
Combination of Measurements of CP Properties of Higgs Boson Interactions with Vector
Bosons Using Proton-Proton Collisions at

ffiffi

s
p

= 13 TeV with the ATLAS Detector

G. Aad et al.
*

(ATLAS Collaboration)

(Received 24 March 2026; accepted 15 May 2026; published 6 July 2026)

A combination of measurements of the CP properties of Higgs boson interactions with electroweak
gauge bosons is presented, using 140 fb−1 of proton-proton collisions at

ffiffiffi

s
p ¼ 13 TeV recorded by the

ATLAS detector. Results from vector boson fusion H → ττ=WW�=γγ, inclusiveH → ZZ�, andWH;H →
bb̄ channels are combined. No evidence of CP violation is observed, and constrains on the CP-violating
operators in the Standard Model effective field theory framework (SMEFT) are set in theWarsaw basis. The
results from the combination improve by over 40% on previous individual limits on cHW̃ and, for the first
time, simultaneous constraints on three coefficients cHW̃ , cHB̃, and cHW̃B are set. These limits are the most
stringent constraints to date on the relevant Wilson coefficients in the SMEFT framework with minimum
model dependence.
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The StandardModel (SM) of particle physics is unable to
explain the observed baryon asymmetry of the Universe.
One of the three Sakharov conditions [1] required to
generate this asymmetry is the violation of charge-parity
(CP) symmetry. In the SM, CP violation arises from the
complex phase of the quark mixing matrix [2,3], and
possibly the phase of neutrino mixing. However these
effects are insufficient to account for the observed baryon
asymmetry, and additional beyond-the-SM (BSM) sources
of CP violation are needed. The discovery in 2012 [4,5] of
the Higgs boson (H) has opened new possibilities for the
search of new CP-violating interactions. The Higgs boson
is predicted by the SM to be a CP-even scalar and its CP
properties were extensively studied [6–20]. Current mea-
surements are consistent with SM expectations, but exper-
imental results cannot fully exclude the possibility of
CP-violating interactions. Measuring the CP structure of
Higgs boson couplings to electroweak gauge bosons
constitutes a crucial test of the SM since any deviation
from the SM prediction would be a clear sign of BSM.
CP-violating interactions between the Higgs boson and

electroweak gauge bosons (HVV, V ¼ W�; Z) can be
probed experimentally through vector boson fusion
(VBF), associated production (VH), and Higgs boson
decays into ZZ� and WW�. The Standard Model effective
field theory (SMEFT) formalism [21–24] extends the SM

Lagrangian with dimension-6 operators to incorporate
CP-violating components in HVV interactions, parame-
trized by Wilson coefficients ci and a new physics scale Λ.
The resulting cross section consists of three components:
the SM contribution, a linear term in ci describing CP-odd
interference between SM and BSM amplitudes that is
suppressed by 1=Λ2, and a quadratic term in ci describing
CP-even BSM contributions suppressed by 1=Λ4. In
addition, cross terms from different operators can be
present. The linear term affects the shapes of CP-odd
observables while the quadratic term impacts CP-even
observables such as inclusive cross sections. The SMEFT
cross section can be decomposed as,
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where OSM is the corresponding SM prediction. The
indices i, j run through the BSM operators considered,
while Ai, Bi, and Cij parametrize the linear, quadratic, and
cross-term contributions, respectively, defined relative to
the SM expectation. Constraints on Wilson coefficients of
CP-violating operators are derived in two scenarios: using
linear-only or both linear and quadratic terms. While the
linear-only scenario provides a direct CP-violation test via
the measurement of asymmetries in CP-odd observables,
the linear plus quadratic scenario provides a more complete
assessment of the BSM impact and the validity of the
SMEFT truncation. In the Warsaw basis [24], considering
only CP-violating operators that conserve lepton and
baryon number, HVV interactions are described by three
Wilson coefficients: cHW̃ , cHB̃, and cHW̃B.
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This Letter presents a combination of constraints on CP
violation based on measurements performed in VBF
H → γγ [8], VBF H → ττ [6], H → WW� [7], and
H → ZZ� [11], and a new measurement of associated
production in WH;H → bb̄, using 140 fb−1 proton-proton
collision data at

