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Abstract Inthis paper, the dilepton electromagnetic decays
Xxcs(1P) — J/¥rete™ and x.y(1P) — Jyrutu™, where
XcJ denotes xco, xc1 and x.2, are calculated systemati-
cally in the improved Bethe—Salpeter method. The numerical
results of decay widths and the invariant mass distributions
of the final lepton pairs are given. The comparison is made
with the recently measured experimental data of BESIIL
It is shown that for the cases including eTe™, the gauge
invariance is decisive and should be considered carefully.
For the processes of x.;(1P) — J/y¥eTe™, the branch-
ing fraction are: B[x.0(1P) — J/yeTe™] = 1.061’8:};‘ X
1074, Blxc1(1P) — J/yete™] = 2.887039 x 1073, and
Blxe2(1P) — J/¥eTe™] = 1.747537 x 1073 The calcu-
lated branching fractions of x.;(1P) — J/¥u*u~ chan-
nels are: Blxco(1P) — J/yutu~] = 3.80702 x 107°,
Blxc(1P) — J/ypTp~] = 2.04703¢ x 1074, and
Blxaa(1P) — J/yutpn~1= 1667019 x 1074,

1 Introduction

The dilepton electromagnetic (EM) decays, M — M ;0™
where M and My are initial and final mesons, respectively,
are of significance in revealing the structure of hadronic states
and the mechanisms of the interactions between hadrons and
electromagnetic field [1-3]. As the EM decays are much
cleaner than hadronic decays, dilepton EM decay proces-
sions have been well studied in the light quark sector for
years [4]. In Ref. [5], the dilepton decays of unflavored light
mesons p, w, ¢, n,n’, 710, Jfo and ag are calculated to give the
dilepton spectra, which can be used to provide references for
experimental searches of such decays. However, there is still
little study of such decays in the charm and bottom sectors.
Recently, both BESIII [6,7] and LHCb [8] have observed
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the dilepton EM decays of x.; and 1 (3686), where x.;
refers to xc0, xc1 and x.2. By analysing the cascade decays
of ¥(3686) — xcsete™, xes — J/¥y and ¢ (3686) —
XeJV> Xes — J/weTe, the BESII Collaboration mea-
sured the branching fractions of x.; — J/yete™, which
are (1.5140.30+0.13) x 1074, (3.734£0.0940.25) x 1073,
(2.48 £ 0.08 & 0.16) & 1073 [6]. This has been gradually
bringing more attention on such decays.

The partial width of dilepton EM decays can be obtained
with the transition form factors of charmonia, which can be
calculated from QCD models. Similar to the form factors,
the partial width is Q-dependent, where Q is the invariant
mass of the final leptons. Based on this, the spectra of invari-
ant mass could be derived, which can provide more infor-
mation of the process and the inner structure of charmonia
involved. Meanwhile, the calculation of dilepton EM decays
are deeply related to radiative decays. When we take the
limit Q@ = 0, the transition form factors of this two elec-
tromagnetic decays should share the same value, which are
constrained by the Ward identity. In our previous researches,
the radiative decay channels have been well calculated for
multiple charm mesons, like x.1, X (3872) [9], B [10], etc.
In Ref. [9], the radiative decay channels were calculated for
Xc1(2P) as a charmonium candidate of X (3872), which has
been confirmed to be a P-wave charmonium by PDG.

