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We have calculated the production of high-energy (E“ > 250 GeV) muons in y-initiated showers. We
discuss all processes which contribute to the muon production and show their yields. These yields are fold-
ed with the y-ray flux observed from the direction of Cygnus X-3 to estimate the rate of y-induced muons
in deep-underground detectors. The fluxes of such muons are very low in magnitude, as well as in compar-
ison with the muon background due to isotropic cosmic rays. The conclusion is that deep-underground
muon detectors, even of very large area, will hardly detect any y-induced muons.

I. INTRODUCTION

The striking discoveries of significant flux of ultrahigh-
energy y rays from the direction of and in phase with,
several strong x-ray sources' not only revived interest in
air-shower studies, but also inspired ideas for new detection
methods. In the original Kiel observation the air showers
associated with Cygnus X-3 exhibited unexpectedly large
muon content.> This result is not yet confirmed by other
groups and many recent estimates’ showed how unlikely it
is from the viewpoint of the established physics for y rays
to generate muon-rich showers. Speculations still remain,
however, that the existing and proposed very-large-area
deep-underground (or underwater)* detectors can be used
for y-ray astronomy even if muons are rare in photon-
induced air showers.

We present here a systematic calculation of the high-
energy muon (E, > 0.25 TeV) production in y showers tak-
ing into account all major processes. In Sec. II we briefly
describe the cross sections and spectra used, the method of
calculation, and show the muon yield from showers of
primary-y-ray energy E, separately for each process. Sec-
tion III obtains the muon rates after folding the yields with
the y-ray spectrum and discusses the energy and angular
distribution of these muon fluxes. We also discuss signal-
to-noise ratio in large (1000-m?) underground detectors and
conclude that both the low rates and weak signals make this
type of observation impossible unless muons are produced
in y-ray showers through unknown channels.

II. CALCULATION OF THE MUON YIELDS

Many processes contribute, in principle, to the muon pro-
duction in photon showers. In this calculation we have
separately estimated the yields due to photoproduction of
pions and kaons and subsequent decay into muons, pho-
toproduction of charm and bottom, and QED production of
w¥u~ pairs. The production of hadrons by the shower
electrons is ineffective because of the soft spectrum of the
virtual photons and is neglected here.

A. Short description of the
processes involved

We have used a photoproduction cross section, which is a
parametrization of the y-proton data converted to y air us-
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ing A% dependence on the atomic number.® The cross
section rises logarithmically with the incident photon energy
and has a value of 2.3 mb at 10° GeV. A constant diffrac-
tive cross section of 0.194 mb goes into p production. The
photoproduction interaction was assumed to be analogous to
m-air inelastic interaction® with elasticity of 0. Because of
the competition between interaction and decay the yields are
sensitive to the atmospheric density and were calculated by
performing Monte Carlo simulation of photoproduction
events and the subsequent atmospheric cascades at a set of
atmospheric depths. The yields from the diffractive p pro-
duction were followed separately, because they have some-
what different energy behavior.

The photoproduction of heavy quarks contributes signifi-
cantly to the muon yields through a prompt muon produc-
tion from flavored-meson decay. For charm production we
have assumed for the cross section in air’

0ye (ub)=4.131In[E (GeV)] , ()

which has a value of 57 ub at 10° GeV. The momentum
distribution of the charmed mesons is of the Weiszacker-
Williams form

%Z x4+ (1-x)?] @)

Y[™)

and the charm-muon decay spectrum is
Dc-,=2B(1-x)2(1+2x) , (3)

with a branching ratio B =0.1.

The bottom-production cross section is scaled down by
(my/m.)?=12, and the decay spectrum is assumed to be
somewhat harder:

Dy_py=5(1=x)(1+x—5x?) . 4)

The QED production of u* ™ pairs is also an important
prompt process for generation of high-energy muons. The
energy spectrum of the muons is hard, and the cross sec-
tion® is energy dependent before it reaches the full screen-
ing value of 12 ub at incident-y-ray energy of around 10°
GeV. The production of #*#~ and higher-mass pairs is
neglected not only because of the lower cross section, but
mainly because the muon production is not prompt and is
subject to decay-interaction competition.
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B. Yields per primary y ray

To obtain the yields per primary y ray we folded the dif-
ferential cross sections or partial yields with the y-ray ener-
gy spectrum in photon initiated showers. For all prompt
processes the muon production does not depend on the at-
mospheric density, and the yield can be obtained from the
equilibrium y-ray spectrum as given by the cascade theory
in approximation A (Ref. 9). The hadron photoproduction
yields, however, depend on the density, and the final yields
per primary vy ray of energy E, were obtained by folding the
partial yields Y,(E, > E,,X) with the y-ray energy spectra
vY(Eo,E,X) at depth X in a shower of primary energy E,.

Y(Eo, > E)= [ [ Y,(E > E,X)y(EoEX)dE dX .

Q)

Both the partial yields and the y-ray energy spectra were cal-
culated at 50-gcm™? intervals. The difference between a
straightforward Monte Carlo simulation of electromagnetic
cascades and the results of approximation A at these ener-
gies is small and does not change the yields by more than
several percent.

C. Results

Figure 1 shows the energy spectrum of muons produced
in a vertical 10° shower by photoproduction (including dif-
fractive) and the three prompt processes considered. The
energy spectrum of the muons from the prompt channels
roughly follow the equilibrium energy spectrum of the y
rays in the cascade, while the decay muons have spectrum
steeper by one power of E,.
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FIG. 1. Muon yields from different processes in a 105-GeV y-ray
shower. Solid line, photoproduction, including diffractive p produc-
tion; long dashes, photoproduction of charm; short dashes, pho-
toproduction of bottom; and dotted line, QED p* ™ pairs.

