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Introduction
T h e Ζ and W * bosons, both detected at CERN in 1983 [1], are among the most
important particles in the standard model of electro-weak interactions. Together
with the massles 7, these heavy bosons are the carriers of the so-called electro-weak
force.
The L E P (Large Electron Positron) collider provides the opportunity of a precise
measurement of the properties of the Z-boson. Its mass Mz and width Τ ζ are
key-parameters in the standard model. The mass is a measure of t h e so-called
"weak mixing angle", related to the mass of the undetected t-quark, the width
can be used to determine the number of light neutrino species. Assuming t h a t
each family of particles contains one light neutrino, also the number of families is
predicted by this measurement.
In spite of the relatively small partial width Γ μ for Ζ —+ μ+μ~, the reaction
e + e _ —» μ + μ _ ( 7 ) is the cleanest channel to test the standard model. T h e mea
surements of the lineshape and forward-backward asymmetry of this reaction be
long to the best methods to determine gv and дл, the neutral current vector and
axial vector coupling constants. Accurate measurements of Mz, Tz, Г^, gv and
g A provide a stringent test of consistencies and predictions of the standard model.
T h e measurements presented here are performed with the L3 detector, one of the
four detectors at the LEP-ring. In this thesis, first a number of aspects of t h e
standard model are discussed. This is followed by a description of the L3 detector,
in particular the muon detector. After t h a t the measurements are presented. Fi
nally, the measured lineshape and asymmetry are interpreted in terms of standard
model variables, and compared to standard model predictions.

Chapter 1
Electroweak Theory
1.1

The Standard Model

T h e Standard Model of electroweak interactions, as developed by Glashow, Wein
berg and Salam [2], is based on the symmetry group S£7(2)i, χ {7(l)y. Within
this model, the fundamental constituents of matter are spin 1/2 fermions. These
fermions are grouped in families, each containing 2 quarks and 2 leptons, as listed
in table 1.1. T h e number of families is not predicted by the standard model, but
must be determined by experiment. In general the masses of the constituents in-
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Q/e = - 1 / 3

Q/ e = 0

Q/e = - 1

Is = +1/2

I3 = +1/2

h = -1/2
e

1

u

h = -1/2
d

2

с

s

(t)

b

3

Ve

μ
τ

Table 1.1: Fanu/ies of quarks and

leptons.

crease with increasing family number. The neutrinos (u) are an exception to this
rule; they are thought to be massless. Table 1.1 lists the charges of the particles
and the third component of the so called "weak isospin", a quantum number re
flecting a symmetry of the electroweak interactions. Note that, from the heaviest
family, the t-quark and the uT have not yet been (directly) observed.
T h e interaction between these particles is described by the exchange of (virtual)
spin 1 bosons, Usted in table 1.2. The weak force acts on all particles, the electro
magnetic force acts on all electrically charged particles and the strong force acts
on the quarks only. The participation of the quarks in the strong interaction is
the main difference between the quarks and the leptons.
The model, as described so far, does not account for the masses of the particles.

3
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Carrier

Force
Strong

gluons (g)

Electromagnetic

photon (7)

Weak

Electroweak T h e o r y

Intermediate vector bosons (W

+

, W~ , Z)

Table 1.2: Forces and their carriers.
The so-called Higgs mechanism [3] is thought to be responsible for the generation
of masses. The Higgs mechanism predicts the existence of a scalar particle, the
Higgs particle ( Я ) , not yet experimentally detected.
Twenty-five years of experimental research on weak interactions revealed that the
matrix element associated with these interactions can be written in the same way as
the electromagnetic interaction i.e. in the form of current χ propagator χ current.
In order to explain all weak interactions, it was necessary to introduce neutral
weak-currents as well as charged ones. Examples of both charged and neutral
weak currents are shown in figure 1.1.
e.

, ν

ν .

W

u /

, ν

S Ζ

\ d

u /

Figure 1.1: Exampies oí weak

\ u

interactions.

It was also found that the charged currents had a pure (V — A) Lorentz covariant
structure. This finding corresponds to maximum parity violation, because it implies an equal mixture of vector and axial vector components, which behave just
oppositely under a parity transformation. It is easy to show that such a type of
interaction leads to couplings between left-handed fermions only.
The neutral weak currents on the other hand were found to be an unequal mixture
of V and A Lorentz covariante, a finding which translates into the fact that neutral
weak currents contain both left and right-handed fermion-fermion couplings.
The differences in handedness of the neutral and the (two) charged currents clearly
precluded any simple SC^(2) "unification" of the three weak currents. However,
there exists another neutral current with the left-right properties of the weak
neutral current: the electromagnetic current. It was Glashow who in 1961 (actually
long before the experimental discovery of the neutral weak current) used this fact
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to postulate that the neutral weak current and the electromagnetic current are
in fact two orthogonal mixtures of two new neutral currents: one completing the
SU(2) multiplet and one corresponding to t / ( l ) y . T h e amount of mixing was
determined by an angle, the so-called weak mixing angle Ow
In terms of this angle the coupling of the fermions t o the W and Ζ bosons can be
written as:
=

_

«'β7μ(1 - 7s)

ісУАЯ

-

2уД 5Іп

¥

9АУІ)

2 sin Ow cos $w
where

IÌ-2Q}sin2ew

gÇ =
9{ =

li,

with /3 the third component of the weak isospin of fermion ƒ and Q¡ the electrical
charge of this fermion. The fact that the strength of the W and Z-coupling
becomes a function of e (and öw) is a direct consequence of the unification of the
weak and electromagnetic forces. Note that the charged current W-coupling has
kept its pure (V — A) structure while the neutral current Z-coupling has indeed
become a more general mixture of V and A components. Again, the way this
mixture depends on θ\γ is a direct consequence of the electromagnetic and weak
unification.
Here we are interested in two special cases f = e and ƒ = μ. T h e «/-coefficients
than become (see table 1.1):
Pv"

=

--+25πι20νν

Й '

=

-\

(Li)

Within the minimal standard model the value of the weak mixing angle can be
expressed in terms of the masses of the Ζ and W bosons as:
s i n ' ^ l - ^

(1.2)

The masses of the Ζ and W can be related to the Fermi-constant (G M ), a very
well known value from measurements of the muon life-time, and the precisely
determined electromagnetic couphng constant ( a ) . In lowest order approximation
this relation is given by:
y/2

M^fSiT^Ow
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T h e masses of the fermions, bosons and H are not predicted by the standard model,
but axe input parameters. Since the the mass of W is related to the accurately
known Fermi-constant, the latter is often used as an input parameter replacing
the mass of the W.
T h e other parameters that influence the reaction e+e~ —> μ+μ~('γ) around the
Z-peak are the well known electromagnetic coupling constant a, and the strong
coupling constant a,. The influence of the different parameters on this reaction is
described in the next sections.

1.2

Cross-sections and asymmetries at and around
the Ζ

Precision measurements of properties of the Ζ boson provide an excellent test of
the standard model. Moreover some parameters that are not determined by the
standard model can be extracted. First a brief description of the so-called Bom
approximation will be given. This will be followed by a discussion of the inclusion
of high order corrections, the so-called radiative and electroweak corrections. Fi
nally, the effect of some relevant input parameters of the standard model on the
properties of the Ζ will be considered.

1.2.1

Lowest order approximations

In the literature the cross section and asymmetry of the reaction e + e~ —• μ+μ~
are described in different notations.

Figure 1.2: Définition of the θ-aiigle.
T h e most commonly used kinematical variables are the center of mass energy
squared (5), and the angle of the outgoing muon (Ö). The definition of θ is shown
in figure 1.2.

1.2.

Cross-sections and a s y m m e t r i e s at and around t h e Ζ

7

In lowest order, that is in the so-called Born approximation, the reaction e + e "
is represented by the following two Feynman diagrams:

μ+μ-

In the energy region around the Z-mass (5 ~ M | ) this reaction amplitude is
dominated by the Z-boson resonance formation mechanism. Neglecting terms of
the order тп2ц/з, the differential cross section can than be written as [4]:
j

2

=

Ш J¡ { ^ ^ 1 + cos2 fl)+ 2G2^cos }

(1.3)

where
9v9v

GßM^Eex(s) + (g^ + ggXg^ + gS') GlM^s)?
8π α

Gi(s)

=

1 +

G2(s)

=

9Ά9Α
^ »^ „,.,„4
^-'GMWH

V2 πα

2

2

8π2α2

D

, Й ІлЯ

^

•GlMl\
&.^ъ,*.
X{s)Y

with
X{s) =

S-MI

+

iMzTz

and

ƒ

V

s

67rv2

In these formulae Г^ represents the total width of the Z. It is calculated by
summing over the partial widths of all possible Ζ decay-channels. NQ is the
colour factor, which is 1 for leptons and 3 for quarks. Carrying out the integration
gives the total cross section

{s - Mif + Mm
where

[ΐ2πΓβΓμ
\
Щ

І(*-Щ)\
s

/

+

4πα2
Zs

K

'
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Formula 1.4 contains three parts, a Breit-Wigner from the Z-exchange, an elec
tromagnetic term from 7-exchange and the interference between the Ζ and 7exchange.
Measurements of the cross section at different center of mass energies allow an
extraction of Y2- The peak cross section is given by:

The position of this peak cross section measures the value of M^, and its magnitude
determines Γ,,Γ,.. Assuming lepton universality, i.e. assuming Г е = Γ μ ( = Γ τ ) = Г;,
the quantity Γι can directly be calculated from the peak cross section.
The forward-backward asymmetry is defined as:

л™ = 2Lz2fi

(1.6)

Op + Οβ

with
<7f

=

OB

2π

Using equation 1.3 to calculate this asymmetry one finds:
.

3G2{s)
= iG^sj •

AFB{S)

Then the on-resonance (5 = M | ) asymmetry becomes:
A ,

a

-

3

2

g

^

2

.9A9V

_

itâ + giïigf + iï2)

Assuming lepton vmiversality, the combination of the peak cross section and the
asymmetry measurements allows a determination of |^v| and \§Α\·
Experimentally the value found for Ow corresponds t o [5]:
sin 2 ew = 0.2259 .
Formula 1.1 indicates that, therefore, it will be possible to neglect gy with respect
to g\. If furthermore, terms in the order ofÇTz/Mz)2
are neglected, the asymmetry
close t o the Ζ resonance can be approximated by:

Λ™ω~

μ

^_ Λ
*У?2"~
| і _- ^Mi]
ч + з,9ν9ν
ОгЩдЬи
\
s ) ' д' д»
iti \

*)

А

А

•

The energy dependent part of the asymmetry depends, close to the Ζ resonance,
only on the axial vector coupling constant. The vector coupling, on the other
hand, gives a constant contribution to the forward-backward asymmetry.

Cross-sections and asymmetries at and around t h e Ζ

1.2.

1.2.2
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Radiative and Electroweak Corrections

Radiative and electroweak corrections to the B o m approximation have to be taken
into account. These include initial state photon radiation, final state photon ra
diation, vertex corrections and propagator corrections. All corrections have been
studied, and summarized in [6].
The largest corrections are due to initial state photon radiation. They can be
incorporated by convoluting the cross section with a "radiator function" G(z):
1

(1.7)

σ(3) = f dzaw{sz)G(z),

where σ^, is t h e cross section including all but the initial state photonic corrections.
The convolution variable ζ in principle runs from 0 to 1 but in practice, to avoid
infrared divergencies, a cut-off energy (ZQS) has to be imposed.
These photonic corrections are purely electromagnetic, and can be calculated to
the precision required by the present experiment. The effect of these corrections
to the B o m level cross section, calculated with a program called ZSHAPE [7], is
shown in figure 1.3.
^

2
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Figure 1.3: ZSHAPE

cross section predictions

for the reaction e+e~ —»

μ+μ~^).

The remaining corrections are small, but all the more interesting because they
depend on the unknown masses of the t-quark and the Higgs. Corrections t o the
quark channels depend on the strong coupling constant as well; thus the Ζ width
depends on a,.
The main remaining corrections can be approximately incorporated by:

C h a p t e r 1.
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Replacing the electromagnetic coupling constant by an effective, energy de
pendent, coupling constant written as:

Correcting the vector and axial vector coupling constants using
-gA{Ml)

=

p^gA

gv(Mz)

=

P 9v,

1/2

where
r

1-Δρ

- Replacing the weak mixing angle by an effective weak mixing angle:
2

2

2

sin Ow = sin Ow + cos θ\νΔρ .
- Replacing the width of the Ζ by an energy dependent width i.e.

MZTZ

-» -¿Lr z .
Mz

- Modifying the colour factor for the quark channels through the substitution:
ΛΓ> -» JV¿(1 + ¿QCD)

The above correction scheme corresponds to replacing the lowest-order standard
model coupling constants by so-called effective coupling constants. In terms of such
effective constants, the relation between the parameters and the observed variables
remain unchanged but one now has taken the higher order weak corrections into
account (at least up to a certain precision, presumably better than 1 % ) .
The effect of all corrections on the lineshape, again calculated using the ZSHAPE
program, is shown in figure 1.3. The effect on the asymmetry is calculated using
a program called Z F I T T E R [8], and is shown in figure 1.4.
The factor Δ ρ is sensitive to (large) mass-differences between the leptons or the
quarks inside the same family [9]. Thus the factor is sensitive to the (unknown)
mass of the heavy top quark. It can be approximated by:
\/2С д

А » - ^16πЗ т ? .
2

The electroweak corrections also alter the relation between Gß, as measured from
the muon lifetime, and Mz· These corrections can be parameterized as:

Ml cos2 ew sin2 ew =

™

1

_

Δτ

,,

(1.8)
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0.4
L

e*e- - > ß*ß'{y)

93
94
95
CMS Energy (GeV)
Figure 1.4: ZFITTER

Asymmetry

predictions

with
Дг = А а -

for the reaction e+e~ —* μ+μ~{η).

cos 2 9W
.
Δρ.
sin Vw

The measured cross sections and asymmetries determine the effective parameters.
From the effective parameters, and using the fundamental standard model param
eters as input, it is possible to estimate the effects due to the masses of the t-quark
and the Higgs.

1.3

The Effect of the Top and the Higgs particles

The correction factor Δ/> is sensitive to both the top quark and the Higgs masses.
This factor depends quadratically on m(, EIS shown in the previous section, and,
as shown in [4], logarithmically on Μ # .
The dependence of sin 2 Bw on Δ ρ has been derived in [4] and is approximately
given by:
sin 2 0w(light top) — sin 2 0ц/(Ъеа у top) ~

cos 2 Ow sin 2 θ\ν
θν
cos''•Ow0w — sin Ow

Αρ.

Therefore, the higher the top mass the lower sin 2 #jy, as shown in figure 1.5.
T h e width of the Z, and all partial widths are also modified by the factor ρ of
the electroweak corrections. The effect of the top mass on these widths is shown
in figure 1.5. This figure also shows the much smaller effect of the Higgs mass on

C h a p t e r 1.
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2

Figure 1.5: The effect of the top mass on Tz, Γ μ and sin θ\γ for several values of
the Higgs mass. The effect on the widths is calculated with ZSHAPE; the effect
on sin2ew
with
ZFITTER.
the widths and sin 2 Ow Using the radiative corrections to predict the top mass
with an uncertainty of about 50 GeV, requires a measurement of the total width,
partial width or sin 2 уу with an accuracy of less then 0.5 %. Having obtained
such a precise measurement, the unknown Higgs mass will introduce an additional
uncertainty on the calculated top mass, of the order of 20 GeV.

1.4

T h e N u m b e r of Light N e u t r i n o s

Within the standard model each type of massless neutrino adds a partial width
(Г„) of 167 MeV t o the total width of the Z. Therefore, barring the possibility of
a very heavy neutrino-type, i.e. barring a discontinuity in the behaviour of the
neutrino masses, one may hope t o resolve the number of neutrino species from a
measurement of this total width.
Assuming t h a t the partial widths of the "visible channels" (hadron, electron, muon
and tau channels) are known, the invisible width is defined as:
^ inv

^ Ζ

1 hadrona

* e

^ μ

J-T·

If, as predicted by the standard model, the only invisible channels are e+e~ —* vv
the number of light neutrino species can be calculated from
TV -

Γ
- ^
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Using the standard model predictions of the partial widths for all decay channels,
+
+
the number of neutrinos can be obtained from the reaction e e —» μ μ ( 7 ) as
can be seen in figure 1.6.
1.8
1.6
u ! 4 L

e*e'-^

μ*μ-(γ)

S 1.2 E-

94
96
CMS Energy (GeV)
Figure 1.6: ZFITTER cross section predictions for the reaction e+e~ —>
in the case of 2, 3 and 4 types of light neutrinos.

