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Searches for additional sources of CP violation at the Large Hadron Collider are a central part of the
Higgs physics program beyond the Standard Model. Studies employing so-called signed observables that
track CP violation through purpose-built asymmetries bolster efforts based on Higgs boson rate analyses
under clear assumptions. A possibility which is, so far, unexplored at the LHC, is a significant nonlinear
realization of CP violation, which is naturally described in nonlinear Higgs effective field theory (HEFT).
We perform an analysis of the HL-LHC potential to constrain such interactions considering a large range of
single and double Higgs production processes, including differential information where this is statistically
and theoretically possible. A particular emphasis of our work is distinguishing expected correlations in the
Standard Model effective field theory from those attainable in HEFT.
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I. INTRODUCTION

The interactions of the Higgs boson are generally
considered as harbingers of new interactions beyond the
Standard Model (BSM). The precision study of the Higgs
boson at the Large Hadron Collider (LHC) has therefore
opened a new territory in our understanding of the
electroweak scale. While the precise nature of the latter
is still unclear, it is reasonable to expect that whatever
the mechanism responsible for electroweak symmetry
breaking, it might have wider ramifications for the as
yet unresolved questions of the SM.
In BSM scenarios, such as multi-Higgs extensions, the

Higgs boson interactions can introduce additional sources
of CP violation which can address one of the Sakharov
criteria that the SM falls short of [1–3]. From a theoretical
standpoint, certain Higgs couplings are more susceptible
to pronounced new physics effects. For instance, the
extensively studied CP-odd Higgs-vector boson inter-
actions can appear only through operators of dimension-six
or higher [4,5], being naturally suppressed by the new
physics scale. In contrast, CP-odd Higgs-fermion cou-
plings can already appear at tree level leading to naturally

larger CP-violation effects. The top quark Yukawa cou-
pling, owing to its magnitude, plays a crucial role in this
discussion and emerges as a particularly sensitive probe for
physics beyond the SM.
Model-agnostic approaches employing effective field

theory highlight a range of effective interactions in a
coarse-grained dimension-six approach that have been
scrutinized in a range of experimental analyses at the
LHC so far. In particular, additional ðCÞP violation in the
top-Higgs sector

∼it̄γ5th ð1Þ

can be constrained in gluon fusion [6–8] and top-Higgs
production [9–12].1 The relevance of CP-violating Yukawa
interactions for low-energy precision dipole measurements
have been revisited recently in Ref. [14].
One way of pinning down such interactions phenom-

enologically at hadron colliders is the construction of
asymmetric observables, which then serve as strong tests
of CP-violation without relying on CP-even rate informa-
tion such as cross sections or transverse-momentum spec-
tra. However, for some processes, the expected rate even at
3/ab of the high-luminosity (HL) LHC phase is too limited
to construct statistically sensible asymmetries. In addition,
some processes, e.g., involving scalar final states, do not
show interference-related asymmetries. Either case then
warrants their inclusion under the hypothesis that no
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1Approaches to disentangle these top-Yukawa interaction
modifications from ∼GμνG̃

μνh contact interactions have been
discussed in [13].
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additional sources of new physics are present, relying on
simple hypothesis testing.
In this work, we ask the question of how sensitive the

LHC can be to sources of nonlinear CP violation. While
Ref. [13] discusses approaches to disentangle gluonic from
top-philic sources, the question of how correlated CP
violation across different Higgs multiplicities remains
open. Such freedom becomes apparent within the context
of Higgs Effective Field Theory (HEFT) when contrasted
with correlations expected within the Standard Model
Effective Field Theory (SMEFT) [5,15]. This possibility
also opens up a novel avenue to decouple dipole moment
constraints from TeV scale investigations. As shown
in [14], dipole constraints are highly constraining when
considering exclusively the interaction of Eq. (1), but can
be significantly relaxed when considering analogous CP
violation for light-flavor Higgs interactions. This comes at
the price of a loss of phenomenological sensitivity, as such
Higgs interactions are phenomenologically not always
accessible at the LHC. CP violation measured in low-
energy dipole measurements dominantly sourced in di-
Higgs interactions would be further loop and light-flavor
Yukawa suppressed and will therefore be less constrained.
This paper is organized as follows: In Sec. II, we introduce

