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Abstract

Thig thesis presents an experimental investigation of the dynamics of strange
and charmed particle production in ep collisions. The first observation, in ep colli-
sions, of the inclusive production of the D}, the D*, the D°, and the Al is presented.
These signals are used to measure the asymmetry in the production rate of D° and
D ; this asymmetry is found to be consistent with the prediction from Monte Carlo
simulation using LUND string fragmentation. These signals are further used to
measure the D} to D’ production ratio and also the ratiofor D'* to D° production.
The signals were observed in a data sample collected with the ZEUS detector in
1994. The corresponding HERA luminosity is 2.875 + 0.043 pbl.

The D: is reconstructed via the decay channel D: - ¢x°, and the cross sec-
tion for ep —» D: X is measured tobe 11.5 + 4.0 (stat) + 3.4 (syst) nb. The kinemat-
ic range covered is for pp(D,) >3.0 GeV, a hadronic centre-of-mass energy
100<W<300 GeV, and a pseudorapidity -1.6 <n(D,) < 1.0. The D" is reconstructed
via the decay channels D’ 5 K'x' and 50 > K’x", and the /b asymmetry is
measured to be -0.3+10 %. The cross section for the process ¢p — D°X is measured
to be 31.9 £5.0 (atat) £ 5.4 (syst) nb. In this case the kinematic range covered is
pr(Do) >3.0 GeV, 100<W<300 GeV, and -1.5<n(D°) <10. By comparing the
croas-section ratio ¢ (ep - D} X) /o (ep -+ D°X) to the ratio calculated from a Mon-
te Carlo model, the strangeness suppression factor y, is measured to be
0.48 +0.18 (stat) £ 0.12 (syst). This value is consistent with the strangeness sup-
pression measured in ¢’ ¢” experimenta. The cross-sections for D° and D" * produc-
tion for Q" <4 GeV® are used to calculate a vector-to-pseudoscalar ratio Py of
0.86 + 0.20 (stat) £ 0.11 (syst). This measurement agrees with the prediction from
the ratio of possible spin states.

Kurzfassung

Diese Doktorarbeit zeigt eine experimentelle Unterauchung der Dynamik der
strange und charm Teilchen-Produktion in ep Kollisionen. Die erste Beobachtung,
in ep Kollisionen, der inklusiven Produktion vom Df ,dem D*, dem D°, und dem
Al wird gezeigt. Diese Signale werden benutzt um die Asymmetrie in der
Produktionsrate von D° und D’ 2u messen; diese Asymmetrie stimmt mit der
Vorhersage von der Monte Carlo Simulation der LUND String- Fragmentation- An-
wendung @ber ein. Weiter werden diese Signale fir die Messung des Df zum D'
Produktionsverhéltnis und ebenfalls fiir die Messung des Verhiltnisses fur D" * -
zur D°- Produktion benutzt. Die Signale sind in einer Datennahme mit dem ZEUS
Detektor im Jahre 1994 gesammelt worden. Die iibereinstimmende HERA Lumi-
nositit ist 2.875 + 0.043 pb'l,

Das D} ist im Zerfallskanal D, —»¢% rekonstruiert und der Wirkungs-
querachnitt far ep —>Df X ist zu 11.5 £ 4.0 (stat) + 3.4 (syst) nb bestimmt worden.
Das kinematische Bereich ist py(D,) > 3.0 GeV, eine hadronische Schwerpunkts-
energie 100<W<300 GeV und eine Pseudorapiditat -1.5 <n (D,) <1.0.Das D%istin
den Zerfallskandlen D° >K°n' und D > K ' rekonstruiert, und die D°/0°
Asymmetrie ist zu -0.3£10 % bestimmt worden. Die Wirkungsquerschnitte fur
ep > D°X ist zu 31.915.0 (stat) $ 5.4 (syst) nb bestimmt. In diesem Fall ist das
kinematische Bereich p,-(D“) > 3.0 GeV, 100<W<300GeV,und -1.5< (D% <10.
Durch Vergieich des Wirkungsquerschnitt-Verhiltnisses o (ep — D! X)
/6(ep —bDOX) zum Verhditnis, von einem Monte Carlo Modell kalkuliert, wurde
die Strangeness-Unterdruckungsfaktor Y, zu 0.48+0.18 (stat) £ 0.12 (syst) be-
stimmt. Dieser Wert stimmt mit der Strangeness-Unterdrickung die in e'e’
Experimenten gemessen worden ist, tberein. Der Wirkungsguerschnitt fir D° und
D"* Produktion fir Q2 <4 GeV” werden benutzt um eine Vektor- und Pseudoska-
lar- Haufigkeit Py von 0.86 % 0.20 (stat) £0.11 (syat) zu kalkulieren. Diese Mes-
sung stimmt mit der Vorhersage von der Héufigkeit des moglichen Spin-Zustandes
tiberein.
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Chapter1

Introduction

“There are therefore Agents in Nature able to make the Particles of Bodies stick
together by very strong Attractions. And it is the Business of experimental Philosophy
to find them out.” (Isaac Newton, Opticks, 1704)

Nearly three hundred years have passed since Newton'a challenge, and we
have the Standard Model, an exceltent, if incomplete, theory of what these particles
are and what causes them to stick together. Down to the smallest distance scales we
can reach experimentally, about 1012 m, the ‘Particles of Bodies’ are pointlike ob-
jects with half-integral spin ( 3 g } (fermions), while the ‘Agents of Nature’ are
similar objects but with integral spin (0% 27, ...} (bosons). The ‘Attractions’ are
four forces, listed in Table 1-1. The strong interaction is the most powerful of the
forces, and is responsible for binding protons and neutrons together. The range of
the strong interaction is confined to distances of about, 10715 m. The electromagnetic
interaction is responsible for binding atoms and molecules, and is the most familiar
force on the human scale. The weak nuclear interaction governa radicactive decay
and initiates the nuclear fuaion process in the sun. Gravity is responsible for the at-
traction of planetary objects and for large scale structures. The Standard Model in-
cludes the first three forces and ignores gravity, due to its negligible strength at the
energy scales currently reachable.

The fundamental matter particles may be grouped into three generations or
families, based on their electric charges and susceptibility to the strong force, as
shown in Figure 1-1. Particles which experience the strong force are referred to as
hadrons (from hadros, Greek for strong or atout), those which do not experience that
force as leptons. Leptons are believed to be fundamental particles, while hadrons are

1. Henceforth unila are used such that = ¢ = 1.

ra

RBoson - . Mass .
Force Name Symbal Charge Spin (GeV) Coupling
~1larger
Strong Gluon g 0 1 0 <1 smaltr
Electromagnetic Photon ¥ 0 1 Q 1/137
W-boson W' +1 1 -80 5
Weak Zboson 70 0 i -9 10
1038
Gravitational Graviton G 0 2 i]

Table 1-1 Fundamental forces.

bound states of quarks, which are fermions having fractional charge. The known
bound statea are comprised either of three quarks ggg (baryons) or a quark and
antiquark pair gg (mesons). Free quarks are not observed in nature, a property re-
ferred to as confinement.

The analysis in this thesis explorea some of the properties of quark confine-
ment, by studying hadron preduction in high energy electron-proton {ep} collisions.
The results of this study teat models for hadron structure, as evident from the dy-
namics of the initial electron-proton collisions, and test models for particle produc-
tion in the final atate. To sift through the background from light quarks (up, down,
strange), the massive charmn quarks are used as probes.

Chapter 1 of this thesis gives an introduction to Quantum Chromodynamics
(QCD), the theory of the strong interaction. QCD-inspired models for hadron pro-
duction are then presented, along with methods to probe them in ep collisions via
charm production. Chapter 2 describes the particle accelerator and detector used in
thia analysis, while Chapter 3 details the trigger and data acquisition aystem. Gen-
eral event characteristica and the tools for their reconstruction are given in Chapter
4. In Chapter B, the observations are presented of the Df charm-strange meson, the
D° meson, the D* meson, and the A} charmed-baryon. In Chapter 6, the charm
hadron signals are used to extract hadronization model parameters.
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Figure 1-1 Fundamental particles.

1.1 Forces and Gauge Theories

The action of each force is represented by the transmission of a virtual gauge
boson, shown in Figure 1-2. The word virtual refers to the fact that these particles
are off mass-shell, meaning that the four-momentum-squared of the particle is not
equal to its rest-mass squared (p2 #m?). This is possible for a short time interval ac-
cording to the Heisenberg Uncertainty Principle.

The carrier of the electromagnetic interaction is the massless, spin-1 photon
yv. Because it is massless, the electromagnetic force is infinite in range. The weak in-
teraction, however, is governed by the exchange of the massive bosons W* and Z,
and has a limited range of about 10! m. The mediators of the strong interaction
are the gluons g. The atrong interaction is also in principle infinite in range; howev-
er it is constrained to the 1-fm scale by the confinement principle, described in Sec-
tion 1.2.2. The spin-2 graviton is predicted to be the carrier of the gravitational
force, but has yet to be observed.

Each force is formulated in terms of a gauge theory. The gauge principle is a
recognition that the Lagmng‘ian1 of a theory remains invariant under a symmetry
operation. Consider the Dirac Lagrangian:

L= ¥ ¥-mPy¥ (-0

which describes a free spin-1/2 particle, with spinor wavefunction
v = (¥,%,%,%,) and mass m. The terms ¥ are the gamma matrices {1}, and the

1. A Lagrangian refera to an equation giving the rules governing the particles and their in-
teractions in a given field theory. Alternately, it determines the Feynman diagrams of the
theory.

-

Yu

&

’ v"\/
w VZ
\
d u/\u

9 qr

[ -]

Figure 1-3 Feynman diagrams for the Standard Model interactions.

derivative operator in four spacetime dimensions is 9, =9/ (dx,) . Thia Lagrangian
is unchanged by a change in phase, by an amount 8, of the wavefunction:

¥(x) »exp (i0) ¥ (x) (1-2)

which is referred to as a global gauge transformation, since the same transformation
is applied to all spacetime points x*. However, if one makes this transformation a
function of z*:

¥ (x) > exp (i8(x) )}V (x) (1-3)

the invariance is lost, as the Lagrangian becomes:

Lo L~ (3.,8)@{“!’ (1-4)



To restore the symmetry it becomes necessary to add a term to the
Lagrangian of the form (¥y'¥)A,, which transforms as:

A, 5A,+38 (1:5)

where a vector field A (x) has been introduced. Classically, this field corresponds to
a force, and quantum-mechanically to a photon. Thus, local gauge invariance of the
Dirac Lagrangian requires the existence of the photon, the carrier of the electromag-
netic force. The phase factor 8(x) is said to be the generator of the symmetry group
U(1), which is the group of unitary transformations in one dimension. The U(1)
gauge theory of electromagnetic interactions is referred to as Quantum Electrody-
namics (QED).

1.2 Quantum Chromodynamics (QCD)

Strong interactions are described by the local gauge transformations in which
the gauge group is SU(3). The SU(3) symmetry is a result of three internal quark
degrees of freedom which do not exist amongst the leptons. These degrees of freedom
are referred to as colour charge, and are arbitrarily given the names red (R), green
(G), and blue (B). All observed hadrons consist of colour singlet combinations of
(RGB), (RGB), and (RR,GG,BB). SU(3) transformations are represented by
the group of unitary 3 x 3 matrices A, [2]. Local SU(3) gauge invariance requires the
introduction of eight massless bosons, the gluons, which carry pairs of colour labels
(i.e. RG,BR, ...) The Lagrangian density for QCD is [3):

Coco = P, -m ¥ - 363 (FFAY) G- 136G 1)

A schematic for each of the three terms in the Lagrangian ia given in Figure 1-3. The
first term representa the propagation of a quark ¥ with mass n. The second term
describes the interaction of a quark field with the eight gluon field potentials G:,
with coupling strength g, which is the probability that a quark or gluon emits a glu-
on. The third term in the Lagrangian represents the gluon-gluon interactions:

G,,23,G,~3,G,-gY [ ,G\C\ a7
3

where [, are structure constants. A significant difference between QCD and QED
is that the gluons, unlike the photon, themselves carry colour charge, and hence can
couple to each other as well as to quarks. This is reflected in the third term in Equa-
tion ¢1-7).

e e

Figure 1-8 Feynman diagrams corresponding to the QCD Lagrangian density.

1.2.1 Renormalization

A difficulty in applying quantum field theories such as QCD is that they pre-
dict the values of some amplitudes to be infinite [3]. For example, the coupling con-
stant of QCI) is defined to be:

2
a, = %‘ (1-8)
The Feynman diagram for the quark-gluon coupling is shown in Figure 1-3, and in-
volves the gluon propagator term:

—iguv
2
q

(19

where g is the gluon four-vector. However, higher order corrections must be added
to this coupling, in terms of order g, g2, and 8o on. These corrections must be inte-
grated over all momenta, resulting in a logarithmic divergence of the coupling
strength. The prescription is to redefine the effective coupling in terms of the scale
at which it is measured:

2 o 2 o, 2,12
2 _E _ o), %P (g %% 4" )| _
og) =3 = a,[l ol M T;Iog(?— (1-10)
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where p is an arbitrary normalization point (the value of q2 at which o, = a‘:), and

the constant
11 2
by = _Q_N‘ - §N’ (1-11
where N, is the number of colours (3) and N, is the number of quark flavours (6).
Equation (1-10) may be expressed as:

o 1

2 = = 1-12
a,(g) oy " 5, 2 ( )
()] Sa(€)
% B\ TERRA VY

where Q2 = —qz and:

Al = u’ezp(-:x ) (1-13)
a,b,

The term A is introduced as a cutoff in Q’. since @, — = as Q2 -» A%, This is referred
to as the ‘Landau pole. When one probes short distances, however, such that
Q% » A?, the coupling constant tends to zero, a property referred to as asymptotic
freedom. This property allows for the application of perturbation theory to QCD at
high Q’. Much of the evidence for the validity of QCD is obtained by measurements
at such acales.

