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ABSTRACT

A new measurement of the cosmic ray electron and positron spectra is

presented. The data were collected by the balloon-borne experiment

CAPRICE94 launched from Lynn Lake, Canada, on August 8, 1994, which

ew at an altitude corresponding to 3.9 g/cm2 of average residual atmo-

sphere. The experiment used the NMSU-WIZARD/CAPRICE94 balloon-

borne magnet spectrometer equipped with a solid radiator Ring Imaging

Cherenkov (RICH) detector, a time-of-ight system, a tracking system,

consisting of drift chambers and multiwire proportional chambers, and a

silicon-tungsten calorimeter for particle identi�cation. This was the �rst

time a RICH detector was used together with an imaging calorimeter in a

balloon-borne experiment.

A total of 3579 electrons between 0.1 and 30 GV and 1024 positrons between

0.1 and 10 GV at the spectrometer are identi�ed with very small back-

grounds from other particles. The absolute energy spectra are determined

between 0.46 and 43.6 GeV for electrons and between 0.46 and 14.6 GeV

for positrons at the top of the atmosphere. The resulting spectra are com-

pared with previous measurements and with theoretical calculations. Both

the positron spectrum and the positron fraction are consistent with a pure

secondary origin.

The CAPRICE94 electron and positron spectra can be described by the

spherically symmetric model for solar modulation and hence with a modu-

lation independent of the sign of the charge of the particles.

Results on the absolute energy spectra of electrons, positrons and muons at

various atmospheric depths are presented. Excellent agreements are found

with previous measurements. The CAPRICE94 uxes are also compared

with theoretical calculations which describe the production and propaga-

tion of secondary particles produced by interaction of cosmic rays in the

atmosphere.

Descriptors: balloons, calorimetry, cosmic rays, electrons, positrons, Sun

activity, atmospheric measurements
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Chapter 1

Introduction

Electrons and positrons together comprises about 1% of the total cosmic

ray ux. While rare, these components are important because their propa-

gation through the Galaxy is governed by mechanisms di�erent from those

of cosmic ray nuclei of the same energy. The small mass of the electron

increases the importance of synchrotron radiative losses in the galactic mag-

netic �eld, bremsstrahlung losses through interactions with the interstellar

medium, and inverse Compton scattering o� the ambient photons. There-

fore, measurements of cosmic ray electrons provide information about the

electromagnetic conditions and the propagation of cosmic rays in the in-

terstellar space not accessible with studies of the nuclear cosmic radiation.

Furthermore, information on the sources of electrons and positrons can be

obtained.

Electrons also lose energy at a higher rate than nuclear cosmic rays. In

fact, the detected electrons with kinetic energies of interest in this thesis

(from 500 MeV to 50 GeV) cannot have been produced more than a few

thousand parsec away [2]. Electrons are hence a probe of the local conditions

of our Galaxy.

1.1 Electron and positron sources

Electrons and positrons can be produced by primary sources of cosmic rays

or by nuclear interactions of cosmic rays with the interstellar medium. In

the �rst case, one possible scenario is that electrons are accelerated along

with protons and nuclei in supernova remnants [3]. In the second case, these

particles are produced in the decay processes of secondary particles (mostly

pions via the decay �� ! �� ! e�) resulting from the interaction of cosmic

ray protons and nuclei with the interstellar medium. This second process

1
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yields a nearly equal amount of electrons and positrons. The positron frac-

tion e+ / (e+ + e� ) measured at the top of the atmosphere (e.g. see [4]) is

� 10% at a few GeV. Hence, the large majority of the electrons have to be

of primary origin.

The secondary positron and electron component can be estimated using

the spectra of cosmic ray nuclei measured at the top of the atmosphere and

models of cosmic ray propagation in the Galaxy (e.g. see [5]). The mea-

sured positrons component at Earth seems consistent with a pure secondary

origin [6, 7]. However, a few experimental measurements (e.g. see [8]) deter-

mined a large positron fraction which led to speculations about sources of

primary positrons (e.g. see [9]) such as: magnetic pair creation at pulsars;

production of pairs by gamma rays interacting with optical or ultra violet

photons; annihilation of supersymmetric particles.

If positrons are only or mainly of secondary origin, their spectrum be-

comes a valuable tool for judging the validity of propagation models since it

decouples the measurements of the propagation products (secondaries) from

the primary electron spectrum.

1.2 Propagation models

The propagation of electrons (and positrons) in the Galaxy can be described

in the di�usion approximation by the transport equation [1]:

@N

@t
� ~r � (D~rN � ~uN) +

@

@E
(b(E)N)+

N

�esc
= Q(~r; E; t); (1.1)

where N � N(~r; t; E) is the number density of electrons with energy E

at a point ~r and time t, D is the di�usion coe�cient, ~u is the velocity of

convective particle transport in the Galaxy, b(E) � dE=dt is the energy loss

rate, �esc is the mean escape time from the Galaxy and Q(~r; E; t) is the

number density of the sources of the particles per unit interval of energy.

The rate at which relativistic electrons lose energy can be approximated

by [3]:

b(E) = A1 (3 ln  + 19:8) + A2 + A3
2; (1.2)

where  = E=(mc2) and m is the electron mass. The �rst term, A1 ' 7:64�
10�9n eVs�1 (n is the number density of hydrogen atoms in particles per cm3

which is of the order of 1 in the interstellar medium), describes ionization

losses which have a weakly (logarithmic) dependence on the electron energy

(see also equation 4.1). The second term, A2 � 10�16n eVs�1, describes



1.2 Propagation models 3

bremsstrahlung losses (see also equation 4.8). The last term,

A3 =
4

3
�T c !0 ' 2:66� 10�14!0 cm

3s�1; (1.3)

represents inverse Compton and synchrotron losses. �T is the Thomson

cross-section and !0 = !B + !MBR + !opt, where !B ' 0:6 eV/cm3 is the

energy density of the galactic magnetic �eld of strength B = 5�G, !MBR '
0:265 eV/cm3 is the microwave background radiation energy density, !opt '
0:5 eV/cm3 stands for the energy density of optical and infrared radiation in

the interstellar space. The Thomson limit approximation (see equation 4.23)

is used here for the inverse Compton scattering. However, the scattering

with optical photons is more correctly treated using the Klein-Nishina limit.

Yet, for the calculation of the propagation of the electrons in the Galaxy, the

e�ect of this approximation is negligible [10, 11, 12]. For electrons of energies

above 1 GeV the energy losses due to synchrotron radiation and inverse

Compton scattering in the interstellar matter dominate over ionization and

bremsstrahlung energy losses.

An important conclusion about the location of the sources of electrons

can be inferred from equation 1.2. The microwave background radiation

permeates all space and, therefore, all relativistic electrons are subject to

energy losses due to inverse Compton scattering. Using equation 1.2, the

lifetime (�) of an electron against these losses can be expressed as:

� =
E

(dE=dt)IC
� 2:3� 1012


years: (1.4)

For an electron of energy E = 10 GeV the lifetime results � � 1:2 �
108 years hence the electron could arrive from a source not further away

than � 36 Mpc. However, it is reasonable to assume that the electrons dif-

fuse from their source to the Earth hence these sources must be very close.

In conclusion, electrons are the only cosmic ray component for which an

extragalactic contribution can be excluded.

Several models have been put forward to solve equation 1.1. In here a

short description of two of the most frequently used models is given (for

more details see [2]):

1.2.1 Leaky box model

In the leaky box model the cosmic rays di�use freely in a con�nement vol-

ume, which could be either the halo or the disk of our Galaxy, they are

reected at its boundaries and they have constant probability per unit time
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of escape at each encounter with the boundary. This leads to skip the dif-

fusion term while keeping the term N=�esc, where �esc is the characteristic

escape time from the con�nement volume. Hence, equation 1.1 can be writ-

ten, after further simpli�cation by neglecting convection and energy losses

due to ionization and bremsstrahlung, as:

@N

@t
+

N

�esc(E)
+

@

@E
(b(E)N) = Q(~r; E; t): (1.5)

If electrons are continuously injected uniformly into the interstellar medium,

the electron spectrum reaches a steady-state that is dN=dt = 0. In this case,

following [13] and neglecting energy losses, for electron energies of less than

a few GeV the solution of equation 1.5 is:

N � (Q0�0E
�
0)E

�(p+�); (1.6)

assuming that the sources inject electrons with an injection spectrum Q =

Q0E
�p and that the energy dependence of the con�nement time is given by

�esc(E) = �0(E=E0)
�� where E0 is a constant energy of value � 5 GeV. For

high energies electrons the synchrotron and inverse Compton energy losses

dominate and the solution is:

N � Q0

a(p� 1)
E�(p+1); (1.7)

where a = A3=(mc
2)2 � 1:4 � 10�16(GeVs)�1. Thus, in the low energy

region the electron spectral index is similar to the one at the source, i.e.

N / E�(p+�). Above a few tens of GeV the spectral index is larger by a

factor of unity than that of the production spectrum, i.e. N / E�(p+1).

The bending point (Ec) of the electron energy spectrum is found by putting

equation 1.6 and 1.7 equal, i.e.:

Ec =
h
(p� 1)a�0E

�
0

i1=(��1)
: (1.8)

With some typical values [13] such as �0 � 107 years, p � 2:4 and � � 0:3,

the bending point is Ec � 30 GeV.

1.2.2 Di�usive halo model

In the di�usive halo model, cosmic ray sources and matter are located in a

disk of thickness 2h, which is surrounded by a halo of thickness 2H . Cosmic

rays di�use throughout the disk and the halo and escape freely from the

boundary of the halo. The propagation equation in this model is given by:

@N

@t
� ~r � (D~rN) +

@

@E
(b(E)N) = Q(~r; E; t): (1.9)
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The solution of this equation is not as simple as for equation 1.6. However,

some approximated behaviours can be obtained. At energies of a few GeV

and less the solution is proportional to [1, 13]:

N � Q0

hH

D0

E�(p+�); (1.10)

where D0 is a constant di�usion coe�cient (D0 � 1029 cm2/s [1]). At

energies greater than 10 GeV the solution can be approximated by [1, 13]:

N � Q0

a(p� 1)
E�(p+1): (1.11)

In this model, if h � H , a particle moves on average a distance � �
(2D0t)

1=2 [1] in a time t. Since an electron of energy E in GeV loses all

its energy in a time 2:3� 108=E years�GeV (from equation 1.4 taking into

account all synchrotron and inverse Compton losses), electrons of energies

greater than 10 GeV cannot reach the Earth if produced at distance greater

than approximately 4 kpc, which should be compared to the diameter of our

Galaxy of 30 kpc.

1.2.3 Discussion on propagation models

The two models give similar shape of the electron spectrum if �0 � hH=D0.

However, the leaky box model cannot reproduce the whole set of solutions

of the di�usive halo model. Furthermore, the discussion at the end of sec-

tion 1.2.2 indicates that the largest part of the electrons come from relatively

close sources. Hence, the assumption of continuous distribution of sources

should be valid within the few nearest hundred parsecs. This is plausible for

electrons and positrons of secondary origin since the cosmic ray protons and

nuclei interact with the ambient gas uniformly in the interstellar medium.

However, most electrons are of primary origin and to account for their ux in

a hypothesis of sources uniformly distributed an unreasonable high density

of sources in the Galaxy is required [14]. Therefore, the leaky box model is a

good approximation for the positron propagation while for the electrons the

di�usion model has to be used taking into account that the observation of

high energy electrons (TeV energies) [15] requires the presence of a few (or

even only one) nearby (distance of the order of 100 pc) electron sources [11].

1.3 Solar modulation

Beside the e�ect of the propagation in the Galaxy, the cosmic ray particles

reaching the Earth are a�ected by the solar wind.
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A continuous ow of plasma comes out from the sun corona. This is

called the solar wind and travels at supersonic speeds of about 350 km/s [3]

extending out beyond Pluto. This plasma carries the solar magnetic �eld

out into the solar system and is the origin of the so called interplanetary

magnetic �eld. When the interstellar cosmic rays enter the solar system they

interact with the solar wind and their spectra are consequently modi�ed.

These modi�cations of the cosmic ray spectra are related to the solar activity

and the e�ect is called solar modulation. The solar activity which causes

the solar wind varies with time rising from a minimum level to a maximum

value and then returning to the minimum. This cycle, called solar cycle,

comprises a time span of 11 years.

The solar modulation a�ects cosmic rays of rigidities1 up to tens of GV

but the largest e�ect is concentrated to the low rigidity side (rigidities less

than a few GeV). Thus, precise measurements of the electron and positron

spectra in a wide rigidity range from a few hundred MV to tens of GV permit

to obtain information on the interstellar spectra and the e�ect of the solar

modulation on charge particles of both signs.

1.4 Electron and positron measurements

As described, the measurement of the electron and positron components of

the cosmic radiation at the top of the atmosphere provides a large amount

of information ranging from their sources to the propagation in the Galaxy

and the inuence of solar modulation.

Since their �rst detection at the end of sixties [16, 17], electrons have

been the subject of many measurements performed mainly with balloon-

borne experiments. However, these measurements have produced results

which di�er as much as a factor three (e.g. see [18]). This is not very

surprising considering the di�culty of these experiments. Electrons are the

principal negative component in the cosmic rays but they constitutes not

more than 1% of the total radiation. Hence, experiments which cannot

distinguish the sign of the charge of the particles have to eliminate a large

background of protons and nuclei. Furthermore, measurements of uxes

necessitate a good control of the detectors and a precise determination of

their e�ciencies, time and energy dependence.

Di�erently for electrons, positron measurements are scarce. For these

measurements the identi�cation of the sign of the charge is unavoidable and

this puts strong constrains on the experimental apparatus. Two techniques

have been employed: in the �rst the east-west asymmetry in the geomag-

1Rigidity (R) = momentum � speed of light/charge
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netic cuto� rigidity is used (e.g. see [8]), in the other the apparatus is

equipped with a magnetic spectrometer using either a permanent magnet

(e.g. see [19]) or a superconducting magnet (e.g. see [20]). Besides the

technical constrains on the detectors to work properly in a strong (� 1 T)

magnetic �eld, the detectors have to be designed to provide an identi�cation

of positrons with high e�ciency and high rejection of unwanted particles.

Since the ratio between protons and positron is of the order of 103 a reliable

positron identi�cation require a proton rejection factor greater than 104.

1.5 The CAPRICE94 experiment

In 1990 the development of CAPRICE (Cosmic Antiproton Ring Imaging

Cherenkov Experiment), lately named CAPRICE942 was started as a part

of the WiZard collaboration programme [21]. WiZard is a collaboration

between New Mexico State University (USA), Goddard Space Flight Centre

(USA), Istituto Nazionale di Fisica Nucleare (Italy), University of Siegen

(Germany), Centre des Recherches Nucl�eaires Strasbourg (France) and the

Royal Institute of Technology (Sweden).

The WiZard collaboration conducted several balloon ights before CA-

PRICE94. The �rst ight in 1989 (MASS89) was designed, with the ad-

dition of a brass streamer tube calorimeter, to repeat the 1979 antiproton

measurement of Golden et al. [22] and perform detailed studies of electrons

and positrons in the cosmic rays. In the subsequent ight (MASS91), the

tracking system was upgraded with two drift chambers. The scienti�c goal

of MASS91 was similar to MASS89 and several antiprotons were observed.

The ight in 1993 (TS93), was aimed mainly for high energy (from 5 to

50 GeV) positrons and electrons and a transition radiation detector (TRD)

combined with a silicon-tungsten imaging calorimeter was used.

The main scienti�c goal of CAPRICE94 was the search for antiprotons

in the energy region from 0.5 to 3.5 GeV. For this purpose the same con�gu-

ration of the TS93 ight was used with the exception of the TRD which was

replaced with a solid radiator Ring Imaging CHerenkov (RICH) detector

and the calorimeter which was upgraded from 4 to 7 radiation lengths.

Besides studies of antiprotons (and light isotopes), the excellent perfor-

mances of the RICH and the calorimeter make the CAPRICE94 apparatus

well suited to identify electrons in the energy range 0.1 to 30 GeV and

positrons in the energy region 0.1 to 10 GeV and this is the topic of this

thesis.

2The apparatus was launched in 1994. In 1997 and 1998 two other similar experiments,
named CAPRICE97 and CAPRICE98 respectively, were performed.
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1.6 Outline of the thesis

In Chapter 2 the di�erent parts of the CAPRICE94 ight and apparatus:

the RICH, the time-of-ight system and spectrometer and their performance

during the ight are presented. The calorimeter is described in more detail

in chapter 3 since it is the main particle identifying detector used for this

thesis. Some relevant technical details together with performance during the

ight and the calibration of its data are described. In the same chapter also

the simulation of the payload with particular attention to the calorimeter is

presented.

In the following chapter 4 particle interaction in a sampling calorime-

ter (ionization loss, electromagnetic cascade and hadronic shower) are dis-

cussed in detail. Speci�c features of the CAPRICE94 calorimeter are shown

together with comparisons with simulated data. The purpose is to iden-

tify the features of the particle interactions in calorimeter which are most

useful for particle identi�cation. This study is applied to the CAPRICE94

calorimeter data for the electron and positron selection in chapter 5. The

calorimeter features which are useful for the identi�cation of electromagnetic

showers against a large background of non-interacting particles and hadronic

showers are described. The chapter ends by presenting the �nal electron and

positron selection together with a detailed estimation of the proton rejection

factor. The complete electron and positron identi�cation including also the

selections based on the tracking system, time-of-ight system and RICH in-

formation is the topic of chapter 6. The �nal numbers of selected electrons

and positrons, together with the estimated contamination, are shown.

For the determination of uxes an accurate estimation of all selection

e�ciencies is needed. Chapter 7 describes how the selection e�ciencies are

obtained, what are their values and the uncertainties associated with them.

This permits to obtain the total number of electrons and positrons which

triggered the CAPRICE94 apparatus during the balloon ight. Together

with the geometrical factor and the live time of the experiment the electron

and positron spectra in the spectrometer are obtained. Then the two spectra

are backpropagated taking into account bremsstrahlung losses to the top of

the payload and to the top of the atmosphere, after subtraction of secondary

electrons and positrons produced by interaction of primary cosmic rays in

the overlying atmosphere (CAPRICE ew at an average altitude of about

38 km). This is described in detail in chapter 8. In the �nal part of that

chapter the measured CAPRICE94 electron and positron spectra and the

positron fraction are compared with other experimental measurements and

with theoretical calculations. Also the inuence of the solar modulation is
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discussed and a few modulation models are compared with CAPRICE94

measured spectra.

Finally, chapter 9 presents the electron and positron spectra measured

by CAPRICE94 at ground a few days before the ight and during the ascent

of the balloon. Similarly, the positive and negative muon spectra measured

at ground, during the ascent and at oat are presented. All these data

are compared with other experimental measurements and with several the-

oretical calculations. The scienti�c importance of these measurements is

multiple: atmospheric muons are related to the so called \atmospheric neu-

trino anomaly" (e.g. see [23]) and a precise measurement of their spectra

in the atmosphere is needed to constrain the theoretical calculation on neu-

trino ux; the atmospheric growth curves of electrons and positrons permits

to test the calculation of secondary electrons and positrons produced in

the atmosphere; positive and negative muons at oat are strongly related

with the atmospherically produced electrons and positrons at oat. In this

thesis, these measurements are mainly used as a cross check of the theoret-

ical calculation used in chapter 8 for the subtraction of secondaries and as

a check of the absolute normalization of the CAPRICE94 uxes since the

muon measurements at sea level measured during the last thirty years di�er

by no more than 30%.

1.7 The author's contribution

In 1991 I joined as a diploma student the group that was working on the

development of the Si-W calorimeter. In 1991 and 1992 I participated in

the tests of the calorimeter prototype at CERN and I was involved in the

analysis of the resulting data. This was the topic of my tesi di laurea [24],

which I defended at the end of 1992, as well as of a few papers (e.g. see [25]).

After my laurea I was involved in the TS93 balloon-ight and the analysis

of the data. My main responsibility was to calibrate the calorimeter data and

to develop analysis software for particle identi�cation (e.g. see [26]). Along

with this analysis I managed to get a deeper understanding of the other

detectors (the TRD, time-of-ight and tracking) as well. Soon I became

responsible for the �nal analysis of the data and selection of electrons and

positrons candidates that led to new results [7] on the high energy (above

5 GeV) positron component of the cosmic radiation. I also developed a code

for the simulation of the payload, mainly aimed for the calorimeter.

In the 1994 I participated in the CAPRICE94 experiment. I was at the

New Mexico University, Las Cruces, New Mexico, for the the assembly of

the calorimeter with the other instruments of the apparatus and later at the
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balloon campaign in Canada. I was part of the group responsible for the

calorimeter activity. As for TS93, after the CAPRICE94 ight I took care

of the calibration of the calorimeter and the subsequent analysis of the data.

I took part in the electron and positron, antiproton and proton, deuteron

and helium nuclei and muon analysis which have produced a few articles

(e.g. see [27]) and proceedings papers for the 25th International Cosmic

Ray Conference in Durban.

I am also involved in the study and development of satellite borne exper-

iments. I participated in the development of a new instrument for the study

of cosmic ray nuclei, from hydrogen to iron, between 10 to 100 MeV/nucleon.

This instrument is the main part of a three years experiment, called NINA,

that was launched the 10th of July 1998 from Bajkonur, Kazakstan. It is

part of an Italian-Russian project that plans to launch two more satellites

for studying antiprotons and positrons (PAMELA) and for gamma ray as-

tronomy (GILDA). For NINA I was responsible for the assembly and space

quali�cation of the silicon detectors that make up the instrument. I also par-

ticipated in tests with particle beams of the detector. For PAMELA I have

been involved in the design and test of a prototype of the Si-W calorimeter

for the experiment . Right now GILDA is only at a design level and I have

been mainly involved in the simulation analysis also connected to another

future satellite experiment for  rays: GLAST. None of this work is included

in this thesis.

The main part of this thesis cover most of my work on the analysis of

positrons, electrons and muons from CAPRICE94 data. However, it must

be made clear that I would not have been able to reach these results without

help from a number of people who are thanked in the acknowledgements.
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The CAPRICE94 Payload

and Flight Con�guration

The CAPRICE94 experiment was launched from Lynn Lake, Manitoba, Ca-

nada (56.5� North Latitude, 101.0� West Longitude) on August 8th, 1994,

at 7:30 am. It reached the oat altitude at 10:30 am and it ew at an

atmospheric pressure of 3.2 to 4.5 mbar (altitude of 36.0 - 38.1 km) for

nearly 23 hours. It landed on August 9th at 9:16 am in Peace River, Alberta,

Canada (56.15� North Latitude, 117.2� West Longitude).

Figure 2.1 shows the CAPRICE94 apparatus which included, from top to

bottom: a Ring Imaging CHerenkov (RICH) detector, a time-of-ight (ToF)

system, a superconducting magnet spectrometer equipped with multiwire

proportional chambers (MWPC) and drift chambers (DC) and a silicon-

tungsten imaging calorimeter. These detectors (the payload system) were

used inside a cylindric aluminium pressure vessel mounted on a strong base-

plate. The payload together with the associated support structure is called

the gondola. The gondola was roughly 4 m high, with a diameter of 1.5 m

and weighted approximately 2.1 tons. The gondola was thermally insulated

on the outside. Power during the ight was supplied by lithium batteries

mounted on the outside of the gondola. When the ight was terminated,

the gondola was detached from the balloon and landed with a parachute

connected to the gondola via an aluminium lifting bar placed about 2 m

above the payload. All detectors were designed to sustain a stress of 10 g

at the opening of the parachute. To reduce the impact stress (� 5 g) upon

landing, a crash pad was mounted underneath the gondola.

In this chapter a brief description of each detector, but the calorimeter,

and their performances during ight is given. A more complete description

of the detectors and the ight can be found in [28]. Here, the features of the

11



12 Chapter 2. CAPRICE94 Payload Con�guration

1 
m

RICH

M
ag

n
et DC

DC

E-M Calo

T
oF

M
W

P
C

Figure 2.1: A schematic view of the CAPRICE94 gondola.

detectors will be shortly outlined for what concerns their relation with the

analysis presented in this thesis. The calorimeter will be described in the

next chapter.

2.1 The Ring Imaging Cherenkov detector

The 51.2�51.2 cm2 Ring Imaging Cherenkov (RICH) detector was primarily

designed to identify antiprotons in the cosmic rays in a large background

of electrons, muons and pions [29]. The RICH used a solid sodium uoride

(NaF) radiator, with a threshold Lorentz factor of 1.5, and a photosensitive

multiwire proportional chamber with pad readout to detect the Cherenkov

light image and hence measure the velocity of the particles.

Figure 2.2 shows a schematic view of the RICH detector. The �gure illus-

trates how Cherenkov light is emitted in the NaF radiator when a charged
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Figure 2.2: A schematic view of the NaF-RICH detector.

particle traverses the detector. The Cherenkov light refracts out of the

crystal and the cone of light expands in the nitrogen �lled drift volume

before it enters the photosensitive part of the detector through a quartz

window. In the photosensitive volume the Cherenkov photons are converted

into photoelectrons through photoelectric e�ect in the organic compound

tetrakis-(dimeylamino)-ethylene, also known as TMAE. The photoelectrons

are ampli�ed around the anode wires (128 wires of 15 �m diameter, sepa-

rated by 4 mm) and induce pulses on the wires as well as on the cathode

planes.

The lower cathode plane was divided into 4096 8�8 mm2 squares, called

pads, and the signals in both the pads and the anode wires were recorded.

The RICH detector was placed in a box made of a strong frame of alu-

minium, covered with two carbon �bre covers, which minimized the amount

of material along the trajectory of the particle.

Figure 2.3 shows a single electron event in the RICH of rigidity 1.3 GV

and 8� incidence angle, selected with the calorimeter. Both the rigidity and

the incidence angle are determined by the tracking system. The vertical lines

on top of the �gure indicate the anode wires that are hit and the length of

a line is proportional to the amplitude of the signal. The small squares in

the �gure indicate pads that are hit, the �lled squares are pads used in the
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Figure 2.3: A single event in the RICH. The ring of Cherenkov light is clearly
visible from a 1.3 GV electron at 8� incidence angle. The arrow in the �gure is
indicating the direction of the particle. The vertical lines on top of the �gure indicate
anode wires that are hit and the length of a line is proportional to the amplitude of
the signal.

Cherenkov angle calculation. The area of each square is proportional to

the amplitude of the signal. The largest open squares correspond to pads

saturated, i.e. with signal above the saturation limit of the pre-ampli�er,

by the ionization induced by the charged particle while traversing the RICH

MWPC. The signal from the ionization is signi�cantly higher than the sig-

nal from Cherenkov photons and it is distributed over several pads. The

ionization area is de�ned by a 5�5 pads (4� 4 cm2) matrix surrounding the

pad with the highest signal. The small ring () in Figure 2.3 indicates the

position resulting by a centre of gravity calculation of the signal distribution

in the ionization area. The position where the particle traversed the pad

plane, according to an extrapolation of the tracking system information, is

indicated in the �gure with an �. A good agreement is found between the
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center of gravity of the ionization cluster and the tracking extrapolation1.

Events with two or more charged particles traversing the pad plane presents

more than one ionization clusters in the pad plane and can be easily identi-

�ed.

The pads are tagged as if they belong to an ionization cluster or not. The

latter are used to reconstruct the Cherenkov angle with a gaussian potential

method. In the reconstruction also the direction and impact position of

the particle in the NaF, extrapolated from the tracking information, and an

empirically estimated index of refraction are used. For a description of the

reconstruction method see [28, 30].

For events with inclined incidence angles such as the one in Figure 2.3,

the image of the Cherenkov light in the pad plane has a U-shape. This is

due to the high index of refraction of NaF which causes part of the photons

to be trapped inside the radiator by total reection distorting the image.

Hence, the resolution of the reconstructed Cherenkov angle depends on the

incidence angle (see [31] and Figure 9.9 in [28]).

Performance during the ight During the ight the temperature inside

the payload varied between 20 and 45 �C. This was expected and it did not

a�ect the RICH since it was temperature controlled [28]. An unforseen

pressure leak of the pressurized vessel caused a drop in the pressure inside

the payload from initially 900 mbar to less than 700 mbar at the end of

the ight. Since the gain of the MWPC of the RICH increases when the

pressure decreases, the high voltage of the MWPC was regularly decreased

to match the drops in pressure. In this way the RICH maintained a constant

behaviour during the ight. The RICH performance during the ight has

been presented in [31].

2.2 The time-of-ight system

The time-of-ight system consisted of two layers of plastic scintillators, one

placed above the tracking system and the other below, as indicated in Fig-

ure 2.1. Each layer was divided into two paddles with a size of 25�50 cm2

and a thickness of 1 cm. The material was Bicron 401. Each paddle had

two 5 cm diameter photomultiplier tubes, one at each end. The distance

between the two scintillator layers was 1.1 m.

The signal from each photomultiplier was split in two parts, one was sent

to an analog-to-digital converter (ADC) and the other to a time-to-digital

1The resolution of the di�erences in impact position measured by the RICH and track-
ing as a function of rigidity for electrons is shown in Figure 6.4.
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converter (TDC). In this way, the time-of-ight system provided energy loss

and time information. The time information was also used to provide a trig-

ger for the data acquisition system. The trigger was a four-fold coincidence

between two photomultiplier tubes with signals in the top and bottom scin-

tillator paddles, respectively. The threshold of each photomultiplier tube

was set high enough to eliminate noise, but low enough to be very close to

100% e�cient to minimum ionizing particles.

The calibration of the time-of-ight data, i.e. the conversion of the ADC

signals to energy loss in mip (minimum ionizing particle) and of the TDC

signals to time in ps, is performed using ight data and is fully described

in [28]. An energy loss resolution for minimum ionizing protons of ' 13%

and a time resolution of ' 230 ps is obtained [28].

Performance during the ight The temperature variation a�ected the

time-of-ight system changing the pedestals of the ADCs and TDCs. These

e�ects have been studied using ight data and the time-of-ight system is

corrected for this e�ect (see [28]).

2.3 The superconducting magnet spectrometer

The spectrometer consisted of a superconducting magnet, multiwire propor-

tional chambers and drift chambers.

The magnet was comprised of a single coil of 11 161 turns of copper-

clad NbTi wire. The outer diameter of the coil was 61 cm and the inner

diameter was 36 cm. The coil was placed in a dewar �lled with liquid helium

surrounded by a vacuum shell close to a second dewar �lled with liquid

nitrogen which reduced the evaporation of liquid helium and permitted to

reach a life time of the superconducting magnet of 100 hours. The operating

current was 120 A, producing an inhomogeneous �eld of approximately 4 T

at the center of the coil.

The tracking system of CAPRICE94 consisted of a combination of two

drift chambers [32] and eight multiwire proportional chambers [33].

The MWPCs had an active area of 50�50 cm2. Each chamber had three

layers of wires: the central one being the anode and the external ones be-

ing the cathodes. Both the anode and cathode planes had a wire pitch of

2 mm and the anode-cathode distance was 3 mm. The cathode wires were

mounted perpendicular to the anode wires. The entrance windows to the

chambers were made of 0.5 mm thick mylar �lm. The chambers were �lled

with \Magic Gas", that is 70 % Ar, 29.5 % Isobutane and 0.5 % Freon 13B1

(CCl3F). All eight of the MWPCs were equipped for measurements in the
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bending direction (x) and four of the MWPCs also for measurements in the

non-bending direction (y). The MWPCs were separated in three sets and

located above, in between and below the drift chambers as indicated in Fig-

ure 2.1. They provided from the top to the bottom respectively 2, 3 and

3 measurements in the x direction and 1, 1 and 2 measurements in the y

direction. One of the bottom MWPCs, which only gave a measurement in

x, broke during the transport to Lynn Lake and hence maximum 7 measure-

ments were obtained by the MWPCs for the x direction. Typical resolutions

ranged from 180 to 270 �m for the x direction and from 600 to 1200 �m for

the y direction [33].

Figure 2.4 shows the position of the two drift chambers in the magnetic

Figure 2.4: The magnetic �eld lines in the tracking volume. The two boxes indicate
the position of the drift chambers.

�eld lines. The plane of view is a vertical plane (z-y plane) going through the

center of the magnet. The lateral sides of the two drift chamber boxes were

made from 1 cm thick epoxy-composite plates, the open top and bottom

sides were covered with 0.7 mm thick copper plated mylar windows. The

inner gas volumes of the boxes were 47� 47� 35 cm3. Each drift chamber

contained six layers for measurements in the x-directions and four layers

for the y-direction as shown in Figure 2.5 (right). Each layer contained

sixteen 27.02 mm wide drift cells, arranged as shown in Figure 2.5 (left),

�lled with CO2. The anode wire was located at the center of each cell and

was surrounded by a hexagonal array of potential and cathode wires. The

drift cells were arranged in double layers which were shifted by half a cell
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Figure 2.5: To the right, the box of one drift chamber is shown. To the left, a
closer view of the cell structure is presented with the dimensions given in mm.

(see Figure 2.5 right) to solve the left-right ambiguity with respect to the

sense wire [32].

In a drift cell, the electrons liberated by the passage of an ionizing par-

ticle drift to the anode wire under the inuence of an applied electric �eld.

The drift time of the electrons is related to the position at which the in-

cident particle passed through the cell. This relation is obtained directly

from the experimental data with an iterative least-squares �tting technique

of the tracks (see [32]). A high e�ciency (� 99% for a single drift cell) and

a spatial resolution better than 100 �m is found over most of the range of

possible drift paths.

The physically signi�cant parameter measured by the spectrometer is

the incident particle rigidity R de�ned as: R = pc=jZej, where Ze is the

particle charge, p the particle momentum and c the speed of light. The

unit normally used is GV. This quantity, together with the trajectory of the

particle in the spectrometer, is reconstructed �tting the measured position

by the MWPCs and drift chambers. The track �tting process is an iterative

least-square procedure and is described in [33] (see also chapter 5 in [28]).

In this procedure the track is uniquely described by a \state vector" of �ve

components: the x and y coordinates at the bottomMWPCs, two directional

angles (@x/@z and @y/@z), and the particle's magnetic deection (�) de�ned

as the inverse of the rigidity and with a negative sign for negatively charged

particles.
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The quality of the magnet spectrometer is limited by the spatial reso-

lution of the position measurements (�meas), the number of these measure-

ments and the magnetic �eld (B) which the particles traverse, hence the

rigidity resolution can be approximated as:

�R

R
/ �measR

~B � ~dl
(2.1)

where dl is the di�erential path length. The maximum detectable rigidity

(MDR) is de�ned as the rigidity at which �R=R = 1. This quantity can be

determined using the deection uncertainty which is obtained on an event

by event basis during the �tting procedure (see [33] for a description how

this quantity is computed and related to the errors on the measurements).

Figure 2.6 (a) shows the distribution of the deection uncertainty for protons

(selected with time-of-ight scintillator dE/dX) with rigidity greater than

1 GV. The asymmetric shape of the distribution is due to the inhomogeneous

magnetic �eld: the
R
~B� ~dl varies for each event since the particles penetrate

di�erent regions of the sensitive volume. The peak of the distribution is at

0.005 (GV)�1. A common de�nition of the instrument MDR [32, 34] is the

reciprocal of this peak value, in this case 200 GV. In reality this is just an

average value since the MDR depends on the proximity of the particle path

to the magnet coil.

In the analysis presented in this thesis only the drift chamber informa-

tion is used in the �tting procedure. The reason of this choice is related

to e�ciency estimation of the �tting procedure as it will be explained in

section 6.1 and 7.1. This leads to a lower MDR as can be seen in Figure 2.6

(b) which shows the distribution of the deection uncertainty for protons

with rigidity greater than 1 GV given by the drift chambers. The peak of

the distribution at 0.0067 (GV)�1 indicates that the average MDR of the

drift chamber system is ' 150 GV.

Performance during the ight The drift chambers and the multiwire

proportional chambers of the tracking system are gaseous detectors and,

hence, sensitive to the pressure. Similarly to the procedure adopted for

the RICH, their high voltages were adjusted several times during the ight.

After the ight, the tracking system was calibrated for each set of time of

approximately constant conditions and a rather uniform performance of the

system with time was obtained.

After around 22 hours of ight one of the drift chambers started to draw

current and had to be turned o�. It was later recovered, but at that time

the payload batteries started losing power. Hence, only the data from the

�rst 22 hours of ight are used in the analysis presented in this thesis.
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Figure 2.6: The deection uncertainty for a �tting procedure which uses both the
MWPC and drift chamber information (a) and only the drift chamber information
(b). The peaks of the distribution indicates that the average MDR for the complete
tracking system is 200 GV and for the drift chamber system 150 GV.

2.4 The On-board Computer

All control and data acquisition operations were regulated by a �VAX in-

stalled inside the payload. This computer communicated with the ground

station via telemetry, or via an Ethernet connection while at ground. The

tasks of the �VAX included: execution of commands sent by the ground sta-

tion (e.g. calibration of a detector), recording of house-keeping information

(such as temperatures, voltages, etc.) for each detectors and the payload in

general, read-out of the data when the trigger was activated, recording and

transmission via telemetry of the data. Data were stored on-board on two

4 mm tape drives and on a hard disk. Both the hard disk and the tapes

were recovered after the ight. During the ight a portion of the data was

sent to the ground to continuously monitor the performance of the detectors

and the condition of the payload.



Chapter 3

The CAPRICE Calorimeter

and Monte Carlo Simulation

In the �rst section of this chapter the last detector of the CAPRICE94

experiment, the silicon-tungsten imaging calorimeter, is described. In the

second part the simulation of the payload, mainly aimed for the calorimeter,

is presented.

3.1 CAPRICE calorimeter

The silicon-tungsten calorimeter was designed especially for the identi�ca-

tion of electromagnetic showers.

A �rst version of the calorimeter, smaller and with a di�erent read-

out system, was part of the TS93 experiment [26] which ew in 1993 from

Fort Sumner, New Mexico, USA. It was then improved for the CAPRICE94

ight. The CAPRICE94 calorimeter was also used in the CAPRICE97 and

CAPRICE98 experiments which ew from Fort Sumner in 1997 and 1998,

respectively. This later version of the calorimeter consisted of eight 48�48
cm2 sensitive silicon planes interleaved with tungsten converters, each one

radiation length thick (3.5 mm) [35].

The choice of the sensitive material (silicon) and of the absorber ma-

terial (tungsten) was dictated by the need of having high identi�cation ca-

pability for electromagnetic showers. Furthermore, these materials had to

satisfy conditions on mechanical stability and compactness to be quali�ed

for space 1 and balloon ights.

1Originally (end of eighties), the calorimeter was developed by the WiZard collabora-

tion for the Astromag experiment which was one of the selected experiments for the never
built space station Freedom [21].

21
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Selection of electromagnetic showers implies the choice of an absorber

which maximizes the electromagnetic shower development and minimizes

the hadronic interactions. The electromagnetic shower development is char-

acterized by the radiation length and the proton interaction by the nuclear

interaction length. The radiation length is proportional to A=Z2 (see equa-

tion 4.10), where A and Z are mass and charge number of the absorber

respectively, while the interaction length is proportional to A1=3 (see equa-

tion 4.37). Hence, the best absorber is a material with high Z. Tungsten is

appropriate (Z = 74) and, furthermore, has good mechanical properties.

The reasons for the choice of silicon as sensitive material are several [36]:

� silicon detectors have good time stability;

� they have su�ciently high ionization density to allow operation with-

out the need of ampli�cation in the detector itself;

� the charge production and collection is a linear process without the

instabilities typical of high gain detectors such as MWPCs;

� they have high detection e�ciency (' 100%).

3.1.1 The detector

Each single sensitive plane was made of an array of 8 � 8 elements, each

having an area of 6� 6 cm2. Three di�erent types of silicon detectors were

used: 400 �m thick produced by Hamamatsu, 380 �m thick by SINTEF

and 300 �m thick by SGS. However, each single plane was made of silicon

detectors of same thickness and same construction. The detectors were

operated as reversed bias p-n junctions with bias voltages varying from 60 V

to 110 V depending on the type and thickness of the detector.

