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The presence of nonstandard neutrino interactions (NSI) has a large effect on the precision
measurements at next generation neutrino oscillation experiments. Other type of experiments are needed
to constrain the NSI parameter space. We study the constraints on NSI with electrons from current and
future eþe− collider experiments including Belle II, STCF, and CEPC. We find that Belle II and STCF will
provide competitive and complementary bounds on electron-type NSI parameters as compared to the
current global analysis, and strong improvements in the constraints on tau-type NSI. In addition, CEPC
alone will impose stringent constraints on the parameter space of NSI with electrons. We find that the
degeneracy between the left-handed (vector) and right-handed (axial-vector) NSI parameters can be lifted
by combining the data from three different running modes at CEPC, and the limits on ϵeLee (ϵeVee ) and ϵeRee
(ϵeAee ) can reach 0.002 at CEPC even if both the left- and right-handed NSI parameters are present.
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I. INTRODUCTION

Neutrino oscillation has been well established after
successful measurements from a variety of neutrino experi-
ments using solar, atmospheric, reactor, and accelerator
neutrinos in the last two decades, and current data from
most neutrino oscillation experiments can be successfully
explained in a three neutrino oscillation framework [1].
Since the explanation of neutrino oscillations requires the
neutrino masses to be nonzero, the observation of neutrino
oscillations provides a clear evidence of new physics
beyond the StandardModel (SM). Next generation neutrino
oscillation experiments, such as DUNE [2], hyper-
Kamiokande [3], and JUNO [4], will not only do a high
precision measurement of the oscillation parameters in the
standard three neutrino oscillation framework but also
reach the sensitivity to probe new physics in the neutrino
sector. A model-independent way of studying new physics
in neutrino experiments was given in the effective field
theory framework of nonstandard neutrino interactions
(NSI); for reviews see Refs. [5–7]. In this framework,
NSI are typically described by dimension-six four-fermion
operators of the form [8,9]

LNC
NSI ¼ −2

ffiffiffi
2

p
GFϵ

fC
αβ ½ναγρPLνβ�½f̄γρPCf�; ð1Þ

LCC
NSI ¼ −2

ffiffiffi
2

p
GFϵ

ff0C
αβ ½νβγρPLlα�½f̄0γρPCf�; ð2Þ

where α, β label the lepton flavors (e, μ, τ), f denotes the
fermion fields (u, d, e), and C indicates the chirality (L, R),

ϵff
0C

αβ is a dimensionless parameter that characterizes the
strength of the new interactions in units of the Fermi
constant GF. The neutral current (NC) NSI will affect
neutrino propagation in matter, and the charged current
(CC) NSI mainly affect neutrino production and detection.
Both the NC and CC NSI at neutrino oscillation experi-
ments have been extensively studied in the literature; see
the references in Ref. [10]. Here we focus on NC NSI since
the bounds on the CC NSI are generally much stronger than
the NC NSI [11]. The presence of NC NSI have a large
impact on the determination of the mass ordering, CP
violation and θ23 octant at neutrino oscillation experiments
[12–27]. In particular, due to the presence of the general-
ized mass ordering degeneracy induced by NSI, the
neutrino mass ordering cannot be resolved by neutrino
oscillation experiments alone [28]. In order to improve the
sensitivity of neutrino oscillation experiments in the pres-
ence of NSI, other types of experiments such as neutrino
scattering or collider experiments are needed to constrain
the NSI parameter space [29].
The constraints on NSI with quarks have been well

studied in the literature [30,31]. In particular, the recent
measurements of the coherent neutrino nucleus scattering
by the COHERENT experiment [32,33] have been used to
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impose constraints on NSI with the u and d quarks, and
the generalized mass ordering degeneracy due to NSI
with quarks can be excluded by more than 3σ with the
COHERENT data [34,35]. In addition, the parameter space
of NSI with quarks can be further constrained by using the
monojet events at LHC [36,37]. However, there are models
that predict NSI with only electrons but not with quarks in
the literature: see, e.g., Refs. [38–40]. Due to degeneracies
between the left- and right-handed NSI parameters, con-
straints on NSI with electrons are still weak as compared to
NSI with quarks.
The Lagrangian of NC NSI with electrons can be

written as

LNC;e
NSI ¼ −2

ffiffiffi
2

p
GFϵ

eL
αβðν̄αγμPLνβÞðēγμPLeÞ

− 2
ffiffiffi
2

p
GFϵ

eR
αβ ðν̄αγμPLνβÞðēγμPReÞ; ð3Þ

¼ −
ffiffiffi
2

p
GFϵ

eV
αβ ðν̄αγμPLνβÞðēγμeÞ

þ
ffiffiffi
2

p
GFϵ

eA
αβðν̄αγμPLνβÞðēγμγ5eÞ; ð4Þ

where

ϵeVαβ ≡ ϵeLαβ þ ϵeRαβ ; ϵeAαβ ≡ ϵeLαβ − ϵeRαβ ; ð5Þ

with ϵeVαβ (ϵeAαβ ) describing the strength of the new vector
(axial-vector) interactions between electrons. NSI with
electrons will lead to new contributions to the monophoton
process eþe− → νν̄γ at electron colliders. An early study of
NSI with electrons using the monophoton events at LEP
has been given in Ref. [41], and constraints on NSI with
electrons from neutrino scattering and solar and reactor
neutrino experiments are performed in Refs. [42–44].
A combination of the data from LEP, neutrino scattering,
solar and reactor neutrino experiments can be found in
Refs. [45,46]. Constraints on ϵeLαβ and ϵ

