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Extended air showers and muon interactions

A. N. Cillis* and S. J. Sciutto
Laboratorio de Fı´sica Teo´rica, Departamento de Fı´sica, Universidad Nacional de La Plata, C. C. 67–1900 La Plata, Argentina

~Received 26 October 2000; revised manuscript received 22 March 2001; published 1 June 2001!

The objective of this work is to report on the influence of muon interactions on the development of air
showers initiated by astroparticles. We make a comparative study of the different theoretical approaches to
muon bremsstrahlung and muonic pair production interactions. A detailed algorithm that includes all the
relevant characteristics of such processes has been implemented in theAIRES air shower simulation system. We
have simulated ultrahigh energy showers in different conditions in order to measure the influence of these
muonic electromagnetic interactions. We have found that during the late stages of the shower development
~well beyond the shower maximum! many global observables are significantly modified in relative terms when
the mentioned interactions are taken into account. This is most evident in the case of the electromagnetic
component of very inclined showers. On the other hand, our simulations indicate that the studied processes do
not induce significant changes either in the position of the shower maximum or the structure of the shower
front surface.

DOI: 10.1103/PhysRevD.64.013010 PACS number~s!: 96.40.Pq, 02.70.Rr, 13.10.1q
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I. INTRODUCTION

When an ultrahigh energy astroparticle interacts with
atom of the Earth’s atmosphere, it produces a showe
secondary particles that continues interacting and genera
more secondary particles. The study of the characteristic
air showers initiated by ultra high energy cosmic rays is
central importance. This is due to the fact that in our da
such primary particles cannot be detected directly; inste
they must be studied from different measurements of the
showers they produce.

We have been studying the physics of air showers
several years. We started working on the topic of the e
tromagnetic processes in air showers analyzing the mo
cations in the shower development due to the reduction
the electron bremsstrahlung and electron pair production
the Landau-Pomeranchuk-Migdal effect and the dielec
suppression@1#; and we also studied the influence of th
geomagnetic field in an air shower@2#.

The main goal of this work is to analyze other radiati
processes that take place during the development of an
high energy air shower. We have studied the processe
muon bremsstrahlung, muonic pair production~electron and
positron! and muon-nucleus interaction. At high energi
these processes become important and dominate the en
losses of the energetic muons that are present in an air s
ers. The mentioned mechanisms are characterized by s
cross sections, hard spectra, large energy fluctuations
generation of electromagnetic sub-showers for the cas
muon bremsstrahlung and muonic pair production, and h
ronic sub-showers for the case of muon-nucleus interact
As a consequence, the treatment of such energy losse
uniform and continuous processes is for many purposes
adequate@3#.

We have studied the three mentioned processes conc
ing that the muon nucleus interaction has less probab
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than the other ones to produce hard events, and therefor
generate sub-showers and introduce significant modificat
in the air shower development. For this reason, this w
will be primarily focused on studying the consequences
the purely electromagnetic processes, namely, muon bre
strahlung and muonic pair production.

In order to analyze the influence of muon bremsstrahlu
and muonic pair production on the air shower observab
we have developed new procedures for these mechan
and have incorporated them inAIRES ~air Shower extended
simulations! @4,5#. Using the data generated with theAIRES

code, we have studied the changes introduced by those
cesses on the different physical quantities.

This work is organized as follows: in Sec. II we briefl
review the theory of muon bremsstrahlung, muonic pair p
duction and muon-nucleus interaction. At the end of this s
tion we compare the three effects and analyze under wh
conditions they can modify the development of air showe
In Sec. III we show the results of our simulations. Finally w
present our conclusions and comments in Sec. IV.

II. THEORY

A. Theory of muon bremsstrahlung

The first approach to the muon bremsstrahlung~MBR!
theory was due to Bethe and Heitler@6–8#. Their results can
be reproduced by the standard method of QED@9# similarly
as in the case of electron bremsstrahlung. Bethe and He
also considered in their calculation the screening of
atomic electrons.

After this first formulation some corrections were intr
duced. Kelner, Kokoulin and Petrukhin@10# also considered
the interactions with the atomic electrons. The nuclear fo
factor was investigated by Christy and Kusaka@11# for the
first time and then by Erlykin@12#. Petrukhin and Shestako
@13# found that the influence of the nuclear form factor
more important than the predictions of previous pape
These last results have been confirmed by Andreevet al.
@14# who also considered the excitation of the nucleus. In
©2001 The American Physical Society10-1
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following paragraphs we give some details of these differ
approaches for MBR theory.

1. MBR with the effect of the screening by the atomic electron

It is possible to reproduce the results found by Bethe
Heitler @6–8# ~in the case of no screening! performing the
calculations of the Feynman diagrams~see Fig. 1! at first
order of perturbation theory. For energies that are large c
pared with the muon mass, the MBR differential cross s
tion integrated over final muon and photon angles takes
form

s~v,E!dv5aF2Zr0me

mm
G2F ~22v1v2!2

2

3
~12v !G dv

v
~1!

whereE is the primary energy of the muon,k is the photon
energy,v5k/E is the fraction energy transferred to the ph
ton, r 0 is the classical electron radius (r 052.81794092
310215 m), me (mm) is the electron~muon! mass anda is
the fine structure constant (\5c51 throughout this paper!.

When the atomic state involved is not changed, the ef
of atomic electrons~screening! is taken into account by in
troducing the elastic atomic form factor in the cross sect
for bremsstrahlung under the effect of a Coulomb cen
@15#.

As we have just mentioned before, Bethe and Heitler@6#,
took into account in their calculation the influence of t
screening. The atomic electrons change the Coulomb po
tial of the nucleus in the following way@6,15#:

V5
1

q2
@Z2F~q!#2 ~2!

