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Abstract

A search for antiprotons in the primary cosmic ray flux has been performed by observing the
Moon shadow with the muon data collected by the L3+C experiment at CERN during 1999
and 2000.

The angular resolution of the detector and its dependences on the muon energy and zenith
angle are obtained at the event level with a Monte Carlo simulation and the analysis of real
double muon data using a maximum likelihood method.

The Moon shadow effect is observed in three muon momentum bands > 100 GeV/c,
65 — 100 GeV/c and 30 — 65 GeV/¢ with a significance of 7.0 o, 5.8 o and 5.2 o respectively.
Two dimensional maximum likelihood analyses are performed, both with binned data and
unbinned data. The unbinned method gives a smaller uncertainty on the measurement of the
antiproton to proton ratio. For a muon momentum cut at 70 GeV/c, the antiproton to proton
ratio is measured to be —0.12 +0.11 and an upper limit of this ratio is estimated to be 0.08 (at
90% confidence level) for primary energies in the range 0.8 TeV to 2.4 TeV.

In addition, the above mentioned angular resolution is confirmed by the Moon shadow
observation and the pointing precision of the detector is determined to be better than 0.1°.
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Zusammenfassung

Im kosmischen Primarstrahlungsfluss wurde nach Antiprotonen gesucht, indem anhand der
im L3+C-Experiment am CERN in den Jahren 1999 und 2000 gesammelten Myonendaten
der Mondschatten beobachtet wurde.

Die Winkelauflosung des Detektors und ihre Abhangigkeit von Myonenenergie und Zen-
itwinkel werden auf Ereignisebene durch eine Monte-Carlo-Simulation sowie durch die Anal-
yse realer Daten von Myonen-Doppelereignissen unter Verwendung einer Maximum-Likelihood-
Methode bestimmt.

Der Mondschatteneffekt wird in drei Myonenimpulsbandern beobachtet: > 100 GeV/e,
65 ~ 100 GeV/c und 30 — 65 GeV/c. Die Signifikanz betrigt 7.0 0, 5.8 o bzw. 5.2 0. Zwei
dimensionsbehaftete Maximum-Likelihood-Analysen werden ausgefiihrt, sowohl mit His-
togrammbildung als auch ohne. Das Verfahren ohne Histogrammbildung liefert fiir das
Antiproton/Proton-Verhaltnis eine geringere Messunsicherheit. Das Antiproton/Proton-Verhalt-
nis wird fiir einen Myonen-Impulsschnitt bei 70 GeV/c gemessen und betrdgt —0.12 + 0.11.
Fur Primérenergien im Bereich von 0.8 TeV bis 2.4 TeV wird fiir dieses Verhiltnis eine obere
Schranke von 0.08 angesetzt (Konfidenzniveau: 90 %).

AuBerdem wird die obengenannte Winkelauflosung von der Beobachtung des Mondschat-
tens bestatigt und die Richtungsgenauigkeit des Detektors zu besser als 0.1° bestimmt.

vii



Introduction

Antiprotons in primary cosmic rays are subject of intense research. They may be annihilation
products of dark matter candidates, or signal the presence of primordial antimatter. Cosmic-
ray physics has played an important role in elementary particle studies before the accelerator
era. Today, cosmologists and particle physicists find a common interest in a more elaborate
exploration of these high energy messengers reaching us from deep space and far distant
sources.

The Earth atmosphere is still the unique “laboratory” to study primary cosmic rays and
very high energy interactions through extensive air showers. Thanks to its excellent angular
resolution, the L3+C experiment provides a unique opportunity to estimate the p/p ratio
in the primary cosmic ray flux using the Moon-shadow method. Primary protons, charged
positively, are deflected towards the East by the Earth magnetic field. The Moon absorbs part
of them, which results in a deficit of primaries, to be recorded as a shadow on the West side
of the Moon. Antiprotons, if present, will generate a shadow on the East side of the Moon.
These deficits are observed through missing muons, otherwise produced in the atmosphere
and pointing back, parallel to the direction of the incoming primary. The ratio of the two
deficits determines the p/p value. In this work a limit on this ratio could be obtained around
1 TeV, at energies much higher than recorded in balloon- and space-borne experiments.
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Chapter 1

Cosmic Rays

The widely accepted definition of cosmic rays is that they are particles and high energy radia-
tion coming from extraterrestrial space. At energies below say a TeV the primary cosmic ray
flux is dominated by protons (~ 90%) and helium nuclei. The average composition changes
to heavier nuclei as energy increases and at extreme energies protons may again dominate. In
addition, electrons, positrons, antiprotons, gamma-rays, neutrinos, neutrons and eventually
other yet unknown particles are present.

As observed from the contributions to the biennial International Cosmic Ray Conference
(ICRC), a meeting place for the cosmic-ray community, the field of cosmic rays has a wide
coverage, including topics about the Origin of cosmic rays, Galactic phenomena (OG) (accel-
erations and interactions); multi-wavelength and gamma-ray astronomy, gravitational wave
detection; Solar and Heliospheric phenomena (SH) (Sun and corona, transient phenomena in
the heliosphere, galactic cosmic rays in the heliosphere), anomalous cosmic rays, and High
Energy phenomena (HE) (extensive air showers, muon and neutrino measurements, interac-
tions and particle physics aspects) [1].

The fundamental questions like “Where do cosmic rays come from?” and “How are they
accelerated to such high energies?” are puzzles throughout the nearly one-century lasting
history of cosmic ray physics [2]. Today these questions are still not fully understood.

In order to answer these basic questions, a precise knowledge of the spectrum, the com-
position, and the propagation of the primary cosmic rays is mandatory.

In this chapter, the milestones of comic ray studies and their impact on other fields, mainly
on elementary particle physics will be given chronologically [3-5]. This is followed by the
current knowledge on the spectrum and composition of primary cosmic rays. The main tech-
niques being or having been used for cosmic ray studies will be discussed at the end of this
chapter.
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1.1 A brief history of cosmic ray physics

1.1.1 The discovery of cosmic rays

Natural radioactivity was discovered in 1896 by A. H. Becquerel. Salts of Uranium could
darken an unexposed photographic plate which has been carefully shielded from light. The ra-
diation from Uranium salts also causes an electroscope to discharge. Later in 1899, E. Ruther-
ford found that the radiation consists of two components by measuring the radiation density
of the source behind aluminium foils with different thicknesses. He called the one which was
dense and quickly absorbed as “a-radiation” (or a-rays), while the one with more penetrating
power as “B-radiation” (or B-rays). In 1900, P. Villard identified a third more penetrating
radiation, the “y-radiation” (or y-rays).

The electroscope played an important role in these discoveries. It consists of two thin
metal leaves suspended at the end of a metal bar in a closed vessel. The bar and the leaves
are electronically isolated with respect to the vessel. When it is charged, the two leaves are
separated due to the repellent force. When the electroscope is exposed to ionisation radiation,
the ionised gas in the vessel conducts a small leakage current and causes the electroscope to
discharge. The speed of the discharge indicates the intensity of the radiation.

In 1900, C. T. R. Wilson, while measuring the conductivity of air, as well as Elster and
Geitel independently, observed an unknown penetrating radiation at the Earth surface using
electroscopes. At the beginning, Wilson attempted to account for the radiation as of extra-
terrestrial origin. However, he found that the discharge rate of the electroscope in an ordinary
room and in a train tunnel under solid rocks were nearly identical. Therefore, his first hy-
pothesis had to be discarded. Later investigations by Rutherford showed that the penetrating
radiation could mainly be attributed to the radioactive substances in the vessel wall or in the
rock.

More observations followed and new evidences supporting an extra-terrestrial origin ap-
peared around 1910. The ionisation, which was measured at places far away from radioactive
materials, on the top of the Eiffel Tower in Pairs by Wulf in 1910, over the sea by Simpson
and Wright in 1911, as well as on mountains, over a lake, and again over the sea by Pacini in
1912, was much stronger than expected.

