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Abstract: A dark photon is an Abelian gauge boson arising from a new U(1), gauge symmetry, coupled to the
Standard Model through kinetic mixing. The mixing parameter € induces an effective coupling to the electromagnet-
ic current, while g, couples the dark photon to a stable dark matter particle y. We study J/y two-body and four-body
decays mediated by a light dark photon (my < 3.0 GeV) within the non-relativistic QCD (NRQCD) framework, con-
sidering both visible decays of the dark photon into SM fermions and invisible decays into dark sector particles. We
investigate the detection sensitivity of BESIII and STCF experiments to the dark photon mass m; and kinetic mix-
ing parameter €. Our results show that, for two-body final states with my < 2m,, BESIII sets ¢ upper limits of
9.3x107* and 7.6x10™* for lepton-pair and hadronic signals, respectively, while STCF yields 3.7x10™* and
3.1x107*. For invisible decays (my > 2m, ), BESIII achieves an ¢ limit of 1.4x 107 in the mass range 0.3 ~ 0.8 GeV,
and STCF reaches 2.3x 10~ in 0.3 ~ 1.9 GeV; no signals are expected in other mass regions, and visible decays are
severely suppressed throughout. For four-body decay channels, BESIII yields an ¢ upper limit of 7.6x10~° for
my <2.2 GeV, whereas STCF achieves 1.2x 107 over the full mass range. When my > 2m,, visible modes are
nearly excluded; BESIII and STCF set ¢ limits from invisible decays of 8.8 x 107> for my, < 2.4 GeV and 1.4 x 107
for my < 2.8 GeV, respectively, with no detectable signals at higher masses. Except for the limit of 9.3x 107, all the
above € bounds lie in regions that are not currently excluded by collider experiments. Compared with the constraints
from two-body final state processes, the limits derived from four-body decay channels lie well below existing exper-
imental bounds, providing supportive references for constraining this parameter in BESIII and STCF experiments.
Numerical results for the decay ratios ['/T';,,, expected event numbers, significance S/ VB, and p; distributions are
presented where applicable.
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I. INTRODUCTION

Observations of the cosmic microwave background,
large-scale structure, and other cosmological probes im-
ply that roughly one quarter of the total energy density of
the Universe resides in a non-luminous, non-baryonic
component that interacts predominantly via gravity [1].
This makes dark matter (DM) an essential ingredient of
the standard cosmological model, even though its nature
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remains unexplained in the Standard Model (SM) of ele-
mentary particle physics. Extensive experimental
searches have so far yielded only null or non-reprodu-
cible results.

A minimal and well-motivated framework assumes a
simple U(1)p gauge symmetry for the dark sector. The
associated gauge boson couples to the SM sector through
kinetic mixing with the U(1)y hypercharge symmetry, ef-
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fectively introducing a feeble interaction between the
dark sector and the SM [2—5]. For dark photon searches,
three main methods are employed [2, 6, 7]: a bump hunt
in the visible final-state invariant-mass distribution for
dark photon decays into SM particles (BaBar [8], Belle
[9], KLOE [10], APEX [11], Al [12]), a missing-
energy/momentum search for decays into invisible dark
matter (NA64 [13, 14], BaBar [15], Belle 11 [16], LDMX
[17]), and displaced-vertex detection for long-lived dark
photons (HPS [18], LHCb [19, 20]). In this work, we fo-
cus on the first two approaches.

The theoretically allowed range of the kinetic mixing
parameter ¢ is 1077—1072, which is consistent with preci-
sion electroweak data and remains accessible to dedic-
ated experimental searches. Meanwhile, ongoing im-
provements in experimental precision have gradually
constrained the parameter space in the (my,€?) plane; the
most stringent exclusion limits have been set by BaBar
[8, 21, 22], LHCb [23, 24], Belle [9], Belle I [16], KLOE
[10, 25-27], and CMS [28]. In the dark photon mass
range considered in this work, BaBar observed no signi-
ficant excess between 0.02 GeV and 10.2 GeV, and set
upper limits on the mixing strength at the 10™*—107 level
[8]. The Belle Collaboration searched for a dark photon
and a dark Higgs boson in the mass ranges 0.1-
3.5GeV/c* and 0.2-10.5 GeV/c?, respectively, and ex-
cluded mixing parameter values above 8 x 107 [9].

To date, several experiments have searched for dark
matter via hadronic decays. For example, the LHCb col-
laboration proposed a search for dark photons using
charm meson decays [19]. In this work, we study the dark
sector in J/y decays mediated by a dark photon, where
J/y is a charmonium state composed of a c¢ quark-anti-
quark pair. Heavy quarkonium systems provide an excep-
tionally clean environment for probing dark-sector inter-
actions with heavy quarks. The decay of a heavy quark-
antiquark bound state is sensitive to dark-sector particles
of arbitrarily low mass, making radiative quarkonium
transitions a key probe of sub-GeV dark matter [29].
Moreover, extensive experimental data on J/y decays are
currently available, including 8.774 x 10'° J/y events ac-
cumulated by the BESIII experiment [30], and the future
Super Tau-Charm Facility (STCF) is designed to achieve
3.4x 10" J/y events per year [31]. Consequently, J/y ra-
diative decays provide a realistic and powerful platform
for exploring invisible dark-sector signatures.

In this paper, we study J/¢ decays into two-body and
four-body final states mediated by a dark photon, aiming
to investigate the dark sector. To describe the J/y state,
we adopt the nonrelativistic QCD (NRQCD) factoriza-
tion formalism developed by Bodwin, Braaten, and
Lepage [32, 33], which is now widely used in phenomen-
ological studies of quarkonium production and decay. In
the NRQCD factorization formalism, quarkonium pro-

duction and decay amplitudes can be separated into short-
distance coefficients and long-distance matrix elements.
The short-distance coefficients describe the perturbative
annihilation (or production) of the heavy-quark pair,
while the long-distance matrix elements characterize the
nonperturbative hadronization of the heavy-quark pair in-
to the physical quarkonium state.

