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Charmonium production in polarized high-energy collisions

M. Klasen, B. A. Kniehl, L. N. Mihaila, and M. Steinhauser
II. Institut für Theoretische Physik, Universita¨t Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany

~Received 10 June 2003; published 27 August 2003!

We investigate the inclusive production of promptJ/c mesons in polarized hadron-hadron, photon-hadron,
and photon-photon collisions in the factorization formalism of nonrelativistic quantum chromodynamics
~NRQCD! providing all contributing partonic cross sections in analytic form. In the case of photoproduction,
we also include the resolved-photon contributions. We present numerical results appropriate for BNL RHIC-
Spin, the approved SLAC fixed-target experiment E161, and thee1e2 and gg modes of DESY TESLA.
Specifically, we assess the feasibility to access the spin-dependent parton distributions in the polarized proton
and photon. We also point out that preliminary data onJ/c inclusive production taken by the PHENIX
Collaboration in unpolarized proton-proton collisions at RHIC tend to favor the NRQCD factorization hypoth-
esis, while they significantly overshoot the theoretical prediction of the color-singlet model at large values of
transverse momentum.
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I. INTRODUCTION

Since its discovery in 1974, theJ/c meson has provided
useful laboratory for quantitative tests of quantum chrom
dynamics~QCD! and, in particular, of the interplay of per
turbative and nonperturbative phenomena. The factoriza
formalism of nonrelativistic QCD~NRQCD! @1# provides a
rigorous theoretical framework for the description of heav
quarkonium production and decay. This formalism implie
separation of short-distance coefficients, which can be ca
lated perturbatively as expansions in the strong-coup
constantas , from long-distance matrix elements~MEs!,
which must be extracted from experiment. The relative i
portance of the latter can be estimated by means of velo
scaling rules, i.e., the MEs are predicted to scale with a d
nite power of the heavy-quark~Q! velocity v in the limit v
!1. In this way, the theoretical predictions are organized
double expansions inas and v. A crucial feature of this
formalism is that it takes into account the complete struct
of the QQ̄ Fock space, which is spanned by the staten
5 2S11LJ

(c) with definite spinS, orbital angular momentum
L, total angular momentumJ, and color multiplicity c
51,8. In particular, this formalism predicts the existence
color-octet~CO! processes in nature. This means thatQQ̄
pairs are produced at short distances in CO states and s
quently evolve into physical, color-singlet~CS! quarkonia by
the nonperturbative emission of soft gluons. In the limitv
→0, the traditional CS model~CSM! @2,3# is recovered. The
greatest triumph of this formalism was that it was able
correctly describe@4# the cross section of inclusive charm
nium hadroproduction measured inpp̄ collisions at the Fer-
milab Tevatron@5#, which had turned out to be more tha
one order of magnitude in excess of the theoretical predic
based on the CSM.

Apart from this phenomenological drawback, the CS
also suffers from severe conceptual problems indicating
it is incomplete. These include the presence of logarithm
infrared divergences in theO(as) corrections toP-wave de-
cays to light hadrons and in the relativistic corrections
0556-2821/2003/68~3!/034017~17!/$20.00 68 0340
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S-wave annihilation@6#, and the lack of a general argume
for its validity in higher orders of perturbation theory. Whi
the kT-factorization@7# and hard-comover-scattering@8# ap-
proaches manage to bring the CSM prediction much close
the Tevatron data, they do not cure the conceptual defec
the CSM. The color evaporation model@9#, which is intuitive
and useful for qualitative studies, also leads to a significan
better description of the Tevatron data, but it is not mean
represent a rigorous framework for perturbation theory.
this sense, a coequal alternative to the NRQCD factoriza
formalism is presently not available.

In order to convincingly establish the phenomenologi
significance of the CO processes, it is indispensable to id
tify them in other kinds of high-energy experiments as we
Studies of charmonium production inepphotoproduction,ep
and nN deep-inelastic scattering~DIS!, e1e2 annihilation,
gg collisions, andb-hadron decays may be found in th
literature; see Ref.@10# and references cited therein. Furthe
more, the polarization of charmonium, which also provide
sensitive probe of CO processes, was investigated@11,12#.
Until very recently, none of these studies was able to pro
or disprove the NRQCD factorization hypothesis. Howev
H1 data ofep→eJ/c1X in DIS at the DESYep collider
HERA @13# and DELPHI data ofgg→J/c1X at the CERN
e1e2 collider ~LEP2! @14# provide first independent evi
dence for it@15,16#.

Before the advent of the NRQCD factorization formalism
heavy-quarkonium production in experiments with polariz
proton or photon beams was believed to provide reliable
formation on the spin-dependent gluon distribution functio
of the polarized proton or photon. At present, however,
are faced with the potential problem that NRQCD pred
tions at lowest order~LO! come with a considerable norma
ization uncertainty. This is due to the additional expansion
v, whose convergence property has yet to be tested, and
introduction of CO MEs as additional input parameters.
fact, the relevant CO MEs have only been determin
through LO fits to experimental data and thus come w
appreciable theoretical uncertainties. Thus, it must be cl
fied if heavy-quarkonium production with polarized proto
©2003 The American Physical Society17-1
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KLASEN et al. PHYSICAL REVIEW D 68, 034017 ~2003!
or photon beams remains to be a useful probe of the po
ized gluon distribution functions. It is the purpose of th
paper to answer this question. Specifically, we consider
clusive J/c production in polarizedpp, gp, and gg colli-
sions, appropriate for RHIC-Spin, experiment E161, and
DESY TeV-Energy Superconducting Linear Accelera
~TESLA! operated in thee1e2 andgg modes, respectively
In the RHIC-Spin mode of the Relativistic Heavy Ion Co
lider ~RHIC! at Brookhaven National Laboratory~BNL!,
proton beams with strong longitudinal polarization, of a
proximately 70%, collide with center-of-mas
~c.m.! energy up to AS5500 GeV and luminosity
L5231032 cm22 s21 @17#. In the approved experimen
E161 at the Stanford Linear Accelerator Center~SLAC!, cir-
cularly polarized photons with energies between 35 and
GeV will collide on a fixed target made of longitudinall
polarized deuterium@18#. At TESLA, which is being de-
signed and planned at the German Electron Synchro
~DESY! in Hamburg, longitudinal electron and positron p
larizations of up to 80% and 60%, respectively, can
achieved. In thee1e2 mode@19#, photons are unavoidabl
generated by hard initial-state bremsstrahlung and by be
strahlung, the synchrotron radiation emitted by one of
colliding bunches in the field of the opposite bunch. In bo
cases, polarization is transferred from the electrons and
itrons to the photons in a calculable way. TESLA can also
converted into a photon collider via Compton back-scatter
of high-energetic laser light off the electron beams@20#. With
100% circular laser polarization and up to 80% longitudin
electron polarization, the scattered photons can be arran
to have a strong circular polarization, especially at the up
and lower ends of their energy spectrum.

The photons can interact either directly with the qua
participating in the hard-scattering process~direct photopro-
duction! or via their quark and gluon content~resolved pho-
toproduction!. Thus, the processgg→J/c1X, whereX col-
lectively denotes all unobserved particles produced al
with the J/c meson, receives contributions from direc
single-resolved, and double-resolved channels. All three c
tributions are formally of the same order in the perturbat
expansion and must be included. This may be understoo
observing that the parton distribution functions~PDFs! of the
photon have a leading behavior proportional
a ln(mf

2/LQCD
2 )}a/as , where a is Sommerfeld’s fine-

structure constant,m f is the factorization scale, andLQCD is
the asymptotic scale parameter of QCD. Similarly, the re
tion gN→J/c1X, whereN is a nucleon, proceeds via dire
and resolved channels, which must all be taken into acco

TheJ/c mesons can be produced directly; or via radiat
or hadronic decays of heavier charmonia, such asxcJ andc8
mesons; or via weak decays ofb hadrons. The respectiv
decay branching fractions areB(xc0→J/c1g)5(1.02
60.17)%, B(xc1→J/c1g)5(31.663.2)%, B(xc2→J/c
1g)5(18.762.0)%,B(c8→J/c1X)5(55.762.6)%, and
B(B→J/c1X)5(1.1560.06)% @21#. At RHIC-Spin and
TESLA, the b hadrons can be detected by looking for d
placed decay vertices with dedicated vertex detectors
RHIC-Spin, only about 1% of allJ/c mesons are expected t
originate fromb-hadron decays@22#. In experiment E161,
03401
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the c.m. energy is not sufficient to producebb̄ pairs. In our
analysis, we will not considerJ/c mesons fromb-hadron
decays. The cross sections of the four residual indirect p
duction channels may be approximated by multiplying t
direct-production cross sections of the respective interm
ate charmonia with their decay branching fractions toJ/c
mesons. It has become customary to collectively denote
J/c mesons produced directly or via the feed-down fro
heavier charmonia as prompt.

