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A phenomenological model for the production of "Centauro"-type cosmic-ray events is developed, as-

suming a nucleus-nucleus interaction in the upper atmosphere. The model is used to estimate, in a self-

consistent way, several thermodynamic and kinematical quantities, characterizing the observed Centau-
ro events. On the basis of this model, we describe a typical "Centauro" event, possibly produced in the
fragmentation rapidity of an 3 + A central collision at &s =2003 GeV at the BNL Relativistic Heavy
Ion Collider. We suggest several characteristic signatures for these events, as well as the possibility of
observing "strangelets. "

PACS number(s): 96.40.De, 12.38.Mh, 13.85.Tp, 25.75.+ r

I. INTRODUCTION II. PHENOMENOLOGICAL MODELS

In the past twenty years, cosmic-ray experiments have
detected numerous most unusual events, whose nature is
still not well understood [1—3]. Some of these events, the
so-called "Centauro" and "mini-Centauro" [1], show
complete absence of, or very much reduced, electromag-
netic energy. This fact may be interpreted as complete
absence, or strong suppression of all pion species, if isoto-
pic spin is to be conserved. Therefore, these events are
considered as predominantly baryon-emitting events.

It was shown through Monte Carlo simulations [2,4]
that the Centauro events could not originate from any
kind of rare statistical fluctuations in the hadronic and
photonic (energy-multiplicity) contents of normal ha-
dronic interactions, viz. by pion multiple production or
heavy nucleus (normal) hadronic interaction. Therefore,
new types of interactions, or the creation of a new kind of
matter, quark matter, was conjectured to be responsible
for these extremely unusual phenomena [1,2,4].

In this paper we continue the development of the phe-
nomenological model of Ref. [5] for the Centauro events
and we also suggest the possible formation of strangelets
in the very baryon-rich environment of the fireball (Sec.
III). In Sec. IV we calculate several thermodynamic and
kinematical characteristic quantities for the Centauro
fireball and we check, wherever possible, for internal con-
sistency of the model and of the estimated quantities and
discuss them in the light of other estimations. We find
that the energy density, baryochemical potential, and
temperature of the Centauro fireball are of such magni-
tude necessary for a phase transition to quark matter. In
addition, the very large baryochemical potentia1 and
moderate temperature strongly prohibit the creation of
pions in the hadronization of the fireball. Finally, in Sec.
V we discuss the possible formation of a typical
Centauro-type event, produced in A+ A central col-
lisions at 2002 GeV at the BNL Relativistic Heavy Ion
Collider (RHIC). We estimate several characteristic ther-
modynamic quantities and suggest possible signatures for
the identification of such an event.

Several phenomenological interpretations have been
proposed for the qualitative description of the occurrence
and properties of the Centauro-type events [5—7]. We
shall briefly discuss their main points, predictions, and
limitations.

In Ref. [6] it is suggested that the Centauro events are
caused by a primary glob of highly dense nuclear or
quark matter. This glob may (or inay not) be encircled by
a single unconfined quark of very large mass, which in-
creases the density and stability of the matter. The glob
is metastable and is induced to explode into a predom-
inantly multibaryon final state with large (pT), by re-
peated collisions in the atmosphere. The baryons in the
final state are comprised of about 50% of strange matter.
This scenario has some difficulties: It cannot explain ade-
quately the nonexistence of pions; it predicts unaccept-
ably large rates of fractionally charged quarks at sea level
and or horizontal air showers, and it cannot explain per-
suasively the origin of the primary quark-matter glob.

The second reference [7], proposes that the Centauro
events are the result of decaying quark-matter fireballs,
produced coherently in single diffractive dissociation of
very high-energy nucleon primaries. Although this inter-
pretation reproduces correctly some observed quantities
of the Centauro events, such as the cross section for Cen-
tauro production and the large (pT), it cannot explain
the profound suppression of pions in the hadronization of
the quark-gluon plasma (QGP) fireball. The conservation
of baryon number necessitates the production also of an-
tibaryons in the hadronization of the fireball. However,
this in turn necessitates the creation of antiquarks. It is
then dificult to understand the total absence of pions.

The suggestion of the possible observation of
Centauro-type events in the diffractive dissociation of pp
collisions at &s = 1.8 TeV and xF ~ 0.99, is currently un-

der investigation in an experiment at Fermilab. Howev-
er, the results of this search so far have not substantiated
this Centauro model.

In Ref. [5], a diff'erent interpretation of the Centauro
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and other unusual cosmic-ray events at even higher ener-
gies was proposed. It is based on the hypothesis of the
formation of a "quark-matter fireball" in collisions of
cosmic-ray nuclei with air nuclei and its subsequent had-
ronization, through an explosive decay, in the fragmenta-
tion rapidity. In this scenario, the very large baryochem-
ical potential inherent in the quark-matter fireball plays
the determining role: It causes the strong suppression of
the pionic and, hence, y component and induces the had-
ronization of the quark-matter fireball predominantly
into baryons. A question is also posed concerning the
possible formation of strangelets out of the ss quarks
created by the (primary) gluon fragmentation.

