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The problem of multiple production of heavy uunstable particles is analyzed. Possible
reaction schemes are established on the basis of Gell-Mann’s theory. In order to apply the
Fermi-Landau thermodynamical model to the production of heavy unstable particles, their
interaction with pions is investigated. Some characteristic quantities of the two-proton system
are calculated by making use of the aforesaid model. The results seem not to contradict ex-
perimental results.

1. Introduction

Inrecent yearsseveral publications have been appearing on the production
of heavy unstable particlesin extremely energetic nuclear collisions. Although the
statistics of experimental data is rather poor, and there are already some theo-
retical papers on the subject! we hope it may not be superfluous to carry out
some investigations concerning the production mechanism of these particles.

Choosing a simple model, we shall deal with central, totally inelastic
collisions of two nucleons at very high energies. (For the justification of this
model, see the work of FEINBERG and CHERNAVSKI [1]). We assume further,
that the nucleon has a pionic proper field, the linear dimensions of which are
~ 1/u (u stands for the mass of pions ; in the course of the present paper we
put # = ¢ = 1) and similarly a K-mesonic proper field with linear dimensions
~ 1/m (m = mass of K-mesons). During a collision the two nucleons are assu-
med to form an intermediate state with highly excited proper fields. The
latter ones give up their energy by emission of several quanta of the pionic,
nucleonic and K-mesonic fields respectively. If the lifetime of the “intermediate
state” is sufficiently long, we are allowed to assume that in the proper fields
a statistical equilibrium exists and we may try to calculate the number of
different particles produced by methods of statistical physics. This idea of
FerwmI [2]2 was modified by LANpAvU [3], [4], who states that during the first

1 We mention only the early work of HABER-ScHAIM, YEIVIN and YEKUTIELI, Phys,
Rev., 94. 184 (1954) applying Fermi’s theory and BELENKI’s papers, quoted in ref [4].

2In FERMI’s and LANDAU’s papers only the pionic proper field of the nucleon is dealt
with. The above-mentioned model seems to be a natural extension of the former. We do not
introduce, however, hyperonic proper fields ; we shall regard for sake of simplicity hyperons
as ‘“‘composite particles” — e. g. according to the model of GyorcYI [5]. This assumption
does not affect seriously our later considerations.

4 Acta Physica IX/1-2.
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stage of its decay, the intermediate state consists of a continuously varying-
number of particles, since, because of strong interactions the number of par-
ticles is not a “good quantum number”. Only at a later stage, when the par-
ticles have got out of the influence of each other, may we speak of a fixed
number of particles and apply formulae of statistical mechanics. LaNDAU
defines a ‘‘critical temperature” of the system at which we can consider the
particles as free.

According to LANDAU’s calculations, the latter temperature for pions
and nucleons is given by

TP =a-p

in energy-units, where a is a numerical factor near to unity.

Now the following problems arise :

a) Do multiple processes play a role in the production of K-mesons and
hyperons, and if so, which are the reaction equations.

b) If we want to describe the production of the heavy unstable particles.
by méans of the Fermi-Landau model, what is the critical temperature for
the latter.

In connection with a) we remark, that if multipe production of heavy
unstable particles takes place at all, then conservation laws allow the follow-
ing reattions :
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Concerning problem b) we expect that either the interaction of x-mesons
and hyperons with pions and nucleons is weak in relation to that of pions and
nucleons or it is nearly of the same strength. In the first case the critical
temperature would be TV ~ m, while in the second one we expect that

TgK) —~ Tgn)

In sections 2 and 3 in order to answer problem b) we deal with the
7, ) and (K, 7) interaction ; while in the fourth and fifth sections we calculate
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different observable quantities on the basis of the Fermi-Landau-model and
try to compare them with experimental results.