1.2.2 Bound States in QCD

The problem remaing of how to perform calculations in QCD at large distanc-
es, the order the size of hadrons, where the coupling constant becomes large and per-
turbation theory breaks down. To understand the form of the potential binding a @
pair, an analogy is made with the Coulomb potential of QED. The short-distance be-
haviour of QED is dominated by single-photon exchange, and the same is true for
QCD, with a gluon replacing the photon. In this approximation, since both the gluon
and the photon are massless spin-1 particles, QCD and QED are equivalent, if one
replaces the coupling constant a of QED by & , and includes additional colour fac-
tors resulting from the extra gluon degrees of freedom [2]. From the Coulomb poten-
tial:

a(R)

3 (1-14)

V(R) = -

-
H
i
b
1
T
—

-

V(R) (GeV)

sb /)

KT / aod daalad 1 " FH e
1
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Figure 1-4 The QCD Potential. This potential is modelled as a sum of a
Coulomb-like term for distances (R) smaller than I fm and a term linear in R for
larger distances.

the QCD potential for small separationa is:

2x
boRlog (25)

4 o, (R)

Veco Ry 4= -3 R

4
-3 (1-15)

where 4/3 ia the colour factor. At large distances, however, the expression for the
coupling constant is no longer valid. Yet one requires a term describing a confining
force; the simplest is a linear potential:

Veep(R), ,_ = xR (1-16)

where x is a constant {except at very small distances, in which both o, and x will
vary). If we combine the two potentials we have the form shown in Figure 1-4.

Thus, unlike QED, the QCD potential at large distances increases without
limit, and the force binding a g pair is constant and independent of distance.
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Figure 1-8 Quark confinement in QCD in analogy with superconductivity in QED.
Figure reproduced from {4].

1.2.3 A Model for Confinement: The QCD Vacuum

While we have a description of the confining potential, we do not have a model
for its origin. One explanation for confinement is that the physical vacaum of QCD,
the lowest energy state, is opague to colour (5], It behaves as a medium which resists
the penetration of the colour field, just as a superconductor blocks the penetration
of a magnetic field. The energy required to drive a quark through this vacuum is
about 1 GeV/fm. However, this is sufficient energy to create more particles and an-
tiparticles, such as light pions. So the quark cannot escape.

The analogy between QCD and QED superconductivity is developed in
Figure 1-5. A petfect QED superconductor has zero magnetic permittivity p and ex-
pels an applied magnetic field A to the outside vacuum, which has permittivity
fHy,c = 1. In the case of QCD, however, the situation is reversed. The chromoelec-
tric field E, originating from a quark-antiquark pair is excluded from the vacuum,
with susceptitility Ky, = 0. The field E is confined to a region with susceptibility

QED Superconductivity QCD Vacu&})r?e?:c s::fect Colour
] E
Pineide = & Koscuun = 0
Poacusm = 1 K, pide = 1
superconductor inside superconductor outside

Table 1.2 QED superconductivity compared to the QCD vacuum.

K = 1, having a volume the size of a hadron. The comparison is summarized in
Table 1-2.

Perhape one way to test the QCD superconductor analogy is to try to “heat
up” the vacuum (see Section 1.5.4).

1.3 From Partons to Hadrons or How do you
make a proton?

The formation of colour singlet hadrons from coloured parfons, quarks and
gluons, is called fragmentation or hadronization’. In Figure 1-6, a schematic is giv-
en for hadronization in ep collisions. The transformation from partona to hadrons
can be divided into four steps (6]:

The firat step is a hard process, meaning that it occurs at a scale Q@A In
this case the process is 7¢ = qg, in which a photon, emitted from the incoming elec-
tron, interacts with a gluon from the proton, to produce a gq pair. Thia interaction
is perturbatively calculable, and may also include corrections for initial state QED
radiation. In a typical high energy collision, the struck parton is knocked off
mass-shell (i.e. q:,,,,_ * m:,,,,_ ).

The second step is a process in which the partons return to mass shell
through QCD radiation. This process is modelled in terms of parfon showers, which
are branchings of the form ¢ - gg, & = g¢, and g — ¢q. These are a good approxi-
mation to the true proceas, in the limit that the partons are collinear, and are calcu-

1. Some authors define hadronization as the combi of fi: ion and the subsequent decay of bn-
stable particles.
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Figure 1-8 A schematic representation of the four stages of fragmentation in ep
collisions.

lable in perturbative QCD. The perturbative calculations are made to
leading-logarithm order (leading log approximation or LLA})in terms of an evolution

parameter:
t = In(Q/AY) 17

The evolution proceeds towards smaller virtualities until a cutoff scale is reached,
typically 1 GeV, at which point perturbation theory breaks down.

The third step is a non-perturbative hadronization phase, in which coloured
partons are collected into colourless hadrons. At this stage we resort to phenomeno-
logical models, typically based on string or cluster fragmentation (see below).

The final step is a process of secondary decays, since many of the produced
hadrona are unstable. This step is also non-perturbative, but can be calculated by
using experimental measurements of branching ratios, e.g. BRID: — ¢x* ).

q 9 M 2E
O
q {1-2E -> z)(1-2)E
-
q (-zj)1-2)E >
L]

Figure 1-7 Hadronization in the Independent Jet Model. The fragmenting quark q
initiates a cascade.

There are three important models used to describe fragmentation: indepen-
dent jet fragmentation, the cluster model, and the siring model.

1.3.1 Independent Jet Fragmentation

The independent jet (IJ) model was introduced by Field and Feynman in 1978
to explain quark jet production in e’e” collisions, in which high-energy hadrons are
produced in the direction of the primary quarks from the procesa e'e” — ¢7. Later
it was extended to the gluon jets from the reaction e'e” — ggg, and also to baryon

production.

In the 1J framework, each parton is assumed to fragment independently of
the others. As depicted in Figure 1-7, thisdevelops as ¢ — q'+ meson cascade. The
fragmenting quark g combines with an antiquark g from a qg pair created from the
vacuum to form a meson M with energy fraction:

z = E‘- {1-18)

q

The remaining quark has energy fraction (I-z). It is fragmented in the same way,
until the remaining energy falls below a cutoff. To describe meson production in this
model, one needs (7]:

(i) The probability distribution in z. This is described by a fragmentation
function D () (see Section 1.5.2).



tii) The width of the transverse momentum distribution of the hadrons. This
arises from the relative transverse momenta of the created gg pairs, and is
taken to be a Gaussian distribution with ¢ - 3J00MeV.

(iii) The relative probabilities for producing different quark flavours
(u:d:s:c:b) when choosing the subsequent quarks. This is set to be (1.0:1.0
:7,:0:0), where v, is a free parameter (see Section 1.4).

(iv) The ratio of vector V to pseudoscalar P meson production. This is based
on spin counting, and takentobe V/(V+P) = 3/4.

Baryon production is added by allowing for the production of diquarks, which
are intermediate coloured states of two quarks (gq) or two anti-quarks (gq) . Bary-
on production follows the process g — (gq) + baryon. In addition, gluon jets are
treated as a gg pair (7}{8].

The independent jet model is quite succesaful in describing broad features of
two-jet and three-jet final states in e'e” annihilation. One weaknesa is that the
fragmentation of a parton is made dependant on iis energy, as opposed to its virtu-
ality. Since the parton is assumed to remain on mass shell, energy and momentum
conservation are not obeyed, and one must correct these by rescaling momenta after
hadronization. Furthermore, since each jet is treated independently, there are two
unused quarks at the end of this process, and so colour and flavour conservation are
forced at the end.

1.3.2 The Cluster Model

The cluster model is based on the idea of the preconfinement of colour (8). In
this framework, fragmentation is treated as closely as possible as a quark-gluon
shower, in analogy with an electromagnetic shower. This shower ia terminated
when parton virtualities decrease to a cutoff of order 1 GeV. At this point, colourless
clusters are formed, a ‘preconfinement’ of colour. The decay of the clusters is gov-
erned entirely by phase space.

An example of charm production and fragmentation in the cluster model is
given in Figure 1-8. Following the initial hard interaction yp — ¢¢, the produced
partons first branch and then form locat clusters, shown in the schematic as dotted
lines. Typically each cluster is made to decay into a pair of hadrons. Remarkably,
this model can account for fragmentation functions, py distributions, and quark fla-
vour production. The cascade model is implemented in the Monte Carlo generator
HERWIG (8][9] .

Figure 1-8 A schematic of the QCD cluster model asimplemented in HERWIG. The
branchings represent quark-gluon showers, while the “bubbles” represent
preconfinement of colour {10].

1.3.3 The String Model

The string model is inspired by the superconductor analogy to confinement,
described in Section 1.2.3. In a QED auperconductor, magnetic flux lines are con-
fined to certain regions of a superconductor; this is referred to as the Meissner effect.
In analogy to this, the chromoelectric field between a separating qq pair is chan-
neled into a flux tube, shown in Figure 1-9. The stored energy of the flux tube is pro-
portional to the quarks' separation distance, as in Equation (1-16). Fragmentation
proceeds via successive string breaking. The separating quarks lose energy to the
colour field between them, and the string may break apart, forming a new gq' pair.
Thia results in two new colour singlets, If the invariant mass of either string is suf-
ficient, the process continues, until only on-shell hadrons remain. The string frag-
mentation model ia implemented in the LUND [11} program.

To generate quark-antiquark pairs along the string, the LUND model makes
the analogy with quantum mechanical tunneling through a barrier. Physically, the
barrier is the difference between the negative energy level of the ¢q pair before it in
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Figure 1-9 Chromoelectric field lines and string breaking. The string between the
separating quarks breaks, resulting in a new qq pair.

created and the positive energy level of the gg pair after it is created. The pair forms
at the same point in spacetime, so as to obey local flavour conservation, and then the
quarks tunnel out of the vacuum. The probability for this is proportional to:

2 32 2
m nm X
“p(_ xl] ="p(- K‘)"p(_ 'P;r) 19

where m,, is the mass of the created quarks, having transverse momentum py, and
mzl =m, +p§- is the transverse mass of the pair. In this equation x is the string ten-
sion. Because the py and mass are factorized in this equation, this model predicts
that the transverse mamentum spectrum for ¢g pairs is flavour independent. It also
accommodates the suppression of heavy quark production through the quark mass-
es (see Section 1.4).

There are several ways to estimate the value of the string tension x [12]. One
is to relate it to the size of a hadron, typically ~1 fm (- 5 GeV'!) measured from elec-
tron-nucleon scattering. A typical hadron mass is of order 1 GeV, so the linear ener-

gy density is:
k=1 GeV/fm = é GeV? (1:20)

This is equivalent to a stored energy of about 18 tons/m.

I

cmanwd

Figure 1-10 A schematic representation of @ meson in the string model. The curved
arrows represent the angular rotation of the system {12},

The string model is further supported by the observation that hadrons lie on
Regge trajectories. Hadrons are found to obey a simple spin (J) masa (M) relation:

J= (::‘,Hu‘M2 (1-21)

with slope o' = 1GeV ™, and intercept @, which varies for different groups of had-
rons. One can relate the Regge slope to the string tension, as follows: one pictures a
meson, shown in Figure 1-10, as consisting of two massless quarks connected by a
string with energy density x and length 2r,. The angular momentum of the meson
will be equal to the angular momentum of the string. If we assume that the ends of
the tube rotate at close to the apeed of light (v = ¢}, then the velocity at a radial dis-
tance r from the centre is:.

1-22)

ol
]
|

The relativistic mass of the system is then:

o
E=M’=2 xdr = Krgx (1-23)
Jl— e
4 v/e
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and its orbital angular momentum is given by:

2
xrv dr ron
=2 j . (1-24)

Jl v

Comparing Equations (1-23) and (1-24) we find that:

2
_ (wrem}”
J= = a'E? (1-25)

where:
a' = —. (1-26)

The experimental value of o' = 0.93 GeV > gives x=0.2 Gevg, in agreement with
the rough estimate in Equation (1-20).

To include the possibility of gluon jets, the string model represents them as a
kink in the string. The string model yields a good description of the angular distri-
bution of hadrons in 3-jet events in ¢'¢” collisions.

The vector-to-pseudoscalar ratio in the string mode) is 0.75 for mesons con-
taining & ¢ quark or heavier quark, 0.60 for mesons with an s quark and a i or d
quark, and 0.50 for mesons comprised of only u and d quarks. The suppression of
light vector mesons is explained by tunnelling: the quark spin-spin interaction
spreads the wave function of the lighter vector mesons, and reduces the overlap of
the ¢q pair.

14 Hadronization and Strangeness Suppression

In all of these hadronization models, the relative abundance, compared to up
and down quarks, with which strange quarka are produced is referred to as the
strangeness suppression factor:

s
L= 127

Here s refers to the number of strange quarks produced and u the number of up
quarks produced. If y, = 1 there is no strangeness suppression, whileify, = 0 there

Comparison Ys Experiment

K:xt 0.35+0.0240.02 | TASSO [14]

K 0.27+0.03£0.05 |JADE (15]

oK™ 0.37£0.15£0.08 | TPC [16]

K:p 0.32+0.094£0.05 | TPC [16}

K:x% K:p | 0.34£0.02 HRS (17)
Average 0.33+0.02

Table 1-3 Measurements of strangeness suppression in e*e” collisions.

is a complete suppression of strangeness. Sometimes strangeness suppression is de-
fined in terms of both up and down quarkas, as [13]:

2(n,;

., = —-——-——-—-—-—(n'i)’. (Yld;) (1-28)

where {n,;), {n 3} and (n,;} are the mean yields of v, d, and s quarks and anii-
quarks in an experiment.

