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Summary. — We analyse the data on multiple production of hadrons from
very-high-energy interactions, both at cosmic-ray energies and at acceler-
ator energies. We show that these data are compatible with a discrete
mass spectrum of fireballs, which are formed in the very-high-energy col-
lisions and trail the colliding hadrons after the interaction. Such fireballs
seem to possess different decay modes: either into pions only, or into
baryons only. The decays are statistical and we derive their temperature;
for instance, in the so-called « Chiron mode» the temperature is about
10 GeV, which shows that the existence of a limiting temperature of
160 MeV in high-energy collisions is violated. Moreover, we present a
theoretical model for decay events like Chirons, Centauros and Geminions
in terms of evaporating «strong black-holes». Our analysis seems to
suggest—among the others—that in the considered -collisions some
« phase transitions » can take place, associated with the collapse of the col-
liding matter inside its strong-Schwarzschild horizons. The horizon radii
are in good agreement with experience and, in their turn, yield the transi-
tion temperatures through a Hawking-like relation. At these very high tem-
peratures the emission of heavy objects is expected to be enhanced, so as
it is observed experimentally, Many aspects of the data are reasonably
well explained by our theoretical model.

PACS. 13.85. — Hadron-induced high- and super—high-energy interactions,
energy > 10 GeV.

PACS. 05.70. — Thermodynamies,

PACS. 04.90. — Other topics in relativity and gravitation.
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1. - Introduction.

Extensive data on multiple produetion of hadrons at extremely high energies
(B, ~ (1--10%) TeV) are now available from cosmie-ray balloon and emulsion-
lead chambers (> 102 TeV), as well as from FNAL, ISR and SPS-pp collider
accelerator experiments. The comparison of both types of data is thus relevant
and timely. Although we lack a definite theoretical framework to nnderstand
those results, sometimes puzzling so as the Centauro events, a phenomenological
approach, which a future theory would incorporate, is worthwhile,

This paper is organized as follows. In sect. 2, we briefly review the present
experimental situation as obtained at cosmic-ray and accelerator energies.
In sect. 3, we work out some aspects of a simple « discrete-mass fireball model »
to explain the main features of multiplicity and transverse momentum in the
« pionization », and of the high multiplicity, high transverse momentum in
the «baryonization » of the Centauro, Geminion and Chiron events discovered
by the Brazil-Japan Emulsion Chamber Collaboration (hereinafter referred
to as BJECC). In sect. 4, we propose a possible theoretical explanation of
Chirons, Geminions and Centaurcs in terms of evaporating «strong black-
holes »; this will be attempted within a unified theory of strong and gravita-
tional interactions, by making recourse to the methods of general relativity
applied to elementary-particle physics. In sect. 5 we present our conclusions.

2. — A brief review of the experimental data at cosmic-ray and accelerator
energies.

We shall now recall briefly the main experimental facts abeut inelastic
interactions at high energies, under the following classification:

i) transverse-momentum distribution,

ii) longitudinal-momentum distribution,
iii) multiplicity scaling,

iv) Centauro, Geminion and Chiron events.

Data on total and elastic-scattering cross-sections are left out in this survey
for the simple reason that such data are available with accelerator experi-
ments, while in cosmic-ray physics only the inelastic cross-sections can be
inferred.

i) Transverse-momentum distribution. One of the key features of the early
experimental data in the secondary-particle production processes in high-
energy interactions is the remarkably stringent limit on the transverse momen-
tum, p,, of the secondaries in cosmic-ray jets, in the tremendous interval of
the primary energy E,,,~(10--10%) GeV, with a mean value around 300 MeV/c.
Subsequently, at accelerator energies ((10--30) GeV), the same limitation of p,
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was confirmed—the mean value of p, being independent of the type of reac-
tion studied, the observed multiplicity and the incident energy. The differ-
ential crogs-section for hadron production falls off exponentially as a function

of the transverse momentum up to p, ~ 1.0 GeV/c according to the em-
pirical law

dse
(2.1) E aps ™ exp [— 6p.] .

Motivated by the above conclusions, several statistical thermodynamical
and bootstrap models were proposed. Prominent among them is the Hagedorn
statistical model, which assumes a continuous mass spectrum of hadrons with
a universal highest temperature (=~ 160 MeV) above which no matter can be
heated.

This picture changed completely with the pioneer cosmic-ray mountain
experiments of BJECC during 1970-1980%s. LATTES et al. () classify the multiple
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Fig. 1. — Distribution of the y-ray transverse momentum, p,, for three types of jets:
e Mirim jet, o Ag¢u jet and a Guacu jet ().

(1) C. M. G. Larres, Y. Fusimoro and S. Hasecawa: Phys. Rep., 65, 151 (1980),
and references therein.
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production of pions into discrete jet types that are called Mirim, Acu and Guacu
jets, the transverse momentum increasing progressively as is shown in fig. 1.
During the same period, the commissioning of ISR made available higher
accelerator energies (\/E = 63 GeV) than hitherto available and the data showed
the existence of higher average p, values. With the successful operation of
the CERN SPS-pp collider (Vs = 540 GeV), which now offers the highest
available energy at accelerators, preliminary data on high transverse momenta
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Fig. 2. - ¢ measured invariant cross-section for pp — n%+-anything at 4/s = 540 GeV,
idem, at the ISR energy +/s = 53 GeV, — — — extrapolation of data to collider
energies using the form Fd3a/dp® ~ p;%(1 — =z,)%; =, = 2p,/v/5 (3).

have been accumulating. These data () show (fig. 2) that the distribution
becomes wider, and for increasing values of the transverse momentum
{p, > 2 GeV/c) the observed yield is found to be several orders of magnitude

(3) UA2 CorLrLaBoraTION (M. BANNER et al.): Phys. Leit. B, 115, 59 (1982).
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larger than one would expect, were the exponential behaviour to continue.
Moreover, the observed effect is energy dependent, in contrast to that observed
below 1 GeV/c. This strong deviation from the simple exponential law implies
that the mechanism involved in low- and high-p, phenomena could be different.

Even more surprising is the faet that BJECC found (1) certain cosmie
gamma-ray families which ecannot even be explained by the above classifica-
tion, because the observed events have characteristics totally different from
the ordinary multiple meson production. They are characterized by high
charged-hadron multiplicity (N~ 50--100) and a multiplicity of neutral
wl-mesons which is consistent with zero. Further, these new types of events
have average p, varying from 500 MeV/c to 15 GeV/c. Such extremely high-p,
events led to intense speculations regarding the mechanism of their production,
suggesting that either there is a new component in the primary cosmic radia-
tion (Fe component), or there is a new kind of hadron interaction.

ii) Longitudinal-momentum distribution. — The severe limitations found
for the transverse momentum are in strong contrast to the large range of varia-
tion observed for the longitudinal momentum. In the cosmic-ray experiments
of BJECC in 1967, LATTES et al. (*) use the fractional energy of the gamma-rays
R = EY/ > E, as a measure of the longitudinal momentum, while it has become
the common praetice among the accelerator workers during 1970’s to use the
longitudinal momentum via the sealing variable

= Py™ [}V ~ B,
up to a factor K., which is the gamma-ray inelasticity. The so-called « leading-
particle effect » or « weak inelasticity » property of the collision process found
at accelerator energies is simply a confirmation of the well-known cosmic-ray
result valid up to B, ,~1TeV. The fractional gamma-ray energy spectra of
the BJECC data show that the scaling rule valid in the accelerator region up
to B, ,~2 TeV is not the same as that found in the higher-energy region
E,  ~(7-+130) TeV and that this change of scaling rule could be abrupt.
Figure 3 shows (1) the results of the comparison of the 80 C-jet data of BJECC
(3 B,> 20 TeV) with the data from 9 C-jets of proton primary, selected under
the criterion ) T, >2 TeV, of the experiment of Sato ¢t al. (*). The agreement
between the two is quite good in spite of their difference in > E., value.

iii) Multiplicity scaling. In cosmic-ray investigations, it has been noticed
for a long time that the average number of secondary particles produced in
high-energy collisions grows with the energy and the identification of this de-
pendence with Ef has been motivated by the statistical-model calculations.

ine

(3) Y. Saro, H. Svaimoro and T. Sarro: J. Phys. Soc. Jpn., 41, 1821 (1976).
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Fig. 3. — Distribution of the fractional energy of y-rays, E = f, = E,/> E.: ¢80 Chacal-
taya C-jets with 3 E, > 20 TeV, o 9 C-jets by proton primary in balloon experiments,
with 2 <3 E, < 5 TeV (3).

