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Extended air showers and muon interactions
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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 implementedirehair 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 maximyrmany 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.
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[. INTRODUCTION than the other ones to produce hard events, and therefore, to
generate sub-showers and introduce significant modifications
When an ultrahigh energy astroparticle interacts with arin the air shower development. For this reason, this work
atom of the Earth’s atmosphere, it produces a shower owill be primarily focused on studying the consequences of
secondary particles that continues interacting and generatirie purely electromagnetic processes, namely, muon brems-
more secondary particles. The study of the characteristics @itrahlung and muonic pair production.
air showers initiated by ultra high energy cosmic rays is of In order to analyze the influence of muon bremsstrahlung
central importance. This is due to the fact that in our days@and muonic pair production on the air shower observables,
such primary particles cannot be detected directly; insteadve have developed new procedures for these mechanisms
they must be studied from different measurements of the aiand have incorporated them mREes (air Shower extended
showers they produce. simulations [4,5]. Using the data generated with th&RES
We have been studying the physics of air showers fo€ode, we have studied the changes introduced by those pro-
several years. We started working on the topic of the eleccesses on the different physical quantities.
tromagnetic processes in air showers analyzing the modifi- This work is organized as follows: in Sec. Il we briefly
cations in the shower development due to the reduction ofeview the theory of muon bremsstrahlung, muonic pair pro-
the electron bremsstrahlung and electron pair production bguction and muon-nucleus interaction. At the end of this sec-
the Landau-Pomeranchuk-Migdal effect and the dielectridion we compare the three effects and analyze under which
suppressior{1]; and we also studied the influence of the conditions they can modify the development of air showers.
geomagnetic field in an air showgz]. In Sec. Il we show the results of our simulations. Finally we
The main goal of this work is to analyze other radiative Present our conclusions and comments in Sec. IV.
processes that take place during the development of an ultra
high energy air shower. We have studied the processes of Il. THEORY
muon bremsstrahlung, muonic pair producti@hectron and
positror) and muon-nucleus interaction. At high energies
these processes become important and dominate the energyThe first approach to the muon bremsstrahl{MBR)
losses of the energetic muons that are present in an air showhkeory was due to Bethe and Heit[&—8]. Their results can
ers. The mentioned mechanisms are characterized by sma&lé reproduced by the standard method of QBPsimilarly
cross sections, hard spectra, large energy fluctuations aras in the case of electron bremsstrahlung. Bethe and Heitler
generation of electromagnetic sub-showers for the case afiso considered in their calculation the screening of the
muon bremsstrahlung and muonic pair production, and hadatomic electrons.
ronic sub-showers for the case of muon-nucleus interaction. After this first formulation some corrections were intro-
As a consequence, the treatment of such energy losses dsced. Kelner, Kokoulin and Petrukhjt0] also considered
uniform and continuous processes is for many purposes irthe interactions with the atomic electrons. The nuclear form
adequaté3]. factor was investigated by Christy and KusdR4d] for the
We have studied the three mentioned processes concluéltst time and then by Erlykif12]. Petrukhin and Shestakov
ing that the muon nucleus interaction has less probability13] found that the influence of the nuclear form factor is
more important than the predictions of previous papers.
These last results have been confirmed by Andreeal.
*Email address: cillis@fisica.unlp.edu.ar [14] who also considered the excitation of the nucleus. In the

A. Theory of muon bremsstrahlung
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where Z is the charge of the nucleusg,is the momentum
transferred to the nucleus amidis the atomic form factor,

ﬁ_ﬁ‘;"—._'_'_“ that is(in spherical coordinates

Y F(q)= f p(r)eTdQ 3

" nucleus wherep(r) is the density of the atomic electrons at the dis-

tancer of the nucleus. Bethe and Heitler assume the Fermi
distribution for this density: that is,
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1 where the constanta and 8 are different for each of the
n elements. This distribution describes adequately all elements
with Z=10. The Fermi radius of the atom is given by

4

FIG. 1. Feynman diagrams for MBR corresponding to the low- a(z) :aoz—l/s (5)
est significant order of perturbation theory.

wherea, is the Bohr radius.
following paragraphs we give some details of these different The screening effect becomes important wken Eq. (2)
approaches for MBR theory. is comparable witlZ. This occurs wher is of the order(or

smaller thai the reciprocal atomic radius: that is,
1. MBR with the effect of the screening by the atomic electrons

It is possible to reproduce the results found by Bethe and q< z'3

Heitler [6—8] (in the case of no screenipgerforming the ag
calculations of the Feynman diagrartsee Fig. 1 at first

order of perturbation theory. For energies that are large comn this case the phasg() in Eq. (3) is small, and thu& (q)
pared with the muon mass, the MBR differential cross secis bigger.

tion integrated over final muon and photon angles takes the Because of the fact that the differential cross section is
form proportional to 1¢?, the largest contribution to the radiation
cross section originates from the region where the momen-
tum transferredgq, is small. Letq,,;, be the minimum of.
Using Eq.(6), the condition for the screening to be effective
reads

=amZ*3. (6)

2Zrome|? dv

o(v,E)dv=a

[(2—v+v )——(1 v)|—
w

(1)

Qmin$q<a’mezllg- (7)

whereE is the primary energy of the muok,is the photon

energy,v =k/E is the fraction energy transferred to the pho-

ton, ry is the classical electron radiug  &2.81794092

X 10 **m), m (m,) is the electronmuon mass andv is

the fine structure constant &c=1 throughout this papgr
When the atomic state involved is not changed, the effect

of atomic electrongscreening is taken into account by in-

troducing the elastic atomic form factor in the cross secuorf’md Pk is the momentum of the emitted photon. When the

for bremsstrahlung under the effect of a Coulomb centePnergles considered are larger compared with the muon
[15] mass, the last equation reduces to