The P-wave triplet states yx.; are mainly produced by
the radiative decay of ¥ (3686) [4]. Unlike 17~ charmo-
nium J /v and ¥ (3686), x.s are rarely produced directly
in the ete™ collisions. For charmonia below the D D thresh-
old, like ¥ (3686) and x.;(1P), the electromagnetic decay
modes become important. However, as the charmonia dis-
covered next to J/v and ¢ (3686), the decays of x.;7(1P)
are relatively less learned. Thus, theoretical calculations of
the EM decays of x.;(1P) based on QCD model may pro-
vide more information of the inner structure and mechanism
of charmonia. In this paper, we use the improved Bethe—
Salpeter (BS) method [11,12] to calculate the transition
amplitude. Recently, the relativistic correction within this
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formalism is also presented [13,14]. This method is widely
applied to the calculation of heavy meson physics [15,16].
The triplet states x.;(1P) are under the DD threshold and
have no OZI-allowed hadronic decays. Thus, EM decays,
especially the radiative process has rather large contribution.
In Ref. [17], the ratios between the branching fractions of
Xes — J/WeLTL~ processes and the corresponding radia-
tive decay channels are calculated by assuming the virtual
photons are on-shell, making the transition form factors con-
stant in the calculation. Here we will not use this assumption,
but calculate the decay widths and branching fractions of the
dilepton EM decay processes with the full range form factors
and hope to provide more comparable results.

This paper is organized as follows. In Sect. 2, we present
the theoretical formalism based on improved BS method and
give the form of the invariant amplitude and partial width. In
Sect. 3, we present the numerical results and make compari-
son with the experimental data. Finally, we give the conclu-
sions are provided Sect. 4. Some details of the Salpeter wave
functions are presented in the “Appendix”.

2 The formalism

Considering the Feymann diagram Fig. 1, the invariant ampli-
tude of x.y — J/¥£€*L™ can be written as:

M= Z—%ﬁe—ylﬂ)g#—(.’/w'yul)@]% M

where we have defined the invariant mass Q = /(P> + P3)2,
with P, and P3 being the momenta of the final negative-
charged and positive-charged lepton, respectively; e, =
e (eg = —%e) is the charge of the charm quark (anti-
quark). Within Mandelstam formalism, the hadronic matrix
element can be expressed as an overlapping integral over the
Salpeter wave functions of the initial and final mesons [9]:

€+

-

XeJ J/b

(a)

(J/ ¥ ly*Ixes)

d36]J_ ]b _7 1
:/ Tr{—w,;;,+(QL + =PrO)v e (g

P Vi 2
TS LA S )
Pf 2 f M P ’

where ¢ and ¢+ are the positive energy parts of Salpeter
wave functions of the initial and final heavy mesons, respec-
tively; P is the momentum of the initial meson; Py, =
Py — Plfz)f P with Py being the final meson momentum;
M is the mass of the initial meson. ¢ has the definition

g\ =q" - _(1;426]) P, (3)
where ¢ is the relative momentum between the quark and
anti-quark in the initial meson, more specifically,g = % (p1—
p>2) with p; and p, being the momenta of quark and anti-
quark of the initial meson, respectively.

The basic method to derive the explicit wave functions is
to take the instantaneous approximation to simplify the orig-
inal BS equation. This could reduce a four-dimensional BS
equation to three-dimensional solvable Salpeter equations.
Furthermore, as the negative energy part of the wave function
in the Salpeter equations has a rather small contribution [18],
only the positive energy part is included in our calculation.
The explicit form of wave functions involved in our calcu-
lation are directly given in the “Appendix”. For interested
readers, more detailed processes of deriving the functions as
well as solving the instantaneous BS equation can be found
in our previous papers [19-21].

The hadronic matrix element is reduced to several form
factors after finishing the overlap integrals. Here we give
the final forms of the hadronic matrix elements representing
the cases of 07T — 17—, 1Tt > 17— and 27T —» 1=~
respectively.

