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The search for new sources of CP violation is a cornerstone of the beyond the Standard Model (BSM)

phenomenology program at the LHC and beyond. We provide a comprehensive analysis of such searches

at a range of future facilities with the aim of informing the currently unfolding future collider roadmap.

Focusing on new sources of CP violation specifically in the gauge-Higgs sector, we demonstrate the

outstanding potential held by future electron-positron and proton-proton colliders to reveal and identify

BSM physics with direct relevance for the observed matter-antimatter asymmetry. In particular, the future

colliders will provide an order of magnitude improvement in sensitivity to anomalous CP-violating

interactions induced by dimension-six effective field theory operators when compared to the high-

luminosity LHC program.

DOI: 10.1103/hvrk-d82n

I. INTRODUCTION

There is compelling experimental evidence indicating
that the Standard Model (SM) of particle physics is
incomplete. Beyond several theoretical fine-tuning issues,

the SM fails to account for the observed matter-antimatter
asymmetry in the visible Universe, providing strong moti-
vation for physics beyond the Standard Model (BSM).
This shortcoming is formally framed by the Sakharov
criteria [1], which, from an SM perspective, necessitate
additional sources of CP violation and BSM out-of-
equilibrium dynamics.
The absence of direct evidence for BSM physics

in current searches deepens the puzzle of the SM’s
incompleteness. A contemporary way to navigate this
impasse is through effective field theory [2] (EFT),
which interprets the lack of direct new physics signals
as indicative of a mass gap between the energy scales
currently accessible at the Large Hadron Collider (LHC)
and the intrinsic scale of new physics. Within this frame-
work, new physics can be probed agnostically by identify-
ing deviations from SM interactions when the high-energy
behavior of SM fields and symmetries is experimentally
scrutinized.
At the leading order in the expansion of the generic new

physics away from the Standard Model relevant for collider
physics, such modifications are given by dimension-six
operators Oi [3],
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LBSM ¼ LSM þ
X

i

ci

Λ
2
Oi; ð1:1Þ

where the Wilson coefficient ci parametrizes the strength of
the new physics interaction at the new physics scale Λ. In
this parametrization, CP violation in the weak bosonic
gauge-Higgs sector takes a comparably compact form;
relevant interactions are given by

1

Õ
ΦB̃ ¼ Φ

†
ΦBμν

ΦB̃μν;

Õ
ΦW̃ ¼ Φ

†
ΦWiμνW̃i

μν;

Õ
ΦW̃B ¼ Φ

†σiW̃iμνBμν; ð1:2Þ

where Φ is the Higgs doublet and the X̃μν ¼ ϵμνρδX
ρδ=2 is

the dual field strength tensor for the X ¼ B,W hypercharge

and weak gauge fields, respectively. The σi are the Pauli
matrices.
Considering only these dimension-six operators,

2
any

scattering amplitude can be expanded as a sum of SM and

dimension-six parts, M ¼ MSM þMd6=Λ
2, leading to

jMj2 ¼ jMSMj2 þ
2

Λ
2
ReðM�

SMMd6Þ þ
1

Λ
4
jMd6j2 ð1:3Þ

for differential probabilities. The interference term
ReðM�

SMMd6Þ is the leading correction to the SM when

experimental sensitivity is high enough to establish robust
constraints. For the CP-odd interactions noted above, the
interference term is CP odd and thus produces asymmetries
in CP-odd collider observables while integrating to zero
for any CP-even observable. The “squared” dimension-six
contributions, however, produce CP-even modifications to
the scattering rate and produce no asymmetries. CP-odd
observables targeting the interference term are therefore
needed if the goal is to set genuine limits on CP-violating
effects in the gauge-Higgs interactions.
The LHC is expected to increase its sensitivity to these

interactions during its high-luminosity (HL) phase as they
leave telltale signatures in CP-sensitive observables in
relatively clean, albeit statistics-limited, final states such
as H → ZZ�;WW�, weak boson fusion (WBF) Higgs
production, and weak boson pair production. In particular,
the use of highly sensitive observables will qualitatively

modify earlier sensitivity estimates, which have served as a
baseline for informing future collider cases. In light of this
progress, it is prudent to reconsider future collider cases
that are now under active discussion in both the European
committee for future accelerators process and the imminent
update to the European Strategy for Particle Physics
(ESPPU). This is the purpose of this work.
We structure this paper as follows. In Sec. II, we

introduce the collider cases that we consider in this study,
namely, the HL-LHC, FCC-ee (future circular collider
(electron positron option)), FCC-hh (future circular collider
(hadron hadron option)), and a linear collider facility
(LCF). We also provide a brief overview of our simulation
setup for each collider. In Sec. III, we introduce the
CP-sensitive observables that are capable of projecting
out the interference contributions to the squared scattering
amplitude. The limit-setting procedure is described in
Sec. IV. Sections V–VIII contain the results of our studies,
covering a variety of different Higgs boson production/
decay channels at different colliders. We summarize and
conclude in Sec. X.

II. MONTECARLO SIMULATIONANDCOLLIDER

SCENARIOS

This study considers both proton-proton collisions in the
context of the HL-LHC and FCC-hh, as well as electron-
positron collisions in the context of FCC-ee and LCF. The
HL-LHC is expected to begin operation in the 2030s,
following extensive upgrades to the accelerator and experi-

ments. HL-LHC will deliver 3 ab−1 of pp collisions to the
ATLAS and CMS experiments by the end of operation in
2041. The Future Circular Collider (FCC) project [13] is a
proposal to explore the high-energy frontier after HL-LHC
and will be actively discussed as part of the 2026 ESPPU.
FCC would involve a new 91 km tunnel being built at
CERN. The first stage of FCC would involve eþe−

collisions (FCC-ee) at a range of center-of-mass energies,

including at the Z pole (
ffiffiffi

s
p ¼ 91 GeV), theWW threshold

(
ffiffiffi

s
p ¼ 160 GeV), the ZH threshold (

ffiffiffi

s
p ¼ 240 GeV),

and a high-energy run sensitive to tt̄ production

(
ffiffiffi

s
p ¼ 365 GeV). The luminosity delivered by FCC-ee

at the ZH threshold is expected to be 10.8 ab−1. The second
stage of FCC would involve proton-proton collisions

(FCC-hh) at a center-of-mass energy of
ffiffiffi

s
p ¼ 84 TeV

with an integrated luminosity of 30 ab−1.
3
The LCF is

1
Assuming a vanishing weak CP phase of heavy fermions,

these operators form a closed set under the dimension-six
renormalization group flow [4–8]. In principle, we could further

consider the gluonic Φ
†
ΦGμν

ΦG̃μν, which, however, does not
enable a reasonable comparison between lepton and hadron
machines. Phenomenological analyses on the latter for the
HL-LHC and ways to disentangle it from competing top-Yukawa
modifications have been presented elsewhere [9].

