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Abstract Nucleon-y,; dissociation cross sections obtained in the quark exchange mechanism are applied to study y,; suppression in

hadronic matter created in central Pb + Pb and S + Pb collisions. Thermal average of the product of the dissociation cross section and

the relative velocity of nucleon and y,; is discussed. The survival probabilities of y,; in the central Pb + Pb and S + Pb collisions show

that the suppression caused by the collisions with nucleons and antinucleons is appreciable.
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1 Introduction

J/ ¢ production and suppression in high energy nucleus-
nucleus collisions have been studied for more than two
decades. Various theoretical analyses such as nucleon energy
loss in the initial state interaction !’ ,and J/ ¢ collisions with

[2,3]

hadronic or partonic secondaries are interesting in ex-

plaining the “anomalous” J/¢ suppression observed by the
NA50 Collaboration in Pb + Pb collisions at the CERN-SPS
energym .Some people assume that, once the density of pro-
duced particles exceeds some critical value, the formation of a
“deconfined phase” takes place[s_ﬂ . Such work is based on
the idea that the J/¢ suppression can probe the deconfined
phasem .In order to clearly realize the suppression in the de-
confined phase, the J/ ¢ suppression in hadronic matter has to
be separated out. Since about 34.5% of the total J/¢ comes
from y,; decays™®!, the X Suppression in hadronic matter
needs to be understood. But it is less known up to now and
will be studied in the present work.

As is well known, color-octet and color-singlet ¢ pairs
are created at the very beginning of high-energy nucleus-nu-
cleus collisions. These c¢ pairs transit into physical reso-
nances of J/¢ , y,; and ¢’ with certain probabilities respec-

tively . In the path of cc propagation, the cc pairs interact with
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the nucleons of both target and projectile nuclei, and also with
the other particles produced in collisions. J/¢ absorption
cross sections due to the inelastic collisions with light mesons

k01 In

(n) were obtained by Martins, Blaschke and Quac
Ref.[11], charmonium dissociations due to gluons in decon-
fined partonic system and pseudoscalar-octet and vector-nonet
mesons in hadronic matter were studied in a QCD-based po-
tential model. Inspired by the recently increasing interest on
measuring y .y suppression in finite nuclear matter''?), Xy dis-
sociation cross sections in the collision with a nucleon were
calculated in the same potential model'® . In the present work
the nucleon- y,; dissociation cross sections are applied to
study y,; suppression related to nucleon and antinucleon dis-
tributions in hadronic matter created in the central Pb + Pb
and S + Pb collisions at the CERN-SPS energy . We first reca-
pitulate the work of Ref. [13] in the next section. Then we
discuss thermally averaged y,; dissociation cross sections with
the relative velocity of nucleon and y,; in Section 3. y,; sur-
vival probabilities reflecting the dissociations by protons, an-
tiprotons, neutrons and antineutrons in hadronic matter pro-
duced in the central Pb + Pb and S + Pb collisions are calcu-
lated and plotted in Sections 4 and 5, respectively . Summary

is given in the final section.
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2 x.; dissociation cross sections by nucleon

The QCD-based potential used here was developed from
the Buchmiiller-Tye potential''’"'*) . Wave functions of nucle-
ons and charmed baryons involved in dissociation reactions

result from a fit to mass splittings of baryons ( charmed

% and % .Since a charmonium is made

of heavy quark and antiquark, some properties can be de-

baryons) with spins

scribed in perturbative theory because of its large mass and
small size.But it is not small enough to make nonperturbative
effects totally negligible . Therefore, the production of charmo-
nium can be understood within perturbative QCD, but its fur-
ther interaction with surrounding matter is essentially soft in
nature and cannot be treated perturbatively. An effective
method to consider charmonium dissociation in a nonperturba-
tive theory, which is strongly correlated with hadronic matter,
is known as the quark exchange mechanism''”! . The reaction
of a y,; and a baryon(cé + q;qpq3 > q;qpc + q3¢) can be di-
vided into six processes according to the colour interactions
via one gluon propagation between (1) q; and ¢, (2) g, and
c,(3)q3 and c,(4)q1 and 6,(5)q2 and ¢, (6)q3 and ¢. Ac-

