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1 Introduction

Since a particle (H) with attributes consistent with those of the Higgs boson [1-6] of
the Standard Model (SM) of particle physics was discovered [7, 8] by the ATLAS and
CMS experiments, its properties have been measured with proton-proton (pp) collision
data produced by the Large Hadron Collider (LHC) at CERN. The ATLAS and CMS
Collaborations recently presented their first results on the combination of Higgs boson
production and decay rate measurements with up to 139 fb=! of 13 TeV pp collision data [9, 10],
collected during the full LHC Run 2 in the years 2015 through 2018. Two interpretations
of the ATLAS measurements are presented here. The first one is based on an effective
field theory (EFT) framework of the Standard Model. The second interpretation relies on
specific theories that provide ultraviolet (UV) completions of the SM, specifically several
benchmark scenarios within the two-Higgs doublet model (2HDM) [11-14] or within a minimal
supersymmetric extension of the Standard Model (MSSM) [15-19].

In addition to the production and decay rates mentioned above, the fiducial differential
cross-sections for Higgs boson production as a function of selected event kinematics have been
measured by the ATLAS Collaboration with the same data sample in the H— ZZ*— 4¢ ({ =
e, i) [20] and H — ~v [21] decay channels, among others [22, 23]. The fiducial differential



cross-sections measured as a function of the total transverse momentum! of the Higgs boson
decay products in the two decay channels, p%f and p%w, are used in this paper to constrain
anomalous Higgs boson couplings to gluons and top quarks, and an anomalous Higgs-gluon-
top-antitop quark coupling, within the same EFT framework. These couplings are also probed
using the EFT interpretation of Higgs boson production and decay rate measurements; the
sensitivities obtained with the two approaches are compared.

Effective field theories provide a model-independent approach to describe new physics at
high mass scales, systematically improvable with higher-order perturbative calculations, to
parametrise the effects of candidate theories beyond the Standard Model (BSM) that reduce
to the Standard Model at low energies. In the SM Effective Field Theory (SMEFT), the effects
of BSM dynamics at energy scales A that are large in comparison to the vacuum-expectation-
value (vev) v of the SM Higgs field (A > v) can be parameterised at low energies, £ < A,
in terms of higher-dimensional operators that are built up from the Standard Model fields
and respect its symmetries. Measurements of (fiducial) cross-sections can be used to place
constraints on the Wilson coefficients associated with the SMEFT operators, corresponding
to limits on BSM physics at some fixed scale A.

The methodology employed here for the EFT interpretation of the combined measurements
of Higgs boson production and decay rates is similar to the one used by the individual analyses.
The interpretation is applied to the combined measurements of the Higgs boson production
cross-sections times branching ratios in the following decay channels: H — ZZ*(— 4¢),
H —~vy, H—bb, H— 17, H—> WW*(— evpv), H — Z~, and H — pp [24-34].

A similar approach is used for the interpretation of the fiducial pp-differential cross-
sections in the H— ZZ*— 4¢ and H — 77 channels. For this study the pt distribution
was chosen as it was previously measured in both channels and is sensitive to anoma-
lous Higgs boson couplings to top-quarks and gluons. The method resembles closely that
described in ref. [21] for the joint interpretation of five differential cross-sections in the
H — ~~ decay channel in terms of a few dimension-6 SMEFT operators, but only the
cross-section measurements as a function of p4T€ and pl) are used, and a smaller num-
ber of operators is probed. On the other hand, the joint interpretation with a second
decay channel with similar statistical precision increases the sensitivity to the probed
BSM operators.

In the interpretations presented in the second part of this paper, performed in the context
of UV-complete BSM theories, two additional measurements of production and decay rates,
based on a partial Run 2 data sample collected in the years 2015 and 2016, are considered:
H — WW* in the WH and ZH production modes [35], and H — multileptons in the
ttH production mode [36]. In the latter, the selection requirement of two prompt leptons
primarily selects H — WW™* and H — 77 decays, with a small additional contribution
of H — ZZ* decays.

'ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre 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
0 as n = —Intan(6/2). Angular distance is measured in units of AR = /(An)2 + (A¢)2. The transverse
momentum pr is the momentum component in the transverse plane.



In a previous publication [37], measurements were interpreted within the hMSSM
model [38]. In this paper, in addition to the hMSSM model, seven more recent bench-
mark MSSM scenarios [39, 40] are tested. In addition, an interpretation within the 2HDM
near the alignment limit, in which the light neutral Higgs boson of the 2HDM is SM-like,?
is also reported. These constraints are compared with those inferred from the limits on the
SMEFT Wilson coefficients after matching the 2HDM parameters to the SMEFT operators.

The paper is structured as follows. Section 2 gives an overview of the Higgs boson
production-mode cross-sections and decay rate measurements and of the fiducial differential
cross-section measurements that are used to derive the results presented. Section 3, devoted
to the EFT interpretation of the measurements, starts with a description of the general
approach of deriving limits on Wilson coefficients (section 3.1). This is followed by the details
of the specific choices of Wilson coefficients probed in the interpretations of the combined
measurements of Higgs boson production-mode cross-sections and decay rates (section 3.2) or
of the measurements of the fiducial differential cross-sections as a function of p4f (section 3.3),
together with the corresponding constraints. The interpretations in UV-complete extensions
of the SM are detailed in section 4. The approach taken to interpret the Higgs boson
production-mode cross-sections and decay rate measurements in terms of constraints on the
parameters of the 2HDM or the MSSM, and the derived results, are described in sections 4.1
and 4.2, respectively. Finally, section 5 presents the conclusions.

2 Measurements of Higgs boson cross-sections

2.1 Data samples

The results presented in this article are based on up to 139 fb~! of pp collision data collected
by the ATLAS detector [41-43] in the years 2015 to 2018, with the LHC operating at a centre-
of-mass energy of 13 TeV. The decay channels, targeted production modes and integrated
luminosity of the data sample used in each input analysis are summarised in table 1, where
the simplified template cross-section measurements labelled ‘STXS’ are identical to those used
in ref. [9]. The analyses used for this interpretation were published while the uncertainty in
the combined 2015-2018 integrated luminosity was 1.7%. It was derived from the calibration
of the luminosity scale using x—y beam-separation scans, following a methodology similar to
that detailed in ref. [44], and using the LUCID-2 detector [45] for the baseline luminosity
measurements. Subsequently an improved estimate of the integrated luminosity was made [46],
with a slightly higher central value (+0.8%) and half the uncertainty (0.8%). The results
described in the following sections assume the older, less precise luminosity calibration; they
would not be significantly affected if recomputed using the latest one.

2.2 Simulation of the Standard Model signal

Monte Carlo (MC) simulated event samples of SM Higgs bosons produced in pp collisions and
decaying into the final states considered in this study were generated and normalised to SM
predictions calculated for a Higgs boson mass my = 125.09 GeV [48]. For each Higgs boson

2The terms SM-like and analogous ones are used throughout this paper to denote particles with similar
properties to those of the named particle.



Analysis £ Reference  Binning SMEFT 2HDM and

Decay channel Production mode (b1 (h)MSSM
[25] STXS-1.2 v v
H ¥, VBF, WH, ZH, ttH, tH 1
= (eeF, VBF, WH, , 1tH, tH) 39 [21] differential ~ v'(subset)
[24] STXS-1.2 v v
H—ZZ* Z7Z* — 4L: ggF, VBF H+ZH, ttH +tH 1
- ( = 46 geF, VBE, WH + ZH, #tH +tH) 139 [20] differential v (subset)
(ZZ* — Uy [ llqq: ttH multileptons) 36.1 (36] STXS-0* v
H s rr (¢eF, VBF, WH + ZH, ttH + tH) 139 31]  STXS-1.2 v v
(ttH multileptons) 36.1 (36] STXS-0* v
H—» Ww* (ggF, VBF) 139 [32] STXS-1.2 v v
(WH, ZH) 361 [47) STXS-0* v
(ttH multileptons) 36.1 (36] STXS-0* v
H = bb (WH, ZH) 139 [26,27]  STXS-1.2 v v
(VBF) 126 [28] STXS-1.2 v v
(ttH + tH) 139 [30] STXS-1.2 v v
(boosted Higgs bosons: inclusive production) 139 [29] STXS-1.2 v v
H— Zy (inclusive production) 139 (33] STXS-0* v v
H — pp (egF +ttH +tH, VBF + WH + ZH) 139 [34] STXS-0* v v

Table 1. The decay channels (1st column), targeted production modes (2nd column) and integrated
luminosity £ (3rd column) of the data sample used for each analysis included in the combined
measurements of Higgs boson production and decay rates, couplings and simplified template cross-
sections (labelled as ‘STXS’ in the ‘Binning’ column), or in the measurements of fiducial pp-differential
cross-sections (labelled as ‘differential’ in the ‘Binning’ column). The references for the input analyses
(5th column) and information about which input analyses are considered for the SMEFT-based
interpretation (6th column) and the interpretations in terms of UV-complete models (7th column) are
also provided. The STXS-0* binning only distinguishes inclusive production processes, whereas the
STXS-1.2 and differential binnings partition production processes in kinematic regions at a varying
level of granularity. The full definitions of these binning schemes for the measurements and the
corresponding signal yield parameterisations are detailed in section 2.3. In all the analyses, the tiny
expected contribution from associated bbH production is applied as a correction to ggF as described
in the text.

decay mode, the branching ratio that was used corresponds to the theoretical calculation
at the highest available order of accuracy in perturbation theory [49].

Higgs boson production via gluon-gluon fusion was simulated using the POWHEG
Box v2 [50-53] NNLOPS implementation [54, 55]. The event generator uses HNNLO [56] to
reweight the inclusive Higgs boson rapidity distribution produced by the next-to-leading-order
(NLO) generation of pp — H + parton events, with the scale of each parton emission deter-
mined using the MiNLO procedure [57]. The PDF4LHC15 [58] next-to-next-to-leading-order
(NNLO) parton distribution functions (PDFs) were used for the central prediction and uncer-
tainty, except for the H — bb and H — Z~ measurements, which used the NNPDF3.0 [59]
NNLO PDFs. The sample is normalised such that it reproduces the total cross-section pre-
dicted by a next-to-next-to-next-to-leading-order (N*LO) quantum chromodynamics (QCD)
calculation with NLO electroweak (EW) corrections applied [49, 60-63]. The NNLOPS
generator reproduces the Higgs boson pr distribution predicted by the NNLO plus next-to-



next-to-leading logarithm (NNLL) calculation of HRES2.3 [64], which includes the effects of
top- and bottom-quark masses and uses dynamical renormalisation and factorisation scales.

The VBF and q¢ —+ VH (g9 — ZH) production processes were simulated at NLO
(LO) accuracy in QCD using the POWHEG BOX v2 [65] generator where the simulation of
qq — V H relies on improved NLO calculations [66]. The PDF4LHC15 NLO set of PDFs
was used, except for the H — bb and H — Z~ measurements, which used the NNPDF3.0
NLO PDFs. In the vector-boson fusion (VBF) H — bb analysis, NLO EW corrections were
calculated using MADGRAPHS5__AMCQNLO 3.0 and applied as a function of the generated
Higgs boson transverse momentum. The VBF sample is normalised to an approximate-NNLO
QCD cross-section with NLO EW corrections applied [49, 67-69]. The V H samples are
normalised to cross-sections calculated at NNLO in QCD with NLO EW corrections [70, 71]
and additional NLO QCD corrections [72] for the gg — ZH subprocess [49].

Higgs boson production in association with a top-antitop quark pair (ttH) was sim-
ulated at NLO accuracy in QCD using the POWHEG BOX v2 generator, except for the
H — py analysis and the measurements based on 36.1 fb~! of data, which used the MAD-
Grapub_ AMC@NLO 2.6 [73] generator. The PDFALHC15 NLO set of PDFs was used in the
H — ~v and H— ZZ*— 4¢ analyses, while the NNPDF3.0 (N)NLO set of PDFs was used
in the other ones. In all cases, the sample is normalised to a calculation with NLO QCD and
EW corrections [49, 74-78]. Higgs boson production in association with a single top quark in
the ¢t-channel (tHq) or with an additional W boson (tHW) were simulated at NLO accuracy
using MADGRAPH5__AMC@NLO 2.6 and either the NNPDF3.0(N)NLO PDF set or the
CT10 NLO PDF set. The two tH samples are normalised to NLO QCD calculations [49, 79].

All parton-level events were input to PYTHIA 8.2 [80] to model the Higgs boson decay,
parton showering, hadronisation, and multiple parton interactions. The generators were
interfaced to PyYTHIA 8.2 using the AZNLO [81] or A14 [82] sets of tuned parameters (tunes).

Particle-level events were passed through a GEANT 4 [83] simulation of the ATLAS
detector [84] and reconstructed using the same analysis software as used for the data.
Event pile-up was included in the simulation by overlaying inelastic pp collisions, such that
the distribution of the average number of interactions per bunch crossing reproduces that
observed in the data. The inelastic pp collisions were simulated with PyTHIA 8.1 using the
MSTW2008LO [85] set of PDFs with the A2 tune [86], or using the NNPDF2.3LO [87]
set of PDFs with the A3 tune [88].