2
It is further worth highlighting that a range of lepton-sector

extensions have been proposed in the literature [10,11] that
source these interactions dominantly to address recently observed
anomalies in electroweak ATLAS data [12].

3
The baseline energy of FCC-hh has been updated recently as

part of the FCC feasibility study [14]. However, the FCC-hh
studies carried out in this article predated this update and our
analysis is carried out using samples at

ffiffiffi

s
p ¼ 100 TeV (corre-

sponding to the parameters as were used for the FCC Conceptual
Design Report [13]). The impact of this change in center-of-mass
energy will be a slight reduction in sensitivity, as the Higgs boson
production cross sections (and hence event rates) are slightly
smaller at

ffiffiffi

s
p ¼ 100 TeV.
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expected to deliver eþe− collisions at a range of center-of-

mass energies, including at the Z pole (
ffiffiffi

s
p ¼ 91 GeV) and

the ZH threshold (
ffiffiffi

s
p ¼ 250 GeV), as well as high-energy

runs at
ffiffiffi

s
p ¼ 350 GeV,

ffiffiffi

s
p ¼ 550 GeV, and

ffiffiffi

s
p ¼ 1 TeV.

The LCF will also use polarized beams with nominal beam
polarizations at most center-of-mass energies of 80% for
the electron beam and 30% for the positron beam. Each
beam can also be configured to be majority left-handed
or majority right-handed polarized, thus producing four
possible initial-state beam polarizations. At the ZH thresh-
old, the fraction of data collected for each feþ; e−g
beam polarization configuration is expected to be 45%
for both the fþ80%;−30%g and f−80%;þ30%g con-
figurations and 5% for both of the fþ80%;þ30%g and
f−80%;−30%g configurations. The total luminosity at the

LCF at the ZH threshold is expected to be 3 ab−1.
At FCC-ee and LCF, ZH production is studied at the ZH

threshold using inclusive decays of the Higgs boson and

also in the H → bb̄ decay channel. ZH production is also
considered at the pp colliders (HL-LHC and FCC-hh),
along with H → 4l production and WBF Hjj production
in the H → ττ decay channel. Events are generated using
MadGraph5_aMC@NLO [15], at leading-order accuracy in
perturbative QCD. Parton shower, hadronization, and
underlying event activity effects are modeled through
interfacing to PYTHIA8 [16,17]. SMEFTSim 3.0 [18,19] is
used to model the anomalous interactions from the EFT
operators introduced in Eq. (1.2). For the processes
considered, we simulate both the SM and interference
terms [ReðM�

SMMd6Þ], with the interference contributions

produced at c=Λ2 ¼ 1=TeV2. Normalization factors are
applied to cover missing higher-order effects. For pp
collisions, cross-checks on the predicted SM signal and
background yields are made with relevant LHC analyses

at
ffiffiffi

s
p ¼ 13 TeV.
Detector effects are modeled using DELPHES v3 [20],

which provides a parametrized fast simulation of a generic
multipurpose detector. For pp collisions at the (HL-)LHC,
the default ATLAS card of DELPHES v3 is used. The IDEA
detector card provided by DELPHES v3 is used for FCC-ee,
and the default FCC-hh detector card is used for pp
collisions. These correspond to the same detector settings
as were used for the FCC Conceptual Design Report [13]. At
the LCF, the ILCgen card provided by DELPHES v3 is used.

III. CP-SENSITIVE OBSERVABLES

As mentioned above, the CP-odd operator structures
considered in this work can be accessed through CP-odd
collider observables, directly projecting out the experimen-
tal sensitivity on the associated Wilson coefficient in ways
that minimize contributions from CP-even interactions.
The study of (optimized) asymmetries, therefore, gives rise
to an experimentally robust and theoretically appealing
approach to limit or discover CP violation: dominant

backgrounds will exhibit symmetric distributions and,
hence, have a highly reduced impact on the sensitivity.
And any observed asymmetry can be directly attributed to
specific dimension-six interactions.
Depending on the specific process under consideration, a

range of observables have been considered in the literature.
In weak boson fusion, pp→ Hjj, the most prominent of
such observables is the “signed” azimuthal angle between
the two jets [21]

Δϕjj ¼ ϕðj1Þ − ϕðj2Þ for ηðj1Þ > ηðj2Þ: ð3:1Þ

Including transverse momentum information, this observ-
able has been improved to an “optimal observable,”
considered in, e.g., Refs. [22–25]. The ðCÞP properties
of this observable can be exported to a range of other
processes by constructing similar signed angular observ-
ables. Examples include the leptonic equivalent of this
observable [9,26,27],

Δϕll ¼ ϕðl1Þ − ϕðl2Þ for ηðl1Þ > ηðl2Þ; ð3:2Þ

which is relevant for Higgs CP measurements using ZH
production at both electron-positron and proton-proton
colliders.
Moving to cleaner, fully reconstructible final states such

as H → ZZ�
→ 4l, a wide variety of angular observables

can be constructed [28–30] to measure and constrain
coupling properties of the gauge-Higgs interactions.
Specifically, CP-violating effects in H → 4l can be inves-
tigated using the variable Φ4l, as defined in Refs. [31,32],

Φ4l ¼
q1 · ðn̂1 × n̂2Þ
jq1 · ðn̂1 × n̂2Þj

arccosðn̂1 · n̂2Þ; ð3:3aÞ

where the normal vectors to the decay planes are given by

n̂1 ¼
q11 × q12

jq11 × q12j
and n̂2 ¼

q21 × q22

jq21 × q22j
: ð3:3bÞ

Here, each qαβ represents the three-momentum of the lep-

ton or antilepton β originating from the decay Zα → l
−
l
þ,

while qα ¼ qα1 þ qα2 denotes the total three-momentum of
the corresponding Zα. All momenta are evaluated in the
Higgs boson center-of-mass frame. Notably, the variable
Φ4l corresponds to the difference in polar angles between
the same-charge leptons in their respective Z-boson rest
frames, provided the reference axes are aligned.
More recently, machine learning (ML) has been employed

to optimize beyond traditional collider observables, signifi-
cantly improving the sensitivity of CP-violation searches
[33–37]. Depending on the operator structures considered,
these techniques can dramatically enhance sensitivity. For
instance, at the LHC, incorporating additional characteristic
kinematic information into an optimized asymmetry observ-
able has been shown to improve sensitivity by up to a factor
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of 10. This is achieved (see also Ref. [35]) by categorizing
the interference contribution into positively weighted and
negatively weighted events depending on the sign of the
differential event probability. This serves as two target
groups for binary classification tasks. To further enhance
the separation between interference and SM contributions,
the SM prediction can be incorporated into the training
process in a multiclass approach.

