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A simple space-time description of high-energy hadron-nucleus interactions is present-

ed. The model is based on the DTU (dual topological unitarization) -parton-model

description of soft multiparticle production in hadron-hadron interactions. The essentially

parameter-free model agrees we11 with the general features of high-energy data for

hadron-nucleus interactions; in particular, this DTU-parton model has a natural explana-

tion for an approximate v universality. The extension to high-energy nucleus-nucleus in-

teractions is presented. %'e also compare and contrast this model with several previously

proposed models.

I. INTRODUCTION

In hadron-hadron (hh) scattering experiments,
because the particle detectors are always at macro-
scopic distances from the interaction region, ' one
can never learn about the space-time development
of the strongly interacting process. In other words,
hh scattering experiments can only measure the S
matrix. On the other hand, if one replaces the tar-
get hadron by a nuclear target, then the time of
flight for the incident hadron or any produced
secondary in traveling from the first nucleon to a
succeeding nucleon in the nucleus is of the same
order or even shorter than the typical duration of
the strongly interacting process. This means the
nucleons in the nucleus serve as detectors which
are separated by microscopic distances. Therefore,
hadron-nucleus (hA) scattering experiments offer
the unique opportunity to learn about the space-
time development of a strongly interacting process.
Furthermore, one of the important areas of
research in strong interactions during the past de-

cade has been to find the correct model for describ-

ing high-energy multiparticle production processes.
Since different multiparticle production models for

hh collisions give rise in general to different predic-
tions for hA collisions, studying hA interactions
provides a good possibility of discriminating
among the various multiparticle production models
and selecting the correct one. For these reasons,
high-energy hA collisions have generated tremen-
dous interest during the past few years, both exper-
imentally and theoretically.

In this paper, we discuss a simple space-time
description of high-energy hA interactions. The
model is motivated by recent developments in the
dual topological unitarization (DTU) approach to
soft hadronic interaction; the latter approach has
also been shown to be closely related to the parton
model. ' For brevity, we call this model the
DTU-parton model or the two-sheet model. We
will show that this simple model can explain many
general features of the high-energy hA data.

We first review in Sec. II the essential features of
the experimental hA multiparticle production data.
Our theoretical model is presented in Sec. III, to-
gether with the comparison with data. The v-

universality feature is also discussed in this section.
This is followed by Sec. IV on the extension to
nucleus-nucleus (AA) interactions. Section V com-
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pares and contrasts this model with several previ-
ously proposed models. Section VI contains a brief
conclusion and mentions some other interesting ef-

fects arising from interactions with nuclear targets.
In the Appendix we show how one can improve
the quantitative calculations by estimating the
next-order correction.

II. EXPERIMENTAL FEATURES

There are several general features of the data.
One defines

hX
Oin

Vh
—=

hA
&in

(2.1)

where o,".„(o;„)is the hadron-nucleon (-nucleus)
inelastic cross section and 3 is the number of nu-

cleons in the nucleus. The variable Vh can be in-

terpreted to be the average number of inelastic col-
lisions experienced by the hadron h as it traverses
the nucleus. Experimentally Vh is approximately
energy independent in the Fermilab energy range.
Table I gives the values of 7 for p and m

+—from an
experiment '"' in the energy range from 50 to 200
GeV.

If one defines

FIG. 1. The multiplicity ratio 8& versus v~ for 200-
GeV pA collisions. Data are from Ref. 2(d).

(+ch }hA
(2.2)

Rz a+bvh, with a —,=b (2.3)

TABLE I. Values of v for p and m.—+ from an experi-
ment [Ref. 7(b)] in the energy range from 50 to 200
GeV.

Element A

H
C
Al

emulsion
Cu
Ag
Pb
U

1

12
27

-60
64
108
207
238

1.00
1.52
1.95
2.50
2.54
3.00
3.67
3.84

1.00
1.39
1.70
2.07
2.10
2.40
2.82
2.92

then the first feature is as follows.
(a) R„ is small (-2.5) even for the largest A (see

Fig. 1) and may be approximately parametrized as

where a and b are roughly energy independent in
the Fermilab range.

Let q and y be the pseudorapidity and rapidity
variable, respectively, defined as rl= —ln tan(8—L /2)
and y = —, ln[(E+P, )/(E P, )], where O—L is the
laboratory scattering angle and E and P, are the la-
boratory energy and longitudinal moinentum of the
particle. Experimentally it is easier to measure vj,
whereas theoretically it is more convenient to use
y. For almost all practical purposes, they can be
used interchangeably. In any case one can always
change from one to another by a simple kinemati-
cal transformation. The second feature is as fol-
lows.