μ+μ~(^)

Figure 1.6 also shows that the peak cross section decreases with increasing number
of neutrino-types, a fact in agreement with equation 1.5. This is again entirely
due to increase of Γ ζ with increasing number of neutrinos. T h e size of the μ+μ~
peak cross section can therefore also be used to obtain the number of neutrinos.
The invisible width can also be calculated using the measured partial widths from
all visible decays of the Z. The number of neutrinos is then again calculated using
the standard model prediction of the partial width of the reaction Ζ —У VV.
AU the standard model partial width predictions depend on the t quark and Higgs
masses. However, the ratio of these widths is less sensitive to m< and Мн- To
be less dependent on the input parameters of the standard model, the number of
neutrino species is therefore calculated from

N»

г,п

/ т л SM

г, VrJ

using the standard model prediction for the ratio Г|/Г„ and the measured value of
Г т /Г/. In this equation Fj represents the partial width of the Ζ decay into any
one charged lepton pair, assuming lepton universality.

Chapter 2
LEP and L3
2.1

LEP

T h e L E P e + e _ storage ring, located at the French-Swiss border is the largest of
its kind in the world. The machine is housed in a tunnel 26.7 km in circumference,
between 50 and 200 m below surface. The LEP-ring consists of 8 circular and 8
straight sections. Four of these straight sections are equipped with experiments as
shown in figure 2.1.
The filling of L E P with e + and e - is done in the following steps. First positrons
are generated by directing a 200 MeV electron beam onto a tungsten target. Elec
trons and positrons are accelerated seperately to 600 MeV by a linac, and injected
into the Electron-Positron Accumulation ring (EPA). The EPA serves as a buffer,
allowing intense beams t o be built up while waiting for injection into the syn
chrotrons. The proton synchrotron (PS) accelerates the particles to 3.5 GeV, and
the super proton synchrotron (SPS) brings them to 20 GeV before ejecting into
LEP. Four bunches of electrons and positrons, rotating in opposite directions, are
accelerated in L E P to their final energy of about half t h a t of the Ζ mass. During
the 1990 running period LEP reached a relative energy error of 2.6 χ 1 0 - 4 for both
the electron and the positron beam [10].

2.2

T h e L3 d e t e c t o r

T h e L3 detector [11,12] is able t o measure the particles originating from e + e collisions in LEP. One of the unique features of this detector is the precise mo
mentum measurement of photons, electrons and muons. Figure 2.2 shows that the
L3 detector consists of several subdetectors. Listed inside-out these are:
• Luminosity monitor
• Central track detector
• Electromagnetic calorimeter
15
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Figure 2.1: Overview of the LEP storage ring·.
• Scintillation counters
• Hadron calorimeter
• Muon filter
• Muon chambers
The luminosity monitor is located 2.65 m both up and downstream from the inter
action region, all other subdetectors are centered around this region. The muon
detector is mounted on two torque tubes on the outside of the so called support
tube, the other subdetectors are housed in this tube. The complete detector is
surrounded by a magnet, which allows momentum determination by measuring
the curvature of charged tracks inside tracking devices.
The right-handed L3 coordinate system has its origin in the interaction point. The
direction of the z-axis is along the e _ beam, the x-axis points to the centre of L E P
and the y-axis points up.

2.2.

T h e L3 d e t e c t o r

17

HADRON CALORIMETER
BGO
CENTRAL TRACK

DETECTOR

LUMINOSITY MONITOR

Figure 2.2: Perspective view of the L3 experiment.
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T h e Central Track Detector

T h e central track detector is designed to measure precisely the location and direc
tion of charged particles, and to determine the charge for particles with momentum
up to 50 GeV/c. These goals are met using a new type of drift chamber, the time
expansion chamber ( T E C ) . One of the features of the T E C is that a region of low
drift field and accordingly low drift velocities (6/xm/ns, about 10 times smaller
than most conventional drift chambers) is seperated by a grid wire plane from the
narrow high field detection region. The gas (80 % CO2 and 20 % СіНю) is chosen
to have a low longitudinal diffusion, and a negligible Lorentz angle.

2.2.2

T h e Electromagnetic Calorimeter

The electromagnetic calorimeter consists of approximately 11,000 tapered Bismuth
Germanium Oxide (BGO) crystals which point to the interaction region. The BGO
crystals act as an active calorimeter. Each crystal is 24 cm long (corresponding to
21.4 radiation lengths and 1.1 nuclear interaction lengths). The area at the inner
end is about 2 χ 2 cm 2 and at the outer end 3 χ 3 cm 2 . The energy resolution is
better than 1.5 % for incoming electrons with an energy above 2GeV. Within the
BGO detector two regions are distinguished:
• Two BGO half barrels in the central region
• Two BGO end caps with track chamber ( F T C ) in front.
installed after the 1990 run.

This part was

The barrel (consisting of approximately 8000 crystals) covers the polar angle of
42° < θ < 138°. The detector was calibrated using high energy electron beams.
The low energy response was calibrated using an 180 MeV electron beam. A
description of the energy calibration and the spatial resolution of this detector can
be found in [13].

2.2.3

T h e Luminosity Monitor

The luminosity monitor consists of a charged particle tracking device, followed by
a cylindrical highly segmented array of BGO crystals to measure the energy of
the showering electrons and photons. T h e luminosity monitor covers an angular
+
_
region of 30 to 62mrad with full efficiency, which corresponds to an elastic e e
cross-section of 100 nb at a center of mass energy of 90 GeV.
The tracking system in front of the BGO array consists of a stack of four planar
multiwire proportional chambers with cathode strip readout. Each stack of four
chambers has the cathode strips arranged in both τ-φ and x-y configurations.
The crystals are arranged in eight rings. To ensure optimum shower containment
a cut is defined limiting the acceptance to the inner six rings, matching the full
efficiency range of the monitor chambers.

2.2.
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T h e Scintillation Counters

Scintillation counters are used for event triggering and rejection of cosmic rays by
measuring the time-of-flight between opposite counters. The 1 cm thick BICRON
BC-412 plastic scintillators cover almost the complete solid angle. The counters are
grouped in 16 pairs, each of these pairs covers а φ sector of the hadron calorimeter.
The φ sectors near the rails for the BGO calorimeter are covered by two wider
counters, at a radial distance of 1030 mm. The barrel counters (at г = 875 m m )
cover a polax angle region between 34° and 146°.

2.2.5

T h e H a d r o n Calorimeter

The hadron calorimeter is designed to measure amount and direction of the hadronic
energy produced in e + e _ collisions. It consists of a barrel (35° < θ < 145°)
and a forward-backward part (the so-called endcaps covering 5.5° < θ < 35° and
145° < θ < 174.5°). Both the barrel and the endcaps cover the complete azimuthal
angle. The hadron calorimeter is of the sampling type. It is made of depleted ura
nium absorber plates interspersed with planar proportional wire chambers. The
barrel consists of 9 rings of 16 modules each. The modules contain between 56
and 59 uranium plates. The wires in alternating chambers are perpendicular to
each other, thus creating the possibility of position measurement in both ζ and φ
direction.

2.2.6

T h e Muon Filter

The muon filter has a thickness of 20 cm, and adds 1.03 absorption lengths to
the hadron calorimeter. It consists of 6 brass absorber plates interleaved with 5
layers of proportional chambers, and followed by five 1.5 cm thick absorber plates
adjusted t o the shape of the support tube. The wires are parallel to the beam
direction. Corresponding to the octagonal structure of the muon detector, the
muon filter is divided into eight azimuthal sections.

2.2.7

T h e Muon Detector

T h e muon detector is mounted on two torque tubes, creating two identical "Ferris
wheels". Each wheel consists of 8 octants, covering the complete azimuthal angle.
T h e polar region covered by the muon detector extends from 35° t o 145°. Each
octant contains three layers, to allow for sagitta measurement with a total lever
arm of 2.9 m. The middle and outer layers axe horizontally divided in two, therefore
an octant consists of five chambers with wires in the z-direction, thus providing
measurements in the x-y plane. The inner and outer layers are covered by chambers
with wires perpendicular to the beam direction, allowing to measure the polar
angle of the muon track. The middle layer is closed by thin aluminium honeycomb

Chapter 2.
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in order to minimize multiple scattering. A more detailed description of the muon
detector is given in the next chapter.

2.2.8

T h e Magnet

The complete L3 detector is surrounded by a magnet with a total length of 14 m,
its coil, with a total length of 12 m, has an inner radius of 6 m. A magnetic field of
0.5 Τ is created using a current of approximately 30kA. An accurate knowledge
of the magnetic field is necessary to obtain precise momentum measurement with
the tracking devices. Therefore, the inner volume of the support t u b e is mapped
with Hall plates. The remaining volume is mapped with some thousand magnetoresistors [14] installed on the muon chambers. In addition, five NMR (Nuclear
Magnetic Resonance) probes monitor the absolute value of the field.

2.2.9

T h e Trigger System

The trigger system is designed in three levels of increasing complexity,
the 45 kHz beam crossing rate to a few Hz of tape writing.
The level 1 trigger is a logical O R of several trigger conditions from
sources: the calorimetrie trigger, the muon trigger, the T E C trigger and
tillation trigger. T h e trigger requirements used in the lineshape analysis

reducing
different
the scin
[15] are:

• E n e r g y trigger: At least lOGeV registered in the BGO or 15GeV in BGO
and the barrel hadron calorimeter or 20 GeV in all calorimeters.
• D i m u o n trigger: At least two tracks are detected in the muon chambers
in non-adjacent octants and at least one scintillation counter has fired.
• Single m u o n trigger: At least one track with transverse momentum greater
than 1.5GeV/c is detected in the muon chambers and at least one scintilla
tion counter has fired.
• C h a r g e d track trigger: At least two tracks with a transverse momentum
greater than 0.15GeV/c and with angular separation greater than 120° in
the transverse plane are observed in the T E C .
• Scintillation c o u n t e r trigger: At least 5 out of the 30 barrel scintillation
counters fire within 13 ns of the beam gate and at least one pair of the
counters hit is separated by more than 45° in azimuth.
T h e trigger requirements have a large redundancy. For the lineshape analysis
typically at least two trigger requirements are fulfilled.
T h e level 1 trigger analyses the trigger d a t a and either initiates the digitization of
the main d a t a or clears the front end electronics before the next beam crossing.
Thus a negative decision does not contribute to dead time. A positive decision
gives a dead time of 500 μ3.

2.2. The L3 detector
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T h e D a t a Acquisition

Digitized d a t a for each subdetector are stored in event memories situated in the
detector FASTBUS crates. These data are merged together and sent to the central
FASTBUS crate. This central crate is connected to a VAX 8800, the main data
acquisition computer, with the CHI (Cem Host Interface).
Next to the VAX 8800 five smaller VAXes are used. Four are devoted to the main
subdetectors and one is used to monitor the trigger. These computers form a
cluster, together with a number of VAX workstations.
On the 8800 only monitoring tasks that require data from several subdetectors
are performed. The data from each individual subdetector axe monitored by its
dedicated VAX, using a special FASTBUS crate that allows to monitor the d a t a
in "spy mode".
Precision reconstruction of events requires the setting, monitoring and recording of
many detector parameters. This task is distributed between P C and VME microprocessors, controlling the hardware, and the VAX computers. On request, the microprocessors transfer the current settings to disk files on the VAX computers. Periodically, processes on the 8800 pick up these data and put them in the database.

Chapter 3
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Figure 3.1: View of the muon spectrometer.
The octagonal shape of the muon detector is shown in figure 3.1. This figure shows
the subdivision of the muon spectrometer into two "Ferris wheels" (the so-called
Master and Slave wheeb) mounted side by side on the torque tubes. Each of
the Ferris wheels is constructed from eight "octants". The set-up of an octant is
schematically shown in figure 3.2. This figure shows the three layers of chambers
that measure points of a muon track in the pleine perpendicular to the beam
direction (P-chambers). The middle and outer layers (MM and MO) each consist
of two chambers mounted next to each other, while the inner layer (MI) consists
23
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Figure 3.2: Schematic view of an octant.
of one single chamber. The inner and outer layers are sandwiched by chambers
measuring the z-coordinate of a track (Z-chambers).

3.1

Principle of position measurement in drift
chambers

A charged particle passing through a drift chamber ionizes the gas in this chamber.
The total amount of ionization depends on the gas and on the momentum of the
incident particle [16].
Under influence of the electric and magnetic fields the electrons drift towards a
sense wire. Close to the sense wire the electric field increases. Therefore, also
the average energy gained by the drifting electrons between collisions increases.
This energy is high enough for the electrons to ionize the gas in their turn and
an avalanche develops close to the sense wire. The ions drift away from the sense
wire, thus creating a measurable signal.
For position measurement, the drift time and the relation between drift time and
position should be accurately known. This information is laid down in the so-called
cell map obtained from high precision measurements in a test beam [17].

3.2.

3.2

P - c h a m b e r set-up
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P-chamber set-up

Each P-chamber consists of about 3000 wires, of which 320 are signal wires. These
5.6 m long wires are positioned using three precision Pyrex glass and carbon fiber
bridges. The wires are precisely positioned by one bridge at each end of the
chamber. A bridge in the middle reduces the gravitational sag by a factor of four,
to a total gravitational sag of 95 μτη for all signal wires. T h e signal and field
shaping wires are positioned to an accuracy of ΙΟμιη in the bending plane and
better than 40 μπι in the non-bending plane [11].
The wire alignment system [18] is a RASNIK system, consisting of LED, lenses
and a 4 quadrant diode. This is shown in figure 3.3. Using actuators the middle

Figure 3.3: Wire alignment

system.

bridge can be moved perpendicular to the wire direction. The system is aligned
when all 4 quadrants receive an equal amount of light. An alignment accuracy of
ΙΟμπι is achieved by this system [11].
The wire configuration of a P-chamber is shown in figure 3.4. The cell design is
such that a very uniform electric field throughout the active region is obtained.
The two outermost sense wires together with three guard wires on each side axe
GUARD
•V^'-SENSE
- " ;
· FIELD
»_i
-SENSE
b ^ ^ · FIELD

TOP*

BOTTOM*

І ^ " · MESH
(¡f
· MESH
·%» ^ " - ^ , ' MESH
GUARD

Figure 3.4: Ρ chamber wire configuration.
only used for field shaping purposes. This leaves 24 signal wires in MM and 16
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signal wires in MI and MO of which the signal is amplified and read out. The
sense wires are spaced 9 m m apart and are interspersed with field wires. A plane
of cathode wires (mesh wires), spaced 2.25 mm apart, is located at 50.75 mm from
the sense wire plane. Four different voltages are applied to sense, field, mesh
and guard wires allowing to control the drift field, gas amplification and the zero
potential position. The gas mixture in the P-chambers (61.5% argon and 3 8 . 5 %
ethane) is chosen because of its constant drift velocity around the high voltage
working point [12]. At standard settings with magnetic field on, the drift velocity
is 4 8 / i m / n s [17]. This drift velocity is not sensitive to small variations in the gas
mixture [12].

3.3

Z-chamber set-up

Each Z-layer consists of two wire planes, each having 57 isolated drift cells. The
planes are shifted by half a cell to resolve left-right ambiguities. The drift cells
have two parallel aluminium I beams (at —2.4 kV), and a gold plated molybdenum
wire (at 2.15 kV) in the center, aß shown in figure 3.5. This wire is perpendicular
to the beam direction. The width of one cell is 91.8 mm, and its height 27 mm. The

-2400

+2100
·

^ Г

1-2400

Figure 3.5: Ζ chamber ceJ] configuration.
cell is closed by two aluminium sheets at ground potential, and isolated from the
I beam by fiber glass strips. Using a gas-mixture of argon (91.5 %) and methane
(8.5 %) a single wire resolution of 500/¿m/wire is achieved [11].

