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We investigate the minimal U(1), _ 1, model with extra heavy vectorlike leptons or charged scalars. By
studying the kinetic mixing between U (1) L,-L, gauge boson Z’ and standard model photon, which is absent
at tree level and will arise at one-loop level due to y, 7, and new heavy charged leptons or scalars, the
interesting behavior is shown. It can provide the possibility for visible signatures of new heavy particles.
We propose to search for Z’ at electron collider experiments, such as Belle II, BESIII, and future Super Tau
Charm Factory (STCF), using the monophoton final state. The parameter space of Z’ is probed and scanned
by its gauge coupling constant g, and mass my. We find that electron colliders have sensitivity to the
previously unexplored parameter space for Z' with MeV-GeV mass. Future STCF experiments with
/s = 2-7 GeV can exclude the anomalous muon magnetic moment favored area when m, < 5 GeV with
the luminosity of 30 ab~!. For m, < 2m,, gz can be down to 4.2 x 1073 at 2 GeV STCF.
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I. INTRODUCTION

The standard model (SM) of particle physics is a
successful and highly predictive theory of fundamental
particles and interactions but fails to explain many phe-
nomena, including neutrino mass, baryon asymmetry of the
Universe, and the presence of dark matter and dark energy,
among others. It implies that SM is only a low-energy
approximation of the more fundamental theory; extensions
of SM are strongly required.

Among various extended scenarios beyond SM, new U(1)
gauge symmetries are of particular interest since this is one of
the minimal extensions of the SM. In particular, the U (1), _;
model [1-3], with a U(1) L-L. extension of SM, gauge§ the
difference of the leptonic muon and tau number and induces a
new vector boson Z’. This model has gained a lot of attention,
since it can be free from gauge anomaly without any extension
of particle content. Moreover, it is potentially able to address
important open issues in particle physics, such as the dis-
crepancy in the moun anomalous magnetic moment (g — 2) u
[4-7], B decay anomalies [8—13], and recent anomalous
excess in K; — 7° + INV [14]. Besides, the UN)L,-1,
model has also been discussed in lepton-flavor-violating
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decay of the Higgs boson [11,15], the neutrino masses and
mixing [6,16—18], and dark matter [10,18-26].

Since Z' can directly couple to a muon, related searches
for Z' have been performed with the production of u*pu~Z’
at collider experiments, including BABAR [27] and Belle 11
[28] at electron colliders and CMS [29] at a hadron collider.
Subsequently, Z" decaying to muon pair is considered by
the BABAR and CMS experiments, and invisible decay of
7' is considered at Belle II. Phenomenally, Ref. [30]
investigated the sensitivity on Z' at Belle II with the
planned target luminosity of 50 ab™! in the channel of
ete” - utuZ',7Z' — INV; Refs. [31-34] proposed the
search for Z' at Belle II using the monophoton process
ete™ - yZ', 7' — invisible, which depends on the kinetic
mixing between the SM photon and Z’; Ref. [35] probes the
charged kaon decays K — uvZ' at NAG2.

In this work, we investigate the y — Z’ kinetic mixing in
the minimal U(1),, _, with extra heavy vectorlike leptons
or charged scalars. Then, we propose to search for L, — L,
gauge boson Z’ at electron collider experiments, such as
Belle II, BESIII, and the future Super Tau Charm Factory
(STCF), using the monophoton final state. Belle II is
an asymmetric detector and located at SuperKEKB,
which collides 7 GeV electrons with 4 GeV positrons.
SuperKEKB has a largest instantaneous luminosity of 8 x
10*> cm=2s~! [36]. The ambitious goal of SuperKEKB is
to accumulate an integrated luminosity of 50 ab™!' with
8-year data takings [36]. The BESIII detector is symmetric
and operated on the BEPCII with the beam energy ranging
from 1.0 to 2.3 GeV and a peak luminosity of 103 cm™2s~!

Published by the American Physical Society
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[37]. STCF is a proposed symmetric detector experiment
which collides electron with a positron in the range of
center-of-mass energies from 2.0 to 7.0 GeV with the peak
luminosity O(10%) cm=2s7! at 4 GeV [38-40].

The rest of the paper is organized as follows. First, we
introduce the U(1) L-L. models and discuss their phenom-

enological features. Then, we calculate the cross sections of
the signal and the backgrounds and analysis to improve the
significance by appropriate event cuts at three different
electron colliders operated at the GeV scale: Bellell,
BESIII, and STCEF. The sensitivities for Z’ at these experi-
ments are also investigated. Finally, a short summary and
discussions are given.

