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Explaining Centauro Events by Formation of Pions in the Isospin Singlet Channel
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Peculiar cosmic ray events (Centauros) with anomalously large 8uctuations in their isospin com-
position have been observed during the past twenty years. Multiparticle symmetrization has been
put forward as an explanation of the effect. In this Letter we show how the formation of pions
through the sigma channel when combined with symmetrization can lead to a scenario where the
isospin distribution is not only broadened but inverted. For reasonable choices of parameters we
Gnd that events can actually prefer consisting of either nearly all neutral or all charged pions.

PACS numbers: 25.75.+r, 12.38.Mh, 13.85.Tp, 24.60.Ky

Peculiar isospin fluctuations have been observed in cos-
mic ray events for over three decades and are known as
Centauro events [1]. Emulsion measurements have de-
tected tracks from extremely energetic, 10i4 eV, high-
multiplicity, N = 75, cosmic ray events and determined
whether the various particles are charged. If the inter-
action were hadronic, zi of the tracks should be neutral.
Neutral tracks would originate from the 3 of the hadrons
which should be zp's and then decay into two photons.
Charged tracks should correspond to the s of the hadrons
which were positive or negative pions. A large deviation
from the fraction of 2i would be inconsistent with random
uncorrelated emission from a source that respects isospin
symmetry. Such behavior has indeed beets observed and
has motivated exotic explanations, from quark droplets
to disordered chiral condensates [2].

In 1984 Lam and Lo [3—6] suggested that the large
isospin fluctuations were due to the Bose nature of the
emitted pions. They considered both the case of emis-
sion from a large number of de&tas and that of thermal
emission, though under the constraint that the source
size approached zero. Using diagrammatic techniques [7],
the same conclusion was obtained for a thermal Gaussian
source of finite size emitting according to symmetrization
weights of outgoing particles. Reference [7] demonstrated
that such symmetrization enhancements do not require
an assumption that a source has somehow equilibrated
which would require a long reaction time, but merely that
multiparticle trajectories are weighted by outgoing mul-

tiparticle wave functions. In this Letter we consider the
case where pions are created not singly but in pairs. In
particular, we consider the case where pions are created
in pairs through the isospin singlet channel. We refer
to this channel as the sigma channel, in reference to the
sigma meson in nuclear physics. We are only concerned
with the fact that the pions are created in isosinglet pairs
and not concerned with whether the emission is from the
decay of a meson with a specific mass or angular momen-
tum.

We present arguments that in the absence of sym-
metrization, the isoscalar channel is strong due to isospin
constraints, particularly for emission from gluon-induced

collisions, and perhaps from coupling to the sigma field
which might have rapid fluctuations due to the chiral
phase transition. We then show that emission through
the sigma channel is enormously enhanced by runaway-
symmetrization efFects. Using a model where all pions
arise from isoscalar emission, we show that Centauro and
anti-Centauro events occur readily.

If pions are created singly from a large number of inde-
pendent sources, the chance that an event with N pions
has no, n+, and n neutral, positive, and negative pions
would be given by a binomial distribution,

1 X!
P(np, n+, n ) = —,',

,
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Here Z is a normalization and u(n) is the average en-

hancement due to the symmetrization of the outgoing
particles. This can be thought of as the averaged multi-
particle wave function squared, where the wave function
is averaged over all source points as well ss all outgo-
ing momenta. The symmetrization enhancement ~(n) is

unity when source sizes are large, but grows as the prob-
ability of populating specific momentum states exceeds
unity. As the source size goes to zero v(n) approaches
n In this l.i.mit all isospin configurations are equally
probable.

