
SOVIET PHYSICS JETP VOLUME 16, NUMBER 4 APRIL, 1963 

THE ORIGIN OF HIGH-ENERGY COSMIC-RAY MUONS AND PHOTONS AND THE 

HYPERON HYPOTHESIS 

Yu. D. KOTOV and I. L. ROZENTAV 

Moscow Engineering-Physics Institute 

Submitted to JETP editor April 25, 1962 

J. Exptl. Theoret. Phys. (U.S.S.R.) 43, 1411-1418 (October, 1962) 

The differential spectrum of cosmic-ray 1011-1014 eV muons has been calculated under the 
assumption that the particle carrying away the major fraction ( 0. 7-0.8) of the primary par­
ticle energy is a hyperon. The spectrum obtained is in a good agreement with experimental 
data. However, the calculated negative excess contradicts experimental results at an energy 
of ~ 100 BeV. It is shown that this discrepancy can be eliminated assuming that the charge 
distribution of the hyperons is determined by the statistical weight in the isotopic space. The 
differential spectrum photons in the energy range 1011-1014 eV at a high altitude has been 
calculated. 

l. Peters [1] has recently evolved a hypothesis 
according to which the hyperons play a consider­
able role in high-energy interactions. The hypoth­
esis is based on experimental results obtained with 
accelerators [2] concerning the increase of the num­
ber of hyperons per interaction with the energy. 
Since all baryons possess a nuclear charge and, 
consequently, hyperons are to a certain extent 
"produced from nucleons" in nucleon interactions, 
it is natural to assume that some properties of 
secondary nucleons will be common to all baryons. 
In particular, it is possible that the features of the 
energy spectrum of the baryons should be similar 
to those of the secondary nucleon spectrum. Many 
arguments have been invoked (the altitude depend­
ence of extensive air showers, energy spectrum of 
secondary particles in high-energy stars, etc.) to 
support the hypothesis that, in interactions involv­
ing light nuclei, a nucleon carries away a consider­
able fraction ( ~ 0.6-0. 7) of the primary nucleon 
energy. Thus, if the hypothesis of Peters were 
correct, one would expect that a hyperon carries 
away ~ 0.7-0.8 of the primary particle energy E0• 

Although the above reasons form a not too con­
vincing basis for the hypothesis, there exists a 
fact which is difficult to explain without recourse 
to it. According to the experimental data, [3•4] the 
range of high-energy nuclear-active particles in 
water is by a factor of 1. 5 greater than in air. 
This difference can be understood assuming that 
the particle carrying away the main fraction of 
the energy is a hyperon. (Such an explanation has 
already been proposed a long time ago. [3, 4]) In 

the present article, we shall consider several 
other consequences of the hypothesis, which can 
serve as its experimental test. 

2. Let us consider the energy spectrum of 
cosmic-ray muons. The spectrum was calculated 
on the basis of the hyperon hypothesis by Bhabba 
and Pal. [5] However, a number of simplifications 
were made in the calculation, 1> and the obtained 
agreement of the results with the experiment is 
not convincing. 

We shall assume in the calculation that the A, 
~ +, ~ 0, and ~- hyperons are produced with the 
same probability equal Y4• 2> Moreover, we con­
sider the following decay schemes (w -relative 
probability of the decay channel, E7r -mean pion 
energy in the hyperon rest system ) : 

a) N-. p +~c. 
b) ~+ -> p + n°, 

~+-. n + n+ 

c) ~o-. A+ r~ 

w = l, 
w = lfz, 

w = 1/2; 

w = 1; 

E, = 0.17 BeV; 
E, = 0.23 BeV; 

I)The simplifications are as follows: 1) secondary proc­
esses were neglected; 2) the "pionization" process (i.e., the 
production of pions in addition to those originating in the 
hyperon decay) was not taken into account; 3) hyperon inter­
actions were not taken into account; 4) the primary nucleon 
spectrum was taken from [6 ], while the most recent data[7 • 8 ] 

reduce the number of primary particles by a factor of approxi­
mately two; 5) the inelasticity coefficient distribution was 
neglected. 

2lSince the masses of A and I particles are roughly 
equal, their statistical weights are also approximately equal. 
The mass of the .B hyperon is considerably greater, and we 
therefore neglect the probability of its production. 
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d) 2::- _, n + n-, w =I, E, = 0.23 BeV. 

The mean lifetime T 1f of a hyperon with respect to 
the decay into charged 1r mesons amounts then to 
2 x 10-10 sec. 

