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LIMIT ON THE PRESENCE OF HEAVY STABLE FUNDAMENTAL PARTICLES
IN THE PRIMARY COSMIC RADIATION*

H. Kasha
Brookhaven National Laboratory, Upton, New' York

R. J. Stefanski
Yale University, New Haven, Connecticut

(Received 18 April 1968)

An upper limit for the flux of heavy stable fundamental particles in the primary cos-
mic radiation is presented which is about two orders of magnitude less than that sug-
gested to explain the anomalous cosmic-ray muon spectrum.

Cosmic-ray muons have traditionally been
thought to originate in the decays of pions and ka-
ons produced in the interactions of the primary
radiation with atmospheric nuclei. This model
predicts that the flux of sea-level muons, with
energies in excess of about 50 GeV, should in-
crease with increasing zenith angle; the depen-
dence would be approximately proportional to the
secant of the zenith angle at these very high en-
ergies. ' Although the effect has been confirmed
for muon energies extending up to at least 300
GeV, '~ recent measurements of the muon flux
for sea-level energies in excess of 1000 GeV
have found no zenith angle dependence. ~ As a
possible explanation of this apparent violation of
the model, Callan and Glashow' propose the ex-
istence of particles called U's that (1) are stable,
(2) are singly charged, (3) have a rest mass
greater than about 4 GeV/c' and so would not
have been detected in accelerator experiments, '
(4) do not interact strongly with a.tomic nuclei,
and (5) make up O. l%%uo of the entire primary radi-
ation. Particles that possess these properties
would not be distinguishable from muons in ex-.
periments that measure the muon flux and would
dominate the muon spectrum at very high ener-
gies. It is the purpose of this Letter to present
an experimentally measured upper limit for the
flux of U's in cosmic rays, and thus to demon-
strate, under the assumption of a plausible pri-
mary spectrum of U particles, the unacceptabil-
ity of this hypothesis as an explanation of the
measured zenith angle dependence of the very
high-energy muon spectra.

A search for massive, long-lived particles in
cosmic rays has been concluded at the Brookha-
ven National Laboratory. The experimental ar-
rangement has been described by Kasha and Ste-
fanski, and a detailed account of the experiment
is being prepared for publication. In brief, the

experiment consisted of a mass spectrograph:
The particle mass was determined from a simul-
taneous measurement of the particle's time of
flight and momentum. The search was carried
out at a zenith angle of 75' facing due north at a
geomagnetic latitude of 40'52'N. An upper limit
of 2.4x10 ' (m' sr sec) ' was established for
the heavy-particle flux for particles with veloci-
ties in the range 0.5c-0.75c. Calculations based
on the predicted properties of the U particles in-
dicate that a flux of about 10 ' (m' sr sec) ' is
required if these particles are to be responsible
for the measured muon flux at energies above
1000 GeV. The measured upper limit on the
heavy-particle flux then disproves the P-parti-
cle hypothesis.

Calculations of the flux of U's detectable by
the experiment had to take into account the ef-
fects of the earth's magnetic field and atmo-
sphere on the proposed U component of the pri-
mary radiation. Two considerations had to be
taken into account: First, the experiment would
have detected only particles with sufficient ener-
gy to penetrate the atmosphere and reach sea
level with velocities in the range 0.5c-0.75c.
Second, because of their deflection in the earth' s
magnetic field, many low-energy particles do
not reach the earth's surface. This low-energy
cutoff, which is usually referred to as the geo-
magnetic cutoff, must be low enough to guaran-
tee that U's might be present at sea level with
momenta and velocities that could be measured
by the spectrograph.

The 0 particles passing through the atmosphere
will lose energy by ionization. Since the spec-
trograph is aimed at a zenith angle of 75', the
particles must penetrate about four times the
depth of the atmosphere of air to reach the ap-
paratus. Ionization losses in air' are about 2
MeV (g/cm~) ' and thus the U's lose about 8 GeV
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FIG. 1. Curve A. , geomagnetic cutoff at 41.8'N lati-
tude. Curve B, lower bound of the range of momenta
studied in the experiment as a function of rest mass of
the U's.

in energy in getting from the top of the atmo-
sphere to the spectrograph. Furthermore, parti-
cles of mass M with velocities between 0.5c and

0.75c will have energies between 1.16M and

1.51M. Therefore, the range of primary U-par-
ticle energies studied in the experiment is given

by

E = (8+1.16M) to E = (8+1.51M),

where M is in GeV/c' and F. is in GeV.
The fraction of total primary radiation that

reaches the top of the atmosphere at 41.8'N lati-
tude9 is shown as a function of particle momen-
tum in Fig. 1, curve A. Since the spectrograph
was aimed due north at 75' to the vertical, the
particles that reached the spectrograph entered
the atmosphere at a slightly higher latitude than
where they were detected. This correction of
about 0.9' in geomagnetic latitude was taken into
account in Fig. 1, curve A. In Fig. 1, curve B,
the lower bound of the range of primary parti-
cle momenta studied in the experiment is shown

as a function of U rest mass. A comparison of
curves A and B in Fig. 1 indicates that, since
the U rest mass must be greater than a fern

GeV/c', there is no attenuation of the U-particle
flux due to the earth's magnetic field.