the interactions studied in this work. Particular emphasis is
given to the distinctive patterns of CP violation predicted in
SMEFT as opposed to the more general HEFT parametriza-
tion. The accurate discrimination of nonlinear CP violation
requires a robust statistical handle on single Higgs produc-
tion processes, serving as a prerequisite for the subsequent
utilization of di-Higgs production to effectively constrain
nonlinearity. The processes and the assumptions under
which they are included in this work are detailed in
Sec. III. Section IV is devoted to the discussion of our fit
to nonlinear CP violation. We summarize in Sec. V.

II. HEFTY CP VIOLATION

As alluded to above, within the SMEFT approach, we
consider the operator

OtΦ ¼ jΦj2Q̄LΦctR; ð2Þ

where Φ denotes the Higgs doublet, Φc ¼ iσ2Φ�, and QL,
tR are the left and right-chiral fermion doublet and singlet
relevant for the top interactions, respectively. This operator
leads in the broken phase to P-violating interactions for
complex Wilson coefficients. Therefore, signs of CP
violation across different Higgs multiplicities are correlated
as a consequence of the SUð2Þ doublet structure of the
Higgs boson. For instance, the CP-violating tree-level
three- and four-point irreducible vertex functions obey

Γt̄th

Γt̄th2

����
γ5;SMEFT

¼ v
3
; ð3Þ

with v ≃ 246 GeV as the vacuum expectation value of the
Higgs field. In this context, although additional sensitivity
from CP-sensitive observables in tt̄hh production are
welcome, CP violation in the top Higgs sector under the
assumptions of SMEFT should manifest themselves pre-
dominantly in single Higgs physics, which provides the
most significant statistical pull in a global analysis.
A phenomenologically identical parametrization of

Eq. (2), which we will use in the following, is given by

LSMEFT
α;1 ¼ −

mt

v
κtt̄ðcos αþ iγ5 sin αÞth: ð4Þ

Here, α represents the CP phase and κt is a real number that
determines the strength of the interaction. In this para-
metrization, the SM is characterized by κt ¼ 1 and α ¼ 0.
Conversely, for a purely CP-odd interaction, α would be
equal to π=2. This parametrization can be identified with
Eq. (2) (after renormalization of the SM Yukawa couplings
and assuming a purely CP-even SM coupling of the top
quark)

1

Λ2

�
ReCtΦ

ImCtΦ

�
¼ −

ffiffiffi
2

p
mt

v3

�
κt cos α − 1

κt sin α

�
: ð5Þ

This directly leads to

LSMEFT
α;2 ⊃ −

3mt

2v2
t̄ðfκt cos α − 1g þ iκtγ5 sin αÞth2; ð6Þ

which also shows that the tt̄hh interactions vanish for the
SM point, ðκt; αÞSM ¼ ð1; 0Þ.
Turning to HEFT, which highlights the Higgs boson as a

custodial singlet [16–24], the top quark mass arises from
the nonlinear sigma model of SUð2ÞL×SUð2ÞR→SUð2ÞV
that can be parametrized as

UðπaÞ ¼ expðiπaτa=vÞ; ð7Þ

with SUð2Þ generators τa and Goldstone fields πa. This
field transforms under general SUð2ÞL × SUð2ÞR trans-
formations as U → LUR† so that the top quark mass
arises from

Ot̄t ¼ −mtQ̄LUtR: ð8Þ

Owing to the singlet character of the Higgs boson in HEFT,
this operator can be dressed with a “flare” function

YtðhÞ ¼ 1þ cð1Þ
h
v
þ cð2Þ

h2

2v2
þ…; ð9Þ

suppressing higher monomials of the singlet Higgs field,
which are phenomenologically not relevant. This leads to
CP-violating effects analogous to Lα
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LHEFT ⊃ −
mt

v
κtt̄ðcos αþ iγ5 sin αÞth

−
mt

2v2
κttt̄ðcos β þ iγ5 sin βÞth2: ð10Þ

However, it is important to note a significant exception; the
Higgs multiplicities remain uncorrelated in this context.
The expressions for cð1Þ and cð2Þ become

cð1Þ ¼ κteiα; cð2Þ ¼ κtteiβ: ð11Þ

The relative strength ofCP violation for the three- and four-
point interactions is now characterized by