eR
αβ from the precision

measurements of the effective number of relativistic
degrees of freedom Neff in the early Universe have been
given in Ref. [47]. The eþe− collider experiment LEP can
help in removing degeneracy in the global analysis of
constraints on NSI parameters. Moreover, the current
constraints on tau-type NSI with electrons are mainly

coming from LEP. However, due to the cancellation
between the left-handed (vector) and right-handed
(axial-vector) NSI parameters, the allowed ranges of
NSI with electrons are still large if both the left- and
right-handed NSI parameters exist. Considering future
eþe− collider experiment will provide much more data
than LEP, we study the constraints on NSI with electrons
from current eþe− collider experiment Belle II [48], and
the proposed future eþe− collider experiments including
the Super Tau Charm Factory (STCF) [49] and CEPC [50]
in this work.
This paper is organized as follows. In Sec. II we describe

the signal and backgrounds of probing NSI at electron
colliders. In Sec. III we present the constraints on NSI at
Belle II and STCF that are operated with the center-of-mass
(CM) energy

ffiffiffi
s

p
≪ MZ. In Sec. IV we consider the

constraints on NSI at CEPC that is operated withffiffiffi
s

p
≥ MZ. Our conclusions are drawn in Sec. V.

II. SIGNALS AND BACKGROUNDS AT
ELECTRON COLLIDERS

The neutrinos can be measured at eþe− colliders
via the production of single photon associated with a
neutrino-antineutrino pair, eþe− → νν̄γ. In the SM,
the tree-level Feynman diagrams for this process are
shown in Fig. 1. For muon and tau neutrinos, only the
Z-boson exchange diagram contributes; for electron neu-
trinos, both the Z-boson and W-boson exchange diagrams
contribute.
The cross section for the single photon production from

eþe− annihilation, eþe− → νν̄γ, can be approximately
factorized into the process without photon emission,
eþe− → νν̄, times the improved Altarelli-Parisi radiator
function [51,52],

d2σ
dxγdzγ

¼ Hðxγ; zγ; sÞσ0ðsγÞ; ð6Þ

where the radiator function

Hðxγ; zγ; sÞ ¼
α

π

1

xγ

�
1þ ð1 − xγÞ2

1 − z2γ
−
x2γ
2

�
: ð7Þ

FIG. 1. The tree-level Feynman diagrams for eþe− → νlν̄lγ process at electron colliders. The W-boson exchange diagrams only
contribute to the eþe− → νeνeγ process, and the Z-boson exchange diagram can contribute to all neutrino flavors with l ¼ e, μ, τ.
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Here, Eγ is the energy of the initial state radiation (ISR)
photon,

ffiffiffi
s

p
is the CM energy at the colliders, xγ ¼ 2Eγ=

ffiffiffi
s

p
is the energy fraction emitted away by ISR, zγ ¼ cos θγ
with θγ being the polar angle of the photon, sγ ¼ ð1 − xγÞs
is the CM energy of the νν̄ system, and σ0 is the cross
section of the neutrino pair production without ISR.
In the SM, σ0 is given by

σSM0 ðsÞ ¼ σWðsÞ þ σZðsÞ þ σW−ZðsÞ;

¼ G2
Fs

12π

�
2þ 2Nνðg2L þ g2RÞ

ð1 − s=M2
ZÞ2 þ Γ2

Z=M
2
Z

þ 4gLð1 − s=M2
ZÞ

ð1 − s=M2
ZÞ2 þ Γ2

Z=M
2
Z

�
; ð8Þ

where gL ¼ − 1
2
þ sin2 θW , gR ¼ sin2 θW , and Nν is the

number of active neutrinos. The three terms in Eq. (8) come
from the contribution of the W boson, the Z boson, and
their interference, respectively. The NSI contribution to the
cross section σ0 can be written analogously as

σNSI0 ðsÞ¼G2
F

6π
s

� X
α;β¼e;μ;τ

�
ððϵeLαβÞ2þðϵeRαβ Þ2Þ

−2ðgLϵeLαβþgRϵeRαβ Þ
M2

Zðs−M2
ZÞ

ðs−M2
ZÞ2þðMZΓZÞ2

�
þ2ϵeLee

�
:

ð9Þ
From Eq. (9), we see that there are 12 independent NSI

parameters that can be probed at electron colliders. Also,
there is no interference between ϵαβ with different flavor
indices. Therefore, we consider the NSI parameters with
different flavor indices separately. In order to constrain the
NSI parameter space, we perform a variation of the ϵ pair
with the same flavor indices ðϵeLαβ ; ϵeRαβ Þ [or equivalently
ðϵeVαβ ; ϵeAαβÞ], setting other NSI parameters to be zero. In our
analysis, we only consider bounds on the flavor-conserving
NSI parameters since the new physics that induces flavor-
violating NSI is more likely to be constrained by lepton
flavor violating processes.1 To constrain the electron-type
NSI parameters ϵeL;Ree , we perform a variation of the ϵ pair
ðϵeLee ; ϵeRee Þ at the same time, setting others to be zero, i.e.,
ϵeL;Rμμ ¼ ϵeL;Rττ ¼ 0. Similarly, to constrain the muon-type
(tau-type) NSI parameters ϵeL;Rμμ (ϵeL;Rττ ), we take the
electron-type and tau-type (muon-type) NSI parameters
to be zero.
When

ffiffiffi
s

p
is far below the Z resonance (

ffiffiffi
s

p
≪ MZ), the

differential production cross section for the eþe− → νν̄γ in
the SM can be written as

dσSM

dxγdzγ
¼ Hðxγ; zγ; sÞ

G2
Fsγ
2π

CSM; ð10Þ

where CSM ≡ g2L þ g2R þ 2
3
gL þ 1

3
. Here we have integrated

over the momenta of the final state neutrinos and summed
all three neutrino flavors. The contribution from NSI can be
expressed as

dσNSI

dxγdzγ
¼ Hðxγ; zγ; sÞ

G2
Fsγ
2π

CNSI; ð11Þ

where CNSI ≡ 1
3

P
α;β¼e;μ;τ½ðϵeLαβÞ2 þ ðϵeRαβ Þ2 þ 2ðgLϵeLαβ þ

gRϵeRαβ Þ� þ 2
3
ϵeLee . From Eqs. (10) and (11), we see that

for eþe− → νν̄γ production with
ffiffiffi
s

p
≪ MZ,

σNSI

σSM
¼ CNSI

CSM ; ð12Þ

The total cross section of the eþe− → νν̄γ process is
σ ¼ σSM þ σNSI. Now the iso-σ contour is a circle in the
ðϵeLαα ; ϵeRααÞ plane with the center located at

ðϵeLαα ; ϵeRααÞ ¼ ð−gL − δαe;−gRÞ; ð13Þ

where δαe ¼ 1 (0) for α ¼ e (α ≠ e). Similarly, the center of
the iso-σ circle in the ðϵeVαα ; ϵeAααÞ plane is located at

ðϵeVαα ; ϵeAααÞ ¼ ð−gV − δαe;−gA − δαeÞ; ð14Þ

where gV ¼ gLþgR ¼−1
2
þ2sin2 θW , gA ¼ gL − gR ¼ − 1

2
.

For energies above the Z resonance (
ffiffiffi
s

p
≥ MZ), finite

distance effects on theW propagator need to be considered.
These effects can be taken into account by the following
substitution [41,53]:

σWðsÞ → σWðsÞFWðs=M2
WÞ;

σW−ZðsÞ → σW−ZðsÞFW−Zðs=M2
WÞ; ð15Þ

where

FWðzÞ ¼
3

z3
½−2ðzþ 1Þ logðzþ 1Þ þ zðzþ 2Þ�;

FW−ZðzÞ ¼
3

z3

�
ðzþ 1Þ2 logðzþ 1Þ − z

�
3

2
zþ 1

��
: ð16Þ

Using the SM couplings and the contact NSI interactions
(3), one can get [41]

1Note that for the flavor violating NSI parameters, their
contributions to the cross section are twice of that from ϵeL;Rμμ;ττ,
and the constraints on flavor violating NSI parameters at electron
colliders can be easily derived from those on ϵeL;Rμμ;ττ.
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σSM0 ðsÞ ¼ NνG2
F

6π
M4

Zðg2L þ g2RÞ
s

½ðs −M2
ZÞ2 þ ðMZΓZÞ2�

þG2
F

π
M2

W

�
sþ 2M2

W

2s
−
M2

W

s

�
sþM2

W

s

�
log

�
sþM2

W

M2
W

�

− gL
M2

Zðs −M2
ZÞ

ðs −M2
ZÞ2 þ ðMZΓZÞ2

×

�ðsþM2
WÞ2

s2
log

�
sþM2

W

M2
W

�
−
M2

W

s
−
3

2

��
; ð17Þ

σNSI0 ðsÞ ¼
X

α;β¼e;μ;τ

G2
F

6π
s

�
ððϵeLαβÞ2 þ ðϵeRαβ Þ2Þ − 2ðgLϵeLαβ þ gRϵeRαβ Þ

M2
Zðs −M2

ZÞ
ðs −M2

ZÞ2 þ ðMZΓZÞ2
�

þ G2
F

π
ϵeLeeM2

W

�ðsþM2
WÞ2

s2
log

�
sþM2

W

M2
W

�
−
M2

W

s
−
3

2

�
: ð18Þ

According to the coefficients of the NSI parameter, the Eq. (18) can also be written as

