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Particle Production in the Central Rapidity Region of Ultrarelativistic Nuclear Collisions
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%e discuss the central rapidity region of high-energy proton-nucleus collisions in the context of a
flux-tube model. This model supposes the creation of a color flux tube by a random-walk color-
charging process and its subsequent decay by qq and gluon-pair creation. The observed dependence
of particle multiplicity on the number v of projectile interactions is explained. Some further impli-
cations of the model for high-energy proton-nucleus and nucleus-nucleus collisions, including 3-
dependence in the latter case, are discussed.
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Quantum chromodynamics (QCD) predicts that
strongly interacting matter will form a weakly interact-
ing plasma of unconfined quarks and gluons at high
temperatures or high baryon densities. It is hoped that
this prediction will be tested in ultrarelativistic
nucleus-nucleus collisions. ' Much effort has been de-
voted to an understanding of the evolution of the
quark-gluon plasma that may be formed in these col-
lisions, and observational signatures of the plasma for-
mation have been sought. Much less understood is
the mechanism of energy deposition, which provides
the initial condition for the plasma evolution.

In this paper we shall discuss a possible mechanism
of energy deposition in the central rapidity region of
high-energy nuclear collisions. We view the elementa-
ry nucleon-nucleon interaction as being dominated by
an exchange of a single soft gluon. 2 This causes each
of the two nucleons to acquire an octet color charge,
so that the receding nucleons become linked by a color
flux tube. The subsequent decay of the flux tube by
pair creation leads to the copious production of secon-
dary hadrons. In the case of nucleon- nucleus or
nucleus nucleus c-ollisions there will be more gluons ex-
changed, which will change the details of the forma-
tion and decay of the flux tube(s). In the following we
shall discuss several observational consequences of
this model, focusing on proton-nucleus collisions. 3 We
will see that our model can explain the v dependence
of the particle multiplicity in the central rapidity re-
gion, as observed by Elias et al 4and De M. arzo et al. s

We shall consider some implications of our model for
nucleus-nucleus collisions at the end.

Consider a proton-nucleus collision with a small im-
pact parameter, and suppose that the projectile nu-
cleon suffers u interactions while traversing the target
nucleus. Our model assumes that the projectile ex-
changes one soft gluon with a target nucleon in each
collision. The color charge will pile up both in the pro-
jectile and in the ~ounded target nucleus in a stochas-
tic way. This process can be vie~ed as a random stalk

in the intrinsic color space. For an Abelian charge, the
strength of the charge built up after the collision is
given by

0~ gv.

This essential feature of the random-walk process does
not change in the case of non-Abelian gauge theories,
where we replace 02 by the quadratic Casimir opera-
tor.

In each interaction the projectile absorbs (or emits)
a gluon which carries color t in the adjoint representa-
tion. After v gluons have been exchanged, the total
color vector of the projectile is T= ti+ t2+. . . + t„.
Hence the expectation value of the squared magnitude
of total color is given by

(2)

When the gluon exchange process takes place random-
ly, the color vectors of any pair of gluons are uncorre-
lated, (t, t&) =0, which leads to

(T') = (t').
Thus we see that the expectation value of the quadrat-
ic Casimir operator indeed grows in proportion to u.

Since the color charge at the ends of the flux tube is
greater than that produced in pp collisions, the field
strength in the tube is initially stronger. The particle-
production process can be modeled as the quantum
creation of qq pairs in the strong color field6 7 (the
Schwinger mechanism in QED) and the subsequent
combination of quarks into hadrons. The energy origi-
nally stored in the color field is gradually converted
into the kinetic energy of the quarks. This process
continues until the field energy is exhausted.

