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Photoproduction ofJ/c is considered including the color-octet contributions from the various partial wav
states, 2S11LJ5

1S0,
3S1, and

3PJ . The production cross section depends on three new nonperturbati
parameters defined in NRQCD, called the color-octet matrix elements. Using the color-octet matrix elem
determined by fitting theJ/c production at the Fermilab Tevatron, we find that the color-octe
(cc̄)8(

1S0and
3PJ) contributions to theJ/c photoproduction at the fixed target experiments and at DESY

HERA are too large compared to the data ons(g1p→J/c1X) in the forward direction, and thez distribu-
tion of J/c. ThePT

2 distribution ofJ/c and the total inelasticJ/c production rate as a function ofAsgp are
predicted including color-octet contributions. We also briefly digress on theB→J/c1X and observe the
similar situation. This may be an indication that the color-octet matrix elements determined from theJ/c
production at the Tevatron, especially^0uO8

c(1S0)u0& and^0uO8
c(3PJ)u0&, might have been overestimated by

an order of magnitude.@S0556-2821~96!00619-4#

PACS number~s!: 13.60.Le, 12.38.Bx, 12.39.Jh, 14.40.Lb
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I. INTRODUCTION

In the conventional approach, the inelastic~inclusive!
J/c photoproduction has been studied in the framework
perturbative QCD~PQCD! and the color-singlet model@1#.
In this model, one considersg1g→J/c1g which can pro-
duce highpT J/c ’s at ep or gp collisions. However, the
same approach, when applied to theJ/c or c8 production at
the Fermilab Tevatron, severely underestimates the prod
tion rate@2#. In order to reconcile the data and PQCD pr
dictions, a new mechanism for heavy quarkonium produ
tions has been suggested@3#: the color-octet gluon
fragmentation intoJ/c. Also, the color-octet mechanism in
heavy quarkonium production at hadron colliders through
color-octet (cc̄)8 pair in various partial wave states2S11LJ
has been considered beyond the color-octet gluon fragm
tation approach@4,5#. The main motivation is that inclusive
Y productions at the Tevatron also shows the excess of
data over theoretical estimates of the production based
PQCD and the color-singlet model@6#. Here, thepT of the
Y is not that high so that the gluon fragmentation pictu
may not be a good approximation any more. In Refs.@4,5#, a
large class of color-octet diagrams has been conside
which can contribute to theJ/c production at hadron collid-
ers. At the partonic level, there appear new 2→1 subpro-
cesses:

qq̄→~cc̄!~3S1
~8!!, ~1.1!

gg→~cc̄!~1S0
~8!or 3PJ

~8!!, ~1.2!

*Electronic address: pko@phyb.snu.ac.kr
†Electronic address: jungil@phyb.snu.ac.kr
‡Electronic address: hssong@physs.snu.ac.kr
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at the short distance scale, and the subsequent evolution
the (cc̄)8(

2S11LJ) object into a physicalJ/c by absorbing or
emitting soft gluons at the long distance scale. The sho
distance process can be calculated using PQCD in powers
as , whereas the long distance part is treated as a new
rameter̂ 0uO8

c(2S11LJ)u0& which characterizes the probabil-
ity that the color-octet (cc̄)8(

2S11LJ) state evolves into a
physicalJ/c. By fitting the J/c production at the Tevatron
using the usual color-singlet production and the cascad
from xc(1P) and the color-octet contributions, the authors o
Ref. @5# determined

^0uO8
c~3S1!u0&5~6.662.1!31023 GeV3, ~1.3!

^0uO8
c~3P0!u0&

Mc
2 1

^0uO8
c~1S0!u0&
3

5~2.260.5!31022 GeV3 ~1.4!

for Mc51.48 GeV. Although the numerical values of two
matrix elementŝ 0uO8

c(3P0)u0& and ^0uO8
c(1S0)u0& are not

separately known in Eq.~1.4!, one can still extract some
useful information from it. Since both of the color-octet ma
trix elements in Eq.~1.4! are positive definite, one has

0,^0uO8
c~1S0!u0&,~6.661.5!31022 GeV3, ~1.5!

0,
^0uO8

c~3P0!u0&

Mc
2 ,~2.260.5!31022 GeV3. ~1.6!

These inequalities can provide us with some predictions
various quantities related with inclusiveJ/c productions in
other high energy processes, which enables us to test the i
of color-octet mechanism.

Since the color-octet mechanism in heavy quarkoniu
production is an idea proposed in order to resolve thec8
anomaly at the Tevatron, it is important to test this idea
4312 © 1996 The American Physical Society
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54 4313COLOR-OCTET MECHANISM INg1p→J/c1X
other high energy processes with inclusive heavy quark
nium productions. Up to now, the following processes ha
been considered:J/c production at the Tevatron and fixed
target experiments@4,5,7#, spin alignment of the color-octet
producedJ/c @8#, the polar angle distribution of theJ/c in
the e1e2 annihilations intoJ/c1X @9#, inclusiveJ/c pro-
duction in B meson decays@10# and theZ0 decays at the
CERNe1e2 collider LEP@11#. These processes also depen
on the aforementioned three color-octet matrix elements
different combinations from Eq.~1.4!. Thus, one can check if
the color-octet mechanism provides reasonable agreem
between PQCD and the experimental data on inclusiveJ/c
production rates from these processes.

In the above list of various inclusiveJ/c productions at
high energies, theJ/c photoproduction is missing, however
It is the purpose of this work to study the color-octet mech
nism in theJ/c photoproduction.1 This paper is organized as
following.

In Sec. II, we demonstrate how to get the inclusive pr
duction rate of a heavy quarkonium in the nonrelativist
QCD ~NRQCD! formalism of Bodwin, Braaten, and Lepage
@14#. Then, we review briefly thegg fusion intoJ/c1g in
the color-singlet model in Sec. III A. In Sec. III B, we con
sider the color-octet subprocesses

g1g→~cc̄!~1S0
~8! or 3PJ50,2

~8! !, ~1.7!

which have not been included in previous studies. The s
of these color-octet contributions to theJ/c photoproduc-
tions is suppressed byv4 relative to the color-singlet contri-
butions, but of lower order inas . This subprocess contrib-
utes to theJ/c photoproduction in the forward scattering
~the elastic peak! with z'1 andPT

2'0. These color-octet
2→1 subprocesses can also contribute to the 2→2 subpro-
cesses through

g1g→~cc̄!~1S0
~8! or 3PJ

~8!!1g, ~1.8!

g1q→~cc̄!~1S0
~8! or 3PJ

~8!!1q. ~1.9!

These are also resolved photon processes at lower o
@O(aas

2)# than the color-singlet model@O(aas
3)# in the per-

turbation expansion inas: although the color-octet contribu-
tions are suppressed byv4 compared to the color-singlet re-
solved photon process. Thus, the color-octet1S0 and 3PJ
states can contribute to the elastic peak of theJ/c photopro-
duction as well as contribute to the resolved photon proce
It is quite important to estimate the latter and compare w
the resolved photon process in the color-singlet model, sin
it is a common statement thatJ/c photoproduction is a good
place to measure the gluon distribution function in a proto
We find that the quark contributions are small compared
the gluon contribution even if we include Eq.~1.9!. When
one considers Eqs.~1.8! and ~1.9!, one has to consider

g1g→~cc̄!~2S11LJ
~8!!1g, ~1.10!

