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Abstract 

We investigate the decay process J e eψ φ+ −→ , where the relatively clean 
electromagnetic (EM) transitions dominate at leading order at the tree level, 
while hadronic contributions arise only through hadronic loop transitions. 
The branching ratio of J e eψ φ+ −→  was estimated to be approximately 
2.28 × 10-8 where the hadronic effects are negligible compared to the EM 
contributions. The upper limit on the branching fraction was set to be 

( ) 71.2 10B J e eψ φ+ − −→ < ×  by BESIII collaboration. In this paper, we in-

vestigate the existence of a neutral state such as dark photon and dark Z . 
Our analysis shows that the constraints on the dark photon and dark Z  
are stringent in the way that large enhancement to the SM branching ratio 
up to the present experimental limit is not possible. Therefore, observing a 
signal for the dark photon and dark Z  in this decay channel is changeable. 
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1. Introduction 

High-intensity experiments enable precise tests of the Standard Model (SM) and 

the search for signs of new physics beyond the Standard Model (BSM). Rare de-

cays are particularly useful in the low-energy regime, as SM contributions are sup-

pressed, making anomalies potential indicators of BSM effects. Experiments like 
BEPCII/BESIII [1] and BELLE-II [2] [3] offer extensive data for studying such 

rare processes. 
The decay J e eψ φ+ −→  serves as an example of a rare process measurable by 
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BESIII which sets upper limit on the branching fraction to be  

( ) 71.2 10B J e eψ φ+ − −→ < ×  [4]. The dominant contribution comes from EM 
transitions via vector meson dominance [5], while sub-leading contributions arise 
from hadronic meson loops involving quark-gluon dynamics. Experimental data 
on radiative decays J Pψ γ→  and Sγ , Pφ γ→  (where P  and S  are 
pseudoscalar and scalar mesons) help estimate hadronic contributions. 

Results indicate hadronic effects are smaller than EM contributions, with sig-
nificant intermediate states being ,η η′  (pseudoscalar) and ( )0 980f  (scalar), 
while contributions from ( )500σ  can be neglected due to weak couplings. 
This analysis provides insights into rare processes and potential traces of BSM 
physics. 

Flavor-changing neutral currents (FCNCs) are powerful tools for exploring new 
physics (NP) and place strong constraints on extensions of the SM. The study in 
Ref. [6] focuses on FCNC processes in B  and K  decays to investigate models 
involving a light gauge boson. Specifically, it examines the dark ( )1 DU  model, 
which predicts a dark photon or a dark Z  ( Z ′ ), collectively referred to as DZ  
[7]-[9]. 

The nature of DZ  depends on its interactions: kinetic mixing with the electro-
magnetic field produces a dark photon with vector couplings to SM fermions (ex-
cept neutrinos), while mass mixing with SM gauge fields results in a dark Z . 
FCNC processes involving DZ  are loop-mediated, with significant effects in B  
decays due to the suppression of the GIM mechanism for up-type quarks, while 

D  decays are less affected due to down-type quark loops. 
Unlike heavy mediators, light mediators like DZ  lead to 2q -dependent Wil-

son coefficients. Ref. [6] evaluates DZ -mediated b s + −→    transitions for DZ  
masses in the range 0.01GeV 2 GeV

DZM   [10]-[21], considering both on-
shell and off-shell decays. Hadronic decays and invisible decays of ZD (from inter-
actions with dark sector particles) are included. Additionally, the study explores 
models where ZD directly couples to muons and/or electrons, providing a detailed 
analysis of the rates and effects of these processes. 

In this paper, we will be interested in probing dark photon and dark Z  states 
via the decay channel J e eψ φ+ −→ . Constraints on the model parameters are 
taken from sB  mixing, sB µ µ+ −→ , ( )B K νν∗→ , Kaon decay and mixing, Ra-
diative DK Zµµ ν+ +→  decays, Radiative DZµπ µ ν+ +→  decays, Atomic parity 
violation, Neutrino trident and CEνNS, and Collider and other bounds. All these 
constraints were discussed in Ref. [6]. 

The paper is organized as follows: In Sec. 2, the general formalism of the dark 
symmetry ( )1 DU  is discussed. In Sec. 3, we discuss the SM formalism and nu-
merics to the decay process J e eψ φ+ −→ . The NP contribution is discussed in 
Sec. 4 and we summarize in Sec. 5. 
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2. Formalism 

We consider DZ  as a gauge boson associated with the broken ( )1 DU  sym-
metry of a dark sector, coupled to the SM via kinetic mixing with ( )1 YU  [7]. The 
gauge Lagrangian is given by [9]: 

gauge
1 1 1 ,
4 2 cos 4D D D

W

B B B Z Z Zµν µν µν
µν µν µν

ε
θ

= − + −  

where Bµν  and DZ µν  are the field strength tensors for B  and DZ , ε  is the 
kinetic mixing parameter, and Wθ  is the weak mixing angle. 