Each sensitive element was composed of two silicon detectors mounted

back to back with perpendicular strips (16 strips, 3.6 mm wide in each

detector) giving both x- and y-projection readouts as shown in Figure 3.1.

The strips of each detector were daisy-chained longitudinally to form one

single strip ' 48 cm long. Between each module there was a non-sensitive

gap ' 3:7 mm wide, corresponding to about 10% of the total area.

The whole calorimeter had 2048 channels resulting from the 128 x and

128 y strips in each silicon plane.

3.1.2 Data acquisition system

The basic unit of the front-end electronic consisted of a 16 channel module

providing the analog circuitry for the charge ampli�cation and the sample-
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Figure 3.1: Schematic view of one silicon module.

and-hold of each channel, as well as the logic to drive the sample-and-hold

itself and the multiplexed output. A post-ampli�er was provided for each

channel to allow the signal to be read at two di�erent ampli�cation gains

(ampli�cation �1 and ampli�cation �16), with the maximum output level

(3.5 V) corresponding to � 25 and � 400 mip (minimum ionizing particle,

see section 3.1.4), respectively. A shaping time of 7�s was used in order to

optimize the signal-to-noise ratio.

When a trigger arrived, a hold signal was sent to the front-end sample-

and-hold circuitry and then a gate pulse was sent to the conversion units

to start their operation causing the analog input to be sampled by an 8-

bit ADC, one for each calorimeter plane. These units also performed a

zero suppression of the data and stored them. For the zero suppression two

matrices (one per each ampli�cation) of 8�256 values, called the \hardware

thresholds", were stored in the ADC memories prior to the ight. The

hardware thresholds for ampli�cation �16 corresponded to approximately

0.5 mip. Ampli�cation �1 was used only for high energy losses and the

hardware thresholds were put to approximately 8 mip. The digitized data

were combined with the strip address and formatted into a 16-bit word ready
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to be read out by the on-board computer.

3.1.3 Flight con�guration

The ight con�guration, besides the calorimeter itself, included a water

cooling box and a CAMAC crate which contained all the read out modules.

Since a better performance of the silicon detectors can be achieved if

they work in a cooled system, a cooling device, a vacuum-proof stainless

steel box containing 25 litres of water, was designed in order to keep the

calorimeter environment cooler (below 30� C) than the payload during the

ight. Since the pressure inside the payload was maintained at about 1 atm,

the near-vacuum condition necessary for the cooling system operation was

reached by connecting the cooling box to the outside through a tube which

had an outlet controlled by a valve.

3.1.4 Calorimeter calibration

The calibration of the calorimeter implies converting the signals in each

strip, due to the energy lost by the charged particles, from ADC values to

energy.

The detection of ionizing particles by a reverse biased p-n junction is

based on the fact that the depletion region is empty of mobile charge carriers.

This means that in the absence of ionization there is basically no current

owing in the junction. If there is energy deposition by an ionizing particle,

electron-hole pairs are produced. Due to the electric �eld that is present in

the depletion region, the electrons and holes drift very fast (106 cm/s) across

the depletion zone and a signal current is detected. In silicon it takes about

3.6 eV of energy deposition to create an electron-hole pair. In a 380 �m

thick detector typically 108 keV are deposited when a minimum ionizing

particle traverses it (see section 3.2.1), releasing on average 30000 electron-

hole pairs. The signal induced by a charged particle traversing the detector

is proportional to the thickness of the depletion zone.

Ionization loss. When a charged particle traverses matter it loses energy

primarily by ionization. The mean di�erential energy loss due to this in-

teraction for particles other than electrons (for electrons and positrons see

equation 4.1) is given by the Bethe and Bloch equation [37]:

dE

dx
[
MeV

(g cm2)
] = �K Z

A

z2

�2

"
1

2
ln
mc2�2EM

I2(1� �2) � �2 � �

2

#
; (3.1)

K = 4�Nr2emc
2; (3.2)
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where N is Avogadro's number; m and re are the mass and classical radius
2

of the electron respectively; Z and A are the atomic number and mass (in

g/mol) of the medium respectively and I ' 16�Z0:9 is its e�ective ionization

potential, z is the charge and � is the velocity (in units of c, light speed) of

the incident particle, � is a density e�ect correction.

In the electrostatic unit system K = 0:307MeVcm2. EM is the maximum

energy transfer allowed in each interaction. For a particle with mass M and

momentum M�c:

EM =
2mc2�22

1 + 2m=M + (m=M)2
(3.3)

It appears from equation 3.1 that the energy loss depends only on the � of

the particle and not on its mass. The energy loss decreases rapidly reaching

a minimum for � ' 0:97, then it increases slowly for � ! 1 (relativistic rise).

However, the increase at high energy is limited by the density correction �

which accounts for the medium becoming polarized and a�ects more a liquid

or a solid than a gas. The region of approximately constant loss, i.e. for

velocities �
>� 0:97, is called the minimum ionizing region and the particles

that lose energy at the minimum are called minimum ionizing particles or

mip.

The quantity (dE=dx)�x is the mean energy loss in a medium of thickness

�x. The energy loss distribution is a Gaussian distribution with the mean

value given by equation 3.1 only for large �x. In thinner medium the energy

loss is the result of a small number of collisions, each with a wide range of

possible energy transfers. The distribution of the energy loss in these cases

has been obtained by Landau under two assumptions: the typical energy loss

in the sample should be large compared to the binding energy of the most

tightly bound electron but small compared to the maximum energy loss

in a single collision. With these assumptions the energy loss distribution

function f(�x;�E) (where �E is the energy loss) can be written as [38]:

f(�x;�E) =
1

�
�(�); (3.4)

where � is the average energy loss given by the �rst term of equation 3.1:

� =
1

2
K
Z

A

z2

�2
�x; (3.5)

2re = e
2

mc2
, e charge of the electron.
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� is the normalized deviation from the total energy loss parameter �E0
3:

� =
�E � �E0

�
; (3.6)

and � is a function given by [39]:

�(�) =
1

�

Z
1

0
e�ulnu��u sin�u du: (3.7)

For a very thin absorber the Landau's �rst assumption is not anymore

valid since the typical energy losses are comparable to the binding energy

of the atomic electrons. This is true also for thin silicon detectors such as

the ones used in the CAPRICE calorimeter. However, for these detectors

the most probable energy given by the Landau theory is still a very good

approximation of the \true" value (better than 1%, see [40]).

Experimental energy loss. Figure 3.2 a) shows the energy loss distri-

bution after pedestal subtraction for a single strip obtained using several

thousands events from ight data. The signals from the ampli�cation �16
are shown. The distribution is the result of energy losses by minimum

ionizing particles, slow protons, alpha particles and heavier nuclei, and in-

teracting particles. The hardware threshold is the cause of the �rst peak,

which is the truncated tail of the pedestal. The second peak is the energy

lost by a minimum ionizing particle. Figure 3.2 b) is an expanded view of

a). As indicated by the solid line in �gure, the distribution is �tted well

with a Gaussian function (to take care of the electronic noise) for the rise

of the distribution up to the maximum, plus a Landau tail described by

equation 3.7 (for minimum ionizing particles), plus a constant factor (for

interacting particles, etc)4. The peak of the distribution resulting from the

�t is de�ned as one \mip" and it is the conversion factor used to transform

ADC values to energy. This operation is performed for each channel (strip)

of ampli�cation �16 and a matrix of 8 � 256 normalization coe�cients is

obtained.

The calibration coe�cients of the ampli�cation �1 are obtained from

the ratio between the ADC signals given by the two gains, when the signals

from the two gains are overlapping, and the normalization coe�cients of the

ampli�cation �16.
3This quantity is often referred as the most probable energy loss even if it is only

approximately correct [38].
4It is interesting to note that the Landau distribution �ts nicely the energy loss tail

even if, according to [40], the experimental distribution should be � 30% broader than
predicted.
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Figure 3.2: The distribution of the energy loss in one calorimeter strip in ADC
values for the ampli�cation �16 after pedestal subtraction from ight data. a) The
�rst peak is the truncated tail of the pedestal, the second peak is the most probable
energy lost by a minimum ionizing particle. The saturation on the last ADC value
(256 before pedestal subtraction) is also shown. b) Expanded view of a), the solid
line is a �t of a Gaussian rise plus a Landau tail and a constant factor.
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Calibration results. Both data at ground (mainly muons) taken at var-

ious times before the ight and the ight data have been calibrated. The

resulting normalization coe�cients do not show statistically signi�cant dif-

ferences implying that the silicon detectors have been stable without signif-

icant pedestal and gain variations over a period of several months.

From the calibration of the ight data, it results that 95% of the strips

are working at both ampli�cations, 3% give no useful signals due to detector

or electronic failure and the remaining strips are too noisy (signal to noise

ratio � 1) to use the ampli�cation �16 signals but can be used for high

energy losses (ampli�cation �1).
The energy resolution of a single strip for detected energies below 20 mip

is around 0.15 mip. Above 20 mip, the ampli�cation �16 saturates and the

other gain is used. In this case the absolute energy resolution gets worse

but the relative resolution of a single strip is still better than 15%.

Noise suppression. The good separation between the noise and the signal

can be noted in Figure 3.2. A signal to noise ratio of 10 and better is found

for most of the strips. Hence, the signal due to noise can be easily removed

from the data. This is done after the conversion of the ADC value to units

of mip applying a software threshold of 0.7 mip, i.e. the data from all strips

with a signal lower than this value are put to zero. This threshold value

is chosen with the following procedure. A sample of events is selected with

good tracks in the tracking system. The software threshold \e�ciency" is

given by the fraction of events which has at least 13 strips with signal above

the software threshold. Furthermore, these strips have to be distributed

maximum one per layer (hence no more than a total 16) and in the position

predicted by an extrapolation of the track from the tracking system into

the calorimeter. The software threshold is varied and its \e�ciency" as a

function of the threshold value is obtained. The \e�ciency" distributes as a

Gaussian with a mean value at 0.7 mip. This is due to that for low values of

the threshold noisy strips give signals causing a decrease in the \e�ciency",

while for high values strips with good signals are excluded again causing a

decrease in the \e�ciency". Hence, 0.7 mip is the best compromise between

rejection of the noise and e�ciency in detecting the signal.

3.1.5 Performance during the ight

During the ight the cooling system worked only for the �rst three hours.

After the discovery of the pressure leak, the valve controlling the connection

of the cooling system to the outside was closed to see if this was the cause of

the leak. It was not, but the valve could not be reopened probably because
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of the combination of low pressure and the presence of the strong magnetic

�eld.

The lack of connection with the outside did not permit the cooling sys-

tem to reach the near-vacuum condition necessary for its operation and,

consequently, the temperature in the calorimeter increased. An increase of

temperature implies an increase of the dark current in the silicon detectors

and so an increase of global noise of the detector. This led to an increased

number of words transmitted per event. However, the signal to noise ratio

did not decrease signi�cantly and the performance of the calorimeter was

essentially constant during the whole ight.

3.2 Simulation

The Monte Carlo code used for CAPRICE94 analysis simulates the whole

payload from a point of view of geometry, that is all detectors are described

with their proper dimensions and materials. However, only the calorimeter

and the scintillators are simulated also from the point of view of detector

response. In fact, the simulation is an extended version of a calorimeter sim-

ulation developed to study the calorimeter prototype [25]. This simulation

was very successful to reproduce the calorimeter data obtained from tests

in particle beams [25, 24].

The simulation is based on the GEANT code [41] version 3.21. This

code is widely used in the particle physics community and is very good to

model the geometry of the experiments. Furthermore, it can be interfaced

with other simulation packages (GHEISHA, FLUKA) to simulate hadronic

interactions.

3.2.1 Tuning of the simulation

The payload reference system is reproduced and all detectors are introduced

according to their dimensions and materials. The magnetic �eld is simulated

using the same map of the �eld as used in the analysis of the experimental

data.

Acceptance. To simulate correctly the experimental data it is also neces-

sary to simulate the acceptance of the experiment. This is done by de�ning

a large square placed above the payload and generating a ux of particles

through it. The ux is uniform over the whole surface (uniform in x- and y-

coordinate) and isotropic (uniform in � and in cos2 �). Furthermore, events

are simulated with momenta which follow as close as possible the measured
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rigidity spectra of the corresponding particle types.

Calorimeter. There are a few GEANT parameters which have to be prop-

erly chosen to reproduce the correct response for silicon detectors. These

parameters deal with the energy losses, which are simulated choosing the

explicit delta ray generation and setting the lowest energy at which parti-

cles are stopped to 10 keV both for photons and electrons, and with the

number of steps inside each material which has to be su�ciently high (for

more details see [24]).

To account for the electronic noise, a Gaussian random noise is intro-

duced in the simulation of the energy loss. The mean value of the Gaussian

noise is zero while the standard deviation (the same for all strips) is chosen

with a procedure similar to the one used for obtaining the software thresh-

old. Using a simulated sample of muons, the standard deviation of the noise

is varied keeping the software threshold �xed to 0.7 mip. The chosen value

for the standard deviation is the one which reproduces the experimental

\e�ciency" of the software threshold for non-interacting particles. This is

an approximation of the experimental situation since the electronic noise is

assumed to be the same for all strips.

In analogy with the experimental data analysis, the energy scale of

the simulation has been calibrated with minimum ionizing particles. Fig-

ure 3.3 shows the simulated distribution of the energy loss in one strip of

the calorimeter for a 380 �m thick silicon detector. A large (10000 events)

positive muon sample has been simulated with momentum 0.6 GeV/c. As

for the experimental case the distribution is �tted with a Gaussian function

plus a Landau tail but no constant term since there are only minimum ion-

izing particles. From the peak of the �tted distribution it results that one

mip corresponds to 108 keV for a silicon detector of thickness 380 micron.

A good agreement is found between the simulated energy loss distribution

(Figure 3.3) and the experimental one (Figure 3.2 b)) with the exception

of the atter tail for the experimental distribution which, however, is not

due to minimum ionizing particles. Also the full width at half maximum of

the two distribution is similar: 0.54 of the mip value for the simulation and

0.59 for the experimental data, which also includes non-minimum ionizing

particles.

Furthermore, no signal is simulated for the strips de�ned as not working

in the experimental calibration and, similarly, only the simulated high energy

losses are saved for the strips in which only the ampli�cation �1 was properly
working. Also the intrinsic energy resolution of the ADC (1 ADC value

corresponding to about one tenth of a mip) is reproduced converting the
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Figure 3.3: Simulated distribution of the energy loss by positive muons of
0.6 GeV/c in one calorimeter strip of a 380 �m thick silicon detector. The solid
line is a �t of a Gaussian function plus a Landau tail.

simulated energy loss in mip to ADC values (to the closest integer) using

the experimental calibration and pedestal matrices and then converting back

to mip.

Time-of-ight scintillators. Besides the calorimeter, the simulation gi-

ves also the energy losses in the time-of-ight scintillators. The energy losses

for simulated muons are tuned to reproduce the energy loss distribution for

muons from ground data. Also in this case a Gaussian distribution is used

to simulate the noise of the scintillators.
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3.2.2 Comparison between simulation and experimental data

With this �ne tuning, the simulation reproduces with a high level of accu-

racy the experimental situation aboveall for what concern the electromag-

netic showers. In sections 4.3.2 and 4.3.3 a few experimental features of the

electromagnetic showers will be compared with the simulation exemplifying

this excellent agreement. As an example, the experimental energy loss in the

silicon strip with highest detected energy is compared with the simulation.

The solid line in Figure 3.4 a) shows the distribution of the measured energy

loss by electrons with rigidity between 2 and 3 GV selected from ight data

(the selection is performed requiring more than 22 strips hit in the calorime-

ter, see section 7.3.1) and the dashed line shows the corresponding simulated

distribution. A good agreement is found between the experimental data and

Figure 3.4: Energy loss distribution in the silicon strip with the highest detected
energy for electrons of energy between 2 and 3 GeV. Solid line: measured energy
loss from ight data; dashed line: simulated energy loss.

the simulation. This variable is an excellent test of the simulation capabil-

ities. The experimental distribution is the results of measurements from
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both ampli�cations (�16 for the low part of the distribution, �1 mainly for

energy losses greater than 20 mip) and is related to the energy resolution

of both ampli�cations for various silicon strips. Hence, a good agreement

implies that the simulation not only reproduces correctly the development

of the shower in the calorimeter (this quantity is related to the number of

secondaries at shower maximum) but also the actual behaviour of the silicon

detectors and read-out electronics.

For hadronic interactions both simulation packages (GHEISHA and FLU-

KA) have been tested and, �nally, FLUKA has been used because of its bet-

ter agreement with experimental data. However, the uncertainties on the

hadronic showers are larger than for electromagnetic showers and di�erences

of the order of 10% can be expected between the simulated and the experi-

mental data. For example, this can be seen in Figure 3.5 which, in analogy to

Figure 3.4, shows the experimental (solid line) and simulated (dashed line)

energy loss distribution in the silicon strip with maximum detected energy

Figure 3.5: Energy loss distribution in the silicon strip with maximum detected
energy for protons of rigidity between 2 and 3 GV. Solid line: measured energy loss
from ight data; dashed line: simulated energy loss.
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for protons of rigidity between 2 and 3 GV. Protons are selected from ight

data using the RICH, and the contamination from other particles are negligi-

ble (less than 1%). The simulation does not fully reproduce the high energy

losses. This implies that the simulation cannot be completely relied on for

studies of proton interactions in the calorimeter and, consequently, cannot

be used to get the proton contamination of an electron selection. However,

experimentally it is possible to select protons up to 5 GV independently of

the calorimeter and these events will be used for the �nal proton rejection

factor. On the other hand, the simulation of hadronic showers is useful to

study their topology and infer useful variables and selections for particle

identi�cation which, then, are applied on the experimental data for the �nal

results.



Chapter 4

Particle Interactions in the

Calorimeter

The silicon-tungsten calorimeter used in the TS93 and CAPRICE balloon

ights was designed to identify particles via their energy deposits and topo-

logical properties.

In this chapter a short description of di�erent particle interactions in the

calorimeter, useful for their identi�cation, is presented.

4.1 Electromagnetic interactions

As already described in section 3.1.4, charged particles going through matter

lose energy as a consequence of collisions with atomic electrons. The average

energy lost through ionization in these processes is given by equation 3.1 and

depends only on the velocity of the incident particle and on the thickness and

atomic structure of the traversed medium. A measurement of the ionization

loss in a given material can therefore be used to identify the traversing

particle if the momentum is known.

In the CAPRICE calorimeter the energy lost due to ionization is mea-

sured by each silicon detector crossed by the charged particle. Maximum

16 samplings of the energy loss are obtained. The incident angle of the

traversing particle is usually smaller than 40� and so electrons and holes

are collected in a single strip (3.6 mm wide and about 300 �m thick) un-

less the particle goes through two strips, in which case the signal is split

between the two. Except for low velocity particles, multiple scattering has

a small e�ect and the track of the particle in the calorimeter is essentially

straight. Figure 4.1 shows the track of a 1.5 GV deuteron, selected from

ight data using time-of-ight and scintillator dE/dx, in the two views of

35
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Figure 4.1: Hit and energy loss distributions in the x and y views of the calorimeter
for a 1.5 GV deuteron from ight data. The numbers indicate the energy loss in
mip.

the calorimeter. The typical straight track pattern of a non-interacting par-

ticle is evident. As not all the strips are working and dead areas are present

between the detectors, the distribution of the number of strips hit peaks

at 16 with a long tail to lower values. This can be seen in �gure 4.2 for

negatively charged particles with a rigidity greater than 1 GV. As the data

were taken at ground level, the particles are mainly muons (electrons are less

than 1% of the sample, see section 9.1.2) that lose energy in the calorimeter

only via ionization.

Equation 3.1 represents an average value of the ionization loss and large

uctuations from this value can be found with single measurements (see

section 3.1.4). This implies that, for example, averaging the sixteen mea-

surements obtained with the calorimeter is not the best way to identify the

particle. A truncated mean technique has proven to provide better informa-

tion. The truncated mean is obtained by averaging the �ve measurements1

with the lowest energy loss. This works as a sampling of the energy loss dis-

1If there are only �ve or less samplings all of them are used for the average.
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Figure 4.2: Distribution of the number of strips hit inside the calorimeter for
negatively charged particles with a rigidity greater than 1 GV from ground data.

tribution around the most probable value, disregarding the tail. Figure 4.3

shows the distribution of the truncated mean energy loss as a function of

rigidity for ight data. A clear separation of muons/pions from protons is

obtained up to 1 GV, of protons from deuterons up to 2 GV and of tritium

from deuterons up to 3 GV. Below 2 GV 3He and 4He can be separated and

for all rigidities the charges of the particles (in units of e) can be obtained.

To make this method work it is essential to use non interacting particles,

for which the only mechanism of energy loss is ionization. Constrains on

the topology of the events in the calorimeter have been used as means of

particle identi�cation. Taking as example �gure 4.1 several types of condi-

tions can be chosen. In �gure 4.3 the events have been selected requiring

that all the energy lost in each silicon layer is contained in the one strip hit,

corresponding to an extrapolation of the �tted track in the spectrometer,

and in the two adjacent ones. Furthermore, a requirement on the number

of energy loss measurements has been used (dependent on the rigidity, at

least eight measurements above 0.7 GV) . The �rst condition has the e�ect

of excluding many of the low velocity events that scatter and deviate from
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Figure 4.3: Truncated mean energy loss in the calorimeter in function of rigidity.
Positively charged particles from ight data. About 256000 events of which about
8000 are charge two particles.

the extrapolated track resulting in a lower selection e�ciency2 . The second

condition requires that the particles are able to enter the calorimeter and

cross a few silicon layers. This results in a limit on their minimum kinetic

energy (for protons this is � 70 MeV). This last condition in Figure 4.3 has

been optimized for protons and this explain why, for example, nearly no

deuterons are found below 1 GV. Varying properly this requirement allows

the lower rigidity limit for the deuterons to be decreased until their natu-

ral limit: the crossing of the plexiglass window in front of the �rst silicon

detector (' 650 MV).

For comparison, �gure 4.4 shows the same events as in �gure 4.3 using

now the average of the top and bottom ToF scintillator signals, instead.

2This condition also eliminates all the positron events.
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Figure 4.4: Average energy loss in the top and bottom ToF scintillator versus
rigidity as in �gure 4.3. Unit of mip. About 256000 events of which about 8000 are
charge two particles.

The worse resolution of the scintillators is evident. However, the scintillator

e�ciency is higher and, where a high resolution is not required like for

charge selection, the scintillator information is superior. The di�erence in

the energy loss detected in the calorimeter, compared to the scintillators for

low energies, is due to the slowing down of the particles in the calorimeter.

In fact, in �gure 4.3 the Bragg peak can be clearly seen for protons3.

A selection based on the ionization loss in the calorimeter is useful when

the particle under study does not shower. The clean topology of �gure 4.1

and the typical energy loss permits a clear identi�cation of this class of events

and, in certain momentum regions, to separate between non-interacting par-

3A large part of the kinetic energy of slow particles is lost at their range end giving
rise to the so called Bragg peak in the energy loss.
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ticles of di�erent mass. However, other techniques have to be developed to

treat interacting events. Next sections will be dedicated to the discussion of

two types of interactions:

� electromagnetic showers;

� hadronic showers.

4.2 Electromagnetic showers

Electrons4 at low energy (order of tens of MeV and less, see the de�nition

of critical energy in section 4.3) interacting with matter lose energy mainly

because of collisions with the atoms of the medium. When the velocity of

the electron is high, i.e. � ' 1, the energy loss per g/cm2 of traversed

material can be described as [43]:

dE

dx
= 2�N

Z

A
r2emc

2

"
ln

�2m2c4

I2(1� �)3
� a

#
: (4.1)

where the symbols are de�ned in section 3.1.4 and a = 2.9 for electrons and

3.6 for positrons.

At high energies, however, radiation losses become more and more im-

portant with increasing energy until a large fraction of the energy is spent in

producing high-energy photons (a bremsstrahlung process). In turn, these

secondary photons materialize as electron-positron pairs (a pair production

process) or produce Compton electrons. These new electrons can radiate

more photons that produce other electrons in a multiplicative process called

cascade shower. This multiplication proceeds until the ionization losses of

the secondaries start to dominate the radiation, dissipating all their energy

in excitation and ionization of atoms.

Due to the importance of these processes in the analysis presented in

this thesis, a rather detailed description of them is presented below.

4.2.1 Bremsstrahlung process

Deection of the trajectory of charged particles by the electric �eld of nuclei

may result in the emission of photons. This e�ect depends on the distance

from the nucleus responsible for the deection and it is called a bremsstrah-

lung process. If the radiation processes take place at distances that are

large compared to the nuclear radius, the nucleus can be considered as a

4Unless stated to the contrary electrons are interchangeable with positrons.
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point charge Ze and, if the distance is smaller than the atomic radius, the

�eld acting on the particle can be considered to be due only to this charge.

However, if the distance is comparable with the atomic radius the atomic

electrons screen the electric �eld of the nucleus. The importance of screen-

ing on the emission of a photon of energy E0 by an electron of kinetic energy

E is determined by the quantity:

� = 100
mc2v

U(1� v)Z1=3
: (4.2)

wherem is the mass of the electron, U = E+mc2 and v = E 0=U . The smaller

� is, the larger is the screening. For electrons with high energies, � ' 0, the

situation is called \complete screening" which is nearly independent of the

photon energy. The reason why the screening becomes more important as

the electron energy increases is that the intensity of the electric �eld, due to

the electron, increases. This results in an increase of the e�ective distance

of collisions with energy. However, distant collision are more probable to

produce low energy photons and this explains why the screening decreases

with increasing photon energy.

The di�erential radiation probability �rad(E;E
0)dE0 for an electron with

energy E traversing a thickness of dx g cm�2 of emitting a photon with

energy in dE0 at E0 can be expressed as [42]5:

�rad(E;E
0)dE0 = �

N

A
r2e
dE0

E0

f(4=3� 4=3v + v2)

� [Z2(�1 � 4=3 lnZ � 4f) + Z( 1 � 8=3 lnZ)]

+ 2=3(1� v)(Z2(�1 � �2) + Z( 1 �  2))g; (4.3)

where � = 1/137; �1; �2;  1 and  2 screening functions (see [42] for tables

with values for these functions).

The Coulomb correction, f , is given by:

f(x) = 1:202 x � 1:0369 x2 +
1:008 x3

1 + x
; (4.4)

where x = (Z=137)2.

In the case when E is very large (complete screening) equation 4.3 be-

comes [42]:

�rad(E;E
0)dE0 = 4�

N

A
r2e
dE0

E0

f(4=3� 4=3v + v2)

5It is my understanding that the correct term in equation 3.82 of [42], and consequently

in equation 4.3 here, has to be Z( 1�8=3 lnZ) instead of Z( 1�8 lnZ). Similarly in [42]
Lrad and L0rad are correctly de�ned in table B2 and not in equations B20 and B22.
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� [Z2(Lrad � f) + ZL0rad]

+ 1=9(1� v)(Z2 + Z)g: (4.5)

If the Thomas-Fermi model of atoms (Z � 5) is used [42]:

Lrad = ln(184:15Z�1:3) ; L0rad = ln(1194Z�2:3): (4.6)

A simpler expression, that will be used here, was obtained by Rossi [43]

neglecting the e�ect of the electric �eld of the atomic electrons, that is

considering only the terms in Z2, and the Coulomb interactions, i.e.:

�rad(E;E
0)dE0 = 4�

N

A
r2e
dE0

E0

Z2[(4=3� 4=3v + v2)

� ln(183Z�1:3) + 1=9(1� v)]: (4.7)

From equation 4.7 one obtains the average radiation loss for electrons per

g cm�2 of traversed matter:

dE

dx
= 4�

N

A
Z2r2eE[ln(183Z

�1:3) + 1=18]: (4.8)

Comparing this energy loss with the energy loss due to collisions (see equa-

tion 4.1) shows that above 100 MeV for large Z materials the energy loss

by radiation dominates (see Figure 4.6).

From these expressions it is convenient to measure the thickness of the

medium in terms of radiation length (X0 ) de�ned (from equation 4.5) as:

X0[g=cm
2] =

716:4A

Z2 (Lrad � f) + ZL0rad
; (4.9)

or, according to Rossi [43]:

X0[g=cm
2] =

716:4A[1 + 0:12(Z=82)2]

Z(Z + 1) ln(183Z�1=3)
; (4.10)

where the electric �eld of atomic electrons is taken into account by sub-

stituting Z2 with Z(Z + 1) and the Coulomb correction with the factor

[1+ 0:12(Z=82)2]. This approximation has the advantage of showing explic-

itly the dependence on Z.

Expressing the thickness of the target in terms of radiation length,

t = x=X0 , a di�erential radiation probability per radiation length can be

de�ned:

�rad(E;E
0) = X0 �rad(E;E

0); (4.11)



4.2 Electromagnetic showers 43

and the average fractional energy loss per radiation length:

� 1

E

dE

dt
=

X0

E

dE

dx
: (4.12)

In the case of complete screening equation 4.7 holds and the fractional energy

loss has the value:

� 1

E

dE

dt
= 1 + b; (4.13)

where b = 1=[18 ln(183Z�1=3)]. This value is small compared to unity and

varies from 0.012 for carbon to 0.015 for lead. Thus at high electron ener-

gies the average fractional energy loss is independent of energy and nearly

identical to unity.

At su�ciently high energies bremsstrahlung processes become important

for all charged particles. The radiation phenomena are scaled with a factor

(M=m)2 with M mass of the charged particle. Both the radiation length

and the critical energy (de�ned in section 4.3) scale with this factor and,

for example, the critical energy for muons (��) in tungsten is estimated,

from equation 4.25 and the scaling factor, to be �� ' 346 GeV compared to

�e ' 8.1 MeV for electrons. Thus, for energies lower than 100 GeV radiation

processes are negligible for particles heavier than electrons.

4.2.2 Pair production

As in the case of the bremsstrahlung e�ect, pair production by photons is in-

duced by the electric �eld of the nuclei of the medium and the distance from

the nuclei plays an important role. Similarly to the radiation phenomena,

the inuence of the screening by the atomic electrons on pair production by

a photon of energy E is determined by the quantity

� = 100
mc2

Ev(1� v)Z1=3
; (4.14)

where v = (E0 + mc2)=E and E0 is the energy of one of the electrons of

the pair. The screening e�ect depends on � as in the bremsstrahlung pro-

cess, thus for large photon energies the screening is complete for nearly all

processes of pair production.

De�ning, as in the case of radiation, the di�erential probability

�pair(E;E
0)dE0 for a photon traversing a thickness of dx g cm�2 to produce

an electron in the pair of kinetic energy between E0 and E0+dE0, gives [42]:

�pair(E;E
0)dE0 = �

N

A
r2e
dE0

E
f(4=3v2 � 4=3v + 1)
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� [Z2(�1 � 4=3 lnZ � 4f) + Z( 1 � 8=3 lnZ)]

� 2=3v(1� v)(Z2(�1 � �2) + Z( 1 �  2))g; (4.15)

where  ; � and f have the meaning described in the previous section. In the

case of complete screening, the di�erential probability is [42]:

�pair(E;E
0)dE0 = 4�

N

A
r2e
dE0

E0

f(4=3v2� 4=3v + 1)

� [Z2(Lrad � f) + ZL0rad]

� 1=9v(1� v)(Z2 + Z)g; (4.16)

with Lrad and L
0

rad given by equation 4.6 in the case of Thomas-Fermi atoms.

Using the approximated formula from Rossi [43], one obtains:

�pair(E;E
0)dE0 = 4�

N

A
r2e
dE0

E0

Z2[(4=3v2� 4=3v + 1)

� ln(183Z�1:3)� 1=9(1� v)]: (4.17)

Expressing lengths in terms of radiation length, de�ned in equation 4.10,

neglecting Coulomb corrections and the electric �eld of atomic electrons,

the di�erential probability of pair production per radiation length can be

introduced:

�pair(E;E
0) = X0 �pair(E;E

0); (4.18)

and the total probability for pair production per radiation length:

�pair(E) =

Z E�2m

0
�pair(E;E

0)dE0: (4.19)

In the case of complete screening �pair has the value:

�0 =
7

9
� b

3
; (4.20)

which is independent of energy and nearly independent of the target mate-

rial (small dependence due to b). The value of b is de�ned as for the brems-

strahlung process. This implies that a photon beam traversing a medium of

thickness t, measured in units of X0 , is attenuated by a factor:

exp

�
�t
�
7

9
� b

3

��
� exp

�
�7
9
t

�
; (4.21)

if the thickness of the medium is measured in units of X0 .
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4.2.3 Photon interactions

Besides the previously described pair production there are two other major

electromagnetic processes by which photons interact with matter:

� photoelectric e�ect;

� Compton e�ect.

Photoelectric e�ect. The photoelectric e�ect can be considered to be an

interaction between the photon and the atom as a whole. Incident photons

which have energy E exceeding the binding energy of an atomic electron

may be absorbed ejecting the atomic electron in the process. The cross

section of this process at high energies goes as Z=E [47].

Compton e�ect. The Compton e�ect is the scattering of an incident

photon with an atomic electron. For an incident photon of energy E the

total cross section (�) for Compton scattering is [43]:

� = �r2e
mc2

E

�
ln

2E

mc2
+
1

2

�
; (4.22)

wherem is the mass of the electron and is valid forE � mc2. At high energy

the Compton scattering decreases rapidly with increasing photon energy.

For E � mc2 the total cross section for Compton scattering reduces to the

Thomson cross section (�T ):

�T =
8

3
�r2e ' 6:65� 10�29m2 (4.23)

As has been shown above, the total probability of pair production ap-

proaches the value 7/9 for E !1. Thus in material of high Z, for energies
>� 100 MeV photons are mostly absorbed by pair production, while at lower

energies the dominant e�ect is Compton scattering and below one MeV pho-

ton interactions are mostly due to photoelectric e�ect. This is indicated in

Figure 4.5 where the di�erent contributions to the photon cross section as

a function of photon energy in lead are shown. Besides the three e�ects

presented in this section, Figure 4.5 shows other two processes: Rayleigh

(coherent) scattering and photonuclear absorption. The Rayleigh scattering

is a process in which photons scatter without exciting or ionizing the atom.

The other e�ect is the absorption of the photon by a nucleus and, as can be

seen in Figure 4.5, it is most important in the region 10 to 30 MeV.
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Figure 4.5: Contributions to the photon total cross section as a function of energy
in lead for di�erent processes: �p:e: photoelectric e�ect; �coherent Rayleigh scatter-
ing; �incoh Compton scattering; �nuc photonuclear absorption; KN pair production
o� the nucleus; Ke pair production o� atomic electrons. Figure from [37].

4.2.4 Comments

For equations 4.7 and 4.17 a few approximations have been made:

1. the e�ect of the electric �eld of the atomic electrons has been neglected;

2. the screening has been assumed complete;

3. the atoms of the medium have been treated as free atoms ignoring, for

example, e�ects due to molecular binding.

These approximations limit the validity of the equations to high energies

and high Z materials.

Approximation 1 is partially taken into account with the de�nition of

the radiation length as in equation 4.10. Its importance goes as 1=Z and is

of the order of few percent and less for materials with Z > 6 (for which the

Thomas-Fermi model is valid) [43].
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Approximation 2 requires that the energies of the radiating electrons

and of the converting photons are large enough to give � ' 0, that is

E � 100mc2Z�1=3. Again we have a dependence from Z: the larger the

atomic number of the target material the smaller is the energy of the pri-

mary particle must have for complete screening. As can be seen in the paper

of Tsai [42], at 100 MeV the error due to this approximation is of the order

of tens of per cent for all materials, above 1 GeV it is 5% and lower for

Z � 6.

The error due to assumption 3 is di�cult to estimate but should be of

the order of percent [42].

In conclusion equations 4.7 and 4.17, for the di�erential probability of

bremsstrahlung process and pair conversion respectively, give reliable re-

sults (of the level of a few percent) for media of Z � 6 and primary ener-

gies � 1 GeV.

4.3 Showers induced by electrons and photons

A qualitative description of an electromagnetic shower is obtained assuming

that each electron in the shower, when traversing one radiation length of

material, produces a bremsstrahlung photon and loses half of its energy to

the photon. In turn each photon, traversing one radiation length, material-

izes into an electron-positron pair splitting its energy equally between the

two secondary electrons. This cascading will continue until the energy of the

components of the shower has reached a critical energy � below which they

lose energy and stop only because of collision losses. In this description after

nX0 an electron of energy E0 has produced N = 2n secondaries, each of

energy E = E0=N . This splitting continues until E = � where the number of

particles reaches its maximum. The number of particles consequently results

in Nmax = E0=� and the maximum is reached after nmax = ln(E0=�)= ln 2

radiation lengths.

Figure 4.6 shows the energy loss for electrons and positrons for di�erent

mechanisms in lead. Above 10 MeV the dominant process starts to be

bremsstrahlung . Around 10 MeV the energy loss due to radiation is equal

to the ionization loss. Often the critical energy is de�ned as the energy at

which the energy lost by the two processes is the same [37].

An alternative de�nition is given by Rossi [44] as the energy � dissipated

by ionization in one radiation length by an electron of energy �, i.e.:

�dE
dt

= � (4.24)

Comparing this expression with equation 4.13 it can be noticed that the two
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Figure 4.6: Fractional energy loss per radiation length in lead as a function of
electron and positron energy. Figure from [37].

de�nitions of critical energy coincide at b = 0. Using Rossi's de�nition, the

critical energy for solids is given by [37]:

� =
610MeV

Z + 1:24
(4.25)

4.3.1 Longitudinal development of electromagnetic showers

A more detailed description of the longitudinal development of the electro-

magnetic shower has been given by Rossi and Greisen [44]. In this descrip-

tion multiple scattering has been neglected and the shower has been treated

as unidimensional with all secondary particles moving in the same direction

as the primary particle. Multiple scattering has a signi�cant e�ect on the

lateral spread of the shower. However, this does not modify the description

of the longitudinal pro�le because its e�ect on the path length is negligi-

ble. Further assumptions, which have been made in what is called \Rossi's

approximation B", are:
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� Compton scattering is neglected;

� the cross section for ionization is energy independent and equal to

� per radiation length;

� the complete screening expression for bremsstrahlung and pair pro-

duction is used.

The resulting di�usion equations, that will be used in chapter 8 for the

propagation of the electron uxes from the instrument to the top of the

atmosphere, are:

@�(E; t)

@t
= �

Z 1

0

�
�(E; t)� 1

1� v�(
E

1� v ; t)
�
 rad(v)dv
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Z 1

0
'(
E

v
; t) pair(v)

dv

v
+ �
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@t
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Z 1

0
�(
E

v
; t) rad

dv

v
� �0'(E; t) (4.27)

where �(E; t)dE and '(E; t)dE are the average number of electrons and

photons respectively with energy between E and E + dE at the depth t in

units of X0 .  rad(v) = E0�rad(E
0; E) and  pair(v) = E0�pair(E

0; E) with

�rad and �pair de�ned in equations 4.11 and 4.18.

The �rst term of �rst integral in equation 4.26 accounts for electrons leav-

ing the energy interval dE at E because of bremsstrahlung, while the second

term accounts for electrons entering into this interval from higher energies

because of bremsstrahlung. The second integral represents the photons con-

verting into electrons in the energy interval (E;E+ dE). The third term of

the equation is a continuous energy loss due to collisions, which has a value

of � per radiation length. If this term is put to zero one obtains the so called

Rossi approximation A.

In equation 4.27 the integral refers to electrons with energy greater than

E radiating photons in the interval (E;E + dE). The second term

�'(E
0) =

Z 1

0
 pair(v)

dv

v
= �0 (4.28)

accounts for photons leaving the interval because of conversion.

It is clear from the di�usion equations and from equations 4.7 and 4.17

that Rossi approximation B (and A) gives identical results for all materials

if the thicknesses are measured in terms of radiation lengths and energies in

terms of critical energy.