ffiffiffi

s
p ¼ 13 TeV recorded during Run 2 of the

LHC with the ATLAS detector from 2015 to 2018. The
results include single-parameter fits for individual con-
straints on cHW̃ while fixing cHB̃ and cHW̃B to zero, and
simultaneous fits for constraining the coefficients cHW̃ , cHB̃,
and cHW̃B.
ATLAS [25,26] is a multipurpose particle detector with a

forward-backward symmetric cylindrical geometry and a
near 4π coverage in solid angle. A software suite [27] is
used in data simulation, in the reconstruction and analysis
of real and simulated data, in detector operations, and in the
trigger and data acquisition systems of the experiment.
In all input measurements the signal is modeled using

Monte Carlo (MC) simulations from Powheg Box v2 [28–33]
interfaced with Pythia 8 [34] for describing SM Higgs boson
production via gluon-gluon fusion (ggF), VBF, and H
produced in association with aW boson (WH), with further
details provided in the relevant publications [6–8,11]. BSM
CP-odd Higgs bosons are generated with MadGraph [35] at
leading order in QCD, using SMEFTsim3.0 [21,36] in the top
flavor assumption and the mW , mZ, GF input scheme. The
scale Λ is set to 1 TeV following convention.
Tests of CP invariance are performed by all analysis with

the use of CP-odd observables. Under CP conjugation, a
CP-odd observable O transforms as CPðOÞ ¼ −O. If CP
invariance holds, the average over the full phase space
vanishes: hOi ¼ 0. Any asymmetry in the distribution ofO
would then be a sign of CP violation. All analysis uses a
shape-only approach, where the normalization of the signal
sample is added as a free floating parameter. In this way, the
analyses are not sensitive to overall changes of the total
cross-section from CP-even terms, higher-order BSM
corrections [37] can be factored out. Only the differences
in the shape of the CP-sensitive variables are considered.
In the following paragraphs, the main characteristics of

each input channel are summarized, and a previously
unpublished analysis in the WH;H → bb̄ channel is
described.
InH → γγ,H → ττ, andH → ZZ� channels, the optimal

observable (OO) method [38–40] is employed, as they
have fully reconstructed final state particles. An OO is
defined as 2ReðM�

SMMBSMÞ=jMSMj2, where MSM and
MBSM denote SM and BSM matrix elements, respectively.
The OO condenses multidimensional information into a
single observable with optimal sensitivity to CP-violating
contributions. The H → ZZ� analysis in Ref. [11] con-
structs two OO for the single-parameter fit: a production
observable, OOcHW̃

jj , used in the VBF signal region with
MðVBFÞ, and a decay observable,OOcHW̃

4l , used in a VBF-
depleted signal region with MðH → ZZ�Þ. In the

simultaneous fit, two decay observables OOcHW̃
4l and

OOcHB̃
4l related to the two coefficients cHW̃ , cHB̃ are

regarded as observables in the inclusive H → ZZ� signal
region, providing optimal sensitivity to the three Wilson
coefficients. In addition to what was published in Ref. [11],
a linear-only interpretation is also performed here. For the
single-parameter linear-only fit of cHW̃ , the OO distribu-
tions are rebinned to avoid bins in which the negative
interference contribution exceeds the total background
yield, reducing the expected sensitivity by up to 8%. For
H → ττ, an additional simultaneous parametrization of
cHW̃ , cHB̃, and cHW̃B is performed compared with
Ref. [6], including interference terms between the different
CP-violating amplitudes.
The H → WW� and WH;H → bb̄ analyses rely on

modifications to the simplified template cross-section
(STXS) formalism [41–43] with dedicated angular observ-
ables sensitive to the CP structure of the HVV coupling. In
H → WW� the CP-sensitive variable is the pseudorapidity-
ordered azimuthal angular difference between the two
leading jets, Δϕjj, sensitive only to the structure of the
interaction at the production vertex. In contrast to the result
in Ref. [7], a single-parameter fit of cHW̃ is performed, with
the remaining coefficients set to zero. In addition, the
quadratic parametrization of cHW̃ in the single-parameter
fit, as well as the quadratic and cross terms in the
simultaneous fit, are included only in this combination.
TheWH;H → bb̄ analysis is based on the measurement

in Ref. [44], where events are selected to reconstruct a
leptonic W-boson decay and a H decay into b quarks. To
reconstruct the Higgs boson decay products, small-radius
jets are used for pW