IL U(1),,_,, MODELS
A. Minimal U(1),, _; model

We extend the SM with a new U(1) gauge symmetry,
U(l) 1,-L,» Where leptons of the second and third gener-
ations couple to the additional U(1) L,-L, gauge boson Z'
with equal and opposite charge. The new leptonic gauge
interactions can be given as
'Cmt - gZ’( yﬂﬂ - T]/”T + UM/”PLV# EryﬂPLVT)Z;w (1)
where g is gauge coupling constant.

In the minimal U(1) 1,-, model, the kinetic mixing
between the Z' and photon is absent at the tree level.
Nevertheless, because y and 7 are both charged under the
electromagnetic U(1) and U(1), _, , there exists an unavoid-
able kinetic mixing at one-loop level which can appear as [32]

¥ z

, 1 2 _ 1— 2
:?29)22 / x(l — l‘)lan 21 = 2)g dx.
m 0 —

Here, e is the electromagnetic charge, m, and m, are the
masses of tau and muon leptons, and ¢ is the transferred
momentum.

For large momentum transfer g*> > m?2, this mixing is
power suppressed by 1/g° whereas for low momentum
transfer ¢> ~ 0 < m;,, the mixing tends to be a constant,

(0) = 92 1y ™ (3)

em(0) = 67> m
m

which seems like the dark photon model.

B. U(1),,_,, model with extra heavy vectorlike leptons

We add two extra singlet vectorlike leptons (L, L,) in
the U(1), _, extension of the SM, which are charged
under U (15 L‘:L, opposite in sign similar to the ¢ and 7 and
have electric;charge of e [33]. Since we mainly focus on the
gauge kinetic mixing, we will not provide much details of
the model here. In this model, due to the leptons inside the
loop, the kinetic mixing of y and Z’' can be derived as

5 7

—q —q

—q —q —q

! 1 2 _ _
0 m (1 -

(4m)? m2 —x z)q>
m2 — a1 —a)¢?

+1In 52 ( )qQ} dz.
mg, —z(l—2)q

Here, m; and m;, are the masses of L and L,. When the
momentum transfer q> < my \/L,» Which is considered in
this work, the mixing can be simplified as

HVL(

7. r) = e (g?) + Ly, (5)
672

where r = m, /m, is the mass ratio of L and L.

C. U(1),,_;, model with extra heavy charged scalars

In the U(1), _, extension of the SM, we add two extra
scalars (S, Sz)”witrh electric charge of e and charged under
U(l) L,-L, OPposite in sign [34]. Similarly, due to charged
leptons and extra scalars contributions induced at one- -loop
level, the y — Z’ kinetic mixing can be given as

5HCS(QQ) _ H(q2) _ § 2

- q - q
z' - Z
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The square of the kinetic mixing |&/gz | as a function of the momentum transfer |g| with the mass ratio » = 0.1, 1, and 10 for

the U(1) L-L. model with extra heavy vectorlike leptons (left) or charged scalars (right). As a comparison, the cases with zero

momentum transfer (¢> = 0), are also shown by the horizontal dotted lines.

Here, mg, and mg, are the masses of extra charged scalars
(S and SZ) We mainly focus on the gauge kinetic mixing;
thus, many details of the model are not provided here.

In this work, we consider the momentum transfer always
¢* < mg, /s, thus, the mixing can be also written as

HOS (2 ) = emin(g2) 18

24 ln r, (7)
where r = mg, /mg, is the mass ratio of S, and S;.

In Fig. 1, we present the square of the kinetic mixing
|eHVEHES /6,12 as a function of the momentum transfer |g|
with r = 0.1, 1, and 10. As acomparison, the cases with zero
momentum transfer (¢*> = 0), are also shown by the hori-
zontal dotted lines. When r = 1, the contribution for the
kinetic mixing due to additional leptons or scalars vanishes,
and the results will become the same as those in the mini-
mal U(1), _, model, ie., é™V(g* 1) =e"S(g%, 1) =
emn(g?). In the minimal U(1)L,-, model, le/g,|* has

10 —rr T
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FIG.2. Theratio R = |gTSL-SUSY|2 /| gmin|2

two peaks at the position of |¢| = m, and |g| = m, and
drops quickly with the increment of |¢| when |g| > m,. This
feature distinguishes the phenomenology of the U (1) L-L.

model from the dark photon models with a constant value of
the kinetic mixing.

