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Inelastic photoproduction of polarized J/c
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We study the polar and azimuthal decay angular distribution ofJ/c mesons in photoproduction experiments
as functions of the inelasticity variablez and transverse momentumpt . Future measurements of decay angular
distributions at the DESYep collider HERA will provide a new test of theoretical approaches to factorization
between perturbation theory and quarkonium bound-state dynamics and shed light on the color-octet produc-
tion fraction in various regions ofz andpt . @S0556-2821~98!03705-9#
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I. INTRODUCTION

The production of quarkonium in various processes, es
cially at high-energy colliders~for reviews, see@1,2#!, has
been the subject of considerable interest during the past
years. New data have been taken atpp̄, ep and e1e2 col-
liders, and a wealth of fixed-target data also exist. In theo
progress on factorization between perturbative and
quarkonium bound state dynamics has been made. The
lier ‘‘color-singlet model’’ has been superseded by a cons
tent and rigorous approach, based on nonrelativistic Q
~NRQCD! @3#, an effective field theory that includes the s
called color-octet mechanisms. On the other hand, the ‘‘co
evaporation’’ model of the early days of quarkonium phys
@4# has been revived@5#. Despite these developments th
range of applicability of these approaches to the pract
case of charmonium is still subject to debate, as is the qu
titative verification of factorization. The problematic aspe
is that, because the charmonium mass is still not very la
with respect to the QCD scale, nonfactorizable correcti
may not be suppressed enough, if the quarkonium is not
of an isolated jet, and the expansions in NRQCD may
converge very well. In this situation cross checks betwe
various processes, and predictions of observables suc
quarkonium polarization and differential cross sections,
crucial in order to assess the importance of different quar
nium production mechanisms, as well as the limitations o
particular theoretical approach. In this paper we discuss h
polar and azimuthal decay angular distributions ofJ/c, pro-
duced by real photons colliding on a proton target in
inelastic regionpt.1 GeV ~or, more conventionally,z[pc
•pp /pg•pp,0.9!, may serve this purpose.

In the NRQCD approach, to which we adhere in this p
per, the cross section for producing a charmonium stateH in
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a photon-proton collision is written as a sum of factorizab
terms,

ds~H !5 (
i , j P$q,g,g%

E dx1dx2f i /g~x1! f j /p~x2!

3(
n

dŝ~ i 1 j→cc̄@n# !^On
H&, ~1!

wheren denotes the color, spin and angular momentum s
of an intermediatecc̄ pair andf i /g and f j /p the parton distri-
butions in the photon and the proton, respectively. The sh
distance cross sectionsdŝ( i 1 j→cc̄@n#) can be calculated
perturbatively in the strong couplingas . The matrix ele-
ments^On

H&[^0uOn
Hu0& ~see@3# for their definition! are re-

lated to the nonperturbative transition probabilities from t
cc̄ staten into the quarkoniumH. The magnitude of these
probabilities is determined by the intrinsic velocityv of the
bound state. Thus the above sum is a double expansion ias
andv.

Within NRQCD the leading term inv to inelastic photo-
production ofJ/c comes from an intermediatecc̄ pair in a
color-singlet 3S1 state and coincides with the color-singl
model result.~The notation for the angular momentum co
figuration is 2S11LJ with S, L and J denoting spin, orbital
and total angular momentum, respectively.! Cross sections
@6#, polar @7#, and polar and azimuthal@8# decay angular
distributions have been calculated for the direct-photon c
tribution, in which casei 5g and f g/g(x)5d(12x) in ~1!.
The angular integrated cross section is known to next
leading order~NLO! in as @9#. The color-singlet contribu-
tion, including next-to-leading corrections inas , is known to
reproduce the unpolarized data adequately. But there is s
considerable amount of uncertainty in the normalization
the theoretical prediction, which arises from the value of
charm quark mass and the wave function at the origin,
well as the choice of parton distribution functions and ren
malization or factorization scale.
4258 © 1998 The American Physical Society
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57 4259INELASTIC PHOTOPRODUCTION OF POLARIZEDJ/c
At orderv4;0.05– 0.1 relative to the color-singlet contr
bution, theJ/c can also be produced through intermedia
color-octet3S1 , 1S0 and 3PJ configurations. In the inelastic
region, they have been considered in@10,11# for the direct
photon contribution and in@12# for resolved photons, in
which case the photon participates in the hard scatte
through its parton content. Color-octet contributions to
total photoproduction cross section~integrated over allz and
pt! are known to next-to-leading order@13#. The polarization
of inelastically producedJ/c due to these additional produc
tion mechanisms, however, has not been calculated so f

Because the color-octet contributions are suppresse
v4, but, in the inelastic region, contribute at the same or
in as as the color-singlet contribution, they are of intere
only if they are enhanced by other factors, either numer
or kinematical. In this respect the situation is similar to
certain v2 correction, which arises already in the colo
singlet model@14# and becomes kinematically enhanced az
close to 1. The color-octet production channels are ind
kinematically different from the color-singlet one, becau
the 1S0 and 3PJ configurations can be produced throu
t-channel exchange of a gluon already at lowest order inas .
~For the 3S1 octet this is true for the resolved process.! This
leads to a significantly enhanced amplitude, in particula
the large-z region. The color-octet contributions toJ/c pho-
toproduction are indeed strongly peaked at largez @10,11#.
Such a shape is not supported by the data, which at first s
could lead to a rather stringent constraint on the octet ma
elements^O8@n#&, nP$1S0 ,3P0% and to an inconsistenc
with the values obtained for these matrix elements fr
other processes. However, the peaked shape of thez distri-
bution is derived neglecting the energy transfer in the n
perturbative transitioncc̄@n#→J/c1X. In reality the peak
may be considerably smeared@15# as a consequence of re
suming kinematically enhanced higher-order corrections
v2 and no constraint or inconsistency can be derived fr
the endpoint behavior of thez distribution at present. As a
consequence, the role of octet contributions to the direct p
cess remains unclear. The resolved photon contribution
the other hand, could be entirely color-octet domina
@12,16#. Thez distribution should then begin to rise again
small z, if the color-octet matrix elements are as large
suggested by NRQCD velocity scaling rules@17,3# and fits to
hadroproduction data.

Our motivation for considering the decay angular dis
butions, including all direct and resolved production mec
nisms, is to provide another observable that can clarify
relative importance of color-octet production in photopr
duction in different kinematic regions. Many of the abov
mentioned uncertainties and difficulties do not affect the
larization yield. For example, the resummation that
necessary in the endpoint region may lead to a signific
redistribution ofds/dz in z, but affects the normalized de
cay angular distributions to a lesser degree, if they do
have a strongz dependence in the region affected by t
smearing. We find that some angular coefficients, espec
those for the azimuthal angle dependence, take essen
different values in the color-singlet and color-octet pr
cesses. A measurement of decay angular distributions w
therefore provide information on the relevance of color-oc
g
e
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production, also atz close to 1, which is largely independen
of normalization uncertainties.

The polarization of theJ/c can be determined by mea
suring the angular distribution of the leptonic decayJ/c
→ l 1l 2. To date, experimental measurements ofJ/c polar-
ization exist only for diffractive~elastic and proton dissocia
tion! photoproduction@18,19#, to which the inclusive formal-
ism of NRQCD does not apply, and for fixed-targ
hadroproduction@20#. The latter can be compared with pre
dictions obtained in the color-singlet model@21# and
NRQCD @22,23# for pt-integrated cross sections. As di
cussed in@2# the experimental finding of no polarization
only marginally consistent with the NRQCD prediction. Ph
toproduction offers another opportunity to learn abo
whether theJ/c polarization carries information on the sp
of the heavy quark pair produced at short distances, whic
expected in theoretical approaches in which spin symm
is at work. With the expected increase in luminosity at t
DESY ep collider HERA, polarization in photoproduction o
J/c at different values ofz andpt could provide an attractive
diagnostic tool in addition to the widely discussed polariz
tion measurement inpp̄ collisions at the Fermilab Tevatron
@24–27#.

The paper is organized as follows: Sec. II discusses
production mechanisms and calculational details regard
decay angular distributions. In Sec. III we pause for theo
ical considerations that influence our choice of cuts and o
parameters in the analysis. Section IV presents results
their discussion, followed by a summary in Sec. V. Appe
dix A contains the covariant definitions of coordinate sy
tems and polarization vectors and Appendix B summari
the density matrices for all subprocesses considered in
paper.

