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Abstract

The arrival time distribution of the muon component of an extensive air
shower (EAS) has been investigated under the aspect of mapping via time-
of-flight the EAS longitudinal development. For the experimental studies
and the analyses based on Monte Carlo simulations the arrival time distri-
butions have been characterised by the mean arrival time, the first quartile,
the median and the third quartile of the single event distributions. Their
correlations with other shower observables and their dependencies as func-
tions of the distance from the shower axis, the zenith angle-of-incidence, the
estimated primary energy and the muon multiplicity have been extensively
studied.

The measurements use the timing, trigger facilities and Multiwire Propor-
tional Chamber system of the Central Detector of the KASCADE experi-
mental configuration, enabling arrival time measurements for muons with
a 2.4 GeV energy threshold. In the present work the muon arrival time
distributions have been experimentally studied relative to the first locally
registered muon, in a radius interval of 20 + 110 m, for a zenith angle of the
shower (0° <+ 40° at primary energies around the "knee” region of the energy
spectrum of primary cosmic rays.

The Monte Carlo simulations (using the program CORSIKA vers. 5.621) in-
voke as generators various hadronic interaction models, in particular QGSJET
and GHEISHA for the high energy and low energy range of the EAS parti-
cles, respectively.

In order to reveal the relation between muon arrival time distributions and
the longitudinal profile of the EAS development, a simulation study has been
performed, scrutinising Linsley’s approach to infer from arrival time measure-
ments the electromagnetic and muonic elongation rate and fluctuations of the
atmospheric height of the shower maximum. The determination of the elon-
gation rate needs a scaling of the results with an a-priori unknown factor,
which may be deduced from simulations.

Averaged time parameters of EAS muon component, in particular their la-
teral variation (time profiles) have been compared with predictions from si-
mulations. In order to avoid effects arising from the strong fluctuations of
the relative arrival time of the first locally arriving muon, a procedure has
been developed to relate the arrival time distributions to the arrival of the
EAS center (global arrival time distributions). They have been analysed on
the basis of simple parameterisations and a good agreement is found. In ad-
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dition the result have been used to deduce the average atmospheric heights
of the production of the observed muons.

The role of the measured (local) muon arrival times distributions for a pri-
mary mass discrimination has been explored by means of a nonparametric
multivariate analysis techniques on event-by-event basis. It is shown that
muon arrival times distributions in the observed ranges of the limited dis-
tances from the shower center (between 50+90 m for muons with 2.4 GeV
energy threshold) and the considered energy ranges, analysed in the correla-
tion with other characteristic shower observables, do not significantly improve
the mass discrimination, though pure CORSIKA simulations for an ideal de-
tector exhibit promising features. This is mainly due to the relatively limited
detector area of the Central Detector and relatively small distances from the
shower core, while for larger radial distances with larger time of flights a
time resolution of the order of 1 ns get less important. This feature advo-
cates muon arrival time measurements with an extended detector array as
useful source of information about the longitudinal EAS profile.
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Die Zeitstruktur der Myonkomponente ausgedehnter
Luftschauer

Ankunftszeitverteilungen in der Myonkomponente ausgedehnter Luftschauer
(EAS) wurden unter dem Aspekt untersucht, inwieweit sie die longitudinale
EAS-Entwicklung widerspiegeln. Die experimentellen Studien und Analysen,
die auf Monte-Carlo Analysen der Schauerentwicklung basieren, charakter-
isieren die Ankunftszeitverteilungen durch den Mittelwert, den Median, das
erste und dritte Quartil der Verteilung im einzelnen Schauerereignis. Die
Korrelationen der Verteilungen dieser Grofen mit anderen Schauer-Observab-
len und ihre Abhéngigkeiten vom Abstand der Beobachtung von der Schauer-
Achse, vom Schauer-Einfallswinkel, von der geschitzten Primérenergie und
der Myon-Multiplizitit der Verteilungen wurden ausfiihrlich untersucht.
Die Messungen benutzen die Zeitdetektoren und Vieldraht-Proportionalkam-
mern des KASCADE-Zentraldetektors, die Ankunftszeit-Messungen fiir My-
onen mit einer 2,4-GeV Energieschwelle ermoglichen. In der vorliegenden Ar-
beit wurden die gemessenen Zeitverteilungen auf die Ankunftszeit des ersten
lokal registrierten Myons bezogen und Abstdnde des Schauerzentrums von
20-110 m, ein Zenitwinkel-Bereich von 0-40 Grad bei Energien der Schauer
induzierenden Teilchen im Bereich um das ” Knie” des Priméarspektrums der
kosmischen Strahlung betrachtet. Die Monte-Carlo-Simulationen, die das
Programm CORSIKA Version 5.621 benutzen, legen verschiedene hadroni-
sche Wechselwirkungs-Modelle als Generatoren zugrunde, insbesondere das
QGSJET- beziehungsweise das GHEISHA-Modell fiir hoch-bzw. niederener-
getische EAS-Teilchen.

Um den Zusammenhang zwischen Myon-Ankunftszeitverteilungen und lon-
gitudinalen EAS-Profil zu verdeutlichen, wird eine Simulations-Studie vor-
angestellt, welche eine von Linsley vorgeschlagene Methode iiberpriift, aus
Ankunftszeit-Verteilungen die Elongationsrate und Fluktuationen der atmo-
sphérischen Hohe des Schauermaximums zu gewinnen. Es stellt sich dabei
heraus, dass in das Verfahren ein Skalenfaktor eingeht, dessen Wert a-priori
unbekannt ist.

Die gemittelten Zeitparameter der EAS Myon-Komponente, insbesondere
deren laterale Variation (”Zeit-Profile” ) werden mit Voraussagen von Monte-
Carlo-Simulationen verglichen. Um Effekte zu vermeiden, die von den starken
Fluktuationen der Ankunft des ersten registrierten Myons herrithren, wird
ein Verfahren eingefiihrt, die ”lokalen” Zeiten auf die Ankunftszeiten des
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Schauer-Zentrums zu beziehen. Derartige ”globale” Verteilungen werden in
verschiedener Weise analysiert und zeigen gute Ubereinstimmung mit Ergeb-
nissen der Simulationen. Zuséitzlich werden mit einfachen geometrischen An-
nahmen die Zeitverteilungen in Profile der Produktionshohe transformiert.
Um die Rolle der Myon-Ankunftszeitverteilungen fiir eine Bestimmung der
Masse des primédren EAS-Teilchens zu erforschen, werden mit Hilfe nicht-
parametrischer Klassifizierungsmethoden Multivariate-Verteilungen verschie-
dener Schauer-Observablen analysiert. Es stellt sich heraus, dass Ankunfts-
zeitverteilungen von 2,4 GeV-Myonen, die innerhalb des eingeschrinkten
Abstandes von 50-90 m vom Schauerzentrum gemessen werden, unter Ein-
beziehung der endlichen Zeitauflosung kaum einen Beitrag zur Massen-Dis-
kriminierung liefern. Das #ndert sich jedoch bei grofieren Abstdnden (sowie
groferen Primérenergien), wo wegen der gréeren Laufzeit-Effekte die exper-
imentelle Zeitauflosung an Bedeutung verliert. Diese Beobachtung ermutigt,
Myon-Ankunftszeit-Messungen mit einem iiber das gegenwértige KASCADE-
Areal hinaus ausgedehnten Detektor-Array durchzufiihren.
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1. INTRODUCTION

Our earth is permanently bombarded by primary cosmic rays, most abun-
dantly being high-energy protons and heavier nuclei. The cosmic ray energy
density integrated over all energies is approximately 1 eV /cm?®, as compared
with starlight having an energy density of 0.6 eV/cm? and with the energy
density of the galactic magnetic field (0.2 eV/cm?) [1].

The closest cosmic ray source to the Earth is the Sun. The ”solar wind”
modulation follows the periods of solar activity, containing very rarely, only
during solar flares, particles with energies around 10'° eV. But cosmic rays
contain also particles with energies many orders of magnitude above the
most energetical particles from the Sun. The origin of such particles is most
probably outside solar system, even outside Galaxy for the highest primary
energies. The highest energy of a detected primary is 3-10%° eV (detected
in 1991 by Fly’s Eye detector, Utah [2])!

The bulk of high-energy primary cosmic rays are accelerated at discrete sites
in our Galaxy (magnetic clouds, supernova remnants) and roam around du-
ring ~ 10 millions years before accidentally hitting the Earth. Their direc-
tion of incidence is no more related to the location of the sources, being
deflected by the interstellar magnetic fields. The observable quantities which
give informations about the origin, acceleration and propagation of the pri-
mary cosmic rays are their energy distribution and elemental composition
[3]. The experimental determination of the primary energy distribution and
mass composition is the main topic of contemporary cosmic ray research,
especially in the energy range exceeding the energies provided by man-made
particle accelerators up to now.

Comparing the relative abundance of solar and cosmic ray matter, some
interesting features have been observed. Cosmic rays are overabundant in
lithium, beryllium and boron. The iron concentration is quite identical, but
in cosmic rays there is an excess of elements just lighter than iron. There
is also an underabundance of hydrogen and helium. These differences can
be understood by assuming that cosmic rays have the same composition as
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Fig. 1.1: Differential cosmic ray flux [5].

solar matter at their origin. Passing through interstellar space, they interact
with gas and dust particles, lighter nuclei being obtained from spallation of
heavier nuclei. The composition of cosmic rays at TeV to PeV energies is
approximately 50% protons, 25% a-particles, 13% CNO and 13% Fe [4]. Pri-
mary electrons and photons contribute less than 1% to the total flux.

The differential energy spectrum (see Fig. 1.1) follows an overall power-law
~ E~7 with a characteristic distinct change around 4 - 10 eV, called the
"knee”. The spectral index v changes from 2.7 before the knee to 3.1 beyond
it. This conspicuous modulations of the energy spectrum around the knee
can be interpreted as a primary composition change. The fact that a power
law exists over many orders of magnitude is important in restricting possible
acceleration and propagation mechanisms, since they have to reproduce the
power law spectrum. The flux of the primary cosmic ray falls many orders
of magnitude with increasing primary energy, e.g. from 1 particle/m?s in
100 TeV range to 1 particle/km?century in the EeV range. Because of the



strongly decreasing flux, experimental techniques used to detect cosmic rays
are very different at different energies.

At lower energies (< 10* eV) where the cosmic ray flux is sufficiently large,
direct measurements (using calorimeters, emulsions stacks, and spectrome-
ters carried by balloons and satellites) have been performed. For measure-
ments at higher energies, where the flux is strongly supressed primary cosmic
rays can be studied indirectly by observations of extensive air showers (EAS)
only, initiated in the Earth’s atmosphere by the interaction of the primary
particles from the cosmos. Such EAS are avalanches of particles which de-
velop by the cascading interactions with air nuclei and move like widespread
particle disks through the atmosphere to the observation level. The atmos-
phere acts as particle multiplier by which the primary high energy of the
original particle gets distributed to millions of lower-energy EAS particles,
which can be detected by large detector arrays. There are some recent de-
tector arrays, used for studying EAS at energies corresponding to the ”knee”
region: KASCADE [6, 7, 8], CASA-MIA [9], HEGRA [10], EAS-TOP [11].
The EAS develops with three main components: the electromagnetic (e/7),
the muon and the hadron components, which are additionally accompanied
by Cherenkov radiation and nitrogen fluorescence produced in the air. The
experiment KASCADE ! enables a simultaneous (event-by-event) observa-
tion of the three charged particle components with a larger number of para-
meters characterising the EAS. The general procedure to assign an observed
EAS to a certain primary energy (Ep) and to a certain primary type (A)
is to etablish an energy estimator (a shower observable or a combination of
shower observables almost independent on primary mass) and shower obser-
vables which can be used for primary mass discrimination. The analysis of
such observables can be only done by realistic simulations of the EAS de-
velopment with adopting particular hadronic interaction models at particle
energies exceeding our experimental knowledge from studies at man-made
accelerators. On the other side, EAS observations in the PeV region and
above, performed with a multi-detector experiment observing simultaneously
all major EAS components with many observables, provide the possibility to
test the hadronic interaction models and to specify the most consistent one
12, 13, 14].

The temporal structure of the EAS muon component is of special interest

! The author is member of the KASCADE collaboration [6].
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since it is expected to map the longitudinal development of the shower
through the time-of-flight of the relativistic muons from the production locus
to the observation level. This is due to the fact that (higher energy) muons
do only weakly interact and are practically not absorbed in the atmosphere.
Thus the observation and an adequate analysis of EAS muon arrival time dis-
tributions provide information about the longitudinal development and help
to constrain the mass identification of the primary. This is in particular im-
portant when alternative sources of information about the longitudinal EAS
profile like air-Cherenkov or air fluorescence measurements are not accessi-
ble. The present thesis reports on a detailed investigation of the temporal
structure of the muon component under these aspects. The experimental
investigation is preceded by an EAS simulation study, revealing the relation
between longitudinal EAS development and muon arrival time distribution.
In particular the applicability of an approach for the determination of the
elongation rate, introduced by Linsley [15] will be scrutinised. The experi-
mental muon arrival distributions, measured with the timing facilities of the
KASCADE Central Detector, are analysed in view of their agreement with
the predictions of the QGSJET hadronic interaction model. In contrast to
previous work, which did exclusively consider the local time structure of the
EAS, in the present work the observation are evaluated by global times, i.e.
relating the arrival times to a reference time common for all observation dis-
tances from the EAS centre. For that an efficient procedure transforming
”local” times in ”global” times is proposed and applied. Finally, by use of
advanced statistical decision methods, the role of muon arrival time distribu-
tion data for the mass discrimination of the EAS primaries in event-by-event
analyses is explored.



