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Muon Production Height and Longitudinal Shower Development
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Abstract A large area (128 m?) Muon Tracking detection of fluorescence light. Muon tracking allows to
Detector (MTD), located within the KASCADE ex- study the angular correlation of the muons with respect
periment, has been built with the aim to identify to shower axis and,therefore, hadronic interactions in
muons (&, > 0.8 GeV) and their directions in exten- shower development by means of the muon pseudorapid-
sive air showers by track measurements under more ity [6]. Already in the past, analytical tools have been
than 18 r.l. shielding. The orientation of the muon developed which describe the transformation between
track with respect to the shower axis is expressed in shower observables recorded on the observation level
terms of the radial- and tangential angles. By means and observables which represent directly the longitudinal
of triangulation the muon production height H,, is shower development [4]. Fig. 1 shows the experimental
determined. By means ofH,,, a transition from light  environment. Measured core position distributions for
to heavy cosmic ray primary particles with increasing showers inside KASCADE range from 40 m-140 m

shower energyFE, from 1-10 PeV is observed. and inside Grande from 140 m-360 m. These core
Keywords KASCADE-Grande: Muon Production  positions stay away from the MTD more than 40 m for
Height KASCADE for shower energies- 10*°eV — 10'6-%¢V
and more than 140 m for Grande for shower energies
. INTRODUCTION ~ 1016eV — 10'75eV. Such shower core distribution

Muons have never been used up to now to reconstrdot Grande covers almost full trigger efficiency in the
the longitudinal development of EAS with sufficientGrande specific energy range as confirmed by investiga-
accuracy, due to the difficulty of building large aredions of muon lateral density distributions as shown in
ground-based muon telescopes [1]. Muons are prbig. 5 in the contribution by P. Luczak to this ICRC2009
duced mainly by charged pions and kaons in a wid&].
energy range. Usually they are not produced directly
on the shower axis. Multiple Coulomb scattering in the Il. MUON PRODUCTION HEIGHT
atmosphere and in the detector shielding may changeUsually, X,,,,.. is the atmospheric depth at which
the muon direction. It is evident that the reconstructiothe electrons and photons of the air shower reach their
of the longitudinal development of the muon componemhaximum numbers and is considered to be mass A
by means of triangulation [2], [3] provides a powerfukensitive [8]. Concerning muons which stem dominantly
tool for primary mass measurement, giving an infofrom 7+ decays, the corresponding height where most
mation similar to that obtained with the fluorescencemuons are created may also provide a mass A and
technique, but in the energy range not accessible by taeergy sensitive observable. Faf,, .., Matthews [9]
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Fig. 1. Layout of the KASCADE-Grande experiment distributed ovefig. 2. Muon production height distributions for different muon

Research Center Karlsruhe. KASCADE is situated in the North-Eaglze pins and differenty(N,,)/lg(N.) ratio above (light) and below
corner of the Center: note the position of the Muon Tracking Detect@heavy) the solid line in Fig. 5. Colors emphasize the strong mass
(MTD) dependence.

in a phenomenological ansatz gives for the e.m. part thge shower development leads also to various fluctua-
elongation rate ofv 60 gern™2 per decade which is in tigns in those shower parameters.

a good agreement with simulations. For thig.., value  £qr the following analysis the elongation rate was

i VA _
for nuclei ref. [9] reportsX, = XP .. — Xoln(A) given the value70 gem~2 per decade in |gvﬁr)'

(X,, radiation length in air), thereforeY,,,,, from iron  Ager sybtracting from each track the 'energy’ dependent
penetration depth

induced showers isv 150 gem ™2 higher thanX,, ..
from induced proton showers at all energies. With the
integral number of muons for a proton or nucleus AgA — 1, — 70gem~2lg(N'") + 20gem~2lg(N.) (3)
induced shower: g g
the remaining deptti/# may exhibit the mass A depen-

