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Electromagnetically neutral dark sector particles may feebly interact with photons through higher
dimensional effective operators, such as mass-dimension-five magnetic and electric dipole moment, and a
mass- dimension-six anapole moment and charge radius operators. In this work, we use hypercharge gauge
field form factors to treat dark states, which will induce not only electromagnetic form factors but also the
corresponding Z boson operators. Taking a Dirac fermion χ as an example, we investigate the probes of
searching for such dark states at current and future eþe− collider experiments including BESIII, STCF,
Belle II, and CEPC via monophoton searches. Compared with current experiments, we find that electron
colliders including BESIII, STCF, and Belle II, which operate with the center of mass at several GeV, have
leading sensitivity on the corresponding electromagnetic form factors for the mass-dimension-five
operators with dark states lighter than several GeV, while they cannot provide competitive upper limits
for the mass-dimension-six operators. Future CEPC operated with the center of mass on and beyond the
mass of Z boson with competitive luminosity can probe the unexplored parameter space for dark states with
mass-dimension-five (six) operators in the mass region of m ≲ 100 GeV (10 MeV ≲m≲ 100 GeV).

DOI: 10.1103/PhysRevD.107.055023

I. INTRODUCTION

The primary importance for our understanding of
elementary interactions is shedding light on the dark-sector
states. Searches for kinetically mixed dark photons and for
new particles as mediators connecting to the standard
model (SM) constitute the prime dark-sector physics cases
[1]. However, some dark states sharing a coupling to the
SM photon have received comparatively less attention. In
this scenario, even if dark states are perfectly electromag-
netic (EM) neutral, higher-dimensional effective couplings
to the SM photons are still possible. For dark states χ
considered as a Dirac fermion, through various moments,
such as magnetic dipole moments (MDM) and electric
dipole moments (EDM) at mass-dimension five, and ana-
pole moment (AM) and charge radius interaction (CR) at
mass-dimension six, the couplings to the photon can be
present [2,3].
In general, by interactions associated with photons, dark

states χ with EM form factors can be produced, which

therefore could be studied by accelerator-based experi-
ments and stars. In Ref. [2], χ pair production in electron
beams on fixed targets at NA64 [4], LDMX [5], BDX [6],
and mQ [7] has been studied. In addition, constraints from
rare meson (B and K) decays [8–10] and SM precision
observables such as ðg − 2Þμ and the running of the fine-
structure constant are also worked out. The current limits
on and detection prospects of such dark-sector particles χ
are illustrated in Ref. [11], utilizing high-intensity proton
beams, concretely from LSND [12], MiniBooNE-DM
[13], CHARM-II [14,15], and E613 [16] and projected
SHiP [17] and DUNE [18,19]. Via their scattering of
electrons in the Forward Liquid Argon Experiment detec-
tor at the LHC Forward Physics Facility, the prospects of
searching for electromagnetically interacting χ particles
have been studied in Ref. [20]. A detailed astrophysical
study of stellar cooling constraints for the mass of dark
states χ dropping below MeV is further complemented in
Refs. [21,22]. Using missing energy searches at colliders,
the constraints from eþe− colliders BABAR [2] and
LEP [2,23], and from proton-proton collisions at LHC
are also investigated [23,24].
In this paper, we extend the analysis to other electron

colliders operated at the GeV scale, including BESIII [25],
Belle II [26], and the proposed Super Tau Charm Factory
(STCF) [27–29], which can probe the light dark states with
a mass less than GeV scale. In order to accurately measure

*chenlw@impcas.ac.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 107, 055023 (2023)

2470-0010=2023=107(5)=055023(11) 055023-1 Published by the American Physical Society

https://orcid.org/0000-0001-9415-8252
https://orcid.org/0000-0002-1592-288X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.055023&domain=pdf&date_stamp=2023-03-15
https://doi.org/10.1103/PhysRevD.107.055023
https://doi.org/10.1103/PhysRevD.107.055023
https://doi.org/10.1103/PhysRevD.107.055023
https://doi.org/10.1103/PhysRevD.107.055023
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


the discovered Higgs, many high energy electron colliders
are proposed, including the Circular Electron Positron
Collider (CEPC) [30], Future Circular Collider eþe−
(FCC-ee) [31], International Linear Collider (ILC) [32],
and Compact Linear eþe− Collider (CLIC) [33]. We will
take CEPC as an example to investigate the sensitivity on
the dark state with EM form factor via higher-dimensional
moments at future high energy electron colliders.
This paper is organized as follows. In Sec. II, we

introduce the interactions between the dark states and
photons. In Sec. III we describe the signal and backgrounds
of probing the dark state with electromagnetic form factor
at electron colliders. In Sec. IV we present the constraints
on the corresponding couplings at BESIII, STCF, and Belle
II that are operated with the c.m. energy

ffiffiffi
s

p
≪ MZ. In

Sec. V, we consider the constraints at CEPC that are
operated with

ffiffiffi
s

p
≥ MZ. Our conclusions are drawn

in Sec. VI.