Table 4.1 summarizes the results on the longitudinal pro�le of the show-

ers induced by electrons and photons under approximation B [43]. It is
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Incident electron Incident photon

Shower maximum, tmax 1:01(lny � 1) 1:01(ln y � 0:5)

Center of gravity, tmed 1:01(ln y + 0:4) 1:01(ln y + 1:2)

Number of electrons 0:31yp
ln y�0:37

0:31yp
lny�0:18

at maximum

Total track length y y

Table 4.1: Quantities related to the longitudinal shower pro�le with approximation
B. The parameters are y = E0=� and t measured in units of X0.

interesting to note the similarity between the formulas for the position of

the maximum and for the number of secondaries given by approximation B

compared to the qualitative model described at the beginning of this section.

4.3.2 Lateral pro�le of electromagnetic showers

The lateral spread of the shower depends mainly on its longitudinal depth

and less on the energy of the primary electron. The lateral spread is due

to the opening angles in pair production and bremsstrahlung, that are of

the order of �brem;pair � mc2=E, where E is the energy of the photon and

electron respectively; and to the multiple scattering in the absorber. The

�rst two processes have a small e�ect on the lateral pro�le and are negligible

compared to multiple scattering. This last process becomes increasingly

important as the energies of the shower particles decreases and, after the

shower maximum, it is responsible for a widening of the shower. This results

in two components for the lateral pro�le: a strongly collimated central one

and a peripheral component which spreads out as the shower penetrates

deeper. Thus, the lateral pro�le f(x; t) (x is the distance from the shower

axis and t is the longitudinal depth in units of X0 ) can be expressed as the

superposition of two exponential components [45]:

f(x; t) = c1(t) e
�

x

�1(t) + c2(t) e
�

x

�2(t) ; (4.29)

where c1 and c2 are two constants; �1 and �2 are the two lateral attenuation

lengths for the central and peripheral component, respectively.

Figure 4.7 shows the average lateral pro�le of electrons from ight data

and from the CAPRICE94 Monte Carlo (see section 3.2) at two longitudinal

depths: a) 2X0 and b) 7X0 . The average pro�le is determined by summing

over a large number of events and normalizing to the total number of events.



4.3 Showers induced by electrons 51

The x axis is the distance in cm from the direction of the primary electron.

The solid line is the transverse spread of a shower induced by electrons

Figure 4.7: Average lateral pro�le of electromagnetic showers in the CAPRICE94
calorimeter at two longitudinal depth: a) 2 X0 and b) 7 X0 . Electrons selected
with the condition of more than 22 hit strips in the calorimeter. Solid line: ight
data; dashed line: simulation data.

from ight data, and the dashed line shows simulated results. Electrons are

selected from a ight data sample of negatively charged particles with more

than 22 hits6 and a rigidity in the interval 1 to 1.5 GV. The �gure shows the

two components of the lateral pro�le and the widening of the shower with

increasing depth. It also shows the good agreement between data and the

simulation. The lateral pro�les can be �tted to equation 4.29 resulting in

the following values:

6This requirement is necessary to reject non-interacting muons and pions from the
sample, see section 7.3.1.
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Longitudinal Depth c1 �1 c2 �2
X0 mip cm mip cm

2 4.0 0.21 0.13 1.9

7 1.2 0.53 0.034 22.4

Note the large increase of �2(t), aboveall compared to �1(t), from 2 X0 to

7 X0 clearly indicating the spreading out of the low energy secondaries. The

values of c1 and c2 depend also on the energy of the primary particle while

�1(t) and �2(t), which characterize the lateral spread, depend only on the

longitudinal depth. This leads to a measurement of the spread in a unit

that depends only on the material and the Coulomb scattering from low

energy particles of the shower. This unit is called Moli�ere radius (RM) and

is de�ned as the average lateral spread undergone by an electron of energy

� (Rossi's de�nition for � has to be used) traversing one X0 of material:

RM [g=cm2] =
ES

�
X0 ' 21MeV

�
X0 / A

Za
; (4.30)

with a
<� 1, where the last relation comes from equations 4.10 and 4.25.

4.3.3 Energy measurement

Measuring the energy lost through an electromagnetic shower permits the

energy of the primary particle to be reconstructed. If the response of the

calorimeter is linear to the energy loss, a linear relation can be obtained

between the energy of the primary particle and the energy loss measured

in the calorimeter. However, this relation holds only if the whole shower is

contained inside the calorimeter, both longitudinally and laterally.

Figure 4.8 shows the total energy detected in the calorimeter (in mip)

as a function of the rigidity (energy for electrons) measured by the track-

ing system. Solid circles denote electrons from ight data selected as for

�gure 4.7 in the calorimeter, open boxes denote electrons simulated by the

CAPRICE94 Monte Carlo. A linear relation between the energy response

of the calorimeter and the energy of the particle is approximately valid up

to 5 GeV. Above this energy the detected energy deviates from linearity

because of large longitudinal leakage. The solid line is a linear �t to the

experimental data points below 5 GeV. The constant term (P1) is found to

be di�erent from zero because, as it will be shown later, of the undetected

energy due to leakage.

It is found [46] that 98% of the energy of the shower is contained if the

depth of the absorber is:

L(98%) � tmax + 4�att; (4.31)
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Figure 4.8: Energy response of the CAPRICE94 calorimeter versus the energy of
the primary particle. Electrons are selected requiring more than 22 hit strips in
the calorimeter: � ight data; Box simulation data. The energy of the particle is
measured by a �t of the tracking information. The solid line is a linear �t to the
�rst �ve experimental points.

with �att ' 3:4X0 characterizing the decay of the shower after the max-

imum. This implies that, using tungsten as an absorber, at 1 GeV about

17 X0 are needed to longitudinally contain 98% of the energy of the shower.

Thus, the CAPRICE calorimeter is not deep enough (only 7 X0 ) to contain

the electromagnetic shower. Yet, up to 5 GeV (see table 4.1) the center of

gravity of the shower is contained and this results in a good linearity of the

energy response up to this energy. At higher energies, however, the leakage

starts to play an important role resulting in an increasing deviation from a

linear relation.

From the point of view of lateral containment of the shower it is found

that 95% of the energy of the shower is contained in a cylinder of radius

R [46]:

R(95%) � 2RM : (4.32)
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With X0 = 3.5 mm for tungsten (from equation 4.9), R(95%) is of the

order of 1.8 cm. In the CAPRICE94 analysis of the calorimeter a condition

of lateral containment is used. The track, �tted by the spectrometer, is

extrapolated to the level of the �rst and �fth calorimeter plane, counting

from top to bottom, and the extrapolated x and y positions are required to

be at least 2 cm from the calorimeter borders. This assures a good lateral

containment of the shower.

Any energy measurement is a�ected by some errors depending on the

type of detector that is used. In a homogenous calorimeter the resolution

is limited mainly by the shower leakage. In a sampling calorimeter, like

the CAPRICE one, the resolution depends on several other parameters.

Statistical uctuations on the average number (Nave) of secondaries in the

cascade result in a resolution depending on the energy like:

�(E)

E
� �Nave

Nave
� 1p

Nave

� E�1=2: (4.33)

The sampling frequency also plays a role introducing a dependence on
p
d,

where d is the unit absorber thickness in g=cm2. Furthermore, the depen-

dence on the critical energy also has to be taken into account, resulting in

the following expression for the resolution [45]:

�(E)

E
= k

s
�[MeV] d[g=cm2]

E[GeV]
; (4.34)

where k is a constant that in [45] is quoted to be independent of energy

and equal to 2.1 for lead. Using a similar value for tungsten (2:05� 0:05,

see [24]), the CAPRICE94 calorimeter resolution results:

�(E)

E
' 0:152p

E
: (4.35)

However, the resolution also depends on the longitudinal leakage as [46]:

�(E)

E
' �(E)

E
jf=0

�
1 + 2

q
E(GeV)f

�
; (4.36)

with f being the fractional energy loss through leakage. The equation is

valid for f < 0:2. Therefore, leakage results in a reduction of the resolution

with increasing energy.

No experimental results on the energy resolution are presented because

the energies of the electrons are not monochromatic but follow a distribution

that is a power law at high energies (see chapter 8). However, an estimation

at 1, 3 and 5 GeV has been obtained using the simulation, i.e.:
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Incident Mean detected energy Energy resolution �(E)=E

energy E �(E)

GeV mip mip

1 142.8 � 0.3 33.2 � 0.4 0.232 � 0.003

3 380 � 1 70 � 1 0.184 � 0.003

5 590 � 2.6 105 � 2.5 0.178 � 0.004

The good agreement between simulations and experimental data (see for in-

stance Figures 4.7 and 4.8 and section 3.2) permits the resolution estimated

from the Monte Carlo to be relied on. From simulations it can be seen

that the leakage has an e�ect on energy measurements at all energies. In

fact, the fraction of energy lost through leakage can be obtained from equa-

tions 4.35 and 4.36, i.e.: f(1 GeV) = 0.26, f(3 GeV) = 0.32 and f(5 GeV)

= 0.36. These are approximated values because equation 4.36 only holds

for f < 0:2. However, they can be used to explain why the linear �t of

Figure 4.8 has a constant term di�erent from zero. If one uses the previous

values for the mean detected energy in the calorimeter without taking into

account the leakage, a linear �t of them gives a constant term of about 27.

Instead, if the energy loss through leakage is added to these mean values the

constant term becomes 12 and the linear assumption approximates better

the data. The approximated validity of equations 4.35 and 4.36 justi�es the

statement that the constant term is di�erent from zero because of leakage.

This is veri�ed by increasing the thickness of the tungsten in the simulation

to obtain a full containment calorimeter. Then a good linear relation with

a zero constant term is obtained.

4.4 Hadronic showers

In contrast to electromagnetic showers, no simple analytic description of the

cascade is available for hadronic shower development. In fact, the cascade

is the result of di�erent inelastic hadronic interactions which give rise to a

shower of various particles with large uctuations in multiplicity and energy

loss from cascade to cascade. In a nuclear interaction the average inelasticity,

that is the fraction of the primary energy acquired by the particles produced

by inelastic interaction, is ' 0.5. The resulting secondaries are produced

with an average transverse momentum of � 350 MeV/c, so that the hadronic

shower tends to be more spread out laterally than an electromagnetic one.

The remaining energy is taken away by one (it can be the interacting particle

itself), called the leading particle, or more particles which travel along the

direction of the primary particle.
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Hadronic interactions with nuclei are similar to interactions with free

nucleons except for a multiplicative factor depending on A (atomic weight

of the target). The cross sections approximatively vary as A2=3 or A3=4 when

the interacting particle is a nucleon or a meson respectively. The multiplicity

of particles in the inelastic interaction increases slowly with the energy as

A0:1 ln s (
p
s is the total energy in the center of mass) and uctuates largely

(of the order of 50%) around this value, independently of the energy.

In summary, the particles produced in an hadronic cascade can be group-

ed as:

� high energy secondary particles, such as �� , �+ , p and n;

� �0's that decay to gamma rays which in turn induce electromagnetic

showers. On average 30% of the incident energy is released as electro-

magnetic energy at an incident energy of 10 GeV;

� products from breaking-up the target nuclei, such as photons, neu-

trons, protons and nuclei's fragments with energy from about 1 to

10 MeV. The binding energy used to break-up the nuclei and the en-

ergy carried by neutrinos are lost and amounts to about 20% of the

incoming particle energy [47].

4.4.1 Longitudinal development of hadronic

showers

As for electromagnetic showers a length unit that characterizes the longitudi-

nal development of the hadronic cascade is introduced. A nuclear absorption

length, �0 [cm], can be de�nes as [45]:

�0 =
A

(mN ��I)
/ A1=3; (4.37)

where � and �I are the density and the inelastic cross-section of the target

respectively. The absorption length is practically independent of the energy

and of the type of interacting particle.

The longitudinal pro�le of the shower rises fast in the early phase due

to the electromagnetic component. Then, after the maximum, the cascade

is dominated by the hadronic component and the pro�le decreases slowly.

The shower maximum is reached at [37]:

tmax(�0 ) � 0:2 � lnE(GeV) + 0:7: (4.38)

The slow decay and weak energy dependence of the shower after the maxi-

mum is described by the longitudinal attenuation length �att, where
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�att � �0 [E(GeV)]0:13 [46]. Thus, containment of 95% of the shower can

be approximated by [46]:

L(95%) � tmax + 2:5�att: (4.39)

4.4.2 Lateral spread of hadronic showers

The lateral spread is caused by the large emission angle of the secondary

particles. The lateral pro�le depends on the longitudinal depth and increases

almost linearly with it. A central part, close to the shower axis, decays

quickly while a large peripheral component survives carrying a large fraction

of the energy away from the axis. One can de�ne a cylinder of radius R which

contains 95% of the shower energy such as [46]: R = �0.
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Chapter 5

Particle Identi�cation with

the Calorimeter

The identi�cation of the electron and positron component in the cosmic

radiation is complicated by the presence of a large backgrounds of pro-

tons and helium nuclei. Furthermore, when this search is performed with

balloon-borne experiments, a background of lighter particles such as muons

and pions produced in the atmosphere or in the payload structure above

the experiment also has to be taken into account. In an experiment like

CAPRICE94 the proton background accounts for about 102 and about 103

times the electron and positron components at 1 GV, respectively. This

background increases to about 4 � 102 and about 5 � 103 at 10 GV. On

top of this there is a background of helium nuclei of about 102 times and of

muons approximately of one third of the electron component and three times

the positron component. These large backgrounds put strong constrains on

the types of detectors that can be used in the experiment. A good mag-

netic spectrometer is needed to reliably determine the charge and rigidity

of particles and a good particle identi�er to identify e�ciently electrons and

positrons.

As it will be shown in the next chapter, the CAPRICE94 tracking system

provided reliable information of the sign of charge and deection over a wide

rigidity range from 100 MV up to 100 GV. The two sets of scintillators

select with high accuracy (the top set of scintillators alone is su�cient for

the identi�cation) jZj = 1 particles. What is left is to identify electrons

in a background of muons and pions and positrons in a vast background of

protons, muons and pions. This is performed by combining the RICH and

calorimeter identi�cation capabilities (plus the time-of-ight information for

the lowest rigidities). As can be inferred from the background abundance,

59
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the two detectors together have to provide a rejection factor of the order of

105 for protons. In the next chapter it will be shown that the RICH can

select electrons1 with a rejection factor for protons of the order of 102. Thus

the calorimeter has to provide a rejection factor of about 103.

This chapter is dedicated to the description of the calorimeter criteria

used to select electrons. Throughout the chapter simulated electrons are

used for e�ciency plots because it is not possible to select an unbiased

sample of experimental electrons without using the calorimeter. In chapter 7

it will be shown that the simulated e�ciency is in good agreement with an

estimation of the experimental one.

5.1 Terminology

Before proceeding it is convenient to briey de�ne some terminology that

will be used in what follows.

Let us de�ne two samples of events: sample G of good events that one

wants to identify and sample B of background events that one wants to

reject using the selection criterion (or set of criteria) S. Then the following

de�nitions can be introduced:

� e�ciency of S: fraction of G events identi�ed as G events by S;

� contamination of S: fraction of B events identi�ed as G events by

S;

� rejection factor of S: ratio between e�ciency and contamination2

of S.

5.2 Electromagnetic and hadronic showers in the

CAPRICE94 calorimeter

Figure 5.1 shows the track of a 2.8 GV proton selected by the RICH which is

not interacting in the calorimeter, and �gure 5.2 shows an electromagnetic

shower in the calorimeter induced by an electron (negative deection in the

spectrometer) of the same energy. Comparing also with �gure 4.1, it is evi-

dent that the identi�cation of an electron (electromagnetic shower) with the

calorimeter against non-interacting particles can be easily obtained. This

is true for all energies of interest in this work, except for energies below a

1Unless stated to the contrary electrons are interchangeable with positrons.
2Some authors de�ne rejection factor as the reciprocal of this value.
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Figure 5.1: Hits and energy losses distribution in the x and y views of the calorime-
ter for a 2.8 GV proton from ight data. The numbers indicate the energy loss in
mip. Note that the �gure is not to scale, e.g. the calorimeter is signi�cantly thinner
than shown in the �gure.

few hundred MeV where the development of the detectable shower in the

calorimeter has large uctuations. The main di�culty arises in the identi-

�cation of electromagnetic showers in a background of interacting particles,

i.e. hadronic showers.

In table 5.1 the main features, discussed in the previous chapter, of the

two type of showers in the CAPRICE94 calorimeter are presented. For

simplicity the calorimeter has been assumed to be consisting of a block of

(50 � 50 � 2:45 cm3) of tungsten (7 X0 ), i.e. neglecting the contribution

from the silicon detectors and electronics.

As shown in table 5.1, the main di�erences between an electromagnetic

and an hadronic shower are that only for the electromagnetic shower the

shower maximum (and center of gravity) is contained in the calorimeter and

that the lateral distribution of the hadronic shower is much wider. Fur-

thermore, the electromagnetic shower development is strongly related to the

energy of the primary electron (see table 4.1) and with a high probability

the electromagnetic shower will start to develop in the �rst two-three planes
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Figure 5.2: Hits and energy losses distribution in the x and y views of the calorime-
ter for a 2.9 GV negative electron from ight data. The numbers indicate the energy
loss in mip. Note that the �gure is not to scale, e.g. the calorimeter is signi�cantly
thinner than shown in the �gure.

of the calorimeter.

Summarizing the features of the electromagnetic shower, which are useful

to separate it from an hadronic shower, are:

1. the starting point of the shower;

2. the fraction of detectable energy loss;

3. the longitudinal pro�le;

4. the transverse pro�le;

5. the topological development of the shower.

It is clear both from table 4.1 and section 4.4 that many of these features

for both type of showers are energy dependent. Thus, any selection based

upon them, that one wants to keep a constant e�ciency for, has to take

into account this property using cuts with a logarithmic dependence on the
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Electromagnetic shower Hadronic shower

Radiation length (X0 ) 0.35 cm

Absorption length (�0 ) 9.59 cm

Critical energy (�) 8.1 MeV

Moli�ere radius (RM) 0.91 cm

Shower maximum ' 4.6 X0 = 1.61 cm ' 0.84 �0 ' 8.1 cm

at 2 GeV/c

Longitudinal containment No containment No containment

(95%) at 2 GeV/c ' 6.4 cm needed ' 34 cm needed

Lateral containment Full containment Full containment

(95%) for all particles for central incidence

Lateral spread ' 3.6 cm ' 19 cm

Table 5.1: Main features of electromagnetic and hadronic showers in the CA-
PRICE94 calorimeter.

energy (see table 4.1). However since Rossi's approximation B, which is used

for tables 4.1 and 5.1, is only valid at high energies, one can expect to use

di�erent energy dependencies at low energies (below 1 GeV).

Before describing the selection criteria it is necessary to discuss a phe-

nomenon that concerns a certain fraction of the electrons recorded with the

CAPRICE94 apparatus: photon emission above the spectrometer.

5.3 Electrons accompanied by a second shower in

the calorimeter

Above the tracking system there is the equivalent of ' 8.7 g/cm2 of mate-

rial (dome, RICH and top scintillator paddles). This implies that electrons

traversing this material have a certain probability of emitting bremsstrah-

lung photons. Taking into account the di�erent media above the spectro-

meter, an average X0 of 32.5 g/cm2 is found. Thus the average fractional

energy loss in radiation by an electron traversing this material is ' 0.25. The

photons produced in this manner can convert above or in the spectrometer,

appearing as multiple track events in the tracking system. Alternately, they

can traverse the spectrometer and enter the calorimeter where they convert

as electromagnetic showers. Assuming that the amount of material in the

tracking system is negligible (� 0:6 g/cm2), photon conversion can happen

above or below it. If it occurs above it, the top scintillator dE/dx selection,
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described in the next chapter, eliminates these events. Thus the electrons

entering the calorimeter are single charged tracks in the spectrometer and

the possible accompanying photon converts below it. This e�ect can improve

or complicate the identi�cation of electrons.

For low energy electrons that are strongly deected by the magnetic �eld

the accompanying photon appears as a second electromagnetic shower in the

calorimeter. A 1.35 GeV electron inducing an electromagnetic shower ac-

companied by a second shower in the calorimeter is shown in �gure 5.3. The

bending of the electron in the magnetic �eld is such that the electromag-

netic shower induced by the photon is clearly separated in both views. The

radiation process at this energy is a unique feature of electrons (as it has

been shown in section 4.2.1). Hence, the presence of a second electromag-

netic shower in the calorimeter with no associated track in the spectrometer,

besides the one induced by the charged particle traversing the spectrometer,

is a clear signature of an electron event. However, for higher energies, where

the bending of the primary electron is negligible compared to the spatial

resolution of the calorimeter, the photon induces an electromagnetic shower

that overlaps with the cascade produced by the primary electron. This af-

fects the relation between momentum measured by the spectrometer and the

energy loss and topology of the shower in the calorimeter. In fact, the mo-

mentum measured in the tracking system refers to the electron momentum

after the emission of the bremsstrahlung photon. Hence, it does not take

into account the energy carried by the photon. However, it will be shown

that also in this case a very good separation against hadronic showers can

be achieved. For example, a second overlapping electromagnetic shower has

a limited e�ect on the lateral spread.

5.3.1 Identi�cation of double showers

As described in the previous section, photons can be emitted by electrons

traversing the material above the spectrometer. This material is concen-

trated in the RICH (NaF, quartz window, electronics, etc.) and, in smaller

amounts, in the aluminium cover of the gondola and in the top scintillator

paddles. Neglecting the contributions from the scintillator paddles and as-

suming that all RICH material is localized in a single layer (the thickness of

the RICH, see Figure 2.2, is of the order of 5 cm) one can expect that the

production sites of photons are the cover of the gondola or the RICH layer.

The opening angles of bremsstrahlung processes are �brem � mc2=E with

m and E being the mass and the initial energy of the radiating electron,

respectively. Thus, for energies of 200 MeV and more the emission angles

are less than 3 mrad (a few millimeters deviations after a ight path of 1
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Figure 5.3: Display of a single 1.35 GV electron in the CAPRICE94 instrument.
The electron emits, according to the intersection of an extrapolation of the track,
a bremsstrahlung photon in the RICH. From top to bottom is displayed: the RICH
seen from above, the tracking system, and at the bottom the calorimeter. Note that
the �gure is not to scale, e.g. the calorimeter is signi�cantly thinner than shown in
the �gure. For the track �t, only the drift chambers are used. The circles in the DCs
indicate hits and their radius is proportional to the drift time. The bending view
(x) is to the left and the non-bending view (y) to the right. The calorimeter shows
the two electromagnetic showers produced by the electron and by the bremsstrahlung
photon, respectively.
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meter), i.e. the direction of the photon is essentially the same as that of the

electron at the emission point. With a back extrapolation of the electron

track in the spectrometer to the RICH and to the cover, the direction and

position of emission are calculated and, extrapolating the photon path, the

position of the photon inside the calorimeter is obtained. If an electromag-

netic shower is found in this position, this event is classi�ed as having an

accompanying shower and tagged accordingly. As an example, �gure 5.3

shows a second electromagnetic shower that is produced by a photon which

emission point is estimated to be in the RICH.

This procedure is done in the following way. First of all, the information

from the calorimeter is grouped using two clustering techniques:

� type 1 cluster: for each layer of each view, contiguous strips hit are

grouped together to form single clusters;

� type 2 cluster: the calorimeter is divided in two halves of four planes

each and the energies of corresponding strips are merged for each half.

That is: the two matrices 
(i; j)x;y, with i going from 1 to 128 and

j from 1 to 8 containing the detected energy of each strip, are trans-

formed into the two matrices K(i; l)x;y, with l going from 1 to 2, such

as:

K(i; l) =
4�lX

j=4�(l�1)+1


(i; j)

Then contiguous strips hit are grouped together to form single clusters.

This method minimizes the transversal uctuations of the showers.

For each type of cluster the information on energy and center of gravity

is saved. Then, the clusters (the second clustering method is used) inside

a cylinder of radius 1 cm (one Moli�ere radius), with an axis given by the

extrapolated track of the charged particle, are assigned to the primary par-

ticle. If the remaining clusters, in a cylinder of radius 1 cm and axis of the

extrapolated track of the photon, account for more than 20 mip of energy

the event is tagged as having a second shower. This search is performed

only if the extrapolated positions of the primary particle and of the photon

in the calorimeter are at least 1 cm apart. This condition a�ects mainly

particles with rigidities greater than 3 GV.

Some photons may, instead, be emitted in the top scintillator or in the

tracking system. These photons induce showers in di�erent positions in the

calorimeter and, consequently, are not identi�ed by the previous method.

Thus, the calorimeter is scanned in search of a second shower. This scanning

works as the �rst search only that it is not con�ned to a precise position in
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the calorimeter. The clusters \belonging" to the charged particle are again

excluded in the search. No constraints on the bending in the magnetic �eld

of the charged particle are imposed and for this reason a cylinder with a

larger radius (1.5 cm) is used. If a second shower is found, the event is

tagged di�erently from the previous case.

Events with a single charged track in the spectrometer and a shower

not corresponding to the �tted track are, with high probability, electrons.

However, interacting hadrons can also give a shower away from the track.

This implies that these events have to be further analyzed to be identi�ed

as electrons, but in that case a selection with weaker cuts than the ones

for events without an accompanying shower can be used. This is even more

true for events accompanied by a shower produced in the RICH or in the

aluminium cover because of the lower probability for an hadron to fake them.

In conclusion: for each event the calorimeter is scanned for showers away

from the extrapolated track and the event is classi�ed consequently, i.e.:

� type 0 event: no second shower found (� 70% of the electrons);

� type 1 event: a second shower, which direction points back to the

RICH or to the aluminium cover, is found (� 20% of the electrons);

� type 2 event: a second shower, with no de�ned emission point, is

found (� 10% of the electrons).

Figure 5.4 shows the fraction of the three types of events using electrons

from simulations and protons from ight data. The decrease with energy

of type 1 events for electrons above 3 GV is evident. Protons have been

selected in the range from 0.2 to 5.0 GV combining the RICH and the time-

of-ight information. It is worth noticing that all non-interacting protons

are classi�ed as type 0 events. The fraction of type 1 and 2 protons increases

with energy as the proton inelastic cross section increases since these events

are protons which have a hadronic interaction in the calorimeter.

According to the type of event, di�erent selection criteria are used.

5.4 Selection of electromagnetic showers

In section 5.2, the main features for identi�cation of electromagnetic showers

against a background of muons and hadronic particles have been presented.

In this section each of them is discussed in detail and selection criteria with

corresponding e�ciencies and contaminations are presented. As explained

in the introduction of this chapter, simulated electrons are used for the selec-

tion e�ciency and protons from ight data for the selection contamination.
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Figure 5.4: Fraction of event types as described in the text. Top: simulated elec-
trons; bottom: protons from ight data. 2 type 0 events; 4 type 1 events; � type 2
events.

However, �gures that show experimental quantities are obtained using only

ight data.

5.4.1 Starting point of the shower

From the value ofX0 in table 5.1 it is evident that an electromagnetic shower

has a high probability (
>� 86%) to start developing in the �rst three planes of

the calorimeter. However table 5.1 is obtained from the asymptotic relations

of section 4.2 that are valid only for high energies so one can expect an energy

dependence of the starting point for energies below 1 GeV. For an hadronic

shower, the starting point (see �0 in table 5.1) is rather uniformly distributed

in the eight planes. Yet, this is not completely true at low rigidities where

the inelastic cross section is momentum dependent. In conclusion, energy

dependent cuts have to be used to keep a low contamination at a fairly

constant e�ciency.

Two quantities have been de�ned that characterize the starting point:
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1. the variable:
2X

j=1

8X
i=1

�ij � i

with �ij = 1 if the i-th plane of the j-th view has a type 1 cluster along

the track (less than 4 mm away) with a detected energy typical of a

proton, otherwise �ij = 0.

2. the average (total detected energy divided by the number of strips hit)

energy loss in the �rst half of the calorimeter. For this calculation only

the strips hit inside a cylinder of radius 3 RM around the extrapolated

track are used.

These quantities are used only for type 0 and 2 events. A non-interacting

proton or a proton interacting after a few planes will result in high values

of quantity 1, up to a maximum of 72 for a straight track with hits in all

the planes. Instead, in the case of an electromagnetic shower developing

in the �rst planes this variable will have a low value. This can be seen in

Figure 5.5 which shows quantity 1 as a function of rigidity for type 0 events

from ight data (negative particles are presented with a negative rigidity).

The sample comprises e� , �� and �� on the negative side and p, e+ , ��

and �+ on the positive side. Everything below the solid line is accepted

as an electron candidate. At low energies the selection criterion of accepted

electron candidates is relaxed to take into account the increasing uctuations

of the electromagnetic shower as the energy decreases. It is worth pointing

out that this quantity will have a high value also in the case of a proton

interaction in the �rst planes where one of the secondaries is a relativistic

particle proceeding in the direction of the interacting proton. The choice of

an upper limit for the energy of the cluster typical of a proton, instead of a

minimum ionizing particle, is due to the fact that low energy non-interacting

protons have an energy loss exceeding one mip.

Quantity 2 samples the �rst part of the shower and emphasize the smaller

uctuations of the development of an electromagnetic shower compared to

an hadronic shower.

The e�ciencies and contaminations of a selection based on these vari-

ables are shown in �gure 5.6 for the two types of events. For type 2 events

the selection is used only above 1 GV. The e�ciency is fairly constant and

higher than 90% in the whole energy range while, as expected, an energy

dependence of the contamination, aboveall at low rigidities, is found. Below

1 GV, the contamination increases approaching 100% as the proton rigidity

decreases because protons are able to cross only the �rst silicon planes where

they release most of their kinetic energy. Hence, they have a small value
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Figure 5.5: Quantity related to the starting point of the shower as a function of
rigidity for type 0 events from ight data. A negative sign is assigned to the rigid-
ity of negative particles. The dense band at high values is due to non-interacting
particles. The events with values below the solid line are accepted as electron candi-
dates. The �gure comprises about 516000 events of which about 15000 are negative
particles.

for quantity 1 and a rather large, similar to a small electromagnetic shower,

value for quantity 2.

5.4.2 Fraction of energy loss

In section 4.3.3 it has been shown that a quasi-linear relation exists (up to 5

GeV) between the detected energy loss in the calorimeter and the energy of

the primary electron. A convenient way to present this relation is through

the variable obtained with the so called \energy-momentum match", that is

the ratio between the detected energy loss and rigidity of the particle from

the spectrometer. Figure 5.7 shows this quantity as a function of the rigidity

for all charge one particles in the ight data. In the ight data, negative
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Figure 5.6: E�ciency and contamination of the selection based on the starting
point of the shower. Top part: simulated electrons; bottom part: protons from ight
data. 2 type 0 events; � type 2 events. This selection is not applied on type 1
events. For type 2 events the selection is used only above 1 GeV.

particles are presented with a negative rigidity. However, the presence of

double showers limits this relation as more energy than expected can be

found. This is taken care of by subtracting from the total energy the energy

of the second shower when detected, and applying only a lower cut on the

variable, as shown in the �gure. Everything above the solid line is accepted

as an electron candidate.

E�ciencies and contaminations of this cut are shown in �gure 5.8 for

the three types of events. For type 1 and 2 events the selection is performed

only above 1 GV. Due to the quasi-linear relation between detected energy

in the calorimeter and rigidity of the incident electron for type 0 electrons

the selection e�ciency is constant in the whole energy range. The constancy

of the e�ciency also for type 1 and 2 electrons implies that the energy of the

second shower is properly evaluated and subtracted from the total energy.

For type 0 protons the contamination increases with rigidity due to the

increasing kinetic energy which they can lose in the silicon detectors (see

Figure 4.3 and footnote 3 in section 4.1). Then, above 700 MV, protons
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Figure 5.7: Total detected energy loss in the calorimeter divided by the rigidity of
all particles versus rigidity for ight data. A negative sign is assigned to the rigidity
of negative particles. The two dense band are due to non-interacting particles. The
solid line at 70 indicates the chosen lower limit used to select electrons. The �gure
comprises about 565000 events of which about 17000 are negative particles.

have enough energy to cross the whole calorimeter and their energy loss

decreases reaching the value typical of minimum ionizing particles above a

few GV. Hence, above 1 GV the ratio between energy and rigidity goes to

zero as the rigidity increases (see dense bands in Figure 5.7). Type 1 and

2 protons shower in the calorimeter and the energy lost in the calorimeter

depends on their rigidity. However, the longitudinal leakage for an hadronic

shower is large and it increases as the energy of the incident proton increases.

Hence, also in this case, the selection contamination decreases as the rigidity

increases.
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Figure 5.8: E�ciency and contamination of energy-momentum match selection.
For type 1 and 2 events the selection is performed only above 1 GV. Top: simulated
electrons; bottom: protons from ight data. 2 type 0 events; 4 type 1 events; �
type 2 events.

5.4.3 Longitudinal pro�le

Table 4.1 shows the principal properties of the longitudinal development of

an electromagnetic shower. In this analysis, two quantities related to the

longitudinal pro�le, have been proved useful:

1. the position of the shower maximum;

2. the energy loss in the silicon strip with highest detected energy.

The position of the shower maximum induced by electrons of less than

10 GeV is well contained in the CAPRICE94 calorimeter. Instead, the

calorimeter is far too short (see table 5.1) to contain the maximum of an

hadronic shower even at 2 GeV. This implies that a logarithmic energy rela-

tion exits between the energy of the electron and the position of the shower

maximum in the CAPRICE94 calorimeter (see table 4.1), while a nearly

random distribution of the shower maximum in the calorimeter is expected

for an hadronic shower.
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The second quantity is related to the number of electrons at shower max-

imum (a rough estimation is given in table 4.1) and, consequently, related to

the energy of the primary electron. In the case of interacting hadrons, the

spread of the highest energy loss is much larger than for electrons and the

energy loss can be of the order of hundreds of mip (e.g. breaking of a silicon

nucleus with fragments that lose all their energies in one strip). Figure 5.9

Figure 5.9: Energy loss in the strip with highest detected energy versus particle
rigidity for ight data. A negative sign is assigned to the rigidity of negative par-
ticles. The solid lines comprise the area of accepted electron events. In the �gure
there are about 563000 events of which about 16000 are negative particles.

shows the value of this quantity as a function of rigidity. The events falling

in the area between the solid lines are de�ned as electrons. The selection

is not very strong but all the events outside this area are rejected without

further analysis.

E�ciencies and contaminations of a selection based on these two quanti-

ties are shown in �gure 5.10 for the three types of events. The selection for

type 1 events is applied only above 1 GV. A fairly constant e�ciency close

to 100% is obtained. All three proton types have a decreasing contamina-
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Figure 5.10: E�ciency and contamination of the longitudinal shower development
selection. The selection for type 1 events is applied only above 1 GV. Top: simulated
electrons; bottom: protons from ight data. 2 type 0 events; 4 type 1 events; �
type 2 events.

tion as the rigidity increases. For type 1 and 2 protons this is related to the

increasing leakage of the hadronic shower maximum.

5.4.4 Lateral pro�le

Three quantities have been introduced to emphasize the larger spread of the

hadronic shower:

1. the fraction of energy lost inside a cylinder of radius 0.5 RM around

the track of the primary particle;

2. the fraction of energy loss of type 1 clusters, using only the cluster

with the highest energy for each layer;

3. fraction of total energy loss detected outside a volume along the track

of the primary particle. This volume is given by the clusters (type 2)

closest to the track.
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Figure 5.11 shows quantity 1 as a function of rigidity for type 0 events. The

solid line is the chosen selection: all events with higher values of this variables

are tagged as electrons. This can be justi�ed from �gure 4.7 which shows the

Figure 5.11: Fraction of total energy loss in a cylinder of radius 0.5 RM as a
function of particle rigidity for ight data. A negative sign is assigned to the rigidity
of negative particle. The solid line indicates the lower limit for electron selection
based on this variable. The �gure comprises about 513000 events of which about
13000 are negative particles. Only type 0 events are shown.

lateral pro�le for ' 1 GeV electrons: at 7 X0 the central part of the lateral

pro�le still contains the larger fraction of the energy and the transversal

attenuation length of the central component is about half a Moli�ere radius.

Using the parameters of the two components obtained in section 4.3.2, after

7 X0 about 60% of the energy is contained inside 0.5 RM .

The events where this variable is unity (dense distribution at energy

fraction 1 in Figure 5.11) are non-interacting events. No condition has been

applied to eliminate them. Instead a condition on quantity 2 is used. This

is explained by the fact that at high energies the two variables coincide for

non-interacting events, but a low momenta, where the scattering plays an
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important role, the �rst quantity can assume values lower than unity for a

scattered non-interacting particle, while quantity 2 is still unity. Thus, a

selection on quantity 2 can eliminate events with values of the �rst variable

close to one. Besides non-interacting particles, it can also eliminate interact-

ing hadrons where most of the detected energy is lost by a single secondary

(e.g. a slow alpha).

Quantity 3 is shown in Figure 5.12 as a function of rigidity for type 2

events. This quantity is similar to the previous two variables but by using

Figure 5.12: Fraction of total energy loss detected outside a volume along the track
of the primary particle. as a function of particle rigidity for ight data. A negative
sign is assigned to the rigidity of negative particle. The events with values below
the solid line are accepted as electron candidates. The �gure comprises about 29700
events of which about 800 are negative particles. Only type 2 events are shown.

type 2 clusters the transversal uctuations of the electromagnetic shower are

minimized. Most of the electromagnetic energy is contained in these clusters

while, due to the larger lateral spread and smaller number of secondaries,

much of the energy of an hadronic shower is outside them. This can be

seen in Figure 5.12 since type 2 events are mostly events which interact in
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the calorimeter. The distribution of this variable is much wider for events

with positive deection than for events with negative deections which are

mostly electrons. Hence, electrons are selected requiring values for quantity

3 lower than the solid line in Figure 5.12. Non-interacting particles have

very low values (� 0) since all their energy is along the extrapolated track,

therefore, no separation against non-interacting particles is obtained with a

selection on quantity 3.

E�ciencies and contaminations of a selection based on these variables

are shown in �gure 5.13 for the three types of events. The selection for

Figure 5.13: E�ciency and contamination of transverse pro�le selection. The
selection for type 1 events is applied only above 1 GV. Top: simulated electrons;
bottom: protons from ight data. 2 type 0 events; 4 type 1 events; � type 2 events.

type 1 events is applied only above 1 GV. The selection e�ciency increases

with rigidity. This is easily explained by the fact that multiple scattering

a�ects the shower at lower energies particularly after the maximum. Above

2 GV the maximum is well inside the second half of the calorimeter and

the scattering has much less e�ect resulting in a constant e�ciency. For

similar reasons, the contamination for type 0 protons increases up to 1 GV.

Above this rigidity, since the deviations due to Coulomb scattering from the
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medium nuclei goes as (�p)�1 (� and p are the velocity and momentum of

the particle respectively), deviations due to scattering for protons can be

assumed negligible and so the selection contamination becomes constant.

For hadronic showers the uctuations in the lateral pro�le are much larger

than for electromagnetic showers and it can be expected that they increase

as the energy of the incident proton, and consequently the energy of the

shower, increases. This can be seen in Figure 5.13 for type 2 events but not

for type 1 events. Type 1 particles are events with an accompanying shower

in the projected direction from the RICH and the dome in the calorime-

ter and this direction approach the direction of the incident particle as its

rigidity increases. Hence, the probability of selecting them with the criteria

described in this section increases. Vice versa, type 2 protons have a frac-

tion of their energy away from the incident direction, i.e. they are mainly

sampling hadronic showers with a large lateral spread.