2.3 Signal yield parameterisation

In all analyses listed in table 1, the likelihood function for each signal region k, with one
or more bins 7, is modelled as

L(Nk|“’ 0) = HPOiSSOD (Nk:,r|sk‘(“7 0) ’ ff,r(e) + bk,r(0)> ) (2'1)

where NNy, is the observed event count of bin r in region k, sj is the expected signal count
in region k, fsk’T is the expected fraction of the signal in region k that is contained in bin r,
and by, represents the expected event count from background processes. The ensemble of
parameters of interest pu describes the Higgs boson signal normalisation, while @ represents
the set of nuisance parameters taking into account the systematic uncertainties that originate



from theoretical and experimental sources, as well as additional degrees of freedom without
prior constraints such as background yields or normalisations in some of the input channels.
The full likelihood function is then the product of the likelihood functions for each signal
region k and of Gaussian or log-normal probability density functions that constrain the
nuisance parameters.

Depending on the level of detail implemented in each analysis, the signal yield parameters
p can be indexed by Higgs boson production process (i), decay mode (X), and fiducial
phase space region defined at the particle level (k). Analysis region k, defined at the
reconstruction level, is typically chosen to match the particle-level region k' as closely as
possible, to reduce the extrapolation uncertainty. As reconstruction-level selections do not
generally correspond exactly to particle-level regions, multiple particle-level regions will
contribute to the signal yield sg.

For the measurements listed in table 1, two distinct signal parameterisation strategies
are followed as defined in eq. (2.2) and eq. (2.3). For analyses labelled as ‘STXS-0*" or
LR X applied to the SM
Higgs boson production cross-section times branching ratio, for each Higgs boson production

‘STXS-1.2°, the signal yield for region k is modelled as a scale factor p

process ¢ and decay X, in a fiducial region &’ defined at the particle level. Alternatively,
for analyses labelled as ‘differential’, the signal yield is modelled as a cross-section Jlg;"X
describing the sum of all production processes, separately for each Higgs boson decay mode
X and fiducial region k' defined at the particle level. The corresponding parameterisations
of the signal yield s in terms of the parameters of interest pp = {uz 4 X} or {,ullz/’X} and
of the nuisance parameters 6 are:

s§ (i, 0) = L 37 ™ x (o % B)g&:é(N))NLO(0> X 6slqzxs 1(0), (2.2)
i,k", X
ST (1., 0) = L x 2 s x ol (8) x el (8), (2.3)
k" X

where L is the integrated luminosity, (o x B)gy, M. (N(N))NLO is the calculation, at the highest
available order, of the SM Higgs boson cross-section for the production process i in particle-
level region k' multiplied by the SM Higgs boson branching ratio to the final state X, and
osm,fd. is the SM Higgs boson production cross-section for the fiducial region &', summed over
all production modes. The factors e’sr]};gé . and es;’é i represent the products of acceptance
times efficiency of the reconstruction-level region k for the particle-level fiducial phase space
region k' and Higgs boson decay X (in production mode 4 for the STXS interpretation).

For each interpretation based on a particular model (SMEFT, 2HDM, or MSSM) with a
vector of model parameters a, the original signal parameters p are replaced with expressions
that parameterise the model predictions, i.e., g — p(a), so that the likelihood of eq. (2.1)
is directly expressed in terms of the parameters a. Then, constraints on these parameters
can be directly inferred from the modified likelihood expression. The model-specific re-
parameterisations of the signal parameters are detailed in sections 3 and 4.

The acceptance factors €zs¥><)§k and eﬁgé i» as well as the signal bin fractions ff”", are
derived assuming SM Higgs boson kinematics. For interpretations of the measurements in
physics models that significantly alter kinematic distributions, additional correction factors



may be needed to account for changes in the acceptance and signal shape as a function of
BSM model parameters. These are discussed when applicable in sections 3 and 4.

2.3.1 Fiducial differential cross-section measurements

For the interpretation of fiducial differential cross-section measurements in the H— ~v and
H— Z7Z*— 40 analyses, the differential distributions in the transverse momentum of the
Higgs boson decay products are considered. The H— ZZ*— 4¢ analysis defines nine analysis
regions with boundaries in pﬁfg at

{0, 10, 20, 30, 45, 60, 80, 120, 200, 300} GeV,

whereas the H— v analysis defines a finer granularity with 20 analysis regions with boundaries
in p?l:’ at

{0, 5,10, 15,20, 25, 30, 35, 45, 60, 80, 100, 120, 140, 170, 200, 250, 300, 450, 650, 13000} GeV,

resulting in a total of 29 fiducial cross-section measurements that are interpreted in section 3.3.
Further details of these analyses, including the full definitions of the fiducial regions, can
be found in refs. [20, 21].

2.3.2 Production and decay rate and simplified template cross-section
measurements

For the interpretations based on the SMEFT framework presented in section 3, measurements
of ‘simplified template cross-sections’ of various Higgs boson production processes in the
regions of phase space defined within the STXS framework [49, 89-91] are used. The inclusive
production process classes defined at ‘Stage-0’ in the STXS scheme are bbH production, ttH
and tH processes, qq — Hqq processes (with contributions from both VBF production and
quark-initiated V H production with a hadronic decay of the gauge boson), WH and ZH
production (including gg — ZH, followed by any leptonic decay of the vector boson V' (lep)H)
and finally the gg — H process, consisting of ggF and g9 — ZH, Z — ¢q production.
Since the acceptances for gg — H and bbH production are similar for all input analyses,
the bbH production mode is modelled as a 1% increase of the gg — H yield in each region
of production phase space [49]. Theory uncertainties for the g9 — H, q¢ — Hqq, and
ttH processes are defined as in refs. [24, 25], while those of the V' (lep)H process follow the
scheme described in ref. [92].

The analyses listed in table 1 as using the ‘STXS-0*" binning provide measurements of
the scale factors X for the product of the inclusive cross-section of one or more production
modes i, with i = ggF, VBF, WH, ZH, ttH, tH,> and branching ratio of the Higgs boson
decay mode X. Analyses of the most sensitive production modes performed with the full
Run 2 data sample, labelled ‘STXS-1.2’ in table 1, report measurements of signal yield scale
factors in the more fine-grained ‘Stage-1.2’ definition of Higgs boson production cross-sections.

3The classification of production modes used here differs in one respect from the Stage-0 STXS definition: in
the STXS definition q¢ — V H(qq) production and VBF production are both labelled as a common qq — Hqq
production mode, whereas these production modes are labelled separately here, based on the corresponding
definition/settings of the MC event generators.



At Stage-1.2, the Stage-0 regions are partitioned in particle-level kinematic volumes, for
instance in a few coarse intervals of Higgs boson transverse momentum (p% ), which are helpful
for distinguishing momentum-dependent and momentum-independent SMEFT operators.
The ensemble of parameters ug’%é_m describes deviations in differential distributions, with
the level of detail controlled by the number of particle-level regions that are defined. The
precision with which the more fine-grained set of scale factors ué’!}l)’é_l'z can be measured
depends on the design of the analysis and the amount of available data. As individual
analyses provide only limited sensitivity to some of the Stage-1.2 categories with the current
data sample, some of these categories are merged compared to the Stage-1.2 definitions
given in ref. [49]. Details of the merged category definitions in each analysis are provided
in refs. [24-32]. The grouping of the production modes for STXS-0* and STXS-1.2 regions
is also shown in the second column of table 1.

After merging, a total of 78 signal yield parameters are extracted from the STXS
measurements listed in table 1. The kinematic definitions of these 78 STXS signal yield
parameters, along with their measured signal strengths (i.e., their ratios to the corresponding
SM predictions) and uncertainties, are shown in figures 1-3. While the data underlying the
measurements in these figures is the same as that used for the interpretation of the combined
Higgs boson measurements shown in ref. [9], the granularity of the STXS model used here
is substantially larger, providing additional constraining power for the parameters of the
SMEFT interpretation of the data. The x? for the compatibility between the observed values
and the SM hypothesis is 50 for 78 degrees of freedom, corresponding to a p-value of 99.4%.

For the MSSM and tree-level 2HDM interpretations of section 4, no predictions are
available for all production modes for the full STXS Stage-1.2 phase space partitioning.
In this case, the interpretation is performed based on the STXS-0* production mode scale
factors measured by each input analysis.
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Figure 1. Measured signal strength for each of the H — WW™* and H — ZZ* STXS categories
included in the combination. In the H — ZZ* analysis, V H production events with the vector boson
V' decaying into leptons are assigned to the V H-lep category. In one category the negative uncertainty
is truncated, as indicated by the hatched region, which corresponds to cross-section values for which
the total yield prediction in an analysis region is negative. In that case, the negative uncertainty and
its breakdown in terms of statistical and systematic components are not reported, and replaced with

a long dash (-).

o X B normalized to SM value
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Figure 2. Measured signal strength for each of the H — vy and H — Z~v STXS categories included
in the combination. In the H — v analysis, events with two or more particle-level jets are assigned to
the V H-veto (V H-had) categories if the leading dijet invariant mass m;; is in the range m;; < 60 GeV
or 120 < mj; < 350 GeV (60 < m;; < 120 GeV). In one category the uncertainty is truncated, as
indicated by the hatched region, which corresponds to cross-section values for which the total yield
prediction in an analysis region is negative. In that case, the negative uncertainty and its breakdown
in terms of statistical and systematic components are not reported, and replaced with a long dash (-).
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Figure 3. Measured signal strength for each of the H — 77, bb, and e STXS categories implemented.
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3 Interpretations based on SM effective field theory

3.1 Methodology of effective field theory interpretations

The SM effective field theory provides an elegant language to encode the modifications of the
Higgs boson properties induced by a wide class of BSM theories. Within the mathematical
language of the SMEFT, the effects of BSM dynamics at high energies A, well above the
electroweak scale v = 246 GeV ((A/v)? > 1), can be parameterised at low energies, £ < A,
in terms of higher-dimensional operators built up from the SM fields and respecting its
symmetries such as gauge invariance. This yields an effective Lagrangian:

Ng=¢ Ny=sg (8
LsmerT = Lsm + Z + Z j 70, , (3.1)

where Lgy is the SM Lagrangian, (’)1(6)

and O](-S) represent a complete set of operators of mass-
dimensions d = 6 and d = 8, and ¢;, b; are the corresponding dimensionless Wilson coefficients.
Operators with d = 5 and d = 7 violate lepton and/or baryon number conservation and
are not considered in this study. The effective theory expansion in eq. (3.1) is robust, fully
general, and can be systematically matched to explicit UV-complete BSM scenarios.

The goal of the analysis is to constrain the d = 6 Wilson coefficients that correspond to
operators that either directly or indirectly impact Higgs boson couplings to SM particles [93,
94]. Contributions of operators of mass-dimension d = 8, which are suppressed by 1/A?
relative to the leading effects from d = 6 operators and whose impact on Higgs boson
production and decay in the kinematic regions of interest are not fully calculated, are not
considered. The ‘Warsaw’ basis [95] is used, which forms a complete set of all (91(6) operators
in eq. (3.1) allowed for by the SM gauge symmetries. This basis is widely used in EFT
constraints in various fields of particle physics.

The ‘top’ flavour symmetry scheme for EFT operators is assumed, following the recom-
mendation of ref. [96]. In this scheme, quarks of the first two generations and quarks of the
3rd generation are described by independent fields, a U(2)? symmetry is imposed on the light
quarks, and the quark sector of the EFT is assumed to have no mixing; all lepton generations
are modelled independently. Table 2 lists the operators considered in the analysis of STXS
data, and their corresponding Wilson coefficients ¢;. Only CP-even d = 6 operators for which
the A~2-suppressed contribution to any of the STXS measurements shown in figures 1-3
exceeds 0.1% relative to the SM prediction at ¢;/A? = 1/TeV? are listed. The EFT analysis
of the differential data only considers a subset of the coefficients listed, crg, ceyr and ¢, due
to the more restricted sensitivity of the differential analyses.

A value of A = 1TeV is assumed, coefficients for alternative values of A = X can be
obtained through a scaling of the results presented in this article by a factor (X/1TeV)2.
All Wilson coefficients are assumed to be real.

3.1.1 Simulation of the impact of SMEFT operators

The impact of the d = 6 SMEFT operators listed in table 2 are computed with two universal
FEYNRULES output (UFO) models of MADGRAPH [73] normalised to theoretical calculations
of production cross-sections and decay branching ratios as follows.
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Table 2. Wilson coefficients ¢ and corresponding d = 6 SMEFT operators O; used in this analysis.
The operator and coefficient notation follows the convention of ref. [97].

Calculations for Higgs boson production modes with tree-level diagrams are performed
with SMEFTSsiM [97] assuming the ‘top’ flavour symmetry scheme, following the recommen-
dation of ref. [96] and providing as input G = 1.1663787 x 107> GeV 2, mz = 91.1876 GeV,
and my = 80.387 GeV, where G is the Fermi constant and mz and myy are the Z and W
boson masses respectively. Cross-sections are calculated at NLO accuracy in QCD for ggF,
99—ZH and H — gg with SMEFTatNLO [98] and at NLO EW accuracy for SMEFT-SM
interference terms in H— vy [99] and H — Z~ [100]. Lowest-order calculations in QCD for
myp = 125.09 GeV are used for all other production and decay modes. SMEFT modifications
to the background processes in the included analyses are not considered, but their impact
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on the SMEFT measurements of the signal is expected to be small as most background
distributions are constrained by control regions.

In the simulation, the following requirements are applied at particle level: the minimal
jet transverse momentum is pr > 20 GeV and an angular separation AR > 0.05 between
two jets or two leptons is required, to avoid divergences in the matrix element calculation.
For all events, PYTHIA8 was used for the simulation of parton showering, where the Higgs
boson decay is based on the width calculated by MADGRAPH for the EFT parameters in
question. In ggF events a matching was performed with the MLM algorithm [101, 102] to
remove phase space overlap between the jets from the matrix element and the shower.