II. DARK STATES WITH ELECTROMAGNETIC
FORM FACTOR INTERACTIONS

In this work, we consider that the dark state χ is taken as
a Dirac fermion, which may have the effective interactions
with the hypercharge gauge boson field Bμ as [2,24]

Lχ ¼
1

2
μBχ χ̄σ

μνχBμν þ
i
2
dBχ χ̄σμνγ5χBμν − aBχ χ̄γμγ5χ∂νBμν

þ bBχ χ̄γμχ∂νBμν: ð1Þ

Here, Bμν ≡ ∂μBν − ∂νBμ is the hypercharge gauge field
strength, μBχ and dBχ are the dimensional coefficients of
the mass-dimension-five MDM and EDM interactions,
expressed in units of the Bohr magneton μB ≡ e=ð2meÞ
with e being the electric charge and me being the electron
mass, and σμν ≡ i½γμ; γν�=2; aBχ and bBχ are the dimensional
coefficients of the mass-dimension-six AM and CR inter-
actions. Hypercharge form factors are linear combinations
of electromagnetic form factors and the corresponding Z
boson operators, weighted by appropriate factors of the
cosine and sine of the Weinberg angle cW and sW . Then
Eq. (1) can be written with electromagnetic field strength
tensor Fμν ≡ ∂μAν − ∂νAμ and Z gauge field strength tensor
Zμν ≡ ∂μZν − ∂νZμ as

Lχ ¼
1

2
μγχχ̄σμνχFμν þ

i
2
dγχ χ̄σμνγ5χFμν − aγχ χ̄γμγ5χ∂νFμν

þ bγχ χ̄γμχ∂νFμν þ
1

2
μZχ χ̄σ

μνχZμν þ
i
2
dZχ χ̄σμνγ5χZμν

− aZχ χ̄γμγ5χ∂νZμν þ bZχ χ̄γμχ∂νZμν; ð2Þ

with Cγχ ¼ CBχ cW and CZχ ¼−CBχ sW where Cχ ¼ μχ ;dχ ;aχ ;bχ .
In the scenarios of energies far below the electroweak

scale, the Z boson degree of freedom decouples, and the

effective interactions of Eq. (1) or (3) can be identically
induced to

Lχ ¼
1

2
μχχ̄σ

μνχFμν þ
i
2
dχ χ̄σμνγ5χFμν − aχ χ̄γμγ5χ∂νFμν

þ bχ χ̄γμχ∂νFμν; ð3Þ

which has been investigated in Refs. [2,3,11,20–23]. The
usual electromagnetic form factors should be denoted by
the γ superscript, which will be omitted in the following for
simplicity unless otherwise stated.

III. SIGNAL AND BACKGROUND
AT e+ e− COLLIDERS

The cross section for the single photon production
from eþe− annihilation, eþe− → χχ̄γ, can be approxi-
mately factorized into the process without photon emission,
eþe− → γ=Z → χχ̄, times the improved Altarelli-Parisi
radiator function [34,35],

d2σ
dxγdzγ

¼ Hðxγ; zγ; sÞσ0ðsγÞ; ð4Þ

where the radiator function is

Hðxγ; zγ; sÞ ¼
α

π

1

xγ

�
1þ ð1 − xγÞ2

1 − z2γ
−
x2γ
2

�

: ð5Þ

Here, s and sγ are the square of the c.m. energies of the
eþe− and χχ̄ system, respectively, with sγ ¼ ð1 − xγÞs, Eγ

being the energy of the initial state radiation (ISR) photon,
xγ ¼ 2Eγ=

ffiffiffi
s

p
being the energy fraction emitted away by

ISR, zγ ¼ cos θγ with θγ being the polar angle of the
photon. The cross section of the χ pair production without
ISR σ0 reads as

σ0ðsÞ¼
α

4

fðsÞ
s2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s−4m2

χ

s

s
�

c2WþðgLþgRÞ
sðs−M2

ZÞ
ðs−M2

ZÞ2þM2
ZΓ2

Z

þ1

2

1

c2W
ðg2Lþg2RÞ

s2

ðs−M2
ZÞ2þM2

ZΓ2
Z

�

; ð6Þ

with gL ¼ − 1
2
þ s2W , gR ¼ s2W , and MZ and ΓZ being the

mass and decay width of the Z boson. The factor fðsÞ is
given as

MDM∶ fðsÞ ¼ 2

3
ðμBχ Þ2s2

�

1þ 8m2
χ

s

�

; ð7Þ

EDM∶ fðsÞ ¼ 2

3
ðdBχ Þ2s2

�

1 −
4m2

χ

s

�

; ð8Þ

YU ZHANG, MAO SONG, and LIANGWEN CHEN PHYS. REV. D 107, 055023 (2023)

055023-2



AM∶ fðsÞ ¼ 4

3
ðaBχ Þ2s3

�

1 −
4m2

χ

s

�

; ð9Þ

CR∶ fðsÞ ¼ 4

3
ðbBχ Þ2s3

�

1þ 2m2
χ

s

�

: ð10Þ

In the following, we will present the results of the usual
electromagnetic form factors Cχ with Cχ ¼ CBχ cW .

