
Higgs to Bosons
—

Comparison
Karsten Köneke
University of Freiburg

Thanks to Giada Mancini (ATLAS) and Arun Kumar (CMS) for providing me with early versions of their slides!



Karsten Köneke /22

STXS Stage-0 Results
• H → ZZ* → 4ℓ

- Still statistics limited  
with 140 fb-1

- ggF measurement 
precision reaches precision  
of SM prediction
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σ⋅Β(H → ZZ*)

• H → γγ
- Systematics for ggF and 

VBF similar size as 80 fb-1 
statistics
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Full Run-2 H → ZZ* → 4ℓ STXS Stage 1.1
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{

σ⋅Β(H → ZZ*)

{

Not part of EW qqH; 
Different from Stage 1.1

• Impressive STXS Stage 1.1 full Run-2 data results 

~
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~36 fb-1 H → WW* → ℓνℓν
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Figure 7: Post-fit event yields in the ZH 1-SFOS and 2-SFOS SRs. The shaded band includes statistical and
systematic uncertainties on both signal and background as estimated by the fit.

The measured signal strengths for the WH and ZH production modes in the H ! WW⇤ decay channel are
simultaneously determined to be

µWH = 2.3+1.1
�0.9(stat.)+0.41

�0.33(theo syst.)+0.49
�0.36(exp syst.) = 2.3+1.2

�1.0,

µZH = 2.9+1.7
�1.3(stat.)+0.66

�0.27(theo syst.)+0.54
�0.28(exp syst.) = 2.9+1.9

�1.3.

The observed (expected) significances of WH and ZH production modes are 2.6 (1.3) standard deviations
and 2.8 (1.2) standard deviations above the SM background, including other Higgs-boson processes,
respectively. When determining the significance for WH production, the ZH signal-strength parameter is
left floating in the fit, and vice versa. The combination of the WH and ZH channels leads to an observed
(expected) significance for the combined VH production mode of 4.1 (1.9) standard deviations above the
SM background, including other Higgs-boson processes. The p-value with respect to the value predicted
by the SM corresponds to about two standard deviations. The validity of the asymptotic approximation
used in deriving these results was tested using pseudo-experiments. The combined signal strength for VH
is measured to be

µVH = 2.5+0.8
�0.7(stat.)+0.37

�0.26(theo syst.)+0.30
�0.23(exp syst.) = 2.5+0.9

�0.8.

The cross-section times branching-fraction values,�WH ·BH!WW ⇤ and�ZH ·BH!WW ⇤ , are simultaneously
determined to be:

�WH · BH!WW ⇤ = 0.67+0.31
�0.27(stat.)+0.11

�0.09(theo syst.)+0.14
�0.11(exp syst.) pb,

�ZH · BH!WW ⇤ = 0.54+0.31
�0.24(stat.)+0.11

�0.05(theo syst.)+0.10
�0.05(exp syst.) pb.

The main contributions to the uncertainties in �WH · BH!WW ⇤ and �ZH · BH!WW ⇤ are summarised
in Table 6. The predicted cross-section times branching-fraction values are 0.293 ± 0.007 pb and
0.189 ± 0.007 pb for WH and ZH [71], respectively. The 68% and 95% confidence level two-dimensional
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Figure 9: 68% and 95% confidence level two-dimensional likelihood contours of �ggF · BH!WW ⇤ vs.
�VBF · BH!WW ⇤ , compared to the SM prediction shown by the red marker. The error bars on the SM prediction
represent the ggF and VBF theory uncertainty [23], respectively.

channel are simultaneously determined to be

µggF = 1.10+0.10
�0.09(stat.)+0.13

�0.11(theo syst.)+0.14
�0.13(exp syst.) = 1.10+0.21

�0.20

µVBF = 0.62+0.29
�0.27(stat.)+0.12

�0.13(theo syst.) ± 0.15(exp syst.) = 0.62+0.36
�0.35.