In 1911, Gockel performed the first measurement on board of a balloon up to 4000 m
above sea level. He found that the ionisation did not decrease as expected with increasing
height. However, his results were uncertain because he had difficulties to calibrate the elec-
troscope in a vessel in which the pressure varied with the outside pressure.

V. F. Hess made a major breakthrough with a series of balloon flights up to 5000 m above
sea level in 1912 and 1913. Using an ionisation chamber, he discovered that the ionisation, af-
ter passing through a minimum, increased significantly with height. Therefore, he concluded
that the penetrating radiation must come from above, from an extra-terrestrial origin [6]. The
results of Hess were confirmed by Kolhdrster with flights up to 9200 m above sea level in
1914.

The discovery of Hess marked the start of a new field. The name of cosmic rays was given
by Millikan later in 1925,
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1.1.2  Cosmic rays as a source of high energy particles

New experimental techniques very often lead to exciting and unforeseeable discoveries. A
good example is the cloud chamber (Wilson chamber) developed by C. T. R, Wilson in
1911. It is a chamber filled with a mixture of vapour in equilibrium with liquid, and a non-
condensating gas. When the mixture is brought into a supersaturated state either, by cooling
or by expansion, condensation starts around the ions generated by the passage of charged
particles leaving a visible track which can be photographed [7]. The first tracks of cosmic
rays were captured by Skobeltsyn in 1929 with a cloud chamber in a strong magnetic field,
which was constructed to study B-rays from radioactive decays.

In 1932, C. D. Anderson discovered a positively charged particle with similar mass as that
of an electron when examining the cosmic ray tracks photographed with a cloud chamber
equipped with a very strong magnet [8]. He named the new particle positron (meaning a
positively charged electron, “positive electron”). The discovery of the positron confirmed
P. A. M. Dirac’s theory:

During 1928-1930, Dirac developed relativistic quantum mechanics to describe the prop-
erties of electrons. In contrast to classical quantum mechanics, the existence of the spin and
the magnetic moment of electrons are a consequence of the relativistic wave equation. More-
over, this equation had solutions with negative energies which puzzled him for a long time. Tn
order to solve this problem, Dirac introduced a term know as Dirac sea in which near all the
states of negative energies for electrons are occupied. A hole in the sea (a mirror image of the
electron, the positron) will have a positive energy and charge, and behaves like an ordinary
particle [9].

In 1937, S. H. Neddermeyer and C. D. Anderson using an improved cloud chamber, in
which the chamber and cameras were triggered by two Geiger-counters above and below the
chamber, discovered a new type of charged penetrating particles with masses intermediate
between those of the electron and the proton [10-12]. They named them mesotrons [13] and
made a nearly correct argument that the mesotrons might be created in pairs by photons, and
that they might be represented as higher mass states of ordinary electrons [11].

The mesotrons presumably agreed with Yukawa’s theory of nuclear forces in which the
short-range nuclear force which binds the neutrons and protons together in a nucleus is me-
diated via exchange particles of about 250 electron-masses. This was questioned at that
time, however, since the new particles did practically not interact with matter. The name was
changed to meson in 1939 [14], and later to mu meson when more intermediate-mass particles
were discovered. Today, the name of meson is used for subatomic strongly interacting par-
ticles composed of an even number of quarks and antiquarks and the mu meson, now called
muon has been identified to be a member of the family of leptons.

More particles were discovered with cloud chambers in the 1940s. These were the
charged and neutral kaons (K*,K~, K%, with a mass about half that of the proton, and a
heavy particle, the Lambda (A).

In contrast to the cloud chamber, which can make charged particle tracks visible over
a large volume, another classical particle detection technique, the photo emulsion plate can
provide very high positional precision (~ 1 um) and this played a key role in the discovery



6 CHAPTER 1. COSMIC RAYS

of X-rays and radioactivity in the 1890s. It is still being used in some circumstances today
(see Section 1.3.1). According to Ref. [7], an emulsion is made, as a photographic film, of
silver salt, usually bromide, embedded in gelatine and spread thinly on a substrate. Powell
and his collaborators improved this technique and developed the so called nuclear emulsions
which were sensitive to all charged particles known at that time, in particular to electrons.
With stacked layers of emulsion, which could be separated and developed individually, they
obtained three-dimensional pictures of the interactions taking place in the emulsion. In 1947,
Powell discovered with this technique the pion (1), the second meson (after the mu meson)
through the successive decay 7t — u — e. This particle had the properties predicted by Yukawa
in 1936, i.e. a mass of 274 m. and with strong interactions with nucleons [15].

Few more particles were discovered in cosmic rays in the early 1950s. They were the 2
particle, discovered in 1952, and the X particle in 1953. Since then the study of elementary
particles was taken over by accelerators. The density and energy of the artificial beams of
particles could be precisely measured and controlled. Table 1.1 is a compilation of the early
discoveries in elementary particle physics.

1.1.3 The extensive air showers

Another important discovery in cosmic ray studies is the existence of the extensive air shower.

The showers of secondary particles produced when cosmic rays pass through matter, for
example a lead plate, had been investigated with cloud chambers in the early 1930s by nu-
merous observers [17-21]. Ref. [22] reviewed the experimental studies and theoretical de-
ductions of these types of local showers up to 1938.

In 1938, Pierre Auger observed coincidence signals with three detectors which were sep-
arated up to 300 m at sea level, as well as at altitudes of 2900 m and 3500 m in the Alps (in
particular at the Jungfraujoch) [23-25]. In contrast to the local showers which were pro-
duced in material placed above the detectors, coincident particles over large distances must
be produced at high altitude in the atmosphere. Auger named this phenomenon Extensive
Atmospheric Showers or EAS. The largest energies of the primary particles were estimated to
be about 10" eV.

In 1946, Bruno Rossi in the USA and Georgi Zatsepin in Russia started experiments
on the structure of Auger showers [26]. In 1962, John Linsley discovered the first primary
cosmic-ray particle with an energy of about 10%° eV with the Volcano Ranch array in New
Mexico [27]. The most energetic cosmic ray shower with an energy of 3 x 10% &V was
detected in 1991 by the Fly’s Eye experiment when operating in the monocular mode [28].

Today, observing extensive air showers (with different techniques) is, due to the very low
flux, still the only possible method to study ultrahigh-energy cosmic rays. A new project
named after Pierre Auger began in 1995 to explore ultrahigh-energy cosmic-ray particles
exceeding 1017 eV [29].
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Table 1.1: Early discoveries in elementary particle physics. This table is a modifi ed version of the one

from Ref. [16].
Particle Year Discoverer (Nobel Prize) Method
X-ray 1895 W. Rontgen (1901) Cathode rays, emulsion plates
e 1897  J.J. Thomson (1906) Cathode rays, deflection in E-M field
a-,B-particle 1899  E. Rutherford (1908) Natural radioactivity
y -ray 1900  P. Villard Natural radioactivity
nucleus 1911  E. Rutherford a-particle scattering
p 1919  E. Rutherford Natural radioactivity
n 1932 J. Chadwick (1935) Natural radioactivity
e’ 1932  C.D. Anderson (1936) Cosmic rays, cloud chamber
u* 1937 8. Neddermeyer Cosmic rays, cloud chamber
C. D. Anderson
nt 1947 C. F. Powell (1950) Cosmic rays, nuclear emulsion
K* 1949  C. F. Powell (1950) Cosmic rays, cloud chamber
n? 1950 R. Bjorklund Accelerator
W. K. H. Panofsky
K° 1951  R. Armenteros Cosmic rays, cloud chamber
A? 1951  R. Armenteros Cosmic rays, cloud chamber
A 1952 C. D. Anderson Cosmic rays
= 1952  R. Armenteros Cosmic rays
x* 1953  A. Bonetti Cosmic rays
P 1955 O. Chamberlain (1959)  Accelerators
E. Segré (1959)
v 1955 F. Reines (1995) Nuclear power plant
Anything else >1955 Various groups Accelerators
voscillations 1998  Super Kamiokande Cosmic rays
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1.2 The primary cosmic ray flux

The energy spectra and the chemical composition of the primary cosmic ray flux have been
extensively investigated for several decades. By convention, the term “cosmic rays” refers to
galactic cosmic rays unless otherwise explicitly specified.

