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A combination of measurements of Higgs boson production cross sections and branching
fractions is presented. The combination is based on the analyses of the Higgs boson decay
modes H — yy, ZZ*, WW*, tt, bb, uu, Zy and searches for decays into invisible final states
using up to 139 fb~! of proton—proton collision data collected at /s = 13 TeV with the ATLAS
detector. Combined cross section measurements are presented for the gluon—gluon fusion (ggF)
and vector-boson fusion (VBF) processes, and for associated production with vector bosons
(VH) or top-quarks (t7H, tH). Compared to the previous combined measurement, the Zy
decay mode is included for the first time, together with a few additional production processes
in the bb and 77 decay channels. In addition, several of the previous input measurements
are updated to the full Run 2 data set. The global signal strength, defined as the measured
Higgs boson signal yield normalised to its SM prediction, is determined to be 1.06 + 0.06.
Measurements in kinematic regions defined within the simplified template cross section
framework are also reported. The results are interpreted in terms of modifiers applied to
the Standard Model couplings of the Higgs boson to other particles, and are also used to set
exclusion limits on parameters in the Standard Model Effective Field Theory framework and
in several benchmark scenarios of the Two Higgs Doublet Model. No significant deviations
from Standard Model predictions are observed.
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1 Introduction

Following the discovery of the Higgs boson (H) [1-6] by the ATLAS [7] and CMS [8] experiments,
its properties have been probed using proton—proton (pp) collision data produced by the Large Hadron
Collider (LHC) at CERN. The coupling properties of the Higgs boson to other Standard Model (SM)
particles, such as its production cross sections in pp collisions and decay branching fractions, can be
precisely computed within the SM, given the value of the Higgs boson mass. Measurements of these
properties can therefore provide stringent tests of the validity of the SM.

Higgs boson production and decay rates were measured using the Run 1 data set collected in the years
2011 and 2012, through the combination of ATLAS and CMS measurements [9]. These measurements
have been extended using the Run 2 data set recorded by the ATLAS detector from 2015 to 2018, using up
to 139 fb~! of pp collision data produced by the LHC. The analyses target several production and decay
modes, including: multiple production modes for the H— yy [10], H— ZZ*— 4¢ 111, H - Ww* [12],
H — 77 [13] decay channels; the H — bb decay channel probed in three exclusive production modes: in
association with a weak vector boson (VH, where V = W or Z) [14—16], in the weak vector-boson fusion
(VBF) production process [17], and in association with a top—antitop pair (1zH) [18]; ttH production
in multilepton final states (WW?*, ZZ* and 77) [19]; the H — uu decay channel [20]; the H — Zy
decay channel [21]; and the Higgs boson decays into invisible final states (H — inv) produced via the
VBF process [22]. In the latter case, no other Higgs boson production modes are considered since the
corresponding current measurements do not significantly improve the signal sensitivity. This note presents
an update of the previous combined measurement of Higgs boson properties at 4/s = 13 TeV with up to
139 ftb~! of pp collision data [23]. The H — Zy decays, the H — bb decays with highly boosted Higgs
bosons [15], and the H — 71 decays in WH and ZH production modes as well as in the t7H production
mode with both 7 leptons decaying hadronically are included for the first time, while the following analyses
are updated to the full Run 2 data set: H — WW* and H — 77 analyses targeting both the gluon—gluon
fusion (ggF) and the VBF production modes, and H — bb in VBF and ¢7H production modes. The
updated data set in each case corresponds to an approximately factor four increase in integrated luminosity
compared to the previous ATLAS publications, allowing for a reduction of the statistical uncertainty
in the combined measurements. A Higgs boson mass value of mg = 125.09 GeV, corresponding to
the central value of the combination of ATLAS and CMS measurements in Run 1 [24], is used for SM
predictions, assuming no uncertainty on the Higgs boson mass. Similar measurements [25-35], as well as
their combination [36], have been reported by the CMS Collaboration.

Most of the input analyses, namely H— yy, H— ZZ*— 4, H — WW*, H — vt and H — bb, measure
the Higgs boson signal yields in phase-space regions (particle-level bins) based on the simplified template
cross-section (STXS) framework [37—40]. The Stage 1.2 of STXS framework is used, allowing for
measurements with an increased granularity compared to the previous results [23]. These cross sections
are defined in the fiducial region |yg| < 2.5, where yg is the Higgs boson rapidity, and partitioned within
each Higgs boson production process into multiple kinematic regions based on the transverse momentum
of the Higgs boson, the number of associated jets and their kinematics, and the transverse momentum of
associated W or Z bosons.

In search for physics beyond the SM (BSM), potential deviations of combined Higgs boson production
and decay rate measurements from SM predictions are interpreted within the context of three frameworks:
a framework of coupling modifiers x applied to the SM values of Higgs boson couplings [41]; a SM

! Throughout the note £ denotes the light charged leptons e and u.



Effective Field Theory (SMEFT) framework [42], describing the SM as a low-energy manifestation of a
more complete BSM theory by means of additional higher-dimensional operators which modify the tensor
structure of Higgs boson couplings; and several benchmark scenarios within the Two Higgs Doublet Model
(2HDM) [41, 43—45] as an example of a UV-complete theory. Previous results of such interpretations can
be found in Ref. [23, 46].

The note is structured as follows. Section 2 describes the data used and the analyses considered in the
combination. Section 3 provides a short description of the statistical procedure. The measurement of the
signal strength p, defined as the ratio of the total Higgs boson signal yield to its SM prediction, is presented
in Section 4 together with the measurements of cross section times branching fraction products for the main
production and decay processes within |yg| < 2.5. Section 5 presents results in the STXS framework. The
interpretations of the data within the «, the SMEFT and the 2HDM frameworks are presented in Sections 6,
7 and 8, respectively. Section 9 summarises the results.

2 Input measurements for the combination

The results of this note are based on pp collision data delivered by the LHC and collected by the ATLAS
experiment” [47-49] between 2015 and 2018 at a center-of-mass energy of 13 TeV. The uncertainty in the
combined 2015-2016 integrated luminosity is 2.1%, and 1.7% in the combined 2015-2018 integrated
luminosity [50], obtained using the LUCID-2 detector [51] for the primary luminosity measurements.

The analyzed decay channels, targeted production modes and integrated luminosities of the input analyses
entering a given combined measurement are shown in Table 1. The details can be found in the individual
analysis references. The overlap between the events selected by each analysis included in the combination
is found to be negligible.

All input analyses use a consistent set of event generators for the Higgs boson Monte Carlo (MC) samples,
as described in the individual analysis references. The corresponding production cross sections as well as
the branching fractions used for each Higgs boson decay mode are based on the higher-order state-of-the-art
theoretical calculations [37]. The particle-level Higgs boson events were passed through the GEANT 4 [52]
simulation of the ATLAS detector [53] and reconstructed using the same analysis software as used for
the data. Event pileup is included in the simulation by overlaying inelastic pp collisions, such that the
average number of interactions per bunch crossing reproduces that observed in the data. The inelastic pp
collisions were simulated with PYTHIA8 using the MSTW?2008Lo0 [54] set of PDFs with the A2 [55] set of
tuned parameters or using the NNPDF2.3L.O set of PDFs with the A3 [56] set of tuned parameters. While
the H —» ZZ*, H— yy, H — pu, H — inv and itH multilepton input measurements are the same as for
the previous round of combination results, the H — Zy decays, the H — bb decays from highly boosted
Higgs bosons produced in association with a vector boson, as well as the H — 77 decays in WH, ZH
and 1tH (ThqaThaa) production modes are included in the combination for the first time. In addition, the
measurements in the H — bb decay channel targeting the VBF and ¢7H production modes as well as the
measurements in the H — WW™* and H — 77 channels targeting both the ggF and VBF production modes
are updated with the full Run 2 data set. Besides the increased amount of data, updated analyses introduce

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle 6 as n = —Intan(6/2). Angular distance is measured in units of

AR = \(An)? + (A9)2.



Table 1: The decay channels, targeted production modes and integrated luminosity (£) used for each input analysis of
the combination. The references for the input analyses and information about which combined measurements they
enter are also provided. The t7H (4¢) and t7H (ThaqThad) input analyses are complementary to the multilepton t7H
analysis in Ref. [19], with no overlapping event selection criteria.

Decay channel Target Production Modes L [fb~1] Ref. Used in combined measurement
H — vy geF, VBF, WH, ZH,ttH,tH 139 [10] Everywhere
H— 77¢ ggF, VBF, WH, ZH, t?H(éEf) 139 [11]  Everywhere
itH  36.1 [19] Everywhere but STXS and SMEFT
. ggF, VBF 139 [12] Everywhere
H—=Www tH 361 [19]  Everywhere but STXS and SMEFT
H 11 ¢gF, VBF,WH, ZH, itH (ThadThEd) 139 [13] Everywhere
itH  36.1 [19] Everywhere but STXS and SMEFT
WH,ZH 139 [14-16] Everywhere
H — bb VBF 126 [17] Everywhere
ttH 139 [18] Everywhere
H — uu ¢gF, VBF,VH,ttH 139 [20] Everywhere but STXS and SMEFT
H— Zy ggF, VBF,VH,ttH 139 [21] Everywhere but STXS and SMEFT
H — inv VBF 139 [22] Sec. 6.3 & 6.5

various measurement improvements. Most notably, the selection and categorisation of the reconstructed
events in these analyses is generally refined to allow for the measurements of Higgs boson signal yields in
highly-granular phase-space regions of the Stage 1.2 STXS framework. The H — WW* analysis introduces
a measurement of the ggF production mode in the final state with two or more reconstructed jets. In the
H — 77 analysis, the treatment of ggF events with large Higgs boson momentum is refined, the selection
of VBF events is improved by multivariate techniques and two new categories of reconstructed events
targeting the t7H and VH production modes are added based on the kinematic properties and tagged flavour
of the jets in the event. The tfH, H — bb cross section is now measured as a function of the Higgs
boson transverse momentum. The VBF, H — bb analysis introduces an improved separation of signal
and background processes and dedicated control regions in data for the estimates of dominant background
contributions.

Among all the input analyses, H — inv is considered only in a subset of the interpretation results that are
presented in Section 6, i.e. only for the scenarios in which BSM contributions lead a H — inv signature.
The remaining ones are included in every set of results except for the 7fH multilepton, H — uu and
H — Zv analyses which are excluded from the STXS measurements (Section 5) and from the interpretation
within the SMEFT framework (Section 7), due to their lack of sensitivity in highly granular STXS kinematic
regions.

3 Statistical model

The statistical methods used in this note follow those of Ref. [9]. 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

nzig"al =L Z Z(‘T X B)iy (A X E)’kf v
i f

where the sum runs over production modes i (i = ggF, VBF, WH, ZH, ttH, . ..) or the partitioned STXS
bins as described in Section 5.1, and decay final states f (f = yy, ZZ*, WW*, 7, bb, u, . ..), Ly is the
integrated luminosity of the data set used in category k, and (A X e)ff is the acceptance times efficiency
factor in category k for production mode i and final state f. The cross section times branching fraction
(0 X B);s 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 (o~ X B);s are free parameters (Section 4.3),
or in which they are re-expressed in terms of smaller sets of parameters: of a single signal-strength
parameter u (Section 4.1), of the cross sections ¢; in each of the main production modes (Section 4.2),
of ratios of cross sections and branching fractions (Sections 4.4 and Section 5.2), of coupling modifiers
(Section 6), or of parameters of the SMEFT (Sections 7) and the UV-complete BSM models (Section 8).
Additional parameters, referred to as nuisance parameters, are used to describe systematic uncertainties and
background quantities that are constrained by sidebands or control regions in data. The estimates of those
nuisance parameters related to systematic uncertainties are modeled with distributions that correspond to
auxiliary measurements (e.g. Gaussian), and relevant terms are included in the likelihood function.

Systematic uncertainties that affect multiple analyses are modeled with common nuisance parameters
to propagate the effects of these uncertainties coherently to all measurements. The assessment of the
associated uncertainties varies between data samples, reconstruction algorithms and software releases,
leading to differences between analyses performed using the full Run 2 data set and those using 2015
and 2016 data only. Between these two sets of analyses, components of systematic uncertainties in
the luminosity, the electron/photon resolution and energy scale, and in the electron reconstruction and
identification efficiencies are treated as correlated. 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 [57] implemented in the HISTFACTORY tool [58]. They are counted among
the systematic uncertainties.

Theory uncertainties in the signal, such as missing higher-order QCD corrections and PDF-induced
uncertainties, affect the expected signal yields of each production and decay process, as well as the signal
acceptance in each category. These uncertainties are modeled by a common set of nuisance parameters’
in most channels. For the signal-strength (Section 4.1) and coupling modifier (Section 6) results and
constraints on new phenomena (Sections 7 and 8), which rely on the comparison of measured and
SM-expected yields, both the acceptance and signal yield uncertainties are included. For the cross-section
and branching fraction results from Sections 4.2 through 5, only acceptance uncertainties are considered.

