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suit is as good as a similar test in fragmentation
region, where a 15% agreement with factorization'0
was obtained. The theoretical picture gives the
most detailed prediction near the KL. Our result
indicates the validity of the approximation in Eq.
(1). Future experiments of high missing mass at
high energy, hopefully covering a wider range of
t and s'/s, may allow us to study the problem of

whether Pomeranchukons decouple and to find the
t dependence of triple-Reggeon couplings system-
atically.
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Multiparticle production in particle-nucleus collisions at high energies is shown to provide
a sensitive test for mechanisms of multiparticle production in particle-nucleon collisions at
high energies.

I. INTRODUCTION

Various models for multiparticle production in
high-energy collisions of elementary particles have
been proposed since the discovery of cosmic rays.
The accumulated data from cosmic rays and from
high-energy accelerators have practically ruled
out the models that had been proposed prior to the
last decade, but some concepts of the original mod-
els have survived. Some aspects of models fashion-
able today can be traced back to old models like the
Fermi statistical model' and the Heisenberg and
bremsstrahlung models. ' While the old models
shared the advantage of being subject to simple ex-

perimental tests by which they could easily be ruled
out, the present models for multiparticle produc-
tion are generally too flexible. To our knowledge
no crucial experimental tests have been found
which could distinguish between the various models.
It is our intention here to demonstrate that multi-
particle production in particle-nucleus collisions
at high energy may provide a sensitive test for
mechanisms of multiparticle production in particle-
nucleon collisions.

Models for multiparticle production in high-ener-
gy particle-nucleon collisions fall into two cate-
gories. The first category includes those models
which assume that the final multiparticle state is
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directly produced in a single step from the collid-
ing particles. This includes the particle-fragmen-
tation model, ' the multiperipheral model' and its
multi-Regge generalizations, ' and the bremsstrah-
lung analogy. ' The second category consists of
those models which assume a tsoo-step mechanism,
where in the first step one or two compound sys-
tems are produced which subsequently decay into
the final multiparticle states with lifetimes long
compared to the collision time. Such models in-
clude the diffraction excitation model' and the one-
or two-fireball thermodynamic models. '

Below we will show that by measuring the depen-
dence of the average multiplicity in particle-nu-
cleus collisions on the incident energy and on the
atomic number of the target nucleus, one can dis-
tinguish between the two classes of models. The
approach here is sufficiently general that with
minor adjustments the different models within each
class may be accommodated. It is anticipated that
with sufficiently accurate measurements it may
even be possible to differentiate the models within
a class. The derivation of our main formula in-
volves some "nuclear optics" which we summarize
first. Later we turn to the derivation of the aver-
age multiplicity in high-energy particle-nucleus
collisions for the two classes of models.

II. ELEMENTARY NUCLEAR OPTICS

Throughout we use o to denote the total cross sec-
tion of the beam particle with a target particle.
Consider now a target which consists of A = Jp d'r
particles and whose transverse dimensions are
much larger than the incident wave length. It then
follows from Eq. (3) that the cross sections for ab-
sorption and for elastic scattering and the total
cross section are given in the impact-parameter
representation by

o JJ (] e ~r(b))d2b (4)

v, = (I+e 'r") —2e 'r""'cos[P-',oT(b) j}d'b,e)

(6)

o, , = 2 (1 —e ' '"cos[P—,'vT(b)gd'b (6)

respectively, where the thickness function T(b) is
the total number of target particles encountered at
impact parameter 5:

T(b) = p(b+f, e)da .

For high-energy collisions between elementary par-
ticles and nucleons, P«1, and since most of the
contribution to O„and cr„,in particle-nucleus colli-
sions comes from regions where TO(b) ~ 1, one can
replace expressions (5) and (6) for medium and

heavy nuclei by the approximate relations

At high energy the absorption and refraction of a
plane wave 4 of incident particles of momentum 4

by a slab of matter of thickness dx and uniform
density p (particles per unit volume) is described
by the well-known optical formula'

i27(f(0)
d4 = p4dx,

o — (1 e ~r(&)~2)2d2b
el

(1 e-aT(b)/2)d2b

Let us now examine multiparticle production in
particle-nucleus collisions at high energies

(8)

where f(0) is the forward scattering amplitude of
the incident particle on a target particle, normal-
ized such that

—= Ifl'.
dQ

Let us denote by P the ratio

Ref(0)
Imf(0) ' (2)

