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Chapter 1

Introduction

Inthis chapter ageneral introduction to cosmic raysisgiven. Thediscovery of cosmic
rays and their physics interest is briefly described. The potential importance of the
L 3 detector at CERN as a cosmic-ray muon spectrograph is explained.

1.1 Introduction

This work addresses measurements of the cosmic-ray muon energy spectrum and its
physics implications, performed with the L3 detector at CERN, Geneva, Switzerland. In
high energy physics, cosmic rays have in general been replaced by man-made beams of
particles, accelerated to accurately determined energies and colliding at pre-determined
points inside a detector. The big advantage of this approach is, of course, that physics
analysis becomes a lot simpler because the input parameters can be set by “turning the
right knob”. Cosmic rays, particles originating from the cosmos, don’t have such a knob.
Thismakes lifefor cosmic-ray physicists much harder than for accelerator physicists, but
it does not mean that their life is less interesting. On the contrary, cosmic rays contain
awealth of information on the flavour and energy (up to 10! eV) of particles, stunning
particle-physicists and astro-physicists alike.

Cosmic rays play an important role in the dynamics of our galaxy [1; 2]. The energy
densities of cosmic rays, the galactic magnetic field and the thermal gasin theinterstellar
medium are comparable in magnitude, about 1 eV/cm?®. The total energy put into cosmic
raysin our galaxy is estimated to be about 10°° eV per year. In composition, cosmic rays
show an abundance which is different from that of main-sequence stars. Although the
cosmic ray compositionislargely related to nucleosynthesisin stars and to the evolution
of stellar composition and the interstellar medium, cosmic rays also undergo spallationin
theinterstellar gas. Asaresult, apool of rare nuclei isbeing built up continuously. If one
knows the spallation cross sections and the measured abundances, the initial composition
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at the source can be calculated. As has been shown by several authors, this composition
strikingly corresponds to the general abundances of the elementsin our galaxy [3].

Most cosmic rays with energy up to 10'® eV come from within our galaxy [1], and a
very low fraction of them (below a few GeV for protons) originates in the lower solar
atmosphere (flares), with temporal behaviour dictated by the eleven-year solar-activity
cycle and random outbursts. At very high energies, the origin is probably extra-galactic.
The majority of the cosmic rays have a homogeneous distribution in space and time.

Numerous cal culations have shown that the accel eration to the highest energies cannot
be accounted for by one single mechanism. Thelargerange of energies observedimpliesa
series of different cascading mechanisms, much like the necessary pre-accel eration stages
in man-made particle accelerators. Actualy, the presence of a “knee” and an “ankle’ in
the momentum spectrum (Fig. 2.1), probably imply different acceleration mechanisms
for the energies beyond these regions. It is generally understood that the shock waves of
supernova remnants (SNR) are the main sites of particle acceleration. Diffusive shock
accel eration produces a spectrum that is close to the one observed and it can refurbish the
spectrum during along time period [4; 5; 6].

For the highest energy cosmic rays, no convincing mechanism nor power source has,
up to now, been demonstrated. Some observations seem to point at supernova explosions
where the energy of the explosion is dumped into arelatively small area of space around
the imploded star. Other possibilitiesinclude the merging of abinary neutron-star system
or a combination of stochastic and electromagnetic acceleration near neutron stars or
active galactic nuclei (AGN) (see [7] for a short overview). Much research is currently
undertaken to investigate these curious events. It is even not clear at all whether the
primary particles have rest mass or if they are photons. What the primary compositionin
the high energy regime is, photons, protons or other nuclei, is one of the main questions
hopefully to be answered in the next decennium.

There is one other aspect of cosmic-ray research we want to mention here. Already
sincethediscovery of elementary particlesthemsel ves, cosmic rayshave served asasource
of new physics. Although the standard model asit isknown today did surprisingly well in
explaining sub-atomic physics, some cosmic-ray experiments have found indications for
new physics outside the standard model (see [8] and references therein). The reason for
the scepticism on these events is that they are hard to reproduce because of their sparse
nature. Also the experimental setups are normally not capable of a precise measurement
of the event. Therefore, at face value, these events hardly contain any solid evidence. On
the other hand, sometheories (and extensionsto the standard model) like super-symmetry
predict the existence of new particles. Since accelerator experimentsin the recent past did
not provide anything unexpected, the energy required to produce exotic particles might
well be beyond our reach but within reach of the cosmos. That's why cosmic rays still
offer us a“Box of Pandora’ which might reveal interesting physics to us, one day, just
likeit did in the past.

1.2 History of the study of cosmic rays

The history of the study of cosmic rays starts with the experimental evidence for the
existence of charged particles, as well as X- and gamma-rays. Early experiments by
W. Crookes in 1895 [9] showed that in a so-called “Crookes tube” cathode rays were
generated. These rays could be deflected by a magnetic field, as was found later. In 1897,
J.J. Thomson performed a charge/mass measurement on these cathode rays, showing that
this ratio was far larger than the one for hydrogen. After measuring the charge of the
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cathode rays he found the mass of thisfirst elementary particle to be about 1/1000 that of
ahydrogen atom. The particles produced by the photoel ectric effect were identified to be
the same as the cathode rays, both being named electrons. In 1896, Becquerel discovered
the natural radioactivity through the blackening of photographic platesfar from any light
source. Inthe next few years, Rutherford discovered o and 3 raysastwo separate radiative
components of aradioactive substance. In 1895 W.C. Rontgen discovered the X rays. The
v rayswere discovered in 1900 by Villard. Up to then, natural radio activity was the only
known source of energetic particles and gammarays.

The onset to the experimental evidence of cosmic rays came from the fact that elec-
troscopes, when kept in the dark and away from any radioactive source still showed a
slow discharge. Experiments on thisdischarge of el ectroscopeswere performed by C.T.R.
Wilson, Geitel and Elster [10; 11; 12; 13; 14], who found that the discharge was due to
radiation from outside the electroscope.

In 1910, Wulf ascended the Eiffel Tower carrying an electroscope with him, which
showed adecrease of ionisation withincreasing altitude, at least up to 330 meters. Therate
of decrease with increasing altitude was, however, not enough to be explained by gamma
rays originating from the surface of the earth. In 1911-12, V. Hess and his assistants made
balloon flights up to 5 km of altitude, carrying with them an ionisation chamber [15].
Balloon ascents were also made by Kolhorster, up to 9 km [16; 17]. They found that
above about 1.5 km altitude, the ionisation rate increased with respect to the rate at sea
level. The source of theionisation, therefore, had to be extraterrestrial, but still producing
noticeable effects at ground level. In 1925, this radiation was named cosmic radiation
by R. Millikan. Up to then, this cosmic radiation was believed to consist of ~v-radiation.
Experimental facts put forward by Clay, Compton and Johnson [18; 19; 20; 21] around
1930-33, showed that part of the cosmic radiation could be deflected by the earth magnetic
field, and thus had to consist of charged particles.

The discovery, among others, of the positron in cosmic radiation by C. Anderson in
1933 [22] led to the concept of electromagnetic cascades. This theory of cascades led to
the discovery in 1938 of the extensive air showers by Schmeiser and Bothe, Auger et al.
and Kolhorster et al.[23; 24; 25].

From that time on, numerous experiments were performed using Geiger-Muller coun-
ters and cloud chambers. The cosmic radiation provided the source of highly energetic
particles with which experiments were performed up to the 50's. A lot of new particles
were discovered by photographing the cloud chamber events. By 1953, the first acceler-
ator experiments were performed using a stable beam of accelerated particles. From that
time on, cosmic rays were studied less extensively. The development of astro-particle
physics, however, during the 80's and 90’s has lead to a renewed interest in cosmic-ray
experiments. Part of the cosmic rays, of energies up to nearly 10*! eV [26], far surpass
accelerator experimentsin energy.

1.3 The L3 detector as a cosmic-ray muon spectrograph

The L3 detector at LEP (CERN, Geneva) [27], as described in this thesis, is used as
a cosmic-muon spectrograph. Here, a first evaluation of its capabilities is given, using
cosmic-muon data taken for calibration purposesin 1991. The strength of the L3 detector
lies in the detection of leptons (electrons and muons) as well as photons. The muon
detector takes up the largest volume of the apparatus (Fig. 1.1). It isenclosed by a magnet
coil and yoke, see Ch. 4. The advantages of the L3 detector in its use as a spectrometer
are:
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Z-Measuring Electromagnetic Scintillator Hadron Calorimeter
Strip Chamber Calorimeter (BGO) Counters (Uranium-MWPC)

Plastic Scintillating
Fibres (PSF)

Muon Filter
(BrassMWPC)

Muon Chambers
(MO, MM, MI)

Time Expansion
Chamber (TEC)

6 3 0 3 6 metres

Fig. 1.1. Front view of the L3 detector showing the muon chambers and subdetectors.

— The cosmic-ray flux is shielded by about 30 meters of molasse. This is enough to
absorb the low energy debris, electrons and hadrons, and at the same time leaving
through cosmic-ray muonsfrom about 20 GeV/c on. Any leakage cosmic-ray flux other
than muonsis stopped with high probability by the magnet yoke and coil, each of about
1 meter in thickness.

— The molasse on top of the L3 detector has been examined thoroughly by a geological
survey. The chance on any undetected holes in the molasse is minimal and the molasse
composition has been determined accurately. The molasse isalso easy to simulate since
the top layer isflat within aradius of about 100 meters from the L3 detector position.

— The accuracy Ap/p with which the cosmic-ray muon momentum can be measured is
designed to be about 3.5% xp/(45 GeV/c), which is considerably better than other
cosmic-ray experiments employing magnetic spectrometers. The charge of the muon
can thus be measured up to about 3 TeV/c of muon momentum, before the charge
confusion reaches its maximum value.

These advantages makeit worthwhileto exploit the L 3 detector in a pioneering experiment
as a cosmic-ray muon spectrometer.



Chapter 2

Theory

This chapter gives a summary of the basic theory of cosmic-ray air showers and the
secondary muon flux. The primary composition and the role of the atmospherein the
development of an air shower are briefly discussed. As an introduction to the theory
of transport equations some generally used terminology is reviewed. The transport
equations are set up and a ssimple derivation of the muon energy spectrum and the
muon charge ratio is performed.

2.1 Primary composition and spectrum

The cosmic-ray energy spectrum extends over more than 11 decades (Fig. 2.1). Up to
nearly 10*° eV, the spectrum can be well described by a single power-law relation.
Between 10'° eV and 10" eV, the spectrum is steeper, but another change in slope is
observed beyond 10'%* eV. The sudden changesin the spectral index near 10'° and 10*%-°
eV, commonly known as the “knee” and the “ankle”, are believed to reflect a change
in the propagation of the particles in the interstellar medium and/or in the sources and
acceleration mechanisms. At least below 10'® eV, cosmic rays originate from within our
galaxy out of which they diffuse with atypical time scale of 107 years. Cosmic rays above
10'85 eV arethought to be of extra-galactic origin, since the composition seemsto change
from predominantly heavy to light nuclei above thisenergy and the galaxy is transparent
for particles of these energies.

Thedistance over whichthese Ultra High Energy (UHE) particlescan surviveislimited
by photo-pion production on the Cosmic Microwave Background Radiation (CMBR). In
case of protonsthereactionsareeg.p+v — A — p+7°;p+ 27 n+ 7T, with similar
reactions for neutrons and nuclei. For a proton, the typicall CMBR temperature of 2.7 K
leads to a mean interaction length of the order of 5 Mpc [1]. After afew such interactions
the proton has lost nearly all of its energy. The very existence of photo-pion production
leads to amaximum observable energy for aproton of order 107 eV, closeto the observed
“ankle’ in the spectrum. It also leads to the notion that a cut-off of particles should occur,
in theory, near 10! eV. This cut-off is known as the Greisen-Zatsepin-Kuzmin cut-off
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Fig. 2.1. The cosmic-ray all-particle spectrum for charged primaries. The knee and ankle are visible
near 10 and 10°® GeV /nucleus [28].

[29; 30]. The existence of a particle flux with energy above ca. 1015 eV, defying theory,
triggered the construction of experimentslike the Auger project [31], which are designed
specifically to study these events.

One of the main difficultiesin the study of cosmic raystoday isthe unknown composi-
tion of the primary flux abovethe*knee” and near the“ankl€e’. Inthisenergy range, theflux
diminishes so rapidly (at about 1/50 per energy decade) that statisticsare barely sufficient
to obtaininformation on the shape of the spectrumitself. Above 1 TeV/nucleonthe primary
flux isknown with an accuracy of at most 15%, and the situation becomesworsethe higher
the energy. At energies below about 10 GeV/nucleon the flux is modulated by the solar
activity, inan 11 year cycle (Fig. 2.2). This affects the cosmic-ray flux by afactor of two
for energies near 1 GeV/nucleon and by ~ 10% near 10 GeV/nucleon. The composition

Nucleus A y
H 6.65+0.13-1072 | —2.75+0.02
He 3.284+0.05-1073 | —2.64+£0.01
CNO | 1.4040.07-107* | —2.50 £ 0.06

Tab. 2.1. Fit parameters to cosmic-ray spectra, see text [32].
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Flux (m sec sr GeV )

10" 10° 10* 102 10°

Kinetic Energy per Nucleon (GeV)

Fig. 2.2. Flux observed for protons (top curve), helium nuclei (middle curve) and CNO (lower
curve) as a function of kinetic energy per nucleon and solar modulation strength. Solid lines are
model fits for medium solar activity, dashed lines for minimum solar activity and dotted lines for
maximum solar activity [32].

in the most important el ement groups up to energies near the “knee” has been determined
as[32] H (~ 90.6%, 95.2%), He(~ 9.0%, 4.5%) and CNO nuclei (~ 0.4%, 0.3%), where
the first numbers are for energies around ~ 100 MeV/nucleus, the second numbers for
energies above ~ 2 GeV/nucleus. For the three groups H, He and CNO, Tab. 2.1 gives
the results for an extrapolated function F'(E) = A - (E/(100 GeV /nucleon))” describing
the corresponding energy spectra up to the “knee’.

2.2 Air showers

An air shower is created in our atmosphere every time a high-energy cosmic-ray particle
entersthe upper layers of the atmosphere and interactswith an air nucleus. Theinteraction
creates a spray of new particles more or lessin the same direction as the original primary
(extremely relativistic) particle. Each constituent of thissecondary flux caninturninteract
by itself with air nuclei or decay, according to its mean lifetime. In both cases, new and
more particles are created. As the shower develops, the mean energy available to each
particle in the shower front will decrease. If the energy of the particle fals below the
threshold for particle production, itsenergy will gradually be lost by ionisation and other,
radiative, processes. An air shower will thus obtain a maximum number of particlesasit
develops as a function of atmospheric depth, after which it will deplete again by the loss
of low-energy particles. The lateral extent of a shower increases as a function of depth.
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Thisis mainly due to multiple Coulomb scattering of the electromagnetic component of
the shower and, to a smaller extent, to the increasing opening angles of the (relativistic)
particle interactions, as seen in the earth reference frame. An exception are any muons
produced which havealonglifetimeand, dueto their large mass (1, /me = 207), possess
alateral extent beyond the el ectromagnetic component.

Air showers can basically be divided into two types, according to whether the primary
particle exhibits a hadronic or photonic nature. In case of a hadronic primary, strong
interactionsareinvolvedinthecollisionswith atmospheric nuclel. Theselead to ahadronic
shower component, which constitutesthe core of the air shower. Thishadronic component
generatesmesonswhich, by decay, can createleptonswhich constitute the el ectromagnetic
and muonic component of the shower (Fig. 2.3).

primary

| Vp ' :  Electromagnetic
' component

Hadronic
component

Muonic
component

Fig. 2.3. Schematic development of a hadronic air shower, showing the hadronic, muonic and
electromagnetic components. Only a few types of particles and interactions are visualized (adapted
from [1]).

In case the primary isaphoton, the shower largely consists of an electromagnetic com-
ponent, developing by pair production and bremsstrahlung processes. The creation, via
photoproduction, of hadrons, mesons or heavy leptons, as muons, is much lessfavourable
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in such a shower than the creation of light leptons. Thisis due to the relatively low cross
section of the former processes. Muon production usually proceeds by photoproduction
(v + nucleus — hadrons), with consecutive hadron decay. The relative occurrence of this
process compared to e" e~ pair production is (near 20 GeV photon energy) [33]

O hadrons/ Oy—ete- ~ 2.8 X 1077, (2.2)

Pair production of muonsis suppressed by afactor (me/m,,)* ~ 2 - 10" relative to pair
production of electrons and positrons. The muon content of a photon shower will thus
be much less (by afactor of ~ 30 [33]) than that of a hadronic shower. This difference
is one of the main characteristics by which hadron and photon initiated showers can be
distinguished experimentally. Each of the three components of the air shower of Fig. 2.3
develop in their own specific way:

— The hadronic component: This component determines largely how an air shower will
develop. Protons, neutrons, other baryons and mesons are produced by interactions of
the primary particle with air nuclei. These secondary particles can re-interact with air
nuclei or can decay, depending on the value of the interaction length versus that of
the decay length. For numerical values of interaction length and decay constant, for
a number of particle types, see Tab. 2.2. In the case of interaction, new sub-showers
are created if the available energy islarge enough. Otherwise, the interactions can lead
only to disintegration of the air nucleus or to creation of low-energy gamma rays by
excitation of air nuclei. Secondaries which decay, mainly create mesons and refurbish
the electromagnetic and the muonic components of the air shower.

— The electromagnetic component: This component represents the most copious part of
an air shower. Part of the mesons produced by the hadronic component will decay
into leptons and, sporadically, into other mesons. The heavier leptons produced will
decay to lighter variants or will interact. By pair production, Compton scattering and
bremsstrahlung, the electrons, positrons and photons generate a quickly developing
electromagnetic shower. Accordingly, the mean energy per particle decreases rather
quickly (radiation length for electrons ~ 37 gcm—2). If the primary energy is > 10'*
eV, this component can be detected easily at the earth surface, but it is not penetrating
far below the surface due to its low mean energy and high interaction cross section.

— The muonic component: This component is the most strongly penetrating part of an
air shower. The muons are created mainly by decay of pions and kaons, generated by
the hadronic component. Due to the fact that the muon looses its energy primarily by
ionisation of the surrounding medium, interactions do not prohibit its propagation in
the air. The relativistic time dilation increases its lifetime long enough to enable it to
reach the earth surface.

Another source of muons is the decay of charmed particles or particles of heavier
flavour. The production of charmed particlesisvery low compared to that of other types
of particles. The additional muon flux from charm decay is, therefore, negligible for
primary particle energies much less than 100 TeV [33]. Due to the short lifetime of
charmed particles, they will generally decay before interacting. The muons produced
by them are for this reason called prompt muons.

Muons can, furthermore, be produced by neutrinosinteracting with anucleus, v,(v,,) +
n(p) — u(u™) + p(n) + X. The neutrinos need to be of energies > 1 GeV in order
to produce muons detectable by underground experiments (£, 2 0.2 GeV) with a
reasonabl e probability. For a neutrino energy of 1 TeV, the probability that it produces
such a muon, in crossing the earth diameter, is about 5 - 10~7 [33]. These neutrinos
originate from an atmospheric air shower on the other side of the earth or from an
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astrophysical source at many lightyears distance. The RM S angle between the original
neutrino direction and the muon produced by its interaction is approximately given by

1.8

QRMS ~ T
JE,/1TeV

for neutrino energies between 10 GeV and 3 TeV [33]. Because of thisangle, direction-
ality between the muon and its parent neutrino is conserved to a high degree. Upward
going muons can thus be used to study the neutrino flux from cosmic-ray air-showers,
to look for galactic or extra-galactic sources of high energy neutrinos and to look for
atmospheric neutrino oscillations.

Besides these three components, there is light generated by charged particles in the
blue/UV region of the spectrum. Thislight consists of:

— Cherenkov light: The propagation of a charged particle in the atmosphere with a speed
larger than the speed of light in this medium, will lead to the generation of Cherenkov
light being emitted in aforward cone with opening angle # = arccos(c¢/nv) wheren is
the refractive index of the air and v is the velocity of the particle.

— Fluorescence light: The excitation of an atom by a charged particle results in the
emission of ultraviolet scintillation light. Most of the light is generated by nitrogen
atoms.

Both types of radiation can be detected on earth by light-collecting telescopes.

(degrees), (2.2)

2.3 The atmosphere

Besidesby thetype of the primary interaction, the devel opment of acosmic-ray air shower
is determined by the properties of the atmosphere. In particular, the muon component of
an air shower depends largely on the decay of unstable mesons as pions and kaons, with
alifetime dictated by their energy through relativistic time dilation. The balance between
decay of a meson and interaction with the atmosphere thus depends on the atmospheric
density and composition and on the energy of the meson itself. The inclination of a
particle track determinesthe relative path length spent in the upper and lower parts of the
atmosphere and thus also influences this balance. At an atitude of 25 km, the atmospheric

-~ Top of
atmosphere

ﬁrth

Fig. 2.4. Definition of variables to describe the atmosphere (the thickness of the atmosphere is
grossly exaggerated).

density isonly about 5% of thedensity at the surface. For most applicationsthe atmosphere
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can be approximated by aflat isothermal layer of gas extending to approximately 25 km
in height. Only for zenith angles ¢ larger than 60°, the curvature of the earth has to be
taken into account. The slant depth X (7, ) is defined as

X(1,0) = /l T e, 2.3)

where p(l, 0) isthe density of the atmosphere at a distance [ along the particle trajectory
as seen from the earth’s surface (Fig. 2.4). The vertical atitude 2 can be approximated by

~ 12 £ 02
h 21 cosf + 2R, sin” 6 (2.9
where R, is the earth radius and where we have assumed that I/ R;, < 1. The second
termin Eq. (2.4) isimportant for # > 60° only and will be neglected in the forthcoming
discussion.
The ratio of atmospheric pressure p over density p is proportional to the temperature
T. For an isothermal atmosphere, the vertical depth X, as measured from the top of the
atmosphere is given according to

p X, _RT
p —dX,/dhn My

— X, =X, e, (2.5)

where hy = ]@—Z is the scale height given in terms of the gas constant R, temperature
T, molecular weight M and gravitational acceleration g. The total vertical atmospheric
depth X, = 1030 gcm~? defines the “top of the atmosphere”. The real atmosphere is
of course far from isothermal. The temperature drops with increasing altitude up to the
tropopause and hence the scale height h, decreases accordingly. At sealevel hy = 8.4
km, whileat X, < 200 gem~2, hy = 6.4 km. In our case the temperature variation with

height is however not taken into account. The density as afunction of X, isgiven by
p=—dX,/dh = X, /hy. (2.6)

2.4 An intermezzo of terminology

As an introduction to the transport equations to be treated in the next section, we will
review some terminology commonly used in cosmic-ray theory. Sections 2.4-2.5 are
largely based on [33].

2.4.1 Decay and interaction lengths

The global development of a cosmic-ray air shower is governed by the competition
between decay and interaction of secondary particles. The strength of these two processes
can be expressed in terms of the mean decay length d; and the mean interaction length
i, Where the subscript ¢ labels a certain secondary particle. The mean decay length d;
of a particle with proper lifetime 7; and rest mass m; is defined as the slant depth X; the
particle traverses before decaying, d; = pv;cr;, where p isthe local atmospheric density
at atitude h. Expressed as a function of the particle energy £,

cTi B
d; =7

2.7)

m;c



12 2. Theory

From Eq. (2.4) wefind b 22 [ cos §, sothat X, =2 X cosf and p = X cos §/hy. The decay
length can then be expressed as

E
d; = X cosf —, (2.8)

€;

where ¢; = m;c*hy/(ct;).
The mean interaction length of a particle in air depends on the total inelastic cross
section with the air nuclel

A =L (2.9)

b
PNO;

where py is the number-density of nuclel in the aimosphere and o; is the inelastic cross
section on air for particle type i. Assuming a mean number of nucleons A (=2 14.5) inan
air nucleus, the mean interaction length is expressed as
A
N\ = 2 (2.10)

(o)

where my, is the proton mass. In Tab. 2.2 a rough indication for the numerical value of
decay and interaction lengths is given, evaluated at 1, = 6.4 km and using extrapol ated
interaction cross sections (for reference X, = 1030 gcm2).

Interaction length \; (g cm=2)

Particle type | € (GeV) Lab energy (TeV) poair | roair | Koair
KT 850 0.1 36 116 | 138
Kg 1.2-10° 1.0 83 107 | -
K; 205 1000 60 70
r* 115 108 43 50
70 3.5 1010
puE 1.0

Tab. 2.2. Mean decay constant €; and interaction length A; for a few particle types [33].

2.4.2 Boundary conditions

The transport equations to be solved are subject to physical boundary conditions. The
boundary condition most important is the specification of the differential primary flux at
slant depth X = 0 and primary energy F. Between certain limits of energy, the spectral
shape for a given type of primary can be approximated by a power law. The overal
primary spectrum between 10° eV and 10'° eV is estimated as

nucleons
cm? srs(GeV/A)’

dN(E, X)
dE

= Ny(E)=218-E27
X=0

(2.12)

where A is the mass number of the incident nucleus.
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2.4.3 Superposition approximation

Within the superposition approximation one assumes that an incident nucleus of mass
number A and energy FE, can betreated as A independent nucleons, each with an energy
Ey/A. This can be justified since the binding energy between the nucleons is usualy
much less than the energies of interest in cosmic-ray physics. The degree of validity of
this approximation depends on the problem under consideration.

2.4.4 Cross sections

The production of particles in collisions can be described by the Lorentz-invariant n-
particle inclusive cross section o,,, which is defined for uncorrelated production in the
process(a+b — > " | c; + anything) as

" El d30'gtb
dBp; 7

(2.12)

Op =
=1

where p; and E; arethe momentum and energy of particlec; and o istheinteraction cross
section for particle a on b to produce particle c;. The total cross section is indicated by
oy. If correlations between secondaries have to be taken into account, e.g. in strangeness
conservation, higher-order cross-terms are necessary. Assuming independent production,
the terms o and o usually suffice. For the single-particle inclusive cross section for the
process (a+ b — ¢ + anything) we thus find

E. do$, d’o$,

_ _ )
T T 7d(pe )d(pe/Ee) — F s, p1,p0), (2.13)

where /s isthe center of mass (CMS) energy and where we have used that, for fixed F,
dp./E.) = dp, /E. holds. At energies much larger than the particle masses, one has
s o« Ea, Where E4, isthe energy as measured in the reference (1ab) system.

In the theory of transport equations one uses, instead of the inclusive cross section o,,,
the dimensionlessinclusive cross section F;; defined by

Fy(Ej Bi) = Ej— 1o
J

where dn;; isthe average number of particles of type ; having energy within d£; around
E;, produced by an incident particle of type i. The precise details of the interaction are
absorbed in the definition of F;;.

