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Can ultrarelativistic heavy nuclei produce Centauro events?

P. B.Price
Physics Department, Uniuersity of California at Berkeley, Berkeley, California 94720

(Received 20 July 1992)

Negative results of experimental searches for heavy penetrating particles at mountain tops impose
strong constraints on the model of Panagiotou, Petridis, and Vassiliou for the production of Centauro-
type cosmic-ray events by way of nucleus-nucleus interactions in the upper atmosphere. The quark-
matter fireball postulated to produce Centauros must have bizarre properties —an interaction mean free
path of -200 gem and a proper lifetime of —10 s for an object with A =50.

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

To explain the peculiar nature of the so-called "Cen-
tauro" cosmic-ray events observed in emulsion chambers
at Mt. Chacaltaya, Panagiotou, Petridis, and Vassiliou [1]
have devised a model in which a heavy cosmic-ray nu-
cleus with energy 10 —10 TeV undergoes a central col-
lision with an air nucleus, creating a "quark-matter fire-
ball" that subsequently hadronizes, through an explosive
decay, in the fragmentation rapidity regime. In order for
it to survive passage from the upper atmosphere down-
ward to 5200 m, the altitude of Chacaltaya, they propose
that the quark-matter fireball has a very high density and
thus a very long interaction mean free path. In develop-
ing the model, they calculate several thermodynamic and
kinematical quantities which are consistent with peculiar-
ities of the observed Centauro events such as the absence
of pions and the large transverse momentum of the emit-
ted baryons. They say that their assumptions and argu-
ments do not conAict with any known theory nor contra-
dict any existing experimental data. They conclude by
suggesting that Centauro-type events should be looked
for at the future BNL Relativistic Heavy Ion Collider
(RHIC).

In this Comment, I would like to call attention to ex-
perimental cosmic-ray data that threaten the model of
Panagiotou, Petridis, and Vassiliou unless the fireball's
interaction mean free path is fine-tuned to be X=190
g cm or else its proper lifetime is —10 s and A, »190
g cm . In addition, the cross section for the production
of quark-matter fireballs must be at least a few percent
geometric.

To explain the observation of —60—-90 hadrons and
no (or few) electromagnetic cascades in the five Centauro
events that were discussed in the review by Lattes,
Fujimoto, and Hasegawa [2], Panagiotou, Petridis, and
Vassiliou propose that a heavy nucleus ( A „,—60) col-
lides with a nucleus of nitrogen or oxygen (A„, —15),
forming a quark-matter fireball that ultimately explodes
into the constituent hadrons. Some years ago, McCusker
[3] suggested that a small fraction of iron ( A =56) nuclei
in the cosmic rays would survive passage through several
hundred gcm of atmosphere and produce Centauro
events directly when they interact. This simulated a de-
tailed calculation [4] in which the authors took into ac-
count various chains of fragmentation and showed that
the Aux of surviving heavy nuclei is too low by a factor of

—10 ' to account for Centauros. Panagiotou, Petridis,
and Vassiliou avoided this problem by conjecturing that,
although the initial collision of the heavy cosmic-ray nu-
cleus does occur very high in the atmosphere, for a cen-
tral collision the resulting fireball consists of a very dense
object that penetrates several hundred gem of air be-
fore exploding into the fragments that are detected in an
emulsion chamber. They do not specify whether the ex-
plosion is spontaneous, characterized by a lifetime ~, or is
induced in a central collision with an air nucleus, charac-
terized by an interaction length A, .

In 1980 my colleagues and I made two mountain-top
exposures [5,6] of a track-recording plastic film called
CR-39, one goal of which was to test the hypothesis that
Centauro events might be initiated by a highly charged
particle. Recently another group has carried out a simi-
lar search [7] with an area-time factor an order of magni-
tude larger than ours. The idea in those three experi-
ments was to expose, for a long time, a large area of a
detector that would record only particles with an ioniza-
tion rate corresponding to that of a relativistic nucleus
with Z ~20, in order to search for a new class of highly
charged particles with anomalously long interaction
mean free paths. This type of detector complements
emulsion chambers, which are useful for detecting elec-
tromagnetic and nuclear cascades but cannot be used to
search for tracks of individual heavy nuclei.

The following two equations, together with Fig. 1, ex-
plain the concept of the searches with CR-39 and provide
two constraints on the value of the interaction length of
the fireball in air.

The Aux of Centauro events is given by

Pc&&~
=f& Pz & &7exp(

—z, IA, )[ 1 —exp( —6 IA, ) ]

where f, is the fraction of the total inelastic cross section
for a nucleus with 2 =

Aprpj to have a central collision
with a nucleus with 3 =3„, and produce a quark-
matter fireball, Pz&, 7 is the fiux of primary cosmic-ray
nuclei with Z ~17 in the energy interval 10 —10 TeV
[—(20—200)A TeV, if A =50], z& is the path length in
air through which the fireball passes from the point of its
creation to the point where it explodes, k is its interaction
length in air, and 6 is the thickness of the air layer within
which the fireball can explode and lead to an event recog-
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events at Mt. Chacaltaya as a function of A, , calculated
from Eq. (1), with the observed Centauro rate, based on
six of the seven events observed at Chacaltaya [2,9]. The
error in the observed rate indicated by the bar gives
upper and lower limits at 90%%uo confidence level as es-
timated from inverse Poisson statistics [10]. Within this
error, and with the tentative choices of f, and 5, the ob-
served and calculated rates are compatible, provided
A, +230 gcm