5.4.5 Topological development of the shower

The number of secondaries in an electromagnetic shower and their track

length in the calorimeter are related to the energy of the primary electron

(see table 4.1). For an hadronic shower, as discussed in section 4.4, no

simple relation can be found, particularly for a calorimeter without full

containment. The simplest way to characterize this di�erence is with a

quantity based on the number of strips hit in the calorimeter. A lower limit

on this variable is enough to eliminate nearly all non-interacting particles

and hadronic showers with low multiplicity. However, for high multiplicity

hadronic showers a more complex variable is needed. This quantity is given

as:
2X

j=1

8X
i=1

nhit(i; j) � i (5.1)

where nhit(i; j) is the number of strips hit inside three RM around the track

in the i-th plane (1 for the top plane and 8 for the bottom plane) of the

j-th view. This quantity strongly emphasizes the typical multiplication with

increasing calorimeter depth, of the secondaries of the electromagnetic cas-

cades and their collimation along the track. For these events large values

of the quantity are obtained. Clearly for an hadronic shower the transver-

sal dispersion and the limited number of secondaries usually results in low

values of this variable.

Figure 5.14 shows this quantity as a function of particle rigidity. On the

negative side, the two components, electrons and non-interacting particles

(there is also a small fraction of interacting pions) are clearly separated.
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Figure 5.14: The topological development of the shower. The �gure shows the sum
of the number of hits inside 3 RM around the track multiplied by the corresponding
calorimeter plane number versus rigidity. A negative sign is assigned to the rigidity
of negative particle. The events above the solid line are tagged as electrons by
this selection. The �gure comprises about 516000 events of which about 15000 are
negative particles. Only type 0 events are shown.

On the positive side protons, both interacting and non-interacting, show up

mainly below the solid line. Only a small fraction of the proton events is in

the region above the line that corresponds to the electrons on the negative

side. Thus, positrons fall in the area above the solid line and this results

in the most powerful selection criterion for electromagnetic showers. In

Figure 5.14 only type 0 events are shown. For the other two types, stronger

cuts are used mainly because, in case of overlapping showers, the number of

hits per plane is enhanced.

E�ciencies and contaminations of a selection based on the development

of the shower are shown in �gure 5.15 for the three types of events. Below

1 GV the electromagnetic shower uctuates largely and this results in a lower

e�ciency. Because of the low electron selection e�ciency, looser conditions
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Figure 5.15: E�ciency and contamination of selection based on shower develop-
ment. Top: simulated electrons; bottom: protons from ight data. 2 type 0 events;
4 type 1 events; � type 2 events.

are used for low energies and this explains why only above 1 GV the selection

e�ciently rejects hadronic showers (mainly type 1 and 2 protons). A very

low contamination is obtained, particularly for type 0 events. However, it is

worth remembering that type 0 events also include all the non-interacting

events.

5.4.6 Conclusion

In the previous sections several types of variables and criteria for the se-

lection of electromagnetic showers have been presented. These conditions

have been combined and applied to the ight data in a way that an event is

identi�ed as electron if it satis�es all the criteria corresponding to its event

type. In �gure 5.16 the e�ciency and contamination of the �nal selection as

a function of particle rigidity are presented. The e�ciency values in the �g-

ure are reliable and will be partially used in the analysis. However, chapter 7

will provide a more detailed discussion of the calorimeter selection e�ciency

and the �nal results. It can be noticed that a fairly constant e�ciency is
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Figure 5.16: E�ciency and contamination of the �nal calorimeter selection as a
function of particle rigidity. Top: simulated electrons; bottom: protons from ight
data.

obtained above 1 GV. Below this energy multiple scattering, dependence of

cross sections on the energy, Compton scattering and energy losses result in

a larger fraction of energy lost in the tungsten and in a lower probability to

detect electromagnetic showers as the primary energy decreases. This gives

a strongly energy dependent e�ciency. This fact and the need to keep a low

contamination of hadrons (mainly interacting pions) and non-interacting

particles result in a decrease of the e�ciency at low rigidities. It is im-

portant to stress that the main contamination at low energies comes from

muons and pions, thus mainly non-interacting particles. The contamina-

tion from these events can only be studied using simulations. The selection

contamination for simulated pions is of the order of per cent for momenta

lower than 1 GeV/c. However, the simulation of hadronic interactions is not

de�ned perfectly (e.g. see Figure 3.5). For instance the simulated proton

contamination is an order of magnitude greater than the experimental one.

So the simulated contamination has to be treated as an approximated value,

probably an upper limit. In chapter 9, dedicated to ground and ascent data

analysis, it will be shown that the experimental contamination from muons
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is negligible at all energies of interest.

The proton contamination is ' 7 � 10�4 for rigidities below 1 GV;

' 7� 10�5 between 1 and 3 GV and ' 1:5 � 10�4 above 3 GV. It is not

possible to select a clean proton sample for contamination estimation above

5 GV, and so the calorimeter proton rejection factor is assumed to be the

same as that of the 3 to 5 GV bin. This can be justi�ed by the fact that the

proton inelastic cross section is rather constant over the momentum interval

3 to 10 GeV/c and similar hadronic shower topology can be expected in the

calorimeter. These contamination values give a rejection factor of about 104

that permits, combined with time-of-ight and RICH selections, to safely

identify electrons and positrons with a negligible contamination.
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Chapter 6

Electron and Positron

Identi�cation with the

CAPRICE94 Apparatus

The calorimeter selection of electron and positron events has been discussed

in the previous chapter and it has been shown that a rejection factor of 103

or better is obtained using the calorimeter alone. This chapter is dedicated

to the selection of electrons and positrons with the other CAPRICE94 de-

tectors: the tracking system, the scintillators and the RICH, which enhance

the rejection factor and allow the particles to be safely identi�ed.

6.1 The tracking system

In the previous chapter the importance of having a good determination of

the tracks of the particles and of their directions and deections in the

magnetic spectrometer for the calorimeter selection has been shown. Track

information is also used in the time-of-ight and RICH selections and in

the normalization of the scintillator dE/dx signal. The ultimate goal of

this analysis is the determination of uxes, which are the intensities of the

particles as a function of their energy, and this requires reliable rigidity

measurements.

The tracking system provides two sets of information: one from the

MWPCs and one from the drift chambers. In principle, the two systems

are independent and a track reconstruction can be obtained by �tting the

two sets of data separately. Clearly, the most meaningful way of treating the

data is to combine the two sets into a single �t. However, as will be shown in

85
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the next chapter, this results in di�culties for the e�ciency estimation. The

two systems are correlated in the �tting procedure and no other detector

is able to select a reliable sample of electrons of a given rigidity. For this

reason, in the electron and positron analysis, as in the muon one, the track is

determined by �tting only the information from the drift chambers and using

samples selected only with the MWPC system for the e�ciency estimation.

The drift chamber system is chosen because of its higher position resolution,

detection e�ciency and number of measurements (12 against 7 in x and 8

against 4 in y view). In section 2.3 it has been shown that using only the drift

chamber system a MDR of ' 150 GV is achieved. Thus, for this analysis

spillover is not an important problem (the upper energy limit for electron

ux is 30 GeV). Contrary to other analysis, like antiproton identi�cation,

scattering processes in the tracking system resulting in a wrong sign of the

deection have a negligible e�ect on the analysis because of the relatively

high fraction of positrons compared to electrons. Protons appearing with

negative curvature are not a problem because the electron selection rejects

them.

In conclusion, for the purposes of this analysis the drift chamber system

gives su�ciently good information for track reconstruction, provided that

suitable selection criteria are chosen. These are:

� the �t routine must converge;

� the number of points in the �t: xhit � 9; yhit � 5;

� a number proportional to the �2 per degree of freedom for the track

�t should be � 8 for both x- and y-direction;

� the uncertainty in the deection (d): �d � 0.04 (GV)�1.

These criteria are partly based on the experiences gained during the analysis

of previous balloon ight experiments using the same magnetic spectrometer

(see for instance [48] and [49]) and are similar to the ones used in the anti-

proton analysis [27].

A higher number of �t points is required for the x-view since it is the

main bending view . The chi-squares are related to the goodness of the �t.

A high value usually indicates either multiple tracks or that the particle

has scattered when crossing the tracking system. A large uncertainty in the

deection indicates either a noisy track in the drift volume (multiple tracks,

�-rays, etc.) or that the particle passed a region of weak magnetic �eld. The

�rst case is already treated with the conditions on the number of points in

the �t and with the conditions on the �2. For the second case, a condition
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on the �d is the best way to have an uniform response of the tracking �t

over the whole tracking volume. Furthermore, this uniformity is assured by

conditions on the containment of the �tted tracks as described in the next

section.

6.2 Conditions on the geometry

For the analysis it is important to constrain the geometrical factor of the

experiment to obtain a fairly uniform response (or response at all) from the

detectors. It is clear that an electromagnetic shower has to be contained in

the calorimeter to be identi�ed properly and that a particle missing the NaF

crystals in the RICH will not produce Cherenkov light even if its velocity

is above the threshold. For this reason containment conditions have to be

applied to the reconstructed tracks. These geometrical requirements are

then used (see section 8.2.1) to evaluate properly the geometrical factor

of the analysis. These constrains on the geometrical factor are obtained

imposing conditions on the �tted x and y positions of the track at di�erent

z levels in the CAPRICE94 apparatus, such as:

1. the x and y positions at the level of the uppermost and lowest multiwire

proportional chamber have to be inside the drift volume of the drift

chambers;

2. the particle has to cross the NaF crystals of the RICH;

3. the x and y positions at the level of the �rst and �fth silicon plane in

the calorimeter have to be at least 2 cm from the borders of the plane;

4. the particles crossing the bar connecting the balloon to the gondola

must be rejected from the analysis.

Condition 1 assures that the particles will cross the tracking system

through the sensitive part of the drift chambers. One could argue about

the need of such a condition. If the track of the particle has been �tted,

then by de�nition the particle must have crossed the drift volumes. But this

condition assures that the track crossed the complete drift volumes, thus, as

with the condition on the deection uncertainty, it strengthens the goodness

and uniformity of the �t.

Condition 2 is described at the beginning of this section.

Condition 3 is a consequence of the discussion about electromagnetic

showers of chapters 4 and 5. It requires that the �tted tracks of the particles

(i.e. the shower axis for an electromagnetic shower) are at least two Moli�ere
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radii from the borders of the �rst �ve planes of the calorimeter. It has been

found that the containment in the �rst �ve planes is su�cient to give a

uniform detection e�ciency of the electromagnetic showers.

Condition 4 needs an explanation. The gondola containing the CA-

PRICE94 apparatus was connected to the balloon via a 17 kg aluminium

bar with a 7 kg steel swivel in the centre 1, situated 2.3 m above the RICH.

Figure 6.1: The distribution of: a) negative muons and pions (about 2400 events)
and b) negative electrons (about 3100 events) at the level of the bar. The area
of each square is proportional to the number of events. The shape of the bar is
indicated. The large squares at x=25 cm and y=0 cm in a) shows a larger ux of
muons and pions coming from the centre of the bar where most of the material is
located. Correspondingly in b) a depression in the electron intensity is found at the
center of the bar.

Particles going through this bar have a probability to interact and produce

secondary particles. Figure 6.1 shows the distribution in x and y of events

at the level of the bar for a) negative muons and pions and b) electrons with

1Similar con�gurations have been used in many other balloon ight experiments as
well.
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a rigidity between 1 and 5 GV. The area of each square is proportional to

the number of events. In Figure 6.1 the shape of the bar is indicated. It

has an I-shape, 1.5 m long, 20 cm high and the width is 16 cm in the centre

decreasing to 5 cm at the ends. The centre is located at x=25 cm, y=0 cm.

The events are selected requiring for a) non-interacting tracks and for b)

electromagnetic showers in the calorimeter. Negative non-interacting events

(in the calorimeter) are chosen because they are mainly of secondary origin.

In Figure a) two di�erent features can be identi�ed. A uniform (taking into

account the acceptance of the experiment) ux of events due to the atmo-

spheric muons and an increase in the intensity of the ux in the region of the

bar, particularly at its center where most of the material is located. This is

a result of protons and alphas interacting with the bar structure. In Figure

b), besides the uniform distribution of cosmic and atmospheric electrons, a

depression from the region of the bar is found. This is due to the fact that

the bar, and especially its center, absorbs the electrons. The production and

loss of particles in the non-uniform shaped bar cannot be estimated reliably

and it has been preferred to reject all particles crossing it.

In the following sections (as in the previous chapters) the presented

experimental data have been selected with the tracking and geometrical

conditions described above.

6.3 The Scintillator Selection Criteria

The scintillator system provides two sets of information: a measurement of

the time-of-ight of the particle and two measurements of the energy loss

by ionization in the upper and lower scintillators. This information is used

to:

Reject albedo particles. This is not an important selection for electron

analysis because albedo (up-going) electrons have to cross the calorimeter

before giving a trigger. Besides, also the RICH selection rejects albedo

particles because the Cherenkov light produced in the NaF has to reach the

RICH multiwire proportional chamber. It has been found that the RICH

is capable of rejecting (98.1�0.5)% of the albedo particles. However, the

condition is easy to apply and, thanks to a resolution better than 280 ps,

the contamination of albedo particles over a ight path of 1.1 m can be

assumed to be zero.

Identify low energy electrons and positrons. This is useful at very

low rigidities, between 100 and 300 MV, where the calorimeter selection
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is unable to reliable identify electromagnetic showers. At these rigidities

muons and pions are not relativistic and can be separated from electrons as

it can be seen in Figure 6.2 where the � (� = v/c, with v velocity of the

particle) given by the the time-of-ight is plotted versus rigidity for events

with negative deection. The dashed line is the theoretical � for pions and

the dotted line for muons. A larger amount of pions, compared to muons,

Figure 6.2: The distribution of � from time-of-ight information as function of
rigidity for negative ight data. The solid line indicates the lower limit for the

electron selection. The dotted line is the theoretical � for muons and the dashed
line for pions.

is found up at least to 300 MV. These pions, because of their low energies,

have mainly been produced locally, that is either in the RICH, dome or in

the balloon structure. In fact, a 200 MV �� has a mean ight path before

decaying into a �� of ' 11 m. The muons instead are mainly decay products

of atmospherically produced pions. An electron selection based on the �, as

shown by the solid line in Figure 6.2, results in a surviving fraction of pions

and muons as presented in table 6.1, where muons and pions are selected

with the RICH. The RICH is able to separate between electrons, muons and

pions up to at least 300 MV/c as it will be shown in the next section.
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Rigidity Surviving fraction

GV/c Muons Pions

0.1-0.25 0.2 � 0.05 < 0.09

0.25-0.3 0.54 � 0.06 0.28 � 0.07

Table 6.1: Fraction of muons and pions that pass the electron selection criteria
based on the � from time-of-ight information. The selection e�ciency for electrons
is 86.6% (see section 7.2).

Reject heavier particles and multiparticle events. This selection

rejects alphas and heavier particles, low energy protons and multiparticle

events coming from interactions above the top scintillator. The interactions

could take place either in the dome, the RICH or in the top scintillators.

Furthermore, there are showers induced in the gondola and balloon structure

above the payload. The products of these interactions are mainly pions (see

previous paragraph and Figure 6.2) and, if the pions have time to decay,

muons. These pions and muons can be a contamination of the electron

sample, especially at low energies between 0.3 and 0.5 GV where the time-

of-ight cannot reject them and the calorimeter rejection factor is not as

good as at higher rigidities. Besides, in a presence of multiple tracks, the

tracking information can become unreliable. Therefore, these events are

excluded in the analysis using the dE/dx information. This is achieved with

the following two conditions:

� dE/dx losses in the top scintillator must be less than 1.8 mip;

� only one of the two top scintillator paddles must be hit.

Figure 6.3 shows the ionization loss in units of mip for the top (a) and

bottom (b) scintillators. The solid line is a �t of the dE/dx measurements

to a Landau distribution. The sample used contains only negative charged

particles which are non-interacting in the calorimeter, which implies they

are mainly negative muons and pions. One can note that the distribution

of the energy loss for the bottom scintillators follows quite smoothly the

Landau tail, whilst the tail of the distribution for the top scintillators is sig-

ni�cantly higher than what is expected from Landau uctuations. However,

the distribution around the peak is similar for the two sets of scintillators in-

dicating that they have a similar resolution (slightly better for the top one).

Furthermore, there are more events with large ionization losses (> 3 mip)

in the top than in the bottom scintillators. Thus, a large fraction of events
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Figure 6.3: The distribution of dE/dx losses in units of mip for: a) top scintilla-
tors; b) bottom scintillators. The solid line is a �t to a Landau distribution. The
events are selected as having a negative deection (rigidity greater than 0.5 GV) in
the tracking system and are non-interacting in the calorimeter.

contains multiply charged particles crossing the top scintillator. However,

from Figure 6.3 b) it appears that these multiparticle events appear as sin-

gle charged tracks in the bottom scintillator. Hence, a requirement on the

bottom scintillator dE/dx does not improve the selection of good events.

Besides, electron showers can produce backscattered photons and electrons

in the calorimeter that can give an additional signal and bremsstrahlung

photons (produced above the spectrometer as described in section 5.3) that

can materialize in the bottom scintillators. None of these cases a�ect the

tracking measurement or the calorimeter identi�cation. Therefore, no re-

strictions are put on the bottom scintillators, neither on dE/dx nor on the

number of paddles hit.
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6.4 RICH Selection Criteria

Downgoing particles with a velocity above the RICH threshold (� � 0:72)

crossing the NaF crystals produce Cherenkov photons that are detected

in the RICH's photosensitive multiwire proportional chamber. From the

geometrical distribution of the signals from these photons in the pad plane,

the Cherenkov angle and, consequently, the velocity of the particle can be

estimated. In [28] it has been described how to obtain the Cherenkov angle

from the RICH data. However, to correctly use this information, a set of

conditions must be applied on the RICH data. These criteria can be divided

into two categories: constrains on the position as measured by the RICH and

constrains on the Cherenkov angle reconstruction. The �rst set of conditions

is:

1. A good agreement between the particle impact position as determined

by the RICH and the tracking system is required. The di�erence in x

and y should be less than three standard deviations, which is rigidity

dependent but typically less than 5 mm (see Figure 6.4).

2. Only events with one cluster of pads with high signals, typical of ion-

ization from charged particle, are accepted.

The tracking information is used to obtain the direction of the incoming par-

ticle in the NaF crystals. Criterion 1, eliminating events that scatter in the

RICH electronics, permits to rely on this information. Figure 6.4 shows the

standard deviation for the di�erences in impact position measured by RICH

and tracking for x and y coordinates. The solid line is the parametrization

of the resolution used in the analysis. The resolution is obtained using ight

data selected with negative deection and electromagnetic showers in the

calorimeter.

Criterion 2 eliminates multiple charged tracks crossing the RICH. Find-

ing a cluster of pads (it could be only one pad) with saturated signals outside

the ionization area de�ned in section 2.1 is a signature of multiple charged

tracks traversing the RICH.

With these two criteria, clean events are selected in the RICH. However,

for the identi�cation of particles further conditions have to be applied which

ensure that the measured Cherenkov angles are correct:

3. More than 3.5 pads are required in the �t above 0.5 GV. Between 0.1

and 0.5 GV at least 7 pads are required in the �t.

4. The reconstructed Cherenkov angle should not deviate by more than

three standard deviations from the expected Cherenkov angle for � � 1

particles.
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Figure 6.4: Resolution of the di�erences in impact position measured by RICH and
tracking for: � x and 2 y coordinates. The data are for electrons selected with the
calorimeter from ight data. The solid line is the parametrization of the resolution
used in the electron selection.

The number of pads used in the �t (neff ) is clearly related to the quality

of the measured Cherenkov angle. If the number of pads used in the �t is

low, then the Cherenkov angle might not be correct. The best criterion on

neff for the RICH particle identi�cation is obtained studying the rejection

factor of the selection based on the Cherenkov angle. In this study the selec-

tion of electrons and protons is performed in a rigidity range where protons

are well above threshold but not yet � � 1 for the RICH. In this case, the

rejection factor depends only on how precisely the Cherenkov angle is mea-

sured. Figure 6.5 shows the proton (RICH criteria 3 and 4) contamination

versus the electron selection e�ciency for ight data for di�erent neff cuts.

The events have a rigidity in the range 1.5 to 2.5 GV and satisfy the RICH

criteria 1 and 2. Electrons and protons are selected using the calorimeter

and looking for electromagnetic and hadronic showers. The proton conta-

mination depends rather linearly on the electron e�ciency implying that the

rejection factor (i.e. e�ciency/contamination) is approximately constant at

' 2 � 102, independent of neff . Considering the proton rejection achieved
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Figure 6.5: The proton contamination versus electron selection e�ciency for RICH
electron selection (criteria 3 and 4 in the text). The �gure shows ight data with
rigidity in the range 1.5 to 2.5 GV.

with the calorimeter electron selection (see section 5.4.6) a RICH rejection

factor of 100 is su�cient for an accurate positron identi�cation. Thus, the

neff cut is chosen to keep the highest e�ciency. It is important to notice

that the selection e�ciency and contamination presented in Figure 6.5 are

not the e�ciency and contamination of the complete RICH electron selection

because the events are selected satisfying RICH criterion 1 and 2, which are

not 100% e�cient (the selection e�ciency will be presented in section 7.4).

The number of pads required in the �t is higher below 0.5 GV to strength-

en the electron identi�cation in a rigidity region where the most worrisome

contamination is due to muons and pions. Protons are clearly separated

from electrons in this rigidity region using time-of-ight measurements and

the calorimeter (below 380 MV protons do not have enough energy to cross

the plexiglass cover of the calorimeter and to give a signal in the �rst silicon

layer).

Figure 6.6 shows the measured Cherenkov angle for events selected with

RICH criteria 1, 2 and 3. The bands corresponding to � � 1 (electrons,

muons and pions), protons, deuterons and 4He can be identi�ed. The solid
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Figure 6.6: Measured RICH Cherenkov angle from ight data. A negative sign is
assigned to the rigidity of negative particles. The solid lines comprise the events
accepted as electrons in the RICH selection.

lines indicate the electron selection based on the Cherenkov angle. However,

it is important to point out that the solid lines in �gure are just approxima-

tions of the real selection. The RICH selection is based on an event by event

basis. For each event the Cherenkov angle is obtained and the resolution of

this depends on the incident angle of the particle (see [31]). The distribution

of the Cherenkov angle for protons start to overlap with the � � 1 particles

above 3 GV and above 5 GV no separation against protons is possible and

the RICH criteria are not applied.

From Figure 6.6 it can be seen that the RICH also rejects deuterons and

heavier particles.

6.4.1 RICH selection contamination

The RICH information is used to select electrons and to reject protons up

to 5 GV and muons and pions up to 0.3-0.4 GV. Table 6.2 presents the
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Rigidity Surviving fraction

GV/c Muons Pions Protons

0.10 - 0.20 <0.033 0.06+0:15
�0:05

0.20 - 0.25 <0.068 < 0.09 < 0:05

0.25 - 0.30 0.037 � 0.013 < 0:007

0.30 - 0.40 0.203 � 0.010 0.0014 +0:0013
�0:0008

0.40 - 0.50 0.462 � 0.009 0.0014 +0:0007
�0:0005

0.50 - 0.60 0.651 � 0.009 0.0030 � 0.0007

0.60 - 0.70 0.700 � 0.008 0.0016 +0:0007
�0:0005

0.70 - 0.80 0.734 � 0.008 0.0009 +0:0006
�0:0004

0.80 - 0.90 0.762 � 0.008 0.0009 +0:0005
�0:0003

0.90 - 1.00 0.770 � 0.008 0.0015 +0:0005
�0:0004

1.00 - 1.25 0.759 � 0.005 0.0010 � 0.0002

1.25 - 1.50 0.767 � 0.006 0.007 +0:007
�0:004

1.50 - 1.75 0.775 � 0.006 0.009 +0:005
�0:003

1.75 - 2.00 0.760 � 0.007 0.006 +0:003
�0:002

2.00 - 2.25 0.759 � 0.007 0.003 +0:002
�0:001

2.25 - 2.50 0.763 � 0.007 0.0045 +0:002
�0:0015

2.50 - 3.00 0.763 � 0.006 0.014 � 0.003

3.00 - 3.50 0.763 � 0.006 0.116 � 0.005

3.50 - 4.00 0.764 � 0.007 0.329 � 0.008

4.00 - 5.00 0.774 � 0.006 0.530 � 0.006

Table 6.2: Fraction of muons, pions and protons that pass the electron RICH
selection criteria in di�erent rigidity intervals. The muon sample is obtained from
ground data while pions and protons are selected from ight data. Above 250 MV
there is no reliable pion selection but the pion surviving fraction is expected to

be similar to the muon surviving fraction. The apparatus cuto� for protons is
450 MeV/c (200 MV in the spectrometer).
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surviving fraction of protons, pions and muons after the RICH selection.

That is, the fraction of events satisfying criteria 1 to 4 de�ned in the previous

section. The muon sample is obtained from ground data. In [28] it is shown

that the detection e�ciency of the RICH was the same in the ground data

as in the ight data. Thus, the rejection obtained from ground muons can

be used also for ight muons. The advantage of using ground muons is

the much higher statistics. Besides, muons of both charges can be used

since the proton component at ground is of the order of percent and less

(see chapter 9) compared to positive muons. Pions and protons used for

table 6.2 are from ight data. Pions are selected with the time-of-ight

up to 250 MV; above this energy the pions become indistinguishable from

muons and electrons.

The fractions in table 6.2 have to be compared with the RICH electron

selection e�ciency which is determined in section 7.4 and is given by equa-

tion 7.7. It results that that the RICH safely rejects muons (and pions) up

to 300 MV (rejection factor of 15 at this rigidity). At higher rigidities, see

also Figure 6.6, the muon Cherenkov angle approaches the electron Cheren-

kov angle and above 500 MV the muon surviving fraction is similar, slightly

higher, to the electron selection e�ciency. In the case of protons, the RICH

rejection factor is greater than 100 up to 2.5 GV, then it decreases to 1.4 at

5 GV. It has to be noted that the proton selection contamination could be

overestimated because the proton sample could be contaminated by pions,

since the proton sample is obtained selecting hadronic interactions in the

calorimeter2 Thus, interacting pions could be in the sample appearing at

� � 1 in the RICH. If they are of the order of 0.1% of the proton sample,

they would result in a decrease of � 20% of the rejection factor. However,

there are no e�cient means to estimate this possible pion component so

the results of table 6.2 are taken as the value of the RICH proton selection

contamination.

6.5 The electron and positron samples

Figure 6.7 is similar to Figure 6.6 and shows the measured Cherenkov angle

(RICH criteria 1 to 3) for: a) minimum ionizing particles after the time-of-

ight electron selection and b) calorimeter electron selection. The time-of-

ight selection is applied only up to 0.3 GV and the calorimeter selection

above 0.25 GV. Before the RICH selection based on the Cherenkov angle

(RICH criterion 4) is applied (Figure 6.7 b)) 3858 negative and 1229 positive

2For details about how to select hadronic interactions in the CAPRICE94 calorimeter
see [28].
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Figure 6.7: Measured RICH Cherenkov angle from ight data for: a) particles
after time-of-ight and dE/dx electron selection (356127 events) and b) calorime-
ter electron selection (5087 events). A negative sign is assigned to the rigidity of
negative particle.

events survive the selection criteria. Applying also the RICH criterion on

the Cherenkov angle 3542 electrons and 1024 positron are selected.

Table 6.3 shows the number of events, both negative and positive, sur-

viving each detector selection. Columns 2 and 5 are the number of negative

and positive events, respectively, selected with requirements on the geome-

try, on the tracking and the time-of-ight system information as described

in sections 6.1 to 6.3. Columns 3 and 6 are the negative and positive events,

respectively, satisfying also the RICH selection and columns 4 and 7 are the

events after the �nal selection (calorimeter), i.e. the e� and e+ candidates.

Column 8 is the estimated background in the e+ sample.

At low rigidities, below 0.6 GV, the main background in the dE/dx se-

lected sample is due to muons and pions. This can easily be seen comparing

column 2 with column 5: up to 600 MV the ratio between positive and neg-

ative events is � 1.4 (it is roughly the ratio between atmospheric secondary
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Rigidity dE/dx RICH Calo- mip RICH Calo- Back-

GV/c and � rimeter and � rimeter ground

Negative deection Positive deection

0.1 - 0.15 154 67 67 131 68 68 0

0.15 - 0.2 212 118 118 199 94 94 0

0.2 - 0.25 243 134 134 241 95 95 0

0.25 - 0.3 332 127 49 363 98 33 0

0.3 - 0.4 1212 322 147 1622 230 100 0.004

0.4 - 0.5 1113 415 204 1432 291 84 0.002

0.5 - 0.6 899 457 207 1176 356 71 0.001

0.6 - 0.7 720 413 210 1410 362 70 0.002

0.7 - 0.8 628 388 202 4370 299 55 0.008

0.8 - 0.9 543 326 152 10651 258 48 0.010

0.9 - 1.0 443 288 160 16557 226 29 0.011

1.0 - 1.25 911 607 331 51544 427 77 0.004

1.25 - 1.5 686 438 278 50812 279 39 0.006

1.5 - 1.75 508 362 232 44447 228 38 0.004

1.75 - 2.0 393 280 195 38474 179 21 0.002

2.0 - 2.25 316 232 149 32650 135 12 0.002

2.25 - 2.5 225 154 92 27315 165 11 0.002

2.5 - 3.0 390 275 177 42839 698 21 0.02

3.0 - 3.5 237 171 107 30890 3219 13 0.5+0:4
�0:2

3.5 - 4.0 179 125 79 23372 7319 7 1.2+0:8
�0:5

4.0 - 5.0 238 165 93 31626 16653 9 2.5+1:7
�1:1

5.0 - 7.0 198 198 106 33617 33617 22 5.0+3:3
�2:1

7.0 - 10.0 134 134 53 21712 21712 7 3.2+2:2
�1:4

Table 6.3: Final results of the electron and the positron selection. Columns 2 and
5 are the number of good minimum ionizing particles passing the scintillator and

tracking cuts for negative and positive deection, respectively. Columns 3 and 6 are
the events which also satisfy the RICH selection (section 6.4) and columns 4 and
7 are the e� and e+ candidates after the �nal calorimeter selection (section 5.4.6).
Column 8 is the estimated background in the e+ sample.
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positive muons and positrons and secondary negative muons and electrons).

At higher rigidities, the ratio gets larger and larger due to the increase of

the proton component. Because of the small numbers in column 2 and 5

in the lowest rigidity bins the muon background is assumed to be zero (see

discussion about non-interacting particles in the calorimeter in the previous

chapter and tables 6.1 and 6.2).

The situation is more complicated regarding the pion background be-

cause pions interacting in the calorimeter could fake electromagnetic show-

ers. Below 300MV, the time-of-ight and RICH selection (tables 6.1 and 6.2)

combined with the calorimeter selection (above 250MV) are su�cient to give

electron and positron samples free of pion contamination. Above 300 MV,

only the calorimeter selection can reject pions and it is not possible to get

an independent pion sample to estimate the pion contamination from. In

the concluding section of the previous chapter it has been shown that the

pion contamination in the calorimeter electron selection should be less than

1%. Hence assuming the extreme case where all negative events are pions,

the pion contamination in the e� (and e+ ) sample would be of the order of

a few events per bin. However, as it will be shown in chapter 9, there are

reasons to believe that the pion component is smaller than the muon one.

Hence also the pion background can be assumed to be zero.

As previously said the proton component becomes important in the mip

sample only above 0.7 GV and, thanks to the combined rejection power of

the detectors (see Figure 5.16 and table 6.2), the proton contamination in

the e+ sample can be safely assumed to be equal to zero below 0.7 GV.

Above this rigidity, it is a fair assumption to regard all the events of col-

umn 5 as protons and estimate the proton background multiplying these

numbers by the combined RICH and calorimeter selection contaminations

(Figure 5.16 and table 6.2). In column 8 the results of this calculation are

presented. Clearly this is an overestimation3 of the background but here the

main purpose is to show that even in this worst case the contamination is

negligible. In fact, it can be seen that below 3 GV the proton background

is much lower than 1% of the e+ sample. Above 3 GV the RICH rejection

power sharply decreases (table 6.2) and above 5 GV only the calorimeter can

select positrons. Thus, a non-negligible proton background is found above

3 GV. Again this background is an overestimation but the approximation

3It is an overestimation and not an underestimation because in column 5 also 2H, �+ ,

�+ and e+ are included. For deuterons, that above 1 GV are the largest component after
protons in the charge one sample, the RICH rejection factor is signi�cantly higher than

for protons as can be seen in Figure 6.7. The same is true for the calorimeter rejection

factor for muons. The pion component can be neglected and positrons are the selection
goal.
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is well inside the errors of the estimated contamination (the other particles

account just for few a percent of the charge one sample). The proton back-

ground can also be obtained by multiplying column 6 by the calorimeter

contamination. However, this gives the same results of column 8 only above

2.5 GV, because for lower energies the positron component in the sample

selected by the RICH is not negligible compared to the proton one.

In the analysis, the background in the e� sample is assumed to be zero.

Similarly for positrons up to 3 GV. Instead, above 3 GV the contaminations

shown in column 8 of table 6.3 are corrected for.

In principle, looser conditions could be used for the e� selection because

the proton background (spillover protons) is negligible. However, for having

a better control of systematic errors the same cuts are used both for the

positron and the electron analysis. In chapter 8, an electron ux obtained

with looser cuts, and hence higher statistics and smaller errors, extended to

higher energies (30 GeV) will also be presented. It will be seen that, between

0.1 and 10 GeV, it is the same as the one obtained with the positron selection

criteria.
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Selection E�ciencies

To be able to determine electron uxes it is important to accurately esti-

mate each detection e�ciency, i.e. the probability that an electron will pass

the selection criteria of each detector. Samples of electrons are selected by

independent detectors on which the selection criteria are applied. The sur-

viving fraction of events is here used as a measure of the detector e�ciencies.

In this delicate process, systematic errors can easily derive from incorrect

assumptions of correlations between selections or from biased samples.

Several techniques can be used for e�ciency determinations. Samples for

e�ciency studies (e�ciency samples) can be obtained by: simulations, test

in particle beams or ight data. The �rst two methods are appealing since

they permit a good control and understanding of the measurements. How-

ever, the results obtained with these two methods may not be immediately

applicable to the experimental ight data. During the ight, conditions can

change making a comparison with test beam data quite complicated. For

example, during the CAPRICE94 ight a leak resulted in a pressure drop

of 30% during 22 hours, which necessitated a continuous adjustment of the

high voltages for the RICH and the drift chambers (see ight performances

in chapter 2) resulting in a possible time dependence of the detector per-

formance. Di�erently from tests in particle beams, the particles acquired

during the ight arrive from all directions with energy spectra which a priori

are unknown. For detectors like the RICH the performances are related to

the incidence direction and the velocity of the particle and these relations

are not easily obtained from test beam data. This a�ects also the simulation

that has to be carefully tuned to the ight data to provide reliable informa-

tion. Another way to obtain the performances of the detectors during the

ight is to use the ight data itself. However, this method has the drawback

that the particles and their momenta have to be determined by independent
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sets of detectors. This can give rise to biased samples if the response of

di�erent detectors is correlated. Sometimes the only detector able to select

a certain type of particle is the one under study. For example this is the

case for electron selection with the calorimeter against a background of other

� � 1 particles.

In conclusion, there is no clear answer about which is the best technique

to study the detector e�ciencies during a balloon ight. When possible,

several methods should be cross checked against each other and, if there are

di�erences, their sources should be understood.

This chapter describes the e�ciencies of the selections presented in the

previous chapters and the methods used to determine them.

7.1 E�ciency of the track �tting procedure

The tracking system has been divided into two components, drift chambers

(DC) and multiwire proportional chambers (MWPC). The drift chamber

system reconstructs the tracks in the events used in the analysis (see sec-

tion 6.1) and the MWPC system is used to select samples for the e�ciency

determination.

In [28] a detailed study of the tracking e�ciency for the (anti)proton

analysis is presented. There, the complete tracking system was used and its

e�ciency was studied by selecting proton samples with the other detectors:

scintillators, calorimeter and RICH. The rigidity of the events in the proton

samples was obtained from their � given by the time-of-ight. It was found

that the e�ciency was rigidity dependent increasing from � 0 at 0.2 GV

to more than 80% above 1.5 GV and being fairly constant (variation less

than 1%) for higher rigidities. The drop in e�ciency for low rigidities was

due mainly to cross talk in the drift chambers induced by high ionization.

This implies that the tracking e�ciency is not only momentum dependent

but also velocity dependent. Thus, the tracking e�ciency for the electron

analysis cannot be estimated using protons. Nor the same technique can

be employed. The momentum dependence of the e�ciency implies that one

should use a sample of events of known rigidity. However, di�erently from

the proton analysis, the time-of-ight cannot be used because the electrons

are � ' 1 in the whole rigidity range of interest. So another way of mea-

suring the rigidity has to be employed. One method could be using the

calorimeter to measure the energy released by electromagnetic showers and

from this reconstruct the rigidity (see section 4.3.3). However, the shower is

well de�ned in the calorimeter only above 0.5 GV where one can expect a less

signi�cant rigidity dependence of the drift chamber e�ciency than at lower
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energies. Besides, the lack of tracking information does not permit double

showers to be precisely resolved and this can result in a wrong energy to

momentum conversion. Furthermore, a non-negligible fraction of interacting

protons would contaminate the sample. A more reliable technique uses the

two tracking devices independently. The drift chamber system, which pro-

vides a better resolution of the track, is used for the tracking reconstruction

while its e�ciency is obtained with a selection based on the MWPC system.

The tracking e�ciency for electrons and muons is assumed to be the

same: both of them are � � 1 particles and the probability of pair conver-

sion of the bremsstrahlung photons, produced in the dome or in the RICH,

in the tracking system is negligible. This approximation results in higher

statistics for the e�ciency sample and avoids the need to resolve muons

from electrons that at rigidities of few hundred MeV, as described in the

previous chapter, is not easily achieved without using the RICH and the

time-of-ight information. Both these devices (especially the RICH) re-

quires precise tracking information as input that can lead to a bias in the

selected electron sample. Hence, a sample containing both electrons and

muons is selected and used for the tracking e�ciency study.

7.1.1 Single track event selection

A large fraction of the data collected during the ight are events with more

than one particle traversing the spectrometer at the same time. These events

are part of showers produced by interactions of particles in the gondola itself.

Most are hadronic showers. Just a few are electromagnetic showers induced

by electrons or gamma rays. The fraction of multiple track events traversing

the spectrometer due to showers induced by electrons is small and it is taken

into account in the time-of-ight e�ciency as it will be shown in the next

section. Thus, a single track event selection is performed to remove as many

as possible of these multiparticle events. In order to do this selection a

set of conditions, similar to the ones described in the previous chapter, is

implemented for the time-of-ight and the RICH information.

� time-of-ight system

{ only one paddle hit at the top and the bottom scintillator planes

{ remove albedo particles, i.e. ToF � 0

� RICH

{ the RICH is hit, i.e. at least one anode wire with signal;

{ only one pad with a saturated signal;
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{ limit the number of pads with signals generated by the ionization:

4 � nionpads � 12.

When applying the above selection criteria on the recorded data roughly

75% of the events are rejected. What is left are events with hits in the

scintillators and signals in the RICH typical of a single charged particle.

Also �tting the MWPC information results in a selection of single charged

tracks. A �t of the MWPC information requires at least two chambers with

good time sums from the delay line readout. This puts a strong constrain

on the spatial and time separation between two charged particles crossing

the multiwire proportional chamber and makes the occurrence highly im-

probable.

7.1.2 Electron and muon selection

Starting from a single track sample, electrons and muons can be selected in

two ways:

1. selecting events of negative deection;

2. selecting positive muons and positrons using ToF, RICH and calorime-

ter information.

The �rst selection assumes that the negatively charged events are mainly

muons and electrons with a component of pions, which however should have

the same behaviours as the muons in the tracking system, and a negligible

component of antiprotons. With this assumption the selection is performed

requiring a negative deection from the �t of the MWPC information.

For the second selection strong conditions are needed on the ToF, RICH

and calorimeter to get rid of the large contamination of protons and alphas.

This results in low statistics and in a possible bias of the sample due to the

need of good tracking information for a reliable use of the Cherenkov angle.