2. The (n,7) interaction

The (%, =) interaction seems to be an experimentally observable fact.
Although we have no direct experiment yet, the anpalysis of the reactions [6]

n+Ns>nta+N (2.1)

carried out by Ito and Minawmi [7] gives indirect evidence for the existence of
such an interaction.

a) by <)
Fig. 1

From a theoretical point of view, this interaction is similar to the photon-
photon scattering, scil, it also is a vacuum effect and is described by the same
types of Feynman-diagrams. Photon-photon scattering has been investigated
theoretically in detail by KarpLUs and NEUMANN [8], [9]. We want to give
here a rough estimation of the (7, m)-cross section for high energies, using
ps(ps) meson theory and lowest order perturbation approximation. We neg-
lect isobaric variables, and consider a neutral pion field only. In such a rough
calculation this simplification seems to be justified. The basic interaction
diagrams, describing the process are given in Fig. 1.

To each of these diagrams corresponds another, equivalent one, with
the nucleon loop in the opposite direction.

In order to estimate the behavior of the cross section, we shall calculate
the S-matrix element corresponding to diagram a) only, since interference
terms will not affect seriously the order of magnitude.

In the center-of-mass system and momentum representation we obtain
apart from numerical factors

4*
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where M stands for the nucleon mass, k; is the momentum four-vector of the
i-th pion (choosing the signs in such a way as if all the pions were outgoing
ones) G is the dimensionless coupling constant between the pion and nucleon
field; yp=p, " and ®? = k? + p2. We perform the integration in (2, 1)
using FEYNMAN’s method [10] . Having carried through the transformations,
quoted above, we find, that there is occurring a logarithmically divergent integ-

ral, namely
2)2 g4
e
(P? + a2)*

(After having taken the trace, we can neglect odd powers of p since they give
zero in a symmetrical integration over the angles in the p-space; cf.
FEYNMAN, loc. cit. or JAucH’s and RonRLIcH’s Quantum Electrodynamics [11].)
We separate now the physically meaningless divergence in a well-known
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manner,
Using the identity
1
R n (‘l:@ﬂz 2,3)
an ‘Bn [(a _ z -+ ‘8]”+1
we find
(p?d'p _ ( (P)d'p J J dtp _ {e*—= M) (p¥)* 2.4)
(p® + a?)* (p? —|—M2)4 [P2+Mz uta?(l— u)]

The second integral on the right side is already convergent. The first one
is divergent, but can be removed e. g. by the formalistic regularization method
of Pavurr and ViLLars [12]. We have chosen the latter method for sake of simp-
licity ; we do not attribute to it any physical interpretation, but regard it as
an invariant cut-off procedure only.

Calculation from here on runs along the same lines as the one by Kag-
PLUS and NEUMANN, loc. cit. We calculate the asymptotic expression for high
energies of the forward-scattering amplitude. The total cross section is then
obtained making use of the well known “optical theorem™ :

o (w) = % Im (a (w)), (2,5)

where a(w) is the forward-scattering amplitude.
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The calculation yields, apart from some numerical factors
2
(mi 2,6)

The form of this expression agrees with that of the cross section for high-
energy light quanta, and was obtained first by AcmieEser (see Karprus,
NEUMANN, loc. cit)

3. The (K, n) interaction

We turn now to the investigation of the interaction between K-mesons
and pions, assuming an ‘‘elementary” interaction between (K, N) and (7, N)
fields only.

We neglect again isobaric variables, and treat a scalar K-meson field
with scalar coupling. The interaction-operator between the K-meson and nuc-
leon field then will be of the form

W =gjm(yy)(xx), (3.1)
where v is the field operator of the nucleon and x that of the K-meson field, g is
the dimensionless interaction constant. Both p and x are isospinors of the first
kind.!