cordingly, the Lorentz-invariant transition amplitude is

M =/1/<1I/qlq2q3 | (W | (Vo + Voo + Vae + Voo +

Voe + Vae) | Weqe) | Yoo, (1)
where /=4 \/E

E E 40 E ¥ is the wave func-

9,9,9, 4,9,
tion of a meson or a baryon, which is a product of space,
colour, and spin-flavour wave functions,and V,,(a = q;,
Q@>q3; b = c,c)is the QCD-based potential between

quark (antiquark) @ and quark(antiquark) b
A, A A, A 3
Vo (1) =——a'—biK - b16n2Jd—Q—

2 "2 4V T2 (20
2 - K/ 2 a ~,Q iQ-r
olQ) - K/ Yo vaylyte’® (2)

0’

which depends on the relative coordinate r or particles a

and b,a physical running coupling constant o ( @*), the

Dirac matrices ¥*( ©=0,1,2, 3), the Gell-Mann matri-

ces A ,the gluon momentum @, and the string tension K
=3/(167*a’) with the Regge slope a’ =1.04GeV ~2.

From the transition amplitude we get the total cross

section

a(s) =

’ 1
1 IP(s)IJ dz | A x

32xs | P(s) |J)_;
(P(s),P'(s),z) I (3)

where z = cos§ (P, P')and 0( P, P')is the angle be-
tween the momenta P and P’ of incoming and outgoing
particles in the center-of-mass frame of the y.; and the
proton.

We take y,; to illustrate the complex characters of
the y,; dissociation by a proton . Similar considerations are
applied to the reactions of y, and y., with a proton or
other baryons. Ref. [ 13] presents dissociation cross sec-
tions versus the center-of-mass energy +/s of the X1 and

the proton in the nine channels
_ + 0 1
l:p+cc—>A; +D°,S8,, = >

2:p+cc—> A +D*°, S, =

3:p+cc—> A +D*°, S, =

|
=

4:p + cc > ECH +D7, 8, =

5:p + cc —> ECH +D"7, S,

we

I
Y I N I N

6:p + cc —> ECH +D" 7,8, =

7:p + cc—> E:H +D7,8,, =

e

8:p + cc > Z:H +D" 7,8, =

e

Y L

9:p + cc > Z:H +D" 7,8, =

These processes of y.; absorped by a proton involve
both endothermic and exothermic reactions. For the en-
dothermic reaction, taking p + y., > 2. " + D"~ (S,
=1/2)as an example, the cross section starts from zero at
the threshold energy, then enhances and reaches a peak
value 14.3 mb at 4.6 GeV.For the exothermic reaction,
taking p+ y.q > 2o " + D7 (S, =1/2) as an exam-
ple , the cross section is infinite at the threshold energy
and then declines rapidly. All of the absorption cross sec-
tions of the nine channels drop off exponentially towards
higher center-of-mass energies. Therefore, a proton with
the momentum which can provide energy +/s close to the

threshold value has strong dissociation ability .

3 Thermal average

Now we consider the thermal average of the y,; dissocia-

tion cross sections multiplied by the relative velocity v, of y.;
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and nucleon( antinucleon) while y,; moves in hadronic matter
produced in high-energy nucleus-nucleus collisions. Recog-
nizing f(r,P,,t ) and f(r, P,,t)as the phase-space distri-
butions of proton and y,, with the momenta P; and P,, re-
spectively, we write the time evolution of y, distribution as

the following simple kinetic Boltzmann equation[ls] :

of(r,Py,t)

5 + V-Vf(r,Py,t) =

3
—f(r,Pz,t)J%f(rapht)dabsvrel’ (4)

where V is the velocity of y,; and o, is the absorption cross
section of ¥, by a proton.Let m;(m,) and E,(E,) stand for
the mass and energy of proton( y,; ), respectively. The rela-

tive velocity is

Ao i )
rel — ElEZ .