This paper is organized as follows. In Sec. II, we list o
formulas for the contributing partonic cross sections a
compare them with the available literature results. Leng
expressions are relegated to the Appendix. In Sec. III,
present our numerical results and discuss their phenom
logical implications for the three experiments under cons
eration. Our conclusions are summarized in Sec. IV.

II. ANALYTICAL RESULTS

Let us consider the generic inclusive processAB→H
1X, whereA andB are the beam particles~hadrons or pho-
tons! with definite helicitiesjA andjB , respectively, andH
is the charmonium state, and letsjA ,jB denote its cross sec
tion. Then, the double longitudinal-spin asymmetry is d
fined as

ALL5
Ds

s
, ~2.1!

where

s5
1

4 (
jA ,jB561

sjA ,jB,

Ds5
1

4 (
jA ,jB561

~21!jAjBsjA ,jB ~2.2!

are the unpolarized and polarized cross sections, res
tively. An alternative definition ofALL , which allows one to
study the dependences on the transverse momentumpT and
rapidity y of H, uses the differential cross sectionsdDs and
ds.

Invoking the factorization theorems of the QCD part
model and NRQCD, the differential polarized cross sect
can be written as

dDs~AB→H1X!

5 (
a,b,d

E dxaD f a/A~xa ,m f !E dxbD f b/B~xb ,m f !

3(
n

^O H@n#&dDs~ab→cc̄@n#d!, ~2.3!

where it is summed overa,b5g,g,q,q̄ andd5g,q,q̄, xa is
the fraction of longitudinal momentum thata receives from
A, m f is the factorization scale,^O H@n#& are the MEs of the
H meson, and

D f a/A~xa ,m f !5 f a/A
1 ~xa ,m f !2 f a/A

2 ~xa ,m f !,
7-2
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dDs~ab→cc̄@n#d!5 1
2 @ds1~ab→cc̄@n#d!

2ds2~ab→cc̄@n#d!#. ~2.4!

Here, f a/A
6 (xa ,m f) are the PDFs ofA for the case that the

spin of a is ~anti!parallel to that ofA (jAja561), and
ds6(ab→cc̄@n#d) refers to the case ofjajb561. In fact,
due to parity conservation in QCD,ds6(ab→cc̄@n#d) only
depends on the productjajb , as can be seen from the Ap
pendix. With the definitionD f g/g(xg ,m f)5d(12xg), Eq.
~2.3! accommodates the direct, single-resolved, and dou
resolved channels. In the case of TESLA, additional con
lutions with appropriate photon flux functionsD f g/e(x)
5 f g/e

1 (x)2 f g/e
2 (x), where the superscript6 refers to the

case ofjejg561, have to be implemented in Eq.~2.3!,
invoking the Weizsa¨cker-Williams approximation~WWA!
@23# for electromagnetic bremsstrahlung and its analog
for beamstrahlung and Compton back-scattering. The co
sponding formulas for the unpolarized case are obtained
omitting everywhere in Eq.~2.3! the D symbols. The kine-
matical relations needed to calculatepT and y distributions
from Eq. ~2.3! may be found, e.g., in Ref.@24#.

We work in the fixed-flavor-number scheme, i.e., we ha
nf53 active quark flavorsq5u,d,s in the proton and re-
solved photon. As required by parton-model kinematics,
treat the quarksq as massless. The charm quarkc and
antiquark c̄ only appear in the final state. Thecc̄ Fock
states contributing at LO inv are n5 1S0

(1) , 1S0
(8) ,

3S1
(8) , 1P1

(8) if H5hc ; n5 3S1
(1) , 1S0

(8) , 3S1
(8) , 3PJ

(8) if H
5J/c,c8,c(3S), . . . ; n5 1P1

(1) , 1S0
(8) if H5hc ; and n

5 3PJ
(1) , 3S1

(8) if H5xcJ , whereJ50,1,2. Their MEs satisfy
the multiplicity relations

^O c(nS)@ 3PJ
(8)#&5~2J11!^O c(nS)@ 3P0

(8)#&,

^O xcJ@ 3PJ
(1)#&5~2J11!^O xc0@ 3P0

(1)#&,

^O xcJ@ 3S1
(8)#&5~2J11!^O xc0@ 3S1

(8)#&, ~2.5!

which follow to LO in v from heavy-quark spin symmetry
In our numerical analysis, we only include theJ/c, xcJ , and
c8 mesons. For completeness and future use, we also
formulas for all the other experimentally established charm
nia. Our results readily carry over to all known bottomon
as well. In order for theJ/c meson to have finite transvers
momentumpT , we allow for an additional parton~quark or
gluon! in the final state. We do not include theJ/c1g final
state because prompt photons can be identified experim
tally, so that such events can be eliminated from the d
sample.

We are thus led to consider the following partonic subp
cesses:

gg→cc̄@§ (8)#g, ~2.6!

gg→cc̄@§ (1)#g, ~2.7!

gg→cc̄@§ (8)#g, ~2.8!
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gq→cc̄@§ (8)#q, ~2.9!

gg→cc̄@§ (1)#g, ~2.10!

gg→cc̄@§ (8)#g, ~2.11!

gq→cc̄@§ (1)#q, ~2.12!

gq→cc̄@§ (8)#q, ~2.13!

qq̄→cc̄@§ (1)#g, ~2.14!

qq̄→cc̄@§ (8)#g, ~2.15!

where §5 1S0 ,3S1 ,1P1 ,3PJ with J50,1,2. The processe
gg→cc̄@§ (1)#g are forbidden by color conservation. Sim
larly, the processesgq→cc̄@§ (1)#q are prohibited becaus
the c-quark line is connected with theq-quark line by one
gluon, which transmits color to thecc̄ pair. By angular-
momentum conservation, processes~2.6! and ~2.7! with §
5 1S0 ,3PJ , process~2.9! with §5 1P1, and processes~2.12!
and ~2.14! with §5 3S1 ,1P1 have zero cross sections. W
calculated the differential cross sectionsds/dt of all remain-
ing partonic subprocesses for arbitrary helicitiesja ,jb5

61 of the incoming particlesa,b5g,g,q,q̄. Our formulas
are listed in the Appendix.

In the literature, inclusive charmonium photoproducti
with polarized beams was studied both in the CSM@25,26#
and in NRQCD@27–29#. In the case of hadroproduction
CSM and NRQCD studies may be found in Re
@3,26,30,31# and Ref.@32#, respectively. We are not aware o
any previous analyses for collisions of polarized phot
beams. Some of these papers contain analytic results@3,25–
28,30#, which we can compare with ours. This is necess
because the literature results are in some cases mutually
flicting. As for directJ/c photoproduction, our result for the
CS process~2.7! with §5 3S1 agrees with Refs.@26,27#,
while it disagrees with Ref.@25#; our results for the CO
processes~2.8! and ~2.9! with §5 1S0 ,3S1 ,3PJ agree with
Ref. @27#1 and partly with Ref.@28#.2 As for charmonium
hadroproduction in the CSM, our results for processes~2.10!
agree with Refs.@3,30# and those for processes~2.12! and
~2.14! with §5 3PJ agree with Ref.@30#. To our knowledge,
our residual formulas are not available in the literature.

