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1 Introduction

Precision measurements at colliders serve as crucial tests of the Standard Model (SM), with
any observed deviations from its predictions offering indirect evidence for new physics. The
Standard Model Effective Field Theory (SMEFT) [1] offers a consistent and nearly model-
independent framework to study the effects of Beyond-Standard Model (BSM) physics across
different measurements, and a coherent description of the impact of heavy new-physics states
at a mass scale A well above the electroweak scale.

In SMEFT, predictions for experimental observables are expressed as an expansion in
E/A, where E denotes the typical energy exchanged in the process. This expansion is
formulated in terms of higher-dimensional operators (’)id), constructed from gauge-invariant



combinations of SM fields with energy dimension d > 4:

) )

Lsmerr = Lsm + Y j\ o 4+ > e o ¢ ..., (1.1)

where Lgn denotes the SM Lagrangian and ¢ runs over all the operators that can be
constructed at a given dimension.

Measurements of observables sensitive to the effect of SMEFT operators can be used to
(d) (d)

constrain cgd) JA?=4 where ¢;” are the Wilson coefficients associated with the operators O,
In this paper, the interpretation is restricted to dimension-six operators, as contributions
from higher-dimensional terms are suppressed by greater powers of A. The dimension-five
operator (and its conjugate) is not considered here, as it induces lepton-number violation to
which the measurements included in this combination are not sensitive.

When several operators contribute simultaneously to a given observable, correlations and
potential cancellations can result in blind or weakly constrained directions in the parameter
space, especially if constraints are obtained from individual analyses that are sensitive to
the effects of only a subset of Wilson coefficients. Global fits, combining information from
multiple processes, are therefore essential to fully exploit the constraining power of precision
data and to obtain robust, model-independent bounds on SMEFT parameters.

Global fits in the SMEFT framework have been carried out both within and outside the
Large Hadron Collider (LHC) collaborations. Within ATLAS and CMS, several analyses
have provided constraints on dimension-six Wilson coefficients from Higgs boson, electroweak,
top-quark, and diboson processes, and dedicated studies have addressed the challenges of
performing global SMEFT fits at the LHC [2, 3].

Outside the collaborations, several global analyses have been performed, providing
comprehensive interpretations of Higgs boson, electroweak, and top-quark measurements
within the SMEFT framework [4-9]. While these studies have achieved impressive sensitivity,
they are limited by the detail level of publicly available experimental information, such as
approximations to experimental likelihoods, or incomplete knowledge of correlated systematic
uncertainties across measurements. This paper builds upon and extends earlier ATLAS
SMEFT combination efforts based primarily on Higgs boson measurements [2] by incorporating
a substantially enlarged and more diverse set of Run-2 measurements. It also delivers, as
an explicit output, the correlation matrix for the measured signal strengths, which allows
the construction of simplified likelihood models for reinterpretations.

The measurements that are combined to extract constraints on the Wilson coeflicients are:

e ATLAS single-Higgs-boson data [2, 10-19]: a combined measurement of Higgs
boson production and decay in exclusive kinematic regions of the production phase
space, defined within the Simplified Template Cross-Section (STXS) framework, is used.
This combined measurement provides sensitivity to a wide variety of SMEFT operators
given the set of production modes and decay channels included. Compared to the
previous ATLAS global combination, new channels are included, such as the boosted
H — bb channel, focusing on fully hadronic H — bb events in the regime of large Higgs
boson transverse momentum, H — Zv and H — pu.



e ATLAS di-Higgs channels [20, 21]: the measurements of the Higgs boson pair
(di-Higgs) production in the bbyy and bbrT channels are also included, exploiting the
sensitivity of the di-Higgs analyses to the trilinear Higgs boson self-coupling.

e ATLAS electroweak data [22-24]: differential cross-section measurements for WW
production, WZ production, and Z-boson production via vector boson fusion (VBF)
are included. The electroweak analyses target triple gauge couplings and four-fermion
operators.

e ATLAS High Mass Drell-Yan (HMDY) cross-sections [25, 26]: neutral (Z —
7777 ) and charged current Drell-Yan cross-sections at high mass are included, extending
the set of channels used in the previous ATLAS global combination. The HMDY analyses
provide sensitivity to four-fermion operators.

e ATLAS top-quark distributions [27, 28]: differential cross-sections for dilepton
top-quark pair (tt) events and tt events with a high pr top quark are incorporated
in the global combination, representing a new addition relative to the earlier ATLAS
results. The top-quark analyses are sensitive to heavy-flavour four-fermion operators.

o Electroweak precision data [29-33]: combined measurements of electroweak precision
observables (EWPO) on the Z and W resonances performed at LEP and SLD (Z pole
observables, W branching ratios) as well as at ATLAS (lepton flavour universality ratios
and W-boson width) are also included. The EWPO are sensitive to couplings between
weak bosons and fermions.

In addition to presenting constraints on SMEFT Wilson coefficients, this work also shows
how the resulting limits can be matched to selected ultraviolet (UV)-complete models.

This paper is organised as follows. Section 2 provides a brief description of the different
measurements used to derive the results. Studies of overlapping data regions among ATLAS
analyses are also summarised, together with the strategy adopted to deal with these overlaps.
The theoretical model, the simulation of SMEFT and SM samples, and the methodology
used to perform the interpretation, are described in section 3, together with the impact of
new physics on each observable. Section 4 describes the statistical model and the correlation
scheme used in the combination. Section 5 summarises the studies performed to determine
the Wilson coefficients to which the combination is sensitive, and presents the final results,
including both full-likelihood and simplified-likelihood results. The reinterpretation of the
SMEFT constraints to UV complete models such as two-Higgs-doublet models (2HDM) [34]
and heavy-vector-boson (Z’) models [35] is also presented. Finally, section 6 presents the
conclusions.

2 Data and input measurements

Given the diversity of the measurements entering the global SMEFT interpretation, the
level of detail reported in this section is necessarily heterogeneous. For some measurements,
specific observables, their precise definitions, and the associated phase-space selections are
explicitly discussed, particularly when these aspects are central to the SMEFT sensitivity.



Process Dataset [fb™!] SMEFT sensitivity

Higgs boson measurements [10-19]

pp— H = vy, ZZ*— 4, WW*— lvly 140 Higgs boson operators

pp — H — Zvy, ptp~ 140 Higgs boson operators

pp— H —bb, 777~ 126-140 Higgs boson operators
Electroweak measurements [22-24]

pp = WHW ™ = etvuTv 36 Four-fermion operators and triple gauge couplings
pp — WEZ — (Fvete- 36 Four-fermion operators and triple gauge couplings
pp — Zjj — 4Tl 55 140 Four-fermion operators and triple gauge couplings
HMDY measurements [25, 26]

pp = Z/y* =TT 140 Four-fermion operators involving leptons

pp — W+ — (v 140 Four-fermion operators involving leptons
Top-quark measurements [27, 28]

pp — tt — WbWb — eFpFruvbb 140 Four-fermion (heavy-flavour) operators

pp — tt — WbWb — q¢'blvb 140 Four-fermion (heavy-flavour) operators

Di-Higgs measurements [20, 21]

pp — HH — bbyy, bbrr~ 140 Trilinear Higgs boson self-coupling
Electroweak precision observables [29-33]

LEP, SLD, ATLAS EWPO — Weak boson—fermion couplings

Table 1. Summary of analyses entering the combined SMEFT interpretation, together with the
corresponding references, and the sensitivity to SMEFT effects.

Other analyses are summarised more concisely, with details provided through references
to the original publications.

An overview of all the input analyses entering the combination is given in table 1, together
with the corresponding references, size of the dataset and the targeted SMEFT operators.

2.1 Higgs boson measurements

Higgs boson measurements enter the SMEFT interpretation through combined measure-
ments of Higgs boson production and decay performed in exclusive kinematic regions of the
production phase-space defined within the simplified template cross-section (STXS) frame-
work [36-39]. The STXS framework categorises Higgs boson production cross-sections into
mutually exclusive bins defined by the Higgs boson production mode and by key kinematic
observables, such as jet multiplicities and the transverse momentum, pr, of the Higgs boson
or of the associated system of final-state particles. This categorisation is designed to minimise
theoretical uncertainties, reduce model dependence, and enhance sensitivity to physics beyond
the SM in different regions of phase-space. These measurements, based on proton—proton
collision data collected by the ATLAS experiment in 2015-2018 at /s = 13 TeV, provide
sensitivity to modifications of Higgs boson couplings to fermions and vector bosons, as well
as to loop-induced interactions.

The full set of input analyses, together with the targeted Higgs boson decay channels,
production modes, and integrated luminosities, is summarised in table 2. Further details can
be found in the references listed therein. For each Higgs boson decay mode, the branching



Decay channel Production mode L [fb™'] Ref.

H = vy ooF, VBF, WH, ZH, tiH, tH 140 [10]
H— Z77Z* ggF, VBF, WH + ZH, ttH + tH 140 [11]
H— 717 geF, VBF, WH + ZH, ttH + tH 140 [12]
H—WW*  ggF, VBF 140 [13]
H — bb WH, ZH 140 [14]

VBF 126 [15]

tH + tH 140 [16]

inclusive 140 [17]
H— Z~ inclusive 140 [18]
H pup geF + tTH + tH, VBF + WH + ZH 140  [19]

Table 2. For each input analysis of the combined Higgs-boson STXS measurements the decay
channels, targeted production modes, integrated luminosity and references to individual analyses are
reported. Gluon—gluon fusion and vector boson fusion production modes are referred to as ggF and
VBF, respectively.

fraction used corresponds to theoretical calculations at the highest available order [36]. The
product of the STXS production cross-sections and the corresponding Higgs boson branching
fractions is reparameterised in terms of the SMEFT Wilson coefficients.

2.2 Differential cross-section measurements for electroweak processes

Measurements of differential cross-sections unfolded at particle level of weak boson production
and decay, based on either partial or full Run 2 data, are used in this interpretation. These
comprise WW production in the e*v uFv final state [22], W Z production in the (Fvft¢~
final state [23] (where ¢ = e, ), and VBF Z boson production (EW Zjj) with subsequent
decay of the Z boson in ete™ or putu~ pairs [24].

