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Abstract

The C'P violating phase ﬁ;] /%% is measured in decays of BY — J/1 ¢. This measurement
uses 5.2 fb~! of data collected in /s = 1.96 TeV pp collisions at the Fermilab Tevatron
with the CDF Run-II detector. CP violation in the B%-B? system is predicted to
be very small in the Standard Model. However, several theories beyond the Standard
Model allow enhancements to this quantity by heavier, New Physics particles entering
second order weak mixing box diagrams. Previous measurements have hinted at a
deviation from the Standard Model expectation value for 3 POwith a significance of
approximately 20. The measurement described in this thesis uses the highest statistics
sample available to date in the B? — J/v¢ ¢ decay channel, where J/¢) — p*tp~ and
¢ — KTK~. Furthermore, it contains several improvements over previous analyses,
such as enhanced signal selection, fully calibrated particle ID and flavour tagging, and
the inclusion of an additional decay component in the likelihood function. The added
decay component considers S-wave states of KK pairs in the B — J/¢ K™K~ channel.
The results are presented as 2-dimensional frequentist confidence regions for ﬁ;] /% and
AT (the width difference between the BY mass eigenstates), and as a confidence interval
for 3/%¢ of [0.02,0.52] U [1.08, 1.55] at the 68 % confidence level. The measurement
of the C'P violating phase obtained in this thesis is complemented by the world’s most
precise measurement of the lifetime 7, = 1.53+£0.025 (stat.) £0.012 (syst.) ps and decay
width difference AT = 0.075 & 0.035 (stat.) = 0.01 (syst.) ps~! of the B? meson, with
the assumption of no C'P violation.
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Introduction

The reason for the dominance of matter over antimatter is one of the most fundamen-
tal and unanswered questions in physics today. It is expected that equal amounts of
matter and antimatter were produced during the Big Bang; all experimental evidence
however shows that matter dominates in the current universe. This contradiction is
known as the baryon asymmetry problem. Matter particles, called baryons, and anti-
baryons (anti-matter particles) annihilate into photons when they meet. An initially
equal number of bayrons and anti-baryons would leave almost uniquely photons in the
Universe rather than the matter observed in the Universe now. Currently there is no
model which satisfactorily explains this puzzle, but there are certain conditions under
which it can be understood. These are called the Sakharov conditions [1], named after
Andrei Sakharov, who first described the necessary physical requirements for a mat-
ter excess to occur regardless of a specific mechanism. One of these conditions is the
non-conservation of Charge-Parity, referred to as C'P violation, which will be described
in Chapter [1, the Theoretical Overview of this thesis. The Standard Model of particle
physics predicts C'P violation in certain types of particle interactions [2]. The amount
of C'P violation predicted by the Standard Model is, however, too small to explain
the baryon asymmetry of the Universe. This has lead to the development of theories
beyond the Standard Model to explain potential enhancements to the magnitude of C'P
violation. Thus, systems where there is a very small expected value of C'P violation
provide key areas to test the Standard Model and look for larger than predicted values.

This thesis describes a measurement of the amount of C'P violation in B? —
J/1 ¢ decays, in terms of the C'P violating phase B;I/W, using 5.2 fb~! integrated
luminosity of data collected with the CDF Run-II detector at the Fermilab Tevatron.
According to the Standard Model, ﬂ;] Mo g expected to be close to zero [3], thus a
large observed quantity for this parameter would be clear evidence for New Physics.
In the past three years, published measurements of this parameter by the CDF and
DO collaborations [4, 5] have generated excitement by showing a hints of a disagree-
ment with the Standard Model expectations. A combined result from the two Tevatron
collider experiments [6] found a 2.20 deviation from the expected value. This thesis
presents an updated and improved measurement of ﬁ;f / W, with more than twice the
data sample of the previous CDF result [7], enhanced signal selection, particle ID and
flavour tagging, and the inclusion of an additional BY — J/¢ K™K~ component in the
likelihood fit function. In addition to the main results measuring ﬁ;f / W, this analysis
also yields the world’s most precise measurement of the B? meson lifetime, 7,, and
decay width difference AT.



Introduction 2

This document is structured as follows: The development and fundamental compo-
nents of the Standard Model are described in Chapter [1, followed by a derivation of
the time development of BY — J/1 ¢ decays and a review of the current experimental
status of this measurement. Chapter 2 describes the experimental apparatus used to
collect the data analysed for this measurement. The process of selecting a high quality
data sample is discussed in Chapter 3. The combined probability density function used
to form the likelihood to fit the data is laid out in Chapter |4, and its performance is
tested in Chapter [5. Finally, the results are presented in Chapters |6 and |7, describing
fitted values for some parameters of physical interest with the assumption of no C'P
violation (ﬁ;] / M:O.O), and the measurement of 37 / YPrespectively.



Chapter 1

Theoretical Overview

This chapter describes the development of the Standard Model, introduces some of
the areas which are not fully explained by this model, and in this context gives a
theoretical overview of the topic of this dissertation. The parameter of interest for

the measurement described in this thesis, ﬁg] / W, is introduced, and a model for the

time development of the BY meson decay channel in which ﬂ;] Y s measured is
developed. In the final section of this chapter, the current experimental status for

this measurement is presented.

1.1 Standard Model - historical overview

At the end of the 19th Century, the atom was considered to be a solid object made
up of positively charged matter, with negatively charged “corpuscules” arranged non-
randomly throughout to balance the charge [8]. This idea was disproved by one of
the first particle physics experiments, directed by Ernest Rutherford, which showed by
analysing the scattering angles of « particles fired at a thin gold foil that the atom
must have a nucleus several orders of magnitude smaller than its total size [9]. Today
the prevailing theory describing the structure of matter and the forces governing its
interaction is called the Standard Model. Experimentalists are continuously probing
the predictions of this theory, as Rutherford did over a century ago; the apparatus has
changed significantly, and with it the depth of knowledge of physical phenomena. To
date, no experiment has found evidence incompatible with the Standard Model.

The Standard Model (SM) describes fundamental components of matter and their
interactions. The elementary particles making up all matter in this model are fermions,
which can be divided into two categories: quarks and leptons. There are three genera-
tions of fermions, and those of which have been well measured are observed to increase
in mass with each generation. Leptons have integer electric charge and the electric
charge of quarks is fractional. The charge and mass properties of the twelve Standard
Model fermions are summarised in Table 1.1. Fermion interactions are mediated by
bosons, particles which can be thought of as force carriers. The Standard model de-
scribes three of the four forces: strong, electromagnetic and weak; the gravitational
force is not incorporated into this model. The bosons and their properties are listed in
Table 1.2
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Particle | Charge Generation
I mass/c? IT mass/c? I11 mass/c?
Leptons -1 e 0.511 MeV L 105.658MeV T 1776.84 MeV
0 Ve < 225 eV vy <0.19 MeV v, < 18.2 MeV
Quarks | +2/3 u 1.5-3.3 MeV c 1277907 MeV  t 171.341.63 GeV
-1/3  d  3.5-6.0 MeV s 10573 MeV b 4.27020 GeV

Table 1.1: Properties of fermions, the fundamental particles of matter [10]

1.1.1 Quarks and leptons

The fundamental fermions are spin-1/2 particles, and for each there is an antiparticle
with equal mass and lifetime, but opposite electric charge and magnetic moment. The
existence of antiparticles was predicted by Dirac in 1931 to solve the problem of potential
negative energy solutions to the relativistic relation between energy, momentum and
rest mass of a particle. The 20th Century saw the prediction and observation of almost
all of the fundamental particles of the Standard Model, a notable exception being the
Higgs boson, which is postulated to interact with all massive particles. The search for
the Higgs boson is one of the main goals of the LHC [11] at CERN and will be an
important test of the standard model.

Normal matter is made up of the lightest, first generation fermions. The electron
(e) is a lepton of the first generation, which was discovered in 1896 by J.J Thompson
in cathode ray experiments [12], and was an integral component of his early model of
the atom referred to at the beginning of this section.

Leptons exist as free particles, and have been experimentally observed as such,
however quarks appear to exist only in bound states. This is due to a property which is
not shared by the leptons, namely, in addition to carrying electric charge quarks carry
colour charge which means that they are acted on by the strong force. The strong force
binds quarks in hadron states, currently known hadrons fall into two categories: mesons
and baryons. Mesons contain a quark and an antiquark, baryons contain three quarks,
both types combine quarks such that the hadron has integer electric charge and neutral
colour charge.

The first generation quarks, up and down, are the constituents of neutrons and
protons. Other hadrons can be formed from combinations of the heavier quarks, but
these are unstable and decay with order of picosecond lifetimes to lighter stable states.
Hadrons containing top quarks have not been observed, the ¢ is so much more massive
than other elementary particles that its lifetime is several orders of magnitude shorter
than even the next most massive quark, the bottom quark, and it decays too fast to
hadronise.

Strange particles (now known to contain 2nd generation, strange quarks) were first
detected in cloud chamber tracks of cosmic rays in 1946, with the decay of an neutral
Kaon (3d or sd) into two charged pions (ud , @d) [13]. The “strangeness” of these
particles came from the fact that the forces under which they were produced and decayed
differed greatly in time scale. It was found that their behaviour could be explained if
a new quantum number (similar to charge) was assigned to them; the strange particles
were observed as being produced in pairs, and if the pair has opposite “strangeness
number” (S=+1, S=-1) then “strangeness” is conserved.
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As more hadrons were discovered throughout the middle of the 20th century, physi-
cists tried to fit them into a pattern, as Mendeleev had done with the periodic table
of elements. In 1961, Murray Gell-Mann suggested the Eight Fold Way, which placed
the known hadrons into octets according to their charge and strangeness quantum
numbers [14]; he later explained their behaviour by suggesting that they were in fact
composed of even smaller, elementary particles, which he called quarks [12].

The discovery of charmonium, a ¢¢ resonance, in e*e™ collisions in 1974 at both
SLAC [15] and BNL [16] brought the quark model into good agreement with the lepton
sector. There were at that time four known leptons, and with the addition of charm,
four quarks. This symmetry was spoiled with the detection of the 7 lepton, which
introduced a third generation of leptons, that had no equivalent quarks. However, a
third generation of quarks was predicted by Kobayashi and Maskawa [17], as described
in Section 1.2.1. In 1977 a resonance similar to charmonium, but heavier, was observed
in a proton on fixed target experiment at Fermilab [18]. The new particle was a bb
bound state, “bottomonium”, and the bottom quark fitted into the quark model as a
third generation, down-type quark. The top quark, the up-type counter part to the b
quark was expected, but not discovered until 1995, again at Fermilab [19], because it’s
large mass required a much higher energy to produce than any other quark.

No evidence has yet been produced for further generations beyond the three ob-
served, and the Standard Model explains the need for three generations (see section
1.2.1). However, some theories predict an even heavier fourth generation including #'
an b’ quarks, which would not be observed at the energies of the current experimental
limits [20].

1.1.2 Four forces

The Standard Model describes the interactions of the fundamental fermions, which
are governed by the exchange of mediators called bosons. This section summarises the
fundamental forces which cause these interactions, the following section will focus in
more detail on the weak interaction which is of most significance for the measurement
described in this thesis.

Force Mediator boson Coupling strength
Name Mass Spin
Strong | gluon (x8) 0 1 0.1-1
Weak W+ 80GeV/c? 1 1075
A 91GeV/c? 1
EM photon 0 1 1/137

Table 1.2: The fundamental forces [21]

Electromagnetic (EM) interactions bind electrons with nuclei in atoms and molecules,
and are responsible for intermolecular forces. The mediator boson of the electromag-
netic force is the photon, which is massless and interacts with all electrically charged
particles. The theory describing electromagnetic interactions is Quantum Electro Dy-
namics (QED), which is an abelian, gauge invariant field theory with symmetry group
U(1). The coupling strength of the EM force is given by the constant «, in terms of
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the electric charge e and Plank’s constant h:

_ e? _ 1
T Arhe  137.0360..

(1.1)

The classical EM potential between elementary charges at distance r (the Coulomb
potential) is
«
Ve, = ——. 1.2
: (12)

This shows that the range of the EM force is infinite, but it decreases rapidly with
distance.