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

Omin= 6= P1— P2~ P« 8

wherep; (p») is the initial (final) momentum of the muon

As we have just mentioned before, Bethe and Hejigr
took into account in their calculation the influence of the 5= v )
screening. The atomic electrons change the Coulomb poten- 1-v’
tial of the nucleus in the following wa}6,15]:

3
=N

N
m

and from Eqgs(7), (8) and(9) we can write

E(E—K) . m,z~
k 2mea

1 2
V= glZF@] 2 (10
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It is common to use the ratio between the atomic shell radiuatomic form factor must be includgd5] in order to take
(5) and the distance from the nucleus R, as a parameter thatto account the electron binding within the atom. If
gives a quantitative estimation of the importance of thedoy(E,k,q) is the differential cross section for MBR by free
screening effect: electrons then the MBR by the atomic electrons is given by
[15]
a(2)
Y=g (11 max -
n

dcr(E,k)=ZJ Fa (a)do(E.k,q) (16)
One can then estimate the distance from the nucleus using 0
the uncertainty relationR=1/5) and Eq.(5), so y can be

- whereF! 2'(q) is the inelastic atomic form factor.
written as

In the work of Kelneret al.[10] the inelastic form factor
was calculated according to the Thomas-Fermi mdiB].
y= _* (120  Those authors have found the following formula that ap-
amZ¥?2E 1—v proximates the differential MBR cross section for muon scat-

. , tering by atomic electronglO]:
The limits y—0 and y>1 correspond respectively to the
ZZromeﬂ(4

cases of appreciable and negligible screening effect. do
When the influence of the atomic electrons is taken into  o(v,E)dv=« 373 +02| peo(6) o
account, the integration over angles in the differential cross ® 17)
section of muon bremsstrahluf6] can only be carried out
numerically. Accordingly to the calculation of Bethe and

. . ) 4 where
Heitler [7] the MBR cross section can be written in the fol-
lowing way (for E>m,,): ()= m, /8 1+ me
Zrm 2 e 2+ 1>-213 !
o(v,E)dv = a| —>—= [(2—2v+v2)¢1(6) m,SIme+ e Bz (19
o

(13) ande=2.718,B’' =1429.

2 dv
—3(1-v)by(8)|—
3. Correction due to nucleus form factor and nucleus excitation
$1(6) and ¢,(6) are the well known functions displayed in
Fig. 1 of Bethe and Heitler's papé7,8]. Since the relative
difference| ¢1(8) — ¢,(8)|/ $1(5) remains less than 3% for
all 8, the approximationg, ()= ¢,(5)= () is justified
and Eq.(13) can be put in the following way:

2[
Petruhkin and Shestakdw3] give an analytical expression

for ¢(6) for any degree of screening. Their result can bewherek=3/2.

expressed as Petrukhin and Shestak¢3] proved that the inclusion of

. the elastic nuclear form factor decreases appreciably the dif-
& 5)—In[ 18%“2‘1/3[1+ 189/e 52_1,3} } (15 ferential bremsstrahlung cross sectiday approximately by

The influence due to the nuclear form factor is usually
taken into account as a correction #{5). Petrukhin and
Shestako\ 13] have found(in the case of nucleus witd
>10) that the modification due to the nuclear size can be
accounted for by changing the equation corresponding to
point nucleus, that is Eq15), by

4

———v+
3 31) U

2Zro,m
o(v,E)dv=a o

v .

#(0)

"

JRTE I I

10-15% wherz>10). This result is in agreement with the
one of Andreeet al. [14].

e

This ¢(5) expression differs from the originagl; and ¢, of It is also possible to take into account an additional cor-
Bethe and Heitler theory less than 3.3% ¢ 0 and about rection due to the nuclear level excitations, but this contribu-
10% whens=2ameZ"” (this corresponds tey=2). tion amounts to only about 1% of the elastic one in the case

of nuclei withZ=10[14].
2. Correction due to MBR by the atomic electrons
4. Final result taking into account the different corrections
analyzed above

Another contribution that must be taken into account is
the MBR with the atomic electrond0]. This correction is
especially important for light nuclei. To define the algorithms to be used in our calculations we

It has been found10] that the usual transformation? have considered the correction due to atomic screening, the
replaced byZ(Z+1) in the differential cross section is not MBR by atomic electrons and the nuclear form factor. The
accurate enough to take into account adequately the inflfinal result for the MBR differential cross section can be
ence of the above mentioned process. Instead, the inelastigritten as
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FIG. 2. Same as Fig. 1, but for MPP. In this case the relevan
lowest order of perturbation theory is the 4th.

dv
o(v,E)dv=«a 2

——v+v

Z(Z¢+ be)

(20

where ¢ is given by Eq.(19) and ¢, is given by Eq.(18).

The expression for the differential cross section diverges

when the photon energy tends to zémarared divergence

In order to overcome this mathematical problem, it is usual
to put a cutoff in the photon energl, . Therefore, the total
cross section for a photon emitted with energy bigger than
is calculated by

T do(Z,T,k)
a(Z,T,kc):f Tdk (21
Below the cutoffk., the mean energy loss by the muon due
to bremsstrahlung is given by
do(Z,T,k
Epye(Z,T ko) = f —( ) dk 22)

It is worthwhile mentioning that, as in the case of electron

PHYSICAL REVIEW D64 013010

tions. Such corrections are of the same kind that the ones
introduced for MBR. For brevity we are not going to review
them in full detall. Instead, we are going to describe the final
results which include all the relevant corrections.

