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We analyze charmonium and bottomonium production at fixed-target experiments. We find that the incl
sion of color octet production channels removes large discrepancies between experiment and the prediction
the color singlet model for the total production cross section. Furthermore, including octet contribution
accounts for the observed direct to totalJ/c production ratio. As found earlier for photoproduction of quarko-
nia, a fit to fixed-target data requires smaller color octet matrix elements than those extracted from high-pt
production at the Fermilab Tevatron. We argue that this difference can be explained by systematic differenc
in the velocity expansion for collider and fixed-target predictions. While the color octet mechanism thu
appears to be an essential part of a satisfactory description of fixed-target data, important discrepancies rem
for the xc1 /xc2 production ratio andJ/c (c8) polarization. These discrepancies, as well as the differences
between pion- and proton-induced collisions, emphasize the need for including higher twist effects in additio
to the color octet mechanism.@S0556-2821~96!05515-4#

PACS number~s!: 13.85.Ni, 13.88.1e, 14.40.Gx
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I. INTRODUCTION

Quarkonium production has traditionally been calcula
in the color singlet model~CSM! @1#. Although the model
successfully describes the production rates for some qua
nium states, it has become clear that it fails to provide
theoretically and phenomenologically consistent picture
all production processes. In hadroproduction of charmoni
fixed-target energies (As,50 GeV!, the ratio of the number
of J/c produced directly to those arising from decays
higher charmonium states is underpredicted by at least a
tor 5 @2#. Thexc1 to xc2 production ratio is far too low, and
the observation of essentially unpolarizedJ/c and c8 can
not be reproduced. At Fermilab Tevatron collider energ
when fragmentation production dominates, the deficit of
rect J/c and c8 in the color singlet model is even large
This deficit has been referred to as the ‘‘c8 anomaly’’ @3,4#.

These discrepancies suggest that the color singlet mod
too restrictive and that other production mechanisms are
cessitated. Indeed, the CSM requires that the quark-antiq
pair that binds into a quarkonium state be produced on
time scalet.1/mQ with the same color and angular mome
tum quantum numbers as the eventually formed quarkoni
Consequently, a hard gluon has to be emitted to produ
3S1 state in the CSM and costs one power ofas /p. Since
the time scale for quarkonium formation is of ord
1/(mQv

2), wherev is the relative quark-antiquark velocity i
the quarkonium bound state, this suppression can be o
come if one allows for the possibility that the quar
antiquark pair is in any angular momentum or color st
when produced on time scalest.1/mQ . Subsequent evolu
tion into the physical quarkonium state is mediated by em
sion of soft gluons with momenta of ordermQv

2. Since the
quark-antiquark pair is small in size, the emission of the
gluons can be analyzed within a multipole expansion. A r
orous formulation@5# of this picture can be given in terms o
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nonrelativistic QCD~NRQCD!. Accordingly, the production
cross section for a quarkonium stateH in the process

A1B→H1X ~1!

can be written as

sH5(
i , j

E
0

1

dx1dx2f i /A~x1! f j /B~x2!ŝ~ i j→H !, ~2!

ŝ~ i j→H !5(
n

C
Q̄Q@n#

i j
^On

H&. ~3!

Here the first sum extends over all partons in the colliding
hadrons andf i /A , etc., denote the corresponding distribution
functions. The short-distance@x;1/mQ@1/(mQv)# coeffi-
cientsC

Q̄Q@n#

i j
describe the production of a quark-antiquark

pair in a staten and have expansions inas(2mQ). The
parameters1 ^On

H& describe the subsequent hadronization o
theQQ̄ pair into a jet containing the quarkoniumH and light
hadrons. These matrix elements cannot be computed pertu
batively, but their relative importance in powers ofv can be
estimated from the selection rules for multipole transitions.

The color octet picture has led to the most plausible ex
planation of the ‘‘c8 anomaly’’ and the directJ/c produc-
tion deficit. In this picture gluons fragment into quark-
antiquark pairs in a color-octet3S1

(8) state which then
hadronizes into ac8 ~or J/c) @6–8#. Aside from this striking
prediction, the color octet mechanism remains largely un
tested. Its verification now requires considering quarkonium
production in other processes in order to demonstrate th

1Their precise definition is given in Sec. VI of@5#.
2005 © 1996 The American Physical Society
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2006 54M. BENEKE AND I. Z. ROTHSTEIN
process independence~universality! of the production matrix
elementŝ On

H&, which is an essential prediction of the fac
torization formula~3!.

Direct J/c andc8 production at largept@2mQ ~where
mQ denotes the heavyquarkmass! is rather unique in that a
single term, proportional tô O8

H(3S1)&, overwhelmingly
dominates the sum~3!. On the other hand, in quarkonium
formation at moderatept;2mQ at colliders and in photopro-
duction or fixed-target experiments (pt;1 GeV!, the signa-
tures of color octet production are less dramatic, becau
they are not as enhanced by powers ofp/as or pt

2/mQ
2 over

the singlet mechanisms. Furthermore, theoretical predictio
are parametrized by more unknown octet matrix elemen
and are afflicted by larger uncertainties. In particular, the
are large uncertainties due to the increased sensitivity to
heavy quark mass close to threshold.~The production of a
quark-antiquark pair close to threshold is favored by the ri
of parton densities at smallx.! These facts complicate estab
lishing color octet mechanisms precisely in those process
where experimental data is most abundant.

Cho and Leibovich@9# studied direct quarkonium produc-
tion at moderatept at the Tevatron collider and were
able to extract a value for a certain combination of un
known parameters^O8

H(1S0)& and ^O8
H(3P0)& „H5J/

c,c8,Y(1S),Y(2S)…. A first test of universality comes from
photoproduction@10–12#, where a different combination of
these two matrix elements becomes important near the e
tic peak atz'1, wherez5p•kc /p•kg , andp is the proton
momentum. A fit to photoproduction data requires muc
smaller matrix elements than those found in@9#. Taken at
face value, this comparison would imply failure of the uni
versality assumption underlying the nonrelativistic QCD ap
proach. However, the extraction from photoproductio
should be regarded with caution since the NRQCD forma
ism describes inclusive quarkonium production only afte
sufficient smearing inz and is not applicable in the exclusive
region close toz51, where diffractive quarkonium produc-
tion is important.

