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ABSTRACT AND OUTLINE

The enormous amount of data collected over the past few years at the CERN Super
Proton-Antiproton Synchrotron has turned the proton-antiproton collider project into a big
success. After the early discoveries of the W* and Z° particles and the observation of
multi hadronic jet structures, both collider and experiments have continued to explore a
field of physics that is still not within reach of any other existing accelerator project.

In this thesis we will mainly focus on the field of heavy flavour physics. Whenever
necessary we will also use the knowledge obtained from other fields of research within
the UA1 collaboration. We will address the question whether a large fraction of the
measured inclusive muon and inclusive dimuon cross-sections can be explained by the
production and semileptonic decays of heavy flavours. In the light of the physics
interpretation of the muon signals it turns out to be inevitable to make precise
comparisons with theoretical calculations. In order to convince ourselves that the
theoretical models make sense, we have performed a detailed comparison with data
made available by e+e- experiments.

We will argue that the anomalously large amount of same-sign dimuon events that
are observed might be the first sign of heavy flavour mixing in the Bs° - Bs° system. This

conclusion can only be valid under the condition that we have solid indications for the
origin of the same-sign dimuons. We show that one is able to explain both rates and
topologies of the (di) muon events in terms of QCD calculations. We have undertaken a
detailed calculation of the production, fragmentation and decays of heavy quarks in pp
collisions. In addition, we have performed a detailed study of the influence of both
theoretical and experimental uncertainties on the same-sign dimuon to opposite-sign
dimuon ratio.

The outline of this thesis is as follows. Chapter I contains a general introduction to
the physics motivations behind the pp-collider project, a brief description of the CERN
facilities and a summary of collider and UA1 physics achievements. In the last section of
this chapter we introduce the concept of studying heavy flavours via their weak decays
into muons. The second chapter gives a brief overview of the UA1 experimental set-up,
while those parts of the detector that are relevant for our analysis will be discussed in
some more detail. Chapter n i contains a short introduction to, and motivation for the use
of Monte Carlo techniques in event simulations, while chapter IV describes the
framework of the recently developed 'EUROJET' event generator. In chapter V, we
discuss the theoretical model on which the mixing interpretation is based. Here we also
introduce some useful definitions and formulae on which we build our later analysis of the
same-sign to opposite-sign dimuon ratio. Data collection and event reconstruction is the
subject of chapter VI , while a detailed comparison between the theoretical models and
experimentally obtained distributions is given in chapter VII . Finally, we will make some
concluding remarks in chapter VIII.



INTRODUCTION

1. Proton-antiproton physics, motivation

The suggestion of converting the Super Proton Synchrotron (SPS) at CERN into a
collider with counterwise rotating beams was presented in 1976 by C. Rubbia et al. [1].
The original proposal suggested the acceleration of both proton and antiproton beams up
to an energy of 273 GeV. In fact, this proposal relied heavily on an idea worked out by S.
van der Meer that intense beams of anti-matter could be created using stochastic beam
cooling techniques [2]. The hadron accelerators (SPS, FNAL) operational in the
seventies were mainly providing proton beams (= 400 GeV) for fixed target experiments,
resulting in a rather limited center of mass energy accessible by these experiments (Vs =
28 GeV.). Having two colliding beams would drastically increase the total amount of
energy available for an interaction, namely, Vs -» 2 * 273 = 546 GeV. The Intersecting
Storage Rings (ISR), a collider of two proton beams operating at CERN, already had
proven that it was technically possible to build such a device. However, the energy range
accessible by the ISR was still about an order of magnitude lower (Vs = 30-60 GeV.) than
what was foreseen for the modified SPS.

Clearly, the reason for exploring a new energy range was a combination of both
experimental results and theoretical achievements. The discovery of the neutral currents
[3] and the development of gauge theories lead to an extremely elegant theoretical model,
the so-called 'Standard Model' of weak and electromagnetic interactions. This model,
originally proposed by Glashow [4] and modified by Weinberg [5] and Salam [6], is based
on the ideas of gauge invariance and spontaneous symmetry breaking via the Higgs
mechanism [7]. Many reviews are available, in ref. [8] a small selection is given.

There were many indirect indications that the carriers of the weak force would be
very massive (80 - 90 times the mass of the proton). Therefore, it would be challenging to
try and observe these carriers, the weak W* and Z° bosons, in a more direct way.
Determination of both their mass and decay-width would enable precise tests of the
predictions made by the Standard Model.

Efforts were not only made in the field of unification of the electromagnetic and weak
forces. Also the strong forces were brought into the spotlight. Although theories on this
subject have already been around since the 1930's, it was only in the 1970's that a more
complete theory was developed, based on the same 'gauge' principles. The so-called
theory of 'Quantum Chromo Dynamics' (QCD) [9] assumes that the mediators of the strong
force form a set of eight massless gluons. These gluons only couple to quarks or to
themselves; the coupling to leptons is completely absent. First experimental evidence for
the existence of gluons occurred at experiments at the e+e- collider at PETRA (Hamburg)
[10] where events containing more than two hadronic jets were observed. Closer analysis
of the data showed almost complete agreement between experiment and QCD
predictions for the overall properties of these events. However, the jet structures



observed in e+e- experiments were hardly (or not at all ?) observed at the ISR. The cross-
section predictions made by QCD for proton-proton interactions seem to be in conflict with
the experimental measurements, although the interpretation of the data is not yet
completely clarified [11]. Nowadays it is generally believed that QCD becomes valid,
provided there is a reasonably large energy transfer in the basic (strong) interaction.
What 'reasonable' means we hope to clarify in this thesis. It will be shown that the
agreement between experiment and QCD predictions for heavy flavour production at
the pp-collider turns out to be remarkably good.

2. The CERN proton-antiproton collider

The main idea behind the SPS collider project was based on the assumption that
both protons and antiprotons can be accelerated in the same ring. The similarity between
the two particles, their mass and the opposite charge would even enable the use of a
single set of magnets with both particles traveling inside the same beam pipe. There was
no reason whatsoever to believe in a significant difference between the lifetime of the
proton and the antiproton. Thus, one could build a collider by modifying an existing
accelerator facility. Defining the total number of interactions as the product of cross-
section and integrated luminosity, it is obvious that the luminosity itself, i£, depends on
beam dimensions, number of bunches per beam (n-|, n2) and particle concentrations

(1.1)

with N1 and N^ the number of protons and antiprotons per beam, e the emittances and p
the betatron functions at the intersection point for both transverse projections. In order to
reach a high luminosity, so that processes with lower cross-sections can be probed, the
revolution frequency (f) should be high, while the size of the interaction region should be
small (e.(3). Special focusing magnets near to the interaction regions are therefore
required as well as a reasonable amount of antiprotons. In order to be able to observe
particles with a mass as large as expected for the W* and Z° bosons, an integrated
luminosity of at least 100 nb"1 was foreseen to be necessary. This corresponds to
luminosities in the order of i£ ~ 1029 -1 o30 crrrV1 .

To reach these high luminosities the problem of creating sufficiently intense beams
of antiprotons had to be solved. As already indicated in section 1, stochastic beam
cooling could provide these intense beams: A dense 26 GeV proton beam is dumped into
a copper target. Among the many particles that emerge there is a small amount of
antiprotons. The fraction of antiprotons that can be captured is ~ 10'6. The so-called
Antiproton Accumulator (AA) collects about 5 * 106 antiprotons with an energy of ~ 3.5
GeV per pulse of ~ 1013 protons. These antiprotons are stored and the size of the beam
is squeezed while the momentum of the antiprotons becomes very well defined. In other
words, the motion of the antiprotons is 'cooled'. The technique of cooling is based on
measuring the average position and momentum of the particles inside the beam. Beam
squeezing is attained by kicking the particles into the right direction, with the help of
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magnets. Repeatedly adding new antiprotons leads to a stable high density beam stored
in an additional (inner) ring of the AA. This procedure of stochastic cooling was first
successfully verified with proton beams [12].

The organization of beam transfer and acceleration can be best explained on the
basis of a sketch of the CERN accelerator complex, in figure 1.1 below:

LSS4

LSS5

fig. 1.1: Top view of the CERN proton-antiproton accelerator complex.

Since stacking and cooling of the antiprotons takes place in two separated rings, the
transfer of the antiprotons to the Proton Synchrotron (PS) can take place at any time,
while the collection of new antiprotons continues. In the PS the dense antiproton beam is
accelerated to 26 GeV. After having reached stable beam conditions the antiprotons are
injected into the SPS in three bunches. The proton beam undergoes a similar procedure:
After acceleration in the PS, the protons are injected in the opposite direction into SPS.
Finally, both beams are accelerated to 273 GeV per beam. One single revolution of a
particle in the SPS takes about 23 u.s, which for a six bunch operation mode corresponds
to a bunch crossing period of about 8 \is. There are two large experimental areas. The
LSS4 area contains the UA2, UA4 and UA5 experiments, while the LSS5 area
accommodates the huge UA1 detector.
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3. Collider performance and physics achievements

After the approvement of the collider project in june 1978, it took only two years until
the first successful operation of the AA was reported. The PS received and accelerated its
first antiprotons in february 1981. In the same year both protons and antiprotons were
injected into the SPS and stable beams of 273 GeV each were achieved. Each proton
bunch contained ~ 1011 protons while the contents of each antiproton bunch was about
an order of magnitude lower: ~ 1010 antiprotons.

The two enormous UA1 and UA2 detectors became operational at the 10 th of July
1981 when UA1 reported the first interactions [13] seen by their detector. Physics runs
started in October 1982 and lasted for two months. Already over this period both UA1 and
UA2 results were extremely promising. About 25 nb"1 of luminosity was recorded by the
UA1 collaboration and serious analysis was started. Rapid data aquisition and data
transfer allowed for fast preliminary analysis and it was already in the first month of 1983
that UA1 and UA2 each announced a handful of W± candidates [14]. This culminated in a
press conference on the 25 th of January where CERN officially presented the discovery of
the charged weak boson. The mass of this particle turned out to be surprisingly close to
the theoretical predictions, ~ 80 GeV/c2. The neutral partner was expected to be slightly
heavier and more data was needed to establish its existence. A long period of running in
the beginning of 1983, with improved machine performance, finally resulted in the official
announcement (1 June 1983) of the discovery of the Z° [15]. Since then the performance
of the collider has steadily improved. To illustrate this we give a table of integrated
luminosities (and collider luminosities) recorded for the muon data over the past few years

-> \H ~ 18 nb"1 (1982)
i£ = 1.6*1029cm-2S-1 _> \<£ = 108 nb-1 (1983)
i£ =3.6*1029cm-2S-1 _> Ji? = 254 nb-1 (1984) (1.2)
^ = 4 . 0 * 1 0 2 9 c m - 2 s - i -> / i ? = 330 nb-1 (1 9 85)

Besides the luminosity improvements there was a significant increase in beam
lifetimes. In 1982 lifetimes of several hours were recorded while in 1985 beams even
lasted for longer than a day. The beams were only dropped for economical reasons in
order to increase the luminosity again. In the mean time the beam energy could also be
increased by modifying the magnet cooling system. In 1984 and 1985 a center of mass
energy of 630 GeV was obtained, bringing the TeV region within close reach!
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4. Muons, heavy flavours and flavour mixing

Analysis of the data collected in the short 1982 run showed that jet production at the
collider is significant. As already suggested by 'low' energy hadron-hadron experiments,
strong interactions play an important role and are expected to completely dominate
hadron production in pp collisions. A detailed comparison of experimental data with QCD
models indeed shows that jet production at the collider is well explained by strong
interactions [16].

In inclusive jet measurements one is however not able to directly resolve the flavour
whicn is at the origin of the jet. At short distances the quarks behave as if they were free.
At long distances quarks are confined and hence must fragment into ordinary hadrons. At
collider energies large particle multiplicities make it very difficult to disentangle the
original flavour. Detailed measurements in e+e- annihilation experiments have shown
that heavy quarks on average lose only little energy in the fragmentation process (see
chapter IV). Thus production of high momentum heavy quarks generally leads to high
momentum heavy hadrons. The decay of these heavy hadrons is studied in the much
'cleaner' e+e- experiments and shows that heavy flavour decay properties are very well
described by phenomenological models based on the weak decay of heavy quarks. In
the (3 - body) semileptonic decay of an energetic heavy hadron the lepton will take a
significant amount of energy. Hence, the direction of the lepton will be strongly correlated
with the original quark direction. The hadrons from the fragmentation as well as fiom the
subsequent decay of the heavy hadron surround the lepton. This effect is certainly
weaker when the heavy quarks are produced aimost at rest. By demanding a significant
lepton energy, which is also necessary to minimize the background from kaon and pion
decays (see chapter VI), and by demanding a significant hadronic activity close to the
lepton we are able to indirectly select high momentum heavy hadrons.

In the presence of hadronic activity muons can be rather well identified, even at
relatively low momenta. This is in strong contrast with electrons which suffer from a
significant misidentification background due to pions and photons. Muon backgrounds
can be further reduced by demanding more than one muon per event. Shortly after the
discovery of Z° decays into a pair of muons, the search for dimuons has been extended
down to muon pairs with a mass as low as the mass of the J/y particle. Besides the
electromagnetic production of lepton pairs and of lepton pairs from the decays of J/v|/ and
T we expect a significant amount of dimuons from heavy flavour decays. These
multilepton final states can be separated into combinations of first generation charm and
bottom decays, for example:

pp -» cc
11—> n - i )

U+t) S

(1.3)
pp -> bb

I'—> |r v c

p+vc

IA;

t
bb

t
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and combinations of first and second generation bottom decays. For example:

pp -» bb

•—> | r v c
I—» n+vs

(1.4)
pp -» bb

'—i u- DC

'—> u d c
*—» |1"DS

Similar signatures are expected for the weak cascade decay t -» b -> c - * s. At each
weak decay a lepton may be produced. However, the cross-section for the production of
top hadrons is significantly suppressed compared to charm and bottom hadrons due to
the relatively high mass of the top quark. A detailed discussion on heavy flavour cross-
sections can be found in chapter VI.

If we neglect the contribution from top quark production for the moment the only
source of same-sign dimuon events is the combination of a first generation muon from the
b-decay and a second generation muon from the b-decay or vice versa. There is another
interesting possible source for same-sign dimuons. When either a B°-meson or the B°-
meson change into their antiparticle the leptons in the subsequent decay chain will
change sign. This mixing between B°-mesons and B°-mesons then gives rise to same-
sign dimuon events where both muons are from the first generation. To enhance this
effect one can impose kinematical cuts on the muon momentum and the invariant dimuon
mass that remove most of the second generation muons.

Flavour mixing can be illustrated by referring to KL and Ks, which can be interpreted
as linear superpositions of K° and K° (for simplicity we assume that CP is not violated).
The particles K° and K° have a definite strangeness (+1, -1 respectively) whereas the
strangeness of KL and Ks is not determined. It turns out that the K$ particle desintegrates
in a time of the order of 10"10 s (Kg -> 2n) whereas the KL has a much bigger lifetime: 0(5
* 10"8 s) (KL -> 3n). Based on this observation and the idea that KL and Ks can be
described as 'mixed states' Pais and Piccioni presented a proposal for oscillation
experiments [17] where a pure K° beam is produced via strong interactions. The K° may
be written as a superposition of KL and Ks. After a time long enough to let most of the K s

to decay, only KL are left. As the KL is a superposition of K° and K°, the beam that
originally had a definite strangeness +1 now also contains particles with strangeness - 1 .
The oscillations between K° and K° are entirely caused by weak interactions and can
easily be generalized to systems containing heavier quarks. A detailed theoretical
discussion on mixing in systems containing charm and bottom quarks is presented in
chapter V. Significant mixing is expected for Bs - Bs systems whereas the mixing for

charmed mesons and other bottom quark systems is expected to be small. The key
quantity for establishing mixing is therefore the ratio between same-sign and opposite-
sign dimuon production.
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n
THE UA1 EXPERIMENT

1 . Introduction

The proposal for the UA1 experiment (named after the experimental 'Underground
Area 1") was presented in 1978 [1]. Among another series of proposals [2], the UA1
apparatus turned out to become not only the most complete but also the largest detector.
The SPS ring contains straight sections of which the LSS5 area (see fig.t in chapter I)
accommodates the huge LJA1 apparatus. Due to the hilly landscape in the Geneva area,
the device finds itself about twenty meters under ground. Part of the testing and
construction of the apparatus had to be carried out at the location itself while other parts
were build at participating laboratories. During the construction period, it was foreseen to
keep the SPS accelerating protons for fixed target experiments. In addition, the SPS had
to be kept operational for machine development, since turning it into a collider had to be
achieved in parallel with the construction of the new collider experiments. This led to the
design of removable shieldings between the SPS-tunnel and the so-called 'garage' were
the detector was assembled.

HADRON CALORIMETER

GONDOLAS

,\1 - CHAMBERS

fig. 2.1: Artist's view of the UA1 detector.
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Apart from a shut-down period in order to perform the excavations needed for area
modifications, the new developments would not disturb the scientific program of CERN at
that time too much. Cabling, gas connections etc. were designed in such a way that the
detector could be operational in both the garage and the SPS-ring. The complete
apparatus is placed on a rail system so that it can be moved between the two locations.

Fig. 2.1 gives an artist's view of the opened detector while fig. 2.2 shows a cross-
section along the beam. In both representations the beam pipe and transport system are
clearly visible. The almost An coverage (polar angle from the beam direction: 6 = 0.2°) of
the apparatus makes its possible to 'detect' escaping particles. Non-interacting particles
will leave an energy-imbalance after the full event is reconstructed ('missing energy'). By
this method the transverse momentum of the neutrino in the semileptonic decay of the W±
can be determined.

In the following sections we will briefly discuss the main features of the apparatus.
Starting from the interaction region in the very center of the apparatus, the measurement
of the momenta of charged particles is achieved by the 'central detector', which will be
described in section 2. In section 3, we cover the 'electromagnetic calorimeter", placed
just outside the central detector. It absorbs electrons, photons etc. and measures the
energy deposited by these particles. The energy of all the hadrons (Kaons etc.) that are
not completely stopped by the material of the electromagnetic calorimeter is measured in
the 'hadronic calorimeter' (section 4). A 'minimum ionizing* muon will pass all this
material provided it has sufficiently large energy. It will be detected in wire chambers at
the very outside of the apparatus. Between the muon chambers and the hadron
calorimeter there is an additional shielding against high energy hadrons leaking through
the calorimeters. This drastically decreases the probability of misidentification of a
charged hadron in the muon detector while it also provides an additional barrier for very
low momentum muons. The muon chambers are described in section 5. Finally, section
6 contains some remarks about the triggering of the device and data collection.

2. Central detector (CO)

The about 6000 sense wires of the central detector [3, 4] form the core of the charged
track reconstruction by the UA1 apparatus. The exploded view of the detector in fig. 2.3
shows the in total eigth separate drift chambers, grouped in two half cylinders; two in both
forward directions, two at the outer central region and another two small ones close to the
beam pipe in the central region. The CD as a whole is placed in a uniform magnetic field
of 0.7 Tesla, which enables momentum determination through the curvature
measurement of the charged tracks via the simple relation (p in GeV/c):

0.3 q B r
p i— (2.1)

COS A.

with q the charge of the particle, B the magnetic field (Tesla), r the radius of the curvature

(meter) in the bending plane and X the angle out of the plane perpendicular to the field.

The total length of the cylinder is 6 meters with a diameter of 2.2 meters. The wires of the
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six larger modules are all organized into a series of wire planes , defining different drift
volumes.

forward chamber
anode plane
cathode plane

fig. 2.3: Exploded view of the central detector.

Figure 2.4 shows an example of the track reconstruction, where one can distinguish the
six drift volumes in each forward module, ten drift volumes per (outer) central module and
one single drift volume in each of the small 'green chambers' close to the beam pipe.
Both magnetic field and wires are horizontally oriented, perpendicular to the plane of
drawing in fig. 2.4. The special configuration of the planes is optimized in order to have
the planes as much as possible in parallel to the 'average' track in each module.

Electrons are freed from the gas by the the traversing charged particles. An electric
field is created with additional field wires. This field is shaped in such a way that the
electrons drift to the sense wires. Very close to the sense wires the gradient increases
significantly. The drifting electrons will further ionize the gas, giving rise to an avalanche
effect nearby the sense wire. Special field shaping wires control the amplification of the
gas. The charge collected in this way is read-out and the signal is amplified. Since the
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magnetic field is oriented parallel to the wires, the charged particles are only bend in the
plane of drawing in fig. 2.4 (xy-coordinates).

" \ ' . i-

. • • • ' /

/ /

\

\

\

\
-

1l - ' ^

- • •
. -

1

\

. - • • -

" " " • " • *

. ; ; •

* " • . ••*"

fig. 2.4: The projection of reconstructed tracks in the CD onto the
bending-plane (xy-coordinates).

Measurement of the drift time, charge and position of the wire provides an excellent
position determination in this plane. The position along the wire is obtained by charge
division. For this the sense wire is read-out at both ends. The relative amount of charge
seen at the two ends provides the position of the track along the wire. The drift volumes
are constructed in such a way that a maximum drift time of 3.5 u.s is achieved, which is still
smaller than the bunch crossing period in the six on six bunch operation mode of the
SPS.

The huge amount of combinatorials that appear when one tries to reconstruct a track
in the CD demands a special algorithm. The basic idea behind the so-called chaining
procedure relies on the observation that neighbouring points belonging to the same track
are in general closer than points on nearby tracks. A parabolic path is used to build a
chain of consecutive points. This leads to a typical momentum resolution of

Ap 1
- £ ~ 0.005 GeV1

P
(2.2)

However, the resolution for each track depends strongly on its location in the CD. The
quality of the momentum determination also gives the confidence level for the charge
determination. A detailed discription of the algorithm can be found in ref. [5].

3. Electromagnetic calorimeter

Identification of electrons and photons is the main task of the electromagnetic
calorimeter which completely encloses the central detector. Fig. 2.5 contains a drawing of
two sections of the so-called 'gondolas' (6], the central part of the electromagnetic
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calorimeter. The gondolas are placed on either side of the central detector. Each module
covers the azimuthal angle of ~ 180°, while the width along the beam direction
corresponds to ~ 0.1 units of rapidity. The complete central part of this calorimeter is
build out of 48 units, 24 at each side. The inner diameter is 2.72 meters, while the total
length amounts to 6 meters (25° < 8 < 155°).

TO PM'S*

LEAD.
SCINTILLATOR
STACK

FiXATiONS TO
MAGNET YOKE
(solid metal)

HONEY COMB
SUPPORTING
STRUCTURE

| TO PM'S i

fig. 2.5: Two gondolas; 48 of these units form the cylindrical part of
the electromagnetic calorimeter.

The particles originating from the interaction vertex (and electromagnetically interacting),
will give rise to an electromagnetic shower in the calorimeter. In order to distinguish
several types of particles the calorimeter is divided in depth into four sections of lead-
scintillator (3.3, 6.6, 9.9 and 6.6 radiation lengths). Each scintillator section is read out by
four photo-multipliers via wavelength shifters and light guides. Thus, in total, sixteen
phototubes are attached to one gondola, eight at the top side and eight at the bottom side.
An electron or photon traverses a minimum of in total 26.3 radiation lengths (1.1
interaction lengths). This will under normal circumstances guarantee that the particle is
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completely captured. A characteristic electromagnetic shower turns out to be almost fully
contained in the second segment, while some dissipation enters into the third and fourth
segment. In this way, the energy profile over the four samplings provides information
about the nature of the particle. The behaviour and energy resolution of the gondolas
have been studied in detail in beam tests. The energy dependent resolution for electrons
can be parametrized as follows:

with E in GeV. Measurement of the coordinates of a shower with respect to a frame

defined with the longitudinal axis (x) along the beam leads to a parametrization for the

longitudinal position (essentially determined by the width of the gondola):

o(x) = ^ m (2.4)

while the angular resolution, defined in the plane perpendicular to the beam (y - z
coordinates), reads

The angular position for a single shower is determined by measurement of the light
intensity at the four corners of the scintillator. The parametrization of eq. (2.5) again is
obtained by comparison with test beam data. A disadvantage of this method is that only
an 'average shower position' can be determined in case two or more particles hit the
same gondola cell. Similar problems occur when the shower in an adjacent cell gives
rise to leakage. However, in many cases the charged tracks measured in the central
detector can resolve the ambiguities.

The "bouchons", the end-caps of the electromagnetic calorimeter, extend the
coverage of the calorimeter in the region 5° < 6 < 25°. A cross-section of the bouchons is
given in fig. 2.6. Sixteen sectors (petals) of lead-scintillator form a complete end-cap with
an inner radius of 30 cm and an outer radius of 150 cm. The sub-division into four
samples is now made with the following depths: 3.6, 7.2. 8.7 and 7.2 radiation lengths
(measured perpendicular to the petal), representing 26.7 radiation lengths (1.1 interaction
lengths) in total. Without going into further detail, the energy deposition is measured with
a single phototube, while a separate position detector [7] locates the center of the shower
with a precision of ~ 2 mm in space. The resolution for the 'transverse' energy becomes
(E, in GeV)

- E - = Tip-
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For completeness, we mention that additional electromagnetic calorimeters ('Forward' or
'Calcom1 and 'Very Forward') provide a further increase in acceptance all the way down to
0.20(179.8").

light guides -——»-" PM's

position detector

lead scintillator stack

(petal)

fig. 2.6: End-cap electromagnetic calorimeter with indicated the two
projections of the position detector.

