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Motivated by the ATLAS and CMS announcements of the excesses of diphoton events, we discuss the
production and decay processes of diphoton resonance at future eþe− colliders. We assume that the excess
of the diphoton events at the LHC is explained by a scalar resonance decaying into a pair of photons. In
such a case, the scalar interacts with standard model gauge bosons and, consequently, the production of
such a scalar is possible at the eþe− colliders. We study the production of the scalar resonance via the
associated production with the photon or Z, as well as via the vector-boson fusion, and calculate the cross
sections of these processes. We also study the backgrounds, and discuss the detectability of the signals of
scalar production with various decay processes of the scalar resonance. We also consider the case where the
scalar resonance has an invisible decay mode, and study how the invisible decay can be observed at the
eþe− colliders.
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I. INTRODUCTION

High energy eþe− linear colliders, like THE
International eþe− Linear Collider (ILC) [1–5] and
Compact Linear Collider (CLIC) [6], are attractive candi-
dates of energy frontier experiments in the future. The
future eþe− colliders will not only study the detail of
standard model (SM) particles, particularly Higgs boson
and top quark, but also provide important information
about new physics at the electroweak scale (if it exists). For
the eþe− linear collider experiments in the future, it is
crucial to understand how and how well the information
about various new physics models can be obtained there.
Notably, in December of 2015, both the ATLAS

and CMS Collaborations announced the excess in the
diphoton invariant mass distribution [7,8]. The ATLAS
Collaboration observed the excess with 3.6-σ (2.0-σ) local
(global) significance at Mγγ ≃ 750 GeV (with Mγγ being
the diphoton invariant mass) for a narrow width case.
Furthermore, the CMS Collaboration result shows an
excess with the local (global) significance of 2.6-σ
(1.2-σ) at Mγγ ≃ 760 GeV. These signals may indicate
the existence of a new scalar resonance with the mass of
∼750 GeV, although more data is needed to confirm or
exclude such a possibility (see, for example, [9–19]). If
there exists such a resonance, its properties should be
studied in detail by the future eþe− collider experiments
[20–23].
Currently, the ILC is planning to be extendable up to

ffiffiffi
s

p
∼

1 TeV [with
ffiffiffi
s

p
being the center-of-mass (CM) energy of

the collider]. In addition, the energy of CLIC can be as high
as a few TeV. With such CM energies, the resonance with
its mass of ∼750 GeV is kinematically reachable. In
particular, in some class of models, the resonance can be
produced in association with neutral electroweak gauge
bosons (i.e., γ or Z) and via the vector-boson fusion

processes at the eþe− colliders. Once produced, the proper-
ties of the resonance may be studied with a high luminosity
and a clean environment of the future eþe− colliders.
If there exists a new resonance, it is important to

understand how it interacts with other fields. As mentioned
above, one attractive explanation of the LHC diphoton
excess is the existence of a scalar resonance with its mass of
∼750 GeV coupled to the SM gauge bosons. In addition, as
well as the coupling to the gauge bosons, the scalar boson
may also couple to other fields. For example, the scalar
resonance may have a coupling to an invisible new particle
whichmay be dark matter of the Universe (see, for example,
[10,11]). An understanding of the properties of the scalar
resonance will be a very important issue if it exists.
The purpose of this paper is to consider the production

and the decay of the scalar boson (which we call Φ), which
is responsible for the LHC diphoton excess, at the future
eþe− colliders. We calculate the production cross section of
such a scalar resonance at the eþe− colliders. We also
estimate the number of backgrounds, and discuss the
detectability of each decay mode of Φ.
The organization of this paper is as follows. In Sec. II, we

summarize the model we consider. In Sec. III, we discuss
the production processes of Φ at the eþe− colliders. In
particular, we study the production of Φ in association with
γ or Z, and also the production via the vector-boson fusion
processes. In Sec. IV, we consider the detectability of the Φ
production signal in which Φ decays into SM gauge
bosons. The detectability of the invisible decay of Φ is
discussed in Sec. V. Section VI is devoted for conclusions
and discussion.

II. MODEL

Let us first summarize the interaction of the new scalar
boson of our interest. In order to make our discussion
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concrete, we assume that the scalar boson Φ is pseudo-
scalar, and that it has the following interaction:

Leff ¼
1

2Λ1

ΦϵμνρσBμνBρσ þ
1

2Λ2

ΦϵμνρσWa
μνWa

ρσ

þ 1

2Λ3

ΦϵμνρσGA
μνGA

ρσ; ð2:1Þ

where Bμν, Wa
μν, and GA

μν are field strength tensors for
Uð1ÞY , SUð2ÞL, and SUð3ÞC gauge interactions, respec-
tively, and the superscripts a and A are indices of the adjoint
representations of SUð2ÞL and SUð3ÞC, respectively. (Even
if Φ is a real scalar boson, the following results are almost
unchanged.) The summations over the repeated indices are
implicit. Because the interactions given in Eq. (2.1) are
nonrenormalizable, it is expected that there exists some
dynamics which generates the interaction between Φ and
SM gauge bosons. We do not specify the dynamics behind
the effective Lagrangian, and use Eq. (2.1) for our study.1

With the above interaction terms, the partial decay rates
of Φ into the gauge bosons are given by

ΓðΦ → ggÞ ¼ 2m3
Φ

πΛ2
3

; ð2:2Þ

ΓðΦ → γγÞ ¼ m3
Φ

4πΛ2
γγ
; ð2:3Þ

ΓðΦ → γZÞ ¼ m3
Φ

8πΛ2
γZ

�
1 −

m2
Z

m2
Φ

�
3

; ð2:4Þ

ΓðΦ → ZZÞ ¼ m3
Φ

4πΛ2
ZZ

�
1 −

4m2
Z

m2
Φ

�
3=2

; ð2:5Þ

ΓðΦ → WþW−Þ ¼ m3
Φ

2πΛ2
2

�
1 −

4m2
W

m2
Φ

�
3=2

; ð2:6Þ

where mΦ, mZ, and mW are the masses of Φ, Z, and W�,
respectively. For the definitions of Λγγ , ΛγZ, and ΛZZ, see
the Appendix. As we have mentioned, we also consider the
case where Φ has an invisible decay mode. In such a case,
we treat the invisible decay width ΓðΦ → χχÞ as a free
parameter without specifying the interaction giving rise to
such a decay. (Here and hereafter, the invisible particle is

denoted as χ.) One example is the interaction of the form of
Φχχ, with which χ is regarded as a gauge singlet Weyl
fermion. For the total decay width ΓΦ, because Φ may
decay into particles other than the SM gauge bosons or the
invisible particle, ΓΦ is regarded as a free parameter. In
addition, we assume that ΓΦ ≪ mΦ so that the narrow
width approximation is applicable.
In the following, we consider two possible production

processes at the LHC. One is the gluon-gluon fusion
process, for which the LHC cross section (with the CM
energy of 13 TeV) is estimated as