II. PRODUCTION MECHANISMS AND CROSS SECTIONS

We assume that theJ/c transverse momentumpt
.1 GeV, in order to suppress the diffractive contributio
and higher-twist corrections in general. Away frompt50 ~or
z51! the leading-twist hard subprocesses contributing to
elasticJ/c production can be classified as follows.

~1! Direct photon mechanisms. At leading order in t
strong coupling constant,O(aas

2), these are

g1g→cc̄@3S1
~1! ,3S1

~8! ,1S0
~8! ,3PJ

~8!#1g, ~2!

g1q/q̄→cc̄@3S1
~8! ,1S0

~8! ,3PJ
~8!#1q/q̄, ~3!

where the initial-state parton originates from the target p
ton.

~2! Resolved photon mechanisms. At leading ord
O(as

3), the subprocesses are

g1g→cc̄@3S1
~1! ,3S1

~8! ,1S0
~8! ,3PJ

~8!#1g, ~4!

g1q/q̄→cc̄@3S1
~8! ,1S0

~8! ,3PJ
~8!#1q/q̄, ~5!
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q1q̄→cc̄@3S1
~8! ,1S0

~8! ,3PJ
~8!#1g, ~6!

where one of the initial-state partons originates from the p
ton and the other originates from the proton.

The direct-photon mechanisms dominate in the regioz
*0.2, whereas resolved-photon mechanisms become im
tant in the regionz&0.2. ~These numbers depend on th
values of the color-octet matrix elements, as well as on thpt
cut.! At HERA energies, photon-quark fusion can contribu
about 10–15 % to the cross section at largez. Quark-gluon
fusion constitutes about 20–40 % of the resolved cross
tion atz&0.2 and becomes more important than gluon-glu
fusion at largerz. Quark-antiquark fusion is always com
pletely negligible.

The above list includes those color-octet production ch
nels that are suppressed by at mostv4 relative to the leading
color singlet production channel. The suppression of the
tet contributions follows from a multipole expansion of th
nonperturbative transitioncc̄@n#→J/c1X. From a 3PJ

(8)

intermediate state, the physicalJ/c state can be reached by
single chromoelectric dipole transition, from a3S1

(8) state by
two consecutive electric dipole transitions, and from a1S0

(8)

state by a chromomagnetic dipole transition. Each elec
dipole transition brings a factorv2, and the magnetic dipole
transition a factorv4. In addition, the hard production verte
for a P-wavecc̄state is suppressed already byv2 relative to
production in anS-wave state. In photon-gluon fusion, th
3S1

(8) amplitude is kinematically identical to the3S1
(1) ampli-

tude. The 3S1
(8) channel is therefore insignificant for th

direct-photon contribution.
u-

-

-

or-

c-
n

-

c-

ic

In resolved photon interactions, on the other hand,
3S1

(8) channel dominates atpt*5 GeV, because it includes
gluon fragmentation component@28#, in both the gluon-
gluon and gluon-quark fusion contributions, and therefo
falls only as 1/pt

4 at largept . The resolved photon ampli
tudes are identical to those relevant toJ/c production in
hadron-hadron collisions@29,26# and at HERA energies the
relative importance of the various contributions as functio
of pt is nearly the same as at Tevatron energies.

The direct-photon mechanisms above all decrease at
as 1/pt

6 at largept , with the exception ofg1q→cc̄@3S1
(8)#

1q. Fragmentation contributions in photon-gluon fusion e
ist only at the next order inas . They exceed the leading
order contributions atpt*10 GeV @30,16#. We therefore
conclude that our list includes all important leading-tw
production mechanisms for allz and as long aspt
&10 GeV.

We expect that higher-twist corrections due to multip
interactions with the proton or photon remnant would
suppressed as a power ofL2/(Q21pt

2), whereL&1 GeV is
a typical QCD scale andQ is one of the scales involved in
the bound state dynamics,Q'mc , mcv, or mcv

2. Since
mv2;L for charmonium and bottomonium, one may expe
large higher-twist corrections at smallpt , when the heavy
quark-antiquark pair moves parallel with a remnant jet a
remains in its hadronization region over a time 1/L in the
quarkonium rest frame.1

The differential cross section forJ/c production and its
subsequent leptonic decayJ/c→ l 1l 2 through any of the
resolved-photon subprocesses can be written as
1

Bll

ds i j

dVdz dpt
5E

x1 ,min

1

dx1f i /g~x1 ,mF! f j /p~x2 ,mF!
1

16p ŝ2

2x1x2pt

z~x12z!

3

8p
@r11

i j 1r00
i j 1~r11

i j 2r00
i j !cos2 u

1& Re~r10
i j !sin 2u cosf1r1,21

i j sin2 u cos 2f], ~7!
of

t

whereBll is theJ/c→ l 1l 2 branching ratio,s5(pg1pp)2,
ŝ5x1x2s and the parton distribution of the proton is eval
ated at

x25
x1pt

21M2~x12z!

sz~x12z!
~8!

with factorization scalemF . Here and in the following we
useM52mc . The variablesz and pt are subject to the re
striction

~12z!~sz2M2!.pt
2 ~9!
and

x1.x1,min5
z~sz2M2!

sz2pt
22M2 . ~10!

The anglesu andf refer to the polar and azimuthal angle

1Some aspects of higher-twist corrections tog1g→cc̄@3S1
(1)#1g

have been considered in@31#, with the surprising conclusion tha
the higher-twist correction isL2/(4mc

2), even at very largept ,
rather thanL2/pt

2. The term that does not scale asL2/pt
2 enters in

the combinatione1(z)14d1(z), wheree1 andd1 are certain twist-4
multiparton correlation functions defined in@31#. However, in the
approximation considered in@31# one findse154d1 . If there ex-
isted a sign inconsistency in@31#, theL2/(4mc

2) term would disap-
pear and the result conform to our intuition.
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57 4261INELASTIC PHOTOPRODUCTION OF POLARIZEDJ/c
the l 1 in the J/c decay with respect to a coordinate syste
defined in theJ/c rest frame.~See Appendix A for details on
their definition.! Finally

rll8
i j [A@ i j→J/c~l!1X#A* @ i j→J/c~l8!1X# ~11!

are density matrix elements forJ/c production, where a
summation~average! over the spins ofX( i , j ) is understood.
The kinematical relations for the direct-photon process
low from settingi 5g and f g/g(x1 ,mF)5d(12x1).

The polarization analysis in NRQCD@25,23,32# is based
on the symmetries of the NRQCD Lagrangian, of which s
and rotational symmetry are crucial. In electric dipole tra
sitions the heavy quark spins remain intact, so that theJ/c
spin orientation will be the same as the perturbatively cal
lable orientation of the totalcc̄ spin sq1sq̄ in the interme-
diate state. The1S0

(8) intermediate state is rotationally invar
ant and leads to random orientation of theJ/c spin.
Technically, we have

rll8
i j

5rll8
i j

@3S1
~1!#1rll8

i j
@3S1

~8!#1rll8
i j

@1S0
~8!#

1rll8
i j

@$S51,L51%~8!#1••• , ~12!

whererll8
i j

@n# refers to production through acc̄ pair in a
staten. The above decomposition implies that no interfe
ence occurs between the amplitudes for the different term
the sum. The symmetries of NRQCD do not forbid interfe
ence of different3PJ states. One finds@25#

rll8
i j

@$S51,L51%~8!#}(
Lz

A@ i j→cc̄@~1Lz ;1l!#1X#

3A* @ i j→cc̄@~1Lz ;1l8!#1X#

Þ (
J50,1,2

rll8
i j

@3PJ
~8!#, ~13!

where the quantum numbers of thecc̄ pair refer to
(LLz ,SSz). NRQCD factorization implies that the densi
matrices can be written as

rll8
i j

@n#5Ki j @n#ab...^Oll8
J/c

@n#ab...&, ~14!

where^Oll8
J/c

@n#ab...& is a NRQCD matrix element with Car
tesian indicesa,b,..., and Ki j @n#ab... the corresponding
short-distance coefficient. The final step is a tensor dec
position of these matrix elements, which, in the case of
terest, can be formulated as a projection of thecc̄production
amplitude. ForJ/c production at the considered order inv2,
the symmetries of NRQCD are sufficient to reduce all no
perturbative input to the four parameters^OJ/c@n#& with n
P$3S1

(1) ,3S1
(8) ,1S0

(8) ,3P0
(8)% defined as forunpolarized J/c

production.
l-

n
-

-

-
in
-

-
-

-

The calculation then consists of evaluating the dens
matrix elements for each separate term in~12! and all par-
tonic subprocesses. We express these matrices as

rll8
i j

@n#5Ai j @n#@e* ~l!•e~l8!#

1M2Bi j @n#@p1•e* ~l!p1•e~l8!#

1M2Ci j @n#@p2•e* ~l!p2•e~l8!#

1M2Di j @n#@p1•e* ~l!p2•e* ~l8!

