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Summary. — The muon pair production by gammas in the atmosphere is discussed as
a mechanism of “prompt” muon production at very high energies. It is shown that this
process dominates over the conventional muon production through pion and kaon decay
at energies greater than several PeV,

PACS 96.40 — Cosmic rays.

It is well known that the main process of muon production in the atmosphere is the de-
cay of pions and kaons which dominates up to at least 50 TeV. The spectrum of
cosmic-ray muons at the sea level is steeper than the spectrum of primaries and the
spectrum of muon parents (pions and kaons) due to the competition between the inter-
action and decay of pions and kaons. The power index of muon spectrum at high energies
(E, > 1TeV) is greater by about 1 than that of their parents. There is another mecha-
nism of muon production which can dominate at very high energies. This is the so-called
prompt muon production through the prompt decay of charmed particles produced in the
hadron-nucleus collisions at very high energies together with pions and kaons. The life-
time of charmed particles is so short that they decay immediately (at energies less than
10000 TeV) into muons and other particles. Due to the absence of the competition between
charmed-particle decay and interaction, the prompt muon spectrum (from the decay of
charmed particles) has the same spectral index as the primary spectrum. The difference
of spectral indices of conventional (from pion and kaon decay) and prompt muon spectra
should result in a dominance of the prompt muon flux at very high energies.

There are a lot of models of prompt muon production (see, for example [1-5], and ref-
erences therein). They predict the prompt muon fluxes which differ by 2 orders of magni-
tude. The predicted ratio of prompt muons to pions varies from about 10~* to about 102,
However, very large values of prompt muon flux are excluded by experimental data. The
experimental data are not in a good agreement, either. The measured ratio of prompt
muons to pions varies from 0 to 4 - 1072 (see, for example [6-10]). The uncertainties in the
measured and predicted ratios of prompt muon flux to pion flux mean that the crossing

© Societd ltaliana di Fisica 119



120 V. A. KUDRYAVTSEY, 0. G. RYAZHSKAYA and 0. SAAVEDRA

point of the spectra of prompt and conventional muons is not known. One of the recent
models, the so-called dual parton model, which is widely developing now, predicts that
the prompt muon flux will dominate over the conventional muon flux at vertical energies
higher than several thousands TeV.

However, in addition to the prompt muon production through the decay of charmed
particles, there is another mechanism of muon production which will dominate over the
conventional muon production at ultrahigh energies. This mechanism consists in the muon
pair production by photons in electromagnetic showers initiated by gammas from 7°-
decay. As 7”’s decay immediately into two photons even at 10*-10° TeV, the spectrum
of muons produced in this chain has the same index as the spectrum of photons. Hence,
the power index of muon spectrum should be close to that of primaries. This spectrum
should be quite similar to the spectrum of prompt muons from charmed-particle decay at
the energies where the decay length of charmed particles is much less than the interac-
tion length. By analogy with the muon production by charmed particles this mechanism
can be called also “prompt” muon production. The angular distribution of the muon flux
produced by photons is flat, that is also similar to the angular distribution (isotropic) of
muons from charmed-particle decay.

The production of muons in electromagnetic showers initiated by high-energy primary
photons in the atmosphere was discussed in [11-13]. It was shown that at the energies
higher than several TeV the main process is the production of muon pairs by cascade
photons.

The spectra of photons in the atmosphere are not known at energies higher than 100
TeV. This makes an accurate calculation of the muon flux produced by photons difficult.
However, an estimation of this flux can be done using the spectrum and depth distribution
of photons evaluated analytically for TeV energies and extrapolated to PeV energies.

We have used the depth-energy distribution of photons in the atmosphere evaluated
analytically in [14]. The differential cross-section of muon pair production by photons
was obtained by analogy with that of electron pair production by photons [15]. It can be
obtained also from muon bremsstrahlung cross-section [16] by changing the particles in
initial and final states.

The intensity of muons produced by photons in the atmosphere was calculated using
the formula

Yo dr, do
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where (;1151 (EA,,X ) is the depth-energy distribution of photons in the atmosphere
from [14], -4 dE (Ey, E4) is the cross-section of muon pair production by photons from [15,

16], and the factor 2 takes into account the production of two muons by one photon.