T < 400 GeV and large-radius jets for
pW
T > 400 GeV, where pW

T is the transverse momentum of
the W boson. The W-boson four vector is reconstructed as
the vector sum of the charged lepton and the neutrino,
where the transverse component of the neutrino is identi-
fied with the Emiss

T and the longitudinal component is
obtained by applying a W-mass constraint to the lepton-
neutrino system. MC simulated samples model most of the
SM background processes, and dedicated control regions
are used to constrain the main backgrounds (W þ jets and
top quark production). Compared with the STXS categories
used in Ref. [44], the regions are further split into two bins
of an angular variable, Ql cos δþ, where Ql is the lepton
charge and cos δþ is an angular observable defined as

f½pðWÞ
l · ðpH × pWÞ�=ðjpðWÞ

l j · jpH × pW jÞg. Here, pðWÞ
l is

the three-momentum of the charged lepton in the W-boson
rest frame, and pW and pH are the three-momenta of the W
and Higgs bosons, respectively, in the laboratory frame
[45,46]. The resulting cross-section measurements are
shown in Fig. 1 in bins of the particle-level transverse
momentum of the W boson, pW;t

T , and Ql cos δþ.
Compared with the result in Ref. [44], only WH produc-
tion, with W → lνðl ¼ e; μÞ, is considered and ZH is
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treated as a background. Events with hadronically decaying
τ leptons are vetoed, and only one pW

T bin above 400 GeV is
considered to reduce the impact of statistical uncertainties.
The EFT interpretation is performed by only considering

the Ql cos δþ shape effect from cHW̃ . One signal normali-
zation factor is applied per pW

T bins and profiled in fitting,
while the normalization factors in negative and positive
Ql cos δþ bins are parametrized with cHW̃ .
Combination results are presented using single-

parameter fits for individual constraints on cHW̃ (with
cHB̃ ¼ cHW̃B ¼ 0) and simultaneous fits for constraining
cHW̃ , cHB̃ and cHW̃B. The VBF production process is mainly
sensitive to cHW̃ , with subleading contributions from cHW̃B
and cHB̃, while WH production depends only on cHW̃ . The
simultaneous fits combine all channels except for H → γγ,
which has very limited sensitivity to the additional oper-
ators and has a negligible impact on the simultaneous fit
results. The normalization factors are treated as free
parameters for all production modes for all channels.
The exceptions are the normalization of ZH production
in theWH;H → bb̄ channel, and the ggF production mode
in the WH;H → bb̄ and VBF H → ττ channels, which are
constrained to their respective SM prediction, since these
are minor contributions. The relative ratio between VBF
and ggF production in the H → ZZ� channel is also
constrained to the SM prediction, since this channel only
uses the decay information. All free normalization factors
are uncorrelated across channels. Event overlap between
channels is negligible due to their distinct final states and
selection criteria. Signal injection tests with nonzero
Wilson coefficients were performed to verify the extraction

of Wilson coefficients is unbiased in this shape-only
approach.
The combined likelihood is constructed as the product of

the individual analyses likelihoods, incorporating correla-
tions of systematic uncertainties where applicable. The
treatment of systematic uncertainties follows that of the
individual analyses [6–8,11], with experimental uncertain-
ties related to luminosity, object reconstruction, and cali-
bration considered fully correlated across all channels.
Theoretical uncertainties affecting signal modeling are
correlated among analyses targeting the same production
mode, while background modeling uncertainties are treated
as uncorrelated due to their analysis-specific nature. The
impact of systematic uncertainties in the presented results is
small compared to the statistical uncertainties. In each fit,
the confidence intervals for the Wilson coefficients are
determined using a profile likelihood ratio test statistic as
in Ref. [11].
No evidence ofCP-violation is observed, and constraints

