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Figure 218: Stage 0 bins.

it has to be carefully checked and balanced against the requirement to not introduce theory dependence,
e.g., by selecting specific regions of phase space.

Another design goal is to isolate regions of phase space, typically at large kinematic scales, where
BSM effects could be potentially large and visible above the SM background. Explicitly separating these
also reduces the dependence of the measurements on the assumed SM kinematic distribution.

In addition, the experimental sensitivity is maximized by allowing the combination of all decay
channels, which requires the framework to be used by all analyses. To facilitate the experimental im-
plementation, the bins should be mutually exclusive to avoid introducing statistical correlations between
different bins. In addition, the number of bins should be kept minimal to avoid technical complications
in the individual analyses as well as the global fit, e.g. in the evaluation of the full covariance matrix.
For example, each bin should typically have some sensitivity from at least one event category in order
to avoid the need to statistically combine many poorly constrained or unconstrained measurements. On
the other hand, in BSM sensitive bins experimental limits are already very useful for the theoretical
interpretation.

III.2.2.a Splitting of production modes

The definition of the production modes has some notable differences compared to Run1 to deal with
the fact that the naive distinction between the qq̄ ! V H and VBF processes, and similarly between
gg ! V H and gluon-fusion production, becomes ambiguous at higher order when the V decays hadron-
ically. For this reason, the V H production mode is explicitly defined as Higgs boson production in as-
sociation with a leptonically decaying V boson. The qq̄ ! V H process with a hadronically decaying V
boson is considered to be part of what is called “VBF production”, which is defined as electroweak qqH
production. Similarly, the gg ! ZH process with hadronically decaying Z boson is included in what is
called “gluon-fusion production”.

In principle, also the separation of ZH production with a leptonic Z into qq̄ or gg initial states
becomes ambiguous at higher order. For present practical purposes, on the experimental side the split
can be defined according to the separate MC samples for qq̄ ! ZH and gg ! ZH used in the analyses.

III.2.2.b Staging

In practice, it will be impossible to define a set of bins that satisfies all of the above requirements for
every analysis. Some analyses will only be able to constrain a subset of all bins or only constrain the sum
of a set of bins. In addition, the number of bins that will be possible to measure increases with increasing
amount of available data. For this reason, several stages with an increasing number of bins are defined.
The evolution from one stage to the next can take place independently for each production mode.
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Figure 219: Stage 1 binning for gluon fusion production.

– The Nj � 2 with VBF topology bin is split further into an exclusive 2-jet-like and inclusive 3-
jet-like bin. The split is implemented by a cut on pHjj

T = |~pH
T + ~pj1

T + ~pj2
T | at 25 GeV. See the

corresponding discussion for VBF for more details. This split is explicitly included here since it
induces nontrivial theory uncertainties in the gluon-fusion contribution.

– The Nj = 1 and Nj � 2 bins are further split into pH
T bins.

– 0 GeV < pH
T < 60 GeV: The boson channels have most sensitivity in the low pH

T region. The
upper cut is chosen as low as possible to give a more even split of events but at the same time
high enough that no resummation effects are expected. The cut should also be sufficiently
high that the jet pT cut introduces a negligible bias.

– 60 GeV < pH
T < 120 GeV: This is the resulting intermediate bin between the low and high

pH
T regions. The lower cut here is high enough that this bin can be safely treated as a hard

H + j system in the theoretical description.
– 120 GeV < pH

T < 200 GeV: The boosted selection in H ! ⌧⌧ contributes to the high pH
T

region. Defining a separate bin avoids large extrapolations for the H ! ⌧⌧ contribution.
For Nj = 2, this bin likely provides a substantial part of the gluon-fusion contribution in the
hadronic V H selection.

– pH
T > 200 GeV: Beyond the top-quark mass, the top-quark loop gets resolved and top-quark

mass effects become relevant. Splitting off the high-pH
T region ensures the usability of the

heavy-top expansion for the lower-pH
T bins. At the same time, the high pH

T bin in principle
offers the possibility to distinguish a pointlike ggH vertex induced by heavier BSM particles
in the loop from the resolved top-quark loop.

At intermediate stages, all lower three pH
T bins, or any two adjacent bins, can be merged. Alterna-

tively or in addition the Nj = 1 and Nj � 2 bins can be merged by individual analyses as needed, and
potentially also when the combination is performed at an intermediate stage.
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Figure 220: Stage 1 binning for vector boson fusion production.

III.2.4.a.iii Stage 2
In stage 2, the high pH

T bin should be split further, in particular if evidence for new heavy particles arises.
In addition, the low pH

T region can be split further to reduce any theory dependence there. If desired by
the analyses, another possible option is to further split the Nj � 2 bin into Nj = 2 and Nj � 3.

III.2.4.b Bins for VBF production
At higher order, VBF production and V H production with hadronically decaying V become ambiguous.
Hence, what we refer to as VBF in this section, is defined as as electroweak qq0H production, which
includes both VBF and V H with hadronic V decays.

III.2.4.b.i Stage 0
Inclusive vector boson fusion cross section within |YH | < 2.5. Should the measurements start to have
acceptance beyond 2.5, an additional bin for |YH | > 2.5 can be included.

