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Charmonium absorption by nucleons
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J/C dissociation in collisions with nucleons is studied within a boson-exchange model and the energy

dependence of the dissociation cross section is calculated from the threshold forLcD̄ production to high
energies. We illustrate the agreement of our results with calculations based on short-distance QCD and Regge
theory. The compatibility between our calculations and the data onJ/C photoproduction on a nucleon is
discussed. We evaluate the elasticJ/C1N cross section using a dispersion relation and demonstrate the
overall agreement with the predictions from QCD sum rules. Our results are compatible with the phenomeno-
logical dissociation cross section evaluated from the experimental data onJ/C production fromg1A, p
1A, andA1A collisions.
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I. INTRODUCTION

Very recently the NA50 Collaboration reported@1# mea-
surements ofJ/C suppression in Pb1Pb collisions at the
CERN-SPS. It was claimed in Ref.@1# that these new experi
mental data ruled out conventional hadronic models ofJ/C
suppression and thus indicated the formation of a deconfi
state of quarks and gluons, namely the quark-gluon pla
~QGP!. Presently, there are calculations@2–4# using two dif-
ferent methods, namely the cascade@5,6# and the Glauber-
type model@7#, that reproduce the new NA50 data reaso
ably well up to the highest transverse energies@1# based on
hadronicJ/C dissociation alone. In view of this, the ev
dence for QGP formation based on anomalousJ/C suppres-
sion @8# is not obvious, and an interpretation of the NA5
data can be further considered in terms of the hadronic
sociation of theJ/C meson by the nucleons and comover

However, the long term puzzle of the problem is t
strength of the hadronic dissociation of theJ/C meson. The
various calculations@2,3,5–7,9,10# of J/C production from
heavy ion collisions in practice adopt different dissociati
cross sections. For instance, the cross section forJ/C1N
dissociation used in these models ranges from 3.0 to 6.7
when dealing with the same experimental data onJ/C pro-
duction fromA1A collisions. Moreover, it is presently ac
cepted that the dissociation cross section does not depen
the J/C energy, and in the available calculations@2,3,5–
7,9,10# it enters as a constant. Furthermore, to a certain
tent, both of the cross sections forJ/C dissociation on nucle-
ons and comovers were taken as free parameters, fin
adjusted to the heavy ion data.

Moreover, theJ/C1N cross section was evaluated fro
experimental data onJ/C meson production ing1A and
p1A reactions. The analysis of theJ/C photoproduction
from nuclei at a mean photon energy of 17 GeV@11# indi-
cates aJ/C1N cross section of 3.560.9 mb. The combined
analysis@12# of experimental data onJ/C production from
p1A collisions at beam energies from 200 to 800 GeV p
vides aJ/C1N cross section of 7.360.6 mb. On the other
0556-2813/2001/63~4!/044906~13!/$20.00 63 0449
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hand, theJ/C1N cross section evaluated by the vecto
dominance model from theg1N→J/C1N data is about 1
mb @13# for J/C energies in the nucleon rest frame from 8
250 GeV.

In principle, this ambiguity in theJ/C dissociation cross
section does not allow one to claim a consistent interpre
tion of the NA50 results. Although the experimental da
might be well reproduced by the more recent calculatio
@2–4# considering the hadronic dissociation of theJ/C me-
son, theJ/C1N cross section was introduced therein as
free parameter. In Ref.@4# we provided results forJ/C dis-
sociation on comovers and motivated the large rate of
process@2,3# as arising from the in-medium modification o
the dissociation amplitude, which is obviously different fro
that given in free space@14,15#. Most recent results from the
different models onJ/C dissociation on light hadrons ar
given in Refs.@16–19#. In the present study we apply th
hadronic model toJ/C1N dissociation.

II. LAGRANGIAN DENSITIES, COUPLING CONSTANTS,
AND FORM FACTORS

Within the boson-exchange model we consider the re
tions depicted in Fig. 1 and use the interaction Lagrang
densities:

LJDD5 igJDDJm@D̄~]mD !2~]mD̄ !D#, ~1!

LDNLc
5 igDNLc

~N̄g5LcD1D̄L̄cg5N!, ~2!

LJD* D5
gJD* D

mJ
«abmn~]aJb!@~]mD̄* n!D1D̄~]mD* n!#,

~3!

LD* NLc
52gD* NLe

~N̄gmLcD* m1D̄* mL̄cgmN!, ~4!

where,
©2001 The American Physical Society06-1
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N5S p
nD , N̄5N†g0 , D[S D0

D1 D
~creation of the meson states!, D̄5D†, and similar notations
for the D* and D̄* should be understood.

The JDD coupling constant was derived in Refs.@14,20#,
and in the following calculations we adoptgJDD57.64. Fol-
lowing the SU~4! relations from Ref.@21#, the DNLc cou-
pling constant was taken equal theKNL coupling constant.
The analysis@22–26# of experimental data provides 13.
<gKNL<15.7 and in the following we usegDNLc

514.8.
However, we notice that the calculations@27# by the QCD
sum rules suggest a smaller couplinggDNLc

.6.762.1. The

D* NLc coupling constant might be again related to t
K* NL constant. TheK* NL constant is given in Ref.@28#
within the range218.8<gK* NL<221.4, while it varies be-
tween.25.9 and222 in Ref.@29#. In the following calcu-
lations, we adoptgD* NLc

5219 @28#. Furthermore, we as

sume thatgJDD5gJDD* @20#.
The form factors associated with the interaction vertic

were parametrized in a conventional monopole form

F~ t !5
L2

L22t
, ~5!

where t is the four-momentum transfer andL is the cutoff
parameter. The introduction of the form factors is dictated
the extended structure of the hadrons@30#. The form factor
may be estimated through the vector-dominance mo
~VDM ! @31#. The VDM predicts an increase of the form
factor with increasing mass of the vector meson and a pu
phenomenological prediction providesL5mJ . In the fol-
lowing, we will explicitly use the cutoff paramete
L53.1 GeV for the form factors at theJDD and JDD*
vertices.

Furthermore, one should also introduce form factors at
DNLc and D* NLc vertices. Again, we use the monopo

FIG. 1. The hadronic diagrams forJ/C1N dissociation.
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form but there are no direct ways to evaluate the relev
cutoff parameter. In Refs.@30,32,33# the cutoff parameters
were adjusted to fit the empirical nucleon-nucleon data
range from 1.3 to 2 GeV depending on the exchange me
coupled to theNN system. Based on these results, in t
following we use a monopole form factor withL52 GeV
for the DNLc andD* NLc vertices.

In principle, the coupling constants and the cutoff para
eters in the form factors discussed in this section can
adjusted to the experimental data on the totalJ/C1N cross
section evaluated from different nuclear reactions, asg1A
→J/C1X and p1A→J/C1X. On the other hand, thes
parameters can also be fixed by comparison to the s
range QCD or Regge theory calculations at high energies
will be shown later, the set of coupling constants and cut
parameters proposed above are rather well fitted to the
evant experimental data and the results from theoretical
culations with other models.