Racah[19] calculated for the first time the MPP cross
section in the relativistic region, but without taking into ac-
count the atomic and the nuclear form factor. Thereafter,
Kelner [20] included the correction due to the screening of
the atomic electrons. The analytical expression for any de-
gree of screening was introduced by Kokoulin and Petrukhin
[18]. Those authors also take into accol2it] the correction
due to the nuclear form factor. We wish to emphasize that
the influence of the nuclear size is more important when the
energy transferred to the pair is larg&l]. This last case is
important for ultrahigh energy air showers and therefore the
nuclear size effect needs to be included in the algorithms
used for the simulations.

If the atomic and nuclear form factors are taken into ac-
count, the MPP differential cross section can be expressed as

bremsstrahlung, the cutoff in the photon energy can be natu-

rally introduced if the Landau-Pomeranchuk-Migdal effect
and dielectric suppressidt] are taken into accoufi6,17).

B. Theory of muonic pair production

In the lowest significant order of perturbation theory, the
muonic pair productionMPP) is a 4th order process in
QED. Two types of diagrams are present, respectively la
beledx ande in Fig. 2. The main contribution to the total

cross section and to the energy loss of muons comes from the

e-diagrams. Thes-diagrams have to be taken into account if
the energy fraction transferred is larges].

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

t21]
d’c 2 1-v )2
dVdp 3 Z(Z+1)(ar0) ( ¢e+ m_) ¢,u
(23
where
ET+E~
v E (24
|
_ Et—E~ (25
Pr e
E= is the total energy of the™, and
(r{)e,,u,: Be,,u.Le,,u. ’ (26)
with
1) 1-p%-
Be=[(2+p)(1+B)+ e(3+pA)]In| 1+ 2 +1PT65
—(3+p?), (27)
B,=|(1+p? 1+3—ﬁ—£1+2 1-p?)|In(1+
w=| (1+p%) > 6( B)(1—=p°)|(In(1+e€)
e(1-p?—p)
+T—(1+2ﬁ)(1—p2), (28)
Lo CZ 3J(1+e€)(1+Y,)
e ., 2mJeCZ Y31+ €)(1+Y,)
Ev(1—p?)
1 3mezll3 2
—zln 1+ 2m, (1+e)(1+Yy) |, (29
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E &CZ—ZB
L, =In 3 M (30)
. . 2me\eCZ Y1+ €)(1+Y,) |’
Ev(1-p?)
_ 5—p*+4B(1+p%) @1
® 2(1+3B)In(3+1/e)— p2—2p(2—p?)’
4+ p?+3B(1+p?)
Y= ; =t (32
(1+p?)(3+2B)IN(3+€)+1— $p?
, 1107 10* 10° 10° 10" 10
v T [GeV]
B= 20—’ (33
v FIG. 3. Mean free path in air for the different muonic interac-
) ) tions, plotted versus the initial kinetic energy of the muon. In all
_[myv 1-p cases the cutoff energy E.=10 MeV.
€= : (34)
2mg/ 1—v
1o 1
C is equal to 189, and the kinematic rangesyadnd p are W (K)=—Aerioyn(K) 1 (40)
am, m 2
I 7T =1-07 _HK7-13 02 2m
g~ min= V= Vmu= 1075/ ¢ 39 P(Ew)=v—1+| 1-v+ | 1+ —*
O0=pminsp(v)<p 2 2
min 2 max Ez(l—v) m’uv
6m Vi m? A% (1-v)
=l1-—*— L) (36) X Lad
E2(1-v) v In LB A B (41)
AT T A

The total cross section for the emission ofelne™ pair is
5 k is the energy lost by the muon,=k/E, m, (M) is the
Ymax fo’max(”) d°o 37) muon (proton mass and\?=0.4 Ge\?. The nuclear shad-
P dvdp owing effect is taken into account iA. according to the
parametrization of Brodsk}24]

U(Z,T,EC)=2J’

Ve

whereE.. is the energy cutoff that has to be introduced to
overcome the infrared divergence of E®@3). Below the
energyE. the process can be treated as a continuous ener
loss. The mean value of the energy lost by the incident muo
due toe"e™ pair production with energy belo&, is

Ag=0.22A+0.87A%8° (42)

hereA is the atomic mass. The photo nuclear cross section,
o,n, can be approximated by the Caldwell parametrization
[25] on the basis of experimental data on photo-production

ai Ve pmayy 2o by real photons:
Eloss(ZrT:Ec)ZZE vdy 0 dpm (38)

Ymin 151.8
C. Muon-nucleus interaction
The nuclear interaction of high energy muons is theoreti- D. Analysis of the influence of the muonic events
cally much less understood than the purely electromagnetic for different conditions

processes studied in Secs. A and B. , . .
Borog and Petrukhif22] calculated a formula for the In order to estimate the order of magnitude of the differ-

differential cross section of this process based on Hand’§Nt Processes in the case of air showers, we have calculated
formalism [23] for inelastic muon scattering, and semi- the mean free pattMFP), A, of the different effects. Each

phenomenological inelastic form factor; it includes nuclearMFP is inversely proportional to the corresponding cross
shadowing effect. Their final result is given by section. In facth =m/o wherem is the mass of the target

