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The observation by the Utah neutrino group (*) that cosmic-ray muons of energy
> 1012 eV do not obey the sec 6 law to be expected if they proceeded from pion and kaon
parents has suggested the possibility that a significant fraction of such muons could
be produced directly or via an intermediary of very short lifetime. Recently this pOS-
sibility has been fully investigated and recommended by BrrersoN and his group *),
who assumed the differential muon spectrum M(E) to be a coherent superposition of
a direct component onto the conventional spectrum due to m-K decay, viz.

(1)  M(B) = O BE*1»E(F, 6) B(E cos 6* + B)~* + RO, B-71 (cm=2 51 sr-1 (GeV)~1) .

In eq. (1) the first term is the conventional muon spectrum or the ©-K component and
the second term is the direct contribution y =1.7, B = 90 GeV, 6* is the zenith
angle at the top of the atmosphere of a muon trajectory whose zenith angle at the
detector is 0. C_ = 0.225 and the Osborne factor K(H, 6) is chosen to correct for the
ratio of kaons to pions of all charges. The parameter E gives the relative amplitude
of the direct process which, as seen from eq. (1), is one order of magnitude flatter than the
conventional spectrum in the energy variable E.

With the muon spectrum determined in eq. (1) to whitin the parameter R one must
obtain the depth-intensity curve and the angular distribution of ref. (1). In ref. (2)
this programme was carried out using the method of Hayman, Palmer and Wolfen-
dale (%) to calculate muon intensities and the predicted effective value by of the coef-

() H, E. BERGESON, J. W, KEUFBELL, M. O. LARSON, &, W, MasoN and J. L, OSBORNE: Phys.
Rev. Lett., 19, 1487 (1967).

(*) H. E. BEreESON, J. W. KEUFELL, M. O. LARsoN, G. W. MasoN and J. L. OSBORNE: Phys.
Rev. Lett., 21, 1089 (1968).

(*) P, J, Haymawn, N. S. PALMER and A. W. WOLFENDALE: Proc, Roy. Soc., A 275, 391 (1963),
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ficient b in the energy-proportional muon energy-loss term was found to require a photo-
nuelear eross-section o,y which increases with the transferred energy . With the model
set out above BERGESON et al. proposed to explain a large body of cosmic-ray phenom-
ena (1), in particular the INS data on horizontal air showers of very large size (®).
The purpose of this letter is to present a survey of experimental facts which cannot

be accomodated in a model of direct muon production with o, increasing with e.
In Fig. 1 we give the dependence of o,y (“7) on the energy transfer ¢; the points
1 (0,0); 2 (s,0); 3 (e,0) are given in pairs of which e is found from the Kessler-
Kessler theory (3) and o from that of Weizsiicker-Williams (°). The Figure clearly
indicates that for ¢ in the range 1 <{e<
< 800 GeV, oy, tends to decrease or at
3 most remainsg constant. Moreover with
°° 4 b given in ref. (?) and the spectrum
f given in eq. (1) at 6 km w.e. we find a
2 muon flux of 4.2-10-1° (em—2 81 sr) in-
1 stead of 7.5-10-10 (cm~—2 g~1 gr~1) as given
29 ¢ 41 by MuNoN and Ramana MurTHY (1); at
7km w.e. we find a flux of 6.5-107*
instead of 1.8-10-1, With a by constant
from 5km w.e. onwards we reproduce
— el ol o gyite veasonably the experimental data

1 2
10 10 E(G12V> 10 10 of ref. (1%). Such good agreement is consist-

Fig. 1. — The dependence of the cross-section of the ent‘vvith @ photonuclear CI‘OSS'SG(_}tion Oyxe
photonuelear process on the energy e. The Wwhich tends to a constant as e increases.
accelerator data (CAMBRIDGE GROUP, FRETWELL, Of the nine showers observed by the
CHASAN, WHITE)., — — — CHAUDHURI, SINHA (W, W, Tokyo group (°) two (one of size 9-10¢ NV
spectrum), 1) HicAsHI (1964); 2) SHIBATA (1961); db‘ her of si 4N ar .
3) KBSSLER, Maze (1957); 4) Boroa (1968). and another of size ~ 104 N) are of nuclear
origin, of the remaining seven (the aver-

age zenith angle iz ~ 75°) it is difficult to say which are due to nuclear interaction of
muons and which to purely electromagnetic processes such as bremsstrahlung (the dif-
ferential cross-section for pair production is proportional to v~%, where v is the ratio ¢/E
of the transferred emergy to the total E, while the bremsstrahlung differential cross-
section falls off as v~1). Using the spectrum given in eq. (1) and with oy = 500 pb
we have calculated separately the contribution to the obgerved INS showers due to
muon-nuclear interaction and to bremsstrahlung. In Fig. 2a) (continuous line) we
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(*) S.CHiN, Y, Hanavama, T. Hara, S. Hicasar, T. KIrAMURA, S, Miono, 8. Mrvamoro, M. Naga-
GAWA, 8. OzakI, T. TagaHASHI, K. TSUSI and Y. WATASE: Can. Jowrn. Phys, 48, S 297 (1968).

