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Charmonium absorption by nucleons
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J/W 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 threshdlqﬁoproduction 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 datd/dn photoproduction on a nucleon is
discussed. We evaluate the elaslict + N 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 dafd¥orproduction fromy+A, p
+A, andA+ A collisions.
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[. INTRODUCTION hand, theJ/W+N cross section evaluated by the vector-
dominance model from theg+N—J/¥ + N data is about 1
Very recently the NA5QO Collaboration reportgt] mea- mb[13]for J/¥ energies in the nucleon rest frame from 8 to
surements of)/ ¥ suppression in PbPb collisions at the 250 GeV. _ - _ o
CERN-SPS. It was claimed in Réfl] that these new experi-  In principle, this ambiguity in the/¥ dissociation cross
mental data ruled out conventional hadronic modeld/df section does not allow one to claim a consistent interpreta-
suppression and thus indicated the formation of a deconfineéen of the NASOQ results. Although the experimental data
state of quarks and gluons, namely the quark-gluon plasmﬁ"ght be vyell _reproduced by thg mo_re_recent calculations
(QGP. Presently, there are calculatiofs-4] using two dif-  [2—4] considering the hadronic dissociation of thel’ me-
ferent methods, namely the cascd8es| and the Glauber- SOM thed/¥ + N cross section was introduced therein as a
type model[7], that reproduce the new NA50 data reason-I'€€ parameter. In Ref4] we provided results fod/¥ dis-
ably well up to the highest transverse enerditsbased on sociation on COMOVErS and mot_lvated _the Iarge_ _rate_ of this
hadronicJ/¥ dissociation alone. In view of this, the evi- procesg2,3) as arising from the in-medium modification of

dence for QGP formation based on anomalalk suppres- the dissociation amplitude, which is obviously different from
sion [8] is not obvious, and an interpretation of the NA50 that given in free spade.4,15. Most recent results from the

data can be further considered in terms of the hadronic disdlfferent models o/ dissociation on light hadrons are

i given in Refs.[16—19. In the present study we apply the
sociation of theJ/¥ meson by the nucleons and comovers. \44ronic model ta/¥ + N dissociation.
However, the long term puzzle of the problem is the
strength of the hadronic dissociation of thel’ meson. The
various calculation$2,3,5-7,9,10 of J/¥ production from IIl. LAGRANGIAN DENSITIES, COUPLING CONSTANTS,

heavy ion collisions in practice adopt different dissociation AND FORM FACTORS

cross sections. For instance, the cross sectionJfdf+N Within the boson-exchange model we consider the reac-
dissociation used in these models ranges from 3.0 t0 6.7 Mfiyns depicted in Fig. 1 and use the interaction Lagrangian
when dealing with the same experimental dataJO¥r pro-  yensities:

duction fromA+ A collisions. Moreover, it is presently ac-
cepted that the dissociation cross section does not depend on
the J/¥ energy, and in the available calculatiofs3,5—
7,9,1Q it enters as a constant. Furthermore, to a certain ex-
tent, both of the cross sections b dissociation on nucle- Lonr,= igDNAC(N)’sAcD+ﬁc75N)y 2
ons and comovers were taken as free parameters, finally

adjusted to the heavy ion data.

Moreover, thel/W + N cross section was evaluated from _Qip*D u 0 — .
experimental data od/¥ meson production iny+A and Liprp= m, £apur(9"I)(3#D*")D+D(3*D*")],
p+A reactions. The analysis of th#' ¥ photoproduction 3
from nuclei at a mean photon energy of 17 GEM] indi-
cates al/V + N cross section of 3:50.9 mb. The combined
analysis[12] of experimental data od/¥ production from
p+ A collisions at beam energies from 200 to 800 GeV pro-
vides aJ/V + N cross section of 7:80.6 mb. On the other where,

ﬁJDD:igJDDJM[S((?,uD)_(a#B)D]v (N

Lpsna, =~ o= NAE(WY,LACD* “+D* ”chuN)y (4)
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Ac D Ac D form but there are no direct ways to evaluate the relevant
; ; cutoff parameter. In Ref4.30,32,33 the cutoff parameters
i i were adjusted to fit the empirical nucleon-nucleon data and
________ D¢ B range from 1.3 to 2 GeV depending on the exchange meson
i i coupled to theNN system. Based on these results, in the
A 4 following we use a monopole form factor with=2 GeV

for the DNA, andD*NA. vertices.

In principle, the coupling constants and the cutoff param-
a) b) eters in the form factors discussed in this section can be
adjusted to the experimental data on the tdfal + N cross

=z
[
™~
2
z
(=
S~
<

e D D section evaluated from different nuclear reactions;yasA
i i —J/¥+X and p+A—J/¥+X. On the other hand, these
D | parameters can also be fixed by comparison to the short
"""""""" * R range QCD or Regge theory calculations at high energies. As
i i will be shown later, the set of coupling constants and cutoff
§ parameters proposed above are rather well fitted to the rel-
N J/¥ J/¥ evant experimental data and the results from theoretical cal-
c) culations with other models.

FIG. 1. The hadronic diagrams fdf¥ + N dissociation. _ _
. THE J/W+N—Ac+D AND J/W+N—A-+D*

DO REACTIONS
o

, N=N'y,, D=

The diagrams fod/¥ dissociation by a nucleon with the
) — o . production of theA .+ D andA.+D* final states are shown
(creation of the meson staje® =D, and similar notations in Figs. 1a—1(c). They involve thel/¥ —D+D andJ/W¥

* Mn*
for theD* andD* should be understood. —.D+D* vertices and are OZI allowed. These reactions are

dTheJhDDf cliyupling C?”Slta!“ was degved in_R7eﬁ6$44,'2:ql, endothermic, since the total mass of the final states is larger
and in the following calculations we adogipp=7.64. Fol- than the total mass of the initid/' meson and nucleon.

lowing the SU4) relations from Ref[21], the DNA. cou- — ) . .
Wing u4 I {21 c COU The J/W¥ +N— A+ D reaction viaD-meson exchange is

li k | tHeNA li .
pling constant was taken equal tH&lA coupling constant shown in the Fig. (a) and the corresponding amplitude with