σðggÞLHCðpp → Φ → γγÞ≃ 6.6 fb ×
ΓðΦ → ggÞ

ΓΦ

×

�
ΓðΦ → γγÞ
1 MeV

�
; ð2:7Þ

and the other is photon-photon fusion process [24,25], for
which

σðγγÞLHCðpp → Φ → γγÞ≃ 24 fb ×

�
ΓΦ

100 MeV

�
−1

×

�
ΓðΦ → γγÞ
100 MeV

�
2

: ð2:8Þ

One should note that, with the diphoton production cross
section at the LHC being fixed, a larger value of ΓðΦ → γγÞ
is needed for the case of photon-photon fusion dominance
compared to the gluon-gluon fusion dominance. This fact
has an important implication to the eþe− colliders.

III. PRODUCTION OF Φ AT THE eþe− COLLIDERS

With the interaction given in Eq. (2.1), the Φ production
may occur at the eþe− colliders via several processes. We
first consider the production processes in association with
neutral electroweak gauge bosons:

(i) eþe− → Φγ,
(ii) eþe− → ΦZ.

Feynman diagrams contributing to these processes are
shown in Fig. 1. The analytic expressions of the cross
sections of these processes are given in the Appendix. In
order to discuss the production process of Φ at the eþe−
colliders in light of the LHC diphoton excess, it is
convenient to parametrize the cross sections of these
processes by using the LHC cross sections. Notably, the
ratio σðeþe− → ΦVÞ=ΓðΦ → γγÞ depends only on the ratio
Λ1=Λ2 (where V ¼ γ or Z). Then, using Eq. (2.7), one can
see that the following relation holds:

σðeþe− →ΦVÞBrðΦ→FÞ

≃ σ̄ðggÞΦV ×
ΓðΦ→FÞ
ΓðΦ→ ggÞ×

�
σðggÞLHCðpp→Φ→ γγÞ

10 fb

�
; ð3:1Þ

1If the energy of the collider becomes larger than the energy
scale of the new physics responsible for the effective interaction,
the calculation based on Eq. (2.1) may be inaccurate. We assume
that it is not the case. In particular, if the scale of generating Leff is
close to ∼ 1

2

ffiffiffi
s

p
, on the contrary, momentum-dependent correc-

tions to the effective Lagrangian can become sizable. The study
of such an effect is interesting because it may reveal the dynamics
behind the interaction of Φ with the SM gauge bosons. Such an
issue is, however, beyond the scope of our study, and we leave it
for future study.
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where σ̄ðVÞgg depends only on the ratio Λ1=Λ2 (as far as mΦ

and
ffiffiffi
s

p
are fixed). The above relation is useful when the

LHC diphoton excess originates from the gluon-gluon

fusion. In addition, using Eq. (2.8), we define σ̄ðγγÞΦV , which
is also a function of Λ1=Λ2, as

σðeþe− → ΦVÞBrðΦ → FÞ

≃ σ̄ðγγÞΦV ×
ΓðΦ → FÞ
ΓðΦ → γγÞ ×

�
σðγγÞLHCðpp → Φ → γγÞ

10 fb

�
: ð3:2Þ

This expression can be used when the photon-photon
fusion process is important at the LHC.
In Figs. 2 and 3, we plot σ̄ðggÞΦγ and σ̄ðggÞΦZ as functions of

Λ1=Λ2, taking
ffiffiffi
s

p ¼ 1, 1.5, 2, and 3 TeV.2 (Here and
hereafter, we take mΦ ¼ 750 GeV for our numerical
calculations.) Here, the electron and positron beams are
unpolarized, i.e., Pe− ¼ Peþ ¼ 0 (with Pe− and Peþ being
the mean helicities of the initial-state electron and positron,
respectively). Notice that the regions with too small or too
large Λ1=Λ2 are excluded by the 8 TeV run of the LHC. The
most stringent bound comes from the negative searches for
the resonance which decays into γZ; for example, taking
σðpp → Φ → γZ; 8 TeVÞ < 11 fb [17,26] and the LHC
cross section of the diphoton signal events to be 10 fb, only
the region with −1≲ Λ1=Λ2 ≲ 6 is allowed. In such a

region, σ̄ðggÞΦγ and σ̄ðggÞΦZ are both of Oð10−2 fbÞ or smaller
with

ffiffiffi
s

p ¼ 1 TeV. With larger CM energy of ∼1.5–2 TeV,
the cross sections may be as large as ∼0.1 fb. In addition, in
order to see how the cross sections depend on the beam

polarizations, we also show σ̄ðggÞΦγ and σ̄ðggÞΦZ for Pe− ¼ �0.8
and Peþ ¼ ∓0.3 in Figs. 4 and 5, respectively, tak-
ing

ffiffiffi
s

p ¼ 1 TeV.
Next, we consider the processes:
(i) eþe− → Φeþe−,
(ii) eþe− → Φν̄eνe,

to which the vector-boson fusion diagrams contribute (see
Fig. 6). For these processes, we define

σðeþe− → Φl̄lÞBrðΦ → FÞ

≃ σ̄ðggÞ
Φl̄l

×
ΓðΦ → FÞ
ΓðΦ → ggÞ ×

�
σðggÞLHCðpp → Φ → γγÞ

10 fb

�
; ð3:3Þ

and

σðeþe− → Φl̄lÞBrðΦ → FÞ

≃ σ̄ðγγÞ
Φl̄l

×
ΓðΦ → FÞ
ΓðΦ → γγÞ ×

�
σðγγÞLHCðpp → Φ → γγÞ

10 fb

�
; ð3:4Þ

Φ Z

γ, Z

e e+ -

Φ γ

γ, Z

e e+ -

FIG. 1. The Feynman diagrams for the processes eþe− → Φγ
and ΦZ.