In this paper we investigate the universality of the colo
octet quarkonium production matrix elements in fixed-targ
-
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hadron collisions and reevaluate the failures of the CSM
fixed-target production@2# after inclusion of color octet
mechanisms. Some of the issues involved have already b
addressed by Tang and Va¨nttinen @13# and by Gupta and
Sridhar@14#, but a complete survey is still missing. We als
differ from @13# in the treatment of polarized quarkonium
production and the assessment of the importance of co
octet contributions and from@14# in the color octet short-
distance coefficients.

The paper is organized as follows. In Sec. II we compi
the leading order color singlet and color octet contributio
to the production rates forc8,xJ ,J/c as well as bottomo-
nium. In Sec. III we present our numerical results for proto
and pion-induced collisions. Section IV is devoted to th
treatment of polarized quarkonium production. As polariz
tion remains one of the cleanest tests of octet quarkoni
production at largept @15,16#, we clarify in detail the con-
flicting treatments of polarized production in@16# and @9#.
Section V is dedicated to a comparison of the extracted co
octet matrix elements from fixed-target experiments wi
those from photoproduction and the Tevatron. We argue t
kinematical effects and small-x effects can bias the extrac-
tion of NRQCD matrix elements so that a fit to Tevatron da
at largept requires larger matrix elements than the fit t
fixed-target and photoproduction data. The final section su
marizes our conclusions.

II. QUARKONIUM PRODUCTION CROSS SECTIONS
AT FIXED-TARGET ENERGIES

A. Cross sections

We begin with the production cross section forc8 which
does not receive contributions from radiative decays
higher charmonium states. The 2→2 parton diagrams pro-
duce a quark-antiquark pair in a color octet state
P-wave singlet state~not relevant toc8) and therefore con-
tribute to c8 production at orderas

2v7. ~For charmonium
v2'0.25–0.3, for bottomoniumv2'0.08–0.1.! The 2→3
parton processes contribute to the color singlet processe
orderas

3v3. Using the notation in Eq.~2!,
re
s
nts
ŝ~gg→c8!5
5p3as

2

12~2mc!
3s

d~x1x224mc
2/s!F ^O8

c8~1S0!&1
3

mc
2 ^O8

c8~3P0!&1
4

5mc
2 ^O8

c8~3P2!&G
1

20p2as
3

81~2mc!
5Q~x1x224mc

2/s!^O1
c8~3S1!&z

2F12z212zlnz

~12z!2
1
12z222zlnz

~11z!3 G , ~4!

ŝ~gq→c8!50, ~5!

ŝ~qq̄→c8!5
16p3as

2

27~2mc!
3s

d~x1x224mc
2/s!^O8

c8~3S1!&. ~6!

Herez[(2mc)
2/(sx1x2), As is the center-of-mass energy, andas is normalized at the scale 2mc . Corrections to these cross

sections are suppressed by eitheras /p or v2. Note that the relativistic corrections to the color singlet cross section a
substantial in specific kinematic regionsz→0,1 @17#. ForAs.15 GeV these corrections affect the total cross section by les
than 50% and decrease as the energy is raised@1#. Furthermore, notice that we have expressed the short-distance coefficie
in terms of the charm quark mass,Mc8'2mc , rather than the truec8 mass. Although the difference is formally of higher
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order in v2, this choice is conceptually favored since the short-distance coefficients depend only on the physics pr
quarkonium formation. All quarkonium specific properties which can affect the cross section, such as quarkonium
differences, are hidden in the matrix elements.

The production ofP-wave quarkonia differs fromS-waves since color singlet and color octet processes enter at the sa
order in v2 as well asas in general. An exception isxc1, which cannot be produced in 2→2 parton reactions through
gluon-gluon fusion in a color singlet state. Since at orderas

2, the xc1 would be produced only in aqq̄ collision, we also
include the gluon fusion diagrams at orderas

3, which are enhanced by the gluon distribution. We have, forxc0,

ŝ~gg→xc0!5
2p3as

2

3~2mc!
3s

d~x1x224mc
2/s!

1

mc
2 ^O1

xc0~3P0!&, ~7!

ŝ~gq→xc0!50, ~8!

ŝ~qq̄→xc0!5
16p3as

2

27~2mc!
3s

d~x1x224mc
2/s!^O8

xc0~3S1!&, ~9!

for xc1,

ŝ~gg→xc1!5
2p2as

3

9~2mc!
5Q~x1x224mc

2/s!
1

mc
2 ^O1

xc1~3P1!&F4z2lnz~z819z7126z6128z5117z417z3240z224z24!

~11z!5~12z!4

1
z9139z81145z71251z61119z52153z4217z32147z228z110

3~12z!3~11z!4 G , ~10!

ŝ~gq→xc1!5
8p2as

3

81~2mc!
5Q~x1x224mc

2/s!
1

mc
2 ^O1

xc1~3P1!&F2z2lnz1
4z329z15

3 G , ~11!

ŝ~qq̄→xc1!5
16p3as

2

27~2mc!
3s

d~x1x224mc
2/s!^O8

xc1~3S1!&, ~12!

and forxc2,

ŝ~gg→xc2!5
8p3as

2

45~2mc!
3s

d~x1x224mc
2/s!

1

mc
2 ^O1

xc2~3P2!&, ~13!

ŝ~gq→xc2!50, ~14!

ŝ~qq̄→xc2!5
16p3as

2

27~2mc!
3s

d~x1x224mc
2/s!^O8

xc2~3S1!&. ~15!
nd
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Note that in the NRQCD formalism the infrared-sensiti
contributions to theqq̄-induced color singlet process at ord
as
3 are factorized into the color octet matrix elemen

^O8
xcJ(3S1)&, so that theqq̄ reactions at orderas

3 are truly
suppressed byas . These reactions are numerically insignifi
cant, as is seen from the fact that the orderas

2 terms initiated
by qq̄ interactions are smaller than the orderas

3 gluon inter-
actions. The production ofP-wave states through octe
quark-antiquark pairs in a state other than3S1 is higher order
in v2.