Compared to individual input measurements, systematic theory uncertainties associated with the signal
predictions in STXS bins have been updated for the combination to closely follow the granularity of the
Stage 1.2 binning scheme (see Section 5). The QCD scale uncertainties in ggF are updated for all input
channels which are sensitive to the ggF production mode (i.e. H—»yy, H - ZZ* H - WW*, H — 17
channels and in the VBF H — bb analysis where the ggF contribution is sizable). Out of 18 uncertainty
sources in total, two uncertainty sources account for overall fixed-order and resummation effects, two cover
the migrations between different jet multiplicity bins, seven sources are introduced for the modeling of the
Higgs boson transverse momentum (p? ) in different phase-space regions, four account for the uncertainty

3 For higher-order QCD corrections, they are common within a given production mode.



on the distribution of the di-jet invariant mass (m j J) variable, one covers the modeling of the Higgs boson
plus two leading jets transverse momentum (p. Hij ) distribution i 1n the >2-jet region, one the modehng of
the Higgs boson plus one jet transverse momentum (pT J) over pT distribution in the high- pT region, and
finally, one source takes into account the uncertainty from the choice of the top quark mass scheme.

For all presented results, the effects of correlations between the uncertainties on the Higgs boson branching
fractions are modeled using the correlation model specified in Ref. [37]. Possible modifications in the
correlation scheme due to BSM contributions are considered negligible for the observed small deviations
from the SM predictions. Uncertainties due to dependencies on SM parameter values and missing
higher-order effects are included for the partial decay widths and propagated to the branching fractions and
are correlated among all decay channels. 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
likelihood ratio [59],

L(a, 0(a

A = L@ @)
L(&,0)

where @ and 6 are respectively the parameters of interest and the nuisance parameters. In the numerator,
the nuisance parameters are set to their profiled values @ (), which maximise the likelihood function for
fixed values of the parameters of interest @. In the denominator, both the parameters of interest and the
nuisance parameters are set to the values & and 8 respectively which jointly maximise the likelihood.

In the asymptotic regime, in which the likelihood is approximately Gaussian, the value of —21n A(a)
follows a y? distribution with a number of degrees of freedom 7 equal to the dimensionality of the vector
a [59]. This property is assumed to hold for all the results presented in the following sections. Confidence
intervals for a confidence level (CL) 1 — p are then defined as the regions with values of —2 In A(«) below a
threshold F 1(1 - p), where F);l is the quantile function of the y? distribution with n degrees of freedom.

The CLs prescrlptlon [60] is applied when setting an upper limit on a single parameter directly related to
measured event rates, for instance a production cross section.

For relevant parameters of interest, a physical bound on the parameter values is included in the statistical
interpretation. For example, branching fraction parameters cannot conceptually be smaller than zero. The
95% confidence interval quoted for such parameters is then based on the profile likelihood ratio restricted
to the allowed region of parameter space, using the 7, test statistic of Ref. [59].

Total uncertainties in the measurement parameters are in some cases broken down into separate components
for theory uncertainties affecting the background processes, theory uncertainties affecting the Higgs
boson signal production, experimental uncertainties including MC statistical uncertainties, and statistical
uncertainties. Each uncertainty component is derived by fixing the associated nuisance parameters to their
best-fit values 8 in both the numerator and denominator of A, and computing again the uncertainty in the
measurement parameters. This is done for each component in turn, following the order in which they are
listed above. The uncertainty obtained at each step is then subtracted in quadrature from the uncertainty
obtained in the previous step (in the first step, from the total uncertainty) to obtain the corresponding
uncertainty component. The statistical uncertainty component is obtained in the last step, with all nuisance
parameters fixed except for the ones that are solely constrained by data, such as parameters used to describe
data-driven background estimates.



The level of compatibility with the Standard Model is quantified using the test statistic
/lSM =-2 lnA(a' = O’SM),

where agy are the Standard Model values of the parameters of interest. A p—Value4 psMm is computed in
the asymptotic approximation as psm = 1 — F,2 (Asm), with n equal to the number of free parameters of
interest. For the cross-section and branching fraction measurements reported in this note, this definition
does not account for the uncertainties in the SM values used as reference and may therefore lead to an
underestimate of the p-value.

Results for expected significances and limits are obtained using the Asimov data set technique [59]. The
Asimov data sets are defined by setting the signal yields to the values predicted by the SM, while setting
the nuisance parameters to the values obtained from the fit to data with the signal yields left free-floating in
the fit.

The correlation coefficients presented in this note are constructed to be symmetric around the observed
best-fit values of the parameters of interest using the second derivatives of the negative log-likelihood
ratio. Hence, the correlation matrices shown are not fully representative of the observed uncertainties
that may be asymmetric. While the reported information is sufficient to reinterpret the measurements in
terms of other parameterisations 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 parameterisations are also provided in Sections 4 to 6.

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

4.1 Global signal strength

The global signal strength u is determined following the procedures used for the measurements performed
at y/s = 7 and 8 TeV [9]. For a specific production mode i and decay final state f, the signal yield is
expressed in terms of a single modifier y; ¢, as the production cross section o; and the branching fraction
B 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’,

_ Oy By
Hif = oM X B;M.

2)

4

The SM expectation by definition corresponds to u;r = 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 3, where the procedures to decompose the uncertainties are also
described.

In the model used in this section, all the u; s are set to a global signal strength u, describing a common
scaling of the expected Higgs boson yield in all categories. Its measured value in the region |yg| < 2.5 of
the Higgs boson rapidity yg is

4 The p-value is defined as the probability to obtain a value of the test statistic that is at least as high as the observed value under
the hypothesis that is being tested.



u=1.06=+0.06 =1.06+0.03 (stat.) +0.03 (exp.) = 0.04 (sig. th.) +0.02 (bkg. th.)

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties in signal and background modeling. The signal theory
component includes uncertainties due to missing higher-order perturbative QCD and electroweak corrections
in the MC simulation, uncertainties in PDF and a; values, the treatment of the underlying event, the
matching between the hard-scattering process and the parton shower, choice of hadronisation models, and
branching fraction uncertainties. The measurement is consistent with the SM prediction with a p-value
of 35%, computed using the procedure defined in Section 3 with one degree of freedom. The value of
—21In A(u) as a function of u is shown in Figure 1, for the full likelihood and the reduced ones with sets of
nuisance parameters sequentially fixed to their best-fit values to obtain the components of the uncertainty,
as detailed in Section 3. The total measurement uncertainty decreases by 10% compared to the previous
combination [23], mainly driven by the reduction of the statistical uncertainty by 23% due to the increased
amount of analysed data.
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Figure 1: Observed variations of —21n A(u) as a function of u with all systematic uncertainties included (solid black
line), with parameters describing theory uncertainties in background processes fixed to their best-fit values (solid
blue line), with the same procedure also applied to theory uncertainties in the signal process (solid red line) and to
all systematic uncertainties, so that only statistical uncertainties remain (dotted black line). The dashed horizontal
lines show the 10~ and 20" confidence intervals for p. The level of compatibility between the measured global signal
strength and the SM prediction corresponds to a p-value of 35%, computed using the procedure outlined in the text
with one degree of freedom.

4.2 Production cross sections

Higgs boson production is studied in each of its main production modes. The production mechanisms
considered are ggF, VBF, WH, ZH (including gg — ZH), and the combination of /7H and tH (1tH + tH).
The small contribution from bbH (of the order of 1%) is grouped with ggF. In cases where several
processes are combined, the combination assumes the relative fractions of each component to be as in



the SM within corresponding theory uncertainties. Cross sections are reported in the region |yy| < 2.5.
Results are obtained in a simultaneous fit to the data, with the cross sections of each production mechanism
as parameters of interest. Higgs boson decay branching fractions are set to their SM values, within
the uncertainties specified in Ref. [37]. The results are shown in Figure 2 and Table 2. The level of
compatibility between the measurement and the SM prediction corresponds to a p-value of psy = 63%,
computed using the procedure outlined in Section 3 with five degrees of freedom.
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Figure 2: Cross sections for ggF, VBF, WH, ZH, and ttH + tH production modes. The cross sections are normalised
to their SM predictions, measured assuming SM values for the decay branching fractions. The black error bars, blue
boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements, respectively. The
gray bands indicate the theory uncertainties on the SM cross-section predictions. The level of compatibility between
the measurement and the SM prediction corresponds to a p-value of psm = 63%, computed using the procedure
outlined in the text with five degrees of freedom.

The correlations between the measured cross sections, shown in Figure 3, are further reduced relative
to previous analyses [23]. A modest correlation of —6% between the ggF and VBF processes remains,
however, because of contributions from ggF production in the VBF-enriched selections. Compared to the
previous results [61], the anti-correlation between WH and ZH measurements increased by a factor of two.
This is mainly due to the inclusion of the H — 77 channel updated with the full Run 2 data set, that is
only sensitive inclusively to the VH production. This increase in anti-correlation also explains the larger
difference in the observed WH and ZH cross section values compared to the previous result.



Table 2: Best-fit values and uncertainties for the production cross sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.)
and systematic uncertainties (Syst.). SM predictions are shown for the cross section of each production process.
They are obtained from the inclusive cross-sections and associated uncertainties reported in Ref. [37], multiplied by
an acceptance factor for the region |yg| < 2.5 computed using the Higgs boson simulation samples introduced in

Section 2.

Process Observed Uncertainty [pb] SM prediction
(Jym| < 2.5) [pb] Total Stat. Syst. [pb]
OggF 45.7 + g'g + 11'; + %% 448 £2.6
OV BF 4.0 +0.4 +0.3 O3 351 £0.07
owH 156 | *0%¢ O TS 1.203 +0.024
ozH 070 | *O016 +013  *019 1 0.795+0.030
OutH+tH 056 | *010  +008 0% | 058 +0.05
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Figure 3: Correlation matrix from the measurement of production cross sections. The linear correlation coefficient
p(X,Y) between pairs of observables is indicated in color and given numerically. SM values are assumed for Higgs

boson decay branching fractions.
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4.3 Products of production cross sections and branching fractions

A description of both the production and decay mechanisms of the Higgs boson is obtained by considering
the products (o~ x B); s of the cross section in production process i and branching fraction to final state f.
The decay modes considered are H— yy, H » ZZ*, H - WW*, H — 17, H — bb,and H — uu. The
production processes are defined as in Section 4.2 with few exceptions. WH and ZH processes, which
cannot be independently determined with the current H— ZZ*— ¢*¢~¢*¢~ and H — 77 analysis due
to limited data statistics, are considered together as a single VH process, with the ratio of WH to ZH
cross sections fixed to its SM value within uncertainties. Similarly, ggF and VBF are grouped together in
H — bb due to the limited ggF sensitivity in decay mode, while in H — uu decay mode VBF and VH
are measured together as are also ggF and t7H. The results are obtained from a simultaneous fit of all input
analyses, with the 21 independent (o X B) products defined above as parameters of interest. They are
shown in Figure 4 and Table 3. The measured VBF cross sections in the H — y7y and, to a lower extent, in
the H —» 77, H > WW* and H — ZZ" channels are smaller than those from each individual analysis
due to correlations between the corresponding parameters of interest and the underlying event and parton
shower theory uncertainty for the VBF production mode.

The correlation matrix of the measurements is shown in Figure 5. The largest correlations in absolute value
are between the WH, H— yy and ZH, H— 7y processes, between the ggF, H — 77 and VBF, H — 71
processes, between ttH, H — WW* and ttH, H — 71 processes, and between the ggF+trH, H — upu
and VBF+VH, H — puu processes. In all cases, this is due to cross-contamination between these
processes in the analyses providing the most sensitive measurements. Additionally, the VBF, H — 71
and VBF, H — yy measurements are correlated due to the correlation of the corresponding systematic
uncertainties from the underlying event and parton shower modeling.

The level of compatibility between the measurement and the SM prediction corresponds to a p-value of
psm = 79%, computed using the procedure outlined in Section 3 with 21 degrees of freedom.

11
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Figure 4: Cross sections times branching fraction for ggF, VBF, VH and ttH + tH production in each relevant decay
mode, normalised to their SM predictions. The values are obtained from a simultaneous fit to all channels. The black
error bars, blue boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements,
respectively. The gray bands show the theory uncertainties on the predictions. The level of compatibility between the
measurement and the SM prediction corresponds to a p-value of psy = 79%, computed using the procedure outlined
in the text with 21 degrees of freedom.
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Table 3: Best-fit values and uncertainties for the production cross sections times branching fractions of the Higgs
boson, for the combinations in which sufficient sensitivity is provided by the input analyses. Combinations not shown
in the table are fixed to their SM values within uncertainties. The total uncertainties are decomposed into components
for data statistics (Stat.) and systematic uncertainties (Syst.). SM predictions [37] are shown for each process.

Process Observed Uncertainty [fb] SM prediction
(Jym| < 2.5) [fb] Total Stat. Syst. [fb]
Trop 104 +11 8 +7 | 102 £6
zz 1120 5 %120 TW ] 1180 £70
ool 10500 tile #6000 19400 £ 600
o 2400 T £400 600 | 2800 %170
Tt 5 +9 +8 - 9.8 +0.6
TV BF L7 ) Ty #16 T 797 0%
b E e 120 0 Y +10 92.8 *33
AL 820 A0 110 +80 | 756  +19
e 220 +40  #30  £30| 220 %6
OV hpiger 28000 %0 £9000 000 | 28000 & 1500
oberevn 7000 +4000  +4000  £1000 | 3200  +60
oV S I v A i S 4.53 100
oG h 80 e b +10 528 £1.5
ol 120 £70 60  £40 | 125 x4
obb, 730 s x130 TOL 699 x14
obb 460 e +80 POl 462 £17
T han T A A RO
AL 210 +80 r TR 1260 £11
it n 26 . v v 154 =14
O 51 T S ST
b 120 e x70 0| 340 £29
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Figure 5: Correlation matrix from the measured values of the production cross sections times branching fractions of
the Higgs boson, for the combinations in which sufficient sensitivity is provided by the input analyses. The linear
correlation coefficient p(X,Y) between pairs of observables is indicated in color and given numerically.