4
This serves the purpose of

further optimizing observables when traditional kinematics
such as Δϕjj are near optimal [35], leading to reduced

statistical information in the associated asymmetry. From
this, CP-sensitive observables can be defined on an event-
by-event basis using the trained models’ output

ONN ¼ Pþ − P−; ð3:4Þ

where Pþ and P− represent the probabilities that an event
belongs to the positively weighted or negatively weighted
category, respectively. In a binary classification setup,
these probabilities satisfy Pþ þ P− ¼ 1. For a multiclass
model, the sum extends to the SM probability, such that
Pþ þ P− þ PSM ¼ 1; PSM denotes the probability of an
event being classified as an SM event.

5

For any of these differential observables, whether they
relate to traditional collider observables, Eqs. (3.1)–(3.3),
or are obtained from ML optimization, Eq. (3.4), it is
possible to construct theoretically appealing asymmetries
that will show robust performance as the dominant back-
grounds and systematics are expected to be symmetric.

IV. LIMIT-SETTING PROCEDURE

To determine the sensitivity, we construct confidence
intervals for the process-dependent CP-odd observables
using a binned likelihood function

Lðfcig=Λ2Þ ¼
Y

k

expf−λkg
λ
nk
k

nk!
: ð4:1Þ

Here, k labels the bins, with nk representing the expected
number of events in bin k under the SM-only hypothesis.
The predicted number of events, λk, is derived from the
standard model effective theory hypothesis for a given

choice of the Wilson coefficients. The likelihood function
in Eq. (4.1) is converted into a confidence level using a
profile-likelihood test statistic [41]. Through Wilks’s theo-

rem [42], this statistic follows a χ2 distribution with 1 degree
of freedom, allowing us to extract the 95% confidence
level. The values of λk and nk in Eq. (4.1) are obtained
directly from simulated samples, after applying normali-
zation factors to convert predicted cross sections into event
yields. These normalization factors are determined for each
process to ensure that the SM prediction matches the
expected number of SM events within the relevant fiducial
regions of the corresponding analyses; details will be given
for the relevant processes and colliders below.
Systematic uncertainties are not explicitly included in the

likelihood function, as the constraints primarily arise from
asymmetries in CP-odd observables. Since systematic
uncertainties generally affect these distributions symmet-
rically, their impact is expected to be small [36].

V. ZH PRODUCTION AT e + e− COLLIDERS

The sensitivity of ZH production at electron-positron
colliders to CP-violating HZZ interactions is studied
for inclusive Higgs boson decays using samples of
eþe− → lþl−H. Simulated samples are produced with a
version of MadGraph5 that does not account for initial-state
radiation (ISR) in eþe− collisions. The cross section is,

hence, corrected by a factor kISR ¼ σISR on
ZH =σMG

ZH , where σ
MG
ZH

is the MadGraph5 eþe− → ZH cross section and σISR on
ZH is the

eþe− → ZH cross section with ISR effects included [43].
The dominant backgrounds from ZZ production (eþe− →
l
þ
l
−Z) and WW production (eþe− → WþW−) are also

simulated and normalized using kISR.

A. Inclusive higgs boson decays at FCC-ee

Events are required to satisfy selection criteria consistent
with a eþe− → ZH final state, following the approach
taken in Ref. [43]. Two same-flavor leptons are required,
each with pT > 10 GeV. The momentum of the dilepton

system is required to satisfy pll

T > 15 and pllz < 70 GeV.

The angle between the two leptons has to satisfy arccos
ðnl1 · nl2Þ > 100°, where nli is the normalized three-

momentum of lepton i. The angle between the plane
containing the two leptons and the z axis is required

to satisfy arccos ð½nl1 × nl2Þ · k̂�Þ > 10°. The invariant

mass of the dilepton system is required to satisfy
jmll −mZj < 15 GeV. The mass recoiling against the

dilepton system can be calculated from m2

recoil ¼
sþm2

ll
þ 2

ffiffiffi

s
p ðEl1

þ El2
Þ, where Eli

is the energy of

lepton i and is required to be consistent with a Higgs
boson candidate, i.e., jmrecoil −mHj < 5 GeV. Following
this selection, 77,300 signal events are predicted for

an integrated luminosity of 10.8 ab−1 at
ffiffiffi

s
p ¼ 240 GeV.

The background yields are 3470 and 26,100 for
eþe− → ZZ;WþW−, respectively.

4
The scalability to many competing interactions has been

demonstrated in [38] for non-CP-violating interactions.
5
ONN can be constructed using neural networks (NNs) or

boosted decision trees. Both approaches have been investigated in
this paper, with similar results obtained for each architecture. The
NNs are trained using the MLPClassifier in SCIKIT HEP [39],
whereas the boosted decision trees were trained using CatBoost

[40]. Hyperparameter optimization is performed individually for
each architecture. To mitigate biases from statistical fluctuations,
a data augmentation procedure is applied during training. Each
event is used twice: once with its original input variables and
once with a CP transformation applied to these variables. For
interference samples, the event weight is multiplied by −1 for
CP-flipped events.

ARUN ATWAL et al. PHYS. REV. D 113, 115026 (2026)

115026-4



Two types of CP-odd observables are found to be
sensitive to CP violation in the HZZ coupling. The first
is the signed azimuthal angle between the two leptons that
originate from the Z-boson decay, Δϕll. Second, there are
the aforementioned ML-based observables constructed
using either binary classifiers or multiclass models trained
on the relevant interference samples. Figures 1(a) and 1(b)
show the expected event yields as a function of Δϕll in the
muon and electron channels, respectively, for both the SM
prediction and the interference contributions produced by
each dimension-six operator. There are clear differences in
the shapes of the interference spectra in the two decay

channels. Figure 1(c) shows the Omulti
NN observables for the

Õ
ΦW̃B operator in the electron channel, which demonstrates

much improved sensitivity compared to Δϕll alone. An

investigation into the origin of this sensitivity using

permutation feature importance techniques exposes a sign

flip in the interference contribution for dilepton invariant

masses around the mZ pole. This is shown in Fig. 1(d). The

sign flip in the interference around the mZ pole is only

observed in the electron channel and not in the muon

channel, which implies that the effect arises from vector-

boson-fusion contributions to the scattering amplitude.

The 95% confidence intervals on the c
ΦB̃=Λ

2, c
ΦW̃=Λ

2,

and c
ΦW̃B=Λ

2 Wilson coefficients are presented in Table I.

FIG. 1. Expected event yields for eþe− → ZH production at FCC-ee as a function of Δϕll in (a) the electron decay channel of the Z

boson and (b) the muon decay channel of the Z boson. (c) Expected event yield as a function of the ML-based observable (Omulti
NN ) in the

electron channel. (d) Expected event yields as a function of mll and Δϕll, for the interference contributions induced by the Õ
ΦW̃B

operators in the electron channel.
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The profile likelihood is performed after splitting the events
into the electron channel and the muon channel. In the case

of the c
ΦB̃=Λ

2 and c
ΦW̃B=Λ

2 Wilson coefficients, the
constraints are improved by a factor of 4–5 when using
a fit to the ONN distribution. The improvements in
sensitivity when using ONN are driven by the electron
channel, which exploits the sign flip in the interference
pattern about the mZ pole. The multiclass models do not
add noticeable sensitivity compared to the binary classi-
fiers; this is due to the limited kinematic range when
running at the ZH threshold at electron-positron colliders.