1p2•e* ~l!p1•e~l8!#, ~15!

wheree~l! is theJ/c polarization vector,p1 is the momen-
tum of the photon~or the parton originating from the photo
in resolved contributions!, and p2 is the momentum of the
parton in the target. The coefficientsA,B,C,D are indepen-
dent of the choice of axes in theJ/c rest frame and propor
tional to a NRQCD matrix element. Their analytic expre
sions are collected in Appendix B.

The decay angular distribution in theJ/c rest frame is
often parametrized as

ds

dVdy
}11l~y!cos2 u1m~y!sin 2u cosf

1
n~y!

2
sin2 u cos 2f, ~16!

wherey stands for a set of variables andl, m, n are obvi-
ously related to~appropriate integrals of! the density matrix
elements as

l5
r112r00

r111r00
, m5

& Re r10

r111r00
, n5

2r1,21

r111r00
. ~17!

Because of the dependence ofe~l! on the definition of a
coordinate system~see Appendix A!, the parametersl, m, n
depend on this definition.

III. THEORETICAL CONSIDERATIONS

In this section we discuss some theoretical issues tha
fluence our choice of cuts. We also motivate the values
NRQCD long-distance matrix elements that we subseque
use.

The NRQCD expansion of the quarkonium producti
cross section applies to the leading-twist contribution of
inclusive production cross section. Leading-twist means t
the result is accurate up to corrections that scale as s
power ofL/mc in the limit thatmc→`. Up to such correc-
tions, NRQCD also applies to the totalJ/c photoproduction
cross section. The leading contribution isO(aas) and purely
colour-octet @10,33#. It formally contributes only atz51,
pt50, i.e., in the diffractive region. Soft-gluon emission du
ing conversion of the color-octetcc̄ pair into aJ/c is ex-
pected to ‘‘smear’’ the delta functions atz51 and pt50
over a regiondz;0.25, dpt;0.5 GeV @15#. One may ask
whether the experimentally measured diffractiveJ/c cross
section~with or without proton dissociation! could be con-
sidered as part of the leading-twist total cross section.
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whether it should be considered as a pure higher-twist p
nomenon which cannot be regarded as dual~in the sense of
parton-hadron duality! to theO(aas) contribution in the in-
clusive formalism.

In order for the first possibility to be realized, the so
gluons, which are emitted in the transition of the color-oc
cc̄pair intoJ/c1X, would have to recombine into a proto
or a low-mass diffractive final state. Although it cannot
argued from first principles against this possibility, it ce
tainly appears unlikely. It would also hardly be compatib
with the factorization assumption of NRQCD that the abo
color neutralization is universal, i.e., independent of the r
of the process, again up to higher-twist corrections.~Clearly,
complete independence is not possible, because some
exchange betweenJ/c1X and the rest of the process
necessary, if theJ/c1X state originates from a color-octe
cc̄pair.!

The clearest indication that the diffractive contributio
should be considered as a higher-twist correction, which
not part of a leading-twist calculation of NRQCD, is expe
mental. The H1 Collaboration has measured@18# the polar
decay angle distribution and the ZEUS Collaboration h
measured@19# the polar and azimuthal decay angular dist
bution. Models of diffractive production based on hard tw
gluon @34,35# or soft-Pomeron@36# exchange predictl51
@34# @l is defined in@16##, in agreement with the HERA
measurements and earlier fixed-target data@37#. On the other
hand, the polarization signature of the leading-twist par
reactiongg→cc̄ is identical to the signature in the proces
gg→cc̄ @23#. The result isl50 if the 1S0 configuration
dominates andl51/2 if 3PJ dominates. Any linear combi
nation of these values is incompatible with the experimen
data. Since the diffractive cross section~according to the
experimental definitions of@18,19#! is about as large as th
inelastic cross section@18,38#, we conclude that NRQCD
cannot be used to predict the photoproduction cross sec
integrated over allz andpt .

In order to apply NRQCD we therefore have to cut t
elastic region without restricting the inclusive nature of t
process. The HERA collaborations conventionally define
inelastic region through the requirementz,0.9. Let us now
argue that it is theoretically advantageous to define the
elastic region through a cut inpt . It is obvious theoretically,
and confirmed experimentally, that the slope of thept distri-
bution is significantly smaller for inelastic production tha
e-

t

e
st

lor

is

s

-

n

l

on

e

n-

for elastic production~with or without proton dissociation!.
A pt cut atpt.1 GeV already eliminates most of the diffrac
tive contribution as well as higher-twist corrections in ge
eral and no further cut onz is necessary. In fact, the cros
section with an additional cutz,0.9 cannotbe reliably pre-
dicted in NRQCD. As emphasized in@15#, because the
NRQCD expansion is singular atz51, only an average cros
section over a sufficiently large region close toz51 can be
predicted. Thez distribution itself requires additional non
perturbative information in the form of so-called shape fun
tions. These shape functions are also required to predict
pt distribution with an additional cutz,0.9, but not ifz is
integrated up to its kinematic maximum. In the following, w
define the inelastic region through the cutpt.1 GeV. If sta-
tistics is not a limitation, it might be preferable to usept
.2 GeV to further suppress the higher-twist contributio
and difficulties in predicting thept distribution at lowpt ,
because of~perturbative! soft-gluon emission. Note that th
resummation of higher-orderv2 corrections in NRQCD will
also cause some smearing in transverse momentum, w
we expect to be less important than that caused by pertu
tive soft-gluon emission.

Because the color-octet contributions to inelasticJ/c pro-
duction are strongly enhanced at largez, an immediate con-
sequence of integrating up tozmax rather than 0.9 is that the
pt distribution is now dominated by color-octet productio
as will be discussed in more detail below. The sugges
importance of the color-octet mechanisms could be furt
investigated experimentally, if hadronic activity in the vicin
ity of the J/c could be detected. If aJ/c is produced
through a color-octetcc̄pair, we expect it to be accompanie
by light hadrons more often than if it is produced through
color-singlet pair.

The cross sections and decay angular distributions dep
on four parameters related to the probability of the transit
cc̄@n#→J/c1X. The color singlet matrix element can b
related to the J/c wave function at the origin. For
^O8

J/c(3S1)& we use the value obtained in@26# from a fit to
hadroproduction ofJ/c at large pt . Its precise numerica
value does not influence our analysis, because
3S1-color-octet channel is important only for resolved ph
tons at large transverse momentum. Our predictions do
pend crucially on^O8

J/c(1S0)& and ^O8
J/c(3P0)&, both of

which are not very well known. The following constrain
can be obtained from otherJ/c production processes:
^O 8
J/c~1S0!&1

3.5

mc
2 ^O 8

J/c~3P0!&5~3.9061.14!31022 GeV3 ~Tevatron @26# !

^O8
J/c~1S0!&1

7

mc
2 ^O8

J/c~3P0!&53.031022 GeV3 ~fixed-target hadroproduction@23#!

^O8
J/c~1S0!&1

3.6

mc
2 ^O8

J/c~3P0!&,2.831022 GeV3 ~B→J/cX!
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57 4263INELASTIC PHOTOPRODUCTION OF POLARIZEDJ/c
wheremc51.5 GeV is assumed. For various reasons, al
these determinations should probably be considered as
certain within a factor of 2. The constraint from inclusiveB
decays has been obtained from the leading-order calcula
of @11,39#, setting the color-singlet contribution, whose ma
nitude is rather uncertain, to zero.~With the parameters o
@39#, we would have obtained 4.431022 GeV3 instead of
2.831022 GeV3.! Including the color-singlet contribution
would strengthen the inequality considerably, but this can
be justified given the NLO result of@40#. In view of these
uncertainties and given that they do not allow us to const
separatelŷO8

J/c(1S0)& and^O8
J/c(3P0)& with confidence, we

consider two scenarios in which the constraints are~approxi-
mately! saturated either bŷO8

J/c(1S0)& or ^O8
J/c(3P0)&

alone.
The values of all parameters are summarized in Tabl

Further constraints could be obtained from thept distribution
in photoproduction, if all kinematically allowedz are inte-
grated over. However, for the reasons mentioned earlier
constraint can be derived from the endpoint region of thz
distribution.