σNSI0 ðsÞ ¼ ½σNSI0 ðsÞ�1
X

α;β¼e;μ;τ

ððϵeLαβÞ2 þ ðϵeRαβ Þ2Þ þ ½σNSI0 ðsÞ�2
X

α;β¼e;μ;τ

ϵeLαβ þ ½σNSI0 ðsÞ�2
gR
gL

X
α;β¼e;μ;τ

ϵeRαβ þ ½σNSI0 ðsÞ�3ϵeLee : ð19Þ

Integrating out the final photon, we can get the total cross
section for the process eþe− → νν̄γ from NSI at the
electron colliders with

ffiffiffi
s

p
≥ MZ as

σNSIðϵeLee ;ϵeRee Þ
¼ I1ððϵeLee Þ2þðϵeRee Þ2ÞþðI2þ I3ÞϵeLee þ I2

gR
gL

ϵeRee ð20Þ

for electron-type NSI parameter, and

σNSIðϵeLμμ=ττ; ϵeRμμ=ττÞ ¼ I1ððϵeLμμ=ττÞ2 þ ðϵeRμμ=ττÞ2Þ
þ I2ϵeLμμ=ττ þ I2

gR
gL

ϵeRμμ=ττ ð21Þ

for muon-type or tau-type NSI parameter, with the defi-
nition of

Ii ≡
Z

dx
Z

dzγHðxγ; zγ; sÞ½σNSI0 ððsγÞ�i: ð22Þ

The iso-σ contour is also a circle in the NSI parameter
plane, of which the center locates at

ðϵeLee ; ϵeRee Þ ¼
�
−
I2 þ I3
2I1

;−
I2gR
2I1gL

�
; ð23Þ

or

ðϵeLμμ=ττ; ϵeRμμ=ττÞ ¼
�
−

I2
2I1

;−
I2gR
2I1gL

�
: ð24Þ

We can see that the coordinate of the circle center is a
function of

ffiffiffi
s

p
.

For NSI searches with the monophoton signature at
electron colliders, the backgrounds can be classified into
two categories: the irreducible background and the

reducible background. The irreducible background has
the final state containing one photon and two neutrinos
arising from the SM, which has been discussed above. The
reducible background comes from a photon produced in the
final state together with several other visible particles
which are however not detected due to limitations of the
detector acceptance. Since the reducible background
strongly depends on the detector performance, we discuss
it later in details for each experiment. To evaluate the
sensitivity to NSI at electron collider experiments, we
define a χ2 as the function of the two NSI parameters, i.e.,

χ2ðϵeLαβ ; ϵeRαβ Þ≡ S2ðϵeLαβ ; ϵeRαβ Þ=ðBir þ BreÞ; ð25Þ
where S, Bir, and Bre are the number of events in the signal,
irreducible, and reducible background, respectively.

III. e+ e− COLLIDERS OPERATED WITH
ffiffi
s

p
≪ MZ

We first consider constraints on NSI with electrons at
eþe− colliders that are operated with the CM energiesffiffiffi
s

p
≪ MZ, such as Belle II and STCF. Here we present the

detailed analysis of these two experiments below.

A. Belle II

At Belle II, photons and electrons can be detected in the
electromagnetic calorimeter (ECL), which covers a polar
angle region of (12.4–155.1)° and has inefficient gaps
between the end caps and the barrel for polar angles
between (31.4–32.2)° and (128.7–130.7)° in the lab frame
[54]. For monophoton signature at Belle II, the reducible
background comes from two major parts: one is mainly
due to the lack of polar angle coverage of the ECL near the
beam directions, which is referred to as the “bBG”; the
other one is mainly because of the gaps between the three
segments in the ECL detector, which is referred to as the
“GBG.” The bBG arises from the electromagnetic
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processes eþe− → γ þ =X, mainly containing eþe− → γ=γð=γÞ
and eþe− → γ=eþ=e−, in which except the detected photon
all the other final state particles are emitted along the beam
directions with θ > 155.1° or θ < 12.4° in the lab frame. At
Belle II, we adopt the detector cuts for the final detected
photon (hereafter the “basic cuts”): 12.4° < θγ < 155.1° in
the lab frame.
For the Belle II detector, which is asymmetric, the

maximum energy of the monophoton events in the
bBG in the CM frame, Em

γ , is given by [55,56] (if not
exceeding

ffiffiffi
s

p
=2)

Em
γ ðθγÞ ¼

ffiffiffi
s

p ðA cos θ1 − sin θ1Þ
Aðcos θ1 − cos θγÞ − ðsin θγ þ sin θ1Þ

; ð26Þ

where all angles are given in the CM frame, and
A ¼ ðsin θ1 − sin θ2Þ=ðcos θ1 − cos θ2Þ, with θ1 and θ2
being the polar angles corresponding to the edges of the
ECL detector. In order to remove the above bBG, we use
the detector cut

Eγ > Em
γ ð27Þ

for the final monophoton (hereafter the “bBG cut”).
Since the gaps in the ECL are significantly away from

the beam direction, in the GBG, the monophoton energy
can be quite large in the central θγ region. The GBG
simulations have been presented by Ref. [54] in searching
for an invisibly decaying dark photon. In order to optimize
the detection efficiency for different masses of the dark
photon, they design two different sets of detector cuts: the
“low-mass cut” and “high-mass cut.” By integrating the

differential cross section in Eq. (10) in the phase space
regions under these two different detector cuts, and
assuming photon detection efficiency as 95% [54], with
50 ab−1 integrated luminosity about 2280 (15230) irreduc-
ible BG events with the “low-mass cut” (“high-mass cut”)
can be reached at Belle II [55]. For the reducible back-
ground, it is found that about 300 (25000) GBG events
survived the “low-mass cut” (“high-mass cut”) with
20 fb−1 integrated luminosity [54].
With the “low-mass cut” (“high-mass cut”) at 50 ab−1