1We do not agree with Eqs.~A6! and~A7! of Ref. @27# and find an
overall minus sign relative to Eq.~A11!. However, we agree with
Eqs.~A12! and ~A13!, which refer to the sum over the three3PJ

(8)

states.
2We agree with Eq.~A3! of Ref. @28# if we divide the right-hand

side of this equation bys2. Equations~A4!–~A6! are corrupted,
contain undefined symbols, and are thus unsuitable for comp
sons.
7-3
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III. NUMERICAL RESULTS

We are now in a position to present our numerical resu
We first describe our theoretical input and the kinematic c
ditions. We usemc5(1.560.1) GeV,a51/137.036, and the
LO formula for as

(nf )(m) @21# with nf53 active quark fla-
vors and asymptotic scale parameterL (3)5204 MeV. Here,
mc denotes the charm-quark mass.

As for the polarized proton PDFs, we use the LO sets
Glück, Reya, Stratmann, and Vogelsang~GRStV! @33# and
those by Gehrmann and Stirling~GS! @34#. Their reference
sets of unpolarized proton PDFs are both by Glu¨ck, Reya,
and Vogt, namely the LO sets of Refs.@35# ~GRV98! and
@36# ~GRV95!, respectively. There are two GRStV sets, o
of which corresponds to the commonstandard~STD! sce-
nario of polarized PDFs with a flavor-symmetric light-s
~antiquark! distributionD f q̄/p , while the other one refers to
completelySU(3) f-brokenvalence~VAL ! scenario with to-
tally flavor-asymmetric light-sea distributions (D f ū/p
ÞD f d̄/pÞD f s̄/p). The latter are modeled with the help of
Pauli-blocking ansatz at the low radiative or dynamical inp
scalemLO

2 50.26 GeV2, which complies with predictions o
the chiral quark-soliton model and expectations based on
statistical parton model as well as with the correspond
flavor-broken unpolarized sea (f d̄/p. f ū/p). There are three
GS sets~A,B,C!, corresponding to three different, equal
possible scenarios for the polarized gluon distribution, wh
is only loosely constrained by current experimental da
Leaving aside nuclear corrections and appealing to stro
isospin symmetry, the effective nucleon~N! PDFs may be
approximated by

f a/N~x,m f !5
1

A
@Z fa/p~x,m f !1~A2Z! f b/p~x,m f !#,

~3.1!

and similarly forD f a/N(x,m f), whereZ andA are the respec
tive numbers of protons and nucleons in the nucleus
(a,b)5(u,d),(ū,d̄),(d,u),(d̄,ū),(s,s),(s̄,s̄),(g,g). In the
case of deuteriumD, we haveZ51 andA52. We present
the cross sections per nucleon, rather than per nucleus.

Up-to-date LO sets of polarized photon PDFs were p
sented by Glu¨ck, Reya, and Sieg~GRSi! @37#. Their unpolar-
ized counterpart is the LO set by Glu¨ck, Reya, and Schien
bein ~GRSc! @38#. There are two GRSi sets, which differ i
the assumed boundary condition for the polarized gluon
tribution at the dynamical input scale and are characteri
as maximally~MAX ! or minimally ~MIN ! saturated. Our de
fault sets are taken to be GRStV-STD and GRSi-MAX
well as their unpolarized counterparts GRV98 and GR
respectively. The other sets are employed to assess the
sitivity of the considered experiments to the details of
polarized proton and photon PDFs given the theoretical
certainties from other sources, especially those introduce
NRQCD.

We choose the renormalization and factorization scale
bem i5j iA4mc

21pT
2, with i 5r , f , respectively, and indepen

dently vary the scale parametersj r andj f between 1/2 and 2
about the default value 1. As for theJ/c, xcJ , andc8 MEs,
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we adopt the set determined in Ref.@12# using the LO proton
PDFs by Martin, Roberts, Stirling, and Thorne@39#. Specifi-
cally, ^O c(nS)@ 3S1

(1)#& with n51,2 and^O xc0@ 3P0
(1)#& were

extracted from the measured partial decay widths ofc(nS)
→ l 1l 2 and xc2→gg @21#, respectively, while
^O c(nS)@ 1S0

(8)#&, ^O c(nS)@ 3S1
(8)#&, ^O c(nS)@ 3P0

(8)#&, and
^O xc0@ 3S1

(8)#& were fitted to thepT distributions ofc(nS)
andxcJ inclusive hadroproduction@5# and the cross-section
ratio sxc2

/sxc1
@40# measured at the Tevatron. The fit resu

for ^O c(nS)@ 1S0
(8)#& and^O c(nS)@ 3P0

(8)#& are strongly corre-
lated, so that the linear combinations

Mr
c(nS)5^O c~nS!@ 1S0

(8)#&1
r

mc
2 ^O c~nS!@ 3P0

(8)#&,

~3.2!

with suitable values ofr, are quoted. Unfortunately, the had
ronic cross sections under consideration here are sensitiv
different linear combinations of^O c(nS)@ 1S0

(8)#& and
^O c(nS)@ 3P0

(8)#& than those appearing in Eq.~3.2!. In want
of more specific information, we writêO c(nS)@ 1S0

(8)#&
5kc(nS)Mr

c(nS) and ^O c(nS)@ 3P0
(8)#&5(12kc(nS))(mc

2/

r )Mr
c(nS) and independently varykJ/c and kc8 between 0

and 1 around the default value 1/2. Our choice ofL (3) coin-
cides with the value employed in Refs.@33,35,37–39#, and it
is very close to the value 232 MeV of Refs.@34,36#.

In order to estimate the theoretical uncertainties in o
predictions, we vary the unphysical parametersj r , j f , kJ/c ,
andkc8 as indicated above and take into account the exp
mental errors onmc , the decay branching fractions, and th
MEs. We then combine the individual shifts in quadratu
allowing for the upper and lower half-errors to be differen

We now discuss the photon flux functions that enter o
predictions for photon-photon scattering at TESLA. The e
ergy spectrum of the bremsstrahlung photons is well
scribed in the WWA. The formulas for the unpolarized a
polarized cases, may be found in Eq.~20! of Ref. @41# and
Eq. ~14! of Ref. @42#, respectively, where the maximum pho
ton virtuality Q2 is given in Eq.~26! of Ref. @41#. We assume
that the scattered electrons and positrons will be antitagg
as was usually the case at LEP2, and take the maxim
scattering angle to beumax525 mrad@43#. The energy spec-
trum of the beamstrahlung photons is approximately
scribed by Eq.~2.14! of Ref. @44# in the unpolarized case an
by Eq.~7.10! of Ref. @45# ~see also Ref.@46#! in the polarized
one. It is controlled by the effective beamstrahlung para
eterY, which is given by Eq.~2.10! of Ref. @44#. Inserting
the relevant TESLA parameters for theAS5500 GeV base-
line design specified in Table 1.3.1 of Ref.@19# in that for-
mula, we obtainY50.053. In the case of thee1e2 mode of
TESLA, we coherently superimpose the WWA and bea
strahlung spectra. Finally, in the case of thegg mode of
TESLA, the energy spectrum of the back-scattered laser p
tons is given by Eq.~6a! of Ref. @47# in the unpolarized case
and by Eq.~4! of Ref. @48# in the polarized one. It depend
on the parameterk5seg /me

221, whereAseg is the c.m. en-
ergy of the charged lepton and the laser photon, and it
tends up toxmax5k/(k11), wherex is the energy of the
7-4
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back-scattered photons in units ofAS/2. The optimal value
of k is k52(11A2)'4.83@47#, which we adopt; for larger
values ofk, e1e2 pairs would be created in the collisions
laser and back-scattered photons.

