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We compute the cross section for exclusive production of a photon associated with a heavy quarkonium
H of charge-conjugation parity C = +1 from e" e~ annihilation into a virtual photon at the center-of-
momentum energy /s = 10.58 GeV. The nonrelativistic QCD factorization formulas for the differential
and total cross sections are obtained at leading order in the strong coupling and in the relative velocity of
the heavy quark in the quarkonium rest frame. The predicted cross sections for the S-wave spin-singlet
cases are about 80 fb and 50 fb for H = 7. and 7.(2S), respectively. Among P-wave spin-triplet
charmonia, y,; has a particularly large cross section of about 14 fb. The cross sections for bottomonium
states 1, and y,; are about 3 fb. A rough estimate of the background reveals that the signal significances
for charmonium processes are sufficiently large enough to be detected with ease with the integrated

luminosities available at the present B factories.
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L. INTRODUCTION

The measurements of the cross section for exclusive
J/¥ + m, production from e* e~ annihilation carried out
by the Belle [1,2] and BABAR [3] collaborations have
triggered rapid progress in the heavy-quarkonium theory
based on the nonrelativistic QCD (NRQCD) factorization
approach [4]. The original empirical cross section in
Ref. [1] was greater than the theoretical predictions by
Braaten and Lee [5] and by Liu, He, and Chao [6] by an
order of magnitude. Scenarios that the signal may contain
other final states like J /¢ + J /i [7,8] or J/¢ + glueball
[9] were ruled out by an updated Belle analysis [2]. There
was an argument that an appropriate choice of the light-
cone wave function [10] may enhance the theoretical pre-
diction significantly, which was disfavored by a following
study [11]. Zhang, Gao, and Chao reported large correc-
tions of next-to-leading order in the strong coupling «
[12] and the result was confirmed by Gong and Wang [13],
but the corrections were not large enough to resolve the
discrepancy between experiment and theory. In the mean
time, Bodwin, Kang, and Lee introduced a new method of
resumming relativistic corrections of a class of color-
singlet contributions to all orders in v [14], where v is
the relative velocity of the heavy quark or antiquark in the
meson rest frame. The method was applied to compute the
relativistic corrections to e* e~ — J /4 + n, [15]. Finally,
Bodwin, Lee, and Yu reported that the discrepancy had
been resolved within errors [16], after including both the
resummed relativistic corrections and next-to-leading or-
der QCD corrections by Zhang, Gao, and Chao. In addi-
tion, the first proof of the factorization theorem for
exclusive charmonium production in B decay and exclu-
sive two-charmonium production from e*e~ annihilation
to all orders in perturbation theory in QCD was presented
very recently by Bodwin, Garcia i Tormo, and Lee [17].
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As shown in Ref. [5], at leading order in v, a non-
negligible amount of the cross section for the exclusive
production of charge-conjugation parity C = +1 charmo-
nium (H) associated with a J/¢ from e* e~ annihilation
into a virtual photon comes from the interference between
QCD and QED subprocesses, where the QED subprocess
involves yv* — H + y* followed by the photon fragmenta-
tion y* — J/i. The interference contributions are about
+30%, +5%, —6%, and 10% for H = 1., X.0, X1, and
X2 tespectively [5]. This means that the pure QED con-
tributions are about 10%, 0.3%, 0.4%, and 1% of the total
cross sections, respectively. We notice that, in comparison
with the QED subprocess for e e~ — H + J/i, the rate
for ete” — H + v is enhanced by a scaling factor of
1/(av?) ~ 10 for a charmonium, where « is the QED
coupling. Based on this rough estimate, we expect that the
cross section for e"e~ — H + vy can be greater than that
for e"e”™ — H + J/i¢ by 2 orders of magnitude for H =
7.. For the P-wave spin-triplet charmonia, the enhance-
ment factors range from about 1 to 10. Therefore, as long as
the severe background from e*e™ — X + vy is well con-
trolled in the recoil mass (my) regions near the H reso-
nances, the processes ete™ — H + 7y can be detected by
analyzing the photon energy spectrum in ee™ — X + 7.

In this paper, we compute the cross section for the
exclusive process ee” — H + y at the center-of-
momentum (CM) energy /s = 10.58 GeV, where H is a
heavy quarkonium of charge-conjugation parity C = +1.
We consider S-wave spin-singlet states 1., 1.(25), and 7,
and P-wave spin-triplet states y.; and x;;, where J = 0, 1,
and 2." Perturbative calculation is carried out at order a> a?
and at leading order in v. The remainder of this paper is
organized as follows. In Sec. II, we compute the short-

'"Throughout this paper we suppress the identifier (1P) for any
1P quarkonium.
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distance coefficients for the NRQCD factorization formu-
las for the ete™ — H + 7y cross sections. The numerical
values for the input parameters such as long-distance
NRQCD matrix elements are given in Sec. III. The cross
sections for e*e™ — H + y at the B factories are pre-
dicted in Sec. IV, where a rough estimate on the back-
ground is also given. Then, we summarize our results in
Sec. V.