A situation as described in Ref. [5] may possibly arise
in nucleus-nucleus collisions at incident energies attain-
able at RHIC. It is, therefore, very interesting to exam-
ine in detail the possibility of forming and observing
Centauro-type events in controlled laboratory experi-
ments.

III. THE CENTAURO MODEL

In this section we shall develop further the Centauro
model described in Ref. [5]. We discuss in detail the
basic ingredients and assumptions of the model and justi-
fy them on phenomenological grounds and self-
consistency. We use the experimental data for the five
Centauro events, obtained by the Chacaltaya Collabora-
tion [1).

A. Centauro fireball

We consider the central collision of an ultrarelativistic
cosmic-ray nucleus with a nucleus in the upper atmo-
sphere and the formation of a fireball. The observed
chemical composition of primary cosmic rays in the mass
region of Fe, with energy in the range 10 -10 TeV, is
about 15% of the total fiux [8]. It is, therefore, reason-
able to consider a medium mass primary cosmic-ray nu-
cleus colliding with a stationary ' N nucleus, which con-
stitutes the bulk of the atmospheric nuclei.

The incident nucleus is highly contracted (y, =260)
and has the shape of a cylinder with cross-sectional ra-
dius R = 1.15( A, ) '~ . After the collision, a very
compressed and dense fireball is produced, traveling with
ultrarelativistic velocity. The very high density of the
fireball's matter may allow it to reach and explode above
the Chacaltaya detector, situated 5200 m above sea level.

The larger mass of the incident nucleus, compared to
the stationary target, causes the colliding-system center
of mass to move with almost the velocity of the projectile,
since for the average Centauro event:

1 —P, IPp„=M,sl(E+M, )=7X10

where p, and p, are the velocity of the center of mass
and projectile, respectively, in the laboratory frame, E is
the incident energy of the heavy nucleus of order 10
GeV, and M,g, the mass of the target, is of order 10 GeV.
%'e thus consider the produced fireball to contain the nu-
cleons of both the projectile and target nuclei. Since the
Centauro fireball decays into baryons, to conserve baryon

number we make the assumption that the average mass of
the incoming nucleus is approximately

where (Nz ) is the measured average Centauro (baryon)
multiplicity. '

In this highly dense and moderately hot nuclear matter
of the Centauro fireball, the hadron states of the com-
pound system dissolve into the state consisting of their
deconfined constituents, the quarks and gluons. This new
state is characterized by a very large baryon-number den-
sity. After the formation of the quark-rnatter fireball at a
moderate temperature, T& ——T, (p~ ) = T&, where T, (pb )

is the critical temperature for the phase transition in this
very high pb environment and i (f) denote initial (final)

stages, the volume may not increase appreciably, since
the final entropy (which is = VT ) should be nearly equal
to the initial one, in order to conserve baryon number.

The need for quark fragmentation in order to conserve
entropy during the hadronization process decreases rap-
idly with increasing pb. This is because the net contribu-
tion of baryons to the total entropy grows with the
baryon-number density, which in turn grows rapidly with
the baryochemical potential as exp[ (M„—p—

& )IT].
Actually, the entropy should increase in the hadroniza-
tion phase in view of the second law of thermodynamics.
This increase, which may be realized in the fragmenta-
tion of the original gluons into strange quarks only, as
will be discussed later, may lead to the formation of
strange hadrons and strange-matter globs. It is, however,
unaccounted for at present.

B. Pion suppression

The effects of the large baryochemical potential of the
fireball on particle production, in particular on the rela-
tive pion/nucleon multiplicities, are profound. To form a
pion, a quark and an antiquark must exist. A q is created
together with a q and the large p& suppresses the produc-
tion of both. The number of antiquarks in the Boltzmann
approximation is proportional to

N~ ~ exp( —
@~IT),

which is strongly suppressed for large p& =3LM .
In addition, the production of quarks is also strongly

prohibited due to the Pauli blocking. The momentum
distribution of thermalized quarks is given by [9]:

f (k)=(A, 'e" +1)
where A, =exp(p IT) is the fugacity, i.e., the amount of
saturation of statistical phase space. The Pauli blocking
is obtained from the expression

~The multiplicity of the Centauro events includes particles
with minimum energy of 4 TeU; the remaining, if any, below
this threshold are unaccounted for. Therefore, Eq. (1) should be
considered in principle.
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which is proportional to exp( —p /T) and, hence, inhib-
its the creation of quarks in a large baryochemical poten-
tial environment.