Our main numerical results are presented in Figs. 1, 2
and 4, which refer topp→J/c1X at RHIC-Spin, togD
→J/c1X in Experiment E161, and toe1e2→e1e2J/c
1X at TESLA in thee1e2 andgg modes, respectively. In
each figure, the NRQCD and CSM predictions for the un
larized cross sectionsds/dpT andds/dy or ds/dz are dis-
played in the first panel, while those for the doub
longitudinal-spin asymmetryALL are shown in the secon
and third panels, respectively. For the collider exp
iments, we considerds/dy, while for the fixed-target scat
tering processgD→J/c1X, we considerds/dz, where

FIG. 1. The unpolarized cross sectionsds/dpT andds/dy ~first
panel! and the double longitudinal-spin asymmetryALL ~second
and third panels! of pp→J/c1X at RHIC-Spin, with AS
5200 GeV, are studied as functions ofpT ~left column! and y
~right column! in NRQCD and the CSM. The shaded bands indic
the theoretical uncertainties in the NRQCD and CSM predicti
evaluated with the default PDFs. In the case ofALL , these uncer-
tainties are compared with the spread due to a variation of
polarized PDFs.
03401
3,

-

-

z5(pJ/c•pD)/(pg•pD)5AmJ/c
2 1pT

2 coshy/Eg is the inelas-
ticity variable. In Fig. 2, which refers to the latter case, t
first panel also contains NRQCD and CSM predictions
the resolved-photon contributions by themselves. In the
and right columns of each figure, thepT and y or z depen-
dences, respectively, are studied. As for RHIC-Spin, E1
and TESLA, thepT distributions are integrated over the in
tervals uyu,2.4, 0.3,z,0.8, anduyu,2, while they or z
distributions are integrated over all kinematically allow
values ofpT in excess of 15, 1.5, and 10 GeV, respective
In Figs. 1, 3, and 4, which refer to collider experiments, t
y distributions are symmetric abouty50. The shaded band
indicate the theoretical uncertainties in the NRQCD a
CSM default predictions, excluding the freedom in t
choice of the PDFs. In the case ofALL , these uncertainties
are compared with the spread due to a variation of the po
ized PDFs. We assume the ideal case of 100% beam p
ization, except for TESLA, where we takeP(e1)560% and
P(e2)580%. As for RHIC-Spin and E161, realistic pola
ization is straightforwardly accounted for by scalingALL
with @P(p)#2 andP(g)P(D), respectively.

e
s

e

FIG. 2. Same as in Fig. 1, but forgD→J/c1X in experiment
E161, withEg545 GeV. Inelasticityz is used instead of rapidityy.
In the first panel, the resolved-photon contributions are also sh
separately.
7-5
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Considering the unpolarized cross sections, we observ
all cases that the NRQCD predictions dramatically exc
the CSM ones, by typically one order of magnitude at sm
values ofpT . This excess tends to amplify aspT increases,
and it is striking in they distributions, thanks to the relativel
large minimum-pT cuts chosen. From the first panel of Fi
2, we observe that the resolved-photon contribution togD
→J/c1X is greatly suppressed in the entire kinemati
range considered, both in NRQCD and the CSM. For
same reason and because the polarized photon PDF
poorly known at present, we neglect this contribution in t
evaluation ofALL presented in the second and third panels
Fig. 2. By contrast, the NRQCD and CSM predictions f
TESLA, shown in Figs. 3 and 4, are greatly dominated
the single-resolved contributions, as was already observe
Ref. @49#. We conclude that, in all these experiments, t
normalization of the unpolarized cross section is a distinc
discriminator between NRQCD and the CSM.

In fact, data from the PHENIX Collaboration@22# at
RHIC, with AS5200 GeV, tend to favor the NRQCD pre
diction compared to the CSM one. This is demonstrated
Fig. 5, where the differential cross sectiond3s/dyd2pT is

FIG. 3. Same as in Fig. 1, but fore1e2→e1e2J/c1X in the
e1e2 mode of TESLA, withAS5500 GeV, P(e1)560%, and
P(e2)580%.
03401
in
d
ll

l
e
are
e
f

r
y
in

e
e

in

analyzed for 1.2,y,2.2 as a function ofpT . Since theJ/c
mesons are tagged through their decays tom1m2 pairs, the
factor B(J/c→m1m2)5(5.8860.10)% @21# is included in
the theoretical predictions. We observe that, forpT
.2 GeV, the data are nicely described by the NRQCD p
diction, while they significantly overshoot the CSM ones.
similar observation was made in Ref.@50#. On the other
hand, such a comparison has to be taken with a grain of
in the bin 1 GeV,pT,2 GeV because, at LO, the NRQC
prediction and theP-wave contribution to the CSM one su
fer from infrared and collinear singularities atpT50, which
still feed into that bin as an artificial enhancement.

Looking at the second and third panels of Figs. 1, 3, a
4, we observe that different choices of polarized proton a
photon PDFs yield discriminative NRQCD and CSM pred
tions, as far as the colliding-beam experiments are c
cerned. In fact, the differences are large against the comb
theoretical uncertainties from all other sources, especiall
large values ofpT . This means that sufficiently precise me
surements ofALL in these experiments are bound to increa
our knowledge on the spin-dependent parton structure of
polarized proton and photon, regardless of the presently

FIG. 4. Same as in Fig. 1, but fore1e2→e1e2J/c1X in the
gg mode of TESLA, with AS5500 GeV, P(e2)580%, and
P(laser)5100%.
7-6
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somewhat unsatisfactory status of the residual theoretica
certainties. As for thepT distribution ofALL at RHIC-Spin,
the NRQCD and CSM predictions incidentally almost co
cide, so that the polarized proton PDFs can be explored
model-independent fashion. On the other hand, the NRQ
and CSM predictions for they distribution ofALL at RHIC-
Spin exhibit strikingly different shapes in the forward a
backward directions.

As for the fixed-target experiment E161, the situation
somewhat less favorable because the theoretical uncerta
not related to the polarized proton PDFs are larger, owing
the relatively low photon-nucleon c.m. energyAS
5mN(2Eg1mN)'9.2 GeV. This is especially the case f
the NRQCD prediction shown in the second panel of Fig
Nevertheless, with enough experimental statistics, it sho
be possible to discriminate between the GRStV and GS
of polarized proton PDFs. In the CSM, the resolving pow
of ALL with respect to the spin-dependent parton structure

FIG. 5. The unpolarized cross sectionB(J/c
→m1m2)d3s/dyd2pT of pp→J/c1X followed by J/c
→m1m2 measured by PHENIX @22# at RHIC, with AS
5200 GeV, in the interval 1.2,y,2.2 as a function ofpT is com-
pared with the NRQCD and CSM predictions.
03401
n-
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ties
to

.
ld
ts
r
f

the polarized proton used to be much better, as is evid
from the third panel of Fig. 2. In this sense, the introducti
of NRQCD, which was necessary to overcome phenome
logical and conceptual problems of the CSM, led to so
aggravation.

IV. SUMMARY

Using the NRQCD factorization formalism at LO, w
studied the inclusive production of promptJ/c mesons in
polarized hadron-hadron, photon-hadron, and photon-pho
collisions at RHIC-Spin, experiment E161, and TESLA, r
spectively, with regard to the potential of these facilities
resolve the spin-dependent parton structure of the polar
proton and photon. For future use by other authors, we p
vided all contributing partonic cross sections in analy
form.

Our main message is that the spread in the theore
predictions encountered by trying out in turn various up-
date sets of polarized proton and photon PDFs in gen
considerably exceeds the combined theoretical uncertain
from other sources, which we estimated rather conse
tively. Therefore, these experiments have the power to
prove our knowledge of the spin structure of the proton a
photon already at present. This resolving power can be
creased in the future by including next-to-leading-order c
rections inas andv.

As a by-product of our analysis, we found that prelim
nary PHENIX data of unpolarized hadroproduction ofJ/c
mesons at RHIC tend to favor NRQCD as compared to
CSM. This is in line with previous findings in connectio
with hadroproduction at the Tevatron@4#, electroproduction
at HERA @15#, and photoproduction at LEP2@16#.
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APPENDIX: PARTONIC CROSS SECTIONS

Here, we list the differential cross sectionsds/dt of processes~2.6!–~2.15! for arbitrary helicitiesja,jb of the incoming
particles. The Mandelstam variabless, t, andu are defined in the usual way, andM52mc , wheremc is the charm-quark mass
By four-momentum conservation, we haves1t1u5M2. Furthermore,e5A4pa and gs5A4pas are the electromagneti
and strong gauge couplings, andQq is the fractional electric charge of quarkq. Our results read
7-7



ds
~gg→cc̄@ 3S(8)#g!5

8e4gs
2^O@ 3S1

(8)#&Qc
4M

$t2u21stu~ t1u!1s2~ t21tu1u2!1j j @2t2u22stu~ t1u!1s2tu#%,

KLASEN et al. PHYSICAL REVIEW D 68, 034017 ~2003!
dt 1
3ps2~s1t !2~s1u!2~ t1u!2 a b

~A1!

ds

dt
~gg→cc̄@ 1P1

(8)#g!5
32e4gs

2^O@ 1P1
(8)#&Qc

4

3pMs2~s1t !3~s1u!3~ t1u!3
$tu~ t1u!3~ t21tu1u2!