4.4 Ratios of cross sections and branching fractions

The products (o~ X B); s described in Section 4.3 can be expressed as

zZ i By
zZ = (=
88"\ ogeF Bzz

in terms of the cross section times branching fraction o-gzg% for the reference process gg — H — ZZ%,
which is precisely measured and exhibits small systematic uncertainties, ratios of production cross sections
to that of ggF, 0 /0ger, and ratios of branching fractions to that of H — ZZ*, By /Bz7.

Results are shown in Figure 6 and Table 4. The level of compatibility between the measurements and
the SM predictions corresponds to a p-value of psm = 50%, computed using the procedure outlined in
Section 3 with eleven degrees of freedom. Since the production and the decay rate in a given input channel
cannot be disentangled, the measurements of the cross section ratios are closely interrelated to those of the
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branching fraction ratios. This leads to some differences in the overall result compared to the cross section
measurements in Section 4.2 where branching fractions are set to their SM values.

L L LN LN L L L L LA LA LI B LA LN LRI
ATLAS Preliminary o4 Total Stat. == Syst. | SM
s =13 TeV, 36.1 - 139 fb™

m,, = 125.09 GeV, |y | < 2.5

Pg,, = 20% Total Stat. Syst.
055,: |-IH 0.98 :009 ( o008, tg:gg)
O/ Oy 117 Ion (fon. o)
Ounl Oggr p—=——— 156 103 (o3, lows)
0ol O Fmm==| 108 0% (o, lom)
O O =] 102 0% (. lo1)
By/B, Ha 107 o1 (lom. loge)
Buw/B; o] 108 01 (foh. loor)
Bu/B, 086 013 (100+ “ooe)
By/B,, Fe=m= 075 018 (0, :ow)
Bu/B,, h——==u= | 117 0% (0%, loz)
B,/B,, 194 050 (I0a. l03)
IIII|IIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Parameter normalised to SM value

Figure 6: Results of a simultaneous fit for o-gzgg, OVBF/TegFs OWH O egFs OZH [TegFs Oripierr | TeeFs Byy/Bzz,
Bww /Bzz, Br+/Bzz, and Bpp,/Bzz. The fit results are normalised to the SM predictions. The black error bars,
blue boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements, respectively.
The gray bands show the theory uncertainties on the predictions. The level of compatibility between the measurement
and the SM prediction corresponds to a p-value of psy = 50%, computed using the procedure outlined in the text
with eleven degrees of freedom.
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Table 4: Best-fit values and uncertainties for o2 % , together with ratios of production cross sections divided by oy,
and ratios of branching fractions divided by Bzz. The total uncertainties are decomposed into components for
data statistics (Stat.) and systematic uncertainties (Syst.). The SM predictions [37] are also shown with their total
uncertainties.

Process Observed Uncertainty SM prediction
(ym| < 2.5) Total Stat. Syst.

il [pb]  1.16 +0.11  +0.10 +0.04 | 1.18 +0.07
oV BF /|04 0.091 TOOZ £0.009 OO0 | 0.079 £0.005
owH/TggF 0.042 | *oo0m  +0007  +000 1 0.0269 +0.0016
OzH | TggF 0.019 TO00s  rDOM #0002 | 0.0178 £0.0012
OttH+iH [ OggF 0.0134 | * 000 O T ooeis | 0.0131+0.0013
Byy/Bzz 0.092 ool oo o0 | 0.086 +0.001
Bww /Bzz 8.8 e ro8 TOC 1 815 x <001
Be:/Bzz 2.04 PO Toa o 2369 +0.017
Byy/Bzz 16.5 ta 1 £22(220 05
Buu/Bzz 0.009 | £0.005 £0.004 *0000 | 0.0082+ < 0.0001
Bzy/Bzz 0.11 TO0 2005  +0.02 | 0.0584 +0.0029

5 Combined measurements of simplified template cross sections

5.1 Simplified template cross-section framework

Simplified template cross sections [37—40] are defined through a partition of the phase space of the SM
Higgs production processes into a set of non-overlapping regions. These regions are defined in terms of
the kinematics of the Higgs boson and, when they are present, of associated jets and W and Z bosons,
independently of the Higgs boson decay process. They are chosen according to three criteria: sensitivity
to deviations from the SM expectation, avoidance of large theory uncertainties in the corresponding SM
predictions, and to approximately match experimental selections so as to minimise model-dependent
extrapolations. Analysis selections do not, however, necessarily correspond exactly to the STXS regions.

All regions are defined for a Higgs boson rapidity yy satisfying |yg| < 2.5, corresponding approximately
to the region of experimental sensitivity. Jets are reconstructed from all stable particles with a lifetime
greater than 10 ps, excluding the decay products of the Higgs boson and leptons from W and Z boson decays,
using the anti-k, algorithm with a jet radius parameter R = 0.4, and must have a transverse momentum
PT,jet > 30 GeV.

The measurements presented in this paper use the regions of phase space specified by the Stage 1.2 splitting
of the STXS framework. Higgs boson production is first classified according to the nature of the initial
state and the associated particles, the latter including the decay products of the W and Z bosons if they
are present. These classes are: t7H and tH processes; gqqg — Hgqq processes, with contributions from
both VBF production and quark-initiated V H production with a hadronic decay of the gauge boson; VH
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production with a leptonic decay of the vector boson (V(lep)H), including gg — ZH production; and
finally the ggF process. The last is considered together with gg — ZH, Z — g4 production, as a single
gg — H process. The contribution of the bbH production mode is taken into account as a 1% [37] increase
of the gg — H yield in each STXS bin, since the acceptances for both processes are similar for all input
analyses [37].

The input analyses included in this paper provide only limited sensitivity to the cross section in some
bins of the Stage 1.2 scheme, mainly because of the small number of events in some regions. In other
cases, they only provide sensitivity to a combination of bins, leading to strongly correlated measurements.
To mitigate these effects, some of the bins as defined in Stage 1.2 have been merged for this combined
analysis. These measurement bins are defined separately for the key production processes, as summarised
in Figure 7, based on the jet multiplicity, the Higgs boson transverse momentum p? , and in case there are
at least two jets the invariant mass of the two leading jets m ;. The regions for events with p? > 200GeV,
are defined to provide sensitivity to deviations from the SM at high momentum transfer.

The measured event yields are described by Eq. (1), with parameters of interest of the form (o X B); ¢
denoting the cross section times branching fraction in STXS region i and decay channel f. The acceptance
factors (e X A) ff for each analysis region k are determined from SM Higgs boson production processes,
modeled using the samples used in the analyses, and act as templates in the fits of the STXS cross sections
to the data. The dependence on the theory assumptions is less than in the measurement of the total cross
sections in each production mode, since the (e X A) ff are computed over smaller regions. Assumptions
about the kinematics within a given STXS region lead to some model-dependence, which can be reduced
further by using a finer splitting of the phase space. This will be allowed by experimental precision in the
future. As for the other results reported in this note, the STXS measurements assume the SM predictions
for Higgs boson decays kinematics. BSM scenarios such as those described in Ref. [11] can significantly
modify the acceptance of the signal, in particular for the WW* or ZZ* decay channels, which should be
considered when using these measurements for the relevant interpretations.

Theory uncertainties for the gg — H process follow the scheme introduced in Section 2, while those
for the qq — Hqgq, and ttH processes are defined as in Ref. [10, 11], and those of the V(lep)H process
follow the scheme described in Ref. [62]. For the measurement bins defined by merging several bins of the
STXS Stage-1.2 framework, the (e X A) factors are determined assuming that the relative fractions of each
Stage-1.2 bin are given by their SM values, and the uncertainties predicted by the SM in these fractions are
taken into account.
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Figure 7: Definition of the STXS measurement regions used in this note. The top level box of a given color indicates
the targeted production mode, the final STXS measurement regions for this mode are indicated by lower level colored
boxes, while the clear boxes indicate the intermediate selection criteria.



5.2 Results

The fit parameters chosen for the combined STXS measurements are the cross sections for Higgs boson
production in STXS region i times the branching fraction for the H — ZZ* decay, (0 X B); zz, and the
ratios of branching fractions B ¢ / Bzz for the other final states f. Similarly to the ratio model in Section 4.4,
the cross sections times branching fractions for final states other than ZZ are parameterised as

B

(0 XB)if = (0 XB)izz - (é) -

The results are shown in Figure 8 and Table 5. The observed (expected) significance for the tH STXS cross
section bin is measured to be 1.00 (0.40°) relative to the hypothesis in which this production process is
absent. The corresponding observed (expected) upper limit at 95% CL is 9.3 (6.7) times the SM prediction.
The observed limit is 10% higher than the previous combined result due to the larger observed best-fit
value of the measurement.

The results are in agreement with the SM predictions within uncertainties in a wide range of kinematic
regions for the different Higgs boson production processes. The level of compatibility between the
measurement and the SM prediction corresponds to a p-value of psm = 92%, computed using the
procedure outlined in Section 3 with 41 degrees of freedom.

19



ATLAS Preliminary ' ' ' o St et
g ' 0.14 ¢ +0.12
Vs=13TeV, 139 fb" B,,/Bzz- o 1.09 Toi5 (Zoyy, +006)
028 ( +0.23 +0.16
m, =125.09 GeV, |yH| <25 By5/Bzz e —— 0.78 T2 (Zo78 - T011)
0.14 ¢ +0.41  +0.09
pSM - 929% Byw/Bzs ——— 1.06 ’:8_}2 ( t%‘lg , fg_?g )
+0.16 ( +0.12  +0.
—e— Total Stat. BBz = 086 Z514 (2040 Zo0s)
=== Syst. I sMm Q 05 i 75 3
Total Stat. Syst.
Odet, p'? < 10 GeV == 089 *02( +019 4011,
O-jet,10£pr’<200 GeV 114 tg'}i( io”lg.gg)
1jet, p < 60 GeV e 057 028 ( *3%2 +0.8)
1-jet, 605pr’<120 GeV - 1.06 +8.§§( +g.§§!+g.1g)
. 1 -0. -0. -0.
1-jet, 120 < p" < 200 GeV ———— 066 *o04 ( +0.36 !+o.19 )
gg—H x B, . T » i ;?vgg -0.35 ;g.l;
> 2-jet, my < 350 GeV, P < 60 GeV ———— 047 *1% ( xoss ) o4 )
2 2-jet, my; < 350 GeV, 60 < p’; <120 GeV  p—mmmit 025 +053( £0.46 £0.26)
> 2-jet, m; < 350 GeV, 120 < pj <200GeV == 0.54 tg.g ( tggg 1822 )
2 2-jet, 350 < m; <700 GeV, p'T* <200 GeV —_—y 276 fl'él ( tg.gg :g_ig )
> 2-jet, m; 2700 GeV, p’; <200GeV p————— 0.74 t}ig ( t}gg :g.gg )
2001 f <300 GV = s )
300 <y <450 GeV — oss “Bi7( 8% o)
1 —0. -0.39 - 0.
H i S . +147 ¢ +137 +052
Pr 2450 GeV -I 186 Tyio( Iii2:042)
——— ro CER(E 0
> 2-jet, m; < 350 GeV, VH veto | ———y 2.98 t}vgg ( jgg iSZZ )
> 2-jet, m; < 350 GeV, VH topo ———— 1.00 tgvgg ( tg.i; :g.gg )
> 2-jet, 350 < m; <700 GeV, p: <200 GeV ==y | 0.33 tgng ( fg’ﬁ :g_gi )
2 2-jet, 700 < m;; < 1000 GeV, p’; <200 GeV F———— 0.95 +ng; ( +g.g§ +g§? )
—Hqq x B,,. -0. -0.57 *-0.
99=HA9% B2z | 5 2 jet, 1000 < m < 1500 GeV, pt! < 200 GeV L — 138 0T ( +080 +029)
> 2-jet, my; > 1500 GeV, p'T* <200 GeV ._[E_. 115 +g,§g ( +ggg ,+g.1§ )
. ] —0. ~0.327-0.
3 H +0.31 ¢ +027 +0.15
> 2-jet, m; > 350 GeV, pll =200 GeV = 121 *031( +027 +015)
py <75 Ce —— 247 11000
75£p¥<150 GeV —_— 1.64 tg,gg( tg%tgfg)
qq—HIv x By, | 150 < p¥ <250 GeV ,_IE_. 1.42 tg.gg ( tg% :g.gg )
250 < p¥ < 400 GeV ._IE_. 1.36 +g;§ ( +gig +ggg )
1 -0. ~048 1-0.
v T +145  +122 +0.79
Py 2400 GeV 191 Z108 ( Zoles»os0)
pY < 150 GeV —— 021 FO7( 054,048
150 < p¥ < 250 GeV e 430 +063( +053 +034
99/qq—Hil x B, T 1 Zoas ( T4t 022)
250 < py <400 GV — 12s 07 ( 0% <0%)
v I +128  +1.04 +074
Py 2400 Gev 039 114 ( Zosroloes)
Pl <60 Gov —— 075 “or( 0% 1)
60 pf < 120 Gov — os 0% ( 104 i)
1205 <200 GV e ose 03 ( 0% 0k
{H x Bz 200 < p# < 300 GeV ———— 096 '0E2( 0% 025
300 < p*T' <450 GeV === 0.28 tg;g ( tggg :g_gg )
H +193  +144 +1.28
P72 450 GeV 016 476 ( Ti240 125)
By : 200 3 ( 3% )
| R PR T S I TR SR TR N TR TR T NN TR SN TN N SN TR TR I T TR S S TN S T I S SR S |

10
Parameter normalised to SM value

Figure 8: Best-fit values and uncertainties for the cross sections in each measurement region and of the ratios of
branching fractions By /Bzz, normalised to the SM predictions for the various parameters. The parameters directly
extracted from the fit are the products (o; X Bzz) and the ratios By /Bzz. The black error bars, blue boxes and yellow
boxes show the total, systematic, and statistical uncertainties in the measurements, respectively. The gray bands
show the theory uncertainties on the predictions. The level of compatibility between the combined measurement and
the SM prediction, estimated using the procedure outlined in the text with 41 degrees of freedom, corresponds to a
p-value of psm = 92%.
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Table 5: Best-fit values and uncertainties for the cross sections in each measurement region, and of the ratios of
branching fractions By /Bzz. The total uncertainties are decomposed into components for data statistics (Stat.)
and systematic uncertainties (Syst.). The SM predictions [37] are also shown for each quantity with their total
uncertainties. The parameters directly extracted from the fit are the products (o; X Bzz) and the ratios By /Bzz; the
former are shown divided by the SM value of Bz .

