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We present results from a complete next-to-leading order (NLO) calculation of eþe− → ZH in the
standard model effective field theory (SMEFT) framework, including all contributions from dimension-six
operators. At NLO, there are novel dependencies on CP violating parameters in the gauge sector, on
modifications to the Higgs boson self-couplings, on alterations to the top quark Yukawa couplings, and on
four-fermion operators involving the electron and the top quark, among others. We show that including
only the logarithms resulting from renormalization group scaling can produce misleading results, and
further, we explicitly demonstrate the constraining power of combining measurements from different
energy scales.
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Introduction—Future eþe− colliders are designed to be
precision machines capable of measurements at the percent
level or better. This will allow discoveries of new inter-
actions present only at the level of quantum corrections.
One of the essential stages of the proposed FCC-ee [1]
and CEPC [2] colliders for precision measurements
of Higgs properties will be collisions at an energy offfiffiffi
s

p ¼ 240 GeV, which optimizes the rate for associated Z
boson-Higgs production (Higgstrahlung), eþe− → ZH.
This process could also be probed at higher energies, such
as

ffiffiffi
s

p ¼ 365 GeV, optimized for tt̄ threshold physics. In
the standard model (SM) of particle interactions, the rate for
Higgstrahlung has been computed to next-to-leading order
in the electroweak interactions [3–6]. Nearly complete
calculations exist to next-to-next-to-leading order [7–11].
These results are the basis for sensitivity studies projecting
future precision Higgs coupling limits, guiding the devel-
opment of the physics program, and influencing the
concept design of detectors. Moreover, we can expect
the theoretical precision to increase.

The associated ZH production process has the potential
to open a window to physics beyond the standard model
(BSM). In particular, new physics effects on the couplings
of the Higgs to fermions and gauge bosons can be
consistently studied in the standard model effective field
theory (SMEFT) framework as an expansion in inverse
powers of yet unknown physics at high mass scale. At
leading order in the electroweak expansion, the eþe− →
ZH cross section depends on SMEFT interactions that have
already been carefully probed at the LHC and with
precision LEP measurements. Consequently, it is time to
investigate the effects of new physics at the next-to-leading
order in the electroweak expansion, where precision mea-
surements hold potential for discovering new BSM phe-
nomena in quantum fluctuations, as the cross section
acquires the dependence on interactions not probed at
the leading order.
We report on a complete next-to-leading order electro-

weak calculation of eþe− → ZH in the SMEFT framework,
including all dimension-six operators and flavor structures
that contribute. NLO QCD corrections in the dimension-six
SMEFT can be automated, but electroweak corrections
must be done on a case-by-case basis and Drell Yan
production is the only example of a two-to-two scattering
process where the NLO electroweak SMEFT calculations
exist, making this calculation a significant advance [12,13].
In this Letter, we show the sensitivity at a future eþe−
collider to SMEFT operators involving the Higgs boson
trilinear self-coupling [14–17], nonstandard model top
quark interactions, and CP violating Higgs-gauge boson
couplings [18,19]. Such anomalous Higgs interactions are
predicted by many well-motivated BSM models, such as
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the two Higgs doublet model, the complex singlet model,
or Z0 models. Our results demonstrate that the contributions
of different SMEFT operators are highly correlated, and
limits based on single parameter fits can be highly mis-
leading. This calls for developing a comprehensive strategy
to disentangle various BSM effects at future colliders. In a
companion paper, we present the details of the next-to-
leading order calculation, including all dimension-six
SMEFT contributions and polarization [20].
SMEFT framework—Deviations from the SM at high

energies can be described in terms of an effective
Lagrangian, which is an expansion around the SM,

L ¼ LSM þ
X
i

CiOi

Λ2
þO

�
1

Λ4

�
; ð1Þ

where Oi are SUð3Þ × SUð2Þ × Uð1Þ invariant operators of
dimension-six containing only SM fields and all BSM
physics resides in the coefficient functions, Ci. The leading
order (LO) dimension-six SMEFT result arises from the
diagrams shown in Fig. 1(a) and we consistently neglect
contributions of Oðm2

e=sÞ and Oð1=Λ4Þ. We use the
Warsaw basis and notation of [21].
Overview of the calculation—At tree level, the

cross section for eþe− → ZH depends on seven SMEFT
coefficients,

CϕD; Cϕ□; CϕWB; CϕW; CϕB;

Cϕe½1; 1�; Cþ
ϕl½1; 1�≡ Cð1Þ

ϕl ½1; 1� þ Cð3Þ
ϕl ½1; 1�; ð2Þ

where the indices [1, 1] refer to the first generation
fermions.
Once higher order corrections are included, additional

operators contribute. We compute the complete next-to-
leading order (NLO) correction to eþe− → ZH in SMEFT,
including all dimension-six one-loop effects up to
O½g2v2=ð16π2Λ2Þ� and the relevant real emission contribu-
tions. Here, we focus on the phenomenology of the con-
tributions from the Higgs self-interactions, Cϕ, shown in