3.4

Momentum measurement

The goal for the muon detector is to determine the muon momenta to an accuracy
of 2 % by measuring the sagitta (5) of a muon track (shown in figure 3.6).
The transverse momentum can be calculated from the sagitta measurement through
the relation:
0.2998 BZL2
Pt =
8S
•
Where the sagitta 5 and the muon track length L are in meters, the magnetic
field В in Tesla, and the transverse momentum pt in GeV/c. To achieve the 2 %
resolution, the sagitta should be measured to an accuracy of better than 2 %.
Since the sagitta of a 45 GeV/c muon is only 3.7 mm, the sagitta should be known

3.4.
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21'

— 3.985 ID

Figure 3.6: Sagitta

definition.

to an accuracy of better than 74 μιη. The main sources of error in the sagitta
measurement are:
• Multiple scattering between the chambers (ASm,)
• Intrinsic chamber resolution (Δ.?^,)
• Alignment error of different layers

(ASd)

• Uncertainties in the relation between distance to the wire plane and drift
time.
The contribution to the measurement error of the sagitta due t o multiple scattering
has been studied and found to be 43/im [19].
To first approximation, the projection of the muon track into the bending plane
enters the muon detector almost perpendicular to the chambers. Thus the sagitta
can be approximated by:
S = 0.5 · ( X M I + ZMO) — ZMM
with the definition of coordinates as given in figure 3.6. Therefore, the error in
the sagitta due t o the intrinsic chamber resolution (e) is:
Δ 5 Α = ^ ( 0 . 5 · 6 M I ) 2 + (0.5 · e M o ) 2 + 4мм
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implying that the resolution of the middle layer adds four times as much t o the
sagitta resolution squared ( Δ 5 ) 2 as the other layers.
The intrinsic chamber resolution depends on the number of signal wires which are
used in the track reconstruction, and the intrinsic wire resolution. The dependence
on the number of wires has been studied [20], and the resolution has been found
to behave as l/y/N, where N is the number of sense wires. T h e intrinsic wire
resolution is measured with cosmic rays, and found to be 150/xm [19].
Since the intrinsic resolution of the middle layer is of more importance in the
sagitta measurement than the resolution of the outer and inner layers, the MM
chambers consist of more wires (24) than the MI and MO chambers (16 wires).
Taking a 10 % inefficiency into account, the chamber resolution for the MI and
MO layers is 40 μια, and the MM layer has a resolution of 32 μιη. Therefore, the
error in sagitta measurement due to the chamber resolution is 43 μτη.
The requirement of a 2 % accuracy in momentum measurement for a 45 GeV/c
muon ( Δ 5 < 74 μια) thus constrains the relative alignment of the layers within
an octant to be better than 30 μτη. To reach this accuracy the following opto
mechanical alignment systems have been used [19]:
• Vertical A l i g n m e n t S y s t e m
The vertical alignment system is based on the principle of RASNIK [18]. A
LED is attached to the inner chamber and is referenced to a pin in con
tact with one wire of the first wire plane of the chamber. T h e two middle
chambers are connected by mechanical links at each end, as are the outer
chambers. In each layer, a gauge block is mounted between the two cham
bers, holding two electrically insulated pins. The block in the middle layer
holds a lens and the one in the outer layer a 4-quadrartt diode (4QD). Align
ment is ensured when the insulated pins touch the wires. The layout is shown
in figure 3.7.
| 400
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I— 1 PIN

•
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Figure 3.7: Layout of the muon chamber vertical alignment

system.

Two of these systems are mounted on each octant, defining two octant center
lines.

3.5.

Monitor systems
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• Laser B e a c o n S y s t e m

Figure 3.8: Layout of the muori chamber laser beacon

system.

The center lines are in the same plane if there is no torque between the
octant end-frames. This is measured by a rotating laser beam, mounted at
the level of the inner chamber, as shown in figure 3.8. A pentaprismatic
rotating mirror sweeps the laser beam in a plane onto six sensors attached
to the vertical alignment pieces. The rotating laser defines a plane and the
sensors measure deviations from that plane.
After opto-mechanical alignment, the octant alignment was tested with straight
UV laser tracks and cosmics in a test stand [21]. As shown in figure 3.9 the
agreement for all octants with the mechanical alignment is well within the 30 μτα
tolerance.

3.5

Monitor systems

In order t o reach a good resolution on the muon momentum it is necessary to
continuously monitor and calibrate the critical elements of the precision detec
tor. This task is accomplished by a distributed d a t a collection system which runs
completely independent of the main L3 d a t a acquisition system.
All monitoring tasks are implemented as processes on a VME based multi-process
system, running under the OS-9/68000 operating system. This operating system
has multi-tasking and multi-user capabilities, and communicates with the main L3
online computer. It provides easy and powerful inter-process communication, very
fast real time response and it allows for a flexible system reconfiguration.
D a t a are collected from the various monitoring subsystems. For instance the
horizontal and vertical alignment systems, as described above, are monitored by
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system.

is the

a dedicated RASNIK subsystem. As an example figure 3.10 shows the results
obtained from the horizontal alignment system during July 1990 together with the
temperature d a t a collected during the same period.
In order t o achieve an accurate drift time measurement, signal propagation delays
are to be taken into account. Therefore, a system has been installed which allows
the absolute calibration of drift time measurements. This system induces pulses
simultaneously on the sense wires of one drift cell. Differences in signal propagation
delays are thus measured and are corrected for. This system has achieved a time
resolution of 200 ps [18]. For this so called To calibration (TOCAL) d a t a taking
has to be suspended, hence this calibration takes place between runs,
In addition to the alignment monitors and the TQ calibration, the gas mixture, the
high voltage conditions and the wire signal discriminator settings are continuously
monitored. As an example figure 3.11 shows measurements of the gas-mixture
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collected during one month.
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Figure 3.11: Cías mixture measurements in July 1990.
The high voltage and discriminator monitors are described in detail in the next
chapters.

3.6

The muon chamber resolution

The true muon chamber momentum resolution can be calculated from muon tracks
reconstructed in all three layers of muon chambers (triplets). The momentum
distribution of triplets from dimuon events at the Ζ peak (with a center of mass
energy of 91.222 GeV) is shown in figure 3.12. A gaussian fit between 44 and
50 GeV gives a sigma of 1.589 GeV, corresponding to a resolution Ap/p of 3.5 %.
After removing tracks passing cells with a bad resolution (e.g. due to lower high
voltage settings), the best resolution achieved from the 1990 d a t a is 2.9% [22].
Preliminary studies using 1991 data show a muon chamber resolution of 2.5±0.2 %
[22].
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Chapter 4
The L3 Muon Chamber High
Voltage System
4.1

High Voltage distribution and monitoring hard
ware

T h e set-up of the P-chambers, measuring points of a muon track perpendicular
to the beam direction, was shown in figure 3.4. Each P-chamber consists of a
•4-

»«-Guord

s = 9.0 mm
I » 50.75 mm

•I'
-Sense
-Field

y (mm) «-Mesh
50

••-Guard
-50

0

50

χ (mm)

Figure 4.1: Geometiy of a P-chamber drift eel/.
number of drift cells (an MI chamber consists of 19 cells, an MM chamber of 15
and an MO chamber of 21). The geometry of such a cell is shown in figure 4.1.
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T h e electric field configuration is determined by the voltages applied to the Sense,
Mesh, Field and Guard wires. T h e electric field has been studied in [23] and found
to be constant in the major part of the drift cell. At standard high voltage settings
the drift field is l . l k V / c m . Around this working point the drift velocity is not
sensitive to small fluctuations of the electric field [17]. The field is radial close to
the sense wire, thus creating a gas multiplication region.
In total the muon detector consists of 1456 P-chamber drift cells, to each of which
four different voltages are supphed (except for the comer cells where the mesh wire
plane is replaced by a top and bottom "plane", as shown in figure 3.4). This calls
for an efficient high voltage distribution and monitoring system. T h e L3 muon
chamber high voltage system makes use of the Simple Watch [18], schematically
shown in figure 4.2.
HV

I

3M3

3M3

3M3
LCD

12K

12K

12K

TO MUON CHAMBER CELLS

Figure 4.2: The Simple

Watch high voltage distribution

ала monitoring system.

Normally, all wires in a layer with the same voltage are connected to the same high
voltage channel using this Simple Watch. The Simple Watch provides the possi
bility of unplugging individual cells, or connecting them to another high voltage
channel.
Using this distribution system, three HV channels per octant for each of the six
voltages required by the P-chambers (sense, field, guard, mesh, top and bottom)
axe needed. In addition, four HV channels are necessary per octant for both
voltages supplied to the Z-chambers (wire and I-beam). This gives a total of 288
P-chamber and 128 Z-chamber HV channels.
The Simple Watch panel is also used for monitoring purposes. A current in one
of the cells causes a potential difference over the 3.3 ΜΩ resistor. If the current
is more than 1 μ A the corresponding segment in the liquid crystal display (LCD)
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turns black, thus creating the possibility t o see which cell causes a problem, i.e.
draws current.
The high voltage is supplied to the muon detector using the CAEN SY127 system
[24]. This system consists of a series of crates, each containing high voltage modules
(having four channels each), a main controller and a communications module.
The main controller allows to set parameters (as nominal voltage values and cur
rent limits) in the high voltage modules and controls all operations within the
crate.
The communications module allows to connect several crates by daisy-chain. It
furthermore handles communication with a terminal (using a standard RS232 con
nection) or with a special VME-module (through a lemo cable). The L3 muon
chamber high voltage configuration makes use of the daisy-chaining possibility, as
shown in figure 4.3.
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Figure 4.3: The muon chamber high voltage distribution

- ETHERNET

and monitor

system.

The high voltage distribution and monitoring is arranged in four daisy-chains.
Each chain supplies high voltage to a specific part of the muon detector (Chain
A to the P-chambers of the master wheel, chain В to the P-chambers of the slave
wheel, chain С to the Z-chambers of octants 0 , 1 , 2 and 3 of both wheels and chain
D to the Ζ chambers of octants 4, 5, 6 and 7 of both wheels). T h e unused high
voltage channels are available as spares. Each chain is connected through a lemo
cable to a controller in the VME crate. T h e monitor software in VME is not able
to detect all transient overcurrents. Therefore, a fast readout of all channels is
performed by the trouble box.
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Monitoring Software

All L3 muon chamber monitoring is realised as processes running on a VME sys
tem. T h e standards used by the muon chamber monitor group [25] require similar
building blocks and user interfaces for all monitoring tasks. A schematic view of
the high voltage monitor software during normal operation is given in figure 4.4.
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Figure 4.4: Command structure during normal operation of the high voltage sys
tem.
Commands can be given from any terminal connected to the VME system. How
ever, if execution of the command requires to pass new settings to the power
supplies, the command will only be excctued if given from the terminal close to
the Simple Watch panel. User commands are given through the user interface
(hv_user) to the command server (hv_server).
If a startup command is given, the command server starts an initialization process
(hv_init). This process creates the data module (hv_data), which is essentially
memory shared by all high voltage processes, starts four monitoring processes
(hv_mon), one process per daisy-chain of high voltage crates, and starts a write
process (hv_write). The system initialization can be either cold, causing a com
plete reinitialization, or warm. During a warm startup the latest settings, saved
in a status file on disk (hv_status), are used to initialize the high voltage system.
If a shutdown command is passed from the user interface t o the command server,
the server starts the shutdown process (hv_stop). This process stops all monitoring
processes and the write process. Finally, it removes the d a t a module. T h e settings
in the high voltage crates are not influenced by a shutdown of the high voltage
monitor system.

4.2.

M o n i t o r i n g Software

39

Any other command defined in the high voltage system and received by the command server is written onto the data module. The monitor processes pick up and
execute these commands. The monitor processes, furthermore, read the status
and the settings of every high voltage channel in the high voltage crates, and
write every change onto the data module. If problems (such as overcurrents) are
encountered these processes automatically take appropriate action.
Changes of the data module are noted by the write program, which copies the
data module to disk and writes the changes onto a history file (hv_hist), sent to
the database on the online computer.

4.2.1

The data module

The data module is essentially shared memory structured in a similar way as
the hardware. It contains 16 octants, each divided into 3 logical P-layers and 4
logical Z-layers. A group of physical wires connected to the high voltage channel
is described by a plane in the data module. Therefore, a logical P-layer contains
at least six planes, and a logical Z-layer consists of at least two planes. The Simple
Watch creates the possibility of connecting individual (physical) cells to a different
high voltage channel. The data module has a similar possibility of connecting a
variable number of planes through a linked list to a layer. An example is shown
in figure 4.5.

S4
MO

— I

sense
field
guard

i 1-5

mesh

1

top
bottom
sp-sense

"^c

-^
't

»»n
Other chambers
Other cells

Figure 4.5: The structure of the data module. Boxes represent data structures
and arrows represent pointers. The black dots symbolize the linked lists.
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In this example, the MO layer of octant S4 has the sense wires of at least one cell
connected to a spare high voltage channel, thus introducing an additional plane
within the layer structure of the data module. Figure 4.5 shows that the layer
points to the planes through a linked list, and also that the planes point back to
the layer in a similar way. This is necessary since a spare high voltage channel can
be used to supply voltage to wires of different physical layers. The spare plane is
also connected to a list of cells attached to it. This procedure is different from the
standard planes. It is assumed that all physical cells that are not disconnected
or attached to a spare high voltage channel, axe connected to its "normal" high
voltage channel.
Besides the hardware-like structure, the data module contains four control blocks,
one for each monitor process. These control blocks are used to check if the monitor
processes axe running, and to stop the monitor processes.
The most important elements of the data module are:
• 16 octants
• 520 planes
• 4 task control blocks
• 21 different standard settings for P-layers
• 6 different standard settings for Z-layers

4.2.2

T h e monitor process

Each of the monitor processes controls one daisy-chain of high voltage crates.
The monitoring is performed on three levels. The lowest level consists of reading all
actual currents and voltages. The second level checks on overcurrent situations.
To detect persisting overcurrents, these are written onto the data module and
stored for a period of 5 minutes. Only the highest level of monitoring allows to
pass new (voltage) settings to the hardware.
As shown in the flow chart of the monitor program (figure 4.6), first all planes of
a logical layer are read out and checked on overcurrent situations. Then, if the
highest level of monitoring is set, the whole layer is controlled. This may lead to
new (voltage) settings on several planes.
Each monitor process performs a loop over all octants and layers. This includes
octants and layers not connected to any of the high voltage crates contained in
the daisy-chain monitored by the specific process. The monitor process decides
at plane level whether to take action. This makes it possible to use a spare high
voltage channel from one daisy-chain for wires of a physical chamber that would
normally be connected to an high voltage crate from a different daisy-chain.
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monitor.

If a plane is drawing a persisting overcurrent, the monitor process reacts by lowering the corresponding voltages. The reaction depends on the type of plane having
the problem, as listed below.
• If the current drawn by sense, guard or field wires of a layer is above the
current limit, the voltages of the sense and guard wires are reduced. If,
because of this action, the voltage setting of the field wire plane becomes
higher than the voltage setting of the sense wire plane, the nominal voltage
value for the field wires of this layer is reduced as wel.
• If the mesh wires of a layer draw to much current, the nominal voltage
settings of the mesh, top and bottom planes are lowered.
• If the top or bottom side-plane has an overcurrent situation, both the nominal voltage settings of top and bottom planes are reduced.
• If any of the other planes (including the spare planes) draw too much current,
the nominal voltage setting of that plane in reduced.