(b) The differential multiphcity distribution
dX/dg is approximately target independent in the
projectile fragmentation region and increases
roughly as vh in the target fragmentation region, as
shown in Fig. 2.

Different projectiles give rise to different vh and
result in different Rz arid dX/dg for the same A.
However, if we choose A such that we have the
same v for different projectiles, then the third
feature is as follows.

(c) DifFerent projectiles but for the same V have
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FIG. 2. Laboratory pseudorapidity distributions

dN/dg for pA collisions. Data are from Ref. 2(d).

almost the same Rz [Refs. 7(f) and 7(h)] and

dN/dq. ' ' This feature is known as v universality.
As usual, one defines the elasticity to be the ra-

tio of the laboratory energy of the outgoing projec-
tile to the incident projectile's laboratory energy.
For proton- or neutron-initiated reactions, there is

little ambiguity in picking among the final hadrons

the one corresponding to the projectile nucleon, be-

cause usually there is only one nucleon in the for-

ward hemisphere. The fourth experimental feature

is as follows.
(d) The elasticity for hA collisions decreases only

slightly from that of hN collisions even for the
largest A. '0

Another feature is as follows.
(e) In the very forward region, i.e., for g-gm»,

hA2
(dN/dr)) '((dN/dg) '

by a small amount for
A A

Finally, if one defines

(2.4)

the following is true.
(f) One sees a linear dependence of the dispersion

D on (N, h ), and the data points for various nuclei
lie on the same straight line. "

The above are six general features of the high-
energy hA data. A successful model must explain
most and eventually all of these features.

III. THE DTU-PARTON MODEL

(a)
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FIG. 3. Proton-initiated reactions: (a) Pomeron, (b)
multiparticle production, (c) pA with %=2. Antiproton-
initiated reactions: (d) Pomeron, (e) multiparticle pro-
duction, (f) pA with v=2.

We start with p-initiated reactions. Before con-
sidering the nuclear eAects, we first consider the
pX interaction. Within the DTU framework, at
high energy the dominant contribution is that of
the Pomeron which is described by the cylinder di-
agram of Fig. 3(a); cutting this diagram gives rise
to the two-sheet diagram of Fig. 3(b), which
describes the multiparticle production process a
long time after the interaction. The basic underly-
ing assumption of the model is that shortly after
the interaction the process is described by the same
diagram, Fig. 3(b), but without the extra qq
(quark-antiquark) pairs. This results in two ha-
dronic systems: One consists of a projectile di-
quark and a target quark (we call this the excited
projectile system EPS), and the other one consists
of a target diquark and a projectile quark (we call
this the excited target system ETS). Because of the
large momentum diA'erence between the diquark
and the quark within each hadronic system, as
time evolves the two colored ends of each hadronic
system will be spatially separated and then the
color-confining mechanism causes the hadronic
systems to hadronize and so the above diagram
evolves into the full diagram of Fig. 3(b).

We now discuss in more detail the above ha-

dronization process and its application to pA in-

teractions. Consider a hadronic system or sheet



2914 CHARLES B. CHIU, ZUOXIU HE, AND DON M. TOW 25

which is bounded by a colored object at each end
and with the separation between these two colored
objects increasing with time. The hadronization of
this sytem means the production of qq pairs which
then neutralize the color separation and result in a
multihadron final state. A popular scheme for the
confinement mechanism is to assume that the two
colored objects form a one-dimensional chro-
moelectric flux tube which is analogous to the
QED problem of an infinite parallel-plate capacitor
with constant electric field. Then the production
of a qq pair corresponds to the q and q penetrating
a potential barrier. "' This then leads in the rest
frame of the pair to a universal (independent of the
overall momentum of the pair) time ro to produce
this qq pair. " ' Transforming to the laboratory
frame, this time is lengthened by a Lorentz-dilation
factor y=coshy, where y is the rapidity of the pair
(since the pair has small relative momentum, y is
also approximately the rapidity of q or q). Now
the time t that an object with rapidity y takes to
travel the internucleon distance d =—1/m is
t =d/tanhy. This leads to a critical rapidity

y, =sinh '(d/ro), above which the qq pair will not
have time to be produced. Strictly speaking,
without solving the confinement problem, one does
not know how to calculate ~o or y, . Later on, we
shall give some plausible arguments for their
values.