We also present the dependence of the kinetic mixing
ratio R = |e"VI/HCS|2 /| gmin|2 hetween the U(1) -1, model
with two singlet vectorlike leptons or with two charged
scalars and the minimal U(1) L-L. model on the mass ratio
r in Fig. 2. There, we consider five typical momentum
transfers |g| = 0.1 GeV, 1 GeV, 10 GeV,2m,,, 2m,. It can
be seen that the additional lepton or scalar contributions
could be significant, and the results are distinctly different
from those of the minimal U(1), _; model. Though the
additional leptons and scalars cannot be detected directly
due to their heavy mass, they can provide significant
contributions to the kinetic mixing.
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of the kinetic mixing between U(1) 1,~1, model with extra heavy vectorlike leptons (left) or

charged scalars (right) and the minimal U(1) 1,-L, model as the function of mass ratio r with momentum transfer |g| =

0.1 GeV, 1 GeV, 10 GeV,2m,,2m,.
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D. Decay modes of Z’

Since the Z' direct couples with the leptons of second
and third generations, it can decay into a pair of neutrinos
and also may decay into muon and tau leptons if kine-
matically allowed. In addition, since Z' provides possible
scenarios of dark matter, there can be the channel Z' — yy.
The decay widths of Z’ are given by

9%
247

[(Z' - vevy) = (8)

mzf,

gZ/

A
n )= 127

©)

2 4m>
my [1 + mmf:| 1— n’;f7
z' A

1,
- (Z—w)

> T =)
I'(Z'—vp)

D N2 =10

Br(Z' — INV) =

III. EXISTING CONSTRAINTS

In this section, we summarize the existing constraints
relevant to the parameter regions we are interested for the
minimal U(1); _; model from various experiments as
follows:

(1) Muon anomalous magnetic moment.—The signifi-
cant discrepancy between the experimental meas-
urement and the SM prediction in the magnetic
moment of the muon remains one of the largest
anomalies in particle physics [41],

! €
Aal =a;" —a

= (261 & 61y, £ 48,.) x 1071,

(12)

where the errors are from experiment and theory
prediction, respectively. We require the contribution
in Eq. (12) to be within 26, which leads to

103 < Aa? x 10" < 420. (13)
The minimal U(1), _; model was first introduced
to address the dlscrepancy, which can provide a new
interaction with muons. An extra contribution to a,
arises solely from a one-loop diagram involving Z’,
which can be giving by

7 g%/ 1 2m}24x2(1 —x) d 14
YW =82 22 1 (] — 7dx. (14)
o x*my + (1 —x)my,

The parameter region on which the Z’' contribu-
tion in the minimal L, — L, model resolves the

2 2m? 4m
F(Z/_)XZ):g—mZ/ |:l+ I:| 1_—17

127 mZ, mz/

where ¢ = {u, t}, gp is the coupling constant of the Z’ with
dark matter, and gp > g, is assumed. We ignore the
channel Z' — ete™ since it is suppressed by the kinetic
mixing. Since neutrinos and dark matter are invisible at
particle detectors, we take the Z' invisible decay as
I'(Z - INV) =TI'(Z' - vpo) +T'(Z' - yy), whose decay
ratio can be expressed as

(my <2m, or my>2m,),

(2m, <my <2m, and my <2m,),

(2m, <mz and my <2m,).

discrepancy in the muon anomalous magnetic mo-
ment at 2¢ is indicated with the red band in Fig. 3.
(ii) Neutrino trident production.—The neutrino trident
production is a muon neutrino scattering off the

10°:....... — Ty
107 3
BelleII iy~ +INV
10°F
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>
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FIG. 3. Summary for the my — g, parameter space of the

minimal U(1 )L _;, model, where Z' has no additional decay
channel to dark sector. The shaded regions show the existing
bounds excluded by CCFR experiment in neutrino trident
production [42]; by the Borexino detector in neutrino-electron
scattering [48]; by the BABAR in the reactions ete™ —
wpuZ',7Z' -yt~ with 514 fb~! data [27] and ete” —
yZ',Z' — INV with 53 fb~! data [50]; and by Belle II in the
process ete” — utu~7',7Z' — INV with 276 pb~! data [28].
The dotted lines indicate BR(Z' — INV) = | cases. The red band
indicates the allowed region at 2¢ from the experimental
measurements of muon magnetic momentum.
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Coulomb field of a target nucleus (N), producing
two muons in the final state, vN — vNu*u~. Be-
sides the SM Z boson, in the U(1), _; model, the
7' boson can also contribute to this ] process, which
can offer a sensitive search for the light Z' boson
[42,43]. The measurements for the cross section
have been reported by CCFR, which obtained the
result occpr/osy = 0.82 £ 0.28. The bound is de-
picted in Fig. 3 and taken from Ref. [42].