However, at low rigidities, below 0.8 GV, a clean selection is obtained using

only the time-of-ight and calorimeter information.

Because of these considerations, the �rst selection is adopted while the

second one is used for low rigidities as a cross-check and as a test of a

possible dependence of the e�ciency on the sign of the charge. The main

problem in the �rst selection lays in de�ning a sample of negative single

charged particles. This has to be done accurately otherwise a large number

of protons with the wrongly estimated sign can contaminate the sample.

In fact, asking just for the existence of a �t with the MWPC system gives

a reliable single track sample but the contamination of spillover protons
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is as large as 30% of the sample itself. This implies that constrains on

the track �tting must be applied. Obviously any constrain on the �t will

bias the resulting sample by removing occurrences of scattering resulting

in an overestimation of the e�ciency. To get an sample as unbiased as

possible constrains are put on the RICH and the calorimeter instead of the

MWPC system. A match between positions given by the tracking �t and

by the RICH and calorimeter is required. The �t results are considered

reliable when these positions di�er less than six standard deviations of the

resolution. The spread is kept large to accept as many as possible of the

scattered events.

7.1.3 Bias in the e�ciency sample

The bias in this procedure is studied using protons. A proton sample is ob-

tained between 0.2 and 3 GV using the dE/dx scintillator information and

with the rigidity given in one case by the � from time-of-ight (see [28]) and

another by a �t of the MWPC information. Then, the two resulting track-

ing e�ciencies for the drift chamber system are compared and are shown in

Figure 7.1. For the proton samples selected as a function of MWPC �tted

rigidity (�) a match is also required with the RICH and the calorimeter

impact positions (with the calorimeter impact position only above 0.8 GV,

since below 0.8 GV protons can scatter signi�cantly in the calorimeter plex-

iglass cover). The results are in good agreement. However it can be noticed

that the e�ciency obtained with the MWPCmethod is systematically higher

with respect to the other method. A relative di�erence of � 4.5% is found

above 600 MV. Below this rigidity the statistical uctuations can account

for the di�erences between the two e�ciencies while above 0.6 GV the dif-

ference is more statistically signi�cant. It has been shown in [28] that this

di�erence is mainly due to a bias in the proton sample selected for the e�-

ciency study: the conditions on the MWPC �t has reduced the number of

scattered tracks in the sample.

It is di�cult to extrapolate this result to electrons and muons. At rigidi-

ties greater than 1 GV the tracking e�ciency for protons is similar to that for

electrons (see solid line in Figure 7.1) and it is reasonable to assume that the

bias is also similar. Since there is no direct measurement of it, a systematic

error of 2% (half of the di�erence between the two proton measurements)

is quadratically summed with the statistical error on the e�ciency. This

is done for electrons (and muons) with a rigidity greater than 0.6 GV. The

extension of the systematic error down to 0.6 GV is inferred from the proton

case even if it is rather arbitrary due to the di�erent rigidity dependence of

the proton and electron tracking e�ciency.
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Figure 7.1: Drift chamber e�ciency for: � protons selected as a function of MWPC
�tted rigidity; 2 protons selected as a function of ToF rigidity. The solid line shows
the DC e�ciency for electrons and muons.

Figure 7.2 shows the tracking e�ciency of the drift chamber system as

obtained with a negative electron and muon sample. Below 0.8 GV also the

e�ciency obtained with positive charged muons and positrons is shown. To

minimize statistical uctuations a �t to the e�ciency ("track) of the negative

sample is performed. The �tting function is chosen as:

" = A (1� B e�C �R) (7.1)

where R is the rigidity in GV and A, B and C are the parameters to be

determined. The result of the �t is:

"track = (0:921� 0:006) �
h
1� (1:21� 0:11) e�(4:48�0:38) �R

i
(7.2)

However, the parameters are correlated so the error on the e�ciency is

obtained using the error matrix. This parametrization has no physical jus-

ti�cation except satisfying the physical requirements of giving a constant

e�ciency for high rigidities and a constant decrease with decreasing energy.

The �2 of the �t is acceptable: �2 = 16 for 12 degrees of freedom.
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Figure 7.2: Drift chamber tracking e�ciency as a function of rigidity measured by
the MWPC for: � electrons and muons selected with negative deection; 2 electrons
and muons selected with positive deection. The solid line is a �t of the e�ciency
for negative deection data according to equation 7.1.

The errors on the data points in Figure 7.2 are too large to permit any

conclusion on sign dependence of the tracking e�ciency except that this

dependence cannot be larger than a few percent. The ground data, due

to larger statistics, can be used to study this possibility in more detail.

Figure 7.3 shows the tracking e�ciency for positive (2) and negative (�)
particles at ground selected as for the ight data of Figure 7.2. The data

consist mainly of muons with the fraction of electrons at a few percent below

1 GV and of protons in the positive sample of similar amount above 1 GV

(below 1 GV the selection leaves a negligible proton contamination). The

solid and dashed lines are �ts according to equation 7.1 of the data points

with negative and positive deection, respectively. For negative deection

the result of the �t is:

"track = (0:948� 0:004) �
h
1� (0:97� 0:12) e�(4:2�0:4) �R

i
(7.3)
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Figure 7.3: Drift chamber tracking e�ciency as a function of rigidity measured
by the MWPC for ground data: � selected with negative deection; 2 selected with
positive deection. The solid line is a �t according to equation 7.1 of the e�ciency
for negative deections (equation 7.3) and the dashed line for positive deections
(equation 7.4).

while for positive deections it is:

"track = (0:947� 0:003) �
h
1� (1:18� 0:11) e�(4:4�0:3) �R

i
(7.4)

A di�erence of a few percent is found between the tracking e�ciency at oat

compared with ground data. This is probably caused by the continuous

change in the voltage of the drift chambers during the ight due to the

pressure leak. An o�-line time dependent calibration has been done to ensure

the performances of the drift chambers is as uniform as possible.

The data at ground indicates a sign dependence on the tracking e�ciency

for rigidities lower than 0.5 GV. As just explained the performance at oat

was slightly di�erent than at ground. However, it is di�cult to imagine a

change in performance that could cancel a di�erence due to the sign of the

charge of the particles. It is probable that the observed sign dependence
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results from particles crossing regions with di�erent sensitivity of the drift

chambers according to the sign of their charge. Thus, a sign dependence

should exist also for the tracking e�ciency during the ight. Figure 7.4

shows the relative di�erence between the tracking e�ciencies for e+ and

Figure 7.4: The relative di�erence between the tracking e�ciency for e+ and
�
+ and for e� and �� as a function of rigidity. � ground data (the abscissae are

slightly displaced to better distinguish the points), 2 ight data. The solid line is
obtained from equations 7.3 and 7.4).

�+ and for e� and �� as a function of rigidity as obtained from ground

data (2 and solid line, see equations 7.3 and 7.4). In the same �gure the

black dots are the di�erences measured with ight data. As pointed out, the

ight data do not strongly indicate a dependence of the tracking e�ciency on

the sign of the charge. At ground, instead, the e�ect (but, within the errors,

the data points are consistent with zero) is negligible only above 300 MV.

At 0.1 GV the di�erence is 40% decreasing below 5% above 0.3 GV. Thus,

at lower rigidities two approaches can be used:

1. treat the charge dependence as a systematic error on the tracking
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e�ciency for positive deections;

2. use, for the tracking e�ciency of positively charged particles, the e�-

ciency obtained for events with negative deections rescaled with the

factor given by the ratio between the tracking e�ciency for negative

and positive ground muons.

With the �rst approach we declare our ignorance about the sign dependence

except for what concerns the order of magnitude of the e�ect. With the

second we assume that the dependence is an intrinsic e�ect of the tracking

system due to the magnetic �eld and that the relative di�erence of the

e�ciencies does not depend on their absolute values. The e�ect of the �rst

approach is to introduce a large error (� 10%) for the lowest energy bins.

Instead, the second one permits a measurement with low uncertainty of the

tracking e�ciency, hence resulting in a small e�ect on the error of the uxes.

However, it leaves open the question if and what error should be assigned

to the sign dependence of the tracking e�ciency.

The nominal geomagnetic cuto� [50] for the CAPRICE94 ight varied

from � 0.35 GV (at Lynn Lake) to � 0.65 GV (at Peace River). This means

that the lowest rigidity bins are dominated by atmospheric secondaries. The

electron and positron uxes at these energies can be used as a check of the

calculated atmospheric secondaries. However, at rigidities lower than 0.2 GV

both the large uncertainties due to the sharp decrease of all e�ciencies

and the geometrical factor, and the large uncertainty on the theoretical

calculations of the atmospheric secondaries make the comparison between

experimental and theoretical results di�cult to interpret (see chapter 8).

Hence, the assumption that the relative sign dependence of the tracking

e�ciency is the same at ground and at oat is not su�ciently justi�ed in

comparison with what can be gained from adopting it. A posteriori it can

be said that a decrease in the uncertainty of the positron tracking e�ciency

does not improve signi�cantly the ux measurement.

7.1.4 Conclusions on the tracking e�ciency

The same tracking e�ciency, as given by equation 7.2 and by a solid line

in Figure 7.2, is used both for electrons and positrons (and muons). Three

types of errors are introduced:

1. the error resulting from the error matrix of the �t according to equa-

tion 7.1 of the experimental points for negative deections of Fig-

ure 7.2. The errors are statistical;
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2. a systematic error of 2% above 0.6 GV due to the possibility of using

a biased sample in the e�ciency determination;

3. a systematic error given by one third1 of the ratio between the tracking

e�ciency for positive and negative ground muons. This is used only for

events with positive deection since their tracking e�ciency is inferred

by events with negative deection.

The errors, quadratically summed, give the overall error on the tracking

e�ciency.

7.2 E�ciency of the time-of-ight system

The information from the time-of-ight system is used to identify electrons

and positrons with the � from the time-of-ight up to 0.3 GV and the with

the dE/dx information in the whole rigidity range (see section 6.3).

7.2.1 E�ciency of the � selection

When studying the e�ciency of the selection based on �, an electron sample

is identi�ed between 0.1 and 0.3 GV with the RICH. Multiple-tracks are

removed from the sample with dE/dx selection. This does not introduce a

bias because the �nal electron selection includes the dE/dx selection. Hence,

it can be assumed that all other selections, such as the � one, are performed

only on mip samples. Using an electron sample selected as described, an

e�ciency for the time-of-ight � selection of (87 � 1)% is found between

0.1 and 0.3 GV. A similar result can be obtained using electrons identi�ed

with the calorimeter and the RICH up to 5 GV. There is no compelling

reason why the time-of-ight selection e�ciency for � ' 1 particles should

be rigidity dependent and, in fact, the selection e�ciency obtained at all

rigidities is the same, within errors. Thus, a single number for the e�ciency

can be estimated using all electrons resulting in a smaller statistical error

and the time-of-ight � selection e�ciency is found to be "tof = (86:6�0:6)%
independent of rigidity. This value is consistent with the electron selection

if one requires that the measured � does not deviate from unity by more

than one standard deviation.

1One third is a rather arbitrary compromise between the evidence of charge sign de-
pendence at ground and the lack of it at oat.



114 Chapter 7. Selection E�ciencies

7.2.2 E�ciency of the dE/dx selection

The determination of the e�ciency of the dE/dx selection is more compli-

cated. In principle a clean sample of electrons can be obtained up to 0.3 GV

with the RICH and time-of-ight information and above 0.3 GV with the

calorimeter. A study of the possible biases is now important:

� Using the time-of-ight information clearly biases the sample: elec-

trons, producing bremsstrahlung photons which convert in the scintil-

lator paddles, could results in a bad time-of-ight measurement. These

events would not be in the e�ciency sample and so the resulting dE/dx

e�ciency would be overestimated.

� A similar problem arise with the RICH. Bremsstrahlung photons can

convert in the RICH resulting in more than one ionization cluster in the

pad plane and/or in a wrongly estimated �Cerenkov angle, thus these

events would not be included in the e�ciency sample. However, the

pairs, produced by the photon conversions, can reach the scintillator

paddles and give signals larger than that from a minimum ionizing

particle and/or hitting both paddles. Thus, also in this case, the

selection e�ciency would be overestimated.

� The calorimeter can select electrons without muon contamination only

above 0.3 GV but the sample could still be biased. The main bias

could arise from having a higher fraction of double shower events and

part of these could be the result of bremsstrahlung conversion in the

scintillator paddles. In this case the selection e�ciency would be un-

derestimated.

� Also the tracking selection could bias the sample. Regardless of what

selection one uses for the e�ciency sample, the �tted track information

is always needed. This is also essential for studying the dependence

of the e�ciency on rigidity. If there are conversions of bremsstrahlung

photons above the tracking system, the electron pairs (or one electron

of the pair) could cross the tracking system, or part of it. These events

would appear as multiple tracks and could be rejected by the selection

based on the �t of the track2. In this way the e�ciency sample would

2In principle the drift chambers are also able to �t multiple tracks. The only ambiguity

would arise if more than one charged particle would cross completely the chambers but we

assume that the probability of this occurrence is negligible. However, one can expect that
the track selection for multi-particle events has a lower e�ciency reducing the fraction of

these events in the e�ciency sample. No answer can be given a priori, a posteriori it will

be shown that an unbiased electron sample can be obtained from a �t of the drift chamber
information.
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be biased and the dE/dx selection e�ciency would be overestimated.

The solution to this problem is to compare the simulated data to experi-

mental data. The simulation used has been presented in section 3.2. The

simulated scintillator dE/dx response has been tuned to reproduce the en-

ergy loss distribution for muons from ground data. The dE/dx selection

gives the same muon selection e�ciency as the experimental one (both for

ground and oat data, the e�ciency is similar in the two cases). Muons are

easily selected with the calorimeter and they do not produce other charged

tracks that could cross the tracking system. Hence, the resulting muon

sample is unbiased for the study of the dE/dx selection e�ciency.

Several tens of thousands of electrons have been simulated according to

an input spectrum that fairly well reproduce the experimental spectrum in

the spectrometer. This is a tricky point because it implies a knowledge of

the experimental spectrum and, consequently, of the e�ciencies. However,

it will be shown that the shape of the input spectrum is a second order

e�ect on the dE/dx selection e�ciency. The simulated events have been

generated with a uniform impact distribution and isotropic incidence at

the top of payload (see section 8.2.1 for details about how this is done).

Figure 7.5 shows the simulated (2) and the experimental (�) spectra in the

spectrometer. The experimental spectrum has been rescaled for tracking,

RICH and calorimeter (see next sections) e�ciencies. The simulated events

have been selected with geometrical requirements as in section 6.2 and with

the conditions on the top scintillator. The simulation takes into account the

magnetic �eld. A good agreement is found between the two spectra.

Figure 7.6 shows the simulated e�ciency of the dE/dx selection as a

function of the electron energy in the spectrometer. The e�ciency is slightly

energy dependent. This can be understood if the ine�ciency of the selec-

tion is mainly due to ionization and conversion of bremsstrahlung photons.

The �rst process is energy independent in the rigidity range of interest in

this analysis, while for the second an energy dependence, due to the brems-

strahlung and pair conversion processes, can be expected. Thus, the energy

dependence of the ine�ciency (e�ciency) is related to the probability that

an electron radiates a photon which convert in an electron pair which cross

the scintillator paddles. This probability is described in appendix A. The

solid line in Figure 7.6 is a �t of the simulated e�ciency according to equa-

tion A.9 with the minimum photon energy (E) as free parameter.

Equation A.6 does not depend on the shape of the input spectrum. The

same is true for equation A.7 but this equation, and consequently equa-

tion A.9, results from the relation between E0 and E given by equation A.3,

which is the average energy loss by radiation. A better approximation should
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Figure 7.5: Experimental (�) and simulated (2) spectra in the spectrometer. The
experimental spectrum is given by the number of selected electrons events rescaled
by tracking, RICH and calorimeter e�ciency. The simulation reproduce the geo-
metrical layout and the magnetic �eld.

take into account the distribution of the radiation losses which is related to

equation 4.7. This introduces a dependence on the shape of the distribution

of E0. The dashed line in Figure 7.6 shows the scintillator e�ciency taking

into account the distribution of the energy loss by radiation. This is done

obtaining for each simulated event the corresponding dE/dx e�ciency from

equation A.6 using the simulated E0 . Then this e�ciency is associated to

an energy in the spectrometer that is randomly chosen according to equa-

tion 4.7 where the energy of the bremsstrahlung photon is replaced by the

energy of the electron after radiation. Clearly, this is an approximation and,

on the other hand, the most precise theoretical results is given by the simu-

lation (� in Figure 7.6). However, the good agreement between the dashed

line and the simulated points permits to expand the results to other shapes

for the input electron spectrum.

Figure 7.7 shows the e�ciency of the dE/dx selection as a function of

the incident electron energy as obtained with: the input spectrum used in

the simulation (dashed line, same as in Figure 7.6), a at input spectrum



7.2 E�ciency of the time-of-ight system 117

Figure 7.6: Simulated scintillator dE/dx selection e�ciency as a function of the
electron energy as measured in the tracking volume. The solid line is a �t of the
data points according to equation A.9. The dashed line takes into account also the
distribution of the energy loss by radiation.

(solid line) and a power law spectrum of the type A � E�3 (dotted line).

The spread in e�ciency increases with decreasing energy and is maximum

at 0.1 GeV where it is 3% between the two extreme cases: at and power

law spectrum. Thus, it can be inferred that the dE/dx scintillator e�ciency

depends on the shape of the electron spectrum, but the dependence is small

a�ecting mainly the low energy bins and at the level of a few percent. This

conclusion permits to use the same dE/dx e�ciency both for electrons and

positrons. In fact, the two spectra are expected to be di�erent with the

positron spectrum much steeper. However, for energies below 10 GeV the

positron spectrum is expected to lay in between the electron spectrum and

a power law of spectral index -3, which is veri�ed by the �nal results.
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Figure 7.7: Simulated scintillator dE/dx e�ciency as a function of the electron
energy, as measured in the tracking volume, for three incident electron spectrum.
Solid line: at spectrum; dashed line: spectrum that reproduce the experimental
one; dotted line: power law spectrum of spectral index -3.

7.2.3 Comparison between simulated and experimental re-

sults

To compare the simulated e�ciency with the experimental data some care

is needed. The bias problems discussed previously has to be taken into

account. One way is to compare the scintillator e�ciency obtained with ex-

perimental electrons selected with the calorimeter and simulated electrons

that satisfy the same calorimeter selection. If the electron sample is biased

by the calorimeter selection the simulated sample should be biased in a sim-

ilar way. If the two e�ciencies are in agreement then it can be inferred

that the simulated e�ciency from Figure 7.6 is a reliable estimation for

the experimental e�ciency. Figure 7.8 shows both the experimental and the

simulated e�ciencies as a function of rigidity. The data is selected with neg-

ative deection and rigidity greater than 1 GV, above which the calorimeter

selection gives a clean electron sample. The experimental e�ciency (�) is
in good agreement with the simulated results (2). The simulation does not
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Figure 7.8: Experimental (�) and simulated (2) e�ciency of the dE/dx selection
as a function of rigidity. Both the experimental and simulated data are selected
applying the calorimeter criteria. The solid line is a �t to equation A.9.

take into account possible biases due to the �t of the tracks that could a�ect

the experimental results, aboveall below 1 GV where the tracking e�ciency

varies strongly. However, there is a strong indication that the simulation

provides a reliable estimation of the dE/dx selection e�ciency. Besides,

comparing the experimental results with the �t of the simulated e�ciency

(solid line in Figure 7.8) no signi�cant bias in the experimental electron

sample is found at least above 1 GV.

7.2.4 Conclusion on the dE/dx selection ef�ciency

It has been shown that the simulation provides a reliable estimation of the

dE/dx selection e�ciency. A good agreement is found between experimental

and simulated results (see Figure 7.8). The energy dependence of the e�-

ciency is explainable in terms of bremsstrahlung and conversion processes

and a simple expression (equations A.7 and A.9) can be used to relate, with

good accuracy, the rigidity (energy) of the events measured in the spectro-

meter to the dE/dx selection e�ciency. The e�ciency also depends on the



120 Chapter 7. Selection E�ciencies

shape of the electron spectrum at the top of the payload. This e�ect could

introduce a bias in the result but it has been shown (see Figure 7.7) that

this dependence is weak and can be taken into account introducing an error

of less than 1%.

In conclusion the experimental dE/dx scintillator e�ciency ("dE=dx) is

obtained from the following expression:

nA= 0:389� 0:2412
�
1:34

�
ln

R

0:0183
+ 0:241

�
� 0:84+

+1:34
0:0183

R
e�0:241 �

�
0:0183

R

�2
e�2�0:241

#

nB= 0:389� 0:0242
�
1:34

�
ln

R

0:0015
+ 0:024

�
� 0:84+

+1:34
0:0015

R
e�0:024 �

�
0:0015

R

�2
e�2�0:024

#

"dE=dx = (0:904� 0:012)� e�nA�nB ; (7.5)

where R is the rigidity in GV, 0.904 is the experimental dE/dx e�ciency

for minimum ionizing muons and 18.3 MeV is the minimum photon energy

(E ) resulting from a �t of the simulated data (see solid line in Figure 7.6).

nA and nB are described in appendix A.

The errors on the selection e�ciency are given by the error on the muon

dE/dx selection e�ciency (0.012 propagated according to equation 7.5 as-

suming no uncertainty on A and B) quadratically summed to a 1% error,

constant for all rigidities to account for dependence on the spectral shape

and simulation uncertainties.

7.3 E�ciency of the calorimeter selection

The determination of the calorimeter e�ciency is similar to the study of the

dE/dx scintillator e�ciency: the selection e�ciency is obtained from simu-

lations and is compared with experimental measurements in some rigidity

range. If the results agree then the simulation is assumed to provide a

reliable estimation of the experimental e�ciency.

Both in section 3.2 and in chapter 4 it has been shown that the simu-

lation well reproduces several experimental features of the electromagnetic

shower in the calorimeter. This is already a con�rmation of the reliabil-

ity of the simulations. However, since the calorimeter selection is based on

many features of the electromagnetic showers that are indeed correlated, a

comparison with an experimental estimation of the e�ciency is needed.
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7.3.1 Experimental e�ciency sample

Assuming that the events with negative deections are only electrons and

muons, it is possible to select an experimental electron sample using only the

number of strips hit in the calorimeter. Figure 7.9 a) shows the distribution

of the number of strips hit inside a cylinder of radius 3 RM with the axis

given by the extrapolated track in the calorimeter for events with negative

deection and rigidity greater than 1 GV. Two features are evident in the

�gure: a narrow distribution peaked at 16 strips hits is due to muons (see for

comparison Figure 4.2) and a broader distribution with a larger number of

strips hit which is due to the showering electrons. This second distribution,

due to the dependence of the number of strips hit to the energy of the

incident electron (see total track length in table 4.1), is a convolution of

gaussian distributions. A clear separation between muons and electrons

is possible using the number of strips hit. Consequently, constraining the

sample to events with at least 23 strips hit (arrow in Figure 7.9) should

results in a fairly unbiased sample of electrons for e�ciency estimations.

The main source of bias could come from electromagnetic showers which

develop deep inside the calorimeter giving less than 23 strips hit and from

interacting pions, antiprotons and spillover protons contamination. The

�rst bias would result in an overestimation of the e�ciency (an electron

that showers in the last planes has a high probability to be rejected by the

calorimeter selection) and the second in an underestimation. The �rst type

of events are, due to the calorimeter thickness, a negligible component of the

events (the same is true for antiproton contamination, e.g. see [28]) while a

non-negligible pion and spillover proton contamination cannot be excluded a

priori. Hence, as a �rst approximation, an e�ciency sample can be selected

requiring a minimum number of strips hit in the calorimeter. However, this

holds true only for rigidities higher than 1 GV where the electromagnetic

showers produce a large number of detectable secondaries in the calorimeter.

For lower rigidities the muons and electrons, in a distribution like Figures 7.9,

tend to overlap.

Figure 7.9 b) shows the same distribution but for events with rigidity

in the range 0.6 to 0.7 GV. Again, the distributions due to the two types

of particles can be identi�ed. However, now, the selection indicated by

the arrow eliminates a non-negligible fraction of the electrons, thus biasing

consistently the e�ciency sample. To estimate the number of electrons lost

by the selection, a �t (solid line in Figure 7.9) of the two distributions

is performed. An exponential distribution simulates the tale in the muon

events and a gaussian distribution accounts for the electron events. A small

rigidity range is used (100 MV wide) to neglect the dependence on the
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Figure 7.9: Distribution of number of strips hit inside the calorimeter for negatively
charged particles with: a) rigidity greater than 1 GV/c and b) rigidity from 0.6 to
0.7 GV, from ight data. The arrow indicates the value of 23 strips hit useful to
separate electrons from non-interacting particles. The solid line in b) is a �t of the
distribution due to electrons and of the tail of the distribution due to non-interacting
particles.
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energy of the electron distribution. The number of electrons eliminated

by the selection is estimated integrating the resulting gaussian distribution

from 0 to 23. Then this number is summed to the number of events with

at least 23 hit strips (the number of non-interacting particles with more

than 22 strips hit is a negligible fraction of the sample). In this way the

relevance of the gaussian approximation is reduced. This method works

down to 500 MV, below which the two distribution completely overlap and

the �tting procedure does not anymore provide reliable results. Hence, this

method is applied between 0.5 and 2 GV and the fraction of electrons with

less than 23 hit strips is estimated.

Figure 7.10 shows this fraction as a function of rigidity. A power law

Figure 7.10: Fraction of electrons with less than 23 strips hit as a function of

rigidity for: � experimental and 2 simulated data. The solid line is a power law �t
of the experimental data.

�ts nicely the data and the good agreement between experimental (�) and
simulated (2) data is worth noticing. There is no simple justi�cation for a

power law behaviour of this fraction. However, a similar behaviour is shown

by the probability that a point in a gaussian distribution is lower than a

certain value when the gaussian mean increases logarithmic with energy

(the non-linear increase with energy of the number of strips hit is due to
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the non-full containment of the calorimeter). The �t permits to reduce

the uctuations in the data and it is used to estimate the total number of

electrons in the e�ciency sample.

In conclusion, a sample of events with negative deection is selected

between 0.5 and 20 GV and the total number of electrons in the sample is

obtained by counting the number of events with at least 23 strips hit and

using the �t of Figure 7.10.

7.3.2 Estimation of the e�ciency

On the negative deection sample the calorimeter selection is applied. The

selection is performed up to 20 GV to better de�ne the energy dependence

of the e�ciency. Figure 7.11 shows the resulting experimental (�) and simu-

Figure 7.11: Calorimeter selection e�ciency as a function of rigidity for: � ex-
perimental and 2 simulated data; ? are the experimental values after subtraction
of hadronic interaction from the e�ciency sample. The abscissae of the black dots
have been slightly displaced to better distinguish them. The solid line is a �t of the
e�ciency to equation 7.6.
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lated (2) e�ciencies(the abscissa of the experimental points has been slightly

displaced in the �gure to better distinguish them). A gaussian uctuation,

with the standard deviation taken from the experimental distribution of

the deection uncertainty (see Figure 2.6), is added to the rigidity of each

simulated event. This permits to take into account the electrons for which

the rigidity is wrongly estimated and, consequently, are rejected by the

calorimeter selection which is rigidity dependent. A rather good agreement

is obtained between the two e�ciency estimations except at high rigidities

(> 7 GV). However, the contamination of interacting pions and spillover

protons in the sample of at least 23 strips hit is not negligible at high rigidi-

ties.

From a visual inspection, with a program which display the event in

all detectors (e.g. see Figure 5.3), of all the events in the e�ciency sample

rejected by the calorimeter selection above 7 GV, several appear as hadronic

interactions. Excluding these events from the sample the resulting e�ciency

is given by the open stars in Figure 7.11. Now only the experimental point

at 8 GV di�er signi�catively from the simulation results. However, the

di�erence is two standard deviations and the statistic is small (74 events) and

it cannot be excluded that some more interacting hadrons contaminate the

e�ciency sample. Besides, a dip in the rigidity dependence of the e�ciency,

as it would results from the experimental values, is di�cult to explain. Thus,

a smoothly decreasing e�ciency for rigidities above 5 GV is used.

The solid line in the �gure is the e�ciency obtained from �tting the

simulated results in Figure 7.12. These have been �tted to a function as

expression 7.1 from 0.2 to 2 GV and with a straight line from 5 to 20 GV with

the value at 5 GV constrained to the one resulting from the �rst �t. Between

2 and 5 GV the experimental data indicate a constancy of the e�ciency of

about 84% while the simulated e�ciency increase slightly from � 85% at

2 GV to � 89% at 5 GV. To take into account this di�erence between 2 and

5 GV an additional systematic error of 2% is introduced and the calorimeter

selection e�ciency is obtained from the �t of the simulated data between

0.2 and 2 GV, since in this rigidity range there is a good agreement both

in absolute value and in shape of the simulated and experimental selection

e�ciencies.

The energy dependence of the calorimeter selection e�ciency up to 5 GV

has been explained in section 5.4.6. The decrease above 5 GV is mainly due

to the increasing leakage of the electromagnetic showers out of the calorime-

ter. In fact, this e�ect is only partially taken into account in the energy

dependence of the selection criteria not to compromise the proton rejection

factor.
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Figure 7.12: Simulated calorimeter selection e�ciency as a function of rigidity.
The solid line is a �t of the e�ciency to equation 7.6. The dashed lines are one
sigma errors from the mean value; the larger error above 2 GV accounts for the
di�erences between the simulated and measured e�ciencies.

7.3.3 Conclusions on the calorimeter e�ciency

The e�ciency of the calorimeter selection ("cal) used in this analysis is given

by the following relations:

"cal = 0:856 �
�
1� 1:909 e�4:211 �R

�
between 0.2 and 5 GV

"cal = 0:899 � 0:00869 � R between 5 and 10 GV

(7.6)

In both cases the parameters are correlated and the error on the e�ciency

is obtained using the error matrix.

The dashed lines in Figure 7.12 indicates one sigma error from the ef-

�ciency value of equation 7.6. The larger error above 2 GV accounts for

the di�erences between the simulated and measured e�ciencies (see Fig-

ure 7.11).
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7.4 E�ciency of the RICH selection

The e�ciency of the RICH electron selection is determined experimentally.

An electron e�ciency sample is selected using the time-of-ight, the scintil-

Figure 7.13: RICH selection e�ciency as a function of rigidity. The solid line is
the �tted experimental e�ciency as given by equation 7.7. The dashed lines are one
sigma errors from the mean value.

lator dE/dx and the calorimeter. Both the calorimeter and the scintillator

selection e�ciencies are obtained without using the RICH, hence the bias

introduced in the e�ciency samples by these selection does not a�ect the

result on the RICH selection. In fact, the RICH selection can be seen as

the last selection applied on a sample of events that survived all the other

selections.

Figure 7.13 shows the resulting e�ciency for the RICH selection. The

solid line is a �t of the experimental points. It is worth reminding that above

5 GV the RICH is not used in the selection (see section 6.4). The events

with rigidity between 0.15 and 0.2 GV are not used in the �t because in this

rigidity range the time-of-ight does not reject all the muon contamination

and the calorimeter selection is used in the �nal analysis only above 0.2 GV.

The RICH criteria, presented in section 6.4, change below 0.5 GV. However,
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as it appears in Figure 7.13, the experimental data can be �tted by a smooth

curve from 0.1 to 5 GV. The �tting function is taken as in expression 7.1.

In conclusion, the e�ciency of the RICH selection ("RICH) is given by

the following relations:

"RICH = 0:726 �
�
1� 0:702 e�4:158 �R

�
between 0.2 and 5 GV

(7.7)

The error on the e�ciency is obtained using the error matrix and it is

indicated (one standard deviation) by the dashed lines in Figure 7.13.

7.5 Conclusions on selection e�ciencies

Figure 7.14 shows the electron selection e�ciencies determined in this chap-

ter. Below 0.3 GV also the selection on the � is used which causes the

decrease in the time-of-ight selection e�ciency. The hatched area indicates

Figure 7.14: Electron selection e�ciencies as a function of rigidity. The hatched
area indicates one sigma error from the combined e�ciency.

one sigma error from the combined e�ciency, all errors discussed in this

chapter are included. The determination of the e�ciencies and their errors

for each detectors are described in the corresponding sections.



Chapter 8

The Electron and Positron

Spectra

In chapters 5 and 6 the number of selected electrons and positrons, to-

gether with the corresponding selection criteria, have been presented. In

the previous chapter the e�ciencies of these selection have been obtained.

In this chapter all this information is put together to obtain the electron

and positron spectra at the top of the atmosphere. This is done in several

steps:

1. the number of e� and e+ candidates are corrected for the selection

e�ciencies;

2. the e� and e+ spectra in the spectrometer are obtained taking into

account also the geometrical factor and live time of the experiment;

3. the two spectra are propagated backward to the top of the spectro-

meter taking into account bremsstrahlung losses;

4. atmospheric secondary e� and e+ spectra are subtracted from the ex-

perimental spectra;

5. the e� and e+ spectra are backpropagated to the top of the atmo-

sphere.

8.1 Electrons and positrons in the spectrometer

The number of selected electrons and positron in various rigidity bins are

shown in Table 6.3. The total number of events in the spectrometer is

129
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obtained by dividing these numbers with the selection e�ciencies estimated

in the previous chapter, as described below.

8.1.1 Binning and e�ciencies

Since the e�ciencies are rigidity (energy) dependent, the rigidity range under

study is split in bins of 50 MV width. The small width of the bins permit to

assume that the e�ciencies do not vary (relative variation less than 10%) in

the bins. This is possible in the range 0.4 to 2 GV, above this rigidity the

statistics becomes too small to allow this �ne binning so larger bins have to

be used. However, above 2 GV all the e�ciencies and the geometrical factor

(see Figures 8.1 and 7.14) are constant.

Above 400 MV for each bin the e�ciencies (and the geometrical factor)

are estimated using the relations obtained in chapter 7 with mean rigidity

values of the bins given by the center of gravity of the energy distribution

of the events. Below 400 MV the assumption of constancy of the e�ciencies

inside 50 MV bins does not hold. Both the calorimeter and tracking e�cien-

cies and the geometrical factor (see Figures 7.14 and 8.1) vary sharply below

0.4 GV. Thus, it becomes important to properly evaluate these quantities

inside each bin. A mean e�ciency (") is obtained with a weighting technique

such as:

" =

R
"(E)J(E)dER
J(E)dE

; (8.1)

where J(E) is the ux of the particle under study. However, the ux depends

on the e�ciencies so an iterative procedure is adopted. As a �rst step, the

center of gravity of each bin is taken as the mean energy. The e�ciencies and

the spectrum are obtained. The spectrum below 400 MeV can be �tted with

a power law function and the results of the �t are used for evaluating the

e�ciencies via equation 8.1. Also the centers of the bins are obtained from

the �tted power law spectrum according to equation B.4 (see Appendix B for

more details). A new spectrum is calculated and a new power law is �tted

to it and, consequently, new e�ciencies and mean values are obtained. This

procedure is stopped when the spectrum does not change more than 1%

from one iteration to the next.

This weighting method is used only below 400 MV, �rst for the calorime-

ter e�ciency, then for the tracking e�ciency and, eventually, for the geo-

metrical factor (i.e. the reversed order in respect to how the analysis is

performed). The other selection e�ciencies are assumed to be constant in-

side each rigidity bin. This is done separately for the electron and positron

spectra due to their di�erent spectral shape.
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Rigidity Events in the spectrometer Flux in the spectrometer

GV (GeV m2 sr s)�1

electrons positrons electrons positrons

0.10 - 0.15 739.3 � 145.0 756.0 � 318.0 ( 1.7 � 0.3) �102 ( 1.9 � 0.8) �102
0.15 - 0.20 791.3 � 116.2 632.3 � 133.2 ( 9.6 � 1.4) �101 ( 8.2 � 1.7) �101
0.20 - 0.25 660.3 � 83.6 468.8 � 72.4 ( 5.9 � 0.7) �101 ( 4.5 � 0.7) �101
0.25 - 0.30 573.1 � 94.0 386.7 � 75.4 ( 4.4 � 0.7) �101 ( 3.1 � 0.6) �101
0.30 - 0.40 877.0 � 91.0 596.5 � 71.1 ( 3.1 � 0.3) �101 ( 2.2 � 0.3) �101
0.40 - 0.50 794.8 � 67.2 334.0 � 39.8 ( 2.8 � 0.2) �101 ( 1.2 � 0.1) �101
0.50 - 0.60 645.0 � 50.8 220.3 � 27.3 ( 2.3 � 0.2) �101 8.0 � 1.0

0.60 - 0.70 569.0 � 44.8 190.7 � 23.9 ( 2.0 � 0.2) �101 7.0 � 0.9

0.70 - 0.80 503.1 � 39.4 137.1 � 19.1 ( 1.8 � 0.1) �101 5.1 � 0.7

0.80 - 0.90 360.5 � 31.5 113.9 � 16.9 ( 1.3 � 0.1) �101 4.2 � 0.6

0.90 - 1.00 367.5 � 31.3 66.5 � 12.5 ( 1.4 � 0.1) �101 2.5 � 0.5

1.00 - 1.25 740.5 � 46.8 172.4 � 20.4 ( 1.1 � 0.1) �101 2.6 � 0.3

1.25 - 1.50 612.9 � 41.5 86.0 � 14.1 9.1 � 0.6 1.3 � 0.2

1.50 - 1.75 510.5 � 37.2 83.6 � 13.9 7.6 � 0.6 1.3 � 0.2

1.75 - 2.00 429.9 � 33.7 46.3 +12:6
�10:2 6.4 � 0.5 ( 6.9 +1:9

�1:5) �10�1
2.00 - 2.25 329.5 � 30.0 26.5 +10:1

�7:6 4.9 � 0.4 ( 4.0 +1:5
�1:1) �10�1

2.25 - 2.50 204.1 � 22.8 24.4 +9:9
�7:3 3.1 � 0.3 ( 3.7 +1:5

�1:1) �10�1
2.50 - 3.00 394.3 � 33.5 46.8 +12:8

�10:3 3.0 � 0.3 ( 3.5 +1:0
�0:8) �10�1

3.00 - 3.50 239.6 � 25.0 28.0 +10:7
�8:1 1.8 � 0.2 ( 2.1 +0:8

�0:6) �10�1
3.50 - 4.00 177.7 � 21.2 13.1 +8:8

�5:9 1.3 � 0.2 ( 9.8 +6:6
�4:5) �10�2

4.00 - 5.00 210.3 � 23.4 14.7 +10:1
�7:1 ( 7.9 � 0.9) �10�1 ( 5.5 +3:8

�2:7) �10�2
5.00 - 7.00 177.0 � 19.7 28.4 +11:3

�8:7 ( 3.3 � 0.4) �10�1 ( 5.4 +2:1
�1:6) �10�2

7.00 - 10.00 91.6 � 13.9 6.5 +7:6
�5:1 ( 1.2 � 0.2) �10�1 ( 8.2 +9:5

�6:4) �10�3
10.0 - 14.0 36.2+10:1

�8:1 (3.4+1:0
�0:8) �10�2

14.0 - 19.0 21.9+8:4
�6:3 (1.7+0:6

�0:5) �10�2
19.0 - 30.0 9.2+6:2

�4:0 (3.2+2:1
�1:4) �10�3

Table 8.1: Total number of electron and positron events. Columns 2 and 3 give the
the total number of e� and e+ in the spectrometer obtained taking into account all
the selection e�ciencies. Column 4 and 5 are, respectively, the e� and e+ uxes
in the spectrometer. The errors include both statistical and systematic errors as
described in chapter 7. The electron data for the rigidities bins from 10 to 30 GV
are obtained as described in section 8.2.2.
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8.1.2 Total number of electrons and positrons

Table 8.1 shows the estimated total number of e� and e+ in the spectrometer

obtained from the number of selected events corrected for the selection ef-

�ciencies (see section 7.5), as described in the previous section. The errors

include both statistical and systematic errors added in quadrature. The sys-

tematic errors are included the errors on the selection e�ciencies presented

in chapter 7.