1While we were finishing this work, we received two paper
which discussed the same topic@12,13#. We find our results agree
with theirs in the case where direct comparison is possible.
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although it is expected to be suppressed relative to the usu
gg fusion color-singlet diagram byv4. We keep it, however,
in order to be consistent in theas expansion, and make it
sure thev2 scaling rule works in this case. All of these color-
octet 2→2 subprocesses are discussed in Sec. III C. Nume
cal analyses relevant to the fixed target experiments and t
DESY ep collider HERA are performed in Sec. IV A. We
show that relations~1.5! and ~1.6! yield too large a cross
section for theJ/c photoproduction in the forward direction.
They also lead to too rapidly growingds/dz distribution for
high z region compared to the experimental observations.
Sec. IV B, we briefly digress on theB→J/c1X using the
factorization formula derived in Ref.@10#, and find again that
relations~1.5! and~1.6! overestimate the branching ratio for
B→J/c1X. All of these seem to indicate that relations~1.3!
and~1.4!, especially the latter, are probably overestimated b
an order of magnitude. This is not surprising at all, since th
analyses in Ref.@5# employed the leading order calculations
for the color-singlet parton subprocess for theJ/c hadropro-
duction. We summarize our results and speculate the origi
of these overestimates ofJ/c photoproductions andB meson
decays in Sec. V.

II. NRQCD FORMALISM FOR HEAVY
QUARKONIUM PRODUCTIONS

To begin, we consider the method to get the NRQCD
cross section of the processa1b→QQ̄(2S11LJ

(1,8a))→H,
whereH is the final quarkonium state andQQ̄(2S11LJ

(1,8a))
is the intermediateQQ̄ pair which fragments into a specific
heavy quarkonium stateH in the long distance scale. The
superscript (1,8a) in the spectroscopy notation for theQQ̄
system represents the color-singlet and the color-octet co
figuration, respectively. After writing the on-shell scattering
amplitude of the processA(a1b→Q1Q̄), we project out
the 2S11LJ

(1,8a) component for theQQ̄ system from the on-
shell scattering amplitude by using the Clebsch-Gordan c
efficients for the angular momentum and color space. The
we perform the integration over the relative momentum be
tweenQ and Q̄. Therefore, the scattering amplitude of the
processa1b→QQ̄(2S11LJ

(1,8a))(P) is given by

A„a1b→QQ̄~2S11LJ
~1,8a!!~P!…

5 (
LZSZ

(
s1s2

(
i j

E d3q

~2p!32q0
dS q02 uqu2

2MQ
DYLLZ
* ~ q̂!

3^s1 ;s2uSSZ&^LLZ ;SSZuJJZ&^3i 3̄j u1,8a&

3AFa1b→Qi S P2 1qD1Q̄j S P2 2qD G . ~2.1!

Treating the relative momentumq to be small, the dominant
contribution comes from the term in the lowest order ofq in
the amplitude. After integrating over the relative momentum
q, we get

A„a1b→QQ̄~2S11LJ
~1,8a!!…5ACLML8„a1b→QQ̄

3~2S11LJ
~1,8a!!…, ~2.2!

where

s
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ML8„a1b→QQ̄~2S11LJ
~1,8a!!…

5 (
LZSZ

(
s1s2

(
i j

^s1 ;s2uSSZ&^LLZ ;SSZuJJZ&^3i 3̄j u1,8a&

3H A~a1b→Qi1Q̄j !uq50 ~L5S!,

ea* ~LZ!Aa~a1b→Qi1Q̄j !uq50 ~L5P!,

eab* ~LZ!Aab~a1b→Qi1Q̄j !uq50 ~L5D !,

~2.3!

and ACL is the remaining factor after the integration ove
q in Eq. ~2.1!. Here, theAa andAab are derivatives of the
on-shell amplitude with respect to the relative momentum

Aa~P,q!5
]

]qa A~P,q! and Aab~P,q!5
]2

]qa]qb A~P,q!.

~2.4!

If theQQ̄ system is in a color-singlet state, we can relate t
coefficientsCL to the radial wave function of the bound sta
as

CS5
1

4p
uRS~0!u2, CP5

3

4p
uRP8 ~0!u2,

and CD5
15

8p
uRD9 ~0!u2. ~2.5!

The color SU~3! coefficients are given by

^3i ;3̄j u1&5d i j /ANc and ^3i ;3̄j u8a&5A2Ti ja . ~2.6!

Some identities involving the traces of the color matrices a
useful in squaring the matrix elements:

Tr~1!51Nc , Tr~TaTa!51
Nc
221

2
,

Tr~TaTbTbTa!51
~Nc

221!2

4Nc
,

Tr~TaTbTaTb!52
Nc
221

4Nc
,

Tr~TaTb!Tr~TaTb!51
Nc
221

4
,

Tr~TaTbTcTcTbTa!51
~Nc

221!3

8Nc
2 ,

Tr~TaTbTcTbTcTa!52
~Nc

221!2

8Nc
2 ,
r

:

he
te

re

Tr~TaTbTcTaTbTc!51
~Nc

421!

8Nc
2 ,

Tr~TaTbTc!Tr~TaTbTc!52
~Nc

221!

4Nc
,

Tr~TaTbTc!Tr~TaTcTb!51
~Nc

221!~Nc
222!

8Nc
. ~2.7!

At this stage we can derive the explicit form of the matri
elementML8 In general, the on-shell amplitude can be ex
pressed as

^3i 3̄j u1,8a&AFa1b→Qi S P2 1qD1Q̄j S P2 2qD G
5ūS P2 1q;s1DO~P,q!vS P2 2q;s2D , ~2.8!

whereO is the matrix relevant to the on-shell amplitude. I
we introduce the spin projection operatorPSSz

(P,q) as

PSSz
~P,q! i j[(

s1s2
^s1 ;s2uSSZ&v i S P2 2q;s2D ū j S P2 1q;s1D ,

~2.9!

we can simplify the form of the matrix elementML8 as

MS85Tr@O~P,0!PSSz
~P,0!#, ~2.10!

MP8 5 (
LzSz

ea* ~LZ!^LLz ;SSzuJJz&Tr@OaPSSz
1OPSSz

a #q50 ,

~2.11!

MD8 5 (
LzSz

eab* ~LZ!^LLz ;SSzuJJz&Tr@OabPSSz
1OaPSSz

b

1ObPSSz
a 1OPSSz

ab #q50 . ~2.12!

Note thatO includes the color coefficient̂3i 3̄j u1,8a&, and
PSSz

possesses the spin coefficient^s1 ;s2uSSZ&. Expanding
PSSz

(P,q) to the second order of the relative momentumq,
we get

P00~P,0!5
1

2A2
g5~P” 12MQ!, ~2.13!

P00
a ~P,0!5

1

2A2MQ

gag5P” , ~2.14!

P00
ab~P,0!52

1

2A2MQ

gabg5 , ~2.15!

P1Sz
~P,0!5

1

2A2
e”* ~Sz!~P” 12MQ!, ~2.16!
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P1Sz
a ~P,0!5

1

4A2MQ

@e”* ~Sz!~P” 12MQ!ga

1gae”* ~Sz!~P” 12MQ!#, ~2.17!

P1Sz
ab ~P,0!52

1

2A2MQ
Fgabe”* ~Sz!2

1

4MQ
~P” 12MQ!

3@e* a~Sz!g
b1e* b~Sz!g

a#G . ~2.18!