The analysis|22-2§ of experimental data provides 13.2 an amplitude added in order to preserve gauge invariance in
< <15.7 in the followi =14.8. . .
Gxna=15.7 and in the following we usgons, 8 the limit m;—0 may be given by

However, we notice that the calculatiofa7] by the QCD
sum rules suggest a smaller coupIignNAC:6.7i 2.1. The

D*NA. coupling constant might be again related to the Ma ZIQJDDgDNAe(EJ Po)
K*NA constant. TheK* NA constant is given in Ref.28] 1

within the range— 18.8< gy na =< — 21.4, while it varies be- XN =+ 5D D=
tween=-5.9 and—22 in Ref.[29]. In the following calcu- 9°=Mp  <Py-Po
lations, we adopyp«ny = —19 [28]. Furthermore, we as- B _ . .
sume thalypp=Jppx [20]. whereq=p;—pp(= pAC—pN), while the amplitude via the

The form factors associated with the interaction verticed®* -meson exchange is shown in Figbland can be written

U (Pa) ysUn(pn),  (6)

were parametrized in a conventional monopole form as
_ A? 9sp*pYp*NA 1
FOT © My=——
N| g~ —Mpx
wheret is the four-momentum transfer and is the cutoff XSQBMVD§S§Q”UAC(F)AC) Y Un(P)- (7)

parameter. The introduction of the form factors is dictated by
the extended structure of the hadrd89]. The form factor o
may be estimated through the vector-dominance modeturthermore, the amplitude for tllé¥ +N— A .+ D* reac-
(VDM) [31]. The VDM predicts an increase of the form tion due toD-meson exchange is shown in Figcll and is
factor with increasing mass of the vector meson and a purelgiven by

phenomenological prediction provideés=m;. In the fol-

lowing, we will explicitty use the cutoff parameter i00¢09DNA 1
Cc

A=3.1GeV for the form factors at thdDD and JDD* M= —
vertices. m, g —mp
Furthermore, one should also introduce form factors at the a Bl v —
DNA, and D*NA, vertices. Again, we use the monopole X €apurP3€1Ppx epxUa (Pa) YsUN(PN).  (8)
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In Egs.(6)—(8) €; and e« are, respectively, the polarization —~ 2 p—
0s.(6)—(8) €; €D* _*P y p a3 a) J/V+N—>A+D
vector of theJ/¥ meson andD* meson, andj=p,_—Pn £
denotes the four-momentum transfer. We notice that there o
arises no interference term among the amplitutiés, M, tF T
and M., because of the Dirac structure, when spin compo- /e
nents are not specified and summed over all spins folNthe
and A and the different final states.
In our normalization, the corresponding differential cross 0 """ 55 6 &5 7
sections in the center of mass frame of tH& meson and — 2 —
nucleon system are given by € b) J/¥+N—>A+D*
do YL o
dQ,p 6475 Maol "
[(mAC+mD)2—s][<mAC—mD>2—s])“2
>< 1
[(my+my)®—s][(my—m;)*—s] 0 .
4 4.5 5 5.5 6 6.5 7
(9) S1/2 (GeV)
do _ 1 |/\7|2 FIG. 2.7The cross segﬂon fal/ ¥ dissociation by the nucleon
dQ. 64n’s'" ¢ with A,+D (a) andA.+D* (b) production, as a function of in-

variant collision energy,/s. The dashed line ifia) shows the cal-
[(my + mD*)Z_S][(mAc_ mp)?—s] | 2 culations involvingD* -meson exchange, while the solid line(&
[(my+ mJ)Z—S][(mN—mJ)z—S] ! indicates the contribution from thB exchange. The results are
shown for calculations with form factors introduced at the interac-
(10 tion vertices.

wheres= (py+ p;)? is the squared invariant collision energy
and|/\/la,byc|2 are the corresponding amplitudes squared, av
eraged over the initial and summed over the final spins. Ex
plicitly, they are given by

JIV+N—A+ D* cross section is shown in Fig(l®. Both
reactions substantially contribute at low energies, close to the
respective thresholds, while their contribution to thel
+N dissociation cross section decreases with increaging
8 2 2 2

930090NA, 1 1

+
3m;  la’-m5  2py-pp

— _
| Mg|?= IV. THE J/W+N—N+D+D REACTION

The diagram ford/¥ dissociation by a nucleon with the
production of theD+D state is shown in Fig. (1l). The

1y dissociation involves thé/¥ —D+D vertex and therefore
5 ) it is an OZI allowed process. The total mass of the produced
950*pY9p*NA, 1 particles is larger than the total mass of the inifl&l' me-

X (P- Pa,~ MMy )L(py- Pp)?—mima],

| My|?= 3m?2 (qz—mz )2 son and nucleon and thus these reactions are endothermic.
’ b Furthermore, the processes witht- N andD + N scattering
x{m3[p?q?—(m3 —m2)?]+2(p;-p)(P;-q) are different and both contribute 8 dissociation on the
‘ nucleon.
><(mic—m,z\,)—pz(p3~q)2—q2(pj~ p)? The amplitude for the reactioW¥ +N—N+D+D can
2 2 ) be parametrized 422,34
—4(pn:Pa,~ MMy )[M3q°—(py- )71}, (12)
€1
o 4g§D*Dg%NAC 1 MdZZQJDD(tj—:]g)F(t)MDN7 (14)
|M|*= 2 723 (PN PA,— MMy )
3m; (q°—mp) c ¢
where pp and mp are the D-meson four-momentum and
X[(py-Pps)2— m?mé*], (13 mass, respectively,; denotes the polarization vector &f¥
meson,t is squared four-momentum transferred from initial
with p=p, _+py. J/V¥ to final D meson, whileg;pp andF(t) are the coupling

Finally, Fig. 2a) shows thel/¥ +N—A.+D cross sec- constant and the form factor at tdewDD vertex, respec-

tion as a function of the invariant collision energlg calcu- tively. Furthermore My, is the amplitude foD +N or D
lated with D- (solid line) and D*-meson(dashed ling ex- + N scattering, which is related to the physical cross section
changes and with form factors at the interaction vertices. Thas
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| Mpy|*=16ms;0pn(s0), (19 2 J/¥+N—>N+D+D
(o}

wheres; is the squared-invariant mass of tBe+N or D
+N subsystem.
The double differential cross section for the reaction