We first present a description of our model
which, although it is overly simplified, does allow
one to quickly grasp the essence of the model. The
EPS, being very energetic and so having a large
Lorentz-dilation factor, does not have enough time
to evolve into its asymptotic multiparticle final
state upon reaching the next nucleon in A. On the
other hand, the low-energy ETS, having a small
Lorentz-dilation factor, has time to evolve into its
asymptotic multiparticle final state upon reaching
the next nucleon in A. The energies of the hadron
from the evolution of the low-energy ETS are small
and their further cascades in the first approxima-
tion can be neglected. This means for an interac-
tion of hadron h with a nucleus characterized by a
value of V~, there will be one EPS and VI, ETS's.
This immediately leads to the experimental features
(a) and (b).

We now present a more refined description
which can be used for pA, as well as pA and mA,

interactions. First we discuss what DTU tells us
about the boundaries of the two sheets. " The
double inclusive cross section for having a quark
with rapidity yi and another with rapidity yz [see

Fig. 3(b)] is

Gf0 ~ exp[« —yz)+a~0 2
—Xi)+m'i],

(3.1)

where Y is the maximum laboratory rapidity, n
and ap are, respectively, the Reggeon and Pomeron
intercepts. Using the relation

T

Y Y
x& =—exp ——

y&2 2

Y Y
x~ =exp y~ ——

2 2

we can rewrite (3.1) as

6fO a& —a—1 —1/2~(—xixr) =( —xixp)
8X imp

(3.2)

1

where the usual values of a=—, and o'.z—1 were
used. This result says that the DTU dynamics, as
given by the topology of Fig. 3(b), favors both
quarks having a small

~

x
~

value. Equation (3.2)
says that for the present case, the boundaries of the
two sheets are approximately given by the momen-
tum distribution of the quark structure function.
We emphasize that Eq. (3.2) is a result of DTU
dynamics and its approximate agreement with the
quark structure function here may be fortuitous.
For the V universality to be valid, we shall see later
that y, &y& is required. In the following we shall
first consider in detail the case y, -y], and then
discuss the inequality case. From Eq. (3.1), the
first moment average values are
(y, )=(Y—y~)=(ap —a) ' 2. This implies
that (1/ro) 0.5 GeV. This is quite compatible
with the usual notion, based on the old-fashioned
perturbation theory, that the inverse of a
quantum-transition time should be of the order of
the mass of the quanta (i.e., mesonic clusters for
the present case) emitted.

With y, -y &, the EPS sheet or the EPS flux tube
has the rapidity range —[y„Y],and essentially
does not hadronize on its way to the next nucleon.
This EPS then serves as the projectile [indicated as
a short heavy line in Fig. 3(c)] for the interaction
with the next nucleon. Notice that the rapidity
spread of this EPS is large and actually overlaps
with that of the next nucleon. This is why this
EPS can have appreciable interaction with the next
nucleon without having to wait a long time as nor-
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mally expected. ' Our model assumes that the in-
teraction of the EPS with the next nucleon is also
governed by DTU dynamics and so the boundaries
of the subsequent sheets are again given by Eq.
(3.2).

The sheet corresponding to the ETS has rapidity
range —[0,Y —y, ]. So on the average, part of it
(the part in the region [O,y, ]) will hadronize, and
the rest (the part in the region [y„Y—y, ]) will

remain as an excited hadronic system. In princi-
ple, the hadronization products and the leftover ex-
cited hadronic system can undergo cascade with
succeeding nucleons. However, the hadronization
products have small energies and the effects of
their cascades can safely be neglected. Further-
more, in the energy region of present interest
(50 &E;„,& 200 GeV), the energy of the leftover ex-
cited hadronic system is also relatively small.
Therefore, to the first approximation, its cascades
can also be neglected. This then leads to the result
of R„=—(1+V~)/2 in agreement with experimental
feature (a). A more quantitative estimate on the
corrections due to the cascades is presented in the
Appendix. '

To illustrate the type of differential multiplicity
distribution that results from this model, let us
consider the simplified version of a plateau for the
contribution from each sheet (a more realistic ver-
sion will be discussed shortly). The two-sheet spec-
tra for pp collision are shown in Fig. 4(a), where I
labels the ETS sheet with a plateau —[0,Y —y, ]
and II the EPS sheet with the plateau- [y„Y].
For V & 1, its suffices to discuss the case of V=2.
As indicated in Fig. 3(c), as the result of the in-

teraction with the first nucleon, the ETS gives rise
to the plateau I~, and the second collision gives the
ETS plateau Iz and also the EPS plateau II2. '

These distributions together with their sum are
shown in Fig. 4(b). This can be easily generalized
to other values of v; we see that (dN/dy)sz should
be approximately the same as (dN/dy)s~ in the
large-y region, and (dN/dy)~ =v(dN/dy)hp in
the small-y region, in agreement with experimental
features (b).

