tH production via the (a,b) tHW
and (c) tHq modes.
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Figure 4: Examples of leading order Feynman diagrams for Higgs boson decay in the (a) H !
bb, H ! tt and H ! µµ, (b) H ! ZZ and H ! WW, and (c,d) H ! gg channels.
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Signal Strengths and Cross Sections
Experimentally, for i -> H -> f, we can extract:

Several parametrizations with different assumptions leads to constrains

Global fit from all analysis, with one single parameter:
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16 6 Signal strength and cross section fits

luminosity measurement and in the modeling of additional collisions in the event (pileup) are
correlated between all of the input channels. Certain channels, namely the H ! tt, VH(bb),
and ttH(bb) channels are able to further constrain the jet energy scale uncertainties determined
in auxiliary measurements. The jet energy scale uncertainties are correlated among these chan-
nels but uncorrelated with the other channels. The jet energy scale uncertainties are assumed
to be correlated between the channels which are not able to constrain these uncertainties. The
uncertainties in the b tagging efficiency are correlated between the ttH channels, but are uncor-
related from the VH(bb) channel which is sensitive to different kinematic regions. A separate
set of nuisances parameters to describe the uncertainty in the b tagging efficiency is used in the
H ! WW, H ! gg, and H ! ZZ channels. Finally, the uncertainties in the lepton efficiency
and misidentification rate in the ttH-th and ttH-e/µ event classes are correlated, since the same
reconstruction and identification algorithms were used. In other channels, different algorithms
were used and therefore the uncertainties are assumed to be uncorrelated.

The free parameters describing the shapes and normalizations of the data-driven background
models, and discrete nuisances which allow for switching the background parametrization
choice in each of the H ! gg analysis categories are fully determined by the data without any
additional constraints, and are therefore assigned to the statistical uncertainty of a measure-
ment. The remaining uncertainties are assigned to the systematic uncertainty.

6 Signal strength and cross section fits

The signal strength modifier µ, defined as the ratio between the measured Higgs boson yield
and its SM expectation, has been extensively used to characterise the Higgs boson yields. How-
ever, the specific meaning of µ varies depending on the analysis. For a specific production and
decay channel i ! H ! f , the signal strengths for the production, µi, and for the decay, µ f , are
defined as,

µi =
si

(si)SM
and µ f =

BR f

(BR f )SM.
(2)

Here si (i = ggH, VBF, WH, ZH, ttH) and BR f ( f = ZZ, WW, gg, tt, bb) are, respectively,
the production cross section for i ! H and the decay branching ratio for H ! f . The sub-
script ”SM” refers to their respective SM predictions, so by definition, the SM corresponds to
µi = µ f = 1. Since si and BR f cannot be separately measured without additional assumptions,
only the product of µi and µ f can be extracted experimentally, leading to a signal strength µ

f
i

for the combined production and decay,

µ
f
i =

si · BR f

(si)SM · (BR f )SM
= µi ⇥ µ f (3)

In this section, results are presented for several signal strength parametrizations, starting with
a single global signal strength µ, which is the most restrictive in terms of the number of as-
sumptions assumed. Further parametrizations are defined by relaxing the constraint that all
production and decay rates scale with a common signal strength modifier.

The combined measurement of the common signal strength modifier is,

µ = 1.17+0.10
�0.10

= 1.17+0.06
�0.06 (stat.) +0.06

�0.05 (sig. th.) +0.06
�0.06 (other sys.),

(4)
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Cross Sections and BR
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Relax assumption on 
common production mode
q 5 production strength

Relax common decay mode
q 5 decay process strength

Improvement of about 20 
to 50% on the precision 
from 7-8 TeV results
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where the total uncertainty has been decomposed into statistical, signal theory systematic, and
other systematic components.

Relaxing the assumption of a common production mode scaling leads to a parametrization
with five production signal strength modifiers: µggH, µVBF, µWH, µZH, and µttH. In this pa-
rameterization, as well as all subsequent parametrizations involving signal strengths or cross
sections, the tH production is assumed to scale like ttH. Conversely, relaxing the common de-
cay mode scaling leads to one with the modifiers: µgg, µZZ, µWW, µtt, and µbb. Results of the
fits in these two models are summarized in Figure 5. The numerical values, including the un-
certainty decomposition into statistical and systematic parts, and the corresponding expected
uncertainties, are given in Table 3.

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggH
µ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

Parameter value
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γγµ
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 (13 TeV)-135.9 fb
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Figure 5: Summary plot of the fit to the per-production mode (left) and per-decay mode (right)
signal strength modifiers µi. The thick and thin horizontal bars indicate the ±1s and ±2s
uncertainties, respectively. Also shown are the ±1s systematic components of the uncertain-
ties. The last point in the per-production mode summary plot is taken from a separate fit and
indicates the result of the combined overall signal strength µ.

The improvement in the precision of the measurement of the ggH production rate of ⇠50%
(from ⇠20% to ⇠10%) compared to Ref. [28] and ⇠33% (from ⇠15% to ⇠10%) compared to
Ref. [30], can be attributed to the combined effects of an increased ggH production cross section,
and a reduction in the associated theoretical uncertainties. Improvements in the precision for
other production rates compared to Ref. [28] range up to ⇠20% for the VBF and VH production
rates. The uncertainty in the measurement of the ttH production rate is reduced by around
50% compared to Ref. [30]. This is in part due to the increased ttH cross section between 8 and
13 TeV, but also due to the inclusion of additional exclusive event categories that target this
production processes.