FIG. 1. Feynman diagrams for MBR corresponding to the lo
est significant order of perturbation theory.
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where Z is the charge of the nucleus,q is the momentum
transferred to the nucleus andF is the atomic form factor,
that is ~in spherical coordinates!

F~q!5E r~r !eiqrdV ~3!

wherer(r ) is the density of the atomic electrons at the d
tancer of the nucleus. Bethe and Heitler assume the Fe
distribution for this density: that is,

r~r !5
r0

11expF r 2a

b G ~4!

where the constantsa and b are different for each of the
elements. This distribution describes adequately all elem
with Z>10. The Fermi radius of the atom is given by

a~Z!5a0Z21/3 ~5!

wherea0 is the Bohr radius.
The screening effect becomes important whenF in Eq. ~2!

is comparable withZ. This occurs whenq is of the order~or
smaller than! the reciprocal atomic radius: that is,

q!
Z1/3

a0
5ameZ

1/3. ~6!

In this case the phase (qr) in Eq. ~3! is small, and thusF(q)
is bigger.

Because of the fact that the differential cross section
proportional to 1/q2, the largest contribution to the radiatio
cross section originates from the region where the mom
tum transferred,q, is small. Letqmin be the minimum ofq.
Using Eq.~6!, the condition for the screening to be effectiv
reads

qmin<q!ameZ
1/3. ~7!

The minimum value ofq occurs when the momentum of th
muon is parallel to the emitted photon,

qmin5d5p12p22pk ~8!

wherep1 (p2) is the initial ~final! momentum of the muon
and pk is the momentum of the emitted photon. When t
energies considered are larger compared with the m
mass, the last equation reduces to

d5
mm

2

2E

v
12v

, ~9!

and from Eqs.~7!, ~8! and ~9! we can write

E~E2k!

k
@

mm
2 Z21/3

2mea
. ~10!

-

0-2
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It is common to use the ratio between the atomic shell rad
~5! and the distance from the nucleus R, as a parameter
gives a quantitative estimation of the importance of
screening effect:

g5
a~Z!

R
. ~11!

One can then estimate the distance from the nucleus u
the uncertainty relation (R51/d) and Eq.~5!, so g can be
written as

g5
1

ameZ
1/3

mm
2

2E

v
12v

. ~12!

The limits g→0 and g@1 correspond respectively to th
cases of appreciable and negligible screening effect.

When the influence of the atomic electrons is taken i
account, the integration over angles in the differential cr
section of muon bremsstrahlung@6# can only be carried ou
numerically. Accordingly to the calculation of Bethe an
Heitler @7# the MBR cross section can be written in the fo
lowing way ~for E@mm):

s~v,E!dv5aF2Zr0me

mm
G2F ~222v1v2!f1~d!

2
2

3
~12v !f2~d!G dv

v
. ~13!

f1(d) andf2(d) are the well known functions displayed i
Fig. 1 of Bethe and Heitler’s paper@7,8#. Since the relative
differenceuf1(d)2f2(d)u/f1(d) remains less than 3% fo
all d, the approximationf1(d)5f2(d)[f(d) is justified
and Eq.~13! can be put in the following way:

s~v,E!dv5aF2Zr0me

mm
G2F S 4

3
2

4

3
v1v2Df~d!G dv

v
.

~14!

Petruhkin and Shestakov@13# give an analytical expressio
for f(d) for any degree of screening. Their result can
expressed as

f~d!5 lnH 189mm

me
Z21/3F11

189Ae

me
dZ21/3G21J . ~15!

This f(d) expression differs from the originalf1 andf2 of
Bethe and Heitler theory less than 3.3% ford50 and about
10% whend52ameZ1/3 ~this corresponds tog52).

2. Correction due to MBR by the atomic electrons

Another contribution that must be taken into account
the MBR with the atomic electrons@10#. This correction is
especially important for light nuclei.

It has been found@10# that the usual transformationZ2

replaced byZ(Z11) in the differential cross section is no
accurate enough to take into account adequately the in
ence of the above mentioned process. Instead, the inel
01301
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atomic form factor must be included@15# in order to take
into account the electron binding within the atom.
ds0(E,k,q) is the differential cross section for MBR by fre
electrons then the MBR by the atomic electrons is given
@15#

ds~E,k!5ZE
0

qmax
Fa

in~q!ds~E,k,q! ~16!

whereFa
in(q) is the inelastic atomic form factor.

In the work of Kelneret al. @10# the inelastic form factor
was calculated according to the Thomas-Fermi model@15#.
Those authors have found the following formula that a
proximates the differential MBR cross section for muon sc
tering by atomic electrons@10#:

s~v,E!dv5aF2Zr0me

mm
G2F S 4

3
2

4

3
v1v2Dfe~d!Gdv

v
~17!

where

fe~d!5 lnF mm /d

mmd/me
21Ae

G2 lnF11
me

dB8Z22/3Ae
G ,

~18!

ande52.718,B851429.

3. Correction due to nucleus form factor and nucleus excitation

The influence due to the nuclear form factor is usua
taken into account as a correction tof(d). Petrukhin and
Shestakov@13# have found~in the case of nucleus withZ
.10) that the modification due to the nuclear size can
accounted for by changing the equation corresponding
point nucleus, that is Eq.~15!, by

f~d!5 lnH 189mm

kme
Z22/3F11

189Ae

me
dZ21/3G21J ~19!

wherek53/2.
Petrukhin and Shestakov@13# proved that the inclusion o

the elastic nuclear form factor decreases appreciably the
ferential bremsstrahlung cross section~by approximately by
10–15 % whenZ.10). This result is in agreement with th
one of Andreevet al. @14#.

It is also possible to take into account an additional c
rection due to the nuclear level excitations, but this contrib
tion amounts to only about 1% of the elastic one in the c
of nuclei with Z.10 @14#.