(2.14)

2.4.5 Scaling behaviour

One of the most important ideas extending the testable theory of particle interactions to
energies beyond direct experimental evidence isthe hypothesis of limiting fragmentation
(HLF) [34; 35]. Inanutshell, thishypothesis states that for any interaction the distribution
of thelongitudinal momentaof the secondary particlesreflectsthe momentumdistribution
of the constituents of the incident particle. Thus, these longitudinal momenta p; tend to
scale with incident momentum. The transverse momentum distribution do¢, /d(p?, ) of
the secondaries is approximately Gaussian in p., . Thisis inherited from the uncertainty
principle relating it to the size of the nucleus. Expressed in terms of the inclusive cross
section and in the CM S system, indicated by the asterisk, HLF reads
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meaning that under s — oo, the dependence on the variable 2™ = 2pj/\/s remains fixed.
Here x*, more precisely defined as 2* = pﬁ/pﬁ(max), iscalled Feynman x and is naturally
limitedto —1 < 2* < 1. Inthe laboratory system, 2* isreplaced by . = pjL/pjL(max).
We can now distinguish three regions according to «*: the beam fragmentation region and
the target fragmentation region, both characterized by |2*| # 0 and the central region
with 2* ~ 0. In the scaling limit, the beam fragmentation region does not depend on a
specific target, nor does the target fragmentation region depend on the beam particle type.
For the central region, HLF isfound to be violated at high energies.

2.4.6 Approximation A

In the following sections, we will use approximations originating from electromagnetic
cascade theory and collectively known as Approximation A. The most important approx-
imations are:

— theionisation energy losses of charged particles are neglected,

— the inclusive cross sections for bremsstrahlung and pair production scale with CMS
energy,

— the mean interaction length )\ is independent of energy.

These assumptions, although violated in reality, enable one to solvethe transport equa-
tionsanalytically in azeroth-order approximation whileretaining their general qualitative
aspects. Thefirst assumptionimpliesthat there will be alower bound on the energy of the
secondary particles below which the results given by the theory under these assumptions
will no longer be valid. For particle energieslarger than ~ 10 GeV the gross properties of
the spectraare however reproduced rather well. The transport equations are assumed here
to propagate particles in one dimension instead of in three dimensions. Since we are not
interested in spatial (i.e. lateral) properties of air showers and since the overall particle
flux can be well described by the one-dimensional equations, thisisafair limitation.

2.5 Transport equations

A set of coupled integro-differential equationswhich describe the propagation of particles
through the atmosphere as a function of slant depth X are called transport equations. The
transport equations give rise to an expression for the muon flux and the muon chargeratio
at sealevel, which will be described in the next sections.

2.5.1 Transport of nucleons

The nucleonic flux is atered by interactions which decrease the initial flux and increase
the secondary flux by newly created nucleons. Mathematically, the nucleon transport
reads

N(E, X)Fyw(E, B —,
B E (2.16)

where the subscript N denotes a nucleonic particle. The first term on the right-hand side
represents the depletion of nucleons by interactions with atmospheric particles, while the

dN(E.X) _ N(EX) 1 /oo dE
dx AN AN
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second term represents the enhancement of nucleons by inter-nucleon interactions. This
equation can be factorized into an energy dependent and a depth dependent term, using
the ansatz: N(F, X) = G(E) g(X). After substitution of . = E/E" and elimination of
N(E,X) inlhsand rhs, wethen find

St 1 1 . . de_M 1
AN+G(E)AN/ G(E[r) (B, a) i 9(X) T AN 217

where —1/Ay is caled the separation constant. The equation for ¢(.X') can be solved
readily, giving

9(X) = g(0) - e X/, (2.18)

which showsthat the nucleon flux decreases exponentially asafunction of depth onascale
set by the nucleonic attenuation length Ay. The factorization implies that the functional
form of the energy spectrum G(E) isindependent of depth. Assuming now a differential
nucleon flux of the form

G(F)=E~ 0D, (2.19)
where v ~ 1.7, we can solve for the inverse of the attenuation length giving
1 1
1- 27 2.20
W ( NN, (2.20)

where Zyy is the spectrum weighted moment (see below).
The attenuation length for pions or kaons is defined similarly to that for nucleons.
Typical valuesfor thisparameter aregivenin Tab. 2.3. Inthe above equation weintroduced

AN (nucleons) | A, (pions) | Ak (kaons)
120 160 180

Tab. 2.3. Atmospheric attenuation lengths (gem=2) at 100 GeV particle energy [33].

the spectrum weighted moment

Zij(v) = /Ol(ﬂfL)VlFij (z0)dw,. (2.21)

This moment determines the uncorrelated flux of particles j produced by particlesi in the
atmosphere. In case v = 1 we obtain with (2.14)

dn” ) dnz] (Eja El)
/ g i\ 2 g, —/ AE = @2)

which is the average fraction of interaction energy £; going into particle type j. For
~ > 1, the factor 2" diminishes the significance of the inclusive cross section for
xL ~ 0, i.e. the central region. Thus, in this case, the uncorrelated fluxes depend mainly
on the behaviour of theinclusive cross section in the fragmentation region. Thisisexactly
the region where scaling works best and thus where Approximation A is most valid.
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produced projectile
particle p rt K+
p 0.263 - -
n 0.035 - -
s 0.046 | 0.243 | 0.030
T 0.033 | 0.028 | 0.022
70 0.039 | 0.098 | 0.026
K* 0.0090 | 0.0067 | 0.211
K~ 0.0028 | 0.0067 | 0.012

Tab. 2.4. Indicative values for the spectrum weighted moments Z;; for hadrons on air nulei [33].

In practice, v is larger than 1 for primary particle energies above ~ 1 GeV. In Tab.
2.4 indicative values of the moments Z;; for protons, pions and kaons on air nuclei are
given, evaluated at v = 1.7 and taking a mean air nucleus mass A = 14.5. Since particle
production in nucleon-nucleusinteractions proceedsviathe strong i nteraction mechanism,
isospin is a conserved quantity. The inclusive production cross section of mesons is thus
invariant under isospin transformations. This means that the spectrum weighted moments
Z,;; arethe samefor any combination of particles:, ; from the sameisospin multiplet, e.g.
Zprt = Zne=. For the total nucleon flux we now find

N(E, X)=g(X)- E=0%Y = ¢(0)e X/ p=0+1), (2.23)
Since N(E,0) = g(0)E-0*Y) = Ny(E), thisisequal to
N(E,X) = Ny(E)e X/, (2.24)

The flux for protons and neutrons separately can now easily be found from Eq. (2.16)
considering the spectral moments Z,, and Z,, for proton production and the spectral
moments Z,, and Zy, for neutron production. By isospin symmetry, Z,, = Zn, and
Zpp = Zm, Which leads to the solution:

p(E.X) % n(B,X) = (p(E,0) + n(E,0)) & ¥/ (2.25)
where
AN
ANy = ——M———— 2.26
N:{: 1 _ pr q: an ( )

and \p = A, has been assumed. The ratio of proton to neutron flux follows as

p(E,X) 1+ 06 exp(—X/A¥)

= 2.27
n(E,X) 1—0 exp(—X/A*) (2:20)
where
oA
A (2.28)

bo = (p(E,0) = n(E,0))/(p(E,0) + n(E,0))
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and
Ay =An; Al =M — Zop+ Zpn) (2.29)

with Zyn = Zpp + Zpn, the nucleonic spectral moment. With 6, ~ 0.82, theratio is close
to 10 at the top of the atmosphere, gradually approaching 1 for depth X > A*.

2.5.2 Transport of mesons

Secondary mesons are the driving force behind the initial shower devel opment, because
these mesons fuel the electromagnetic component via their decay to muons, electrons
and photons. The most important production mechanism for pionsisthe nucleon-nucleon
interaction. Limiting ourselves to this channel, we get the following expression for the
m-meson flux:

dII(E, X) 11 1 da,

= (ot ) EX) [ /a0 S
1 1 dl’L

with asimilar equation for the K-meson spectrum (replacing /7 by K and 7 by K). The
first term in this equation represents the depletion of pions by interaction and decay, the
second term represents the regeneration of pions by pion-nucleon interaction. The last
term describes the production of pions by nucleons on air. Factorization of energy and
depth dependence by N (E, X) = N(E/x)g(X) = (£)~0*)g(X), which is based on
the assumed similarity of dependence on energy and depth for both nucleon and pion flux,
this last term can be rewritten as

No(E)e X/, (2.31)

To solve Eq. (2.30), we again use factorization of the energy and depth dependence:
II(E, X) = ¢(X)P(FE). From the nucleonic term alone we find that dI7(E, X)/dX ~
E-0+D, Sp, itis natural to take P(E) = E~(0+1 (assuming ~ to be fixed). Rewriting
Eqg. (2.30) gives:

EXN) _ (L,
0D N A,  FEXcosf

)n(E, X)+ Zne No(E)e X/An
AN (2.32)

Thisisa standard differential equation which can be solved as:

X , , 7'\ €x/FE cosf

(B, X) = NO(E)@eWAH/ dx' e /A (X—> :
AN 0 X (2.33)

where 1/Ag = 1/An — 1/ A, is an effective attenuation length. In the limit of very low

and very high energy E, this expression for the meson-flux reduces to

XEcosf/e, Ecost < e,

_ INr _(x/An)
II(E, X) = Ny(E)——e Ags (X441 —1)  Ecosf > e,. (2.34)

AN

As expected, for low energies meson decay is favored above interaction, thus leading to
an (£ cos #) dependence of theflux. For high energies, interaction isfavored above decay,
leading to an exponential decrease of the meson flux with increasing depth.
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2.5.3 Meson decay

Due to their short lifetime, any mesons produced in a hadron or meson collision will
quickly decay, thereby producing new mesons and leptons. The pi-meson spectrum is
given by

diIr(B,X) 1
—a - d_WH(E’X>’ (2.35)
withasimilar equation for K-mesons. The production spectrum of secondariesfrom decay
of these mesonsis

D.(E,X) =

. dNi(E, X) dnl(El,E)
Pi(E, X) dEdX Z/E dE;D; (E;, X) ]dE»

(2.36)

Here, dn,;(E;, E;) /dE; isthe inclusive spectrum of secondaries of type i from decay of
type j particles with energy EJ and mass M. For atwo-body decay it isequal to

dnji(Ei, E;) By 1

dEl N PL 1-— M
where B;; is the branching ratio for the decay channel ; — i+ any other particle, £ is
the lab momentum of the decaying parent particle and ry; = (m;/M;)?* with m; being
the muon or neutrino mass from the meson decay. A full treatment of all decay channels
is outside the scope of this chapter. Only the channels

™ — pF + (7)) (~ 100%)
K* — u* +v,(7,) (63.51%)

will be considered here. For both of these channelsthe decay distributionisflat in energy
as well asin solid angle (in the meson rest system). The limits on energy attainable for
the muon and the neutrino are

(2.37)

(2.38)

E

< E, <

As arough guide, the mean lab energy of the muon and neutrino in both types of decays
are

(E,) = 0.79(0.52)F, (E,) = 0.21(0.48)F, (2.40)

where the numbers outside(inside) parentheses are for pion decay, and respectively for
kaon decay.

2.5.4 Muon production

Now that we have obtained estimates for the meson production spectrum and the meson
decay spectrum, the muon spectrum (differential in X) is obtained from Eq. (2.36) by
summing over pion and kaon parents:

PH(EMX) =

Bur ([Pulr=dE, II(E,,X)  Bu [Pu/ dEg K(Ey, X)
A T el A
B E dx 1—1r¢ JE Ex dk (2.41)

1—1r,

T
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under the assumption that the mesons are highly relativistic. Thisequationisonly valid if
the energy loss by the muons in the atmosphere is neglected. The differential muon flux
isfound by integrating Eq. (2.41) over the slant depth

AN, (Ew) _ / P (B X)X, (2.42)

,DM(EN’X) ~ dEM 0

To solve this equation, we again consider the expression for the meson flux

[1(B, X) = Ny ) e gm(3/e) y~ee/e0e0 / dX’ X /e xrer et

A (243)
The exponent under the integral can be expanded into a power series and each term can
be integrated separately. Taking only the first three terms of this expansion into account,
the pion flux istransformed to

INe }
II(E,X) =No(E) AN e (X/4n) x
N
2.44
< 1 X/Aeff (X/Aeff)2 ) ( )
+ — ... ).
1+Ecos0 2_|_E'c050 2! (3+Ecos0)

The production spectrum of muons has to be summed over the pion and kaon flux. Since
both fluxes exhibit the same functional form, the summation is done implicitly over the
identifier 7, which produces the following result:

i By [EundE) Zni
Pu(B,, X) =— —"/ L No(Ep) eI
N

XcosO1—r;JE, E;
< 1 X/ Adf, N (X/Aar,)® > (2.45)
1+Ec059 2+Ecost9 2! (3+Ec050)

Introducing avariable z = E;/FE, and assigning Ny(E;) = 2~ "V Ny(E,), this can be
rewritten as

B Zni -
Pu(Ey, X) :gi(Eu)l _M )\—N e )N (Ep)
i AN
/I/T’i dz ( 1 X/ Aa, n (X/ Aat,)? ____)7 (2.46)
1 PG + 2 G(EL) +22 0 206(E,) +32

where¢,(E,) = € /E, cos®.

To find the differential muon flux, the integration over the slant depth X can be
performed, effectively replacing the numerator of each term in brackets by an incomplete
gamma function

( Agﬁ) / dx'e X /e " (2.47)

wheren =0,1,2,- - -. Under the reasonable assumption that X > A;, the upper limit can
be taken to infinity, replacing the incomplete gamma function by an integer factorial. The
final expression for the muon flux then obtained is
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B, Zn;
DH(E;“X) = gi(Eu)l _MT' )\: AiNO(Eu)
/um d ( 1 Ge=h o G _...>,(2.48)
1 2712 fl(Eﬂ) +z gz(Eu) + 2z gz(Eu) + 3z

The above expression is integrable, but can for general + only be expressed in terms of
aclass of hypergeometric functions, which are difficult to approximate numerically. We
therefore adapt an expression [33] which interpolates between the high and low energy
solutions of Eq. (2.48):

-\ A NO(Eu) Bme‘
Dy(Ep, X) = 1—ZNN<1+SW/&(EH)>’ (249)
where
_ Zu(l =7
R = G+ (50
and
s = =r"(r+2) (A —Ay) (2.51)

T =) (y 4+ 1) Ailn(Ai/AN)

Using specific valuesfor the parametersin the above equations asfound from experimental
data, the following result is obtained:

) 1 0.054 B
Du(Ey, X)= 014 E, 2'7{ 1B cos0 ' | | L1, cos0 } (cm® s srt (Gevic)) !,
115 GeV + Ss0Gev (2.52)

where the first term in braces is the contribution from pions and the second term the
contribution from kaons.

Equation (2.52) showsthe qualitative behaviour of the muon flux asafunction of zenith
angle and energy (above ~ 10 GeV of muon energy). The two termsin braces show that
the contribution to the muon flux from kaon decay becomes increasingly important with
higher energies, with a maximum relative contribution of about 28% at asymptotically
high energies. Further, the typical “decay terms’ appear for both types of mesons, with
energy scales of 115 GeV and 850 GeV.

2.5.5 Muon charge ratio

From the principle of charge conservation, one would naively expect the secondary
charged-particle flux to reflect the mean charge composition of the primary cosmic rays.
However, copious production of charged particleswould eventually lead to amean charge
ratio near one, even with an excess of positively charged primaries.

So, there must be another basic reason why the ratio of positively to negatively
charged muonsislarger and remains larger than unity for all energies. The answer liesin
the expression for the spectrum-weighted moment Z;;, Eq. (2.21). Since the spectral index
~ of primary cosmic raysis near 1.7, the moment’s magnitude increases with increasing
x*, 1.e. the forward fragmentation region (with 2* 7 1) is most significant and in fact
determines the secondary flux. The secondary flux thus reflects the charge composition
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of the proton (or any other primary) and hence the charge ratio of secondary muons will
be larger than one for all energies.

Using the equations for the secondary meson flux, as derived earlier, one can obtain
a simple expression for the muon charge ratio. Up to muon energies of about 200 GeV
(where the contributionto the muon flux from kaon decay isnear 10% relativeto that from
pion decay), thepionflux alonegivesareasonabl e estimate of themuon flux. Consider now
Eq. (2.30), split up for the negatively and positively charged pions. The spectral moments
involved are Z+,- = Zy—r+, Zptrt = Zp—n— Zpn+ = Zpp— O Zy = Zpov, With the
identitiesimplied again by isospin invariance. Defining A,, = II7(E, X) £ I~ (E, X)
and Ay, = p(E, X)+n(E, X), thedifferential equation for the pion flux is

dA. 11 A,
= = —<_ + _>A71'i + —i(Zw+7r+ + Z7r+7r*)
dX )\7-(- d7r )\7{'
A (2.53)
+ 2 (Z + Zo)
AN

Using the solution for the low energy limit of the meson flux Eq. (2.34), the ratio of
positively to negatively charged muonsis deduced as

Ny+ 1+ 0o AB
N, 1-6AB

R, (2.54)

where

"4 = (Zp71'+ - ZIOW*)/(ZW* + Z 777)’ (255)
B = A—/A-i-v
using the same definitionsasin Sec. 2.5.1.
From the dependence on the spectrum-weighted moments, it follows that the muon
charge ratio contains information on the charge- (and hence mass-) composition of the
primary flux. For energies above about 200 GeV, kaon production leads to an extra
increase of the muon charge ratio.

2.6 Atmospheric pressure variations

At the beginning of this chapter we have seen that the development of a cosmic-ray air
shower depends, among others, on the atmospheric pressure. Thisimplies that pressure
variations should be taken into account for accurately normalized measurements of the
cosmic-ray muon flux. If not, the error on the normalization of the muon flux will be
increased by the variation of the muon flux through atmospheric pressure variations.
The mechanism by which a pressure variation influences the muon rate consists of a
changein the ratio of mean decay to mean interaction length of the mesons producing the
muons. Anincreased local temperature for example, will decrease the local density of the
atmosphere, thereby increasing the mean interaction length. Thisleadsto ahigher fraction
of mesons which will decay to muons before interacting. The muon rate at the earth’s
surface will thus increase. As an example, the CosmoAleph collaboration, performing
cosmic-ray muon measurements using the HCAL subdetector of the ALEPH experiment,
has measured a variation of the muon flux as afunction of the local atmospheric pressure
[36]. The anti-correlation between muon-rate and pressure is clearly seen (Fig. 2.5).
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Fig. 2.5. Cosmic-ray muon rate versus atmospheric pressure as measured by the CosmoAleph
experiment [36].

2.7 Solar wind and geomagnetic cutoff

On a scale of days up to years, the solar wind influences the low energy primary cosmic
ray flux impinging on the earth’s atmosphere. The earth’s magnetic field and the solar
wind, entangled with its own magnetic field, act as an effective shield for the low-energy
part of primary cosmic rays. For primary energies above ca. 10 GeV per nucleon, the
influence of the solar wind can be neglected. The earth’s magnetic field itself acts as an
effective shield for low energy primary cosmic rays. Depending on latitude, there exists
aminimum energy for a particle to reach the earth’s surface, the so-called geomagnetic
cut-off energy, which has avalue in the range of 0.5-15 GeV.

For ground-based cosmic muon experiments, measuring muon energies above ~20
GeV, these mechanisms do not play a significant role in the determination of the absolute
muon flux and the direction of the initiating primary particle.



Chapter 3

Status & motivation

The results of an up-to-date numerical estimation of the muon energy spectrum and
the muon chargeratio are presented. The experimental results of former experiments
are discussed. Finally, an accurate measurement of the muon momentum spectrum
by the L 3 detector is motivated by referring to the status of the neutrino oscillation
hypothesis.

3.1 Theoretical status

3.1.1 Muon momentum spectrum

To gain insight into the quantitative behaviour of the cosmic-ray muon flux, a detailed
treatment is necessary and thisinvolves a numerical or semi-numerical evaluation of the
transport equations. Today, special programsexist that treat the devel opment of air showers
and particle interactions numerically. A compilation of some up-to-date predictions for
the differential muon spectrum is shown in Fig. 3.1. The predictions agree mutually up
to about 30%. Of course one has to take into account the uncertainties on the parameters
used for input to the models. As an estimate, the prediction by Bugaev et a. is thought
to be accurate up to 10-15% between 10 and 1000 GeV/c!. This prediction can be fitted
within a 2% accuracy to the following expression:

D,(pu, X =1030gem 2,0 = 0°) = Cp;(Voer log pu+72 log? pu+73 log® py.) -

with the parameters as given in Tab. 3.1.

3.1.2 Muon charge ratio

Various authors have calculated the muon charge ratio as a function of energy. A com-
pilation of some up-to-date predictions for the muon charge ratio is shown in Fig. 3.2.

! Private communication P. LeCoultre.
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Fig. 3.1. A compilation of the vertical differential muon energy spectra as predicted by a number
of up-to-date models [37].

The predictions agree mutually upto about 15%. They all predict a mean overall ratio of
1.25-1.30 below 100 GeV and an apparent increase of the ratio above this energy.

Momentum range (GeV/c) || C (em?s 1sr1GeV 1) Yo T Y2 V3

1.0 — 9.2765 - 102 2.950-1073 0.3061 | 1.2743 | -0.2630 | 0.0252
9.2765-10% — 1.5878 - 10° 1.781-1072 1.7910 | 0.3040 0 0
1.5878 - 10% — 4.1625 - 10° 1.435- 10! 3.6720 0 0 0
> 4.1625 - 10° 103 4.0 0 0 0

Tab. 3.1. Fit parameters to calculated muon spectrum of Bugaev et al. [37].

3.2 Experimental status

3.2.1 Muon momentum spectrum

The cosmic-ray muon momentum spectrum has been measured several times already
in different experiments, within an energy range from a few GeV to about 10 GeV
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Fig. 3.2. A compilation of the vertical muon charge ratio as predicted by some up-to-date theories
[32].

(see [37] and references therein). Experiments obtain the spectrum either in an absolute,
a non-absolute or an indirect way. Absolute measurements contain all the necessary
information to enable anormalization of the flux and are conducted by amagnetic or range
spectrometer. Non-absolute measurements are normalized with respect to a previously
measured absol ute muon spectrum. These types of experimentsusually consist of tracking
chambers only, with no magnetic field present to obtain amomentum estimate. Indirectly-
measuring experiments are located far underground or underwater where they measure
the cosmic-ray muon intensity as a function of angle and depth below ground level.
Such measurements provide a depth-intensity relation, which can befitted to atheoretical
model and subsequently converted to an absolute muon flux at the surface. This type of
experiment is appropriate to measure the muon spectrum at TeV energies.

In Fig. 3.3, a compilation of the measured muon momentum spectrum is shown for
momenta below about 1 TeV/c. The experiments shown are absolute measurements. A
few things can be noted from thisfigure:

1. Most of the various measurements mutually disagree about the absolute value of the
flux. The errors shown on the data points strongly suggest that this disagreement is
due to systematic errors involved in the measurements and/or analysis. These errors
amount to 20-30% in mean over al the experiments. Most of the experiments do not
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state in their publications how they define the vertical flux, i.e. which method they
used to measure the vertical component of the flux. Thiscan lead to differencesin the
absolute normalization of the spectrum between different experiments.
2. Some measurements show relatively large statistical errors, on top of the previously
mentioned apparent systematic shift.
3. There seems to be a slight disagreement about the slope of the spectrum at various
energies.
The main improvement to the present-day data would, therefore, be to perform a mea-
surement of which the systematic errors are under control. At the same time, the amount
of data taken should be large enough to obtain statistical errors less than, or comparable
to the systematic errors. To obtain these goal s, the experiment and the relevant surround-
ings of it should be simulated well. This is necessary to obtain accurate estimates of the
detector acceptance and efficiency and the muon energy loss as a function of angle. In
case of a magnetic spectrometer, the smearing of the surface muon momentum by energy
loss straggling and limited accuracy of the momentum measurement has to be taken into
account. The shape of the muon spectrum aswell asthe absol ute flux depend on the zenith
angle. The variation of the spectrum as a function of the zenith angle is sensitive to the
physics involved in the air-shower interactions (see Ch. 2), and is thus a measurement
desirable for any cosmic-ray muon experiment.

In 1993, cosmic muon data taken with the L3 detector have partialy been analyzed
in afeasibility study [46]. Due to problems concerning the event reconstruction, at that
time, an absolute flux could not be given. In this thesis, the same data are analyzed, but
now the complete set of datais used and the L3 reconstruction and simulation software
has been specially adapted for this particular purpose.

3.2.2 Muon charge ratio

To determine the charge of a muon track, it is necessary for an experiment utilizing
tracking or drift chambers to utilize a magnetic field. The direction of curvature of the
track in this field then provides the sign of the charge. The probability that the charge
as measured by the experiment agrees with the rea charge, depends on the precision
with which the deviation of the muon track from a straight line can be determined. This
deviationiscalled the sagitta. When the error on the sagittaincreases, also the probability
increasesthat the sign of the sagitta(i.e. the direction of deviation of thetrack with respect
toastraight line) iswrong. Oncethiserror iswithintheintrinsic accuracy of the measuring
device, all significance on the charge measurement islost: the charge confusion (see Sec.
7.7) becomes 100% (the chance of measuring the correct charge sign is as large as the
chance of measuring the opposite sign).

In Fig. 3.4, acompilation of the measured charge ratio is shown for momenta below
about 1 TeV/c. As can be seen, the measurements do not provide much information about
the functional behaviour of the charge ratio versus momentum. Theratio averaged over all
momentafromafew GeV to 1 TeV isabout 1.25-1.30. With regard to these measurements
it isimportant to realize that the charge ratio must be corrected for charge confusion. The
unavoidable presence of charge confusion will always lead to a measured charge ratio
closer to one than the actual charge ratio. When the charge confusion approaches 100%,
the measured chargeratio will obviously approach 1.0. Thelevel of charge confusionitself
also naturaly limits the maximum possible charge ratio that can be measured. It israther
strange that none of the experimentsin Fig. 3.4 seem to correct for charge confusion.

The precision by which the muon momentum can be measured with the L3 detector
amounts to circa 3.5% at 45 GeV/c, and rises linearly with increasing momentum. This
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Fig. 3.3. A compilation of the measured vertical differential muon momentum spectra at sea level
up to about 1 TeV momentum. The flux D,, is multiplied by p®. The solid curve is the result of a
semi-analytical calculation (see Sec.2.5.4). The data are from [38; 39; 40; 41; 42; 43; 44; 45]

gives a momentum of about 3 TeV/c as the point where the error on the momentum is
100%. From analysis of dimuon data (efe- — Z° — (7)), the charge confusion
near 45 GeV has been determined as 0.021 + 0.003% [51]. This small value makes the
L 3 detector an ideal instrument to measure the cosmic-ray muon charge ratio with high
precision over alarge range of energies.

3.3 Motivation

The cosmic-ray muon spectrum is closely related to the cosmic-ray neutrino spectrum.
This is because ailmost all of the muons and neutrinos have common parent particles,
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being the charged pions and kaons originating from the hadronic interactions. Only few
of the muons and neutrinos have a different origin. The production chain is given by

(;)

) (=) (=) (32)
pt— e et

E KE — pF +
v,
Both particle spectra have to be folded with the production spectrum of the pions and
kaons, while the neutrino spectrum has to be folded with the decay kinematics of the
muon to produce its corresponding neutrino spectrum. The main uncertainty in the muon
and neutrino spectra is in the meson production spectrum which is caused in turn by
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the uncertainty in the primary cosmic-ray spectrum. Since the latter variation obviously
inducesaroughly similar effect in both the muon and neutrino spectra, the muon spectrum
can be used to fit the v/, neutrino spectrum. Sinceit is mainly the absol ute level of neutrino
flux that is uncertain, it is necessary for this that the muon spectrum is measured up to
the percentage level in absolute normalization. A precise determination of the neutrino
spectrum at sealevel isimportant for experiments which look for neutrino oscillationsin
the cosmic-ray neutrino flux.