1.2.1 Energy spectra of primary cosmic rays

Extensive measurements performed with instruments on board of balloons and satellites
showed that the charged primary cosmic ray flux is composed of ~ 98% nuclei and ~ 2%
electrons and positrons at energies between 107 and 10'?2 éV/nucleon. The nuclear compo-
nent consists of ~ 87% protons, ~ 12% helium nuclei, and ~ 1% heavier nuclei in the energy
range 10% — 10' eV/nucleon where they have the highest flux [30]. Figure 1.1 shows the
differential energy spectra of the major components of the primary cosmic radiation obtained
from direct measurements and for energies between 10° and 10'% eV/nucleon.

Below a few GeV/nucleon, the shape of the energy spectrum depends on the phase of the
solar cycle. During the periods of high solar activity, the larger and unstable Interplanetary
Magnetic Field (IMF) influences the propagation of particles. Therefore, the flux reaches a
maximum during phases of low solar activity. This is the well-known phenomenon of the
solar modulation of the primary cosmic ray flux.

Above 10 GeV/nucleon, the spectra can be well represented by a power law J;(E) o«c E77,
where J;(E) is the differential flux of nuclear species i with a kinetic energy per nucleon of E
and a y; = 2.5 — 2.7. From Figure 1.1 we see that the spectral indices of the three elements
with low atomic numbers are nearly identical and steeper than that of Iron nuclei.

At higher energies (> 10'* eV), the data are indirectly derived from studies of extensive air
showers and normally only the total energy of the primary can be obtained. Figure 1.2 shows
a compilation of selected data for energies per nucleus above 108 eV. The all-particle energy
spectrum roughly follows the same power-law as those of the low energy elements over many
orders of magnitude. However, the slope of the spectrum changes from about —2.7 to about
—3.0 between 10" eV and 106 eV, and apparently flattens again to —2.5 at several 10'® eV.
These structures of the spectrum are referred as the knee and the ankle respectively.

The knee region of the cosmic-ray spectrum has been observed with many air shower
experiments. Figure 1.3 (from [32]) presents a compilation of results from different experi-
ments in this region. To show the detailed features of the knee, a useful practise is to multiply
the spectrum by E*5. The actual positions of the knee from different experiments and even
the same experiment but interpreted with different methods are not in good agreement. A
15% uncertainty in the energy calibration can explain the shift of the knee position [32].

The origin of the knee is an outstanding problem in cosmic-ray physics and related fields.
Currently, it is believed that at least a large fraction of cosmic rays are accelerated in super-
nova remnants up to energies of Z- (0.1 —5) x 10" eV [33]. Higher energies may be provided
by other sources. In such mechanisms, the knee reflects the cutoff energies for different ele-
ments, according to the leaky box model for the containment of nuclei inside of the Galaxy.
There are many other models attempting to explain the structure. However, none of them can
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Differential flux (m? sr s MeV/nucleon)~!

Figure 1.1: The differential energy spectra of the major components of the primary cosmic radiation

(reprinted from [30]).
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from [32].)

be proved or disproved definitely nowadays. To solve this mystery more measurements are
needed, especially the mass composition in this region. The interpretation of the air shower
data heavily relies on the hadronic interaction models which had been calibrated with ac-
celerator data at low energies only. Progresses in elementary particle physics with the next
generation of accelerators, like the Large Hadron Collider (LHC), which has an equivalent
stationary-target energy above the knee region (see Figure 1.2), may boost the understanding
on cosmic-ray interactions. The TOTEM experiment [34] at LHC has a capability of mea-
suring forward particles in a pseudorapidity range of 3.1 < 5 < 6.6. Another new experiment
LHCf [35] to study very forward particles has been approved recently.

Figure 1.4 presents the highest energy portion of the cosmic-ray spectrum. In 1966,
Greisen [36], Zatsepin and Kuzmin [37] figured out that the ultrahigh energy cosmic rays,
which may originate from outside of our galaxy, could interact with the nowadays well-
known 2.7 K microwave background radiation, therefore loose energy before they reach the
Earth from cosmological distances. The cosmic ray flux would therefore vanish above a criti-
cal energy, referred as the GZK cutoff (a few 10'® GeV). The shape of the observed spectrum
in this region is still under debate due to low event statistics and difficulties on the energy
calibration.
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Figure 1.4: Upper end of the cosmic-ray spectrum (reprinted from [38]).

The absence of the GZK cutoff would indicate that the acceleration site must be relatively
nearby. However, no candidate source has been found.

1.2.2 The composition of cosmic rays

Precise data on the chemical composition of cosmic rays are only available below 100 TeV,
where the elements can be identified through direct measurements performed outside of the
atmosphere. Figure 1.5 presents a summary of composition measurements for different en-
ergy ranges compared with the Solar system composition. Roughly speaking, they are quite
similar, however, significant differences exist.

The odd-even effect, which represents the fact that nuclei with even Z and A are more
stable than other combinations, is observed in both, the cosmic-ray and the Solar System
composition. In addition, peaks occur simultaneously at C, N, O and Fe. These facts suggest
a stellar origin for many of the cosmic rays [39].

The relative abundances of the light elements Li, Be and B in the Solar system are very
small because they have low Coulomb barriers and therefore are weakly bound and rapidly
consumed in the nuclear reactions. Their comparative abundances in cosmic rays are due to
spallation of carbon and oxygen nuclei as they traverse the interstellar medium. Similarly,
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the abundances of Sc, Ti, V and Mn in cosmic rays are due to spallation of the Fe and Ni
nuclei.

For higher energies, the composition can only be investigated with indirect method, i.e.
from observables of air showers. The derived results are quite problematic.

The composition of cosmic rays (in particular specific isotopes) provides important infor-
mation of their origin and of the propagation from their source to the Earth.

1.3 Direct measurements

Thanks to the large flux the low energy portion of the cosmic-ray spectrum can be measured
with relatively small detectors outside of the Earth atmosphere. Various types of instruments
have been conducted on board of scientific balloons as well as satellites orbiting around the
Earth or travelling across interplanetary space.

1.3.1 Passive instruments

Nuclear emulsions have been extensively used for studies of primary cosmic-ray spectra and
the chemical composition and further development is still under progress now. With this
technique an emulsion chamber with relative light weight but high positional precision and
large acceptance can be build. The simple control and telemetry requirements make this
technique ideal for a long duration balloon flight.

Two recent experiments in this category are JACEE [40,41] and RUNJOB [42,43]. For
example, the JACEE emulsion chamber is a stack of 1) emulsion plates and CR39 plastic for
charge determination; 2) fifty thin emulsion plates interleaved with low-Z material as a target
to maximise the nuclear interaction probability; 3) a drift space allows gamma rays from
neutral pion decays to separate from each other before inducing an electromagnetic cascade;
4) a calorimeter section with lead plates sandwiched with emulsion plates and x-ray films.

Similar to EAS experiments (see next section), the analysis of calorimeter data requires
an accurate model of hadronic interactions which still Tacks experimental support at high
energies.