IV. RESULTS

A. Cross sections

We begin with differential cross sections in order to d
play the relative magnitude of the various contribution
whose different polarization yield will influence the dec
angular distributions.

The J/c energy distribution is shown in Fig. 1 as a fun
tion of the scaling variablez5pc•pp /pg•pp for a typical
HERA photon-proton center-of-mass energyAsgp5100 GeV
and compared with H1@18# and ZEUS@38# data. ~Apart
from slightly different color-octet matrix elements, the pr
sentation coincides with that of@12#.! The color-octet contri-
butions exceed the color-singlet contribution both for lar
z*0.65 and for smallz&0.25.

The normalization of the short-distance cross section
strongly affected by the choice of the charm quark mass,
QCD coupling, the renormalization/factorization scalem,
and the parton distribution functions. Varying the paramet
in the range 1.35 GeV,mc,1.65 GeV,mc,m,4mc , and
150 MeV,L (4),250 MeV, the normalization of
dŝ( i j→cc̄@n#) is altered by;650% around the centra
value2 at mc51.5 GeV, m52mc , and L (4)5200 MeV.
Adopting, e.g., the Martin-Roberts-Stirling set R2@MRS
~R2!# set of parton distributions@43# and the corresponding
value of as decreases the short-distance cross sections

2To study theas dependence of the cross section, we use con
tently adjusted sets of parton densities@41,42#.

TABLE I. Values of the NRQCD matrix elements i
1022 GeV3 taken for the analysis;mc51.5 GeV.

Scenario ^O1
J/c(3S1)& ^O8

J/c(3S1)& ^O8
J/c(1S0)& ^O8

J/c(3P0)&/mc
2

I 116 1.06 3.0 0.0
II 116 1.06 0.0 1.0
f
n-
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by

about a factor of 2 as compared to the leading-order Glu¨ck-
Reya-Vogt~GRV! parametrization. However, the values
the nonperturbative color-octet matrix elements as extrac
from fits to the Tevatron data@26# depend on the choice o
mc , as , m and the parton distribution in approximately th
opposite way such as to compensate the change in the s
distance cross section. At leading-twist and leading orde
as , the overall normalization uncertainty of the color-oct
contributions toJ/c photoproduction is thus in the range o
only about610%, if the short-distance cross sections a
multiplied with nonperturbative matrix elements that ha
been extracted from hadroproduction data using the sam
of input parameters. The long-distance factor of the col
singlet cross section̂O1

J/c(3S1)& on the other hand can b
determined from the leptonic decay width and is not ve
sensitive to the choice of parameters, up to unknown con
butions from next-to-next-to-leading-order QCD correction
Consequently, the normalization uncertainty of the sho
distance cross sectiondŝ( i j→c c̄ @3S1

(1)#) is not compen-
sated by a change in the long-distance factor and the co
singlet contribution should be considered uncertain withi
factor of two. Next-to-leading order QCD corrections@9# in-
crease the color-singlet cross section by;20– 40 %, de-
pending in detail on the choice of parameters, but do
affect the shape of theJ/c energy distribution.

Given the large normalization uncertainties in particu
of the color-singlet contribution, no conclusive stateme
about the size of the color-octet matrix elements can be
rived from theJ/c energy distribution in the regionz&0.8.
On the other hand, the dramatic increase of the color-o
cross section at largerz is not supported by the data. On
should not interpret this discrepancy as a failure of
NRQCD theory itself, but rather as an artifact of our leadin
order approximation inas andv2 for the color-octet contri-
butions. Close to the boundary of phase space, forz*0.75,
the shape of thez distribution cannot be predicted withou
resumming singular higher-order terms in the velocity e
pansion@15#. This difficulty is exactly analogous to the wel
known problem of extracting the Cabibbo-Kobayas
Maskowa ~CKM! matrix elementuVubu from the endpoint
region of the lepton energy distribution in semileptonicB
decay. To constrain the color-octet contributions from t
J/c z distribution, the distribution would have to be ave
aged close to the endpoint over a regionmuch largerthan
v2;0.25.

The low-z region is not expected to be sensitive to high
order terms in the velocity expansion. Therefore, if the d
could be extended to the low-z region, an important resolved
photon contribution should be visible, if the color-octet m
trix elements are not significantly smaller than assumed
Table I.

The pt distribution for inelastically producedJ/c is
shown in Fig. 2 with a lowerz cut: z.0.1. As discussed in
Sec. III no upper cut inz is necessary or advisable to su
press the diffractive contribution, if the transverse mome
tum is above about 1 GeV. With this definition the differe
tial cross section is dominated by color-octet contributio
which exceed the color-singlet contribution by almost an
der of magnitude, similar to their significance in hadro
hadron collisions at fixed-target energies@23#. Experimental

s-
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FIG. 1. Color-singlet~CS! and color-octet
~CO! contributions due to direct and resolve
photons to theJ/c energy distributionds/dz at
the photon-proton center-of-mass energyAsgp

5100 GeV in comparison with HERA data
@18,38# averaged over the specified range
Asgp. The shaded area bounded by the solid lin
represents the sum of all contributions accordi
to scenarios I and II for the color-octet matri
elements. The lines corresponding to separ
color-octet contributions are plotted fo
^O8

J/c(1S0)&5^O8
J/c(3P0)&/mc

250.008 GeV3.
The color-singlet cross section is evaluated
leading order in as . Other parameters:mc

51.5 GeV, renormalization/factorization sca
m52mc , GRV LO proton and photon parton dis
tributions @41#, LLO

(4)5200 MeV.
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data from HERA exist only forpt,3 GeV @18,38#. The data
are presented with a cut atz,0.9, in which case the differ
ential cross section atpt51 GeV ~3 GeV! is found to be
about a factor of 10~2! smaller than in Fig. 2. The transvers
momentum distribution atz,0.9 is adequately accounted fo
by the color-singlet channel, including next-to-leading-ord
corrections inas @9#. Diagrams witht-channel gluon ex-
change lead to largeK factors that increase with increasin
transverse momentum and harden thept-spectrum of the
color-singlet channel at NLO considerably. We do not exp
a similar strong impact of next-to-leading order QCD corre
tions on the transverse momentum distribution of the co
octet cross sections. It would be interesting to learn whe
including allz can lead to stringent constraints on the size
the color-octet matrix elements. However, in order to obt
an accurate theoretical prediction in the lower-pt region,pt
&2 – 3 GeV, perturbative soft-gluon resummation wou
r

t
-
r-
er
f
n

have to be taken into account. We expect that soft-glu
resummation will be more important for the color-octet pr
cesses, because there is no Sudakov form factor for radia
off the cc̄ pair in the color-singlet3S1 channel, for which
there exists a color dipole moment only.

B. Decay angular distributions

We now turn to the decay angular distributions, whi
constitute the main result of this work. Below we present
z andpt dependence of the polar and azimuthal decay an
lar distribution parametersl, m, n defined in~16!, at a typical
HERA center-of-mass energy ofAs5100 GeV. The quasi-
real photons at HERA are actually not monoenergetic,
have a distribution in energy given approximately by t
Weizsäcker-Williams approximation. However, in gener
we have found little energy dependence in the energy ra
d
-
-

re
FIG. 2. Color-singlet~CS! and color-octet
~CO! contributions due to direct and resolve
photons to theJ/c transverse momentum distri
bution ds/dpt at the photon-proton center-of
mass energyAsgp5100 GeV;z is integrated to
its upper kinematic limit. Other specifications a
as in Fig. 1.
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FIG. 3. Angular parameterl
of the decay angular distribution
as a function ofz. Direct and re-
solved photons are included. Th
dashed line is the color-single
model prediction. The shaded are
shows the NRQCD prediction
bounded by the choice of param
eters according to scenarios I an
II. Other parameters are as in Fig
1.
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relevant to HERA~the only exception being the prediction
in the recoil frame atz&0.3! and thus considered a sing
energy.

Since the decay angular distribution parameters are
malized, the dependence on parameters that affect the a
lute normalization of cross sections, such as the charm q
mass, strong coupling, the renormalization/factorizat
scale and parton distribution, cancels to a large extent
does not constitute a significant uncertainty.

The parametersl, m, n as function ofz are shown in Figs.
3–5, which include direct and resolved photon contributio
r-
so-
rk
n
nd

.

We computed the decay angular distribution parameter
four commonly used frames~recoil or s-channel helicity
frame, Gottfried-Jackson frame, target frame and Colli
Soper frame! defined in Appendix A. Each plot exhibits th
result from the color-singlet channel alone~dashed line! and
the result after including the color-octet contributions. T
two solid lines correspond to the two scenarios for the co
octet matrix elements discussed in Sec. III. Recall that
J/c is unpolarized, if it originates from acc̄ pair in a 1S0
state. Thus, in scenario I the angular parametersl, m, n tend
to zero in regions where the color-octet processes domin
e
t
a

-
d
.