(iii) Neutrino-electron  scattering.—The  neutrino-
electron elastic scattering processes can probe
U(1),,r, gauge boson, since the U(1), _; gauge
boson can contribute through the kinetic mixing.
The most stringent constraints come from the
Borexino solar neutrino experiment. Limits for
the U(1) L,-L, gauge boson have been derived in

Refs. [32,44,45] by converting existing bounds on
U(1)z_; models [46] using earlier Borexino 'Be
data [47]. The bounds are updated in Ref. [48] using
the recently released Borexino measurement of Be
neutrinos [49]. We show them in Fig. 3.

(iv) Z' production associated with muon pair—Via the
direct coupling to u, Z' can be produced at e*e”
colliders in the process ete™ — putu~7Z. The
BABAR experiment has reported the bounds using
514 fb=! data collected in the reaction e*e™ —
wruwZ' 2 — ptyu~ for my > 2m, [27]. Recently,
the Belle II experiment performed the first searches
for the invisible decay of a Z' in the process eTe™ —
utu=Z',Z" - INV using 276 pb~! collected [28],
which can touch the region of my < 2m,,.

(v) Z' production associated with SM photon.—At
e"e™ colliders, the Z' boson can also be produced
associated with SM photon via the kinetic mixing in
the process eTe™ — yZ’ [50]. The search for invis-
ible decays of the dark photon has been preformed
by the BABAR experiment using the single-photon
events with 53 fb~! data. We translate the con-
straints for the dark photon to the U(1), _; gauge
boson Z’ using ’

etp = |e*Br(Z’ —» INV), (15)

where epp is the photon and dark photon kinetic
mixing parameter in the dark photon model and ¢ is

the y — Z' kinetic mixing in the U(1), _; model.
In Fig. 3, we assume Z’ does not decay into dark sector,
ie.,'(Z' - INV) =T(Z" - vp). The BR(Z' - INV) ~ 1
cases are also shown as a dotted line for a visual display.
Taking the constraints above into account, a narrow window
of the m, — g, parameter region in the minimal U(1) L-L,

model desired by the muon anomalous magnetic moment,
10MeV <M, <210MeV, 4x107#<gy <1073,  (16)

is still allowed.

o 8l

et A

FIG. 4. The Feynman diagrams for the production of an
on-shell Z' and a photon.

IV. SEARCHING FOR U(1), _; GAUGE BOSON
AT ELECTRON COLLIDERS

At the electron colliders, the production of Z’' can be
associated with a SM photon through the kinetic mixing in
the process eTe™ — yZ', whose diagrams are shown in
Fig. 4. Subsequently, the produced Z’ boson can decay into
charged leptons, a pair of neutrinos, or light dark matter. In
this paper, we focus on the Z’ invisible decay channel
7' — INV, including Z' — vo and Z' — yj, to probe Z’
boson via the monophoton searches ete™ - yZ' — y +
INV at electron colliders. We assume that the decay width
of the Z' is negligible compared to the experimental
resolution, which justifies the use of the narrow width
approximation.

In the monophoton signature at electron colliders, the
major backgrounds (BGs) from SM contain two types:
irreducible and reducible BG. The irreducible monophoton
BG comes from the process ete™ — vy, where v is the
three neutrinos. The reducible monophoton BG arises from
the electromagnetic processes ete™ — y + X, where X
denotes other visible particles which are, however,
undetectable due to the limitations of the detector accep-
tance. We discuss the reducible BG in detail later for each
experiment, since it strongly depends on the angular
coverage of the detectors.