1.3.2 Active instruments

A modern active instrument consists of a complex of various detectors for energy measure-
ment and particle identification. Some typical detectors used in balloon- and satellite-borne
experiments include [44-46]:

Magnetic spectrometer: The track of a charged particle is sampled with position sensitive
detectors, e.g. drift chambers, silicon trackers etc, in a magnetic field B. The momen-
tum p measured perpendicular to the magnet field B determines the radius of the track
curvature p with the relation p = ZepB, where Ze is the particle charge. Since the
charge number Z needs to be measured with other method, it is convenient to introduce
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the so called magnetic rigidity R = pc/Ze, which is normally measured in GV. The
uncertainty of the magnetic rigidity (momentum) is determined by the finite resolution
of the tracking detector and the length of the sampled track. The Maximum Detectable
Rigidity (MDR) is reached when the relative error is 100%.

Calorimeter: The incident particle is stopped by a high atomic-number material, such as
lead, tungsten, etc, where the three-dimensional cascade development is sampled with
buried-in sensitive cells or plates. An alternative configuration is to use high-density
scintillators like Bismuth-Germanium-Oxyde (BGO) etc, as both absorber and sensitive
material. The shower type (hadronic or electromagnetic) can be identified, and the total
energy and incident direction of the particle can be reconstructed.

Time-Of-Flight (TOF): A TOF detector normally consists of several fast plastic scintillator
plates placed above, below or in between other detectors to: 1) provide the main trigger
signal; 2) measure the velocity and incoming direction (up or down) of the particle; 3)
determine the particle charge with dE/dx measurements.

Aerogel Cherenkov detector: Silica aerogel is a unique material for threshold-type Cherenkov
counters, which is widely used for particle identifications.

Ring Imaging Cherenkov Counter (RICH): In a RICH, particles pass through a radiator,
and the radiated photons are usually focused onto a position-sensitive photon detector
by a focusing device (mirror) [7]. The velocity S is determined with accuracy up to
0.1% by a measurement of the radius r of the formed ring image, on which the photons
are detected.

Transition Radiation Detector (TRD): Transition radiation detectors are used to determine
the Lorentz factor y and for the identification of highly relativistic particles when a
Cherenkov counter is not applicable.

Anticoincidence detector: To reduce background, particles not passing through the accep-
tance window can be actively rejected with signals from plastic scintillators which
surround the detector system.

1.3.3 New experiments

Table 1.2 summarises the main characteristics of three new space-borne instruments. The
BESS-Polar [46] had been flown above the Antarctica in Dec. 2004. PAMELA [44] and
AMS-02 [45] are scheduled to be lunched end 2005 and in 2008 respectively for missions
lasting for at least three years.

1.4 Indirect measurements

For many practical reasons, space-borne detectors can not have sufficient sensitive volume
to detect comic rays with energies above about 10'* eV. Fortunately, one can use the Earth
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Table 1.2: Properties of next generations of magnetic spectrometers (adapted from [16]).

MDR Exposure Aperture Sensitivity/ Range
(TV) (days) (cm?sr)™!  #ofevents (GeV/n)

BESS Polar [46] 0.2 10+20 3000

(2004-2007) p 3x10° 0.2 -200
P 3% 10* 0.1-4.2
He 4 x 107 0.2-200
D/D 107 0.1-0.7
He/He 3x107®

Pamela [44] 0.74 1000 20.5

(2005-2008) p 3x10% 0.08 — 700
p 3x10* 0.08 - 190
e 6 x 10° 0.05 - 2000
et 3x10° 0.05-270
He-C up to 700
He/He 1077 up to 30

AMS-02 [45] 2.5 1000 5000

(2008-2011) p 2x 100 0.5 -2500
p 3% 10° 0.5 - 400
e 6 x 108 0.5 -5000
et 3x 107 1.0 - 400
He - Fe 0.5 - 1400
Y 2.0-300
D/D 3x 1077
He/He 107
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atmosphere as a calorimeter to measure the total energy of an incident cosmic-ray particle.

1.4.1 The atmosphere

The Earth atmosphere consists of a mixture of gases, primarily nitrogen, oxygen and argon
with volume fractions of 78.1%, 20.9% and 0.9%, and many less abundant elements [47].
For a rough estimation, ignoring the temperature dependence on altitude, the density of the
atmosphere can be approximated by a simple exponential function p(h) ~ pee™" (with
uncertainties amount to 30% over the range of 0 — 100 km), where £ is the altitude above sea
level, po = 1.225kg/m?, and Ay ~ 8.4 km is known as the scale-height of the atmosphere [48].

To describe the air shower development, the more relevant quantity is the vertical at-
mospheric depth X,ewica(h) = fkm p(z)dz = pohoe™/". Generally, the total amount of the air
medium traversed by the shower, the slant depth at zenith angle 6, is X(h, 0) = Xyericai(h)/ c0os 6
for 8 < 70° where the curvature of the Earth can be safely ignored.

Many atmosphere models have been developed to describe the altitude dependence of
the atmospheric density or even its very complicated time dependence. In the well-known
air shower simulation program CORSIKA (see Section 1.4.4) the U.S. standard atmosphere
(1976) [47] is approximated with five layers, in which the densities of the first four layers
from sea level exponentially depend on the altitudes, while the highest layer has a linear
density function.

1.4.2 Air shower development

When a cosmic ray hits a molecule in the upper atmosphere a jet of hadrons (pions, kaons,
nucleons and nuclear fragments) is created through nucleus-nucleus interactions. The neutral
pions (r = 8.4 x 1077 s) immediately decay into photons. Each high energy photon initi-
ates an electromagnetic sub-shower through alternated pair production and bremsstrahlung
processes. Nucleons and other high energy hadrons in the jet continue to interact with the
atmosphere through a hadronic cascade which results in a core, the hadronic air shower com-
ponent. At each hadronic interaction, slightly more than 1/3 of the energy contributes to
the electromagnetic component [2]. Charged pions and kaons with relatively low energies
may decay into muons and neutrinos before interacting. The decay probability of energetic
hadrons in the first few generations is rather small.

Figure 1.6 sketches the cascade process of the air shower development. As the shower
develops, the secondary particles form a curved thin layer called the shower front.

The electromagnetic component

The electromagnetic processes have been well understood within the quantum electrodynam-
ics (QED). The most general properties of the electromagnetic cascade can be described with
a very simple model developed by Heitler, Bhabha and Oppenheimer. Only processes of pair
production and bremsstrahlung are considered in this model. In each step, one particle is
converted to two new ones with equal energies. Therefore, the number of particles N grows
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Figure 1.6: A schematic view of the air shower development (reprinted from [49]).

geometrically to N = 2%/%0 at an atmospheric depth X, where X, = 36.7g/cm? is the radiation
length. When the energies of the cascade products E(X) = Ey/N decrease down to the criti-
cal energy E. ~ 86 MeV (defined as the energy where %hudiaﬁon = %lionisarjon), the number of
particles approaches the maximum value at

ln(EO/Ec)
In2 °

where Ej is the energy of the first gamma photon. Below E. the energy is mainly lost through
ionisation. We can conclude that X, is logarithmically proportional to the primary energy,
while Ny, depends linearly. A more elaborate simulation indicates that this simple esti-
mation roughly lies within the uncertainties due to the Landau-Pomeranchuk-Migdal (LPM)
effect, which suppresses the cross sections for pair production and bremsstrahlung above
about 10'° GeV, and the geomagnetic effects [48].

The relation between the total number of electrons and positrons and the primary energy
is given by the Greisen formula,

Xmax = XO

k]

0.31 X 3 '
NuEo.X) = —— " exp| (1 - 21n
0 %) = TaEyr o P [Xo( 7 m)
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o -1 .
where s = 3 ll + %—193(7%@ is the so-called age parameter.

The lateral distribution of the electromagnetic component in the shower front is dominated
by multiple Coulomb scattering, while a small fraction contributes via the opening angles in
pair production and bremsstrahlung. The Moliére radius rv, which determines the transverse
development due to Coulomb scattering, is

v = XoFE/E. ~ 9.3 g/cmz,

where E, = Vam/a m.c* = 21 MeV is the scale energy. On average, about 90% of the energy
lies inside a cylinder with radius ry;, and 99% inside of 3.5 ry [50].