The different quark masses input to Equation (1-19) account for the different
flavour production ratios. If one uses the current-quark! massea (m, ~ 5 MeV, my ~
9 MeV, m, ~ 170 MeV) one obtainsu :d :s - 1.0: 1.0: 0.63. However, if one assumes
constituent-quark? mansses (m, ~ 340 MeV, my ~ 360 MeV, m, ~ 540 MeV) the ratios
become:

u:d:s~1.0:0.8:0.06. (1-29)

Charm production from fragmentation is negligible in thig model, 0(10'11). Since
there is some uncertainty in the assignment of quark masses for hadronization,
these models leave the suppression of 32 production as a free parameter to be deter-
mined by experiment. The default LUND parameters are:

u:d:s=10:10:7, (1-30)

1. The masses observed when a hadron is probed by the electroweak interaction.
2. Based on hadron masses, I, ;0 = M, ppen; + A. For example, the proton, made up of
uud quarks has m, = 2m,_ +m, (3.
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Figure 1-11 Measurements of strangeness suppression from various particle
interactions. The horizontal axis gives the effective centre-of-mass energy for each
experiment {25].

where y, = 0.3. Table 1-3 lists experimental measurements from ¢'e collisiona
which have been used to tune the value of y,. For example, a measurement of the
production ratio K°:x* is a function of the ratio ds:di.

Recent measurements of K * and p” production in e'e’ collisions [18} find
better agreement between data and Monte Carlo using v, = 0.23. A lower value for
¥, has also been reported by several deep inelastic scattering (see Section 4.1) exper-
iments {201(211[22]{23], which favour y = 0.2. These measurements include a
ZEUS study 122] of X° meson and A (uds) baryon production. In the ZEUS mea-
surement, the production rates, transverse momentum, and angular distributions
of K”'z and A's were determined. A comparison was then made to two Monte Carlo
predictions, the first using y, = 0.3 and the second y, = 0.2. Although the data
tended to favour y, = 0.2, neither value was ruled out. There is also one recent re-
sult indicating & higher value of ¥, in v Ne interactions [24). A new study of
b-mesons in pp collisions reports v, = 0.34 £ 0.10 (stat) £ 0.03 (syst) [19].

As shown in Figure 1-11, there is evidence that v, is dependent upon the en-

20
ergy scale at which it is measured [25]. This figure shows a comparison of the mea-
surementsof Y, in pp, pp, Xp, K'p, K'p,and ¢' ¢ collisions [261(271(28] according
to the effective centre-of mass energy of the hard collision:

3./7 = 3(‘[)(‘2) (1-31)

where {z,) and (x,) are the average momentum fractions of the beam valence quark

(lepton) and target valence quark (lepton). To convert the centre-of-mass energy

squared s 8, for different beams and targets, one uses:
= J&

to
Byep e (PP) = 0.11J5 and Ja, (xp) = 0.15.

A fit has been performed by the authors of [25] for J3,,> 1 GeV, to avoid
threshold effects, to the function:

v, =a+b-In(J3pn (1-32)

giving a = 0,274+ 0.020 and & = 0.0053 + 0.0052. This increase in y, may be ex-
plained by a rise in gluon radiation with energy. The increased number of gluons
subsequently split into a5 paira.

As detailed in Section 1.5.3, a measurement of charmed and charm-strange
mesona provides a new method for determining y,.

1.5 Probing Hadronization with Heavy Quarks

Unlike light quarks (u, d, s}, which are copiously produced in the fragmenta-
tion process, heavy quarks (¢, b, t) originate primarily from initial-state interac-
tions. By studying the production of resonances containing one or more heavy
quarks, one can sift through the light-quark ‘noise’ and study the first collision of
partons.

1.5.1 The Hadronization of Charm Quarks
Charm production in ep collisions, illustrated in Figure 1-12, i given by [29]:
e+pe'+c+rc+ X {1-33)

The etectron emits a photon y, which interacts with a gluon g from the proton. This
process is referred to as boson -gluon fusion. The fusion produces a quark-antiquark
pair, in this case a ¢¢ pair. The subsequent production of hadrons can be described
in terms of the ‘Dual Parton Model’ [30], in the framework of the string model. Had-
ronization develops along two strings: a “mesonic” string stretched between the
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Figure 1-12 A schematic of charm hadron production in the Dual Parton Model,

anti-charm quark and a target quark, and a “baryonic” string stretched between the
charm quark and the target diquark. Unlike hadronization in e*e’, a fragmentation
string cannot be stretched between the cc pair, as this would lesd to a colour non-
singlet in the final state, due to the colour of the exchanged gluon. Thus, to form col-
ourless hadrons, the ¢ quark fragments with the diquark (Q), and the ¢ quark with
the remaining quark (q).

This fragmentation model makea definite predictions. For example, it pre-
dicts an observable asymmetry for the production of charm-anti-charm hadrons:

N(c)-N()

A= N(c)+N(c)’

-4

where N (c) is the number of mesons produced containing a charm quark, and N (¢)
is the number containing an anti-charm quark. This asymmetry arises because the
¢ quark can easily find a remnant diquark, leading to a state with a charmed baryon
and a D meson. The c quark has a higher probability of finding a remnant diquark
with which to hadronize than a ¢ quark does of finding an anti-diquark. This would
lead to DA_ correlations at low energies (near ¢¢ threshold).

Decay mode E-687 ‘é‘gg‘.})’ E-691
D’ aKx'x’ -38+09%|-12.7£09% | -20%15%
D" ax (D°5K'x) -64%15%|-108+09% [-70+35%
D" ox (D°sKw'xxn) |-40:17%|-115:1.0% | -103+28%
D’ S K's' (no tag) -2015%|-36406% [-38t15%
D' 5K n'xx (no tag) 192 15%|-6.9+0.7%
D, -K'K= 25+52% | 4.820.1% 1.2+6.8%
Al 5pKx' 35+76% | 174+1.6% | 11.7£84%

Table 1-4 Observed and predicted asymmetries (A ;) in charm production.

Previous charmed meson asymmetry measurements from experiment E-687
and E-691 are summarized in Table 1-4, from {31]. In addition, the LUND model
prediction for E-687 is given. In most cases, the model predicts a higher asymmetry
than observed. One notes that there is a predicted excesa of D), over ;. This is due
to phase space limitations in the mesonic string for D, K X production [32]. Thia
overrides the asymmetry described for D/D.

The analysis in this thesis measures the p/p asymmetry in ep collisions (Section
6.1).

1.6.2 Heavy Quark Fragmentation Functions

Quark antiquark pairs are more likely to combine into a meson when they
both propagate at a comparable velocity. When the fragmenting parton is a heavy
quark, it needs to lose only a small percentage of ita energy to generate light quark
pairs having similar velocity. If the heavy quark combines with one of these light
quarks, the reaulting hadron will carry a sizable fraction of the initial energy.

Fragmentation in this model is described by the Peterson function, D (z) . For
the transition @ — M + ¢ from heavy quark Q with momentum P to heavy meson M
with momentum zP and quark g with momentum (1-2)P, the energy transfer is:

12 12 V2
AE = Eg-Ey-E, = [mg+ P'] - [my+2'P] - (m2+ (1-2)'F"" (135)
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Figure 1-13 The fragmentation spectrum for charmed mesons. Reproduced from
{33].

Here E, and m, refer to the energy and mass of the corresponding quark or meson,
and my = mg is assumed. The expression for AE simplifies to:

AE=1-~z"-¢e(1-2)" (1-36)

where ¢ ~ (mv/mq)i. The transition probability is taken to be: D (z) = 2 AE?,
where the factar z accounts for longitudinal phase space. This gives:

N
z[ l—z'l--t-:(l-z)_l ]

with N being a normalization factor. Equation {1-37) is referred to as the Peterson
function [34], and has been used to it a variety of spectra. Results for D* and D°
production in e'e” — gg are depicted in Figure 1-13 [35]136]. In this plot, the frag-
mentation variable used is x;=pp/Pmas, Where pp is the D-meson momentum. The
quantity p,,,. is one-half the centre-of-mass energy of the collision, which is the
maximum energy available to each quark or antiguark.

D(z) = (1-379)

2

1.6.3 Probing Strangeness Suppression with Charmed Mesons

In this thesig, y, ia measured with a new method. This method requires the
measurement of the production cross-sections of charmed and charm-strange me-
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Figure 1-14 The predicted ratio of D, to D® production as a function of the
strangeness suppression factor.

sons. The interpretation of their cross-sections relies in part on a Monte Carlo model
of ep scattering (PYTHIA, see Section 4.2), which uses the string model for hadroni-
zation. If one varies the value of the strang suppression par ter in the
string model from v, = 0.0 to y, = 1.0, and then calculates the resulting production
ratio of:

oep —tD: b ¢}
alep —»D°X)

(1-38)

Rl

(where both particle and anti-particle are implied), one obtaina the values plotted in
Figure 1-14. For y, = 0 the model predicts almost zero D, production compared to
the D°, while for ¥, = 1 the ratio is 0.669 + 0.073, where the uncertainty is due to
limited statistics. The assumption made in this prediction is that the rate of charm
quarks hadronizing into 1), mesons is determined by y, . This is not an unreasonable
assumption, as the probability that a charm quark picks up a strange quark from
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the colour field should be given by v,. However, there may still be other dynamics
which are not included in the string mode) {37]. There is also an uncertainty in the
branching ratio of the decay mode used to reconstruct the D, (see Section 5.5).

From the Monte Carlo results using the default value of y, = 0.3, the predict-
ed ratio is:

alep —9D:X)

3 = 0.2201£0.024 -39
c(ep -»D°X)

The standard measurement of this ratio was made in the fixed-target photoproduc-
tion experiment at NA14/2 [32). In this experiment, the reaction studied was
¥V s ccX at Ey = 100 GeV. They chose to express the ratio as:

s(YN - D} X)
S(yN »D°X) +6 (YN - D* X)

(1-40)

which represents the quantity ca:(cZ+cd). They determined it to be
0.1710.07 £ 0.03.

To make a direct comparison of the NA14/2 measurement to those made in ¢p
collisions, one would need to know the ratio of D* /D° production, which introduces
an additional uncertainty. Values for this ratio range from a measurement of
0.33 £ 0.09 £ 0.04 (32| to a prediction of 0.43, based on the counting of polarization
states and the measured branching ratios [38).

Alternately, one may derive the ratio from the NA14/2 measurements of
o (D! )/6(D" ) and o (D" ) /6(D"), which results in a ratio of:

o(yN 5D, X)

—_— 0.22+0.074£0.04 (1-41)
c(YN-D'X)

This is in agreement with the model prediction for ep collisions using y, = 0.3.

1.6.4 Deconfinement

If the QCD vacuum is similar to a superconductor, then it is predicted that its
confinement properties will change at high temperature/energy densities. From
nonperturbative simulations, at a critical temperature of the scale of
AT - A ~ 200 MeV, the vacuum is found to undergo a phase transition and become
transparent to colour. Quarks and gluons are no longer bound inside hadrons but
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are free. This state is referred to as a Quark Gluon Plasma (QGP), described as a
free gas of quarks and gluons. Such a state of matter could have existed at the time
of the early universe (when it was about 108 0ld).

In high energy collisions, one of the experimental signatures of quark gluon
plasma formation is a change in the production rate of strange quarks. For example,
heavy-ion experiments [39] search for an increase in the production rate of hadrons
containing strange quarks. These experiments attempt to produce a QGP by gener-
ating a region of high temperature and mass density, by colliding heavy ions, such
as Pb ions, with energy of order 200 GeV/nucleon. If a QGP is formed, it is expected
to possess a high density of u and d quarka from the initial hadrons. As a result of
the exclusion principle, the energy level to which their u and d quark states are oc-
cupied is raised beyond the mass of the s quark {~120 MeV). This is one of the rea-
sons for a relative increase in the production rate of » quarks. In addition, the large
number of energetic gluona in the QGP would generate s3 pairs through the gluon--
gluon fusion process g +g — 3+ 5. If the strange gquarks survive to form hadrons,
this should further enhance the production of strange hadrons.

Charm quarks will also be produced in a QGP [40]. However, it ig likely that
they will be separated by lighter &, d and s quarks [41). Therefore, one would predict
a suppression in the production of bound states of c¢ pairs, such as the J/y. In-
stead, a higher rate of mesons with a gingle charm-quark, the D-mesons, would be
expected. In particular, the rate of charm-strange mesons, the D,, might be en-
hanced.

While it is not expected that ¢p collisions at HERA will produce a quark-gluon
plasma, it is nevertheless an interesting measurement to check the production rate
of charm mesons, and particularly the production rate of charm-strange mesons.



Chapter 2

The Accelerator and Detector

electrons

Figure 2-1 Layout of the HERA accelerator.

2.1 The HERA Accelerator

The Hadron-Elektron-Ring-Anlage HERA, at the Deutaches Elektronen-Syn-
chrotron DESY, in Hamburg, Germany is the world’s first and only electron-proton
collider. As shown in Figure 2-1, HERA consists of two separate accelerators, one
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Figure 2-2 The HERA Injection System.

storing electrons or positrons, and a second for protons. They are located 10 to 25 m
underground in a tunnel 6.3 km in circumference, and are designed to collide 30
GeV electrons with 820 GeV protons at two locations, used by the ZEUS and H1 ex-
periments. In addition, two fixed-target experiments (HERMES and HERA-B)
make use of the electron and proton beams. In 1994, HERA collided beams of 820.0
GeV protons with 27.52 GeV positrons, corresponding to a centre-of-mass energy of
300.4 GeV. The centre-of-mass energy for colliding beams of energy E, and E,, is giv-
en by:

Js=JAEE, 21
For comparison, an electron beam scattering off a fixed-target gives:
-, @

where my is the nucleon mass. Thus for a fixed-target experiment to reach the
HERA centre-of-mass energy would require an incoming lepton beam of energy
= 450 TeV.

The HERA injection aystem is shown in Figure 2-2. Electrons are extracted
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from a high voltage cathode and brought to 500 MeV with the linear accelerator,
LINAC I1. In the P]A storage ring the electrons are accumulated into a single bunch
and transported to the DESY 1 synchrotron, where they are accelerated to 7 GeV.
Each bunch is transferred to PETRA until it is filled with 70 bunches, and then the
bunches are accelerated to 12 GeV. Finally, the bunches are transferred to HERA
and brought to 27.52 GeV.

