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1. Introduction

Muons have never been used up to now to reconstruct the himrgitudinal development of
EAS with sufficient accuracy, due to the difficulty of builditarge area ground-based muon tele-
scopes [1]. Muons are produced mainly by the decay of chasiped and kaons in a wide energy
range. They are not always produced directly on the shower Blultiple Coulomb scattering in
the atmosphere and in the detector shielding may changeuba direction. It is evident that the
reconstruction of the longitudinal development of the maomponent by means of triangulation
[2, 3] provides a powerful tool for primary mass measuremiit, giving an information similar
to that obtained with the Fly’'s Eye experiment, but in thergpegange not accessible by the de-
tection of fluorescence light. Muon tracking allows also$hely of hadron interactions by means
of the muon pseudorapidity [5]. Already in the past, anajjttools have been developed which
describe the transformation between shower observaldesded on the ground and observables
which represent directly the longitudinal shower develeptn7]. Fig. 1 in ref [8] shows the
experimental environment. Measured core position digidns for showers inside KASCADE
range from 40 - 120 m and inside Grande from 250 - 360 m.The showre position ranges cover
full trigger efficiency as confirmed by investigations of muateral density distributions [6]. With
CR studies very high energies are accessible in the ’kne=rggrregion 18° - 10165 eV, which
correspond to CM energies in the nucleon-nucleon system frd@ - 8 TeV currently covered by
the Tevatron and the LHC. Provided, that it is feasible taifoon the first encounters with the
atmospheric nuclei, muon multiplicity studies may provigight into the high energy interaction
at around 8 TeV. In this energy range saturation physicspgeaed to enter (rise af pr >) which
is transformed to geometric scaling [15] by the color-glemsdensate theory.

2. Muon Production Height

The angular correlation of the muon tracks with respect ésstiower axis is expressed by the
p and ther angles (see Fig. 1 (left)) [1]. Theeangle contains some scattering which is represented
by thet angle value exhibiting a; ~ 0.2°.

Fig. 1 (right) showsp angle distributions for specific muon numtbg(N,,) bins corresponding
to different shower energy bins [4]. Theangle distributions are plotted for 'light’ and 'heavy’
primary CR mass enriched showers, employingl il ) /|g(Ne) ratio (corrected for attenuation)
[9] [4] to be larger (heavy’) or smaller ('light’) than 0.83 he distributions show a dependence on
the primary mass range, however, masked by the energy Eodieptepenetration.

Based orp andt angles and the distance of the muon hit to the shower Rgrehe muon
production heighh,, along the shower axis is calculated:

hy = Ru/tan(p— | T) (2.2)

The MTD-KASCADE system with its dense array grid and 80 - 1208are distance range for
the muon track allows to study the muon momenta in the-1200GeV range.h, will be consid-
ered forp > 1 which we can extend up to 20 km for a shower core - muon hittgtavindow 80
- 120 m (note 100n/20000m = 0.28°) employing, according to simulations; 200 GeV muons
from above 1%m. Fig. 2 (left) shows muon production height distributions different muon size
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Figure 1. (left) Geometrical presentation of tipeand thetr angles and the reconstructed muon production
heighth. (right) p angle distributions (normalized to integral yield equabtwe) for different muon size
bins and differentg(Ny)/Ig(Ne) ratio above 0.83 (‘heavy’) and below 0.83 (light’), for 80120 m core
distance range and shower directi®n= 0° — 18°. Lines connect points.

bins and differentg(N,)/1g(Ne) ratio above 0.83 (‘heavy’) and below 0.83 (light’). CORSAK
[13] simulations based on QGSjetll+FLUKA2002.4 (slope7-and -3.1 below and above the
knee, respectively) for Hydrogen and Iron are shown in tlge Eias well. In the lovh, range the
low energy interaction model (FLUKA2002.4) seems capableescribe théy, distribution. The
experimental distributions are getting more narrow wittréasing energy but differently for ’light’
and 'heavy’ CR primaries. Th&n numbers quote the CM energies assuming A=1 CR primary.
In the course of the analysis in [4),, is transformed tdH, [g/cm?] and after subtracting from
eachH, a 'primary energy Eo’ dependent penetration depth the neimgiblepthHﬁ exhibits [4]

an improved mass A sensitivity. Mass resolution is limited & H}} >~< HJ{ > — 30g/cm?InA

[4] (H/! refers to Hydrogen).