III. THE JÕC¿N\LC¿D̄ AND JÕC¿N\LC¿D̄*
REACTIONS

The diagrams forJ/C dissociation by a nucleon with th
production of theLc1D̄ andLc1D̄* final states are shown
in Figs. 1~a!–1~c!. They involve theJ/C→D1D̄ andJ/C
→D1D̄* vertices and are OZI allowed. These reactions
endothermic, since the total mass of the final states is la
than the total mass of the initialJ/C meson and nucleon.

The J/C1N→Lc1D̄ reaction viaD-meson exchange is
shown in the Fig. 1~a! and the corresponding amplitude wit
an amplitude added in order to preserve gauge invarianc
the limit mJ→0 may be given by

Ma52igJDDgDNLe
~eJ•pD̄!

3S 1

q22mD
2 1

1

2pJ•pD̄
D ūLc

~pLc
!g5uN~pN!, ~6!

whereq5pJ2pD̄(5pLc
2pN), while the amplitude via the

D* -meson exchange is shown in Fig. 1~b! and can be written
as

Mb5
gJD* DgD* NLc

mJ

1

q22mD*
2

3«abmnpJ
a«J

bqmūLc
~pLc!g

nuN~pN!. ~7!

Furthermore, the amplitude for theJ/C1N→Lc1D̄* reac-
tion due toD-meson exchange is shown in Fig. 1~c!, and is
given by

Mc5
igJD* DgDNLc

mJ

1

q22mD
2

3«abmnpJ
aeJ

bp
D̄*
m

«D*
n ūLc

~pLc
!g5uN~pN!. ~8!
6-2
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In Eqs.~6!–~8! eJ ande D̃* are, respectively, the polarizatio
vector of theJ/C meson andD̄* meson, andq5pLc

2pN

denotes the four-momentum transfer. We notice that th
arises no interference term among the amplitudesMa , Mb ,
andMc , because of the Dirac structure, when spin com
nents are not specified and summed over all spins for thN
andLc and the different final states.

In our normalization, the corresponding differential cro
sections in the center of mass frame of theJ/C meson and
nucleon system are given by

ds

dVa,b
5

1

64p2s
uMa,bu2

3S @~mLc
1mD!22s#@~mLc

2mD!22s#

@~mN1mJ!
22s#@~mN2mJ!

22s#
D 1/2

,

~9!

ds

dVc
5

1

64p2s
uMcu2

3S @~mLc
1mD* !22s#@~mLc

2mD* !22s#

@~mN1mJ!
22s#@~mN2mJ!

22s#
D 1/2

,

~10!

wheres5(pN1pJ)
2 is the squared invariant collision energ

anduMa,b,cu2 are the corresponding amplitudes squared,
eraged over the initial and summed over the final spins.
plicitly, they are given by

uMau25
8gJDD

2 gDNLc

2

3mJ
2 S 1

q22mD
2 1

1

2pJ•pD̄
D 2

3~pN•pLc
2mNmLc

!@~pJ•pD̄!22mJ
2mD

2 #,

~11!

uMbu25
gJD* D

2 gD* NLc

2

3mJ
2

1

~q22mD*
2

!2

3$mJ
2@p2q22~mLc

2 2mN
2 !2#12~pJ•p!~pJ•q!

3~mLc

2 2mN
2 !2p2~pJ•q!22q2~pJ•p!2

24~pN•pLc
2mNmLc

!@mJ
2q22~pJ•q!2#%, ~12!

uMcu25
4gJD* D

2 gDNLc

2

3mJ
2

1

~q22mD
2 !2 ~pN•pLc

2mNmLc
!

3@~pJ•pD̄* !22mJ
2mD*

2
#, ~13!

with p[pLc
1pN .

Finally, Fig. 2~a! shows theJ/C1N→Lc1D̃ cross sec-
tion as a function of the invariant collision energyAs calcu-
lated with D- ~solid line! and D* -meson~dashed line! ex-
changes and with form factors at the interaction vertices.
04490
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J/C1N→Lc1D̄* cross section is shown in Fig. 2~b!. Both
reactions substantially contribute at low energies, close to
respective thresholds, while their contribution to theJ/C
1N dissociation cross section decreases with increasingAs.

IV. THE JÕC¿N\N¿D¿D̄ REACTION

The diagram forJ/C dissociation by a nucleon with th
production of theD1D̄ state is shown in Fig. 1~d!. The
dissociation involves theJ/C→D1D̄ vertex and therefore
it is an OZI allowed process. The total mass of the produ
particles is larger than the total mass of the initialJ/C me-
son and nucleon and thus these reactions are endothe
Furthermore, the processes withD1N andD̄1N scattering
are different and both contribute toJ/C dissociation on the
nucleon.

The amplitude for the reactionJ/C1N→N1D1D̄ can
be parametrized as@22,34#

Md52gJDD

~eJ•pD!

t2mD
2 F~ t !MDN , ~14!

where pD and mD are theD-meson four-momentum an
mass, respectively,eJ denotes the polarization vector ofJ/C
meson,t is squared four-momentum transferred from init
J/C to final D meson, whilegJDD andF(t) are the coupling
constant and the form factor at theJ/CDD̄ vertex, respec-
tively. Furthermore,MDN is the amplitude forD1N or D̄
1N scattering, which is related to the physical cross sect
as

FIG. 2. The cross section forJ/C dissociation by the nucleon

with Lc1D̄ ~a! and Lc1D̄* ~b! production, as a function of in-
variant collision energy,As. The dashed line in~a! shows the cal-
culations involvingD* -meson exchange, while the solid line in~a!
indicates the contribution from theD exchange. The results ar
shown for calculations with form factors introduced at the inter
tion vertices.
6-3
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uMDN u2516ps1sDN~s1!, ~15!

where s1 is the squared-invariant mass of theD1N or D̄
1N subsystem.

The double differential cross section for the reacti
J/C1N→N1D1D̄ can be written as

d2sJN

dt ds1
5

gJDD
2

96p2qJ
2s

qDAs1

F2~ t !

~ t2mD!2

3
@~mJ1mD!22t#@~mJ2mD!22t#

mJ
2 sDN~s1!,

~16!

whereqD is given by

qD
2 5

@~mN1mD!22s1#@~mN2mD!22s1#

4s1
, ~17!

andmJ andmN denote theJ/C meson and nucleon masse
respectively.

As was proposed in Ref.@34#, by replacing the elastic
scattering cross sectionsDN in Eq. ~16! with the total cross
section, it is possible to account simultaneously for all av
able final states that can be produced at the relevant ve
Since we are interested in inclusiveJ/C dissociation on the
nucleon, in the following we use the totalD1N and D̄1N
interaction cross sections. However, we denote this inclu
dissociation generically as theJ/C1N→N1D1D̄ reac-
tion.