Belle II, the numbers of event from irreducible
and reducible background are Bir ¼ 2280 (15230) and
Bre ¼ 7.5 × 105 (6.25 × 107). From Eqs. (12) and (25),
we can get χ2 ¼ δ2B2

ir=ðBir þ BreÞ, where δ≡ CNSI=CSM.

By solving χ2ðϵeL=Vαα ; ϵeR=Aαα Þ − χ2ð0; 0Þ ¼ 4.61 for each
specific pair, we present 90% C.L. allowed regions at
Belle II with the “low-mass cut” and “high-mass cut” in
Fig. 2 for electron-type and Fig. 3 for muon/tau-type
NSI parameters, respectively. Notice that, the constraints
on muon-type NSI parameters from electron colliders are
the same as tau-type NSI parameters. The allowed region
under the “low-mass cut” lies between two concentric black
circles, and under the “high-mass cut” in the red circle. We
can see that the centers of the circles are all located at the
ðϵeLαα ;ϵeRααÞ¼ ð−gL−δαe;−gRÞ and ðϵeVαα ; ϵeAααÞ ¼ ð−gV − δαe;
−gA − δαeÞ, which agree with Eqs. (13) and (14).
We also show together the ðϵeLee=μμ; ϵeRee=μμÞ allowed

regions at 90% C.L. from the global analysis with data
of the LEP, CHARM II, LSND, and reactor neutrino
experiments [45], which are shown in the shaded gray
regions. The constraints on the parameters ðϵeLττ ; ϵeRττ Þ only

FIG. 2. The allowed 90% C.L. region for electron-type neutrino NSI in the planes of ðϵeLee ; ϵeRee Þ (left panel) and ðϵeVee ; ϵeAee Þ (right panel)
at L ¼ 50 ab−1 Belle II with “low-mass cut” (black lines), “high-mass cut” (red lines), and “bBG cuts” (blue lines), respectively. The
allowed 90% C.L. regions arising from the global analysis of the LEP, CHARM II, LSND, and reactor data [45], are shown in the shaded
gray regions.
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come from the LEP data [45], and are shown in dashed gray
lines. The allowed regions from the global analysis for
ðϵeVαα ; ϵeAααÞ are translated from the results of ðϵeLαα; ϵeRααÞ in
Ref. [45] by using the relations in Eq. (5). We can see that
the sensitivity under the “low-mass cut” is better than the
one under the “high-mass cut.” Using either the “low-mass
cut” or the “high-mass cut,” the 50 ab−1 Belle II will not be
competitive with current global analysis ðϵeLee;μμ; ϵeRee;μμÞ and
ðϵeVee;μμ;ττ; ϵeAee;μμ;ττÞ, but it can be complementary with
existing LEP data for ðϵeLττ ; ϵeRττ Þ.
In order to compare with other experiments where

detailed simulations with GBG are not available, we
present the limits with GBG ignored for illustration. We
use the “bBG cut” defined above to remove the reducible
background events. At this time, if GBG is not taken into
account, the remain background events survived the “bBG
cut” come from irreducible backgrounds. One can get
χ2 ¼ δ2σSML, where σSM is the total cross section by
integrating Eq. (10) with the “bBG cut.” The 90% C.L.
allowed regions analyzed with the “bBG cut” are shown in
Figs. 2 and 3, which lie between the two concentric blue
circles. One can find that the constraints is obvious stronger
than the one when GBG is considered under the “low-mass
cut.” Under “bBG cut,” the 50 ab−1 Belle II with GBG
ignored can provide a good complement with current
global to constrain the NSI parameter.

B. STCF

The proposed STCF [49] in China is a symmetric double
ring electron-positron collider. It is the next generation tau

charm facility and successor of the BESIII experiment, and
designed to have CM energy ranging from 2 to 7 GeV. Due
to the similarity of STCF and BESIII, we present a
preliminary projection limit for STCF, assuming the same
detector performance with BESIII. For the final photon, we
adopt the cuts Eγ > 25 MeV in the barrel (jzγj < 0.8) or
Eγ > 50 MeV in the end caps (0.86 < jzγj < 0.92), fol-
lowing the cuts used by the BESIII Collaboration [57],
which are defined as the “basic cuts” hereafter.
For STCF, which are symmetric, the maximum energy of

the monophoton events in the bBG in the CM frame, Em
γ , is

given by [58]

Em
γ ðθγÞ ¼

ffiffiffi
s

p �
sin θγ
sin θb

�
−1
; ð28Þ

where θb is the polar angle corresponding to the edge of the
detector. We will collectively refer to the “basic cuts” and
cut Eγ > Em

γ as the “advanced cuts” hereafter. After
considering all the boundary of the subdetectors, we take
cos θb ¼ 0.95 at the STCF [59].
Using the χ2 defined in Eq. (25) and the relation in

Eq. (12), we can get χ2 ¼ δ2σSMLwith the “advanced cuts”
cut at L ¼ 30 ab−1 STCF. We present 90% C.L. allowed
regions by solving χ2ðϵeL=Vαα ; ϵeR=Aαα Þ − χ2ð0; 0Þ ¼ 4.61 for
each specific pair with α ¼ e, μ, τ, in Fig. 4 for electron-
type and Fig. 5 for muon/tau-type NSI parameters, respec-
tively. There we consider three typical running energiesffiffiffi
s

p ¼ 2, 4, 7 GeV for STCF.