Γt̄th

Γt̄th2

����
γ5;HEFT

¼ κt
κtt

sin α
sin β

v; ð12Þ

where the SMEFT trajectory can be recovered by the
HEFT choices

κ2tt ¼ 9ð1 − 2κt cos αþ κ2t Þ;

tan β ¼ κt sin α
κt cos α − 1

: ð13Þ

CP measurements at ATLAS and CMS are typically
carried by constructing asymmetries or “signed” observ-
ables which isolate interference effects between new
physics and SM contributions. Writing the amplitude of
the scattering processM ¼ MSM þMO, withMO denot-
ing the BSM part, the partonic cross sections scale as

dσ
dLIPS

∼ jMSMj2 þ 2ReðMSMM�
OÞ þ jMOj2: ð14Þ

Squared CP-odd contributions manifest in CP-even
distributions, such as cross sections, transverse momen-
tum distributions, etc. The interference effects between
SM and new physics cancel in these CP-even distribu-
tions and are resolved through purpose-built observables.
However, for processes with limited statistics, achieving a
binned distribution might not always be attainable, even
during the high-luminosity phase of the Large Hadron
Collider (HL-LHC). We detail the processes we include
in our study in Sec. III.

III. SENSITIVE PROCESSES AND DETAILS
OF THE ANALYSIS

A. Inclusive gg → h production

Gluon fusion Higgs production has become one of the
standard candles to study electroweak symmetry breaking
at the LHC ever since the Higgs boson’s discovery. The
phenomenological precision program is well underway and
the experiments have laid out a detailed roadmap towards
the HL-LHC phase. When rate information is considered,

the cross section and decay widths are known to provide
important handles on potential CP violation (see, e.g.,
Refs. [25,26]). To reflect the sensitivity of this process
to phases of Yukawa interactions as discussed above,
we employ the ECFA extrapolation by CMS outlined in
Ref. [27]. Specifically, we consider the h → γγ and
h → ZZ signal strength extrapolations, which forecast a
sensitivity at 95% CL of

δμ

μ
ðgg → h → γγÞ ¼ 3.3%; ð15Þ

δμ

μ
ðgg → h → ZZÞ ¼ 4.6%: ð16Þ

We also include h → ττ based on an extrapolation of
Ref. [28] which sets

δμ

μ
ðgg → h → ττÞ ¼ 9.7%: ð17Þ

This aligns with the ECFA projection presented in
Ref. [27]. To achieve this, we use MadGraph5_aMC@NLO to
interpolate the cross section, using a model generated with
FeynRules [29], NLOCT [30], and UFO [31] in the finite top
mass limit. This interpolation accounts for various coupling
choices and is then reweighed based on the SM result to
reflect higher-order QCD corrections [32–34]. Throughout
this work, we take into account the modifications of the
Higgs branching ratios due to the modified top-Yukawa
couplings.

B. Gluon fusion h+ 2j production

The production of a single Higgs boson in association
with two jets is a sensitive process due to the introduction
of the “signed” angular separation between the tagging
jets [6,8,35]. Ordering the jets in rapidity ηj1 > ηj2, the
azimuthal angular difference

Δϕjj ¼ ϕj1 − ϕj2 ð18Þ

leads to a characteristic angular modulation, which can
be exploited to set constraints on the involved CP-odd
interactions. This renders hþ 2j as a prime candidate for
constraining the single Higgs property as compared to
the nonlinear deviations.2 Therefore, this process has been
used relatively early in the LHC-Higgs program to set
constraints on sources of CP violation.
For our analysis, we use these ATLAS results as a baseline

for extrapolation [37]. We employ the VBFNLO [38,39]
Monte Carlo to include the finite top mass effects that shape

2Gluon fusion of Higgs pairs in association with two jets has
been studied in Ref. [36] and faces significant phenomenological
challenges at the LHC. Therefore, we will not discuss this process
further.
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the phenomenology of the hþ 2j final state, including the
phase of the top Yukawa interaction. For illustrational
purposes, we present the SM and new physics ϕjj distribu-
tions in Fig. 1. We extract efficiencies for a SM sample
mapped onto the results of [37] and generalize these to the
BSM parameter choices involving CP-odd contributions,
following the procedure detailed in [13].