— with FF
J/¥+N—N+D+D can be written as

d®oyy 9500 s F2(t)
dtds,  96m2g%s 1 Vol (t—mp)? -

X[(m3+ mMp)2—t][(mM;—mp)?—t]

m2 opn(S1),
(16)
whereqp is given by -1 .
10 5 6 7 8 9 10
» [(my+mp)®—si][(my—mp)®—s,] s'? (GeV)
Up= 4s, , a7

FIG. 3. The cross section fal/' ¥ dissociation by the nucleon
andmj; andmy denote thel/¥ meson and nucleon masses, with D+D production as a function of invariant collision energy
respectively. \J/s. The results are shown for calculations with and without form

As was proposed in Ref34], by replacing the elastic factor at the)/¥DD vertex.
scattering cross sectiamgy in Eq. (16) with the total cross
sectio_n, it is possible to account simultaneously for all avail-:ngK*’ Jona =0Okna . €tc. In the more general case, the
able final states that can be produced at the relevant vertex. c

Since we are interested in inclusivéW dissociation on the 'arge variety of possible diggrar.?'s descrri]bing :he N and
nucleon, in the following we use the totdl+N andD + N K+N interactions can be identified to those for erN

interaction cross sections. However, we denote this inclusiv@nd D +N interactions, respectively. Thus, the estimates
dissociation generically as th& ¥+ N—N+D+D reac- given in Ref.[35] are supported by the boson-exchange for-
tion malism. The comparison between tBiN scattering cross

— i section calculated by an effective Lagrangian and evaluated
The totalD+ N andD + N cross sections were evaluated by the quark diagrammatic approaches is given in FaH.
in our previous study35] by considering the quark diagram- Furthermore. for thel/W+N—N+D+D calculations we

matic approach. It was proposed that &N andD+N  seq coupling constants and form factors similar to those
cross sections should be equal to tié N andK+N ¢ross ,seq for thel/ W +N— A+ D reaction.

sections, respectively, at the same invariant collision energy Figure 3 shows the cross section f# dissociation on
and neglecting_the contribution from th_e baryonic resonancetsne nucleon with the production @+D pairs calculated
coupled to theK+N system. The totaD + N cross section
was taken as a constantpy=20mb, while the totalD
+N cross section can be parametrized as

using Eq.(16), with and without a form factor at th¥# ¥ DD
vertex. The lines in Fig. 3 show the results, where the pro-

cesses wittD + N andD + N interactions were summed in-
[(my +m)2=si][(my —m,)—s;]| Y coherently.

[(mMp+my)2=s1][(Mp—my) =S, ]

opN(S1) =

27 V. TOTAL J/W+N CROSS SECTION AND COMPARISON
X +20, (18) WITH QCD CALCULATIONS
S1
Our results for the total/V + N cross section are shown

wherem, andm,, are theA .-hyperon and pion masses, re- in Fig. 4 as the solid lin¢a). Here the total cross section is
spectively, given in GeV and the cross section is given ingiven as a sum of the partidl ¥ + N— A .+ D cross section

millibarn. calculated withD- and D*-meson exchange, th& ¥ +N

~ Some of the partiaD_+ N cross s_ections were calculated —.A,+D* cross section calculated wit-meson exchange
!n Rgf. [21] by an effgcuve Lagranglarj approgch, Whe-re theand the inclusive cross section fof¥ dissociation withD
identity between th&K +N and D+ N interaction was im-

, ) +D production.
posed by the SU) relations. Indeed, on the basis of @Y We found that the total/¥ + N cross section approaches

symmetry the couplings for the vertices containiigor K 5.5 mb at high invariant collision energy. We also indicate a
mesons were taken to be equal to those obtained by replacingartial enhancement of th# ¥ + N dissociation cross sec-
K or K with D or D, respectively. For instancey .pp* tion at low energies due to the contribution from thel
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J/V+N

g (mb)

0 P P RN SN SN TN
5 10 15 20 25 30

s'? (GeV)

FIG. 4. The total cross section fai/¥ dissociation by the
nucleon as a function of invariant collision energ‘y_s. Line (a)
shows our calculation with form factors. Lirib) indicates the first
order calculations based on a short distance QCD, while (ihe
shows the parametrization from RE87).

+N—A.+D andJ/¥ +N— A +D* reaction channels.

The line(c) in Fig. 4 shows the parametrization from Ref.

[37], explicitly given as

Y 6.5
O-JN:2' 1_)\_0 y

where the cross section is given in millibaxg=my+ €
with €y being the Rydberg energy and

(19

2 2

- 2my (20

Parametrization(20) provides a substantially smalle/ ¥
dissociation cross section compared to our result.

Furthermore, the/¥ + N cross section can be evaluated
[38,39 using short-distance QCD methods based on th

operator-product expansidd0]. Within the first order cal-
culation, the cross section is given [d]

dx, (21

2% fl (ex—1)%2 g(x)

P
N34 gm? Jue  (6x)° X

where é=\/¢ey, m; is the c quark massg, is the strong

PHYSICAL REVIEW (53 044906

J/¥+N

g (mb)

1 1
4 5 6 7 8 9 10 11 12 13 14
s'? (GeV)

FIG. 5. The total cross section fal/¥ dissociation by the
nucleon as a function of invariant collision ener@ Solid line(a)
shows our calculations with form factors, while the dashed line
indicates the contribution from thé/¥ + N—>AC+5 and J/¥
+N—A.+D* reaction channels only. Solid ling) indicates the
first order calculation based on short-distance QCD.

served at high/s. TheJ/¥ +N cross section from the first
order calculations performed using short-distance QCD is
shown by line(b) in Fig. 4.

We note that the QCD results are in good agreement with
our hadronic model calculations at high invariant collision
energies, but substantially deviate from our predictions near
the threshold for endothermic reaction. We ascribe this dis-

crepancy to the contribution from théW¥ + N— A .+ D and
J/V+N—A.+D* reactions. The dashed line in Fig. 5
shows separate contribution to the todd +N cross sec-
tion from theJ/ ¥ +N—A_.+D andJ/¥ +N—A.+D* re-
actions, while solid ling(@) again shows our result for the
total J/V dissociation by a nucleon. Solid lirle) in Fig. 5
indicates the QCD result given by EQ1). It is clear that the

énain difference between our prediction and the QCD calcu-

lation comes from thé/¥ +N—A.+D andJ/¥+N—A,
+D* reaction channels, which contributes substantially at

low +/s.