FIG. 3. The allowed 90% C.L. region for muon-type and tau-type neutrino NSI in the planes of ðϵeLμμ;ττ; ϵeRμμ;ττÞ (left panel) and
ðϵeVμμ;ττ; ϵeAμμ;ττÞ (right panel) at L ¼ 50 ab−1 Belle II with “low-mass” cut (black lines), “high-mass” cut (red lines), and “bBG cuts” (blue
lines), respectively. The allowed 90% C.L. regions for muon-type arising from the global analysis of the LEP, CHARM II, LSND, and
reactor data [45], are shown in the shaded gray regions, and the allowed 95% C.L. regions for tau-type NSI arising from the LEP data are
shown in dashed gray lines.
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Allowed region at 90% C.L. from each STCF experi-
ment is between the two concentric circles. The centers
of the circles are independent of the running energy of
STCF, and are also the same as Belle II. With the same
integrated luminosity, better constraints can be obtained
with higher running energy at STCF due to the larger cross
section for neutrino production. These plots clearly
indicate that future STCF can be complementary with

current global analysis in constraining ðϵeLee ; ϵeRee Þ and
ðϵeVee ; ϵeAee Þ and with existing LEP data for tau-type NSI
parameter limits, while it will not be competitive for
muon-type NSI parameters.
In Table I, by varying only one parameter at a time and

fixing the remaining parameters to be zero, i.e., by solving
χ2ðϵeααÞ − χ2ð0Þ ¼ 2.71, we obtain the constraints on
each NSI parameter on the neighborhood of the SM point

FIG. 4. The allowed 90% C.L. region for electron-type neutrino NSI in the planes of ðϵeLee ; ϵeRee Þ (left panel) and ðϵeVee ; ϵeAee Þ (right panel)
at future L ¼ 30 ab−1 STCF running with

ffiffiffi
s

p ¼ 2 (blue lines), 4 (black lines), and 7 (red lines) GeV, respectively. The allowed
90% C.L. regions arising from the global analysis of the LEP, CHARM II, LSND, and reactor data [45], are shown in the shaded gray
regions.

FIG. 5. The allowed 90% C.L. region for muon-type and tau-type neutrino NSI in the planes of ðϵeLμμ;ττ; ϵeRμμ;ττÞ (left panel) and
ðϵeVμμ;ττ; ϵeAμμ;ττÞ (right panel) at future L ¼ 30 ab−1 STCF running with

ffiffiffi
s

p ¼ 2 (blue lines), 4 (black lines), and 7 (red lines) GeV,
respectively. The allowed 90% C.L. regions for muon-type arising from the global analysis of the LEP, CHARM II, LSND, and reactor
data [45], are shown in the shaded gray regions, and the allowed 95% C.L. regions for tau-type NSI arising from the LEP data are shown
in dashed gray lines.
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ϵeαα ¼ 0 at L ¼ 30 ab−1 STCF with
ffiffiffi
s

p ¼ 2, 4, 7 GeV and
L ¼ 50 ab−1 Belle II without considering GBG, respec-
tively. One can see how future STCF and Belle II experi-
ments lead to an improvement in the constraints for
electron-type ϵeL;Ree and tau-type ϵeL;Rττ NSI parameters.
The previous constraints on ϵeL;Ree coming from global
analysis of the LEP, CHARM II, LSND, and reactor data,
and ϵeL;Rττ coming from LEP data can be superseded.
However, there is no improvement in the constraints for
the parameters ϵeL;Rμμ at STCF. Also, from Table I, we see
that for the same luminosity, STCF with a larger running
energy has a better sensitivity to all NSI parameters, and the
constraints from Belle II are about a factor of two stronger
than those from STCF with

ffiffiffi
s

p ¼ 7 GeV.

