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To understand the J/w + X, oncz production mechanism in eTe™ annihilation, in this work, we
propose to measure the cross section for J/y production without the association of a charm quark pair
without any constraint on the number of charged tracks in the final state events except for the u*pu~
from J/y decay, which we will refer to here as J/y production with light hadrons at B factories. We
also present a detailed study on its QED background due to w(2S) feed-down, where the w(2S5) is
produced through ete™ — w(2S) +y and ete™ — w(2S) + ff (f = lepton, light quark), as well as
those due to the QED contribution to the direct J/y + gg production with ¢ = u, d, s quark. We find
that the QED background is huge in the whole phase space region; however, it can be largely reduced
when a suitable kinematic cut condition on p,,, and 0,,, is implemented, where p,/,, is the momentum
of J/y and 6, , is the angle between J/y and the e e~ beam. In the range of 7/9 < 6,,, < 87/9 and
Py > 3 GeV, the cross section of the QED background is of the same order as that of the QCD
contribution. Therefore, studying the J/y production with light hadrons is helpful to clarify the J/w

production mechanism at B factories.

DOI: 10.1103/PhysRevD.100.114025

I. INTRODUCTION

The development of the nonrelativistic QCD
(NRQCD) effective field theory [1] provides a powerful
tool to study the production and decay of heavy
quarkonium states that are constituted by one heavy
quark (Q) and one heavy antiquark (Q). The virtual
difference between NRQCD factorization formalism
and the conventional color-singlet model (CSM) is that
NRQCD factorization includes the contribution of the
QO state in the color-octet (CO) configuration, which is
referred as the CO mechanism (COM). The role of
COM has been extensively studied in various high
energy experiments; for reviews, see Refs. [2-4].
Among them, the J/y production in eTe~ annihilation
at B factories (BABAR and Belle) has attracted con-
siderable attention.

On the experimental side, the inclusive J/y production
was measured by the BABAR [5] and Belle [6] collabora-
tions in 2001. The Belle Collaboration further divided the

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2019/100(11)/114025(10)

114025-1

inclusive J/y production rate into two pieces, ete™ —
J/w+ce+X and ete™ - J/y + Xponee 18.9]. The lat-
est results reported by the Belle Collaboration were [9]

olete” = J/y+X) =1.174+0.02+£0.07 pb, (la)
olete™ = J/y+ce +X) =0.74 £ 0.087% pb,  (1b)
olete” = J/y+Xponce) =0.434£0.094+0.09pb.  (Ic)

For J/w + c¢¢ + X production, the CO contribution was
found to be very small [10] and there were large discrep-
ancies between Belle measurements and NRQCD predic-
tions at leading order (LO) in a, and v [10-12], where v is
the relative velocity between ¢ and ¢ in the meson rest
frame. These puzzles were largely resolved after taking into
account the next-to-leading order (NLO) QCD corrections
[13,14] and relativistic corrections [15]. On the contrary,
for J/w + X,oncz production, the CO contribution from the

ete” - cE(lS([)s], 3P?]) + g process was found to be even

"The J/w + ¢t + X production includes both J/y in
association with the charmed hadron pair and double
charmonia production. The latter was also studied by the BABAR
Collaboration [7].
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larger than that of the CS ete™ — C(_7(3S[11]> + gg process.
At QCD LO, the cross sections of CO and CS processes
were predicted to be about 0.3-0.8 pb [16-19] and 0.2—
0.3 pb [11,20], respectively, depending on the choice of
input parameters. Recently their NLO QCD corrections
were calculated and the k-factors were found to be about
1.3 [21,22] and 1.9 [23] for the CS and CO processes,
respectively. In addition, the relativistic corrections to the
CS process were also obtained, which can enhance the LO
result by a factor of about 1.2 [24,25]. Then up to the
subleading order of o, and v2, the CS contribution itself can
reach about 440-560 fb [24], which almost saturated the
Belle measurement and left very little room for the CO
contribution. Therefore, in the e™e™ — J/y + X, on.cs Proc-
ess, the conflict between NRQCD predictions and Belle’s
latest results is severe. By setting the CS contribution to
zero, the upper bound of the CO long distance matrix

elements (LDMEs) was obtained: (0|0 (155)[0) +

w(3 8]
4,009 CPIO (204 0.6) x 102 GeV? [23]. When

the CS properly included, the
J /w (3 8]
constraint becomes (0|O’/ V’(ngg])|0> 14,0097 CP DO

m;
5.0 x 1073 GeV? [4].