VI. J/W PHOTOPRODUCTION ON THE NUCLEON

Within the vector-dominance model, tl#é¥ photopro-

coupling constant, and(x) denotes the gluon distribution duction invariant amplitudév(,,; on a nucleon can be related

function, for which we take the form

g(x)=2.51—x)* (22

Calculations with a more realistic gluon distribution func-

to the J/¥ + N scattering amplitudeVi; as

Mys(s,t)= %F(t)MJN(Syt)i (23

tion [42] only change thel/¥ + N cross section slightly at wheres is the squared invariant collision energyis the
invariant collision energieg's< 20 GeV, as compared to that squared four-momentum transferjs the fine-structure con-
obtained with function22). The differences associated with stant, andy; is the constant fod/W¥ coupling to the photon.
various gluon structure functions can be predominantly obin Eq. (23) F(t) stands for the form factor at the—J/W¥
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vertex, which accounts for thec fluctuation of the photon
[43]. Within the naive VDM, only the hadronic but not the
quark-antiquark fluctuations of the photon through the
mixing with the vector mesons are considefdd,45 and
the form factorF(t) in Eq. (23) is therefore neglected. As
was calculated in Ref43] by both the hadronic and quark
representations of thec fluctuation of the photon, the form
factorF=0.3 att=0.

The invariant amplitudes are normalized so that Ih¢
+ N differential cross section is written as

y+N—>J/¥+N

102}

0) (nb GeVv?)

10 f

do /dt(t

do | M|?
dt 167 (s—mg—m3)2—4mim3]’

(24

and similarly for thelJ/W photoproduction cross section. :
Taking the relation of Eq(23) att=0 and applying the ¥ , , ,
optical theorem for the imaginary part of tdé¥ +N scat- 5 10 15 20 25
tering amplitude, one can express the total cross section for s'? (GeV)
J/'V dissociation by a nucleowr;y in terms of the cross
section forJ/¥ photoproduction on the nucleon &t 0 as

FIG. 6. Differential cross section for the reactign- N— J/¥
+N att=0 as a function of the invariant collision energjs.

do .y JN| a Experimental data are from Ref&4-56. The solid line shows our
yd —~ =——(1+ a5y a5F40) calculations with the total/ ¥ + N dissociation cross section evalu-
t ’t:O 16, ated using a boson-exchange model, while the dashed line indicates

the results obtained for th& ¥ +N cross section given by short-

220 a2 2
(s—my—mj)°—4mymj 25 distance QCD.

(s—m2)?

_ _ _ _ line shows the results calculated with the tat&V + N cross
where a;y is the ratio of the real to imaginary part of the section given by the boson-exchange model. We found that

J/¥ +N scattering amplitude at=0. _ within the experimental uncertainties we can reproduce the
The vy, coupling constant can be directly determined from 3/ photoproduction data &t=0 at low energies quite well.
the J/'¥ meson decay into leptorid6] Let us recall that this is possible because of the contribution

from theJ/¥ +N— A +D andJ/¥+N— A .+D* reaction
(26) channels.
The dashed line in Fig. 6 indicates the calculations using
Eqg. (21), which reasonably describe the data on photopro-

The ratioa;y is unknown and as a first approximation we duction cross section afs>10 GeV. We notice a reasonable
put it equal to zero. This approximation is supported fromagreement between our calculations and the results from
two sides. short-distance QCD at invariant collision energies

At high energies, Regge theory dictates that the amplitude. 12 Gev. We also recall that in Reff39] the discrepancy
for hadron scattering on a nucleon is dominated by pomerogetween the QCD results and the photoproduction data at
exchange and is therefore purely imaginary. This expectatiofyy /s was attributed to a large ratie,y. Our result does
is strongly supported by the experimental det@] available ot support this suggestion.
for p, pm, K, andK scattering by a nucleon.

At low energies, the real part of th# W+ N scattering
amplitude att=0 can be estimated from the theoretical cal-
culations of the)/¥ meson mass shift in nuclear matter. As |t is of some interest to compare our results with the pre-
was predicted by the calculations by the operator-producgictions from Regge theor57] given at high energies. Fur-
expansion48,49, QCD van der Waals potentigb0], and  thermore, for illustrative purpose we demonstrate the com-
QCD sum rule$51-53, the mass of thé/W should only be  parison in terms of the cross sectiontatO for the y+N
charged by a tiny amount in nuclear matter. However, a par=» J/¥ + N reaction, since the Regge model parameters were
tial deviation of our results from thé/W photoproduction originally fitted to the photoproduction data.
data might be actually addressed to the contribution from a Taking into account the contribution from soft- and hard-
nonvanishing ratiov;y. More detailed discussion concern- pomeron exchanges alone, the exclusi@® photoproduc-
ing an evaluation of the real part of tlléW + N scattering tion cross section at=0 can be explicitly written ag58]
amplitude will be given in the following.

The J/W photoproduction cross sectiontat 0 is shown
in Fig. 6 as a function of the invariant collision energy. The
experimental data were taken from Rdfs4—56. The solid

2m?
1+ — .
m;

2

T
TV —1717)=—— ymj—4m?

375

VII. COMPARISON WITH REGGE THEORY

=23.15""%+0.034%%+1.4%%% (27

dt|,_,
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-
o
O

large four-momentum transfey which allows one to avoid

the divergence of the total cross section at large collision
energies where the range of the availablbecomes ex-
tremely large[22]. A more accurate way to resolve such a
divergence at high energies is to use the Reggeized boson-
exchange moddib5—67.

Second, the Regge theory has limitations for applications
at low energie$47]. Here we adopt the parameters for soft-
and hard-pomeron trajectories that were originally fiked|
using the large set of data =40 GeV and the very rea-
sonable agreement between the Regge model calculations
with the data, even at lower energies, might in some sense be
viewed as surprising.

On the other hand, thB- andD* -meson exchanges used
in our calculations cannot be related to pomeron exchange,
rather they can be related to the Regge trajectories, whose

! contribution toJ/V photoproduction at high energies was
10 1/2102 assumed57-59 to be negligible. This does not contradict
s7* (Gev) the results shown in Fig. 7, since our calculations are sub-
stantially below the data at high energies.

y+N—=>J/¥+N

0) (nb GeV?)