With the above considerations, the number of pions,
formed by the created qq pairs, is proportional to

—(4p +m )/T
N(pion) ~ e

and the pion-to-nucleon density ratio is proportional to

N(pion)/N(nucleon)c- —,
' exp[[—(4/3)p& m+—M„]/T],
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where the factor —,
' comes from the number of the particle

species and M„, m are the nucleon and the pion masses,
respectively. We assume here that the nucleons are
formed by the existing primary u, d quarks.

The ( T,pb )-pair values in Eq. (2) are obtained from a T
vs p~ phase diagram, with boundary values

T(pb =0)=180 MeV and p„( T=O)=1 58 OMeV (corre-
sponding to baryon density =1.3 fm ), which satisfies
the equal pressure condition at the quark-
matter —hadron-matter boundary: P&M =PHM,

(37rr /90)T +@AT +(1/2' )pq 8 (3m /90)T (3)

where 8 =508 MeVfm (8'~ =250 MeV) is the vacu-
um pressure. Figure 1 shows the phase diagram in the T
vs p, b plot, Eq. (3).

Figure 2 shows the plot of the pion-to-nucleon multi-
plicity, Eq. (2), as a function of pb. We observe a pro-
found suppression of pions relative to nucleons with in-

creasing baryochemical potential, of many orders of mag-
nitude for large pb values. The size of the effect depends
on the choice of the boundary values.

Another important effect of the baryochemical poten-
tial may be the reduction of the particle multiplicity in

FIG. 2. The calculated particle ratio vs p„, Eq. (22). The star
denotes the location of the corresponding values for the average
Centauro event (see Sec. IV J of text).

the hadronization of a quark-matter fireball with large
pb. Since pions constitute, in general, the bulk of the
multiplicity, a strong suppression of their production by
the large baryochemical potential will cause a reduction
of the event multiplicity. Thus, we may observe—
contrary to common expectations —the hadronization of
a "quark-matter fireball, "produced with very large pb in
A + A collisions, to exhibit a smaller multiplicity than a
normal hadronic fireball of the same energy. The stored
energy in the quark-rnatter fireball will show up in the ex-
plosive decay as very large average transverse momentum
of the hadronization products.

C. Strangelet production

The strong suppression of new u, d (anti) quarks raises
an interesting question as to what happens to the original
gluons is the quark-matter fireball. In the flux-tube mod-
el [10], the relative probability of gluon fragmentation
into a quark pair of mass m, , is controlled by the parame-
ter

H t J 4-,~Apl

x; =C exp( —m, /~),

where jr= 1 GeVfm ' is the QCD string constant and
the normalization constant
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FIG. 1. The calculated phase diagram in a T vs pb plot, Eq.
(3). The boundary values are given in the text. The star and
cross denote the location of the corresponding values for the
average cosmic-ray Centauro and (Au+Au) events, respectively
(see Sec. IV I, VB of text).

C = 1/[2+ exp( —4m, /a ) ]=0.39

for three quark flavors with current masses m„=md =0
MeV, m, =170 MeV. This leads to x„=xd-—0.39 and
x, =0.22 in normal hadronic interactions.

In the case of the Centauro fireball with very large
baryochemical potential, the creation of u, u and d, d is
prohibited, thus allowing predominantly for g ~s, s frag-
mentation. To get a feeling for the relative probability of
gluon fragmentation, we may take indicatively
m„=md —-u =600 MeV, which we calculate later on to
be the fireball quark chemical potential. We find that
x„=xd-—1.2X10 and x, =0.998. Therefore, in the
quark-matter fireball there are the primary (constituent)
quarks for each flavor (u, d) and the s, s quarks generated
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by gluon fragmentation. Since the fireball hadronizes
predominantly into baryons, there will remain an excess
of (anti) strange matter, which cannot hadronize and

may form strangelets, i.e., stable baryonic states with
very high mass to charge ratios [11]. These strange-
matter states should be created and sustained more easily
in a low-temperature and high-density environment, pre-
vailing in the Centauro fireball. The existence of this
kind of matter is, however, still not undoubtedly verified
experimentally [12].

IV. CENTAURO CHARACTERISTICS

In the following we shall discuss the observed charac-
teristics of the five Centauro events and we shall estimate
several thermodynamic and kinematical quantities
characteristic of the "quark-matter fireball, "based on the
outlined Centauro model. The calculation will be carried
out assuming no interaction between the quarks. We
shall also discuss very briefly the quantitative e8'ects of
quark interaction on some of the estimated quantities.

B. Interaction energy

The five Centauro events have an average observed en-

ergy (Ei, (y)) =348 TeV. If we take the y inelasticity
coeicient k =0.2, the total average Centauro interac-
tion energy is (Ei, ) = (Ei, (y ) ) /K~ = 1740 TeV. It
should be noted that the incident energy is at least equal
to (and probably larger than) this interaction energy. As-
suming that the incident nuclei have an average mass
( A~, ) =60, Eq. (1), the interaction energy in the N-N
center-of-mass system is gsz z =233 GeV. The total in-

teraction energy in the c.m. is equal to

v s =(M +M +2M, (E))' =6760 GeV

corresponding to y, = [(E) +M,s]/&s =257.
above energies should be considered as lower limits.