4. Hadronic calorimeter

The electromagnetic calorimeters are surrounded by the hadronic calorimeters [8]:
The so-called 'C-modules' cover the gondolas, while the 'l-modules' are placed behind
the bouchons. Fig. 2.7 shows the construction of a C-module. A magnet coil is
sandwiched in between the gondolas and the hadronic calorimeter. The hadronic
calorimeter also acts as the magnet return yoke. The central part of the calorimeter is
build out of sixteen of these rectangular C-shaped modules, whereas the end-caps
consist of six l-shaped modules each. Both types of modules are made of iron/scintillator
sandwicnes, with 5 cm of iron and 1 cm of scintillator for each sandwich.
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Each C-module is azimuthally segmented into twelve sections. A section is sampled
at two depths of 2.5 interaction lengths. For each sampling the light is collected by a pair
of phototubes via wavelength shifters and light guides.

BEAM

fig. 2.7: C-shaped modules of the central hadronic calorimeter.

The hadronic end-cap calorimeters (so-called l-modules, see fig. 2.8) are subdivided into
six stacks, whereas the modules closest to the beam are again subdivided into four
smaller stacks. Except for the difference in interaction lengths (3.5), the read-out of the I's
is similar to the read-out of the C-modules. The total absorption length of the gondolas
plus the C-modules is 6.1 at normal incidence. The bouchons plus I's add up to 9.6
absorption lengths. Under normal circumstances this is enough to absorb completely a
hadronic shower.

The hadronic energy resolution of the calorimeter is (with E in GeV)

o(E) 0.80
(2.7)
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fig. 2.8: Ordering of the stacks of a hadronic end-cap calorimeter

(left). The figure on the right shows the position of the I-

modules with respect to the other calorimeters (top-view).

The forward and very forward electromagnetic calorimeters are backed up by additional

hadronic calorimeters. The forward sections are of minor interest for the analysis

presented in this paper.

5. Muon detection system

The muon chambers [9] form the outermost part of the UA1 detector and cover
about on average 70 % of the solid angle in the rapidity range of -2 < r| < +2. The various
gaps between the different chambers are due to construction limitations. One of the main
reasons for the lack of coverage is that the original shielding of the chambers turned out to
be not sufficient. The room needed for additional shielding forced the muon chambers
further away from the interaction point, leaving larger gaps between the chambers.
However, within the quoted rapidity range the geometrical acceptance never drops below
60 %. Except for the bottom chambers, which measure 1 x 6 meters and 5 x 6 meters, the
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muon detector is subdivided into units of 4 x 6 meters. Each unit contains four layers of

drift tubes, two by two in orthogonal projections (fig. ' .9), except again for the bottom

chambers which have only one projection. Two units of four planes are stacked with a

relative distance of about 60 cm. In order to resolve the 'left-right ambiguity1 the tubes of

two adjacent planes are staggered and form a so-called double-plane.

- 2 5 tubes
ptr layer

"%.$!

620 mm

PARTICLE

TRACK LOGICS
10 Inputs
1 Output

~ 37 tubes
per layer

-OUT

REFERENCE TUBE

Group of tubes
conntcttd to
1 "track logics"

fig. 2.9: Schematic view of the muon detector. Two units of four

planes are stacked whereas the tubes in adjacent planes

are staggered in order to resolve the left-right ambiguity.

A cross-section of a drift tube is shown in fig. 2.10 with indicated a muon traversing the
tube under 20°. The electrons freed by a traversing muon drift to the anode wire which is
shielded in such a way that only the electrons from the central trajectories can easily
reach the wire. The maximum drift time is 1.5 u.s, small enough to match the bunch
crossing period of ~ 4 u,s. The charge is collected at the end of the anode and amplified.
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- Cathodes

• Electric field
lines

% 2.70: Cross-section of a muon chamber drift tube.

Figure 2.11 shows the efficiency for a single tube as a function of the muon track
distance to the anode. Adding both projections, the muon will pass eigth well separated
tubes. If we require three hits in each projection the overall muon detector efficiency
becomes 92 %.

Efficiency along tube

100% ; I • , ; ! • • i ' ! ' ' i l l i '

j\J / o • ;>• <;>i i'• 11 ••" i j *

Distance from sensewire (cm)

fig. 2.11: Efficiency of a muon chamber drift tube measured as a
function of the distance to the sensewire.
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The inefficiency is mainly due to the thickness of the walls between adjacent tubes. A
straight line is fitted in both projections and gives a spatial reconstruction of the muon
track.

In fig. 2.12 an example of a track reconstruction is given, the drawn lines are the
parts from the trajectory of the muon reconstructed in the central detector and muon
chambers. The dashed line represents the central detector track extrapolation all the way
into the muon detector. The muon has deposited the indicated energy in both
calorimeters while the energy loss in the iron shielding has to be guessed. Since the
hadron calorimeters act as the return yoke of the magnet, the decelerated muon is
influenced by the magnetic field and the real trajectory deviates from the extrapolated
track. Another important contribution to the track deviation comes from the multiple
scattering in the calorimeters and the additional shielding between calorimeters and
muon chambers.

RUN 6600 EVENT 222 Track # 48 (negative)

fig. 2.12: Matching of the extrapolated track measured in the CD and

the muon track reconstructed in the muon chambers

Energy loss of muons is mainly determined from test beam measurements, while
Monte Carlo techniques and cosmic rays provide estimates for the multiple scattering.
Although both effects give rise to (energy/position) distributions that are rather broad, for
most cases in the analysis of the muon data the average value of the distributions is used
(the expected energy deposition in a gondola and a C-module amounts to ~ 0.6 ± 0.4
GeV and 2.0 ± 0.9 GeV, respectively). In order to be identified as a high quality muon the
matching with the CD track has to fulfill certain requirements. The differences in positions
measured along the projections of the muon chambers and the central detector track are
indicated by Ax and Ay (fig. 2.12), while the angular difference in the xy-plane and the
angular difference measured with respect to the normal of the xy-plane are denoted by A§
and AX respectively. The quality of the match is determined by the matching %2 in both
position and angle.
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6. Triggering and data acquisition

During each beam crossing scintillation hodoscopes and drift chambers
accommodated in the very forward arms of the detector are activated and can provide the
so-called pre-trigger, a rough determination whether a proton-antiproton interaction takes
place. The hodoscopes cover angles down to 0.8° and are therefore essentially 100 %
efficient for the selection of inelastic, non-diffractive events. They provide an easy
discrimination against cosmic rays and beam gas interactions. The pre-trigger rate is
about a factor 10 lower than the beam crossing rate already. However, this (~ 4 kHz) is
still far from the ultimate goal of ~ 4 Hz imposed by the maximum transfer speed of the
data to a magnetic tape. These tapes are used as an external storage medium at the end
of the data acquisition chain.

For each pre-trigger, hard-wired trigger processors [10, 11] decide whether the event
has to be accepted or rejected. In case the event is to be rejected this decision has to be
made within a few u.s in order to release the apparatus again for the next beam crossing.
The highly dedicated devices achieve a further reduction by typically a factor 1000 in rate
for the most common physics triggers. After the event has been accepted by the trigger
processors, all data from the separate parts of detector are collected. Before the five main
branches of data are compressed into a single stream, all analog signals have to be
digitized while the amount of data is reduced as much as possible. From the original ~ 2
Mbytes of information the detector delivers per event, the read-out system [12, 13] only
transfers about 100 kbytes. After this considerable compression the data is entered into
168E emulators which provide the next trigger level [14]. All accepted events are written
on 'normal tapes'. Interesting events, that is events with clearly recognizable features like
for instance two muons or high energy electrons are dumped to a so-called special tape.
The special tapes, which are written in parallel to the normal tapes, are created in order to
provide a fast analysis immediately after the data are taken.

About 40 % of all accepted triggers are muon triggers. With the help of fig.2.9 we
briefly explain the basic philosophy behind the hardware of the muon trigger processor.
Instead of reconstructing the complete muon track, the Muon Fast Trigger [11] obtains the
pattern of the tubes that are hit. This information is easily accessible, due to fast
electronics and a drift time of at most 1.5 u.s. Each tube in the plane closest to the
interaction vertex is named 'reference tube' and is grouped with a specific set of nine
surrounding tubes. The logic for this grouping is hard-wired. The reference tube that is hit
forms a certain pattern with the hits in the nine additional tubes. Valid patterns are such
that the muon points back to the vertex within a cone of ~ 150 mrad for each of the two
projections. Cosmic ray muons will in general have no correlation with the interaction
vertex and thus provide invalid patterns. In addition, very soft muons are discriminated
too since magnetic field and multiple scattering will cause large track deviations.
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III

EVENT SIMULATION USING MONTE CARLO TECHNIQUES

1. Introduction

Very powerful computing systems are now operating in many fields of research. For
instance numerical methods have gained an enormous interest among scientists for
solving mathematical problems. Especially those calculations that are hard to handle
from a analytical point of view or which are very time consuming on the other hand, have
opened a new field of research in computational physics.

For the interpretation of the muon data presented in this thesis, it was desirable to
develop a sophisticated computer program which allows for detailed comparisons of data
with up-to-date theoretical models.

In this chapter we will focus on methods which are used in the computer simulation
of stochastic processes ('interactions between particles') based on random number
techniques. After we have described our motivation for the introduction of such a
technique in section 2, we will discuss the basic framework and give definitions in section
3. The fourth section contains some general remarks about random numbers and
machine implementation. Finally, in the last section examples of techniques are
presented which are also included in the 'EUROJET' general purpose Monte Carlo
program, subject of the next chapter.

2. Event simulation and experimental data

There are many ways of interpreting experimental results. However, the method
usually chosen depends strongly on the complexity of both theory and experiment. In
high energy physics it hardly even possible to compare an experimentally obtained
distribution, uncorrected for detector inefficiencies, with a purely theoretical calculation.
Either one corrects the data for non-linear behaviour of the detector in order to approach
the ideal apparatus or one simulates the detector behaviour in such a way that the
theoretically obtained distributions can be modified according to the experimental
circumstances. The latter requires that the theoretically simulated 'interaction' is treated
exactly the same as the experimentally observed scattering process. In fact, this last
method allows an inversion of the analysis procedure. After having checked that theory
describes a certain type of interaction with high precision, the theory can be used to
optimize trigger requirements, to modify detector parts and to improve software selection
criteria. It might even provide detailed information relevant for the design of future
experiments.

Consequently, the main interest of building event generators lies in the fact that one
is able to simulate a specific configuration of particles in four-dimensional energy-
momentum space, produced in a well defined type of interaction. Simulation here means
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that events are generated purely as a result of an underlying theory. The theory itself will
in general be based on previously obtained experimental knowledge or pure theoretical
speculations. The generated particles are forced to traverse the same detector parts as in
reality and should give a similar detector response. Event reconstruction leads to
distributions which can directly be compared with the experimentally obtained
distributions.

Precise knowledge of the geometry and behaviour of the detector is needed for the
interpretation of the emerging signals and is indispensable for the correction of the data
for non-linear effects due Io intrinsic properties of materials and external circumstances.
For the complex UA1 detector, this means that detailed information must be obtained by
testing individual parts of the apparatus using for instance well known radio-active
sources, well defined test-beams and cosmic rays. In this way one is able to model the
experiment and simulate the detector behaviour on a computer.

The simulated interactions are fed into the analysis software and undergo the same
corrections as the real data. All events are reconstructed in the same way, without any
knowledge of the production mechanism. The quality of the analysis and the quality of the
comparison of the two procedures is mainly a result of how well one understands the
behaviour of the detector, in all its details. Event generation and full detector simulation
then allow to make direct comparisons between predictive theoretical models and
experiment. In addition it can lead to a deeper understanding of the apparatus and often
results in an iterative procedure of tuning the theoretical model and software selection
criteria.

3. Integration [1]

Suppose we are interested in the vaiue of the quantity '0', which depends on a set of
variables x-|, x2 xn. o can be considered as defining for instance the total cross-section

of a complicated scattering process or just the partial width of a particle which decays
simply according to phase-space. In general a can be written as a n-dimensional integral

^ x2,..., xn

(3.D

In practice the bounds of the integral will strongly depend on the experimental
circumstances like trigger geometry and detector acceptance. In addition the integrand
can be a complicated function of x1 including phase-space boundaries typical for the
process considered.

We will assume that probability functions, a(x), are integrable, real and non-

negative. The interpretation as o being a cross-section already implies that the integrand

should have a reasonable behaviour, as one would expect for most of the physical

processes considered.

1 Throughout this thesis we denote vectors by bold types
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Let us now turn to the Monte Carlo approach of solving the integrals. Each set of
random numbers rn, r2 rn determines the value of ofa, r2 rn). If we assume that the
r; are uniformly distributed between the integration boundaries, the Monte Carlo result: o =
a(r-\, r2 rn) will be the unbiased estimator of the integral in eq. (3.1). Averaging over a

large number of estimations gives an approximation for the integral (assuming
convergence). This will become a rather lengthy procedure when n becomes very large.
However, we are not only interested in the actual outcome of the integral, but moreover
we are interested in the behaviour of the integrand as a function of its phase-space
variables. In other words, the topology of the events is as important as their total
probability. Here we present a method of approximating the integral that becomes
successful when we are able to find an expression for a{r-\, r2 rn) such that r1, r2,..., rn

are uncorrelated.

We start by reducing the integral into a set of one parameter problems. By defining

we get

V V \

3 o-^.x.,)

3o(x1,x2)
o, = a(x,) = | — ^ dx2 (3.3)

In this way the multi-dimensional integral is reduced to a set of one-dimensional integrals.
For instance if we fix x^ CT2(X1> X2) reduces to a one dimensional probability distribution.
Iteration by fixing successively x1, x2 xn gives the desired value for the total integral. In

practice, it is not always easy to reduce all the sub-integrals to one parameter problems. If
we assume for the moment that we will succeed to achieve this, each integral can be
attacked using the method of Monte Carlo approximation. The variables fj should be
chosen with care. Wild fluctuations due to small variations in a single r-, can give rise to
very slow convergence in the sub-integral



33

In most problems this bad behaviour will become apparent in the overall integral. Before
we discuss in more detail how to overcome problems of this type, we would like to make
some remarks on the computational implementation of the Monte Carlo method and the
use of random numbers.

4. Random or ...?

Only physical processes like for instance nuclear p-decay can produce truly random
numbers. The time-interval between two decays is completely unpredictable. Each
period is independent of previous and next observations. Physical processes are in
practice not very useful for the generation of random numbers in computer calculations.
Besides the difficulty of constructing unbiased detection equipment, there is the limited
speed at which the random numbers become available. Computer calculations usually
require a huge amount of random numbers at very high speed! Therefore random
number sequences are generally constructed with the help of arithmetic expressions.
Someone not aware of the mathematical algorithm will consider these sequences of so-
called pseudorandom numbers as truly random numbers. The technique of integral
approximation discussed above is assumed to hold for pseudorandom numbers as well.
The quality of the approximation is very sensitive to properties of the random number
generator. In literature many mathematical expressions are known but one has to be
extremely careful with their applications. Marsaglia [2] has pointed out that most
pseudorandom number generators show a very peculiar behaviour. Defining sub-sets of
n random numbers and interpreting these as points in n-dimensional space he found that
all points lie on a finite number of parallel hyperplanes. For increasing number of
hyperplanes the approximation of a truly random number sequence improves.

Most of the algorithms are based on multiplicative methods. This means that the first
number of a sequence is obtained by multiplying a pre-set number with a fixed
multiplicator. The first number then serves as an input for the next cycle; the second
number is obtained by multiplying the first number with the multiplicator. The number of
hyperplanes is extremely sensitive to the value of the multiplicator. An advantage of
building sequences via the multiplicative method is that the sequence can easily be
reproduced. Care should be taken when the method is installed on machines with a
different integer word length [3]. However, identical sequences can be realized on any
machine. This is extremely useful for the testing of complicated programs which are
installed on different computers. The random number generator described in ref. [4] gives
a sequence of 5 * 108 uniformly distributed numbers on a IBM 3080 or equivalent
machine. For most of the problems we deal with, this period is large enough.

A good choice of integration variables is not only relevant for the convergence of the
Monte Carlo method. From a purely mathematical point of view a specific choice of
variables may guarantee perfect convergence. However, the absolute values of
parameters may conflict with the available machine precision. This may lead to unreliable
answers although the mathematical expression is perfectly in order. This can be
illustrated by a simple example. Assume the variable 8 is of the order io-(n"2) where n is
the symbolic word length of the computer. Adding 1 and subtracting 1 in separate steps
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will introduce a loss of n-2 digits in the answer. Usually these problems can be solved by
introducing additional (simple) parameter transformations.

5. Monte Carlo applications, some examples

We will briefly discuss some important simulation techniques. For extensive
descriptions of Monte Carlo applications we refer to ref. [3], [5] and [7]. The decision
which method to choose depends strongly on the shape of the probability distribution and
on the form in which the distribution is available. To illustrate few of the different methods
we define a probability distribution which often appears in matrix element calculations
and which is known as the Breit-Wigner formula. The formula is an approximative
description of narrow resonances (M » r) :

(s-M )

M is the bare mass of the propagating particle, the decay width of the particle is denoted
by r whereas s is the 'propagator energy" squared (for an example see chapter IV and
appendix A). We define the interval s 0 < s < s-| such that we have a window around the
peak of the distribution; s0 = (M - A)2, s-| = (M + A)2 .

- Hit-or-miss Monte Carlo
This is one of the most primitive methods of generating a variable according to a

certain probability distribution. We define frnax as the maximum value of the distribution
f(s) in the interval s0 < s <s-\. The procedure contains the following steps:

• generate a random number ^ between 0 and 1 and determine s;
s = (Si - s0) r-[ + s0

• calculate f(s) and throw a second random number r2;
if f(s) > r2 . f

max, accept the value for s,
if (f(s) < x<i. fmax, reject s and go back to the first step.

It will be clear that the efficiency (e) of this method strongly depends on the shape of the

probability distribution. For the function of eq. (3.5) we find:

f
r l fA2 + 2AM] (A*-2AM11

f(s) ds = — atan - atan (3.6)
4AL I Mr J { Mr j\

For A = M the efficiency will only be a few percent. The situation becomes much better

when the distribution has a smooth behaviour and a maximum value not too different

from <f(s)>. The weight distribution from the matrix element that describes the weak
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decay of charm and bottom hadrons for instance has such a smooth behaviour. The
effect of the Breit-Wigner can safely be neglected in these calculations.

Analytic inversion
Assume that the probability distribution is available as an integrable analytic

function that can be inverted analytically. Then we can define a new variable such that
the probability distribution in this variable becomes uniform. As an example we
calculate the integral of the function of eq. (3.5):

y = | f(s)ds = atan [ — — | (3.7)
Mr

By inverting the equation we can write

s = Mrtany + M2 (3.8)

Monte Carlo integration can now be performed with high precision and full efficiency.
The boundaries of the new parameter are determined by s0 and s-| :

[(M-A)2-M2

y, = atan
Mr

2 c
A) M2

( a 9 )

while s is obtained via the relation

s = Mr tan [ (y2 - y,) r + y, ] + M2 (3.10)

Here r is again a random number between 0 and 1. Since we have assumed fixed
boundaries only one function evaluation per step is needed. Therefore the efficiency of
the procedure is one. This method is very suitable for the generation of W± and Z°
bosons since the production of weak bosons has a narrow resonance behaviour.

Numerical inversion
Several methods exist in case the integral of the function is not explicitly known.

These methods are based on the same inversion principle as discussed above. The
integral of the probability distribution is approximated by a discrete cumulative
distribution of function values. The precision of the method depends on the number of
sub-intervals and whether or not the sub-intervals are chosen to be equidistant. The
function of eq. (3.5) can only be correctly approximated when the density of function
evaluations is highest close to its maximum. In EUROJET we use numerical inversion
to remove weights from parton fragmentation functions.
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- Stratified sampling
Stratified sampling is mainly used for the numerical calculation of multi-

dimensional integrals. All methods are more or less based on the following procedure:

• set up a grid of equidistant points in multidimensional space, each point acts as

the center of a multidimensional volume,
• for each point calculate the function value,
• sub-divide volumes that give large function values and enlarge volumes that give

small contributions to the integral, go back to the second step.

The last two steps are repeated several times and the iteration is stopped when all of
the volumes give the same contribution to the total integral. The error is usually
determined by comparing a few integral evaluations at successive iterations. Especially
for functions that are sharply peaked at more than one place at the grid, convergence of
this method is not always guaranteed. Sub-division can cause the grid to become so
small that not enough points fall inside the volumes that contribute most to the total
integral. We use this method for the two-dimensional integration of parton structure
functions. For more details we refer to ref. [5] and [6].

Importance sampling
These algorithms combine the methods of inversion and rejection (hit-or-miss) as

described above. Instead of reducing volumes at a multidimensional grid one can also
choose more points in those regions of space where the contributions to the integral are
larger. These regions are anyway the most interesting in the situation where one
describes a physical process. When the analytic expression for the integral is not
known (otherwise we could have solved the problem via analytic inversion) one can
attempt to approximate the probability distribution by a relatively simple function whose
primitive is known. Let us assume that the function f(s) of eq. (3.5) is an approximation
of the distribution g(s). We can distinguish three steps in obtaining a value for s which is
distributed according to g(s):

• invert f(s) and generate s,
• assign a weight to this value for s;

w(s) = "W ( a i 1 )

• apply the rejection algorithm using w(s) as a probability distribution.

Both precision and efficiency of the method are determined by the fluctuations in the
weight. In general it will not be easy to find a simple function of which the primitive is
known and which has the same behaviour as g(x). However there is much room for the
optimization of either the numerical stability (w(s)) or the complexity of the
approximating function (f(s)). The matrix element discussed in appendix B contains two
connected Breit-Wigners. One of the Breit-Wigners can be removed analytically
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whereas the integration over the other Breit-Wigner is rather complicated. A simple
function is introduced for the approximation of the integrand and the rejection algorithm
is applied. Other applications of importance sampling are described in detail in ref. [7].
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IV

A GENERAL PURPOSE EVENT GENERATOR: EUROJET

1. Introduction

The EUROJET Monte Carlo program [1], the subject of this chapter, is not the only
computer program for the simulation of hard hadronic interactions [2], [3], [4]. However, it
distinguishes itself from the other programs by a completely different philosophy. In
contrast with the programs in references [2] to [4] the EUROJET program explicitly
incorporates matrix element calculations in higher orders of the coupling constant.
Although there are differences among the programs [2] - [4] in the way fragmentation of
partons and decays of hadrons and leptons are incorporated, cross-section calculations
in these programs are based on lowest order tree level Feynman diagrams only. Higher
order contributions are approximated via so-called parton evolution schemes [5]. Usually
the parton evolution is performed by incorporating corrections in leading logarithms only.
Consequently, independent calculations are needed to estimate the relative magnitude of
higher orders with respect to lowest order tree level calculations. In addition it may turn
out that leading order logarithmic corrections are not sufficient to adequately describe
high pt phenomena. In section 2 we will discuss cross-section calculations in more detail.

A brief enumeration of matrix elements included in the the EUROJET Monte Carlo
program is given there as well.

In order to obtain numerical results for the cross-sections we have to convolute the
amplitudes of the matrix elements with the structure functions. The parton model cross-
section can be written as an integral over the parton energy fractions x-{ and x2. The
fractions are defined with respect to the colliding hadron beams. This leads to the
following expression:

c l k ^ Fi(x1lQ
aJFj(><2,a

a)olij(x1,j{2) (4.1)
i.i J

where F( j are the parton distributions and i, j run over the parton species. Q2 is the center

of mass energy squared in the interaction of the two partons and a;j(xi, x2) is the

elementary parton-parton cross-section. Usually the Q2 values occurring in interactions at

the collider are many times larger than the scale at which the structure functions have

been measured. Extrapolation is performed using the Altarelli-Parisi equations [6]. We

have included several parametrizations [7] to get a feeling for the uncertainties in the

extrapolations.
Figure 4.1 gives a simplified flow-chart of the program. After x-| and x2 have been

determined, the energy and momentum vectors of the outgoing partons are generated.
The momentum vectors are calculated according to pure phase-space and are fed into
the expressions for the matrix elements. In general one is only interested in limited
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regions of phase-space. Events with momentum vectors outside the considered areas
are simply rejected and do not contribute to the final result.

\ E U B O J E T I

generate initial parton
energy fractions x1d, x 2

generate energy, momentum
vectors outgoing partons

reject

accept

determine parton flavour,
caicuiate matrix element,

convolute structure functions

r

fragment quarks, gluons,
conserve energy/momentum

t

particle decays

fig. 4.1 Simplified flow chart of the EUROJET Monte Carlo
computer program.
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When the event is accepted the allowed flavour combinations for the incoming partons
are obtained. The combinations are defined by the type of interaction one would like to
study. Since x1t x2 and the energies of the hadron beams determine Q2, the structure

functions can be calculated. The amplitude squared convoluted with the structure
functions gives an approximation for a as defined in eq. (4.1). In section 3 we describe
the fragmentation procedure for the outgoing partons. After fragmentation has taken
place there will be many particles with very short lifetimes. In practice they will decay
extremely close to the interaction vertex. Section 4 contains a discussion of particle
decays included in our model.

Finally we would like to recall that the total cross-section for a certain interaction is
obtained using the method described in the previous chapter. The sum over all event
weights (independent approximations of a) is taken and devided by the total number of
generated events. The properties of the simulated events can be analyzed either on-line
with the generation or after the events have been written to an external medium. The
production and decay history of all particles is stored together with the energy, momentum
and particle type.