1s~ t614t5u111t4u2114t3u3111t2u414tu51u6!1s2~ t1u!~4t417t3u19t2u217tu314u4!

1s3~7t4114t3u116t2u2114tu317u4!1s4~ t1u!~7t214tu17u2!14s5~ t21tu1u2!

1s6~ t1u!1jajb@ t2u2~ t1u!312stu~ t21tu1u2!21s2~ t1u!~ t414t3u13t2u214tu31u4!

12s3~2t415t3u15t2u215tu312u4!12s4~ t1u!~3t212tu13u2!

14s5~ t21tu1u2!1s6~ t1u!#%, ~A2!

ds

dt
~gg→cc̄@ 3S1

(1)#g!5
4e2gs

4^O@ 3S1
(1)#&Qc

2M

9ps2~s1t !2~s1u!2~ t1u!2
$t2u21stu~ t1u!1s2~ t21tu1u2!1jajb@2t2u22stu~ t1u!1s2tu#%,

~A3!

ds

dt
~gg→cc̄@ 1P1

(1)#g!5
16e2gs

4^O@ 1P1
(1)#&Qc

2

9pMs2~s1t !3~s1u!3~ t1u!3
$tu~ t1u!3~ t21tu1u2!

1s~ t614t5u111t4u2114t3u3111t2u414tu51u6!

1s2~ t1u!~4t417t3u19t2u217tu314u4!1s3~7t4114t3u116t2u2114tu317u4!

1s4~ t1u!~7t214tu17u2!14s5~ t21tu1u2!

1s6~ t1u!1jajb@ t2u2~ t1u!312stu~ t21tu1u2!21s2~ t1u!~ t414t3u13t2u214tu31u4!

12s3~2t415t3u15t2u215tu312u4!12s4~ t1u!~3t212tu13u2!

14s5~ t21tu1u2!1s6~ t1u!#%, ~A4!

ds

dt
~gg→cc̄@ 1S0

(8)#g!5
3e2gs

4^O@ 1S0
(8)#&Qc

2u

32pMst~s1t !2~s1u!2~ t1u!2
$4u418tu3113t2u2110t3u15t412s~ t1u!2~5t14u!

113s2~ t1u!218s3~ t1u!14s41jajb@4tu~2t213tu12u2!18s~ t1u!3

112s2~ t1u!218s3~ t1u!14s4#%, ~A5!

ds

dt
~gg→cc̄@ 3S1

(8)#g!5
5e2gs

4^O@ 3S1
(8)#&Qc

2M

36ps2~s1t !2~s1u!2~ t1u!2
$t2u21stu~ t1u!1s2~ t21tu1u2!1jajb@2t2u22stu~ t1u!

1s2tu#%, ~A6!

ds

dt
~gg→cc̄@ 1P1

(8)#g!5
5e2gs

4^O@ 1P1
(8)#&Qc

2

9pMs2~s1t !3~s1u!3~ t1u!3
$tu~ t1u!3~ t21tu1u2!

1s~ t614t5u111t4u2114t3u3111t2u414tu51u6!1s2~ t1u!~4t417t3u19t2u217tu314u4!

1s3~7t4114t3u116t2u2114tu317u4!1s4~ t1u!~7t214tu17u2!14s5~ t21tu1u2!

1s6~ t1u!1jajb@ t2u2~ t1u!312stu~ t21tu1u2!21s2~ t1u!~ t414t3u13t2u214tu31u4!

12s3~2t415t3u15t2u215tu312u4!12s4~ t1u!~3t212tu13u2!

14s5~ t21tu1u2!1s6~ t1u!#%, ~A7!
034017-8
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ds

dt
~gg→cc̄@ 3P0

(8)#g!5
e2gs

4^O@ 3P0
(8)#&Qc

2u

8pM3st~s1t !4~s1u!4~ t1u!4
$t2~ t1u!2~4t6120t5u1105t4u21142t3u31125t2u4

172tu5136u6!12st~ t1u!~14t71143t6u1463t5u21707t4u31679t3u41426t2u51180tu6

136u7!1s2~149t811212t7u13692t6u216228t5u316597t4u414424t3u511838t2u6

1432tu7136u8!14s3~ t1u!~93t61492t5u11065t4u211293t3u31818t2u41267tu5136u6!

1s4~514t612772t5u16597t4u218444t3u315816t2u412040tu51297u6!

12s5~ t1u!~232t41873t3u11339t2u21831tu31189u4!

1s6~305t411212t3u11838t2u211212tu31297u4!1144s7~ t1u!3136s8~ t1u!2

1jajb@24t3u2~ t1u!2~8t328t2u225tu2218u3!28st2u~ t1u!~8t514t4u272t3u2

2140t2u32105tu4227u5!18s2t~24t7212t6u1103t5u21440t4u31687t3u4

1535t2u51202tu6127u7!18s3~24t7168t6u1434t5u21923t4u31970t3u4

1532t2u51132tu619u7!14s4~33t61412t5u11303t4u211858t3u3

11377t2u41498tu5163u6!18s5~ t1u!~38t41198t3u1302t2u21201tu3145u4!

18s6~35t41147t3u1221t2u21147tu3136u4!1144s7~ t1u!3136s8~ t1u!2#%, ~A8!

ds

dt
~gg→cc̄@ 3P1

(8)#g!5
e2gs

4^O@ 3P1
(8)#&Qc

2

8pM3s2~s1t !4~s1u!4~ t1u!4
$t4u2~ t1u!3~ t212tu15u2!1st3u2~ t1u!2

3~3t3118t2u147tu2112u3!1s2t2~ t1u!~ t612t5u110t4u2182t3u31183t2u41100tu5122u6!

1s3t~5t7124t6u192t5u21296t4u31465t3u41316t2u5194tu6112u7!1s4~ t1u!~14t6172t5u

1193t4u21272t3u31116t2u4116tu515u6!1s5~22t61124t5u1283t4u21316t3u31132t2u4

18tu525u6!1s6~ t1u!2~17t3137t2u131tu225u3!1s7~5t4112t3u122t2u2112tu315u4!

1jajb@24t4u4~ t1u!324st3u3~ t1u!2~2t219tu12u2!24s2t2u2~ t1u!

3~ t4114t3u134t2u2116tu313u4!24s3tu2~3t5128t4u156t3u2138t2u3111tu412u5!

14s4tu~ t1u!~2t415t3u28t2u225tu322u4!14s5t2u~6t3121t2u120tu219u3!

18s6tu~ t1u!2~3t1u!18s7tu~ t21tu1u2!#%, ~A9!

ds

dt
~gg→cc̄@ 3P2

(8)#g!5
2e2gs

4^O@ 3P2
(8)#&Qc

2

40pM3s2t~s1t !4~s1u!4~ t1u!4
$23t5u2~ t1u!3~ t212tu15u2!2st2u~ t1u!2~8t6149t5u

1186t4u21317t3u31256t2u41144tu5148u6!2s2t~ t1u!2~3t7159t6u1387t5u21979t4u3

11090t3u41738t2u51384tu6196u7!1s3~215t92292t8u21812t7u224840t6u327011t5u4

26384t4u524090t3u621900t2u72528tu8248u9!2s4~ t1u!~42t71696t6u12739t5u214272t4u3

13804t3u412368t2u511071tu61192u7!1s5~266t721076t6u23897t5u226384t4u326172t3u4

24144t2u521881tu62396u7!2s6~ t1u!~51t51922t4u12028t3u212062t2u311377tu41504u5!

1s7~215t52592t4u21602t3u221900t2u321263tu42396u5!248s8u~ t1u!~5t217tu14u2!

248s9u~ t1u!21jajb@12t5u4~ t1u!314st3u3~ t1u!2~2t13u!~5t222tu24u2!

14s2t3u2~ t1u!2~11t3147t2u131tu223u3!14s3tu~4t7181t6u1284t5u21472t4u3

1486t3u41341t2u51158tu6136u7!14s4u~ t1u!~34t61225t5u1424t4u2
034017-9
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1495t3u31386t2u41180tu5124u6!14s5u~102t61469t5u1892t4u211033t3u3

1828t2u41408tu5184u6!18s6u~ t1u!~77t41186t3u1209t2u21156tu3160u4!