4. Final result taking into account the different corrections
analyzed above

To define the algorithms to be used in our calculations
have considered the correction due to atomic screening,
MBR by atomic electrons and the nuclear form factor. T
final result for the MBR differential cross section can
written as
0-3
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s~v,E!dv5aF2r 0me

mm
G2

Z~Zf1fe!F4

3
2

4

3
v1v2G dv

v
~20!

wheref is given by Eq.~19! andfe is given by Eq.~18!.
The expression for the differential cross section diver

when the photon energy tends to zero~infrared divergence!.
In order to overcome this mathematical problem, it is us
to put a cutoff in the photon energy,kc . Therefore, the tota
cross section for a photon emitted with energy bigger thankc
is calculated by

s~Z,T,kc!5E
kc

T ds~Z,T,k!

dk
dk. ~21!

Below the cutoffkc , the mean energy loss by the muon d
to bremsstrahlung is given by

Eloss
brem~Z,T,kc!5E

0

kc
k

ds~Z,T,k!

dk
dk. ~22!

It is worthwhile mentioning that, as in the case of electr
bremsstrahlung, the cutoff in the photon energy can be n
rally introduced if the Landau-Pomeranchuk-Migdal effe
and dielectric suppression@1# are taken into account@16,17#.

B. Theory of muonic pair production

In the lowest significant order of perturbation theory, t
muonic pair production~MPP! is a 4th order process in
QED. Two types of diagrams are present, respectively
beledm and e in Fig. 2. The main contribution to the tota
cross section and to the energy loss of muons comes from
e-diagrams. Them-diagrams have to be taken into accoun
the energy fraction transferred is large@18#.

Similarly as in the case of MBR, there are several corr
tions that need to be taken into account in the MPP calc

FIG. 2. Same as Fig. 1, but for MPP. In this case the relev
lowest order of perturbation theory is the 4th.
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tions. Such corrections are of the same kind that the o
introduced for MBR. For brevity we are not going to revie
them in full detail. Instead, we are going to describe the fi
results which include all the relevant corrections.

Racah@19# calculated for the first time the MPP cros
section in the relativistic region, but without taking into a
count the atomic and the nuclear form factor. Thereaf
Kelner @20# included the correction due to the screening
the atomic electrons. The analytical expression for any
gree of screening was introduced by Kokoulin and Petruk
@18#. Those authors also take into account@21# the correction
due to the nuclear form factor. We wish to emphasize t
the influence of the nuclear size is more important when
energy transferred to the pair is large@21#. This last case is
important for ultrahigh energy air showers and therefore
nuclear size effect needs to be included in the algorith
used for the simulations.

If the atomic and nuclear form factors are taken into a
count, the MPP differential cross section can be expresse
@21#

d2s

dndr
5

2

3p
Z~Z11!~ar 0!2S 12n

n D Ffe1S me

mm
D 2

fmG
~23!

where

n5
E11E2

E
, ~24!

r5
E12E2

E11E2
, ~25!

E6 is the total energy of thee6, and

fe,m5Be,mLe,m , ~26!

with

Be5@~21r2!~11b!1e~31r2!# lnS 11
1

e D1
12r22b

11e

2~31r2!, ~27!

Bm5F ~11r2!S 11
3b

2 D2
1

e
~112b!~12r2!G ln~11e!

1
e~12r22b!

11e
2~112b!~12r2!, ~28!

Le5 lnF CZ21/3A~11e!~11Ye!

11
2meAeCZ21/3~11e!~11Ye!

En~12r2!
G

2
1

2
lnF11S 3meZ

1/3

2mm
D 2

~11e!~11Ye!G , ~29!

t

0-4
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Lm5 lnF 2

3

mm

me
CZ22/3

11
2meAeCZ21/3~11e!~11Ym!

En~12r2!

G , ~30!

Ye5
52r214b~11r2!

2~113b!ln~311/e!2r222b~22r2!
, ~31!

Ym5
41r213b~11r2!

~11r2!~ 3
2 12b!ln~31e!112 3

2 r2
, ~32!

b5
n2

2~12n!
, ~33!

e5S mmn

2me
D 212r2

12n
. ~34!

C is equal to 189, and the kinematic ranges ofn andr are

4me

E
5nmin<n<nmax5120.75Ae

mm

E
Z21/3 ~35!

05rmin<r~n!<rmax

5F12
6mm

2

E2~12n!
GA12

nmin

n
. ~36!

The total cross section for the emission of ane1e2 pair is

s~Z,T,Ec!52E
nc

nmax
dnE

0

rmax(n)

dr
d2s

dndr
~37!

whereEc is the energy cutoff that has to be introduced
overcome the infrared divergence of Eq.~23!. Below the
energyEc the process can be treated as a continuous en
loss. The mean value of the energy lost by the incident m
due toe1e2 pair production with energy belowEc is

Eloss
pair~Z,T,Ec!52EE

nmin

nc
ndnE

0

rmax(n)
dr

d2s

dndr
. ~38!

C. Muon-nucleus interaction

The nuclear interaction of high energy muons is theor
cally much less understood than the purely electromagn
processes studied in Secs. A and B.

Borog and Petrukhin@22# calculated a formula for the
differential cross section of this process based on Han
formalism @23# for inelastic muon scattering, and sem
phenomenological inelastic form factor; it includes nucle
shadowing effect. Their final result is given by

ds~E,k!5C~k!F~E,v ! ~39!

where
01301
gy
n

i-
tic

’s

r

C~k!5
a

p
AeffsgN~k!

1

k
, ~40!