However, for J/y production in some other experiments,
theoretical studies showed that the CO contribution is
important. For example, (a) for J/y production from the
Z-boson and T decays, there are still large gaps between
CS predictions at QCD NLO and experimental measure-
ments [26,27]; (b) for J/w photoproduction at HERA,
the transverse momentum (p,) distribution of J/y yields
polarization parameters that can be reasonably well
described after both the CS and CO contributions were
included at QCD NLO [28-31]; (c) for J/w hadroproduc-
tion, despite the huge NLO QCD correction, the CS
contribution is unable to account for the yield yet
[32-34], and COM was found to play an important role
[35-39], although the J/y polarization puzzle has not been
resolved yet at QCD NLO [40-42]. By fitting to J/y
hadroproduction data up to QCD NLO, different sets of
CO LDMEs were obtained; however, all of their predictions
for J/y + Xyon.ce production at /s = 10.6 GeV overshoot
Belle measurements [43]. Note that although the worldwide
global fit result, which is calculated up to the order of a?a?2,
is compatible with Belle data [39,43], its prediction of J /y
polarization at hadron colliders does not agree with data.
Compared to the et e~ case, these studies gave an almost
opposite conclusion about how large the CO contribution
would be, or in other words, how large the values of the
CO LDMEs could be.

To resolve the problem, we meticulously compare
BABAR’s and Belle’s measurements with theoretical cal-
culation, and we find that there are some uncertainties
which may potentially lead to a large influence on the
current conclusion. A noticeable one is that the total cross

contribution is

<

section reported by the BABAR Collaboration [5] is about
two times larger than that of Belle [9]. If we subtract the
J/w + c¢ + X part, which was already well understood
theoretically, from the BABAR measurement, there would
be enough room left for the CO contribution. We find one
possible reason for the disagreement between BABAR
and Belle measurements is that they use different criteria
to select data. In Belle’s latest measurement [9], they only
selected the event including at least five charge tracks in
the final states and did not make up for it. This means
that all events including zero or two charged light hadrons,
for example, J/yw +m(ztz")+na’ for (m=0,1;
n=0,1,2...), were all excluded. From the point view
of quark-hadron duality, Belle’s measurement is only a part
of NRQCD prediction. To reduce the uncertainty mentioned
above and understand the J/y production mechanism in
et e annihilation, we suggest measuring the complete cross
section for the J/w + X on.cz process by including the events
with a number of charged tracks less than five in the final
state as well, which is equivalent to measuring the complete
cross section of J/y production with light hadrons. To avoid
potential unnecessary confusion with Belle’s notation, we
now call the complete process of J/y production without
the association of a charm quark pair as J/y +Xf1\:;ﬁg.
Thus, the NRQCD predictions can be compared with
experimental measurements directly.

One big obstacle preventing us from measuring

J /w+Xf1Vggi2 production is the large QED background

due to w(2S) = J/w + zx,> where w(2S) is produced
through the initial state radiation (ISR) process ete™ —
w(2S) + v, higher order QED processes e"e™ — y(2S) +
ff (f can be lepton or light quark), and due to direct J/y
production through ete™ — J/y + qg process with the
q = u, d, s quark. The branching function for 7 hadronic
decay is very large; however, the total cross section of
ete™ — J/y + 7 is so small that it can be ignored. To help
remove them from the experimental measurements, in
this work, we will present a detailed study on w/(2S)

and J/w + gq production in such QED processes and
Nz'hzo

nenc measurement.