It can be found that, in the limit of m2
χ

s → 0, the
production rates of the χ pair with the EM form factors
for mass-dimension-five MDM and EDM operators have
the same forms, as do mass-dimension-six AM and CR
operators. When

ffiffiffi
s

p
≪ MZ, the production rate for a χ pair

in Eq. (6) tends to be the same as the one that only considers
dark sector-photon interactions [2].
For monophoton searches at electron colliders, the

backgrounds consist of two categories: the irreducible
background and the reducible background. The irreducible
background arises from the neutrino pair production
associated with one visible photon eþe− → νν̄γ. The
reducible background comes from one visible photon in
the final state together with several other SM particles that
cannot be detected because of the detector limitations. The
reducible background will be discussed later in detail for
each experiment, since it strongly depends on the detector
performance.

IV. e+ e − COLLIDERS OPERATED
WITH

ffiffi
s

p
≪ MZ

A. Belle II

The constraints on the light dark states with electromag-
netic form factors from Belle II via monophoton searches
have been investigated in Ref. [2], in which the authors
follow Ref. [36], and scale up the BABAR background from
Ref. [37] to an integrated luminosity of 50 ab−1 with the
c.m. energy of 10.57 GeV, employ a constant efficiency cut
of 50% in both search regions, and take identical geometric
cuts for Belle II and BABAR. Reference [38] has provided
the exact background subtraction in the monophoton search
of Belle II to probe an invisibly decaying dark photon. In
this work, we revisit the constraints from Belle II via
monophoton searches following the strategy in Ref. [38].
At Belle II, the electromagnetic calorimeter (ECL),

which covers a polar angle region of (12.4–155.1)° and
has inefficient gaps between the barrel and the endcaps for
polar angles between (31.4–32.2)° and (128.7–130.7)° in
the lab frame [38]. The photons and electrons can be
detected in the ECL. In the monophoton signature, the
reducible background at Belle II consists of two major
parts [39]: one is mainly due to the lack of polar angle
coverage of the ECL near the beam direction, i.e., θ >
155.1° or θ < 12.4°, which is referred to as the “bBG”; the
other one is mainly owing to the gaps between the three

segments in the ECL detector, i.e., θ ∈ ð31.4–32.2Þ° or
(128.7–130.7)°, which is referred to as the “gBG.”
The bBG comes from the electromagnetic processes

eþe− → γ þ =X, dominated by eþe− → γ=γð=γ Þ and eþe− →
γ=eþ=e−. Here, =X denotes the other particle(s) in the final
state that are emitted along the beam directions. Thus,
except for the single 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, which are out of
the cover polar angle region of the ECL.
At the asymmetric Belle II detector, for the monophoton

events from reducible bBG, the maximum energy of the
final photon in the c.m. frame Em

γ is given by [39,40] (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

; ð11Þ

where all angles are given in the c.m. 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. To remove the nasty bBG, the detector cut

Ec:m:
γ > Em

γ ð12Þ

is adopted for the final monophoton (hereafter the “bBG
cut”), with Ec:m:

γ being the photon energy in the c.m. frame.
Note that the “bBG” in the reducible background can be
eliminated 100% by the “bBG cut” theoretically without
considering other possible backgrounds that are caused by
instruments.
In the gBG, the monophoton energy can be quite large

around the θγ ∼ 0 region, because the gaps in the ECL are
significantly away from the beam direction. The simula-
tions for gBG have been carried out by Ref. [38] to search
for an invisibly decaying dark photon. Two different sets of
detector cuts are designed to optimize the detection
efficiency for different masses of the dark photon: the
“low-mass cut” and “high-mass cut.” The “low-mass cut”
can be described as θlowmin < θlabγ < θlowmax, where θlowmin and θ

low
max

are the minimum and maximum angles for the photon in the
lab frame, respectively fitted as functions of [41]

θlowmin¼5.399°ðEc:m:
γ Þ2=GeV2−58.82°Ec:m:

γ =GeVþ195.71°;

ð13Þ

θlowmax¼−7.982°ðEc:m:
γ Þ2=GeV2þ87.77°Ec:m:

γ =GeV−120.6°:

ð14Þ

The “high-mass cut” can be described as θhighmin <θhighγ <θhighmax,

where θhighmin and θhighmax can be respectively fitted as functions
of [41]
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θhighmin ¼ 3.3133°ðEc:m:
γ Þ2=GeV2 − 33.58°Ec:m:

γ =GeV

þ 108.79°; ð15Þ

θhighmax ¼ −5.9133°ðEc:m:
γ Þ2=GeV2 þ 54.119°Ec:m:

γ =GeV

− 13.781°: ð16Þ

In order to probe the sensitivity for the light dark states
with electromagnetic form factors at Belle II, we use the
definition

χ2ðCχÞ≡ S2ðCχÞ
SðCχÞ þ Bþ ðϵBÞ2 ; ð17Þ

where S (B) is the number of events in the signal (back-
ground) processes, ϵ is the background systematic uncer-
tainty, and Cχ ¼ μχ ; dχ ; aχ ; bχ denotes the dimensional
coefficient of MDM, EDM, AM, and CR interactions,

respectively. For background, B ¼ Bir þ Bre consists of
the number of events in irreducible background Bir and
reducible background Bre. The number of events Bir (S) can
be obtained from the irreducible background (signal) by
integrating the differential cross section in the phase space
regions under the related detector cuts, and assuming photon
detection efficiency as 95% [38]. It is found that about
300 (25000) gBGevents survived the “low-mass cut” (“high-
mass cut”) with 20 fb−1 integrated luminosity [38] in the
reducible background, which will be rescaled according to
the considered luminosity.We show the numbers for an ideal
case with zero systematics (ϵ ¼ 0) and also for a possible
case with 10% systematics (ϵ ¼ 10%).
By solving χ2ðCχÞ − χ2ð0Þ ¼ 2.71, one can obtain the

95% confidence level (C.L.) upper limits on the correspond-
ing electromagnetic form factors for dark states. The upper
limits under “low-mass cut” and “high-mass cut” at Belle II
with 50 ab−1 integrated luminosity are shown in Fig. 1. We
can see that, assuming zero background systematics the

FIG. 1. The expected 95% C.L. upper limits on the electromagnetic form factors for mass-dimension-five operators through MDM
(top left) and EDM (top right), and mass-dimension-six operators through AM (bottom left) and CR interaction (bottom right), at Belle II
under “low-mass cut” (blue), “high-mass cut” (red), and “bBG cut” (black), with 50 ab−1 integrated luminosity. The solid (dashed) lines
are assuming zero (10%) background systematics.
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constraints under “low-mass cut” are better than “high-mass
cut” forMDMwithmχ≲2.6GeV,EDMwithmχ≲2.1GeV,
AM with mχ ≲ 1.4 GeV, and CR with mχ ≲ 2.0 GeV. The
upper limits of the relevant interaction coefficients at 50 ab−1

Belle II can be down to about 8.6 × 10−7μB (8.0 × 10−6μB),
and 3.9 × 10−5 GeV−2 (3.6 × 10−4 GeV−2) for light dark
state with mass-dimension-five and mass-dimension-six
operators with zero (10%) background systematics, respec-
tively. It is seen that for an ideal case with zero systematics,
the sensitivity of Belle II on the electromagnetic form factors
for dark states can improve by about 1 order relative to the
case with 10% systematics. Thus the control on the system-
atic uncertainty on the background is very important.
In order to investigate the effects of the gBG, and

compare with other experiments where detailed simulations
with gBG being not available, the 95% C.L. upper limits
without taking gBG into account are also presented in
Fig. 1 labeled as bBG. In this scenario, the reducible
background can vanish with the “bBG cut,” and now the
background events are all provided by the irreducible
backgrounds that survived the “bBG cut.” We find that
the upper bound under the “bBG cut” can be down to about
1.6 × 10−7μB (6.1 × 10−6 GeV−2) for mass-dimension-five
(six) operators, which is about five (six) times stronger than
the one when gBG is considered under “low-mass cut.” It
should be noted that the Belle II bBG results cannot be
interpreted as any actual sensitivity possible by the current
Belle II experiment, while can explore the potential
sensitivity of Belle II, if a new subdetector can detect
the particles emitting from the gaps in ECL.

B. BESIII and STCF

The proposed STCF [27] 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 c.m. energy ranging from 2 to 7 GeV.
At BESIII and STCF, the cut for the final photon Eγ >
25 MeV in the barrel (jzγj < 0.8) or Eγ > 50 MeV in the
end caps (0.86 < jzγj < 0.92) [42] is applied. Besides, we
use the BESIII detector parameters to analyze the projected
constraints from STCF due to the similarity of these two
experiments. Since there is no released analysis of gBG at
BESIII so far as we know, gBG in the monophoton
reducible background at BESIII and STCF is not consid-
ered. Without taking gBG into account, the monophoton
reducible background at BESIII and STCF mainly arises
from eþe− → =γ=γγ and eþe− → =eþ=e−γ. At symmetric
BESIII and STCF, we also apply the detector cut [43,44]