Schwinger's original formula for the pair-creation
rate has been rederived6 by WKB methods and used to
calculate the qq pair production rate in the color fiux
tube. This method gives the explicit transverse-
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momentum dependence of the qq creation rate as
l

2m (pl+ m')
dP~ —gE ln 1 —exp — dpT2, (4)

where a is a dimensionless numerical constant. We
note that Eq. (5) holds even in the presence of gluon-
pair production. '

To relate the initial field strength to the particle
multiplicity, we have to evaluate the space-time in-

tegral

N~;, = d xP. (6)

Doing of this integral requires knowledge of the
space-time dependence of the field strength E(x). We
first assume that the transverse cross section of the
tube is fixed at 4 and that the field is uniform across
the tube. We define the longitudinal coordinate z and
time t in the center-of-mass frame, and define the
light cone variables

r = v't2 z', —y= —In
1 t+z

f —z

On the average, the longitudinal velocity v, of a secon-
dary hadron will be related to the position (t,z) where
the particle is created by u, = z/t. We take the position
of hadron creation to be approximately equal to the
position where qq pair creation occurs. Thus y defined
by (7) can be identified with the rapidity of the final
hadrons. Since the four-volume element is given by
d x = dy d~ 7Q, Eqs. (5) and (6) lead to

= asf dr ~E2. (8)

The decay of the flux tube is a very complicated sto-
chastic process. However, the average behavior of this
process must meet the following rather simple condi-
tion: The process looks almost the same in any frame
if it is not too close to the projectile or target rest
frame. In other words, the space-time picture is in-
variant under Lorentz boosts in the longitudinal direc-
tion. (This point has been emphasized by Bjorken as a
model-independent feature of the space-time develop-
ment of high-energy collisions in the context of the
parton model. ") In the present problem this implies
that the average field strength E must be a function

where g is the effective QCD coupling constant and E
is the strength of the color electric field. Here we have
neglected the partial screening of the field by the pro-
duced pair. Inclusion of this effect is rather trivial9 but
does not lead to any qualitative change in the following
discussion, since the initial field strength is much
stronger than that of an elementary fiux tube. In the
massless limit the pair-creation rate becomes

P= aE2

~o~ I/VEo. (10)

This is simply because the attenuation of the field due
to pair creation is controlled according to Eq. (5) by
the local strength of the field, and Eo is the only
parameter which has a dimension.

Substituting (9) into (8) and using (10), we find

dN~;, /dy = a+Ep2 rp2 dx xf2(x)~ g Eo. (11)

Since the initial field strength Ep is related by Gauss's
law to the color charge Q built up in the collision as

MEp= Q, (12)

we see that the particle density in the central rapidity
region increases in proportion to Q,

dN~;, /dy~ Q.

In the above discussion, we fixed the cross section
of the flux tube. The tube will expand, however, be-
cause the field pressure (= —,

' Ep2) is greater than the
equilibrium pressure. The above derivation is right
only if the field attenuation due to the pair creation is
much faster than the expansion of the tube. Now let
us consider the other extreme case, viz. , that the pair
creation is a very slow process and that the tube first
expands and attains its equilibrium shape. The equi-
librium cross section of the tube is given by

& eq
= Q/Eeq& (i4)

where the equilibrium field E~ is defined to balance
the external bag pressure 8 via

—'E =8
eq (15)

In this case the numbers of pairs produced after the
expansion can be estimated as

dip„Jdy = axle~ d7 rE2(r)

~.qE.q= Q. (i )

Thus the Q dependence of the particle multiplicity
does not depend much on the details of transverse
evolution of the flux tube.