The totalD1N andD̄1N cross sections were evaluate
in our previous study@35# by considering the quark diagram
matic approach. It was proposed that theD1N and D̄1N

cross sections should be equal to theK̄1N andK1N cross
sections, respectively, at the same invariant collision ene
and neglecting the contribution from the baryonic resonan
coupled to theK̄1N system. The totalD̄1N cross section
was taken as a constant,s D̄N520 mb, while the totalD
1N cross section can be parametrized as

s D̄N~s1!5S @~mLc
1mp!22s1#@~mLc

2mp!2s1#

@~mD1mN!22s1#@~mD2mN!2s1#
D 1/2

3
27

s1
120, ~18!

wheremL andmp are theLc-hyperon and pion masses, r
spectively, given in GeV and the cross section is given
millibarn.

Some of the partialD1N cross sections were calculate
in Ref. @21# by an effective Lagrangian approach, where t
identity between theK̄1N and D1N interaction was im-
posed by the SU~4! relations. Indeed, on the basis of SU~4!

symmetry the couplings for the vertices containingK̄ or K
mesons were taken to be equal to those obtained by repla
K̄ or K with D or D̄, respectively. For instance,gpDD*
04490
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5gpKK* , gDNLc
5gKNL , etc. In the more general case, th

large variety of possible diagrams describing theK̄1N and
K1N interactions can be identified to those for theD1N

and D̄1N interactions, respectively. Thus, the estima
given in Ref.@35# are supported by the boson-exchange f
malism. The comparison between theDN scattering cross
section calculated by an effective Lagrangian and evalua
by the quark diagrammatic approaches is given in Ref.@36#.
Furthermore, for theJ/C1N→N1D1D̄ calculations we
used coupling constants and form factors similar to th
used for theJ/C1N→Lc1D̄ reaction.

Figure 3 shows the cross section forJ/C dissociation on
the nucleon with the production ofD̄1D pairs calculated
using Eq.~16!, with and without a form factor at theJ/CD̄D
vertex. The lines in Fig. 3 show the results, where the p
cesses withD̄1N andD1N interactions were summed in
coherently.

V. TOTAL JÕC¿N CROSS SECTION AND COMPARISON
WITH QCD CALCULATIONS

Our results for the totalJ/C1N cross section are show
in Fig. 4 as the solid line~a!. Here the total cross section i
given as a sum of the partialJ/C1N→Lc1D̄ cross section
calculated withD- and D* -meson exchange, theJ/C1N

→Lc1D̄* cross section calculated withD-meson exchange
and the inclusive cross section forJ/C dissociation withD̄
1D production.

We found that the totalJ/C1N cross section approache
5.5 mb at high invariant collision energy. We also indicate
partial enhancement of theJ/C1N dissociation cross sec
tion at low energies due to the contribution from theJ/C

FIG. 3. The cross section forJ/C dissociation by the nucleon

with D̄1D production as a function of invariant collision energ
As. The results are shown for calculations with and without fo

factor at theJ/CD̄D vertex.
6-4
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CHARMONIUM ABSORPTION BY NUCLEONS PHYSICAL REVIEW C63 044906
1N→Lc1D̄ andJ/C1N→Lc1D̄* reaction channels.
The line~c! in Fig. 4 shows the parametrization from Re

@37#, explicitly given as

sJN52.5S 12
l

l0
D 6.5

, ~19!

where the cross section is given in millibar,l05mN1e0
with e0 being the Rydberg energy and

l5
s2mJ

22mN
2

2mJ
. ~20!

Parametrization~20! provides a substantially smallerJ/C
dissociation cross section compared to our result.

Furthermore, theJ/C1N cross section can be evaluate
@38,39# using short-distance QCD methods based on
operator-product expansion@40#. Within the first order cal-
culation, the cross section is given as@41#

sJN5
213p

34asmc
2 E

1/j

1 ~jx21!3/2

~jx!5

g~x!

x
dx, ~21!

where j5l/e0 , mc is the c quark mass,as is the strong
coupling constant, andg(x) denotes the gluon distributio
function, for which we take the form

g~x!52.5~12x!4. ~22!

Calculations with a more realistic gluon distribution fun
tion @42# only change theJ/C1N cross section slightly a
invariant collision energiesAs,20 GeV, as compared to tha
obtained with function~22!. The differences associated wit
various gluon structure functions can be predominantly

FIG. 4. The total cross section forJ/C dissociation by the
nucleon as a function of invariant collision energyAs. Line ~a!
shows our calculation with form factors. Line~b! indicates the first
order calculations based on a short distance QCD, while line~c!
shows the parametrization from Ref.@37#.
04490
e

-

served at highAs. The J/C1N cross section from the firs
order calculations performed using short-distance QCD
shown by line~b! in Fig. 4.

We note that the QCD results are in good agreement w
our hadronic model calculations at high invariant collisi
energies, but substantially deviate from our predictions n
the threshold for endothermic reaction. We ascribe this d
crepancy to the contribution from theJ/C1N→Lc1D̄ and
J/C1N→Lc1D̄* reactions. The dashed line in Fig.
shows separate contribution to the totalJ/C1N cross sec-
tion from theJ/C1N→Lc1D̄ andJ/C1N→Lc1D̄* re-
actions, while solid line~a! again shows our result for th
total J/C dissociation by a nucleon. Solid line~b! in Fig. 5
indicates the QCD result given by Eq.~21!. It is clear that the
main difference between our prediction and the QCD cal
lation comes from theJ/C1N→Lc1D̄ andJ/C1N→Lc

1D̄* reaction channels, which contributes substantially
low As.

VI. JÕC PHOTOPRODUCTION ON THE NUCLEON

Within the vector-dominance model, theJ/C photopro-
duction invariant amplitudeMgJ on a nucleon can be relate
to theJ/C1N scattering amplitudeMJN as

MgJ~s,t !5
Apa

gJ
F~ t !MJN~s,t !, ~23!

where s is the squared invariant collision energy,t is the
squared four-momentum transfer,a is the fine-structure con
stant, andgJ is the constant forJ/C coupling to the photon.
In Eq. ~23! F(t) stands for the form factor at theg2J/C

FIG. 5. The total cross section forJ/C dissociation by the
nucleon as a function of invariant collision energyAs. Solid line~a!
shows our calculations with form factors, while the dashed l

indicates the contribution from theJ/C1N→Lc1D̄ and J/C

1N→Lc1D̄* reaction channels only. Solid line~b! indicates the
first order calculation based on short-distance QCD.
6-5
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vertex, which accounts for thecc̄ fluctuation of the photon
@43#. Within the naive VDM, only the hadronic but not th
quark-antiquark fluctuations of the photon through theg
mixing with the vector mesons are considered@44,45# and
the form factorF(t) in Eq. ~23! is therefore neglected. A
was calculated in Ref.@43# by both the hadronic and quar
representations of thecc̄ fluctuation of the photon, the form
factor F50.3 att50.