discuss its influence on J/y + X

II. FRAMEWORK OF CALCULATION

For J/w + nx production from y(2S) feed-down, the
Feynman amplitude M can be generally expressed as

_g;w _|_ P;SP;S
Pl (w(28)—J /w+rx)

M=MYP(Pyg) x
# " (Pas) Plg—Mig+ix Mgl "

_ My
P~ Mg +ix Myl

(2)

%w(2S) can also decay into J/y + 5. However, the branching
ratio is about 15 times less than the 2z channel, so we can drop it
safely in our calculation.
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where Ml'”

with momentum Py, is the amplitude for
w(2S) decay into J/w + niz, and I is the total decay width
of y(2S). In the narrow-width approximation, the absolute
square of the w(2S) propagator becomes

1 _ 775(P§S - M%s)
M, '

(st) is the amplitude for w(2S) production
Ml(/x//(ZS)—»J/l//Jrzm)

lim =
=0 (P35 — M3)* 4+ M3,

(3)

Combining with the complete phase space integration,
we obtain

1 1
=_ P P
c 8sx2M25F/dL Sl/dL $: ) [Mo

where LIPS, is the phase space of y(2S) production, LIPS,
is the phase space of w(2S) decay into J/w + iz, and )
means the sum over the spin of initial and final states. If we
are only interested in the total but not differential cross
section, |M,|? can be further factorized as

> 1M,

S C)

‘MW(25>|2 % Z |M(w(28)—>l/x//+zm)|2
(5)

with J = 1 the spin of w(2S). We would like to remind the
reader that the factorization formula can only be applied
to the total cross section for y(2S) feed-down to J/y via
w(2S) —» J/y + zx. For the differential or cross section
under some cut conditions, only the complete formula
Eq. (4) works, where the correlation effect between y(2S)
and J/y is included.

We use the effective Lagrangian method to describe

w(2S) = J/w + zx. The amplitude MWV (25)=//v+77) capn
be read directly as [44]

2J+1

MW 2S)=J /y+a(p1)a(pa))

= (S 202) o p) 0 s) + i)

€y(2s) T 92(P1,4P2y + pl,,pzﬂ)ej’/’wezl(zs)] ’
(6)

where m2, = (p; + p»)?, M,, is the mass of the 7 meson,
v = (1,0) in the y(25) rest frame, and F ~ 93 MeV [44].
The coupling constant g, ~ 0, because it is strongly sup-
pressed by the chiral symmetry breaking scale over m,. By
fitting the data of w(2S) - J/w+ "z, the BES
Collaboration obtained two sets of values for %‘ and %
[45]. Together with Br(y(2S) - J/w +atn) = 33.6%
[46], we get

These parameters can also well reproduce the decay width of
w(2S) = J/y + n°x°.

9

g=0322, T —_049, B_o054 (7
g g

or

9 _ 0347,

9

g=0.319, =0, (8

In NRQCD factorization, the Feynman amplitude
MV for ete™ — y(2S) + X can be expressed as

=V/CaosD D (siis,|18,)(3is 3j|1)

81,52 l,j

P
X A(e*e‘ - ci<22S,s1>

+a,<%,sz>+X>, ©)

where A is the standard Feynman amplitude for
etem = (B s) + ;5 s) + X, and  (sy35,]18S.)
and (3i;3j|1) = 1/4/N, are the SU(2)-spin and SU(3)-
color Clebsch-Gordan coefficients for c¢ projecting on the
spin-triplet CS S-wave state. The projection of Dirac
spinors can be rewritten as

P _(P
Z<Sl;52|15z>v<%,Sz)”(%sﬁ)

S1,82
1

T22

C,s is the LDME that can be related to w(2S) wave
function at the origin through Cps = ;- |Ry5(0)|? or can be
determined from the leptonic decay of y/(2S) via

¢*(S,)(Pas + Msg). (10)

25671'2612 C2S

C(y(28) = efe™) = e
25

(11)

In this work, we choose the value determined from
Eq. (11).