2. EXTENSIVE AIR SHOWERS AND
TIME STRUCTURE VARIABLES

2.1 Extensive air showers

The development of an extensive air shower (see Fig. 2.1) is a very com-
plex process. The high energy of the primary particle (proton, helium and
also heavier nuclei) is distributed to millions of secondary particles, propa-
gated as a wide disk through the atmosphere, approximately with the speed
of light. There are three main components of charged particles in EAS:
electrons/positrons, muons and hadrons (near shower axis). As example,
an EAS initiated by an 1 Pev proton contains approximately half a million
products at sea level, of which about 80% are ~-rays, about 15% electrons
and positrons, about 2% muons, and about 0.2% hadrons. Most secondary
particles produced by primary strong interactions are m mesons. The neutral
7 mesons decay almost immediately into two ~y-rays:

™= v+ (2.1)

These «y-rays start electromagnetic avalanches by pair production (e*e™) and
bremsstrahlung processes. When the electrons and positrons reach an energy
level of about 100 MeV, energy loss by ionisation starts to become important
and the particles are quickly stopped; after reaching a maximum, their num-
ber declines approximately in an exponential way. The charged = mesons
either interact with atoms of the atmosphere, producing further particles or
decay into muons. The muon component originates from the decay of charged
pions and kaons [16]:

7+ = uE +v,(7,)

Muons form the penetrating EAS component, since they get less absorbed
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Fig. 2.1: EAS development.

and reach the ground with a large probability, even when produced at high
altitudes, due to their comparatively long lifetime, which is enlarged by rela-
tivistic time dilatation. When high-energy muons decay in flight, the decay
electrons are able to initiate additional electromagnetic cascades which con-
tribute to the electron-photon avalanche. The backbone of an air shower
is the hadronic component containing mostly pions but also nucleons, anti-
nucleons, K mesons and more exotic particles. The three main EAS com-
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ponents are accompanied by Cherenkov and fluorescence light in the at-
mosphere produced by ionizing particles from EAS. The opening angle for
Cherenkov light emission in the atmosphere is approximately two degrees, so
the Cherenkov light is highly collimated with respect to the original particle
direction. Because of this, the Cherenkov technique is useful for lower energy
events (the primary flux being high enough) and particularly in searching for
point sources. The fluorescence light allows a large collection area because it
is produced isotropically, being used to study cosmic rays of highest energy.
In EAS studies the detector arrays access usually the intensity, the lateral,
the arrival time and (occasionally) the energy distributions of different shower
components. Observations are made of:

e the intensity, lateral and arrival time distributions of the (soft) electro-
magnetic (e/7) component;

e the energy spectrum, radial distributions and relative arrival times of
the hadrons in the shower core;

e the intensity, lateral and relative arrival time distributions of the (pe-
netrating) muon component;

e the intensity, lateral and longitudinal distributions of the Cherenkov-
light in the atmosphere;

e the intensity and longitudinal distribution of the fluorescence light in
the atmosphere.

From such measurements a number of observables are derived. The basic
information is derived by the reconstruction of the zenital and azimuthal
angle of the shower incidence, the position of the shower centre (shower axis),
the total intensity of charged particles or the electron component, i.e. the
shower size IV,, the muon content NV, the parameters describing the lateral
distributions and other observables as accessible by the particular detector
set-up. Of particular interest are observables which carry information about
the longitudinal EAS development. Simple kinematics arguments let expect
that the distribution of the arrival times of the EAS muons maps via the
time-of-flight the distribution of the production heights of the muons arriving
at the observation level [17, 18]. In fact, alternatively to Cherenkov and
fluorescence light observables - when the corresponding devices to measure
them are missing - the direct access to the longitudinal development of the
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Global and local muon arrival times 9

called "global” times:

ATlglOb(RM) = TIM(R;L) — Teor

2.3
ATiqub(Ru) = TiM(RM) — Tcor (2:3)

where 7y, is the arrival time of the foremost muon. In general, the distance
R, to the shower core is defined in a plane perpendicular to the shower axis,
which is specified by zenith angle # and the azimuth angle ¢ of the direction
of incidence. The arrival time of the electromagnetic front of the shower core
has been used as reference in many studies [17, 18], also in the first analysis
of relative muon arrival times with KASCADE data [20].

The second possibility is to consider as reference the arrival time of the
foremost muon, registered in the timing detector at the particular distance
from the shower centre R,. In this case, muon arrival times will be called
"local times”:

AT{"C(RM) =0
AT;OC(RM) = TiM(RM) - TlM(RM)

)

(2.4)

Experimentally it turned out [20] that 7., is not well determined from the
arrival times of the electromagnetic component near the shower core with
the present reconstruction procedures, and it introduces an additional jitter
of some nanoseconds. Hence, in some recent studies [21, 22], local times
have been prefered. Global times can be related in a very intuitive way with
the longitudinal development of the shower. Considering high energy muons
(v, ~ ¢) produced near the shower axis, neglecting their Coulomb scattering
through the atmosphere, a simple triangulation gives the relation between
global time and height of production for a certain muon [17] (see Fig. 2.2):

in — N \/ R + hz2 - hiﬂ R?
ATiglOb _ lu - B K - 17 ~ 2h.uc, RM < hiu (2_5)
i

In the present work both global and local times will be considered. Global
times are derived from the measured local times using the procedure pre-
sented in Sec. 5.4. For a detailed characterisation of the time structure, the
mean value (ATpeqn) and also specific quantiles (A7,) of the arrival time dis-
tributions will be used: the first quartile (A7p.25), the median value (A1)
and the third quartile (Aty.75), which exhibit different features of the time
structure of the muon component. For ordered statistics of measured times



10 Extensive air showers and time structure variables

A < A < ... < Ar, and i :=n-a+ &, i integer and £ € [0,1), the
a-quantile A7, (o € (0,1)) is the following [23]:

| (Ami+AT4)/2 0 for€=0
Ao = { +1A7'Z~ . for £ €(0,1) (2:6)

That means: in the case of large n, a fraction « of muons have arrival times
less than Ar,.

The quantities, defined in this section for characterising the temporal EAS
structure, can be evaluated for each single shower event and the measure-
ments result in distributions of these quantities within the considered event
sample. Altenatively, renouncing of an event-by-event analysis and specify-
ing the samples by certain bins of other characteristic observables (angle-of-
incidence 6, distance to the shower core Ry,...) the single arrival time dis-
tributions could be added up and afterwards characterised by the different
quantiles.



3. LONGITUDINAL EAS
DEVELOPMENT AND MUON
ARRIVAL TIME DISTRIBUTIONS.

In advance of the presentation of the experimental aspects and results of
the present work and in order to elucidate the relation of EAS muon arrival
time distributions with features of the longitudinal development, an extensive
study [24] based on Monte Carlo simulations of the EAS development is
briefly sketched. It is particularly focussed to scrutinise the information
mapped by EAS time structure about the atmospheric height X,, of the
shower maximum and the energy dependence of X,,, expressed by the so-
called elongation rate.

3.1 The Monte Carlo EAS simulation code CORSIKA

The complex processes generating an Extensive Air Shower can be modeled
only by Monte Carlo simulations in which each particle in the shower is fol-
lowed from production to destruction, decay or passage through the plane of
observation. Because of statistical fluctuations the calculations have to be
repeated many times for the same starting conditions such as primary mass,
energy and direction. A prerequisite is a knowledge of particle production in
high energy interactions. Realising that we deal with primary energies of or-
ders of magnitude higher than presently reached by man-made accelerators,
the knowledge gained in collider experiments (at CERN and Fermilab) has
to be extrapolated, guided by realistic theoretical concepts. The most im-
portant features of the high energy nucleon-nucleon interactions determined
in collider experiments are:

e the multiplicity (number of produced secondary particles) in a high
energy nucleon-nucleon interaction increases with primary energy but
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less than in a linear proportion;

e the inelasticity (the average fraction of energy converted into new par-
ticles) is about 50% and almost independent of energy;

e as a consequence of these facts, the average energy of secondary parti-
cles increases faster than the primary energy;

e the mean transverse momentum imparted to secondary particles in-
creases only slowly with energy. Since the longitudinal momentum
grows faster the angles between the momenta of the primary particle
and secondaries decrease.

These features of the high energy nucleon-nucleon interaction has to be ex-
tended to high energy nucleus-nucleus interaction. It is important to realise
that the binding energy of a primary iron nucleus (about 500 MeV) is only
a small fraction of the energy available in the centre of mass system. As
a first approximation, it is reasonable to consider that an iron nucleus is a
superposition of 56 nucleons each with one fifty-sixth of the energy of the
nucleus. Assuming this, some differences in the observables can be predicted
between extensive air showers initiated by a proton and iron nucleus of the
same total energy:

e the 56 nucleons of iron produce more secondary particles than a single
proton because of the slower increase of the multiplicity with energy.
Most secondaries are m mesons decaying into muons. Because of this,
an EAS induced by iron contains more muons than a proton induced
shower.

e for similar reasons, hadrons in a proton shower have higher energy than
hadrons in an iron shower;

e the smaller deflection angles of secondary particles in proton shower
correspond to steeper lateral distributions of particles in the plane of
observation;

e the number of electrons is larger in a proton shower because they reflect
the energies of the neutral 7 mesons from which they originate. The
maximum of the shower development is reached higher in the atmos-
phere for an iron shower.
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CORSIKA [25] (COsmic Ray SImulations for KASCADE) is a program for
detailed Monte Carlo simulations of the atmospheric development of EAS
initiated by high energy cosmic ray particles. Protons, light nuclei up to
iron, photons and other particles can be treated as primaries. The adopted

atmosphere consists of Ny, Oy and Ar with the volume fractions of 78.1%,
21% and 0.9% [26]. The U.S. standard atmosphere with five layers:

p(h) = a; + biexp(—h/c;)

is used as atmospheric density profile (for the parameters see ref. [25]).
CORSIKA uses several models currently en vogue as generators of the hadronic
interactions driving the EAS cascade. For higher energies these are alterna-
tively:

e VENUS [27] (Very Energetic NUclear Scattering)

QGSJET [28] (Quark Gluon String model with JETs)

DPMJET [29] (Dual Parton Model with JETs)

SIBYLL [30]

HDPM [25] (Hadron Dual Parton Model)

VENUS, QGSJET and DPMJET models are based on the Gribov-Regge
theory; SIBYLL is a minijet model; HDPM is a phenomenological generator
and adjusted to experimental data wherever possible. These high energy
models reach their limit if the energy available for generation of secondary
particles drops below a certain value and are replaced by GHEISHA [31]
(Eem < 12 GeV ie. Ep < 80 GeV) or ISOBAR [32] (E., < 10 GeV ie.
Eip < 50 GeV) models. E., and Ej,, represent available energies for ge-
neration of secondary particles in center of mass and respectively labora-
tory reference systems. The GHEISHA routines as implemented in COR-
SIKA are taken from the detector simulation code GEANT3 [33]. Appro-
ximating hadron-nucleus collisions by hadron-nucleon reactions, ISOBAR
model enables fast calculations.

For the simulation of the electron-photon component, the program offers two
possibilities: the EGS4 (Electron Gamma Shower system version 4) Monte
Carlo procedure [34] or alternatively the NKG (Nishimura Kamata Greisen)
[35] approximation. The EGS4 enables a full Monte Carlo simulation of
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the electromagnetic component delivering detailed information (momentum,
space coordinates, propagation time) of all electromagnetic particles. The
considerable computional time consumption of the EGS option can be re-
duced by the use of the NKG approximation. This approximation is an
analytical description of pure electromagnetically induced showers providing
parametrisations of the longitudinal profile and of the lateral distribution of
the electron photon component (see e.g. [36]). They contain as parameter
the so-called ”age”, which controls the status of development of the electron-
photon cascade: s = 0 at the begining, s = 1 at the depth of the EAS
electromagnetic maximum. Empirically it turns out that the application
of the NKG parametrisations to the superposition of many electromagnetic
subshowers, generated in a hadron induced EAS, is a very good first ap-
proximation. The same parameter s enters in the description of the lateral
distribution of the electron density [35].

The influence of the Earth’s magnetic field on the propagation of charged
particles is taken into account.

3.2 The longitudinal development of the electromagnetic
and muonic component

In order to prepare the basis of simulation data for featuring the longitudi-
nal profile and its relation with muon arrival time distributions, CORSIKA
[25] of the vers.5.621 has been used for the data preparation. QGSJET and
GHEISHA codes have been considered for high energy interactions and low
energy interactions, respectively. NKG approximation has been used for the
simulation of the electromagnetic component. Monte Carlo calculations have
been performed for proton and iron primaries inducing extensive air showers
at three different primary energies (Ey = 10'° eV, 3.16-10'° eV, 10'® eV) and
three different angles-of-incidence ( = 15°,25°,35°) with a set of 1000 simu-
lated EAS for each case.

The EAS quantities of interest are evaluated at six different observation le-
vels: 250 g/cm? (10.5 km a.s.l.), 400 g/cm? (7.4 km a.s..), 550 g/cm? (5.0 km
a.s.l.)- corresponding to Chacaltaya experiment [37], 700 g/cm? (3.2 km a.s.1.)
- ANT experiment [38], 850 g/cm? (1.6 km a.s.l.) - Mt. Abu experiment [39],
1020 g/cm? (110 m a.s.l.) - KASCADE experiment. The basic parameters of
the primary particle-air interaction (mean free path, inelasticity, multiplicity
of secondary-particle production) influence critically the early development
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of EAS. A shorter initial free path, higher inelasticity and multiplicity are
associated to a primary particle with higher atomic number. Even if the
early EAS stage is difficult to be observed directly, it influences the position
of the atmospheric depth of the maximum EAS development.