B. Extension to the H → bb̄ decay channel

The analysis presented in Sec. VA can be extended to the

H → bb̄ decay channel by selecting the subset of events
that have at least two b-tagged jets with pT > 20 GeV.

Dedicated samples of inclusive eþe− → l
þ
l
−bb̄ events are

produced, which contain both the signal (ZH) and back-
ground (ZZ) processes. Following this selection, 12,900

l
þ
l
−bb̄ events are predicted for an integrated luminosity

of 10.8 ab−1 at 240 GeV.
6

Observables constructed from the b jets are found to be
insensitive to theCP-violating effects in theHZZ coupling,
whereas the interference structures in the Δϕll distribution
are found to be similar to those observed for inclusive
Higgs boson decays. For the ML-based approach, a
detailed investigation of the binary classifier showed that
the performance is almost entirely driven by the informa-
tion in the Z → l

þ
l
− decay.

7

The 95% confidence intervals on the c
ΦB̃=Λ

2, c
ΦW̃=Λ

2,

and c
ΦW̃B=Λ

2 Wilson coefficients are presented in Table II.
The results follow the same pattern as for inclusive Higgs
boson decays, with ML-based observables outperforming
simple angular observables. In the muon channel, the

sensitivity in theH → bb̄ channel is approximately a factor
of 2 worse than that obtained for inclusive Higgs decays.
This can be understood from the reduced event yields
caused by the Higgs branching ratio, the inefficiency of
reconstructing two b jets, and the selection inefficiency
when requiring two jets with pT > 20 GeV. In the electron

channel, however, the sensitivity in the H → bb̄ channel is
much closer to that obtained for inclusive Higgs boson
decays. This feature has been studied in detail and arises
from a different selection efficiency when requiring two b
jets for SM events and interference events. In particular, the
differences in the selection efficiency between the SM and
interference samples are topology dependent and the ratio

of interference-to-SM increases for the Õ
ΦB̃ and Õ

ΦW̃B

operators in the region jΔϕllj ≤ 1.5 in the H → bb̄
analysis, as shown in Fig. 2.

C. Impact of beam polarization at the LCF

In this section, the FCC-ee analysis presented in Sec. VA
is modified to account for beam polarization and lower
luminosity at the LCF. Dedicated signal and background

TABLE I. 95% confidence intervals on the c
ΦW̃=Λ

2, c
ΦB̃=Λ

2,

and c
ΦW̃B=Λ

2 Wilson coefficients using eþe− → ZH production

at FCC-ee. Constraints are shown separately for the electron

channel, the muon channel, and their combination. The O
binary
NN

observables are constructed using a binary classifier. The Omulti
NN

observables are constructed using a multiclass model that
discriminates between constructive interference, destructive in-
terference, and the SM.

95% confidence intervals (TeV−2)

Observable c
ΦW̃=Λ

2 c
ΦB̃=Λ

2 c
ΦW̃B=Λ

2

Δϕee [−0.25; 0.25] [−0.36; 0.36] [−0.57; 0.57]
Δϕμμ [−0.24; 0.24] [−0.89; 0.89] [−0.47; 0.47]

Δϕll [−0.17; 0.17] [−0.33; 0.33] [−0.36; 0.36]

O
binary
NN

[−0.13; 0.13] [−0.08; 0.08] [−0.12; 0.12]

Omulti
NN

[−0.13; 0.13] [−0.07; 0.07] [−0.12; 0.12]

TABLE II. 95% confidence intervals on the c
ΦW̃=Λ

2, c
ΦB̃=Λ

2,

and c
ΦW̃B=Λ

2 Wilson coefficients at the FCC-ee, obtained using

eþe− → ZH production and in the H → bb̄ decay channel.
Constraints are shown separately for the electron channel, the

muon channel, and their combination. TheO
binary
NN observables are

constructed using a binary classifier.

95% confidence intervals (TeV−2)

Observable c
ΦW̃=Λ

2 c
ΦB̃=Λ

2 c
ΦW̃B=Λ

2

Δϕee [−0.35; 0.35] [−0.31; 0.31] [−0.67; 0.67]
Δϕμμ [−0.46; 0.46] [−2.2; 2.2] [−1.0; 1.0]

Δϕll [−0.28; 0.28] [−0.31; 0.31] [−0.56; 0.56]

O
binary
NN

[−0.23; 0.23] [−0.08; 0.08] [−0.14; 0.14]

6
The event yields obtained after requiring two b jets have been

studied for both the purpose-generated eþe− → l
þ
l
−bb̄ sample

and the combined eþe− → l
þ
l
−H and eþe− → l

þ
l
−Z samples

used in Sec. VA. For the SM, the event yields are nearly 20%
larger when using the eþe− → l

þ
l
−bb̄ sample, across all distri-

butions. For the interference samples, the effect is larger and the
amplitude of the interference spectrum as a function of Δϕll is
increased by nearly a factor of 2. These effects arise from
interferences between signal diagrams (containing a Higgs
boson) and background diagrams (no Higgs boson). We note
that (i) such large interference effects between Higgs and non-
Higgs processes have been largely overlooked in previous
electron-proton collider studies and (ii) that the constraints
achieved in Sec. VA are likely conservative.

7
The observation that the Higgs boson decay products carry no

relevant information onCP-violating effects in theHZZ coupling
was cross-checked in the H → ττ channel. Similar results were
obtained.
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samples are produced at
ffiffiffi

s
p ¼ 250 GeV for each of the

four initial-state polarization configurations (discussed in
Sec. II), which are then summed to produce the expected
mix of polarizations expected at the LCF. The same event
selection criteria are applied as in Sec. VA. Following this
selection, 25,300 signal events are predicted for an inte-

grated luminosity of 3 ab−1 at
ffiffiffi

s
p ¼ 250 GeV. The cor-

responding background yields are 1110 and 7960 for
eþe− → ZZ and eþe− → WþW−, respectively.
Figure 3 shows the expected event yields as a function of

Δϕll in the electron channel, for each of the initial-state
beam polarization configurations. The interference struc-
ture induced by each operator is heavily dependent on the
beam polarization. For example, the interference induced

by the Õ
ΦB̃ operator flips sign between the fþ80%;−30%g

and f−80%;þ30%g configurations. Furthermore, with
respect to the SM, the magnitude of the interference
contribution induced by this operator is much larger for
the fþ80%;þ30%g and f−80%;−30%g configurations
than for the fþ80%;−30%g and f−80%;þ30%g configu-
rations. To exploit the sensitivity to different beam polar-
izations when constructing the ML-based observables,
dedicated classifiers are trained for each initial-state polari-
zation configuration, and the ONN distributions are then
combined in the likelihood when setting limits on the
Wilson coefficients.