Taking into account indirect production ofJ/c from de-
cays ofc8 andxcJ states, theJ/c cross section is given by

sJ/c5s~J/c!dir1 (
J50,1,2

B~xcJ→J/cX!sxcJ

1B~c8→J/cX!sc8, ~16!
ve
er
ts

-

t

whereB denotes the corresponding branching fraction a
the direct J/c production cross sections(J/c)dir differs
from sc8 @see Eq.~4!# only by the replacement ofc8 matrix
elements withJ/c matrix elements. Finally, we note tha
charmonium production throughB decays is comparatively
negligible at fixed-target energies.

The 2→2 parton processes contribute only to quarkoniu
production at zero transverse momentum with respect to
beam axis. The transverse momentum distribution ofH in
reaction~1! is not calculable in thept,LQCD region, but the
total cross section~which averages over allpt) is predicted
even if the underlying parton process is strongly peaked
zeropt .

The transcription of the above formulas to bottomoniu
production is straightforward. Since more bottomoniu
states exist below the open bottom threshold than for t
charmonium system, a larger chain of cascade decays in
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TABLE I. Matrix elements~ME! for the direct production of aS-wave quarkoniumH. All values in
GeV3.

ME J/c c8 Y(1S) Y(2S) Y(3S)

^O1
H(3S1)& 1.16 0.76 9.28 4.63 3.54

^O8
H(3S1)& 6.631023 4.631023 5.931023 4.131023 3.531023

D8(H) Fitted Fitted 5.031022 3.031022 2.331022
e
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ed
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eri-

n

bottomonium system must be included. In particular, there
indirect evidence fromY(3S) production both at the Teva
tron @18# as well as in fixed-target experiments~to be dis-
cussed below! that there exist yet unobservedxb(3P) states
below threshold whose decay into lower bottomonium sta
should also be included. Our numerical results do not inclu
indirect contributions from potentialD-wave states below
threshold.

All color singlet cross sections compiled in this sectio
have been taken from the review@1#. We have checked tha
the color octet short-distance coefficients agree with th
given in @9#, but disagree with those that enter the numeri
analysis of fixed-target data in@14#.

B. Matrix elements

The number of independent matrix elements can be
duced by using the spin symmetry relations

^O1
xcJ~3PJ!&5~2J11!^O1

xc0~3P0!&,

^O8
c~3PJ!&5~2J11!^O8

c~3P0!&, ~17!

^O8
xcJ~3S1!&5~2J11!^O1

xc0~3S1!&,

and are accurate up to corrections of orderv2 (c5J/c,c8,
identical relations hold for bottomonium!. This implies that
at lowest order inas , the matrix elementŝO8

H(1S0)& and
^O8

H(3P0)& enter fixed-target production ofJ/c andc8 only
in the combination

D8~H ![^O8
H~1S0!&1

7

mQ
2 ^O8

H~3P0!&. ~18!

Up to corrections inv2, all relevant color singlet production
matrix elements are related to radial quarkonium wave fu
tions at the origin and their derivatives by

^O1
H~3S1!&5

9

2p
uR~0!u2, ^O1

H~3P0!&5
9

2p
uR8~0!u2.

~19!

We are then left with three nonperturbative parameters
the direct production of eachS-wave quarkonium and two
parameters forP states.

The values for these parameters, which we will use
low, are summarized in Tables I and II. Many of the oc
matrix elements, especially for bottomonia, are not est
lished and should be viewed as guesses. The numbers g
in the tables are motivated as follows. All color singlet m
trix elements are computed from the wave functions in
Buchmüller-Tye potential tabulated in@19# and using Eq.
is
-

tes
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~19!. Similar results within630% could be obtained from
leptonic and hadronic decays of quarkonia for some of th
states listed in the tables. The matrix elements^O8

H(3S1)& are
taken from the fits to Tevatron data in@9# with the exception
of the 3S and 3P bottomonium states. In this case, we hav
chosen the numbers by~ratherad hoc! extrapolation from the
1S, 2S and 1P, 2P states. The combination of matrix ele-
mentsD8(H) turns out to be the single most important pa
rameter for direct production ofJ/c andc8. For this reason,
we leave it as a parameter to be fitted and later compar
with constraints available from Tevatron data. For bottomo
nia we adopt a different strategy sinceD8(H) is of no im-
portance for the total~direct plus indirect! bottomonium
cross section. We therefore fixed its value using the results
@9# together with some assumption on the relative size
^O8

H(1S0)& and ^O8
H(3P0)& and an ad hoc extrapolation for

the 3S state. SettingD8(H) to zero for bottomonia would
change the cross section by a negligible amount.

III. RESULTS

Figures 1–6 and Table III summarize our results for th
charmonium and bottomonium production cross section
We use the CTEQ3 leading order~LO! @20# parametrization
for the parton distributions of the protons and the Glu¨ck-
Reya-Vogt~GRV! LO @21# parametrization for pions. The
quark masses are fixed to bemc51.5 GeV andmb54.9
GeV, as was done in@9#. The strong coupling is evaluated at
the scalem52mQ (Q5b,c) and chosen to coincide with the
value implied by the parametrization of the parton distribu
tions@e.g.,as(2mc)'0.23 for CTEQ3 LO#. We comment on
these parameter choices in the discussion below. The exp
mental data have been taken from the compilation in@1# with
the addition of results from@22# and the 800 GeV proton
beam at Fermilab@23,24#. All data have been rescaled to the
nuclear dependenceA0.92 for proton-nucleon collisions and
A0.87 for pion-nucleon collisions. All cross sections are given
for xF.0 only ~i.e., integrated over the forward direction in
the c.m. system~c.m.s.! frame where most of the data have
been collected!.

A. c8

The totalc8 production cross section in proton-nucleus
collisions is shown in Fig. 1. The color singlet cross sectio

TABLE II. Matrix elements~ME! for the direct production of a
P-wave quarkoniumH. All values in GeV3.

