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Abstract We present the cross section for ete™ — hZ 2.3 Two Higgs doubletmodel . . . . . . ... ... 4
with arbitrary sets of electron and Z boson polarizations at 24 Inertdoubletmodel . . ... ... ....... 6
the full next-to-leading order in various extended Higgs mod- 3 Electroweak corrections to the process ete™ — hZ 7
els, such as the Higgs singlet model (HSM), the inert doublet 3.1 Helicity amplitudes and cross section. . . . . . 7
model (IDM) and the two Higgs doublet model (2HDM). We 3.2 Tree-level contribution to the helicity amplitudes 9
systematically perform complete one-loop calculations to the 3.3 One-loop contributions to the form factors . . . 9

helicity amplitudes in the on-shell renormalization scheme,
and present the full analytic results as well as numerical
evaluations. The deviation AR"Z in the total cross section
from its standard model (SM) prediction is comprehensively
analyzed, and the differences among these models are dis-
cussed in details. We find that new physics effects appearing
in the renormalized hZZ vertex almost govern the behav-
ior of AR"Z_ and it takes a negative value in most cases.
The possible size of AR"? reaches several percent under
the theoretical and experimental bounds. We also analyze
the deviation AR%/ in the total cross section times decay
branching ratios of the discovered Higgs boson by utiliz-
ing the H-COUP program. It is found that the four types
of 2HDMs can be discriminated by analyzing the correla-
tion between AR’Z and ARZbZ and those between AR!Z
and AR"Z. Furthermore, the HSM and the IDM can be dis-
criminated from the 2HDMs by measuring AR}V'VZW. These
signatures can be tested by precision measurements at future
Higgs factories such as the International Linear Collider.
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1 Introduction

Since the discovery of the new particle with the mass of
125 GeV at the LHC in 2012 [1,2], it has turned out that its
properties are in agreement with those of the Higgs boson in
the standard model (SM) within theoretical and experimental
uncertainties [3,4]. While no signal for new physics (NP)
beyond the SM has been observed at the LHC up to now,
there are phenomena that cannot be explained within the SM
such as dark matter, baryon asymmetry of the universe and
tiny neutrino masses. In addition to these phenomenological
problems, there are conceptual problems in the SM such as
the hierarchy problem, no unified description for the gauge
group and the flavor structure and so on. Therefore, the SM
must be replaced by a more fundamental theory.
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While the Higgs boson was found, the structure of the
Higgs sector remains unknown. There is no theoretical prin-
ciple to insist on the minimal structure of the Higgs sector
as introduced in the SM, and the possibility that the Higgs
sector takes a non-minimal form is not excluded experimen-
tally. Furthermore, such non-minimal Higgs sectors are often
introduced in various new physics models, where the above-
mentioned problems are tried to be solved. Therefore, unrav-
eling the structure of the Higgs sector is one of the central
interests of current and future high-energy physics, and the
direction of new physics can be determined by reconstructing
the Higgs sector experimentally.

The discovery of additional scalar bosons is a clear evi-
dence of extended Higgs sectors, and enormous efforts have
been devoted to discover such new particles in a wide variety
of the search channels [5-21]. However, no observation of
such new particles has been reported, leading to constraints
on parameters of extended Higgs models such as masses
and coupling constants. Direct searches of new particles are
one of the key programs at the LHC as well as at the high-
luminosity LHC (HL-LHC) [22].

In addition to the direct searches, extended Higgs sec-
tors can be indirectly explored by measuring various prop-
erties of the discovered Higgs boson such as cross sections,
the width and decay branching ratios because mixings of
Higgs bosons and/or radiative corrections of additional Higgs
bosons would modify them from their SM values. If devia-
tions from the SM are detected, the magnitude of deviations
tells us upper limits on the mass scale of the second Higgs
boson by taking into account theoretical consistencies [23—
25].In addition, the pattern of deviations gives us information
on the structure of the Higgs sector such as the representation
of the weak isospin, the number of Higgs fields and the struc-
ture of Yukawa interactions [23]. Therefore, the discovered
Higgs boson is a probe of new physics.

Precision measurements of the properties of the discov-
ered Higgs boson are also one of the main targets at current
and future collider experiments. At the LHC, the Higgs boson
couplings have been measured with typically order ten per-
cent accuracy. Most extended Higgs models can accommo-
date this SM-like situation at the lowest order of the perturba-
tion. Therefore, measurements with a few percent accuracies
become more important where quantum corrections play an
essential role, and it enables us to extract the signature of new
physics. Accuracy of the measurement of Higgs boson cou-
plings is expected to be improved at the HL-LHC and further
significantly at future lepton colliders; e.g., the International
Linear Collider (ILC) [26-29], the Future Circular Collider
(FCC-ee) [30] and the Circular Electron Positron Collider
(CEPC) [31].

In order to compare theoretical predictions with future
precision measurements, theoretical calculations comparable
with expected experimental accuracy are inevitable. Radia-
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tive corrections to the SM-like Higgs boson vertices have
been studied in various Higgs sectors such as the model with
areal isospin singlet Higgs field (HSM) [32-35], two Higgs
doublet models (2HDMs) [36-49], the inert doublet model
(IDM) [50,51] and so on. In order to see differences in the
prediction among these models, it is quite important to calcu-
late the renormalized SM-like Higgs boson vertices in a con-
sistent and systematic way. The H-COUP program [52,53]
enables us to evaluate the decay rates including higher-order
corrections for the SM-like Higgs boson in the HSM, the IDM
and the 2HDM with four types of Yukawa interactions clas-
sified under the softly-broken Z, symmetry [54,55]. Also,
other numerical tools to evaluate the decay of the Higgs boson
with radiative corrections are available; e.g., 2HDECAY [56]
and Prophecy4f [57].

In this paper, we present the cross section forete™ — hZ
with arbitrary sets of electron and Z boson polarizations at
the full next-to-leading order (NLO) in the HSM, the IDM
and the 2HDMs. At the future lepton colliders, not only the
decay properties of the discovered Higgs boson but also its
production cross section can be precisely measured. Espe-
cially, ete™ — hZ is the dominant production process at the
center-of-mass (CM) energy of 240-250 GeV,! and precise
calculations of its cross section in various extended Higgs
models are quite important. The NLO calculation has been
performed in the SM [61-63], the IDM [64] and the 2HDM
[65,66].2 We systematically perform complete NLO calcula-
tions to the helicity amplitudes in each extended Higgs model
based on the on-shell renormalization scheme [37,43,71,72],
and the full analytic results, as well as numerical evaluations,
are presented. We comprehensively analyze the deviations
in the cross section from the SM prediction in each model
under the constraints of perturbative unitarity [34,73-77] and
vacuum stability [78-83], conditions to avoid wrong vacua
[84-88] and experimental constraints. We discuss the dif-
ferences in the predictions of the cross section among these
models in detail. We also show correlations of the deviation
in the cross section times the decay branching ratios of the
SM-like Higgs boson from the SM predictions and discuss
the discrimination of the extended Higgs models.

This paper is organized as follows. In Sect. 2 we briefly
introduce the HSM, the 2HDMs and the IDM. In Sect. 3 we
present the helicity amplitude of ee™ — hZ including the
electroweak (EW) radiative corrections. In Sect. 4 we show
numerical results of deviations in the cross section from the
SM prediction in each model. In addition, we show the cor-
relations of the deviation in the cross section times the decay
branching ratios of the SM-like Higgs boson from the SM

! For higher energies, the Higgs boson production via W boson fusion
is getting more important [58—60].

2 In Refs. [67-70], the NLO calculations for ete~ — hZ have been
performed in the minimal supersymmetric standard model.
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predictions. Conclusions are given in Sect. 5. In Appendix,
the input parameters and explicit formulae for the NLO cal-
culations are presented.

2 Models with non-minimal Higgs sectors

In this section, we briefly review the HSM, the 2HDM and the
IDM. Before moving on to the discussion on each extended
Higgs model, we review concepts of general constraints on
parameter spaces that are independent of models. We then
define the extended Higgs models in order.

2.1 Constraints on extended Higgs models

First of all, the size of Higgs quartic couplings is constrained
by the perturbative unitarity bound, which was originally
introduced to obtain the upper limit on the mass of the
Higgs boson in the SM [89,90]. Using the equivalence the-
orem [91], this bound requires that the magnitude of par-
tial wave amplitudes for the elastic scatterings of two-body
to two-body scalar boson processes, including the Nambu—
Goldstone (NG) bosons, does not exceed a certain value.
Each eigenvalue of the s-wave amplitude a6 should satisfy

lah| < &. @.1)
where £ = 1 [89,90] or 1/2. We take & = 1/2 in this paper.

Next, the vacuum stability bound provides an independent
constraint on scalar quartic couplings. This bound requires
that the Higgs potential is bounded from below in any direc-
tion with large field values. This condition is trivially satisfied
in the SM by taking the Higgs quartic coupling to be positive.
However, this bound requires a set of inequalities in terms of
Higgs quartic couplings in extended Higgs models [79].

Furthermore, in extended Higgs models, wrong local
vacua can appear in addition to the true vacuum giving the
correct value of the Fermi constant G . We have to avoid
parameter regions where the depth of such wrong vacua
becomes deeper than that of the true one. The condition
to avoid the wrong vacua can be written by combinations
of dimensionful and dimensionless parameters in the Higgs
potential, and it provides an independent constraint from the
above two constraints.

Apart from these theoretical constraints, we need to take
into account bounds from experimental data. At the LEP/SLC
experiments, various EW observables have been precisely
measured such as the masses and widths of the weak gauge
bosons. These precision measurements can be used to con-
strain the size of new physics effects which can enter into
the two-point functions for weak gauge bosons. Such indi-
rect effects, so-called oblique corrections, are conveniently
parameterized by the S, T and U parameters [92,93], which

are expressed in terms of two-point functions of the weak
bosons. From the global fit of EW parameters [94], new
physics effects on the S and T parameters under U = 0
are constrained by

S=0.05+£0.09, T =0.08=+£0.07, (2.2)
with the correlation factor of 4-0.91 and the reference values
of the masses of the SM Higgs boson and the top quark being
m;f‘f = 126 GeV and m™*" = 173 GeV, respectively.

Flavor experiments also provide important constraints on
the parameter space in extended Higgs models, particularly
in multi-doublet models. We will discuss these constraints in
more detail in Sect. 2.3 about the 2HDM. Additional scalars
have been directly searched at the LHC [5-21], and con-
straints are obtained for parameters of extended Higgs mod-
els. In addition, Higgs coupling measurements also give con-
straints especially on the mixing parameters in the HSM and
the 2HDM [3,4]. The application of these constraints to each
extended Higgs sector will be discussed in the following sub-
sections.