C. Top-associated Higgs production tt̄h

The pp → tt̄h channel plays a crucial role in probing the
Higgs-top CP structure at the tree level, disentangling
possible new physics effects [9,10,40–58]. Several kin-
ematic observables have been proposed in the literature to
investigate the CP structure of the Higgs-top interaction in
this channel. Among those, the Collins-Soper angle θ�,
which is the angle between the top quark and the beam
direction in the tt̄ CM (center of mass) frame, features as
one of the most sensitive observables to CP at the
nonlinear level [47,53] [in the sense of Eq. (14)].
Genuine CP-odd observables can also be defined exploit-
ing the top-quark polarization that is carried over to its
decay products. It is possible to form tensor products
involving the top-quark pair and their decay products,
represented as ϵðpt; pt; pi; pkÞ≡ ϵμνρσp

μ
t pν

t̄ p
ρ
i p

σ
k [47,59].

This tensor product can be simplified as pt · ðpi × pkÞ in
the tt̄ CM frame and provides a basis for defining
azimuthal angle differences that exhibit an odd behavior
under CP transformations

Δϕtt̄
ik ¼ sgn½pt · ðpi × pkÞ� arccos

�
pt × pi

jpt × pij
·
pt × pk

jpt × pkj
�
:

ð19Þ

We present both the Collins-Soper θ� and the azimuthal
angle distribution Δϕtt̄

ll for dileptonic top pair final
states in the top panel of Fig. 2. The tt̄hh channel, which

we will discuss further below, may provide another
complementary avenue to probe the Higgs-top coupling
at the tree level [60]. Observables that mirror those
defined for the tt̄h process can also be established for
this additional channel as presented in the bottom panel
of Fig. 2 (see also [61]).
We extract the direct Higgs-top CP sensitivity at the

HL-LHC from our previous analysis in Ref. [59]. In this
study, we employ a synergy of machine learning techniques
and streamlined kinematic reconstruction methods to
enhance the new physics sensitivity, exploring the complex
tt̄h multiparticle phase space. The analysis encompasses a
range of final states, including hadronic, semileptonic,
and dileptonic top pair decays, all in conjunction with
the Higgs decay h → γγ. It is noteworthy that the exper-
imental projections from ATLAS and CMS indicate that the
h → γγ final state will display the dominant sensitivities to
the tt̄h channel at the HL-LHC [62].

D. Z boson-associated Higgs production

Although the leading contribution for the Higgstrahlung
channel Zh arises at tree level with qq̄ → Zh, this channel
displays relevant Oðα2sÞ corrections through the loop-
induced gluon fusion gg → Zh [63,64], which are particu-
larly important in the boosted regime, pTh ∼mt [65–68].
Setting limits in these exclusive phase-space regions is an
experimental challenge and to obtain a qualitative sensi-
tivity estimate, we perform a more detailed signal vs
background investigation.
We denote the qq̄ and gg subprocesses as ZhDY and

ZhGF, respectively. The ZhGF process exhibits sensitivity to
the linear and quadratic terms of the top-Higgs Yukawa
coupling. Owing to the large destructive interference for the
top Yukawa terms, the ZhGF contribution can be sensitive
to the magnitude and sign of a possible nonstandard top-
Higgs coupling ðκt; αÞ.3
We now investigate the sensitivity to new physics in the

gg → ZðllÞhðbb̄Þ channel. Our signal comprises two
charged leptons, l ¼ e or μ, reconstructing a boosted Z
boson recoiling against two b jets. The main background
processes are Zbb̄, tt̄þ jets, and ZZ. For our analysis, we
generate the signal sample ZhGF using MadGraph5_aMC@NLO

