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Photoproduction of charmonia and total charmonium-proton cross sections
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Elastic virtual photoproduction cross sectionsg* p→J/c(c8)p and total charmonium-nucleon cross sec-
tions forJ/c, c8, andx states are calculated in a parameter-free way with the light-cone dipole formalism and
the same input: factorization in impact parameters, light-cone wave functions for theg* and the charmonia,
and the universal phenomenological dipole cross section which is fitted to other data. The charmonium wave
functions are calculated with four known realistic potentials, and two models for the dipole cross section are
tested. Very good agreement with data for the cross section of charmonium photoproduction is found in a wide
range ofs andQ2. The inclusion of the Melosh spin rotation increases thec8 photoproduction rate by a factor
of 2–3 and removes previously observed discrepancies in thec8 to J/c ratio in photoproduction. We also
calculate the charmonium-proton cross sections whose absolute values and energy dependences are found to
correlate strongly with the sizes of the states.

PACS number~s!: 13.85.Lg, 13.60.Le
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I. INTRODUCTION

The dynamics of production and interaction of charmo
has drawn attention since their discovery back in 1973.
these heavy mesons have a small size it has been exp
that hadronic cross sections may be calculated relying
perturbative QCD. The study of charmonium production b
came even more intense after charmonium suppression
been suggested as a probe for the creation and interactio
the quark-gluon plasma in relativistic heavy-ion collisio
@1#.

Since we will never have direct experimental informati
on charmonium-nucleon total cross sections, one has to
tract it from other data, for example, from elastic photop
duction of charmoniagp→J/c(c8)p. The widespread be
lief that one can rely on the vector dominance model~VDM !
is based on previous experience with the photoproductio
r mesons. However, even a dispersion approach shows
this is quite risky, because theJ/c pole in the complexQ2

plane is nearly 20 times farther away from the physical
gion than ther pole. The multichannel analysis performed
@2# demonstrates that the corrections are huge;s tot

J/cp turns
out to be more that 3 times larger than the VDM predictio
Unfortunately, more exact predictions of the multichann
approach, especially forc8, requires knowledge of many di
agonal and off-diagonal amplitudes which are easily summ
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only if one uses the oversimplified oscillator wave functio

and a qq̄-proton cross section of the formsqq̄(r T)}r T
2 ,

wherer T is the transverseqq̄ separation.
Instead, one may switch to the quark basis, which sho

be equivalent to the hadronic basis because of completen
In this representation the procedure of extractings tot

J/cp from
photoproduction data cannot be realized directly, but ha
be replaced by a different strategy. Namely, as soon as
has expressions for the wave functions of charmonia and
universal dipole cross sectionsqq̄(r T ,s), one can predict
both the experimentally known charmonium photoprodu

tion cross sections and the unknowns tot
J/c(c8)p . If the photo-

production data are well described, one may have some

fidence in the predictions for thes tot
J/c(c8)p . Of course this

procedure will be model dependent, but we believe that
is the best use of photoproduction data one can prese
make. This program was performed for the first time in@3#.
The aim of this paper is not to propose a conceptually n
scheme, but to calculate within a given approach as ac
rately as possible and without any free parameters. Wher
there is room for arbitrariness, such as forms for the co
dipole cross section and those for for charmonium wa
functions, we use and compare other author’s propos
which have been tested on data different from those u
here.
FIG. 1. Schematic representation of the amplitudes for the reactionsg* p→cp ~left! andcp elastic scattering~right! in the rest frame of

the proton. Thecc̄ fluctuation of the photon and thec with transverse separationr T and c.m. energyAs interact with the target proton via
the cross sections(r T ,s) and produce aJ/c or c8.
©2000 The American Physical Society22-1
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In the light-cone dipole approach the two processes, p
toproduction and charmonium-nucleon elastic scattering l
as shown in Fig. 1@3#.

The corresponding expressions for the forward amplitu
read

Mg* p~s,Q2!5(
m,m̄

E
0

1

daE d2rWTFc*
(m,m̄)~a,rWT!

3sqq̄~r T ,s!Fg*
(m,m̄)

~a,rWT ,Q2!, ~1!

Mcp~s!5(
m,m̄

E
0

1

daE d2rWTFc*
(m,m̄)~a,rWT!

3sqq̄~r T ,s!Fc
(m,m̄)~a,rWT!. ~2!

Here the summation runs over spin indexesm, m̄ of thec and
c̄ quarks,Q2 is the photon virtuality, andFg* (a,r T ,Q2) is
the light-cone distribution function of the photon for acc̄
fluctuation of separationr T and relative fractiona of the
photon light-cone momentum carried byc or c̄. Correspond-
ingly, Fc(a,rWT) is the light-cone wave function ofJ/c, c8,
andx @only in Eq. ~2!#. The dipole cross sectionsqq̄(r T ,s)
mediates the transition~cf. Fig. 1!.

In Sec. II we review the status of the factorized light-co
approach to photoproduction of heavy quarkonia. Besi
the well-known distribution function of quarks in the photo
it needs knowledge of the universal flavor-independent
pole cross section which depends on the transverseq̄q sepa-
ration and energy. In Sec. II A we introduce two parame
zations available in the literature.

Making use of the nonrelativistic approximation for hea
quarkonia in Sec. II B we solve the Schro¨dinger equation
with four types of relativistic potentials available in the li
erature. The next most difficult step is a Lorentz boost to
infinite-momentum frame discussed in Sec. II C. Althou
this procedure is ill defined and no unambiguous recipe
known, we apply the standard and widely used one. We
a special emphasis on importance of the Melosh spin tra
formation, which turns out to be very important.

The final expression for the photoproduction cross s
tions is presented in Sec. III A and results are compared w
available data forJ/c production in Sec. III B. Although the
calculations are parameter free, they demonstrate a
good agreement with data.

