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The production of J/t/i by p-nucleus and n.-nucleus reactions is investigated using the optical model.

It is found that the g-nucleon absorption cross section is energy independent, practically the same as for

and K production, and the average cr,b,
= 12.725. 1 mb leads to a mean free path A, =5.2+2.0 fm.

PACS number(s): 13.85.Ni, 12.38.Qk, 25.40.—h, 25.80.Hp

I. INTRODUCTION

It has been found in a recent CERN Super Proton Syn-
chrotron (SPS) experiment by the NA 38 Collaboration
[1(a)] that the suppression of J/P production by heavy-
ion (HI) collisions is tnore important than expected from
the p-nucleus colhsion at the same energy. Thus arise the
following questions: Is its mechanism different from m.

and E production? How is it different from the p-
nucleus collision?

We note that the A dependence of the hadron produc-
tion cross sections is usually described by means of the
power law cr —A of the naive quark model and that the
mean free path (MFP) thus deduced is not free from am-

biguity because, experimentally, the parametrization of a
depends on the Feynman variable xF. Furthermore, its
estimate integrated over xF is not A independent, but de-

creases with A.
As the cross section is essentially a geometrical con-

cept, it is natural to use the eikonal model to investigate
the nuclear production of J/g. We present in this paper
an analysis of hadron production by high energy p-
nucleus and m -p collisions in terms of the geometrical
model, equivalent to the Glauber theory [2]. We then
compare o,b, of J/g to those of m and K and investi-

gate the scaling property.
Remarks will be made on the Gaussian model cross-

section formula, Eq. (9) below, for p-A collision and the
relationship between the parameters a of the power law
~- A and o,b, of the optical model. An empirical for-
mula to approximate (9) will be proposed.

II. THE EIKONAL MODEL

Consider, to Sx the ideas, the production of a J/1( par-
ticle at the point B (Fig. 1) inside a target nucleus of ra-

X exp( tr,b,(%'—,N )

X f "p(b,z')dz')
z

where tr(pp ~g) and o,»(Q, N) are the cross sections of
J/P production by pp collision and its absorption by a
nucleon of the target, and p is the nuclear density, which,
for convenience sake, is assumed to be Gaussian, so that
the limits of integration in (1) may be extended to 00

p(r) = 2
~

—r /R(~nR). (2)

normalized to the mass number A of the target.
The integration over z is straightforward by making

use of this property of the exponential function; namely,
dz p(b, z) is the difFerential up to a factor of o,». This re-
markable property leads to

„~—~p
+

0

with

(3)

& =o(pp ~J/g)/o, b,(Q, N )

and 20 the eikonal:

(4)

20(b, z) =o,b, f p(b, z')dz' .

The radial variable in the Gaussian density p(r) is
r =OB = (z —+R b) so that—

dius R =ro A ' by an incident proton after a traversal of
AB=z, at an impact parameter b =0M. If it survives
after passing a distance BN =z' inside the target nucleus,
we get, for its cross section,

n&tr =of . db f dz o(pp~g)p(b, z)

8 M N C

PIG. 1. Hadron production by p-nucleus colhsion according
to the optical model.

2n(b, z)=o,„,e
mR

The integrals involved in the calculation of the cross sec-
tion by (3) are elementary, if use is made of the series ex-
pansion

2n —y ( —1 ) (2~)v
o

t

We get
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f db (1—e ")=8 g0 g2 (8)

The general expression for the production cross section
of the inclusive@A ~m+ . -. is

1
o „(m)=oo(rn)A 1—,(a A'/ )

~ ~

( A 1/3)21

3X3! (9)

where, for simplicity, we let

o.,b,(m )
am

ZKfp
(10)

and oo(m) is the coefficient. Note that the convergence
condition, according to d'Alembert's rule, is
a A'/ /v (1, so that the model holds better for light
nuclei.

III. HADRON PRODUCTION BYp+ A ~n, K,J/tP

We now use (9) to analyze p+ A —+J/1(/+ with the
recent Fermilab FNAL experiment E 772 at 800 GeV/c
[3]. The cross sections (in pb) are estimated using their
M o /dx distribution for p +d production at the
same energy and assuming the branching ratio
8(J/g~p+p, )=5.97%. Their data are shown by tri-
angles in Fig. 2.

As for the CERN SPS experiment NA 38 at 200
GeV/c with Cu and U targets [1(a)], as shown by crosses
in Fig. 2, we associate with the results from a Fermilab
experiment n+ A~J/1(/ at 400 GeV/c by the CFHS
Collaboration [4] by scaling down to 200 GeV/c using
the Cu point of NA 38. The cross sections thus obtained
are shown by open circles in Fig. 2.

Next, for comparison, we consider the Serpukhov data
of m +p —+J/l(t at 43 GeV/c [5].