Eγ > Em
γ ðθγÞ ¼

ffiffiffi
s

p
ð1þ sin θγ=sin θbÞ

ð18Þ

on the final state photon to remove the reducible background,
where θb denotes the angle at the boundary of the

subdetectors. Taking into account the coverage of the
main drift chamber, electromagnetic calorimeter, and time
of flight, we have the polar angle cos θb ¼ 0.95 at
BESIII [45]. The photon detection efficiency is assumed
as 100% at both BESIII and STCF in this work, since photon
reconstruction efficiencies are all more than 99% [46] at
BESIII.
Since 2012, the monophoton trigger has been imple-

mented at BESIII, and the corresponding events have been
collected with the luminosity of about 28 fb−1 at the c.m.
energy ranging from 2.125 to 4.95 GeV until 2021. We
compute the number of events due to signal (S) and back-
grounds (B) under the applied cuts, and define χ2totðCχÞ ¼P

i χ
2
i ðCχÞ, where χ2i ðCχÞ≡ S2i =ðSi þ Bi þ ðϵBiÞ2Þ with

index i denoting each BESIII colliding energy. The expected
95%C.L. upper limits on the electromagnetic form factors of
the light dark fermion χ according to about 28 fb−1 lumi-
nosity collected at BESIII are shown in Fig. 2 by demanding
χ2totðCχÞ ¼ χ2ð0Þ þ 2.71. Figure 2 also shows the expected
95% C.L. upper limits with assumed 30 ab−1 luminosity at
three typical colliding energies,

ffiffiffi
s

p ¼ 2, 4, 7 GeV, in future
STCF, respectively. The solid (dashed) lines are assuming
zero (10%) background systematics. We find that BESIII
can probe couplings down to about 1.1 × 10−6μB for light
dark states with mass-dimension-five operators and down to
1.0 × 10−4 GeV−2 with mass-dimension-six operators. The
assuming 10% background systematics do not greatly
affect the results at BESIII, since the backgrounds mainly
from the irreducible background with gBG omitted are not
significant. With the same luminosity, operated at lower
energy, STCF has better sensitivity in probing the light dark
fermion χ with the electromagnetic form factors though
mass-dimension-five operators. This is because the mono-
photon cross section in small mass χ production is not
very dependent on the c.m. energy,while in the background it
decreases with the increment of the c.m. energy. On the
contrary, for mass-dimension-six operators, the production
rates of light dark states are even more sensitive to the
center-of-mass energy; thus higher energy STCF has better
sensitivity.
It should be noted that, as far as we know, BESIII has not

released any analysis on the gBG. Thus for the BESIII and
STCF analyses, the gBG is temporarily neglected in this
work. Improved BESIII and STCF limits can be obtained in
the future when the gBG analysis is available.

V. e+ e− COLLIDERS OPERATED
WITH

ffiffi
s

p
≥ MZ

A. LEP

The monophoton searches have been investigated
carefully by all four LEP experiments [47]. In this work,
we consider the limits on the cross section presented by
the L3 Collaboration, both on the Z pole [48] with
an integrated luminosity of 100 pb−1 at c.m. energies
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ffiffiffi
s

p ¼ 89.45–91.34 GeV, and off the Z pole with 619 pb−1

at
ffiffiffi
s

p ¼ 188.6–209.2 GeV [49]. Using the L3 off Z-pole
data for the monophoton searches [49], the bounds in the
presence of the χ couplings to only photons via mass-
dimension-five MDM and EDM operators, and mass-
dimension-six AM and CR operators have been studied
in Refs. [2,23]. In this work, we revisit the sensitivity at
LEP of the χ couplings to not only the photon but also the Z
boson via Eq. (1) using the L3 measurements both on [48]
and off [49] the Z pole. For comparison of cross sections
at the Z pole, we require photon energy within the
range 1 GeV < Eγ < 10 GeV and the angular acceptance
45° < θγ < 135°, following the same event acceptance
criteria as in Ref. [48] with six data subsets. Similarly,
for the off Z-pole analysis, the high-energy photon
should lie in the kinematic region 14° < θγ < 166°,
and pγ

T > 0.02
ffiffiffi
s

p
, following the same event topology as

described in Ref. [49] with eight data subsets. We obtain the
bounds on the couplings from the data subset that leads to
the best constraints using jσSM þ σχ − σexpj ≤ δσexp. Here
σSM is the SM cross section, σχ represents the contribution
from χχ̄γ production, and σexp � δσexp denotes the experi-
ment result. We find that the off Z-pole measurement
imposes a more stringent bound than the Z-pole measure-
ment does, which can be seen in Fig. 4.
Owing to the couplings with the Z boson via Eq. (1),

the dark sectors with mχ < MZ=2 can now be constrained
by invisible Z decay. The Z boson partial decay widths
into χχ̄ mediated by hypercharge form factors can be
expressed as