The three-dimensional electromagnetic cascade distribution can be approximated by the
well-known NKG (Nishimura-Kamata-Greisen) formula. The number density p(r) is given

by
52 s—4.5
p(r)=C%(L) (1+-r—) : (1.1)
A ™ ™

where N, is the total number of electrons, r is the distance from the shower axis, and C =

ﬁ%é{%ﬁ is a constant determined from the normalisation 2 ](;m rp(r)dr = N,.

The muon component

Most muons in air showers are produced through the decay of charged pions (kaons),
(K" - pt +vy,
a (K —»p” +79,.

At high energies (> 10'* €V) also D-meson decays contribute.

According to QED theory, the direct p*p~ pair production (resulting from gammas from
n” decays or from hard bremsstrahlung) is suppressed by a factor (me/m,)* compared to
the e*e™ production. Therefore, this process normally can be ignored in baryon induced air
showers.

Since there is no “muonic cascade”, the number of muons produced in the air shower
is much smaller than the number of electrons. At sea level, the air shower is dominated by
the electromagnetic component up to zenith angles § < 70°. Beyond that, the number of
electrons and photons decreases significantly due to the absorption in the thick atmosphere.

Besides the continuous ionisation, muons may loose energy through bremsstrahlung,
muon-nucleus interaction, direct pair (e*e”) production, and knock-on electrons (§-rays) pro-
duction [51]. The cross section for individual interaction is represented by the mean free
path in Figure 1.7. Above a TeV, the muon energy loss is dominated by the electron pair
production which is illustrated in Figure 1.8. The knock-on production has a short mean free
path, and thus can be considered as a continuous process. However, because of the very small
inelasticity, its contribution to the energy loss is comparable to that from hard processes [48].

Consequently, due to the relatively long life time (r, ~ 2.2 ps) and the small interaction
cross sections, the number of muons decreases slowly when the air shower approaches the
ground level. High energy muons can even penetrate deep underground.
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Figure 1.7: Mean free path A in air for different muonic interactions as a function of the initial kinetic
energy (reprinted from [52]).

Figure 1.8: Feynman diagrams for pair production of muon interactions with nuclei (reprinted from
[53D.
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Because high energy muons are only little affected by multiple Coulomb scattering, their
lateral distribution at sea level is determined mainly by their transverse momenta inherited
in the hadronic interactions and the decay process of charged pions (kaons). The lateral
distribution function has been investigated extensively in literatures. The classical treatment
due to Greisen [54] is still widely used [2,48]. In this model, the lateral density distribution
of muons is expressed in an NKG-like form,

_ l—-(25) 1 0.5 r -0.75 ’ -25
‘%“)"2memraj)&£) &E) (1+Zﬂ ’

where rg = 320 m is analogous to the Moliére radius.

1.4.3 Observation techniques

A typical air shower induced by a high energetic cosmic-ray particle spreads over a large
distance up to several kilometers. The properties of the primary particle, i.e. the total energy,
incident direction and composition can be estimated through sampling few or all types of the
secondary particles with an array of detectors. The Cherenkov light, fluorescence light and
radio emission produced during the shower development supply additional information, e.g.
for the determination of the primary energy.

Extensive air shower arrays

The shower front is sampled with an array of small detectors (1 — 10 m?) spread over a large
area (10* — 10° m?) on ground or on top of a mountain. A classical scintillator array samples
the electromagnetic component which is referred as N, (for example, HEGRA, Tibet ASy,
and the L3+C scintillator array), or the total number of charged particles N, (for example,
KASCADE and AGASA). AGASA is presently the largest of this type covering an area of
100 km?.

An array of water Cherenkov detectors can measure N, and N, separately. For example,
the surface detector of the Auger Observatory consists of 1600 water-tanks covering an area
of 3000 km? in Argentina. Data taking has been started with 750 of them since January 2004.
An array of the same size is planned to be built in America for a full-sky coverage [55].

RPCs (Resistive Plate Counters) displayed as a large “carpet” have also been used for the
measurement of N, of air showers in Tibet [56].

The sampled particle density is fitted to a lateral distribution to estimate the total energy
of the primary cosmic ray. The incident direction is determined with the arrival time of the
shower front, measured over the whole detector area.

Muon tracking detectors

Tracking detectors allow for an improved muon identification and a direct measurement of
the muon direction. Ignoring the marginal effects of multiple Coulomb scattering, the muon
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production height can be determined from the relative muon direction with respect to the
shower axis [49]. An example is the muon tracking detector of the KASCADE experiment.

Deep underground muon detectors like MACRO and SOUDAN detected very high energy
muons which are most likely generated in the first interactions of the air shower and therefore
carry information about the primary cosmic ray [49].

In contrast to other muon tracking detectors, L3+C was located at a shallow depth (30 m
underground in the LEP ring at CERN) and employed a high precision muon chamber system
in a large volume magnetic field. Therefore, the muon momentum could be determined with
high accuracy (see Chapter 3 and Ref. [57,58]).

Cherenkov light observation

High-energy charged particles emit Cherenkov radiation when travelling in a medium with
speed larger than that of light in the same medium. Cherenkov light photons are generated
throughout the cascade development and are strongly forward peaked. It provides a possibil-
ity of estimating the total energy of the shower and of spying the shower development with
“Cherenkov telescopes” on ground. Examples are Whipple, Cangaroo, MAGIC, HE.S.S.,
etc.

Fluorescence light observation

The N, molecules in the atmosphere can be excited by ionising particles and emit fluores-
cence photons between 3000 and 4000A. The emission is isotropic and therefore can be
measured far away from the shower axis. Examples are Fly’s Eye, Hires Fly’s Eye, and
the fluorescence telescopes of the Auger observatory. In addition, the EUSO, a space-borne
2.5 m telescope which can observe the fluorescence light over a very large area from above
the atmosphere, has been proposed [59].

Radio emission

The mechanism of the radio emission produced in cosmic-ray air showers was not well under-
stood for a long time since it was discovered [60] over 30 years ago. In a new approach, the
pulsed radio signal is interpreted as coherent geosynchrotron radiation [61,62]: secondary
electrons and positrons are deflected and separated by the Earth’s magnetic field and there-
fore produce dipole radiation. The coherence effect due to the thin shower front (comparing
to the wavelength of the radio emission) significantly amplifies the signal. Radio emissions
from very high energy cosmic rays can provide calorimetric and high precision directional
measurements with relative low cost antenna arrays and digital electronics. One of the ad-
vantages of this technique is the high duty cycle compared to the typical duty cycle of 10%
of the fluorescence light observation (due to atmospheric conditions and day/night).
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1.4.4 Air shower simulations

CORSIKA (COsmic Ray SImulation for KAscade) [63-65] is a program for detailed simu-
lation of extensive air showers initiated by high energy cosmic ray particles. It has become
a standard for general usage, though it was designed for the KASCADE experiment at the
beginning.

The simulation framework includes a description of the Earth atmosphere, electromag-
netic interactions, particle transport in the atmosphere (effect of multiple scattering and Earth
magnetic field) and interfaces to hadronic interaction models. All decay branches down to
the 1% level are taken into account in particle decays.

The characteristic of the hadronic interactions involved in the extensive air shower devel-
opment is the low momentum transfer know as “soft” hadronic interactions. Several models
based on the Gribov-Regge theory of multi-Pomeron exchange can be chosen for hadronic
interaction description at high energies (> 80 GeV): the QGSJET (Quark-Gluon String model
with JETs) [66,67], the VENUS model for Very Energetic NUclear Scattering [68], the DP-
MIET (Dual Parton Model) [69], and the neXus [70]. The minijet model SIBYLL [71] is
also implemented in CORSIKA. A pure phenomenological Monte Carlo (M. C.) generator
HDPM [72] is also provided. Large uncertainties exist presently due to the lack of accelerator
data at the cosmic-ray energies and the very forward region. (A comparison of the models is
available from [73].)