II. PERTURBATIVE CALCULATION

In this section, we derive the NRQCD factorization
formula for the exclusive process ete™ — H + 7y at lead-
ing order in both « and v, where H is a heavy quarkonium
of charge-conjugation parity C = +1. The quarkonia H
that we consider in this paper are the S-wave spin-singlet
(1S,) state, 1y, and the P-wave spin-triplet *P,) states,
Xos> for J =0, 1, and 2, where the heavy quark Q is the
charm or the bottom quark. Because the C parity of the
final state is —1, at leading order in «, an exclusive H + y
final state can be produced from e e~ annihilation into a
virtual photon. A heavy quarkonium with C = —1 can be
produced associated with a photon from e* e~ annihilation
into two photons, which we do not consider here.

A. Amplitude

The Feynman diagrams for the exclusive process
et (ky))e (k) — H(P, Ay) + y(k, A) at order a?a? are
shown in Fig. 1. Here, k;, k,, P, and k are the momenta
for the e, e, H, and vy, respectively. The helicities of the
H and vy are denoted by Ay and A, respectively. The
S-matrix element for the process is given by

— iMy (A, ) = ~iL, AL ey, (), (1)

where — e is the electric charge of the electron and €, is the
polarization four-vector of the photon. The leptonic current
L, in Eq. (1) is defined by

L, = v(ky)y,u(k). (2)

The factor A};” €}, in Eq. (1) corresponds to the amplitude
for y*(Q) — H(P, Ay) + y(k, A), where Q is the momen-
tum of the virtual photon y*.

e H e H
et ~ et ~
FIG. 1. Feynman diagrams for the exclusive production of a

C = +1 heavy quarkonium associated with a photon from e* e~
annihilation into a virtual photon at leading order in « and «;.
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B. Effective vertex

A%” in Eq. (1) contains nonperturbative contributions
of the QQ pair that evolves into the heavy quarkonium H.
In the NRQCD factorization approach [4], the hadronic
tensor A%" can be expanded as a linear combination of
NRQCD matrix elements that involve the long-distance
nature of the QQ pair. A corresponding short-distance
coefficient of each NRQCD matrix element is insensitive
to the long-distance nature of the pair and calculable
perturbatively. According to the velocity scaling rules of
NRQCD, NRQCD matrix elements are classified in powers
of v [4]. Thus, the expansion can be truncated at a given
order of accuracy. The velocity scaling factor of an
NRQCD matrix element is determined by the spectro-
scopic state of the QQ pair, [QQ],(**!L,), and that of
the H into which the QQ pair evolves. Here, s, L, and J are
the spin, orbital angular momentum, and total angular
momentum of the QQ pair, respectively, and the subscript
1 indicates that the pair is in a color-singlet state.

For the exclusive process y* — H + vy, the color-singlet
Q0 pair with the spectroscopic state identical to that of the
H contributes at leading order in v. In order to determine
the corresponding short-distance coefficient, we compute
the Q0 analog A" of the hadronic tensor A", where
AL (L)€, is the amplitude for the perturbative
process ¥*(Q) = [Q(p)O(P)](*"'L,) + y(k). Here, the
four-momenta p and p for the Q and the Q, respectively,
can be expressed in terms of the total momentum P and
half their relative momentum g:

p= %P +gq, (3a)
p=1P -4 (30)

where P - ¢ = 0. In the QQ rest frame, P = (2E, 0), g =
(0,q), E = (m*>+ ¢*)"2, and m is the mass of the heavy
quark Q. At leading order in v, P can be identified as the
quarkonium momentum. The amplitude for the perturba-
tive process y*(Q) — Q(p)O(p) + y(k, A) is given by

MHy*(Q) = Q(p)O(p) + v(k, A)]
= i(p) A v(p)e,,(A). )
The tensor A*” in Eq. (4) is defined by
AR = e[y A=p = k)y" + y"Alp + k)y*] @1,
)

where e, is the fractional electric charge of the heavy
quark Q, A(p) = (p + m)/(p> — m?), and 1 is the unit
matrix of the color SU(N,.) for N, = 3.

A#  in  Eq. (4) may contain  various
[0(p)O(p)];(**'L;) contributions. The QQ analog
ﬂlg"(m“L ;) of the hadronic tensor can be obtained
from A" in Eq. (5) by restricting the QQ pair to have
an appropriate spectroscopic state. A given spin state of the
color-singlet QQ pair can be projected out from Eq. (4) by
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replacing the outer product v(p)ii(p) with the correspond-
ing spin projector given in Ref. [18]. The color-singlet
spin-singlet projector is denoted by II; and the color-
singlet spin-triplet projector is by II5 €} (A,), where
€(A,) is the polarization for the spin-triplet state with the
helicity A,. Expressions for the I1; and II% are given by

[15]
_Bmy P 2B m

= 42E(E + m) W
w Bomyr (2B m) 1
s AV2E(E + m) e O

We still need to project out an appropriate orbital-angu-
lar-momentum state. In order to project out the S-wave
contribution at leading order in v, one must put g = 0. By
making use of Egs. (5) and (6a), we obtain the QQ analog
ﬂlg”(lSo) of the hadronic tensor for the S-wave color-

singlet spin-singlet state:
AL (1Sy) = TIL AL ]| =0, (7)

where the trace is over both spin and color indices.