8.2 Electron and positron spectra in the spectro-

meter

The values of the e� and e+ uxes (J
e� ;e+
Spe ) in the spectrometer are ob-

tained according to:

J
e� ;e+
Spe (E) =

1

Tlive �G��E
�Ne� ;e+

Spe (E); (8.2)

where G is the geometrical factor, Tlive is the live time, �E is the width of

the energy bin, E the kinetic energy and N
e� ;e+
Spe (E) is the total number

of e� and e+ in the spectrometer as given in table 8.1. The analysis is based

on 60520 seconds of data taken over a total acquisition time of 18 hours.

The fractional live time during the ight was 0:2690� 0:0006 resulting in a

total live time of 16280� 36 s (for more details see [28]).

8.2.1 Geometrical factor

The geometrical factor is obtained with a Monte Carlo technique as sug-

gested in [52] (for a full description of the procedure see [28]). The GEANT

simulation of the payload is described in section 3.2. However, for this cal-

culation no material is put in the description of the detectors, only vacuum.

This allows simulation of more events (� 106 events).

The resulting geometrical factor is presented in Figure 8.1. The solid

line is for electrons and dashed line is for positrons. The geometrical factor

takes into account all the geometry conditions enumerated in section 6.2.

The geometrical factor increases with rigidity from ' 30 cm2 sr at 0.1 GV

attaining a nearly constant value above 1 GV of 163 cm2 sr. A small (� 10%)

charge sign dependence, related to the asymmetric magnetic �eld of the

spectrometer, is found for rigidities below 1 GV. The decrease above 0.5 GV

is due mainly to the increasing fraction of events crossing the bar, connecting

the payload to the balloon, which are removed from the analysis. It is worth
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Figure 8.1: The geometrical factor of the experiment for electrons (solid line) and
for positrons (dashed line) as determined by the GEANT simulation.

stressing that these values are the acceptances of the experiment for the

e� and e+ analysis only from a geometrical point of view. The magnetic �eld

is introduced in the simulation but no scattering or energy loss processes that

could deviate the trajectories of the particles out of the volume of analysis.

These e�ects are discussed in section 8.3.

The geometrical factor has been cross checked with two other methods.

One adopts the same approach presented in [52] using a di�erent method to

trace the particles: the track �tting algorithm used in the analysis is used

also to trace the particle through the spectrometer. This method gives the

same results as in Figure 8.1, within 1%, at all rigidities. The second uses

a numerical integration calculation of the geometrical factor which agrees

with the previous results within 2% above 0.5 GV and 5% below 0.5 GV.

From this it can be inferred that the geometrical factor is known with a

precision of better than 5% between 0.1 and 0.5 GV and better than 2% for

rigidities higher than 0.5 GV.
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8.2.2 Electron and positron uxes in the spectrometer

The electron and positron uxes in the spectrometer are shown in Table 8.1.

The mean energies of the bins are obtained as described in Appendix B.

It is also interesting to calculate the electron spectrum with looser selec-

tion criteria. The strong selection presented in chapter 6 is necessary to iden-

tify positrons in a large background of protons. However, for the electron

selection the background is only composed by negative muons and pions.

Above a few hundred MeV, the muon component can be easily reduced to a

negligible amount using the calorimeter. Negative pions, because of possible

hadronic interaction in the calorimeter, are not so easily removed. However,

they are just a small fraction of the electron component (see section 9.2.2),

hence a selection with a rejection factor of the order of one hundred is strong

enough to eliminate the pion contamination. Besides, conditions 1 and 2 of

the RICH selection (see section 6.4) are used to select clean single charged

particles crossing the RICH and, hence, eliminate proton interactions in the

RICH that could produce negative pions. Below 400 MeV, all the RICH

and time-of-ight selections are used to identify electrons. In conclusion, an

electron spectrum can be obtained with higher statistics and permitting to

extend the rigidity range up to 30 GV. Figure 8.2 shows the electron spec-

trum obtained with the positron selection (2) and with the looser selection

(�). In the energy range 0.1 to 10 GeV, where the two selection overlaps,

an excellent agreement is found. The upper energy limit for the second se-

lection is due to statistics: �ve e� are identi�ed in the last bin from 19 to

30 GeV. In the �gure it is also shown the spectrum (4) obtained selecting

negatively charged particles using only the tracking system and the RICH

criteria 1 and 2 (see section 6.4). This is the spectrum of all negative parti-

cles crossing the spectrometer. Comparing the two spectra, it appears that

electrons are the dominant component of negatively charged particles up

to 10 GeV. Muons (see section 9.2.3) accounts for nearly all the remaining

negative particles. A non-negligible negative pion component is found below

1 GV and a contamination from spillover protons above 10 GV (notice the

attening in the spectrum above this rigidity).

8.3 Electron and positron uxes at the top of the

payload

Electrons and positrons crossing the material above the tracking system

lose energy by ionization and bremsstrahlung processes. This changes the

energy distribution of these particles and, hence, the electron and positron
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Figure 8.2: The spectra in the spectrometer of all negative particles (4) and of
electrons identi�ed with positron selection (2) and with the looser selection (�)
described in the text.

spectra determined in the previous section need to be extrapolated to the

corresponding spectra at the top of the payload. In this extrapolation all

the processes of energy loss have to be taken into account. This is done

with an iterative procedure that solves the cascade equation 4.26, discussed

in section 4.3, where only energy loss terms are taken into account, i.e.:

@�(E; t)

@t
= �

Z 1

0

�
�(E; t)� 1

1� v
�(

E

1� v ; t)
�
 rad(v)dv

+ �
@�(E; t)

@E
; (8.3)

where �(E; t)dE is the average number of electrons with energy between E

and E+dE at the depth t in units of X0.  rad(v) = E0�rad(E
0; E) with �rad

de�ned in equations 4.11. This means that the contribution from conversion
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of bremsstrahlung photons is skipped, as it should be because the electron

selection criteria eliminates multiple-charged events from the experimental

data.

The e� and e+ spectra in the spectrometer are used as input spectra of

a program which integrates, with a Runge-Kutta technique, equation 8.3 for

a depth t of 0.27 radiation length, equal to the material above the track-

ing system. The resulting spectra are compared with the ones found in

the spectrometer and the di�erences are used to rescale the input spectra.

This iterative procedure goes on until the spectra propagated into the spec-

trometer coincide (agreement within a few percent) with the experimental

ones.

This technique is cross checked using the simulation of the payload. The

procedure is the same adopted for the geometrical factor calculation with

two di�erences:

� the actual detector materials (with the exception of the calorimeter

for processing time reason) are used;

� the energy of the simulated electrons follows the spectrum obtained

solving explicitly the cascade equation.

In this way, the simulation permits to take into account all the processes

undergone by electrons while crossing the detectors and not only brems-

strahlung and ionization. On the other hand, solving the cascade equation

is much faster than the simulation, hence the �rst method is used for ob-

taining the backpropagated spectra and the simulation is used to cross-check

and correct, where it is necessary, the resulting spectra.

8.3.1 Propagation of the electron and positron spectra to the

top of the spectrometer

Figure 8.3 shows the experimental electron spectrum measured in the spec-

trometer (2) and the electron spectrum in the spectrometer given by the

simulation (�). The input spectrum at top of the payload for the simulation

was obtained by iteratively solving equation 8.3. A good agreement is found

above 300 MeV while below the simulated spectrum is increasingly lower

than the experimental one as the energy decreases. This di�erence is due

to scattering and energy loss processes in the presence of the magnetic �eld.

In fact, the geometrical factor accounts only for the magnetic �eld and not

for processes that can deviate the trajectory of the electrons. Besides, be-

cause of the magnetic �eld, the average azimuthal angle of the direction of

the incoming particles increases as the energy decreases and, consequently,



8.3 e� and e+ at top of the payload 137

Figure 8.3: The experimental (2) and simulated (�) spectra in the spectrometer.
The simulation uses as input at the top of the payload the spectrum resulting by
iteratively solving equation 8.3.

also the material traversed by the particles increases resulting in larger en-

ergy losses which a�ect the spectrum mainly at low rigidities. This can be

proven by switching o� the magnetic �eld in the simulation: the resulting

ux in the spectrometer agrees with the measured one in the whole rigidity

range. Hence, solving equation 8.3 yields the correct result only for energies

where the e�ects due to the magnetic �eld are completely described by the

geometrical factor. For lower energies the correct ux has to be estimated

using also the simulation. A similar procedure is adopted also for obtaining

the positron spectrum at the top of the payload.

Figure 8.4 shows the electron (boxes) and positron (circles) spectra mea-

sured in the spectrometer (open symbols) and propagated back to the top

of the payload (full symbols). The spectrum at the top of the payload is

obtained solving equation 8.3 and correcting the resulting spectrum using
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the simulation to reproduce the experimental uxes. The resulting electron

Figure 8.4: The electron (boxes) and positron (circles) spectra in the spectrometer
(open symbols) and at top of the payload (full symbols).

and positron spectra at top of the payload are also presented in table 8.2.

8.4 Atmospheric secondary electrons and positrons

The ux at the top of the payload obtained in the previous section is the

result of the sum of two components: primary e� and e+ which propagate

from the top of the atmosphere to the payload and e� and e+ produced in

the atmosphere. The main sources of atmospherically produced electrons

are:

1. decay of mesons and leptons produced by interaction of primary cosmic

rays with air nuclei;
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2. knock-on electrons ejected by primary cosmic rays and secondary par-

ticles such as pions and muons in the atmosphere.

Decay of mesons and leptons Cosmic rays interacting with air nuclei

produce secondary mesons like pions and kaons, which decay to electrons

through several decay modes. The most important decay chain is pions

decaying in muons which, subsequently, decay into electrons, i.e.:

�� �! �� + ��(��)

,! e� + �e(�e) + ��(��): (8.4)

For atmospheric depths of a few g=cm2, this is the dominant production

mode for electrons at low energies. At higher energies (above several GeV)

Figure 8.5: The experimental electron (2) and positron (�) spectra at top of the
payload and the calculated atmospheric electrons (solid line) and positrons (dashed
line) at 3.9 g/cm2 of residual atmosphere [53].
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the gamma conversion from decay of neutral pions becomes increasingly

more important. This is observed as the secondary spectra, above a few

GeV, atten and approach the spectral index of neutral pions and, hence,

of protons which interactions with air nuclei are the major source of neutral

mesons [53].

Knock-on electrons Electrons are ejected from air atoms by Coulomb

interactions with cosmic rays. At small atmospheric depths, the main con-

tribution of knock-on electrons comes from the primary cosmic rays, while

deep in the atmosphere the muon contribution dominates.

Besides these two major sources of atmospheric electrons, other sources

contribute such as: X- and gamma rays of cosmic origin converting in the at-

mosphere and decay of radioactive nuclei produced by interaction of cosmic

rays in the atmosphere. Both these sources give a negligible contribution

to the atmospheric secondaries and are neglected in most of the theoretical

calculations like the one used in this work.

A detailed description of the calculation for propagation of electrons

and positrons in the atmosphere can be found in [54]. This work was subse-

quently updated by Stephens [53] who made use of newer accelerator data.

The results from this work are used in this thesis taking into account the

low geomagnetic cuto� and the low solar activity present during the CA-

PRICE94 ight. These calculations were used by several authors and exper-

iments (e.g. [20]) and a good agreement with experimental data was found

(e.g. [55]).

Figure 8.5 and Table 8.2 show the experimental electron (2) and positron

(�) spectra at the top of the payload and the calculated atmospheric electron
(solid line) and positron (dashed line) secondaries at 3.9 g/cm2 of residual

atmosphere [53]. If compared with the experimental (and theoretical) muon

spectra (see Figures 9.8 and 9.9), the secondary e� and e+ spectra domi-

nates over muons below a few hundred MeV where most of the muons have

decayed. At higher energies, the e� and e+ spectra becomes steeper than

the muon ones and then (above 10 GeV) they atten again due to the con-

tribution from neutral pions decay which starts to dominate. At these high

energies, the secondary e� and e+ spectra merge. Except for low energies

(below 1 GeV), the secondary electron component accounts for a few per-

cent of the primary component, hence, assuming that all electrons are of

primary origin would result in a small error. However, this does not hold for

positrons: for all energies the secondary component is an important fraction

of the positron ux and the data at top of the payload must be corrected.

The electron (2) and positron (�) spectra after subtraction of atmo-
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Mean Flux at top of Atmospheric

energy the payload secondary ux

GeV (GeV m2 sr s)�1 (GeV m2 sr s)�1

electrons positrons electrons positrons

0.18 ( 2.2 � 0.4) �102 ( 3.0 � 1.3) �102 0.46 �102 0.71 �102
0.25 ( 1.0 � 0.1) �102 ( 9.9 � 2.1) �101 0.28 �102 4.44 �101
0.31 ( 5.7 � 0.7) �101 ( 4.3 � 0.7) �101 1.88 �101 2.89 �101
0.38 ( 3.6 � 0.6) �101 ( 2.5 � 0.5) �101 1.31 �101 1.98 �101
0.48 ( 2.3 � 0.2) �101 ( 1.7 � 0.2) �101 0.81 �101 1.23 �101
0.61 ( 2.2 � 0.2) �101 ( 1.0 � 0.1) �101 0.44 �101 0.66 �101
0.74 ( 1.8 � 0.1) �101 6.7 � 0.8 0.26 �101 3.79

0.87 ( 1.7 � 0.1) �101 5.9 � 0.7 0.16 �101 2.32

1.00 ( 1.5 � 0.1) �101 4.2 � 0.6 0.10 �101 1.50

1.13 ( 1.1 � 0.1) �101 3.4 � 0.5 0.07 �101 1.03

1.26 ( 1.1 � 0.1) �101 1.9 � 0.4 0.05 �101 0.74

1.49 ( 9.2 � 0.6) 2.0 � 0.2 0.31 0.44

1.81 7.9 � 0.5 ( 9.9 � 1.6) �10�1 0.17 2.38 �10�1
2.14 6.7 � 0.5 ( 9.8 � 1.6) �10�1 0.11 1.41 �10�1
2.47 5.3 � 0.4 ( 5.3 +1:5

�1:2) �10�1 0.07 0.90 �10�1
2.79 3.8 � 0.3 ( 3.0 +1:1

�0:9) �10�1 0.05 0.61 �10�1
3.12 2.4 � 0.3 ( 2.7 +1:1

�0:8) �10�1 0.03 0.43 �10�1
3.60 2.3 � 0.2 ( 2.7 +0:7

�0:6) �10�1 0.02 0.27 �10�1
4.26 1.3 � 0.1 ( 1.5 +0:6

�0:4) �10�1 0.01 0.16 �10�1
4.91 ( 9.8 � 1.2) �10�1 ( 6.4 +4:3

�2:9) �10�2 0.08 �10�1 1.04 �10�2
5.86 ( 5.3 � 0.6) �10�1 ( 3.6 +2:5

�1:8) �10�2 0.05 �10�1 0.59 �10�2
7.71 ( 2.2 � 0.2) �10�1 ( 3.5 +1:4

�1:1) �10�2 0.02 �10�1 0.25 �10�2
10.89 ( 7.5 � 1.1) �10�2 ( 5.4 +6:2

�4:1) �10�3 0.08 �10�2 0.87 �10�3
15.4 ( 2.2 +0:6

�0:5) �10�2 0.03 �10�2
21.2 ( 1.1 +0:4

�0:3) �10�2 0.01 �10�2
30.9 ( 2.1 +1:4

�0:9) �10�3 0.04 �10�3

Table 8.2: Electron and positron uxes at the top of the payload. Column 1 is
the mean energy at the top of the payload. Columns 2 and 3 gives respectively the
e� and e+ uxes at the top of the payload. Column 4 and 5 give the calculated
atmospheric e� and e+ secondaries at 3.9 g/cm2 of residual atmosphere [53]. The
errors include both statistical and systematic errors as described in chapter 7.
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spheric secondaries are presented in Figure 8.6. Between 0.5 and 1 GeV

the e�ect of the geomagnetic cuto� can be noticed in the sharp attening

of the spectra1. The nominal geomagnetic cuto� [50] for the CAPRICE94

ight varied from ' 0.35 GV (at Lynn Lake) to ' 0.65 GV (at Peace River).

Below 0.4 GeV both spectra increase while, due to the cuto�, the primary

component is expected to go to zero. This can be due to three e�ects:

Uncertainty on the experimental measurements. As has been shown,

both e�ciencies and geometrical factors decrease sharply below 400 MeV re-

sulting in large uncertainty on the measured values.

Underestimation of the secondary component. In the theoretical

calculation [53] used in this thesis only the contribution from meson and

lepton decays is considered. However, it is shown in [54] that, below a few

hundred MeV, the contribution from knock-on electrons becomes important.

Besides, the azimuthal acceptance of the incoming e� and e+ increases as

the energy decreases (the average incidence angle is 230 for e� at 0.1 GeV)

introducing an angular dependence that it is not taken into account in the

calculation. Both these contributions would increase the atmospheric sec-

ondaries at low energies.

Reentrant albedo. Splash albedo electrons, i.e. secondary electrons pro-

duced in the atmosphere and moving upwards, can leave the atmosphere

and, for rigidities below the geomagnetic cuto�, be trapped in bound orbits

in the geomagnetic �elds. Then, they move to the same geomagnetic latitude

on the opposite hemisphere and enter the atmosphere with a rigidity below

the geomagnetic cuto�. These particles are called reentrant albedo. There

are several measurements of reentrant electrons (e.g. see [54]) taken at a lo-

cation close to Lynn Lake but they di�er as much as a factor 5. However, the

order of magnitude of the measured reentrant ux is of 200 (GeV m2 s rs)�1

at 0.1 GeV and it could account for most of the increase in the experimental

spectra of Figure 8.6.

In conclusion, the uncertainties about the nature of the electron and

positron spectra below 400 MeV force us to disregard this energy region

and consider only the uxes above 0.4 GeV and assume that below this

energy the primary cosmic rays are highly depressed by the geomagnetic

cuto�.

1The attening of the spectra below 4 GeV is mainly due to solar modulation.
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Figure 8.6: The experimental electron (2) and positron (�) spectra at top of the
payload after subtraction of atmospheric secondaries.

8.5 Electron and positron spectra at the top of the

atmosphere

The spectra presented in Figure 8.7 (open symbols) correspond to the e� and

e+ component of cosmic rays at 3.9 g/cm2 of residual atmosphere. As in

the case of propagation inside the payload, electrons lose energy due to the

bremsstrahlung process. However, di�erently from the previous propaga-

tion, electrons produced by conversion of bremsstrahlung photons contribute

to the electron ux at the top of the payload. Consequently, now the com-

plete cascade equations 4.27 have to be used to properly evaluate the spectra

at the top of the atmosphere. This is done with a procedure similar to the

one used for the spectra at the top of the payload combining both the e� and

e+ spectra to take into account the cross contribution of pair conversion to
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Figure 8.7: The experimental electron (boxes) and positron (circles) spectra at
top of the payload after subtraction of atmospheric secondaries (open symbols) and
at the top of the atmosphere (solid symbols). The solid and dashed lines are the
smoothed electron and positron spectra used for the propagation, respectively.

the two species. The solid and dashed lines of Figure 8.7 are respectively the

smoothed electron and positron spectra used for the propagation technique.

The bending and decrease of the two smooth spectra below 600 MeV is a

model of the e�ect of the geomagnetic cuto�. The uncertainties on the low

energy part of the two spectra do not permit to infer precisely the e�ect of

the geomagnetic cuto�. Thus, the shape of the primary spectra is arbitrarily

chosen as going to zero below 300 MeV similarly for electron and positrons.

The resulting propagated uxes at the top of the atmosphere are shown

with solid symbols in Figure 8.7 and are given in table 8.3.
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Energy bin Mean energy Flux at ToA

at ToA (GeV) at ToA (GeV) (GeV m2 sr s)�1

electrons positrons

0.46 - 0.61 0.54 ( 1.3 � 0.2) �101 3.9 � 1.7

0.61 - 0.75 0.68 ( 1.6 � 0.2) �101 3.2 � 1.1

0.75 - 0.90 0.83 ( 1.5 � 0.1) �101 2.7 � 0.8

0.90 - 1.05 0.97 ( 1.4 � 0.1) �101 3.4 � 0.7

1.05 - 1.19 1.12 ( 1.3 � 0.1) �101 2.5 � 0.5

1.19 - 1.34 1.26 9.3 � 0.9 2.1 � 0.5

1.34 - 1.48 1.41 10.0 � 0.9 1.1 � 0.3

1.48 - 1.84 1.66 8.4 � 0.6 1.4 � 0.2

1.84 - 2.21 2.02 7.4 � 0.5 ( 6.8 � 1.5) �10�1
2.21 - 2.57 2.39 6.3 � 0.5 ( 7.6 � 1.5) �10�1
2.57 - 2.93 2.75 4.9 � 0.4 ( 3.9 +1:3

�1:0) �10�1
2.93 - 3.30 3.11 3.3 � 0.3 ( 2.1 +1:0

�0:7) �10�1
3.30 - 3.66 3.48 2.1 � 0.2 ( 2.0 +0:9

�0:7) �10�1
3.66 - 4.39 4.01 2.0 � 0.2 ( 2.1 +0:6

�0:5) �10�1
4.39 - 5.11 4.74 1.2 � 0.1 ( 1.2 +0:5

�0:4) �10�1
5.11 - 5.84 5.47 ( 8.4 � 1.0) �10�1 ( 4.6 +3:7

�2:5) �10�2
5.84 - 7.29 6.51 ( 4.5 � 0.5) �10�1 ( 2.5 +2:1

�1:5) �10�2
7.29 - 10.20 8.58 ( 1.8 � 0.2) �10�1 ( 2.7 +1:1

�0:9) �10�2
10.20 - 14.56 12.11 ( 6.3 � 1.0) �10�2 ( 3.7 +5:1

�3:5) �10�3
14.6 - 20.4 17.1 ( 1.9 +0:5

�0:4) �10�2
20.4 - 27.6 23.6 ( 9.1 +3:5

�2:6) �10�3
27.6 - 43.6 34.3 ( 1.7 +1:2

�0:8) �10�3

Table 8.3: The electron and positron uxes at the top of the atmosphere. Column
1 and 2 are, respectively, the energy bins and means at the top of the atmosphere.
Column 3 and 4 give the resulting e� and e+ uxes at the top of the atmosphere.
The errors include both statistical and systematic errors as described in chapter 7.
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8.5.1 Uncertainties on the electron and positron uxes

Systematic errors originating from the determination of the detector e�cien-

cies are included in the data points and discussed in the previous chapter.

Another possible systematic error is related to the e�ciency of the trigger

system (see section 2.2). The performance of each photomultiplier pair is

tested comparing the experimental spatial distribution of triggers with the

distribution given by the simulation used for the geometrical factor. The

excellent agreement between the simulated and experimental distributions

permits to conclude that a possible systematic error due to a geometrical

ine�ciency of the trigger is less than 1%.

The back propagation of the spectra to the top of the payload and to the

top of the atmosphere requires a smoothing of the experimental points (e.g.

see Figure 8.7). This means that the shapes of the spectra must be assumed.

However, these shapes are only known with the precision of the experimental

data. Hence, this increases the experimental uncertainty of the propagated

uxes. This uncertainty can be reduced if there are enough data points

to clearly infer a shape (i.e. all breaking of the shapes are identi�ed) but,

still, a systematic error of at least 5%2 has to be allowed for this procedure.

Obviously, the errors on the resulting uxes increases with the uncertainty

on the shape. This is not only a limit of the technique adopted in this work.

Another method used in literature(e.g. [56]) was presented by Schmidt [57] in

1973. He integrated the cascade equation given by Rossi obtaining a simple

relation between the electron spectrum at di�erent depth assuming that the

spectrum follows a power law in energy. Even if this method appeals for

its simplicity it has two problems: it works only for spectra which follows a

power law and one needs the spectral index of the power law. This spectral

index is obtained from the data and, consequently, it has an error due to the

experimental uncertainty. This error a�ects the resulting ux at the top of

the atmosphere similarly to what happens with the procedure used in this

work.

The residual atmosphere above the gondola was measured by two pres-

sure sensors owned and calibrated by NSBF3. Conservatively a systematic

error of 10% is assumed, resulting in a mean residual atmospheric depth of:

3.9�0.4 g/cm2. This a�ects both the propagation of the spectra and the

calculation of the secondaries. The main di�erence due to the propagation

is a shift of ' 1% on the mean energy similar for electrons and positrons.

Instead, the e�ect on the secondary subtraction, due to the uncertainty in

the atmospheric depth, is more important for positrons than for electrons.

2This value has been obtained using di�erent acceptable smoothing of the spectra.
3The National Scienti�c Balloon Facility, responsible for the balloon ight.
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The error on the positron ux can be as large as 25% at 0.5 GeV decreas-

ing to ' 1% at 10 GeV. For electrons it is of the order of 5% at 0.5 GeV

decreasing to less than 1% above 1 GeV.

Similar systematic errors are due to the uncertainty on the secondary

production in the atmosphere. In the next chapter it will be shown that

a good agreement is found between the experimental muon ux and the

calculated one. The calculation that provides the muon ux is the same as

used for the calculation of the secondary electrons and positrons and the

three species are clearly related (equation 8.4). Hence, a 10% uncertainty

can be reasonably assumed on these calculations.

The systematic error due to the geometrical factor calculation has been

presented earlier in this chapter being less than 5% between 0.2 and 0.5 GV

and less than 2% for rigidities higher than 0.5 GV.

The extrapolation of the calorimeter proton rejection factor from the bin

3 to 5 GV to the bins 5 to 7 GV and 7 to 10 GV introduce an uncertainty on

the estimation of the proton background and, consequently, on the positron

uxes. Assuming an uncertainty on the rejection factor of 50%, i.e. the

proton background could be one an a half times either larger or smaller

than estimated in section 6.5, a systematic error of � 20% at 8.6 GeV and

of � 50% at 12.1 GeV is obtained on the positron ux at the top of the

atmosphere.

Assuming that the systematic errors are uncorrelated and, hence, can

be quadratically summed, it results that the measurements can include sys-

tematic uncertainties which are rigidity dependent decreasing from ' 35%

at 0.5 GeV to ' 10% above 1 GeV, becoming � 22% at 9 GeV and � 50%

at 12 GeV for positrons. For electrons the estimated systematic errors de-

creases from ' 15% at 0.5 GeV to less than 10% above 1 GeV. These errors

are not included in the data presented in the tables and the �gures.

8.6 Comparison with theoretical and other exper-

imental results

8.6.1 Electron spectrum

Figure 8.8 shows the CAPRICE94 electron ux (multiplied by E3, where

E is the energy in GeV) at the top of the atmosphere together with other

experimental results obtained in the last two decades. As it can be seen in

the �gure, the measurements di�er as much as a factor three. Not all these

measurements can distinguish the sign of the charge of the particles and so

they (Taira et al. [15], Tang [10] and the HEAT [56] highest energy point)



148 Chapter 8. Electron and Positron Spectra

Figure 8.8: The electron spectrum multiplied by E3 measured by several experi-
ments: this work (CAPRICE94), HEAT 94 [56], Taira et al. 93 [15], MASS91 [58],
MASS89 [20], Tang 84 [10] and Bu�ngton et al. 75 [60]. The solid line labelled
IS is the calculated interstellar electron spectrum using a di�usive halo model with
momentum dependent Galactic propagation of the cosmic rays [12]. The dashed
line is the same spectrum modulated according to equations 8.5 and 8.7.
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present the \all electron" ux, i.e. the sum of the positron and electron

uxes. Hence, in this \electron" measurement they have the problem of re-

jecting the proton contamination. The other measurements separated elec-

trons and positrons using magnets. Three measurements belonging to the

WIZARD collaboration: MASS89 [20], MASS91 [58] and CAPRICE94 (this

work), have used the same superconducting magnet and similar tracking de-

vices (MASS91 and CAPRICE94 tracking systems were improved, in respect

to MASS89, with the introduction of two drift chambers). However, the

calorimeter, which is the main electron identifying detector, has improved

signi�cantly. In MASS89 and MASS91 it was a 7.5 X0 brass-streamer tube

calorimeter, while in this work (CAPRICE94) a 7 X0 Si-W calorimeter, as

described in the previous chapters, was used together with a RICH. At high

energies, where the e�ect of solar modulation is smaller, the three exper-

iments are in agreement taking into account all statistical and systematic

errors. Only the data point at 10 GeV of MASS89 di�ers signi�cantly from

the others. Another recent ux measurement was obtained, using a mag-

netic spectrometer, by the HEAT collaboration that was launched from Fort

Sumner, New Mexico, USA, in 1994. Their results are 70% higher than the

CAPRICE94 results. The results obtained by Taira et al. [15] using emulsion

chambers appear to be higher than CAPRICE94 data. At low energies (be-

low 10 GeV), the comparison between CAPRICE94 and MASS89 (MASS91

was launched from a location, Fort Sumner, with geomagnetic cuto� higher

than 4 GV) is more di�cult due to solar modulation. However, the MASS89

results are lower as expected for an experiment performed during a period

of higher solar activity (September 1989) even if it is not as much as one

could have expected considering that MASS89 was close to a solar maximum

while CAPRICE94 was close to a solar minimum. A possible interpretation

of this will be given in section 8.7.

In Figure 8.8 a recent theoretical prediction of the interstellar electron

spectrum (IS - solid line) by Moskalenko and Strong [12] is presented. This

theoretical model calculates cosmic ray primary and secondary spectra us-

ing a di�usive halo model with momentum dependent propagation of the

cosmic rays in the Galaxy. Two models are used: one that infers the dif-

fusion coe�cient as a function of momentum from the experimental boron

to carbon ratio and one that assumes reacceleration of the cosmic rays dur-

ing their propagation in the Galaxy. In this last case the measured B to C

ratio determines the reacceleration strength. In Figure 8.8 only the model

with no reacceleration is shown. The primary electron injection index is

determined by comparison with gamma-ray and synchrotron radiation mea-

surements and is equal to 2.1 below 10 GeV steepening to 2.4 above 10 GeV.
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The ux normalization was chosen to �t direct measurements, i.e. electron

ux at 9 GeV: 3:2� 10�1 (GeV m2 sr s)�1. To compare this with the CA-

PRICE94 results the solar modulation has to be taken into account. In

Figure 8.8 the dashed curve is the theoretical electron spectrum after solar

modulation (the model for the modulation is described in section 8.7) with

a modulation parameter �=600 MV. It results that the CAPRICE94 data

is well described by this spectrum below 6 GeV, while above this energy an

increasing discrepancy is found. At high energies the theoretical spectrum

is atter than what results from the data, not only from CAPRICE94, but

also from the MASS91 and the HEAT measurements. This could be an

indication of an inaccurate theoretical model for electrons of energies above

10 GeV, that is the injection spectrum could have a spectral index higher

than 2.4 as used by Moskalenko and Strong. However, it has to be said that

above 10 GeV the statistics of the CAPRICE94 measurement is not very

good. The Moskalenko and Strong spectrum would agree with CAPRICE94

high energy uxes if a lower normalization value for the ux would be used.

However, in this case the low energy data would not agree with the simple

solar modulation model described in section 8.7.

8.6.2 Positron spectrum

Figure 8.9 shows the CAPRICE94 positron ux (multiplied by E3) at the

top of the atmosphere together with other experimental results. Only a

few results have been published on the positron ux and the ones shown

in the �gure represent nearly all the existing data. Considering the large

uncertainties the di�erent results are in good agreement.

The curves have the same meaning as in Figure 8.8. The positron spec-

trum has been calculated by Moskalenko and Strong [12] assuming that all

positrons are secondaries produced by cosmic rays interaction with interstel-

lar matter. A good agreement is found between the modulated theoretical

spectrum and the CAPRICE94 one. It is worth noticing that the CA-

PRICE94 positron ux below 6 GeV is slightly higher than the modulated

theoretical ux, while in the case of electrons it is the opposite4.

The theoretical positron spectrum of Moskalenko and Strong di�ers sig-

ni�cantly in nearly all the energy range (it is higher below 10 GeV and lower

above it) from another popular theoretical spectrum obtained by Protheroe

in 1982 [5] using, for the propagation in the Galaxy, the leaky box model.

The same is not true for the electron spectra that di�er only below 1 GeV.

4The lowest energy ux points (below 0.8 GeV, both e� and e+ ) could be depressed
also by the geomagnetic cuto�.
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Figure 8.9: The positron spectrum multiplied by E3 measured by several experi-
ments: this work (CAPRICE94), HEAT 94 [56], MASS89 [20], Bu�ngton et al.
75 [60], Daugherty et al. 75 [62] and Fanselow et al. 69 [19]. The solid line labelled
IS is the calculated interstellar secondary positron spectrum using a di�usive halo
model for Galactic the cosmic ray propagation [12]. The dashed line is the same
spectrum modulated according to equations 8.5 and 8.7.
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According to Moskalenko and Strong [12] the di�erence with Protheroe's

calculation is mainly due to a di�erence in the production function. This is

caused by the way in which the muon to electron-positron decay asymmetry

is treated: Protheroe [5] appears to have made the mistake of assuming that

the asymmetry is the same for positrons and electrons (see e.g. page 253

in [37]).

8.6.3 Positron fraction

More experimental data exist on the positron fraction than on the ux. This

is due to the fact that it is experimentally easier to calculate the ratios in-

Rigidity bin Mean energy Positron Fraction

GV at ToA (GeV) e+

e+ +e�

0.30 - 0.40 0.54 0.223 � 0.081

0.40 - 0.60 0.75 0.160 � 0.034

0.60 - 0.80 1.04 0.177 � 0.025

0.80 - 1.10 1.40 0.144 � 0.019

1.10 - 1.50 1.90 0.106 � 0.015

1.50 - 2.00 2.55 0.092 � 0.014

2.00 - 3.00 3.56 0.082 � 0.015

3.00 - 5.00 5.61 0.070 �0:017
+0:019

5.00 - 7.00 8.58 0.129 �0:039
+0:049

7.00 - 10.00 12.11 0.056 �0:049
+0:073

Table 8.4: Positron fraction. Column 2 is the energy mean of each bin at the top
of the atmosphere. Column 3 gives the positron fraction obtained making the ratios
of the e+ and e� uxes. Compared to Table 8.3, several nearby energy bins have
been combined to decrease the statistical errors. The errors include both statistical
and systematic errors as described in chapter 7.

stead of the absolute uxes: all e�ciencies can be reliably assumed to be the

same for e� and e+ and, hence, they do not appear in the calculation of the

ratio. However, as it has been shown in this chapter, a correct determina-

tion of each spectrum is necessary both for their propagation to the top of

the atmosphere and for a proper subtraction of the atmospheric secondaries.

Thus, the most correct way to obtain the positron fraction is to calculate

the ratios between the absolute uxes. This is the approach used here.

In Table 8.4 the fraction of positrons obtained in this work is presented.

Nearby energy bins have been combined in order to decrease the statisti-
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cal errors. The ratios are also shown in Figure 8.10 together with previous

measurements and with theoretical predictions. A good agreement is found

between the CAPRICE94 results and data from MASS89 and TS93 [20, 7]

and the combined HEAT results [59], which are a combination of the results

from the HEAT94 and HEAT95 ights from Lynn Lake and Fort Sumner,

New Mexico, USA, respectively. Particularly interesting, because of the sim-

ilarity between the two apparati, is the agreement above 5 GeV with TS93.

This experiment was performed by the WiZard collaboration one year be-

fore CAPRICE94 using the same spectrometer but with a thinner imaging

calorimeter (4 X0 instead of 7 X0 ). The other detector for particle identi�-

cation was a transition radiation detector which permitted identi�cation of

high energy electrons and positrons. At lower energies an excellent agree-

ment is found between CAPRICE94 and the combined HEAT results. It

has to be said that the combined HEAT results have been published before

the paper on the uxes [56] that refers only to the �rst ight which took

place in 1994 from Fort Sumner (only data above 5 GeV). If the high energy

ratios would be obtained from the corresponding uxes (Figures 8.8 and 8.9)

a non negligible di�erence (but still inside the errors) would be found for

some points. A similar conclusion can be drawn if the data is compared

with the �rst results published by the HEAT collaboration [6] for the same

1994 ight.

Since for a long time the measurements of the positron fraction have

been nearly the only reliable information on positrons, a lot of theoretical

speculations have been put forward to explain this fraction as a function

of energy. The dotted line is the theoretical calculation of the secondary

positron fraction performed by Protheroe [5] using the leaky box model for

Galactic propagation. It clearly appears that it di�ers from nearly all the

data both at high energies and at low energies.

Energies below 6 GeV. A better agreement with the data is obtained

by the recent calculation of Moskalenko and Strong [12], mainly because

of their higher e+ ux. The solid and dashed lines in Figure 8.10 are the

results of their calculation without and with reacceleration of the cosmic

rays during their propagation in the Galaxy respectively (the solid line is

the ratio of the unmodulated theoretical e� and e+ spectra presented in

Figures 8.8 and 8.9). Both models �t nicely the experimental data below

6 GeV with the model without reacceleration �tting more closely the data

below 1 GeV. However, the uncertainties on the data are too large to infer

any conclusion which of the two models is the correct one. It has to be said

that Moskalenko and Strong [12] stated that the electron spectrum without
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Figure 8.10: The positron fraction measured by CAPRICE94 (this work) and
several other experiments: TS93 [7], HEAT 94-95 [59], Clem et al. 96 [77],
MASS89 [20], M�uller and Tang 87 [8], Bu�ngton et al. 75 [60], Daugherty et
al. 75 [62] and Fanselow et al. 69 [19]. The dotted line is the secondary positron
fraction calculated by Protheroe using the leaky box model [5]. The dashed and
solid lines are the secondary positron fraction calculated by Moskalenko and Strong
with and without reacceleration of cosmic rays, respectively [12]. The points below
300 MeV could be contaminated by reentrant albedo electrons [19].
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reacceleration is compatible with measurements of Galactic gamma rays

from 1 to 1000 MeV and radio synchrotron data, while the other one may

not be consistent. It is also important to notice that the theoretical positron

fractions of Moskalenko and Strong are obtained using the interstellar spec-

tra, hence solar modulation could a�ect the result. As it will be shown in the

next section even the simple spherical model for solar modulation a�ects the

positron fraction. The resulting calculated fraction (see Figure 8.13), when

modulated to the time of the CAPRICE94 ight, does not agree as well as

in Figure 8.10. This is a direct consequence of the fact that the positron ux

is slightly higher while the electron ux is slightly lower than the calculated

modulated spectra, and these di�erences are clearly enhanced when mak-

ing the ratio. However, nearly all CAPRICE94 data points agree with the

theoretical fraction inside two standard deviations or if also the systematic

uncertainties described in section 8.5.1 are taken into account.

Another interesting explanation for the behaviour of the positron fraction

as a function of energy is based on a sign charge dependent solar modulation.

This will be described with some detail in the next section.

Energies above 6 GeV. Early measurements (up to 1990, [20, 8, 60, 19,

61]) were �nding that the positron fraction increased with energies above

10 GeV and the ratio at high energies was of the order of 15%. This trig-

gered a lot of theoretical speculations which invoked positron sources, that

is together with a secondary positron component due to nuclei interaction

with interstellar matter there should also be a primary positron component.

Several exotic sources were suggested (see [9] and [63]) such as: magnetic

pair creation at pulsars; production of pairs by gamma rays interacting

with optical or ultra violet photons; annihilation of supersymmetric parti-

cles (WIMPS, weakly interacting massive particles). However, new recent

measurements ([7], [59], [4]) indicate that the positron fraction is, instead,

rather constant with energy. Yet, also these new results appear too high for

the theoretical secondary positron fraction. In this energy range not even

the Moskalenko and Strong calculation can �t the data. In reality, the dis-

crepancy is even greater than using Protheore calculation due to the lower

positron spectrum above 10 GeV. Moskalenko and Strong [12] suggest two

possibilities to �t the high energy positron fraction:

1. a steepening of the electron spectrum;

2. using harder (atter) interstellar proton and helium spectra.