On the other hand for hadronic interactions at low energies, the FLUKA! code can be
used. Alternative choices are the very slow ultra relativistic quantum molecular dynamics
program UrQMD, and the GHEISHA interaction routines which is now considered out-of-
date.

The electromagnetic interactions are described by the shower program EGS4 or the ana-
lytical NKG formulae.

An alternative code for more or less the same purpose is the AIRES (AIRshower Extended
Simulations) [75]. In addition, the TARGET 2.2 transport code [76] can be used for muon
and neutrino fluxes prediction.

1.5 Astrophysics and astronomy with cosmic rays

According to the Encyclop@dia Britannica [77], astronomy is the science that deals with the
origin, evolution, composition, distance, and motion of all bodies and scattered matter in the
universe. It includes astrophysics, which discusses the physical properties, the interactions,
and structure of all cosmic matter.

Before 1945, optical telescopes were the sole instruments for astronomical observations.
Hereafter, thanks to the new experimental techniques and the space technology, new disci-
plines of radio, millimetre, infrared, ultraviolet, X- and y-ray astronomies have been carried

'The standalone FLUKA [74] is a generic M. C. simulation package for particle physics and related fi elds
capable of handling hadronic and electromagnetic interactions and particle transport in any material over a wide
energy range. It is only used (o describe low-energy hadronic interaction in CORSIKA.
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out. Therefore, we can explore the universe at all electromagnetic wavelengths deep into
space and time. In addition, charged cosmic rays and neutrinos are also important mes-
sengers of astronomical objects and interstellar media. With particle detectors, which have
already been used in X- and y-ray astronomies, various topics in astronomy and astrophysics
can be studied with cosmic rays. Some hot topics in this new interdisciplinary area are:

e Origin of ultrahigh energy cosmic rays.
e Antimatter in space.
e Dark matter search.

e Neutrino astronomy.

1.6 Summary

Cosmic rays provide a unique opportunity for elementary particle physics, astrophysics and
cosmological studies. The origin of high energy cosmic rays, and several other fundamental
questions are still under investigation.
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Antiprotons in space

The first antimatter particle, the positron, was discovered in cosmic rays in 1932. Later it was
realised that positrons observed at ground level are purely secondary products of air showers
induced by high energy cosmic rays. Antiproton, the second antiparticle with long life time
was discovered at the Berkeley Bevatron in 1955 [78]. Antimatter is a fascinating topic in
many research fields and is also one of the most attractive words in science fictions.

The most frequently asked question concerning antimatter is: “is the universe symmetric
with respect to matter and antimatter?” This long-standing fundamental question was first
argued by Dirac when he predicted the existence of a positively charged electron.

“If we accept the view of complete symmetry between positive and negative elec-
tric charge so far as concerns the fundamental laws of Nature, we must regard
it rather as an accident that the Earth (and presumably the whole Solar system),
contains a preponderance of negative electrons and positive protons. It is quite
possible that for some of the stars it is the other way about, these stars being
built up mainly of positrons and negative protons. In fact, there may be half the
stars of each kind. The two kinds of stars would both show exactly the same spec-
tra, and there would be no way of distinguishing them by present astronomical
methods.” (P. A. M. Dirac, Nobel Lecture, 1933)

Extensive observations have confirmed that antimatter (antiprotons and positrons) exists
in the primary cosmic ray flux measured near the Earth, however at a very low flux level.
Studies on the production mechanisms, the propagation from their source to the Earth, and
the existence of heavier antinuclei may eventually answer the exciting questions and provide
a further understanding on various astrophysical and cosmological topics, such as the origin
of the Universe, the existence of dark matter, etc.

This chapter contains a general discussion on the puzzle of the baryon asymmetry of
the Universe, as well as observations and theoretical interpretations about the presence of
antiprotons in the cosmic ray flux.

25
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2.1 Antimatter in the Universe

According to the present cosmological model, the Universe is believed to have originated
from a singularity in an explosion called the “Big Bang”. Symmetry between matter and
antimatter should have existed if this explosion was initiated by a fluctuation of the vacuum.
But the present known part of the world consists of matter only. In 1967 Sakharov estab-
lished three necessary conditions for the evolution of the universe in order to arrive at this
asymmetric situation [79]:

1. An epoch must have existed during which no thermodynamical equilibrium governed
the interactions of particles and radiation.

2. Some CP violating reactions must exist.

3. The conservation of the baryon number should be violated in some elementary reac-
tions.

The two first conditions may indeed have been fulfilled, since non thermodynamical con-
ditions may very well have reigned during the expansion and cooling of the early universe,
and CP violating reactions are known to exist (in the K°K° and B°B® systems). The third
point is not yet established, since the baryon number violating process predicted by many
grand unification theories (GUTSs), like for instance the proton decay, has not been observed.
Along these line one can e.g. mention the proposed heavy GUT Leptoquarks (X, ¥) and Anti-
Leptoquarks (X, V): At early times (1 ~ 107 s) X and X were being produced or annihilated
in thermal equilibrium. At a later time these particles started to decay to quarks and leptons.
The probability for certain decay channels being slightly different, due to the CP violation,
results in a slightly different number of quarks and antiquarks:

(X ->gh<IX —-ql) and (X —>ql)>IX— q4q

As the Universe further cooled down with the expansion, quarks/anti-quarks and leptons/anti-
lepton annihilated to photons, and only a small number of quarks and leptons remained to
create ordinary matter [80].

However, the origin of the baryon asymmetry is still one of the fundamental questions
in modern cosmology. To completely solve this problem precise observations are essential.
Basically, there are two experimental categories:

Indirect evidence: If antimatter exists in the Universe, it may find a way to meet ordinary
matter. The main products of a nucleon-antinucleon annihilation are pions (exactly
equal numbers of n* and approximately equal numbers of x%). A typical interaction-
decay scheme is [81]

< [ o v+y
N+N= { o T B o €+ Ve(Te) + V()
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All the final products of an annihilation at rest have very similar spectra, extending
from several tens of MeV to several hundred MeV with average energies between
100 MeV and 200 MeV. Due to deflections in the magnetic field and high background,
the positron component of the primary flux at top of the atmosphere cannot be used
for observing a far distant region, where antimatter exists, while the 0.51 MeV Gamma
line may hint to a region where matter-antimatter annihilation exists. The use of v, is
also not easy, because low-energy (< 1 GeV) v, detectors have difficulties to provide
directional information. The y-ray component is the most useful probe for this purpose,
while v, also eventually provides useful information [81].

Direct search: The detection of a single antihelium nucleus can almost confirm the exis-
tence of an antimatter source, because such a nucleus is not likely to be produced by
ordinary cosmic rays interacting with interstellar matter. Despite extensive searches,
no antinucleus with atomic number A > 2 has been observed till now [82, 83].

But antiprotons have been observed in the cosmic ray flux. However, current data at
low energies (< 50 GeV) are in agreement with a secondary production through the
interaction p + p — 3p + p and other similar reactions. Furthermore, antiprotons can
be produced by various exotic sources. This topic will be discussed in the following
sections.

While electrons and positrons are produced at known sources and deliver information
through the synchrotron radiation and inverse Compton scattering about the conditions
near the source, they can not travel through interstellar medium without loosing energy
and directional information. Therefore, primary electron and positron observations can
not answer questions related to sources at cosmological distances.

2.2 Antiprotons in cosmic rays: Investigations

Conventionally, a ratio of antiproton to proton flux is reported. In this way various theoretical
and experimental systematic uncertainties can be ignored: 1) the normalisation uncertainty
of the proton flux; 2) the uncertainty of the detector acceptance; 3) the uncertainty due to the
solar modulation [84].