2. Matrix elements

Consider the inclusive heavy flavour production process pp -» Q X. For the sake of
the discussion we will only concentrate on heavy flavour production via strong
interactions. In perturbative QCD the total cross-section for this process can be visualized
as a series of Feynman diagrams grouped in increasing order of the strong coupling
constant otg. The cross-section may be written in the following form:

tot v 1 t ree v'n

cr (x,,x2) = 2 . (or, +o-j ) (4.2)

where i indicates the order of the contribution with respect to the strong coupling constant.
The cross-section is a sum of 'tree diagrams' and diagrams containing virtual corrections.
In fig. 4.2 the lowest order (O(as

2)) tree diagrams for heavy flavour production are drawn,

fig. 4.2: O(ccs
2) tree level diagrams contributing to pp -> QQX.

while fig. 4.3 shows a sub-set of the next-to-lowest order tree contributions (O(a<.3)).
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/y a

fig. 4.3: 0(as
3) tree level diagrams contributing to pp-> QQ X.

For massive quarks the contributions from the diagrams in fig. 4.2 are finite (see chapter
VII). However, when the energy of the additional gluon or light quark in the diagrams of
fig. 4.3 gets very small the contribution of these diagrams becomes infinitely large. A
small sub-set of virtual corrections to the O(ocs

2} diagrams are depicted in fig. 4.4 and

show exactly the same behaviour except for the sign of the divergence which turns out to
be opposite to the one from fig. 4.3. A finite value for o tot is obtained by summing over all
tree level and virtual contributions; divergencies will cancel.

- • a

-* a

fig. 4.4: Virtual corrections to the O(as
2) diagrams of fig. 4.2.

The result has to be compared with the experimentally obtained total cross-section. In
addition one might be able to determine the relative contributions in the series expansion
of eq. (4.2) experimentally, although it will probably not be possible to disentangle tree
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level and virtual contributions. The relative contributions Cj+1/cyj (OJ = Ojtree + Ojvirt) can be

expressed in terms of 'K-factors':

tree virt

a(2->2)

where a(2 -> 2) defines the contributions with two outgoing partons, CT(2 -> 3) expresses
three outgoing partons. 'Higher order' K-factors can be defined in a similar way. In
practice it is rather complicated to calculate virtual corrections. It is even more difficult to
incorporate the obtained expressions in event generators. This is mainly due to the large
cancellations that occur and to the choice of variables needed to simplify the calculations.
However, we propose a method to overcome the problem of the divergencies. As also
argued by other authors [8], we expect theoretical uncertainties in perturbation theory at
collider energies to be small due to the large momentum transverse in interactions. We
assume that tree level calculations give a good description down to relatively low
energies of the outgoing partons. By imposing reasonable cuts we remove divergencies
and we attain perfectly finite cross-sections with correct event topologies. Note that in
general the contributions from diagrams with increasing number of vertices decreases
considerably since ocs « 1. However, virtual diagrams are not only important for the
cancellation of divergencies. They will also give finite contributions to the cross-section.
In order to account for these contributions we renormalize the coupling constant. We are
lead by the observation that the value of the (running) strong coupling constant directly
depends on the definition of Q:

«s V^K (4-4)

with A defined as the QCD scale parameter. Diminution of Q will lead to an increase of all

tree level contributions to the cross-section. Detailed comparisons of this method with

experimental data are described in chapter VII.

Having stated our theoretical framework we conclude with a list of processes

contained in the EUROJET program. The matrix elements for the following QCD

processes are included:

0(Os2) - both for massive and massless final state partons [9],

O(ots3) - idem [10], (4.5)

O(ots4) - massless1 final state partons [11].

For the weak and electromagnetic processes involving the production and decay of W±,
Z° and f, diagrams up to 0(0.2) are included:

1 Includes final states like: qq gg, qq qq etc.
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Drell-Yan - both for massive2 and massless final state partons [12],
O(os) - idem2[i2], (4.6)
O(Os2) - massless final state partons [13].

The Drell-Yan and O(Os) tree level diagrams are shown in fig. 4.5.

wVzvt*

fig. 4.5: Drell-Yan (a) and O(as) (b) tree level contributions to pp ->

In ref. [11] and [13] special techniques in the calculation of the interaction amplitudes
are used. These techniques are also applied in the estimation of neutral Higgs
production in association with weak bosons:

pp -»W±/Z°X->W±/Z°H°X ' (4.7)

This is illustrated in appendix A.

3. Quark and glucn fragmentation

We assume that quarks and gluons fragment independently. This assumption is in
broad agreement with data on jets and in particular on leading particles inside jets [14]. It
is less satisfactory for describing the distribution of very soft particles, in particular the
ones which are found at very large angles from the jet direction [15]. We are not very
much interested here in the parametrization of the very soft edge of a fragmenting jet
because anyway there is a very large hadronic background due to beam fragments, but
rather in a faithful description of the inclusive hadron and lepton spectra.

In appendix B a brief description of independent jet fragmentation is given. The
parametrizations of fragmentation functions are described as well. We would like to

2 Polarization in the decay of W± and Z° into massive final states is also taken Into account.
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discuss the fragmentation of heavy quarks in some more detail and we recall the
expression obtained by Peterson et a!, (eq. (B.5)):

f(z) =
[z(1-z)-(1-z)-eQzf

(4.8)

The heavy quark -» heavy hadron fragmentation b - > B X and c ~» (D, D*) X have
been measured in e+e- experiments [16]. Extracting the Peterson et al. parameters ec and
eb from the data is, however, a non-trivial matter. In particular, the softening effects in the
fragmentation functions due to perturbative QCD gluon radiation and initial state photon
radiation have to be taken into account. These processes contribute differently in proton-
antiproton collisions. Since we have taken the QCD corrections in pp collisions explicitly
into account, both in the initial and final state, one can use ec and eb extracted from e+e"

data only if the data are corrected for QCD and QED effects. This has been done in the
analysis of the e+e" data for the charm quark fragmentation by Bethke [16], resulting in
<zo> = 0.71 ± 0.014 ± 0.03. This value of <z c> is found to be consistent with the

interpretation of the data in the cm. energy region 10 GeV - 34 GeV to be roughly

independent of the energy.

24
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«!!>« 0.77
<Zt>* 0.68

1
:>' > • -
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1= IE.*)"

fig. 4.6: Peterson fragmentation functions for charm, bottom and top
quarks with ec = G.Q5, eb =0.015 andet =0.0002.

Since the average cm. energy in the parton-parton system in pp collisions at the CERN
collider is marginally larger than the energy range in e+e- experiments at PEP and
PETRA, we expect that the value of <zc> should not be very different in pp collisions. We
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use ec = 0.05 giving <zc> = 0.68, which is in agreement with the analysis of Bethke.
Likewise, we use £b =0.015 leading to <zb> = 0.77 and et =0.0002 giving <zt> = 0.93. The
normalized distributions 1/N dN/dz for charm, bottom and top quark fragmentation are
shown in fig. 4.6. We would like to point out that a correct incorporation of the
fragmentation of charm and bottom quarks is crucial in estimating the overall rate of lepton
production in pp collisions.

4. Decays

Next we discuss the implementation of weak decays in our calculations. We have
implemented all the measured branching ratios of the charmed hadrons D° (amounting to
~ 93 % of the total) and D+ (~ 80 % of the total) [17]. Likewise, all known decay modes of
the Ds+ (F+) mesons [17] are included. The rest are filled using isospin and phase-space

to estimate the individual contributions. For the charmed hadron semileptonic decays,
like for example D -» (K*,K,..) l+\>|, we have incorporated the relevant form factors [18] in

the calculation of the decay spectra. Detailed decay tables can be found in appendix C.
A comparison of the EUROJET Monte Carlo distributions for the lepton energy spectrum in
charm decays with the DELCO data [19] is shown in fig. 4.7. The agreement is quite
satisfactory.

0.14

0.12

0.10

0.08

0.06

0.04

0.02

-0.02

Lepton momentum spectrum

from C-decays

Electron data (DELCO)
-EUROJET MC

0.2 0.4 0.6 OS 1.0

fig. 4.7: EUROJET lepton energy spectrum from charm decays
compared with DELCO data.

The decays of the bottom hadrons Bu-, B^0 are taken into account as much as they

are known, otherwise we calculate the bottom quark decays based on the free quark
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decay model:

b -> c ud
b - » c cs
b -» c •oj I- (I s

(4.9)
; e, \x, T)

The semileptonic branching ratios for all bottom hadrons are assumed to be equal and
are fixed at their experimental value, BR(B -» I- X) ~ 12 % [17]. A comparison of the
EUROJET Monte Carlo predictions for the inclusive electron and muon spectra from the
process e+e" -> T(4s) -> BB -> e± X, u± X with the CLEO data [20] is shown in fig. 4.8.
The theoretical curves take into account the Lorentz boost of the B meson (p ~ 500 MeV).
The agreement is quite reasonable.

Lepron momentum spectrum

from B-decays

in e V - » - Y I4sl -*• BB

• Electron data (CLEO)

• Muon data (CLEO]

Total |

Primary J EUROJET MC

Secondary!

0.4 0.8 12 16 2.0 2.4 2.8

fig. 4.8: EUROJET lepton energy spectrum from bottom decays
compared with CLEO data. The contributions from primary
(first generation) decays and secondary (second
generation) decays are indicated separately.

The charged particle multiplicity distribution of our model in the process e+e- -> T(4s)
-» BB is shown in fig. 4.9 and compared with the DELCO data at T(4s). Again, the model
describes the data rather well.

In fig. 4.10 we compare our model predictions for the D*± momentum distribution
with the CLEO data for B -> D*± X. Fig. 4.11 shows the comparison for the D° momentum
distribution in B -> D° X again with the CLEO data [21]. The agreement in both cases is
very good which leads us to conclude that the important two-body modes, like B -> D n, D
p etc., have been adequately taken into account.
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fig. 4.9: EUROJET charged particle multiplicity in bottom decays
compared with CLEO data.
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fig. 4.10: EUROJET D*± momentum spectrum in the decay B
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fig. 4.11: EURO JET D° momentum spectrum in the decay B ->D° X

compared with CLEO data.

The decay mode b -» c cs has received quite a bit of attention, both theoretically [22]
and experimentally [23]. The measurements of the decays B -> J/yK X and B -> F± X
have been experimentally established. The decay modes B -> J/y X with the J/ y inside a
jet provide an independent check of the bottom quark production cross-section at the pp-
collider. Since the decay J/y -> l+l- gives rise to dileptons, the reaction [23]

pp BBX JA|/I±X (4.10)

l+l-

would contribute both to I*!* X and l+l- X. It is therefore important to have their
contributions properly included. We use a branching ratio BR(B -> J/y X) = 1 % [17], of
which 20 % is in the form of two-body decays, B -> J/ty K etc.. The resulting inclusive J/y
momentum spectrum in the process e+e- -> T(4s) -» BB -* J/\j/ X is shown in fig. 4.12 and
compared with the data from CLEO and ARGUS [23]. The shape of the p j / v distribution is
very well reproduced.

For the inclusive modes B -> F± X we use a branching ratio BR(B -> F X) = 9.6 %
[24], with 60 % in two-body decays. This branching ratio is in agreement with the recent
measurements [24] and in fact has been motivated by the CLEO data. A comparison of
the pF± spectrum in the decays B -> F* X with the CLEO data is shown in fig. 4.13. The
agreement is again very satisfactory.
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fig. 4.13: EUROJET f * momentum spectrum in the decay B -^ F* X

compared with CLEO data.
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The importance of two-body decays in B -> F* X has recently been emphasized in ref. [25]

as well. The comparisons here prove that we have properly taken into account the

hardness of the Fi-spectrum in B decays.

For the decays of top quarks very little data are available. Since mt > 23 GeV/c2, due

to negative searches at PETRA [26], the description of the top quark decays in terms of the

free-quark decay model should turn out to be a very good description. We assume here

that the top quark decays the way it is expected in the standard (3-family) model. We

have modeled the dominant top quark decays as follows

t -> b u d
t -> b c s
t -> b l+u(

(4.10)

where the decays are governed by the V-A matrix elements [27]. All quarks in (4.10) lead
to jets. In some rare cases when the energy of the quark in (4.10) is not sufficient, we
combine it with the antiquark and form a hadron that is on-shell. Energy, momentum and
all flavour quantum numbers are conserved in the decay procedure. For more details we
refer to appendix B and appendix C. We have checked that this energy-momentum
conservation is indeed a soft process and that it does not disturb the distributions,
characteristic of a three-body V-A decay of a spin-1/2 object.

Average charged particle
multiplicity per jet (EUROJET)

A Gluon initiated jets
• u,d,s quark initiated jets

10 102

Jet energy (GeV)

(a)

Average charged particle
multiplicity per jet (EUROJET) y

' t quark initiated j e t s
lm,= 40 GeV/cr)

• Idem (mt= 25 DeV/c2)
1 b quark initiated jet's
• c quark initiated jets

10 102

Jet energy (GeV)

(b)

fig. 4.14: EUROJET charged multiplicities for u, d, s and gluon
initiated jets (a) and c, b and t initiated jets (b) as a function
of the jet energy.
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We have included Breit-Wigner and polarization effects in the V-A matrix element in
case the the top meson is produced polarized [28]. For completeness we show in fig. 4.14
the average charged multiplicity of quark and gluon initiated jets as obtained from our
fragmentation and decay models. The low energy regions ( -1 .5-15 GeV) for u, d, s and
gluon initiated jets are in broad agreement with e+e~ data [29]. The charged multiplicity for
c and b-quark jets at low energies is mainly determined by the decay multiplicity of charm
and bottom hadrons, wheras the charged multiplicity for top quark initiated jets also
depends on the mass of the t-quark.

Based on the comparisons presented in this chapter we conclude that the Monte
Carlo program provides a successful description of the fragmentation and decay
properties of heavy flavours. The next step is to convolute the fragmentation and decays
with heavy flavour production mechanisms in pp interactions. In chapter VII we carry out
a detailed comparison of EUROJET predictions with collider data.
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V

QUARK MIXING AND CP VIOLATION

1. Introduction

As has been pointed out in the introduction, within the Standard SU(2)L*U(1) Model,

flavour changing phenomena in the decays of heavy flavours are due to weak

interactions. In contrast with the leptonic decay of a charged weak boson, where both

decay products belong to the same family, family mixing can occur in the hadronic decay

channel. This is expressed in the charged current part of the Lagrangian in the Standard

Model:

J* <-> g ( u , c, O Y ^ I - Y J S 1 | + h.c, with: |s ' | = V | s | (5.1)

g is the gauge coupling constant while three doublets are assumed: (u, d')i_, (c, s')i_, (t,
b')i_. V is the 3 x 3 unitary Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [1]. The
last decade has generated a huge amount of experimental data concerning a limited
number of matrix elements. The Cabibbo-GIM sector (only concerning the u, d, s and c
couplings) is well established and as the bottom meson lifetime and decay measurements
proceed, more information becomes available on the sector containing the bottom quark.
Indications for the existence of the top quark are weak [2]. Nevertheless, theoretical

calculations using, for instance, the unitarity of the matrix and assuming a top quark with
mass: mb < mt < Mw, provide us with fairly strong limits on |Vtd| and |V1s|. For convenience,

we introduce the following symbolic notation for the CKM matrix

v u d v u s v u b

v,d v t e Vtb

(5.2)

For example, the fairly strong limit on the coupling between the up and down quarks
results from the comparison of the nuclear (3 decay and the muon decay, where the
theoretical analysis includes part of the higher order radiative corrections [3] within the
Standard Model. Experimental measurements and unitarity constraints lead to the
following values for the matrix elements [4 - 9] (For detailed discussions on the limits
presented here, see ref. [10], [11] and [12])

|Va| = 0.24 ±0.03 >0.9 0.05 j f S . (5-3>

0.9729 ±0.0012

0.24 ± 0.03

0.0 - 0.06

0.221 ± 0.002

>0.9

0.0 - 0.06

< 0.015
n nx 4 ° 0 1

005-0.006
0.998 - 0.999
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Although one can parametrize (5.2) in several ways ([1], Maiani [13]), Wolfenstein
has proposed a parametrization based on the following observations [14]

(5.4)

with X defined as the Cabibbo angle, X s sin 9C. The parametrization is a simple series

expansion in terms of the Cabibbo angle and provides us with a direct indication on the

magnitude of the CP violation, namely that it is proportional to ATJA,3. The CKM matrix in

Wolfenstein's parametrization reads as follows

Vus •
V C b •

Vub <-

= 1 •

= X
-- A.2

; ^ 3

V s -X 1 -

A X ( 1 - p - rn.) -AX

A X (p - ii

A X

1

O(X (5.5)

From the limits on the individual matrix elements one can easily derive the values of the
Wolfenstein parameters

X
A

P2

as

+ T\

0.22
1.0 ± 0.2
2 < 0.65

(5.6)

It is interesting to note that the off-diagonal elements become smaller the further they are
away from the diagonal, implying that heavy flavours prefer so-called cascade decays, for
example the top quark prefers the decay chain: t ->b -> c -> s.

2. Flavour mixing in the K° - K° system

The observation of flavour changing currents in the KL - K$ system were the first

indications for the possibility of flavour mixing between neutral mesons. The observed

phenomenon led to detailed measurements of mass differences and decay widths of

strange particles. In addition, measurements of the semileptonic decay charge

asymmetry for KL showed that CP is violated in the KL - Ks system [5]. A popular

assumption is that CP violation originates from the phase in the weak interaction matrix

[1]. We will describe the formalism for CP violation in section 4 of this chapter, but first we

will concentrate on flavour mixing. Explicitly, by assuming that flavour mixing is mainly

due to short range interactions, one is able to approximate the K° *-» K° amplitude using

the box diagrams of fig. 5.1 [15,16]
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W
fWWl

K° c

-> s d-

-< d s-
w

u, c, t

K° K° W< 'W Ku

u, c, t

fig. 5.1: Box diagrams contributing to theK°<-> K° amplitude.

In order to be able to analyse flavour mixing in systems involving quarks heavier than the
strange quark, we review briefly some of the quantities used in the theoretical calculation
of the |AS| = 2, |AQ| = 0 transitions [17, 18]. We start by describing the physical states KL

and Ks as linear combinations of the eigenstates of K° and "K0. These linear
combinations will obey an exponential decay law; the Schrodinger equation then
describes the time evolution of the particle wave function

at
- = -i m (5.7)

Thus, *F is a general Kaon state (a linear combination of K° and K°), while TO = M - ir/2

and |»P|2 = e - n (for a stable particle: m = real, I1?!2 = 1). M and r are defined as the

Hermitian mass and decay matrix

(5.8)

Assumption of CPT invariance leads to m-\-\ = i t i22' whereas CP invariance puts the

constraint, m 12 = m 2 i • This becomes clear when one examines the expectation value of

the Hamilton operator in the interaction Lagrangian

K° |
m 2 1 m 2 2 K° (5.9)

Neglecting CP violation for the time being, thus assuming K° -> K° = K° -> K°, one can

define the eigenstates of eq. (5.7) and find their eigenvalues

|KL> = (| K°
|KS> = (|K°

K°>)A/2
K°>)/V2

(5.10)

- iFg/2
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This leads to the simple expressions for the mass and decay width differences of the two

eigenstates

AM = M L - M S = -2M12

Ar = r L - r s =-2r12 (5.11)

while on the other hand

M s Mn = M22 = (ML + Ms)/2
r a r , , = r22 = (rL + rs)/2 (5.12)

Many experiments have been able to produce precise measurements of the mass and
lifetime differences between the "long living' K|_ and 'short living' K$ [5J. The theoretical

calculations show that, within the uncertainties of both experimental measurements and
theoretical models, the box diagram approach gives reasonable agreement with the
experimental observations, provided one takes into account the long distance
contributions to AM [19]:

fig. 5.2: Long range contributions to K° *•* K° mixing.

Moreover, the general consensus is that for systems containing heavier quarks than the
strange quark the box model approach should be more accurate [20] and one expects the
long range contributions to be of less importance.

The diagrams in fig. 5.1 represent the first terms of a perturbation expansion for M
and r in Gp, the Fermi-constant. The full contribution of these terms requires the

summation over the intermediate quark states. All quarks give a contribution proportional
to their mass and couplings at the W± vertex. Since mu « mc, mu « mt and m t

2 < Mw2,

we can safely neglect terms due to the u-quark. The expression for the mass difference,
AM, becomes [21]:

G F
 fK " > ,

AM = j^- Mw 53 FK(mc, mt, X) (5.13)

Here 23 is the so-called 'bag' parameter, a measure for the renormalization if one goes
from quarks to hadrons, using the vacuum insertion method [20]

< K° | (d fy(1 - ys) s)21 K° > = - 4 fK
2 mKo 33/3 (5.14)

Here m«o is the K° mass, while f« is the K° decay constant (pseudo-scalar coupling
constant). The expression for FK contains the CKM information
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F(^(m0, n"i|, \) = (A.cs)2 Ui + (^ts)2 U2 + 2 (Xgg) (Xjg) ^3 (5>15)

The CKM-angle-dependent factors, Xy, in the Wolfenstein parametrization now read

\5 (5.16)

whereas the Uj contain the quark mass dependence

U2

U3

mc
2/Mw2

m t
2 /Mw

2 (5.17)

Eq. (5.16) expresses the very weak dependence of AM on the top quark mass. The result

is not influenced provided m t is less than ~ 300 GeV/c2, in which case AM ~ O(Ji2).

Let us consider the magnitude of mixing in the K° - K° system next. At a time t = 0

the semileptonic decay of the K° is visualized in fig. 5.3

fig. 5.3: Feynman diagram for the semileptonic decay of a K°
meson; the CKM matrix element Vus is proportional to X.
Thusr-X2.

and as time proceeds, mixing can give rise to the decay K° -> K° -> jr+1- u. If we now

return to eq. (5.7), we can define the probabilities of finding either a l+ or a I- in the final

state at a certain time T by introducing (eq. (5.8), (5.10)) the time evolution

»F(0) = | K° >
= e- imtlF(0) = | K° K° | K° K° (5.18)

Thus, at time T

Prob. (l+,t) = |<K° |Y( t )> | 2

Prob. (|-,t) = |< Ro (5.19)
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The total decay width for both decay modes is obtained by the integration of the
expressions of (5.19) over time. The ratio of the widths gives a measure for the mixing
probability. Defining 't* as the mixing ratio we get

>|2dt

r =
v) 2 2

x +y

T(K0 -> n l+ v)
2 2

2 + x - y
>F(t) >|2dt

(5.20)

where x s AM/r, y =Ar/2T. Substitution of the experimentally measured quantities [5],
AM, r and Ar shows that in the K° - K° system, there is almost 'full mixing1, e.g. r = 0.99.

In the next section we will generalize the formalism presented to mesons containing

heavier quarks.

3. D° - D°, B° - B° mixing

The D° - D° system distinguishes itself from the K° - K° system by its Cabibbo
allowed decays. As mentioned in section 1, the charmed hadrons will prefer to cascade
down into 'strange' particles since the CKM matrix element, V^, contributing in this decay,

is close to unity (5.3). Semileptonic (a) and hadronic (b) decays as depicted in fig. 5.4 are
therefore expected to contribute significantly to the decay width of the D°.

(a) (b)

fig. 5.4: Semileptonic (a) and hadronic (b) decays of a D° meson.

Analysis of the box-diagrams in fig. 5.5 on the other hand, leads to the observation that
the mass and width difference, respectively AMpo and AFpo, are Cabibbo suppressed
[17], [22]
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fWWl

Du s t
b

lAAAAJ
W

d
S D°
b

— « -

- U C

C U -

W

d, s, b
> 5 — J -

a, i, B

W

fig. 5.5: Box diagrams contributing to the D° <H> D° amplitude.

Without going into further detail of the calculation, eq. (5.13) and (5.20) can be derived
using the same formalism as in the K° case. One expects x = AMQO/T ~ 0(10"3), while y

« x, which is in fair agreement with the present experimental limits [5]:

o D° -> D° + any

D —> )x + any

r _3

_ < 5 * 10 3 (5.21)

This limit even rules out exotic intermediate states strongly contributing to (or replacing)
the internal loop in fig. 5.5. Thus, no substantial mixing in the charm sector is expected
and indeed it has not yet been observed.

In the bottom meson sector the situation becomes slightly more complicated due to
the existence of two low lying neutral mesons, namely Bd° (= B°) and Bs°. Both can mix
with their charge conjugates Bd° and Bso respectively [23, 24]. This becomes clear if we
examine the box diagrams in fig. 5.6 (a) and (b) which are responsible for the mass
differences AM (the crossed diagrams are not drawn, but are again of the same type). A
second complication enters due to the fact that there is only weak experimental evidence
for the existence of the heaviest of the two mesons, the Bs°. Nevertheless, the

calculations presented here will have a much more solid base, since the bottom quark
mass is substantially larger than the quark masses in the previously discussed systems,
rrib = 5 GeV/c2. Throughout this thesis we will try to give indirect evidence for the
existence of the Bs° meson and explain why the production at the collider is much larger
than at present e+e- machines.

u, c, t
d b

u, c, t

Bd° Bs° W

u, c, t

(a)

.6 i
u, c, t

(b)

fig. 5.6: Box diagrams contributing to the BJ> <-> BJ3 (a) and B s° <-* Bs°

(b) amplitudes.