After diagonalizing the gauge sector [9] [22], ZD acquires an induced coupling 
to the SM electromagnetic current, leading to the dark photon model. To leading 
order in ε , the interaction is: 

em em ,D D De Z J ie Z W Wµ
µε ε + −⊃ −  

 
 

  

where DZ W W+ −
 

 
 

 represents the interaction of DZ  with W ±  bosons. 

( ) ( ) ( )

( ) ( ) ( )
1 2 3

1 2 2 3 3 1 .

DD Z W W
Z W W k k k

k k g k k g k k g

µ ν λ

µν νλ λµλ µ ν

ε ε ε+ −
+ − =

 × − + − + − 

 

 
 

      (1) 

If ( )1 DU  is broken by a scalar field charged under the SM, DZ  can mix with 
the SM Z  boson via mass terms [8] [9]. The physical states are expressed as: 

0 0 0 0cos sin , sin cos ,D D DZ Z Z Z Z Zξ ξ ξ ξ= − = +  

where ξ  is the mass mixing angle. This interaction defines the dark Z  model, 
with the Lagrangian: 

cos ,
cos

Z Z
D Z D W Z D

W

g Z J ig Z W Wµ
µε θ ε

θ
+ −⊃ −  

 
 

  

where 1 tan 2
2Zε ξ= . If ( )1 DU  is broken by SM singlet scalars, then 0Zε = , re-

ducing the model to a dark photon. 

We do not specify a Higgs sector for ( )1 DU  breaking but focus on the general 
mass mixing. The free parameters are the mixing parameters ε  and Zε , along 
with the mass of DZ  (

DZM ). Updated constraints on these parameters are pro-
vided in recent studies. 

In the relevant mass range, DZ  decays into lepton pairs and hadronic final 
states. While e e+ −  and νν  decays are always kinematically allowed, the µ µ+ −  
channel is accessible only if 2

DZM mµ> . The decay widths for these processes are 
given by [6]: 

( ) ( )

( ) ( )
( ) ( )( )

22
2 2 2 2 2

2 2 2

2 2 2

2 2 4 2 2 4 2

1 4 8 2
96

4 4 1 2

16 8 1 8 4 1 ,

D
D D

D

D

D W W Z
W W Z Z

W W W Z Z

Z W W Z W W

meZ c s m M
c s M M

c s s m M

m s s M s s

ε
π

εε

ε

+ − Γ → = − +

− − +

+ − − + − + 









 
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( )
2 2

2 2 .
96

DZ Z
D

W W

e M
Z

c s
ε

νν
π

Γ → =                      (2) 

where Wc  and Ws  are the cos and sin of the Weinberg angle, 
DZM  is the dark 

Z  mass, m


 is the lepton mass, ε  and Zε  are the kinetic mixing and mass 
mixing parameters. 

Hadronic decays, however, cannot be calculated directly using perturbative 
QCD. Instead, the VMD model is employed to describe low-energy QCD [23]-
[27]. Recent data-driven studies have calculated the hadronic decay widths of light 

( )1U  vector bosons [28]-[30]. For dark photons with couplings proportional to 
electric charge, the hadronic decay width can be expressed as: 

( ) ( )Γ Γ ,D DZ Z µµ µ+ −→ = → ×    

where ( ) ( )e e e eµ σ σ µ µ+ − + − + −= → →  , measured experimentally [31]. At 
energies away from hadron resonances, e e+ −  annihilation gradually transitions  

to perturbative quark-pair production, with ( )2

, , 2f
c emf u d sN Qµ =

=∑

 , where  

3cN =  is the color factor and f
emQ  is the fermion’s electric charge. 

For baryophilic dark photons, the hadronic decay width has been calculated by 
summing over various final states within the VMD framework [30]. This analysis 
is adapted to the vector coupling of the dark Z . For axial vector couplings, quark-
level decays are used to estimate contributions to the hadronic width. 

3. The EM Contribution to J e eψ φ+ −→  

The leading EM contribution to J e eψ φ+ −→  for which the corresponding 
Feynman diagrams are shown in Figure 1 (Ref. [32]). 