When L5P, we need further relations to get the correc
polarization state of the intermediate state,

(
LZSZ

e* a~Lz!e*
b~Sz!^1Lz ;1SzuJ50Jz50&

52
1

A3
S 2gab1

PaPb

M2 D ,
(
LZSZ

e* a~Lz!e*
b~Sz!^1Lz ;1SzuJ51Jz&

5
i

A2M
eabmnem* ~Jz!Pn ,

(
LZSZ

e* a~Lz!e*
b~Sz!^1Lz ;1SzuJ52Jz&5e* ab~Jz!,

~2.19!

where the polarization vector and the symmetric polarizati
tensor have the properties

Paea~Jz!50, Paeab~Jz!50,

ea
a~Jz!50, eab~Jz!5eba~Jz!. ~2.20!

Once the cross section of the on-shell parton level proc
is obtained, one can expand it in factorized forms followin
Bodwin, Braaten, and Lepage~BBL! @14# as

ŝ„a1b→~QQ̄!n…5
Fn

MQ
dn25 3

^0uOn
QQ̄u0&

2J11
, ~2.21!

ŝ„a1b→~QQ̄!n→H1X…5
Fn

MQ
dn24 3

^0uOn
Hu0&

2J11
.

~2.22!

We useŝ instead ofs as a subprocess cross section, sin
we will consider thegp collision where the particleb is
treated as a parton inside a proton. The indexn denotes the
intermediateQQ̄ state2S11LJ

(1,8) which may differ from that
of H. The factor multiplied to theH production cross section
differs from theQQ̄-pair production cross section by unity in
mass dimension. This makes the long range factor coinc
with the conventionally normalized wave function of th
bound state for the color-singlet case. We extracted the fac
t

on

ess
g

ce

ide
e
tor

1/(2J11) in advance in order to avoid the unnecessary fac
tor after imposing the heavy quark spin symmetry propert
as

^0uOc~3S1
~1,8!!u0&

3
→^0uOc~1S0

~1,8!!u0&, ~2.23!

^0uOc~3PJ
~1,8!!u0&

2J11
→^0uOc~3P0

~1,8!!u0&. ~2.24!

The four-fermion operatorsOn with dimensiondn are de-
fined as

dn56,

O1~
1S0!5c†x~aH

† aH!x†c,

O8~
1S0!5c†Tax~aH

† aH!x†Tac,

O1~
3S1!5c†six~aH

† aH!x†sic,

O8~
3S1!5c†siTax~aH

† aH!x†siTac,

dn58,

O1~
1P1!5c†S 2

i

2
DJ D ix~aH

† aH!x†S 2
i

2
DJ D ic,

O1~
3P0!5

1

3
c†S 2

i

2
DJ •sDx~aH

† aH!x†S 2
i

2
DJ •sDc,

O1~
3P1!5

1

2
c†S 2

i

2
DJ3sD ix~aH

† aH!x†S 2
i

2
DJ3sD ic,

O1~
3P2!5c†S 2

i

2
DJ ~ is j )Dx~aH

† aH!x†S 2
i

2
DJ ~ is j )Dc,

~2.25!

whereaH
(†) destroys~creates! a heavy quarkonium stateH,

and (aH
† aH)5(XuH,X&^H,Xu. The dimension-eight opera-

tors related to the relativistic corrections are

P1~1S0!5
1

2 Fc†x~aH
† aH!x†S 2

i

2
DJ D 2c1H.c.G ,

P1~3S1!5
1

2 Fc†sx~aH
† aH!x†sS 2

i

2
DJ D 2c1H.c.G ,

P1~3S1 ,3D1!5
1

2 Fc†s ix~aH
† aH!x†s j S 2

i

2D
2

DJ ~ iDJ j )c

1H.c.G , ~2.26!

where

x†DJc[x†~Dc!2~Dx!†c, ~2.27!

A~ i j !5
1

2
~Ai j1Aji !2

1

3
Tr~A!d i j , ~2.28!
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and D is the covariant derivative. There are Pauli spin
fields in the previous equations.c annihilates a heavy quark
Q andx creates a heavy antiquarkQ̄. Color and spin indices
on the fieldsc, x have been suppressed.

Vacuum expectation values of the production operat

On
QQ̄ andOn

H are

^0uOn
Hu0&5^0ux†KncS (

X
(
mJ

uH1X&

3^H1Xu Dc†Kn8xu0&,

^0uOn
QQ̄u0&5^0ux†KncS (

mJ

uQQ̄~2S11LJ
~1,8!!&

3^QQ̄~2S11LJ
~1,8!!u Dc†Kn8xu0&

5~2J11!^0uOQQ̄~2S11L0
~1,8!!u0&. ~2.29!

The factorsKn andKn8 are products of a color matrix, a spi
matrix, and a polynomial in the covariant derivativeDJ and
other fields , which are same with those ofOn . According to
the heavy quark spin symmetry, the2S11LJ

(1,8) state has the

same properties with the2S811L0
(1,8) state ~with the same

L) except for themJ multiplicity factor 2J11, which ap-
pears in the last equation.

Now let us explain how to derive the short distance co
ficientsFn . Regardless of the on-shell scattering amplitu
a1b→Q1Q̄, the intermediate bound stateQQ̄(2S11L (1,8))
production cross sections have a common fac

^0uOn
QQ̄u0&. Using the intermediate state ket

uQQ̄~2S11LJ
~1,8a!!~P!&

5 (
LZSZ

(
s1s2

(
i j

E d3q

~2p!32q0
dS q02 uqu2

2MQ
DYLLZ
* ~ q̂!

3^s1 ;s2uSSZ&^LLZ ;SSZuJJZ&^3i 3̄j u1,8a&

3UQi S P2 1qD Q̄j S P2 2qD L , ~2.30!

one obtains the matrix element^0uOn
QQ̄u0& as

^0uOn
QQ̄u0&

2J11
5CL3Cn , ~2.31!

where

Cn5H 2Nc ~color singlet!,

Nc
221 ~color octet!,

~2.32!

andCL is defined in Eqs.~2.2! and~2.5!. The cross section of
the processa(p1)1b(p2)→(QQ̄)n(P) ~with n representing
the partial wave and the color quantum numbers ofQQ̄) is
given by
or

ors

n

ef-
de

tor

ŝ„a~p1!1b~p2!→~QQ̄!n~P!…

5
1

2ŝ
E d3P

~2p!32EP
~2p!4d~4!~P2p12p2!

3( uA„a1b→~QQ̄!n…u2

5ŝn83CL3Cn

5ŝn83
^0uOn

QQ̄u0&
2J11

, ~2.33!

where

ŝn85
1

Cn

p

ŝ
d~ ŝ2MP

2 !( uML8„a1b→~QQ̄!n…u2,

~2.34!

the indexn represents the partial wave (2S11LJ) and the
color quantum numbers ofQQ̄, and ŝ is the invariant mass
of the initial particlesa andb. Then, the bound state cross
section and the short distance coefficientsFn are given by

ŝ„a~p1!1b~p2!→~QQ̄!n→H1X…

5
ŝn8

MQ

^0uOn
Hu0&

2J11

5
ŝn8MQ

dn25

MQ
dn24

^0uOn
Hu0&

2J11
, ~2.35!

Fn5ŝn83MQ
dn25 . ~2.36!