The Strong force binds neutrons and protons in atomic nuclei, and quarks within
hadrons, it is responsible for the confinement of quarks. Gluons, which are massless
bosons, mediate this force. Analogous to photons in EM interactions, gluons act on
charge, but in strong interactions it is colour charge rather than electric charge. Quan-
tum Chromodynamics (QCD) is the theory of strong interactions, and it contains six
charges, called “colours”, where colour is simply a label for an internal degree of free-
dom. It is a non-abelian gauge theory with symmetry group SU(3). Quarks carry one
of red, blue or green charge and antiquarks carry the equivalent anticolours. Because
of this, colour neutral objects can be formed from two quarks as ¢.q. (mesons) or three
quarks as ¢,q,q, (baryons). An important difference between QED and QCD is that glu-
ons themselves carry colour charge, whereas photons are not charged. Gluons carry one
colour and one anticolour, and as they act on colour charge they can interact between
themselves. With three colour charges and three anti colours, it would be expected
that there could be 3% gluons, but one is a colourless singlet state, so there are eight
interacting gluons.

Quark confinement is caused by the gluon self-interactions; if an attempt is made
to separate two quarks, there comes a point when it would take less energy to form a
new QQ pair (a meson) than to continue pulling apart. This can be better understood
by looking at the static QCD potential, a convenient classical approximation to the full

field theory treatment:
4 o

Vi=—=—+4+k 1.3
3r+r (1.3)

The second term in Eqn. 1.3 grows linearly with distance, where £ is a constant,
which means that the force between them grows stronger as the quarks are pulled apart.
The strong force conserves flavour, the quark type such as u or b, leading to production
of quark anti-quark pairs under this interaction.

Both quarks and leptons can undergo weak interactions, they carry the weak charge
g. The strength of the weak interaction is about 3 orders of magnitude smaller than
the EM interaction; weak interactions are heavily disfavoured compared to EM and
strong interactions. In spite of this, weak interactions are experimentally accessible.
For example, neutrinos can interact due to the weak force, but not the EM or strong
forces as they carry no electric or colour charge. Weak interactions can also cause flavour
change between quarks, which is forbidden under the strong force. The “weakness” of
these interactions comes from the fact that they are governed by massive W+ and Z°
bosons. The large mass of these vector bosons gives rise to very short range interactions.
Figure1.1.2/shows examples of interactions governed by the EM, strong and weak forces.
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Figure 1.1: Comparison of (top) EM, (centre) strong and (bottom) weak boson exchanges

Electroweak theory unifies the weak and electromagnetic forces. Glashow, Weinberg
and Salam suggested in the late 1960s that weak and EM interactions could have the
same origins [21]. They postulated a set of four massless bosons as a triplet: W,
belonging to the group SU(2) and a singlet B,, of the group U(1). In group theory
terms, this model is described as SU(2) ® U(1). In the Standard Model, the Higgs
mechanism [22] gives mass to the weak bosons via spontaneous symmetry breaking.
This mechanism introduces an extra field, the Higgs field, and due to the shape of the
Higgs potential interactions with this field result in a mass term in the Lagrangian.
This leads to three massive bosons, W; W, and Zg, with the photon, A, remaining
massless. The Higgs mechanism also predicts at least one new scalar particle, the
Higgs boson which has not yet been detected. The weakly interacting massive bosons
are linear combinations of the triplet and singlet states in the model. The Standard
Model Lagrangian incorporating the electroweak and strong forces, is described as being
invariant under the SU(3) ® SU(2) ® U(1) transformation. Three forces have been
discussed in this section. The fourth, gravity, has so far not been integrated into the
Standard Model.

1.1.3 Conservation laws

The Standard Model is built on symmetries (invariance properties) and their asso-
ciated conservation laws. This subsection describes some of the invariance properties
of the interactions introduced in Section 1.1.2, which are of importance to the measure-
ment presented in this thesis.



Chapter [1. Theoretical Overview 8

Parity

The parity operator, P, transforms a wave function as

Pu(r) = ¥(—x) (1.4)
where r is the spatial position vector. It is clear from Eqn. 1.4/ that applying P again
brings back the original function, so P is a unitary operator, P> = 1, and it has

eigenvalues P = +1.

Until 1956, it was assumed that parity invariance was a fundamental law, but there
had been no specific experimental tests of this. Lee and Yang found that there was
existing evidence from experiments for parity invariance in strong and EM interactions,
but not for weak processes. The status of parity invariance in weak interactions was then
tested by C.S. Wu using radioactive Cobalt 60 nuclei [12] in an experiment suggested
by Lee and Yang [23]. In these experiments the nuclei had their spins aligned with
a magnetic field, and when they underwent beta decay, the direction of the emitted
electron was measured. If the electrons were emitted uniformly with respect to the spin
direction it would imply that parity was conserved. By applying the parity operator to
the system, the spatial coordinates are inverted, but spin is invariant under parity, so a
preferential direction for the emitted electrons would be flipped in the parity inverted
Universe thus parity would be violated as this would be distinguishable from the original
Universe. Wu'’s experiment showed that the majority of electrons were emitted opposite
to the direction of the spin of the nuclei and therefore provided the first evidence of
parity violation in the weak interaction.

The violation of parity symmetry in weak interactions is most evident in the neutrino
system. As was previously mentioned, neutrinos carry no EM or colour charge, so they
only interact via the weak force. Treating neutrinos as massless particles (their mass has
been measured to < 20MeV/), it can be stated that neutrinos with positive helicity (spin
aligned with velocity) are right handed, and with negative helicity (spin anti-parallel to
velocity) are right handed. The parity operation inverts the handedness of the particle,
so if parity was conserved it would be expected that left and right handed neutrinos
would behave in the same way. However, when this was tested experimentally, it was
discovered that all observed neutrinos are left handed, and all observed antineutrinos
are right handed.

Charge conjugation

The action of the charge conjugation operator C'is to reverse the sign of the charge
and magnetic moment of a particle. Classical electrodynamics is invariant under this
operation,for example, Maxwells’s equations are equivalent if all charges, potentials
and fields reverse their signs. In terms of quantum mechanics, the charge conjugation
operator also changes the sign of all internal quantum numbers such as lepton number
and strangeness, so it has the effect of converting a particle into its antiparticle.

Clp) = p) (1.5)

The case of neutrinos under the parity operation was discussed previously, but it is
also of interest to see what happens under charge conjugation. The C' operator trans-
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forms a particle into its antiparticle, so a left handed neutrino becomes a left handed
antineutrino. It was already explained that only right handed antineutrinos interact,
so it is clear that the weak interaction is not invariant under charge conjugation.

Charge-Parity conjugation

The effects on neutrinos under P and C operations discussed in the two previous
sections indicate that the weak interaction does not conserve either symmetry. How-
ever, when the C' and P operators (C'P) are applied together a left handed neutrino is
transformed into a right handed antineutrino, and this is what is observed experimen-
tally. It was thought that C'P symmetry was conserved in weak interactions, until 1964,
when neutral Kaons were observed decaying to two different C'P eigenstates, therefore
violating C'P invariance [21]. This has significant implications, which will be discussed
in section [1.4.

Charge-Parity-Time

CPT theorem states that under the operation of time reversal, parity, and charge
conjugation, there is an exact symmetry for any interaction. This is based on very
generalised principles of quantum field theory, it is impossible to construct a quantum
field theory where C'PT invariance is violated. A consequence of this theorem is that
if either time reversal (1) or charge-parity (C'P) invariance is violated, the other must
also be broken.

Summary

The symmetries and related conservation laws which particularly affect the mea-
surement in this dissertation have been introduced in the preceding sub-sections, and
are summarised in Table [1.3.

Conserved quantity strong electromagnetic weak

Parity (P) yes yes no

Charge conjugation (C') | yes yes no

CPT yes yes yes

CP (or T) yes yes violation of O(107?)

Table 1.3: Summary of conserved quantities under strong, EM and weak interactions in the
Standard Model

1.2 Weak Interactions

In order to maintain flavour conservation in the lepton sector, and yet allow cross-
generational interactions between quarks, there has to be a significant difference between
the actions of the weak force on leptons and quarks. From experimental observations,
lepton flavour seems to be largely conserved for charged leptons; in charged current weak
interactions (W exchange), transitions such as s — u are not uncommon, although
they are rarer than transitions within one generation such as u — d.

In the early 1960s, when this problem was first under consideration, only u,d and s
quarks had been discovered. At this time, Cabibbo suggested that the strength of the
interaction governing the process d — u + W~ carries a factor cos(f.) and the process
s — u + W~ a factor sin(6.) [24]. The relative rates of these two examples implies
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that 6. must be small. This solution was successful in resolving the rates of many
interactions, but one significant problem indicated that this was not the full answer:
the rate of K° — putpu~ measured experimentally was far below the calculated rate
under Cabibbo’s theory. In 1970, Glashow, Iliopoulos and Maiani (GIM) proposed
that the way to fix this was to introduce a fourth quark [25] (this was four years
before the observation of the J/i¢) = c¢ resonance). This quark would couple more
strongly to s than to d quarks, and importantly, introduced a new diagram in K°
decays which cancelled the equivalent for the u quark, therefore reducing the expected
decay amplitude.

Combining the GIM mechanism with Cabibbo theory leads to the conclusion that
the quark states acted on by the charged weak current are not the physical states, but
states rotated by the Cabibbo angle 6.

d cosfl.  sinb, d
< s’ ) N (—sin@C COSGC) ( s > (1.6)
Eqn. 1.6/ shows that the d’ and ¢’ states which interact via the charged weak current
are linear combinations of the physical d and s states. The discovery of the ¢ quark in
1974 gave strong evidence to this model, and the extension by Kobayashi and Maskawa

to three generations allowed for third generation mixing when the b quark was later
discovered.

1.2.1 CKM matrix

The proposed extension by Kobayashi and Maskawa [17] is called the CKM matrix, it
describes the weak currents between the three generations of quarks. This was suggested
before the discovery of the b quark, to incorporate the C'P violation observed in the
neutral kaon system (introduced in Section 1.1.3). When considering the number of
generations in the Standard Model, and in the matrices in Equations 1.6 and 1.7 it
should be noted that an N x N matrix has N(N — 1)/2 real parameters and (N —
1)(N — 2)/2 non-trivial phases. For the 2D case, this means that there is one real
parameter, the Cabibbo angle 6., for the 3D case there are three real angles and one
phase. This phase in the the 3 x 3 case is crucial, because it introduces the possibility
of removing invariance under time reversal due to the way it enters the wave function.
The principal of C'PT-invariance, and C'P-violation will be discussed in section [1.4.

The CKM matrix is a 3 X 3 unitary matrix:

d/ Vud Vus Vub d
s =V Ves Vi s (1.7)
v Via Vis Va b

which can be parameterised in terms of three mixing angles and a C' P-violating phase.
This parameterisation can be represented as
C12€13 $12€13 sige”
Vorn = | —S12C23 — C125030513€™  CiaCos — S12523513€"°  Sa3¢13 (1.8)
812823 — 012023313€i5 —C12823 — “91202:«;3136“S C23C13
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where s;; = sinfy, ¢;; = costy; and ¢ is the C'P-violating phase. The indices {ij}
give the generation numbers involved in the interaction. Experimental evidence shows
that transitions between generations have very small probability amplitudes, so it is
reasonable to use a small angle approximation to simplify the above matrix. The
Wolfenstein parameterisation [26] uses this principle to write the matrix as

1—X2/2 A AN3(p —in)
Vorm = - 1—)%/2 AN? + O\ (1.9)
AN(1—p—in) —AN 1

where the following substitutions have been made

Vs |

S12 = A=
. NVl + V2
Ve
= AN =)\ | ©
S23 |Vus

AN (p+ 1)V 1 — A2\
V1= N2[1 — A204(p + i7))]

s13e = Vi, = AN (p+in) =

(1.10)

This parameterisation of the CKM matrix illustrates that transitions within one
generation (diagonal elements) are favoured over cross-generational transitions which
are given by the smaller, off diagonal elements.

Determining the values of the CKM matrix elements gives an important constraint
on the Standard Model, and has the potential to reveal evidence of physics beyond the
Standard Model, for example in processes which are dominated by loop contributions.
The combined experimentally measured values for the CKM matrix elements give the
following matrix, [27].