-
o
N
T

do/dt(t

FIG. 7. The cross section for the reactign-N—J/WV+N at
t=0 as a function of invariant collision energys. Experimental
data are from Ref§54—-56,63,6%4 The solid line shows our calcu-  VIII. EVALUATION OF THE REAL PART OF  J/W+N
lations with the totall/¥ + N dissociation cross section evaluated SCATTERING AMPLITUDE

by boson-exchange model. The dotted line shows the prediction o f th ial h h f |
(27) from Regge theory with parameters for the soft and hard ne of the crucial ways to test the coherence of our cal-

pomeron from Ref{59], while the dashed line is the result given by culations Consi§ts of an' evaluation of the real part of the
Eq. (27), but renormalized by the factor 1.3. J/'¥+N scattering amplitude at=0 and a comparison to

the various model predictiong1-53 for Ref(0) at zero

where the cross section is given in nanoboron and thd/W momentum. The latter is of course related to i@
squared invariant collision energys in Ge\2. The firstterm  meson mass shift or the real part of its potential in nuclear
of Eqg. (27) comes from the soft pomeron contribution, the matter.
second one is due to the hard pomeron, while the last term Within the low density theorem th&#'¥ meson mass shift
stems from their interference. The parameters for the botihm; in nuclear matter at baryon densjiy can be related to
pomeron trajectories were taken from the most recef®l  the real part of the scattering amplitude 1R@) as[52,68,69
to the J/¥ photoproduction data from H[60] and ZEUS
[61,62 experiments. my+m;

The prediction from Regge theory is shown by the dotted Am;= _ZWWPB Ref(0). (28)
line in Fig. 7 together with experimental ddt4—-56,63,64

on J/¥ photoproduction cross sectiontat0 as a function The recent QCD sum rule analysi§1-53 with the

of the invariant collision e_nerg)dg. The solid line in Fig. 7 gperator-product expansion predicts attractive mass shifts of
shows our calculations using the boson-exchange model Wity ut —4 to —10 MeV for J/¥ meson in nuclear matter

form factors. We notice, that in Ref§57,59 the Regge \hich corresponds to small R@) about 0.1 to 0.2 fm. This
model fit to the data ory+N—J/W+N cross section a  regylt is very close to the predictions from the operator-

=0 was not explicitly included in an evaluation of the coef- nroquct expansiori48,49 and the calculations with QCD
ficients of Eq.(27), which might partially explain some sys- yan der Waals potentidb0].
tematic deviation of the Regge calculations from the photo-  There are two ways to link these results for the effective
production data. o J/¥ mass in nuclear matter or th¥¥ nucleon scattering

In order to illustrate the compatibility of the Regge model |ength with our calculations. Both the methods applied below

prediction with our calculations we indicate by the dashed;ontain a number of uncertainties and should be carefully
line in Fig. 7 the result from Eq(27), renormalized by a gnsidered.

facto_r 1.3. We note a reasonable agreement between our cal- Fjrst we address the partial discrepancy between our cal-
culations and the Regge theory within the short range ofyjations of the)/¥ photoproduction cross section &t 0

energies fromy/s=10 to 30 GeV. and data at low energies due to the nonzero ragipappear-
However, considering the results given in this section, ongng in Eq. (25) and evaluate it from the experimental mea-
should keep in mind the following critical arguments. surements as
First, we performed the calculations using a boson-
exchange model, which has some restrictions in its applica- doe doth -1
tion at high energies. For instance, the form factors intro- a§N=TD‘ TS } -1, (29
duced at the interaction vertices suppress the contribution at t=0 t=0

044906-7



A. SIBIRTSEV, K. TSUSHIMA, AND A. W. THOMAS PHYSICAL REVIEW C63 044906

=15 —~
S J/¥+N E 6l J/V+N
£ —~
~ =
S ©
u— 1k xx
[ 4
[
05 | 2
o °
® ° 0
0 1 L 3 1 1 1
10 102 10 0 20 20 60
p, (GeV/c) p, (Gev/c)

FIG. 8. The modulus of the ratio of real to imaginary part of the FIG. 9. The real part RK0) of the J/¥ +N scattering ampli-

3/ W+N scatterlng.amfplltude att70 extracteq from exfpenmentafl tude extracted from experimental d@ft—56 on the cross section
ata on cross section for+ N—J/¥ +N reaction as a function of ¢ y+N—J/W+N reaction at=0 as a function 08/W momen-

NIAY momentump, _in the nucleon rest frame. Experi_mental data p, in the nucleon rest frame. The solid line shows thef@
used in the evaluatlon_are erm Relf§_.4—5(j. The solid I_|ne shows o auated using the dispersion relation. The shadowed area indi-
the rggults from the dispersion re!atlop. The dotteqlllne .shows th%ates the range of the predictions from Ré&8—53 given at zero
prgdlctlon from Regge theory, which fixed the positive sign of themomentum of the)/'¥ meson. The extension of the shadowed area
ratio. to higher momenta is shown only for orientation and has no physi-

- ) cal meaning.
where the indices exp and th denote the experimental and

theoretical results for the photoproduction cross sectiaon at . .
0, respectively P P the absolute value of the R@) predicted in Refd.48-53.
The modulus of the ratie; evaluated from the data is However, the estimate of F(_eO) at minimalJ/¥ momenta
allowed by OZI reactions might be done.

shown in Fig. 8 as a function of th#' ' momentump; in .
the nucleon rest frame. It is clear that the sign of the ratio The Rei(0) extracted from the experimental data ¥

cannot be fixed by Eq(29), but some insight might be meson photoproduction cross section on a nucledr-ét is

gained from the Regge theory calculation, which is shown i '0WN N Fig. 9 as a function al/"Y momentum in the
Fig. 8 by the dashed line. Here again we use the paramete cleon rest frame. The shadowed area shows th_e predictions
of the pomeron trajectories from Ref9]. Now one can 8-53 at p;=0. Notice, that the shadowed area is extended

conclude that the RKD) is positive at lowd/? momenta, :girnzgze(;fThoemrireltt?woc:jnl/)\//ef?:roglr(ijeEzitiggt.e\é\tlig]ri; (tj?secruenpczfr:;:y
which agrees with the predictiorigd8—53 on the reduction ) ) .
g P i 3 with the absolute value of the R@) given in Refs[48-53.