The ratio ofc8 to J/c photoproduction yields has draw
attention recently since previous calculations grossly und
estimate the experimental values. It is demonstrated in
III C that the Melosh spin transformation, which has be
overlooked previously and accompanies the Lorentz bo
may be the reason. It has a dramatic impact on thec8 pho-
toproduction increasing its yield by a factor of 2–3, in
good agreement with the data.

After we will have demonstrated that the approach un
discussion quantitatively explains the photoproduction d
we calculate in Sec. IV the total charmonium-nucleon cr
sections forJ/c, c8, andx ’s. We predict quite a steep en
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ergy dependence for these cross sections slightly varying
different charmonia. Although the cross sections correl
with the mean charmonium size, this dependence is slo
than}^r T

2&, and this fact finds a simple explanation. In Se
V we compare our estimates for charmonium-nucleon cr
sections with the effective absorption cross section of ch
monium which can be extracted from data on nuclear atte
ation of J/c andc8. Agreement is rather good.

Our results are summarized in Sec. VI where we a
discuss the physics of energy dependence of the cross
tions and the status of our approach. Special attention
given to nuclear attenuation of charmonia which is affec
by formation and coherence time phenomena in an impor
way.

II. LIGHT-CONE DIPOLE FORMALISM FOR VIRTUAL
PHOTOPRODUCTION OF CHARMONIA OFF

NUCLEONS

The light-cone variable describing longitudinal motio
which is invariant to Lorentz boosts is the fractiona
5pc

1/pg*
1 of the photon light-cone momentumpg*

1
5Eg*

1pg* carried by the quark or antiquark. In the nonrelativ
tic approximation~assuming no relative motion ofc and c̄)
a51/2 ~e.g.,@3#!; otherwise one should integrate overa @see
Eq. ~1!#. For transversely~T! and longitudinally~L! polarized
photons the perturbative photon-quark distribution funct
in Eq. ~1! reads@4,5#

FT,L
(m,m̄)~a,rWT ,Q2!5

ANcaem

2p
Zcxc

m†ÔT,Lx̃ c̄
m̄
K0~er T!, ~3!

where

x̃ c̄5 isyx c̄
* ; ~4!

x andx̄ are the spinors of thec quark and antiquark, respec
tively; Zc52/3. K0(er T) is the modified Bessel function
with

e25a~12a!Q21mc
2 . ~5!

The operatorsÔT,L have the form

ÔT5mcsW •eWg1 i ~122a!~sW •nW !~eWg•¹W r T
!1~nW 3eWg!•¹W r T

,
~6!

ÔL52Qa~12a!sW •nW , ~7!

wherenW 5pW /p is a unit vector parallel to the photon mome
tum andeW is the polarization vector of the photon. Effects
the nonperturbative interaction within theqq̄ fluctuation are
negligible for the heavy charmed quarks.

The color dipole cross sectionsqq̄(r T ,s) is poorly known
from first principles. It is expected to vanish}r T

2 at small
r T→0 due to color screening@6# and to level off at large
separations due to a finite range of gluon propagation.
employ phenomenological approaches described in Sec.
2-2
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PHOTOPRODUCTION OF CHARMONIA AND TOTAL . . . PHYSICAL REVIEW D 62 094022
The charmonium wave function is well defined in the re
frame where one can rely on the Schro¨dinger equation. We
present solutions for four potentials proposed in the literat
~Sec. II B!. As soon as the rest frame wave function
known, one may be tempted to apply the Lorentz trans

mation to thecc̄ pair as it would be a classical system a
boost it to the infinite-momentum frame. However, quant
effects are important and in the infinite-momentum fram
series of different Fock states emerges from the Lore
boost. ~Compare with a Lorentz boost of a positronium
Weizsäker-Williams photons appear.! Therefore the lowes

ucc̄& component in the infinite-momentum frame does n

represent theucc̄& in the rest frame. We rely on the widel
used procedure for the generation of the light-cone w
functions of charmonia and describe it in Sec. II C.

A. Phenomenological dipole cross section

The dipole formalism for hadronic interactions introduc
in @6# expands the hadronic cross section over the eigens
of the interaction which in QCD are the dipoles with a de
nite transverse separation@see Eq.~1!#. Correspondingly, the
values of the dipole cross sectionsqq̄(r T) for differentr T are
the eigenvalues of the elastic amplitude operator. This c
section is flavor invariant, due to the universality of the QC
coupling, and vanishes likesqq̄(r T)}r T

2 for r T→0. The lat-
ter property is sometimes referred to as color transparen

The total cross sections for all hadrons and~virtual! pho-
tons are known to rise with energy. Apparently, the ene
dependence cannot originate from the hadronic wave fu
tions in Eqs.~1!, ~2!, but only from the dipole cross section
In the approximation of two-gluon exchange used in@6# the
dipole cross section is constant, the energy dependence o
nates from higher-order corrections related to gluon rad
tion. On the other hand, one can stay with two-gluon
change, but involve higher Fock states which contain glu
in addition to theqq̄. Both approaches correspond to t
same set of Feynman graphs. We prefer to introduce en
dependence intosqq̄(r T ,s) and not include higher Fock
states in the wave functions.

For the small size dipoles essential for deep inelastic s
tering~DIS! one may apply perturbative QCD and the ener
dependence comes as an effect of of gluon radiation tre
in the leading-log(1/x) approximation@7,8#. In the opposite
limit of large separations typical for light hadrons one c
also calculate the effects of gluon bremsstrahlung mak
use of smallness of the quark-gluon correlation radius@9#.

However, the intermediate case we are interested in is
most complicated one as usual. No reliable way to sum
higher-order corrections is known so far. Therefore we us
phenomenological form which interpolates between the
limiting cases of small and large separations. Few param
zations are available in the literature; we choose two of th
which are simple, but quite successful in describing data
denote them by the initials of the authors as ‘‘GBW’’@10#
and ‘‘KST’’ @11#.