ΓZ→χχ̄ ¼
s2WfðM2

ZÞ
16πMZ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Z − 4m2
χ

M2
Z

s

: ð19Þ

FIG. 2. The expected 95% C.L. upper limits on the electromagnetic form factors at BESIII and STCF, for mass-dimension-five
operators (left) through MDM (top left) and EDM (top right), and mass-dimension-six operators through AM (bottom left) and CR
interaction (bottom right). The limits from BESIII (black) are obtained with about 28 fb−1 integrated luminosity collected at the various
c.m. energies ranging from 2.125 to 4.95 GeV during 2012–2021. The expected limits from STCF are shown at three typical energy
points with 30 ab−1 integrated luminosity for

ffiffiffi
s

p ¼ 2 (green), 4 (red), and 7 GeV (blue), respectively. The solid (dashed) lines are
assuming zero (10%) background systematics.
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The total width of the Z boson has been measured
accurately by the LEP experiments which place a strong
bound on beyond-the-SM contributions ΓZ→χχ̄ < 2.0 MeV
at 95% C.L. [50]. In Fig. 4, we show the constraints on the
electromagnetic form factors for χ from the measurement of
invisible Z decay at LEP. It can be found that the limits on
dark states with electromagnetic form factors by invisible Z
decay are stricter than those by monophton searches at LEP
for MDM with mχ ≲ 45 GeV, EDM with mχ ≲ 40 GeV,
AM with mχ ≲ 25 GeV, and CR with mχ ≲ 40 GeV.

B. CEPC

In the following, we will focus on the future
CEPC [30,51]. The CEPC, proposed by the Chinese high
energy physics community in 2012, is designed to run
primarily at a center-of-mass energy of 240 GeVas a Higgs
factory (H mode) with a total luminosity of 20 ab−1 for ten
years running. In addition, it will also be operated on the Z
pole as a Z factory (Z mode) with a total luminosity of
100 ab−1 for two years running at

ffiffiffi
s

p ¼ 91.2 GeV,
perform a precise WW threshold scan (WW mode) with
a total luminosity of ∼6 ab−1 for one year running atffiffiffi
s

p
∼ 160 GeV, and be upgraded to a center-of-mass

energy of 360 GeV, close to the tt̄ threshold (tt̄ mode)
with a total luminosity of ∼1 ab−1 for five years [52].
The monophoton signature, where the large missing

transverse momentum carried away by the χχ̄ pair is
balanced by a final state visible photon, is used to probe
the dark states. Following the CEPC conceptual design
report [30], the visible photon needs to satisfy the cuts
jzγj < 0.99 and Eγ > 0.1 GeV. Beyond the irreducible
background from the neutrino pair production in associa-
tion with a visible photon eþe− → νν̄γ, any SM process
with a single photon in the final state can contribute to the
total background, with all other visible particles undetected.

Since the SM processes which contain either jets or charged
particles are relatively easy to distinguish from a dark state
event, their contribution to the total background is negli-
gible [53,54]. However, the exception is for the radiative
Bhabha scattering, eþe− → eþe−γ, which has a huge cross
section and can mimic the signal if both the final state
electrons and positrons escape undetected, for example,
through the beam pipes. In our following analysis, we
consider both neutrino and radiative Bhabha backgrounds.
To remove the monophoton events in the reducible

background from the radiative Bhabha process eþe− →
eþe−γ, we apply the cut

Eγ > Em
γ ðθγÞ ¼

ffiffiffi
s

p
ð1þ sin θγ=sin θbÞ

ð20Þ

on the final state photon following Ref. [43], where θb
corresponds to the polar angle at the boundary of the
subdetectors with cos θb ¼ 0.99. For certain polar angle θγ ,
the maximum energy of the final photon Em

γ in the
reducible background occurs when the final state electron
and positron emit along different beam directions with
θe� ¼ θb.
Figure 3 shows the normalized energy distribution

of final visible photon Eγ in the CEPC H mode
(

ffiffiffi
s

p ¼ 240 GeV) with detector cuts Eγ > 0.1 GeV and
jcos θγj < 0.99, for the irreducible background eþe− →
νν̄γ in SM and for dark state production through mass-
dimension-five MDM and mass-dimension-six AM,
respectively. It can be seen that the irreducible back-
ground exhibits a resonance peak in the monophoton
energy spectrum which is centered at the photon energy

EZ
γ ¼ s−M2

Z
2
ffiffi
s

p with a full-width-at-half-maximum as ΓZ
γ ¼

MZΓZ=
ffiffiffi
s

p
due to the SM Z boson. We will refer to this

FIG. 3. Normalized Eγ distribution in the CEPC H mode (
ffiffiffi
s

p ¼ 240 GeV) with detector cuts Eγ > 0.1 GeV and jcos θγj < 0.99, for
the irreducible background eþe− → νν̄γ in SM and for dark state production through mass-dimension-five MDM (left) and mass-
dimension-six AM (right). We consider three different masses in each case with mχ ¼ 1 GeV, 48 GeV, and 100 GeV.
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resonance in the monophoton energy spectrum as the
“Z resonance” hereafter. To suppress the irreducible back-
ground contribution, we will veto the events within 5ΓZ