[69,70], while the background samples are simulated with
Sherpaþ OpenLoops [71–73], following the study pre-
sented in Ref. [74]. The ZhDY, Zbb̄, and ZZ background
samples are merged at LO with up to one additional jet
emission using the CKKW algorithm [75,76]. We normal-
ize their cross sections to the NLO rates obtained
from Ref. [66]. Additionally, we generate the tt̄ back-
ground at NLO using the MC@NLO algorithm [77,78],

FIG. 1. Distribution for the azimuthal angle difference between
the two tagging jets Δϕjj, as defined in Eq. (18), specifically for
the hþ 2j sample.

3A comprehensive study of the angular moments for the
Z boson in the ZhGF channel is presented in the Appendix.
These probes work as additional analyzers for the Higgs-top
CP-violation effects.
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considering hadronization and underlying event effects
in our simulation.
To reconstruct the signal events, we require two same-

flavor leptons with opposite-sign charges satisfying pTl >
30 GeV and jηlj < 2.5, within the invariant mass range
75 GeV < mll < 105 GeV. The Z boson is required to
have a large boost, pTll > 200 GeV. We adopt the BDRS
analysis for the h → bb̄ tagging [79], which involves
reclustering the hadronic activity using the Cambridge-
Aachen jet algorithm [80] with R ¼ 1.2. We impose at least
one boosted fat-jet with pTJ > 200 GeV and jηJj < 2.5,
Higgs-tagged using the BDRS algorithm, which demands
three subjets with the two leading subjets being b tagged.
We assume a flat 70% b-tagging efficiency and a 1%mistag
rate. To further improve the signal-to-background ratio,
we impose a constraint on the filtered Higgs mass within

the range jmBDRS
h −mhj < 10 GeV, wheremh ¼ 125 GeV.

The resulting event rate is presented in Table I.

E. Beyond linearity: tt̄hh inclusive hh production

We now turn to the discussion of processes that provide
genuine sensitivity to nonlinearity via the production of
final states containing a pair of Higgs bosons. Such
processes are statistically limited at the LHC, yet in the
case of gluon fusion production gg → hh relatively well
understood, both theoretically and experimentally. In par-
ticular, Higgs pair production has been subject to consid-
erable experimental scrutiny already, and detailed
experimental forecasts for the HL-LHC frontier have been
made available, similar to the case of gg → h production. To
this end, we consider the bb̄γγ þ bb̄ττ extrapolation of [81]

σðhhÞ
σðhhÞSM

< 2; ð20Þ

at 95% CL, which could lower to 1.1 if systematics become
sufficiently well-controlled. Both bb̄ττ and bb̄γγ have
comparable statistical sensitivity and we include them on
an equal footing to our statistical analysis, again taking into
account the effect of modified Higgs branching ratios as a
function of ðκt; αÞ. Similar to the gg → h process, we

FIG. 2. Collins-Soper angle θ� (left) and azimuthal angle distribution Δϕtt̄
ll (right) for tt̄h (top) and tt̄hh (bottom) processes with

dileptonic top pair final state. We consider the SMEFT framework for demonstration purposes.

TABLE I. Signal rate for ZhGF and background rates for ZhDY,
Zbb̄, tt̄, and ZZ. The signal is generated for the SM hypothesis
ðκt; αÞSM ¼ ð1; 0Þ and rates are given in fb after the BDRS
analysis.

ZhGF ZhDY Zbb̄ tt̄ ZZ

BDRS reconstruction
jmBDRS

h −mhj < 10 GeV
0.03 0.16 0.35 0.02 0.02

NONLINEAR CP VIOLATION IN THE TOP-HIGGS SECTOR PHYS. REV. D 108, 115006 (2023)