The longitudinal developments of the electromagnetic and muonic compo-
nents are scrutinised on the base of the simulations presented above with a
focus to the procedure for estimating the depths of their maxima. Differences
between longitudinal developments of proton and iron induced air showers
are revealed and also the differences between electromagnetic and muonic
longitudinal developments at the same shower.

The number of muons (N,) and electrons (V) are counted for each shower
at the six observation levels defined above. Two different energy thresholds
(0.25 GeV and 2.0 GeV) have been considered for muons. The longitudinal
variation and the fluctuations of the shower size N, and of the number of
muons N, are displayed in Fig. 3.1 for proton and iron induced EAS with
the zenith-angle § = 15° and the primary energy Ey; = 10'° eV. Such a figure
represents just an access for six observation levels to the longitudinal deve-
lopment of the shower. The electromagnetic component exhibits a relatively
well pronounced maximum of the shower size N,. The penetrating muon
component (N,) appears to be shifted slightly deeper and rather shallow,
since the muon number losses, after reaching a kind of plateau of N,, are
relatively small, especially for higher energy muons.

The depths of the electromagnetic and muonic maxima (X* and X¢, respec-
tively) are furtheron estimated for each individual shower. The number of
muons N}, at the defined six levels X; (i € {1,6}) are used to estimate the
depth of the muon maximum. If X; is the observation level (from six le-
vels) with the highest number of muons NZ? than a parabola is defined by
the point (X}, logyoN) and its neighbouring points ((X;_1,l0g10N;™") and
(X415 l0910NZ+1))5

lOgloNM(X) = a1X2 + le +c

The coefficients a1, b1, ¢; being calculated, the depth of the muon maximum
is:
X#L = —b1/2a1

i.e. it corresponds to the maximum of the parabola.
This procedure have not been repeated for estimating the electromagnetic
maximum. A more precise estimation have been prefered based on the fact
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Fig. 3.1: The depth dependence of the shower sizes N, and of the muon num-
bers N, (considering two muon energy thresholds) for proton and
iron - induced EAS (Ep = 10" eV, § = 15°).

that the CORSIKA program (with the NKG option) provides (analytically)
the shower age parameter s; for more atmospheric depths X; (I € {1,10}):
100 g/cm?, 200 g/cm?,...; 1000 g/cm?. A shower age s = 1 [35] have been
assumed at the electromagnetic maximum of the shower. If (Xj_1, sx—1) and
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(X%, si) are the neighbouring points with shower ages s;_; < 1 and s;, > 1,
defining the linear dependence:

S(X) = CLQX + b2
the depth of the electromagnetic maximum is:
X = (1= bo)/a

The relations above, estimating X7, and X}, have been written for verti-
cal showers. They are valuable also for inclined showers just multiplying all
atmospheric depths by sec. There is a clear difference between electromag-
netic maximum X, and muon maximum X% . Their mean values over many
showers ((X¢&) and (X*)) have been used in the next section for estimating
the electromagnetic and muonic elongation rates.

3.3 Elongation rate

The average depth X, of the electromagnetic maximum of the EAS develop-
ment depends on the energy Fy and the mass A of the primary particle. Its
dependence from the energy (aproximately in a logarithmic way) is expressed
by the so-called elongation rate D¢, defined as change of the average depth
of the maximum with InFE, [15, 42]:

D¢ =dX; /dInEy (3.1)

m

Taking into account the (smooth) energy dependence of the multiplicity pro-
duction and of the hadronic cross sections by modifying the radiation length
Xp in air by the fraction B, the elongation rate is usually written as:

Df=(1-B)X, (3.2)

B can be expressed by a series of simple terms which express the energy
dependence of the multiplicity, g, of particles produced in interactions [15]
and the energy dependence of hadronic cross sections [43]:

B = B,+B,, where B, = d(Ing)/d(InEy) and By = Sd(An+Az)/d(InEy).

where (X, is a dimensionless constant of order unity and An, A; are the
mean free paths in air of nucleons and pions respectively. Invoking the su-
perposition model approximation, i.e. assuming that a heavy primary (A)
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different muon detection thresholds), respectively. The elongation

rate values are the

slopes of the linear fits.

has the same shower elongation rate like a proton, but scaled with energies

Ey/A we obtain:

X¢ = Xim't -+ DZZTL(E()/A)

m

(3.3)
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where Xj,;; is the starting point of the shower. For a mixed composition,
characterized by (InA), Eq.3.3 becomes:

(X2) = Xjnit + D(InEy — (InA)) (3.4)

As long as D¢ is only weekly dependent on the energy, X¢, shows practically
a linear dependence from [nFE; and any change in this dependence is indica-
tive for a change either of D¢ or of the composition ((inA)). Therefore D¢ is
an interesting quantity of the EAS development. For discussions in context
of observations communicated in literature we consider furtheron the quan-
tity D%, = dX¢ /dloginEy ~ 2.3D¢. Generalising the concept the muonic
elongation rate DY is defined:

DlILO = dX#L/dZO‘gloEO (35)

with X¥ being the depth of the maximum of the EAS muon component.

In literature there are only references for the ”electromagnetic” elongation
rate. Monte Carlo simulation studies of the EAS longitudinal development
suggest a value of D%, = (80 £11) g-cm~2/decade [44]. Experimental in-
vestigations, though with a large spread, tend to smaller values [44, 45].
The HEGRA collaboration has communicated as preliminary result D, =
(52 + 2 4+ 10) g-cm™2/decade [40].

Fig. 3.2 shows the energy dependence of the mean electromagnetic maxi-
mum depth (X¢) and mean muon maximum depths (X#) (for two different
muon energy thresholds) obtained by the present simulation procedure. The
dependence on log,oEy proves to be linear and the mean values of the electro-
magnetic elongation rate (quoted with the errors) are in the range of expected
values.

All three zenith angles from simulations (15°, 25°, 35°) have been considered
together. There is a tendency of (X,,) and D;q with the zenith angle which
can be also understood as effect of the different path lengths of the particle
traversing the same mass layers with different zenith angles and different
decay chances; but because of systematic uncertainities affecting the esti-
mation of X,, for each individual shower a mean value (X,,) over all three
zenith angles is regarded to be representative. The fluctuations §(X,,) (stan-
dard deviation of the X, distributions) prove to be just slightly decreasing
with energy, but they are different for different cases: §(Xg,)(p)~ 80 g/cm?,
5(X5) (Fe)m 17 g/em?, §(X2)(p)~ 100 g/em?, J(XA)(Fe) 30 gfcm?.
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3.4 Muon arrival time distributions and the atmospheric
height X,

Time parameters are calculated by counting all muon arrival times at a
distance R, = between 90 + 110 m from the shower axis. Fig. 3.3 displays
the correlations Ozf bglobal mean value (A7 ) first quartil (A7%Y) and
third quartil (A7§7%) at the observation level of the KASCADE experiment
with the electromagnetic and muonic shower depths (inferred from the si-

mulation results) and reveals the considerable fluctuations, in particular for
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Fig. 3.3: Correlations between different muon arrival time parameters ob-
served at KASCADE level and the electromagnetic (X£,) or muonic
(X£) maximum depths. Markers represent individual showers
initiated by proton and iron with Ey =10 eV and 0§ = 15°%
E,>2GeV;90m < R, <110 m.
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primary protons. The gross features of the variation of the global distri-
butions of the mean arrival times with the observation level are indicated
in Fig. 3.4. According to relation 2.5, muons coming from higher altitude
have smaller global arrival times. Muons in a heavy-primary induced shower
are produced at higher altitudes in the atmosphere. An iron primary has
a much smaller interaction length A, ~ 15 g/cm? as compared to the pro-
ton interaction length Ay ~ 80 g/cm?. Because of this reason, at a given
distance from the shower core, in average, muon arrival times from an iron
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induced air shower (starting at higher altitude) are smaller as compared with
those corresponding to a proton induced air shower. The smaller interaction
length for iron imply also smaller fluctuations because almost all iron showers
are initiated in a more restricted range of altitude. Muon arrival times are
smaller for smaller altitudes because the travel path of muons become longer
(see eq. 2.5). Fig. 3.4 shows global times, but the calculation of local time
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quantities reveals the same main features: smaller values and fluctuations
in the case of heavy-primary induced showers. This behaviour favorises, in
principle, primary mass discrimination based on muon arrival times.

From distributions of time quantities T'(R, = 90 + 110 m) on the type pre-
sented in Fig. 3.4 for T = A7 (given for various observation levels by the
simulations for different primary energies and zenith angles) the variation of
the averages with secf and log o Ey is determined. Examples are shown in
Fig. 3.5 for the muon distributions with E, > 250 MeV and E, > 2.0 GeV
at KASCADE and ANI levels. As shown by Fig. 3.5, mean muon arri-
val times decrease with secf and increase with logioFEp; for more inclined
showers (higher secf) it is clear that the travel path of muons is longer and
(see eq. 2.5) their arrival times are smaller; with increasing primary energy
Ey the shower penetrates deeper in the atmosphere (see Fig. 3.2) and, be-
cause of this, there are more delayed muons, coming from lower altitude.
The variations of the time quantities with secf and logigEy can be linearly
approximated and their slopes, ¢y = 9T/0log10Eo| ..y and eg = 0T /0sech|, ,
are useful in context of an approach propagated by John Linsley [15].

3.5 Linsley’s theorem

Linsley [15] and Linsley and Watson [42] have suggested an indirect experi-
mental approach studying Df,. This approach can be applied to shower
parameters which depend on the depth of observation X and on the depth
X, of the electromagnetic shower maximum. Linsley suggested that these
parameters should not explicitely depend on the primary energy. Walker and
Watson [45] scrutinised under this aspect the EAS charge particle component,
analysing the time pulses ("rise times”) measured with water Cherenkov de-
tectors at the Haverah Park installation. Blake et al. [46] directed their
interest to the muon component.

We investigate the EAS muon arrival time distributions as potential obser-
vables for Linsley’s procedure because they map rather directly the longi-
tudinal EAS development (via time-flight of the muons travelling through
the atmosphere), being dependent on distance of the production height from
the observation level X (see ref. [17]). Hence arrival time parameters do
implicitely depend on the primary energy Fy and the angle-of-EAS incidence
6 (see Sect. 3.4).

For a certain observation level X, = X-cosf, an arrival time quantity 7' can
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be written, defining the functions f¢, f* and ¢ by:
T = [ (X, X$M) = §(X, logio ) (3.6)
Thus
dT = O0f @) [0X | e -dX + Of @ [OX M| - Di§ -dlogiEy  (3.7)
and
dT' = 0T /90X | -dX + 0T /0logio Eo| x-dlogio Eo (3.8)
It results:

3T/3l0910E0|X = D%’“)-af(e’“)/aX,(,f’“”X 3.9
af(e’”)/aX|X7(:,u) = aT/aX|E0 ( ' )
Denoting the vertical atmospheric thickness X, (=1020 g/cm? for sea level),
at a given observation level X = X, /cosf the change of T with the energy
Ey is proportional to the variation of T with X,(,f’”).

At observation level we do not observe 8T/0X* | but 8T/8X , which could

be related to each other, if we could specify the function f©#) (X, X )

Flew) — —(af(e”‘)/aX,(,f’“))X/(E)f(e’“)/E)X)X@,H) (3.10)
and from egs. 3.9-3.10:

3T/3l0910E0|X = —Fe'D(fO'l/XU'aT/88600|EO (311)

3T/3l0910E0|X = —F"-D’fo-l/XU-aT/asecﬁ|Eo (312)

Obviously in order to derive from the energy variation of the studied arri-
val time quantity information about the elongation rate, some knowledge is
required about F®# in addition to the variations with the depth of obser-
vation and the zenith-angle dependence, respectively. In a similar way the
fluctuations o(X5) of X which could indicate the change of the mass

composition of primary cosmic rays, can be related to the fluctuations o(T)
of T:

o(T) = =6 XM . Flem | X,-0T [9sech| (3.13)
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The quantity Fi“" is the corresponding scaling factor for the fluctuations of
Flen)

Two extreme forms of f(X,X,,) = f(X — Xpn) or f(X,Xp) = f(X/Xp)
have been proposed [45] with F' =1 or F' = X/X,,, respectively. At a closer
look these simple assumptions do not appear convincingly accurate. Due to
the stochastic character of the EAS cascade the form of f(X, X,,) is not well
defined. In addition though muon arrival times do depend in a relatively
simple way from travel distances, the dependence from the traversed gram-
mage (X — X,,) is more complicated due to the barometric profile of the
atmosphere (see also Appendix A). It is just the goal of the present study to
scrutinize this aspect.

3.6 The question of the scaling factor

Using these coefficients ¢y and eg characterising the variation of the mean
or quantile distributions (median, first quartile and third quartile) with the
energy and the angle of EAS incidence and adopting the above derived va-
lues for the elongation rate, the scaling parameter values are deduced. This
information would be, in turn, a prerequisite to evaluate experimental data
in terms of the elongation rate. Tab. 3.1 presents the detailed dependence
with 8 and E, for F* and F* factors (F&#) = —ey-X, /(e5-D{%")) in case of
ATg  for muons with E, > 2 GeV. The uncertainities of these values are
arising from the fit procedure and are estimated in the range of 10%. The
result deviating from the expectation of a simple dependence from X — X, is
plausible, since the arrival times depend from the geometrical distance of the
height of production and the observation level. A transformation into the
dependences from X and X, involves the particular direction of the muon
path in the atmosphere and the variation of the density of the atmosphere.
That complicates the relation.