3.3.1 Neutrino oscillations

Until recently, the experimentally determined mass of any neutrino was compatible with
zero. The upper limits on their masses together with the confidence level are given in
Tab. 3.2. Several experiments [53; 54; 55; 56; 57] found a cosmic-ray neutrino flux

Neutrino flavour mass confidence level (%)
Ve <15eV see [52]
vy < 0.19 MeV 90
v, < 18.2 MeV 95

Tab. 3.2. Upper limits on the neutrino masses as known by 1999 [52].

which showed enrichments or depletions of certain neutrino flavours when compared to
a Monte Carlo model. The evidence was, however, not convincing and sometimes even
contradictory between different experiments. Recently, the Superkamiokande experiment
[58; 59] announced asimilar finding, but now the effect was convincing. Superkamiokande
measured the neutrino flux of the electron and muon flavours as afunction of zenith angle
for energies below about 10 GeV. For the downward direction they measured directly the
neutrino flux from air showers. For the upward direction, the neutrino flux of air showers
at the opposite side of the earth was measured. The results of the measurements were
compared to the corresponding simulations and demonstrated two things:

— The measured v, flux agreed with the expected flux for thisflavour, for all zenith angles
from O to 180 degrees.

— The measured v, flux showed a depletion with respect to the expected flux. This
depletion was compatible with zero near the local zenith and increased as a function of
zenith angle to reach a maximum at 180 degrees.

Apparently, part of the v, flux had disappeared, depending more or less linearly on
the path length the neutrinos had covered from their production to their detection (the
baseline). This result can be explained by assuming that neutrinos can change flavour.
The necessary conditions for such flavour oscillations are that at least one of the masses
of the neutrino flavours is different from the others and that individual lepton numbers
are not conserved. In the current case, the v, neutrino could change flavour to either the
Ve OF 1, OF to an unknown “sterile” (non-interacting) neutrino. Transformation into v,
neutrino is, however, excluded by the results of the CHOOZ experiment [60] and by the
measured v, flux.

The probability that a neutrino changes flavour from type i to type j in traversing a
baseline L isgiven by
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P, _,, =sin®(20)sin®(7L/Los), (3.3)
where
E,(GeV)

Am? = m} — m3, with m; and m; being the masses of the neutrino mass-eigenstates
and ¢ is the mixing-angle [33]. Assuming such oscillations to explain the v, deficit,
Superkamiokande found 5 x 107* < Am? < 6 x 10~ eéV? and sin*(26) > 0.82 asthe
most probable parameter values [58; 59].
From Eg. (3.2), one would naively expect a ratio of muon-like over electron-like
neutrinos of
I vy + 7,

e VetTe

— 2. (35)

Since low-energy muons will decay before reaching the earth surface thisisindeed what
is expected for low energies. On the other hand, high-energy muons will not all decay so
that this ratio will increase as a function of energy. Simulations show that for neutrino
energies from about 0.1 - 1.0 GeV, the value of £ isindeed closeto 2. Thisratio dso is
relatively insensitiveto any uncertaintiesin the parent meson flux, since these will largely
cancel dueto their similar effect on both neutrino flavours. For a comparison with Monte
Carlo modelsthe “ratio of ratios”

(11/€)pata
R= """ 3.6
(n/&uc (39
is determined in order to be less dependent on normalization. A Monte Carlo model
predicting the same ratio as is being measured, will lead to £ = 1. Any deviation of the
measurements from the Monte Carlo model will result in an R-value different from 1.
Superkamiokande found [58; 59]

R =0.61+£0.03+£0.05 (sub-GeV)

0.66+0.06 £0.08  (multi-GeV) (3.7)

for the ratio (the sub-GeV notation stands for a visible energy in the detector less than
1.33 GeV and electron (or muon) momentum larger than 100 MeV/c (200 MeV/c), while
the multi-GeV notation stands for £, 2> 1 GeV). Thefirst errors are statistical while the
second errors are systematic in nature. The larger part of the systematic uncertainty isdue
to the uncertainty of the simulated (;:/€) ratio.

In Figs. 3.5 and 3.6, the ratios predicted by a number of models are shown for
both energy regions [32]. All models are evaluated for the Kamioka site in Japan. The
uncertaintiesin the (1. /e) ratio can be reduced by adetermination of the neutrino spectrum
from accurate measurements of the muon spectrum.

The L3 experiment measures the cosmic-ray muon energy spectrum above ca. 15 GeV.
This means that the v, spectrum can be normalized above about 20 GeV. Thisleadsto a
prediction of the number of up-going muonsin for instance the Kamiokande experiment.
Today, this number has an uncertainty of about 30%. The L3 experiment can reduce this
uncertainty to about 5%, allowing for atest of the neutrino oscillation hypothesis, more
strict than avail able today.
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Chapter 4

Experimental setup

The data used for the current analysis were collected at CERN, near Geneva,
Switzerland. At a varying depth of about 50 to 170 meters below ground level
and located between the Jura mountains and lake Geneva, a L arge Electron-Positron
accelerator ring (L EP) provides high energy particleswhich collide with each other at
four equidistant points along its circumference. Linear accelerators and subsequent
pre-accelerator rings as the PS and SPS provide the particles with the necessary
energy before injection into the LEP ring. The particles resulting from the collisions
are collected by sophisticated detectors, one at each of the four vertex points along
the ring. One of these, referenced by the poetic name “L 3", provides an excellent
environment for the study of muons, either created by the collisions at its vertex
or by particle collisions high in the earth’s atmosphere. In this chapter we will
describe the L3 detector, especially those parts of it relevant for cosmic-ray muon
detection during the 1991 dedicated cosmics run. The experimental halls and the
geophysical circumstances are described. The special trigger used in these types of
runsis explained.

4.1 The L3 detector

The L3 detector [27; 68; 69] is designed to measure events containing photons, electrons
and/or muons. Subdetectors, positioned inside each other like the shellsof a®russian doll”
(Fig. 4.1), each measure a specific class of particles. Moving outward from the center of
the detector, the following subdetectors are encountered (listed by their mnemonic):

[CSMD  Silicon Microvertex Detector
The SMD isatracking chamber for the purpose of measuring short-lived charged par-
ticles. Itis positioned closeto the vertex. It wasinstalled prior to the 1993 data-taking
period and became operational in 1994.

[CTEC Time Expansion Chamber
The TEC is a tracking chamber measuring charged particles within a radius of 46.9
cm. It is accompanied by the Forward Tracking Chamber (FTC).

[CECAL Electromagnetic Calorimeter
The ECAL is an electromagnetic calorimeter made of BGO (Bismuth Germanium
Oxyde) crystals which are arranged in a barrel and two end caps.
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Fig. 4.1: Side view of the L3 detector as of 1997.

[CLUMI  Luminosity Monitor
Theluminosity monitor measures the luminosity during data-taking. It consists of two
disks of BGO crystals positioned around the beam pipe.

[CSCNT  Scintillators
The scintillation counters are arranged in a barrel and two end caps. They are located
between the ECAL and HCAL detectorsand around the HCAL end caps, respectively.
Their primary function is to reject cosmic muons which contaminate the L3 muon
data. During dedicated cosmic runs, they serve as one of the trigger devices.

[CHCAL Hadronic Calorimeter
The hadronic calorimeter barrel and its two end caps consist of layers of depleted
uranium interspersed with proportional wire chambers. Hadronic particles from the
vertex encounter about 7 absorption lengthsin the barrel.

[CMFIL  Muon Filter
The muon filter, positioned just at the inside of the support tube, contains brass ab-
sorber plates interspersed with layers of proportional drift chambers. Itsuseisasan
additional absorber for leaking hadrons and as a supplement to the HCAL.

[CMUCH  Muon Chambers
The muon chambers consist of abarrel part of drift chambersand aforward/backward
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part of drift chambers(FBMU) and resi stive plate chambers(RPC). Theforward/backward
chambers were installed in 1994 at either side of both magnet doors. At the outside

of the doors the drift chambers include two RPC chambers. The barrel chambers are
built around three so-called P-chambers, measuring thetrack positionin thetransverse
plane, and four Z-chambers, measuring the track position in longitudinal direction.
The innermost and outermost P-chambers are sandwiched by two Z-chambers each.

L MGNT Magnet

The last part of the detector we encounter is the magnet, which supplies all the inner
detectors with a longitudinal magnetic field of about 0.51 Tedla. It consists of an
iron yoke, closed at the front and backside by two iron doors. The yoke and doors
are guiding the field at the inner detectors along the Z-axis. Inside the yoke, a warm
aluminium coil generates the necessary field while maintaining a current of near 30
kKA. Sincetheresolving power of amagnet spectrometer isproportional to BL?, where
Bisthefield strength and L thelever arm, it ismore efficient to choose for amoderate
field of about 0.5 Teslaand arelatively long lever arm (~ 2.9m) for a given budget.

The essentia parts for the measurement of cosmic-ray muons are the scintillators, the
muon chambers and the magnet. These will be described in more detail below.

4.1.1 The scintillators
The scintillator detector consists of a barrel and two end caps (Fig. 4.2). The purpose of

HCAL barrel

- T
Lol
Lol
! |
‘ ‘

Endcap scintillator [
— e

L HCAL endcaps HC1

HC3 HC2

.\ Barrel scintillator
Fig. 4.2: Thelocation of the barrel and endcap scintillators.

the endcapsismainly their use as abunch tagger and to reject cosmics by timing the track
passage. In the current analysis of the 1991 cosmics runs only the barrel is used.

The barrel scintillator [70] is made of 30 tiles, arranged to fit closely to the inner
dimensionsof theHCAL barrel. Eachtile consistsof a piece of BC-416 plastic scintillator
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Fig. 4.3: Geometry of scintillator barrel in the transverse plane. Shown are the 16 HCAL barrel segments
with the 30 scintillator tiles near their inner radius.

material, with a projected length of 2.9 meters, at both ends connected to plexiglass light
guides. Thetile is bent near its ends to follow the increasing inner radius of the HCAL
barrel. Every two tiles are fitted closely together to cover one HCAL segment, except
for two of them; these two have different dimensions to allow for the rails holding the
ECAL caorimeter. As a consequence, tiles 17 and 32 do not exist physically, and their
accompanying tiles 18 and 31 cover only half of the HCAL segment (Fig. 4.3). Theradius
from the vertex to theinner scintillator barrel part isabout 885 mm, increasing to 974 mm
at theends (Fig. 4.2). The range covered by the barrel in polar angle (wrt beam direction)
amountsto

|cosf] < 0.83 (34° < 6 < 146°). (4.1)

Thelight guidesat both ends of atile are connected to photomultiplier tubes (PMT) which
convert thevisible! scintillation light into a charge build-up at their output electrodes.
Signal processing. The charge output of the PMT is converted to a voltage which is
guided to the electronics located in the so-called blockhouse. Here, it is amplified by a
factor 10 and fed into an Analog to Digital Converter (ADC) as well as a discriminator
(Fig. 4.4). The 15-bit ADC (LeCroy 1885) measures the integrated charge of the PMT
during afixed integration-timeinterval. The discriminator converts the analog signal into
alogic pulse, where the comparison of a fixed threshold voltage with the signal voltage
determinesthetransition from alogic-0to alogic-1 level. The output of this discriminator
isfed into a high-resolution Timeto Digital Converter (TDC) aswell asto a mean-timer.
The 15-bit TDC (LeCroy 1875) has aresolution of about 0.1 ns per channel and islimited
to arange of 400 ns. All these TDCs are stopped commonly by an external stop signal.
DuetotheuraniumintheHCAL, thereisacontinuousnoisesignal present at theamplifier
output which may lead to false triggers of the ADCs and TDCs. To suppress noise, the
TDCs are enabled only just before asignal is expected to be present at their input.

! The visible light has been converted from UV light by a fluorescence material acting as a wavelength shifter.
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Fig. 4.4: Simplified scheme of the barrel scintillator signal flow.

The mean-timer builds the arithmetic mean in time (up to afixed delay) of the pulses
generated by thetwo PMT’s at both ends of a scintillator tile. While the time of arrival of
the light pulse at both ends of a tile depends on the longitudinal position of the particle
crossing the tile, the mean of both these times is independent of the crossing position.
All 30 mean-timer signals, one for each tile, are delayed by a fixed amount of time and
subsequently fed into an “OR-module’ (LeCroy 4416). This module delivers 4 signals
at its output, T (top), B (bottom), L (left) and R (right), which are constructed from a
logical OR of the top, bottom, left and right scintillator tiles, respectively.? The delayed
mean-timer signals are also fed into a 10-bit mean-timer TDC (LeCroy 1879) with a
resolution of about 10 ns per channel and a range of 10 us, as well as a trigger module
which redirects the correlated mean-timer outputs to the Level-2 and the calorimetric
trigger. The mean-timer TDCs have a multi-hit capability of up to 6 hits.

The4 signalsfrom the OR-modul e serve asinput to the“ Programmabl e L ogic modul €”
(CAEN-85). The output of this modul e represents a (programmable) |ogic combination of
the input signals and is used as the “scintillator trigger” which, together with the trigger
signals from other subdetectors, is used to build the Level-1 trigger decision.

4.1.2 The muon chambers
During the 1991 dedicated cosmicsrun, only the barrel muon chamberswereinstalled. For
adiscussion of the forward-backward muon chambers we refer to [71]. The barrel muon

2 The top, bottom, left and right assignments are with respect to the horizontal and vertical axes through the vertex in
the transverse plane of the detector.
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chambers [69] are divided between 2 Ferris wheels (a“master” and a“dave’, Fig. 4.5),
each one consisting of 8 octants positioned concentric with respect to the beam axisaround
the support tube. Each of the 16 octants consists of 3 layers of drift chambers parallel to

Fig. 4.5: View of both MUCH Ferris wheels installed around the support tube.

the beam-axisat mean radii of 2530 mm (inner chamber: M1), 4010 mm (middle chamber:
MM) and 5425 mm (outer chamber: MO) (Fig. 4.6). The wires are directed along the
beam axis. An MM chamber consists of two times 15 drift cells, where each cell contains
24 wires. The MI and MO chambers have 19 and two times 21 drift cells, respectively.
Each of these cells contains only 16 wires. Since these chambers measure the muon-track
coordinates in the perpendicular plane they are called P-chambers.

In addition, theinner and outer P-chambers are each sandwiched by Z-chambers. Each
Z-chamber at either side of a P-chamber has 2 layers of single-wire drift-cells, where one
layer is offset by half a cell with respect to the other layer, to resolve ambiguities. The
wires are aligned perpendicular to the beam-axis, in order to measure the z-coordinates
of amuon track. Each layer contains close to 58 drift cells, depending on the kind of the
chamber.

The P-chambers are filled with a gas mixture of 61.5% argon and 38.5% ethane,
while the Z-chambers are filled with a mixture of 91.5% argon and 8.5% methane. These
mixtures, together with the high-voltage applied on the wires results in a drift vel ocity of
about 48 m/nsfor the P-chambers and near 30 pm/nsfor the Z-chambers.

Since the magnetic field is aligned parale to the beam-axis, the curvature of the
muon track, determining its transverse momentum, is measured by the P-chambers. This
curvature resultsin a sagitta.S, which isrelated to the transverse momentum as:

0.3B.L*
8pr

where B, isthe longitudinal component of the magnetic field, L is the straight distance
between the track intercepts with the innermost and outermost chamber in the bending

1%

5 [mm] (4.2)
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Fig. 4.6: View of the three muon chambersin an octant.

plane and pr isthe transverse momentum (Fig. 4.7). A typical track with a momentum of

Muon-track
Sagitta S

Track-length L

Fig. 4.7: Definition of the sagittas.

45 GeV has a sagitta s of ~ 3.7 mm. Knowing the sagitta and thus the related transverse
momentum, the total momentum p of the track can be calculated from

p=rpry\/1+2 (4.3)

where v is the tangent of the pitch-angle of the track® as measured by the Z-chambers.
The single-wire resolution of the P and Z-chambers has been measured to be about
200pm and ~ 670um, respectively. Apart from its dependence on the single-wire reso-
[ution, the precision with which the track momentum can be measured depends on the
relative alignment accuracy between the chambers in one octant, on the error introduced
by multiple scattering in the MUCH volume and on a number of various small contri-
butions, as the systematic error introduced by the magnetic-field determination along the
track. Tracks crossing more than one octant also suffer from the relative alignment error
between the octants, the magnitude of which generally out-sizesall other errorsinvolved.

3 If we neglect energy loss and scattering, a muon track passing through the magnetic field traverses a helical path.
This (part of a) helix has a pitch angle arctan(7).
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For (non-radiative) Z° events, the precision of the momentum measurement Ap/p has
been determined to be ~ 3.5% at 45.6 GeV/c.

Signal processing. The avalanche of electrons created by an ionizing track in a muon
chamber is picked up by the sense wires. For both P and Z-chambers the sense wires are
connected in pairs. In case of the P-chambers, a wire in a master-octant is electrically
connected with the corresponding wire of the opposite slave-octant. Thismeansthat P-hits
on themselves do not contain any direct information about the z position of that hit. The
Z-layersat theinner chamber contain only 1 wire across the entire length perpendicular to
the beam-axis. For the Z-layers at the outer chambers, corresponding wires of the opposite
chambers are electrically connected. Thus, also Z-hits do not contain direct information
on the position of a hit along its corresponding wire. A combination of a set of P-hits

P-chamber

H > ¢

4

CAT

module
1
PC/PCC TDC
1875

cards

Delay

MUCH Trigger

Fig. 4.8: Simplified scheme of the muon chamber signal flow. A muon created at the interaction point is
passing through a P-chamber.

with a set of Z hits resolves all coordinate information, however, and the correct set of
related P and Z-hits can be obtained from the “goodness of fit” of the combination. The
“goodness-of -fit” is determined by the time the signal needs to propagate along the wires
(at roughly 240 ;zm/ns) from the position of the hit to the pre-amplifiers between the two
Ferriswheels (Fig. 4.8).

The output from the discriminatorsisdirected by about 30 m of cableto the electronics
in the blockhouse. This logical signa is then fed into a multi-hit TDC (LeCroy 1879)
with aresolution of about 2.4 ns/channel and having 512 channelsin total. The maximum
possible time interval measured is thus ~ 1.2 us, dightly larger than the maximum
obtainable drift time.

To suppress noise, the TDCs are disabled when no interaction takes place. They are
armed at a fixed time interval from the moment of interaction. From the moment a
TDC isarmed, it is continuously recording its input and actually triggers on the leading
edge of an incoming signal. The TDCs are al stopped by a common stop signal which,
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during normal L EP data-taking, is derived from abeam-pickup signal.* Thetimefromthe
leading edge to the common stop signal is measured and gives the drift time (including
all propagation timeintervals) as further described in Sec. 5.4.2 below. The common stop
signal is distributed by a special module (CAT) to al TDCs. During 1991, extra TDCs
(LeCroy 1875) with a resolution of 0.025 ns/channel were installed which measure the
arrival time of the stop signal at the 1879 TDCs. In this way any deviation in the exact
time the stop-signal arrives at the TDC can be corrected for. During the cosmics runs on
which thiswork is based, these common-stop TDCs were not yet installed.

To build the muon chamber Level-1 trigger, the discriminator outputs are monitored
by Personality Cards (PC) which, in combination with other logic modules, determine
if atrack signature was found in the chambers. The recognition of tracks proceeds by
comparing a specific set of wires with predefined “roads’, e.g. it could require at least 6
wires being hit in all three chambers.

4.1.3 The global trigger

After aLevel-1trigger has occured, amore refined Level-2 trigger decision can be made,
which is based on geometrical, time and energy-related properties of the subdetector
signals. A positive Level-2 trigger passes the complete digitized data of all subdetectors
to aLevel-3 trigger which takes care of saving the data to tape and/or disk. A granularity
increasing with the level of the trigger is necessary to reduce the time spent in making a
trigger decision. Since only asmall fraction of all Level-1 triggers are useful for physics
analysis, the first trigger level should make a fast (thus coarse) decision. The Level-1
trigger rate istypically 8 Hz during normal L3 physics runs.

4.1.4 The magnet

The L3-magnet, supplying the tracking chambers with a magnetic field, consists of a
solenoidal aluminium coil, a soft-iron yoke and two doors, being steel structures filled
with iron, at its ends (Fig. 4.9). The magnet system is octagonally shaped and restsin a
concrete cradle being the floor of the experimental hall. The coil consists of 168 windings,
divided in 28 packages of 6 each. Each of these packages has a cooling system welded
onto its inner and outer edges. The yoke has an outer radius of 7.9 m and serves as a
field-return. Both halves of a door at either end of the magnet rest on a grease skate and
can rotate around large hinges.

At the inside of the support tube the field produced by the magnet is probed by Hall
plates, at the outside of the support tube by 992 magneto-resistors installed on the muon
chambers. In addition, the absolute field value is continuously being measured by five
NMR probes. Each of the magneto-resistors measures the field with a maximum error of
~ 20 Gauss. In the muon chambers the field is not exactly directed along the beam axis,
but also contains a small radial component.

4.2 The L3 environment

While standard L 3-physicsis confined to the L 3 detector itself, ameasurement of cosmic-
ray muons extends the physical environment far out to the slopy meadows near the Jura
mountains. The main physical effects of the material below ground level through which a

* Thissignal givesthe time at which the " and €~ bunches collide at the vertex of the L3 detector.
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Fig. 4.9: The L3-magnet system showing the yoke, coil and doors (with FB-muon chambers).

cosmic-ray muon ispassing are energy |0ss, scattering and, occasionally, interactionswith
itsnuclei. To enable asimulation of these processes during the offlinetrack reconstruction,
the geological situation has to be known accurately. The aspects of the L3 environment
with respect to its simulation can be grouped into 3 items:

[The location and dimensions of the main experimental hall underground, including
the nearby parts of the tunnels, the shafts and the diverse caverns.

[The composition of the material below ground level, including the mapping of features
like layers of material with specific properties.

[Thelocation and structure of the buildings etc. at ground level and the structure of the
ground level itself.

To start with the last item, it is obvious that effects like temporal storage of concrete
blocks etc. cannot easily be accounted for. Even if that possibility would exist it should
be compared to the error due to incomplete knowledge and/or smulation of the solid
and lasting objects nearby. The errors made by neglecting these objects are assumed to
be acceptable. Moreover, the mean surface energy of a muon being detected with L3
increases rapidly with increasing zenith angle, so that any obstruction not accounted
for on the muon’s path looses part of its significance as the angle grows. For nearly
vertical muons, any obstructions are smeared out in the energy-loss distribution as well
as in coordinate space due to scattering and a limited precision of measurement of the
muon momentum and the simulation of its energy loss. For the purpose of thiswork, the
simulation of the L3 environment does not include any objects at or above ground level
and the ground level itself is assumed to be flat. Thisis a good approximation for zenith
angles up to at least 60° (Fig. 4.10).
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Fig. 4.10: An aeria view of the L3 site. The main building towards the middle of the picture is situated
about 40 m above the detector.

Surface altitude above sealevel (m) | 449

L3 depth wrt vertex (m) 44.78

L3 longitude (°.".") 6.01.17060
L3 latitude (°.".") 46.15.06578
L3 orientation of beam axis (°) 37.505 West

Tab. 4.1. Geocentric coordinates of the L3 detector.

The location and the dimensions of all underground man-made caverns (filled with
air at near-standard pressure and temperature) are accurately known from the blue-prints
of the LEP-design. The LEP tunnel itself is inclined by 1.39% with respect to ground
level. The reason of this slope was to make sure that the main part of the tunnel and all
underground caverns are located in solid rock (molasse) while at the same time the access
shafts are limited in depth (actually lessthan ~ 150 m). Asaresult, the L3 detector ison
a slope of 1.39% with respect to ground level, in the vertical plane parallel to the beam
axis. In September 1997, the exact coordinates of the surface directly overhead of L3 were
measured®, as given in Tab. 4.1. The surface layer in the region between Geneva and the

5 Private communication P. LeCoultre.
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Mass percentage
Element | Z Molasse | Soil | Concrete, ord. | Concrete, shld.

H 1 .0080 .0211 .0115 .0020
C 6 .0430 .0109 .0136 .0022
O 8 .4850 .5646 .4996 .3187
Na 11 .0070 .0047 .0079 .0026
Mg 12 .0420 .0150 .0086 .0005
Al 13 .0370 .0352 .0355 .0132
Si 14 .2150 .2480 .2180 .0406
S 16 - - .0010 .1064
K 19 .0230 .0073 .0083 .0062
Ca 20 .1000 .0666 1813 .0542
Mn 25 - - .0007 -
Fe 26 .0400 .0266 .0140 .0063
Ba 56 - - - 4471

Tab. 4.2. Composition of molasse, soil, ordinary concrete and shielding concrete used at CERN
[72].

Juramountainsisamost entirely composed of Subalpine Molassewith athin layer of soil
on top. The composition and the properties of the molasse are tabulated in Tab. 4.2 and
Tab. 4.3, together with those of the soil on top of the molasse and two types of concrete
used in CERN structures [72]. The most important ones, being the main hall, the main
access shaft, the bypass shaft and an additional (now unused) shaft, have been modeled
using the GEANT detector simulation package [73], which also simulates the complete
L 3 detector. Only a few necessary additional objects have been defined, as the concrete
shielding positioned inside the main access shaft. Due to the small amount of material
encountered by muons passing through this shaft, the shielding of 1.8 m thickness has a
noticeable effect on muons below about 20 GeV. In Fig. 4.11 the surface layer, shafts,

Composite Mean mass nr (A) | Density p (gem3)
Molasse 23.644 2.40
Soil 22.014 2.40
Concrete (ordinary) 24.083 2.20
Concrete (shielding) 74.279 3.30

Tab. 4.3. Physical properties of molasse, soil, ordinary concrete and shielding concrete used at
CERN [72].

main hall and detector volume are shown. The scale of the volumes can be related to
the figure standing at the bottom of the main access shaft. The coordinate axes shown
are aligned with the L3 beam axis and originate at its vertex. The main hall, shafts and
surface are tilted by 0.8° around the x-axis with respect to the detector. The position of
the L3 detector with respect to the Jura mountains and the definition of the azimuth are
shownin Fig. 4.12.
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Fig. 4.11: View of the shafts, main hall and detector volume. For clarity the main hall part near the detector
is not shown.

Fig. 4.12: Position of the shafts of the L3 site with respect to Jura mountains and definition of azimuth
angle. The dimensions of the shafts are grossly exaggerated.
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SCNT Trigger
__ (Top + Bottom)
SCNT TDC-1875 stop A
MUCH Trigger
(2 octants) Trigger MUCH TDC stop

Box

SCNT TDC-1879 stop

22.2 us clock

SCNT Strobe-TDC stop

Fig. 4.13: Simplified scheme of the cosmic muon trigger logic.

4.3 The L3 cosmic-ray muon trigger

The trigger for cosmic-ray muon data taking [74; 75; 70] is different in many respects
from the standard L3-trigger for beam events. Since cosmic-ray muons can enter the
detector at any moment, there is no relation of the occurrence of an event with the beam-
crossing signal. For this reason, cosmic-ray muons are taken in a self-triggering mode;
the occurrence of a set of simultaneous subdetector triggers, triggers the data taking of
all subdetectorsinvolved. For the cosmic runstaken by L3 in 1991 for the purpose of the
ECAL calorimeter calibration, the MUCH, SCNT and ECAL detectors were operational,
but only the MUCH and SCNT sub-triggers were used to build the global trigger. The
trigger settings were known under the name “COSMIC3” during the time of data taking
[76].