XeJ J/

£+

(b) e

Fig. 1 The dilepton Feynman diagrams for the x.; — J/¥ £ ¢~ transition
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(J/ 1" | xeo) = P*(P-ep)ti + Pf (P - et + elsts,
T/ 19" | xet) = €5%Pe1s Py Pyg(P - £ 1)s1

+ Puéévaﬂé‘lgé‘fvpa Pf,gSz

+ P;Lesvaﬁslgé‘fvpapfﬂ.%

+ Gﬂgmslgb‘fvpam,
(/9 1 v" | xea) = P*(P - £) P} Peeyuy 4)
+ P"Pfsl,Sguuz
+ PP - &y) P§ Plegyus
+ P}‘Pfs;es;vm
+ & P} PYecyus + Pree (P - £ p)ug
+ ngsﬂsl/m.
Here, #;, s; and u; are form factors. The polarization tensor of
Xc2 is represented by &¢,. €1 and & ¢ denote the polarization

vectors of x.1 and J /v, respectively. Note that in Eq. (4), the
form factors are not independent. Due to the Ward identity

(Pl = PO v xe)|
the following constraint conditions:

= 0, they are related by

b= — S (M2 = M1 + 1),
2 f
1
s4.= =5 (M = M7)(s1 + 52), ®)
U7 = 1 M? — M3
7= 2( f)(uz + ug).

After using the constraint conditions to replace f3, s4 and
u7, the hadronic matrix are parameterized with the left form
factors.

Summed up over the polarization, the squared amplitude
becomes

4 (47)%a?
SIMP = g(ﬂQ)z k™. ©)

The leptonic and hadronic tensor /,,, and h*" takes the fol-
lowing forms:

Q2
o ==L g + 4P PY + PYPY),
WY =Sy ke xes LvU 1 T/),
= 1 PP +y2 (PR P+ P PY)+y3 Pi Ph+yagh”,
)
where y; are functions that depend on the invariant mass

Q. The explicit form of y; are derived by summing up the
polarization vector(tensor) using following formulae:

novo KV
Z%)gm =81 >
A

. ®)
Ze&“) 0= T’gi" +8"g1) — 38l el
v PHPY . .
where gj‘_ =7 " g™ is defined. Here we give y; for
the xc0 — J/¥ €€~ case as an example:
(M2 + M2 _ Q2)2t2
yl = f ! - Mzt]tz
am? e
(M? = MH)(M? + M7 — 0Pt}
(MM Q*(M? +3M3 + 0%t
2 4M> ’
4 )
(M7M2)2t2 (Q2 2M2)2
_ f 2 (.2
BE T mz Me
f f
(M?> —Mp)2MF; — 0 ez
- 2
2M7
(M2 M2)2
V4 = — n (t1 + [2)

The decay width of a three-body process is given by

1 )
C2M | (n)R2E; (2m)32E,
d3P3

m<2n)45(4)(1° — Py — Py — Py)IM]2. (10)

The invariant mass spectra of final leptons has the form:

dr 1 1

= o JMMP, MG, QDA(Q2, M3, M

i 256n3M3Q/< 2 02(Q2, M3, M)
/dcos@|M|2, (11)

where 6 is the angle between the final lepton and the meson
in the center of mass of the lepton pair. A has the form:

Ax, y,2) = x>+ 2+ 22 — 2xy — 2yz — 2x2. (12)

3 Numerical results and discussions

In previous papers, we have solved the corresponding full
Salpeter equations for different mesons. In Ref. [22], we fixed
the parameters in the model by fitting the mass spectra of
charmonia and bottomonia. In this paper, we use the same
parameter values as those in Ref. [22]. The masses of mesons
involved are listed as follows:
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Fig. 2 The invariant mass 100
spectra for the decays
Xes — J/Wete . The ~ 10 ~ 10
experimental data for the decays S S
Xce12 = J/WeTe™ is shown in & ;8/ 1
d and e, where the histograms e 1 = —
are for the signal Monte-Carlo S -g -
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BESIII [6].
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My =3.097 GeV,
M, , =3.511GeV,

M,,, = 3.415GeV,

(13)
M, , =3.556 GeV.