The most generic signal strength parametrization has one signal strength parameter for each
production and decay mode combination, µi

f . Given the five production and five decay modes
listed above, this implies a model with 25 parameters of interest. However not all can be ex-
perimentally constrained in this combination. Since there is no dedicated analysis targeting the
WH and ZH production with H ! tt decay, or VBF production with H ! bb decay included
in the combination, these are fixed to the SM expectation and the modifiers are not included in



All possible channels
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Figure 6: Summary plot of the fit to the production–decay signal strength products µ
f
i = µi ⇥

µ f . The points indicate the best-fit values while the horizontal bars indicate the 1s CL intervals.
The hatched areas indicate signal strengths which are restricted to positive values due to low
background contamination.
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Figure 3: Examples of leading order Feynman diagrams for tH production via the (a,b) tHW
and (c) tHq modes.
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Figure 4: Examples of leading order Feynman diagrams for Higgs boson decay in the (a) H !
bb, H ! tt and H ! µµ, (b) H ! ZZ and H ! WW, and (c,d) H ! gg channels.
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Figure 1: Examples of leading order Feynman diagrams for the (a) ggH, (b) VBF, (c) VH, and
(d) ttH production modes.
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Figure 2: Examples of leading order Feynman diagrams for the gg ! ZH production mode.



Measuring Couplings – Resolved Loops 
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K-framework

Coupling modifiers 
introduced

21

Uncertainty Uncertainty
Parameter Best fit Stat. Syst. Parameter Best fit Stat. Syst.

µZZ
ggH

1.07 +0.20
�0.18

+0.17
�0.15

+0.11
�0.09 BRbb/BRZZ 0.84 +0.38

�0.27
+0.27
�0.21

+0.26
�0.17

(+0.19
�0.17) (+0.15

�0.14) (+0.11
�0.09) (+0.56

�0.37) (+0.39
�0.28) (+0.41

�0.25)

µVBF/µggH
0.61 +0.30

�0.24
+0.24
�0.21

+0.17
�0.13 BRtt/BRZZ 1.07 +0.37

�0.30
+0.25
�0.21

+0.27
�0.21

(+0.40
�0.32) (+0.31

�0.27) (+0.24
�0.18) (+0.35

�0.28) (+0.25
�0.20) (+0.25

�0.19)

µWH/µggH
2.19 +0.86

�0.70
+0.68
�0.57

+0.52
�0.40 BRWW/BRZZ 1.23 +0.27

�0.22
+0.22
�0.18

+0.16
�0.13

(+0.66
�0.53) (+0.53

�0.44) (+0.39
�0.29) (+0.24

�0.19) (+0.19
�0.16) (+0.14

�0.11)

µZH/µggH
0.88 +0.57

�0.45
+0.49
�0.41

+0.30
�0.18 BRgg/BRZZ 1.14 +0.27

�0.20
+0.23
�0.18

+0.14
�0.09

(+0.68
�0.47) (+0.53

�0.41) (+0.43
�0.23) (+0.23

�0.18) (+0.20
�0.16) (+0.11

�0.08)

µttH/µggH
1.06 +0.33

�0.27
+0.20
�0.18

+0.27
�0.20 -

(+0.36
�0.30) (+0.23

�0.21) (+0.27
�0.21)

Table 5: Best-fit values and ±1s uncertainties for the parameters of the cross section and
branching fraction ratio model. The expected uncertainties are given in brackets.

• sH+V(qq): Associated production with a Z or W boson, either quark or gluon initi-
ated, in which the vector boson decays hadronically

• sH+Z(``/nn): Associated production with a Z boson, in which the Z decays lepton-
ically. While Ref. [32] proposes separate bins for the quark- and gluon-initiated
modes, they are merged here because they not easily distinguished experimentally,
and therefore, their measurements would be highly anti-correlated.

• sH+W(`n): Associated production with a W boson, in which the W decays leptonically
• sttH+tH: Associated production with a pair of top quarks or a single top quark. While

Ref. [32] proposes separate bins for these modes, they are merged here due to the
lack of a dedicated analysis targeting tH production in this combination.

In addition to the cross sections, the Higgs boson branching ratios are also included as POIs
via ratios with respect to BRZZ. A summary of the results in this model, normalized to the
expected SM cross sections, are given in Figure 8, and numerical values in Table 6. Since cross
sections are measured and not signal strength modifiers, the theoretical uncertainties in these
cross sections do not enter as uncertainty sources. In Figure 8, the uncertainties on the SM
predictions are indicated by a grey band.

7 Measurements of the Higgs boson’s couplings

In the k-framework [77], coupling modifiers are introduced in order to test for deviations in
the couplings of the Higgs boson to other particles. In this framework, the cross section times
branching ratio for a production process i and decay f is expressed as,

si · BR f =
si(~k) · Gf (~k)

GH
, (5)

where GH is the total width of the Higgs boson and Gf is the partial width of the Higgs boson
decay to the final state f . A set of coupling modifiers,~k, is introduced to parameterize potential
deviations from the SM predictions of the Higgs boson couplings to SM bosons and fermions.