We have
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‘‘GBW’’: sqq̄~r T ,x!523.03@12e2r T
2/r 0

2(x)# mb,

r 0~x!50.4S x

x0
D 0.144

fm, ~8!

where x053.0431024. The proton structure function
calculated with this parametrization fits very well all ava
able data at smallx and for a wide range ofQ2 @10#. How-
ever, it obviously fails to describe the hadronic total cro
sections, since it never exceeds the value 23.03 mb.
x dependence guarantees Bjorken scaling for DIS at h
Q2; however, the Bjorkenx is not a well-defined quantity
in the soft limit. Instead we use the prescription of@12#,
x5(Mc

21Q2)/s, whereMc is the charmonium mass.
This problem as well as the difficulty with the definitio

of x has been fixed in@11#. The dipole cross section is treate
as a function of the c.m. energyAs, rather thanx, sinceAs is
more appropriate for hadronic processes. A similarly sim
form for the dipole cross section is used:

‘‘KST’’: sqq̄~r T ,s!5s0~s!@12e2r T
2/r 0

2(s)#. ~9!

The values and energy dependence of hadronic cross sec
is guaranteed by the choice of

s0~s!523.6S s

s0
D 0.08S 11

3

8

r 0
2~s!

^r ch
2 &

D mb, ~10!

r 0~s!50.88S s

s0
D 20.14

fm. ~11!

The energy-dependent radiusr 0(s) is fitted to data for the
proton structure functionF2

p(x,Q2), s051000 GeV2 and the
mean square of the pion charge radius^r ch

2 &50.44 fm2. The
improvement at large separations leads to a somewhat w
description of the proton structure function at largeQ2. Ap-
parently, the cross section dependent on energy, rather
x, cannot provide Bjorken scaling. Indeed, parametrizat
~9! is successful only up toQ2'10 GeV2.

In fact, the cases we are interested in, charmonium p
duction and interaction, are just in between the regio
where either of these parametrizations is successful. Th
fore, we suppose that the difference between predictions
ing Eqs. ~8! and ~9! is a measure of the theoretical unce
tainty which fortunately turns out to be rather small.

We demontrate in Fig. 2 a few examples ofr T
2 depen-

dence of the dipole cross section at different energies
both parametrizations. The KST cross section reveals a n
trivial behavior; it rises with energy atr T,3 fm2, but de-
creases at larger separations. This is, however, a tempo
effect;s0(s) reaches the minimum atAs'77 GeV and then
slowly rises at higher energies. Such a peculiar behavior
consequence of our original intention to reproduce the
ergy dependence of the hadronic cross sectionss tot

hp}s0.08

keeping the form~9! of the cross section. Of course data a
insensitive to the cross section at such large separations
2-3
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Both GBW and KST cross sections vanish}r T
2 at small

r T ; however, they considerably deviate from this simple b
havior at large separations. Quite often, the simplest par
etrization (}r T

2) for the dipole cross section is used. For t
coefficient in front ofr T

2 we employ the expression obtaine
by the first term of the Taylor expansion of Eq.~9!:

‘ ‘ r T
2’ ’: sqq̄~r T ,s!5

s0~s!

r 0
2~s!

r T
2 . ~12!

B. Charmonium wave functions

The spatial part of thecc̄ pair wave function satisfying
the Schro¨dinger equation

S 2
D

mc
1V~r ! DCnlm~rW !5EnlCnlm~rW ! ~13!

is represented in the form

C~rW !5Cnl~r !•Ylm~u,w!, ~14!

whererW is three-dimensionalcc̄ separation, andCnl(r ) and
Ylm(u,w) are the radial and orbital parts of the wave fun
tion. The equation for radialC(r ) is solved with the help of
the program in@13#. The following four potentialsV(r ) have
been used~see Fig. 3!.

~i! ‘‘COR’’: Cornell potential @14#,

V~r !52
k

r
1

r

a2
, ~15!

with k50.52, a52.34 GeV21, andmc51.84 GeV.
~ii ! ‘‘BT’’: potential suggested by Buchmu¨ller and Tye

@15# with mc51.48 GeV. It has a similar structure as th
Cornell potential: linear string potential at large separatio
and Coulomb shape at short distances with some refi
ments, however.

~iii ! ‘‘LOG’’: logarithmic potential @16#

V~r !520.6635 GeV1~0.733 GeV!log~r 31 GeV!, ~16!

FIG. 2. The dipole cross section as function ofr T
2 at energies

As510, 30, 100, and 300 GeV for GBW~left! and KST ~right!
parametrizations.
09402
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with mc51.5 GeV.
~iv! ‘‘POW’’: power-law potential@17#

V~r !528.064 GeV1~6.898 GeV!~r 31 GeV!0.1, ~17!

with mc51.8 GeV.
The shapes of the four potentials are displayed in Fig

and differ from each other only at larger (>1 fm) and very
small r (<0.05 fm) separations. Note, however, that CO
and POW usemc'1.8 GeV, while BT and LOG usemc
'1.5 GeV for the mass of the charmed quark. This diff
ence will have significant consequences.

The results of calculations for the radial partCnl(r ) of
the 1S and 2S states are depicted in Fig. 4. For the grou
state all the potentials provide a very similar behavior
r .0.3 fm, while for smallr the predictions are different by
up to 30%. The peculiar property of the 2S-state wave func-
tion is the node atr'0.4 fm which causes strong cancell
tions in the matrix elements, Eq.~1!, and, as a result, a sup
pression of photoproduction ofc8 relative toJ/c @3,18#.

FIG. 3. Shapes of the potentialsV(r ) for the four parametriza-
tions employed in this paper. The curves for COR, LOG, and PO
are normalized atr 51 fm to the value of the BT potential.