The invariant amplitudes are normalized so that theJ/C
1N differential cross section is written as

ds

dt
5

uMu2

16p@~s2mN
2 2mJ

2!224mN
2 mJ

2#
, ~24!

and similarly for theJ/C photoproduction cross section.
Taking the relation of Eq.~23! at t50 and applying the

optical theorem for the imaginary part of theJ/C1N scat-
tering amplitude, one can express the total cross section
J/C dissociation by a nucleonsJN in terms of the cross
section forJ/C photoproduction on the nucleon att50 as

dsgN→JN

dt U
t50

5
a

16gJ
2 ~11aJN

2 !sJN
2 F2~0!

3
~s2mN

2 2mJ
2!224mN

2 mJ
2

~s2mN
2 !2 , ~25!

whereaJN is the ratio of the real to imaginary part of th
J/C1N scattering amplitude att50.

ThegJ coupling constant can be directly determined fro
the J/C meson decay into leptons@46#

G~J/C→ l 1l 2!5
pa2

3gJ
2 AmJ

224ml
2F11

2ml
2

mJ
2 G . ~26!

The ratioaJN is unknown and as a first approximation w
put it equal to zero. This approximation is supported fro
two sides.

At high energies, Regge theory dictates that the amplit
for hadron scattering on a nucleon is dominated by pome
exchange and is therefore purely imaginary. This expecta
is strongly supported by the experimental data@47# available
for p, p̄p, K, andK̄ scattering by a nucleon.

At low energies, the real part of theJ/C1N scattering
amplitude att50 can be estimated from the theoretical c
culations of theJ/C meson mass shift in nuclear matter. A
was predicted by the calculations by the operator-prod
expansion@48,49#, QCD van der Waals potential@50#, and
QCD sum rules@51–53#, the mass of theJ/C should only be
charged by a tiny amount in nuclear matter. However, a p
tial deviation of our results from theJ/C photoproduction
data might be actually addressed to the contribution from
nonvanishing ratioaJN . More detailed discussion concern
ing an evaluation of the real part of theJ/C1N scattering
amplitude will be given in the following.

The J/C photoproduction cross section att50 is shown
in Fig. 6 as a function of the invariant collision energy. T
experimental data were taken from Refs.@54–56#. The solid
04490
or
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a

line shows the results calculated with the totalJ/C1N cross
section given by the boson-exchange model. We found
within the experimental uncertainties we can reproduce
J/C photoproduction data att50 at low energies quite well
Let us recall that this is possible because of the contribu
from theJ/C1N→Lc1D̄ andJ/C1N→Lc1D̄* reaction
channels.

The dashed line in Fig. 6 indicates the calculations us
Eq. ~21!, which reasonably describe the data on photop
duction cross section atAs.10 GeV. We notice a reasonab
agreement between our calculations and the results f
short-distance QCD at invariant collision energiesAs
.12 GeV. We also recall that in Ref.@39# the discrepancy
between the QCD results and the photoproduction dat
low As was attributed to a large ratioaJN . Our result does
not support this suggestion.

VII. COMPARISON WITH REGGE THEORY

It is of some interest to compare our results with the p
dictions from Regge theory@57# given at high energies. Fur
thermore, for illustrative purpose we demonstrate the co
parison in terms of the cross section att50 for the g1N
→J/C1N reaction, since the Regge model parameters w
originally fitted to the photoproduction data.

Taking into account the contribution from soft- and har
pomeron exchanges alone, the exclusiveJ/C photoproduc-
tion cross section att50 can be explicitly written as@58#

ds

dt U
t50

523.15s0.1610.034s0.8811.49s0.52, ~27!

FIG. 6. Differential cross section for the reactiong1N→J/C
1N at t50 as a function of the invariant collision energyAs.
Experimental data are from Refs.@54–56#. The solid line shows our
calculations with the totalJ/C1N dissociation cross section evalu
ated using a boson-exchange model, while the dashed line indic
the results obtained for theJ/C1N cross section given by short
distance QCD.
6-6
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CHARMONIUM ABSORPTION BY NUCLEONS PHYSICAL REVIEW C63 044906
where the cross section is given in nanoboron and
squared invariant collision energys is in GeV2. The first term
of Eq. ~27! comes from the soft pomeron contribution, th
second one is due to the hard pomeron, while the last t
stems from their interference. The parameters for the b
pomeron trajectories were taken from the most recent fit@59#
to the J/C photoproduction data from H1@60# and ZEUS
@61,62# experiments.

The prediction from Regge theory is shown by the dot
line in Fig. 7 together with experimental data@54–56,63,64#
on J/C photoproduction cross section att50 as a function
of the invariant collision energyAs. The solid line in Fig. 7
shows our calculations using the boson-exchange model
form factors. We notice, that in Refs.@57,59# the Regge
model fit to the data ong1N→J/C1N cross section att
50 was not explicitly included in an evaluation of the coe
ficients of Eq.~27!, which might partially explain some sys
tematic deviation of the Regge calculations from the pho
production data.

In order to illustrate the compatibility of the Regge mod
prediction with our calculations we indicate by the dash
line in Fig. 7 the result from Eq.~27!, renormalized by a
factor 1.3. We note a reasonable agreement between ou
culations and the Regge theory within the short range
energies fromAs.10 to 30 GeV.

However, considering the results given in this section, o
should keep in mind the following critical arguments.

First, we performed the calculations using a boso
exchange model, which has some restrictions in its appl
tion at high energies. For instance, the form factors int
duced at the interaction vertices suppress the contributio

FIG. 7. The cross section for the reactiong1N→J/C1N at
t50 as a function of invariant collision energyAs. Experimental
data are from Refs.@54–56,63,64#. The solid line shows our calcu
lations with the totalJ/C1N dissociation cross section evaluate
by boson-exchange model. The dotted line shows the predic
~27! from Regge theory with parameters for the soft and h
pomeron from Ref.@59#, while the dashed line is the result given b
Eq. ~27!, but renormalized by the factor 1.3.
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large four-momentum transfert, which allows one to avoid
the divergence of the total cross section at large collis
energies where the range of the availablet becomes ex-
tremely large@22#. A more accurate way to resolve such
divergence at high energies is to use the Reggeized bo
exchange model@65–67#.

Second, the Regge theory has limitations for applicatio
at low energies@47#. Here we adopt the parameters for so
and hard-pomeron trajectories that were originally fixed@59#
using the large set of data atAs>40 GeV and the very rea
sonable agreement between the Regge model calcula
with the data, even at lower energies, might in some sens
viewed as surprising.