III. THE FEED-DOWN BACKGROUND
FROM e*e™ — y(2S)+7y

The typical Feynman diagram for the ISR process
ete” - y(2S) +y followed by w(2S) = J/y + zx is
shown in Fig. 1(a). Using the formula introduced in
3| and |[M(ete™ = yw(2S) +7)|* can
be computed straightforwardly. The analytical expression
of M3 is lengthy. We will not present it here but only
(M(etem = y(25) +7) %

114025-3
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FIG. 1.

(M(ete™ = y(25) +7)
96e2(4na)’C
= ec(41a) Cos 5 2(—1—2r—r2
sr(=1+r+(=14+r)(-1+4r.)x3)
—8r, + 16rr, +32r2 = 4(r 4+ 2r,) (=1 4 4r,)x3

+ (=14 r)?(1 = 4r,)%x3), (12)

M2 2 :
wheree, =32, r==2,r, = %, and x, = cos(,(25)), With

0, (2s) the angle between y(2S) and the e™e™ beam. In the
limit of r, = 0, Eq. (12) has a simple form:

Meem - w(25) + )P
_ 96¢2(4ma)’Cys (1 2(1+ %)
- > (i) 09

N

olete” = w(2S) +y) x Br(y(28) = J/w + 7)) 2 q,
olete” - w(2S) +y) xBr(y(2S) - J/y + 7n)

o(ete” = w(2S) +7) x Br(w(2S) = J/w + an)lsq, , <= = 0.71 pb.

Let p;’;v/ denote the four-momentum of J/y in the rest

frame of w(2S). Thus the range of the J/y velocity,
[v*| = |pj,, |/ Ej}), is from O to 0.15. It is much smaller

than the velocity of y(2S) in the e e~ center of mass frame
(CMF), which is about 0.78. Therefore, normally the
direction of J/y in the ete™ CMF can be treated
approximately as that of w(2S). Such an approximation
may not work well here since the cross section in Eq. (15) is
1 order of magnitude larger than the QCD contribution
from the CS process [24]. A slight difference may lead to an
unavoidable effect. Therefore, we also calculate the cross
section rigorously with Eq. (4). Let 6,,, be the angle

(29) I

The typical diagrams describing the y(2S) feed-down background.

Choosing M,g = 3.686 GeV, m, = 0.51 MeV, a = ﬁ,
and T'(y(2S) — eTe™) = 4.30 keV [46], we get

o(ete” - y(2S) +y) = 13.22 pb, (14)
and the feed-down cross section is

olete™ = yw(28) +7) x Br(yw(2S) = J/y + nn)
= 6.79 pb, (15)

which, as expected, is very large. The reason is that in the
limit of m, — 0, Eq. (13) is divergent at x, = 1. The
angular distribution do(eTe™ — w(2S) +y)/dx, is given
in Fig. 2. It clearly shows that the differential cross section
drops down very fast when the direction of y(2S) deviates
a little from the beam line. If we impose a cut on x,, i.e., the
angle 6, (,5), the cross section is largely shrunk. In different
cut conditions, the results are

(25)<ll7—£' = ]’48 pb7 (163)
5<0,05 <y = 0-99 Pb, (16b)
y(25) <6 (16¢)

between J/y and the e*e™ beam in the e e~ CMF. Then
x5 = cos(6,,) can be expressed as

k,-p/
¥y =
|k1HpJ/1//

H o xv

. P, =L, (17)

where £/ is the e four-momentum, L} is the Lorentz matrix
that boosts p3’,, from the y(2s) rest frame to the ete” CMFE.
We perform the numerical computation by using the
Feynman Diagram Calculation (FDC) package [47] with
the inputs of pion masses as M+ = M - = 140 MeV and

114025-4
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10 5

do(e"e—>y(2s)+)/dx,(pb)

-0.8 -0.4 0.0 0.4 0.8

FIG. 2. The angular distribution of y(2S) in the ISR process
ete” — y(28) +y, where x, = cos(,(s) and 6,55 is the
angle between y/(2S) and the e*e™ beam.