For analyses based on the STXS methodology, the RIVET program [103] is used
to analyse the simulated events, where the computation of high-level kinematic quanti-
ties and classification of the events according to their STXS region is performed by the
HiggsTemplateCrossSections in accordance with definitions in [49].*

The cross-section predictions for a specific process, calculated as described above, are
estimated as the sum of three terms:

OSMEFT = OSM + Oint + OBSM, (3.2)

where ogy is the SM cross-section, oj,; describes the interference between the SMEFT
operators (BSM processes) and SM operators, and opgy is the cross-section involving
exclusively SMEFT operators. When considering only d = 6 SMEFT operators, it follows
from eq. (3.1) that oy, consists of terms involving a single d = 6 SMEFT operator, suppressing
each term by a factor A~2, and that opgy contains terms involving products of two d = 6
SMEFT operators, suppressing each term by a factor A~%. For this reason, the impact of the
ogsmM term is generally expected to be small, though its impact may still be non-negligible in
certain regions of phase space, e.g., when energy scales are of order A.

Additional terms suppressed by a factor A~* occur in the general SMEFT expansion of
eq. (3.1), i.e., the lowest-order cross-section terms generated by d = 8 operators that involve
interference between SM and these operators. As only a subset of Higgs boson processes
have been calculated with d = 8 operators [104-106], the list of terms suppressed by a factor
A~* considered is incomplete and the effect of the missing d = 8 terms relative to opgy is
not known. However, their effect may be of a magnitude comparable to that of products of
two d = 6 SMEFT operators, as the suppression factor is at the same order. For this reason,
SMEFT interpretations are presented both with and without the oggy contribution to give
a general indication of the sensitivity of the analysis to A™* terms.

To reduce the perturbative QCD uncertainty in the extraction of the SMEFT Wilson
coefficients, the parameterisation of the predicted cross-section of eq. (3.2) is computed
as a relative correction to the SM prediction computed at the highest available order for

4The RIVET algorithm has been modified to classify events in which a Higgs boson and two leptons arise
from the same production vertex as VH production events. This change ensures the proper classification
of events with leptons from off-shell V' decays, since MADGRAPH only saves on-shell intermediate particles.
Contributions from off-shell V' bosons are small in the SM, but can be enhanced by SMEFT operators.
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each process:

L(NN)NLO AR N
OsM OsMm

This calculation strategy assumes that higher-order terms have the same relative effect on
oint and opsm as on ogy [107] and that the SMEFT operator predominantly modifies the
production process ¢ under consideration.

The predictions are further modified by the impact of SMEFT operators on Higgs boson
decay branching ratios. Since the Higgs boson is a narrow, scalar particle, and only on-shell
production is considered in this analysis, its production cross-section and decay width factorise.
The impact of SMEFT operators on production and decay therefore also factorises and can
be derived independently. Thus, the cross-section for a given Higgs boson production process
i in particle-level region k' and for a given decay mode H — X is

int

i+ TH + FBSM

i,k H—oX _ z k' H—>X ik’ ik’ i,k
(0 xB)gnirT ISMEFT X BSMEFT = (USM + Oing + UBSM) X <

The factorised SMEFT prediction is calculated with ratios as in eq. (3.3) to utilise the SM
prediction at the highest available order:

—X
ik ik’ int BSM
(xB)ier” = (0B g{?)g)NLo 14 Jinb(OLO | TBSM,(N)LO 1+rHﬁx t rng*X
z k! z K/ ,
SM()O SM()O 1+ mt+ BSM
" (34

where the ratios iy /osv and Tipg /T'sy have a linear dependence on SMEFT operators and
are suppressed by a factor A=2, and the ratios opsy/osym and I'sy/T'sy have a quadratic
dependence on SMEFT operators and are suppressed by a factor A=%. In the analysis, these
ratios are parameterised as

ik’ i,k
o’ T, 1t g O, k!
YA TS Y e (35)
Syl j TsM G>5
H—X H=X
Flnt*> AFHHX . B§\)4 B . 3.6
FH—>X = Z J Cj H—)X = Z CJCZ (3.6)
J J.l=>g
H
T _ =3 Al Losw _ =3 BY¢e (3.7)
FSM 7 F l o .
J Jil=J
Wlth H—X H~>X
r£ _ x g _ X
Aj - ZFH—)X le - ZFH—>X ' (3:8)

In eq. (3.8), the sum includes all possible final states X with up to four elementary particles
produced by one of the following Higgs boson decays: H — ff (f = ¢,b,pu,7), H — 77,
H— Zvy,and H—VV* (V=W,6Z). All A;i’k,, A]FH_}X, B;-T;‘k’ and B]-FIH_)X coefficients are
constant factors obtained from simulation that express the sensitivity of the process to the
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operators O; and O; that correspond to the Wilson coefficients ¢; and ¢;, where the indices
J,1 run over all non-negligible operators. The coefficients A; and Bj; are proportional to
A~2 and A~ respectively. The values of all SM Higgs boson branching ratios that enter
eq. (3.8) are taken from ref. [49].

For the interpretation of the differential analyses, where the measured parameters Mk,’X
do not label individual production processes, the relative fractions of the different processes
are predicted according to the SMEFT calculations as in eq. (3.3).

Using egs. (3.4)—(3.7), two statistical models are constructed for the interpretation of
the data: a linearised variant that only considers terms suppressed by up to a factor A=2,
and a variant including quadratic terms with suppression factor A=4.

3.1.2 Cross-section calculation with linear terms

In a scenario where A~%-suppressed contributions are ignored, the predicted deviation of
the cross-section, partial width and total width from their SM values can each be explicitly
linearised as a function of the Wilson coefficients ¢. Ignoring all A~“-suppressed BSM
terms in eq. (3.4), and using the parameterisation of egs. (3.5)—(3.7), the expression for the
cross-section times branching ratio reduces to

i FH—»X
ik H—X ik H—X Tint (N)LO L+ F?:TX
(xB)guprr = (0XB)gy (mnno X | 1+ ik x LI
SM,(N)LO T
SM
FH—)X )
. i 1+ Z Aj c;
o i,k" H— ikl J
= (UXB)SM,((N)N)NLO 1+ Z Aj G| x 1+y Al .. ’
j ~*%j
j

143 (A7 + A7) ¢ 0 (A7)
J

 ox BIEHX
(X B)gn)(N)N)NLO 14+ AM e +0(AY)
J

, (3.9)

where all higher order terms in the expansion are suppressed by power A% or beyond.

A subsequent Taylor expansion of the width ratio expression of eq. (3.9) and truncation
of terms beyond A~2 would result in a completely linearised expression for oxB. However,
as the parametric dependence of a Wilson coefficient in a branching fraction f is effectively
of the form ¢/(1 + f - ¢), the linearity in ¢ of this expression assumed for small values of
¢ does not hold for large values of ¢. This effect is particularly pronounced for operators
affecting Higgs boson decays with a large branching fraction, e.g., cyzr, and operators that
have a large measured uncertainty that allows large values of ¢ in the error propagation. For
this reason, a full Taylor expansion of the ratio is not performed.
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3.1.3 Cross-section calculation including quadratic terms

The SMEFT prediction including the available terms proportional to A=% is

ik H—X
(UXB)zSMEF¥ (3.10)
ik’ H—X 1+%:A£ C]+JIZ>IJB CjCl
=(oxB)éry i 1+ A"“’ +Y B e
( )SM,((N)N NLO Z Cj Jgj jl J 1+EA£HCJ+ Z B;[chq
J Jil>j

i,k H—X
=(oxB)gy L,(N)N)NLO

1+Z (A i, k/+A1—\Hax)cj+Ej,l (A?i’klA{‘H‘)X)cjcl—i_Zj’le (B;Tli,k/+B;Hﬂx)cjcl+0(A76)

(4] )est 2 (Bl Jesert O

Jl=g

where both the numerator and denominator are a second-order Taylor expansion resulting
in a linearised expression for terms of order A~2 and a quadratic expression for terms of
order A=*. Similarly to eq. (3.9), and for the same reason, the width ratio expression
in eq. (3.10) is not subjected to a further Taylor expansion. While the set of operators
proportional to A= considered in eq. (3.10) is not complete due to missing d = 8 operators,
as noted earlier a comparison of results obtained with the linear statistical model and the
model including quadratic terms is indicative of the sensitivity of the measurements to
terms suppressed by A%

Figure 4 illustrates the impact of the linear terms A; for the three SMEFT operators
considered in the interpretation of the fiducial differential cross-section measurements, whereas

figure 5 shows the impact of linear terms and the impact including quadratic terms on
l«H—)X

) and decay | —L—5— — 1| rates.
1+AJF.

The relative importance of the quadratic term increases linearly with the considered

production (A;i’k/

variation of the corresponding Wilson coefficient. Figure 5 shows that the quadratic terms

have the highest impact in the high-pt regions of V H production for the coefficients c(ﬁ ,

c(;} , CHd, and ¢y, on high-pr (inclusive) ttH production for the coefficients ¢, c(Q; , cg;,

cfg, cgu, i) (cg) and in the tH channel for the coefficients cHQ and ch

3.1.4 Assumptions on SM Higgs boson kinematics

With the insertion of the SMEFT cross-section predictions of egs. (3.9) or (3.10) in egs. (2.2)
and (2.3) describing the expected signal yield sj for each analysis region k, i.e.,

ik H—X
' (0xB)gniia-2—a
1 (O‘XB)zk X in eq. (2.2),
M, ((N(N))NLO
k' H—X
TSM+A-2.-4 fid.
k' H—X
TSM fid.

AR in eq. (2.3),

the effect of SMEFT cross-section modifications on the inclusive Higgs boson signal yield for
each particle-level region k' is fully taken into account for every reconstruction-level region k.
However, the SMEFT operators may also affect other terms of the likelihood, notably the

i X K

efficiency times acceptance factors ¢ occurring in egs. (2.2) and (2.3), as well as the signal

yield distribution inside each region k represented by the factor fI* occurring in eq. (2.1).
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Figure 4. Expected impact of the SMEFT operators on the fiducial differential distributions of the
transverse momentum of the Higgs boson decay products in H— vy and H — ZZ* decays, relative
to the SM cross-section, assuming the linearised SMEFT model. The values of the Wilson coefficients,
specified in the legend, are chosen to show the distribution of the operator impact in the same range
as the typical uncertainty of the measurement. To judge the experimental sensitivity to constrain
the operators from the data in the listed fiducial regions, the total uncertainty in the measurement
in each region is shown in the top panel. For presentational clarity, the uncertainty of low precision
regions is clipped off in the plot. The impact of these three operators in the STXS analysis is shown
in matching colours in the bottom panel of figure 5 for coefficient variations of identical magnitude.

In both the linear SMEFT model and the model including quadratic terms, it is assumed
that the theoretical systematic uncertainties assigned to the acceptance factors eZ’X’kl, which
are fully taken into account in the SM cross-section prediction, are large compared to the effect
of the possible acceptance changes induced by SMEFT operators in Higgs boson production
through the full validity range of the SMEFT model, and that this additional SMEFT related
theory uncertainty can therefore be neglected.

This assumption is motivated by the similarity of reconstruction-level analysis regions
to STXS and differential fiducial regions, which are designed to be relatively insensitive to
acceptance changes induced by SMEFT operators. In addition, the rather fine binning of
the Stage-1.2 STXS regions reduces further the possibility of significant variations of the
acceptance factors inside each region. 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.

Conversely, the effect of SMEFT operators on Higgs boson decays can strongly affect
the acceptance factors EZ’X, since decays are not limited to a restricted fiducial phase
space in the STXS framework. For 2-body decays, such acceptance effects are generally
small [25]. However, the four-body H— ZZ*—4¢ and H — WW* — (vlv decays are
significantly impacted by acceptance effects, hence for these decays the impact factors Af —X

and BH*X

are recalculated including an approximate implementation of the reconstruction-
level requirements at the particle level. The impact of acceptance effects is evaluated for all
operators in table 2 that can affect TH=7%%4" or TH=WW" "i e c¢un, cupp, CEw, CHB, CHWB,

c(;}l’n, 0(131,2% 0(131,117 0%1,223 CHe,11, CHe,22 and ¢y 1221, and is observed to be non-negligible for

,18,



OggF Oygr Swh Ozn Oy o

(s =13TeV, 139 fo"

05

g EATLAS

Iy I |

Figure 5. Expected impact of the most relevant SMEFT operators on the observables O (cross-
sections in STXS-1.2 regions or decay branching ratios), relative to the SM predictions, for the
linearised SMEFT model (shaded histogram) and the SMEFT model including quadratic terms (open
histogram). The values of the Wilson coefficients, specified in the legend, are chosen to show the
distribution of the operator impact in the same range as the typical uncertainty of the measurement.
To judge the experimental sensitivity to constrain the operators from the data, the total uncertainty
in the measurement of each observable is shown in the top panel. For presentational clarity, the
uncertainty of low precision measurements is clipped off in the plot.

four of these, cyw, cun, cagwn, and c(;ﬁ}l. For these, the corresponding recalculated factors
AH—>X BH —X
J 1=l
STXS SMEFT analysis. Figure 6 illustrates the effect of the ¢y operator on the acceptance
in the H - WW* and H — ZZ* decay modes. The acceptance correction is not used

in the differential analysis of H — ZZ*, as none of the three operators analyzed for that

(X = WW*, ZZ*) with approximate acceptance modelling are used in the

measurement are affected. For all other Higgs boson decays, the acceptance effects from
SMEFT operators are neglected.
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Figure 6. Illustration of the effect of a variation of the SMEFT coefficient cgyy on kinematic
observables used in the event selection: (a) impact on the dilepton invariant mass in the H —
WW* — evuv analysis, and (b) impact on the invariant mass of the 3rd and 4th pp-ranked lepton
in the H — ZZ* — 4/¢ analysis. The vertical dotted lines indicate the selection criteria applied to
the corresponding variables by the H — WW™* analysis (10 < my, < 55 GeV) and by the H — ZZ*
analysis (mz, > 12 GeV). The shaded bands show the statistical uncertainty of the SMEFT simulation.
The value of the Wilson coefficient (cgw = 1) is significantly larger than the sensitivity of this study,
and is chosen for illustration purposes.