on the Wilson coefficients are set. The observed and
expected negative log-likelihood ratio (2ΔNLL) scans as
a function of the cHW̃ are shown in Fig. 2 for the single-
parameter fit (cHB̃ ¼ cHW̃B ¼ 0), separately for linear-only
and linear plus quadratic scenarios. Additionally, the scans
obtained in simultaneous fits with all coefficients floating
are also shown. The sensitivity to cHW̃ in this case is
impacted by the negative correlation with the remaining
coefficients. In the single-parameter fit, observed
(expected) 95% C.L. intervals of ½−0.14; 0.49�
(½−0.28; 0.29�) and ½−0.13; 0.60� (½−0.30; 0.30�) at Λ ¼
1 TeV are obtained for the linear-only and linear plus
quadratic scenarios, respectively. The limits obtained on

FIG. 1. Measured WH production cross sections times the W → lν and the H → bb̄ branching ratios normalized to their SM
predictions. The best fit values and corresponding uncertainties (total as well as its statistical and systematic components) are shown for
all regions. Theoretical uncertainties on the predictions are not shown as they are too small to be visible.
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cHW̃ in the single-parameter fit show an improvement of
over 40% on the previous best individual channel results
[6]. The expected and observed limits are primarily driven
by H → ττ, followed by the WH;H → bb̄ channel.
Results of the simultaneous fits are shown in Fig. 3 in

terms of two-dimensional contours for each pair of Wilson
coefficients, profiling over the third coefficient. There is a
large correlation between the cHB̃ and cHW̃B coefficients
caused by similar effects to the CP-odd observables in the

H → ZZ�, H → WW�, and H → ττ channels. On the other
hand, cHW̃ is positively correlated with cHW̃B and negatively
correlated with cHB̃ in the H → ZZ� channel, negatively
correlated with both coefficients inH → WW� andH → ττ,
and independent in the WH;H → bb̄ channel. There are
parameter-space regions where the linear-only terms lead to
negative cross sections; however, these are outside the
observed 95% C.L. contours and outside of EFT validity
regions. The limits obtained in the simultaneous fit are less

(a) (b)

FIG. 2. Negative profile log-likelihood ratio scans are shown as a function of cHW̃ , with single-parameter fits (cHB̃ ¼ cHW̃B ¼ 0) and
simultaneous fits (all three coefficients floating), for (a) linear-only and (b) linear plus quadratic terms. Solid lines indicate the observed
scans, while dashed lines show the expected results. The dashed horizontal lines show the thresholds defining the 68% and 95%
confidence levels, assuming the asymptotic approximation.

(a) (b) (c)

(d) (e) (f)

FIG. 3. Observed 68% (dashed line) and 95% (solid line) C.L. two-dimensional contours are shown for all three pairings of the
Warsaw basis: (a),(d) cHW̃ versus cHB̃, (b),(e) cHW̃ versus cHW̃B, and (c),(f) cHB̃ versus cHW̃B a simultaneous fit, for (a)–(c) linear-only
and (d)–(f) linear plus quadratic terms interpretations. Expected contour lines are also shown. All couplings scale as
1=Λ2 with Λ ¼ 1 TeV.
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stringent than those obtained in the single-parameter fit, due
to the negative correlation between cHW̃ and the remaining
coefficients. Figure 4 summarizes the observed results
obtained for each Wilson coefficient when profiling the
other two for both linear-only and linear plus quadratic
scenarios.
In conclusion, constraints of Wilson coefficients of CP-