Protons are accelerated as negatively-charged hydrogen ions in a 50 MeV
linac. Upon entering DESY 111, a proton synchrotron, the protons are stripped of
their electrons. The protons are accelerated to 7.5 GeV and injected into PETRA,
where they are brought to 40 GeV. Then they are injected into HERA and acceler-
ated to 820 GeV.

HERA ia designed to contain 210 bunches of protons and 210 bunches of elec-
trons. [n 1994, it operated with 163 ep bunches, with typical currents of 20-33 mA
(positrons) and 30-55 mA (protons). The remaining bunches contained 17 unpaired
p bunches, 15 unpaired e* bunches, and 24 empty bunches, used for background es-
timation. Each bunch was separated by 28.8 m, corresponding to 96 ns, since the
particles travel close to the speed of Jight.

A crucial parameter describing a colliding-beam facility is its luminosity, £
The observed event rate R of a process with croes-section ¢ is related to the Juminos-
ity by:

R=1Lo 2-3)

From the machine parameters, the lJuminosity is determined by:

N,
L= 2 ﬁ ';N’i 2 (24)
2r ;o" + o’, F,' + u”

where fis the revolution frequency (47.3 kHz for HERA), k is the number of colliding
bunches, N, and N, are the number of electrons and protone per bunch, and 6,. 5,
are the horizontal and vertical RMS dimensione of the electron and proton beams.
The HERA design luminosity is 1.6 x 10*'cm s,

The integrated luminosity delivered by HERA in 1992, 1993, and 1994 is plot-
ted in Figure 2-3 (a), 83 a function of time in days. One notes the large increase in
luminosity of 1994 over 1992 and 1993. The usable ZEUS luminoeity, referred to as
the on-tape luminosity, is shown in Figure 23 (b), as well as the luminosity collected
on a daily basis, which approached 0.1 pb™! / day near the end of running. A break-
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Figure 2-3 Luminosity delivered by HERA in 1992, 1993 and 1994, and the
1994 ZEUS luminosity stored on tape.

Type of run lntegrau(:gbl_,!l.;minosi ty
HERA Delivered ¢* and e". | 6.186 £ 0.093
ZEUS on-tapee* and ¢ 3.712+0.056
Apply EVTAKE. 3.30110.048
Select e* runs. 3.022 1045
Select nominal vertex. 2.989 1 0.045

Table 2-1 The 1994 luminosity.
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Overview of the ZEUS Detector
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Figure 2.4 A cross-section of the ZEUS detector along the beam axis.

down of the 1994 Juminosity ia given in Table 2-1, including the amount delivered
by HERA and recorded by ZEUS. Offline, some runs are rejected due to faulty de-
tector conditions, by a software routine referred to as EVTAKE. For the analysis in
this thesis, to ensure stable trigger conditions, only positron runs are selected. Fi-
nally, two special runs taken with a shifted z-vertex are removed. The resuiting lu-
minosity is 2.989 £ 0.045 pb! .

2.2 The ZEUS Detector

The layout of the detector is shown in Figure 2-4 and Figure 2-5 [43]. The es-
sential components are a vertex detector (VXD), a central tracking detector (CTD)
and transition radiation detector (TRD) (not shown), and forward and rear planar
drift chambers (FTD, RTD). The FTD and TRD comprise the forward detectors
(FDET). The inner detectors are surrounded by a thin magnetic solenoid coil, a cal-
orimeter divided into forward (FCAL), rear (RCAL) and barrel (BCAL) sections, a
backing calorimeter (BAC), barrel and rear muon detectors (BMU, RMU), and a for-
ward muon spectrometer (FMU). [n eddition to the main detector, there are rear
photon and electron taggers (LUMD for luminesity measurement and electron tag-
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Overview of the ZEUS Detector
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Figure 2-8 A cross-section of the ZEUS detector in the xy plane.

ging, as well as forward detectora for elastically-scattered protons (LPS), and neu-
trons (FNC) {not shown).

The ZEUS coordinates are defined with reference to the proton beam. In
Figure 2-4, the proton beam enters from the right, along the negative z-axis. The
electron beam enters from the left, along the positive z-axis. The interaction point
of the two beams defines the point z = 0.

2.2.1 The Central Tracking Detectors

Charged particles are detected by the inner tracking chambers, which are in
a 1.43 T magnetic field, generated by the superconducting coil. The detector closest
to the beampipe is the VXD, composed of 120 radial cells, each having 12 sense wires
of gold-plated tungsten. The active length of the wires is 1.69 m. The chamber walls
are composed of carbon fibre/epoxy composite, with an inner radius of 9.9 ¢cm and
outer radius of 15.9 ¢cm, and a total thickness of 1 X The polar angular acceptance
i from 8.6° to 165°. The VXD is filled with dimethy) ether (DME), used as a drift
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Figure 3-8 A Segment of the CTI). Sense wires are drawn as groups of eight large
points in each superlayer.

gas due to its slow drift time for ionization electrons, about 15 pm/ns. The slow drift
time leads to an improved spatial resolution, which in 1994 was 50 it in the centre
region of a celt and 150 p near the edges.

Surrounding the VXD is the CTD [44), of which a 45° segment in azimuth is
ghown in Figure 26. The CTD has an outer radius of 85 cm and an overall length of
240 cm. The polar angular coverage is from 156° to 164°. The CTD consists of 72 cy-
lindrical layers, organized into 9 supetlayers. Five of the superlayers (1, 3, 5, 7, 9)
have their wires parallel to the beam line, and are referred to aa axial layers. The
remaining four superlayers have wires tiited at approximately +5°. These provide
gtereo information to assist in the three-dimensional track r truction. There
are 4608 sense wires in total. The Lorentz angle, the difference in drift angle of ion-
ization electrons with and without an external magnetic field, is designed to be 45°
for a field of 1.8 T. Drift distances are measured along an axis perpendicular to a
vadial line from the centre of the chamber. To resolve left-right hit ambiguities, the
planes of wires are oriented at 45° with respect to this line. With the lower-than-de-

M

sign value of the magnetic field of 1.43 T from the superconducting coil, the Lorentz
angle in 1994 was 39°. This smaller angle introduces a slight asymmetry in the
number of measured hits between positively- and negatively-charged tracks (see
Section 6.1).

The chamber is instrumented with a readout system of 100 MHz Flash Ana-
logue to Digital Converters (FADC). These provide a drift time and pulse height
from the signals from each wire, giving a design precision in (r, @) of 100 to 200 pm
and design d¥/dx (see Section 4.5.1) accuracy of about 6%. In addition, wires in su-
perlayer one and alternate wires in superlayers three and five have a z-by-timing
readout. This allows for the z—coordinate of a hit to be determined by comparing the
difference in arrival times of signals from each end of the chamber. This gives a de-
sign precision of 3 cm on the z-coordinate.

In 1994, the CTD working gas was a mixture of Ar (85%), COy (8%) and
ethane (7%), bubbled through ethanol. The single hit-efficiency was around 95%,
while the gingle hit resolution was 260y. For isolated tracks, the tracking efficiency
was better than 98%, while for multi-track events it was at least 95%. The momen-
tum resolution for full-length tracks was:

SPr) _0.005p7(GeV) ®0.016 2-5)
Pr

The resolution is a function of the track reconstructed transverse momentum, de-

fined as p; = psin (8), where p is the track momentum and € is the track polar an-

gle (see Section 4.1). The term @ means that the error is added in quadrature.

Combined data from both chambers in 1994 gave a vertex resolution of 1.4 cmin z

and 0.1 cm in the r, ¢ plane (see Section 4.4.2 for vertex reconstruction).

2.2.2 Calorimetry

Calorimeters are designed to measure the energy of incident charged and
neutral particles by abeorbing a partide’s energy and generating a signal propor-
tional to the energy. In homogeneous calorimeters, such as a lead-glass calorimeter,
the absorber also functions as a signal generator. In sampling calorimeters, layers
of active material between the absorber layers sample a particle’s energy loss.

The energy loss of electrons above 100 MeV occurs primarily through
bremsstrahlung (see Section 2.2.4). The majority of the radiated photons with ener-
&y above 10 MeV will produce ¢'e” pairs. These pairs radiate more photons, which
can lead to an electromagnetic shower. The shower develops until the particles
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reach a critical energy, below which electrona lose energy by ionization and excita-
tion, and photons undergo Compton scattering.

The longitudinal depth of an electromagnetic shower is characterized by its
radiation length, Xo, which is the average distance in a material in which an ind-
dent particle energy decreases to le (83%) of its initial value. Containment of 98%
of the electromagnetic shower from scattered electrons at HERA energies is
achieved within a depth of 25 Xy. In the longitudinal spread of the shower, 95% of
the energy is contained within a circle of radivs two Moliere vadii, py, which ia
about 2 ¢m in uranium.

Hadrona lose energy in a material by ionization, if charged, and through in-
teractions with the nudeii of the material. Struck nucleons may collide with other
nucleons in the material, resulting in a hadronic shower. The dimension of a had-
ronic shower is characterized by the nuclear interaction length, A. About 95% of the
energy of a hadronic shower energy is contained within a depth of
0.2InE + 25E" ' + 0.7 interactions lengths and a circle of radius of 1 45]. Hadron-
ic showers have three processes of energy loss: an electromagnetic component, pri-
marily from the decay 2’ — 1y, an ionization component from charged secondaries,
and a component from nuclear breakups. Fluctuations in these interactions lead to
varying calorimeter responses to a hadronic shower and worsen the energy resolu-
tion. Typical hadronic calorimeters use ivon or lead, which resulta in a relatively
poor resolution of 6 (E)/E = 60%/./5 One solution to thig problem is to design a
calorimeter to be compensating, such that it has an equal response to electrons ()
and hadrons (), that is:e/h = 1.

2.2.2.1The ZEUS Calorimeter

ZEUS uses a sampling calorimeter, constructed of towers of alternating lay-
ers of depleted uranium (U%3# or DU) plates clad in stainless steel and plastic scin-
tillator tiles. A module of towera from FCAL is depicted in Figure 2-7. The uranium
plates are 3.3 mm thick, while the scintillators are 2.6 mm thick. Each tower is seg-
mented into an electromagnetic (EMC) section, about 25 X4 for electrons or 1A for
hadrons, and two {one in RCAL) hadronic (HAC) sections, each 3 deep. The EMC
aection ia divided into cells, four 5 x 20 cmZcells in FCAL and BCAL towers and two
10 x 20 em? cells in RCAL towers. On either side of the cells are wavelength shifter
bars, which absorb and re-emit scintillator light and guide it to photomultiplier
tubes (PMT"s), one pair for each cell. Twenty-three modules comprise FCAL and
RCAL, while 32 wedge-ghaped modules make up BCAL, The FCAL covers the polar

Incident Particles

Figure 2-7 A Module of the FCAL. The cutaway shows the alternating layers of
depleted uranium and plastic scintillator, and the wavelength shiflers along the
sides.

angular region 2.2°<8<39.9°, the BCAL 36.7°<9< 129.1°, and the RCAL
128.1° <8< 176.5°, giving a coverage of 99.8% in the forward hemisphere and
99.5% in the rear.

Compensation is achieved in the ZEUS calorimeter by improving the re-
sponse to hadronic showers in the active layers. Neutrons from a hadronic shower
will undergo elastic collisions with free protons in the scintillator. The scintillator
response to the resulting ionizing protons can be tuned by varying the layer thick-
ness. Furthermore, low-energy neutrons can cause the U238 to fission, releasing 7.4
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MeV gamma rays and neutrons. The fission neutrons in turn scatter elastically off
protons in the scintiltator, which add to the shower signal.

In test beams, the energy resolution of the calorimeter was measured to be
6(E)/E = 35%/JE ® 2% for hadrons, while for electrons it was measured to be
o(E)/E = lS%/JEO 1%, where @ refers to addition in quadrature.

The calibration of the calorimeter is monitored by the uranium noise (UNO)
or radioactivity signal, charge injection into the electronics readout, laser light in-
jection into the PMT's, and ®Co source acans. Variations in the UNO signal over
time periods less than a day are below 0.5%. Variations in the calibration over sev-
eral days are about 3%, and are due to changes in PMT gains. These variations are
corrected by scaling the measured UNO signal to the nominal UNO signal.

2.2.3 The Small Rear Track Detector

Covering the inner ring of towers of the RCAL atz = -148 cm is the small rear
track detector (SRTD). It consists of an array of scintillator strips, each 10 mm wide,
in one horizontal layer and one vertical layer. It covers an area of 68 x 68 cm2, and
serves as a presampler for scattered electrons to correct for energy loss in dead ma-
terial between the interaction region and the rear calorimeter. Electrons passing
through this dead material may initiate an electromagnetic shower, which is not de-
tected by the RCAL. [n addition, the SRTD provides a timing signal used in the trig-
ger to separate ep collisions from background eventas.

2.2.4 The Luminosity Monitor

Fast luminosity monitoring is achieved through a measurement of the
bremsstrahlung process ep — e'py. These are photons which are emitted at very
amall angles with respect to the direction of the incoming electron. The cross section
for the bremastrahlung process is large and can be calculated accurately. The cross-
section is given by the Bethe-Heitler formula:

do . L E(E E 2\, 4EEE |
(—Ii = 4(1',@(?*?-5'3—)(’”-’;””—.';-5) (2-6)

where & ia the photon energy, E and £’ are the initial and scattered electron ener-
gies, EP is the proton energy, m,, m,, are the electron and proton masaes respective-
ly, @ is the fine structure constant, and r, is the classical radius of the electron. To
calculate the luminosity of ep collisions using this formula, a background contribu-
tion must be subtracted. This background arises from the interaction of electrons
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Figure 2-8 A schematic of the ZEUS luminosity detector. Figure reproduced from
[56].

with the residual gas in the beam line. To determine the rate of this background,
measurements are taken with electron pilot bunches, which are electron bunches
that collide with an empty proton bunch in the interaction region.