FIG. 4. The radial part of the wave functionCnl(r ) for the 1S
and 2S states calculated with four different potentials~see text!.
2-4
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C. Light-cone wave functions for the bound states

As has been mentioned, the lowest Fock componentucc̄&
in the infinite-momentum frame is not related by a simp
Lorentz boost to the wave function of charmonium in the r
frame. This makes the problem of building the light-co
wave function for the lowestucc̄& component difficult; no
unambiguous solution is yet known. There are only reci
in the literature; a simple one widely used@19# is the follow-
ing. One applies a Fourier transformation from coordinate
momentum space to the known spatial part of the nonrela
istic wave function~14!, C(rW)⇒C(pW ), which can be written
as a function of the effective mass of thecc̄, M254(p2

1mc
2), expressed in terms of light-cone variables:

M2~a,pT!5
pT

21mc
2

a~12a!
. ~18!

In order to change integration variablepL to the light-cone
variable a one relates them viaM, namely, pL5(a
21/2)M (pT ,a). In this way thecc̄ wave function acquires a
kinematical factor

C~pW !⇒A2
~p21mc

2!3/4

~pT
21mc

2!1/2
C~a,pW T![Fc~a,pW T!. ~19!

This procedure is used in@20# and the result is applied to
the calculation of the amplitudes~1!. The result is discour-
aging, since thec8 to J/c ratio of the photoproduction cros
sections is far too low in comparison with the data. Howev
an oversimplified dipole cross sectionsqq̄(r T)}r T

2 has been
used, and what is even more essential, the important in
dient of Lorentz transformations, the Melosh spin rotatio
has been left out. The spin transformation has also been
out in a recent publication@21# which repeats the calcula
tions of @20# with a more realistic dipole cross section whic
levels off at large separations. This leads to a suppressio
the node effect~less cancellation! and enhancement ofc8
photoproduction. Nevertheless, the calculatedc8 to J/c ratio
is smaller than the data by a factor of two.

The two-dimensional spinorsxc andx c̄ describingc and
c̄, respectively, in the infinite-momentum frame are kno
to be related via the Melosh rotation@22,19# to the spinorsx̄c

and x̄ c̄ in the rest frame:

x̄c5R̂~a,pW T!xc ,

x̄ c̄5R̂~12a,2pW T!x c̄ , ~20!

where the matrixR(a,pW T) has the form

R̂~a,pW T!5
mc1aM2 i @sW 3nW #pW T

A~mc1aM !21pT
2

. ~21!

Since the potentials we use in Sec. II B contain no sp
orbit term, thecc̄ pair is in theS wave. In this case spatia
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and spin dependences in the wave function factorize and
arrive at the following light-cone wave function of thecc̄ in
the infinite-momentum frame:

Fc
(m,m̄)~a,pW T!5U (m,m̄)~a,pW T!•Fc~a,pW T!, ~22!

where

U (m,m̄)~a,pW T!5xc
m†R̂†~a,pW T!sW •eWcsyR̂*

3~12a,2pW T!sy
21x̃ c̄

m̄
~23!

and x̃ c̄ is defined in Eq.~4!.
Note that the wave function~22! is different from the

one used in@23–25# where it was assumed that the ve
tex c→cc̄ has the structurecmūgmu like for the photon
g* →cc̄. The rest frame wave function corresponding
such a vertex contains theSwave andD wave. The weight of
the latter is dictated by the structure of the vertex and can
be justified by any reasonable nonrelativistic potential mo
for the cc̄ interaction.

Now we can determine the light-cone wave function
the mixed longitudinal-momentum–transverse-coordin
representation:

Fc
(m,m̄)~a,rWT!5

1

2pE d2pW Te2 ipW TrWTFc
(m,m̄)~a,pW T!. ~24!

The spatial componentFc(a,rWT) of Eq. ~19! in the mixed
representation~24! is plotted as a function ofr T and a in
Fig. 5 for J/c(1S) and c8(2S) states. While the 1S wave
function depends monotonically onr T and smoothly van-
ishes at smalla, the wave function of the 2S state demon-
strates a nontrivial behavior: the node disappears for smaa.

III. CALCULATIONS AND COMPARISON WITH DATA

A. Final expressions

Having the light-cone wave function of charmonium
momentum representation, Eq.~22!, it is more convenient to
switch to an integration overpW T in the matrix element Eq.
~1!:

MT,L~s,Q2!5E
0

1

daE d2pW TFc* ~a,pW T!ST,L~a,pW T ,s,Q2!,

~25!

where

ST,L~a,pW T ,s,Q2!5
1

2p (
m,m̄

U (m,m̄)~a,pW T!

3E d2rWTeipW TrWTs~r T ,s!FT,L
(m,m̄)~a,rWT,Q2!.

~26!
2-5
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FIG. 5. Three-dimensiona
plot for the light-cone wave func-
tions for J/c(1S) and c8(2S) in

the mixeda-rWT representation for
the BT potential@14#.
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If the dipole cross section depends onr T like s0(1

2e2r T
2/r 0

2
) @see Eqs.~8! and~9!#, thenS(a,pW T ,s,Q2), which

includes the effects of spin rotation, can be expressed
follows:

ST~a,pW T ,s,Q2!5
1

mc
FmT2

2pT
2a~12a!

mT1mL
G S̃T~a,pW T ,s,Q2!

2
2pT

2

mqmTr 0
2 F11

mT~122a!

mT1mL
G

3
]S̃ t~a,pW T ,s,Q2!

]pT
2

, ~27!

SL~a,pW T ,s,Q2!5
mq

21mTmL

mc~mT1mL!
S̃L~a,pW T ,s,Q2!, ~28!

wheremT
25mc

21pT
2 , mL

254mc
2a(12a) and

S̃T,L~a,pW T ,s,Q2!5
s0~s!

2p E d2r TeipW TrWTFT,L~a,rWT ,Q2!

3@12e2r T
2/r 0

2(s)#, ~29!