violating operators in the HVV interaction within the
SMEFT Warsaw basis are presented. The analysis combines
five ATLAS Run 2 measurements including VBF and WH
production modes, and H → VV decay channels: H → ττ,
H → WW�,H → γγ,H → ZZ�, andWH;H → bb̄. Shape-
based measurements of CP-odd sensitive observables are
used to constrainCP-violating effects. A single-parameter fit
was performed constraining the cHW̃ Wilson coefficient
while the remaining coefficients are set to zero. No signifi-
cant deviations from the Standard Model are observed. The
single-parameter fit yields an observed (expected) 95% C.L.
interval for cHW̃ of ½−0.14; 0.49� (½−0.28; 0.29�) at Λ ¼
1 TeV for the linear-only and ½−0.13; 0.60� (½−0.30; 0.30�)
for the linear plus quadratic interpretation. The compatibility
between the limits in both scenarios is an indication of the
validity of the EFT truncation to dimension-six operators.
The limits presented on cHW̃ from the single-parameter fit
improve upon previous best individual channel results
from H → ττ [6] by over 40%. The combination further
enabled, for the first time, a simultaneous fit constraining the
coefficients of three CP-violating operators (cHW̃ , cHB̃,
cHW̃B). These combined results deliver the most stringent
constraints to date on Wilson coefficients of CP-violating
operators in the SMEFT framework.
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[46] R. Barrué, P. C. Muíño, V. Dao, and R. Santos, Simulation-
based inference in the search for CP violation in leptonic
WH production, J. High Energy Phys. 04 (2024) 014.

[47] ATLAS Collaboration, ATLAS Computing Acknowledge-
ments, ATL-SOFT-PUB-2026-001, 2026, https://cds.cern
.ch/record/2952666.

[48] CERN-OPEN-2020-013, https://cds.cern.ch/record/
2745133/.

End Matter

Individual channel contributions to cHW̃ constraint—
The individual 2ΔNLL scans are shown in Fig. 5 for
linear-only and linear plus quadratic interpretations, and the
corresponding best fit values and 95% C.L. intervals are
summarized in Fig. 6, along with the combination results.
The introduction of the quadratic term results in a loss of
sensitivity at higher Wilson coefficient values, which is
visible for WH;H → bb̄ and to a lesser extent H → WW�,

but is true for all channels. For WH;H → bb̄ in particular,
this results in undefined confidence intervals.
To understand thenonparabolic behavior of theNLL scans,

it is helpful to consider the particular cases ofWH;H → bb̄,
andH → WW�. In these two channels, the impact of theCP-
odd operators on the corresponding differential cross-section
measurements is parametrized via their impact on their signal
strengths μp (relative to the SM prediction), defined as,
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μp → μp ×

�

1þ
X

M

j¼1

Ap
j × cj þ Bp

j × c2j

�

; ðA1Þ

where p are the STXS particle-level categories, Ap
j and Bp

j

parametrize the linear and quadratic contributions in STXS
region p, and j runs through the number M of CP-odd
operators considered. The relative asymmetry across
bins of an angular observable can be formulated as
ðμqþ − μq−Þ=ðμqþ þ μq−Þ, whereq� stands for STXS regions
in the same CP-even bin (e.g., pW

T ) and symmetric angular
observable bins.
The observed effect in the linear plus quadratic NLL

scans is related to how this relative asymmetry depends on

the Wilson coefficients. In the linear-only interpretation,
this asymmetry grows linearly with cHW̃ [Eq. (A2)]; how-
ever, in the linear plus quadratic scenario this asymmetry
grows approximately linearly only for small values of cHW̃
and is then much reduced (and even inverted) as the
absolute value of the coefficient grows [Eq. (A3)], resulting
in the observed NLL behavior,

Asymlinear
p;j ¼ −Ap

j × cj; ðA2Þ

Asymlinearþquadratic
p;j ¼ −Ap

j × cj
1þ Bp

j × c2j
: ðA3Þ

(a) (b)

FIG. 5. Observed 2ΔNLL scans as a function of cHW̃ considering the (a) linear-only and the (b) linear plus quadratic terms for the
individual channels (in different colors) and their combination. The dashed horizontal lines show the values of ΔNLL thresholds
defining the 68% and 95% confidence levels, assuming the asymptotic approximation.