The general layout of the detection scheme is shown in Figure 2-8. The lumi-
nosity monitor consiats of the photon detector (LUMIG) close to the proton beam
pipe at a distance of 107 m from the ZEUS interaction region, and an electron detec-
tor (LUMIE) near the electron beam at a distance of 35 m. Both devices are con-
structed from 5.7 cm thick lead plates interleaved with 2.8 mm scintillators. The
LUMIG is 18 x 18 cm? with a depth of 22 Xy, while the LUMIE is 25 x 25 cm? with
a depth of 24 X,. The bremsatrahlung photons propagate inside the proton pipe and
exit it 80 m from the interaction point (IP) after a vertical bend of the proton beam
by a magnet. Electrons from bremsstrahlung events and photoproduction are de-
flected out of the beam pipe by electron beam magnets, accepting electrons with an
energy 0.2<E'/E <0.9.



Figure 2-8 One side of the Vetowall scintillator counters.

2.2.5 The C5 Counters

Located around the beam pipe, near the C5 collimator at z = -3.156 m, iz a
set of four small scintillators, forming the C5 detector. The detector measures rates
and arrival times of particles from the halos of the electron and proton beams. In
addition, particles created by interactions of the beam with residual gas, elements
of the beam pipe, or the C5 collimator are detected. Online in the trigger and offline,
the timing information is used to veto these events. The difference in C5 timing be-
tween the proton and electron beam halos is used to monitor the position of the in-
teraction point online.

2.2.6 The Vetowall

Located in the rear (proton) region at z = -7.27 m is the Vetowsll. It is con-
structed of an iron wall with scintillator hodoscopes (many counters in parallel) on
either side. One side, viewed from the ZEUS detector, is itlustrated in Figure 2-9.
The Vetowall is 8 m wide and 9 m tall, 0.87 m thick, and perpendicular to the beam
line, with an 0.8 m x 0.8 m hole in the centre for the beam pipe. Like the C5 counter,
it allows the trigger to reject beam-gas events, having a coincidence in both
counters. In addition, it serves to shield the main detector from proton-beam events.



Chapter 3
The ZEUS Data Acquisition System

3.1 Overview

The componenta of the ZEUS detector correspond to a total of about 250,000
electronic channels. For each interaction, they generate an event data record about
100 kB in size. The HERA beams croes st a rate of 10.4 MHz or once every 96 nas,
and at the deaign luminosity about 1% of these croesings (several hundred kHz) will
produce a signal in ZEUS. If every event were read out, this would require an ar-
chiving bandwidth of 10 GB/s. This rate can neither be stored on tape nor analyzed
afterwards, using present storage technology.

The high background rate arises largely from proton beam interactions with
the residual gas in the beam pipe and with the wall of the beam pipe in the 70 m
straight section of HERA upstream of ZEUS. In contrast, ep interactions are of
0(100) Hz, which are mostly photoproduction and a few Hz of deep inelastic scat-
tering (see Section 4.1). The output to tape rate is limited to O(5) Hz. To achieve
this, the ZEUS Data Acquisition System (DAQ) [46] employs three levels of trigger-
ing, as illustrated in Figure 3-1. The design of each level is determined by the deci-
sion time available. The First Level Trigger (FLT) must handle an input rate of
several hundred kHz and reduce this to about 1 kHz. The Second Level Trigger
(SLT) must reduce the output from the FLT to about 100 Hz within a few ms. The
Third Level Trigger (TLT) must reduce the 100 Hz from the SLT to about 5 Hz.

An event picture of a typical beam-gas event is shown in Figure 3-2, In this
event, an interaction has occurred upstream of the ZEUS detector in the direction
of the proton beam, which is in the negative 2-direction. Particles pointing to the in-
teraction vertex are visible as reconstructed tracks in the CTD. In this case, the
tracks were reconstructed online by the TLT (see Section 3.5.5). Another character-
istic of beam-gas eventa is the concentration of energy deposits in the inner ring of
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Figure 38-1 A schematic of the ZEUS trigger system.

FCAL towers around the beampipe, and little energy in the rest of the calorimeter.
The energy deposits in this event are drawn as filled rectangles, with the area pro-
portional to the measured energy.

An indication of the beam-gas background rate is provided by the trigger rate
of the C5 detector (described in Section 2.2.5). As shown in Figure 3-3, the back-
ground rate ranged from a few hundred Hz in 1992 to tens of kHz in 1994, and scaled
with increased luminosity. This figure also shows the output rates for the FLT, SLT,
and TLT. One notes the improvement in the triggers over time, maintaining the nec-
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Figure 3-2 An event picture of a beam-gas interaction.
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essary reduction despite the two orders of magnitude increase in luminosity and
background rates.

An important requirement of the trigger system is that it perform without
deadtime. Deadtime refers to a period of time during which the readout is inactive.
The FLT operates at the ctock rate of HERA and is without deadtime. However, at
the SLT deadtime can occur when the component analogue signals are digitized,
during this time no new data can be stored. An added complication is the fact that
severai components do not receive their signals until several beam crossings after
an interaction has taken place. For exampte, ionization electrons in the CTD gas
drift at a speed of about 50 pmV/ns, and may travel distances of up to 1-2 cm before
reaching a sense wire. The drift distance depends upon which part of a CTD cell is
traversed by a charged particle, and the drift time can introduce a delay of 0(10-30)
clock cycles before a complete CTD wire signal can be digitized.

The solution to the problem of deadtime and delayed signals is a data pipeline
(FIFO)!, in which data are entered every clock cycle of 96 ns. The length of the pipe-
line is chosen such that the slowest component can process ita data. Account is also
made for signal propagation delays due to cabling. Also, sufficient time must be al-
lotted for the local and global processors to analyze an event.

1. Fisst In First Out
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Figure 3-3 The ZEUS trigger rates versus luminosity for 1992-1994. The vertical
axis gives the trigger rate, while the horizontal axis gives the instantaneous
luminosity.

3.2 The First Level Trigger (FLT)

The FLT consists of local component processors whose decisions are sent Lo a
Global First Level Trigger (GFLT). The GFLT allows 26 clock cycles for the loca)
FLT components to evaluate their data and send a result to the GFLT. Within an-
other 20 clock cycles the GFLT must provide an event decision based on these data.
This requires that, allowing for delays in signal propagation, the component pipe-
linea must be 58 clock cycles or 5 s in length.

This analysis in this thesis makes use of the Calorimeter First Level Trigger
(CAL-FLT) {47] and CTD First Level Trigger (CTD-FLT) [48] information. The
CAL-FLT calculates global energy sums (see Section 5.1.1), in calorimeter towers,
which are blocks of 4 cella for FCAL and BCAL, and 2 cells for RCAL. These energy
sums are compared by the GFLT to threshold values in memory lookup tables.

The CTD-FLT searches for CTD tracks in an event cotning from the interac-
tion region. These tracks are used to reject beam-gas events which originate from
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the incoming proton direction. The CTD-FLT achieves track reconstruction using
the CTD z-by-timing data from superlayer one. For each event, a pracessor com-
pares the data with predetermined masks or patterns of hits. The CTD-FLT selec-
tion cuts are described in Section 5.1.1.

If the GFLT accepts an event, the components are signalled and the pipelines
stopped. Analogue signala from the components are digitized, and the data is trans-
ferred to buffers accessible by the Global Second Level Trigger (GSLT).

3.3 The Second Level Trigger (SLT)

The SLT has available to it a decision time of a few ms, and 80 it can be im-
plemented on programmable processors (a transputer! network). lterative algo-
rithms can be executed on these processors. For example, the CAL-SLT utilizes an
algorithm to search for clusters, which are adjacent energy deposita in the calorim-
eter. These clusters can be used to identify the primary scattered electron in an ep
collision. The CAL-SLT also calculates global energy sums, using the data from cal-
orimeter cells.

Background rejection at the SLT [49) is performed using timing information
from the calorimeter (see also Section 3.5). Particles originating from an ep collision
at the nominal interaction point and travelling near the speed of light are defined
to arrive at time ¢ = 0 at the faces of the calorimeter. In contrast, eventa originating
upstream of the detector produce earlier signala in RCAL, att ~ -10 ns. An event at
the SLT is vetoed if the RCAL time in:

{trcar| > 8 ns, o
or the FCAL-RCAL time diffevence is:

Itrcar - trear] > 8 na, on
or the FCAL time is:

Itmul > 8 ns. 3)

Cosmic-ray induced events are rejected based on the difference between the upper
and lower BCAL calorimeter time (see also Section 3.5.4). These events enter at the

1. Pr y. and cations h on a single chip.
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top of the ZEUS detector due to their cosmic origin, and are vetoed if the measured
time:

(tup-tdown) > -10 ns. o)

Another source of background signals are spark events. A apark occura when
a calorimeter phototube at high voltage discharges to ground. This occurs because
insufficient clearance was left in the PMT assembly. An event is identified as a
spark by the SLT if the event has only one PMT signal with energy above 2 GeV and
there are no other PMT signals with energy above 200 MeV.

The SLT also uses data from the LUMI (see Section 2.2.4) to detect scattored
electrons from photoproduction and photons from radiative events. The analysisin
this thesis makes use of the CAL SLT and LUMI SLT.

The Global Second Level Trigger (GSLT) combines data from the component
SLT processors, and forms a trigger decision. The trigger decision is based on a set
of physics filters. These are algorithms designed to select specific physics processes,
and are modelled on the Third Level Trigger filters (Section 3.5.6). If an event pass-
es one of the GSLT filters it is accepted.

34 The Event Builder (EVB)

Once an event has been accepted by the GSLT, the data from the various com-
ponents are assembled inta a complete event by the Event Builder (EVB) for trans-
mission to the TLT. Data are transferved over EVB transputer links into a 512 KB
triple-ported memory (TPM) in a two transputer (2TP) module. The EVB has six
such modules in total. Each component formats the data according to 2 ZEBRA!
structure. The ZEBRA structure is reformatted by the EVB according to the ADA-
MO protocol, which is a tabular data format. The ADAMO tablea from each compo-
nent are combined into one data record in the 2TP module for access by the Third
Level Trigger.

3.5 The Third Level Trigger (TLT)

The TLT ia the first level to have access to the complete raw event data, and
8o the global quantities of an event may be exploited. In principle, any offline selec-
tion can be performed at the TLT, limited only by CPU time. The TLT must provide
sufficient processing power to allow for the execution of iterative offline algorithms,

1. A iinked data structure produced by CERN.
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such as extensive track and vertex fitting, electron identification and jet reconstruc-
tion. This results in the requirement of several MIPS!.geconds of computing power
per event. To avoid the duplication of code, the system must also provide an ‘offline
environment’ for the developers. This includes a reliable operating system and a
thoroughly tested compiler, which may not be available in purpose-built hardware.

3.5.1 The Hardware Design

The TLT consists of a computer “farm” of 30 commercial RISC2 R3000/R3100
machines (SGI 4D/35S), each with a clock apeed of 36 MHz, giving a total processing
power in excess of 1000 MIPS. For an input rate of 100 Hz spread out over 30 pro-
cessors, about 300 ms on average of analysis time is available for each trigger deci-
sion. Each processor is equipped with 32 MB memory, which sets an upper limit on
the size of memory-resident code.

The TLT processors are divided into 6 branches of five “analyzers™, processors
which perform online event reconstruction and make a trigger decision. One of these
branches is shown in Figure 3-4. In addition to the analyzers, control and commu-
nication is supervised by a “manager” node (SGI 25/S). Each branch is connected by
a Fermilab Branchbus [50] to a TPM buffer located on the EVB VME crate. Control
signals from the manager are passed along a loca) ethernet. The six branches are
coordinated by a single control_TLT process running on an SGI 4D/35G processor
(not shown), which also communicates with the overall Run Control System, and
performa handshaking with the EVB and IBM output. In 1994, events which were
selected by the TLT were transferred via a Branchbus Switch to an output node,
which sent the date by optical fibre link to an IBM computer for tape storage.

A UNIX operating environment is provided, including nfs and telnet, as well
as FORTRAN and C compilers. This allows a user to log inte any node of the system
and examine log files or interactively debug code. The standard CERN [51] libraries,
such as HBOOK and GEANT, are available. This programming environment has
proven to be very valuable in the software design, debugging, and testing stage.

3.56.2 The Performance of the TLT

From the start of ZEUS data taking in 1992 to the present, the TLT has been
crucial to the experiment. The first trigger used in the TLT was the calorimeter

1. Miltion Instructions Per Secord.
2. Reduced Instruction Set Computer, as opposed 10 the CISC (Complex Instruction Set)usedin a PC 8x86
processor.
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Figure 3-4 A schematic of a TLT hardware branch.

‘apark’ cut (see Section 3.3). Approximately 30% of the raw data in 1992 fell into this
category. A cut of this nature waa not foreseen in the initial trigger design. The 1992
configuration of the FLT could not cut these events without hardware changes. The
SLT could in principle cut these events, but its processors had been designed three
years earlier to have accesa to data from calorimeter cells only, and not individual
PMT's. At the TLT, the calorimeter reconstruction code was modified to flag spark
events. Independent analysis code was then run offline to verify the performance of
the algorithm and fo determine the safety of the cut. Once the cut was determined
to be safe, it was switched on in the TLT,

‘The second cut employed in the TLT waa calorimeter timing, detailed in Sec-
tion 3.5.3. Before enabling this cut, the same process of offline verification was fol-
lowed. An additional background reduction of 25% was made possible using this cut.
As a further check on the efficiency of this trigger, a fraction of the events flagged
as background were still output to tape. Online track reconstruction was also en-
abled in 1992 (see Section 3.5.5). This reconstruction was used to flag events as
beam gas, if three or more well-reconstructed tracks were found outside the primary
interaction region.
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Figure 3-8 The CPU processing time required by the TLT algorithms. Figure (a)
gives the total CPU time, and figure (b) gives the track reconstruction time.

