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We present a comprehensive study of Higgs boson production associated with a neutrino pair at e™e™
colliders (e*e™ — hup) at next-to-leading-order accuracy in both the standard model and the two-Higgs-
doublet model. We show that these new physics effects will be observable in total and differential cross
sections when compared with theoretical predictions that include electroweak corrections, even in the

Higgs alignment limit. This highlights the potential of precision studies at future e*e

searching new physics.

DOI: 10.1103/mnqp-12h9

The Higgs boson discovered at the Large Hadron
Collider (LHC) [1,2] has completed the particle content
predicted by the standard model (SM) [3-5]. Despite its
great success, fundamental problems such as the origins of
baryon asymmetry of the universe and dark matter persist,
necessitating new physics beyond the SM (BSM). In this
context, precise studies of Higgs boson properties and
direct searches of new physics form two complementary
focuses in modern particle physics. Over the past decade,
the accuracy of Higgs-sector measurements has been
greatly improved at the LHC, while there is still room
for new physics effects at the ten percent level [6,7].
Although the LHC is well suited for studying the gross
picture of the Higgs sector, future e e~ colliders such as
FCC-ee, CEPC, ILC/LCF, and CLIC [8-15] are required
for the determination of Higgs boson properties at the
electroweak scale with a few permille accuracy.

In this Letter, we show that there are realistic oppor-
tunities for searching new physics through the precision
program at future high-energy e™e™ colliders, particularly
via electroweak (EW) corrections to scattering processes.
We demonstrate this possibility through a comprehensive
study of single Higgs production (eTe™ — h + v, 0, with
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colliders for

¢ = e, u, 7) at next-to-leading-order (NLO) EW accuracy in
both the SM and two-Higgs-doublet model (2HDM). The
2HDM is one of the simplest extensions of the SM and has
rich phenomenology [16]. This model can resolve the
vacuum metastability issue [17] and provide strong first-
order electroweak phase transition for baryogenesis [18]
and detectable gravitational waves [19]. It often appears as
a low-energy scalar sector of more UV-complete theories,
for example, the left-right symmetric models [20-22] and
supersymmetric (SUSY) models [23,24]. In the 2HDM
there exists an alignment limit in which the discovered
Higgs boson behaves exactly as the SM one at the tree
level. We show that even in this limit NLO EW corrections
involving new particles can induce few percent effects with
respect to the SM predictions, thereby offering an important
window to access this model.

In the literature, the on-shell Higgsstrahlung process,
ete™ — Zh, has been intensively investigated. For exam-
ple, full NLO EW corrections in the 2HDM and SUSY
models are computed in Refs. [25-28], and the higher-
order calculations in the SM for related triangle and box
form factors are computed in Refs. [29-35]. However, the
more complicated off-shell single Higgs production
ete” — hup is not so well studied. Pioneering works for
this 2 — 3 process include the full NLO EW corrections in
the SM [36-38] and one-loop triangle form factor correc-
tions in the SUSY models [39-42], while a complete NLO
EW study in BSM theories is still missing. This process is
advantageous, since at higher center-of-mass energies,
/s =365 and 550 GeV, the cross section is roughly an

Published by the American Physical Society
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order of magnitude larger than those of ete™ — h/7
processes. In particular, the fact that its cross section at
larger /s is dominated by WW fusion allows an indepen-
dent probe of new physics effects other than Zh production.
Regarding the 2HDM we follow the convention of
Refs. [43-45]. The two Higgs doublets are denoted by
®, and ®,, each acquiring a vacuum expectation value
(VEV). If both doublets couple to fermions as in the SM,
the neutral scalars induce large tree level flavor changing
neutral currents (FCNCs) in general. To prevent such large
FCNCs, it is useful to assign a Z, symmetry charge
[46,47]. As a result, there are four types of Yukawa
structures depending on the Z, charge assignment
[48,49]. The CP-conserving Higgs potential is given by