FIG. 2. σ̄ðggÞΦγ as a function of Λ1=Λ2, with
ffiffiffi
s

p ¼ 1, 1.5, and
3 TeV. Here we take Pe− ¼ Peþ ¼ 0. The right-horizontal axis

shows the value of σ̄ðγγÞΦγ using Eq. (3.9).

FIG. 3. σ̄ðggÞΦZ as a function of Λ1=Λ2, with
ffiffiffi
s

p ¼ 1, 1.5, and
3 TeV. Here we take Pe− ¼ Peþ ¼ 0. The right-horizontal axis

shows the value of σ̄ðγγÞΦZ using Eq. (3.9).

FIG. 4. σ̄ðggÞΦγ as a function of Λ1=Λ2, with
ffiffiffi
s

p ¼ 1 TeV, taking
ðPe−; PeþÞ ¼ ðþ0.8;−0.3Þ (red dashed), ð−0.8;þ0.3Þ (brown
dot-dashed), and (0,0) (blue solid). The right-horizontal axis

shows the value of σ̄ðγγÞΦγ using Eq. (3.9).

2Here and hereafter, the effect of the initial-state radiation is
neglected.
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with l̄l ¼ eþe− or ν̄eνe. Then, σ̄
ðggÞ
Φl̄l

and σ̄ðγγÞ
Φl̄l

depend only
on Λ1=Λ2.
The cross section of the process eþe− → Φeþe− is

enhanced when the scattering angles of final-state eþ
and e− are both small. In such a case, the photon-photon
fusion diagram shown in Fig. 6 is enhanced because the
virtual photons are almost on shell so that the denominators
of the photon propagators become extremely small. Then,
the photon-photon fusion diagram dominates over other
diagrams which are less singular. In order to treat such an
effect properly, we use the equivalent photon approxima-
tion [27]. For simplicity, we concentrate on the case with
unpolarized electron and positron beams. Then, for the case
where the scattering angles of electron and positron are
both small enough, we can approximate

σðeþe− →Feþe−Þ≃
Z

dxdx0fγðx;θðminÞ
eþ ;θðmaxÞ

eþ Þ

×fγðx0;θðminÞ
e− ;θðmaxÞ

e− Þσðγγ→F;sxx0Þ;
ð3:5Þ

where θðminÞ
e� and θðmaxÞ

e� are minimal and maximal scattering
angles of e�, respectively, and σðγγ → F;E2

cmÞ is the cross
section of the unpolarized photon-photon collision process
γγ → F with the center-of-mass energy Ecm. In addition, fγ
is the distribution function of the photon; for 0 < x < 1, fγ
is given by

fγðx; θðminÞ; θðmaxÞÞ ¼ α

2π

�
1þ ð1 − xÞ2

x
ln
jq2jðmaxÞ

jq2jðminÞ

− 2m2
ex

jq2jðmaxÞ − jq2jðminÞ

jq2jðmaxÞjq2jðminÞ

�
; ð3:6Þ

with me being the electron mass, and

jq2jðmin;maxÞ≡ 1

2
sð1− xÞ

�
1− cosθðmin;maxÞ þ 2x2

ð1− xÞ2
m2

e

s

�
;

ð3:7Þ

while, otherwise, fγ ¼ 0. For the process of our interest, we
obtain

σðeþe− → Φeþe−Þ≃ 8π2ΓðΦ → γγÞ
smΦ

Z
dx
x

× fγðx; θðminÞ
eþ ; θðmaxÞ

eþ Þ
× fγðm2

Φ=sx; θ
ðminÞ
e− ; θðmaxÞ

e− Þ; ð3:8Þ

where we used narrow width approximation.
The cross section of the process eþe− → Φeþe− is

logarithmically enhanced when θðminÞ
e� ≪ 1. For the study

of the process eþe− → Φeþe−, the energetic e� in the
forward direction may be used to eliminate the back-
grounds. Since the ILC forward detectors are expected
to cover up to Oð1–10Þ mrad [5], we assume that energetic
e� with its energy Ee� larger than 50 GeV can be identified
with significant efficiency if the scattering angle θe� is
larger than 10 mrad. We calculate the cross section,
requiring that eþ and e− are emitted to the forward
directions. We consider the following three different
requirements:

(i) Requirement 0: There is no e� with θe� >100mrad.
(In this case, the scattering angles of e� may be both
so small that neither of e� are detected.)

(ii) Requirement 1: There is at least one e� with Ee� >
50 GeV and θe� > 10 mrad. In addition, θe� <
100 mrad is required for both eþ and e−.

(iii) Requirement 2: The energies and the scattering
angles of both eþ and e− satisfy Ee� > 50 GeV
and 10 < θe� < 100 mrad.

The results are shown in Table I. (Notice that with the

equivalent photon approximation, σ̄ðggÞΦeþe− is independent of
Λ1=Λ2.) We have also checked that, if we require θe� >

20 mrad for the detection instead of 10 mrad, σ̄ðggÞΦeþe−

decreases by ∼30% and ∼50% for the cases of
Requirements 1 and 2, respectively.
For the process eþe− → Φν̄eνe, the W-boson fusion

diagram contributes. Even though W is massive, such a
diagram is enhanced when the neutrinos are emitted to the
forward directions in the high energy limit. We have also

FIG. 5. σ̄ðggÞΦZ as a function of Λ1=Λ2, with
ffiffiffi
s

p ¼ 1 TeV, taking
ðPe−; PeþÞ ¼ ðþ0.8;−0.3Þ (red dashed), ð−0.8;þ0.3Þ (brown
dot-dashed), and (0,0) (blue solid). The right-horizontal axis

shows the value of σ̄ðγγÞΦγ using Eq. (3.9).

Φ

e e+ -

e

W W

ν eν-
Φ

e e+ -

e e+ -

γ, Z γ, Z

FIG. 6. The vector-boson fusion diagrams contributing to the Φ
productions.
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calculated the cross section of such a process, and found
that the cross section is Oð10−3 fbÞ or smaller forffiffiffi
s

p ¼ 1 TeV, for example. Furthermore, because there is
no activity other than the decay products of Φ in this
process, we expect that the background reduction is much
more difficult than the case of eþe− → Φeþe−.
So far, we have studied σ̄ðggÞΦX (with X ¼ γ, Z, eþe−, or

ν̄eνe). For the calculations of σ̄
ðγγÞ
ΦX , we can use the following

proportionality:

σ̄ðγγÞΦX ≃ 27σ̄ðggÞΦX : ð3:9Þ

In particular, the values of σ̄ðγγÞΦγ and σ̄ðγγÞΦZ are also shown in
Figs. 2 and 3, respectively. When the LHC diphoton excess
at the LHC originates from the photon-photon fusion, the
cross sections at the eþe− colliders become larger com-
pared to the case of gluon-gluon fusion at the LHC. This is
because, for the former case, a larger value of ΓðΦ → γγÞ
needed (with the diphoton cross section at the LHC being
fixed), resulting in stronger interaction of Φ with electro-
weak gauge bosons.