 

 

Figure 1. The EM transitions of J e eψ φ+ −→ . 
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The decay J ψ γφ→  is forbidden by C -parity conservation unless new 
physics BSM exists to break this rule. However, when the photon is virtual and 
converts into an e e+ −  pair, the decay J e eψ φ+ −→  becomes allowed and 
measurable. 

Electromagnetic Contribution: The leading contribution is EM, as shown in 
Figure 1. The effective γ -vector meson couplings are calculated using VMD: 

0 , 0 ,J c c g u u gν ν µ µ
ψγ ψ φγ φψ γ ε φ γ ε∗ ∗= =  

where the couplings are 
2 20.150 GeV , 0.013 GeV .g gψγ φγ= =  

The EM transition amplitude is 

( ) ( )
( )

( )

( )
( )

( ) ( )

2
1 2 2

2

1
22 2 22

1

.

e
EM

e

e

e

p p m
u p ie ie

p p m

p p m g g
ie ie v p

p pp p m

φν µ

φ

µ ν
φ φγ φ ψγ ψµ ν

φ ψφ

γ γ

ε ε
γ γ

∗

 + +/ /= − −
 + −

+ +/ / + − −
+ − 



     (3) 

where 1p  and 2p  are the electron and positron momenta, pφ  and pψ  are 
the φ  and ψ  momenta, gψγ  and gφγ  are the effective couplings of φ  and 

ψ  with the photon. 
Hadronic Loop Contributions: Hadronic contributions via intermediate states 

( ( )0 980f , η , η′ ) are included. The effective couplings are: 

0 0

5 2 13.21 10 GeV, 3.03 10 GeV ,f fg gψ φ
− − −= × = ×  

4 1 3 15.36 10 GeV , 1.28 10 GeV .g gψη ψη
− − − −

′= × = ×  

Decay Widths and Branching Ratios: The decay widths and branching ratios 
of J e eψ φ+ −→  from EM and hadronic processes are summarized in Table 1, 
see Ref. [32]: 

 
Table 1. The decay widths and branching ratios of J e eψ φ+ −→  contributed from the 
EM and hadronic processes. 

 EM via ( )0 980f  via η  via η′  Total 

( )J e eψ φ+ −Γ →

(keV) 
62.12 10−×  132.00 10−×  117.2 10−×  91.12 10−×  62.12 10−×  

B.R. 82.28 10−×  152.16 10−×  137.75 10−×  111.20 10−×  82.28 10−×  

 
The EM process dominates, with a partial branching ratio of 2.28 × 10−8. Had-

ronic loop contributions are suppressed by at least three orders of magnitude. The 
SM background is minimal, making this process a promising probe for BSM phys-
ics. The decay J e eψ φ+ −→  is a rare process in the SM, dominated by the EM 
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contribution. Its suppression makes it an ideal candidate to explore potential BSM 
contributions. 

4. Numerical Analysis 

The branching ratio formula is given by 

( ) ( )
( )

( )
( )2 2

12 23max max
2 2
12 23min min

2 2 2
/ / 23 123 3

/

1 1 d d
2 32D D

m m

A Z A Z EMm m
J

BR m m
pi M ψ

= +
Γ ∫ ∫        (4) 

where the dark photon contribution to the decay process J e eψ φ+ −→  is 

( ) ( )
( )

( )

( )
( )

( ) ( )

( )( )

2
1 2 2

2

1
22 2

1

2 2

2 22 2

e
A

e

e

e

x x

x x x x x x

p p m
u p ie ie

p p m

p p m
ie ie v p

p p m

P P P P
i g i g

M M
g g

P M i M P M i M

φν µ

φ

φµ ν

φ

µ µ ν ν
φ φ ψ ψµµ νν

µ ν
φγ φ ψγ ψ

φ ψ

γ γ

γ γ

ε ε

′ ′

′ ′

′ ∗ ′

 + +/ /= − −
 + −

+ +/ / + − −
+ − 

   
   − −
   
   × ×
− + Γ − + Γ

  

 

 

      (5) 

where xM  is the dark photon mass. The dark DZ  contribution is 

( ) ( ) ( )

( )

( )

( )
( )

*

2

12 2

1
2 2

1

2
22 2

2

2

2 2

,
2

,

DZ L R Z L R Z

x

e
Wx x x

e
Z Z

e

e
Z Z e

e

x

x x

g g
g g P g g P

e e

P P
i g

M g u P m
CP M i M

P P m
V V

P P m

P P m
V V v P m

P P m

P P
i g

M

P M i M

νψγ φγ µ
ψ φ

ν ν
ψ ψ νν

ψ

φµ ν

φ

φν µ

φ

µ µ
φ φ µµ

φ

ε ε

γ γ

γ γ

′ ′

′

′

′

′

= + +

 
 −
 
 ×
− + Γ

 ⋅ + ⋅ +× + −
⋅ + ⋅ + + + − 

 
 −
 
 ×
− + Γ

  