The TLT has proven to be very powerful for the study, and implementation,
of new cuts. Since the algorithms are written in FORTRAN, any phyasicist can easily
examine and understand the routines. The development time for the first trigger
cuts was almost entirely spent in offline physics testing. The calorimeter trigger al-
gorithms were basically flagging events online in the TLT within one day after their
design. During the development stage, a code writer can execute the TLT analysis
software reading by raw data from a file, and step through the code with a full de-
bugger. Compilation and linking times are generally on the order of 10 minutes or
less. Once the code has been debugged, it is distributed to the TLT nodes over eth-
ernet via a remote copy program (the distribution to 30 nodes typically requires 10
minutes). The online performance of the software is monitored in several ways,
through histograms, a statistics-gathering module, and through log files (see Sec-
tion 3.5.7). The ability for a user to telnet onto an individual machine and examine
a log file is very helpful in monitoring performance.

The current programs run in the TLT are generated from about 40,000 lines
of FORTRAN analysis code and about 37,000 lines of C contral code. Typical CPU
processing times are shown in Figure 3-5. The distribution of total processing time
required by the TLT in 1994 is given in Figure 3-5 (a). This indicates a mean pro-
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cessing time of about 340 m=. Of this time, about 270 ms were required by the track
reconstruction algorithm.

During the running period of 1994, the Third Level Trigger continued to be
an essential component of ZEUS. Under normal operation, the final stage trigger is
implemented last. However, the flexibility of the ZEUS trigger system altows for a
quick response to unexpected sources of high rates. The TLT is a powertful, fast, and
easily debugged system, with the ability to adapt to conditions unforeseen in the
original trigger or detector design.

3.5.3 The TLT Trigger Decision

The TLT trigger decision is made in two stages, shown in a flow chart in
Figure 3-6. The first stage is the fast identification of background events, while
maintaining a high efficiency for physics, and relies on calorimeter and track recon-
struction, and muon identification. The second stage is the selection of physics can-
didates, based on offline algorithms. To provide monitoring of the background
rejection algorithms and physics filters, a fraction of events is retained after back-
ground rejection; these events are indicated aa “TLT passthru” in Figure 3-6. A sec-
ond sample is retained after physics filters; these events are marked as “TLT
Sampling Filter” events. For example, the rejection factor of a given filter can be
estimated using these events.

The first atep of background rejection exploita the full information of the
ZEUS calorimeter. Spark rejection (Section 3.3) is performed at the TLT using the
left and right PMT information of each cell. This is in contrast to the SLT spark re-
jection algorithm, which has access only to the summed PMT signals. As a spark
usually occurs in only one PMT in & given cell, it may be identified by a large
left-right asymmetry in cell energy:

L-R
asymmetry = |2~ 1509 -8
]L +R

where L, R are the energies of the left and right PMT signals. An online TLT asym-
metry distribution is given in Figure 3-7 (a) from a typical luminosity run. Spark
eventa are visible in this plot as peaks near an asymmetry of 1. Events are rejected
at the TLT if they contain a spark candidate with a cell energy sum of
L +R> 15 GeV, and if the energy in the remainder of the calorimeter is less than
2GeV.

Typical calorimeter global energy sums calculated by the TLT are shown in
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Figure 3-8 Flow chart outlining the TLT trigger decision.
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Figure 3-7 Distributions of PMT asymmetries and calorimeter global energy sums
calculated online by the TLT.

Figure 3-7. These sums include the quantity £ -p_ (see Section 4.1), the missing
transverse energy (see Section 4.3), and the total calorimeter energy. The global en-
ergy sums are exploited by the physics filters (Section 3.5.6)

To reject beam-gas interactions, calorimeter timing cuts are made [52]. An
energy-weighted time ia calculated for the vegions FCAL, RCAL, and the combined
region F/B/RCAL (Global time). Participating PMT signals must be 200 MeV or
greater. The error on the time measurement (in ns) of a PMT signal as a function of
ita energy is parameterized as:

c=a+ (%) (e}
where a=0.4, b=1.4, and ¢=0.65. The time average for a region j is calculated as:
Y ¢/0h
t,= 2 on

. Y seh
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Figure 3-8 TLT online calorimeter timing distributions.

where the error on the regional time is:

-12

o, = [Z(l/o,’) ) ]

Figure 3-8 shows online TLT timing distributions using this calculation. Figure 3-8
(a) shows the distribution of the measured FCAL minus RCAL time difference ver-
sus the RCAL time, while Figure 3-8 (b) shows the measured FCAL-RCAL time dif-
ference. One notes the clear physics peak, centered near zero RCAL time, and the
background peak at negative (early) RCAL times.

An event is rejected if there is sufficient energy in a region (1 GeV for the
RCAL and Global regiona and 2 GeV for the FCAL) and if one of the conditions:

Kgiesad > max (8, 30,0'“") o9

trcarl > max (8, ao'ncu) {10

4 max
Itrcatl > ma (8.3G,m“

’ 2 2z
[trear = trcatl > max(8,3 O oas + o,mu_) 312

) 19

HIAHEHLL
{

:

(a) Cosmic (b} Beam Halo

Figure 3.9 Cosmic muons and beam halo muons identified by the TLT.

is satisfied. The cut on the FCAL-RCAL time is shown graphically in Section
Figure 3-8 (b} as two lines joined by a double arrow.

3.5.4 The Rejection of Cosmic and Halo Muons

if an event passes the vetoes on sparka and timing, the TLT employs a muon
rejection algorithm, MUTRIG [53]. The expected rate of cosmic muons passing
through the ZEUS detector is 0{20) Hz. Downward travelling muons can be identi-
fied by calculating the time difference of signals measured in the upper and lower
regions of the calorimeter. For an ep event, thia transit time will be approximately
zero. A downward-travelling particle, however, will have a transit time of about 6
ns in ZEUS. An example of a cosmic muen traversing ZEUS is shown in Figure 3-9
(a). In this event, the muon entered from the upper right corner of the picture,
passed through the CTD, and exited in the lower left corner. Two reconstructed TLT
tracks are also visible as lines in the CTD.

In addition to cosmics, proton-beam associated halo muons occur at a rate of
several Hz. A sample event is shown in Figure 3-9 (b), which depicts a halo muon
entering the ZEUS calorimeter from the proton direction. For such muons, the vari-
ation of the x and y position of the energy deposits in the calorimeter cells will be
small and lie along a atraight line. If over 50% of the energy in the calorimeter cor-
responds to a fitted muon trajectory, the event is identified as a halo and vetoed.
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Figure 3-10 A sample online TLT z-vertex distribution from a luminosity run.

3.6.5 The Online Track Reconstruction

For further background identification, the TLT performs fast three-dimen-
sional track reconstruction in the CTD. Track reconstruction is exploited in identi-
fying background events that originate outside the interaction region. The tracking
information is also used in refining the identification of cosmic muons; events iden-
tified by MUTRIG as & cosmic but having a TLT track passing through the nominal
interaction point are retained. The TLT has available the full offline tracking algo-
rithm VCTRAK [54), described in Section 4.4, bul performs partial reconstruction
due to CPU limitations.

The reconstructed tracks are fitted online to estimate the position of the event
vertex. The distribution inz is shown in Figure 3-10 for a typical luminosity run (see
also Figure 5-3). A Gaussian with varying mean, width, and normalization has been
fitted to the data in this distribution. The fit results give a mean of 3.1 cm and a
width of 11.3 cm. The tailz in the distribution are due to residual beam-gas events,
and these can be suppressed with a cut in the measured z-vertex of an event. The
analysis in this thesis makes a conservative cut online of | z g0y | < 75 cm. Further-
more, the online track reconstruction provides an estimate of the momentum and
direction of each track candidate, used in the physics filters (Section 3.5.6)
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Figure 3-11 Diagnostic histograms from the TLT online track reconstruction.

For offline checks, or to develop physica filters, the track parametera are out-
put to the ADAMO table TLTVCHL. Similarly, the reconstructed vertexes are
stored in the table TLTVTX. The performance of the tracking is monitored online
through a series of histograms, shown in Figure 3-11. Information on the number of
tracks reconstructed, the outer superlayer used (layer 5 in 1994), the number of
CTD hits, and the fit residuals for axial, z-by-timing, and FADC information are
available. Such information is vital to shift crews monitoring the CTD hardware.

The calibration constants and monitoring results are naved run by run.
Figure 3-12 shows the history of the FADC global £y, which is the time offset that
must be subtracted from the measured drift times. The values are shown for all 1994
physics runs (8253 to 10263). The small glitches were usually due to special runs.
One also notices shifta around run 8800 and 9050; these correspond to three changes
to the CTD Master Timing Controller (MTC). Also shown is the drift velocity over
the same run period, and the difference between drift time in z-by-timing channels

compared to FADC channels. This provides a useful check on the FADC perfor-
mance.
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Since the beam gas background is already very strongly suppressed by the

first and second level triggers, the physics groups are obliged to migrate offline filter

Following the event veto stage, the second stage of classification is physics se-
atrategies to the TLT. A list of all the physics filters available in 1994 is given in

Figure 3-12 TLT track reconstruction monitoring plots. These monitor a) FADC tg,
lection. After the TLT analysis modules have completed reconstruction, an event is

b) Drift Velocity vp, and c) AL(FADC - ZbyTiming) versus run number [54].

a physics candidate. If a module positively identifies an event as background, analy-
8is stopa and the event is classified. Depending on the trigger mode sent from the
operators, the TLT may either flag the event and pass it, or reject the event.
Figure 3-13. The filters are divided into six major groups, which are soft (low-ener-
&y) photoproduction (SPP), deep inelastic scattering (DIS), hard photoproduction
(HPP), exotics (EX0), muons (MUO), and heavy flavour production (HFL). There is

classified. The categories include beam-gas background, cosmic-ray background, or
also a filter (VTX01) which selects a fraction of the events with a reconstructed ver-

3.56.8 The Physics Filters
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Figure 3-14 Online TLT histograms from the two electron finders.

tex, within |z errer| < 75 cm, and a filter (SAPO1) which selects eventa tagged by the
FNC (Section 2.2} [55]).

The nominal soft photoproduction filter triggers on eventa in which the scat-
tered electron is tagged by the LUMI electron calorimeter, having a reconstructed
energy of 3 GeV or greater. This filter was used primarily in 1993 to measure the
total photon-proton cross-section [56]. In 1994, due to the high rate of this filter, it
was disabled by a large prescale factor. The production of elastic vector mesons,
ep o VX, where V = p, ©, ¢, is selected by requiring a reconstructed vertex with
fewer than six CTD tracks, and there must be at least one two-track combination
with an invariant mass less than 2.5 GeV, assuming the tracks are n .

The filters to select neutral-current deep inelastic scattering events rely on
the offline electron-identification algorithms, LOCAL [57] and ELECTS [68}, which
are interfaced to the TLT. The LOCAL algorithm searches for clusters of energy de-
posita in the calorimeter, and cuts on the ratio of EMC/HAC energy, while ELECTS
sums the energy within a 11.5° cone around EMC cells. The distributions in recon-
structed electron energy from ELEC5 and LOCAL are given in Figure 3-14. A peak
at the incident electron energy is evident for LOCAL. ELECS5 does not exhibit a sig-
nificant peak because it is used only if LOCAL fails to reconstruct an electron can-
didate (see also Section 5.1.3).

Hard photoproduction eventa, which include the boson-gluon fusion procesa
(see Section 1.5.1), typically produce one or more jets in the final state. The HPP fil-
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ters exploit a TLT jet-finding algorithm [59]. The remaining HPP filters make re-
quirements on global energy sums in the calorimeter, which are corrected for the
reconstructed z-vertex pogition of the event (see Section 4.3), which must lie within
| Zvertex| < 76 cm.

Exotic events [60] are searched for in nominal neutral-current DIS eventa,
and in charged-current events, ep — vX, in which the neutrino escapes undetected,
resulting in a missing transverse energy in the calorimeter. Exotic events may also
produce one or more p* , which are tagged by the muon detectors (see Section 2.2).
The TLT performs global muon reconstruction, by matching information from the
muon detectors with energy deposits in the calorimeter and reconstructed tracks in
the CTD.

Heavy flavour eventa refer to ¢ and b quark production. The HFL filters ex-
ploit the TLT CTD track reconstruction. The D" * filter reconstructs the decay chan-
nel D°* 5 D°x*, by calculating the invariant mass difference, Am, between the
D"* and the D° [61). The decays J/y = ¢’e”, n* - are searched for by matching re-
constructed CTD tracks with reconstructed calorimeter clusters [62]. The HFL fil-
ters used in the analysis in this thesis are described in detail in Section 5.1.3 and
Section 5.2.

Figure 3-15 lista the number of events which satisfy each filter, the filter
prescale factor, and the number passed afler the prescale. After each run, a hard-
copy of this list is printed by the TLT.

3.6.7 Online Monitoring

Online monitoring of the TLT is available via online histograms and a moni-
tor display. In addition to the histograms shown in Figures 3-5, 3-7, 3-8, 3-10, 3-11,
and 3-14, the number of events selected by each physics filter is displayed in histo-
grams, which are updated every 60 seconds. This information allows the shift crews
to monitor the physics filters by comparing them to reference histograms, and for
the trigger group to modify a filter if it produces an unacceptably high rate.

The overall status of the TLT is given by a menitor display, shown in
Figure 3-15, taken from a typical run in 1994 (run 10009). The display shows the
number of TLT crates online (six), and the number of events passed from the EVB
to the TLT (Valid_Level 3_Events). Rejected spark events are indicated by
Number_of Spark_Events, beam-gas events by BG_Events, and cosmics by
No_of Mu. The number of events accepted by the TLT after physics filters, includ-
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ing pass-through events, is indicated by No_of _Events_Accepted. Al the bottom of
the display are the online fit results for the z-vertex of events passing one or more
physica filters (see Figure 3-10).