Significant progress has been made in dark-sector
phenomenology, using a variety of processes as docu-
mented in the literature. For instance, dark photon
searches using e*e” — yA’ - yutu~ at future e*e” col-
liders (CEPC, ILC, and FCC-ee) were studied in Ref.
[34]. The pair production of dark photons, ete” — A’A’
with each A’ decaying to a muon pair, has also been stud-
ied at future e*e” colliders (CEPC, FCC-ee, ILC/ILD,
and IDEA) [35]. Based on a parametrised simulation of
the IDEA detector, Ref. [36] studied the production of a
dark photon at the proposed CERN FCC-ee collider. In
Ref. [37], our group discussed the production of a vector
dark photon and a scalar mediator in the process
ete” — ggA’ via electron-positron collisions. Ref. [38] in-
vestigates the sensitivity of CEPC and FCC-ee at 240
GeV to long-lived dark photons above 2 GeV that are
pair-produced via a light scalar mixing with the Higgs bo-
son. The search for massless dark photons via decays of
the charmed pseudoscalar mesons D*, D°, and D}, and
the singly charmed baryons A}, =, and =, is investig-
ated in Ref. [39]. Ref. [40] explored massless dark
photons via two-body hyperon decays. Ref. [41] ana-
lyzed the flavor-changing neutral-current (FCNC) pro-
cess f— f’y', in which a fermion f decays to a lighter
fermion f’ and a massless dark photon. In addition, the
phenomenology of the dark Z boson at the International
Linear Collider was studied in Ref. [42].

In this manuscript, we calculate the two-body and
four-body decay processes of J/¢ mediated by a light
dark photon (my < 3.0 GeV). We discuss both decays of
the dark photon into visible Standard Model particles and
its decays into invisible dark-sector particles, including
Dirac fermions, Majorana fermions, and complex scalar
particles. To make our work more useful for experiment-
al studies, we focus on the numerical results for the de-
cay width ratios I'/T';,, and the expected event numbers
at BESIIL. In addition, the significance S/VB and the
transverse momentum p; distributions are studied where
appropriate.

The rest of the paper is organized as follows. In Sec-
tion II, the main theoretical framework of the dark sector
and J/y decays are presented. In Section III, our compre-
hensive numerical results are discussed. Section IV con-
cludes with a summary.

II. FORMULATION
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A. J/y decay

Within the NRQCD framework, the differential de-
cay rate of the process J/y — [*I"U can be factorized in-
to the short-distance coefficients and the long-distance
matrix elements. The short-distance coefficients are ob-
tained perturbatively from Feynman diagram calcula-
tions. The Feynman diagrams and their amplitudes are
generated using FeynArts [43]. Subsequently, we employ
FeynCalc [44] to evaluate Dirac traces and perform
Lorentz tensor algebra. At leading order in the relative
velocity expansion, the projection of the heavy quark pair
(cc) onto the J/y state is performed by the replacement
[32, 33],

1
= & ———
! 2VM

5
Y@+ M)® \/1<J_ ()

II
where p and ¢, are the momentum and polarization vec-
tor of the J/y, respectively. &;; ensures the color-singlet
nature of the J/y, and N, = 3 is the number of quark col-

. . 2
ors. When evaluating the squared amplitudes | M|, we
need to sum over the polarization vectors of the J/y; the
prescription for this sum is given in [33]

o p(l/ p(l’
Zf(rew’ = Haa’ =8 + M2 . (2)

While long-distance matrix elements are non-perturb-
ative and expressed in terms of universal parameters,
these elements are determined by the squared
Schrodinger wavefunction at the origin [¥(r = 0)]>, which
is related to the radial wavefunction R, (r = 0).

Ry (r = 0)

4n ©

010”10y = |, (r = O)P =

Such matrix elements can be determined using ap-
proaches including lattice QCD calculations [45], poten-
tial models [46], and experimental measurements. In the
present work, we adopt the experimental extraction ap-
proach to obtain the value of |R;,(r = 0)]*.

B. Lagrangian of dark photon

Renormalizable portals provide a compelling frame-
work for connecting a dark sector to the Standard Model
(SM) [2—5]. These correspond to dimension-four operat-
ors that couple SM fields to new gauge-singlet degrees of
freedom. In this work, we focus on the vector portal, in
which a new Abelian U(1l), gauge symmetry kinetically
mixes with the hypercharge U(1)y [2, 47—49]. The Lag-
rangian of the relevant gauge terms is

Vo oan Lo o 1€ o o 1, o
,L D) —ZB#VB'u - ZZDHVZZ + 5 @ZD#VB# + EszyozgzD#.
“

The quantities B,, and Zy,, denote the field strength
tensors of U(1)y and U(1)p, respectively. € is the Wein-
berg mixing angle, and ¢ is the kinetic mixing parameter.
After electroweak symmetry breaking, the dark photon
mixes with two neutral gauge bosons—the photon and
the Z°. The gauge-kinetic mixing term in the Lagrangian
is LD gB,,VZ}’)V, In the following, we use A/, to denote this

dark photon field and my, to represent its mass. The lead-
ing-order couplings of the dark photon to fermions are
proportional to € and depend on the ratio my/my. For
€ < 1 and my < myz, the couplings are photon-like. In our
study, we restrict the dark photon mass to my <3 GeV, so
that the mixing with the Z° boson is negligible, and the
photon-like coupling approximation is well justified.
After diagonalizing the gauge-kinetic and mass mixing
terms, the dominant low-energy effective interaction is
given by ee A/ Jpy,. Therefore, the Lagrangian for the dark
photon coupling to SM particles is

LD eexsAl Joy (%)

where x,=-1, x,=0, and x,=2/3 or —1/3 for quarks.
The specific forms of the Lagrangian are

—eeAI:l_y”l ,
2
LD eexsA Jpy = geeA}’,c"]iy"qi qi =u,c, (6)
1 _
—gseA;qiy*‘q, qi=4d,s,b.