III.2.4.b.ii Stage 1
Stage 1 refines the binning for |YH | < 2.5. The stage 1 binning is depicted in Figure 220 and summarized
as follows:

– VBF events are split by pj1
T , the transverse momentum of the highest-pT jet. The lower pj1

T region
is expected to be dominated by SM-like events, while the high-pj1

T region is sensitive to potential
BSM contributions, including events with typical VBF topology as well as boosted V (! jj)H
events where the V is reconstructed as one jet. The suggested cut is at 200 GeV, to keep the
fraction of SM events in the BSM bin small. Note that events with Nj = 0, corresponding to
pj1
T < 30 GeV, is included in the pj1

T < 200 GeV bin.
– The pj1

T < 200 GeV bin is split further:
– Typical VBF topology: The adopted VBF topology cuts are mjj > 400 GeV, �⌘jj > 2.8

(and without any additional rapidity cuts on the signal jets). This should provide a good inter-
mediate compromise among the various VBF selection cuts employed by different channels.
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ggF QCD Uncertainties for Stage-1 STXS
• Using "Interim 2017" uncertainty model agreed upon after last month’s 
dedicated WG1 meeting
– Extension of resummed ST described in YR4:
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4 Statistical model

The statistical methods used in this note follow those of Ref. [3]. The results of the combination are
obtained from a likelihood function defined as the product of the likelihoods of each input analysis. These
are themselves products of likelihoods computed in mutually exclusive regions selected in the analysis,
referred to as analysis categories.

The number of signal events in each analysis category k is expressed as

nsignal
k

= Lk

’
i

’
f

(� ⇥ B)i f (A ⇥ ✏)i f ,k (1)

where the sum runs over production modes i (i = ggF,VBF,WH, ZH, ttH, . . .) and decay final states
f ( f = ��, Z Z⇤,WW⇤,⌧⌧, bb̄, µµ), Lk is the integrated luminosity of the dataset used in category k, and
(A ⇥ ✏)i f ,k is the acceptance times e�ciency factor in category k for production mode i and final state f .
The cross section times branching ratio (� ⇥ B)i f for each relevant pair (i, f ) are the parameters of interest
of the model. The measurements presented in this note are obtained from fits in which these expressions
are free parameters (Section 5.3), or in which they are re-expressed in terms of smaller sets of parameters:
of a single signal strength parameter µ (Section 5.1), of the cross sections �i in each of the main production
modes (Section 5.2), of ratios of cross sections and branching ratios (Sections 5.4 and Section 6.2) or
of coupling modifiers (Section 7). Additional parameters, denoted as nuisance parameters, are used to
describe systematic uncertainties and background quantities that are constrained by sidebands or control
regions in data.

Systematic uncertainties that a�ect multiple analyses are modeled with common nuisance parameters
to propagate the e�ect of these uncertainties coherently to all measurements. The assessment of the
associated uncertainties varies between data samples, reconstruction algorithms and software releases,
leading to di�erences in particular between analyses performed using the 2017 data set and those using
2015 and 2016 data only. Some components of the systematic uncertainties in the luminosity, the jet energy
scale, the electron/photon resolution and energy scale, and in the electron reconstruction and identification
e�ciencies are correlated between the analyses. Uncertainties due to the limited number of simulated
events used to estimate expected signal and background yields are included using the simplified version
of the Beeston–Barlow technique [101] implemented in the H���F������ tool [102]. They are counted
among the systematic uncertainties.

Theory uncertainties a�ecting the inclusive signal yields of each production and decay process, such as
missing higher-order QCD corrections and PDF-induced uncertainties are described by a common set of
nuisance parameters in most channels. Components of theory uncertainties that a�ect the acceptances
in the various categories are also modeled using common nuisance parameters, except in cases where
their e�ect in di�erent regions is expected to originate from uncorrelated sources. In the latter case, the
uncertainty is modeled using separate sets of nuisance parameters in each region. The e�ects of correlations
between Higgs boson branching fractions are modeled using the correlation model specified in Ref. [26].
Uncertainties due to dependencies on SM parameter values and missing-high-order e�ects are applied
to the partial decay widths and propagated to the branching ratios. The uncertainties due to modeling of
background processes are typically treated as uncorrelated between analyses.

The measurement of the parameters of interest is carried out using a statistical test based on the profile
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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.
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. .  . . . . .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

2
j
=
�j

�SM
j

or 2
j
=
�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
2
H
=
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) =
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 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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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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W.Ootani, “International Linear Collider (ILC) - Project Status and Plan”, PSI Colloquium, Dec. 7th, 2017, PSI

• 1% or better precision is achievable at 250GeV for many couplings 
• A factor of two improvement with energy upgrade to 500GeV
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Figure 5: Illustration of the Higgs boson coupling uncertainties from fits in the EFT formal-
ism, as presented in Table 1, and comparison of these projections to the results of model-
dependent estimates for HL-LHC uncertainties presented by the ATLAS collaboration [23].
Earlier projections for HL-LHC are summarized in [28].
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• Notable increase in the cross section (×2.3 for ggF, 
×3.9 for ttH, ×3.3 for HH) from √s=8→13 TeV. 

• Run-2 is the dawn of precision measurements for 
the Higgs boson & discovery phase of the ttH.
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• Notable increase in the cross section (×2.3 for ggF, 
×3.9 for ttH, ×3.3 for HH) from √s=8→13 TeV. 

• Run-2 is the dawn of precision measurements for 
the Higgs boson & discovery phase of the ttH.
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• Notable increase in the cross section (×2.3 for ggF, 
×3.9 for ttH, ×3.3 for HH) from √s=8→13 TeV. 

• Run-2 is the dawn of precision measurements for 
the Higgs boson & discovery phase of the ttH.
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• Notable increase in the cross section (×2.3 for ggF, 
×3.9 for ttH, ×3.3 for HH) from √s=8→13 TeV. 

• Run-2 is the dawn of precision measurements for 
the Higgs boson & discovery phase of the ttH.
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