In case ofgp scattering, we should convolute the abov
result with the parton structure functions to get the cro
section:

s„a~p1!1b~p2!→~QQ̄!n→H1X…

5
1

MQ
(
b

sn8~b!3
^0uOn

Hu0&
2J11

,

~2.37!

where

sn8~b!5E dx fb/p~x!ŝn85
p

16CnMQ
4 @x fb/p~x!#x54M

Q
2 /s

3( uML8„a1b→~QQ̄!n…u2. ~2.38!

For the case of 2→2 process, we need to modify the formu
las only a little. The quarkoniumH photoproduction cross
section via 2→2 subprocessa(p1)1b(P2)/p→(QQ̄)n(P)
1c(p3)→H1X ~with b being a parton of the initial proton!
is given by
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ds„a~p1!1b~P2!/p

→~QQ̄!n~P!1c~p3!→H1X…

5
1

CnMQ
•

1

16p ŝ2
( uM8„~p1!1b~P2!

→~QQ̄!n~P!1c~p3!…u2
x fb/p~x!

z~12z!
dzdPT

2 .

~2.39!

For example, if we consider theJ/c production via1S0
(8) ,

3S1
(8) , 3P0

(8) , 3P1
(8) , and 3P2

(8) intermediate states, we get

ŝ~H !5
1

MQ
S ŝ8~1S0

~8!!3^0uOc~1S0
~8!!u0&1ŝ8~3S1

~8!!

3
^0uOc~3S1

~8!!u0&
3

1(
J

ŝ8~3PJ
~8!!

3
^0uOc~3PJ

~8!!u0&
2J11 D

5
1

MQ
F ^0uOc~1S0

~8!!u0&3~ ŝ8~1S0
~8!!1ŝ8~3S1

~8!!!

1^0uOc~3P0
~8!!u0&3(

J
ŝ8~3PJ

~8!!G . ~2.40!

III. J/c PHOTOPRODUCTION SUBPROCESSES

A. Color-singlet contributions

The inelasticJ/c photoproduction has long been studie
in the framework of PQCD and the color-singlet mod
@1,15#. The lowest order subprocess at the parton level
g1p→J/c1X is the g-gluon fusion at the short distanc
scale~Fig. 1!,

g1g→~cc̄!~3S1
~1!!1g, ~3.1!

followed by the long distance process

~cc̄!~3S1
~1!!→J/c, ~3.2!

FIG. 1. Feynman diagrams for the color-singlet and the col
octet subprocessg1g→(cc̄)1,8(

3S1)1g.
d
el
for
e

at the order ofO(aas
2v3) in the nonrelativistic limit. Thus,

the production cross section is proportional to the gluon dis
tribution inside the proton. This is why theJ/c photoproduc-
tion has been advocated as a clean probe for the gluon str
ture function of a proton in the color-singlet model. Withou
further details, we show the lowest order color-singlet con
tribution to J/c photoproduction throughg-gluon fusion in
the nonrelativistic limit:

( uM~gg→J/cg!u2

5N1

ŝ2~ ŝ24Mc
2!21 t̂2~ t̂24Mc

2!21û~ û24Mc
2!2

~ ŝ24Mc
2!2~ t̂24Mc

2!2~ û24Mc
2!2

,

~3.3!

where

z5
Ec

Eg
u lab5

pN•P

pN•k
,

ŝ5~k1q1!
25xs, ~3.4!

t̂5~P2k!25~z21!ŝ.

The overall normalizationN1 is defined as

N15
32

9
~4pas!

2~4pa!ec
2Mc

3G1~J/c!. ~3.5!

The parameterG1(J/c), which is defined as

G1~J/c!5
^J/cuO1~

3S1!uJ/c&
Mc

2 ~3.6!

in the NRQCD, is proportional to the probability that a color-
singletcc̄ pair in the3S1

(1) state to form a physicalJ/c state.
It is related with the leptonic decay via

G~J/c→ l1l2!5
2

3
pec

2a2G1~J/c!, ~3.7!

to the lowest order inas . From the measured leptonic decay
rate ofJ/c, one can extract

G1~J/c!'106 MeV, ~3.8!

Including the radiative corrections ofO(as) with
as(Mc)50.27, it is increased to'184 MeV. Relativistic
corrections tend to increaseG1(J/c) further to;195 MeV
@10#.

The partonic cross section forg1a→J/c1b is given by

dŝ

dt̂
5

1

16p ŝ2
( uM~g1a→J/c1b!u2. ~3.9!

The double differential cross section is

or-
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d2s

dzdPT
2 „g1p~pN!→J/c~P,e!1X…

5
xg~x,Q2!

z~12z!

1

16p ŝ2
( uMu2~ ŝ, t̂ !,

~3.10!

where

x5
ŝ

s
5

1

zsFMc
21

PT
2

12zG . ~3.11!

One has the following constraints forx,z,t, andPT
2 :

Mc
2

s
,x,1, ~3.12!

2~ ŝ2Mc
2 !< t̂~5t !<0, ~3.13!

Mc
2<

Mc
2

z
1

PT
2

z~12z!
<s. ~3.14!

The z andPT
2 distributions can be obtained in the following

manner:

ds

dz
5E

0

~12z!~zs2Mc
2

! d2s

dzdPT
2 dPT

2 , ~3.15!

ds

dPT
2 5E

zmin

zmax d2s

dzdPT
2 dz, ~3.16!

zmax5
1

2s
~s1Mc

21A~s2Mc
2 !224sPT

2!, ~3.17!

zmin5
1

2s
~s1Mc

22A~s2Mc
2 !224sPT

2!. ~3.18!

There are two kinds of corrections to the lowest ord
result in the color-singlet model,~3.1!: the relativistic correc-
tions of O(v2) and the PQCD radiative corrections o
O(as) relative to the lowest order result shown in Eq.~3.1!.
We briefly summarize both types of corrections in the rest
this subsection, since they have to be included in princip
for consistency, when one includes the color-octet mech
nism in many cases.

The relativistic corrections to theg-gluon fusion were
studied by Junget al. @15#. They found that relativistic cor-
rections are important for highz.0.9 at European Muon
Collaboration ~EMC! energy (Asgp.14.7 GeV!. Since it
mainly affects the highz region only, we neglect the relativ-
istic corrections, keeping in mind that it enhances the cro
section at largez.0.9.

The radiative corrections to theJ/c photoproduction is
rather important in practice. This calculation has been do
recently in Ref.@16#, and the scale dependence of the lowe
order result@Q2 in the structure function in Eq.~3.10!# be-
comes considerably reduced. For the EMC energy regi
theK factor is rather large,K;2. For HERA, it depends on
the cuts inz andPT

2 We include the radiative corrections in
er

f

of
le
a-

ss

ne
st

on,

terms of aK factor suitable to the energy range we conside
Another consequence of the radiative corrections to th
color-singletJ/c photoproduction is that the PQCD becomes
out of control forz.0.9 at EMC energy. For HERA, one
gets reasonable results in PQCD when one imposes the f
lowing cuts inz andPT

2 : z,0.8 andPT
2.1GeV2 . Thus, it

does not make much sense to talk about thez or pT distri-
butions for suchz region in PQCD. One has to introduce cuts
in z as well as inpT . Following Ref. @16#, we adopt the
following sets of cuts:

z,0.9 for EMC, ~3.19!

0.2,z,0.8 for HERA. ~3.20!