(5) T. MaTavo, N, NAGANO, S. SHIBATA, K., SUGA, G. TANAHASHI, T. KaMEDA, Y. ToYoDA and
H., HASEGAWA: Can. Journ. Phys., 46, S 369 (1968).

() CAMBRIDGE BUBBLE CHAMBER GROUP: Phys. Rev., 146, 994 (1966); 155, 1477 (1967); 1863,
1510 (1967); L. J. FRETWELL jr. and J. H. MULLINS: Phys. Rev. Lett., 20, 230 (1968); B. H. CHASAN,
. CoccoNt, V. T. Coccont, R. M. ScEECTMAN and D, H, WHITE: Phys. Rewv., 119, 811 (1960); N. CHAU-
OHURI and M. S. SINHA: Nuovo Cimento, 57 A, 753 (1968); S. Hicasur, S. T. KITAMURA, Y. MISHIMA,
S, M1vamMoro, Y. WaTAsE and H. SHIBATA: Nuovo Cimenio, 88, 107 (1964); H. SHIBATA: Journ. Phys.
Soc. Japan, 16, 372 (1961); P. KussLEr and M, Maze: Nuovo Cimento, 5, 1540 (1957).

(") V.V.Borog, V. &, KIRILLOV-UGRYUMOY, A. A, PETRUKHIN and V. V. SaesTagov: Can. Journ.
Phys., 46, S 381 (1968).

(%) P. KissLeR and D. KESSLER: Compl. Rend., 244, 1896 (1957),

(*y W. HEITLER: The Quantum Theory of Radiation (Oxford, 1954).

(1) M. G. K. MENoN and P. V. Ramana MURTHY: Progress in Cosmic-Ray and Elementary-Particle
Physies, vol. 9 (Amsterdam, 1967).
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Fig. 2. — @) The contribution (continuous line) to the observed INS showers due to muon-nuclear inter-
action using the spectrum given in eq. (1) and with oy = 500 wb. b) The contribution (continuous
line) to the observed INS showers due to bremsstrahlung using the spectrum given in eq. (1).

display the muon-nuclear contribution. The formula used is

o \?
(2) J=|M(E)oyp—In{—) AEN, Az,
7 Y
Emin

where («/7) In (B/e)*0,,) is the integrated muon-proton eross-section evaluated with the
virtual photon spectrum of Weizsicker-Williams (°). N, is Avogadro number and
Az = 300 g em~2 ().

(31) T. MaTANO, N. NAGANO, S, SHIBATA, K. SugA, T. KAMEDA, Y, ToYopa, T, MAEDA and H, Hasg-
GAWA: Proc. Int, Conf. Cosmic Rays (London, 1965),
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In Tig. 2b) (coutinuous line) on the other hand we display the bremsstrahlung
contribution. The calculation was performed using the formula

(3) J = f M(E)op(e, B)dEN, Aw,

®min

where oy(e, H) is given (12) by

. Tav o Y (24, % A(ujm) Z-%
op(e, H) = Pk 7‘0; -?;‘Ev—I—v n A VR B (ol =) 2

&lB

3 _urow
Unax = L —— e —

z% 4 = 189.
4 mB 11—

Az = 400 gjem? is the thickness (*3) most favourable for the frequency of the air
showers at the maximum of the curve of the shower produced in air by a vy.

The curves in I'ig. 2 indicate quite clearly that neither muon-nuclear interaction,
nor bremsstrahlung, nor the sum of the two ean account for the data of the INS group
with the spectrum in eq. (1) especially at an energy transfer s~ 103 GeV, where eq. (1)
is nearly equal to the conventional =-K component.

In ref. (%) eq. (1) was used at 6 = 0° to fit the underground burst spectrum of the
Osaka City group (#'4) and the spectrum of eq. (1) was shown to be favoured over the
conventional component. Since the data of the Osaka City group reported in ref. (%)
are consistent with those in ref. (*%) (of Fig. 3a)) we plot in Fig. 8b) the integral vertical
muon spectrum from the latter paper together with the spectrum of Krasilinikov (1¢)
(shaded bands) obtained from wunderground burst measurements. Integral vertical
muon spectra were also calculated for the two cases B =0 and R = 0.02.

As seen from Fig. 3b) the conventional muon spectrum (B = 0) is favoured over
the proposed eq. (1).