Finally, if the signal yield distribution inside an analysis region k deviates from the SM
distribution encoded in f7°* in eq. (2.1), the measured yield s; may be biased. This effect is
expected to be negligible for all regions where the discriminant observable inside the region is
the reconstructed invariant mass of the Higgs boson, which is largely unaffected by SMEFT
operators. Regions that feature a multivariate discriminant as the observable can potentially
be more affected by SMEFT induced shape differences, but are only used in regions with low
signal yields where it is assumed that any effect induced by signal shape deviations is small
compared to the statistical uncertainties. For the high-yield H — WW™* channel, where the
transverse mass mr is used as discriminant observable, which is sensitive to SMEFT operators,
it is verified that the effect of shape variations induced by the SMEFT operators is negligible
for the range of coefficient values that are consistent with the observed measurement.

3.2 Constraints from STXS measurements

The aim of the EFT analysis is to obtain constraints on the Wilson coefficients ¢; through a

maximum likelihood analysis of the Higgs boson STXS measurements shown in figures 1-3. All

signal strength modifiers ui7k/’X of eq. (2.2) are directly expressed in terms of the coefficients c;:

v x _ (oxB)aier ™ (o) ik H X ik X
s(e,0)= > | u = Ik H—X x L x (oxB)gy nnynLo (@) x &7 (8),
ik X (oxB)

SM,(N(N))NLO
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with 5,62’“'“(0) and 0 as defined in eq. (2.2), and where the signal cross-section

(UXB)%’IK/;EHF?X(C) is either taken from the linear model of eq. (3.9) or the model includ-
ing quadratic terms of eq. (3.10).

The available data samples contain insufficient information to constrain all coefficients ¢
listed in table 2 simultaneously. A standard numerical joint maximum likelihood estimation
of this set of parameters ¢ will not converge due to the presence of flat directions in the
parameter space, corresponding to the unconstrained degrees of freedom.

As degrees of freedom left unconstrained by the data do not necessarily correspond to
individual coefficients c¢;, but may also be linear combinations >_; a;jc;, a modified basis is
defined and used in the following, to ensure the convergence of the numerical likelihood
maximisation procedure for the largest number of degrees of freedom that can be probed
by the current set of measurements.

3.2.1 Sensitivity estimate and choice of parameters

To determine a modified basis ¢’ that can be estimated from the data, the SM expected
covariance matrix Vgrxg of the measurement, expressed in the STXS basis {;ﬂ"k/’X }, is

analysed. From Vgpxs, the Hessian matrix Vs}lxs is obtained, and then rotated to the
SMEFT basis {c;}:

VaErT = P(:Zz:k’,X)—>(j) Varxs Pk x)—=)- (3.11)

The expected Jacobian matrix P x)-(;) is based on the linearised SMEFT model of
eq. (3.9) assuming small ¢;:

O k! H—X H
P xy-g) = 47 + A7 = A7 (3.12)

where A?““/ , A]F-H_}X and AgH are the constant factors obtained from the simulation.

In the limit of Gaussian STXS measurements, the matrix VS_N}EFT represents the Fisher
information matrix of its linearised SMEFT model re-parameterisation, with the additional
caveat that for large coeflicient variations the representation of VS_MlEFT may be suboptimal,
as a consequence of the fully linearized form of eq. (3.12) that is only valid in the limit of
small coefficient values. An eigenvalue decomposition of the Fisher information matrix yields
the eigenvectors evl! and their corresponding eigenvalues \; and variances 1 /A

Figure 7 lists the eigenvectors obtained from the expected measurements accounting for
the observed values of nuisance parameters, ranked by eigenvalue and truncated to eigenvalues
Ai > 0.01, corresponding to a truncation at an estimated uncertainty of o(evl®) < 10, well
beyond the validity range of the Wilson coefficients of O(1).

From the ranking shown in figure 7 and a survey of the sensitivity of the STXS regions to
the Wilson coefficients in the linearised model, as shown in figure 5, the following observations
are made:

o The coefficients ccp 33, cerr 22, and ¢y, representing the Yukawa coupling modifiers of
the H — 77, H — pu, and H — bb decays respectively, can be individually measured
from the corresponding Higgs boson channels that enter the combination. There are
weak correlations of these operators with other SMEFT operators, primarily for cpz,
through their contribution to the total Higgs boson width.
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e The coefficient cg;

impact as a function of the transverse momentum p¥ of the W and Z bosons, and is

affects both the W H and ZH production modes with an increasing

constrained almost exclusively by the VH, H — bb analysis.

e The coefficients cyq, ciq and c;y are constrained by ggF and ttH production. As the
uncertainties of the constrained directions span more than two orders of magnitude, it
is beneficial to represent them by decorrelated parameters, even though the rotation
matrix required to decorrelate them is close to an identity matrix.

o The coeflicients cyp, cgw, caw B, ¢tp and ¢y are constrained in two directions through
their impacts on the branching ratios of the H — ~vv and H — Zv decays. There
is an additional small impact of these operators on VBF and V H production, mildly
constraining a third direction in this parameter group.

(1)
H

e The coefficients cgy,, ¢4, CHt, CHp and ¢ g mainly affect the neutral current interactions

with quarks, while cge 33, 022733, 0(32733 mainly affect the W and Z vertices with third
generation leptons. Both sets of coeflicients are primarily constrained by the VH,
H — bb analysis. The small sensitivity to cgy and cpp arises from the pp-dependent
corrections that they induce in the subleading production mode gg — ZH.

e The coefficients of the four-fermion operators involving the top-quark, i.e., 08[’18), cgl’ll),

cg), CS,L)L, cg) , CES) , cgg, cgf), 08(}1), cgi), cg), cgi, and cgc)l, as well as the trilinear
gluon coupling cq, affect the ttH and tH production modes and are largely degenerate.
The p¥ spectrum measured in the H — ~y and H — bb channels constrains two linear
combinations of these 14 coefficients. The separate constraint on tH production in the

H — ~~ analysis weakly constrains a third direction in this group.

o The coefficients c¢;; 1221, 0(131),117 and 05*222 primarily cause a shift in the Fermi constant,
resulting in an overall normalisation factor across different production modes. The coef-
ficient cprn only affects the measurements through a Higgs boson propagator correction
and thus acts similarly as an overall scale factor in the observed cross-sections. Only a
single linear combination of these four operators can be constrained from the data.

(1)

e The coefficients CHiAL cggm, CHe,11 and cpe 22 introduce anomalous H Zee and H Z
vertices and are mainly constrained by the branching ratio of the Higgs boson decay into
four leptons (electrons or muons), together with cgpp (responsible for an anomalous
HZZ vertex) and cgg, cg)Q (leading to HZtt and H Zbb couplings that modify the
Z boson propagator, but to which the Higgs boson measurements included here are
not sensitive). The ZH, H — bb analysis also constrains the couplings to first- and
second-generation leptons such as cge 11, 0%2,117 CHe,22, 022,22, but the constraints are
significantly looser than those from the H — ZZ* — 4/ decay.

Based on these observations, a new fit basis ¢’ is defined that achieves both fit stability
and fit-parameter interpretability. This basis ¢’ is expressed in terms of single Warsaw
basis coefficients ¢; whenever possible, and in terms of linear combinations (denoted by e)

— 23 —



of coefficients when necessary:

c ={Cemr22} U ¢ ={cema2} U
{cemss} U {cemas} U
{C(;}q} V {C(;I)q} U
{ebm} U {eprr} U
{ena,cia cim} U - {eggF7 [gﬂp ggF} U
{cu,caw,cawn, ciB, cow } U — {eHw Z CE]}W Z eg]w zyt U
{CHu’C%;vcHdch;,zsv
CHt,CHe33aC%233uch} U - e[Z”H’e[ZQ]Hv [;}Hv 4}H} U

18) (3,1 8) (8
{ca, cgq ), C(Qq ), cgq), 0223“ cgu), cgd),

(8) (3,8) (1,1) (1) (1) (1) [2]
Qd’CQq ’CQq 1 Ctu s Crg > Qw }U - {ttH7 ttH> ttH} U
3
{CHD’CSLI;,H?65'1272270”71221} U — {eglob} U
1 3)
{chin C(Hz) 99> CHe,11, CHe,22, CHDD CHQ? 0%} — {elu)-

Only subgroup eigenvectors with an expected uncertainty < 10 are retained as model
parameters. The remaining coefficients, to which the data are not really sensitive, are fixed
to zero in the analysis. The subgroup eigenvector directions relative to the Warsaw basis
are shown in figure 8. The names of the eigenvectors are chosen to reflect the production
or decay process that dominates the experimental sensitivity of the parameter group, as
shown in figure 5, although single parameters within some of the groups sometimes have
a dominant sensitivity to another process.
No separate optimisation of the parameter basis ¢’ is performed for the SMEFT model
including quadratic terms of eq. (3.10) as the non-linear effects of this model are expected to
vanish for small ¢;, and thus to asymptotically yield the same rotation matrix as eq. (3.12).
The impacts of the variations of the coefficients of the rotated basis ¢’ on the STXS
regions and Higgs boson branching ratios are shown in figure 9, with the same parameter
grouping as shown in figure 5. The figure clearly demonstrates that the basis ¢’ represents
impact variations across regions that are much less correlated than those represented by
the Warsaw basis ¢. The magnitude of the parameter variations shown in figure 9 are set
to the expected uncertainty for each parameter in the linear SMEFT model, thus giving a
realistic indication of the magnitude of variations that can be constrained from the data. For
completeness, the impact of the quadratic terms for the same values of the parameter basis is
overlaid, indicating the relative magnitude of the quadratic terms at the expected sensitivity
level of the linear model. The impact of these expected sensitivities for the measured SMEFT
parameters is discussed in section 3.2.3.
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Figure 9. Impact of coefficients of the rotated basis ¢’ on the STXS regions, relative to the SM
cross-section, under the assumption of the linearised SMEFT model (shaded histogram) and the
SMEFT model including quadratic terms (open histogram). For all coefficients, a variation equal
to the expected uncertainty when using the linearised model is shown. Groupings in this figure are
consistent with those in figure 5, but vertical axis scales differ in order to completely show all quadratic
impact terms, which can occasionally be very large. To judge the experimental sensitivity to constrain
the operators from the data in the listed STXS regions, the total uncertainty in the corresponding
regions is shown in the top panel. For presentational clarity, the uncertainty of low precision STXS
regions is clipped off in the plot.
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3.2.2 Results

Linear model. Figure 10 compares the expected and observed results obtained using
the linearised SMEFT model, showing good agreement of the observed data with the SM
expectation, corresponding to a p-value of 94.5%. The parameter value ranges shown in the
bottom panel correspond to 68% and 95% confidence level (CL) intervals, where all other
coefficients and nuisance parameters are profiled. The observed uncertainties are generally
about 10% smaller than the expected uncertainties, since the assumed Higgs boson width,
when computed with the observed parameter values, is smaller than its SM expectation value.
This effect is mostly driven by a high observed value of ¢y, which corresponds to a reduced
value of TH=%_ This reduction of the observed linear model uncertainties is comparable to
that of the reduced observed uncertainties in the x model analysis of the same data reported
in ref. [9], due to an equivalently low measured value (< 1) of k.

Figure 10 also shows the contribution of each measured Higgs boson decay or production
mode to the sensitivity of each measurement of the coefficients of the rotated basis. The
contribution of a measurement ¢ to the sensitivity to a coefficient c;- is determined from the
ratio of the Fisher information Z;(c;) of that measurement to the sum of the Fisher information
of all contributing components, i.e., >, Zx (cg-), where in all cases the Fisher information is
estimated as the inverse of the covariance matrix Vgymgpr, as defined in eq. (3.11). This
breakdown reveals that six parameters are (almost) exclusively measured by a single decay

mode: the Yukawa coefficients cpe 22 and cge 33 by the decay modes H — pp and H — 77

(1] (2]
Hryvy,Zy Hyvy,Z~

and H — Z~ respectively and the coefficient e%]”” by H — ZZ*. Due to its large effect on

respectively, the coefficient cgq by H — bb; coefficients e and e by H — vy
the Higgs boson width, the measurement of the Yukawa coefficient cpz is not dominated
by H — bb, but instead constrained by a combination of measured decays. Similarly, five
parameters are measured (almost) exclusively by a single production mode: coefficient e‘[;g}F
by ggF production, e[ZHH by ZH production, eE]H and eg}H by ttH production at high-pr and
medium-pr respectively, and eE]H by tH production. No measured coefficient is predominantly
sensitive to H — WW™* decays. The VBF or W H production modes each only dominate
a single parameter measurement, cp. 33 and ci}q, respectively.