Considering a thermal proton distribution as given by the
Fermi-Dirac distribution

2

H(Pist) = TR (P /T] + 1 (6)
which is independent of the coordinate r and gives the proton
density

&P
n,(t) = j (2ﬂ)‘3fp(P1,t>, (7)

we derive the thermally averaged dissociation cross section,
which depends on the y,, momentum P,:

1 J &P,

(O uatra) = O] (2—K)3fp(Pl’t)aabs[s(Pl’PZ)]vrel'

(8)
Now we show our results of (o ,v,,) against the trans-
verse momentum of y,, at different temperatures in Fig.1 for

the endothermal reaction p+ y, > 2" + D" (S, =1/

1+ o+
c

2)and in Fig.2 for the exothermal one p + ¥, —>
D (S,=1/2).

+

The quantity{ o, v,/ can be regarded as the mean ca-
pability of protons to dissolve a y,, which is moving with the
momentum P, through a thermal proton matter in a channel.
The higher y,; momentum we input, the lower thermally aver-
aged dissociation cross section weighed with v, we get. And
(4., always increases with the increasing temperature of
the proton matter. We can understand these phenomena as
follows : The higher y, momentum offers larger center-of-mass
energy /s , which gives smaller dissociation cross sections of
both the endothermic and the exothermic reactions; Mean-

while , the exponential factor e~ *1”" has a stronger suppressing

effect on the high proton momentum contribution to ¢ 4,v )
and increases as T increases. The results show the approxi-
mate tendency of the dissociation capability with the variation
of temperature . The thermal avergae governs the evolution of

Xy in proton matter.
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Fig.1.  The thermally averaged cross sections of p + y,—>

25" +D" (8, =1/2)for a x,; moving through proton matter

with the momentum P, at different temperatures 7.
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Fig.2.  The thermally averaged cross sections of p + x,—>

28 +D7 (S =1/2)for a y,; moving through proton matter

with the momentum P, at different temperatures T'.

4 Survival probability of x.; in the central Pb

+ Pb collision

A y,; meson is produced at the position r in the initial
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nucleus-nucleus collision. When the meson passes through
hadronic matter, it is dissociated by the collisions with nucle-
ons and antinucleons. We consider y,; moving at the central
rapidity . Then the survival probability of y,; averaged over its
initial position is

szr( Ri - r2)exp[ - erdr( np( ) + nﬁ( 7)
S(Py) = 2 +

szr( R - %)
1a(7) + 15(2)) (oasva ]
szr( R: - 1)

, (9)

where R, is the radius of the projectile nucleus and 7, is the
time when y,; ceases to interact with hadronic matter. The
cross section o, is a sum of the nine channels of y,; dissoci-
ations. n,, n; , n, and n; denote the number densities of pro-
ton, antiproton , neutron and antineutron at a given time z ,re-
spectively .

In Ref.[16],the anomalous J/ ¥ suppression observed
in Pb + Pb collisions at 158 GeV/ ¢ per nucleon was studied
while property of hadronic matter was determined. The work
presented a transverse velocity of hadronic matter V| =
0.75c¢,a thermalization time 7;=2.9fm/ ¢ at which the mat-
ter has the temperature Ty, =0.175GeV, a freeze-out time
Tn =4.44fm/ ¢ at which the freeze-out temperature is 0.139
GeV.We then use the velocity, these times and temperatures
to calculate the survival probability of y,; due to the collisions
with protons, antiprotons, neutrons and antineutrons in
hadronic matter. The number densities of proton (antiproton)
are obtained from the total proton ( antiproton) number N,
(N;) measured by NA49 collaboration "] by

n, = Ny/V(t),n, = Ny/V(z), (10)

where V is the volume of hadronic matter
2R
V(z) = (2T+7A)TC(RA+ Ve )2 (11)

The neutron ( antineutron ) number density is assumed to be
equal to the proton (antiproton) number density. The depen-
dence of survival probability of y; on transverse momentum is
shown in Fig.3 for hadronic matter created in the central Pb

+ Pb collision at 158 GeV/ ¢ per nucleon.