The

y,E+,K mesons should also be created copiously. Their
subsequent decay into channels containing m 's (68%, 31%,and

33%, respectively) might not have been identified in the Chacal-

taya chamber, due to their large lateral dispersion and the
high-energy threshold of the detector. In addition, strange
baryons (A, X,:".. . ) should also be produced, within baryon-
number conservation.

A. Centauro multiplicity

The observed multiplicity of the five Centauro events
[1] is in the range 63—90 hadrons, with an average
(Nt, ) =75. Since no primary y showers were identified,
one may conclude that, in order to conserve isospin, these
hadrons cannot contain pions. It had been, therefore,
widely accepted that the hadrons must be baryons. The
hadrons are emitted isotropically from the fireball and
their energy and transverse-momentum distributions
have an exponential form.

C. Transverse momentum

The average observed transverse momentum, as es-
timated from the deduced fireball decay point of the Cen-
tauro I event, is (pT(y)) =0.35+0.14 GeV/c. Taking

Kz =0.2, the average transverse momentum of the Cen-
tauro events is (pr ) = (pr(y))/Kr =1.75+0.7 GeV/c.
This is a very large transverse momentum, about three
times larger than the average transverse momentum mea-
sured for baryons in nucleus-nucleus collisions at 200A
GeV at the CERN SPS [13]. It necessitates the notion of
an explosive decay of the superdense fireball rather than
of a typical nuclear fragmentation.

D. Mass of the fireball

Ms, = (N& ) (E„)= 180+60 GeV . (4)

E. Volume of the fireball

Our picture of the Centauro event assumes the col-
lision of a Lorentz-contracted incident nucleus,
( A~, ) =60, with a ' N nucleus in the upper atmosphere
and the production of a quark-matter fireball from the
combination of the two nuclei. The quark-matter fireball
retains the contracted, cylinderlike shape of the incident
heavy nucleus, with volume

y~-—d~R =75 fm (5)

where we have used R =1.15(N& )' frn, and d =1 fm,
equivalent to the formation time ~0= 1 fm, since

2R/y, «1 fm. This volume is a lower limit, since
there should be a number of unidentified strange particles
and some expansion of the fireball before hadronization.
It is, however, about five times smaller than the volume
of a nucleus with A =75.

We can make another estimate of the fireball volume in
terms of the freeze-out volume, accepting that the
freeze-out radius RF=A,I„ the hadron mean free path.
More precisely, in the Centauro case where the hadrons
are mostly baryons, A, & R F & A, , where the baryon mean
free path A,&-——,'A, , for 1(p (20 GeV/c, as obtained

from m.-p and p-N total cross sections. Since the freeze-
out radius R F —-0.7(dN/dy) '~ [14], we calculate
65 & Va, & 115 fm, in agreement with Eq. (5).

F. Energy density of the fireball

The average energy density of the Centauro fireball can
be estimated from the fireball mass and volume:

c,n, =MA, /Vft, =2.4+1 GeV fm (6)

The uncertainty in the energy density is calculated as-

In the fireball frame each isotropically emitted particle
(nucleon) has an energy given by

(E„)= I[(4/ )(p, )]'+M„']'"=2.4~0. 8 G V,
where M„ is the nucleon mass. With the average multi-

plicity being (NI, ) =75, the mass of the average Centau-
ro fireball becomes:
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suming a 30/o variance in the volume estimation. The
magnitude of the fireball energy density is—despite the
large error —sufficiently high for the phase transition
from (the incident) nuclear matter to the quark matter.
Recent lattice QCD calculations [15] have shown that for
a two-ilavor QGP, the critical temperature and energy
density have been reduced to the range of 150 MeV and 1

GeVfm, respectively. This reduction of the critical
quantities is even larger if heavier quarks are included.

The energy density is fundamental in the estimation of
many other thermodynamic quantities of the fireball and
its accurate knowledge is very desirable. The energy den-
sity varies as (Nz )' and hence even a large increase of
(N„), say by a factor of 2, will produce only about a
25% change in s.

production will be profound, as we will discuss later. It
should be remembered that for cold nuclear matter the
baryochemical potential is pb =0.77 GeV.

If we calculate the baryochemical potential from the
relation between quark density, quark chemical potential
and temperature,

Nq =2(p T +p /n), .

working again in the T =0 limit, we find that p&
——2+0.4

GeV. In a more realistic situation with T)0, the baryo-
chemical potential will be smaller, since at high T the
first term of (8) causes the baryochemical potential to
drop as T, if the baryon density remains constant.