Under the new Abelian U(1), gauge symmetry, the
dark photon interacts with the stable dark matter (DM)
particle y via the dark gauge coupling g, .

Lo -g AT )

The form of the dark current J¥ depends on the spin of
the dark-sector state and can be classified into Dirac fer-
mion, Majorana fermion, and complex scalar dark matter
cases. The corresponding Lagrangian has the form [50]

=8 A XY XD Dirac fermion ,

, 1 . .
L>o-g A S = —EEXAL)?MV“YSXM Majorana fermion ,

—ig A, ("0 —(0"¢")p) complex scalar .

®)

The mass terms for the three types of dark matter in the
Lagrangian are
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—mM DX D Dirac fermion ,
Lo = —me)_( u¥ym  Majorana fermion , )
-me'p complex scalar .

In this work, we consider all these dark matter can-
didates.

C. Two body final state decay of J/y

In this work, we discuss the two-body final-state de-
cay of J/y mediated by a dark photon. A representative
Feynman diagram is shown in Fig. 1(1). The decay pro-
cesses are governed by the visible width for decays into
SM states and the invisible width for decays into dark
states.

Iy my <2m, ,
Tow=4 v (10)

Fvis +Finv my > ZmX .

Here my is the mass of the dark photon, which can be
generated via either a Stueckelberg term or a dark Higgs
mechanism [48, 51-55]. The form of I',;, becomes"

Lysmy) = > T/ — U —=1T)

l=eu

+T(J/ — U — hadrons) , (11)

The decay width of the dark photon into hadrons is
incorporated via a global R-ratio,

I'(J/y — U — hadrons) = R(\Vs)T(J/y - U - u*u),
(12)

where we use the ratio R(V/s) = 0o Shadrons/Teteoptp »
with +/s denoting the center-of-mass energy of the reac-
tion system [56, 57]. For the two-body final-state decay,
the dark photon is off-shell, so R(+/s) = R(M,,). Ref. [58]
presents the measurement of the R ratio in the energy
range from 1.84 GeV to 3.72 GeV at the KEDR detector.
From these results, we deduce R(M,,,) =2.16. The form
of Iy, 1is

Tw(mg)= Y TUM=U=k0. (3

I=xD, XM ¢

1) The explicit expressions for the decay widths
rJ/iw—-u- ‘Pr‘P) are presented in Appendix A.

TN —U—=1"T).

In the calculation, the total decay width T'y of the
dark photon is approximated as the sum of two-body fi-
nal-state processes. To satisfy this condition and improve
accuracy, we choose dark photon masses well separated
from the 2m, and 2m, thresholds. We therefore select
masses in the range 0.3-3 GeV.

D. Four body final state decay of J/y

We study the four-body final-state decay J/¢ —
I'I'U - I'I"X. A representative Feynman diagram is
shown in Fig. 1, panel (2). The decay width of the total
process can be decomposed into

T/ — 'TU - I'TX) =Ty — IFTU)xBrU > X) .
(14)

Here, the branching ratio Br(U — X) accounts for visible
decays Br(U - e*e”), Br(U—-u*u’), and Br(U —
hadrons), as well as invisible decays Br(U — xpxp),
Br(U — ymxm), and Br(U — ¢ ). It takes the form

LU_)X) my <2m
Iﬁvis v A
Br(U —» X) = 15
W=%=1\rw-x - (15)
1—‘Vis + l—‘inv o= mX '

Here I'y;; and T, are ?

Lyis(my) = ZF(U — I*I")+T'(U — hadrons) ,

l=eu

Ti(mp)= > T - x0), (16)
I=xD, XM ¢
where
['(U — hadrons) = R(Vs) T(U — u*u). 17)

For the four-body final-state decay, the dark photon we
consider is on shell. Therefore, the center-of-mass en-
ergy +/s is equivalent to the on-shell dark photon mass
my, leading to R(+/s)=R(my). Using the data from
PDG2024 [29], we extract R(my) in the mass range
2my, <my < My, and present the results in Fig. 2.

Therefore, the decay branching ratio of the target pro-
cess is

I'(J/y— U - ypxp). TU/W— U= ¥uxym), and

2) The explicit expressions for the squared amplitude of the process J/y — [*I"U and the decay widths ['(U — [*I7), I'(U — ¥pxp).

T(U — yaxm) and '(U = ©'9) are presented in Appendix A.
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Fig. 2. (color online) The curves depict the parameter R(m,)

as a function of m, over the mass range 2m, < my < M.

I'(J/y - I"I"X) _ I'(J/y—I*I7U)
Ly - Ly
xXBr(U — X),

B — I'TX) =

(18)

Since we aim to study the dark photon by reconstruct-
ing its invariant mass from final-state particles and as-
sume it is produced on-shell without off-shell contribu-
tions, the resulting yield is expected to be lower than the
directly measured value. Therefore, our prediction can
serve as a baseline for future experimental searches.

III. NUMERICAL RESULTS
In the numerical calculations, the input parameters are
taken as follows [29]:
@ =1/137.065, M;;, =3.0969 GeV, I';;, =92.6 keV,
m, =0.511 MeV, m, = 0.106 GeV .