2.2 Higgs singlet model

In the HSM, we have one isospin doublet scalar field ® with
the hypercharge ¥ = 1/2 and one real singlet field S with
Y = 0. We parametrize these scalar fields as

G+
?= (\%(v—i—qﬁ—i—iGo))’ S=vs+s, (2.3)

where v is the vacuum expectation value (VEV) of the dou-
blet field which is related to the Fermi constant by v =
(v2G )~ 1/? ~ 246 GeV, while v is the VEV of the singlet
field. The component fields G* and G in the doublet field
correspond to the NG bosons.

The most general Higgs potential is given by

Viasm(®, ) = m% |12 + 1@ + 1as| 1S + ras|P|*S?
+ 158 + m3S% + usS® + 1sS8%, (2.4)

where all the parameters are real. We can take any value of
vs without changing physical results [85], and we fix vg = 0
in the following discussion.

In the HSM, we have two physical neutral Higgs bosons.
Their mass eigenstates are defined by introducing the mixing
angle o as

s\ H . _ (¢Co —So
(¢> = R(a)<h> with R(0) = (Se) e ),

with the shorthand notation for the trigonometric functions
as sp = sin 6 and ¢y = cos 0. We define the domain of « as

(2.5)

@ Springer
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—m/2 < o < m/2. We identify h as the discovered Higgs
boson with a mass of 125 GeV. After solving the tadpole
conditions, the squared masses of neutral Higgs bosons are
expressed as

2

m3; = M3 c2 + M3,s2 + Mo, (2.6)
mpy 115 22€y 1252a> .
2M3,
tan 2o = T (28)
Mll - M22

where the squared mass matrix elements Mizj i, j=1,2)in
(s, )T basis are given by

M7 =M +hosv®, Mz, =200%, M = posv,
2.9)

with M? = 2m?%. The parameters m? and tg are eliminated
by using the stationary conditions for ¢» and s. We can replace
the parameters A, m% and (e with m%{, m% and o by using
Egs. (2.6)—(2.8). We choose the following five parameters to
be the free input parameters in the HSM:

Ads, MS, AS, Ca, (2.10)

mpgy,
and the two parameters mj, and v are fixed by experiments. If
the Higgs potential respects an exact discrete Z, symmetry,
the tg, ns and ues terms are forbidden. This corresponds to
the case witha — 0 and g — 0.

The kinetic terms of scalar fields are given by

1
LM = D, @) + E(aus)z, @2.11)
where D,, is the covariant derivative for the Higgs doublet.
The gauge—gauge-scalar type interaction terms are given by

LM S gmuy (o Wi W™ + 5, W W H)

+ %(cazﬂz#h + SaZy ZMH),

(2.12)
where g is the weak gauge coupling and gz = g/cw with
Ow being the weak mixing angle.

The Yukawa interaction terms are the same as those in the
SM and given by

LgSM = —YuaLE)uR — Ydan)dR — Yequ)eR + h.c.,
(2.13)

where ® = iop®*. In the above equation, Qy and L are
left-handed quark and lepton doublets, respectively, while
uR,dg and ep are right-handed up-type quark, down-type

@ Springer

quark and charged lepton singlets, respectively. The interac-
tion terms for 4 and H with fermions are given by

m ¢ _ _
NS = 30 Shal fhtsaf FH).
f=u,d,e

(2.14)

We note that the SM-like Higgs bosons couplings with the
SM particles are universally suppressed by ¢, as compared
to those SM values.

The parameters in the Higgs potential are constrained by
perturbative unitarity, vacuum stability and the conditions
to avoid wrong vacua. For the perturbative unitarity bound,
there are four independent eigenvalues given in Refs. [34,73].
The necessary and sufficient conditions to satisfy vacuum
stability are given by [78]

Ao >0, As >0, 2yAprs+ Aaps > 0. (2.15)

For the conditions to avoid wrong vacua can be found in Refs.
[84-86].

The one-loop corrected two-point functions for weak
bosons are found in Ref. [95]. Imposing the constraint from
the S and T parameters, we can obtain the upper limit on m g
depending on the value of ¢,. Constraints on the mass of the
additional Higgs boson and the mixing angle from the LHC
data have been studied in Refs. [96,97].

2.3 Two Higgs doublet model

In the 2HDM, we have two isospin doublet scalar fields ®;
with the hypercharge ¥ = 1/2. We parametrize these dou-
blets as

+

w; -
(D,' = (%(Uz‘ +hi + iZi))’ (l = 1, 2), (216)

where v; and v, are the VEVs of two doublets with v =
v/ v% + v%.

In the most general 2HDM, flavor-changing neutral cur-
rents (FCNCs) appear at tree level, and it is severely con-
strained by experiments. In order to avoid such FCNCs, we
introduce a discrete Z, symmetry, where two doublets trans-
form as ®; — ®; and &, — — P, [98,99]. One can intro-
duce the soft breaking term of the Z, symmetry in the Higgs
potential without spoiling the desirable property of the flavor
sector.
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The most general Higgs potential under the softly-broken
Z> symmetry is given by

Voupm (@1, ©2)
= m%|q)1|2 + m%|<1>2|2 _ m%(@}@z + h.C.)

1 1 s
+ z“""l"‘ - §K2I¢2|4 + 23D @2 + 14| D] D22

1 f 2
+3ks (¢1<D2> +he |

(2.17)
Although m% and As are generally complex, we take them to
be real and consider the CP-conserving case for simplicity.
The mass eigenstates of the Higgs fields are defined as

()-mn(52) (2)=ro(%)
()-so(?)

where tan 8 = vy /v1, and H* and A are the charged and
CP-odd Higgs bosons respectively, while H and & are the
CP-even Higgs bosons. We define the domain of 8 to be
0 < B < m/2. We identify A as the discovered Higgs boson
with amass of 125 GeV. After solving two tadpole conditions
for i1 and h», the squared masses of the charged and CP-odd
Higgs bosons are given by

(2.18)

1
m%. = M? — 5 O +as)?, mi = M? —asv?, (2.19)

where M? = m% /(spcp) which describes the softly-breaking
scale of the Z, symmetry. The squared masses of the neutral
Higgs bosons and the mixing angle 8 — « are given by

miy = M1 ch_o + M3ysh_o — Mir$2(5-a). (2.20)
miy = MySf_o + M3ch_o + Mipsa(p—a), 22D
tan2(B — a) 2Mi (2.22)
an —-—) = ——T—, .
M121 - M22

where Mi2/ (i, j = 1,2) are the squared mass matrix ele-
ments for the CP-even scalar states in the Higgs basis [100]

(h1, h2)R(B):

1
M7 = (hch + haspHv® + §A345v2s§ﬂ, (2.23)
2 2 1 22
My =M™+ 7 (41 + Az — 2A345)v7 s, (2.24)
2 1. > 2 2
Miy = —5 (hicg — hasp — Aaascop)vsap, (2.25)

with X345 = A3+As+ 5. We define the domain of § —« to be
0 < B—a < 7 sothat sg_ is always positive and cg_, has

the opposite sign from M 122 [101]. The eight parameters in
the Higgs potential are expressed by the following six input
parameters:

M2

tan 8, (2.26)

mg, ma, mg=, SB—a
and the two parameters m;, and v are fixed by experiments.
In addition, we have a degree of freedom of the sign of cg_q .
The kinetic terms of the Higgs doublets are given by
LEPM = D@1 + D@ . 2.27)
In the mass eigenbasis of the Higgs bosons, the gauge-gauge-

scalar type interaction terms are given by

£2HDM :)ng(Sﬁ—aW,jWﬂLh + Cpa W;W*“H)
+ %(s,sfazﬂz“h +cp—aZuZ'H). (2.28)

The Yukawa interaction terms under the Z, symmetry are
given by

E%HDM =—- YMELEISMMR - Yd@LCDddR

—Y,L;®.er + hec., (2.29)
where &, 4 . are either ®| or ®,. As in Table 1, there are
four types of Yukawa interactions according to the Z, charge
assignment [102,103]. The interaction terms for the physical
Higgs bosons with the fermions are given by

m _
LMD = 37 = l(spoa - Erep-a) S S
f=u,d,e

+ (cpoa — Lpsp—a) [ FH = 2il L5 fys fA]
2
+ \/T_[Vudﬁ(muguPL - md{dPR)dH+

— melevPreH +hecll, (2.30)
with Iy = 1/2 (=1/2) for f = u (d,e) and V4 is the
Cabibbo—Kobayashi—-Maskawa matrix element.

The parameters in the Higgs potential are constrained
by perturbative unitarity, vacuum stability and the condi-
tion to avoid wrong vacua. For the perturbative unitarity
bound, there are twelve independent eigenvalues of the s-
wave amplitude matrix [74—77]. The vacuum stability bound
is sufficiently and necessarily satisfied by imposing the fol-
lowing conditions [79—-83]

A >0, 22>0, Ahy+ A3 +MIN(Q, Ag+ As,

Aa — As) > 0. 2.31)

@ Springer
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Table 1 Charge assignment of

Z; charge Mixing factor
e L LI T T A —
Yukawa interactions Type-I + _ + + _ _ _ cot B cot B cot B
Type-IL + - + + — + + cot —tan B —tan
Type-X (lepton specific)  + — + + - - + cotB  cotf —tan 8
Type-Y (flipped) + - + + - + — cot B —tanB  cotp

In addition, the wrong vacua can be avoided by taking M? >
0 [87]. We thus only take the positive value of M? in the
following discussion.’

The expressions of the two-point functions for the weak
bosons in the 2HDM are found in Refs. [106—110]. Impos-
ing the constraint of the S and 7 parameters, we can find
that the charged Higgs bosons and one of the neutral Higgs
bosons should be approximately degenerate in their mass.
This results from the constraint of the 7' parameter, and it
can be satisfied if the Higgs potential respects the custo-
dial symmetry [111,112]. Constraints on the parameters in
2HDMs from the LHC data have been discussed in Refs.
[25,101,113-116].

In the 2HDM, constraints from flavor experiments are
important to be taken into account. These bounds particu-
larly provide the lower limit on the mass of the charged Higgs
boson m g+ depending on the type of Yukawa interaction and
tan 8. For example, from the B — X,y data, my=+ has to
be greater than about 800 GeV at 95% confidence level (CL)
in the Type-II and Type-Y 2HDMs with tan 8 2> 2 [117],
while O(100) GeV of mpy= is allowed in the Type-I and
TypeX 2HDMs with tan 8 2 2 [118]. Constraints on m =
and tan 8 from various flavor observables are also shown in
Ref. [119] in the four types of 2HDMs.