18s7u~65t41183t3u1221t2u21150tu3148u4!

148s8u~ t1u!~5t217tu14u2!148s9u~ t1u!2#%, ~A10!

ds

dt
~gq→cc̄@ 1S0

(8)#q!5
2e2gs

4^O@ 1S0
(8)#&Qc

2

12pMs2t~s1u!2
$u21s21jajb@2u21s2#%, ~A11!

ds

dt
~gq→cc̄@ 3S1

(8)#q!5
2e2gs

4^O@ 3S1
(8)#&Qq

2

72pM3s3u
$u212tu12t212st1s21jajb@u~2t1u!22st2s2#%, ~A12!

ds

dt
~gq→cc̄@ 3P0

(8)#q!5
2e2gs

4^O@ 3P0
(8)#&Qc

2~3s12t13u!2

9pM3s2t~s1u!4
$u21s21jajb@2u21s2#%, ~A13!

ds

dt
~gq→cc̄@ 3P1

(8)#q!5
22e2gs

4^O@ 3P1
(8)#&Qc

2

9pM3s2~s1u!4
$tu214su~ t1u!1s2~ t14u!1jajb@2tu21s2t#%, ~A14!

ds

dt
~gq→cc̄@ 3P2

(8)#q!5
2e2gs

4^O@ 3P2
(8)#&Qc

2

45pM3s2t~s1u!4
$2u2~7t2112tu16u2!212su~ t1u!21s2~27t2224tu212u2!

212s3~ t1u!26s41jajb@2u2~5t2112tu16u2!212su2~ t1u!

1s2t~5t112u!112s3~ t1u!16s4#%, ~A15!

ds

dt
~gg→cc̄@ 1S0

(1)#g!5
gs

6^O@ 1S0
(1)#&

64pMs3t~s1t !2u~s1u!2~ t1u!2
$t2u2~4t418t3u113t2u218tu314u4!12stu~ t1u!

3~4t4112t3u121t2u2112tu314u4!1s2~4t6132t5u1111t4u21168t3u31111t2u4132tu5

14u6!12s3~ t1u!~4t4129t3u155t2u2129tu314u4!1s4~13t4166t3u1111t2u2

166tu3113u4!18s5~ t1u!~ t213tu1u2!14s6~ t1u!21jajb@4t3u3~2t213tu12u2!

18st2u2~ t1u!~3t215tu13u2!18s2tu~ t1u!2~3t217tu13u2!18s3~ t1u!~ t417t3u

113t2u217tu31u4!14s4~ t213tu1u2!~3t217tu13u2!

18s5~ t1u!~ t213tu1u2!14s6~ t1u!2#%, ~A16!

ds

dt
~gg→cc̄@ 3S1

(1)#g!5
5gs

6^O@ 3S1
(1)#&M

216ps2~s1t !2~s1u!2~ t1u!2
$t2u21stu~ t1u!1s2~ t21tu1u2!

1jajb@2t2u22stu~ t1u!1s2tu#%, ~A17!

ds

dt
~gg→cc̄@ 1P1

(1)#g!5
5gs

6^O@ 1P1
(1)#&

54pMs2~s1t !3~s1u!3~ t1u!3
$tu~ t1u!3~ t21tu1u2!1s~ t614t5u111t4u2114t3u3111t2u4

14tu51u6!1s2~ t1u!~4t417t3u19t2u217tu314u4!1s3~7t4114t3u116t2u2

114tu317u4!1s4~ t1u!~7t214tu17u2!14s5~ t21tu1u2!1s6~ t1u!

1jajb@ t2u2~ t1u!312stu~ t21tu1u2!21s2~ t1u!~ t414t3u13t2u214tu31u4!

12s3~2t415t3u15t2u215tu312u4!12s4~ t1u!~3t212tu13u2!

14s5~ t21tu1u2!1s6~ t1u!#%, ~A18!
034017-10



CHARMONIUM PRODUCTION IN POLARIZED HIGH- . . . PHYSICAL REVIEW D 68, 034017 ~2003!
ds

dt
~gg→cc̄@ 3P0

(1)#g!5
gs

6^O@ 3P0
(1)#&

48pM3s3t~s1t !4u~s1u!4~ t1u!4
$9t4u4~ t1u!2~4t418t3u113t2u218tu314u4!

112st3u3~ t1u!~12t6156t5u1123t4u21163t3u31123t2u4156tu5112u6!

14s2t2u2~55t81439t7u11517t6u213076t5u313891t4u413076t3u511517t2u61439tu7

155u8!12s3tu~ t1u!~72t81806t7u13419t6u217828t5u3110398t4u417828t3u513419t2u6

1806tu7172u8!1s4~36t101816t9u16068t8u2122494t7u3148086t6u4161808t5u5148086t4u6

122494t3u716068t2u81816tu9136u10!14s5~ t1u!~36t81501t7u12575t6u216538t5u3

18914t4u416538t3u512575t2u61501tu7136u8!1s6~297t813432t7u

115564t6u2136452t5u3148086t4u4136452t3u5115564t2u6

13432tu71297u8!12s7~ t1u!~189t611527t5u14625t4u216622t3u314625t2u4

11527tu51189u6!1s8~297t612148t5u16068t4u218450t3u316068t2u4

12148tu51297u6!14s9~ t1u!~36t41168t3u1271t2u21168tu3136u4!

14s10~9t4136t3u155t2u2136tu319u4!

1jajb@36t5u5~ t1u!2~2t213tu12u2!148st4u4~ t1u!~7t4127t3u139t2u2

127tu317u4!14s2t3u3~162t611057t5u12712t4u213630t3u312712t2u4

11057tu51162u6!18s3t2u2~ t1u!~81t61631t5u11772t4u212424t3u311772t2u4

1631tu5181u6!14s4tu~84t811057t7u14806t6u2110979t5u3114284t4u4

110979t3u514806t2u611057tu7184u8!18s5~ t1u!~9t81195t7u11161t6u2

13041t5u314118t4u413041t3u511161t2u61195tu719u8!

14s6~63t81792t7u13672t6u218570t5u3111250t4u418570t3u5

13672t2u61792tu7163u8!124s7~ t1u!3~15t4193t3u1169t2u2

193tu3115u4!14s8~ t1u!2~72t41384t3u1641t2u21384tu3172u4!

148s9~ t1u!3~3t218tu13u2!136s10~ t1u!4#%, ~A19!

ds

dt
~gg→cc̄@ 3P1

(1)#g!5
gs

6^O@ 3P1
(1)#&

48pM3s2~s1t !4~s1u!4~ t1u!4
$t2u2~ t1u!~ t614t5u112t4u222t3u3112t2u414tu51u6!

1st2u2~3t6132t5u158t4u2148t3u3158t2u4132tu513u6!1s2~ t1u!~ t812t7u122t6u2

146t5u3110t4u4146t3u5122t2u612tu71u8!1s3~5t8132t7u168t6u2

116t5u3274t4u4116t3u5168t2u6132tu715u8!12s4~ t1u!~8t6121t5u17t4u2

244t3u317t2u4121tu518u6!12s5~5t6124t5u128t4u218t3u3128t2u4

124tu515u6!12s6~ t1u!~ t21u2!~5t2124tu15u2!18s7~2t414t3u13t2u2

14tu312u4!1s8~ t1u!~5t222tu15u2!1s9~ t21u2!

1jajb@24t4~ t2u!2u4~ t1u!24st3u3~2t41t3u24t2u21tu312u4!

24s2t2u2~ t513t4u13tu41u5!14s3t2u2~ t21u2!2

14s4tu~ t1u!~2t41t3u12t2u21tu312u4!

24s5t2u2~ t21u2!28s6tu~ t1u!~ t21u2!#%, ~A20!
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ds

dt
~gg→cc̄@ 3P2

(1)#g!5
2gs

6^O@ 3P2
(1)#&

240pM3s3t~s1t !4u~s1u!4~ t1u!4
$212t4u4~ t1u!2~4t418t3u113t2u218tu314u4!

23st3u3~ t1u!~65t61292t5u1572t4u21710t3u31572t2u41292tu5165u6!