Now we turn to pA collisions. Again, first con-
sider pN collision. At high energy, the dominant
contribution to the Pomeron within the DTU
framework is the diagram of Fig. 3(d); cutting
this diagram gives Fig. 3(e), which again describes
the multiparticle production process a long time
after the interaction; shortly after the interaction,
the process should be described by Fig. 3(e), but
without the extra qq pairs. Thus multiparticle pro-

dn
(a)

dn

dy

j-2

(b)

Yc Yyc Y Yc Yyc Y
Y

dn

Z2 j2

II' I
0

Yc Yyc Y Yc

g //

2

Yyc Y

FIG 4 Rapidity distribution for (a}pN (b}pA with
&=2, (c) pN, (d} pA with v=2.

duction in pN collision is described by the evolu-
tion of two sheets. One is a short sheet bounded
by a quark from the target N and an antiquark
from the p projectile covering the rapidity range
—[y„Y y, ].—This gives rise to the plateau I in
Figs. 3(e) and 4(c). The second is a long sheet
bounded by a diquark from X and a antidiquark
from p covering the rapidity range —[0,Y]. This
gives rise to the plateau II=II'+II" shown in
Figs. 3(e) and 4(c). Analogous to the pN case, part
of the long sheet hadronizes up to y„and the new-

ly created leftover q pairs up with the projectile an-
tidiquark qq to form a new intermediate p-like an-
tiparticle which serves as the projectile for the in-
teraction with the second nucleon. The short sheet
does not hadronize, but similar to the discussion
before, in the energy region of the present interest
the energy of the short sheet is relatively small and
in the first approximation its subsequent cascades
can be neglected. Therefore, for v=2, the differen-
tial distribution has four contributions. This is il-
lustrated in Figs. 3(f) and 4(d). One is the plateau
III, from [O,y, ] from the hadronization part of the
first long sheet. There are two plateaus Ii and I2,
from [y„Y—y, ] from the two short sheets. And
the last one is the plateau II2 ——II2+II2', from
[0,Y] from the second long sheet. Upon summing,
this gives the same differential distribution and
thereby the same Rq as for pA, i.e., 7 universality.
In other words, if vs ——v „„then (dN/dy)zq
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=(dN/dy)
So far we have discussed the v-universality con-

dition for the specific choice of the parameter

y, -y&. We now proceed to show that v universal-

ity still holds, as long as the condition y, &yI is sa-
tisfied.

Consider first the pA case. Let us come back to
Fig. 3(c). With the difference b, =y, —yi )0, there
will be pair production within the flux tube of the
projectile diquark and the target quark, in the
range [yi,yi + 6,]. On the other hand, for the cor-
responding pA case, the boundary of III will now
be extended from yi to yI+A. In turn, there will

be some additional pair production within the flux

tube defined by the diquark and antidiquark pair.
So within the plateau approximation, both pA and

pA cases give rise to the same extra spectra. So,
the v universality is still preserved. For the
present case, our model predicts the approximate
relation R-(v+1)/2+(v —1)b/2(F —yi). Final-

ly at high energies, since both y, and yI are in-

dependent of the laboratory energy of the projec-
tile, the v universality discussed here is projectile-
energy independent, so long as the quantity v for p
and for p is kept the same.

Let us now return to the inequality y, )yI. A
qualitative estimate based on the color-flux-tube
model gives '"' y, =—1.8. We recall that the first-
moment value (yi ) =2. Technically speaking, it is
the zero-moment distribution which is relevant in

the determination of the effective value of yI,
which, due to the exponential peaking of the yI
distribution in (3.1), should be substantially less

than 2. In other words, we expect the inequality to
be satisfied. So far we have only considered the V-

universality argument based on the plateau approx-
imation; similar argument should also be valid, at
least approximately, for a more realistic spectrum,
i.e., a plateau distribution which drops smoothly to
zero at both ends. Thus in an approximate sense

we have deduced the v universality at high ener-

gies.
Of course, for pX interaction there is also an an-

nihilation contribution which is not present for pN
interaction. But this annihilation contribution falls

off with energy like s ', and so at high energy
can be neglected compared to the Pomeron contri-
bution. ' ' In our discussion of hA interactions,
we never include this contribution. Nevertheless,
we want to point out a verifiable confirmation of a
high-lying annihilation contribution. Consider the
difference b, = (pp~px) —(pp~px ), where detected
inclusive p and p are in the central region. The

dN =f (y —y. —~)+f(y. —~—y),
. y. uu

where
(3.3a)

1.20(1—g)s, y )0

f(y)=.
0.05+1.15(1—g)'

1 —0.5(

(3.3b)

contribution to this difference comes from the
baryon annihilation. If the trajectory generated by
the annihilation has an intercept a~ -=1/2,
then a simple Mueller-Regge analysis says that b,

(at y, =0) ~s '~, which is consistent with the
data, and b, should have a cosh(y/2) dependence.
Better data in the future can check these predic-
tions.