2.4 Inert doublet model

The contents of the Higgs bosons in the IDM are the same
as those in the 2HDM. In the IDM, we assume an exact Z»
symmetry and prohibit the m% term in the Higgs potential
which softly breaks the Z, symmetry in the 2HDM. We also
assume that the second Higgs doublet @, does not develop
the VEV to avoid the spontaneous breaking down of the Z,
Ssymmetry.
We parametrize the doublets as

G+

H+
@ = (%(v +h —i—iGO))’ ®2 = (%(H +iA))'
(2.32)

3 We use the tree-level perturbative unitarity and vacuum stability con-
ditions throughout this paper. We refer to Refs. [104,105] as higher-
order effects for these constraints.

@ Springer

The squared masses of the Higgs bosons are given by

miy = v, (2.33)
1

my =M+ 505+ ke + s, (2.34)
1

m% = M?* + O3+ = As)v2, (2.35)
1

mi. = M+ Exwz, (2.36)

where M? = m% We note that in addition to the absence of
the m% term, there is no tadpole condition for H. Therefore,
the mass formulae for the scalar bosons are different from
those in the 2HDM. We choose the following five parameters
to be the free input parameters in the IDM:
my, ma, mpge, M? A, (2.37)
and the two parameters m, and v are fixed by experiments.
The parameters in the Higgs potential are constrained by
perturbative unitarity, vacuum stability and the condition to
guarantee the inert vacuum. The same conditions for pertur-
bative unitarity and vacuum stability in the 2HDM can be
applied to the IDM, because these bounds are given in terms
of the scalar quartic couplings. In addition, there is the con-
dition to guarantee the inert vacuum with ((CD(I)), (d>g)) =

(v/+/2,0) [88],

mo_ M (2.38)
< . .
VA VA2

Since the tadpole condition makes m% negative, and the vac-
uum stability condition constraints A; and A, to be posi-
tive, the condition given in Eq. (2.38) is satisfied by taking
M? > 0. We refer to this condition as the one to avoid wrong
vacua, according to the other two models discussed above.
For the constraints of the § and T parameters, we can use
the same expressions as those in the 2HDM with sg_ = 1.
As similar to the case in the 2HDMs, the charged Higgs
bosons and one of the neutral Higgs bosons should be approx-
imately degenerate in their mass in order to satisfy the con-
straint from the 7" parameter. In the IDM, constraints on the
masses of the additional Higgs bosons from collider experi-
ments are relatively weak since the additional Higgs bosons
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Table 2 Scaling factors for the SM-like Higgs boson couplings in the
extended Higgs models

HSM 2HDMs IDM
Ky Co SB—a 1
Ky Ca Sp—a +fCp—a 1

do not couple to the SM fermions. Constraints from the LEP
and the LHC have been studied in Ref. [120] and Refs.
[121,122], respectively. Dark matter constraints from relic
density and direct detection also limit the parameter space;
see, e.g., Refs. [122,123] for details.

Finally, we summarize the scaling factors for the SM-
like Higgs boson couplings to the weak bosons xy and the
fermions « ¢ in Table 2.

3 Electroweak corrections to the process ete™ — hZ

In this section, we define the notation for the process ete” —
hZ and discuss the helicity amplitudes based on the form-
factor decomposition. We list relevant renormalized quan-
tities for this process and give the formulae of form factors
including the one-loop corrections. The differential cross sec-
tion with arbitrary sets of electron and Z boson polarization
is also presented. For the numerical evaluation, we use the

SM input parameters given in Appendix A.
3.1 Helicity amplitudes and cross section
The process

¢ (pe, 0e) + et (pa, 05) — hkn) + Z(kz, 3) (3.1
is depicted in Fig. 1. The momenta and helicities of the
incoming electron and positron are denoted by (p,, o.) and
(pz, 0z), respectively. Correspondingly, (kz, 1) is used for
the outgoing Z boson, and kj, is the momentum of the outgo-
ing Higgs boson. The signs ‘4’ and ‘—’ of the variables o,
and o7 refer to helicities +1/2 and —1/2, respectively. The
helicity A takes ‘£’ or ‘0’. In the following discussion, we
neglect the mass of the electron whenever it is possible.

The Mandelstam variables are denoted by

s = (pe + pa)* = (kz + kn)?, (3.2)
t = (pe —kz)* = (ps — kn)*, (3.3)
U= (pe —kn)* = (pz — kz)?, (3.4)

et (pe; 0e) Z(kz,A)

h(kn)

Fig. 1 The process ete™ — hZ with momentum and helicity assign-
ments. The momenta p, and p; are incoming, while k;, and kz are
outgoing

e (pe,0e)

and they satisfy s + ¢ +u = mZZ + m% In the CM frame
of the e e™ collision, the momenta of each external particle
are

Pl = */7;(1,0, 0, 1), (3.5)
N
= %(1,0, 0, 1), (3.6)
2 2
K = §<1 + 227" gine, o0, ﬂcos@), (3.7)
S

2 2
k;l‘ = \/—E(l — u, —pBsind, 0, —ﬁcos@), 3.8)

=2 = E\/[S — (mz +mp)?][s — (mz — mp)?],
(3.9)

with the beam energy E = /s /2. We use the scattering angle
0 between e~ and Z boson; p, - RZ = cos 6§ where the hat
indicates the unit vector. The scattering angle 6 is related to
t and u via

| R 5 s
t=§(mz+mh—s)+5ﬁcos(9, (3.10)

| 5 s
u:z(mz+mh—s)—§,300s9. (3.11)

The helicity amplitudes for ete™ — hZ vanish for
0, = 05 in the limit m, — 0 due to the chirality con-
servation. Therefore, we use o = o, = —o; for the non-
vanishing amplitudes. The helicity amplitude M) (s, t) can
be decomposed into a set of basic matrix elements M, 53
and corresponding form factors F; 4 (s, ) as [63]

3
Mo, 1) =Y Fio(s, ) Mig(s, ).

i=1

(3.12)
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The basic matrix elements are given by
Mi,U)u = ja,p_(pe, pE)’T,'Mv(sv I)S:(k27 )")1 (313)

where e*#(kz, 1) is the polarization vector for Z boson, and
jff (pe, pe) is the fermion current of the initial electron and
positron,

" 1 . .
e (kz, £) = —[0, Fcos b, i, =sinb],

3.14
7 (3.14)
e (kz, 0) = %[ﬂ,asin@,&acos@], (3.15)

with the chirality projection operator P, = (1 +oy5)/2 and
o = 14 (m% —m3)/s. The three basis tensor T}*" are defined
by

T =", TS =ky(pe + pe)’. Ti" =kb(pe — pe)’.

(3.17)

In the CM frame, the first elements of basic matrix M 43
become

My gz = a\/g(l +ocost) =o+2sd} ,(0), (3.18)
S

3.19
N (3.19)

Mioo= ——Z sin =0 d! (),

2mz

where d’{l + (@) 1s the Wigner’s d function. The second ele-
ments M> 5 are

Mi o+ =0, (3.20)
5282 $282

Ma o0 = —% sinf = Uzﬁﬂmz dy (0). (3.21)

The third elements M3 4, are
sB s ., S 5

M3 or = :l:; 3 sin“ 0 = +sp §d2’0(9), (3.22)
2 2

M, g0 = Zn‘;‘f cos sinf = —%[d%l(@) — ).

(3.23)

@ Springer

The six physical helicity amplitudes are given in terms of the
form factors F; 5 by

Moi(s, 1) = \/§|:F1,(7 (s, 1) £ %(o F cosO)F3 (s, t)i|

X (o0 £ cosb), (3.24)
s sp?
MUO(SJ)Z_— aFl,O'(Sst)—i_iFlO'(s?t)
2my 2
sof3 .
- cos 0 F3 4 (s, t):| sin 6. (3.25)

We denote the tree- and one-loop contributions to the
helicity amplitude as

3
MO0 =" FO (.0 Mo, (3.26)
i=1
3
M (s.0) =D F(s.0Mi g (3.27)

i=1
The helicity-dependent differential cross section at NLO in
EW is given by
p
64m2s
1 (0)=
+2Re[ M (s, )M Q" (s, t)]} . (3.28)

do
o st = = fIMJ 0P

The helicity-dependent cross section o (o, A;s) can be
obtained by integrating Eq. (3.28) over the solid angle.

In a realistic setup, one needs to introduce the degree of
polarization of initial electron P, and positron P;. We use the
convention where a purely left-handed (right-handed) elec-
tron corresponds to P, = —1 (+1). The polarized differential
cross section is given by

do
aQ
-y L doryt—or) S 0.5
_U:j:4 e e dQ E) £ ) .

(Pe, P, 2 5,1)

(3.29)

The unpolarized cross section o (A; s) corresponds to P, =
P; =0. (P, P;) = (0.8, £0.3) is planned polarization at
the ILC [27].

The polarized cross section can be rewritten in terms of
the helicity-dependent cross section as [124]

1
0(Pe, Pz, ;5) = Z(l — P)(1 + Pz)o(—, A; 5)

1
+ Z(l + P)(1 — Po)o(+, A;5)
=0oX;8)(1 — P, Pe)(1 — PegrALr). (3.30)
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et 7

(&

Fig. 2 Tree-level diagram for the process ete™ — hZ

where the effective polarization Pegr and the left-right asym-
metry ApR are defined as

P, —P;
Peff = ———, (3.31)
1-P,P;
o(—,A;8) —o(+,4;5)

o(—,A;8) +0(+,A;8)

AR = (3.32)

By using Eq. (3.30), one can easily evaluate the effect of
the beam polarization from the helicity-dependent cross sec-
tions. Therefore, in the following discussion, we focus on the
unpolarized and helicity-dependent cross section to exhibit
analytical behaviors.

