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We reconsider the calculation of the relative abundance of muons in photon- and proton-induced
air cascades. The calculation is relevant to the performance of a new generation of cosmic-ray tele-
scopes presently in the planning or construction stage. We first solve the one-dimensional cascade
equations analytically for a power photon spectrum as well as for individual showers. The formal-
ism allows the consideration of physics issues without reliance on electromagnetic cascade Monte
Carlo simulation and brings to the forefront several ambiguities in the high-energy calculation. The
relative abundance of high-energy particles in a flatter (e.g., E ~2) source spectrum can result in
similar muon content of photon and hadron showers even with ¥ N —7(— uv)X photoproduction
cross sections of order 1 mb. A high-energy photoproduction cross section of this magnitude does
not necessarily require new physics and can conceivably result from the QCD gluon structure of a

high-energy photon.

I. INTRODUCTION

The discovery of very-high-energy point sources!' in the
cosmic-ray spectrum has inspired a flurry of activity in
the construction or planning of future directional
cosmic-ray telescopes. The experimental challenge is
twofold: (i) With angular resolution of order 1 degree the
flux from a cosmic y-ray accelerator is drowned in the
continuous cosmic-ray background except for some
sporadic short time bursts of increased emission; (ii) on-
source ¥ showers are very similar in structure to cosmic-
ray background showers and it is therefore difficult to ex-
plore differences in shower structure to enhance the
signal-to-noise ratio. Only the muon content of the ob-
served showers could be qualitatively different between -
and hadron-induced showers and second-generation ex-
periments have been designed to explore this difference.

At first sight the difference in muon content is
guaranteed. In hadron showers the produced charged
pions are the source of muons via m—uv decay. A
photon-induced electromagnetic shower proceeds by elec-
tron pair production and bremsstrahlung and only devel-
Oops a muon component via processes characterized by
very small cross sections relative to the pair-production
cross section, which is 500 mb in air. The dominant
source of muons in photon showers is pion photoproduc-
tion followed by decay of the charged pions, but at higher
energies charm photoproduction and muon pair produc-
tion by photons can also play a role. Standard Monte
Carlo implementation® of these ideas leads to the result
that the number of muons in a photon shower is typically
a few percent of the corresponding number in a proton-
induced shower of the same energy. This ratio depends
weakly on the primary energy of the shower as well as on
the muon energy.

As far as we are aware, no high-energy cosmic-ray ex-
periment has ever provided evidenced for the existence of
two types of showers differing in muon content by rough-
ly a factor of 30, neither in the cosmic-ray flux nor in the
beam emitted by cosmic accelerators. Any experiment
trying to identify the lower muon content of showers
from point sources has failed to do so.* Underground
muon signals from point sources are also consistent with
the expected flux if photon showers are indeed muon
poor. One must wonder what the implications are for de-
cades of cosmic-ray observations if one suddenly declares
that the electromagnetic and hadronic parts of the cas-
cades have similar muon content. The question has been
raised and answered by Hillas* and if anything, a better
fit is obtained to a wide set of high-energy air-shower in-
formation. Given the crucial role muons play in the next
round of experiments, it is imperative to reconsider the
calculation independently of whether the “muon puzzle”
survives further scrutiny.

The standard calculation of muons in y-ray
showers follows a familiar road: one fits accelerator data
on pion photoproduction with a functional form incor-
porating some slow logarithmic increase of the cross sec-
tion with energy and incorporates the process in a stan-
dard electromagnetic Monte Carlo simulation. This is
also the way hadronic showers have been studied in the
past and we have learned recently that such a procedure
is totally inadequate to attack the TeV region and above.’
The reason is that the QCD structure of very-high-energy
interactions implies features that cannot be represented
by simple logarithmic extrapolation of low-energy ac-
celerator data. The physics reason is easy to trace by
computing the cross section of producing a jet of trans-
verse momentum >pg in a gluon-gluon collision