FIG. 4. Angular parameterm
of the decay angular distribution
as a function ofz. Direct and re-
solved photons are included. Th
dashed line is the color-single
model prediction. The shaded are
shows the NRQCD prediction
bounded by the choice of param
eters according to scenarios I an
II. Other parameters are as in Fig
1.
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FIG. 5. Angular parametern
of the decay angular distribution
as a function ofz. Direct and re-
solved photons are included. Th
dashed line is the color-single
model prediction. The shaded are
shows the NRQCD prediction
bounded by the choice of param
eters according to scenarios I an
II. Other parameters are as i
Fig. 1.
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Inspecting Fig. 3, we note that in the recoil, target a
Collins-Soper framesl differs from the color-singlet predic
tion only in the endpoint region. The comparison looks d
ferent in the Gottfried-Jackson frame: forz&0.5 the color-
singlet channel yields large and positive values ofl, while
the color-octet contributions yield almost unpolarizedJ/c.
The azimuthal parameterm ~Fig. 4! turns out to be leas
interesting. We find that in all framesm is relatively flat and
close to zero, for both the color-singlet and color-octet c
tributions. The parametern, on the other hand, is very dif
ferent in the color-singlet channel and after inclusion
color-octet contributions, even in the intermediate region
z, where the color-singlet channel dominates. As can be s
from Fig. 5, this difference is present in all frames and see
to maken the most useful parameter to find out about t
relative magnitude of color-singlet and color-octet contrib
tions experimentally. To determinen one could measure th
decay angular distribution integrated over the polar angle@cf.
~16!#,

ds

df dy
}11

l~y!

3
1

n~y!

3
cos 2f, ~18!

or project onn as follows:

n~y!5
8

3
•

E dV cos~2f!
ds

dV dy

E dVS 12
5

3
cos2 u D ds

dV dy

. ~19!

A distinctive signature of color-octet contributions in th
large-z region could be of interest in connection with th
difficulties in predicting the total cross section in the en
point region. However, the endpoint region in Figs. 3–5
not without problems either. The higher-order terms in
d

-

-

f
f
en
s

-

-
s
e

velocity expansion that need to be resummed close to
endpoint lead to a convolution of thez distribution with cer-
tain nonperturbative shape functions. These shape funct
depend on the production channel~ 3S1

(1) , 1S0
(8) , and 3PJ

(8)!
but they are the same for all density matrix elements in ev
given production channel. As a consequence, while the
ergy distribution itself depends on these shape functions,
momentsin z of the normalized angular parameters depe
only on the difference of the shape functions in the vario
production channels. Since we do expect such differen
especially between the color-singlet and the color-octet ch
nels~due to the different properties with respect to soft glu
radiation!, and since we are interested in thez distribution
rather than its moments, the predictions for the angular
rameters in the endpoint region still depend on these sh
functions. However, this dependence is strong only if
angular parameter varies strongly in the endpoint region
disappears entirely if its distribution is flat.

In Figs. 6–8 we present the same analysis for thept dis-
tribution. We note thatz is integrated up to its kinematic
maximum. As a consequence the cross section is color-o
dominated and the color-singlet contribution plays no r
for the solid curves. Since the color-octet cross section
dominated by the large-z region, the solid curves are entirel
determined by the polarization yield of octet mechanisms
large z. Contrary to the situation of hadroproduction at t
Tevatron, where one expects large transverse polariza
due to gluon fragmentation into color-octetcc̄ pairs@24#, the
photoproduction cross section tends to be unpolarized in
pt region considered here. Therefore, thept distributions do
not discriminate between the theoretical prediction based
NRQCD and that of the color evaporation model, which
ways predicts unpolarizedJ/c.

On the other hand, the transverse momentum distribu
seems to prove very useful to determine the relative ma
tude of color-singlet and color-octet contributions: If th
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FIG. 6. Angular parameterl
of the decay angular distribution
as a function ofpt . Direct and re-
solved photons are included. Th
dashed line is the color-single
model prediction. The shaded are
shows the NRQCD prediction
bounded by the choice of param
eters according to scenarios I an
II. Other parameters are as i
Fig. 1.
rg

n
e
zi
e;

o
ve
e-
c-

-

the

hal
ed
ko-
to
cross section is dominated by the color-singlet channel, la
and positive values of the polar angular parameterl ~Fig. 6!
are expected forpt*5 GeV in the recoil, Gottfried-Jackso
and target frames. A similar distinctive difference betwe
color-singlet and color-octet channels is visible in the a
muthal parametern as defined in the Collins-Soper fram
see Fig. 8.

The unique transverse polarization signature of glu
fragmentation could possibly be made visible in the resol
photon contribution. If the direct photon contribution is r
duced by a cut on the high-z region, the resolved cross se
e

n
-

n
d

tion is dominated byg→c c̄ @3S1
(8)# at large transverse mo

mentum@16#. As for hadroproduction@29,26#, we expect that
pt*(5 – 10) GeV is necessary to suppress sufficiently
other color-octet channels.

V. CONCLUSION

We presented an analysis of the full polar and azimut
decay angular distributions of inelastically photoproduc
J/c based on the NRQCD factorization approach to quar
nium production. The primary motivation of this study is
e
t
a

-
d
n

FIG. 7. Angular parameterm
of the decay angular distribution
as a function ofpt . Direct and re-
solved photons are included. Th
dashed line is the color-single
model prediction. The shaded are
shows the NRQCD prediction
bounded by the choice of param
eters according to scenarios I an
II. Other parameters are as i
Fig. 1.
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FIG. 8. Angular parametern
of the decay angular distribution
as a function ofpt . Direct and re-
solved photons are included. Th
dashed line is the color-single
model prediction. The shaded are
shows the NRQCD prediction
bounded by the choice of param
eters according to scenarios I an
II. Other parameters are as i
Fig. 1.
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find observables in addition to angular-integrated differen
cross sections, which are sensitive to different theories
models of quarkonium production. A particular emphasis
on clarifying the role of color-octet contributions suggest
by NRQCD and other quarkonium production processes
comparison with the color-singlet model, which can be co
sidered as a successful description of photoproduction a
as present, limited, data on energy and transverse mome
distributions is concerned.

Assuming NRQCD long-distance parameters as c
strained by otherJ/c production processes such as in had
production andB decay, we have found that the azimuth
decay angle distribution as a function ofz or pt would be
extremely useful for discriminating between the color-sing
model and NRQCD and, to a lesser extent, the colour eva
ration model. We also noted that transverse-momentum
tributions integrated over all energy fractionz are color-octet
dominated and could give meaningful constraints on co
octet matrix elements from the angular integrated rate as
as the decay angle dependence.

While this paper was being written, Fleming and Meh
@44# presented a study of leptoproduction ofJ/c in NRQCD,
which is complementary to our photoproduction analys
Contrary to photoproduction, the leading-twist partonic d
grams atO(aas) can be sensibly compared with a total le
toproduction cross section for large enough photon virtua
Q2. Fleming and Mehen computed the polar angle distri
tion due to these leading-order mechanisms and also
interesting tests of NRQCD.
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APPENDIX A: POLARIZATION FRAMES

We collect here the covariant expressions for polarizat
vectors in the four commonly used frames, following@45#.
@Note that the metricgmn5diag(21,1,1,1) is used there.#

Let pg be the photon momentum,pp the photon momen-
tum, P the momentum of quarkoniumc and s5(pg
1pp)2. We define the auxiliary vectors

A5pg1pp , Ãm5Am2
A•PPm

M2 , ~A1!

B5pg2pp , B̃m5Bm2
B•PPm

M2 , ~A2!

whereM is thec mass.~We takeM52mc in the analysis.
The proton mass will be neglected in the following.! Note
that Ã,B̃ are three-vectors in thec-rest frame. We then de
fine a coordinate system as follows.

~1! ChooseZm5azÃ
m1bzB̃

m, with Z2521.
~2! Define Xm5axÃ

m1bxB̃
m in the plane spanned b

Ã,B̃, orthogonal toZ and normalized:X•Z50, X2521.
~3! TakeY to complete a right-handed coordinate syste

in the c-rest frame,

Ym5
1

M
emabgPaXbZg ~A3!