Fig. 2 (left) shows strong reduction of muons from above 15 fem’light’ primary CR
particles with respect to Monte-Carlo especially for thghlieist energy interval, which corresponds
to a CM energy of about 8eV. Standard Monte-Carlo (see above) predicts for a nuclemieaon
collision charged particle multiplicities: Noy > ~ 40 (2TeV) — 70 (8TeV). As a consequence, a
fraction out of~ 70 x 200GeV parent pions are missing. Very recent results from LHC agv
report also [10] smallex Ny, > at midrapitity compared to QGSjetll. It is worthwhile to diuto
which extent the simulated distributions in Fig. 2 (leftoab 15km scale with the inelastic cross
sections of H and Fe primary masses. At86V on Nitrogenal, amounts to about 40@b and
or¢ is about 5 times larger. The ratio of charged particle miitites < N5® > / < N{! > amounts
to about 12. Both factors lead to the difference between HRanskeen in muons in Fig. 2 (left) at
high altitude. Therefore, we assume that about one tentbfdilt pions lead to an invisible energy
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Figure2: (left) Muon production height distributions (normalizedmtegral yield equal to one) for different
muon size bins and differetg(N,)/Ig(Ne) ratio above 0.83 ("heavy’) and below 0.83 (’light’) and 80201
m core distance range and for shower direc@oa 0° — 18°. Also CORSIKA simulations based on QGSijetll
+ FLUKA2002.4 are given for Hydrogen (H) and Iron (Fe) CR paities. Lines connect points. (right)
Pseudorapidity spectra (normalized to integral yield étuane) for muon production heighy, larger than
15 km and 80 - 120 m core distance range and for shower dire€tie 0° — 18°. CORSIKA simulations

based on QGSjetll + FLUKA2002.4 are given for Hydrogen (HJ &non (Fe) CR primaries. Lines connect
points.

fraction corresponding to ¥ 200GeV (about TreV) of the incident energy of about 40 TeV.
For lower production height a regular shower developmeréaking over and described by the
low energy interaction model FLUKA2002.4. The smaller mumaltiplicity seen in the ’light’
data compared to simulated H, points in a classical picturadrerr decays in the simulations or
more u decays in the data, however, can not be reached by decreaginy MC in the range as
discussed in [12]. Nikolsky [11] also observed for light C&fticles a change in the multiple pion
production near 8 TeV.

The deviation from standard high energy Monte-Carlo isrgjest for the ’light’ CR primaries
for which the quotedy/Syy is around 8 TeV. The observation that 'heavy’ primaries shess
deviation from the Fe prediction, points to a possible thods effect for the ’light’ CR primaries.

3. Muon Pseudor apidity

To investigate the deviation from the QGSjetll simulatiom&ig. 2 (left) above 15 km espe-
cially for the highest energy bin, pseudorapidity speatranfiuon production heigltt, higher than



Shower Development Studies Paul Doll for KASCADE-Grande

15 km have been calculated based onglendt angles as introduced in [5].

n ~In(2p,/pr) ~ —In(\/p?+12/2) (3.1)

The pseudorapidity distributions in Fig. 2 (right) are take the saméN,, size bins. The little
variation of then distributions is to some extent due to our analysis windo®-(20 km). With
our analysis window we filter out pions around their first iatgions. Only very few 'prompt’
muons will be present from the very first interaction. We hismvkeep in mind that after a definite
number of interactions pion’s probability of decay excetdd of arriving at the next interaction
level. One should note, that there is only little differetetween) (pion) andn (muon) [5]. From
independent studies with accelerators the effective bezasrge for charged particle production
(inelasticity K ~ 0.3) is quoted to be about®x Ey [14]. Effective beam rapiditieg)peam are
qguoted in the Fig. 2 (right) assuming A=1 CR primary massautiéng in the atmosphere.

Good agreement for Hydrogen below the 'knee’ and for Ironvahibe 'knee’ is observed.
Comparison ofy distribution for ’light' CR primaries and simulated H in thieghest energy bin
suffers from limited statistics.

For the understanding of thieak positions far away frommpeam the following considerations
may apply. When taking into account that the CR mass incsagst mass ~ 56, beam rapidities
are modified by—-0.5InA, leading to very similafjpeam Values. While the total energy increases
from 10'° — 106> eV we know [4] [16] (in the frame of QGSjet) that the mean masthe CR
primaries increases fromt A >~ 4to < A >~ 56. Therefore, correcting the quotggem gives
the fpeam Values. However thesgneam Values exhibit a remaining difference to thge values
possibly due to geometric scaling [15].

Npeak = (1/(1+A)) X (flpeam — INAYE), A ~ 0.2 (3.2)

The n distributions are described by Monte-Carlo. ThereforenteCarlo are able to cover
the p; and p; for the muons which stem mostly from charged pions. Pionscarsidered to
dominate at midrapidity, but here we deal with the pions aftagmentation region which deliver
muons conserving the rapidity of the parent mesons. Withereido the effect of missing muons at
the highest energy, representing a separate feature, tiigacison with other type of high energy
interaction model would be of interest. If this effect islréashould occur again at 10 eV for
'heavy’ CR patrticles.

4. Conclusions

Muon tracking allows to investigatg, andn . Future analysis of other shower angle bins and
a larger and improved quality data sample will provide a na@®iled information on the nature
of high energy shower muons. Also muon multiplicities pd@/aluable parameters to support the
study of the relative contributions of different primarysoaic ray particles. A natural extension
towards even larger shower energies is provided by KASCARD&Ade [17].
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