The 95% confidence intervals on the c
ΦB̃=Λ

2, c
ΦW̃=Λ

2,

and c
ΦW̃B=Λ

2 Wilson coefficients are presented in Table III.
The results are shown for both polarized and unpolarized
beams. The beam polarization has a significant effect,
improving the limits by a factor of 1.2–1.8 compared to the
unpolarized case, depending on the distribution used in the

limit setting. The improvement in sensitivity when exploit-
ing beam polarization at the LCF partially mitigates the
impact of smaller event yields caused by the lower
luminosity at the LCF (compared to FCC-ee).

VI. ZH PRODUCTION AT pp COLLIDERS

The sensitivity of ZH production at pp colliders is

studied in the dominant H → bb̄ decay channel. An

inclusive sample of pp→ l
þ
l
−bb̄ events is generated

at order α4EW, which includes contributions from both signal

(ZH production) and diboson backgrounds (ZZ produc-
tion). The cross section for the SM and interference

samples is then scaled by a factor σNNLOZH =σMG
ZH , where

σNNLOZH and σMG
ZH are the cross sections for ZH produc-

tion calculated by the LHC Higgs cross section working
group [44,45] and by MadGraph5, respectively. The SM
sample is then scaled by an additional factor to account for
missing loop-induced gg → ZH contributions [45]. Finally,

an additional sample of lþl−bb̄ events is generated at

order α2EWα
2

QCD to account for the dominant Z þ jets

background.
Events are required to satisfy selection criteria consistent

with a recent ATLAS analysis of ZH production in the

H → bb̄ decay channel [46]. Two same-flavor leptons are
required, each with pT > 7 GeV and jηj < 2.47 (electrons)
or jηj < 2.7 (muons). The dilepton system is required to

satisfy pll

T > 150 and 81 < mll < 101 GeV. Jets are

reconstructed and required to have pT > 20 GeV
(jηj < 2.5) or pT > 35 GeV (2.5 < jηj < 4.5). Exactly
two b-tagged jets are required, and at least one of these
is required to have pT > 45 GeV. The invariant mass of the

FIG. 2. Expected event yields for eþe− → ZH production in the H → bb̄ decay channel at FCC-ee. Distributions are shown as a
function of Δϕll in (a) the electron decay channel of the Z boson and (b) the muon decay channel of the Z boson.
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b-jet pair is required to satisfy 110 < mbb̄ < 150 GeV.
8

Following this event selection, the signal yield for
ZH þ ZZ production is predicted to be 133 events at

LHC and 207,000 at FCC-hh. The background from

Z þ jets is estimated to be 3300 at LHC and 13.9 × 106

at FCC-hh.
The sensitivity to CP violation in the HZZ coupling is

investigated using the signed azimuthal angle between the

two leptons, Δϕll, as well as observables constructed from

ML classifiers. Figure 4 shows the expected event yields at

FCC-hh as a function of (a) Δϕll and (b) the O
binary
NN

observable obtained after training a binary classifier on the

interference sample from the Õ
ΦW̃ operator. The use of a

binary classifier slightly improves the separation of the SM

and interference contributions when compared to Δϕll

FIG. 3. Expected event yields for eþe− → ZH production at the LCF with inclusive Higgs boson decays and in the electron decay channel

of the Z boson. Distributions are shown as a function of Δϕll for different initial-state beam polarizations, namely, (a) fe−pol; eþpolg ¼
fþ80%;−30%g, (b) fe−pol; eþpolg ¼ f−80%;þ30%g, (c) fe−pol; eþpolg ¼ fþ80%;þ30%g, and (d) fe−pol; eþpolg ¼ f−80%;−30%g.

8
The selection criteria are validated by comparing the measured

event yields in the phase space of the relevant ATLAS analysis
[46], which are the same criteria as used in this article except for
(i) omitting thembb̄ cut and (ii) adding cuts on the ΔR between the
two b jets. Good agreement is observed for the ZH þ ZZ signal
sample, whereas the background from Z þ jets is underestimated
by a factor of 1.3. Note that the background sample is only accurate
to leading order in perturbative QCD, and the agreement in yields
would likely be improved if the cross section were corrected for
missing higher-order effects. The Z þ jets background sample is
therefore scaled by the factor of 1.3 in the studies at all colliders, in
line with the expected QCD corrections [47].
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alone. The use of a multiclass network was investigated, but
no real improvement in sensitivity was observed due to
(i) the lack of statistics in the Monte Carlo samples and
(ii) the fact that the jets merge into a single object at high
Higgs boson transverse momentum. Further studies using
large-R jets and jet substructure techniques would likely
improve sensitivity in this channel further.

The 95% confidence intervals on the c
ΦB̃=Λ

2, c
ΦW̃=Λ

2,

and c
ΦW̃B=Λ

2 Wilson coefficients are presented in Table IV

at LHC, HL-LHC, and FCC-hh. The use of a binary
classifier improves the constraints by approximately
20%–30% compared to the use of Δϕll. As expected,
FCC-hh performs much better than HL-LHC for mea-
surements in the ZH production channel. Interestingly,
for this production and decay channel, the sensitivity to
CP-violatingHZZ interactions at FCC-hh is comparable to

that obtained at FCC-ee for the Õ
ΦW̃ operator. However,

FCC-hh is much less sensitive than FCC-ee for the Õ
ΦB̃

and Õ
ΦW̃B operators.

VII. H → 4l AT pp COLLIDERS

The sensitivity to CP-violating interactions in H → 4l

decays is studied using MadGraph5 samples of gg →
H → eþe−μþμ−. The cross section of this sample is only
valid to leading order in QCD and is therefore scaled by

a factor σN
3LO

gg→H=σ
MG
gg→H, where σN

3LO
gg→H and σMG

gg→H are the

cross sections for gluon fusion production calculated by
the LHC Higgs cross section working group [44] and by
MadGraph5, respectively. Furthermore, the H → 4l branch-
ing ratio is rescaled to include relevant corrections [48].
Concretely, the MadGraph5 sample cross section is further

scaled by a factor Γbest
H→4l

=ΓMG
H→4l

, where Γbest
H→4l

and Γ
MG
H→4l

FIG. 4. (a) Expected event yields for ZH production at FCC-hh in the H → bb̄ decay channel as a function of Δϕll. (b) Expected

event yield as a function of theO
binary
NN observable using a network trained on the interference contribution induced by the Õ

ΦW̃ operator.

TABLE III. 95% confidence intervals on the c
ΦW̃=Λ

2, c
ΦB̃=Λ

2,

and c
ΦW̃B=Λ

2 Wilson coefficients using eþe− → ZH production

at the LCF with an integrated luminosity of 3 ab−1. Results are
shown for the nominal beam polarization at the LCF. The effect
of using unpolarized beams (labeled “unpol”) with the same

integrated luminosity is also shown for comparison. The O
binary
NN

observables are constructed using a binary classifier.