of the J/¥ meson mass in nuclear matter. However, thisH hasi in_ that thi luSi hould
speculation is true only if the real part of tdé¢¥ nucleon owever, we emphasize again, that this conclusion shou
be accepted very carefully.

scattering amplitude dat=0 does not change its sign at some ;
g amp g 9 A different way to evaluate the real part of ti&¥ +N

moderate momentum. tteri litude at="0 invol the di . lati
Now, Ref(0) is given as a product of the ratim;y ex- scatlering ampiitude =0 Involves the dispersion refation
that is given a$70]

tracted from the photoproduction daf&4-56 and the
imaginary part of thel/¥ + N scattering amplitude &t=0,
which is related to the total/¥ +N cross section by the 2(w?~ )
optical theorem(30) as Ref(w)=Ref(wo)+

. Im (')
Im f(O): &UJN- (30) XPJ (wIZng)(w(:)Z_wZ) dw,! (31)

4 ®min

Let us recall that in our calculations the tofdlV' +N cross  \wherew stands for thel/ W total energy.wyi, is the thresh-
section is given only for OZI allowed processes, i.e., at eng|q energy, and Infi(w) denotes the imaginary part of the
ergies \'s=m, +mp. This threshold corresponds to the j/¥ nucleon scattering amplitude &0, as a function of
J/¥ meson momentum 0£1.88 GeVt. Thus, within the energyw, which can be evaluated from E¢30). Further-
present method we cannot provide the real part of the scatore, Ref(wg) is the subtraction constant takenJHtW en-
tering amplitude ap;=0 and make a direct comparison with ergy wg.
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Being more fundamental, this method involves substantial Concluding this section let us make a few remarks. The
uncertainties for the following reasons. First, we shouldtwo methods applied to the evaluation of the real part of the
specify the subtraction constant. By taking itmgt=0 from  J/W¥ nucleon scattering amplitude &t 0 are actually differ-
Eq. (28) we could not further verify the consistency of our ent, but nevertheless provide almost identical results for the
calculations with the predictions from Ref®l8-53. Sec-  Ref(0) over a large range df ¥ momenta. The consistency
ond, to evaluate the principal value of the integral of &1) of our approach can be proved by agreement between our
one should know the imaginary part of the¥ +N scatter-  cajculations simultaneously with the Regge model predic-
ing amplitude at=0 or the total cross section up to infinite tions for Ref(0) at high energy and the predictions from
energy. ) ) various modeld48-53 for Ref(0) at p;=0. From these

Since our model could not provide the high energy behaviesyits we confirm that below the momentum of
ior of o5y one should make an extrapolation to high energies- 1 gg Gev, which corresponds to the OZI allowdtW
by using either short-distance QCD or Regge theory. A.S wag N—>AC+5threshoId, thel/¥ interactions with a nucleon
shown in Ref[39) the total J/¥+N cross section at high are purely elastic. Thd/W meson does not undergo signifi-

energies is dependent on the gluon distribution funagir) . I :
appearing in Eq(21). Furthermore, both distributions given cant dissociation on absorption at momepga-1.88 GeV.

by Eg.(22) and taken from Refl42] were unable to repro-
duce [39] the experimental data on the+N—J/W+N
cross section ay's>70 GeV. Thus we could not extrapolate

our results to high energies by the short-distance QCD cal- By definition, the total elastid/¥ +N—J/¥ +N cross

culations. o sectionoyg is related to the elastic differential cross section
As shown in Fig. 7, the Regge theory reproducesithe g

photoproduction data d@t=0 quite well when renormalized

by a factor of 1.3. This meets our criteria since it also fits our do
calculations at\s=20GeV. Thus we adopt the Regge- Tel™ f dt
model fit for the extrapolation of our results to high energies

in order to evaluate the dispersion relation. It is important toyhereb is an exponential slope of the differential cross sec-
notice, that, in principle, there is no need to addrés¥  tion and the cross section as the optical poirD is related
photoproduction in order to extrapolate our results to infiniteto the totald/¥ +N cross section and the ratie;y of the

energy using Regge theory. One can adopt the energy depeal and imaginary part of the scattering amplitude as
dence of the dissociation cross section given by soft- and

hard-pomeron exchanges and make the absolute normaliza- do

tion by our calculations/s>20 GeV. This is reasonable, be- dt.

cause the absolute normalization from the Regge model can

be considered to some extent as a free parameter, not fixgthe slopeb can be estimated from the differentiat N

by the theory. —J/W¥ +N cross section and was fitted in RE39] to avail-
Moreover, we take the subtraction constantfRe) at  aple experimental data &s= —1.64+0.83 Ins.

high energy.wo=10°GeV, and fix it by Regge theory with  Finally, the elastic/¥ + N cross section is given by
the predicted ratiay;y. Thus we can independently use an

evaluated real part of th& ¥+ N scattering amplitude &t 1 _
=0 for comparison with the predictiorgil8—53 given at Tei=Tg7p (1T AN I (34)
p;=0.

Our results for the ratiar;y evaluated by the dispersion and is shown in Fig. 10 as a function ¥ meson momen-
relation(31) are shown in Fig. 8 by the solid line. Obviously, tum. The dashed area in Fig. 10 indicates the elastic cross
the calculations match the Regge model predictions sincgection atp;=0 given within the scattering length approxi-
they were used to fixed both the high energy behavior of thenation in Refs[48-53 as
total J/¥ + N cross section and the subtraction constant for
the real part of the scattering amplitudet at0. Furthermore, oo=4m|Ref(0)|?, (35)
the dispersion calculations give a surprisingly good fit to the
ratios a5y extracted from the experimental dd&4—56 on  thatis valid as far as If(0)=0 atp;= 0. Note, that Eq(34)
the cross section at=0 of the y+N—J/¥ +N reaction. could not provide the estimate for elastic cross section at

The real part of the)/W +N scattering amplitude calcu- p;<1.88GeV, i.e., below theA.+D reaction threshold,
lated by dispersion relation is shown by the solid line in Fig.where the dissociation cross sectiofy=0. In principle,