Generally, the tightest constraints on SMEFT coefficients are observed for processes
where the SM amplitudes are suppressed by factors that do not enter in SMEFT operators
contributing to the same measured final states. The most prominent example of these is
the Ope 2o operator, for which the corresponding SM H — pp amplitude is so strongly
suppressed by the Yukawa factor that it is the most precisely measured coefficient, despite

being constrained only by the very low-yield H — ppu channel. Along similar lines, the precisely

(1] e[l] 2]
geF “Hyvy,Zv Hryv,Zv

require loops at lowest order.

measured coefficients e and e benefit from suppressed SM amplitudes that

Analysis of parameter uncertainty sources. Figure 11 illustrates the relative importance
of the various uncertainty components on the coefficients measured in the linearised model,
where the top panel shows the relative contributions of the statistical and systematic com-
ponents, and the bottom panel shows the relative contributions of the experimental, signal
theory and background theory contributions to the total systematic uncertainty, where signal
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Figure 10. Comparison of the expected (gray) and observed (blue) parameters of the rotated basis
¢’ with the SMEFT linearised model, where all other coefficients and nuisance parameters are profiled.
The middle panel shows the symmetrised 68% CL uncertainty o of each parameter measurement
(left vertical axis) and the corresponding energy scale A/+/c that is probed (right vertical axis). The
bottom panel shows the measured parameter value (dot) and 68% (solid line) and 95% (dashed
line) CL intervals, divided by the symmetrised uncertainty shown in the middle panel. The p-value
for the compatibility of the data with the Standard Model expectation (all coefficients vanishing)
is 94.5%. The top panel shows the expected breakdown of contributions to the sensitivity of each
measurement from the various measured Higgs boson decay and production modes. Green shades
represent production and decay modes with Higgs boson couplings to vector bosons, red shades
represent modes with Higgs boson couplings to fermions, and blue shades represent modes with loop
couplings. The production category labelled ‘inc’ collects final states for which the breakdown into
production modes is not available (H — pp and H — Z~). The 95% CL interval for e‘[i]H is truncated
at the boundary at which the logarithm of the likelihood function becomes undefined, resulting in a

small undercoverage.

— 928 —



ATLAS
Vs =13TeV, 139 b=, my, = 125.09 GeV SMEFT A = 1 TeV

n] systematic
0.8 - - [statistical

0.6 - B

total

W bkg. theory
10 sig. theory
| ] experimental

Uncertainty breakdown

systematic

5, O, O, O, QL
o > S z)&{/ /)/;’/ %;

P

Figure 11. Expected fractional contributions of the statistical (orange) and systematic (blue)
uncertainties to the total uncertainty in the measurements of the parameters of the rotated basis ¢’
with the SMEFT linearised model (top panel), and the corresponding expected fractional contributions
of experimental (cyan), signal theory (light blue) and background theory (dark blue) uncertainties to
the total systematic uncertainty (bottom panel).

theory systematic uncertainties include both total cross-section uncertainties and acceptance
uncertainties. The breakdown of the total uncertainty into statistical and systematic com-
ponents is performed as follows. The statistical uncertainty in each parameter is estimated
from the 68% confidence interval obtained when fixing to their best-fit values all nuisance
parameters associated with systematic uncertainties, and leaving unconstrained all other
parameters. The total systematic uncertainty is calculated as the square root of the difference
of the squares of the total uncertainty and the statistical uncertainty. The contribution
from a group of systematic uncertainties is estimated as the difference of the squares of the
total uncertainty and the uncertainty from a fit in which the associated nuisance parameters
are fixed to their best-fit values.

For parameters cye 33, egll)band e%]ml, the fractional contribution of systematic uncer-
tainties is close to 50%; for parameters egg]F, e[gzg]:F, eH]H and GE]H, the fractional contribution
of systematic uncertainties is around 40%; the remaining parameters have smaller relative
systematic uncertainties. In particular, the uncertainties in the cge 20 and eg’]H parameters,
probed by the measurements of the rare processes H — ppu decay and tH production, respec-
tively, are almost completely dominated by the statistical component. The total systematic
uncertainty in most parameters is dominated by experimental systematic uncertainties, except

(1] (1] 21 [

e, and e where signal theory systematic uncertainties dominate, and €gaF> CttH and

ggF glob>
eg]H, where background theory systematic uncertainties dominate. The breakdown of the un-

certainty components, including a breakdown of the systematic uncertainty into experimental,
signal theory and background theory components, is also given in tables 3 and 4.

The expected and observed correlation matrices are shown in figure 12, and show a
reasonably good decorrelation achieved between the fit basis parameters: over half of the
off-diagonal elements are smaller than 0.1 and over 85% are smaller than 0.3 in both the
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Parameter Value Otot Ostat Osyst :;fft og,l;ig O';;lé?kg
CoH 22 —0.0002  0.0028 0.0026  0.0009 0.0006 0.00049 *5-0003
Corl33 0.019  0.016 0.011  0.011 0.008 0.006  0.005
£ 0.039  0.040 0.034  0.021 0.015  *505  0.012
cort 0.055  *{0as 0otz Toosr Tooz2 0015 TE
e[ggF 0.0003  0.0039 0.0029  0.0026 0.0013  0.0021  T00%s
e —0.07  0.38 029  0.25 013 011 0.8
e 55 71 58  4.00 271 128 1.6
€ 7o 0.0048  0.0043 0.0034 0.0026 0.0017 0.0015  0.0012
e 2o —0.042  0.041 0.037 9013 0.014  F3006  +0.006
€in 21 —0.47  0.62 051  0.35 024 020 0.6
el —0.14 034 029  0.19 0.16 009  *008
2 37 3.9 33 21 1.6 09 1.0
. 18 85 72 45 34 22 2.0
S 48 938 82 5.2 40 25 2.2
elll, —0.65  0.84 0.64  0.54 031 017 041
el —0.05 3.7 28 24 0.94  *03 2.2
eo 86 g%t Sy S 5y 1 o
Chion 013 58 o o5 o2 Tom T
S —0.349 1.1 0.76  0.74 0.44 038  0.46

Table 3. Summary of the observed measurements of the parameters of the rotated basis ¢’ in the
SMEFT linearised model, with a breakdown of the total uncertainty into statistical and systematic
components. A further breakdown of the systematic uncertainty into experimental and theoretical
uncertainties in the signal and background is also listed. All MC statistical uncertainties are classified
as experimental systematic uncertainties in the breakdown. All uncertainties correspond to 68% CL
intervals. The sum in quadrature of the systematic uncertainty components may differ from the total
systematic uncertainty due to correlations.
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Parameter  Value oyt Ostat Osyst Se;fft ag,l;ig ag,lé?kg
Cel22 0.0  0.0031 0.0030  0.0010 0.0007 F50%0 o000
Corl 33 0.0 0.019 0.013  0.014 0.010  0.007  0.007
ity 0.0 0.044 0.037  0.023 0.017  0.007  0.015
cont 0.0 *505 Toor  Tooe Toos  Tooe  Tooi
e[glg]F 0.0  0.0046 0.0035 0.0029 0.0015 0.0022 F0o01%
ey 0.0  0.46 0.36  0.29 0.15 013  0.20
3
e 0.0 84 71 44 31 25 19
e 70 0.0  0.0057 0.0043  0.0030 0.0021 0.0016 *55012
e 7o 0.0  0.044 0.040  0.019 0.016  *5005  0.009
ez 0.0 0.68 0.56  0.37 025 % 017
o 0.0  0.40 034 0.21 0.15 010  0.10
el2l 0.0 44 3.7 23 1.8 096  1.10
3
. 0.0 98 84 5.0 37 25 23
4
el 0.0 11 9.9 5.7 45 26 25
elll, 0.0 1.0 0.79  0.68 040 022  0.49
2
el 0.0 47 35 3.1 1.2 061 28
B o0 M9 a0 g 225 Hp Y
oy 00 G iy 028 43 0R
Ao 0.0 1.23 0.89  0.85 0.54 039  0.53

Table 4. Summary of the expected measurements of the parameters of the rotated basis ¢’ with the
SMEFT linearised model, with a breakdown of the total uncertainty into a statistical and systematic
component. A further breakdown of the systematic uncertainty into experimental and theoretical
uncertainties in the signal and background is also listed. All MC statistical uncertainties are classified
as experimental systematic uncertainties in the breakdown. All uncertainties correspond to 68% CL
intervals. The sum in quadrature of the systematic uncertainty components may differ from the total
systematic uncertainty due to correlations.
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observed and expected matrix. A few exceptions stand out, notably the correlation between

egF and eE]H and between egF [1_1}7% Zop>

ttH production and ggF H — ~+, respectively.

and e which are caused by a common sensitivity to

Model including quadratic terms. Figure 13 compares the expected and observed results
obtained using the SMEFT model including quadratic terms, again showing good agreement
of the observed data with the SM expectation, corresponding to a p-value of 98.2%. For most
parameters, the observed uncertainty is noticeably smaller than the expected uncertainty. The
cause of this discrepancy is related to appearance of quadratic parameter terms in the cross-
section predictions, which cause the likelihood function to generally have multiple minima in
each parameter. In the expected result, most nearby minima that are exactly degenerate
with the global minimum merge into a single wider uncertainty interval. Conversely, in the
observed result, the generally non-zero observed coefficient values lift some of these minima
to become local minima, thereby resulting in a narrower interval around the remaining global
minimum. This effect can be clearly seen in more detail in the profile likelihood scans of each
parameter, shown in figures 14 and 15. Most secondary minima are raised by 1-2 units in
—2log L, thus narrowing the 68% confidence intervals, which are based on a unit threshold,
but less so the 95% confidence intervals based on a 3.84 unit threshold. For all parameters
with multiple solutions, the global minimum in the observed result resolves to the minimum

(1]
Hrvy,Z>

from zero becomes the global minimum. For the parameter c.p 22, there are two exactly

closest to a coefficient value of zero, except parameter e where the minimum furthest
degenerate minima. In that case, the minimum closest to that of the interpretation with
the linear model is quoted as the best-fit result.
Almost all profile likelihood functions show Gaussian behaviour to a good approximation
within the 95% CL range of each parameter, although this is masked by the appearance
(3]

of degenerate solutions. The only exception is the expected profile likelihood for the ey
parameter in the linearised model, where a boundary occurs at e,E%]H = —10, just before the
likelihood threshold of the 95% CL is reached. The yield prediction in the high-pr region
of the ttH, H— vy channel becomes negative for very negative values of eﬁ’]H, rendering the
likelihood undefined beyond that point. The 95% CL interval for eEt’]H shown in figures 10

and 16 is truncated at this boundary, resulting in a small undercoverage.

3.2.3 Comparison between the linearised model and the model including
quadratic terms

Figure 16 compares the results for the linearised model and the model with quadratic terms
for the observed data and shows that for several of the coefficients the constraints from the
model with the quadratic terms are significantly stronger than those observed for the linear
model. In most cases, the stronger constraints arise from the relatively weak impact of the
BSM-SM interference term on the cross-section compared to the quadratic BSM terms in
specific production or decay modes.

Figure 9 illustrates the impact of both the linear model and the model with quadratic
terms, where the impact strength visualised for both models corresponds to the expected 68%
uncertainty of each fit basis parameter ¢’ under the linear model. The comparatively larger
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Figure 12. The (a) expected and (b) observed correlation matrix for the parameters of the rotated
basis ¢’ obtained from a fit to the linearised SMEFT model.
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Figure 13. Comparison of the expected (gray) and observed (blue) parameters of the rotated basis
¢’ with the SMEFT model with quadratic terms, where all other coefficients and nuisance parameters
are profiled. The top panel shows the symmetrised 68% uncertainty o of each parameter measurement
(left vertical axis) and the corresponding energy scale A/+/o that is probed (right vertical axis). The
bottom panel shows the measured parameter value and 68% (solid) and 95% (dashed) CL intervals,
divided by the symmetrised uncertainty shown in the top panel. Some of the observed intervals shown
are clipped off. Due to multiple minima, the likelihood curves from which these CL intervals are
derived are non parabolic. For the parameter c.p 22, for which there are two degenerate minima in
the interpretation with the model including quadratic terms, the point corresponds to the best-fit
value that is closest to that of the interpretation with the linear model.

impact of the model including quadratic terms at these chosen parameter values identifies
STXS regions where quadratic terms outweigh the linear terms at the measured scale and
thus identifies regions that predominantly provide the extra constraining power of the models

(3]

ggk”
the quadratic term significantly increases sensitivity in the

including quadratic terms. The strongest observed sensitivity enhancements occur in e

eg]H and eR}H. For coefficient e[g?gF,
geF, ZH and ttH production modes as well as in the H — v decay mode. For coeflicients
eg]H and eE‘rz]H, the quadratic term enhances sensitivity in high-pp t¢H production and tH
(2] (3]

ggF Hoyry, 2 the effect of the
increased impact of the quadratic terms is limited, and the strong reduction in uncertainties

production, respectively. Conversely, for the coefficients e_ . and e

is mostly driven by the lifting of degenerated solutions in the observed case compared with
expected, as visible in the profile likelihood scans in figure 14.
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Figure 14. Profile likelihood scans of the fitted coefficients of the rotated basis ¢’ obtained from fits to
the SM expectation (dashed lines) and to the observed data (solid lines), based on the SMEFT linearised
model (blue) and the SMEFT model with quadratic terms (orange). The horizontal dashed lines in
each plot correspond to the asymptotic threshold values for 68% and 95% CL intervals. The profile
likelihood scans of the SMEFT model with quadratic terms can exhibit two minima in the scanned
parameter, whereas the scans of the linearised model have one minimum per parameter. Multiple
minima in the coefficients that are profiled in each scan may furthermore result in discontinuous
derivatives in the profile likelihood (e.g., prominently visible in the observed data in (e) and (1)).
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Figure 16. Comparison of the observed parameters of the rotated basis ¢/ with the SMEFT linearised
model (blue) and the model including quadratic terms (orange), where all other coefficients and
nuisance parameters are profiled. The top panel shows the symmetrised 68% CL uncertainty o of each
parameter measurement (left vertical axis) and the corresponding energy scale A/+/o that is probed
(right vertical axis). The bottom panel shows the measured parameter value and 68% (solid) and 95%
(dashed) CL intervals, divided by the symmetrised uncertainty shown in the top panel. Some of the
intervals shown for the model with quadratics terms are clipped off. Due to multiple minima the
likelihood curves from which these CL intervals are derived are non-parabolic. The 95% CL interval
for eng is truncated at the boundary at which the log likelihood becomes undefined, resulting in a
small undercoverage. For the parameter c.p 22, for which there are two degenerate minima in the
interpretation with the model including quadratic terms, the point corresponds to the best-fit value
that is closest to that of the interpretation with the linear model.
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3.3 Constraints from fiducial differential measurements

Coefficients of SMEFT operators can alternatively be constrained from fiducial cross-section
measurements. Fiducial differential cross-section measurements are, unlike STXS measure-
ments, explicitly unfolded to the particle level. The finer granularity of kinematic regions
defined in differential measurements, compared to STXS measurements, offers an advantage in
the analysing power of differential distributions, but is counteracted by the inclusive treatment
of Higgs boson production processes, which are modelled separately in the STXS approach.