24 7 Measurements of the Higgs boson’s couplings

Parameter value
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5 3

|µκ|

bκ

|τκ|

tκ

|Wκ|

Zκ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
 intervalσ1
 intervalσ2

Figure 9: Summary of the k-framework model with BRBSM = 0. The points indicate the best-fit
values while the thick and thin horizontal bars show the 1s and 2s CL intervals, respectively.
In this model, the ggH and H ! gg loops are resolved in terms of the remaining coupling
modifiers. For this model, both positive and negative values of kZ and kb are considered while
kW is assumed to be positive.

22 7 Measurements of the Higgs boson’s couplings
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Uncertainty Uncertainty
Parameter Best fit Stat. Syst. Parameter Best fit Stat. Syst.

sggH · BRZZ 1.00 +0.19
�0.16

+0.16
�0.15

+0.09
�0.07 BRbb/BRZZ 0.96 +0.45

�0.32
+0.32
�0.25

+0.31
�0.20

(+0.18
�0.16) (+0.16

�0.15) (+0.09
�0.07) (+0.58

�0.38) (+0.40
�0.29) (+0.42

�0.25)

sVBF · BRZZ 0.66 +0.32
�0.26

+0.27
�0.22

+0.17
�0.13 BRtt/BRZZ 0.99 +0.35

�0.29
+0.24
�0.20

+0.25
�0.20

(+0.40
�0.32) (+0.33

�0.28) (+0.22
�0.16) (+0.36

�0.28) (+0.26
�0.21) (+0.26

�0.19)

sH+V(qq) · BRZZ 3.77 +2.00
�1.69

+1.76
�1.51

+0.93
�0.75 BRWW/BRZZ 1.29 +0.29

�0.24
+0.24
�0.20

+0.17
�0.13

(+1.66
�1.06) (+1.50

�1.06) (+0.72
�0.00) (+0.24

�0.20) (+0.20
�0.16) (+0.14

�0.11)

sH+W(`n) · BRZZ 1.94 +0.89
�0.68

+0.72
�0.57

+0.51
�0.37 BRgg/BRZZ 1.14 +0.26

�0.20
+0.22
�0.18

+0.13
�0.09

(+0.68
�0.53) (+0.56

�0.44) (+0.40
�0.29) (+0.23

�0.18) (+0.21
�0.17) (+0.11

�0.08)

sH+Z(``/nn) · BRZZ 0.83 +0.58
�0.43

+0.49
�0.39

+0.30
�0.17 -

(+0.70
�0.47) (+0.56

�0.41) (+0.43
�0.22)

sttH · BRZZ 1.08 +0.37
�0.29

+0.26
�0.22

+0.26
�0.19 -

(+0.38
�0.31) (+0.28

�0.24) (+0.26
�0.20)

Table 6: Best-fit values and ±1s uncertainties for the parameters of the stage 0 simplified tem-
plate cross section model. The values are all normalized to the SM predictions. The expected
uncertainties are given in brackets.

For a given production process or decay mode j, a coupling modifier kj is defined such that,

k2
j = sj/sSM

j or k2
j = Gj/Gj

SM. (6)



Resolved Loops
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Fit relating fermions and vector 
bosons couplings with its mass:

7.1 Generic model within k framework assuming resolved loops 23

In the SM, all kj values are positive and equal to unity. Here, by construction, the SM cross
sections and branching ratios themselves include the best available higher order QCD and elec-
troweak (EW) corrections. This higher-order accuracy is not necessarily preserved for kj values
different from unity, but the dominant higher-order QCD corrections factorize to a large extent
from any rescaling of the coupling strengths, and are therefore assumed to remain valid over
the whole range of kj values considered in this paper. Individual coupling modifiers, corre-
sponding to tree-level Higgs boson couplings to the different particles, are introduced, as well
as effective coupling modifiers kg and kg that describe ggH production and H ! gg decay:
this is possible because BSM particles which might be present in these loops are not expected
to appreciably change the kinematic properties of the corresponding process. In contrast, the
gg ! ZH process, which occurs at leading order through box and triangular loop diagrams, is
not treated using an effective coupling modifier, because a tree-level contact interaction from
new physics would likely show a kinematic structure very different from the SM, and is ex-
pected to be highly suppressed [78]. Any other possible BSM effects on the gg ! ZH process
are related to modifications of the HZZ and ttH vertices, which are best taken into account
within the limitation of the framework, by resolving the loop in terms of the corresponding
coupling modifiers, kZ and kt.

The normalization scaling effects of each of the k parameters are given in Table 7. Loop pro-
cesses such as ggH and H ! gg can be studied through either the effective coupling modifiers,
thereby providing sensitivity to potential BSM physics in the loops, or the modifiers of the SM
particles themselves. Interference contributions of different diagrams, such as those which con-
tribute to gg ! ZH, provide some sensitivity to relative signs between Higgs boson couplings
to different particles. Large modifications to both the cross section and kinematic distributions
of the tH production are expected when the relative sign of kt and kW is negative. Since these
effects are not properly modeled in the analyses which are sensitive to this production mode,
the relative sign between kt and kW is restricted to be positive in all of the k-framework models.