F~E,v !5v211F12v1
v2

2 S 11
2mm

2

L2 D G
3 lnF E2~12v !

mm
2 F11

mm
2 v2

L2~12v !
G

11
Ev
L F11

L

2M
1

Ev
L G G , ~41!

k is the energy lost by the muon,v5k/E, mm (M ) is the
muon ~proton! mass andL250.4 GeV2. The nuclear shad-
owing effect is taken into account inAeff according to the
parametrization of Brodsky@24#

Aeff50.22A10.87A0.89, ~42!

whereA is the atomic mass. The photo nuclear cross sect
sgN , can be approximated by the Caldwell parametrizat
@25# on the basis of experimental data on photo-product
by real photons:

sgN~k!549.2111.1 ln~k!1
151.8

Ak
. ~43!

D. Analysis of the influence of the muonic events
for different conditions

In order to estimate the order of magnitude of the diffe
ent processes in the case of air showers, we have calcu
the mean free path~MFP!, l, of the different effects. Each
MFP is inversely proportional to the corresponding cro
section. In factl5m/s wherem is the mass of the targe
nuclei.

Figure 3 shows the MFP’s in g/cm2 as a function of the
kinetic energy of the muon for the cases of MBR, MP
emission of knock-on~KNO! electrons (d rays!, and muon-

FIG. 3. Mean free path in air for the different muonic intera
tions, plotted versus the initial kinetic energy of the muon. In
cases the cutoff energy isEc510 MeV.
0-5
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nucleus interaction. One can compare the MFP’s of the
ferent muonic events with the depth of the atmosphe
(;1000 g/cm2 for vertical showers and;9000 g/cm2 for
showers with zenith angle 85°). The influence of such p
cesses in the development of the shower will be more imp
tant for large zenith angles where the total depth of
shower is bigger and the muonic events have more proba
ity to take place. There is another reason to expect that
influence of the effects will be more appreciable for lar
zenith angles: The muonic component of the showers
ground level becomes very important for zenith angles lar
than 60°~see, for example, Fig. 2 in Ref.@2#!.

Due to the fact that the MFP’s decrease when the ini
energy of the muon is large, it is expected that the influe
of the MBR, MPP and muon-nucleus interactions will
more important under these conditions.

Figure 3 also illustrates that the emission of knock-
electrons~KNO! is the most probable process for energ
smaller than 106 GeV, while for energies larger than th
value, the MPP dominates. The MFP of this last proces
about three orders of magnitude smaller than the one
MBR and muon nucleus interaction.

In the case of MBR, the MFP is 1 or 2 orders of mag
tude ~for very inclined or vertical showers, respectivel!
greater than the depth of the atmosphere. Therefore, the
probability of the process during the entire shower path
mains always small.

The muon-nucleus interaction competes with the MB
but, as it is shown in Fig. 4~where the differential cross
section of both processes is plotted versusv), the muon-
nucleus interaction has less probability to generate h
events and then to produce sub-showers. Moreover, the
erage energy loss of the muon-nucleus interaction, that is
integral ofv times the differential cross section~43!, is only
about 5% of the total energy loss. Due to these facts,

FIG. 4. Differential cross section of MBR~dashed lines! and
muon-nucleus interaction~solid lines! versusv for different muon
energies.
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influence of the muon-nucleus interaction in the shower
velopment will be less important than the one of MBR.
consequence, it can safely be assumed that this interac
will not appreciably affect the air shower development a
therefore we have not taken it into account our simulatio

With the aim of analyzing the modifications that MB
and MPP may induce in the shower development we h
incorporated inAIRES @4,5# new procedures for both pro
cesses. The corresponding algorithms emulate the form
tions described in this section, including all the details th
are relevant for the case of air showers. The technique u
to implement such algorithms employs in first term very fa
approximate calculations of MFP’s, using adequate para
eterizations of the corresponding theoretical quantities. Th
the exactness of the procedure is ensured by mean
acceptance-rejection tests performed after primary acc
tance of the interactions. As a result, the procedures de
oped for AIRES do not increase significantly the comput
time required by the general propagating procedures, w
ensuring that the interactions are treated properly.

III. AIR SHOWER SIMULATIONS

In order to analyze the influence of MBR and MPP in t
development of air showers initiated by ultra high astrop
ticles we have performed simulations using theAIRES pro-
gram@4,5# with different initial conditions: primary particles
~protons, iron nuclei, muons!, primary energies~from
1011.5 eV to 1020.5 eV) and zenith angles~from 0° to 85°).
We compare results of simulations where the MBR and M
have been taken into account with results obtained in ide
cal conditions but not considering those muonic proces
Notice that both, the emission of knock-on electrons and
muon decay, arealwaystaken into account.

Unless otherwise specified, the geomagnetic field was
taken into account in the simulations, in order to avoid lar
muon deflections that are present in quasi-horizontal sh
ers.

Hadronic interactions with primary energy greater th
140 GeV were processed using theQGSJETmodel@26#, while
for energies below that threshold, a modified version of
Hillas splitting algorithm@27# tuned to matchQGSJETpredic-
tions at 100 GeV, was used.

Due to the fact that the number of particles in an ultrah
energy simulation is very large~for example a 1020 eV
shower contains about 1011 particles! it is necessary, from
the computational point of view, to introduce a sampli
technique in order to reduce the number of particles actu
simulated. An extension of the so-called thinning algorith
originally introduced by Hillas@27#, is used inAIRES @4,5#.
This technique allows to propagate all particles whose
ergy is larger than a fixed energy, called thinning ener
Ethin ; and only a small representative fraction of the to
number of particles is followed below this energy. A stat
tical weight is assigned to the accepted particles, which
adjusted to ensure that the sampling method is unbiased.
thinning algorithm ofAIRES is controlled by two parameters
namely, the thinning energy and the weight limiting facto
Wf . The quality of the sampling improves when these p
0-6
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EXTENDED AIR SHOWERS AND MUON INTERACTIONS PHYSICAL REVIEW D64 013010
rameters diminish. TheAIRES thinning technique is explaine
in detail elsewhere@5#. The thinning energy is usually ex
pressed in units of the shower primary energy, and in
case it is namedrelative thinning.