nuclei.
do(E,k)=V(K)DP(E,v) (39 Figure 3 shows the MFP’s in g/cdmas a function of the
kinetic energy of the muon for the cases of MBR, MPP,
where emission of knock-orfKNO) electrons ¢ rays, and muon-
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Zv10 F influence of the muon-nucleus interaction in the shower de-
E E velopment will be less important than the one of MBR. In
> 04 consequence, it can safely be assumed that this interaction
AR will not appreciably affect the air shower development and
02 | therefore we have not taken it into account our simulations.
With the aim of analyzing the modifications that MBR
: and MPP may induce in the shower development we have
o 05 1 incorporated inAIRES [4,5] new procedures for both pro-
v cesses. The corresponding algorithms emulate the formula-
-4 -4 tions described in this section, including all the details that
o are relevant for the case of air showers. The technique used
to implement such algorithms employs in first term very fast
g g approximate calculations of MFP’s, using adequate param-
0.4 k. 04 . eterizations of the corresponding theoretical quantities. Then,
NGRS N cpinee the exactness of the procedure is ensured by means of
0.2 0.2 acceptance-rejection tests performed after primary accep-
g g tance of the interactions. As a result, the procedures devel-
oped for AIRES do not increase significantly the computer
v ’ v time required by the general propagating procedures, while
ensuring that the interactions are treated properly.

x10 | 10° GeV

10% Gev

v do/dv
=)
=

v do/dv
=)
N
-
(]
Q
[+
<

FIG. 4. Differential cross section of MBRdashed linesand
muon-nucleus interactiofsolid lineg versusv for different muon

energies. Ill. AIR SHOWER SIMULATIONS

In order to analyze the influence of MBR and MPP in the
nucleus interaction. One can compare the MFP’s of the difdevelopment of air showers initiated by ultra high astropar-
ferent muonic events with the depth of the atmosphere ticles we have performed simulations using #ges pro-
(~1000 g/cr for vertical showers and-9000 g/cnd for  gram[4,5] with different initial conditions: primary particles
showers with zenith angle 85°). The influence of such pro{protons, iron nuclei, muons primary energies(from
cesses in the development of the shower will be more impori0'*®° eV to 1¢7%°eV) and zenith anglegfrom 0° to 85°).
tant for large zenith angles where the total depth of théWe compare results of simulations where the MBR and MPP
shower is bigger and the muonic events have more probabikhave been taken into account with results obtained in identi-
ity to take place. There is another reason to expect that theal conditions but not considering those muonic processes.
influence of the effects will be more appreciable for largeNotice that both, the emission of knock-on electrons and the
zenith angles: The muonic component of the showers amuon decay, aralwaystaken into account.
ground level becomes very important for zenith angles larger Unless otherwise specified, the geomagnetic field was not
than 60°(see, for example, Fig. 2 in R4i2]). taken into account in the simulations, in order to avoid large

Due to the fact that the MFP’s decrease when the initiamuon deflections that are present in quasi-horizontal show-
energy of the muon is large, it is expected that the influencers.
of the MBR, MPP and muon-nucleus interactions will be Hadronic interactions with primary energy greater than
more important under these conditions. 140 GeV were processed using thesiETmodel[26], while

Figure 3 also illustrates that the emission of knock-onfor energies below that threshold, a modified version of the
electrons(KNO) is the most probable process for energiesHillas splitting algorithm[27] tuned to matcloGsJieTpredic-
smaller than 1®GeV, while for energies larger than this tions at 100 GeV, was used.
value, the MPP dominates. The MFP of this last process is Due to the fact that the number of particles in an ultrahigh
about three orders of magnitude smaller than the ones anergy simulation is very largéfor example a 1€ eV
MBR and muon nucleus interaction. shower contains about ¥particles it is necessary, from

In the case of MBR, the MFP is 1 or 2 orders of magni-the computational point of view, to introduce a sampling
tude (for very inclined or vertical showers, respectively technique in order to reduce the number of particles actually
greater than the depth of the atmosphere. Therefore, the totsimulated. An extension of the so-called thinning algorithm,
probability of the process during the entire shower path reoriginally introduced by Hillag27], is used inAIRES [4,5].
mains always small. This technique allows to propagate all particles whose en-

The muon-nucleus interaction competes with the MBR,ergy is larger than a fixed energy, called thinning energy,
but, as it is shown in Fig. 4where the differential cross E,;,; and only a small representative fraction of the total
section of both processes is plotted versys the muon- number of particles is followed below this energy. A statis-
nucleus interaction has less probability to generate hartical weight is assigned to the accepted particles, which is
events and then to produce sub-showers. Moreover, the aedjusted to ensure that the sampling method is unbiased. The
erage energy loss of the muon-nucleus interaction, that is, thainning algorithm ofairRes is controlled by two parameters,
integral ofv times the differential cross secti@a3), is only  namely, the thinning energy and the weight limiting factor,
about 5% of the total energy loss. Due to these facts, th&V;. The quality of the sampling improves when these pa-
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. -1
& [ |
« 10 g (b)

ol vl vl vl vl il
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MBR-MPP ON

MBR-MPP OFF FIG. 6. Probability of muon decay in the first interaction versus
X, [Eq. (45)]. The muon primary energy is ¥beV.

