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If the published experimental results on both air showers and underground muons generated by particles
from Cygnus X-3 are correct, then these particles cannot be any presently known elementary particles, neu-
tral atoms, or micrograins of ordinary matter. The primary particles from Cygnus X-3 must be electrically
neutral, relatively stable, strongly or electromagnetically interacting, and have rest mass less than 50

MeV/c2.

Several experimental groups have recently reported!'~* the
observation of extensive air showers (EAS) initiated by
high-energy particles (3x102<E <2x10’ GeV) from the
‘“‘cosmic accelerator’” Cygnus X-3, lying at a distance
d ~ 40000 light years from Earth.* Cygnus X-3 is believed
to be a binary system consisting of a compact object (a neu-
tron star or a black hole) and a main sequence star. It has
been detected as a radio, infrared, x-ray, and y-ray source,
displaying a period p ~— 4.8 h associated with the eclipsing of
the compact object by the companion star. The association
of air showers with high-energy particles from Cygnus X-3
is based on both their direction and their time of arrival,
which exhibits the characteristic period of the x-ray source.
The high-energy particles initiating these air showers, which
we shall denote by X, have been identified as high-energy
photons'~* because (i) they must be electrically neutral, or
the galactic magnetic field would have deflected and ran-
domized their arrival directions, (i) they must be relatively
stable, with E/mc = 40000 light years, in order to survive
their trip from Cygnus X-3 to Earth, and (iii) they must in-
teract strongly or electromagnetically in order to initiate the
observed EAS high in the atmosphere.

Among the known elementary particles, only photons
satisfy all these criteria. Consequently, it has been assumed
that the excess of EAS from the direction of Cygnus X-3 is
caused by interactions of high-energy photons in the Earth’s
atmosphere. The integral photon flux from Cygnus X-3 as
deduced from both air-shower measurements at extremely
high energies and direct measurement of lower-energy y
rays at the top of the atmosphere can be well described by a
single power law:2

I(>E)=(6.4+3.6)x10"TE-1108%0021 oy =2500=1 (1)

where E is measured in GeV.

However, the identification of the X’s as photons is in-
consistent with surface-detector data,® indicating that the air
showers they produce show essentially the same muon con-
tent as seen in hadron-induced showers. High-energy
muons in EAS are produced mainly by meson decays in ha-
dronic cascades. High-energy photons, however, are very
inefficient in initiating hadronic cascades, because their total
hadronic photoproduction cross section on air nuclei is
about 300 times smaller than their cross section for ee”

33

pair production (the cross section for u* ™ pair production
is much smaller still). Further support for this observation
has been obtained recently by analyzing the muon back-
ground in deep-underground proton-decay detectors: at
least two detectors, Soudan-1 (Ref. 7) and NUSEX
(nucleon-stability experiment) (Ref. 8), have already report-
ed seeing single-muon events from the direction of Cygnus
X-3 which display the time modulation characteristic of the
4.8-h period of Cygnus X-3. The flux of the underground
events as observed by both experiments is larger by several
orders of magnitude than that expected from high-energy
photons with a flux which is given by expression (1). The
Soudan-1 group and the NUSEX group therefore have con-
cluded’-? that if their observations are correct they either in-
dicate misidentification of the primaries as photons or signal
a new mechanism for very efficient muon production in
high-energy photon-initiated air cascades.

Before invoking the existence of as-yet-undiscovered new
particles® ! and/or interactions, it is important to examine
the internal consistency of the observations and whether
they can be explained by ordinary particles and interactions.
In particular, can other known neutral ‘‘particles’ such as
neutral atoms or micrograins of ordinary matter,!! which
may be produced by shock acceleration!? in Cygnus X-3,
produce the observed signals? (Neutral atoms and micro-
grains of ordinary matter were claimed to be observed'® in
the high-energy jets emitted by the exotic galactic source
S$S-433.) Can high-energy protons from Cygnus X-3 be
‘‘channeled” through the galactic magnetic field (by an as-
yet-unknown mechanism), retaining their original direction
to produce the observed signals?

The present experimental results from surface detectors
do not rule out the possibility that the X’s are ‘‘channeled”’
protons, neutral atoms, or micrograins of ordinary matter
(although some statistical information on the nature of the
primaries could be obtained by measuring both the energy
and the development of the showers in the atmosphere).
However, we shall show that the reported underground
muon fluxes do rule out protons, neutrons, nuclei, atoms,
and micrograins of ordinary matter as possible candidates
for the X’s. Moreover, we shall show that the primaries
must have a mass less than 50 MeV/c2.