On the other hand, theD- andD* -meson exchanges use
in our calculations cannot be related to pomeron exchan
rather they can be related to the Regge trajectories, wh
contribution toJ/C photoproduction at high energies wa
assumed@57–59# to be negligible. This does not contradi
the results shown in Fig. 7, since our calculations are s
stantially below the data at high energies.

VIII. EVALUATION OF THE REAL PART OF JÕC¿N
SCATTERING AMPLITUDE

One of the crucial ways to test the coherence of our c
culations consists of an evaluation of the real part of
J/C1N scattering amplitude att50 and a comparison to
the various model predictions@51–53# for Ref(0) at zero
J/C momentum. The latter is of course related to theJ/C
meson mass shift or the real part of its potential in nucl
matter.

Within the low density theorem theJ/C meson mass shif
DmJ in nuclear matter at baryon densityrB can be related to
the real part of the scattering amplitude Ref(0) as@52,68,69#

DmJ522p
mN1mJ

mNmJ
rB Ref ~0!. ~28!

The recent QCD sum rule analysis@51–53# with the
operator-product expansion predicts attractive mass shift
about 24 to 210 MeV for J/C meson in nuclear matter
which corresponds to small Ref(0) about 0.1 to 0.2 fm. This
result is very close to the predictions from the operat
product expansion@48,49# and the calculations with QCD
van der Waals potential@50#.

There are two ways to link these results for the effect
J/C mass in nuclear matter or theJ/C nucleon scattering
length with our calculations. Both the methods applied bel
contain a number of uncertainties and should be caref
considered.

First, we address the partial discrepancy between our
culations of theJ/C photoproduction cross section att50
and data at low energies due to the nonzero ratioaJN appear-
ing in Eq. ~25! and evaluate it from the experimental me
surements as

aJN
2 5

dsexp

dt U
t50

Fds th

dt U
t50

G21

21, ~29!

n
d
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where the indices exp and th denote the experimental
theoretical results for the photoproduction cross sectiont
50, respectively.

The modulus of the ratioaJN evaluated from the data i
shown in Fig. 8 as a function of theJ/C momentumpJ in
the nucleon rest frame. It is clear that the sign of the ra
cannot be fixed by Eq.~29!, but some insight might be
gained from the Regge theory calculation, which is shown
Fig. 8 by the dashed line. Here again we use the parame
of the pomeron trajectories from Ref.@59#. Now one can
conclude that the Ref(0) is positive at lowJ/C momenta,
which agrees with the predictions@48–53# on the reduction
of the J/C meson mass in nuclear matter. However, t
speculation is true only if the real part of theJ/C nucleon
scattering amplitude att50 does not change its sign at som
moderate momentum.

Now, Ref(0) is given as a product of the ratioaJN ex-
tracted from the photoproduction data@54–56# and the
imaginary part of theJ/C1N scattering amplitude att50,
which is related to the totalJ/C1N cross section by the
optical theorem~30! as

Im f ~0!5
pJ

4p
sJN . ~30!

Let us recall that in our calculations the totalJ/C1N cross
section is given only for OZI allowed processes, i.e., at
ergies As>mLe

1mD . This threshold corresponds to th

J/C meson momentum of.1.88 GeV/c. Thus, within the
present method we cannot provide the real part of the s
tering amplitude atpJ50 and make a direct comparison wi

FIG. 8. The modulus of the ratio of real to imaginary part of t
J/C1N scattering amplitude att50 extracted from experimenta
data on cross section forg1N→J/C1N reaction as a function o
J/C momentumpJ in the nucleon rest frame. Experimental da
used in the evaluation are from Refs.@54–56#. The solid line shows
the results from the dispersion relation. The dotted line shows
prediction from Regge theory, which fixed the positive sign of t
ratio.
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the absolute value of the Ref(0) predicted in Refs.@48–53#.
However, the estimate of Ref(0) at minimalJ/C momenta
allowed by OZI reactions might be done.

The Ref(0) extracted from the experimental data onJ/C
meson photoproduction cross section on a nucleon att50 is
shown in Fig. 9 as a function ofJ/C momentum in the
nucleon rest frame. The shadowed area shows the predic
@48–53# at pJ50. Notice, that the shadowed area is extend
to higher momenta only for orientation. Within the unce
tainties of the method we could not detect any discrepa
with the absolute value of the Ref(0) given in Refs.@48–53#.
However, we emphasize again, that this conclusion sho
be accepted very carefully.

A different way to evaluate the real part of theJ/C1N
scattering amplitude att50 involves the dispersion relatio
that is given as@70#

Ref ~v!5Ref ~v0!1
2~v22v0

2!

p

3PE
vmin

` v8 Im f ~v8!

~v822v0
2!~v822v2!

dv8, ~31!

wherev stands for theJ/C total energy,vmin is the thresh-
old energy, and Imf(v) denotes the imaginary part of th
J/C nucleon scattering amplitude att50, as a function of
energyv, which can be evaluated from Eq.~30!. Further-
more, Ref(v0) is the subtraction constant taken atJ/C en-
ergy v0 .

e

FIG. 9. The real part Ref(0) of the J/C1N scattering ampli-
tude extracted from experimental data@54–56# on the cross section
for g1N→J/C1N reaction att50 as a function ofJ/C momen-
tum pJ in the nucleon rest frame. The solid line shows the Ref(0)
evaluated using the dispersion relation. The shadowed area
cates the range of the predictions from Refs.@48–53# given at zero
momentum of theJ/C meson. The extension of the shadowed a
to higher momenta is shown only for orientation and has no ph
cal meaning.
6-8
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CHARMONIUM ABSORPTION BY NUCLEONS PHYSICAL REVIEW C63 044906
Being more fundamental, this method involves substan
uncertainties for the following reasons. First, we sho
specify the subtraction constant. By taking it atpJ50 from
Eq. ~28! we could not further verify the consistency of o
calculations with the predictions from Refs.@48–53#. Sec-
ond, to evaluate the principal value of the integral of Eq.~31!
one should know the imaginary part of theJ/C1N scatter-
ing amplitude att50 or the total cross section up to infinit
energy.

Since our model could not provide the high energy beh
ior of sJN one should make an extrapolation to high energ
by using either short-distance QCD or Regge theory. As w
shown in Ref.@39# the totalJ/C1N cross section at high
energies is dependent on the gluon distribution functiong(x)
appearing in Eq.~21!. Furthermore, both distributions give
by Eq. ~22! and taken from Ref.@42# were unable to repro
duce @39# the experimental data on theg1N→J/C1N
cross section atAs.70 GeV. Thus we could not extrapola
our results to high energies by the short-distance QCD
culations.