At HERA energies, the lower cut inz(z.0.2) is employed
in order to reduce backgrounds from the resolved photo
process and theb decays intoJ/c. For these cuts, theK
factor is approximatelyK.1.8 both at HERA and the fixed
target experiments. We include these radiative corrections
the subprocess~3.1! in Sec. IV A by settingK.1.8.

B. Color-octet contributions to 2˜1 subprocesses

Let us consider color-octet contributions to the 2→1 sub-
processes via

g~k!1ga* ~g!→~cc̄!@2S11LJ
~8b!#~P!, ~3.21!

followed by (cc̄)8 fragmenting intoJ/c with emission of
soft gluons. This subprocess occurs atO(aasv

7). Here,
a,b are color indices for the initial gluon and the final color-
octet cc̄ state, and we are interested inS5L5J50 and
S5L51, J50,1,2. There are two diagrams representing th
vertex, as shown in Fig. 2. Here we consider the proce
where only the gluon is off shell. Following the conventions
adopted in the previous section, we first write the matrixO
related to this effective vertex:

O~P,q!5
eecgsd

ab

A2 Fe” g
P” /21q”2k”1Mc

~P/21q2k!22Mc
2 e” g

1e” g
P” /21q”2g”1Mc

~P/21q2g!22Mc
2 e” gG . ~3.22!

With this matrixO we can derive the effective vertices for
thegg(cc̄)2S11LJ

(8) as

M8~1S0
~8!!54i

eecgs
g224Mc

2 dabemnklem
g en

gPkkl , ~3.23!

FIG. 2. Feynman diagrams for the color-octet subproces
g1g→(cc̄)8(

1S0 or 3PJ).
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M8~3S1
~8!!50, ~3.24!

M8~3P0
~8!!5

2eecgsd
ab

A3Mc
S g2212Mc

2

g224Mc
2 D

3S gmn12
Pmkn

g224Mc
2D em

g en
g , ~3.25!

M8~3P1
~8!!5

A2eecgsdab

Mc
2~g224Mc

2!
S g2emnat12kk

3
g2~Pmenakt2Pnemakt!14gnMc

2emakt

g224Mc
2 D

3ea~Jz!em
g en

gPt , ~3.26!

M8~3P2
~8!!5

16eecgsd
ab

g224Mc
2 McS gmagnb

12ka
kbgmn1Pmgnb2kngmb

g224Mc
2 D eab~Jz!em

g en
g .

~3.27!

SinceJ/c can be produced via the 2→1 subprocesses with
these effective vertices, we can obtain the 2→1 color-octet
contribution by using the following average squared amp
tudes as2

( uM8~1S0
~8!!u252~eecgs!

2, ~3.28!

( uM8~3S1
~8!!u250, ~3.29!

( uM8~3P0
~8!!u25

6

Mc
2 ~eecgs!

2, ~3.30!

( uM8~3P1
~8!!u250, ~3.31!

( uM8~3P2
~8!!u25

8

Mc
2 ~eecgs!

2. ~3.32!

TheJ/c photoproduction cross section via 2→1 process can
be obtained from Eq.~2.40!, assuming heavy quark spin
symmetry:

s~g1p→~cc̄!~8!→c!

5
7p~eecgs!

2

64Mc
5 @x fg/p~x!#x54M

c
2/s

3S ^0uOc~3P0
~8!!u0&

Mc
2 1

^0uOc~1S0
~8!!u0&

7 D .
~3.33!

2Our results agree with those obtained in Refs.@12,13#. Note,
however, that our convention of the invariant matrix is differe
from theirs.
li-

Sinceŝ}d(12z), these 2→1 color-octet subprocesses con
tribute to the elastic peak in theJ/c photoproduction. It is
timely to recall that the color-singlet model with relativisti
corrections still underestimates the cross section forz>0.9
by an appreciable amount@15#. As z→1, the final state gluon
in the g-gluon fusion becomes softer and softer, althou
this does not cause any infrared divergence in the transit
matrix element. Therefore, it would be more meaningful
factorize the effect of this final soft gluon into the color-oct
matrix elements,̂O8

c(1S0)& and^O8
c(3PJ)&. The color-octet

1S0 and
3PJ states might reduce the gap between the col

singlet prediction and the experimental value ofds/dz for
0.9<z<1.

C. Color-octet contributions to the 2˜2 subprocesses

The color-octet 2→1 subprocess~3.21! considered in the
previous subsection not only contributes to the elastic pe
of the J/c photoproduction, but it also contributes to th
resolved photon processes atO(aas

2v7), shown in Fig. 3,
where the initial partons can be either gluon or light quar
(q5u,d,s). These diagrams are suppressed byv4 but en-
hanced by 1/as , relative to the resolved photon process
the color-singlet model. Also, the jet structures from Fig.
are different from that from the resolved photon process
the color-singlet model. They can enhance the hig
pTJ/c ’s, which might be relevant to theJ/c photoproduc-
tion at HERA. This can be a background to the determinat
of gluon distribution function of a proton, if the cross sectio
is appreciable. The resolved photon process in the co
singlet model is dominant over theg-gluon fusion in the
lower z region,z,0.2, and it can be discarded by a suitab
cut on z. Since the color-octet contribution to the resolve
photon process has not been studied in the literature,
address this issue in this subsection. When one considers
3, one has to include Fig. 1 with (cc̄)8 simultaneously, since
both are the same order ofO(aas

2v7). This diagram is the
same as the color-singlet case except for the color facto
the (cc̄) state.

It is straightforward, although lengthy, to calculate th
amplitudes for the processes shown in Figs. 1 and 3. Us
REDUCE in order to perform the spinor algebra in a symbol
manner, we can get the averagedM squared for various
2→2 processes. Since the full expressions are rather
volved, they are shown in the Appendix.

Another color-octet (cc̄)(3S1
(8)) contribution to the

J/c-photoproduction comes from the Compton-scatterin
type subprocesses~see Fig. 4!:

nt

FIG. 3. Feynman diagrams for the color-octet contribution to t
resolved photong1g(or q)→(cc̄)8(

1S0 or 3PJ)1g(or q).
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g~k,e!1q~p1!→~cc̄!~3S1
~8a!!~P,e* !1q~p2!,

~3.34!

whereP ande* are the four momentum and the polarizatio
vector of the3S1 color-octet state, anda is its color index.
This subprocess, if important, can be a background to
determination of the gluon distribution function in a proto
since it is initiated by light quarks. From the naive pow
counting, however, we infer this subprocess occurs
O(aas

2) in the coupling constant expansion, and also su
pressed byv4 compared to the color-singlet contributio
~3.1! due to its color-octet nature. Thus, this subprocess
expected to be negligible.

One can actually quantify this argument by explicit
evaluating the Feynman diagrams shown in Fig. 4. The
fective vertex forqq̄→(cc̄)(3S1

(8a)) is given by~Fig. 5! @4#:

M8„q~p1!q̄~p2!→~cc̄!~3S1
~8a!!…

5
4pas

2Mc
v̄~p2!g

mTau~p1!em* ~p11p2 ,Sz!,

~3.35!

where em* is the polarization of the produced spin-1 colo
octet object. Using this effective vertex, one can calculate
amplitude for the Feynman diagrams shown in Fig. 4:

M8„gq→~cc̄!~3S1
~8a!!q…

52
gs
2eeq
2Mc

ū~p2!Fe”* ~P,Sz!Ta
k”1p” 11Mc

~k1p1!
22Mc

2 e” g

1e” g

p” 12P” 1Mc

~p12P!22Mc
2 e”* ~P,Sz!TaGu~p1!,

~3.36!