Let us calculate the probability W of the pro­
duction of muons with energy Et-l in the decay of 
hyperons produced directly by primary particles 
(which we assumed to be nucleons). Assuming 
that the muon is emitted in the rest system of the 
pion, and that the pion in the rest system of the 
hyperon is emitted with a constant energy equal to 
the average one, we can write 

Xo X() X 1 

W (Ep.) = UrUn ~ xur dx ~ l'~-ur-1dy ~ e-zz-(u,+I> dz, 
0 X !J 

ur, ~ = klc (Er. ,I Mr.~) Tr. "' (1) 

where x0 is the atmospheric depth expressed in 
nuclear mean-free-path units which we assumed 
to be identical for all nuclear-active particles 
(nucleons, hyperons, and pions), k"' 8000, TH,1r 
is the lifetime of hyperons and pions, respectively 
in their rest system, and EH,7r• MH,1r are the en­
ergy and mass of the hyperon and pion, respec­
tively. Since x0 » 1, we have: 

W =Uru,.l(ur-1- l)(u,.-J- l1. (2) 

The number n1 ( E7r = 1. 3 E tl) of pions with energy 
in the range from E7r to E7r +dE7r produced in the 
decay of hyperons of the first interaction is 

00 

n 1 (En) dE, = CdE" ~ P (E0) cp (E0 , E") d£0 , (3) 
Eo min = 5Ert 

where P( E0 ) dE 0 is the differential primary 
cosmic-ray spectrum which, for energies E 0 » 10 
Be V, can be written in the form [7- 9] 

P (E0) dE0 = 1,8 E~2 ' 65 dE0 particles/cm2 sr sec 

( E0 is measured in BeV, and dE 0 = 1 BeV), C = ~8 
is the probability that a charged pion is produced 
in the hyperon decay, 3> and cp(E 0, E7r)dE7r is the 
probability that a pion with energy between E7r 
and Err +dErr is produced in the primary nucleon 
interaction. The quantity cp ( E0, E1r) is calculated 
from the distribution function <I> ( k) of the inelas­
ticity coefficient which can be written in the form [10 ] 

<D(k) = 0.80 (k - 0.2) + 0.3. 

We have then 

cp (E0 , E~) = 0.85 (E~ - 0.2 E 0) + 0.31£0• (4) 

Consequently, 

3>We neglect the energy difference between the A particle 
produced in the l 0 -> N + y decay and the l 0 hyperon. 

(5) 

It follows from Eqs. (2) and (5) that the number 
of muons N1 ( Et-l) dEt-l in the interval dEt-l is 

().1Q-2£-2,65d£ 

NI(Ep.) = (1 + E /100) (/-1- 4£ ~1UU UOU) (6) p. p. 

The contribution of the consecutive generations 
can easily be assessed if we take into account that: 
1) the energy remaining after the i-th collision is 
aiE0, where a= 1-k"' 0.6-0.7, and 2) the colli­
sion probability of a particle of the i -th generation 
at a depth between x and x +dx is equal to 
[e-xxi- 1/(i-1)!)dx. We have then, 

= u"ur I (u" + i) (ur +- i) (for x0 > I); (7) 

N; (Ep.) dE~'-= C (a"); -1.3·10-1E~2 . 65dE~'- I (I -1- iE1jiOO) 

X (I -1- 4iE1jl00 000). (8) 

For a= 0.7 and C = ~8 we have 

N; (Ep.) dE~'- = (0.5)i·l.l·I0-1£~2 · 65d£~'-l(l -1- iE~'-1100) 

x(l + 4iEp./IOO 000). 

We shall calculate now the number of muons 
produced as a result of "pionization" in the first 
interaction. Using the empirical relation [10• 1!] 

ii = aE~/4 , where a = 3, for the multiplicity, and 
assuming that all secondary pions have the same 
energy, we find easily that 

N'(Ep.) dE~'- = 3.J0-2£~2 ' 87d£~'- I (I+ E~'-/100). (9) 

The integral muon spectrum corresponding to 
00 

the sum :6 Ni + N' is shown in Fig. 1. The ex-
i=1 

perimental values collected in [S] are shown in the 
figure. It can be seen that the theoretical curve 
fits the experimental data. It is especially con­
spicuous that the slope of the spectrum increases 
at Et-l"' 1013 eV. This feature of the spectrum 
agrees qualitatively with the results obtained re­
cently at great depths underground. [12 ] 

The following question arises: Is it possible to 
explain the muon spectrum without recourse to the 
hyperon hypothesis? In fact, the formulas given 
above indicate that the experimental muon energy 
spectrum can roughly be explained assuming that 
a pion carries away "'15-20% of the energy of 
each primary nucleon. 4> 

In our calculations we have made the assump­
tion that the energy of all secondary pions (apart 

4>Cf. the earlier estimates of Zatsepin['•] and GrigorovJ'•] 



THE ORIGIN OF HIGH-ENERGY COSMIC-RAY MUONS AND PHOTONS 1003 

fU 

10 

, cm-2sec-1sr·1 

' 