V=mi®| @) +midi0, —mi, (] 0, + D))

A A A
+31(‘I)I‘D1 )? +§2(‘D£‘D2)2 +73(‘I)I(D1)(‘D;(D2)

+2 @0 (@0, + 2 (@0, +(@le,2]. (1)

where the Z, symmetry (®; - —®; and &, - ®,) is
softly broken by the m?, term. After spontaneous symmetry
breaking, two mixing angles o and /3 can be introduced to
obtain the mass eigenstates. In addition to the 125 GeV
SM-like Higgs boson h, we have four scalars: charged
scalars H*, neutral scalar H, and pseudoscalar A. The
parameter cg, = cos(ff — a) governs the mixing between
CP-even scalars i and H, while t; = tan(ff) represents the
ratio of two VEVs and determines the Yukawa couplings.
Note that the Higgs alignment limit is realized in cg, = 0
such that / is aligned with the SM Higgs. Now the extended
Higgs sector is parametrized by cg,, 15, As, My, my, mp=.
We perform a complete NLO EW calculation in the
2HDM for eTe™ — hup by employing the automated NLO
framework [50-54] of the multipurpose Monte-Carlo gen-
erator Whizard [55,56] with an interface to generic one-loop
amplitude providers OpenLoops2 [57] and Recola [58,59] for
the SM, and Recola2 [59] for the 2HDM. We note that
OpenLoops2 supports the 2HDM at NLO QCD [60].
Representative 2HDM Feynman diagrams are shown in
Fig. 1. For this Letter a massive electron-positron beam
setup is used in Whizard, such that initial-state collinear
singularities are regulated, while soft singularities are
handled in an automated way within the Frixione-
Kunszt-Signer subtraction [61]. In the SM case, we
compare our NLO EW cross section with Ref. [37] and
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FIG. 1. Diagrams for ete~™ — hwvv at NLO EW in 2HDM.

find agreement at the 0.2% level at /s = 500 GeV. The
small residual discrepancy can be attributed to differences
in the treatment of complex masses [38,57,62] and the
structure function approach [63-65]. In the 2HDM case,
electroweak renormalization schemes are developed in
Refs. [45,66-68]. We employ two on-shell renormalization
schemes defined in Ref. [45]. The default on-shell scheme
for mixing angles in Recola2 serves as our reference scheme,
while the background-field approach is used to estimate
scheme uncertainties. 15 is renormalized in the MS scheme.
We compare our NLO EW cross sections for pp — huv,
in several 2HDM benchmarks in different renormalization
schemes with Ref. [45] and HAwWK [69], and we find
excellent agreement at the permille level. This is one of
the most extensive NLO applications of Whizard, not due to
the complexity of this process, but because of the massive
scan over parameter points performed for the same process
as outlined below, capitalizing on the massive paralleliza-
tion features of Whizard [70,71].

In the following benchmark, we compare predictions
between the SM and type I 2HDM. The SM input
parameters are Gp = 1.166378 x 107 GeV, mj, =
1252 GeV, mz =91.1539 GeV, Iy =2.4946 GeV,
my = 80.3407 GeV, I'y = 2.14 GeV, m;, = 4.183 GeV,
m, = 172.56 GeV, m, = 5.110 x 10™* GeV, and the G,
scheme is employed. The W and Z masses and widths are
pole values, which are converted from measured on-shell
values. Light quark and lepton mass effects are negligible
for this process, except for the electron mass due to large
logarithms from the initial-state radiation (ISR). A 2HDM
benchmark point allowed by theoretical and experimental
constraints based on HiggsTools [72] 1S my = my: =
400 GeV, my =435 GeV, cp, =0.03734, 1; = 1.88,
As = —2.54. The on-shell renormalization scheme for
mixing angles is employed, and the renormalization scale
for A5 is set to 4/s.