The differential cross section for an on-shell Z' and a
photon production process eTe™ — yZ' is [51]

m?,

45
7
dﬁyzl _ 27ra2|£(m§,)|2 (1 _ mz> I+ Z}’ + (s—mé,)2
dz (I+2z,)(1-z)

where « is the fine structure constant, z, = cos 6,, with 0,
being the relative angle between the electron beam axis and
the photon momentum in the center-of-mass (CM) frame, s
is the square of the CM energy, and m is the mass of the
U(l) L,-L, gauge boson. The photon energy E, in the CM
frame is related to the Z' mass as

, (17)

14

S_m%/

B =5 (18)

The cross section after integrating the polar angle 0, is
given as [51]

015008-5



ZHANG, YU, YANG, SONG, LI, and DING

PHYS. REV. D 103, 015008 (2021)

2na|e(m?,)|? (1 B m_%)

6}/2/ - N S
|:<1 + ZSWL%, >Z max min:| (19)
X — 5 —Z Z s
(s —m2)? 4 4
where

(g (- )
(=) (1 +g™)

(20)

V. BELLE 1I

At Belle II, photons and electrons can be detected in the
Electromagnetic Calorimeter (ECL), which is made up of
three segments: forward end cap with 12.4° < 6 < 31.4°,
barrel with 32.2° < 6 < 128.7°, and backward end cap
130.7° < 8 < 155.1° in the laboratory frame [36]. At Belle
11, the reducible BG for the monophoton signature consists
of 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 due to
the gaps between the three segments in the ECL detector,
which is referred to as the “gBG.”

The bBG comes from the electromagnetic processes
ete” > y+ X, mainly including ete™ — yyy and
ete™ — ¢T¢7y, where all the other final state particles
except the detected photon are emitted along the beam
directions with @ > 155.1° or € < 12.4° in the laboratory
frame. At Belle II, we adopt the detector cuts for the final
detected photon (hereafter the “preselection cuts”): 12.4° <
0, < 155.1° in the laboratory frame.

In Fig. 5, we show the production rates of the process
ete” —yZ'inU(1), _, models after the preselection cuts
for the photon at Belle II with /s = 10.58 GeV. The
dotted lines correspond to the case of constant &(g> = 0),

——— T —— T
E — =01

[ — r=1 Belle IT, V5 =10.58 GeV
107 7 r=10 gy =107%

10—5 L L Lia1aa L L4 11311 1 1 1 13111
102 107 10° 10*

my, (GeV)

which are shown as a comparison. We can see that, with
constant £(g*> = 0), the cross sections all increase with the
increment of the mass of Z'. In the minimal U(1), _;
model, the production rates for the process ete™ — yZ' at
Belle II exist two peaks at the positions of m,, and m, when
my < 8.5 GeV, and a valley at the tail of the plotted
region.

For the Belle II detector, which is asymmetric, the
maximum energy of the monophoton events in the bBG in
the CM frame, E}', is given by [52] (if not exceeding /s/2)

V/s(Acos@ —sinf))
A(cos6 —cos0,) — (sin@, +sin6;)’

E}(0,) = (21)

where all angles are given in the CM frame, and
A = (sin@, —sin6,)/(cos @, —cosh,), with 6, and 6,
being the polar angles corresponding to the edges of the
ECL detector. To remove the above bBG, we use
the detector cut E, > E}' (hereafter the “bBG cuts”) for
the final monophoton.

The gBG for the monophoton signature has been
simulated in the Ref. [36] to search for dark photons
decaying into light dark matter. The projected upper limits
on the kinetic mixing of dark photon and SM photon ¢ for a
20 fb~! Belle II dataset are present there. The constraint for
the kinetic mixing between the U(1) L,-L, gauge boson and

SM photon ¢ can be translated from the dark photon using
Eq. (15). In order to obtain the expected sensitivity
S(gz) at Belle Il with the planned target integrated
luminosity 50 ab™!, we rescale the current sensitivity by

S(gz) « /L. Then, the corresponding constraint based on
the simulation in Ref. [36] from 20 fb~! to 50 ab~! can be

4+ /50/ab
20/’

Fig. 6, and the invisible decay ratio Br(Z' — INV) ~1 is
assumed. It is shown that the sensitivity for g, at Belle 11

simply projected by a factor of which is present in

Belle II, Vs =10.58 GeV

97 =107"

10—5 L L3 3 aaaal L L3 a3 aaal 1 L1 1 1111
102 10 10° 10*
my (GeV)

FIG. 5. The cross sections of the process e*e™ — yZ’ at Belle II with /s = 10.58 GeV after the preselection cuts for the L, — L,
model with extra heavy vectorlike leptons (left) or charged scalars (right). As a comparison, the dotted lines correspond to the case of

constant &(g*> = 0).
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my (GeV)

107 E

107

9z

103 L

10* 3

my (GeV)

