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A review is made on the features of multiple particle production and the Centauro events, based on the data

Discussion follows on the point whether the
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m which are obtained by Chacaltaya emulsion chamber experiment.

\]L Feynman scaling law is holding or violated in 10'*, 10'® and 10'® eV, and on the origin of Centauro events.
1

.\-'[ 1. Features of Multiple Particle Produc-

tion in 104 eV

0N
\J Emulsion Chamber Experiment has been car-
.\\ ried out at Mt. Chacaltaya (5,200 m, Bohv1a)
aiming mainly at studying nuclear interactions in
the energy region exceeding those of the acceler-
ators.[1, 2]

Emulsion chamber, a multiple sandwich of lead
plates and sensitive layers (X-ray films and/or
—C 2 nuclear emulsion plate), is a detector of elec-

!—.-a tron showers which are produced in the cham-
§=g ber through the cascade process by the incident
=0 electron (or photon). It has the space and en-
fmam o, ergy resolutions of Az = 10 ~ 50 pm and
E= AE/E = 10 ~ 20 %, respectively, and the de-
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E: tection threshold E;;, ~ 1 TeV. A hadron is also
%a detected (called ” Pb-jets”) because it produces a

bundle of y-rays through a nuclear collision with
~-~——-—Pb. However, hadron detection is limited, be-
cause the collision mean free path of hadrons is
long (18.5 cm) in the chamber and because the
v-rays to produce a shower carry only a part of
the hadron energy, i.e. E,(L7) =k, Ey.
Two-storied emulsion chamber (44.2 m?),
which showed the best performance, consists of
the upper chamber (6 cm Pb), the target layer
(30 cm (CHz),), the air gap (237 cm) and the
lower chamber (10 cm Pb). (Fig. 1) The hadrons,
incident upon the chamber, causes a nuclear col-
lision in the target layer (called ’C-jet’) and the
produced v-rays are detected by the lower cham-
ber, having mutual distances enough to be identi-
fied individually through the divergence in the air
gap. It is an advantage of C-jets that the energies
of y-rays can be calibrated by the kinematical re-

lation of 7% — 25 decay. That is, the errors of the
interaction height (assuming that the interaction
point is at the center of the target layer) and the
relative distance of y-rays are AH/H < 0.06 and
Az/z < 0.05, respectively, which are well smaller
than the errors of the y-ray energies.

The study of C-jets, made by two-storied emul-

sion chambers, revealed various features of multi-
ple particle production in 1014 eV. Those are the
violation of the Feynman scaling law, the increase
of the average transverse momentum < pr, >,

the correlation of dN/dn wvs.

< pr, >, the jet

structure of y-ray emission, etc.[2]

All these features of multiple particle produc-
tion in 10'* eV are confirmed by the experi-
ments at CERN SPS pp collider, and Halzen et
al. wrote, ” Recent results from the UA1 and UAbS
experiments at the CERN pp collider have shown
that the emulsion chamber data up to ~ 100 TeV
(C-jets) are in good agreement with the acceler-
ator data.”[3]

We tried to describe the features of multiple

particle production below and in 10* eV by the
production of small and large mass-constant fire-
ball (Mg = 2.5 and Mgy = 225 GeV/c?), be-
cause the distribution of the estimated fire-ball
mass looks to consist of two groups.[2] However,
the issue is not settled yet.

2. Violation of the Feynman scaling law in
10'4, 10'® and 10'® eV

Feynman speculated the scaling behavior of

the inclusive cross section, which is expressed by
z(= 2p},/+/5) and pr, on the assumption that the
cross section and the transverse momentum are



Upper Chamber
4 Polyethylene Target

Lower chamber

u«v—w!‘l
/v—_ e

Figure 1. Two-storied emulsion chamber at Mt. Chacaltaya

independent of the incident energy.}[4] It seemed
to be valid up to the energy of \/s = 63 GeV/[5],
and various empirical formulae are proposed for
the scaling function, such as
dN 1 @__D(l——:c)d

(1)

dz ~ Gipe dz z
E
=— D=1. d=4.
(z % 67, 0)

which is for the produced charged particles.[7]
However, in still higher energies, both the cross
section and the transverse momentum are found
to increase with the energy, and really the par-
ticle density dN/dz in the central region is en-
hanced to the scaling function. It is not settled
yet whether the law is valid or not in the forward
region, which is the most important in analyzing
the cosmic-ray events.