M = 135 MeV. When we choose the first set of values in
Eq. (7) for g, g; and g3, the cross section in different cut
conditions becomes

olete™ = (J/y + am),05) +7)lzzp,, < = 1.51 pb;

18

(18a)
olete” > (J/y + am),,a5) + 7)o, <= = 0.99 pb;

(18b)
o(ete™ = (J/y +a7),05) + 1)y, <= = 0.71 pb.

(18c)

Alternatively, if we choose the values in Eq. (8), the
corresponding cross sections become

7z = 1.52 pb;

olete” = (J/y + 77),05) +1)|z<o,), <
(19a)

olete™ > (J/y + am),,a5) +7)lzcq,, <t = 1.00 pb;
(19b)

olete” = (J/w + z7),(25) + 7)lz<q,,, <= = 0.71 pb.
(19¢)
The numerical results in Egs. (16), (18), and (19) show that

for the J/w production from y(2S) feed-down in the ISR
process at /s = 10.6 GeV, the approximation

do(ete™ = (J/y + an), 05 +7)
dcos(ej/q,)
_do(ete” = y(25) +y) x Br(y(2S) = J/w + 7xn)
N d cos(0,,2s))

(20)

holds well in the range of z/18 < 6,,, < 17x/18, and the
difference between exact and approximate calculation is
within 5% and a few fb for the cross section. A deeper reason
is that the J/y in the decay subprocess is almost static in the
y(28) rest frame as can be figured out from the 7z invariant
mass spectrum [45]. Furthermore, the J/y angular distri-
bution is almost independent of the details of y/(2S) decay.

The energy difference between w(2S) and J/y is of
m,v? order. According to the power counting in NRQCD

factorization, it is of the same order as the soft gluon energy

emitted by the CO 3P[Jg] or lS[OS] state during their evolution

into J/y [1]. Thus, the momentum carried by J/y from
the ISR /(2s) feed-down would be very similar to that of
J/w produced via the CO channel in the LO QCD
calculation, which is close to the kinematic end point.
It was also shown that after including the NLO QCD
corrections, the predominant CO contribution still assem-
bles near the kinematic end point region [23]. To help
separate the possible CO signal from the ISR QED back-
ground ete™ — w(2S) + 7, it is good to know the J/y
momentum distribution in the feed-down background as
well. We compute it numerically for different 6,,, cuts
using the two sets of parameters in Egs. (7) and (8) too. The
results are shown in Figs. 3(a)-3(d). We observe from these
plots that, similar to the angular distribution case, the J/y
momentum spectra in the ISR y/(2S) feed-down back-
ground are not sensitive to the two sets of parameters in
Egs. (7) and (8) either. Hence for simplicity, the following
results are all calculated with inputs for g, g;, and g3
from Eq. (7).

IV. BACKGROUND FROM HIGHER
QED PROCESSES

In direct J/yw production, the cross section of the higher
order QED process ete™ = J/yw+ f+ f is consider-
able [48], where f can be the lepton or light quark,
so the ete™ — w(2S) + f + f may also be an important
source of the J/y + XNen20 background. The typical

non-cc
Feynman diagrams for f # e are shown in Figs. 1(b)
and 1(d). For f =e, there is an additional t-channel
contribution, the typical Feynman diagram of which is
shown in Fig. 1(c). Because of the t-channel enhancement,
the cross section for f = e is expected to be much larger
than that for f # e. In the subsections, we will discuss
f = e and f # e separately. At this order, in addition to

y(2S) feed-down, there is also a sizable QED contribution

114025-5
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do(ete > Jhy+nniy)/dp Jiy (PD/0.1GeV)

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8
pJ/W (GeV)

67 7/9<0 5, <89

J/\v+mr+y)/dpJ/W (pb/0.1GeV)