2.2.1 Direct measurement

Various techniques for direct cosmic ray measurements have been described in Section 1.3.
Table 2.1 summarises some direct antiproton observations of the last 30 years.

Cosmic-ray antiprotons were first searched for in nuclear emulsions exposed in balloon
flights from the 1960s to the early 1980s. No candidate had been found with this technique
[107].

The first antiproton events (in the kinetic energy range 4.7 — 11.3 GeV) in cosmic rays
were observed by Golden et al. with a balloon-borne magnetic spectrometer [85,86] in 1979.
One year later, Buffington et al. made a successful observation with a low energy calorimeter
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Table 2.1: Summary of past cosmic-ray antiproton experiments. Each experiment consisted of a

magnetic spectrometer, a TOF system and other subdetectors (if applicable) listed below.

Technique

(Besides

Experiment Flight date spectrometer and TOF) Evin [GeV] #ofp’s
Golden et al. [85,86] 1979 gas C, CAL 44-134 415
Buffington e al. [87] 1980 plastic C, image CAL ~ 0.13-032 14
LEAP [88] 1987 - 0.12-036 0
PBAR [89,90] 1987 - 01-158 0
MASS91 [91,92] 1991 gas C, image CAL 3.70 — 24 23.6
IMAX [93] 1992 aerogel C 0.25-32 16
BESS [94,95] 1993 - 0.2-0.6 6
CAPRICE [96] 1994 RICH, image CAL 0.6-3.2 9
BESS [97] 1995 - 0.175-1.4 43
BESS [98] 1997 aerogel C 0.175-3.5 415
BESS [99] 1998 aerogel € 0.175-42 384
CAPRICE2 [100,101] 1998 RICH, image CAL 3-49 31
AMS-01 [102) 1998 TRD, aerogel C 0.1-5 122
BESS [103] 1999,2000 aerogel C 0.18-42 1226
HEATE-pbar [104] 2000 - 4-50 78
BESS-TeV [105] 2002 aerogel C 0.18 —4.2 147
BESS-Polar [106] 2004 aerogel C 0.1-42  TBD
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(0.13 — 0.32 GeV) also at the top of the atmosphere [87]. However, various uncertainties
put this low energy measurement in doubt [107]. The other two low energy experiments
LEAP [88] and PBAR [89, 90] performed in 1987 did not detect antiprotons. The upper
limits on the antiproton flux derived from these two experiments contradicted the previous
ones.

Since the 1990s, the application of improved magnetic spectrometers, with qualities com-
parable to accelerator experiments, made more data available and extended the kinetic energy
range up to 50 GeV. The key parameters of these experiments are tabulated in Table. 2.1.

With the next generation of space-borne magnetic spectrometers (see Section 1.3), the
antiproton spectrum may be explored up to about 400 GeV.

2.2.2 An “indirect” measurement

As mentioned in Section 1.4, high energy cosmic rays can only be detected through EAS.
In the present work, the ratio of antiprotons to protons is estimated from the shadowing of
cosmic rays by the Moon. The Earth-Moon system is used as a magnetic spectrometer, and
the Earth atmosphere as part of the detector. The method and the results are discussed in
Chapter 6.

2.2.3 Estimation of the p/p ratio from the muon charge ratio

The muon charge ratio at sea level reflects the mass composition and the charge sign of the
primary cosmic rays. The ratio of u* to u~ has been measured by many experiments from
a few GeV to a few TeV. The average charge ratio for vertical incident muons between 20
and 500 GeV, measured by the L3+C experiment is 1.285 + 0.003(stat.) + 0.019(syst.) [58].
This value mainly corresponds to primary protons and helium nuclei. The p*/p~ charge ratio
induced by primary antiprotons (and antihelium) is expected to have an inversed value of
~ 1/1.3. Therefore, the fraction of the antiprotons in the primary cosmic ray flux can be
derived from a comparison between data and calculations.

This has been examined in [108]. The derived upper limits (at 67% confidence level, but
with large systematic uncertainties) for the p/p ratio are 7%, 17%, 10% and 14% respectively
for the energy ranges 0.1 to 0.2 TeV, 1.0 to 1.5 TeV, 10 to 15 TeV, and > 30 TeV. Large
uncertainties are unavoidable even with nowadays more precise measurements of the p*/u~
value. The uncertainties are due to the difficult cascade calculations: 1) the input primary
composition is quite uncertain at high energies; 2) the high energy hadronic interactions are
not well known. At present, all the hadronic models even failed to reproduce correctly the
muon spectrum measured by the L3+C experiment [ 109] and the Cosmo-ALEPH experiment
[110].



30 CHAPTER 2. ANTIPROTONS IN SPACE

':-., ) T T L B | \; Y B B B i | v T
b { TOA flux ($=500 MV) —4 A BESS00
& ; O BESS99
- | v AMS-01
iy ® BESS95-97
“"m T O  caprice2
e B IMAX
— . Py ® capricel
107 5 ”
= g - * MASS91
= A
[ =1 4
._‘
A | §
10° 4 .
T T T T LB l T T T L AL |
0,1 1 10
Kinetic energy (GeV)

Figure 2.1: Modulated antiproton fhix at the top of the atmosphere (reprinted from [115]). The solid
(dashed) lines correspond to the single p p — p X without (with) the NAR contribution [115]. Dotted
lines represent calculations with the DTUNUC program [113]. (See Table 2.1 for references of the
experiments.)

2.3 Antiprotons in cosmic rays: Interpretations

The antiproton flux from direct measurements can be well explained as being composed
by secondaries produced in interactions of cosmic rays with the interstellar medium. This
process is dominated by cosmic-ray protons colliding with interstellar atoms [111,112],

p+N-op+X

Due to baryon number conservation, at least three other nucleons should be produced as well,
and therefore the energy threshold of this process is 7m,. This determines the spectrum of
secondary antiprotons peaking at about 2 GeV and decreasing sharply toward lower energies.
This is a unique characteristic, distinguishing it from other cosmic-ray elements [113]. In
the low energy region, large uncertainties exist in predictions due to the complexity of pro-
duction and propagation. At high energies, the secondary flux can be predicted precisely.
Current models agree well with each other. But some uncertainties can be attributed to [114]:
1) different models of the cosmic-ray spectrum at the production site; 2) propagation of cos-
mic rays in the Galaxy; 3) incomplete knowledge of the interaction and the scattering of high
energy particles; 4) solar modulation. Figure 2.1 presents the antiproton flux at the top of the
atmosphere (TOA) as measured by experiments since 1990 and compared with the predicted
secondary antiproton fluxes from two recent calculations.

In addition to secondary production and to a potential extra-Galactic origin, there are two
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other possible (exotic) sources of primary antiprotons to be mentioned:

e Neutralino annihilations, a possible signature of dark matter. Equal amounts of matter
and antimatter is produced in Neutralino annihilations. In some scenarios, such as a
clumpy halo distribution of dark matter [116], these annihilations can provide a p/p
ratio up to the % level in the TeV range [112, 117]). This fact represents the main
physics motivation of the present work!

¢ Evaporation of Primordial Black Holes (PBH). Small black holes could have formed
in the early universe and should still continue to evaporate and produce all kinds of
particles. However, the predicted antiproton flux at high energies is much too low [118]
to be observed by L3+C within the two years of data taking and it’s acceptance.

2.4 Previous L3+C result and the present work

The L3+C collaboration has performed and published an antiproton search using the Moon
shadow method [119, 120]. My main contribution to this first analysis was on the angular
resolution determination and the M.C. simulation with CORSIKA [117,121].

No evidence was found of antiprotons around 1 TeV and an upper limit of the antiproton
to proton ratio of 0.11 (90% C.L.) was set. Figure 2.2 shows the first result and compares the
L3+C result to direct measurements from other “low” energy experiments. In this analysis
however, only 1/3 of the collected data, which were considered to have better quality than the
rest, were used. Since the statistics is very critical, an independent analysis has been under
taken in this present work, with the whole data set as well as with a lower muon momentum
threshold.