For the WW measurement, the fiducial region is defined by the presence of exactly
one electron and one muon of opposite charge with my, > 55GeV, and by vetoing events
containing jets with pJ{ft > 35 GeV in order to suppress top-quark backgrounds. For the W Z
measurement, the fiducial phase-space requires three charged leptons with the same-flavour
opposite-sign lepton pair satisfying 66 < mg < 116 GeV, and a minimum transverse mass'
of the W boson of m¥ > 30 GeV. For electroweak Z-boson production in association with
two jets, the fiducial region targets a VBF topology with a dilepton pair consistent with a
Z-boson decay and two jets with a large invariant mass, m;; > 1000 GeV, enhancing the
purely electroweak contribution from the other sources of Zjj production.

For each of the three electroweak processes, a single differential distribution is used
as input for the SMEFT interpretation. The differential cross-section as a function of the
leading lepton peT and the transverse mass, m%v Z are employed for the W measurement

and W Z measurement, respectively. The differential cross-section as a function of the signed

'The transverse mass is defined as my = \/Qp% - p5 - [1 — cos Ag(¢,v)], where Ag(¢,v) is the angle
between the charged lepton and the neutrino in the transverse plane, and p% and p4 are the transverse
momenta of the charged lepton from the W boson decay and of the neutrino, respectively.



Process Main phase-space requirements Observable L [fb~!] Ref.

pp = WHIW™ = efvuFv  my > 55GeV, p]{it > 35GeV Jis 36 [22]
pp— WEZ = (Fv0te=  my € (66,116) GeV, m¥ > 30GeV ~ ml/? 36 [23]
pp — Zj5 — £T07 55 m;j > 1000 GeV, my € (81,101) GeV  A¢j; 140 [24]

Table 3. ATLAS electroweak measurements entering the combined SMEFT interpretation, together
with the most important phase-space requirements in each measurement, the observables used in the
interpretation, and the integrated luminosity of the analysed data.

Process Important phase-space requirements Observable £ [fb~!] Ref.
pp — Z)v* — T myis > 100 GeV muis 140 [25]
pp — W — (Fv (with £ = e, 1) 200 < m}¥ < 5000 GeV my 140 [26]

Table 4. The neutral-current and charged-current HMDY analyses entering the combined SMEFT
interpretation, together with the most important phase-space requirements in each measurement,
the observables used in the interpretation, and the integrated luminosity of the data analysed in
each measurement.

azimuthal angle between the two jets, Aquj,Q is employed for EW Zjj production, as this
variable is especially sensitive to SMEFT operators modifying triple gauge couplings. The
measurements and key phase-space requirements are summarised in table 3. The unfolded
fiducial cross-sections from these measurements are directly compared to particle-level SMEFT
predictions, parameterised in each measurement bin as a function of the Wilson coefficients.

2.3 Differential cross-section measurements for neutral- and charged-current
HMDY processes

Measurements of neutral- and charged-current Drell-Yan processes at high invariant masses
are included in the global combination, using the full Run 2 data. For neutral-current HMDY,
the differential cross-section is measured in the 777~ final state. Following the fiducial phase
space requirements, events are required to have two reconstructed hadronically decaying
r-leptons with pr(7) > 65GeV, |n(7)| < 2.5, and visible invariant mass m2%* > 100 GeV.

Vs

2% and the measured fiducial cross-sections

Cross-sections are measured differentially in m
are unfolded to particle level. For charged-current Drell-Yan, differential cross-sections for
W-boson production are measured in the high transverse-mass (mY) region. Results are
obtained separately for both W-boson charges and lepton flavour (e and p). Single- and
double-differential Born-level cross-sections are measured up to m¥ = 5TeV and |n(¢)| = 2.4,
within a fiducial region requiring p% > 65GeV and p4 > 85 GeV.

The HMDY measurements entering the global interpretation are summarised in table 4.
The unfolded fiducial cross-sections for both analyses are directly compared to particle-level

SMEFT predictions, parameterised in each bin as functions of the Wilson coefficients.

2The signed azimuthal angle between the two jets is defined as Ad;; = ¢; — ¢p, where the two highest
transverse momentum jets are ordered by their rapidity y such that yy > ys.



Process Important phase-space requirements Observable £ [fb~!] Ref.

pp — tt = WoWb — eFpuTovbb  pf >27GeV, [n(f)| < 2.5 Py 140 [27]
pp — tt — WbWb — qq’blvb pf > 355 GeV pffh 140 [28]

Table 5. The top-quark processes entering the combined SMEFT interpretation, together with
the most important phase-space requirements in each measurement, the observables used in the
interpretation, and the integrated luminosity analysed in the measurement.

2.4 Differential tt cross-section measurements

The top-quark data included in the global SMEFT interpretation comprise the measurements
of unfolded differential cross-sections for ¢¢ production in the dilepton and in the boosted
top-quark final states, using Run 2 data.

In the dilepton channel [27], the tf pair decays via tf — WTW~bb, with both W
bosons decaying leptonically. Events with one electron and one muon of opposite charge are
selected. Absolute and normalised differential cross-sections are measured for eight leptonic
observables at particle level, in a fiducial region defined by the lepton transverse momentum,
Py > 27 (25) GeV for the leading (subleading) lepton and pseudorapidity |n(¢)| < 2.5. The
distribution of the transverse momentum of the leading lepton pf} is used for the SMEFT
interpretation.

In the boosted channel [27], events with a leptonically decaying top quark and a hadron-
ically decaying high-pt top quark are selected. Differential cross-sections are unfolded to
particle level, with small-R jets (R = 0.4) clustered from stable particles with |n| < 4.5, and
large-R jets (R = 1.0) built from selected small-R jets. Large-R jets are required to satisfy
pr > 355 GeV, |n| < 2.0, invariant mass 120 < m; < 220 GeV, and contain at least one b-jet.
The reconstructed highest—p;f large-R jet is identified as the hadronic top-quark candidate.
The differential cross-section as a function of the transverse momentum of the hadronically
decaying top quark ptT7h is used for the SMEFT interpretation, as this variable is the most
sensitive to SMEFT effects. The measurements are summarised in table 5.

2.5 Di-Higgs measurements

Measurements of di-Higgs production at reconstruction level with decays into bbyy and bbrr
are included in the global SMEFT combination. The analyses probe SMEFT effects in the
gluon—gluon fusion (ggF) production mode, which dominates di-Higgs production, while
SMEFT effects on VBF di-Higgs production are expected to be negligible. The observables
entering the SMEFT interpretation are the measured signal yields in the analysis categories,
together with the reconstructed di-Higgs invariant mass spectrum, m g, which provides the
dominant sensitivity to modifications of the Higgs boson self-coupling.

The HH — bbyy analysis [20] uses the full Run 2 data and defines a single signal
region targeting events with exactly two high-pr isolated photons and exactly two b-tagged
jets. The photons are required to satisfy Er/m., > 0.35 and 0.25 for the leading and
subleading photon, respectively. For the HH — bbrT analysis [21], events are required to
contain exactly two b-tagged jets with pp > 45 GeV and 20 GeV respectively and exactly two
T-lepton candidates selected in one of three signal regions: one hadronic region targeting



Process Production mode L [fb~!] Ref.

HH — bbyy ggF 140 [20]
HH — bbrT  ggF 140 21]

Table 6. The di-Higgs measurements entering the combined SMEFT interpretation, together with
the targeted production mode and integrated luminosity of the analysed data.

events with two oppositely charged hadronically decaying 7-leptons, and two lepton—hadron
regions targeting events with one leptonically decaying 7-lepton and one hadronically decaying
T-leptons, with electron and muon channels combined.

The measurements entering the interpretation are summarised in table 6. SMEFT effects
are included by accounting for modifications of the ggF total cross-section and the mpg
spectrum, as well as changes to the total cross-section of single-Higgs boson backgrounds.
In addition, both the total and partial widths of the Higgs boson are parameterised as
functions of the Wilson coefficients.

2.6 Electroweak precision observables

The EWPO considered in this analysis probe the couplings of the Z and W bosons to charged
leptons, neutrinos, and heavy quarks. Key observables measured at LEP and SLD [29] include
the total and partial Z widths, I'z, the hadronic cross-section at the Z pole (defined as the
total cross-section for Z decays into hadrons), opaq, the ratio of hadronic to leptonic Z-boson
decays for charged leptons, Ry, and the fractions of hadronic Z decays into charm and bottom
quarks, R. and Ry, respectively. Forward—backward asymmetries AOF’é , lepton polarisation
and asymmetry measurements, W-boson branching ratios are also included.

Additionally, ATLAS measurements of lepton-flavour-universality ratios [30-32], R;‘é“
and R%ez, and the W-boson total width [33] are considered. These observables provide
sensitivity to deviations from the SM through their dependence on left- and right-handed
electroweak couplings.

Table 7 summarises the 26 EWPO included in the combined SMEFT fit.

2.7 Event overlap between input analyses

Potential overlaps of selected events among the Higgs boson, electroweak, HMDY, top-quark,
and di-Higgs measurements entering the combination are assessed using three complementary
approaches:

e using run number and event number, which provide a unique identifier for each recorded
data event, where information is available;

e performing bootstrap-based tests of statistical correlations, where information is avail-
able and the size of the event overlap is not negligible;

e comparing selection criteria.