For more detailed description of the behaviour of F', mean values (F*¢) and
(F'*) have been calculated for all time parameters under consideration (global
and local mean, median, first and third quartile distributions) using the mean
values of coefficients ¢y (averaged three angles) and e (averaged three ener-
gies), (see Tab. 3.2).

Obviously F(®* proves to be dependent from:
e the EAS inducing primary, i.e. from the height of maximum X,(,f’” );
F(eyll‘) > F(eyll‘)
Fe p

7
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e the atmospheric depth of the observation level X: F(¢#) increases with

X.

7

e the energy threshold of muon detection;

e the dependence is different for various quantities of the muon arrival

time distributions.

Ignoring some ”stray shots”, which may arise from fluctuations within a
limited sample of simulated showers, we may tentatively infer the tenden-
cies, that F' for different observation levels scales with X and for different

(ATI5 ANI KASCADE ANI KASCADE

0 | Eo(PeV)| F¢ | X/X¢| F¢ | X/X¢| F* | X/XE| FF | X/XE
15° 1. 1.11]1.38 [1.49/1.99 |1.00]0.94 |1.35]1.34
3.16 1.02| 1.31 | 1.34|1.87 |0.93]0.80 |1.22|1.28

10. 1.09 1.23 | 1.41|1.76 |0.99|0.86 |1.28]1.22

25°| 1. 1.08] 1.48 | 1.32[ 211 |0.98]1.00 |1.20] 1.43

P 3.16 1.00{ 1.39 [ 1.19/1.99 |0.91]0.95 |1.08]1.36
10. 1.07| 1.31 | 1.25|1.87 |0.97]0.91 |1.13]1.30

35°| 1. 1.09] 1.63 | 1.36] 2.33 | 0.99] 1.10 | 1.19] 1.58
3.16 1.01| 1.54 | 1.19]220 |0.91]1.05 |1.08]1.51

10. 1.07| 1.45 |1.24|2.07 |0.97|1.01 |1.13|1.44

15° 1. 154 1.91 |2.08[273 |1.24] 1.13 | 1.67| 1.62
3.16 1.47|1.73 | 1.93|247 |1.18]1.04 | 1.55| 1.49

10. 1.44|1.58 | 1.78|2.26 |1.15]0.98 |1.43|1.40

25° 1. 143]2.04 |1.94]291 |1.15]1.21 |1.55] 1.72
Fe 3.16 1.37| 1.84 | 1.80|2.64 |1.10] 1.11 | 1.44| 1.59
10. 1.34 1.68 | 1.66|2.41 |1.07|1.04 |1.33]1.49

35°| 1. 142] 225 |1.67|322 |1.14]1.33 |1.34]1.01
3.16 1.36] 2.04 |1.55|291 |1.09]1.23 |1.25]1.76

10. 1.32| 1.86 | 1.43|2.66 |1.06] 1.15 |1.15| 1.65

Tab. 3.1: Values of the scaling parameters ¢, F'* for the global mean arrival

time of EAS muons (E, > 2 GeV) for different observation levels
and primaries deduced on basis of Monte Carlo simulations. X/X,,
is the ratio of the depth of observation level to the depth of EAS
component maximum inferred from the simulations.
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(T) E, > 250 MeV E,> 2 GeV

ANI KASCADE ANT KASCADE
(Fe) | (F®) | (F¢) | (F%) | (F*) | (F") | (F*) | (F*)
(A78b V171,06 | 1.05 | 1.33 | 1.31 | 1.06 | 0.96 | 1.30 | 1.18
(ATZEY 1 1.01 | 0.99 | 1.32 | 1.30 | 1.01 | 0.91 | 1.31 | 1.19
(ATZY 1 1.04 | 1.02 | 1.33 | 1.31 | 1.05 | 0.95 | 1.34 | 1.22
P | (A7) | 1.10 | 1.08 | 1.34 | 1.32 | 1.13 | 1.03 | 1.39 | 1.26
(Arloc V1 1.15 | 1.13 | 1.41 | 1.39 | 1.44 | 1.31 | 1.70 | 1.55
(Alos) | 1.40 | 1.38 | 1.96 | 1.93 | 1.67 | 1.52 | 2.21 | 2.01
(Arloe)) | 1.20 | 1.18 | 1.59 | 1.56 | 1.43 | 1.30 | 1.81 | 1.64
(Arlee)y | 116 | 1.14 | 1.43 | 1.41 | 1.42 | 1.29 | 1.66 | 1.51
(Arglob V1137 [ 1.19 | 1.65 | 1.44 | 1.41 | 1.13 | 1.75 | 1.41
(ATEEYY 1 1.49 | 1.30 | 1.88 | 1.64 | 1.51 | 1.21 | 1.89 | 1.52
(ATZY 1 1.44 | 1.26 | 1.81 | 1.58 | 1.44 | 1.16 | 1.80 | 1.44
Fe | (A7%%) | 1.42 | 1.24 | 1.82 | 1.59 | 1.43 | 1.15 | 1.78 | 1.43
(Arloc V| 1.41 | 1.23 | 1.70 | 1.48 | 1.60 | 1.28 | 1.99 | 1.59
(ATl | 1.75 | 1.53 | 2.37 | 2.07 | 1.90 | 1.53 | 2.51 | 2.01
(Arloe)) | 1.55 | 1.35 | 2.01 | 1.76 | 1.64 | 1.32 | 2.09 | 1.68
(Ales) | 1.45 | 1.27 [ 1.89 | 1.65 | 1.55 | 1.24 | 1.93 | 1.55

Tab. 3.2: Mean values of the scaling parameters F'¢ and F'* for different time
parameters (global and local), two energy thresholds for muons
(0.25 GeV and 2.0 GeV), proton and iron induced EAS, and two
observation levels (ANI and KASCADE).

primaries with the maximum depth (X,,), associated with the mass of the
primary.

3.7 Outlook to the analysis of experimental muon arrival
time distributions

The present study reveals the principal relation between the arrival time
distributions of EAS muons and the characteristics of the longitudinal EAS
profile, and it scrutinizes a method proposed in ref. [15, 42] for an indirect
determination of the elongation rate (characterising the variation of the at-
mospheric depth X, of the shower size maximum with the primary energy)
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and of the fluctuations of the shower height maximum from observations
of arrival time distributions of the EAS muons. The relation between the
time observables and the longitudinal EAS profile implies a scaling factor F,
which proves to depend from the height X,, of the shower maximum and the
observation level X.

In previous studies a simple relation has been conjectured, with the hope of a
nearly model independent access to the longitudinal EAS development. The
present results display a complex behaviour of F', varying with the variation
of X and X,,, neither being simply constant nor transparently dependent
from the ratio X/X,,. Practically there is no evident analytical relation be-
tween F', X and X,,. This complex behaviour may arise from the complex
mapping of the atmospheric depth by the geometric path lenghts (directly
affecting the time of flight of the muons)(see also Appendix A). We conclude
that the application of the Linsley’s procedure to data is unfortunately affec-
ted by this uncertainty in F and finally needs unavoidably comparisons with
Monte Carlo predictions, thus introducing all model dependence. A systema-
tic Monte Carlo based analysis, however is expected to extract more details
about the longitudinal EAS profile. This is the main goal of the analysis of
the experimental data done in this work.



4. KASCADE EXPERIMENT

The experiment KASCADE (K Arlsruhe Shower Core and Array DEtector)
is located in Karlsruhe, Germany, at 8 E, 49° N, 110 m a.s.l. The detectors
are distributed on a field of 200 x 200 m? large. The coverage efficiency is
2.5% for muons, 2.0% for electrons-photons and 0.6% for hadrons.

The expected rates for showers with the core inside the array are 2 s=! for
Ey > 10" eV and 20 h=! for Ey > 10'6 eV. KASCADE comprises three main
parts (see Fig. 4.1):

e the Field Array
e the Central Detector

e the Muon tunnel

4.1 Array

The detector array (Fig. 4.1), for sampling the electromagnetic and muonic
EAS components, consists of 252 detector stations (see Fig. 4.2). The elec-
tronic readout of the detectors in the stations is organised in 16 clusters of
16 stations (only 15 stations for the central 4 clusters). These clusters act as
independent air shower arrays. A station which belongs to an inner cluster
contains four circular detectors (filled with scintillation liquid) for the e/
component (5 MeV threshold), with a total area of about 3.2 m? and 5 cm
thickness. Each detector is viewed by a photomultiplier from above.
Stations which belong to one of the outer 12 clusters contain only two e/~
detectors. Below the e/7 detectors there is an absorber of 10 cm of lead and
4 cm of iron corresponding to more than 20 radiation lengths and to a muon
threshold of about 230 MeV. The 3.2 m? muon detector below this shielding
consists of 4 sheets of plastic scintillator, 90 x 90 x 3 cm?® each, read out by
green wavelength shifter bars and phototubes.

The trigger condition [48] is delivered by a cluster detector multiplicity n of
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32 e/u detectors or m of 60 in the inner 4 clusters (15 e/u detectors each).

muon tunnel central detector

200 m
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array cluster electronic station
detector station 0 10m 20m

Fig. 4.1: General lay-out of the KASCADE experiment. B-B is a vertical
section through KASCADE in the central region.
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Fig. 4.2: Sketch of a KASCADE array detector station.

4.2 Central Detector

The Central Detector (see Fig 4.3) consists of a hadron calorimeter, a top
cluster, a trigger plane and a multiwire proportional chambers (MWPC) sys-
tem in the basement below for muon detection.

The hadron calorimeter is an iron absorber block with 16 x 20 m? lateral
dimension and a depth of about 4 m. The iron block has 8 horizontal gaps.
Seven of them contain together 40000 ionization chambers (25 x 25 X 1 cm?
each) filled with the room temperature liquid tetramethylsilane (TMS) and
tetramethylpentane (TMP) as dielectric. They are the active elements of the
calorimeter for hadronic energy measurements. The hadron calorimeter is
equivalent to 11 nuclear interaction lengths for vertical protons. According
to MC calculations, the energy resolution varies slowly from 20% at 100 GeV
to 10% at 10 TeV [49].

A trigger layer of 456 scintillation detectors is placed in the third gap of the
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trigger layer
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Fig. 4.3: KASCADE Central Detector.

iron block at a depth corresponding to a mean energy threshold ! for muons
of 490 MeV [50]. Each scintillation detector contains two sheets of 3 cm
thickness and 0.45 m? in total area with a read out by a green wavelength
shifter bar and an 1.5-inch photomultiplier. Two neighbouring detectors are
shielded in a box (Fig 4.4). Scintillation detectors cover together 64% of
the total area of the Central Detector. They provide fast trigger signals for
the Central Detector. Their data are analysed for the present time measure-
ments. In addition, this detector layer is used as dE/dz detector for charged
particles.

The MWPC system [51] consists of 32 large-area multiwire proportional
chambers installed below the iron sampling calorimeter in two layers of
129 m? area each, with a telescope effect, improving the reconstruction qua-
lity of the particle hits and giving information about the mean direction.
The anodes of the MWPC system consist of 20 ym thick gold plated tung-
sten wires. The distance between the anode wires is 12 mm and they are
separated by gold-plated copper-beryllium potential wires of 100 ym diam-
eter. The wires are connected to the readout electronics by printed boards.
As cathodes 10.6 mm broad copper stripes on a printed circuit foil are glued
on the upper and lower cover panels of the chambers at an angle of +34° or

L Tt means that vertical particles with a kinetic energy of the energy threshold reach the
detetector with a probability of 50%.



Muon tunnel 33

detector box (AL)

scintillator plate

// (NE114)

125 em

wavelength shifter
(NE 174A)

photomultiplier 1.5 EMI 9902

98 cm

Fig. 4.4: Scintillation detectors of the trigger layer.

—34°, respectively, with respect to the anode wires. The gap between the
cathode stripes is 2 mm. The chamber read out can be triggered from the
trigger layer or from the top cluster.

Correlated measurements of the trigger layer and MWPC system allow to
study lateral and time distributions of the muon component with a 2.4 GeV
energy threshold (see Sec. 5.1 for more details). The muon arrival time distri-
butions measured by the trigger layer combined with the muon identification
by the MWPC facilities are the focus of the present work.

The top cluster above the calorimeter, formed of 50 scintillation detectors of
the same type as of the trigger layer, is used for the measurement of small
central showers with sizes below the array threshold.

4.3 Muon tunnel

The muon tunnel (50 x 5.5 m?) is situated in the northern part of the Central
Detector. The tunnel is below a shielding made out of concrete, iron and soil.
A multilayer of 6 iron plates of 3 cm thickness, separated each by 5 cm sand
provides a good absorber for a large fraction of low energy electromagnetic
particles and corresponds to an energy threshold of 0.8 GeV for muons. A
large area streamer tube (ST) Muon Tracking Detector (MTD), located in
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Fig. 4.5: Vertical section of the muon detector tunnel.

the muon tunnel, was put into opperation. The detector is used for the
determination of the size and the lateral distribution of the muon component
in EAS and to estimate (by triangulation) the muon production heights (an
observable which depend on the primary mass). The resolution of the muon
tracking is about 0.6° [47]. A cross section of the tunnel (together with
an array detector station located nearby) is shown in Fig. 4.5. The ST
chambers have been built housing 16 anode wires in 2 cathode comb profiles,
extruded for 8 parallel ST cells of 9 x 9 mm? cross section and 4000 mm
length. A so-called module (2 X 4 m?) contains 12 ST chambers. Above the
ST chambers there is a layer of a rigid polyester foil of 75 ym thickness with
evaporated aluminium strips of 18 mm width and 2 m length, perpendicular
to the wires. Four modules, three positioned horizontally spaced by 820 mm
and one arranged vertically, form a muon telescope called detector tower.
The whole detector consists of 16 towers arranged in two rows.