(e012351). The sign ambiguity inax ,bx left in the second
step is fixed by requiringYW to point in the direction ofpW g
3(2pW p) in the c-rest frame, which requiresazbx2axbz
.0.

The four commonly used polarization frames are th
specified by the choice ofZ. In the recoil ~or s-channel
helicity! frame, theZ axis is defined as the direction of thec
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three-momentum in the hadronic center-of-mass frame,
is ZW 52AW /uAW u in the c-rest frame. In theGottfried-Jackson

frameZW 5pW g /upW gu and in thetarget frameZW 52pW p /upW pu. In
theCollins-Soperframe theZ axis bisects the angle betwee
atpW g and (2pW p), i.e., ZW }pW gu/upW gu1(2pW p)/upW pu. ~All three-
vectors refer to thec-rest frame.! We then find the covarian
expressions for the coordinate axes from the following
pressions foraz,x ,bz,x .
Recoil frame:

az52
M

A~A•P!22M2s
, bz50, ~A4!

ax5
A•PB•P

As„~A•P!22M2s…„~A•P!22~B•P!22M2s…

, ~A5!

bx52
A~A•P!22M2s

As„~A•P!22~B•P!22M2s…

. ~A6!

Gottfried-Jackson frame:

az5bz5
M

A•P1B•P
, ~A7!

ax52
~B•P!21A•PB•P1M2s

~A•P1B•P!As„~A•P!22~B•P!22M2s…

, ~A8!

bx5
~A•P!21A•PB•P2M2s

~A•P1B•P!As„~A•P!22~B•P!22M2s…

. ~A9!

Target frame:

az52bz52
M

A•P2B•P
, ~A10!

ax52
~B•P!22A•PB•P1M2s

~A•P2B•P!As„~A•P!22~B•P!22M2s…

, ~A11!

bx52
~A•P!22A•PB•P2M2s

~A•P2B•P!As„~A•P!22~B•P!22M2s…

. ~A12!

Collins-Soper frame:

az52
B•P

As„~A•P!22~B•P!2
…

, bz5
A•P

As„~A•P!22~B•P!2
…

, ~A13!

ax52
MA•P

A„~A•P!22~B•P!2
…„~A•P!22~B•P!22M2s…

, ~A14!

bx5
MB•P

A„~A•P!22~B•P!2
…„~A•P!22~B•P!22M2s…

. ~A15!

We note thatA•P1B•P5(Pt
21M2)/z andA•P2B•P5sz. Finally, the polarization vectors are given by
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em~l50!5Zm, em~l561!5
1

&
~7Xm2 iYm!. ~A16!

APPENDIX B: DENSITY MATRICES

The density matrices for all processes considered in the paper are given in this Appendix. The results given for the
photon process apply equally toJ/c production in hadron-hadron collisions and have been used in@26#. The functions ofF,
a, b, c, d below are related toA, B, C, D of ~15! asA5Fa, etc., and we suppressed all sub and superscripts. For the pa
process 112→314, the Mandelstam invariants areŝ5(p11p2)2, t̂5(p32p1)2, û5(p32p2)2.

1. Direct-photon processes

g1g→c c̄ @3S1
(1)#1g:

F5
16M ~4p!3aas

2ec
2^O1

J/c~3S1!&

27@~ ŝ2M2!~ t̂2M2!~ û2M2!#2 , ~B1!

a52~ ŝ21 ŝt̂1 t̂2!21M2~2ŝ21 ŝt̂12t̂2!~ ŝ1 t̂ !2M4~ ŝ21 ŝt̂1 t̂2!, ~B2!

b522~ ŝ21 t̂2!, ~B3!

c522~ ŝ21û2!, ~B4!

d522ŝ2. ~B5!

g1g→c c̄ @3S1
(8)#1g:a,b,c,d are the same as~B2!–~B5!, F is multiplied by

15

8
•

^O8
J/c~3S1!&

^O1
J/c~3S1!&

. ~B6!

g1g→c c̄ @1S0
(8)#1g:

Fa52
2~4p!3aas

2ec
2^O8

J/c~1S0!&

Mt̂@~ ŝ2M2!~ t̂2M2!~ û2M2!#2 ŝû$@ û22M2~ û2M2!#222ŝt̂~ û2M2!21 ŝ2t̂2%, ~B7!

b5c5d50. ~B8!

g1g→c c̄ @3PJ
(8)#1g:

F52
24~4p!3aas

2ec
2^O8

J/c~3P0!&

t̂2@M ~ ŝ2M2!~ t̂2M2!~ û2M2!#3 , ~B9!

a5 ŝ2t̂2~ ŝ1 t̂ !2~ ŝ21 ŝt̂1 t̂2!22M2ŝt̂~ ŝ718ŝ6t̂116ŝ5t̂2116ŝ4t̂318ŝ3t̂423ŝt̂622t̂7!

1M4t̂~4ŝ7128ŝ6t̂148ŝ5t̂2141ŝ4t̂3118ŝ3t̂424ŝt̂61 t̂7!2M6t̂~12ŝ6164ŝ5t̂199ŝ4t̂2180ŝ3t̂3133ŝ2t̂413ŝt̂513t̂6!

1M8t̂~22ŝ5188ŝ4t̂1114ŝ3t̂2167ŝ2t̂3114ŝt̂413t̂5!2M10t̂~22ŝ4168ŝ3t̂161ŝ2t̂2116ŝt̂31 t̂4!

12M12ŝt̂~6ŝ2113ŝt̂15t̂2!23M14ŝt̂~ ŝ1 t̂ !, ~B10!

b522~ ŝ1 t̂ !4~2ŝ41 ŝ2t̂212t̂4!12M2~6ŝ7119ŝ6t̂121ŝ5t̂2117ŝ4t̂3121ŝ3t̂4128ŝ2t̂5122ŝt̂616t̂7!

22M4~6ŝ619ŝ5t̂215ŝ4t̂2224ŝ3t̂324ŝ2t̂4115ŝt̂515t̂6!12M6~2ŝ5210ŝ4t̂245ŝ3t̂2237ŝ2t̂323ŝt̂41 t̂5!

18M8ŝt̂~3ŝ217ŝt̂12t̂2!28M10ŝt̂~ ŝ1 t̂ !, ~B11!

c52t̂2~2ŝ616ŝ5t̂15ŝ4t̂227ŝ2t̂426ŝt̂522t̂6!12M2t̂2~26ŝ529ŝ4t̂12ŝ3t̂2121ŝ2t̂3122ŝt̂418t̂5!

22M4~2ŝ616ŝ5t̂211ŝ4t̂2220ŝ3t̂317ŝ2t̂4127ŝt̂5111t̂6!12M6~6ŝ5115ŝ4t̂212ŝ3t̂2219ŝ2t̂318ŝt̂414t̂5!

24M8~3ŝ416ŝ3t̂24ŝ2t̂223ŝt̂322t̂4!14M10~ ŝ312ŝ2t̂2 ŝt̂222t̂3!22M12t̂~ ŝ2 t̂ !, ~B12!

d52t̂2~ ŝ612ŝ5t̂26ŝ3t̂3210ŝ2t̂427ŝt̂522t̂6!2M2~4ŝ7114ŝ6t̂130ŝ5t̂2129ŝ4t̂314ŝ3t̂4233ŝ2t̂5238ŝt̂6214t̂7!
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12M4~6ŝ6121ŝ5t̂143ŝ4t̂2143ŝ3t̂3113ŝ2t̂4215ŝt̂529t̂6!2M6~12ŝ5145ŝ4t̂192ŝ3t̂2178ŝ2t̂316ŝt̂429t̂5!

12M8ŝ~2ŝ3111ŝ2t̂122ŝt̂219t̂3!2M10t̂~5ŝ216ŝt̂1 t̂2!. ~B13!

g1q→cc̄ @3S1
(8)#1g:

F5
~4p!3aas

2eq
2^O8

J/c~3S1!&
9M3ŝû

, ~B14!

a5 ŝ21û212M2t̂, ~B15!

b54, ~B16!

c58, ~B17!

d54, ~B18!

whereeq is the electric charge of the light quarkq.

g1q→cc̄ @1S0
(8)#

Fa5
4~4p!3aas

2ec
2^O8

J/c~1S0!&

9Mt̂~ t̂2M2!2 $ŝ21û2%, ~B19!

b5c5d50. ~B20!

g1q→cc̄ @3PJ
(8)#1q:

F5
16~4p!3aas

2ec
2^O8

J/c~3P0!&

3M3t̂2~ t̂2M2!3 , ~B21!

a5 t̂~ t̂2M2!~ ŝ21û212M2t̂12M4!, ~B22!

b528~ ŝ21 ŝt̂1M2t̂ !, ~B23!

c58~ t̂22M4!, ~B24!

d54~ t̂222M2ŝ2M2t̂ !. ~B25!