We can discuss it in 10'* ~ 10! eV, based
on the data of direct observation of nuclear in-
teractions. In 10'® ~ 107 eV the discussion can
be made indirectly by the cosmic-ray data. And
highest energy air showers bear a clue to discuss
it in 10'® ~ 10%2° eV.

2.1. 10* ~ 105 eV

Fig. 2 shows the pseudo-rapidity density distri-
bution of charged particles in the energy region of
10* ~ 105 eV from various sources. Experimen-
tal data comes from the accelerator experiments

1The scaling behavior of the energy spectrum had been
pointed out by emulsion chamber experiments.[6]

(UAS(y/s = 546 GeV), UAT(y/s = 630 GeV),
Harr et al.(\/s = 630 GeV))[8-10] and from the
cosmic-ray experiment (C-jets).[11] The predic-
tions by the various simulation codes are shown
together.[12] One can see in Fig. 2;

(1) the experimental data of UA5, UA7 and C-
jets are consistent with one another, and shows
the suppression of the rapidity density in the for-
ward region,? (Accordingly the resultant inelas-
ticity decreases with the energy very slowly.)

(2) among the experimental data only those by
Harr et al. show a higher density in the forward
region,

(3) the densities in the forward region, predicted
by the simulations, are enhanced to the scaling
function, while they agree with the scaling func-
tion at /s = 53 GeV. (Accordingly the resultant
inelasticity increases with the energy.)

By the above observation we are favorable to
the suppression of the rapidity density in the for-
ward region, which is supported by the data in
still higher energy region, as mentioned below.

2.2. 10'° ~ 10'7 eV

Direct observation of the nuclear interactions,
or the observation of the nuclear interactions of
the known interaction points, is not easy in this
energy region, due to the scarce intensity of high
energy cosmic-rays. The upper chamber of the

2UAT Collaboration claimed the validity of the law naively
in terms of do/dy, instead of (1/0;pe)do/dy, and criti-
cized incorrectly the conclusion of the violation of the law,
obtained by C-jet data.[9]
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Figure 2. Pseudo-rapidity distributions of charged produced particles in multiple particle production at

s1/2 = 630 GeV from various sources.

two-storied emulsion chamber and/or the flat-
type emulsion chamber detect a bundle of par-
ticles which are produced through the nuclear
interaction(s) in the atmosphere. The event is
called ”family” or ” A-jet”.

Fig. 3 shows the integral intensity of the fam-
ilies, where ) E., is the total energy observed in
the family. The experimental data gives a smaller
intensity of families than that by the simulation
of cosmic-ray propagation in the atmosphere.[13]
The simulation assumes UA5 algorithm for nu-
clear interactions in the atmosphere and the nor-
mal composition of the primary cosmic rays. The
discrepancy of the family intensity between the
experimental data and the simulation indicates
more rapid energy subdivision either in the nu-
clear interaction or in the primary cosmic rays.
Hence various hypotheses are proposed for the
discrepancy, such as that the nuclear interaction
changes its feature in high energy region (¢.e. the
violation of the scaling law, the existence of the
exotic interactions, etc.) and that the composi-
tion of the primary cosmic rays becomes heavier
(¢.e. Fe-dominant composition). However, the is-
sue is not settled yet, because the discussion in