+ -
e e —>

do(

0.0 — T T T T
3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8

pJ/W (GeV)

()

2.5+

R/18<9J/W<17TC/18

dG(e+e-4>J/\v+nn+y)/dpJ/W (pb/0.1GeV)

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8

pJ/W (GeV)
(b)

—~ 1.2

>

(0] 7'c/6<6J/W<57t/6
s 104 0 E=E

s 1T L

s 1

5 o84 | L

R

= 1 -

T 06

B

B

=

3 044

|

'o
+

L 0.2

5

©

0.0 LA L S A R R R R R R —
3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8
pJ/W (GeV)
(d)

FIG. 3. The momentum spectra of J/y produced from the feed-down of the ISR (2S) process in different cut conditions of 6, Jw bY
using two different sets of parameters in Eq. (7) (solid line) and Eq. (8) (dashed line) to describe y(2S) — J/w + nx.

from direct J/yw + g production with the ¢ = u, d, s
quark. We will also discuss it in Sec. IV C.

A. The feed-down background
from e*e” — y(2S)+ete”

According to the topology of Feynman diagrams for
ete” > y(2S) + ete, we divide the process into three
parts: the t-channel part [Fig. 1(c)], the two-photon channel
part [Fig. 1(b)], and the s-channel part [Fig. 1(d)]. It is easy
to check that the Feynman amplitude for each part itself is
gauge invariant. Compared to the cross section o' of the
t-channel part, the cross sections of the two-photon part 6'*

2

M
and the s-channel part > are suppressed by the factors @

d Mees 12 s tively, which are about 10-! and
and —“*In (W) respectively, which are abou an

10~* at \/s = 10.6 GeV. Choosing the same values for the
parameters as in the ISR process, we obtain

c'(efe” = (J/y +an), o5 +eTe”) =050 pb;  (21a)

cP(ete” = (J/y + arm), 5 +e"e”) =48 x 1072 pb;
(21b)

cS(ete” = (J/y + n7),0s) +eteT) =8.5x% 10~* pb,
(21¢)
which is consistent with the qualitative estimation. The

cross section of the s-channel part is only about 1 fb. It is so
small that we drop it in further analysis. The angular

114025-6
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1.0+

0.8

+

do(e’e —>y(2s)+e e )/dx,(pb)

0.6

0.4

+

0.2 H

0.0 T T T T T T T T T
-0.8 -0.4 0.0 0.4 0.8

X,

(@)

0.10 ~

0.08

0.06

0.04

do(e’e—>y(2s)+e’e’)/dx,(pb)

0.02 4

. . T .
-0.8 -0.4 0.0 0.4 0.8

X,

(b)

+ -

FIG. 4. The angular distribution of w(2S) produced through (a) the t-channel and (b) two-photon channel in the ete™ —
w(2S) + eTe” process, where x, = cos(6,,(s)), and 6,5 is the angle between y(2S) and the e e~ beam.

distributions of y(2S) in the t-channel and two-photon
channel are shown in Fig. 4. Unlike the ISR process, the
momentum of J/y from feed-down via ete™ — w(2S) +
ete” ranges from 0 to 4.7 GeV. We also calculate the
momentum spectra for the t-channel and two-photon
channel parts. The results are shown in Fig. 5.

If we set the same cut on 6,,,, 6" and ¢'* both drop
down largely too:

o' (ete” = (J/y + ) yos) et e) |z, <

=0.105(0.019) pb; (22a)

TP (et = (J/y + 72), o5y + € yeg,

= 0.059(0.013) pb; (22b)

0.8
0.7 —
0.6 —
0.5 —
04-
0.3 —
02-

0.1+

do(e’e™>Jly+nnie e )dp,, (pb/0.1GeV)

0.0 T T T T T T

pJ/‘V (GeV)
(@)

FIG. 5.
w(2S) + eTe” process.

o™ (ete - (J/y + 7)) e+e—)|g<9j/v,<%”

= 0.039(0.010) pb. (22¢)

We also study the interference effect between the t-channel
and two-photon channel and find it is very small. The cross
section of the interference part is about —20 fb in the whole
phase space region. The angular distribution of the y(25)
and J/w momentum spectrum without a kinematic cut
can be obtained approximately by adding the contributions
from the t-channel and two-photon channel since the
interference effect is very small. After including the
interference part, the total cross section with different cuts
for 6(J/y) becomes

0.08 -
0.07-.
0.06-.
0.05-
0.04-.