I. Temperature of the fireball

G. Quark-baryon densities of the fireball

%e have considered the Centauro fireball to consist
mainly of constituent u, d quarks in the initial stage. As-
suming that quarks carry on the average 300 MeV of en-

ergy in the rest frame (as in the case of confinement in the
nucleon) the quark density of the Centauro fireball is:

(Nq ) =s&/0. 3=8+3 fm

Here we implicitly consider the energy density of the fire-
ball to reside mainly in its quark content. Therefore, the
estimated (Nq ) value is an upper limit.

The baryon density can be simply estimated from the
quark density:

(Nq ) =
—,
' ( N ) =2.7+1 fm

This value of the baryon density is approximately 18
times larger than that in nuclear matter (-0.15 fm ). It
indicates a fireball of superdense matter with, perhaps,
different characteristics (binding energy, collision mean
free path, etc.) capable of penetrating down to the Cha-
caltaya detector altitude and exploding into baryons with
very large (pr ).

H. Baryochemical potential of the fireball

The fireball temperature can be estimated from the re-
lation

Nq =2[pqT +p /n. ] .

With (Nq ) =8 fm and p& =1.8 GeV, the fireball tem-
perature takes on the value T&=130+6 MeV. It is a
moderate temperature, which could sustain the quark
matter in the large-c and -pb environment. In Fig. 1 we
indicate on the phase diagram the location of the point
(Tfs,pb) and notice that it is well within the quark-
matter phase for any reasonable boundary values.

The value of pt, was estimated from Eq. (7) assuming
T=O. If we now substitute in (7) the above-calculated
values of pb and T& and require that @=2.4 GeVfm
we find that p&, T& should be reduced by about 6%.

A comment should also be made concerning the calcu-
lated Tz and the (pr) of the Centauro fireball. In a
(baryonic) fireball, the relation between the mass of the
fireball and its (pz. ) or T leads to the relation

[[(4/qr)(pr)] +M„j' =M„+ ', T, —

The energy density of an ideal quark-gluon plasma as a
function of the temperature and the baryochemical po-
tential, resulting from both the quark and gluon degrees
of freedom, is given by [16]

E (m /30)(Ng+4N )T +NqpqT /4+(1/8' )Nqp

where X~ = 16 and N = 12 are the gluon and quark de-

grees of freedom, respectively, for two quark flavors.
To obtain a first estimate of the baryochemical poten-

tial, we consider the case T=O. Then the relation con-
tains only the contribution from the quarks (at T =0) and
reduces to

E =(12/648qr )p

which gives p& =1 8+0 3 GeV for c=Ef =2 4
GeV fm . This is a large quantity and its effects on qq

where M„ is the nucleon mass. For the Centauro case,
this relation gives an extremely large fireball temperature,
T=975 MeV. If this is a true measure of the fireball
temperature, then three questions arise: which is the
mechanism responsible for creating such a high tempera-
ture, since the nuclear stopping is almost null at these in-

cident energies; how does one reconcile this temperature
with the previously estimated one of the order of 130
MeV and what is the meaning of the "temperature" or
the "inverse slope parameter, " as inferred from the (pr )
or from fitting to the p~ distribution, respectively.

The meaning of this "temperature" has been a long-
standing controversy. The inverse slope parameter, often
referred to as "temperature, " obtained from a fit to the

pz- distribution may give an indication of a thermal-like

spectrum, but it is not sufficient; more subtle density-,
volume-, and flow-related effects must be found. These
effects may drastically modify the "temperature" inferred
from the (pz. ) or pz distributions [17].
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J. Emitted-particle ratios

It was discussed in the Centauro model how the large
baryochemical potential, inherent in the quark-matter
fireball, will inAuence the hadronization process. The
pion-to-nucleon density ratio was found to be proportion-
al to the expression (2). Evaluating this ratio, taking for
the Centauro fireball pb=1. 8 GeV and T+=130 MeV,
we find that N(qr)/N(n)=7X10 . Indeed, we observe
the total disappearance of pions and, hence, of gammas in
the hadronization of the Centauro quark-matter fireball.
This is in agreement with the accepted observed final
state of the Centauro events. We indicate in Fig. 2 the lo-
cation of the particle ratio for the average Centauro
event.

K. Rayidities

The incident-nucleus rapidity of the Centauro event
can be calculated from the average projectile energy per
nucleon,

yz, =in(2(E& ) /( A, )M„)=11.03, (9)

where (Ei, ) =1740 TeV and ( A, ) =60, according to
our Centauro model. The rapidity is not a sensitive func-
tion of the projectile mass, since it varies as ln A p, .