The more recent data of BJECC point to a slower growth of the multiplicity
—perhaps a log s dependence—at least up to (&, >~ 130 TeV of the Cha-
caltaya C-jets.

At lower accelerator energies ((10--30) GeV), one finds relatively low multi-
plicities of secondaries and their slow increase with energy is in conformity
with a log s dependence. This has been the strong motive for the development
of the multiperipheral model, suggesting an asymptotic behaviour at high
energies. However, at ISR energies a sharper rise of the multiplicity was found
and the fit obtained by THOME et al. (4) to the ISR data has been confirmed
by the more recent data of pp collider at higher energy. Figure 4 shows (%)
the dependence of {(n,> on s for several FNAL, ISR and SPS-pp collider
energies. The data points fit rather well the parametrization

(2.2) {(fy> =06 + blogs + clog?s

proposed by THOME ef al. (*). If we assume that elastic scattering and single-
diffraction dissociation each contributes 189%, to the total cross-section and

() W. Tuomt, K. EcGERT, K. Gron1, H. LiskEN, P. DARRIAULT, P. DITTMANN,
M. Houper, K. T. McDo~aLp, H. ALBRECHT, T. Mopis, K. TirTeL, H. PREISSNER,
P. Arrex, I. DEravo, V. Eckarpr, H.-J. GEBAUER, R. MEIUKE, P. SEYBOTH and
S. Unrie: Nucl. Phys. B, 129, 365 (1977).

(®) UA5 CorLLABORATION (K. ALPGARD ef al.): Phys. Lett. B, 107, 315 (1982).

12 -~ Il Nuovo Cimenio A.
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Tig. 4. — Dependence of <{n,> upon /s as measured at ISR and lower energies with
the fit by TuoM® et al. () {my> = a + blog s + clog?s. All inelastic: e THOME et al.,
s balloon data (3), a FNAL data (%); nondiffractive: o UAS5 (?), a FNAL (), o UAS5,
this experiment. The UA5 data point is for s.d. excluded (%).

that the extreme ranges of the mean charged multiplicity are given by
3 < <nch>'~d- < g <n0h>n.d.

(s.d. = single-diffraction dissociation; n.d, = nondiffraction dissociation), the
average inelastic charged multiplicity is estimated (°) to be in the range
21<n, <27, in reasonable agreement with the prediction (n,> =~ 25 of
Thomé et al. The fit to the ISR data using a s* dependence gives {(n,> ~ 40,
which is clearly ruled out. The PP collider data are in agreement with the
general features of the C-jet data, but do not show any significant deviations
from extrapolations of the FNAL and ISR data, particularly in the direction
of higher multiplicity, as has been frequently suggested by cosmic-ray data.
But this discrepancy may be due to different detector thresholds. Figure 5
shows (¢) the deposited transverse energy as a function of the observed charged-
track multiplicity. Although the average value of the transverse energy per
event divided by the charged-track multiplicity seen in the UAl detector
dces not indicate correlation between {ransverse energy and multiplicity,
this result cannot be meaningfully compared with BJECC C-jet data as the
experimental conditiong are widely different.

At the SPS-pp collider energies, the UAl experiment finds (%) that the
charged-multiplicity distribution, using the co-ordinates suggested by KNO

(8) AUl CorLLABORATION (A. ARNISON et al.): Phys. Lett. B, 107, 320 (1982).
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scaling, agreed well with the one measured for pp collisions at the ISR over
about the same rapidity interval, the deviation from the Poisson distribution
indicating the existence of multiparticle correlations (fig. 6).
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Fig. 5. — Deposited transverse energy as a function of charged-track multiplicity (5).
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Fig. 6. — The charged-track multiplicity =, in the fiducial region. Z = n./{nd.,

Y(Z) = {(n>,T,. T, is the probability for the observation of n tracks and {(n,> = 6.57

is the mean number per event (¢).
45.2 GeV (n), 53.2 GeV (), 62.8GeV (a).

For pp, 5] < 1.5, Vs = 23.6 GeV (o), 30.8 GeV (v),
For pp, |7 < 1.3, /5 = 540 GeV (m).
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iv) Centauro, Geminion and Chiron events. BJECC found () certain pe-
culiar events called Centauros (see table I) which constitute a significant
fraction of the cosmic-ray families with visible energy (100-1000) TeV. Those
authors propose that Centauro is a particular type of nuclear interaction with
emission of about a hundred baryons (and possibly antibaryons) but without
any significant emission of mesons (absence of gamma-rays from the neuntral-
pion decays). For two Centauro events, measurements of the particle emis-
sion angles have been made. The BJECC detector can separate the electro-
magnetic shower from hadrons, although the latter are detected via secondary
cascades produced by them.

A vigorous search for Centauro-like events has been made with the UAl
(general purpcse central detector) and UA2 (5) (streamer chamber) at the
SPS-pp colliding-beam machine at CERN. With the UAl detector, no
Centauro-like events have been found (7) in an examination of 48000 low-bias
events, using the criteria of large hadronic and low electromagnetic-energy con-
tent, taking account also of multiplicity and average transverse momentum.
In the UA5 streamer chamber, using similar eriteria as UA1, those suthors
estimate (®) the expected number of charged particles to vary between 30
and 43 with rapidity > 2 or 5 << —2. However, there was no event with
n%y (1> 2) even remotely comparable to the expected value. If the hadrons
oceurring in Centauro events are baryons and antibaryons only, a Monte Carlo
study of events of this multiplicity with no primary photons gives nJ"(n > 2) =
=1 + 1 owing to secondary hadronie interactions in the vacuum chamber.
Experimentally (°), 24 events having a”(5 > 2)<2 is taken to be consistent
with having zero primary photons and are considered as candidaies at the level
of 1 in 150 of minimum-bias events.

No information is available on the search for Geminion or Chiron type of
events.

3. — Discrete-mass fireball model.

The experimental evidence strongly suggests that, in the phenomena of
multiple production of hadrons at extremely high energies (F,, =100 TeV),
the interaction is mainly peripheral (since the ecolliding nucleons survive the
collision) and gives rise to the formation of one or more excited fireballs, depend-
ing on the energy available (see fig. 7a), b)). Such fireballs trail the colliding
nucleons and subsequently de-excite into hadrons. We emphasize that the
observed fireballs (see table I) seem to correspond to a diserete mass spectrum.

(*) UAL COLLABORATION: Proceedings of X XI International Conference on High-Energy
Physics, Paris 26-31 July, 1982.
{®) UAS5 CorLaBorATION (K. ALPGARD et al.): Phys. Lett. B, 115, 71 (1982).



182 P. AMMIRAJU, E, RECAMI and W. A. RODRIGUES jI.

p p
M(O) 1
M2 baryons MmO n
H
M(O) n
N N N N
a) b}

Fig. 7. — a) « peripheral » scheme for the decays into hadrons in the discrete-mass
fireball model (see the text), b) the multiperipheral mechanism for the decays into
pions, below the MW fireball production threshold (see the text), ¢) above the threshold,
the diagram would inelude also (multiperipheral) production of the M fireball.

We make the following assumption: fireball formation as well as decay are
incoherent phenomena.

