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colliding coherent tubes"' of nucleons, one ob-
tains two dramatic effects. First, there is a sub-
stantial cross section for "subthreshold" produc-
tion —that is, production when the energy per nu-
cleon alone would be insufficient to produce par-
ticles by independent N-N collisions. Second,
and of direct relevance to the situation here, at
energies per nucleon well above threshold (where
the mean multiplicity in an N-N collision is rela-
tively flat) there is a dramatic reduction in the
cross sections for particle production from the
MCM result. ' The exact reduction depends on the
amount of coherent production one introduces.
In the limit that the whole projectile acts coher-
ently on the whole target the mean multiplicity at
3 GeV/c for 4'Ar+2csPb will be reduced by more
than one order of magnitude, This indicates that
there is ample flexibility to describe the m multi-
plicity data with an admixture of a coherent pro-
duction mechanism into the MCM.

I conclude that there are distinctive features of
the total pion spectrum in the simple multiple-
collision model of relativistic A-B collisions. On

the other hand, these features are somewhat
smeared in the negative-pion spectrum. For 'Ar
incident on Pb,O» at 3 GeV/c per nucleon, the in-
troduction of a resonance production model in an
approximate fashion to inhibit high-multiplicity
events does not dramatically affect the N spec-
trum below N = 25. I propose, therefore, that
the significant deviation in the data from these
simple spectra for high-multiplicity events is in-

dicative of nonsimple behavior in central A-8 col-
lisions. In particular I argue that this deviation
is evidence of the presence of a coherent produc-
tion mechanism.
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We calculate the r multiplicity distribution for Ar+ Pb&04 at 1.8 Gev/uucleou. Good
agreement with data is found. Effects of multipion correlations are investigated.

Recently, the negative-pion multiplicity distri- (3) What information does P(n) contain that is
bution P(n) has been measured for a variety of not available from single-pion inclusive cross
heavy-ion targets and projectiles at beam ener- sections'v And (4) how are multipion correla, -
gies of - 2 GeV/nucleon. [P(n) is the probability tions reflected in P(n) &

of producing n. negative pions in a given heavy- We show below that a thermodynamic "fireball"
ion collision. ] In order to assess the implications model '~ gives P(n) in good agreement with data. '
of the data and to help in planning future experi- Then through a dynamical calculation of Pg, t)
metns, we present here the results of model cal- based on a master equation, we show that there
culations of P(n). Our study is motiviated by the exists a large class of models that lead to the
following questions: (l) Can a simple model ac- same result. In particular, we prove that for
count for the measured Pg) ~ (2) How sensitive a fixed impact parameter b, P(n, t;b) is a Pois-
is Pg) to the details of heavy-ion dynamics? son distribution indePendent of the dynamical
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model as long as multipion correlations can be
neglected. The average multiplicity, (n(b)), is
model dependent. However, in the absence of
correlations, P(n) contains less information
than the single-pion inclusive cross section.
Finally, we show that correlations due to Bose
statistics and coherent pion production mecha-
nisms lead to convoluted multiple Poisson distri-
butions.

To compute P(n) in the fireball model, ' the
pions are assumed' to come to chemical as well
as thermal equilibrium during heavy-ion colli-
sions. We will relax the assumption of equilibri-
um later, but for now we consider an isospin-
saturated (N =Z) nuclear system of volume V
and temperature T with pion states li) having cor-
responding frequencies ~&. If we treat pions as
an ideal boson gas, the probability of finding n

negative pions in the system is

OQ OO 00

P(n) = Q Q ~ II x,"' (1-x,) &(n —Qn, ),
n s'p n2~p1 ) =1

Z(~) = Q ~"P( )
n=p

(2a)

withx& =exp(- &u, /T), in unitsa =c =k)) =1, and 5

is a Kronecker-delta constraint. The Pg) are
most easily computed via the generating function

where

N )).') =—(," ) („)K, ( ')

= ex~ ~ ln[(1 —x,)/(1 —Ax, )]I

= exp[ Q N(k)(A.
' —1)],

(2b)

(2c)

follows from Eq. (2b) with K, being the modified
Bessel function.

