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Understanding cosmic ray air showers at large zenith angles

M. T. Dova and A. G. Mariazzi
Departamento deibica, Universidad Nacional de La Plata, C.C. 67(1900) La Plata, Argentina

Abstract. Particle density distributions are essential for the longitudinal development.

analysis of the showers generated in the atmosphere by cos- In this paper we present a study of the dependence of the
mic rays of ultra high energy. Several useful parameterizal DF parameters with atmospheric depth corresponding to
tions of lateral distribution of particles (LDF) have been usedsemi-analytical lateral distribution functions for vertical show-
by different experiments to study showers produced at lowers. The results obtained are use to calculate the correspond-
zenith angles. Very inclined showers are of particular interesing LDF for inclined showers.

since they would increase the acceptance of any air shower

array. We present an approach to analyze lateral distributions

of electrons and muons produced by high energy cosmic ray ~ Electron lateral distribution function

particles. The proposed LDF fit very well the data obtain by

MC simulations. Studies of the evolution of LDF parameters 1 N€ lateral structure function derived for a pure electromag-
with the atmospheric depth are also presented. netic cascade by (Greisen , 1960) (Kamata and Nishimura ,

1958) has been much used both in theoretical developments
(3D extensive air shower simulation) and in the description
of experimental results (Antoni et al., 2001) (Nagano, 1984):

1 Introduction

The lateral distribution function of electrons and muons of .\ _ Ne (r) 1)

an extensive air shower(EAS) produced by ultra high energy T2,

cosmic ray particles at ground, is a very important observable r'4.5-s) T \g_9 T \s_4s

because the energy of the primary can be derived from them! (") = 27T (s) T(4.5 — 25) (a) 1+ E) @
Much of our interpretation of the extensive air shower phe- 3

nomenon involves the LDF in one way or another. Forexam- S = = Snkg = 2 In(E2) ®)

ple, the dependence of the shower size with the age parameter 1+ =

is expected to contain information about the primary compo- [ patm(2)dz

sition and characteristic of high energy interactions. Both ¢ = ZT (4)

shower size and age parameter are estimated by using the

LDF. It is therefore important to know the analytical form N, is the total number of electrone; is the critical energy

of the structure function that correctly describes the lateral, £, is the primary energy:,, is the Moliere radius an&,

distribution. is the radiation length in airs is the age parameter which is
The ground patterns produced by inclined showers are difrelated to the shower stage of development.

ficult to analyze because they lose the circular symmetry usu- The lateral distribution of electromagnetic showers in dif-

ally used for interpretation of low zenith angle showers den-ferent materials scales well with the Moliere radius :

sity profiles(Pryke , 1998).

X 1
The asymmetry of ground densities in inclined showers isr,, = B, 2%~ (5)
dominated by a purely geometrical projection effect(Bertou €0 Patm
and Billoir, 2000) with the additional asymmetry due to the ,, ~ _— rm(to)patm((to)) ~ rm(to)t—o = Tkg (6)
Patm t t
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the coordinates of the rotated system :

rm
s

L B L 2’ = xcosh+ zsinh =z, cosb 9)
= 4 R Y = Y=Y (10)
' ’ ' — 2o sind (11)

z = zcos —zxsinf = ——
cos 0

The(z,,y.) coordinates are the Cartesian coordinates of the
i ; particles measured from the intersection between the shower
Sk 5 ks 85510 oo sk S Tt axis and a plane parallel to the ground.

osem2) orem2) The structure function will be the same as eq.2 but evalu-
: - L ) ated at :
Fig. 1. (left)-Variation ofr,, fitting in different ranges of, s fixed o ,
to snig(€g.3). The full line corresponds ta.r4(eq.6). (right)- - fz, Patm(2)dz (12)
Variation of s fitting in different ranges of, 7., fixed tor,1g4. Xo

with 2’ along the shower axis direction.
. _ _ o _ Actually, the structure of an air shower is quite complex
The Moliere radius-, is a characteristic unit of length in - pyt following (Pryke , 1998; Dova et al., 1999), an inverted
the scattering theory, the geometrical value,pfis inversely  cone seems to be a reasonable first approximation. If the
pI’OpOI’tional to the density of the medium. For an iSOthermalcone ang'g;ana is assumed near'y independentwfhen,
atmosphere it will be inversely proportional to the vertical the particle density distribution for an inclined shower is given

deptht (eq.6). by eq.7-8 with slant deptt including the azimuthal angle
Vertical proton showers at0'? eV were generated using dependence.