Run number and event number information is available for the Higgs-boson, HMDY and
di-Higgs input measurements. Pairwise comparisons between these analyses show that the



Observable Measurement Prediction Ratio

Aa 0.05903 4+ 0.00009 0.05911 & 0.00098  0.999 + 0.017
Iz [GeV] 2.4955 £+ 0.0023  2.4945 4+ 0.0010  1.0004 £ 0.0010
R. 20.804 + 0.050 20.751 £ 0.010 1.0025 + 0.0024
R, 20.784 + 0.034 20.751 + 0.010 1.0016 + 0.0017
R, 20.764 + 0.045 20.799 + 0.010 0.9983 + 0.0022
R, 0.1721 4+ 0.0030  0.1722 + 0.0001 0.999 4 0.017
Ry 0.21629 + 0.00066 0.21587 & 0.00010  1.0019 4 0.0031
a9 4 [pb] 41481 + 33 41489 + 8 0.9998 =+ 0.0008
AStD 0.1516 4+ 0.0021  0.1470 + 0.0025 1.031 4 0.022
ALEP 0.1498 4 0.0049  0.1470 + 0.0025 1.019 £ 0.037
ASLD 0.142 + 0.015 0.147 £ 0.003 0.97 + 0.11
ASED 0.136 + 0.015 0.147 + 0.003 0.92 £ 0.11
ALEP 0.1439 4 0.0043  0.1470 + 0.0025 0.979 + 0.035
A% 0.0145 4+ 0.0025  0.0162 + 0.0006 0.89 + 0.18
ARl 0.0169 4+ 0.0013  0.0162 + 0.0006 1.042 4 0.084
AL 0.0188 4+ 0.0017  0.0162 + 0.0006 1.159 + 0.095
A% 0.0992 4+ 0.0016  0.1031 + 0.0018 0.962 + 0.024
A% 0.0707 £ 0.0035  0.0737 &+ 0.0014 0.959 4 0.053
Ay 0.923 + 0.020 0.935 &+ < 0.001  0.987 + 0.022
A, 0.670 4 0.027 0.668 4+ 0.001 1.003 + 0.040
Ty [GeV] 2.198 + 0.049 2.090 + 0.001 1.052 4 0.022
BS, 0.1071 £ 0.0016 ~ 0.1082 + < 0.0001  0.990 + 0.015
BY, 0.1063 + 0.0015  0.1082 + < 0.0001  0.983 + 0.014
BY, 0.1138 + 0.0021  0.1082 + < 0.0001  1.052 + 0.018
RYC 0.9990 + 0.0042  1.0000 + < 0.0001  0.999 + 0.004
Ry* 0.992 + 0.013 1.000 + < 0.001  0.992 + 0.013

Table 7. Electroweak precision observables [29-33], included in the analysis. The second column
corresponds to the experimental value, the third to the theory prediction in the {my ,mz, Gg} scheme,
and the fourth is the ratio of the two values. The correlation between the observables is shown in
table 10.



number of overlapping events is typically small, corresponding to relative event fractions well
below 1% of the events in their respective signal regions. A few exceptions are described
here, together with their treatment.

The overlap for the H — 77 and high-mass 77 Drell-Yan analyses is concentrated in
the lowest-mass region of the latter, and the first bin of the HMDY 77 analysis is removed
accordingly. In the H — WIW™* measurement, the 0-jet WW control region overlaps with
the dedicated WW analysis. The 0-jet WW control region is therefore excluded from the
combination and the associated normalisation parameter is treated as correlated with that of
the WW measurement. Overlaps also occur in shared top-quark enriched control regions.
However, since these regions are used to measure freely floating background normalisation
factors, the overlaps do not bias the combined result.

Sizeable overlaps not addressed by these exclusions are investigated using bootstrap
techniques [40]. A subset of the analyses are re-evaluated on Poisson-fluctuated replicas
of the nominal dataset, and correlations between the signal strengths of the individual
measurements are extracted from the resulting distributions. The tested combinations,
including ¢ boosted, tt(H — bb), V/(H — bb), tt dilepton, and H — WW*, do not exhibit
significant cross-analysis correlations.

For analyses without run number and event number information, comparison of selection
criteria indicates that any potential overlaps arise only in regions governed by floating
background normalisations, and are therefore expected to be negligible. Based on these
studies, the remaining overlaps among the input analyses are not expected to bias the
combined interpretation.

3 Theoretical predictions

3.1 SMEFT model

In SMEFT models with dimension-six operators, the measured cross-sections are related to
the corresponding scattering amplitudes MgygrpT through the following relation:
2 2 C; C;Cj
|IMsmerT|* = [Msm|* + QZ A—;Re(MgM M;) + Z L
(2 ]

A4

(M; Mj), (3.1)

where ¢ and j run over all possible dimension-six operators. The first term is the SM
contribution, while the second term represents the SM-BSM interference, linear in the BSM
coupling and suppressed by the square of the new physics scale (1/A?). The third term is the
pure BSM contribution, quadratic in the BSM coupling and suppressed by the fourth power
of the new physics scale (1/A%).
While the linear terms generally provide the dominant contribution, quadratic terms can
become relevant for high pr regions, where their omission may lead to unphysical negative
cross-sections. Interference effects with dimension-8 operators also enter at order O(A~%),
but these are neglected in the present analysis. As a consequence, the difference observed
between the purely linear model and the linear-plus-quadratic model can be considered a
qualitative estimate of the uncertainty arising from the missing O(A~*) contributions.
Throughout this study, A is set to 1 TeV, which is a conventional reference scale used to
express dimension-six Wilson coefficients. This choice does not correspond to a physical new-

,10,



physics mass scale, since only the combinations c;/A? are directly constrained by experiment.
Fixing A provides a useful normalisation for reporting and comparing limits on different
coefficients [41].

An observable Oy, e.g. the cross-section of a given process in a measurement bin b, can
be expressed as

Oy = OEM 1+ Z Apici + Z BbiC? + Z Chijcici | (3.2)
i i 1<j

where OEM is its SM value and Ay;, By, and Cy,; correspond to the linear, quadratic, and
cross term values, and are obtained from simulation based on matrix elements from eq. (3.1).
Higgs boson production and decay are factorised based on the narrow width approximation
with the expression of equation (3.2) applied separately to the production cross-section o,
(in each STXS bin), partial decay width I'y, as well as to the total Higgs boson width
I'tot and combined as o, x I'g/T'tot. A full Taylor expansion of this ratio is avoided for
single-Higgs and di-Higgs parameterisations, since it breaks down for operators affecting
dominant Higgs boson decays or with large uncertainties (see ref. [2]). In the single-Higgs case,
the linear model instead uses the ratio of SMEFT-modified partial and total widths, which
inherently introduces non-linear terms in the Wilson coefficients. For the di-Higgs case, the
branching-ratio and production cross-section modifications are multiplied rather than added.
For electroweak bosons, whose widths are tightly constrained, the full expansion is used.

3.2 SMEFT parameterisation
3.2.1 Input parameters and symmetry assumptions

The {mw,mz, Gy} electroweak input parameter scheme is used for the theoretical prediction
of observables at the LHC and LEP. The measurements of the Z boson mass myz at LEP [29]
and the W boson mass myy at ATLAS [33] are sufficiently model-independent for these
inputs to remain valid in a more general SMEFT scenario. The value of the Fermi constant
Gr is determined from muon decays, which are affected by the Wilson coeflicients C(I]}l733
and ¢y, such that the true value of G is a function of these parameters. Quarks from the
first two generations and leptons from all three generations are assumed to be massless, and
the four-flavour scheme is used for parton distribution functions. In this interpretation, the
top-flavour symmetry scheme is adopted, which assumes a U(2)? symmetry in the quark
sector. Under this scheme, the quarks of the first two generations and the third generation are
treated independently. In the lepton sector, flavour diagonality is assumed, so that the lepton-
antilepton pair of each generation is described independently. These relaxed assumptions
allow for a dedicated treatment of heavy-flavour quarks and each lepton generation, enabling
tests of lepton flavour universality violation. The assumptions introduced in the quark sector
with respect to a general flavour symmetry scheme are justified by the set of measurements
that are included in this work, which would not provide sufficient sensitivity to distinguish
between operators involving light quarks.

Only operators that conserve charge-parity (CP) symmetry, i.e. CP-even operators, are
considered and the Wilson coefficients are assumed to be real-valued. The list of operators

— 11 —



and corresponding Wilson coefficients relevant to the processes studied in this paper is given
in tables 8 and 9. The Warsaw basis operators are grouped into purely bosonic operators,
operators containing both boson and fermion fields, four-lepton operators, four-fermion
operators containing both quark and lepton fields, and four-quark operators. Operators
with negligible impact on the combined measurements within the sensitivity of the datasets
considered are not included in these tables.

3.2.2 Simulation of the effect of dimension-six operators on LHC processes

Dedicated samples representing the SM, linear, and quadratic effects of dimension-six op-
erators, as well as dimension-six cross terms, are generated at leading-order (LO) using
MADGRAPH5__AMCQ@NLO [42] with the SMEFTsim 3.0 model [43, 44]. Events are inter-
faced to PyTHIA 8 [45] for parton showering and hadronisation, while the decays of bottom
and charm hadrons are simulated with EVTGEN [46]. For single-Higgs loop-induced processes
(99 — H, g9 — ZH, and H — gg) as well as for tt analyses, calculations are performed with
the SMEFTatNLO model [47], which provides next-to-leading-order (NLO) QCD corrections.
For the H — vy and H — Z~ decays, analytical calculations including one-loop electroweak
SMEFT contributions are used [48, 49].

Minor modifications to the single-Higgs parameterisation, relative to the one published
in ref. [2], are implemented, to obtain a common STXS parameterisation between ATLAS
and CMS. These consist of using fixed renormalisation and factorisation scales instead of
dynamic ones in the ggH samples generated with MADGRAPH5__AMCQNLO.

Dimension-six operators can also modify the mass and width of intermediate particles,
which becomes an important correction in cases where intermediate particles are on shell.
To account for these effects in the linearised SMEFT expansion, propagator corrections
are computed with SMEFTsim 3.0 for the Higgs boson measurements using dummy fields,
following the methodology of refs. [44, 50]. In short, on-shell effects from dimension-six
operators are incorporated consistently at linear order by treating mass and width shifts
as propagator corrections. Quadratic propagator corrections are expected to be small and
are neglected. The electroweak measurements (WW, WZ, and EW Zjj) are dominated by
on-shell bosons. In these cases, instead of propagator corrections, a branching-ratio correction
is applied. For each final state boson, a linear Wilson-coefficient-dependent correction of

‘SFISE# is included, using the predictions of the ewpd4lhc tool [51]. This approach is
validated to yield results consistent with the propagator correction method, while avoiding
the need for large-scale Monte Carlo generation and ensuring consistency with EWPO.

Higher-order QCD and electroweak corrections are included under the assumption that
their relative effect does not change in the presence of dimension-six operators. The differential
cross-section predictions in SMEFT are obtained as a product of the best available SM particle-
level prediction in each bin and the ratio of the MADGRAPHS5__AMC@QNLO+PyYTHIA SMEFT
over SM prediction. It is also assumed that the relative effect of theory uncertainties derived
for the SM processes remains valid in the presence of dimension-six operators.