Measurement region ((O'i o Bzz)/Bihg ) Observed Uncertainty [pb] SM prediction
[pb] Total Stat. Syst. [pb]

gg — H,0—-jet, pH < 10GeV 59| 135 3 076609

gg — H,0—jet, 10 < p# < 200GeV 23.6 | Y34 2 18 206x16

8¢ — H, 1 -jet, pfl < 60GeV 37| £18 14 12 | 65+09

gg = H, 1—jet, 60 < p¥ < 120GeV 48| *13 £1.1 06 1 45+06

gg — H, 1—jet, 120 < pf < 200GeV 0.50 | *038 0% 013 10.75+0.13

g8 — H,>2—jet, mj; < 350GeV, pH < 60GeV 0.6 *13 12 0.5 | 1.17+£0.27

gg — H.>2—jet, mj; < 350GeV, 60 < p# < 120GeV 04| 1.0 08  £05 | 18x04

gg — H,>2—jet, mj; <350GeV, 120 < p¥ < 200GeV 0.5| +0.4 o4 0.2 | 0.94+0.21

gg — H.>2—jet, 350 < m;; < 700GeV, pH < 200GeV L7 *58 0.6 03 |0.61x0.13

gg — H.>2-jet, mj; > 700GeV, p¥ < 200GeV 02| 04  *04 02 | 0.27£0.06

gg — H,200 < p# < 300GeV 0.49 | *016 4013 +009 ) 0.46=0.11

gg — H,300 < p¥ < 450GeV 0.07 | +0.05  *9%%  +0.02 | 0.106 = 0.030

gg — H, p > 450Gev 0.033 | *0006  + 000 +0.009 10.018+0.006

qq — Hqq, < 1 - jet 29| *33 2 +08 12104007

qq — Hqq, > 2 —jet, m;; < 350GeV, VH veto 22| *44 * o +0.5 | 0.728 +0.022

qq — Haq, > 2 - jet, mj; < 350 GeV, VH topo 053 | G lox  lop | 05280019

49 — Hgq, > 2 - jet, 350 < mj; < T00GeV, p < 200Gev 0.18 | 103 0% Ion | 0-545£0016

qq — Hqq, > 2 - jet, 700 < mj; < 1000 GeV, p& < 200GeV 025 | *O19 £ 016 009 | 0.266+0.008

qq — Hqq, > 2 - jet, 1000 < mj; < 1500 GeV, p# < 200GeV 033 | *oM £ 01 + 0071 0.236+0.007

qq — Hqq. > 2~ jet, m;; > 1500GeV, p < 200GeV 027 | *Gos 0oy oo | 0-233+0008

qq — Hqq, > 2 —jet, m;; > 350GeV, p2 > 200GeV 0.19 | *00% +0.04  +0.02 | 0.160 + 0.004

qq — Hev, pY < 75GeV 051 | *o24  +02 400 ]0.206+0.008

qq — Hv,75 < py < 150 GeV 021 | *o13  +0B +003 | 0.131+0.006

qq — Hev, 150 < pY < 250GeV 0.059 | +O031 003+ 0017 | 0.0416 * 0008

qq — Hev, 250 < pY < 400GeV 0.015 | + 0008+ 0007 + 0004 | 0.0108 +0.0005

qq — Hev, pY > 400 GeV 0.005 | * 000t 0003+ 0002 | 0.00245 +0.00013

g8/aq — HEL, pY < 150GeV 0.04 | +04 £0.11  * 599 10.197 +0.008

8g/qq — HEL, 150 < pY < 250 GeV 0.042 | + 000+ 007 000 | 0.032+0.004

88/qq — HEL, 250 < pY < 400 GeV 0.009 | *0.000  +0.000  +0005 | 0.0073 +0.0008

gg/qq — HEC, pY = 400GeV 0.0005 | * 0008 000+ 0000 | 0.00139 +0.00008

1tH, p < 60 GeV 0.09 | *008 009 +£0.03 | 0.118+0.016

1iH, 60 < pil <120 GeV 0.12 | *008  +000 £ 00 10178 +0.020

1TH, 120 < pH < 200 GeV 0.11 | *807  +006  +003 | 0.126+0.016

1tH, 200 < p# < 300 GeV 0.050 | * 0032+ 005+ 0013 1 0.053 +0.008

11H, 300 < p# < 450 GeV 0.005 | *O0is  £O00  r0008 1 0.0190 0.0031

1iH, p! > 450 GeV 0.001 | * o018 *000E  £0.007| 0.0054 +0.0009

H 025 | 143 cox  toR [oosstgdl

Branching fraction ratio

Byy/Baz 0.004 | *082 o8t 0% [ 0.0860.001

By;/Bzz 17 *§ 3 3 22.0+0.5

Bww /Bzz 87| *12 o 0.7 | 8.15+ <0.01

Ber/Bzz 2.04 | ¥037 #0202 ] 2369+0.017
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Figure 9: Correlation matrix for the measured values of the simplified template cross sections and ratios of branching
fractions. The fit parameters are the products (0; X Bzz) and the ratios By /Bz. The linear correlation coefficient
p(X,Y) between pairs of observables is indicated in color and given numerically.
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6 Interpretation of measurements in the x framework

When testing the Higgs boson coupling strengths, the production cross sections o; and decay branching
fractions By defined in Eq. (2) cannot be treated independently, as they often involve the same Higgs boson
coupling strengths. Scenarios with a consistent treatment of coupling strengths in Higgs boson production
and decay modes are presented in this section.

6.1 Framework for coupling-strength measurements

Coupling-strength modifiers « are introduced to study modifications of the Higgs boson couplings related
to BSM physics, within a framework [41] (k-framework) based on the leading-order contributions to each
production and decay process. Within the assumptions made in this framework, the Higgs boson production
and decay can be factorised, such that the cross section times branching fraction of an individual channel
o (i > H — f) contributing to a measured signal yield is parameterised as

oi(k) XT'r (k)

- 3

O’iXBf =

where I'y is the total width of the Higgs boson and I's is the partial width for Higgs boson decay into
the final state f. For a given production process or decay mode j, the corresponding coupling-strength
modifier «; is defined by

K2 = —O-j or K2 = —rj
77 SM J T sme
J

The SM expectation, denoted by the label ‘SM’, by definition corresponds to k; = 1.

The total width of the Higgs boson is given by the sum of the partial widths for the decay modes included
in the present measurements, and contributions from the following two additional classes of Higgs boson
decays.

* Invisible decays: decays which are identified through an E%liss signature in the analyses described in
Ref. [22]. In the SM, the branching fraction of invisible decays is predicted to be 0.1%, exclusively
from the H — ZZ* — 4v process. The BSM contribution to this branching fraction is denoted as
B;.

* Undetected decays: decays to which none of the analyses included in this combination are sensitive,
such as decays to light quarks which have not yet been resolved, or undetected BSM particles without
a sizable E%ﬁss in the final state. For the former, the SM contribution of these undetected decays
is already included in M, and amounts to 11%, mainly driven by the decays to gluon pairs. The
BSM contribution to the undetected branching fraction is denoted as B, . Note that deviations of
the partial width of the input measurements of this analysis are separately included by scaling their
partial width by «;.
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BSM contributions to the total Higgs boson decay width may manifest themselves as a value of «; differing
from one, or a value of Bj or B, differing from zero. The Higgs boson total width is then expressed as
Tr (k, Bi., Bu) = &3, (&, By, By) T with

2 BSM?
K%{(K, B;,B,) = ﬁ 4)
1. u.

By definition, B, is not directly constrained by any measurement, so that extracting values for both the «
parameters and B, simultaneously requires additional assumptions or constraints. In fact, all the measured
cross sections included in this combination would be left unchanged for certain choices of values for the «
parameters and By, as the changes would divide out in the ratio, as can be seen from Egs. (3) and (4). The
simplest assumption is that there are no undetected Higgs boson decays and the invisible branching fraction
is as predicted by the SM. An alternative, weaker assumption, is to require ky < 1 and kz < 1 [41].
Another possible alternative, used in the previous combination [63] but not in the current note, is based
on the measured signal strength of off-shell Higgs boson production to constrain the total Higgs width,
assuming off-shell and on-shell coupling-strength scale factors are the same.

An alternative approach is to rely on measurements of ratios of coupling-strength scale factors, which can
be measured without assumptions about the Higgs boson total width, since the dependence on I'y of each

coupling strength cancels in their ratios >.

The current LHC data are nearly insensitive to the coupling-strength modifiers k. and «s. Thus, in the
following it is assumed that k. varies as «; and k varies as k. Other coupling modifiers («,,, x4, and «,)
are irrelevant for the combination provided they are of order unity. The gg — H, H — gg, g¢ — ZH,
H — vy, and H — Zvy processes are loop-induced in the SM. The ggH vertex and the H — 7y and
H — Zy processes are treated either using effective scale factors kg, k,, and kz,, respectively, or expressed
in terms of the more fundamental coupling-strength scale factors corresponding to the particles that
contribute to the loop in the SM, including all interference effects. The gg — ZH process is never
described using an effective scale factor and always resolved in terms of modifications of the SM Higgs
boson couplings to the top quark and the Z boson. These relations are summarised in Table 6. All
uncertainties in the best-fit values shown in the following take into account both the experimental and
theoretical systematic uncertainties, following the procedures outlined in Section 3.

3 For the validity of k-framework the narrow-width assumption should still hold.
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Table 6: Parametrisations of Higgs boson production cross sections o7, partial decay widths I'/ | and the total width
I'y, normalised to their SM values, as functions of the coupling-strength modifiers «. The effect of invisible and
undetected decays is not considered in the expression for I'yy. For effective x parameters associated with loop
processes, the resolved scaling in terms of the modifications of the Higgs boson couplings to the fundamental SM
particles is given. The coeflicients are derived following the methodology in Ref. [37, 41].

Production Main Effective )
Loops Resolved modifier
Cross section interference  modifier
o (ggF) v t—b K2 1.040 &7 +0.002 k7 — 0.038 & k5 — 0.005 k; K
2 2
o (VBF) - - - 0.733 k3, +0.267 &5,
o(qq/qg — ZH) - - - K2,
2.456 k% +0.456 k7 — 1.903 k7 k;
o(gg — ZH) v’ -z K(ggzH)
—0.011 kzkp +0.003 kK
2
o(WH) - - - Ky
o (ttH) - - - K2
o(tHW) - -W - 2.909 «? +2.310 K%V —4.220 ki kw
o(tHgq) - -W - 2.633 k% +3.578 k3, — 5.211 kykw
A 2
o (bbH) - - - Ky
Partial decay width
bb 2
r - - - K2
wWw 2
r - - - Ky
rss v 1-b Kg 1111 &7 +0.012 k3 — 0.123 kK5
s _ _ _ K%.
YA 2
r - - - K%
e - : - RER
1.589 k2, +0.072 k7 — 0.674 kw k;
Y v -W K3 +0.009 kw &~ + 0.008 & Kp
—0.002 k;kp — 0.002 kK
r v -W Kizy L1185, —0.125kwk; +0.004 k7 +0.003 kw kp
s - - - K2 (= K%)
[HH - - - Kfl
Total width (B;, = By, = 0)
0.581 k7 +0.215 k3, +0.082 &3
+0.063 k2 +0.026 k% +0.029 «?
I'y v~ K%{ 7'2 Z ) c
- +0.0023 3 +0.0015 &7,
+0.0004 k3 +0.00022 «,
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6.2 Fermion and gauge boson couplings

The model studied in this section probes the universal coupling-strength scale factors ky = kw = k2 for all
vector bosons and kr = k; = Kk, = kK = K, for all fermions. The effective couplings corresponding to the
ggH, H — yy and H — Zvy vertex loops are being resolved in terms of the fundamental SM couplings. It
is assumed that there are no invisible or undetected Higgs boson decays, i.e. B; = By, = 0. Only the relative
sign between ky and kg is physical. As a negative relative sign has been excluded with high confidence
level [9], ky > 0 and kr > 0 are assumed. The best-fit values and uncertainties from a combined fit are

— 0.031
ky = 1.039*%031
ki =0.93 % 0.05.