3.6.8 The Offline Checks

Extensive monitoring and redundancy checks are performed. The cut values
used by the veto algorithma and physics filters are written into the “begin of run
event” for each run, which can be retrieved by an offline analysis program. Also add-
ed to the data stream are the reconstructed calorimeter energies and times, the re-
constructed CTD track and vertex parameters, the energy and position of electron
candidates, and two bits for each filter. The first bit is set if an event passes a given
filter, and the second bit is set if the event also satisfies the filter prescale.

The performance of the TLT filters is periodically monitored by the trigger
group. The information from the TLT filter summary page, Figure 3-13, is available
for all 1994 luminosity runs, both in printed and machine-readable form.

The entire TLT filter code can be run offline (TLTZGANA). This code is used
to verify online trigger decisions, develop and tune physics filters, and to calculate
the trigger acceptance with Monte Carlo data (see Section 6.2.2).

4adsansess FLY Run Summary *eeserisissades

10009

Run_Stazt Time: Oct 10 22:59:40

Run Number «

Kun_stop _Time: Oct 11 04:02:08

Crates oaline & Run_Comfig physics
epu time (in ms) 294800240  No_of_Empty Evb Ruffer 1839
fun Statwus $1¢  Run Mamber 10009
Mo _OFf Walting Negs 141113 MWo_Of_10_Brrors 2
valid Level_3_Eveat $73925  Invalid_Level ) _Bvent 0
%o_of_Rveats_Accepted 1587458 Mo_of Rvents_Rejacted 416487
No_Of_Test_Triggers 11413 Wo_Of Env_Records 1083
No_of_TLT Thru Rvents 11858 Mo_of GSLT Thru Rvents 10243
Mo _of _Spaxk_Events 402 DO_Eveats {Time,old) 18162
Wo_of _VTX_Filter Bvents e 2G_Bvents {Time, Straub} 32495
Mo_of_Ma (Cosmic+Ealo) 22004 Sampling Filter Rvents 2105
Wo_of_SAP_Pilter Eveats ] Mo_of SPP_Filtex Evemts 37381
No_of _DIs_Filter Eveats 44470 Wo_of EPP_Filter Events 25111
No_of _XXO Filter Svents 23450 No_of _NUO_Filter Events 7097
No_of _NFL_Pilter Xvemts 53806 %o_of Filtex Accepts 144736
No_of _Other Kvents 338597 %o_of Rveats_to_IsM 157438
€5 TIMES (ne): Pxeton = 0.1 Electron = 0.1

FILTER & VERTEX DISTRISUTION (GAUSSIAN PIT)

AVG = 3.0 SICMA « 10.8 CNI2 = %¢eede Count a *sded

Figure 38-15 A sample online TLT run summary from a 1994 luminosity run.



Chapter 4
Kinematics, Simulation, and
Reconstruction
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Figure 4-1 Schematic diagram for electron-proton scattering.

4.1 The Kinematics of Electron-Proton
Scattering

The leading order diagram for deep-inelastic electron-proton scattering (DIS)
is shown in Figure 4-1. The scattering is viewed as the interaction of a vector boson

emitted by the electron, with a parton (g, ¢ or g}in the proton. Neutral current DIS
refers to yor Z' exchange, while charged-current DIS refers to W' exchange. The
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partonic final state in DIS contains the scattered quark and a spectator proton rem-
nant (diquark). For unpolarized electrons, the scattering can be described by the fol-
lowing independent variables:

kk Four-momentum of the initial, final lepton
P Four-momentum of the proton

q = (k—k") Four-mementum of the virtual boson

E E' Energy of the initial, final lepton
8, Polar angle of the final lepton
E, Energy of the initial proton

w Mass of the hadronic system

The four-momentum transfer squared is:
Q=g =-(h-1) “n
while the ep centre-of-mass energy squared is:
s = (k+P) ()

which is 300.4 GeV for HERA (Equation (2-1)). The invariant mass of the hadronic
system ia given by:

W= (P’ 9

At HERA, W extends up to the full centre-of-mass energy, depending upon the four-
momentum transfer of an event. The inelasticity parameter y, which is proportional
to the energy loss of the incoming electron in the proton rest frame, is:

= —“_(k P 4

The variable x, which is the fraction of the proton momentum P carried by the struck
parton [63] is:
2

i TY ) “s
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The variables y and Q” can be calculated from the measured energy E, and
angle 8_of the scattered electron, from [64}:

E,
Ye = 1- gz (1-c0s8) (]

Qf = 2E,E', (14 c0s8). “n

In the analysis in this thesis, events are identified as neutral-current DIS if an elec-
tron finder (see Section 3.5.6) reconstructs an electron candidate with y, <0.7.
Eventa with a larger value of y, have a scattered electron energy of 5 GeV or less,
and the current jet in the event is in the direction of the scattered electron. The jet
leads to an increase in the hadronic energy deposits near the electron, and reduces
the effictency of the electron finder to 50% or less [65]. The variable x can be calcu-
lated from the relation:

Q =xys ]

An alternative to the electron method is to reconstruct y and @ from the hadronic
system, using the method of Jacquet-Blondel [66]:

Z(Ei‘P,.)
Yo = 57— 25 “n

(Zp,,)2+ (Zp,,-)z

= (10
JB 1- Yz

where the sum is made over all hadrons in the event, having four-vectors
(E,, P.i, P, P.i) - The analysis in this thesis relies on the Jacquet-Blondel method to
calculate the hadronic centre-of-mass energy, W (see Section 4.3). Events with
Q' <4 GeV’ correspond to the scattered electron escaping undetected down the
RCAL beam-hole, and are dominated by photoproduction (§* = 0).

In the analysis in this thesis, photoproduction and DIS events are combined
into one sample in order to study hadronization in ep collisions. This combination in
justified by the property of factorization, which asserta that processes ocurring at
the hadronization scale are independent of the Q’ of the initial interaction.

q ¢ ¢ gm—"—_c & R [
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o
o
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Figure 4-2 Resolved photon contributions to charm production.

4.2 Event Simulation

Electron-proton collisions are simulated with a Monte Carlo program (67].
The name Monte Carlo refers to the “random” nature of the simulation, since it in-
volves pseudo-rand pling of a large phase space, such as a multi-dimensional

integral, which may be intractable using standard numerical integration.

The analysis in this thesis makes use of the PYTHIA 5.7 |68} Monte Carlo
event generator, interfaced to the JETSET 7.4 [69] program, which simulates had-
ronization using the LUND string model (see Section 1.3.3). The PYTHIA generator
simulates charm production based on QCD calculations to first-order in ., also re-
ferred to aa leading-order or LO. In ep collisions, the LO QCD process for charm pro-
duction is photon-gluon fusion to a c¢ pair (see Section 1.5.1). The Monte Carlo also
includes the resolved photon |70] processes, which are O( aa_’ ). Although the photon
is the pointlike gauge boson of electromagnetism, it also has a probability of coup-
ling to a ¢§ pair which can interact strongly with a parton in the proton. These in-
teractions include the processes ¢+q—c¢c and g+g —»cc, as illustrated in
Figure 4-2. The first diagram shows a quark from the ¢4 pair interacting with an
antiquark from the proton, while the second and third show a gluon radiated by the
qg pair interacting with a gluon from the proton. These processes are referred to as
hard subprocesses, because they are calculable in perturbative QCD due to the scale
set by the mass of the charm-quark. The default scale used by PYTHIA to calculate
the amplitudes for these processes is @ = mf + pf , where m, is the charm mass, set
to 1.5 GeV, and p, is the transverse-momentum of the c quarks.

The cross-section o for the production of two partons, k!, in an ep collision
with @ = 0 is calculated as [71):

a8 .
0, u = [[Jdxdndtf, (2, @) £ (20 @) ——;;" em
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where a parton i from the photon with momentum fraction x; interacts with a par-
ton j from the proton with momentum fraction x;. The term 8,; 4 18 the cross-sec-
tion for the hard subprocess, and is described in terms of the kinematic variable:

i= (p;—p,)’ = (p.-p,-)’- («19)

The probability of finding a given parton j in the proton with momentum fraction x
is parameterized by a parton distribution [63], this is indicated by the term
PR E Q). These distributions are determined from fits to data measured at a giv-
en Qg. and are evolved to the Q2 scale of the interaction using the Altarelli-Parisi
equations [72]. A parton distribution for the photon is included, £, (z,, Q%) , which
gives the probability of the electron radiating a photon which subsequently interacts
through the processes described above. In the analysis in this thesis, the event gim-
ulation makes use of the MRSG [73) structure function for the proton and the
GRVHO [74] structure function for the photon.

Higher-order corrections in a, to the initial and final states are made in
PYTHIA and JETSET using the parton shower approach (see Section 1.3).

To simulate the detector response, events are passed through a detector Mon-
te Carlo MOZART (75], which is based on the GEANT {76) routines. The trigger ia
simulated with the CZAR [77] program. The mass production of events using the
PYTHIA, MOZART, and CZAR programes is achieved using the FUNNEL [77) sys-
tem.

4.3 The Calorimeter Reconstruction

To measure the energy of particles passing through the uranium calorimeter,
one relies on the fact that the charge deposited in the left and right PMT'a of each
calorimeter cell is directly proportional to the deposited energy, and the calibration
of this has been determined from teat beams [78]. Offline, corrections are applied to
the calculated energy, including detector effects from cracks and spaces, non-linear-
ities in PMT response, PMT gain corrections determined by monitoring the UNO,
and corrections for cut-of-time signals such as cosmics [79].

Calorimeter cell noise, primarily due to uranium radioactivity, is suppressed
by a cut at about four times the RMS of the noise signal. This correaponds to a cut
of 60 MeV for EMC cells and 110 MeV for HAC cells. In 1994, the RMS width of the
noise signal for several PMT's worsened, possibly due to defective PMT's, signal
pileup, or miscalibration {80]. To remove these cells, a tighter cut is made at 80 MeV
for isolated EMC cells and 120 MeV for isolated HAC cells. Because usually only one
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Figure 4-3 The correlation betueen the generated and reconstructed hadronic
centre-of-mass energy W.

of two PMT'a in a given cell ia noisy, cells with an energy imbalance (Equation (3-5))
of 0.7 or greater and energy less than 700 MeV are also suppressed.

An overall energy scale correction is applied to the data, according to studies
of effects such as inactive detector material [81). The correction applied is +6% to
BCAL cell energies and +2.5% to RCAL cell energies. Global energy sums in the cal-
orimeter are calculated by summing the energy four-vectors of each cell, defined
with respect to the nominal interaction point (see Section 2.2). If the event has a re-
constructed CTD vertex (see Section 4.4.2), the cell positions are recalculated with
respect to this vertex.

An important quantity derived from the calorimeter energy measurement is
the hadronic centre-of-mass energy W, (Equation (4-3)), which may be calculated as:

W= m:+2(P-q) +q2

EJZ(P-Q)—QQEJ)'S—Q:

EJ2EP(E_P’)hadnn-_QE (#13)
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where Equation (4-9) and Equation (2-1) have been used. The sum is taken over all
cells not associated with a scattered electron, with four-momentum squared Qf. To
correct for energy losses in inactive material in the detector, W, i8 recalculated as:

W, = (W= (10.4£0.3))/(0.802 £ 0.002) o

This correction function has been determined from a comparison of the reconstruct-
ed and generated W from Monte Carlo simulation. The correlation between the re-
constructed W, after correction and the generated value is shown in Figure 4-3.

Another important quantity is the transverse energy of an event (see Section

5.1.3), defined as:

where p, and p, are the x and y component of the four-vector of each calorimeter cell,
and the sum is taken over all cells. Similarly, the “missing” transverse energy, char-
actenistic of charged-current events, is calculated as:

ET" = ’{.g.p')z + (eg’p,){ (19

This quantity is used in the FLT selection, described in Section 5.1.1.

4,4 Track Reconstruction

Reconstruction of particle trajectories in the tracking detectors is performed
using the VCTRAK [54) package. Although VCTRAK uses data from the CTD, VXD,
RTD, and SRTD, the analysis in this thesis makes use of only the CTD and VXD.

Tracks are reconstructed first in two dimensions, (x,y), and then continued to
three dimensions using z-by-timing and z-by-steree information from the CTD.
Track candidates begin as a seed in an outer layer of the CTD, and are followed in-
ward to the origin al x = y = 0. A seed consists of three CTD hits from an axial su-
perlayer. To aid in guiding the hit inwards, a fourth “virtual hit" is added at the
beam line. The track candidate is extrapolated inward, gathering additional hits
with increasing precision. Normally 85% of a candidate’s hits must be unique to it,
unless a track spana at least two axial superlayers and all shared hits are in the out-
er layer.

0

{09

Figure 4-4 The track helix parameters. In this example the track has a positive
charge @, radius R, and is located a distance Dy from the reference point at (x,y) =

(0,0} at angle ¢y It is located at 2y in the (z,r) plane at an angle 6.

4.4.1 The Track fit

Following pattern recognition, a 5-parameter helix model is fitted to a track
candidate, as shown in Figure 4-4. The parameters are n ed with respect to a
reference point in the (x,5) plane, chosen to be (0,0). The helix parameters are: ¢,
the tangent angle to the helix; @ /R, the signed curvature, where Q is the charge and
R the helix radius; @Dy, the signed distance from the origin to the reference point
on the helix; zy, the z-coordinate of the reference point on the helix; and cot 6, where
eis the tangent angle to the helix in the (z,7) plane. In addition, a sixth parameter 8
is included to account for scattering between the VXD and CTD.