10 o Lo Lo Lo Lo Lo

0 1500 3000 4500 6000 7500 9000
X, [g/em’]
. Eprim_ E,u
FIG. 5. Longitudinal development of showers initiated by fEs_ Eprim (44)

10" eV muons (85° zenith anglelotted versusX. (a) Average

number of electrons and positrorib) Fraction of energy accumu- .
lated by secondary particles relative to the primary energ))s plotted versus(;. When the MBR and MPP effects are

(10 eV). The averages were performed using a sample of'Ot taken into account the muon almost does not loose en-
10° (5 10°) showers in the ONOFP) case, simulated with 16~ €rgy during all its pathl ~0.008 GeV/(g lerf)], while if
relative thinning and weight limiting factor 3. The geomagnetic Such effects are conS|deE‘ed, the muon energy loss rises up to
field is not taken into account in these simulations. ~0.3 GeV/(g/cm) at 10 eV. This is due to the fact that
both MBR and MPP have the possibility to produce hard

ters diminish. The thinning techni . lained events, responsible for the more significant losses shown in
rameters diminisn. IRESThiNning technique IS explaine Fig. 5(b). On the other hand, when MBR and MPP are dis-

in detail elsewhergS]. The thinning energy is usually €x- apiaq the muon energy loss comes from the emission of
pressed in units of the shower primary energy, and in thig O electrons(soft and hariiand the muon decay that im-
case it is namedelative thinning plies a total loss of less than 0.1% of the primary energy,
even in the case of horizontal showers.
] ] However, the muon decay may affect the first stage of the
A. Evolution of single muons average shower development and, in fact, it is the respon-

Let us consider first the case of the evolution of a singlesible of the initial (X;< 1500 g/cd) peak of Fig. %a) in the
muon eventua”y produced during the deve|opment of dMBR-MPP off case. To understand more clearly the Origin
given shower. We have simulated such muon initiated showof this effect, let us consider the probabilitp, that the
ers in a representative case: Primary energy ¥ and ze- muon of energye decays before undergoing any process of
nith angle 85°. One can observe that due to MBR and Mpli_gnock-on electron em|35|o(rﬁor_3|mpI|C|ty we are nqt taking
a muon of such energies may generate secondary showef8{0 account MBR and MPP in this analysig\ straightfor-
This effect is clearly illustrated in Fig.(&8 where the num- ward calculation yields
ber of electrons and positronsf(e”) is plotted versus the
slant depthXs. Due to the processes of MBR and MPP the p.—1_ fwexp[ _
number of electrons and positrons is enlarged with respect to d 0
the no MBR-MPP case. When these effects are not taken into

account, only KNO and muon decay can affect the propagagpere) o is the knock-on mean free path in g/&ni, is

tion of the muon during all its path. Notice that the averagey,e decay mean free path in mete¥sjs the matter path
number of muons is virtually equal to one during the entiremeasyred from the location of the particle and along its tra-
shower development. This can be explained taking into aCectory, andly is the metric path corresponding 6 Iy
count that:(1) At energies of the order of #6eV the muon  depends also on the location of the mueepresented by its
decay probability is quite small, about 1%he mean free depthX,) and the atmospheric model used, dgddepends
path for decay is approximately>610° m, while the length  on the muon energy. Equatiof5) can be conveniently
of the atmosphere along a 85° inclined axis is aboltrh).  evaluated numerically considering a realistic atmospheric
(2) The probability of generating additional muons via decaymodel. The results are plotted in Fig. 6 whd?g is repre-

of pions coming from photo-nuclear reactions involving sec-sented as a function of;. As expectedPy is always small

X +|X} dX us
Akno o)) Mkno

ondary gammas is vanishingly small. and diminishes as long a& grows. At the top of the atmo-
In Fig. 5(b) the fraction of energy accumulated by second-spherePy=6x10"“. This means that in a batch of, say?10
ary particles relative to the primary energy, that is showers, an average of 600 showers will be initiated by
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ditions as in Fig. 7. Soliddashed lines correspond to 45° (85°)

FIG. 7. Percentage of muonic events for16V proton showers 8 :
genith angle(a) is for KNO processegb) MPP, (c) MBR, and(d)

(see text. These data represent an average coming from samples
50 showers simulated with 16 relative thinning and weight factor
> ones, it can be seen that both MPP and MBR rates are
muon decay. Such showers will be characterized by an initia$lightly increasedabout 3% and 0.05% respectivglyvhile
electron (or positron carrying a significant fraction of the the MDY relative frequency diminishes. _
primary energy, and capable of generating a major electro- !N Fig. 8 the energy distributions of the different muonic
magnetic shower. These electromagnetic showers are respd?€nts are represented. The initial conditions of the shower
sible for the initial peak that shows up in Fig(éh Notice ~—are the same as in Fig. 7. In agreement with the MFP's of
that the maximum number of particles for't@V electro- ~ Fig- 3, MBR and MPP occur, in average, at relative large
magnetic shower igroughly) 10°. When averaging, such €nergies. On the other hand, and as expected, MDY takes

showers contribute attenuated by a facRy. This gives place at lower energies. Figure 8 shows the_lt the energy spec-
(Niman=6%10"4x10°=60, result that is in agreement with UM of the muons that undergo the studied events moves

the corresponding plot at Fig(&®. slightly towards large energies if the zenith angle of the
shower is increased.

We have also studied the frequency of the muonic events
as a function of the primary energy. The results are shown in

The influence of MBR and MPP in the global observablesFig. 9 where the percentages of muonic events are plotted
of air showers has been exhaustively studied using mainlyersus the primary energy. The main characteristic of these
the representative case of a proton primary. plots are the following: For primary energies above