2s2t2u2~296t812273t7u16832t6u2111846t5u3113992t4u4111846t3u516832t2u6

12273tu71296u8!2s3tu~ t1u!~195t812078t7u17202t6u2112562t5u3

114718t4u4112562t3u517202t2u612078tu71195u8!1s4~248t1021071t9u26832t8u2

219764t7u3233496t6u4239106t5u5233496t4u6219764t3u726832t2u821071tu9248u10!

22s5~ t1u!~96t811200t7u14723t6u218917t5u3110636t4u4

18917t3u514723t2u611200tu7196u8!22s6~198t811923t7u16996t6u2

113640t5u3116748t4u4113640t3u516996t2u611923tu71198u8!22s7~ t1u!~3t214tu13u2!

3~84t41445t3u1740t2u21445tu3184u4!

24s8~99t61648t5u11708t4u212320t3u311708t2u41648tu5199u6!

2s9~ t1u!~192t41879t3u11394t2u21879tu31192u4!1s10~248t42195t3u2296t2u2

2195tu3248u4!1jajb@248t5u5~ t1u!2~2t213tu12u2!212st4u4~ t1u!~24t41103t3u

1154t2u21103tu3124u4!24s2t3u3~48t61506t5u11557t4u212196t3u311557t2u4

1506tu5148u6!14s3t2u2~ t1u!~48t6237t5u2794t4u221374t3u32794t2u4237tu5148u6!

14s4tu~72t81520t7u11077t6u21716t5u31178t4u41716t3u511077t2u6

1520tu7172u8!14s5~ t1u!~24t81360t7u11314t6u211957t5u311954t4u4

11957t3u511314t2u61360tu7124u8!14s6~84t81792t7u12688t6u2

14811t5u315664t4u414811t3u512688t2u61792tu7184u8!

124s7~ t1u!~20t61128t5u1309t4u21396t3u31309t2u4

1128tu5120u6!164s8~ t1u!2~6t4127t3u141t2u2127tu316u4!

196s9~ t1u!3~2t1u!~ t12u!148s10~ t1u!4#%, ~A21!

ds

dt
~gg→cc̄@ 1S0

(8)#g!5
5gs

6^O@ 1S0
(8)#&

1024pMs3t~s1t !2u~s1u!2~ t1u!2
$t2u2~4t418t3u113t2u218tu314u4!12stu~ t1u!~2t4

18t3u115t2u218tu312u4!1s2~4t6120t5u171t4u21108t3u3171t2u4120tu514u6!

12s3~ t1u!~4t4119t3u135t2u2119tu314u4!1s4~13t4146t3u171t2u2

146tu3113u4!14s5~ t1u!~2t213tu12u2!14s6~ t21tu1u2!

1jajb@4t3u3~2t213tu12u2!14st2u2~ t1u!~4t217tu14u2!

14s2tu~4t4116t3u125t2u2116tu314u4!14s3~ t1u!~2t419t3u

116t2u219tu312u4!14s4~3t4111t3u117t2u2111tu313u4!

14s5~ t1u!~2t213tu12u2!14s6~ t21tu1u2!#%, ~A22!
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ds

dt
~gg→cc̄@ 3S1

(8)#g!5
gs

6^O@ 3S1
(8)#&

147456pM5s3t~s1t !2u~s1u!2~ t1u!2
$27t2u2~ t1u!2~6t419t3u12t2u219tu316u4!

2stu~ t1u!~108t62297t5u24349t4u223352t3u324349t2u42297tu51108u6!

1s2~162t81189t7u13728t6u2113757t5u3115792t4u4113757t3u513728t2u61189tu7

1162u8!1s3~ t1u!~567t614079t5u19678t4u2111636t3u319678t2u4

14079tu51567u6!1s4~702t617701t5u115792t4u2121314t3u3115792t2u417701tu51702u6!

1s5~ t1u!~594t417107t3u16650t2u217107tu31594u4!

1s6~702t414646t3u13728t2u214646tu31702u4!1189s7~ t1u!~3t222tu13u2!

154s8~3t222tu13u2!1jajb@2128st3u3~ t1u!~19t2111tu119u2!

2128s2t2u2~19t4179t3u193t2u2179tu3119u4!2128s3t2u2~ t1u!

3~11t2152tu111u2!25888s4t3u311408s5t2u2~ t1u!12432s6t2u2#%, ~A23!

ds

dt
~gg→cc̄@ 1P1

(8)#g!5
gs

6^O@ 1P1
(8)#&

2304pM3s3t~s1t !3u~s1u!3~ t1u!3
$27t3u3~ t1u!~4t418t3u113t2u218tu314u4!

1st2u2~ t1u!2~152t41780t3u11229t2u21780tu31152u4!1s2tu~ t1u!~152t61328t5u

12479t4u213735t3u312479t2u41328tu51152u6!1s3~108t811084t7u12807t6u2

16262t5u317694t4u416262t3u512807t2u611084tu71108u8!1s4~ t1u!~324t612617t5u

13597t4u214097t3u313597t2u412617tu51324u6!1s5~567t614018t5u

16214t4u216262t3u316214t2u414018tu51567u6!1s6~ t1u!~567t412374t3u

1433t2u212374tu31567u4!14s7~81t41271t3u1120t2u21271tu3181u4!

14s8~ t1u!~27t2111tu127u2!1jajb@108t4u4~ t1u!~2t213tu12u2!

14st3u3~ t1u!2~119t21265tu1119u2!18s2t2u2~ t1u!~65t41176t3u1341t2u2

1176tu3165u4!14s3tu~119t61520t5u1824t4u211138t3u31824t2u41520tu51119u6!

14s4~ t1u!~54t61487t5u1667t4u21602t3u31667t2u41487tu5154u6!

14s5~135t61866t5u11312t4u211194t3u311312t2u41866tu51135u6!14s6~ t1u!~135t4

1542t3u188t2u21542tu31135u4!14s7~81t41271t3u

1120t2u21271tu3181u4!14s8~ t1u!~27t2111tu127u2!#%, ~A24!

ds

dt
~gg→cc̄@ 3P0

(8)#g!5
5gs

6^O@ 3P0
(8)#&

768pM3s3t~s1t !4u~s1u!4~ t1u!4
$9t4u4~ t1u!2~4t418t3u113t2u218tu314u4!

112st3u3~ t1u!~9t6143t5u197t4u21131t3u3197t2u4143tu519u6!14s2t2u2~37t81295t7u

11045t6u212185t5u312801t4u412185t3u511045t2u61295tu7137u8!12s3tu~ t1u!

3~54t81536t7u12261t6u215324t5u317178t4u415324t3u512261t2u61536tu7154u8!

12s4~18t101312t9u12090t8u217585t7u3116243t6u4120924t5u5116243t4u6

17585t3u712090t2u81312tu9118u10!14s5~ t1u!~36t81384t7u11801t6u2

14450t5u316012t4u414450t3u511801t2u61384tu7136u8!1s6~297t812736t7u

111204t6u2125004t5u3132486t4u4125004t3u5111204t2u612736tu71297u8!

12s7~ t1u!~189t611179t5u13191t4u214394t3u313191t2u4
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11179tu51189u6!1s8~ t1u!2~297t411086t3u11711t2u2

11086tu31297u4!14s9~ t1u!~36t41120t3u1175t2u21120tu3136u4!

14s10~9t4127t3u137t2u2127tu319u4!1jajb@36t5u5~ t1u!2~2t213tu12u2!

112st4u4~ t1u!~23t4189t3u1128t2u2189tu3123u4!14s2t3u3~117t61755t5u11920t4u2

12560t3u311920t2u41755tu51117u6!14s3t2u2~ t1u!~117t61851t5u12312t4u2

13128t3u312312t2u41851tu51117u6!14s4tu~69t81759t7u

13185t6u216993t5u318992t4u416993t3u513185t2u61759tu7169u8!14s5~ t1u!~18t8

1318t7u11618t6u213911t5u315198t4u413911t3u511618t2u61318tu7118u8!14s6~63t8

1645t7u12592t6u215631t5u317246t4u415631t3u5

12592t2u61645tu7163u8!14s7~ t1u!~90t61570t5u11481t4u212030t3u3

11481t2u41570tu5190u6!14s8~72t61411t5u11005t4u211336t3u3

11005t2u41411tu5172u6!148s9~ t1u!3~3t214tu13u2!