Finally, in order to investigate the properties of the pa-
rameters of the fits, we have analyzed, in addition, ~
and K production by inclusive p+ A at 200 GeV/c by
the NA 35 Collaboration [6(a)] and the NA 5 Collabora-
tion [7], together with the FNAL experiment E 565/578
Collaboration [8]. Last but not least, we use the data of

+A —+h + at 40 GeV/c of the Risk Collabora-
tion [9], their data and the fit being omitted in Fig. 2 for
simplicity.

In order to analyze these data in terms of the Gaussian
model Eq. (9), let us recall this scaling property, similar
to that of pp collisions, reported before [10]. For this
purpose, we plot in Fig. 3 the reduced cross sections per
nucleon m o~„(m)/A multiplied by the fugacity f vs
A' for n and J/t}/ production at P~»=200 GeV/c,
with f=1 for ~ and 2.6 for J/g corresponding to the
chemical potential p&=1.5 GeV with respect to p =0
(cf. below). As both sets of data fall into a single pattern,
we may fit them simultaneously with (9) by considering
successively 2, 3,4, . . . , 8 terms of the series (9), in order
to search for the minimum of y . We find the best fit cor-
responding to the case of four terms; the parameters are

a =0.35+0.03 oo(rn)=1. 98+0.65 .

The fit as shown by the solid curve in Fig. 3 is very satis-
factory indeed, indicating that o,b,(m) is practically the
same for both n and J/1( production.

We now proceed to try an overall fit to the data of
m. , K and J/tj/ production in Fig. 2, assuming the same
cr», (m ). The results are shown by the solid curves in Fig.
2. The parameters are summarized in Table I. A com-
parison of these fits with the data of production of vari-
ous particles by several h-nucleus reactions covering a

p+ A 200GeV/c

10:= 1.8 Jxf

Fit

10 =:2

0 p+AmJPP 200Ce~c---
.--.-.~" 1.2

m +A-+ J/'Y 43GeV/c

10

1.5 2.5 4.5 5.5 6.5

A

FIG. 2. Cross sections of J/l(, n, and K production by p-
nucleus reactions vs A ' of the target. The curves are fits with
the optical model formula Eq. (9); the parameters are listed in
Table I.

A1 /3

FIG. 3. Scaling property of p+ A~sr and J/f at 200
GeV/e. Plot of the reduced production cross section per nu-

cleon rn o~„(m)/A scaled by the fugacity f= I for mand.
f=2.6 for J/l( against A'/3. The curve is an overall fit with
the Gaussian model, Eq. (9), corresponding to the minimum y~

by taking four terms of the series expansion.
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TABLE I. Eikonal model parameters of partial cross sections for particle production by h-nucleus

collisions: an overall fit with Eq. (9) assuming the same o,b, /pro. W is the energy available in the Sre-
ball system Eq. (14).

P~,b (GeV/c)

200 p-A

40 m. -A
800 p-A
200 n-A
43 m-A

Sec.

K
h

J/f
J/Q
J/f

0 ebs

1'p
2

0.28+0. 13
Same
Same
Same
Same
Same

92.6+1.0
10.5+0.7
112.1+0.7

(1.82+0.09) X10 4

(7.34+0.06) X 10-'
(1.66+0.03) X 10-'

W' (GeV)

9.32
8.60
5.05

11.67
6.50
2.28

wide range of energy gives us a strong indication that the
agreement is, in general, very good.

The properties of these parameters will be discussed in
Sec. IV. Here, let us note especially that, assuming

re =1.2 fm, we estimate the absorption cross section of
secondary particles by nucleons of the target nucleus to
be

o b =12.7+5. 1 mb,

corresponding to a mean free path

A, =5.0+2.0 fm . (12)

We note that this estimate agrees with that using an
empirical and closed formula to be discussed in Sec. V.

IV. EIKONAL PROPERTY AND SCALING

If we compare the nuclear production of J/f with m

and EC by pA and ~p collisions, we find a striking
feature; namely, the parameter cr,»/pro remains practi-
cally constant, independent of energy and the nature of
particles we are dealing with, the average being
0.28+0. 12. It is interesting to note that the correspond-
ing average X is comparable to the radius of the heaviest
nuclei; this is expected, since the produced hadrons are
strongly interacting particles just like the colliding nu-
cleons.

This important eikonal property, namely o,b,(m)/pro
=const, implies that at a given energy, the A dependence
part is a common factor for all partial cross sections of
any secondary production. In other words, the cross sec-
tions of the inclusive p+ A ~m+, as is well known,
may be scaled to the inclusive p+p~m+ at the
same energy, as discussed previously [10(a)].