In Ref. [7] it was shown how to calculate such en-

hancement factors with a diagrammatic technique where
independent emission was assumed. The case of Gaussian
emission for both momenta and spatial coordinates was

shown to be calculable analytically. In this model ~(n)
depends on n, the characteristic momenta b, , and the
spatial extent R of single-particle emission where sym-
metrization was ignored. The method exactly calculates
symmetrization corrections for all nI interference terms.
In order for symmetrization effects to be strong many
particles must be emitted with momenta less than 1/R.
This is analogous to a local equilibrium picture, where
symmetrization effects are strong when many particles
have condensed into the ground state. Neglecting sym-

metrization, single-particle emission has the form

S(x, p) = 6(t) exp
~

—
~

— ~. (2)
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The weights u(n) for this case are given by the integrals
Q ri Q
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FIG. 1. The probability of seeing a given number of neu-
tral pions assuming 78 pions were emitted independently. The
solid line represents the isospin distribution neglecting sym-
metrization. Symmetrization leads to increasingly broadened
distributions for smaHer radii, R = 3 fm, dotted line, R = 1.5
fm, short dashes, R = 0 fm, long dashes. Unlike the case
of isoscalar emission, the distribution is only broadened and
extreme isospin imbalances are improbable unless the source
size is extremely small.

where P is the n-particle plane wave function with all n!
I

terms. The expression for u(n) in Ref. [7] is analytic and
exact, but it relies on an iterative procedure which is too
lengthy to include here.

For this paper we assume a value of 250 MeV/c for 6
which corresponds to a mean transverse momentum char-
acteristic of high energy collisions. For exploratory pur-
poses this simplified model is sufficient. Figure 1 shows
the probability of seeing no neutral pions for four cases,
the base distribution, R = 3 fm, 1.5 fm, and 0 fm. The
R = 0 limit is unphysical as it violates the uncertainty
principle, but it is interesting as a mathematical limit.
The total number of pions created is 78. For each distri-
bution the average number of neutral pions is 26.

Although the enhancements in Fig. 1 represent many
orders of magnitude, it is still unlikely that an event with
78 pions will be nearly all charged pions if the source size
is chosen reasonably. The smallest reasonable size for
such a large number of pions would be about 1.5 fm. For
this size, the chance that an event has 0 to 6 neutral
pions is still less than 1 in 10s. By pushing the source
size down to 1 fm, the probability of no & 6 is about
4%, but at 1 fm the pion density at the origin would be
5/fms.

When pion pairs come from an isoscalar, one-third of
the pairs are neutral pions and two-thirds of the pairs
consist of one positive and one negative pion. Thus the
symmetrizations of charged and neutral pions are on dif-
ferent footings. This makes calculations such as those
shown in Fig. 1 difficult. However, if we are interested

in calculating only the probability of seeing a given num-

ber of neutral pions, we can rotate the measurement in
isospin space such that instead of neutral, positive, and
negative pions one measures neutral, x, and y states. We
express the creation operators for such states below:

(4)

n +n„=N-np
(6)

This expression relies on a strong assumption. It assumes
that correlations between pions from the same resonance
are lost. For example, they need not be emitted back to
back due to momentum conservation. This assumption
of independent emission is necessary only in that it makes
the calculation tractable. Including the fact that pions
originate from the same point would only increase inter-
ference effects. If pions do indeed scatter several times
beyond their origin, the assumption of independent emis-
sion becomes more reasonable.

As the source size approaches zero, the weights go to nf

817

In this basis an isoscalar decay will lead to two neutral

pions, two x pions, or two y pions, all with equal probabil-
ity. From completeness, one can see that the probability

P(N, np) of seeing N pions with no neutral pions does
not depend on whether the charged pions are measured
in eigenstates of charge or in the x —y eigenstates:

P(»&o) = ) I(&l«&+ &- (p))I' (5)
n+ )n

n++n =N —no, {p)
where lg) is the outgoing many-pion state which in this
case is an isoscalar. Conservation of charge does not need
to be written into the sum as it will come about from the
matrix element.

Since P(N, nc) includes a sum over all states with a
given number of charged particles and since the number
of quanta is not affected by the transformation in Eq. (4)
we can replace the sum in Eq. (5) over charged states with

a sum over x and y states. This is analogous to trans-
forming the basis for polarized light. Charged states cor-
respond to right- and left-handed circular polarizations
and x and y states correspond to linear polarizations.