S̃ t~a,pW T ,s,Q2!5
s0~s!

2p E d2r TeipW TrWTFT~a,rWT ,Q2!

3e2r T
2/r 0

2(s), ~30!

FT~a,r T ,Q2!5
1

p
A2aem

3
mqK0~er T!, ~31!

FL~a,r T ,Q2!5
2

p
Aaem

3
Qa~12a!K0~er T!. ~32!

The photoproduction cross section is given by
09402
as

sg* p→cp~s,Q2!5
uM̃T~s,Q2!u21«uM̃L~s,Q2!u2

16pB
,

~33!

where« is the photon polarization~for H1 data^«&50.99);
B is the slope parameter in reactiong* p→cp. We use the
experimental value@26# B54.73 GeV22. M̃T,L includes
also the correction for the real part of the amplitude:

M̃T,L~s,Q2!5MT,L~s,Q2!S 12 i
p

2

] ln MT,L~s,Q2!

] ln s D ,

~34!

where we apply the well-known derivative analyticity rel
tion between the real and imaginary parts of the forwa
elastic amplitude@27#. The correction from the real part i
not small since the cross section of charmonium photop
duction is a rather steep function of energy~see below!.

B. s and Q2 dependence ofs„g* p\JÕcp…

Now we are in a position to calculate the cross section
charmonium photoproduction using Eq.~33!. The results for
J/c are compared with the data in Fig. 6. Calculations
performed with GBW and KST parametrizations for the d
pole cross section and for wave functions of theJ/c calcu-
lated from BT, LOG, COR, and POW potentials. One o
serves the following.

~i! There are no major differences for the results using
GBW and KST parametrizations.

~ii ! The use of different potentials to generate the wa
functions of theJ/c leads to two distinctly different behav
iors. The potentials labeled BT and LOG~see Sec. II B! de-
scribe the data very well, while the potentials COR and LO
underestimate them by a factor of 2. The different behav
has been traced to the following origin: BT and LOG u
mc'1.5 GeV, but COR and POWmc'1.8 GeV. While the
bound state wave functions ofJ/c are little affected by this
difference ~see Fig. 4!, the photon wave function Eq.~3!
2-6
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depends sensitively onmc via the argument Eq.~5! of theK0

function.
We compare our calculations also with data for theQ2

dependence of the cross section. The data are plotted in
7 at the c.m. energyAs590 GeV as a function ofQ2

1MJ/c
2 , since in this form both the data and calculatio

display an approximate power law dependence.
Such a dependence onQ21MJ/c

2 is suggested by the vari
able e2 in Eq. ~5!, which for a51/2 takes the valueQ2

1(2mc)
2. It may be considered as an indication thata

51/2 is a reasonable approximation for the nonrelativis
charmonium wave function.

Our results are depicted for BT and COR potentials a
using GBW and KST cross sections. Agreement with
calculations based on BT potential is again quite good, w
the COR potential grossly underestimates the data at s
Q2. Although the GBW and KST dipole cross sections le
to nearly the same cross sections for real photoproduct
their predictions at highQ2 are different by a factor of 2–3
Supposedly the GBW parametrization should be more tr
worthy atQ2@Mc

2 .

FIG. 6. Integrated cross section for elastic photoproductiongp
→J/cp with real photons (Q250) as a function of the energ
calculated with GBW and KST dipole cross sections and for f
potentials to generateJ/c wave functions. Experimental data poin
from the H1 @26#, E401 @28#, E516 @29#, and ZEUS@30# experi-
ments.
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C. Importance of spin effects for thec8 to JÕc ratio

It turns out that the effects of spin rotation have a gro
impact on the cross section of elastic photoproductiongp
→J/c(c)p. To demonstrate these effects we present the
sults of our calculations atAs590 GeV in Table I.

The upper half of the table shows the photoproduct
cross sections forJ/c for different parametrizations of the
dipole cross section~GBW, KST, ‘‘r T

2’’ ! and potentials~BT,
COR, LOG, POW!. The numbers in parentheses show wh
the cross section would be if the spin rotation effects w
neglected. We see that these effects add 30–40 % to theJ/c
photoproduction cross section.

The spin rotation effects turn out to have a much mo
dramatic impact onc8, increasing the photoproduction cros
section by a factor of 2–3. This is visible in the lower half
the table which shows the ratioR5s(c8)/s(J/c) of the
photoproduction cross sections, where the number in pa
theses correspond to no spin rotation effects included. T

r FIG. 7. Integrated cross section for elastic photoproduction a
function of the photon virtuality Q21MJ/c at energy As
590 GeV. Solid and dashed curves are calculated with GBW
KST dipole cross sections, while thick and thin curves corresp
to BT and COR potentials, respectively. Results obtained with L
and POW potentials are very close to those curves~LOG similar to
BT and POW to COR; see also Fig. 6!. Experimental data points
from the H1@37# and ZEUS@46# experiments.
-
s

TABLE I. The photoproduction gp→J/cp cross section s(J/c) in nb and the ratio R
5s(c8)/s(J/c) for the four different types of potentials~BT, LOG, COR, POW! and the three parametri
zations~GBW, KST, r T

2) for the dipole cross sections(r T ,s) at As590 GeV. The values in parenthese
correspond to the case when the spin rotation is neglected.

BT LOG COR POW

s GBW 52.01~37.77! 50.78~36.63! 23.13~17.07! 24.94~18.64!
KST 49.96~35.87! 48.49~34.57! 21.05~15.42! 22.83~16.92!
r T

2 66.67~47.00! 64.07~44.86! 25.81~18.71! 28.23~20.66!
R GBW 0.147~0.075! 0.117~0.060! 0.168~0.099! 0.144~0.085!