IV. e+ e − COLLIDERS OPERATED WITH
ffiffi
s

p
≥ MZ

In this section, we present the sensitivity on the strength
of NSI at eþe− colliders operated with

ffiffiffi
s

p
≥ MZ. The

results with the monophoton searches at LEP have been
shown in Refs. [41,45,46]. Here, we will focus on the
future projected CEPC [50]. Three different running
modes have been proposed for CEPC, including the
Higgs factory mode for the eþe− → ZH production with
a total luminosity of ∼5.6 ab−1 for seven years running atffiffiffi
s

p ¼ 240 GeV, the Z factory mode for the eþe− → Z
production with a total luminosity of ∼16 ab−1 for two
years running at

ffiffiffi
s

p ¼ 91.2 GeV, and theWþW− threshold
scan mode for the eþe− → WþW− production with a total
luminosity of ∼2.6 ab−1 for one year running at

ffiffiffi
s

p
∼ 158–172 GeV.2 For the monophoton signature at

CEPC, we use the cuts for the final detected photon
(hereafter the “basic cuts”) following the CEPC CDR
[50]: jzγj < 0.99 and Eγ > 0.1 GeV. Similar as the sym-
metric STCF, we also apply the cuts (28) as “advanced
cuts” with cos θb ¼ 0.99 to remove the reducible back-
ground events [58].
Integrating out the final photon with the “advanced

cuts” for the differential cross section of Eq. (6) with
the radiator function and the neutrino pair production
cross section from SM of Eq. (17) or from NSI of
Eq. (18), we can get the corresponding total cross
section. Using the χ2 defined in Eq. (25), and solving
χ2ðϵeL=Vαα ; ϵeR=Aαα Þ − χ2ð0; 0Þ ¼ 4.61, the 90% C.L. allowed
regions for each specific pair with α ¼ e, μ, τ are shown in
Figs. 6–9, which lie between the two concentric circles
labeled black for

ffiffiffi
s

p ¼ 240 GeV, red for
ffiffiffi
s

p ¼ 160 GeV,
and blue for

ffiffiffi
s

p ¼ 91.2 GeV, respectively. We also show
the allowed regions by combining the data from the
three different running modes with planned luminosity,
which are enclosed by the green curves in right panels of
Figs. 6–9. As we see from Figs. 6–9, after combining the
data from three different modes, the allowed regions for
all NSI parameters can be severely constrained as com-
pared to the global analysis.
These strong constraints on the NSI parameter space can

be understood as follows. Unlike the STCF and Belle II

FIG. 6. The allowed 90% C.L. region for electron-type neutrino NSI in the planes of ðϵeLee ; ϵeRee Þ at future CEPC with 5.6 ab−1 data offfiffiffi
s

p ¼ 240 GeV (black), with 2.6 ab−1 data of
ffiffiffi
s

p ¼ 160 GeV (red), and with 16 ab−1 data of
ffiffiffi
s

p ¼ 91.2 GeV (blue), respectively. The
allowed 90% C.L. regions arising from the global analysis of the LEP, CHARM, LSND, and reactor data [45] are shown in the shaded
gray regions. With all the data collected in all three running modes, the combined result is labeled with green and shown in the
right panel.

2We take
ffiffiffi
s

p ¼ 160 GeV for the WþW− threshold scan mode
throughout our analysis.
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with
ffiffiffi
s

p
≪ MZ, the centers of the iso-σ circles with

different running energy no longer stay the same but
become a function of

ffiffiffi
s

p
. By integrating out the final

photon with the “advanced cuts” from Eqs. (23) and (24),
we can get the coordinates of the circle center for each pair
of NSI parameter ðϵeLαα ; ϵeRααÞ or ðϵeAαα; ϵeVααÞ as the function offfiffiffi
s

p
, which are shown in Fig. 10.

Since we simulate the data assuming the SM, the point
(0,0) will always be included in the allowed regions. Also,
the allowed regions from each running mode will lie
between two concentric circles. From Figs. 6–9, we see
that the direction from the SM point (0,0) to the circle
center with

ffiffiffi
s

p ¼ 240 GeV is almost parallel to that
with

ffiffiffi
s

p ¼ 160 GeV, and the allowed regions with

FIG. 7. The allowed 90% C.L. region for electron-type neutrino NSI in the planes of ðϵeVee ; ϵeAee Þ at future CEPC with 5.6 ab−1 data offfiffiffi
s

p ¼ 240 GeV (black), with 2.6 ab−1 data of
ffiffiffi
s

p ¼ 160 GeV (red), and with 16 ab−1 data of
ffiffiffi
s

p ¼ 91.2 GeV (blue), respectively. The
allowed 90% C.L. regions arising from the global analysis of the LEP, CHARM II, LSND, and reactor data [45], are shown in the shaded
gray regions. With all the data collected in all three running modes, the combined result is labeled by green and shown in the right panel.

FIG. 8. The allowed 90% C.L. region for muon-type and tau-type neutrino NSI in the planes of ðϵeLμμ;ττ; ϵeRμμ;ττÞ at future CEPC with
5.6 ab−1 data of

ffiffiffi
s

p ¼ 240 GeV (black), with 2.6 ab−1 data of
ffiffiffi
s

p ¼ 160 GeV (red), and with 16 ab−1 data of
ffiffiffi
s

p ¼ 91.2 GeV (blue),
respectively. The allowed 90% C.L. regions for muon-type arising from the global analysis of the LEP, CHARM II, LSND, and reactor
data [45], are shown in the shaded gray regions, and the allowed 90% C.L. regions for tau-type NSI arising from the LEP data are shown
in dashed gray lines. With all the data collected in all three running modes, the combined result is labeled by green and shown in the
right panel.
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ffiffiffi
s