Of the two possibilities they favour the second. According to their calcu-

lation a lower injection spectral index for protons would result in a sec-
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ondary positron component that would �t the HEAT high energy results.

Besides, they say that an harder proton spectrum would agree better with

the EGRET results on the gamma-ray spectrum above 1 GeV (see also [64]).

However, the resulting local (top of the atmosphere) proton spectrum after

propagation in the Galaxy would have a spectral index of ' 2:6 instead of

' 2:7 measured by several balloon-borne experiments (see [65] and reference

within). Furthermore, a steeper nuclei interstellar spectra seem necessary

to �t measured uxes of C, O, Si and Fe [66].

On the other hand, the �rst hypothesis does not appear to be in contra-

diction with the experimental data. In fact, looking at Figures 8.8 and 8.9

the Moskalenko and Strong electron spectrum is atter than the recent ex-

perimental data between 6 GeV and 100 GeV, while the positron spectrum

appear to be in better agreement with the measurements. However, the

uncertainties are too large to permit a conclusive statement on this subject.

Recently, the HEAT collaboration have claimed a possible signature of

supersymmetric particle decay in the positron fraction [67]. Following the

work of Kamionkowski and Turner [68], they propose that the small increase

in the HEAT positron fraction above 5 GeV could be explained assuming

an excess of positrons created by the decay of gauge bosons produced in

the annihilation of WIMPs. The mass of the WIMP that �ts their data is

380 GeV/c2, well beyond any direct experimental measurement with accel-

erators. The CAPRICE94 data also show a bump in the positron fraction

around 9 GeV. However, the bump can be easily due to statistical uctua-

tions, the uncertainties are large particularly in this energy bin where the

proton contamination is not negligible and can play a role (see section 8.5.1).

In Figure 8.11 the positron fraction obtained in this work (�) is com-
pared with the CAPRICE94 results (�) already published as a letter [4].

The published positron to electron ratios were obtained when the analy-

sis on the e�ciencies was still in progress and the absolute uxes were not

yet determined. For the secondary subtraction, the CAPRICE94 negative

muon spectrum was determined at oat altitude (in arbitrary units) and was

compared with the theoretical muon spectrum. The resulting normalization

factor was used for obtaining the secondary electrons and positrons. For this

purpose the scintillator, RICH and calorimeter e�ciencies were determined

while the tracking e�ciency was assumed constant. However, as it can be

seen in Figure 7.2, the tracking e�ciency decreases with decreasing ener-

gies below 1 GV, thus the used calculated secondary electrons and positrons

were overestimated, compared to the experimental data, below 1 GV. This

a�ects more the positron component resulting in a slightly lower positron

fraction as it appears in Figure 8.11 for the lower energies which correspond



8.7 Solar modulation 157

to rigidities lower than 1 GV in the spectrometer. Besides this and some

changes in the analysis code, another major di�erence was the time period

of used ight data: for the analysis presented in this work the last four hours

of ight data have been skipped because of the strong decrease in e�ciency

of the bottom drift chamber. This gives a di�erent (lower) statistic that

a�ects mainly the high energy bins due to their lower statistics. However,

the di�erence between the two results is well within the uncertainties.

Figure 8.11: The CAPRICE94 positron fraction obtained in this work (�) compared
with a previous analysis [4] (�).

8.7 Solar modulation

To compare the CAPRICE94 electron and positron results with other mea-

surements and theoretical calculations it is necessary to consider the e�ect

of solar modulation (see section 1.3) on these particles. In fact, the solar

modulation a�ects largely both uxes at energies of the order of a few GeV

and less.
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The simplest and most widely used model for solar modulation is the

spherically symmetric model suggested by Parker (see section 3.3.1 of Tu-

ska [69]) in the \force �eld approximation" of Gleeson and Axford [70]. This

gives that the di�erential intensity J(r; E; t) at a radial distance r from the

sun, a total energy E of the cosmic ray particle and time t, is related to the

time independent interstellar intensity J(1; E) as:

J(r; E; t) =
E2 �E2

0

(E + �(t))2 �E2
0

J(1; E + �(t)); (8.5)

where E0 is the rest energy (mass) of the particle and � a parameter that

can be interpreted as the energy loss experienced by the cosmic ray particle

when approaching the Earth from in�nity. Assuming that the di�usion of

the particles in the magnetic �eld is described by a di�usion coe�cient k

separable with a form k = �k1(r)k2(R) (� velocity and R rigidity of the

particle), then � is related to the solar modulation parameter

� =

Z rb

r1

v

3k1
dr; (8.6)

where rb is the heliospheric boundary distance and v solar wind speed, by

the expression5 [70]:

� =
ZeR

k2(R)
�: (8.7)

An empiric expression for k2(R) is given by Rastoin et al. [71] with k2(R) = 1

up to a breaking rigidity R0 and k2(R) = R above it. Above R0 this results

in: � = jZje�. Comparing electron data taken with the Ulysses spacecraft,

Rastoin et al. [71] conclude that the data is consistent with a breaking rigid-

ity R0 = 0:1 GV, well below the lowest CAPRICE94 data point. Hence, the

model is completely de�ned by the solar modulation parameter alone. This

parameter can be functionally related (see for example [72]) to neutron mon-

itor counter data as CLIMAX [73]. The parameter � for the CAPRICE94

ight using this method is found to be 500 MV. However, when comparing

di�erent experimental proton and helium uxes this value of the modula-

tion parameter appears too low and a value of 600 MV �ts better the data

(see [65]). The dashed lines in Figures 8.8 and 8.9 are respectively the elec-

tron and positron Moskalenko and Strong spectra modulated according to

equation 8.5 with solar modulation parameter � = 600 MV.

5In reality this relation holds only if the ux variations due to solar modulation are
small, i.e. if the solar modulation parameter is small compared to the electron energy.

Hence, the solar modulated electron spectrum given by equation 8.7 may not be completely

in accordance with the spherically symmetric model for energies lower than the modulation
parameter.
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This simple model gives correctly many measured relations in time and

between particles species. However, it is unable to account for observa-

tions such as the di�erent behaviour with time of cosmic rays at di�erent

rigidities. Besides, it became apparent that the 11 years solar modulation

cycle is in reality a 22 years cycle connected to the 22 years cycle for the

reversal of the solar magnetic �eld. Now, it is believed that this 22 years

solar modulation cycle is due to gradients and curvature drifts in the helio-

spheric magnetic �eld that change direction every 11 years as the direction

of the �eld reverses [74]. It is beyond the scope of this work to discuss solar

modulation models. However, di�erently from the force �eld approxima-

tion, the new models predict a sign charge dependence modulation which

has been invoked to explain the electron spectrum and the positron frac-

tion [69, 69, 76, 77].

Indications of a sign charge dependent modulation arise when comparing

the helium ux versus the electron ux and the electron ux alone as a

function of time for alternate solar cycles [69, 78]. Electron measurements

have been particularly interesting: two long sets of measurements [69] have

been conducted by the University of Chicago and, subsequently, the Bartol

Research Institute in the last three decades using a satellite-based (ICE)

and a balloon-born apparatus (LEE) permitting a detailed study of the

time dependence of the electron ux. The advantage of these measurements

is that the use of the same apparatus decreases the inuence of systematic

uncertainties when comparing the measurements, the disadvantage is that

these apparati are unable to separate electrons from positrons resulting in

electron measurements contaminated by positive particles. One interesting

discovery of these experiments is that electrons, di�erently from nuclei, do

not return to the same ux level at successive solar minima. The reasons

for this di�erence is not clear but it could be related to the much smaller

abundance of electrons compared to protons and helium nuclei [76]. During

a solar cycle which favours positive particles (positive solar polarity cycle,

A > 0 cycle), cosmic rays could attain a level su�cient to saturate their ux

because of, for example, increasing scattering and this would a�ect both

positive and negative particles. Instead during a negative favoured cycle

(negative solar polarity cycle, A < 0 cycle), the positive cosmic rays might

never reach this saturating level and electrons, which carry a small amount

of energy, would be able to attain a \proper" higher ux level. Whatever is

the reason for the e�ect if it is true it could explain the \too" small di�erence

between CAPRICE94 and MASS89.

Figure 8.12 shows the CAPRICE94 electron ux (multiplied by E3)

together with MASS89 [20], Hartman and Pellerin [79] and Fanselow et
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al. [19] results (solid symbols for positive polarity and open symbols for

negative polarity solar cycles). The lines are the Moskalenko and Strong

Figure 8.12: The electron spectrum multiplied by E
3 for measurements during

A > 0 cycles: Hartman and Pellerin [79] (?) and CAPRICE94 (�); and during
A < 0 cycles: Fanselow et al. [19] (4) and MASS89 [20] (2). The curves are the
theoretical electron spectrum calculated by Moskalenko and Strong [12] modulated
according to equations 8.5 and 8.7 for solar modulation parameter: � = 500 MV
(solid line), � = 600 MV (dashed line), � = 1000 MV (dotted line)

electron spectrum [12] (solid line in Figure 8.8) modulated according to

equations 8.5 and 8.7 with solar modulation parameters: � = 500 MV (solid

line), � = 600 MV (dashed line, as in Figure 8.8), � = 1000 MV (dotted

line). The dotted and solid lines are respectively for maximum and min-

imum solar activity. MASS89 was launched in September 1989 close to

a solar maximum, Hartman and Pellerin data [79] come from two balloon

ights launched in summer 1974 close to the 1976 minimum and Fanselow et

al. results [19] were obtained by combining data from two launches in 1965

and 1966 close to the 1965 solar minimum. The CLIMAX neutron counter

values were [73]: 4.2�105 for Fanselow et al. ights (averaged between June
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Figure 8.13: The positron fraction as function of energy. The data points are the
same as in Figure 8.10. The solid line is the Moskalenko and Strong prediction [12]
for the secondary positron fraction modulated, according to equations 8.5 and 8.7,
to the solar activity of the CAPRICE94 ight. Two theoretical curves obtained
assuming a sign charge dependent solar modulation [77] are shown: dashed line for
A > 0 cycles (equation 8.9), dotted line for A < 0 cycles (equation 8.10).

1965 and June 1966), 4.05�105 for Hartman and Pellerin (averaged between

15th of July 1974 and 5th of August 1974), 3.3�105 for MASS89, 4.11�105
for CAPRICE94. Hence, the solid line should �t the Fanselow et al. results,

the dotted line the MASS89 results and the dashed line CAPRICE94 and

Hartman and Pellerin data. The dashed line is in good agreement with CA-

PRICE94 and Hartman and Pellerin results while the other two modulated

curves di�er largely from the measurements. This could be due to a di�erent

normalization for the CAPRICE94 data compared to MASS89 (even if the

MASS89 highest energy point agrees with CAPRICE94) and Fanselow et al.

results6, or it could be an indication of that during the negative-favoured

6Both MASS89 and Fanselow et al. results agree with the theoretical modulated curves
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solar cycles of Fanselow et al. and MASS89 ights the local electron ux was

higher than during the positive-favoured cycle of the CAPRICE94 and of

Hartman and Pellerin ights. Then, the CAPRICE94 electron and positron

spectra would be in agreement with the simple force �eld approximation for

the solar modulation because in a positive solar cycle they would be a�ected

in the same way (according to the interpretation given in [76]) and similarly

to cosmic ray nuclei, for which the model has proved quite successful. Obvi-

ously, if this is correct one can expect that the positron fraction depends on

the solar cycle. The positron fraction would be lower during A < 0 cycles

than for A > 0 cycles because the electron component would be higher while

the positron component would remain constant.

Even if the positrons would not follow the proton modulation but would

have the same one as the electrons in the opposite solar cycle, the sign

charge dependence would still a�ect the positron fraction ([75] and [77]).

Figure 8.13 has the same data points as Figure 8.10 but with di�erent the-

oretical curves. The solid line is obtained making the ratio between the

modulated, according to equations 8.5 and 8.7 and with � = 600 MV,

Moskalenko and Strong positron and electron spectra. As already intro-

duced on page 155, the positron fraction is a�ected by solar modulation

also in the force �eld approximation because of the di�erent shape of the

e� and e+ spectra. In fact, equation 8.5 relates the ux at the top of the

atmosphere with the IS ux of an energy increased by the modulation pa-

rameter, hence the positron fraction is independent on the solar modulation

only if the e+ and e� spectra have the same shape. This also means that

the solar modulation has probably to be taken into account when comparing

di�erent measured positron fractions at energies below 10 GeV. A similar

e�ect has also been pointed out for the antiproton to proton ratios [80].

However, the two most statistically signi�cant measurements below 10 GeV

(this work and the HEAT results) can be safely compared because the data

are taken in the same years.

The dashed and dotted lines have been obtained by Clem et al. [77]

assuming a sign charge dependent solar modulation in which the dependence

is estimated from experimental data, mainly ICE and LEE measurements,

that they express in terms of  : the ratio at Earth of the all electrons ux

in a A > 0 cycle to the all electron uxes for a corresponding A < 0 cycle.

Furthermore, they assume that the solar modulation can be separated in a

part (C) depending on the polarity and one (M) depending on the phase,

i.e.:

J(R; �; qA) = C(qA;R)�M(R; �)� JIS(R); (8.8)

if these are multiplied by a factor 1.5.
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where J is the ux at Earth and JIS is the interstellar ux; R and q are the

rigidity and sign of the charge of the particles respectively, A is the solar

magnetic polarity and � is the the solar modulation parameter which gives

the phase of the solar circle. Finally, they assume that M is the same for

electrons and positrons. In conclusion the positron fraction for an A > 0

cycle becomes:

F =
F 2
IS( + 1)� FIS
 � (2FIS � 1)

; (8.9)

and for an A < 0 cycle:

F =
F 2
IS( + 1)�  � FIS

2FIS � 1
; (8.10)

where F and FIS are the local and interstellar positron fraction, respectively.

Besides the sign charge dependence, this model di�ers from the center �eld

approximation because it relates the local ux to the IS ux at the same

rigidity, in this way the positron fraction is independent of the solar cycle

phase. The dashed line is the Strong and Moskalenko IS positron frac-

tion modulated for a positive polarity, while the dotted line is for negative

polarity. It is evident that the A > 0 curve below 5 GeV is in strong dis-

agreement with the measured positron fraction (with the exception of the

Clem et al. [77] data point which, however, has a very large error). In the

Clem et al. paper (as in a subsequent HEAT paper [59]) the disagreement

was not at all so large because they used the positron fraction calculated us-

ing the Protheroe IS [5], and Protheroe positron spectrum is lower than the

one used for Figure 8.13 below 10 GeV. However, if what Moskalenko and

Strong state is correct (see pag. 152), then the Protheroe positron fraction

is not correct and should not be used. Between 5 and 10 GeV, the A > 0

curve �ts the TS93, CAPRICE94 and HEAT data. Above 10 GeV, the

solar modulation and, consequently the charge sign dependence, has a too

small e�ect on the spectra to explain the increase or atness of the positron

fraction.

The low energy data [19] for negative polarity, with the exception of the

points below 300 MeV which, however, could be contaminated by reentrant

albedo electrons [19], are in agreement with the theoretical curve. At higher

energies, instead, the other data points [20, 8] disagree signi�cantly with the

prediction.
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8.8 Conclusions

In this chapter the electron and positron spectra and the positron fraction

measured with the CAPRICE94 experiment have been presented together

with other experimental results and theoretical predictions.

The electron spectrum has been determined over two decades in energy,

from 460 MeV up to 44 GeV (see section 8.5). The spectrum is in agree-

ment with other measurements and with the theoretical calculations below

6 GeV (see section 8.6.1). Above this energy, the CAPRICE94 electron spec-

trum is steeper and lower than the calculated spectrum by Moskalenko and

Strong [12] which assumes momentum dependent di�usion as propagation

mechanism in the Galaxy. The di�erence between the two spectra are too

large to be accounted to experimental uncertainties (see section 8.5.1). How-

ever, the CAPRICE94 electron spectrum is in good agreement (di�erences

of the order of 20%) at high energies with other experimental measurements

obtained by similar apparati [20, 58]. Another recent measurement [56] dis-

agrees with CAPRICE94 on the absolute uxes but has a similar shape. This

could indicate that the \real" interstellar electron spectrum is steeper than

the one obtained by Moskalenko and Strong. In fact, the CAPRICE94 inter-

stellar electron spectrum (demodulated according to equations 8.5 and 8.7

with solar parameter � = 600 MV), if �tted as a power law in energy be-

tween 6 and 35 GeV7, has a spectral index of �3:6� 0:2 compared to �3:16
of the electron interstellar spectrum of Moskalenko and Strong in the same

energy range. This could have important e�ects on the positron fraction.

The positron spectrum has been measured between 0.5 and 15 GeV (see

section 8.5). An excellent agreement is found with other measurements in

the same energy range and with the theoretical calculation of Moskalenko

and Strong [12] where all positrons are of secondary origin, i.e. produced

by interactions of cosmic ray with the interstellar matter. In fact, all CA-

PRICE94 data points agree within two standard deviations with the mod-

ulated theoretical spectrum. However, this conclusion depends on the solar

modulation model used.

Also the positron fraction has been studied in the energy range from

0.5 to 15 GeV (see section 8.6.3). Again all CAPRICE94 data point are

in agreement with other experimental results and, below 6 GeV, with the

predicted fraction by Moskalenko and Strong [12]. Above 6 GeV all exper-

imental data tend to disagree with the calculated curve. This can be an

7This may not be completely correct. In this energy range the \real" electron IS could

have a more complicated spectral form due to the transition from a source spectrum to a
spectrum fully steepened by radiative energy losses.
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indication of sources of primary positrons such as annihilations of WIMPs

(e.g. [9, 67]). But it can also be explained with a steepening of the electron

spectrum. In fact, looking at Figures 8.8 and 8.9, it is the electron ux

which is diverging from the calculated one as the energy increases, not the

positron ux. If this is true this would be another strong con�rmation of

the secondary origin of all positrons.

The solar modulation has been introduced and studied (see section 8.7).

This has been necessary to reliably compare theoretical interstellar spectra

with local ones. The simple force �eld approximation of the spherically

symmetric model has been used to modulate the Moskalenko and Strong

spectra. It appears that both the e� and the e+ spectra agree well below

6 GeV (see Figures 8.8 and 8.9) with the modulated theoretical spectra. This

indicates that they were subjected to a similar solar modulation and that if

there was a sign charge dependence of the modulation this was small during

the CAPRICE94 ight. Similar conclusion can be reached studying the

positron fraction: the calculated positron fraction [12] modulated, according

to the force �eld approximation, �ts the CAPRICE94 and HEAT data much

better than the simple sign charge dependent model of Clem et al. [77].

However, this does not exclude a larger sign charge dependence for the

negative polarity solar cycles. In fact, this would explain the small di�erence

between the low energy CAPRICE94 and MASS89 uxes (the last one taken

during a A < 0 cycle). This would not agree with the sign charge modulation

dependence described by Moraal et al. [75] while it could agree with the

interpretation of Tuska et al. [76] in which the electrons are subject to the

di�erent polarity cycles more than the positrons which, instead, follow the

trend of the protons.

It is worth stressing that the electron and positron absolute uxes are

just one of the results obtained with the CAPRICE94 experiment. The

antiproton ux and the proton and helium nuclei spectra have been mea-

sured and published [27, 65]. These uxes are in excellent agreement with

many recent measurements and this is, indeed, a strong indication of the

reliability of the analysis and of a good control of the systematic errors of

the experiment. Also the hydrogen and helium nuclei isotopes have been

studied [81, 82] and the results will be published soon. In the next chapter

the electron and muon spectra in the atmosphere (from oat altitude to

ground) will be presented. They will be compared with other measurements

and with theoretical calculations such as the one used for the calculation of

the atmospheric secondary e� and e+ used in this work. Also here a good

agreement with other measurements is found.
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Chapter 9

Electron and Muon Spectra

from Ground to Float

Altitude

In this chapter the electron and the muon spectra, obtained at ground a few

days before the ight and during the ascent of the balloon to oat altitude,

are presented.

The accurate measurement of the muon spectra at various altitudes has

become increasingly important in the last years due to their connection

with the atmospheric neutrino problem [23]. However, this chapter will

deal essentially with presenting results and comparing them with previous

measurements1 and theoretical calculation such as the one used for the elec-

tron secondary corrections. The aim is to demonstrate the reliability of the

analysis and the potential of an experiment like CAPRICE94.

9.1 Electron and positron spectra at various at-

mospheric depths

The analysis conducted in the previous chapter on the data taken with the

payload at oat can be easily extended to the ground and ascent data.

Positrons and electrons at ground and electrons during the ascent are se-

lected using the looser criteria presented in section 8.2.2. To select positrons

during the ascent the same criteria as for the positrons at oat are used.

In this way the contamination of unwanted particles is minimized keeping

1A nice, detailed work on atmospheric muon uxes measured with balloon ights can
be found in [84].
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su�ciently loose cuts to assure signi�cant statistics. The electron selection

safely rejects the muon background leaving a negligible contamination, and

the proton rejection factor is high enough to select clean positrons with a

proton contamination less than 1%. However, as the altitude increases the

proton component becomes increasingly important and stronger selection is

required to identify unambiguously the positrons. Pions and kaons with an

energy of a few GeV and less are mainly produced locally and are, hence,

strongly correlated with the proton ux. Thus, the pion background is not

a concern at large atmospheric depths. With the payload approaching the

oat altitude, the rate of protons interacting in the structure of the payload

increases, increasing consequently the pion background. However, the com-

bination of the calorimeter selection and the selections on the RICH and

top time-of-ight scintillator with the request of single charge track in the

spectrometer decrease this background to a negligible fraction. For ener-

gies of 10 GeV and more, pions produced in the residual atmosphere above

the payload can travel long enough and be a signi�cant contributions. How-

ever, from theoretical calculations [53] it results that atmospheric pions (and

kaons) are a small fraction of the electrons and are easily rejected by the

calorimeter selection.

The selection e�ciencies are obtained as described in chapter 7. They

are the same as for the oat data with the exception of the tracking sys-

tem which has a time dependent performance that has to be taken into

account. For example, compare equations 7.1 and 7.3 which give respec-

tively the tracking e�ciency at oat and at ground. The main di�erence

between data at di�erent atmospheric depths is due to the decreasing, as

the atmospheric depth decreases, live time of the experiment. It decreases

from 0:97178�0:00009, before the payload was launched (990 g=cm2 atmo-

spheric depth), down to 0:2690� 0:0006 when the payload reached the oat

altitude (3.9 g=cm2 of atmospheric overburden). This was caused by the

increasing trigger rate at the top of the atmosphere due to the high primary

cosmic ray uxes.

9.1.1 Electron and positron spectra in the atmosphere

The atmospheric electron ux has two components: a primary one which

impinges into the top of the atmosphere and is absorbed by the the atmo-

sphere which acts like a calorimeter (of a total depth of about 28 radia-

tion lengths at sea level); an atmospheric component which is the results

of hadronic cascades induced by interaction of cosmic rays with air nuclei.

The contribution from cosmic gamma rays is negligible. Figure 9.1 shows the

atmospheric growth curves from oat altitude (a mean atmospheric depth
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Figure 9.1: The electron (open symbols) and positron (full symbols) uxes measured
at various atmospheric depths with the CAPRICE94 experiment. The atmospheric
data are presented for �ve energy intervals (the mean values are indicated) and
have been scaled such as, from top to bottom: 1) 0.47 GeV (�) �102; 2) 0.66 GeV
(2) �10; 3) 0.98 GeV (4) �1; 4) 1.41 GeV (5) �10�1; 5) 2.52 GeV (?) �10�2.
The data at the 3.9 g=cm2are the uxes at oat which have been presented in sec-
tion 8.3. The lines (solid for electrons and dashed for positrons, scaled as the data)
are the inferred primary electron and positron spectra at the top of the atmosphere
propagated into the atmosphere solving the cascade equation 4.26.



170 Chapter 9. Electron and Muon Spectra in the Atmosphere

of 3.9 g/cm2) to ground (990 g=cm2) for electrons (open symbols) and

positrons (full symbols) at �ve energy intervals. From top to bottom: 1)

from 0.41 to 0.54 GeV (�); 2) from 0.54 to 0.8 GeV (2); 3) from 0.8 to

1.2 GeV (4); 4) from 1.2 to 1.66 GeV (5); 5) from 1.7 to 3.9 GeV (?).

For clarity the uxes have been scaled with multiplicative factors: 1) 102;

2) 10; 3) 1; 4) 10�1 and 5) 10�2. The lines (solid for electrons and dashed

for positrons) are the primary electron and positron spectra propagated into

the atmosphere solving the cascade equation 4.26. The curves are numbered

according to their energy. The uxes of the primary particles are the experi-

mental measurements presented in table 8.3. As discussed in section 8.5, the

uxes at the top of the atmosphere are chosen to go to zero below 300 MeV

to take into account the e�ect of the geomagnetic cuto�. It is clear from

the �gure that for all energies, except the �rst (and also the second for

the positrons), the primaries dominate at small atmospheric depths while at

depths greater than 150 g/cm2 they account for a few percent and less of the

uxes. The atmospheric growth curves show a maximum located between

100 and 200 g/cm2, called the Pfotzer maximum, caused by the combined

e�ect of the steep energy spectra of the cosmic rays and of the interaction

mean free path for relativistic hadrons in air of about 100 g/cm2. After

reaching the maximum, the ux decreases almost exponentially. According

to the calculation of Daniel and Stephens [54], the decrease can be described

with an exponential attenuation length slowly varying with depth. For ex-

ample, at 10 GeV they �nd a value for the attenuation length of 143 g/cm2

between 550 and 775 g=cm2 and of 215 g=cm2 between 775 and 1000 g=cm2.

An exponential �t of the data in Figure 9.1 between 150 and 990 g=cm2 gives

an average attenuation length of ' 180 g=cm2.

Figure 9.2 shows the electron (�) and positron (�) uxes in the 0.8 to

1.2 GeV energy bin (mean energy of 980 MeV) after subtraction of the prop-

agated primary spectra as a function of atmospheric depths, thus represent-

ing the CAPRICE94 estimate of atmospherically produced e� and e+ . The

solid and dashed lines are the calculated atmospheric growth curves [54]

respectively for electrons and positrons of energy 1 GeV for a location with

geomagnetic cuto� zero and during minimum solar activity. The data are in

a rather good agreement (di�erences of the order of 25%) with the theoret-

ical curves, the largest discrepancy is found for the point at 990 g=cm2 as

can also be seen in Figure 9.4. It is worth pointing out that the atmospheric

secondary calculation, presented in the previous chapter and used for ob-

taining the e� and e+ uxes at the top of the atmosphere, is an updated

version of the one which gives the theoretical curves in the �gure and it

was performed only for small atmospheric depths [53]. For sake of clarity, in
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Figure 9.2: The secondary electron (�) and positron (�) uxes, at a mean energy
of 0.98 GeV, measured as a function of atmospheric depths with the CAPRICE94
experiment. The curves are the calculated atmospheric growth curves [54] for elec-
trons (solid line) and positrons (dashed line) of energy 1 GeV at a location with
geomagnetic cuto� zero and during minimum solar activity. The open and full
boxes are respectively the calculated secondary electron and positron uxes [53] for
the oat altitude of CAPRICE94 payload which have been used in this work.

Figure 9.2 also the secondaries (box symbols) used for the oat data are pre-

sented. While the positron ux is only slightly changed the electron ux is

decreased by ' 25% in the new calculation. The major di�erences between

the two calculations is the introduction in the latest of newer accelerator

data.

Finally, Figure 9.3 shows the electron (a) and positron (b) spectra for

six di�erent atmospheric depth intervals. Also in this case for clarity of

the �gure the data have been scaled, i.e., from top to bottom: 1) from 7

to 20 g=cm2 (�) �102; 2) from 20 to 40 g=cm2 (�) �10; 3) from 40 to

80 g=cm2 (3) �1; 4) from 80 to 120 g=cm2 (2) �10�1; 5) from 120 to

250 g=cm2 (?)�10�2 and 6) from 250 to 500 g=cm2 (4)�10�3. The spectra
can be approximated with a power law (solid lines in �gure) for atmospheric

depths greater than 50 g=cm2 where secondary electrons dominate. The

weighted average of the resulting �tted spectral indexes of both species is:

2:84� 0:05.



172 Chapter 9. Electron and Muon Spectra in the Atmosphere

Figure 9.3: The electron (a) and positron (b) spectra measured in the atmosphere
with the CAPRICE94 experiment. The uxes are presented for six atmospheric
depth intervals (the mean values are indicated) and have been scaled such as: 1)
12 g=cm2 (�) �102; 2) 30 g=cm2 (�) �10; 3) 60 g=cm2 (3) �1; 4) 101 g=cm2 (2)
�10�1; 5) 186 g=cm2 (?) �10�2 and 6) 372 g=cm2 (4) �10�3. The solid line
are power law �ts of the data.
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9.1.2 Electron and positron spectra at ground

A few days before the ight, the CAPRICE94 detectors were run for 24 hours

at ground collecting about 685000 events. These data have been analyzed

allowing a larger acceptance. The payload was inside an hangar and no

lifting bar was placed above it so the corresponding cut on the geometry,

presented in section 6.2, has not been used.

Table 9.1 gives the estimated electron and positron uxes at ground.

The errors are both statistical and systematical and are similar to the ones

Rigidity bin Mean energy at Flux at ground

top of payload (GeV m2 sr s)�1

GV/c GeV electrons positrons

0.10 - 0.15 0.18 10.0+3:0
�2:5 12.2+4:5

�3:5

0.15 - 0.20 0.25 5.0 � 0.9 4.8 � 1.1

0.20 - 0.25 0.31 3.8 � 0.6 4.8 � 0.7

0.25 - 0.30 0.38 1.0 � 0.5 1.9 +0:6
�0:5

0.30 - 0.40 0.47 1.2 � 0.2 1.1 � 0.2

0.40 - 0.50 0.61 ( 6.9 � 1.0) �10�1 ( 8.7 � 1.2) �10�1
0.50 - 0.60 0.74 ( 4.4 � 0.7) �10�1 ( 4.0 � 0.7) �10�1
0.60 - 0.80 0.92 ( 1.5 � 0.3) �10�1 ( 1.7 � 0.3) �10�1
0.80 - 1.00 1.19 ( 9.1 � 1.9) �10�2 ( 1.3 � 0.2) �10�1
1.00 - 2.00 1.83 ( 2.4 � 0.4) �10�2 ( 3.0 � 0.5) �10�2
2.00 - 5.00 3.99 ( 1.5+0:9

�0:6) �10�3 ( 2.4+1:1
�0:8) �10�3

Table 9.1: The electron and positron uxes at ground. Column 1 and 2 are, re-
spectively, the rigidity bins in the spectrometer and the mean values backpropagated

to the top of the payload. Column 3 and 4 give the resulting e� and e+ uxes. The
errors include both statistical and systematic errors (see chapter 7).

discussed in chapter 7. Some additional systematic uncertainties are dis-

cussed in section 8.5.1. However, in this case the uncertainties related to

atmospheric secondary calculations and atmospheric depths have no e�ect.

Assuming that the remaining systematic errors can be quadratically sum-

med, the ux data include systematic uncertainties which are slightly rigidity

dependent, decreasing from ' 10% below 0.5 GeV to ' 5% above 1 GeV

both for electrons and for positrons. This is valid also for the results pre-

sented in section 9.1.1.

Figure 9.4 shows the CAPRICE94 all electron (e� + e+ ) spectrum (�).
This is compared with the results (2) of a previous measurements, the
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MASS89 experiment [85]. This experiment was launched from Prince Albert

(53� North Latitude, 106� West Longitude), Saskatchewan, Canada, in 1989

and, a few days before take o�, ground data were collected. This town is

geographically located close to Lynn Lake and is 600m above sea level. To

properly compare the MASS89 uxes with the CAPRICE94 results, the dif-

ference in altitude of the two locations (Lynn Lake is 360m above sea level)

has been taken into account correcting the MASS89 data with an attenua-

tion mean free path of 180 g/cm2. That is, the MASS89 uxes have been

multiplied by a factor e�30=180 ' 0:85, where 30 g/cm2 is the di�erence in

atmospheric depth between the two sites. The attenuation mean free path

of 180 g/cm2 has been determined in section 9.1.1 and agrees with a cal-

culated average [54] (200 g=cm2) for large atmospheric depths (from 775 to

1000 g/cm2). A good agreement is found between the two measurements

Figure 9.4: The all electron spectrum at ground observed with CAPRICE94 (�)
compared to measurements from MASS89 experiment [85] (2) and theoretical esti-
mation by Daniel and Stephens [54] (solid line).

both in absolute values and in spectral shape. Both measured di�erential

spectra can be described by two power laws, one above 600 MeV and one
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below. The spectral index below 600 MeV it is: �2:2�0:2 and �1:8�0:1 for
CAPRICE94 and MASS89 data,respectively; above 600 MeV it is: �3:1�0:1
and �3:2� 0:2 for CAPRICE94 and MASS89, respectively.

In Figure 9.4 is also shown the theoretical calculation (solid line) of

Daniel and Stephens [54] of the all electron ux at ground. The data agree

fairly well (about 30% di�erence) with the calculation up to 800 MeV. Above

this energy an increasing di�erence is observed. However, the high energy

part of the spectrum (above 1 GeV) appears to have a similar shape as the

theoretical estimation.

The positron fraction at ground is presented in Figure 9.5. Also in

this case the results of this work are compared with the MASS89 measure-

ments [85] and a good agreement is found. The CAPRICE94 fraction agrees

well (solid line in �gure) with a constant value of: 0:54� 0:02. The theoret-

Figure 9.5: The positron fraction at ground obtained with this work (�) and mea-
sured by the MASS89 experiment [85] (2). The solid line is a �t to the CAPRICE94
data assuming a constant value for the fraction.

ical expectation is a slight increase with energy due to the presence in the

lowest energy bin of knock-on electrons which would decrease the positron

fraction, while at higher energy, since the electrons and positron are the

products of electromagnetic showers in the atmosphere, the fraction should
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converge to 0.5.

9.2 Muon spectra at various atmospheric depth

Di�erently from electrons and positrons, all muons are produced in the at-

mosphere by collisions of cosmic rays with air nuclei. Hence, the study of

�� and �+ spectra at various atmospheric depths is a good test of the the-

oretical calculations of atmospheric secondaries. In particular, the muon

spectrum at the CAPRICE94 oat altitude is closely related to the sec-

ondary electrons at the same altitude. Thus, the secondary calculation used

to subtract the atmospheric background from the primary electron signal

has to reproduce the measured muon spectra.

9.2.1 Selection of muons

The CAPRICE94 detectors are well suited to select muons against a back-

ground of electrons, protons and heavier particles.

The calorimeter. With a depth of 7 radiation lengths the calorimeter can

identify non-interacting particles in a background of electrons above a few

hundred MeV/c. The selection is performed requiring that the topological

development of the particle in the calorimeter resembles a single track. That

is an upper limit equal to 80 is applied on the calorimeter variable, linked to

the longitudinal pro�le, presented in section 5.4.5 and shown in Figure 5.14.

As can be envisage looking at this �gure, this selection discriminates between

showering and non-interacting particles. This selection reaches its highest

e�ciency above 1 GeV/c where the electromagnetic shower is well de�ned

in the calorimeter. Below 1 GeV/c a non-negligible electron contamination

is still present. To further reduce it, another selection, based on the total

detected energy divided by the momentum, is also used. An upper limit

for this quantity equal to 60 mip/(GeV/c) is applied. Figure 5.7 shows this

quantity as a function of rigidity for the ight data. The combined e�ect of

the two selection results in an electron rejection factor that increase from

30 at 0.3 GeV/c to 1000 and more above 1 GeV/c. Below 300 MeV/c the

calorimeter selection is not used because of the low e�ciency.

The e�ciency of the calorimeter selection is obtained using ground data.

The advantage of using ground data is the large muon statistics and the

small contamination of other particles. As it has been shown in section 9.1.2,

electrons are present in the ground data but they account for more than 10%

of the muon ux only below 400 MeV decreasing fast as the energy increases
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(see tables 9.1 and 9.3 and [85]). Hence, the error due to contamination when

estimating the selection e�ciency from ground data is small. This e�ciency

has been cross checked with ight data, where, however, a much larger

electron contamination is present that has to be taken into account, and a

good agreement has been found. Also simulations have been used and also

in this case an excellent agreement is found. However, it is preferred not to

use the simulations because e�ects of noise in the silicon strips play a much

larger role in the muon selection than in the electron one and these e�ects

might not be fully simulated. The calorimeter selection e�ciency is shown

in Figure 9.7 (dashed line) together with the other selection e�ciencies. The

calorimeter e�ciency is approximatively constant above 500 MeV/c. Below

this value it sharply decreases due to the sharp cut on the energy momentum

match.

The calorimeter selection permits also to reject particles which interacts

in the calorimeter such as pions, protons and heavier nuclei, hence con-

tributing to reduce their contamination in the muon sample. However, the

rejection factor for these particles is small because the calorimeter depth

is only one third of a nuclear interaction length. For rejecting these par-

ticles, selections based on time-of-ight, scintillator and RICH information

are used.

The time-of-ight. The particle velocity (�) reconstructed from the time-

of-ight information is a useful tool to select muons against a background

of pions, protons and heavier particles. Figure 9.6 shows � obtained from

the time-of-ight information for positive particles as a function of rigidity.

Muons are selected as particles above the solid line. The � selection rejects

pions below 200 MV, protons up to 1.2 GV and deuterons up to 2 GV. The

rejection factor for protons below 1 GV is higher than 4000 decreasing to

about 300 at 1.2 GV. Also the scintillator dE/dx selection (also used for

the electron analysis, see section 6.3) reduces the proton background, below

1 GV. The dE/dx selection also rejects nearly all charge two particles (in

Figure 9.6 only single charge particles are shown). The e�ciency of the

time-of-ight selection is shown as a dotted line in Figure 9.7. The decrease

below 500 MeV/c is mainly due to the � selection (see Figure 9.6).

The RICH. The RICH muon selection follows closely the electron selec-

tion outlined in section 6.4 and is particularly important for the rejection

of protons. To assure a very clean muon identi�cation the condition on the

minimum number of pads used in the �t of the Cherenkov angle has been

increased from 3.5 to 7.5 (criterion 3 of page 93). As can be seen from Fig-
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Figure 9.6: The distribution of � from the time-of-ight information as a function
of rigidity for positively single charged particles from ight data. The solid line is
the lower limit of the muon selection. The distributions corresponding to the various
particles are labelled according to the particle's species. The �gure comprises about
279000 events of which about 260000 are protons and 4000 deuterons.

ure 6.6 showing the measured Cherenkov angle as a function of rigidity for

ight data, muons can be identi�ed up to about 2.5 GV, above this rigidity

the proton distribution starts to merge with the distribution of lighter par-

ticles. The RICH proton rejection factor is larger than 2000 below 1.5 GV,

slowly decreasing down to about 1 at 5 GV. However at 2 GV it is still as

high as 1000. The RICH rejection factor for deuterons and helium nuclei is

even higher as it can be seen in Figure 6.6. Furthermore, the RICH can sep-

arate muons from electrons, with an electron rejection factor of more than

100 at 0.1 GV decreasing to 10 at 0.3 GV and to 1 at 0.7 GV, and muons

from pions below about 400 MV. The dotted-dashed line in Figure 9.7 is the

e�ciency of the RICH selection.
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Figure 9.7: Muon selection e�ciencies as a function of rigidity. The hatched area
indicates one sigma error from the combined e�ciency.

9.2.2 Background estimates

The background in the muon sample depends strongly on the atmospheric

depth. At oat the dominant background are protons for positive particles

and, hence, the limiting factor on the energy range for �+ is given by the

RICH selection ability of rejecting protons. However, with increasing atmo-

spheric depth the proton component decreases becoming just a few percent

of the positive muon component at ground. For negative particles at oat

the electron component dominates the background but becomes smaller than

the muon component already at 200 g=cm2 and decreases fast with depth

becoming just a small fraction at ground (see Figures 9.1 and 9.11) .