 

 

.
2 Wx

g
C

           (6) 

with 

( ) ( )( )5 51 1 1 ,
2 L R

W

gV g g
c

µ µ µγ γ γ γ= − + +  

( )
2
122

2 12 ,
2
m

E m =  

( )
2 2 2

/ 122
3 12 2

122
JM m M

E m
m

ψ φ− −
=  
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( )( )
( )

( ) ( )( )

( ) ( )

22 2 2 2
23 12 2 12 3 12max

2
2 22 2 2 2

2 12 3 12e

m m E m E m

E m m E m Mφ

= +

 − − − − 
 

 

( )( )
( )

( ) ( )( )

( ) ( )

22 2 2 2
23 12 2 12 3 12min

2
2 22 2 2 2

2 12 3 12e

m m E m E m

E m m E m Mφ

= +

 − − − + 
 

 

( )( ) ( )2
12 /max Jm M Mψ φ= −  

( )( )
2 2
12 min

4 em m=  

where ν
ψε  and µ

φε  are the polarization vectors of J ψ  and φ , respectively, 
and gψγ  and gφγ  are the corresponding couplings for J ψ  and φ  to a vir-
tual photon, respectively. xM  is the DZ  mass, 2 2

ij ijm p=  where p1 and 2p  are 
the momenta of the electron and positron, 1E  and 2E  are the energy of  

the electron and positron, 211
2L Wg s = + 

 
, and 2

R Wg s= . 

We computed the contribution of the dark photon, dark DZ , and both states 
together to the decay channel J e eψ φ+ −→  with 31 10ε −= ×  and 0Zε = , 

0ε =  and 32 10Zε
−= × , 31 10ε −= ×  and 32 10Zε

−= × , respectively. The XM  
value taken in the range of 2mµ  to B KM M− , the range used in Ref. [6]. In this 
range, we avoid the J ψ  and φ  masses to avoid the mixing effect between the 
dark boson and these hadronic states. 

The contribution of the dark boson to the decay channel is almost negligible, as 
shown in the graphs, because of the stringent constraints on the model parameters 

( ), Zε ε . The stringent constraints on Zε  [6] come from 0
sB - 0

sB  mixing, CO-
HERENT neutrino scattering data, APV measurements for ε = 0.0001, 0.001, 0.01 
with 

DZM  in the range of 0.01 - 1 GeV. The stringent constraints on ε  [6] 
come from LHCb dark photon searches, APV measurements for 0.0001Zε =  
and 0.001  with 

DZM  in the range of 0.01-1 GeV. The parameters are restricted 
to 0.001ε ≤  and 0.002Zε ≤ . Therefore, probing down the two states of dark 
photon and dark DZ  in the decay channel J e eψ φ+ −→  is not possible be-
cause of the strong constraints on the model parameters. These results are valua-
ble to the scientific community to be aware of, so that no further investigation to 
be done in this direction. This by itself is a value will be added to the scientific 
community. It is impossible for the results to be tested in the future super tau-
charm factory. Even though, the study introduces a value by closing up the search 
in this direction because of the stringent constraints on the model parameters, as 
discussed above. 

Several alternative decay channels can be explored to probe the dark photon 
and dark ( DZ ), each offering complementary insights. Rare B -meson decays, 
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such as ( )B K ∗ + −→   , B π + −→   , and B νν+ −→   , are particularly sensitive 
due to their suppression in the SM and potential new physics contributions. Sim-
ilarly, rare kaon decays like K π νν+ +→  and 0

LK π + −→    are sensitive to 
dark sector particles. In the charmonium sector, modes such as J Xψ γ→ +  
and J ψ φ+ −→ +   allow for testing invisible or exotic final states. Tau decays, 
including DZτ µτ µν ν→ +  and DZτ γ→ + + , are also promising due to the 
tau’s mass and complex decay patterns. Furthermore, electron-positron annihila-
tion channels, such as De e Z γ+ − → +  and De e Z+ − + −→   , offer clean experi-
mental signatures, while hadronic decays like DZφ η→  and DZρ π→  utilize 
vector meson dominance. Higgs decays ( Dh ZZ→  or D Dh Z Z→ ) and direct 
dark photon decays ( DZ + −→    or DZ νν→ ) further expand the search across 
different mass and energy scales. Collectively, these channels provide diverse op-
portunities to explore the dark sector and refine constraints on DZ  and dark Z  
parameters. 