To determine the value of the J/y radial wavefunction at
the origin, we use the experimental branching ratios
I'(J/y —e*e)/Tyy and T(J/y — ptp /Ty, and extract
its value from their average for our two subsequent nu-
merical evaluations. We obtain

IR;,(0)* = 0.5599 GeV* .

Jy A
Y
(2)

Typical Feynman diagrams for the decay of J/y into a two-body final state (left) and into a four-body final state (right), medi-

For the dark coupling «,, a larger , leads to a larger
dark matter annihilation cross-section, thereby reducing
the relic density. In the thermal freeze-out mechanism,
@,, €, and m; determine the annihilation cross-section re-
quired to match the observed dark matter relic density. In
this work, we adopt a theoretically reasonable bench-
mark value ¢, =0.05, where

&

@ = =005,

A. two-body final-state decay of J/i mediated by the
dark photon
(I) my < Zm/\/

When my < 2m,, only visible decays occur. In Fig. 3,
we display the decay width as a function of the kinetic
mixing parameter ¢ for the visible decay processes
Jy—->U-—>e'e, JYy—->U->uu, and J/y—->U-—>
hadrons, with the dark photon mass fixed at m; = 1.0 GeV
as an example. We also show the experimental limits for
BESIII and STCF. According to the BESIII experiment,
the total number of J/i events is 8.774x 10'° with a lu-
minosity of about 2568.07 pb~' [59]. The STCF experi-
ment is designed to achieve 3.4x 10'> J/y events with an
instantaneous luminosity greater than 0.5x 10% ¢cm=2s~!
[31]. For BESIII, no lepton or hadron signals can be de-
tected when € is below approximately 9.3x10™* and
7.6x 107, respectively, while these ¢ limits can be fur-
ther lowered to 3.7x10™* and 3.1 x10~* at STCF, for the
entire mass range 0.3 GeV < my < 3.0 GeV. Our theoretic-
al prediction for the ratio of muon pair production to elec-
tron pair production is:

T > U—-pip)

=0.999992 .
TS U s ee) = 0999%

We then fix the coupling parameter to € = 107 as an
example and analyze the event yields and kinematic dis-
tributions at BESIII and STCF. In Fig. 4, we display the
decay width as a function of the dark photon mass my. In
addition, we adopt several typical mass values, my =
{0.5,1.0,1.5,2.0,2.5 GeV}, and list their corresponding de-
cay ratios I'/T';,, in Table 1. The results for all processes
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0.000 0.002 0.004 0.006 0.008 0.010

Fig. 3.
ic mixing parameter ¢ for the visible decay processes J/y —
U—-ete, JW—U—ptu, and J/yy — U — hadrons, with
my = 1.0 GeV. The dark blue and black horizontal lines rep-
resent the experimental limits from BESIII and STCF, re-
spectively.

(color online) Decay widths as functions of the kinet-

5x1072

e‘e”

hardrons

L L L L L L
0.5 1.0 15 2.0 25 3.0

Fig. 4. (color online) Decay width as a function of the dark
photon mass m; for the visible decay processes J/y —
U—ete”, Jly > U-u'u, and J/yy — U — hadrons, with
e=1073.

exhibit an overall increase with increasing my . This beha-
vior arises primarily because I" is approximately propor-
tional to 1/(my, —Mj,,)*. Here we neglect the term my I,
because I'y =T, is directly proportional to €2, rendering
m3 T2, negligibly small.

As shown in the figure, after accounting for the BE-
SIII detection efficiencies of 59.21% and 63.53% for J/y
decaying into e*e” and u*u~, respectively [60], the ob-
served signal yield is almost negligible. However, at the
STCEF, the expected event yields for the dark photon me-
diated J/y — e*e” (and similarly J/y — u*u~) are about
0~ 51 in the mass range 2.3 GeV <my < 3.0 GeV, while
for J/y — hadrons they are about 0~ 110 in the range
1.8 GeV <my <3.0GeV.

Using the J/y — e*e” decay channel as an example,
we estimate the significance S/ VB to be less than
1.132x 10™* atthe STCF. This estimate uses the back-
ground branching ratio B(J/y — e*e™)=5.971% from
PDG2024 [29]. Such a small significance indicates that
firm control of statistical and systematic issues is neces-
sary to obtain reliable results. We predict that increasing

Table 1.  Predictions for the decay ratios I'/T';, of the vis-
ible two-body decay process for my ={0.5, 1.0, 1.5, 2.0, 2.5,
3.0 GeV} with € = 1073, The theoretical uncertainty is entirely
due to the experimental uncertainty in the J/y mass.

B(x10713) ete” pru hadrons Luis/Top

0.629+0.0113  0.629+0.0113 1.359+0.0245 2.616+0.0472

0.5 GeV
1.0GeV  0.744+0.0134 0.744+0.0134 1.606+0.0290 3.093 +0.0558
1.5GeV  1.0183+£0.0184 1.0183+0.0184 2.200+0.0397 4.236+0.0764
2.0GeV

1.755+0.0316 1.755+0.0316 3.792+0.0684 7.303+0.132

25GeV  4913+0.0886 4.913+0.0886 10.612+0.191 20.437+0.368

the event yield of J/y by two orders of magnitude will
lead to a corresponding increase in all significances by
one order of magnitude.

Finally, we perform a more essential phenomenolo-
gical analysis for the visible decay process J/y —
U — e*e” as an example V. Figure 5 displays the trans-
verse momentum pr distributions of the decay width for
various dark photon masses. It is found that the distribu-
tions rise sharply as my increases.