2,5,6

through which two hadrons interact:
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o=, dp? [ dx,dxag(x)g ()22 ()

dpt
where
dé 97Ta§
— 5 (88 —gg8 )~ (1.2)
dp? 2pt

For a toy gluon structure function g (x)=3(1—x)°/x and
a, ~0.2 we obtain, from (1.1), (1.2), and formein ~1GeV

and Vs ~1 TeV,

Ojet=~80 mb . (1.3)
This jet cross section is of order of the total cross section
and therefore at high energy where the gluon structure is
fully developed, hadron collisions become perturbative or
semihard. The fact that a 1-GeV gluon jet cannot be
resolved in an experiment is irrelevant. The phenomenon
described above, where hadron collisions move from a re-
gime where the valence quarks dominate the interaction
to a regime where large numbers of relative soft gluons
dictate the structure of high-energy interactions, has in
fact all the features of a threshold in the E ~ 10 TeV ener-
gy range.” Average high-energy collisions contain semi-
hard gluon interactions and this jetty behavior is first re-
vealed by the minijet data of the UA1 experiment.® It is
well known that all emulsion events in excess of 100 TeV
have a multiple-core structure. It has also been argued
that the violation of Feynman and Koba-Nielsen-Olesen
(KNO) scaling as well as a plethora of other phenomena’
in the 10—100-TeV energy region are features of this rap-
id change from quark to gluon dominance of hadron in-
teractions. These include the increase with energy of the
average transverse momentum, the correlation between
(pr?) and multiplicity, the higher multiplicity of strange
particles, and, more speculatively, the rise of the total
cross section and of the real-to-imaginary part of the for-
ward amplitude with energy. It is an understatement to
say that standard Monte Carlo simulations do not
represent the physics of the interactions as dictated by
QCD. A program is underway to remedy this situation.'®

Drees and Halzen pointed out!! that a corresponding
threshold can result in large photoproduction cross sec-
tions once the photon develops a significant gluon struc-
ture function. The diagram is shown in Fig. 1 and the

FIG. 1. Typical diagram representing the photoproduction
of hadrons mediated by the gluon structure function of the pho-
ton.
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corresponding cross section is calculated in analogy to
Eq. (1.1):

_ 2 dé
o=/, aif dxydesg, xiJg(xa) 5

(1.4)

Here g, is the gluon structure function of the photon.
The high-energy value of the cross section is again dom-
inated by gg —gg scattering and the predicted photopro-
duction cross section'? at 1000 TeV is shown for a range
of minimum jet transverse momenta in Fig. 2. Cross sec-
tions of order 1 mb (and not the canonical 100 ub ob-
served at accelerators) are anticipated in QCD as the
photoproduction rate is O (a/a;) and not O(a) relative
to the hadronic cross section as naively expected. This is
obvious from comparison of Egs. (1.1) and (1.4); the pho-
toproduction of gluons is O(aa,), whereas gluon ha-
droproduction is O(a?). Notice also that these calcula-
tions should be reliable provided py >>Aqcp. Itis a fact®
that the calculation (1.1) adequately represents jet data in
pp interactions for pr 2 3 GeV. For the rapid rise of the
jet cross section to drive the increase of the total cross
section, minimum p; values of 1-2 GeV are required.’
It is therefore reasonable to explore the photoproduction
of pions via gluons in the photon for this range of p,
values as is done in Fig. 2. The value of the cross section
can be determined in the near future at the DESY ep col-
lider HERA at E 550 TeV using photons radiated by the
electron beam.!!