If we neglect the contribution of the u-quark in the theoretical discussion again, the
contribution to the mass difference for both Bd° and Bs° becomes
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G F

6JC

M w 23 Fd(mc, mt> X)

$ B
AM(B°) = L—!? < » Fs(mc, mt, X) (5.22)

In either of the two systems the bag parameter, 23, is expected to be ~ 1 [16], whereas the
pseudoscalar coupling constants range 110 MeV < fBdo < 150 MeV and 150 MeV < f QSO <

200 MeV [25]. There are theoretical reasons to assume that the general quantities like the
semileptonic branching ratios and lifetime of the bottom hadrons B^0, Bu±, Bs° and At,0

are very similar [25]. Throughout this paper we will use the following values

23 fBdo2 = (0.11 GeV)2
23 fBso

2 = (0.15GeV)2 (5.23)

The quark mass and CKM matrix element dependent functions, FdiS(mc, mt, X), are given

in eq. (5.24):

Fd(mc, mt, X) = (XcS2 ^ + (?^d)2 U2 + 2 (X^) (X&) U3

Fs(mc, mt l X) = (^s)2 U, + (^ )2 U2 + 2 (Xis) (X^) U3 (5.24)

In units of the Wolfenstein parameters X,j reads (fig. 5.6)

= |V,b* V t d | = X3 [ (1-p2) + ,,2,1/2 < ^3

^IVcb'Vcsl =^2 (5.25)

l*tel s IVtb* Vls | - X2

the mass factors are given by Buras et al. [21]

U1 = mc2/Mw2
U2 = mt2/Mw2 (5.26)

U3 =

From eq. (5.24) - (5.25), we conclude that the main contributions for B j 0 and Bs° are due

to the top quark. Although both the semileptonic decays of the B^0 and Bs°-mesons are

Cabibbo allowed (TBd, rBs ~ X4), as can be seen from the dominant diagram for the

semileptonic decay of the B°-mesons (fig. 5.7)



61

fig. 5.7: The dominant semileptonic decay of bottom mesons; the
CKM matrix element Vct, is proportional to X2.

one can derive from eq. (5.25) that Bd° - Bd° mixing is Cabibbo suppressed (X6) while

B s°- Bs° mixing is Cabibbo allowed (k4). The experimental value of Vcb is essentially

determined by the world average data on the lifetime of the B°-meson and Vbu [9]:

d s

<V

We find [10]:

AM

5.93+°f6 .10"13 GeV (5.27)

(B°) O (1 ) -» rs ~ 0(1) (5.28)

Here we have used the result of ref. [21] that y2 « x2 (Ar « r ) for Bd° - Bd° and Bs° -

Bs° mixing. The explicit top quark mass dependence, experimental limits on B^0 - Bd°

mixing etc. will be discussed in detail together with the analysis of the collider data.
Finally we would like to remark that along the same lines as sketched above one can

derive that the width of the neutral top mesons (Tu°, Tc°) has no Cabibbo suppression

while the mass differences for both mesons are expected to be small. Therefore eq.
(5.28) results in very small numbers for the T° mesons, amounting to a negligible mixing
probability [10].

4. CP violation

In the previous discussion we have neglected the effects of CP violation. Since CP
violation occurs in the K° - K° system, we will address the question whether similar
(small) effects can be measured in the systems containing heavier quarks. We will
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introduce the formalism for CP violation by modifying the formulae of section 1, thus
assuming m 1 2 * TO2I in eq. (5.9), keeping CPT conserved. K [_ and «§ wilt no longer be
pure orthogonal states, but receive a small correction. The eigenstates in eq. (5.10) can
then still be written as a linear combinations of K° and K°

|KL>

( 1 + 6 ) | K > + ( 1 6 ) | K >
|KS> = — (5.29)

/ 2

where e is defined by the relation

1 -e

1+e

r
'T

M i i 2

(5.30)

We will simplify the discussion by not going into the various details of the calculation.
Using the box diagram method one can derive an expression for |e| in a very similar way
as for the mass and width differences (see ref. [14] and references quoted therein). The
result is indeed very small

|£| -» A2 X4 TI {1 + O[(X2 mt/mc)2]} (5.31)

As we already could see in eq. (5.13) respectively (5.16), the main contribution to the
loops originates from the charm quark, while in the CKM model CP violation enters with
Vtd (and VUb) only. Using the experimental bound on |e| (|e| = 2.3 * 10'3 [5]) one is able to

derive limits on the top quark mass as a function of the various model parameters.
However, as we have pointed out before, the box diagram calculation in the K° - K° case
is probably not accurate enough to put stringent limits. In order to explain the
experimental value of |e| the O(\2) term in (5.31) needs to give a substantial contribution.
The general conclusion of this exercise is that the value of |e| is reproduced provided m t >
30 (90) GeV/c2 for 33 = 1 (1/3) [16], [26].

With the knowledge that for heavier quark systems the loop technique should be
more reliable we can attempt to calculate the order of magnitude for |e| that one would

expect for bottom systems. Unfortunately enough, although the model predicts the
possibility of even full mixing in the Bso - Bs° system, the CP violating asymmetries in the

decays turn out to be very small (< 10-4) and depend only very weakly on the top quark
mass [26], [27]. The magnitude of CP violation in heavy quark systems can be determined
experimentally by looking at for instance charge asymmetries in the semileptonic decay of
heavy flavours:
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T( B° -> l+ u D') - T( B° -> I" u. D+)
5 = R ! — - i (5.32)

( B 0 i + D ' ) ° I " + )

Together with the assumption of CPT invariance and the AQ = AS rule, one is able to
derive the following expression for |e|

2Ree
8 = s - (533)

( 1 N )

A similar procedure is used to determine 8 in the K|_ - K s system. The relation (5.33) is in

agreement with the measured values of 8 and e.
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VI

DATA COLLECTION AND EVENT RECONSTRUCTION

1. Introduction

About 107 events were collected during the last few years of data taking. To store all
detector information roughly 10000 high density magnetic tapes were written. The data
sample presented in this chapter includes events containing at least one muon. These
events account for about 40 % of all triggers. In 1983 an integrated luminosity of 108 nb~1

was recorded at a center of mass energy of 546 GeV. In 1984 and 1985 another 584 nb"1

were accumulated however at a slightly higher center of mass energy namely 630 GeV.
In section 2 we describe the muon and dimuon trigger conditions, software filters and
event reconstruction. In addition all dimuon events passed a scan on a high resolution
graphics event display. Scanning was performed by physicists. We present muon
transverse momentum distributions for the inclusive muon sample as well as for a subset
of events containing at least two muons. In section 3 we discuss background sources to
both muon signals. The filters are optimized such that backgrounds are removed as much
as possible. Nevertheless part of the background can not be resolved by software and
scanning. Estimates of the remaing backgrounds are presented.

2. Muon, dimuon selection and event reconstruction [1], [2]

In 1985 (330 nb-1) two different areas of the muon chambers were used in the
hardware trigger to select single muon and dimuon events. Events with a single muon
candidate were recorded when a track in the muon chambers was reconstructed (see
section II.5) with |T]H| < 1.5. For dimuons the acceptance of the hardware trigger covered
almost the full active area of the muon chambers namely IT^I < 2.0. Since the dimuon
trigger regions have varied significantly over the previous years, we have limited the
event sample demanding at least one of the muons with fa^| < 1.3. This additional
requirement removes uncertainties due to the variation in the dimuon hardware trigger
over the period 1983 -1985 (692 nb"1).

The main reason for excluding the very forward regions from the inclusive muon
trigger is the very high background from beam fragments. Inclusions of these areas would
introduce a significant rise in trigger rate and consequently would cause less efficient data
taking.

Full detector reconstruction of events is a rather lengthy procedure. Especially the
track finding in the CD requires a significant amount of computer time namely ~ 13
seconds per muon event (IBM 370/168 units). However, the unpacking and
preprocessing of the raw data take only ~ 1 second per event. Therefore data
reconstruction is devided into three separate steps. In the first step a so-called filtering is
applied. This 'FILTER' uses trigger information and removes events that have obvious
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t i m i n g prob.ems (cosmics - see also ^ ^
calibration constants. Tracks of muon ^ d l d ^
chambers. Events wrthout any reconstruct"rack are „

muOn chamber tracks ^ ^ ^ Z S ^
vertex. For the regions of the CD that ™™«»
reconstruction is performed. AH events wrth nwon

re/ected. In the next step evenj, a have

A r o u n d t h e reconstructed

. M centra, detector tracK
k s b u t w i t h o u t CD tracks

«* , F ) L T E R . a r e f u I l y

following data samples:

: Pts

• Dimuon:
• Dimuon:
• j / y candidates:

a

PtH = 9.8 GeV/c

only CD tracks with p, > 1 GeV are shown

(6.1)

The event contains only very little hadronic a,
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In addition to these physics requirements several technical cuts have been applied in
order to reduce the background to the muon signals. Those cuts will be briefly discussed
in the next section. The stringent physics and technical cuts reduce the number of events
drastically. If we concentrate on the dimuon sample with ptn > 3.0 GeV/c for each muon
we are left with only 1175 dimuon candidates. The inclusive muon sample with p, > 6
GeV/c is about an order of magnitude larger.

The dimuon sample is examined on the Megatek, a graphical device which allows
for on-line manipulation of event information. Fig. 6.1a shows an extremely 'quiet1

opposite-sign dimuon event with two high pt muons. There is very little additional activity

in the event as can be seen from the so-called lego plot (fig. 6.1b). Here the sum of the
hadronic and electromagnetic energy per unit of r\ and <)» (azimuthal angle) is displayed.

energy threshold per calorimeter cell: 0.1 GeV

- 3S

fig. 6.1b: Lego plot of the energy deposited in the electromagnetic
and hadronic calorimeters for the event of fig. 6.1a.

A contrast with this 'quiet' event forms the same-sign dimuon event shown in fig.
6.2a. There is a significant number of tracks close to the muons. This activity can be
expressed in the total energy measured inside a cone around a muon. The cone is
defined in units of R in T) - <j> space:

AR = / (AnT + (A<W (6-1)

The lego plot of the hadronic activity (fig. 6.2b) shows that both muons are in jets.
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= 4.1 GeV/c

M-'

only CD tracks with pt > 1 GeV are shown

fig. 6.2a: Display of aw event (MW= 18.5 GeV/C2). The hadronic

activity close to the muons indicates that the muons are in

jets (fig. 6.2b).

energy threshold per calorimeter cell: 0.1 GeV

-90.0 '

fig. 6.2b: Lego plot of the energy deposited in the electromagnetic
and hadronic calorimeters for the W event.
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The transverse momentum distribution for the inclusive muon sample can be
translated into a differential cross-section by multiplying the number of events per unit of
pt (1 GeV bins) with the integrated luminosity [3]. The resulting distribution is corrected for

geometrical acceptance, trigger and selection efficiencies and is shown in fig. 6.3 (closed
circles). The error bars account for systematical errors in the hardware and software
selection as well as the uncertainties in the determination of the total integrated
luminosity. A similar distribution is given for the Mcc > 6 GeV/c2 dimuon sample (closed
squares in fig. 6.3). Dimuon events that have relatively isolated muons (muons
accompanied by very little hadronic activity) were excluded. Isolation is discussed in
detail in the next chapter.

Inclusive muon pt distribution

10 19 20 29 30 39 40

pj1 (CeV/c)

fig. 6.3: Inclusive muon pt distributions for the muon and dimuon

samples after the events have past all software selection

criteria, but before background subtraction. The dimuon

events have been validated on an interactive graphics

facility and have passed an isolation cut.

3. Background sources

In this section we focus on possible background sources to the inclusive muon and

dimuon signals. After we have discussed the relative importance of these backgrounds
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we present the background subtracted inclusive muon p t spectra for the two distributions

of fig. 6.3.

- Muons from the decay of n's and K's in flight [4]

Charged pions and K± mesons predominantly decay into muons and form a
serious source of background since real muons are involved. Luckily the lifetime of
both mesons is relatively long (0(10"8 s)). The decay probability is approximately
given by the following expression

Prob.(meson -» u, u ) = — d s (6.2)
n Jpcr

with m the mass of the meson, T the meson lifetime, p the meson momentum and c
the velocity of light whereas the traversed distance is the integration variable. The
probability of a decay very close to the interaction vertex is small due to the large
values of ex namely: ctfK*) = 370.4 cm and cifa*) = 780.4 cm [5]. Since the
hardware trigger region overlaps with the cylindrical part of the detector the decay
probability inside the central detector and the region between CD and calorimeters
can be expressed in terms of the transverse momentum of the mesons:

Prob-tK* - • \x% ) = —
M7 Pt

(6.3)
_ . ± ± . 0.023
Prob.fr -> u. D ) =

For the background to very forward muons in the dimuon sample (1.3 < |T|| < 2.0) the
expressions in (6.2) have to be slightly modified since the mesons will penetrate the
endcap calorimeters and may interact before they decay.

Many of the decaying mesons give rise to mismeasurements of the muon
momentum in the CD. This occurs when meson and muon tracks are fitted to one
single track as is illustrated in the track risiduai plot of a reconstructed kaon decay
(fig. 6.4). Two circular segments are combined and form a so-called 'kink'. In
practice the background due to these kinks can be removed as long as the decay
occurs not too close to the edges of the CD. For the less massive pion, kinks will be
much less pronounced and more difficult to detect. High momentum mesons, which
only rarely decay, but which produce high momentum muons form another
dangerous background. After scanning the 1175 dimuon candidates, 63 events
were identified as visible kaon decays and were removed from the sample.

Cosmic rays

Since the UA1 detector is only shielded by ~ 5 m of earth one expects a
significant flux of cosmic rays. However, cosmic rays will in general not go through

.the interaction vertex and will only very rarely pass the detector at exactly the time
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when the apparatus is triggered by a beam crossing. Timing, association with the
vertex and the knowledge that cosmic rays give very stiff tracks in the CD provide
good discrimination possibilities. Therefore the background due to cosmic rays can
be almost completely removed by software [6]. All dimuon events that have passed
the software cosmic ray finder are nevertheless validated on the Megatek. A very
helpful tool is to redo the track reconstruction without taking into account the
interaction vertex. When the two tracks are combined to a single track that is not
associated with the vertex in at least one of the projections the event is rejected.

Only 9 out of the 1175 dimuon events were identified as cosmic rays by
scanning and are removed from the dimuon sample. A subsample of the pt > 6

GeV/c muon candidates were also scanned. The cosmic ray background to the
inclusive single muon data turns out to be negligible.

10 cm

300pm

fig. 6.4: Residuals of the reconstructed CD tracks in the decay K - * fiv.

Leakage of hadrons through cracks
Light guides, cabling, mechanical supports etc. cause cracks in the iron

shielding between the calorimeters and the muon chambers as well as in the
calorimeters themselves. The geometrical acceptance in the muon selection was
reduced to exclude CD tracks pointing at cracks or regions with relatively a small
amount of material between the CD and the muon chambers. It was checked that
these fiducial cuts effectively remove leakage through cracks from the inclusive
muon sample [7],

Non-interacting hadrons
Nuclear collisions cause hadrons to lose their energy in the material of the

calorimeters and the shielding of the muon chambers. This in contrast to muons
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which lose energy (typically 2.9 GeV) due to ionization. On average, hadrons must
traverse about 9 interaction lengths between CD and muon chambers. Test beam
measurements show that the probability for each hadron (re's, K's) to reach the muon
detector is less than 10"4 [8]. The background due to non-interacting hadrons is
typically two orders of magnitude smaller than the previously discussed background
from pion and kaon decays and is not considered to be significant.

- Leakage of hadronic showers
Although most of the incident hadrons are fully captured in the calorimeters or

in the shielding, very energetic hadrons may give rise to showers of secondary
hadrons. These in turn may be energetic enough to escape from the material.
Charged hadrons can trigger the muon detector since the hardware trigger allows for
a rather wide cone in which the muon chamber track has to point back to the vertex
(see also section 2.5). In general shower leakage can be easily discriminated since
it causes numerous hits in the muon chambers. In the cases were only very few
hadrons escape from the shielding the requirements of tight matching with CD tracks
and association with the vertex are enough to remove this sort of background.
Measurements with 2 - 1 0 GeV pion test beams together with the matching
constraints show that the fraction of pions that will be misidentified as muons is less
than 10"4 [8]. More energetic hadrons will deposit energy in the calorimeters in
excess of what is expected for minimum ionizing muons. After scanning the dimuon
sample 56 events were recognized as leakage (cracks + non-interacting hadrons +
hadronic showers). These events were removed from the data set.

- Misassociation of CD tracks to tracks reconstructed
in the muon chambers

Ambiguous matching of the track reconstructed in the muon chambers with a
track reconstructed in the CD may introduce a mismeasurement of the muon
momentum [9]. This source of background is studied before the muons from pion
and kaon decays were removed from the data sample and was found to be much
smaller than the 'direct' background due to n* and K± decays (~ 5 %) [4]. Removal of
pion and kaon decays would introduce an error in the background analysis. In all
the cases where misassociation occurs the rejection criteria for kinks etc. would be
applied to the wrong CD track. Possible misassociation candidates were selected
by software and were scanned on the Megatek. In addition Monte Carlo events were
used to estimate how many times muons were associated with a wrong CD track.
Although the Monte Carlo method heavily relies on the quality of the detector
simulation both methods give reasonable agreement. After scanning 164 cases of
misassociation were removed from the dimuon sample. Most of these events have a
low invariant dimuon mass.

In addition to the background sources discussed above 3 events were removed from the
dimuon sample since they were identified as double interactions. The final scan-
validated dimuon sample yields 880 events. This sample is further reduced to 512 events
after demanding MW> 6 GeV/c2 and excluding 17 Z° -> u+u.- candidates. A detailed
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description of the MW < 6 GeV/c2 sample can be found in ref. [10]. Since scanning is a
rather time consuming procedure the inclusive muon sample has not been validated on
the Megatek.

Two independent calculations have been performed to determine the remaining
background in the dimuon sample [4]. The inclusive muon sample was used to simulate
artificial meson decays in flight for additional high pt trackc, assuming charged particle
fractions of 58 % rc* and 21 % K* [11]. The simulation allows for decays in the CD and
calorimeters. After selection (applying the same selection criteria as for the dimuon
candidates) this results in 116 it -»jro or K -» u,u decays in the Mw* > 6 GeV/c2 sample.
The systematic error is ~ 25 % and results from the uncertainty in the fractions of charged
particles. The remaing background from non-interacting hadrons (after scanning) is about
two orders of magnitude smaller and is estimated to be ~ 2 events. After selection and
event scanning 25 events have a possible incorrect association of CD to muon track. Of
these, 10 like-sign and 10 unlike-sign events would either no longer be selected or would
change sign if the other CD track were chosen. The misassociation background becomes
5 ± 5 u^pi events and 5 ± 5 u+u.- events. Other backgrounds are sufficiently removed by
software and scanning. The total background to the dimuon sample is estimated to be
127 ± 32 events. The second determination was obtained from an inclusive ptn > 3 GeV/c

sample. The background to this sample was estimated to be ~ 80 % and is mainly due to
decays in flight. The central detector - muon chamber track matching %2 for this
background dominated sample is much worse than the %2 of the matching distribution for

Inclusive muon pt distribution
(Background subtracted)

• 1

_ •

l -r-±
S 10 IS 20 IS JO 35 tO

$ (GeV/c)

fig. 6.5: Inclusive muon pt distributions for the muon and dimuon

samples (see also fig. 6.3) after background subtraction.
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prompt muons. Comparison between these distributions and the matching distribution for
dimuon candidates leads to an independent background estimate for the dimuon sample
of 137 ± 30 events. At least one of the muons is prompt. Combining the two results gives:
132 ± 21 background events.

The background subtracted transverse momentum distributions for both muon and
non-isolated dimuon events are shown in fig. 6.5. The error bars in the first bins of the
single muon distribution are dominated by the background subtraction.

Separation on charge and isolation leads to the following dimuon sub-samples (MW
> 6 GeV/c2):

98 isolated u+u.- events (8 background)
15 isolated u^n* events (8 background)

257 non-isolated |u+u.- events (58 background) (6.4)

142 non-isolated u,*^ events (58 background)

After background subtraction the ratio of the number of same-sign to opposite-sign
dimuons for the non-isolated dimuon sample becomes:

N(±±) 142-58
R(±± / •»-) ^ - L _ ^ = ^—- = 0.42 ± 0.07 ± 0.03 (6.5)

N(+—) 257 - 58

The second (systematical) error in R(±±/+-) reflects the uncertainty in the background

calculation. In the next chapter we will compare this ratio with theoretical predictions.
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VII

ANALYSIS OF (MULTI) MUON SIGNAL

1. Introduction

Charm and bottom physics have been two of the major fields of interest over the las
few years and have resulted in many activities at proton and electron accelerator facilities.
Especially the e+e" annihilation experiments have produced an impressive amount of
information about lifetimes and inclusive and exclusive decay modes of charmed
hadrons. The bottom hadron sector is still more complicated to handle. Nevertheless
research effort has lead to very interesting results such as the relatively long lifetime of
bottom mesons and the rather well measured semileptonic branching ratios of B-mesons.
The very clean events at e+e* experiments sometimes allow for complete event
reconstruction. Proton-antiproton interactions are much more complicated due to the
beam fragments which usually also spread into the central rapidity region of the detector.
This so-called underlying event is a complicated phenomenon. So far no satisfactory
explanation exists for the hadronic structure that emerges from the left-over quarks and
gluons after the constituents in the proton and anti-proton have participated in an
(inelastic) interaction.

It will become clear that the observation of heavy flavours at the collider can not be
achieved by full event reconstruction, but by looking at specific well defined exclusive
decay modes. The UA1 apparatus provides the opportunity of identifying electrons and
muons with high accuracy. The muon detection system has the advantage that it is able
to measure muons with transverse momenta typically as low as 3 GeV/c, while the pion
background completely overwhelms the signal for low momentum electrons. The electron
signal becomes significant for transverse momenta typically larger than 10 GeV/c
depending on the amount of hadronic activity the electron is accompanied with. The
collected integrated luminosity turns out to be not sufficient and limits the use of the
electron signal to the search for very heavy objects (mass » nib). With this in mind we

will address the question whether one is able to tag heavy flavours (charm, bottom and
also top) by studying the inclusive (multi) muon signals and in addition whether these
signals agree with theoretical predictions. In doing this we will make extensive use of
data from e+e" experiments and of the Monte Carlo program described in chapter IV. At
first sight there may seem to be a conflict with the earlier statement saying that e+e-
annihilation experiments may do the job in a much cleaner way. However, the motivation
for heavy flavour physics at the collider is two-fold. Since the available center-of-mass
energy in proton-antiproton interactions is a few times larger than that of any existing e+e"
accelerator, the mass-range accessible through pp interactions is much larger. The other
advantage is the surprisingly large difference in cross-sections for the production of heavy
flavours. From e+e" experiments, taking Vs = 29 GeV where the largest statistics have
been collected (PEP), the following cross-sections are derived:
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a( e+e- -> c X) ~ 275 pb
a(e+e- ->bX)~ 70 pb (7.1)

As we will show in the following sections the cross-sections at the collider are expected to
be much larger (assuming equal luminosities for both machines):

cr( pp -* cX) 4

- i - ^ - ~ 3.5*10
o( e+e" -> c X)

g < P p ^ b X ) - . 4 W (7.2,
o( e+e" -* b X)

This completely compensates the disadvantage that one can only analyse the
semileptonic decays of heavy flavours. Due to the very large cross-section it also
becomes possible to study signatures of the cascade decays of bottom quarks (as
discussed in chapters IV and V) with considerable statistics.

In section 2, we will describe the production mechanisms for heavy flavours and
illustrate this with theoretical calculations. In order to verify that the presented estimates
are 'reasonable' we will often compare with independent experimental data and
theoretical calculations. In the following section we will concentrate on the muon signal.
We will focus on the different topologies in order to disentangle all possible background
sources for the heavy flavour signal. The knowledge obtained here is then used in
section 4 to define the muon selection criteria which enable us to isolate the muons
believed to originate from heavy flavour decays. In this section we also make a detailed
comparison between the data and our theoretical model. The multi muon signal is
discussed in further detail in section 5, where we focus on the theoretical uncertainties in
the determination of R(±+/+-), the ratio of same-sign to opposite-sign dimuons. Finally,
using the experimental result on R(±±/+-), we derive limits on the CKM matrixelements
|Vtd| and |Vts| and discuss their relation with the top quark mass in section 6.

2. Heavy flavour production in hard hadronic collisions

Because of the low center-of-mass energies and the relatively small charm quark
mass early comparisons between FNAL-ISR data and QCD calculations have failed to
give agreement. However the experimental situation here is not yet completely settled.
Therefore with about an order of magnitude more energy at hand and the knowledge that
QCD calculations for the production of the weak bosons give reasonable agreement with
data, it is interesting to study the heavy flavour production in a new energy domain. It is
generally recognized that QCD should describe bottom and top quark production down to
low pt. The production of large pt charm is expected to be calculable too, since at large
Pt's the mass becomes a less and less significant factor in the QCD calculation. The UA1
muon detector is essentially only sensitive for centrally produced muons, therefore
knowing that the relative transverse momentum of the muon with respect to the original
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quark direction is small, bottom and charm quarks automatically fulfill the requirement of
having relatively large Pt-

The lowest order cross-sections for heavy flavour production involving 2 -» 2

processes were calculated by Combridge in 1979 [1]. The cross-sections for heavy

flavour pair production (the subprocesses are also shown in fig. 4.2)

q+ q -» Q+ Q
g + g -* Q + Q (7.3)

are completely integrable in O(ocs
2) giving

_
a(q+ q ->Q+ Q) = =

27 f2

where

s = x1x2s, s = E^m (7.4)

with X! and x2 having the usual definition of being the fractional energies carried by the

partons

2 E i
x-, = - l (7.5)

The observed cross-section can be obtained by convoluting the parton-parton cross-
sections (o-(x-,, x2, s)) given by eq. (7.4) with the appropriate structure functions

a(s) = f dx1dx2 F ^ , Q2) Fj/p(x2, Q2) + j o jj o(X!, x2, s) (7.6)

The cross-section o(s) depends on structure functions, center-of-mass energy and the
value of the strong coupling constant, <xs(Q

2). To get an idea of heavy flavour cross-
sections we calculated o(s), using the EHLQ [2] structure function parametrization with A =
0.2 GeV, at Vs = 630 GeV. With mc = 1.75 GeV/c2, mb = 5.1 GeV/c2 and m, = 40 GeV/c2

we find the following cross-sections (O(as
2), >/§ > 10 GeV and pseudo-rapidity of each

quark fo^l < 3.5)
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a ( pp -» c X ) = 58 jib
o ( pp -» b X ) = 13 u.b } h Q | < 3.5 (7.7)
a ( pp -> t X ) = 1.4 nb

Thus, heavy flavour cross-sections at the CERN collider are expected to be very
large. Of course, due to the limited geometrical acceptance of the muon detector and
inefficiencies in the triggers, only small fractions of the cross-sections (7.7) are actually
measurable. We shall discuss the acceptance in detail later but first we would like to
discuss the contributions of higher order processes to the heavy flavour production at
collider energies.