Nu~Ej o N/f ~ A(E4/A) (1) dence. Note the relation I67,") = 1g(V,,) - 0.55 which
connects the ’truncated’ muon number in KASCADE
recorded showers to their total muon number. Under this
relation IgQVﬁT) from KASCADE matches the IgY{,)

we assume thatH,) exhibits a similar Ig{V.) and
lg(N))") dependence as\,... Note however,(H,),
because of the long tails in thé,, distribution towards . .
large heights can be systematically higher than the mugﬂm Grande |_n the. overlap region. . .
production height, where most of the muons are created' "€ correction with the electron sizg(N.) in equa-
in a shower. Some energetic muons may stem from tHan (3) should be of opposite sign because of fluctua-
first interaction and survive down to the MTD detectofionS t0 larger size for this variablé(... also fluctuates
plane. The almost mass A independent energy estimat@rarger values). S
in equation (2) was employed. Investigating in a closer look the distribution of the

parameters, Fig. 2 shows, [km] distributions for fixed

lgEo[GeV] = 0.191g(N,) + 0.7919(fo) +2.33 (2) muon number bins which vary with shower energy.
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In Fig. 3 simulated muon production height distribu-
CORSIKA + QGSJetll +FLUKA 2006 tions are shown for different experimental configurations
within the geometry of KASCADE (80 m-120 m) and
within the geometry of Grande (150 m-400 m). Simu-
lation were done with the CORSIKA code [10] using
the QGSJETII model [11] for high energy interactions
above 200 GeV and FLUKA2006 [12] below that
: energy. Because of the shift betweenNg() and Ig(V,,)
Oi‘n’]\wm‘H\mmm\w\wmm\w both distributions should be very similar. When com-
02 © P 4.75 < 1g(N,) < 5.00 paring the simulated distributions to the corresponding
- e Fe e distributions in Fig. 2, a longer tail towards larger muon
production height is observed in the simulations. These
tails may stem from more abundant muon production at
150m-400m high altitudes and appear also in terms of pseudorapidity
E (see Fig. 4 in contribution to this conference by J.
01“23‘4‘5‘6‘7‘é9 Zabierowski [5]) at large pseudorapidity values.
In Fig. 2 the muon production heights, are plotted
h, tkm] for light and heavy primary mass enriched showers,
employing thelg(N,)/lg(N.) ratio to be larger or
smaller than 0.84 as indicated by the solid line in Fig.
Fig. 3. Simulated muon production height distributions for differenb. The distributions exhibit a striking dependence on the

muon size bins and the KASCADE (80 m-120 m) and Grande (150 oy it ;
400 m) experiment components. Note the relatiotVB) = 1g(N,.) - "Brimary mass range. Further, it is known from earlier

0.55 which connects the ‘truncated’ muon number in KAScapestudies, that thég(Ne) parameter _eXh”?itS ﬂU_Ctuation_S
registered showers to their total muon number. to large values in agreement with simulations while

the Ig(N/") parameter exhibits little fluctuations. In
contrary, theH,, parameter in Fig. 4 is fluctuating to
large heights i.e. smaller valuegc(n—2). Therefore, we
may argue that the fluctuations in the correctionsHor

for the elongation rate (equation (3)) will cancel to some

o
N

2F 0 P 4.25<Ig(Ny) < 450
- e Fe

rel. yield

0.1

gr_{“zmﬂmm p=0-8deg 'T'<D°:tjeg extent and, therefore, the resulting mass A dependent
so00 'gf040°1:§5 e muon production heith;j‘ represents a stable mass A
m 180.25.0° observable.
5000 4 259-323° Fig. 5 shows the regions of different mass A de-
4000 ) pendent mean muon production heigi) in the 2-
3000 12km

e parameterlg(N.) — lg(N,) space.H/f‘ in Fig. 5 is
2000 ..°:_.“- ‘ the mean(H{}> per shower and calculated from all

4 muon tracks in the MTD. The picture shows regions
of distinct (H') in a colour code with ad0 gem >