7.1 Generic model within k framework assuming resolved loops

Under the assumption that there are no new particles contributing to the ggH production or
H ! gg decay loops, these processes can be expressed in terms of the coupling modifiers to
the SM particles as described previously. In this model there are six free coupling parameters:
kW, kZ, kt, kt, kb , and kµ, and it is assumed that there is no BSM contribution to the total
Higgs boson width. Without loss of generality, the value of kt is restricted to be positive, while
both negative and positive values of kZ and kb are allowed. The results of the fits with this
parametrization are given in Figure 9 and Table 8.

The rate of the H ! ZZ decay and ZH production depend only on the absolute value of kZ.
Contributions from the gg ! ZH production mode in some channels breaks the degeneracy
between the signs, leading to a positive value of kZ being preferred. As these contributions are
typically small, compared to the other production modes, the 1 and 2s intervals also include
negative values of kZ. Although a negative value of kb is preferred in this model, the difference
in q between the best fit point and the minimum in the region kb > 0 is smaller than 0.1.

An additional fit is performed using a phenomenological parameterization relating the masses
of the fermions and vector bosons to the corresponding k modifiers using two parameters,
denoted M and e [79, 80]. In such a model one can relate the coupling modifiers to M and
e as kF = v me

f /M1+e for fermions and kV = v m2e
V /M1+2e and for vector bosons. Here,

v = 246.22 GeV, is the SM Higgs boson vacuum expectation value [81]. The SM expectation,
ki = 1, is recovered when (M, e) = (v, 0).
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tribute to gg ! ZH, provide some sensitivity to relative signs between Higgs boson couplings
to different particles. Large modifications to both the cross section and kinematic distributions
of the tH production are expected when the relative sign of kt and kW is negative. Since these
effects are not properly modeled in the analyses which are sensitive to this production mode,
the relative sign between kt and kW is restricted to be positive in all of the k-framework models.

7.1 Generic model within k framework assuming resolved loops

Under the assumption that there are no new particles contributing to the ggH production or
H ! gg decay loops, these processes can be expressed in terms of the coupling modifiers to
the SM particles as described previously. In this model there are six free coupling parameters:
kW, kZ, kt, kt, kb , and kµ, and it is assumed that there is no BSM contribution to the total
Higgs boson width. Without loss of generality, the value of kt is restricted to be positive, while
both negative and positive values of kZ and kb are allowed. The results of the fits with this
parametrization are given in Figure 9 and Table 8.

The rate of the H ! ZZ decay and ZH production depend only on the absolute value of kZ.
Contributions from the gg ! ZH production mode in some channels breaks the degeneracy
between the signs, leading to a positive value of kZ being preferred. As these contributions are
typically small, compared to the other production modes, the 1 and 2s intervals also include
negative values of kZ. Although a negative value of kb is preferred in this model, the difference
in q between the best fit point and the minimum in the region kb > 0 is smaller than 0.1.

An additional fit is performed using a phenomenological parameterization relating the masses
of the fermions and vector bosons to the corresponding k modifiers using two parameters,
denoted M and e [79, 80]. In such a model one can relate the coupling modifiers to M and
e as kF = v me

f /M1+e for fermions and kV = v m2e
V /M1+2e and for vector bosons. Here,

v = 246.22 GeV, is the SM Higgs boson vacuum expectation value [81]. The SM expectation,
ki = 1, is recovered when (M, e) = (v, 0).
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Figure 10: Left: Likelihood scan in the M-e plane. The best-fit point and, 1s, 2s CL regions are
shown, along with the SM prediction. Right: Result of the phenomenological M, e fit overlayed
with the resolved k-framework model.

7.2 Generic model within k framework with effective loops

The results of the fits to the generic k model where the ggH and H ! gg loops are scaled
using the effective couplings kg and kg are given in Figure 11 and Table 9. Two different model
assumptions are made concerning the BSM branching fraction. In the first parametrization it
is assumed that BRBSM = 0, whereas in the second, BRinv. and BRundet. are allowed to vary as
POIs, and instead the constraint |kW|, |kZ|  1 is imposed. The parameter BRundet. represents
the total branching ratio to any final state which is not detected by the channels included in
this combined analysis. The likelihood scan for the BRinv. parameter in this model, and the 2D
likelihood scan of BRinv. vs BRundet. are given in Figure 12. The 68% and 95% CL regions for the
right panel in Figure 12 are determined as the regions for which q(BRundet.,BRinv. ) < 2.28 and
q(BRundet.,BRinv. ) < 5.99, respectively. A 95% CL upper limit of BRinv. < 0.22 is determined,
corresponding to the value for which q < 3.84 [75]. The uncertainty on the measurement of
kt is reduced by nearly 40% compared to Ref. [30]. This improvement is due to the improved
sensitivity to the ttH production mode as described in Section 6.

Accounting for the additional contribution from BSM decays, the total width of the Higgs bo-
son, relative to its SM value can be written as,

GH

GSM
H

=
k2

H
1 � (BRundet. + BRinv.)

(7)

Using Equation 7, this model is also reinterpreted as a constraint on the total Higgs boson
width, and the corresponding likelihood scan is shown in Figure 13.