2. Resolved-photon processes

g1g→cc̄ @3S1
(1)#1g:a,b,c,d are the same as~B2!–~B5!, F is multiplied by

5

96
•

as

aec
2 . ~B26!

g1g→cc̄ @3S1
(8)#1g:

F5
~4pas!

3^O8
J/c~3S1!&

144M3@~ ŝ2M2!~ t̂2M2!~ û2M2!#2 $27~ ŝt̂1 ŝû1 t̂ û!219M4%, ~B27!

a5~ ŝ21 ŝt̂1 t̂2!22M2~2ŝ21 ŝt̂12t̂2!~ ŝ1 t̂ !1M4~ ŝ21 ŝt̂1 t̂2!, ~B28!

b52~ ŝ21 t̂2!, ~B29!

c52~ ŝ21û2!, ~B30!

d52ŝ2. ~B31!

g1g→cc̄ @1S0
(8)#1g:



4272 57M. BENEKE, M. KRÄMER, AND M. VÄNTTINEN
Fa52
5~4pas!

3^O8
J/c~1S0!&

48Mŝt̂û@~ ŝ2M2!~ t̂2M2!~ û2M2!#2 $ŝ2~ ŝ2M2!21 ŝt̂ û~M222ŝ!1 t̂2û2%$~ ŝ22M2ŝ1M4!22 t̂ û~2t̂213t̂ û12û2!%,

~B32!

b5c5d50. ~B33!

g1g→c c̄ @3PJ
(8)#1g:

F5
5~4pas!

3^O8
J/c~3P0!&

4ŝ2t̂2û2@M ~ ŝ2M2!~ t̂2M2!~ û2M2!#3 , ~B34!

a5 ŝt̂ û$ŝ10t̂15ŝ9t̂2114ŝ8t̂3126ŝ7t̂4135ŝ6t̂5135ŝ5t̂6126ŝ4t̂7114ŝ3t̂815ŝ2t̂91 ŝt̂10

2M2~ ŝ10110ŝ9t̂126ŝ8t̂2140ŝ7t̂3145ŝ6t̂4144ŝ5t̂5145ŝ4t̂6140ŝ3t̂7126ŝ2t̂8110ŝt̂91 t̂10!

1M4~5ŝ9140ŝ8t̂184ŝ7t̂21106ŝ6t̂31103ŝ5t̂41103ŝ4t̂51106ŝ3t̂6184ŝ2t̂7140ŝt̂815t̂9!

2M6~16ŝ81104ŝ7t̂1215ŝ6t̂21291ŝ5t̂31316ŝ4t̂41291ŝ3t̂51215ŝ2t̂61104ŝt̂7116t̂8!1M8~34ŝ71179ŝ6t̂1356ŝ5t̂2

1473ŝ4t̂31473ŝ3t̂41356ŝ2t̂51179ŝt̂6134t̂7!2M10~44ŝ61193ŝ5t̂1346ŝ4t̂21410ŝ3t̂31346ŝ2t̂41193ŝt̂5144t̂6!

1M12~34ŝ51124ŝ4t̂1188ŝ3t̂21188ŝ2t̂31124ŝt̂4134t̂5!

2M14~15ŝ4143ŝ3t̂152ŝ2t̂2143ŝt̂3115t̂4!1M16~3ŝ316ŝ2t̂16ŝt̂213t̂3!%, ~B35!

b54ŝ12124ŝ11t̂168ŝ10t̂21124ŝ9t̂31164ŝ8t̂41176ŝ7t̂51176ŝ6t̂61176ŝ5t̂71164ŝ4t̂81124ŝ3t̂9168ŝ2t̂10124ŝt̂1114t̂12

2M2~20ŝ111104ŝ10t̂1250ŝ9t̂21397ŝ8t̂31481ŝ7t̂41500ŝ6t̂51500ŝ5t̂61481ŝ4t̂71397ŝ3t̂81250ŝ2t̂91104ŝt̂10120t̂11!

1M4~40ŝ101166ŝ9t̂1278ŝ8t̂21285ŝ7t̂31206ŝ6t̂41146ŝ5t̂51206ŝ4t̂61285ŝ3t̂71278ŝ2t̂81166ŝt̂9140t̂10!

1M6~240ŝ9297ŝ8t̂153ŝ7t̂21373ŝ6t̂31647ŝ5t̂41647ŝ4t̂51373ŝ3t̂6153ŝ2t̂7297ŝt̂8240t̂9!

1M8~20ŝ8233ŝ7t̂2368ŝ6t̂22751ŝ5t̂32920ŝ4t̂42751ŝ3t̂52368ŝ2t̂6233ŝt̂7120t̂8!

1M10~24ŝ7177ŝ6t̂1323ŝ5t̂21492ŝ4t̂31492ŝ3t̂41323ŝ2t̂5177ŝt̂624t̂7!2M12~41ŝ5t̂1120ŝ4t̂21142ŝ3t̂31120ŝ2t̂4

141ŝt̂5!1M14~8ŝ4t̂116ŝ3t̂2116ŝ2t̂318ŝt̂4!, ~B36!

c524ŝ10t̂2220ŝ9t̂3240ŝ8t̂4240ŝ7t̂518ŝ6t̂6180ŝ5t̂71128ŝ4t̂81116ŝ3t̂9168ŝ2t̂10124ŝt̂1114t̂12

1M2~20ŝ9t̂2156ŝ8t̂3124ŝ7t̂42147ŝ6t̂52409ŝ5t̂62599ŝ4t̂72571ŝ3t̂82370ŝ2t̂92148ŝt̂10228t̂11!

1M4~4ŝ10120ŝ9t̂216ŝ8t̂2248ŝ7t̂31150ŝ6t̂41611ŝ5t̂511060ŝ4t̂611155ŝ3t̂71854ŝ2t̂81394ŝt̂9184t̂10!

2M6~20ŝ9188ŝ8t̂148ŝ7t̂2112ŝ6t̂31318ŝ5t̂41863ŝ4t̂511195ŝ3t̂611061ŝ2t̂71583ŝt̂81140t̂9!

1M8~40ŝ81152ŝ7t̂194ŝ6t̂2138ŝ5t̂31290ŝ4t̂41631ŝ3t̂51738ŝ2t̂61513ŝt̂71140t̂8!

2M10~40ŝ71129ŝ6t̂153ŝ5t̂217ŝ4t̂31129ŝ3t̂41264ŝ2t̂51266ŝt̂6184t̂7!1M12~20ŝ6155ŝ5t̂12ŝ4t̂2

215ŝ3t̂3130ŝ2t̂4176ŝt̂5128t̂6!

1M14~24ŝ5211ŝ4t̂17ŝ3t̂217ŝ2t̂3211ŝt̂424t̂5!1M16~ ŝ3t̂22ŝ2t̂21 ŝt̂3!, ~B37!

d522ŝ10t̂226ŝ9t̂322ŝ8t̂4128ŝ7t̂5188ŝ6t̂61148ŝ5t̂71166ŝ4t̂81130ŝ3t̂9170ŝ2t̂10124ŝt̂1114t̂12

1M2~4ŝ11122ŝ10t̂170ŝ9t̂21115ŝ8t̂3171ŝ7t̂42119ŝ6t̂52381ŝ5t̂62552ŝ4t̂72512ŝ3t̂82320ŝ2t̂92126ŝt̂10

224t̂11!1M4~220ŝ102104ŝ9t̂2296ŝ8t̂22459ŝ7t̂32352ŝ6t̂4173ŝ5t̂51558ŝ4t̂61744ŝ3t̂71574ŝ2t̂8

1270ŝt̂9160t̂10!1M6~40ŝ91199ŝ8t̂1533ŝ7t̂21778ŝ6t̂31596ŝ5t̂4151ŝ4t̂52405ŝ3t̂62480ŝ2t̂72296ŝt̂8280t̂9!

1M8~240ŝ82197ŝ7t̂2506ŝ6t̂22672ŝ5t̂32460ŝ4t̂4279ŝ3t̂51138ŝ2t̂61164ŝt̂7160t̂8!

1M10~20ŝ71107ŝ6t̂1267ŝ5t̂21307ŝ4t̂31185ŝ3t̂4156ŝ2t̂5230ŝt̂6224t̂7!