The aim of this paper is twofold: (i) We present analyt-
ical methods to perform a calculation of the muon flux
from a power photon spectrum and from an individual
high-energy photon; and (ii) we present explicit estimates
for a range of photoproduction cross sections. Having
analytic one-dimensional solutions to the cascade equa-
tions has several advantages. It reveals aspects of the
problem not transparent in a Monte Carlo calculation
and will allow anyone to experiment with physics ideas
without having to face the use of an electromagnetic-
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FIG. 2. Photoproduction cross section at 10° TeV energy as a
function of the minimum transverse momentum of the produced
jet defined in Eq. (1.4). Calculations are taken from Ref. 11.
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shower simulation program. We subsequently experi-
ment ourselves with the QCD ideas just introduced. Our
tentative conclusion is that the prediction of the muon
content of electromagnetic cascades is more flexible than
previously anticipated. The analytic methods clearly
display the possibility of getting large muon rates with
relatively modest photoproduction cross sections provid-
ed the source has an E ~2 or flatter spectrum.

II. MUONS IN PHOTON-INDUCED SHOWERS:
POWER SPECTRUM

We first calculate muons from pions photoproduced by
photon-induced showers from a point source. For the
primary photon spectrum we assume

_0):75% ) 2.1)

as suggested! by data from Cygnus X-3 as a typical exam-
ple. Equation (2.1) represents the source flux at the top
of the atmosphere (¢ =0). Depth in the atmosphere is
defined in column density in g/cm?. For a E ~2 spectrum
the photon spectrum inside the atmosphere is essentially
independent of depth:!3

a
2E%
In the atmospheric cascade, pions are generated by the
photoproduction process in the interaction of photons in
the cascade (2.2) with air nuclei (nitrogen-oxygen mixture
with average 4 =14.5). The linear cascade equation'®®
for the flux of pions is

dm _
dt

NVE)— E,t)= 2.2
dE(,t:'y(,t— .2)

1 1
A dg

1 do,_ (%)

tdx w(E /x,t)
+f0 X A

- TN dx

1 do,_ (x)
O',VN dx

1dx y(E/x,t)
%

(2.3)

The first term represents the depletion of 7 by interaction
(interaction length A,) and decay (decay length d_) with
increasing depth. The second term takes into account the
regeneration of 7 by higher-energy pions with E'=E /x
interacting with air nuclei. Finally, the last term
represents the generation of 7 by photoproduction
YN —7X with cross section o,y. We use the standard
definition of radiation, interaction, and decay length
(deﬁrllfd for convenience in terms of column density)
with

—; E cost

T >

€,

d (2.4)

assuming an exponential density distribution of the atmo-
sphere. Here 6 is the zenith angle and €,=m _hy/7,
=115 GeV for an average height of the atmosphere at
sea level h;=6.4 km. Notice that A and o in Eq. (2.3)
can in general depend on energy; those under the integra-
tion sign are at E /x.
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For TeV pions with E >>¢_A_/t cos, the pion decay is
negligible and we can omit the 1/d,, term in (2.3). If we
further neglect the energy dependence of the y N and 7N
cross sections!® and assume Feynman scaling for the in-
clusive cross section o, _,, and o, _,,, Eq. (2.3) can be
factorized as follows. We take the ansatz

m(E,t)=T\(E)m,(t) (2.5)
with
(E)———~ . 2.6
SE? (2.6)
Now Eq. (2.3) reduces to
dm, 1 Zyn
——=——1m,+ , (2.7)
dt A, P Ay
where
}\'ﬂ'
A= , (2.8)
1—z,,
1r—>‘rr( )
, (2.9)
%( x)
’ . (2.10)

_ A,y is the interaction length associated with 7 photopro-

duction and A, (>A,) is the effective pion interaction
length in the atmosphere because 7 are regenerated in in-
teractions. This increase depends indeed on z,
={nx),,, ie., the average multiplicity n multiplied by
relative momentum x of pions generated by parent 7 of
energy E_/x. The solution of (2.7) is

z T —t/A
m=—TTA(1—e T~

i”ﬁLA
}WN

(2.11)

.-

Equation (2.11) can be used to calculate the flux of
high-energy (R TeV) muons as will be done shortly. On
the other hand, for the derivation of low-energy muon
flux, the so-far neglected decay term in Eq. (2.3) becomes
dominant. In this case we look for an approximate solu-
tion of the form

m(E,t)=Ty(E)m,(E,t) . (2.12)