‘We show in what follows that a discrete mass spectrum of fireballs is con-
sistent with and also a natural explanation for the empirical properties of the
energy distribution for pions and gamma-rays (and also the multiple production
of baryons (Centauro-like jets)) observed at accelerator and cosmic-ray energies.
The analysis also shows that 160 MeV does not seem to be any longer a limiting
temperature for very-high-energy collisions (?).

a) Multiple production of pions. — As is well known, the variable . = K, | E
where FE, is the energy cf a secondary ¢ (produced in the collision process)
and F is the total energy of the collision measured in the laboratory system,
spans in the limit ¥ — oo the so-called beam fragmentation region. A variable
closely related to « is R=E.,[> E., the fractional energy, where Y E. rep-
resents the energy released in a hadronic collision in the form of gamma-rays
(resulting from the decay n®— 2y). These gamma-rays are observed in X-ray
films and nuclear emulsions by BJECC at Chacaltaya.

The spectrum of the energy distribution of gamma-rays (fig. 8) (*) has three
branches and each satisfies a similarity property, i.e. the distributions are only
a function of the variable R and do not depend on the collision energy E. Such
a property of the spectrum is equivalent to the scaling in the beam fragmenta-
tion region if the mean inelasticity of the collisions remains constant.

We assume in what follows that, in the process of multiple production of

(®°) See, e.g., R. HAGEDORN: in Cargése Lectures in Physics, Vol. 6 (New York, N. Y.,
1973), p. 643. See also E. FErM1: Prog. Theor. Phys., 5, 570 (1950); G. WATAGHIN:
An, Acad. Bras. Cienc., Vol. 12 (1940); Phys. Rev., 63, 137 (1943); 66, 149 (1944).
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Fig. 8. — Distribution of the fractional energy of gamma-rays, R = f,= E,[> H,,
for three types of jels: @) e Mirim jels, o Acu jeis; b) o Acu jets, e Guacu jets (1).

pions, one or more intermediate states (fireballs) are produced and then decay
into hadrons. For a given intermediate state we assume that the energy distri-
bution of pions resulting from the decay is such that

&
5.1) P8z, 02) ABE a8} = (B ams o

The asterisks denote variables measured in the rest system of the fireball (not
the centre of momentum of the collision}. For the moment we do not specify
f(EL), but assume that

*
Er(max)

(3.2) [rEam; =1,

n
E;r(min)

where B, = m, and Bl ...= MW9/2, the quantity m, being the pion mass
and M® the mass of the intermediate state, which can in principle be a func-
tion of the collision energy: i.e. M= MO(E).
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In the laboratory frame, the differential energy distribution of pions reads (*)

B (max)

1 . OE%

5.3) 0B I)=5 [ 18 o,
E;t(min)

where I'is the Lorentz factor of the fireball in the laboratory frame, p is the
pion momentum in the fireball rest frame and

(3.4) Brin=T(B.—fp,) and I

Tt(max)

— M(O)/2 ,
We now investigate the consequences of the hypothesis that the mass of

the fireball is independent of F, and also that the mean inelasticity of the
collision, K, is a constant when F — co. We write

(3.5) MoI'= KE ,

Using approximations valid when F>» m, and I'>> 1, we obtain

Hy2

(3.6) 9B, I, = e f w:’(ff)+0<r—2).

r

EgleT+Imy (2B

Using now eq. (3.5), we can write the differential distribution for pions in terms
of the variable x = E_/E. We get

»O2 .
(3.7) §(Ey, B)dB, = adz f an: "f:’ = g(@)dz,

aztbie

where ¢ = M©@/2K and b =m.K/2M®O,
Thus, if in the collision only one intermediate state is produced, it holds

1 do d 1
(3.8) @ = T M B =5 ).

As the variable # spans the beam fragmentation region, we see that eq. (3.8)
is equivalent to the scaling of the inclusive distribution in the beam fragmen-
tation region. If the mean inelasticity of the collision remains independent of
the energy, we see that the hypothesis that the mass of the fireball is indepen-

(*) We shall adopt natural units (5 = ¢ = 1) when convenient (and when not differ-
ently stated).
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Fig. 9. — Fractional-energy distribution (1/0,)(d¢™/dR). Observe that all data points
lie on the same curve « exp [—4.3R]. The variable R spans the so-called beam frag-
mentation region (1¢).

dent of the collision energy is a natural explanation for the distribution of
fig. 9, constructed here for Mirim jets.

When in the collision several fireballs, all with the same mass M®, are pro-
duced, then ¢, dojdr oc g(2) if the Lorentz factors of the fireballs form a geo-
metrical series (1), ¢.e. I';jI;;, = constant. This corresponds to several
fireballs being prcduced along a multiperipheral chain with constant mo-
mentum transfer between the fireballs (29).

If fireballs with different masses are produced, we break the scaling property.
Indeed, in deriving eq. (3.8), we used the hypothesis that the mass of the
fireballs is independent of the energy of the collision, and so, if there are
intermediate states with a mass different from M, say M@, then also the distri-
bution d{n®)/dx, corresponding to MW jets, will not be a function of E,
although it will be different from d(»n©®)/de. Thus, studying experimentally
the energy (or momentum) distribution, one can establish the existence of
distinet distributions, if the energy interval under consideration contains con-
tributions from intermediate states of different masses.

So, the existence of branches in fig. 8 for the gamma-ray energy distribution
is compatible with fireballs of distinct masses and with the fact that these masses

(1) W. A. RopriGUES jr. and A. TURTELLI jr.: Nuovo Cimento A, 23, 227 (1974).
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do not depend on the collision energy. Figure 8 tells us, also, that the three
distributions satisfy a similarity law, and we now show that this is indeed the
cage under the hypothesis outlined above.

The energy distribution of gamma-rays in the fireball rest system is given by

»
Eﬂ:(max)

(3.9) G(&2) AS: = A&

1
f(Er)dEz,

*
™

E;E(min)

where éa: is the gamma-ray energy, f(E:) is again the pion energy distribution
in the fireball rest frame, and

— . mfr
(3.10) Bl = €5 + 1%
is the minimum energy a pion must have in order to produce a gamma-ray of
energy (o“’: Also, we have EL,.. = M®/2, the quantity M® being the mass

of the fireball; and eq. (3.9) is valid only in the interval

2

(3.11) M(m<6“*<M‘°)/2 .
Defining
R 02 f .
M (Brz)
(3.12) @(MW)/‘J,a“’; + 4&)——_ f dE; el

Eo s’
we obtain, under the hypothesis set in eq. (3.1) (isotropic decay), that

my
T

L\.«IF—‘

(3.13) G(&%, cos 03) d&yd(cos 0F) = (M“”/u &E -+ ) a&y d{eos 67) .

By using the exact kinematical limits of the appropriate variables, we get in
the laboratory frame

1 M@ e
(3.14) G(éay, E)d(ng: 5 Td’ﬂf (M(O)/2,y +

p iV 4

m2\ d 1 M@
) y hn) dn

tyn)y T2 Ky

where y = Eu, u =I'(1 —f cosf,) and 5y = &, /E. Since

1 d<”y>

(3.15) K&y, B) = 7S ae.
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we have
1 dnyy 1 M@
(8.16) Ny a2 K
valid for
miK
7 K,
(3.17) 1[(0)2 <U<

which corresponds to the observable range of the BJECO experiment. Also,
the integral spectrum F(>W, E), when mil' /MO < W< MO satisfies

wop
(3.18) F(> W, E) :jG(&, B)aé, = H(R),
& u2n a
11
(3.19) H(R) = 3 ay (M(o)/g’,!m n ) yy

E M0Y2E

Equation (3.19), thus, agrees with what can be seen in fig. 8.

b) Mass and temperature of the fireball. — Assuming a Bose-Einstein
distribution for the emitted pions in the fireball rest system, we obtain the p?
distribution as follows:

1 d
3.20 — —=N_
( ) o, dp; (

wlm

)\/pt + m3 i exp [— ”“n]K1<”,3\/m-WT?:) ’

to|;—¢

where

K, == Bessel function of the y-type,

e, == chemical potential of the pion,
p = 1/kT,
k = Boltzmann constant,

N, = normalization constant.