0.97419 £ 0.00022  0.2257 +0.0010  0.00359 £ 0.00016
Verm = | 0.2256 +0.0010  0.97334 4 0.00023  0.041575-5019 (1.11)
0.0011
0.0087475:00026  0.0407 £ 0.0010  0.999133375 500013

1.2.2 Unitarity conditions

The unitarity condition of the CKM matrix can be used to formulate a geometric
representation of the CKM parameters. This allows observables to be identified, which
can be measured experimentally to test the Standard Model assumptions going into
the matrix. This section explains how unitarity triangles can be formed from the
relationship between elements of the matrix, and why these are of interest. The unitarity
of the CKM matrix gives the relation

3
SVl =1; j=1,2,3 (1.12)
=1
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Information about the C'P violating weak phases can be gained from the relations
3 3
N ViV = > VyVi=0, k=123 j#k (1.13)
i=1 i=1

These form triangles in the complex plane, which are not affected by changes in phase
convention (beyond a possible rotation of the triangle). The triangles are of varied
shapes but all have the same area, equal to half of the Jarlskog invariant [28]:

J =Im[Vy Vi Vi Vir] = Im[V, Vi Ve Vo (1.14)

This can be derived from the relations in Eqn. [1.13, and is a measure of C'P viola-
tion in the Standard Model which is independent of phase convention. Experimental
measurements combined to estimate J give a value of O(107°) [27].

Focusing on the three triangles which are relevant in neutral meson mixing selects
the triangles formed from products of the columns of the CKM matrix

waVus T VogVes + VigVis = 6as = 0 (1.15)
which corresponds to C'P violation in K meson decay,
Vo Vao + ViVey + VisViy = 6 = 0 (1.16)
corresponding to C'P violation in BY meson decay, and
VaaVp + VisVes + Va Vg = 0ap = 0 (1.17)

which describes C'P violation in BYj meson decay.

Vi Vis VidVus  (~ A)

(~X°)

cdVes  (~A)

VJs Vub chs ‘/Cb (N AQ)
(~ %)

WV (~ %)
Vid t};

VudV;b ~ )3
i~ A%M )

VeaVey  (~X%)

Figure 1.2: Three unitarity triangles of the CKM matrix. Corresponding to Eqn. [I.15! (top).
Eqn. [1.16 (middle) and Eqn. [1.17 (bottom).

The triangles parameterised in Eqn.s 1.1541.17 are shown in figure 1.2 This thesis



Chapter [1. Theoretical Overview 13

describes a measurement of the smallest angle of the B? mixing triangle, the second in
Figure [1.2.

Measurements of all parameters (sides and angles) of these triangles is an over-
constraint, and can therefore be used to test the unitarity condition. Experimentally,
it is easier to measure the larger interior angles, so the best known triangle is the one
corresponding to 1.17, which is generally referred to as “The Unitarity Triangle”. This
has been well constrained by studies of the B® — B system, and is a good reference
point for the measurement in this thesis. This canonical unitarity triangle is shown
in its usual representation, normalised form, in Figure 1.3. In this representation, one
vertex is set at (0,0) and the sides are normalised so that a second vertex is at (1,0)
and the third is at (p,7), which is defined as

ﬁE(l—)\;)p
7= <1—%2>n (1.18)

(0,0) (1,0) Re

Figure 1.3: Normalised unitarity triangle of the B® — B? system

The angles of the canonical triangle shown in Figure 1.3/ are defined as

8= 61 = arg (— CW“’)

VipVid
o Vi Vid
=6y =org (it
Y= g5 — arg (—V“jzv"d) (1.19)
b Ved

This thesis focuses on the measurement of the angle 3, which is the equivalent in the B;
system of the angle 5 in1.19. This angle is proportional to the phase of the transition
amplitude in By — B, mixing in the phase convention chosen in Equations 1.9 and [1.10,



Chapter [1. Theoretical Overview 14

which will be discussed further in Section [1.4.1. It is defined as

VisViy
Bs = arg (——’;) (1.20)
Vel

1.3 The production and decay of B hadrons

Before moving to the main topic of this thesis, C'P violation in neutral B mesons, it
is important to understand the mechanisms through which the studied B hadrons are
produced and decay.

1.3.1 B production in pp collisions

The data analysed in this thesis are collected in pp collisions at the Fermilab Teva-
tron. The experimental equipment and data acquisition will be described in detail in
Chapter 2. In pp collisions, b quarks are primarily produced through QCD interactions
[29]. To first order, the majority are pair produced in either of

e Flavour creation
This can occur by two gluons from the colliding beam protons undergoing hard
scattering to produce a bb pair, or the annihilation of a quark anti-quark pair can
produce the same outcome. This is also called direct production and is shown in
the upper two diagrams in Figure [1.4.

e Gluon splitting B
After hard scattering, a bb pair can be produced from a gluon during fragmenta-
tion, shown in the lower left diagram in Figure [1.4.

and a smaller number are produced in

e Flavour excitation
A b quark which is one of the sea quarks of the colliding proton or anti proton
undergoes hard scattering with another parton from the other colliding beam
particle, shown in Figure 1.4.

After production, the b quarks undergo hadronisation. This occurs when the bb pair
moves apart, feeling the effect of the strong force described in Section [1.1.2; the colour
field of a b quark creates a qq pair from the vacuum and forms a bg meson with the q.
In the case of BY mesons, the ¢ pair is s5, a BY is made up of bs, and a BY is bs.

1.3.2 B meson lifetimes

Measurement of the B, lifetime is an important component of this analysis. As part
of the simultaneous measurement of the B? lifetime 7, the width difference between the
heavy and light B? eigenstates ATy, and the C'P violating phase ﬁ;] / W, the averaged
lifetime of the the heavy and light B, states is presented. Not only is this an important
cross check of the likelihood fitter, being a well constrained value in the Standard Model,
it is also a significant measurement in its own right.
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b
9%]/
e T
gluon fusion gqg annihilation
g b ”%
o
b

gluon splitting flavour excitation

Sl

Figure 1.4: Lowest order diagrams for b production processes in pp interactions

This section gives a brief introduction to the theoretical concepts of B meson life-
times, but does not go into further detail as this thesis primarily describes a C'P viola-
tion measurement.

The spectator quark model is the simplest model of B meson lifetimes. It states that
in mesons with unbalanced valance quark masses, the lifetime will be dominated by the
decay of the heavier quark. In the case of the By meson, the b quark is about 400x
heavier than the s quark mass, so the s can be treated as a “spectator”in the decay.
Following from the assumption that the lighter quark can be essentially ignored, is the
prediction that the lifetimes of all flavours of B mesons, independent of the mass of the
lighter quark, should be equal. This is not in agreement with experimental observations,
which give a hierarchy of

B, < TB, = T, < 7B, (121)

The favoured decay of the b quark in the Standard Model is to a ¢ quark via a virtual
W boson, and it can decay (with far less frequency) to a u quark. The b quark predicted
decay width, I', (= 1/7,) can be written in terms of the muon decay width [13], which
is well known.

G%‘ 5 %‘ 5 2
PN = 19273771# - Fb ~ me“/cb‘ X (2 X 3+ 3) (122)

where G is the Fermi coupling constant, |V| is the CKM matrix element for the
b — c transition and the final multiplicative factor comes from the extra available
decay channels to the b quark: 3 quarks, 3 antiquarks and 3 colours of quarks. From
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Equation [1.22 it is possible to construct a relation between the p and b lifetimes:

m "1 1 (1.23)
o~T | — | = :
P Uy 9 |V |?

With the central value of the current measurement of |Vi,| = 0.0415 this predicts a
lifetime of around 1.4 ps, which is of the order of the measured B meson lifetimes.

To understand the hierarchy of the B mesons lifetimes it is necessary to look at
the decay channels open to the individual mesons according to the light quark content.
Three effects which can alter different flavours of B meson lifetimes differently are
Pauli Interference (PI), Weak Annihilation (WA) and Weak Exchange (WE). Pauli
Interference is specific to B, mesons, and occurs because both the external W and
internal (colour suppressed) W decays have the same final state and can therefore
undergo interference. The neutral B mesons have different final states for these two
decay types, so there is no interference. Figure 1.5 shows the effect of PI in B, and B,
(equivalent to Bj) mesons.

Sl

A

A

Bu ; B&’(A‘) DDy

u . . u d(s) - d(s)

Figure 1.5: Pauli Interference

The effect of Pauli Interference on the charged B mesons is to lengthen the lifetime
relative to a decay without interference. Weak Annihilation (charged mesons) and
Weak Exchange (neutral mesons), shown in Figure [1.6, have the effect of reducing
the lifetime of the meson, by providing an additional decay channel. However, WE is
helicity suppressed as the B meson spin of zero means that its ¢ and ¢ have opposite
helicity. WA is a smaller effect than PI, so the overall contribution to the B* lifetime
is a net increase in length. Considering these effects brings good agreement with the
experimentally observed hierarchy of B meson lifetimes.

To go beyond the prediction of the hierarchy of B meson lifetimes, it is necessary
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to look to a QCD based model, Heavy Quark Expansion (HQE) theory. This model
expands the decay width, I'g in powers of the inverse b quark mass, 1/my, [30]

Lo~ 1P ) () (Hilol ) (1.24)

my

where ¢, are the Wilson coefficients and |V}; is the CKM matrix element for the b decay
transition. To first order, this gives the Spectator Quark model described previously.
The terms in 1/m? separate mesons and baryons, describing the helicity suppression
in mesons. The effects of PI and weak interference are brought in with the terms on
1/mj. This theory predicts lifetime ratios as

7(BY)
7(B9)

+
T(BY) _ 1 06+ 0.02,

_ 7(A)
5 = 1.00 4 0.01,

7(B9)

—0.884£0.05. (1.25)

1.4 C(CP violation and mixing in neutral mesons

It has been shown in the preceding sections that C'P violation arises in weak inter-
actions via the quark mixing matrix. This section will look at the generalised case of
C'P violation in mixing and decay of neutral mesons (K, D, B, and By), before focusing
specifically on the By — B, system which is under investigation in this thesis.

One of the most significant unsolved questions in particle physics today, is the dis-
crepancy between the small fraction of C'P violation predicted by the Standard Model,
and the observed Baryon Asymmetry of the Universe (BAU). As matter and antimatter
particles are pair produced in the strong interaction (due to flavour conservation), it
would be expected that these would be present in equal quantities, but the present
matter-antimatter asymmetry implies that a large source of C'P violation should be
present to account for the prevalence of matter over antimatter. It is therefore impor-
tant to constrain the SM predictions with experimental measurements, as a measure-
ment of C'P violation significantly over the expected level could be an indicator of New
Physics.

Figure 1.6: Weak annihilation/ exchange
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Mixing in neutral mesons

To consider meson mixing, take a neutral meson system with flavour eigenstates X
and X°. An initial state which is a superposition of these states is

[¥(0)) = a(0)|X°) + b(0)|X°) (1.26)
it evolves in time as B
(1)) = a(t)| X°) +b(t)|X°) (1.27)

The time evolution of this system can be calculated using an approximate formalism
developed by Weisskopf and Wigner [31]. This uses an effective Hamiltonian H, which
can be written in terms of M and T'

1 MH M12 i Fll F12
H—M-.T— _ 1L 1.28
2 (Mfg M22) 2 (F’{Q Fzz) (1.28)

The diagonal elements of M and I' are flavour conserving, the off-diagonal elements
change the flavour of quarks being acted on. Eigenvectors of H are mass eigenstates of
the X© system, the heavy and light states Xz and X,

| XL) = plX?) + ¢/ X°)
| Xu) = plX°) — ¢/ X°) (1.29)

which is normalised with |g|? + |p|? = 1.