As shown in Fig. 7, the Regge theory reproduces theJ/C
photoproduction data att50 quite well when renormalized
by a factor of 1.3. This meets our criteria since it also fits o
calculations atAs.20 GeV. Thus we adopt the Regg
model fit for the extrapolation of our results to high energ
in order to evaluate the dispersion relation. It is importan
notice, that, in principle, there is no need to addressJ/C
photoproduction in order to extrapolate our results to infin
energy using Regge theory. One can adopt the energy de
dence of the dissociation cross section given by soft-
hard-pomeron exchanges and make the absolute norma
tion by our calculationsAs.20 GeV. This is reasonable, be
cause the absolute normalization from the Regge model
be considered to some extent as a free parameter, not
by the theory.

Moreover, we take the subtraction constant Ref(v0) at
high energy,v05103 GeV, and fix it by Regge theory with
the predicted ratioaJN . Thus we can independently use a
evaluated real part of theJ/C1N scattering amplitude att
50 for comparison with the predictions@48–53# given at
pJ50.

Our results for the ratioaJN evaluated by the dispersio
relation~31! are shown in Fig. 8 by the solid line. Obviousl
the calculations match the Regge model predictions s
they were used to fixed both the high energy behavior of
total J/C1N cross section and the subtraction constant
the real part of the scattering amplitude att50. Furthermore,
the dispersion calculations give a surprisingly good fit to
ratiosaJN extracted from the experimental data@54–56# on
the cross section att50 of theg1N→J/C1N reaction.

The real part of theJ/C1N scattering amplitude calcu
lated by dispersion relation is shown by the solid line in F
9 as a function ofJ/C meson momentum in the nucleon re
frame. Our calculations describes reasonably well the d
evaluated from theJ/C photoproduction att50, that are
shown by the solid circles in Fig. 9. It is important that o
results, normalized by a subtraction constant at high ener
pJ5103 GeV, simultaneously match the predictions@48–53#
given atpJ50.
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Concluding this section let us make a few remarks. T
two methods applied to the evaluation of the real part of
J/C nucleon scattering amplitude att50 are actually differ-
ent, but nevertheless provide almost identical results for
Ref(0) over a large range ofJ/C momenta. The consistenc
of our approach can be proved by agreement between
calculations simultaneously with the Regge model pred
tions for Ref(0) at high energy and the predictions fro
various models@48–53# for Ref(0) at pJ50. From these
results we confirm that below the momentum ofpJ
.1.88 GeV, which corresponds to the OZI allowedJ/C
1N→Lc1D̄ threshold, theJ/C interactions with a nucleon
are purely elastic. TheJ/C meson does not undergo signifi
cant dissociation on absorption at momentapJ,1.88 GeV.

IX. ESTIMATE OF THE ELASTIC JÕC¿N CROSS
SECTION

By definition, the total elasticJ/C1N→J/C1N cross
sectionsel is related to the elastic differential cross secti
as

sel5E ds

dt U
t50

exp~bt!, ~32!

whereb is an exponential slope of the differential cross se
tion and the cross section as the optical pointt50 is related
to the totalJ/C1N cross section and the ratioaJN of the
real and imaginary part of the scattering amplitude as

ds

dt U
t50

5
1

16p
~11aJN

2 !sJN
2 . ~33!

The slopeb can be estimated from the differentialg1N
→J/C1N cross section and was fitted in Ref.@39# to avail-
able experimental data asb521.6410.83 lns.

Finally, the elasticJ/C1N cross section is given by

sel5
1

16pb
~11aJN

2 !sJN
2 , ~34!

and is shown in Fig. 10 as a function ofJ/C meson momen-
tum. The dashed area in Fig. 10 indicates the elastic c
section atpJ50 given within the scattering length approx
mation in Refs.@48–53# as

sel54puRef ~0!u2, ~35!

that is valid as far as Imf(0)50 atpJ50. Note, that Eq.~34!
could not provide the estimate for elastic cross section
pJ,1.88 GeV, i.e., below theLc1D̄ reaction threshold,
where the dissociation cross sectionsJN50. In principle,
one can interpolatesel from zero J/C momentum to our
results.

As we discussed already, the uncertainty in the ela
cross section atpJ50, given in Refs.@48–53#, is very large
and to make a less unambiguous interpolation let us use
the most recent results from the QCD sum rule calculati
@51–53#. Let us recall that the QCD sum rule calculatio
6-9
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A. SIBIRTSEV, K. TSUSHIMA, AND A. W. THOMAS PHYSICAL REVIEW C63 044906
from Ref. @51# indicate a shift of theJ/C mass of about25
to 210 MeV, while in Ref.@52# the mass shift was reporte
to be in the range27<DmJ<24 MeV. The calculations
with higher dimension operators in the QCD sum rule p
vide @53# DmJ524 MeV. Thus, we take an average valu
that corresponds tosel51.6 mb atpJ50. Now the dashed
line in Fig. 10 indicates our interpolation of the elastic cro
section at low momenta.

Furthermore, the vector dominance model can be use
relate the elasticJ/C1N→J/C1N cross sectionsel and
the totalg1N→J/C1N cross sectionsgJ . Applying Eq.
~23! and neglecting the form factor this relation can be w
ten as

sel5
gJ

2

pa

~s2mJ
2!2

~s2mN
2 2mJ

2!224mN
2 mJ

2 sgJ . ~36!

Figure 11~a! shows theg1N→J/C1N cross section
@71# as a function of invariant collision energy, while th
elastic cross sectionsel evaluated from experimental photo
production data using Eq.~36! is shown in Fig. 11~b!. Apart
from the absolute value of thesel , which is substantially
below our estimate, we notice that very strong energy dep
dence of the elasticJ/C1N→J/C1N cross section evalu
ated using Eq.~36! might alone indicate the inconsistency
the application of naive VDM@43#. Indeed, as we discusse
above, the calculations of theJ/C mass shift in matter or
J/C1N scattering length given in Refs.@48–53# predict the
elastic cross section in the range 1.25<sel<5 mb atpJ50,
while theJ/C meson photoproduction data evaluated by E
~36! indicate a systematic decrease ofsel with decrease of
J/C meson momentum.

FIG. 10. The elasticJ/C1N cross section as a function of th
J/C meson momentum in the nucleon rest frame. The solid li
show our calculations. The dashed area illustrates predictions
Refs.@48–53# given atpJ50. The dashed line indicates our inte
polation for the elastic cross section based on the QCD sum
results alone@51–53#.
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Apparently this inconsistency might be resolved by intr
ducing a form factorF(t) at the g2J/C vertex @43#, as
given by Eq.~23! and applied in our study. The correction
the naive vector dominance is then given as

k5F E exp~bt!G21E F2~ t !exp~bt!, ~37!

whereb is the slope of the differentialg1N→J/C1N cross
section and the integration in Eq.~37! is performed over the
range of the squared-transverse momentumt available at
given invariant collision energyAs.

By taking, for simplicity, an exponential form of theg
2J/C form factor with cutoff parameterL51.7 GeV22, we
evaluate the elasticJ/C1N→J/C1N cross section from
the data on theg1N→J/C1N cross section@71# and show
the result by the circles in Fig. 12, as a function of theJ/C
meson momentum. The solid line in Fig. 12 indicates o
estimate forsel , which clearly give a reasonable fit to th
correctly extracted data over a large range of available m
mentapJ .