The P-wave contribution at leading order in v is pro-
portional to the first derivative of Eq. (4) with respect to gq.
By making use of Eqgs. (5) and (6b), we obtain the Q0
analog €},(A,)€7(A¢) A """ of the hadronic tensor for the
P-wave color-singlet spin-triplet state, where €(A;) is the
polarization for the P-wave orbital-angular-momentum
state and
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d
ﬂg”’” = — Ti[ A+"117] . )]
aqp q=0
Like Eq. (7) the trace in Eq. (8) is over both spin and color
indices. The QQ_analog ﬂlg"@P 5, Ay) of the hadronic
tensor for the [QQ];(*P;) for J = 0, 1, and 2 can be read
off by projecting out the diagonal, antisymmetric, and

symmetric traceless components with respect to the vector
indices for s and L [5]:

14 vpT 1
AGCR) = AT, (92)

i .
€prapPUerf (An),  (9b)

2E2
AL CPy Ay) = AL €51,,(Ap), (9c)

ALCP, Ay) = AL

where Ay is the helicity of H. eﬁ in Eq. (9b) and e,‘flﬁ in
Eq. (9c) are the spin-1 polarization vector for the
[0Q],(P,) pair and the spin-2 polarization tensor for the
[00],(P,) pair, respectively. Note that €j’ = 5" and
€y%, = 0. Because we consider the color-singlet contri-
butions at leading order in v, the polarization vector and
tensor are treated to be identical to those for H (3P1) and
H(*P,), respectively. The tensor I, appearing in Eq. (9) is
defined by

P,P,
QE)

As a result, we obtain the effective vertex for the per-
turbative process y* — [QQ],(**1L,) + y as

Ly = —8uv * (10)

4\/662 62
AG'(S)) =~ Gr= g € Palp. (H
8+/2¢2e2(0? — 3PY)T1
M3 — 0 (02 — pP2)oHV + pm I/]
e [Z(Q P2)ghv + PrpY ], (11b)
, 163322 Q%€l, (Ay) 1
ALCP) = — g7 —poy . [P“PaQﬂe”“ﬁ” — PP, Qpet P — (0% ~ PZ)Paeﬂm], (11e)

ABGP) — i16\/€e2Qez\/ﬁ6};aB()\H)
o 2 (QZ _ P2)2

In the limit Q%> — 0, the expressions in Eq. (11) reduce into
the effective vertices for the decay [QQ];(***'L,) — y7y.
We observe that the vertex for 3P, in Eq. (11c) is propor-
tional to Q2. Because of this reason, y* — [Q0],(P,) +
v is not forbidden while the amplitude for [QQ],(*P,) —
vy vanishes.

C. Perturbative matching

The QQ analogs ﬂ’Q‘V(ZSHLJ) (11) for the hadronic
tensors contain perturbative NRQCD matrix elements. At
the squared amplitude level, those perturbative NRQCD

1
970008 + Prog® — Proegnt + (@2~ Pagreg? ] (1)

matrix elements at the leading order in v are

<0|(Q[IQQ]'(ZML’)(ZS”LJ)IO) for the color-singlet >*!L,
state, where O, is the local four-quark operator of
NRQCD [4]. In general, the production matrix elements
are related to the NRQCD matrix elements for the decay
under vacuum-saturation approximation, which is valid up
to corrections of relative order v* [4]. For exclusive pro-
duction through the electromagnetic interaction, the
v-leading perturbative NRQCD matrix elements for the
IS, and ?P; states are simply expressed at the amplitude
level as

074022-3



HEE SOK CHUNG, JUNGIL LEE, AND CHAEHYUN YU

"3

\/-<[QQ] CP,)

\/-<[QQ]1(3P ) | (-

D><o' eH),\/

PHYSICAL REVIEW D 78, 074022 (2008)

<[QQ]1(150)|¢T |0) = 2E{/2N,, (12a)
'p- 0') > — 2E2N.lql, (12b)

0> — 2E\2N.lql, (12¢)

0> — 2EIN|ql, (12d)

Z([QQ]1(3P2)

where ¢t and y are two-component Pauli spinors creating
a heavy quark and a heavy antiquark, respectively, o is a
Pauli matrix, and D is the spatial part of the gauge cova-
riant derivative. Note that only a single polarization state is
projected out in the expressions in Egs. (12¢) and (12d). In
Eq. (12d), the following notation for the symmetric trace-
less component of a tensor is used: Al =1 (A’/ + AJf) —
16Uy A¥. The factors of 2E appear on the right sides of
Eq (12), because the state [[QQ];(***1L,)) on the left
sides is normalized relativistically. In Eq. (8), we have
taken the derivative with respect to ¢g. Therefore, when
we read the corresponding short-distance coefficients, we
must cancel the overall factor |g| in Egs. (12b)—(12d).
Replacement of the gauge covariant derivative D by an

ordinary derivative V brings in corrections of relative order
|

lp’r(_ —D(’a'/)elj),\/

f
v? in the Coulomb gauge [4] in which the NRQCD opera-

tors are defined.
By making use of Egs. (7), (9), and (12), we obtain the
hadronic tensors:

2mH<@1>L

ny
A 2N.(2E)?

e,y = AL (13)
This step is equivalent to replacing the perturbative QQ
state |[[QQ],(**'L,)) in Eq. (11) by the meson state
2my|H(* L)), where my is the mass of H. At leading
order in v, my = 2E|,—o=2m. The meson state
|[H(*>*'L,)), that is included in the vacuum-saturated ana-
log of the NRQCD decay matrix elements (O,), for L = S
or P, has the nonrelativistic normalization:

KH( SOl X0 = (O))s, (14a)
1 | o 2
3| (e w(—él) a)x|0)|" = @ (14b)
1 2
3| (rero [ut(= 38 x o ey |0) | = o (140
2
>( H(3P)|¢T JB0ael)x|0)| = @ (144)
ij
The expressions in Eq. (14) have errors of relative order v2, which break the heavy-quark spin symmetry.
Substituting Eq. (11) into Eq. (13), we obtain the hadronic tensor .7\,’_‘1” in Eq. (1):
4e%e? (0,)
v 0 va S
Alisy = ~ gz pr P Qﬂ\j p (15a)
4e%e (0* — 3PA)T1 (0,)
v — 9 2 2 v v 1/’p
ﬂ\j;(;,,) i B0 Py [ (Q> — P?)gt” + PP ] 5 (15b)
4e%e 0%€r, (Ay) 1 (0y)
v — Y Ho\""H vaBo _ pv afo _ 2 _ p2 vao 1/p
ﬂf/};’@f’l) = Tim(Q% — PP [P“PaQﬁe Bo — PYP,QpetP E(Q P?)e* PQ] o (15¢)
8e2e2 Pret, .(Ay) 1 (O,)
mv 9 Hap\'H vanp a,vB _ proauB _ 2 _ p2 a,vB 1/p
Al = i el (470708 + Proeg?e = Prougns + (02 - P [[ORE (50

The hadronic tensor (15) can be compared with previous results for the color-octet processes y + g* — [Q0]s(* 'L 7)
[19]. We find that the results in Eq. (15) are consistent with those given in Egs. (3.23), (3.25), (3.26), and (3.27) of Ref. [19]
up to color factors. We have also checked that Eq. (15) reproduces the decay widths for 74, x o, and x o, into two photons

[4] in the limit Q2 — 0.
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D. Cross section

Substituting the hadronic tensor A%” in Eq. (15) and
polarization states for the H and 7y into Eq. (1), we obtain
the helicity amplitude. By squaring the helicity amplitude,
averaging over the spins of the et and e~ , dividing by the
incident flux 2s, and multiplying by the two-body phase
space, we obtain the differential cross section for each
helicity state in terms of x = cos6, where 0 is the scatter-
ing angle of the photon at the CM frame. The resultant
differential cross section for the e*e™ — H(1S,) + y pro-
cess is

‘[’l_‘;[wf — H('S,) + y(£1)]

wze‘écﬁr _m% (O 1>S
‘T( T)“ 2905 (16

where —1 = x = 1 and the scaling parameter r is defined
by
4 2
r= ﬂ (17)
S

The differential cross section of the ete™ — H(P,) +
v process for each helicity state is given by

[e+ "= HCP)(Ay) + y(V)]

77264 (137'
= T F O 1 - @) Ooe - 15)
s(1—=r) s m’
where nonvanishing entries of F;(Ag, A) are
1 —3r)?
Fol0, =1) = %(1 +x2), (192)
F (0, £1) =1+ x?, (19b)
Fi(x1, 1) = 2r(1 — x?), (19¢)
Fy(0, £1) = (1 + x?), (194d)
Fy(*£1, 1) = 2r(1 — x?), (19e)
Fy(*2, =1) = 2r2(1 + x?). (19f)

In computing the phase space in Egs. (16) and (18), we take
the physical mass my instead of the invariant mass 2E of
the QQ pair. This accounts for the factor 1 — m,zq /s in
Egs. (16) and (18).

When the CM energy +/s is much greater than the heavy-
quark mass m, the asymptotic behavior of the cross section
for ete” — H + 7 satisfies the helicity selection rules of
perturbative QCD [20,21]. In this limit, the scaled cross
section R(H + ) in units of the cross section for ™ u~
approaches the asymptotic form [5]

R[H(Ay) + y] ~ av3* @) 151l (20)

where n(S) =0 and n(P) = 1. The factor v3+t2"L) in
Eq. (20) arises from the wave function of the H. One power
of r in Eq. (20) stems from the large momentum transfer
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which is required for the heavy-quark pair to form the
heavy quarkonium with small relative momentum and
the other powers arise from the helicity selection rules
[5]. In the limit » — O, the differential cross sections in
Egs. (16) and (18) satisfy the asymptotic form (20). For the
exclusive charmonium production associated with a pho-
ton at the B factories, the ratio r = 0.07 is small for m, =
1.4 GeV. However, for the case of a bottomonium, r =
0.76 is of order 1 for m; = 4.6 GeV. Therefore, the
asymptotic behavior (20) is approximately satisfied only
for the exclusive charmonium plus vy production at the B
factories.