Fig. 1(b), from operators that contain interactions
with the top quark that are listed in Table I, and from the
CP violating operators, CϕW̃B, CϕW̃ , CϕB̃, andCW̃ . Example
diagrams involving four-fermion top quark-electron inter-
actions are shown in Fig. 1(c). All these operators contribute
to the cross section for the first time at NLO.
To calculate the relevant one-loop diagrams, using the

SMEFT Feynman rules [22], we generate the amplitudes
using FeynArts [23] and reduce them in terms of scalar
Passarino-Veltman [24] integrals using FeynCalc [25].
We chose a hybrid renormalization scheme, where SM
quantities, particularly the masses of the gauge bosonsMW,
MZ and the Fermi constant Gμ are renormalized on-shell,
while the SMEFT Wilson coefficients are MS quantities.
Consequently, the cross section depends on the renormal-
ization scale μ. This dependence can be deduced from a
study of the one-loop renormalization group equations
(RGEs) [26–28], and we verify that it agrees with our
explicit calculation.Notably, the nonlogarithmic corrections
can be obtained only from the direct calculation. In par-
ticular, for Cϕ, Cuϕ½3; 3�, and the CP violating operators,
only this last contribution exists, and no information can be
gained from the RGEs.
For operators that contribute at the LO, infrared diver-

gences in the virtual contributions are treated using dimen-
sional regularization, and we use dipole subtraction [29,30]
to regulate the real photon emission corrections.We perform
the complete computation with a massless electron and then
restore the leading dependence on the electron mass using
collinear factorization and the fact that the electron mass
plays the role of a collinear regulator [31].
Results—We consider unpolarized electron-positron col-

lisions at 240 GeV and 365 GeV center-of-mass energies.
We assume 0.5% accuracy for the measurement of the total
cross section at

ffiffiffi
s

p ¼ 240 GeV (1% at
ffiffiffi
s

p ¼ 365 GeV)
[32]. Physical parameters are adapted from Ref. [11]. The
Higgs boson is chosen to be stable with a mass of
mH ¼ 125.1 GeV. Vector boson masses are taken to be
MW ¼ 80.352 GeV and MZ ¼ 91.1535 GeV, which
include a shift to the measured values proportional to

FIG. 1. (a) LO contributions to eþe− → HZ in the dimension-six SMEFT. (b) Contributions sensitive to Higgs self-interactions arising
from the operator Oϕ. (c) Contributions from Oeu½1; 1; 3; 3�.
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the experimental width, following Ref. [11], to account
for finite width effects. Relevant fermion masses are
me ¼ 0.511 MeV and mt ¼ 172.76 GeV. Weak couplings
and the Higgs vacuum expectation value are derived
from the weak boson masses and the Fermi constant
Gμ ¼ 1.166 378 7 × 10−5 GeV−2. The SMEFT scale is
taken to be Λ ¼ 1 TeV for all numerical results.
Using these inputs, the lowest order (LO) total cross

sections at
ffiffiffi
s

p ¼ 240 GeV and
ffiffiffi
s

p ¼ 365 GeV are

σð
ffiffi
s

p ¼240 GeVÞ
EFT;LO ðfbÞ ¼ σð

ffiffi
s

p ¼240GeVÞ
SM;LO þ 25.3CϕB þ 4.83CϕD

þ 29.0Cϕ□ þ 133CϕW

þ 64.5CϕWB − 177Cϕe½1; 1�
þ 220Cþ

ϕl½1; 1�; ð3Þ

σð
ffiffi
s

p ¼365 GeVÞ
EFT;LO ðfbÞ ¼ σð

ffiffi
s

p ¼365 GeVÞ
SM;LO þ 21.9CϕB þ 2.54CϕD

þ 15.3Cϕ□ þ 121CϕW þ 55.6CϕWB

− 216Cϕe½1; 1� þ 269Cþ
ϕl½1; 1�; ð4Þ

where σð
ffiffi
s

p ¼240 GeVÞ
LO;SM ¼ 239 fb and σð

ffiffi
s

p ¼365 GeVÞ
LO;SM ¼ 117 fb

and all terms on the right-hand sides of Eqs. (3) and (4) are
understood to be in fb.
At NLO, the effects on the total cross section toOð1=Λ2Þ

are parameterized as

σNLO
σSM;NLO

¼ 1þ
X
i

CiðμÞ
Λ2

�
Δi þ Δ̄i log

μ2

s

�
; ð5Þ

and we show the size of these effects in Table I. The NLO

SM cross sections are [11] σð
ffiffi
s

p ¼240 GeVÞ
SM;NLO ¼ 232 fb and

σð
ffiffi
s

p ¼365 GeVÞ
SM;NLO ¼ 113 fb.