4.2.3

T h e high voltage information in t h e database

The status of the high voltage system is of importance for the reconstruction of
muons in L3 and for the determination of the muon chamber efficiency. The status
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is, therefore, written onto the online muon chamber database. The database has
a directory structure in which three directories, called HVCAEN, HVSWATCH
and HVMAP, are reserved for high voltage information. The database directories
contain entries, either corresponding to a high voltage crate or to an octant. If
the voltage of only one of the cells drops, only the data of the corresponding high
voltage crate needs to be updated in the database.
The HVCAEN entries contain the actual and nominal voltage values, actual and
maximal currents, and a status for each of the high voltage channels of the high
voltage crates. The entries in this directory represent individual high voltage
crates. An entry is updated in the database if for one of the channels:
a) the voltage setting or the maximum current setting is changed,
b) the actual voltage changes more than 10 volts, or
c) the status has changed.
Each HVSWATCH entry contains a list of at most 50 cells of an octant that are
disconnected or connected to a spare high voltage channel. In the latter case, the
entry contains information on the chamber, cell number, plane type and to which
high voltage channel it is attached. If the cell is disconnected, the high voltage
channel information is replaced by the code for a disconnected cell. All changes
are written to the database.
Also the HVMAP entries are grouped into octants. They provide information on
which plane is connected to which high voltage channel. The information looks
like the HVSWATCH information, but there is no cell information. The HVMAP
contains the information for all normal cells, the HVSWATCH may, therefore, be
considered as a modification for electrical defects from the HVMAP. Every change
is written to the database.
All of the entries made in the database contain expiration limits. Before expiration
the entry should be renewed. The write process takes care of this renewal.

4.2.4

The user interface and the command server

The user interface offers the user the possibility of sending commands to, and
display information from the high voltage system. The following commands can
be used for this purpose:
• display to display voltages, currents etc.
• control to select the monitoring level, as discussed above, for each chamber.
Besides these levels, the monitoring time can be set. This is the minimum
time between two succesive chamber readouts.
• modify to modify the settings of a plane, and to add or to delete a spare
plane.
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• s y s t e m to start or stop the high voltage monitor system.
• dbase to start or stop writing to the database.
Besides these commands there are commands to deal with spare and disconnected
planes. Apart from the display command, all commands are sent to the command
server which writes the commands onto the data module.

Chapter 5
The Discriminator Threshold
System
5.1

Signal generation in the muon detector

A muon passing through a muon chamber ionizes the gas in the chamber. T h e
total number of ionizations depends on the type of gas and on the momentum of
the muon [16]. T h e average number of primary ionizations caused by a 45GeV
muon in a gas mixture of 61.5% Ar and 3 8 . 5 % СгНе is approximately 100 c m - 1 .
The electrons, formed by the ionization process, drift towards the sense wire under
the influence of the electric field. Close to the sense wire each of the drifting elec
trons enters the gas multiplication region (cf. section 4.1). The gas amplification
factor depends on the gas mixture, the pressure of the gas and the electric field
(thus on the applied voltages). Measurements performed by Chang et al. [26] give
a P-chamber gas amplification for normal pressure and standard mixture of:
G = 3.084 χ

lO-'expíl.SSSKir),

where Vtf[ is defined as:
Kfr = ( ^ у ^

- V m ) + 4.46 {V. - Vf) ,

VB, Vf and Vm are the voltages (in kV) applied to sense, field and mesh wires (cf.
section 4.1). At standard voltage settings this amplification is 5.4 x 10 4 .
The shape of the signal extracted from the sense wire depends on the electronics
(preamplifiers) connected to the wire. For the P-chambers the signal size at the
output of the preamplifiers is measured to be [27]:
VdgMi = 6.67 x 10- 5 exp [5.72(V. - Vf) + 0.96(Vf - Vm)] ,
where ^ а і is the output signal in mV. A typical output signal at standard high
voltage settings is 160 mV. The output signal of the Z-chambers is approximately
200 mV.
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Signal processing

The P-chamber preamplifiers are located between the two Ferris wheels (at the
centre plane ζ = 0). In order to reduce the number of preamplifier channels, Pchamber sense wires from both wheels are connected in corresponding pairs to the
same preamplifier (with an amplification factor of 25mV/¿iA). The preamplifier
rise-time is better than 5 ns [28], so that the contribution of the preamplifiers to
the muon chamber accuracy degradation can be neglected. The noise level of
the preamplifiers corresponds to approximately 1/3 primary electron. Since one
expects 90 primary electrons per wire, this noise is negligible.
The differential output of the preamplifiers is fed into the discriminators, via 30 m
of screened twisted pair cable. The discriminators are located in racks on the
support tube, close to the magnet.
The discriminator cards [29], containing 48 channels, are designed around the
LeCroy MVL407 chip. The cards have a variable threshold setting. A threshold
setting almost as high as the expected signal size implies waiting for almost all
electrons to drift in. This includes electrons following a curved path with detours,
which influences the position measurement. However, triggering on the arrival of
the first electron is difficult because of the low signal to noise ratio, and it is also
undesirable because of the sensitivity to fluctuations from diffusion. Optimization
between these extremes leads to a threshold level corresponding to the arrival of
the 9 t h electron [30]. At standard conditions, this corresponds to a threshold level
of 16 mV for P-chamber signals and 20 mV for Z-chamber signals.
The discriminator output, a logical signal, is conducted to a 500 MHz FASTBUS
time digitizer LeCroy LRS 1879 containing 96 channels. This system has proved
accurate to 0.2 ns when checked with the TOCAL calibration system [18].

5.3

The threshold monitor hardware

As can be seen in figure 5.1, the hardware is organized in 24 discriminator crates
and one special crate containing the power supply for the preamplifiers of the slave
Z-chambers. These crates are described in this section.
T h e discriminator c r a t e s
Each discriminator crate has 21 slots. The first 20 slots can be used for the
discriminator cards, the last slot is used for the crate controller card. Next to these
cards a crate houses 5 V supplies used for the discriminator cards and 5.5 V supplies
serving as preamplifier power supplies. All signals of a pair of corresponding master
and slave octants are conducted to three discriminator crates arranged in a daisychain. These crates are labeled A, D and X. Crates A and D handle the P-chamber
signals, while crate X is dedicated to Z-chamber signals. Such a combination of
three crates is called a segment.

5.3.
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T h e preamplifier p o w e r s u p p l i e s
All P-chamber preamplifier power supplies are located in crates A and D. T h e
power supplies of the preamplifiers belonging t o the Z-chambers of the master
Ferris wheel are housed in crate X, while a different box contains the slave Zchamber preamplifier power supply. This box will further be called ZPAPS (Zslave preamplifier power supply). Each discriminator crate has three connectors,
labeled I, И and III t o be used for the preamplifiers. T h e following assignment has
been made:
Preamplifier p o w e r s u p p l y a s s i g n m e n t s
connector
I

II

III

crate A

MI

MML

MOL

crate D

spare

MMR

MOR

crate X

II and IM master

spare

0 0 and ОМ master

This leaves two spare connectors per segment.
T h e controller card
T h e functions of the discriminator crate controller card are:
• Watch the power supplies of discriminator cards and wire preamplifiers.
• Maintain the threshold voltage.
• Report fail and alarm situations.
• Change threshold setting, switch power supplies on and off on request.
The controller card is built around a micro-processor. This micro-processor com
municates with the VME muon chamber monitoring system through an RS232 line.
The micro-processor accepts and executes commands which are given through this
connection.
The controller card gives the voltages (threshold and output voltages of the power
supplies) in ADC-units. Threshold settings require the new thresholds to be given
in these units. A conversion to millivolts can be done as follows:
V = 2.4445 χ VADC - 2.66

[mV] .

Besides the voltages a status word and error flag are provided by the controller
card. The status word is given as a hexadecimal number. The meaning of the bits
is given in table 5.1. If there is an error condition, the corresponding bit in the
status word is set t o one, otherwise this bit is zero.
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description

0

PSU 0 discriminator power-supply + 5 V.

1

PSU 1 discriminator power-supply —5 V. slots 1-10

2

PSU 2 discriminator power-supply —5 V. slots 11-20

3

PSU 3 and 4 preamp. power-supplies +5.5 V

4

Mains

5

Fuse preamplifier connector I

6

Fuse preamplifier connector Π

7

Fuse preamplifier connector III
Table 5.1: Discriminator status word.

Also the error flag is an 8-bit number and is explained in table 5.2. If there is
an error condition, the corresponding bit is set. The controller card does not
automatically reset the error flag if the error condition is lifted. The error flag is
cleared using the RS232 connection.
bit number

description

0

Reset

1

Threshold

2

12V

3

5V

4

remote control

5

DAC/ADC

6

Not used

7

Alarm

Table 5.2: Discriminator error flag.
A discriminator crate can be resetted through the RS232 line or using a separate
alarm and reset line. This line is also used to check alarm situations.
The

ZPAPS

T h e ZPAPS is a combination of two crates. T h e first crate contains the crate
controller. T h e second crate holds the power supply (PSU). T h e ZPAPS offers 16
outlets for preamplifier power on the slave side. The first plug for each segment
is used for the II and IM preamplifiers of the slave wheel, and the second is used
for the slave 0 0 and OM preamplifiers. The ZPAPS controller card has similar
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functions as t h e discriminator controller card. T h e output is different since there
are more power supply connectors and the threshold setting is not applicable here.
The most important output words are the PSU-value (in ADC units), the error flag
and three status words. T h e first ZPAPS status words has only one meaningful
bit (number 3), all other bits are 0. This bit is set if something is wrong with
the power supply unit. T h e other two status words, called power status, describe
the status of all outlets (and corresponding fuses). If a bit is set, it indicates
that the fuse is blown. The error flag is exactly the same as t h e error flag of t h e
discriminator crate described before. In this case t h e second bit is not used, since
there is no threshold to watch.
T h e hardware configuration

Z-SLAVE PREAMP
POWER SUPPLY (ZPAPS)
SLAVE SIDE
MASTER SOE
DISCRIMINATOR RACKS
A 1

Α α

A 3

D 1
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D 3

X 1

4

X 0

X 3

A 7

A 6
D 6 =
X 6
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f
f

Tf
Tf

7t
TTt

A 2
D 2
X 2

f

f

A 5

D5L
X 5

С

BLOCK HOUSE

25X ALARM/RESET
VME
PATCH PANEL

Figure 5.1: Hardware configuration of the discriminator

monitor

system.

An outline of t h e complete threshold monitor system is given in figure 5.1. As
shown in the figure, all 9 communication and 25 alarm and reset lines are connected
to a patch panel. The patch panel splits and combines the 25 alarm and reset lines
into 4 lines. The reset lines are connected t o a relais output board (TSVME401)
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in VME, and the alarm lines are connected to a digital input module (XVME212).
The 9 communication lines are connected to terminal I / O boards (TSVME500),
using standard RS232 connections.
Using this setup it is possible to connect a terminal to the patch panel for communication with the discriminator controller cards, if this is needed for debugging
purposes.

5.4

The threshold monitor software

The threshold monitor software is not as complex as the high voltage monitor
software. A schematic overview of the software during normal operation is given
in figure 5.2. Commands can be sent from the online computer, or from a terminal
DISCRIMINATOR CRATES AND ZPAPS

DI_ACT
¡f

G
(

G

DM.BIN

VME CRATE

>

)

D
p......rpr.
TERMINAL

Figure 5.2: Threshold monitor software system.
data ала signais between the processes.

\

ONLINE VAX

Arrows indicate the direction of

connected t o the VME system. In the latter case, commands are transferred from
the user interface (di_user) to the command server (di_server). If the startup
command is given, the command server starts the monitor program ( d L a c t ) , which
creates the d a t a module (di_data). The shutdown command causes the command
server t o signal the monitor program to stop. The monitor program will then
remove the d a t a module. All other commands are written to the d a t a module by
the command server, and picked up by the monitor program, which then executes
these commands. During normal operation the monitor program writes changes
to a history file (di_hist) sent to the database. The copy of the d a t a module on
disk (dm.bin) is updated if the d a t a module has changed significantly (as defined
below). This copy is used for a warm startup.
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5.4.1

The data module

The structure of the d a t a module is similar to the structure of the hardware. Each
of t h e physical segments is mapped on a logical segment in the d a t a module. Like
wise, the physical ZPAPS is represented by a logical ZPAPS. Each segment holds
three crates. A logical crate contains a set of read-out values (status, error-flag,
threshold value and four power supply voltage values), communication information
(reset line and terminal port), flags (request to switch the PSU on or off, request
clear alarm, request reset crate) and a threshold setting. The structure of the
ZPAPS is similar to that of the crate, though the set of read-out values and flags
is slightly different.
Each of the segments (and the ZPAPS) is accompanied by a control block. T h e
control blocks are used to store the latest read-out time, t h e time interval required
between readings, and a flag indicating whether the record concerned has changed
at the latest reading. These control blocks are used by the monitor program.

5.4.2

The monitor program

T h e discriminator monitor program is a combination of a monitoring and a writing
program. Figure 5.3 shows a flow chart of the program. The program consists of
initialize
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Figure 5.3: Threshold monitor flow chart.
an initialization routine, a monitor loop and a finish routine. The process remains
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in the monitor loop until it receives an interrupt.
The initialization of the monitor process may be cold or warm. During a warm
initialization, the process reads the latest settings from the copy of the data module
on disk. If this fails, a cold initialization is performed. A cold startup of the
monitor process starts with reading the setup file containing standard settings for
the thresholds. After that, the process resets all discriminator crates to determine
which crates are present in each daisy-chain.
The monitoring of the crates contains the following elements. Firstly, commands
are written to the discriminator crate on request. Secondly, the crate is read out.
The read-out values are compared with the values contained in the data module.
If these values differ significantly, the crate is marked as changed and the new
values are stored in the data module. The difference between the read-out values
and the values stored in the data module is significant if:
1) The discriminator status word has been changed.
2) The values of any of the power supply units has been changed by more than
100 mV.
3) The threshold value has been changed by more than 0.5 mV.
If one of the crates (or the ZPAPS) is marked as changed, parameters of the
corresponding segment are updated in the database, and the data module is copied
to disk.
Entries of the threshold monitor software in the database of the muon detector are
made in a special directory called DISCRIM. A record in this directory contains
either the parameters of all crates within a segment or the values of the ZPAPS.
For each crate the following six values are written to database:
• The actual threshold value.
• The hardware status word.
• The voltages of the four power supply units.
The entry of the ZPAPS in the database contains the following three values:
• The voltage of the power supply unit.
• Both power status words.

5.4.3

T h e user interface and command server

The user interface provides the possibility of sending commands to and displaying
information of the discriminator threshold system. The following commands can
be used:

5.4.

T h e t h r e s h o l d m o n i t o r software

53

• display to display the threshold values, power supply voltages and status of
the discriminator crates and the ZPAPS.
• modify to modify the threshold, switch the power supplies on or off, clear
alarms or reset crates.
• s t a r t u p to perform a cold or warm start of the monitor system.
• s h u t d o w n to stop the monitor process. This command does not influence
the hardware status.
These commands can be given from any terminal connected to the VME system,
or from the online VAX cluster. The commands are sent to the command server,
which writes them onto the data module.

Chapter 6
Cross Section M e a s u r e m e n t
Measurement of the cross section of the reaction e+e~ —> μ+μ~(·γ) requires the
selection of dimuon events, that is to say events containing exactly two muon
tracks. In principle each particle passing through the muon chambers will be called
a muon, but a number of cuts are applied to the events to reduce the background
from e + e _ collisions and cosmic rays.