Although the relative frequencies of MBR and MPP in all 10° GeV, all the percentages remain practically invariant.
cases are small compared with other muonic events likdfhe KNO effect is always the one with maximum relative
KNO, in some conditions the influence of these processes ipercentage. The MDY presents a noticeable dependence with
the development of the shower is not negligiblEor ex-  the primary energy in the region below®GeV (from 10%
ample, as we have just mentioned in the last paragraph, thet 1¢ GeV down to 0.4% at 0GeV). On the other hand,
MBR and MPP may generate sub-showefSigure 7 dis- the MPP grows with the primary energy although the differ-
plays the percentage of muonic events fof®l€V proton ence between extremes is less significant than in the MDY
showers with zenith angles of 45%olid lineg and 85°  case(from 0.9% at 16 GeV up to 3.5% at 1DGeV). MBR
(dashed lines The bars correspond, respectively, to KNO, behaves similarly than MPP, but this fraction is about two
MBR, MPP, and muon decaMDY'). As it is expected, the orders of magnitude smaller than the MPP one.
KNO processes always account for the largest frequency, The particular behavior of these fractions can be ex-
96.36%(96.64% in the 45° (85°) case. The other processesplained considering the characteristics of the energy distribu-
are by far less frequent: 2.29%, 1.32% and 0.03% for MDY tion of the different muonic events, plotted in Fig. 10 for
MPP and MBR respectively (45° cas€omparing the per- several primary energies. All the spectra can, in principle,
centages of muonic events in the 85° case against the 4%xtend up to the primary energy of the shower. When the

B. Evolution of air showers
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primary energy is less than 104 eV, this cutoff is clearly 10! 10 10° 10° 10t 10 10 10°
visible in the plots of Fig. 10. In these cases, the muons E [GeV] E [GeV]
generated during the shower have a non-negligible decay o ) ) )
probability. For primary energies abovelt@V, the energy FIG. 10. Energy distribution of muonic events for different pri-

distribution of muons broadens, but the spectrum of decaying'ary egnergies(a) 10% eV'O(b) 10%ev, © 10 eV, (d) 10" ev,
muons remains bounded in the regs 1012 eV, due to the e 10 eV, and(f) 3x 10?° eV. For clarity, curve labels are indi-
fact that the decay probabilities become very small for enerc@ted only in(f), and the same pattern applies to all the graphs:
gies above that limit. As a consequence, the total fraction opotted lines correspond to KNO, solid lines to MPP, dashed lines to
decaying muons diminishes progressively with the primar)MpY' and dotted-dasheq Ilngs to MBR. The conditions of the simu-
energy, as shown in Fig. 9. lations are the same as in Fig. 9.

When the primary energy is much larger that“€V, the _ .
energy distribution of muons is concentrated in the region ofo the MBR and MPP effects. We consider first the case of
energies lower than that indicative value, and only a smalBx 10?° eV proton showers inclined 85°.
tail extends to higher energies. As a consequence, most sig- One of the most evident modifications induced by the
nificant parts of the energy distributions for aII. the muonicMBR and MPP effects is the increase of the size of the
events become almost independent of the primary energyesidual electromagnetic shower produced during the late

and so the fractions plotted in Fig. 9 do not present importanstages of the shower developméwell beyond the shower
changes at the highest primary energies. maximum.

The MPP relative fraction depends mainly on the number Thjs shows up clearly in Fig. 11 where the number of
of high energy muons, which rises S|gn|f|c_a_1ntly with the pri- gammas(al) and electrons and positror(e1) are plotted
mary energies foEn=10'° eV and stabilizes above that againstX.. Notice that, accordingly to our calculations,
energy. o . ) ) there are no visible differences in the position of the maxi-

. The very smal] variations in the fractions of Fig. 9 at the ,,um of the showerXa,). In order to show the increase of
highest energiesincrease of MDY and decrease of MPP e electromagnetic shower it is convenient to define the

fractions can be regarded as secondary effects of the varige|ative difference between the cases where the MBR and
tions of the characteristics of the hadronic processes that tak@pp are or are not taken into account. that is

place at the beginning of the shower development. Cross
sections and multiplicity of hadronic collisions rising with

energy are some of the aspects that need to be taken into A= Nwerimpp on_ 4. (46)
account in this sense. A detailed discussion on the character- NyvBrMPP Off
istics of the inelastic hadronic collisions is beyond the scope
of this work; the interested reader can consult R28)|. AN, and AN, have been plotted in Fig. 1(a2 and (b2),
o respectively. For clarity, these plots include only the tail of
1. Longitudinal development the showers X>2200 g/cm). It can be noticed that the

The following paragraphs contain a description of therelative increase of the number of gammas and electrons is
modifications induced on different shower observables du@bout 20% at the very late stages of the shower development.
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FIG. 11. Average longitudinal development of gamrfe® and FIG. 12. Average longitudinal development of the energy of

the relative differenc& N, (a2 (see text, and average longitudinal gammas(cl) and the relative differenc&E, (c2), and average
development of electrons and positrdbg) and the relative differ- longitudinal development of the energy of electrons and positrons
enceAN, (b2) versusX,, for 3x107° eV proton showers with a (d1) and the relative differencAE, (d2) versusX. The initial
zenith angle of 85°. The soli@lashedllines corresponds to the case conditions are the same as in Fig. 11.

where the MBR and MPP ar@re noj taken into account. The

averages were performed using, at each case, 200 showers simu-\we have studied the modifications introduced by the
lated with 10 ° relative thinning and weight factor 3. The geomag- MBR and MPP effects for different primary energies. The
netic field is not taken into account during the simulations. influence of these processes in the electromagnetic compo-

o o nent of the showers with smaller primary energy is similar to
Similar plots describing the development of the averaggne case of % 10%° eV, described above.

energy of gammas and electrons and positrons are displayed
in Fig. 12. The fact that the relative increments of the ener-
gies are similar to the corresponding relative increments of
particle numbers indicates that the energies of the electroz 1400
magnetic particles are not substantially modified by the in-& 1300
clusion of the MBR and MPP effects, as expected. w1200

The influence of MBR and MPP is less significant on the 1100
muonic component: The number of muons during the devel- 1000
opment of the shower practically does not change if theSe — 900 F-f- i T R gy o
effects are considered. The longitudinal development Of 800 | i TS
muon energy appears in Fig. (&R This plot shows that the 700
energy of the muons diminishes about 3% at the tail of the
shower if the MBR and MPP effect are enabled. It is also | 14
observed that the sum of the energies of all muons dividec®
by the average number of muons,

x107

o b b b

0 2200 4400 6600 8800
X, [g/em’]