The real and imaginary parts of the eigenvalues e g of H which correspond to
| X1 i) give the mass and decay width of the mass states. The mass and width differ-
ences between the light and heavy states are given by:

Am = myg —myp = §R(€H - €L)
AT = Ty —Tp =—-23(ey —er) (1.30)

Solving to find the eigenvalues gives

ey = (m - QF) + \/<M12 - §F12> <M1*2 - §FT2) (1.31)

q ? _ M — (i/2)T,
( ) My — (i/2)y, (1.52)

and

Time development

The amplitudes of decay of the meson X (X) to the final state f (f) are
Ap = (fTH]X), A = (fIHIX) (1.33)
Ap=(fIHIX),  Ap=(fIHIX) (1.34)

where H is the weak interaction Hamiltonian. If C'P is conserved, the amplitudes of
Ay and Ay should be identical.
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With relatively small AI'/T" it is not possible to experimentally separate the mass
eigenstates in time evolution. Consider the time evolution of an initially pure state
| X9 or | X?) after time ¢:

X (1) = g, ()| X°) — gg_<t>|f<°>

X (1) = g4 ()| X°) — ]%g(t)\x%

where )
_ 2 [ —impt—ilry —impt—i0g
9+ = 5 (e te ) (1.35)
Combining Equations [1.33- [1.35 leads to the decay rates |(f|X°(#))|%, [(f|X°(t))[?
X D) *
= (A4 + [(a/p)As[")cosh(AT't/2)
+ (|44 = [(a/p) As[*)cos(AM?)
+ 2R((q/p)A;Af)sinh(Al't/2)
— 28((q/p)AAp)sin(Amt) e (1.36)
[{(FIXP (@)

= (|(p/q)As|” + | As|*)cosh(AT't/2)
(I(p/q)As|* — |As*)cos(AME)
+ 2%((q/p)Affl})sinh(AFt/2)
— 25((a/p) Ay A )sinAmi) (137

and their complex conjugates which correspond to substituting the amplitudes from
Eqn. 1.34 for those of Eqn. [1.33/in the above equations. The specific case of the time
development of the B? meson system will be derived in section [1.5.

Categories of C'P violation

C'P violation occurs in meson decays through three effects [31], which are explained
below focussing on their relevance in the B, — B, system:

1. C'P violation in decay
Also called direct CP wviolation, this occurs when the amplitude of decay to a final
state is not the same as the amplitude of the C'P conjugate of the initial state
decaying to the C'P conjugate of the final state:

41 (1.38)

Direct C'P violation is the only possible C'P violating effect in charged meson
decays, which cannot undergo mixing. In the B? — J/1¢ ¢ channel, the Standard
Model CP-violating weak phase in decay is strongly Cabibbo suppressed by a
factor of A\? [32] (where \ is the Wolfenstein parameter of the CKM matrix -
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Section [1.2.1)). This means that to a high order approximation, it is possible to
make the assumption that there is no direct C'P violation in BY — J/14 ¢ decays,
and treat the amplitudes as [Ay| = [Af].

2. CP (and T) violation in mixing
This type of C'P violation is defined as

4
p‘ 1 (1.39)

In the B, meson system, the CKM model predicts [33] |¢/p| = 1 + O(1073). In
semileptonic By decays this leads to a charge asymmetry in the decay products,
but in BY — J/1¢ ¢, the channel used in this measurement, the factor |q/p| is
not isolated, therefore C'P violation in mixing is not directly measured in this

analysis.

3. CP violation due to interference between decays with and

without mixing

b c
C
S
S > S
b s 5 - 3
u,c,t
s
C
s u,c,t b b c

Figure 1.7: [upper] B? — J/v ¢ decay without mixing; [lower] B — J/1¢ ¢ decay via mixing

In decays to a common C'P eigenstate, C'P violation can occur independently of
the previous two cases, because of interference between decays without mixing:
X% — f and via mixing: X° — X% — f to the same final state. This is defined
by

S(Af) #0 (1.40)

where

by (1.41)

T I

Af
Ay



Chapter [1. Theoretical Overview 21

This type of C'P violation is possible in the B? — J/1 ¢ mode because J/1¢ is
a common final state for B? and BY.

1.4.1 (P violation measurements in neutral meson systems
K% — K mixing

The K° system was the first neutral meson system to be comprehensively studied.
The K° contains an anti-strange quark and therefore carries a strangeness of S = +1.
The antiparticle neutral kaon state, K° differs by strangeness AS = 2 from the particle
state; applying the C'P operator to |5d) gives |sd). The existence of the two discrete
states was shown by Gell-Mann and Pais in 1954 [34], under the assumption that C'P
invariance was conserved. Mixing between the particle and antiparticle states was
observed by selecting a pure K° beam, which, after a few metres was found to combine

both K° and K° states. The weak eigenstates of the neutral Kaon system are

Ks >= % (1K) + K
|K, >= L (|K%) — |K")) (1.42)

V2

where K¢ is a short lived, state and K, is long lived. The C'P of these states can be
determined by applying the C'P operator

CP|Ks) = (1K) +[K%) = +|Ks)

2

CP|K.) = ﬁ(!ff(’)—!KO)):—!Kﬁ (1.43)

Hg|.—

The neutral Kaon system was also the source of the first observation of C'P violation.
After the discovery of parity violation, it was thought that the combined effect of C'P
conjugation would be a symmetry of the weak interaction. However, this was disproved
in 1964, when it was found that the Kaon eigenstate labeled as C'P odd, K, could
decay to a C'P even final state with a branching ratio of O(1073). The C'P even state,
K, decays to a two pion final state which is CP even (CP|rm) = +|n7)), the favoured
decay mode of the K7, is to three pions (CP|rmm) = —|n7m)), as expected for a CP
odd state. Cronin and Fitch discovered [35] that the K, state could also decay to |77),
with a rate of

'Ky —ntn)
NKg — )

This implies that the weak eigenstates are not exact C'P eigenstates, and that there is
a small fraction of indirect C'P violation in this system.

=(204+04) x107° (1.44)

D' — D" mixing

Evidence for mixing in the D® — D system has only recently been observed by
the BaBar [36] and CDF [37] collaborations. This is a very small effect, and its
observation relies on the highly accurate flavour tagging of the initial state which is
achievable from knowledge of the D° meson production process. Current investigations
focus on a search for New Physics in this system rather than a constraint of Standard
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Figure 1.8: Weak mixing box diagrams in the neutral B meson system.

Model CKM parameters. C'P violation in the neutral D system is predicted to be
negligibly small in the Standard Model [38], so a significant observed rate would be a
strong signal of New Physics. The main decay modes used in the present searches are
D — KTK~ and D — K*xT. There is so far no evidence for indirect C'P violation in
this system, with the combined measurement [39] (assuming no direct C'P violation) of

-

T I

‘ — +0.06 4 0.14 (1.45)

Neutral B meson mixing

Observation of C'P violation in the neutral B meson system came later than in
the Kaon system, because the more massive particles take a higher energy collider to
produce. There is also the challenge in that the lifetime difference between the weak
eigenstates of the B — BY system is almost negligible. However, this system has already
produced some very significant results to constrain the CKM parameters, and shows
evidence of much larger C'P violation than the neutral kaon system.

Mixing in BY and B, mesons occurs through W boson exchange, shown in the weak
mixing box diagrams in Figure [1.8

For B° mesons (|bd), |bd)), predictions from studies of C'P violation in semileptonic
B decays can be used to estimate the level of C'P violation in B® — B® mixing through
the C'P asymmetry in the semileptonic decay rates, Agr.:
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From current measurements [31]
Asy, = (0.4 +5.6) x 1073, (1.47)

The measure of C'P violation in meson mixing, |¢/p, was described in section 1.4, and
can be related to Agy, by

‘Q) ~1— % = 1.0002 + 0.0028. (1.48)
p

This sub-percentage effect is treated as negligible in B® mixing measurements.

The first measurements of mixing in the B° system were time integrated analyses,
first published in 1987 by UA1 [40], and relied on counting same-sign and opposite-
sign lepton pairs from semileptonic decays of produced bb pairs. Increased sensitivity
could be obtained in time dependent measurements, directly observing the oscillation
frequencies, and many high energy collider and B factory experiments have produced
such results. The combined result of these measurements of the mixing frequency in
the B system is [41]

Amg = 0.507 & 0.003 (stat.) 4 0.003 (syst.)ps™* (1.49)

The By system is more difficult for mixing measurements. The mixing frequency,Am
is significantly higher than Amy, and the decay width difference, ATy is non-negligible,
whereas in the BY system it can be treated as ATy ~ 0. The first significant (50)
observation of mixing in the B system was by CDF in 2006 [42], and this remains the
world’s best measurement to date:

Am, = 17.77 £ 0.1 (stat.) % 0.07 (syst.)ps~* (1.50)

Amyg is an important parameter in the C'P violation measurement described in this
thesis, and this precision measurement is a direct input to the likelihood fit.

The C'P asymmetry measured in semileptonic B decays is [43]

e q
s, = —0.003£0.0101 = ‘];

= 1.0015 £ 0.0051. (1.51)

which gives weight to the assumption from the SM prediction that C'P violation in
mixing in the By system is minimal.

1.5 Phenomenology of B? — J/¢)¢ decays

This section introduces the phenomenology of the B? — J/¢ ¢ decay and the ex-
perimental method used to measure the C'P violating parameter ﬁ;] /% in this channel.
Firstly, the generalised case of time development of a neutral meson system will be
adjusted for the specific case of BY decays. Next, the concept of flavour tagging is
introduced in Section [1.5.1, which is essential for separating the decays of B? and
B? mesons. The final state in the B — J/1 ¢ channel is an admixture of CP odd
and even states, which must be separated in order to study the effect of C'P violation.

The method used to do this is described in Section [1.5.2.
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The effective Hamiltonian describing neutral meson time development was intro-
duced in Equation 1.28. Here, the elements M, and '3 are of interest. Experimental
evidence summarised in section 1.4.1 showed that AI'y > Am,, which implies that
IT'12] < |Miz|. Using this relation, it is possible to write |¢/p|, Ams and ATy in terms
of Flg and Mlgi

Ams = 2|M12|, AFS = 2|F12|COS¢S (152)

and from Equation [1.32] with the above approximation

¢ My, YV (1.53)
p | M| VisVi

where

¢s = ¢ — ¢r = arg (—%) (1.54)

and higher order terms in I';5 /M5 are ignored. In the Standard Model, ¢, is predicted
to be very small [44]:
$M = 0.0041 + 0.0008 (1.55)

CP violation in this channel arises due to interference between decays with and
without net mixing to the common final state (as defined in Section1.4). The convention
independent measure of this type of C'P violation is given in Equation[1.41las \; = %2—2.
The \; quantities for a set of final states {i} in the Standard Model can be written in
terms of CKM matrix elements, in some cases with the addition of strong phases. The
quantity |q/p| was defined in this way in Equation [1.53, and similarly, from the fact
that quark relative weak interaction strengths are defined by the CKM elements, the

ratio of decay amplitudes can be written as

Ay ViVe
— = . 1.56
A Ncp VoV ( )
Combining equations [1.53 and [1.56! gives the SM prediction for \;
A= 1PN = op VisViy VesVeb CP ,i2Bs (1.57)

T T VR T

where n¢F = £1, with the positive case for C'P even eigenstates and negative for C'P
odd states. The phase (3, is the small angle of the CKM unitarity triangle for the B?
system described in Section [1.2.2] and is predicted in the Standard Model to be

283, = 2arg ( ) = 0.037 & 0.002 (1.58)

VcchZ
These definitions can be related to the description of the parameters of the effective
Hamiltonian in terms of the phase ¢ earlier in this section. Both ¢4 and s are predicted
to be small in the Standard Model. If there is New Physics (NP) present in mixing, it

will contribute to both phases, and they can be written as combinations of the SM and
NP contributions according to the chosen phase conventions

ps = M 4+ NP and 26, = 205M — oI, (1.59)
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With current experimental resolution and statistics, the SM contributions to both of
these phases can be treated as negligibly small, and the NP phase would be expected
to dominate. In this case, the measured phases can be related as

An enhancement due to NP could come from additional massive particles such as extra
generations of quarks [20] entering the B mixing box diagrams (Figure [1.8).

1.5.1 Flavour tagging principles

Knowledge of the B meson flavour at production, is a key component of this analysis
or any involving C'P-violation in neutral B systems. The process used in distinguishing
between initial B? and BY is called flavour tagging. Properties of the pp — bb
production process, and b quark hadronisation and fragmentation are used in two flavour
tagging algorithms, Same Side and Opposite Side Taggers (SST, OST). Figure [1.9
illustrates the kinematics exploited by the two tagger types in the production and
decay of a bb pair.

SAME SIDE

OPPOSITE SIDE ---"

B hadron, -~
ol collision point

jet charg®

Figure 1.9: Production and decay of a bb pair, showing the components of an event used for
Same Side and Opposite Side flavour tagging. The Same Side part refers to the decay of the
candidate B meson, the Opposite Side consists of the decay of a B meson containing the pair

produced partner of the b (b) quark in the candidate B meson.