32

CHAPTER 2. ANTIPROTONS IN SPACE

Antiproton/proton ratio

Figure 2.2: Measurements of the ratio of the antiproton and proton flixes as function of the nucleon
energy, including the previous L3+C limit around 1 TeV [120]. The dashed lines show the theoretical

expectations [114].
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Chapter 3

The L3+C experiment

L3 [122] was one of the four large detectors installed at the Large Electron Positron collider
(LEP) at CERN, Geneva, which was designed to perform precision measurements of elec-
trons, photons, hadrons and muons produced in electron positron collisions at centre-of-mass
energies up to 209 GeV.

Like all other ground level or under ground particle detectors, the L3 detector was exposed
to the cosmic muon flux during its entire life time. Cosmic ray events were of no interest
for accelerator particle physics studies, except for detector calibrations, and were efficiently
rejected by the tight time window of the beam crossing signal and by a requested particular
track pattern. However, these “background” events could also well be collected, thanks to a
different trigger, to study various topics on astroparticle physics [123-125].

The cosmic ray version of L3, the L3+C experiment (proposed in 1987) came into oper-
ation just two years before the LEP shutdown in November 2000.

During the yearly LEP maintenance time between 1997 and 1998, some additional de-
tectors and an independent data acquisition (DAQ) system were installed (phase I). Data col-
lected during 1998 were only used for detector performance studies and optimisations [126].
Just before LEP started the physics run again in April 1999, L3+C was able to upgrade to
phase II and start to collect cosmic muons with the fully integrated DAQ system.

The experimental setup of the L3+C experiment, as well as the event reconstruction and
the simulation principle will be described in this chapter. A short list of different physics
topics will also be included.

3.1 Location and environment

The L3+C detector was located near Geneva airport at the foot of the Jura Mountains. The
longitude and latitude were 6°01'17"” E and 46°15’06” N, respectively. The surface altitude
was 449 m above sea level. Figure 3.1 shows the location of L3 as well as other detectors at
LEP. The L3 coordinate system is also indicated in this figure. The L3 axis (z-direction) is
inclined by 1.39% with respect to the ground level.

The L3 detector was installed 51 m underground, covered by molasse with a minimum

33
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Figure 3.1: Location of L3 and other detectors at LEP. x, z are the two components of the L3 coordi-
nate system within the LEP plane. The y-axis (not shown) is perpendicular to the x — z plane.

thickness of 28.75 m. Three access shafts were established around the detector for installation
and maintenance. Figure 3.2 shows the detector and its environment.

3.2 The experimental setup

As shown in Figure 3.3, from the centre point outwards, the L3 detector consisted of a silicon
microvertex detector, a time expansion chamber, an electromagnetic calorimeter, scintillator
counters, active leads rings, luminosity monitor, very small angle tagger, hadronic calorime-
ter, barrel and forward-backward muon chambers. The outermost layer was a 7800 t magnet
coil and return yoke. The magnet current was 30 kA which provided a 0.5 T field parallel to
the detector axis (z-axis).

For L3+C, only the barrel muon chambers were used, all the inner detectors represent-
ing passive absorbers. In addition, 202 m? plastic scintillator modules (called SCNT in the
following) were installed outside of the magnet to provide precise timing information for the
TDCs of the drift chambers to record the time of the randomly arriving cosmic-ray muons.
To estimate the energy and the core position of the air shower associated with the detected
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Figure 3.2: The L3+C detector and its environment including the cavern, the surface building and the
three access shafts.

muons, an air shower array was mounted on the roof of the surface building.

3.2.1 The L3 muon detector

The L3 muon detector [122,127-130] was designed to measure particularly well muons pro-
duced in e*e” collisions. The basic concept was to sample the muon tracks with drift cham-
bers at three levels in a magnetic field and then to calculate their momentum from the curva-
ture. For an ideal circular motion with a small deflection, the problem could be simplified to
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Figure 3.3: The L3 detector and the rg-scintillator of L3+C covering the 3 upper sides of the magnet.
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Figure 3.4: The principle of the momentum measurement (Sagitta S).

the measurement of the sagitta s, which is illustrated in Figure 3.4:

oo eBL?
%

) (3.1)

where e is the unit elementary charge, p is the muon momentum component perpendicular
to the magnetic field, L is the length of the interconnecting line (the lever arm) and B is the
magnetic field. To achieve a good momentum resolution with a given precision of the sagitta
measurement, a large BL? is required.

L3 chose to use a B field of 0.5 T with a long bending path (2.9 m). This is obviously
more efficient than a strong B field and a small length L.

The L3 muon detector was made up of two Ferris wheels (Figure 3.5), each of them
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Figure 3.5: Schematic view of the structure of the L.3 muon detector.

consisted of eight independent muon chamber units (octants) which were arranged in an
octagon. Each octant, consisted of three chamber layers with wires parallel to the beam line:
the outer chambers (MQ), middle chambers (MM) and inner chambers (MI). These chambers
were used to measure the muon track coordinates in the bending plane, and are therefore
named P-chambers. The top and bottom sides of MO and MI were covered by other drift
chambers (called Z-chambers) with wires perpendicular to the beam line in order to measure
the coordinates in the z direction. All chambers were covered with aluminium honeycomb
planes to reduce multiple scattering.

Figure 3.6 shows the end view of the P-chamber layers of one octant. The single wire
resolution was designed to be o = 250 um. The total measurement uncertainty was reduced
thanks to the multiple sampling with 16, 24 and 16 signal wires in MI, MM, and MO respec-
tively. The uncertainty of the sagitta s was therefore calculated to be

As = (€ /4 + € + €2/4)? = 0.270,
where &3 = € = o/ \/E, & =0/ V24,
The single wire resolution had been verified with cosmic ray muon tracks to be 220 um.
Therefore, the intrinsic sagitta resolution was

Ase = 60 pm,

Each Z-chamber unit which covered the top and the bottom of a MO or MI P-chamber
had two layers of single-wire cells offset by one half of a cell with respect to each other in
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Figure 3.6: End view of the three P-chamber layers and wires in one octant, with a schematic view of
the alignment system and a detail of the middle chamber,

order to resolve left-right ambiguities. The measured single wire resolution in this case was
~ 670 um [131].

Besides of the intrinsic resolution of the drift chamber TDCs and the multiple scattering,
another major contribution to the uncertainty of the sagitta measurement is the alignment of
the chambers. Very careful alignments were performed for chambers within one octant with a
complex optical and mechanical system. The achieved alignment was of the order of 30 um.

The alignment between octants was not critical for the L3 experiment, since most muons
produced in the e*e™ collisions emerged from the vertex point were confined within one
octant only. Therefore, the positioning accuracy of an octant relative to the beam line (of the
order 2 mm) was not essential (the impact on L3+C, will be discussed in the next chapter).
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Figure 3.7: Picture of the L3+C detector system. The scintillator modules on top of the magnet were
organised in different ways because of the existing environmental conditions. The muon chambers
also can be seen from the opened iron doors in the foreground of the picture.

3.2.2 The t; detector

To provide a precise measurement of the muon arrival time (1y) for the drift chambers, a
scintillation detector system based on small plastic scintillator pieces and fast photomultiplier
tubs (PMT) was developed [132]. As shown in Figure 3.7 the upper three octants were
covered with 202 m? plastic scintillators (48 m? of them were old, reused NE102 tiles, while
the rest consisted of new material from Ukraine).

Figure 3.8 demonstrates the concept of the scintillator modules. Each tilc of size 25 X
25x2cm? was machined with eight grooves. A wavelength shifting fibre of 1.5 mm diameter
and 30 cm length was glued in each of them. These fibres were connected b