Inserting (2.12) into (2.3) and neglecting all pion interac-

tions which are irrelevant for low-energy pions gives
dm,(E,t) 5 zZ,.
_-— = s t + T

with 8=¢_/E cosO [see Eq. (2.4)]. The solution of (2.13)

is
Lym t
e gl faem e

which becomes the exact solution of Eq. (2.3) in the limit
t <<A,. Our final result for the 7 flux is obtained from
(2.11) and (2.14):

(2.13)

(2.14)
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z m
m(E,t)=Ty(E) )\Y min |A (2.15)

YN

_t_
™&+1 |

The muon spectrum is obtained by folding the 7 spec-
trum with the two-body decay distribution m—puv:

dN, oy dE' _m(E',t)
dE dt E (1—rE' d ’

T

(2.16)

where r=mz/ m2. In the high-energy limit where & in
Eq. (2.16) can be neglected, we have

dN 3
I—L — 1r 1—r zyﬂ
E)=T,(E
(E)=To )Ecos() 3(1=r) A,y

max gt
Xfo dTmm(A t).

There is an effective upper limit on the integration in Eq.
(2.17) given by the depth ¢ ,, where the photon energy in
the cascade has become too low to produce muons of en-
ergy E. The primary photon energy is reduced from
E .. to E . /2" after a depth t =n(In2)Ay, i.e., the ener-
gy is reduced by a factor of 2 for every (In2)Ay increment
in depth, where Ay is the radiation length. A cosmic ac-
celerator has a maximum energy cutoff! on the spectrum
(2.1) which we denote by E,_,,. No muons of energy E
are produced after a number n,, of layers determined by

(2.17)

E pnax
mx ___E (2.18)
Q max (x ),},_41
Here E /{x ),,_,# is the ¥ energy required to produce a

muon of energy E. Therefore,

Emax<x )'y—>,u

E (2.19)

|

(2.20)

max }"R

Explicit integration of (2.17) gives
dN € 1—r 3 An’

— )

aE T oo 3(1—n 1,

m

tmax
1+In {—K—

For the low-energy solution (E, <<€,), we have in-
stead
dN 1—r2 tmax

# = ——
aE By,

(2.21)

for t.,, <<€,A,./E cosf. The limiting solutions (2.20)

and (2.21) may be combined into the interpolation formu- ‘

la

1_dN, _ A, Ly (2.22)
TW(E) dE A,y ""1+(L,/H,)E cosf/e,)
with

L= 1=r Ime (2.23)

YT 21—r) A,

1__3

=30

(2.24)

1+ |
A ]

m

The formalism presented here is closely patterned after
the calculation of the muon spectrum induced by primary
hadronic cosmic rays.!® The muon content of hadron in-
duced showers can also be expressed in the form
(2.22)-(2.24):

1 dN“ Ay Ly
No(E) dE Ay N"14+(Ly/Hy)E cosf/c,) °
(2.25)
where No(E)~E ~7*1 represents the cosmic-ray flux at
the top of the atmosphere and
A ydon_, -!
Ay _ 1 1_'—f dx x?2IN—N ’
Ay 1~‘ZNN ONN =0
(2.26)
1 1—rr*t!
L = — , .
NTUFT T 1—r (2.27)
1 1—rr%2 A, Ag
= 1 . 2.28
NTYF2 1—r A—Ay | Ap (228)

Here zj,. is defined as in (2.26) and one recognizes the
similarity between the result (2.27) and (2.28) for y=1
(i.e., for the E 2 spectrum of y rays) and (2.23) and
(2.24). The formalism presented here will overestimate
the muon' content of a shower once the muon energy
drops below 10 GeV since u decay and u energy loss have
not been taken into account. For very-high-energy
muons the contribution of K decay into muons has to be
included. The calculation parallels that for 7 decay.