γ

at the “Z resonance” in the monophoton energy spectrum
(hereafter the “Z resonance veto cut”). Though there is also
a “Z resonance” in the light dark state production since the
dark states can be produced via the their coupling with
the Z boson, the “Z resonance veto cut” can also improve
the ratio of signal to background. The final state photon
associated with dark state production can have a maximum
energy as mχ , which is given by Em

χ ≡ ðs − 4m2
χÞ=ð2

ffiffiffi
s

p Þ.
Thus, to suppress the contributions from SM, we apply the
following detector cuts at CEPC:
(1) Eγ > 0.1 GeV and jcos θγj < jcos θbj ¼ 0.99,
(2) Eγ > Em

γ ðθγÞ ¼
ffiffiffi
s

p ð1þ sin θγ=sin θbÞ−1,
(3) Eγ < Em

χ ¼ ðs − 4m2
χÞ=ð2

ffiffiffi
s

p Þ,
(4) veto Eγ ∈ 5ΓZ

γ .
We use the simple criteria S2=B ¼ 2.71 to study the

95% C.L. upper bounds on the couplings at CEPC, which
are shown in Fig. 4. Here we compute the limits based on
20 ab−1 data in the H mode, 6 ab−1 data in the WW mode,
100 ab−1 data in the Z mode, and 1 ab−1 data in the tt̄
mode. The Z mode has the best sensitivity for mass-
dimension-five operators MDM with mχ ≲ 35 GeV, and
EDM with mχ ≲ 25 GeV, which can probe the couplings
down to about 3.7 × 10−7μB. The H mode has the best
sensitivity for MDM with 35 GeV≲mχ ≲ 98 GeV, EDM
with 25 GeV≲mχ ≲ 79 GeV, AM with mχ ≲ 63 GeV,
and CR with mχ ≲ 89 GeV, and the corresponding cou-
plings can be probed down to about 6.4 × 10−7μB,
1.1 × 10−6μB, 1.3 × 10−6 GeV−2, and 9.8 × 10−7 GeV−2

respectively, for the case where mχ ∼ 50 GeV by the

H-mode running of CEPC. Although the luminosity of
the tt̄ mode is only one percent of that of the Z mode, the
upper limits from the tt̄ mode are still comparable to that of
the Z mode for light dark states with mass-dimension-six
operators, due to the fact that the production cross sections
for χ are larger and the SM irreducible background is
smaller in the tt̄ mode than the Z mode. The tt̄ mode
has the best sensitivity for heavy dark states χ. With
mχ ∼ 100 GeV, μχ ∼ 1.4 × 10−6μB, dχ ∼ 3.2 × 10−6μB,
aχ ∼ 2.4 × 10−6 GeV−2, and bχ ∼ 1.4 × 10−6 GeV−2 can
be probed by the tt̄-mode running of CEPC.

VI. DISCUSSION AND CONCLUSIONS

The landscape of current excluded parameter space in the
plane of dark state mass and coupling to the photon with
mass-dimension-five (left panel) operators through MDM
(solid) and EDM (dashed) and with mass-dimension-six
(right panel) operators through AM (solid) and CR inter-
action (dashed) is shown in Fig. 5 by shaded regions,
obtained from terrestrial experiments, such as proton-beam
experiments CHARM-II or E613 [11], monophoton
searches, Z-boson invisible decay at LEP and monojet
searches at LHC [24], and astrophysics supernovae SN
1987A [21]. It should be noted that we only show several
more competitive constraints in Fig. 5; the more complete
results can be found in Refs. [2,11,20,21]. The 95% C.L.
constraints on the dark states with electromagnetic form
factors derived above from the electron colliders, BESIII,
STCF, Belle-II, and CEPC, are also plotted with lines in
Fig. 5. The Belle II limits (cyan lines) combine the low-
mass and high-mass limits in Fig. 1, where both the bBG
and the gBG are considered. To investigate the possible

FIG. 4. The expected 95% C.L. upper limits on the electromagnetic form factors for mass-dimension-five operators (left) through
MDM (solid) and EDM (dashed), and for mass-dimension-six operators (right) through AM (solid) and CR interaction (dashed) at
CEPC in the Z mode with 100 ab−1 luminosity (black), in theH mode with 20 ab−1 luminosity (blue), and in theWW mode with 6 ab−1

luminosity (red), and in the tt̄ mode with 1 ab−1 luminosity (green), respectively. The constraints at LEP from monophoton searches
using the on [48] (orange) and off [49] (skyblue) Z-pole data and the measurement of invisible decay width of the Z boson [50] (purple)
are also shown with shaded regions.
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potential of Belle II, and compare the sensitivity on the dark
states-photon couplings with other electron colliders whose
detailed simulations on gBG are not available, we also
present the limits at Belle II (green curves) with gBG
omitted. It is noted that the actual limits from BESIII,
STCF, and CEPC should be weaker when gBG is taken into
account.
For the mass-dimension-five operators, Z boson invisible