0.03

Jiysnrre’ e7)/dp , (pb/0.1GeV)

0.02

+
e e—>

0.01 1

do(

0.00 . ; . . . ; .
0 1 2 3 4 5

p‘J/‘V (GeV)

(b)

The momentum distribution of J/y produced through (a) the t-channel and (b) two-photon channel in the eTe™ —
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olete” = (J/y +am),05 + €€ )|zzy,, <z = 0.12 pb;
(23a)

olete” = (J/y +am),05) + €7 e )|y, , <2 = 0.070 pb;
(23b)

olete” = (J/y +am), 05 + €7 € ) |sg,, <= = 0.047 pb.
(23c¢)

B. The feed-down background
frome*e™ — w(2S)+ff(f #e)
The process ete™ — w(2S) + ff(f # e) has been fully

studied in Ref. [49]. For completeness, we also compute it
independently and obtain

Z o(ete™ = (J/y + an),, a5 + ff) = 0.026 pb.
f=uruds

(24)

If we set the same cut on 6,,, as we do in the above, the
cross sections become

Z O-(e+e_ - (J/l// + ﬂ”)y/(ZS) + f})llls<91/w<%
f=uruds

= 0.020 pb; (25a)
Z olete” = (J/w+ xm), 05 + ff)|g<e,/w<%”
f=pruds
= 0.015 pb; (25b)
0.20
. 0.16
% 0.12
3
.1 0.08
© 0.04
0.00 T T T T T T T 1
1.0 05 0.0 05 10

Z olete” = (J/w +an), 05 + f7) lz<0,, <32
f=pruds

=0.011 pb. (25¢)
The cross sections in different cut regions are about
0.010-0.020 pb. Since they are about 4 ~ 6 times less than
those in the eTe™ — w(2S) + eTe™ process, we will not
present further analysis here and recommend Ref. [49] for
more detailed discussion.

C. The background from e*e~ — J/w +qq

The Feynman diagrams for the e™e™ — J/w + g proc-
ess are similar to those for the eTe™ — w(2S) + gg
process. In w(2S) production, the contribution of the s-
channel part can be ignored; thus we will not include it
here. The cross section of ete™ — J/y + gg has also been
calculated in Ref. [49], which is not small. Using the
method introduced in Ref. [49], we calculate the cross
section with different constraints on ¢,,, and get

> olete™ = J/w +qd)|zq,, < = 0.071 pb; (26a)
q=u,d,s

> olete™ = J/w +qd)lsg,, <= = 0.052 pb;  (26b)
q=u.d.s
Z olete” = J/y +qq)lsey,, <= = 0.039 pb.  (26¢)

q=u,d,s

The J/y angular and momentum distributions are shown in
Fig. 6. The difference between our results and those in
Ref. [49] is due to the different choices of the parameters
and amount of data samples used in the R-value curve [46].
The branching function of 7 leptons to light hadrons is more

0.10
0.08 —
0.06

0.04

dc(e‘e;>J/w+qq)/dpJ/w(pb/GeV)

0.02

000 +——-m—-+—=F-—r—7T"—""T"—""T"—""TF"—T"—"T—"—T—
00 05 10 15 20 25 30 35 40 45

pJ/W(GeV)

(b)

FIG. 6. The angular (a) and momentum (b) distributions of J/y in the process of e*e™ — J/y + qg, where x, = cos(8,,), and 8,,,

is the angle between 6,,, and the e e~ beam.
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than 60%, yet the total cross section of ete™ — J/y + 77 is
only a few fb [49]. We, therefore, do not include them.