4.4 Shower event reconstruction

The general shower parameters are reconstructed from the array data follow-
ing a procedure with three iterations:
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e the centre of gravity of the registered energy signals of the e/~ detec-
tors defines the shower core position. The direction of the shower is
calculated out of the arrival times by assuming a plane shower front.
N, and N, are determined by summing up the relevant signals of e/~
and muon detectors. These signals are weighted with a geometrical
dependent factor.

e the shower direction is reconstructed on a further step by fitting the
time signals of the e/ detectors with a conical shower front. From
this fit also the arrival time of the electromagnetic front of the shower
core is obtained. The core position is fitted together with the electron
shower size and the electron lateral shape parameters by an NKG-form
[35].

e the e/~ detector signals are corrected by removing contributions coming
from particles others than electrons, and muon detector signals are
corrected for expected electromagnetic and hadronic punch-through.
Signals largely inconsistent with those from neighbouring detectors are
excluded; also signals with times more than 200 ns off from the shower
core arrival time are discarded. The same fits as in the second iteration
are performed with the corrected signals. Due to the corrections the
results of the third iteration are improved.

The core position can be reconstructed with an uncertainty of about 3 m at
1 PeV, and the accuracy is typically better than 1 m for showers above 4 PeV
if the core is located well inside the array. The angular resolution for such
showers is about 0.4° [50]. The complete EAS event reconstruction includes
also the observables measured by the Central Detector: lateral, energetical
and angular distributions for hadrons and lateral, angular and temporal dis-
tributions for muons (with 490 MeV and 2.4 GeV energy thresholds).

The shower reconstruction is technically implemented in the KRETA code
(KASCADE Reconstruction of ExTensive Airshowers). The calibration of
the detectors is included also in the KRETA code. Simulated and experi-
mental data are treated identically by this code. Concerning simulated data,
after adopting the interaction models in CORSIKA program (simulating the
atmospheric development of the Extensive Air Showers), a complex simu-
lation of the response of the KASCADE detector is required. The CRES
code (Cosmic Ray Event Simulation), based on GEANT3 [33], is used for
this detector simulation. Shower data from CORSIKA (energy, position and
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incident angle of each particle hitting a detector) are used as input to CRES.
In principle, after CRES, simulations are at the same level (of consistency)
as measured data (raw data) (see Fig. 4.6).

The observables reconstructed for experimental and simulated showers are
used furtheron in parametric comparisons or in multivariate analyses. Mul-
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Fig. 4.6: Sketch of the general analysis of EAS observables measured in the
KASCADE experiment.
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tivariate analyses take into account the correlations between observables and
also the intrinsic fluctuations of the EAS events (see Chapter 7).

4.4.1 Primary energy estimator

A very important problem in EAS analyses is to define an adequate quantity
(a combination of some EAS observables) which can be used as estimator
of the primary energy. As shown by simulation studies, the number of EAS
muons with 230 MeV energy threshold and integrated in the range of 40 to
200 m distance from the shower core, the so-called truncated muon number
Nf[, proves to be such a parameter for the KASCADE experiment, being
practically mass independent in the range of 101 to 101® eV [52, 53]. This
is due to a fortunate compensation of various effects in the lateral distribu-
tion. The energy threshold of 230 MeV for muons corresponds to the muon
detectors of the array. The lower geometrical limit avoids the severe (elec-
tromagnetic and hadronic) punch-through effect near the shower axis (which
disturbs muon identification) while the upper one corresponds to geomet-
rical limits of the KASCADE array size. Statistical sampling errors when
estimating V" improve from about 20% at 1 PeV to about 10% at 10 PeV
(primary energy) [50].



5. GENERAL PROCEDURES FOR

ANALYSING MUON AR
TIMES

RIVAL

5.1 Muon arrival time measurements at KASCADE

The Central Detector facilities — trigger layer and MWPC system — are
used for muon position and arrival time measurements at the KASCADE ex-
periment. The trigger layer works like an ”eye” with 456 pixels (scintillation
detectors). The scintillation detectors of the trigger layer are used for time

measurements with a time resolution of around 1.

5 ns after an energy de-

posit correction [22]. A simple arrangement with two scintillation detectors
placed at a vertical distance of 2.5 m one above the other has been used to
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Fig. 5.1: Measured difference time between the two detectors as a function

of the energy deposit in the lower detector.

The quality of the

correction is examined by comparison with the zero-line [22].
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estimate the time resolution and the energy deposit correction. A distribu-
tion is obtained by measuring the time-of-flight (At) of muons between these
two detectors; this distribution can be approximated with a gaussian with
09 =2.35 ns. The time resolution of a single detector can be easily calculated:
o1 = 75 =1.66 ns. There is a clear dependence of the measured times on the
deposited energy. Fig. 5.1 shows the dependence of ((At)) with the deposited

energy in the lower detector. This dependence can be parametrisated by [22]:

At (p. Y Lar/MEV (5.1)

Edep/MeV +c

The parameter a corresponds here only to a shift and serves to the adjustment
of parametrisation to the measured values; it results b =26 ns and ¢ = 0.88.
The corrected times are well distributed around the zero-line (Fig. 5.1). The
time resolution of the total system improves from 2.35 ns to 2.06 ns by using
energy deposit corrected times. This corresponds to a time resolution of
~1.5 ns for the single detector.

If the energy deposit in one of the detectors corresponds to more than
300 MeV (50 m.i.p.), a so-called hadron trigger is build. The second pos-
sibility is a muon multiplicity trigger when at least 8 of the 456 detectors
have signals larger than § m.i.p. [49]. The positions of the plastic scintilla-
tors from the trigger layer providing time signals are correlated with particle
tracks reconstructed by the MWPC system with an accuracy of about 1°
[61]. Accepted tracks are required to be in resonable agreement (Af < 15°;
A¢ < 45° if § > 10°) with the shower direction, determined from the array.
Thereby, ambiguous hits are efficiently solved. If the multiplicity of fired
anodes and cathodes in a given area of the chambers is too large to separate
different hits, a so-called ”cluster” is reconstructed. The position of such
a cluster is defined as the intersection of the centres of gravity of the fired
wires and stripes; also ”clusters” tracks (hadrons) are reconstructed. How-
ever, more than 99% of all triggered events have a muon density below 1/m?
where ambiguity effects or hadronic punch-through are negligible [51]. For
the muon case, the absorber of the calorimeter (5 cm lead, 172 cm steel and
77 cm concrete) leads to a threshold of 2.4 GeV (for vertical trajectories).
The trajectories of such muons are traced back through the Central Detec-
tor up to the trigger layer and in the case they hit detectors of the trigger
layer with measured energy deposits compatible for muons, the corresponding
measured arrival times in the trigger layer are associated. The MC simula-
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tions show that about 75% of the 2.4 GeV muon tracks in the MWPC have
a correlated signal in the trigger layer. These correlated muons have been
considered in the present work to investigate the time structure of the EAS
muon component. An amount of 24.000.000 (KRETA input) experimental
shower events have been used for analysis, from a period of aquisition during
28.05.97 + 30.06.98. For the arrival time analysis, at least n = 3 detectors
of the trigger layer are required to have a signal which can be correlated
with muon tracks in the MWPC. Measurements of the muon component at
small core distances could be affected by the hadrons in the shower core and
by the electromagnetic punch-through. Because the MWPC system is po-
sitioned deep below the iron sampling calorimeter, the contribution of the
electromagnetic punch-through is found to be negligible [22]. But cascading
hadrons distort the relative arrival time distributions. A veto for a large
energy deposit in the scintillator detectors E4e, > 20 MeV (c. 3 m.i.p.) has
been applied in order to suppress "muon signals” produced by cascading
hadrons. This procedure remedies the distortion effect in the shower centre
[21].

5.2 Complete simulations for KASCADE

Complete air shower simulations including the detector response have been
performed for comparisons with measured data. CORSIKA vers. 5.621 has
been used, including the GHEISHA code as generator for low energy hadronic
interactions, QGSJET as generator for high-energy hadronic interactions and
EGS4 Monte Carlo procedure for the simulation of the electron-photon com-
ponent. EAS for three primaries have benn simulated: proton (H) for light
group, oxygen (O) for CNO group and iron (Fe) for heavy group. Seven
energy bins:

5.00- 10" eV =+ 1.40 - 10" eV, 8.36-10' eV +2.33-10% eV,
1.40-10% eV +3.90- 10" eV, 2.33-10' eV + 6.51-10'% eV,
3.90-10'% eV + 1.09 - 106 eV, 6.51-10™ eV +1.82-10' eV,
1.09-10% eV = 3.06 - 10'6 eV
and three zenith angle intervals:
0° = 15°, 15° = 20°, 20° + 40°

have been considered. Two areas where the shower cores are positioned have
been especially simulated:
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o cutl: 0 < Doyre <95 m;
o cutd: 80 m < Degre A | Xeore [< 105 m A | Ygre | < 105 m. !

Xore and Y, are the coordinates of the shower core in the plane of the
KASCADE experiment: D? = X2 + Y2 . The center of the Central
Detector is located at (0,5.19) m. Cut4 corresponds mainly to shower core
positions in the corners of the KASCADE array.

For each primary type there are ~ 5000 showers for each Ey x 6 bin, ex-
cept for the bins of the highest energies (6.51-10' +1.82-10'® eV with
~ 2500 simulated showers and 1.09- 10 + 3.06 - 10'® eV with ~ 1250 si-
mulated showers). In fact there are 25 times less CORSIKA showers but the
position of the core of each shower is randomly generated 10 times in cutl and
15 times in cut4. For a certain primary (proton, oxygen, iron) a ”spectrum”
has been built over all simulated 0, Ey and D, intervals (0° < 6 < 40°,
5.00 - 10™eV < Ey < 3.06 - 10'%eV, { D ore | Deore € cutl U cutd}). A certain

weight has been assumed for each event according to the dependence:
dN = const. - Ey"$in0D o dEgdfdD e (5.2)

dN is the number of primaries with energy between Ey, Ey+dFEy, zenith angle
between 6,6 + df, intersecting the plan of the KASCADE array between
D.ores Deore + dDeore- An identical spectral index v = 2.7 over the whole
primary energy range is considered for all primaries (H, O, Fe) as a simple
assumption on the primary energy spectra used for the muon arrival times
comparisons in this section. A parametrisation of the spectral index around

the "knee”
= { 2.7 . for E < Ejpee

3.1 : for E > Eipee
Ernee(Z) = Z-4-10"° eV (5.3)

with Z being the atomic number of the primary nucleus has been used to
increase the consistency in the analysis from Chap. 7, studying primary mass
composition. Dependence 5.2 has been considered at the top of the atmos-
phere; absorbtion in the atmosphere and event reconstruction (detector efi-
ciency) have been taken into account.

Because of the limited energy range of the simulations, a certain N, ff interval

L » A” represents the logical operator ” AND”.
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Fig. 5.2: N/ range (between the horizontal lines) used for furtheron analysis.
Proton, oxygen, iron induced showers have been plotted together; a
weight=1 has been considered for each event.

has been considered (between horizontal lines in Fig. 5.2):
3.60 < logio N} < 4.80 (5.4)

Using the condition 5.4, showers of energies outside the simulated range which
fluctuate into the range have been eliminated. For example, as horizontal
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line loglofo = 3.6 shows, practically no primary having the energy below
5.00 - 10'* eV (which is the lowest limit in the ”"spectrum” build above) will
give a log;o N7 above 3.6 (even at extrem EAS fluctuations).

5.3 Time distributions and multiplicity effects

For a certain EAS event let’s consider n muons detected in the MWPC with
arrival times measured in the trigger layer. The present studies consider only
EAS events with muon multiplicities n > 3. Because of the jitter of some
nanoseconds in estimating the arrival time of the electromagnetic front in the
shower core, the arrival time of the foremost muon is choosen as reference,
i.e. local muon arrival times are considered. These n local muon arrival
times form a ”single EAS event distribution”. There are two possibilities to
analyse the single EAS event distribution:

e For the single EAS event distribution different features 7" can be calcu-
lated. E.g.: mean value (A7%¢, ) and quantiles (A7{%, AT8%,, ATk,
as defined in Sec. 2.2). Representing together, for many showers, the
values of such a variable T considered in a certain bin (R, x 0 X ...),

an "EAS events distribution” is obtained for the variable T.

e Second possibility is to add, for a certain bin (R, x 6 x ...), single
EAS event distributions for many showers. The distribution of indivi-
dual muon arrival times over many showers will be called ”single muon
arrival time distribution”.

It’s clear that only the first possibility allows event-by-event analysis inclu-
ding muon arrival times (i.e. muon arrival times variables can be correlated
with the other observables of the same shower event). But in an event-by-
event consideration intriguing statistical effects enter in the estimate of the
properties (like the mean and quantiles) of the probability density function
(p.d.f.) from small samples of muons. The arrival time A7 of the foremost
muon (relative to the fictive zero-time, represented by the arrival time of the
electromagnetic front of the shower core) and its fluctuations depend on the
particular value of the multiplicity n, systematically increasing the mean va-
lues of the local time quantities with increasing n [22]. The fluctuation with
the muon multiplicity is relatively small in pure CORSIKA simulations. But
it seriously distorts the experimental arrival time distributions as well as the
simulated distributions, when the smearing due to the finite time resolution
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[22] is taken into account. Fig. 5.3 presents the dependence on the multipli-
city of the expectation values (A79°’) of the arrival time of the first muon;
the p.d.f of the single muon arrival time distribution is approximated in the
figure by a simple I'-function.