0 200 400 600 800 Hy [g/cm?]

step size. The borders between different regions are for
some cases marked with lines which exhibit a slope in
the lg(N.) —lg(N.") plane. While in the middle of the
distribution the slope confirms the previously employed
= slopelg(N,) = 0.84(£0.01)lg(N.) for selecting light
[ 1oN40425 g Data or heavy primary particles, modified slopes may be
0°F ) . recognized for regions away from the middle of the
® 0.0-18.0 . .
m18.0-25.9° ridge. The slope for th&00 gem =2 line comes close
107} A-m - 4259323 to the slope of the air-shower simulations employed in

[13]. Note also that the number of tracks increases with
energy and exhibits a specific mass A dependent rise,
which is under study.

The lines obtain their slope from the muon number-
energy relation in equation (1) combined with equation
(2). There, the exponent is according to ref. [9] con-
nected to the amount of inelasticity(fraction of energy
Fig. 4. (Top) Yield of shower sizdg(N.) distributions for 3 used up forr production) involved in the processes of
different angle (degree) bins. (Bottom) Yield of muon productiothe A-air collisions. A comparatively steeper slope=
depth distributions for 3 different angle (degree) bins. (1—0.14x) [9], corresponds to an increased inelasticity.
The correction in equation (3) depending of(V,.)

5 525 55 575 6 625 65 6.75 IgNe
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which will be further investigated using improved energy
estimators. Systematic errors dominate the low and high
energy bins for KASCADE and Grande, respectively,
and are subject of further investigations. In the KAS-
CADE analysis the detection threshold of the MTD may
be effective and a fraction of tracks may be missing
leading to a light particle mass interpretation. For the
large Grande geometry some flux loss for low energy
muons may lead to a bias towards large primary mass.

IIl. CONCLUSIONS

Triangulation allows to investigaté,,. Future analy-

sis of other shower angle bins and a larger and improved
quality data sample will provide a more detailed infor-

Fig. 5. Effective muon production depﬂiﬁ‘ represented by varying
contour scale in the 2-parameter presentafigfiVe) — lg(N,,) for

mation on the nature of high energy shower muons.

0° — 18°. Pictures are overlayed for separate KASCADE and Grand®lSO muon multiplicities provide valuable parameters

analyses, respectively.

to derive the relative contributions of different pri-

mary cosmic ray particles. A natural extension towards
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even larger shower energies is provided by KASCADE-
Grande [14]. There is a common understanding that the
high energy shower muons serve as sensitive probes to
investigate [5], [6] the high energy hadronic interactions
in the EAS development. Very inclined muons which can
be studied with tracks recorded by the wall modules of

MTD are currently of vital interest.
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(1]

and lg(N/") was found appropriate to get the slope[2]
of the H;! profile in the 2-parametely(N.) — lg(N,) B
presentation (Fig. 5). Differences between two differenm
models in ref. [13] amount to abo@d gem =2 on the
H scale. (5]
Sorting thelg(N.) — lg(N.") events by their range [6]
in H;‘ and employing for the same event the almost
mass A independent equation (2) for KASCADE and a
corresponding equation for Grande [15] foi, [GeV], (7]
energy spectra are obtained and shown in Fig. 6. Sofar,
no explicit mass range assignment is given as would bé!
motivated by the equatio;},, = X5, — Xoln(4). (g
The spectra in Fig. 6 together with their preliminary10]
error estimations are almost model independent. T %]
error estimations are obtained by varying the effective
muon production deptif intervals by20 gem=2. The [12]
preliminary spectra reveal distinct features. While th
low 'mass’ spectra show a rapid drop with increasingy)
shower energy, the medium 'mass’ and heavy 'masg5]
spectra seem to overtake at large primary energy. TE%]
all-particle spectrum exhibits a somewhat steeper slope
than the all-particle spectra compiled by A.Haungs [16]
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