(a) (b)

FIG. 6. Best-fit values and 95% C.L. intervals for cHW̃ obtained in single-parameter fits for each of the individual analyses and the
combined result, for both (a) linear-only and (b) linear and quadratic interpretations. For the WH;H → bb̄ linear and quadratic result,
the best-fit value is valid in the cHW̃ range ½−1.5; 1.5� and no 95% C.L. interval is defined, as explained in the text.
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59LPSC, Université Grenoble Alpes, CNRS/IN2P3, Grenoble INP, Grenoble, France

60Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge, Massachusetts, USA
61Department of Modern Physics and State Key Laboratory of Particle Detection and Electronics,

University of Science and Technology of China, Hefei, China
62aKirchhoff-Institut für Physik, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany

62bPhysikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
63aDepartment of Physics, Chinese University of Hong Kong, Shatin, N.T., Hong Kong, China

63bDepartment of Physics, University of Hong Kong, Hong Kong, China
63cDepartment of Physics and Institute for Advanced Study, Hong Kong University of Science and Technology, Clear Water Bay,

Kowloon, Hong Kong, China
64Department of Physics, National Tsing Hua University, Hsinchu, Taiwan
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89L2IT, Université de Toulouse, CNRS/IN2P3, UPS, Toulouse, France
90Instituto de Física La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina

91Physics Department, Lancaster University, Lancaster, United Kingdom
92Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom

93Department of Experimental Particle Physics, Jožef Stefan Institute and Department of Physics,
University of Ljubljana, Ljubljana, Slovenia

94Department of Physics and Astronomy, Queen Mary University of London, London, United Kingdom
95Department of Physics, Royal Holloway University of London, Egham, United Kingdom

96Department of Physics and Astronomy, University College London, London, United Kingdom
97Louisiana Tech University, Ruston, Louisiana, USA

98Fysiska institutionen, Lunds universitet, Lund, Sweden
99Departamento de Física Teorica C-15 and CIAFF, Universidad Autónoma de Madrid, Madrid, Spain

100Institut für Physik, Universität Mainz, Mainz, Germany
101School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom

102CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France
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nAlso at Università di Napoli Parthenope, Napoli, Italy.
oAlso at Institute of Particle Physics (IPP), Kingston, Canada.
pAlso at Department of Physics, Bolu Abant Izzet Baysal University, Bolu, Türkiye.
qAlso at Faculty of Physics, University of Bucharest, Bucharest, Romania.
rAlso at Borough of Manhattan Community College, City University of New York, New York, New York, USA.
sAlso at National Institute of Physics, University of the Philippines Diliman (Philippines), Quezon City, Philippines.
tAlso at TRIUMF, Vancouver, British Columbia, Canada.
uAlso at Universita degli Studi Link, Roma, Italy.
vAlso at Department of Financial and Management Engineering, University of the Aegean, Chios, Greece.
wAlso at University and INFN Torino, Torino, Italy.
xAlso at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain.
yAlso at Henan University, Zhengzhou, China.
zAlso at Yeditepe University, Physics Department, Istanbul, Türkiye.
aaAlso at Institute of Theoretical Physics, Ilia State University, Tbilisi, Georgia.
bbAlso at CERN, Geneva, Switzerland.
ccAlso at Center for Interdisciplinary Research and Innovation (CIRI-AUTH), Thessaloniki, Greece.
ddAlso at Hellenic Open University, Patras, Greece.
eeAlso at Department of Modern Physics and State Key Laboratory of Particle Detection and Electronics, University of Science and
Technology of China, Hefei, China.

ffAlso at Department of Physics, Stellenbosch University, Cape Town, South Africa.
ggAlso at School of Physics, University of the Witwatersrand, Johannesburg, South Africa.
hhAlso at Department of Physics, Ben Gurion University of the Negev, Beer Sheva, Israel.
iiAlso at University of Colorado Boulder, Department of Physics, Colorado, Boulder, USA.
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