IV. DECAY INTO SM GAUGE BOSONS

Now we are at the position to discuss the possibility of
detecting the Φ production at the future eþe− colliders. In
this section, we consider the decay of Φ into SM gauge
bosons.

A. eþe− → Φγ and eþe− → ΦZ

We first consider the Φ production in association with a
SM gauge boson, eþe− → ΦV, followed by Φ → V 0

1V
0
2,

where V ¼ γ or Z, and ðV 0
1; V

0
2Þ ¼ ðg; gÞ, ðγ; γÞ, ðγ; ZÞ,

ðZ; ZÞ, or ðWþ;W−Þ. One characteristic feature of such an
event is the existence of a monochromatic gauge boson.
With the process eþe− → ΦV, the energy of the gauge
boson V is given by

EðsigÞ
V ¼ s −m2

Φ þm2
V

2
ffiffiffi
s

p ; ð4:1Þ

where mV is the mass of V. For the processes eþe− → Φγ

and ΦZ, ðEðsigÞ
γ ; EðsigÞ

Z Þ ¼ ð219 GeV; 223 GeVÞ [(859 GeV,

861 GeV), (1046 GeV, 1048 GeV)] for
ffiffiffi
s

p ¼ 1 TeV
(2 TeV, 3 TeV), respectively. The kinematical cut based

on EðsigÞ
V can be used to reduce backgrounds.

To estimate the number of backgrounds, we calculate the
SM cross sections to produce γ or Z whose energy is close

to EðsigÞ
V in association with two other gauge bosons (or

energetic jets). For simplicity, we do not consider the decay
of weak bosons nor the hadronization of partons. Then, in
studying the backgrounds for the signal of eþe− → Φγ, the
following kinematical requirement is imposed:

(i) There is one photon whose energy satisfies

jEγ − EðsigÞ
γ j < 0.02EðsigÞ

γ , where Eγ is the energy
of photon.

For the backgrounds for eþe− → ΦZ, we require
(i) There is one Zwhose energy satisfies jEZ − EðsigÞ

Z j <
0.06EðsigÞ

Z , where EZ is the energy of Z.
Notice that a very accurate measurement of the photon
energy is expected at the ILC [5]; with the energy
resolution of the electromagnetic calorimeter of the SiD
detector, for example, δE=E ¼ 0.17=

ffiffiffiffi
E

p
⊕ 1% for elec-

trons or photons. Furthermore, with the ILC detectors, the
jet energy will be measured with the accuracy of 3% or
better for jet energies above 100 GeV. Thus, we take ∼2-σ
width of the detector resolution, assuming that we use the
hadronic decay mode of Z for the latter process. In addition,
we require that all the activities satisfy

(i) jηj < 3,
where η is the pesudorapidity.
For the signal events in whichΦ decays into a gluon pair,

we expect that the dominant source of the backgrounds is
eþe− → qq̄V, where q denotes light quarks; we calculate
the SM cross sections of such processes with the cuts
mentioned above. [In such a case, ðV 0

1; V
0
2Þ should be

understood as ðq; q̄Þ.] For other cases, we calculate the SM
cross section of the process eþe− → V 0

1V
0
2V. The candidate

of V (i.e., the gauge boson produced in association with Φ)
is expected to be identified by using Eq. (4.1). In addition,
we use the fact that the final states with ðV 0

1; V
0
2Þ ¼ ðZ; ZÞ

and ðWþ;W−Þ can be distinguished with hadronically
decaying Z and W�, using the invariant masses of the
decay products of V 0

1 and V 0
2 (which we denote mV 0

1
and

mV 0
2
, respectively) [5]. [In our study, we neglect the

efficiency for the misidentification of ðV 0
1; V

0
2Þ ¼ ðZ; ZÞ

and ðWþ;W−Þ.] Assuming 3% uncertainty for the meas-
urement of jet energies, the invariant masses of the Z and
W� systems are expected to be determined with the
accuracy of ∼4 GeV, which is sizably smaller than the
mass difference of Z and W�. In particular, by studying
mV 0

1
andmV 0

2
simultaneously, we expect that the ðV 0

1; V
0
2Þ ¼

ðZ; ZÞ and ðWþ;W−Þ final states are distinguishable.
The estimated numbers of backgrounds for the case offfiffiffi
s

p ¼ 1, 2, and 3 TeVare summarized in Tables II, III, and
IV, respectively.

TABLE I. σ̄ðggÞΦeþe− for
ffiffiffi
s

p ¼ 1, 1.5, 2, and 3 TeV, adopting the

Requirements 0, 1 or 2. σ̄ðγγÞΦeþe− can be obtained by using Eq. (3.9).ffiffiffi
s

p
Requirement 0 Requirement 1 Requirement 2

1 TeV 0.044 fb 0.015 fb 0.002 fb
1.5 TeV 0.18 fb 0.065 fb 0.007 fb
2 TeV 0.35 fb 0.12 fb 0.012 fb
3 TeV 0.70 fb 0.22 fb 0.022 fb
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To discuss the detectability of each mode, we define

SVV 0
1
V 0
2
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BVV 0

1
V 0
2

q
≡ Lσðeþe− → ΦVÞBrðΦ → V 0

1V
0
2Þϵffiffiffiffiffiffiffiffiffiffiffiffiffiffi

BVV 0
1
V 0
2

p ;

ð4:2Þ

where L is the luminosity, ϵ is the efficiency due to the
rapidity cut, and BVV 0

1
V 0
2
is the number of backgrounds for

the process eþe− → ΦV, followed by Φ → V 0
1V

0
2. Let us

introduce

REW

≡ΓðΦ→γγÞþΓðΦ→γZÞþΓðΦ→ZZÞþΓðΦ→WþW−Þ
ΓðΦ→ggÞ ;