S Survival probability of y.; in the central S

+ Pb collision

In a central S + Pb collision, less nucleons in the lead

nucleus participate in the creation of hadronic matter since
the sulphur nucleus has about half of the radius of the lead
nucleus . The hadronic matter may not reach thermal equilibri-
um. No matter whether the hadronic matter is in thermal equi-
librium or not, we can approximate each hadron distribution

by a uniform distribution in space

1.0
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o
[<]
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2

0.7 :

0 1 2 3 4 5 6 7 8
pr/(GeVic)
Fig.3.  y.; Survival probability in the central Pb + Pb collisions

at 158 GeV/ ¢ per nucleon.

(2n)? &N (@2n)* &£N

f = EVpy dprdy = EVmg dmqdy (12)
which gives hadron number density
3
_ | 4 13
"= J (2n)3f' (13)

Since each transverse mass spectrum of hadrons can be de-
scribed by an inverse slope parameter T ,we write

&£N dN y

W = d—yCmTe' T, (14)
where the constant C is
Vot e(sr2)° meq -1
c-] dmemte ™| "L (15)

m
where /s is the center-of-mass energy per colliding nucleon
pair. The NA44 collaboration measured the proton and an-
tiproton rapidity densities in sulphurlead collisions at the
beam momentum 200 GeV/ ¢ per nucleon'®! . We approximate

the rapidity densities by

d_N_{12'8 iflyl<sl
dy 7 112,810 ey 1> 1
for the proton and
d_N_{o.95 iflyl<l
dy 7 10.95¢" (10" |y 1> 1

for the antiproton.Due to the lack of neutron and antineutron
rapidity densities, we assume that the neutron and proton have

the same rapidity densities with their antiparticles, respective-
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ly. We keep the hadronic matter duration in the central S + Pb

collision the same as that in the central Pb + Pb collision % .

[18]

According to the measurement of NA44 collaboration we

set @ = 1 and the inverse slope of the my spectrum, T} =
0.221 GeV for proton and neutron and 0.206 GeV for an-
tiproton and antineutron, respectively. Since the sulphur nu-
cleus has the radiusRg = 3.62 fm smaller than the lead nu-
cleus Rp, = 6.74fm, the volume of hadronic matter formed in

the central S + Pb collision is

V(z) = (21- + M%’)R(Rs + Ve )% (16)

1.00

0.90

0.85

survival probability

0.80

pr/(GeVic)

Fig.4.  y,; survival probability in the central S + Pb collisions

at 200 GeV/ ¢ per nucleon.

The y,; survival probability involving only the dissociations by
nucleons and antinucleons in hadronic matter is calculated
with Eq.(9) and plotted in Fig.4.It is visible that the sur-
vival probability in the central S + Pb collision is larger than
the survival probability in the central Pb + Pb collision. This
difference is caused by the hadronic matter initially formed,
which has the transverse size of about twice the small radius

of sulphur nucleus.

6 Summary

We have calculated the thermal average {6 4,v,y) which
affects the y,; evolution and suppression in hadronic matter.
The average decreases with y, momentum increasing at a
fixed temperature and increases with temperature increasing at
a fixed y,; momentum . Nucleon- y,; dissociation cross sections
have been applied to study y,; suppression in hadronic matter
created in the central Pb + Pb and S + Pb collisions at the
CERN-SPS energy . The survival probability of y,; determined
by the collisions from nucleons and antinucleons increases
with the y,; transverse momentum increasing. The suppression
is not strong but not negligible at low py.The y,; collisions
with baryons and antibaryons may give appreciable contribu-

tion to the total y,; suppression in hadronic matter.
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