The basic graph in lowest, non vanishing order for an interaction is
shown in Fig. 2. The corresponding S matrix element, — again apart from
numerical factors — reads :

6(p)6g 1 Jﬁsph iyt p) =M iy(k+p—p)—M

Yo, 0,050, 4m (k+pa)* +M* (k4 p,—p)*+ M?
l_yk;]”_d‘xk (3,2)
k2 4+ M2

Taking the trace under the integral, one can transform the denominator accord-
ing to the standard method, indicated in the preceding section, and separate
a logaritmically divergent term

~ Kk2dYk
J (k2 + M?2)3
which can be removed by the Pauli-ViLLARS regularization procedure.
All further calculations are carried out in the same manner, as has been

shown in the preceding section. They give for the high-energy limit of the
(K 7) cross section :

1, An interaction Lagrangian of this form has been proposed by GYOReYI, loc. cit.
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onnGig L L (3.3)

m w?

Compared with the {7 7) cross section, and taking some reasonable value
for the coupling constants [17], we see, that o, is comparable with ¢,, with-
in a factor of the order of unity. (In this comparison we have taken into ac-
count some numerical factors, not written down explicitly in (2, 6) and (3, 31).

The consequence of this for the following thermodynamical calculation is,
that the critical temperature for K-mesons will be nearly the same as for pions.
Since the critical temperature varies rather slowly with the cross section [4],
we shall choose both temperatures for sake of simplicity, exactly equal.

~
EY

Fig. 2

We want to call attention once again to the very rough character of our
calculations : we have used the high-energy limit of the cross sections, calcula-
ted by peturbation theory in the case of moderate energies and rather strongly
coupled fields. Indeed, there are some indications [13], that (n 7) cross section
may have a different energy dependence than obtained by us. We hope,
however, that the ratio of these cross sections is of the correct order of magni-
tude, and the qualitative conclusions drawn from the calculation are not false.

4. Thermodynamical model of particle production

According to the programme outlined in sec. 1 we are going to calculate
some observable quantities of the two-nucleon system, on the basis of the
Fermi-Landau-model. We shall follow — as far as possible — the notations

of [4].
From secs. 2 and 3 we conclude that at high energies — where thermo-
dynamical approximation has any meaning at all — K-mesons and — pos-

sibly — hyperons interact strongly with pion and nucleon fields. Therefore, we
choose in the Fermi-Landau-model

TE =T =y (4,1)
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{The value of the constant factor before u is obtained by means of a graphical
estimation, based on the results of [4]).
The density of particles of type i is given by

o

( 4np*dp/(27)®

n, = w»J TS — (4,2)
) exp (Vp2 4 m¥Te) F 1
where w; is a weight factor arising from summations over spin, isobaric spin
etc. m; is the mass of the particle ; the sign in the denominator depends on the
statistics followed by the particle.
The latter formula can be written in the more convenient form

n, =w,/2n* TEF7 (§),

)

" x2dx

L= AT 3 F+ =323 ————— .
Sl ml/ 4 (Z) % J exp (Z V]_ + x2) :F 1

(4,3)

(F7 (z) and similar functions are tabulated in reference [4].) Conservation
laws can be taken into account by means of the multiplicator method. If there
is one integral of motion, then F¥ (z) should be replaced by

@

. 2
F =)= 2| 2 dx

exp(z)T +22—y) F1’°

(4.4)

where y is the corresponding multiplicator. (5, 4) can be generalized for the
case of several integrals of motion in a straightforward manner. For small

values of y
F* (& y)~ e’ F7 (§). (4,4a)

The multiplicators can he determined from the equations expressing the
conservation of the quantity in question. These can be written in the following
form. If i, j are two kinds of particles, and the numbers of particles are denoted
by capital letters, so, if TV —= TV, then N;/N; = nyn,;.

Further, if the conserved quantity is w, its- value for particle i is w;,
then the conservation equation reads

Wn, + wNz/Ni = %v ny wk/"’[ . (4’5)

(N,, N, stands for the two colliding nucleons.)