A. Evolution of single muons

Let us consider first the case of the evolution of a sin
muon eventually produced during the development o
given shower. We have simulated such muon initiated sh
ers in a representative case: Primary energy 1014 eV and ze-
nith angle 85°. One can observe that due to MBR and M
a muon of such energies may generate secondary show
This effect is clearly illustrated in Fig. 5~a! where the num-
ber of electrons and positrons (e1e2) is plotted versus the
slant depth,Xs . Due to the processes of MBR and MPP t
number of electrons and positrons is enlarged with respe
the no MBR-MPP case. When these effects are not taken
account, only KNO and muon decay can affect the propa
tion of the muon during all its path. Notice that the avera
number of muons is virtually equal to one during the ent
shower development. This can be explained taking into
count that:~1! At energies of the order of 1014 eV the muon
decay probability is quite small, about 1%~the mean free
path for decay is approximately 63108 m, while the length
of the atmosphere along a 85° inclined axis is about 106 m).
~2! The probability of generating additional muons via dec
of pions coming from photo-nuclear reactions involving se
ondary gammas is vanishingly small.

In Fig. 5~b! the fraction of energy accumulated by secon
ary particles relative to the primary energy, that is

FIG. 5. Longitudinal development of showers initiated
1014 eV muons (85° zenith angle! plotted versusXs . ~a! Average
number of electrons and positrons.~b! Fraction of energy accumu
lated by secondary particles relative to the primary ene
(1014 eV). The averages were performed using a sample
105 (53105) showers in the ON~OFF! case, simulated with 1026

relative thinning and weight limiting factor 3. The geomagne
field is not taken into account in these simulations.
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Eprim2Em

Eprim
~44!

is plotted versusXs . When the MBR and MPP effects ar
not taken into account the muon almost does not loose
ergy during all its path@;0.008 GeV/(g /cm2)#, while if
such effects are considered, the muon energy loss rises u
;0.3 GeV/(g/cm2) at 1014 eV. This is due to the fact tha
both MBR and MPP have the possibility to produce ha
events, responsible for the more significant losses show
Fig. 5~b!. On the other hand, when MBR and MPP are d
abled, the muon energy loss comes from the emission
KNO electrons~soft and hard! and the muon decay that im
plies a total loss of less than 0.1% of the primary ener
even in the case of horizontal showers.

However, the muon decay may affect the first stage of
average shower development and, in fact, it is the resp
sible of the initial (Xs,1500 g/cm2) peak of Fig. 5~a! in the
MBR-MPP off case. To understand more clearly the orig
of this effect, let us consider the probability,Pd , that the
muon of energyE decays before undergoing any process
knock-on electron emission~for simplicity we are not taking
into account MBR and MPP in this analysis!. A straightfor-
ward calculation yields

Pd512E
0

`

expH 2F X

lKNO
1

l X

l D
G J dX

lKNO
~45!

wherelKNO is the knock-on mean free path in g/cm2, l D is
the decay mean free path in meters,X is the matter path
measured from the location of the particle and along its
jectory, and l X is the metric path corresponding toX. l X
depends also on the location of the muon~represented by its
depthXs) and the atmospheric model used, andl D depends
on the muon energy. Equation~45! can be conveniently
evaluated numerically considering a realistic atmosphe
model. The results are plotted in Fig. 6 wherePd is repre-
sented as a function ofXs . As expected,Pd is always small
and diminishes as long asXs grows. At the top of the atmo-
spherePd>631024. This means that in a batch of, say, 16

showers, an average of 600 showers will be initiated

y
f

FIG. 6. Probability of muon decay in the first interaction vers
Xs @Eq. ~45!#. The muon primary energy is 1014 eV.
0-7
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A. N. CILLIS AND S. J. SCIUTTO PHYSICAL REVIEW D64 013010
muon decay. Such showers will be characterized by an in
electron ~or positron! carrying a significant fraction of the
primary energy, and capable of generating a major elec
magnetic shower. These electromagnetic showers are res
sible for the initial peak that shows up in Fig. 5~a!. Notice
that the maximum number of particles for 1014 eV electro-
magnetic shower is~roughly! 105. When averaging, such
showers contribute attenuated by a factorPd . This gives
^Nmax&>6310243105560, result that is in agreement wit
the corresponding plot at Fig. 5~a!.

B. Evolution of air showers

The influence of MBR and MPP in the global observab
of air showers has been exhaustively studied using ma
the representative case of a proton primary.

Although the relative frequencies of MBR and MPP in
cases are small compared with other muonic events
KNO, in some conditions the influence of these processe
the development of the shower is not negligible.~For ex-
ample, as we have just mentioned in the last paragraph
MBR and MPP may generate sub-showers.! Figure 7 dis-
plays the percentage of muonic events for 1019 eV proton
showers with zenith angles of 45°~solid lines! and 85°
~dashed lines!. The bars correspond, respectively, to KN
MBR, MPP, and muon decay~MDY !. As it is expected, the
KNO processes always account for the largest frequen
96.36%~96.64%! in the 45° (85°) case. The other process
are by far less frequent: 2.29%, 1.32% and 0.03% for MD
MPP and MBR respectively (45° case!. Comparing the per-
centages of muonic events in the 85° case against the

FIG. 7. Percentage of muonic events for 1019 eV proton showers
~see text!. These data represent an average coming from sample
50 showers simulated with 1025 relative thinning and weight facto
5.
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ones, it can be seen that both MPP and MBR rates
slightly increased~about 3% and 0.05% respectively!, while
the MDY relative frequency diminishes.