In order to explore the validity of the formalism we
compute the vertical (cos§=1) muon intensity dN,/dE
at sea level induced by the cosmic-ray flux of nucleons:

—2.7

E 2er—lenn—1
GeV/A

Ny(E)=1.8 cm” st 'sec (2.29)

from (2.25)-(2.28). For y=1.7, corresponding to the
flux (2.29), accelerator data and (2.26) imply®

ZNN ’\’Z,".ﬂ,zo 3
(2.30)
ZN,”Z0.0S Py
and
A,=1.3Ay~110 gcm 2 2.31)

in air. The calculated vertical muon intensity at sea level
describes the observations!” remarkably well above
E =10 GeV muon energy; see Fig. 3. Below that energy
the formalism overestimates the muon yield as anticipat-
ed, e.g., by a factor 4 for E =4 GeV, the threshold of the
CYGNUS experiment at Los Alamos.!®

We now turn our attention to muons emitted by a y-
ray source with E ~2 spectrum. Cygnus X-3 data are ade-
quately described in the x-ray region and above by (2.1),
(2.2) with!
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MUONS IN HADRON SHOWERS
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FIG. 3. Illustration of the validity of the analytic techniques
used in this paper. Differential spectrum of muons produced by
cosmic rays as a function of the muon energy. Calculation us-
ing Eq. (2.25), data from Ref. 17.

a=4%X10"" cm%sec”! (2.32)
for E in TeV units. The spectrum is cut off at E,, ~10°
TeV. Before deriving some explicit results from

(2.22)-(2.24), a few general remarks are in order. It is
not correct that the photoproduction cross section oy,
which is ~ 100 ub at accelerator energies, has to match
the hadronic cross section o yy of ~100 mb to spoil the
expected suppression of muons in photon relative to
proton-induced showers. First, an E % y spectrum fills
the atmosphere uniformly with high-energy y rays; i.e.,
N, is independent of depth ¢ as seen from (2.2) up to a
depth ¢, =(In2)n ., Az determined by (2.18) and (2.19),
which is typically (5-15)Ag. All these photons can pho-
toproduce 7 which are the progenitors of the muons.
Meanwhile, the nucleon spectrum dies away exponential-
ly as exp(—¢/Ay). This leads to the enhancement factor
tmax for low-energy muons or Int ,, for high-energy
muons in the flux (2.22). The relative abundance of
high-energy particles will also enhance the effect of re-
generation of 7 by m—m on air nuclei. This is imple-
mented by the change A,— A, and implies an enhance-
ment factor (1—z,,)”'. For a y=1.7 cosmic-ray spec-
trum z,, ~zyy~0.3. For y=1, the quantity z_, could
be significantly larger; see Eq. (2.26) with N replaced by
7. For y > 1, the dominant contribution of the inclusive
cross section o, is indeed suppressed by a factor x? 1.
If, e.g., z,,=2 for a y=1 spectrum,'’ we have A,=3A,
leading to a factor 3 enhancement of dN, /dE at high en-
ergy; see (2.22).

We are now ready to compute the muon yield from a
point source such as Cygnus X-3 from (2.22)-(2.24) in
conjunction with the flux (2.32). We specifically assume

z,,={nx), =%, (2.33)
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)\.R _ AO',},N . 1450'1,1\] (mb)