The SST uses the fragmentation tracks of the B meson of interest (the candidate
B meson) to determine its flavour. In the case of a candidate B? meson, this means
identifying the flavour (¢ or ) of the s quark in a kaon produced alongside the BY (B?).
As this is the pair produced partner of the s () in the candidate B meson, its flavour
tags the B meson as containing the opposite s (s) quark at production and thus identifies
the B meson flavour when it was produced. For charged kaons, the quark content is
readily identifiable. The OST takes advantage of the pair production of b quarks and
uses information from the hadronisation and decay of the other b quark from the pair
(the opposite side B). If the opposite side B meson decays to charged leptons, the
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charge of its b quark can be identified, which tags the flavour of the candidate B meson
at production because it is known to contain the opposite b or b. For example, an
opposite side B decaying to a negative lepton implies that the candidate B contained a
b at the time of production. Similarly, in hadronic decays of the opposite side B meson,
the charge of a b jet identified as coming from this decay can tag the quark content of
the decaying meson, from which the flavour of the candidate B can be inferred.

The algorithms used for B flavour tagging in this analysis are described in Chapter 3.
The use of flavour tagging to determine the flavour of a B? orB? meson at production
means that decays of the particle and antiparticle states can be followed separately.
This will be utilised in the development of the equations in the following subsections.

1.5.2 Angular analysis of B — J/¢ ¢

Eigenvectors of H were defined for a generic neutral meson in Equation 1.29, for
the BY system, the mass eigenstates are:

|BI) = p|BY) — q|BY) and |BY) = p|BY) + q| BY) (1.61)

With negligible direct C'P violation, such is the case for the B? — .J/1 ¢ channel, these
can be treated as C'P eiegnstates. The heavy, long-lived mass eigenstate, |B) is CP

odd, following the arguement set out for the Kaon system in Section 1.4.1, and the
light, short lived state, | BX) is C'P even.

The decay B? — J/v ¢ is a pseudo-scalar (B,) decaying to a two vector final state
(J/1,¢). The Bg has spin 0, the vector particles each have spin 1 and are both C
odd. This means that the C'P of the final state can be determined from only the P of
this state. Conservation of momentum for this system leads to three possible relative
angular momentum values, L = 0,1 or 2, in order for the vector particles to respect
conservation of total angular momentum, J =S + L.

There is a corresponding decay amplitude for each relative angular momentum value.
Mathematically, it is more straight forward to work with polarisation states of the vector
particles, so the transversity basis is used. This allows separation of C'P odd and even
components of the decay by using angular distributions of their decay products. There
are three potential polarisation states of the final state vector particles,

e |Py) : spins are polarised longitudinally with respect to their momentum and
parallel to each other, C'P even

e |P,) : spins are polarised transversely with respect to their momentum and per-
pendicular to each other, C'P odd

e |P)) : spins are polarised transversely with respect to their momentum and parallel
to each other, C'P even

The C'P odd and even Bj states described earlier in this section decay to the respec-
tive C'P states listed. The C'P odd state corresponds to the L = 1 angular momentum
state, the L = 0,2 states are linear combinations of |Py) and |P)).

The transversity basis is defined in terms of angles in the rest frames of the final
state particles, as shown in Figure 1.10. The z—axis is determined by the direction
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of the ¢ meson in the J/1 rest frame, the KTK~ plane defines the xy plane, where
py(K*) > 0. The three angles are defined as:

e 0 is the angle between p(u™) and the zy plane, in the J/1 meson rest frame

e ¢ is the angle between the z— axis and p,,(u"), the projection of the y* momen-
tum in the zy plane, in the J/1¢ meson rest frame

e ¢ is the angle between p(K ') and —p(J/1) in the ¢ meson rest frame

The predicted angular distributions of the C'P odd and even final states are fully
developed in [45]. Here it suffices to define the unit vector in the direction of the positive
lepton in the J/9 rest frame

n = (sinfcosg, sinfsing, cosh) (1.62)

and the amplitudes to decay into each of the described C'P states. The decay amplitudes
are A; and A;, the amplitudes to the final states ¢ = {||, L,0}

Ai = (Bs|H|P), A; = (Bi|H|P;) (1.63)
which are normalised such that |Ag|* + |A|* + |AL|* = 1. The complex vector A is

defined as

Ajsinyy A siny
The probability density governing the angular distributions is defined in terms of Equa-
tions [1.64 and [1.62

A= (.Aocosqﬁ, - (1.64)

PO, 6,0) = %]A « 2 (1.65)

Figure 1.10: The transversity basis: defined in terms of the angles 6 and ¢ in the j/1 rest
frame (left) and 1 in the ¢ meson rest frame (right).
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which is normalised such that
/// %|A x |*sinfdfsinepdrp = 1. (1.66)

Time development of B and B! decay rates to a single CP
eigenstate

Combining equations [1.35 and [1.35, and re-writing in terms of B? mesons, gives

BYt) = et [E+<t>\BS> " gE_<t>|BS>} 7

BOt) = et [§E_<t>|32>+E+<t>|BS>] (1.67)

where EF are defined as
By = 3 [er 3P g - (hritpy]. (1.68)

To study the time development of the B? — J/¢) ¢ decay, first a simplified case of
decay to a single final state, a C'P eigenstate, will be considered. Again, following the
steps laid out in Section [1.4, the time dependent decay to the common final state |f)
can be written as

B = e Els + 14018 4

i) = et [PAE i) + 0B A (o)

Substituting Equation 1.41 into these definitions gives
(fIBJ(t) = e ™e 2B (1)|B)) + AE_(t)| B))] A

(IBUE) = e ™e ™2 [N TEL (1) BY) + B (1)|BY)] A, (1.70)

These can be converted into time-dependent decay rates for the B? and B? mesons

R = (fIB)t)*=e"" {COSh%t — R {)\* (sinh%t + isinAmt) }} :

R = (fIB’(t)*=¢e"" {Cosh%t —R {/\ (sinh%t + z'sinAmt) }} , (1.71)

It is necessary to normalise these rates, when considering a probability distribution as
will be done in the maximum likelihood developed in Chapter 4. The normalisation
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can be calculated for the sum of the rates in Equation 1.71, and can be written as

/(R +R)dt = T +T + RN (T =T
= 1y +71+ RN (1L — TH). (1.72)

This normalisation factor can be applied to the rates in Equation [1.71] to give

efI‘t

AL AT
o AR — ) {COShTt—%{A <Smh7”lsmﬁmt)}}a

_ et AT AT
R = h—1t — R A | sinh—¢ + isinAmt
TH—i-TL—I—ﬁR()\)(TL—TH) {cos 5 { (sm 5 —+ 281n m)}},
(1.73)
From the expressions for the decay rates, the C'P asymmetry can be written
R—R S (A)sinAmt
Acp(t) = ( ) _ Art( ) (1.74)

(R+R)  cosh®H — R(\)sinh&lt

and the averaged rate (applicable in the case of no flavour tagging, for example) is

_ e_Ft AT . AT
R+ R= P Y Vo {coshTt — ?R()\)SlnhTt} . (1.75)

By adding flavour tagging information (introduced in Section [1.5.1) the decay rates of
the BY and B? mesons can be written separately as

_ e 1t AT AT I(N\)sinAmt
R = h—1t — R(\)sinh—t¢ ;| 1
T + 70+ RA) (7L — ) {COS 2 (Asin 2 } ( - cosh2* — R(A)sinh 2

e 1t S(N)sinAmit
R = h—1¢ — R(\)sinh—¢ 1-—
5 + 10+ RN (7 — TH) {COS 2 (Msin 2 } ( cosh% — ?R()\)sinh%

(1.76)

As the C'P asymmetry in this system is predicted to be very small, an approximation
can be made using the fact that A is almost real. Defining the components I(\) ~ 0
and R(\) &~ +(1 — 6%/2), where the plus (minus) sign is for C'P even (odd) final states,
the rates can be approximated to first order in ¢ as:

e Tt e Tt
R = + osinAmt,
QTL(H) QTL(H)
e_FL(H)t e—Ft )
R= — dsinAmt, (1.77)

27—L(H) QTL(H)

for C'P even (odd) final states.

Separating the definition of A from Equation [1.57 into its real and imaginary com-
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ponents, Equation [1.76/ can be written as

_ e Tt AT AT sin 23,sinAmt
R = cosh—t F cos 23ssinh—t 1+ .
B0 T + 7L F cos 284(L — TH) { o ' T & 2 } cosh2H F cos 263,sinh 21
e Tt AT AT sin 23ssinAmt
R = cosh——t F cos 23ssinh——t 1
PO i 7 ¥ c0s 28, (rp — Ta) { p [T eos20 2 } i cosh®lt = cos 23,sinh 2

(1.78)

where the upper sign applies to C'P even final states (E) and the lower to C'P odd (O).

Recalling that ¢ is the imaginary part of A above, [1.77 can also be re-written in
terms of [:

R L s (A

R = + sin(20,)sin(Amt),
QTL(H) 2TL(H)
e_FL(H)t e—Ft

R = - sin(20;)sin(Amt), (1.79)
QTL(H) QTL(H)

Time development of angular amplitudes in the case of multiple
CP final states

Analogous to the decay rates which have been developed here, the time dependence
of the angular amplitudes for the admixture of C'P odd and even final states is of the
form of Equation [1.71, with the normalisation from Equation 1.72 applied. The time
dependent amplitudes to the i = {||, L,0} states are

Ao NG Ti:cf)sl;tﬁ/?n —Th) (B4 (t) £ ™ E_(t)] Ai(0)
A = eIt/ [£E,(t) + P*E_(t)] A(0)  (L.80)

\/TH + 71, £ cos2084(1, — TH)

where the upper sign applies to C'P even and the lower to C'P odd states, and the A
terms of [1.71 have been written in terms of ;. The probability in Equation [1.65 can
now be written time-dependently as

9
PB(ea ¢7wﬂt) = ﬁ’A(t) X ﬁ|2

9 _
P30, 6,,8) = 7| A1) x A (1.81)

where the complex vector A(t) is the time dependent equivalent of Equation 1.64. The
normalisation is analogous to Equation 1.66

/ / / / Z 0,6, 1, t)sinfddsingpdi) = 1. (1.82)

With these equations defined, it is possible to build a function to fit the decays of
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BY — J/1¢ ¢ with arguments which are the observables of the transversity angles, time,
flavour tagging information and the mixing and C'P violation parameters (s, I, AT’
and the angular amplitudes. However, in order to take into account the resolution and
smearing effects of the detector, it is mathematically easier to expand the probabilities
in terms of separate decay rates so that each can be separately convoluted with analytic
resolution functions, which will be discussed in Chapter 4. This means separating the
time development of the three A;s. Conveniently, the time development of the two C'P
even amplitudes, Ay(t) and A|(t) is identical, so they can be treated simultaneously.
The time dependent vector A can be decomposed as

A(t) = AL(t) + A_(1), (1.83)

where the C'P even component is

Ajsin

A(t)=ALf (1) = <A0 cos P, — V2

,o) i), (1.84)

and the C'P odd component is

A(t)=A_f (t) = (0,0,i%) f(8). (1.85)

The probabilities in Equation 1.81 can then be re-written in terms of the separate decay
components

Po0,6,0,1) = T {IAL(0) X A+ |A_(0) x 3P
FIR((AL(0) % 7) - (AZ(0) % )}

= AL AP OP + A x AP0

FIR((AL % 3) - (A% % 3) - Fo(8) - f2(6))}

P3(0,6,9,1) = 1o {1E4(6) x A+ |A_(1) x 3P
+2R((A4(t) x 0) - (AL(t) x 7))}
= A X AP OP + A X APIF ()P
+2R((Ay x ) - (AT x7) - fr(t) - f1(1)} (1.86)
The C'P even and odd decay rates to a single C'P eigenstate were calculated in Equa-
tion [1.78, so rearranging these and discarding higher order terms in § gives | f, (¢)|* and

| f_(t)|?, which are written here in terms of the observables I';, and I'y instead of the

difference AT’
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|fe]? = 1 (14 cos28,)e MLt + (1 F cos23,)e T Ht + 25in 23,e" sin Amit
=T 7r.(1 £ cos 20,) + T (1 F cos 20;) ’

ful? = 1(1 4 cos28)e et + (1 F cos 26, )e " # F 28in 25,e" sin Amt (1.87)
T 7, (1 £ cos 23,) + T (1 F cos 2[3;) ' '

The interference terms for B? and BY are
FLBF (1) = —e Tt cos Amt — i cos 23, Tt sin Amt + isin 20, (e Tt — e~ Tt) /2
e VI = T) sin 26,2 + 417y
—e Tt cos Amt + i cos 23,71 sin Amt + isin 26,(e Tt — e~ ) /2

VI — i) sin2634)2 + 4717H

Y

fr@fi(t) =
(1.88)

Now that the decay terms for the different components are separated, these can be more
easily included in a likelihood fitting function with smeared exponentials replacing the
exponentials, and smeared sine exponentials replacing the sine exponentials, to incor-
porate the detector resolution effects. The full development of the likelihood function
is discussed in Chapter 4, and includes a re-working of the normalisation to account for
the angle dependent efficiency of the detector.