ME xc0 xb0(1P) xb0(2P) xb0(3P)

^O1
H(3P0)&/mQ

2 4.431022 8.531022 9.931022 0.11

^O8
H(3S1)& 3.231023 0.42 0.32 0.25
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TABLE III. Comparison of quarkonium production cross sections in the color singlet model~CSM! and
the NRQCD prediction~theor.! with experiment atE5300 GeV andE5185 GeV ~last line only!. The
‘‘ x fraction’’ is defined by (J51,2B(xcJ→J/cX)sxcJ

/sJ/c . The ‘‘xc1 /xc2’’ ratio is defined by
B(xc1→J/cX)sxc1

/@B(xc2→J/cX)sxc2
#.

pN theor. pN CSM pN expt. p2N theor. p2N CSM p2N expt.

sJ/c 90 nb 33 nb 143621 nb 98 nb 38 nb 178621 nb
s(J/c)dir /sJ/c 0.63 0.21 0.626 0.04 0.64 0.24 0.566 0.03
sc8 /s(J/c)dir 0.25 0.67 0.216 0.05 0.25 0.66 0.236 0.05
x fraction 0.27 0.69 0.316 0.04 0.28 0.66 0.376 0.03
xc1 /xc2 ratio 0.15 0.08 - 0.13 0.11 1.46 0.4
n-

2.

.
st

r
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,
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g

is seen to be about a factor of 2 below the data and the
including color octet processes, is obtained with

D8~c8!55.231023 GeV3. ~20!

The contribution from̂ O8
c8(3S1)& is numerically irrelevant

because gluon fusion dominates at all c.m.s. energies con
ered here. The relative magnitude of singlet and octet con
butions is consistent with the naive scaling estima
p/as•v

4'1. @The color singlet cross section acquires
additional suppression, because it vanishes close to thres
when 4mc

2/(x1x2s)→1.#
It is important to mention that the color singlet predictio

has been expressed in terms of 2mc53 GeV and not the
physical quarkonium mass. Choosing the quarkonium m
reduces the color singlet cross section by a factor of 3 co
pared to Fig. 1, leading to an apparent substantialc8 deficit.2

As explained in Sec. II, choosing quark masses is prefer
but leads to large normalization uncertainties due to
poorly known charm quark mass, which could only be p
tially eliminated if the color singlet wave function were ex
tracted fromc8 decays. If, as in open charm production,
small charm mass were preferred, the data could be re
duced even without a color octet contribution. Although th
appears unlikely~see below!, we conclude that the totalc8
cross section alone does not provide convincing evidence
the color octet mechanism. If we neglect the color sing
contribution altogether, we obtainD8(c8),1.031022 GeV
3. This bound is strongly dependent on the value ofmc .
Varyingmc between 1.3 GeV and 1.7 GeV changes the to
cross section by roughly a factor of 8 atAs530 GeV and
even more at smallerAs. Compared to this normalization
uncertainty, the variation with the choice of parton distrib
tion andas(m) is negligible. This remark applies to all othe
charmonium cross sections considered in this section.

B. J/c

The J/c production cross section in proton-nucleon co
lisions is displayed in Fig. 2. A reasonable fit is obtained

D8~J/c!53.031022 GeV3. ~21!

2This together with a smaller value for the color singlet rad
wave function could at least partially explain the huge discrepa
between the CSM and the data that was reported in@23#.
fit,

sid-
tri-
te
an
hold

n

ass
m-

red
the
ar-
-
a
pro-
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for
let

tal

u-
r

l-
for

We see that the color octet mechanism substantially e
hances the directJ/c production cross section compared to
the CSM, as shown by the dashed and dotted lines in Fig.
The total cross section includes feeddown fromxcJ states
which is dominated by the color singlet gluon fusion process
As expected from the cross section in Sec. II, the large
indirect contribution originates fromxc2 states, because
xc1 production is suppressed by one power ofas in the
gluon fusion channel. The directJ/c production fraction at
As523.7 GeV (E5300 GeV! is 63%, in excellent agree-
ment with the experimental value of 62%@25#. Note that this
agreement is not a trivial consequence of fitting the colo
octet matrix elementD8(J/c) to reproduce the observed to-
tal cross section since the indirect contribution is dominate
by color singlet mechanisms and the singlet matrix elemen
are fixed in terms of the wave functions of@19#.

One could ask whether the large sensitivity to the charm
quark mass could be exploited to raise the direct productio
fraction in the CSM, thus obviating the need for octet con
tributions altogether? As shown in Fig. 3 this is not the case
since the charm mass dependence cancels in the direct-
total production ratio. It should be mentioned that expressin

ial
ncy

FIG. 1. Total ~solid! and singlet only~dotted! c8 production
cross section in proton-nucleon collisions (xF.0 only!. The solid
line is obtained withD8(c8)55.231023 GeV3.
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all cross sections in terms of the respective quarkon
masses increasess(J/c)dir /sJ/c , becauseMxcJ

.MJ/c .
However, the total color singlet cross section then decre
further and falls short of the data by about a factor 5.
therefore consider the the combination of totalJ/c produc-
tion cross section and direct production ratio as convinc

FIG. 2. J/c production cross sections in proton-nucleon co
sions forxF.0. The dotted line is the directJ/c production rate in
the CSM and the dashed line includes the contribution from
color octet processes. The total cross section~solid line! includes
radiative feeddown from thexcJ and c8 states. The solid line i
obtained withD8(J/c)53.031022 GeV3.

FIG. 3. Ratio of direct to totalJ/c production in proton-nucleo
collisions as a function of the charm quark mass in the CSM
after inclusion of color octet processes atE5300 GeV. The experi
mental value is 0.6260.04.
ium

ases
We

ing

evidence for an essential role of color octet mechanisms for
direct J/c production also at fixed-target energies.

The comparison of theoretical predictions with the E705
experiment@25# is summarized in Table III. Including color
octet production yields good agreement for directJ/C pro-
duction, as well as the relative contributions from allxcJ
states andc8. Note that the total cross section from@25# is
rather large in comparison with other data~see Fig. 2!. In the
CSM, the direct production cross section of 7 nb should be
compared with the measured 89 nb, clearly demonstrating
the presence of an additional numerically large production
mechanism. Note also that ourc8 cross section in the CSM
is rather large in comparison with the directJ/C cross sec-
tion in the CSM. A smaller value which compares more fa-
vorably with the data could be obtained if one expressed the
cross section in terms of quarkonium masses@2#. From the
point of view presented here, this agreement appears coinci-
dental since the cross sections are dominated by octet pro-
duction.