The flux of quark-matter fireballs that could be detect-
ed in a CR-39 array before they explode into Centauros is
given by

PCR-39 f AZ 17exp( —z2 ~~» (2)
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FIG. 1. Constraints on interaction length of the pre-
Centauro fireball. The two dashed curves show the combined
upper limits of Refs. [5—7], labeled as CR39 obs. , and the calcu-
lated Aux of quark-matter fireballs, labeled as CR39 calc. Com-
parison of the two curves leads to an upper limit A, ~ 200 g cm
Comparing the observed Centauro rate (solid line with an error
bar) with the calculated Centauro rate (solid curve) gives a
lower limit A, ~ 230 g cm

nizable as a Centauro in an emulsion chamber. Follow-
ing Panagioutou, Petridis, and Vassiliou, we tentatively
adopt the value f, =(R~„,—R„„s)I(R„„,
+R„, )3=0.054, the geometric requirement for com-
plete overlap of the two nuclei, as an estimate of the frac-
tion of collisions at ultrahigh energies that lead to a
quark-matter fireball. For the flux of heavy cosmic-ray
nuclei in the energy regime in which Centauro events are
seen (10' —10' eV), we use Pz»7=8 m sr 'yr
based on data of Burnett et aI. [8] for nuclei with Z ~ 17.
We estimate the uncertainty in this flux to be less than a
factor of 2. For z, , we assume that the fireball is pro-
duced at an average depth of 15 g cm in the atmo-
sphere (the interaction length for Fe in air), that it ex-
plodes at an average distance above the emulsion
chamber tentatively taken to be ti =66 g cm (see
below), and that its average zenith angle is 30', thus,
z, =540/cos30' —15—66= 543 g cm (where 540
gem is the depth of Chacaltaya in the atmosphere).
The value of 5 is that thickness of air above the emulsion
chamber within which a quark-matter fireball can ex-
plode and be detected as a Centauro event. Estimates of
the height of origin of the seven Centauros are 50, 80,
230, 500, 500, 800, and 2800 m above the emulsion
chamber [2,9]. Based on this distribution, we assume
unit efficiency for detection at heights from -50 to
—1000 m and very low efficiency for detection of Centau-
ros initiated at greater heights. Thus, we omit the
seventh Centauro event and take 5=66 gcm, corre-
sponding to an interval of 950 m. In Eq. (1) we leave A, as
a free parameter.

In Fig. 1 the solid curves compare the flux of Centauro

where z2 is the path length in air through which the fire-
ball passes from the point of its creation to the point
where it is detected in the CR-39 array. The experiments
in Refs. [5] and [6] were done at White Mountain, CA (at
depths of 603 and 646 gem, respectively); the experi-
ment in Ref. [7] was done at Mt. Norikura (depth of 700
gem ). Again assuining an average zenith angle of 30'
and formation of the fireball at a mean depth of 15
g cm, we get z2 =631 and 681 g cm for the California
experiments and 793 g cm for the Japanese experiment.
Since by far the most stringent limit is set by the Japanese
experiment, we use z2=793 gem in Eq. (2).

In Fig. 1 the dashed curves compare the flux of quark-
matter fireballs as a function of A, , calculated from Eq. (2),
with the null result labeled as CR39 obs. , which results
from summing the area-time factors for Refs. [5—7], tak-
ing into account di6'erences in elevation. One sees that
the CR-39 limit, 0.006 m sr 'yr ' (90% confidence
level), is compatible with the calculated quark-matter
fireball flux only if k ~ 200 g cm . To explain the failure
to observe quark-matter fireballs, one needs a short in-
teraction length; to account for the Centauro observa-
tions, one needs a long interaction length. Fine-tuning
the value of the product f,pz, 7 does not relax the in-
consistency, since it enters as a factor in both Eqs. (1) and
(2). If we allow the value of 5 to increase to 100 g cm
which corresponds to a height interval of 50—1600 m for
detectability of Centauros, the minimum acceptable value
of A, for Centauros becomes —190 g cm, which is then
compatible with the maximum acceptable value of A, for
failure to see quark-matter fireballs in CR-39.

We conclude that, by fine-tuning the interaction mean
free path of quark-matter fireballs to be A, = 190 g cm
requiring that Centauros be detectable for interaction
heights between 50 and 1600 m above the emulsion
chamber, and requiring that the cross section for produc-
tion of quark-matter fireballs be —5% geometric, the
heavy nuclei hypothesis can account for the Centauro
rate and not conflict with the CR-39 results. If the fire-
ball decays rather than interacts, its proper lifetime must
be v=10 s. Both A, and ~ are extraordinarily large, im-
plying that the fireball has bizarre properties.

The suggestion by Panagiotou, Petridis, and Vassiliou
to look at RHIC for Centaur o-type events and for
strangelets produced during hadronization of the fireball
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has merit. Assuming that quark-matter fireballs were
formed but not seen in mountaintop CR-39 searches be-
cause their interaction lengths were too short (A, (200
g cm ), one could still use CR-39 detectors in the future
at RHIC both to look for high-Z quark-matter fireballs
with A, (200 g cm in the fragmentation rapidity region
and to look for accompanying strangelets, which would
be expected to have smaller Z. The minimum detectable

value of Z/P for a strangelet (f3c is velocity) is —6 for
CR-39.
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