The effects of dimension-six operators on background processes are not taken into account,
with two exceptions. For the interpretation of the EW Zjj measurement, their effects are
simulated both for electroweak Zjj production and for Z + jets production via the strong
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Wilson coefficient and operator

Affected process group

ATLAS ATLAS ATLAS ATLAS ATLAS

EWPO Higgs electroweak tt HMDY  di-Higgs
can (HYH)O(HH) v v
o faveGar GoGer v v v
cw TTEW I Jew e v v v
CHDD (H'D,H)" (H'D,H) v v v
CHG HYHG4,GAw v v v
CHB HH B,,B" v v
caw HIHEW], Wi v v
cawp  Hic!HWI B v v v v
CeH 22 (HJVH)(Z eTH) 29 v v
cerrzs (HTH)(Dpe, H)qo v v
CiH (HH)(QHt) v v
CbH (H'H)(QHD) v 4
c}‘;l 1 (H'i'D Bl )0 v v v
Ghon  (HUD H) () v v v
c}‘}l 33 (H'D . H) Ty 6,33 v v v v
c;;)m (H' DLH) (G0 7401 v v v v v
e (HYDLH) G0 0) v v v v v
sz (H i DLH) (@010, )3 v v v v v
CHe,11 (HY WD wH)(Ev"e) v v v
CHe,22 Hi'D pH) (@7 e)s v v v
CHess  (H'D H) @y e)ss v v v
Citg (H'i'D , H)(37"q) v v v
g (' DLH)(govq) v v v v v
CHu (H‘\z D “H)(Tn”u) v v v
CHA (H? T W H) (dy"d) v v v
cg;Q (H*zD“H)(Qq”Q) v v v
Ho (H'DLH)(QolvQ) v v v v
CHt (Hi'D 1) (Fyt) v
cHb (H'i'D ,H)(by"b) v v
ac Qo TANH G, v v
cw (Qo wz)Twaf v v v
e (Qo™1)FI By, v v
CcH (HYH)? v v
CeW (lyotve DT HW,, v v
CeB (£, o e, ) H By, v v
a2t () (I9*1)19m v v v v v

Table 8. Dimension-six operators affecting the analysed processes (excluding four-fermion operators
with quark fields). The Warsaw basis Wilson coefficients and the corresponding operators are listed in
the first and second leftmost columns, respectively. The remaining columns indicate the processes
that are affected by the operator. Operator groups are separated by horizontal lines. First and second
(third) generation left-handed quark fields are denoted as ¢ (Q). First and second (third) generation
right-handed quark fields are denoted as u,d (t,b). Left and right-handed lepton fields are denoted {
and e, respectively. The lower-case roman letter flavour indices run over 1, 2 for quarks and 1, 2, 3

for leptons.
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Wilson coefficient and operator Affected process group
ATLAS ATLAS ATLAS ATLAS ATLAS

Higgs  electroweak tt HMDY  di-Higgs

Cg11m (D)@ on v

Clg2om ()@ )22 v

Clg33m ()@ 9)ss v
Cgr1® (e’ D@ ol gn v
Clg20 (oD@ o’ q)2 v v
Clg33 (oD@ o’ q)ss v
Clu,11 () (@) 11 v

Clu,22 (Z (L) (U u)an v

Clu,33 (Iyul) Ty u)ss v
Cld,11 (Iyd) (drd)1 v

Cld,22 (Iyud) (dyd) o2 v

Cld,33 (Iyud) (A" d) 33 v
Ceu,33 (Evue) (@ u)ss v
Ced,33 (evue) (dr"d)ss v
Cej,33 (ev.€)(@7"q)33 v
gy (@) (@r"q) v

gy (@T*7,9)(@T*y"q) v

ey (G0 7,9)(qo"7q) v

csd (40°T*7,0)(q0* T v*q) v

Chiu () (v u) v

Cou (@) (@) v

Cou (@) (dy"d) v

Gg (@)@ q) v v

O (QT*7,Q)(@r"vq) v v

Ga (Qr'7,Q) (7" ") v v

00 (Qo'T7,Q) (@0 T*"q) v v

Clu (Bt (@) v v

tu (ITy, ) @y ) v v

Ctl()i (E7,t)( dyd) v v

Iy (ET,,t) (AT d) v v

Ou (Q1uQ) (") v v

COu (QT%,Q)(@T*y"u) v v

d (Q1uQ)(drd) v v

d (QT*7,Q)(dT*~"d) v v

iy (") (q7uq) v v

Cy (FT9"4) (a7 7,9) v v

€Qess  (QuQ)(@r'e) v
Corzzm  (QuuQ)(Iv1)ss v
craz®  (Qo'y,Q) o’y v
Che,33 (byub)(Ere) v
Cbi,33 (byu) (19*1)33 v

Table 9. Dimension-six operators affecting the analysed processes (four-fermion operators with quark
fields only). The Warsaw basis Wilson coefficients and the corresponding operators are listed in
the first and second columns, respectively. The remaining columns indicate the processes that are
affected by the operator. First and second (third) generation left-handed quark fields are denoted as
q (@). First and second (third) generation right-handed quark fields are denoted as u,d (t,b). Left
and right-handed lepton fields are denoted [ and e, respectively. The lower-case roman letter flavour
indices run over 1, 2 for quarks and 1, 2, 3 for leptons. EWPO are not affected by the operators listed.
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interaction, as both contribute comparably to the signal region. The second exception is
WW production in the 0-jet H — WW™ signal region. In this case, the WW background
normalisation is modelled analogously to the signal parameterisation in the W' W measurement.
In the di-Higgs channels bbrr and bby~y, the single-Higgs background is parameterised
explicitly. Other background processes are either subdominant compared with the signal
or are normalised to data in kinematically similar control regions.

An assumption made for the Higgs-boson cross-section measurements in the STXS
categories is that the acceptance is constant within each bin, compared to the statistical
uncertainty in the measurement of that bin’s cross-section. Therefore, no impact of new
physics, i.e. SMEFT operators, on the acceptance is taken into account for the STXS
categories. SMEFT operators can however modify the kinematics of the Higgs boson decay
products, potentially leading to acceptance differences between the SM and SMEFT. For
most decays, in particular two-body decays, this effect is found to be negligible within the
range of the coefficients probed by the analyses.

Dedicated studies are performed to investigate the effect of SMEFT operators on the
acceptance for H — ZZ* — 4¢ and H — WW* — fvlv decays. Due to the specific selection
targeting the signal phase-space, variations in the acceptance are observed and accounted
for through dedicated corrections. The acceptance parameterisation is re-derived for the
H— 7Z7* — 40 and H - WW?* — fvlv channels using SMEFTsim 3.0 for all the parameters
that affect the Higgs boson decay. For H — ZZ* — 4/, a uniform acceptance parameterisation
is applied across the STXS bins. For H - WW?* — fvlv, a uniform correction is applied
across the ggF and VBF production modes. Further details on how acceptance effects enter
the SMEFT parameterisation can be found in ref. [2].

3.2.3 Predictions for electroweak precision observables

SM and SMEFT predictions in the {my,mz,Gr} input scheme are obtained using the
ewpd4lhc tool [51], which provides SMEFT parameterisations compatible with the symmetry
assumptions commonly adopted in LHC interpretations. The SMEFT predictions include
contributions quadratic in dimension-six Wilson coefficients, incorporated consistently with
their treatment in LHC analyses. The implementation is cross-checked against refs. [52, 53].

Compared to previous approaches [5-7, 52, 54-64], ewpd41hc incorporates both additional
experimental inputs and refined theoretical modelling: on the experimental side, it includes
new observables such as SLD asymmetries, LEP 7 polarisation measurements, ATLAS lepton-
flavour-universality tests, and updated determinations of the W boson mass and width. On
the theoretical side, it accounts for lepton-flavour-universality violation, uses updated Particle
Data Group (PDG) input values [65], and implements an improved treatment of SM theory
uncertainties. These include both parametric uncertainties in the SM prediction, which
stem from uncertainties in input parameters, as well as theory uncertainties, which arise for
example due to missing higher-order corrections in theoretical calculations.

The values of the electroweak input parameters myz and G are taken from the PDG [29,
65]. The W boson mass and width are taken from the most recent ATLAS measurement [33].
The combined extraction of the W boson mass and width from this measurement is used
as input to the fit, with their correlation taken into account. Predictions for EWPO also
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depend on «g, which is set to the combined value provided by the Flavour Lattice Averaging
Group (FLAG) [66]. At loop level, the predictions also depend weakly on the top quark mass
my, and the Higgs boson mass my, which are set to their PDG values [65].

3.2.4 Expected impact of SMEFT terms on analysis observables

The linear and linear-plus-quadratic effects of operators on the different observables are
summarised in figures 1 and 2, which can be used to identify the measurement bins that
are the most sensitive to a given operator, and compare their sensitivity with the remaining
measurements.

3.3 Simulation of SM processes

The SM predictions are taken from each published input analysis and are briefly described
below.

3.3.1 Higgs boson processes

All analyses except the VBF, H — bb measurement share a common set of signal samples,
which are described in the following paragraphs. The samples used for VBF, H — bb are
described separately at the end of this section. The signal modelling is summarised here;
further technical details are provided in the corresponding analysis publications.

Higgs boson production via gluon—gluon fusion is simulated using the POWHEG Box [67—
70] NNLOPS implementation [71, 72] and normalised to the inclusive next-to-next-to-next-
to-leading-order QCD calculation with NLO electroweak corrections applied [36, 48, 73-75].
The VBF and VH production processes are generated at NLO accuracy in QCD using
the POwHEG BoX [76, 77] generator and normalised to the highest available QCD and
electroweak precision. Higgs boson production in association with a t¢ pair is simulated
at NLO accuracy in QCD using either POWHEG BoX [78] or MADGRAPH5__AMCQNLO,
depending on the decay channel. Parton showering, hadronisation and multiple parton
interactions are modelled using PYTHIA 8.2.

In the VBF, H — bb analysis, the POWHEG BOX generator with the NNPDF3.0 [79] set
of Parton Distribution Functions (PDFs) is used to simulate the ggF and VBF production
processes, interfaced to PYTHIA for parton showering. NLO electroweak corrections are
calculated using MadGraph and applied as a function of the generated Higgs boson transverse
momentum. Contributions from V H and ¢ttH production are generated using POWHEG BOX
with the NNPDF3.0 set of PDFs.