FIG. 6. Sensitivity limit for g, at Belle Il experiment with 50 ab~! to search for a dark photon decaying into light dark matter based on
the simulation in Ref. [36], labeled as “Belle II,” red color. The expected 95% C.L. exclusion limits on g, via monophoton searches at
50 ab™! Belle II with gBG omitted after the optimized cut, labeled as Belle II', black color. For the L, — L, model with extra heavy
vectorlike leptons (left) or charged scalars (right) in the cases of » = 0.1 (dashed), 1 (solid), and 10 (dotted).

experiment with 50 ab~! via monophoton searches is
expected to be worse in the minimal U(1), _, model

with the increment of m,, while becoming better with extra
heavy vectorlike leptons (charged scalars) in the case of
r=0.1 when my <7 GeV. With r = 10in the U(1), _,

model with extra heavy leptons (scalars), expected g,
sensitivity gets improved when myz 2 4 GeV and then
gets worse.

We further carry out an analysis without gBG taken into
account, to compare with other experiments in which
detailed simulations with gBG are not available. We use
the “bBG cuts” to remove the reducible BG events; the BG
events that survived the “bBG cuts” come from irreducible
BGs, if gBG is not considered. Since the energy of the final
photon in the signal process is related to m, in addiction to
the bBG cuts, we select the final photon in the energy
window of |E, — (s —m2,)/(2\/s)| < 6x/2 (hereafter the
“optimized cut”) to enhance the discovery sensitivity,
where o is the detector energy resolution for the photon.
AtBelle II, 6 /E = 4%(1.6%) at 0.1 (8) GeV [36] and we
take o = 128 MeV conservatively. In Fig. 6, we present
the expected 95% confidence level (C.L.) exclusion limits
on g, by considering the irreducible BG only after the
optimized cut, which is labeled as Belle II'. We define
x*(e) = S?/(S + B) [53], where S (B) is the number of
events in the signal (BG) processes. The 95% C.L. upper
bound on g, is obtained by solving y?(egs) — x*(0) = 2.71
and assuming photon detection efficiency as 95% [36]. One
can see that if we do not consider the gBG and apply the
optimized cut the Belle II experiment with 50 ab~! via
monophoton searches is expected to be sensitive to the
parameter region with m, < 1.2 GeV and g, =4 x 107*
in the minimal L, — L, model, which can be improved by
almost 1 order of magnitude compared with considering
the gBG.

VI. BESIII AND STCF

At BESIII and STCEF, for the final state photons, we
adopt the preselection cuts by the BESIII Collaboration
[54]: E, > 25 MeV with |cosd| < 0.8 or E, > 50 MeV
with 0.86 < |cos 6| < 0.92. In Fig. 7, we present the cross
section of the process e™ e~ — yZ’ at BESIII and STCF with
Vs =4GeVinU(1) 1,1, models after the preselection cuts.
As a comparison, the dotted lines correspond to the case of
constant (g> = 0). One can see that the cross section always
increases for larger m in U(1),, _; models with extraheavy
leptons or scalars in the case of » = 0.1, while there is a twist
near my = 2m, in the case of r = 1 and r = 10.

At BESII and STCF, which are symmetric, the maxi-
mum energy of the monophoton events in the bBG in the
CM frame, E}', is given by [55]

ENO,) = ﬁ(sm 9’) B (22)

sin @,

where cos ), is the polar angle corresponding to the edge of
the detector. Taking into account the coverage of main drift
chamber (MDC), electromagnetic calorimeter (EMC), and
time-of-flight (TOF), we have cos 8, = 0.95 at the BESIII
[56]. We further demand E, > EJ' for the final monophoton
to remove the reducible BG (hereafter the bBG cuts).

At BESIII, the photon energy resolution of the EMC
og/E=23%//E/GeV @ 1% [37], and we take op =
40 MeV for all energy conservatively. At the BESIII,
photon reconstruction efficiencies are all more than 99%
[57], and we assume them to be 100% in our paper. For the
EMC at STCF, we assume the same energy resolution
and reconstruction efficiencies with BESIII to present a
preliminary projection limit because of the similarity of the
two experiments. We take oy = 25(40,50) MeV for
Vs =2,(4,7) GeV. In addition to the bBG cuts, we select
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10°
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FIG. 7. The cross sections of the process ete™ — yZ' at BESIII or STCF with /s = 10.58 GeV after the preselection cuts for the
L, — L, model with extra heavy vectorlike leptons (left) or charged scalars (right). As a comparison, the dotted lines correspond to the

case of constant £(¢* = 0).

final photon in the energy window of |E, — (s —m2,)/
(2v/s)| < /2 (hereafter the optimized cut) to enhance the
discovery sensitivity.