FIG. 4. Feynman diagrams for the color-octet 2→2 subprocess,
g1q→(cc̄)8(

3S1)1q with q5u,d,s.

FIG. 5. A Feynman diagram forqq̄→(cc̄)8(
3S1).
n

the
n,
er
at
p-
n
is

ly
ef-

r
the

where eeq is the electric charge of the light quark inside
proton (q5u,d,s). The average amplitude squared for th
color-octet 3S1 state is given by

( uM8„gq→~cc̄!~3S1
~8!!q…u2

52
2

3Mc
2 ~gs

2eeq!
2S ŝ
û

1
û

ŝ
18

Mc
2t̂

ŝû
D . ~3.37!

This completes our discussions on the color-octet 2→2 sub-
process forJ/c photoproductions.

IV. NUMERICAL RESULTS

A. J/c photoproductions at fixed targets and HERA

Now, we are ready to show the numerical results usin
the analytic expressions obtained in the previous section. L
us first summarize the input parameters and the structu
functions we will use in the following. The results are quite
sensitive to the numerical values ofas andmc and the fac-
torization scaleQ. We shall useas(Mc

2)50.3, mc51.48
GeV andQ25(2mc)

2. For the structure functions, we use
the most recent ones, Martin-Roberts-Stirling set A~MRSA!
@17# and CTEQ3M @18#, which incorporate the new data
from HERA @19#, on the lepton asymmetry inW-boson pro-
duction @20# and on the difference in Drell-Yan cross sec
tions from proton and neutron targets@21#. For the 2→1, we
show results using both structure functions. For the 2→2
case, we show the results with the CTEQ3M structure fun
tions only, since the MRSA structure functions yield almos
the same results within;10% or so.

Let us first consider theJ/c photoproduction via the
color-octet 2→1 subprocess considered in Sec. III B. Sinc
the subprocess cross section~3.33! vanishes except atz51,
one can infer that it contributes to theJ/c photoproductions
in the forward direction (z;1,PT

2.0). In Figs. 6~a! and
6~b!, we show theJ/c photoproduction cross section in the
forward direction (s forward) as well as the data from the fixed
target experiments and the preliminary data from H1
HERA, respectively. In each case, the upper and the low
curves define the region allowed by relation~1.4! for two
color-octet matrix elements, ^0uO8

c(3S1)u0& and
^0uO8

c(3P0)u0&. In the case of fixed target experiments
s forward is usually characterized byz.0.9, with the remain-
der being associated with the inelasticJ/c photoproduction.
According to this criterion, the experimental value o
sexpt(g1p→J/c1X) contains contributions from inelastic
production of J/c ’s. Thus, the data should lie above the
predictions from the color-octet 2→1 subprocess, Eq.~3.21!.
Figure 6~a! shows that the situation is opposite to this expe
tation. Color-octet contributions are larger than the dat
which indicates that the numerical values of the color-oct
matrix elements are probably too large. At HERA, one ha
the elasticJ/c photoproduction data, which can be identified
with the color-octet 2→1 subprocess. By saturating relation
~1.4! by either color-octet matrix element, we get theJ/c
photoproduction cross section in the forward direction@Fig.
6~b!#. We observe again that the color-octet contributio
with Eq. ~1.4! overestimates the cross section by a larg
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amount. This disagreement can arise from two sources:~i!
the radiative corrections topp̄→J/c1X, which were ig-
nored in Ref.@5#, are important, and/or~ii ! the heavy quark
spin symmetry for̂ 0uO8

c(3PJ)u0&'(2J11)^0uO8
c(3P0)u0&

may not be a good approximation. Although the heavy qu
spin symmetry relation is used quite often in heavy quark
nium physics, it may be violated by a considerable amo
@10#.

Recently, Amundsonet al. performed thex2 fit to the
available fixed target experiments and the HERA data in
pendently, and found that@13#

^0uO8
c~1S0!u0&1

7

Mc
2 ^0uO8

c~3P0!u0&

5~0.02060.001! GeV3, ~4.1!

using the MRSA(8) and CTEQ3M structure functions with
as(2Mc)50.26 andMc51.5 GeV. This determination is no

FIG. 6. ~a! The cross sections forg1p→J/c1X in the forward
direction at the fixed target experiments as a function ofEg . The
solid and the dashed curves were obtained using the CTEQ3M
the MRSA structure functions. Here, TOTs is the 1S0

(8) saturated
curve and TOTp is the

3PJ
(8) saturated one.~b! The cross sections

for g1p→J/c1X in the forward direction at HERA as a function
of the square root ofsgp . The solid and the dashed curves we
obtained using the CTEQ3M and the MRSA structure function
Here, TOTs is the 1S0

(8) saturated curve and TOTp is the 3PJ
(8)

saturated one.
ark
o-
unt

de-

t

compatible with relation ~1.4!, since the resulting
^O8(

3P0)& is negative. This is another way to say that th
determination of the color-octet matrix elements from th
J/c productions at the Tevatron may not be that reliable.
fact, this is not very surprising, since the radiative corre
tions to the lowest-order color-singlet contributions to th
J/c hadroproductions are not included yet.

Next, we consider theJ/c photoproduction through
2→2 parton-level subprocesses. As discussed at the end
Sec. III A, the PQCD corrections to the lowest orde
g1g→J/c1g are not under proper control forz.0.9.
Therefore, we impose a cutz,0.9 at EMC energy,

FIG. 7. ~a! The differential cross sectionsds/dz for
g1p→J/c1X at EMC as a function ofz[EJ/c /Eg . The singlet
contributions are in the thick dotted curve, the color-octet1S0 con-
tributions in the thick dashed curve~with ^O8

c(1S0)&
56.631022 GeV3), and the color-octet3PJ contributions in the
thin dashed curve@with ^O8

c(3PJ)&/Mc
252.231022 GeV3#. The

total is shown in the solid curve. Relation~1.4! allows the region
between two solid curves. Here, TOTs is the

1S0
(8) saturated curve

and TOTp is the 3PJ
(8) saturated one.~b! The differential cross

sectionsds/dz for g1p→J/c1X at HERA as a function of
z[EJ/c /Eg . The singlet contributions are in the thick dotted curve
the color-octet1S0 contributions in the thick dashed curve@with
^O8

c(1S0)&56.631022 GeV3#, and the color-octet3PJ contribu-
tions in the thin dashed curve @with ^O8

c(3PJ)&/Mc
2

52.231022 GeV3#. The total is shown in the solid curve. Relation
~1.4! allows the region between two solid curves. Here, TOTs is the
1S0

(8) saturated curve and TOTp is the
3PJ

(8) saturated one.

and

re
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Asgp514.7 GeV, and at HERA withAsgp5100 GeV, we
impose cuts onz andPT

2 @16#:

0.2,z,0.8, PT
2.1GeV2.