We consider as an example the collision of two protons. Denote by y, z, u
the multiplicators, corresponding to N, T,, U respectively. (It can be shown,
that the neglect of the conservation of T introduces a.very small error.)
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Regarding the N, T,, U-values of the different particles and (4, 4a), the
conservation-equations are found to be,
(N) 0 [Noy =0 sh(y +2z+u) +nksh(y — 2+ u) + nSshy +
+nlsh(y +2z—u) +nlsh(y —z—u) + nEsh(y + 22)+
+ nl¢shy 4 nlsh(y — 22);
(2T3) : np[Nay = nd sh (y + z + u) — 0 sh(y — 2z + v) + ng sh(z — u) +
+ n%sh(z+u) +n%sh(y +z—u) —nish(y —z—u)+
+ 2nY sh 2z + 2n% sh (y + 22) — 2n% sh(y — 22);
() : oo/ Npo = n, sh (y + z 4+ u) +n{sh(y — z +u) -
+ndsh(z+u) —ndsh(z—u) —n%sh(y +z—u)—
—nsh(y —z—u).
Here we have chosen neutral pions as “reference-particles” and n{ = w;/2n2 -

\TEFS (£).
The approximate roots of the system (4, 6) are :

vy ="1,667Ny, z=0,2131/Nm, u=0,8407/N,.
We see, that for very high energies, as a rough estimation, we may put :
n;~n?. 4,7)
As another important quantity, the average energy which is carried away by a
definite kind of particles is calculated. The energy-density is given by

g = T*w;/2n2 D 7 (§),

]

¢:($.)=53J 21+ x*dx
0

exp (&; Vl +x?)F 1

(4.8)

and a corresponding function, if some conservation laws are taken into account.
Similarly, as in (4, 4a) and (4, 7), we may put

D7 (z,y) e D7 (). 4.9)
The result of the calculation, outlined here, without making use of the approxi-

mations {4, 7), {4, 9), is plotted in Table I. Columns 2—3 give the density, resp.

L The relative error of the approximation decreases with energy as (Nn0)? Since the
mast important role is played by the conservation of NN, our further considerations apply
— at least qualitatively — to (IV, P) and (P, P) collisions as well.
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energy density of the particle, indicated in column 1, divided by a common
factor. Column 4 gives the average energy of one particle in the c. m. system,
according to the approximate expression (E ¢. m.) ~s¢/n. Column 5 gives the
fraction of the total available energy, carried away by the particles in question ;
while the last column gives the relative number of emited particles. In columns
5 and 6 the approximation (4, 7) and the similarity &~¢] is used.

Table I

1

2

3

Particle n (T2, a¥)—? £(TY, nt) =2+ <[E];e r;]> e/;‘-'e PR n/Z,_'ni
70 1 l
+ exp (0,462/Nzo) . 1,78 5,90 1,12 0,23 0,19
n— exp (—0,462/Nx0) ]
Ko exp (0,628/Nn0)
K’ exp (—0,628/Nx) 0,478 2,39 1,71 | 0062 | 0,078
K+ exp (1,054/Nxo)
K™ exp (—1,054/Ny)
No exp (8,29/N0)
N exp (—8,29/Nao) 0,0714 0,606 2,88 | 0,009 | 0,020
P+ exp (8,72/Nm)
P exp (—8,72/Nns)
a0 exp (767/Nx) } . 0,023 . 0,23 334 | 0,003 | 0,074
A° exp (—7,67/Nus) f
2+ exp (8,09/Nne)
2o exp (7,67/Nao)
&= exp (7,24/Nx) 0,015 0,15 3,40 | 0,002 | 0,0048
>+ exp (—7,24/Nzo)
>° exp (—7,67/Nn0)
o exp (—8,09/Ny0)
o exp (7,04/Nxo)
=0 exp (—7,04/Nzo) 0,007 0,076 3,69 | 0,0009 | 0,0024
E— exp (6,61/Nz0)
=+ exp (—6,61/Nn0)