1.5.3 B — J/YKTK™ in B! — J/1) ¢ signal sample

A significant addition to this analysis over earlier investigations in the B — J/1 ¢ chan-
nel is the consideration of a potential S-wave contamination of the signal ¢ meson
(P—wave state) in B — J/v ¢. Tt has been suggested [46] that a 5-10% contamination
from an S-wave K K final state due to B? — J/¢ K+ K~ (non-resonant) or B — J/1 f;,
could be present in the in the B? — J/¢)¢ signal. The effect of this potential level
of contamination is predicted in [47], with the conclusion that a 5-15% S-wave KK
contamination could bias the measurement of ﬁ;j /¢ significantly towards zero, thus
favoring the Standard Model value. In order to include the S-wave K K component in
the likelihood fit, it is necessary to combine the B? — J/¢ K K(fq) amplitude with the
equations developed in the previous section for the ¢ meson P-wave state, and calculate
a normalisation factor for the full decay rate.

The decay to the final state including the K K S-wave follows the time dependence
of the C'P odd component of the BY — J/¢ ¢ decay, |f_(t)|, because the combined
J/YKtTK™ or Ji fy state is a C'P odd eigenstate. Contributions from non-resonant K K
and fy are treated simultaneously, as they would be indistinguishable in the current data
sample size and over the mass range considered. The f; component which lies under
the signal ¢ peak is the upper tail of the broad fy resonance, which is treated as a flat
distribution within the narrow ¢ mass window defined in the data selection process for
this analysis (Chapter [3). From this point onwards, both the B? — J/¢KTK~ and
BY — J/4 fo will be written as B? — J/YKK.

First, a probability density for the pure B? — J/¢ KK process is calculated, anal-
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ogous to Equation 1.81l for the B? — J/1 ¢ decay
3

QB(67¢7w7t> = m_WB(t)XﬁP
Qp(6.6.0.1) = - |B(t) x i (1.89)

where (c.f. Equation 1.84, [1.85)

B(t) = (B(t),0,0)
B(t)(t) = (B(t),0,0) (1.90)

and the time dependent amplitudes for B and B? to the C'P odd final state are

o-Tt/2 A
= — g
B(H) = \/Tr + 71 + cos 285 (71, — TH) [E+(t) b (t)] ’
B(t) T [—EL(t) + e E_(1)] . (1.91)

B \/TH+TL+COS2BS (10, — 1)

To combine the probability amplitudes for the J/Y KK and J/1¢ final states, it is
necessary to sum and square equations 1.89 and [1.81. It is also essential to account for
the relative phases and mass shapes of the two components. The ¢ meson mass shape
is described here by a non-relativistic (mass dependent) Breit Wigner distribution, and
the S-wave is treated as a flat (non-resonant) mass distribution, as discussed earlier.
Only the relative phase between the two components can be measured, and the S-wave
can take any phase with respect to the P-wave part.

Defining the parameters: Fj, as the fraction of J/¢YKK; pu, as the ¢ mass (1019
MeV/c?); Ty as the ¢ width (4.26 MeV/c?) [10], and d, as the relative phase of the
J/YK K component, the normalised probability for the combination of the final states
can be written as

9 2

167

pB(Q, ¢, ¢7 t :u)

i0s M A
[\/ 1 — Foh(u)A(t) 4 €\/Fy, 3 B(t)} X

paB.00. ) = o [Vl—sth(u)A(t)ﬂLe”S st%mt)} <

2 (1.92)

when the reconstructed ¢ mass p lies within a window p;, < g < pp;. In Equation 1.92,
the ¢ meson mass propagator, h(u), is of the relativistic Breit Wigner form:

h(n) = Fﬁf = u¢14r¢r¢/2’ (1.93)

2(ug, —
Wi, = tan~! M Aw=wp —w,  (1.94)

Ly L'y
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The S-wave KK state’s flat mass distribution is given by g(u):

1
9(p) = —F=, (1.95)
VAL
where the K K invariant mass window is
Ap = pni — fuo (1.96)

In order to simplify the expansion of Equation [1.92] the mass dependent function
F(u) can be defined

[ Fa(l=Fy)Ty et
Flu) = \/ 2ApAw . p— iy — il /2 (1.97)

In this analysis, for the final fit function the K K mass will be integrated over, so the
quantity of interest in this case is the integral of F(u)

Fo(1 = Fsu)ly s fthi — py — i1'/2
I,= dyu = ce'% ] . 1.

Following the procedure as for the B — J/1 ¢ decay, the time dependent equivalent
of [1.89, the C'P odd final state which incorporates the S-wave K K, is defined as

3

- —|B n|?
3 R
= ﬁ'B x af?| f-(t)]*. (1.99)
for the BY initial state and
3 & L 12
QB(97¢7¢775> = 16_7T|B+<t) X TL’
3 o
= LB APl (1.100)

for the BY initial state.

Now, the combined time dependence can be expanded, integrating over the ¢ meson
mass and using the identity defined in Equation 1.98, as

pB<97 wu (bat? Fsun 6310) = (1 — st) : PB(eawa ¢7 t) + stQB(97¢7 (b? t)

YR (B 0y (A x i) I (OF

+ (Bxn)-(Aypxn)- fit)- f2(1))] (1.101)
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pB<97¢a ¢7ta Fsun 65w> = (1 - st) : PB(QJZ% ¢, t) + stQB(ea @D» ¢7 t)

+ 2%9%[1M((B x i) - (Ao xn) - |f-(t)

B xq) (A x ) Fi(t) T (0)] (1.102)

The equations necessary to construct a likelihood fit function with the aim of mea-
suring the C'P violating parameter (3, in the channel B? — J/1 ¢ (written from this
point as ﬁ;’ / M) have been defined in this section. These will be developed in the con-
text of the experimental method, to include detector effects, and combined into a full

maximum log likelihood fit in Chapter 4.

There exist several symmetries under transformations of the equations describing
the BY — J/¥ ¢ decay, which will also be defined along with a discussion of their
implications in Chapter 4. These can be reduced by adding flavour tagging information
to follow the time dependence of an initial B or BY state separately, and by the
inclusion of the additional S-wave By — J/YKtK~ or By — J/¢ contamination, but
with the currently available statistics it is not possible to determine between two values
of B;] /Y% which are equivalent under the symmetry described in Section 4.6, preventing

the possibility of measuring an exact point value of 6;] /P9 at this stage.

1.6 Review of current experimental status

The analysis documented in this thesis uses the largest sample of BY — J/v ¢ de-
cays available to date, as well as improvements to the analysis method over previous
studies, which are described in Chapter 4. Both the CDF and D@ collaborations have
published measurements of the parameters of interest in B? — J/1 ¢ decays, using
datasets of about 25% of the size of the sample described in this thesis. Addition-
ally, these collaborations have produced more recent preliminary updates which have
been combined to make the most of the statistics available from the Tevatron collider
experiments. So far these are the only two experiments to analyse this decay chan-
nel, although the B factories, BaBar and Belle have published measurements for the
BY system in the kinematically similar B® — J/v K* channel [48], [49].

Using a data sample of around 2500 BY — J/v ¢ signal events, CDF found [50]:

cTs = 456 £ 13 (stat.) £ 7 (syst.) pm

AT = 0.076700% (stat.) & 0.006 (syst.) ps~*
[A)(0)2 = 0.230 £ 0.021 (stat) & 0.007 (syst.)
145(0)2 = 0.530 = 0.027 (stat) = 0.009 (syst.)

with the assumption of no C'P violation (ﬁ;] / 7/}(b:().O) and no flavour tagging used in
the fit. From this analysis, with ﬁg] /b floating, there was not sufficient sensitivity to
exclude any range of values for ﬁ;] /Y% at the 68% confidence level.

The CDF analysis published in 2008 [4] using around 2000 BY — J/v¢ ¢ signal
events included flavour tagging of the initial BY meson state. This found ﬁ;] 9 10 lie
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within [0.16,1.41] at the 68% confidence level.

For comparison, the D@ collaboration published a measurement in 2007 [5] using
a non-flavour tagged analysis with the hypothesis of no C'P violation, with 1040 signal
BY — J/1 ¢ events giving

e, = 456 + 24 (stat.)"s (syst.) pm
AT = 012150 (stat.) £ 0.02 (syst.) ps~*

In a separate paper [51], DO present the angular amplitudes

|A(0)]* = 0.244 £0.032 (stat) & 0.014 (syst.)
|40(0)]* = 0.555 4 0.027 (stat) & 0.006 (syst.)

from a fit without flavour tagging, assuming ﬁ;] % —0.0.

The most recent updates prior to the measurement described in this thesis were
presented as preliminary results by the CDF and D@ in 2008 and 2009 [7] [52],
each with about 50% of the statistics of the current dataset. These analyses were
combined [6], finding 37/%¢ in the range [0.27,0.59] U[0.97, 1.30] at the 68% confidence
level, which gives a probability of 3.4%, or 2.1¢ for the Standard Model expected values
of ﬂ;] /%¢ and AT. This hint at a deviation from the Standard Model expectation adds

. . . J
further incentive to produce a more precise measurement of s Asd



Chapter 2

Experimental apparatus

The data analysed and presented in this thesis were collected at the Collider Detector
Facility (CDF-II detector) from 2002-2009 of the ongoing Run-II data taking period
at Fermilab. This detector is at one of two collision points in the Tevatron accelera-
tor, which collides protons with antiprotons at 1.96 TeV centre of mass energy. This
chapter first describes the components of the Fermilab accelerator complex, and the
methods used to produce and accelerate protons and antiprotons, then gives details
of the CDF-II detector, with particular focus on those detector components used for
this and other B-physics analyses.

2.1 The Tevatron accelerator complex

The Tevatron is a super-conducting synchrotron, of 1 km radius, which was the
world’s highest energy particle accelerator until December 2009 when it was surpassed
by the energy of the Large Hadron Collider (LHC) at CERN. The current Tevatron
accelerator is an upgrade of the original, and is referred to as the Run-II Tevatron. Its
name derives from the term Tera electron Volt, as it accelerates protons and antiprotons
to 980 GeV (0.98 TeV) in standard running for Run-II.

The Tevatron is the final stage of acceleration for beams of protons and antiprotons
produced at the Fermilab accelerator complex. The full chain of accelerators is shown
in figure 2.1. In addition to providing colliding beams for the two detectors positioned
around the Tevatron, CDF and D@ [53], the complex can send high energy beams to
fixed target experiments and test beam facilities at Fermilab.

2.1.1 Proton production and acceleration

There are three components of the accelerator system which are collectively known
as the Proton Source: the Cockroft Walton (Pre-accelerator), Linear accelerator (Linac)
and Booster.

Cockroft Walton Pre-accelerator

The Pre-accelerator is the first stage of the acceleration chain, there are two electro-
static accelerators of the Cockroft Walton design [54] which provide negatively charged
hydrogen ions to the Linac. Only one of the two is used at any time. Each consists of
a H~ ion source contained in an electrically charged dome. The H™ ions are linearly
accelerated to 750 keV by the potential of the negatively charged dome, and then travel
through a transfer line to the Linac.

37
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Figure 2.1: The Fermilab accelerator chain

Linac

The Linear Accelerator (Linac) [55] accelerates the 750 keV H~ ions to 400 MeV.
It consists of two sections, the first is made up of five Alvarez drift tubes which are
named for the Professor of Physics, Luis Alvarez, who designed the Linac at Berkley in
1947 on which the original Fermilab linac design was based. This section of the chain
accelerates the ion beam from the input 750 keV to 116 MeV. The second part is a set
of seven radio frequency (RF) cavity modules, which operate at 805 MHz and accelerate
the beam to 400 MeV.