D my > 2m,

When my >2m,, visible and invisible decays occur
simultaneously. In the corresponding experiments, the
presence of invisible decays may be inferred from a res-
onance-like feature in the missing-mass or missing-mo-
mentum distribution with a single photon. In Fig. 6, we
display the decay width as a function of the kinetic mix-
ing parameter ¢ for the visible decay processes
Jy—-U-—-e'e, JYy—->U->uu and J/y—-U-—>
hadrons, as well as the invisible decay processes
JIW = U= xpxp, JIW—>U—=>iuxn and J/y—U—
¢, with the dark photon mass fixed to my = 1.0 GeV as
an example. It can be seen that, within the theoretically
allowed range of ¢ (1077 to 1072), all visible decays are
excluded at both BESIII and STCF. This is because the
visible final states of SM particles are strongly sup-
pressed by the invisible decay channels when my > 2m, .
For invisible decays, the ¢ limit is 1.4 x 10~* for the dark
photon mass range 0.3 GeV <my <0.8 GeV, but for
masses above 0.8 GeV, no signals can be detected within
the theoretically allowed range of € at BESIII. Mean-
while, the € limit is 2.3x 10~ for the dark photon mass
range 0.3 GeV <my < 1.9 GeV, but for masses above
1.9 GeV, no signals can be detected at STCF.

By fixing € = 1073 as an example, we plot the decay
width as a function of the dark photon mass my for both
visible and invisible decay processes, as shown in Fig. 7.
We further select a set of typical dark photon masses
my =1{0.5,1.0,1.5,2.0,2.5 GeV}, with the corresponding

1) The explicit expression for the differential decay width dI"(J/ y-U-—> IrlH/d pr is presented in Appendix A.
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pT (GeV)

Fig. 5.
tions do/dpr for the process J/yy — U — e*e™ for dark photon
masses my ={0.5, 1.0, 1.5, 2.0, 2.5 GeV}.

(color online) The differential cross-section distribu-

decay ratios I'/T;;, listed in Table 2. It is evident from
both the table and the curve that, for both visible and in-
visible decay channels, the decay width declines sharply
as my approaches the J/y threshold. The main reason for
this trend is that I contains the denominator
1/[mf, = M3,)+myT7], and here the value of T'y=
Iyis + iy, Which includes both visible and invisible pro-
cesses, is relatively large, making I" directly proportional
to 1/(m3T%). For all invisible decay channels combined,

10-10 BESII

STCF

10-13

e*e”

10716

r (kev)

10719

10°22

0.000 0.002 0.004 0.006 0.008 0.010

€

Fig. 6.

hardrons

the expected event yield remains below ten events at BE-
SIII, whereas it ranges from 0 to 47 at STCF for masses
below 0.8 GeV with € = 1073, Strict management of stat-
istical and systematic uncertainties is required as well.

B. four-body final-state decay of J/i/ mediated by a
dark photon
(I) my < ZmX

In Fig. 8, we show the decay width T'(J/y —
I'I"U — I"'I"X) divided by € as a function of the dark
photon mass my for /=e,u and X =e*e”,u*p,hadrons.
Here, J/yy — e*e u*u includes J/y — ete U — eteutu”
and J/y - utp U — u*u ete”. The magnitudes of all
processes decrease roughly with my up to 3.0 GeV, and
the spectral shape of hadronic final-state channels is de-
termined by R(my). For masses below 2.2 GeV, signals
become undetectable at BESIII when ¢ falls below
7.6x 107, In the range 2.2 GeV <my <3.0 GeV, no de-
tectable signals are expected. The STCF, on the other
hand, can push the corresponding ¢ limit down to
1.2x 107 across the full accessible mass range.

We then fix the coupling parameter e=10"* as a
benchmark for the subsequent analysis. In Table 3, we
present the decay width ratio I'/T,;, for dark photon

BESII

STCF — %G

Xt X
—o'p

I (kev)

10713 | L . . |
0.000 0.002 0.004 0.006 0.008 0.010

(color online) Left: Decay width as a function of the kinetic mixing parameter ¢ for the visible decays J/y — U — e*e™,

J/Y — U — u*u, and J/ — U — hadrons. The dark blue and black horizontal lines represent the experimental limits from BESIII and

STCEF, respectively. Right: Decay width as a function of the kinetic mixing parameter ¢ for the invisible decays J/y — U — jipxp»
JIy = U > guxu,and Jjy - U — ¢'p, with @, = 0.05 and my /m, = 3.0. Both figures correspond to my = 1.0 GeV.

107161

10°17L

e‘e”

r (kev)

10-18|

10-19L

0.5 1.0 15 2.0 2.5 3.0
my (GeV)

Fig. 7.

hardrons

— X6 X0
X X
—o'e

T (kev)

. . L . . .
05 1.0 15 2.0 25 3.0
my (GeV)

(color online) Left: Decay width as a function of the dark photon mass my for the visible decay processes J/y — U — et*e™,

u*u, and hadrons. Right: Decay width as a function of the dark photon mass m; for the invisible decay processes J/y — U — ¥pxp,

Ymym, and ¢ p, with @, = 0.05 and my /m, = 3.0. In both figures, e = 107,
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Table 2.

We present predictions for the decay width ratios T'/T,, of the two-body final-state invisible decay process for

my =0.5,1.0,1.5,2.0,2.5,3.0 GeV. The theoretical uncertainty originates entirely from the experimental uncertainty in the J/i mass.

Here € = 10~ and «, = 0.05.