1M12~24ŝ6231ŝ5t̂274ŝ4t̂2271ŝ3t̂3246ŝ2t̂4210ŝt̂514t̂6!1M14~4ŝ4t̂18ŝ3t̂218ŝ2t̂314ŝt̂4!. ~B38!
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g1q→c c̄ @3S1
(8)#1q:

F5
~4pas!

3^O8
J/c~3S1!&

216M3ŝû~ t̂2M2!2 $4~ t̂2M2!229ŝû%, ~B39!

a5 ŝ21û212M2t̂, ~B40!

b54, ~B41!

c58, ~B42!

d54. ~B43!

g1q→c c̄ @1S0
(8)#1q:

Fa5
5~4pas!

3^O8
J/c~1S0!&

216Mt̂~ t̂2M2!2
$ŝ21û2%, ~B44!

b5c5d50. ~B45!

g1q→c c̄ @3PJ
(8)#1q:

F5
5~4pas!

3^O8
J/c~3P0!&

18M3t̂2~ t̂2M2!3
, ~B46!

a5 t̂~ t̂2M2!~ ŝ21û212M2t̂12M4!, ~B47!

b528~ ŝ21 ŝt̂1M2t̂ !, ~B48!

c58~ t̂22M4!, ~B49!

d54~ t̂222M2ŝ2M2t̂ !. ~B50!

q1q̄→c c̄ @3S1
(8)#1g:

F52
~4pas!

3^O8
J/c~3S1!&

81M3t̂ û~ ŝ2M2!2
$4~ ŝ2M2!229t̂ û%, ~B51!

a5 t̂21û212M2ŝ, ~B52!

b54, ~B53!

c54, ~B54!

d50. ~B55!

q1q̄→c c̄ @1S0
(8)#1g:

Fa52
5~4pas!

3^O8
J/c~1S0!&

81Mŝ~ ŝ2M2!2 $ t̂21û2%, ~B56!

b5c5d50. ~B57!

q1q̄→c c̄ @3PJ
(8)#1g:

F5
20~4pas!^O8

J/c~3P0!&
27M3ŝ2~ ŝ2M2!3 , ~B58!

a52 ŝ~ ŝ2M2!~ t̂21û212M2ŝ12M4!, ~B59!

b58~ t̂21 ŝt̂1M2ŝ!, ~B60!



c58~ t̂21 ŝt̂22M2t̂1M4!, ~B61!

d54~ ŝ212ŝt̂12t̂21M2ŝ22M2t̂ !. ~B62!
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@1# E. Braaten, S. Fleming, and T. C. Yuan, Annu. Rev. Nu
Part. Sci.46, 197 ~1996!.

@2# M. Beneke, ‘‘Lecture at the XXIVth SLAC Summer Institut
on Particle Physics, August 1996,’’ CERN-TH-97-5
@hep-ph/9703429#.

@3# G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Rev. D51,
1125 ~1995!; 55, 5853~E! ~1997!.

@4# H. Fritzsch, Phys. Lett.67B, 217~1977!; F. Halzen,ibid. 69B,
105 ~1977!; F. Halzen and S. Matsuda, Phys. Rev. D17, 1344
~1978!; M. Glück, J. Owens, and E. Reya,ibid. 17, 2324
~1978!.

@5# R. Gavaiet al., Int. J. Mod. Phys. A10, 3043 ~1995!; J. F.
Amundson, O. J. P. E´ boli, E. M. Gregores, and F. Halzen
Phys. Lett. B372, 127~1996!; 390, 323~1997!; G. A. Schuler
and R. Vogt,ibid. 387, 181 ~1996!.

@6# E. L. Berger and D. Jones, Phys. Rev. D23, 1521~1981!.
@7# R. Baier and R. Ru¨ckl, Nucl. Phys.B201, 1 ~1982!.
@8# J. G. Körner, J. Cleymans, M. Kuroda, and G. J. Gouna

Nucl. Phys.B204, 6 ~1982!; B213, 546~E! ~1983!; Phys. Lett.
114B, 195 ~1982!.
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~1983!; H. Jung, D. Krücker, C. Greub, and D. Wyler, Z. Phys
C 60, 721~1993!; G. Schuler, ‘‘Habilitations-schrift,’’ CERN-
TH.7170/94 @hep-ph/9403387#; H. Khan and P. Hoodbhoy
Phys. Lett. B382, 189 ~1996!.

@15# M. Beneke, I. Z. Rothstein, and M. B. Wise, Phys. Lett. B708,
373 ~1997!.

@16# B. A. Kniehl and G. Kramer, DESY 97-036@hep-ph/9703280#;
Phys. Rev. D56, 5820~1997!.

@17# G. P. Lepage, L. Magnea, C. Nakhleh, U. Magnea, and
Hornbostel, Phys. Rev. D46, 4052~1992!.

@18# H1 Collaboration, S. Aidet al., Nucl. Phys.B472, 3 ~1996!; in
ICHEP’96, Proceedings of the 28th International Conferen
on High Energy Physics, Warsaw, Poland, 1996, edited by
Ajduk and A. Wroblewski ~World Scientific, Singapore
1997!.
.

,

.

.

e
.

@19# ZEUS Collaboration, J. Breitweget al., Z. Phys. C75, 215
~1997!.

@20# C. Biino et al., Phys. Rev. Lett.58, 2523 ~1987!; C. Akerlof
et al., Phys. Rev. D48, 5067~1993!; J. G. Heinrichet al., ibid.
44, 1909~1991!.

@21# M. Vänttinen, P. Hoyer, S. J. Brodsky, and W.-K. Tang, Ph
Rev. D51, 3332~1995!.

@22# W.-K. Tang and M. Va¨nttinen, Phys. Rev. D53, 4851~1996!;
54, 4349~1996!.

@23# M. Beneke and I. Z. Rothstein, Phys. Rev. D54, 2005~1996!;
54, 7082~E! ~1996!.

@24# P. Cho and M. B. Wise, Phys. Lett. B346, 129 ~1995!.
@25# M. Beneke and I. Z. Rothstein, Phys. Lett. B372, 157 ~1996!

389, 789~E! ~1996!.
@26# M. Beneke and M. Kra¨mer, Phys. Rev. D55, 5269~1997!.
@27# A. K. Leibovich, Phys. Rev. D56, 4412~1997!.
@28# E. Braaten and S. Fleming, Phys. Rev. Lett.74, 3327~1995!.
@29# P. Cho and A. K. Leibovich, Phys. Rev. D53, 150~1996!; 53,

6203 ~1996!.
@30# R. Godbole, D. P. Roy, and K. Sridhar, Phys. Lett. B373, 328

~1996!.
@31# J. P. Ma, Nucl. Phys.B498, 267 ~1997!.
@32# E. Braaten and Y. Q. Chen, Phys. Rev. D54, 3216~1996!.
@33# J. Amundson, S. Fleming, and I. Maksymyk, Phys. Rev. D56,

5844 ~1997!.
@34# M. G. Ryskin, Z. Phys. C57, 89 ~1993!; J. R. Forshaw and M.

G. Ryskin,ibid. 68, 137 ~1995!; M. G. Ryskin, R. G. Roberts,
A. D. Martin, and E. M. Levin,ibid. 76, 231 ~1997!.

@35# S. J. Brodsky, L. Frankfurt, J. F. Gunion, A. H. Mueller, an
M. Strikman, Phys. Rev. D50, 3134~1994!.

@36# A. Donnachie and P. V. Landshoff, Phys. Lett. B185, 403
~1987!; 348, 213 ~1995!; J. R. Cudell, Nucl. Phys.B336, 1
~1990!.

@37# M. Binkley et al., Phys. Rev. Lett.48, 73 ~1982!.
@38# ZEUS Collaboration, J. Breitweget al., Z. Phys. C76, 599

~1997!.
@39# S. Fleming, O. F. Hernandez, I. Maksymyk, and H. Nade

Phys. Rev. D55, 4098~1997!.
@40# L. Bergström and P. Ernstro¨m, Phys. Lett. B328, 153 ~1994!.
@41# M. Glück, E. Reya, and A. Vogt, Phys. Rev. D46, 1973

~1992!; Z. Phys. C67, 433 ~1995!.
@42# A. Vogt, Phys. Lett. B354, 145 ~1995!.
@43# A. D. Martin, R. G. Roberts, and W. J. Stirling, Phys. Lett.

387, 419 ~1996!.
@44# S. Fleming and T. Mehen, Phys. Rev. D~to be published!.
@45# C. S. Lam and W.-K. Tung, Phys. Rev. D18, 2447~1978!.