In Table I we present the LO and NLO EW total cross
sections at /s = 365 and 550 GeV (both unpolarized) in
the SM and the 2HDM benchmark, as well as in the
alignment limit ¢, = 0. At LO, increasing the energy from
/s =365 to 550 GeV enhances the cross section by about

TABLE I.  Total cross sections for ete™ — hup in the SM and
the type I 2HDM benchmark without cuts, and the alignment
limit is realized with cos(f —a) = 0. The relative difference
(6o1pMm — 0sm)/osum 18 reported at LO and NLO. Monte Carlo
integration errors larger than 0.01 fb are indicated in brackets.

Vs =365 GeV Vs =550 GeV
LO [fb] NLO EW [fb] LO [fb] NLO EW [fb]
SM 55.79 52.44(1) 97.82(1) 88.45(2)
2HDM 55.71 51.45(1) 97.67(1) 86.59(2)
Relative difference —0.1% —-1.9% —-0.2% -2.1%
2HDM (aligned) 55.79 51.58(1) 97.81(1) 86.83(2)
Relative difference 0.0% —1.7% 0.0% —-1.8%
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FIG. 2. Top panel: differential cross sections at NLO as a
function of the normalized Higgs three-momentum p, =
[Pnl/\/s at /s = 365 GeV (orange) and /s = 550 GeV (blue),
in the SM (dashed) and 2HDM (solid). Bottom panel: ratios of the
2HDM predictions to the SM ones at NLO.

75%, both in the SM and the 2HDM. For both energies, we
find only a permille level reduction of the cross section in
the 2HDM compared to the SM, which vanishes in the
alignment limit. The situation changes at NLO: while the
EW corrections are negative in all cases at the order of ten
percent, they are more pronounced in the 2HDM, even in
the alignment limit. Specifically, the reduction amounts to
1.7% (1.8%) and 1.9% (2.1%) at /s = 365 (550) GeV
when comparing the 2HDM cross sections, with and
without alignment, to the SM. Therefore, we conclude
that NLO EW corrections are a very sensitive probe of
BSM effects in our 2HDM benchmarks.

In Fig. 2 we show the differential cross section as a
function of the normalized three-momentum of the Higgs,
Dn=1Pnl//s, again for two energies /s =365
and 550 GeV. We focus on the comparison between the
SM and 2HDM at NLO. In the upper panel, for
/s = 365(550) GeV the peak corresponding to on-shell
Zh production, with the Z subsequently decaying into vz, is
located at p;, ~ 0.401 (0.459), and values up to p;, =~ 0.441
(0.474) are kinematically allowed. Most of the cross section
comes from the broader WW-fusion contribution at lower
values of p;,. We observe that the relative contribution from
the Zh channel decreases when going to higher /s. In the
lower panel we show the ratios of the 2HDM predictions to
those in the SM. Both for /s = 365 and 550 GeV we
observe that the 2HDM effects lead to an overall reduction
of the cross sections by about 2%, in line with the findings
for the total cross sections in Table I. For most of the p,
range the shift is flat, becoming smaller just below the Zh
peak, but larger once crossing to higher p,. The separation
of WW and Zh channels in the differential distribution
enables simultaneous probes of 2HDM effects in a single
process. This separation could be achieved, for example,
through a cut on the energy of the Higgs boson and further

facilitated by the use of polarized beams, which is beyond
the scope of this Letter.

Moreover, at /s =240 GeV we find a similar 2%
reduction relative to the SM prediction (43.87 fb) at
NLO. Nevertheless, the ISR effects beyond NLO can reach
several percent around 240 GeV [37], due to the kinemati-
cal effect near the Zh production threshold, we therefore
focus on /s = 365 and 550 GeV cases. At larger /s, our
process is dominated by the WW-fusion channel and away
from the threshold region of Zh production, thus the
beyond NLO ISR effects are only at the few permille
level [37]. We note that the NLO ISR effects are consis-
tently taken into account in our calculation through the real
corrections. We also investigate the Zh-mediated process
eTe” = huTu~ and find much smaller cross sections of
4.04(1.72) fb at /s = 365(550) GeV. Hence, the process
ete™ — hub is advantageous in probing new physics due to
large WW-fusion contributions.