Figure 10 shows the results of the combined fit in the (xy, kF) plane. Both «xy and kr are measured to be
compatible with the SM expectation. The level of compatibility between the SM hypothesis with the best-fit
point corresponds to a p-value of psym = 2.8%, computed using the procedure outlined in Section 3 with
two degrees of freedom. Compared to the previous result [23], a lower p-value is observed mainly due to
the lower fitted value for k. This is driven by the updated 7H, H — bb and ggF, H — 77 measurements.
In the combined measurement a linear correlation of 43% between «y and kg is observed.

Ll_ N T I T T T T ‘ T T T T T ‘ T T T T _
X 1 15: ATLAS Preliminary + Observed bestfit ]
. ? _ e Observed 68% CL ]
- Vs=13TeV, 36.1-139 ft — Observed 95% CL
1.1 My =125.09 GeV, |yH| <25 ¥ Standard Model
r p. =28% ]
C Tswm ]
1.05 -
1= —
0.95 —
0.9F -
0.85[ —
0.8F -
C 1 [ [ [ [

0.95 1 1.05 1.1 1.15
Ky

Figure 10: Negative log-likelihood contours at 68% and 95% CL in the (v, k) plane obtained from a combined fit,
assuming no contributions from invisible or undetected Higgs boson decays. The best-fit value is indicated by a cross
while the SM hypothesis is indicated by a star. A linear correlation of 43% between «y and ¢ is observed. The
level of compatibility between the combined measurement and the SM prediction, estimated using the procedure
outlined in the text with two degrees of freedom, corresponds to a p-value of psy = 2.8%.
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6.3 Probing BSM contributions in loops and decays

To probe contributions of new particles through loops, the effective coupling strengths to photons («, ),
gluons (kg) and to Zy (kz,) are measured. These parameters are defined to be positive as there is by
construction no sensitivity to the sign of these coupling strengths. The modifiers corresponding to other
loop-induced processes are resolved. Any potential BSM contribution to «,, kg and kz,, corresponding
to a deviation from unity, may also contribute to the total width of the Higgs boson. To check this, the
branching fractions Bj and B, , defined in Section 6.1, can be fixed to zero or allowed free in the fit.
Furthermore, the benchmark models studied in this section assume that all coupling-strength modifiers of
known SM particles are unity, i.e. they follow the SM predictions, and that the kinematics of the Higgs
boson decay products are not altered significantly.

Assuming B; = B, = 0, the best-fit values and uncertainties from a combined fit are

kg = 1.00 £ 0.05
Ky =1.06 £ 0.05
Kzy = 1437038
The corresponding negative log-likelihood scans are shown in Figure 11. The level of compatibility
between the SM hypothesis with the best-fit point corresponds to a p-value of psm = 36%, computed using

the procedure outlined in Section 3 with three degrees of freedom. The observed (expected) significance
on kz,, relative to the absence of this coupling is 2.20 (1.10).

To also consider additional contributions to the total width of the Higgs boson, the assumption of no
invisible or undetected decays is dropped and B; and B, are included as independent parameters in the
model. The measurement sensitive to Higgs boson decays into invisible final states described in Ref. [22]
is included in the combination and used to constrain B;. The B, parameter is constrained by decay modes
that do not involve a loop process. The results from this model are

kg =0.98 + 0.06
Ky = 1.06 + 0.05

Kzy = 1437031

B;. < 0.14 at 95% CL

B.. <0.15at 95% CL.

Limits on B; and B, are set using the 7,, prescription presented in Section 3. The observed (expected) upper
limits at 95% CL on B; and B, are 0.14 (0.13) and 0.15 (0.21), respectively. The level of compatibility
between the SM hypothesis with the best-fit point corresponds to a p-value of psy = 60%, computed using
the procedure outlined in Section 3 with five degrees of freedom.

The results for both models are summarised in Figure 12.
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Figure 11: (a) Negative log-likelihood contours at 68% and 95% CL in the (k,, k) plane obtained from a combined
fit and assuming no contributions from invisible or undetected Higgs boson decays. The best-fit value for each
measurement is indicated by a cross while the SM hypothesis is indicated by a star. A linear correlation of —30%
between k, and «, is observed. The compatibility between the combined measurement and the SM prediction,
estimated using the procedure outlined in the text with two degrees of freedom, corresponds to a p-value of pgsys =
37%. (b) Observed (black solid) and expected (blue dashed) negative log-likelihood scans as a function of xz, from
a combined fit of the three parameters «,, k, and «z,, assuming no contributions from invisible and undetected
Higgs boson decays, B;, = B,, = 0. When scanning one parameter, other parameters of interest from the model are
also varied in the maximisation procedure. The dashed horizontal lines show the levels —2InA =1 and —2InA =4
which are used to define, respectively, the 1o~ and 20" confidence intervals for the parameter of interest.
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Figure 12: Best-fit values and uncertainties for effective modifiers to the gluon, photon and Zy couplings of the
Higgs boson, with either Bj = B, = 0 (left), or B; and B, included as free parameters (right). In the latter case,
the measurement of the Higgs boson decay rate into invisible final states is included in the combination. For the
Bi. and B, results, the bar with the left-facing arrow indicates an upper limit at 95% CL. The SM corresponds to
Kg = Ky = kz, = 1 and B; = B, = 0. All coupling-strength modifiers of known SM particles are assumed to be
unity, i.e. they follow the SM predictions. The level of compatibility between the combined measurement and the SM
prediction, estimated using the procedure outlined in the text with three (five) degrees of freedom for left (right)
panel, corresponds to a p-value of psym = 36% (60%).
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6.4 Generic parameterisation assuming no new particles in loops and decays

In this model the scale factors for the coupling strengths to W, Z, ¢, b, T and u are treated independently.
The modifiers of Higgs boson couplings to second-generation quarks are assumed to scale as the coupling
modifiers for 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. Invisible or undetected Higgs boson decays are assumed not to exist. All
coupling-strength scale factors are assumed to be positive. The results of the H — pu analysis are
included for this specific benchmark model. The results are shown in Table 7. The updated t17H, H — bb
measurement leads to a smaller observed value of k;, compared to the previous combination result [23].
Consequently, the value of «, has decreased due to the contribution of «;, to the total Higgs boson decay
width. The observed (expected) significance on «, relative to the absence of this coupling is 2.1 o (1.7 o).
The observed significance is slightly higher compared with the one reported in Ref. [20] due to other
coupling strengths being profiled to the combined data set instead of fixed to SM.

Table 7: Fit results for xz, kw, kp, k;, kr and k,, all assumed to be positive. In this benchmark model BSM
contributions to Higgs boson decays are assumed not to exist and Higgs boson vertices involving loops are resolved
in terms of their SM content.

Parameter Result

Kz 0.99 +0.06
Kw 1.03 £ 0.05
Kb 0.88 £0.11
Ky 0.92 +0.06
Kt 0.92 £0.07
Ky 1.07 * 8%51

All measured coupling-strength scale factors in this generic model are found to be compatible with their SM
expectation. The level of compatibility between the SM hypothesis with the best-fit point corresponds to a
p-value of psm = 19%, computed using the procedure outlined in Section 3 with six degrees of freedom.
Figure 13 shows the results of this benchmark model in terms of reduced coupling-strength scale factors,

defined as
_ / v _ my
Yv = 4[Kv _2v VKv _v

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

_ . &F
YF =KF—= = KfF—

V2 v
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for fermions with a mass m . For the b quark and the top quark, the M S running mass evaluated at a scale
of 125.09 GeV is used.
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Figure 13: Reduced coupling-strength modifiers x %2 for fermions (F = t, b, 7, ) and /ky = for weak gauge
bosons (V = W, Z) as a function of their masses mr and my, respectively, and the vacuum expectation value of
the Higgs field v = 246 GeV. The SM prediction for both cases is also shown (dashed line). The black error bars
represent 68% CL intervals for the measured parameters. The coupling modifiers are measured assuming no BSM
contributions to the Higgs boson decays, and the SM structure of loop processes such as ggF, H — yy and H — Zy.
The lower panel shows the ratios of the values to their SM predictions. The level of compatibility between the
combined measurement and the SM prediction, estimated using the procedure outlined in the text with six degrees of
freedom, corresponds to a p-value of psy = 19%.
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6.5 Generic parameterisation including effective photon, Zy and gluon couplings with
and without BSM contributions in decays

The models considered in this section are based on the same parameterisation as the one in Section 6.4
but the ggF, H — gg, H — yy and H — Zvy loop processes are parameterised using the effective
coupling-strength modifiers «g, k, and kz,,, similar to the benchmark model probed in Section 6.3.

The measured parameters include kz, kw, Kb, K¢, K¢, Ku, Ky, Kz and k4. The sign of k; can be either
positive or negative, while xz is assumed to be positive without loss of generality. All other model
parameters are also assumed to be positive. Furthermore it is assumed that any potential BSM effect does
not affect the kinematics of the Higgs boson decay products significantly.

Two scenarios are considered for the total width of the Higgs boson:
(a) No BSM contributions to the total width of the Higgs boson (B; = By, = 0).

(b) Both B; and B, are added as free parameters to the model. The measurement of Higgs boson decays
into invisible final states, VBF, H — inv, described in Ref. [22] is included in the combination
and used to provide a constraint on B; . The conditions kw < 1 and kz < 1 are used to provide a

constraint on By as discussed in Section 6.1. B, is assumed to be positive.

The numerical results for the two scenarios are summarised in Table 8 and illustrated in Figure 14. All
probed fundamental coupling-strength scale factors, as well as the probed loop-induced coupling scale
factors are measured to be compatible with their SM expectation.

In scenario (a) with no BSM contribution to the total width, a possible negative value for «; is excluded
at 4.30 (3.80 expected) relative to the best-fit value with sensitivity coming from the tH and gg — ZH
processes. The level of compatibility between the SM hypothesis with the best-fit point corresponds to a
p-value of psm = 33%, computed using the procedure outlined in Section 3 with nine degrees of freedom.
In scenario (b) the observed (expected) 95% CL upper limits on the branching fractions are B; < 0.09
(0.11) and By, < 0.16 (0.23).

32



ATLAS Preliminary —— 580 CL
s =13 TeV, 36.1 - 139 fb™
m,, =125.09 GeV, ly | <2.5 —— 95% CL
K5 . _.'
| — - '
e - - |
r | - - 1
Kz, | : i
B, | B =B,=0 : i
B, - Pgy= 33% s .
I I I I I
0 1 2 0 1 2

Figure 14: Best-fit values and uncertainties for Higgs boson coupling modifiers per particle type with effective
photon, Zy and gluon couplings and either B; = By, = 0. (left), or B;, and B, included as free parameters with the
conditions kw .z < 1 imposed and the measurement of the Higgs boson decay rate into invisible final states included
in the combination (right). For the B; and B, results, the bar with the left-facing arrow indicates an upper limit at
95% CL. The SM corresponds to B;, = B, = 0 and all x parameters set to unity. All parameters except «, and Bj, are
assumed to be positive. In the former case, the level of compatibility between the combined measurement and the
SM prediction, estimated using the procedure outlined in the text with nine degrees of freedom, corresponds to a
p-value of psm = 33%. In the latter scenario, psy in not provided due to the bounds on kw 7.
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Table 8: Fit results for Higgs boson coupling modifiers per particle type with effective photon, Zy and gluon couplings
and either (a) B; = By, = 0, or (b) B; and B, included as free parameters, with the conditions «w_ z < 1 imposed
and the measurement of the Higgs boson decay rate into invisible final states included in the combination. The SM
corresponds to B;. = By, = 0 and all k parameters set to unity. All x parameters except for «; are assumed to be
positive.

Parameter (a) B; =B, =0 (b) B; free, By, >0, kw, z <1
Kz 0.99 + 0.06 0.96 *+ 004

- 0.05

Kw 1.06 + 0.06 1.00 * 000
Kb 0.87 +0.11 0.81 +0.08
Ki 0.92+0.10 0.90 +0.10

0.25 0.23
Ky 1.07 + 92 1.03 + 923
Kr 0.92 +0.07 0.88 + 0.06
Ky 1.04 + 0.06 1.00 +0.05
kzy LTGRO 13302

0.07 0.07
Kg 0.92 * 007 0.89 * 0:07
B;, - < 0.09 at 95% CL
By, - < 0.16 at 95% CL

6.6 Generic parameterisation using ratios of coupling modifiers

The six absolute coupling-strength scale factors and three effective loop-coupling scale factors measured in
the previous benchmark model are expressed as ratios of scale factors that can be measured independent
of any assumptions about the Higgs boson total width, together with a global scale factor determined
by the gg — H — ZZ* process. The model parameters are defined in Table 9. All parameters are
assumed to be positive. This parameterisation represents the most model-independent determination of
coupling-strength scale factors that is currently possible in the x-framework. The numerical results from the
fit to this benchmark model are summarised in Table 9 and visualised in Figure 15. All model parameters
are measured to be compatible with their SM expectation. The level of compatibility between the SM
hypothesis with the best-fit point corresponds to a p-value of 34%), computed using the procedure outlined
in Section 3 with nine degrees of freedom.

