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Introduction

In this work, we have studied the produc-
tion of ground and excited axial charmonia
(he(nP),n(w'S)), and (xe1(nP), he(n' P))[1]
for n,n’ = 1,2 in e"e™ annihilation at /s =
10.6GeV in Bethe- Salpeter (BS) framework,
which proceeds through the exchange of a vir-
tual photon on lines of our earlier work [2].
We are studying the processes, e" et — v* —
hene and e~ et — 4* — .1 he, both involving
four leading-order (LO) Feynman diagrams
proceeding through colour-singlet channels,
one of which is shown in Figure 1. In these di-
agrams, there exists a gluon exchange between
two of the quark lines, with the photon-quark-
antiquark vertex denoted as ieqy,.

Double Charmonium Production

For the process, e"et — h.n., P and
P’ represents the external momentums of h,
(177) and 7. (0~T) respectively. As the am-
plitudes for all diagrams are identical, the to-
tal amplitude (Mjy;) for the process is four
times that of the Feynman diagram in Fig-
ure 1. For the initial process, e“et — h.ne,
we can formulate the invariant amplitude M,
using one-loop momentum integral, shown in
Figure 1 as follow:
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FIG. 1: One of the two leading order Feynmann
diagrams contributing to production process.

where, F5 is the color factor, defined as Fio =
%/\1.%/\1 = %, €Q = %6, and k = p1 + D2.
The 3-D structures of BS wave-functions,

qu(d)v \I’A/(‘j) and \I/p((j/) (fOI" Xet, he and ne.
respectively) are as follows:

Ya(d) = Narslido+ o + 27 1g.(9),
Yar(@) = Nas(@ )M +ip + 20151, q)

Yp(q) = Np {M —ip + 2m 150p(q) (2)

where the scalar functions ¢4(g), ¢/,(§) and
¢p(q') are determined as analytical solutions
to the mass spectral equations for y.i(17F),
he(177) and 7.(0~ 1) mesons, as presented in
[3]. After completing the trace calculations
and integral evaluations, we’ve obtained the fi-
nal expression for spin-averaged invariant am-
plitude modulus squared, denoted as |Mg;|?,



as follows:
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In this context, m., and m. respectively de-
note charm quark mass, and electron mass.

S

We have also used the formula k? = -1
Here, & = (B} + B3 — 4B.?), & = 2B1 By,
& = —2(By — By)By and & = (M?B; —
M"By)(By —By)—B,*+5 By By. And By, Bo,
etc. are the analytical expressions having the
solved integrals.

Process (e et —) BSE-CIA [4] [5] [6]
he(1P)n.(15)  0.3265 0.73 0.308 0.20
he(1P)no(28)  1.2137 0.99 0.128
he(2P)ne(1S)  1.0111 0.48
he(2P)n.(25)  3.8046  0.65

TABLE I: Cross sections (in fb) for e”et —
he(nP)ne(nS) (n = 1,2) from the BSE-CIA cal-
culations and comparison with other models.

Similarly, for the process e”e™ — xc1he,
the spin-averaged invariant amplitude modu-
lus squared is as follow:
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where [TR] + [TR] = sin®0 ki +

16
51/2 sin @ cos 0 ko + %(H—cos2 0) ks +1(2m?2 —
s) k4. Again, the terms ki, ko, .... are the
analytical expressions constituting the trace
terms and integrals. Hence, the total cross-
section for both the processes can be calcu-
lated as follows:

1 5 T2
o= W\Pﬂ/dcosﬂMm . (B

The calculated cross sections for e"et —

Process (¢ et —) BSE-CIA [4] [6] [5]
Xei(IP)ho(1P)  0.1124 1.0 0.096 0.258
Xei(IP)he(2P)  0.2519 1.4
Xe1(2P)he(1P)  0.1497
Xe1 (2P)he(2P)  0.4122

TABLE II: Cross sections (in fb) for e”e™ —
Xe1(nP) he(n'P) (n = 1,2) from the BSE-CIA
calculations and comparison with other models.

he(nP)ne(n'S) and e~et — xo1(nP)he(n'P),
where n,n’ = 1,2 along with results of other
models[4? —6] are presented in Table I and
Table II.

Discussion

It can be seen that our results of cross sec-
tions for both the production processes in Ta-
bles 1, 2 studied here align reasonably with
predictions of NRQCD [5] and Relativistic
quark model (RQM) [6], but varies from [4].
The accuracy of theoretical predictions across
different models can only be assessed when ex-
perimental data becomes accessible. Hence,
our predictions for these cross sections could
prove valuable in the context of future exper-
iments at B-factories, since h¢, 7., and x.1, he
production might provide opportunities for
observing h. with higher statistics in future.
Their plots of cross sections [1] versus /s show
o scaling as ~ 1/4/s at high energies.
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