In next-to-leading order in <% there are two types of contributions to a( pp -»Q X ). A

sub-set of 2 -> 3 Born diagrams can be found in chapter IV, fig. 4.3. The virtual
corrections to 2 -> 2 diagrams are not yet available. Since these also contribute in O((Xs3),
there remains an overall uncertainty in the estimates of the cross-sections for 2 -> 2
processes in O(ag3). The dominant contribution in 0(Os3) is due to the process [3]

g + g -> g + g *

N _ (7.8)
QQ

since it really is an O(Os) correction to the gluon-gluon fusion process gg -» gg leading to
3-jet production. The standard QCD estimates give o( gg ->gg )/o( gg -» QQ) ~ 0(100)
and thus one expects the contribution of (7.8) to overwhelm by a large factor the
contribution to heavy flavour production from the process (7.3). However, one has to
realize that this large enhancement holds for on-shell gluons but the gluon g* in (7.8) is
virtual. This virtuality is obviously different for charm, bottom and top quarks and hence
(7.8) leads to very different enhancements for these flavours. Likewise, the importance of
these processes depends on the actual acceptance of an experiment. The muon trigger
conditions and the detector geometry are such that the process 7.8 significantly
contributes to the inclusive muon cross-section a( pp -»u± X ) and to the cross-section
CT( pp -> Q X) with the heavy quark recoiling against a jet [4]. This statement is supported
by a separate UA1 jet analysis that has indicated considerable charm content in jets via
the process a( pp -» D*± X ) [5). The cuts applied in the analysis of the dimuon data on
the other hand are that stringent that we do not expect the contribution of (7.8) to be
significant. It is obvious that a blanket statement about the importance of higher order
corrections in heavy flavour production can not be made. We shall show detailed
comparisons of the 2 -» 2 and 2 -> 3 contributions for the several theoretical and/or
experimental configurations.

The 2 -» 3 processes belong to the following three general classes:

q + q - * g + Q + Q

g + g -> g + Q + Q (7.9)
q + g -> q + Q + Q
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where we have only included the contributions of light quarks in the initial state. Since we
include the gluon splitting g* -» QQ as part of our 2 -» 3 QCD processes, we do not admit
any heavy quark component in the structure functions. Including both the processes (7.8)
and non-zero structure functions for heavy quarks (charm, bottom, top) in the (anti-) proton
would amount to double counting. A corollary of this is that we do not have the so-called
flavour excitation contributions [6]

g + Q - > g + Q (7.10)

added on top of (7.3) and (7.9).
We have used the 2 -» 3 matrix elements with ITIQ * 0 derived by Kunszt and

Pietarinen [7], which have been recently cast in a very compact form in ref. [8]. Thus, the
kinematics of the production process is properly taken into account. The processes (7.9)
are different from the 2 -» 2 processes of (7.3) in that the cross-sections based on (7.9)
are not completely integrable without applying additional boundary conditions. Like their
counterparts gg -> g qq which contribute to the (light) jet production, the processes (7.9)
need an infra-red cut-off (to avoid the Eq, Eg -> 0 singularity) as well as a collinearity cut-
off (to avoid singularities from the initial state). To control this singularity we have used a
cut-off pt^9 > p,cut for the additional gluon / light quark recoiling against a heavy quark.
We use pt

cut = 5 GeV/c as a reasonable value for this cut-off. Experimentally, it turns out

to be very difficult to reconstruct jets with energies less than ~ 5 GeV. Theoretically, the 2
-¥ 3 cross-section should be integrated for ptq.9 < ptcut and added to the cross-section for

2 -> 2 processes to define the effective 2 -> 2 heavy quark pair production cross-section
in O(ots3). Like in the case of the pp -»W + jet + X cross-section [9], one would have to
exponentiate the leading terms to get a reasonable behaviour for the low ptq-9 region.

This part of the calculation has not yet been attempted and hence there remains an
overall p t

cut dependence. Although we have fixed p t
cut = 5 GeV/c for out detailed

analysis, we will show the dependence of the measured cross-sections on the parameter
pt

cut for a reasonable range as an indication of our systematic errors.

As mentioned above the QCD calculations presented in this thesis are based on the
choice of the EHLQ parametrization for the structure functions with A = 0.2 GeV. In
addition, we have fixed the argument of a^Q2) at Q2 = Et

2 = pt
2 + mQ2, which is motivated

by the UA1 analysis of inclusive jet production at the CERN collider: pp -> jet + X [10]. For
all processes involving the weak bosons W* or Z°, we have chosen the Duke and Owens
[11] parametrization with A = 0.2 GeV, fixing Q2 at Q2 = Mw

2, MZ2. The O(cts) cross-
sections are regulated using the same cut-off, 0^9 > pt

cut with pt
cut = 5 GeV/c, for the jets

recoiling against the W± or Z° bosons. This choice reproduces the observed cross-
sections for the leptonic decays of the W± and Z° by UA1 and UA2 rather well [12]. Also
the number of jets produced in association with the W± and Z° is in good agreement with
experimental observations. The heavy quark production cross-sections via W* and Z°
boson decays are thus fixed, provided we take into account the correct phase-space
suppression factors.

In order to improve our efficiency for the calculation of lepton spectra we introduce a
cut on V§: V§ > 10 GeV for the QCD 2 -> 2 processes and -Js > 15 GeV for the QCD 2 -> 3
processes. This will only affect the charm-quark cross-sections, whereas leptonic cross-
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sections from charmed particle decays are not affected at all, due to the rather stringent
cuts on the data. In fig. 7.1 we show the inclusive-pt

Q distribution do( pp -» Q X )/dptQ for
Q = c, b and t quarks, for |T|Q| < 3.5 and two values of mt; 23 GeV/c2 and 40 GeV/c2.

10s

T\ EUROJET MC
0{ctf)*0(ot|)

Charm
BoH-om

— —Top

n a l < 3-s

20 80 10040 60

p? [GeV/c]

fig. 7.1: Inclusive transverse momentum distribution do~( pp -* OX)/dpt°

for Q = c,b and t quarks and for two values ofmt at Vs = 630 GeV.

The integrated cross-sections are shown in table 7.1, where the same cuts are applied.

QCD processes

cc
bb
tt (m, = 23 GeV/c2)
tt (m, = 40 GeV/c2)

58
13
32
1.4

* 2

fib
fib
nb
nb

2->3

63 fib
6.2 u.b

20 nb
0.81 nb

sum

120
19
52
2.2

fib
j ib

nb
nb

Table 7.1: Integrated cross-sections for charm, bottom and top quarks.
The charm cross-sections are affected by the cuts on Vs.

The corresponding distributions for the heavy hadrons are shown in fig. 7.2; do( pp -> H

X )/dpt
H for H = charmed, bottom and top hadrons. Similar cuts are applied except for the

rapidity cut on the heavy quarks, which has been replaced by a rapidity cut on the heavy
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hadrons, h H | < 3.5. The default EUROJET values for the parameters in the Peterson

fragmentation function are used (see IV.3).

10s

10'

10'

10-2

10
-3

EUROJET MC
0(<x2

s)+0(a|)

Charm
Bottom
Top

3.5

40 60
pf (GeV/c)

100

fig. 7.2: Inclusive transverse momentum distribution do( pp -> H X)/dpt
H

for H = c, b and t hadrons and for two values of mt at vs = 630 Ge V.

The relative importance of the 2 -» 3 contribution can be seen in fig. 7.3 where we
show the pseudo-rapidity distribution do/dn)Q for 2 -» 2 and 2 H> 3 processes. We note
that if we relax the cut on 2 -> 3 processes to Vs > 10 GeV our choice of quark masses
and parameters lead to effective K-factors that lie between ~ 2.0 for the charm quark and
~ 1.6 for the top quark. The effective K-factor for the charm quark-case with the p t cut-off
value, p t

cut = 5 GeV/c is in good agreement with a recent leading log. calculation of this
quantity by Mueller and Nason [13]. This assures us that our choice of the pt cut-off
provides us a rate estimate for 2 H> 3 processes which is in close agreement with leading
log. results. Thus, there are no spurious or questionable enhancements of <y( pp -> Q X) ,
neither have we unnecessarily cut out perfectly finite cross-sections. Of course, we expect
that the detailed distributions involving quarks and leptons will be better described by a
calculation which also takes into account the non-leading terms, as is the case with the
one described here. The same authors [13] have attempted to estimate the leading non-
perturbative contributions to the inclusive heavy flavour cross-section. It turns out that
these contributions are very small and they can be safely neglected.
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fig. 7.3: Pseudo-rapidity distributions do/drf* (Q = c, b, t) separately
shown for 2 ->2 and 2~>3 QCD processes.

Next, we briefly discuss processes involving the weak bosons W± and Z°. Therrj is a
simple way of calibrating the cross-sections of the following processes

pp -» W± X -» QQ1 X
pp -> ZO X -> QQ X (7.11)

in terms of the experimentally measured cross-sections of the corresponding processes
involving leptons

pp -> W± X -* l*u, X

pp-> ZO X -> l+1- X (7.12)

The phase-space factors in the decays W± -> QQ1 and Z° -» QQ are well known, both in

zeroth order and in C(Os) [14]. The Feynman diagrams are shown in fig. 4.5. The Ofa.)

virtual corrections have also been calculated by Kuhn et al. [15]. A good approximation

for the cross-sections of the processes (7.11) is to use the following expressions
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r(W*-»ib)

o\B( pp-»Z°-»Ft) s a.B( pp->Z°-H+ l )——^—- (7.13)

°+

Experimental numbers for both <r.B( pp -» W*- * l ^ i ) and o\B( pp -> Z° ->l+|-) are

measured by the UA1 and UA2 collaborations. The results of the independent UA1 and

UA2 measurements are summarized below [12] for Vs = 630 GeV

o\B( pp -> W± H> e±i)e) = 0.60 ± 0.05 ± 0.09 nb (UA1)

a.B( pp -> W± -> e±ue ) = 0.61 ± 0.05 ± 0.07 nb (UA2)

a .B(pp ->Z0-> e+e-) =73±14±11 pb (UA1)

a .B(pp ->Z0-> e+e-) =69 ±13 ± 6 pb (UA2)

in addition UA1 has measured the following cross-sections involving u. and T leptons [12],

cr.B( pp -> W± -> u ± ^ ) = 0.67 ± 0.08 ± 0.14 nb

CT.B( pp ^ W ± - H » f t ^ J =0.61+0.12 ±0.11 nb

O . B ( P P ^ Z 0 H > U.+ U.-) = 7 3 ± 1 9 ± 1 3 pb (7.14)

Our theoretical calculations based on the work reported in ref. [15] give good agreement

with both the data and other calculations [9] and we estimate:

<r.B( pp -> W* -> I* v,) = 0.580t°?3 n b

CT.B( pp -» Z° -> l+l") = 68t?6 pb (7.15)

Table 7.2 contains the cross-sections for hadronic decays of W and Z calculated up to
(for convenience we denote W* -» q q' , q q' by W* -» q q' throughout the paper).

Weak

W± ->

W± - ^

W± ->

Z0 ^

zo _>
Z0 ->

Z0 -»

processes

cs
tb

tb
cc
bb
I t
I t

(m, = 23 GeV/c2)

(m, = 40 GeV/c2)

(mt = 23 GeV/c2)

(mt = 40 GeV/c2)

Drell-Yan

1.2
1.1

0.76
0.30
0.38
0.22

0.062

nb
nb

nb
nb
nb
nb

:nb

0(0.)

0.45
0.41

0.29

0.12
0.14
0.085
0.024

nb
nb

nb

nb
nb
nb

nb

sum

1.7
1.5

1.1
0.42
0.52
0.31

0.086

nb
nb

nb
nb
nb
nb

nb

Table 7.2: Integrated cross-sections for the production and subsequent

decay of weak bosons into heavy flavours at Vs = 630 GeV.
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The table contains different entries for the top quark mass (m t = 23 GeV/c2 and m t = 40

GeV/c2). The cuts are identical to the ones used in the QCD calculations.

Fig. 7.4 shows the top quark mass dependence of the cross-sections (7.13) explicitly
for both Vs = 546 GeV and Vs = 630 GeV in lowest order and O(ots).

1.0

0.1

0.01

EUROJET MC

is= 630 GeV
/7= 546 GeV

10 20 30 40 50 60 70 80

me (GeV/c2 )

fig. 7.4: Cross-sections for top quark production in the decays of W±

and Z° bosons as a function of the top quark mass at Vs = 540
GeV and Vs = 630 GeV.

These cross-sections are to be compared with the top quark cross-section from QCD
processes. Again leaving the top quark mass as a free parameter, fig. 7.5 shows the
relative importance of the QCD and weak production processes of top quarks at Vs = 630
GeV. QCD clearly dominates over pp -> W± -> tb for mt < 40 GeV/c2, whereas top
production via Z° decay is down by an order of magnitude. In fact, adding the QCD
contribution to the one from the process pp -> W±-> tb will reduce the semileptonic
branching ratio t -> l+ X reported by the UA1 collaboration [16], and would bring it closer
to the standard model expectations [17]. Some issues involving top quark production and
decays including the effects of the W± polarization will be discussed in a forthcoming
paper [18].
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fig. 7.5: Comparison of QCD and weak top quark production processes

as a function of the top quark mass at Vs = 630 GeV.

3. Topologies of events containing one or more muon(s)

Muons originating from pion and kaon decays and mismeasurement of non-
interacting hadrons are considered as technical backgrounds to the (multi) muon signal
and have already been discussed in chapter VI. Besides the heavy flavour decays there
are other processes that can give rise to one or more muons. Since the technical
background to the inclusive muon signal is very large for low momentum muons, it will
hardly be possible to disentangle the different physics sources in this momentum region.
However, the clean detection of the muonic decays of the charged weak boson [19]
proves that the background rapidly decreases with increasing muon momentum as is
discussed in the previous chapter. The background situation for the dimuon signal is
much better, not only for high momentum muons from for instance the leptonic decay of
the Z° [20], but also for muons with pt^ > 3 GeV/c. Our hypothesis is that the low
momentum inclusive muon signal can be explained in terms of the semileptonic decay of
heavy flavours. In order to test this hypothesis we will briefly describe muon sources
within the Standard Model and discuss their event topologies.
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A number of processes are characterized by the isolated position of the muon. In
other words, the interaction does not produce large hadronic activity close to the muon.
The following processes are considered to contribute

pp -> W± X -> ji± t y X

pp -> Z° X -> u+ [i- X

pp -> Y* X -> u+ u.- X
pp -» J/y, V. . .X-* u+u/ X
P P -> T, r... x -> u+ n- x

(7.16)

The additional energy in these events comes mainly from the underlying hadronic activity
due to the beam fragments. Fig. 7.6 shows the hadronic energy measured in pp -> W± X
-> u± uM X in a cone of 0.7 units of R (see eq. (6.1)) around the muon.

m
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n

o
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* -
o

_ 2 4

ai
ID
- 2 0

16

12

8

4,

Mixed W*u.v events

-

-

-

-

0.7

12 16

ET of first muon

20 24
(GeV)

fig. 7.6: Pairs of events from the W -> nv^ sample are taken to

estimate the hadronic activity for isolated dimuon events.

To estimate the hadronic energy for dimuon events combinations of two events are
chosen at random from the W sample. The collected energies in the cones provide an
entry in the two dimensional plot. Additional jets are in general well separated from the
muon. The origin of these jets is in perfect agreement with the interpretation of initial state
gluon radiation and hence balance the transverse momentum of the u+u" or U^UM system

[21]. The first three processes (7.16) are of the Drell-Yan type. Direct heavy flavour
bound state production (J/y, Y...) has been a major subject of research in e+e-
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experiments. Although the production mechanism is completely different in pp
interactions [22], the decay properties are expected to be very similar. Except for
additional jets due to initial state gluon radiation we do not expect that the isolation
properties of the muons are very different from the ones shown in fig. 7.6 for weak bosons
since no additional hadrons appear in the leptonic decay of onia.

We expect 'non-isolated' muons to originate from heavy flavour decays. We have
shown (table 7.1) that the heavy flavour production at the collider is dominated by charm
and bottom production and therefore the relative lepton momenta with respect to the
original quark direction will be small. The arc drawn in fig. 7.6 indicates our definition for
isolation; the sum of the squares of the transverse energies inside the cones is defined as:

S - I ET (7.17)

We define dimuons to be isolated for S < 9 GeV2. From the W analysis we expect the
efficiency of the isolation criterion to be ~ 80 %.

This inventory leads to the conclusions that besides the technical backgrounds, only
cascade decays of heavy flavours can give rise to dimuon events where both muons have
the same charge. This statement can be verified by comparing the isolation properties of
events from the experimental data sample containing 142 same-sign dimuons (fig. 7.7a,
Mw» > 6 GeV/c2, see chapter VI)

ISOLATION FOR LIKE SIGN DIMUONS

0 10 20 30 ^0 50 60 70 80 90

T
AR»0.7

fig. 7.7a: Hadronic energy around the muons in y^y* events.
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40 - S=9GeV'
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fig. 7.7b: Hadronic energy around the muons in /z+/r events.

and 257 opposite-sign dimuons (fig. 7.7b). Indeed the data show a striking difference !

30-
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10 100
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7.8: Invariant dimuon mass plot for isolated^- events.
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The fraction of isolated like-sign dimuons is much smaller than the fraction of isolated
unlike-sign dimuons.

Except for y* and the W± production, all processes of eq. (7.16) should have a
resonance behaviour in the plot of the invariant dimuon mass. Enhancement of the
signals can be obtained by selecting only isolated unlike-sign dimuon events. Fig. 7.8
clearly shows the dimuon mass peaks for J/y, T and Z°. A special selection for the low
mass dimuons (MW < 6 GeV/c2) was made in order to obtain the J/y signal. For a
detailed discussion of the isolated dimuon signal see ref. [23].

4. Estimates of (multi) muon production and comparison with data [24]

Having stated our theoretical framework in chapter IV and phenomenological input
in the previous section, we present our predictions for the following three final states in pp
collisions at Vs = 630 GeV

pp-> QX-» u±X

pp-> QX-> u+fi-X, M ^ X (718)
pp-> QX~» U.U.U.X

We emphasize that in the estimates presented here only contributions from heavy quark
production are taken into account and we have included both QCD production and the
processes pp -»W*, Z° -> QQ1, QQ -> u X, 2u. X, 3u. X, which all are shown separately.
The cross-sections for the final states (7.18) are calculated with a cut-off on pt^ and on the
pseudo-rapidity of the muon, TJK Since the triggers used in measuring the cross-sections
(7.18) differ for each of the final states shown, we shall always inciude these conditions
while comparing our results with the data. We also give theoretical cross-sections for
somewhat larger ^.-acceptance in T|H in view of various improvements of the detector
under way.

In figs. 7.9, 7.10 and 7.11 we show the differential cross-section for the heavy flavour
induced inclusive muon production da(ptn > 3 GeV/c)/dr|H for the QCD, W± and Z°
production processes, respectively, where contributions from 2 -> 2 and 2 -> 3 processes
are shown separately.

The integrated inclusive muon cross-sections

fd 2 o( p p - ^ Q X ^ i / x ) „ n ,
dpfdTi | (7.19)

J ; #

from the charm, bottom and top quarks are shown in table 7.3 and 7.4 for the two values of
r|H, (i) |T|M-| < 2.5 and (ii) |T|M| < 1.5. As can be seen from fig. 7.9 and both tables, the charm
and bottom cross-sections in the QCD process pp -> QQ X -> n* X1 are comparable.
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fig. 7.9:
Inclusive single muon pseudo-
rapidity distributions do/drf for 2 ->2
and 2->3 QCD processes.
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QCD processes, |r^| < 2.5 2 -> 2 2 -> 3 sum

cc 0.075 |ib 0.13 |ib 0.21 |ib
bb 0.14 |ib 0.099 |ib 0.24 ub
Tt (m, = 23 GeV/c2) 4.4 nb 2.7 nb 7.1 nb

Tt (m, = 40 GeV/c2) 0.28 nb 0.16 nb 0.44 nb

Weak processes, |T^| < 2.5 Drell-Yan O(Os) sum

w±
w±
w ±

z°
Z0
ZO

Z°

-» cs
- M b
- M b

-» cc
-* bb
-> Tt
-> Tt

(mt = 23 GeV/c2)

(mt = 40 GeV/c2)

(mt = 23 GeV/c2)

(m, = 40GeV/c2)

68
0.29
0.22

18
47
37
12

pb
nb
nb

pb
pb
pb
pb

27
0.11
0.084

6.7
18
15
4.6

pb
nb
nb

Pb
Pb
pb

Pb

95
0.40
0.30

25
65
52
17

Pb
nb
nb

Pb
Pb
pb

Pb

Table 7.3: Integrated single muon cross-sections for QCD and weak processes.

QCD processes, h^| <1.5 2 -> 2 2 -> 3 sum

cc
bb
Tt (mt = 23 GeV/c2)
Tt (mt = 40 GeV/c2)

Weak processes, |T|M| < 1.5 Drell-Yan O(ots) sum

0.056 |ib

0.10 \xb
3.8 nb
0.25 nb

0.10 |ib
0.076 |ib
2.3 nb
0.14 nb

0.16
0.18
6.1
0.39

ub
ub
nb
nb

w±
w±
w±
Z°
ZO

ZO

ZO

-» cs
-> tb

-> tb
-» cc
-> bb
- M t

->Tt

(m,

(m,

(m,

(m,

= 23 GeV/c2)

= 40GeV/c2)

= 23 GeV/c2)

= 40 GeV/c2)

60
0.25

0.19
16
41
33
11

pb
nb

nb
pb
pb
pb

pb

24
0.093

0.084

5.9
16
14

4.2

pb
nb

nb

Pb
pb
Pb

Pb

95
0.34

0.27
22
57
47

15

pb
nb

nb

pb
pb
pb

Pb

Table 7.4: Same as in table 7.3 but for different muon rapidity cut-off: \rf\ < 1.5.

The inclusive dimuon differential cross-sections dc( pp -> Q X -> | i+u - X, ^ ^
X )/dT(M for the QCD, W± and Z° production processes, respectively, are shown in figs.
7.12, 7.13 and 7.14 for |r|^| < 2.0 and pt^i, p^2 > 3 GeV/c. The integrated cross-sections
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dp** cfn*1 li*1! *20- *H> 3 GoV/c
( 7 2 0 )

with the additional cuts Mw > 6 GeV/c2 and at least one muon with |T|^| < 1.3 are given in

tables 7.5 and 7.6.

QCD processes, u+u/

cc
bb
t t

t t

(m, = 23 GeV/c2)
(mt = 40 GeV/c2)

Weak processes, JA+U/

W±

w±

Z°
zo
ZO

ZO

-H» t b (m, = 23 GeV/c2)

- > t b (m, = 40 GeV/c2)

-» cc
-> bb
-» t t (m, = 23 GeV/c2)

-» Tt (m, = 40 GeV/c2)

2-5

0.75
2.4
0.40

39

>2

nb
nb
nb

Pb

Drell-Yan

19

18

1.1

3.4

4.1

1.6

pb

pb

pb
pb
pb

pb

2->3

0.51
1.2
0.26

21

0(a

7.1

6.4

0.40
1.0
1.5

0.55

nb
nb
nb

Pb

s)

Pb

Pb
pb
Pb
Pb

Pb

sun-

1.3

3.6
0.66

60

sum

26

24

1.5
4.4
5.6

2.2

1

nb
nb
nb

Pb

i

Pb

Pb

Pb
Pb
pb

Pb

Table 7.5: Integrated fi+nm cross-sections for QCD and weak processes.

QCD processes, M^M*

bb
tt
t t

(m, = 23 GeV/c2)
(m, = 40 GeV/c2)

Weak processes, ^ u *

W±

w ±

Z°
zo
ZO

-> t b (m, = 23 GeV/c2)
-> t b (m, = 40 GeV/c2)

-> bb
- M t (m, = 23GeV/c2)
-> Tt (m, = 40 GeV/c2)

2 -

0.57
0.19

21

2

nb
nb
pb

Drell-Yan

20

15

2.3
2.6
0.81

pb
pb

pb
pb
pb

2H>3

0.28
0.12

12

nb
nb

Pb

0(as)

7.3

6.0

0.78
1.3
0.35

pb
pb

Pb
Pb
Pb

sum

0.85
0.31

33

sum

27

21

3.1
3.9
1.2

nb
nb
pb

Pb
Pb

Pb
Pb
pb

Table 7.6: Integrated (ity* cross-sections for QCD and weak processes.

Here the dominant cross-section is due to the bottom pair production process pp -> bb X

-»141 X, contributing ~ 75% of the total. This result is in fair agreement with earlier

estimates [25].
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As can be seen in fig. 7.12, the 2 - » 3 contribution to the dimuon final state from bottom
pair production processes is substantial. Another way to see this contribution is in the
prediction of the azimuthal angle distribution of the dimuons, d o / d A ^ , where the 2 -> 3
induced radiative tail should be clearly discernible in contrast to the almost back to back
dimuons expected from the 2 -»2 bb process. We shall return to this point shortly when
we compare the theoretical results with the data.