3.3.2 Electroweak processes

The WW and W Z production processes are modelled using SHERPA [80] generator at NLO
QCD accuracy for up to one additional parton and LO for up to three additional partons, using
NNPDF3.0nnlo PDFs [79] and MEPS@NLO matching [81, 82] with virtual QCD corrections
from OPENLOOPS [83, 84]. The gluon-initiated e*vuFv production processes are simulated
using SHERPA at LO precision for up to one additional parton emission, with the parton-shower
modelling being the same as in the quark-initiated samples. Electroweak Zjj production
is simulated at NLO QCD with HERwIGT.1.5 [85, 86] interfaced to VBFNLO3.0.0 [87],

,16,



250 < p, < 350 GeV
180 < p, < 250 GeV
140 < p < 180 GeV
100 < p, < 140 GeV
75 <p,< 100 GeV
60 <p, <75 GeV
50 < p, <60 GeV
40 <p <50 GeV
30 < p, <40 GeV
25 < p, <30 GeV

o 836 < p"" <2000 GeV
J 720 < p"“ <836 GeV
633 <p" <720 GeV
549 < pi" <633 GeV
478 <p." <549 GeV
420 <p'" <478 GeV
381 <p" <420 GeV
355 <p." <381 GeV

tt dilep.

—— Lin. + quad. model

t boosted

H-yy
H-Zy
H-ZZ" - 4l

Ho WW* S iv v
Ho 1t

s Lin. model

Higgs B

Ho up
H- bb

H
i

:—|tH

fH p'! > 450 GeV
7H 300 < p' < 450 GeV
TH 200 < p* < 300 GeV
TH 120 < p < 200 GeV
{TH 60< p¥ <120 GeV
TH p'! < 60 GeV

ttH

99/9q —>Hil p: >400 GeV
99/qq —HiIl 250 < p‘T/ <400 GeV
99/qq—HIl 150 < p: <250 GeV
99/qq —=HIl p¥ <150 GeV

ZH

ag—>Hlv pY = 400 GeV
q—>Hlv 250 pY < 400 GeV
qq—>Hlv 150 pY < 250 GeV
aq->HIv 75.< pY < 150 GeV
aq—HIV pY <75 GeV

qq—Hqq = 2-jet, m; 2 1000 GeV, p’; >200 GeV
qq—Hqq > 2-jet, 350 < m; < 1000 GeV, p: >200 GeV
9q—Haq > 2-jet, m; > 1500 GeV, p¥ < 200 GeV
9q—Haq 2 2-et, 1000 < m; < 1500 GeV, p¥ < 200 GeV
9q—>Hqq = 2-jet, 700 < m, < 1000 GeV, p: <200 GeV/
9q—Hqq = 2-jet, 350 < m, <700 GeV, p: <200 GeV
qq—Hqq < 1-jet and VH-veto

qq—Hqq = 2-jet, VH-topo

qq—Hqq <1-jet

VBF

..Ii .|i
ARRRRRRE wowun wunn sbiiih b ehbbily

gg—H p¥ 2 450 GeV

gg—H 300< p'r‘ <450 GeV

99—H 200 p# < 300 GeV

gg—>H 2 2-jet, 350 2 m,, p < 200 GeV
gg—>H > 2-jet, m, <350 GeV, 120 < p¥ < 200 GeV
gg—H 2 2-et, m, <350 GeV, p/ < 120 GeV
gg—>H 1et, 120 < p¥ < 200 GeV

gg—H 1-jet, 60 < p*T' <120 GeV

9g—H 1-et, pt < 60 GeV

gg—H 0-jet, 10 < p: <200 GeV

gg—H 0-jet, p: <10 GeV

13 TeV, 36-140 fb™'

ATLAS ggF
xS

05 [
12
1

N I EERY NS/143V Ws/L43 v Ws/L43 v [ASAEERY Ws/143 v Ws/143 Vv

Figure 1. Expected impact of the most relevant SMEFT operators on Higgs boson and top-quark
observables of the most relevant SMEFT operators relative to the SM predictions for the linearised
SMEFT model (shaded histogram) and the SMEFT model including quadratic terms (open histogram).
The coefficient values are arbitrary and chosen for visualisation. The impact, A EFT/SM, is defined
as the difference between SMEFT and SM predictions, normalised to the SM value. 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.
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Figure 2. Expected impact of the most relevant SMEFT operators on electroweak, HMDY and
EWPO observables. The theoretical predictions and measurement uncertainties are presented in the
same way as for figure 1.
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using MMHT2014 PDFs [88]. The default HERWIG parameters are applied for showering,
hadronisation, and the underlying event, while EVTGEN is used for bottom- and charm-
hadron decays.

3.3.3 Neutral- and charged-current HMDY processes

For neutral-current HMDY, the Drell-Yan production of 7-lepton pairs is modelled using
SHERPA [80] with matrix-element calculations at NLO in QCD for up to two additional
partons, and LO accuracy for up to five additional partons using the Comix [89] and
OpPENLoOOPS [83, 84, 90] libraries. These calculations are matched to the SHERPA parton
shower using the MEPS@QNLO prescription [81, 82, 91, 92|, based on Catani—-Seymour dipole
factorisation. The NNPDF3.0NNLO PDF set is used.

For charged-current HMDY, the Drell-Yan process is modelled at NLO with POWHEG
Box [67-69, 93] and the CT10 PDF [94], interfaced to PYTHIA8 for parton showering,
hadronisation, and underlying-event modelling. The predictions are corrected to approximate
next-to-next-to-leading-order (NNLO) precision in perturbative QCD using invariant-mass-
dependent k-factors computed with VRAP v0.9 [95] and weighted using the CT14NNLO
PDF set [96]. These corrections are combined with NLO electroweak effects computed with
MCSANC [97], excluding QED final-state radiation.

3.3.4 tt processes

In the dilepton channel, the nominal ¢¢ sample is simulated with POWHEG Box [67-69, 98]
at NLO using NNPDF3.0 PDFs [79], interfaced to PyYTHIA with the Al4 tune [99] and
NNPDF2.3 PDFs [100] for parton showering, hadronisation, and the underlying event. The
hdamp parameter is set to hqamp = 1.5my, with m; denoting the top-quark mass, and both
renormalisation and factorisation scales are set to the top-quark transverse mass. In the
boosted channel, the nominal ¢Z sample is generated with PownEG Box [67-69, 98] at NLO
using NNPDF3.0 PDFs [79], with hgamp = 1.5m; and renormalisation and factorisation
scales set to /m? + pQT. PyTHIA with the A14 tune models parton showering, hadronisation,
and the underlying event.

3.3.5 Di-Higgs processes

In both HH — bbyy and HH — bbr7 analyses, di-Higgs ggF production is simulated
at NLO including finite top-mass effects using POwHEG Box [67-69, 101-103] with the
PDF4LHC15 [104] set of PDFs. Parton showering and hadronisation are modelled with
PyTHIAS using NNPDF2.3LO and the Al4 tune. Samples are normalised to the best
available SM cross-section predictions.

4 Statistical model

This section describes the statistical models used to interpret the measurements. The
statistical model used for the Higgs boson inputs differs from the ones available for the
remaining measurements, therefore they are described separately.
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For all Higgs boson measurements, the likelihood function for each signal region k, with

one or more bins r, is modelled as:
L(Ng|p,0) = HPoisson (Nk,r]sk(u, 0)- f*(6) + b,“(e)) , (4.1)

where N}, is the observed event count of bin r in region k, sj, is the expected signal count
in region k, f57 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 (POIs) p describes the Higgs boson signal normalisation, while 6
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. The full likelihood function
is then the product of the likelihood functions for each signal region k and the Gaussian or
log-normal probability density functions that constrain the nuisance parameters.

The signal yield for region k is modelled with the scale factors kX applied to the SM
Higgs boson production cross-section times branching ratio, for each Higgs boson production
process 7 and decay X, in a fiducial region &’ defined at the particle level, i.e. using stable
particles from the simulation before detector effects. The expression of the signal yield s
depends on ,ufc’kl’x and the nuisance parameters 6 as follows:

k X K’ X k’X
ST (g, 0) =L xS i (0 x B)iric(0) x ek (o), (4.2)
ik’ X

)li/[C is the calculation, at the highest available

where L is the integrated luminosity, (o x B)SM
order, of the SM Higgs boson cross-section for the production process ¢ in particle-level region
k" multiplied by the SM Higgs boson branching ratio to the final state X. The factors eé’?{ék
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. The original signal
parameters p are replaced with expressions that parameterise the SMEFT predictions, i.e.,
p — p(e), so that the likelihood of eq. (4.1) is directly expressed in terms of the parameters
¢, the SMEFT Wilson coefficients.

Di-Higgs measurements are also interpreted with a Poissonian likelihood, with the differ-
ence that SMEFT effects are included at reconstruction level, i.e. SMEFT modifications are
obtained from the reweighting of fully simulated di-Higgs samples and no reparameterisation
step is needed.

The remaining measurements (EW, HMDY and top-quark measurements) use instead
a Gaussian likelihood constructed from published results. The predicted and measured
cross-sections, azfred and x}*** in each bin b of the unfolded distributions of the differential

measurements are GXpI'GSSGd as:

Ntheo
g)red (€, Bineo) = st 1+ ZAszz + ZBMC + ZBwazCJ X H (1+ Opupy), (4.3)
1<j k
Nexp
xiﬂeas (eexp) =Ty X H (1 + Hexp,kvb,k) )
k
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where wEM and zp are the nominal SM cross-section predictions and measurements, i and

J run over all dimension-six Wilson coefficients ¢, A; and B;; are the linear and quadratic

SMEFT effects, respectively, @ represents the nuisance parameters, v, and upj are the

relative sizes of the theory and experimental uncertainty k£ on the prediction in bin b.
The likelihood L (x|c, @) for an individual measurement is modelled as a multivariate

Gaussian:
1

V@m)m det (V)
Ntheo Nexp

X H fz (etheo,i) X H fz (eexp,i) . (44)

2

L(x|c,0) =

exp <—;AmT (c,0) V 1Az (c, 9)>

Here, 0 represents all nuisance parameters, while fipeo i and Oeyp ; are the nuisance parameters
corresponding to the theoretical and experimental uncertainties, respectively. The terms f;
represent the Gaussian constraints on nuisance parameters, V is the covariance matrix, and
the vector Ax = (Axy,...,Ax,,, ) is the difference between measurement and prediction,
which in a given measurement bin b is defined as

Axy (¢, 0) = 2"(0) — 22" (¢, ). (4.5)

Finally, the multivariate Gaussian model introduced above is also used for the interpreta-
tion of EWPO. In this case, the model contains no nuisance parameters and both theoretical
and experimental uncertainties are included in the covariance matrix. The matrix of the
Pearson correlation coefficients for the electroweak precision observables, obtained as the
sum of the theoretical and experimental contributions, is shown in table 10.

The combined likelihood is obtained as the product of the measurement likelihoods, where
the nuisance parameters that describe the same effect in different measurements are equated,
and only one constraint for each independent nuisance parameter is included.