E
§M=N—: (47)

80
60
40
20 é/ :

is not significantly modified when the effects are considered 0 0"'

for the primary energy mentioned abojsee Fig. 1®)]. 200 4400 6600 - [g/cnfzﬁoo

We have also investigated whether or not the MBR and :
MPP generates modifications in the shower front arrival time  F|G. 13. (a) Average longitudinal development of muon energy
profile for different particles of the showémuons, electrons versusX.. (b) Average energy per muon versis. The solid
and gammas We have not found any significant alteration (dashedllines corresponds to the case where the MBR and MPP are
when comparing the cases when the effects of MBR andare noj taken into account. The initial conditions are the same as
MPP are or not taken into account. in Fig. 11.
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~180 ¢ tween 0 and 2£, practically does not present significant

160 | changes when comparing the cases where the MBR and MPP
are enabled or disabled. On the other hand, progressively

140 significant differences can appear &larger than 2scan be

120 regarded as a measure of the stage of the shower develop-
i ment, ranging from 0 at the top of the atmosphere to a final

100 | . X )
valuesy at ground which depends on the zenith anglgis

80 \ T F a measure of the quantity of matter the shower has to pass

60 [ /,:' through from its beginning until reaching the ground level.
i /j From the plot in Fig. 14, it can be inferred that whepis

“ \\';7 less than 2, that is, for zenith angles less tha#5° in the

20 EANB s A SRS conditions of our simulations, there will be no noticeable

0 B modifications on the shower development due to MBR and

0 2 4 6 8 10 MPP.

We have also analyzed the influence of MBR and MPP in
FIG. 14. £, (GeV/particle versuss (see text, for proton show- the showers initiated by different primary particles like, for
ers inclined 85°. The soliddashedl lines correspond to the case example, iron nuclei. We have observed that the modifica-
where the MBR and MPP interactions afae noj taking into  tions that MBR and MPP introduce in the late stages of the
account.(a), (b), (c) and (d) correspond, respectively, to primary shower development have approximately the same character-
energies of X 10%° eV, 10° eV, 10 eV and 3< 10" eV. The av- istics of the ones introduced for a proton shower for the case
erages were performed using sets of 280250 (b), 500(c), 1000  of the electromagnetic component of the mentioned shower.
(d) showers, in all cases simulated with forelative thinning and  For the case of muons observables the differences are less

weight factor 3, and neglecting the effect of the geomagnetic fieldsjgnificant. For exampleAE# reaches a maximum of 1.5% in

_ . . the late stages of the shower development for the case of iron
In Fig. 14,¢,, is plotted versus= Xs/Xnax for different  shower of 3<10°° eV and 85° of zenith angle while for

primary energies. All the curves show a similar behavidr:  proton showers, in the same initial conditions; is 3%.
In the region G<s<1 &, decreases witls, direct conse- a

guence of the multiplicative processes that take place in this
phase and increase the number of shower secondaries, thus
reducing the average energy per secondéry.For s>1, We have also studied the distributions of the particles at
low energy muons decay progressively, and therefore thground level(lateral distributions In the case of very in-
mean muon energy is shifted as longsagows. When com-  clined showers, the intersection with the ground plane occurs
paring the curves corresponding to different primary enerwell beyond the shower maximum, and lateral distributions
gies, it is possible to see thg}, increases monotonically as are somewhat different with respect to the “typical” distri-
long as the primary energy decreases frdiy, =3 butions corresponding to showers with small zenith angles.
X107 eV (a) to Eyim=10" eV (c); and decreases when the Among other differences, we can mentidi): Substantially
energy continues decreasing below*16V [curves(c) and  smaller number of particlegii) The densities of the electro-
(d) for 3x10' eV; no intermediate cases were plotted for magnetic particles are of the same order of magnitude than
simplicity]. This behavior is consistent with the characteris-the density of muongiIn the case of quasivertical showers,
tics of the energy distributions of Fig. 10, already explainedthe muons account for only about 1% of the ground par-
at the beginning of Sec. Ill B: The low energy rarjgerves ticles)
(c) and (d)] are characterized by muon spectra bounded by In Fig. 15 the densities of, e"e™, andu™ u ", are plot-
the primary energy and thus significantly changing when ited versus the distance to the shower axis, for the case of
varies, and with a mean value increasing with the primaryl0*® eV proton showers inclined 70°. The ground level is
energy. On the other hand, the high energy rdrgeves(a) located at 875 g/cfn The analysis of the data shows that the
to (c)] is characterized by muon spectra weakly correlatechumber ofy ande*e™ is slightly modified—when MBR and
with the primary energy, and enhanced fraction of low en-MPP are taken into account—near the shower axis, while the
ergy muons at the highest primary energies. lateral distribution of muons remains virtually unaltered
When comparing the curves corresponding to the caseshen the MBR and MPP interactions are enabled. It is
MBR-MPP disableddashed linesand enabledsolid liney, worthwhile to mention that in this case the geomagnetic field
it is possible to notice that the differences between pairs ofs taken into account in order to simulate a real situation. In
curves is always small, with a maximum of 5% for cufeg  fact, we have chosen the conditions corresponding to the site
ats=10. In generak, decreases when MPP and MBR are of El Nihuil (Mendoza, Argentinawith the aim of studying
switched on. However, a critical combination of event prob-the characteristics of showers to be measured by the future
abilities (see Fig. 9 determines thag, remains unchanged Auger Observatory29] that is currently being constructed at
or is slightly increased for primary energies around®10 that site.
—10" eV. The measurement of the lateral distributions of particles at
From Fig. 14 one can see that in the region around thground generated by ultra high energy cosmic rays is usually
shower maximum, that is, whesranges approximately be- performed by means of watere@nkov detectors. Such de-