this way depends crucially on the assumed inten-
sity of the primary cosmic rays which must be
borrowed from another type of the experiment.
The family and the air shower are the differ-
ent cut-edges of the same high energy cosmic-ray
event, and the air shower size is a good measure of
the primary energy which initiates the air shower.
Hence it is possible to make the above discussion,
without assuming the primary cosmic-ray inten-
sity, by observing family and the accompanied air
shower simultaneously. Fig. 4 shows the relation
between the average of the total observed energy
in the family and the size of the accompanied air
showers, which is obtained by the experiment to
operate the emulsion chamber and the air shower
array simultaneously at Mt. Chacaltaya.[14] One
can see in Fig. 4 that < ) E, > by the experi-
mental data is smaller than that by the simula-
tion. The same type of the experiment at Tien
Shan (3,300 m, Kazakhstan) supports the con-
clusion, again.[15] And the discrepancy cannot
be reconciled by the proposed heavy-dominant
composition of the primary cosmic rays. It in-
dicates that the nuclear interaction changes its
feature more strongly than the UA5 code predicts
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Figure 3. The integral intensity of families at
Mt. Chacaltaya, where ¥ E, is the energy sum
of y-rays in the family. The triangular area is the
one with the error, obtained by the Chacaltaya
emulsion chamber experiment, and the hatched
area, indicated as "model-A”, is by the simula-
tion, mentioned in the text.

in higher energies.?

2.3. 1018 ~ 10?0 eV

It is interesting to see how the scaling violation,
observed in 10'* eV, affects the air shower de-
velopment in the highest energy region, because
there are projects to observe the air showers in
this energy region and because it is under discus-
sion why the GZK cut-off is not seen clearly in
the primary cosmic-ray energy spectrum.

We constructed an empirical formula of pseudo-
rapidity density of produced particles which
reproduces the data by UAH, UAT7 and C-
jets, assuming that the Feynman scaling law
breaks down gradually as the incident energy in-
creases.[11] That is,

3The rapidity density distribution by UA5 simulation code
shows a mild violation of the Feynman scaling law (sup-
pression) in the forward region.

1 4
dN [ Ep\*® E\* | de
dz D(I) ! < A) ""] z 2)

(A=20TeV, o =0.156, o' = 0.161)

which is enhanced in the central region and sup-
pressed in the forward region, in high energies.
The formula converges to the scaling function of
Eq.(1) at Ey = 2.0 TeV, and predicts the total
inelasticity of

a —a’ -0.005
K=05 (%) (%"-) = 0.5(%") (3)

which decreases weakly with the incident energy.

Fig. 5 shows the development of air shower size
for the incident proton of Ey = 10'® and 1020 eV,
which are calculated analytically assuming Eq.(2)
(the scale-breaking case) and the increasing cross
section of

E -8
Acoll = Ap (7359) (4)

(Ao =81.7g/em?, B = 1.0 TeV, 3 = 0.056)

The figure shows those of the scale-holding case
(assuming Eq.(1)), too. The air shower size at the
sea level does not differ so drastically between the
two cases. However, if the violation of the law is
stronger, as indicated by the data in 10!% ~ 107
eV, the difference becomes larger between the two
cases. Detailed discussion of the air shower devel-
opment will be made elsewhere, assuming viola-
tion and no violation of the Feynman scaling law.
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Figure 4. Shower size (N.) dependence of the average family energy (}° E,): (a) for the HADRON
experiment at Tien-Shan, and (b) for the experiment at Mt. Chacaltaya. Symbols are; o for model-
A (scale-holding) with 'normal’ chemical composition, x for model-A with ’heavy-dominant’ chemical
composition, A for model-B (scale-breaking) with ‘normal’ composition and e for experimental data.
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Figure 5. Development of the air shower size N, along the atmospheric depth, for the cases of the incident
proton of Ey = 10'® and 10%° eV. The solid (dashed) lines are on the assumptions of the scale-breaking
(scale-holding) energy spectrum of the produced particles and of the increasing cross section. ”s.1.” stands
for the sea level.



3. Centauro events

3.1. Centauro I and candidate events

If an air shower hits the two-storied emulsion
chamber, we observe an event which consists of
a number of showers, mainly due to 4-rays (and
electrons), in the upper chamber and a few (or no)
showers, due to C-jets and Pb-jets, in the lower
chamber, because the hadron detection is limited.
Most of the families bear such features.