3.2 Tree-level contribution to the helicity amplitudes

At LO, only one diagram of Fig. 2 is relevant since the
electron-Higgs coupling is proportional to m,, and it is neg-
ligible. The contribution of the tree-level diagram to the form
factors is expressed as

,(0)
PO _ gZFhZZ g0 £,

i,o

(3.33)
Z

with the tree level hZZ coupling F}lé%) = 2/<Zm22 /v. The
scaling factor k7 is given in Table 2. If there is no mixing
between CP-even scalars, the cross section in the extended
Higgs models is the same as that in the SM at LO. The cou-
plings g+ are defined by

2 1

&+ =Sy, &- =3 —i—s%v. (3.34)
The coefficients fl.(o) are
=1, =50 (3.35)

The lowest order differential cross section is given by

d
gLo(a Ay s, t)
4 2sldy (O (n =),
)2
= F 2 3.36
a7y | T ”‘| dlo@F (. =0). (3:30)
ZmZ

In the left panel of Fig. 3, we show the helicity-dependent
cross sections at LO as a function of the CM energy. In
the numerical evaluation, we take G as an input given in
Appendix A and use the tree-level relation v = (v2G )~ /2.
The solid and dashed lines correspond to the transversely
(A = %) and the longitudinally (A = 0) polarized Z bosons,
respectively. The cross sections peak just above the thresh-
old /s = mz + my and monotonically decrease at higher
energies. For energies well above the threshold, the longi-
tudinally polarized Z boson dominates the cross section.
This is due to the factor s/ mZZ originated from the longi-
tudinal polarization vector defined in Eq. (3.15). The cross
section for the left-handed electron is larger than that for the
right-handed electron because the left-handed electron more
strongly couples to the Z boson than the right-handed elec-
tron (g_/g+)? ~ 1.8. At /s = 250 GeV, the unpolarized
cross section is 242 fb, and the polarized cross section is
379 ftb with (P,, P;) = (—0.8,0.3). Therefore, the beam
polarization significantly changes the size of the cross sec-
tion. We note that the predicted value of the LO cross section
highly depends on the input schemes.

The angular distributions of the LO cross section at /s =
250 GeV are given in the right panel of Fig. 3. They are
determined by d ; 5 (0). The cross section for the transversely
polarized Z boson is proportional to 1 + cos? 6, and it takes
maximal value in the forward-backward direction. On the
other hand, that for the longitudinally polarized Z boson is
proportional to 1 — cos? 6, and it vanishes in the forward-
backward direction and takes maximal value at cos 6 = 0.

3.3 One-loop contributions to the form factors

As shown in Fig. 4, the one-loop contributions to the form
factors F[.(ff) consist of (a) the Z boson self-energy and the
Zy mixin’g, (b) the Zee vertex correction, (c) the hZZ and
hZy vertex corrections, (d-e) the hee vertex correction and
(f) the box diagrams. In addition, the renormalization fac-
tors of the weak gauge bosons are not to be unity in our
renormalization scheme [71,72]. Therefore, we have the term
— Re{ n,, (mzz) } /2 from the wave function renormalization
of the on-shell Z boson. Furthermore, the EW correction to
the Fermi decay constant Ar appears when one replaces the
VEV in the tree-level amplitude with G , since the tree-level
relation between these two parameters is no longer valid at the
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oy [fb]

900 400 600 800 1000

Vs [GeV]

Fig. 3 (Left) Helicity-dependent cross sections of e*e™ — hZ at LO
in the SM as a function of CM energy. The red lines show the results
for the left-handed electron and the right-handed positron, while the
blue lines show those for the right-handed electron and the left-handed
positron. The solid (dashed) lines show the results for the transversely

300

VS = 250 GeV

(0,A)
(== )* = %)
250}
&£ 200}
N
(%)
S 150k
)
So
&2
5 100f
S
sof

-1.0 -0.5 0.0 0.5 1.0

(longitudinally) polarized Z bosons. The black solid line corresponds to
that for the unpolarized cross section where the polarization of Z boson
is also summed. (Right) Helicity-dependent differential cross sections
ofete™ — hZatLOinthe SM as a function of cos § at /s = 250 GeV.
The line colors and styles are the same as those of the left figure

(d) (e)

Fig. 4 NLO corrections for eTe™

one-loop level. This replacement corresponds to the resum-
mation of universal higher-order leading corrections such as
large logarithms from light fermion masses [62]. The one-
loop contributions to the form factors Fl(? are given by

(D 7z Zy Zee hZZ hZy heé
Fi,a =Fi,a +Fi,o +Fi,zree+F},0 +Fi,o +Fi,§e

!
+FB 4 FL 4 FRY (337
where the terms in the first line correspond to the contri-
butions from the diagrams in Fig. 4, while the terms in the
second line come from the renormalization procedure. For
the computation of these EW corrections, we adopt the mod-
ified on-shell renormalization scheme defined in Ref. [43].
In the on-shell renormalization scheme, all the counterterms

@ Springer
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— hZ; a Gauge boson self-energy, b Zee vertex, c hZZ and hZy vertices, d, e hee vertex, f box diagrams

in the amplitude of ete™ — hZ are determined in terms of
the one-particle irreducible (1PI) diagrams for one- and two-
point functions of Higgs bosons, gauge bosons and fermions
by imposing a set of the renormalization conditions. Adding
these counterterms, one can obtain the ultra-violet (UV) finite
one-loop corrected vertices.

In the wide range of extended Higgs models, there are
mixings among Higgs bosons, and the gauge dependence
appears in the renormalization of these mixing angles. We
apply the pinch technique to remove the gauge dependence
in the renormalized vertex functions [32,41,43].

Apart from the UV divergences, there are infrared (IR)
divergences when we calculate virtual photon loop contri-
butions. In the calculation of individual photon loop con-
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tributions, we regularize them with a finite photon mass .
The photon mass dependences in the one-loop calculation are
exactly canceled by adding contributions of real photon emis-
sions. The analytic expression of the real photon contribution
with the soft-photon approximation is given by [61-63],

AAE? 2
dasoﬁzolaLo{—g [m <1+1 Me )
b4 u? s
1 2 2 2
fotn? Mo ppMe LT
2 s s 3

with the photon energy cutoff AE. The dependence of
AE vanishes in the inclusive cross section where one also
includes the contribution of hard photon emissions [62]. The
inclusive cross section still depends on ln(mg /s), and this
logarithmic term potentially takes a large value. This depen-
dence can also be eliminated by introducing the electron
structure functions as discussed in Ref. [66]. However, the
treatment of hard photon emission highly depends on the
experimental setup. The hard photon changes the kinemat-
ics of the process, and these effects would be eliminated by
applying appropriate experimental cuts. In addition, if one
considers the scenario with k7 =~ 1, these effects in extended
Higgs models are almost the same as in the SM. Therefore, we
do not consider the electromagnetic effects when we focus
on the difference between the predictions in the extended
models and those in the SM.

In the one-loop calculation, we choose the fine structure
constant e, the Fermi constant G  and the Z boson mass
myz as the input EW parameters. In addition to these EW
parameters, we also use the shift of the fine structure constant
Adem, the strong coupling constant oy and the masses of
the fermions and the discovered Higgs boson as the input
parameters. The values of these SM input parameters are
given in Appendix A. We use the input parameters given in
Egs. (2.10), (2.26) and (2.37) in the HSM, the 2HDMs and
the IDM, respectively.

(3.38)

3.3.1 Renormalized vertices

In the following calculation, the Zf f, hZZ, hZy and hf f
vertices are relevant, where 4 Zy vertex is one-loop induced.
Each of these vertices can be decomposed into several form
factors depending on their Lorentz structure.

The renormalized Zf f vertex can be decomposed in the
massless limit of external fermions as

~u )
szf(pf,pf,pz)

where pr(p 7 is the incoming four-momentum of the
fermion (anti-fermion), and pz is the outgoing four-
momentum of the Z boson. We can further decompose these

vertices into the tree-level and one-loop level contributions

T —phO i,(1)
FZ/f fo + Ffo
i,(1) i, 1P i .
with Ffo_ fo+8[‘sz i=V,A). (3.40)
The tree-level contribution is given by
v _ Iy 2 a0 _ Iy
Popp =72 ~ 9w Typ =5 (34D

In the massless limit of external fermions, expressions of
these vertices in the HSM, the 2HDMs and the IDM are the
same as those in the SM. Analytic expressions for the 1PI
diagrams and counterterms are presented in Appendix B in
Ref. [55].

The renormalized h Z Z vertex can be decomposed as

1 PIPy 2

i ~ -

Ty, (p1.p2pn) = | 8" Tz + — 7 Lizz
Z

4 Euvpo plpPZU

thz:| (P%, p%» Pi),
mz

(3.42)

where p and p; are incoming four-momenta of the Z bosons,
and py, is the outgoing four-momentum of the SM-like Higgs
boson. We can further decompose these vertices into the tree-
level and one-loop level contributions

T — 1O i(1)
Uhzz =Tizz + Tizz:

with T80 =THP 8T8 (1=1,2,3). (343)
The tree-level contribution is given by
0 2,00 3,0
0D = 2em (VaGr) Y =Y =0
(3.44)

The form factor F,f 77 1s non-zero only when the SM-like
Higgs boson is a CP-mixed state. Therefore this form fac-
tor vanishes in the model with CP conservation in the Higgs
sector. Analytic expressions for the 1PI diagrams and coun-
terterms are presented in Ref. [34] for the HSM, Ref. [39]
for the 2HDMs and Ref. [51] for the IDM.

Similarly, we define the loop-induced hZy vertex as

= = pypy
Uy7, Pz, pys p) = [g“”l“},zy + 2 L7,
h
4 | HVPo prpr

1—‘hZ}/:| (p21 pyv ph) (345)

Ph
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The form factor Fz Zy vanishes in the model with CP conser-

vation in the Higgs sector. Analytic expressions for the 1PI

diagrams and counterterms are presented in Refs. [55,125].
The renormalized A f f vertex can be decomposed as

Fhff(pf Pf,Ph) f+V5Fhff+pf hff+pf hff

* ”’fy5rhff + Pl

PPt P b vt
(3.46)

where py(p7) is the incoming four-momentum of the
fermion (anti-fermion), and pj, is the outgoing four-
momentum of the SM-like Higgs boson. Analytic expres-
sions for the renormalized vertices are presented in Ref. [34]
for the HSM, Ref. [39] for the 2HDMs and Ref. [51] for the
IDM.

3.3.2 Expression of form factors including one-loop
corrections

We list the one-loop contributions to the form factors in terms
of the renormalized quantities. The one-loop propagator cor-
rections appear in the sum in Eq. (3.37) as the term

1,(0) o7 or
FSE _ 82077 | THzz(s) O,s 7,61 0
o = 2 o 2 eSWew fi
S — mZ —my N
(3.47)

with the renormalized self-energies ﬁ‘T,V, (s) of the neutral
vector bosons. The renormalized Zee corrections appear as

1,(0)

; &z =~ = 0
Fi,Z(fc = —hZZZ {[F‘Z/eé - Jréeé:l (m2, m? S)]f,»( ).
A mZ
(3.48)

The renormalized hZV (V = Z, y) corrections appear as

8z z( 8z 1
Fi},lozv = mgaf,- D s) + TQeSWCWfiY( (s),

Z
(3.49)
with
W) =Thy, my, s,mb), (3.50)
|-
fzz(l)(S) = —m—zl“ﬁzz(mzz, s, mp), (3.51)
VA
AV = F,lzy (m%.s,m}), (3.52)
2 (1)( ) = _m thy(mz,s mh) (3.53)

h
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The renormalized hee corrections appear as

Fi},lf;é =~ 8280 {[ hee+ar hee ](t’()’ m%)

[P+ otz ] 0 wmd | £, (3.54)
The 1/t and 1/u terms originated from the fermion propa-
gator are canceled by the vertex corrections [63]. However,
the renormalized vertices depend on ¢ and u, and they cause
non-trivial cos 6 dependence.