Booster

At the booster stage, the 400 MeV H~ ions are striped of their electrons, leaving
only the protons which are accelerated to 8 GeV. The Booster [56] is a synchrotron of
75 m radius, with 19 RF cavities interspersed with 96 bending and focusing magnets
about its ring. Before the Fermilab accelerator complex was built, most proton colliders
used protons directly injected from the linac into the main accelerator, however, a Linac
capable of producing 8 GeV protons required for the Tevatron would have had to be
about 6 km long, which was too expensive and impractical to be implemented. The
solution was to add a booster synchrotron, a circular accelerator which accelerates the
protons in bunches. The term bunch refers to the portion of a proton beam in a stable
phase space area of the RF accelerator, which can be captured and accelerated by the
application of RF. The beam is accelerated in cycles in the Booster, gaining energy
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each time it circulates, the full process of acceleration to 8 GeV takes approximately
33 ms, then the beam can be transferred to the Main Injector.

Main Injector

The Main Injector (MI) [57] is a second synchrotron accelerator, it has several modes
of operation, of which the ones of relevance to the high energy collisions will be discussed
here. The MI has 18 accelerating RF cavities, and increases the energy of beams to 120
GeV or 150 GeV according to the mode of use.

In antiproton (Pbar) production mode, the MI takes protons at 8 GeV energy from
the Booster, combines two Booster batches in a process called slip stacking and accel-
erates them to 120 GeV, before sending them to the Antiproton source which will be
described in the following section.

For injecting beams directly to the Tevatron, the energy reached is 150 GeV. For this
mode, the MI can take antiproton beams from the Antiproton source as well as protons
from the Booster. For injecting protons the MI takes seven bunches from the Booster
and combines them into a single bunch, by a process called coalescing. This is repeated
36 times to load the protons necessary for a standard store in the Tevatron. For the
antiprotons, the MI takes four antiproton bunches and accelerates them to 150 GeV,
repeating this four times to acquire the 36 bunches equivalent to the proton bunches
for collision in the Tevatron.

2.1.2 Antiproton production, storage and acceleration

Antiprotons are not abundant in any terrestrial source, so their production is a
challenge for any proton-antiproton collider [58]. At Fermilab they are produced in
collisions of protons with a fixed target and selected from the large range of collision
products. Storage and control of the antiprotons also requires sophisticated techniques,
which will be described in the following sections.

Target

The antiproton source is a nickel alloy fixed target, which is struck by high energy
protons from the MI. The product of these collisions is a spray of particles, a small
fraction of which are antiprotons. The antiprotons at 8 GeV are selected using a pulsed
dipole magnet to control the momentum and charge, and sent to the Debuncher.

Debuncher

The antiprotons directly from the antiproton source have a wide spread of momen-
tum and transverse phase space. For high energy collisions, it is advantageous to have
a focused, narrow beam, as will be discussed further in Section 2.1.3. For the proton
beams, this can be achieved by discarding the particles which are outside the required
phase space, because of the abundance of protons and their relative ease of production.
The antiprotons, however, are too valuable to be thrown away like this, so they have
to be treated using more efficient methods.

The first stage of controlling the antiproton momentum spread is carried out by RF
bunch rotation and adiabatic debunching. The Debuncher RF system takes bunches
from the target, which are short in time spread, and have a large momentum spread;
it rotates them in phase space resulting in bunches with small momentum spread and
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a larger time spread. By lowering the RF voltage, the beam is then adiabatically
debunched.

The beam is further reduced in momentum spread and transverse beam size by
stochastic cooling. In this context, cooling refers to narrowing the spread in phase
space of the beam. Stochastic cooling was pioneered by Simon van der Meer [59] in
the UA1 experiment at CERN in the early 1980s. This technique was essential in the
discovery of the W and Z bosons, for which van der Meer was awarded the Nobel Prize
in 1984, along with the physicist Carlo Rubbia [60]. The method relies on feedback from
pickup sensors at one point in the ring, to kicker electrodes at a further point. The
sensor detects the spread in the transverse or longitudinal motion of the antiprotons,
and sends this information to the kicker, a magnet which applies a force to correct it,
as demonstrated in Figure 2.2. Stochastic cooling is also used in the Accumulator stage
of the antiproton source, and in the Recycler.

Processing
Electronics

.

Orbit

Figure 2.2: The stochastic cooling method [61]

Accumulator

The second synchrotron of the antiproton source is the Accumulator, which is of
similar dimensions to the Debuncher. It is a storage ring for 8 GeV antiprotons, which
undergo further cooling there before being sent to the MI for acceleration.

Recycler

Another antiproton storage ring is the Recycler. It’s original purpose was to recycle
remaining antiprotons from a Tevatron store and re-cool them along with the new
antiprotons from the antiproton source [54]. However, problems with this use in early
in Run-II caused a decision to change the system so that it is now only used to store
and further cool antiprotons direct from the antiproton source.

In addition to stochastic cooling, as described for use in the debuncher, the recycler
uses Electron cooling. Stochastic cooling loses effectiveness at higher intensities, when
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there are more than 200 x 10'° antiprotons in the Recycler electron cooling is more
suitable. Electron cooling was developed by G.I. Budker at Novsibirsk [58]. It works on
the same principle as a heat exchanger, in that the “warm” (wide momentum spread)
beam of antiprotons travels parallel to a “cool” beam of electrons, and as the beams
interact, the energy of the warmer antiproton beam is transferred to the cooler electron
beam, thereby reducing the spread of the antiproton beam.

2.1.3 Tevatron collisions

The final stage in the Fermilab acceleration process is the Tevatron [62]. This
accelerator stands apart from the rest of the chain in several aspects; it is the largest
ring, the only cryogenically cooled accelerator and the only device capable of operating
in colliding beams mode. The Tevatron takes both protons and antiprotons from the
MI at 150 GeV and accelerates them to 980 GeV energy. The beams are collided at two
points along the circumference of the accelerator, corresponding to the two colliding
beam experiments at Fermilab, CDF and DQ.

The super-conducting magnets used by the Tevatron require cryogenic cooling to
maintain their super-conductivity, which allows very high currents to pass through them
in order to create a strong magnetic field. Liquid helium is used to keep the magnets at
around 4.6 K. There are three main uses of magnets in the Tevatron: bending, focusing
and correcting the beam. Dipole magnets are used to bend the beams into a circular
trajectory. These produce a radial force on particles which travel through the beam
pipe as it passes through the magnet. Focusing magnets are quadropoles, they focus
the beam by applying equal forces about the beam pipe, such that a particle in the
centre of the beam will feel no net force, but one which is out of alignment will be
pushed towards the centre by a force in the opposite direction to the one in which it is
off-centre, thus correcting any misalignments. Quadropoles are also used to focus the
beam to the collision (interaction) points.

Luminosity and energy

Two features in particular characterise a particle accelerator: its luminosity and
energy. The energy reached by the machine determines the type of physics which
can be investigated with it, by way of the range of the particle masses which can
be produced in the resulting collisions. The luminosity, however, determines the rate
of data acquisition. This affects the likelihood of observing rarely occurring events,
and the statistical uncertainties on measurements made with the detectors. This can
be understood by considering the definition of luminosity. The probability of a beam
particle colliding with another from the opposite beam is given by the interaction cross-
section, o;,:. The rate of these interactions in a detector is [62]

R = JintL (21)

where the luminosity, L is a measure of how likely the particles are to interact between
the two beams. It is given in the Tevatron by

I faN,N;  fnN,N; 7 (al) (2.9)

A 2n(02 + 02) B*
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where f is the revolution frequency, n is the number of bunches per beam, N, ; is the
number of particles per bunch and A is the cross sectional area of the beams. In the
right hand side of Equation 2.2, A is written in terms of the standard deviation of the

ﬂ*) which is defined by

the bunch length, o; and the interaction point beta function, 8*. From Equation 2.2/ it
is clear that focusing the beams, as discussed in previous sections, increases the lumi-
nosity by reducing the denominator size. Increasing the luminosity increases the rate
of interactions, therefore making greater statistics available for the experiments. The
Tevatron Operations group have been consistently increasing the luminosity provided
to the experiments throughout the run period of the detector. Figure 2.3/ shows the
rate of increase in peak luminosity week by week since the start of Run-II, where peak
luminosity is the highest luminosity point, occurring at the beginning of a store of pro-
tons and antiprotons injected into the Tevatron. Integrated luminosity is the measure
of total data delivered to the exneriments. which is shown for Run-II in Figure 2.4l
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Figure 2.3: Tevatron Run-II peak instantaneous luminosity [63]
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Figure 2.4: Tevatron Run-II integrated luminosity [63]

2.2 The CDF detector

The CDF detector saw its first pp collisions in 1985, since then it has been upgraded
to meet new physics goals and to keep up with the increases in Tevatron luminosity. The
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latest version of the detector, CDF-II, was completed in 2002. It is a general purpose
solenoidal detector with strengths in charged particle tracking, calorimetry and muon
detection. The design is symmetric both forward-backward, and azimuthally, and as a
multi-purpose detector it is optimised to extract the maximum information about the
properties of a wide range of particles produced in pp collisions. A full description of
the various components which make up the CDF Run-II detector is given in [64].

Before introducing the sub-detectors of CDF, some terms used in the detector de-
scriptions will be defined.

Coordinate system definition

The three coordinate systems of the CDF detector [65] each have their origin at
the collision point in the centre of the detector. In Cartesian coordinates, the z-axis
is along the beam direction, with the positive direction following the motion of the
proton beam, the z-axis is in the horizontal plane pointing radially outwards from the
centre of the Tevatron ring, and the y-axis points vertically upwards from this. Due to
the cylindrical shape of the detector, it is practical to also use both polar (p, ¢, ) and
cylindrical (r, ¢, z) coordinates. In these cases, the p and r coordinates define the radial
distance from the origin. The angle ¢ is the azimuthal angle, and the plane r — ¢, is like
the © — y plane, transverse to the beamline, the polar angle, 8 is defined with respect
to the x-axis.

In addition to the coordinates described, it is useful to define the angular variable
7, the pseudorapidity

0
n = —Intan (5) (2.3)
which is equivalent in the ultrarelativistic, massless limit, to the rapidity of a particle

1. E
e Mt Y (2.4)
2 E — Dz

Y

Overview of the CDF detector

A cut-away view of the CDF detector is shown in Figure 2.5l The beampipe lies at
the centre of the detector. The tracking system, consisting of a silicon microstrip detec-
tor surrounded by a multi-wire drift chamber, surrounds the beampipe. The trackers
have a cylindrical geometry about the beamline. Immediately outside of the tracking
is the Time of Flight (TOF) detector which is used to gain particle identification in-
formation. A super-conducting solenoid surrounds these inner systems, providing a 1.4
Tesla magnetic field longitudinal to the beamline. The calorimeters lie outside of the
solenoid, to absorb the energy of particles which interact with them. The muon detec-
tors form the outer layer of the CDF detector, because muons are minimally ionising
particles, which lose little energy in the inner parts of the detector and can therefore
be identified by reaching the outlying muon chambers.

The following sections give an overview of the functions of the detector and its
components.
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Figure 2.5: Elevation view of half of the CDF Run-II detector

2.2.1 Tracking detectors

Tracking refers to the measurement of the trajectories of charged particles traversing
the detector volume. This allows the measurement charge and momenta of particles and
the calculation of kinematical quantities. Through the process of ionisation, charged
particles leave deposits of charge and energy in the detector, which are called hits. The
pattern of these hits can be combined to reconstruct tracks of particles. In addition,
the tracks can then be put together to calculate the points in space (vertices) where a
particle has decayed to daughter particles.

The CDF Run-II tracking system is based on a similar design to the Run-I detec-
tor, which was operational 1987-1996. An upgrade was necessary to cope with the
higher luminosities expected in Run-II, and to improve the silicon tracking with newer
technology. The Run-I Central Tracking Chamber (CTC) has been replaced with the
Central Outer Tracker (COT), a small cell, higher luminosity capable drift chamber,
with significantly better stereo tracking than its predecessor. The second generation
silicon detector for Run-II has greatly improved coverage and tracking power.