Table 6 shows the relative impact of the main uncertainties on the measured values for �ggF · BH!WW ⇤

Table 6: Breakdown of the main contributions to the total uncertainty in �ggF · BH!WW ⇤ and �VBF · BH!WW ⇤ .
The individual sources of systematic uncertainties are grouped together. The sum in quadrature of the individual
components di�ers from the total uncertainty due to correlations between the components.

Source ��ggF · BH!WW ⇤ [%] ��VBF · BH!WW ⇤ [%]
Data statistics 10 46
CR statistics 7 9
MC statistics 6 21
Theoretical uncertainties 10 19

ggF signal 5 13
VBF signal <1 4
WW 6 12
Top-quark 5 5

Experimental uncertainties 8 9
b-tagging 4 6
Modelling of pile-up 5 2
Jet 2 2
Lepton 3 <1
Misidentified leptons 6 9

Luminosity 3 3
TOTAL 18 57

and �VBF · BH!WW ⇤ . The theory uncertainties in the non-resonant WW background produce one of
the largest uncertainties, of the order of 6%, in the measured ggF cross-section. The uncertainty in the
ratio of gg ! WW to qq ! WW comes from the limited NLO accuracy of the gg ! WW production
cross-section [38]. The resulting uncertainty in the cross-section when using acceptance criteria similar
to those in this analysis was evaluated in Ref. [79] for Njet = 0 and for Njet = 1. In the Njet � 2 VBF
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Figure 7: Post-fit event yields in the ZH 1-SFOS and 2-SFOS SRs. The shaded band includes statistical and
systematic uncertainties on both signal and background as estimated by the fit.
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• Experimental and theoretical systematic ~equal

• Statistical uncertainty in ggF < systematic
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Treatment of Theory Uncertainties
• Example: H → ZZ* → 4ℓ
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Systematic

µR and µF
8-point variation:  

Vary by 0.5 and 2.0;  
No further constraint

6-point variation:  
Vary by 0.5 and 2.0;  

Constrain 0.5 < µR/µF < 2.0

PDF
PDF4LHC_NLO_30 Hessian 

eigenvector variations: 
NNPDF3.0 eigenvectors + alternative 

nominal (MMHT2014, CT14)
NNPDF eigenvector variations
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Full Run-2 H → ZZ* → 4ℓ STXS Stage 1.1
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• Impressive STXS Stage 1.1 full Run-2 data results 
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~80 fb-1 H → γγ STXS Stage 1.1
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~80 fb-1 H → γγ STXS Stage 1.1
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~80 fb-1 H → γγ STXS Stage 1.1
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~80 fb-1 H → γγ STXS Stage 1.1
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(Fiducial) Cross-Sections and µ
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Channel

H → ZZ* → 4ℓ 

H → γγ

H → WW* → ℓνℓν

(SM:                     )
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Summary H -> γγ

Giada Mancini (LNF INFN) 10Higgs Hunting 19

Selection:
-  Photon isolation at reconstruction and 

particle level
-  ET1>0.35mγγ, ET2>0.25mγγ

�  |ηγ| <1.37 or 1.52<|ηγ| <2.37

-  Jets with pT>30 GeV, |y|<4.4 (jet related 
obs)

SM prediction: 63.3 +- 3.3 fb 	

Experimental unc dominate:
-  Photon energy resolution
-  Bkg modelling

Signal extraction:
-  Continuous bkg with a mass fit

-  Bkg estimation from data using 
analytical functions

-  Yields unfolded to a fiducial volume 
matching the experimental 
acceptance
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Giada Mancini (LNF INFN) 6Higgs Hunting 19

Signal extraction:
Combined fit of the m4l invariant mass distribution
Bkg estimation from sidebands

Many of systematic uncertainties have decreased.
-  Luminosity 2.8% � 1.7%
-  Electron/muon reconstruction and identification $

efficiency and pileup, still dominant $
but strongly reduced

-  ZZ* bkg
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Latest CMS H→bosons results                                         Higgs Hunting 2019 7

→
❏ fiducial volume is defined to match closely the reconstruction level 

selection
❏ 1D m4l has been fitted to extract the fiducial cross-section

❏ Inclusive fit without event categorization → min model independence
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8 Results
The signal strength modifier (µ), defined as the ratio between the measured signal cross section
and the SM expectation in the H ! WW ! 2`2n decay channel, is measured by performing a
binned maximum likelihood fit using simulated binned templates for signal and background
processes.