KST 0.147~0.068! 0.118~0.054! 0.178~0.099! 0.152~0.084!
r T

2 0.101~0.034! 0.081~0.027! 0.144~0.070! 0.121~0.058!
2-7
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spin effects explain the large values of the ratioR observed
experimentally. Our results forR are about twice as large a
evaluated in@21# and even more than in@20#.

The ratio ofc8 to J/c photoproduction cross sections
depicted as function of c.m. energy in Fig. 8 and as a fu
tion of Q2 in Fig. 9 for all four potentials and for the param
etrizations of the dipole cross sections GBW and KST.

Our calculations agree with available data, but the er
bars are too large to provide a more precise test for
theory. Remarkably, the ratioR(s) rises with energy. This
result is in variance with the naive expectation based on
larger size of thec8 and on the usual rule: the smaller th
size of theqq̄ dipole, the steeper its energy dependen
There is, however, no contradiction, since this is anot
manifestation of the node in the wave function ofc8. Indeed,
as a function of energy mostly the short distance part of
dipole cross sectionsqq̄(r T) rises. It enhances the positiv
contribution for distances shorter than the node position
the c8 wave function. Therefore, with increasing energy t
cancellation in the amplitude ofc8 production is reduced
This effect leads to a steeper energy dependence ofc8 pro-
duction compared toJ/c. The effect is stronger for GBW
than KST parametrizations, since the GBW cross sec
does not rise with energy at all at large separations. Note
this situation is specific for photoproduction because
nodeless wave function of the photon is projected to the s
changing wave function ofc8. This should not happen in th
case of elasticJ/c(c8)-p scattering~see below!.

Similarly of the node effect leads to a risingQ2 depen-
dence of thec8 to J/c ratio in the photoproduction cros
sections. Our calculations are compared with available d
in Fig. 9 for the GBW and KST parametrizations, respe
tively.

IV. CHARMONIUM-NUCLEON TOTAL CROSS
SECTIONS

After the light-cone formalism has been checked with
data for virtual photoproduction we are in position to provi

FIG. 8. The ratio ofc8 to J/c photoproduction cross sections a
a function of c.m. energy calculated for all four potentials with w
GBW and KST parametrizations for the dipole cross section.
perimental data points are from the SLAC@31#, NA14 @32#, E401
@33#, EMC @34#, NMC @35#, and H1@36# experiments.
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reliable predictions for charmonium-nucleon total cross s
tions. The corresponding expressions are given by Eq.~2!
~compare with@6#!. For the GBW and KST dipole cros

sections, which have the forms0(12e2r T
2/r 0

2
) @see Eqs.~8!

and~9!#, a summation over spin indexes in Eq.~2! gives, for
the S states,

Mcp~s!5s0•F12pr 0
2E

0

1

daE
0

`

dpT

3E
0

`

dqTU~a,pT!U~a,qT!V~a,pT ,qT!G ,
~35!

where

U~a,pT!5pTFc~a,pT!e2r 0
2pT

2/4$@M1
2~pT!1pT

2#

3@M2
2~pT!1pT

2#%21/2, ~36!

V~a,pT ,qT!5M1~pT!M1~qT!M2~pT!M2~qT!I 0~v !

1@M1~pT!M1~qT!

1M1~pT!M2~qT!#pTqTI 1~v !1pT
2qT

2I 2~v !,

~37!

M1~pT!5mc1mTA a

12a
, ~38!

M2~pT!5mc1mTA12a

a
, ~39!

v5
1

2
r 0

2pTqT . ~40!

Here mT
25mc

21pT
2 ; Fc(a,pT) is defined in Eq. ~19!;

I 0,1,2(v) are Bessel functions of imaginary argument.

-

FIG. 9. The ratio ofc8 to J/c photoproduction cross section
as a function of the photon virtualityQ2 at energyAs590 GeV
all four potentials with with GBW and KST parametrizations f
the dipole cross section. Experimental data points from the
experiment@37#.
2-8
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PHOTOPRODUCTION OF CHARMONIA AND TOTAL . . . PHYSICAL REVIEW D 62 094022
The calculatedJ/c- and c8-nucleon total cross section
are plotted in Fig. 10 for the GBW and KST forms of th
dipole cross sections and all four types of charmonium
tentials.

The corresponding results forx states are depicted i
Fig. 11.

Herem is the projection of the orbital momentum whic
can be 0 or 1, since this is aP-wave state. From these cros
sections with definitem, which we denotesm

x , one can con-
struct the total cross sections for thexc states with different
spins and helicitiesl

xc0~l50!: s5
1

3
~2s1

x1s0
x!;

xc1~l50!: s5s1
x ;

xc1~l561!: s5
1

2
~s1

x1s0
x!;

xc2~l50!: s5
1

3
~s1

x12s0
x!;

xc2~l561!: s5
1

2
~s1

x1s0
x!;

xc2~l562!: s5s1
x . ~41!

Using these relations one can easily derive the cross sec
averaged over helicities which are equal for all three sta
xc0,1,2.

The strong dependence of the cross sections forP-wave
charmonium states on the projectionm50,1 of the orbital
momentum has been found previously in@38#. However, the
predicted cross sections atAs510 GeV for xc(m50),
xc(m51), andc8 are about twice as large as ours. We b
lieve that the disagreement originates from the too rou

FIG. 10. TotalJ/cp ~thick curves! andc8p ~thin curves! cross
sections with the GBW and KST parametrizations for the dip
cross section.
09402
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nonperturbative dipole cross section1 used in@38# which was
not well adjusted to the data. Even the pion-nucleon cr
section calculated with Eq.~1! in @38# overestimates the ex
perimental value by a factor of 1.5.

Although all four potentials are presented, comparis
with photoproduction data in Figs. 6 and 7 show that two
them, BT and LOG potentials, are more trustable at least
J/c. These two potentials again give very close predictio
for J/c-p total cross sections but the deviation from t
predictions with the two other potentials, COR and POW
much smaller than in the case of photoproduction.