An underground detector at depth 4 can observe atmo-
spheric muons at zenith angle @ if their energy is sufficient
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to penetrate the rock overburden. If the rock density above
the detector is constant and the surface is level, then the
overburden thickness x () above the detector at zenith an-
gle 0 is given by
2 1/2
x(0)=x(0)[ “%—1] coszo+—2d£—l

- [%—— llcos()]‘zx(o)seco , )

where R is the radius of Earth, and the approximation is
valid for zenith angles 8 < 65°. Muons lose energy by ioni-
zation, radiation, pair production, and nuclear interactions
according to

dE/dx = —a—BE . 3)
For standard rock (p=2.6 g/cm?, Z=11, 4 =22), QED

tor experiments show that meson production in the beam
fragmentation region obeys Feynman scaling up to at least
450 TeV, the equivalent laboratory energy of the CERN
SPS collider. Therefore, we shall assume that the cross sec-
tion for inclusive production of hadrons 4 in particle-air-
nucleus collisions satisfy

L Ao Ng— ht )= () 6)
Tin dx

where fyr(x) is a function of the scaled momentum
x = py/py of the produced hadron but not of the individual
values of the momenta py and p, of the projectile and frag-
ment, respectively. The differential flux of atmospheric
muons dnu/dE which is induced by a primary flux
dny/dE = kE~T at the top of the atmosphere is then given
by15

dn, __

calculations yield!* the values dE M;,,,K CulKu (E) = KM(mMZE/m“Z)] ’ @
a=1{2.033+0.077In[E, (GeV)]} MeV cm¥/g (32)  where

and Ky=kE™T/[T +(T+1)yyE] (72)
B=1{2.229+0.200In[E, (GeV)]}x10"®cm?’g  (3b)  and

for E,=<10° GeV. Cu=[my®/ (mp* — m, ) 1By gy (7b)

Since a and B vary rather slowly with E,, an approximate
range-energy relation in rock can be gbtained” by solving
Eq. (3) for fixed average values « and B, i.e.,

Emin=(a/B)(ef*—1) , (4)

where a=a(Emin/2) and 8= B(Emin/2). In practice a, B,
and Eni, can be obtained by a few iterations of Egs. (3) and
(4). In Table I we list estimated values of E;, for selected
zenith angles in the Irvine-Michigan-Brookhaven (IMB),
Soudan-1, Homestake, and Kolar Gold Field (KGF) detec-
tors, where x(0)=1.5x10°, 1.8x10°, 4.2x10°, and 7.0
x 10° g/cm?, respectively. The total underground flux of at-
mospheric muons at vertical depth x and zenith angle 6 now
can be related to the integral flux of atmospheric muons at
ground level with energy = E i, and in the same direction:

n“(x,0)==f5jlin (dn,/dE) dE = n,(E = Epin, 8) . (5)

The ground-level flux of atmospheric muons can be cal-
culated as follows.!>!® Below 100 TeV the main known
sources of atmospheric muons are # — uv and K — uv de-
cays in cosmic-ray-induced atmospheric cascades. Accelera-

TABLE L

The decay coefficients y,; for M =#,K in the upper atmo-
sphere are given by y, '=(116 GeV)sec6® and yx~'
= (865 GeV)secd®, respectively, where 8" is the zenith an-
gle at production. The branching ratios By for # — uv and
K — uv decays are B, =1 and Bx =0.635, respectively, and
the production coefficients g#iT are given approximately by

atm
ENM =

] Lenm + gnngme/ (1 —gm) 1, (8)
— §NN

where the summation extends over all ‘‘stable’’ hadrons A,
and where

g ()= [ X711 (dx . ©

Similarly, the integral flux of atmospheric muons with ener-
gy larger than E, n,(=E), is given by

n,‘(25)=%CMUM(E)—IM(mMZE/mj)l, (10

where

I(E)=kE~T-Y/[FT(C-1)+T(C+1)ynE] .

Minimum ground-level energy of penetrating muons at various underground experiments as function of zenith angle.

Minimum energy (TeV) of penetrating muons

Zenith angle IMB Soudan-1 Homestake KGF
(degrees) (1.57x10° g/cm?) (1.8x10° g/cm?) (4.2x10% g/cm?) (7.0x10% g/cm?)
0 0.507 0.613 2.58 10.05
10 0.518 0.626 2.66 10.58
20 0.552 0.669 2.95 12.48
30 0.619 0.756 3.57 17.01
40 0.738 0.907 4.85 28.82
50 0.964 1.203 8.03 72.53
60 1.466 1.888 19.90 454.266
70 3.114 . .

4.362
80 25.740 s
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In the energy range £ < 10° GeV the differential flux of
primary cosmic rays at the top of the atmosphere is well
represented by

dN,/dE
=(1.620.2)[E (GeV)]~27%00 pycleons/cm?srsGeV.

Using accelerator data on hadron production and the value
I'=2.7 we obtain C,=0.29 and Cx =0.0103, while for the
Cygnus X-3 spectrum with I'=2.108 +0.020 we obtain the
values C,=0.75 and Cx =0.0246.