However, in 1972 we encountered an event of
contrasting feature in Chamber 15, called ”Cen-
tauro I”.[16] That is, the event consists of 7 show-
ers (28.1 TeV in total) in the upper chamber, and
of the ensemble (202.5 TeV in total) of 29 C-jets, 7
Pb-jets and 7 diffused showers in the lower cham-
ber. The showers, found in the lower chamber,
are surely of hadron origin, because no electron
(photon) can arrive at the lower chamber without
leaving any trace in the upper chamber. Further-
more, we could estimate the production height of
the event as H = 50 £ 15 m from the observed
convergence of shower configurations at different
depths in the lower chamber, which enables us
to estimate the transverse momenta of produced
particles.

We reach the conclusion that Centauro I is the
multiple production of 74 hadrons without emis-
sion of vy-rays (electrons). These hadrons have
transverse momenta of < p; >= 1.8 GeV/c. The
exotic points of Centauro I are listed in Table 1
with some remarks. We tried to describe Cen-
tauro I phenomenologically by the multiple NN
production (NN : nucleon), taking into account the
facts that < pr > is larger than that of pions and
that y-rays are not produced.

Several candidates of the Centauro event are
accumulated by the series of exposure of two-
storied emulsion chamber at Mt. Chacaltaya,
although their hadron-rich nature i1s diluted by
some 7y-rays, probably owing to their production
height at higher altitude. Fig. 6 shows these
events together with all the observed families with
S Eop > 100 TeV.

The abscissa expresses the ratio of the observed
hadron energy to the observed total energy, de-
fined by

N
_ Y
S B+ E,

(E}(:) : the energy of the shower by hadron)

Qn

3.2. The Centauro event, found recently.

One more distinct example of the Centauro
event was found in Chamber 22 during our rou-
tine process of measurement.[17] We found that
a cluster of showers in the lower chamber has no
corresponding part in the upper chamber. It is
of no doubt by the direction of the showers in
the lower chamber that the event passes the up-
per chamber. Careful search of the showers in
the upper chamber was repeated assuming vari-
ous errors in shower direction measurement, but
was not successful.

The reason why this event was left for the rou-
tine process of measurement, in spite of our Cen-
tauro scanning which i1s always made immediately
after the photo-processing of the sensitive mate-
rials, 1s;

(1) There are two families in the upper cham-
ber, which appear to correspond to the cluster
of showers in the lower chamber. However, this
correspondence was found wrong by the routine
process of measurement.

(2) The Centauro search was made mainly in the
energy region of > E, > 100 TeV.

We are sure that such mis-correspondence is quite
rare.

The characteristics of this new event is listed
in Table 2 in contrast to Centauro I.

The fact that no shower is observed in the up-
per chamber indicates that the event is produced
near above the chamber, too. Furthermore, one
should notice that the new event has a low energy.

3.3. Probabilities of Centauro events.

We discuss two kinds of probability for Cen-
tauro events.(Table 3) One is the probability p;
that the Centauro event is observed among the
families experimentally, and the other is the one
po that the Centauro event is expected by the sim-
ulation where the normal multiple particle pro-
duction is assumed.

(1) The total exposure of two-storied emulsion
chambers (from Chamber 15 to Chamber 22)



Table 1 Characteristics of Centauro I

Primary Energy 1,650 TeV assuming X = 1.0 and < ky >=1/6
Production Height 50 & 10 (m) above strong penetration into

the chamber atmosphere (500 g/cm?)
Multiplicity of secondaries 74 large
Multiplicity of 7%’s 0 777
< pr > of secondaries 1.8 GeV/e c.f. < pr.o >=04 GeV/e

Table 2 Centauro I and the new event
YE. (TeV) No. Obs. Showers Estimated Primary

Upper Ch. Lower Ch. Energy (eV)
Centauro I 221.6 7 43 1.6 x 107
The new event 51.2 0 13 3.1 x 1014

Table 3 Probability of Centauro events.