EAS events distributions (for muon arrival time variables) have been analy-
sed in some recent works [21, 56, 55] by applying a correction procedure [22]
removing the distortions due to the multiplicity effects arising mainly from
the apparatus performance (its time resolution). EAS events distributions
(without correction procedure, because the correction procedure for removing
multiplicities effects implies some initial assumptions on primary mass com-
position) are also used in Chapter 7 in an event-by-event nonparametric
multivariate analysis in view to estimate the primary mass composition.
For a realistic comparison of simulated and measured data concerning time
structure of the muon component of EAS a transformation of local times
into global times (see next section) has been prefered because global times
are connected in a more intuitive way with the longitudinal profile of the
shower. Single global muon arrival time distribution have been prefered be-
cause of some fluctuations arising from the strict mathematical definition of
quantiles for EAS samples with poor number of muons. The method pre-
sented in the next section has also the advantage of a better statistic for

i - = KATI(n=3)>
— <AT(n=10)>
- AT (n=25)>

arbitrary units
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Fig. 5.3: The expectation values (A"} of the arrival time of the first muon
of a given time distribution for three muon multiplicities [22].
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single muon arrival times distribution even in small R, bins. In an event-by-
event analysis and also for single local muon arrival time distributions R, is
defined by the centre of the Central Calorimeter while in the next section R,
will be defined by the positions of the individual muons.

5.4 Transformation of local times into global times

Individual local muon arrival times (Eyres = 2.4 GeV) detected in the Cen-
tral Detector are (formally) transformed into individual global arrival times
by adopting a certain global time for the foremost muon of this event, com-
ing from a continuum space, over primary energy FEjy, primary zenith angle 6,
distance of the centre of the Central Detector to the shower core and muon
multiplicity n. This continuum space has been build by using CORSIKA
simulations (Sec. 5.4.1). The technical procedure and its consistency is pre-
sented in Sec. 5.4.2. After the transformation procedure, each of the n muons
will be characterised by its global arrival time and its distance to the shower
core. Single global muon arrival time distributions are build by represent-
ing the individual muon global arrival times for many showers in a certain
R, x 0 x... bin. Such distributions and their mean values, standard deviation
and quantiles are used in the next chapter to compare measurements with
MC predictions.

5.4.1 A79°"continuum space obtained using CORSIKA
simulations

CORSIKA (QGSJET) simulations have been done for proton and iron pri-
maries; 3 fixed energies (10'° eV, 3.16-10' eV, 10'® ¢V) and 4 zenith angles
(5°, 15°, 25°, 35°) have been considered (approx. 200 showers for each case).
For all cases above, adopting the detector resolution of 1.5 ns for muon arrival
times, ATff”b—distributions have been calculated for 15 radius bins (0+10 m,
10+20 m,..., 140+150 m), considering all muons Eyes = 2.4 GeV, cumula-
ting all (200) showers.

Corresponding to a multiplicity n (between 3 and 456), a number n of indi-
vidual arrival times are randomly selected from the ATff”b—distribution core-
sponding to a certain radius bin (according to the p.f. represented by the dis-
tribution) and A% has been calculated. Repeating the procedure approx.
9000 times (for good statistics), A79**-distributions have been estimated for
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see Fig. 5.4. The existence of negative measured times is due to muons re-

gistered before the electromagnetic front of the shower core. This is another

time resolution effect. It is shown that Ar%*°-distributions can be very well

approximated by gaussian distributions; e.g.: gaussians defined by the mean
values ((A79")) and standard deviations (o) of the iron distributions are

superimposed on the Fig. 5.4. In Fig. 5.5 the multiplicity dependence of the

> [ns]

glob

1

<AT
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o, [nsl

0.8

0.6 |

0.4 7 10+20m 7

0 100 200 300 400 O 100 200 300 400
multiplicity n

Fig. 5.5: Multiplicity dependence of (A79"") and o, for proton and iron pri-
maries (f = 15° and Ey = 10'® eV), in two radial bins.
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mean values and standard deviations of A7Y"® - distributions is represented.

Fig. 5.6 presents the dependence of (A79°") and o on the primary energy
(Ep) and zenith angle (#) of the shower.

For a certain multiplicity, primary type and radius bin, a continuum space
over secf and logyoEq has been built for (Ar%®") and oy, extrapolating li-

nearly between neighbouring points represented (as example) in Fig. 5.6.
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5.4.2 Transformation of measured local times into global
times

Zenith angle §, muon multiplicity n (> 3) in the Central Detector and N
are accesible for a certain shower; also the values for local times:

lob lob -
ATffczATigo — AT e {2,n}

The radial bin is given by the position of the centre of the Central Detec-
tor with respect to the shower core (in shower coordinates). N} can be
transformed in Ej according to the relations:

logioEo(GeV') = 2.729 + 0.9549-logio N7, if proton
logioEo(GeV') = 2.294 + 1.046-log N7, if iron

Assuming the shower was produced by a certain primary (H or Fe), corres-
ponding (A79*) and o, can be estimated from the continuum space defined
in Sec. 5.4.1.
For the given shower, local times have been transformed in global times ac-
cording to relations:

AT = (AT + AT, i€ {2,n} (5.5)

i

A7 has been formally generated (randomly) from a gaussian distribution

with mean value (A79?) and standard deviation o;. In relation 5.5 appears

(ATf"") and not the truely ”measured” time of the foremost muon; A7
will be spread from their truely ”measured” values because of this reason.
But this effect is compensated in single muon arrival time distributions by
"filling” them with several showers with the same multiplicity. A difficulty
of the transformation of local times into global times appears because from
the begining a shower has to be considered as produced by a certain primary.
Fig. 5.7 shows that if a certain mass composition is assumed (H:Fe=a:b), the

following relation can be written:
(aH + bFe) 1 (aH +bFe) 2 aH 1 H+bFe T Fe (5.6)

(a1 H+b  Fe) 1 (aaH +byFe) means that local times for a composition (ax H +
byFe) are transformed in global times considering ((A79"), o) coming with

probabilities a; and b; from proton and iron continuum spaces, respectively.
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Fig. 5.7: Simulated shower profiles assuming 3 mass compositions; a compar-
ision between H T H, Fe 1 Fe, H 1 Fe, Fe T H is also presented;
3.6 < lng[ < 4.8, 5° < 0 < 30°.

The explanation of the relation 5.6 is quite simple. From Fig. 5.7 it is clear
that:
HtH~H*tFeand Fet H~ Fe? Fe (5.7)

From equation 5.7 it results:
(aH + bFe) t (aH +bFe) = a®H t H+ abH t Fe+ abFe 1 H + b*Fe 1 Fe
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~ala+b)HtH+bla+b)Fet Fe=aH 1T H+bFe 1t Fe,
because a 4+ b = 1 (probability normalisation).



6. COMPARISON WITH
THEORETICAL PREDICTIONS
BASED ON A PARAMETRIC
ANALYSIS

Global muon arrival times, obtained from local times by applying procedure
described in Section 5.4, have been considered to compare experimental data
with theoretical predictions included in the complete simulations presented
in Sec 5.2. A mass composition H : Fe = 2 : 1 has been adopted for
comparison between experimental data and simulations (ref. [54] proposed
H:O0:Fe=4:1:2).

6.1 Time distributions

Each individual muon has its own distance to the shower core (in shower
coordinates). In the following analysis 24 radius bins (0+5 m, 5+10 m,...,
115+120 m) have been considered for individual muons. The distance be-
tween the centre of the Central Detector and the shower core has been consi-
dered between 0+110 m. Global time distributions of individual muons (cu-
mulated over many showers) have been built for all 24 radius bins. For each
distribution a mean value A7 a standard deviation o (see Appendix B)
and quantiles A%y, A8 A8 have been calculated. Figure 6.1 com-
pares the experimental and simulated muon arrival time distributions for 3
radial bins. It’s clearly seen that distributions become broader and shifted
to larger mean values with increasing distance from the shower centre. At
a first look, there is a good agreement between experiment and simulation
both on averaged values and on fluctuations. Just empirically motivated
(and also by tradition [21, 59]), distributions from Fig. 6.1 are parametrised
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Fig. 6.1: Single muon distributions (fitted with I'-function) for the particular
samples with 4.25 < loglofo < 4.45 for the angular range 5° < 6 <
30° and for three radial bins.
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Fig. 6.2: Tails of the experimental and simulated single muon distributions
fitted with the T'-form for the sample with 4.25 < log,( N/ < 4.45,
5° <0 <30°65m< R, <70 m.
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Fig. 6.3: Single muon distributions for different logio N, ff ranges displayed for
the angular range 5° < # < 30° and the radial range 90 m < R, <
95 m.

by I'-distributions:
I(T) = aTlexp(—cT) (T = A7,)
with a mean value (T') = (1 + b)/c and the standard deviation or = (1 +
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Fig. 6.4: Energy dependence of the mean value, standard deviation, me-
dian and third quartile of the single distributions observed at two
different ranges of the distance from the shower core (5° < 6 < 30°).

b)'/2/c. The shape of the I'-form, with a fast increase and a longer decreasing
slope, reflects just the gross longitudinal development of the muon compo-
nent. Only the tails of the distributions are less well described by the I'-form
(Fig. 6.2). A parametrisation by a logarithmic Gauss [57] does sufficiently
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well reproduce such tails as pointed out by Battistoni et al. [58]. A part of
the experimental ”delayed” tail from Fig. 6.2 may be accounted to uncorre-
lated particles triggering the zero-time too early. The contribution arising



Time profiles 57

from uncorrelated muons is estimated to be less than 20% in the tail [21],
completely negligible for the total distribution. Presenting experimental and
simulated muon arrival time distributions in four NV, ff ranges (indicating pri-
mary energies), Figure 6.3 exibits increasing averaged values and fluctuations
for higher primary energies. Figure 6.4 shows the N/" dependence of averaged
values and fluctuations. From both Figures 6.3, 6.4 it appears a systema-
tic tendency that the distributions of the simulated data underestimate the
thickness of the muon disk. The age dependencies of the averaged values
and fluctuations of the single time distributions are shown in Fig. 6.5 for
two radius ranges. The decreasing values may be qualitatively understood as
corelation between age and the depth of the EAS maximum. Higher values
for age means "older” showers, i.e. showers which start earlier their longi-
tudinal development; muons come from higher altitude and, because of this,
they have smaller arrival times. Despite the underestimation of the thickness
of the muon disk in simulations, there is a good agreement between measured
and simulated dependencies of averaged time values with N/" and age.

6.2 Time profiles

The variation of different time quantities characterising single muon arrival
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Fig. 6.6: Experimental and simulated time profiles for two different fo
ranges (corresponding to energy ranges of the primary cosmic ray
spectrum before and after the "knee”) and for 5° < 6 < 30°.



58 Comparison with theoretical predictions based on a parametric analysis

time distributions (A7 o, Arde. A8 ArS*P) with the distance R,
from the EAS core represents the time structure of the EAS muon disk. It
is dependent on the primary energy Ej, the nature (mass A) of the primary
particle, the angle of the shower incidence and from observation conditions
(energy threshold, time resolution). Profiles of the time distributions for
different Nf[ and angular ranges are presented in Figs. 6.6 and 6.7. There is
a good agreement between measured and simulated data. Simulated data are
not presented in Fig. 6.7 just for the clarity of the figure. As Fig. 6.7 shows,
there is a systematic variation of the profile with the EAS angle of incidence.
The averaged values and fluctuations decrease with increasing the zenithal
angle. The considered zenithal angle ranges in Fig. 6.7 (0° + 24°, 24° + 33°,
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Fig. 6.7: Experimental time profiles for different angular ranges of EAS inci-
dence for 3.6 < loglofo < 4.8.
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33° +40°) corresponds to rather equal secf-bins (the equivalent atmospheric
thickness at the observation level is proportional with secfl). The statisti-
cal uncertainty in the mean values and in the standard deviations are given
by o¢/v/N and o/1/2(N — 1), respectively. In case of experimental data N
represents the number of events while in simulation data N represents the
number of equivalent events (Appendix B). In the shown figures these errors
are smaller than the size of the markers. The systematic errors are mainly
coming from multiplicity effects due to the finite time resolution (one effect
is the presence of negative times) and from the assumption made on primary
mass composition. In the second order the systematic uncertainity is intro-
duced by the procedure to transform local times into global times and the
CORSIKA assumption in building the A7%® continuum space. These sys-
tematic errors affect in a consistent way both measurements and simulations.