In both cases, we setK.1.8.
In Figs. 7~a! and 7~b!, we show theds/dz distributions of

J/c at EMC ~NMC! and HERA along with the correspond
ing data. In both cases, the color-octet3S1 contribution
~Compton scattering type! is negligible in most regions of
z, and thus can be safely neglected. The thick dashed and
thin dashed curves correspond to the cases where rela

FIG. 8. ~a! The differential cross sectionsds/dPT
2 for

g1p→J/c1X at HERA as a function ofPT
2 The singlet contri-

butions in the thick dotted curve, the color-octet1S0 contributions
in the thick dashed curve@with ^O8

c(1S0)&56.631022 GeV3#, and
the color-octet3PJ contributions in the thin dashed curve@with
^O8

c(3PJ)&/Mc
252.231022 GeV3#. The total is shown in the solid

curve. Relation~1.4! allows the region between two solid curves
Here, TOTs is the 1S0

(8) saturated curve and TOTp is the 3PJ
(8)

saturated one.~b! The differential cross sectionsds/dPT
2 for

g1p→J/c1X at HERA as a function ofPT
2 of J/c. The singlet

contributions in the thick dotted curve, the color-octet1S0 contri-
butions in the thick dashed curve@with ^O8

c(1S0)&
56.631022 GeV3#, and the color-octet3PJ contributions in the
thin dashed curve@with ^O8

c(3PJ)&/Mc
252.231022 GeV3#. The

total is shown in the solid curve. Relation~1.4! allows the region
between two solid curves. Here, TOTs is the

1S0
(8) saturated curve

and TOTp is the
3PJ

(8) saturated one.
-

the
tion

~1.4! is saturated bŷ0uO8
c(3PJ)u0& and ^0uO8

c(1S0)u0&, re-
spectively. The thick and the thin solid curves represent t
sum of the color-singlet and the color-octet contributions,
case that relation~1.4! is saturated bŷ 0uO8

c(1S0)u0& and
^0uO8

c(3P0)u0&, respectively. In either case, we observe tha
the color-octet1S0 and

3PJ contributions begin to dominate
the color-singlet contributions forz.0.6, and become too
large for highz region considering we have not added th
enhancements at highz due to the relativistic corrections.
Thus, this behavior of rapid growing at highz does not agree
with the data points at EMC and HERA, if we adopt the
determination~1.4! by Cho and Leibovich@5#.

In Figs. 8~a! and 8~b!, we show thePT
2 distributions of

J/c at EMC and HERA, respectively. We find that the color
octet contributions through 2→2 subprocesses become
dominant over the color-singlet contributions for mostPT

2

region. Also, the color-octet contributions from1S0 and
3PJ are more important than the charm quark fragmentatio
considered by Godboleet al. @22#. However, this situation
may be due to the overestimated color-octet matrix eleme
as alluded in the previous paragraph.

In Fig. 9, we show the inelasticJ/c photoproduction
cross section as a function ofAsgp with the cut,z,0.8 and
PT
2.1GeV2. Again, the color-octet3S1 contribution is too

small, and thus not shown in the figure. Here again, th
color-octet 1S0 and 3PJ contributions via 2→2 subpro-
cesses~Fig. 3! dominate the color-singlet contribution, if re-
lation ~1.4! is imposed. Although the total seems to be i
reasonable agreement with the preliminary H1 data, dire
comparison may be meaningful only if the cascadeJ/c ’s
from b decays have been subtracted out. There are also c
siderable amount of uncertainties coming fromMc andas .
Therefore, it is sufficient to say that the color-octet1S0 and
3PJ states dominate the singlet contribution to theJ/c pho-
toproduction, if relation~1.4! is imposed.

.

FIG. 9. Total inelasticJ/c photoproduction cross section for
z,0.8 as a function of the square root ofsgp . The singlet contri-
butions in the thick dotted curve, the color-octet1S0 contributions
in the thick dashed curve@with ^O8

c(1S0)&56.631022 GeV3#, and
the color-octet3PJ contributions in the thin dashed curve@with
^O8

c(3PJ)&/Mc
252.231022 GeV3#. The total is shown in the solid

curve. Relation~1.4! allows the region between two solid curves
Here, TOTs is the 1S0

(8) saturated curve and TOTp is the 3PJ
(8)

saturated one.
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B. Digression onB˜J/c1X

Finding that the color-octet matrix elements determine
from J/c productions at the Tevatron seem to be too large
d
in

case ofJ/c photoproductions at fixed target experiments an
HERA, it is timely to reconsider the color-octet contribution
to inclusiveB meson decays intoJ/c1X. In Ref. @10#, a
new factorization formula is derived forB→J/c1X:
G~B→J/c1X!5S ^0uO1
J/c~3S1!u0&

3Mc
2 2

^0uP1
J/c~3S1!u0&

9Mc
4 D ~2C12C2!2S 11

8Mc
2

Mb
2 D Ĝ01S ^0uO8

J/c~3S1!u0&

2Mc
2

1
^0uO8

J/c~3P1!u0&

Mc
4 D ~C11C2!2S 11

8Mc
2

Mb
2 D Ĝ01

3^0uO8
J/c~1S0!u0&

2Mc
2 ~C11C2!2Ĝ0 , ~4.2!
b-
the
ot

is

g-

ix

s,
ec-

o

P
y
n,
-

-

ed
with

Ĝ0[uVcbu2S GF
2

144p DMb
3McS 12

4Mc
2

Mb
2 D 2. ~4.3!

Two numbersC1(Mb)'0.87 andC2(Mb)'1.34 are the
Wilson coefficients of theuDBu51 effective weak Hamil-
tonian. Using relation~1.4!, we estimate the above branchin
ratio to be~for as(Mc

2)50.28 in Ref.@10#!

~0.42%312.8!,B~B→J/c1X!,~0.42%313.8!
~4.4!

which is larger than the recent CLEO data by an order
magnitude:3

Bexpt~B→J/c1X!5~0.8060.08!%. ~4.6!

The situation is the same forB→c81X. This is problematic,
unless these large color-octet contributions are canceled
the color-singlet contributions of higher order inO(as)
which were not included in Ref.@10#. If there are no such
fortuitous cancellations among various color-octet and t
color-singlet contributions, this disaster could be attribute
to relation~1.4! being too large compared to the naive veloc
ity scaling rule in NRQCD, as noticed in Ref.@5#. It seems to
be crucial to include the higher order corrections ofO(as

4)
for the color-singletJ/c productions at the Tevatron, which
is still lacking in the literature.

V. CONCLUSION

In summary, we considered the color-octet contributio
to ~i! the subprocess g1p→J/c1X through
gg→(cc̄)8(

1S0 and 3PJ) and the subsequent evolution o
(cc̄)8 into a physicalJ/c with z'1 and PT

2'0, ~ii ! the
subprocesses g1g(orq)→(cc̄)8(

1S0 or 3PJ)1g(or q).
These are compared with~i! the measuredJ/c photoproduc-
tion cross section in the forward direction, and~ii ! the z

3Even if we use the new determination~4.1! by Amundsonet al.
@13#, we still get a large branching ratio:

~0.42%33.45!,B~B→J/c1X!,~0.42%35.45!, ~4.5!
although the discrepancy gets milder than case~4.4!.
g

of

by

he
d
-

ns

f

distributions ofJ/c at EMC and HERA, and the preliminary
result on the inelasticJ/c photoproduction total cross sec-
tion at HERA. One finds that the relation~1.4! color octet led
to too large contributions of the color-octet1S0 and 3PJ

states to the above observables. Especially, the first two o
servables contradict the observation. This is also against
naive expectation that the color-octet contribution may n
be prominent as in the case of theJ/c hadroproductions,
since they are suppressed byv4 ~although enhanced by one
power ofas) relative to the color-singlet contribution to the
J/c photoproduction. It is also pointed out that the same
true of the processB→J/c1X, in which relation~1.4! pre-
dicts its branching ratio to be too large by an order of ma
nitude compared with the data.