115006-5



interpolate gg → hh production using MadGraph5_aMC@NLO

in the finite top-mass limit to reflect the constraint from
Eq. (20) within our combined analysis in Sec. IV.
In comparison, the tt̄hh process is rather more complex

and currently only proof-of-principle analyses exist, e.g.,
Refs. [60,82] for the HL-LHC. The former predicts around
10 signal events in the SM for a b-rich final state. Being
statistically limited, shape analyses of signed observables,
which can be constructed similar to the tt̄h process, will not
yield relevant exclusion constraints. Selected, relevant
observables for this channel are illustrated in Figs. 2
(bottom panel) and 3 within the SMEFT and HEFT
frameworks, respectively. Given the statistical limitation,
we incorporate the 95% CL cross section exclusion limit
for tt̄hh

σðtt̄hhÞ
σðtt̄hhÞSM

< 1.4…6.8 ð21Þ

based on the analyses of Refs. [60,82]. This limit does not
include the impact of background systematics, which can
reduce this estimate. However, it is worth highlighting that
within the experimental context, the potential to improve
this channel remains relatively unexplored. We note that the
cross section is driven by the four-point interactions [83],
similar to gg → hh, and has been a focus of studies like for
the composite Higgs framework [84].

IV. A FIT TO NONLINEAR CP VIOLATION
IN THE TOP-HIGGS SECTOR

The asymmetries and total rates are used to set CL limits
on the parameter space ðκt; α; κtt; βÞ, assuming the SM as
the null hypothesis. To this end, we consider a χ2 statistic
defined as

χ2 ¼
X
i

ðNi − NSM
i Þ2

σ2i
: ð22Þ

Here, the index i runs over a binned distribution where this
is statistically warranted, or i ¼ 1 for constraints from cross
sections. Ni denotes the event count in a particular bin
(or the entire signal event count for cross sections) for a
given luminosity, which we set to L ¼ 3 ab−1. We tune the
uncertainties σ2i to reproduce the quoted single channel
sensitivities. Given these individual χ2 contributions,
we can then consider their combination, increasing the
degrees of freedom depending on the hypothesis under
investigation.
Before we turn to combinations and the comparison

between SMEFTand HEFT, it is instructive to highlight the
sensitivity of each of these channels and how multi-Higgs
production serves as means to distinguish nonlinearity. We
will focus on the HL-LHC data set in the following.
In Fig. 4, we show the sensitivity of all channels before

combination, focusing on the SMEFT parametrization
that singles out the correlation of Eq. (13) across the
different Higgs multiplicities. As expected, the most
sensitive channels in SMEFT are those with highest
statistical abundance. Under the assumption of suppressed
competing coupling modification in SMEFT, this is given
by the inclusive gluon fusion rate along the κt direction.
Exploitable angular correlations in the hþ 2j mode aug-
ment the sensitivity along the direction of the CP angle.4

Directly probing the top-Yukawa coupling through the tt̄h
channel also leads to relevant complementary constraints.
Given the reduced sensitivity in the multi-Higgs pro-

duction, the ðκt; αÞ constraints carry over from the SMEFT
parametrization to HEFT, modulo changes in the number of
degrees of freedom and the small pull provided by the
SMEFT correlation in light of the correlation of Eq. (13).

FIG. 3. Collins-Soper angle θ� for the tt̄hh process in the HEFT
framework. We use κt ¼ κtt ¼ 1 and α ¼ 0 for illustration. FIG. 4. 95% CL limits on ðκt; αÞ for the 13 TeV HL-LHC with

3 ab−1 in the SMEFT framework, for which ðκtt; βÞ are related to
the former via Eq. (13).

4This information is also accessible at the interference level in
Eq. (14) and is therefore relatively robust with regard to
linearizing differential cross sections in the EFT expansion.
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The importance of the latter correlation becomes clear
when contrasting the gg → hh and tt̄hh combination in
SMEFT against HEFT for κtt ¼ β ¼ 0, as depicted in
Fig. 5. This comparison highlights the relevance of quartic
tt̄hh contact interactions for these final states. As can be
seen, these particular BSM contact interactions drive the
cross section for the di-Higgs production modes.
Assuming a SM value in HEFT for the single Higgs

modes, ðκt; αÞ ¼ ð1; 0Þ, the expected constraints from
purely nonlinear CP violation are given in Fig. 6. As
can be seen, the multi-Higgs production modes can be used
to set constraints mostly on the magnitude of the contact
interaction, whilst the expected sensitivity is not large
enough to constrain its phase. This blind direction could
potentially be explored through the multi-particle final state
kinematics as illustrated in Fig. 3. However, achieving this
may necessitate a higher event rate and might realistically
only become feasible at upcoming higher-energy colliders,
such as the FCC-hh [83,85].