In Fig. 8 the energy distributions of the different muon
events are represented. The initial conditions of the sho
are the same as in Fig. 7. In agreement with the MFP’s
Fig. 3, MBR and MPP occur, in average, at relative lar
energies. On the other hand, and as expected, MDY ta
place at lower energies. Figure 8 shows that the energy s
trum of the muons that undergo the studied events mo
slightly towards large energies if the zenith angle of t
shower is increased.

We have also studied the frequency of the muonic eve
as a function of the primary energy. The results are show
Fig. 9 where the percentages of muonic events are plo
versus the primary energy. The main characteristic of th
plots are the following: For primary energies abo
108 GeV, all the percentages remain practically invaria
The KNO effect is always the one with maximum relativ
percentage. The MDY presents a noticeable dependence
the primary energy in the region below 108 GeV ~from 10%
at 103 GeV down to 0.4% at 108 GeV). On the other hand
the MPP grows with the primary energy although the diffe
ence between extremes is less significant than in the M
case~from 0.9% at 103 GeV up to 3.5% at 108 GeV). MBR
behaves similarly than MPP, but this fraction is about tw
orders of magnitude smaller than the MPP one.

The particular behavior of these fractions can be
plained considering the characteristics of the energy distr
tion of the different muonic events, plotted in Fig. 10 f
several primary energies. All the spectra can, in princip
extend up to the primary energy of the shower. When

of

FIG. 8. Energy distribution of muonic events in the same co
ditions as in Fig. 7. Solid~dashed! lines correspond to 45° (85°)
zenith angle.~a! is for KNO processes,~b! MPP, ~c! MBR, and~d!
MDY.
0-8
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EXTENDED AIR SHOWERS AND MUON INTERACTIONS PHYSICAL REVIEW D64 013010
primary energy is less than;1014 eV, this cutoff is clearly
visible in the plots of Fig. 10. In these cases, the muo
generated during the shower have a non-negligible de
probability. For primary energies above 1014 eV, the energy
distribution of muons broadens, but the spectrum of decay
muons remains bounded in the regionE&1012 eV, due to the
fact that the decay probabilities become very small for en
gies above that limit. As a consequence, the total fraction
decaying muons diminishes progressively with the prim
energy, as shown in Fig. 9.

When the primary energy is much larger than 1014 eV, the
energy distribution of muons is concentrated in the region
energies lower than that indicative value, and only a sm
tail extends to higher energies. As a consequence, most
nificant parts of the energy distributions for all the muon
events become almost independent of the primary ene
and so the fractions plotted in Fig. 9 do not present import
changes at the highest primary energies.

The MPP relative fraction depends mainly on the num
of high energy muons, which rises significantly with the p
mary energies forEprim&1015 eV and stabilizes above tha
energy.

The very small variations in the fractions of Fig. 9 at t
highest energies~increase of MDY and decrease of MP
fractions! can be regarded as secondary effects of the va
tions of the characteristics of the hadronic processes that
place at the beginning of the shower development. Cr
sections and multiplicity of hadronic collisions rising wit
energy are some of the aspects that need to be taken
account in this sense. A detailed discussion on the chara
istics of the inelastic hadronic collisions is beyond the sco
of this work; the interested reader can consult Ref.@28#.

1. Longitudinal development

The following paragraphs contain a description of t
modifications induced on different shower observables

FIG. 9. Percentage of muonic events versus the energy of
primary particle, for proton showers inclined 85°, simulated in
same conditions as in Fig. 7.
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to the MBR and MPP effects. We consider first the case
331020 eV proton showers inclined 85°.

One of the most evident modifications induced by t
MBR and MPP effects is the increase of the size of
residual electromagnetic shower produced during the
stages of the shower development~well beyond the shower
maximum!.

This shows up clearly in Fig. 11 where the number
gammas~a1! and electrons and positrons~b1! are plotted
against Xs . Notice that, accordingly to our calculation
there are no visible differences in the position of the ma
mum of the shower (Xmax). In order to show the increase o
the electromagnetic shower it is convenient to define
relative difference between the cases where the MBR
MPP are or are not taken into account, that is

D5
NMBR/MPP On

NMBR/MPP Off
21. ~46!

DNg and DNe have been plotted in Fig. 11~a2! and ~b2!,
respectively. For clarity, these plots include only the tail
the showers (Xs.2200 g/cm2). It can be noticed that the
relative increase of the number of gammas and electron
about 20% at the very late stages of the shower developm

FIG. 10. Energy distribution of muonic events for different p
mary energies:~a! 1012 eV, ~b! 1014 eV, ~c! 1015 eV, ~d! 1017 eV,
~e! 1019 eV, and~f! 331020 eV. For clarity, curve labels are indi
cated only in~f!, and the same pattern applies to all the grap
Dotted lines correspond to KNO, solid lines to MPP, dashed line
MDY, and dotted-dashed lines to MBR. The conditions of the sim
lations are the same as in Fig. 9.
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A. N. CILLIS AND S. J. SCIUTTO PHYSICAL REVIEW D64 013010
Similar plots describing the development of the avera
energy of gammas and electrons and positrons are displ
in Fig. 12. The fact that the relative increments of the en
gies are similar to the corresponding relative increments
particle numbers indicates that the energies of the elec
magnetic particles are not substantially modified by the
clusion of the MBR and MPP effects, as expected.

The influence of MBR and MPP is less significant on t
muonic component: The number of muons during the de
opment of the shower practically does not change if th
effects are considered. The longitudinal development
muon energy appears in Fig. 13~a!. This plot shows that the
energy of the muons diminishes about 3% at the tail of
shower if the MBR and MPP effect are enabled. It is a
observed that the sum of the energies of all muons divi
by the average number of muons,

jm5
Em

Nm
~47!

is not significantly modified when the effects are conside
for the primary energy mentioned above@see Fig. 13~b!#.