The average pseudorapidity of the Centauro fireball de-
cay products is calculated from the lateral spread of the
family hadrons, measured from the center of gravity of
the family (which coincides with the projectile direction)
and the height of the interaction point. We estimate the
average pseudorapidity of the five Centauro events to be
(rl,„,) =9.9+0.2. The incident-nucleus rapidity and the
mean fireball pseudorapidity enable us to calculate, in a
model-dependent way, the Centauro fireball mass using
the relation [18]

y, =
—,'y, —

—,
' In(A, /( A, ) )=6.24, (10)

since all target and projectile nucleons participate. The
hadronization of the central rapidity for the Centauro I
event should be seen at an average angle of approximate-
ly 0.22' with respect to the direction of the incoming fire-
ball. This corresponds to about 20 cm away from the
family center of gravity. It is not known from the
analysis of the Centauro I event if any showers of hadron-
ic and electromagnetic nature are found there and what
their characteristics are. One expects to observe both
types of showers. There should be no inhibition on qq
production and consequently on m.+— and ~, since the
midrapidity is almost totally free of baryon number den-
sity at these incident energies. Such an observation
would be very interesting and would give credit to this
Centauro model.

Table I summarizes the various observed and estimated
characteristic thermodynamic and kinematical quantities
of the average cosmic-ray Centauro event.

L. q-q interaction

The above Centauro characteristic quantities were cal-
culated assuming an ideal noninteracting quark gas. We
consider, in the following, q-q interaction, which will re-
sult in altering the estimated quantities. We take as the
strong coupling constant for two quark flavors a, =0.16.
Then for the energy density we find [16]

M& =M„A „exp(y, —(rl,„,) ) =175+20 GeV,

a value equal to the one calculated from the experimental
(pT) of the Centauro events [Eq. (4)]. This shows an
internal consistency of the proposed Centauro model.

The midrapidity of the colliding nuclei can be estimat-
ed from the relation

TABLE I. Summary of observed and estimated thermodynamic and kinematical quantities charac-
teristic of the cosmic-ray Centauro events.

Hadron multiplicity, (Nz )

y multiplicity

Average total incident energy

Total interaction energy in "60+14" c.m.

Total interaction energy in N-N c.m.

Average transverse momentum

Mass of fireball

Volume of fireball

Energy density of fireball

Quark density of fireball

Baryon density of fireball

Baryochemical potential of fireball

Temperature of fireball

Predicted particle ratio

Incident nucleus rapidity in laboratory frame

Midrapidity of "60+14'* system

Laboratory pseudorapidity of emitted baryons

Width of pseudorapidity distribution

64-90, (75)
0
(E) ~1740 TeV

&s ~6760 GeV

V &~ ~ 233 GeV

(pr) =1.75+0.7 GeV/c

M& =180+60 GeV

Vfl, =75-100 fm

c&=2.4+1 GeVfm

(Nq) =8+3 fm

(Ni, ) =2.7+1 fm

pb=1. 8+0.3 GeV

Tq, =130+6 MeV

N (pion) /N( nucleon) =7 X 10

y~, =11.03

y, =6.24

(ql,„,) =9.9+0.2
(bql, „,) =1+0.2
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ea, =(1—2a, /vr)e& -—2. 15 GeV fm

where E&=2.4 GeVfm [Eq. (6)] is the energy density
without q-q interaction. The new energy density is about
90% of the ideal-quark-gas value and still large enough to
produce deconfinement.

The baryon density has the same dependence on a, as
the energy density. We find that the q-q interaction
reduces Nb by about 10% to a value of approximately 2.4
fm . We may also anticipate an increase of the fireball
volume due to the q-q interaction

Va, =Mt'/e'=85 fm' .

We notice that all changes in the thermodynamic
quantities due to the q-q interaction are well within the
uncertainties of the values in the case of no interaction.
Therefore, we shall not consider it any further.

M. Centauro event rate

An important point of the model is the assumption of
the collision of a medium-mass cosmic-ray nucleus with a
' N in the upper atmosphere. The rate of incidence of
such nuclei is of the order of 15% of the total cosmic-ray
Aux, in the energy range 10 —10 TeV. To examine the
rate expected for nucleus-induced events, let us follow the
syllogism: The five observed Centauro events were
among about 600 cosmic-ray events recorded in the Cha-
caltaya chamber [1]. Of the 600 events, about
0. 15 X 600=90 events could be induced by medium-mass
nucleus collisions. Therefore, the five Centauro events
may constitute about 5.6% of the nucleus-induced
cosmic-ray events. Now for these 90 nucleus-nucleus
events, the fraction of the total inelastic cross section,
c7 ( g

Kb „,which corresponds to central col lisions, pos-
sibly leading to a Centauro event, is equal to

f=oD, /0 „,= m b D. , /~b2 2

=(R,—R,s) /(R „+R, ) =5.4%,
where R =1.15 A' and o.D, is the "dive-in" cross sec-
tion. The five Centauro events could be considered as the
central collisions of the nucleus-induced cosmic-ray
events.

N. Comments on the model and estimated quantities

Before presenting and discussing a "typical" Centauro
event at RHIC, we shall comment on the plausibility and
self-consistency of the developed model and of the es-
timated quantities for the observed Centauro events.