}"VN o x 430 R (2.34)
AR OnN

—=(1-z,,) ~0.4(1—2z_.) . (2.35)
Aﬂ OR

Here we took 480 mb for the dominant Bethe-Heitler
cross section oz of photons on air and assumed that % of
the energy {nx) of photoproduced 7 goes into 7+ and
therefore into potential progenitors of muons. In the cal-
culation of t,,, from (2.19) we assume {x), ,,=0.25
but the results are insensitive to the precise value. The
standard Monte Carlo results? can be reproduced within
errors by Eq. (2.22) assuming a photoproduction cross
section o,y =100 ub and z,,=0.3; see Fig. 4. This value
of o,y represents a typical high-energy cross section
measured at accelerator energies. Notice that the “stan-
dard” Monte Carlo results could easily be boosted by a
factor as a result of the larger value of z_, for a y=1
spectrum. We remind the reader at this point of the re-
sult of Stanev, Gaisser, and Halzen? that a factor 3 in
photoproduction rate (e.g., z,,, = %) is sufficient to accom-
modate the muon excess in the showers from Cygnus X-3
in the Kiel experiment?® by punchthrough in the 2-m slab
of concrete absorber used to identify “muons.” We also
show in Fig. 4 a calculation of the muon content of y
showers for an increased photoproduction cross section
o,y=1 mb and z,,=3%. Such values could conceivably
result from the high-energy photon interacting with
matter via its gluon structure function;’' see Fig. 2.
Muon yields in excess by 1-2 orders of magnitudes of the
“standard” prediction are obtained.

MUONS FROM E~2 SOURCE
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FIG. 4. Integral spectrum of muons produced by a Cygnus-
like point source with photon spectrum (2.1) calculated from
Eq. (2.22) for two choices of the photoproduction cross section
o and z,,. Also shown is the result of the Monte Carlo calcula-
tion of Ref. 6 which also assumed a 0.1-mb photoproduction
cross section.
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III. PHOTON-INDUCED SHOWER:
SINGLE SHOWER

If one is interested in the development of a single pho-
ton shower, one is to solve Eq. (2.3) with the initial condi-
tion

V(E,0)=8(E —E,) . (3.1)

As it is not possible to solve the equation analytically, we
consider the following discrete approximation!'’ where
the atmosphere is segmented in layers of depth (In2)Ag
over which electromagnetic particles lose half their ener-
gy-
(1) At depth t =n(In2)Ag, the shower consists of 2" /3
photons (and the same number of electrons and positrons)
of energy E,/2". (2) A photon at layer n produces
(Ag /Ay n){n,,.) pions of energy (E,/2")-(x,,). (3) The
number of muons with energy > E 2 produced by a pion
is [min(kv/d,,,l)]P(Elot;E,,). Here P(Ez;E,,) is the
probability that a pion of energy E . decays into a muon
of energy greater than EY:

0, E,<EJ,
E,—E)

(1—r)E,.’
1, E,>E\/r.

P(E%E,)= E),<E,<E}/r, (3.2

For high-energy muons we have A_/d,=A_.€./
E _n(In2)Agcosf <<1 for the relevant pion energies and
the total number of muons is obtained by summing over »
layers of atmosphere from n =1 to n,,,:

N#(E>E2)=nmax—21k—R(n ) sl
203 Ay 7T Eo(x,, 2n(In2)Ag cosd
1 M max g2n €, 1 A, (ny,,)
3 n=lT Eqcosf (In2) A,y {x,.)

2n
max € }\, (n 7T>
2n T T ¥ , (3.3)

2
3 max EOCOSB }\"}/N (x,yﬂ>

where the final expression is the approximate form for
the range of n_,, of interest, and n_,, is the effective
number of layers which can produce muons of energy
> Eg. It is given by

E {(x,_)
nmax=1n"°T” / 2, (3.4)
"

where 77 is a number between r and 1. Equation (3.3) can
be rewritten as

2 7]2 E'nEO A1r
3n max (Eg )20089 A’YN

N, (E>E})= (ny 2 x,.)