An additional fit is performed assuming the only BSM contributions to the Higgs couplings
appear in the the loop-induced processes ggH and H ! gg. In this fit, kg and kg are the POIs,
BRinv. and BRundet. are freely floated, and the other couplings are fixed to their SM predictions.
The best-fit point and 1s, 2s CL regions in the kg � kg plane for this model are shown in Fig-
ure 14.
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Figure 11: Summary plots of the k-framework model in which the ggH and H ! gg loops
are scaled with effective couplings. The points indicate the best-fit values while the thick and
thin horizontal bars show the 1s and 2s CL intervals, respectively. For the summary plot on
the left the constraint BRBSM = 0 is imposed, and both positive and negative values of kZ are
considered while kW is assumed to be positive. For the summary plot on the right, both kW
and kZ are assumed to be positive with the constraint |kW|, |kZ|  1, while BRinv. > 0 and
BRundet. > 0 are free parameters.
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parameters. The scan of q as a function of BRinv. expected assuming the SM is also shown in
the left panel.
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Figure 14: The 1s and 2s CL regions in the kg vs kg parameter space for the model assuming
the only BSM contributions to the Higgs boson couplings appear in the loop-induced processes
or in BSM Higgs decays.

7.3 Generic model with effective loops and coupling modifier ratios

An analogous parametrization to the ratios of cross sections and branching ratios described in
the previous section, is derived in terms of ratios of the coupling modifiers (l). A reference
coupling modifier is taken to be kgZ = kg · kZ/kH. The remaining parameters of interest are
ratios of the form lij = ki/kj: lZg, ltg, lWZ, lgZ, ltZ, lbZ. A summary of the results in this
model are given in Figure 15, and the numerical values along with the ±1s uncertainties in
Table 10.

Uncertainty Uncertainty
Parameter Best fit Stat. Syst. Parameter Best fit Stat. Syst.

kgZ
1.02 +0.09

�0.09
+0.07
�0.07

+0.05
�0.05 lgZ

1.08 +0.12
�0.10

+0.10
�0.09

+0.07
�0.05

(+0.09
�0.09) (+0.07

�0.07) (+0.05
�0.05) (+0.10

�0.09) (+0.09
�0.08) (+0.05

�0.04)

lWZ
1.13 +0.11

�0.10
+0.09
�0.08

+0.06
�0.06 lbZ

1.11 +0.23
�0.20

+0.17
�0.17

+0.16
�0.11

(+0.11
�0.09) (+0.09

�0.08) (+0.06
�0.05) (+0.22

�0.19) (+0.16
�0.14) (+0.14

�0.13)

ltg
0.96 +0.16

�0.15
+0.10
�0.10

+0.13
�0.12 ltZ

1.02 +0.16
�0.15

+0.11
�0.10

+0.12
�0.11

(+0.17
�0.16) (+0.11

�0.11) (+0.13
�0.12) (+0.16

�0.14) (+0.11
�0.10) (+0.11

�0.10)

lZg
0.87 +0.14

�0.17
+0.11
�0.15

+0.09
�0.09 -

(+0.17
�0.16) (+0.13

�0.13) (+0.11
�0.09)

Table 10: Best-fit values and ±1s uncertainties for the parameters of the coupling modifier ratio
model. The expected uncertainties are given in brackets.
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Figure 1: Examples of leading order Feynman diagrams for the (a) ggH, (b) VBF, (c) VH, and
(d) ttH production modes.
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Figure 2: Examples of leading order Feynman diagrams for the gg ! ZH production mode.
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Figure 3: Examples of leading order Feynman diagrams for tH production via the (a,b) tHW
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Figure 4: Examples of leading order Feynman diagrams for Higgs boson decay in the (a) H !
bb, H ! tt and H ! µµ, (b) H ! ZZ and H ! WW, and (c,d) H ! gg channels.
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Figure 1: Total pp ! H + X cross sections measured at centre-of-mass energies of 7, 8, and 13 TeV, compared
to Standard Model predictions at up to N3LO in QCD. Shown are the measurements in the H ! �� channel (red
triangles), the H ! Z Z⇤ ! 4` channel (green rectangles), and the combinations of these two channels (black dots).
The individual channel results are o�set along the x-axis for display purposes. The grey bands on the combined
measurements represent the systematic uncertainty, while the error bars show the total uncertainty. The light (dark)
blue band shows the estimated uncertainty due to missing higher-order corrections (the total theoretical uncertainty).
The total theoretical uncertainty corresponds to the higher-order-correction uncertainty summed in quadrature with
the sum of the PDF and ↵S uncertainties, and is partially correlated across values of the centre-of-mass energy.

Table 3 and Figure 1. The measurements at 7 and 8 TeV are taken from Ref. [67]. For comparison,
the SM predictions for the total cross section at the three centre-of-mass energies are given [8, 22–25].
The systematic uncertainties are smaller than the statistical uncertainties for the measurements at all three
center-of-mass energies. The results of the individual decay channels are compatible with a p-value of
29%, and no deviation from the SM predictions is observed (pSM = 84%).

Table 3: Total pp ! H + X cross sections measured using H ! �� and H ! Z Z⇤ ! 4` decays, and their
combination, for centre-of-mass energies of 7, 8 and 13 TeV. The SM predictions [8] are computed for a Higgs
boson mass of 125.09 GeV [10]. The uncertainties in the individual channels are dominantly statistical.