Since a number of signals used in the trigger (and in the data-taking) depend on the
beam-crossing signal, during the cosmic runs this signal was replaced by an artificial
clock, being the clock source of the ECAL read-out electronics. The time a beam needs
to complete one revolution in the LEP accelerator is 88.92446 s. With four bunches
per beam, equally spaced along the circumference, the beam-crossing frequency at L3
becomes 44.982 kHz leading to a beam-crossing interval of 22.231 ;s which equals the
artificial clock period. The timing of a cosmic-ray muon event was as follows:

— During 5 us after the beam-gate signal, a gate is opened in which a cosmic-ray muon
may enter the detector and produce signalsfor building the level-1 triggers.

— A positive global trigger decision was taken if
— the scintillator barrel showed at |east one hit inthe upper half of itsbarrel tilesaswell

asinthe lower half of thetiles, and in coincidence
— the muon chambers showed the presence of atrack in at least two octants, separated
by at least one octant.
The scintillator and muon chamber trigger are combined in the trigger box (Fig. 4.13),
which sends the stop signals to the various TDCs.

— If atrigger decision is negative, the system is ready for a new event at the immediate
next beam-crossing signal. If the trigger decision is positive, the electronics take 220
usto digitize the subdetector data, before the system isready for the next event.

— At a positive trigger decision the Trigger-box sends stop signals to the scintillator and
muon chamber TDCs.
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— In order to check the time stability of the scintillator TDC stop signal, this signal was
sendto aspare 1875 TDC (since 2 scintillator tiles are missing, there are 4 spare TDCs)
andiscalled herethe SCNT strobesignal. The TDC channel of thissignal can berelated
to the time within the gate that a muon track was passing through the detector (see Sec.
7.4).

The self-triggering mode of the cosmicsruns also impliesthat the drift time correctionsto
be applied to the muon-chamber hits might be (and in fact are) different from those applied
for normal beam-beam events. Also the reconstruction of the scintillator-hit position along
a tile depends on the relation between the start and stop of the 1875 TDCs, at least in
principle, since the reconstruction of the z-position is based on the mean-times, which are
independent of the position of atrack-crossing point along thetile. A detailed discussion
of these aspects related to time correctionsis presented in the next chapter.
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Chapter 5

Muon reconstruction

Thetask of the muon reconstructionisto convert aset of low-level datato oneor more
muon-track objects. The low-level dataare converted to geometrical addresses of the
muon-chamber wiresthat are hit and their corresponding time stamps. In addition, the
barrel scintillators deliver hit and timing information useful for reconstruction. This
hit information is used to create muon tracks inside the L3 detector. In this chapter,
we will explain the way in which tracks are reconstructed inside the muon chambers.
Also the role of the scintillator barrel detector in the reconstruction process will be
examined. The reconstruction algorithms per subdetector are discussed. Finally, the
backtracking of the muon-chamber tracks towards the surface will be explained.

5.1 Introduction

The muon reconstruction software must be capable of handling standard Z° dimuon
events, as well as cosmic-ray muons, from the data acquisition and from the simulation
program. The dimuon data are important in the sense that they provide events with awell
defined signature. The software can be calibrated and checked using these events. Tracks
from this type of events always emerge from the vertex and are almost perpendicular to
the muon chamber planes. The reconstruction software can be adapted to this particul ar
signature. That’swhat isdone for the standard L3 muon reconstruction software. Cosmic-
ray muons emerge from any point and can cross the detector under any angle. Also their
energy is not limited, as is the case in beam-beam events, but can take on any value
allowed by nature. These circumstances make the reconstruction software more complex
than in the case of standard dimuon event reconstruction.

A second aspect in which cosmic-ray muon events differ from normal dimuon events
is the number of tracks present in a single event. Whereas for dimuon events there are
only two tracks present, for cosmic-ray muons the number of tracks can occasionally be
far larger than two. In most of the cases, however, only a single muon track is found per
event. In thiswork, we concentrate on this|latter type of single-muon events.

The reconstruction algorithms contain parameters which limit the possible types of
tracks to be reconstructed. For instance, the maximum zenith angle a track can have in
order to be reconstructed, is limited to 60°. In the same sense, the upper limit on muon
energy dependson the simulation software. The GEANT [ 73] package possesses an upper
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limit on the energy of 10 TeV. Above this limit the muon interaction processes are not
known well enough to be able to simulate them. The lower limit on particle energy inside
the muon chambersis set to 3 GeV. Thislimit is chosen such that low-energy tracks, like
electrons, are not reconstructed in the muon chambers.

The sequenceinwhich dataare processed by thereconstruction software can bedivided
into a few distinct blocks (Fig. 5.1). The input of the program consists of a number of

o ) . Event
Initialization Event input validation

SCNT
reconstruction

Loop over
events

MUCH
reconstruction

) ) Event
Termination Event output analysis

Fig. 5.1: Simplified flow-scheme of the REL 3C offline reconstruction software.

runs, where each run contains a varying number of events. Before starting to process the
input data, the program needs to be initialized, e.g. the geometry of the detector has to
be defined, the various material properties have to be set and the data structures used
by the program have to be declared. After the initialization, an event loop is entered. At
termination of the program, thisloop is left and the execution of the software is stopped
in acontrolled way. The event loop contains five blocks:

— Input of event. The datafrom one event are read into memory structures, separated per
subdetector.

— Validation of event. The run number is checked versus the current run number and, if
adifference is observed, time-dependent parameters are updated from the database for
this new run. The event is checked on consistency of its contents. A validated event is
passed to the next block, otherwise the event is skipped.

— Reconstruction of event per subdetector. The validated event contains data for each
subdetector which was active during data-taking. For the BGO calibration cosmic-ray
muon data, these were the barrel muon chambers, the barrel and end-cap scintillatorsand
the electromagnetic calorimeter. The latter, however, is not used by our program, as are
the scintillator end-caps'. Each subdetector requires its own specialized reconstruction
algorithms, which convert the raw data at input to physical objects at output. These
blocks are discussed in more detail in the sections to come.

— Analysis of event. The reconstructed objects are analyzed and (optionally) pass a selec-
tion. In case an interactive interface is being used these same objects are converted to
graphics objects for display.

! The end-caps did not participate in the cosmic muon trigger.
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— Output of event. Optionally, the event information can be stored in a selective way to a
file or to aso-called ntuple. The ntuplecontainsall information on the physicsobjects, as
they are returned by the reconstruction, necessary for afurther, more detailed, analysis.

Monte-Carlo simulated data are processed in much the same way asreal data. Merely the
data structure itself is dlightly different from that of real data.

5.2 Magnetic-field map

The muon momentum is measured from the curvature of the particle trgjectory due to the
magnetic field inside the muon chamber region. The radius of curvature depends on the
actual muon momentum and the local magnetic field strength. The magnetic field inside
the detector is, to zeroth order, constant with a magnitude of about 0.51 Tesla parallel to
the detector’s z-axis. Thereal field strength deviates from this constant value, depending
on the coordinates, due to edge effects and the presence of materials with a non-unit
magnetic permeability. Also the field components vary in strength since the direction of
the field changes slightly as a function of spatial coordinates.

Thetrajectory of aparticlewith fixed momentum passing through amagnetic field with
variable strength and direction will display avarying radius of curvature. This means that
the local field should be known well by the reconstruction algorithms, if the momentum
of a muon has to be determined accurately. The field component along the z-axis inside
the L3 detector is measured by magneto-resistors and Hall plates (see Sec. 4.1.4). These
measurements serve as calibration points for a global fit of the magnetic field inside
the detector using specialized software, as the POISSON/SUPERFISH or TOSCA and
OPERA packages. These programs return a magnetic field map in the form of a matrix
containing the field values at certain positions in the magnetic volume. The field at a
specific coordinate is found by interpolation of the sampled field strength from nearby
points. Currently, the field-map matrix contains 60 points spread along the z-direction
(from z = 0. to 5.9 m) and 60 points spread along the radial direction (from R = 0. t0 5.9
m). From tests done on the magnetic field-map before 1989, the error on the z-component
of the field was found to be [77]

AB, < 30 Gauss. (5.1

An error of 20 Gauss in this field component was found to introduce a systematic error
of about 10 xm [77] in the position of a muon chamber track segment (which consists of
a set of 6 to 24 hitsin one muon chamber). Furthermore, the absolute field strength was
found to vary by about 0.1 Tesla over the muon chamber area, with larger variations near
the magnet doors.

The field map for the muon-chamber region as used by L3 can be used without any
modification for the purpose of cosmic-ray muon reconstruction. Outside the muon-
chamber region (at R>5.9 m or |z| > 5.9 m), this field map does not apply anymore.
Cosmic-ray muons have to be tracked back from the muon-chamber region, through the
magnet coil and yoke up to the surface. So, we need an additional field map covering
the region just outside the muon chambers to just outside the magnet volume.? The latter
fieldmap was generated by the TOSCA program and is defined with 50 points spread
along the local-octant y coordinate (from y = 5.45 to 7.90 m), 67 points spread along

2 Theresidual field just outside the magnet volume and the earth magnetic field are neglected, since they have only a
minor influence on the muon direction, compared to the uncertainties in the magnet coil/yoke field map.
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Fig. 5.2: Thez component of the magnetic field strength as returned by the coil/yoke fieldmap, asafunction
of thex and y coordinates and at z = 3.17 meters. The coordinates are defined with respect to the detector
vertex.

the local-octant x coordinate (from x = 0. to 3.30 m) and 24 points spread along the
local-octant z coordinate (from z = 0. to 7.05 m). Thisregion includes the muon-chamber
area, but in case a point is inside this region, the standard L3 field map is used, since
the yoke field map assumes a constant field in the muon-chamber region. In Fig. 5.2 the
z-component of the field is shown as a function of the x and y coordinates, at z = 3.17
meters. Thefield in the magnet yoke isreversed as compared to that outside the yoke and
amountsto sightly more than 1.5 Tesla.

5.3 Scintillator reconstruction

The barrel scintillators play an essentia role in the reconstruction of the BGO calibration
data, since the scintillators provide part of the trigger. The calibration of the scintillator
barrel isdescribed well in[70; 78]. Asexplained in Ch. 4, the start and stop signalsrelated
to the scintillator electronics are different with respect to normal data taking. This does
not affect the scintillator reconstruction as used in thiswork. The timing corrections used
for the BGO calibration data only depend (up to constant offsets, to be calibrated) on the
scintillator time slewing, as explained bel ow.
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Thetrigger, as given by the scintillator barrel counters, resultsfrom two counters (one
in the upper and one in the lower part of the barrel) which have been hit by a particle
during its flight through the detector. The hit time is measured by a TDC and the amount
of energy deposited in the tile is measured by an ADC. The number of scintillator tiles
being hit in asingle event is usually larger than two, due to the noise from the depleted
uranium inside the hadron calorimeter, the production of delta-rays (knock-on electrons)
by the muon and the possibility of multiple parallel cosmic-ray muonsin a single trigger
event.

For the reconstruction of a cosmic-ray muon, the only important parameters of a
scintillator hit are the number of the tile which has been hit and the corresponding ADC
(LeCroy 1885) readings. The TDC (LeCroy 1875) readings are not used. They provide a
means of obtaining the longitudinal hit position along the counter, which can be displayed
using the interactive interface. The only important time stamp for the reconstruction of
cosmic-ray muons using the BGO calibration data, isthe time as given by the mean-timer
(Fig. 4.4). Any signal delivered by the photomultiplier tube (PMT) of a counter being hit,
isamplified and sent through adiscriminator. The signal at the amplifier can be described
by [70]

V(t)=C(e /s —e /7)), (5.2)

where C' isaconstant (~ -0.2), depending onthe PMT and its electronics, 7. isthe decay
constant of the scintillation light in the scintillator counter (~ 4 ns) and 7 is the decay
constant of the RC-network hanging on the PMT output (~ 2 ns). The pulse height and
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Fig. 5.3: Two signals from the PMT amplifier, passing the discriminator threshold. The resulting time
dewing is caused by the different signal amplitudes.
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shape of the signal are variable. They depend largely on the longitudinal position of the
scintillator hit and the amplification factor of the PMT. This meansthat the time at which
the signal will pass the threshold of the discriminator will vary. This variation is called
the time slewing. In Fig. 5.3, two signals with different amplitudes are shown together
with the resulting time slewing.

The amplitude of the signal ismeasured by the ADC countersfor each PMT separately.
The time slewing has to be applied as a correction to the time when the discriminator
changesitsoutput asaresponseto asignal. Thisslewingisdefined relativeto acalibration
pulse height. The time of arrival of the scintillation light on the PMT, relative to atime

]
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: -~ L2 —
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Fig. 5.4: A scintillator tile with amuon crossing it at ordinate z.

Ty at which the muon is passing the scintillator tile, is found from

L/2 + 21,2
Cs ’

z

fLQ — T01,2 + (53)

where L is the total length of the scintillation counter, z is the position of the hit with
respect to = = 0 and C's, is the effective propagation speed of the light in the counter
(Fig. 5.4). The plugminussigns apply tothe PMT at z = 0. Thistime hasto be corrected
for the time dlewing and is in addition converted to TDC counts according to

Nrpc = No — (t12 + Atgew)/C.. (5.4)

Inthisequation, N, isthe TDC offset, Atgqy iSthetime slewing of the PMT signal and C.
isthe counts-to-time conversion constant (i.e. bin-size) of the TDC. The cosmic-ray muon
trigger does not depend on the TDC (LeCroy 1875) reading itself, since the output from
the discriminatorsis fed directly into a mean-timer which builds a signal proportional to
the mean of both signal arrival times. Thissignal does not depend on the z-position of the
hit, since the mean of both arrival timest; and ¢, of the pulse at the PMT’s at either end
of a counter isindependent of z:

To, + Ty, L
2 205,

tmean =

(5.5)

The time slewing, however, which is different for both PMT’s at either end of a counter,
does have an effect on the above mean-time. To account for this, we have to add the term
2

to Eg. (5.5). This means that the time of a trigger, and therefore the related time offset
correction to be applied to the muon chamber hits, does depend on thistime-slewing term.

Atslew -

(5.6)
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Inprinciple, the TDC (LeCroy 1875) readings can be used to obtain the z position of the
muon impact point on thetile. For the BGO calibration data thisis not possible, however,
sincethe TDC readings were regularly in overflow. Thiswas dueto the electronicstiming
schedule being different from that for regular dimuon runs.

5.4 Muon-chamber reconstruction

The muon detector is a sampling detector. For an ionizing track passing through, it
returns a number of geometrical coordinates which are either on, or close to the actual
path followed by the particle. The coordinates are not returned directly but have to be
determined from the time information delivered by the muon-chamber TDCs. The TDC
readings are labeled according to the position of the sense wire in a chamber and octant.
This information of TDC counts has to be converted into a drift time, which is defined
as the time span needed by the electrons in the muon chamber gas to drift towards a
sense wire. Oncethe drift time (or afirst-order approximation of it) isknown, the position
from which the electrons emerged (the hit position) can be estimated by means of a cell
map. This cell map determines the hit position according to a drift-path parameterization
inside a P or Z-cell. This procedure is repeated for all the TDC readings in the data, thus
providing us with a map of hits which constitute a sampled track path.

Normally, only part of these hits really belong to a muon track. A variable number
of hits are caused by knock-on electrons (delta-rays), or malfunctioning of the readout
electronics. It isthe main task of the muon-chamber reconstruction to find out which hits
belong to a real track and to get the best possible estimate for the position, angles and
momentum of this track.

The reconstruction of a muon track consists of three consecutive parts.

[Reéconstruction of hits into segments, and segments into tracks inside one muon
chamber. This is done per projection plane (the xy-plane and the yz-plane) and is
called the pattern-recognition phase (Sec. 5.4.1).

[—Reéconstruction of three-dimensional tracksinside asingle octant from the projections.
Thisisthe track-fit and refit phase (Sec. 5.4.2).

[Reéconstruction of single-octant tracks and segments into cross-octant tracks. Thisis
the track-matching and inter-octant matching phase (Sec. 5.4.3).

The reconstruction algorithms use three different systems of coordinates: the global
coordinate system, the local-octant coordinate system and the local P-cell coordinate
system. The global system uses the detector vertex as origin and has orthonormal axes
with the y-axis vertical and the z-axis along the beam pipe. The local-octant coordinate
system has its y-axis perpendicular to the chamber plane and is further defined as to
coincide with the global system in the vertical octant. The local P-cell system has its
origin defined in the middle of a P chamber at the sense wire plane of the cell under
consideration. It is used in the pattern-recognition phase only. Further, we define a“half-
octant” as being an octant in a single Ferris wheel and a “double-octant” as two aligned
octants, one from each Ferris whes!.

5.4.1 Pattern-recognition phase

The pattern-recognition task is to construct higher-level objects, i.e. segments, out of al
the P and Z hits. To perform this task, an algorithm is used which assumes a certain
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parameterization of atrack. In the xy-plane one assumesacircular arc (i.e. afixed radius
of curvature). In the yz-plane one assumes part of a sine curve (Fig. 5.5). Any shape
different from these will be not or badly recognized by the algorithm. Thisis a trade-off
of every pattern-recognition algorithm and it does not impose any problemsin our case.
The charged particle, in this case a muon, enters a homogeneous magnetic field when

B
_’

Xy-plane yz-plane

Fig. 5.5: The path followed by a charged particle entering a magnetic field is a helix which decomposes
into acircular arc and asinusoid when viewed in a plane perpendicular and parallel to the field respectively.

having passed the magnet yoke and coil from the outside. Inside this field, an amost
helical path will be followed if no catastrophic energy losses are experienced. This helix,
when viewed in a plane perpendicular or parallel to the magnetic field lines, decomposes
into acircular arc and a sinusoid, respectively.

Usually, the radius of curvature of the track is at least an order of magnitude larger
than the dimension of the magnetic field region. In that case, only asmall part of the helix
will be present in the field region. This has consequences for the shape of the track in the
yz-plane. When viewed in ayz-plane where the track enters vertically into the magnetic
field region, the sinusoid can be expanded in a Taylor seriesof which thefirst termislinear
in the dimension along the axis of the helix. So, in a good approximation, the yz-track
projection can befitted by astraight line. For datalikethe BGO calibration data, all tracks
passnear the center of the detector. The straight-lineyz-track thenisagood approximation
of thereal yz-track. Thisapproximationisonly used in the pattern recognition and fit/refit
phase. In the final fit (swimfit), the angle of the track in the yz-plane is a parameter that
isallowed to vary versus the cord distance along the track.

For general tracks, passing through three or more half-octants, the direction of thetrack
can be almost parallel to the Z-chambers. No good track reconstruction in the yz-plane
is possible then. One should keep in mind that the L3 muon chambers were designed
for tracks emerging from the vertex, so that the reconstruction is optimal for this type of
tracks.

The pattern recognition hasto be ableto recognize tracks over alarge range of momen-
tum, so also tracks with aradius of curvature comparable to the detector dimensions. For
such low-energy tracks, any energy lossin the detector will change the radius of curvature
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such that the overall track is no longer circular. The multiple scattering involved in the
propagation of the particle through the muon detector and local variations in magnetic
field strength will also ater the circular shape to non-circular, but these effects are only
marginal. A larger effect iscaused by the propagation of atrack through theinner detector.
Low-energy tracks will experience arelatively large energy loss. In thisway, thetrack is
split upinto two nearly circular parts, each inside the muon chambers, and an intermediate
part with varying curvaturein the inner detector. To implement ageneral algorithm which
worksfor all track topologiesin the detector, the following scenario was chosen:

— Reconstruct tracks from P and Z-hits per half-octant.

— Reconstruct the trajectory to a certain common plane.

— Match tracks at these common planes to form a complete physical track across the
detector.

The “common planes’ are planes parallel to the z-axis, containing the vertex of the
detector and crossing the xy-plane under a certain azimuthal angle. The azimuthal angle
of the plane is chosen such that the track passes the plane nearly perpendicular.

P-chambers. The pattern recognition is performed per single P-chamber. All the hits
present inside one complete chamber are examined in one go, so no division of the hits
into smaller groupsismade. The reason why all hits are examined at onceisthat wetry to
recognize general segments, thus segments under any possible angle. For instance, there
can be segments which pass the wire planes almost perpendicular and which have a span
almost as wide as the P chamber itself. These segments should be recognized as good as
possible.

The algorithm used to perform the pattern recognition is a slight variation to the so-
called Hough transform method [79]. For a set of NV points (x;, y;), the muon chamber
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Fig. 5.6: Two points defining a perpendicular distance and an angle with respect to the origin.

hits, thereare L N (N — 1) possible combinationsof 2 hitsout of the V. Each combination
acquiresan angle o and adistance d; fromthe origin perpendicular to the line connecting
both points (Fig. 5.6). These two parameters describe the normal-form equation of a
straight line through both hits:

(x; —xj)cosa+ (y; — yj)sina —d; =0. (5.7)
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For every combination of two hits, the angle « and perpendicular distance d, are

Fig. 5.7: Example of the matrix M, showing two peaks at ordinates occupied by a P-segment and its
ambiguity.

accumul ated into atwo-dimensional matrix M(«, d, ) which is dimensioned such that the
two parameters for every possible hit combination are within its range (Fig. 5.7). Note
that d | has a sign corresponding to the sign of the y-intercept at = = 0. Using this sign,
the angular range of M in « can be reduced to [0, 7] while different point combinations
with the same angle « are still separated. If a pattern of the form (5.7) is present in the set
of data points, the density of pointsin the matrix M will increase for the matrix elements
containing the pattern’s o and d, . The bin width in o and d, determines the resolving
power of the pattern recognition. A bin width larger than the typical separation of data
pointsin the bin’s parameter will obviously lead to aloss of accuracy and to inclusion of
noise hits. Too small abin width will lead to aloss of recognized patterns, unless no noise
ispresent. If noiseis present, the data points of interest can be more or less scattered. One
then needs to take into account a minimum bin width due to this scattering.

With a large number NV of hits present, the time spent for pattern recognition is
proportional to N2. To increase the efficiency of pattern recognition, the boundaries in
the d, variable are set such that all hit combinationsare only just included. Furthermore,
a distance cut is introduced such that a hit combination is only taken into account if it
satisfies

dmin < d < dmax, (5.8)

where d is the distance between the hitsin the xy-plane. The distances dmin and dmax are
set to 3.0 mm and 100.0 mm, respectively. The lower cut rejects the combinations of hits
which are close to each other, which are likely to contain at least one noise hit. The upper
cut prohibits hit combinations being used from 2 hits separated by alarge distance, which
isnot efficient.
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Fig. 5.8: View of P-cells, showing a segment, its ambiguity and the track crossing the sense wire plane.

The maximum number of P-segments allowed per single P-cell isfixed to 15. Usually,
therewill beonly 1 P-segment per cell. Thefull cell width isdivided into 15 bins of about
7mmind; and 18 bins of 10° in «.. With these bin sizes, it is evident that some noise
will always be picked up and that segments with a large curvature will only partially be
recognized. For this reason, the above pattern-recognition phase is followed by so-called
pick and drop phases.

For abin of the matrix M to become a potential segment, it must contain at least 6 hits.
The bins satisfying this cut, are sorted in the order of largest number of hit combinations.
Since storage space is limited, the hit combinations of the best segment candidates are
stored first such that only worse candidates could eventually not be stored.

The pick and drop phases use the hit combinations as found from the matrix M and
apply acircular fit to them [80; 81]. In the pick phase the hits used up to then are fitted
by a circle. Then, for every hit the perpendicular distance to the circle is calculated. If
this distance is smaller then 4.0 mm, the hit is included in a new circle fit. In the drop
phase, the hit is excluded from the new circle fit if it has a perpendicular distance larger
then 3.0 mm. In practice, first a drop phase is applied after which two pick phases and a
subsequent drop phase are applied. The resulting hits define a so-called Muon P Segment
(MPSG).

Since the only information we have at this stage is which wires were hit at certain
times, every P segment is accompanied by its ambiguous P segment, which is the mirror
image of the original segment on the sense wire plane, see Fig. 5.8.

Z-chambers. All information we have in case of the Z-chambers is the wire which has
been hit. Most ambiguities are, however, resolved by the fact that the Z layers are shifted
with respect to one another by one half cell. The pattern recognition for the Z-chambers
is performed per double-octant. Each octant contains 8 layers of Z-cells, 4 layers for the
MI chamber and 4 layers for the MO chamber (Fig. 5.9). The pattern recognition is very
basic in thiscase, it consists of a straight-linefit to any number (> 3) of hits. If the RMS
residual of thefitisbelow athreshold of 10.0 mm, the hitsin thefit are said to constitute a
Z-segment. This brute-force method is necessary here, because the matrix method cannot
be used due to the dimensions of the double-octant compared to the resolution that the



60 5. Muon reconstruction

matrix M should have. The matrix simply would become very big, with only afew entries
filled. The small number of hits on a recognized Z-track (<8) would also make this
method sensitive to noise.

Depending on the distribution of the hitsover the 8 Z-layers, hitsfrom different layers
are combined into a fit. If 3 or 4 layers in both the MI and MO chamber are hit, each
chamber isfitted individually. If lessthan 3 layers are hit in both chambers, the hits from
both chambers are combined into a single fit. Any segments found inside one chamber

Fig. 5.9: View of Z-cells, showing a segment and the track crossing the 4 Z-layers of the chamber.

are stored asaMuon Z Segment (MZSG). If the pattern recognition is performed per two
chambers at once, the segments are stored as the hit combinations inside one chamber.
The combination of two Z-segments (or one Z-segment if no more hits are present) is
stored as a Muon Z Track (MZTK). A MZTK track represents the full yz-track in an
octant.

5.4.2 Track-fit and refit phase

Segment matching. Once the P- and Z-segments have been found, one can start to
look for three-dimensional tracks. For this, we loop over all Z-tracks in order to match
information from the P-segments and create three-dimensional tracks. In the pattern-
recognition phase, the P segments are corrected for time of flight and time of propagation
according to the mean z position of all Z segments in the octant. For every Z track the
possible P segments are re-fitted using the z-ordinate of the Z track. Depending on the
actual z position of the P segment, the quality of the P segment isreflected in thealignment
of its hits and thus in the \? of the segment fit. A high quality P segment, displaying a
small fit-?, thusislikely to have had the correct z position used. If the fit result is good
enough, the P segment is associated with the Z track. Since a single P segment does not
have awell determined momentum, the number of P segments associated with a certain
Z track are required to be 2 or 3. This makes up a so-called doublet or triplet track,
respectively. If amatching set of P segments and a Z track is found, the compounds are
stored asa Muon Track (MUTK).
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Track ambiguity resolvement. Once we have found three-dimensional tracks, usually
there will be tracks which contain the same Z track and/or a number of the same P seg-
ments. These tracks are defined ambiguous with respect to each other. Tracks ambiguous
to each other can be put in a ambiguity group. The problem now isto find the best track
from all tracks in a certain ambiguity group. The criterium “best” is defined according to
the parameter

Q = 10° % (100 * P+ Z) + (1000.0 — x*/DoF), (5.9)

where P and Z denote the number of P and Z segmentsin atrack, and y* /DoF isthe chi-
squared over degrees of freedom of thelast circlefit applied to the constituent P segments
of the track. Thiscriterium may seem rather arbitrary, but tests show that the “real” track
usually is composed of atriplet P segment combination. If any track ambiguities are left
after the segment criterium has been applied, we choose that track which has the best
circle fit. Whereas thisis a quality selection of the tracks, we also select tracks on their
charge. The best track with positive and the best track with negative charge are stored for
further processing.

