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Centauro- and anti-Centauro-type events
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Assuming that leading particles in high-energy hadronic and nuclear collisions become sources of
a classical pion field, we show that the direct production of pious favors Centauro (mainly charged)
events and that the production of pions through the p-type channel favors anti-Centauro (mainly
neutral) events. We also observe a strong negative neutral-charged correlation in both cases.

PACS number(s): 13.85.Hd, 12.40.Ee, 12.40.Nn, 13.85.Ni

I. INTRODUCTION II. COHERENT PRODUCTION

Recently, there have been several interesting theo-
retical speculations [1—6] that localized regions of mis-
aligned vacuum might occur in ultrahigh-energy hadronic
and heavy-ion collisions. These regions become coherent
sources of a classical pion field. The models in [1—6] pre-
dict large isospin fIuctuations on the event-to-event basis,
in particular, the fIuctuation in the neutral-to-charged
ratio, thus offering a possible explanation of Centauro
cosmic-ray experiments [7]. Although the actual dynam-
ical mechanism of the production of a classical pion field
in the course of a high-energy collision is not known,
there exist a number of calculations in which the coher-
ent production of pions is considered to be a dominant
mechanism [8,9]. These early models also predict strong
negative correlations between the numbers of neutral and
charged pions. In fact, the exact conservation of isospin
in a pion uncorrelated jet model is known [10,11] to give
the same pattern of charged and/or neutral fluctuations
as observed in Centauro events. This strong negative
neutral-charged correlation is believed to be a general
property of direct pion emission in which cluster forma-
tion is not taken into account [12—14]. The same conclu-
sion is drawn when a proper multipion symmetrization
combined with isospin is considered [15].

In this paper we consider the leading-particle effect
as a possible source of a classical pion field. Pions are
produced &om a definite isospin state of the incoming
leading-particle system either directly or through the
cluster emission mechanism.

Coherent emitted clusters decay subsequently into pi-
ons outside the region of interaction. We discuss the
behavior of the probability distribution of the neutral-to-
charged ratio and the corresponding two-pion correlation
functions C g when the total number of pions produced
is finite but large.

Many results on hadronic and nuclear collisions can be
understood in terms of a simple picture that the outgoing
particles have three origins: beam fragmentation, target
&agmentation, and central production. At high energies
most of the pions are produced in the central region.
To isolate the central production, we adopt high-energy
longitudinally dominated kinematics, with two leading
particles retaining a large fraction of their incident mo-
menta.

With a set of independent variables s, (q;T, y;j:—q;,
i = 1, 2, . . . , n, the n-pion contribution to the s-channel
unitarity becomes an integral over the relative impact
parameter b of the two incident leading particles:

P„(s) = — d b
4s dq;~T (s, b;1 ~ n)~

where dq = d qT dy/2(27r)s. The normalization is such
that

F„(s) = scr„(s),

(2)

The leading-particle effect is crucial for an approxi-
mate treatment of the multiparticle s-channel unitarity
integral, Eq. (1), which enables us to consider the collid-
ing particles as a classical source of pions in the follow-
ing way. At high energies the matter distributions of the
two-leading-particle system are I orentz-contracted disks
in the center-of-mass system. A highly excited localized
system occurs just after the collision and then relaxes
through the coherent emission of pions [16]. According
to [17], this type of coherent einission of pions should
saturate close to the threshold since, once it starts, the
resulting pion emission, in the absence of a "resonance
cavity, " prevents further buildup of pion fields. The ba-
sic equation for the pion field is
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( + p, )m(s, b;x) = j(s, b;x),
where j is a classical source. If the source j(s, b, z) is
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static, i.e. , independent of time, no pion can be radiated.
However, in the dynamical case of hadronic or nuclear
collisions, j acquires time dependence and radiates pi-
ons. The reference to the initial leading-particle system
is contained in the variables b and s. The standard solu-
tion of Eq. (3) is given in terms of in and out fields that
are connected by the unitary S matrix S(b, s) as follows:

is the Fourier transform of a classical pion source. Note
that each charged state of the pion field has a source
that varies arbitrarily in space and time. However, if
we assume pions to be identical, then the isospin of all
pions, regardless of their momenta, is coupled to form the
total isospin. This is obtained by considering a coherent
production with J(s, b; q) of the form

P

~out —S ~in S —~in + ~classical ~ J(s, b;q) = J(s, b;q)e, (i2)

The S matrix following &om such a classical source is
still an operator in the space of pions. On the other hand,
inclusion of isospin requires S(s, b) to be also a matrix
in the isospace of the leading particles.