Decay channel Total cross section (pp ! H + X)
p

s =7 TeV
p

s =8 TeV
p

s =13 TeV

H ! �� 35+13
�12 pb 30.5+7.5

�7.4 pb 47.9+9.1
�8.6 pb

H ! Z Z⇤ ! 4` 33+21
�16 pb 37+9

�8 pb 68.0+11.4
�10.4 pb

Combination 34 ± 10 (stat.) +4
�2 (syst.) pb 33.3+5.5

�5.3 (stat.) +1.7
�1.3 (syst.) pb 57.0+6.0

�5.9 (stat.) +4.0
�3.3 (syst.) pb

SM prediction [8] 19.2 ± 0.9 pb 24.5 ± 1.1 pb 55.6+2.4
�3.4 pb
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Figure 2: The negative-log-likelihood scan for the combined measurement of the Higgs boson signal strength.
Shown are the observed combined (black) and individual H ! �� (red) and H ! Z Z⇤ ! 4` (blue) curves, where
the individual channel curves are based only on the data from the measured channel.

5.2 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]. The fit is to a single parameter defined as the ratio of the observed yield to its

SM expectation
µ =

� ⇥ B
(� ⇥ B)SM

, (2)

which is applied as a single scaling factor to all production processes and decay modes. It depends on the
SM predictions for each production mode cross section and decay branching ratio, and the uncertainties
on these predictions are included as nuisance parameters as described in Section 4.

The global signal strength is measured to be

µ = 1.09 ± 0.12 = 1.09 ± 0.09 (stat.) +0.06
�0.05 (exp.) +0.06

�0.05 (th.).

The event categorization reduces the statistical uncertainty relative to the total cross section measurement.
The measurement is consistent with the SM prediction with a p-value of pSM = 47%. The negative log
likelihood curves from the individual channels and the combination are shown in Figure 2, where the
individual channel curves are based only on the data from the measured channel. The leading uncertainties
and the impact of the fit on the nuisance parameters are shown in Table 4.
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luminosity measurement and in the modeling of additional collisions in the event (pileup) are
correlated between all of the input channels. Certain channels, namely the H ! tt, VH(bb),
and ttH(bb) channels are able to further constrain the jet energy scale uncertainties determined
in auxiliary measurements. The jet energy scale uncertainties are correlated among these chan-
nels but uncorrelated with the other channels. The jet energy scale uncertainties are assumed
to be correlated between the channels which are not able to constrain these uncertainties. The
uncertainties in the b tagging efficiency are correlated between the ttH channels, but are uncor-
related from the VH(bb) channel which is sensitive to different kinematic regions. A separate
set of nuisances parameters to describe the uncertainty in the b tagging efficiency is used in the
H ! WW, H ! gg, and H ! ZZ channels. Finally, the uncertainties in the lepton efficiency
and misidentification rate in the ttH-th and ttH-e/µ event classes are correlated, since the same
reconstruction and identification algorithms were used. In other channels, different algorithms
were used and therefore the uncertainties are assumed to be uncorrelated.

The free parameters describing the shapes and normalizations of the data-driven background
models, and discrete nuisances which allow for switching the background parametrization
choice in each of the H ! gg analysis categories are fully determined by the data without any
additional constraints, and are therefore assigned to the statistical uncertainty of a measure-
ment. The remaining uncertainties are assigned to the systematic uncertainty.

6 Signal strength and cross section fits

The signal strength modifier µ, defined as the ratio between the measured Higgs boson yield
and its SM expectation, has been extensively used to characterise the Higgs boson yields. How-
ever, the specific meaning of µ varies depending on the analysis. For a specific production and
decay channel i ! H ! f , the signal strengths for the production, µi, and for the decay, µ f , are
defined as,

µi =
si

(si)SM
and µ f =

BR f

(BR f )SM.
(2)

Here si (i = ggH, VBF, WH, ZH, ttH) and BR f ( f = ZZ, WW, gg, tt, bb) are, respectively,
the production cross section for i ! H and the decay branching ratio for H ! f . The sub-
script ”SM” refers to their respective SM predictions, so by definition, the SM corresponds to
µi = µ f = 1. Since si and BR f cannot be separately measured without additional assumptions,
only the product of µi and µ f can be extracted experimentally, leading to a signal strength µ

f
i

for the combined production and decay,

µ
f
i =

si · BR f

(si)SM · (BR f )SM
= µi ⇥ µ f (3)

In this section, results are presented for several signal strength parametrizations, starting with
a single global signal strength µ, which is the most restrictive in terms of the number of as-
sumptions assumed. Further parametrizations are defined by relaxing the constraint that all
production and decay rates scale with a common signal strength modifier.

The combined measurement of the common signal strength modifier is,

µ = 1.17+0.10
�0.10

= 1.17+0.06
�0.06 (stat.) +0.06

�0.05 (sig. th.) +0.06
�0.06 (other sys.),

(4)
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Figure 3: Cross sections for ggF, VBF, VH, and ttH normalized to the SM predictions and measured with the
assumption of SM branching fractions. The black error bars and pink and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The blue bands indicate the theoretical uncertainties
in the predictions.
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their combination. The cross sections for VH and ttH are profiled with the data. The two-dimensional
compatibility between the measurement and the SM prediction corresponds to a p-value of pSM = 3%.
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Figure 5: Measured likelihood contours in the �VBF versus �ggF plane in H ! �� (red) and H ! Z Z⇤ ! 4` (dark
blue), as well as their combination (black), together with the SM prediction (light blue). In the combination the
branching fractions are fixed to their SM values.