Scintillator track-intercept. For the BGO calibration runs, the time correction to be
applied to the MUTK track depends on the scintillator barrel intercept. Once the track has
been (roughly) reconstructed, the intercept with the scintillator barrel can be computed.
One should note that only the intercept of the track with the barrel is computed. The
presence or absence of areal hit near the intercept is not of influence on the intercept
coordinates.

Refit phase. As described above, the MUTK track objects are obtained from a simple
circular fit to the hits which make up the segments of the track. The hits were only
corrected for their positions due to the time of flight and time of propagation delays. To
obtain a precise measurement of the track, more correctionsto the hits have to be applied.
In sequential order these are:

[Corrections for updated time of flight (ToF) and time of propagation (ToP) delays.
[Chorrections for the alignment of the muon chambers and for the wire sag.
[ Chorrections for the track curvature versus the segment curvature (30 cut).

The corrections to be applied al influence the so-called master point of the P and Z
segments. The master point can best be described asthe center of gravity of the P or Z hits
of a segment. In principle any point on the segment can be used as a master point. The
importance of the master point liesin the fact that the final fit to the muon track (swimfit)
only uses the position and directional information of the master point. Thus, the master
point represents its whole segment. After the pattern-recognition phase, afirst estimate of
the master point is obtained by the circlefit of the P-segments, where the y-position of the
master point is put at the middle y-ordinate of the chamber. During later refit stages the
master point is corrected. This correction takes into account the fact that the actual track
position is measured more accurately by the complete track fit than by the P-segment fit
itself. By shifting the master point after each refit such that it lies on the circlefit, the best
estimate of the master point is obtained with least chance of any systematic error in its
position. The variables contained in the master point, the three coordinates -, y and = and
an anglein the xy-plane, serve as reference coordinates for the final swinfit (see below).

ToF and ToP corrections. The corrections on the muon-chamber TDC times are cal-
culated once after the three-dimensional tracks have been found. The scintillator-track
intercept hasto be known beforehand. The position of the intercept used here corresponds
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tothe position (i.e. tile) of areal hitif and only if thereal hit doesnot liefurther away from
the track intercept than 2 tiles. If the difference islarger than two tiles, the track intercept
is used as the lower scintillator intercept. In the latter case, the time slewing factor is
approximated by its mean value, 1.8 ns. In the BGO calibration data, the stop time for

Scintillator
barrel

Fig. 5.10: Track passing through two muon chambers and the scintillator barrel, see text.

the muon chamber TDCs is (up to a constant term) equal to the time of the scintillator
barrel coincidence signal. The start time of the TDCs is given by the time a signal from
awire being hit reaches the TDC. Assuming that muons always enter such that the upper
scintillator tiles are hit earlier than the lower scintillator tiles (thus examining downward
muons only), the muon-chamber TDC start and stop times equal (Fig. 5.10)

tstop = fl + TOF1 + Afgew + CSCB7
teat = t1 + T0Py + Atgrist + Cvmuch-

Theterms C'scg and Cyycq are constants, where the first depends on the actual scintillator
tile which gave the trigger and the second depends on the muon chamber octant. Theterm
ToP; isthe Time of Propagation the signal needs to pass the muon chamber P-wire. The
time measured by the TDC equals the difference between tga: and tgop:
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Attpe = tgat — tsop = T0Py — ToF; — Atgew + Atgiitt + Cmuch — C'sca.

(5.10)
To find the drift time, the time At1pc as given by the TDC must be corrected by Ateqr
At gt = Attpe — At corr- (5.11)
Since
t1 +ToF), =ty — ToF5, (5.12)

the correction to be applied to the drift time for hits in the upper and lower octants,
respectively, equals

Atcorrl = T0P1 — T0F1 — Atgew + CMUCH — CSCB, (513)
AtCOI'I'g = TOP2 + TOF2 — Atgew + CMUCH - CSCB- (514)

The constants Cyucy and Cscg have to be calibrated versus the muon octant and the
scintillator tile which wasintercepted (i.e. the lower scintillator barrel hit). Sincethey are
not independent of each other, the correction procedure is iterative. For calibrating these
constants (which just alter the muon chamber TO offsets), segments crossing the sense
plane are used (App. A).

Alignment corrections. The muon-chamber octants all suffer from material stress, as
well as temperature and pressure variations. Therefore, the alignment of the chambers
must be continuously corrected. The track reconstruction assumes a perfect detector in
the sense that positions and alignments are absol ute and stable. However, thereal position
of awire differs from itsideal position. All the P-chamber hits on atrack are corrected
for this effect. The correction factors are calculated using alignment information from
the muon chamber data base. Besides the alignment, the P-chamber wires themselves are
also regarded as perfect, i.e. they are assumed to be perfectly straight. In reality, the wires
sag due to gravity according to a catenary. The hits are corrected for this wire-sag. The
tension of the wires is assumed constant. Having applied these alignment and wire-sag
corrections, the P segments are refit.

Curvature corrections and 3 o cut. After the alignment and wire-sag corrections have
been applied, an ideal segment would be coincident with the trgjectory of the muon
through the muon chambers. The segments are not ideal however. Since the span of a
P segment is only about 30 cm the precision of the segment fit is much worse than the
precision of the track fit, over alength of about 3 meters. This means that the curvature
obtained from the segment fit can be quite different from the track curvature. To obtain a
precise measurement of the master point of asegment, we drop hitsfrom the segment that
are further off than 30 from the segment fit. For this, the segment should be fit such that
noise hits are of minor influence to the fit results. For ideal segments, we can “subtract”

the track curvature from the segment (Fig. 5.11). The segment will then be straight and
can be fit by a straight line. Using this straight-line fit, we can safely drop hits using the
3o limit. In practice, the curvature-corrected hitsare fit by absolute deviations rather than
by a least-squares fit. This is a method to obtain a fit that is not sensitive to noise hits.

After the 30 cut is applied, the segments are exposed to a circular refit after which the
segment master points are re-determined.
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Particle trajectory

P-segment

Curvature corrected
segment

Fig. 5.11: Track-curvature correction. The track curvatureis subtracted from the segment curvature which
gives the dashed segment.

Swimfit. Up to now, in all segment and track fits we assumed that the trgjectory of
the muon was perfectly circular. In practice, the trgjectory is only locally circular since
scattering and magnetic-field variations change the curvature of the muon path. These
variations should be taken into account if one wants to estimate the particle direction,
position and momentum. Since the scattering is a stochastic process, one can only try to
reconstruct the mean trgjectory of the muon. Knock-on electrons, for example, are not
taken into account. The segment master pointsplay an important rolein the reconstruction
of the trajectory. They serve as reference points to which the global trajectory is fitted.
Starting from one of the outer master pointson thetrack, the mean trgjectory isbeing swam
to the other outer master point. The term “swam” is used because local field strengths are
taken into account, aswell as scattering by the muon-chamber material. The agreement of
the swam position is checked against the position of the near master point. The difference
between the swam position and the real position determines how the track parameters at
the start of the swimming procedure will be changed. This procedure is repeated 6 times
at maximum, after which the adapted starting points of the swim procedure are stored.
For areview about the mathematical background of the swimfit we refer to [82].

If the final ? of the swimfit is below a certain value, the track is accepted, otherwise
it isrejected. The 2 distribution peaks at zero since the number of degrees of freedom
of the swimfit is zero. The latter is due to the fact that the swimfit forces a track to pass
through a predefined set of coordinates.
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5.4.3 Track matching

After the tracks have been fitted inside the muon chambers by the swimfit, we need
to match those parts of a track that belong to one and the same muon. In the BGO
calibration runs, the tracks almost always pass through the inner detector. We have,
therefore, chosen to track the muon trgjectory back to a plane parallel to the z-axis and
across the vertex (called hereafter a vertex plane). Such a plane can only take certain
azimuthal orientations and is chosen such that it is as perpendicular as possible to the
track direction. The backtracking is done with the help of the GEANE package [82]. The
mean particle trajectory is being reconstructed. The coordinates are stored at 15 points
along the trgjectory.

Once all tracks have been backtracked towards a vertex plane we calculate the cor-
relation coefficient (Pearsons r) for two tracks from different octants. The correlation
coefficient is defined in terms of the coordinates along the trajectory as

: (5.15)

"= |reryrs
where r, isdefined as
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where the superscripts correspond to the two track pieces. Similar equations hold for 7,
and r.. If two track pieces are part of one and the same muon track, we expect that their
coordinatesarehighly correlated. Thetrack-pairshavingthelargest correlation coefficient,
for like-sign and unlike-sign charged tracks, are memorized. The track pair with unlike-
sign charged tracks is compared to a possible track pair with like-sign charged tracks. If
the like-sign charged track pair has a larger correlation coefficient than the unlike-sign
charged track pair, and the value of its correlation coefficient exceeds 0.75, the like-sign
charged track pair is chosen, otherwise the unlike-sign charged track pair is chosen. The
chosen track pair is stored if the correlation coefficient exceeds the value of 0.4. If atrack
pair failsthis cut, it isrejected by the reconstruction.

This matching procedure turns out to work well. In order to calcul ate the efficiency of
the track matching, we select events with one upper and one lower track part. For both
track parts the standard quality cuts are applied (except for the cut on Pearsons 7). The
efficiency isnow defined as

Ty

(5.16)
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where N; and /V, arethe number of selected eventswith one and two (L EP3-) backtracked
tracks, respectively. The matching efficiency is shown in Fig. 5.12, versus the zenith and
azimuth angle and versus surface momentum. For momenta below about 50 GeV/¢, the
matching efficiency drops relative to the value at higher momenta. Thisis caused by the
fact that for low momenta, the correlation coefficient is less well defined than for higher
momenta, due to the bending of the tracks in the magnetic field. The dip for small zenith
angles is caused by the access shaft, since in this region we have a large flux of low
momentum muons. The dips in the azimuth distribution are caused by the fact that the
matching efficiency for two tracks from different Ferris wheels is low. Tracks are not
corrected for the alignment difference between both Ferris wheels. Thus, two tracks from
different Ferris wheels will in general be misaligned, causing the correlation coefficient
to decrease.

(5.17)
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Fig. 5.12: Track matching efficiency for cosmic-ray muons versus zenith angle, azimuth angle and surface
momentum.

In case dimuon data are being reconstructed, the difference of the coordinate intercepts
at the vertex plane is used instead of the correlation coefficient, to select the two best
matching tracks. This proves to be a safer method than the correlation method since the
dimuon tracks are confined to the vertex.

5.4.4 Backtracking towards LEP3 and surface

From thetrack-matching procedure we now havefound muon trackswhich passed through
the molasse and through the L3 magnet. In order to reconstruct the tracks on the surface
they haveto be backtracked through the magnet and through the mol asse. Thebacktracking
is again done using GEANE. The starting point of the backtracking is chosen as the
uppermost master point of a track. Tracks are first backtracked through the magnet to
the LEP3 volume which just encloses the magnet. This tracking endpoint is stored and is
used as the starting point for the back tracking towards the surface. The accuracy of the
latter backtracking depends mainly on the accuracy with which the halls and shafts are
simulated. The backtracking is considered successful only if the track reaches the surface
disk within itsradius of 77.6 m. In about 2% of the data and 0.2% of the Monte Carlo the
surface backtracking fails due to this reason.
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Fig. 5.13: Thefront and side view of a cosmic-ray muon event.
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Fig. 5.14: The graphical interface to the reconstruction and simulation software showing a cosmic-ray

muon event.
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5.5 Visualization

To visualize the reconstructed muon track and its P- and Z-chamber hits, the event and the
detector, including the hall and shafts, are represented by graphical objects. In agraphics
interface, these objects can be examined from every angle. In addition, information on
the graphical objects can be retrieved. This is a very useful tool for debugging the
reconstruction and simulation software and for obtaining insight into an event. In Fig.
5.13 and 5.14 the front and side view of a cosmic-ray muon event and the graphical
interface displaying the same event is shown.



Chapter 6

Monte Carlo simulation

For acomplex experimental setup asthe L 3 detector, it is necessary to know the exact
response of the detector to any event configuration. Also, the geometry of the detector
and its immediate surroundings have to be smulated. The physics processesthat the
particles experience, as energy loss and interactions with matter, have to be taken
into account. In this chapter, the different types of acceptances and efficiencies being
used are presented. The setup used to simulate cosmic-ray muon events is explained
and tested in a toy model. Some characteristics of the generator are shown. Finally,
the method to obtain the effective geometrical acceptance is explained.

6.1 Cosmic-ray muon event simulation

Simulating cosmic-ray muon events in the L3 detector immediately implies that the
particles should enter the detector volume from the outside. Thisis contrary to the usual
situation in colliding beam experiments, where an event is generated at the center of the
detector. This difference results in a Monte-Carlo setup that is different from the usual
beam experiment Monte-Carlo generators. The simulation and subsequent reconstruction
of cosmic muons consists of three parts (Fig. 6.1):

[ Generation of the cosmic-ray muon vertex at a surface layer and forward tracking
through the molasse and through the L3 detector.

[Reéconstruction of the cosmic-ray muon inside the L3 detector.

[ Back tracking of the cosmic-ray muon from the L3 detector towards the surface layer.

6.2 Acceptances and efficiencies

The Monte Carlo provides us with estimates on the various acceptances and efficiencies.
These consist of

[Tte geometrical acceptance of anideal detector, expressedin [cm?sr]. Themolasseis
not included here, neither isany efficiency. Thisnumber isdetermined by the geometry
of the sensitive detector, for afixed type of muon flux (in our case homogeneous). In
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Fig. 6.1: The simulation and reconstruction phase during cosmic-ray muon simulation. Shown are the
stages at which event information is recorded.

this work, the geometrical acceptance is mainly determined by the scintillator barrel
volumesincethisvolume givesthetrigger for an event. We can also definetherelative
geometrical acceptance which isdetermined by theratio of tracks passing the sensitive
part of the detector over the total number of tracks generated. This just equals the
geometrical acceptance divided by the total phase space ¥ (2, Eq. (6.8).

[The molasse relative acceptance. This number reflects the ratio of the number of

muons passing through the molasse over the total number of generated muons at
the surface. It depends on the angles, position and momentum of a muon, since the
amount of molasse seen by the muon is determined by the geometry of the halls
and shafts. When neglecting the variation of this acceptance versus position (on the
surface layer), thiswill only depend on the muon momentum. In Fig. 6.2, the relative
acceptance is shown for muon tracks passing through the molasse from the surface
to the LEP3 volume. The surface energy of the tracks varies between the generator
limitsof 18.8 GeV and 1 TeV and is distributed according to a power law, Eq. (6.12).
The relative acceptance is close to unity for small zenith angles since the momentum
loss then isless than 18.8 GeV/c and amost all tracks make it to the detector. In Fig.
6.3 the momentum loss in the molasse versus zenith and azimuth angle is shown for
tracksin the same momentum range. In Fig. 6.4 the energy lossrate of amuon passing
through molasse is shown versus muon energy.
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Fig. 6.4: Energy loss rate of a muon in molasse versus energy.

[Tthhe real-detector efficiency. This number is determined by the efficiency with which
muon tracks are detected when they pass through the sensitive volume of the detector.
It is in general time dependent. For instance, high-voltage problems in the muon
chambers will decrease the efficiency. This high-voltage status is logged to a file
on a regular basis. During the Monte-Carlo ssimulation phase, a specific entry of
this file is read and the corresponding status of the wires is being simulated. The
scintillator-barrel efficiency depends, among others, on the high voltage applied to
the photomultiplier tubes. Since the scintillator-barrel detector isrelatively stable, no
separate logs are kept for its functionality. The efficiency is determined in an offline
analysis using (di)muon events [70] originating from LEP collisions.

[The reconstruction efficiency. This number is determined by the ability of the recon-
struction software to reconstruct (part of) a muon track in the detector, when there is
enough information present to do so in principle.

The only efficiency which we obtain from the data is the event selection efficiency. This
number describesthe efficiency with which eventsare sel ected from asampl e, by applying
cuts to the data in order to simulate the (software) event trigger and to select events on
quality. Also regions in data where problems occur that can not easily be corrected for,
can be rejected.
The Monte Carlo used in this work is a real-detector Monte Carlo that includes the
molasse layer. The result obtained from it is the product of al four acceptances and
efficiencies as described in the list, and can be regarded as an effective geometrical
acceptance.
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6.3 Monte Carlo generators and geometrical acceptance

The Monte-Carlo generator should perform the steps as shown in Fig. 6.1. The simulation
starts from the surface above the L 3 site and tracks muons down through the molasse and
the L3 detector. The reconstruction then has to track the muons back towards the surface.
One such cycle allows for simulation and reconstruction of an event.

The purpose of the Monte Carlo is to obtain an estimate of the effective geometrical
acceptance versus energy, location and angles of the generated muons. The geometrical
acceptance is expressed in [cm?sr] and denotes the effective phase space as seen by the
detector. In order to obtain an estimate of the effective acceptance, we would like the
setup of the generator to be as simple as possible. In thisway we avoid any problems due
to complicationsin the calculation. The second reason is that for simple generator setups
the acceptance can be calculated analytically as well, which gives a firm foundation to
the generator’s validity, see App. C. The geometrical acceptance can be described by

A :/---/d47? \(P) w(P), (6.1)

phasespace

where the integral is performed over phase space d*P and \(P) denotes the chance
that a particular configuration in phase space is accepted or not. The factor w(P) is
the normalized weight assigned to an event, which generally depends on the phase space
variables. Thisisneeded to correct the sampling density of phase space, makingit constant
over all phase space.

6.3.1 Toy model generators

We start with the construction of athree-dimensional toy Monte-Carlo generator. For this
toy Monte Carlo, we al so obtain the acceptance by an analytical cal culation. Our generator
setup consists of adisk and a small sphere, separated by a distance i. The radius of the
disk is D and the radius of the sphere is R (Fig. 6.5). The sphere is centered below the
middle of the disk. Tracks are generated on the disk homogeneously distributed over the
surface. An event isaccepted if astraight track passes through the sphere. The acceptance
can be written as

A:/disk/dSF-ﬁw(Q), 6.2)

where dS is an infinitesimal surface element of the sphere, F' is the vectorfield per unit
source strength describing the physical flux of particles, 7. is a unit vector on the surface
of the sphere, pointing outwards, and w(#) isthe normalized event weight which depends
on the zenith angle # only, for this generator. For the type of generator used here, the
normalized event weight equals (App. B):

w(f) = cosb. (6.3)

The Monte Carlo generator can be coded easily. One “shoots” tracks from a point on
the disk towards the sphere and calculates the distance of closest approach (DCA) with
respect to its center. An event is accepted if the DCA islessthan or equal to the radius of
the sphere. In order to keep the error on the Monte Carlo acceptance low, the efficiency
of the generator should be close to 1.0. Thus, a large fraction of the tracks generated
should cross the detector volume. This can be accomplished by fixing the opening angle



74 6. Monte Carlo simulation

Fig. 6.5: Three dimensional toy Monte-Carlo setup.

of the cone to the value for vertical incidence where it just encloses the detector volume.
The axis of the cone always crosses the center of the detector, for any value of . The
acceptance can be calculated analytically in a good approximation, see App. C.

In order to test the full cycle of generation and reconstruction, a second Monte Carlo
generator has been constructed which simulates the real data. The aim is to reconstruct
the generated angular distribution by means of the acceptance returned by the first Monte
Carlo generator. To simulate the data, we use again a disk of radius D situated at a
height / above the spherical detector with radius R. Points are generated homogeneously
distributed over the surface of the disk. The disk is then tilted over angles # and ¢. The
distributionin ¢ is uniform whereas the distribution in 6 is chosen according to

w=1—(rl1+r2)/4, (6.4)
0 = arccos u, (6.5

where r1 and r2 are uniform random numbers varying from 0 to 1. We have chosen 25
equidistant binsin cos 6 and one bin in azimuth. The generated flux per binin cos ¢ equals

Flgpe = —on_gene 6.6
gene PNgene ’ ( )

where Niq, is the number of events generated in bin i, P is the phase space over which

events are generated (which equals 7 D? 27 (1 — cos Omax) With Opax the maximum zenith
angle of an event), Nyee IS the total number of events generated and Ny is the number
of equidistant binsin cos #. The reconstructed flux per binin cos 6 equals

: N
Flg= 2

reco AlNgene7
where N, is the number of accepted eventsin bin i and A’ is the acceptance for bin .
The generated and reconstructed distributions are shown to be in agreement (Fig. 6.6).

(6.7)
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The total number of events generated was 107. The maximum zenith angle was 60°, the
radius of the sphere was chosen as 2 m, located at a depth of 45 m under the surface.
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Fig. 6.6: Generated and reconstructed zenith angle distributions for the toy Monte Carlo setup. The
generated distributionis indicated by the solid histogram, the reconstructed distribution by the markersand
error bars.

6.3.2 Realistic Monte Carlo generator

The real Monte-Carlo generator employs the fixed opening-angle idea of the foregoing
section. Events are generated homogeneously distributed over the surface of the disk and
homogeneously in solid angle d¢; dcos ; with respect to the axis of the cone. The disk
has a radius of 77.6 m which limits the zenith angle to a maximum of 60°. The detector
is at a depth of about 45 m below the surface. The opening angle @ of the cone has to
be chosen large enough. Effects on the muon like scattering in the molasse and bending
in the L3 magnetic field cause part of the muon tracks not to reach the scintillator barrel
volume, while they would have reached it by extrapolating the initial direction on the
surface disk. This effect can not be completely avoided. It can be minimized however,
by choosing the opening angle of the cone such that it well covers the entire scintillator
barrel. The half opening angle of the generator cone is fixed to 1.92°. The phase space
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used for the real generator is

Y =7D?=1.89-10%cm?,

2 =27(1-cos®) =3.53-1073sr. 68

phase space = Y (2, {

The acceptance is calculated as follows. The density of tracks in the phase space
[em?sr] is constant. The equation for the acceptance thusis

T e H” 9

where phase space = 7 D?* 2n(1 — cos 3), 3 is the half-opening angle of the generator
cone, Ngene isthe number of generated tracks on the disk, Ny isthe number of accepted
tracks and w = cos 6 is the normalized weight. When the zenith and azimuth angles are
binned, the number of accepted tracks should be modified to the number of accepted
tracksinside a certain angular bin. The acceptance then is the acceptance for that specific
angular bin. The track momentum is not a phase space variable. However, when binning
in momentum, the number of generated and accepted tracks should be modified to the
number of accepted and generated tracks inside a certain momentum bin. The acceptance
found is then the acceptance for that particular momentum bin.
The variance on the acceptance is given by

_ phasespace _, [
V(A) = WVC; w) (6.10)
with
NKZC
V(Z w) = V(Nae(w)) = (w)* Ngenep(1 = ), (6.11)

=1

and p = Y% w/ Nogre.

So far, we discussed only the angular and surface distribution of the cosmic-ray muons
used in the generator. The distributions yet to be chosen are those of the charge and the
energy of the muons. The charge distribution is chosen to be constant, with a charge ratio
of 1.25. This coincides with the mean experimental charge ratio over a broad range of
energies (Fig. 3.4). The energy distribution is chosen according to the following criteria:

— the mean time spent in generating one event should be reasonable,

— the distribution should be smooth within its bounds at the lower and upper energies, in
order to prevent artificial effects due to jumpsin the distribution,

— the edges should be outside the area of interest.

The first criterium is needed in order to assure the generation of many events in a
reasonabl e time span. The time needed to generate a high energy event and track it down
through the detector volume is far higher than the time needed for alow energy event.

To prevent jJumps in the spectrum, we choose a simple energy distribution according
to apower law:

P=cE™, v=2T, (6.12)
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Fig. 6.7: Generator efficiency versus zenith angle, azimuth angle and momentum.

where ¢ is a constant, such that it approximates the real cosmic-ray muon spectrum. The
disadvantage of thistype of distributionistherelatively low amount of high energy events
being generated. The range in surface energy £ is18.8 GeV to 1 TeV.

A generated event was accepted if it crossed the scintillator barrel. In Fig. 6.7 the
generator efficiency is shown versus zenith angle, azimuth angle and momentum. The
efficiency is defined as the number of events with a track crossing the scintillator barrel
over the total number of generated events. In Fig. 6.8, the effective geometrical accep-
tance is shown versus momentum. Note that it includes the detector efficiency, molasse
acceptance and reconstruction efficiency. The geometrical acceptance of the scintillator
barrel amountsto 19.9 m?sr, for a zenith angle from 0 up to 60° and a uniform flux.

6.4 Simulation of elementary processes

A muon traversing matter will experience aloss of energy (mainly by ionisation) and its
direction will be modified due to angular scattering. In addition, various interactions can
take place, such as production of delta-rays, e e pair production and nuclear interactions.

During the simulation of the path traversed by a muon, either inside the detector
or in the molasse, these interactions have to be taken into account in order to recover
the particle properties at the surface level. Most of the secondary products of muon
interactions are not interesting to us, since they will be stopped by the residual amount of
molasse, or since they will not be detected. Some secondary products, especially hadronic
particles can, however, |ead to detectable signal sinside the muon chambers. These signals
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Fig. 6.8: The effective geometrical acceptance versus momentum for four different bins in zenith and
azimuth angle.

can inadvertently be misunderstood as being produced by a muon, and so mislead the
reconstruction of the supposed muon trajectory.

To simulate the energy loss of amuon, one can choose afew options. For instance, one
can either use the mean energy loss or simulate all fluctuations. During event simulation,
the GEANT package [73] is used to perform the necessary computations while during
event reconstruction the GEANE package[82] isused. Thereasonisthat during simulation
we should simulate areal particle trajectory including all stochastic processes involved.
During reconstruction, we assume amean energy |oss and scattering amplitude during the
propagation of the muon. Secondary products are not generated in this case. The GEANE
package also alows for an error calculation of the tracking parameters.



Chapter 7

Event selection & data analysis

In this chapter we describe the selection and analysis of data and Monte-Carlo
events. The selection criteria applied to the events are discussed. The results on the
data calibration are shown and general quality checks are performed on data as well
as on Monte Carlo. The method to obtain the muon momentum spectrum and the
muon chargeratio is discussed. An evaluation of the statistical and systematic errors
is presented. Finally, the results on the spectrum and charge ratio are shown.

7.1 Introduction

The datathat are analyzed in thiswork were obtained from two major runstaken in 1991.
These dedicated cosmic-ray muon runs were taken for the purpose of calibrating the L3
electromagnetic calorimeter [75]. To achieve this, it was only necessary that cosmic-ray
muons could be reconstructed well inside the muon chambers on atrack by track basis.
At that timeit was not the intention that these same runs would also be used to reconstruct
the cosmic-ray muon momentum spectrum at the surface of the L3 plant. The use of
these data on a run by run basis requires the necessary bookkeeping, which is similar as
for the standard L3 physics runs. Especially important in this respect is that the level of
functionality of the L3 detector and of the electronicsislogged. Also the trigger settings
at the time of data taking should be well described. It was not foreseen at that time that
these dedicated cosmic-ray muon runs were going to be used on a run by run basis,
namely by Bruscoli et a. [46] and in thiswork. Aswe will show in the next sections, the
trigger settings were not fixed, and the trigger itself is not well described. Furthermore,
the level of functionality of the L3 detector during the time of cosmic-ray data taking
is not known. However, we do know the level of functionality just before and after the
dedicated cosmic-ray muon runs. Assuming that it didn’t change by much in between, the
functionality is known well enough to be able to estimate the correction factor.