For a comparison to the STXS approach, differential measurements in the pr of the
Higgs boson are considered. Anomalous couplings of the Higgs boson to gluons and top
quarks, as well as between gluons and top quarks, can affect the total Higgs boson production
cross-section and its dependence on the Higgs boson transverse momentum.

The expected deviations from the SM predictions due to these anomalous couplings
can be relatively large in high Higgs boson pr regions, which are also characterised by a
better signal-to-background ratio, making the p% -differential cross-section measurement more
sensitive to these effects compared to a measurement of the inclusive rate.

3.3.1 Sensitivity estimate and choice of parameters

In this study, constraints on anomalous Higgs boson couplings to gluons and top quarks are
set from the observed transverse momentum differential spectra of the Higgs boson decay
products in the H— ZZ*— 4¢ and H— ~y decay channels. The constraints are inferred using
an EFT approach in which the SM Lagrangian is augmented with the three dimension-6
SMEFT operators Op¢ (Higgs-gluon point-like contact term), Oy (top quark Yukawa
coupling modifier) and O (chromomagnetic dipole operator), that are defined in table 2.
The operator O introduces an Hgg contact interaction that modifies the value and pr-
dependence of the ggF production cross-section, as well as the H — gg partial decay width,
thus affecting indirectly the H— ZZ*— 4¢ and H— ~v branching ratios. The operator O,
modifies the ttH vertex and thus affects Higgs boson production through top-quark-loop
mediated gluon-gluon fusion or in association with a tt pair, as well as the top-quark-loop
amplitude contributing to the H — ~v partial width. The operator Oyg introduces a ttHg
vertex that leads to additional contributions to the amplitude for ggF or ttH Higgs boson
production, as well as for H — gg decays, affecting in turn the branching ratios for both
H — vy and H— ZZ*— 44.

The study presented in this section is performed in the scenario in which only the
SM-BSM interference effects, linear in the Wilson coefficients, are considered. For simplicity,
due to the statistical precision of the data sample and the very large correlations between the
estimators for the three Wilson coefficients, the constraints are initially set on one Wilson
coefficient at a time, while the values of the remaining coefficients are assumed to be equal
to zero. Subsequently, similarly to the approach presented in section 3.2.1, a rotation in
the parameter space is performed to define a new set of coefficients that are decorrelated
and can be probed simultaneously. The new basis is formed by the three eigenvectors evl
(1 = 1..3) of the Fisher information matrix, which are related to the three Wilson coefficients

— 38 —



' ATLAS

0.5 Vs=13TeV, 139 b

unc.

= i

w 05 ev/”=0.003
T 04p eviZ=2.01
m 3}

X

o 0.2

< 041

0 JIJrI.JJ.JlL[
-0.1F
-0.2¢t

a‘@‘z‘z‘e‘e‘e‘e‘y‘@‘é/‘/z‘z‘éée‘7‘%\ 0/@6’76‘&/@

850185058 50 58 38 30 S 0 Y Y o o Gy, ©25050.5035.50 20 /50,

O 700G O TG &) 7y A AL A U U S A0 O OO T 6 &y 7y A SA
6‘06‘0660000%170/)6300%0007%6% 006‘00@0900000

Y 4l
p, [GeV] p; [GeV]

Figure 17. Impact of the rotated SMEFT operators on the fiducial cross-section differential in p¥ in
H—~vyand H — ZZ* decays, 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 fiducial regions, the total uncertainty in the corresponding regions is shown in the top panel.
For presentational clarity, the uncertainty of low precision fiducial regions is clipped off in the plot.

by the following rotation:

evll = 0.999¢k¢ — 0.035¢:6 — 0.003¢,x,
evl = 0.035¢xG + 0.978¢iq + 0.205¢44,
evl) = —0.005¢k¢ — 0.205¢,c + 0.979¢4 5.

The impact of the operators defining the new basis on the fiducial differential cross-sections
is shown in figure 17.

3.3.2 Results

The statistical interpretation is performed using a joint likelihood model of the data in
the two decay channels, built, as described in section 2.3, from the observed and expected
values of the fiducial differential cross-sections in each bin of the transverse momentum of
the Higgs boson decay products for both H — 4¢ and H — v decays. In the likelihood
function, the theoretical prediction for each decay channel and transverse momentum interval
is parameterised as a function of the Wilson coefficients, as summarised in section 3.1. The
procedure assumes common higher-order corrections for the SMEFT and SM processes.
The theoretical uncertainties are taken from the SM calculations in section 2.2, with the
uncertainty associated with the SMEFT scaling assumed to be negligible.

Figure 18 shows the 68% CL one-dimensional intervals in the linearised model for the
rotated parameters evl!! with the other two parameters profiled. The constraint on the
first rotated parameter, which is almost aligned with ¢y, is of the order of 1%, while the
constraints on the other two rotated parameters are O(1). Figure 18 compares these results
to those obtained from the STXS measurements performed with the same decay channels
using a linearised model in which all Wilson coefficients except for ¢, cig and cyg are set
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Figure 18. The (a) observed and (b) expected 68% CL intervals on the three rotated parameters
evl!l obtained with the SMEFT linearised model using either STXS (blue) or fiducial pr-differential
cross-section measurements (green) in the H — v and H — 4¢ decay channels. The parameter evll]
is almost aligned with ¢p¢, which mainly affects ggF production, while the parameters ev? and evl?!
are close to ¢;¢ and c;y respectively, which impact both ggF and ¢tH production.

to zero. The comparison illustrates that the differential cross-section measurements, which
have a finer granularity compared to the STXS measurements but probe the distribution
of a single observable inclusively in production mode, have less constraining power than
the STXS measurements, which use information on the particles produced with the Higgs
boson decay products to separate the different production modes whose cross-sections are
affected in different ways by the different operators, as shown in figure 5. In particular, the
large sensitivity difference observed for ev? originates from the separate measurements of
ggF and ttH production in the STXS framework.
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4 Interpretations based on UV-complete BSM models

In this section, the measurements of Higgs boson cross-sections and decay rates are interpreted
in two UV-complete extensions of the SM: a two-Higgs-doublet model near the alignment
limit (section 4.1), and eight benchmark scenarios of the minimal supersymmetric extension
of the SM (section 4.2).

4.1 Constraints on two-Higgs-doublet models

In two-Higgs-doublet models, the SM Higgs sector with one doublet of scalar complex fields
®, is extended by introducing a second doublet ®5 [11-13]. The models considered here
assume CP conservation and a (softly broken) Z, discrete symmetry that forbids quartic
terms of the scalar field potential V (®1, ®9) that contain odd powers of either ®; or ®3. The
vacuum expectation values vy o of the scalar doublets ®; 2 that minimise V' are related by
the sum rule v? 4+ v3 = v2. These can be assumed to be both real and non-negative without
loss of generality. Electroweak symmetry breaking leads to five physical scalar Higgs fields:
two neutral CP-even Higgs bosons h and H, one neutral CP-odd Higgs boson A, and two
charged Higgs bosons H*. For the results presented in this section, the observed Higgs boson
is identified with the lightest CP-even neutral scalar particle h.

The Zs symmetry of the potential forbids tree-level flavour-changing neutral currents [108,
109], which are strongly constrained by existing data, and implies that all fermions with
the same quantum numbers couple to only one Higgs doublet. Depending on which Higgs
doublet couples to the three groups of elementary fermions (up-type and down-type quarks,
and leptons), four types of 2HDM are defined:

o Type I: All fermions couple to the same Higgs doublet.

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

o Lepton-specific: One Higgs doublet couples to leptons while the other one couples to
up- and down-type quarks.

e Flipped: One Higgs doublet couples to down-type quarks while the other one couples
to up-type quarks and leptons.

The Higgs sector of these models contains seven free physical parameters: four Higgs
boson masses (my,, mp, ma and my+), two mixing angles o and 3, and the coefficient m?2,
of the (Q)J{@g + @;@1) term in the Higgs field potential that softly breaks the Zs symmetry.
The angle [ is defined as tan 5 = :j—f and can be assumed to be in the first quadrant. The
mixing angle « of the neutral CP-even Higgs sector is defined, modulo a phase, equal to
w. It can thus be assumed that 0 <  — a < 7.

The values of a and S determine the couplings of the Higgs fields to the vector bosons
and to the fermions. In this section, the decoupling limit is assumed, in which my > v. This
in turn implies the alignment limit, | cos(f — )| < 1, in which the light scalar Higgs boson
h has SM-like couplings. The mass of the light Higgs boson my, is assumed to be close to
125 GeV, while all other Higgs bosons are assumed to be significantly heavier (and their
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u, ¢, t 88—a + Cg—a/ tan g

d,s, b spg_qtcs_o/tanf sp_q —Cg_q X tanf  sp_q+cg_o/tanf  Sg_q — Ca_q X tanf
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Table 5. Multiplicative factors predicted in the four 2HDM scenarios near the alignment limit, as a
function of tan 8 and cos(S — «), for the Higgs boson couplings to up-type quarks (1st row), down-type
quarks (2nd row), charged leptons (3rd row), vector bosons (4th row), and to itself (5th row). The
symbol cg_,, stands for cos(8 — a), while sg_, stands for sin(8 — «). The definition of the parameter
m is given in the text.

masses are assumed to be degenerate, myg ~ mg+ ~ mpy ~ M). Near the alignment limit,
i.e., for | cos( — )| small, the modifications of the tree-level couplings of the h boson with
respect to the SM predictions follow the expressions summarised in table 5 [13].

In addition to the impact of the tree-level coupling modifications, the production and
decay rates of the h boson are modified through NLO EW corrections involving the trilinear
hhh coupling A [110]. In the 2HDM framework, this self-coupling is modified with respect
to the SM expectation Agy by the scale factor (denoted by k)) shown in the last row of

2
Mg

SesE = m?A + A5v2, where )5 is the coefficient of

table 5 [111]. The parameter m is m? =

the (@[)J{(IDQ)Q term of the Higgs potential. Near the alignment limit considered, the value of
m is close to that of ma (Asv? < m%), and a value m = m4 =1 TeV (A5 = 0) is assumed
in this section in all scenarios in which the effect of the self-coupling is considered in the
calculation of limits on cos(8 — «) and tan 3.

In the following sections, limits on the 2HDM parameters cos(5 — «) and tan 3 are
inferred from studies of the ensemble of Higgs boson production and decay rate measurements
in two distinct scenarios: first by comparing the measured rates for each production mode
with inclusive 2HDM predictions expressed in the ‘k-framework’, and then by comparing the
more fine-grained measurements described in section 2 with the 2HDM predictions expressed
in the linearised statistical model of the EFT-based parameterisation described in section 3.

4.1.1 Constraints based on the sk-framework

In the k-framework [14], the Higgs boson production-mode cross-sections and decay branching
ratios are parameterised in terms of multiplicative coupling strength modifiers « [9]. In the
model considered in this study, the loop-induced processes (gluon-gluon fusion gg — H and
99 — ZH production, as well as H — vy, H — Z~v and H — gg decays) are expressed
in terms of the strength factors for the couplings to the SM particles inside the loop. The
model also assumes that there are no invisible or undetected Higgs boson decays beyond the
SM. The impact of the trilinear hhh coupling modifier k) on the Higgs boson production
and decay rates via NLO EW corrections to the LO amplitudes is also included in the
parameterisations. Constraints on ) from searches for Higgs boson pair production [112]
are not taken into account. In the likelihood function in eq. (2.1), the signal strengths
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,uZ’X are re-parametrised as ,uZX = "X ({k(tan 3, cos(B — ))}) using the relations listed in
table 5. Confidence regions for tan 8 and cos(3 — «) can thus be inferred from the combined
measurements of Higgs boson production and decay rates.