The temperature T of the fireball is related to the mean value of p through
the equation

(3.21) (pm, T >_4VmTK,()K( )M4 mT
2

and we have for the mean transverse momentum <{p,>

3.22) witm, 1 =% Gpom, 1y = /7
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where m is the particle mass taking part in the statistical equilibrium. For
Mirim jets we have (p,> ~150 MeV/c and T =105 MeV. Figure 10 shows the
p, distribution for Mirim jets (*). The curve has the exponential behaviour
exp [— 7p,] for p, not very near the origin, and is compatible with what is
found in accelerator physics. It is necessary to have in mind here that the
transverse momenta in fig. 10 are measured with respect to the fireball rest
system,

&Gevlc)wz:l

2
1

b

(/o) dofd

04 08
p,(Gevlc)

1.2

Fig. 10. — Differential p? distribution for =% mesons produced by the Mirim jets (1):
theoretical curve.

Equation (3.22) shows that the temperature of the fireball is independent
of its mass under the above assumption. This yields as a consequence that
Acu and Guacu jets cannot simply be decays of fireballs into pions (10-22).

We now estimate the p, distribution of Ac¢u (or Guagu) as follows. We
suppose that M® (or M®) is a statistical equilibrium of M@ fireballs with
temperature T (or T®), which subsequently decay into pions. Let ¢* and E*
be the momentum snd energy of a pion produced in the rest frame of a M©®
fireball with a Bose-Einstein temperature 7. Let p and E be the momentum
and energy of the pion in the M® (or M®) rest frame; and let p®» and E©,
respectively, be the momentum and energy of a M© fireball in the M™ (cx M®)

(1) W. A. Ropricuss jr., A. TurreLLI jr. and M. Lakys: An. Acad. Bras. Cienc.,

46, 197 (1974).
(12) C. A, P. Cexeviva and W. A. RopricUEs jr.: Acla Phys. Pol. B, 8, 475 (1977),
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rest frame. Then

(3 3) P= q*‘l" V(O){(Vi))z V(o).q*([‘(o)_ 1) + F(O)E*}’
5}
E = I'(E* + V0. g%)
and
pO = MOOyo = M®[2(E + E*)/S]l s
(3.24)
E® = YOUIo-=— Moy L 272/s],

where | = p —¢g* and s = (E - E*)*—I>. For simplicity, let us refer in
the following to the Acu jets only. Let P(p, g*)d3pd3g* be the probability
for a pion produced with momentum (g*, g* + dg*) through the decay of
M to have momentum (p, p + dp) in the M™ rest frame. Under the sta-
tistical assumptions above, we have

(3.25) P(p, q*) = CJ(p, ¢*)W(p, g*; T, T®)d°p d*¢*,

where T% (i = 0, 1) is the temperature of the M fireball, ¢ is an appropriate
normalization constant, J is the Jacobian from the M® rest system to the M®
rest system:

(3.26) g= BT o 1+ By —po1),

and finally
(3.27) W = {exp[E@/ET™] — 1} {exp [ E*/kT"] — 1} =

-3

n=1 m

8

exp [— nEOkTD] exp [— mEO/ET] .
1

il

The inclusive cross-section for pion production is then

N +1 Ve

3

(3.28) E;; = j d(cos 0)fP(p, q%)(g*):dg*,
-1 [1]

where we cut off the ¢* distribution at the value M®/v/2. For E > m,_ we
obtain

d3o
3} e~
(3.29) i = C(

7
2a?

)1} exp [— &) exp [— In [0(E — M©[2)]],
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where
(3.30) ® = [MO/TOQE/TO - M®/Tw)}
O(u) = { " “=o
0, u<o.

Finally the p, distribution is

14 MOy 41 HONT
(3.31) — —62 =0 f dP,|d(cos 0) | P(p, g*)(¢*)*dg*,
g, dp!
L) —1 ]

where we cut off the P, distribution in the M® rest system at the value
M(“/\/ﬁ, and C is an appropriate normalization constant.

We already obtained kT ~ 105 MeV. Under the assumption of isotropic
emission we have the following relation between the mass of the fireballand  p,:

(3.32) M= ;z S p..

This gives M@~ 2.5 GeV/c? and MV~ 25 GeV/e?, M»~ 250 GeV/ct In
fig. 11 we show a comparison of data obtained by BJECC for nmesons coming
from Acu jets. We find k7™ ~ 0.4 GeV. We see also from table I that kT, the
temperature of the M® fireball (for pion emission), is probably greater than
0.4 GeV, but we do not have yet enough information to estimate the fem-
perature with better precision. Also in ref. (%) it is shown that data from ISR
are consistent with k7T~ (0.5--0.6) GeV.

o
~

—
o

(1/o,) dojap? [(GeV[c)_ZJ

10" 11
0 0.4 0.8
P, (Gev/e)

1.2 1.6

Fig. 11. - Differential p? distribution for n°-mesons produced in the Agu jets (i1):
ET ~ 0.4 GeV.

(%) M. Hama, M. Nacasaxy, H. Suzuki: Prog. Theor. Phys., 57, 160 (1977).
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¢) Multiple production of baryons. — Table I shows that there are events
observed by BJECC in which there is direct production of « baryons » without
w® emission. These are called mini-Centauro, Geminion, Centauro and Chiron
jets. One important point which can be seen from table I is that these jets
have approximately the mass M™ for mini-Centauro and Geminion events
and the mass M® for Centauro and Chiron events.

We are led naturally to suppose that these jets are different decay modes
of the same discrete fireballs, produced in the high-energy eollisions and able
to decay into pions (Ag¢u and Guagu jets (4)). One can infer that, above the
temperature k7~ 0.4 GeV and/or a density 35 times the nuclear-matter
density, there exists & kind of phase transition in whieh pion production is
suppressed and we start producing baryons and/or more exotic objects. These
assertiong are justified from the phenomenoclogical analysis that follows (see
also the theory of «strong black-holes » that we develop in sect. 4). Other
explanations for Centauros and Geminions can be found in ref. (117), A critical
comment on these proposals can be found in ref. (14),

First we note that, for mini-Centauros and Centaurcs, the energy con-
servation implies that the mass of the emitted stable baryons is ~ 1 GeV.
As these baryons seem to have the same mean free path in the atmosphere
as ordinary baryons, they are compatible with being usual baryons and are
similar in their properties to cosmic-ray nucleons, although the real situation
is far from clear.

For Geminion and Chiron jets the situation is as follows. If we take for the
Geminion decay products {p,>~ 10 GeV/c, the energy conservation implies
m ~ 7.5 GeVjc for the masses of the decay products (M, ~ 25 GeV/c?).

Geminion

For the Chiron jets, on the other hand, we have (M ~ 250 GeV/c?)
that the masses of the decay products are in the interval (7.3--13.3) GeV/e?
for p, in the interval (10-+15) GeV/e.

Now, supposing that the «baryons» coming from the decay of mini-
Centaurcs, Centauros and Chirons are due to a statistical radiation with a

Fermi-Dirac statistics, we obtain the following p, distribution:

1 do_ o
Oy d})f N

(3.33) N ?E%) Vi + m? i exp [— nop)(— 1)K (nBVp; 4 m?),

%)

where «z is the Fermi energy and N, a normalization constant.

(1) J. D1as pE DEUs and W. A. RODRIGUES jr.: Nuovo Cimento 4, 55, 34 (1980).

(1%) T. Tari: preprint RRK.-79-7 (Research Institute of Theoretical Physics, Hiro-
shima University, 1979).

(*¢) J. D. ByorkeN and L. D. McLERRAN: Phys. Rev. D, 20, 2353 (1979).

(*") D. G. SUTHERLAND: Proceedings of the Conference on Cosmic Rays and Particle
Physies (Bartol, D. E., 1978), Amer. Inst. Phys. Conf. Proec., No. 49 (New York, N. Y,
1979), p. 503.
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The relation eq. (3.21) between the temperature and the mass of the decay
produets continues to hold also here. This implies that mini-Centauros and
Centauros have temperature k7 ~ 1.5 GeV and Chirons have k7T ~ 10 GeV!
(See table I.)