By expansion of the exponential in Eq. (2c) and
use of the multinomial theorem, P(n) is found to
be the following finite sum of terms, each having
a finite number of factors:

P(n) =exp[- Q N(k)] Q P ~ ~ ~ II 5(n —Q jn ).
oo ao co

[N (k )]t))) oo

k ~& n~=p n2~0 kz k
(4)

P(n) =e '"'(n)"/n l, (5)

dE
(n) =— = Q kN(k)=N(1)

is the ave~age number of negative pions. More
precisely, Eq. (4) shows that corrections to
Eq. (5) arise to orders N(2)/N(1) and N(2)/[N(1)]'.
The latter correction depends on the volume V
and becomes important only if V is small com-

In fact, we have shown that any discrete distri-
bution on the nonnegative integers having P(0)
& G

— -a category including every possible multipli-
city distribution of collision-created particles—can be expressed as a convoluted multiple Pois-
son distribution, as in Eq. (4), with the N(k)
uniquely determined by the P(n), n =0, 1, ...,k.
In the fireba, ll model, N(k) is given by Eq. (3) and
decreases rapidly with k. In fact, for T & m„,
N(2)/N(l) & 0.04«1, and a good approxima, tion to
Eq. (4) is obtained by setting N(k) =0 for k ~ 2.
Therefore, for T&m„, P(n) appears to reduce to
a simple Poisson distribution':

pared to the pion thermal quantum volume
(m, T) 3~2.

To understand the conditions leading to Eq. (5),
a physical interpretation of N(k) is needed. We
only quote here the results of a calculation that
shows that kN(k) is the average number of states
li) with occupation number n, -k. We refer to a
group of k pions in the same state li) as statisti-
cally correlated by Bose statistics. The condi-
tion N(1)» N(2) then means that only a very small
fraction of the pions are statistically correlated.
Thus, P g) is a simple Poisson distribution when
such correlations can be neglected.

In heavy-ion collisions temperatures are typ-
ically' T ~ 100 MeV, and therefore Eq. (5) should
apply if equilibrium is established. To compare
to experiment, Pg) must be averaged over im-
pact parameter s:

"'~ 2b db („(,)) (n(b))"

P HMK

In the fireball model, '" sharp sphere geometry
and relativistic kinematics give the total num-
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ber of interacting nucleons &~.(b) and the excita-
tion energy per nucleon E*(b) as functions of b.
The relation between T (b) and E*(b) then follows'
from the assumption of equilibrium between nu-
cleons and pions and depends on the volume V(b).
In this model, V(b) is taken to be the volume of
the expanding fireball at the point where the nu-
cleon density reaches a critical "freeze-out" den-
sity p, . Typically, p, = (-,'-a)p» p, =0.17 fm ',
and p, corresponds to a density below which no
further pion production or absorption is assumed
to take place. The key assumption is that experi-
mentally only the properties of the fireball at this
freeze-out density are observed. Thus V(&)
=N„«(b)/p, . For p, =pJ3, T (&) was found to be
related to E*(b) approximately as'

T(b) =T,(1-exp[-2E*(b)/3T Jj,
where T,= 92 MeV. We take p, =pJ3 from Ref. 4,
where p, was adjusted to fit the low-energy pion
inclusive cross section. Since d'o„/dQdE is pro-
portional to the average pion multiplicity, adjust-
ing p, to obtain the correct normalization of d 0~
ensures that the (n (b)) entering Eq. (6) are also
of the correct magnitude.

The comparison of P(n) from Eq. (6) to experi-
ment' is given in Fig. 1(a) for the reaction Ar
incident on Pb, O, at 1.8 GeV/nucleon. For this
mixed target P('p) is appropriately averaged over
Pb and 0 targets. Curve 1 is obtained by integrat-
ing Eq. (6) over all impact parameters up to R&
+R ~ = sum of projectile and target radii. Curve
1 should be compared to untxi ggered data. How-
ever, in Ref. 1 data were selected in an "inelas-
tic" trigger mode, which, according to their
measured total charge multiplicity distribution,
corresponds to -5 or more charged tracks per
event. This trigger can be taken into account by
an impact-parameter cutoff, b &R&+R~. In
curve 2 we took b~ =R~+R~ —1 fm, which placed
a, lower bound on the number of interacting nu-
cleons in the fireball to be N„„,(b~)= 8. As seen
in Fig 1(a), c.urve 2 fits all features of the data
well including the bump at n =1 and the rapid fall-
off for n &10. The contribution of the Pb and 0
targets to curve 2 are indicated by dashed lines.