4.1 Treatment of systematic uncertainties

Using the full experimental likelihood ensures a consistent treatment of systematic uncer-
tainties across the different analyses, which is crucial for an accurate estimation of the
total uncertainty.

Systematic uncertainties are correlated when they describe the same effect and are
defined consistently across analyses. For example, uncertainties related to electron and muon
reconstruction, identification, trigger efficiencies, and energy scale and resolution are typically
correlated, with exceptions arising when different calibration or estimation schemes are used,
such as in the ¢t dilepton channel. Similarly, jet energy scale and resolution uncertainties are
also typically correlated, except in cases where alternative uncertainty schemes are employed.
The luminosity uncertainty is correlated across all analyses, following the prescription in
ref. [105]. For single-Higgs and di-Higgs measurements, the same correlation scheme as
in ref. [106] has been applied. The impact of approximations in the correlation scheme is
tested and found to be negligible.

A pruning procedure of the nuisance parameters has been applied by removing a set of
nuisance parameters that does not modify the uncertainty obtained on any POI by more
than 1%. A summary of the systematic uncertainty correlation is provided in table 11.
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Systematic uncertainties Single Higgs | tt dilepton | tf boosted | HMDY 77 | HMDY CC | WW,WZ, EW Zjj | di-Higgs
Muons v ] = v v X =~
Electron efficiency v ~ v v X ~
Electron/Photon | Scale and resolution v ~ v = X v
Photon efficiency v v
Jet energy resolution v v X v =~
Jets Jet Energy scale v ~ ~ v v ~
JVT v v v
Missing transverse energy v X v X
tt ~ ~ ~ ~ v v
Diboson: cross-section X X v
Single top v v v v v
Theoretical Z+jets modelling X X X
WW modelling v v
Higgs boson BR v v
Luminosity v v v v v v v
Other Pile-up modelling v v v v X
Flavour tagging X X X X X
7-lepton v v v

Table 11. Summary of the correlation of systematic uncertainties across the different analyses. For
each systematic uncertainty, the symbols indicate whether the corresponding nuisance parameters are
assumed to be correlated between the analyses listed in the columns: the crosses denote uncorrelated
nuisance parameters, checkmarks denote fully correlated ones and the =~ symbol indicates that only
a subset of the corresponding nuisance parameters is correlated. Where no symbol is shown, the
uncertainty is negligible or not considered in that analysis.

4.2 Estimation of confidence intervals

The profile likelihood ratio test statistic is constructed from the likelihood as follows:

Ci, é)

L(w
L (.’13 C},é) ’

q(ci) = —2log (4.6)

where 8 is the maximum likelihood estimate of the nuisance parameters for a fixed value
of ¢;, while é and 0 are the unconditional maximum likelihood estimates of ¢; and the
nuisance parameters, respectively.

Confidence intervals are derived using Wilks’ theorem, assuming that ¢(c;) follows a 2
distribution. Following the conclusion of ref. [107], the validity of the assumptions of the
Wilks’ theorem have been investigated and are reported in the appendix.

5 Results

This section presents the results of the analysis. It starts with the constraints obtained for
individual Wilson coefficients in the Warsaw basis. The methodology used to obtain the full
results is then described, showing how correlations between coefficients are taken into account
to identify the most and least constrained directions in parameter space. Results are presented
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for both linear and linear-plus-quadratic models, and the section concludes with a discussion
of how the SMEFT limits can be interpreted in terms of specific UV-complete models.

5.1 Expected constraints on individual Warsaw basis coefficients

Figure 3 shows the 68% Confidence Level (CL) limits for the linear and linear-plus-quadratic
models obtained on Asimov data [108] for each coefficient of the Warsaw basis shown in
tables 8 and 9. The constraints are obtained by fixing the remaining coefficients to zero. The
parameters are grouped following the definitions of ref. [44] and ordered by sensitivity in the
linear model. The lower panel reports the absolute uncertainties, the middle panel matches
the constraints to the input measurements, while the upper panel shows the breakdown of
the uncertainties into statistical and systematic components. The systematic component
is further divided into experimental and theoretical components, where the latter includes
uncertainties on the signal and background modelling. The breakdown of the uncertainties
is obtained with simplified Gaussian models.

The total number of operators that can be constrained individually using the included
measurements is 86. Constraints on four-fermion operators are dominated by EW, top-
quark and HMDY measurements, while Yukawa-coupling modifiers, Higgs-to-gauge-bosons
coupling and dipole operators constraints are mostly dominated by measurements in the
Higgs sector. The W-boson self-coupling ¢y is constrained by EW measurements, while the
gluon self-coupling c¢ is constrained by a mix of top-quark and Higgs boson measurements.
The trilinear Higgs boson self-coupling is constrained by Higgs boson measurements, with
the strongest contribution coming from di-Higgs measurements. The weak current operators
are constrained almost entirely by EWPO, with the exception of the weakly measured
cre coefficient, which is constrained by Higgs boson measurements. The best constrained
coefficients are ¢ 173 and ¢, 993, which are constrained by the high-mass tails of the
charged-current Drell-Yan measurements.

5.2 Identification of the most sensitive directions and fit basis definition

The 86 Wilson coefficients ¢ included in the combination cannot all be simultaneously
constrained. The available input measurements are not sufficient to resolve the degeneracies
of the SMEFT effects on the observables included. Because of that, the best measured
directions in the SMEFT parameter space are identified and used to define a new basis of
fit parameters ¢’ that can be simultaneously measured. This set of parameters is found
considering:

VaMEFT = PTVu_lpa (5.1)

where Vomerr and V), are the covariance matrices of the Wilson coefficients and of the p
measurement, respectively, and P is the linearised SMEFT response matrix. In the limit of
Gaussian measurements, the matrix VSIV}EFT represents the Fisher information matrix of its
linearised SMEFT model. A Principal Component Analysis (PCA) is performed on VS_MIEFT
in sub-groups of parameters, and the eigenvectors with the largest eigenvalues are selected in
each group as the directions that can be measured. The parameters are grouped to ensure
both fit stability and fit-parameter interpretability. A threshold of 10 on the uncertainty of
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Figure 3. Expected results from the fits of individual Warsaw basis coeflicients. Top: uncertainties
split by statistical, and experimental and theoretical systematic components for each analysis, with
the exception of EWPO where the information is not available. Middle: expected contribution of each
analysis to the sensitivity to each operator. Bottom: the symmetrised 68% CL uncertainty o and the
corresponding probed scale of new physics A/y/o for the linear and linear-plus-quadratic models.

the considered parameter, corresponding to an eigenvalue of 0.01, is applied to select the
directions to measure. The remaining directions are fixed to their SM values.

The PCA identifies 47 directions as fit basis, and their definition in terms of the Warsaw
basis coefficients are shown in figure 4. The following Warsaw basis coefficients can be
individually constrained:

e ¢y and cg affecting the W boson and gluon self-coupling.

e the Yukawa-coupling modifiers cqpr 22, cep33 and cppr, for muons, 7-leptons and b-quarks,
respectively.

e ¢, ¢y and cpg: operators modifying the top—gluon, Higgs—top and Higgs—gluon
couplings, mostly constrained by ggF and ttH processes.

Separate principal component analyses are performed on the remaining coefficients,
grouped as follows:

e cj;: mixing of the ¢, 13 and ¢, 59(3), measured by the HMDY charged-current analysis.

e Ciop: four-fermion operators including heavy quarks, mostly measured by ¢ measure-
ments (6 out of 14 directions measured).
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e cyp: operators involving four light quarks or two quarks and two leptons (8 out of 33
directions measured).

e cyvv, vy since the operators affecting EWPO are strongly correlated, a large number
of operators are fitted together, alongside operators affecting H — ~~, the Z-boson—
lepton couplings (ce, €y, 1,), the high-energy tails of V H production (cys,cpq and

c(;{)Q) and the electroweak couplings (c(;}l 33> Cu,1221) (23 out of 30 directions measured).

The following scheme shows the translation from the Wilson coefficients ¢ to the fit basis
c’. The single Wilson coefficients are shown on the left side and the POIs of the fit basis
on the right side. The parameters that can be constrained individually like c.p 292 are listed
on both sides.

c={cen22} U ' ={cep 22} U

{cem33} U (coras} U
{ea} U {ca} U
{eng} U {enc} U
{aia} U {ee} U
{eem} U {cin} U
{eom} U {cpm} U
{ew} U {ew} U
{e1.11:€14 003} U (e} u

no®)  an 18 (1 (68 (1) (8 (8 (1) [ay 21 8l
{ctd’ch’CQd’ch €Qq %Qq 'Qq *€QurQu td Ctg> {e Ctop Ctop Ctop

(4 .5

®) (1 (8 1Ly (18 (31) (38 (1) (8
CtqrCturCturCaq 1Cqq 1€qq 1Caq »CuusCqu, qd} U top’Ctop? top’} U
) 2l 8]
{CQ5,227CQL22(1) 1€Q1,22(3) 1Cbe,225Cbl,225Ced 22 Ceu,22,Cef,22,Cld, 225 STELOTRIOTE)
4816
Clu,2270lq722(3) 7ch,337ch,33(3) ’ch,33(1) ;Cbe,115Cb1,11,Ced, 115 STRIOTRIOTE
(8]
Ceu,115Cej,11,C14 11(1) €4 22(1) C1q 11(3) 1Clu,11,Cld, 11} U C4f:C4 U
{ n (3 { (1] [2] (3] 4]
CHDD;CH g ¢y CHb>CHd>CHe,11, Cavv vip CHVV VI CHVYV VP CHYVV VFE
RG] ey e 3 3 e 0[5] 0[6] 6[7] 6[8]
Hq’"HI,11°~HIl,22°>~Hl,33°’~Hl,11’"Hl,22°“Hl,33’ HVV Vff>"HVV ,VffP"HVV Vff'"HVV ,Vff>
9] (10] (11] [12]
CHB;CHW ;CHWB;CHO, CHVvV VP CHVV VI CHVYV VP CHVV VEE
(1) (13l ol 131 16l
CvacbW)CH5,22’CH5,3370H(17 HVV VIf HVV VIf? ‘Hvv VIf? vy VEf?
33 .33 (17] (18] (19] [20]
CeW>CeB>CtB> CHVV,fo’CHVV,fo’CHVV Vi CHVV VEf

) e CusC }
H1,33° Hu>Cl1,1221

J21] o122] }
CHVV VECHVV Vi va VIf

The results of the analysis are expressed in terms of constraints placed on the SMEFT
coefficients of the fit basis, first for the linear model and then for the linear-plus-quadratic
model. The results are shown in terms of 68% and 95% CL limits on the set of coefficients
composing the fit basis, where all numbers should be considered normalised by the energy
scale A = 1TeV.
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Figure 4. Definition of the 47 directions composing the fit basis for the global SMEFT fit. Each row
corresponds to a fitted linear combination of Warsaw basis vectors. Entries are rounded to the second
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5.3 Linear results

Two sets of results are shown for the linear model: one without di-Higgs and one including
it, both using the full experimental likelihood. This is due to the fact that the di-Higgs
analyses are found to not be well described with simplified Gaussian models as the SMEFT
effects are included at the level of reconstructed detector observables. The first set of results
is meant to be the one reproducible using simplified likelihood models, while the second
is meant to show the impact of di-Higgs measurements, and provide a constraint of the
Higgs boson self-coupling in SMEFT.