* The figures of column 3 have to be multiplied by the same exponential factor as the
corresponding figures in column 2.
** Columns 5 and 6 are calculated in the high-energy limit: Nzo ~ oo
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The number of a definite kind of particles is obtained by multiplying its
density with the interaction volume,
The latter is expressed by N,/%'nj, where IV, is the total number of

emitted particles. Thermodynamical calculations show (cf. [2] {4]), that, N,
is proportional to the fourth root of the primary energy in the L-system :

N, ~ 2 (E,/ M),

So the average number of particle i becomes

N; ~ 2"1'/4\'./' n; (Ep/M)l/‘" {4,10)
J
and in particular
N~ 0,38 (Ep/M)1/4. (4,11)

Consider an example. Let be, E, = 105 BeV, then our calculations give
the results N, ~~ 35; we quote the average numbers of some “interesting”
particles :

NK0=2,3; NT(0:1,9; NK+:2,4; NR*=1,7; NAOZOaSI;
Nyt~ Nygae Ng—~0,2; Ngons Ng-—-~= 0,07,

(The latter figure indicates, that the correction to the counted number of neut-
ral pions due to the y-decay of Z°-cf. BRisBoUT et al.’s work, quoted later —is
very small.) One observes further that the number nucleon-antinucleon
pairs is rather small.

Similarly, the number of antihyperons is considerably smaller than that of
their charge-conjugate pairs.

The fraction of energy, carried away by heavy particles (heavy mesons,
nucleons, hyperons) is about 50%,.

5. Comparison with experimental results

Now we try to compare our results with the experiments ; we do not
intend to give a full account of experiments and discuss the experimental
procedure, but we aim rather at obtaining some information about the power
and limitations of our model.

A measurable quantity is the ratio of neutral pions to charged shower
particles.

Measurements have been carried out by several authors (of [14]—[19]).

Some of their results are summarized in Table I1.

We see that the R-values agree within the — rather large — statistical
errors, and further that R is approximately constant in a large range of pri-
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Table II

Ratio R of neutral pions to charged shower particles injets

Author R = Npo/N,
Daniel et al. [14) ... ... ....., 0,33 +0,07
Mulvey [I15] v, 0,25 4-0,1
Naugle et al. [16] .................. 0,44 40,14
Kaplon et al. [17] ................ 0,46 40,09
Lalet al. 18] ............ccooa... 0,40 40,08
Brisbout et al. [19] ................ 0,3834-0,044
Weighted average .................. 0,375+0,029

mary energy (50<FE,<3000 BeV/nucleon). The possible variation of R is
obscured by statistical uncertainties.

From R we obtain the ratio of the non-pionic charged shower particles to
charged pions, if we assume that N,/N,* = 0,5, which is a very good
approximation.

The above-mentioned ratio from the weighted average of Table IT is

— N.— N,x
=|— -7 |=10,3340,10.
e e RS

£
Our calculated result is (summing over charged particles, which are not pions)
fin=2033.1

Concerning the ratio of charged to neutral heavy unstable particles, we
quote the works of LEIcHTON and TriLriNG [20] and of GIAcconT et al. [21],
who have carried out measurements with cloud chamber and lead absorber.
According to their measurements this ratio is approximately

Ny

NG

= 0,21 4+ 0,03,

while Table I yields
A
N}

in significant contradiction with the experimental result. We mention,
however, that the quoted measurements were carried out with Pb target
nuclei, so, the possibility of explaining the discrepancy between theory and
experiment by secondary effects, does not seem excluded.

1 Qur model predicts a variation for f of about 109, in the energy-range 50 BeV < Ep <

<C oo ; this — if it really exists — is completely obscured by uncertainties of present experi-
ments.
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9, Discussion and conclusion

We want to stress once again the main assumptions, made in this paper :

a) To consider collisions to be central collisions only.

b) To regard interaction between heavy unstable particles and pions
resp. nucleons as strong.

