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Abstract: We explored a new approach to search for a low-mass  particle through  decays by identifying its
existence  through  parity-violating  phenomena  in  the  isospin-violating  final  states  of  and  the  corresponding
charge conjugated states of .  Our investigation centered on a generation-independent and leptophobic  with
mass below 10 GeV. Given the present experimental conditions at Beijing Spectrometer III (BESIII) and the anticip-
ated opportunities at the Super Tau Charm Factory (STCF), we conducted Monte-Carlo simulations to predict pos-
sible events at both facilities. Notably, we foresee a substantial enhancement in the precision of the lower limit es-
timation of  as well as a reduction in statistical uncertainty with upcoming STCF experiments. Furthermore, it is
essential to highlight that a null result in the measurement of  would impose stringent constraints, requiring the

 couplings to be in the order of .
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As an extra neutral U(1) gauge boson,  manifests it-
self in many extensions of the standard model (SM), such
as  the  Grand  Unified  Theories  (GUTs)  [1−8],  heterotic
string  theory  [9],  left-right  symmetric  models  [10−14],
and  gauged  B-L  models  [15−17].  Searching  for  such  a
gauge boson helps us to gain more insight about the fun-
damental  theory  beyond  the  SM.  Experimentally,  direct
searches for the  boson are conducted in various types
of high energy colliders, including  colliders such as
LEP,  and  hadron  colliders  such  as  Tevatron  and  LHC.
Various  mass  ranges  of  are scanned,  and  the  coup-
lings of  with both leptons and quarks are constrained.
In  the  case  of  leptonic  collider  searches,  the  agreement
between  LEP-II measurements  and  SM  predictions  re-
garding the cross-section of  implies that either

 GeV or that the  couplings with leptons are
smaller than  [18−20]. Stronger constraints have also
been found  through  dark  photon  searches  in  various  ex-
periments [21−24]. The limit on the couplings between 
and  leptons  is  approximately . Besides,  some  indir-
ect searches through neutrino-electron scatterings are also
proposed and  severe  constraints  are  established  on  vari-
ous neutrino experiments [25, 26].

These searches  have  led  to  the  study  of  the  lepto-
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Z′

Z′

phobic  boson, which interacts exclusively with quarks
and  is  extensively  searched  on  hadronic  colliders.
Through  extensive  scanning  of  the  dijet  mass  spectrum,
upper limits on the  couplings have been established by
the  CMS  collaboration  in  the  mass  range  from  several
TeV  down  to  10  GeV  [27−31].  For  bosons  with
masses  below  10  GeV,  comprehensive  explorations  on
the hadron colliders are limited owing to significant back-
ground  interferences.  While  some  progress  has  been
made  through  nonstandard  quarkonium  decays  [32−35],
there remains a pressing need for additional strategies to
comprehensively investigate this specific low mass range.
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To  address  this  critical  research  gap,  we  propose  to
conduct  the  search  for  the  boson  on  lepton  colliders,
such as  Beijing  Spectrometer  III  (BESIII)  and  the  forth-
coming Super Tau Charm Factory (STCF), which have a
very clean background as well as a large volume of data
samples. The BESIII collaboration achieved a significant
milestone, accumulating a staggering amount of 
events by 2019, with many of these events producing po-
larized  baryon-antibaryon  pairs  [36]. Leveraging  the  en-
tanglement  of  final  states  has  enabled  the  extraction  of
observables at an unprecedented level of accuracy, offer-
ing  an  excellent  platform  for  probing  new  physics  (NP)
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Z′
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phenomena  [37, 38]. Moreover,  the  future  STCF  is  de-
signed to take  data, corresponding to 
events  per  year  [39],  promising even higher  precision in
relevant  processes.  One  of  the  models has  been  pro-
posed  to  relieve  the  tensions  in  the  and

 branching  fractions  with  fitted  pion  form
factors [40]. In this study, we focused on parity violation
in  and  its  charge  conjugate.  Dominated  by  a
single virtual  photon  exchange,  the  nonperturbative  ef-
fects stemming from gluon exchanges in such decays are
comparatively  suppressed,  allowing  for  a  factorizable
amplitude at the first order in theoretical calculations [41,
42].  Furthermore,  the  SM  prediction  for  parity  violation
in  vanishes, leading  to  a  clean  back-
ground for the detection of .  The BESIII collaboration
has  recently  analyzed CP violation  in  [43].
They have measured the ratio between electric and mag-
netic  form  factors  with  high  precision,  demonstrating
their capability  to  accurately  reconstruct  decay  distribu-
tions. However,  their  study  assumed  spatial  inverse  par-
ity symmetry,  a  constraint  we  have  relaxed  in  our  re-
search, representing the main contribution of our study.