Figure 2 shows the yield of muons of energy greater than
0.5 and 2 TeV in vertical showers of E,, from 10 to 10* TeV.
Diffractive p production is given separately. The compar-
ison of the yields for 0.5 and 2 TeV muons illustrates the
increasing importance of the prompt processes for genera-
tion of muons at higher energy. The sum of the charm and
QED u* ™ pairs almost equals that of photoproduction for
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FIG. 2. Muon yields for (a) £, > 0.5 TeV and (b) E, > 2 TeV. Photoproduction: (1) hadrons, (2) diffractive p, (3) charm, (4) bottom.

Line (5) shows the QED production of u*u ™ pairs.
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E,>?2 TeV and E, > 100 TeV. At lower primary energies
the prompt yields are even more important and dominate
the production at small E,/E“ ratio, which is crucial for
very high muon energies. The production of flavors heavier
than charm has a cross section too small to be important
even if the decay distributions into muons are flatter, as we
have assumed for bottom quarks.

III. EXPECTED MUON RATES

To estimate the expected muon rates we have folded the
yields for muons with a variety of E, with the primary E,
spectrum for the radiation from the direction of Cygnus X-3
measured by the Kiel experiment,’

N(>E,)=6.10"7E,‘1'“ , (6)
where the flux is in photons cm™? s~ ! and the y-ray energy
in GeV. We have also used a cutoff at E,=10" GeV as
suggested by the measurements of Lloyd-Evans e al.! This
spectrum is higher than most other measurements, and the
obtained rates have to be considered optimistic. In a typical
experiment at moderate latitude the zenith angle of the
source will vary from 0° to more than 90°, and the thresh-
old energy of the detected muons will correspondingly
change. On the other side, the decay muon production is
higher in inclined showers. Both these factors contribute to
the muon angular distribution at the detection level under-
ground. Figure 3 shows the angular dependence of the
muon fluxes in detectors at depths of 2 and 4 km of water
equivalent (kmwe) (1 kmwe=10° gcm~2 of rock) and flat
overburden. For detectors located under a rugged terrain
the angular distribution will be much more complicated and
will depend on the slant depth of the rock in each direction.
The angular dependence in Fig. 3 was obtained using a sec 6
law for the decay muons production and the relation
between depth and effective muon energy as derived in Ref.
10,

E,=0.53[exp(0.47T)—1] TeV , @)
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FIG. 3. Angular distribution of muons from y showers at depths
of 2 (upper thick line) and 4 km we. The thin line shows the angu-
lar distribution of muons from cosmic-ray hadron showers, normal-
ized to the 2-km we y-ray line at 0°.
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where the depth of the rock T is given in km we.

The angular distributions thus obtained are flatter than
the one for the cosmic-ray background for the following two
reasons. The primary E, spectrum is flatter than the back-
ground cosmic-ray one, and the contribution of the isotropic
prompt muons is significant, especially for the deeper detec-
tor. The integral over the solid angles involved gives the
muon fluxes at 2 and 4 kmwe as 4.8x107'* and 4.9x10~ %
muons per cm~2s™'. These fluxes do not account for the
time the source is totally screened by the Earth and have to
be additionally reduced by a factor 2 for Cygnus X-3 and
latitudes of 40° N.

IV. DISCUSSION AND CONCLUSIONS

The muon rates calculated from an optimistic y-ray flux
are very low. In a very large underground detector of an
area of 1000 m? the fluxes calculated in Sec. III with ac-
count for the time when the source is shielded by the Earth
will produce only seven and less than one event per year at,
correspondingly, 2 and 4 kmwe. The crucial factor in ob-
taining the rates is, however, the primary-y-ray flux. While
our calculation seems to agree with other estimates'!2 for
the muon yields per primary y ray, the rates may differ by
one order of magnitude because of the y-ray fluxes used.
Having in mind the flat primary spectrum, the cutoff at 10’
GeV we use here is also essential. Without the cutoff our
rates at the higher end of the muon spectrum will increase
by up to a factor of 2.

On the other hand, the vy-ray fluxes from far away
sources are expected to be diminished in the important
range of 3% 10° to 5% 10" GeV because of interaction on the
2.7 K blackbody radiation.!>'* This will further decrease
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FIG. 4. Vertical flux of y-induced muons as function of the
depth compared to the cosmic-ray muon flux reported in Ref. 16.
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the muon rates expected from sources at a distance greater
than 10 kpc, with factors between 2 and 10 for different
muon energies.

Finally, we have to compare the muon rates from y
showers to the background cosmic-ray muons. Multiple
muon scattering in the rock does not deflect deep-
underground muons much from the initial shower direc-
tion,!* and one can easily imagine underground experiment
determining the muon direction with an accuracy of better
than 1°. Under such circumstances the signal/noise ratio,
i.e. (rate of muons from y showers)/(rate of background
cosmic-ray muons within 1° of the source) will be 1/500 for
2 kmwe and 1/150 for 4 kmwe. The fact that the signal-
to-noise ratio is much better at large zenith angles is of no
consequence here because of the extremely small rates.

Figure 4 compares the vertical muon fluxes at different
depths produced by the y-ray flux of Eq. (6) with the back-
ground from hadronic showers within 1° of the source. The
curve for cosmic-ray muons is based on the measurements

at the Kolar Gold Fields.'® Despite the flatter y-ray curve,
both fluxes are more than one order of magnitude apart
even for a depth of 8 km we.

The overall conclusion of this calculation is that unless
there are drastic changes in the interactions of high-energy
y rays with matter, the rate of muon production in ¥y
showers in the atmosphere is very low. Even if the y-ray
showers become as effective in muon production as the ha-
dronic showers, the use of underground detectors as y-ray
telescopes is not going to be an easy task.
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