The combined results obtained using all the individual analysis categories are described in this
section. A summary of the expected fraction of different signal production modes in each cat-
egory is shown in Fig. 7, together with the total number of expected H ! WW events. The
chosen categorization proves effective in tackling the different production mechanisms, espe-
cially ggH, VBF, and VH. The measurements assume a Higgs boson mass of mH = 125.09 GeV,
as reported in the ATLAS and CMS combined Higgs boson mass measurement [14]. The results
reported below show a very weak dependence on the Higgs boson mass hypothesis, with the
expected signal yield varying within 1% when the signal mass hypothesis is varied within its
measured uncertainty.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Signal fraction

4-lepton ZH-tagged

3-lepton WH-tagged

2-jet DF VH-tagged
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  313.3 events

  240.3 events

  509.4 events

Figure 7: Expected relative fraction of different Higgs boson production mechanisms in each
category included in the combination, together with the expected signal yield.

The number of expected signal and background events, and the number of observed events in
data, in each category after the full event selection are shown in Tables 10 and 11. Postfit event
yields are also shown in parentheses, and correspond to the result of a simultaneous fit to all
categories, assuming that the relative proportions of the different production mechanisms are
those predicted by the SM.

8.1 Signal strength modifiers

The signal strength modifier is extracted by performing a simultaneous fit to all categories
assuming that the relative proportions of the different production mechanisms are the same as
the SM ones. As such, the value of µ provides an insight into the compatibility between this
measurement and the SM. The combined observed signal strength modifier is:

µ = 1.28+0.18
�0.17 = 1.28 ± 0.10 (stat) ± 0.11 (syst)+0.10

�0.07 (theo), (5)

where the statistical, systematic, and theoretical uncertainties are reported separately. The sta-
tistical component is estimated by fixing all the nuisance parameters to their best fit values and
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track parameters for particles originating from secondary vertices e.g. leptons from ⌧ decays.

6 Systematic uncertainties

The sources of uncertainty can be classified into two categories: experimental and theoretical. The
dominant experimental uncertainties are the jet energy scale and resolution [74], and the b-tagging
e�ciency [75]. Other sources of uncertainty are lepton energy (momentum) scale and resolution, identi-
fication and isolation [63, 64, 76], missing transverse momentum measurement [77], modelling of pile-up,
and luminosity measurement [78]. The luminosity uncertainty is only applied to the Higgs boson signal
and to background processes that are normalised to theoretical predictions. For the main processes, the
theoretical uncertainties are assessed by a comparison between nominal and alternative event generators
and UEPS models, as indicated in Table 1. For the prediction of W Z , Z Z , V�⇤, and V� production (VV),
variations of the matching scale are considered instead of an alternative generator. In addition, the e�ects
of QCD factorisation and renormalisation scale variations and PDF model uncertainties are evaluated.
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Figure 7: Post-fit event yields in the ZH 1-SFOS and 2-SFOS SRs. The shaded band includes statistical and
systematic uncertainties on both signal and background as estimated by the fit.

The measured signal strengths for the WH and ZH production modes in the H ! WW⇤ decay channel are
simultaneously determined to be

µWH = 2.3+1.1
�0.9(stat.)+0.41

�0.33(theo syst.)+0.49
�0.36(exp syst.) = 2.3+1.2

�1.0,

µZH = 2.9+1.7
�1.3(stat.)+0.66

�0.27(theo syst.)+0.54
�0.28(exp syst.) = 2.9+1.9

�1.3.