By fitting the mass spectra of charmonia, the mass of con-
stituent charm quarks are set to m; = 1.62 GeV in our calcu-
lation. The mass spectra of lepton pair of x.; — J/¥ete™
processes are shown in Fig. 2. The horizontal axis repre-

sents the invariant mass Q = ,/ P22 + P2, and the verti-

cal axis represents the partial width. For each calculated
spectrum, a peak occurs near the lower limit of invariant

J P; + P = 2m,, similar to the spectra given

mass Q

@ Springer

(e) The spectrum for x.2 — J/ete™ by

BESIII [6].

by BESIII, whose vertical axis represents the number of
events instead. This could be understood from Eq. (6), where
the squared amplitude is proportion to 1/Q*, causing it to
increase rapidly at the lower limit. Besides, since the mass
of electron is four orders of magnitudes smaller than those
of the charmonia, the distribution of decay width gets a large
contribution when the invariant mass is small enough. This
indicates that the value of the form factors near the Q = 2m,
can bring large contribution to the results in our calculation.
Thus, it is necessary to increase the accuracy of the calculated
form factors at this range. At the range where the invariant
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Table 1 The decay widths and
branching fractions of dilepton
EM decays of x.; with eTe™ as
final leptons

Fig. 3 The invariant mass
spectra for the decays

Xes = J/Yut . The
experimental data for the decays
Xe12 = J/¥uTu” is shown in
d, e and f, where the histograms
are for the signal MC simulation

Decay mode I'(keV) B(x1073) Bexp (x1073)
Xeo — J/Yete” 1147917 0.106991° 0.15140.030 = 0.013 [6]
Xel = J/pete 2427040 2.88%0:%9 3.7340.09 + 0.25 [6]
X2 = J/Yete” 342108 1747922 2.4840.08 £ 0.16 [6]
.
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(€) Xe2 — J/Yptu. (d) The spectrum for x.1 — J/¥pTp~ by
BESIII [7].
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3100 z oF E
= S5t E
o T 4k =
=~ ~ = E
o 5 L Z 3 = =
& =k E
2 i l 2 ]
Y S L ;* E
0.3 0.4 0.2 0.3 04 0.5
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(e) The spectrum for yeo — J/putu~ by (f) The spectrum for X120 — J/yutu~ by
BESIII [7]. LHCb [8].

mass become larger, the curve flattens as the effect from phase by varying the (anti-)quark masses and parameters in the

space becomes dominant.

interaction potential by £10%.According to our numeri-

In Table 1, our numerical results of decay widths and  cal results, the .o — JyreTe™ process has the largest
branching fractions are given. The uncertainties are achieved ~ decay width while the x.o — Jy¥eTe™ process has the
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Table 2 The decay widths and
branching fractions of dilepton
EM decays of x.; with u™pu~

as final leptons

Table 3 The ratios of branching
fractions of x.; — J/¥putu~
and x.; — J/wete™

Decay mode I'keV)

B(x10~%)

Bexp (x1074)

xeo = J/yutu
Xet = J/ Yt

(4.107083) x 1072

+0.031
01717503,

(3.8070:) x 1072

+0.36
2.047538

<0217]
2.51£0.18 £0.20 [7]

Yoo = I/t 03270997 1667015 2.33:4£0.18 £ 0.29 [7]
Decay mode This work BESIII [7] Luchisky [17]
Blxeo — J/¥u*n~
B[[X‘O - J//pru +”_]] (x1072) 3.601001 <14 272

XcO —> ete .
Blxei — J /¥t n~
B[[X Lz J%“f ]](XIO‘Z) 7.08+0.03 6.73 £0.51 £ 0.50 5.93

Xel —> ete” .
B J/ it

e = J/VRT1T] o2y 9.541096 9.40 4 0.79 £ 1.15 7.36

Blxex — J/yete]

smallest. Meanwhile, the calculated branching fractions of
Xc0.1 — J/Wete™ processes are consistent with the exper-
imental data in the given uncertainties, while the calculated
result of x.o — J/¥eTe™ is comparable.