There are the five W boson mediated and one Z boson
mediated box diagrams in the massless limit of the electron.
The amplitudes of the W boson mediated diagrams can be
written as

Mg,
= = 5b ZCka(s DMigr, (k=1.2,....5),
(3.55)

with
Fi(s, 1) = F*Gs, 1), (3.56)
Fis.1) = 1[F"(s £+ FX s, t)] (3.57)
FiGs.1) = [Fk(s 1) — FX(s, t)] (3.58)

The amplitude of the Z boson mediated diagram has a dif-
ferent structure from others, and it can be written as

Mgy = 1o 2ZgaC6F6(s HMi o, (3.59)
with

Fi(s, 1) = F6(s, 0, (3.60)
FS(s.1) = [F6(s 1)+ FSs, r)] 3.61)
FS(s.1) = 1[F6(s 1) — FS(s, t)] (3.62)

The expressions of C¥ and Fik (s, t) are given in Appendix B.
We define B; ; (s, t) by

5

K

Bio(s.) = 1o [60_ > CHFE(s. 1) + g2 COF (s, t)}.
k=1

(3.63)

Finally, the form factors at one-loop level are given by

—~r
) gz 1,00) 15, (s)
FO o2 JIrp A
s — mz{ hZZ|: g(rs—mzZ
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T i 0 Z(1
+|:F‘Z/eé — O'Féeé:l (mg,mg, s):|fl( ) + gc‘ffi ( )(S)}

=T
eQ Loy Uz, ) o 1
n se|:_rhz(z)%fi()+fiy()(s)

— mzz
—8Z80 ”:f;‘l/;g + Ufﬁ;g] (t,0, m%)

—[FVZ, +oTA ](0, %, mi)} 7O

hee hee
1,(0)
gzl
+Bi,l7’(s7 1)+ izzg(r
S — mZ

x [—% Re{M7,(m)] - Ar:| 7O, (3.64)

4 Numerical results

In this section, we begin with an analysis on the behavior of
the NLO weak corrections to the cross section of the eTe™ —
hZ process in the SM. We then analyze the deviations from
the SM values at NLO in the HSM, the 2HDM and the IDM.

We evaluate the form factors Fiftlf) by using the H-COUP
program [52,53], where G is taken as an input. In order
to compare our results in the SM with the previous works
[63,126-128], we extend the H-COUP program and take m
as an input instead of G . With this extension, we have con-
firmed that our results are in agreement with the previous
results. In the following, we show the results obtained in the
scheme where «em (0), G and mz are input parameters.

In order to study the theoretical behavior of the one-loop
corrections, we parametrize the differential cross section as
do = doro(1 + dweak + dem), 4.1
where Sweax and Sem denote the relative weak and electro-
magnetic corrections, respectively.

As we will see below, the NP effects mainly come from
F,i 77 vertex, and that appear independently of o and A.
Therefore, we show the results of the unpolarized cross sec-
tion where the polarization of the Z boson is also summed. In
order to analyze the NP effects in each renormalized quantity,

. —EW
we introduce Ay

~EW EW EW
Ay = Ax,NP - AX,SM’
(X=2ZZ, Zy, Zee, hZZ, hZy, hee, Box, H’ZZ, Ar),
4.2)
with AEW = ox/oLo. We evaluate oy by substituting
3
MDX (5.0 =" FX Mig (4.3)

i=1

into M()(s.1) in Eq. (3.28), where FY is defined in
Eq. (3.37). We also evaluate the ratios of the total cross sec-
tions to exhibit the deviations from the predictions in the
SM,

ARM = NP
OSM

4.4)

4.1 Standard model

In the left panel of Fig. 5, we show the weak one-loop cor-
rections to the helicity-dependent cross sections as a func-
tion of the CM energy. The weak corrections to the cross
section for the right-handed electron are positive, and they
increase the cross section by about 10%. On the other hand,
those for the left-handed electron are negative, and the size
of these corrections strongly depends on the CM energy.
The reason for this difference comes from negative contribu-
tions from the box diagrams. Among the six box diagrams,
the five W boson mediated diagrams only contribute to the
helicity amplitudes for the left-handed electron. They give
negative contributions to the helicity-dependent cross sec-
tions for the left-handed electron. In addition, their effects
become relevant at higher energies and give large negative
corrections. The peak around /s >~ 350 GeV corresponds
to the threshold at 2m; in the top-loop contributions. We
note that the NNLO electroweak-QCD corrections have been
estimated in Refs. [127,128], and the magnitude is about a
percent.

In the right panel of Fig. 5, we show the weak one-loop
corrections to the differential cross sections as a function of
the CM energy. From Eq. (3.63), we can see that only the
hee vertex and box corrections cause different cos 6 depen-
dence from those at LO. At /s = 250 GeV, this effect is
not so large, and the angular distribution of the Z boson is
almost determined by the d Clr , (0) functions. At higher ener-
gies, the angular distribution of the Z boson is significantly
modified through the box contributions [63]. However, the
size of the cross sections decreases in such a higher energy
region.

4.2 Higgs singlet model

First, we consider the Z, symmetric scenario in the HSM
where ¢, = 1 and pus = 0. There remain three input
parameters, mpy, Aps and Ag. In the following analysis,
we impose perturbative unitarity, vacuum stability, avoid-
ing wrong vacua, and the constraints of the EW § and T
parameters. In order to analyze the theoretical behavior, we
here do not impose the constraints from the direct searches
of the additional Higgs boson and the Higgs coupling mea-
surements. In addition, we impose M? > 0 as in the case of
the IDM and the 2HDMs.
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Fig. 5 (Left) Weak corrections to the helicity-dependent cross sections
in the SM. The red lines show the results for the left-handed electron
and the right-handed positron, while the blue lines show those for the
right-handed electron and the left-handed positron. The solid (dashed)
lines show the results for the transversely (longitudinally) polarized

HSM:cy=1, us=0, As=1, M?>=0
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3t heé
—— Box
N'zz
A Vs =250GeV
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Fig. 6 NP effects in the EW corrections as a function of the mass of the
additional Higgs boson in the Z, symmetric HSM at /s = 250 GeV.

The left panel shows Zl;}w with As = 1. The right panel shows A R"?

In the left panel of Fig. 6, we show Z];(W defined in
Eq. (4.2) as a function of the mass of the additional Higgs
boson in the Z, symmetric HSM at /s = 250 GeV. We here
take As = 1 and scan Aggs for [Aps| < 4m. In the Z, sym-
metric HSM, only ZE;VZ takes non-zero value. Furthermore,
among the components of the renormalized hZ Z vertex in
Eq. (3.43), the wave function renormalization factor of the
SM-like Higgs boson §Z; only gives the NP effects. §Zj
is defined by the two-point function of the SM-like Higgs

boson H}lzl (p?) as
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Z bosons. The black solid line corresponds to that for the unpolarized
cross section where the polarization of Z boson is also summed. (Right)
Weak corrections to the helicity-dependent differential cross sections
in the SM at /s = 250 GeV. The line colors and styles are the same as
those of the left figure

HSM :cy=1, us=0, M2=20

— As=0.1
— 1.0
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~too 500 1000 2000
mpy [GeV]

withAg = 0.1 (red), 1 (blue) and 2 (green). The solid and dashed curves
denote the case with the maximal and minimal values of M2, respec-
tively. Perturbative unitarity, vacuum stability, avoiding wrong vacua,
and the constraints of the EW S and T parameters are imposed
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As the NP contributions, there are two H propagated dia-
grams in I1}P1(p?). One of them is proportional to Apnpp,
while the other is proportional to A% 1 - However, the former
does not contribute to § Zj because the loop function A (m )
does not depend on the external momentum p?2. Therefore,
only the latter contributes to the helicity amplitude as the NP

effect,

2
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with A, gy = —Xosv. We note that this difference does not
directly depend on Ag, but it indirectly determines the possi-
ble size of the NP effects through the perturbative unitarity
and vacuum stability bounds.

The magnitude of KE;VZ becomes larger when the mass
of the extra Higgs boson is taken to be larger up to around
700 GeV. This peak corresponds to the point where the mini-
mum value of M2 = m%, — hpsv? changes from zero to non-
zero due to the perturbative unitarity bound. At this point,
Las takes the maximal value, and it triggers a sizable effect.*

In the case of larger values of m y, the magnitude of Z};\ZNZ
monotonically decreases because perturbative unitarity con-
strains the size of Lgg. In such a large mass region, mpg is
approximately equal to M, and the additional Higgs boson
almost decouples following the decoupling theorem [131].

We can also see the relatively large NP effects when the
mass of the additional Higgs boson is below 200 GeV. In
this region, A¢s takes a negative value satisfying the vacuum
stability bound thanks to the sizable Ag. While the sign of
Los is flipped, only |[Aes|* appears in Eq. (4.6). Therefore,
ZE;‘IZ is negative independently of the sign of Ags.

In the right panel of Fig. 6, we show the predictions of
AR" in Eq. (4.4) as a function of the mass of the additional
Higgs boson in the Z, symmetric HSM at /s = 250 GeV.
We here take A5 t0 0.1, 1 and 2 and scan Lgg for [Los| < 4.
In the Z, symmetric HSM, the Z, symmetry prohibits the
mixing of the CP-even states, and AR" = ( at LO. The
behavior of AR"Z is only determined by §Zj,, and almost

the same as that of K%VZ. The possible magnitude of AR"?
indirectly depends on the value of A g through the conditions
of perturbative unitarity and vacuum stability. For mg >
200 GeV, the possible magnitude of AR"# decreases as Ag
becomes large. On the other hand, for my < 200 GeV, the
possible magnitude of AR"Z increases as A5 becomes large
because a large negative value of Agg is allowed under the
vacuum stability bound.

We here mention the scenario where g softly breaks the
Z, symmetry. We note that AR"Z does not directly depend
on /5, and the behavior of AR"Z ig the same as that in the Z>
symmetric HSM. However, s indirectly affects the possible
size of the NP effects through the conditions for avoiding
wrong vacua. For example, the region where m g < 300 GeV
is excluded if ug = 100 GeV.