If the isospin of the system of two incoming (outgoing)
leading particles is IIs and (I'Is), respectively, then the
initial-state vector for the pion field is S(s, b) lIIs), where

l
II3) is a vacuum state with no pions but with two leading

particles in the isostate characterized by II3. Then the
n-pion production amplitude is

iT (s, b; qi .q~) = 2s(I'Is, qi q~lS(s, b)lIIs) . (5)

The unnormalized probability distribution of producing
n+vr+, n vr, and npvr pions is defined as

where e is a fixed unit vector in isospace. At this point
the conservation of isospin becomes a global property of
the system, restricted only by the relation

where I denotes the isospin of the emitted pion cloud.
In this model, the pions in the cloud are uncorrelated
and described by the same wave function in momentum
space for each pion.

Assuming further that the total number of emitted
pions is finite but large, and that all (I', Is) are pro-
duced with equal probability, we can sum over all pos-
sible isospin states of the outgoing leading particles to
obtain

W(n+n n(), I'Is; IIs) Par, (n+n npln)

d2 hdqrs dq2 ~ dq„ ) W(n+n n(), I'I~', IIs)

x](I'Isn+n nplS(s, b)lIIs)l',

where n = n+ + n + np. The coherent production of
pions from a classical source [Eq. (3)] is described by the
S matrix

5'(s, b) = f d e~e)D(J; s, b)(e~,

where le) represents the isospin-state vector of the two-
leading-particle system. It has the property that

(ele') = h~ l(e —e'),

le)d e(el = i,

(elIIs) = &rr, (e)

where Yrr, (e) is the usual spherical harmonic. The quan-
tity D(J; s, b) is the unitary coherent-state displacement
operator defined as

n++n +no ——n g'g'

This is our basic relation for calculating various pion mul-
tiplicity distributions, pion multiplicities, and pion corre-
lations between definite charge combinations. In general,
the probability W(n+n np, I'Is, IIs) depends on (I'Is)
dynamically. The final-leading-particle production mech-
anism usually tends to favor the (I', Is) —(I, Is) case,
for example, if the final leading particles are nucleons or
isobars. However, if the leading particles are colliding nu-
clei, it is reasonable to assume almost equal probability
for various (I', Is) owing to the large number of various
leading isobars in the final state.

Note that, in general, the n-pion cloud contains com-
ponents of all isospins: I = 0, 1, . . . , n. The case
when both the isospin state of the incoming- and that of
the outgoing-leading-particle systems are fixed has been
treated in [12].

III. GRAY'-DISK DYNAMICS

D(J; s, b) = exp f dq J(s b; q)et(q) —H e. , (10)

where at(q) is the creation operator of a physical pion
and

In order to obtain some detailed results for multiplic-
ity distributions and correlations, we have to choose an
explicit form for the source function J(s, b; q).

The results on the isospin structure are most easily
analyzed in the gray-disk model in which

J(s, b; q) = f d x s*s j(s, b; x)
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This limiting probability distribution is difFerent from
the usual Gaussian random distribution for which one
expects Pl (R) to be peaked at R = —as n -+ oo.(~) 1

Instead, we find peaking at R = 0 although

FIG. 1. Multiplicity distributions Pz (nII~n) of neutral
pions for n = 100 when the total isospin of the ingo-
ing-leading-particle system is I = 0, 1, 2, 3. The dashed line
represents the corresponding binomial distribution with the
isospin invariance neglected.