Having shown that there is an approximate ~
universality for pA and pA collisions, we can easily
see that this approximate universality also holds
for meson-initiated reactions, e.g., mA. A meson-
initiated reaction has two types of diagrams. One
corresponds to two sheets with comparable rapidity
range, as in pA. The second corresponds to a short
sheet and a long sheet as in pA. Since we have al-

ready argued that these two diagrams give approxi-
mately the same contribution, v universality fol-
lows. Note that if we take the first moment of a
quark structure function, a quark in a meson on
the average has half the momentum whereas a
quark in a baryon on the average has only one-
third the momentum. However, what is relevant
here, similar to an earlier consideration, is again
the zero-moment distribution, so the difference in
the quark structure function only manifests itself in
the region x =—1, or y =Y. Therefore, there is noth-

ing strange about getting approximate v universali-

ty between a meson-initiated and a baryon-initiated
reaction.

We now return to pA interactions and discuss
the results of our model calculation using a more
realistic version of the differential distribution from
each sheet. The version we choose is that of
Capella et al. "We emphasize that our results are
fairly insensitive to the specific hh model (as long
as it agrees with the hh data) used as input. ~3 We
choose the above model because it is simple, well

defined, and above all separates the contribution of
the ETS from that of the EPS.

Denote the laboratory rapidity by y, then the
model of Ref. 6(a) gives
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Py
sinhy

p
(3.3c)

(2xp —1)P

(x 2P2+4~ 2)l/2+ [(1 x )2P2+ 2] 1/2

(3.3d)

xpP P(x—p P +4mg )'/
p=

(1 Pz)i/z
(3.3e)

where m~ ——0.33 GeV was used for the quark mass
and pz ——0.33 GeV for the transverse pion mass.
In Eq. (3.3), P is the incident momentum in the
c.m. , and F, is the c.m. rapidity in the laborato-
ry, P(A) is the velocity (rapidity) of the EPS's c.m.
relative to the overall c.m. , and P is the momen-
tum of the projectile diquark iri the EPS's c.m. .
The expression f is related to the quark and di-

quark fragmentation functions and is determined
from e+e data and dimensional counting rules.
The first and second terms in (3.3a) correspond,
respectively, to the EPS and ETS contributions.
Equation (3.3) does not include the forward proton.

It is then straightforward to work out the
kinematics of the (v —1) succeeding inelastic in-

teractions in hA collisions and conclude that the
kinematics for the second collision is approximate-
ly just that of the first collision except for the sub-

stitution P~P[xp(2 —xp))'/. Similar remarks ap-

ply for subsequent collisions.
In Fig. 5(a) we show the results of these zero-

parameter calculations for dN/drI for 200-GeV p-
initiated reactions for V=2, 3, 4, as well as the
V=1 input. The model calculations are in good
agreement with the data, except in the small-g
bins where as discussed below we expect the model
calculations in the present approximation to un-

derestimate the multiplicity. The results for Rz
are shown as the solid line in Fig. 6. Again, the
model calculations are approximately equal to (but
in the present approximation to be, as expected,
slightly less than) the data. Our model calcula-
tions for dN/drl for 100 and 50 GeV, shown in

Figs. 5(b) and 5(c), are also in agreement with the
data. Our model prediction for 400-GeV pA in-
teractions is shown in Fig. 5(d). In our model,
the energy of each effective projectile is only slight-

ly less than that of its parent; therefore, the elasti-
city for pA is only slightly smaller than for pp, in
agreement with experimental feature (d).

As we said before, on the average, part of the
sheet corresponding to the ETS will hadronize, and
the rest will remain as a low-energy excited ha-

dronic system which can undergo further cascade
with succeeding nucleons. In the Appendix we
provide an estimate of the additional multiplicity
coming from these cascades. The result with the
inclusion of this correction for Rz in 200-GeV pA
interactions is shown as the dashed line in Fig. 6.
This additional multiplicity is of course in the
small-g region, thus accounting for the excess
shown in Fig. 5.

Summarizing, we see that this DTU-parton
model provides a good and simple explanation of
the first five experimental features. The only
remaining feature to be explained (which has not
yet been calculated in this model) is feature (I}, the
linear dependence of the dispersion D on (N, » ).
Since it is known for hh collisions that a two-
component model can explain the dispersion data,
by including a small diffractive component in the
two-sheeted description of multiparticle production,
one probably can explain this feature also.