ð4:3Þ

which parametrizes the ratio of the gluon-gluon fusion and
photon-photon fusion contributions to the LHC diphoton
events; with sufficiently small (large) value of REW, the
LHC diphoton excess is explained by the gluon-gluon
(photon-photon) fusion process. Then, the ratio
SVV 0

1
V 0
2
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BVV 0

1
V 0
2

p
depends on the luminosity L, Λ1=Λ2,

REW, and the LHC diphoton cross section
σLHCðpp → Φ → γγÞ, where

σLHCðpp → Φ → γγÞ ¼ σðggÞLHCðpp → Φ → γγÞ
þ σðγγÞLHCðpp → Φ → γγÞ: ð4:4Þ

For our numerical analysis, we take σLHCðpp→Φ→γγÞ¼
10 fb. Using Eqs. (2.7) and (2.8), the gluon-gluon and
photon-photon fusion contributions to the LHC diphoton

cross section become comparable when ΓðΦ → γγÞ≃
27ΓðΦ → ggÞ.
First, let us consider the signal with ðV 0

1; V
0
2Þ ¼ ðg; gÞ.

The ratio SVgg=
ffiffiffiffiffiffiffiffiffi
BVgg

p
is maximized when the LHC

diphoton excess is explained by the gluon-gluon fusion
process. In such a case, SVgg=

ffiffiffiffiffiffiffiffiffi
BVgg

p
depends only on the

ratio Λ1=Λ2; with
ffiffiffi
s

p ¼ 1 TeV, it becomes larger than 5
when −4.9 < Λ1=Λ2 < −2.5 and −8.2 < Λ1=Λ2 < −2.0
for V ¼ γ and V ¼ Z, respectively. With σLHCðpp →
Φ → γγÞ ¼ 10 fb, however, such a value of Λ1=Λ2 is
already excluded by the 8 TeV run of the LHC, as we
have mentioned in the previous section. Thus, with the Φ
production in association with γ or Z, we expect that the
detection of gg final state is difficult.
Next, we consider the other decay modes of Φ, i.e., Φ →

V 0
1V

0
2 with ðV 0

1; V
0
2Þ ¼ ðγ; γÞ, ðγ; ZÞ, ðZ; ZÞ, or ðWþ;W−Þ.

As REW increases, the cross sections of the Φ production
with suchdecayprocesses increase.Weestimate theminimal
value of REW to see the signals, requiring SVV 0

1
V 0
2
=ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

BVV 0
1
V 0
2

p
> 5. The results are shown in Figs. 7, 8, and 9

for
ffiffiffi
s

p ¼ 1, 2, and 3 TeV, respectively. [In these figures, the
integrated luminosity of L ¼ 1 ab is used. For other values
of the luminosity, the expected sensitivity is obtained by
rescaling the results by ðL=1 abÞ−1=2.] In the figures, we

shaded the region where σðγγÞLHCðpp → Φ → γγÞ becomes

larger than σðggÞLHCðpp → Φ → γγÞ; thus, in the shaded region,
the LHC diphoton excess is explained by the photon-photon
fusion process.We can see that the detection and the study of
Φ may be possible at the eþe− colliders with large enough
REW. In particular, if the LHC diphoton excess is due to the
photon-photon fusion, such a study seems possible even
with

ffiffiffi
s

p ¼ 1 TeV and L ¼ 1 ab−1.

TABLE II. The number of backgrounds for eþe− → Φγ and ΦZ, with
ffiffiffi
s

p ¼ 1 TeV and L ¼ 1 ab−1. Here we take
Pe− ¼ Peþ ¼ 0.

Signal γgg Zgg γγγ γγZ γZZ ZZZ γWþW− ZWþW−

eþe− → Φγ 840 � � � 940 670 120 � � � 1200 � � �
eþe− → ΦZ � � � 900 � � � 810 550 120 � � � 3000

TABLE III. Same as Table II, except for
ffiffiffi
s

p ¼ 2 TeV.

Signal γgg Zgg γγγ γγZ γZZ ZZZ γWþW− ZWþW−

eþe− → Φγ 510 � � � 1500 890 130 � � � 1800 � � �
eþe− → ΦZ � � � 700 � � � 1800 1100 160 � � � 3800

TABLE IV. Same as Table II, except for
ffiffiffi
s

p ¼ 3 TeV.

Signal γgg Zgg γγγ γγZ γZZ ZZZ γWþW− ZWþW−

eþe− → Φγ 480 � � � 1900 1100 140 � � � 2400 � � �
eþe− → ΦZ � � � 550 � � � 1900 1200 170 � � � 5000
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FIG. 8. Same as Fig. 7, except for
ffiffiffi
s

p ¼ 2 TeV.

FIG. 9. Same as Fig. 7, except for
ffiffiffi
s

p ¼ 3 TeV.

FIG. 7. The minimal values of REW to realize SVV 0
1
V 0
2
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BVV 0

1
V 0
2

p
> 5 for V 0

1V
0
2 ¼ γγ (blue solid), γZ (gray dot-dashed), ZZ (red

dashed), and WþW− (green dotted) as a function of the ratio Λ1=Λ2. Here we take
ffiffiffi
s

p ¼ 1 TeV, L ¼ 1 ab−1, Pe− ¼ Peþ ¼ 0, and

σLHCðpp → Φ → γγÞ ¼ 10 fb. In the shaded region, σðγγÞLHCðpp → Φ → γγÞ is larger than σðggÞLHCðpp → Φ → γγÞ.
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B. eþe− → eþe−Φ

Next, we consider the process eþe− → eþe−Φ. The
important feature of such a process is the existence of
e� which are (almost) parallel to the beam direction.
Detection of such e� may help to reduce backgrounds.
We consider the case where at least one of the final-state

e� is detectable. Then, as the signal, we require
(i) Requirement 1 in the previous section: At least one

e� with Ee� > 50 GeV and θe� > 10 mrad. In
addition, θe� < 100 mrad for both eþ and e−.

(ii) Candidates of V 0
1 and V 0

2, which are the gauge
bosons produced by the decay of Φ. [Thus,
ðV 0

1;V
0
2Þ¼ðγ;γÞ, ðg;gÞ, ðγ; ZÞ, ðZ; ZÞ, or ðWþ;W−Þ.]