AIRES + QGSJETWIth an effective thinning0—8. /

Nishimura-Kamata-Greisen formula(NKG) eq.(1-4) cande—— — L = (2 —L)(1— ,riL tanfcos¢) (13)
scribe the simulated LDF at different observing levels. Re- cos , (== L)
ducedy? are in the range 1-5 with better fits near the shower tana  — r (14)
core.r,, values depend on the fitted regiorifs fixed to the (L —2)
theoretical value (eq.3). dz ,

On the other hand, fitting the region close to the shower dz cos (1 — tana tan cos ¢') (15)
core ¢ < 300 m), 7, ~ + as expected. Deviations from t ‘ B Y
this behavior appear atplarger distances from the core as a v cos (1 — tana tan 6 cos ¢') (16)
consequence of using a fixed valuesofThe age parameter  proton air showers din'® eV were generated withIRES +
depends on the axial distange= s(r). QGSJETat zenith angles betwe#h= 30° andé = 70° with

In Figl., the variation of,,, ands with atmospheric depth  an effective thinning level of0—5.

is shown. The r dependence of the parameters is evident.  For single showers, two-dimensional density distributions
The shower size can be reproduced rather well if the fit-¢ were built at all predetermined observing levels for dif-
is performed at small distance from the shower core. Theferent particles.
normalization of the NKG function depends pif s = s(r) The distributions were fitted using the modified NKG for-
is used. mula including the zenith angle dependence.
Our studies of vertical showers confirm, as proposed by The proposed density distribution fits wette~ at all ob-
(Bourdeau et al., 1980), that a modified NKG formula should serving levels fo < 70°. At zenith angles greater th&0°

be used: the electromagnetic component is attenuated before reach-
N(r) r - ) ing the ground and the formula fits only up to a slant depth
p(r) = 2 O(S)(f)s(r)ial + 7)5(”74"’ (7) t' ~ 195097 /cm?
"m T fm It is well known that in very inclined showers due to the
In this work, we use as a first approximation, greatly enhanced atmospheric slant depth, the electromag-

netic component is almost completely absorbed and at ground
% (8) the shower consist mainly of muons (Ave et al., 2000).
14 n2in() Fig.2 and Fig.3 show the(left) and ¢(right) projections
¢ of the two-dimensional distributions f60° and70° inclined
wherer takes into account the above mentioned deviations. showers respectively at a given atmospheric depth.

S = Spkg(t) =

2.1 Inclined showers o )
3 Muon lateral distribution function

In this section we present a first attempt to extend these so- . . .

lutions to inclined showers. In the case of an homogeneoué* Semi-analytical form of the structure function was pro-
atmosphere, one have rotational invariance and the solutioR®S€d by (Vernov etal., 1968):

is the same as the vertical induced shower but evaluated ip,,(r) = N, (t)f.(r)
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Fig. 2. 50° inclined shower two-dimensional fit of NKG function Fig. 3. 70° inclined shower two-dimensional fit of NKG function
with fixed r,,, at 595gr/cm2. with fixed r,,, at 350gr/cm2.
r T .
fulr) = C(—) " exp(——)) (17)  the mean energy of muorsE,, > and to the mean height of
"o "o production< H > :
with v = 0.4 andry = 80m. It has been widely used in the u
. : 2 <p| >
evaluation of the experiments of the Moscow group (Vernovry, = 3 < H> i3 (23)
etal., 1968). < By =

A dependence of the parameters according to shower de- The mean height of origin of muons H > depends on
velopment must be expected for the lateral distribution of thethe pion decay probability as well as the relative importance
muons as it is the case for the electromagnetic component. of the various pion generations. The increase<ofd >

Shower muons are less attenuated in traversing the atmawith increasing muon energy is determined by the pion de-
sphere and little affected by Coulomb scattering. Its spreactay probability since muons with higher energies come from
is determined by the direction of emission of the parent par-pions requiring lower densities of atmosphere for decaying,
ticle and hence increases while the shower propagates downhken it is reasonable to assume :
wards, whereas reproduction, especially of energetic muons,

becomes negligible. Thus, the lateral distribution of older < H >~ (24)
showers will be flatter than that of less attenuated events. A Patm
shower age dependence of the muon structure function has
been considered in relation with the parametgAlessio et S 2 cH> = P> o1 (25)
al. (1980) and references therein). o0~ 3 <E.>  paim

Murthy et al. (1968) used Vernov distribution to describe Patm (to) to
the electron lateral distribution with: ro = To(to)m ~roto) (26)
Y= 225 = Skg (18) Although these expressions are semi-quantitative approxi-
s — 3 (19) mations, they can serve as a basis for an order of magnitude

= - €a
2In(Z2) assessment of the variation of the parameters of the lateral
T+ spread

Fitting Vernov distribution to the simulated muon lateral  The Vernov structure function for an inclined shower is
distribution of a10!°cV vertical proton shower, we found then the same of eq.16 but evaluated at :

that they parameter dependence with atmospheric depth is "
i : "= 27
well described by : t cosf (1 — tan o tan 6 cos ¢') 27)
a = 2-—s, (20) (28)
EIES Lw (21) The modified Vernov LDF successfully fits the Monte Carlo
1+ 5 simulation data at all zenith angles. The behavior of the fitted

with 3 as a free parameter parameters will be described in detail elsewhere.
It can be argued (Bosia et al., 1972; Bergamasco et al Fig.4 and Fig.5 show radial and azimuthal angle projec-

1976) that, if the parent particles had been created with apons of thf muonoden§|ty from two-d|mgn5|onal fits to the
pr distribution: data for50° and70° zenith angles respectively.

P pL dpy
pL = N —=exp(——=)— (22) 4 Summary and conclusions
Po Po Po

the sea level lateral distribution will resemble the Vernov law, We have studied in detail the structure of vertical and inclined
with r( related to the mean transverse momentamy >, showers. Starting from semi-analytical LDF we analyzed the
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