Equations (3), (4), and (10) have been shown to repro-
duce remarkably well'® the world data on the ‘‘background”’
of atmospheric muons at ground level and deep under-
ground. When these formulas are used to estimate the un-
derground muon fluxes at NUSEX, we find that for a depth
x=6200 g/cm?, Egs. (3), (4), and (10) predict that the
minimum energy of penetrating muons is 6.84 TeV and the
flux of cosmic-ray muons is 3.05x1071%cm?srs, in good
agreement with the observed muon flux of
(3.12£0.28) x 107 '%cm?srs at this depth. However, if we
assume that the X’s are nucleons, we find that the expected
resulting muon flux at a depth of 6200 g/cm? is
6.4x10"/cm?s, which is smaller by a factor of about 30
than the observed flux (2.5 +0.5) x 10~ !%/cm?s.

A similar problem is posed by the results reported from
the Soudan-1 detector: In Table II we list our theoretical
estimates for the underground muon fluxes at Soudan-1
due to normal cosmic rays and due to ‘‘nucleons’ from
Cygnus X-3. The integrated flux of the cosmic-ray muons
is 2.23x10""/cm?s, in good agreement with the measured
flux 2.49%x 10~ "/cm?s. The integrated flux of muons from
air showers induced by nucleons from Cygnus X-3 is ob-
tained by integrating over the range of zenith angles 6 of
Cygnus X-3, given by

cos@ = sin¢ sind + cos¢ cosd sin(27t/ps)

where p; is the sidereal period (23.93 h), 5=40.9° is the de-
clination of Cygnus X-3, and ¢ =44.5°N is the latitude of
the Soudan-1 detector. The expected flux is 3.2
x 1071%/cm?s, while the observed flux of muons from the
direction of Cygnus X-3, 2.4x 10" /cm?s, is a factor of 10
larger.

If the X’s are atomic nuclei, neutral atoms, or micro-
grains of mass number 4 then they behave essentially like a

TABLE IIL
nucleons (dn/dE =1.6E~2"/cm?srsGeV)

beam of A4 nucleons with energy E/A4 per nucleon. The ef-
fective nucleon flux is therefore given by dN/dE
=A'""Tdn/dE, where dn/dE = kE~T is the differential flux
of the primary particles. Consequently, muon production by
nuclei, atoms, or micrograins of matter is suppressed by a
factor A'~T compared to muon production by nucleons with
the same energy spectrum, and thus cannot explain the ob-
served enhancement of muons from the direction of Cygnus
X-3.

The atmospheric muons which are produced in collisions
of X’s with air nuclei must have a hard spectrum, or their
flux would not be comparable to that of the incident X’s as
reported by the Kiel,2 Soudan-1,” and NUSEX (Ref. 8)
detectors. Consequently, a significant number of muons are
produced with momenta similar to that of the primary X’s.
If the X’s have mass m and energy E, then their arrival
time at Earth is delayed by an amount

2
mc?
E
compared with the arrival times of photons (or ultrahigh-
energy X’s) which were emitted at the same time and site.

Thus the maximum time delay that will be shown by muons
with energy E i, is

d|[me )

2c Emin ’

However, Aty must be equal to or smaller than the width
w of the pulse (phase enhancement) of the underground
muons which are produced by the X’s, because part of the
observed pulse width is due to the natural width of the

source, and part of it may be due to experimental resolu-
tion. We thus obtain

At=t—t.,=[-5dc-

Atmnx=

1/2
me? < del Evin . an

The Soudan-1 proton-decay detector reported’ a total
width w =0.25p =1.2 h for the phase enhancement. The
minimum ground-level energy of muons that survive down
to the Soudan-1 detector is Enjn =613 GeV. We therefore
obtain the upper limit mc? < 50 MeV. Thus it is unlikely
that the X’s are double-strange dibaryons with mass ~ 2m,
produced by the decay of strange droplets which originate

Underground muon fluxes at Soudan-1 proton-decay detector due to normal cosmic-ray
and due

to nucleons from Cygnus X-3 (dn,/dE=7.1

x1077E~219%/cm25GeV). The time-averaged fluxes are 2.23x 10~ 7/cm?s normal background muons and
3.2x10~'%/cm?s muons induced by nucleons from Cygnus X-3.

0 E in Background Cygnus X-3
(deg) (TeV) (1077 em= 257 lsr™ 1) (10712 cm~2s71)

0 0.613 1.39 9.37

10 0.626 1.33 9.10

20 0.669 1.17 8.32

30 0.756 0.919 7.00

40 0.907 0.640 5.42

50 1.203 0.361 3.59

60 1.888 0.141 1.81

70 4.362 0.0223 0.464
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from strange neutron stars,9 or that they are the supersym-
metric partners of ordinary particles'® whose masses are
constrained to the multi-GeV region by experimental and by
cosmological arguments.!”

Finally, we comment that stronger upper bounds on the
mass of the X’s perhaps can be obtained by analyzing the
ground-level muon spectra measured with the large muon

detectors, such as the Kiel-Tel Aviv spectrometer!® or the
MUTRON (Ref. 19) spectrometer.

Note added. After we had submitted this paper for publi-
cation, it was brought to our attention that Hillas® has in-
dependently pointed out the significant constraint placed by
the EAS data on models which seek to explain the under-
ground observations.
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