Perhaps the worst failure of the theory is thexc1 to xc2
ratio in the feeddown contribution that has been measured in
the WA11 experiment atE5185 GeV@26#. We see that the
prediction is far too small even after inclusion of color octet
contributions. The low rate ofx1 production is due to the
fact, as already mentioned, that the gluon-gluon fusion chan-
nel is suppressed byas /p compared toxc2 due to angular
momentum constraints. Together withJ/c ~andc8) polar-
ization, discussed in Sec. IV, the failure to reproduce this
ratio emphasizes the importance of yet other production
mechanisms, presumably of higher twist, which are naively
suppressed byLQCD/mc @2#.

C. Pion-induced collisions

Thec8 andJ/c production cross section in pion-nucleon
collisions are shown in Figs. 4 and 5. The discussion for

lli-

the

s

n
and
-

FIG. 4. Total ~solid! and singlet only~dotted! c8 production
cross section in pion-nucleon collisions (xF.0 only!. The solid line
is obtained withD8(c8)55.231023 GeV3.
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proton-induced collisions applies with little modification
the pion case. A breakdown of contributions to theJ/c cross
section atE5300 GeV is given in Table III. The theoretica
prediction is based on the values ofD8(H) extracted from
the proton data. Including color octet contributions can a
little insight into the question of why the pion-induced cro
sections appear to be systematically larger than expec
This issue has been extensively discussed in@1#. The dis-
crepancy may be an indication that either the gluon distri
tion in the pion is not really understood~although using pa-
rametrizations different from GRV LO tends to yield rath
lower theoretical predictions! or that a genuine difference i
higher twist effects for the proton and the pion exists.

D. Y„nS…

If higher twist effects are important for fixed-target cha
monium production, their importance should decrease
bottomonium production and facilitate a test of color oc
production. Unfortunately, data for bottomonium producti
at fixed target energies are sparse and do not allow u
complete this test.

Because of the increase of the quark mass, bottomon
production differs in several ways from charmonium produ
tion, from a theoretical standpoint. The relative qua
antiquark velocity squared decreases by a factor of 3; th
the color octet contributions to direct production ofY(nS)
are less important since they are suppressed byv4 @at the
same timeas(2mQ) decreases much less#. The situation is
exactly the opposite for the production ofP-wave bottomo-
nia. In this case the color singlet and octet contributions sc
equally in v2. The increased quark mass, together with
increased relative importance of the octet matrix elem

FIG. 5. J/c production cross sections in pion-nucleon collisio
for xF.0. Direct J/c production in the CSM~dashed line! and
after inclusion of color octet processes~dotted line!. The total cross
section~solid line! includes radiative feeddown from thexcJ and
c8 states. The solid line is obtained withD8(J/c)53.031022

GeV3.
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^O8
xb0(3S1)& ~extracted from Tevatron data in@9#! as com-

pared to the singlet wave function~comparexc0 with xb0 in
Table II!, leads to domination of quark-antiquark pair initi-
ated processes. Consequently, the directY(nS) production
cross section is at least a factor 10 below the indirect cont
butions fromxb decays. This observation leads to the con
clusion that the number ofY(3S) observed by the E772
experiment@27# can only be explained ifxbJ(3P) states that
have not yet been observed directly exist below the ope
bottom threshold. Such indirect evidence has also been o
tained from bottomonium production at the Tevatron collide
@18#.

To obtain our numerical results shown in Fig. 6, we as
sumed that thesexbJ(3P) states decay intoY(3S) with the
same branching fractions as the correspondingn52 states.
The total cross sections are compared with the experimen
value 195667 pb/nucleon obtained from @24# at
E5800 GeV for the sum ofY(nS), n51,2,3 and show very
good agreement. The color singlet processes alone wou
have led to a 9 times smaller prediction at this energy. We
should note, however, that integration of thexF distribution
for Y(1S) production given in@27# indicates a cross section
about 2–3 times smaller than the central value quoted
@24#. The theoretical prediction for the relative production
rates ofY(1S):Y(2S):Y(3S) is 1:0.42:0.30 to be com-
pared with the experimental ratio3 @27# 1:0.29:0.15. This
comparison should not be overinterpreted since it depen
largely on the rather uncertain octet matrix elements fo
P-wave bottomonia. Because of lack of more data, we als
hesitate to use this comparison for a new determination
these matrix elements.

3These numbers were taken from the raw data with no conce
regarding the differing efficiencies for the individual states.

ns FIG. 6. Total~direct plus indirect! Y(nS) production cross sec-
tions ~for xF.0), consecutively summed overn. The data point
refers to the sum ofn51,2,3.



-

2012 54M. BENEKE AND I. Z. ROTHSTEIN
IV. c8 AND J/c POLARIZATION

In this section, we deal withc8 and J/c polarization at
fixed-target energies and at colliders at large transverse
mentum. Before returning to fixed-target production in S
II B, we digress to discuss large-pt production. We recal
that, at largept

2@4mQ
2 , c8 and directJ/c production is

dominated by gluon fragmentation into color octet qua
antiquark pairs and expected to yield transversely polar
quarkonia@15#. The reason for this is that a fragmenti
gluon can be considered as on shell and therefore transv
Becuase of the spin symmetry of NRQCD, the quarkon
inherits the transverse polarization up to corrections of o
4mc

2/pT
2 and v4. Furthermore, it has been shown@16# that

including radiative corrections to gluon fragmentation s
leads to more than 90% transversely polarizedc8 ~direct
J/c). Thus, polarization provides one of the most signific
tests for the color octet production mechanism at large tr
verse momenta. At moderatept

2;4mc
2, nonfragmentation

contributions proportional tôO8
H(1S0)& and ^O8

H(3PJ)& are
sizable@9#. Understanding their polarization yield quanti
tively is very important since most of thept-integrated data
come from the lower-pt region. The calculation of the pola
ization yield has also been attempted in@9#. However, the
method used is at variance with@16# and leads to an incorrec
result forS-wave quarkonia produced through intermedi
quark-antiquark pairs in a color octetP-wave state. In the
following subsection we expound on the method discusse
@16# and hope to clarify this difference.