5. Conclusion 

In conclusion, we have analyzed the decay process J e eψ φ+ −→ , where EM tran-
sitions dominate at leading order with negligible contributions from hadronic 
loops. The branching ratio was estimated to be approximately 2.28 × 10−8, con-
sistent with the dominance of EM effects. The BESIII collaboration has set an ex-
perimental upper limit of ( ) 71.2 10B J e eψ φ+ − −→ < × . We explored the poten-
tial existence of new physics contributions, such as a dark photon or a dark Z , 
in this decay channel. Our findings indicate that constraints on these hypothetical 
particles are stringent, making significant enhancements to the SM branching ra-
tio within the current experimental limit unlikely. Therefore, investigating the two 
states of the dark photon and dark DZ  in the decay channel J e eψ φ+ −→  is 
not feasible due to the stringent constraints on the model parameters. The param-
eter space that is considered 0.001ε ≤ , 0.002Zε ≤ , and dark boson mass with 

( )2 : B KM Mµ − . Therefore, while this decay channel remains a useful probe for 
new physics, detecting signals for the dark photon or dark Z  in this context ap-
pears challenging. Alternative decay channels can be explored to probe the dark 
photon and dark ( DZ ) such as the decays of rare B -meson, kaon, charmonium, 
tau, exotic Higgs, as well as direct dark boson decays. 
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Appendix: Kinematics 

In this paper we calculate the decay process in Fig. 1 in the rest frame of the 
decaying particle J ψ  where it is momentum is give by ( )/ , 0,0,0JP M ψ= ,  
where for the other particles are 

1
1 e

P P −= , 
1

2 e
P P += , and 3P Pφ= . The scalar mul-

tiplication of the momenta are given as follows 

( )2 2
1 2 12

1 2 ,
2 eP P m m⋅ = −  

( )2 2 2
2 3 23

1 ,
2 eP P m m mφ⋅ = − −  

( )2 2 2 2
1 3 / 12 23

1 ,
2 J eP P M m m mψ⋅ = − − +  

2
1 1 1 2 1 3,P P P P P P P⋅ = + ⋅ + ⋅  

2
2 2 1 2 2 3,P P P P P P P⋅ = + ⋅ + ⋅  and 

2
3 3 1 3 2 3,P P P P P P P⋅ = + ⋅ + ⋅  

where 2
/JP M ψ= , 2

1 eP m= , 2
2 eP m= , and 2

3P mφ= . ( ) ( )222
12 1 2 3m P P P P= + = − , 

( ) ( )2 22
23 2 3 1m P P P P= + = − , and ( ) ( )2 22

13 1 3 2m P P P P= + = − . Also,  
2 2 2 2 2 2 2
12 23 13 / 1 2 3Jm m m M m m mψ+ + = + + + . The kinematical equations of the energy 

and momentum of this frame of reference are 
2 2 2

/ 1 23
1

/

,
2

J

J

M m m
E

M
ψ

ψ

+ −
=  

2 2 2
/ 2 13

2
/

,
2

J

J

M m m
E

M
ψ

ψ

+ −
=  

2 2 2
/ 3 12

3
/

,
2

J

J

M m m
E

M
ψ

ψ

+ −
=  

( )1 2 2 2
1 23

1
/

, ,
,

2 J

s m m
P

M ψ

λ
=  

( )1 2 2 2
2 13

2
/

, ,
,

2 J

s m m
P

M ψ

λ
=  

( )1 2 2 2
3 12

3
/

, ,
,

2 J

s m m
P

M ψ

λ
=                       (7) 

where ( ) 2 2 2, , 2 2 2x y z x y z xy yz xzλ = + + − − − . The differential decay rate will 
be calculated using this equation 

( ) 1

2 2 2
12 233 3

1 1d d d ,
322 H

M m m
Mπ

Γ =                  (8) 

with 
22 2 ,SM NP Z X

spin spin
M M M M M Mγ= + = + +∑ ∑            (9) 
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The limits of the kinematical variables. 

( ) ( )22 2
1 2 12 / 3 ,Jm m m M mψ+ ≤ ≤ −  

( ) ( )22 2
2 3 23 / 1 ,Jm m m M mψ+ ≤ ≤ −  

( ) ( )22 2
1 3 13 / 2 .Jm m m M mψ+ ≤ ≤ −                 (10) 
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