The parameter Aw z in this model is of particular interest: identical coupling-strength scale factors for the
W and Z bosons are required within tight bounds by the SU(2) custodial symmetry and the p parameter
measurements at LEP and at the Tevatron [64]. The ratios 1,7 and Az, 7 are sensitive to new charged
particles contributing to the H— yy and H — Zv loops unlike in H — ZZ* decays. Similarly, the ratio
Ayq 1s sensitive to new colored particles contributing through the ggF loop unlike in /#H or tH events. The
observed values are in agreement with the SM expectation.
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Table 9: Best-fit values and uncertainties for ratios of coupling modifiers. The second column provides the expression
of the measured parameters in terms of the coupling modifiers defined in previous sections. All parameters are
defined to be unity in the SM.

Definition in terms
Parameter ) Result
of x modifiers

Kgz KgKz [KH 0.98 + 0.05
Al‘g Kl/Kg 1.00+0.11
Azg Kz /Kg 1.07 +0.09
Awz KW/KZ 1.07 = 0.06
/lyz Ky/KZ 1.05 £ 0.06
/1272 KZ)//KZ 1.39 t 8‘;17
Az K-,-/KZ 0.93 +0.07
Apz Kp/Kz 0.89 * 8'.58
Apr Ky Kz 1.16 * %‘%i
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Figure 15: Measured ratios of coupling modifiers. The dashed line indicates the SM value of unity for each parameter.
The level of compatibility between the combined measurement and the SM prediction, estimated using the procedure
outlined in the text with nine degrees of freedom, corresponds to a p-value of 34%.
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7 Interpretation within the SM Effective Field Theory framework

Effective field theories provide a model-independent approach, systematically improvable with higher-order
perturbative calculations, to parametrise the effects of candidate BSM theories that reduce to the Standard
Model at low energies. In SM Effective Field Theory (SMEFT), the effects of BSM dynamics at energy
scales A that are large in comparison to the Higgs vacuum-expectation-value v (A >> v) can be parametrised
at low energies, E < A, in terms of higher-dimensional operators built up from the Standard Model fields
and respecting its symmetries:

Nde Ci (s Nas bi (s
Lsmerr = Lsm + Z A—;Oi( )+ Z A—;Oi( U (5)
i J

where Lgyy is the SM Lagrangian, Ol.(6) and Ol.(g) represent a complete set of operators of mass-dimensions
d =6 and d = 8, while ¢; and b; are the corresponding Wilson coeflicients. Operators with d = 5 and
d = 7 violate lepton and/or baryon number conservation and are not relevant for Higgs physics. The
effective theory expansion in Eq. 5 is robust, fully general, and can be systematically matched to explicit
ultraviolet-complete BSM scenarios.

Measurements of (fiducial) cross-sections can be used to constrain the Wilson coeflicients associated to
each SMEFT operator, and hence put constraints on new physics at a given fixed scale A. The interpretation
of the cross-section measurements presented in this note closely follows the methodology introduced
in Ref. [46]. The expected number of signal events (Eq. 1) is expressed for each Stage 1.2 STXS bin
i and Higgs boson decay mode f in terms of signal strength modifiers p;r = (o X B); ¢ /(0 X B)?Jl,v[
multiplying the corresponding highest-order state-of-the-art prediction. Dedicated (next-to-)leading-order
SMEFT predictions are employed to parametrise the signal strength modifiers y; ¢ as a function of relevant
Wilson coeflicients (see Section 7.1). It is assumed that these parametrisations will not be significantly
affected by higher-order contributions [65]. Second, since not all Wilson coefficients can be simultaneously
constrained by the available data, a dedicated set of all relevant linear combinations of Wilson coefficients
(eigenvectors) is chosen for the fit to data (Section 7.2). Finally, the SMEFT signal parametrisation is then
used to constrain the Wilson coefficients in the combined fit to all STXS input measurements listed in
Table 1 (Section 7.3). Compared to the previous SMEFT interpretation [46], the new input measurements
from H — WW*, H — 77 and VBF, 1tH and high—p? -VH H — bb channels used in this analysis provide
an improved sensitivity and help in resolving ambiguities among the fitted parameters.

The SMEFT operators are defined within the Warsaw basis [66] which forms a complete set of all Oi((’)
operators allowed by the SM gauge symmetries. Contributions of operators of mass-dimension d = 8 or
higher are not considered, as the corresponding calculations are not available for all considered processes.
The analysis aims to constrain the d = 6 Wilson coeflicients corresponding to operators that either directly
or indirectly impact Higgs boson couplings to SM particles. Table 10 lists the operators considered in this
analysis and their corresponding Wilson coeflicients ¢;. Here, all CP-even d = 6 operators were considered
for which the A=2-suppressed contribution to any of the (o x B); ¢ predictions exceeds 1%o with respect to
the SM prediction at c; = 1. In this analysis, a value of A = 1TeV is assumed, coefficients for alternative
values of A = X can be trivially obtained through a scaling with a factor (X /1 TeV)?2. All complex-valued
Wilson coefficients, notably ¢, w, .G, cup and c, g in this analysis, are used with J(c;) = 0.
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Table 10: Wilson coefficients ¢; and corresponding dimension-6 SMEFT operators O l.(ﬁ) used in this analysis.

Wilson coefficient Operator Wilson coeflicient Operator
o (H'H)o(H'H) cuc (@0 TAu) H G},
CHDD (H'D*H)" (H'D,H) Cuw (@potu)t HWy,
CHG H'H G;‘,,GA/“’ CuB (cj_pal“’ur_)H B,
CHB H'H B;uvB#V Cfl (lpy,ult)(lryﬂls)
Chw H HW] Wi qq (GpYua)(Gry*as)
CHWB H't'HW,, B ¢ (Gpyutlar)(Gsy T qr)
CeH (HTH)(lperI:{) Cqq (q_pVMCIt)(q_rVMQS)
Cunt (H'H)(gpu,H) cq (@pYut' a0 (@ry ' qs)
CdH (H(E;I)(q_pdrH) Cuu (ﬁpyuur)(ﬁsyﬂ”t)
C(II;Z (H'iD wH) (UpyHly) Cuuu (i pypur) (iryHus)
> - _ _
e (H'i DLH) (I, 1)) Cou (@pYuao) (@ y*us)
CHe (HTi D ,H)(epytey) Ci)d (ﬁpY,uTAur)(ds)’ﬂTAdz)
-H -_ — -_
C(Il.}q (H*l D ,uH)(CIp'Y'MQr) C(;)u (‘Ipy,uTA‘Ir)(us')"uTAut)
R _ _ -
Hq (H'i D'LH)(3pm"v"q,) o (GpyuT qr)(dsy"TAd,)
CHu (H%i?ﬂH)(ﬁpy”ur) cw EIJKW[,VW‘{prﬂ
—> -
CHa (H'i D ,H)(d,y"d,) cG FABCGA GYPGSH

7.1 Simulation of the impact of SMEFT operators

The impact of the d = 6 SMEFT operators listed in Table 10 has been computed with the UFO model using
MADGRAPHS5_AMC@NLO [67]. Calculations for most Higgs production and decay modes have been
performed at LO accuracy in QCD with SMEFTsim v3.0 [68], under the assumption of a U(3)> flavour
symmetry, and providing the Fermi constant G, and the Z and W boson masses as input. Exception are
ggF, gg¢ — ZH and H — gg calculations, performed at NLO accuracy in QCD with SMEFTatNLO [69],
and calculations for SMEFT-SM interference terms in H— y7y, performed at NLO accuracy in QED [70],
all providing m as input. SMEFT modifications to the background processes in the included analyses are
not considered.

A fully linearised signal parametrisation is employed (Section 3.2 in Ref. [46]), considering only EFT
contributions from the interference between the SM and the dimension-6 SMEFT operators. These are
suppressed by up to factor 1/A” compared to the SM contribution and have a linear dependence on the
dimension-6 Wilson coefficients. The expected impact of the most relevant SMEFT operators on the signal
cross section in a given Stage-1.2 STXS bin and on the branching ratio of a given Higgs decay channel
is shown in Figure 16. Further BSM contributions involving exclusively dimension-6 SMEFT operators
introduce a quadratic dependence on the dimension-6 Wilson coefficients. Being suppressed by a factor
1/A*, they are generally expected to be small and are neglected in this analysis, though their impact may
still be non-negligible in certain regions of phase space. Due to the limited time available, the impact of
such terms will only be considered in the next iteration of the analysis. Their contribution, however, has to
be considered with caution, since the lowest-order cross-section interference terms generated by d = 8
operators are also suppressed by a factor 1/A* and may have a comparable contribution.
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Figure 16: Impact of the most relevant SMEFT operators on the STXS regions and decay modes, relative to the
SM cross-section, under the assumption of the linearised SMEFT model. To judge the experimental sensitivity
to constrain the operators from the data in the listed STXS regions, the total uncertainty on measurement in the
corresponding regions is shown in the top panel. For presentational clarity, the statistical uncertainty of low precision
STXS regions is clipped in the plot.
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It is assumed that the systematic uncertainties assigned to the acceptance factors (A X e)ff that multiply
uir in Eq. 1, arising from theory uncertainties which are fully taken into account in the SM cross-section
prediction, cover the possible acceptance changes induced by SMEFT operators in Higgs production
through the full validity range of the SMEFT model. The use of this assumption is motivated by the
similarity of reconstruction-level analysis regions to STXS cross-section regions, which are designed to be
relatively insensitive to acceptance changes induced by SMEFT operators. The effect of SMEFT operators
on other observables used in the definition of the analysis regions, e.g through multivariate discriminants,
is assumed to be negligible.

On the other hand, the impact of SMEFT operators on Higgs boson decays can strongly affect the acceptance
factors since decays are not limited to a restricted fiducial phase space in the STXS framework. While for
most decays, in particular two-body decays, such acceptance effects are found to be negligible, there is
a significant impact observed on the H — 4¢ and H — {v{v four-body decays. Dedicated acceptance
corrections are therefore evaluated in these two channels for each Wilson coefficient that affects the
corresponding Higgs decay vertex. Corrections are obtained as a difference of the fiducial and the inclusive
signal predictions for the considered decay vertex using the fully linearised signal parametrisation approach,
and then added to the linearised inclusive signal prediction. The linearised acceptance corrections evaluated
for the H — 4¢ decay channel are shown to be in good agreement with those calculated previously with a
non-linear parametrisation in Ref. [11].

7.2 Choice of EFT fit parameters

The available data samples contain insufficient information to constrain all coefficients ¢; in Table 10
simultaneously. As degrees of freedom left unconstrained by the data do not necessarily correspond
to individual coefficients c;, but may also be linear combinations }}; a;c;, a modified basis of Wilson
coeflicients c¢; is estimated following the methodology described in Ref. [46]. First, the eigenvalue
decomposition procedure is performed based on the SM expected covariance matrix of (o~ X B); » STXS
measurements, assuming the Gaussian behaviour of STXS measurements, in order to determine to which
Wilson coefficients the fit is sensitive. In order to reduce the impact of correlations with low-sensitivity
parameters on the fit results while grouping the parameters into groups with a similar physics impact,
only eigenvectors with a significant eigenvalue (larger than ~0.1) are further considered. The chosen
eigenvalue threshold approaches the domain with the limited validity of the EFT approach. Based on this
selection, the final choice of linear combinations ¢ is then obtained from a subsequent new eigenvector
decomposition in sub-spaces of Wilson coefficients, which are grouped together based on the following
physics information:

* Parameter c o appears as an overall normalisation to all bins; it is thus excluded from the fit and can
be added back to the results as an overall correction to all fitted parameters.

3)
H

driven by the VH measurements, in particular in the H — bb channel.

* Parameter ¢ 4 has a good standalone sensitivity and could be fitted separately; it’s sensitivity is

* While the parameter ¢, was not accessible in the previous combined interpretation [46], it can now
be constrained mainly due to the Yukawa coupling measurements in the H — 77 channel.

e Parameters cyg, cuG and ¢, g are constrained by both the ggF and 17H measurements, while ¢,

qq°
(3) 31) (1) ()] (1) ®) ®) : »
Cqq> Caq> €qq> Cuus Cuus Cogp Cqus Cqus € g and cg are only constrained from ¢zH (and, for some,

tH) and affect the shape of the signal in a similar way. The updated tfH, H — bb measurement
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introduces additional separation power between the ggF and 77H related parameters. The operators
CHG, Cuc and c, g that are strongest constrained from the ggF production mode are therefore grouped
into one sub-space, while the remaining ones are joined together within another sub-space (referred
to as crop).

 Parameters c,w and ¢, p are also constrained by t7H but are additionally and mostly constrained by
the H — vy decay, as are also cgw, cgs, and cgwp parameters. The cy operator also gives a
small contribution to the H — 7y channel and is now taken into account, while it was neglected
in the previous combination. Therefore, a rotation of these six Wilson coefficients is considered
in addition to ¢ gpp. Their correlation with the ggF and top-quark related parameters is due to the
strength of the measurement of these production modes in ggH(— vyy) channel.