6.1

Muon reconstruction and identification

Figure 6.1 shows a dimuon event in the L3 detector. In this figure both muons
are seen in all subdetectors. A muon originating from an e+e~ collision in the

Figure 6.1: The passage of a muon through the inner detector and the muon
chambers in the transverse view.
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L E P ring first enters the central track detector, where a track is reconstructed.
Afterwards the muon enters the electromagnetic and hadron calorimeters. In these
calorimeters a muon is minimum ionizing. The energy loss of a muon in the inner
detector is shown in figure 6.2. The most probable energy loss in the inner detector
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Figure 6.2: Energy deposition of a muon in the inner detector.
is approximately 3 GeV, and most of this energy is lost in the hadron calorimeter
(HCAL). T h e width of the distribution in figure 6.2 is a measure for the error in
the energy loss measurement of the calorimeters.
Finally, a muon passes through the three layers of muon chambers.
The reconstruction of tracks in the muon detector is done in three steps. Firstly,
the hits in a chamber are combined to form local track segments. Tracks recon
structed in two (doublets) or three (triplets) layers of chambers are identified as
originating from muons. The track segments are then used to form a muon track.
This muon track is traced back through the inner detectors and corrected for en
ergy loss. T h e information of the inner detector is used to resolve any ambiguities
of the track.
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Event selection

The first aim of using selection criteria is t o reduce the background from other
processes. Since only muons are detected in the muon chambers ( some hadron
punch-through is easily recognized and distinguished), the only sources of back
ground are events containing final state muons. Considered the clear signature of
+
real dimuon events, the only sources of background originating from e e collisions
are TT and hadronic events. A third source of background are cosmic rays.
To study this background and to calculate efficiencies, acceptances etc. of selection
criteria chosen, several Monte Carlo studies are performed. Events with a dimuon
or ditau final state are generated using KORALZ [31] and hadronic events are
generated with J E T S E T 7.2 [32].
In order to match the trigger requirements, described in section 6.3, the momentum
of each muon should exceed 2 GeV. The other selection criteria are used to reduce
specific sources of background.
Reduction

of the background from tau decay

60

о

/¿-events

ОТ 50

Pi (GeV)
Figure 6.3: Monte Carlo momenta

of muon particles for dimuon final state

events.

Figure 6.3 shows a Monte Carlo study of the reconstructed muon momenta for
μ+μ X, on
final state dimuon events. Muons from the reaction e• ++e» average have a lower momentum than directly produced muons. This tau back
ground can, therefore, be reduced by applying a cut on the summed momentum
of the dimuon final state. Figure 6.3 shows a preselection cut of 20 GeV, and the
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final selection criterium of 45 GeV. It is clear t h a t the final cut removes only few
real dimuon events.
Reduction

of the background from cosmic rays
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Figure 6.4: Distance to vertex for each muon tracie for real

events.

The background of cosmics is reduced by a combined cut on the distance of the
reconstructed tracks to the vertex, and the scintillator time measurement of both
tracks.
The effect of cuts regarding the distance of a reconstructed muon track to the
vertex is shown in figure 6.4. Within this figure cosmics have a uniform distribu
tion, while real dimuon events, produced in the vertex, are strongly concentrated
around the origin.
Figure 6.5 shows the effect of several cuts using the scintillator time measurements.
A clear separation between cosmics and d a t a is possible. The time of flight between
two scintillators is 6 ns for cosmic rays, while real dimuon events should have no
time difference between the scintillator hits.
Each event is required to have at least one track with a scintillator hit in time (i.e.
after subtraction of the time of flight, assuming the muon is created in the vertex,
the scintillator time measurement should be in a 6 n s gate around zero). Depending
on the scintillator information, the events are grouped in three categories:
1) Events having two scintillator hits in time. Additional requirements are:
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for real events.

— At least one of the muon tracks should have a transverse distance to
the vertex of less t h a n 100 mm, and at least one track should have a
longitudinal distance less than 100 mm.
— The difference between the time measurements of b o t t o m and top scin
tillators should be less than 3.5 ns.
After applying all cuts, 3001 events remain in this category.
2) Events where one track passes through a region not covered by a scintillator.
One of the scintillators is known to have a low efficiency. A track passing
this scintillator is treated as passing through a region without scintillator.
Furthermore horizontal tracks have only one scintillator hit due t o the rail
of the B G O . The distance-to-vertex cut is applied to the average distance of
both muon tracks.
After applying this cut, 285 events are within this category.
3) Events having scintillator hits contaminated by noise (e.g. due to uranium
decay in the hadron calorimeter). These events are characterized by having
one scintillator hit in time, and one hit early. T h e time difference between
bottom and top scintillator must not be compatible with cosmics, that is
to say the difference between the time measurements of bottom and top
scintillators should be less than 3.5 or more than 10 ns. The distance-tovertex cut is applied to the average distance of both muon tracks.
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After applying this cut, 64 events are within this category.
Reduction of the hadronic background
The hadronic background is removed by a cut on the number of smallest resolvable
clusters (particles) in the calorimeters. This cut is set to a maximum of 15 clusters.
As will be discussed below Monte Carlo studies show that this cut does not remove
any real dimuon event, and does not accept any hadronic event.

6.2.1

Systematic error on t h e event selection

Variation of the selection criteria may give small differences in the final cross
sections. These differences are considered to be the systematic errors on the event
selection. To estimate their effect each cut is varied within boundaries, leaving
all other cuts at the standard values. Thus a systematic error for each cut is
determined. All these errors are given in table 6.1. The final systematic error on
Variable

Range

Summed Momentum

30

Scintillator time gate

5 - 1 0

-

50

Error
GeV

0.3%

ns

0.2%

Scintillator time difference

2.5

-

5

ns

0.3%

Longitudinal vertex cut

60

-

140

mm

0.1%

Transverse vertex cut

60

-

140

mm

Cluster cut

10

-

18

Event selection
Table 6.1: Systematic errors on the event

0.1%
0.05 %
0.5%

selection.

the event selection is calculated by adding all the errors in quadrature. The table
shows that the cut on the scintillator time difference and the cut on the summed
momentum contribute most to this error.

6.3

Trigger conditions

T h e μμ{η) events are triggered by the muon trigger, using the T E C charged track
trigger as backup.
T h e muon trigger is designed t o select all tracks in the muon chamber, originat
ing from the vertex, with a transverse momentum larger than 1 GeV. There are
three different conditions, a single muon trigger, dimuon trigger and a small angle
muon trigger. T h e dimuon trigger requires two muon tracks, at least one octant
seperated, and a hit in one scintillator counter.
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The single muon trigger requires one track with a transverse momentum greater
than 1.5 GeV, and a hit in one scintillator counter.
The small angle muon trigger requires the presence of two small angle (36° < θ < 44°,
136° < θ < 144°) muons in opposite halves (forward and backward) of the detector.
The trigger condition of interest depends on the physics process and the detector
region.
T h e T E C trigger requires two tracks with an opening angle of more than 120° in
the R-^ plane.

6.3.1

Trigger efficiency

T h e μμ(Ύ) events are triggered by both the T E C and the muon trigger in a logical
OR. The muon trigger efficiency can be determined by comparing the number of
events triggered by both triggers and the number of events triggered only by the
T E C trigger. The T E C trigger efficiency can be determined in a similar way. Out
of 3350 events 5 are triggered by the T E C trigger only, and 671 events are triggered
by the muon trigger only. This gives an efficiency of (80.0 ± 0.7) % for the T E C
trigger, and (99.81 ±0.08) % for the muon trigger. The combined trigger efficiency
is (99.96 ± 0.02) %.

6.4

Detector acceptance

The acceptance of the detector, using the event selection criteria as described
above is calculated at the peak energy, using an "ideal detector" Monte Carlo
(KORALZ). This means that the L3 detector is simulated including its geometry
and finite resolution, but without electrical defects. The acceptance is found to be
(59.25 ± 0.25) %.
Using Monte Carlo at generator level, it is possible to simulate all cuts imposed
by the detector geometry and the event selection. It is thus possible to calculate
the relative acceptance as a function of the center of mass energy, as shown in
figure 6.6.
The acceptance is largest at the Ζ peak. In the energy region concerned the
maximum deviation is 2.5 %. The energy dependence of the acceptance is mainly
due to the coso cut imposed by the detector geometry, and its influence on the
radiative effects below and above resonance.
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D e t e c t o r efficiency

The efficiency of b o t h muon detector and scintillators is of importance, since these
are used in the event selection.

6.5.1

M u o n chamber efficiency

Three ways of estimating the muon chamber efficiency will be discussed.
In the first method only the dimuon events are used. Assuming a random dis
tribution of the inefficient cells, the ratio of doublets to triplets can be used to
calculate the muon chamber efficiency.
The second method is based on the actual number of dead cells. Under the as
sumption of straight muon tracks, it is possible to calculate the efficiency based
on detailed information on the number and position of inefficient cells.
The third method consists of a Monte Carlo calculation of the efficiency, using a
realistic detector simulation.
The different methods are complementary. A combination of the first and second
methods provides both the efficiency of the good part of the detector and the
effect of inefficiencies of the chambers. This can be combined with the third
method which includes the effect of the momentum resolution as well as the effect
of bending of the muon tracks.
A comparison of the methods allows an estimate of the systematic error.
Doublet method
The ratio of triplets to unexpected doublets can be used to calculate the muon
chamber efficiency. To be able to calculate this effect a number of additional
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selection criteria are necessary:
• The angle between the outgoing muon and the beam axis (Θ) should be
known and within the range 0.15 < | cos0| < 0.7.
• The muon track should not pass through a ^-region within 3° of the center
line, or the edges of an octant.
The first cut selects muons passing three layers of chambers. T h e second cut
removes muons having no hits in one of the layers because of passing through a
gap not covered by the muon chambers. After applying these cuts all doublets
occuring in the d a t a arise from reconstruction defects or inefficiencies of the muon
chambers.
These effects are discussed, using the following types of inefficiencies:
1. Reconstruction inefficiencies.
Inefficiencies due to defects in the reconstruction. These are included in the
ideal detector Monte Carlo.
2. Detector inefficiencies.
Inefficiencies arising from detector defects. These are not included in the
ideal detector Monte Carlo. These inefficiencies also include reconstruction
inefficiencies not described by the Monte Carlo.
3. Total inefficiency.
The combination of all inefficiencies.
The effect of these inefficiencies can be calculated for single muon tracks and for
dimuon events. Assuming a random distribution of the inefficiencies, the following
relations hold:
•^triplet =

N · ¿MI · £MM · £MO

NnoMI =

^ • (1 — ¿"MI) · £MM · ¿"MO

p

_

•'''triplet

(6.1)

•^triplet + Nno MI

Where N is the number of tracks. The factor £ is called the layer efficiency, defined
as the total efficiency for a track that passes a layer.
The other layer efficiencies are calculated in the same way.
The layer efficiencies are calculated for data and for the ideal detector Monte
Carlo. The difference between the results for data and Monte Carlo is considered
to be the detector efficiency. The results are listed in table 6.2. From this table the
detector efficiency can be calculated in the doublet (0.7 < | cos θ\ < 0.8) and triplet
(| cos θ\ < 0.7) area. The detector efficiency for a single muon track is found to be
(99.10 ± 0.07) % in the triplet region, and (88.73 ± 0.52) % in the doublet region.
According to Monte Carlo calculations (83.73 ± 0.14) % of the muons passing the
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MM efficiency
MO efficiency
MI efficiency
93.62 ± 0.40 % 94.38 ± 0.38 % 95.15 ± 0.35 %
99.69 ± 0.03 % 99.95 ± 0.02 % 99.70 ± 0.03 %
93.93 ± 0.40 % 94.43 ± 0.38 % 95.45 ± 0.36 %

Table 6.2: Muon chamber efficiencies using the doublet

method.

muon chambers pass through the triplet region. Under the assumption that both
muons from a dimuon event pass in the same region, the detector efficiency for
dimuon events is (98.21 ±0.14) % in the triplet region, and (78.73 ± 0 . 9 2 ) % in the
doublet region. The average detector efficiency for the complete muon detector is
(95.04 ± 0.19) %. The error given on these numbers is statistical only.
D e a d cell m e t h o d
Using log-books and database, it is possible to determine which cells were inactive
at a certain time. Figure 6.7 shows the efficiency of each layer due to dead cells

.2
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"0.98

-

0.96

-

0.94

MM .

0.92

-

MARCH

APRIL

MAY

JUNE

JULY

AUGUST
month

Figure 6.7: Layer efficiencies due to known inefficient cells in 1990.
versus time. This efficiency is defined as the actual number of operational cells
divided by the total number of cells within a layer. Small variations are due to a
breakdown of a single cell. The large steps in the MI and MO efficiencies are all
due to broken wires in vertically positioned octants, where a broken wire is likely
to disturb several cells.
Under the assumption that the muon tracks are back-to-back and that both muon
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tracks can be described by straight lines, the detector efficiency for dimuon events
due to dead cells is calculated for each run. T h e result is shown in figure 6.8 for
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Figure 6.8: Detetctor efficiencies for dimuon events due to Jcnown inefficient ceiis
in 1990
the 1990 period of data taking. The detector efficiency averaged over the complete
period is calculated as the luminosity weighted mean over all runs. Within the
doublet region the average detector efficiency for single tracks is 89.15%, and for
dimuon events it is 80.32 %. In the triplet area the average detector efficiencies for
single tracks and events are 99.29% and 98.57% respectively.
The doublet method is applied to calculate the total efficiency of the good part
of the muon detector, using doublets within the triplet region that are not due
to inactive cells. This gives information on the reconstruction efficiency, and the
effect of unknown dead cells T h e layer efficiencies for the good part of the detector
are calculated to be
¿MI = 99.64 ± 0.11 %
= 99.31 ± 0.15 %
SMO = 99.15 ± 0.16 % .

SMM

Therefore, the total efficiency, for single tracks, in this part of the detector in the
triplet region is (99.989 ±0.003) %, and within the doublet region (98 95 ±0.19) %.
Combining the effect of the inefficient cells with the efficiency of the good part
of the muon detector gives a total inefficiency in the triplet region of 2.45 %, and
in the doublet region 20.09 %. Under the same assumptions as before the total
efficiency is calculated to be 94.68 %.
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A part of the inefficiencies is already accounted for in the Monte Carlo acceptance
calculations. This part is calculated using the doublet method, and listed in table 6.2. Combining the total efficiency with this reconstruction efficiency gives a
detector efficiency of 94.80 %.
M o n t e Carlo m e t h o d
The information of all defects is used to simulate the real muon detector. A time,
chosen at random in the running period, is assigned to each ideal detector Monte
Carlo event. If either one of the tracks passes a cell that was inefficient at the time
assigned to the event, the information of the corresponding layer is neglected, and
the muon momentum is smeared in order to get the correct momentum resolution
for doublets. This procedure creates a "real detector Monte Carlo".
The layer efficiency is calculated as the ratio of the number of Monte Carlo events
that are adjusted by the real detector correction and the total number of Monte
Carlo events that pass the layer. The result is shown in the first column of table
6.3.
Layer Counting

Doublet Method

MI efficiency

93.19 ± 0.12 %

93.35 ± 0.16 %

MM efficiency

94.01 ± 0.10 %

94.37 ± 0.15 %

MO efficiency

95.55 ± 0.10 %

95.44 ± 0.14 %

eff. in triplet region

98.98 ± 0.02 %

99.02 ± 0.03 %

eff. in doublet region

87.63 ± 0.14 %

88.12 ± 0.21 %

detector eff. for events

94.54 ± 0.06 %

94.75 ± 0.08 %

Table 6.3: Muon chamber efficiencies using a real detector Monte

Carlo.

An other method of calculating the layer efficiencies is by applying the doublet
method on this real detector Monte Carlo. The result is shown in the second
column of table 6.3. The tabic shows a difference between the doublet method
and the layer counting in the order of 0.3 %. This difference can be regarded as
a systematica] error in the doublet method. In figure 6.9 the efficiency of each
of the layers, as calculated by the doublet method, is shown as a function of
the octant number for both data and real detector Monte Carlo, showing a very
good agreement between data and the Monte Carlo. A comparison of the layer
efficiencies calculated by the doublet method for data (table 6.2) and the real
detector Monte Carlo (table 6.3) shows a very good agreement for all layers.
The detector efficiency for dimuon events can be calculated as the ratio of real
detector Monte Carlo events that pass all cuts to the number of perfect detector Monte Carlo events that pass all cuts. This gives a detector efficiency of
(94.81 ± 0.15) %. The detector efficiency can also be calculated using the layer ef-
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the

ficiencies. The result from this calculation is given in the last row of table 6.3. All
quoted errors are due to Monte Carlo statistics.
C o m p a r i s o n of m e t h o d s
The Monte Carlo method shows t h a t a systematical error of 0.3 % can be assigned
to the layer efficiency, as determined by the doublet method. The detector effi
ciency as calculated from these layer efficiencies differs only 0.2 % for the different
methods. The efficiency as calculated with the layer counting method is combined
with the efficiency as calculated from the event loss to give a detector efficiency
derived from the real detector Monte Carlo.
The detector efficiency is calculated as the average of the results of the three
methods of calculating this efficiency, described before. This gives a muon chamber
efficiency of (94.8 ± 0 . 3 ) %. The error on this number is estimated from the spread
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of the results from the different methods.