Eq. (1) can be rewritten a,s

d4—= -ao(1 ~P)p+
dx

then using the optical theorem for the particle-par-
ticle collision,

4ma =—Imf(0),

III. INTRANUCLEUS CASCADING

Consider a situation where multiparticle final
states in particle-nucleon collisions are produced
in the lab frame in a time interval not longer than
the collision time (typically of the order of 1 fm/c
=0.3xl0 "sec). If the production takes place in-
side the nuclear medium, and if the mean free path
of the produced particles within the nuclear medi-
um is short compared to the nuclear dimension,
then an intranucleus ca,scading phenomena will de-
velop: The first generation of produced particles
will produce a second generation of particles via
collisions while escaping from the nuclear interi-
or; the second generation will produce a third gen-
eration, etc. The final multiparticle state will con-
sist of all the particles from all generations that
escape outside of the nuclear fragments. In prin-
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ciple, if all cross sections for all particle-nucleon
collisions were known, one could carry out approx-
imate numerical simulation of intranucleus cas-
cading, using Monte-Carlo-type methods. How-

ever, since only a very small fraction of the total
required information is available, and since Monte
Carlo simulations are lengthy, tedious, and un-
transparent, we present here a simple analytic
model based on simplifying assumptions, which
we believe reproduces the significant features of
the intr anucleus cascading phenomena.

where T(b, z) is the number of target nucleons en-
countered at impact parameter b between -~ and z,

p(b, z ')Cz '. (14)

The total multiplication factor for impact parame-
ter b is therefore given by

N (E, b )
=N(E, —b, z = ~)

IV. INTRANUCLEUS CASCADING MODEL

The model is based on the following assumptions:
(i) The average multiplicity (n(E)) in particle-

nucleon collisions increases logarithmically with

E, the incident energy:

(10a)

(»(&)) —),)= exp j1 —e
a

or by

Q —exP[-cap &(o)1}
N(E, b) =

where

(15a)

(15b)

which has been shown" to hold approximately for
the charge multiplicity in pp collisions between 10
and 1000 GeV/c. The average multiplicity is de-
fined in the conventional manner

(n(E)) =+no„/o, (10b)
n

where 0„is the cross section for the production of
n particles.

(ii) The produced multiparticle final states in
high-energy particle-nucleon collisions are con-
fined in the lab system to a narrow forward cone
along the beam axis." Since nuclear dimensions
are typically a few mean free paths for elementary
particles, the intranucleus cascading will be con-
fined to a narrow forward cone along the beam axis.

In addition to assumptions (i) and (ii), we also
make the following simplifying assumptions:

(iii) At any stage of the cascading, on the aver-
age all the produced particles share equally the ini-
tial energy and have the same cross section, 00,
for collisions with target nucleons. Thus all the
produced particles are assumed to genex ate the
same average multiplicity in secondary collisions.

Assumptions (i), (ii), and (iii) lead to the follow-
ing differential equation for intranucleus particle
multiplication along impact parameter b:

dÃ =N[(n(E/N)) —1]a,pdz,

where both N and p are functions of b and z, and
where

(n(E/N)) = a ln(E/NE, )

E el/a

The multiplicity for a particle-nucleus collision
can now be calculated by analogy with (10b) by
using

fN(E) b)v„t(f))

where from Eq. (9) we read

g, , (f)) =2(1 —e o & &~2)2v|)dt) . (17)

For heavy nuclei and small impact parameters,
Eq. (15) has then an approximate simple form:

N(E, |))=—E/E*. (18)

Equation (18) can be understood easily. E*
= e"'E, is the average threshold energy for pro-
ducing a single particle per collision, as can be de-
duced from Eq. (10a). E/E* is thus the maximum
number of final particles that can be produced if
the incident energy is E and if there are sufficient-
ly many collisions to convert the energy into parti-
cles, i.e. , if o', T(b)»1.

Equation (15) can be easily generalized to situa-
tions where the final multiparticle states in parti-
cle-nucleon collisions are actually produced via in-
termediate states composed of resonances and sta-
ble particles. If the average particle multiplicity
of such intermediate states is n(n(E)), then the nu-
clear multiplication factor is given by the following
expression:

=(n(E)) -alnN. (12)

The solution to Eq. (11) with the boundary condi-
tion N(E, b, z = -~) =1, i.e. , the multiplication fac-
tor atz = -~ is equal to 1, is given by where

(19)
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a*= na,

and where the over-all factor 1/n arises from the
decay of the resonances outside the nucleus due to
time-dilatation effects at high energy. As expected,
Eqs. (15) and (19) show that the intranucleus cas-
cading phenomena strongly depend on the incident
energy and on the atomic number of the target nu-
cleus. In particular it transforms the dependence
of the average particle multiplicity on the incident
energy from a logarithmic dependence for particle-
nucleon collisions into a linear dependence for
particle-heavy nucleus collisions.