The dedicated cosmic-ray muon runs were taken in March to April and in August to
October 1991, see Tab. 7.1. The run numbers themselves are not contiguous inside one
period of data taking.
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| Nr runs | Date | Run nr |
34 March 13-14 | 241402-243602
121 16-22 | 245001-254101
43 24-26 | 255806-257004
177 April 2-13 | 257301-267905
111 22-29 | 274301-280501
37 August 30-31 | 333701-334403
47 September 1-2 | 334404-335701
89 27-30 | 343801-347901
24 October 1 | 348001-348503

[ Total 683 | | |

Tab. 7.1. List of dedicated 1991 cosmic-ray muon runs.

7.2 Database status

During the time span in which the cosmic runswere taken, we need to know the behaviour
of the detector, since the events written on tape are folded with the detector efficiency
and acceptance. In particular, the behaviour of the muon-chamber high voltage system
and the muon chamber cell status have to be known. Usually, between physics runs,
an entry is created in the muon chamber database which tells the position and status of
bad high-voltage cells. During the dedicated cosmic runs however, this database was not
updated. Therefore, the best option left is to assume that during the dedicated runs the
muonchamber high voltage status did not change appreciably. The statusis read from the
muon database in the range from April to October 1991, during which it was updated
for standard LEP physics runs (see Tab. 7.2). Since during the cosmic runs there was no
beam, the detector stability was likely to be better than during regular L3 physics runs.
Therefore, the detector efficiency found hereisalower limit. The run numberswhich are

| Run nr | Date | Time |
281001 | April 30 | 09.25

348601 | October 3| 23.37

Tab. 7.2. List of lumlist (luml91.dat) entries used to sample the muon-chamber high voltage status.

used as entries for the database are sampled proportional to the integrated (beam-beam)
luminosity of the run at the Z° energy peak. This might seem strange, but it is the only
reasonable option for these cosmic-ray muon data.

7.3 Event selection

The raw events which are returned by the reconstruction program are of varying quality.
Thisisdueto the event topol ogy inside the detector and to the reconstruction accuracy. due
to the geometry of the muon chambers, tracks under large zenith angles are more likely
to be P-doubl et tracks instead of P-triplet tracks. Since doublets have aworse momentum
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measurement than triplets, the quality of triplet data is higher than that of doublet data.
In order to obtain a high-quality data sample, a selection is applied to the data as well as
to the Monte Carlo. One has to take care that the simulated data are compatible with the
reconstructed data, so the same cuts should be applied to both data and Monte Carlo.

In order to simulate the cosmic muon trigger, the following cuts were imposed on the
Monte Carlo and the data:

— There must be at least one MUTK track present in the event. The DAQ trigger required
a signature of a track in two octants, separated by at least one octant. However, such
a signature means that there should be a couple of hits which could resemble a track.
Asonelearns by scanning real events, it commonly occured that events were triggered
which, after reconstruction, only show one MUTK track and some separate hitsin an-
other octant. The number of events which only contain hits without the reconstruction
being able to reconstruct tracks out of them is negligible.

— The MUTK track must have crossed the scintillator barrel. The number of crossings
must equal two, once across atile in the upper half of the barrel and once across atile
in the lower half of the barrel. In both halves of the barrel there must have been areal
scintillator hit.

As expected, the influence of these cuts on the data is, within a small variation, just
an overall reduction (Fig. 7.1). The Monte Carlo shows a selection efficiency strongly
depending onthe zenith angle. Thisismainly dueto thefact that the generated zenithangle
distribution for the Monte Carlo is different from the natural zenith angle distribution.
It are the selection efficiencies after the software trigger simulation, however, that are
important, i.e. these selection efficiencies should be the same for data and for Monte
Carlo. The data that have been selected by the trigger simulation cuts are further exposed
to the following quality cuts:

— The number of eventsin arun must be larger than 500. This keeps the statistical error
on the rate from arun below about 5%.

— A track should not pass through the magnet doors. This cut is imposed by requiring
that the absolute z ordinate of atrack at the LEP3 volume is less than 709.5 cm. The
reason why this cut is imposed is that the number of tracks passing the doors, being
reconstructed and passing the selection criteriais very low, due to the geometry of the
muon chambers. The tracks which are selected have arelatively large systematic error.
By cutting away these tracks, we avoid any systematic effectsin the flux measurements
at large angle.

— The number of P-hitsis cut at 800, the number of Z-hitsis cut at 400. The number of
raw hitsin either the P- or Z-chambers has a maximum of 5000 each, limited by the
reconstruction software. Events which contain more than 5000 P- or Z-hits are trun-
cated and do not contain the full physics content of the actual event. For anormal event
containing a single muon track that passes close to the vertex, the number of P hitsis
about 112 and the number of Z hitsis about 16. All additional hits are either generated
by knock-on electrons or by electronics noise. For tracks passing the vertex at larger
distance, the number of hitsislarger due to the fact that the track passes through more
cells. The distribution of the number of raw hitsin the P- and Z-chambers, before and
after event selection, is shown in Fig. 7.2 for both data and Monte Carlo events. From
these distributions we see that the data contain much more noise than the Monte Carlo.
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Fig. 7.1: Trigger selection efficiency for data (DAQ) and Monte Carlo (MC).

Sincewe are sel ecting single-muon events, care should be taken that the cut on the num-
ber of raw hits does not exclude too many single-muon events. The cuts still allow alot
of noiseto be present in an event, but the physics contents of the events of interest isnot
touched significantly. Theeffect of avariation of these cutsisinvestigatedin Sec. 7.16.2.

— An event should contain one and only one inward track. The cosmic-ray muon Monte-
Carlo generator generates only single-muon events. Since the Monte Carlo must be
comparable to the data, this means that only single-muon events will be used in the
current analysis. For this reason, we select events with one and only one inward track,
an inward track being a track in one of the upper octants. We only select the inward
part of the tracks since this part does not have to be tracked back through the inner
detector towards the LEP3 volume, as is the case for outward tracks. By excluding
multi-muon events, we bias the overall cosmic-ray muon flux in a downward direction
(on the percent level), which has to be taken into account later on.

— The MUTK track must contain 3 P-segments and 2 Z-segments. Thisis a cut on the
quality of the MUTK track inside the muon chambers. The precision of the momentum
reconstruction is significantly better for P-triplets than for P-doublets. The requirement
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Fig. 7.2: Raw hit distributions for P- and Z-chambers, for data and Monte Carlo. The left plots show the
raw distributions, the right plots show the distributions after all cuts have been applied.

of aZ-doublet track selects those tracks which have an accurate A angle.

— The backtracking of the MUTK track towards the LEP3 volume must have been suc-
cessful. A small fraction of events do not succeed in this, due to (GEANE) tracking
failures.

— The backtracking of the MUTK track towards the surface must have been successful. A
small fraction of events do not succeed in this. Thisis due to the multiple scattering in
the molasse and a small positional shift inside the detector due to finite reconstruction
accuracy. Events generated close to the edge of the surface disk can easily fall beyond
the maximum radius of this disk after reconstruction due to these causes. Thisis true
for Monte Carlo aswell asfor data.

— The Pearson-r matching parameter must be larger than 0.99. Tracks found in the upper
and lower octants are matched at the vertex plane. For the matching, the Pearsons-r
algorithm is used, see Sec. 5.4.3, which returns a parameter r that indicates how well
two track pieces match each other. In Fig. 7.3 the distribution of 1 —  is shown, before
and after event selection. The agreement between data and Monte Carlo is reasonable.
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The effect of avariation of this cut isinvestigated in Sec 7.16.2.
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Fig. 7.3: Distribution of the (1-r) parameter of track matching at the vertex plane. The left plot shows the
raw distribution, the right plot shows the distribution after all cuts have been applied.

— The \? of the swimfit must be less than 0.001. The number of degrees of freedom of
the swimfit is zero. That's why the \? distribution peaks at zero, instead of at a finite
positive value. In Fig. 7.4 the swimfit y distribution is shown, before and after event
selection. The agreement between data and Monte Carlo is reasonable. The effect of a
variation of thiscut isinvestigated in Sec 7.16.2.

In order to be able to simulate the trigger efficiency during the run, the trigger con-
ditions should be well known. For the data used in this work these conditions are only
partially known however. From the data we can conclude that at least a few different
trigger conditions existed during the dedicated cosmic-ray muon runs. For afixed trigger
condition, the event rate should only vary due to natural effects (pressure, temperature
etc.). In Fig. 7.5 the event rate is shown versus the day of the year 1991, together with
the atmospheric pressure at 11.5 km atitude, for all recorded events. The runs having a
rate above 3.9 Hz are rejected since these clearly imply different trigger conditions with
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respect to therest of the data sample. The remaining runs, display an overlapin event rate.
Still, the groups of runs are shifted with respect to one another, even taking into account
the different values of atmospheric pressure. This effect has to be taken into account in
the estimation of the systematic error of the flux. By scanning events we can conclude
that the influence of electronics noise on the rate can be neglected.

In Fig. 7.6 the event selection efficiency ¢ is shown for the data. There are two clear
peaks visible near 27 and 32% which are due to a difference in data quality versustime.
The data quality can be influenced by differences in the detector setup or by differences
in the cosmic-ray muon trigger setup. In this work, we assume that the detector setup is
fixed during the entire period of data taking. The variation in selection efficiency should
then entirely be dueto variationsin thetrigger setup. In Fig. 7.7, the selection efficiency is
plotted versus zenith angle, azimuth angle and momentum for data and for Monte Carlo,
after the data sampl es have been soft-triggered. The efficiencies for dataand Monte Carlo
mutually agree within about 10%. In Tab. 7.3, the rgjection efficiencies for the different
cuts are given, as well asthe total numbers of raw and selected events. The selection cuts
are applied in the order as they appear in the table. In Tab. 7.4, the live time and event
rates are given. The raw live time is the total time span from the first to the last event.
The selected live time is the total live time used to normalize the momentum spectrum.
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55.5-10% (MC, un-triggered)
3.8 -10% (MC, soft-triggered)
Raw sample 4.8 -10° (DAQ, hard-triggered)
3.1-10° (DAQ, soft-triggered)
Selection cut Nr rejected Rcﬁection
events efficiency (%)
Event rate ok 80.1-10° (DAQ) 2.6
Nr events per run > 500 | 6.4-10% (DAQ) 0.2
33.6- 10° (MC) 60.5
>1 MUTK track present 7.8-10° (DAQ) 16.3
. . 13.1-10° (MC) 23.6
Scint barrel crossing ok 8.0-10° (DAQ) 16.7
3.7-10° (MC) 9.7
Not through doors 1.8-10° (DAQ) 58
. 773 (MC) 0.02
LEP3 backtracking ok 656 (DAQ) 0.02
. 6.0 - 103 (MC) 0.2
SURF backtracking ok 6.4-10* (DAQ) 21
Sinel ¢ 1.5-10% (MC) 0.4
ingle muon even 2.6- 10" (DAQ) 08
. 285 (MC) 0.0001
Not too many P/Z hits 1.4.10° (DAQ) 0.0005
P-triplet 1.2-10°% (MC) 31.6
“nple 7.7-10° (DAQ) 24.8
5.4-10° (MC) 14.2
Z-doublet 5.7-10° (DAQ) 18.4
] 1.1-10* (MC) 0.3
2
Swimfit x* ok 8.4-10% (DAQ) 0.3
1.5-10° (MC) 3.9
Pearson r ok 1.7-10° (DAQ) 55
Final sample 1.9-10° (MC) 50.0
1.4-10° (DAQ) 54.8

Tab. 7.3. Event selection for Monte Carlo (MC) and data (DAQ). The number of rejected events
is shown after all previous cuts have been applied. The terms hard- and soft-triggered mean
that events were triggered by the hardware or by the software trigger simulation. The rejection
efficiencies are with respect to the soft-triggered samples.

Raw live time 1.37-10% s
Selected live time | 1.13-10° +16.2 s
Rejected live time 3.71-10% s
Mean event rate 3.65 Hz
Real event rate 16.22 Hz

Tab. 7.4. Live time and rates as obtained from the data.
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The rejected live time is the time span that was rejected because of the fact that the
time between two consecutive events exceeded the 10 second limit (see Sec. 7.10). The
mean event rate is the mean trigger rate. The real event rate is the number of triggers per
gate-open time span.

7.4 Event trigger

The cosmic-ray muon trigger doesnot involveany other external signal than the ssmulated
beam-gate signal. This beam-gate signal, usually derived from the signal given by the
beam pickup cail, is replaced by the clock source of the BGO read-out electronics [75].
The trigger is a combination of a muon-chamber trigger and a scintillator-barrel trigger.
The muon-chamber trigger requires the occurrence of a track signature in two different
octants, separated by at |east one octant. This condition reduces the muon-chamber trigger
rate due to cosmic-ray muon tracks crossing the muon chambers at large distance from
the vertex. From Tab. 7.3, the number of events that contained no MUTK track is found
as 16.3%. The scintillator trigger requiresthat at least onetileis hit ssmultaneoudly in the
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Fig. 7.6: Distribution of event selection efficiency ¢ for dataand its variation versus 1991 day number. The
selection efficiency is versus the hard-triggered event sample.

upper and in the lower half of the barrel. The condition on simultaneity eliminates most
spurious hits from the HCAL uranium noise.

There may have been an additional trigger condition, that limited the distance of closest
approach (DCA) of the tracks to the vertex. In that case, tracks would be likely to pass
the BGO crystals almost parallel to their longitudinal axis. Investigation of the DCA
distribution shows, however, that either this cut did not exist or that it was compatible
with the requirement that tracks should cross the scintillator barrel volume. In Fig. 7.8
the DCA distributionsin the xy-plane and in the yz-plane are shown for the data, before
and after the complete event selection. The zenith angle was limited to 10° at maximum
and the momentum had to be 50 GeV/c or more, in order to make any deviation from the
expected distributions more clear.

The distribution of eventsin the 5 s gate (see Sec. 4.3) should beflat. Thisis due to
the fact that the gate width is much smaller than the period of the cosmic-ray muon rate of
about 16 Hz. In Fig. 7.9, the distribution inside the gate is shown for selected events. The
horizontal axis displays the number of TDC counts. The range of TDC counts coincides
with the gate width of 5 ;s. The peak structure is probably due to the electronics and has
nothing to do with the real-time distribution of the muons inside the gate. Only the mean
distribution isimportant here.

The rate distribution inside a run can be examined by counting the number of events
per timeinterval. In Fig. 7.10, this distribution is shown for atime interval of 360 s. The
distribution is a Gaussian with a mean corresponding to 360 times the mean rate of about
3.6 Hz. The width of the distribution depends on the length of the time interval and
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decreases with 1/v/N where N is the mean number of triggers inside an interval.

From the mean of the Gaussian we would expect a natural variation of 1/1302/(360s) =
36.1/(360s), if the variation would entirely be due to this statistical effect. The variation
dueto other effectslikedifferent trigger settingsthenisequal to/41.4% — 36.12/(360s) =
19.4/(360s). Trandated to a variation of the rate, this means 0.054 Hz on a mean rate of
3.6 Hz. Thisisasystematic error on the trigger rate of 1.5%.

So far, we did not yet speak about the uranium generated noise from the HCAL.
This noise is of influence on the cosmic-ray muon trigger, since it generates random
coincidences between an upper and a lower scintillator tile. The rate with which this
happens is 19 + 1 kHz [70]. So, about once in three 22 ;s cycles there is a scintillator
coincidence signal from the uranium noise. A coincidence with the gate happens with a
rate of about froise - Tgate/ Ttotal, OF 5.3 KHz. The number of spurious scintillator triggers
then equals 1 per 8 gate open occurrences. Such a fake scintillator trigger can lead to a
global trigger if in that same gate a muon track is present in the muon chambers which
does not have to crossthe scintillator barrel. Actually, there are many events present with
tracks not crossing the scintillator barrel. These must have been triggered by the uranium
noise. From Tab. 7.3 we find that 16.7% of the events with at least 1 track do not have
atrack crossing the scintillator barrel. Since, however, we demand tracks crossing the
scintillator barrel, the effect of the uranium noise on the measured cosmic-ray muon rate
is thought to be negligible. It can at most lead to a slightly deteriorated precision of the
momentum measurement of the (falsely) triggered track.

7.5 Calibrations

The accuracy with which the muon momentum is reconstructed is largely determined by
the accuracy of the track segments. The swimfit (Sec. 5.4.2) uses the segment coordinates
to fit the final momentum of the track. The accuracy with which the segments are con-
structed depends on the TO offsets applied to the drift time and on the determined drift
velocity. Thus, the TO offsets and the drift velocity have to be calibrated. The calibration
is performed using segments which cross a sense or mesh plane (see appendix A). We
describe the results of the calibration below.

7.5.1 TO offset calibration

The calibration of the various TO offsets is important for a good reconstruction of muon
tracks. The TO offsets can be divided in P-chamber offsets and Z-chamber offsets. For
each of these two groups there exists a global TO offset and offsets per muon chamber
octant. Usually thelocal octant TO offsets are calibrated first, after which the global offset
is calibrated. The importance of the global offset can be seen from Fig. 7.11, in which
the momentum precision is plotted versus the global TO offset for a 1994 dimuon data
sample. The precision is obtained from afit of a Gaussian to the dimuon momentum pesak.
The TO shift is relative to the standard (calibrated) offset. As can be seen, the standard
value of the global TO offset is mis-calibrated by about 0.8 ns for these data.

The behaviour of the momentum precision versus TO offset can be described by a
simple model:

o(p)/p* = 6.4 - 1070\ o2y + 0503 AT, (7.1)
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where p isthe momentum, iy, (in unitsof length) isof the order of theintrinsic accuracy
of the sagitta measurement, vy is the drift velocity in the muon chambers and AT isthe
shift in the global TO offset with respect to the calibrated value. Since this expression
does not depend on the exact value of the momentum, it is thought to be valid also for
other momentathan just at the dimuon peak.

o(p)/p (%)

I IR I ATININ BRI IR P AN EFRNETR IS B
-10 -75 -5 25 0 25 5 75 10
ATO (ns)

Fig. 7.11: The momentum precision for dimuon events versus shift in globa P-chamber TO offset. The full
curve is an interpolation performed on the data-points. The dashed curve is a model-fit to the data points
(seetext).

The TO offset calibration is shown in Fig. 7.12. The width of the TO distribution of 3.7
ns results in a momentum precision of about 4.5% at 1 sigmawhich is still a reasonable
value. The single-wire precision is about 200 m. With a drift velocity of 50 um/ns, this
resultsin 4 ns precision per wire. The fits to the hits use about 8 to 12 hits, so that the
overall accuracy in the direction of the drift-path is better than 4 ns. The algorithm with
which the TO correction is calculated is of limited precision however. The small peaks
visible in the plot near -9 and +5 ns are caused by the fit algorithm.

7.5.2 Drift velocity calibration

The drift velocity was calibrated by analyzing segments crossing the mesh planes. It
is difficult to calibrate since the drift velocity is influenced by the muon-chamber gas
temperature and pressure. Thus, one can expect to see slight deviations from a nominal
drift-velocity calibration. In Fig. 7.12, theresidual drift velocity is shown. The two peaks
close to the main peak are caused by thefit algorithm. The small bump to the left is most
likely due to chambers with different gas characteristics. The corresponding chambers
are not eliminated.
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7.6 Momentum precision

The momentum precision is measured for both dimuon events and cosmic-ray muon
events. It is important that the momenta are reconstructed accurately. However, it may
be possible to compensate for mis-reconstructions by a deconvolution process (to be
discussed in Sec. 7.12).

7.6.1 Dimuon events

In order to check the precision with which P hits are reconstructed, the so-called single-
wire precision is a good variable to examine. For any P segment, we can concentrate on
three consecutive hits, i.e. hits from three consecutive wires. The sagitta measured from
three consecutive hitsis defined as

S =X, — (X1 +X;)/2, (7.2)

where X, denotesthe x ordinate of the middle hit. For the error on this sagittawe find

o3 o3
g = \/03(2 + jfl + 51(3 (7.3

The errors are assumed to be the same (o) for al wires, so we get

o5 = \/% 0. (7.9

Thus, the value of the single-wire precision ¢ can be found from the three-hit sagitta
distribution by multiplying its width with afactor /2/3. Since the span of such a’3-hit’
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track is small with respect to the track length, we can consider it to be a straight line.
Thus, any deviation from the three hits not lying on a straight line is due to the intrinsic
accuracy of the drift-distance measurement. In this measurement also the cell-map and
hit reproduction routines are involved.

In Fig. 7.13 the single-wire precision is plotted for segments in the inner region of a
P-cell, for segments crossing the sense wires and for segments crossing the mesh wires.
The obtained precision is better than the precision obtained in [83] and the one estimated
in [84]. It should be noted that, although the single-wire precision tells much about
the accuracy of the muon-chamber system, its importance depends also on the relative
magnitude of systematic errorsin the cell-map.

The momentum precision for dimuon tracks has been measured by reconstructing the
Z° mass. Only a few cuts were applied to the data:

— Three P segments and two Z segments per track,
— Two and only two tracks per event,
— Acollinearity less than 1.5 degrees.

The acollinearity is defined as the sharp angle between both muon tracks,
Qg = T — arccos(cos A\ cos Ay cos(@; — ) + sin Ap sin \y), (7.5)

where ¢ and )\ are defined in the L3 coordinate system. The cut removes most of the
events with final state radiation (Fig. 7.14). The momentum precision after the cuts have
been applied is found to be 3.8% (Fig. 7.15), in agreement with measurements by other
authors of the L3 collaboration [83; 51].

7.6.2 Cosmic-ray muon events

For cosmic-ray muon events, the single-wire precision for data is dightly worse than
that found for dimuon events (Fig. 7.16). A possible reason isthat the distribution of the
tracks versus angles and position in a P-cell is different for cosmic-ray muon tracks than
for (di)muon tracks from the vertex. The single-wire precision for Monte Carlo is better
than that for dimuon events, as expected. The relatively narrow width of the distributions
indicates that the Monte Carlo is not well tuned to the data.

In Fig. 7.18, the momentum precision is shown versus the momentum inside the muon
chambers for events with two P-triplet and Z-doublet tracks. The momentum precision
is obtained as the width of a Gaussian fit to the distribution of o(1/p)/(1/p), where p is
the mean momentum of both the (upper and lower) tracks. The precision is worse than
that expected from the dimuon events by extrapolation. This can be due to the following
reasons:

— Thewidth of the TO calibration distribution (Fig. 7.12) allowsfor asmall mis-calibration
of the TO offsets. This can influence the momentum precision.

— The angular distribution and range of cosmic-ray muons is different than for dimuons.
This influences the accuracy with which tracks are reconstructed.

— Thecell-map isonly accurate for tracks nearly parallel to the wire plane of aP-cell. For
tracks under larger angle with respect to the wire plane, the momentum precision thus
deteriorates.
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7.7 Charge confusion

The charge as measured by the L3 muon chambers depends on the direction of the track
curvature. Since estimation of the track curvature isin fact a momentum measurement,
it follows that the accuracy of the charge assignment to a track depends on the precision
of the momentum measurement (see Sec. 3.2.2). The charge confusion coefficient can be
obtained from the data, directly. Thisis preferred over obtaining it from the Monte Carlo,
since the Monte Carlo does not describe the data momentum precision precisely. We
consider events with two good track pieces (P-triplets and Z-doublets), so an upper and
alower track. Both pieces are measured independently with equal precision, so that the
chance of charge confusionisequal for both of them. We neglect here the small difference
in momentum between both pieces. Let Ve, denote the total number of tracks consisting
of pairs of equally charged track pieces and pairs of opposite charged track pieces:

New =Nt + N~ 4+ Nt 4+ N1, (7.6)

where Nt~ and N~ denote the events with opposite charged track pieces and N+
and N~ denote the events with equally charged track pieces. The chance that one track
piece suffers charge confusionis set to p. Therelative number of oppositely charged track
pieces then equals

Nt=+ N—*
reco
This equation can be solved in p, using that the charge confusion is zero for 7' = 0:
p=05-(1-+1-2T). (7.8)
The charge confusion coefficient then equals
C=2-p=1—+1-2T, (7.9)

where the charge confusion coefficient has been defined to be 100% at maximum. The
measured number of equally signed track piecesis related to the real number of equally
signed track pieces as

Nanrngs = per;I; + (1 - p>2NrJeraJIrv (7-10)

mees = DNk + (1 - p)°Neg - (7.11)
Via these equations, the real charge ratio R,y can be found from the measured charge
ratio Rimeas 8S
_ p2 - (1 _p)szeas
P? Rimeas — (1 - p>2 '
In Fig. 7.19, the charge confusion coefficient is shown as obtained from the data for near
vertical muon tracks.

Rreal (7. 12)

7.8 Atmospheric pressure correlation

To test the hypothesis that the muon rate depends on the atmospheric pressure (and
temperature), the data used in this thesis have been examined for any correlation. Since
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Fig. 7.19: Charge confusion coefficient, as obtained from the data, versus muon-chamber momentum for
near vertical muon tracks.

the muons are produced at heights of about 10-20 km, the rate should be correlated with
the pressure at this height. We have chosen a height of 11.5 km.! The mean atmospheric
pressure at thisheight is about 200 mbar at atemperature of near -55° C. The atmospheric
datahave been obtai ned from the meteorol ogical station near Geneva.? They were obtained
around noon and midnight by means of balloon ascents. Therefore, the exact pressure and
temperature during the time of data taking are not known and have to be approximated
by the values near the reference times. In Fig. 7.20, the rate is plotted versus pressure at
11.5 km height. A slight anti-correlation, as expected, is seen between rate and pressure,
AR/AP = —2.7-107% £ 1.4 - 10 3s 'mbar~!. The spread of the rate at given pressure
indicates that other effects influencing the rate, besides the pressure, might exist.

7.9 Angular precision

In order to check the accuracy of the track angle reconstruction, we study the angular
deflection of tracks generated at, and tracked back to, the surface layer. Note that the
(forward) tracking isdone by GEANT whereas the backtracking is done by GEANE. The
angular deflection « isdefined as

« = arccos(sin 6y sin 0y cos(p — @) + cos B cos bs), (7.13)
where ¢, and ¢, are the surface zenith and azimuth angles of the generated track and
0, and ¢, are the surface zenith and azimuth angles of the reconstructed track. In Fig.

! Private communication T. Hebbeker
2 Private communication P. LeCoultre
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Fig. 7.20: Variation of cosmic-ray muon rate versus atmospheric pressure at 11.5 km height. The lower
plot shows alinear fit of the mean rate versus pressure.

7.21 the distribution of the angular deflection in terms of cos a is shown. The one-sigma
value of the total angular deflection is about 2.1 degrees. Note that the scattering inside
the molasse isincluded twice in the angular deflection.