Integrating the differential cross section given in
Eq. (16) over x and summing over the photon helicities,
we find the total cross section for the process ete™ —
H('Sy) + y:

87 eQa3r<1 B m_%])<(91>s

3s s ) md

21

Integrating Eq. (18) over x and summing over the helicities
of the photon and quarkonium, we obtain the total cross
sections for e*e™ — H(P;) + y:

olete — H('S)) + y] =

8mrefya’r(l — 3r)

olete™ — HCP)) + y] =

9s(1 — r)?
2
X (1 - @)«9‘)”, (22a)
S m
16 1+
0'[e+87 — H(3P1) + '}’] W3s(1a_r£)2 r)
2
X (1 - @)@ (22b)
S m
1 1 2
et — H(3P2) )= 67e ;ys(rl( _+r)32r + 6r?%)
2
% (1 - @)“915”’, (22¢)
S m

where we have used the spin-1 and spin-2 polarization
tensors for 3P, and *P, states summed over polarization
states:

ZeH(AH)e F(Ay) = 1m°, (232)

. 1 1
Ze "An)erB(ry) = E(IWI”[’ + [rBra) — gWlaﬁ.

(23b)

III. PARAMETERS FOR THE NUMERICAL
ANALYSIS

In order to predict the cross sections for ete™ — o T
v and yo; + v at the B factories by using Eqs. (21) and
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(22), we need to determine the numerical values for the
NRQCD matrix elements {©,); and input parameters such
as m, my, a, and «;. In this section, we list the numerical
values for those quantities that we use in this work.

A. Input parameters

The short-distance coefficients for the cross sections in
Egs. (21) and (22) depend on the heavy-quark mass m. We
take the one-loop pole mass for the heavy-quark mass m:
m, = 1.4 = 0.2 GeV for the charm quark and m; = 4.6 =
0.1 GeV for the bottom quark, respectively. As we men-
tioned earlier, we use the physical quarkonium mass for
my in the phase-space factor 1 — m?% /s in Egs. (21) and
(22), where m, = 2.9804 GeV, My 2s) = 3.638 GeV,
m, = 3.41475 GeV, m, = 3.51066 GeV, m, =
3.55620 GeV, my,, = 9.585944 GeV, my, =
9.89278 GeV, and m,,, = 9.991221 GeV [22]. For the
n), mass, we take m, = 9.3889 GeV [23].>

The cross sections in Egs. (21) and (22) are proportional
to . For the QED couplings a? for the virtual photon, we
use the running coupling constant [24] a(u = \/s) =
1/131 at /s = 10.58 GeV. The QED coupling for the
real photon is chosen to be a(w = z) = 1/132, where z =
[(s — 2m?)/2]"/? is the invariant mass of the virtual heavy
quark: z = 7.3 GeV and 5.9 GeV for the charmonium and
the bottomonium, respectively.

B. Long-distance matrix elements
1. NRQCD matrix elements {©O,)

The color-singlet NRQCD matrix elements for the
S-wave spin-singlet charmonia, 1, and 7.(2S), can be
determined from the two-photon decay rates. However,
up to errors of relative order v? that arise from the
heavy-quark-spin-symmetry breaking, one can determine
the values also by making use of the leptonic decay rates of
the spin-triplet counterparts, which are far more accurately
measured. Among various theoretical attempts to deter-
mine the matrix elements for the S-wave spin-singlet char-
monia, we employ a recently developed method given in
Refs. [14,25,26]. This method resums a class of relativistic
corrections to the color-singlet contributions to the elec-
tromagnetic decay rates of both spin-singlet and triplet
S-wave charmonia to all orders in v. The color-singlet
NRQCD matrix element (©,)¢ for the 5, is taken to be
0.437+5111 GeV? [26].

For the radially excited S-wave spin-singlet state
1.(25), the NRQCD matrix element determined from the
measured decay width for 7.(2S) — yy differs signifi-
cantly by about 4.60 from that for (2S) determined
from (2S) — e*e. The difference is greater than the

2Very recently, the BABAR Collaboration observed the 7,
resonance in the photon energy spectrum in radiative Y(3S)
decay [23].
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errors of neglecting spin-symmetry breaking effects. We
suspect that the main reason for the discrepancy is origi-
nated from the assumption [27]

Br[n.(2S) = KSK*7*] = Bi[n. — KK 7] (24)

This assumption was imposed on the indirect determina-
tion of the partial width for 1.(25) — y7y from the mea-
surement for y*y* — 1.(28) = KYK=7* [27]. In this
work, instead of using this indirect determination of
I'[n.2S)— yy] in Ref. [27], we assume that the
NRQCD matrix element determined from I'[75.(25) —
vy ] must be the same as that determined from I'[(2S) —
et e~ ] within errors of relative order v2, which breaks the
heavy-quark spin symmetry. Our assumption results in the
prediction for the two-photon width of %.(25):
I'[7n.(28) — yy] = 2.92 keV. Direct measurement of the
two-photon width of 1,.(2S) may provide one with a strin-
gent test of our assumption. We will present a detailed
analysis regarding this point in a separate publication.
Basic strategy for determining the matrix element is simi-
lar to that in Ref. [26]. Disregarding the assumption (24)
and making use of the matrix element obtained from
I'[(2S) — e*e~ ] based on the heavy-quark spin symme-
try up to corrections of relative order v?, we find that
(0y)s = 0.27470032 GeV? for § = 71.(25).