B(x107") ete” s hadrons Cus/Tip
0.5 GeV 1.0591 +£0.0191 1.0591 £0.0191 2.288+0.0412 4.406+0.0794
1.0 GeV 0.0662 +0.00119 0.0662 +0.00119 0.143 +£0.00258 0.275 +£0.00496
1.5 GeV 0.0131+0.000236 0.0131 +£0.000236 0.0282 +0.000509 0.0544 +0.000981
2.0 GeV 0.00414 +0.0000746 0.00414 +0.0000746 0.00894 +0.000161 0.0172 £0.000310
2.5 GeV 0.00169 +0.0000305 0.00169 +0.0000305 0.00366 + 0.0000660 0.00705 +0.000127
B(x1074) XpXp XmXwm o) Cinv /Ty
0.5 GeV 72.580+1.308 71.326+1.286 35.663 +£0.643 179.569 +3.237
1.0 GeV 4.533+0.0817 4.225+0.0762 2.112+0.0381 10.870+0.196
1.5 GeV 0.892+0.0161 0.760+0.0137 0.380+0.00685 2.0318 +£0.0366
2.0 GeV 0.280+0.00504 0.208 £0.00376 0.104+0.00188 0.592+0.0107
2.5 GeV 0.112+0.00202 0.0695 +0.00125 0.0348 +0.000627 0.216 £0.00390

e‘e"e'e”

p*p~hardrons

0.0 05 1.0 15 2.0 25 3.0
my (GeV)

Fig. 8. (color online) Decay width I'(J/y — I*I"U — I'I"X)
divided by € as a function of the dark photon mass m,,, for
the four-body final-state decay processes: J/y — I'I"U —
Frutu-, Jy->UFrU->lleter, and Jiy->IIU—
I*I” hadrons.

masses my ={0.5,1.0,1.5,2.0,2.5} GeV. These results are
obtained by applying the method outlined in Eq. (18).
Based on the J/y experimental data at STCF, for my be-
low 0.2 GeV the e*e"ete” and e*e u*u~ final states can
yield approximately 37 ~ 64 and 35 ~ 62 events, respect-
ively. The corresponding significance S/VB is
2.6x103 ~4.9%x107 and 3.1x 1073 ~5.9x 1073, respect-
ively, where the branching ratios of the background pro-
cesses are B(J/Yy —>eteete)=55+05%x10" and
BJ/W — ete utu) =3.53+0.26 x 1075 [29]. For such a
light dark photon, the only accessible decay channel is
e*e”. In the mass range 0.2 GeV to 3.0 GeV, the event
yields from the final states with two lepton pairs are con-
siderably smaller. For the final state [/~ +twojets, the
event yield is about 4 near my = 0.78 GeV and negligible
at other masses. Nevertheless, all decay channels yield
fewer than 10 events at BESIIIL.

(1) my > 2m,

In Fig. 9, we fix the dark photon mass to my =
1.0 GeV and display the decay width as a function of the
kinetic mixing parameter € for the four-body final-state
visible decay processes J/y — ITI7U — Il utu~, J/y —
I'"U - I'l"e*e™, and J/y — ['I"U — [*["hadrons, as well
as the invisible decay processes J/y — I"I"U — I"l xpxp,
JIy > TU - Ulgyyn, and  J/y >FEU - Flg'e.
Because the visible decay channels are strongly sup-
pressed relative to the invisible ones, they are essentially
ruled out by both BESIII and STCF over the theoretic-
ally allowed range of €. For invisible decays, the € limit is
8.8x 107> for dark photon masses below 2.4 GeV, where-
as for 2.4 GeV < my <3.0 GeV no signals can be detected
at BESIII within the theoretically allowed range of €. For
STCF, the € limit is 1.4 x 1075 for dark photon masses be-
low 2.8 GeV, while for my >2.8 GeV no signals can be
detected.

Fixing the coupling parameter e=10"* asa bench-
mark, we evaluate the width of the four-body decay pro-
cess J/y—I"I"U—I"I"X as a function of the dark
photon mass my, where l=e,u and X=e*e ,u*u",
hadrons, ¥pxn, ¥mxum, ¢ ¢. Here we adopt a, =0.05 and
my/m, = 3.0, and present the results in Fig. 10. As shown
in the figure, both the visible decay width and the invis-
ible decay width exhibit a roughly decreasing trend with
increasing my. The behavior of the curves for the four-
body final-state decay process is dominated by the pro-
cess J/y —» I'I"U. We also calculate the corresponding
results for my ={0.5,1.0,1.5,2.0,2.5 GeV} and list them in
Table 4 and Table 5. The predicted event yields at BE-
SII for the final state /"I~ + missingmass are at the level
of a few events. At STCF, the corresponding yields are
0~68 and 0~ 63 for [=e and [ = pu, respectively, when
the dark photon mass is below 1.3 GeV. In contrast, the
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Table 3.

Predictions for decay ratios I'/T';;, of the four-body decay process J/y — I*I"U — I*I"X, where X denotes the visible decay

products of U, for my <2m, and my =0.5, 1.0, 1.5,2.0,2.5 GeV. The upper table shows the J/y — e*e”U intermediate state, and the
lower table shows the J/y — u*u~U intermediate state. The theoretical uncertainty arises entirely from the experimental error in the

J/y mass. Here, e = 107,

B(x107'%) ete"ete” eteutu e*e"hadrons
0.5 GeV 132.990 +£2.398 131.271 £2.367 62.158 +1.121
1.0 GeV 19.969 +0.360 19.953 +0.360 26.384+0.476
Jly —ete X 1.5 GeV 3.0782+0.0555 3.0778 £0.0555 6.452+0.116
2.0 GeV 0.380+0.00685 0.380+0.00685 0.828 +£0.0149
2.5 GeV 0.0151 +£0.000272 0.0151 +£0.000272 0.0360 +0.000649
Wt uwrueter - hadrons
0.5 GeV 127.531+£2.299 129.201 £2.329 60.387 +1.0886
1.0 GeV 19.390+0.350 19.405+0.350 25.639 +£0.462
I — X 1.5 GeV 2.953+0.0532 2.953+0.0532 6.191£0.112
2.0 GeV 0.350+0.00631 0.350+0.00631 0.763 +£0.0138
2.5 GeV 0.0114 +£0.000206 0.0114 +£0.000206 0.0273 +0.000492
1077 106
BESIII
STCF L LLLLL
) e ;CLL,/" BESIII e e*'Xp Xo
s i E»E ‘E s { st T e
3 ot ] e ete pty 3 | eetolo
C e*e"hardrons [ N
. A 10714 "ﬂ ) U'XEXD
2 p*u~hardrons ‘i U U X Xm
{ uptele

Fig. 9.