5.4 Ratios of cross sections and branching fractions

Measurements of ratios of cross sections and of branching fractions are extracted from a combined fit
to the data by normalizing the production cross sections for VBF, VH, and ttH to that of ggF, and the
branching ratio for H ! �� to that of H ! Z Z⇤ ! 4`. The product of the cross section and the branching
fraction can be expressed in terms of these ratios:

�i · B f = �ggF · B4` ·
✓
�i
�ggF

◆
·
✓ B f

B4`

◆
, (3)

where i is a Higgs-boson production process, f is a final state, and B f is the branching fraction for the
Higgs boson to decay into f .

Figure 6 and Table 6 show the measurements of�ggF ·B4` ,�VBF/�ggF,�VH/�ggF,�
ttH

/�ggF and B��/B4` .
The correlations between the measured parameters are summarized in Figure 7. The five-dimensional
compatibility between the measurements and the SM predictions corresponds to a p-value of pSM = 3%.
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where the total uncertainty has been decomposed into statistical, signal theory systematic, and
other systematic components.

Relaxing the assumption of a common production mode scaling leads to a parametrization
with five production signal strength modifiers: µggH, µVBF, µWH, µZH, and µttH. In this pa-
rameterization, as well as all subsequent parametrizations involving signal strengths or cross
sections, the tH production is assumed to scale like ttH. Conversely, relaxing the common de-
cay mode scaling leads to one with the modifiers: µgg, µZZ, µWW, µtt, and µbb. Results of the
fits in these two models are summarized in Figure 5. The numerical values, including the un-
certainty decomposition into statistical and systematic parts, and the corresponding expected
uncertainties, are given in Table 3.

Parameter value
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Parameter value
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Figure 5: Summary plot of the fit to the per-production mode (left) and per-decay mode (right)
signal strength modifiers µi. The thick and thin horizontal bars indicate the ±1s and ±2s
uncertainties, respectively. Also shown are the ±1s systematic components of the uncertain-
ties. The last point in the per-production mode summary plot is taken from a separate fit and
indicates the result of the combined overall signal strength µ.

The improvement in the precision of the measurement of the ggH production rate of ⇠50%
(from ⇠20% to ⇠10%) compared to Ref. [28] and ⇠33% (from ⇠15% to ⇠10%) compared to
Ref. [30], can be attributed to the combined effects of an increased ggH production cross section,
and a reduction in the associated theoretical uncertainties. Improvements in the precision for
other production rates compared to Ref. [28] range up to ⇠20% for the VBF and VH production
rates. The uncertainty in the measurement of the ttH production rate is reduced by around
50% compared to Ref. [30]. This is in part due to the increased ttH cross section between 8 and
13 TeV, but also due to the inclusion of additional exclusive event categories that target this
production processes.

The most generic signal strength parametrization has one signal strength parameter for each
production and decay mode combination, µi

f . Given the five production and five decay modes
listed above, this implies a model with 25 parameters of interest. However not all can be ex-
perimentally constrained in this combination. Since there is no dedicated analysis targeting the
WH and ZH production with H ! tt decay, or VBF production with H ! bb decay included
in the combination, these are fixed to the SM expectation and the modifiers are not included in

CMS–PAS-HIG-17-031ATLAS-CONF-2017-047
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Figure 9: Best-fit results of STXS measurement regions given in Table 7. The fit results are shown normalized (top)
and not normalized (bottom) to the SM predictions for the various parameters. The black error bar shows the total
uncertainty on each measurement.
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5.5 Simplified template cross sections

The simplified template cross section framework defines a set of kinematic regions for each production
process and combines these with the ratios of branching fractions for the various decay channels in order to
probe the properties of the Higgs boson. For each region i the SM prediction �SM

i
provides a template, and

a multiplicative factor ri is measured to provide the observed cross section in the region. The measured
yields yj in the 31 H ! �� categories and the 9 H ! Z Z⇤ ! 4` categories can be expressed as

yj =
’
i

Aji · ri · (�i · B4`)SM · rf ·
✓ B f

B4`

◆
SM

· L, (4)

where rf is the multiplicative factor for the appropriate branching fraction and Ai j is a matrix that depends
on detector acceptance and response. For an ideal detector with perfect resolution and e�ciency, and
measurement categories that match the STXS bins, Ai j is the unit matrix.

By dividing the cross sections into kinematic regions, the framework reduces the reliance on the SM for
cross-section measurements. There are multiple STXS stages, with progressively increasing kinematic
divisions of the production mechanisms. The results reported in Ref. [4] correspond to stage 0 of the STXS
framework, where the cross section of each production mode is measured inclusively for Higgs-boson
rapidity yH satisfying |yH | < 2.5. This note reports first measurements towards stage 1 of the framework,
which adds the following kinematic divisions (see Table 7 and Figure 8):

• gg ! H : The combined production of ggF and gg ! ZH (with Z ! qq̄) is separated into
processes with 0, 1 or � 2 jets in the final state, with each of the 1-jet and � 2-jet processes
further divided into four regions of Higgs-boson transverse momentum (pH

T ): pH

T < 60 GeV,
60  pH

T < 120 GeV, 120  pH

T < 200 GeV, and pH

T � 200 GeV. In addition, a VBF-like
configuration is defined to be mutually exclusive to the other regions, with the requirements of � 2
jets, pH

T < 200 GeV, and thresholds on the invariant mass of the two leading jets (mj j > 400 GeV)
and on the pseudorapidity separation of these jets (�⌘j j > 2.8). The VBF-like configuration is
separated into regions either consistent with a jet veto (pH j j

T < 25 GeV, where pH j j

T is the transverse
momentum of the Higgs boson plus dijet system) or not (pH j j

T � 25 GeV).