9 as a function o8/¥ meson momentum in the nucleon rest one can interpolater,, from zeroJ/¥ momentum to our
frame. Our calculations describes reasonably well the dateesults.

evaluated from thel/¥ photoproduction at=0, that are As we discussed already, the uncertainty in the elastic
shown by the solid circles in Fig. 9. It is important that our cross section gb;=0, given in Refs[48-53, is very large
results, normalized by a subtraction constant at high energiesnd to make a less unambiguous interpolation let us use only
p;=10° GeV, simultaneously match the predictidd8—53  the most recent results from the QCD sum rule calculations
given atp;=0. [51-53. Let us recall that the QCD sum rule calculations

IX. ESTIMATE OF THE ELASTIC J/W+N CROSS
SECTION

exp(bt), (32)
t=0

1 2\ 2
=—16ﬂ_(1+aJN)0JN. (33
t=0
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FIG. 10. The elastid/WV + N cross section as a function of the .
J/¥ meson momentum in the nucleon rest frame. The solid lines FIG. 11. The totaly+N—J/'¥+N cross sectior(g) collected

show our calculations. The dashed area illustrates predictions frof] Ref. [71] and the elastid/¥ +N—J/¥+N cross sectior(b)

Refs.[48-53 given atp;=0. The dashed line indicates our inter- e_valuated by naive vector dominance given by &3§) as a func-

polation for the elastic cross section based on the QCD sum rullon of the invariant collision energys.

results along¢51-53.
¢ 3 Apparently this inconsistency might be resolved by intro-

ducing a form factorF(t) at the y—J/W¥ vertex [43], as
d given by Eq.(23) and applied in our study. The correction to
the naive vector dominance is then given as

from Ref.[51] indicate a shift of thel/ ¥ mass of about-5
to —10 MeV, while in Ref.[52] the mass shift was reporte
to be in the range-7<Am;<—4 MeV. The calculations
with higher dimension operators in the QCD sum rule pro-

vide [53] Am;=—4 MeV. Thus, we take an average value K= f exp(bt)
that corresponds too=1.6 mb atp;=0. Now the dashed

line in Fig. 10 indicates our interpolation of the elastic CroSSyhereb is the slope of the differentiat+ N— J/¥ + N cross
section at low momenta. section and the integration in E€R7) is performed over the

lFturtthherm(l)ret,.é]r;‘ey\fﬁtorJd/(\)lfmlensnce modelt(_:an be uzed Binge of the squared-transverse momentuavailable at
relate the elast - Cross sectiorog an given invariant collision energy/s.

the total y+N—J/W +N cross sectionr,;. Applying Eq. B - L :
. . . : y taking, for simplicity, an exponential form of the
(23) and neglecting the form factor this relation can be wr|t-_J/q, form factor with cutoff parametek = 1.7 GeV2 we

ten as evaluate the elastid/¥+N—J/W+N cross section from
the data on the/+ N—J/W¥ + N cross sectiofi71] and show
5 (s—m?)2 the result by the circles in Fig. 12, as a function of tH&

(36) meson momentum. The solid line in Fig. 12 indicates our
estimate forog, which clearly give a reasonable fit to the
correctly extracted data over a large range of available mo-

Figure 11a) shows they+N—J/¥+N cross section mentap;.

[71] as a function of invariant collision energy, while the |t is worthwhile to note that Fig. 12 clearly illustrates that

elastic cross sectionr, evaluated from experimental photo- the introduction of a form factor at th& ¥ —N vertex al-

production data using E@36) is shown in Fig. 1(b). Apart  |ows one to resolve an inconsistency in the evaluation, the
from the absolute value of the,, which is substantially elastic J/¥ +N—J/W¥+N cross section from the totay
below our estimate, we notice that very strong energy depen+ N— J/W + N cross section.

dence of the elastid/ W +N—J/W + N cross section evalu-

-1
f F2(t)exp(bt), (37

Opl—— g .
o ra (s—mi—m2)2—4mZmZ "

ated using Eq(36) might alone indicate the inconsistency of X. FINAL RESULTS
the application of naive VDM43]. Indeed, as we discussed '
above, the calculations of th#' ' mass shift in matter or Finally, Fig. 13 shows thd/W¥ + N dissociation and elas-

J/W + N scattering length given in Refg#8—53 predict the tic cross sections over a large range)l6¥ momenta. Let us
elastic cross section in the range 1=25,<5 mb atp;=0, recall that the dissociation cross secti@g was calculated
while theJ/¥ meson photoproduction data evaluated by Equsing the boson-exchange model upptg=200 GeVt and

(36) indicate a systematic decreasead with decrease of extrapolated to high energies by Regge theory.

J/'¥ meson momentum. Now we compare our results with tli#W¥ + N dissocia-
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from p+ A collisions at beam energies from 200 to 800 GeV.
Again theJ/¥ meson momentum was not explicitly fixed by
the analysig§12].

Within the experimental uncertainties, our results for the
total /¥ + N dissociation cross section fit the available ex-
perimental data reasonably well.

We notice, that our results slightly=15%) underestimate
the J/W +N dissociation cross section evaluated from ex-
perimental data ord/W production fromy+A and p+A
reactions.

We also note that the NA50 experimental data J3W/
production from heavy ion collisiongl] can be reasonably
well fitted by the calculationgs,7,72 with a J/W + N disso-
ciation cross sectiowr;y=3—6.7 mb. The most recent cal-
culations[2—4] on J/W¥ production and comparison to NA50
data[1] indicates a smaller dissociation cross section, in the
range from 3 to 4.5 mb. In central PPb collisions at 168
GeV theJ/V meson momentg; in the nucleon rest frame

are distributed over the range from 15 to 70 GeWith the
FIG. 12. The circles show the elastié¥? + N—J/¥+N cross  maximum atp;=40 GeVk [73]. Comparing the heavy ion
section as a function of th¢/¥ momentum evaluated from the results[1-4,6,7,72 with our calculations from Fig. 11 we
total y+N—J/¥+N cross section by vector dominance model of also find reasonable agreement with- A data.
Eq. (36) additionally corrected by the factor given by Eq.(37). Furthermore, the nonperturbative QCD calculati¢ig]
The solid line indicates our estimate fag, calculated by Eq(34). provide the JJ¥+N dissociation cross section of 4.4
+0.6 mb atJ/¥ meson momenta above 200 GeV, which is
tion cross section evaluated from nuclear reactions. Theonsistent with our results shown by Fig. 13.
square in Fig. 13 shows the;y extracted from thel/W
photoproduction from nuclei at a mean photon energy of 17
GeV [11]. The J/¥ meson momentum was not explicitly
fixed and is indicated in Fig. 13 only for orientation. _
Furthermore, the circle indicates the result from the com- Nere are a few problems that remain open and need fur-