5.3.1 Results without di-Higgs measurements

Figure 5 shows the constraints on the 47 Wilson coefficients of the fit basis for the linear model
without the inclusion of the di-Higgs channels. The remaining 39 directions are fixed to their
SM value of zero. The lower panel shows the measured value normalised by the symmetrised
uncertainty, which is shown in the middle panel on a logarithmic scale. The upper panel
shows the expected breakdown of contributions to the sensitivity of each measurement from
the various channels included, calculated from the information matrix of the measurements,
removing one at a time each set of measurements considered. The contribution z;(c) is
calculated for each sub-set of measurements ¢ and each coefficient c as:

1
L (52)
70 ;5o

where o;(c) is the uncertainty on the coefficient ¢ when considering only the sub-set of

zi(c) =

measurements 1.
No significant deviation from the SM is observed: all coefficients are compatible with
the SM expectation within 20. The only exception is CE{%V Vi constrained by EWPO and

pulled by the well-known discrepancy between the A(I)ﬁl}g and A%’CB measurements and the SM
expectations [109]. Good agreement between the observed data and the SM expectations
is found, corresponding to a p-value of 99%.

(1]
lq

HMDY measurements show the strongest constraints on the fit basis for the ¢; ' and

ci] coefficients, excluding new physics up to a scale of around 30TeV. The c4¢ group is
dominated by the EW and the HMDY 77 measurements, while the c;o, group is dominated
by the tt dilepton and boosted measurements, with the exception of the last direction, which
is instead constrained by ttH Higgs boson production. As expected, many directions in
the cyvv,vys group are dominated by EWPO. However, the most constrained direction
(C[vav,v ff) is probed through the H — ~v decay.

The observed linear correlation matrix is shown in figure 6, showing low but non-negligible
correlation between the fit basis parameters, ranging from a few percent to 75%. The

(3]

largest correlations are observed between cg?"lv Vif and ¢, both constrained by top-quark

measurements and between c¢;¢ and ¢, both constrained by Higgs boson measurements.

5.3.2 Results including di-Higgs measurements

Figure 7 shows the comparison between the observed fit results when including and not
including the di-Higgs measurements, for a linear SMEFT model. The inclusion of di-
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Figure 5. Comparison between the expected (grey) and observed (blue) parameters of the fit basis
¢’ for the linear model, where all other coefficients and nuisance parameters are profiled. The upper
panel shows the expected breakdown of contributions to the sensitivity of each measurement from
the various channels included. The middle panel shows the symmetrised 68 % CL uncertainty o on a
logarithmic scale, together with the corresponding probed energy scale of new physics A/y/o. The
lower panel shows, for each operator, the measured value and the 68% (solid) and 95% (dashed) CL
intervals, divided by the symmetrised uncertainty shown in the middle panel.

Higgs measurements allows the constraint on the Higgs boson self-coupling cg, while all
other coefficients are not significantly affected. The result represents the first simultaneous
extraction of the Higgs boson self-coupling coefficient ¢y with other coefficients affecting
the Higgs boson couplings to other SM particles.

5.4 Linear-plus-quadratic results

Figure 8 shows the observed 68% and 95 % CL limits on the 47 Wilson coefficients of the fit
basis for the linear and linear-plus-quadratic model, without including di-Higgs measurements.

The complex model with 47 simultaneously floating parameters and quadratic terms gives
rise to a non-trivial likelihood landscape with multiple local minima. To prevent finding local
instead of glocal minima, many likelihood scans are performed, starting the minimisations
at different points in the parameter space. The starting points are often chosen close to
the minima of conditional fits of a different parameter. The resulting confidence intervals,
obtained from the merging of the likelihood shapes around multiple minima, are often disjoint,
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Figure 6. Observed correlation matrix for the linear model without di-Higgs measurements.
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Figure 7. Observed constraints on the fit basis SMEFT coefficients before (dark blue) and after
(light blue) including the di-Higgs input measurements in the combined interpretation, using the
linear SMEFT model. The symmetrised uncertainty o is shown in the upper panel, together with the
corresponding probed energy scale of new physics A/y/c. The lower panel shows, for each operator,
the measured value and the 68% (solid) and 95% (dashed) CL intervals, divided by the symmetrised
uncertainty shown in the upper panel. The hashed box indicates where the statistical model becomes
undefined due to predicted negative yields in an analysis category caused by the value of the Wilson
coefficient scanned.
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Figure 8. Comparison of the constraints on the fit basis ¢/ SMEFT coefficients for the linear
(blue) and the linear-plus-quadratic (red) SMEFT models, where all other coefficients and nuisance
parameters are profiled. The symmetrised uncertainty o is shown in the upper panel, together with
the corresponding probed energy scale of new physics A/+/o. The lower panel shows, for each operator,
the measured value and the 68% (solid) and 95% (dashed) CL intervals, divided by the symmetrised
uncertainty shown in the upper panel.

such as for the c[l?}]vv Vif and c%?"]/v VIS coefficients. The ¢y and cep22 coefficients have
two well-separated minima. In both cases the lower minimum lies furthest from the SM
prediction. Nonetheless, the SM value is well inside the 95% CL interval.

Constraints in the linear-plus-quadratic model are stronger than in the linear model for the
four-fermions and the top-quark groups, while they are weaker for some of the directions in the
cavv,v s group. This is due to the presence of different minima in the likelihood scans that
merge together, an effect that is larger for expected results where minima are often degenerate.

Since quadratic terms are the same order in the SMEFT expansion as dimension-eight
operators, the results obtained with the linear-plus-quadratic model should be interpreted as
an indicator of the possible impact of higher-order terms in the SMEFT expansion.

5.5 Simplified likelihood models

An alternative likelihood function, based on a multivariate Gaussian model approximation of
the input measurements, can be constructed from the covariance matrix of the measurements
at the best-fit values. An identical SMEFT re-parameterisation to the case of the full
likelihood model is then performed to obtain a simplified likelihood SMEFT model.

Figure 9 (top) shows the comparison of the observed constraints obtained with full and
simplified likelihoods for the linear SMEFT model without di-Higgs measurements. Figure 9
(bottom) shows the corresponding comparison for the linear-plus-quadratic model using
observed data without di-Higgs measurements. The simplified models are found to reproduce
well the results obtained with the full likelihood. The largest differences are observed for
the Yukawa-coupling modifiers ¢y and c;p7, the top-gluon coupling ¢, and the Higgs-gluon
coupling cpg. In the few instances where the simplified multivariate-Gaussian likelihood
exhibits substantial deviation from the full likelihood results, the differences can be attributed
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Figure 9. Comparison between the full (blue and red) and simplified (orange and purple) likelihood
constraints on the SMEFT coefficients composing the fit basis ¢/, for the linear (top) and linear-plus-
quadratic (bottom) model and observed data, where all other coefficients and nuisance parameters are
profiled. The symmetrised uncertainty o is shown in the upper panel, together with the corresponding
probed energy scale of new physics A/+/c. The lower panel shows, for each operator, the measured
value and the 68% (solid) and 95% (dashed) CL intervals, divided by the symmetrised uncertainty
shown in the upper panel.

either to non-Gaussian features arising in the tails of the underlying measurements or to
strong parameter correlations.

5.6 EFT to UV matching

SMEFT provides a framework to connect precision collider measurements to UV-complete
theories through matching procedures. It allows patterns of effective operators that deviate
from the SM expectations to be identified and, in the absence of significant deviations,
the resulting constraints on Wilson coefficients to be interpreted in terms of specific SM
extensions. Assuming that new physics will appear at a mass scale well above the electroweak
scale, the parameters of a given UV-complete model can be mapped onto SMEFT Wilson
coefficients by integrating out the heavy states [110].

In this work, Two-Higgs-Doublet Models (2HDM) [34] and models with an additional
neutral gauge boson (Z') [35] are considered, since their parameters are constrained by
measurements from different sectors. Constraints on 2HDM scenarios based on single Higgs
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boson data were previously published by ATLAS [2], while the present analysis extends
the interpretation to a global combination including di-Higgs measurements. Heavy-vector-
boson models can be matched to both four-fermion and Higgs-sector operators, and can be
constrained by HMDY measurements and electroweak precision observables.

5.6.1 Matching to two-Higgs-doublet models

In two-Higgs-doublet models an additional doublet of scalar complex fields @5 is added to
the SM Higgs doublet @4, leading, after electroweak symmetry breaking, to five physical
Higgs bosons: the SM CP-even boson h, the heavier CP-even scalar H, the pseudo scalar
A and the charged Higgs bosons H*. The model considered here assumes CP conservation
and a (softly broken) Z, discrete symmetry that forbids quartic terms of the scalar field
potential V(®1, ®3) that contain odd powers of either ®; or ®,.

The models are defined by seven free parameters: the four boson masses (mp, mg, My,
mp+), two mixing angles o and f, defined as the mixing angle between the two CP-even
Higgs fields and the ratio of the vacuum expectation values of the two doublets, respectively,
and the parameter m%Q, which softly breaks the Z, symmetry of the potential. Different types
of 2HDM can be defined depending on the couplings of SM particles to the doublets. The
2HDM Type-I model is considered here, where all fermions couple to the same Higgs doublet.