In Fig. 3, the invariant mass spectra of the muon pairs are
shown along with the results of BESIII [7] and LHCb [8].
The axes of spectra given by BESIII represent number of
events while the axis of the spectrum given by LHCb rep-
resents partial width. The curves given by LHCb are results
of simulation, which uses the model described in Ref. [5].
Our results are consistent with the experimental data qualita-
tively. Clearly, as the mass of a muon is much larger than that
of an electron, the peaks appeared at about 0.25 GeV in the
muon spectra are not so sharp. Compared to the experimen-
tal data, our muon spectra shares the same lower and upper
limit of invariant mass, while our peak are slightly lower than
the spectra given by LHCb. Our results of decay widths and
branching fractions for the x.; — J/¥ ™™ process are
shown in Table 2. The experimental branching fractions given
by BESIII [7] are also listed to make comparison. For the pro-
cess of xc0 — J /¥ ™, the experiment has only given the
upper limit of branching fraction. Our calculated result stays
within the given limits. The results of x.; — J/¥uTu™
also consist with those of the experiments. Though the cen-
tral value of x.o — J /vt ™ process is slightly smaller, it
is still consistent with the experimental data after the uncer-
tainties being considered.

Furthermore, the ratios between branching fractions are
given in Table 3. The theoretical uncertainties have been
reduced. The central values of our results of .. are
slightly larger than those of the experimental data provided
by BESIII, while our result of x.o is under the upper limit
of experimental data. Generally, the branching fractions of
Xes — J /W ut ™ are about one order of magnitude smaller
than that of x.; — J/¥ete . In Ref. [17], the same pro-
cesses are calculated with a relation between dilepton decays
and radiative decays. The relation was given by Ref. [5],

@ Springer

in which the transition form factors was derived based on
the Vector Meson Dominance (VMD) model within the con-
straints from quark counting rules. Generally, their results
are relatively smaller to the central values of experimental
data given by BESIII.

4 Summary

In this work, the dilepton EM decays between x.; and J /v
is studied with the improved Bethe—Salpeter method. Our
results were compared with the recent BESIII experiments,
the distribution of x.1» — J/¥ €€ are consistent with
the experimental spectra qualitatively, showing the suitabil-
ity of our method. For the process of x.0.1 — J/ YeTe™ and
Xes — J /W™, our calculated branching fractions con-
sist with experiments under the given uncertainties, while the
result of x.o — J/¥eTe™ channel is comparable. Further-
more, the ratios of branching fractions are given to reduce the-
oretical uncertainties. The ratios have given good agreements
with the experimental data of BESIII. So far, the explicit data
of the involved channels has only been measured by BESIII,
further comparison could be made with more experiment in
the future.
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Appendix: Bethe-Salpeter wave function

In the previous section, we have discussed how to derive the
invariant amplitude and decay width. But to get the numerical
results of a specific decay channel, the explicit Salpeter wave
functions of the mesons involved are necessary.

For the 07 (3 Py) state, the positive energy part of the wave
function takes the form [19]:

P
9o (qL) = Ai(qL) + MAz(qU + %Aa(ﬂ)
P
) (14)
where
(01 + n)g? my + ma
PG ]
2(miwy + mowy) w| + w2
(my —m2)q? my +my
A = —[ + ]7
g 2(miwy + mowy) Jai w| + w2 Jaz
M mi +my
=] }
3 B fal w1 + fa2
Mt w;+ w
As= S fur + f, (1s)
mi + moy

In our expressions above, P and M denote the momentum
and mass of the meson, while g denotes the relative momenta
of the quarks. m (m2) and w; (wz) denotes the mass and
energy of the constituent quark (anti-quark), respectively.
Note that we have m| = m» for the charmonia. These rep-
resentation are used likewise in our expressions below. f;
(i = 1, 2) are the radial wave functions, which are obtained
by solving the Salpeter equations of the 0T state.