IV. NUCLEUS-NUCLEUS INTERACTIONS

The DTU-parton model can easily be applied to
high-energy nucleus-nucleus (AA) interactions.
Analogous to the definition (2.1), one defines

(4.1)

which can be interpreted to be the average number

of inelastically excited nucleons in A
&

in its colli-
sion with Az. Then the DTU-parton model gives

(Nch ~A~A& vA&/A& vA&/A&

(4.2}

where the first (second} term is the contribution
from the Vq /q (vz /q ) excited projectile (target)

systems in A i (Az). Equation (4.2) reduces to
Rq ——(1+v» )/2 when A i is a nucleon. The rapidi-

ty distribution (dN/dy)„ /z is given by superpos-

ing the contributions of Vz ~q EPS's and Vz &z

ETS's evaluated at the incident laboratory energy

per nucleon. For the model to be realistic, the
latter energy must be at least 20—30 GeV per nu-

cleon. Unfortunately, this means that in the fore-

seeable future the only possible source of data is
from cosmic rays.
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FIG. 5. Laboratory pseudorapidity distributions dN/dg for pA collisions. Solid curves are the zero-parameter
results of our model; the v=1 curve is the input. (a) At 200 GeV. Also shown are the individual contributions (dashed
curves) of the EPS and ETS. The histograms are the data of Ref. 2(d). (b) At 100 GeV. The histograms are the data
of Ref. 7(h). (c) At 50 GeV. The histograms are the data of Ref. 7(h). (d) Predictions at 400 GeV.

V. COMPARISON WITH SEVERAL
OTHER MODELS

Even though we use the words projectile and tar-
get to describe the two excited hadronic systems,
the quark-partons from which they are formed are
not the same as those of the initial projectile and
target. This is especially obvious when considering
pA interactions. Furthermore, unlike previously
proposed two-fireball models which were based
on the fragmentation or difFractive model, our
DTU two-sheeted model is consistent with short-
range correlation. In addition, at asymptotic ener-

gies, the two sheets overlap completely in rapidity
except for two finite regions at the two ends.

The two-phase model of Fishbane and Trefil '

assumes that the first collision gives rise to an ex-
cited hadronic phase which has a flat distribution

over the entire rapidity range and a long deexcita-
tion time, and this excited hadronic phase interacts
once more within A. However, the model neglects
the interaction of the second (and subsequent) ex-
cited hadronic phase formed from the interaction
of the first excited hadronic phase. Even ignoring
this point, this model's dN/dy is different from our
model (even for the same hh input), because in our
model the EPS while traversing A does not have
much hadronic matter within the rapidity interval
defined by its diquark and quark.

The parton model of Brodsky et al. , which is
also similar to the model of Capella and
Kryzwicki, assumes that on the average vt, wee
partons of the projectile interact with the wee par-
tons of the same rapidity in vt, difFerent nucleons
in A, and also assumes that cascading does not oc-
cur. It gives at asymptotic energy the result



25 HADRON-NUCLEUS INTERACTIONS AT HIGH ENERGIES 2919

0 -I 0 6 7 8

FIG. 5. (Continued).
R„=vs/(v&+1)+7&/2. In comparison with our
model, this parton model corresponds to a one-
chain hh process. In addition, this model is appli-
cable only in the central region, and the inclusion
of the fragmentation contributions is done by the
introduction of a parameter, whereas our model is
valid for the whole rapidity range.

Recently, Capella and Tran, also motivated by
the DTU-parton approach, proposed a model
which is similar although not identical to our
model. Their input is an infinitely composite pro-
jectile, whose constituents interact with the target
nucleons, and the boundaries of the various sheets
are given by the quark structure functions. In par-
ticular, for pA collision with V=2, the sheet associ-
ated with the diquark of the second nucleon is
bounded above by an energetic (x & 0) q from the
sea of the incident p. From our point of view, even
though the incident hadron is also composite (i.e.,
it contains valence quarks and virtual qq pairs or
gluons), the pulling apart of the virtual qq pair is
the consequence of the Aux-tube mechanism, which
requires a characteristic proper time ~0. Therefore,
an energetic (with y &y, ) virtual qq pair does not
have time to materialize and then to interact with

the succeeding nucleons. We believe this point of
view is more in the spirit of the DTU description
of the soft physics. In detail, the sheet number
three for the pA case with v=2, which they have
illustrated in their Fig. 1, can only be partially
present in our model. More specifically, when

y, &yi, this "sheet" for us would be the extra spec-
trum ranging from y& to a constant upper limit y„
while the corresponding upper limit in their model
grows with energy. At present energies this results
in a negligible phenomenological difference. But at
asymptotic energies, ignoring the secondary cas-
cades, they predict R -V, and we have
R -(v+ I)/2. Furthermore, contrary to their
claim, our model does have the v-universality
feature, ' ~ as stated earlier in Ref. 3(a).