Note that the cross sections calculated with the GBW
rametrization demonstrate a tendency to level off at v
high energy, especially forc8, as compared to the KST pre
dictions. The reason is obvious: the GBW cross sections
proach the universal limitsmax5s0523.03 mb. This can-
not be true, and the KST parametrization is more relia
than GBW at high energies where the gluon cloud surrou
ing the c̄c pair becomes nearly as big as light hadrons.

According to Figs. 10 and 11 for the KST parametrizati
the total cross sections of charmonia are nearly straight l
as function ofAs in a double logarithmic representation
though with significantly different slopes for the differe
states. Therefore a parametrization in the form

scp~s!5s0
cS s

s0
D D

~42!

seems appropriate, at least within a restricted energy inte
We use the data shown in Figs. 10 and 11 for the K
parametrization ofsqq̄ and for the BT and LOG potential
and fit the them by the form~42! with s051000 GeV. The
two values from the BT and LOG potentials have been
eraged and their half difference gives the error estimati

1We are thankful to Lars Gerland who provided us with the e
pression for the dipole cross section used in@38#.

e
FIG. 11. Totalxp (m50, thick curves;m51, thin curves! cross

sections with the KST and GBW parametrizations for the dip
cross section.
2-9



-
e

e

y
t
b
p
f
in

-
pe

on

ol

e

on
u

q.
he

tial

ral
ec-
pro-
uld
he
ro-
al-

n

ti-
t

the
i-

tion

ei,
are
itu-

ir
ns,
nce

f
en
ult

-

th
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Table II shows values fors0
c and D averaged over the en

ergy interval 10 GeV,As,300 GeV and the bound stat
sizes^r T

2&.
As expecteds0

c rises monotonically with the size of th
charmonium state, and the cross section forc8N is about 3
times larger than that forJ/c. This deviates from ther T

2

scaling, since the mean value^r T
2& is 4 times larger forc8

than for J/c. The exponentD which governs the energ
dependence decreases monotonically with the size of
charmonium state, demonstrating the usual correlation
tween the dipole size and the steepness of energy de
dence. The values ofD are larger than in soft interactions o
light hadrons (;0.08), but smaller than values reached
DIS at highQ2.

Our results atAs510 GeV@the mean energy of charmo
nia produced in the NA38/NA50 experiments at the Su
Proton Synchrotron~SPS!, CERN#,

s tot
J/c~As510 GeV!53.5660.08 mb, ~43!

s tot
c8 ~As510 GeV!512.1960.61 mb, ~44!

agree well with the cross sections extracted in@2# from pho-
toproduction data employing the two-channel approximati
2.860.12 mb,s tot

J/c(As510 GeV),4.160.15 mb and

s tot
c8 /s tot

J/c'3.75 ~having poorly controlled accuracy!, which
shows that the two-channel approach is a reasonable to
analyze photoproduction data.

The cross section, Eq.~42!, with the parameters in Tabl
II agrees well withs tot

J/c(As520 GeV)54.460.6 mb ob-
tained in the model of the stochastic vacuum@39#.

It is worth noting that the results for charmonium-nucle
total cross sections are amazingly similar to what one co
get without any spin rotation,

s tot
cN~s!'E

0

1

daE d2rWTuFc~a,rWT!u2sqq̄~r T ,s!, ~45!

whereFc(a,rWT) is related by Fourier transformation to E
~19!, or even performing a simplest integration using t
nonrelativistic wave functions~13! in the rest frame of the
charmonium:

TABLE II. Averaged sizeŝ r T
2& for charmonia bound states to

gether withs0 andD in the parametrization~42! for theJ/c-, c8-,
andx-proton cross sections. Estimation of the errors is given in
text.

^r T
2& @ fm2# s0

c @mb# D

J/c 0.11760.003 5.5960.13 0.21260.001
x(m50) 0.18160.004 7.1760.07 0.19560.001
x(m51) 0.36260.007 13.1760.16 0.16460.002
c8 0.51760.034 16.6360.59 0.13960.005
09402
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s tot
cN~s!'E d3r uC~rW !u2sqq̄~r T ,s!. ~46!

The comparison presented in Fig. 12 for the BT poten
shows that Eqs.~45!, ~46! are only about 10% below the
exact calculation forJ/c, while there is practically no differ-
ence between the exact and approximate calculations forc8.

V. NUCLEAR SUPPRESSION OF CHARMONIUM
PRODUCTION

Production of charmonia off nuclei seem to be a natu
source of information about charmonium-nucleon cross s
tion since nuclear absorption leads to suppression of the
duction rate measured experimentally. However, one sho
be cautious in applying our results to a calculation of t
nuclear attenuation of charmonium. In exclusive photop
duction of charmonia the uncertainty principle does not
low one to resolve betweenJ/c andc8 unless the formation
time t f52Ec /(Mc8

2
2MJ/c

2 ) @3,40# is shorter than the mea
internucleon separation in nuclei. Only one experiment@41#
at ;20 GeV satisfies this condition. Analyzed with an op
cal model it leads tos in

J/cN53.560.8 mb in good agreemen
with our calculations. The nuclear photoproduction data@42#
taken at 120 GeV cannot be treated in the same way since
formation timel f'10 fm exceeds the nuclear size. In add
tion, the coherence lengthl c52Ec /(MJ/c

2 1Q2) @3,43# is
also long, about 5 fm, substantially increasing the attenua
path for the producedc̄c pair.

In the case of hadroproduction of charmonia off nucl
the interplay of the formation and coherence time effects
as important as in photoproduction. On top of that, the s
ation is complicated by decays ofx ’s andc8 which substan-
tially feed the yield ofJ/c. These heavier states, even if the
absorption cross sections are known from our calculatio
are also subject to the effects of formation and cohere
lengths.