Since the prompt muon spectra (from either charmed-particle decay or electromag-
netic showers) are much harder than the conventional muon spectrum, it is interest-
ing to estimate the ratio of prompt muons to pions that is almost independent of en-
ergy (in a simple assumption of full scaling if the energy is less than 5 - 10'7 V). With
the assumption that the spectra of photons and pions have the same power index than
the primary spectrum (full scaling) the ratio of muons from photons to pions is equal to
4.8 - 10~°. Comparing the photon-produced muon flux with the conventional muon flux,
we have estimated the crossing point of these two spectra. It is equal to 3 - 103 TeV.
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In these calculations we took into account that the primary spectrum at these energies
has the power index v = 3.0.

Unfortunately, the small flux of photon-produced muons cannot be measured by exist-
ing underground detectors, but the future large underwater or underice detectors with an
area of about 1 km? and an ability to measure muon energy using the pair-meter technique
would be able to detect several muons per year.

We note again that there is a large discrepancy between the models of prompt muon
production by charmed particles. Some models, for example, dual parton model [5] which
is extensively developing now, predict the ratio of prompt muon flux to pion flux at a
level of 10~ or even less and the crossing point of the prompt and conventional muon
spectra at vertical at (1-3) PeV. The photon-produced muon flux is comparable to the
charm-produced muon flux predicted by dual parton model. The shape of the photon-
produced muon spectrum is similar to that of the prompt muon flux from charmed par-
ticles. The ratio of the fluxes remains unchanged with the increase of energy until the
energy of muons is much less than the critical energy of charmed particles. At muon en-
ergies higher than 10* TeV the prompt muon spectrum from charmed particles becomes
softer than the photon-produced muon spectrum due to the competition between interac-
tion and decay of charmed particles. Finally, at energies higher than 10° TeV the power
index of prompt muon spectrum will be higher by 1 than that of photon-produced muon
spectrum. This means that at some energy the production of muons by photons will dom-
inate over all the other above-mentioned processes. This energy depends on the fluxes of
prompt and photon-produced muons at the energies of interest where the experimental
data are absent.

In the estimations presented here we have used a simple formula from [14] to calcu-
late the photon flux in the atmosphere. This formula was obtained with the assumption
of full scaling. However, several experimental data (see, for example, [17,18] and refer-
ences therein) show that the photon flux decreases with the atmospheric depth faster than
expected using this formula, and the power index of the photon spectrum is greater than
that of primary spectrum. If it is so, we can consider our estimates of the photon-produced
muon flux as an upper limit and this flux can be several times less than that predicted by
our simple model.

As a conclusion of this brief note, we can summarize some interesting consequences of
the contribution of the EM processes in the high-energy muon production that could be
relevant for the existing or planned future large detectors:

1. In the very high-energy region, the LPM effect suppresses both the pair (e™-e™)
production and bremsstrahlung cross-section. This effect becomes operative in air at very
high energy (E > 5-10'7 eV) and it is absent for the production of ;- 1~ by high-energy
gamma-rays. Consequently, the probability of u*- p~ pair production increases in the
energy range from 5 - 10'7 eV to 3.5 - 10'° eV ( the critical 7%’s energy) as E°>.

2. The energy muon spectrum for conventional muons has a spectral index y + 1 while
for EM direct muon pair production it is the same as the primary cosmie ray up to muon
energy E > 3 -10'® eV; for higher energy the spectral index is equal to v + 1.5. The
angular distribution of muon pairs is isotropic.

3. For energies higher than 5 - 10! €V (this value is depending on the model of prompt
muon production) the ratio of total neutrino flux to the total muon flux will decrease with



122 V. A. KUDRYAVTSEY, 0. G. RYAZHSKAYA and 0. SAAVEDRA

energy since in such region the muon pair production by gammas will dominate.

4. We can infer from points 1 and 2, that the muon pair production process could be
very important in the generation of UHE neutrinos by accelerate cosmic-ray particles,
for example in the Active Galactic Nuclei where particle acceleration may be occurring at
accretion shocks. The protons accelerated in the vicinity of compact objects would pro-
duce charge and neutral pions by interaction with the matter of the system. The neutral
pions decaying into gamma rays and these UHE gamma-rays could produce pT- p~ pairs
by EM process and finally these muons decaying into neutrinos could give a further con-
tribution to the UHE neutrino flux from AGN.
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