αNP
J/ψ→ ΛΣ0

αNP

The parity violating effect is characterized by the po-
larization  asymmetry  parameter  for  the  decay  of

. Experimentally,  is available from the an-
gular distribution as follows: 

1
Γ

∂Γ

∂cosθp
= 1+αNPαΛ cosθp = 1+αcosθp , (1)

αΛ = 0.748(7) Λ→
pπ− θp p⃗Λ p⃗p

αNP

where  is  the asymmetry parameter in 
 [31] and  is the angle between  and  defined

at the rest frames of Λ. Theoretically,  is defined as 

αNP =
|h++|2+ |h+−|2− |h−+|2− |h−−|2
|h++|2+ |h+−|2+ |h−+|2+ |h−−|2

, (2)

hλλ J/ψ→ ΛΣ0

λ Σ
0

|hλλ|2 =
|h−λ−λ|2 αNP = 0

αNP

where  are the helicity amplitudes of , with
λ and  representing  the  helicities  of  Λ and , respect-
ively.  When  parity  symmetry  holds,  we  have 

 and  consequently .  Therefore,  a  nonzero
value of  indicates the violation of parity symmetry.

J/ψ→ Σ0Λ(→ pπ+)
(αNP,αΛ,α) (αNP,αΛ,α)

αΛ
Λ→ pπ+

−0.757(4)

Λ→ pπ−

α± = (α±α)/2
α+ α−

10−3

Additionally,  the  angular  distribution  for  the  charge-
conjugate  process,  namely, ,  is  given
by  simply  substituting  for  in  Eq.
(1). It is important to note that  denotes the asymmetry
parameter  for ,  with  a  measured  value  of

 according  to  the  Particle  Data  Group  (PDG)
[31].  Under  the  assumption  that CP symmetry is  con-
served in the decay of ,  we constructed the CP-
even  and CP-odd  observables  as .  It  is
worth highlighting that within the SM, both  and  re-
main  below the  threshold  of . Furthermore,  by  con-
sidering two fold cascade decays, such as those depicted

in Fig. 1, more observables can be extracted.

Z′

J/ψ→ ΛΣ0

(ūγµγ5u− d̄γµγ5d)
c̄γµc

We adopt the general effective Lagrangian describing
the  boson, as prescribed by the PDG [31]. In the con-
text  of  the  decay process,  our  analysis  fo-
cused  exclusively  on  the  isovector-axial  vector  current,
denoted  as ,  and  the  vector  current  of

. Consequently, the effective Lagrangian tailored for
our investigation is as follows: 

Z′µ
[
gA

(
uγµγ5u−dγµγ5d

)
+gVcγµc

]
+C , (3)

gA = (gR
u −gR

d )/4 gV = (gR
u +gL)/2

c̄γµc
J/ψ

u,d
gA

gV

α− = 0
C Z′

Z′

J/ψ→ Z′∗/γ∗→ ΛΣ0

AZ′/γ

where  and  represent  the
pertinent  coupling  constants.  The  vector  current  is
dictated  by  the  annihilation  of ,  and  the  axial  vector
currents of  quarks are considered to introduce parity
violation.  Owing  to  the  requirement  of  Hermiticity, 
and  must  be  real,  thereby  ensuring CP conservation
and . Other  terms  in  the  Lagrangian  are  collect-
ively designated as and do not affect the detection of .
In the presence of such a  boson, parity violation arises
from the interference between amplitudes associated with

.  These  amplitudes  are  labeled  as
 and, at  the  first  order,  they  are  expressed  as  fol-

lows: 

AZ′ = 2gAgV fψMψS Z′ϵµ⟨ΛΣ
0|uγµγ5u|0⟩ ,

Aγ =
8
3
παem

fψ
Mψ

ϵµ⟨ΛΣ
0|uγµu|0⟩, (4)

S Z′ = (M2
ψ−M2

Z′ + iΓZ′MZ′ )−1

Z′ MZ′ (ΓZ′ )
fψ Mψ

J/ψ αem

αNP

where  is  the  propagator  of
,  and  corresponds  to  its  mass  (decay  width).