0.000 0.002 0.004 0.006 0.008 0.010

(color online) Left panel: Decay width as a function of the kinetic mixing parameter € for the visible decay processes

JIWy > FEU - Pt , Jiy—> U - IFlete, and J/ — ['17U — [*["hadrons. The dark blue and black horizontal lines represent
the experimental limits from BESIII and STCF, respectively. Right panel: Decay width as a function of the kinetic mixing parameter €
for the invisible decay processes J/y — I*I"U — I*I jypxp, J/¥ = I'I°U = 'l jeyym, and J/y — MU — Flg'e, with @, = 0.05 and

my/m, = 3.0. Both panels correspond to my = 1.0 GeV.

event yields for the SM particle final states are all negli-
gible (« 1).

IV. SUMMARY

We study J/¢ decay processes mediated by the dark
photon, which is introduced by an additional U(1)y sym-
metry and kinetically mixes with the photon. The decays
considered include two-body channels J/y — U — X and
four-body channels J/y — I*I"U — I*I"X. The final state
X contains only visible SM particles (e*e™, u*u~, or had-
rons) when my <2m,. When my >2m,, X includes both
visible SM particles and invisible dark-sector particles
(Dirac fermion pairs ypyp, Majorana fermion pairs
Jmxwm, or complex scalar pairs ¢'p). We investigate the
influence of the dark photon mass m; and the kinetic
mixing parameter € from two perspectives. For two-body
final states, we calculate the decay width as a function of
€ and present the curves in Figs. 3 and 5 for my = 1.0 GeV

as an example. We also compute the decay width versus
my and show the results in Figs. 4 and 6 with e=1073
chosen as a benchmark, and list the decay ratios I'/T;, in
Tables 1 and 2 for typical masses my ={0.5,1.0,1.5,2.0,
2.5 GeV}. The differential transverse momentum distribu-
tions do/dpr for the J/yy — U — e*e” process are dis-
played in Fig. 7. For four-body final states, we investig-
ate the decay width T'(J/y —» I'I"U - I"I"X) (see Eq.
(14)) divided by €* and present the curves in Fig. 8 for
my < 2m,. Meanwhile, for my > 2m,, we study the decay
width versus ¢ with my =1.0GeV as an illustration,
showing the results in Fig. 9. We also examine the decay
width as a function of my with e=10"* chosen as a
benchmark, and present the results in Fig. 10. The corres-
ponding decay ratios I'/T;,, are listed in Tables 3 and 5.
All calculations are performed with @, =0.05 and
my/m, =3.0. We explore the parameter space that can be
probed by BESIII and STCF experiments for ¢ and my.
The detailed analytical formulas are given in Appendix A.
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e*e"e'e”
- eteTpty”
e*e hardrons

T (keV)

0.0 05 1.0 15 20 25
my (GeV)

Fig. 10.

p*p~hardrons

T (kev)

(color online) Left: Decay width as a function of the dark photon mass m, for the visible decay processes J/y —

FrU - Flutu, Jjy — U - IPlete, and J/y — 117U — I*I"hadrons. Right: Decay width as a function of the dark photon mass
my for the invisible decay processes J/w — [*1"U — 'l ypxp, J/ — I'I"U = 'l jpyym, and J/y — IF7U — 1Pl ', assuming

@, = 0.05 and my/m, = 3.0. Both panels correspond to € = 107*.

Table 4.

Predictions for the decay ratios I'/T,, of the four-body decay J/y — I*I"U — I*I"X, where X denotes the visible decay

products of U, for my >2m, and my =0.5, 1.0, 1.5, 2.0, 2.5 GeV. The upper table shows the J/y — e*e”U intermediate state, and the
lower table shows the J/y — p*u~U intermediate state. The theoretical uncertainty arises entirely from the experimental uncertainty in

the J/y mass. Here, e = 107,

+ 5= ot p—

+ o=t

B(x1072") eteete eteutu e*e~hadrons
0.5 GeV 3.899+0.0703 3.849+0.0694 1.822+0.0329
1.0 GeV 0.792+0.0143 0.791+£0.0143 1.0465+0.0189
JIy—ete X 1.5 GeV 0.151+0.00272 0.151+£0.00271 0.316 £0.00569
2.0 GeV 0.0190 +0.000342 0.0190 +0.00342 0.0413 £0.000745
2.5GeV 0.000790 +0.0000142 0.000790 +0.0000142 0.00189 +0.0000340
T wrueter p* 1~ hadrons
0.5 GeV 3.739+0.0674 3.788 +0.0683 1.770+0.0319
1.0 GeV 0.769 £0.0139 0.770+0.0139 1.0170+0.0183
I - X 1.5 GeV 0.144 +0.00260 0.145+0.00261 0.303 £0.00546
2.0 GeV 0.0175+0.000315 0.0175+0.000315 0.0381 +0.000687
2.5GeV 0.000599 +0.0000108 0.000599 +0.0000108 0.00143 +0.0000258