To see in detail why the bump at n = 1 is due
to a trigger bias, we plot in Fig. 1(b) P(n; b) as
a. function of impact parameter for Ar + Pb. Lar-
ger b corresponds to smaller interaction volume
V(b) and hence smaller (u(b)). Thus, P(tl; b) is
shifted to lower n as b increases. In Eq. (6), b
= b~ is weighted the most, and hence reducing
b~ shifts the whole distribution P(n) to higher
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FIG. l. (a} x multiplicity distribution for Ar+Pb&P,
at 1.8 Gev/nucleon: closed circles, data from Ref. 1;
triangles, Ref. 7; curve 1, Eq. {6), no b cutoff, p
=0.16m~3; curve 2, Eq. (6) with b~~„(Pb) ~9.6 fm,
b~, „(0)=5.0 fm; dashed curves give contributions to
2 from Pb and 0 targets. (b) 7I multiplicity distribu-
tion as a function of impact parameter b for Ar+ Pb
at 1.8 GeU/nuc1eon.

n as seen in Fig. 1(a).
Having found good agreement with data using

the fireball model, we turn now to the question
of whether the assumption of equilibrium is nec-
essary. To this end we formulate a dynamica, l
theory of multiplicities. We only outline the main
results here. Details will be given elsewhere.
Our approach is motivated by the results of Mal-
fleit and Karant. ' In Ref. 6, the number of binary
collisions in a heavy-ion scattering was shown
to be Poisson distributed by solving a master
rate equation. We here extend the method to
time-dependent pion production and absorption
rates to study the general conditions under which
P(n, t) is a simple Poisson distribution.

The dynamical model is specified by a set of
average rates, y~'(t), for producing and absorb-
ing correlated groups of k pions. For example,
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y, (t) could specify the average rates forNN —NNw,
while yA'(t) for k ~2 could describe multipion
resonance production and absorption [such a res-
onance would have to include 0 & 's in its possible
decay products to be included in y„'(t) for the data
studied here]. We expect that all rates must be
strongly time dependent since the nucleon space
snd momentum distribution fg g, t) varies rapid-

ly during heavy-ion collisions.
The probability of producing a correlated group

of k pions between times t and t + dt is then y„(t)
&&dt. Also, the probability of coherently absorbing
a group of k pions between t and t+dt, where there
were n pions at t, is Cg, k)y„(t)dt, where Cg, k)
=n!/[(n- k)!k!]. The master equation for P(p, t )
may then be obtained by expressing P (n, t +dt) in
terms of P(n+k, t) and the above probabilities:

dP(n t) "
+= Q y„(t)[P(n —k, t) —P(n, t)]+g y„(t)[C(n +k, k)P(n +k, t) —C(n, k)P(n, t)],dt k~1

(8)

where P(n, t) —= 0 for n & 0 is understood. Note that in this formulation, we ignore statistical correlations
due to Bose statistics and consider only dynamic correlations due to coherent production and absorption
mechanisms.

The time-dependent generating function, Eq. (2a), then satisfies

=& (&"—1) ya'(t)P(&, t) -» (t)k—, 8~.k~J
(9)

The boundary conditions E(1,t) =1 and F (A. , O) =1 stem from the normalization of P(n, t) and the initial
condition P(n, 0) = &„,.