The resulting 95% CL contours in the (tan 3, cos(S — «)) plane for 0.1 < tan 5 < 10 are
shown in figure 19. All models exhibit similar exclusion regions in the (tan 3, cos(f — «))
plane at low values (< 1) of tan 3, where only a narrow region of cos(8 — a) around zero is
consistent with the measured values of the Higgs boson production and decay rates. The
interval of allowed values of cos(8 — «) increases in size with increasing tan 8, up to a total
width of about 0.1-0.2 for tan 8 = 1, depending on the model. For higher values of tan 3, in
the models in which at least one of the coupling strength modifiers is enhanced by a factor
tan 3, i.e., all models except Type-I, the allowed range of cos(f — a) around zero shrinks as
tan 3 gets larger than one. This trend is observed also for the region tan 8 > 10, not shown in
figure 19. For the Type-I model, the allowed range of cos(8 — «) further increases with tan 3,
reaching a width of around 0.5 for tan 8 = 10. For tan 5 > 10, the allowed range of cos(f — «)
remains approximately constant. This includes regions of the parameter space that deviate
significantly from the alignment-limit hypothesis. When the constraint from the trilinear
hhh coupling is included, the width of the 95% CL interval for cos(8 — «) at large tan
for the Type-I model is reduced by about 50%. An additional feature of the Type-I model
result is that in the large tan 3 region, for positive cos( — «), the observed exclusion region
is significantly larger than the expected one. This derives from the fact that the ATLAS
measurement of Higgs boson production and decay rates favours values of the coupling
strength modifiers to b-quarks, t-quarks and 7-leptons smaller than one and of the couplings
to W and Z bosons larger than one (kp = 0.95+0.05 and ky = 1.035 £ 0.031 when assuming
that all fermions share the same modifier kr and that Ky = Kz = kv [9]). In this scenario, the
model predicts sin(8 — a) = ky ~ 1 and cos(f — «) = tan B(kp —sin(S — a)) ~ tan S(kp — 1),
disfavouring positive values of cos(f — «) for kp < 1.

A second small region of allowed tan 8 and cos(/5 — a) values for large tan 5 and cos(f —
a) ~ 0.2 is present in the Type-1I, Lepton-specific, and Flipped models. This corresponds to
regions with cos(f+ «) & 0, for which some of the fermion couplings have the same magnitude
as in the SM but the opposite sign. In particular, this corresponds to a negative sign of the
lepton couplings in the Lepton-specific model, of the down-type quark couplings in the Flipped
model, or both in the Type-II model. Since the sign of these couplings is not sufficiently well
constrained by current experimental measurements, this region is not excluded. The same
region is however not allowed in the Type-I model, in which the coupling strength modifiers
of down-type quarks and leptons have the same sign (and value) as for up-type quarks. In
that case, a negative sign of the top-quark coupling strength modifier k; is experimentally
excluded by the measurement of H — vy decays, whose branching ratio depends linearly on
keky because of the interference between W boson- and top-quark-mediated loop amplitudes.

4.1.2 Constraints using an EFT-based approach

The modifications to the tree-level Higgs boson couplings to fermions near the alignment
limit described in section 4.1 can be generated by the dimension-6 operators Oy, Opr, Ot
and O of the SMEFT Lagrangian in the ‘top’ flavour scheme, with the following matching
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Figure 19. Regions of the 2HDM (tan 3, cos(8 — «)) parameter plane excluded at 95% CL (light
yellow filled regions) in the s-framework-based approach by the measured rates of Higgs boson
production and decays in the (a) Type-I, (b) Type-1I, (c) Lepton-specific and (d) Flipped models.
The dark yellow dashed lines show the borders of the corresponding expected exclusion regions for the
SM hypothesis. For the Type-I model, the observed and expected regions excluded at 95% CL when
the k) constraint is considered are also shown (solid and dashed blue lines). The red dashed lines
correspond to the exact SM alignment limit (cos(8 — a) = 0). Results derived in the k-framework

assume the decoupling limit, i.e., that the masses of the non-SM-like Higgs bosons are large compared

to the SM vev, which implies the assumption of the alignment limit, i.e., |cos(8 — a)| < 1.
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between the Wilson coefficients and the 2HDM parameters [113]:

Ve cos(B —a)
A2 - 2771 tanﬂ )

(4.1)

with ¢ = u,b,t, 7, u, and ¢, i and c; g referring to the c.p22 and cqpy 33 coefficients, respectively.
In these formulae, computed to first order in cos(8 — a), Y; = v/2m;/v are the SM Higgs
boson couplings and the values of 7; depend on the type of model (1, = —tan? 3 in the
Type-II and Flipped models, as are 7, and 7, in the Type-II and the Lepton-specific models;
Mot = 1 otherwise). The corrections to the HV'V vertices are quadratic in cos(f8 — «)
and are neglected. For the EFT to be valid, A > v and therefore |cos(8 — a)| X—z should
be small, close to the alignment limit.

The operator Oy is also generated in the models under study, with a coeflicient that
scales with cos?( — a) but which can be significantly enhanced if the other scalar states are
much heavier than the SM-like Higgs boson. In that case, cy is proportional to (M /v)? [113]:

v2ey o (M\?
? = COS(B — Oé) (U) .
Non-zero values of ¢y modify the trilinear hhh coupling A\ by a scale factor [114]:

viey L cos(f — a)? <M>2

C AsmAZ ASM v

/{)\:1

This in turn affects Higgs boson production and decay rates via NLO EW corrections to
the LO amplitudes, whose effect is included in the parameterisations used to obtain the
results. As in section 4.1.1, constraints on k) from searches for Higgs boson pair production
are not taken into account. In the following, a value of M = 1 TeV is assumed for the
masses of the heavy scalar particles, and thus ky ~ 1 — (11cos(8 — a))?. Given the large
predicted deviations of k) from one for cos(5 — «) different from zero, including x in the
interpretation is expected to affect significantly, for tan 5 2 1, the results for the Type-I
model, for which the impact of cos(f — a) # 0 on the other Wilson coefficients, cpp, cry
and c,p, is suppressed by a 1/tan 3 factor. Exclusion limits for all other types of 2HDM
models are expected to be largely unaffected.

Constraints on the values of tan 5 and cos(f8 — «) can thus be inferred from those set
on ¢, ¢, ¢ and cy using the SMEFT interpretation of the combined measurement of
production and decay rates in STXS bins. The likelihood model defined in section 3.2 is
used, expressing the four Wilson coefficients ¢y, ¢iir, ¢ and cp in terms of the 2HDM
parameters as in eq. (4.1) and fixing all the other Wilson coefficients to zero. The results
are shown in figure 20.

A comparison between the excluded regions from the two approaches is shown in figure 21.
In the regions where the assumptions used in this study are valid, the excluded regions are very
similar in the two approaches. In the Type-I model for large values of tan 5, the EFT-based
approach leads to looser constraints on cos(f — «) than the k-framework-based approach.
This difference stems from the fact that the EFT-based approach (i) does not exploit the
constraints from the HV'V couplings, that only enter at dimension-8 in the SMEFT expansion
and are not considered here, and (ii) retains only terms of O(cos(5 — «)) in the expansion
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Figure 20. Regions of the 2HDM (tan 8, cos(f — o)) parameter plane excluded at 95% CL (blue filled
regions) in the EFT-based approach by the measured rates of Higgs boson production and decays in
the (a) Type-1, (b) Type-II, (¢) Lepton-specific and (d) Flipped models. The dashed black lines show
the borders of the corresponding expected exclusion regions for the SM hypothesis. For the Type-I
model, the observed and expected regions excluded at 95% CL when the cg constraint is considered
are also shown (solid and dashed green lines). Results are derived assuming that |cos(8 — o) < 1,
near the alignment limit represented by the red dashed lines, and that the masses of the non-SM-like
Higgs bosons are large compared to the SM vev. In particular, the limits on the Type-I model at high
tan 3 are likely outside the validity range of the assumption made in the model.
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A significant difference between the tan 3, cos(8 — a)) constraints from the approach
presented in this section compared to those obtained using the s-framework-based approach
is the absence of the second small allowed region around tan 3 &~ 10, cos(f — «) &~ 0.2. This
difference follows from the fact that in the EFT-based approach only dimension-6 terms are
considered in the SMEFT Lagrangian and a linear expansion of o x B, which does not include
terms of second order in the Wilson coefficients, is performed. The likelihood function in the
EFT-based approach is thus Gaussian and has a single maximum [115]. As a consequence,
the region with a flipped coupling sign does not appear.

4.2 Constraints on the MSSM

Supersymmetry (SUSY) [116-124], a theoretically motivated framework for extending the
SM, was conceived to address some of the SM’s unanswered questions. In particular, SUSY
offers a solution to the hierarchy problem [125-128], which is related to the fine tuning needed
to obtain the relatively small value of the Higgs boson mass compared to the Planck scale.
Supersymmetry can also provide credible dark matter candidates [129, 130] and can improve
the unification of the electroweak and strong interactions [131-139].

Measurements of Higgs production and decay are interpreted in the context of the minimal
supersymmetric extension of the SM (MSSM) [15-19]. The Higgs sector of the MSSM is a
2HDM with Type-II Yukawa couplings. At tree level, all Higgs boson masses and couplings
can be expressed in terms of two parameters, usually chosen to be tan 8 and the mass
of the pseudoscalar Higgs boson, m 4. Radiative corrections, including contributions from
amplitudes mediated by loops of SM particles and their superpartners, lead to modifications
of the tree-level relations and can raise the lightest CP-even Higgs boson mass my,, bounded
at tree level by m;, < my|cos2/3|, to the level of the mass of the Higgs boson discovered
by the ATLAS and CMS collaborations. The MSSM predicts a supersymmetric partner for
each SM state. In addition to the supersymmetric spin-one partners of the SM fermions
(sfermions) and spin-half partners of the gluons (gluinos), there are a total of eight spin-half
partners of the electroweak gauge and Higgs bosons: the neutral bino (superpartner of the
U(1) gauge field), the winos, which are a charged pair and a neutral particle (superpartners
of the SU(2);, gauge fields) and the higgsinos, which are two neutral particles and a charged
pair (superpartners of the Higgs fields). Mixing between the bino, the neutral wino and
the neutral higgsinos leads to four neutralinos, while charginos arise from mixing between
the charged winos and the charged higgsinos.

In the MSSM, SUSY is explicitly broken by some soft SUSY breaking operators resulting
from a separate sector with unspecified dynamics. As a consequence, the MSSM has over
a hundred parameters that describe the pattern of sparticle masses and their decays, and
the values of the quantum corrections that they induce vary significantly as a function of
these parameters. The parameter space is thus too large to be probed exhaustively through
a relatively small set of Higgs boson production and decay rate measurements. Therefore,
several benchmark scenarios have been proposed in which the values of the MSSM parameters
other than tan 8 and m 4 are fixed to provide a wide variety of phenomenologies of the MSSM
Higgs sector. With only two free parameters left, tan 8 and m 4, an MSSM interpretation of
the Higgs boson production and decay rate measurements is simplified.
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Scenario Reference

M125 [39]
125( ) [39]
M (%) [39]
M (alignment) [39]
125(CPV) [39]
My Rpr [40]
M Ber (%) [40]
hMSSM [38]

Table 6. Benchmark scenarios considered for the MSSM interpretation.

4.2.1 MSSM benchmark scenarios

In this study, the measured production and decay rates of the observed Higgs boson with mass
close to 125 GeV are compared with the predictions of eight benchmark scenarios [38—40],
assuming that the observed boson is the lightest CP-even Higgs boson h of the MSSM. In
each benchmark scenario, constraints are set on m4 (or mpy+) and tan§ after fixing the
values of all the other MSSM parameters.

One of the models considered is the hMSSM [38], which was also investigated in our
previous publication [37]. The use of this model as a benchmark MSSM scenario suffers
from theoretical limitations in regions with small m 4 or large tan § because its assumptions
may not hold in these regions of parameter space [39]. For this reason, seven more recent
benchmark MSSM scenarios [39, 40] were also explored. These include two new scenarios [40]
that were recently designed to be compatible with a low value of tan 5 (< 10). This parameter
space region is otherwise excluded in most MSSM scenarios, which predict for tan 8 < 10 a
mass of the lightest neutral Higgs boson significantly lower than the observed Higgs boson
mass of 125.09 + 0.24 GeV [48].

The scenarios that are considered can be briefly summarised as follows, with details
provided in the references listed in table 6:

o« M ,125 scenario. All superparticles are assumed to be so heavy that they affect the
production and decay rates of the MSSM Higgs bosons very slightly. The loop-induced
contributions to the couplings of the light CP-even scalar are small. The largest
ones, enhanced with tan 3, affect the b-quark Yukawa coupling but cancel out in the
decoupling limit m4 > mz.

o M ,}25(1’) scenario. The parameters related to the stop, sbottom and gluino masses
are the same as in the previous case, but the soft-SUSY-breaking masses and trilinear
interaction term for the staus are significantly smaller. The resulting light staus and
light wino-like charginos can alter the amplitude for the decay of the SM-like Higgs
boson into photons, with contributions that scale as 1/tan 3 and tan? 3, respectively.
As in the previous scenario, at low my4 the hbb coupling is enhanced, leading to a
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suppression of the branching ratios for all the other decay channels of the SM-like Higgs
boson.

M}?5(x) scenario. The SUSY parameters in this scenario lead to all charginos and
neutralinos being relatively light, with significant higgsino-gaugino mixing, and to a
compressed electroweakino mass spectrum. The tan S-enhanced corrections to the hbb
coupling are suppressed. At low values of tan g, the partial width for the SM-like Higgs
boson decay into two photons is significantly increased. The corresponding branching
ratio for low tan 3 is larger (smaller) than the SM prediction for large (small) values of

ma.

M}'?5 (alignment) scenario. In the ‘alignment without decoupling’ scenario, for a
given value of tan 3, one of the two neutral CP-even scalars has SM-like couplings
independent of the mass spectrum of the remaining Higgs bosons. In particular, for
tan 8 ~ 7 the lightest scalar Higgs boson h is SM-like, for relatively low values of m 4.