Electron background. Electrons are e�ciently rejected by the calorime-

ter above 300 MV, while below this rigidity the combined RICH and time-

of-ight selections reject all the remaining electron contamination. This is

the reverse reasoning of the one used for selecting electrons against a muon



180 Chapter 9. Electron and Muon Spectra in the Atmosphere

background (see chapters 5 and 6). Thus, for the purpose of this analysis

the electron and positron contaminations can be safely assumed negligible.

Proton background. Below 1.5 GeV/c, the combined e�ect of time-of-

ight and RICH selection reduces the proton contamination to a negligible

component of the selected muon sample. At higher energy the contamina-

tion, as already said, is atmospheric depth dependent. As can be seen in

Figure 9.9, the proton contamination becomes increasingly important and

it is dominant above 2.5 GeV/c at oat altitude. This is due to the decrease

of the RICH rejection capability as the rigidity increases. Hence, conserva-

tively, the positive muons are selected between 0.15 and 2 GeV/c. In this

range the proton contamination is negligible at all atmospheric depths ex-

cept at oat. In the oat data a small (less than 20%) proton contamination

survives the muon selection in the rigidity range 1.5 to 2 GeV/c. This con-

tamination is estimated and subtracted from the positive muon sample at

oat. For ground data the range is extended to higher momenta. At ground

the proton contamination is negligible below 3 GeV/c, while above 3 GeV/c

it is calculated and subtracted from the positive muon sample. The conta-

mination is calculated rescaling the number of interacting particles in the

calorimeter with factors obtained from data at oat. The proton candidates

are selected if they have an hadronic interaction in the calorimeter2. The ef-

�ciency of this selection is estimated using a sample of single charge particles

at oat which can be assumed as composed only of protons. The possible

\contamination" from muons is studied using negative charge ground data,

while contamination from electromagnetic showers is negligible at these mo-

menta (> 3 GeV/c).

In conclusion during the ascent positive muons can be selected free of

proton contamination up to 2 GeV/c. At oat a small proton contamination

is subtracted from the positive muon sample between 1.5 and 2 GeV/c while

at ground the range is extended to much higher momenta subtracting the

small estimated proton contamination.

Heavier nuclei background. For the deuteron background a reasoning

similar to the proton one is valid. However, deuterons are just a small

fraction compared to protons, thus there is no need to estimate and subtract

their component at ground.

Helium and heavier nuclei are mainly rejected by the dE/dx selection.

2For details about how to select hadronic interactions in the CAPRICE94 calorimeter

see [28], the variables are similar to the one described in chapter 5 but with di�erent
(essentially opposite) selection criteria.
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The remaining fraction is eliminated using the other selection methods and

their contamination can be safely assumed negligible.

Meson background. Atmospheric mesons (pions and kaons) represent

a negligible fraction compared to the muon ux (e.g. see [53, 86]), how-

ever, locally produced pions can still be a non trivial contamination. In

fact, looking at Figure 6.2, a large pion component can be noticed below

300 MV. As discussed at page 90, these pions must be produced locally

in the gondola. Both the time-of-ight and RICH selection rejects events

with multiple charged tracks and particles interacting in the RICH or in the

top scintillator. Besides, the rejection of events with an extrapolated track

crossing the lifting bar (see Figure 6.1) should eliminate nearly all events

resulting from interactions in it. Thus, it is quite probable that these pi-

ons are produced by high energy protons impinging and interacting on the

side of the gondola above the RICH. From these interactions, besides high

energy secondaries proceeding in the proton direction, low energy pions can

be produced at a large angle and remain inside the acceptance of the ex-

periment (at low energies the accepted events have a larger zenithal angle

because of the magnetic �eld). In this way they would be the only charged

track inside the apparatus. No evidence of preferred incoming direction, i.e.

di�erent from other particles like electrons, are found for the pions of rigidi-

ties < 0:2 GV selected with the time-of-ight. However, the distribution of

the material in the gondola above and around the detectors is rather sym-

metric with respect to the azimuthal angle supporting this interpretation.

The locally produced pion ux into the apparatus should decrease fast with

energy because of the lower probability of having only one charge particle

with high momentum traversing the detectors.

To test the correctness of this conclusion the following approach has been

adopted. Events are selected with:

1. multiple pad ionization clusters in the RICH;

2. multiple charge signal in the top scintillator;

3. rigidity (R) interval: 0:5 < R < 2 GV;

4. Cherenkov angle of a � � 1 particle;

5. time-of-ight of a � � 1 particle;

6. dE/dx signal of a minimum ionizing particle in the bottom scintillator.
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With these criteria � � 1 particles belonging to a shower initiated closely

to the top of the apparatus are selected, hence with high probability secon-

daries, which enter into the calorimeter as single charge tracks. The criteria

3 to 6 (even if the RICH criterion 4 is sort of arbitrary considering that

more than one charged track has crossed it) ensure that the selected events

are indeed � � 1 particles. Thus, because of relativistic dilatation of the

mean life time, the probability is high that these events are pions (with a

small fraction of kaons mainly above 1 GV). Now, this sample of locally

produced pions can be used to estimate their interaction probability in the

calorimeter (or, more precisely, the probability of selecting interacting pions

in the calorimeter). Then, the same hadronic interaction selection for the

calorimeter is applied to the muon sample selected as in section 9.2.1 (with

the exception of the muon calorimeter selection). Two samples are obtained,

one for positive and one for negative pions. These events (about 100 in to-

tal) are visually scanned with a graphic program which produces �gures like

Figure 5.3. In this way misidenti�ed muons and, especially, electrons are

rejected from the samples. Then, the remaining pion numbers are rescaled

by the calorimeter selection e�ciency thus obtaining the number of pions

in the muon samples. The results is that pions can account for less than

20% between 0.5 and 1 GV and less than 10% above 1 GV of the muon

ux, similarly for both signs. It is presented as an upper limit because the

procedure is likely to overestimate the number of pions (some of the selected

pions can be muons, etc.). Furthermore, it is not subtracted from the muon

ux while, instead, it is considered as a systematic uncertainty of the mea-

surement. It is important to stress that this uncertainty, due to the similar

pion contamination in the �+ and �� samples, will a�ect the �+ to �� ratio

less than the corresponding uxes.

Conclusion. Clean �+ and �� samples can be selected from 0.1 to 0.4

GeV/c. Above this momentum a non negligible pion contamination can

be present. This contamination does not exceed 20% of the muon ux

between 0.5 and 1 GeV/c decreasing to less than 10% above 1 GeV/c. This is

mainly true for data at oat, in fact at larger atmospheric depths the locally

produced pion ux is expected to strongly decrease due to the decrease of the

proton and helium nuclei uxes. Contrary to the muon ux which increases

at least up to 100 g=cm2, the pion contamination decreases with atmospheric

depth due to the decreasing proton ux and is negligible at all depths except

at oat.

At oat a small proton contamination is subtracted from the positive

muon sample between 1.5 and 2 GeV/c. At ground the range is extended
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to much higher momenta subtracting the small proton contamination.

9.2.3 Muon spectra at CAPRICE94 oat altitude

Figure 9.8 shows the �� uxes at oat altitude (mean residual atmosphere of

3.9 g=cm2). The black dots are the CAPRICE94 results while the open boxes

are results from the MASS89 ight [87] which ew at a mean residual atmo-

spheric depth of 5 g=cm2 and the open diamonds from the HEAT95 ight [88]

taken at a mean residual atmospheric depth of 3.45 g=cm2. The MASS89

results are comparable with the CAPRICE94 for what concern the geomag-

netic cuto� of the two measurements (both were launched from Northern

Canada), but MASS89 was launched during a solar maximum while CA-

PRICE94 close to a solar minimum. The HEAT95 results refer to the ight

of the HEAT apparatus in 1995 from Lynn Lake, so the same geographi-

cal location and similar solar activity as for the CAPRICE94 experiment.

The MASS89 negative muon results agree well with CAPRICE94. The

HEAT95 spectrum is in good agreement with CAPRICE94 and MASS89

below 2 GeV/c, while at higher momenta it has a weaker energy depen-

dence. This is rather surprising considering the good agreement deep in the

atmosphere between the CAPRICE94 and HEAT95 data (see Figures 9.13,

9.14 and 9.15) at all momenta. For small atmospheric depths the HEAT95

statistics is much smaller than the CAPRICE94 data, particularly compared

to their ascent data. This lower statistics was due to a second level trig-

ger [89] which preferably accepted events with a shower in the calorimeter3.

The second level trigger was used by HEAT when the balloon reached the

oat altitude.

Figure 9.8 also shows three theoretical calculations: one analytical calcu-

lation performed by Stephens [53] (solid line) and two Monte Carlo calcula-

tions by the Bartol group [90] (dashed line) and by Honda [91] (dotted line).

There is good agreement with Stephens' results between 0.7 and 20 GeV/c,

while at lower momenta the measured negative muon ux is about a fac-

tor 1.4 higher than the calculation. A similar di�erence between Stephens'

calculation and the results from the MASS91 experiment [55] in this momen-

tum range was also found. A possible explanation of this discrepancy could

be the treatment of the dependence of the secondary ux with the zenith

angle [92]. Also the Bartol results are in good agreement with the CA-

PRICE94 measurements. The calculations of Honda however di�ers largely

from the experimental data being about a factor of 2.5 higher than the data

above 1 GV. See discussion below.

3The HEAT experiments are mainly dedicated to electron and positron measurements.
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Figure 9.8: Negative muon spectrum at mean residual atmospheric depth of
3.9 g=cm2 obtained in this work (�), by MASS89 [87] (2) and by HEAT95 [88]
(�) ights at atmospheric depths of 5 g=cm2 and 3.45 g=cm2 respectively. Three
theoretical calculations are shown: Bartol group [90] (dashed line), Stephens [53]
(solid line), and Honda [91] (dotted line).

Figure 9.9 shows the positive muon spectrum. The sharp increase of the

ux above 2 GeV/c is due to an increasingly large proton contamination.

As discussed in the previous section, the positive muon data are reliably

clean from contamination only below 2 GeV/c. Also shown in the �gure

are the calculated uxes by Stephens [53], by the Bartol group [90] and by

Honda [91]. The agreement with the Stephens [53] is not as good as for the

negative muons. As for negative muons the calculated ux is lower than the

experimental data with a factor 1.4 below 0.7 GeV/c. At higher momenta

the calculated ux is about 15% higher than the data. The Bartol calculation

�ts the data better but is well below the data for momenta in the range 0.4

to 0.8 GeV/c (' 20% at 0.5 GeV/c). Also for the positive muon spectrum,
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Figure 9.9: Positive muon spectrum at mean residual atmospheric depth of
3.9 g=cm2 obtained in this work (�). Three theoretical calculations are shown:
by th Bartol group [90] (dashed line), from Stephens [53] (solid line) , and from
Honda [91] (dotted line).

the calculation by Honda largely disagrees (of more than a factor two). It

is interesting to note that this calculation is used by the SuperKamiokande

experiment to interpret their measurements on atmospheric neutrinos [93].

The �+ to �� ratio in the momentum range from 0.15 to 2.0 GeV/c

obtained in this work is shown in Figure 9.10 along with the same three

theoretical calculations. The data is compatible with a constant value of the

�+ to �� ratio of 1:62 � 0:06. The results are also presented in table 9.2.

The detailed simulations by the Bartol group and by Honda give a lower

ratio than the data while Stephens calculation �ts better to the data.
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Figure 9.10: �+ to �� ratio at a mean residual atmospheric depth of 3.9 g=cm2 ob-
tained in this work as a function of momentum. Three theoretical calculations are
shown: Bartol group [90] (dashed line), Stephens [53] (solid line), and Honda [91]
(dotted line).

9.2.4 Discussion on the muon ux calculations

All the theoretical calculations are for an atmospheric depth of 3.9 g=cm2

and scaled to the solar modulation of the CAPRICE94 ight (Stephens

calculation is for solar minimum activity). Honda takes into account also a

geomagnetic cuto� of ' 1 GV, i.e. he assumes that the contribution from

cosmic rays with lower rigidity is negligible. The Bartol results are obtained

using as input proton spectrum the data by the LEAP collaboration [94].

As shown in [28, 65] at high energies the LEAP proton ux is very similar

to the CAPRICE94 one. For energies below 10 GeV it is, however, higher

due to the lower solar modulation during the LEAP ight but this should be

taken into account in the Bartol calculation. Stephens [53] and Honda [102],

however, use primary cosmic ray uxes obtained in the seventies. These

old measurements give ux values of hydrogen and helium which are more

than 50% higher than the CAPRICE94 data. This can explain the larger

muon uxes obtained by Honda. On the other hand, the Stephens results
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based on the too high incident proton ux, give a muon ux in agreement

with the CAPRICE94 data. This has already been noticed in [55] where,

however, incorrectly is stated that the proton ux from the recent IMAX

experiment [95] agrees with the older measurements and, hence, LEAP and

BESS [96] should have been wrong. For these motivations, they stated,

Stephens calculations are plausible. In reality, IMAX agrees with the LEAP,

Rigidity Mean Flux at oat �+ / ��

bin momentum (GeV m2 sr s)�1

GV/c GeV/c �� �+

0.15 - 0.20 0.19 17 � 6 29 � 8 1.68 � 0.77

0.20 - 0.30 0.27 16 � 2 30 � 3 1.92 � 0.33

0.30 - 0.40 0.37 15 � 2 24 � 2 1.58 � 0.23

0.40 - 0.60 0.51 13 � 1 23 � 1 1.71 � 0.14

0.60 - 0.75 0.69 9.0 � 0.7 16 � 1 1.83 � 0.18

0.75 - 0.90 0.84 7.6 � 0.6 11 � 1 1.45 � 0.16

0.90 - 1.10 1.01 5.2 � 0.5 7.2 � 0.5 1.38 � 0.16

1.10 - 1.30 1.21 3.9 � 0.4 5.8 � 0.5 1.48 � 0.19

1.30 - 1.60 1.46 2.4 � 0.3 3.7 � 0.3 1.55 � 0.21

1.60 - 2.00 1.80 1.7 � 0.2 2.8 � 0.2 1.64 � 0.23

2.0 - 3.2 2.52 0.91 � 0.08

3.2 - 8.0 5.0 0.175 � 0.02

8.0 - 40.0 16.7 0.017 � 0.002

Table 9.2: The positive and negative muon uxes at CAPRICE94 oat altitude
(3.9 g=cm2 of mean residual atmosphere). Column 1 and 2 are, respectively, the
rigidity bins in the spectrometer and the mean values backpropagated at the top of
the payload. Column 3 and 4 give the resulting �� and �

+ uxes, column 5 the
�
+ to �

� ratio. The errors include both statistical and systematic errors. The
systematic uncertainties discussed in section 9.2.1 are not included.

BESS and CAPRICE94 proton and helium nuclei uxes (see [65]) and all

are some 40% lower than the older results. This opens a question concerning

the reliability of the Stephens calculations.

In the present work the ux of secondary e� and e+ produced in the

atmosphere overlying the payload have been obtained from the Stephens

calculations and have been subtracted from the experimental data. In my

opinion this approach is valid because of the good agreement of the muon

ux at oat calculated by Stephens and measured in CAPRICE94. The

disagreement is mainly for momenta lower than 700 MeV/c which means
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Figure 9.11: The �� (a) and �+ (b) atmospheric growth curves for nine momen-
tum bins properly scaled. From top to bottom: 0.3 to 0.53 GeV/c (�105); 0.53
to 0.75 GeV/c (�104); 0.75 to 0.97 GeV/c (�103); 0.97 to 1.23 GeV/c (�102);
1.23 to 1.55 GeV/c (�10); 1.55 to 2 GeV/c (�1); 2 to 3.2 GeV/c (�1); 3.2 to
8 GeV/c (�1) and 8 to 40 GeV/c (�1). The last three momentum bins for �+ are
not shown because of proton contamination. The solid lines (scaled as the data)
are calculations by the Bartol group for the CAPRICE94 ight conditions [90].
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mainly electrons of energies lower than 200MeV, and this part of the electron

spectra is just briey discussed in this work (see section 8.4). Also, the

calculation gives a rather good agreement with the measured growth curves

as shown in Figure 9.2.

9.2.5 Positive and negative muon spectra in the atmosphere

The same muon selection used for ight data is applied to the positively

charged data taken during the ascent of the balloon. Instead, for negative

muons above 500 MeV/c, the selections on the Cherenkov angle and � from

time-of-ight are not used. This permits to increase the statistics without

increasing the contamination. In fact, the calorimeter selection is su�cient

to eliminate the electron background and the criteria on the track quality in

the spectrometer and in the RICH (Criteria 1 and 2 in section 6.4) plus the

mip selection in the top scintillator, eliminates largely the locally produced

meson background.

Figure 9.11 (a) shows the atmospheric growth curves for the ux of neg-

ative muons at nine momentum intervals properly scaled for clarity in the

�gure. From top to bottom: 0.3 to 0.53 GeV/c (�105); 0.53 to 0.75 GeV/c
(�104); 0.75 to 0.97 GeV/c (�103); 0.97 to 1.23 GeV/c (�102); 1.23 to

1.55 GeV/c (�10); 1.55 to 2 GeV/c (�1); 2 to 3.2 GeV/c (�1); 3.2 to

8 GeV/c (�1) and 8 to 40 GeV/c (�1). The momentum intervals, as well as

the scale factors4, are chosen to match the only published data of muon ux

growth curves, obtained by the MASS89 experiment [86]. In this way the

comparison between the two results can be easily performed. As an example,

Figure 9.12 shows the atmospheric growth curve for negative muons of mean

momentum of 0.85 GeV/c obtained in this work (�) and by the MASS89

experiment (2). At this momentum a fairly good agreement is found. Com-

paring Figure 9.11 (a) with Figure 4 in [86], however, the MASS89 results

are by about 25% higher than the CAPRICE94 data for momenta between

1 and 10 GeV/c, while the two sets of results agree well below 1 GeV/c.

The solid lines in Figure 9.11 (a) and (b) are theoretical calculations,

scaled as the data, by the Bartol group [90] (shown also in Figures 9.8

and 9.9). The calculated ux is higher than the measured data, in particular

for low momenta. In fact, above 1.5 GeV/c the di�erence between data

and calculation is of the order of 20% and less, while at low momenta the

di�erence is � 50%, in particular around the maximum of the growth curves.

4The uxes presented in Figure 4 of [86] have been scaled like in Figure 9.11 (pay

attention to the di�erent units for the uxes: (GeV cm2 sr s) instead of (GeV m2 sr s),

which implies a scaling di�erence of 104). The scale factors for the �ve lowest momenta
have been erroneously reported in Figure 4 of [86] one order of magnitude too high.
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Figure 9.12: The 0.85 GeV/c �� growth curved measured respectively by CA-
PRICE94 (�) and by MASS89 experiment [86] (2). The solid line is calculation by
the Bartol group for the CAPRICE94 ight [90].

This disagreement for the growth curves is interesting considering the rather

good agreement with the data at oat (see Figures 9.8 and 9.9 and points

at smallest atmospheric depth in Figure 9.11).

Figure 9.11 (b) shows the atmospheric growth curves for positive muons.

The data is presented as in (a), but now only the momentum intervals below

2 GeV/c are shown, the higher momenta, in particular for small atmospheric

depths, are contaminated by protons. Also in this case the measurements

are compared with the Bartol calculations and again the calculated uxes

are larger than the measurements, in particular for lower momenta.

Following an approach similar to the one presented in [84, 86] to describe
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the decrease in the ux with increasing atmospheric depths of the negative

muon ux after the maximum, it is found that an exponential attenuation

interpolation agrees well with the data. As found in the quoted papers, a

nearly linear relation exists between the attenuation length (�) and the mean

momentum (p) in the 160 to 990 g=cm2 range and from 0.3 to 8 GeV/c.

However, the relation resulting from CAPRICE94 measurements:

�[g=cm2] = (269� 17) + (180� 17)� p; (9.1)

is di�erent than the one obtained from MASS89 data [84]:

�[g=cm2] = (283� 24) + (93� 16)� p: (9.2)

The di�erence is signi�cant mainly at large momenta, a clear consequence of

the di�erence between MASS89 and CAPRICE94 spectra above 1 GeV/c.

Figures 9.13, 9.14 and 9.15 show the CAPRICE94 negative muon spec-

trum at six depths in the atmosphere. In Figure 9.13 from 25 to 70 g=cm2 (a)

and from 70 to 115 g=cm2 (b); in Figure 9.14 from 115 to 160 g=cm2 (a)

and from 160 to 250 g=cm2 (b); in Figure 9.15 from 250 to 350 g=cm2 (a)

and from 350 to 840 g=cm2 (b). In the �gures the CAPRICE94 spectra

(�) are compared with �� spectra from MASS89 [86] (2) and HEAT95 [88]

(�) experiments for similar atmospheric depth intervals (in the �gures are

also indicated the measured mean atmospheric depths for each experiment).

Also shown are the Bartol calculations [90].

The CAPRICE94 spectra are in between the MASS89 and the HEAT95

results. As already noted, the CAPRICE94 uxes are in good agreement

with the MASS89 results for low momenta while for higher momenta (>

1 GeV/c) the MASS89 uxes are ' 25% higher. With the exception of

the lowest depth interval, the CAPRICE94 and the HEAT95 uxes agree

remarkably well. The di�erences for the low momenta in Figure 9.15 (b)

disappear if the di�erent mean atmospheric depths for the twomeasurements

are take into account (at these depths the uxes decrease with increasing

atmospheric depths, see Figure 9.11).

Finally, the CAPRICE94 (�) �+ to �� ratio as a function of atmospheric

depth is shown in Figure 9.16 for muons in the 0.53 to 0.75 GeV/c momen-

tum interval (mean value of the momentum bin is 0.63 GeV/c) along with

the HEAT95 �+ to �� ratios (�) for the rigidity interval 0.3 to 0.9 GV [88]

which is the highest rigidity in which they can select clean �+ . A fairly good

agreement is found between the CAPRICE94 measurements and the Bartol

calculations while the HEAT95 results are lower at larger depths. However,

both measurements indicate a decrease in the ratio as the atmospheric depth

increases while the Bartol calculations give a constant value.
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Figure 9.13: The �
� spectrum measured in this work (�) between 25 and

70 g=cm2 (a) and between 70 and 115 g=cm2 (b) of atmospheric overburden.
Also data for the MASS89 [86] (2) and the HEAT95 experiments [88] (�) for sim-
ilar depth intervals are shown. For each experiment the mean atmospheric depth
is also indicated. The solid line is the Bartol calculations [90] corresponding to the
CAPRICE94 mean atmospheric depth.
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Figure 9.14: The �
� spectrum measured in this work (�) between 115 and

160 g=cm2 (a) and between 160 and 250 g=cm2 (b) of atmospheric overburden.
Also data for the MASS89 [86] (2) and the HEAT95 (it has no similar depth bin
for (a)) experiments [88] (�) for similar depth intervals are shown. For each exper-
iment the mean atmospheric depth is also indicated. The solid line is the Bartol
calculations [90] corresponding to the CAPRICE94 mean atmospheric depth.
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Figure 9.15: The �
� spectrum measured in this work (�) between 250 and

350 g=cm2 (a) and between 350 and 840 g=cm2 (b) of atmospheric overburden.
Also data for the MASS89 [86] (2) and the HEAT95 experiments [88] (�) for sim-
ilar depth intervals are shown. For each experiment the mean atmospheric depth
is also indicated. The solid line is the Bartol calculations [90] corresponding to the
CAPRICE94 mean atmospheric depth.
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9.2.6 Muon spectra at ground

In this section the �+ and �� spectra measured at ground by the CA-

PRICE94 apparatus are presented. These uxes come from the same data

Figure 9.16: �+ /�� obtained in this work (�) and by the HEAT collaboration [88]
as a function of atmospheric depth for muons of mean momentum value 0.6 GeV/c.
The solid line is a calculation by the Bartol group for the CAPRICE94 ight con-
ditions [90].

sample that has been used for the electron spectra presented in section 9.1.2.

Muons are selected, as described in section 9.2.1, in the rigidity range 0.2 to

50 GV. The resulting muon uxes have a negligible contamination except

for positive muons above 3 GV where the selection is unable to eliminate

protons. Above this rigidity the small proton component has been estimated

as described in section 9.2.2 and subtracted from the selected positive muon

sample. Hence, the CAPRICE94 uxes presented in this section are assumed

to have a negligible contamination.

Figure 9.17 shows (a) the �� and (b) the �+ spectra obtained in this

work (�) compared with the results from the MASS89 experiment (�) [83],
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the uxes are also presented in table 9.3. Above 2 GeV/c there is good

Figure 9.17: The �� (a) and �
+ (b) spectrum at ground measured with the CA-

PRICE94 (�) compared to results from the MASS89 experiment [83] (�).

agreement between the two sets of measurements. Below 2 GeV/c, the

MASS89 results are higher, both for �� and �+ . This di�erence, or at

least part of it, can be explained by the di�erent altitude at which the

data have been taken: 990 g=cm2 of atmospheric depth for CAPRICE94

and 960 g=cm2 for MASS89. To compare the two measurements, they can

be scaled with an exponential attenuation using equation 9.1 which relates

the attenuation length to the muon momentum. This can be extended by

extrapolating both sets of measurements down to sea level (1030 g=cm2 of

atmospheric depth) where they can be compared with other sea level muon

measurements.

Figure 9.18 shows the CAPRICE94 (�) and the MASS89 (�) muon (�+ +

�� ) spectra extrapolated to the sea level together with other published
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Rigidity bin Mean energy at Flux at ground

top of payload (GeV m2 sr s)�1

GV/c GeV �� �+

0.20 - 0.30 0.27 ( 1.15 � 0.07) �101 ( 1.46 � 0.10) �101
0.30 - 0.40 0.37 ( 1.40 � 0.08) �101 ( 1.74 � 0.10) �101
0.40 - 0.50 0.47 ( 1.45 � 0.06) �101 ( 1.75 � 0.07) �101
0.50 - 0.60 0.57 ( 1.40 � 0.05) �101 ( 1.74 � 0.06) �101
0.60 - 0.80 0.71 ( 1.33 � 0.03) �101 ( 1.62 � 0.04) �101
0.80 - 1.00 0.91 ( 1.21 � 0.03) �101 ( 1.47 � 0.03) �101
1.00 - 1.38 1.20 ( 1.04 � 0.02) �101 ( 1.23 � 0.02) �101
1.38 - 1.82 1.61 8.17 � 0.16 9.88 � 0.18

1.82 - 2.40 2.11 6.21 � 0.12 7.74 � 0.14

2.40 - 3.16 2.77 4.43 � 0.09 5.69 � 0.10

3.16 - 4.16 3.64 3.15 � 0.06 3.72 � 0.07

4.16 - 5.49 4.79 1.89 � 0.04 2.48 � 0.05

5.49 - 7.23 6.30 1.19 � 0.03 1.55 � 0.04

7.23 - 9.53 8.29 (6.76 � 0.20) �10�1 ( 8.98 � 0.24) �10�1
9.53 - 12.56 10.90 ( 4.02 � 0.13) �10�1 ( 4.97 � 0.16) �10�1
12.56 - 16.55 14.36 ( 2.11 � 0.08) �10�1 ( 2.73 � 0.10) �10�1
16.55 - 21.81 18.90 ( 1.00 � 0.05) �10�1 ( 1.36 � 0.06) �10�1
21.81 - 28.73 24.88 ( 5.35 � 0.33) �10�2 ( 7.39 � 0.40) �10�2
28.73 - 37.87 32.75 ( 2.66 � 0.20) �10�2 ( 3.75 � 0.25) �10�2
37.87 - 50.00 43.18 ( 1.15 � 0.12) �10�2 ( 1.59 � 0.14) �10�2

Table 9.3: The �� and �+ uxes at ground. Column 1 and 2 are, respectively, the
rigidity bins in the spectrometer and the mean values at the top of the payload. Col-
umn 3 and 4 give the resulting �� and �+ uxes. The errors include both statistical
and systematic errors.
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measurements taken over the last 30 years, all for muons moving in the

near vertical direction. After extrapolation, the disagreement between the

MASS89 and the CAPRICE94 data below 2 GeV is reduced to about 10%.

The CAPRICE94 muon spectrum has a similar spectral shape and absolute

values (agreement of the order of 5%) of Bateman et al. (4) results [97].

This experiment, like the others with the exception of Allkofer et al. [98],

measured the muon spectrum using solid iron magnetic spectrographs and

it was performed at an altitude of 80 m above sea level. The Ayre et al.

(?) uxes [99], measured at sea level, are about 10% higher than the CA-

PRICE94 values. The Green et al. (2) results [100], whose detector was

presumably located near sea level in Houston, coincide with the CAPRICE94

data at few GeV/c but is about 20% higher at 20 GeV/c. Besides these mea-

surements, also two best �ts of experimental data are shown in Figure 9.18:

by Allkofer et al. [98] (solid line) and by Rastin [101] (dashed line). The

Allkofer results are a best �t of four sets of measurements performed in the

late sixties-early seventies with a range spectrometer spanning di�erent mo-

mentum ranges, located at Kiel in Germany (sea level). These results were

important because they disagreed, for the �rst time, with an older measure-

ment by Rossi of the muon ux at 1 GeV/c. The Allkofer et al. results

turned out to be 26% higher than the Rossi value [98], which was used as a

normalization factor for many ground muon experiment. The CAPRICE94

muon spectrum agrees in spectral shape with the Allkofer best �t but it is

about 20% lower. The Rastin results are a best �t to measurements taken

at Nottingham, UK (52 m above sea level) with a solid iron magnet spec-

trometer. The Rastin best �t agrees with the CAPRICE94 muon spectrum

below 1 GeV/c, above this momentum the Rastin spectrum is less steep

and becomes higher of about 15%. However, it is important to stress that

the data from experiments not located at sea level have been scaled with

an exponential attenuation. As it has been shown in the previous section,

the relation between attenuation length and momentum found in this work

di�ers from the relation found by the MASS experiment [84]. If, instead of

using equation 9.1, relation 9.2 is used, the CAPRICE94 muon ux extrapo-

lated to sea level would be 3% lower. This means that a further uncertainty

of 3% has to be considered when comparing the extrapolated CAPRICE94

muon ux with other measurements at sea level.

The CAPRICE94 muon spectrum at ground is also in rather good agree-

ment with theoretical calculation using the simulations of Honda et al. [102]

and in excellent agreement (di�erences less than 10%) with an analytical

calculation by Lipari [103]. This is quite interesting because both calcu-

lations use as input spectrum at the top of the atmosphere a proton ux
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Figure 9.18: The (�� + �
+ ) spectrum at ground measured by: CAPRICE94 (this

work); De Pascale et al. 1993 [83]; Green et al. 1979 [100]; Ayre et al. 1975 [99];
Bateman et al 1971 [97] and two best �ts of measurements by: Rastin 1984 [101]
and Allkofer et al. 1971 [98]. The uxes are multiplied by p

2:7, where p is the
momentum in GeV/c.

which is more than 50% higher than what is measured by the CAPRICE94

experiment (see also discussion concerning the Honda calculations in sec-

tion 9.2.3).

Finally, Figure 9.19 shows the �+ to �� ratio at ground as a function

of momentum obtained in this work together with several other measure-

ments [104]. The numbers in the �gure close to the experiment-publication

name are the nominal geomagnetic cuto� of the locations where the measure-

ments were performed. It is worth noting the excellent agreement between

CAPRICE94 and the other experimental measurements (with the exception

of Allkofer et al. data at a geomagnetic cuto� of 14.1 GV) in the whole mo-

mentum range. The mean value of the CAPRICE94 charge ratio between
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Figure 9.19: The �+ to �� ratio at ground measured by CAPRICE94 (this work)
and several other experiments (see [104] and references within). The solid line is a
�t to the CAPRICE94 data of a constant ratio.

0.22 and 50 GeV/c is found to be 1:24� 0:01.

9.3 Conclusion

In this, chapter the electron and muon data at several atmospheric depths

have been presented. They have been compared with other existing data and

with theoretical calculations. Particularly important is the comparison with

Stephens' calculations [53, 54] because they provide the secondary uxes

of e� and e+ that are subtracted from the measured electron spectra to

obtain the e� and e+ uxes at the top of the atmosphere. Even if secondary

electrons amount only to a few percent, except for energies below 500 MeV,

of the primary component, secondary positrons are an important fraction of

the positron ux. Hence, a wrong estimation of secondary e+ could lead to

a non negligible over- or under-estimation of the positron component in the
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cosmic rays.

In sections 9.1.1 and 9.2.3 the Stephens calculations have been compared

with measurements obtained with the CAPRICE94 apparatus of the e� and

e+ growth curves (Figure 9.2) and of the �+ and �� spectra (Figures 9.8 and

9.9) at oat and a fairly good agreements have been found. Aboveall, the

agreement with the measured muon uxes at oat, which are strongly related

to the atmospheric electrons at oat, is better than 10% for �� and better

than 20% for �+ above 700 MeV. The good agreement with the muon uxes

at oat permits to consider that an uncertainty of 10% for the secondary

calculation (as done in section 8.5.1) is fair.

It is important to stress also the good agreement (di�erences of the order

of 20% and less) between the CAPRICE94 muon spectrum at ground and

other measurements performed mainly with solid iron magnet spectrometers

in the last 30 years. This is, indeed, a good check of the validity in the

absolute normalizations of the CAPRICE94 uxes which is also con�rmed by

the good agreement between the proton and helium nuclei spectra measured

by CAPRICE94 and by other recent balloon-borne experiments (LEAP,

MASS91, IMAX, BESS, see [65]).

No signi�cant di�erences are found between the ground electron and

muon spectra measured by the CAPRICE94 and the MASS89 experiments

which gives an internal consistency due to the similarity between the two

experiments (they were using the same magnet and similar tracking sys-

tem). More di�cult is the comparison with the MASS89 ascent negative

muon uxes, as with the oat electron spectrum, due to the non clear ef-

fect of solar modulation (see the discussion in section 8.7). Instead, this

problem does not exist when comparing the CAPRICE94 and the HEAT95

results due to a similar solar activity during the two ights. An excellent

agreement is found between the negative muon spectrum measured by the

two experiments at several atmospheric depths with the only exception of

the high momentum uxes (above 2 GeV/c) measured at oat. Here the

HEAT95 results are higher (more than a factor two) than the CAPRICE94

and the MASS89 data or theoretical calculations. It is worth reminding that

a similar di�erence, even if not as large, is found between the high energy

electron uxes measured at the top of the atmosphere (see Figure 8.8) by

CAPRICE94 and HEAT94 [56], which ew from Fort Sumner in 1994.
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Appendix A

Photon conversion

probability and scintillator

e�ciency

The di�erential probability, �rad(E;E
0)dE0, for an electron of energy E of

emitting a photon with energy in dE0 at E0 is given by equation 4.3. For

complete screening it can be approximated by equations 4.7. Thus, the

total number of photons of energy greater than E emitted by an electron

of energy E at x1 is given by:

n(> E ;E; x1)dx1 =

Z E

E
�rad(E;E

0)dx1dE
0 (A.1)

with �rad(E;E
0) given by equation 4.11.

Then the number of photons that convert at x2 is given by:

n0(> E ;E; x2)dx2 =

Z x2

0
n(> E ;E; x1)

dx1

9=7 �X0

dx2 (A.2)

In conclusion the total number of photons that convert over a path length

of x radiation length is given by the integration of equation A.2 from 0 to

x. Assuming that the energy loss due to radiation is a continuous process,

the energy of an electron at any depth x can be written as:

E(x) = E0e
�x (A.3)

with E0 the initial energy of the electron. The integration of equation A.2

from 0 to x in function of E0 yields:Z x

0
n(> E ;E0; x2)dx2 =

203
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1:34 ln

E0

E
+ 0:88

!
�
�
x� 9

7

�
1� e�x�7=9

��
� 0:67 � x2

+
9

7

�
1� e�x�7=9

�
k(0:14 � k � 0:586)

� 0:07 � k2
�
e2x � 1

�
+ 0:586 � k (ex � 1) (A.4)

with k = E =E0 and with the approximation:

4

3
+

1

9 ln(183Z�1=3)
� 1:34 (A.5)

The material between the top of the payload and the top scintillator is a

fraction of a radiation length so equation A.4 can be approximated by a

Taylor series truncated at the second order, i.e.:Z x

0
n(> E ;E0; x2)dx2 �

0:389x2

 
1:34 ln

E0

E
� 0:84 + 1:34 � k � k2

!
(A.6)

E is the minimum energy of the photon able to convert in an electron

pair for which at least one of the electrons has su�cient energy to reach the

scintillator and give a detectable signal. Obviously, this minimum energy

is not a unique value since it is related to where the photon converts, i.e.

how much material the pair has to cross before reaching the scintillator.

However, since the dome and the RICH amounts to � 7:5 g/cm2 of material

an electron needs � 12 MeV to cross it. Allowing one mip (' 1.2 MeV) to

give a signal in the scintillator and assuming that each electron of the pair

gets half of the energy of the photon, E results of the order of 20 MeV.

The incident energies of the electrons are greater than 100 MeV and so

the dominant term in equation A.6 is the logarithmic term resulting in a

logarithmic dependence on the electron energy of the e�ciency. Substituting

in equation A.6 the energy E0 at the top of the payload with the energy E

at the spectrometer given by the inverse of equation A.3, it results:

n =

Z x

0
n(> E ;E0; x2)dx2 � 0:389x2

�
1:34

�
ln E

E
+ x

�
� 0:84

+ 1:34 � E
E
e�x �

�
E
E

�2
e�2x

#
(A.7)

Equation A.7 yields the number of photons (n) of energy greater than E

which are produced by an electron of energy E measured in the spectrometer
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and convert over a path length of x radiation length. Hence, the probability

(P) that no photon ceonverts above or in the top scintillator is given by

the Poisson statistics, i.e.:

P = en (A.8)

n can be split into two terms nA and nB , each of them express by a re-

lation like A.7. The �rst accounts for conversion above the top scintillator

(x = 0:241 X0 is the average amount of material traversed) and the mini-

mum photon energy (E ) is obtained from a �t of the simulated data (see

Figure 7.6). The second term gives the conversion probability in the top

scintillator with x = 0:024 X0 and E = 1:5 MeV the minimum photon

energy. This value for E does not result from a �t but from considering

that � 1 MeV is necessary to produce the pair and that 1.2 MeV is 1 mip

in the scintillator.

P can be immediately related to the dE/dx selection e�ciency:

"dE=dx = "
�
dE=dx

� P (A.9)

If there would be no photon conversion the ine�ciency would only be due

to ionization and this can be assumed to be the same as for the muons

("
�
dE=dx

= 0:904).
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Appendix B

Centering of data points

There are several ways to plot ux points measured over bins of �nite width.

The two most common methods are to plot the data either at the center of

the bin, or at the center of gravity (xcg), also called the weighted average,

i.e.:

xcg =

R x2
x1
xf(x)dxR x2

x1
f(x)dx

(B.1)

with f(x) the spectrum of the variable x and x1 and x2 the lower and upper

limit of the bin. However, as pointed put by La�erty and Wyatt [51], these

methods are incorrect for large bins, that is for bins in which the spectrum

cannot be asumed linear. Some authors [56, 60] partially overcome this

problem changing the width of the bins (�x = x2 � x1) to:

�x =

R x2
x1
f(x)dx

f(xcg)
(B.2)

In this thesis a di�erent method is used. Following the work of La�erty

and Wyatt [51], the data points are centered using the abscissa points for

which the measured data points lie on the \true" spectrum, i.e. the abscissa

values (x0) at which the measured spectrum is equal to the expectation value

of the\true" spectrum. This can be expressed as:

f(xlw2) =
1

x2 � x1

Z x2

x1

f(x)dx (B.3)

For a power law spectrum (f(x) = Ax�) x0 becomes:

xlw =

"
x
1�
2 � x

1�
1

(x2 � x1) (1� )

#
�1=

(B.4)

This centering technique is used for all spectra presented in this work.
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