At BESIII, since 2012, the monophoton trigger has been
implemented, and the corresponding data luminosity reach
about 14 fb~! with the CM energy from 2.125 to 4.6 GeV
(581, We define 72, (¢) = 3, 72(e), where 2(e) = $2/(S; +
B;) for each BESIII colliding energy. The 95% C.L. upper
bound on gy from BESIII is obtained by demanding
x2(eos) — x2,(0) = 2.71. In Fig. 8, we present the corre-
sponding results for the U(1), _; models with extra vector-
like leptons and charged scalars in cases of r = 0.1, 1, 10 via
monophoton searches at BESIII with 14 fb~! and at 4 GeV
STCF with 30 ab~!, respectively. The invisible decay ratio of
7' is assumed to be 1. The constraints on g, get looser with
the increment of m for both considered models in cases of

10™

10%2p----" e

r = 1,10 at BESIIl and 4 GeV STCEF, while they get tighter in
cases of r = 0.1 for the U(1), _; models with extra leptons

(scalars) when m» < 2.7 GeV (1.0 GeV S my S 2.7 GeV)
at 4 GeV STCEF.

VII. RESULTS

Figure 9 summarizes the sensitivity on gauge coupling g
in the minimal L,—L, model from electron colliders,
including Belle II, BESII, and STCEF. The solid lines indicate
the case in which Z’ cannot decay into dark matter, i.e.,
Br(Z' — INV) = Br(Z' — vv), and the dotted lines indicate
the Br(Z' — INV) =~ 1 case. The existing constraints are also
presented in the shaded region, and the summary for these
limits from different experiments can be found in Fig. 3. The
red band shows the region that could explain the muon

-1
10 3 T T T T T

S 10°E : E
3 ! E
- 1

wie [T -- r=0.1+
F i gt " STCE 4 GeV 30/ab — =13 F STCF 4 GeV 30/ab — r=1
B : S r=10 } L e r=10
"""""" 1 1 1 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
my (GeV) my (GeV)
FIG.8. The expected 95% C.L. exclusion limits on g, via monophoton searches after the optimized cut at BESIII with 14 fb~! (black)

and 4 GeV STVF with 30 fb~! (red). For the L « — L, model with extra heavy vectorlike leptons (left) or charged scalars (right) in the
cases of r = 0.1 (dashed), 1 (solid), and 10 (dotted).
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FIG.9. The sensitivity on gauge coupling g, at Belle I, BESIII, and STCF. Notice that we do not include the gBG analysis for BESIII
and STCF limits. The solid lines indicate the case in which Z’ has no additional decay channel to dark matter, and the dotted lines
indicate Br(Z' — invisible) ~ 1 cases. The existing constraints from different experiments are presented in the shaded region and
summarized in Fig. 3. The red band shows the region that could explain the muon anomalous magnetic moment (g —2), + 2¢. The
BESIII limit is obtained with the 14 fb~! luminosity of monophoton trigger collected during 2012-2018. The STCF limits are obtained

for /s = 2,4,7 GeV with the future integrated luminosity of 30ab™!

of 50ab~! with three experiments (see text for detail).

anomalous magnetic moment (g — 2) u T 20. We present
three expected limits with different experiments at Belle II:
(1) y + INV channel with bBG and gBG considered.—
We translate the constraints on the dark photon from

the search of invisible decay at Belle II assuming a

20 fb~! dataset [36], where the bBG and gBG are all
considered, to the L, — L, gauge boson using the
relation of Eq. (15). Then, we scale the constraints to

50 ab~! by a factor of (%)1/ 4. This case is
labeled as “Belle II y + INV” in Fig. 9.

y + INV channel with only bBG considered.—We
compute the limits without gBG taken into account
as mentioned above. The bBG cuts are applied to
remove the reducible BG events, and only the
irreducible BG contributes to the BG events if
¢BG is not considered. After the optimized cut,
we show the 95% C.L. upper bound on g, at Belle II
with the integrated luminosity of 50 ab~! in Fig. 9,
which is labeled as “Belle II'y + INV.”

up~ + INV channel.—To project the sensitivity on
the U(I)L#—L, gauge boson Z' with the ete™ —
utu=Z',Z" — INV channel in the 50 ab~! Belle II
experiment, we simply scale the recent 276 pb~!

results by a factor of (%)1/ * for the kinetic

mixing, which is labeled as “Belle I g™y~ + INV.”