SMEFTy extensions close to the decoupling limit select
a subspace of HEFT. Given the correlation predicted by
SMEFT-like extensions of the SM, we can therefore
employ these production modes to highlight the expected
sensitivity for κtt; β when comparing SMEFT and HEFT in
Fig. 6. The SMEFT contour highlights the correlation of a
combined fit of the most sensitive single Higgs channels in
SMEFT projected onto the ðβ; κttÞ plane given the corre-
lations of Eq. (13). For illustration purposes, we limit the
HEFT parameter space to SM couplings in the single Higgs
sector (the corresponding couplings will be relatively well
measured at 3=ab and the di-Higgs cross sections are
predominantly sensitive to the multi-Higgs couplings).
Clearly, a SM-like outcome of the single Higgs measure-
ments renders the available parameter space in the di-Higgs
couplings relatively limited in SMEFT. Even if the opti-
mistic tt̄hh constrain is relaxed to looser constraints,
gg → hh production is still sensitive to significant quartic
tt̄hh vertices and associated CP violation in HEFT.
When reducing the size of κtt, the sensitivity to β is

naturally suppressed. Higher sensitivity in the relevant chan-
nels is therefore key to further maximize the LHC potential;
the tt̄hh contour in Fig. 6 only slightly bends for larger
angles β. Perhaps an unrealistic improvement over the quoted
constraints would extend the β sensitivity. The role of tt̄hh
production remains critical, even when only the κtt effects are
considered. Feasibility studies beyond a first exploratory
studies, e.g., [82], should continue to maximize the value
of LHC data. Of course, the statistical limitations present for
multi-Higgsmode at the LHC are naturally relaxed at a future
hadron machine such as FCC-hh, envisioned to operate at
100 TeV with a target luminosity of 30 ab−1. A more fine
grained approach exploiting angular correlations as demon-
strated in Figs. 2 (bottom panel) and 3 will become possible,
which will lead to a qualitatively new tt̄hh exclusion.

FIG. 5. 95% CL limits on the ðκt; αÞ plane at the 13 TeV HL-
LHC with 3 ab−1 of data for hh and tt̄hh channels in SMEFT
(top) and HEFT (bottom) frameworks with ðκtt ¼ 0; β ¼ 0Þ. We
also highlight the importance of the tt̄hh channel in collapsing the
available parameter space, a nontrivial combination is shown for
the stringent tt̄hh assumption.

FIG. 6. 95% CL limits on ðκtt; βÞ at the 13 TeV HL-LHC with
3 ab−1 of data for hh and tt̄hh channels in the HEFT framework
with ðκt ¼ 1; α ¼ 0Þ. The SMEFT region selected from a fit to
single Higgs data is highlighted for comparison.
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V. CONCLUSIONS

In this work, we have examined the potential of the
LHC to constrain CP phases of the top-Yukawa inter-
actions combining the sensitivity of a range of single-
and double Higgs production processes. Single Higgs
processes encompass all the relevant correlations in
dimension-six SMEFT, and multi-Higgs production does
not lead to significant sensitivity gain. However, this
paradigm shifts when considering nonlinear sources of
CP violation. Given the limited rates of multi-Higgs
production at the LHC, the resulting constraints are
naturally less stringent than those anticipated from single
Higgs physics, especially when incorporating rate infor-
mation under appropriate assumptions. Nonetheless, the
LHC shows sensitivity, in particular when discriminating
between SMEFTy and HEFTy CP violation in the top-
Higgs sector.
Our work readvertises the relevance of the tt̄hh and

inclusive hh sensitivity studies. For scenarios that are more
closely related to the HEFT parametrization, the multi-
Higgs rates also play central roles in honing sensitivity to
nonlinear CP violation. Although these processes suffer
from limitations at the LHC and their resulting constraints
are relatively weak when compared to SMEFT correlations,
they provide unique avenues for probing such interactions,
in particular because lowenergy precision experiments
(e.g., dipole measurements) will have reduced sensitivity
compared to SMEFT.
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APPENDIX: CP-VIOLATION EFFECTS
TO THE Z BOSON ANGULAR MOMENTS