V. INTRANUCLEUS FORMATION AND

TRANSPORT OF RESONANCES

%e will now consider multiparticle production in
nuclei under the assumption that multiparticle pro-
duction in particle-nucleon collisions proceed main-
ly via intermediate states of one or two compound
systems which subsequently decay into the final
multiparticle states. To be more specific let us
consider the diffractive-excitation models. ' Ac-
cording to these models, one or both of the collid-
ing particles are first excited into resonant states
which have the same internal quantum numbers,
excepting spin and parity, and approximately the
same momenta as the original particles. These
resonances subsequently decay via cascading
(mainly via pion emission) with small Q values
(typically 300 MeV) into the final multiparticle
states. Since the average multiplicity increases
very slowly with energy, and since the average Q
value for the cascading decay of the resonances is
also small, the important resonances are there-
fore of low-mass excitation and one m3y expect
them to have lifetimes not much different from
measured lifetimes of familiar low excitation
states, say I',„„,-100 MeV. Consequently at high
energy a beam particle which is diffractively ex-
cited inside the nucleus behaves there like a. stable
particle due to time dilatation. On the other hand,
resonances which are produced within the nucleus
by diffractive excitation of target nucleons have
only small momenta in the lab frame. They will
start their cascading decay inside the nucleus; how-
ever, due to the small Q values in their cascading
decays, the decay products will not have sufficient
energy to multiply via secondary collisions while
escaping out of the nucleus.

The average multiplicity in particle-nucleus colli-
sions for the diffractive excitation mechanism can
now be easily evaluated: Let us assume that the
average multiplicity (n(E)) in the particle-nucleon
collision is made of an average multiplicity (ne(E})
associated with the decay of the excited states of
the beam particle, and of average multiplicity

(n„(E))associated with the decay of the excited
states of the target nucleon,

(n(E})= (n„(E})+ (ns(E)) . (20)

%'e also assume that the beam particle has the
same cross sections in its ground and excited
states, it will produce oT(b) nucleon resonances
when it traverses the nucleus at impact parameter
5, and after it emerges behind the nucleus it will
decay on the average into (ns(E)) particles. The
beam particle is assumed to retain approximately
its initial energy E throughout its collisions with
target nucleons. The resonances of the target nu-
cleons themselves thus have insufficient energy to
create more resonances by subsequent collisions.
The multiplication factor at impact parameter 5
therefore is given by

X(E,b) = (n, (E))+or(b)(n„(E)), (21)

and the average multiplicity in particle-nucleus col-
lision is given by

K(E)) = ", (22)
1[(ns(E)) +oT(b)(n„(E})jo„,(b)

where again

(b) =2(1 —e aT(b)I2)2~bdb

For nucleon-nucleus collisions

(n„(E))= (n, (E)) = -', (n(E))

(23)

(24)

and Eg. (22) for heavy nuclei can be well approxi-
mated by

Pr(E)) 1 Ao

&n(E))
(25)

VI. RESULTS

Figure 1 presents numerical estimates based on
the intranucleus cascading model for the average
particle multiplicity in proton-nucleus collisions
for different combinations of incident energy and
target nucleus. The calculations are based on Eqs.
(15)—(17) with the following input information:

(i) The high-energy proton-nucleon total cross
section was taken to be 38.5 mb.

(ii) The cross section of the produced particles

Contrary to intranucleus cascading, which is associ-
ated with fragmentation or multiperipheral-type
mechanisms, the diffractive excitation mechanism
(and the two-fireball mechanism) leads to average
multiplicity in particle-nucleus collisions which
has the same energy dependence as the average
multiplicity in particle-nucleon collisions. In addi-
tion, since 0„,behaves as aA' ', the diffractive ex-
citation mechanism shows only a weak dependence
on the atomic number of the target nucleus.
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FIG. 1. Ratio of the average particle multiplicity in
proton-nucleus collisions (N(E)), based on the intranucle-
us cascading model as described in the text, to the mea-
sured average multiplicity in PP collisions (n(E)) as a
function of incident energy and atomic number of the
target nucleus.