Here 4 and bp are in general energy-dependent param-
eters and 0 is a step function. The parameter 4 is ex-
pected to grow linearly with ln8 in the central region.
Such behavior is also expected. from a multipheripheral
model.

For I3 ——I, it is straightforward. algebra to calculate
the probability of creating n pions of which np are neutral
pions:

(n) = —,
' (n.g) = ,' n for —I= 0 .

The distribution (17) for I = 0 is similar to the dis-
tribution that has been derived and advocated in the
disoriented chiral condensate model [2]. Although the fi-

nal distributions of pions look the same, the underlying
mechanism is difFerent. In the disoriented chiral model,
the classical pion field satisfies a nonlinear equation of
motion that can be reduced to the equation with a time-
dependent efFective mass

[ +„.'„(t)j ( ) =0,

PI (nolan) =
n++n =n —no

PII (n+n np
~
n)

in contrast to our Eq. (3).
In addition, there is also a strong isospin correlation

between various pion-pair channels:

( n l B(no + 2 ~
n —no + I + 1)

) B(l I+1) ( )

H-. B(*,y) = r(*)r(y) ]r(x+y) is the Euler beta func-

tion. Note that PI (no~n) divers considerably from the(m)

binomial distribution given here by
where

(I) I i 1
00

~(1)
(I+1)(2I+ 5)

'

2

2I+5 '

S-"2"-"
~

"
~

.
0 "p)

In Fig. 1 we show the behavior of P& for n = 100
and for difFerent isospin (I = 0, 1, . . .) of the initial-
leading-particle system. Figure 1 also shows a compar-
ison with the corresponding binomial distribution. It is
clear that our direct-pion-emission model predicts many
more events with a small number of neutral pions (Cen-
tauro events), in particular, if the isospin of the initial-
leading-particle system is large.

(r) (n ns)
(n )(ns)

Note the strong negative neutral-charged correlation,
which is a general property of direct pion production. Ex-
perimentally, this correlation is positive at least at high
energies.

B. Anti-Centauro events

IV. NEUTRAL- TO-CHARGED RATIO

A. Centauro events

Let us define R = np/n, the fraction of neutral pions in
an event with n pions. Then it is easy to see that in the
limit n —+ oo, with R fixed, the probability distribution

Let us now assume that pions are produced through
the coherent production of clusters that decay into two
or more pions. The more pions in a cluster, the larger
the correlation efFect expected. Here we restrict our dis-
cussion to isovector clusters of the p type. The pion dis-
tribution and correlations follow &om (15) by observing
that
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This distribution is sharply peaked at R = 2,
'

e a = 2, i.e., when

en s~. e neutral-charged correlations are found to be
less negative than in the case of d to iree pion production:

(I) 1
Cp (I+ 2)(2I+ 5)

'

In Fi . 2'g. 2 we show the behavior of ~&21~ f
and I = 0, 1, 2, 3.
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%. CONCLUSION

Assuming that leading particles in hi h-ener
co isions ecome a source of a clas-

s&ca pion field, we have shown that the ha e co erent produc-
o pions avors Centauro-type events, whereas the

Cent
coherent production of t ep- ype clusters will favor anti-

entauro-type events. In the t'-Ce an i- entauro case, n n

very arge total isospins of I n. Th f
ing par ic e must also include isospins of I' I to7T )

FIG. 2.. 2. +arne as Fig. 1, exce t that
be emitted throu h temi e rough the isovector p-type channels.

match the initial isospin I 'f 't 'i i is small. That is, the
existence of the peak near n n = 1 sno n = xn no]n) requires
an abundance of very high I' stat h

for the Centauro case. We l
arguznen can e made

e a so pre ict a strong ne ative
neutral-charged correlation. It '

l
'd

n. is c ear that one should
consi er vr, and ot, p, ~er multipion cluster production to
obtain a realistic picture of the cia

I d''n a ition the
e c assica pion production.

the classical pion field, Eq. 14 is too

structure leadin to the
[17]. Another possibility is to relate the i

o e sing e-particle inclusive distribution. We ho e
to address this question in the near future
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