IN THE gg → Zh PROCESS

The angular moments for the Z boson can be used as
analyzers for the Higgs-top CP-violation effects in the
loop-induced gg → Zh process. In general, the differential

cross-section for the described process can be repre-
sented as

1

σ

dσ
d cos θdϕ

¼ 3

16π

�
1þ cos2θ þ A0

2
ð1 − 3cos2θÞ þ A1 sin 2θ cosϕ

þ A2

2
sin2θ cos 2ϕþ A3 sin θ cosϕþ A4 cos θ

þ A5sin2θ sin 2ϕþ A6 sin 2θ sinϕþ A7 sin θ sinϕ

�
;

ðA1Þ
where θ and ϕ denote the polar and azimuthal angles of the
l− lepton in the Z boson rest frame. The eight coefficients
Ai, i ¼ 0;…; 7, correspond to the degrees of freedom
for the polarization density matrix of a spin-1 particle.
Remarkably, the three coefficients A5;6;7 are proportional
to the relative complex phases of the scattering ampli-
tudes [74]. Hence, when associated to depleted strong
phase contributions from loop contributions, these coef-
ficients can be sensitive to truly CP-violation effects.
To extract the angular coefficients Ai from our

Monte Carlo simulation, we recognize that Eq. (A1)
represents a spherical harmonic decomposition for the
differential cross section, utilizing real spherical harmonics
Ylmðθ;ϕÞ of order l ≤ 2 [86]. Consequently, we can access
the angular coefficients by exploring the orthogonality
relations of the spherical harmonics. The angular coeffi-
cients are projected out using the following relations:

A0 ¼ 4 − h10cos2θi; A1 ¼ h5 sin 2θ cosϕi;
A2 ¼ h10sin2θ cos 2ϕi; A3 ¼ h4 sin θ cosϕi;
A4 ¼ h4 cos θi; A5 ¼ h5sin2θ sin 2ϕi;
A6 ¼ h5 sin 2θ sinϕi; A7 ¼ h4 sin θ sinϕi; ðA2Þ

and the weighted normalization is defined as

hfðθ;ϕÞi≡
Z

1

−1
d cos θ

Z
2π

0

dϕ
fðθ;ϕÞ

σ

dσ
d cos θdϕ

: ðA3Þ

In Table II, we present the angular coefficients Ai for the
gg → lþl−h process, considering the SM and new physics

TABLE II. Angular coefficients Ai for the loop-induced process gg → lþl−h with minimum selections pT;ll > 200 GeV,
75 GeV < mll < 105 GeV. We derive the angular coefficients Ai in the Collins-Soper frame [87]. Uncertainties are derived from
Monte Carlo statistics.

A0 A1 A2 A3 A4 A5 A6 A7

SM 0.027� 0.003 0.001� 0.005 −0.976� 0.005 −0.003� 0.004 −0.003� 0.004 0.000� 0.004 0.001� 0.005 −0.003� 0.005
α ¼ π=4 0.016� 0.003 −0.006� 0.005 −0.968� 0.005 0.002� 0.004 0.003� 0.004 −0.009� 0.004 0.000� 0.005 0.011� 0.005
α ¼ −π=4 0.017� 0.003 0.001� 0.005 −0.962� 0.005 −0.002� 0.004 0.002� 0.004 −0.002� 0.004 0.003� 0.005 0.003� 0.005
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scenarios α ¼ π=4 and −π=4. Two comments are in order.
First, we observe subleading strong phase contributions
from the one-loop calculation to the coefficients A5;6;7, as
evident from the SM scenario. Second,CP-violation effects

are also depleted in the same coefficients as seen for the
α ¼ π=4 and −π=4 scenarios. Notably, the only statistically
significant CP phase α for the spin density parametrization
arises in the coefficient A0.
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