Here,  and  represent  the  decay  constant  and  mass
of ,  respectively,  while  denotes  the  QED  fine
structure constant. Incorporating the interference between
amplitudes outlined in Eq. (4), we obtain a first-order ap-
proximation  of  the  polarization  asymmetry  as fol-
lows: 

αNP =
3gAgV

2παem

1− r
(r−1)2+ y2

F0 ∝
2|AZ′ |
|Aγ|

, (5)

 

J/ψ→ Λ(→ pπ−)Σ
0
(→ Λγ)Fig. 1.    Decay distributions of .
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where the ratios of  and  are expressed as
r and y, respectively. It is crucial to emphasize that  de-
pends  only  on  the  ratios  of  the  timelike  baryonic  form
factors,  which  reduces  certain  uncertainties.  We  adopt

 from the  model, which aligns well with ex-
perimental  measurements,  as  detailed  in  Ref.  [41]. Ow-
ing to  the  computation of , which requires  a  compre-
hensive knowledge of the effective Lagrangian and intro-
duces additional  unknown  coefficients,  and  the  observa-
tion that the dependence of  on  can be safely neg-
lected  under  the  narrow  width  assumption,  we  opted  to
set  in the subsequent evaluation.

Z′

Nevent = NJ/ψ×BΛΣ0
+c.c
× ϵ

NJ/ψ J/ψ
B
ΛΣ

0
+c.c

2.83×10−5 ϵ

NJ/ψ 1010

3.4×1012

ΛΣ
0

ΛΣ0

ϵ = 0.2

αNP = 0.02

Nevent

αNP

We can now evaluate the discovery potential of the 
boson, both within the existing BESIII experiment and in
anticipation  of  future  experiments  at  STCF.  The  total
number  of  events  is  given  by ,
where  represents  the  number  of  produced 
particles,  is  set  as ,  and  denotes  the
detector efficiency for the considered final states. For BE-
SIII and STCF experiments,  is  estimated to be 
and ,  respectively  [36, 39]. The  detector  effi-
ciencies at BESIII for  and  are 17.6% and 21.7%
[42], respectively. We set  in the following for the
sake of simplicity. We also adopted a theoretical value of

,  which is  well  within the reach of  the  BESIII
experiment and can be easily surpassed by STCF. Based
on  the  anticipated  number  of  events,  given  by ,
along  with  the  specified ,  we  conducted  simulations
on the  angular  distribution  using  the  Monte  Carlo  meth-
od.

|cosθ| = 0.9
The  simulation  data  are  listed  in Table  1,  where  we

have set  the detector endpoints as .  We show
both the simulation and fitting results in Fig. 2.

χ2We adopt the minimum  fitting method for the sim-
ulation data, where the fit function is given as
 

χ2 =
∑
θ

Ç
Nsim

event−N theory
event (αNP,Nfit)

tot. err×N theory
event

å2

,

tot. err =
»

sys. err2+1/Nsim
event, (6)

(αNP,Nfit)

where  the  systematic  uncertainties  in  event  numbers  are
assumed to be 5% at BESIII and 1% at STCF, with ndf =
7 in both cases.  The fitted values for  were ob-
tained from 

∂χ2

∂αNP
= 0,

∂χ2

∂Nfit
= 0 (7)

χ2/ndf = 1.18,2.27resulting in  for BESIII and STCF, re-
spectively.  The  uncertainties  are  given  by  the  inverse  of
the covariance matrix; 

(V−1)i j =
1
2
∂2χ2

∂ai∂a j
, Vii = σ

2
i (8)

 

Table 1.    Monte-Carlo simulation data  for  both BESIII  and
STCF.

Event numbers

cosθ BESIII STCF

(−0.9, −0.7) 5998±77stat. ±300syst. 2110070±1453stat. ±21101syst.