The NRQCD matrix element (@, )¢ for the 1, cannot be
determined from 7, — 77y because the measurement is not
available, yet. Instead, we quote the value for the matrix
element (O )y given in Eq. (23a) of Ref. [28], which is
determined from Y(1S) — ete”. We assume that the
heavy-quark spin symmetry is relatively well satisfied
because v? ~ 0.1 is small for the bottomonium. The nu-
merical value is (O,)g = 3.06970307 GeV? for S = 7,
[28].

2. NRQCD matrix elements (O, )p

The generalization of the resummation of relativistic
corrections [14] to the P-wave quarkonium has not been
developed because of the complication due to the color-
octet contributions. Therefore, for the spin-triplet P-wave
charmonium y,;, we determine the NRQCD matrix ele-
ment (O,)p by comparing the v-leading NRQCD factori-
zation formulas for the photonic decay widths [4]

|+ O~ 29,0,

F'(xeo— vy) = 677'@?“2’"[ 5

187 m
(25a)
8meta’m 8a\2(O
T(xe2— 77) =—(1 - ) < 12” (25b)
5 37 m

with corresponding measured values. The decay of y, into
vy is absent due to Yang’s theorem [29].

Substituting the numerical values Br(y.,— yy) =
(2.76 £ 0.33) X 10~* [22], the total decay width I', =

Xco
104 =07 MeV  [22], a,(u=m, /2) =032, and
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TABLE I. NRQCD matrix elements (O, )y for H('S,) in units of GeV? and for H(P,) in units of GeV>. The first and the second
lines after headings contain uncertainties arising from the heavy-quark mass m and from other sources described in the text.
Uncertainties in the last line are obtained by adding the two uncertainties in quadrature.

Sources of errors \ H 7. [26] 7.(2S) 1, [32] XeJ Xps [31,32]
(GeV?) (GeV?) (GeV?) (GeV?) (GeV?)
Am 0.437+0.033 0.27410013 3.06975:9% 0.0609:933 2.03
others 0.437+0:15 0.274+0.040 3.06970390 0.060 = 0.007 2.03
total 0.43710-141 0.27410042 3.069793%7 0.06073:533 2.03

a(pw =m, /2) =1/133 [24] into Eq. (25a), we obtain
(O)p =(0)} =0.051 £0.010 GeV> for P = x,,
where the superscript vy indicates that the value is fit to
the two-photon width. Taking into account Br(y. —
yy) = (2.58 £0.19) X 107* [22] and r,,=205=*
0.12 MeV [22], we obtain the matrix element {(O,)p =
(O}, = 0.068 = 0.009 GeV? for P = x.,. Here, the un-
certainties from the heavy-quark mass are not included in
both (0,)}% and (O;)}’,. In Ref. [5], the value (O,), , =
0.053 + 0.009 GeV> was obtained by making use of a
similar method. The main reason for the difference is the
change in the measured branching fraction of the y ., decay
into yy from (2.19 +0.33) X 107* [30] to (2.58 *
0.19) X 10™* [22]. We take the weighted average over
the spin states of y. and y. to determine {(O;)p =
0.060733%3 GeV® for P = x.;, where the heavy-quark
spin symmetry is imposed and the uncertainty from the
heavy-quark mass is considered together with those from
the experimental values.

In the cases of the spin-triplet P-wave bottomonium
states y,;(1P), the measured values for the two-photon
decay widths are not available. Therefore, we use the first
derivative of the wave function at the origin that has been
determined by using the Buchmiiller-Tye potential [31].
The resultant value for the NRQCD matrix element is
(O,)p = 2.03 GeV?> for P = y,,; [32].

3. Summary of NRQCD matrix elements

In Table I, we tabulate the color-singlet NRQCD matrix
elements for 7., 17.(25), 1, Xcs» and x,;. As has been
described in the text, there are input parameters such as m
that have been used to determine the NRQCD matrix
elements. When we compute the short-distance coeffi-
cients for the cross section for ete™ — H + v, such input
parameters must be consistent with the values that have
been used to determine the NRQCD matrix elements [26].
In order to take into account such correlations, we present
sources of the uncertainties for each NRQCD matrix ele-
ment in Table I. The first and the second lines after head-
ings contain uncertainties arising from the heavy-quark
mass m and from sources described in each reference
except for m, respectively. The sum of the two uncertain-
ties is obtained by adding them in quadrature as shown in
the last row of Table I.

IV. PREDICTIONS FOR THE B FACTORIES

In this section, we provide the predictions for the cross
sections for ete™ — H + 7y at the B factories. We also
discuss the uncertainties and phenomenological implica-
tions of the results.