Prob. p; Prob. p
Event STEw I(>> Eo.) Expected. No. p1
(TeV)  (m-yr-sr) of Families
Centauro I 221.6 0.33 80 12x10"2]10x10"°
The new event 51.2 2.08 772 1.3 x 1073 | 2.0 x 10°6

Table 4 Origin of Centauro event.

Interaction Origin  Primary Origin

Energy Sp. xdE/E x 6(F — a)dE
<pr> large ~0
Threshold Energy Yes No
Surviving Particle Yes No
Accelerator Exp. Yes No
Deep Penetration No Possible
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and the simulated events by small marks. The contours express the normalized density of the simulated
events.



amounts ST = 3.49 x 102 (m?-yr). The intensity
of families with the total observed energy Y E,;
(with E,y > 4 TeV) is given by

_ ZEob -1.2540.10
I(>XTEp) = 0.90(————100 TV (5)
(/m?.yrsr )

in Y  E, = 100 ~ 3000 TeV.[13] Hence we can
calculate the probability of the Centauro event
among the observed families (assuming that the
sensitive solid angle of the emulsion chamber 1s
2 = 0.7), which are shown in Table 3.

(2) Fig. 6 presents the contours of the normalized
density of the simulated events (1622 events with
10?2 < Y Eop (TeV) < 10*). The conditions for
the family is Eyp, = 4 TeV and ngpower > 3.

Noticing that the contour is almost in paral-
lel with the abscissa in @5 = 0.8 ~ 1.0, we es-
timate the probability of Centauro I. That is,
the probability of one event with N = 16 and
Qr,=08~1.0is 1.0 x 1075.

Fig. 7 is for the new event. The conditions for
the family is E, > 2 TeV, E,(;Y) > 1 TeV, and
Nshower > 2, and number of simulated events is
8094 with 30 < 3~ Fo (TeV) < 100. The proba-
bility of one event with N = 13 and @ = 0.9 ~
1.0is 2.0 x 1078,

The difference between p; and p, shows that
the Centauro events cannot be produced by the
fluctuation of the multiple particle production
and/or of the collision mean free path.

3.4. Origin of Centauro; exotic interaction
or exotic primary ?

Since the discovery of Centauro I in 1972, var-
1ous hypotheses for the Centauro event are pro-
posed by many authors. Those are classified into
two categories of interaction origin and primary
origin. That is, the Centauro event is produced
through some exotic mechanism in the interaction
of known hadron(s) with atmospheric nucleus,
such as DCC by Bjorken, strangelet by Angelis
et al., etc.[18] Or it is produced by some exotic
particle among the primary cosmic rays, such as
quark glob by Bjorken, strange quark matter by
Witten, etc.[19] However, it is our regret to say

that none of these interesting hypotheses can de-
scribe the Centauro events fully and convincingly.

We try to discuss to which origin, interaction
or primary, the data on our hands are favorable.
We assume that, if the Centauro event is of inter-
action (primary) origin, the features of the pro-
duced hadrons is similar to those by multiple
particle production (fragmentation of nucleus).
Then,

(1) The energy spectrum of produced hadrons is
xdz/z (x §(x — a)dz).

The energy spectrum of observed showers, in-
duced by the produced hadrons, does not differ
so distinctly between the two cases.

{2) The transverse momenta of produced particles
are relatively large (small).

The estimated value of < p; > in Centauro I
is larger.

{3) There is a (no) threshold energy for the pro-
duction of the Centauro events.

The new event has relatively low energy.

(4) There does (not) exist a surviving particle,
though not necessarily.

Centauro V contains one shower of very high
energy compared with other showers. It might be
identified as the surviving hadron.

(5) The Centauro events are (not) observed by
the accelerator experiments.

Results of Centauro search by UA1 and UAS
Collaborations are negative.

(6) An incident hadron of known type cannot, but
exotic primary particle might, penetrate deep in
the atmosphere without interaction.

The discussion is summarized in Table 4, where
the underline means ”indicated by the experimen-
tal data”. Taking into account that the weight of
respective item in Table 4 is not equal, one can
see that there is no decisive data yet to choose
one of them.
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