We emphasize that this indirect probe at future e*e”
colliders complements direct searches for 2HDM. At the
(HL)-LHC, single production of an additional scalar via
gauge interaction is suppressed by the A-H mixing,
whereas production through Yukawa interaction is
highly model dependent. Although electroweak pair pro-
duction of additional scalars, e.g., pp > Wt - H'H
is not suppressed by the mixing, the production rates
decrease rapidly with increasing scalar masses. While at
ete™ colliders, if the collision energy is sufficiently high,
e.g., in the benchmark with /s =550 GeV and
my = 400 GeV, the process ee™ — Z* — ZH becomes
accessible, its cross section remains suppressed by the
mixing and vanishes in the alignment limit. In contrast, for
ete” — hup we show that the difference in cross sections
between the 2HDM and the SM at NLO EW can be sizable
even in the alignment limit, thereby providing an important
complementary window to probe the model.

In the next stage, we present a comprehensive analysis
for four types of Z,-symmetric 2HDMs: type I, II, X
(Iepton specific), and Y (flipped). We generate the param-
eter points with ScannerS [73,74] and HiggsTools [72] based on
HiggsBounds [75-78] and HiggsSignals [79,80] to take theo-
retical and experimental constraints into account. For
instance, these constraints include tree-level perturbative
unitarity, boundedness from below and electroweak vac-
uum stability as theoretical constraints, and electroweak
precision observables, flavor-changing processes, direct
searches at the LHC and LEP as experimental constraints.
In our setup, the additional scalars are degenerate. The free
parameters mgy = my = my = My, Cp,, g, and As are
chosen from the 95% confidence level (CL) allowed region.
In total, we generate 30 000 parameter points for the type I,
I, and Y, and 70 000 parameter points for the type X.

In our sensitivity analysis, the 2HDM predictions in
parameter planes of cg,, As, 14, ¢,/ 55 = cos(a)/ sin(B), m,
are presented in Figs. 3 and 4 at /s = 365 GeV, and in
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FIG. 3. Type L II, X, and Y 2HDM predictions in the cos(f — @) plane at /s = 365 GeV within the allowed parameter space, with

| cos(ff — )| < 0.1. Relative differences with respect to the SM are shown at LO (red) and NLO (orange for | 15| < 1, blue for |15] > 1).
The combined theoretical and experimental uncertainty is estimated to be 0.92%.

Fig. 5 for /s =550 GeV. The relative differences
(6o1pm — 0sm)/0sm at LO and NLO are shown for
|cpe| < 0.1, covering more than the estimated 95% CL
allowed range for the least constrained type I 2HDM at
future e*e~ colliders [81,82]. To estimate the theoretical
uncertainty, we compute the renormalization scheme
dependence for mixing angles in the type I 2HDM for
hundreds of parameter points, finding the maximal
uncertainty of 0.7%(0.8%) for the relative difference at
V/s =365(550) GeV for |cg,| < 0.1. We note that NNLO
mixed QCD-EW SM corrections yield only few permille
effects in the Gﬂ scheme [31,34], and that in the relative
difference, higher-order SM corrections cancel and do not
contribute to the uncertainty. To further reduce the scheme
uncertainty, NNLO EW corrections in the 2HDM would be
required. On the other hand, the experimental uncertainty
of the cross section measurement will reach 0.6%(0.3%) at
V/s =365(500) GeV with 4.3(6.4) ab~! of data [13].
Therefore, the potential gain from an NNLO-level theo-
retical uncertainty reduction would not affect our conclu-
sion below. We expect that the sensitivity difference
between /s = 500 and 550 GeV is negligible.