6.3 Muon production heights

Muon production loci, expressed by the atmospheric thickness above, dis-
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Fig. 6.8: Experimental and simulated radial dependence of different ”frac-
tions” of the muon longitudinal development; 5° < § < 30° and
3.6 < lOgloNlt:‘ S 48)



60 Comparison with theoretical predictions based on a parametric analysis

play the longitudinal development of the shower. Using simple triangulation,
production loci (in g/cm?, starting from the top of the atmosphere) of single
muons have been estimated from their global arrival times (obtained with the
procedure described in Sec. 5.4). The barometric profile of the US standard
atmosphere with five layers has been used. Negative global times (resolu-
tion effect) have been simply ignored. There are considerable uncertainties
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Fig. 6.9: Profiles of the muon production loci for muons detected in a
60=-110 m distance from the EAS axis for 5° < # < 30° and

3.6 < lOgloNlt:‘ S 4.8.
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inherent to the procedure transforming the arrival time distributions to lon-
gitudinal profiles, and uncertainties due to the finite time resolution of the
detector. These uncertainties affect the data and simulations in the same sys-
tematic way. In Fig. 6.8 the variation of the production height distributions
of the muons is displayed, as observed at the distance R, from the shower
core. Xfos, Xb'eo,... mean the atmospheric depths when 25%, 50% etc. of the
muons observed at R, are produced; X}, represents the mean atmospheric
depth where the muons observed at R, are produced. The results, with good
agreement of data and simulations, exhibit a lateral variation of the detected
muon profile (larger R, emphasise the beginning of the EAS development)
and they indicate the interrelation of arrival time and lateral density dis-
tribution. In other words, the arrival time distributions do not map the
total N,-profile, only that part arriving at R,. The feature is underlined
in Fig. 6.9, showing the average profiles of the muon component (2.4 GeV
energy threshold) varying in the range R, = 60 + 100 m for a certain fo
range.



7. NONPARAMETRIC MULTIVARIATE
ANALYSES OF MUON ARRIVAL
TIME DISTRIBUTIONS

The inference of the nature and the properties of the primary cosmic particles
from EAS observations requires the comparison with the distributions of EAS
observables generated by Monte Carlo simulations, after being folded by the
response of the detectors (see Fig. 4.6). The comparison of the experimentally
observed EAS parameters with the pattern of such pseudo-experimental data,
can be principally performed in two different ways:

e By use of adequate parameterisations of the EAS parameter, describ-
ing the average behaviour and neglecting the correlations between the
parameters.

e Alternatively, taking into account the nonparametric character of the
observed parameter distributions and their correlations the compari-
sons can be made event-per-event, invoking advanced statistical deci-
sion methods. In this case the fluctuations are taken into account, and
uncertainties of the classifications can be specified.

In this chapter the attempt is made to analyse the measured time structure
of the EAS muon component with nonparametric techniques, in particular in
view of the role of muon arrival time distribution for the mass discrimination
of the primaries (see also [19]). It is obvious that the procedure is unavoidably
model-dependent.

It has to be stressed that only local muon arrival times will be used for
this multivariate analysis, without the procedure to correct the multiplicity
effects. The multiplicity correction procedure and also the transformation
of local times into global times need ”a-priori” assumptions on the primary
mass compositions, being inadequated for an analysis concerning primary
mass discrimination.
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7.1 Basic principles

Multivariate analysis techniques are used to study the correlations between
physical variables by comparing experimental data with theoretical models
and for grouping experimental events in different classes [60, 61, 62].

When the Likelihood function cannot be written explicitely like strictly in the
case of EAS observations, nonparametric techniques are invoked, avoiding the
constraint by a specific analytical parametrisation. Usually, the population
distribution is considered to be continuous.

For a short sketch of the basic procedures we introduce first some notations:

o A; (i € {1,m}) represent classes of events. The different classes are
defined by the different primary nuclei (H, O, Fe etc.) inducing EAS;

m
AY U A; notes all primary nuclei classes. The classes are disjunctives

j=1
and normalised by:

P(4) =1 (7.1)

ez = (21,%2,...,2,)" is the random vector of observables of a phe-
nomenon (EAS observables in our case) initiated by an event X (pri-
mary nucleus) from one of the classes A;;

e from Monte Carlo simulations an ”a-priori” probability P(z | 4;) (to
observe z if X € A;) can be calculated;

e an ”a-posteriori” probability P(A; | =) (to have X € A; if z is ob-
served) can be calculated from ”a-priori” probabilities by using the
Bayes theorem.

7.2 Nonparametric estimation of the probability densities

The first step of the analysis procedure is to derive the probability density
P(z | A;) distributions from the Monte Carlo calculations. Therefore var-
ious procedures have been proposed. The Parzen [63, 64] and K nearest
neighbours (KNN) [65, 66] methods are indicated as examples for the con-
struction of the conditional densities. In the Parzen procedure every point of
the training sample (TS), u;, is substituted by a bell-like function (e.g. gaus-
sian), and the density in arbitrary point z of the feature space is obtained as
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a superposition of numerous "kernels” centered about each TS point

M; 2
1 - i
P(z | 4;) = oTl wie 2?2, i€ {1l,m} (7.2)
(ov2m) " /1% | 5=
where:
- ¥, is the sampling covariance matrix of the class to which events u; (5 € {1, M;})
belong;

- 0 is the kernel width;
- n is the feature space dimensionality;
- M; is the number of events in the i-th training sample;
- w; is the weight of event u;; Z;VI:’I wj=1
- r; is the distance from experimental event x to the j-th event of the TS in
the Mahalonobis metric [67]:

ri = (2 — )57 (2 — uy) (7.3)
The distances calculated in the Mahalonobis metric are scale invariant; no
transformation of initial data is necessarily.
The KNN estimation takes the form:

k—1

P@|A0=EZ%G§ (7.4)

where Vj(z) is the volume of a n-dimensional hypersphere containing the
k-th nearest neighbour of the experimental event x:

12 7.‘.n/2
Vk(x)zvn|2i| Th> Vn:F

(/2 + 1) (7:5)

rg 18 the distance to the k-th nearest neighbour of z in the Mahalonobis
metric. Only the Parzen procedure has been used next.

7.3 The Bayesian approach

Just for simplicity, only 3 classes A; will be considered furtheron, corres-
ponding to 3 primaries (H, O, Fe) inducing Extensive Air Showers. z =
(71, T2, ..., Tn)T will represent some EAS observables. The nonparametric
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Bayesian decision rule associates a particular observed event x to a definite
class of events (H, O, Fe) and takes the form:

H
maz {P(H | z), P(O | z), P(Fe | z)} d—ﬁ 0 (7.6)
Fe

Bayes theorem C.1 (see Appendix C) is invoked for an estimate of the a-
posteriori probabilities from a-priori probabilities (which are known from
simulations):

P(H |z)=P(z | H)P(H)/P(z)
P(O|z)=P(z | 0)P(0)/P(z)
P(Fe|z) = P(z | Fe)P(Fe)/P(x)

where P(z) = P(z | H)P(H)+ P(z | O)P(O) + P(z | Fe)P(Fe)

The Bayesian decision rule, like all statistical methods, include a quality
test as a necessary element. The measure of quality is the error probability
depending on the degree of overlapping of multivariate distributions (Bayes
decision rule provide minimal error as compared to any other decision rule
using the same features). The method ” one-leave-out-for-a-time” is used for
an estimate of the Bayes error [68]. In this method, each element is subse-
quently removed from the MC sample (probability densities are calculated
without it), it is classified and then returned into the training sample. Thus,
using the definition

0, for correct classification
e(z) = { 1, otherwise (7.8)
the estimated error R° is
1 &
R® = i, ;e(uj) (7.9)

Using the ”one-leave-out-for-a-time” method, probabilities Py, Aj (i.e. the
probability of classifying events of the ¢-th class as belonging to the j-th
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class) can be estimated. The terminology ”misclassification” probability is
used for Py4,_, 4, when ¢ # j while Py,_, 4, represents the ”true” classification
probabilities. Reconstructing (by applying nonparametric Bayesian decision
rule) the mass composition of a control sample with N = ng + np + npe
events, the number of events ny, no, nr. corresponding to each class (H, O,
Fe) gets altered to n’y, ng, nf, given by:

'y = Pu_ung + Poosuno + Preosunre
no = Puong + Pooono + Presonre (7.10)

! —
Npe = Purenm + Poosreno + Pre_yreNire

The above system of linear equations can be inverted in order to determine
the true values ng, np, nr. defining the primary mass composition. The
statistical errors affecting the numbers ny, np, nre are estimated using the
bootstrap method [69] which consists in replication of the initial sample many
times by means of random sampling with replacement.

All used procedures are included in the program ANI (Analysis and Nonpa-
rametric Inference) [70] especially developed for high energy physics and
astrophysics experiments.

7.4 Mass discrimination

The complete simulations prepared in Sec. 5.2 and including the realistic
detector response have been used to obtain training samples for the Bayesian
analysis. All three primaries have been considered in the analysis: H, O and
Fe. The simulated events have been weighted according to eq. 5.2. Eq. 5.3
has been used for the spectral index around the "knee”. The following EAS
observables are considered in the analysis:

e the truncated number of muons N7 (the energy estimator);
e the shower size (N,);
e the shower age (s);

e the muon local time quantiles (Q,);
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Qa/pu-

Central Detector.

Detector;
pu Tepresents the multiplicity n of muons divided by the area of he

e the multiplicity n of muons (above 2.4 GeV) detected in the Central

e the muon local time quantiles divided by muon density: g,
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A comparison between simulations and measurements for various shower ob-
servables, in a certain Nf[ X R, x 6 bin, is shown in Fig. 7.1. Shower size,
shower age, muon multiplicity, median muon arrival time, median and third
quartile divided by muon density are displayed. The oxygen distribution is
plotted only in case of the shower size for clarity of the figure. Such distribu-
tions have been used, in different combinations, as input for the classification

100 H— H, 0, Fe 0 — H, O, Fe Fe — H, O, Fe
: i [ o—o INY,N,,ni -
80 L o---m SN NS -
60| g -
40} - -
20| g -
—~100 — ——
5 [ [ e—=° ¥N;:vNerO75i
80 ¢ a8 N NS -
60 | - o
40 F 5 n
20 - -
—100 — —
§ [ [ e—=° gN,:'Ne,CIon;
80t [ m---m NN i
60 | 5 n
40 - -
20 5 n
—100 |~ - — ——t
AN i 70_9 §N, . Ne, o 50, Jo.75} 5
| o---E NN

H 0 Fe H 0 Fe

Fig. 7.2: Probabilities of classification and misclassification using Bayes pro-
cedure in 3 classes (H, O, Fe) and 5 combinations of observables;
3.83 < logipN!T < 4.05,80 m < R, < 90 m, 0° < 0 < 24°.
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procedure.

Figs. 7.2 and 7.3 display the probabilities of classification and misclassifica-
tion (using Bayes procedure) in different classes (H, O, Fe) and for two energy
ranges (7.2 before the knee, 7.3 around the knee). As example, an Extensive
Air Shower initiated by a proton primary can be correctly classified with a

H — H, 0, Fe 0 — H,0,Fe Fe = H, 0, Fe
5100 g - o—o IN,,N,,s} -
g Eo--a NN i
75F - g
50 b - g
25} - -
L —
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Fig. 7.3: Probabilities of classification and misclassification using Bayes pro-
cedure for 3 different classes (H, O, Fe) and 4 combinations of ob-
servables (including age); 4.05 < log, N < 4.28, 65 m < R, <
80 m, 0° < f < 24°.
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probability of approx. 80% into proton, but due to the overlaying likelihood
distributions, it can be incorrectly classified, in oxygen or iron. The same
can be seen in case of oxygen and iron primaries initiating the Extensive Air
Showers. Knowing the probabilities of classification and misclassification, the
true mass composition can be calculated by solving the system of equations
7.10. The observables {NY, N.} plays a key role in mass discrimination.
For this reason, probabilities for other combinations of observables (having
as "nucleus” the pair {N[", N.}) are compared with those given only by
{N[7, N}. A slightly improvement of discrimination is seen by the combina-
’Eion {fo), Ne, qo.50, go.75} (Fig. 7.2) and even better for {fo, Ne, 8,G0.50,90.75 }
Fig. 7.3).

7.5 Nltj‘-dependence of the mass composition

A test how a given mass composition using the set { N/, N, go.50, qo.75} can
be reconstructed is shown in Fig. 7.4. Five loglofo bins have been used:

~
@]

composition [7%]
S I N
S o o o
T T T

N
o
———

o
—

Fig. 7.4: Test of reconstruction of a given mass composition; 80 m < R, <
90 m, 0° < # < 24°.
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Fig. 7.5: Experimental mass composition estimated from KASCADE mea-
surements in three radius bins in a zenithal angle range 0° < 6 <
24°. N, ff, N¢, qo.50, go.75 have been used as set of observables for mass
discrimination.

3.6 + 3.825, 3.825 + 4.050, 4.050 + 4.275, 4.275 + 4.5, 4.5 + 4.725. In each
of these five bins, some arbitrary known mass compositions have been con-
sidered. They are represented by symbols. Applying the Bayes procedure,
these compositions should be furtheron reconstructed. Reconstructed com-
positions are represented with shadowed areas. The thickness of the shad-
owed areas corresponds to statistical errors estimated from the bootstrap
procedure. A very good agreement can be seen. It has to be noted that
the procedure has been applied to the sets of simulations made by the same
model. Therefore systematic uncertainities due to a wrong modelling of the
EAS are not included in the test.

The experimental mass composition estimated from KASCADE measure-
ments using as set of observables {N;T,Ne,qo_g,o,qo_m} is given in Fig. 7.5
for three different radius bins. It is necessary to precise that at least at
smaller primary energies (smaller NV f[) this estimation of the mass composi-
tion (from Fig. 7.5) has to be normalised to obtain the efficiency corrected
mass composition. Particularly in this work, radius bins at relatively larger
distances from the shower core have been used, hoping in a better mass dis-
crimination induced by muon arrival times. At smaller primary energies and
for showers in the margins of KASCADE array it is more difficult to recon-
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struct a valid event. The KASCADE experiment has different efficiencies for
different primaries at a given distance. An increasing concentration of the
heavier component at higher primary energies is seen in Fig. 7.5, consistent
in all radial ranges. The knee is at approx. loglOfo =4.2.