For the 17+ (3Py) state, the positive energy part of the
wave function is [19]:

(p]++(CIJ_) 16;/,1)0{/3 QJ_gfy
P q.
B —B —B
X[ I(C]J_)‘I‘M 2(q1) + v 3(q1)
P
qLBmu] (16)
where
1 w1 + @

B =~
1 2[fb1+ m sz],

1rmy +mo
e )
2 3L oor oo o1 + f2
M —
By = (w1 — w2) B
miwy + mawi
M
By = _ Mimi+m2) o (17
miwy + maywi
foi G = 1,2) are the radial wave functions obtained by

solving the Salpeter equations of the 117 state.
The positive energy part of the wave function of the 2T
(2 P3) state is written as [20]:

i =enqlql [Cl (qL)

q.

s Catan + B ey + PqL@(qL)}

+ Me,p* ql[cs(tu)—i- PC6(C]J_)+q Cy(q1)

N cg(qu} (18)

where

1
C = 2
1 M 1o - oD [(1 + @2)q7 fe3
+ (m1 +m2)q7 fes +2M*w) fos — 2M*m> foe].
1

Cy = m
2 2M (miwr + mowy) [( !

+ (@1 — 02)q7 fes +2M*m3 fos — 2M* w5 fu6),

—m2)q? fe3

c _1‘f Lmtm 2M? p
3= 2_ c3 ] + @y c4 miwy + maw c6 |
1] w1 + w 2M?
Cp=-| — + - ,
4 2_m1+m fc3 fc4 m1w2+m2w1f65
1 w1 + wy
Cs = — —
5=3 Jes —— fcs]
1_ mi + my
Cp = —
6 2l o o fc5+f66}
M  w —w w1 + wy
ChH=——ou-— = _
! 2 miwy + moawi |:ch miy + myp fC6i|
M  m;+m w1+a)2
Cg = ——[ Jes + fc6i| (19)
2 miwy + mawi

fei (i =3,4,5,6) are the radial wave functions of the 2*+
state.

The positive energy part of the wave function of the 1™
(3S)) state has the form [21]:

0 @) =g -ep) [D1(qi) + %Dz(CIl)
f
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+ q—ng(qi) + Prdy

D4(Qi)}
Mf Mf

+ Myg s [Ds(qi) + %Dﬁ(qi)

I p + Py, (20)
My M
where
Dy = ! [(@1 + w2)q fa3
2M ¢ (mywy + mawy)
+ (m1 +m2)q? fas + 2M 7 (@2 fas — ma fae)].
Dy = : [(m1 —m2)q? fa3
2M f(miwy + mawy)
+ (@1 — 027 fas — 2MF(m2 fas — w2 fas) )
_ 2
1 mi + mp 2Mf
D3 = — —+ — ,
) _fd3 + wp miwy + mawi Jas
_ 2
1| w1 +w 2Mf
Dy = — —+ . — s
4= 3 ot Jaz + faa 1o 1 a1 Jas
1] w1 + o
Ds = ~| fas — ,
5 =3 _de o fd6:|
1 my+ms
D — 5 = )
6 | et fd5+fd6:|
M w] — w2 w1 + w)
pols e [ oo, )
2 miwr + mywi miy + my
M my +my w1 + w>
Dg = —f—[ — fas + —fd6:|~ 2D
2 miwr + mow mi +my

fai (i = 3,4,5,6) denotes the radial wave functions of the
1~ state.

In our expression above, the definition w; =, /ml.2 — ql.zL

(wj =/ ml2 — qﬁ_ in the wave functions of the final meson
J /) is used.

@ Springer

References

—

. L.G. Landsberg, Phys. Rep. 128, 301 (1985)

2. J.Fu,H.-B.Li, X. Qin, M.-Z. Yang, Mod. Phys. Lett. A 27, 1250223

10.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.

22.