Hi S

(and VBF H — bb) measurements. Similarly, there there is also a correlation between ¢4y, and

cl’ ; as well as between ¢y, and ¢y 4 parameters. Based on the main constraining processes, three

groupings are defined here: {c\,,. cue }. {c}y;. ¢, } and {cHu, cHa. c}];q 1.

* Parameters ¢ cHe and c();q, are strongly correlated, constrained mainly by the VH, H — bb

HI’

* Parameter ¢4y affecting the Hbb Yukawa coupling can now also be probed due to the additional
sensitivity provided by an updated VBF H — bb measurement, which reduces the correlation
between the parameters in the VH production and the H — bb decay.

The final parameter set ¢ entering the combined fit and the corresponding rotation matrix of this basis
with respect to the Warsaw basis is visualised in Figure 17.
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Figure 17: Visualisation of the projection matrix from the Warsaw basis ¢; (x-axis) to the fit basis ¢ (y-axis).

7.3 EFT interpretation results

The observed and the SM expected constraints on the parameters c; using the linearised SMEFT model are
summarised in Table 11 and visualised in Figure 18. All measured parameters are consistent with the SM
expectation within their uncertainty. The level of compatibility between the SM hypothesis with the best-fit
point corresponds to a p-value of psy = 59%, computed using the procedure outlined in Section 3 with
13 degrees of freedom. Comparing the observed results with those from the interpretation in terms of
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Table 11: Summary of the observed and the SM expected measurement of the parameters c¢; with the SMEFT
linearised model. The ranges correspond to 68% and 95% confidence level intervals, where all other coefficients and
all nuisance parameters were left as free parameters in the fit.

Model Parameter Observed Expected
(A=1TeV) Best-fit 68% CI 95% CI 63% CI 95% CI
Gy 0.0 [-0.04,0.05] [-0.08,0.1] [-0.04,0.05]  [-0.08,0.09]
Can 3.2 [0.5,6] [-2.1,9] [-2.7,2.7] [-5,5]
Cert 1.8 [0.23,4] [-1.5,5] [-1.7,1.7] [-3.5,3.2]
Chiw HB.HWB.HDD.aw gy 0001 [0.004,0.005]  [0.009,0.01] | [-0.005,0.004] [-0.009,0.009]
Choy B HWBHDD W gy 04 [-0.30, 1.0] [-0.9,1.7] [-0.6,0.6] [-1.3,1.3]
CS‘J/V,HB,HWB,HDD,uW,uB,W —04 [-4.1.9] [-6.5] [-2.7,2.8] [=5.6]
ngm’He -0.4 [-1.4,0.7] [-2.5,1.7] [-1.0,1.0] [-2.0,2.0]
cgl,Hd’qu 0.0 [-0.4,0.4] [-0.9,0.8] [-0.4,0.4] [-0.9,0.8]
A -0.8 [-6,4] [-10,9] [-5.5] [-10,10]
021(3),”, 0.15 [-0.4,0.7] [-0.9, 1.3] [-0.5,0.5] [-1.0,1.0]
P -0.005 [-0.01,-0.0018] [-0.013,0.0021] | [-0.004,0.004] [—0.008,0.008]
- -0.23 [-0.7,0.18] [-1.1,0.6] [-0.4,0.5] [-0.9,0.9]
b 0.15 [-0.18,0.5] [-0.5,0.8] [-0.4,0.4] [-0.7,0.7]
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Figure 18: Summary of observed measurements of the parameters c¢; within the SMEFT linearised model. The
ranges shown correspond to 68% (solid) and 95% (dashed) confidence level intervals.
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the generic parametrisation within the x-framework (Section 6.5), the following trends in deviations from
SM predictions are observed: deviations of the best-fit x, and cE]G’u G.uH values are both of similar size
relative to the measurement uncertainty, and are both below the SM prediction, in accordance with their
expected positively correlated impact on the ggF cross section; deviations of the «; and c.y best-fit values
are also of similar size but in opposite directions, as is expected from their negatively correlated impact on
the H — 71 decay rate; and finally, similar behavior is also observed for the «; and ¢y parameters, both

of which affect the H — bb decay vertex.

The correlation matrix of the measurement is shown in Figure 19.
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Figure 19: Correlation from the linearised SMEFT model for the observed data. The linear correlation coefficient
p(X,Y) between pairs of observables is indicated in color and given numerically.

Compared to the previous results in Ref. [46], the correlations between different subgroups of Wilson
coefficients are in general reduced due to the additional input from the H — 77, VBF, H — bb and t1H,
H — bb channels. Together with the additional sensitivity, this allows for the first time for the constraints
on the c.y, cqg and c,[ (1)1, parameters to be set independently of other parameters in the fit. Furthermore,
the sensitivity to the most sensitive directions in the remaining groups of parameters is in general improved
by up to 70%.
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8 Interpretation in the context of UV-complete BSM theories

In 2HDMs, the SM Higgs sector is extended by introducing an additional complex isodoublet scalar field
with a weak hypercharge of one. Both SU(2) doublet Higgs fields acquire a vacuum expectation value,
resulting in the prediction of two neutral CP-even, one neutral CP-odd and two charged Higgs bosons. Four
types of 2HDMs satisfy the Paschos—Glashow—Weinberg condition [71, 72], which prevents the appearance
of tree-level flavor-changing neutral currents:

* Type I: One Higgs doublet couples to vector bosons, while the other one couples to fermions. The
first doublet is fermiophobic in the limit where the two Higgs doublets do not mix.

* Type II: One Higgs doublet couples to up-type quarks and the other one to down-type quarks and
charged leptons.

* Lepton-specific: The Higgs bosons have the same couplings to quarks as in the Type I model and to
charged leptons as in Type IL.

* Flipped: The Higgs bosons have the same couplings to quarks as in the Type II model and to charged
leptons as in Type L.

The observed Higgs boson is identified with the light CP-even neutral scalar predicted by 2HDMs, and
its accessible production and decay modes are assumed to be the same as those of the SM Higgs boson,
i.e. no other Higgs boson production or decay mechanism contributes to the measured cross sections.
Furthermore, it is assumed that only the 2HDMs are responsible for the potential BSM effects in the Higgs
boson couplings to vector bosons, up-type quarks, down-type quarks and leptons. The changes with respect
to the corresponding SM predictions are expressed as functions of the mixing angle a between the light
and the heavy CP-even neutral scalars, and the ratio of the vacuum expectation values of the two Higgs
doublets, tan 8 [73].

Figure 20 shows the regions of the (cos(8 — @), tan 8) plane that are excluded at a confidence level of
95 % or higher, for each of the four types of 2HDMs. The expected exclusion limits in the SM hypothesis
are also overlaid. The data are consistent with the alignment limit [45] at cos(8 — @) = 0, in which the
couplings of 2 match those of the SM Higgs boson, within one standard deviation or better in each of
the tested models. The allowed regions also include narrow, curved petal regions at positive cos(S — @)
and moderate tan 8 in the Type II, Lepton-specific, and Flipped models. These correspond to regions
with cos(B + @) ~ 0, for which some fermion couplings have the same magnitude as in the SM, but the
opposite sign.

In general, the expected constraints on different studied 2HDM scenarios improve by about 20%. Compared
to previous interpretation results [23], a shift of the exclusion contour towards the smaller cos (8 — @)
values is observed for the 2HDM Type-I scenario. This is mainly due to the updated H — 77, H — bb
and trH measurements which drive the Yukawa couplings of 7 leptons, b quarks and top quarks towards
the values below the SM prediction. Similarly, in case of the lepton-specific 2HDM scenario, the lepton
coupling (coupling to down-type quarks) at large (small) tan 8 values shifts the constraints on cos (8 — @)
towards larger (smaller) values.
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Figure 20: Regions of the (cos(8 — a), tan B) plane of four types of 2HDMs excluded by fits to the measured rates of
Higgs boson production and decays. Contours at 95% CL, defined in the asymptotic approximation by —2In A = 5.99,
are drawn for both the data and the expectation for the SM Higgs sector. In all cases, the observed best-fit points are
out of the range, compatible with the degeneracy in tan 8 along the cos (8 — @) = 0 axis. The angles « and S8 are
taken to satisfy 0 < 8 < w/2 and 0 < 8 — @ < 7 without loss of generality. The alignment limit at cos(8 — @) = 0, in
which all Higgs boson couplings take their SM values, is indicated by the dashed red line. Best-fit values are not
shown due to the limited sensitivity to the tan 8 parameter. The observed best-fit values for cos(8 — @) are -0.006 for

the Type-I, 0.002 for the Type-II, 0.001 for the lepton-specific and 0.002 for the flipped scenario.
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9 Conclusions

Measurements of Higgs boson production cross sections and branching fractions have been performed
using up to 139 fb~! of pp collision data produced by the LHC at /s = 13 TeV and recorded by the ATLAS
detector. The results presented in this note are based on the combination of analyses of the H — vy,
H—ZZ*,H— WW*,H — 11, H — bb, H — pu and H — Z decay modes and a search for decays
into invisible final states in the vector boson fusion (VBF) production mode. Compared to the previous
combined measurement, the Zy decays, the bb decays with highly boosted Higgs bosons, the H — 77
decays produced in association with a vector boson, and the fully-hadronic H — 71 decays produced in
association with top quarks are included for the first time, while the WW and 77 analyses targeting both the
ggF and VBF production modes, as well as the bb analyses targeting the VBF and ¢7H production modes
are updated to the full Run 2 data set.

The global signal strength is determined to be 1 = 1.06 + 0.06, improving by 10% compared to the
previous result. The Higgs boson production cross sections within the region |yg| < 2.5 are measured in a
combined fit for the gluon—gluon fusion process, vector boson fusion, the associated production with a
W or Z boson and the associated production with top quarks, assuming the SM Higgs boson branching
fractions. Several other measurements have been performed, including production cross section times
branching fraction for each pair of production and decay processes, and ratios of production cross sections
relative to gluon—gluon fusion and ratios of branching fractions relative to H — ZZ*, together with the
cross section of the gg — H — ZZ* process. Measurements are also provided in the simplified template
cross section framework. In addition, the measurements are interpreted in terms of the coupling strength
modifiers («-framework) and in the context of the Standard Model Effective Field Theory (SMEFT) and
Two-Higgs-Doublet-Model predictions.

The vector boson fusion cross section measurement improves by about 30% due to the updated H — WW*
and VBF H — bb input analyses, while the updated H — 77 and H — bb analyses lead to improvements
of the corresponding branching ratio and coupling modifier measurements by up to 50%. The combination
includes for the first time also the Zy decay channel, allowing to set constraints on the corresponding
effective coupling modifier, with the observed (expected) signal significance of 2.2 o (1.1 o) relative to
the absence of this coupling. The newly added measurement of the H — bb process with boosted Higgs
bosons produced in association with a vector boson, as well as an increased amount of data in the updated
input analyses allow for a higher granularity of simplified template cross section measurements at large
Higgs boson transverse momentum as well as at large invariant mass of the dijet system. Constraints
on different groups of linear combinations of SMEFT parameters are improved by up to 70%. For the
first time, two additional SMEFT parameters, related to the 7-lepton and b-quark Yukawa couplings,
are probed separately from other parameters of interest in the fit. Furthermore, the sensitivity on the
(cos (B — a), tan B) parameter space for selected benchmark scenarios of the Two Higgs Doublet Model is
also improved by about 20% compared to the previous results. In all cases, no significant deviations from
SM predictions are observed.
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Figure 21: Observed correlation matrix from a simultaneous fit for a'gzgg, OVBE/ ek, OWH [OgeF, OZH [OggF,
Ot +iHTegks Byy/Bzz, Bww /Bzz, Bzz/Bzz, and By, /Bzz. The linear correlation coefficient p(X,Y)

between pairs of observables is indicated in color and given numerically.
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B Additional material concerning the interpretation in the x framework
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Figure 22: Observed correlation matrix from the fit of (a) g, k5 and kz,,, assuming B; = B, = 0, and (b) kg, Ky,
kzy, B; and B, parameters. The linear correlation coefficient p(X,Y) between pairs of observables is indicated in
color and given numerically.
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Figure 23: (a) Observed correlation matrix from the fit of xz, kw, kp, k;, kr and k,, all assumed to be positive.
(b) Observed correlation matrix from the fit of the Higgs boson coupling modifiers per particle type with effective
photon, Zy and gluon couplings and B;, = By, = 0. The linear correlation coefficient p(X,Y) between pairs of
observables is indicated in color and given numerically.
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C Additional material concerning the EFT interpretation
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Table 12: Parametrisation of the EFT interference terms normalized to the SM prediction for the gg — H and
qq — Hqq bins of the STXS as defined in its stage 1.2 with the parameter definitions of the SMEFTsim model. The
numbers are rounded according to their statistical uncertainty. Dimensional quantities are printed in units of GeV.