We have also investigated whether or not the MBR a
MPP generates modifications in the shower front arrival ti
profile for different particles of the shower~muons, electrons
and gammas!. We have not found any significant alteratio
when comparing the cases when the effects of MBR
MPP are or not taken into account.

FIG. 11. Average longitudinal development of gammas~a1! and
the relative differenceDNg ~a2! ~see text!, and average longitudina
development of electrons and positrons~b1! and the relative differ-
enceDNe ~b2! versusXs , for 331020 eV proton showers with a
zenith angle of 85°. The solid~dashed! lines corresponds to the cas
where the MBR and MPP are~are not! taken into account. The
averages were performed using, at each case, 200 showers
lated with 1026 relative thinning and weight factor 3. The geoma
netic field is not taken into account during the simulations.
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We have studied the modifications introduced by t
MBR and MPP effects for different primary energies. T
influence of these processes in the electromagnetic com
nent of the showers with smaller primary energy is similar
the case of 331020 eV, described above.

FIG. 12. Average longitudinal development of the energy
gammas~c1! and the relative differenceDEg ~c2!, and average
longitudinal development of the energy of electrons and positr
~d1! and the relative differenceDEe ~d2! versusXs . The initial
conditions are the same as in Fig. 11.

FIG. 13. ~a! Average longitudinal development of muon ener
versusXs . ~b! Average energy per muon versusXs . The solid
~dashed! lines corresponds to the case where the MBR and MPP
~are not! taken into account. The initial conditions are the same
in Fig. 11.
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EXTENDED AIR SHOWERS AND MUON INTERACTIONS PHYSICAL REVIEW D64 013010
In Fig. 14,jm is plotted versuss5Xs /Xmax for different
primary energies. All the curves show a similar behavior:~i!
In the region 0,s,1 jm decreases withs, direct conse-
quence of the multiplicative processes that take place in
phase and increase the number of shower secondaries,
reducing the average energy per secondary.~ii ! For s.1,
low energy muons decay progressively, and therefore
mean muon energy is shifted as long ass grows. When com-
paring the curves corresponding to different primary en
gies, it is possible to see thatjm increases monotonically a
long as the primary energy decreases fromEprim53
31020 eV ~a! to Eprim>1014 eV ~c!; and decreases when th
energy continues decreasing below 1014 eV @curves~c! and
~d! for 331011 eV; no intermediate cases were plotted f
simplicity#. This behavior is consistent with the character
tics of the energy distributions of Fig. 10, already explain
at the beginning of Sec. III B: The low energy range@curves
~c! and ~d!# are characterized by muon spectra bounded
the primary energy and thus significantly changing when
varies, and with a mean value increasing with the prim
energy. On the other hand, the high energy range@curves~a!
to ~c!# is characterized by muon spectra weakly correla
with the primary energy, and enhanced fraction of low e
ergy muons at the highest primary energies.

When comparing the curves corresponding to the ca
MBR-MPP disabled~dashed lines! and enabled~solid lines!,
it is possible to notice that the differences between pairs
curves is always small, with a maximum of 5% for curve~c!
at s510. In generaljm decreases when MPP and MBR a
switched on. However, a critical combination of event pro
abilities ~see Fig. 9! determines thatjm remains unchanged
or is slightly increased for primary energies around 115

21017 eV.
From Fig. 14 one can see that in the region around

shower maximum, that is, wheres ranges approximately be

FIG. 14. jm ~GeV/particle! versuss ~see text!, for proton show-
ers inclined 85°. The solid~dashed! lines correspond to the cas
where the MBR and MPP interactions are~are not! taking into
account.~a!, ~b!, ~c! and ~d! correspond, respectively, to primar
energies of 331020 eV, 1016 eV, 1014 eV and 331011 eV. The av-
erages were performed using sets of 200~a!, 250~b!, 500~c!, 1000
~d! showers, in all cases simulated with 1026 relative thinning and
weight factor 3, and neglecting the effect of the geomagnetic fi
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tween 0 and 2,jm practically does not present significa
changes when comparing the cases where the MBR and M
are enabled or disabled. On the other hand, progressi
significant differences can appear fors larger than 2.s can be
regarded as a measure of the stage of the shower dev
ment, ranging from 0 at the top of the atmosphere to a fi
valuesg at ground which depends on the zenith angle.sg is
a measure of the quantity of matter the shower has to p
through from its beginning until reaching the ground lev
From the plot in Fig. 14, it can be inferred that whensg is
less than 2, that is, for zenith angles less than;45° in the
conditions of our simulations, there will be no noticeab
modifications on the shower development due to MBR a
MPP.

We have also analyzed the influence of MBR and MPP
the showers initiated by different primary particles like, f
example, iron nuclei. We have observed that the modifi
tions that MBR and MPP introduce in the late stages of
shower development have approximately the same chara
istics of the ones introduced for a proton shower for the c
of the electromagnetic component of the mentioned show
For the case of muons observables the differences are
significant. For example,DEm

reaches a maximum of 1.5% i
the late stages of the shower development for the case of
shower of 331020 eV and 85° of zenith angle while fo
proton showers, in the same initial conditions,DEm

is 3%.

2. Lateral distributions

We have also studied the distributions of the particles
ground level~lateral distributions!. In the case of very in-
clined showers, the intersection with the ground plane occ
well beyond the shower maximum, and lateral distributio
are somewhat different with respect to the ‘‘typical’’ distr
butions corresponding to showers with small zenith ang
Among other differences, we can mention:~i! Substantially
smaller number of particles.~ii ! The densities of the electro
magnetic particles are of the same order of magnitude t
the density of muons.~In the case of quasivertical shower
the muons account for only about 1% of the ground p
ticles.!