As for the behavior of the parameter ere(m) from the
Sts (Table I) we expect it to equal the cross section for pp
at the same energy. In this regard, it is interesting to
note that, in the case of p+ A ~m+ at 200 GeV/c,
the coefficient oo(m)=92. 6+1.0 mb is consistent with
that ofp+p ~++ .

o~~(m ) =(32.5+0.5)(2.96+0.03)=96.2+1.8 mb

by the NA 5 Collaboration [7]. As for other particle
production by pp, we recall that the process
p +p ~m+ . is found to behave like the bremsstrah-
lung, so that

o „(m)-W'(m)/m (13)

(15)

With p„=0and p, = 1.5 GeV, we find

8=0.214 GeV, (16)

comparable to the latest estimate -200 GeV of the
Hagedorn temperature [11]. That 8))140 MeV, the
conventional temperature corresponding to
(Pi) =350 MeV/c of reproduction, . is due to the fact
that the production of J/g is a hard process in contrast
with the soft process of m production.

V. REMARKS

From the analysis of the nuclear production of J/g by
p-nucleus and m-nucleus collisions in terms of the optical
model, we find the absorption MFP A, =5.0+2.0 fm, com-
parable to that of the nucleon [12], but considerably
shorter than the 16+8 fm estimated by Gerschel and
Hufner [13],whereas our estimate o,b, = 12.7 mb exceeds
the 6 mb reported by Lesnick [14].

As a,b, is practically the saine for J/g and rr, K pro-
duction, it follows that the group velocity determined by
the eikonal phase of these particles is the same for a11 the
secondaries; i.e., the index of refraction is independent of
the nature of the produced hadron, so that the secon-

W'(m) being the energy available in the rest frame of
secondaries, referred to as the iireball (FB) system; its ve-
locity is the same as that of p at the same energy, namely

P =1—2/y, , y, = s /2m' being the Lorentz fac-
tor ofpp collision, as reported elsewhere [10],so that

W'(m) =2m& [2(~s /2m& —1)' —1]—b, m . (14)

Here hm is the threshold energy: hm =mz for J/ttI and
hm =2m for nor K .production. The values of W'(m)
(in GeV) are listed in Table I.

Finally, we note that the large difference between the
partial cross sections of J/g(cc) and n (ud) produced
by p+ A at 200 GeV/c, namely, o &/o =7.78 X 10, is
due to the large mass difference between the charm c and
the light u/d quarks. Indeed, if 8 denotes the tempera-
ture characteristic of the emission of a quark of mass p
with probability e " ", then, according to the statistical
model,
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(17)

The parameters thus estimated are listed in Table II.
Note that they are consistent within narrow uncertaini-
ties with those of the overall fit using (9); in particular,
the average

Oabs =0.29+0.08
ro

is in good accord with 0.28+0. 13 in Table I.
We may relate (17) to the power law A, which is com-

monly used in the analyses of the hadrons from nuclear
production, as follows:

daries have the same rest frame, as they should, since we
are dealing with strongly interacting particles. This
property has actually been observed in the case of hadron
production by pp collisions [10(a)]. For p+ A ~J/g at
P&,b =800 GeV/c, we have found from Fermilab experi-
ment E 722 [3] P& =0.961+0.012, and from the latest E
789 [15] we get 0.883+0.067, leading to an average
(P&) =0.897+0.064 in agreement with P'=1 —2/y,
=0.903 as expected from the scaling. Here, y, is the
Lorentz factor of the c.m. system (c.m.s.) of the incident
proton and a quasifree nucleon of the target nucleus, just
like the case ofp+p~m.

As regards the optical model for p-nucleus production,
Eq. (9), we note that it may be approximated as

1/3
Orbs~

tr„(m ) =0 oexp
4mro

TABLE II. Parameters of the empirical formula (17) for nu-
clear absorption cross section.

P],b (GeV/c)

40~ -A
800 p-A
200 n-A
43 n.-A

See.

h

J/g
J/f
J/Q

0 abs

pro2

0.32+0.07
0.32+0.49
0.32+0.02
0.28+0.25
0.31+0.10
0. 17+0.04

102.3+9.9
11.2+0.74
122.7+2.90

(1.91+0.14) X 10 '
(7.97+0.14)X10 '
(1.50+0.53)X10-'

tion by nuclear reactions, we note that the hadron tem-
perature increases slightly with the mass m of the secon-
dary and that the entropy density of tr, E(tr) =3T +m
is about twice that of other hadrons heavier than n.,
E(m)= —,'T . Consequently, pions serve as a heat bath
for thermalization with other hadrons; they are emitted
at the surface of the nucleus, whereas for J/f, they are
produced by a hard process, in the deep re&ion of the col-
liding nucleon. Its velocity 13&-+3T&/m& (0.4 is rath-
er small for the reactions we are dealing with in the
present work. When the J/f reaches the surface of the
nucleon to be emitted as a secondary particle, the other
nucleons around the wounded nucleon which produced
the J/P are already separated apart. Consequently, be-
cause of the space-time evolution of the process, the nu-
clear absorption of J/f behaves like that of nucleon con-
stituents of the nucleus in collision.

~.b, ~'"a=1-
4~ro2 lnA

(18)
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Finally, as regards the mechanism of hadron produc-
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