It is shown in Fig. 3 that cg, is the key parameter
governing the LO 2HDM deviation from the SM. We first
discuss the type I 2HDM plot at /s = 365 GeV. The LO
relative difference (red) vanishes as the |cg,| approaches the
alignment limit and increases with |cg,| reaching at most
—1%. At NLO, however, richer phenomena arise that

cannot be described by a single parameter. We highlight
the impact of the NLO EW corrections by showing two
branches separating cases of small |15| < 1 (orange) and
large |As| > 1 (blue). The NLO relative difference reaches
—6% in the small-|45| branch and —4% in the large-|s|
branch. The —2% deviation in the alignment limit is
observed in the large-|As| branch, however, it does not
imply that this effect is solely driven by the A5 self-
interaction, since Fig. 4 indicates sizable mass effects
and top-Yukawa corrections deviating from the SM when
co/sp # 1. Note that the ratio c,/s; governs the top-
Yukawa coupling to the Higgs in the same way across
all four 2HDM types [83]. We find that the relative
difference at /s =550 GeV in Fig. 5 is similar to
\/s =365 GeV but slightly more pronounced. Since the
expected accuracy of the cross section measurement will be
better at higher energies, we conclude that the operation at
550 GeV will be more sensitive to the 2HDM effects. For
the remaining plots in Fig. 3, the relative differences reach
about —7% in the type X, and around —3% in the more
constrained type II and Y. We note that although our NLO
predictions for Higgs production are insensitive to different
2HDM Yukawa structures, the allowed parameter space
across types determines the shapes of distributions, provid-
ing a restricted ability to discriminate between 2HDM
types. To further distinguish them, we need to include
Higgs decay channels. We note that since both the beyond
NLO ISR effects and the NNLO mixed QCD-EW correc-
tions are at the few permille level, the discrimination
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N
54
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FIG. 4. Type I 2HDM predictions in the s, tan($3), cos(a)/ sin(f3) and m, parameter planes at /s = 365 GeV within the allowed

parameter space, with |cos(f —a)| < 0.1.
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FIG. 5. Type I 2HDM predictions at /s = 550 GeV within the allowed parameter space, with | cos(f — a)| < 0.1. The combined
theoretical and experimental uncertainties are estimated to be 0.85%.

between the SM and the 2HDMs observed at NLO EW is
valid even without a full NNLO calculation.

To scrutinize the NLO effects, the relative differences in
other parameter planes at /s = 365 GeV are shown in
Fig. 4 for the type I 2HDM. Although the large-|45| branch
naturally develops sizable effects, the small-|45| branch
localized near s % 0 and ¢, /s ~ 1, yet spread across m,,
from 200 GeV to 1 TeV, is particularly interesting. This
implies that these large deviations are genuine NLO effects,
with mixing angles and m,, all playing a role. In addition,
there is no clear correlation between the NLO effects and
the parameters 75 and my. This phenomenon cannot be
easily parameterized within an effective field theory
approach, highlighting the importance of NLO calculations
in UV-complete BSM theories.

In summary, we conduct the first full NLO EW study of
Higgs production ete™ — hvp in all four types of
Z,-symmetric 2HDMs, over a vast allowed parameter
space. We find that the 2HDM effects are significantly
enhanced at NLO, with deviations from the SM predictions
reaching —6% to —7% with |cg,| < 0.1 for /s = 365 and
550 GeV. Even in the Higgs alignment limit, these devia-
tions can reach —2% to —3%, making them experimentally
observable. We emphasize that this discrimination power
between the SM and 2HDMs arises only at NLO, but is
absent at LO. We show that the differential distributions
disentangle the WW-fusion and Zh channels, allowing
simultaneous new physics probes. In a broader context of
precision physics at future ete™ colliders, our findings
underscore the crucial importance of higher-order electro-
weak calculations in UV-complete BSM theories for new
physics searches, opening up new windows that are
complementary to the LHC searches.
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