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

It is worthwhile to remark that the fact that the main
modifications in the electromagnetic to muon signal ratios
are concentrated in a narrow zone around the shower axis

: : makes it unlikely that the incorporation of MBR and MPP in
1 [ I I the air shower simulation engine will significantly affect the
108,4(r (3n]) 108, [1n]) 1o, (r [ou]) results obtained in referenc¢82,33 where the measure-
ments of inclined showers performed at the Haverah Park

FIG. 15. Number of particlesy, e"e” and " u~ respec- experiment[34] are analyzed with the help of air shower
tively) versus the distance to the shower axis, fot®V proton  simulations using AIRES without taking into account MBR
showers with zenith angle 70°. The solidashed lines correspond and MPP.
to the case where the MBR and MPP &age no} taken into ac- Notice also that the data plotted in Fig. 16 corresponding
count. Each curve corresponds to an average over 400 showets the case when the MBR and MPP are switched off can be
simulated with 10° relative thinning and weight limiting factor 3. compared with the corresponding data presented in[R2}.

The geomagnetic field was taken into account during the simulag; jg easy to see that there is a good qualitative agreement
tions. between the two sets of data and that the small differences
between the two works most probably come from differences

vices are sensible to both electromagnetic particles ang the ground altitude and/or specific parameters used to cal-
muons, and the signal they produce is the sum of both comeyjate the detector responses.

ponents. The signal produced by any particle hitting a water

Cerenkov detector must be estimated by a specific Monte

Carlo simulation which takes into account the characteristics IV. CONCLUSIONS

of the detectors. The detailed simulation of wateré&hkov We have studied the influence of the MBR and MPP in

detectors is b'eyor_ld the scope of our wor!(; we have mstea%e development of air showers initiated by ultra high energy
evaluated estimations of these signals using a direct Convegstroparticles We have incorporated in taees air shower

sion procedure that retrievesieragesignals{30]. Such av- simulation system the corresponding procedures to emulate

erages were evaluated on the basis of simulations perform%Hese effects and have then performed simulations in a num-

Wlt\r;vtehiQ/SAIS()ll\tﬂeg ri?lglr:?n{ié]'the ratio between the electro-ber of different initial conditions.

maanetic ans the muonigc]:. component of the detector siana The analysis of the evolution of a single muon indicates
9 . . P . 9 {hat such particle can eventually generate secondary showers

as a function of the distance to the shower axis, for the caseg, - undergoing hard MBR and MPP processes. This indi-

V\{hen MBR and MPP are or not taken into account in thecates clearly that these interactions cannot be simulated ac-

simulation of the showers.

. ; . .curately as continuous energy loss processes.
The increase of the size of the residual electromagnetic For 3x 16%° eV proton and iron primaries the main modi-

shower that takes place when MBR and MPP are enableqi’cations introduced by MBR and MPP affect the electro-
magnetic component of the showers. The number and energy

[

N, /m
T \\IHHI

10

T

Bl
10

ISy

10

50_6 : of gammas and electrons increase significantly in the late
E ++ stages of the shower developméniell beyond the shower
€05 i maximur), but the mentioned effects do not generate visible
g 1“ i& i changes in the position of,,-
£04 - 4 ..;‘ The changes generated by MBR and MPP for muon ob-
g 4 P servables are less significant: The number of muons practi-
503 F ay i cally does not change and their energies diminish about 3%
“my L 3 (1.5% for the case of protofiron) showers at the tail of the
0.2 s shower.
15225335 The shower front arrival time profile does not present

modifications due to the MBR and MPP processes.
For primary energies below>310?° eV the modifications
FIG. 16. Signal ratio: electromagnetic component divided byin the electromagnetic shower induced by MBR and MPP are
muon component at ground level, plotted versus the distance to tHgualitatively similar to the ones described in the preceding
shower axis. The trianglesquares correspond to the case where paragraphs. In the case of muon observablesdjkere have
the MBR and MPP aréare noj taken into account. The simulation found, in the entire range of primary energies that was con-
parameters are the same as in Fig. 15. sidered, small variations due to MBR and MPP. Such small

log,,(r [m])
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modifications correspond, in general, to decrements in thaection with this result, we have also found that the signal
average muon energies when MBR and MPP are switcheproduced by @renkov detectors will be also larger near the
on. However, critical combinations of event probabilities de-shower axis if the mentioned effects are taken into account.
termine that¢, can remain unchanged or be slightly in-
creased for primary energies around°t010' eV.

The fact that the alterations in the electromagnetic show-
ers are only significant in the late stages of the development
of the showers, i.eXs>Xmax, implies that in normal con- This work was partially supported by Consejo Nacional
ditions there will be no visible changes in the electromag-de Investigaciones Ciefiitas y Tenicas, Agencia Nacional
netic shower at ground level, for showers with zenith anglede Programacio Cientfica of Argentina, FOMEC program,
less than 45°. and Fundacio Antorchas. We wish to thank Professors H.

For showers with zenith angles larger than 60°, the MBRFanchiotti and C. A. Garal Canal(University of La Plata
and MPP processes are responsible for an increment of tHer enlightening discussions. We are also indebted to Dr. C.
density of electromagnetic particles at ground, which is mosHojvat (Fermilab, USA for helping us to access many of the
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