The observed (expected) significances of WH and ZH production modes are 2.6 (1.3) standard deviations
and 2.8 (1.2) standard deviations above the SM background, including other Higgs-boson processes,
respectively. When determining the significance for WH production, the ZH signal-strength parameter is
left floating in the fit, and vice versa. The combination of the WH and ZH channels leads to an observed
(expected) significance for the combined VH production mode of 4.1 (1.9) standard deviations above the
SM background, including other Higgs-boson processes. The p-value with respect to the value predicted
by the SM corresponds to about two standard deviations. The validity of the asymptotic approximation
used in deriving these results was tested using pseudo-experiments. The combined signal strength for VH
is measured to be

µVH = 2.5+0.8
�0.7(stat.)+0.37

�0.26(theo syst.)+0.30
�0.23(exp syst.) = 2.5+0.9

�0.8.

The cross-section times branching-fraction values,�WH ·BH!WW ⇤ and�ZH ·BH!WW ⇤ , are simultaneously
determined to be:

�WH · BH!WW ⇤ = 0.67+0.31
�0.27(stat.)+0.11

�0.09(theo syst.)+0.14
�0.11(exp syst.) pb,

�ZH · BH!WW ⇤ = 0.54+0.31
�0.24(stat.)+0.11

�0.05(theo syst.)+0.10
�0.05(exp syst.) pb.

The main contributions to the uncertainties in �WH · BH!WW ⇤ and �ZH · BH!WW ⇤ are summarised
in Table 6. The predicted cross-section times branching-fraction values are 0.293 ± 0.007 pb and
0.189 ± 0.007 pb for WH and ZH [71], respectively. The 68% and 95% confidence level two-dimensional
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0.189 ± 0.007 pb for WH and ZH [71], respectively. The 68% and 95% confidence level two-dimensional
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Figure 7: Post-fit event yields in the ZH 1-SFOS and 2-SFOS SRs. The shaded band includes statistical and
systematic uncertainties on both signal and background as estimated by the fit.

The measured signal strengths for the WH and ZH production modes in the H ! WW⇤ decay channel are
simultaneously determined to be
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�0.9(stat.)+0.41

�0.33(theo syst.)+0.49
�0.36(exp syst.) = 2.3+1.2

�1.0,

µZH = 2.9+1.7
�1.3(stat.)+0.66

�0.27(theo syst.)+0.54
�0.28(exp syst.) = 2.9+1.9

�1.3.
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�0.8.

The cross-section times branching-fraction values,�WH ·BH!WW ⇤ and�ZH ·BH!WW ⇤ , are simultaneously
determined to be:
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�0.11(exp syst.) pb,

�ZH · BH!WW ⇤ = 0.54+0.31
�0.24(stat.)+0.11

�0.05(theo syst.)+0.10
�0.05(exp syst.) pb.

The main contributions to the uncertainties in �WH · BH!WW ⇤ and �ZH · BH!WW ⇤ are summarised
in Table 6. The predicted cross-section times branching-fraction values are 0.293 ± 0.007 pb and
0.189 ± 0.007 pb for WH and ZH [71], respectively. The 68% and 95% confidence level two-dimensional
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• Different definitions of fiducial phase space

8. Results 21

Results of fits with three different choices of parameters are reported in this note. The ggH
parameters include bbH events. The ggZH process is grouped with leptonic VH production if
the Z boson decays leptonically, and with ggH otherwise. Hadronic VH processes are grouped
with VBF to form the qqH parameters. In each case the contributions from the ttH, tH, and
VH leptonic production processes are constrained to the SM prediction. The mass of the Higgs
boson is profiled in all fits.

At stage 0 of the STXS framework, two signal strength parameters are defined, ggH and qqH.
The resulting cross sections, normalized to the SM prediction, are found to be sggH/sSM

ggH =

1.15+0.15
�0.15 and sqqH/sSM

qqH = 0.8+0.4
�0.3.