Our present model suppresses a large excess
multiplicity by assuming that there is not enough
time to produce the energetic secondaries. This is
in contrast with our earlier model. There we as-
sumed that even though energetic secondaries are
produced, for them to substantially interact with
the succeeding nucleons, they must generate a mul-

tiperipheral chain containing small-rapidity par-
tons, and to do this takes a long time. We called



2920 CHARLES B. CHIU, ZUOXIU HE, AND DON M. TO% 25

quantity Q(Y') of Ref. 34 is also shown in Fig. 7
for comparison. We see that in the moderate and
the large rapidity region (e.g. , y )2.5), the numeri-

cal effect of the two curves turned out to be simi-
lar. One may say that the Zeno effect here partial-

ly restores the production of the large-rapidity
secondaries and it mimics the induced maturity ef-
fect proposed earlier. One may also regard Ref. 36
as a theoretical motivation for the phenomenologi-
cal parametrization of the induced maturity effect,
at least in a certain rapidity region.

One may question whether the immaturity con-
cept is consistent with the Glauber theory for cal-
culating 0.";„",which never mentioned any immatu-
rity. This question is unwarranted because cr;"„can
always be expressed in a form which does not con-
tain any immaturity factor. This can also be seen

explicitly by writing out the multiple-scattering
series and noticing that the individual terms may
contain the immaturity factor, but the sum does
not.

VI. CONCLUSION

FIG. 6. The multiplicity ratio R~ versus v~ for 200-
GeV pA collisions. Data are from Ref. 2(d). The
dashed line and solid line are the results of our model
with and without including further interactions of the
ETS's as explained in the text and in the Appendix.

this latter process the maturing process. We recall
that the immaturity concept was already discussed

by Feinberg "more than a decade ago following
a much earlier suggestion of Landau and
Pomeranchuk. ' ' Feinberg's model has recently
been given a more general formulation where the
immaturity effect is referred to as the Zeno ef-
fect. For example, Fig. 7 illustrates the
suppression factor due to the Zeno effect Q(y, Y)
[see Eq. (35) of Ref. 36(a)], for the production of a
secondary particle of rapidity y from a primary
particle of rapidity Y=5. The curve corresponds
to the following picture: The higher the secondary
rapidity, the more quickly it is produced, and, in
turn, the less the suppression factor. In our model
of Ref. 34 mentioned above, one considers a dif-
ferent picture. There the suppression factor was
parametrized by Q (y) =r)Q'(y„Y), where Q' is
similar to Q(y, Y), except Q' is somewhat simpler
in form, and r) is the induced maturity factor. The

The purposes of discussing high-energy hA in-
teractions are to learn about the space-time
development of hh interactions and to differentiate
various hh multiparticle production models. From
the experimental data [especially features (a) and
(b) presented in Sec. II and the theoretical discus-
sion of Secs. III and V], one concludes that to
avoid excessive cascading there must be a long
time scale involved in hh interactions. In the
models of Refs. 15 and 17, this is the time it takes
a high-energy hadron to generate a multiperipheral

I.O

0.8-

Q

0.6-

0,4-

0 I 2 5 4

FIG. 7. A comparison of the immaturity factor
Q(y, Y) and Q( Y) of Refs. 36 and 17, respectively, at
Y=5.
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chain containing small-rapidity partons so that it
can have appreciable interaction with an at-rest ha-
dron. Or saying it in another way, this is the time
it takes high-energy bare particle to dress up to be
a physical hadron and so to have an appreciable in-
elastic cross section upon collision with another
hadron. In the present DTU two-sheeted model,
this is the time it takes the energetic sheet to
evolve into its asymptotic multihadron state. This
long time scale rules out any sort of instantaneous
production model such as the naive cascade model.

Some of the successful hA models also tie in
with recent developments for models of hh interac-
tion. For example, the models of Refs. 28, 32, and
41 rely heavily on parton-model ideas, and the
present model as well as that of Ref. 33 is partially
based on the two-sheeted description of the
Pomeron and soft multiparticle production within
the dual-topological-unitarization approach, and
partially based on the colored-quark-parton model
and color confinement. All of this leads one to
speculate that one can also see glimpses of the true
underlying theory governing strong interactions by
looking at hA interaction.