Having established the range of primary ener-
gies studied in the experiment and that particles
with these energies will reach sea level, the

flux of U's at sea level can be calculated if the

energy spectrum of U's in the primary radiation
is known. It is generally believed that the pri-
mary particles acquire their energy by being ac-
celerated by the magnetic fields within the gal-
axy. In this respect U's and protons would be
treated as if they mere alike and, therefore, the
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FIG. 2. Curve A, the flux of U's with velocities be-
tween 0.5c and 0.75c at sea level and incident at 75 to
the vertical. Curve B, the number of U's that the ex-
periment should have detected if these particles are
the source of the anomalous effects in the very high-
energy muon momentum spectrum.

spectrum of primary U's would exhibit the same
momentum dependence as the spectrum of pri-
mary protons. Since U's must make up 0.1% of
the primary radiation, the momentum spectrum
of primary U's incident on the atmosphere would
be given by'

Iv()p) 8/pi. 55 (2)

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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where p is the particle momentum in GeV/c and

N is the number of particles/m' sr sec with mo-
mentum greater than p. The flux of U's can be
calculated from (2) using the range of energies
given in (1); the results are shown in Fig. 2,
curve A.

The number of U's that the experiment would

have detected during its 690 h of running is de-
termined from the flux of U's and the acceptance
of the spectrograph and is shown in Fig. 2,
curve B. This curve shows that at least 100 U's
should have been detected in the experiment if
the rest mass of the U particle is greater than a
few GeV/c'. Only eight possible heavy particles
were detected in the experiment: Calculations
indicate that these are consistent with background.
Therefore, the anomalous effect in the very high-
energy muon spectrum cannot be explained by
the existence of U particles.

The authors are grateful to Dr. R. K. Adair
for discussions leading to the publication of this
paper.
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PION FORM FACTOR AND n7t' DIFFRACTION CROSS SECTION FROM
CONSISTENCY RELATIONS AMONG PP, PP, wP) AND snDIFFR'ACTION CROSS SECTIONS*

E. Shrauner
Physics Department, Washington University, St. Louis, Missouri

(Received 25 March 1968)

Consistency relations among pp, pp, 7tp, and m7t diffraction scattering cross sections
and the pion and nucleon form factors are derived on the basis of the multiple-quark-
scattering picture of elastic scattering of hadrons. The pion form factor is found to be
similar to the nucleon form factor and the charge radius of the pion is r„—=0.65 F in
agreement with experimental evidence. The differential cross section for ~7t diffraction
scattering is found to be 4/9 times that of mp.

Interesting eonsisteney relations among the
leading diffraction peaks for pp, pp, np, and mn

scattering and the form factors of P and w are
suggested from the systematics of the multiple-
quark-scattering picture of high-energy elastic
scattering of hadrons. ' These consistency con-
ditions are of greater generality than the multi-
ple-quark-scattering picture from which they
are drawn. ' By means of these consistency re-
lations, the form factor of 71 and the differential
cross section for mm diffraction scattering may
be determined from the pp, pp, and wp diffrac-
tion cross sections and the form factor of p.
The results are that the pion form factor is
found to be very similar to the nucleon form fac-
tor, and that the differential cross section for
vn diffraction scattering is 4/9 times the wp dif-
fraction cross section. The charge radius of the
pion is calculated to be r„=0.65 F, in good
agreement with the best experimental values. ~'

In the self-consistent multiple-quark-scatter-
ing analysis of pp scattering, the amplitude for
single (charge-independent) quark-quark diffrac-
tion scattering fQQ is self-consistently deter-
mined from dvpp&/dt, the pp cross section in the
region of the first diffraction-scattering slope.
We have

and

do '/dt = If '(t) I'.

The superscript 1 indicates that a quantity re-
fers to the first diffraction-scattering slope for
the process that is indicated by the subscripts,
e.g. , do'pp ' Gp(if) is the single-quark form fac-
tor of p.

Similarly, the single (charge-independent)
quark-antiquark (QQ) scattering amplitude is
self-consistently determined by fitting the first
diffraction slope of the elastic pp cross section,

f '(f)=&G (t)G (f)[f (t)+f -(f)]. (4)

G„(t) is the single-Q form factor of w, which is
the same as the single-Q form factor of n. Simi-
larly, the leading diffraction slope in m7t scatter-
ing involves a combination QQ, QQ, and QQ sin-

f '(f) = [3G-(&)]'f (&)
pp p

The single-Q distribution in p is the same as the
single-Q distribution in p; so Gp(t) = Gp(t). The
amplitude for the first diffraction slope for mP

scattering involves a combination of QQ and QQ
single-scattering amplitudes,
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