(3.5)

where we have replaced A, by A to take into account the
effect of secondary pions from pion interactions with nu-
clei. We determine 7 by requiring consistency of the
above result convoluted with a primary power spectrum

with the analytic result obtained previously (2.20):

2 :i 1
T 4(1—r) 1.4
In deriving (3.6) notice that z,,, =(n,,x,,).
We next illustrate (3.5) and (3.6) for some specific ex-
amples. We can write (3.5) in the form

7 ~0.34 . (3.6)

o 1

X{nx), ., . (3.7
We fix all inputs as before:

€,=115 GeV,

1%5z,,58%,

0,4=198 mb, (3.8)

(nx) _mi:% ’

(x)y,=4

(precise values are not important) and study N . as a func-
tion of the photoproduction cross section o, 5. In Table
I we compare the results of (3.7) and (3.8) with the
Stanev, Gaisser, and Halzen? Monte Carlo simulation for
a photon with primary energy E,=10> TeV. As was the
case for the E 72 spectrum, the Monte Carlo results are
adequately reproduced for o,5=100 pb and z,,=0.3.
The result is also shown in Fig. 5 along with a calculation
assuming o,y =1 mb, z,, =% as could be expected from
photoproduction of 7 via the gluon structure of the pho-

MUONS IN Eo=IO3 TeV PHOTON

Ep (GeV)

FIG. 5. Number of muons in a 10’-TeV photon shower for a
30° zenith angle calculated from Eq. (3.7) for two choices of the
photoproduction cross section o and z,,. The number of
muons in a proton shower of the same energy is shown for com-
parison.
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TABLE I. Muons in E,=10° TeV photon shower with con-
ventional photon interactions with nuclei.

Monte Carlo simulation Approx. result

E, (Ref. 2) [Eq. 3.7]
4 TeV 3.1x1073 2.2X1073
1 TeV 1.4X1072 2.6X 1072
0.25 TeV 6.5x107! 3.3%107!
16 GeV 40 55

ton. A parametrization'® of the muon content of proton
showers

1.4X 1072 0731

E,
cosOE ”(TeV)

E,

NL(E >E,)= (3.9)

is shown for comparison. At this energy QED pair pro-
duction of muons and leptonic decay of photoproduced
charmed particles will further enhance the muon content
of the shower. Explicit calculations can be found in Hal-
zen, Hikasa, and Stanev.® In the QCD scenario, similar
muon content of very-high-energy ¥ and proton showers
can therefore be contemplated.

IV. CONCLUSIONS

We have performed an explicit calculation of the muon
content of individual photon showers and of the air cas-
cade generated by an E ~2 photon spectrum. By avoiding
Monte Carlo techniques, the physics issues involved in
the calculation are more clearly exhibited. Our formal-
ism also provides a laboratory for experimenting with
different assumptions and new physics ideas. The formal-
ism is approximate and has shortcomings. For instance,
the results for individual showers depend on z_, which
depends on the spectral index y. This is clearly an ar-
tifact of our procedure to normalize 7 in Eq. (3.6). Nev-
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ertheless, the one-dimensional shower formalism repro-
duces all Monte Carlo results within reasonable errors
provided the photon and muon energies are not too low.
Our goal is not to speculate on the various anomalies
scattered over the literature, but to point out that the am-
biguities in doing the calculations far above accelerator
energies could be larger than previously anticipated. The
reason is that cross sections have nontrivial energy
dependence in the 10—-100-TeV energy region associated
with the gluon structure of hadrons. This is by now an
experimental fact for hadron-hadron cross sections and it
could very well also lead to photoproduction cross sec-
tions with characteristics not apparent as present ac-
celerators. The DESY ep collider HERA could play an
important role in elucidating the structure of photopro-
duction at high energies.

Note added in proof. In Sec. III a constant photon-
nucleon cross section is assumed. If there is a drastic in-
crease in the cross section in the TeV region as suggested
in Ref. 11, the description is not appropriate for GeV
muons as opposed to TeV muons. We may improve our
formula (3.3) by introducing a step-function approxima-
tion for the cross section with a threshold energy E, of
order of TeV. In that case, the number of muons may be
written as a sum of the conventional contribution [Eq.
(3.5) with the low-energy cross section] and the ‘“new-
physics” contribution, which is equal to the last line of
Eq. (3.3) with the large cross section, but Eﬁ in npg,,
should be replaced by E,,. This modification reduces the
number of muons in the GeV region in Fig. 5.
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