It is interesting to note that these very high masses of the stable decay
products of Chirons go together with the experimental observation that such
« baryons » have perhaps an anomalous behaviour in the atmosphere with
respect to normal baryons (¥) (they seem to travel only about 1 of the
ordinary mean free path).

Also the above analysis led us to eclassify Geminion and Chiron jets as
being of essentially the same nature. These assertions are supported by the
theoretical analysis in the following sect. 4.

4. — A possible theoretical explanation in terms of evaporating « strong black-
holes ».

4'1. Introductory remarks. — Let us now propose a possible theoretical
interpretation of the Chirons (*) and of the Centauros.
We have seen that, in the c.m. of the M™ and M® fireballs,

i) their decay products (either pions or baryons) can be associated
with a generalized Planck distribution (**), i.e. with a thermal-type emission;

ii) starting from that fact, it has been moreover possible to realize that
the emission temperatures involved in the decays of M and M® are much
higher than the «maximal temperature» (160 MeV) of the ordinary hadron
physics. In partieular, in the Chiron decay mode the p, of the products is so
high that the fireball temperature seems to be about 60 times higher than
the standard hadronic « maximal temperatures» (and about 7 times higher
than the temperature implied by the Centauroc deeay modes).

This suggests that

a) in the cosmic-ray events we are dealing with, due to the very high
energy involved, the initial nucleons create a new type of hadronic matter;

(13) BRAZIL-JAPAN COLLABORATION ON CHACALTAYA EMULSION CHAMBER EXPERIMENTS,
(J. A. CHINELLATO et al.): in Proton-Antiproton Collider Physics, 1981, Madison, Wis.
(New York, N.Y., 1982). See also C. M. G. Larres, Editor: Werkshop on Cosmic-
Ray Interactions and High-Energy Resulis (Inst. Fis., Campinas, 1982).

(*) By the word Chiron we mean both the Chiron decay of M*® and the Geminion
decay of M (cf. table I).

(1*) 8. W. HawxkiNg: Nature (London), 248, 30 (1974); Commun. Math. Phys., 43,
199 (1975); Sci. Am., 236, 34 (1977).
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b) the new type of hadronic objects should evaporate (isotropically, in
their ¢.m.s.) in a «thermal» way;

¢) we may also infer from experience that such new hadronic objects
(in particular, the M® and M® fireballs) seem to be moreover able to suffer
different internal phase transitions. Or, rather, that at least one internal
phase transition seems to intervene between the Centauro and the Chiron
decay modes of M@,

Let us add that, from the Heisenberg correlation »-Ap,>#%/2, one can
roughly evaluate that the Centauro and Chiron decay products come from the
« evaporation » of (one or more) objects with radii

(4.1a) r (Centauro) = 0.1 fm ,
(4.10) ~ r(Chiron) > 0.01 fm ,
respectively.

Our proposal is that such new hadronic (probably mesonic) objects, as
well as ordinary hadrons, are associated with the « strong black-hole » solutions
of a unified theory of strong and gravitational interactions and to their pos-
stble evaporations (2°). We refer, namely, to the (classical) approach inref. (2%),
even if its results are not very for from the ones of the (quantal) «strong-
gravity » approach by SALAM et al. (22).

() Cf. W. BarpEEN, B. CArTER and 8. W. HAWKING: Commun. Math. Phys., 31,
161 (1973); J. B. HArRTLE and S. W. Hawxkina: Phys. Rev. D, 13, 2188 (1976);
E. Recam1 and P, CASTORINA: Lett. Nuovo Cimento, 15, 347 (1976); C. Sivaram and
K. P. SiNuA: Phys. Rev. D, 16, 1975 (1977); Phys. Rep., 51, 111 (1979); P. CASTORINA
and E. Rrecami: Lett. Nuovo Cimento, 22, 195 (1978).

(%) See E. REcamr: in Quarks and the Nucleus, Vol. 8 of Progress in Particles and
Nuclear Physics, edited by D. H. WiLkinson (Oxford, 1982), p. 401; Found. Phys.
13, 341 (1983); in Old and New Questions in Physics, Cosmology, ...: Essays in honour
of W. Yourgrau, edited by A. van per Merwr (New York, N.Y., 1983), p. 377;
E. Recami: Chapter 16 in Relativity, Quanta and Cosmology in the Development of the
Scientific Thought of A. Einstein, Vol, 2, edited by F. Dr Finis and M. PANTALEO
{New York, N. Y., 1979), p. 581; P. Carpirora and E. Rucamr: Le#f. Nuove Cimento,
24, 565 (1979); P. CarbpIroLA, M. Pavsic and E. Recami: Nuovo Cimento B, 48, 205
(1978); Phys. Lett. A, 66, 9 (1978); E. Recamr and P, CASTORINA: Lett. Nuovo Cimento,
15, 347 (1976). See also R. MieNan1: Lett. Nuovo Cimento, 16, 6 (1976); V. DE SaB-
BaTA and P. Rizzari: Lett. Nuovo Cimenio, 20, 525 (1977); V. DE SaBBATA and
M. GASPERINI: Lett. Nuovo Cimento, 25, 489 (1979); E. Recamr and K. T. SHAu:
Lett. Nuovo Cimento, 24, 115 (1979); P. F. Gonzaruz Dias: Leit. Nuovo Cimento,
31, 39 (1982).

(%) See, e.g., A, SaraM: in Proceedings of the XIX International Conference on High-
Energy Physics (Tokyo, 1978), p. 937; A. SaLam and J. STRATHDEE: Phys. Rev. D, 18,
4596 (1978). See also C. Sivaram and K. P. SiNuHA: Phys. Rep., 51, 111 (1979); D. D.
Ivavenko: Chapt. 9 in Relativily, Quanta and Cosmology, edited by F. Dr Finis and
M. Panrtarro Vol. 1, (New York, N, Y., 1979), p. 295; P. Roman and J. Haavisro:

13 ~ Il Nuovo Cimenio A,
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Actually, while a black-body (that absorbs all incoming photons) emits a
characteristic spectrum of photons only, and while a gravitational black hole
(that absorbs all incoming particles) should emit eharacteristic spectra of all
possible particles—photons, leptons, hadrons—, a «strong black-hole » (that
absorbs all incoming hadrons only) is expected to emit a thermal spectrum only
of hadrons. And this does a priori agree with the data we are discussing (cf.
table I). Let us mention, incidentally, that other approaches do not even
yield such a preliminary agreement: for instance, ref. (2) seems to be in con-
trast with the existence of the Mirim, A¢cu and Guacu jets, which decay
into pions.

4’2, The theoretical framework. — Liet us now be more specific. By adopting
the geometrical methods of general relativity and following ref. (2!), let us
describe the strong fields surrounding a hadron as a classical tensorial field s,
to be added to the nsual gravitational field f.,,. Of course, the strong tensor
components s,, must vanish for distances #>>1fm from the considered
source hadron. Hadrons are attributed a «hadronic charge», or rather a
« strong charge (*) » (or «strong mass »), which directly deforms the space-time,
in analogy to the gravitational mass (or « gravitational charge »), but via the
« strong universal constant» N = ¢-1@, where G is the ordinary « gravitation
universal constant». The pure number ¢=* has been shown in ref. (*)—at
least for the most common hadrons—to be given roughly by the ratio §/s
between the dimensionless strength § of the strong field and the dimensionless
strength s of the gravitational field:

ot = 8/s = (Ng2[fic)[(Gm2[hic) =~ 10%41

where the quantities m, g represent mass and strong mass of one and the
same source hadron, e.g. of a pion (?!). In the case of a pion (or of a nucleon
and, approximately, of ordinary hadrons) it is

Ng* = o71Gm? ~ 104 Gm?,

so that, if we conventionally choose, e.g., to put g = m, then

h
(4.2) N =16 ~ 10+06 ~ E‘;

™

Ini. J. Theor. Phys., 16, 915 (1978); W Drecurer and M. E. MAYER: Fibre Bundle
Techniques in Gauge Theories (Berlin, 1977), 2nd part, p. 146; J. E. CHARON: Théorie
de la Relativité Complexe (Paris, 1977); C. R. Acad. Sci., Ser. A, 266, 750 (1968);
M. A Markov: Z. Exp. Teor. Fiz., 51, 878 (1966).