7.6 Primary mass composition

In this paragraph is presented an estimation of the primary mass composition
given by normalising the reconstructed mass compositions which are obtained
by using multivariate analysis on some experimental samples (corresponding
to some selections on measured data by KASCADE experiment). Three
selections have been considered, defined by following cuts on R,,, Nf[, 0, n:

e 3 radius ranges are considered: 45+65 m, 65+80 m, 80+90 m;
e 3.95 < N < 4.45 (this NJ range is centered around the knee region);

e 0° < < 24° (rather vertical showers, reconstructed with higher accu-
racy);

e multiplicity n of muons (above 2.4 GeV) detected in Central Detector
larger than 3.

If the integral of the ”"spectrum” 5.2 (with spectral index around the ”knee”
given by eq. 5.3) is normalised to 1 for each primary type in a range of:

{Ey | 5.00- 10" eV < Ey < 3.06 - 106 eV} x
{6]0° < 6 < 40°}x
{Decor | Deor € cutl U cutd} x
{n|n>0}

then the values of the contributions C4, (4; € {H, O, Fe}) of these ”spectra”
in each of the defined selections are given in the table 7.1. They are calcu-
lated from Monte Carlo simulations. Of course, the lower and upper limits
of the variables Ejy, 0, D,,,., defining the ”spectrum” given by equation 5.2,
are large enough to avoid ”interferences” (due to fluctuations or defectuous
EAS reconstructions) from outside (these limits) applying in the selections
defined above.

Even if (in average) the electromagnetic component of the proton shower is
larger than for heavier primaries (see Fig. 3.1, KASCADE level), the con-
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Ru CYH CYO CFe
45+65m | 1.80-107% | 3.23-1073 | 3.86- 1073
65+80m | 1.92-1073 | 3.53-1073 | 3.93-1073
80+90m | 1.13-1073 | 2.46- 1073 | 2.67-1073

Tab. 7.1: Contributions of H, O, Fe ”spectra” in the defined selections; 3.95 <
NlT <4.45,0°< 0 <24° n > 3.

Ry | Pu(%) | Po(%h) | Pre(%) | Py (%) | Po(%) | Pr(%)
45:65m | 56.8 | 400 | 32 | 715 | 267 | 1.8
+0.5 | £1.7 | +1.5 | 0.7 | £1.1 | +0.8

65:80m | 56.9 | 396 | 35 | 708 | 27.1 | 21
+14 | £16 | +06 | +1.7 | £1.1 | 404

80:90m | 57.3 | 406 | 2.1 | 746 | 242 | 1.2
+13 | £1.2 | 409 | +16 | £0.7 | +0.5

Tab. 7.2: The reconstructed mass composition of the observed data sam-
ple (Py, Po, Pr.) as compared with the results obtained af-
ter corrections for the efficiency of KASCADE (Pj, P35, Pr.);
3.95 < NJ <4.45,0°<60<24° n > 3.

tributions for proton (Cy) are systematically smaller for all three selections
as compared with the other primaries. The reason is the etablished cut on
muon multiplicity (n > 3) which removes many showers induced by protons
because of their small number of muons above 2.4 GeV at larger distances
from the shower core (Fig. 3.1).

Because of these different contributions corresponding to different primaries,
reconstructed mass compositions Py, (A4; € {H, O, Fe}) has to be normalized
to efficiency corrected mass compositions P}, (4; € {H, O, Fe}), according
to the relation:

Pr Po  Pre
CYH CYO CFe
Tab. 7.2 presents the three values of the primary mass composition (efficiency
corrected) obtained for the three selections defined above. Estimating the

mass composition as a mean value over all three selections, the result P}
Py Pp, =723 :26.0 : 1.7 has been obtained in the primary energy range

Py P, Pp, = (7.11)
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5-10" eV < Ey < 3-10' eV; values of the mass composition in different
energy ranges (near the "knee” region) can be formally derived from the
above estimation according to the dependence of the spectral index given by
relation 5.3.



8. CONCLUSIONS AND OUTLOOK

The present work investigates the temporal structure of the muon compo-
nent of high energy extensive air showers, with the aspect how it maps the
longitudinal EAS profile and contributes to the discrimination of the mass of
the cosmic particles inducing the EAS. The study is based on measurements
of the muon arrival time distributions using the timing facilities of the Cen-
tral Detector of the KASCADE experiment. The time structure of the muon
component has been characterised by the distributions of the mean arrival
time and of various quantiles, the first quartile A7g.95, the median A7y 59 and
the third quartile A7y 75, of the muon arrival time distributions, observed
for the single EAS event-by-event. The lateral time profile of the EAS muon
component, defined as the average variation of the quartile-distributions with
the distance from the shower axis, has been studied in correlation with the
variation of the zenith angle-of-EAS incidence, the shower age and of the
truncated muon number Nf[ (used as primary energy identifier). In addi-
tion to simple phenomenological parametrisations, proposed in literature,
the observed distributions have been compared with predictions of realis-
tic simulations of the EAS development. The simulation calculations have
been performed with the EAS Monte Carlo simulation code CORSIKA, in-
voking the QGSJET model as generator. A good overall agreement is found
and indicates that the average longitudinal EAS profile, as predicted by the
CORSIKA description, agrees with the experimental findings. In contrast
to previous studies [21, 22|, which are restricted to the local time profile
(measured at several radial distances from the shower core with reference to
the first registered muon arriving there), in this work global times are consi-
dered, referring to the arrival of the shower center. Since the arrival time of
the shower core could not be experimentally determined, a procedure, based
on simulations has been developed to transform the locally observed distri-
butions to the arrival time of the shower core as reference time. In this way
some unfortunate features of experimental local distributions, arising from
the considerable fluctuations of the arrival of the first muon and thus being
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distinctly dependent from the multiplicity of the observed muons, could be
relieved. In order to illustrate the relation between the features of the lon-
gitudinal EAS development and the time structure of the shower disk, an
approach (proposed by J. Linsley) for the determination of the EAS elonga-
tion rate has been scrutinised [24]. This approach induced the hope to infer
the elongation rate and fluctuations of the atmospheric height of the shower
maximum from the observed energy and zenith angle dependence of the ob-
servable with invoking Monte Carlo simulations. This thesis shows that this
is not possible, since a scaling factor enters in the procedure, whose complex
dependence from various EAS details is a-priori unknown. Hence the ana-
lysis of the data is thrown back to corresponding (model dependent) Monte
Carlo simulations. Thus for the analysis of the experimental data nonpara-
metric multivariate analyses have been performed in order to explore the
role of muon arrival time distribution parameters for the EAS characterisa-
tion, in particular for the mass determination of the primary. The analysis
includes the correlations of the main discriminator by N./N, with the age,
the quartiles of the local arrival time distributions, the multiplicity of the
muons and also the ratio of the time parameters to the observed muon local
density (thus including the effect of the lateral density distributions). The
analysing technique implies a specification of the true- and the mis- classifi-
cation probabilities of the EAS events. In context of the topics of this work,
the main aspect has not been to determine the cosmic ray mass composi-
tion (which has been attempted in a more wider analysis of the KASCADE
collaboration (see [61, 73]), but rather the role of the time structure ob-
servations. It turns out that in the radial distances from the shower axis,
limited by the KASCADE array, the discriminate power is not significant,
if the actual detection efficiency and limited time resolution is taken into
account, though pure CORSIKA simulations for an ideal detector appear
promising. The KASCADE collaboration has committed an extension of
the array: KASCADE GRANDE ([74] potentially allowing the observation of
muon arrival time distribution at larger distances from the shower core and
at larger primary energies, favourising discriminative features of the tempo-
ral EAS structure. As an outlook this perspective is illustrated in Fig. 8.1. It
displays simulated results for the quantity go.75(R,) = Qo.75/pu (Qo.75 being
the local third quartil and p,, the muon density) observed for proton and iron
induced showers at R, = 220 < 230 m. It compares the cases of two different
primary energies, for an ideal detector and a detector with the realistic re-
sponse of the timing facility of the KASCADE Central Detector. It turns



77

> F 0.12
= 041 Ideal [
e I 15
o 0.35} 7.5107 eV 0.1
-8 0.3 i I
T | 0.08
0.25 proton I
0.2 ron 0.06
015} 0.04
0.1F [
0.02
0.05 :
O L PRI | n (=
0 250 500 750 1000
Josslns/muons,/m’]
>, : -
= 057 Ideal 0.2
o] [ 1016
g | 5.0-10" eV .
S 0.4
< ? 0.15
o : '
0.3} 0.125
; 0.1
021 0.075
01} 0.05
[ 0.025 |
oL \|_ I e E ) ‘ E
50 100 150 200
Josslns/muons,/m’]
Fig. 8.1:

Central Detector
7.510" eV

0

50 750 1000
Josslns/muons,/m’]

250

Central Detector
5.0-10" eV

50

100 150 200
Josslns/muons,/m’]

Simulated distributions ¢g 75 of proton and iron induced EAS, ob-
served for two different primary energies (Ey = 7.5-10' eV and
Ey =5-10'% V), at the zenith angle of primary incidence § = 0°,
for a muon energy threshold of 2.4 GeV and a distance from the
shower axis R, = 220+ 230 m. Two cases are presented: for an
ideal detector (with the area of a ring at the distance R,) and the
realistic case which includes the response of the KASCADE Central

Detector.

out that the time resolution gets decreasing importance at larger distances
R, also for the determination of the arrival time of the shower core (Fig. 8.2
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Fig. 8.2: Simulated distributions A78%% of proton and iron induced EAS, ob-

served for the primary energy Ey = 7.5-10% eV, at the zenith an-
gle of primary incidence § = 0°, for a muon energy threshold of
2.4 GeV and two distances from the shower axis (R, = 60 + 70 m
and R, =220 + 230 m). The realistic case which includes the re-
sponse of the KASCADE Central Detector is presented. A time
resolution of 3 ns is considered for estimating the arrival time of the

electromagnetic front of the shower core.

shows the improved discrimination between proton and iron induced EAS at
larger distances). These features indicate promising application of the muon
arrival time measurements for an extended KASCADE configuration.

This work is a supplementary argument for the extension of the KASCADE
experiment.
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APPENDIX






A. SCALING FACTOR F AND
BAROMETRIC PROFILE OF THE
ATMOSPHERE

Fig. A.1: Simple triangulation arrival time - production point of the muon.
U.S. standard atmosphere with five layers: X, = p(z,) = a; +

biexp(—z,/c;).

The basic relation to estimate F&® is eq. 3.10. It will be shown that
f(X, Xpn) (= fH(X, XE) from eq. 3.10, muons above 2 GeV) practically has
no analytical form due to the influence of the barometric profile of the at-
mosphere. For simplicity let’s consider T as arrival time of a single muon (M
in figure A.1); P is the production point of this muon. Using notations of
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Fig. A.2: The mean muon production points X, for proton and iron induced
EAS at 3 primary energies and 3 zenithal angles as estimated from
simple triangulation in case of T=A79%®

mean*

Fig. A.1 there are following relations:

— 2 2 _
T=l h _VR2+h—h (A1)
c c
Tpy = Ty + h-cosh (A.2)

where z is altitude and X is density. Applying U.S. standard atmosphere
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Fig. A.3: Numerical estimation of h from eqgs. A.3 and A.4.

function p to eq. A.2 the following relation:

X,-cos6 = p(h-cosf + p~ (X -cosh))

Xp=(a+bXp)X+cXy+d
a =0.575;b = 0.739-10"1 cm?/g; c = 0.226; d = —69.480 g/cm?
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has been obtained. The mean muon production point X, (see Fig. A.2),
estimated from triangulation using the simulated values of T=A79%

mean’

simple function of X,, and X = X,secf, valable simultaneously for proton
and iron induced EAS at different primary energies and zenithal angles:



The dotted lines from Fig. A.2 represent the fit with the function above of
X, values. Even if it exists the simple form A.4 between X,, X and X,,,
because of the complex relation A.2 (p contains five exponential terms) it
results (from egs. A.3 and A.4) a rather complicate form for h as function of
X,, X and X, (see fig. A.3). Replacing h in eq. A.2 it results a complicate
form for f(X,X,,) and then for F' from eq. 3.10. Practically there is no
analytical form for F(¢#), The only solution is to estimate F' directly from

simulations.
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B. STATISTICAL CALCULATIONS FOR
WEIGHTED EVENTS

The following definitions have been used for statistical calculations (w; is the
weight of event z;):

e Expectation value:
n

Z WiT;
E(z) = =;
D Wi
i=1

Mean value: E(x)

Central moment of ordin n:

Standard deviation:

o=+/M(2)

Number of equivalent events [72]:

Uncertainity for the mean value:

2



e Uncertainity for o:

94



C. BAYES THEOREM

Bayes theorem gives the propability of A;-class (hypothesis) to be truth if the
z-value was observed, and before experiment the P(z | A;) prior probabilities
were assumed.

Bayes theorem:

P(z | A;)P(4;)
j:ZIP(fE | A;)P(4;)

P(4; | z) = ,ie{1,m} (C.1)

Proof:
P(x N A;) = P(z | A;)P(A;) = P(4; | )P(x)
It results:
P(4; | 2) = L& '1;4(2)]3(Ai), i {1,m} (C.2)
But:
P() B P(onA) = P ( m (G Aj)) __»p ((’j@ m Aj>) ©3)

Because classes A; are disjunctive we can write:

P (U(x N Aj)) => PxnA)) =) _ Plx|A)P(4;) (C.4)

j=1 =1 =1

From relations C.2, C.3 and C.4 it results C.1 (q.e.d.)