The inclusive trimuon differential cross-sections from pp -»Q X -> 3 u. X for the QCD,

W± and Z° production processes, respectively, with pf- > 3 GeV/c and |T|^| < 2.0 are shown

in figs. 7.15, 7.16 and 7.17. Note that up to O(as
3), the trimuon final states receive

contributions only from the bottom and the top quark intermediate states. Again the

contributions from 2 -» 2 and 2 -» 3 processes are shown separately. The integrated

trimuon cross-sections

, ( 7 2 1 )

|/|<2.0,#>3GeV/c

are presented in table 7.7. Here again the QCD process pp -» bb X -* 3 u X dominates
for mt > 30 GeV/c2, though for smaller values of mt, the tt state also gives a significant
contribution. For example, for mt = 23 GeV/c2 the tt -» 3 u X cross-section becomes
comparable to the corresponding bb cross-section.

QCD processes, 3 u

bb
tt
Tt

(mt = 23 GeV/c2)
(mt = 40 GeV/c2)

Weak processes, 3 [i

w ±

W±

Z°
Z°
zo

- » t b (m, = 23 GeV/c2)

-> t b (m, = 40 GeV/c2)

-» bb
-> tt (m, = 23 GeV/c2)
-> Tt (mt = 40 GeV/c2)

2 - )

48
48
7.7

2

pb
pb
pb

Drell-Yan

4.2
3.1
0.54
0.81
0.28

pb
pb
pb

Pb
pb

2->

41
30
3.9

3

pb
pb
pb

O(as)

1.4

1.5
0.17
0.42
0.10

pb
pb

pb
pb
pb

sum

89
78
12

sum

5.6
4.6
0.71
1.2
0.38

pb
pb
pb

Pb
pb

pb
pb
pb

Table 7.7: Integrated 3\i cross-sections for QCD and weak processes.

In figs. 7.18-7.20, we show the inclusive p^ distributions for pp -» QQ X -> u. X, uu X
and uu.0. X final states, where now we have summed the 2 -» 2 and 2 -» 3 QCD
processes. Note that the pseudo-rapidity interval is now different for all final states. The
r^ values have been chosen so as to conform to the triggering conditions. In addition, for
the dimuon final state the cut-off on the invariant dimuon mass, Mw > 6 GeV/c2 is imposed
to calculate do7dp^.
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fig. 7.15:
Inclusive trimuon pseudo-rapidity
distributions da/drf1 for 2-> 2 and
2->3 QCD processes.
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fig. 7.18:
Inclusive muon pt distributions
do/dp f for QCD processes.
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For completeness we show in figs. 7.21 - 7.23 the inclusive ptn distributions from the
production of W* bosons and their decays involving heavy quarks for the processes pp -»
W± X -> ( cs, t b ) X -> u* X, u.u. X and u.ujx X with the indicated experimental cuts. Figs.
7.24 - 7.26 show the corresponding distributions from the Z° intermediate state, pp -> Z°
X -> ( cc, bb, T t ) X -> jx* X, |ijj. X and mni X. All top quark related distributions are
calculated for two values of m t l namely mt = 23 GeV/c2 and mt = 40 GeV/c2 and include
the O(as) corrections.

There are a number of comments that we would like to make about the p,^
distributions shown in figs. 7.18 - 7.26. Based on da/dp^ distributions alone, it would be

very difficult to detect the presence of the top quark. As shown in fig. 7.18, the inclusive
ptn distribution is dominated by the pp -» cc X, bb X -» u± X states, unless mt is close to
its present experimental lower bound. In the case of dimuons, the cross-section do/dp^ is
dominated by the bb intermediate state for p^ < 10 GeV/c (20 GeV/c) for m t ~ 23 GeV/c2

(40 GeV/c2). However, the dimuon cross-section for large p^ (pt^i, Pt^ > 10 GeV/c) is
small so that a lot more data are needed before one could use the dimuon events to
establish the top quark. With mt = 40 GeV/c2 we estimate from figs. 7.19, 7.22 and 7.25

that at the presently collected luminosity O(10) dimuon pairs could come from the top
decays. This number would be substantially larger if m t is smaller. For mt = 23 GeV/c2,
the cross-sections do( pp -» tt -»u.u. X )/dptn is also shown.

Our interest in the dimuon distribution is two-fold. First, it could signal the presence
of the top quark in a precision pt^ measurement, combined with other kinematic

distributions. Secondly, and for the discussion in this thesis more importantly, the
processes pp -» Tt -»u.u. X, and pp -> W*, Z° -»t b, Tt -»uu, X give rise to both u+u.- X
and u^u.* X states. In fact, with the UA1 cuts the ratio R(±±/+-) from the t t state alone
could reach as high a value as 0.5. Since m t is not known, one has to include possible

contributions from this source. Of course, one expects that the azimuthal angle
distribution do7dA<j>w from the massive top quark decays (and for that matter from the
decays of any other massive object decaying (weakly) into leptons) would be quite
different from the corresponding distributions from the processes pp -» cc X, bb X -> uu.
X. This effect can be used to disentangle the two sources.

The trimuon distributions pp -> bb X, t t X -» 3 u. X shown in fig. 7.20 are rather
instructive. In particular they show that the trimuon pt distributions could be dominated by
the Tt state for ptn > 6 GeV/c, if mt is close to 23 GeV/c2. The Tt / bb cross-over is shifted
to higher ptf* values with increasing m t. For mt = 40 GeV/c2, the cross-over is around pt^
~ 14 GeV/c. The trimuon events can also reveal the presence of the top quark,
particularly if one applies a cut-off on the dimuon invariant mass of all three dimuon pairs.
The point here is rather simple; in the process pp -» bb X -» 3 u. X, one of the dimuon
pairs (u+u-) must emerge from the decay of the same bottom hadron. Thus applying an
invariant mass cut Mw* > 6 GeV/c2 will practically remove all trimuons originating from
the bb decays. We advocate in future the use of the trimuon final state in establishing the
existence of the top quark. With the cross-sections shown in figs. 7.20, 7.23, 7.26 and
table 7.7 we do expect ~ 5 - 10 trimuon events assuming mt = 40 GeV/c2 and using the
present collected luminosity and n detection efficiency. This number is expected to be
larger for smaller values of mt as can be seen in figs. 7.20, 7.23 and 7.26.
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fig. 7.21:

Inclusive muon pt distributions

do/dpp for weak (W*) processes.
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fig. 7.24:
inclusive muon pt distributions
do/dpf for weak (Z°) processes.
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Before presenting a comparison of our calculations with the data, we would like to
come back to the theoretical uncertainties in our calculations. We have already indicated
the uncertainty on the fragmentation parameters e0 and eb (see IV.3). In addition, the

cross-sections depend on the value of the QCD scale parameter and on the structure
functions. The question related to the QCD scale is intimately connected with the virtual
corrections in the process pp -> QQ X, which we do not have at hand yet. Instead, we
fixed the QCD scale and the structure functions from jet data [8]. Since we use a cut-off on
the transverse energy of the light (quark or gluon) jet in 2 -» 3 processes produced in
association with the heavy QQ pair, the cross-sections for the inclusive muon and dimuon
final states depend on the precise value of the cut-off parameter, p t

cut, as we have
discussed earlier. The dependence of o( pp -» cc X, bb X -> u* X) and o( pp -» cc
X, bb X -» un X ) on the pt

cut is shown in figs. 7.27 and 7.28 for the range 3 GeV/c < ptcut <
7 GeV/c. Again the muon acceptance has been taken into account. The cross-sections
differ by a factor ~ 1.5 - 2 in this range. This dependence can be considerably reduced if
one incorporates a physical damping factor for small P|Jet as done, for example, in the
theoretical estimates for da/dptw [9]. We instead use the value p t

cu t = 5 GeV/c, motivated
by the K-factor that one obtains from higher orders for the charm pair production cross-
section in leading log. approximation [13]. When the same cut-off value is used in the
calculation of the weak processes (eq. 7.14 and 7.15) one obtains good agreement for the
leptonic decay of the weak bosons and the calculations presented in ref [9].
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X
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ft
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CLC0 O(oci) •
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cut [GeV/cJ

fig. 7.27 fig. 7.28
The dependence of o( pp -> cc X, bb X ->fi± X ) and
o( pp-> ccX, bb X -> n/j. X) on pt

cut.

In fig. 7.29 we show a comparison of our theoretical calculations with data for the
processes pp -> u± X and pp -> j ^ n * X, n+u.- X. The dimuon data belong to the so-called
'non-isolated n-sample' and we expect them to be due to heavy flavours. The single
muon data contain both isolated and non-isolated muons. However, since only the
processes of eq. (7.16) will add isolated muons to the single muon cross-section we do
not expect a considerable contribution from the isolated muons. The theoretical curves
include only the contributions from the processes pp -» cc X, bb X and we have put in
muon-detection acceptance. The agreement between theory and experiment is rather
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satisfactory, noting that the overall normalizations for both pp H> H* X and pp -> u.u. X are

predictions and not fits. Despite the fair to good agreement shown in fig. 7.29, there is
some room for a possible top quark contribution particularly for large pt^.
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fig. 7.29: The inclusive muon and inclusive non-isolated dimuon pt

distributions compared with O(ccs
2) and O(ccs

2) + O(ccs
3)

QCD calculations. Top quark contributions are not included.

Going back to figs. 7.18 - 7.20, we recall that especially in the large p^ tail the effect
of the top quark is expected to be significant. Based on this observation we now include
also the contributions from the processes involving the top quark, namely pp -» tt X
and pp H> W± X -> t b X', pp -> Z° X -> Tt X', again for the two values m, = 23 GeV/c2 and
mt = 40 GeV/c2. The resulting distributions for the inclusive muon spectra for ^p -> u. X,
2|x X, 3)x X from both QCD and weak processes are shown in fig. 7.30.

In order to make a detailed analysis of the high p t tail we have included the muons
from the leptonic decay of the W, pp -» W* X -» u* X'. This contribution turns out to be
small (eq. 7.14). The inclusion of the top quark contribution brings the inclusive u. data
and theory in remarkable agreement. This lino of argument, however, assumes that the
contributions from the processes pp -» cc, bb X -> u* X' are precisely calculable.
Unfortunately, with the present technology absolute QCD predictions are reliable only to
within a factor 1.5. Hence, the inclusive muon differential cross-section ,
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measured with respect to the beam axis is too indirect a method to search for the top
quark. A lot more confident statement about the presence and the mass of the top quark
would be possible if p t^ at the pp collider is measured with respect to the jet axis. Such

searches have already been advocated by other authors [26]. The two main bottle-necks
are the insufficient statistics and the ambiguous reconstruction of the jet-axis. It is
extremely difficult to resolve the jet which is associated to the parent quark of the muon.
Our detailed analysis presented here indicates that there is room for top-like quark objects
in the inclusive muon and dimuon cross-sections though it is difficult to make a more
quantitative statement.

10

10

> 1

^
»-

10"2

io-3

l\\ I I I I I
EUROJET MC
inclusive (i spectra

. m,=40Gev7c2

o I^i, UA1 data -
• 2M1 UA1 data

mf=23GeV/c2

8 10 12 14 16

tf IGeV/c)

fig. 7.30: Inclusive muon and inclusive non-isolated dimuon pt

distributions compared with QCD and weak production

processes for two values of the top quark mass. Leptonic

decays of weak bosons are also included.

In the rest of this paper we shall concentrate on the non-isolated dimuon data

sample. In fig. 7.31 we show a comparison of our model with the dimuon azimuthal angle
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distribution d<r/dA<t> .̂ All QCD and weak processes discussed so far have been taken
into account. We have assumed mt = 40 GeV/c2.
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Note that the large tail in the A<j>w distribution receives contributions from the QCD
radiative corrections (2 -> 3 and higher order processes). Muons from top quark decays
give rise to dimuons at all angles A$w due to the large top mass. Again, the comparison
of our model calculations with data is quite satisfactory. Fig. 7.31 indicates that forcing the
two muons to lie in the same hemisphere A ^ < 90° and demanding large p ^ for the two
muons, say pt^ > 6 GeV/c, would reduce the pp -> cc X, bb X -» uu X1 background
drastically. Detailed kinematic fits can then be attempted for the remaining u.u.-data
sample to determine the possible top quark content. However, with the present statistics
no strong limit can be derived.

In fig. 7.32 we show the distribution d a / d p ^ for the dimuon data together with our

model calculations. A comparison of the invariant dimuon mass distribution do/dMW* of

the same data with our calculations is shown in fig. 7.33; the agreement is rather good.
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Based on the comparisons shown in figs. 7.31 -7.33 and comparisons reported
earlier [27], we conclude that our model, which is based on perturbative QCD, provides a
successful description of heavy flavour production at the CERN pp Collider. Both the
absolute cross-sections and various experimental distributions are well reproduced.
Thus, it is fair to say that also the global aspects of heavy flavour production at the collider
are under the quantitative control of perturbative QCD.

5. The same-sign to opposite-sign dimuon ratio; R(±±/+-)

Having convinced ourselves that we have been able to provide a quantitative
description of heavy flavours, we turn to estimates of the same-sign to opposite-sign
dimuon ratio R(±±/+-). In estimating R(±±/+-), we shall not further discuss Drell-Yan
type processes pp - » y , Z° -> u.u. X' and direct QCD bound QQ production pp -»J / y, r -»
p.u. X'. These processes mainly contribute to the isolated dimuon signal. Analysis of the
isolated dimuon sample have been carried out by others (28]. The observed cross-
sections and event topologies have been found to be in good agreement with estimates
based on perturbative QCD. Concentrating on the 'non-isolated' dimuon data and
considering the sign of the muons, we recall that the following states contribute :

(7.22)

only taking into account production processes in the leading order and in the next-to-
leading order. In these orders, the intermediate state cc X contributes only to the u+u.~x'
final state . In O(as

4), one has in addition the process:

pp -» ccccX ->|i+n-X',n±u.±XI (7.23)

giving rise to both same-sign and opposite-sign dimuons. Theoretical calculations for the
4 - parton final state processes have already been done [29] for massless quarks and we
have used them to estimate the cross-section for the process (7.23). Since the results for
R(±±/+-) are not very significant, we defer their discussion to a separate publication [30].

In table 7.8 we present the results for R(±±/+-) based on all the five processes
(7.22) together with their relative contributions corresponding to the dimuon cuts. We
have used the default EUROJET fragmentation parameters, quark masses and
semileptonic branching ratios for the heavy flavours (Appendix C). The ratios R, are
derived assuming no D° - D° or B° - B° mixing. The statistical error on Rf can be
neglected compared to the systematical error which we will discuss later in this section.

pp

pp
pp
pp
pp

-> cc
-> bb

-» I t
-» W±

- • ZO

X ->

X ->

X ->

X -»

X -^

H+u.-

U.+U."

tb

(He,

X'
X1, u.±u,± X'

X', u±fz± X'

X'
bb, Tt)X'-

* u+u.-X",n±u,±X'
^ U.+U." X", 0.%* X1



106

QCD processes

cc
bb
tt (mt = 23 GeV/c2)
I t (m, = 40 GeV/c2)

Weak processes

W± - » t b (mt = 23 GeV/c2)
W± -> t b (mt = 40 GeV/c2)

Z° -> cc
ZO -> bb
ZO -» I t (mt = 23 GeV/c2)

Z° -»Tt (mt = 40 GeV/c2)

0.0
0.24
0.47

0.55

H

1.04
0.88
0.0
0.70
0.70
0.55

BRj(mt = 23 GeV/c2)

0.184
0.683
0.125

-

BRi(mt = 23 GeV/c2)

0.005
-

0.001
0.001
0.001

-

BRj(mt = 40 GeV/c2)

0.180
0.799

-

0.013

BRj(mt = 40 GeV/c2)

-

0.005

0.001
0.001

-

0.001

Table 7.8: Same-sign to opposite-sign dimuon ratio for the individual
processes (Rj) and there relative contribution (BRj) to R(±±/+-).

The ratio R(+±/+-) is computed via the relation

R(±±/ + -) = X Ri(±±/+-).BR, (7.24)

where the sum i = 1, 5 is over the five processes shown in (7.22). The relative contribution
of the processes BR, is defined as:

B R i
pp -> i -»] i u. X )

pp->i->u.+n X)

(7.25)

Thus, with our choice of branching ratios, quark masses and model parameters, we find

R(±±/+-) =0.20-0.24, rnt = 40 - 23 GeV/ c2 (no mixing) (7.26)

The relative contributions to R (BRj) shown in table 7.8 lead to the conclusion that the
influence of the weak processes on the total result is small. Besides the variation in R(±±/
+-) due to the different values of the top quark mass (7.26), the uncertainty in the ratio is
mainly determined by the relative contribution of the cc production and the value of Rj for
the bb signal. Let us focus on the theoretical uncertainties in the bottom decays first.

In fig. 4.7 we have shown the comparison of the muon momentum spectrum in the
charmed hadron rest frame obtained by the DELCO group and our model. Besides the
experimental uncertainties on the semileptonic branching ratio of charmed hadrons into



muons [31], there is a model dependence in the description of the muon momentum
spectrum. The error bars on the DELCO data turn out to be not stringent enough to
discriminate between the several calculations. In fig. 7.34 we show the muon momentum
spectrum in the decay D+ -» K / K* u+ l y
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fig. 7.34: The muon momentum spectrum in the decays D+ -> K/K*
(for the indicated assumptions.

In the comparison with DELCO data we have used hadron masses instead of the bare
quark masses in order to obtain the correct phase space behaviour of the decay. In the
pseudo-scalar decay mode we have made use of the V-A matrix element as derived in the
spectator model [32J. In the decay D+ -> K* n+ v^ we have explicitly included the vector

coupling and the appropriate matrix element [33]. The important conclusion one can draw
from fig. 7.34 is that in order to obtain the correct momentum distribution and to distinguish
between the several models, both the errors on the data have to improve and
measurements of the exclusive semileptonic decay modes are necessary. The latter is
indispensable for the extraction of the pseudo-scalar to vector meson ratio in the
semileptonic decays of charmed hadrons.

The momentum spectrum of muons from the primary decay of bottom hadrons is less
sensitive to the variation of masses and pseudo-scalar to vector meson ratio. This is



108

mainly due to the large bottom quark mass and more importantly to the relatively small
difference between the bottom quark mass and mass of the bottom hadrons [33].
Therefore we expect that the uncertainty on R(±±/+-) imposed by the primary decays of
bottom hadrons is mainly determined by the experimental errors on the semileptonic
branching ratios. In this respect it is important to recall that there are only statistically
significant measurements of the 'overall' semileptonic branching ratio of bottom mesons
at the Y(4s). The fraction of Bu mesons compared to Bd mesons in the decay of the onia is
not very well determined. In addition, there is no explicit experimental information (yet) on
the semileptonic branching ratios of Bs and Ab hadrons. Referring to section 5.3, we have

assumed equal semileptonic branching ratios for all bottom hadrons. In fig. 7.35 we have
drawn a band indicating the uncertainty in the inclusive lepton momentum due to the
variations of the decay model for the charmed hadrons.

80
Lepton momentum spectrum
from B-decays

in e V - » - V (4s) - • BB

• Electron data (CLEO)
> Muon data (CLEO)

Total |
Primary JEUROJET MC

Secondary!

2.0 2.4* 2.8

fig. 7.35.EUROJET lepton energy spectrum from bottom decays
compared with CLEO data. The band indicates the uncertainty
due to the uncertainties in charmed hadron decays.

We kept the semileptonic branching ratios for primary and secondary muons fixed.

Taking into account the error bars on the distribution shown, we conclude that our default
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choices (drawn curve) lead to a value of Rj(±±/+-) for bb production close to its lower

limit.

The second important factor in the determination of the uncertainty on R(±±/+-)
stems from the not very well-known cc contribution to the inclusive dimuon cross-section
at the pp collider. Assuming that our estimate of the ratio of charm quark over bottom
quark production is reliably calculated by QCD (since uncertainties like the choice of the
scale, structure functions etc. cancel), we can restrict ourselves to the uncertainties in
fragmentation parameters and semileptonic decays as discussed above. There are two
ways to attempt a better estimate of the fragmentation parameters. The first one we have
sketched in the description of the Monte Carlo program where we used the value for e as
derived from e+e- data. The second method makes use of the dimuon data itself. By
determining the relative transverse momentum between each of the muons and their
accompanying jet one might be able to separate bottom and charm jets. The relative p t of
the muon in the decay of a bottom hadron tends to be larger than is the case of charmed
hadrons due to the relatively large mass of the bottom hadrons. The combined like-sign
and unlike-sign non-isolated dimuon samples lead to the following estimate [28]
(statistical errors only):

o( pp -» cc X -> u. (i X1)
= 15±7% (7.27)_ _ + - _ _ + - ± ±

<T( pp -» cc X -»u. u. X1) + a( pp -» bb X -> (I | i , u. n X")

Again the uncertainties in the charm decay give rise to systematical errors in the
determination of (7.27). However, we expect the statistical error to dominate in the
derivation of (7.27). The values of Rj(+±/+-) shown in table 7.8 are derived using the
central value of 15 % ^c. The charm cross-sections presented in tables 7.3 - 7.6
represent the upper limit obtained from the data; 22% of the dimuon cross-section is due
to cc. This corresponds to the default e-parameter for charm quark fragmentation as
derived from e+e- experiments. For a softer charmed hadron spectrum, the cross-section
a( pp -> cc X -»u+u.- X') with the dimuon cuts decreases consequently increasing R (±±/
+-). The largest value of R(±±/+-) is then reached with the smallest allowed cc content.
We estimate this uncertainty on R(+±/+-) to be ~ 0.04. The uncertainty in the
fragmentation function for bottom hadron has been absorbed in this number. The errors
AR(±±/+~) due to various branching ratios, D* / D values and semileptonic decay spectra
are estimated to be of the same order. Thus using a set of parameters that maximizes R(±
±/+-), we find that it is safe to quote an upper limit based on bb and cc production

R(±±/+-) < 0.27 (7.28)

for the case without B° - B° mixing.
The entries in table 7.8 indicate that the top quark may increase R(±±/+-)

particularly for lower values of mt. However, estimates based on perturbative QCD show
that even inclusion of the top quark contribution makes it difficult to push R(±±/+-) above
0.29. Thus, with our present knowledge of the quark masses, branching ratios and
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fragmentation functions, we find that the quantity R(±±/+-) without B° - B° mixing is in the
range of 0.19 < R(±±/+-) < 0.29.

Comparison with data (R(±±/+-) = 0.42 ± 0.07 ± 0.03, eq. (6.5)) shows that all the
values for R(±±/+-) with no mixing fail to reproduce the data. The values with complete
Bs° - Bs° mixing are, on the other hand, in better agreement with the data and are shown

in table 7.9 as a function of the two values of the top quark mass and different probabilities
(Ps) of creating a Bs° meson in the fragmentation process b -* Bs° X.

mt (in GeV/c2) Ps R(±±/+-)

23 (/?oBs°-Bs° mixing) 0.16 0.23
40 (no Bs° - Bs° mixing) 0.16 0.20
40 (complete Bs° - Bs° mixing) 0.16 0.35
40 (complete Bs° - Bs° mixing) 0.20 0.38

Table 7.9: The same-sign to opposite-sign dimuon ratio as a
function of the probability of creating a B s° meson in the
fragmentation b -> Bs° X and as a function of the top
quark mass.

We have neglected the small contributions from the weak processes. We estimate that
the ratio R(+±/+- ) with B s° - B s° mixing considering all the above mentioned
uncertainties lies in the range 0.31 < R(±±/+-) < 0.42. Variation of the top quark mass in
the mixing case has less influence on R(±±/+-) than in the no mixing case. This is due to
the larger value of R(+±/+-).

6. Same-sign dimuons and the Standard Model [34J

In this section we shall pursue the consequences of interpreting the collider data on
R(±±/+-) in terms of B ° - B° mixing. The objects of interest are the ratio of the 'wrong -
sign' to 'right - sign1 semileptonic fraction (eq. (5.20)) and the related quantity % (eq.
(5.21)) now defined for the decays of bottom hadrons. If we neglect the small
contributions from the weak processes to R(±±/+-) and assume that mixing effects in the
top hadron decays are small (which certainly will be the case since the only substantial
mixing is expected when a top hadron decays to a Bs meson), we are able to derive the
following relation for R(±±/+-) and %:

R(±±/ + -) =

Here Nf is the number of dimuon events with both muons coming from the primary bottom

decay, Ns is the number oi" dimuon events with one primary muon and one secondary
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muon. N t
±+ gives the number of same-sign dimuon events from top decays. Nc, the

number of dimuons from cc decays and Nt+- obviously only enter in the denominator.

Note that both Nt and Nc are 'independent1 of %, while in the limit that % -:• 0 the no mixing

expression is obtained:

Ns + N
R(±±/ + - ) = — - (7.30)

N N N + '

The contribution of events with two secondary muons is found to be extremely small due
to the severe cuts on the dimuon signal. We have neglected these events for this
discussion. Both experiment and theory indicate no substantial D° - D° mixing [31, 35],
whereas the total charm and top contribution to the dimuon data is expected to be
relatively small. Since we have described the analysis for R(±±/+-) in pp interactions in
the previous section, we would like to review the situation in e+e- experiments.