136s10~ t1u!2~ t21tu1u2!#%, ~A25!

ds

dt
~gg→cc̄@ 3P1

(8)#g!5
5gs

6^O@ 3P1
(8)#&

768pM3s2~s1t !4~s1u!4~ t1u!4
$t2u2~ t1u!~ t614t5u116t4u216t3u3116t2u414tu51u6!

1st2u2~ t21tu1u2!~3t4137t3u178t2u2137tu313u4!1s2~ t1u!~ t812t7u138t6u2

1150t5u31218t4u41150t3u5138t2u612tu71u8!1s3~5t8140t7u1188t6u21472t5u3

1622t4u41472t3u51188t2u6140tu715u8!12s4~ t1u!~10t6149t5u1135t4u21176t3u3

1135t2u4149tu5110u6!12s5~11t6176t5u1184t4u21236t3u31184t2u4176tu5111u6!

12s6~ t1u!~11t4148t3u146t2u2148tu3111u4!120s7~ t1u!2~ t21u2!

1s8~ t1u!~5t222tu15u2!1s9~ t21u2!1jajb@28t4u4~ t1u!~ t21u2!

28st3u3~2t418t3u111t2u218tu312u4!216s2t2u2~ t1u!~ t213tu1u2!2

28s3tu~ t618t5u131t4u2147t3u3131t2u418tu51u6!28s4tu~ t1u!

3~ t416t3u112t2u216tu31u4!18s5t2u2~3t215tu13u2!

18s6tu~ t1u!~ t214tu1u2!18s7tu~ t21tu1u2!#%, ~A26!

ds

dt
~gg→cc̄@ 3P2

(8)#g!5
2gs

6^O@ 3P2
(8)#&

768pM3s3t~s1t !4u~s1u!4~ t1u!4
$212t4u4~ t1u!2~4t418t3u113t2u218tu314u4!

23st3u3~ t1u!~49t61220t5u1432t4u21542t3u31432t2u41220tu5149u6!

2s2t2u2~200t811577t7u14808t6u218498t5u3110144t4u418498t3u514808t2u6

11577tu71200u8!2s3tu~ t1u!~147t811430t7u15066t6u219242t5u3111150t4u4

19242t3u515066t2u611430tu71147u8!1s4~248t102807t9u24808t8u2

214308t7u3225552t6u4230602t5u5225552t4u6214308t3u724808t2u82807tu9248u10!

22s5~ t1u!~96t81882t7u13367t6u216829t5u318472t4u416829t3u5

13367t2u61882tu7196u8!22s6~198t811461t7u15072t6u2110196t5u3112776t4u4

110196t3u515072t2u611461tu71198u8!22s7~ t1u!~252t611209t5u
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13040t4u214114t3u313040t2u411209tu51252u6!24s8~ t1u!2~99t41291t3u

1521t2u21291tu3199u4!2s9~ t1u!~192t41615t3u1962t2u21615tu31192u4!

1s10~248t42147t3u2200t2u22147tu3248u4!

1jajb@248t5u5~ t1u!2~2t213tu12u2!224st4u4~ t1u!~3t215tu13u2!~3t218tu13u2!

28s2t3u3~15t61170t5u1525t4u21739t3u31525t2u41170tu5115u6!

18s3t2u2~ t1u!~15t625t5u2242t4u22422t3u32242t2u425tu5115u6!

18s4tu~3t217tu13u2!~9t6140t5u130t4u22t3u3130t2u4140tu519u6!

18s5~ t1u!~12t81135t7u1455t6u21688t5u31694t4u4

1688t3u51455t2u61135tu7112u8!18s6~42t81300t7u1924t6u2

11617t5u311901t4u411617t3u51924t2u61300tu7142u8!116s7~ t1u!~30t61135t5u

1308t4u21395t3u31308t2u41135tu5130u6!18s8~48t61231t5u1549t4u2

1731t3u31549t2u41231tu5148u6!124s9~ t1u!~8t4125t3u138t2u2125tu318u4!

148s10~ t1u!2~ t21tu1u2!#%, ~A27!

ds

dt
~gq→cc̄@ 1S0

(1)#q!5
2gs

6^O@ 1S0
(1)#&

72pMs2t~s1u!2
$u21s21jajb@2u21s2#%, ~A28!

ds

dt
~gq→cc̄@ 3P0

(1)#q!5
2gs

6^O@ 3P0
(1)#&~3s12t13u!2

54pM3s2t~s1u!4
$u21s21jajb@2u21s2#%, ~A29!

ds

dt
~gq→cc̄@ 3P1

(1)#q!5
2gs

6^O@ 3P1
(1)#&

27pM3s2~s1u!4
$tu214su~ t1u!1s2~ t14u!1jajb@2tu21s2t#%, ~A30!

ds

dt
~gq→cc̄@ 3P2

(1)#q!5
gs

6^O@ 3P2
(1)#&

135pM3s2t~s1u!4
$2u2~7t2112tu16u2!212su~ t1u!21s2~27t2224tu212u2!212s3~ t1u!

26s41jajb@2u2~5t2112tu16u2!212su2~ t1u!1s2t~5t112u!112s3~ t1u!16s4#%, ~A31!

ds

dt
~gq→cc̄@ 1S0

(8)#q!5
25gs

6^O@ 1S0
(8)#&

1152pMs2t~s1u!2
$u21s21jajb@2u21s2#%, ~A32!

ds

dt
~gq→cc̄@ 3S1

(8)#q!5
gs

6^O@ 3S1
(8)#&~4s22su14u2!

1728pM3s3u~s1u!2
$2u222tu22t222st2s21jajb@2u~2t1u!12st1s2#%,

~A33!

ds

dt
~gq→cc̄@ 1P1

(8)#q!5
2gs

6^O@ 1P1
(8)#&

96pM3s2t~s1u!2
$u21s21jajb@2u21s2#%, ~A34!

ds

dt
~gq→cc̄@ 3P0

(8)#q!5
25gs

6^O@ 3P0
(8)#&~3s12t13u!2

864pM3s2t~s1u!4
$u21s21jajb@2u21s2#%, ~A35!

ds

dt
~gq→cc̄@ 3P1

(8)#q!5
25gs

6^O@ 3P1
(8)#&

432pM3s2~s1u!4
$tu214su~ t1u!1s2~ t14u!1jajb@2tu21s2t#%, ~A36!
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ds

dt
~gq→cc̄@ 3P2

(8)#q!5
gs

6^O@ 3P2
(8)#&

432pM3s2t~s1u!4
$2u2~7t2112tu16u2!212su~ t1u!21s2~27t2224tu212u2!212s3~ t1u!

26s41jajb@2u2~5t2112tu16u2!212su2~ t1u!1s2t~5t112u!112s3~ t1u!16s4#%, ~A37!

ds

dt
~qq̄→cc̄@ 1S0

(1)#g!5
2gs

6^O@ 1S0
(1)#&~ t21u2!

27pMs3~ t1u!2
$211jajb%, ~A38!

ds

dt
~qq̄→cc̄@ 3P0

(1)#g!5
24gs

6^O@ 3P0
(1)#&~ t21u2!~2s13t13u!2

81pM3s3~ t1u!4
$211jajb%, ~A39!

ds

dt
~qq̄→cc̄@ 3P1

(1)#g!5
28gs

6^O@ 3P1
(1)#&

81pM3s2~ t1u!4
@4tu~ t1u!1s~ t214tu1u2!#$211jajb%, ~A40!

ds

dt
~qq̄→cc̄@ 3P2

(1)#g!5
28gs

6^O@ 3P2
(1)#&

405pM3s3~ t1u!4
@6~ t1u!2~ t21u2!112s~ t312t2u12tu21u3!

1s2~7t2112tu17u2!#$211jajb%, ~A41!

ds

dt
~qq̄→cc̄@ 1S0

(8)#g!5
25gs

6^O@ 1S0
(8)#&~ t21u2!

432pMs3~ t1u!2
$211jajb%, ~A42!

ds

dt
~qq̄→cc̄@ 3S1

(8)#g!5
2gs

6^O@ 3S1
(8)#&~4t22tu14u2!
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