In the following, we estimate the number of SM back-
grounds for these types of events. In order to reduce the
backgrounds, we impose kinematical selections based on
the invariant mass of the V 0

1V
0
2 system (which is denoted as

mV 0
1
V 0
2
) and the pseudorapidities of V 0

1 and V
0
2 since some of

the final-state gauge bosons are likely to be emitted to the
forward direction:

(i) jmV 0
1
V 0
2
−mΦj < 0.02mΦ for ðV 0

1; V
0
2Þ ¼ ðγ; γÞ, and

jmV 0
1
V 0
2
−mΦj < 0.06mΦ otherwise.

(ii) jηj < 1.47 for V 0
1 and V 0

2.
Notice that, for the signal events with Φ → gg, we expect
that the dominant background is the process eþe− →
eþe−qq̄. Thus, we also study the cross section of such a
process.
Now we estimate the number of SM backgrounds. If

there exists the process γγ → V 0
1V

0
2, the cross section of

eþe− → eþe−V 0
1V

0
2 is logarithmically enhanced when the

final-state eþ and e− are both emitted to the forward
directions. This is because diagrams containing n nearly
on-shell photon propagators result in the cross section
approximately proportional to lnnðjq2jðmaxÞ=jq2jðminÞÞ, as
we discussed in the previous section [see Eq. (3.5)].
We first consider the cases where the final states are qq̄

or WþW−. In these cases, there exist tree-level processes
γγ → qq̄ and WþW−. Therefore, for the backgrounds of
these signal processes, diagrams with two nearly on-shell
photon propagators are expected to be the most important.
By using the equivalent photon approximation, we estimate
the SM cross sections of the processes eþe− → eþe−qq̄
and eþe−WþWþ, imposing the above-mentioned kinemati-
cal selections. The expected numbers of backgrounds for
L ¼ 1 ab−1 are 47 and 530 for ðV 0

1; V
0
2Þ ¼ ðg; gÞ and

ðWþ;W−Þ, respectively, taking
ffiffiffi
s

p ¼ 1 TeV. Forffiffiffi
s

p ¼ 2 TeV, they are 250 and 2500, and forffiffiffi
s

p ¼ 3 TeV, 380 and 3700, respectively. Since signal
events with these final states suffer from large numbers of
backgrounds compared to the other final states, as we will
see below, we will not discuss further the detectability of
these signal events.
We now consider the signals with Φ → V 0

1V
0
2 with

ðV 0
1; V

0
2Þ ¼ ðγ; γÞ, ðγ; ZÞ, and ðZ; ZÞ. For these final states,

the processes γγ → V 0
1V

0
2 occur at the one-loop level, and

are loop suppressed. Assuming that the one-loop processes
with maximal logarithmic enhancements dominate the
backgrounds, we estimate the number of backgrounds
using the equivalent photon approximation; the cross
sections of the processes γγ → γγ, γZ, and ZZ can be
found in [28–30]. Then, the numbers of backgrounds are
estimated to be 0.2, 3.1, and 5.1 for ðV 0

1; V
0
2Þ ¼ ðγ; γÞ,

ðγ; ZÞ, and ðZ; ZÞ, taking L ¼ 1 ab−1 and
ffiffiffi
s

p ¼ 1 TeV.
For

ffiffiffi
s

p ¼ 2 TeV (3 TeV), they are 1.0, 17, and 28 (1.5, 25,
and 42), respectively.3

With these background estimations, we calculate the
minimal value of REW which realizes SeeV 0

1
V 0
2
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BeeV 0

1
V 0
2

p
>

5 for L ¼ 1 ab−1, where

SeeV 0
1
V 0
2
≡ Lσðeþe− → eþe−ΦÞBrðΦ → V 0

1V
0
2Þϵ; ð4:5Þ

while BeeV 0
1
V 0
2
is the number of backgrounds. If BeeV 0

1
V 0
2
is

less than 1, we require SeeV 0
1
V 0
2
> 5 instead. In Figs. 10, 11,

FIG. 10. The minimal values of REW to realize
SVV0

1
V 0
2
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BVV 0

1
V 0
2

p
> 5 for V 0

1V
0
2 ¼ γγ (blue solid), γZ (gray

dot-dashed), and ZZ (red dashed) as functions of the ratio

Λ1=Λ2. In the shaded region, σðγγÞLHCðpp → Φ → γγÞ is larger than
σðggÞLHCðpp → Φ → γγÞ. Here we take

ffiffiffi
s

p ¼ 1 TeV, L ¼ 1 ab−1,
and Pe− ¼ Peþ ¼ 0.

3In the tree-level diagrams contributing to the backgrounds
of these processes, the number of nearly on-shell photon
propagator is at most one. However, the tree-level contributions
are potentially important because there is no loop suppression.
We have also studied the tree-level contributions by using
MadGraph5_aMC@NLO v2 [31] and MadAnalysis [32].
For 10 < θe� < 100 mrad for both eþ and e−, we directly
calculated the cross section of the process eþe− → eþe−V 0

1V
0
2.

For θeþ < 10 mrad and 10 < θe− < 100 mrad, (or for θe− <
10 mrad and 10 < θeþ < 100 mrad), we adopted the equivalent
photon approximation for the virtual photon emitted by eþ (or
e−) and estimated the cross section. For both regions of the phase
space, we found that the number of backgrounds with L ¼ 1 ab
are much smaller than 1. Thus, we neglect the tree-level
contributions.
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and 12, we show the minimal values of REW as functions of
the ratio Λ1=Λ2, taking

ffiffiffi
s

p ¼ 1, 2, and 3 TeV. Comparing
with Figs. 7–9, we can see that the process eþe− → eþe−Φ
is easier to detect than eþe− → ΦV if Φ decays into a pair
of neutral electroweak gauge bosons.