Our results show that, for two-body final states with
my < 2m,, the expected upper limits on the kinetic mix-
ing parameter ¢ at BESIII are approximately 9.3x 10~
and 7.6 x 10~* for lepton-pair and hadron signals, respect-
ively. The corresponding limits at STCF are 3.7x 10~
and 3.1x 107, respectively. When my >2m,, for invis-
ible decays, the limit on ¢ is 1.4x 107 for 0.3 GeV <
my < 0.8 GeV at BESIII, while the corresponding limit is
2.3%x107* over 0.3 GeV <my < 1.9 GeV at STCF. No sig-
nals can be detected for either experiment in other mass
regions. For four-body final-state decay channels, signals
become undetectable for my <2.2 GeV when €< 7.6x
1075, and no detectable signals exist in the range
2.2 GeV < my < 3.0 GeV at BESIII. For STCF, the corres-
ponding ¢ limit can be pushed down to 1.2x 107> over the
entire accessible mass range. When my > 2m,,, visible de-
cay channels are nearly excluded at both BESIII and
STCF within the theoretical € range. For invisible decays,
BESIII yields an ¢ limit of 8.8x 107> for my < 2.4 GeV,
while no signals are detectable for 2.4 GeV <my <

3.0 GeV. For STCF, the ¢ limit reaches 1.4x107 for
my < 2.8 GeV, and no signals can be detected at higher
masses. Except for the value 9.3x107*, the above con-
straints on € are largely not excluded by current collider
experiments. Compared with the limits from two-body fi-
nal-state processes, the four-body decay channels yield
constraints that are considerably lower than current ex-
perimental bounds.

Nevertheless, for further phenomenological analysis
and better comparison with experimental results, we fix
the kinetic mixing parameter to e = 107 for two-body de-
cay channels and € =10"* for four-body decay channels
in our subsequent analysis. The value e=10"° has
already been excluded by laboratory searches, while
€=10"* is only ruled out at a few discrete mass points
and remains allowed in our considered parameter space
[7]. Therefore, our results can serve as an upper bound
for two-body decay channels and provide supporting ref-
erence for constraining this parameter for BESIII and
STCEF via four-body decay channels.
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Table 5. Predictions for decay width ratios T'/T';,, for the four-body decay J/y — I*I"U — I*IX, where X denotes the invisible decay
products of U, for my >2m, and my =0.5,1.0,1.5,2.0,2.5 GeV. The upper table corresponds to the J/y — e*eU channel, and the
lower table to the J/y — u*u~U channel. The theoretical uncertainty arises entirely from the experimental uncertainty in the J/y mass.

We set € = 107,
B(x1071%) e*e ¥pXp ete Yuxm el
0.5 GeV 243.431 +4.388 55.325+0.997 27.663 +0.499
1.0 GeV 49.449+0.891 11.238+0.203 5.619+0.101
Ty — ete X 1.5GeV 9.403+0.170 2.137+0.0385 1.0685:£0.0193
2.0 GeV 1.184+0.0213 0.269 +0.00485 0.135+0.00243
2.5 GeV 0.0493 £ 0.000889 0.0112+0.000202 0.00561 +0.000101
M RoXD M KX ey
0.5 GeV 236.495 +4.263 53.749 +0.969 26.874+0.484
1.0 GeV 48.0532+0.866 10.921+0.197 5.461+0.0984
I — X 1.5 GeV 9.0216+0.163 2.0504 +0.0370 1.0252£0.0185
2.0GeV 1.0911+0.0197 0.248 +0.00447 0.124£0.00224
2.5GeV 0.0374 +0.000674 0.00849 +0.000153 0.00425 +0.0000766
1671, € al¥,,(0) (M3, —4m?)*?
ACKNOWLEDGMENTS x€ ol o ( )|2 ( S o (A4)
9 My, [(my = M3, )% +miy T3]
We thank Jun Jiang and Wen-Yu Sun for helpful dis-
cussions on this work. e. Ty - I*I7U)
APPENDIX A: EXPLICIT FORM OF EXPRES- TN — Uy = — / 1 S IMPdw, . (A5)
2M 34 |
SIONS T apns
Ig this appendix, we present the exp.hclt analyt.lcal ex- where the squared amplitude | M|2 is
pressions used throughout our calculations. Specifically,
a—d correspond to the two-body d.ecay widths of J/y; e ‘ M]z = 81927 20’ ¥4 (O)f° (_ 6
corresponds to J/y — I*I"U; f~i correspond to dark
photon decays; and j corresponds to the differential de- +2my (m; — $2)(m} — 53) + 5255 (2M35,,
cay width of J/y —>7U - I*l. - 2M§/¢(s2 +53)) +mi (2M4),
a T(J/y—>U—->I)
+355 + 1485583+ 355 - 2M7 (52 + 53))
647 et 02 [, OV /M2, —4m2 (M2, +2m?) ) —m} (—8M3, 5,55+ 2M3), (55 + 53)
(Al
9 My [(miy = M3,,)* + m T + (53 + 53)(53 + 65,53
2 2 4 2
+53) ) +my, (2m; (M5, — 50— 53)
b. Ty — U = Zpxn) ) oy (2t = 525
—285,83(852 + 8§3) — Mﬁ/w(sg —4s,5;
64na, € ¥, O /M3, —4m2(M;,, +2m) 42) +53) = 2mj} (—4s253+ M7, (52 + 53)) ) )/
2 _ a2 2 212 :
O Mgy Womy = Miy)*+myT'y] 9 M3, (m; = s5)°(m; — 53)° . (A6)
c. U — U - ¥uxm) DU - I
327a, € a|¥,, () (M3, —4m2)*>
nay e al ;/w( )|2( 21/w ) ’Z’x) (A3) e a /mi —4m? (m} +2m?) (A7)
9M yy [(my — M3,,)> + my Ty ] 3ml .

d Ty —->U-— t,OT(,D)

g T'(U - ¥pxp)
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2 2
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a, (my, —4m2)*?

A10
12m? (A10)

. ATy — U = F1)/dpy
1287 €* @ ¥, (O) (M3, +2m}) pr AL
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