() G. N. Fowrer, E. M, FriepLANDER and R. M. WEINER: Phys. Leit. B, 116,
203 (1982).

(*) See the following.
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In other words, f.» and s, have to be two mefric tensors. The simplest
choice is to assume that the total metric tensor is just the sum of the gravita-
tional and strong metric tenscrs:

Gur = fuv =+ Suv .

Far from a hadron it will be g, = fu»w and all particles (with or without
strong charge) will feel only the gravitational metric f», in agreement with
general relativity. In the micro-neighbourhood of a hadron, on the contrary,
one shall meet also the strong metrie deformation s,,. The present approach
is a bi-metric theory, or rather a « bé-scale» theory (2Y), since s, affects only
the objects with hadronic charge (i.e. with scale factor y = p ~ 10-%) and
not the objects with gravitational charge only (i.e. with scale factor ¥ = 1).

In the surroundings of hadrons (and in suitable co-ordinates) it is, of course,
fuv = Nuv, so that

(4.3) Iuwv == Quv =+ Suv, Suv = Guv— Nuy -

In the presence of our two metric fields, we have to modify the Einstein
equations (that, incidentally, we adopted in their form with the « cosmological
term », for the reasons explained in ref. (21)). If we confine ourselves to the
motion, in the neighbourhood of a source hadron—i.e. of a distribution of
strong mass, or strong charge (")—, of a test particle endowed both with mass
m' and with strong mass ¢’, the simplest field equations would be

87 1 1
Ry + Aguw -+ Hspw = —F(Suv—l— Gy — 5 gm,Sg—§ g,wTS) ’

where Sy is the « strong-matier tensor », denoting the strong-mass distribution of
the source hadron, just as Ty is the « ordinary-matter tensor », and where the
« strong cosmological term » Hs,, takes care of the geometrical properties of su»
in the neighbourbood of the source hadron (see ref. (*')). At least for ordinary
hadrons it is, as clarified in ref. (?!),

(4.4) H=0?A, Suw=NTm, N=¢@.

For the pion (or nucleon and, roughly, for ordinary hadrons) it is o~* v 10+4,
as we have seen, The quantities /A and H are the cosmological constant and
the « strong cosmological constant » (or « hadronic eonstant »), respectively (21).
As usual, it is taken to be |A| = 10-% cm2.

(*) See the following.
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By disregarding the negligible terms, we end up with the equations (s, = 0
for r>>1 fm)

8m 1
(4.5) R/w + Hslw = — 0_4(81“' - 5 Jur SS) ’

which are our relevant new field equations, to be associated with eqs. (4.3)
and (4.4). Notice explicitly that our modified, « Einstein-type » equations are
quite different from Eingtein’s, even if they have been written down in the
simplified form (4.5) to be valid in the neighbourhood of a hadron for a
hadronic test particle. In such form of theirs it is fu» =~ 74 and the relevant
field is the strong metric su».

Let us now turn to investigate the « Schwarzschild-type » problem for our
new field equations (4.5), ¢.e. let us look for «black-hole type» solutions asso-
ciated with the strong-gravity field su,y». Therefore, let our hadron be a spherically
symmetric source ¢ of the strong-gravity field, and, as before, let ¢’ be the strong
charge (strong mass) of the hadronic test particle. Notice incidentally that,
to match the usual terminology, as strong field tensor it should be taken not
exactly su», but the quantity @, defined as

Duwlg = %czsm' = L2e*(Gur — Nur) .

Equations (4.5) can be easily written also in the form (s, = 0 for r>> 1 fm)
1 1, 8m
(4—..5’) Rm'—" 5 g,uv-Rg— H(!],w + 77/41'— 5 g ﬂnaﬂgyv) - - F Sm: ’

where the last addendum on the Lh.s. has the meaning of «interference term »
between the two tensorial metrics sy and fu» ~ . (We can geometrize also
the strong field since the inertia of the test hadron (in the surroundings of the
considered source hadron) coincides (21) with its strong mass ¢', and not with
its gravitational mass: M, = g¢'.)

Let us specify the total metrie, acting on the test hadron in the surround-
ings of the considered source hadron, by setting (*)

(4.6) ds? = exp[a(r)]c?di2 — exp [b(r)]dr* — r2(d6% + sin?6 - de?)
where a(r), b(r) are functions still to be determined.

Before going on, let us recall that the strong black-holes we are looking for
are suitable to represent hadrons also for the fact that they result to be sur-

(*) Since, as we said, under our conditions it i8 fu ~,, and the relevant metric
field remains sy, for simplicity we might call it the «strong-metric inferval » fout court.
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rounded—at the static limit and in the «intermediate region »—by the Yukawa
potential, and not by a Newtonian potential (as it would be, on the contrary,
the case for black-holes associated with Einstein equations). It is evident that
hadrons could not be represented by the strong-black-hole solutions of equations
obtained from Einstein’s merely by substituting N to G¢. In fact, by linear-
izing eqgs. (4.5) in the weak-field approximation we get (21) at the static limit
for the scalar potential V= le¢’s,, the spherically symmetric solution
V = — (g/2) exp[—rv/2H], to be valid for a pointlike particle at rest in the
origin (and endowed with strong charge g). By identifying v2H = mge/f we
find for the field mass—in the case of ordinary source hadrons—the value
mg==fiv/2H /¢ ~ m_, and, therefore,

V= — g exp [— rmc/h] .

Let us, first of all, notice also that the gravitational Schwarzschild radius for
a pion or nuecleon would be
2Gm

Yo = ~ 105 m.
02

We then expect the strong Schwarzschild radius for the pion or nucleon to be
of the order of 1fm (N = p1G) (*):

2Nm

Ty = A 10%-10%m ~ 1 fm.

Also in this respect we are a prioré allowed to identify hadrons with our strong
black holes (SBH). Notice, by the way, that our horizon radii » do not neces-
sarily correspond to the hadron radii but rather to an upper value of them;
actually, the observed radius could correspond to an average radius (see ref. (21),
where the present approach is extended by considering the hadron interior
as a «micro-universe »).

To solve our main problem, however, we have, of course, to release the
weak-field condition. The «strong-horizon» radii will be given by the
equations

(4.7) exp[—d(r)]=0, explar)]=0.
For our purposes, we can rewrite eq. (4.5') as

1 8n
Ryp— 5 Yur By = — ) (Sur + ),
(4.5")

¢*H 1 8
tyy = — S Juw + Nuy — 5 Jur9 " Nap)
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with ¢, = 0 for r>>1fm. (It is immediate to recognize here that ¢, is also
a tensor (not a pseudotensor), provided that one remembers that #,, is nothing
but an approximation for f.,.) Still at the static limit and at the first order of
an iterative procedure (2!), the first one of eqs. (4.7) then becomes (224)

i7l2 2
(4.8) exp[—br)] =1 — 2 (‘4 n %‘f—) exp [— 2] = 0,
even if one should remember that the procedure explained in ref. (1) applieds
to ordinary mass hadrons rather than to heavy hadronie fireballs. In eq. (4.8)
it is j = mge/h, so that for ordinary hadrons at least @~ m_¢jfi, and k2,
1 are constants as well. The second one of eqs. (4.7), under the same approxi-
mations, implies the preliminary solution of the equation ()

a'(r) = } (exp [b(r)]—1).