Our predictions for the total cross section o fore*e™ —
H + v at the CM energy /s = 10.58 GeV are given in the
first column of Table II. The values have been obtained by
substituting the input parameters listed in Sec. III into the
NRQCD factorization formulas in Egs. (21) and (22). In
the second column, we provide the cross section o, in
which we have imposed the cut | cosf| < 0.8 for the scat-
tering angle 6 of the photon at the CM frame. o, is about
70%—-80% of o in any case. In the last column in Table II,
we list the energy E, = (s — m%)/(2./s) of the photon
emitted in ete™ — H + y at the CM frame, which may
provide an efficient trigger for the signals.

A. Uncertainties

The error bars of the cross sections o and o listed in
Table II contain the following uncertainties. A dominant
source of the uncertainties is the heavy-quark mass m,
which affects both the NRQCD matrix elements in
Table I and the short-distance coefficients appearing in

TABLE II. The total cross section o in units of fb and the
photon energy E,, at the CM frame in units of GeV in e*e™ —
H + vy depending on charge-conjugation parity C = +1 quark-
onium H. The subscript “cut” represents the cut |cosf| < 0.8
for the scattering angle 6 of the photon at the CM frame.

H o (fb) Teu (fb) E, (GeV)
7, 82.07%4 59.77138 4.87
7.(25) 492154 35.87¢8 4.66
nb 2.5%03 1.8+01 1.12
Xco 1.37902 1.0%91 474
Xel 13.7434 10.242$ 4.71
X2 53418 4.0%13 4.69
Xo0 0.6°93 04792 0.95
Xb1 2.8708 23704 0.66
Xp2 3.0089 2.440% 0.57
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the NRQCD factorization formulas in Egs. (21) and (22).
To avoid double counting of those errors, we have consid-
ered the correlation of the uncertainties from m. Other
errors in (@, ) include a theoretical uncertainty of relative
order v?> from the leading-potential approximation, the
uncertainty of the string tension, which is a parameter of
the Cornell potential model, the uncertainty reflecting the
uncalculated next-to-next-to-leading order corrections in
o, to the electromagnetic decay width of the quarkonium,
and the uncertainty of the measured decay width. For more
details about the error analysis, we refer the reader to
Ref. [26]. The error bars of the NRQCD matrix elements
(O,)p for the y,; in Table I include the uncertainties from
the heavy-quark mass m and the measured widths for the
two-photon decays of the .y and x.,. The NRQCD matrix
elements (@,)p for the y,; are quoted from Refs. [31,32],
where uncertainties are not included [32]. As a result,
except for the uncertainties from the heavy-quark mass m
appearing in the short-distance coefficients, no additional
uncertainties are included in the error bars of the cross
section for H = x,;. The error bars of o and o, in
Table IT have been obtained by adding all the uncertainties
listed above in quadrature.

Our predictions in Table II may suffer from QCD and
relativistic corrections that have not been calculated, yet.
We guess that the corrections may not be as large as those
observed in the two-charmonium production from e*e™
annihilation [12,15,16,33], where all such corrections are
aligned to make a significant enhancement of the predic-
tion for the cross section.

B. Exclusive 7,.(1S, 2S) + v production

As we have shown in Table II, the cross sections for the
S-wave spin-singlet charmonia H = 7. and 1.(2S) pro-
duced exclusively with a photon are about 80 fb and about
50 fb, respectively. These values are significantly greater
than those for J/¢ + 5. and J/ + 1.(2S) measured at
the B factories. We have predicted that I'[7.(2S) — yy] =
2.92 keV by replacing the assumption (24) that was im-
posed on the indirect determination of I'[7.(2S) — yy]in
Refs. [34,35] with an alternative assumption that the ap-
proximate heavy-quark spin symmetry still holds between
the NRQCD matrix elements for 1.(2S) and (2S). The
measurement of the cross section for ete™ — 7,.(25) + y
is particularly interesting because the measurement may
provide an independent test of our argument presented in
Sec. IIIB 1.

C. Exclusive 7, + y production

Our prediction of the cross section for H = 7, at the B
factories is about 2.5 fb. By taking into account the inte-
grated luminosities available at the present B factories, we
expect that over three thousand of ete™ — 7, + v events
can be produced. This number exceeds the estimated num-
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ber of events at LEP II through y*y* — 7, by about an
order of magnitude [36-38]. Therefore, the exclusive pro-
cess ete” — m, + ¥ could be an alternative probe to the
7, meson as long as the background can be removed
significantly.

D. Exclusive y,; + ¥ production

As shown in Table II, the cross section for H = ¢,
ranges from about 1 to 5 fb except for the case of y,.p,
which has a particularly large value of about 14 fb. The
reason is that the overall coefficient for the longitudinal
Xo1 is greater than those for the other two states as shown
in Eq. (19).% This contrasts to the P-wave decay into y7y,
where yg; — vyv is forbidden by Yang’s theorem [29]. A
similar feature can be found in the inclusive charm pro-
duction in y,; decay [32]: the decay rate of the y;; into
g"g is comparable to those of the y,o and the x;,, espe-
cially in the limit of the large invariant mass of the g*.
Unlike the P-wave spin-triplet charmonium, the cross
sections for y;; and Y, are comparable and that for y,q
is much suppressed.

E. Backgrounds

The exclusive process ete” — H+ y for C = +1
heavy quarkonium H suffers from large contamination
from the background e"e™ — X + . In this section, we
provide a rough estimate on the background.