Next, we consider the scenario with the mixing of the

CP-even states. In the left panel of Fig. 7, we show K];(W as
a function of the mass of the additional Higgs boson with
co = 0.99 and ug = 0 at 4/s = 250 GeV. We here take

4 In such a point Higgs self-couplings become large, so that the pertur-
bative series could converge slowly. Therefore the higher-order effects
should be studied carefully. For example, in Refs. [129,130], two-loop
effects for the Higgs trilinear coupling Apj;, are estimated in various
extended Higgs models.

As = 1 and scan Agg for [Leps| < 4. We note that not only
the renormalized 1 Z Z vertex but also the other renormalized
quantities differ from the SM values unlike the case in the
Z, symmetric HSM. However, the magnitude of KE?Z is
larger than that of the others. For my < 700 GeV, ZE;VZ
takes a negative value, while it takes a positive value for
mpy > 700 GeV. In order to realize the finite mixing of
the CP-even states with a large mass of the additional Higgs
boson, the Higgs quartic couplings should take large values,
and it triggers a so-called non-decoupling effect.

In the right panel of Fig. 7, we show the predictions of
AR as a function of the mass of the additional Higgs boson
with ¢y, = 0.99 and s = 0 at /s = 250 GeV. We here take
As t0 0.1, 1 and 2 and scan Agg for |Aes| < 4. If there
is the mixing of the CP-even states, the LO cross section
decreases from its SM value. When ¢, = 0.99, the size of
deviation is AR"” = —s2 ~ —0.02 at LO. We can see that
the magnitude of one-loop effects is comparable with that of
the LO contribution, and the NP effects sizably change the
predictions for AR"Z. The behavior of AR"Z is almost the
same as that of Ay y7. For mp < 500 GeV, Ay vy increases
the magnitude of AR"  while it decreases the magnitude
of AR for mpy > 500 GeV. For my > 1000 GeV, the
possible magnitude of A R"Z decreases as Ag becomes large.
On the other hand, for my < 500 GeV, it increases as Ag
becomes large.

4.3 Inert doublet model

In the IDM, the Z; symmetry prohibits the mixing of the CP-
even states, and AR"Z = 0 at LO, similarly to the case in the
Z, symmetric HSM. In the following analysis, we assume
that the additional Higgs bosons are degenerate in their mass,
me = myg = my+ = my4. There remain two input param-
eters, A» and M2. We impose perturbative unitarity, vacuum
stability, avoiding wrong vacua, and the constraints of the
EW S and T parameters. In order to analyze the theoret-
ical behavior, we here do not impose the constraints from
the direct searches of the additional Higgs boson, the Higgs
coupling measurements and the dark matter experiments.

In the left panel of Fig. 8, we show ZI;:(W as a function of
the mass of the additional Higgs bosons in the IDM at /s =
250 GeV. We here take 15 = 1 and scan M2 for 0 < M? <
(3 TeV)Z2. We note that not only the renormalized h Z Z vertex
but also the other renormalized quantities differ from the SM
values unlike in the Z, symmetric HSM. This is because the
additional Higgs bosons are charged under the SM gauge
group. However, the magnitude of Kf;vz is larger than that
of the others in most cases. In the IDM, there are two main
contributions to ZE\ZVZ. The first one is A7 4 4, terms originated
from 6 Zj, similarly to the case in the Z, symmetric HSM. In
addition, there are 1PI diagram contributions proportional to
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Fig. 7 NP effects in the EW corrections as a function of the mass of
the additional Higgs boson in the HSM with ¢, = 0.99 and ug = 0
at /s = 250 GeV. The left panel shows Ziw with Ag = 1. The right
panel shows AR"? with A5 = 0.1 (red), 1 (blue) and 2 (green). The
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Fig. 8 NP effects in the EW corrections as a function of the masses
of the additional Higgs bosons in the IDM at /s = 250 GeV. We take

mpy = my = mpy=. The left panel shows Z];(W with X, = 1. The right

Ahod, where the additional Higgs bosons propagate internal
lines. The couplings Aj¢¢ are proportional to (mé —M?)/v,
and large corrections appear when one consider the sizable
differences between m¢ and M. In general, § Z;, governs the
magnitude of Z];\ZVZ, and its behavior is almost the same as
that in the Z, symmetric HSM. The maximal deviation in the
IDM is larger than that in the Z, symmetric HSM because
we have more than one additional Higgs boson running in
the loop in the IDM. It monotonically decreases when m¢ >
600 GeV following the decoupling theorem.

We can also see the sizable NP effects when m ¢ is below
200 GeV, similarly to the case in the HSM. In addition, ZE\ZVZ
can be positive if mg is lighter than about 150 GeV. This is
because of the contributions from 1PI diagrams. While §Z;,

. . S —EwW .
gives negative contributions to A, 7, 1PI diagrams for the
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solid and dashed curves denote the case with the maximal and minimal
values of M?, respectively. The black dashed line shows the size of
the LO deviation due to the mixing of the CP-even states. Perturbative
unitarity, vacuum stability, avoiding wrong vacua, and the constraints
of the EW § and T parameters are imposed
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panel shows AR" with 1, = 0.1 (red), 1 (blue) and 5 (green). The
solid and dashed curves denote the case with the maximal and minimal
value of M?, respectively. Perturbative unitarity and vacuum stability
bounds and the constraints on the S and 7 parameters are imposed

hZZ vertex give positive contributions. As we have already
mentioned, § Zj, generally gives larger contributions than 1PI
diagram contributions. However, if A, ¢4 is not so large, 1PI
diagram contributions can overcome the contribution of § Z;,,
and there are parameter points, where ZE;VZ is positive.

In the right panel of Fig. 8, we show the predictions of
AR" as a function of the mass of the additional Higgs
bosons in the IDM at /s = 250 GeV. We here take A,
to 0.1, 1 and 5 and scan M? for 0 < M? < (3 TeV)?. The
behavior of AR"Z is almost the same as that of KE;VZ. The
possible magnitude of A R"Z indirectly depends on the value
of A, through the conditions of perturbative unitarity and vac-
uum stability. For m¢ > 200 GeV, the possible magnitude of
AR Jecreases as A2 becomes large. On the other hand, for
me < 200 GeV, the possible magnitude of AR"Z increases
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Fig. 9 NP effects in the EW corrections as a function of masses of
the additional Higgs bosons in the Type-I 2HDM with sg_o = 1 at
/s = 250 GeV. We take mp = m = mpy+. The left panel shows

ZI;(W with tan 8 = 1.5. The right panel shows AR"Z with tan 8 = 1.5

as Ao becomes large, similarly to the case in the Z> symmetric
HSM.

4.4 Two Higgs doublet model

First, we consider the alignment limit with sg_, = 1, where
AR" =0 at LO. We also assume that the additional Higgs
bosons are degenerate in mass, me = my = mg:t =
my4. There remain two input parameters, tan 8 and M>.
We impose perturbative unitarity, vacuum stability, avoiding
wrong vacua, and the constraints of the EW S and T param-
eters. In order to analyze the theoretical behavior, we here
do not impose the constraints from the direct searches of the
additional Higgs boson, the Higgs coupling measurements
and the flavor measurements.

We analyze all the four types of 2HDMs, and it turns out
that predictions for Ay and AR'Z are almost the same.
This is because differences among the four types of 2HDMs
appear through the down-type quark and lepton Yukawa
interactions with the SM-like Higgs boson. As we will see
later, the magnitude of KE;VZ is larger than that of the others in
the 2HDMs, similarly to the case in the HSM and the IDM.
In Z];;VZ, the top-quark contributions dominate fermionic
contributions, and there is no sizable difference among the
four types of 2HDMs. Therefore, we show the predictions
for AR"? in the Type-I 2HDM as a representative in the
following.

In the left panel of Fig. 9, we show ZI;:(W as a function
of the mass of the additional Higgs bosons in the Type-I
2HDM with sg_ = 1 at /s = 250 GeV. We here take
tan 8 = 1.5 and scan M2 for0 < M? < €] TeV)z. ‘We note
that not only the renormalized 2 Z Z vertex but also the other
renormalized quantities differ from the SM values because

Type-12HDM : sg_o=1

— tanB=1.5
— 3.0
— 5.0

Vs =250GeV
~f00 500 1000 2000
Mo (=my=my=my:) [GeV]

(red), 3 (blue) and 5 (green). The solid and dashed curves denote the
case with the maximal and minimal value of M2, respectively. Pertur-
bative unitarity and vacuum stability bounds and the constraints on the
S and T parameters are imposed

the additional Higgs bosons interact with the gauge bosons,
the quarks and the leptons. Qualitative behaviors of Z};(W are
almost the same as those in the Z symmetric HSM and the
IDM except for mq¢ < 200 GeV. The magnitude of KE;VZ is
larger than that of the others in most of the parameter space.
It monotonically decreases when m¢ > 450 GeV following
the decoupling theorem.

There is no sizable negative correction below 200 GeV
unlike in the Z; symmetric HSM and the IDM. This is
because the Higgs quartic couplings in the 2HDMs are more
constrained by vacuum stability than Ag in the HSM and A;
in the IDM. If m is lighter than about 150 GeV, Ay can
be positive due to the 1PI diagram contributions, similarly to
the case in the IDM.

In the right panel of Fig. 9, we show the predictions of
AR" as a function of the mass of the additional Higgs
bosons in the Type-I 2HDM at /s = 250 GeV. We here take
tan S to 1.5, 3 and 5 and scan M? for0 < M? < A3 TeV)z.
The behavior of AR"Z is almost the same as that of Ay »y.
The possible magnitude of A R"Z decreases as tan 8 becomes
large due to the perturbative unitarity and vacuum stability
bounds.

Next, we consider the scenario with the mixing of the
CP-even states. In the top (bottom) left panel of Fig. 10, we
show K];(W as a function of the mass of the additional Higgs
bosons in the Type-I 2HDM withsg_o = 0.99 andcg_o < 0
(cg—a > 0)at /s = 250 GeV. We here take tan 8 = 1.5 and
scan M? for 0 < M? < (3 TeV)?. The magnitude of ZE\ZVZ
is larger than that of the others independently of the sign of

.. —EW .
¢p—q-In addition, A} 7, takes a negative value except for the
mpy S 300 GeV with cg_q < 0 unlike in the HSM. We can
see the non-decoupling effect in a large mass region of the
additional Higgs bosons because they cannot decouple while
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Fig. 10 NP effects in the EW corrections as a function of masses of
the additional Higgs bosons in the Type-I 2ZHDM with sg_, = 0.99
at /s = 250 GeV. We take myy = ms = mpy=. The top left panel

shows Z];:(W with tan 8 = 1.5 and cg_ < 0. The top right panel shows
AR" with tan = 1.5 (red), 3 (blue) and 5 (green) and cg_, < O.

keeping the finite mixing of the CP-even states, similarly to
the case in the HSM. The maximal value of m¢ is about
900 GeV for sg_o = 0.99 with cg_, < 0, while it is about
600 GeV with cg_o > O fortan g = 1.5.