bined analysi§12] of experimental data od/¥ production ~ ther investigation. _
In the present study we considered only OZl-allowed pro-

cesses resulting in an endothermic inelastic reaction, where

Xl. FUTURE PERSPECTIVES

o s J/V+N the total mass of the produced particles is larger than the
E initial massm;+my . These reactions provide the threshold
b behavior of the cross section. On the other hand, the OZI-

suppressed reaction channels sucl/ds+ N— N+ n7 with
the number of the final pions from=1 up tom;/m_ =22
are open even gb;=0. These exothermic reactions, where
the total final mass of the produced particles is less than the
initial mass, provide a p/; behavior of theJ/¥ +N disso-
ciation cross section.
For instance, the OZI-suppressédV +N— N+ 77 cross
section was calculated by tlremeson-exchange modéi5].
It was found that the cross section is negligibly small al-
though it diverges ap; close to zero, because it is exother-
mic. Furthermore, thep-meson-exchange model evaluates
theJ/¥ — p+ 7 vertex, which accounts only to tiny fraction,
=1.27%, for the total hadronic decays of th&¥ meson.
The multimeson OZI-suppressed reactions might play a non-
ps (GeV/c) negligible role ford/¥ dissociation on a nucleon. Eventu-
FIG. 13. The elastic and dissociatiod/@ +N) cross sections ally, additi'onal theoret!cal estimates are necessary in order to
as a function of the)/¥ meson momentum in the nucleon rest Make a final conclusion about the possibility & +N
frame. The solid lines show our results. The square shows th@issociation at low momenta.

J/W+N dissociation cross section evaluated frdfP photopro- Furthermore, we found a strong momentum dependence
duction on nuclei, while the circle indicates the dissociation cros®f the J/W + N dissociation cross section, as illustrated by

section evaluated fromJ/¥ production from proton-nucleus Fig. 13. This momentum dependenceogf, might provide a
collisions. partial explanation of the variation of the slopefrom the

dissociation

1 10 102 10°
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A“ dependence with the Feynman variakle. As was ob- XIl. SUMMARY
served[71] in proton-nucleus collisions at beam energy of
800 GeV the extracted value faris =0.9 atx=0.2, while

. . ) tion by a boson-exchange model, includind- and
it decreases=0.8 atxg=0.7. The Feynman variabbe- is D* y h d g ideri ) ?jNJrD
proportional to theJ/¥ meson momentum and one may -meson exchange and considering fhgtD an

naturally expect from the results shown in Fig. 13 that at+5fina| states. We note that our results are in reasonable
large momentap, or equivalently largee the value fore ~ @9reement with short-distance QCD calculations at high en-
extracted from theA® dependence, should be smaller in €'9'€S; while differing from them at low energies because of

that the slopex decreases with increasing . However, a  OUr model.

quantitative analysis needs further calculation. To compare our results with the data gn-N—J/W

An alternative is to reanalyze the experimental data on the” N Cross section we introduced form factor at the J/W

A dependence al/W¥ production fromp+ A collisions and vertex proposed in Ref43] and found good agreement with

. e . : the photoproduction data.
to evaluate the dissociation cross section as a function of thg Furthermore, we evaluated the real part of & +N

J/'¥ momentum. This will provide a crucial test of our cal- scattering amplitude at=0, f(0), using a dispersion rela-

_cu|a_t|ons, since it can be directly compared to results ShOWlf\on and extrapolating our result for the dissociation cross
in Fig. 13. , o section to infinite energy by the Regge thefy,58. Fixing
Furthermore, the ratia, of the real to imaginary part of he subtraction point for REO) at large energies with Regge
the J/W+ N scattering amplitude at=0, which is shown in - theory, we were able to simultaneously saturate thé&(@eat
Fig. 8, in principle can be measured using cohe@W  zero momentum of/¥ meson given by the predictions for
production at diffractive minim§44]. Coherentd/¥ photo-  the J/¥ mass shift in nuclear matter and for ti&V + N
production from nuclei seems to be an optimal way for sucl‘gcattering lengtti48—-53.
a measurement, however, one needs to perform further in- We estimate the elastit/y ¥ + N— J/¥ + N cross section
vestigations in order to fix the sensitivity of the data to thefrom our calculations and illustrate the compatibility of our
sign and magnitude of the ratie;y . results with the data on the totah-N— J/W¥ + N cross sec-
Obviously, the form factor=(t) at the y—J/W¥ vertex tion. It is important to note that thd/¥ photoproduction
plays a key role for the comparison of our hadronic calcula-data were used in our study mostly for illustrative purposes
tions with the data ony+N—J/W + N cross section. While and do not influence the parameters of our calculations or the
this form factor is theoretically motivated at=0 by the final results.
microscopic calculations given in R¢#3], the evaluation of Finally, we predict the energy dependence of &
its t dependence still needs further studies. Our results showf N dissociationo;y and the elastic cross section over a
in Fig. 12 should be considered as a phenomenological esti2rge range of energies from 1 to*i@eV. In contrast to the
mate forF(t). usual expectation of a constant dissociation cross section, we
In addition, one can address the effect due to in-mediunfound thato,y varies strongly over the indicated range of
modification of thed/W +N dissociation cross section be- €Nergies. Ourresults are in agreement withahyg evaluated
cause of the strong changes of e and D* -meson prop- phenomeno!og@ally from the experimental Qa_lta.]om' me-
erties in nuclear mattéB5,76. As was found in Reff4] this ~ Son production iny+A, p+A, andA+A collisions.
modification plays a substantial role fof¥V dissociation on
comovers. One might expect that the modification of the ACKNOWLEDGMENTS
J/¥+N dissociation cross section in nuclear matter might A.S. would like to acknowledge the warm hospitality and
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