95% confidence intervals (TeV−2)

Observable c
ΦW̃=Λ

2 c
ΦB̃=Λ

2 c
ΦW̃B=Λ

2

Δϕll (pol) [−0.28; 0.28] ½−0.35; 0.35] [−0.38; 0.38]
Δϕll (unpol) [−0.33; 0.33] [−0.63; 0.63] [−0.69; 0.69]

O
binary
NN (pol) [−0.21; 0.21] [−0.11; 0.11] [−0.19; 0.19]

O
binary
NN (unpol) [−0.25; 0.25] [−0.14; 0.14] [−0.23; 0.23]

TABLE IV. 95% confidence intervals on the c
ΦW̃=Λ

2, c
ΦB̃=Λ

2,

and c
ΦW̃B=Λ

2 Wilson coefficients obtained from studies of ZH

production in the H → bb̄ decay channel at LHC, HL-LHC and
FCC-hh. The CP-sensitive observables include the signed azi-
muthal angle between the two leptons from the Z-boson decay, as
well as the optimized observables defined using a multiclass NN.

95% confidence intervals (TeV−2)

Collider Observable c
ΦW̃=Λ

2 c
ΦB̃=Λ

2 c
ΦW̃B=Λ

2

LHC Δϕll [−5.5; 6.0] [−50; 50] [−15; 14]

O
binary
NN

[−3.8; 3.8] [−36; 36] [−9.7; 9.7]

HL-LHC Δϕll [−1.2; 1.2] [−15; 15] [−4.3; 2.2]

O
binary
NN

[−0.83; 0.83] [−7.7; 7.7] [−2.1; 2.1]

FCC-hh Δϕll [−0.31; 0.31] [−2.6; 2.6] [−0.82; 0.82]

O
binary
NN

[−0.22; 0.22] [−2.2; 2.2] [−0.56; 0.56]
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are the partial widths estimated by the LHC Higgs cross
section working group and by MadGraph5, respectively.
Backgrounds are estimated by producing an inclusive
pp→ eþe−μþμ− sample, with all SM contributions from
H → eþe−μþμ−, Z → eþe−; μþμ−, and ZZ�

→ eþe−μþμ−

included. The background prediction is then estimated per
bin of a distribution using this sample, but after subtracting
the predicted event yields from the gg → H → eþe−μþμ−

sample.
Events are required to pass the selection criteria used by

ATLAS for measurements of H → 4l differential cross
sections [49]. Electrons are required to have pT > 7 GeV
and jηj < 2.47, whereas muons are required to have pT >
5 GeV and jηj < 2.7. The leptons are then ordered in
transverse momentum, and the three leading leptons are
required to have pT > 20, 15, 10 GeV, respectively. The
leptons are then arranged into same-flavor-opposite-sign
(SFOS) pairs, and each pair is required to have ΔR > 0.1.
The SFOS pair with invariant mass closest to the Z-boson
mass is required to have 50 < mll < 106 GeV. The other
SFOS pair is required to have mmin < mll < 115 GeV,
where mmin is a threshold ranging from 12 to 50 GeV [49].
Finally, the invariant mass of the four-lepton system is
required to be 120 < m4l < 130 GeV.
After applying the selection criteria, 79 SM H →

eþe−μþμ− events are predicted for the LHC Run-II dataset.
This is similar to the predicted yield obtained in the ATLAS
analysis [49]; the remaining differences can be attributed to
the simple detector efficiency and resolution parametriza-
tions used in DELPHES. The SM Higgs boson event yields
predicted at HL-LHC and FCC-hh are 1700 and 364,000,
respectively. The background predictions are scaled by a

constant normalization factor in order to reproduce the
measured background yields in the ATLAS analysis and
account for missing higher-order effects in the QCD
calculation. The final predicted background yields are
50, 1070, and 89,000 at LHC Run-II, HL-LHC, and
FCC-hh, respectively.
Figure 5 shows the expected event yield for H →

eþe−μþμ− at FCC-hh as a function of (a) Φ4l and
(b) as a function of both Φ4l and m12, where m12 is the
invariant mass of the SFOS pair that is closest to the Z pole.
The features of the distributions are broadly similar to those
observed in previous LHC-based studies [35], specifically
that the observed asymmetry in Φ4l flips in sign when
comparing on-shell and off-shell Z bosons.

The 95% confidence intervals on the c
ΦB̃=Λ

2 and

c
ΦW̃B=Λ

2 Wilson coefficients are presented in Table V

FIG. 5. (a) The expected event yield for H → eþe−μþμ− at FCC-hh as a function of Φ4l, for both SM events and the interference

contributions predicted for the Õ
ΦB̃ and Õ

ΦW̃B operators. (b) The expected yield of the interference contribution predicted by the Õ
ΦW̃B

operator as a function of Φ4l and m12, where m12 is the invariant mass of the SFOS pair that is closest to mZ.

TABLE V. 95% confidence intervals on the c
ΦB̃=Λ

2 and

c
ΦW̃B=Λ

2 Wilson coefficients obtained using H → eþe−μþμ−

production at the LHC, HL-LHC, and FCC-hh. c
ΦW̃ is predomi-

nantly constrained using WBF discussed in Sec. VIII.

95% confidence intervals (TeV−2)

Collider Observable c
ΦB̃=Λ

2 c
ΦW̃B=Λ

2

LHC Φ4l [−1.4; 1.4] [−5.5; 5.5]
Φ4l vs m12 [−0.83; 0.84] [−1.7; 1.7]

HL-LHC Φ4l [−0.29; 0.29] [−1.2; 1.2]
Φ4l vs m12 [−0.14; 0.14] [−0.27; 0.27]

FCC-hh Φ4l [−0.017; 0.017] [−0.077; 0.077]
Φ4l vs m12 [−0.007; 0.007] [−0.015; 0.015]
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at LHC Run-II, HL-LHC, and FCC-hh. The expected

sensitivities at LHC are in good agreement with previous

studies [35]. The much larger event yields at HL-LHC and

FCC-hh allow a finer binning of the Φ4l and m12 phase

space in the likelihood fit, which, in turn, improves the

constraints on the Wilson coefficients by more than naively

expected from just cross section and luminosity consid-

erations. The constraints on the c
ΦB̃=Λ

2 and c
ΦW̃B=Λ

2

Wilson coefficients at FCC-hh are a factor of 20 (150)

better than those obtained at HL-LHC (LHC) for this

process. When compared to the constraints obtained for

ZH production in the H → bb̄ decay channel at FCC-ee

(Sec. V), the constraints on the c
ΦB̃=Λ

2 and c
ΦW̃B=Λ

2

Wilson coefficients are improved by approximately an

order of magnitude.