STXS Category

Parameterisation

gg > H

gg — H,0—jet,0<pH <10

gg — H,0-jet, 10<pH <200

gg — H, 1 —jet, 0<p11.'1<60

gg — H,1-jet,60<pH <120

gg — H., 1 —jet, 120<pH <200

gg — H, > 2 —jet,0<m;; <350, 0<pH <60
g8 — H, > 2 —jet, 0<mj; <350, 60<pH <120
gg — H, > 2 —jet, 0<m;; <350, 120< pH <200
g8 — H, > 2 —jet, 350<m;; <700, 0< pH <200
gg — H, > 2 —jet, 700<m;;, 0<pH <200

gg — H,200<pH <300

gg — H,300<pH <450
gg — H,450<p.f:1

0.118¢cgp—0.0294cypp +42.0cgG —0.117¢cy g +1.59¢,G—0.1 17c‘;}l +
0.0587¢;,

0.1176CHD - 0-0295CHDD + 42.2CHG - 0.1186CuH + 1.626L¢G -
0.1182¢8), +0.0590c),

0.132¢gp—-0.0330capp +44.0cG —0.132¢,, g +1.60c,G —0. 132c21 +
0.065¢;,

0.125¢g5—0.0314cupp +43.5c G —0.125¢, g +1.58¢,G —0.1 250;}, +
0.063¢;,

0.115¢cgn - 0.028cupp +44cuG —0.118cy 7 +1.60c,G — 0.112c21 +
0.058¢;,

0.128¢Hp —0.033capp +46cHG —0.128¢c, g +1.63¢,G — 0.13202, +
0.065¢;,

0.130cpp - 0.033capp +47cuG —0.133¢cymq +1.59¢,G6 — 0.1306;}[ +
0.065¢;,

0.133¢Hn —0.032capp +46cHG —0.132¢, g +1.48¢c,,G — 0.13002, +
0.066¢;,

0.137cgpn — 0.035cupp +44cuG —0.144cy g +1.48¢c,G — 0.135(‘21 +
0.069¢;,

0.13cgo — 0.032cupp + 45caG — 0.13cym + 1.5¢,6 — 0.131c;}l +
0.065¢;,

O.IIICHD - 0-03OCHDD +47CHG —0.122CuH + 1.69CuG - 0.1206‘21 +
0.058¢;,

0.12¢gp-0.029c gpp +60c G —0.12¢, g +2.1¢,,6 —0.11c¥) +0.055¢y;

HI

0. 13CH\:| _0~029CHDD +SOCHG -0. 13CuH +2~9CuG -0. 136‘;1‘[ +O'07C;l

qq — Hqq

qq — Hqq, <1 —jets

aq — Hqq, > 2 —jet,mj; € (0,60), (120, 350), 0< pH <200
qq — Hqq, > 2 - jet, 60<pH <120

qq — Hqq, > 2 - jet, 350<m;; <700, 0< pH <200

qq — Hqq, > 2 - jet, 700<m;; <1000, 0< pH <200

qq — Hqq, > 2 - jet, 1000<m; ; <1500, 0< pH <200

qq — Hqq, > 2 - jet, 1500<m;;, 0<pH <200

qq — Hqq, > 2 - jet, 350<m;;, 200<pH

0.12161—15 - 0~0099CHDD + 0.227CHW + 0.00756’1—13 + 0.0SGICHWB -
0.363c}y, +0.369¢; , +0.0313chy, —0.0136ck 4 +0.182¢),

0.12261—15 - 0~0089CHDD + 0.027CHW + 0.00296’1—13 + 0.0407CHWB -
0.365¢};, - 0.002¢}; .~ 0.059¢};, +0.0038c, +0.182¢],

0.119CHD - 0~0041CHDD + 0.575CHW + 0.022161—13 + O.IOQCHWB -
0.357cy;, - 0.004cy;  +1.76¢;,  +0.149¢H,, —0.0605¢p 4 +0.180c],
0.121cgp — 0.0097capp — 0.134cgw + 0.0270cgwB — 0.367c21 -
0.003c}; , —0.370cy; | — 0.0198c,, +0.0091cpq +0.184c),
0~123CHD - 0.0IOOCHDD - 0.145CHW + 0~024CHWB - 0.3716(;1)1 +
0.005¢f;,, = 0.40cy; = 0.0242¢ 1, +0.0096¢ k4 +0.183¢;,

0.123cpgp — 0.0092capp — 0.147cgw — 0.0014cyp + 0.025cawB —
0.3710‘;}1 +O.010c‘1'7’,q - 0.42c2"q —0.0259¢cH, +0.0090cq 4 +0. 181c;l
0.1236115 - 0.0IOCHDD - O.ISSCHW + 0.0ZSCHWB - 0.3706‘;}1 +
0.024c}y .~ 0.43¢};, —0.0296CHy +0.0085cp 4 +0.186¢],

O.IZOC‘HD - 0~OO63CHDD + O.ISCHW + 0~04OCHWB - 0.3556’;}1 +
0.037¢y; = 1.26¢}; = 0.088¢ky, +0.0311cpg +0.178¢),
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Table 13: Parametrisation of the EFT interference terms normalized to the SM prediction for the g¢ — Hlv,
pp — HII, ttH and tH bins of the STXS as defined in its stage 1.2 with the parameter definitions of the SMEFTsim
model. The numbers are rounded according to their statistical uncertainty. Dimensional quantities are printed in
units of GeV.

STXS Category Parameterisation

qq — Hlv

aq — Hlv,0<pY <75 0.1209¢ 5 — 0.0301cppp +0.8T4ckw —0.241ch), + 1.14cy;  +0.181c];
aq — Hlv,0<py <150 0.121cpo - 0.0305cupp +0.941cpw - 0.242¢5;, + 1.91cy; +0.182¢,
qq — Hlv,150<py <250 0.123cpio - 0.0303cupp +1.05ckw —0.242¢y;, +3.85¢y, , +0.184c),
aq — H1v,250<pY <400  0.122cy5 - 0.031cupp + 1.12caw —0.242¢5;, + 8.4y, +0.186¢);

qq — Hlv, 400<p.}/ 0.116¢Ho — 0.028cupp + 1.06cHw — 0.23¢yy, + ZZCE‘] +0.17¢},

pp — HIl

pp — HIL0<pY <150 1+ 0.1350csg + 0.010lcppp + 0.6820cw +0.0820cps + 0.3030cwp + 0.0060¢, 11 + 0.0435¢,G —
0.0458¢f;, - 0.2470¢};, — 0.0326ck, — 0.1100cf; , + 1.5500cy; , +0.3880ck, —0.1170cs 4 +0.1880c),

pp — HIL 150<pY <250 1+ 0.1380cpq + 0.0126¢kpp +0.6800cpw +0.0830cks +0.3000cr wp +0.0189¢, 51 +0.1070¢,G —
0.0460c};, — 0.2500¢;; - 0.0328c e —0.2500c};, +2.6700cy; , + 06860k, —0.1960c 4 +0.1930c],

pp — HIL250<pY <400  1+0.131cp0+0.019¢kpp +0.690ckw +0.096¢ 5 +0.310c W +0.031c, +0.132¢,,G —0.044c!)y, -
0.244¢p;, = 0.032¢H —0.610¢y; . +5.800cy; . + 1.450ck, — 0.460cy 4 +0.186¢],

pp — HILL400<pY 14+0.130c g5 +0.022¢ pp +0.660cgw +0.130c 5 +0.370c W +0.038¢, 11 +0.149¢,,G — 0.050¢!), —
0.260cp;, = 0.032¢He - 2.500cf;  + 17.0¢f;  +4.600c, — 1.340c 4 +0.200c),

ttH
17H, 0<pH <60 20.002¢G + 0.117¢Hn — 0.0294capD + 0.408¢G — 0.119¢, 1 — 0.775¢uG — 0.00dc,w — 0.001cup —
0.120c};,+0.002¢; , +0.0595¢],+0.006 1 ¢fyy +0.130¢ 4, +0.0234cy +0.294¢3t; +0.0087c,,, +0.131 ¢l —
. 0.001c), +0.0218¢!; , +0.0055¢{), +0.085c, —0.001c), +0.0220c),
1TH, 60<pH <120 0.037¢G+0.118¢0—0.0295¢ pp +0.479¢ G ~0.118¢4, 11 ~0.859¢,, G —0.005 ¢, w —0.001 ¢, —0.119¢'5y  +

0.003¢};, +0.0599c], +0.0077c g +0.161cy, +0.0292c(, +0.357¢y +0.0106¢,,,, +0.159¢(, ~0.001 ¢y +
0.0265¢, +0.0069cg, +0.104cy, —0.001clr, +0.0263¢,
ttH, 120<p%l <200 0.119¢G+0.116¢cg5—-0.0290c Hpp +0.599c G +0.001cgw —0.117¢,, g —0.97 ¢, —0.007 ¢, w —0.002¢, p—
0.119¢;,+0.004c;  +0.0597¢],+0.0130cy, +0.244¢ 1 +0.0453 ¢y +0.537Tcly +0.0161¢,,,, +0.240¢l;,, —
0.002¢"” , +0.0385¢® | +0.0102¢y), +0.155¢%, — 0.001c¢” , +0.0384c®
N ud : ud N qu N qu : qd : qd

l‘;H, 200<p11.q <300 0.252CG + 0.112CHD - 0-0284CHDD + O.73CHG + 0.001CHW - O-OOICHWB - O.lISCMH - 1.03CuG =

0.0106¢,,w —0.003¢, 5 =0.115¢5;,~0.001c};  +0.0088¢y;  +0.0582¢;,+0.0226¢ () +0.409¢, 4 +0.076¢,, +
. 0.88clyyy +0.0270c,,, +0.406¢1s,, —0.004c,, +0.0617¢ly, +0.0163cq), +0.25Tch, —0.002¢), +0.0616¢),
ttH, 300<p{:] <450 0.436‘@ + 0.110cygg — 0.0278cupp + 0.87C‘HG + 0.00ZCHW - O-OOICHWB - 0.1 IOCuH - 1.06L‘uG -

0.0155¢,w = 0.0055¢, 8 = 0.112¢}y, = 0.0041cy;  +0.0238¢y; . +0.0044ch,, - 0.001cpq +0.056¢], +
0.042¢0, +0.73¢ 5, +0.133¢5y, + 1.53¢y +0.0464c,,,, +0.72¢fh, —0.0069¢" +0.102¢  +0.0264cL,, +

4
) 0.456¢,, —0.003¢), +0.103¢),
1TH , 450<pH 0.64cG + 0.126cHn — 0.031cmpp + 1.26ckG + 0.002cpw — 0.001cgws — 0.091c,y — 1.08¢uG —

0.0172¢c,w — 0.0066c,B — 0.0836‘;}[ - 0.0198c};q + 0.087c‘;{)q +0.0212¢cpy = 0.0058cy 4 +0.041c, +

0.075¢qy, +1.39¢, +0.208¢Gy +2.72¢4; +0.075¢, + 1.37ci, = 0.0009¢,, +0.172¢;3, +0.037¢, +

0.84cg), - 0.0044¢)) +0.172¢0,

tH
tH 0.1112¢cgn —0.0278¢cupp +0.232cpG +0.1841cgw —0.0784c, 1 — 0.116¢,G — 0.178¢,w —0.274¢Y)

3) ’ 3) Hi i
0.321¢p;,, +0.1369¢], +0.428¢5),
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Table 14: Parametrisation of the EFT interference terms normalized to the SM prediction for the decay widths
of the considered Higgs boson decays as well as of the total Higgs boson width with the parameter definitions
of the SMEFTsim model. The numbers are rounded according to their statistical uncertainty. Only terms with
?’ﬂ > 0.001%c; are considered.

SM

Decay mode Parameterisation

H—ZZ*—4¢ 0.119 cgn + 0.003 cgpp- 0.303 cgw - 0.200 cyp + 0.299 cgwp + 0.127 C;}l -0.235 czl -0.102 cge +0.181
C/

12

H—-> WW* > Ivly 0.122 cgg- 0.031 cgpp- 0.096 cgw + 0.006 cgp + 0.002 cgwa- 0.229 c‘I:’U -0.004 cge +0.183 C;l

H — Yy -0.945 cw + 0.121 CHO- 0.241 CHDD - 13.065 CHW - 40.113 CHB + 22.379 CHWRB + 0.034 CuH- 1.150 Cuw - 2.148
cup-0.363 c(,’;’l +0.182 cl’l

H — bb 0.121 cgg- 0.030 cgpp - 0.121 ¢4 - 0.121 c‘;_}l +0.061 Cl,l

H—> 1t 0.121 cgo- 0.030 cgpp- 0.121 c.g- 0.121 C;}l +0.061 Cll,l

H — all 0.001 cw + 0.121 cgg- 0.030 cgpp + 1.363 cyG- 0.048 cgw - 0.049 cyp + 0.046 cgwp- 0.005 cepr- 0.012

cuH-0.085 cqpr +0.051 ¢,,g-0.002 c,yw - 0.003 ¢, - 0.151 c;}l +0.013 c?}q +0.079 ¢},

Table 1

5: Parametrisation of the acceptance corrections in the relevant Higgs boson decay channels in terms of the

EFT parameters defined in the SMEFTsim model. Corrections are obtained as a difference of the fiducial and the
inclusive signal predictions for the considered decay vertex using the fully linearised signal parametrisation approach.

Decay mode Acceptance Parameterisation

H — 41

0.162CHW +0.021cyp — 0-162CHWB

ggH. H — Ivly  =0.007cpw +0.006¢}),

VBF, H

— Ivly  -0.018caw +0.007c‘;i’l
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