The layout of the CDF Run-II tracking system is shown in Figure 2.6, and the
sub-components described in more detail in the following subsections.
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Figure 2.6: Layout of the CDF Run-II tracking system (side view)

Silicon trackers

A silicon strip detector, such as those used in CDF, is a reverse-biased p-n junction,
with the p or n side segmented into fine strips. When an ionising particle passes through
the detector, it leaves a trail of electron-hole pairs, which are separated by the electric
field. The purpose of the reverse biased voltage is to increase the gap between the
conduction and valance bands of the p-n junction, thereby reducing thermal currents.
By reading out the charge deposited on individual strips, a localised position for the hit
can be obtained. CDF uses both single and double sided silicon microstrip detectors.
Single sided detectors have strips for only one side of the junction, for double sided
detectors both sides are segmented. With double sided strip detectors, one side can be
segmented into strips at an off-set angle to the other. In the case of CDF, the p side
strips are parallel to the z axis, and the n side is segmented at a stereo angle to the
z direction. This means that in addition to getting a precision measurement in the ¢
direction on the p side, z position information can be recorded on the n side.

The silicon tracking system consists of the Silicon Vertex Detector (SVX II), In-
termediate Silicon Layers (ISL) and the innermost part, Layer 00 (L00). These are
illustrated in Figure 2.7.

The SVX II [66] is the main component of the silicon system. It is made up of 3
barrels, each 29 cm in length, divided into 12 wedges in ¢. Each wedge is constructed of
5 silicon sensor layers radially located 2.45-10.65 cm from the beam pipe. The sensors
are mounted in units called ladders, in groups of four, which are fixed to a bulkhead
containing cooling channels at the end of each barrel. This sub-detector uses double
sided silicon strip sensors, with three layers of 90° stereo sensors and two of small angle
stereo sensors, giving 3D vertex reconstruction capability and pattern matching with
the outer tracking systems. The resolution in r — ¢ for SVX II hits is 9um.

Between the beam pipe and the SVX II detector lies the LO0O silicon detector [67].
This single-sided, radiation hard microstrip detector is designed to withstand the high
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Figure 2.7: Cross section view of the CDF silicon detectors

radiation environmental conditions and extend the useful lifetime of the CDF silicon
system. The inner layers of the SVX will cease to be operational as radiation damage
occurs and the double sided sensors can no longer be depleted at the maximum bias
voltage, but LO0O is built to take higher bias voltages, and therefore remain functional
as radiation damage occurs. It is positioned at 2 cm radially from the centre of the
beampipe, has full azimuthal coverage and extends to |z| < 47 cm.

The final silicon sub-detector is the ISL, which provides coverage between the SVX
IT and the COT. It is divided into three layers, a central one at 23 cm radially, one
at 20 cm and one at 28 cm. The purpose of the central layer is to provide tracking in
conjunction with the COT, the other layers cover the region of 1.0 < |n| < 2.0 which
is not available to the COT. The ISL is a double layer microstrip detector with small
angle stereo sensors.

Central Outer Tracker

The sub-detector radially outside the ISL is the COT [68], a cylindrical open-cell
drift chamber, which spans the radial space 44-132 cm from the beamline. The COT is
mainly used for charged particle tracking in the central pseudo-rapidity region, |n| < 1,
it has full azimuthal coverage, and spans an axial range of 310 cm. The COT has
excellent tracking resolution: the hit resolution is 140 ym and the transverse momentum
(pr) resolution is o,r/pr 0.15% - pr.

There are 30240 sense wires running end to end of the detector, half of which are
axial, and half are stereo with an angle of 2°, giving an accurate r — ¢ measurement for
calculating transverse momentum, py, but less precise information in the r — z plane.
The sense wires are arranged in 96 layers radially, which are grouped into 8 super layers,
as shown in Figure 2.8, numbered 1-8 from the centre. The super layers are divided into
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Figure 2.8: Layout of the COT super layers, showing 1/6 of the endplate, dimensions in cm.
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supercells, consisting of 12 sense wires, the layout of these is shown in Figure 2.9. The
number of supercells in a super layer scales with distance from the beampipe, i.e. the
cells are of constant size. In each supercell there is a wire plane which contains as well
as sense wires, potential wires which are used to shape the field. Both types of wires are
made of gold plated tungsten with 40 pm diameter, and each supercell is surrounded
by a 6.35 pm Mylar cathode with vapour deposited gold on each side, which is shared
between adjacent cells.

The COT is filled with a 50:50 mix of argon and ethane gases plus isopropyl alcohol.
Charged particles pass through the chamber ionise the gas leaving a trail of electrons,
which are attracted towards the sensor wires by the electric field between the potential
wires and the cathodes. In order to compensate for the Lorentz angle of electrons
drifting in the magnetic filed of the solenoid, each supercell is angled 35° with respect
to the radial direction.

In addition to tracking, the COT is used to measure charged particle ionisation en-
ergy loss. As drifting electrons get closer to the surface of the wires, they are accelerated
by the local electric field, which causes an avalanche due to secondary ionisation. The
effect of this is a signal on the sensor wire which is processed out by the attached read-
out electronics, an ASDQ (amplifier, shaper, discriminator, charge encoded) chip [69].
The width of the digital pulse encodes the amount of charge collected, which after cal-
ibration to remove any kinematic or environmental dependences, gives the ionisation
energy loss of a particle, dF'/dz. This is an important parameter in particle identifica-
tion (PID) and will be discussed in more detail in Chapter 3. The leading edge of the
pulse gives timing information for a track.

The Tevatron has surpassed the Run-II luminosity expectations, and in 2007 it was
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Figure 2.9: Sketch of three supercells in super layer 2, looking along the Z direction

necessary to take the effect of the high luminosity regime on the COT sub-detector. In
order to minimise the radiation effects, and avoid overwhelming the readout electronics
(event selection and triggers to be discussed later in this section), the dE/dx readout
functionality of the inner two super layers of the COT was switched off. The dFE/dx
measured from the COT before and after this change needed to be carefully studied
and recalibrated, the full details of which are detailed in Chapter 3.

2.2.2 Time of Flight

The use of the COT in particle identification has been introduced; the detector
component radially outside of the COT is the Time of Flight (TOF) system, which
exists to enhance PID of low momentum particles. The primary purpose of the TOF
detector is to identify charged kaons in order to improve B meson flavour tagging, it is
also used in certain applications in the CDF trigger system, such as cosmic ray, highly
ionizing particle and high multiplicity triggers. The triggers used in CDF are the first
level of event selection, and will be discussed in detail later in this section. The flight
time of a particle combined with its momentum can give an estimate of its mass, which
can be used to identify the particle type.

The TOF detector consists of a single barrel of 216 Bircon scintillator bars, 279 cm
long with a cross section of 4x4 cm, within the magnetic field of the solenoid. The bars
are arranged radially around the COT, and run parallel to the beampipe. The TOF
system lies 138 cm from the beampipe, which is approximately 5 ns flight time for the
fastest particle types, and covers the pseudorapidity region |n| < 1. Time of flight is
defined as the time of arrival at the TOF scintillator, minus the collision time, ¢3. Each
end of every bar is read out by a fine mesh photomultiplier tube (PMT), with a total
of 438 PMTs. When a particle passes through the scintillators, it leaves a deposit of
energy which causes a flash of light which is detected and amplified by the PMTs.
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The timing difference read out by PMTs at two ends of a scintillator bar indicates
the z position of the particle. As well as a timing measurement, the PMTs readout a
measurement of charge, which is used in triggering, as well as in calibrating the TOF.
The resolution is of order 100 ps, which gives a 20 separation between charged, low pr
pions and kaons. The use of time of flight as a particle ID variable will be described
in Chapter 3. As a PID tool, TOF is complementary to dF/dx, as its strength lies
in separating low momentum particles, in the range p < 1.6 GeV/c, which is poorly
covered by dE/dz.

2.2.3 Solenoid

The tracking and time of flight detectors are immersed in a 1.4 Tesla magnet which
is generated by a superconducting solenoid. Charged particles moving in a magnetic
field travel in a helix, the curvature of which can determine the momentum of a particle
from its tracks, and the sign of the curvature gives the charge of the particle. The
solenoid coil is made from single layer aluminium stabilised monolithic NbTi/Cu, it
is supported by an aluminium cylinder which lies outside of the coil [70]. To achieve
superconductivity, the solenoid is cooled with liquid helium to around 4.7 K.

2.2.4 Calorimeters

The detector components outside of the solenoid are not used in tracking, therefore
do not need the magnetic field to bend charged particle trajectories. The next parts
of the detector, are the calorimeters which are used to measure the energy of particles
stopped by them, and separate electrons and photons from hadrons. Muons, which are
minimally ionising and therefore deposit only a small fraction of energy passing through
the calorimeter material, leave little trace in the calorimeters and pass through to the
muon detectors which are described in the next section. Calorimeters are particularly
important in identifying neutral particles, which do not leave tracks in the inner detec-
tors. They are also essential in deducing the likelihood of the presence of a neutrino
in an event, as neutrinos do not interact with the detector but can be observed by the
absence of energy that should be present due to energy-momentum conservation, called
missing energy.

CDF has two types of calorimeter: electromagnetic (EM) which mainly absorb
photon and electron energy through EM interactions and hadronic (HA) which absorb
energy from hadrons via the strong interaction. The central EM and HA calorimeters,
the CEM and CHA, surround the tracking system radially, and cover the pseudo-
rapidity range |n| < 1.1 [71]. Coverage in 7 is extended by the plug calorimeters,
PEM and PHA, to || < 3.6, and the region between the central and plug areas is
bridged by the WHA [72].

The calorimeters are made up of alternating layers, of a scintillator which absorbs
energy and emits light, and a passive metal which the incident particles interact with
and lose energy to. In the central calorimeter these are arranged in wedges consisting
of lead-scintillator layers for the EM section and a steel-scintillator hadron section. The
wedges are segmented into towers, each of which covers about 15° in ¢ and 0.11 in 7.
The plug calorimeters are also segmented in towers, these vary in n — ¢ coverage. The
PEM, like the CEM, uses lead interspersed with the plastic scintillator layers, the PHA
consists of iron-scintillator layers and the WHA layers of steel and scintillator. Read
out is done via PMTs which amplify the signal from the absorbed particles.
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The EM calorimeters rely on Bremsstrahlung and photon absorption in the lead
absorber to create showers of particles; the energy of these showers is proportional to
the energy of the initial particle. Each lead layer absorbs a fraction of the shower,
creating a further cascade of EM interacting particles which deposit energy in the next
scintillator layer.

Particles are stopped in the hadron calorimeter by interactions with nuclei in the
iron layers. As the nuclear interaction cross section is significantly lower than the EM
cross section, the hadron calorimeters need much more material to stop particles which
travel through it. The main fraction of the calorimeter size consists of the hadron
sections, which lie outside the EM calorimeter sections.

The EM calorimeters are enhanced by showermax detectors, CES and PES, which
are gas filled wire and strip chambers. These give position measurements which can
be matched to tracks, and a transverse profile of the shower, to separate photons from
neutral pions. Additionally, preshower scintillator tile chambers (CPR and PPR) are
positioned on the front of the central calorimeter wedges and the first layer of the PEM.
These improve soft (low momentum) photon and electron identification.

2.2.5 Muon detectors

The furthest detector component from the beampipe is the muon system. It was ex-
plained in the previous section that as minimally ionising particles, muons pass through
the rest of the detector losing little energy, and if they have sufficient momentum they
reach the muon drift chambers. A particle entering the muon chambers leaves a track
which is registered as a muon stub. As they are charged, muons leave tracks in the
COT; if a COT track is matched to a muon stub these can be combined to make up a
muon candidate. The design of the detector is such that other types of particle than
muons should be absorbed by the material between the beam pipe and the first of the
muon detectors.

Muon identification is important for the analysis described in this thesis; the dimuon
(J/) trigger is used to select J/1) — pp events, which make up half of the final state
particles of the By — J/1¢¢ decay. The CDF triggers will be explained in the final part
of this chapter.

The CDF muon system [73] consists of several subcomponents, the main part is
the Central Muon detector (CMU) which was the initial muon system of the Run I
detector. During Run I, the muon system was upgraded by adding the central muon
extension (CMX) and central muon upgrade (CMU) components. These components
were improved and finalised for Run II. An additional section, the Intermediate Muon
detector (IMU), extends the coverage in n to the forward region. The 1 — ¢ coverage
of the different muon detector components is shown in Figure 2.2.5. Features and
properties of the muon detectors are summaris