VIII. Hjj PRODUCTION AT pp COLLIDERS

Weak boson fusion production of the Higgs boson has

been shown to provide the most stringent constraints on the

CP-odd operator c
ΦW̃ [50]. As such, the sensitivity to this

particular operator at pp colliders was further studied in

Hjj production. Decays of the Higgs boson into two τ

leptons (H → τþτ−) are targeted [51]. A sample of qq̄ →

τþτ−qq̄ is generated at leading order using MadGraph5, for

both WBF and VH events. The invariant mass of the final-

state leptons (mll) of the generated events is required to

be within [123, 127] GeV, in order to ensure that a very

large fraction of H → τþτ− events is produced. The cross

section of the generated sample is scaled by a factor of

σNNLOWBF =σMG
WBF, where σNNLOWBF and σMG

WBF are the WBF cross

section calculated by the LHC Higgs working group

[44,52] and MadGraph5, respectively. An additional qq̄ →

τþτ−qq̄ sample is generated at leading order with a

requirement of 78 < mll < 103 GeV, in order to estimate

the dominant Zjj background.
Events are selected following the criteria used by

ATLAS for measurements of WBF Higgs boson production

in the H → τþτ− decay channel [53]. Three final states are

targeted: two different flavor leptonically decaying τ

leptons (τlepτlep); one hadronically and one leptonically

decaying τ lepton (τhadτlep); and two hadronically decaying

τ leptons (τhadτhad). Electrons are required to have pT >

15 GeV and jηj < 2.47, excluding the ATLAS detector

transition region of 1.37 < jηj < 1.52. Muons are required

to have pT > 10 GeV and jηj < 2.5. τhad candidates are

required to have pT > 20 GeV and jηj < 2.47, vetoing the

transition region. Jets are required to have pT > 20 GeV

and jηj < 2.5 and to not be tagged as τ leptons. The impact

of ATLAS triggers is emulated by requiring that events

have either at least one electron with pT > 27 GeV, one

muon with pT > 27.3 GeV, one electron with pT >

18 GeV and one muon with pT > 14.7 GeV, or two τhad
with pT > 40 and pT > 30 GeV, respectively.

A dedicated event selection is applied depending on the
analysis channel considered. In the τlepτlep channel, events

are required to have one electron and one muon with an
invariant mass of 30 < meμ < 100 GeV. In the τlepτhad
channel, events are considered if they have one τhad and
either one electron or one muon. The transverse mass of the
lepton and missing transverse momentum system (mT) is
required to be larger than 70 GeV. Events are selected in the
τhadτhad channel requiring exactly two τhad candidates. In all
decay channels, the two final-state objects are required to
have opposite charge and angular requirements are placed
on ΔRττ and jΔηττj and the pT of the leading jet in the
event. The invariant mass of the di-τ system calculated
using the collinear approximation is required to satisfy

mcoll
ττ > 110 GeV. Furthermore, selection requirements are

applied on the missing transverse momentum (Emiss
T ) and on

the fraction of pTðτÞ carried by the visible decay products.
Events are required to have at least two jets and are

vetoed if they have one b-tagged jet passing the afore-
mentioned jet object selections. The invariant mass of the
two leading jets in the event must be greater than 350 GeV,
and the absolute pseudorapidity difference between them
must be greater than 3. Furthermore, the two jets must be in
opposite hemispheres of the detector, and the τ lepton
decay products must be contained in the rapidity interval
between those two jets. Finally, the subleading jet must
satisfy pT > 30 GeV. Following application of the selec-
tion requirements described, the SM prediction for the
number of Hð→ ττÞjj events produced is 212, 4580, and
862,000 at LHC Run-II, HL-LHC, and FCC-hh, respec-
tively. The predicted background yields are 1680, 36,200,

and 16 × 106 at the LHC, HL-LHC, and the FCC-hh,
respectively.

9

Figure 6 shows the expected event yields for Hð→ ττÞjj
at FCC-hh as a function of (a) Δϕjj and (b) as a function of

the CP-odd observable produced by a multiclass NN. The
NN was trained on jet kinematics using both the interfer-
ence event sample and the SM Hjj event sample. It was
verified that the inclusion of kinematic information from
the di-τ system provides no significant improvement to
the NN performance. As expected, for both CP-odd

9
The SM yields are validated against the relevant ATLAS

publication [53]. This analysis uses the same selection criteria
used in this study, with the exception of the requirement
of mcoll

ττ > 110 GeV. Instead, a requirement of mcoll
ττ >

ðmZ − 25Þ GeV, where mZ is the mass of the Z boson [54], is
only applied in the lepton-lepton channel. The validation is done
against the sum of yields from regions WBF_0 and WBF_1
described in Ref. [53], which are defined through the application
of a boosted decision tree tagger. TheHjj predictions obtained in
this study are very similar to the yields reported by ATLAS. The
Zjj prediction is scaled by a factor Ntotal=NZjj, in which Ntotal is
the total number of background events reported in Ref. [53]. A
different scaling factor is derived for each final state considered in
the analysis. This scaling factor is applied to the Zjj background
sample in the studies at all colliders.
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observables, the interference contribution is asymmetric
around Δϕjj ¼ 0 and integrates to 0, whereas the pure-SM

distribution is symmetric.

WBF is predominantly sensitive to Õ
ΦW̃ in contrast to

H → ZZ discussed in the previous section, and we focus on
this interaction in the following. The 95% confidence

intervals on the c
ΦW̃=Λ

2 Wilson coefficient for the different

pp colliders in study are presented in Table VI, using either
Δϕjj or ONN for the statistical analysis. The expected

sensitivities at the LHC are similar to recent constraints by

ATLAS on c
ΦW̃=Λ

2, set using the same signal process [55].
They are also in good agreement with previous studies,
which investigated the use of the same NN-based observ-

ables [35]. The expected sensitivity to the Õ
ΦW̃ operator at

FCC-hh is improved by a factor of 20 (100) compared to
HL-LHC (LHC). Furthermore, this channel provides the

best overall sensitivity to the Õ
ΦW̃ operator, when com-

pared to the constraints obtained for other production and

decay channels considered at FCC-hh (Secs. VI and VII).
When compared to the constraints obtained for ZH

production in the H → bb̄ decay channel at FCC-ee

(Sec. V), the constraints on c
ΦW̃=Λ

2 are improved by an
order of magnitude.