.\ 
7 

~\ 
'\ 

1\ 
\ 

10 ~ 
t 

II 1\ 
12 \ 
IJ \ 

\ 

I fp, BeV 

ru" 

FIG. 1. Integral 
spectrum of f.l mesons 
at sea level, calcu­
lated according to the 
hyperon hypothesis. 

from those produced in hyperon decay) is the 
same. In reality, the secondaries may have very 
different energies. According to the hydrodynam­
ical theory of multiple particle production, one of 
the secondary particles can carry away up to 50% 
of the primary particle energy. [15] Unfortunately, 
the hydrodynamical theory cannot give an exact 
value of this quantity. If we assume that one of 
the pions carries away a considerable fraction 
(~50%) of the total energy spent for pion produc­
tion, and if we choose a = 0. 5-0.7, we obtain a 
rough agreement with the observed intensity of 
cosmic-ray muons. In order to decide between 
the two hypotheses, it is especially important to 
analyze the muon spectrum in the range EJ.t 
::: 1013 eV and to look carefully for a possible in­
crease in its steepness. This feature of the muon 
spectrum reflects the hyperonoriginofthe muons. 5) 

In conclusion, it should be noted that if we as­
sume that the energy spent on "pionization" is 
mainly used for the production of new particles 
and is not converted into kinetic energy (i.e., the 
multiplicity is proportional to ~ E~/2 , as predicted 
by the Heisenberg theory) then the calculated 
muon intensity (neglecting the hyperons ) will be 
considerably less than the observed one. 

S) Another possible explanation could lie in an increase in 
the steepness of the primary cosmic ray spectrum. However, 
the analysis of extensive air shower data in the range 1014-1015 

eV does not support such a conclusion (see, e.g., [2 - 13]). 

3. Let us consider the energy spectrum of muons 
of one sign. From equations (8) and (9) we have, 
for positive muons, 

l.:i -10-2 E~~· 8'dEI' 

1 + El'jlOO 
(11) 

The differential spectra of both positive and nega­
tive muons are shown in Fig. 2. 

FIG. 2. Differential spectrum 
of negative and positive f.l mesons 
at sea level calculated according 
to the hyperon hypothesis. 

The negative excess is 
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which, for EJ.t « 25,000 BeV gives, approximately, 

(N-- N+) I (N- + N+) ~ 8£~'21 / (12£~·21 + 3) (13) 

and for EJ.t ~ 50-100 BeV 

(14) 

This value is in violent disagreement with experi­
mental data, [ 16• 17 ] according to which in the energy 
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range under consideration 6> 

Obviously, it is difficult to explain the discrep­
ancy within the framework of the hyperon hypothe­
sis. The assumption that the hyperon effects do 
not play a considerable role below Eo ::s 1012 eV 
and that muons are mainly produced as a result 
of a multiple process is very arbitrary. 7> In that 
case, all effects due to hyperons would be masked 
by multiple processes at higher energies, too. 

The only way to remove the discrepancy between 
the theory and the experiment is to make use of the 
fact that the incident particles are positively 
charged. It is evident, however, that if this charge 
is uniformly distributed among all secondary par­
ticles ( 15 to 20 in the range under consideration) 
then, remaining within the framework of the hy­
peron hypothesis, we can compensate only for a 
small fraction ( ~ 10%) of the negative excess. It 
is therefore necessary to assume that the positive 
charge for its greater part is distributed among 
secondary baryons only. 

For a quantitative estimate 8> we shall use the 
single-meson scheme. We shall make the follow­
ing assumptions: 1) the charge distribution of the 
baryons is given by the statistical weight in the 
isospin space, 2) the incident particle is a proton, 
3) the target nuclei consist of protons and neutrons 
in equal numbers, and 4) the incident particle con­
tinues to move forward in the c.m.s. after the 
collision. 9> 

The estimates were carried out for two types 
of diagrams (see Fig. 3). There are 15 possible 
diagrams of type I, and six of type II. 10> 

6)The existence of such a discrepancy was mentioned by 
Peters.[•] 

7)Thus, e.g., according to the hydrodynamical theory, the 
energy fraction carried away by a fast pion varies as - E;11"' 

and, consequently, one cannot expect a sharp change in the 
character of the elementary interaction at these energies. 

B)Qf course, all the estimates given in the following are 
too crude to serve as a proof of the charge compensation. 
They only testify to its plausibility. 

9)This assumption, in line with the concept of peripheral 
collisions, gives the upper limit of the compensating effect 
of the primary charge. Another limiting assumption, that of 
both baryons moving after the collision forward, gives the 
lower limit of the ratio n(~+)/n(~}, which is by a factor of 
about 1.5 smaller than the one obtained under the first assump­
tion. 