(−0.7, −0.5) 5809±76stat. ±290syst. 2124759±1458stat. ±21248syst.

(−0.5, −0.3) 6409±80stat. ±320syst. 2157609±1469stat. ±21576syst.

(−0.3, −0.1) 6511±81stat. ±326syst. 2152493±1467stat. ±21525syst.

(−0.1, 0.1) 5732±76stat. ±287syst. 2097168±1448stat. ±20972syst.

(0.1, 0.3) 5931±77stat. ±297syst. 2184067±1478stat. ±21841syst.

(0.3, 0.5) 6190±79stat. ±310syst. 2119242±1456stat. ±21192syst.

(0.3, 0.7) 6731±82stat. ±337syst. 2198185±1483stat. ±21982syst.

(0.7, 0.9) 6001±77stat. ±300syst. 2201041±1484stat. ±22010syst.

 

Fig. 2.    (color online) Simulation results for (a) BESIII and (b) STCF; the systematic uncertainties are assumed to be 5% and 1%, re-
spectively.
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a1,2 αNP,Nfit σ1

αNP

where  represents  respectively,  and  is  the
standard deviation for .

αNP = 0.030±0.044 αNP = 0.027±0.009

χ2/ndf

Z′

αNP

As shown in Fig.  2,  the  fitted  results  for  BESIII  and
STCF  are  and ,
where the error is mainly statistical. Taking the goodness
of  fit  of  into  consideration,  the  significances  are
0.8σ and  2.2σ for BESIII  and  STCF,  respectively.  Fur-
thermore,  with  the  anticipated  significant  improvements
in both  statistical  and  systematic  precision  at  the  forth-
coming  STCF,  the  prospects  for  detecting  the  boson
become much more promising, even for smaller values of

.

Z′

αNP

It is important to recognize that such an exploration is
significant, even if no strong signal is detected. In such a
case, stringent constraints on the gauge coupling of  re-
lative to its mass are established, taking into account the
promising precision of  measurements  at  BESIII  and
STCF. These constraints are depicted in Fig. 3.

√
gVgA

10−2 ∼ 10−1

Z′

MJ/ψ

gZ′

U(1)′

d− xu Z′

In Fig.  3(a),  we  consider  a  model-independent scen-
ario,  where  the  exclusion  regions  are  clearly  depicted
above the solid lines. Our constraints on  span the
range of , which surpasses the existing bounds
established  by  the  CMS experiment  [28−30].  It  is  worth
noting that the mass of the  boson exerts only a minim-
al  influence  on  the  exclusion  curves,  with  the  exception
being  the  vicinity  of .  For  specific  models,  we  can
derive  constraints  on  the  gauge  coupling ,  provided
that  we have knowledge on the quantum numbers of the

 gauge  group.  As  an  example,  let  us  consider  the
 model,  in  which  the  couplings  between  and

quarks are expressed as [31] 

gR
u = −

x
3

gZ′ , gR
d =

1
3

gZ′ , gL = 0, (9)

αNP

Z′

where x can  be  any  rational  value.  In Fig.  3(b),  we
present  the  excluded  parameter  space  for  various  values
of x,  assuming  an  upper  limit  of  at 0.02.  Our  ap-
proach is a valuable complement to other research efforts
when studying  bosons with masses below 10 GeV.

Z′

Z′

10−2 10−1

Z′

Z′

Z′

In conclusion, we have explored a new possibility of
discovering  the  boson  with  a  mass  below  10  GeV,  a
range currently accessible at BESIII. Our simulations in-
dicate  that  these  signals  could  be  detected  at  BESIII,
provided that  the  systematic  uncertainty  is  further  re-
duced. There is also potential for improved signal detec-
tion  at  the  future  STCF.  If  no  clear  signal  emerges,  we
can still  derive useful information by establishing gener-
al constraints on the couplings of the  boson to quarks,
typically falling within the range of  to , regard-
less  of  the  mass.  Our  approach  offers  a  competitive
and  complementary  method  for  the  detection  of  the 
boson with a mass below 10 GeV. Even in less favorable
scenarios, valuable  contributions  are  expected  concern-
ing  the  constraints  on  the  couplings  of  the  boson  to
quarks in the low mass range. 
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