Using the random-walk relation between Q and the
number of gluons exchanged Jv, we find

dip„,/dy ~ Wi

With the assumption that the number of qq pairs is

only of the proper time r,

E(t) = Epf (7/vp),

where Eo is the initial field strength at i = 0, and f(x)
is a dimensionless function satisfying f(0) =1. The
constant ~p sets the time scale for attenuation of the
color field, which by dimensional analysis must be in-

versely proportional to QEp.
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proportional to the number of hadrons, this leads to

(dn/dy )p„(dn/dy) pp
'= Jv. (18)

In Fig. 1 we compare our result (18) with recent
streamer-chamber datas taken at the CERN Super Pro-
ton Synchrotron, where t, the average number of col-
lisions, was estimated from the number np of
knocked-out fast protons. '2 The prediction of our
model is in good agreement with the data. Our result
also fits the data reasonably well'3 if we use the
phenomenological relation

p g~tn/~prod (19)

for massless quarks. The total transverse energy
released by pair creation during the evolution of the
flux tube is

and hence,

dS'T
d x I dr r dy ~E'/',

d"x (21)

tot/ dy ot E3/2 (22)
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FIG. 1. The ratio R = (dn/dy)~„(dn/dy)~~' in the central
rapidity region of high-energy proton-nucleus collisions plot-
ted as a function of the number of collisions v which the
projectile suffers. The solid curve is the prediction of our
model [see Eq. (1S)]. The data are taken from Ref. 5.

Along the same lines we can calculate the t depen-
dence of the average transverse momentum of the
pairs. Recalling the formula (4) for the pair-creation
rate which has explicit pT dependence, the energy
which is converted from the field into transverse
kinetic energy, per unit four-volume, is given by

t t

dg T 2mp22

dx' gE dpT'2—p&ln 1 —exp—

(20)
E5/2

If this transverse energy were to go directly into the
secondary particles, the average transverse energy per
particle would scale as

d Sr" tot/ dy(E )
T El/2 &1/4

dNp„, /dy
(23)

This prediction of a slow increase of the average
transverse energy distinguishes our model from other
models'4 '7 of multiparticle production in hadron-
nucleus collisions. For example, the additive quark
model, t2 which can equally well reproduce the t

dependence of dn/dy, gives (ET) totally independent
of t . This is simply because, in such a model, the in-
crease in the multiplicity is explained by an increase in
the number of strings, and the nature of each string is
assumed to be unchanged.

Unfortunately, we expect (23) to be affected strong-
ly by the interactions inherent in the hadronization
process. Currently available data on hadron-nucleus
collisionsta do not in fact show any clear evidence of
an increase of the average pT with increasing A. How-
ever, Eq. (23) has more direct implications for AA col-
lisions, to which we proceed.

The use of Eq. (19) is equivalent, in effect, to the
assumption that the number of proton interactions t in
the target nucleus with atomic number A scales as
A'/3. This observation, combined with the foregoing
discussion, allows us to make predictions for particle
production and energy deposition in ultrarelativistic
nucleus-nucleus collisions. The central collision of
two identical heavy nuclei may be considered as the
creation of a large cylinder filled with color electric
field. The coherence length, transverse to the
cylinder, for color orientation will be the size of the
proton. The number of interactions (color-exchange
processes) which take place in each tube creation will
be proportional to A' 3&&A' 3. Thus the average local
color-charge density per unit transverse area built up
after the nucleus-nucleus collision will grow as
j(A2/3) =At/3. This implies that one can expect an
energy density in the central rapidity region —A2/3

times that in a pp collision. This initial condition also
leads to faster quark-pair production characterized by
ra~A '/6, and the average transverse energy of pairs
grows in proportion to 3'~6.

Under such circumstances, we may suppose that the
matter produced by the decay of color flux takes the
form of a plasma of unconfined quarks and gluons.
Moreover, since the momentum distribution in the
pair-creation formula is already very close to the
Boltzmann distribution, thermalization would take
place very rapidly. Hence we may interpret the A

dependence of the average pT of the produced particles
as the A dependence of the initial temperature Ta of
the plasma, and ~o as the time when hydrodynamical
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expansion starts. We have the result

(24)

Since, in the absence of dissipation, the scaling hydro-
dynamic expansion conserves the entropy per unit ra-

pidity, '9 the final multiplicity of secondary hadrons
produced in nucleus-nucleus collisions should scale as

(25)

This also seems to be consistent with available
cosmic-ray data. zo
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