In the top (bottom) right panel of Fig. 10, we show AR"?
as a function of the mass of the additional Higgs bosons in the
Type-1 2HDM with sg_ = 0.99 and cg_o < 0 (cg—q > 0)
at /s = 250 GeV. We here take tan 8 to 1.5, 3 and 5 and
scan M2 for 0 < M? < 3 TeV)z. The LO cross section
decreases from its SM value due to the mixing of the CP-
even states. When sg_, = 0.99, the size of deviation is
ARM = —c%_a ~ —0.02 at LO. We can see that the mag-
nitude of one-loop effects is comparable with that of the LO
contribution, and the NP effects sizably change the predic-
tions for AR"Z. The behavior of AR"Z is almost the same
as that of Ay . In the both signs of cs_y, Ay yy generally
increases the magnitude of | A R"#| except for the region with
relatively lighter mass of the additional Higgs bosons. The
possible magnitude of AR"Z decreases as tan 8 becomes
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The bottom panels correspond to the case with cg_o > 0. The solid
and dashed curves denote the case with the maximal and minimal value
of M?, respectively. The black dashed line shows the size of the LO
deviation due to the mixing. Perturbative unitarity and vacuum stability
bounds and the constraints on the S and 7" parameters are imposed

large due to the perturbative unitarity and vacuum stability
bounds.

Finally, we mention the corrections to the angular distri-
bution of the Z boson. As we have mentioned, the hee vertex
and box contributions cause non-trivial cos 6 dependence. In
the limit of the massless electron, only mixing of CP-even
states modifies the hee vertex and box contributions. How-
ever, as we can see from Figs. 7 and 10, these effects are
rather small at /s = 250 GeV. Therefore, the angular distri-
bution of Z bosons is almost the same as the predictions in
the SM.

4.5 Correlation in the cross section times decay branching
ratios

In this subsection, we analyze the correlation in the cross
section times decay branching ratios of the SM-like Higgs
boson in the HSM, the IDM and the four types of 2HDMs.
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At future collider experiments such as the ILC, the cross
section of ete™ — hZ can be measured without depend-
ing on the decay of the SM-like Higgs boson by utilizing
the recoil mass technique [26,132]. This makes it possible
to measure the decay branching ratio of the SM-like Higgs
boson independently of the cross section. However, the cross
section times decay branching ratios of the SM-like Higgs
boson can be measured more precisely. In Table 3, we sum-
marize the expected accuracy of the cross section times decay
branching ratios of the SM-like Higgs boson at the ILC at
Vs =250 GeV with 250 fb~! for (P,, P;) = (—0.8, +0.3).
The values in Table 3 are taken from Table VI in [26].

In the following, we analyze the predictions for o (eTe™ —
hZ) x BR(h — XY) at one-loop level, where X and Y
denote decay products of the SM-like Higgs boson. In order
to discuss deviations from predictions in the SM, we evaluate
the ratio of the total cross section times the decay branching
ratios

ARMNZ — onp(ete™ — hZ)BRnp(h — XY) Y
XY = Gem(ete— — hZ)BRsm(h — XY)

4.7

me(=mpy+ =mpy = my) is scanned as

400 GeV < mg < 2000 GeV for the Type-I and X 2HDMs,
(4.10)

800 GeV < mg¢ < 2000 GeV for the Type-II and Y 2HDMs.
(4.11)

The lower bound of m¢ in the Type-I and Type-X 2HDMs
comes from the direct search for A — 77 atthe LHC [25]. In
the Type-1 2HDM, the parameter regions with tan 8 = 2 are
not excluded. However, we take the above parameter regions
for simplicity. In the Type-II and Type-Y 2HDMs, the lower
bound comes from the flavor experiments, especially from
By — Xy [117]. In addition, we scan the other parameters
as

098 <sgo <1, 2=<tanp < 10,

0 < M? < (mg + 250 GeV)?. (4.12)
The lower bound of tan 8 comes from the flavor experiments.
We analyze both the positive and negative signs of cg_.

In the IDM, we have five input parameters given in

where we assume the beam polarization (P,, P;) = (—0.8, +O.3)Eq_ (2.37). We take my = 63 GeV which is favored by dark

In the evaluation of the decay branching ratios of the SM-
like Higgs boson with the one-loop EW and QCD cor-
rections, we use the H-COUP program [52,53]. Although
the magnitude of AR%, depends on the treatment of the
QED corrections, we do not consider these corrections and
discuss the pattern of the deviations in the correlation of
o(ete™ — hZ) x BR(h — XY). The QED corrections
in the cross section universally change the magnitude of
o(ete™ — hZ) x BR(h — XY). Therefore, the pattern
of the deviations is not changed even if we include the QED
corrections following a realistic experimental setup.

We scan the input parameters in each model in the fol-
lowing way. In the HSM, there are five input parameters as
given in Eq. (2.10). We here use M? as an input parameter
instead of L¢s. The mass of the additional Higgs boson H is
scanned as

400 GeV < mpy < 2000 GeV, (4.8)
while ¢, and M? are scanned as
095<cy <1, 0<M?< (myg+250GeV)?. (4.9)

We here take 1y = 0 and Ag = 0.1 for simplicity.

In the 2HDMs, we have six input parameters given in
Eq. (2.26). We assume that the additional Higgs bosons are
degenerate in mass as in the previous subsection. In this sce-
nario, the constraint of the EW T parameter is satisfied inde-
pendently of the type of the 2HDMs. The degenerate mass

matter constraints. In order to satisfy the constraint from the
EW T parameter, we assume that H* and A are degenerate
in mass. The degenerate mass m g+ (= my), M? and X, are
scanned as

100 GeV < mpy+ < 1000 GeV, (4.13)
0 < M? < (mo + 250 GeV)?, (4.14)
0 <Ay <4m. 4.15)

Over the above parameter spaces, we impose the con-
straints discussed in Sect. 2 such as perturbative unitarity,
vacuum stability, avoiding wrong vacua, and the constraints
from the EW S and T parameters. In addition, we take into
account the current data of the signal strengths of the discov-
ered Higgs boson at the LHC. We evaluate the decay rates
of the SM-like Higgs boson with higher-order corrections by
using the H-COUP program [52,53]. We define the scaling

factor kxy = /TNF o,/ T3M ,  at the one-loop level, and

remove the parameter points, where kyy deviates from the
observed data at 95% CL. In Table 4, we summarize the cur-
rent measurements of k xy factors at 1o accuracy. The values
in Table 4 are taken from Table XI in Ref. [3]. We assume
that there is no decay mode where the SM-like Higgs boson
decays into additional Higgs bosons.

In the Type-II, X and Y 2HDMs, we have parameter points
where Yukawa coupling constants take the negative sign with
a large value of tan 8 and cg_, > 0. These parameter points
show the sizable deviation both in the Higgs branching ratio
and cross section. However, we simply omit such particular
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Table 3 Expected 1o accuracy for the SM-like Higgs boson mea-
surements at the ILC. We quote the values at 4/s = 250 GeV with
250 fb~! for (P,, P;) = (—0.8,40.3) in Table VI in Ref. [26].

Except for o(ete™ — Zh), the numbers correspond to the accuracy
ofo(ete™ = hZ) x BR(h — XY)

o(ete™ — Zh) h — bb h — c¢

h— 17T

h— WW* h— ZZ* h—yy

2% 1.3% 8.3%

3.2%

4.6% 18% 34%

Table 4 Current measurements k yy factors at 1o accuracy. We quote the values in Table XI in [3]. We assume that there is no decay mode where

the SM-like Higgs boson decays into additional Higgs bosons

Kp Kz Ky

Kg Kz Kw

0.19 0.16
1037515 1.05%18 1.05 £0.09

0.99711 1.11 +0.08 1.05 +0.09

parameter points in the following analysis in order to extract
general features in the 2HDMs.

Before moving on to the numerical results, we discuss the
general property of A R%, The ratio of the total cross section
times the decay branching ratio AR%, can be rewritten as

AR", = AR" + ARxy + AR*" ARxy, (4.16)

with AR%" defined in Eq. (4.4) and ARxy defined as

BRynp(h — XY)

ARyy = -
XY= BRem(h — XY)

(4.17)

The order of loop expansion of ARZhM ARy is O(hz), and it
is sub-leading. Therefore, the qualitative behavior of AR%,
can be understood by independently analyzing AR?" and
ARxy.

The behavior of ARxy has been studied in Ref. [55] by
using the H-COUP program [52,53]. For later convenience,
we briefly summarize the behavior of ARxy in the HSM,
the IDM and the four types of 2HDMs. First, in the HSM,
the decay branching ratios of 4 are almost the same as those
in the SM predictions, because the partial decay widths are
universally suppressed by the radiative corrections and the
mixing of the CP-even states. In our study, both AR, and
ARy, are at most 0.5%.

The same argument has been claimed for the IDM in
Ref. [55]. However, we find that the parameter regions where
both ARy, and A R, take a few percent deviations. This dif-
ference comes from the large value of A;. In Ref. [55], Ao
has been fixed to 0.1. However, the magnitude of A, indi-
rectly controls the possible size of other Higgs quartic cou-
plings especially through the vacuum stability bound given
in Eq. (2.31). We have obtained the almost same results as
those in Ref. [55] when we impose A < 0.1.

In the 2HDMs, the predictions to AR, and A Ry, spread
out into different directions according to the type of the
Yukawa interactions and the sign of cg_. The possible mag-
nitudes of the deviations in the Type-II, X and Y 2HDMs are
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rather large compared to the Type-1 2HDM, the HSM and the
IDM. They can reach several tens of percent, and especially
AR, reaches a hundred percent in the Type-X 2HDM.

In Fig. 11, we show the correlations between ARZ and
AR sz inthe HSM, the IDM and the four types of 2HDMs. We
take the color codes where orange, grey, red, blue, green and
purple correspond to the HSM, the IDM and the Type-I, II,
X, Y 2HDMs, respectively. The lighter color corresponds to
the lighter mass scale of the additional Higgs bosons, m¢ >
400, 800, 1200 and 1600 GeV in order. In the left (right)
panel, we show the results with cg_y < 0 (cg— > 0). The
results in the HSM and the IDM are the same both in the left
and right panels.