IX. DISCUSSION

The results presented in Secs. V–VIII demonstrate two
clear features. First, the constraints on CP-violating HZZ
interactions will be improved at all future colliders with
respect to the HL-LHC alone. Second, the constraints

obtained at a future hadron collider operating at
ffiffiffi

s
p ¼

100 TeV will be much tighter than those obtained at a future

electron-positron collider operating at
ffiffiffi

s
p ¼ 240 GeV; this

implies that the FCC-hh is better suited to studying CP-
violation in the Higgs sector. In this section, we consider
various limitations that are present in our studies to dem-
onstrate that the main conclusions of the paper are robust.
In our analysis, constraints are placed on Wilson coef-

ficients assuming that a single operator describes any new
physics effects that are present in the data. A more realistic
and model-independent assumption would be to allow all
three operators to be simultaneously constrained in the fit.
The impact of this approach would be to weaken the con-
straints and induce blind directions in the parameter space,
due to the cancellation of asymmetries induced by different
operators. These blind directions can, however, be limited by
performing a global fit across all available CP-sensitive
measurements [56], because each measurement has different
sensitivity to each operator. In a global fit approach, all new
measurements from a future collider would be combined
with all previous measurements at HL-LHC.

FIG. 6. (a) The expected event yields for Hð→ ττÞjj at FCC-hh as a function of Δϕjj, for both SM events and the interference

contributions predicted for the Õ
ΦW̃ operator. (b) The same expected yields as a function of the CP-odd observable produced by a

multiclass NN.

TABLE VI. 95% confidence intervals on the c
ΦW̃=Λ

2 Wilson
coefficient, obtained from analysis of WBF Higgs production in

theH → τþτ− decay channel at the LHC, HL-LHC, and FCC-hh.

Collider Observable c
ΦW̃=Λ

2 (TeV−2)

LHC Δϕjj [−0.89; 0.89]

Omulti
NN

[−0.74; 0.73]

HL-LHC Δϕjj [−0.19; 0.19]

Omulti
NN

[−0.16; 0.16]

FCC-hh Δϕjj [−0.016; 0.016]

Omulti
NN

[−0.007; 0.007]
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The operators that induce CP asymmetries in HZZ
interactions also affect other final states, and measurements
of these final states would provide additional sensitivity in
a global fit. Measurements of WH production [57–59],
inclusive Wγ production [60], and vector boson fusion
(VBF) Z production [12] at hadron colliders would add
substantial extra sensitivity. This also extends to dimen-
sion-six operators not considered in this work, e.g.,
Refs. [11,61]. Likewise, measurements of Hlþl− produc-
tion at additional center-of-mass energies at a lepton
collider could help untangle the contributions from ZH
production and VBF Higgs production. Furthermore, it is
important to recognize that the operators that induce CP
asymmetries in HZZ interactions also affect noncollider
experiments, and CP violation has been formidably con-
strained by the measurement of anomalous electric dipole
moments (EDMs). The EDM constraints, however, are also
susceptible to blind directions in the parameter space and
are particularly affected when CP violation across the three
fermion families is considered [62]. Global fits to collider
and EDM measurements will mitigate this issue and
additional flavor-specific insight can be gained from
collider-based analyses of top quark interactions [9,63].
At hadron colliders, the validity of the EFT expansion is

a valid concern because the large center-of-mass energy
provides access to momentum scales at (or above) the new
physics scale Λ. Such considerations have limited impact
on the results presented in this paper. First, the H → 4l

measurements are performed at the Higgs pole and there-
fore largely unaffected. Second, for ZH production, ques-
tions over EFT validity would only arise if the Z and H
have high momentum. However, this coincides with the
“boosted” limit in which the Higgs boson decay products
are merged into a single large-radius jet; our results are
obtained for resolved jets at lower transverse momentum.
Finally, for VBF Higgs production, we assessed the EFT
validity directly by rederiving constraints on Wilson coeffi-
cients after removing EFT contributions that are above a
given momentum scale. The constraints on the Wilson
coefficients were unchanged if the jet momenta were
restricted to pT < 500 GeV and weakened only by a
factor of 1.4 if the dijet invariant mass was restricted
to mjj < 2 TeV.

Finally, our analysis is limited to tree-level sensitivity
explorations. It is, however, worthwhile mentioning that the
expected sensitivity at eþe− colliders will enable a detailed
exploration of radiative imprints of CP violation. For
instance, interference with the imaginary part of the one-
loop amplitude with the CP-violating operators will then
manifest itself in asymmetries of CP-even observables,
e.g., in the Z boson’s transverse momentum [64,65].
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Formally, these effects are suppressed by a loop order

compared to the tree-level analysis presented in this work.
The high precision that can be obtained, particularly at an
FCC-ee, however, opens up this direction as a comple-
mentary way for studying CP violation, which requires
careful disentangling from other competing effects. In the
SM, the only source of CP violation is the phase of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix, which has a
small relevance compared to residual theoretical uncertain-
ties (in practical high-energy calculations at proton
machines, the quark mixing is assumed to be absent to a
very good approximation [66]). The Higgs production
eþe− → ZH process in the SM does not have a dependence
on the CKM matrix at next-to-leading order, as only
leptonic charged currents are probed in this process. At
hadron colliders, the dominant uncertainty arises from
QCD corrections. As QCD is CP conserving, the differ-
ential asymmetries considered here are robust beyond rate
changes. The QCD corrections to WBF are known to be
small, e.g., Ref. [67]. Regions of electroweak Sudakov
enhancement [68–70] do not drive the sensitivity (see
above); we therefore expect our results to be robust after
rescaling to total cross sections.

X. SUMMARY AND CONCLUSIONS

The absence of concrete evidence for new physics
beyond the Standard Model at the energy frontier explored
by the Large Hadron Collider contrasts sharply with
experimentally established phenomena that the SM fails
to explain. This apparent conundrum underscores the need
for precision studies beyond the HL-LHC era, especially if
no new physics signals emerge there. One such area is the
search for additional CP violation, which, through
Sakharov’s criteria, can be linked to the observed baryon
asymmetry of the Universe as part of electroweak baryo-
genesis. While the HL-LHC will significantly enhance
sensitivity to CP-violating effects, future experimental
programs at electron-positron and proton-proton colliders
have the potential to set even more ambitious benchmarks
for these searches.
In this work, we present a comprehensive comparison

of sensitivity to new sources of weak gauge-Higgs CP
violation. Leveraging well-motivated, experimentally
accessible processes and specific CP-sensitive observables,
we provide a detailed outlook on the future gauge-Higgs
CP profile, highlighting the capabilities of both electron-
positron colliders and proton-proton colliders. As a
common theme, we find improvements in sensitivity to
CP-violating Higgs boson interactions at all future col-
liders, when compared to the HL-LHC expectations. The
electron-positron colliders (FCC-ee and LCF) are a priori

capable of providing a detailed picture of the electroweak
Higgs boson interactions in a clean environment. However,
the study of asymmetries in appropriately constructed
CP-sensitive observables will reduce the impact of
experimental and theoretical systematic uncertainties.
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This allows FCC-hh to fully utilize the abundance of final
states produced in pp collisions, the larger event yields,
and the additional kinematic information, which collec-
tively compensate for the busier background environment.
Overall, this suggests the FCC-hh is more suited to analyze
the Higgs boson CP properties in great detail.
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