Taking the 2HDM Lagrangian, expanding all of its terms and integrating out the heavy
fields, it is possible to obtain an expression that can be matched to terms of dimension
six and dimension eight in the SMEFT framework. In particular, the SMEFT coefficients
that can be matched at dimension six are:

e The Yukawa coupling modifiers for top quarks, bottom quarks, 7-leptons, and muons,
respectively: ¢y, cpr, ¢rH, cur. The impact of other Yukawa coupling modifiers is
negligible.

e The Higgs boson self-interaction modifier: cg.

The SMEFT operators are matched to the 2HDM Type-I parameters through the expressions
of ref. [8]:

viey  cos?(B —a)M3

o _ - 7 (5.3)
1)2[;:{2,111 _ _be, (5.4)
UQAC;H _ _ytmst(;il_ﬁa)’ (5.5)
UZX;—H _ _yTC()St(frl,_Ba)’ (5.6)
UQXgH _ _yﬂw (5.7)

where y; = ﬂmz/v for i = b,t,7,u, and v is the SM vacuum expectation value. The
2HDM constraints are obtained by placing the above equations for Wilson coefficients in
the likelihood fit, while setting all other coefficients to zero.
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Figure 10. Regions of the 2HDM (tan 3, cos(8 — «)) parameter plane excluded at 95% CL in the
SMEFT-based approach by the measured rates of single Higgs boson production and decays (blue
filled region) and by the combination of single Higgs and di-Higgs analyses (violet filled region, with
the overlap with the single-Higgs exclusion also shown in blue) in the Type-I model. The dashed lines
show the borders of the corresponding expected exclusion regions for the SM hypothesis. Results are
derived assuming that | cos(8 — «)| <1, near the alignment limit represented by the red dashed line,
and that the masses of the non-SM Higgs bosons are large compared to the SM v.

For the expansion of the 2HDM in SMEFT to be valid, the heavy degrees of free-
dom of the model must be decoupled, and the masses of the additional bosons must be
much higher than the weak scale, corresponding to the so-called alignment limit (cos(f8 —
a) — 0). The parameter my, is assumed to be 125.09 GeV, and the other masses are
assumed to be degenerate and are set to 1 TeV (My = my = mg+ = 1TeV). The
matching is done for dimension-six operators only (i.e. at order A~2), although the role
of dimension-eight operators (and quadratic effects at dimension six) is known to be non-
negligible [111].

In the SMEFT approach, operators corresponding to the coupling strength modifiers
between the Higgs boson and the weak bosons appear only at dimension eight. For the
2HDM Type-I model, neglecting these contributions results in weaker constraints in the
high-tan 8 region.

As shown in ref. [2], the addition of the self-coupling operator ¢y improves the limits
in this region even when using only single-Higgs boson measurements. Adding di-Higgs
measurements to the analysis further improves Type-I as shown in figure 10, which compare
the limits in the cos(8 — «), tan 8 plane for single-Higgs only and for the combination
between single and di-Higgs measurements. The other types of 2HDM are already more
constrained than Type-I without the inclusion of the Higgs boson self-coupling, and show
identical constraints between the two cases.
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4-fermion operators

Culigkl]/A? "o, (94 + €g'Yybi5) (i + €9'Yo0m) Cl(ql> [ijkl)/A? —%(géf +€g'Yy055) (98] + €9 Yy0h1)
Car lihl/A* —g (ol + e Vi)l +eYadu) | Cpslidhll/A® —ia(af + e Vybu) (ol + e’ Vsdu)
Cpyligkl)/A> - i (9" + e Ypoi) (olf + eg'Yior), | CLQlijki)/A% TNE (97 + eg'Yubij) (gif! + eg'Yad)
Culihl]/A*  —5 /[12 (01f + <aYdu) ol + eg¥ou) | Clighl/A® = (ol + /¥y 6k + e Vidu)

Y?H?D and H*D? operators
Cyilig) /A% 21»1[2 (29ij + €d')(gf + €g'Vidij) Clif] /A2 2;[2 (2957 + €9 ) (gl + eg'Yydij)
Cr lig]/ A 2]v[2 (2gi5 + €g )(ngJL + €g'Y}di5) Cun/A\? 8]%2 (29w + €g')?
Crpp/A? 21312 (291 + €g')?
9r = QuYp Q?jL = Qg0 9F = Q0 g” = Qrpbij

Table 12. Matching expressions [112] for the dimension-six operators in the Z’ models considered in
this work. The different models are defined by the hypercharges @Q; of the SM particles under the new
U(1)" group.

5.6.2 Matching to Z’ models

In Z’ models, an additional singlet is added to the Lagrangian as:
1 €
Ly = —ZZ;WZ”"W + imQZ/ZLZ’“ + §BWZ"“’ + g Z, 2" H)? + 2, T, (5.8)
where ZL is the new gauge boson, gy is its coupling to the Higgs boson doublet, and J*
is the current associated with the new gauge boson.

The models are defined by the hypercharges @; of the SM particles under the new U(1)’
group and three free parameters: ¢, the kinetic mixing parameter; my/, the mass of the new
gauge boson; and gp, which enters the expressions for the couplings between the Z’' and
both the Higgs boson and fermions (J*). The SMEFT coefficients that can be matched
at dimension six are:

(1)

e Four-fermion operators: ¢, cl(;), c(g}]), Crfy Crf, cq(}d), Cifs Cy where ¢, are the left-
handed fermions and f, f/ = u,d, e are the right-handed fermions.

. 1
e Higgs boson operators: cgqg, c;}Q, cuf, cyo and cypp.

The different models are listed in table 1 of ref. [112], and the matching expressions for
the dimension-six operators are given in eq. (19)-(26), summarised here in table 12. The
Z' constraints are obtained by placing these expressions in the likelihood fit, while setting
all other Wilson coefficients to zero. In this work, the B—L and mirrored hypercharge
models are considered.

The results for these two models are shown in figure 11. The limits are displayed in
the gp vs. € plane for different values of my: (5, 7, 10 TeV). The constraints are driven in
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Figure 11. Regions of the Z'(gp, €) parameter plane excluded at 95% CL in the SMEFT-based
approach by the analyses included in the combination and for the B—L (left) and Yp mirrored
hypercharge (right) models for different hypotheses of the new boson mass mz: (5, 7, 10 TeV). The
dashed lines show the borders of the corresponding expected exclusion regions for the SM hypothesis.

both models by the high-mass tails of the neutral-current Drell-Yan 77 measurement and
by the electroweak precision observables. The remaining measurements are found to have a
negligible impact on the results. The results are found to be dependent on the mass mys of
the new boson and the given set of hypercharges, with stronger constraints for lower masses.

6 Conclusion

This work presented the results of the Standard Model effective field theory interpretation of
a wide range of input measurements from different groups of processes: Higgs-boson produc-
tion and decay in the simplified template cross-sections framework, differential cross-section
measurements of WW, WZ and EW Zjj production, high-mass Drell-Yan analyses, tt
production, and two di-Higgs channels, bbyy and bbrr, all measured by the ATLAS Collabo-
ration using Run 2 data, together with precision electroweak observables from LEP, SLD and
ATLAS. Constraints on individual Wilson coefficients in the Warsaw basis and simultaneous
constraints on linear combinations of Wilson coefficients are reported, extending previous
ATLAS effective field theory interpretations in both the number of input measurements and
the number of simultaneously constrained parameters.

The main set of results, where di-Higgs measurements are not included, is accompanied
by the corresponding simplified likelihood model results to facilitate the reinterpretation of
the results outside the ATLAS Collaboration. A total of 47 operators and linear combinations
of operators are simultaneously constrained. A variant of these results including di-Higgs
measurements is also provided, where the Higgs-boson self-coupling coefficient ¢ is added
to the fit basis, and constrained simultaneously with the other coefficients. No significant
deviations from the SM predictions are observed.
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A comparison of results interpreted with a linearised Standard Model effective field theory
model that only considers terms suppressed by factors up to 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 A~ can significantly affect constraints
on Wilson coefficients for a mass scale of A=1TeV.

The results discussed also include the re-interpretation of the measurements in terms
of the two-Higgs-doublet models and heavy-vector-boson models, establishing effective field
theory as an interface between the measurements and beyond-Standard Model physics.
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7 Checks of Wilks’ theorem

The validity of the confidence intervals derived using Wilks’ theorem for the results shown in
section 5.4 including quadratic terms is discussed in this appendix, following from the results
presented in ref. [107]. Wilks’ theorem is commonly used to derive confidence intervals, but it
is often not valid in EFT fits that include quadratic terms. The quadratic parameterisation can
violate the regularity conditions of the theorem by introducing boundaries in the parameter
space. For instance, for a simple measurement parameterised as p = 1 + ¢, no value of ¢
would lead to the measurement of u < 1, creating a boundary at ¢ = 0. Near such boundaries,
the profile likelihood ratio distribution does not follow the x? distribution assumed by Wilks
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theorem, so confidence intervals derived from it may not accurately reflect the true 68%
and 95% quantiles. Depending on the relative sizes of the linear and quadratic terms, these
intervals can underestimate the true uncertainties [107].

To study this effect, the simplified Gaussian likelihood results are compared with results
obtained from toy data. Figure 12 shows the profile likelihood ratio scans for the coefficients
dominated by quadratic terms. The intersections with the toy-derived quantiles (black dots
and crosses) indicate the true 68% and 95% confidence intervals, which can differ significantly
from the Wilks-based intervals, especially near the boundaries. Coefficients dominated by
linear terms, in contrast, remain well-described by Wilks theorem.

The constraints of operators that are strongly dominated by quadratic terms (CL(}?], ca,

[01]

top) are stronger than the ones obtained with the Wilks

operators of the cgop group, except c
theorem construction (with the partial exception of the right side of the interval for cg),

while operators whose sensitivity is degraded with the inclusion of quadratic terms (e.g. c,[gg,

C%}/V’V £ CE?I%}/VJ/ £ c[g?,v’v f f) behave like linear-dominated operators. Overall, this study
shows that in this analysis the Wilks theorem assumption is generally conservative.
These results show however that standard Wilks-based intervals may not always be
reliable for SMEFT fits including quadratic contributions. While toy-based quantiles could
be used to define corrected intervals, this approach is computationally prohibitive for the
full likelihood. This strongly motivates the development of analytical approximations for

the profile likelihood ratio in quadratic models.
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Figure 12. Profile likelihood ratio scan of the coefficients of the fit basis that are dominated by
quadratic terms using the linear-plus-quadratic model, confidence intervals calculated with the Wilks
theorem (intersections with the dashed lines), and 68% CL (black dots) and 95% CL (black crosses)

quantiles obtained with toys.
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