¢} To consider it possible to apply thermodynamic calculations. We
believe, that the validity of hypothesis a) is rather doubtful, but as long as a
correct field theory is not constructed, we cannot consider non-central collisions.

Hypothesis c) is partly dependent. on b) ; we do not want to discuss its
validity in detail, but refer the reader to the works of FErRMI and the LaNDAU-
school, already quoted.

Looking at Table I and (4, 10), one observes, that the multiplicity of
heavy unstable particles is not too high ; therefore, the application of ther-
modynamics may be a very rough approximation.

Bearing the aforesaid comments in mind, it might appear strange,
that this model could give an — at least qualitative — agreement with experi-
ment.

We believe this in great part to be due to the uncertainties of the experi-
ments. We only mention here, that even the estimation of the primary energy
of a jet from the angular distribution is a procedure of rather doubtful accuracy.
Further, we do not have sufficient information as to the mass spectrum of
shower particles. The above-mentioned experiments give only a ratio of non-
pions to pions or similar “composite’ ratios.

We try to point out some features of our model, which it will perhaps
be possible to test experimentalily.

a) The variation of he ratio of the numbers of different particles with
primary ‘energy might be investigated. In our model this depends apart from
the exponential factor arising from conservation equations — on the variation
of interaction cross sections in the “cloud” around the nucleon. (Variation
of T,.).

b) The fraction of energy, carried away by heavy particles, decreases —
although rather slowly — with primary energy. Its variation becomes faster
at primary energies of the order of ten or hundred BeV. In this region, however,
our model breaks down, and we cannot make quantitative predictions. (In the
region of only a few BeV-s, one can easily understand the increase of the big
fraction of energy, carried away by nucleons : there the elastic part of the
cross section becomes large, and the energy is carried away by the original
nucleons.)

Concerning the problems mentioned in the introduction, we cannot
assert definitely, that multiple production of heavy unstable particles really
does take place, but this uncertainty might be due to the fact, that at energies
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available at present, their multiplicity is rather low; so, we might expect,
that extension of experiments to the region of still higher energies, will yield
a definite answer.

A simple model, assuming excited self-fields around the colliding nucleons
is not in qualitative contradiction with present experimental data.!

We hope to have the opportunity of returning to some of the problems
concerning this subject.

The author has the pleasure to express his thanks to Prof. L. JAnossy,
for his valuable critical remarks, to Dr. E. FENYVES, for several interesting
discussions on the subject, and to Miss M. Gomsosi, for having performed
numerical computations.
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POXXAEHUE TSHKEJIbIX HECTABUJIbHLIX YACTHI B COYOAPEHUAX HYK-
JIEOHOB BOJIbIIOW 3HEPTUU

r. JOMOKOII

Peswme

Paccmarpusaercss npobiema MHOKECTBEHHOTO DPOYKAEHUS TSXKENbIX HeCTA0HJIbHBIX
yacTuil. YCTAHABAMBAWTCS BO3MOXKHBIE CXEMbl peakiuii Ha OCHOBe Teopud ['emr—ManH.
Uccnenyercst B3auMoJieiicTBHE TSHKeIBIX HeCTA0MJIBbHBIX 4aCcTHII C T—Me30HaMH, Hd 0CHOBAHHU
KOTOpOro 06pasoBaHHe TSIKENLIX HeCTa0UIbHRIX YACTHL PACCMATPUBAETCS MPUMEHEHHEM
TepmoAHHaMU4eckoil mogenn depmu—Ilannay. C NOMOIBI0 ITOH MONENH BBIYUCIIAIOTCA HEKO-
TOPbie XapaKTEePUCTHYECKHE BEAMMUHDI CHCTEMBI, COCTOSILEH M3 ABYX TPOTOHOB. Pe3ynbTarsl
MOBHJMMOMY He IPOTHBOPEYAT JAHHBLIM ONMTOB.