We shall practically confine ourselves to solve eq. (4.8), which yields the radii
in correspondence to which the coefficient of dr® diverges. It is very important
to recognize that eq. (4.8) yields fwo values of r for which the coefficient of dr?
in eq. (4.6) becomes infinite; and precisely one.value not far from 27 and another
value much smaller: r,<2l, r,=0. As to the integration censtant 1, it is
expected:

Nm _Gm Ng?

first choice: F=1 andl=—=—"—= .
c? ctp  c*m

At least for ordinary hadrons, ! is, therefore, expected to be of the order of
1{m, as can be immediately verified (for instance, in the pion case Ng*/fic =~ 3
and in the nucleon case Ng2/fic =~ 15). More precisely—taking into account
that test particles with negligible strong charge do not exist in hadronic
physies—in ref. (2421} it was shown that:

. 2 - Nm2
second choice: l=—r and b =——,
c*m'? crm

with N = G/p, the quantity m' being the mass of the hadronic test particles.
(We can, e.g., choose m' = m = average quark mass, the «test quark » being
a priori considered as initially outside the possible horizon.)

Equation (4.8) has been solved by computer. For instance, in the case of
ordinary hadrons, the two SBH radii ry have been found approximately to

(24) See D. K. Roos: Nuovo Cimento 4, 8, 603 (1972); E. REcamr and P. CASTORINA:
Lett. Nuovo Cimento, 15, 347 (1976).
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be—with the first choice—such that rfr,~ 3, r,~1{fm. With the second
choice, on the contrary, one finds for ordinary mesons (pions) that

(4.9a) 747, &~ 10,
and for ordinary baryons (nucleons)
(4.90) 717y A& 3040 .

Since the experimental data are still poor, we do not attempt here—as
already mentioned—to find out also the values of » for which the coefficient
of d¢#* in eq. (4.6) vanishes. However, in ref. (2) it was verified that in cor-
respondence with the larger radius r, for ordinary hadrons it is

2Nm?
exp [a(r)] = exp [[b(r)]] ' ~ 1 — etmis’
so that the values of » satisfying the first one of eqs. (4.7) did approximately
verify ¢n those cases also the second one of eqgs. (4.7).

In the case of our mesonic fireballs, namely of the Centauro and Chiron-
Geminion decay modes of M® and M@, since the Centauro decay produects
seem to come from evaporating objects with radins r, &~ 0.1 fm, our eq. (4.8)
yields approximately with the first choice

(4.9¢) "jrs~ b,
and with the second choice
(4.94) /1y A 15

(but a higher ratio, in the latter case, if the mesonic fireballs are considered as
exotic hadrons). For computing (4.9¢), (4.9d) we set g ~ 10m, c/A.

In coneclusion, the results obtained for the radii of our SBHs suggest that
hadrons could be identified with the SBH solutions of our field equations.

As a consequence, mesons and baryons should possibly exist in two states,
the second one corresponding to a smaller radius (in particular, »®<0.1 fm
for «collapsed » ordinary mesons and r$’ ~ (0.01--0.1)fm for «collapsed »
ordinary baryons).

Before passing to our conclusions, let us observe that the relevant constants
appearing in eq. (4.8) can in general be written, in the N = 1 units, as (21:29)

(4.10) g=mgefh, k=g¥ezm', 1=g*m/c*m’?,
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or even
(4.10") i =mgelh; k=1~ Ng*jctm = g*/c*m ,

with ¢ (the strong charge of the generic source-hadron considered) to be deter-
mined independently of our rough evaluations of p~* or N. Especially for generic,
high-mass hadrons precise calculations are possible, provided that one has
direct information on the hadron strong-charge distribution or at least on its g.
In such a context, it is worthwhile to clarify the following: if we borrow from
experience the information that quarks appear to be the true carriers of the
strong charge, then g ought to be defined as g = ng, (r = 2, 3), the quantity g,
being the average magnitude (**) of the quark rest strong charges ¢;, with
gi= Sifo, 2 8= 2 g;= 0, go= |g;|. Attention should be paid also to the fact
that g, is the rest value; inside a hadron the strong charge of quarks will a priori
depend on their speed in a relativistic way (**).

4'3. Consequences. — The consequences of the previous subsections seem to be:

i) The fireballs M®™ and M® correspond to mesonic SBHs, and can
exist with radii », and r, such that

(4.11) Ty n 1.

ii) By analogy with the black-body behaviour, such SBHs are expected
to «evaporate» emitting only hadrons (one ecan also make recourse to
arguments similar to the one in ref. (1%)).

iii) Following the spirit of ref. (2°)—e.¢. by assuming a statistical evap-
oration—one then derives that our SBHs are expected to emit a thermal
spectrum of hadrons with the temperature (*') (k = Boltzmann constant)

fe

4.1 =
(4.12) drkrg’

which is of the order (1) of 7 ~2-10* K, d.e. of kT ~ 20 MeV, for » ~1{im.
In correspondence with the pion, eq. (4.12) yields the « maximal temperature »
of ordinary physics. These (unstable) SBHs are expected to evaporate with
a lifetime of the order of (%)

At =~ (1018/10%1) s ~ 1023 5 .

We assume eq. (4.12) to hold also for the « collapsed » states (corresponding

to the smaller radii r, =r%), so that «the same» hadronic SBH can exist

with two different temperatures (still maintaining the same mass, a priort).
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For both our MV and M mesonic SBHs, we get from eqs. (4.11), (4.12) that
their own possible states correspond to temperatures such that

(4.13) T, ~10T,;

these two states can correspond to the Centauro and Chiron decay modes.
The temperatures evaluated in our sect. 3 tell us finally that
(4.14) 7

=7rP~0.1fm, 7,=7r"~~0.01fm,

1 2

in agreement with the (p,> distributions (cf. eq. (4.1) and table I). Concluding,
for the M cluster we can say that the Centauro and Chiron decay products
come from the evaporation of the following two SBH states:

M2 Centauros: 7, ~0.1fm, T® ~ 0.2 GeV ,

M®  Chiron,

1A~ 001fm, TP ~107% ~ 2 GeV,
M®  Geminion

respectively. The fact that these temperatures are significantly different from
the experimental ones (1.5 GeV and 10 GeV, respectively) might have been
expected from the fact that eq. (4.12) refers to Schwarzschild-type black-holes,
whilst our SBH hadrons are to be associated with more sophisticated SBH
solutions—e.g. of the Kerr-Newman type—corresponding to

fie

4,12’ = e
( ) dkry

e, d,...),
where F is a suitable function of all the hadron «charges » or quantum num-
bers (see the following).

iv) Even more, since the products at least of the M® Chiron decay do
not seem to be ordinary baryons (they appear to have a range about one-third
of the normal hadron range (%), and their mass is of the order of 10 GeV),
they might themselves be regarded as « collapsed » baryons. In other words,
they can be considered not ordinary baryons, but baryons corresponding to
the second (smaller) possible radius; see eq. (4.9"). (Unless one did not like to
try to associate the Chiron-decay « baryons» to quarks themselves.) But we
leave this problem completely open, also due to the scarcity of the experi-
mental data.

v) Let us recall that our SBHs can be characterized also by subnuclear
charges or « quantum numbers » (besides mass, electric charge, angular mo-
mentum and maybe a pseudoscalar charge), since the short-range fields become
long range at their scale—just as it happens for the strong mass itself.
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vi) Our SBHs do not necessarily have to evaporate; they can also be
stable against the strong-interaction decays (just as nucleons and probably
the «baryons» mentioned under point iv)), according to the value of the
strong-gravity field at their surface (2%21). Their temperature, in other words,
instead of being expressed by the rough relation (4.12), can be given by
equations of the type (%)

Fe o(M2— J2— B2}

{4 10" —
(4127) L= s T = 3(E*0) + (3 — J* — BV

(N =p7G),

which holds, e.g., for Kerr-Newmann SBHs. In eq. (4.12") it is
M = Nm2je, E=-KeMjlic, K = (4ne,)*,

and J is the angular momentum of the considered hadron. The temperature
given by eq. (4.12") vanighes, e.g., for hadrons lying on Regge trajectories (%),
but not for our M®, M® fireballs.