6.5.2

Scintillator efficiency

The scintillator efficiency will be discussed for the three classes of events, discussed
in section 6.2.
1) E v e n t s h a v i n g t w o scintillator hits in t i m e
Inefficiencies arise from events with either one or two missing scintillators
not known to have a low efficiency. These inefficiencies have been studied
on events with only one scintillator hit, not belonging t o categories 2 or
3. Cosmics are removed by applying a more severe vertex cut, and the
requirement of at least two TEC-tracks. The vertex cut is varied to estimate
systematic effects of this cut. The scintillator efficiency is calculated as
the number of selected events with one scintillator hit divided by the total
number of events. The same is done for Monte Carlo events to estimate the
effect that is already corrected for by Monte Carlo. The result is listed in
table 6.4. An event loss due to one missing scintillator of (1.70 ± 0.28) % is

Trans, dist.

Long. dist.

cut

cut

70
50
30
10
50

50
50
50
50
30

Table 6.4: Scintillator

Data
scint. efficiency
1.74 ± 0.28 %
1.74 ± 0.28 %
1.65 ± 0.28 %
1.68 ± 0.28 %
1.75 ± 0.28 %

Monte Carlo
scint. efficiency

0.90
0.90
0.90
0.89
0.87

±
±
±
±
±

0.08
0.08
0.08
0.08
0.08

efficiencies using different vertex

%
%
%
%
%

cuts.

estimated. Monte Carlo accounts for an event loss of (0.90 ± 0.08) %. The
systematic effect is below the errors quoted, which are statistical only. The
event loss due to one missing scintillator that is not accounted for by Monte
Carlo is thus estimated to be (0.80 ± 0.30) %. Using the same numbers, the
event loss due to two missing scintillators is (0.021 ± 0.010) %.
2) E v e n t s w h e r e one track p a s s e s t h r o u g h a region not covered by a
scintillator
Event losses are due to scintillator inefficiencies in the region of the second
track. There are two sources of inefficiencies.
a) A scintillator hit contaminated by noise
Under the assumption that the noise is randomly distributed, the fol
lowing relation holds:
N* = N • р т р в

=

рт^в
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where N^ is the number of events having a noisy top scintillator hit,
PN the probability of such an event, P^ the probability for an event to
have the bottom scintillator hit in time and N^ the number of these
events. Thus
pT _

JV

N

T h e probability for an event having one scintillator hit contaminated
by noise and one track passing through a region without scintillator is:
pT pB

ι pT pB _ -^N-^W +-^W-^N

•мч ^w "i" ^ W ^ N —

7VTJVB

where P w
is the probability of an event having a track in the region
without top (bottom) scintillator, and Nyj ' the corresponding number
of events.
There are 236 (49) events with a track passing through a region without
bottom (top) scintillator. Further 37 (27) events have a noisy bottom
(top) scintillator hit. Combining these numbers with the 3001 events
having two scintillator hits in time gives an event loss of
(27 · 236 + 37 • 49)/(3274 • 3077) = (0.08 ± 0.01) %.
b) A missing
scintillator
As discussed before, this effect gives an event loss of (0.80 ± 0.30) % for
events from category 1. Since category 2 contains only (8.51 ± 0.48) %
of the events, the expected event loss due to a missing scintillator is
(0.07 ± 0.03) %.
3) E v e n t s h a v i n g scintillator hits c o n t a m i n a t e d by noise
There are three sources of inefficiencies.
a) A second noisy scintillator hit
Using the notation introduced above, the probability of these events is
PtfPf]. Therefore, using the numbers stated above, the event loss can
be estimated to be (0.010 ± 0.003) %.
b) A missing
scintillator
Category 3 contains only 64 of 3350 events. As shown before the fraction
of the events with missing scintillator, not being accounted for by Monte
Carlo is (0.80±0.30) %. Under the assumption that the inefficiencies are
equally distributed over top and b o t t o m scintillators, this corresponds
to an event loss of (0.008 ± 0.003) %.
c) The cut on the time difference between bottom and top scintillator hits
Events with a noisy scintillator hit such that the time difference between
top and b o t t o m scintillators corresponds t o a cosmic axe removed. This
effect can be estimated by looking at the time difference for top and
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bottom scintillators. The number of events with one noisy scintilla
tor hit correspond to 2.1 ± 0.4 events per nanosecond of the absolute
value of the time difference. The time difference between b o t t o m and
top scintillator hits corresponds to a cosmic if it is between 3.5 and 10
ns. This definition depends on the sign of the time difference, there
fore the number of events per nanosecond time difference mentioned
above should be divided by a factor of 2. Thus the cosmic cut removes
6.8 ± 1.3 events, corresponding to (0.20 ± 0.04) % of the total sample.
Thus the total event loss due to scintillator inefficiencies is (1.19 ± 0.31) % of the
total number of events.

6.6
6.6.1

B a c k g r o u n d processes
Hadronic background

In studies with cuts [33] similar to the ones used in this analysis, using 91.3 К
hadronic Monte Carlo events, no events pass the dimuon selection criteria. There
fore, an upper limit of the hadronic acceptance at 95 % confidence level is 0.03 0/00.
The background is calculated using the formula:

•ημμ"μμ

where S q q is the hadronic background, A the acceptance and σ the cross section.
Using the cross section predictions from ZSHAPE, the upper limit of the hadronic
background can be set to 0.1 % at 9 5 % confidence level.

6.6.2

τ background

The τ background is reduced by applying a cut on the summed muon momenta.
As is shown in figure 6.10, the momentum distribution of the combined muon and
tau Monte Carlo, corrected for detector inefficiencies, agrees with the data.
After applying the full cuts, the acceptance for τ events is (0.43 ± 0.04) %. This
corresponds to a background of (0.73 ± 0.07) %.
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Cosmic background

Scintillator information is used to reject the background from cosmic rays. There
fore, this background will be discussed for the three categories of events described
in section 6.2.
1. E v e n t s h a v i n g t w o scintillator hits in t i m e
The background of cosmic rays comes from events having one noisy scintillator hit
and one cosmic hit in the timeslot of 6 ns. This background can be estimated as:
5T

N

- T - ( r £ . r + rg-T)

where ΓΝ is the noise rate, r c
the rate of cosmics that hit the top (bottom)
scintillator and Τ the time gate of 6 ns. The factor 0.5 takes into account that
only one scintillator can be affected by noise.
The noise rate has already been mentioned in section 6.5.2. There are 2.10 ± 0.40
events with a noisy hit per nanosecond of the absolute time difference between the
scintillator hits. Therefore, the noise rate can be estimated t o 1.05 ± 0.20 hits per
nanosecond. The total number of events is 3350, thus ΓΝ = (0.031 ± 0.006) % per
ns.
The cosmic r a t e is calculated using events selected by the selection criteria de
scribed in section 6.2, removing the cuts t h a t use the scintillator information. The

72

C h a p t e r 6.

Cross S e c t i o n

Measurement

d a t a will show up as a peak in the scintillator time distribution, while the cosmics are a flat background, as is shown in figure 6.11 for both top and bottom
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Figure 6.11: Top and bottom scintiiiator times for accepted events without scintillator cuts.
scintillators. The cosmic rates are fitted from these distributions. The results are:
r j = (0.46 ± 0.05) %/ns

and

rg = (0.39 ± 0.05) %/ns

The size of the cosmic background introduced by events of category 1 is estimated
to be (0.0048 ± 0 . 0 0 1 0 ) % .
2. E v e n t s w i t h o n e track passing t h r o u g h a region w i t h o u t scintillator
Studies on the cosmic rays detected as a function of φ [33] show that the cosmic
rate in the regions without scintillators is (70 ± 10) % of the average cosmic rate.
Therefore, the background contamination in this sample of events is given by:

1-0.7-(rl-T

+ rB-T) .

Therefore (1.79 ± 0.15)% of the events from category 2 axe background events.
Since only 285 out of 3350 events are in this category, this results in a total
background of (0.152 ± 0.013) %.
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3. E v e n t s h a v i n g s c i n t i l l a t o r h i t s c o n t a m i n a t e d b y n o i s e
Cosmics having one noisy hit, and one hit in the timeslot of 6 ns would be selected.
This background can be estimated as:

l i r S - T + rg.T),
resulting in a background of (2.55 ± 0.21) %. Since only 64 out of 3350 selected
events are in this category, this results in a total background of (0.049 ± 0.004) %.
Cosmic b a c k g r o u n d e s t i m a t i o n using vertex information
The previous sections have shown a total cosmic contamination of (0.206±0.014) %,
or 6.9±0.5 events. Assuming that the events with two good scintillator hits contain
no cosmics (as might be expected from the previous sections), one can estimate
the number of cosmics within the other event classes by comparing the vertex
distributions. The cosmic events tend to widen the vertex distributions. This
effect is seen in figure 6.12. From this, a cosmic background of 11 ± 3 events is
E
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Figure 6.12: Distance of closest approach for different event types. The solid line
represent the normalized number of events of the first category, the crosses the
events from other categories.
estimated. Using the weighted average of the background estimations od vertex
and scintillator method gives a cosmic background of 7.0 ± 0.5 events.
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6.7

Cross Section Measurement

The total cross section

T h e total cross section is calculated according to

σμμ

~

(6.2)

CE

where N is the number of events, С the integrated luminosity and E the efficiency
to detect the events. Each of these variables represents a source of systematic
errors, these are:
• The number of events, thus the event selection
• The background subtraction
• Detector efficiency and acceptance
• The luminosity
T h e error on the luminosity ( 0 . 9 % [15]) is a common source of error for all cross
section measurements. All the other errors are specific for this channel only and
listed in table 6.5.
Event selection
Background

0.50

%

cosmic

0.01

%

tau

0.07

%

Detector acceptance

0.25

%

Scintillator efficiency

0.31

%

Muon detector efficiency

0.30

%

Total systematic error

0.71

%

Table 6.5: Systematic errors in cross section measurement.
The total systematic error (without the 0.9 % error due to the luminosity measure
ment) is calculated by adding all contributions in quadrature. T h e most important
contributions are the event selection and the detector efficiency.
T h e background from standard model processes scales with luminosity, and, there
fore, subtraction is straightforward. The cosmic background scales with time, and
thus is calculated for each energy point. Results are listed in table 6.6.
After the application of all corrections, the cross section is given in table 6.7 as a
function of beam energy.
T h e systematic errors do not include the luminosity error. One can see t h a t
at every energy point the systematic error is much smaller than the statistical
error. The values are compared to standard model predictions by means of the

6.T.

T h e total cross s e c t i o n

CMS energy
88.224
89.227
90.227
91.222
92.217
93.221
94.215

75

percentage of running time nr of
0.49
6.97
6.34
0.44
7.41
0.52
56.68
3.97
6.42
0.45
0.56
7.96
8.23
0.58

Table 6.6: Cosmic background

CMS energy
88.224
89.227
90.227
91.222
92.217
93.221
94.215

^ events

58
98
200
2475
262
144
113

¿(nb- 1 )
402.4
444.8
370.4
2975.8
401.8
520.7
485.3

cosmics
± 0.04
± 0.03
± 0.04
± 0.28
± 0.03
± 0.04
± 0.04

vs center of mass

energy.

<Ttot (nb)

0.262
0.397
0.966
1.485
1.166
0.498
0.421

±
±
±
±
±
±
±

0.034
0.040
0.068
0.030
0.072
0.042
0.040

Table 6.7: Cross section vs center of mass

±
±
±
±
±
±
±

0.002
0.003
0.008
0.012
0.010
0.004
0.004

energy.

program ZSHAPE [7]. The standard model prediction is calculated with a Ζ mass
of 91.181 GeV. T h e mass of the Higgs is set to 100 GeV, the strong coupling
constant a , to 0.115 and the top mass is varied between 50 and 250 GeV. The
result is shown in figure 6.13.
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Figure 6.13: Cross section measurement compared to the standard model
tions using ZSHAPE.

predic-

Chapter 7
Asymmetry Measurement
Measurement of the forward-backward asymmetry, as defined in chapter 1, requires
a definition of the forward and backward region. Using the θ definition as shown
in figure 1.2, an event is called forward if cos0 M - > 0, and backward if сов р- < 0.
This definition is independent of the direction of the μ+. Because events are not
completely back-to-back, as a control the asymmetry is also calculated from the
direction of the μ+.
In this chapter, first a number of additional selection criteria are described. This
is followed by a discussion of different ways to calculate the asymmetry and by the
results.

7.1

Selection criteria

1. The dimuon charge asymmetry can only be calculated if the charges of the outgoing
muon tracks are known. Therefore, events with both muon tracks reconstructed
in two (doublet-doublet) or three (triplet-triplet) layers of muon chambers are
rejected if both reconstructed muons have the same charge. For equal charge
events with a doublet and a triplet muon track, the charge of the doublet is
changed. The numbers of events in the various classes are shown in table 7.1,

opposite charge
equal charge

total

Triplet-Triplet

Triplet-Doublet

Doublet-Doublet

1968

798

487

23

45

29

1991

843

516

Table 7.1: Dimuon charge reconstruction.
the total being all events used in the cross section measurement.
2. Except for the charge, the θ angle of the outgoing muons is of importance. There
fore, at least one of the muon tracks has to be reconstructed in at least one Z-layer.
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If a muon track is not reconstructed in a Z-layer, it is assumed to be back-to-back
in θ with the other track. T h e cut removes three (doublet) events out of all events
used in the cross-section measurement. The back-to-back assumption has t o be
made for 2.5 % of the events.
3. Both tracks are required to be within the region |cosi?| < 0.8. This cut removes
21 events.
4.

Initial state radiation reduces the center of mass energy. Since the forwardbackward asymmetry depends on the center of mass energy, as shown in figure
1.4, the effect of initial state radiation has to be reduced. Initial state radiation
is responsible for a high acollinearity of the final state muons. Therefore, an
acollinearity cut is applied. The effect of this cut on 400k (FPAIR [34]) Monte
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Figure 7.1: The eifect of the acoUinearity cut on the forward backward
(Monte Carlo).

asymmetry

Carlo events (at generator level) at peak energy is shown in figure 7.1. If the
acollinearity cut widens the asymmetry is reduced. A similar behaviour is found
at other energy points. The cut is set to 15°, a region where the asymmetry is
relatively independent of the value of the acollinearity cut. This removes 51 events
used in the cross section measurement.
After applying all cuts, 3229 events are left in the data sample.
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Systematics

Systematic effects in the forward-backward charge asymmetry may come from sev
eral sources. The wrong charge assignment can be made for a reconstructed muon.
Background events or the selection criteria may bias the asymmetry measurement.
Finally, the formula used to calculate the asymmetry is an approximation. These
effects are studied in the following sub-sections.
C h a r g e confusion
Using events with equal reconstructed charge for both muons, it is possible to
estimate the probability for correct charge assignment. The number of events
reconstructed to have two muons with the same charge is given by:
Ne4 =

Ntotx2P(l-P).