(2012). arXiv:1111.4055 [hep-ph]

. H.-B. Li, T. Luo, Phys. Lett. B 686, 249 (2010). arXiv:0911.2067

[hep-ph]

. M. Tanabashi et al., (Particle Data Group), Phys. Rev. D 98, 030001

(2018)

. A.Faessler, C. Fuchs, M.I. Krivoruchenko, Phys. Rev. C 61, 035206

(2000). arXiv:nucl-th/9904024 [nucl-th]

. M. Ablikim et al., (BESIII), Phys. Rev. Lett. 118, 221802 (2017).

arXiv:1701.05404 [hep-ex]

. M. Ablikim et al., (BESIII), Phys. Rev. D 99, 051101 (2019).

arXiv:1901.06627 [hep-ex]

. R. Aaijj et al.,, (LHCb). Phys. Rev. Lett. 119, 221801 (2017).

arXiv:1709.04247 [hep-ex]

. T.-H. Wang, G.-L. Wang, Phys. Lett. B 697, 233 (2011).

arXiv:1006.3363 [hep-ph]

W.-L. Ju, T. Wang, Y. Jiang, H. Yuan, G.-L. Wang, https://doi.
org/10.1088/0954-3899/43/4/045004, arXiv:1511.03805 [hep-
ph] (2015)

E.E. Salpeter, H.A. Bethe, Phys. Rev. 84, 1232 (1951)

E.E. Salpeter, Phys. Rev. 87, 328 (1952)

C.S. Kim, G.-L. Wang, Phys. Lett. B 584, 285 (2004) (erratum:
Phys. Lett. B 634, 564, 2006). arXiv:hep-ph/0309162 [hep-ph]

T. Wang, G.-L. Wang, H.-F. Fu, W.-L. Ju, JHEP 07, 120 (2013).
arXiv:1305.1067 [hep-ph]

X.-Z. Tan, T. Wang, Y. Jiang, S.-C. Li, Q. Li, G.-L. Wang, C.-H.
Chang, Eur. Phys. J. C 78, 583 (2018). arXiv:1802.01276 [hep-ph]
Z.-K. Geng, T. Wang, Y. Jiang, G. Li, X.-Z. Tan, G.-L. Wang, Phys.
Rev. D 99, 013006 (2019). arXiv:1809.02968 [hep-ph]

A.V. Luchinsky, Mod. Phys. Lett. A 33, 1850001 (2017).
arXiv:1709.02444 [hep-ph]

Z.-H. Wang, G.-L. Wang, C.-H. Chang, J. Phys. G 39, 015009
(2012). arXiv:1107.0474 [hep-ph]

G.-L. Wang, Phys. Lett. B 650, 15 (2007). arXiv:0705.2621 [hep-
ph]

G.-L. Wang, Phys. Lett. B 674, 172 (2009). arXiv:0904.1604 [hep-
ph]

G.-L.  Wang, Phys. Lett. B
arXiv:math-ph/0512009 [math-ph]

C. Chang, G. Wang, Sci. China Phys. Mech. Astron. 53, 2005
(2010). arXiv:1003.3827 [hep-ph]

633, 492 (2006).


http://arxiv.org/abs/1111.4055
http://arxiv.org/abs/0911.2067
http://arxiv.org/abs/nucl-th/9904024
http://arxiv.org/abs/1701.05404
http://arxiv.org/abs/1901.06627
http://arxiv.org/abs/1709.04247
http://arxiv.org/abs/1006.3363
https://doi.org/10.1088/0954-3899/43/4/045004
https://doi.org/10.1088/0954-3899/43/4/045004
http://arxiv.org/abs/1511.03805
http://arxiv.org/abs/hep-ph/0309162
http://arxiv.org/abs/1305.1067
http://arxiv.org/abs/1802.01276
http://arxiv.org/abs/1809.02968
http://arxiv.org/abs/1709.02444
http://arxiv.org/abs/1107.0474
http://arxiv.org/abs/0705.2621
http://arxiv.org/abs/0904.1604
http://arxiv.org/abs/math-ph/0512009
http://arxiv.org/abs/1003.3827

	Study of the dilepton electromagnetic decays of χcJ(1P)
	Abstract 
	1 Introduction
	2 The formalism
	3 Numerical results and discussions
	4 Summary
	Acknowledgements
	Appendix: Bethe–Salpeter wave function
	References