(ii)

(iif)

. The Belle II limits are obtained with future integrated luminosity

One observes that on the searches for the invisible decay of Z’
the sensitivity at 50 ab=! Belle II with the y*pu~ + INV
channel is slightly better with the y + INV channel. It can
also be found that these two results are already excluded by
current constraints. In the y + INV channel, if the gBG is not
considered, the sensitivity can be improved almost 1 order of
magnitude, i.e., g, is bounded below to about 4.2 x 10~* for
my < 2m”. In this case, we still have a tiny room in the mass
region m ~ (0.01 — 0.03) GeV to explain the moun (g — 2)
anomaly. The 1 order of magnitude difference in sensitivity
between the two Belle II limits via the monophoton search
shows that the control on gGB is very important in probing
the Z' parameter space.

The STCF and BESIII limits are obtained when the BG due
to the gaps in the detectors is neglected, since BESIII did not
release any analysis about gBG. We emphasize that more
rigorous BESIII and STCF sensitivities could be obtained
with such gBG analysis available in the future. With about
14 fb~! integrated luminosity collected during 2012-2018
[58], the upper limits from BESIII are excluded by the CCFR
experiment. The STCF limits are presented at /s =
2,(4,7) GeV with the integrated luminosity of 30 ab~'.
The future monophoton searches at the STCF experiment
operated at /s = 2-7 GeV can eliminate the moun g — 2
favored window when m <5 GeV. In the low mass region,
2 GeV STCEF provides the best sensitivity since the signal to
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FIG. 10. The expected 95% C.L. exclusion limits in the g,-r plane for m, = 0.1 GeV from BESIII with 14 fb~!, Belle II with
50 ab~!, and 4 GeV STCF with 30 ab~!. The shaded gray region is already excluded by CCFR experiments, which is independent on

the mass ratio.

BG ratio increases when the colliding energy decreases, and
can probe g down to about4.2 x 107> form, < 2m,,. Itcan
be found that the one order of magnitude increase in
sensitivity from 50 ab~! Belle II to STCF could be achieved
via monophoton searches when the gBG is omitted.

In Fig. 10, we present the dependence for exclusion
regions of g, corresponding to m, = 0.1 GeV on the mass
ratio r =my,/m; and r=mg,/mg via monophoton
searches from BESIII with 14 fb~!, Belle II with 50 ab~!,
and future 4 GeV STCF with 30 ab~!. The shaded gray
region is already excluded by CCFR experiments, which is
independent of the mass ratio. One can see that g, can go
down to 1.3(2.7) x 107> when my,/my (mg,/ms,) = 100
at 4 GeV STCF with 30 ab~!.

VIII. SUMMARY

In this paper, we probe the invisible decay of the L, — L,
gauge boson via monophoton signature at three different
electron colliders operated at the GeV scale: Belle II,
BESIII, and STCE. In the minimal U(1), _; model, we
extend the SM with a U(1) L,-L, gauge symmetry and
assume that the kinetic mixing term between Z’ and photon
is absent at tree level but can arise at one-loop level due to u
and 7 leptons. We also further extend the minimal
U(1),,—,, model with extra heavy vectorlike leptons or
charged scalars, where the additional contributions to the
kinetic mixing arising from extra particles inside the loop.
The exciting nondecoupling behavior of the contribution

from the extra heavy vectorlike leptons or charged scalars
to the kinetic mixing is also demonstrated. The visible
signatures of heavy leptons or charged scalars, too heavy to
be directly detected at high-energy colliders, may be
possible in processes modified by the y — Z’ mixing.

We translate the sensitivity for dark photon within the
monophoton signature projected by Belle II to the
U(l) L,-L, gauge boson taking into account various SM

BGs. We also recast the recent invisible search of Z' in the
utu~Z' production at Belle II. It is found that, by ignoring
the BG due to the gaps in the detectors, we present the
constraints at BESIIT with 14 fb~! luminosity and at future
30 ab~! STCF. For comparison, we also compute the limits
at 50 ab~! Belle II without gBG taken into account. It is
found that the future 2 GeV STCF can further improve the
sensitivity to low mass Z’ than Belle II via the monophoton
signature since it is operated at lower energy. The future
STCF can exclude the moun ¢g—2 anomaly favored
parameter region when mz <5 GeV. And the gauge
coupling constant g, in the minimal U(1) L,-L, model

can be probed down to about 4.2 x 107 when m, < 2m,
at future 30 ab=! STCF with /s = 2 GeV.
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