A. Polarized production

For arguments sake, let us consider the production
c8 in a polarization statel. This state can be reache
through quark-antiquark pairs in various spin and orbital
gular momentum states, and we are led to consider the i
mediate quark-antiquark pair as a coherent superpositio
these states. Because of parity and charge conjugation
metry, intermediate states with different spinS and angular
momentumL cannot interfere,4 so that the only nontrivia
situation occurs for3PJ states, i.e.,S51, L51.

In @9# it is assumed that intermediate states with differ
JJz , whereJ is total angular momentum do not interfere,
that the production cross section can be expressed as th
over JJz of the amplitude squared for production of a co
octet quark-antiquark pair in a3PJJz

state times the ampli

tude squared for its transition into thec8. The second facto
can be inferred from spin symmetry to be a simple Clebs
Gordan coefficient so that

sc8
~l!;(

JJz
s~ c̄c@3PJJz

8 # !u^JJzu1~Jz2l!;1l&u2. ~22!

We will show that this equation is incompatible with sp
symmetry which requires interference of intermediate st
with different J.

4Technically, this means that NRQCD matrix elements with
odd number of derivatives or spin matrices vanish if the qua
nium is aC or P eigenstate.
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A simple check can be obtained by applying Eq.~22! to
the calculation of the gluon fragmentation function into lon-
gitudinally polarizedc8. Since the fragmentation functions
into quark-antiquark pairs in a3PJJz

8 state follow from@28#

by a change of color factor, the sum in~22! can be com-
puted. The result not only differs from the fragmentation
function obtained in@16# but contains an infrared divergence
which cannot be absorbed into another NRQCD matrix ele-
ment.

To see the failure of Eq.~22! more clearly we return to
the NRQCD factorization formalism. After Fierz rearrange-
ment of color and spin indices as explained in@5#, the cross
section can be written as

s~l!;Hai;b j•Sai;b j
~l! . ~23!

In this equationHai;b j is the hard scattering cross section,
andSai;b j is the soft~nonperturbative! part that describes the
‘‘hadronization’’ of the color octet quark pair into ac8 plus
light hadrons. Note that the statement of factorization en-
tailed in this equation occurs only on the cross section and
not on the amplitude level. The indicesi j and ab refer to
spin and orbital angular momentum in a Cartesian basis
LaSi (a,i51,2,35x,y,z). Since spin-orbit coupling is sup-
pressed byv2 in the NRQCD Lagrangian,Lz andSz are good
quantum numbers. In the specific situation we are consider
ing, the soft part is simply given by~the notation follows
@5,16#!

Sai;b j
~l! 5 K 0Ux†s iT

AS 2
i

2

↔
D aDcac8

~l!†ac8
~l!c†s jT

A

3S 2
i

2

↔
D bDxU0L , ~24!

whereac8
(l) destroys ac8 in an out-state with polarization

l. To evaluate this matrix element at leading order inv2, we
may use spin symmetry. Spin symmetry tells us that the spin
of the c8 is aligned with the spin of thec̄c pair, and so
Sai;b j
(l) }e i* (l)e j (l). Now all vectorsSai;b j

(l) can depend on
having been utilized, and thus by rotational invariance, only
the Kronecker symbol is left to tie upa andb. The overall
normalization is determined by taking appropriate contrac-
tions, and we obtain

Sai;b j
~l! 5^O8

c8~3P0!&dabe
i* ~l!e j~l!. ~25!

This decomposition tells us that to calculate the polarized
production rate we should project the hard scattering ampli-
tude onto states with definiteSz5l andLz , square the am-
plitude, and then sum overLz @(Lz

ea(Lz)eb(Lz)5dab in the
rest frame#. In other words, the soft part is diagonal in the
LzSz basis.

It is straightforward to transform to theJJz basis. Since
Jz5Lz1Sz , there is no interference between intermediate
states with differentJz . To see this we write, in obvious
notation,

s~l!; (
JJz ;J8Jz8

HJJz ;J8Jz8
•SJJz ;J8Jz8

~l! , ~26!
an
rko-
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and using Eq.~25! obtain

SJJz ;J8Jz8
~l!

5^O8
c8~3P0!&(

M
^1M ;1luJJz&^J8Jz8u1M ;1l&,

~27!

which is diagonal in (JJz)(J8Jz8) only after summation over
l ~unpolarized production!. In general, the off-diagonal ma-
trix elements cause interference of the followingJJz states:
00 with 20, 11 with 21, and 1(21) with 2(21). While the
diagonal elements agree with Eq.~22!, the off-diagonal ones
are missed in Eq.~22!.

To assess the degree of transversec8 ~direct J/c) polar-
ization at moderatept , the calculation of@9# should be re-
done with the correct angular momentum projections.

B. Polarization in fixed-target experiments

Polarization measurements have been performed for bo
c @22# andc8 @29# production in pion-scattering fixed-target
experiments. Both experiments observe an essentially flat a
gular distribution in the decayc→m1m2 (c5J/c,c8):

ds

dcosu
}11acos2u, ~28!

where the angleu is defined as the angle between the three
momentum vector of the positively charged muon and th
beam axis in the rest frame of the quarkonium. The observ
values fora are 0.0260.14 for c8, measured atAs521.8
GeV in the regionxF.0.25, and 0.02860.004 forJ/c, mea-
sured atAs515.3 GeV in the regionxF.0. In the CSM, the
J/c ’s are predicted to be significantly transversely polarize
@2#, in conflict with experiment.

The polarization yield of color octet processes can be ca
culated along the lines of the previous subsection. We fir
concentrate onc8 production and definej as the fraction of
longitudinally polarizedc8. It is related toa by

a5
123j

11j
. ~29!

For the different intermediate quark-antiquark states we fin
the following ratios of longitudinal to transverse quarkonia

3S1
~1! 1:3.35 j50.23,

1S0
~8! 1:2 j51/3,

~30!