We also remark that there may be other interest-
ing effects, besides the ones discussed here, which
arise from interactions involving nuclear targets.
One is the A dependence for the inclusive cross sec-
tion for large-p~ secondaries. The data show that
this A dependence for a m secondary can be

a(I' T )
parametrized as A, where a(Pr ) ~0.9 for
PT & 1 GeV/c and increases to a(Pr) 1.1 for
PT & 4 GeV/c. This A dependence is most likely
due to multiple scattering inside the nucleus.
Another effect is the importance of the two-step
process p +A~a. +A'+ . ~p+p + as
compared to the one-step process p +A~p+p
+ . Since the m has a valence antiquark, the
two-step process may be significant if the produc-
tion process is dominated by the Drell-Yan
mechanism. Another interesting effect is that hA

interaction may provide a laboratory to "see"
quark-hadron scattering, because for a large-pT
process, one of the incident quarks may be given a
large pT and so be separated in momentum space
from its partners; it then interacts with another nu-
cleon in the nucleus.

In all the successful hA models, there must be a
mechanism to suppress certain degrees of freedom
so as to suppress the multiplicity. This mechanism
may take the form of bare particles which have
small inelastic-collision probability until a suffi-

ciently long time has elapsed, or it may take the

form of the absence of energetic secondaries until a
long time has elapsed. Whatever the mechanism,
it seems that the hh multiparticle production pro-
cess at short times is different from the asymptotic
description that one obtains from ordinary hh

scattering experiments. To reach the short times
discussed here, we need matter of nuclear density
or higher. This leads, therefore, to the extremely
relevant question of whether the lessons that we
have learned from high-energy ItA interactions
have any astrophysical implications, as in neutron
stars, black holes, or the early universe. Investiga-
tions in this direction are underway. Some ramifi-
cations already appear to be very interesting.

During the past decade, great progress, both ex-
perimental and theoretical, has been made in the
field of hA interactions. We can look forward to
some more exciting progress during this decade.
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APPENDIX

In this appendix we provide a rough estimate for
pA collision of the additional multiplicity due to
the further interactions of the ETS with the
succeeding nucleons in A. In the text we said that,
on the average, part of the ETS sheet hadronizes
and the rest does not. Here we consider the sim-
plified but approximately equivalent problem of as-
signing a probability Q that the ETS does not
evolve into its asymptotic multihadron state upon
reaching the succeeding nucleon N. We para-—t/Pro
metrize this probability Q by e '=e
where we set ro =1/2m~, -and t =1/m to be the
time to travel the average internucleon distance,
and y is the time-dilation factor." Now, let P be
the probability that an EPS or ETS would undergo
an inelastic collision in a collision with N. Then
the probability P' that an EPS or ETS does not
evolve into its final state after traveling the average
internucleon distance and then does undergo an in-
elastic collision with the subsequent N is given by—2~~ETsPpps=P or P+Ts-=Pe

It suffices to include only those interactions of
the ETS's with those succeeding 1V's which had not
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p2—-P(1—P)PF'~s (A 1)

where the first factor is the probability that the in-
cident proton undergoes an inelastic collision with
the first N to produce an ETS, the second factor is
the probability that the EPS leaves the second N
unwounded, and the third factor is the probability
that the ETS does not evolve into its multihadron
final state and then does undergo an inelastic colli-
sion with the second N. Similarly, p3 is given by

p3-=[2P(1 —P}](1 P)PF'rs—

interacted inelastically with the EPS (we call these
unwounded nucleons), because the excitation of N
amounts to the formation of a sheet and this pro-
vides a natural saturation mechanism for its excita-
tion. We want to derive a formula for the proba-
bility p; that the unwounded ith nucleon experi-
ences an inelastic collision with the preceding
ETS's. It is obvious that p2 is given by

p g (bt '(1 —P)[1—(1 PF'—rs )'], (A3)

where

l! Pt(1 P)i —t

i!(l—i}! (A4)

The multiplicity from each such collision is to
be evaluated at the laboratory energy of the ETS.
Also, only one-half of this is an additional multi-
plicity (as the contribution from the first-
generation ETS's is already included). The ratio r
of this charged multiplicity to (N, i, }~iv (the latter
evaluated at the incident energy) is approximately
r 0.27. Therefore, the additional contribution
ARz to Rq for a nucleus of k nucleons in length
is"

where the first (second) term is the contribution
when there is one (two) ETS. The general formula
is then

+P ( 1 —P)[1—( 1 PF'rs ) ] (A2)
bR„=r gp;.

i =2
(A5)
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