In the continuum measurements in e+e" annihilation experiments one has the
relation

expressing only the contributions from primary decay leptons due to bb production (Nf

1, all other contributions in eq. (7.29) are zero). The quantity x is related to xd and %s v '

the relationship

where Pd (Ps) is the fraction of Bd° (Bs°) meson production in the fragmentation b -» Bd°

X (b -» Bs° X); (BR)d, (BR)S and <BR> are respectively the semileptonic branching ratios

for Bd°, Bs° and the average semileptonic branching ratios of the bottom hadrons. The

best present limit on the quantity % in eq. (7.32) from e+e- experiments is [36]

% (e+e-) < 0.12 (90%C.L) (7.33)

This can be converted into limits on the two mixing probabilities rd (%d) and rs (%s)

assuming some reasonable values for Pd, Ps, (BR)d/<BR> and (BR)S/<BR>. With the

assumption (BR)d = (BR)S = <BR> (7.32) reduces to

Z = P d Z d + PsZs (7-34)

The contours corresponding to the three choices (a) Pd = 0.35, Ps = 0.10, (b) Pd = 0.375,

Ps = 0.15, (c) Pd = 0.4, Ps = 0.2 are shown in fig. 7.36.
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fig. 7.36: Upper limits on the Bj* - 8^° mixing probability rd and the B s° - Bs°

mixing probability (a) - (d) rs, Standard Model expectations (e) and

the lower limit on R(+±/+-) from the collider data (f), all explained in

the text. The shaded regions are excluded except for the area (e)

which indicates the predicted region.

Another limit on %(e+e-) has been obtained by the measurement of the eiectroweak

forward-backward asymmetry in the reaction e+e- -» bb -* l± X, which is expected to

deviate from its standard value due to B° - B° mixing [37]. This method gives % < 0.13

[38], a somewhat less stringent bound than the MARK II limit (7.33).
Two other measurements of RbP

ri™(±±/+-) in e+e- annihilation have been attempted
so far at Y(4s) 139]. Since the decay Y(4s) ~> "BB is a p-wave, one has an extra
suppression factor 2 for R(±±/+-) due to Bosestatistics [40]. Calling RbPr|m(±±/+-) at
Y(4s) Rodd one has (for rd « 1)

RT(±±/+-) T(4S) (7.35)

where

X(Tf(48))
(BR)dPd(Y(4s))Xd

<BR>
(7.36)
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and Pd(Y(4s)) is the probability (Y(4s) -> BdBd) / (T(4s) -» BB). With Pd = 0.4 and (BR) d =
(BR)U = <BR>, the present limits on Rodd are as follows [39]

Rodd < 0.12 (90 % C.L.) ARGUS

<0.18 (90% C.L.) CLEO (7.37)

Taking the more stringent of the two bounds together with the expressions (7.35) - (7.37)
leads to the following limit on Xd

%d(Y(4s) < 0.11 (7.38)

Although this limit is less stringent than the one for D° - D° mixing (eq. (5.21)), e+e-
annihilation experiments rule out significant mixing in the Bd° - Bd° sector.

Let us now return to the excess of same-sign dimuons as measured at the pp

collider. If we add the systematical and statistical errors on R in quadrature we obtain

R6xp(±±/ + -) > 0.295 (1.64 a) (7.39)

(we recall that R(±±/+-) = 0.42 ±0.07 ± 0.03). In the preceding section we derived
considerable uncertainties on R(±±/+-). With rd = rs = 0, i.e. no B° - B° mixing, we found

R'n
h

o
e°r

ix(±±/+-) = 0.24 ±0.05 (7.40)

where we included the uncertainties due to variation of the top quark mass. The data
together with the background estimate (7.40) and eq. (7.29) results in

%( pp) = 0.125±0.05 (7.41)

This can be converted into a limit for rd and rs. The 1CT contour for rd and rs is shown

in fig. 7.36 (curve f) with the choice Pd = 0.4, Ps = 0.2. Together with the ARGUS limit rd <

0.12 (curve d) the limit of (7.41) gives

rs > 0.18 (1 a) (7.42)

For smaller values of Ps the lower bound on rs is larger than (7.42). Note that the data

alone are not sufficient to put a better (1.64 a) bound on %s (rs). Putting the numbers into

eq. (7.34) we find

Xs = —p S 0 (1.64 a) (7.43)
rs
p
rs

In the rest of this section we will derive the bounds on rd and rs using the Standard

Model predictions. Together with these bounds and the bounds presented in (7.37) and
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(7.42) it turns out that we will be able to extract limits on the CKM matrix elements |Vtd|
and |Vts|.

In section 5.3 we have derived the Standard Model expectations for xd and xs (eq.

(5.28)) resulting in:

rd ~
rs ~ 0(1) (7.44)

The more precise predictions are obtained using the equations (5.22) - (5.28) and are
visualized by the shaded area (e) of fig. 7.36. To obtain these limits we have varied the
top quark mass between 30 and 60 GeV/c2.

In view of the small value of rd (7.44) we set r^s 0 and reanalyse the result on %
(7.41). Using this Standard Model assumption gives a different lower bound on %s

X £ f e P s > 0.025 (2c) (7.45)

which for Ps = 0.2 results in the bound rs > 0.14 (2a). Thus

rd < 0.12 (90%C.L) ARGUS

rs > 0.14 (2o) UA1 + SM (7.46)

which on assuming yd
2/xd

2 « 1 in eq. (5.20), an excellent approximation (see ref. [41],

gives

xd < 0.52
xs > 0.57 (7.47)

The limits on xd and xs can be immediately converted into a bound for the CKM-angle-

dependent quantities A,d and ^ s (eq. (5.25)). Substitution of (5.22) and (5.27) in (5.28)

leads to

(110 MeV)2 UoGeV/c2

xs = 1.75 '— 1 — 4 s (7.48)
(150MeV)z U 0 G V / 2 J [ J

In fig. 7.37 we plot the bounds on the CKM matrix elements |Vtd|
m£»< and |V ts|min as

functions of mt, from the limits on xd and xs as explained above. The shaded area reflects

the uncertainty due to the bottom lifetime measurements. To have a numerical feeling, we
quote the bounds taking mt = 40 GeV/c2:

< 0.042

|V,S| > 0.030 (7.49)
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Unitarity bounds on \MVts'l*IV,d'l

25 30 60

m. (GeVI

fig. 7.37: Upper bounds on the CKM matrix element jV tdj and lower

bounds on jVtsj from the limits rd < 0.12 and rs>0.14asa

function of the top mass. The bands correspond to the ±1o

allowed values of the bottom hadron lifetime. The

Standard Model predictions from unitarity of the CKM

matrix are also shown.

We emphasize that the lower bound on rs extracted from the collider data makes it

mandatory that the top quark exists and within the Standard Model it provides the first

direct evidence that the matrix element |Vts| * o. It is interesting to ask the question

whether the bounds on |Vtd| and |Vts| obtained from rd and rs as shown in fig. 7.37 are

consistent with the expectations in the Standard Model. To that end we remark that in the

standard three family model one has the unitarity relation

|V,dl2 + |Vts|2 = |Vbc|2 + |Vbu|2 (7.50)

Since the bottom meson lifetime essentially determines 0.044 < |Vbc| < 0.06 (eq. 5.3) and
|Vbu| is bounded by the experimental limits on the branching ratio of b -> u, giving |Vbu| <
0.015, one has the unitarity bound (independent of m,)

0044 |Vte|
2 < 0.062 (7.51)
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which is also shown in fig. 7.37. We remark that the bounds from B° - B° mixings and the
unitarity bounds (7.51) are compatible with each other for a rather large range of values of
m,. A possible conflict between substantially higher value of rs, a smaller value of mt and
the unitarity bounds though can not be excluded. Such a scenario would be a positive
indication for new physics beyond the Standard Model. It is therefore extremely
interesting to improve present measurements of rd, rs and mt.
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vra

CONCLUSIONS AND PROSPECTS

1. Summary and conclusions

The UA1 apparatus contains an excellent facility for ina detection of muons in hard
proton-antiproton interactions. Muons can be separated rather easily from other charged
particles produced in hard scatters, even when they have relatively small transverse
momenta. This is mainly due to the minimum ionizing character of the muon which in
contrast to electrons allows muons to traverse a significant amount of dense material
before they are captured. A high quality central tracking chamber close to the interaction
vertex is able to reconstruct part of the muon trajectory. Since the central detector is
placed inside a magnetic field, track reconstruction provides good momentum resolution
and also gives information about the sign of the charge of the particle. Matching of the
extrapolated central detector track with a track reconstructed in the muon chambers gives
discrimination against cosmic ray muons and other backgrounds. Additional background
reduction is obtained using the amount of energy deposited in the hadron calorimeters as
a discrimination against punch-through of energetic hadrons.

The muon data collected over the past few years can be separated into events with
only one muon [1] and events with more than one muon [2]. In both classes of events one
is able to make a clear distinction between what is already now called 'standard physics':
the muonic decay of the charged and neutral weak bosons, and a cocktail of other physics
processes. The muonic decays of weak bosons are in general characterized by relatively
high pt muons whereas the other processes give rise to steeply falling muon p,
distributions.

We have used the properties of the muons in the semileptonic decay of the weak
bosons to disentangle the different physics sources. In this analysis the key quantity is the
hadronic isolation of the muon(s) in the event. We expect muons from semileptonic
decays of heavy flavours to have a considerable amount of energy nearby in space.
These particles mainly originate from the fragmentation process in which the heavy quark
is 'dressed'. Additional hadrons are produced with the semileptonic decay of the heavy
flavour. Using isolation as a selection criterion, the inclusive dimuon p, spectrum for 'non-
isolated' muons is obtained. It serves as the starting point of a detailed comparison with
our theoretical models.

We have addressed the problem of heavy flavour production in the context of
perturbative QCD. The calculations concerning the production and decays presented in
this thesis are part of a general purpose Monte Carlo program to study hard hadronic
collisions, called EUROJET [3]. We have modeled the decays and fragmentation of the
charm and bottom quarks by using data from e+e* experiments. All known aspects of the
heavy quark data are incorporated. The decay properties of the top quark are described
in the context of the free quark model with the standard V-A interactions.
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There are two main sources of heavy flavour production namely strong production
via perturbative QCD processes and hadronic decays of W± and Z° bosons. The latter
mechanism is important for the top quark only. The calculations presented here are
based on leading order and next to leading order in the strong interaction coupling
constant, as(Q

2). This means 2 -» 2 and 2 --» 3 processes for the strong production and

W±, Z° production processes with and without an additional jet. In both cases heavy
quark masses are taken into account in the calculation of production and decay matrix
elements. The calculations are based on the use of Born diagrams only. This leaves an
overall dependence on the infra-red cut-off, pt

cut. We have used pt
cut = 5 GeV/c for

theoretical calculations. This choice gives us the same effective K-factor as the one
obtained in the leading log. approximation. The data clearly need 2 -» 3 and higher
orders. This is obvious from the comparison of data with estimates based on 2 -» 2
processes, with the structure functions fixed from inclusive-jet analysis at the CERN
collider. Both the normalization and shape of the distributions require higher orders to be
explained in the context of QCD.

Our comparison with data shows that perturbative QCD successfully explains both
the heavy flavour cross-sections and the topologies of the experimental data. Based on
this detailed comparison it is fair to conclude that large-p, and/or central (rapidity) heavy
flavour production at the CERN collider is quantitatively well described by QCD. It would
be worthwhile to re-analyse the data on charm and bottom quark production at the ISR
and FNAL energies in order to establish this statement also for those energies.

There is one exception to the list of successful predictions of perturbative QCD in the
study of the pp collider physics, which is not explained by perturbative QCD alone,
namely the ratio of same-sign to opposite-sign dimuon production, R(++/ + - ) . The
measurement R(±±/+-) = 0.42 ± 0.07 + 0.03 is typically 2a or a factor 1.8 too high, though
values of R(±±/+-) = 0.30 could perhaps be accommodated by stretching the errors on
the various underlying parameters. Since the non-isolated dimuon data are dominated
by the process pp -» bb X - * u.u, X (~ 75 %) and all distributions are in agreement with
this being the dominant source, it is very likely that the explanation of the larger R(±+/+-)
value lies in the hypothesis of B° - B° oscillations. The probability of B°d - B0^ mixing is
already bound by e+e~ experiments and turns out to be small, rd < 0.12. Therefore, only
significant B°s - B°s mixing is conceivable. In the Standard Model one expects x^ ~
O(10-2) and xs - 0(1). Neglecting xd and using Ps = 0.20 we find that at 2 a data give a
lower bound on the probability of B°s - B°s mixing: rs > 0.14. This in turn gives a lower
bound on the ratio xs = AM/T (B°s - B°s), xs > 0.57. In the Standard Model this constitutes
the first direct measurement that the CKM matrix element V ts is non-zero. Assuming m, =
40 GeV/c2 and 33 f ^ = (150 MeV)2, the limit x s > 0.57 gives Vts > 0.030. With complete
B°s - B°s mixing i.e. rs = 1 and Ps = 0.20, we get R(±±/+-) between 0.34 and 0.42 in good
agreement with the data.
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2. Prospects

In the next few years the pp collider is foreseen to deliver an integrated luminosity
which is about a factor 10 times higher than provided in the past. Thus we expect that the
ongoing measurements will reduce the statistical error on R(±±/+-) drastically. However,
evidence for B°s - B°s mixing through measurements of R(±+/+-) is at best indirect only.

Not only more data are needed to consolidate this result but also specific flavour
correlations, which are definite signatures of B°s - B°s mixing, have to be measured

before definitive and final conclusions can be drawn. Some of these correlations have
already been discussed in the literature [4]. We wouid like to propose a number of
measurements that would help to consolidate the B°s - B°s mixing interpretation of the
R(±±/+-) measurements.

(i) The micro-vertex detector, foreseen in the upgrade of the UA1 detector, will provide
detailed information on charged tracks in the region very close to the interaction
point. Together with the track reconstruction by the central tracking chamber this
might open a road to study exclusive decay modes of heavy flavours. The relatively
long lifetime of bottom mesons may play a crucial role in these analysis. Since the
semileptonic decays of the bottom hadrons are expected to be dominated by the
decays Bd° -> h)| (D+, D*+...), Bu--> lu, (D°, D*°, ...) and Bs° -> I-U| (Ds+, Ds*+,...),
observation of the final states I+I+Ds' X, ITD S + X, with I* definitely tagged as the
primary b -»I+- X leptons, would confirm mixing in the B°s - B°s sector. Hence a
good Ds+- detection efficiency is at a premium. In this context it might be useful to
point out that the decays D°, D+ -» K+ X are both Cabibbo suppressed and are found
to be small experimentally. The decays Ds+ -> K* X are on the other hand Cabibbo
allowed. Thus a good strategy to enhance the Ds+- signal is to look for the decays
Ds+ -» K+ X, Ds- -> K+ X. Likewise, final states I+I+ A0 and hi- A0 in e+e- annihilation
and pp collisions would be signatures of B°s - B° s mixing [4]. Similarly, the
measurements of the processes e+e', pp -» bb, with b -> I+K"K" X, where the lepton
and kaons belong to the same jet are a sign of B°s - B°s mixing.

(ii) Of particular importance in this context are experiments in the Y-region. This field of

physics is probably fully reserved to e+e' machines. The bound x^ < 0.52 has been

set from measurements on e+e" -»T(4s) -» bb -» I * / * X experiments [5J. It would be

nice to search for resonances which decay preferentially into Bs° X. The absence of

a signal in R(±±/+-) at Y(4s) but observation of a corresponding signal at a higher

resonance, which would allow for production of Bs° mesons would be a very nice

confirmation of the Standard Model predictions xd ~ 0(10-2) and xs ~ 0(1). We

urge the e+e- physics community to build high luminosity bottom factories in the Y-

region and above to test the standard theory of heavy flavour production with much

greater precision than has been achieved by the present collider data.
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Appendix A

SPINOR TECHNIQUES IN THE CALCULATION
OF INTERACTION AMPLITUDES

1. Recent developments in the calculation of interaction amplitudes

Although there are many ways to calculate cross-sections with the help of Feynman
diagrams, we would like to focus here on a technique that has become valuable with the
introduction of powerful computing systems. As explained, the EUROJET Monte Carlo
program has chosen the strategy to include cross-section calculations at the tree level
only. The ambition is to include as many orders as is feasible from both computational
and calculational point of view. Most calculations, with either two or three vertices, can be
attacked analytically. However, if we want to go beyond three vertices, or take into
account all particle masses, the problems can become very complicated and hence very
hard to solve without numerical methods. The method we will describe is by now well-
known in literature as 'spinor techniques' [1J. We will briefly go into the ideas behind this
method. In section 2, we will illustrate the method by performing the complete calculation
of the matrix element squared for the neutral Higgs production in association with
intermediate vector bosons. The same technique is also used in the W* / Z° + 2 jets [2]
and QCD 4-jets [3] calculations, incorporated in the EUROJET program.

Starting off with the Lagrangian for a specific interaction, one can easily write down
the expression for the amplitude. Instead of squaring the amplitude and subsequently
calculating the traces, the summation over the spins of the legs in the Feynman diagram is
performed numerically. Thus, the amplitude squared is essentially obtained by
calculating the amplitude 'twice'. The price one has to pay will be clear; although the
basic expression looks simple, the number of operations that have to be performed is
bigger than in the situation where one would have analytically solved the expression for
the amplitude squared. The advantage over evaluating M instead of S|M|2 becomes
present when one is interested in the spin effects in the decay of one or more of the
outgoing lines.

As an example, we consider the production of a top, antibottom quark pair in the
decay of a charged weak boson. Since the top quark carries a non-negligible mass
compared to the mass of the boson, the helicity of the top quark is not unique: if we
choose a specific frame for the helicity axis, the probability for a certain direction of the
helicity vector is then proportional to mt/Mw. For instance polarization effects can be seen
in the lepton Pt spectrum, where the lepton originates from the weak decay of the top
quark into a lepton pair and a bottom quark [4 - 7].

In practice this calculation becomes very simple when one uses the expression for
the amplitude. The production and decay of the top quark are in principle described by
the same Feynman graph. If we take into account the correct masses for the in and
outgoing lines, introduction of the top quark decay results in a simple summation over the
helicities of the two additional lines I and F (fig. A.1)
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q_

fig.A.1: Feynman diagram far the process qq->bt->bll.

This method turns out to be extremely convenient for Monte Carlo applications, the
connection of the production and decay of the top quark is reduced to the calculation of
twice the same expression using different sets of four vectors for the in and outgoing lines.
The helicity information is transferred from the production to the decay, without making a
specific choice for the helicity axis of the top quark.

2. Higgs production in proton-antiproton interactions [8]

Although Higgs production is not the subject of this thesis, production of this particle
has been included in the EUROJET program. Evolving with time, the number of W± / Z°
events accompanied by two jets has grown in the UA1 data. After the upgrade of the
antiproton accumulator at CERN, a general increase of about a factor ten in statistics is
expected. Detailed simulation of this exotic (and exiting!) channel is therefore needed.
We will now briefly discuss how the method of spinor techniques is applied to the H°
production in pp interactions.

Consider the Feynman graph of fig. A.2, which includes the convention for the four
momenta of the in and outgoing particles. The wiggle lines represent the heavy bosons,
either virtual or on mass shell. We will derive an expression for the amplitude in a general
form, the boson can be either charged or neutral and is further denoted by V . The
incoming fermion lines are taken to be massless, thus, terms with q^q,, can be dropped,

while all outgoing lines are considered to be either massive or massless (neutrinos). The
mass and the width of the bosons are denoted by Mv and rv respectively.
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fig. A.2: Feynman diagram for the process qq~> V ->H°f f.

The usual expression for the amplitude becomes:

1 (
v (k+)

+ Q - M v + i

Q Q

Mv

1

WH
2 . . 2

where we defined for the bosons and (massive) fermions, respectively

See = - g + - V

2 u(p)u(p) = / + m f (A.2)

with rrif > 0 for fermions and m{ < 0 for antifermions, slightly different from the usual

Bjorken and Drell [9] convention for the metric. The vector and axial couplings of the

fermions to the bosons are given by cv and ca, with a subscript indicating the vertex.

Working out expression (A.1) together with (A.2) we are left with two terms:

= c[ ux (k.) (ck
v

+ c v/p.)]

(A.3)
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The H° coupling to the bosons and the Breit-Wigner terms of the boson propagators are
absorbed in the overall factor C. The first term of (A.3) is described in detail in ref. [1] and
[2], while the second term needs some evaluation to transform it into a calculable form.
We introduce the following definitions:

S ( k . A,. k+l X+) E;

= y vx (k+), with: k'j = k̂  V i = 1, 2 ,3 ,4 , k,5 = |m+| > 0

9P!k s Cp,k + Cp,k

The second term in (A.3) can now be rewritten with the help of eq. (A.2) and (A.4). This
results in:

K) = -ck
a(|m.| + |m+|) U x (k)y

vjp+)fr uv(p.) (A.5)

p

= 9p]X[S(p+, u, p,, p) S(p,, p, p., D)]
p

The calculation of the matrix element squared has been reduced to the calculation of
products of momenta, summing over the helicities. The full matrix element squared reads:

>, X, X+)f = |C|2 X X X {Z(k, X, gk, k+, X+, p+, v), gp, p.)

[S(k., X_, k+, X+) C|̂ (|m.| - |m+|) - c^lm.l + |m+|) S(k., X_, kv X+)]

* 9^ X[S(p+ , v, p t , p) S(p,, p, p., a))]} (A.6)

p

where we introduced the symbolic function 'Z', replacing the first term in eq. (A.3):

Mv
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K, gk, k+, \+, p+, v, gp> p.) = u^(k.) (c£ + c f r )

(A.7)

Expression (A.6) reduces to this function in the case we neglect the masses of the

outgoing fermions. Finally, we would like to recall that the Higgs couples to the bosons

proportional to the mass of the bosons squared:

2M§

9Z°Z°H° = V

2 M W

g

with x> = (V2Gp)-1/2, the vacuum expectation value, and GF the Fermi constant. The

(scalar) Higgs will decay isotropically in its rest frame. The decay channels are

essentially determined by the Higgs mass, due to the way the Higgs couples to fermions

and bosons. The coupling to fermions reads:

m,

V = 7 (A'9)

implying that for a Higgs with a mass less than twice the W mass the favoured decay

mode will be into the heaviest available fermion pair:

r(H° -> f f ) = -—-- mH (1 - tf12 (* 3 for colour)
4v27C

r(H° -> W" W") = - 4 — ^ m H
 ( 1 * ^

8V2 re Z,

with 4 = 4(mf
2/mH

2), 4(Mw
2/mH

2), 4(Mz2/mH
2) resp. for the different decay modes [10], [11].

The decays of the Higgs via virtual loops into photons and a Higgs mass near the K-
K threshold are not to be considered here. The Higgs search (is) will mainly be
concentrated on relatively massive Higgs particles (mH > 2mT). Lower mass Higgs

particles will give rise to decays where both (light quark) jets will have a very small
opening angle due to the boost the Higgs particle gets in the decay of the vector boson.
Consequently, the jets will merge and it will be very difficult to resolve the two jets
experimentally.
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Appendix B

EUROJET FRAGMENTATION SCHEME

The energy range of jets observed at the collider probably justifies the assumption
that jet fragmentation can be adequately described by the 'independent jet fragmentation'
model. In other words, we assume that the conversion of energetic partons into hadrons
follows a fragmentation scheme proposed by Field and Feynman (FF) [1]. Without going
into the very details of the model and its phenomenological motivations we will briefly
describe the algorithm for (heavy) quark and gluon fragmentation. In addition we will
discuss the problem of imposing energy and momentum conservation when going from
the parton level to hadronic jets. Consider the process gg -> QQ depicted in figure B.1
below.

fig. B.1. Feynman diagram for the process gg -> QQ

Each of the partons Q and Q will hadronize independently. We chose a frame in which
we define the momentum vectors for Q and Q such that the sum of both momentum
vectors gives 0 (frame 1). Consider parton Q and define its energy EQ and momentum
vector pQ in a local frame (frame 2) such that the only non-zero component of pQ is along
the direction of the parton (z-axis). The transformation from frame 2 to frame 1 is given by
a simple rotation of the momentum vector. The choice of frame 2 is not unique, however it
simplifies the discussion. Concentrating on the fragmentation of a single quark, the
'dressing' of the quark is based on the following ideas. Quark Q creates a colour field in
which new quark-antiquark pairs (q - q) are produced. Quark Q then combines with an
antiquark and forms a meson qQ. The left-over quark q will act as a new starting point
and will hadronize after combining with the antiquark q' from the next q'q pair.
Depending on the available energy this procedure will lead to a jet of mesons with
different flavour combinations. We have extended the model in order to incorporate
baryon production. Among the quark-antiquarks pairs emerging from the colour field
there are also diquark-antidiquark pairs produced. The diquark combining with the
primary quark Q forms the baryon Q q ^ , whereas the left over antidiquark combines with
an antiquark from the next q'q' pair giving an antibaryon. This cascade of combinations is
called the 'hierarchy structure' in the independent jet fragmentation model of FF [2].



129

The formation of the primary hadron (H) is visualized in figure B.2.

Hadron

E . P
Q Q Q

fig. B.2. Fragmentation of primary quark O

The fraction of energy and longitudinal momentum carried by the hadron is defined as

(E +P//)

FF (and others) have proposed probability distributions for z. For the relatively light
quarks (u, d, s) the mass of the initial quark will hardly have any effect on the
fragmentation procedure. A proposed parametrization of the fragmentation function that
gives reasonable agreement with experimental data [2], [3] is

f(z) dz = 1 - a + 3a (1 - z)2 (B.2)

For the collider we have fixed a = 0.89. Since there is only very little information available
on the fragmentation of diquarks and anti-diquarks, we assume that they fragment in a
similar way as single quarks. For the fragmentation of diquarks containing u, d and s
quarks we have assumed the parametrization of eq. (B.2).