In Fig. 15 the densities ofg, e1e2, andm1m2, are plot-
ted versus the distance to the shower axis, for the cas
1019 eV proton showers inclined 70°. The ground level
located at 875 g/cm2. The analysis of the data shows that t
number ofg ande1e2 is slightly modified—when MBR and
MPP are taken into account—near the shower axis, while
lateral distribution of muons remains virtually unaltere
when the MBR and MPP interactions are enabled. It
worthwhile to mention that in this case the geomagnetic fi
is taken into account in order to simulate a real situation.
fact, we have chosen the conditions corresponding to the
of El Nihuil ~Mendoza, Argentina! with the aim of studying
the characteristics of showers to be measured by the fu
Auger Observatory@29# that is currently being constructed a
that site.

The measurement of the lateral distributions of particles
ground generated by ultra high energy cosmic rays is usu
performed by means of water C˘ erenkov detectors. Such de

.
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A. N. CILLIS AND S. J. SCIUTTO PHYSICAL REVIEW D64 013010
vices are sensible to both electromagnetic particles
muons, and the signal they produce is the sum of both c
ponents. The signal produced by any particle hitting a wa
C̆erenkov detector must be estimated by a specific Mo
Carlo simulation which takes into account the characteris
of the detectors. The detailed simulation of water C˘ erenkov
detectors is beyond the scope of our work; we have inst
evaluated estimations of these signals using a direct con
sion procedure that retrievesaveragesignals@30#. Such av-
erages were evaluated on the basis of simulations perfor
with the AGASIM program@31#.

We have plotted in Fig. 16 the ratio between the elect
magnetic and the muonic component of the detector sig
as a function of the distance to the shower axis, for the ca
when MBR and MPP are or not taken into account in
simulation of the showers.

The increase of the size of the residual electromagn
shower that takes place when MBR and MPP are enab

FIG. 15. Number of particles (g, e1e2 and m1m2 respec-
tively! versus the distance to the shower axis, for 1019 eV proton
showers with zenith angle 70°. The solid~dashed! lines correspond
to the case where the MBR and MPP are~are not! taken into ac-
count. Each curve corresponds to an average over 400 sho
simulated with 1026 relative thinning and weight limiting factor 3
The geomagnetic field was taken into account during the sim
tions.

FIG. 16. Signal ratio: electromagnetic component divided
muon component at ground level, plotted versus the distance to
shower axis. The triangles~squares! correspond to the case whe
the MBR and MPP are~are not! taken into account. The simulatio
parameters are the same as in Fig. 15.
01301
d
-
r

te
s

d
r-

ed

-
l,

es
e

ic
d,

produces a larger signal close to the shower axis, as it cle
shows up from the plots of Fig. 16. For distances to the a
less than 30 m the electromagnetic to muon signal ratio
creases slightly when the MBR and MPP are switched
On the other hand, this increment is smaller for larger d
tances, and is virtually negligible beyond 200 m from t
shower axis.

It is worthwhile to remark that the fact that the ma
modifications in the electromagnetic to muon signal rat
are concentrated in a narrow zone around the shower
makes it unlikely that the incorporation of MBR and MPP
the air shower simulation engine will significantly affect th
results obtained in references@32,33# where the measure
ments of inclined showers performed at the Haverah P
experiment@34# are analyzed with the help of air showe
simulations using AIRES without taking into account MB
and MPP.

Notice also that the data plotted in Fig. 16 correspond
to the case when the MBR and MPP are switched off can
compared with the corresponding data presented in Ref.@32#.
It is easy to see that there is a good qualitative agreem
between the two sets of data and that the small differen
between the two works most probably come from differen
in the ground altitude and/or specific parameters used to
culate the detector responses.

IV. CONCLUSIONS

We have studied the influence of the MBR and MPP
the development of air showers initiated by ultra high ene
astroparticles. We have incorporated in theAIRES air shower
simulation system the corresponding procedures to emu
these effects and have then performed simulations in a n
ber of different initial conditions.

The analysis of the evolution of a single muon indica
that such particle can eventually generate secondary sho
after undergoing hard MBR and MPP processes. This in
cates clearly that these interactions cannot be simulated
curately as continuous energy loss processes.

For 331020 eV proton and iron primaries the main mod
fications introduced by MBR and MPP affect the electr
magnetic component of the showers. The number and en
of gammas and electrons increase significantly in the
stages of the shower development~well beyond the shower
maximum!, but the mentioned effects do not generate visi
changes in the position ofXmax.

The changes generated by MBR and MPP for muon
servables are less significant: The number of muons pra
cally does not change and their energies diminish about
~1.5%! for the case of proton~iron! showers at the tail of the
shower.

The shower front arrival time profile does not prese
modifications due to the MBR and MPP processes.

For primary energies below 331020 eV the modifications
in the electromagnetic shower induced by MBR and MPP
qualitatively similar to the ones described in the preced
paragraphs. In the case of muon observables likejm we have
found, in the entire range of primary energies that was c
sidered, small variations due to MBR and MPP. Such sm
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EXTENDED AIR SHOWERS AND MUON INTERACTIONS PHYSICAL REVIEW D64 013010
modifications correspond, in general, to decrements in
average muon energies when MBR and MPP are switc
on. However, critical combinations of event probabilities d
termine thatjm can remain unchanged or be slightly i
creased for primary energies around 101521017 eV.

The fact that the alterations in the electromagnetic sh
ers are only significant in the late stages of the developm
of the showers, i.e.,Xs.Xmax, implies that in normal con-
ditions there will be no visible changes in the electroma
netic shower at ground level, for showers with zenith an
less than 45°.

For showers with zenith angles larger than 60°, the M
and MPP processes are responsible for an increment o
density of electromagnetic particles at ground, which is m
important in a narrow region around the shower axis. In c
J.
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z.

z.
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nection with this result, we have also found that the sig
produced by C˘ erenkov detectors will be also larger near t
shower axis if the mentioned effects are taken into accou
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