It is worthwhile to note that Fig. 12 clearly illustrates th
the introduction of a form factor at theJ/C2N vertex al-
lows one to resolve an inconsistency in the evaluation,
elastic J/C1N→J/C1N cross section from the totalg
1N→J/C1N cross section.

X. FINAL RESULTS

Finally, Fig. 13 shows theJ/C1N dissociation and elas
tic cross sections over a large range ofJ/C momenta. Let us
recall that the dissociation cross sectionsJN was calculated
using the boson-exchange model up topJ.200 GeV/c and
extrapolated to high energies by Regge theory.

Now we compare our results with theJ/C1N dissocia-

s
m

le

FIG. 11. The totalg1N→J/C1N cross section~a! collected
in Ref. @71# and the elasticJ/C1N→J/C1N cross section~b!
evaluated by naive vector dominance given by Eq.~36! as a func-
tion of the invariant collision energyAs.
6-10
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CHARMONIUM ABSORPTION BY NUCLEONS PHYSICAL REVIEW C63 044906
tion cross section evaluated from nuclear reactions.
square in Fig. 13 shows thesJN extracted from theJ/C
photoproduction from nuclei at a mean photon energy of
GeV @11#. The J/C meson momentum was not explicitl
fixed and is indicated in Fig. 13 only for orientation.

Furthermore, the circle indicates the result from the co
bined analysis@12# of experimental data onJ/C production

FIG. 12. The circles show the elasticJ/C1N→J/C1N cross
section as a function of theJ/C momentum evaluated from th
total g1N→J/C1N cross section by vector dominance model
Eq. ~36! additionally corrected by the factork given by Eq.~37!.
The solid line indicates our estimate forsel calculated by Eq.~34!.

FIG. 13. The elastic and dissociation (J/C1N) cross sections
as a function of theJ/C meson momentum in the nucleon re
frame. The solid lines show our results. The square shows
J/C1N dissociation cross section evaluated fromJ/C photopro-
duction on nuclei, while the circle indicates the dissociation cr
section evaluated fromJ/C production from proton-nucleus
collisions.
04490
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from p1A collisions at beam energies from 200 to 800 Ge
Again theJ/C meson momentum was not explicitly fixed b
the analysis@12#.

Within the experimental uncertainties, our results for t
total J/C1N dissociation cross section fit the available e
perimental data reasonably well.

We notice, that our results slightly~.15%! underestimate
the J/C1N dissociation cross section evaluated from e
perimental data onJ/C production fromg1A and p1A
reactions.

We also note that the NA50 experimental data onJ/C
production from heavy ion collisions@1# can be reasonably
well fitted by the calculations@6,7,72# with a J/C1N disso-
ciation cross sectionsJN.3 – 6.7 mb. The most recent ca
culations@2–4# on J/C production and comparison to NA5
data@1# indicates a smaller dissociation cross section, in
range from 3 to 4.5 mb. In central Pl1Pb collisions at 160A
GeV theJ/C meson momentapJ in the nucleon rest frame
are distributed over the range from 15 to 70 GeV/c with the
maximum atpJ.40 GeV/c @73#. Comparing the heavy ion
results@1–4,6,7,72# with our calculations from Fig. 11 we
also find reasonable agreement withA1A data.

Furthermore, the nonperturbative QCD calculations@74#
provide the J/C1N dissociation cross section of 4.
60.6 mb atJ/C meson momenta above 200 GeV, which
consistent with our results shown by Fig. 13.

XI. FUTURE PERSPECTIVES

There are a few problems that remain open and need
ther investigation.

In the present study we considered only OZI-allowed p
cesses resulting in an endothermic inelastic reaction, wh
the total mass of the produced particles is larger than
initial massmJ1mN . These reactions provide the thresho
behavior of the cross section. On the other hand, the O
suppressed reaction channels such asJ/C1N→N1np with
the number of the final pions fromn51 up tomJ /mp.22
are open even atpJ50. These exothermic reactions, whe
the total final mass of the produced particles is less than
initial mass, provide a 1/pJ behavior of theJ/C1N disso-
ciation cross section.

For instance, the OZI-suppressedJ/C1N→N1p cross
section was calculated by ther-meson-exchange model@75#.
It was found that the cross section is negligibly small
though it diverges atpJ close to zero, because it is exothe
mic. Furthermore, ther-meson-exchange model evaluat
theJ/C→r1p vertex, which accounts only to tiny fraction
.1.27%, for the total hadronic decays of theJ/C meson.
The multimeson OZI-suppressed reactions might play a n
negligible role forJ/C dissociation on a nucleon. Eventu
ally, additional theoretical estimates are necessary in orde
make a final conclusion about the possibility ofJ/C1N
dissociation at low momenta.

Furthermore, we found a strong momentum depende
of the J/C1N dissociation cross section, as illustrated
Fig. 13. This momentum dependence ofsJN might provide a
partial explanation of the variation of the slopea from the

e
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A. SIBIRTSEV, K. TSUSHIMA, AND A. W. THOMAS PHYSICAL REVIEW C63 044906
Aa dependence with the Feynman variablexF . As was ob-
served@71# in proton-nucleus collisions at beam energy
800 GeV the extracted value fora is .0.9 atxF50.2, while
it decreases.0.8 at xF.0.7. The Feynman variablexF is
proportional to theJ/C meson momentum and one ma
naturally expect from the results shown in Fig. 13 that
large momentapJ or equivalently largexF the value fora
extracted from theAa dependence, should be smaller
comparison to smallpJ . Now we can qualitatively predic
that the slopea decreases with increasingxF . However, a
quantitative analysis needs further calculation.

An alternative is to reanalyze the experimental data on
A dependence ofJ/C production fromp1A collisions and
to evaluate the dissociation cross section as a function o
J/C momentum. This will provide a crucial test of our ca
culations, since it can be directly compared to results sho
in Fig. 13.

Furthermore, the ratioaJN of the real to imaginary part o
the J/C1N scattering amplitude att50, which is shown in
Fig. 8, in principle can be measured using coherentJ/C
production at diffractive minima@44#. CoherentJ/C photo-
production from nuclei seems to be an optimal way for su
a measurement, however, one needs to perform furthe
vestigations in order to fix the sensitivity of the data to t
sign and magnitude of the ratioaJN .

Obviously, the form factorF(t) at the g2J/C vertex
plays a key role for the comparison of our hadronic calcu
tions with the data ong1N→J/C1N cross section. While
this form factor is theoretically motivated att50 by the
microscopic calculations given in Ref.@43#, the evaluation of
its t dependence still needs further studies. Our results sh
in Fig. 12 should be considered as a phenomenological
mate forF(t).