V. INVISIBLE DECAY

In the previous section, we have considered the decay of
Φ into SM gauge bosons. Notably, Φ may also couple to a
new particle which is not in the particle content of the SM.
In this section, we consider the case where Φ couples to a
particle which does not have a direct coupling to SM
particles. In such a case, Φ has an invisible decay mode;
study of such a decay mode is an important step to
understand the property of Φ.
One possibility of detecting the invisible decay of Φ at

the eþe− colliders is to use the production process eþe− →
Φγ and ΦZ, followed by the invisible decay of Φ. In such
processes, we observe energetic γ or the decay products of
Z accompanied by large missing momentum. In the signal

event, the energy of the SM gauge boson is EðsigÞ
V given in

Eq. (4.1). Thus, by selecting events with a single γ or Z

candidate whose energy is close enough to EðsigÞ
V , we may

be able to eliminate backgrounds to observe the invisible
decay of Φ.
For such a study, we estimate the number of back-

grounds, applying cuts on the energy of SM gauge bosons.
For the signal process eþe− → Φγ with Φ → χχ, we expect
a single photon final state. As possible sources of back-
grounds, we consider the following processes:

(i) eþe− → γν̄lνl,
(ii) eþe− → γν̄lνlν̄l0νl0 ,

with l; l0 ¼ e, μ, and τ; we calculate the cross sections of
these processes requiring that the energy of γ is in the range

of jEγ − EðsigÞ
γ j < 0.02EðsigÞ

γ . We also require jηj < 1 for the
final-state photon to optimize the detectability. For the
signal process eþe− → ΦZ with Φ → χχ, monochromatic
Z-boson should be tagged to identify the signal. Here, we
use the hadronic decay of Z because the hadronic branching
ratio is larger than leptonic one. Then, we estimate the
number of backgrounds by calculating the cross sections of
the following processes4:

(i) eþe− → Zν̄lνl,
(ii) eþe− → Zν̄lνlν̄l0νl0 ,

where we require that jEZ − EðsigÞ
Z j < 0.06EðsigÞ

γ , and that
jηj < 1 for the Z-boson. We use MadGraph5_aMC@NLO
v2 [31] and MadAnalysis [32] to calculate the cross
sections of the background processes. The numbers of
backgrounds of these processes with the luminosity of
1ab−1 are summarized in Table V, taking ðPe− ; PeþÞ ¼
ðþ0.8;−0.3Þ and ð−0.8;þ0.3Þ. (We checked that one of
these combinations of the helicities gives the best detect-
ability, as far as jPe− j ¼ 0.8 and jPeþj ¼ 0.3.)
The detectability of the invisible decay mode is studied

by calculating the following quantity:

SVχχ=
ffiffiffiffiffiffiffiffiffiffi
BVχχ

p ≡ Lσðeþe− → ΦVÞBrðΦ → χχÞϵffiffiffiffiffiffiffiffiffiffi
BVχχ

p ; ð5:1Þ

where BVχχ is the total number of the backgrounds for the
process eþe− → ΦV followed by the invisible decay of Φ.
When the gluon-gluon fusion process dominates the LHC
diphoton signal events, SVχχ=

ffiffiffiffiffiffiffiffiffiffi
BVχχ

p
is proportional to the

ratio of ΓðΦ → χχÞ=ΓðΦ → ggÞ, as can be understood from
Eq. (3.1). On the other hand, it is proportional ΓðΦ →
χχÞ=ΓðΦ → γγÞ for the case where the photon-photon

FIG. 11. Same as Fig. 10, except for
ffiffiffi
s

p ¼ 2 TeV.

FIG. 12. Same as Fig. 10, except for
ffiffiffi
s

p ¼ 3 TeV.

4Hadrons may be also produced by the scatterings of energetic
photons emitted by the initial-state eþ and e− beams. However, in
such events, the missing transverse momentum is expected to be
small because the initial-state photons are expected to be (almost)
parallel to the beam axis. Thus, we assume that such potential
backgrounds can be eliminated by imposing a kinematical cut on
the missing transverse momentum.
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fusion process is the origin of the LHC diphoton excess
[see Eq. (3.2)]. We have estimated the minimal values of
these ratios as functions of Λ1=Λ2 to observe the invisible
decay of Φ at the level of SVχχ=

ffiffiffiffiffiffiffiffiffiffi
BVχχ

p
> 5. The results are

shown in Figs. 13 and 14 for eþe− → Φγ and ΦZ,
respectively. For the case where the diphoton excess at
the LHC originates from the gluon-gluon fusion process,
for example, the ILC with

ffiffiffi
s

p ¼ 1 TeV and L ¼ 1 ab−1

may observe the invisible decay of Φ when ΓðΦ → χχÞ=
ΓðΦ → ggÞ ∼Oð10Þ. Furthermore, the sensitivity depends
on the beam polarizations. To see this, in Figs. 15 and 16,

we show the expected sensitivity with different beam
polarizations for

ffiffiffi
s

p ¼ 1 TeV.

VI. CONCLUSIONS AND DISCUSSION

In this paper, we have studied the prospect of inves-
tigating the scalar boson Φ, which is responsible for the
diphoton excess observed at the LHC, using the future
eþe− colliders. We have concentrated on the case where the
LHC diphoton excess originates from the gluon-gluon and/
or photon-photon fusion processes. We assumed that there
exists a scalar bosonΦwith its mass of ∼750 GeV, and that
Φ directly couples to the SM gauge bosons via the
dimension-five operators [see Eq. (2.1)].
We have studied the production process of Φ in associ-

ationwith a SMgauge boson (i.e., γ orZ) and the production
via the vector-boson fusion. We have calculated the cross
sections of these processes. Then we have investigated the
detectability of Φ with estimating the SM backgrounds.
Detection of the decay mode of Φ into the gluon pair seems
difficult because the number of backgrounds is large. With

FIG. 13. The minimal values of ΓðΦ → χχÞ=ΓðΦ → ggÞ (left
horizontal axis, for the case where the LHC diphoton excess is
due to the gluon-gluon fusion) and ΓðΦ → χχÞ=ΓðΦ → γγÞ
(right-horizontal axis, for the case where the LHC diphoton
excess is due to the photon-photon fusion) to realize
Sγχχ=

ffiffiffiffiffiffiffiffiffi
Bγχχ

p
> 5, using the production process of eþe− → Φγ.

Here, we take
ffiffiffi
s

p ¼ 1 TeV (blue solid), 2 TeV (green dotted),
3 TeV (gray dashed), and L ¼ 1 ab−1. In addition, the helicities
of e� are Pe− ¼ Peþ ¼ 0.

FIG. 14. Same as Fig. 13, except for eþe− → ΦZ.

TABLE V. The number of backgrounds for eþe− → Φγ andΦZ
followed by Φ → χχ, with

ffiffiffi
s

p ¼ 1 and 2 TeV, and L ¼ 1 ab−1.
Here we take Pe− ¼ þ0.8ð−0.8Þ and Peþ ¼ −0.3ðþ0.3Þ for the
left (right) of each column.