Measurements are made at stage 1 of the STXS framework, where some signal bins are merged
to reduce statistical uncertainty. Figure 11 shows the result of a combined fit with seven param-
eters of interest. The grouping of parameters is motivated by having the most granular possible
set whilst maintaining an uncertainty of less than 100% of the SM prediction. The gluon fusion
signal is divided into six components: zero-jet (0J), one-jet low (1J low), medium (1J med) and
high (1J high) pH

T bins, two-jet or greater (GE2J), and the one-jet and two-jet “beyond standard
model” bins (BSM) where the pH

T above 200 GeV. The qqH component is the same as at stage 0
of the STXS framework; all five bins are grouped together to form one parameter.
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Figure 11: The results of a seven-parameter fit in the STXS framework. The ggH 1J and 2J
BSM bins are grouped together in the fit; the remaining four ggH bins with two or more jets
are also grouped. All five VBF bins are grouped together. The ggH parameters include bbH
components, while the qqH parameter includes the hadronic VH contribution. The ttH, tH and
VH leptonic processes are constrained to the SM prediction. Cross section ratios are shown
with approximate 68% CL intervals (black points), and compared to the SM expectations and
their uncertainties (blue bands).

The result of a combined fit with 13 measured parameters is shown in Figure 12. Here the
grouping of parameters is motivated by having as few bins as possible merged. In this fit, the
two VBF-like ggH bins are grouped together. For VBF, the VH-like, BSM-like, and rest bins are
grouped to form the “qqH other” parameter; otherwise all bins vary independently in the fit.
The cross section ratios are constrained to be non-negative in the fit. The parameters whose
best-fit values are at zero are known to have 68% CL intervals which slightly under-cover; this

8. Results 21

Results of fits with three different choices of parameters are reported in this note. The ggH
parameters include bbH events. The ggZH process is grouped with leptonic VH production if
the Z boson decays leptonically, and with ggH otherwise. Hadronic VH processes are grouped
with VBF to form the qqH parameters. In each case the contributions from the ttH, tH, and
VH leptonic production processes are constrained to the SM prediction. The mass of the Higgs
boson is profiled in all fits.

At stage 0 of the STXS framework, two signal strength parameters are defined, ggH and qqH.
The resulting cross sections, normalized to the SM prediction, are found to be sggH/sSM

ggH =

1.15+0.15
�0.15 and sqqH/sSM

qqH = 0.8+0.4
�0.3.

Measurements are made at stage 1 of the STXS framework, where some signal bins are merged
to reduce statistical uncertainty. Figure 11 shows the result of a combined fit with seven param-
eters of interest. The grouping of parameters is motivated by having the most granular possible
set whilst maintaining an uncertainty of less than 100% of the SM prediction. The gluon fusion
signal is divided into six components: zero-jet (0J), one-jet low (1J low), medium (1J med) and
high (1J high) pH

T bins, two-jet or greater (GE2J), and the one-jet and two-jet “beyond standard
model” bins (BSM) where the pH

T above 200 GeV. The qqH component is the same as at stage 0
of the STXS framework; all five bins are grouped together to form one parameter.

theoσ/procσ
2− 0 2 4 6 8

-0.3
+0.4        0.8 qqH

-0.8
+0.8        2.2 ggH BSM

-0.5
+0.6        0.8 ggH GE2J

-0.7
+0.9        1.7 ggH 1J high

-0.4
+0.4        0.7 ggH 1J med

-0.5
+0.6        1.3 ggH 1J low

-0.20
+0.20      1.18 ggH 0J

 profiledHm

Observation

SM Prediction

Preliminary CMS

γγ→H

TeV)  (13-1  77.4 fb

Figure 11: The results of a seven-parameter fit in the STXS framework. The ggH 1J and 2J
BSM bins are grouped together in the fit; the remaining four ggH bins with two or more jets
are also grouped. All five VBF bins are grouped together. The ggH parameters include bbH
components, while the qqH parameter includes the hadronic VH contribution. The ttH, tH and
VH leptonic processes are constrained to the SM prediction. Cross section ratios are shown
with approximate 68% CL intervals (black points), and compared to the SM expectations and
their uncertainties (blue bands).