The values of the various thermodynamic quantities of
the Centauro fireball, c.&, pb, T& were calculated for an
ideal QGP, which is not the condition in the Centauro
fireball. Although the effect of the (massive) q-q interac-
tion was estimated to change these values by only about
10%, nevertheless it is a weak point which merits further
consideration. The values of these quantities are, howev-
er, reasonable and within the range necessary for the
phase transition from nuclear to quark matter.

The estimation of the mass of the Centauro fireball

gives a measure of consistency of the model. The mass
was calculated by two methods, one using the accepted
experimental value of the average pT and the other using
the model-estimated rapidity of the incident nucleus and
the experimentally measured pseudorapidity of the fire-
ball decay products. The two methods gave the same
mass for the fireball.

We may attempt to get another estimate of the energy
density using the Bjorken formalism,

E = [ ( m T ) /ro A T ]( hX /b g )

where AT=a(1. 15(N& )' ) =74 fm, (mT)
=[(pT)~+M„]'~ =2 GeV and ra=i fm. We take as
b,X/b, rl=(X& )/(b, g), where (brl) is estimated from
the height of the interaction point and the corresponding
distance of the showers measured from the center of fam-
ily for the five Centauro events [18]. We find:
(bq, „,) = (rl,„,),„—(g,„,);„=10.4—9.4 = 1+0.2.
With these values, the Bjorken formula for the energy
density gives c.=2+0.4 GeVfm . This is of the same
order of magnitude as the previous estimation Eq. (6),
showing a consistency of our Centauro model.

Therefore, the syllogism and assumptions made in the
formulation of the Centauro model and in calculating the
characteristic thermodynamic quantities are reasonable,
plausible, and self-consistent.

V. A CKNTAURO KVKNT AT RHIC

The new Relativistic Heavy Ion Collider at
Brookhaven National Laboratory, with colliding beams
of nuclei at Qsz +=200 GeV, provides near-optimum
conditions for the possible formation of Centauro-type
events. We shall describe below the expected features of
a typical "Centauro" event at RHIC and give suggestions
for possible signatures.

A. Kinematics

We consider a central collision of two Au nuclei in-
cident on each other. The rapidity of each colliding
beam is

y=1 n(2E /M„)=5. 36,
where E= 100 GeV is the incident energy per nucleon for
each Au nucleus. The corresponding y factor is
y=coshy =106. The shape of the colliding nuclei is a
cylinder with cross-sectional radius R =1.15 A' =6.7
fm. The thickness of the cylinder, d, is taken to be 1 fm,
since 2R /y « 1 fm. Then the volume of each contracted
nucleus is V=dm. R =140 fm, which is about 11/o of
the volume of an Au nucleus at rest.

We consider central collisions with impact parameters
in the range 0&b & 5 fm. The upper limit corresponds to
(0.4Xb,„), that is to about 50% of the maximum num-
ber of nucleon-nucleon collisions [19], where b
=2(0.9 X 1. 15 A'~ ), equivalent to an overlap of each nu-
cleus at a point with more than 90% of the nuclear densi-
ty [20]. With this geometry, covering approximately up
to 14% of the total inelastic cross section (o';„,

&

-—5.6 b),
the mean number of participating nucleons in each fire-
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ball is at least of order 1SO. According to our model, the
mean (baryon) multiplicity of the hadronized fireball in
the fragmentation rapidity would be of similar order of
magnitude. In this case, however, one should also take
account of strange particles, mainly y, EC+, EC, A, X,
which should be present.

The transfer of energy from the fragmentation
rapidity's initial kinetic and internal energies to the
midrapidity will cause the slowing down of the created
fireball and the dispersion of baryon number density in
the fragmentation rapidity. On the assumption that the
&pT) of the fireball decay products is of the order 1.7
GeU/c, as in the case of the Centauro events, we may ex-
pect an average pseudorapidity

&rl)=y —1 [(4&p )/ M„) +1]' =4.4,
due to transverse momentum alone. Any nuclear stop-
ping will decrease & ri ) .

The width of the fragmentation region may be taken to
be b,q =2 units of pseudorapidity [21],corresponding to a
range of lab angles of the decay products around
& 8) =4'. It should be noted that increased nuclear stop-
ping, as predicted by recent event generators (RQMD)

[22], will decrease &q), shift &8) to larger values and
broaden the distribution. In the extreme case of very lim-
ited nuclear transparency at RHIC energies, the baryon
number density will be distributed in the entire rapidity
range and there wi11 be no prominent Centauro event.
Even in this case, however, Au+Au central collisions
may still produce quark-matter events, at the maximum
of the baryon rapidity distribution, with similar—
although not so eminent —observables.