In this formula Ρ is the probability for a track to have the correct charge assign
ment. This formula can be used if both muons are expected to have the same
probability for correct charge assignment, eg. triplet-triplet events.
In the case of doublet-doublet events, two types are distinguished.
1) Doublet-doublet events with both muon tracks within | c o s 0 | < 0.7. For
these events, both doublet reconstructions come from edge effects, electrical
defects or reconstruction defects.
2) Doublet-doublet events with both muon tracks in the region | cos θ\ > 0.7.
For these events, both doublets are due to muons not traversing an outer
chamber.
Also studied are triplet-doublet events with | cos θ\ < 0.7. For those events, each
muon track has a different probability to have a correct charge assignment. T h e
number of events reconstructed to have two muons with the same charge is given
by:
iVeq = Niol χ [PD (1 - P T ) + PT (1 - P D )] ,
where Ρ τ is the probability to have a correct charge assignment for triplets and P Q
for doublets. Assuming knowledge of the triplet "charge efficiency", the doublet
charge efficiency can be calculated.
The probability for correct charge assignment is given in table 7.2. T h e charge
efficiency for doublets with |cosö| < 0.7 is set to the weighted average of the
results listed in table 7.2, that is 95.77 ± 0.66%. Events having one track in the
doublet area and one track in the triplet area are not used in the determination of
the charge efficiency. However, the probability for correct charge assignment for
these events can be calculated from table 7.2.
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Dotiblets of
Triplet-Doublet

Doublet-Doublet

Doublet-Doublet

|cos0|<O.7

|cosé>| < 0 . 7

|cos0| > 0 . 7

1951

752

124

323

20

37

11

7

99.49 ± 0 . 1 2

95.78 ± 0.77

95.74 ± 1.29

98.93 ± 0 . 4 1

Triplet-Triplet
opposite charge
same charge
charge efficiency
per track (%)

Table 7.2: Probability for correct charge

assignment.

Using these charge efficiencies, one can estimate the total number of events having
a wrong charge assignment on both muons. The events are seperated in categories,
depending on the reconstruction and the angular region. Events having a wrong
charge assignment are listed in table 7.3. This table shows that 0.021 ± 0.003 %
nr of

Probability of wrong

Contribution to

Category

events

charge assignment (%)

total number (%)

Triplet-Triplet

1951

0.0026 ± 0.0012

0.0016 ± 0.0007

doublet | c o s 0 | < 0.7

752

0.022 ± 0.006

0.0051 ± 0.0014

Triplet-Doublet same charges

37

0.51 ± 0 . 1 2

0.0058 ± 0.0014

124

0.179 ± 0.056

0.0069 ± 0.0022

both |cos0| > 0 . 7

323

0.011 ± 0 . 0 0 9

0.0011 ±0.0009

Other events

42

0.038 ± 0.007

0.00049 ± 0.00009

Triplet-Doublet mixed charges

Doublet-Doublet
both | c o s 0 | < 0 . 7
Doublet-Doublet

Table 7.3: Percentage of events with wrong charge

assignment.

of the events have a wrong charge assignment. This introduces a systematic error
in the forward-backward asymmetry of (4.2 ± 0.6) · 1 0 - 4 .
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Background events
As shown in the previous chapter, the most important sources of background
are τ events and cosmic rays. From lepton universality one may assume that
the forward-backward asymmetry for the τ events is the same as for μ events.
Measurements [15] show that the charge asymmetries of t h e r and μ events are
in good agreement. Therefore, this background introduces no systematic error in
the forward-backward charge asymmetry.
The forward-backward asymmetry in the cosmic ray background is measured in
[33], and found to be 0.014 ± 0.018. Since the cosmic background at the peak
energy is in the order of 0.2 %, it introduces a systematical error of 3.6 χ 1 0 - 5 in
the asymmetry.

Acollinearity cut
The forward-backward charge asymmetry is measured at peak energy with differ
ent acollinearity cuts. Results of these measurements axe shown in figure 7.2. A
0.05
E
E
fr 0.04 σ
0.03

0.02

0.01

-0.01

ι
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20
24
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Figure 7.2: The effect of the acollinearity cut on the forward backward asymmetry
at peak energy. The error shown is statistical only.
systematic error of 0.003 resulting from the acollinearity cut, is assigned to the
asymmetry.
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U s e d formula

In order t o determine the forward-backward asymmetry, the differential cross sec
tion is assumed to be described by equation 1.3, thus
2

«

^ { G i 0 0 ( l + cos 0) + 2С?2(з) cosí?} ,

which is the Born approximation of the differential cross section. T h e forwardbackward asymmetry is defined according to equation 1.6, therefore the distribution of the events as function of cos θ can be described by:
dN
асоз

2

= g^tot { l + cos θ + -Агь cos 6»! ,

(7.1)

for each value of the center of mass energy. Since this behaviour is extracted from
the B o m approximation, differences between the asymmetry derived from this
function and the actual forward-backward charge asymmetry can be expected.
This is checked at different energies using t h e FPAIR Monte Carlo. At each
energy point t h e asymmetry is calculated by counting t h e number of forward and
backward events, and by fitting formula 7.1 to generated events with | cos θ\ < 0.8.
At each energy point, 400k events axe generated. T h e results are listed in table
7.4.

Energy

μ+
counting fitting

μ'
counting

fitting

88.22

-0.2756

-0.2808

-0.2778

-0.2811

89.22

-0.1795

-0.1821

-0.1811

-0.1823

90.22

-0.0861

-0.0870

-0.0885

-0.0876

91.22

0.0026

0.0015

0.0003

0.0015

92.22

0.0790

0.0777

0.0770

0.0773

93.22

0.1260

0.1242

0.1237

0.1237

94.22

0.1602

0.1606

0.1589

0.1607

Table 7.4: Forward badcward asymmetry as obtained by fitting and counting. The
error in the asymmetry for counting is 0.0016, the error using the fit is 0.0020.
The table shows that the fitted results agree within 0.003 with the results from
counting (with one exception). Therefore, a systematic error of 0.003 is assigned
to the forward-backward charge asymmetry. The asymmetry is calculated for both
μ+ and μ~. Table 7.4 shows that differences between these calculations are within
0.002.
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Total error
In the previous sub-sections the different sources of systematic errors in the forwardbackward asymmetry are discussed. This is summarized in table 7.5.
error

Table 7.5: Systematic
metry.

charge confusion

4.2 x КГ"

background contamination

3.6 x ΙΟ"

acollinearity cut

0.003

used formula

0.003

μ+ от μ~ An, definition

0.002

errors in the determination

5

of the forward-backward

asym

T h e total systematic error in the asymmetry is calulated as the quadratic sum of
the errors listed in table 7.5, resulting in:
AAn, ~ 0.005.
This error turns out to be much smaller than the statistical error, and will be
neglected in the following.

7.3

Asymmetry calculations

T h e forward-backward charge asymmetry can be calculated in several ways from
the data. Here, three different methods will be discussed. The first method consists
in counting the number of forward and backward events. The second method
corresponds to fitting the coso distribution by (7.1). The last method discussed
is an unbinned likelihood fit.
Counting
By counting the number of μ~ in the forward and backward hemisphere one can
extract the forward-backward asymmetry within the region for which | costì| < 0.8
as:
ЛІЬ(|СОЗО|<0.8) =

^

.

This number is extended to the full azimuthal region assuming a cos θ distribution
according to (7.1). Correction from a region of |cosö| < cos0 c to the full area is
given by:
Ліъ = j4fb(|cos0| < соз с) • —

τ-2 .

4 coso,
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Furthermore, a correction is applied for the acceptance as a function of coso.
This acceptance is determined from a Monte Carlo (KORALZ) study, comparing
generator and real detector level Monte Carlo. The acceptance as a function of
cos θ is calculated as the ratio of the number of reconstructed events passing all
cuts to the number of generated events. The result is shown in figure 7.3. The

υ

-1

-0.75

Figure 7.3: Acceptance
detector
simulation.

-0.5

-0.25

vs cos θ (Monte Carlo), comparing generator level and real

asymmetries obtained after application of the corrections are listed in table 7.6
Energy

N,

iVb

88.224

19

36

89.227

46

90.227

79

91.222

1215

92.217

137

93.221

71

94.215

59

Asymmetry
-0.345

±

45

0.011

±

0.119

109

-0.170

±

0.082

1182

0.016

±

0.023

113

0.107

±

0.072

68

0.020

±

0.096

0.083

±

0.109

50

Table 7.6: Forward backward asymmetry calculated
errors are statistical.

0.146

by counting

method.

The
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Fitting t h e t h e t a distribution
After correcting t h e measured coso distribution for acceptance losses shown in
figure 7.3, this distribution can be fitted by (7.1). An example is given in figure
7.4 where t h e μ~ distribution is shown as a function of cos θ at t h e peak energy.
1
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Figure 7.4: coso disíribution oí the μ of dimuon events ai peak energy. The
curve shows a fit of the form (1 + cos 2 θ + l-Afb cos Θ).
The result of t h e fits is listed in table 7.7. T h e errors given in this table are
statistical only.
Energy

μ

Asymmetry

88.224

-0.386

89.227

0.016

90.227

-0.223

91.222

0.024

92.217

0.061

93.221

0.112

94.215

0.209

±
±
±
±
±
±
±

μ+ Asymmetry

0.127

-0.348

±

0.124

0.098

0.029

±

0.098

0.065

-0.240

±

0.065

0.019

0.027

±

0.019

0.059

0.075

±

0.059

0.076

0.107

±

0.076

0.090

0.176

±

0.092

Table 7.7: Forward backward asymmetxy caJcuJated from the coso distribution.
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U n b i n n e d likelihood m e t h o d
Assuming the coso distribution given in (7.1), one can construct an unbinned
likelihood function as:
lo

g£ = Σ 1 ο 6

8
с + —An, cos θ,

1 + cos

where the summation is performed over all events and е represents the polar
angle of the outgoing μ~ in event e. This likelihood can be used assuming the
inefficiencies are symmetrically distributed in Θ. This requirement holds since
only events having two tracks, which are almost always back-to-back, are selected.
Furthermore, the reconstruction efficiency is assumed not to depend on the charge
of the particle.
T h e log likelihood method thus provides a result independent of variations of the
acceptance with respect to cos Θ. The results of this method are listed in table 7.8.
Energy
88.224

μ

μ+

Asymmetry

-0.405

89.227

0.016

90.227

-0.214

91.222

0.017

92.217

0.086

93.221

0.071

94.215

0.135

±
±
±
±
±
±
±

Asymmetry

0.124

-0.410

±

0.123

0.111

0.024

±

0.111

0.075

-0.214

±

0.075

0.021

0.015

±

0.021

0.066

0.086

±

0.066

0.093

0.069

±

0.093

0.099

0.130

±

0.099

Table 7.8: Forward backward asymmetry

obtained from an unbinned likelihood

fit.

C o m p a r i s o n of m e t h o d s
As can be deduced from a comparison of tables 7.6-7.8, all methods of calculating
the asymmetry discussed here agree with each other within errors. Differences in
the asymmetry calculated from the distributions of μ + and μ~ can be neglected.
T h e results from the likelihood fit are used since these are not biased by variations
in the acceptance, but directly make use of the distribution of the events in theta.

7.4

The forward backward asymmetry

The measured forward-backward asymmetry can be compared with standard model
predictions. T h e standard model predictions are calculated using the Z F I T T E R
[8] program. Within these calculations the mass of the Higgs is set to 100 GeV,
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and the mass of the top quark is varied between 50 GeV and 250 GeV. The result
is given in figure 7.5, showing a good agreement between measurements and the
standard model prediction.
0.3
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Figure 7.5: Asymmetry
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ZFITTER
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Chapter 8
Interpretation of Results
In this chapter the measured lineshape and the forward-backward asymmetry, as
described in the previous chapters, are interpreted in terms of the standard model
variables. For this purpose a χ2 fit is performed on the d a t a using the program
Z F I T T E R [8]. The results and predictions of the Z F I T T E R program are compared
to other programs and found to be in agreement within 0.5 % [15]. Unless otherwise
specified, the standard model predictions listed in this chapter are calculated with
mt = 150 GeV, Mz = 91.181 GeV, MH = 100 GeV and a, = 0.115.

8.1

Mass and partial decay width

The cross section of the reaction e+e~ —> μ+μ~(Ύ) as a function of the center
of mass energy can be used to extract the mass and the total width of the Z.
Furthermore, assuming lepton universality, the peak cross section provides the
value of the lepton partial width Γ/. The results of the fit to the muon d a t a is
shown in the first line of table 8.1.
The hadronic channel contains more statistics. Therefore, in [15] this channel is
used to fit the mass and width of the Z. The leptonic width is fitted from the
muon channel constraining the mass and width of the Ζ to the results from the
hadronic measurement. The result is listed in the second line of table 8.1.

Γ, (MeV)

XVN«

2468 ± 100

83.1 ± 2.9

10.9/4

2501 ± 17

84.0 ± 1.0

11.2/6

2490

83.7

M z (GeV)

r z (MeV)

Only μ data

91.156 ± 0.057

Mz and Γζ fixed

91.181 ± 0.010

S.M. prediction

Table 8.1: Mass a n d width of the Z. The Z-mass has an additional
due to the uncertainty in the LEP energy
measurement.

error of 0.02

T h e last line of this table lists the standard model prediction as calculated with the
help of the Z F I T T E R program. All corresponding values are in good agreement.

89

90
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A combined fit to the cross section data from the reaction e + e _ —> е+е~(у) (from
[15]) and the cross section d a t a from the muon channel, gives the electron and
muon partial width. Using the Ζ mass and width listed in the second line of table
8.1 gives:
Γμ = 85.0 ± 2.0 MeV
Г е = 83.3 ± 1.1 M e V .
These values are in agreement with the hypothesis of lepton universality.
Instead of the partial width the branching ratio can be determined. The branching
ratio of Ζ —• μ+μ~('/) is defined as the fraction of Z's decaying into a muon pair.
Assuming lepton universality one finds:

Bi = -Р-=3.36 ±0.05%.
Furthermore, the peak cross section in the so-called improved Born approximation,
is given by

Using the constrained measurements listed before, this peak cross section is cal
culated t o be:
2
σ ° ( Μ ζ ) = 1.993 ± 0.042 n b .
As was discussed in chapter 6, the error on this peak cross section arises from the
error in the luminosity (0.9 % ) , and the statistical and systematical error in the
dimuon cross section measurement.

8.2

The number of light neutrino species

Using the muon cross section data, it is possible to extract the number of light
neutrino species. As WEIS shown in chapter 1, the most important input for this is
the peak cross section. Furthermore, the number obtained depends on the input
parameters of the standard model calculations. Using the standard parameters
one gets:
Ν, = 3.00 ± 0.18.
This number depends on the strong coupling constant and on the mass of the
t-quark. The dependence on the mass of the Higgs can be neglected. A variation
of rrit between 50 and 250 GeV, and of the value of the strong coupling constant
between 0.100 and 0.130 results in an additional error, leading to an estimate of
N„ = 3.00 ± 0.18 ig-g.
Combining the Γ/ measurement from the muon channel with the Tz and Fhad
measurements from the hadronic channel, one can calculate the number of light
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neutrino species independent of the top mass as:

However, the parameters are correlated. The error on the number of neutrinos
can be estimated from the fact that the peak cross section contributes most to the
determination of the partial width. In the so-called improved B o m approximation,
this cross section is given by:

'·-<"•> = ПйІгГ
for the hadronic channel, and

<W) =

12πΓ β Γ μ

ЩП

for the muon channel. Therefore, the number of neutrinos is given by:

ЧЖ-^-*)©·
The first term is sensitive to the errors arising from the lepton channel, and to
errors on the luminosity. The second term is sensitive to the errors on the hadronic
channel and the lepton channel, but not to the luminosity. Therefore, the error
on the number of neutrino species can be estimated as:

T,{P^r&)'+№'№Mt)T№
where ¿kp/σ/ is the relative error in the lepton cross section originating from sta
tistical and systematical errors in the lepton channel and ijum/o'i the relative error
in the lepton cross section originating from errors in the luminosity measurement.
^had/^had is the relative error in the hadronic channel described in [15]. The four
parameter fit, used in [15] gives:
r

z

= 2501±17MeV

Гьаа= 1 7 4 2 ± 1 9 M e V .
Combining these values with the leptonic width discussed in the previous section
results in:
# „ = 3.03 ± 0 . 1 1
independent of the top mass.
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8.3

The vector and axial vector coupling con
stants

As was shown in chapter 1, t h e partial width Γ μ , asuming lepton universality, can
be described by:
(

^- ^ т ^

+gv)

-

The on-resonance forward-backward asymmetry can be approximated as:
AFB(s = Ml) = 3 ^ .
9A

Combining both measurements gives t h e possibility of calculating | з ^ | and \дл\.
The sign of these quantities must be derived from other experiments (e.g. electronneutrino scattering [35]). Using the forward-backward asymmetry and cross sec
+
+
tion measurements from t h e reaction e e~ —> μ μ~('γ) and assuming lepton uni
versality results in t h e values of gv and gA listed in table 8.2.
T h e coupling

Mz

No constraint

Mz and Γζ fixed

91.156 ±0.057

91.181 ±0.010

Standard Model

rz

2474 ± 100

2501±17

2490

9v

-0.040íg;3«

-0.042Î2;SÏS

-0.036

9A

-0.499 ± 0.009

-0.501 ± 0.003

-0.501

18.7/10

19.0/12

X2/Nd/

Table 8.2: Effective vector and axi'aJ vector coupling

constants.

constants are calculated with and without the precise determination of the total
width and Ζ mass. T h e dependence of the standard model prediction on t h e top
mass is shown in figure 8.1, together with the 68 % and 90 % confidence levels from
the fit of Т/у and gA to the data.
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Δ m, = 250

90 % C.L.