CP violation Understanding the source of CP violation
is a goal of all future colliders. Quantum corrections to the
Higgstrahlung process are sensitive to the contributions of
dimension-six CP violating operators. At tree level and to
Oð1=Λ2Þ, these operators do not interfere with the SM
contributions, but at NLO, there are contributions of
Oð1=Λ2Þ from OϕW̃ , OϕB̃, OϕW̃B and OW̃ due to imaginary
parts in the SM loop integrals. The CP violating contri-
butions are odd in cos θ, where θ is the angle between the
incoming electron and the outgoing H. The angular
distributions shown at the top in Fig. 2 exhibit the greatest
sensitivity to OϕW̃ .
We form a CP violating asymmetry to parameterize the

sensitivity to each operator and summarize the results in
Table II,

ACP;i ≡ CiðμÞ
Λ2

jΔiðcos θ < 0Þ − Δiðcos θ > 0Þj
σSM;NLO

: ð6Þ

At NLO, there is no logarithmically enhanced contribution
to ACP;i.
The sensitivity to different CP violating operators is

highly correlated. In the lower plot in Fig. 2 we show the
sensitivity to OϕW̃B and OϕW̃ with all other coefficients set
to zero. We assume the accuracy to be twice that of the total
cross section. Future eþe− colliders are also sensitive to CP
violation through the measurement of angular observables
in the four-body decay process eþe− → ZH → lþl−bb̄
shown in the light green curve in Fig. 2 (lower). It is
interesting that the simple asymmetry of Eq. (6) yields
similar results as the significantly more complicated angu-
lar observables. This is to be compared with the current
limit from CP violating asymmetries in the decay H → 4
leptons at the LHC [33]. This limit includes the quadratic

TABLE I. Effects on the total cross section for eþe− → ZH from operators involving the Higgs self-interactions and from anomalous
top quark interactions using the parameterization of Eq. (5).

ffiffiffi
s

p ¼ 240 GeV
ffiffiffi
s

p ¼ 365 GeV

Δi=Λ2 Δ̄i=Λ2 Δi=Λ2 Δ̄i=Λ2

Cϕ −7.22 × 10−3 0 −1.00 × 10−3 0
CuW ½3; 3� −1.63 × 10−3 −4.01 × 10−3 −3.36 × 10−3 −6.25 × 10−3

CuB½3; 3� −0.15 × 10−3 −2.22 × 10−3 −2.96 × 10−3 −3.20 × 10−3

Cuϕ½3; 3� −0.32 × 10−3 0 −1.09 × 10−3 0

Cð1Þ
ϕq ½3; 3� −1.34 × 10−3 −4.10 × 10−3 −4.39 × 10−3 −4.31 × 10−3

Cð3Þ
ϕq ½3; 3� −0.51 × 10−3 −4.12 × 10−3 −4.15 × 10−4 −7.58 × 10−4

Cϕu½3; 3� −0.54 × 10−3 −3.49 × 10−3 −5.37 × 10−3 −3.11 × 10−3

Ceu½1; 1; 3; 3� −0.01 × 10−3 −1.39 × 10−2 −3.73 × 10−2 −3.23 × 10−2

Clu½1; 1; 3; 3� −0.02 × 10−3 −1.73 × 10−2 −4.64 × 10−2 −4.01 × 10−2

Cð1Þ
lq ½1; 1; 3; 3� −0.37 × 10−2 −1.80 × 10−2 −6.09 × 10−2 −4.18 × 10−2

Cð3Þ
lq ½1; 1; 3; 3� −0.37 × 10−2 −1.29 × 10−2 −4.54 × 10−2 −3.29 × 10−2

Cqe½3; 3; 1; 1� −0.30 × 10−2 −1.45 × 10−2 −4.90 × 10−2 −3.36 × 10−2
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contributions from the dimension-six SMEFT operators,
which accounts for the oval shape.
A strong limit on CP violation in the SMEFT comes

from the electron electric dipole moment (eEDM) mea-
sured by the ACME-II experiment [35],

jdej < 1.1 × 10−29 e cm: ð7Þ

Using tree level matching in the SMEFT [36,37], an electric
dipole moment, de, corresponds to

de ¼
ffiffiffi
2

p
vIm

�
sin θW

CeW

Λ2
− cos θW

CeB

Λ2

�
; ð8Þ

where cos θW ¼ MW=MZ and coefficients CeW and CeB are
evaluated at the scale μ ¼ MW. The relevant CP violating
coefficients, CϕW̃ , CϕB̃, and CϕW̃B are subsequently
induced by renormalization group running. The eEDM
limits are shown in the lower plot in Fig. 2 and we see that
the eEDM limit forces the coefficients to lie along a narrow
line. Clearly, single parameter fits can be vastly misleading.
The eEDM limits and the future eþe− limits are comple-
mentary and will significantly constrain our understanding
of CP violation in the gauge sector.
Higgs trilinear and top quark couplings While the