vii) Let us repeat that the SBH solutions of Einstein equations in their
strong version (i.e. obtained merely by changing G into N) cannot represent
hadrons, since their strong-gravity field would not fade away over the distance
of a few fm; in particular—at the static limit and in the «intermediate region »—
it would behave as —Ng/r without any exponential damping. In our approach,
on the contrary, we meet such a Yukawa damping, and our strong-gravity metric
is expected to vanish over the correct distance from the source hadron, leaving
in its place the pure gravitational metric (that is to say, our total metric
smoothly «fades » into the pure gravitational metric).

viii) We have always associated the M Chiron decay with the M®
Geminion decay, since in both cases <{(p,,~ 15 GeV/je, and since the
Geminion decay can be regarded as a Chiron decay with (n),= 2 simply for
energy conservation reasons.

ix) Till now we have not attempted to explain the pion decay modes of
the M and M® objects. We may suggest pion production to oceur when a
hot spot is formed in the high-energy collision of two nucleons, but the energy
density is not enough to collapse the colliding matter into its pessible strong
Schwarzschild radius. This explanation seems reasonable in view of the fact
that the emission temperature is small with respect to the «baryonic»
decay modes.

x) The above analysis seems to suggest that real «phase transitions»
may take place in the high-energy collisions. These « phase transitions » can
be associated with the collapsing of the fundamental matter beyond the strong

(%) See, e.g., D. N. PacE: Phys. Rev. D, 13, 198 (1976); 8. HAWKING: Phys. Eev. D,
13, 191 (1976).
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Schwarzschild radii, which yield, through a Hawking-like relation, the tem-
perature of the transitions. At these very high temperatures the emission of
heavy objects is enhanced, as is observed experimentally.

Let us close this sect. 4 by saying the following: the gravitational black-
holes do not seem to have been observed yet with certainty; it would be nice
if Chirons and Centauros could be associated with the actual observation of
strong black-holes.

5. — Conclusions.

The analysis developed in the previous sections seems to indicate clearly
the relevance of fireballs of discrete masses in the phenomenom of multiple
particle production in very-high-energy collisions.

Indeed, we showed that the existence of these objects and their decay
modes are compatible with, and a natural explanation for, the data obtained
in pion production and baryon production by BJECC. The nature of such
objects and of the direet baryon production is a real challenge to current
physical theories; and it is indeed interesting that our description of Chirons
and Centauros as evaporating «strong black-holes» yields at least the right
order of magnitude for the temperature of these events and for the « fireball »
radii, and also gives a hope to understand their decay modes.

The overall picture seems promising, but we need more theoretical and
experimental studies to understand better these new phenomena, In particular,
and preliminarly, it is important that Chirons and Centaurcs be found also
at the SPS-collider experiments,
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Note added in proofs.

In a recent UAl series of experiments with pp collider, an increase with energy
of the mean transverse momentum (p,> of charged particles has been found, as well
as that {p,> is correlated with the charged-particle multiplicity =, so that values of {py>
greater than 1 GeV/c are not unusual, as was observed by the BJCC experiments,
(See G. ArNISON ef al.: CERN/EP/82-120, 121 and 125 (1982); M. BARNER el al.: Phys.
Lett. B, 115, 59 (1982).)
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® RIASSUNTO

8i analizzano i dati sulla produzione multipla di adroni in interazioni ad altissima energia,
prodotte sia da raggi cosmici, sia in macchine acceleratrici. 8i mostra come questi dati
siano compatibili con una serie discreta di fireball, generate nelle dette collisioni ad
altissima energia e che proseguono nella direzione degli adroni incidenti. Tali fireball
sembrano possedere diversi modi di decadimento, o in soli pioni, o in soli barioni.
I decadimenti sono statistici e se ne ricavala temperatura corrispondente ; ad esempio, nel
cosiddetto « Chiron-mode » (0 modo chironico), la temperatura risulta di circa 10 GeV,
il che mostra che 'usuale limite di 160 MeV per le collisioni ad alta energia & qui am-
piamente violato. Si presenta inoltre un modello teorico per i decadimenti del tipo a
Chironi, a Centauri e a Gemini basato sull’evaporazione di opportuni « buchi neri forti ».
La presente analisi sembra suggerire—tra 1’altro—che nelle collisioni considerate ab-
biano luogo delle «transizioni di fase»s, associate al collasso della materia collidente
all’interno dei suoi orizzonti (tipo Schwarzschild) forti. I raggi degli orizzonti risultano
in buon accordo con l’esperienza e, a loro volta, forniscono la temperatura della tran-
sizione per mezzo di una relazione di tipo Hawking. A tali altissime temperature eci si
aspetta che l’emissione di oggetti pesanti sia favorita, cosi come si osserva sperimental-
mente. Molti aspetti dei dati sperimentali sono spiegati ragionevolmente bene dal mo-
dello teorico proposto.

Kuponsl, ABOMHMKH, KEHTABPbLI, pacnajibl B NHOHbI, DeHOMEHOJOrH4ecKni W TeopeTHIeCKHil
anaJm3,

Pezrome (*). — MbI aHanu3upyeM HAHHBIE IO MHOXKECTBEHHOMY POXICHHIO B COyAape-
HHAX TP O4YEHL OONBIIHMX SHEPIHAX, IPH SHEPTHSM KOCMHYECKHX JIydel ¥ NPH SHEPTHSAX,
HOCTHXUMEBIX Ha YCKOPHUTEISX. MBI ITOKa3kBaeM, 4TO 3TH HAHHBIE COIJIACYIOTCH C JHC-
KpETHBIM CHEKTPOM Macc ¢aiip6osioB, KOTOpble 00pa3yloTcs B COydapeHHsX IpH O4YCHB
BBICOKHX 3HEPIHSX U COMPOBOXKIAIOT COYIApSIOMIMECH aApOHBI IOCHE B3aHUMOJCHCTBHUSA.
Taxkue aiip6oiiel 061a8al0T pa3IHYHBIME MOJaMHK Pacriaia; TOJIBKO B IHOHEI WM TONBKO
B GapwoHbl, Pacnmapbl #BHSIOTCA CTAaTHCTMYECKAMH. MBL omperelseM TeMIEpATypbl
COOTBETCTBYIOIUMX pacmanoB. Hampumep, TemnepaTypa B Taxk HasbiBaeMoil « KupoHHOM
mogze » cocrasiser 10 TaB. MpI mpeqyaraeM TeOpeTHYECKYIO MOJENp AJdA CoObITHIL pac-
maga, nonoboueix KuponaM, Jlpoitnukam ¥ KeHraBpaMm, B TepMUHAX HCHAPEHUSA « CHIBHBIX
YepHBIX ObIp ». Hamr aHanmu3 npeanosaraer, 4T0 B paCCMOTPEHHBIX COYAApeHHAX MOTYT
MMETh MecTO « (ba30BBIe TIEPEXOIBL », CBSA3aHHbLIE C KOJUIAIICOM COYAapsIOLIErocs Belle-
CTBa BHYTDH CHIBHBIX ropu3onToB (tuma Ileapimmiasia). Panuycsl rOpu3OHTOB COIJa-
CYIOTCH C JKCIIEPHMEHTOM H OINPEHENIAIOT TEMIEPATYpPBl MEPEXOA0B YEPE3 COOTHOLICHHE
Tina Xaskuara. [IpH TakwX OYEHP BBICOKMX TEMIEPATypax OXHAACTCH, YTO 3MHCCHA
TSKETBIX OOBEKTOB YBelMYHBAETCA, 41O HabromaeTcss JKCIEpUMEHTalbHO. MHorme
acHeKThl JKCHEPHUMEHTANBHBIX MAaHHBIX HAXOmAT OODBSCHEHWE B paMKaxX NpeaoxEeHHOA
HaMH TEOPETUYECCKOH MOIENH.

(*) Iepeseoeno pedaryueii.