We assume that the dominant subprocesses of the back-
ground ete” — X + y are eTe” — qg + y, where g =
u, d, s, and c. These processes have collinear divergences
due to the photon radiation from the initial leptons and final
massless quarks. In order to avoid such complications, we
take the following cuts: |cosf| < 0.8, cosf,, < 0.8, and
cosflz, < 0.8, where 6 is the scattering angle of the photon
and 6;, is the relative angle between the photon and a
quark or an antiquark i in the CM frame. We also restrict
the energy range of the photon by requiring the recoil mass
my to satisfy |my — my| <50 MeV.

By imposing the constraints listed above, we carry
out the numerical calculation for the background cross
section opg(H) for each C = +1 heavy quarkonium H
by making use of CompHEP [39]. The results are
opgg(charmonium) = 0.5 pb and opg(bottomonium) =
2.4-4.5 pb. The background cross sections ogg(H) are
much greater than the signal cross sections o, in
Table II. However, the high integrated luminosities £ of
order 1 ab™! of the present B factories might allow one to
measure the exclusive C = +1 quarkonium production
associated with a photon. We can compute the signal
significance S(H) for each heavy quarkonium, where

?According to the hadron helicity selection rules, the longitu-
dinal cross section for y,; dominates as r — 0.
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S(H) is defined by
oo(H + y) L

Vogs(H) L '

We find that S-wave charmonium states have particularly
large values: S(n,.) = 81 and S[71,.(2S5)] = 47. In the cases
of P-wave charmonium states, S(y.0) = 1, S(x.) = 13,
and S(x.) = 5. And S(H) is less than 1 for 7, and y,;
states.

Our background study given above is only a rough
estimate. In the cases of bottomonium states, there must
be obstacles in detecting photons with energies about
1 GeV or less because of the large contamination from
the decays of light hadrons [40]. However, the exclusive
charmonium production associated with a photon may
have significantly less additional backgrounds unlike the
bottomonium states because the radiating photon is suffi-
ciently hard. We also note that there may be another
background arising from the feeddown from the e*e™ —
H(S,) + y process for H(S,) = J/, ¢(25), or Y(nS),
whose cross sections are of order pb. Especially, the mea-
surement of the y, + ¥ production may be affected by
such feeddown. Reduction of such backgrounds may be
subject to detector resolution.

S(H) = (26)

V. SUMMARY

We have calculated the cross section for the C = +1
heavy quarkonium H produced exclusively with a photon
from e® e~ annihilation into a virtual photon at leading
order in «, and v. The NRQCD factorization formulas for
the differential distributions with respect to the scattering
angle of the photon and the total cross sections for H = 7,
and yo; have been obtained in Egs. (16), (18), (21), and
(22), respectively. Our predictions for the cross sections at
/s = 10.58 GeV are tabulated in Table II. The predicted
cross sections for the S-wave spin-singlet states are about
80 fb, 50 fb, and 3 fb for 5., 1.(25), and 7, respectively.
In the cases of the P-wave spin-triplet charmonia, the cross
section for y,.; is about 14 fb; that is significantly greater
than those for y.¢ and x.,. The cross sections for y;; and
X2 are about 3 fb and that for y is suppressed. Under the
cut | cosf| < 0.8 for the scattering angle 6 of the photon,
the cross sections decrease by about 20%-30%.

The exclusive process e e~ — H + vy may suffer from
a large background from ete™ — X + 7. A rough esti-
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mate on the background cross section has been made by
considering only the e*e™ — gg + 7y contributions at
leading order in «,. In computing the background cross
section, we have required |my — my| <50 MeV for the
recoil mass my and imposed the angular cuts | cosf| < 0.8,
cosf,, < 0.8, and cosf;, < 0.8. The resultant background
cross sections are about 0.5 pb for the charmonia and about
several pb for the bottomonia. The signal significances for
the 1., 1.(2S), x., and y., cases are greater than 6.
However, those for the 7, x.0, and x,; are about 1 at
the present B factories.

Very recently, the BABAR Collaboration observed the 7,
resonance in the photon energy spectrum in radiative
Y (3S) decay [23]. The exclusive process ete™ — n, +
v that we have considered could be an alternative probe to
the 1, meson as long as the backgrounds are significantly
removed.

As we remarked earlier, the authors of Refs. [34,35]
made an assumption Br{7.(2S) — K{K* 7" ] = B[, —
K)K=7*] in determining the I[n.2S)— yy]=
1.3 0.6 keV [34] and 0.59 = 0.19 keV [35], respec-
tively. This assumption seems to be the origin of incon-
sistency of the NRQCD matrix element for 7.(25), which
was fit to I'[1.(2S) — yy] [34,35], in comparison with
that for ¢#(2S). As an alternative choice, we assume that the
approximate heavy-quark spin symmetry holds between
the NRQCD matrix elements for the 7,.(2S) and (2S) to
predict I'[7.(2S) — yy] = 2.92 keV. The measurement
of the cross sections for e*e” — 1.+ v and ete” —
1.(2S) + y may provide a stringent independent con-
straint to test our argument.
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