7.10 Determination of live time

Besides the acceptance, thetotal live timeisinvolved in the determination of the absolute
muon flux. The live time is defined as the time span in which the experiment was capable
of detecting and storing events. As time markers we use the standard L3 event time
assigned to each event. The total time period of arun then equals:

ATrun = flast — tﬁI'Sta (7-14)

where t.¢ and t4,4 are the event times of the last and first event of the run, respectively.
If anumber of Nyig events were triggered during the run, then the event rate was

R — Mrig/ATrun. (7.15)
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Thetriggers are distributed in time according to a Poisson distribution. In the mean, it
takesatime 7 = 1/R from the start of the run, before a trigger occurs. Per cycle of the
BGO clock source ATy qe agate of length ATy, Was opened during which a cosmic-ray
muon could be triggered. The maximum live time therefore equals

T+ AT - ATgae/ ATgyle. (7.16)

Thislivetimehasto be corrected for the dead time per trigger and for additional dead time
ATygeaq- I @atrigger occurs, the level-1 data taking electronics is dead for atime ATgex
due to digitization. The additional dead time contribution AT} geag COMes from the fact
that during arun the data taking might have been hampered. Since the mean time between
two triggersisgiven by 7, we can argue that any time difference between two consecutive
triggers much larger than 7 (~ 0.3 sec.) is probably caused by malfunctioning hardware.
We have set this criterium to a maximum time span of 10 sec. before it istreated as dead
time. Investigation of the actual dead times show that either the dead time is compatible
with the time in-between two triggers or the dead time is much larger than 10 seconds.
From this we conclude that the 10 second limit is safe to use. The total live time per run
now equals

ATIive =7+ ATrun ' ATgate/ATcycle - ]Vtrig : ATdead - ATtrdeed (7-17)

Per run, the error on the total live time consists of the following contributions:
— The error from the first event being triggered during a run. This contributesatime .
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— The error from hardware failures. This contributes atime 27 per failure.
— The error from the last event being triggered during a run. This contributesatime .

For the total error on the live time per run, we therefore find
AT =27 (1 + Nydead)- (7.18)

The live time errors per run are al independent of each other. Therefore, the variance on
the total live time T}, dueto N runsequals

V(Tive) = 3_(ATg,)". (7.19)

7.11 Momentum and angular binning

The binning in momentum depends on a compromise. The bin size should be such that
the effects of the molasse shielding are still accurately accounted for. We have chosen 10
bins, logarithmically distributed in momentum between 20.0 and 1000.0 GeV/c. The log
scale is chosen to reduce the effect of the steep momentum spectrum on the number of
events inside a bin. The number of zenith bins is chosen to be 4, each having the same

Bin nr. || Momentum (GeV/c) | Zenith angle (Deg) | {(cos#)

20.00-29.58 0.0-9.99 0.992
29.58-43.73 20.05-22.44 0.932
43.73-64.67 30.27-31.95 0.856
64.67-95.63 39.40-40.75 0.765
95.63-141.42

141.42-209.13
209.13-309.25
309.25-457.30
457.30-676.24
676.24-1000.0

O © 0~ UL W+~

[

Tab. 7.5. Momentum and angular binning used in this work. For the definition of the azimuth
angle see Fig. 4.12.

width in cos 6. The number of azimuth bins is chosen to be 26, distributed evenly in ¢.
The binning in momentum and zenith angle is shown in Tab. 7.5. All references in the
text to this binning refer to thistable.

7.12 Spectrum deconvolution

Any muon track reaching the detector, is reconstructed and tracked back through the
molasse up to the surface again. However, if we start out with a number of tracks at the
surface with a given momentum p, the reconstructed momentum will be approximately
Gaussian distributed around itsinitial value p, beit with alarge momentum loss straggling
tail. Thismeans, the momentumissmeared arounditsoriginal value. To obtaintheoriginal
momentum distribution at the surface we need to deconvol ute this momentum di stribution.
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Suppose we have events following a generated momentum distribution F(p). After
reconstruction of the events we obtain a smeared distribution G(p). Suppose we bin both
distributionsinto N binsin momentum. The events from a certain bin i of the distribution
we start with, F(p);, will be smeared over several bins in the distribution G(p), i.e.
there is a bin-to-bin migration of events. The sum of the smeared bin contents in G(p),
however, equals F(p); (conservation of number of events). We assume that the migrated
bin contents stay inside the defined range of the original distribution, so we neglect any
edge effects. For any momentum bin of F(p), we now can create a column of the matrix
M which expresses the migration of the events. In thisway we obtain the smearing matrix
M defined by

G =MF, (7.20)

whose entries are normalized between 0 and 1. The deconvolution of the distribution
G(p) isnow simply a matter of inverting the matrix M. In this way we can obtain the
deconvoluted momentum distribution at the surface as

F=Mg. (7.21)

The matrix inversion method however can be problematic. The matrix M can for instance
be singular. This method is also known to be unstable and may yield unphysical results
[85; 86].

A preferred method of deconvolution, used in thiswork, isthe unfolding method based
on Bayestheorem[87]. The Bayestheorem can be stated intermsof n,. independent causes
Ci,(i=1,---,n.) and an effect £:

_ P(E|C)P(Cy)
P(Ci|E) = Z?;l P(E|Cj)P(Cj)' (7.22)

Thus, the probability that an effect £ has been due to cause C; is proportiona to the
probability of the cause times the probability of the effect given the cause. The latter
probabilities can be determined by means of the smearing matrix elements. The advantage
of this method is that no matrix inversion is required, any bin-to-bin migration can be
taken into account and the covariance matrix of the result is provided.

In practice, one starts with supplying an educated guess for the unfolded distribution.
This distribution is folded and compared with the observed (folded) distribution. The
ratio of the observed over the folded distribution is used to correct the initial-guess
(unfolded) distribution. After a few iterations, a good agreement between the folded
and observed distributions will be seen, which indicates that the (corrected) unfolded
distribution approaches the real unfolded distribution.

A problem arises if the smearing of momentum extends outside the region in which
G(p) is defined. The deconvolution will miss events such that the original distribution is
not exactly reconstructed. This problem cannot easily be overcome. The only solutionis
to choose the interval from which the generated momenta are chosen large enough such
that the region of interest in the reconstructed interval is well inside the range of effect
of the generated interval. In our case the momenta are generated in the interval from
20 GeV/c up to 1 TeV/e. This means that the error in the reconstructed spectrum near
20 GeV/c and 1 TeV/c of momentum is relatively large due to this migration of events
outside the defined interval.

The deconvolution matrix is obtained partly from the data and partly from the Monte
Carlo. The momentum uncertainty consists of two parts. the smearing due to the finite
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muon-chamber precision and the smearing due to variations in the momentum lossin the
magnet and the molasse layer. The first part is obtained from the data whereas the second
part is obtained from the Monte Carlo.

The smearing in the muon chambers is obtained from a momentum comparison of
the upper and lower part of a data muon-track. At the point where the two track pieces
are matched, the momenta should be the same in the mean. The momentum precision is
obtained as follows: The momentum errors o, and o, on the upper and lower part of the
track can be regarded equal. The error o, on the difference of the two momenta, p; — p-,

then equals:
o, =02+ 03 ~V20. (7.23)

Since we select only events with an upper track present, that is being backtracked to the
surface, we need the error on the momentum of the upper track. The momentum error on
the upper part of the track equals

o1 = % 2 O¢. (724)
Thisis the width of the distribution Syuch, representing the muon-chamber momentum
precision.

The molasse smearing is obtained from the Monte Carlo by looking at the momentum
gain obtained by the track while being backtracked through the molasse. One can argue
that this is not the full story, since during backtracking only the mean momentum |oss,
without fluctuations, istaken into account. Thereal momentum lossdistributionislikely to
exhibit dlightly larger tail sthan our approximation. In the mean, however, the distribution
obtained here approximates that of the Monte Carlo well enough for our purpose, aslong
as the tails from momentum-loss straggling are not too large. The momentum loss in the
molasse per track equals

p:\ﬁ' = Psurf — P1, (7-25)

where p; equalsthe momentum of theinward MUTK track and pg,+ €qual sthe momentum
of the track at the surface. Repeating this measurement for a large number of tracks we
find a molasse smearing distribution Sy,

The distributions representing the muon-chamber momentum precision, Syuch, and
the molasse smearing, Sy, are finally convoluted to give the total smearing distribution:

Saurf = Smoal * SmucH- (7.26)

The distribution Sg,¢ then has to be shifted such that its mean corresponds to the mean
momentum in the surface momentum bin being considered. Thefinal distributionisfilled
into a column of the smearing matrix M, to be used by the deconvolution algorithm. Each
column of the smearing matrix is normalized to 1.0. The shifted distribution is cut at the
lower and upper bounds of the momentum range (20 GeV/c and 1 TeV/c, respectively).
The cut regions have no physical significance in our case, since the deconvolutionisonly
defined within the momentum region stated above.

In Fig. 7.22, the momentum smearing distributions are shown for four different bins
in surface momentum as indicated. The upper plot shows the distribution of Syycy While
the lower plot shows the distribution of Sy, . Note that the distributions Sy, have been
shifted in momentum such that the mean of the distribution coincides with the mean
surface momentum in the bin. At low momenta the muon chamber smearing dominates.
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For larger momenta, the relative contribution from the molasse smearing to the total
smearing increases.

0
210
{0 10
10
10 B ., .
-1000-800 -600 -400 -200 O 200 400 600 800 1000
p (GeV/c)
0 E
2 T Molasse smearing
0 103 4 5
1021
i 10
“ WM
i P 7% IR S - | NIRRT VAR 1111 =T
0O 100 200 300 400 500 600 700 800 900 1000

p (GeV/c)

Fig. 7.22: Momentum smearing for 4 different bins in surface momentum. The upper plot shows the
momentum smearing in the muon chambers. The lower plot shows the momentum smearing in the molasse.
The surface momentum bins are indicated by the numbers (see Sec. 7.11).

7.13 Event selection efficiency correction

The event selection criteria are the same for data as for Monte Carlo. In order to be able
to correct the data with the Monte Carlo effective geometrical acceptance, the selection
efficiencies for the data and Monte Carlo samples should be the same, with respect to the
soft-triggered sample. The soft-triggered sample is the raw sample that has been passed
through the software trigger-simulation cuts (Sec. 7.3). As can be seen from Fig. 7.7,
there is good agreement between both efficiencies. The small differences in efficiencies
however, cause systematic shiftsin the data spectra. In order to correct for thisdifference,
the effective geometrical acceptance anditserror are corrected (per angular bin) according
to

A = A e (7.27)

EMc



106 7. Event selection & data analysis

o(A) = o(A) 29, (7.28)

EMc

where =442 and ¢ are the selection efficiencies for the soft-triggered data and Monte
Carlo sample, respectively.

7.14 Calculation of spectrum

The cosmic-ray muon flux is normalized asfollows. Per angular bin, we have an estimate
of the geometrical acceptance A in that bin and of the deconvoluted number of entries
Naeco, €Ch With their respective variance. The number of entriesper angular bin, corrected
for the acceptance A, equals

Ndeco(iaj)
A'(i,5)
where i and j denote the zenith and azimuth angular bin, respectively, and A’ is the
acceptance corrected for the difference in data and Monte Carlo selection efficiencies
(Sec. 7.13). In theory, neglecting any minor variation of the sea-level flux versus azimuth,

the flux .S, (¢, j) should be the same for each azimuth bin j. The flux for zenith angle bin
i then equals the weighted flux averaged over the azimuth bins:

- 1

Sulisj) = (7.29)

where

w(i) = Zw(i,j) (7.31)
and theweights w(i, j) equal

w(i,j) =1/0%, (7.32)

with o;; the error on S, (4, 7). The flux S, now has to be corrected for the total live time
Tiive, the width of the momentum bin Ap and the event selection efficiency « to give the
differential muon flux at the surface. The event selection efficiency ¢ varies from run to
run. In order to take this variation into account, the expression for the live time per run,
ATiive, has been modified from Eq. (7.17) to

ve

AT| = ATive €runs (7-33)

where =y, IS the event selection efficiency averaged over one run. The equation for the
flux thus becomes

Dui) = 24 (7.3

where

N
TIive = Z ATIive' (7-35)
=1
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In fact, this grants the flux estimate for a certain zenith angular bin with a mean cos ¢ as
specified in Tab. 7.11. To measure the real vertical spectrum at cos§ = 1.0, we need to
correct the measurements according to

dN,/dcosflg—y D,(i,0) - C(p,6). (7.36)

DH(Z,QZO)EDH(Z,H) dN /dCOSH|9 -
©

The dependence dV,, /d cos # has been parameterized as [88]

dN,/dcosf =1+ a(p)(1 — cos?h), (7.37)
a(p) = —1.903 4 0.14341np 4 0.01451n* p, (7.38)

where p ismeasured in GeV/c. The correction factor C'(p, #), for abin with amean zenith
angle (cos 6), thus equals

1
~ 1+a(p)(1 — (cosh))’
It turns out that the correction factor for the near vertical zenith angle bin deviates by
about 1 percent from 1.0. It is difficult to determine the systematic error induced by the

uncertainty on this correction factor. For these reasons, the correction to the near vertical
flux is not applied. Instead, we increase the systematic error on the vertical flux by 1%.

C(p,0) (7.39)

7.15 Calculation of charge ratio

From the deconvolution process described in Sec. 7.12, we obtain two separate decon-
voluted momentum spectra, one for the positive-charged tracks and one for the negative-
charged tracks, F*(p) and F~(p). The charge ratio is simply obtained by dividing both
spectra,

F*(i,g)
F—(i,5)’
wheretheindices: and j denote the zenith and azimuth angular bin, respectively. Here, it
isassumed that the acceptance .A does not depend on the charge of the muon. This charge
ratio has to be corrected for the charge confusion, using Eq. (7.12). The final true charge

ratio is obtained versus zenith angle by taking a weighted mean over the azimuth bins
(since again we neglect any minor azimuth dependence):

RM (iv j) = (740)

where

w(i) = Zw(i,j) (7.42)
and theweights w(i, j) equal

w(i, j) = 1/0%, (7.43)

with o;; the error on R, (1, j).
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7.16 Error calculation

The measurement of the muon momentum spectrum and charge ratio have statistical as
well as systematic errors. In the next sections | will derive the errors on the various
guantities.

7.16.1 Statistical errors

Scaling of statistical errors. The statistical errors for the charge confusion, the charge
ratio and the momentum spectrum are calculated at first instance according to the rules
of error propagation. All these three variables are measured for several different binsin
azimuth for a specific zenith angular bin. In order that the calculated total error on the
mean of the variable, taken over all azimuth bins, represents at least the real variation of
the variable, we apply a scaling of the errors according to the following scheme [52].

The weighted mean of a variable x over all azimuth bins N (where = > 0) is deter-
mined:

YN wy

T === (7.44)
22:1 wy

w; = 1/0?, (7.45)

where o; isthe statistical error on z;. Next, we determine the y? of the measurement:
N
i= Z wi (T — x;)% (7.46)
=1

For a number of degrees of freedom DoF = N — 1, the \*/DoF is determined. If
the value of \*/DoF > 1.0 but not much larger than 1.0, then the total statistical error
02 =1/3N w; ismultiplied by y2/DoF.

Theflux, the charge ratio and the charge confusion show a systematic variation versus
the azimuth angle (Fig. 7.23). This variation is likely due to a difference between the
simulated detector efficiency and the real efficiency. Therefore, this systematic variation
isthought to be independent of other systematic errors. The scaling of the statistical error
by the above procedure produces an error that is partly statistical and partly systematic.
In scaling the statistical error without taking into account the total systematic error
on the measurement (but just the statistical error of the individual measurements), we
overestimate the total error. Since the scaling factor is not too much different from 1.0,
we accept thissmall error.

Charge confusion. According to Eg. 7.9, the variance on the charge confusion can be
written as

ac\? 1
V(C) = (ﬁ) V(T) = = 2TV(T)’ (7.47)
where
V(T) = — (7.48)
B Nreal' .
The variance on the charge confusion thus equals
V)= — 1 (7.49)

T 1-2T N
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Fig. 7.23: Variation of differential flux and charge ratio versus azimuth angle for momentum bin 1 and
zenith bin 2. The mean of either distributionisindicated by the line.

Charge ratio. The measurement of the charge ratio is in fact a measurement of a
Bernouilli process. We measure the charge N = Nt + N~ times, where each mea-
surement either gives a positive or a negative charge outcome. The chance of finding
a positive charge is p* = N /N, whereas the chance of finding a negative charge is
1—p*t =p = N~ /N.Thevariance on the measurement of the mean number of positive
or negative charges N* or N~ is, therefore, V = Np*p~—. The variance on the charge
ratio isfound from

V(R) = ( ;;\};) V(N'), (7.50)

where V(R) denotes the varianceon R = N*/(N — N*t). Here, V(NT) = Nptp~ =

(1]1—1%2- Thus, we find for the variance on the charge ratio
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R(1+ R)?
-

In Fig. 7.24 the relative error (R, (i))/R,(7) is shown for the four zenith angular bins.
The results are integrated over azimuth.

Momentum spectrum. The muon momentum spectrum is defined by Eq. (7.34). The
statistical variance reads

V(R) = (7.51)

Vo) = (5550) v+ (D) v, 52
or
vou = (20) v+ (20) v s

In Fig. 7.24 the relative error o(D,(i))/ D, (i) is shown for the four zenith angular bins.
The results are integrated over azimuth. The error on D, is dominated by the error on
S,(i). The live-time error does not contribute significantly (relative error contribution
o (Tiive)/Tiive = 0.15 - 1073). In Fig. 7.25, the relative error o(.A)/.A is shown for four
different bins in zenith and azimuth angles. The errors are calculated according to Eq.
(6.10).

7.16.2 Systematic errors

The systematic errors involved in the determination of the muon momentum spectrum
can be divided into the following classes.

[Tidigger efficiency. As stated earlier, the trigger conditions were not well recorded
during the cosmic-ray muon BGO calibration runs. As a result, the normalization of
the flux contains an overall systematic error. As an estimate of the systematic error
involved, the mean trigger rate can be recorded over long time periods, see Sec. 7.4.
From this, we find a systematic error of 1.5% on the trigger rate or, equivalently, on
the muon flux. Thiserror is dueto variationsin the trigger setup and/or detector setup
and variationsin atmospheric pressure and temperature. The trigger efficiency has no
influence on the charge ratio, assuming the trigger efficiency is independent of the
track charge.

[Sdlection cuts. The flux and the charge ratio are both affected by the value of the
selection cuts. To estimate their effect, the flux and the charge ratio are determined
with the standard selection cuts described above and with slightly adapted selection
cuts, namely
— Cut on number of raw P hits: 800 — 600,

— Cut on number of raw Z hits: 400 — 300,

— Cut on (1-r) of track matching: 0.01 — 0.1,

— Cut on y? of swimfit: 0.001 — 0.01.

The main contribution to this systematic error comes from the variation of the cut on
thetrack matching (1-r). It amountsto about 10% for the flux, in the entire momentum
range, and from about 1 to 30% for the charge ratio, for energies from 20 to 1000
GeV, respectively.

The systematic variation of the flux and the charge ratio due to the simultaneous
change of the selection cuts is shown in Fig. 7.26. The error on the systematic error
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Fig. 7.24: Relativestatistical error o(D,,(4))/D,.(¢) (top) and o (R, (7)) / R, () (bottom) versus momentum
for the four zenith angular bins. Horizontal bars indicate bin width.

is not taken into account. Therefore, we are conservative and assign an upper limit
to the systematic errors. The upper limits are shown in the figures. The error on the
differential flux isapproximately constant versus momentum whereas the error on the
charge ratio increases versus momentum.

[—Déconvolution accuracy. The deconvolution process induces amomentum dependent
systematic error on the deconvoluted spectrum. The systematic uncertainty of the
flux due to the deconvolution process can be read off from the ratio of the observed
spectrum over the smeared spectrum. Ideally, this ratio is equal to 1.0. In redlity it
deviates from 1.0 since the algorithm is not able to find a perfect match between the
observed and the smeared spectrum. The main reason for this discrepancy is that the
information about events which are smeared outside of the range of the matrix is
missing. We determine the systematic error in the following way. For a certain zenith
angle bin we check the ratios of observed over smeared spectra for all azimuth bins.
From these values, we extract the RM S variation of thisratio versus momentum. This
isrepeated for all zenith angle bins. Assuming that the deconvol utionisindependent of
the zenith angle, wefinally determine the mean variation over all zenith angle bins. In
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Fig. 7.25: Relative statistical error o(.A)/A versus momentum. Results are shown for four different bins
in zenith and azimuth angles. Horizontal bars indicate bin width.

Fig. 7.27 the relative error is shown versus momentum, for the four zenith angle bins
in the top plot and the resulting mean error in the bottom plot. The error behaves as
expected. Due to the upper and lower cutoff of the Monte Carlo momentum spectrum
the deconvolution error increases for low and higher momenta, relative to the error
near 50 GeV/c where the smallest error is obtained. The charge ratio is relatively
independent of the momentum. Therefore, to first order, we expect that the spectra
of positive muons and of negative muons before deconvolution are the same up to a
constant factor. Any variation in the deconvolution procedure has only minor effects
on the charge ratio, determined by Eq.(7.40), since the effect on the spectra of both
charge signs is about the same. For this reason, we do not assign a systematic error
from the deconvolution procedure to the charge ratio.

Furthermore, the measured flux hasto be corrected for the systematic effects listed bel ow.

[Sdintillator barrel efficiency. The efficiency of the barrel scintillator system during
the cosmic runsis not known. It istaken from [70], where it is estimated to be 99.5%
(90% confidence interval) for a dimuon event sample. The trigger criterium for these
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Fig. 7.26: Systematic error on spectrum (top) and charge ratio (bottom) due to change of selection cuts.
Horizontal barsindicate bin width. The lines are upper-limits of the contribution to the systematic error due
to the selection cuts.

events was that two counters should be hit within + 3 ns of the beam crossing. This
factor corrects the muon flux in an upward direction by 0.5%.

[ Muulti-muon flux contribution. Since we apply a cut on the track multiplicity in an
event equal to one, the multi-muon contribution to the flux is neglected. The number
of events with more than one track is estimated to be 1%, from comparison of the
number of multi-muon eventsrel ative to single muon events (see Tab. 7.3). Thisfactor
corrects the muon flux in an upward direction by slightly more than 2%. We have
used a correction of 2%.

[ Conversion to sea-level flux. The sea-level flux is lower than the flux at L3 ground
level. From [67] we estimate the total effect on the normalization of the flux to be at
most 1-2%. Thiscorrection isnot applied to the present data since the exact magnitude
of the correction is not known. Thus, all measurements of the flux and charge ratio
arefor the L3 altitude.
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Fig. 7.27: Systematic error per zenith angle bin (top) and averaged (bottom) due to the deconvolution

procedure. Horizontal barsindicate bin width.

7.17 Results

The differentia spectra D,, and p® D,, as measured according to Eq. (7.34) are presented
in Fig. 7.28 and 7.29, together with results from other experiments and the spectrum as
expected by theory, Eq. (3.1). For numerical values of the flux and its errors we refer to

thetablesin App. D.

The chargeratio R, as measured according to Eq. (7.41) is presented in Fig. 7.30 and
7.31, together with results from other experiments and the charge ratio according to three
theoretical models. For numerical values of the charge ratio and its errors we refer to the

tablesin App. D.
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Fig. 7.28: Vertical differential muon spectrum. The results of thiswork apply to an atitude of 449 m above
sea level, whereas the results of other experiments and theory apply to sedlevel. Tota errors (statistical +
systematic) are shown. The dataare from [38; 39; 40; 41; 42; 43; 44; 45]
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Fig. 7.29: Vertical differential muon spectrum. The results of thiswork apply to an atitude of 449 m above
sealevel, whereas the results of other experiments and theory apply to sealevel. The spectraare multiplied
by p*. Total errors (Statistical + systematic) are shown. The data are from [38; 39; 40; 41; 42; 43; 44; 45]
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Fig. 7.30: Inclined corrected charge ratio. The results apply to an atitude of 449 m above sea level. Tota

errors (statistical + systematic) are shown.
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Fig. 7.31: Vertica corrected charge ratio. The results of this work apply to an atitude of 449 m above
sea level, whereas the results of other experiments and theory apply to sea level, except the MASS results
which arerecorded at 600 m above sealevel. Tota errors (statistical + systematic) are shown. The dataare
from [47; 48; 49; 50; 44]



Chapter 8

Discussion

In this chapter the results obtained for the differential spectrum and the charge ratio
are discussed. Taking into account these results, the feasibility of the L3+Cosmics
experiment is discussed.

8.1 Differential spectrum

Our result onthedifferential spectrum, Fig. 7.28 and 7.29, showsthat thetotal uncertainty
on the flux varies from about 14% near 100 GeV/c to about 29% near 1000 GeV/c. The
largest contribution to the uncertainty comes from the deconvol ution procedure. Our data
are in reasonabl e agreement with the results of other experiments and dlightly higher than
predicted by Bugaev [37].

In order to estimate the difference on the absol ute normalization between our data and
theory, we fit the Bugaev parameterization, Eg. (3.1), to our data. The normalization is
fitted by a multiplicative factor in front of the flux (which equals 1.0 for the standard
normalization). The result of the fit is shown in Fig. 8.1 (Bugaev, fitted normalization),
together with the standard normalization (Bugaev, fixed normalization). The one sigma
error on thefitted factor isindicated by the hatched region. Thefit can beinterpreted asan
indication that the cosmic-ray muon flux is underestimated, taking the error into account.
However, the fitted result is compatible with theory.

8.2 Charge ratio

Our result on the charge ratio R, Fig. 7.30 and 7.31, shows that its value is quite
stable versus momentum. Only the vertical charge ratio shows a slight dependence on
momentum. Thetotal error on theratio (above 100 GeV/c) increases rapidly asafunction
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Fig. 8.1: The vertical differential muon spectrum as obtained in this work, including a fit of the Bugaev
prediction. The hatched region shows the 1 o error on the fitted normalization.

of momentum. Thisis mainly due to the increase of the statistical error. The systematic
error on the ratio, determined by changing the selection cuts, increases as a function of
momentum and is equal in magnitude to the statistical error for the highest momenta. The
charge ratio does not show a strong dependence on the zenith angle. The mean value,
as indicated by the fitted horizontal line, varies from 1.26 to 1.32. Our results are in
agreement with the results of other experiments and, above 30 GeV/c, are reproduced
best by the Honda theory (Fig. 8.2).
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Fig. 8.2: Thevertical chargeratio as obtained in this work, including theoretical predictions.

8.3 Feasibility of L3+Cosmics

The geometrical acceptance of the L3+Cosmics setup is far larger than that for the
1991 detector setup, using the barrel scintillator. The precision of time measurement
is comparable to the precision with which the time of passage was measured by the
scintillator barrel. The basic detector setup, the halls and the principle of measurement
of the muon momentum did not change versus the 1991 data. Therefore, the 1991 data
analysis is a good representation of the feasibility of the L3+Cosmics project [89; 90].
The most important results of the underlying analysis are:
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— The cosmic-ray muon data can be reconstructed with amomentum precision reasonably
close to that of dimuon tracks (at 45 GeV/c). Due to the different angular distribution
in the muon chambers, the precision is slightly less than obtained for dimuon tracks.

— The geometrical acceptance can be calculated accurately, provided that the number of
simulated eventsis large enough to scale down the Monte Carlo statistical error.

— The systematic effects are understood well, taking into account that these data were
originally taken for calibration purposes only. A dedicated experiment is of course able
to obtain smaller and more precise error estimates than obtained in thiswork.

— The cosmic-ray muon spectrum and the charge ratio can be cal cul ated to good precision,
provided the statistics is large enough and systematic effects are well understood.

The main objective of the L3+Cosmics experiment, a precise measurement of the cosmic-
ray muon spectrum up to afew TeV/c of momentum, is feasible, considering the results
of thiswork.



Appendix A

TO calibration method

The method used to calibrate the TO offset and the drift velocity is described.