0

-

-0.1
-0.51

_L

_L
-0.495

-0.5

-0.505

Figure 8.1: The 68 % and 90 % confidence levels in the gA — gv

-0.49
plane.

T h e relations
9Λ(Μ2Ζ)

9V(Ml)

=

P^h
p'l2{h-2QS\n2ew),

make it possible to replace the vector and axial vector coupling constants by sin 2 θ\ν
and p. Table 8.3 shows the result of the fit t o the d a t a with and without the precise
determination of t h e Ζ mass and width. A contour plot of these parameters is

Mz
Γζ
2

sin Ow
Ρ
X2/Ni}

No constraint

Mz and Γζ fixed

91.156 ± 0.057

91.181 ±0.010

2474 ± 100

2501 ± 17

2490

Standard Model

0.2303ÍS5Í£

0.2293ÎSÏÏÎÎ

0.2320

0.9970 ± 0.0357

1.0047 ±0.0136

1.0044

18.7/10

19.0/12

Table 8.3: Effective weak mixing angle and ρ factor.
shown in figure 8.2, together with t h e standard model prediction, using several
values for t h e mass of the t-quark.
Within the minimal standard model ρ and sin 2 Ow are not independent variables,
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0.3
90 % C.L.

O m t = 50
Ü m[ = 150
Δ m, = 250

sin* Θ,
W

0.25

_L
1.025

_L
0.975

0.2.
0.95

1.05

Figure 8.2: The 68 % and 90 % confidence JeveJs in the ρ — sin 2 θ\γ plane.
but have the following relationship [4]:
2

sin θ\ν

=

ΐΛ_ I
2[
\

4жа(М1) \
уДрС,,
s/2pG„Ml
]

-

Using this relation, a fit to the cross section and asymmetry d a t a gives:
sin 2 0 ^ = 0.2308 ± 0 . 0 0 3 1 ,
with a x2/Nif

8.4

of 19.0/13. Using this value for sin 2 <V, one finds ρ = 1.008 ±0.010.

Limits on the top mass
+

As shown in chapter 1, the width of the Ζ and the partial width of Ζ —> μ μ~(^)
depend on the mass of the t-quark. A combination of figure 1.5 and the measure
ments can be seen in figure 8.3, showing that the error on the partial width is too
large to determine the mass of the top. On the other hand, the total width as
measured from the hadronic channel can already be used to predict the mass of
the top quark, though the errors are still large.
As can be seen from figures 8.1 and 8.2, a combination of cross section and asym
metry measurements using only the dimuon channel is not accurate enough yet to
determine the mass of the top quark.

8.4.
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95

>

о
о 2.52

ι-*

85

M H - 10
M. = 100
M. = 1000

2.48
83
2.46

120

160

200

80

M, (GeV)

120

160

200
M,(GeV)

Figure 8 3: The theoretical effect of the top mass on Τ ζ and Υβ for several values
of the higgs mass using ZSHAPE combined with the measured values of Γ ζ and

To obtain more statistics, cross sections and forward-backward asymmetries of the
other leptomc channels should be included. In [15] a combined fit to all visible
channels in the framework of the standard model with a , = (0.115 ± 0.009) [36],
and 3 species of light neutrinos is performed This results in
mt = 1 9 3 í g ± 16(Higgs) GeV.
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Summary
Measurement of muon pair production around the
Z-resonance using the L3 detector at LEP
The standard model of electroweak interactions combines the description of the
electromagnetic and weak interactions between elementary particles. T h e elemen
tary particles are divided into families. Each family consists of four particles, two
leptons and two quarks. The forces between the particles are carried by spin 1
bosons. The photon is the carrier of the electromagnetic force and the so-called W
and Z-bosons are the carriers of the weak force. These W and Z-bosons have first
been detected experimentally at CERN in 1983. Measurements of the Z-particle
can be used t o test the consistency of the standard model and to determine the
values of parameters of this model. The Z-mass, for instance, can be used to
determine the so-called "weak mixing angle", which is via the so-called radiative
corrections related to the mass of the (still undiscovered) top quark. The width of
the Ζ is a, measure for the number of light neutrino species. Therefore, assuming
that each family of elementary particles contains one light neutrino, the number
of families can directly be determined from the Z-width.
The L E P accelerator is built to investigate properties of the Z-particle. It acceler
ates electrons and positrons (the anti-particles of the electrons) until they have an
energy corresponding t o about half that of the Z-mass. A Z-boson can be created
during a collision of the electron and positron. This Ζ decays in a very short
period of time. The different decay-channels result in different final states. At the
L E P ring, these final states are detected by four detectors. One of these is known
as L3. The most important features of this detector are a good energy resolution
in the electromagnetic calorimeter and a good resolution on the muon momentum
measurement. The latter is measured using three layers of drift chambers (the
so-called muon detector) located in a magnetic field.
T h e muon detector is the subject of chapter 3. This detector is constructed of socalled octants. T h e required precision of the measurements can only be achieved
if the alignment of the octants is better than 30 μια. This alignment is controled
by so-called RASNIK systems. A possible torsion of an octant is measured by a
rotating laser beam. Besides the alignment, the electric field in the muon chambers
is of importance. This electric field is held constant in the major part of the
101
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chambers in order to obtain a constant drift velocity.
The muon detector can only be used for precision measurements provided critical
parameters are being checked continuously. Therefore, so-called monitor systems
have to be used. In chapters four and five two of these systems, the high voltage
monitor system and the discriminator monitor system, are discussed. T h e most
important task of the high voltage monitor system is to protect the muon detector
against high currents. This system also passes the high voltage information to the
"online-computer".
The discriminator system watches the threshold value for signals originating from
the muon chambers. If the size of the signal is below this threshold value, the
signal is not used. The size of the threshold value is determined by the noise of
the amplifiers and by the properties of the muon chambers.
The analysis described in this thesis does not include all collisions measured by the
L3 detector, but concentrates on the so-called muon events. The selection criteria
and the measurement of the cross section of this channel are described in chapter
6. T h e background events and the efficiency of the detector are important for this
measurement. T h e efficiency of the detector is determined with the help of several
methods. The event loss due to imperfections of the detector is determined with
an accuracy of less than 0.5 %. The background, reduced by selection criteria, is
known to an even better accuracy. The main sources of background are cosmic rays
and the so-called tau events. The cross section, after correcting for background
and detector inefficiency, agrees with the predictions from the standard model.
The main source of uncertainty in the measured cross section still is the statistical
error.
Besides the cross section, the asymmetry in the distribution of muons is studied.
This asymmetry is defined as the difference of the number of events having a neg
ative charged muon in the forward direction and the number of events having a
negative charged muon in the backward direction, normalized to the total num
ber of events. The asymmetry measurement can be influenced by a wrong charge
assignment in the reconstruction. Furthermore, the amount of available energy in
fluences the asymmetry. The amount of energy is reduced when either the electron
or the positron radiates energy before the collision. These effects are minimized
by applying additional selection criteria. Also the error on the asymmetry mea
surement is mainly due to the statistics. The measured asymmetry is, within this
error, in agreement with the theoretical prediction.
Parameters of the standard model can be extracted from the cross section and
from the asymmetry measurements. The measured parameters are compared to
predictions from the standard model, to measurements in other channels and to
measurements in other experiments. The mass and the width of the Z, as de
termined from the muon channel, are in good agreement with the measurements
using the hadronic channel. Using the width of the Ζ and the partial width of all
detected channels, the number of light neutrino species is determined t o be three.
Assuming that every family of elementary particles contains one light neutrino,
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the number of families is limited to three. Furthermore, the combined measure
ments of the muon and the electron channel agree with the assumption of lepton
universality.
The so-called vector and axial vector coupling constants used t o calculate the
effective weak mixing angle, are determined from the asymmetry measurement.
T h e effective weak mixing angle is related to the mass of the (still undiscovered)
top-quark. Due to lack of statistics, it is not yet possible to determine the top
mass from the muon channel only. The combined measurements of the L3 detector
using all Ζ decay-channels do, however, provide a determination of this mass to

mt = 1931^1 ± 16(Higgs) GeV.

Samenvatting
Meting van muon paar produktie rond de Z-resonantie met behulp van de L3 detector bij LEP
Het standaard model van de elektro-zwakke wisselwerkingen combineert de be
schrijving van de elektromagnetische en zwakke wisselwerking tussen elementaire
deeltjes. De elementaire deeltjes zijn verdeeld in families. ledere familie bestaat
uit vier deeltjes, twee leptonen en twee quarks. De krachten tussen de deeltjes
worden gedragen door bosonen met spin 1. Het foton is de drager van de elek
tromagnetische kracht, en de zogenaamde W en Z-bosonen zijn de dragers van de
zwakke wisselwerkingen. Deze W en Z-bosonen zijn voor het eerst experimenteel
waargenomen in CERN in 1983. Metingen aan het Z-deeltje kunnen worden ge
bruikt om de consistentie van het standaard model te testen en daarnaast om de
waarden van parameters van dit model vast te leggen. Zo kan de massa van de Ζ
gebruikt worden om de zogenaamde "weak mixing angle" te bepalen welke, door
middel van de zogenaamde stralingscorrecties, gerelateerd is aan de massa van het
(nog niet gevonden) top quark. De vervalsbreedte van de Ζ is een m a a t voor het
aantal soorten lichte neutrino's. Aannemende dat iedere familie van elementaire
deeltjes een licht neutrino bevat, kan het aantal families van elementaire deeltjes
direkt bepaald worden uit de breedte van de Z.
Om het Z-deeltje te kunnen bestuderen is de LEP versneller gebouwd. Deze
versnelt elektronen en positronen (de anti-deeltjes van de elektronen) t o t d a t deze
een energie hebben die overeenkomt met ongeveer de helft van de Z-massa. Tijdens
de botsing van een elektron en een positron kan het Z-boson gemaakt worden.
Dit Z-deeltje vervalt in zeer korte tijd. De verschillende vervalskanalen van de Ζ
geven verschillende eindtoestanden. Aan de LEP ring meten vier detectoren deze
eindtoestanden. Een van de detectoren staat bekend onder de naam L3. Deze
detector heeft als belangrijkste kenmerken een zeer goede energie resolutie in de
elektromagnetische calorimeter en een een goede resolutie op de impuls bepaling
van het muon. Deze laatste wordt gemeten met behulp van drie lagen van drift
kamers (de zogenaamde muon detector), geplaatst in een magnetisch veld.
De muon detector is het onderwerp van hoofdstuk 3. Deze detector is gecon
strueerd uit de zogenaamde octanten. De vereiste meetnauwkeurigheid kan alleen
gehaald worden als de uitlijning van deze octanten binnen 30 μπι nauwkeurig is.
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Deze uitlijning wordt gecontroleerd met behulp van zogenaamde RASNIK systemen. Een eventuele torsie van een octant wordt gemeten met behulp van een
roterende laserbundel. Naast de uitlijning van de octanten is het elektrisch veld
in de muon kamers van belang. Het elektrisch veld is in het grootste gedeelte van
de kamers constant gehouden om een constante driftsnelheid te verkrijgen.
De muon detector kan alleen gebruikt worden voor precisie metingen mits kritische parameters regelmatig gecontroleerd worden. Dit gebeurt met behulp van
zogenaamde monitor systemen. In het vierde en vijfde hoofdstuk worden twee van
deze systemen, het hoogspannings monitor systeem en het discriminator monitor
systeem, besproken. De belangrijkste taak van de hoogspannings monitor is het
beschermen van de muon detector tegen grote stroomsterkten. Daarnaast geeft
dit systeem informatie over de hoogspanning door aan de "online-computer".
Het discriminator systeem heeft tot taak de drempelwaarde, voor de signalen die
van de muon kamers afkomstig zijn, te bewaken. Als de signaalgrootte kleiner is
dan deze drempelwaarde, dan wordt het signaal niet gebruikt. De grootte van
deze drempelwaarde wordt bepaald door de ruis van de versterker en door eigenschappen van de muon kamers zelf.
Van de botsingen die met behulp van deze detector gemeten zijn, zijn alleen de
zogenaamde muon gebeurtenissen gebruikt bij de in dit proefschrift beschreven
analyse. De selectie criteria en de meting van de werkzame doorsnede van dit
kanaal zijn beschreven in het zesde hoofdstuk. Van belang voor deze meting
zijn de achtergrond gevallen en de kwaliteit van de detector. De kwaliteit van
de detector is op verschillende manieren bepaald. Het verlies aan gevallen door
imperfecties van de detector is met een nauwkeurigheid van minder dan 0.5 %
bepaald. De achtergrond, gereduceerd met behulp van de selectie criteria, is nog
beter bekend. De belangrijkste bronnen van achtergrond zijn kosmische streding
en de zogenaamde tau gebeurtenissen. De werkzame doorsnede is, na correctie
voor achtergrond en imperfecties, in overeenstemming met de voorspelling van
het standaard model. De onnauwkeurigheid van de gemeten werkzame doorsnede
wordt nog steeds voornamelijk bepaald door de grootte van de statistiek.
Naast de werkzame doorsnede is de asymmetrie in de verdeling van de muonen
bestudeerd. Deze asymmetrie is gedefinieerd als het verschil van het aantal gevallen
met een voorwaarts negatief geladen muon en een achterwaards negatief geladen
muon, genormaliseerd op het totaal aantal gevallen. De meting van de asymmetrie
kan beïnvloed worden door een foutieve ladingsbepaling tijdens de reconstructie.
Verder blijkt de hoeveelheid beschikbare energie van invloed te zijn. De hoeveelheid energie wordt verminderd indien het elektron of positron energie uitstraalt
voordat de botsing heeft plaatsgevonden. Deze effecten zijn geminimaliseerd door
het gebruik van extra selectie criteria. De fout op de meting van de asymmetrie
is ook voornamelijk statistisch. De gemeten asymmetrie is binnen deze fout in
overeenstemming met de theoretische verwachting.
Uit de asymmetrie en werkzame doorsnede kunnen parameters van het standaard
model bepaald worden. Deze gemeten parameters zijn vergeleken met de voor-
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spellingen van het standaard model, met metingen van andere kanalen en met
metingen van andere experimenten. De massa en de vervalsbreedte van de Z, zoals
bepaald uit het muon kanaal, zijn in goede overeenstemming met de metingen van
het hadron kanaal. Uit de vervalsbreedte van de Ζ en de partiële vervalsbreedtes
van alle gedetecteerde kanalen blijkt dat er slechts drie soorten lichte neutrino's
zijn. Aannemende dat iedere familie van elementaire deeltjes één licht neutrino
bevat, is dit aantal families beperkt tot 3. De metingen van het muon kanaal,
gecombineerd met het elektron kanaal zijn in overeenstemming met de aanname
van lepton universaliteit.
Uit de asymmetrie metingen volgen waarden van de zogenaamde vector en axiaal
vector koppelingskonstanten, welke gebruikt zijn om de "effective weak mixing
angle" te bepalen. Deze parameter is gerelateerd aan de massa van het nog niet
ontdekte top-quark. Door een gebrek aan statistiek kan deze top massa nog niet
bepaald worden uit de metingen van het muon kanaal. Metingen met de L3 detector aan alle vervals-kanalen van de Ζ geven wel een bepaling van deze massa:
m, = 193Í11 ± 16(Higgs) GeV.
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