As discussed in Eq. (4.16), ARé’g, can be rewritten as
the sum of AR%" and ARxy, and ARZh takes a negative
value in most cases. In the Type-II, X and Y 2HDMs, the
typical size of ARy is larger than AR?". Therefore, the
pattern of the deviation is mainly determined by A Rxy, and
it is consistent with previous analysis in Ref. [55]. In these
models, the possible sizes of the deviations are large enough
to be detected at the ILC if m ¢ is about 1 TeV or less.

In the HSM, the Type-1 2HDM and the IDM, we can see
sizable deviations both in AR"Z and ARZbZ , and they reach
about 10%. Both AR"Z and ARZbZ take larger values than
those in AR;; and ARpp. This is because the typical size of
ARZh ig larger than A Rxy in these models, and ARyy also
takes a negative value in the HSM, the Type-1 2HDM with
¢g—q < 0and the IDM. In the Type-I 2HDM withcg_y > 0,
ARyy takes a positive value. However, the typical size of
ARyy is smaller than AR"?, and ARZ" takes a negative
value in most of the parameter regions. In the Type-I 2HDM,
AR)Z(P{, quickly decouples. This is because a non-zero cg_q
realizes the maximal deviation in A R"Z, especially at LO. If
me is large, the possible value of cg_ is constrained mainly
by perturbative unitarity. On the contrary, in the other types
of 2HDMs with ¢g_o > 0, the decoupling behavior is not
clearly seen. This is because taking the inner parameter tan
large keeps the magnitude of the deviation to be large even
in the case of large m¢. On the other hand, constraints from
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Fig. 11 Correlation between AR"Z and ARZ},Z in the HSM (orange),

T

the IDM (grey) and the Type-I (red), Type-II (blue), Type-X (green),
Type-Y (purple) 2HDMs. The left panel shows the results with cg_ <
0 in the 2HDMs, and the right panel shows those with cg_y > 0. The

the Higgs signal strength in the HSM are weaker than those
in the 2HDMs, and the deviation in ¢, realizes the sizable
AR}ZJ{, even if mg is larger than 1 TeV. In the IDM, the
decoupling limit cannot be applied because we fix myg =
63 GeV. Therefore, we have a sizable deviation although
there is no mixing between the CP-even states.

In Fig. 12, we show the correlations between AR’Z and
AR"Z in the HSM, the IDM and the four types of 2HDMs.
The color codes and gradations are the same as those in
Fig. 11. In the left (right) panel, we show the results with
¢g—a < 0(cg—o > 0). The results in the HSM and the IDM
are the same both in the left and right panels.

Qualitative behavior of the deviations in each model is
the same as in Fig. 11. In the Type-II, X and Y 2HDMs, the
typical size of A Ryy is larger than AR?", and the pattern of
the deviation is mainly determined by ARyy. On the other
hand, we also have sizable deviations in the HSM, the Type-
I 2HDM and the IDM, and they reach about 10%. In the
Type-1 2HDM with cg_y > 0, ARxy takes a positive value.
However, the typical size of ARyy is smaller than AR"Z,
and AR)Z(?, takes a negative value in most of the parameter
regions.

If cg—q is negative, the directions of the deviations in
AR! and AR!Z are the same in the HSM, the IDM and
the Type-I and Y 2HDMs. However, this overlap can be par-
tially resolved by looking at the correlation between AR?TZ
and ARZ})Z where the Type-Y 2HDM shows a different cor-
relation with others. On the other hand, if cg_ is positive,
the directions of the deviations in AR"Z and AR}'Z are the

50 R B B
2HDM i cg—oq=>0 LT 777

40

30

20

10

Type-X

0-

ARZ [%]

10+

_20 -
Type-lI

30+

—-40 + -

0—50 -40 -30 =20 -10 O 10 20 30 40 50
ARMZ [%]

=5

ranges of the parameters are explained in the text. The lighter color
corresponds to the lighter mass scale of the additional Higgs bosons,
mg > 400, 800, 1200 and 1600 GeV in order

same in the HSM, the IDM and the Type-I and II 2HDMs.
This overlap can also be resolved by looking at the corre-
lation between AR"Z and AR"Z where the Type-11 2HDM
shows a different correlation with others.

In order to discriminate the Type-I 2HDM from the HSM
and the IDM, we can use the correlation between AR"Z
and AR}V’VZW. In Fig. 13, we show the correlations between
AR and AR}V'VZW in the HSM, the IDM and the four types
of 2HDMs. The color codes and gradations are the same as
those in Fig. 11. In the left (right) panel, we show the results
with cg_q < 0 (cg—¢ > 0). The results in the HSM and the
IDM are the same both in the left and right panels. Especially
inthe case of cg_o < O, AR'JVZW takes a positive value in the
Type-12HDM, while it takes a negative value in the HSM and
the IDM. Even in the case of cg_y > 0, there is a stronger
correlation between AR"Z and AR}leZW in the HSM and the
IDM than those in the Type-1 2HDM.

Finally, we discuss the discrimination between the HSM
and the IDM. The deviation AR% might be useful to dis-
criminate these models because it is mainly affected by the
contribution of the charged Higgs bosons. The behaviors of
AR!'Z and ARP'Z show a different correlation between the
HSM and the IDM. However, the possible size of AR% is at
most 20%, and it is rather challenging to discriminate them
with 95% CL at the ILC. The large uncertainty in AR%
at the ILC mainly comes from the low statistics, and this
would be improved by performing the combined study with
the measurements at the ILC and the HL-LHC.

@ Springer
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TT

5 Conclusion

We have calculated the cross section for eTe™ — hZ with
arbitrary sets of electron and Z boson polarization at the
full next-to-leading order in the HSM, the IDM and the four
types of 2HDMs. We have systematically performed com-
plete one-loop calculations to the helicity amplitudes in the
on-shell renormalization scheme and present the full analytic
results as well as numerical evaluations. The deviation A R"#
in the total cross section from its SM prediction has been
comprehensively analyzed, and the differences among these
models have been discussed in detail. We have found that
new physics effects appearing in the renormalized h Z Z ver-
tex almost govern the behavior of A R"Z. We have also shown
that the predictions for the deviations in the total cross sec-

@ Springer

tion of eTe™ — hZ times the branching ratios of 1 — XY .
It has been found that we can discriminate the four types
of 2HDMs by analyzing the correlation between AR;}’bZ and
AR"Z and those between AR"Z and AR!?. Furthermore,
the Type-1 2HDM might be specified from the HSM and the
IDM by measuring the deviation in A R{}VZW. These signatures
can be tested by precision measurements at future Higgs fac-
tories such as the ILC. On the other hand, the discrimination
between the HSM and the IDM is rather challenging only by
the measurement at the ILC. However, this problem might
be solved by taking into account the deviation in & — yy

signals at the LHC and the HL-LHC.
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Appendix A: Input parameters

We work in the scheme where ey (0), GF and mz are
input parameters following the H-COUP program. In Table 5,
we list the SM input parameters. The values of input parame-
ters are taken from Ref. [94]. Other parameters can be evalu-
ated in terms of the above inputs by using tree-level relations.

Table S SM input parameters. The values are taken from Ref. [94]

Input parameter Symbol Value
Fine-structure zxe}{ 0) 137.035999139
constant at the

Thomson limit

Fermi constant Gr [GeV~?] 1.1663787 x 1073
Z boson mass myz [GeV] 91.1876

Strong coupling as(mz) 0.1181

constant at m

Higgs boson mass my, [GeV] 125.1
Top-quark  pole m; [GeV] 173.1

mass

Bottom-quark myp [GeV] 4.78

pole mass

Charm-quark me [GeV] 1.67

pole mass

Tauon mass my [GeV] 1.77686

Muon mass my [GeV] 0.105658367

Appendix B: Analytic formulae for the box diagrams

We here give the analytic expressions for the box dia-
gram contributions denoted by Fik (s, t) in Egs. (3.55) and
(3.59) in terms of the Passarino—Veltman functions defined
in Ref. [133]. We calculate the box diagrams in the "t Hooft—
Feynman gauge (Fig. 14).

The analytic expressions are given as follows

1

c' = zg“mwcw, (B.1)
F} =4(Do + D11 + D13 + Das)

x (0,0, m%, mi,s,u; W,0, W, W), (B.2)
Fl =2(D13 — D12 + 2D2)

x (0,0, m%, mi,s,u; W,0, W, W), (B.3)
F' = —2Co(s,m%, mi; W, W, W)

—[4D27 + (s — t +m%)(Do + Di1)

+uDy3 4 2(u — m3)Diy]

x (0,0, m%, m2,s,u; W,0, W, W), (B.4)
Cc? = %g4mwcw, (B.5)
F? =2(D13 — D13 + 2D2)

x (0,0, m%, m2,s,t; W,0, W, W), (B.6)
F2 = 4(Do + D11 + D13 + D2s)

x (0,0,m%, mi,s,t; W,0, W, W), (B.7)
F? = —2Co(s,m%, mi; W, W, W)

— [4D27 + (m% + s — u)(Do + D11)

+2(t —m%) D12 + t D3]

x (0,0,m%, mi,s,t; W,0, W, W), (B.8)
= —%g3gzmwa (B.9)
F}=0, (B.10)
F} = —4(D1; — D13)

x (0,0, m%, m2,s,u; W,0, W, GF), (B.11)
F3 = Co(s,m%, mi; W, W, W)

+2[—(u — m3)(Do + D11) + uDy3]

x (0,0, m%, m>,s,u; W,0, W, GF), (B.12)
C* = — g grmwsh, (B.13)
F} = —4(D12 — D13)(0,0,m%, mj, s, t; W,0, W, G5),

(B.14)
F =0, (B.15)

F* = Co(s,m%, mi; W, W, W)
+2[—(t — m3)(Do + D11) + 1 D13]

@ Springer
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Fig.
ete™ - hZ

14 Box diagrams for

x (0,0,m%, m2,s,t; W,0, W, G), (B.16)
2m?
= (v +a) = g%z, (B.17)
= —2(Dg + D11 + D12 + D34)

x (0,m%,0,m2,t,u; W, 0,0, W), (B.18)
= —2D2(0. m%, 0, mj. t,u; W,0,0, W), (B.19)
= —Co(t,0,mp; W,0, W)

—[=2Dy7 + (t — mzz)(Do + Di11) + mZZDlz]

x (0,m%,0,m2,t,u; W, 0,0, W), (B.20)

4m2
=— vzgg, (B.21)
= —2(Dg + D11 + D12 + D74)

x (0,m%,0,m3,t,u; Z,0,0, Z), (B.22)
= —2D26(0,m%,0.mj. t.u; Z,0.,0, Z), (B.23)

= —Co(t,0,m3; Z,0, Z)
—[—2Da7 + (1 —m%)

x (Do 4 D11)+m% D121(0, m%,0,m3,t,u; Z,0,0, Z).
(B.24)
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