To calibrate the global TO offset and the drift velocity in the muon chambers, tracks that
cross a sense or mesh plane are used. The drift velocity vy and the global TO offset ¢, are
closely related to each other through the hit coordinatesinside a P-cell:

x(t) = xo + vgtg = vy(to + tq), (A.1)
y(t) = x(t) tan v, (A.2)

where x and y are the drift distance projections on the x and y-axis, t4 isthe drift time and
oy isthe Lorentz angle, i.e. the angle with respect to the perpendicular to the wire plane
under which electrons drift towards the sense wires. Thetotal drift distance d equals [83]

d(t) = \/22(t) + y2(t) = CES(ZL = vdiﬁszj")- (A.3)

There are three parameters to be fitted: the drift velocity, the global TO offset and the
Lorentz angle. The Lorentz angle is fixed to its mean value, so that only the drift velocity
and global TO offset have to be fitted. From A.3 we see that the dependence of the drift
distance d on the drift velocity increases with increasing drift time. So it is best to fit the
drift velocity at the mesh plane and the global TO offset at the sense plane, where the drift
timeissmall.

The algorithm to fit both parameters is simple. An offset in the drift velocity or in
the global TO offset leads to a kink in the track segment at the mesh or sense plane,
respectively (Fig. A.1). One can refit the segment with an updated TO offset or drift
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Fig. A.1: Two P-cells showing segments with mis-fitted TO offset (sense plane) and drift velocity (mesh
plane).

velocity, such that the kink is minimized. For this, the pieces of the segment to the left and
to the right of the wire plane are fitted separately by a straight line, using the method of
absolute deviations. After the hits have been updated for the TO offset or the drift velocity,
the deviation Ay of the intersection points at the wire plane is calculated. According to
the magnitude of this deviation, the TO correction or drift velocity is modified such that
after afew iterations both parts of the segment match, within error, at the wire plane. The
updated parameter then gives the estimated value for the true TO offset or drift velocity.
Morethan oneiteration is needed, however, since the two parameters are not independent
of each other.

Estimating the true value of the parameters is difficult near the minimum of Ay. The
deviation Ay is not a smooth function of the fit parameter. In order to obtain the global
minimum of thisfunctioninstead of alocal minimum, thereal function near the mimimum
isapproximated by asmooth function of second order in the parameter value. Thissmooth
function is used then to obtain its mimimum.



Appendix B

Monte Carlo event weight

The weight to be applied to the events from the Monte Carlo generator used in this
work is determined.

A Monte Carlo integral is calculated by sampling the phase space of the generator. If

the density of sampling of the phase space depends on any of the phase space variables,

themselves, we have to correct the density by applying a weight to the points in phase

Space so that points in regions with increased density have a smaller contribution to the

integral giving the acceptance than those in regions with decreased density. Thus, the

weight applied creates an effective sampling density that is constant over phase space.
The infinitesimal phase space used in our Monte Carlo generator equals

d*P = d(cos #)d¢drdz, (B.1)

where ¢ isthe zenith angle and ¢ the azimuth angle of atrack. Thevariables x and z label
a point on the generator surface which, in our case, is a disk. The momenta are sampled
from a power law distribution (6.12). The sampling density of points on the generator
disk d> N/dxdz is constant asis the sampling density in the azimuth angle, dV/d¢.

We can think of a phase space where the weight is a constant equal to 1.0. This phase
space is given by

d*Py = d(cos #)dor dr, dy, (B.2)

where the  and ¢ are defined as above, r, isthe radius from the z-axis perpendicular to

the track and ¢ is perpendicular to the track and to | (Fig. B.1). From the figure we see
that dzdy = rdrdg. Noting that dr, = dr cos # and r | di) = rd¢ we find

r dr,diy = rdrdeg cos 6. (B.3)
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Fig. B.1: Definition of coordinates, see text.

This means that
d*Py = d(cos #)dor dr, dyy = d(cos 6)dprdrde cos 6 = cos fd*P. (B.4)

The acceptance can be formulated as an integral over phase space times a function y
telling us whether a track is inside or outside the sensitive phase space. Rewriting this
equation in terms of our new phase space and aweight w we find

A:/Xd47?0:/de4P:/xwd4P0. (B.5)

cos

Hence the weight w = cos 6. Thisweight is properly normalized.



Appendix C

Analytical acceptance

The acceptance for a spherical detector is calculated analytically, using the same
generator setup as used for the Monte Carlo acceptance calculation.

The geometrical acceptance of a high energy physics detector is the amount of phase
space availableto trigger on particles. The particleflow resembles astationary vectorfield
F(r,0,¢). It isimportant for the discussion below to understand that the geometrical
acceptance ismerely ameasure of the net flow through a predefined region per unit source
strength, the region being defined by the detector geometry and the flow defined by

flow = / F - ds, (C.1)
S

where 7 isthe unit vector locally perpendicular to the surface S (pointing outwards) and
dsS isaninfinitesimal surface element. Note that the definition of “flow” isborrowed from
the mathematical theory of vectorfields.

We want to calculate the net flow for the setup as shown in Fig. 6.5. The disk has a
fixed radius D and is located at a height /. above the spherical detection volume with
radius R. Tracks are generated at the disk in a cone of fixed opening angle oriented such
that the axis of the cone always passes through the center of the sphere. The opening
angle is chosen such that, if the axis of the cone is vertical, the rays at largest angle with
respect to the axis just have grazing incidence on the sphere.

The calculated net flow through the spherical surface, defined by the condition that
tracks pass this surface from above, depends on the distributions of tracks on the disk
and in the solid angle of the cone. The distribution of tracks on the surface of the disk is
uniform and the distribution of tracks inside the cone is uniform in spherical coordinates
d(cos 6;)d¢,. The density of tracks on the surface is p = dNg«/dSgs = constant. The
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flux of tracks from a source with strength d/Ngs Will fall off with distance s according to
F = dNg«/ s2F, where F isthe unit vector originating in dVg« in the direction of the
tracks and where s isthe distance from d Vg« (Fig. C.1).

In App. B we derived that aweight w should be applied to the tracks, depending on the
zenith angle of atrack: w = cos 6. Thisweight depends on the zenith angle of the cone’'s
axis, 0,, as well as on the zenith and azimuth angle ¢, and ¢, of the track with respect to
the cone's axis (Fig. C.2). From this figure we find:

y AN gisk

Fig. C.1: Part of Monte Carlo generator setup, see text.

0 =0, + 0, cos ¢y, (C.2)
where ¢; = 0 at maximum ¢#. From this expression we find
w(l,, 01, ¢1) = cos @ = cos b, cos(b; cos ¢;) — sin b, sin(6; cos ¢y). (C.3)

The distance from d Ny to the center of the sphereis/. We will now calculate the flow
through the sphere for afixed value of [, so for an infinitessimal source of strength d/Vy«.
Since the vectorfield within the sphere has zero divergence, we can modify the surface
through which the field passes, without changing the integral. We choose the surface to
be the spherical surface s = constant. From Fig. C.1wesee F' - 7 = —1. The expression
for the flow now becomes

flow = / F-nw(d)dS = / de'Sk )s? sin 6,d6,dpyw (0, 01, 1).
(C.49)
Performing the integration over ¢;, using that
27
dx cos(a cos x) = 2w Jo(x), (C.5)

0
2T
dz sin(a cosx) = 0, (C.6)

0
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Fig. C.2: Part of Monte Carlo generator setup, see text.

where 7,(x) isthe Bessel function of zeroth order, the expression for the flow becomes
arcsin R/l
flow = —27dNgs cos 6, / sin 6,00, 75(0)). (C.7)
0
Theintegral can be evaluated resulting in

flow = —7dNg cos 0, arcsin®(R/1) o F3 <§, §; §, §, 2; — arcsinQ(R/l)>,
44 22 (C.8)

where , F;(a; b; 2) isthe generalized hypergeometric function. The acceptance A is now
found by integrating the flow per unit source strength over all sources d/Ng« = pdSgisk,

flow
A= [ —. C.9
/= (€9
Using that cos§, = h/l , r dr = [ dl and neglecting the minus sign for the acceptance,
we find

Vh24+D? 2
A= 7T/ [di <ﬁ> arcsin’®(R/1) o Fy <§, §; §, §, 2; — arcsinQ(R/l)> do,.
h [ 4 4 2 2 0 (C].O)

This can be rewritten as

Vh+D? 3533
A= 27r2h/ dl arcsin®(R/1) o F3 <—, - =, =,2;— arcsinQ(R/l)>.

Thisintegral can not be solved analytically. We can solve the integral if we approximate
the Bessel function in Eq. (C.7) by a cosine function
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Jo(0;) = cos b, 0<6 <m7/2

The result on the acceptance than becomes

Amarr(i-——L )
1+ (D/h)?

Inthelimit D — oo wefind
lim A = 27°R?
D—oo

as expected.

(C.12)

(C.13)

(C.14)

The result from the analytical calculation, Eq. (C.13), has been compared with the
result from areal Monte Carlo generator with the same setup. For awide range of relative
dimensions of radii R, D and height h, the results agree with each other within the

estimated Monte Carlo statistical error.
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Tables for spectrum and charge ratio

Theresultsonthedifferential muon spectraand onthe muon chargeratio aretabul ated.

Zenith bin 1

p Nraw | Naeco (p) Dy (p)’Dy
(GeV/e) (GeV/e) (cm™2s71sr71(GeV/e) 1) (cm2s71sr1(GeV/c)?)
20.0-29.58 28987 | 28991 | 23.8+0.5 | 0.15E-04+0.37E-06+£0.19E-05 | 0.209+0.49E-02+0.29E-01
29.58-43.73 19080 | 19075 | 35.8£0.8 | 0.70E-05£0.25E-06+£0.76E-06 | 0.318+0.12E-01+£0.41E-01
43.73-64.67 11409 | 11532 | 52.4+1.2 | 0.22E-05+0.70E-07+0.23E-06 | 0.318+0.10E-01+0.40E-01
64.67-95.64 5701 6065 | 77.4+1.7 | 0.74E-06+£0.24E-07+0.79E-07 | 0.339+0.11E-01+0.43E-01
95.64-141.42 2687 2647 114+2.5 | 0.21E-064+0.94E-08+0.25E-07 | 0.29940.14E-01+0.42E-01
141.42-209.13 | 1223 1110 170+3.7 | 0.65E-07£0.38E-08+0.98E-08 | 0.317+0.19E-01+0.53E-01
209.13-309.25 602 463 252454 | 0.18E-07+0.14E-094+0.32E-08 | 0.283+0.23E-01+0.54E-01
309.25-457.30 280 209 366+4.1 | 0.47E-08+0.53E-09+0.10E-08 | 0.229+0.26E-01+0.52E-01
457.30-676.24 156 90 586+5.1 | 0.15E-094+0.16E-094+0.33E-09 | 0.302+0.27E-01+0.57E-01
676.24-1000.0 88 28 8194+12.6 | 0.24E-09+0.30E-10+0.77E-10 | 0.12840.17E-01+0.43E-01

Tab. D.1. Differential cosmic-ray muon spectra for zenith bin 1. N, and Ngeco are the number of
raw and deconvoluted entries. First errors are statistical, second errors are systematic.
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‘ Zenith bin 2
p Neaw | Ndeco (p) D, (p)D,,

(GeV/e) (GeV/e) (ecm2s71sr71(GeV/e) 1) (cm2s71sr1(GeV/c)?)
20.0-29.58 29153 | 28848 | 25.0+£0.5 | 0.14E-04+0.43E-06+0.17E-05 | 0.212£0.58E-02+0.26E-01
29.58-43.73 23924 | 24466 | 35.6+0.8 | 0.69E-05+0.21E-06+£0.75E-06 | 0.308+0.95E-02+0.40E-01
43.73-64.67 12467 | 12433 | 52.3+1.2 | 0.22E-054+0.59E-07+0.23E-06 | 0.308+0.85E-02+0.39E-01
64.67-95.64 6047 6388 | 77.1+1.7 | 0.77E-06+£0.22E-07£0.82E-07 | 0.348+0.10E-01+0.45E-01

95.64-141.42 2853 2791 114+2.5 | 0.23E-06+0.76E-08+0.28E-07 | 0.340+0.11E-01£0.48E-01
141.42-209.13 | 1213 1048 168+3.7 | 0.60E-07£0.36E-08+0.90E-08 | 0.284+0.18E-01+£0.48E-01
209.13-309.25 542 382 250+5.3 | 0.14E-07+0.12E-08+0.25E-08 | 0.2184+0.19E-014+0.43E-01
309.25-457.30 234 196 364+6.6 | 0.54E-08+0.57E-09+0.12E-08 | 0.258+0.28E-01£0.60E-01
457.30-676.24 152 85 510+5.8 | 0.57E-10+0.23E-10+0.12E-10 | 0.0074+0.37E-02+0.21E-02
676.24-1000.0 83 25 750+£4.7 | 0.35E-11£0.17E-11£0.11E-11 | 0.001+0.93E-03+0.63E-03

Tab. D.2. Differential cosmic-ray muon spectra for zenith bin 2. N, and Ngeco are the number of
raw and deconvoluted entries. First errors are statistical, second errors are systematic.

Zenith bin 3

P Neaw | Naeco (p) D, (p)°Dy,

(GeV/c) (GeV/c) (em~2s~tsr=1(GeV/c)™h) (em~2s~lsr71(GeV/c)?)
20.0-29.58 21102 | 21652 | 26.5+0.3 | 0.14E-04+0.51E-06£0.17E-05 | 0.2494+0.69E-02+0.25E-01
29.58-43.73 23079 | 22711 | 35.6£0.8 | 0.57E-05+0.35E-06+0.61E-06 | 0.252+0.16E-01£0.33E-01
43.73-64.67 12080 | 12140 | 52.4+1.2 | 0.21E-05+0.70E-07+0.22E-06 | 0.304+0.10E-014+0.38E-01
64.67-95.64 5952 6189 | 77.3£1.7 | 0.73E-06+0.24E-07+0.78E-07 | 0.332£0.11E-01£0.42E-01

95.64-141.42 2597 2592 11442.5 | 0.22E-06£0.64E-08+0.27E-07 | 0.327+0.95E-02+0.46E-01
141.42-209.13 | 1291 1133 168+3.6 | 0.65E-07+0.31E-08+0.98E-08 | 0.303+£0.15E-01£0.52E-01
209.13-309.25 543 401 250+5.0 | 0.80E-08+0.14E-08+0.14E-08 | 0.123+0.22E-01£0.24E-01
309.25-457.30 242 154 355+6.6 | 0.30E-08+0.35E-09+0.65E-09 | 0.1334+0.17E-014+0.33E-01
457.30-676.24 117 T 540+8.0 | 0.54E-104+0.20E-104+0.12E-10 | 0.008+0.33E-02+0.20E-02
676.24-1000.0 77 24 836+6.5 | 0.69E-11+0.32E-11+£0.22E-11 | 0.0044+0.18E-024+0.13E-02

Tab. D.3. Differential cosmic-ray muon spectra for zenith bin 3. N,w and Ngeco, are the number of
raw and deconvoluted entries. First errors are statistical, second errors are systematic.
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‘ Zenith bin 4

p Neaw | Ndeco (p) D, (p)D,,

(GeV/e) (GeV/e) (cm2s71sr1(GeV/e) 1) (cm2s71sr1(GeV/c)?)
20.0-29.58 5507 4993 | 28.9+0.1 | 0.56E-05+0.10E-05+0.68E-06 | 0.132+0.14E-01+0.10E-01
29.58-43.73 18924 | 19487 | 35.7£0.8 | 0.64E-054+0.27E-06+0.69E-06 | 0.289+0.12E-01+0.37E-01
43.73-64.67 10681 | 10867 | 52.4+1.2 | 0.21E-05+0.94E-07£0.21E-06 | 0.292+0.14E-01+0.36E-01
64.67-95.64 5176 5402 | 77.2£1.7 | 0.69E-06+0.29E-07+0.74E-07 | 0.315£0.13E-01£0.40E-01

95.64-141.42 2442 2388 1144+2.5 | 0.21E-06+0.10E-074+0.26E-07 | 0.308+0.15E-01+0.43E-01
141.42-209.13 | 1068 931 168+3.2 | 0.57E-07£0.30E-08+0.86E-08 | 0.268+0.15E-01+0.46E-01
209.13-309.25 500 418 2474+5.0 | 0.18E-07£0.99E-094+0.33E-08 | 0.273+£0.16E-01£0.56E-01
309.25-457.30 251 147 332+7.3 | 0.22E-08+0.38E-09+0.48E-09 | 0.081+0.19E-01+0.25E-01
457.30-676.24 107 56 568+3.6 | 0.19E-104+0.78E-114+0.42E-11 | 0.003£0.13E-02+0.72E-03
676.24-1000.0 56 18 712+4.4 | 0.62E-11+0.19E-11+0.20E-11 | 0.0024+0.11E-02+0.11E-02

Tab. D.4. Differential cosmic-ray muon spectra for zenith bin 4. Ny, and Ngeco are the number of
raw and deconvoluted entries. First errors are statistical, second errors are systematic.

‘ Zenith bin 1
p Niw | Now | Niwo [ Mo | @) R,
(GeV/e) (GeV/e)
20.0-29.58 16482 | 12505 | 16498 | 12492 | 23.840.5 | 1.324+0.16E-014+0.59E-02
29.58-43.73 | 10530 | 8550 | 10512 | 8562 | 35.8+£0.8 | 1.23+0.20E-01+0.90E-02
43.73-64.67 6239 | 5170 | 6304 | 5228 | 52.44+1.2 | 1.214+0.23E-014+0.14E-01
64.67-95.64 3118 | 2583 | 3312 | 2752 | 77.4+1.7 | 1.204+0.31E-014+0.22E-01
95.64-141.42 | 1454 | 1233 | 1442 | 1204 | 11442.5 | 1.204+0.47E-0140.35E-01

141.42-209.13 | 685 538 618 492 170+3.7 | 1.26£0.76E-01+£0.60E-01

209.13-309.25 | 337 265 277 186 252+5.4 1.494+0.4240.11
309.25-457.30 | 171 109 124 84 366+4.1 1.484+0.60+0.18
457.30-676.24 91 65 48 42 586+5.1 1.154+0.33+0.22
676.24-1000.0 46 42 14 13 819£12.6 1.144+0.434+0.36

Tab. D.5. Charge ratio for zenith bin 1. N,y and Ngec, are the number of raw and deconvoluted
entries. First errors are statistical, second errors are systematic.
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‘ Zenith bin 2
p Niw | Naw | Ndeeo | Naeco {p) Ry,
(GeV/e) (GeV/e)
20.0-29.58 16602 | 12551 | 16420 | 12427 | 25.0£0.5 | 1.32+0.16E-01£0.59E-02
29.58-43.73 13425 | 10499 | 13736 | 10730 | 35.6£0.8 | 1.28+0.16E-01£0.94E-02
43.73-64.67 7117 5350 7104 5329 | 52.3+1.2 | 1.33+0.24E-01+0.15E-01
64.67-95.64 3418 2629 | 3611 2777 | 77.1£1.7 | 1.30+0.33E-01+0.24E-01
95.64-141.42 1637 1216 1605 1186 | 11442.5 | 1.35+£0.52E-01+0.40E-01
141.42-209.13 | 692 521 589 458 168+3.7 | 1.29+0.80E-01+0.61E-01
209.13-309.25 302 240 213 169 250£5.3 1.26+0.23£0.96E-01

309.25-457.30 | 133 101 118 7 364+6.6 1.554+0.54£0.18
457.30-676.24 92 60 93 32 510+5.8 1.71£0.68+0.33
676.24-1000.0 52 31 16 9 750+4.7 1.69£0.69£0.53

Tab. D.6. Charge ratio for zenith bin 2. Nyuw and Ngeco are the number of raw and deconvoluted
entries. First errors are statistical, second errors are systematic.

| Zenith bin 3
p Niw | Now | NEeo [N | ) R,
(GeV/e) (GeV/e)
20.0-20.58 | 12159 | 8943 | 12467 | 9185 | 26.5+0.3 | 1.36+0.19E-01-£0.61E-02
20.58-43.73 | 13053 | 10026 | 12848 | 9863 | 35.64+0.8 | 1.3040.17E-0120.95E-02
43.73-64.67 | 6855 | 5225 | 6891 | 5249 | 52.4+1.2 | 1.3140.24E-010.15E-01
64.67-95.64 | 3398 | 2554 | 3534 | 2655 | 77.3+1.7 | 1.33+0.34E-01-£0.25E-01
05.64-141.42 | 1432 | 1165 | 1413 | 1179 | 114%2.5 | 1.2040.47E-01%0.35E-01
141.42-209.13 | 720 | 571 | 653 | 479 | 168+3.6 | 1.36+0.82E-01+0.65E-01

209.13-309.25 | 324 219 235 166 250+5.0 1.41+0.47£0.11
309.25-457.30 | 137 105 88 65 355+6.6 1.36+0.54£0.16
457.30-676.24 68 49 44 33 540+8.0 1.324+0.66+0.26
676.24-1000.0 44 33 13 10 836+6.5 1.394+0.57+£0.44

Tab. D.7. Charge ratio for zenith bin 3. N, and Ngec, are the number of raw and deconvoluted
entries. First errors are statistical, second errors are systematic.
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Zenith bin 4

p Niw | Now | Nico [ N | ) R,

(GeV/e) (GeV/e)

20.0-29.58 2925 | 2582 | 2617 2376 | 28.94+0.1 | 1.10+0.49E-01+0.49E-02
29.58-43.73 10732 | 8192 | 11073 | 8413 | 35.7£0.8 | 1.32+0.19E-01+0.96E-02
43.73-64.67 5952 | 4729 | 6048 | 4819 | 52.4+1.2 | 1.26£0.24E-01£0.15E-01
64.67-95.64 2907 | 2269 | 3035 2366 | 77.24+1.7 | 1.284+0.35E-014+0.24E-01
95.64-141.42 1361 | 1081 | 1331 1057 | 114425 | 1.26£0.52E-01£0.37E-01
141.42-209.13 609 459 544 387 168+3.2 | 1.41+0.94E-01+0.67E-01
209.13-309.25 286 214 218 200 247+£5.0 1.09+0.20+0.83E-01
309.25-457.30 127 124 77 69 33247.3 1.124+0.31+0.13
457.30-676.24 58 49 31 25 568+3.6 1.26+0.894+0.24
676.24-1000.0 31 25 9 8 712+4.4 1.21+£0.57£0.38
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Tab. D.8. Charge ratio for zenith bin 4. Nyuw and Ngeco are the number of raw and deconvoluted
entries. First errors are statistical, second errors are systematic.
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Summary

In 1991, the L3 detector at CERN, Geneva, measured muons generated by primary
cosmic rays colliding with atmospheric nuclei. While the purpose of the measurement
was merely to calibrate an L3 subdetector, the data are used in this thesis to investigate
whether one can obtain the muon momentum spectrum and the muon charge ratio, as a
function of momentum and zenith angle, with good precision.

An accurate measurement of the muon flux as a function of momentum and zenith
angle may give vital information on the cosmic-ray neutrino flux. The neutrino flux
is related to the muon flux through the common parent particles. Once the muon flux
is measured, a cosmic-ray Monte Carlo model can be tuned such that it describes the
measured muon flux accurately. The neutrino flux is then automatically determined to a
more precise value.

The main topic of this underlying thesis is the design of the reconstruction and
simulation software. Theexisting L3 simulation and reconstruction softwarewasrewritten
and extended in order to reconstruct cosmic muons and to simulate the geometry of the
L3 hall and shafts. A preliminary version of this software is used to analyze the 1991
cosmic-ray muon data.

The number of events analyzed in this thesis amounts to about 1.4 million, out of a
total of about 4.8 million events recorded. The momentum spectrum and the charge ratio
are calculated for four different zenith angle bins. The result on the vertical spectrum is
compatible with the spectrum as predicted by theory. The statistics are not high enough
to conclude anything on the behaviour of the spectrum versus zenith angle.

The charge ratio is compatible with theory and with the results of other experiments.
It does not show a strong dependence on the zenith angle. The charge ratio averaged over
the momentum range from 20-1000 GeV/¢, is consistent with a value of 1.25-1.30.

In order to obtain more accurate measurements on the muon spectrum and the muon
charge ratio, a dedicated experiment is needed that can obtain higher statistics and more
accurate error estimates. Thefeasibility of the L 3+Cosmics experiment has been shown. It
can reach itsgoal; an accurate measurement of the cosmic-ray muon momentum spectrum
upto TeV momenta.



Samenvatting

Muonen van Kosmische Straling
in de L3 Detector

(Een eerste onderzoek ter bepaling van de secundaire muon flux)

In 1991 werd de L3 detector te CERN, Geneve, gebruikt om de secundaire muonen
van kosmische straling in onze atmosfeer te meten. Deze muonen zijn afkomstig uit
botsingen van primairekosmischestraling (deeltjesuit de kosmos met hoge energiean) met
atmosferische atoomkernen. Hoewel het doel van deze meting was om een L 3 subdetector
te kalibreren, worden de data in dit proefschrift gebruikt om te onderzoeken of het muon
impulsspectrum en de muon ladingsverhouding als functie van impuls en zenithoek
bepaald kan worden.

Een nauwkeurige meting van de muonflux als functie van impuls en zenithoek kan
cruciale informatie geven omtrent de neutrinoflux afkomstig van kosmische straling. De
neutrinoflux isgerel ateerd aan de muonflux door hun gemeenschappelijke moederdeel tjes.
Als de muonflux gemeten is kan een Monte Carlo model voor kosmische straling zodanig
worden afgesteld dat het de gemeten muonflux nauwkeurig beschrijft. De neutrinoflux is
dan automatisch bepaald tot een meer precieze waarde.

Het belangrijkste onderwerp van het voorliggende proefschrift bestaat uit het ontwerpen
van de reconstructie- en simulatiesoftware. De bestaande L3 simulatie- en reconstructie-
software zijn herschreven en uitgebreid zodat de banen van de kosmische muonen in de
detector gereconstrueerd kunnen worden en de geometrie van de L3 hal en de schachten
beschreven zijn. Een voorlopigeversie van deze software wordt gebruikt om de kosmische
muon data van 1991 te analyseren.

Het aantal gebeurtenissen (events') geanalyzeerd in deze thesis bedraagt circa 1.4
miljoen. In totaal zijn circa 4.8 miljoen events op tape geschreven. Het impul sspectrum
en de ladingsverhouding zijn berekend voor vier verschillende zenithoek bins. Het
resultaat aangaande het vertikale spectrum isin overeenstemming met het door de theorie
voorspelde spectrum. De statistiek is niet groot genoeg om iets te kunnen concluderen
omtrent het gedrag van het spectrum als functie van de zenithoek.

De ladingsverhouding komt overeen met de theorie en met de resultaten van andere
experimenten. Het laat geen sterke afhankelijkheid zien a's functie van de zenithoek.
De ladingsverhouding, uitgemiddeld over een momentum bereik van 20-1000 GeV/c¢, is
consistent met een waarde van 1.25-1.30.

Teneinde nauwkeuriger metingen te verkrijgen van het muonspectrum en de muon
ladingsverhouding, iseen nieuw experiment nodig dat een hogere statistiek kan verkrijgen
en nauwkeuriger foutbepalingentoelaat. Het huidige L 3+Cosmicsexperiment kan dit doel
bereiken; een nauwkeurige meting van het kosmische-straling muon impul sspectrum tot
TeV/c momenta
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