We are now in a position to write down an expression
for P(N, nc) as a sum over all different combinations of
n~ and n„su jbe tcto the constraint that n~, n„, and nc
are all even numbers:

N~

P(N, np) = ) —„,„~;„,(u(n )ur(ny)cu(no).
n, n„=even 2'2'2'
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which means that the weights can overwhelm the (ni2)!
terms in the denominator. This leads to distributions
favoring extreme isospin Huctuations. This behavior is
illustrated in the plot of P(N, no) in Fig. 2. Probability
distributions are shown for four cases, the base distribu-
tion where symmetrization is ignored, R = 3 fm, R = 1.5
fm, and R = 0 fm. The base distribution has twice the
variance as the distribution in Fig. 1 which should be the
case whenever particles are produced in pairs, as has been
discussed in the context of charged particle multiplicity
distributions [8]. For the case of R = 1.5 fm, emission of
78 pions with only zero to six neutral pions has a 5770

probability. The R = 0 limit is exactly the same as what
one would obtain assuming isoscaiar emission with all the
pions in one state [9,10].

There is also a large enhancement for the case where a
large fraction of the pions are neutral. These are referred
to as anti-Centauro events. Since the average number
of neutral pions is one-third of the total, in the limit of
an extremely bimodal distribution, anti-Centauro events
must be half as likely as Centauro events if isospin sym-

metries are conserved. This type of behavior has been
observed experimentally [1,11].

The most pressing question to answer is whether the
emission of 78 pions into what must be only a few units
of rapidity, and mostly due to isoscalar emission, has
more than a vanishing probability. But symmetrization
enormously enhances the chance for such an event. The
enhancement is the average of u(nc)u(n )u(n„) for the
various combinations that sum to N. For a 1.5 fm source
this enhancement is 13 orders of magnitude, and for a
1.0 fm source, 36 orders of magnitude. If the emission of
neutral pions at a given multiplicity is determined by a
binomial distribution

N~~ t

P.(.) = „.. „,„,6'(1-p) ', (7)

the symmetrization-corrected distribution is

1
P(no) = —Po(no)ur(nc).z

For sufficiently large N~,„ the symmetrization en-
hancement ~ overwhelms the (no/2)! in the denomina-
tor. The distribution is then weighted near N~~ which
is set roughly by energy conservation. This is illustrated
in Fig. 3, where both P0 and P are plotted for the case
where pN~~„= 4 in Fig. 3(a) and for pN~~ = 10 in

Fig. 3(b). For both cases N~~„ is set to 100 and R = 1.5
fm. Of course multiplicity distributions are much more
complicated than weighted binomials, but this example
demonstrates that the very existence of such high multi-

plicity events could be the result of symmetrization.
By viewing the pN~~„dependence in Fig. 3, one can

also get a feeling for how strong the emission from the
isoscalar channel must be in order for symmetrization to
play a large role in the multiplicity distribution. Unless
isoscalar emission would contribute at least a half dozen
pions in one or two units of rapidity on average, this
mechanism is probably not responsible for Centauro be-
havior. Given that a high energy hadronic reaction could
occur inside a nucleus which is highly Lorentz contracted
in the collision's center of mass, it would not be unres
sonable to expect roughly a dozen pions per unit rapidity.
Isoscalar channels could be responsible for a a good frac-
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FIG. 2. The same as Fig. 1, except assuming the pions
were emitted via isoscalar channels. The solid line represents
the isospin distribution neglecting symmetrization. Sym-
metrization leads to increasingly broadened distributions for
smaller radii, R = 3 fm, dotted line, R = 1.5 fm, short dashes,
R = 0 fm, long R~hes. Compared to the case where pions
were emitted singly as in Fig. 1, the initial distribution is
broadened and for sufficiently small sources there is a prefer-
ence for extreme isospin imbalances.
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FIG. 3. Multiplicity distributions for binomial distribu-
tions, solid lines, and for symmetrization corrected distribu-
tions, dashed lines. (a) is for the case where N = 100,
pN ,„ = 4, and R = 1.5 fm. (b) is the same except
pN = 10. This demonstrates that symmetrization can
strongly acct the multiplicity distribution if isoscalar emis-
sion would account for at least a half dozen pions when sym-
metrization is neglected.
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tion of such pions. Pions couple strongly to the sigma me-
son in many intermediate-energy nuclear physics models.
The sigma field, which is also associated with the spon-
taneous breaking of chiral symmetry, should be rapidly
changing due to the chiral transition and therefore ra-
diating pion pairs [2]. Also, the hadronization of glu-
ons should prefer isoscalar channels as gluons carry no
isospin.