In the analysis@44# of data from the experiment E866 o
pA→J/cX collisions at 800 GeV, proper attention has be
given to coherence and formation time effects with the res

FIG. 12. Comparison of the results fors tot
cN(s) obtained with the

exact expression~2! ~solid curves! and with the approximations
~45! ~dashed lines! and ~46! ~dotted lines!.

e
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~extrapolated toAs510 GeV)

se f f
‘ ‘ J/c ’ ’ p55.060.4 mb, ~47!

s tot
c8p510.563.6 mb. ~48!

The effectiveJ/c-nucleon cross section which is fed b
decays of heavier states can be estimated as follows:

1

se f f
~12e2se f f^T&!5(

i 51

4
wi

s tot
c iN

~12e2s
tot

c iN^T&!, ~49!

where ^T&'0.75rARA is the mean thickness of a nucleu
with radiusRA and the mean densityrA'0.16 fm23.

Equation~49! is relevant forJ/c suppression in nuclea
collisions~proton-nucleus and nucleus-nucleus!. In this reac-
tion the observedJ/c arises from directly producedJ/c ’s
with probability w1,1 and from the other statesx, c8 via
decay after the charmonia have left the interaction zo
wherewi is the probability that the statei contributes to the
finally observedJ/c. Values forwi and s tot

c i p are given in
Table III wherem50,1 is the projection of the orbital mo
mentum of thec̄c pair on the direction of gluon-gluon col
lision in x1,2 production (x0 has a tiny branching toJ/c).

It turns out thatx1 andx2 with m50 cannot be produced
or are strongly suppressed in gluon fusion due to the se
tion rules which forbid projections61 for the total angular
momentum~e.g., see@45#!; this is why we putw250.

We calculatese f f for tungsten used in the analysis@44#
and find, forAs510 GeV,

se f f
‘ ‘ J/c ’ ’ p55.860.2 mb, ~50!

where the main uncertainty arises from thewi . This number
is in a good accord with Eq.~47!, while the calculated value

for s tot
c8p , Eq. ~44!, agrees well with Eq.~48!.

The coherence effects are quite important even at the
ergy of the NA38/NA50 experiments (Ec'50 GeV) at
CERN; this is why the effective absorption cross section
c8 production suggested by the data is about a half of
value we predict. At the energies of the BNL Relativis

TABLE III. Values for the J/c-, c8-, x-, and effective
‘‘ J/c ’ ’-proton cross sections at energyAs510 GeV. Errors are
given by averaging on BT and LOG potentials for the wave fu
tions.

wi s @mb#

J/c 0.52 - 0.6 3.5660.08
x(m50) 0 4.6660.06
x(m51) 0.32 - 0.4 9.0560.16
c8 0.08 12.1960.61
09402
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Heavy Ion Collider~RHIC! and CERN Large Hadron Col
lider ~LHC! both the coherence and formation times subst
tially exceed the sizes of heavy nuclei, and shadowing
comes the dominant phenomenon.

VI. CONCLUSION AND DISCUSSIONS

In this paper we have proposed a simultaneous treatm
of elastic photoproductionsg* p→cp(s,Q2) of charmonia and
total cross sectionss tot

cp(s). The ingredients are~i! the fac-
torized light-cone expressions~1!,~2! for the cross sections
~ii ! the perturbative light-cone wave functions for thecc̄
component of theg* , ~iii ! light-cone wave functions for the
charmonia bound states, and~iv! a phenomenological dipole
cross sectionsqq̄(r T ,s) for a cc̄ interacting with a proton.

The dipole cross section rises with energy; the smaller
transverseq̄q separation, the steeper the growth. The sou
of the energy dependence is the expanding cloud of glu
surrounding theq̄q pair. The gluon bremsstrahlung is mo
intensive for small dipoles. The gluon cloud can be treated
a joint contribution of higher Fock states,uq̄qnG&; however,
it can be also included in the energy dependence
sqq̄(r T ,s), as we do, and this is the full description. Th
addition of any higher Fock state would be double counti

As a function of energy the initial size of theq̄q source is
gradually ‘‘forgotten’’ after multistep radiation; the sma
cross sections grow steeper and eventually approach
larger ones at very high energies. All the cross sections
expected to reach a universal asymptotic behavior wh
saturates the Froissart bound.

The effective dipole cross sectionsqq̄(r T ,s) is param-
etrized in a form which satisfies the expectationssqq̄}r T

2 for
r T→0 ~color transparency!, but levels off forr T→`. Two
parametrizations forsqq̄(r T ,s), whose form and parameter
have been fitted to describes tot

pp(s), and the structure func
tion F2(x,Q2) are used in our calculations.

While the description of the photon wave function is qu
certain, the light-cone wave function of charmonia is rath
ambiguous. We have followed the usual recipe in going fr
a nonrelativistic wave function calculated from a Schr¨-
dinger equation to a light-cone form. We have included
Melosh spin rotation which is often neglected and found t
it is instrumental to obtain agreement, since no paramete
adjustable. In particular, it increases thec8 photoproduction
cross section by a factor of 2–3 and rises thec8 to J/c ratio
to the experimental value.

At the same time, the charmonium-nucleon total cro
sections@J/c, c8, x(m50) andx(m51)] turn out to be
rather insensitive to how the light-cone wave function
formed; even applying no Lorentz transformation one arriv
at nearly the same results. This is why we believe that
predicted charmonium-nucleon cross sections are very st
against the ambiguities in the light-cone wave function
charmonia. A significant energy dependence is predic
which varies from state to state in accordance with our
pectations.

We show our predictions for charmonium-nucleon cro

-
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sections in a restricted energy range 10 GeV,As
,300 GeV, but this interval can be largely extended in b
directions. Since the Okubo-Zweig Iizuka~OZI! rule sup-
presses the leading Reggeons, one can stay with gluonic
changes rather far down to low energies, unless the char
Reggeon exchanges become important@47#.
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