B. Thermodynamic quantities

To obtain an estimate of the expected characteristic
thermodynamic quantities of the "Centauro" event at
RHIC, we make the assumption that the mean transverse
momentum is of order 1.7 GeV/c, similar to the cosmic-
ray Centauro events. We also assume for simplicity that
the fireball retains roughly the cylindrical shape of the
colliding nucleus. This may not be exactly true at RHIC
in the case of heavy nuclei with large stopping, as it is in
fixed target collisions of cosmic rays. We may have, then,
to consider lighter-mass systems, say Cu+Cu, for the ob-
servation of Centauro events.

The thermodynamic and kinematical quantities take on
the approximate values shown in Table II. We notice
that the critical quantities, c, pb, T, are all of a reason-
able magnitude, within the range required for a phase
transition in a large pb environment; see Fig. l.

C. Observables

At RHIC, the Centauro-type event will materialize in
the fragmentation regions and should exhibit dramatic
signatures of its formation, in terms of both the multipli-
city and energy contents. In the fireball fragmentation
rapidity we expect [5]:

(i) The hadronic energy to be many times more than
the electromagnetic, so that Eh/Ez &&3. In normal ha-

TABLE II. Characteristic thermodynamic and kinematical
quantities of an average "Centauro" event in Au+Au central
collisions at RHIC.

(pr) =1 7 GeV/c

(E„)=2.4 GeV

(x„)»so
Mfb ~350 GeV

cfb-—3 GeVfm

pb-—1.9 GeV

TA, ——135 MeV

3&(q) &5

(e) =4'

dronic interactions this ratio is of order 3, in the frag-
mentation rapidity.

(ii) The hadron multiplicity to be many times larger
than the y multiplicity so that N&/Nz &&1, which is
roughly the value for this ratio in hadronic interactions.

(iii) The total hadron multiplicity, in the fragmentation
rapidity, to be rather small, compared to normal hadron-
ic interactions in central Au+Au collisions. In addition,
the bulk of the hadrons should be baryons.

(iv) Strange particles (cp, E+,E,A, X) to be produced
copiously and the EC+/m+ ratio to increase strongly.

(v) The average pz of the fireball decay products to be
considerably larger than what is predicted by simulation
codes, whose value is in good agreement with experiment,
viz. ' 0 Au at 2003 GeV [13].

Finally, the suggestion of forming "strangelets" with
the unpaired and unable-to-hadronize strange
(anti) quarks, is an exciting possibility.

VI. SUMMARY

We have developed a phenomenological model, based
on the available and accepted information for the Cen-
tauro events. Our model attempts to explain the ob-
served features of the average event and to estimate
characteristic thermodynamic quantities, such as c, lM, T,
knowledge of which is necessary for an educated sugges-
tion of a possible phase transition to quark matter in a
highly dense nuclear system.

The model we presented makes certain plausible as-
sumptions and arguments, which do not conflict with any
known theory nor contradict any existing experimental
data. The important assumptions are: the collision of a
medium-mass cosmic-ray nucleus with a ' N nucleus and
the small changes of the fireball entropy, volume, and
temperature during the phase transition. The
justification of these assumptions is given by the self-
consistency of the model and the estimated quantities and
the reasonable and plausible values of these quantities,
which are also within the range considered to be neces-
sary for the phase transition.

Using this model, we attempt to describe a typical
Centauro-type event, possibly appearing in A+A central
collisions at RHIC. We find that the characteristic ther-
modynamic quantities of the produced fireball are of
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sufficient magnitude to sustain a phase transition to
quark matter. The proposed signatures for such an event
include particle species and multiplicity, type of energy
contents, and large average pT. Finally we make a specu-
lative suggestion for the possible creation of "strangelets"
in the fragmentation region of the fireball.

Our "Centauro" model is (to our knowledge) the only
one capable of being tested at RHIC. In view of the
highly interesting and still puzzling Centauro events, we
believe that every effort should be made to implement ap-
propriate measurements of particle multiplicity, particle
identification, energy content, and (pT ) in the fragmen-
tation rapidity region. It may give a direct and indisput-
able indication of quark-matter formation in a highly
dense nuclear system and solve the mystery of the Cen-
tauro and other exotic cosmic-ray events. At the same
time, the possibility of observing "strangelets" adds a
new dimension of excitement to these measurements.

Note added in proof Since. the submission of this pa-

per, two items can to our attention. (i) A calculation of a
phase transition in very dense nuclear matter by Ellis,
Kapusta, and Olive [23]. They find such a phase transi-
tion to quark matter to occur at pb = 1.77 GeV,
Xb-—2. 37 fm, and 1.53&~(3.42 GeVfm . Our es-
timated quantities for the Centauro events are precisely
in these ranges. (ii) Long-range cascades, lying in the for-
ward cone in Centauro-type events and penetrating as
much as 120 cascade units have been observed [24].
These highly penetrating "particles" may be "strange-
lets, " produced in the Centauro quark-matter fireball
[25].
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