Therefore, one may conclude that the color-octet matr
elements involving (cc̄)8(

1S0 ,
3PJ) might be overestimated

by an order of magnitude. Since relation~1.4! has been ex-
tracted by fitting theJ/c production at the Tevatron to the
lowest order color-singlet and the color-octet contribution
it may be changed when one considers the radiative corr
tions to the lowest order color-singlet contributions.

While we were finishing our work, there appeared tw
papers considering the same subject@12,13#. Our results
agree with these two works where they overlap.
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APPENDIX: THE INVARIANT AMPLITUDE SQUARED
FOR THE 2˜2 SUBPROCESSES CONSIDERED IN

SEC. III C

In this appendix, we give explicit expressions for the in
variant amplitude squared for the color-octet 2→2 subpro-
cesses shown in Figs. 1 and 3. The results were obtain
using the symbolic manipulations with the aid ofREDUCE
package. Without further details, we show the results:
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( uM8u2„g1g→~cc̄!~1S0
~8!!1g…5

6ŝû~eecgs
2!2

t̂~ ŝ1 t̂ !2~ t̂1û!2~ û1 ŝ!2
$4~ ŝ1û!428ŝû~ ŝ1û!215ŝ2û2

12t̂~ ŝ1û!@4~ ŝ1û!21 ŝû#1 t̂2~13~ ŝ1û!212ŝû!110t̂3~ ŝ1û!15t̂4%, ~A1!

( uM8u2„g1g→~cc̄!~3P0
~8!!1g…5

2ŝû~eecgs
2!2

Mc
2t̂~ ŝ1 t̂ !4~ t̂1û!4~ û1 ŝ!4

@9ŝ2û2~ ŝ1û!2@4~ ŝ1û!428ŝû~ ŝ1û!215ŝ2û2#

112t̂ ŝû~ ŝ1û!~6~ ŝ1û!626ŝû~ ŝ1û!415ŝ2û2~ ŝ213ŝû1û2!!12t̂2~18~ ŝ1û!8172ŝû~ ŝ1û!6

217ŝ2û2~ ŝ1û!41150ŝ3u3~ ŝ1u!2110ŝ4u4!14t̂3~ ŝ1û!~36~ ŝ1û!6151ŝû~ ŝ1û!4195ŝ2û2~ ŝ1û!2

156ŝ3û3!1 t̂4~305~ ŝ1û!61380ŝû~ ŝ1û!41502ŝ2û2~ ŝ1û!2148ŝ3û3!14t̂5~ ŝ1û!~116~ ŝ1û!4

1113ŝû~ ŝ1û!2158ŝ2û2!12t̂6~257~ ŝ1û!41142ŝû~ ŝ1û!2120ŝ2û2!112t̂7~ ŝ1û!~31ŝ2170ŝû131û2!

1 t̂8~149ŝ21314ŝû1149û2!128t̂9~ ŝ1û!14t̂10#, ~A2!

( uM8u2„g1g→~cc̄!~3P1
~8!!1g…5

6~eecgs
2!2

Mc
2~ ŝ1 t̂ !4~ t̂1û!4~ û1 ŝ!4

@5û4ŝ4~ ŝ2û!2~ ŝ1û!1 t̂ ŝ3û3~12~ ŝ41û4!121ŝû~ ŝ21û2!

18ŝ2û2!12t̂2ŝ2û2~ ŝ1û!~11~ ŝ41û4!136ŝû~ ŝ21û2!130ŝ2û2!12t̂3ŝû~6~ ŝ61û6!161ŝû~ ŝ41û4!

1158ŝ2û2~ ŝ21û2!1194ŝ3û3!1 t̂4~ ŝ1û!~5~ ŝ61û6!166ŝû~ ŝ41û4!1217ŝ2û2~ ŝ21û2!1248ŝ3û3!

1 t̂5~17~ ŝ61û6!1124ŝû~ ŝ41û4!1265ŝ2û2~ ŝ21û2!1296ŝ3û3!12t̂6~ ŝ1û!~11~ ŝ41û4!132ŝû~ ŝ21û2!

114ŝ2û2!12t̂7~7~ ŝ41û4!112ŝû~ ŝ21û2!16ŝ2û2!1 t̂8~ ŝ1û!~5~ ŝ21û2!22ŝû!1 t̂9~ ŝ21û2!#, ~A3!

( uM8u2„g1g→~cc̄!~3P2
~8!!1g…5

2~eecgs
2!2

Mc
2t̂~ ŝ1 t̂ !4~ t̂1û!4~ û1 ŝ!4

@12û3ŝ3~ ŝ1û!2~4~ ŝ41û4!18ŝû~ ŝ21û2!113ŝ2û2!

13t̂ ŝ2û2~ ŝ1û!~32~ ŝ61û6!1144ŝû~ ŝ41û4!1277ŝ2û2~ ŝ21û2!1350ŝ3û3!1 t̂2ŝû~48~ ŝ81û8!

1576ŝû~ ŝ61û6!11888ŝ2û2~ ŝ41û4!13395ŝ3û3~ ŝ21û2!14080ŝ4û4!14t̂3ŝû~ ŝ1û!~60~ ŝ61û6!

1333ŝû~ ŝ41û4!1646ŝ2û2~ ŝ21û2!1804ŝ3û3!14t̂4ŝû~142~ ŝ61û6!1676ŝû~ ŝ41û4!

11398ŝ2û2~ ŝ21û2!11733ŝ3û3!1 t̂5~ ŝ1û!~9~ ŝ61û6!1818ŝû~ ŝ41û4!12295ŝ2û2~ ŝ21û2!

13028ŝ3û3!1 t̂6~21~ ŝ61û6!1716ŝû~ ŝ41û4!12163ŝ2û2~ ŝ21û2!12944ŝ3û3!12t̂7~ ŝ1û!~3~ ŝ41û4!

1136ŝû~ ŝ21û2!1206ŝ2û2!22t̂8~9~ ŝ41û4!114ŝû~ ŝ21û2!112ŝ2û2!2 t̂9~ ŝ1û!~3ŝ15û!~5ŝ13û!

2 t̂10~3ŝ218ŝû13û2!#, ~A4!

( uM8u2„g1q→~cc̄!~1S0
~8!!1q…52

16

3
~eecgs

2!2
ŝ21û2

t̂~ ŝ1û!2
, ~A5!

( uM8u2„g1q→~cc̄!~3P0
~8!!1q…52

16

9
~eecgs

2!2
~ ŝ21û2!~ t̂212Mc

2!2

t̂~ ŝ1û!4Mc
2

, ~A6!

( uM8u2„g1q→~cc̄!~3P1
~8!!1q…52

32

3
~eecgs

2!2
~ ŝ21û2! t̂116Mc

2ŝû

~ ŝ1û!4Mc
2

, ~A7!
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( uM8u2„g1q→~cc̄!~3P2
~8!!1q…52

32

9
~eecgs

2!2
~ ŝ1û!2~ t̂2196Mc

4!22ŝû@~ ŝ1û14Mc
2!218Mc

2~ ŝ1û!#

t̂~ ŝ1û!4Mc
2

. ~A8!

Here, theec52/3 and we have summed over the electric charges of light quarks (q5u,d,s) in the above expressions,
assumingmq50.
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