One question that comes to mind is whether emission
through other multipion modes would lead to the same
effect. Mesons such as the omega or rho do not decay
into two pions of the same isospin, hence symmetrization
will not readily enhance emission through those chan-
nels. Any structure created from gluons such as a glue-
ball, however, which would have zero isospin and positive
g parity, would therefore decay into an even number of
pions. One matrix element, M, that describes the decay
of an isoscalar into n pions has the structure

(9)

This is exactly the same form one would use assuming
n/2 isoscalar pairs were emitted, however, it is not the
only isoscalar matrix element, except in the limit that
all the pions have the same momenta. Other matrix ele-
ments do not allow all the pions to be in one eigenstate,
and since they vanish when the pions have small rela-
tive momenta, they will not be greatly enhanced by sym-
metrization. Thus if we consider the emission of any large
number of pions, constraining pions such that they are
in an overall isosinglet can lead to smaller symmetriza
tion enhancements and weaker isospin imbalances than
enhancements found by constraining them pairwise.

Other behavior should accompany isospin fluctuations
as a signal of runaway symmetrization effects. The trans-
verse momenta spectra should have a large component
within 100 to 200 MeV/c and the rapidities of the out-
going particles should be bunched into a few units of
rapidity. These distortions to the spectra should be es-
pecially strong for events with large isospin asymmetries,
and they should exist only for pions of the overpopulated
flavor.

It is possible that this behavior could not be repro-
duced at a current accelerator. Colliders can produce
proton beams with energies of 10iz eV, while Centauro
events have energies in the neighborhood of 10i4 eV. A
collider can produce much more center of mass energy
than a cosmic ray event, but a cosmic ray might be able
to produce more particles in a given amount of phase
space because the target for a cosmic ray is often a nu-
cleus. Either the relativistic heavy ion collider under con-
struction at Brookhaven or the Large Hadron Collider at
CERN would easily be able to attain equivalent energy
densities for nuclear targets. We should point out that a
cosmic ray colliding with an atmospheric nucleus near the

detector at Chacaltaya excludes a heavy ion as a projec-
tile as the heavy ion would have to travel through many
mean free paths of atmosphere before arriving near the
detector.

The effects of pair creation for bosons with respect
to quantum mechanical coherence is not a new subject.
Applications of squeezed light, or two-photon lasers [12],
share many of the same principles as the behavior de-
scribed here. Superfluids are another example where ef-
fective Hamiltonians feature terms which create bosonic
quanta in pairs. Hawking radiation of boson pairs has
been investigated as well [13]. Squeezed pion states have
also been studied in the context of relativistic heavy ion
collisions [14].

It is difficult to obtain the sort of detailed information
from an emulsion measurement that one would get from
sophisticated detectors at large accelerator laboratories.
This has always been true. Cosmic rays offered the first
evidence for pions, jets, and charmed quarks. But, in
each case definitive conclusions were not reached until
after the phenomena were observed by purely terrestrial
means. This may again be the case with Centauro events.
By considering isoscalar radiation of pion pairs, we have
demonstrated that symmetrization can create laserlike

behavior where a large number of pions crowd not only
into a small region of phase space in momentum, but also
into a single isospin state. Whether this is indeed the
explanation for Centauro behavior should be borne out
by either further investigation of data from cosmic rays
or future generations of accelerator-based experiments.
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