In addition, one can address the effect due to in-med
modification of theJ/C1N dissociation cross section be
cause of the strong changes of theD- andD* -meson prop-
erties in nuclear matter@35,76#. As was found in Ref.@4# this
modification plays a substantial role forJ/C dissociation on
comovers. One might expect that the modification of
J/C1N dissociation cross section in nuclear matter mig
play no role for heavy ion collisions where the availableJ/C
momenta given in the nucleon rest frame are larger thanpJ
.13 GeV, as was discussed above. However, to clarify
situation a detailed calculation of the in-medium modific
tion of theJ/C1N dissociation amplitude is necessary.
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XII. SUMMARY

We have calculated theJ/C1N dissociation cross sec
tion by a boson-exchange model, includingD- and
D* -meson exchange and considering theLc1D̄ andN1D
1D̄ final states. We note that our results are in reasona
agreement with short-distance QCD calculations at high
ergies, while differing from them at low energies because
theJ/C1N→Lc1D̄ reaction channel explicitly included in
our model.

To compare our results with the data ong1N→J/C
1N cross section we introduced form factor at theg2J/C
vertex proposed in Ref.@43# and found good agreement wit
the photoproduction data.

Furthermore, we evaluated the real part of theJ/C1N
scattering amplitude att50, f (0), using a dispersion rela
tion and extrapolating our result for the dissociation cro
section to infinite energy by the Regge theory@57,58#. Fixing
the subtraction point for Ref(0) at large energies with Regg
theory, we were able to simultaneously saturate the Ref(0) at
zero momentum ofJ/C meson given by the predictions fo
the J/C mass shift in nuclear matter and for theJ/C1N
scattering length@48–53#.

We estimate the elasticJ/C1N→J/C1N cross section
from our calculations and illustrate the compatibility of o
results with the data on the totalg1N→J/C1N cross sec-
tion. It is important to note that theJ/C photoproduction
data were used in our study mostly for illustrative purpos
and do not influence the parameters of our calculations or
final results.

Finally, we predict the energy dependence of theJ/C
1N dissociationsJN and the elastic cross section over
large range of energies from 1 to 103 GeV. In contrast to the
usual expectation of a constant dissociation cross section
found thatsJN varies strongly over the indicated range
energies. Our results are in agreement with thesJN evaluated
phenomenologically from the experimental data onJ/C me-
son production ing1A, r1A, andA1A collisions.
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Jülich.
@1# NA50 Collaboration, M. C. Abreuet al., Phys. Lett. B477, 28
~2000!.

@2# W. Cassing, E. L. Bratkovskaya, and S. Juche
nucl-th/0001024.

@3# A. Capella, E. G. Ferreiro, and A. B. Kaidalov
hep-ph/0002300.

@4# A. Sibirtsev, K. Tsushima, K. Saito, and A. W. Thoma
nucl-th/9904015.

@5# W. Cassing and E. L. Bratkovskaya, Nucl. Phys.A623, 570
~1997!.
,

@6# W. Cassing and E. L. Bratkovskaya, Phys. Rep.308, 65
~1999!.

@7# N. Armesto, A. Capella, and E. G. Ferreiro, Phys. Rev. C59,
395 ~1999!.

@8# T. Matsui and H. Satz, Phys. Lett. B178, 416 ~1986!.
@9# C. Spieleset al., Phys. Rev. C60, 054901~1999!.

@10# D. E. Kahana and S. H. Kahana, Prog. Part. Nucl. Phys.42,
269 ~1999!.

@11# R. L. Andersonet al., Phys. Rev. Lett.38, 263 ~1977!.
@12# D. Kharzeev, C. Lourenc¸o, M. Nardi, and H. Satz, Z. Phys. C
6-12



34
12

ys

. A

ur

A

v.

a,

ez,

s.

,

ys.

.

CHARMONIUM ABSORPTION BY NUCLEONS PHYSICAL REVIEW C63 044906
74, 307 ~1997!.
@13# K. Redlich, H. Satz, and G. M. Zinovjev, hep-ph/0003079.
@14# S. G. Matinyan and B. Mu¨ller, Phys. Rev. C58, 2994~1998!.
@15# B. Müller, Nucl. Phys.A661, 272 ~1999!.
@16# K. L. Haglin, Phys. Rev. C61, 031902~R! ~2000!.
@17# K. Haglin and C. Gale, nucl-th/0002029.
@18# C. Y. Wong, E. S. Swanson, and T. Barnes, nucl-th/00020
@19# T. Barnes, E. S. Swanson, and C. Y. Wong, nucl-th/00060
@20# Z. Lin and C. M. Ko, nucl-th/9912046.
@21# Z. Lin, C. M. Ko, and B. Zhang, Phys. Rev. C61, 024904

~2000!.
@22# A. Sibirtsev and W. Cassing, nucl-th/9802019.
@23# A. Sibirtsev, Phys. Lett. B359, 29 ~1995!.
@24# A. D. Martin, Nucl. Phys.B179, 33 ~1981!.
@25# J. M. Laget, Phys. Lett. B259, 24 ~1991!.
@26# A. Sibirtsev and W. Cassing, Nucl. Phys.A641, 476 ~1998!.
@27# F. S. Navarra and M. Nielsen, Phys. Lett. B443, 285 ~1998!.
@28# R. A. Adelseck and B. Saghai, Phys. Rev. C42, 108 ~1990!.
@29# T. Feuster and U. Mosel, Phys. Rev. C58, 457 ~1998!.
@30# R. Machleid, K. Holinde, and C. Elster, Phys. Rep.149, 1

~1987!.
@31# L. G. Landsberg, Phys. Rep.128, 301 ~1985!.
@32# R. Machleid, Adv. Nucl. Phys.19, 189 ~1989!.
@33# D. Lohse, J. W. Durso, K. Holinde, and J. Speth, Nucl. Ph

A516, 533 ~1990!.
@34# V. B. Berestetsky and I. Ya. Pomeranchuk, Nucl. Phys.22,

629 ~1961!.
@35# A. Sibirtsev, K. Tsushima, and A. W. Thomas, Eur. Phys. J

6, 351 ~1999!.
@36# A. Sibirtsev, Nucl. Phys. A~to be published!.
@37# D. Kharzeev and H. Satz, Phys. Lett. B334, 155 ~1994!.
@38# V. Shevchenko and P. Volkovitsky, Phys. At. Nucl.59, 1659

~1996!.
@39# D. Kharzeev, H. Satz, A. Syamtomov, and G. Zinovjev, E

Phys. J. C9, 459 ~1999!.
@40# M. Peskin, Nucl. Phys.B156, 365 ~1979!.
@41# G. Bhanot and M. Peskin, Nucl. Phys.B156, 391 ~1979!.
@42# A. Martin, R. Roberts, and W. Stirling, Int. J. Mod. Phys.

10, 2885~1995!.
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