p ¼ 160 GeV can be superseded by
ffiffiffi
s

p ¼ 240 GeV in
the neighborhood of the SM point (0,0). For electron-type
NSI, the direction from the SM point (0,0) to the
circle center with

ffiffiffi
s

p ¼ 91.2 GeV is approximately
perpendicular to that with the other two running mode.
Therefore, the allowed parameter space of electron-type
NSI are severely constrained by combining the data from
three running modes. Even if both ϵeLee and ϵeRee are present,
the allowed ranges for jϵeLee j or jϵeRee j can be constrained to be

smaller than 0.002. As for muon-type or tau-type NSI, the
direction from the SM point (0,0) to the circle center withffiffiffi
s

p ¼ 91.2 GeV is approximately opposite to that with the
other two running modes. Hence, the allowed regions will
become long ellipses after combining the data from three
running modes. If both ϵeLμμ;ττ and ϵeRμμ;ττ are present, then the
allowed ranges of muon-type and tau-type NSI are about
one order of magnitude weaker than that of electron-
type NSI.

FIG. 9. The allowed 90% C.L. region for muon-type and tau-type neutrino NSI in the planes of ðϵeVμμ;ττ; ϵeAμμ;ττÞ at future CEPC with
5.6 ab−1 data of

ffiffiffi
s

p ¼ 240 GeV (black), with 2.6 ab−1 data of
ffiffiffi
s

p ¼ 160 GeV (red), and with 16 ab−1 data of
ffiffiffi
s

p ¼ 91.2 GeV (blue),
respectively. The allowed 90% C.L. regions for muon-type arising from the global analysis of the LEP, CHARM II, LSND, and reactor
data [45] are shown in the shaded gray regions, and the allowed 90% C.L. regions for tau-type arising from the LEP data are shown in
dashed gray lines. With all the data collected in all three running modes, the combined result is labeled with green and shown in the
right panel.

FIG. 10. The coordinates of the circle centers for each pair of NSI parameter ðϵeLαα ; ϵeRααÞ (left) and ðϵeVαα ; ϵeAααÞ (right) as a function offfiffiffi
s

p
at CEPC with the “advanced cuts.”
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In Table I, we also present the 90% C.L. constraints on
only one parameter at a time by fixing the remaining
parameters to zero at CEPC. One can find that with three
different running modes, CEPC can lead to a great
improvement in constraining each NSI parameter compared
to the previous global analysis of the LEP, CHARM II,
LSND, and reactor data [45]. By comparing the constraints
from the three running modes at CEPC, we find that the Z
factory mode with

ffiffiffi
s

p ¼ 91.2 GeV has the best sensitivity
to ϵeRee , ϵeVee , ϵeLμμ;ττ, ϵeRμμ;ττ, ϵeVμμ;ττ, and ϵeAμμ;ττ, while the Higgs
factory mode with

ffiffiffi
s

p ¼ 240 GeV has the best sensitivity
to ϵeLee and ϵeAee . Except for ϵeVμμ;ττ, one can constrain all NSI
parameters to be smaller than 0.002 by combining the data
from three running modes. Also, from Table I, we see that
the constraints on all NSI parameters from the CEPC
combined data are about one order of magnitude stronger
than Belle II.

V. CONCLUSIONS

Neutrino oscillation experiments will be affected by the
presence of NSI, and it is natural to seek complementary
constraints on NSI from other experiments. In this work,
we investigate the constraints on NC NSI with electrons at
current eþe− collider experiment Belle II, and the proposed
future eþe− collider experiments STCF and CEPC. The
allowed regions in the ðϵeLαα ; ϵeRααÞ [or ðϵeVαα ; ϵeAααÞ] plane from
these eþe− collider experiments are shown in Figs. 2–9.
The constraints on one NSI parameter at a time are listed in
Table I.
For eþe− collider experiments with CM energyffiffiffi
s

p
≪ MZ, we find that the centers of the iso-σ circles

are independent of the operating energy. Both Belle II and
STCF can provide competitive and complementary bounds
on electron-type NSI parameters as compared to current

global analysis, and strong improvements in the constraints
on tau-type NSI. Belle II with GBG ignored will also yield
better constraints than STCF due to the larger cross section
for neutrino production. However, due to the cancellations
between the left-handed (vector) and right-handed (axial-
vector) NSI parameters, the allowed ranges on the NSI
parameters from Belle II and STCF will be still large if
multiple NSI parameters are present.
For eþe− collider experiments with

ffiffiffi
s

p
≥ MZ, the

centers of the iso-σ circles are dependent on
ffiffiffi
s

p
. We find

that future CEPC experiment with three CM energiesffiffiffi
s

p ¼ 240, 160, 91.2 GeV will break the degeneracy
between the left-handed (vector) and right-handed (axial-
vector) NSI parameters after combining the data from the
three running modes, and the allowed parameter space of
NSI with electrons will be severely constrained even if both
the left- and right-handed NSI parameters are present. By
combining the data from the three running modes, we find
that the allowed ranges for jϵeLee j or jϵeRee j can be smaller than
0.002, and the allowed ranges for muon-type and tau-type
NSI are about one order of magnitudeweaker than electron-
type NSI if both the left- and right-handed NSI parameters
are present.
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