M ,1125(CPV) scenario. This scenario is characterised by CP violation in the Higgs
sector, where mixing between the neutral CP-even scalar states h and H and the CP-odd
scalar state A is induced by a non-zero phase ¢4, in the soft-SUSY-breaking Higgs-stop
interaction term. This causes significant interference effects in the production and
decay of the two heavier neutral states, which leads to weaker constraints from searches
for resonances decaying into 777~. The relevant parameters are chosen such that the
strongest interference region is located near the exclusion contour of the corresponding
scenario with real parameters, the mass of the SM-like scalar is near the observed value,
and all electric dipole moments are within the experimentally allowed ranges.

M &?E5FT scenario. In the previous scenarios, the sfermions have masses close to the
TeV scale. As a consequence, values of tan § < 5 are automatically excluded as they
would lead to values of the Higgs boson mass my, that are significantly lower than the
experimental value of 125 GeV. To circumvent this problem, in this scenario all SUSY
particles, including sfermions, are relatively heavy, with masses close to the SUSY scale
mgusy, which is adjusted dynamically from 6 TeV to 10'3 TeV to yield a Higgs boson
mass of 125 GeV for values of tan S between one and ten. As all SUSY particles are so
heavy that production and decays of the MSSM Higgs bosons are only mildly affected
by their presence, their contribution to the Higgs boson properties is calculated with an
effective field theory. As in most of the previous scenarios, for low values of m 4 the hbb
coupling is enhanced with respect to the SM prediction and reduces to the SM value
for large m . At very small tan 8, the model predicts a small suppression of the htt
coupling, leading in turn to a slight suppression of the ggF production cross-section.

M ,}?E5FT (x) scenario. Similarly to the previous scenario, the SUSY scale is adjusted
dynamically to yield a light Higgs boson mass of mj &= 125 GeV at each point of the
SUSY parameter space. In contrast to the M ﬁQEE’FT scenario, however, this scenario
features relatively light neutralinos and charginos. As a consequence, loop-induced
amplitudes mediated by these light states can induce modifications of the light Higgs
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boson properties such as an enhancement of its partial decay width to two photons, in
particular for low tan 8. The model therefore predicts a branching ratio for h — ~~
significantly larger than the SM prediction for large m4 and low tan 8. At low values
of m 4, the enhancement of the hbb coupling leads instead to an increase of the h — bb
branching ratio and a decrease of the h — v branching ratio relative to their SM
expectations.

¢ hMSSM scenario. In this scenario, the lightest Higgs boson h is assumed to be the
particle discovered by the ATLAS and CMS collaborations in 2012. Its mass my, is
assumed to be equal to the experimental value of 125.09 GeV, and it is used to fix the
values of the dominant radiative corrections to the CP-even Higgs mass matrix from the
stop-top sector. This hypothesis determines all other parameters of the Higgs sector,
including «, myg, myg+, and the couplings between the Higgs bosons and the other
particles, in terms of only the two parameters m 4 and tan 8. Due to its assumptions,
the hMSSM is a good approximation of the MSSM only for moderate values of tan [,
1 <tanp <10 [37].

4.2.2 Interpretation procedure

Since Higgs boson production cross-sections in the MSSM are not calculated for the full STXS
Stage-1.2 phase space partitioning of production cross-sections, only inclusive production-
mode cross-sections are used in this analysis. The signal strength modifiers u»¥ in the signal
yield expression of eq. (2.2) are then written as:

Gzh)MSSM(mAa tan 3) B()fl)MSSM(mA, tan 3)
T8 Bé(M
= ri(ma, tan B) - 7X (m4, tan B), (4.2)

X

ma,tan 3)

where the index i enumerates the production processes (ggF, bbH, ttH, VBF, qq/q9—ZH,
99—ZH, qe—WH).

The values of the production cross-section scale factors r* and branching ratio scale
factors r* are obtained using the procedures defined by the LHC Higgs Cross-section Working
Group, described in [49], as well as the calculations detailed in [140]. For all scenarios except
the hMSSM, Higgs boson masses and mixing (and effective Yukawa couplings) are calculated
with FEYNHIGGS [141-147], and branching ratios are obtained combining the most precise
estimates of FEYNHIcGS, HDECAY [148, 149] and PROPHECY4F [150, 151]. In the
hMSSM scenario, the Higgs boson mass is fixed at 125 GeV, the mixing is calculated
analytically, and the branching ratios are calculated using the k-framework. Inclusive cross-
sections for ggF production are obtained with SUSHI [152, 153], which includes NLO QCD
corrections [154], NNLO QCD corrections for the top-quark contribution in the effective
theory of a heavy top quark [155-159] and EW corrections involving light quarks [160, 161].
For the SM-like Higgs boson, SUsHI adds N3LO corrections in the effective theory of a heavy
top quark in a threshold expansion [61, 162, 163]. Cross-sections for b-quark-initiated Higgs
boson production rely on matched predictions [164-167], which are based on the five flavour
NNLO QCD calculation [168] and the four flavour NLO QCD calculation [169, 170]. The
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values of the cross-sections of rare production modes, such as gg — Zh, pp — thW and
pp — thq, which are not calculated in refs. [140, 171], are determined through their relations,
within the x-framework, to ry, Ky, k1w, Kz, which are determined as either k7 = Uﬁf{éSM / aéﬁg

2 _ Th h _ )
or k; = V&b /Té™, where x = bW, Z:

r99—=Zh _ 2.456,42Z + 0.456#&% — 1.903kzk¢ — 0.011k 7Ky + 0.003KKp,
"W = 2.909k2 4 2.310K%, — 4.220K K,
i = 2.633k2 4 3.578k%, — 5.21 1Kk .

As the cross-section and branching ratio scale factors r* and r* are only calculated for a
discrete set of points in the two-dimensional benchmark parameter space, a likelihood based on
eq. (4.2) is not differentially expressed in terms of its theory parameters (my, tan 3). Instead,
the values of the profile likelihood ratio are calculated at fixed points in the (my4, tan 3) plane,
profiling only the nuisance parameters, and then numerically interpolated. Regions of the
benchmark scenario parameter space for which the mass my, of the lightest CP-even Higgs
boson h predicted by the MSSM differs from the experimental value of 125.09 GeV by more
than 3 GeV, which is the estimated bound of allowed values of the calculated Higgs boson
mass in FEYNH1GGS [143, 172], are considered as excluded.

4.2.3 Results

Figure 22 shows the observed and expected 95% CL exclusion limits of the MSSM in the
two-dimensional plane (m4, tan 8) for the M?°, M}?5(%), M!?*(F), and M?*(alignment)
benchmark scenarios. For all four scenarios, the regions excluded by the Higgs boson
mass requirement (|my, — 125.09 GeV| < 3 GeV) are separately indicated with gray shaded
areas. For completeness, the constraints from previous searches for H/A — 77 [173] and
H* — tb [174] are also overlaid.

In the M!?® and M}?5(¥) scenarios, the low m4 region, in which an enhancement of
the h — bb branching ratio and a suppression of the branching ratios of the other decay
modes such as h — v are predicted, is disfavoured. Since the data marginally prefer
B(h — bb)/Bsy(h — bb) < 1 and B(h — vv)/Bsm(h — 77) > 1, the observed constraints
are tighter than those expected under the SM hypothesis. In the M ,}25(7:) scenario, the region
at low my4 and tan 8 < 53 is excluded for the same reason. The region tan 8 > 53, in which
the 7 loop reduces the hbb coupling, leading to an enhanced prediction of B(h — 77), is also
largely excluded. In the M}?5(alignment) scenario, the limit of alignment without decoupling
is only realised for tan § ~ 7 and m 4 ~ 200 GeV. For larger values of m 4, MSSM couplings
are more similar to SM couplings, causing the allowed tan 3 region to broaden.

In all four benchmark scenarios, the MSSM analysis generally excludes the low m 4 regime
for most of the scanned tan  range, while the requirement |m;, — 125.09 GeV| < 3 GeV
excludes the low tan 3 range for all scanned values of m 4, a range not fully covered by the
direct searches for H/A — 77 and HT — tb decays. The exclusion range due to the my,
requirement is qualitatively different in the M ,%25(alignment) scenario, as this scenario can
only realized for a value of tan(s) ~ 7.

Figure 23 shows the observed and expected 95% CL exclusion limits on the MSSM in the
two-dimensional plane of my+ versus tan 3 for the M ,1125(CPV) scenario and of my versus
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Figure 22. Observed (solid yellow area) and expected (dashed line) exclusion contours at 95% CL in
the (ma,tan 3) plane for the (a) M}?5, (b) M} (7), (¢) M}**(x) and (d) M}?5(alignment) scenarios.
The parameter space excluded by the condition |mj — 125.09 GeV| < 3 GeV is marked in gray. For
comparison, the parameter space excluded by the searches for H/A — 77 [173] and for H+ — tb [174]
are overlaid in blue and purple, respectively.
the search for H* — tb are available.

For the M?5(alignment) scenario, no constraints from
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tan 5 for the M,%?E5FT, M,%ZE‘?FT(X) and hMSSM scenarios. The condition |my, — 125.09 GeV| <
3 GeV excludes values of tan 8 < 6 for all values of my+ in the M, ,}0125(CPV) scenario, while no
part of the parameter space is excluded in the M, é%’FT and M ,12E53FT()~() benchmark scenarios,
in which my = 125.09 GeV can be achieved through the flexible mgygy scale. In these
four models, the low m4 region, where an enhancement of the hbb coupling is predicted,
is excluded, and the excluded region is larger than expected in the SM hypothesis for the
same reason as for the previous four models. The similarity of the limits in the M ,%2E5FT and
hMSSM scenarios stems from the fact that the M ,12E5FT is a concrete realisation of an MSSM
scenario that fulfils the assumptions of the hMSSM approach [40].
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5 Conclusions

Novel interpretations of the recent combined ATLAS measurements of Higgs boson production
and decay rates and simplified template cross-sections in several final states are presented.
Constraints on linear combinations of Wilson coefficients corresponding to SM effective field
theory operators in the Warsaw basis are reported. In this model-independent parameterisa-
tion of BSM physics effects, no significant deviations from the SM are observed. A comparison
of results interpreted with a linearised SMEFT model that only considers terms suppressed by
up to a factor A~2, and a variant including quadratic terms that considers all available terms
including those with suppression factor A=*, shows that the effect of operators suppressed by
A4 can significantly affect constraints on Wilson coefficients for a mass scale of A = 1 TeV.

Constraints on a subset of these operators have also been set through a joint interpretation
of the fiducial cross-section measurements of Higgs boson production as a function of transverse
momentum in the H — vy and H — ZZ* — 4/ final states. Three linear combinations of
the Wilson coeflicients of operators affecting these spectra can be simultaneously constrained.
For two of these combinations, the constraints are similar to those that can be derived from
the interpretation of Higgs boson simplified template cross-section measurements in the
same channels. The constraint on the top-gluon coupling is significantly stronger in the
interpretation of simplified template cross-sections.

Finally, the Higgs boson production and decay rate measurements are interpreted in
the context of two-Higgs-doublet models and of eight benchmark scenarios of the minimal
supersymmetric model. Constraints are set on the (cos(8 — ), tan 3) plane in 2HDM Type-I,
Type-1I, Lepton-specific and Flipped models, and on the parameters (my4,tan ) of the
MSSM in eight benchmark scenarios. These results are complementary to limits from direct
searches for additional Higgs bosons.
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A Validity of Gaussian approximation of STXS measurements in the
SMEFT interpretation

The STXS SMEFT interpretation model constructs the likelihood function in terms of the
fit basis parameters ¢’ from three ingredients:

1. The likelihood function of the STXS measurements, measuring 78 cross-section pa-
rameters, and featuring over a thousand nuisance parameters expressing systematic
uncertainties.

2. A specification of the impact of all relevant CP-even Warsaw basis SMEFT operators
on the SM predictions of these cross-sections, including acceptance corrections where
necessary, i.e., eqs. (3.9) and (3.10), using the coefficients A;i’k/, A?H%X, B?li’k/ and
BjFlHHX as defined in egs. (3.5)—(3.8), and visualised in figure 5.

3. A rotation matrix from the 50 Warsaw basis parameters ¢, which cannot be unambigu-
ously constrained from the STXS data, to a fit basis ¢’ for which all 19 parameters can
be simultaneously constrained from the data, as shown in figure 8.

An important upside of a likelihood model built this way is that all non-Gaussian effects in
the STXS measurements are accounted for, and that the correlated effects of all experimental
and theoretical systematic uncertainties are accounted at the level of detail implemented
in the original underlying measurements. A downside of this likelihood model is that the
required complexity of its implementation prevents it from easily being made available.

An alternative likelihood function, based on a multivariate Gaussian approximation
of the STXS measurements instead of the full measurement, with an identical SMEFT re-
parameterisation, can be constructed in a relatively straightforward way from the information
provided and represents a reasonably good approximation of the full likelihood. A comparison
of the results obtained with this simplified Gaussian variant of the likelihood model and those
obtained with the full likelihood function is shown in figure 24 for the linear SMEFT model
and in figure 25 for the SMEFT model including the quadratic terms. Both comparisons
indicate generally good agreement between expected and observed parameter estimates and
their 68% and 95% uncertainty intervals.
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Figure 24. Comparison of the observed result from the full likelihood fit in the SMEFT fit basis
with only linear terms (blue) to a fit based on a simplified likelihood constructed from the covariance
matrix of the STXS measurements rotated to the same SMEFT fit basis (purple).
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Figure 25. Comparison of the observed result from the full likelihood fit in the SMEFT fit basis
with linear and quadratic terms (orange) to a fit based on a simplified likelihood constructed from the
covariance matrix of the STXS measurements rotated to the same SMEFT fit basis (dark red).
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