For heavier quarks (c, b, t, ...) the situation becomes slightly more complicated.
Bjorken [4] and Suzuki [5] have argued that in contrast with the rather soft fragmentation of
light quarks, the heavy hadron will carry most of the heavy quark's momentum. This is
because the heavy quark is expected to loose only little momentum in picking up a q from
the vacuum. Peterson et al. [6] suggested a rather simple model for the hadronization
process of heavy quarks. The model is based on the assumption that the probability of
the transition would be proportional to AE-2; AE being the difference in energy between
the final state H and the initial state Q. This leads to the following expression (assuming
mH = mQ> PQ » mQ a n c ' 0 " Z ) P Q » m o) :
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AE = EH - EQ = / n ^ + Z2PQ + / m 2 + (1 - Z)2PQ

(B.3)
eQ

where we introduced

When we take into account a factor z~1 for longitudinal phase space the probability

distribution for z takes the form:

f(z) dz = - dz (B.5)

N is a normalization factor. The function peaks closer to z = 1 as ITIQ increases.
Comparison with experimental data on charm and bottom quark fragmentation gives good
agreement for both the shape of the distribution and the dependence on the mass of the
heavy quark. For top quarks we conclude that the fragmentation function will peak very
close to z ~ 1. For a detailed discussions on this region we refer to ref. [7].

Let us return to fig. B.2. Both q and qQ receive a relative transverse momentum.
The P( of the hadron balances the pt of the 'left-over' parton which acts as the starting
point for the next fragmentation. Since the p t is balanced at each step, the vector sum of
all particles at the end of the fragmentation cascade leads to p t

sum = 0, equal to the
transverse momentum of the initial quark Q (in frame 2). The pt may be different at each
stage of the fragmentation and has in EUROJET the following probability distribution:

A
f(pt)dpf = N'e 2 ° dp2 (B.6)

with o = 400 MeV/c taken as the default value. N' is a normalization factor. The individual
momentum components which build up the transverse momentum have a random
orientation in space.

The selection of the flavour of the quark antiquark pairs and diquark-antidiquark
pairs is made with fixed probabilities. We assume that about 10 % of all hadrons in the
fragmentation will be baryons. For both meson and baryon production we do not allow
non-perturbative heavy flavour contributions, e.g. the probability for picking up heavy
flavour quark-antiquark pairs is set to zero. The relative probabilities for uu, dd and ss
pairs are 0.41 : 0.41 : 0.18, thus assuming a slightly higher contribution from I s pairs than
measured in e+e* experiments. However, we expect that the contribution of ss pairs
increases with increasing center of mass energies. The ratio of vector mesons over



131

pseudoscalar mesons is 0.5 for the light particles, whereas we assume a larger fraction of
heavy vector mesons, namely 2/3. For more details we refer to ref. [8].

Due to the introduction of massive particles in the fragmentation chain, energy and
momentum are not conserved in this treatment. In most of the cases mQ < mH + mq. In

other words, the initial parton has to be off mass shell in order to produce hadrons.
Consider the hadron H, with energy EH, momentum p H and mass mH. After the
generation of z and pt according to the distributions discussed before, EH and p// of the
hadron are bound by

and one can derive expressions for EH and p//

2 z (EQ + |pQ|)

(B.8)

*« " 2z (E Q + |pQ|)

After the first fragmentation, Q is replaced by q and forms a hadron H' leaving q'. The

stopping criterion for this procedure is that we do not allow hadrons moving backwards

with respect to the jet direction. At the end all particles inside the jet are rotated back from

the local frame to frame 1. The antiquark Q from fig. B.1 is treated as a quark. After the

fragmentation is completed the charged conjugates of the particles are taken.

Gluons are treated as light quark jets of random flavour. The fragmentation

procedure is sketched in fig. B.3.

fig. B.3. Fragmentation ofgluon g

The energy of the quark Q is determined via the relation EQ = x.Eg with for x the

probability distribution (the g -> QQ splitting function [9], N" is a normalization factor):
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f(x) dx = N" [x2 + (1 - x)2] dx (B.9)

Consequently, the antiquark receives the fraction (1-x) of the gluon energy. Both Q and Q
are given a relative p t (eq. B.6) and are fragmented independently using the FF scheme
[3]. The width of the distribution (eq. B.6) is expected to be similar for both quark and
gluon fragmentations.

After the Q and Q (fig. B.1) have been fragmented we determine the energy and
momentum sum for the hadrons. Since energy momentum conservation is violated in the
fragmentation process, the total energy after fragmentation (Esum) will in general not be
equal to the total center of mass energy (Qo) we started with. In addition we expect psum

* 0. We apply a Lorentz transformation to the hadrons in order to conserve momentum.
The boost vector for this transformation is defined by Es u m and psum . Thus all hadrons
are brought from frame 1 into a new frame 3 obtaining p s u m = 0. The mass of the QQ
system is invariant under the Lorentz transformation. The discrepancy with Qo remains
and can be minimized by redefining PH:

AQ = I ( / K ) 2 + aVil2) -Qo (B.10)

where n is the total number of hadrons. a is a scaling factor not too far from 1 and has to

be determined by iteration. Finally all momentum components of the hadrons are scaled

by a and the energy of each hadron is recalculated. Thus by slightly modifying the energy

and momentum of each individual hadron we are able to impose energy momentum

conservation in an elegant way [10].
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Appendix C

EUROJET PARTICLE DECAY TABLES

This section contains the complete list of decay modes for mesons, baryons, and
heavy leptons included in the EUROJET Monte Carlo program at present. Whenever
possible, we have taken into account the latest experimental information on masses and
widths. We have adapted the naming convention proposed in ref. [1]. For predicted
particles that have not yet been observed, we have made assumptions for their masses
and decay rates based on phase space considerations and the isospin model. For
exclusive decay modes that have not (yet) been observed we have made assumptions
such that there is no conflict with inclusive measurements. We will discuss the weak
decays of heavy quark containing mesons and baryons first. Most experimental
information is available on charmed mesons. Although the relative production ratio for
pseudoscalar mesons and vector mesons is by no means fixed, individual decay modes
are in many cases well measured [2-5].

This leads to the following tables, in which the non-leptonic two-body, three-body
and semileptonic decay modes are separated. Indicated are the particles into which the
hadron decays, and the branching ratios for these decays. The charge conjugated
particles are treated by taking the charge conjugate of the decay particles, assuming
identical branching ratios. Note that for charmed hadron decays Cabibbo suppressed
modes have been included

D ° Two-body decays (48%)

K- n+ 0.049 K" K+ 0.006 rc° <|> 0.006

RO 7C° 0.022 K*- K+ 0.010

K*"
R*o
K-
Ro
Ro
R*o

7C°

P+

-©
-

po

Oo

0.078

0.024

0.149

0.010

0.013

0.010

K-
K*-

71+

71+

P+

P+

'o)
Ro
Ro
K-
K*-

K +
K*+

TV

P"
i r

P"

P+

P"
K+
7T1-

If

71+

KO

P°

0.010
0.005

0.002
0.002
0.002
0.002

0.030

0.030
0.010
0.010

TCO

7C°
Ro
Ro
Ro

•n.
•n'
•n
•n.1

(0

0.003
0.003
0.018
0.018
0.038

Three1 )-body decays (37%)
K" 7C° 7C+ 0.010

R° 71+ 7C- 0.015
K" 7C+ pO 0.040
K*- 7C+ TC° 0.030 K*- T? po 0.010 TC° TC+ re 0.010

R'O 7i+ K 0.050 K*- TC° p+ 0.010
K- p+ TCO 0.030 R'°7t+ p- 0.010

K'O
K*0

PO

7f

71+

P+

7C°
7T

0.010
0.055
0.020



134

Semileptonic decays (15%)
K- e+ u e 0.0325 p" e+

K*- e+ ve 0.0325 K" u+

JC" e+ ve 0.0050 K*- ji+

\)e 0.0050
t)^ 0.0325
DM 0.0325

7t" |X+

p- n+
0.0050
0.0050

D+ Two-body decays (30%)
KO n+ 0.035
R° K+ 0.011
Ro p+ 0.172

K*° v+ 0.042

Three1>-body decays
K- n+ TT+ 0.083

R° n+ 7i° 0.012
K- p+ 7t+ 0.072

RO p+ JC° 0.043

RO pO Jt+ 0.064

K° K° K+ 0.004

Semileptonic decays
RO e+ \>e 0.085

K*° e+ x>e 0.085
K° e+ üe 0.005

«f-e-

K*0

Ro

(34%)

K+
Ro
K*o
K*-
K+

K+

(36%)

P°
Ro
R*o

7T+

P+

K+
K*+

K-
K+

7C+

K-

K*-

e+

^+

TtO

7t°

7C+

P+

Jt+

0.010

0.004

0.005

0.011

0.006

0.006

0.005

0.005

0.005

0.005

0.005

0.085

0.085

n
n'
•n

i\'

K*+
Ro
K+

K+
7C+

7C+

TtO

po

7C+

7C+

P+

P+

K- n+

K*+7C°

R'OJCO

K° p°
7C+ JC"

•n? TV

H+ t>n

0.003
0.002
0.003
0.002

0.005
0.005

0.005
0.005
0.005

0.005

0.005
0.005

Ds+ Two-body decays (21%)

Ko

Ro
K*o

K+
K*+

K+

0.013
0.033

0.013

Three1>-body de<
Ro
Ro
Ro
K*o
Ro
Ro

K+

K*+
K*0

K+

K+
KO

jfi

TCO

% * •

7CO

P°
TC+

0.037

0.025

0.025
0.025

0.007

0.040

7C+

7T+

Tt+

K- K+ 7C+

K*- K+ it+

K- K*+7C+

K- K+ p+

Tl 7Ü+ 7C°

•n' 71+ 7t°

0.015
0.010
0.037

0.037
0.026
0.024
0.007
0.119
0.026

Tl

•n'

•

Tl

11'

•n
•n'
6

p+

p+

p+

7C+

7C+

TCO

K0

n°

p°
po

p+

p+

7C+

0.049
0.027

0.013

0.062

0.005
0.062
0.005

0.088

Semileptonic decays (17%)
Tl e+ ve 0.034 (j>

•n' e+ x>e 0.017 T)
e+ 0.034

0.034 $ n+
0.017
0.034
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The model incorporates the weak decay of the charmed baryons2) 1^++, Sc+, Zo°, Ac+,

Ec°, S'c°, s c+, S'c+ and Q c° . We will denote the diquark in addition to the charm quark by

q 1 q 2 - The creation of physical particles from the (di)quark combinations has been

described in the section on (di)quark fragmentation (see also appendix B). This leads to

Two-body decays (16.6%)
sq 1 q 2 u d 0.1245 u q ^ s d 0.0415

Three1>-body decays (66.4%)
sqiq2 u u u d 0.2490 uq^q2 s u u d 0.0830

u d d d 0.2490 uq<qo s d d d 0.0830

Semileptonic decays (17%)
s q ^ e+ ue 0.0850 sq^s fi+ vu 0.0850

For completeness, we list the masses of the charmed hadrons

MQO

MEOO

MHco

= 1.8647

• = 2.4300

= 2.4300

= 2.4000

GeV/c2

GeV/c2

GeV/c2

GeV/c2

M A c +

M H c +

= 1.8694

= 2.2600

= 2.4000

= 2.5000

GeV/c2

GeV/c2

GeV/c2

GeV/c2

M D s + =1 .9719

Mj^t = 2.4300
MH.C+ = 2.5000
Mnco = 2.6000

GeV/c2
GeV/c2

GeV/c2

GeV/c2

For bottom pseudoscalar mesons and baryons a similar procedure is followed as in the

case of charmed baryons, since many of the exclusive decay modes are unknown. We

consider the B-, B d ° , B s° mesons and £b++, 2 b +, £ b ° , A b + , S b ° , 2 ' b ° , 3 b + , S'b+, £2b°

baryons with their subsequent masses

MB- =5 .2710 GeV/c2 MBo =5.2740 GeV/c2 MBso =5.4000 GeV/c2

ME b + = 5.4700 GeV/c2 MAbo = 5.4700 GeV/c2 MSbo = 5.4700 GeV/c2

MZb- = 5.4700 GeV/c2 M2bo = 5.6700 GeV/c2 Ms.bo = 5.6700 GeV/c2

MSb- = 5.6700 GeV/c2 Ms.b- = 5.6700 GeV/c2 M n b - = 5.8700 GeV/c2

q-i in the bottom decay table now represents either an anti-quark (mesons) or a diquark

(baryons)

Two-body decays (10%)
cq^ ud 0.4200 cq-| cs 0.5800
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Threes-body decays (63%)
cqi ud

d d
d s
u s
d s

u u
id
u s
u c
d c

0.1766
0.1767
0.1767
0.0261
0.0261

JA|/

s s
us
ds
s s~

s c
u qi
d q-|
S Oi

0.0378
0.0040
0.0040
0.0020

Semileptonic decays (27%)
cqi e- i)e 0.1200
cq-| (j.- Vp 0.1200

0.0300

The weak decay of the top hadron and heavy (4*i generation) lepton (L+) needs a
special treatment. Since the mass difference between the top quark (heavy lepton) and
its decay products is assumed to be relatively large (> 17 (20) GeV/c2), the propagator
energy of the virtual W+ can also become large. Therefore, it is reasonable to assume
that the W+ decaying into a pair of quarks gives rise to jets, initiated by these quarks. We
assume that in this fragmentation process quantum numbers are conserved; there remain
(both short range and long range) energy correlations inside and between the jets.
Necessarily, energy and momentum are conserved within the top hadron (L+) rest-frame.

Masses for the top mesons and baryons presented here, Mt, are the default values

used in the program. However, when the user modifies the mass of the top quark, m t, Mt

will be modified automatically via the simple relation

- 40 + (C1)

Again, anti-quark or diquark in addition to the top quark are denoted by q-|, while the

pseudo-scalar meson and baryon masses read

M
st++

40.200 GeV/c2
40.570 GeV/c2
40.570 GeV/c2

Msto =40.770 GeV/c2

MT+ =40.200 GeV/c2

MAt4- =40.570 GeV/c2

M E t + =40.770 GeV/c2

MH.to =40.770 GeV/c2

M T s + =40 .400 GeV/c2

MZt* =40 .570 GeV/c2

ME .^ =40 .770 GeV/c2

Mnto =40.970 GeV/c2

Three-body decays (66.67%)
bq-| u-jet d-jet 0.3334

Semileptonic decays (33.3%)
bq1 e+ ue 0.1111
bq1 t+ vx 0.1111

c-jet s-jet 0.3333

0.1111
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The L decay modes are based on similar assumptions as made for the top hadron
decays, whereas the T decay modes [6] are mainly results from experimental
measurements on exclusive decay channels [1-5]

Three-body decays (66.67%)
•UL u-jet d-jet 0.3334 c-jet s-jet 0.3333

Semileptonic decays (33.3%)
•UL e + \ > e 0 . 1 1 1 1

vL x+ \>T 0.1111
v\_ u+ 0.1111

•c+ Two1>-body decays (65%)
•oT K+ 0.0067 Ur jc+ 0.1010

Uj p+ 0.2180 \>T K*+ 0.0170

0.1663
0.1410

Semileptonic decays (35%)
Ui e+ ue 0.1750 vx u+ v^ 0.1750

When all weak decays have taken place, the hadrons that are left are built up from
combinations of u, d and s quarks. The only heavy quarkonium that we consider for the
moment is the J/y, since the production of T states in the weak decay of top hadrons is
both Cabibbo and mass suppressed (see also chapter V). The following table gives an
overview of the 'light' mesons and their decay channels

JC°

1

Tl"

P°
P"
P-

K°

M ^ =0.1350

Mn = 0.5488

M,,. =0.9576

Mp0 =0.7703

Mp. =0.7668
Mp.. =1.5900

MKo = 0.4977

GeV/c2

GeV/c2

GeV/c2

GeV/c2

GeV/c2

GeV/c2

GeV/c2

Y
e+

Y
JC°

JC+

JC+

Y
CO

p°
1
•n
JC"

JC"

TC"

JC"

KS°
KL°

Y
e-
Y
jc°

JC"

JC"

Y

Y
Y
no
JC+

JC+

7C°

JC°

JC°

Y

JC°

JCO

Y

7C°

j r

JC" JC+

JC° JC°

0.988

0.012

0.390

0.320

0.240

0.050
0.019

0.028

0.300

0.218

0.435
1.000

1.000

0.750

0.250

0.500
0.500
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K*-

K*0

KSO

CO

ï>

»2"

•2°

M K - =

MK«0 =

MKso =

M» =

M* =

M . , - -

Ma2- =

Ma2° =

0.8921

0.8965

= 0.4977

0.7826

1.0195

1.2700

1.3200

1.3200

GeV/c2

GeV/c2

GeV/c2

GeV/c2

GeV/c2

GeV/c2

GeV/c2

GeV/c2

K-

Ro
R°
K-
u+

ifi
IC+

«P
TC+

Tl

K°
K+
71+

po

P'
po

p"

n
K-
(0

po

p+

p-

Tl

K+
KO
CO

(0

te

Jt+

JC"

nP
i r

7
j r TC°

Y
Ro
K-
j r ic°
i r

^o
te

n°
te

KO

JE" TC°

TCO

ie

1C+

n°
K-
Ro
TCO « P

7C+ te

0.333

0.667
0.333

0.667
0.686

0.314
0.014

0.087

0.899
0.012

0.347

0.493
0.148
0.5745

0.4255
0.350

0.350

0.145

0.049
0.106
0.233

0.233
0.233

0.145

0.0245
0.0255
0.036

0.070

A similar table can be given for the 'light' baryon decays

Z+ ME+ =1.1894 GeV/c2

£° MEo =1.1925 GeV/c2

2- Mz- =1.1973 GeV/c2

3° Mso =1.3149 GeV/c2

S- Ms- =1.3213 GeV/c2

Q- Ma- =1.6722 GeV/c2

A++ MA++= 1.2320 GeV/c2
A+ MA+ = 1.2320 GeV/c2

n

P
A

n
A

A

S°
S"

A

P
P
n

71+

JCO

Y
7C"

7C°

JC*

IT

TCO

K-
7C+

itP

Jt+

0.484
0.516
1.000
1.000
1.000

1.000
0.234

0.080
0.686
1.000
0.500

0.500
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A°
A'
Y+

Y o

Y"

xo

x-

MAo

MA-

MY+

MyO

MY-

Mxo

Mv-

= 1.2320

= 1.2320
= 1.3823

= 1.3820

= 1.3874

= 1.5318

= 1.5350

GeV/c2

GeV/c2

GeV/c2

GeV/c2

GeV/c2

GeV/c2

GeV/c2

P
n
A

Z°
2+
A

S+

i -
A

S°
s-
n

P
n

j t °

7t"

7C+

7C+

7C°

K°
K'

n+
ir

7t"

rfi

IV

1.000

1.000
0.334

0.333

0.333
0.250

0.250

0.250
0.334

0.333
0.333
0.500

0.500
1.000

Finally, the decay modes of the J/y read

MJ /V= 3.0969 GeV/c2 e+

n+

p-
po

P+

p-
po

p+

JT+

JC°

JC+

7C+

71°
7C+

JlO

e-

7t+

TCO

I f

a2
+

a2°
a2-

7C-

7t°

7t"

7C°
7C"

7t°

K+ K-
K+ K-
7C+ IC"

TCO J:0

7C° Jï°

K° Ro
KO Ro

0.0740
0.0740
0.0041
0.0041

0.0040
0.0028
0.0028

0.0028

0.1188
0.1188
0.1188

0.1188

0.1188
0.1187

0.1187

Some of the two- and three-body decay modes include 'none obvious' resonance decays which give rise

to multiple-body decays. The approximation we made here that multiple-body decays should originate

from resonances Introduces probably only marginal effects.
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2> The renaming scheme for baryons is well expressed in the following SU(4) 20-plet with SU(3) octet (taken

from ret [7])
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SAMENVATTING

Nadat in 1978 Carlo Rubbia en zijn medewerkers het voorstel lanceerden om het
Super Proton Synchrotron (SPS) om the vormen tot een versneller waarmee zowel
protonen als anti-protonen versneld zouden kunnen worden, hebben de ontwikkelingen
elkaar snel opgevolgd. Gebaseerd op briljant onderzoek van Simon van der Meer, die
het principe van de zogenaamde stochastische koeling ontwikkelde, werd het mogelijk
geacht om voldoende hoge dichtheden van anti-materie (lees: anti-protonen) te bereiken
en vervolgens in een kleine ring op te slaan. Hoewel men omtrent de levensduur van het
anli-proton nog geen zekerheid had, werd op basis van de lange levensduur van het
proton verondersteld dat er geen wezenlijk verschil diende te zijn tussen de levensduur
van beide deeltjes. Een intensief onderzoeks-programma resulteerde in 1980 in de
opslag van de eerste anti-protonen in de zogenaamde Anti-proton Accumulator (AA).
Kort daarna slaagde men erin om de deeltjes vanuit de AA over te brengen naar het
Proton Synchrotron (PS), waar de de eerste versnellings-fase plaats vindt. Vanuit het PS
worden zowel de anti-protonen als protonen om beurten geïnjecteerd in het SPS. De
tegengestelde lading van de deeltjes verschaft de mogelijkheid om beide in eenzelfde
ring te versnellen, echter in tegengestelde richting. Met speciaal geconstrueerde
magneten is het tenslotte mogelijk om zowel de proton en anti-proton bundels zodanig te
focuseren dat de kans op frontale botsing tussen een proton en anti-proton
geoptimaliseerd wordt.

Naast het modificeren van het SPS moesten voorzieningen getroffen worden om de
nieuwe experimenten, welke metingen aan de botsingen zouden moeten verrichten,
direct in de ring onder te brengen. De experimentele informatie, gepresenteerd in dit
proefschrift is afkomstig van het zogenaamde UA1 experiment. De naam van dit
experiment is ontleend aan de locatie van de detectie apparatuur in de SPS-ring. Reeds
in 1981 was men zover gevorderd, dat de eerste interacties tussen protonen en anti-
protonen geregistreerd konden worden. Sinds dit tijdstip zijn zowel intensiteit en energie
van beide bundels verhoogd. Was de levensduur van de bundels in 1981 nog beperkt tot
enige uren, in 1985 werden protonen en anti-protonen soms meer dan 36 uur in hun
baan gehouden. Dat het gehele project een groot succes is geworden, moge blijke uit de
toekenning van de Nobelprijs voor de natuurkunde in 1984 aan zowel Simon van der
Meer en de leider van de UA1 collaboratie, Carlo Rubbia. De prijs werd toegekend voor
de ontdekking van de dragers van de zwakke wisselwerking, de geladen en neutrale ijk-
bosonen. Deze 'dragers' vormen samen met het foton, het ijk-boson van de 'Quantum
Electro Dynamica' (QED), de basis voor een elegant mathematisch model: het Standaard
Model van de zwakke en electromagnelische wisselwerkingen. Dit Standaard Model,
uitgebreid tot een model dat tevens de sterke wisselwerking (Quantum Chromo
Dynamica, QCD) beschrijft, vormt de theoretische grondslag voor de analyse van de
experimentele gegevens gepresenteerd in dit proefschrift.
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Na een korte introductie (hoofdstuk I) met betrekking tot de CERN faciliteiten , wordt
een beknopte schets gegeven van het UA1 experiment. De verschillende onderdelen
van de detector worden behandeld en informatie omtrent het oplossend vermogen van de
verschillende apparatuur wordt gegeven. Hoofdstuk II I bevat een introductie tot Monte
Carlo technieken, een belangrijk hulpmiddel in de vergelijking van experimentele
gegevens en theoretische modellen. Vervolgens wordt in hoofdstuk IV een computer
programma beschreven dat gebruik maakt van deze technieken. Dit programma is
speciaal ontworpen om een gedetailleerde vergelijking van experimentele gegevens en
theorie mogelijk te maken en is gebaseerd op het Standaard Model en QCD. De op de
computer gesimuleerde interacties tussen protonen en anti-protonen (het programma
voorziet tevens in de mogelijkheid om interacties tussen andere deeltjes te genereren)
kunnen ingevoerd worden in een detector simulatie. Dit laatste programma simuleert
vervolgens de eigenschappen van vrijwel alle onderdelen van het UA1 experiment.
Aldus kunnen gebeurtenissen welke met behulp van de computer gegenereerd zijn,
gecorrigeerd worden voor geometrische acceptance, ongerijmdheden, etc. die de
experimentele apparatuur kenmerken. Slechts dan kan een optimale vergelijking tussen
experiment en theorie verkregen worden. In hoofdstuk V wordt dieper ingegaan op de
theoretische achtergronden en worden begrippen als ' quark-mixing' en 'CP-schending'
nader toegelicht. Hoofdstuk V I beschrijft de selectie van de experimentele
gebeurtenissen, relevant voor het in hoofdstuk VI I gepresenteerde onderzoek. De
selectie beperkt zich tot gebeurtenissen waarin op zijn minst één muon gedetecteerd is.
In hoofdstuk V I I I worden de bevindingen kort samengevat. Verder worden enige
suggesties gegeven met betrekking tot mogelijk toekomstig onderzoek.

De resultaten gepresenteerd in dit proefschrift geven aan dat het Standaard Model
voor electromagnetische en zwakke interacties, uitgebreid met de sterke wisselwerking,
zich in een uitstekende conditie bevindt. Verder lijken er duidelijke aanwijzingen te zijn
dat quark mixing, zoals bekend in K(_ - Ks oscillaties, levens in de bottom quark sector

optreedt. Bovendien is de conclusie gerechtvaardigd dat, gezien de omvang en de
gecompliceerdheid van dit soort experimenten, gedetailleerde computer simulaties
onontbeerlijk zijn voor de interpretatie van experimentele gegevens.
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