The result of a combined fit with 13 measured parameters is shown in Figure 12. Here the
grouping of parameters is motivated by having as few bins as possible merged. In this fit, the
two VBF-like ggH bins are grouped together. For VBF, the VH-like, BSM-like, and rest bins are
grouped to form the “qqH other” parameter; otherwise all bins vary independently in the fit.
The cross section ratios are constrained to be non-negative in the fit. The parameters whose
best-fit values are at zero are known to have 68% CL intervals which slightly under-cover; this

8. Results 21

Results of fits with three different choices of parameters are reported in this note. The ggH
parameters include bbH events. The ggZH process is grouped with leptonic VH production if
the Z boson decays leptonically, and with ggH otherwise. Hadronic VH processes are grouped
with VBF to form the qqH parameters. In each case the contributions from the ttH, tH, and
VH leptonic production processes are constrained to the SM prediction. The mass of the Higgs
boson is profiled in all fits.

At stage 0 of the STXS framework, two signal strength parameters are defined, ggH and qqH.
The resulting cross sections, normalized to the SM prediction, are found to be sggH/sSM

ggH =

1.15+0.15
�0.15 and sqqH/sSM

qqH = 0.8+0.4
�0.3.

Measurements are made at stage 1 of the STXS framework, where some signal bins are merged
to reduce statistical uncertainty. Figure 11 shows the result of a combined fit with seven param-
eters of interest. The grouping of parameters is motivated by having the most granular possible
set whilst maintaining an uncertainty of less than 100% of the SM prediction. The gluon fusion
signal is divided into six components: zero-jet (0J), one-jet low (1J low), medium (1J med) and
high (1J high) pH

T bins, two-jet or greater (GE2J), and the one-jet and two-jet “beyond standard
model” bins (BSM) where the pH

T above 200 GeV. The qqH component is the same as at stage 0
of the STXS framework; all five bins are grouped together to form one parameter.

theoσ/procσ
2− 0 2 4 6 8

-0.3
+0.4        0.8 qqH

-0.8
+0.8        2.2 ggH BSM

-0.5
+0.6        0.8 ggH GE2J

-0.7
+0.9        1.7 ggH 1J high

-0.4
+0.4        0.7 ggH 1J med

-0.5
+0.6        1.3 ggH 1J low

-0.20
+0.20      1.18 ggH 0J

 profiledHm

Observation

SM Prediction

Preliminary CMS

γγ→H

TeV)  (13-1  77.4 fb

Figure 11: The results of a seven-parameter fit in the STXS framework. The ggH 1J and 2J
BSM bins are grouped together in the fit; the remaining four ggH bins with two or more jets
are also grouped. All five VBF bins are grouped together. The ggH parameters include bbH
components, while the qqH parameter includes the hadronic VH contribution. The ttH, tH and
VH leptonic processes are constrained to the SM prediction. Cross section ratios are shown
with approximate 68% CL intervals (black points), and compared to the SM expectations and
their uncertainties (blue bands).
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grouping of parameters is motivated by having as few bins as possible merged. In this fit, the
two VBF-like ggH bins are grouped together. For VBF, the VH-like, BSM-like, and rest bins are
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�comb

fid. = 3.35± 0.30(stat.)± 0.12(syst.)fb (SM : 3.41± 0.18)
�comb

fid. = 3.35± 0.30(stat.)± 0.12(syst.)fb (SM : 3.41± 0.18)fb
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Example of different fiducial definitions
H → ZZ* → 4ℓ

 13

H → γγ