3PJ
~8! 1:6 j51/7,

3S1
~8! 0:1 j50,

where the number for the singlet process~first line! has been
taken5 from @2#. Let us add the following remarks.

5This number isxF dependent and we have approximated it by
constant at lowxF , where the bulk data are obtained from. The
polarization fractions for the octet 2→2 parton processes arexF
independent.
th

n-

-
e
ed

d

l-
st

d
:

~i! The 3S1
(8) subprocess yields pure transverse polariza

tion. Its contribution to the total polarization is not large,
because gluon-gluon fusion dominates the total rate.

~ii ! For the 3PJ
(8) subprocessJ is not specified, because

interference between intermediate states with differentJ
could occur as discussed in the previous subsection. As
turns out, interference does in fact not occur at leading orde
in as , because the only nonvanishing short-distance ampl
tudes in theJJz basis are 00, 22, and 2(22), which do not
interfere.

~iii ! The 1S0
(8) subprocess yields unpolarized quarkonia

This follows from the fact that the NRQCD matrix element
is

^0ux†TAcac8
~l!†ac8

~l!c†TAxu0&5 1
3 ^O8

c8~1S0!&, ~31!

independent of the helicity statel. At this point, we differ
from @13#, who assume that this channel results in pure trans
verse polarization, because the gluon in the chromomagne
dipole transition 1S0

(8)→3S1
(8)1g is assumed to be trans-

verse. However, one should keep in mind that the soft gluo
is off shell and interacts with other partons with unit prob-
ability prior to hadronization. The NRQCD formalism ap-
plies only to inclusive quarkonium production. Equation~31!
then follows from rotational invariance.

~iv! Since the3PJ
(8) and 1S0

(8) subprocesses give different
longitudinal polarization fractions, thec8 polarization de-

pends on a combination of the matrix elements^O8
c8(1S0)&

and ^O8
c8(3P0)& which is different fromD8(c8).

To obtain the total polarization the various subprocesse
have to be weighted by their partial cross sections. We defin

d8~H !5
^O8

H~1S0!&
D8~H !

~32!

and obtain

j50.23
sc8~

3S1
~1!!

sc8
1$ 1

3 d8~c8!1 1
7 @12d8~c8!#%

3
sc8~

1S0
~8!13PJ

~8!!

sc8

50.1610.11d8~c8!, ~33!

where the last line holds atAs521.8 GeV~the energy de-
pendence is mild and the above formula can be used wi
little error even atAs540 GeV!. Since 0,d8(H),1, we
have 0.16,j,0.27 and, therefore,

0.15,a,0.44. ~34!

In quoting this range we do not attempt an estimate o
d8(c8). Note that taking the Tevatron and fixed-target ex-
tractions of certain ~and different! combinations of

^O8
c8(1S0)& and^O8

c8(3P0)& seriously~see Sec. V A!, a large
value of d8(c8) and therefore lowa would be favored.
Within large errors, such a scenario could be considered co
sistent with the measurement quoted earlier. From a theore

a
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cal point of view, however, the numerical violation o
velocity-counting rules implied by this scenario would
rather disturbing.

In contrast, the more accurate measurement of polar
tion for J/c leads to a clear discrepancy with theory. In th
case, we have to incorporate the polarization inherited fr
decays of the higher charmonium statesxcJ and c8. This
task is simplified by observing that the contribution fro
xc0 andxc1 feeddown is~theoretically! small as is the octe
contribution to thexc2 production cross section. On the oth
hand, the gluon-gluon fusion process producesxc2 states
only in a helicity62 level, so that theJ/c in the subsequen
radiative decay is completely transversely polarized. Weig
ing all subprocesses by their partial cross section and
glecting the smallc8 feeddown, we arrive at

j50.1010.11d8~J/c! ~35!

at As515.3 GeV, again with mild energy dependence. T
translates into sizable transverse polarization

0.31,a,0.63. ~36!

The discrepancy with data could be ameliorated if the
served number ofxc1 from feeddown were used instead
the theoretical value. However, we do not know the pol
ization yield of whatever mechanism is responsible for co
ousxc1 production.

Thus, color octet mechanisms do not help to solve
polarization problem and one has to invoke a signific
higher twist contribution as discussed in@2#. To our knowl-
edge, no specific mechanism has yet been proposed
would yield predominantly longitudinally polarizedc8 and
J/c in the low-xF region which dominates the total produ
tion cross section. One might speculate that both the
xc1 /xc2 ratio and the large transverse polarization follo
from the assumption of transverse gluons in the gluon-gl
fusion process, as inherent to the leading twist approxim
tion. If gluons in the proton and pion have large intrins
transverse momentum, as suggested by thept spectrum in
open charm production, one would be naturally led to hig
twist effects that obviate the helicity constraint on on-sh
gluons.

V. OTHER PROCESSES

Direct J/c and c8 production is sensitive to the colo
octet matrix elementD8(H) defined in Eq.~18!. In this sec-
tion we compare our extraction ofD8(H) with constraints
from quarkonium production at the Tevatron and in pho
production at fixed-target experiments and the DESYepcol-
lider HERA.

A. Quarkonium production at large pt

An extensive analysis of charmonium production data
pt.5 GeV has been carried out by Cho and Leibovich@8,9#,
who relaxed the fragmentation approximation employed e
lier @6,7#. At the lower-pt boundary, the theoretical predic
tion is dominated by the1S0

(8) and 3PJ
(8) subprocesses an

the fit yields
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^O8
J/c~1S0!&1

3

mc
2 ^O8

J/c~3P0!&56.631022,

^O8
c8~1S0!&1

3

mc
2 ^O8

c8~3P0!&51.831022, ~37!

to be compared with the fixed-target values6

^O8
J/c~1S0!&1

7

mc
2 ^O8

J/c~3P0!&53.031022,

^O8
c8~1S0!&1

7

mc
2 ^O8

c8~3P0!&50.531022. ~38!

If we assume^O8
J/c(1S0)&5^O8

J/c(3P0)&/mc
2 the fixed-

target values are a factor 7~4! smaller than the Tevatron
values forJ/c (c8). The discrepancy would be lower for the
radical choicê O8

J/c(3P0)&50.
While this comparison looks like a flagrant violation of

the supposed process independence of NRQCD producti
matrix elements, there are at least two possibilities that cou
lead to systematic differences.