• qq ! Hqq: The electroweak production of a Higgs boson with associated quarks—VBF and
resonant weak boson production V(! qq̄0)H—is separated into two regions where the highest jet
pT is either below 200 GeV or above this threshold. The region with jet pT < 200 GeV is then
split into VBF-like regions (defined as above), a VH-like region (60 GeV < mj j < 120 GeV), and
a remaining region that does not exhibit the distinguishing characteristics of either process (the
“Rest”).

In addition, the VH processes with a leptonically decaying vector boson are split into W(! l⌫)H
production, quark-initiated Z(! ``/⌫⌫)H production, and gluon-initiated Z(! ``/⌫⌫)H production, with
further separation based on the vector boson pT. These processes are referred to as gg/qq ! H``/H`⌫.

The current data sets are not sensitive to the SM production of the full set of stage-1 processes, and
therefore lower-rate regions are merged in order to give sensitivity to SM production and to minimize
correlations. The gg ! H � 2-jet bins are merged for pH

T < 200 GeV and for VBF-like regions, and
the 1-jet and � 2-jet bins are merged for pH

T � 200 GeV. The high pH

T region is maintained because
of its sensitivity to new particles in the gluon-fusion loop. All of the qq ! Hqq regions are merged
except for pj

T � 200 GeV, which is anti-correlated with the gg ! H pH

T � 200 GeV region. Because of

16
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Higgs boson, but this parameter is not determined directly. The results are summarized in Table 10 and
shown in Figure 13. The correlations between the fitted coupling modifiers are summarized in Figure 14.
The four-dimensional compatibility with the SM prediction is pSM = 15%.
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Figure 14: The 1s and 2s CL regions in the kg vs kg parameter space for the model assuming
the only BSM contributions to the Higgs boson couplings appear in the loop-induced processes
or in BSM Higgs decays.

7.3 Generic model with effective loops and coupling modifier ratios

An analogous parametrization to the ratios of cross sections and branching ratios described in
the previous section, is derived in terms of ratios of the coupling modifiers (l). A reference
coupling modifier is taken to be kgZ = kg · kZ/kH. The remaining parameters of interest are
ratios of the form lij = ki/kj: lZg, ltg, lWZ, lgZ, ltZ, lbZ. A summary of the results in this
model are given in Figure 15, and the numerical values along with the ±1s uncertainties in
Table 10.

Uncertainty Uncertainty
Parameter Best fit Stat. Syst. Parameter Best fit Stat. Syst.

kgZ
1.02 +0.09

�0.09
+0.07
�0.07

+0.05
�0.05 lgZ

1.08 +0.12
�0.10

+0.10
�0.09

+0.07
�0.05

(+0.09
�0.09) (+0.07

�0.07) (+0.05
�0.05) (+0.10

�0.09) (+0.09
�0.08) (+0.05

�0.04)

lWZ
1.13 +0.11

�0.10
+0.09
�0.08

+0.06
�0.06 lbZ

1.11 +0.23
�0.20

+0.17
�0.17

+0.16
�0.11

(+0.11
�0.09) (+0.09

�0.08) (+0.06
�0.05) (+0.22

�0.19) (+0.16
�0.14) (+0.14

�0.13)

ltg
0.96 +0.16

�0.15
+0.10
�0.10

+0.13
�0.12 ltZ

1.02 +0.16
�0.15

+0.11
�0.10

+0.12
�0.11

(+0.17
�0.16) (+0.11

�0.11) (+0.13
�0.12) (+0.16

�0.14) (+0.11
�0.10) (+0.11

�0.10)

lZg
0.87 +0.14

�0.17
+0.11
�0.15

+0.09
�0.09 -

(+0.17
�0.16) (+0.13

�0.13) (+0.11
�0.09)

Table 10: Best-fit values and ±1s uncertainties for the parameters of the coupling modifier ratio
model. The expected uncertainties are given in brackets.

K!=0.93 (+0.09)(-0.08)   kg=1.08 (+0.11)(-0.10) K!=1.07 (+0.15)(-0.18)   kg=1.14 +(0.15)(-0.13)



Summary
Higgs Boson properties measured in several channels

Up to now: standard model compatible

Higgs mass: 124.98 ± 0.28 (± 0.19 ± 0.21) - ATLAS;  125.26 ± 0.21 (± 0.20 ± 0.08) - CMS 

Higgs couplings tested at several different scenarios

q Production mechanism

◦ Gluon – loop induced coupling tested

◦ VBF – coupling with gauge boson tested

◦ tth – top quark coupling tested  

q Decay products

◦ Photon – loop induced coupling

◦ ZZ

◦ WW

◦ bb, !! , "" (tested but not yet observed)
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