FCC-ee cannot directly produce a pair of Higgs particles,
it can utilize Higgstrahlung to establish constraints on a
nonstandard model Higgs trilinear coupling [14], which
is a result of contributions from the diagrams shown in
Fig. 1(b). Within the SMEFT framework, the Higgs tri-
linear coupling receives contributions from the operator
Oϕ. Having completed the NLO calculation, we can find
the correlations between the effects of all contributing
operators, and here we focus on those shown in Table I. Of
particular interest are Ouϕ½3; 3�, which generates a shift in
the top quark Yukawa coupling, and Oeu½1; 1; 3; 3� that
yields the four-fermion contributions to both Z pole
observables and Higgstrahlung shown in Fig. 1(c).
On the left-hand side of Fig. 3, we show the correlation

between constraints on Cϕ and constraints on
Ceu½1; 1; 3; 3�. At this order, there is no logarithmic con-
tribution to Cϕ, and the sensitivity curves all include the
constant contribution from Table I. For Ceu½1; 1; 3; 3� we
demonstrate the difference between including only the
logarithms derived from the RGE and the complete
calculation. The SMEFT coefficients in the plot are
evaluated at the scale, MZ. At

ffiffiffi
s

p ¼ 240 GeV, the finite
terms are small, but at

ffiffiffi
s

p ¼ 365 GeV, both the RGE and
the finite contributions are equally relevant. Combining
results from the two energies will significantly constrain
Ceu½1; 1; 3; 3�. The four-fermion operator is also con-
strained by Z-pole measurements, and the limits depend
on the flavor assumptions. Assuming minimal flavor
violation [38] or flavor-independent operators, Z poles

FIG. 2. Sensitivity to CP violating dimension-six operators at
NLO (upper). The current limits from ATLAS [33] and the
electron EDM are also shown, along with a projection for angular
observables at FCC-ee with 5 ab−1 [34] (lower). All coefficients
other than CϕW̃ and CϕW̃B are set to zero in this figure.

TABLE II. Effect on total cross section for eþe− → ZH from
CP violating operators. We take Λ ¼ 1 TeV.

ACP;i=CiðμÞffiffiffi
s

p ¼ 240 GeV
ffiffiffi
s

p ¼ 365 GeV

CϕW̃B 4.76 × 10−3 1.50 × 10−2

CϕB̃ 9.77 × 10−4 1.94 × 10−3

CϕW̃ 1.28 × 10−2 4.36 × 10−2

CW̃ 3.27 × 10−3 1.21 × 10−2
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observables yield the 95% single parameter limits shown
horizontally [39].
On the right-hand side of Fig. 3, we show the correlation

between constraints on Cϕ and constraints on Cuϕ½3; 3�.
The dependence of the Higgstrahlung rate on these
coefficients is quite different at

ffiffiffi
s

p ¼ 240 GeV andffiffiffi
s

p ¼ 365 GeV, demonstrating the opportunity offered
by measurements at different energies to constrain new
physics. To the order shown, there is no scale dependence
of the coefficients, allowing for a direct comparison of
results at various energies. As discussed previously,
these effects do not appear if one considers only an
RGE analysis.
Conclusion—In this Letter, we have reported on the first

complete SMEFT computation at one loop in the electro-
weak expansion of the Higgstrahlung process at eþe−
colliders. We systematically studied the capabilities of a
proposed Higgs factory, and specifically that of CERN’s
FCC-ee, to explore BSM effects on the Higgs self-inter-
actions, anomalous top-quark interactions, and CP violat-
ing effects that first arise at NLO and are poorly constrained
by current data. We showed that the eþe− → ZH process is
a sensitive probe of various new physics scenarios, even
when the corrections are induced by heavy new physics and
enter first at one-loop order. We demonstrated that mea-
surements at different energies are very useful for discrimi-
nating potential scenarios and disentangling contributions
due to various SMEFT operators.
Our plots are shown assuming a :5% accuracy at the

FCC-ee on Higgstrahlung cross section measurements.

Matching the theoretical accuracy with this projected
experimental accuracy will require advances in the theo-
retical predictions [42] and a more complete understanding
of the uncertainties of dimension-six SMEFT predictions
[43]. The bottom line, however, that the interpretation of
Higgstrahlung results is sensitive to the new operators that
arise at NLO remains, even with a larger target accuracy.
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