decay is most sensitive with mχ ≲ 45 (40) GeV through
MDM (EDM) among the current constraints from the
terrestrial experiments mentioned above. Monophoton
search at the LEP is currently the strongest constraint in
the range of 45 GeV≲mχ ≲ 100 GeV through MDM.
BESIII can probe new parameter space that is previously
unconstrained by other experiments for mass ≲1 GeV,
with 28 fb−1 data collected during 2012–2021. BESIII with
the omission of the gBG (28 fb−1) only leads to a slightly
weaker limit than Belle II (50 ab−1) with gBG included for
mχ ≲ 1 GeV. Although the STCF luminosity (30 ab−1) is
lower than Belle II (50 ab−1), STCF has better sensitivity in
probing the low-mass region (mχ ≲ 1 GeV) than Belle II, if
we assume that the gaps in the detector can be significantly
suppressed in the future experiments, for instance, with a
new subdetector that can detect the particles emitting from
the gaps in ECL. This is because STCF is operated at a
lower colliding energy (

ffiffiffi
s

p ¼ 4 GeV) where the mono-
photon cross section in SM, mainly coming from irreduc-
ible neutrino backgrounds since the reducible QED
backgrounds can be removed by the bBG cut, is smaller

than Belle II (
ffiffiffi
s

p ¼ 10.58 GeV), and χχ̄γ production rate is
not very dependent on the c.m. energy for mass-dimension-
five operators. It is noted that the monophoton production
rates from the reducible QED backgrounds, such as
radiative Bhabha scattering eþe− → eþe−γ, will grow with
lower c.m. energies [44], thus potentially reducing the low-
energy advantage of STCF over Belle II. The approximate
5 times the magnitude difference in sensitivity between the
two Belle II limits, the cyan curve, and the green curve in
Fig. 5 shows that the control on gBG is very important in
probing the electromagnetic form factors via mass-dimen-
sion-five operators. When the background due to the gaps
in the detectors is neglected, the future CEPC can give
leading constraints than other electron colliders considered
in this work when mχ ≳ 4 GeV, which can probe the
coupling down to 3.7 × 10−7μB. While with about
100 ab−1 luminosity running at 91.2 GeV, the bounds on
the light dark states from CEPC are still weaker than the
ones from STCF and Belle-II with gBG omitted. It implies
that the low-energy electron colliders can secure a place in
the future to probe low-mass light dark states with
electromagnetic form factors via mass-dimension-five
operators, if the main reducible QED gBG can be signifi-
cant suppressed, since there is significant uncertainty in
understanding the reach of BESIII/STCF given that the
main background rates are not known.
With regard to the mass-dimension-six operators, the

bounds from the monojet search at LHC constrain better
than other current experimental sensitivity in the plotted
region in Fig. 5, except for the light dark states χ with

FIG. 5. The expected 95% C.L. exclusion limits on the electromagnetic form factors at electron colliders, including BESIII, STCF,
Belle II, and CEPC, for mass-dimension-five operators (left) through MDM (solid) and EDM (dashed), and for mass-dimension-six
operators (right) through AM (solid) and CR interaction (dashed). The Belle II limits (cyan lines) combine the low-mass and high-mass
limits in Fig. 1, where both the bBG and the gBG are considered. The other Belle II limits (green lines) are obtained with the “bBG” cut
where the gBG is omitted. The limits from BESIII (black lines) are obtained with about 28 fb−1 integrated luminosity collected at the
various c.m. energies from 2.125 GeV to 4.95 GeV during 2012–2021. The STCF limits (red lines) are obtained with

ffiffiffi
s

p ¼ 4 GeV and
30 ab−1. The CEPC limits (blue lines) combine the best limits in Z mode, H mode, and tt̄ mode in Fig. 4. The gBG is not considered at
BESIII, STCF, and CEPC. The landscape of the current leading constraints are also shown with shaded regions, exploited from
terrestrial experiments, such as proton-beam experiments CHARM-II or E613 [11], monophoton searches and Z-boson invisible decay
at LEP, and monojet searches at LHC [24] and astrophysics supernovae SN 1987A [21].
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mχ ≲ 10 MeV, which are constrained dominantly by the
astrophysical bound from SN1987A. The upper limits from
low-energy electron colliders, such as BESIII, STCF, and
Belle II (except Belle II with gBG omitted), are all excluded
by the monophoton search at LEP. This is because, for mass-
dimension-six operators, the production rates of light dark
states χ are evenmore sensitive to the c.m. energy, suggesting
that it is unlikely for low-energy experiments to play any role
in the foreseeable future. The high-energy colliders, such as
CEPC, can probe a vast region of the parameter space
that is previously unexplored, for the light dark states with
electromagnetic form factors via mass-dimension-six
operators through AM (CR) in the mass region from

20 MeV to 90 (140) GeV. Compared with current
LHC bounds, the improvement on the upper limits of
couplings is about 2 times the magnitude for the mass less
than 10 GeV.
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