γ þ 2ν γ þ 4ν Z þ 2ν Z þ 4νffiffiffi
s

p ¼ 1 TeV 560 (9100) 3.6 (37) 4800 (80000) 22 (330)ffiffiffi
s

p ¼ 2 TeV 78 (1100) 1.9 (9.3) 390 (6000) 5.1 (35)ffiffiffi
s

p ¼ 3 TeV 32 (410) 1.6 (5.2) 130 (1800) 3.4 (14)

FIG. 15. The minimal values of ΓðΦ → χχÞ=ΓðΦ → ggÞ (left
horizontal axis, for the case where the LHC diphoton excess is
due to the gluon-gluon fusion) and ΓðΦ → χχÞ=ΓðΦ → γγÞ
(right-horizontal axis, for the case where the LHC diphoton
excess is due to the photon-photon fusion) to realize
Sγχχ=

ffiffiffiffiffiffiffiffiffi
Bγχχ

p
> 5, using the production process of eþe− → Φγ.

Here, we take
ffiffiffi
s

p ¼ 1 TeV, and L ¼ 1 ab−1. In addition, the
helicities of e� are ðPe−; PeþÞ ¼ ðþ0.8;−0.3Þ (red dashed),
ð−0.8;þ0.3Þ (brown dot-dashed), and (0,0) (blue solid).

FIG. 16. Same as Fig. 13, except for eþe− → ΦZ.
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the vector-boson fusion process, the decay of Φ into the
electroweak gauge bosons may be detected at the eþe−
colliders if the decaywidth of such processes are of the same
order ofΓðΦ → ggÞ, assuming that theLHCdiphoton excess
is due to the gluon-gluon fusion. In order to observe Φ, the
detection of energetic e� in the forward directions is crucial
to eliminate the backgrounds. We found that the observa-
tions of the associated production with γ or Z are more
difficult because the numbers of backgrounds are order of
magnitude larger. We have also studied the possibility of
detecting the invisible decay of Φ using the production
process in association with γ or Z.
We comment on another possibility to studyΦ at the future

eþe− facilities. BecauseΦ couples directly to the photon pair,
it can be produced at the photon-photon collider which is an
important option of the future eþe− facilities. Indeed, in [20],
it was shown that, even if the LHC diphoton excess originates
from the gluon-gluon fusion, the Φ production cross section
at the photon-photon collider can be as large as ∼100 fb forffiffiffi
s

p
∼ 1 TeV, which is much larger than that with the eþe−

collision. With such a large cross section, a significant
number of Φ will be available for its detailed study.
Based on our analysis, the expected number of Φ

production at the ILC is of Oð10Þ with ffiffiffi
s

p ¼ 1 TeV and
L ¼ 1 ab−1, if the LHC diphoton excess is due to the gluon-
gluon fusion and also ifΦ dominantly decays into the gluon
pair. If the LHC diphoton excess is from the photon-photon
fusion, the number ofΦ produced at the ILC becomes larger.
In addition, even if theΦ production at theLHC is dominated
by the gluon-gluon fusion, the invisible decay of Φ may be
observed at the ILC if the invisible decaywidth is an order of
magnitude larger than the decay width into the gluon pair.
Thus, the ILC will provide interesting possibilities to study
the properties of the diphoton resonance.
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APPENDIX: CROSS SECTIONS

In this Appendix, we give the expressions for the cross
sections of the resonance production in association with
SM gauge bosons. For the case with pseudoscalar reso-
nance, we adopt the interaction terms given in Eq. (2.1). For
completeness, we also consider the case where the new
scalar resonance is a scalar boson, for which the interaction
terms are given by5

Leff ¼
1

Λ1

ΦBμνBμν þ 1

Λ2

ΦWa
μνWaμν þ 1

Λ3

ΦGA
μνGAμν:

ðA1Þ
The following formulas can be used for both pseudoscalar
and scalar cases.
Then, denoting the angle between the beam axis and the

direction of the Φ in the CM frame as θ, the differential
cross sections of the Φ production in association with a SM
gauge boson with fully polarized initial state e� is given by

dσðeþRe−L → ΦVÞ
d cos θ

¼ β

32π
CðLÞ
V ½s2β2ð1þ cos2θÞ

þ 8ξΦsm2
V �; ðA2Þ

with V ¼ γ and Z; dσðeþLe−R → ΦVÞ=d cos θ can be
obtained by exchanging L ↔ R, while σðeþLe−L → ΦVÞ ¼
σðeþRe−R → ΦVÞ ¼ 0. Here, ξΦ ¼ 0 for the pseudoscalar
production processes, while ξΦ ¼ 1 for the scalar produc-
tion, mV ¼ 0 and mZ for V ¼ γ and Z, respectively, and

β ¼ 1

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 − 2ðm2

Φ þm2
VÞsþ ðm2

Φ −m2
VÞ2

q
: ðA3Þ

In addition,

CðL;RÞ
γ ¼

�
2e
Λγγs

−
gðL;RÞZe

ΛγZðs −m2
ZÞ
�2
; ðA4Þ

CðL;RÞ
Z ¼

�
e

ΛγZs
−

2gðL;RÞZe

ΛZZðs −m2
ZÞ
�2
; ðA5Þ

where

Λ−1
γγ ≡ g21

g2Z
Λ−1
2 þ g22

g2Z
Λ−1
1 ; ðA6Þ

Λ−1
γZ ≡ 2g1g2

g2Z
ðΛ−1

2 − Λ−1
1 Þ; ðA7Þ

Λ−1
ZZ ≡ g22

g2Z
Λ−1
2 þ g21

g2Z
Λ−1
1 ; ðA8Þ

with g1 and g2 being the gauge coupling constants ofUð1ÞY
and SUð2ÞL, respectively, gZ ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g21 þ g22
p

,6 and

e ¼ g1g2
gZ

; gðLÞZe ¼ g21 − g22
2gZ

; gðRÞZe ¼ g21
gZ

: ðA9Þ

5For the notational simplicity, we use the same notation for the
suppression scales of the dimension-five operators in the pseu-
doscalar and scalar cases.

6In our numerical calculations, we use the gauge coupling
constants at the renormalization scale of μ ¼ mZ. For more
accurate calculations, inclusion of the effects of renormalization
group running of the gauge coupling constants are relevant.
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