V. CONCLUSIONS AND DISCUSSIONS

Summing up all the contributions from the ISR and ff
processes due to y(2S) feed-down and that from the direct
J/w + qq process, the total cross section of QED back-
ground is about

ooep(ete™ = J/w + Xpud) = 7.46 pb, (27

which is more than 1 order of magnitude larger than that of

the conventional QCD processes ete™ — J/y + Xnet=?
[11,21-23]. Such a huge background makes it difficult to
measure the interesting QCD contribution in the whole
phase space region. We found that the background will

drop down deeply if we set a cut on 0, for example,

oqep(ete™ = J/w + Xpoid) |z g, <z = 1.73 pb; (28a)

oqen(ee” = J/y + XnNSﬁig)|g<9,/w<% = 1.14 pb;  (28b)
- 20
oqep(ee” = J/y + Xivogia)|g<e,/w<% =0.81 pb.  (28c)

In NRQCD factorization, the conventional J/y +
XNer20 production includes both the CS and CO contribu-

non-cc
tions. For the CS ete™ — J/w + gg process, both the
NLO QCD [21] and relativistic corrections [24,25] have
been calculated. The cross section at NLO in a, and v? is
about 0.4-0.7 pb [21,22,24]. The NLO QCD corrections

to the CO contribution have also been obtained [23]. If we
choose  (0]0’/¥(15)|0) = (3.04 +0.35) x 1072 GeV?,
0]/ 3PEY|0) = (=9.08 £ 1.61) x 10 GeV®, which
were obtained by a global fit to J/y worldwide data
[39], the cross section of the CO contribution at QCD NLO
will be about 0.3 pb for y = 2m,, a;(u) = 0.245. Thus in

total, NRQCD prediction for ogcp of the conventional

J/y+ nggig production will be about 0.7-1.0 pb. Unlike

the QED background, the cut of ¢,,, only has a minor
influence on cgcp because neither the CS nor CO con-
tribution strongly depends on 6, [16,22]. We, therefore,
infer that with a suitable cut on €, the cross section of the
QED background will be in the same order as that of the
conventional QCD process. The calculation in Ref. [23]
shows that the CO contribution mainly assembles in the
kinematic end point region, while the CS contribution
is distributed in a relatively flat manner in the whole
0 < pyjy <4.85GeV region. Thus to study the COM,

people may also require p,,, > 3 GeV in the measure-
ment. Such a requirement will reduce the CS contribution
by about 50%, but affects the CO contribution and
QED background slightly. Based on the above analysis,
we think further measurement of the J/y + anggig
production with a suitable cut on 6,,, and p,,, will be
helpful to understand the role of COM for J/y production
in e*e” annihilation.

In this work, we calculate the QED background to the
J /1//+XNC’120 production by including the predominant

non-cc
contribution at o and a* order. Higher order QED
corrections are suppressed by QED coupling a, which is
about 2 orders of magnitude smaller. In our calculation,
we determine the coupling of effective vertices y* —
w(28)(J/w) and y(2S) —» J/y + =z by fitting to exper-
imental data and choose the extracted R-value [46] to
describe the effective vertex of y*¢gg. In this way, the
theoretical uncertainties of these two background processes
are removed. Besides the w(2S) — J/w + nx feed-down
process, there are also feed-down contributions to the
background from other higher charmonium states. They
are all much suppressed too, because their branching

functions to J/y + Xﬁ;‘r’;ig are very small. Therefore, the
uncertainty of our calculation is small.

Recently, 7. hadroproduction was measured for the first
time by the LHCb Collaboration [50]. With the help of
heavy-quark spin symmetry, the LDMEs for 7, production
can all be related to those for J/y production. It is found
that the COM is challenged by the #,. hadroproduction data
and only the CS contribution itself can explain LHCb
measurements [51]. Studying J/y production at B factories
can also deepen our understanding of the different roles of

COM for J/y and 5, hadroproduction.
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