The general solution of Eqs. (8) and (9) will be discussed elsewhere. Here, we note the result that
if multipion absorption can be neglected i.e. , y„=O for k -2—then the solution of Eq. (9) is given by
Eq. (2c) with N(k) replaced by N(k, t). These N(k, t) satisfy the system of rate equations

dn(k, t)/dt =y„'(t) +y,-(t){( k+ 1)N(k+ l, t) —kN(k, t)j. (10)

Thus, P(n, t) is given by Eq. (4) with N(k)-N(k, t).
Note that N(k, t) converges to a unique equilibrium
solution as t - ~. However, N(k, ~) for»1 arises
here from dynamic correlations rather than from
the statistical correlations leading to Eq. (3).

Our main result can be stated as follows: Vfhen
correlations bebveen pions can be neglected, i.e.,
N(l, t)» N(k ~ 2, t) at the observation time t =t,b,
[as, for example, when y, '(t) =0 for k~1], then
P(n, t,b, ) is a sirqPle Poisson distribution with
mean N(1, t,b, ) (at a fixed impact parameter).
This means that a very large class of dynamical
models exists that give identical results to the
fireball model. In particular, equilibrium need
not be reached' The only requirements on those
models is that N(l, t,b, )»N(k -2,t,b,) and that
the average pion multiplicity (n) =N(1, tab, ) is cor-
rectly given.

%e can now comment on the multiplicity calcula-
tion of Vary' represented by the triangles in Fig.
1(a). That calculation is based on an independent
nucleon-nucleon collision model with pion absorp-
tion neglected. In terms of Eq. (9), y, is taken
as a constant, while y, =0. Consequently, this
model predicts too many high-multiplicity events.

While the condition N(1, t,h, )»N(k -2, t,b, ) is satis-
fied in that model, (n) is overestimated for cen-
hal collidions because of the neglect of pion ab-
sorption.

To conclude, we suggest that future experiments
on pion multiplicities should be conducted in a
"highly inelastic" trigger mode in order to meas-
ure P(n, b=0) directly. Any deviations from a
simple Poisson form would then be a truly signifi-
cant signal of unusual coherent pion processes in
heavy-ion collisions.
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The alignment correlation term An EP2(cos0) has been measured in the p decay ' B
"C(g.s.) by a novel technique. The result, n (Bo) = —(O.l + 0.2),/GeV, indicates that

the conserved vector current weak-magnetism form factor, I'z, is essentially compen-
sated here by the weak electricity (induced tensor) form factor Ez. Using the decomposi-
tion of I"& =I'z ' +Ez into first- and second-class parts, as well as a reliable estimate
of Iz~'~, we conclude that Iz~ is small compared to Iz, and compatible with zero.

There is currently much interest in second-class currents in P decay, in particular in the possible
presence of an induced tensor (or "weak electricity", ' WE) coupling. Although arguments can be made
on the basis of (ft), differences, the most compelling evidence is to be obtained from correlation ex-
periments with oriented mirror nuclei. Specifically, for a 1'-O' P' decay ["B-"C(g.s.)-"N] one
has the relation'

n, = + 2(F„—ER(")/3EA —2ER")/3E„, (2)

where the E,'s are form factors (A denotes axial
vector). Note the presence of a first class WE-
term; in the impulse approximation, ' ER(')/FA
=(1/2M)[l+ 2i|r v p/| o]—=y/2M. With CVC (con-

W(g, E),= E~(E)[1+P(1 + n, E)P,(9) +A n, EP,(0)],
where P (A) is the polarization (alignment) of the
1+ nucleus, P, (8) are Legendre polynomials, and
E is the electron kinetic energy. The terms n, E
are contributed by gradi ent couplings (WE, and
weak magnetism, WM) and recoil terms; in the
"elementary particle" treatment one has'

servation of vector current), Fu/E„=3. 8/2M
= 2.0/GeV, so that n, is typically expected to be
of the order of a few times 0. 1o/o/MeV. This small-
ness mades n, determinations from the E depen-
dence of the up-down asymmetry (with P 10, A
=0) particularly difficult and scale dependent. "
Since the alignment correlation coefficient in (1)
is entirely contributed by the quantity of interest,
it is of obvious advantage to measure it directly;
such an approach is reminiscent of direct meas-
urements of the lepton g-factor anomaly. We
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