IO)Under the assumption made, the K mesons "produced" 
in the vertices of the diagrams should also be energetically 
preferred. An estimate of the effect transgresses the bounds 
of this article. 

FIG. 3 

For diagrams of type I, the ratio of ~ particles 
of different sign is 

n (~+): n (~o) : n (~-) = 1.4: 1 : 0.6. 

This corresponds to a ratio n( p.+) : n( p.- ) = 1:4 
instead of 1 : 6 for the case of a uniform charge 
distribution. If II dominates, then n( p.+): n( p.-) 
= 1:2. 

The ratio increases even more if we assume 
that the A particle is emitted in a bound state Yf 
= [A 1r] with isotopic spin T = 1 (for ~ particles 
the probability of the resonant state [ ~ 1r] is rela­
tively small, ~ 4% of the probability of [A 1r] and 
we can therefore neglect the contribution of the 
[ ~ 1r] resonance [18• 19 ]). 

The single-meson scheme predicts under simi­
lar approximations that the two factors (the non­
uniformity of charge distribution of the ~ baryons 
and the production of the Yf isobar) approximately 
compensate for the negative excess. Moreover, the 
effect of charge redistribution between the hyperons 
on the total muon spectrum is small and may be 
neglected. 

Another attempt to account for the negative ex­
cess at energies of ~ 102 Be V can be based on the 
existence of ( 1rN) resonance states in the inter­
action.11> To be specific, we limit ourselves to the 
discussion of the T = S =% isobar. Making the 
same assumptions as before, it is easy to calcu­
late the isobar distribution with respect to the iso­
spin projections. It is found that isobar projec­
tions +% and + Y2 predominate, and that the ratio 
of 1r+ to 1r- mesons in the isobar decay is approxi­
mately 10 : 1. In order to compensate for the nega­
tive excess, it is necessary that isobars are pro­
duced in approximately 50% of the events (for Eo 
~ 1012 eV). 

4. We shall calculate the energy spectrum 
N( Ey) of photons produced at high altitudes. If 
x0 « 30 g/cm2, then the probability of secondary 
electromagnetic processes is small and we can 
assume that all photons originate in the decay of 
mesons or hyperons produced in the first interac­
tion. In this sense, the photons can be considered 

11>see [10 ' 10] concerning the production of resonance states 
in the interaction of cosmic-ray particles. 
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as "primary" if they originate in the following 
decays: 

a) 1r0 meson decay; 
b) ~ 0 - A+ y; 
c) ~ + - p + 1r0 - p + 2y 

( 1r0 and ~ particles produced in the first interac­
tion). 

The total number of photons (in units of par­
ticles/sec-cm2-sr) produced in process a) is 

N1 (Ey) dEy = (1- e-x,) 0.008 E~2 • 87dEy; 

in process b) 

N2 (Ey) dEy = (1- e-x,) 0.001 E~2 • 65dEy; 

and in process c) 

dEy 
N3 (Ey) dEy= (1 -e-Xo) 0.01 E~2 •65 -:--..,.-;;-;;-~:-=;c" 

1 + 6Ey/100 000 

The total flux of photons at the depth of 20-30 
g/ em 2 can be compared with the integral flux of 
photons of 470 BeV energy measured by Duthie 
et al. [21 ] It turns out that there is a beautiful 
agreement between the calculated value ( 2 x 10-7 
em - 2sr-1) and the experimental one [(2-3) x 10-7]. 

The above estimates of the photon spectrum are 
made under the assumption that all hyperons are 
produced with equal probability. If we assume that 
n( A): n(~ +): n(~ 0) = 1:2: 1, which corresponds 
roughly to the scheme represented by the diagram 
of type II, we obtain (in units of particles/sec-cm2-
sr ): 

Nt(Ey) dEy= (1- e-x,) -0,008E~2 '87 dEy, 

N2 (Ey)dEy = (1-e-x')·O.OOIE~2 '65 dEn 
dE 

Na (Ey) dEy =(l-e-x') ·0.02E~2,6s1 + 6Ey!;OO 000' 

In this case, the main contribution to the spec­
trum comes from photons produced in the ~ + - p 
+ 1r0 decay. Because of this, the steepness of the 
differential photon spectrum in the high-energy 
range ( 1012-1013 eV) increases and becomes equal 
to 3.1 instead of 2.65 at 1011 eV. The differential 
spectrum is shown in Fig. 4. 
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FIG. 4. Differential spec­
trum of photons at high alti­
tudes calculated according to 
the hyperon hypothesis. 

It should be noted that the experimental data of 
Duthie et al [21 ] indicate a considerable increase 
in the slope of the spectrum in this energy range. 
This fact is emphasized within the framework of 
the hyperon hypothesis, under the condition that 
the primary charge has a decisive influence on 
the charge distribution of the secondary hyperons. 
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