Apart from the experimental facts outlined above it is important to state that also
on theoretical grounds it is difficult to accept a theory of direct muon production. To
account for the anomalies in cosmic-ray muon measurements CALLAN and GLasHOW (17)
had previously advocated a theory according to which the particles observed in the
muon measurements were not all muons but consisted also of a new type of stable
particles, U-particles which arrive at the detector from the top of the atmosphere
without interacting. The experiment of Kropp (18) which confirms the usual conclusion
that the penetrating component (of cosmie rays). congists only of muons, together with
the arguments of Sitte (') and Ramana Murthy (*°) which reinforce this idea, makes
it easy to disbelieve in the U-particle hypothesis.

(**) A. A, PETRUKHIN and V. V. SEHESTAROV: Can. Journ. Phys., 46, S 377 (1968).

(*%) &. Coocconi: Handbuch der Physik, vol. 46/1 (1961), p. 220,

(*") H. E. BERGESON el al. (S. OzAxI: private communication).

(1% 8. Hicasar, T. KiTAMURA and Y. WATASE: Nuovo Cimento, 32, 1 (1964),

(*¢) D. KRASILINIKOV: Proc. Inf. Conf. Cosmic Rays, vol. 5 (Jaipur, 1964), p. 293.

(*7) C. G. Carnaw jr. and S. L, Grasaow: Phys. Rev, Lett., 20, 779 (1968).

(%) W. R. Kropp jr., F. REINES and R. W. WooDs jr.: Phys. Rev. Lett., 20, 1256 (1968).
(**) K. SitTE, M. Darpo and P. PENENGO: Nuovo Cimento, 56 B, 349 (1968),

(*) P, V, RaMaNA MURTHY: Phys. Letf., 28 B, 38 (1968).
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Fig. 3. — a) ¢ Under-rock burst, HreasHI (1964); ¢ under-rock burst, HicasHaL (1968); b) Band with

broken lines shows the spectrum of muons at sea levelin the vertical direction obtained by HicAsHI (1964)

from burst spectra and the band with continuous line shows the spectrum obtained by KRASILINI-
KOV (1964). Spectrum (1) with R =0, — — — Spectrum (1) with R =0.02,

To find a parent for the directly produced muons BERGESON ef al. (%) suggest either
the W-particle or an integral-charge SU, triplet.
For a W-particle to directly produce muons with B = 0.02 (of eq. (1)) one would

need a cross-section ol for the process

(4) N+N =N+ N+ Wnn, 70,

of the order of 10-*" to 10-%® ¢cm? Following RaMaNa MURTHY (*) and taking note
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of the relationship between the reaction in (4) and the processes

() v 4D ut WHN,
(6) ptp—>y+WEN,

oi% in (5) would then have to be of the order of 10-3! to 10-22 ¢m2. Such a value for

a{,%) would give a flux of muons from neutrinos underground of the order of 10— to
1019 em® 8~ sr~* for a mass of W too big (the flux goes even higher for smaller masses
of W). Neutrino experiments underground give a value of 10-12 em—2 gt sr—! for the
flux (21:22),

Likewise the SU, triplet hypothesis is unattainable. In a recent underground
experiment SITTE ef al. (23) observed strongly interacting particles with significant
positive delays and found for them a mass between 10 and 15 nucleon masses. Their
cross-section for these strongly interacting particles is exactly that attributed theoreti-
cally to the SU, triplets. These facts made it easy to interpret the events of Sitte et al.
ag due to SU, triplet particles. The experimental integral flux of these particles
G(H)~ 107" ecm~2 g1 gr-1 for H = 300 GeV; the flux of the direet muon component
according to eq. (1) is 107 cm~2s~1gr-! at F = 300 GeV. The equality of these fluxes
fixes the mean lifetime of the SU, triplet much longer than that of = or K (~ 10-°
to 10~78). A particle with such a long lifetime cannot directly produce muons, which
process requires the direct parent to be very short-lived.

We conclude therefore that while the data of Bergeson et «al. (*) and the INS
group (%) continue to be of puzzling (24) interest their interpretation by means of a
model of direct muon production with o,y increasing with e, qualifies as an hypothesis
which is difficult to accept on the basis of recent experimental results.

(*') F. REixEs, W. R. Kroprp, H, 8. GURR, J. LaTHROP, M, ¥, CROUCH, H. W, SoBEL, J. P. F.
SErLscroP and B. MEYER: Can. Yourn. Phys., 46, 8 350 (1968).

(**) M., G. K. MENON, S, NARANAN, V. S. NarasiMaAM, K, HiNvoTan:, N. ITo, S. Mivake, D. R.
CREED, J. L. OSBORNE and A, W, WoOLFENDALE: Can. Journ. Phys., 46, S 344 (1968).

(**) M, Darpo, P. PENENGO and K, SITTE: Nuovo Cimendo, 58 A, 59 (1968).

(%) C, CastagNoLl, I. ExM and P. Prccur Letf. Nuovo Cimento, 1, 197 (1969).°
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