FIG. 2. Ratio of the average particle multiplicity in
proton-nucleus collisions (Pl'(E)), based on the diffractive
excitation model as described in the text, to the measured
average multiplicity in PP collisions (n (E)) as a function
of atomic number of the target nucleus.

with target nucleons was taken to be 24 mb, the
high-energy m-nucleon cross section.

(iii) The average multiplicity in particle-nucleon
collision was taken as —,

' the observed"'" multi-
plicity of charged particles in pp collisions.

(n(E)) =——,'(n, (E)) =—0.63!n ( ), (26)

where E is in GeV. The factor —,
' was introduced in

order to account for unobserved neutral particles
in the final states. It is based on the assumptions
of charge independence and that most of the par-
ticles in the final multiparticle states are pions.

(iv) The nuclear density distributions were as-
sumed to be Gaussian with the rms radius given by
the nuclear charge distributions as deduced by
Hofstadter" from electron-nucleus scattering.

Figure 1 clearly demonstrates the strong depen-
dence of the average multiplicity on the atomic
number of the target nucleus and on the incident
energy. In particular note the large multiplication
predicted for heavy nuclei and high energies,
where we believe the analysis to be most trust-
worthy. Figure 2 presents numerical estimates
based on the diffractive excitation mechanism for
the average particle multiplicity in p-nucleus colli-
sions as given by formula (22) with o = 38 mb and
with v«, calculated via the integration of (23). The
calculated 0, , wa. s found to be in good agreement
with the measurements of Belletini et al."at inci-
dent proton momentum of 20 GeV/c. This agree-
ment is desirable since o is energy-independent
from 20 to 1000 GeV, and by (23) o«, has the same
property. Figure 2 clearly indicates the weak de-

pendence of the average multiplicity on the atomic
number of the target nucleus typical of the diffra, c-
tive excitation model. In particular, for heavy nu-
clei the dependence is approximately described by
an A' "dependence law.

VII. CONCLUSIONS

The present paper clearly demonstrates that the
dependence of the average particle multiplicity in
particle-nucleus collisions on the incident energy
and on the atomic number of the target nucleus pro-
vides a strong indication of the dominant mecha-
nism for multiparticle production in high-energy
collisions of elementary particles: For the case of
one-step mechanisms, the dependence of the aver-
age multiplicity on the incident energy is changing
drastically from a logarithmic dependence for pro-
ton and light nuclei into a linear dependence for
heavy nuclei. However, in addition, the average
multiplicity is approximately proportional to some
power of A. which increases with energy. For the
two-step mechanisms, the average multiplicity has
the same logarithmic energy dependence for all nu-
clei and it increases with atomic number as A.' ".
These qualitative conclusions are shown not to be
sensitive to the specific details of the production
mechanisms, since this formalism is easily ad-
justed to accommodate the various models in each
class. A study of average multiplicity in high-ener-
gy particle-nucleus collisions a,s a function of inci-
dent energy and atomic number will provide a sim-
ple tool for distinguishing between mechanisms for
multiparticle production in elementary-par ticle
collisions.
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The ratio of the vector to axial-vector coupling constant for Z —Ae v decays using 186
events is determined to be —0.37+0.20. The branching ratio for Z —Ae v is (0.62 +0.07)
x10 4 and for Z' Ae+v is (0.21+ 0.05) x10 4. An upper limit on the magnitude of the ratio
of the axial-magnetism to axial-vector coupling constants is 3.2.

Recently, three comparable experiments were
performed' ' to study the strangeness-conserving
decays Z' -Ae'v. The conserved-vector-current
hypothesis (CVC) relates the vector coupling in
these decays to the amplitude for Z'-A'y, it is
thus expected that, to zero order in the momentum
transfer, the vector coupling should not contribute
to such decays. 4

The sample of events available in each experi-
ment was rather small. We therefore felt it worth-

while to repeat the analysis of the combined sam-
ple rather than simply averaging the results pre-
sented by each group. The combined sample con-
tains 163 examples of Z decays and 23 examples
of Z' decays. The present analysis has also been
performed under slightly more general assump-
tions than before.

The decays Z' Ae'v are particularly rich in in-
formation because the three-body final state can be
completely kinematically analyzed by observing