~i! The 2→2 color octet parton processes are schemat
cally of the form

^O&
2mc

1

M f
2 d~x1x2s2M f

2!, ~39!

whereM f denotes the final state invariant mass. To leadin
order inv2, we haveM f52mc . Note, however, that this is
physically unrealistic. Since color must be emitted from the
quark pair in the octet state and neutralized by final stat
interactions, the final state is a quarkonium accompanied b
light hadrons with invariant mass squared of orde
M f

2'(MH1MHv
2)2 since the soft gluon emission carries an

energy of orderMHv
2, whereMH is the quarkonium mass.

The kinematic effect of this difference in invariant mass is
very large since the gluon distribution rises steeply at sma
x and reduces the cross section by at least a factor 2. Th
‘‘true’’ matrix elements would therefore be larger than those
extracted from fixed-target experiments at leading order i
NRQCD. Since thec8 is heavier than theJ/c, the effect is
more pronounced forc8, consistent with the larger disagree-
ment with the Tevatron extraction forc8. Note that the effect
is absent for large-pt production, since, in this case,
x1x2s.4pt

2@M f
2 If we write M f52mc1O(v2), then the

difference between fixed-target and large-pt production
stems from different behaviors of the velocity expansion in
the two cases.

~ii ! It is known that small-x effects increase the open bot-
tom production cross section at the Tevatron as compared

6Since there is a strong correlation between the charm quark ma
and the extracted NRQCD matrix elements, we emphasize that bo
Eqs. ~37! and ~38! as well as Eq.~40! below have been obtained
with the samemc51.5 GeV~or mc51.48 GeV, to be precise!. On
the other hand, the apparent agreement of predictions for fixed ta
get experiments with data claimed in@14# is obtained from Eq.~40!
in conjunction withmc51.7 GeV.
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collisions at lowerAs. Since even at largept , the typicalx is
smaller at the Tevatron than in fixed-target experiments,
effect would enhance the Tevatron prediction more than
fixed-target prediction. The ‘‘true’’ matrix elements wou
therefore be smaller than those extracted from the Teva
in @9#.

While a combination of both effects could account for t
apparently different NRQCD matrix elements, one m
keep in mind that we have reason to suspect important hig
twist effects for charmonium production at fixed-target en
gies. Theoretical predictions for fixed-target production
intrinsically less accurate than at largept , where higher twist
contributions due to the initial hadrons are expected
be suppressed byLQCD/pt ~if not LQCD

2 /pt
2) rather than

LQCD/mc .

B. Photoproduction

A comparison of photoproduction with fixed-target pr
duction is more direct since the same combination
NRQCD matrix elements is probed and the kinematics
similar. All analyses@10–12# find a substantial overestimat
of the cross section if the octet matrix elements of Eq.~37!
are used. The authors of@11# fit

^O8
J/c~1S0!&1

7

mc
2 ^O8

J/c~3P0!&52.031022, ~40!

consistent with Eq.~38! within errors, which we have no
specified. While this agreement is reassuring, it might also
partly accidental since the extraction of@11# is performed on
the elastic peak, which is not described by NRQCD. Co
octet mechanisms do not leave a clear signature in the
inelastic photoproduction cross section. The authors of@10#
argue that the color octet contributions to the energy sp
trum of J/c are in conflict with the observed energy depe
dence in the end point regionz.0.7, wherez5EJ/c /Eg in
the proton rest frame. This discrepancy would largely dis
pear if the smaller matrix element of Eq.~38! or ~40! were
used rather than Eq.~37!. Furthermore, since in a color octe
process soft gluons with energyMHv

2 must be emitted, bu
are kinematically not accounted for, the NRQCD predicti
for the energy distribution should be smeared over an in
val of sizedz;v2;0.3. Thus, the steep rise of the ener
distribution close toz51 is not necessarily physical.

VI. CONCLUSION

We have reanalyzed charmonium production data fr
fixed-target experiments, including color octet producti
mechanisms. Our conclusion is twofold: On the one ha
the inclusion of color octet processes allows us to reprod
the overall normalization of the total production cross s
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tion with color octet matrix elements of the expected size~if
not somewhat smaller! without having to invoke small val-
ues of the charm quark mass. This was found to be true f
bottomonium as well as for charmonium. Comparing the
theoretical predictions within this framework with the data
implies the existence of additional bottomonium states belo
threshold which have not yet been seen directly. In addition
we find that about 60% of allJ/c are produced directly at
As;25 GeV, in agreement with experimental observations

On the other hand, the present picture of charmonium
production at fixed target energies is far from perfect. Th
xc1 /xc2 production ratio remains almost an order of magni
tude too low, and the transverse polarization fraction of th
J/c andc8 is too large. We thus confirm the expectation of
@2# that higher twist effects must be substantial even afte
including the octet mechanism.

The uncertainties in the theoretical prediction at fixed
target energies are substantial and preclude a straightforwa
test of universality of color octet matrix elements by com-
parison with quarkonium production at large transverse mo
mentum. We have argued that small-x, as well as kinematic,
effects could bias the extraction of these matrix elements
different directions at fixed-target and collider energies. Th
large uncertainties involved, especially due to the charm
quark mass, could hardly be eliminated by a laborious ca
culation ofas-corrections to the production processes con
sidered here. To more firmly establish existence of the oct
mechanism there are several experimental measureme
which need to be performed. Data on polarization are pre
ently only available for charmonium production in pion-
induced collisions. A measurement of polarization at larg
transverse momentum or for bottomonium is of crucial im
portance, because higher twist effects should be suppress
Furthermore, a measurement of direct and indirect produ
tion fractions in the bottom system would provide further
confirmation of the color octet picture and constrain the colo
octet matrix elements for bottomonium.

Note added in proof.As in the case of directJ/c produc-
tion, x1 production is likely to be dominated by color Octet
contributions of higher order inu2. These contributions could
raise thex1 to x2 ratio to be;0.3.

After this work was submitted for publication we received
a paper by Braaten and Chen@30# that also points out the
presence of interference terms in polarized production.
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