A comparison of the reconstructed momentum of the track to the true momen-
tum for Monte Carlo data (see Section 6.2.4) is given in Figure 4-5. In this case,
events are generated to simulate a typical three-body decay, D! - ¢x* , (see Sec-
tion 5.5), and then passed through the detector simulation. The momenta of the re-
constructed tracks are summed to give the total momentum, which is plotted on the
y-axis. The x-axis gives the generated momentum of the initial particle. This indi-
cates a good correlation over all momenta generated. The scatiered points at mo-
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Figure 4-5 The correlation between the generated and reconstructed track
transverse-momenta.

menta around 2 GeV are background due to the selection of wrong track
combinations.

Often the angular coordinate of a reconstructed track is expressed in terms of
its pseudorapidity, defined to be

8
n = -log(tanz) wn

where 8 is the polar angle. To be well-reconstructed in the CTD, a track must lie
within -1.75<n < 1.75.

4.4.2 Vertex finding

Vertex finding is performed in a three-stage process: track filtering, to re-
move tracks incompatible with the beam line; a simple vertex fit, which calculates
the weighted fx,y,2) of the remaining tracks; and a full vertex fit, in which the direc-
tion and curvature of the tracks are adjusted to the fina! vertex position. To guide

the fit to the origin, a space point at the beam position in the (x,y} plane is included
in both vertex fits, with 6, = 6, = 0.7 cem.
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Figure 4-8 The theoretical ionization energy loss (dE/dx) versus particle
momentum for pions, muona, electrons, kaons, protons, and deuterons in the ZEUS
CTD gas.

4.5 Particle Identification

The CTD is instrumented with FADC in order to measure the ionization loss
of particles. The pulse height information is used in determining the likelihood of a
track being an electron, muon, pion, kaon, proton, or deuteron. The pulse-height
data are a measurement of the ionization energy loss of a particle in the chamber

gas, For a particle with mass m > m,, the ionization energy loss is described by the
Bethe-Bloch equation:

22
_4E _ 4xNAr2m etz In 2m By _32_§ (L]
dx AR r

which holds for a particle of charge ze passing through a material with atomic num-
ber Z and atomic weight A. Here m, is the electron mass, r, the classical electron

radius, the product 4aN,r’m,c’ is equal to 0.307075 MeV g 'em® for A = 1 g mol'!
and [ is the mean excitation energy for the material.
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The energy loss is a function of the particle’s velocity: B = Y. Asthe momen-
tum increases from near zero, the energy loss falls as 1/p* untfl about By~ 3, at
which point the ionization minimum is reached [82). As B continues to increase, the
term containing In (B’y) begins to dominate and the energy loss rises, this is re-
ferred to as the region of relativistic rise. For larger momenta, By - 10, polarization
of the medium resulta in electric screening effects, and causes the energy loss to lev-
el off; this is known as the Fermi plateau. This is reflected in the factor 5/2, and is
dependent on the density of the medium. Energy loss curves for common particle
species in the gas of the CTD are given in Figure 4-6. The dE/dx values are normal-
ized to the pion-band minimum ionization value, and the electron is approximated
as a straight line. For example, dE/dx allows for pion/kaon separation for momenta
p<1GeVic and p >2 GeV/e.

4.56.1 dE/dx Reconstruction

Corrections are applied to the CTD FADC pulse height information of a track
to determine its dE/dx. These corrections indude the path length of the track, the
wire-by-wire gain, the angle between the track and the drift direction (y'), and the
z-position of the track.

The energy lossof a particle in a thin absorber, or a gas, involves a small num-
ber of collisions, with the possibility of a large energy transfer in a single colligion
183). The probability distribution follows a Landau curve, as shown in Figure 4-7.
In this case the most probable energy loss corresponds to the peak of the distribu-
tion, but the mean ia shifted to a higher value due to the long tail. Rather than tak-
ing the average of all the pulse heights of a track, a truncated mean of the pulse
heights is calculated. This is achieved by rejecting the 30% highest pulse heights, as
well as the lowest 10%.

Variations in temperature and atmoepheric pressure, as well as wire voltage,
can introduce a run-by-run variation in dE/dx. To correct for these effects, the
dE/dx valuea are normalized to the value of minimum ionization of the pion band.
The dE/dx measurements for tracks with momentum 0.3 <p <0.4 GeV are fitted to
a Gaussian with varying mean, width, and normalization. A Gaussian is a good ap-
proximation to the distributions when only the points near the peak are included in
the fit. The fitted means of the pion band obtained for the 1994 data are shown in
Figure 4-8, for both electron and positron runs. A large jump in values is apparent
in thia plot, corresponding to a change in the CTD high voltage setting.
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Figure 4.7 A sample Landau distribution from the CTD pulse height data.

The dE/dx values decrease as a function of polar angle from cos 8 = 1 tocos
8 =0, because of a space charge effect. Tracks travelling nearly perpendicular to a
wire result in a smaller region of charge collection on the wire. The higher concen-
tration of avalanche electrons around the wire reduces the electric field, so that fur-
ther electrons are not collected. This results in a lower pulse-height. Figure 4-9 (a)
illustrates this angular dependence, and a straight-line fit the data in region
0 < cos8 < 0.8, gives the correction function:

(=)

corrected

( dE/dx ]
= 10

(1.0 + 0.14|cos8|)

where the correction is symmetric in cos 6. The effect of this correction is shown in
Figure 4-9 (b). Aa the angle of a reconstructed track increases from cos (8} =0.8 to
cos (8) = 1, the fraction of hita in a reconstructed track which have a saturated
pulse height increases, due to the increase in path length. Since the reconstruction
algorithm does not apply corrections to saturated hits, once the percentage of satu-
rated hits excoeds 30% the truncated mean is affected. Possible solutions include
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Figure 4-8 The dE/ dx correction factors for 1994 ZEUS CTD data.

calculating the median of pules heights for tracks with over 30% of the hits saturat-
ed, or removing such tracks with a cut on the polar angle.

4.5.2 The Likelihood Method for Particle Identification

To maximize the use of information from dE/dx measurements, and to in-
crease the available statistics, a likelihood method of particle identification is used.
This method, outlined below, is superior to simple cuts on fixed values. For example,
a simple cut on the measured dE/dx of a reconstructed track might be
dE/dx >2,p <0.6 GeV, which could be used to isolate a region of X* in Figure 4-6.
However, this cut reduces the statistics by removing higher momentum tracks. Fur-
thermore, such a cut does not take into account fluctuations in the dE/dx measure-
ment.

The likelihood that an observed particle corresponds to a given mass hypothe-

sis m is:

N,.exp(—lzm/m

P, = SNocr 2% so1
INexp(-1°,/2)
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Figure 4-9 The dE/dx correction as a function of polar angle 8. The function
determined from a fit to (a} is applied to the data in (b).

where the sum is taken over the particle assignments: (i = e, p, 7, K. p.d) . The rel-
ative particle abundances N, are taken to be unity (a more sophisticated analysis
would calculate the relative abundances, although this ia a small correction). The xf
for each mass assignment is calculated from the equation:

) ), )

3

2

{4-21)
0”

2
G theory

measured +
where the measured dE/dx is the reconstructed value for a track, and the theoreti-
cal dE/dx ia the predicted value from the Bethe-Bloch curve given the track momen-
tum and mass m;. The Typcory 18 the error in the theoretical dE/dx due to the
uncertainty in the momentum measurement. The G, eosuree I8 determined from the

resolution in the data as follows.

Tracks with momenta from 0.25 to 0.35 GeV are selected and the dE/dx mea-
surements in this interval plotted; this is similar to the method used to determine
the correction factors from the pion band. Plots of dE /dx verrus the number of hits
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Figure 4-10 The measurements used to determine the CTD dE/dx resolution in
1994 data.

n after truncation are shown in Figure 4-10, in bins of five hits. The diatribution
around the peak in each plot may be approximated by a Gaussian. The ¢ of a Gaus-
sian fitted to the peak gives the dE/dx resolution, defined as ,,,,..... = /K,
where p is the fitted mean. The dE/dx resolution for the 1994 data in bins of hits
after truncation is plotted in Figure 4-11. It is of the expected form, a/Jn @ b,

where the addition is in quadrature. A fit to the distribution of Figure 4-11 gives:

2
[ogﬁzﬂ L - ! (0.67 : 002) , (0.0500n)? i
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When the same procedure is applied to Monte Carlo data, the result is shown in
Figure 4-12. The fitted resolution is:
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Figure 4-11 The CTD dE/dx Resolution versus number of track hits after
truncation for the 1994 data.
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Figure 4-12 The CTD dE/dx Resolution versus number of track hits after
truncation for Monte Carlo data.
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When calculating a mass likelihood for a reconstructed track, Equation (4-23) is
used when analyzing Monte Carlo data and Equation (4-22) is used for real data.

4.6.3 Applications of Particle Identification

An example of the likelihood method in identifying K' is shown in
Figure 4-13. The first plot shows the dE/dx versus momentum from the 1994 data.
The #* ,K* ' bands areclearly visible, as well as an electron band (see below). The
second plot gives the kaon likelihood distribution (K ). The third distribution cor-
responds to selecting the likelihood K; > 1% . This distribution shows a clear sep-
aration of K* from the other bands.

A practical application of the likelihood cut is given in Figure 4-14. The first
plot shows the invariant mass spectrum of opposite-sign track pairs. The second
shows the same spectrum where the likelihood of the tracks being K* is required to
be K4 >90%. A clear ¢ signal is evident.

A further utility of dE/dx ia the identification of electrons and positrons. In
Figure 4-16, a zoom-in’ view of the dE/dx bands is provided, for the momentum
range 0.2 <p <0.35GeV. A clear electron band is seen. This is also visible in the sec-
ond plot, which shows the pion peak and a smaller electron shoulder. Electron iden-
tification by dF /dx is used in a ZEUS analysis to reconstruct the decay J/y —e'e”
82l

The analysis in this thesis makes use of particle identification in reconsatruct-
ing charm hadron decays from x* , K* .Si) candidates (see Chapter 5).

4.6 The Fragmentation Parameter

The fragmentation parameter z, from Equation {1-18) and Section 1.5.2, ia de-
fined for a particle M produced in ep collisions to be:

P Pn
2= —= (424)
P-gq
where p,, is the four-vector of the particle. Experimentally, this quantity is:
(E-p,)y (E-p,)
z = = (+28)

(E-p), “(E-p)} - (E-p),

where the numerator is calculated from the reconstructed tracks of the particle, and
the denominator is calculated from the calorimeter reconstruction, including an al-
gorithm to identify the contribution from the scattered electron (¢') (Section 6.2).

(a) {b)

ebo Lt 3 0.0

ar t I ....... J

" 10 -1 1 0 0 028 05 075 1
Momentum (GeV/c) Koon Likelihood
{c)

05t i diin

1
0 yomenthm (GeV/c)

b T i

Figure 4-13 Charged kaon candidates identified using dE/dx and the
likelihood method.
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Chapter 5

Observation of Charmed Hadrons

5.1 The Event Selection

Events are selected in which the following charmed hadrons, and their
charge-conjugates, are produced:

=)
>
"
N
wt

o1
D' =cd &2
D! =cs [ XY
Al = ude L]

These represent all of the lightest charmed mesons and the lightest charmed bary-
on. Offline, these hadrona are identified by reconstructing the tracks of their decay
products and calculating invariant mass distributions. Online, however, the trig-
gers rely on the calorimeter energy deposits of the particles in each event, and on
the reconstructed track momenta and the event vertex pasition. Charmed hadrons
are searched for both in photoproduction events, @ = 0, in which the scattered elec-
tron is not detected in the main calorimeter, and in DIS events. Triggers are chosen
which select both classes of eventas.

5.1.1 The First Level Trigger Selection

To select both photoproduction and DIS events, two of the GFLT triggers are
selected. The first is FLT 43, which uses reconstructed tracks from the CTD-FLT
(see Section 3.2) and global energy sums from the CAL-FLT (see Section 3.2).

a3
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The CTD-FLT classifies an event based on the total number of reconstructed
tracks in an event which intersect the primary interaction region. In 1994 the CTD-
FLT event classes were 0 (reject), 1 (unknown), 2 (good track), and 3 (very good
track). If an event has 2 or more reconstructed tracks and satisfies
n (vertex tracks) /n (total tracks) > 0.41, then the event class is 3. If at least one
reconstructed track intersects the nominal z-vertex, the event class is 2. Class 0
events have at least one reconstructed track but none which point to the vertex, and
the remaining eventa are clasa 1. FLT 43 requires that an event be clasa 2 or class 3.

Along with the requirement on reconstructed-tracks, FLT 43 includes five
subtriggers on global energy sums. These subtriggers are iltustrated in Figure 5.1,
which showa (2,r) sections of the ZEUS calorimeter (see Section 2.2). The nominal
interaction point for ep collisions is indicated by an X, and produced particles are
drawn as linea originating from this point. The first subtrigger requires a minimum
energy deposit in the calorimeter, E:i: > 15 GeV. For this calculation, the inner
three rings of towers around the forward beampipe, and the inner ring of towers
around the rear beampipe, are excluded. This suppresses the contribution from
beam-gas events, which typically have low pr and energy deposits concentrated
around the beampipe regiona. The second subtrigger detects the electromagnetic
shower of a scattered electron in the BCAL, by requiring an electromagnetic energy
deposit Efayc > 3.4 GeV . The third subtrigger demands a large missing transverse
energy E‘;-f':,, > 12 GeV; this is characteriatic of a charged-current event ep - vX
in which the v escapes undetected. The fourth subtrigger selects eventa in which the
electron scatters in the RCAL direction. This subtrigger demands that the electro-
magnetic energy depoeit in the RCAL EMC be ,,’;f,c > 2 GeV, again excluding the
inner ring of towers to auppress the contribution from beam-gas events which occur
upstream of the detector. The fifth subtrigger searches for events with a medium to
high energy scattered electron, by summing the energy deposits in all the electro-
magnetic sections of the calorimeter, excluding the F/RCAL beampipe regions, and
requires that E;’,',';» 10 GeV.

The second FLT slot used is FLT 30, which is designed specifically to select
DIS events in which the electron scatters in the RCAL direction. This relies on an
electron-finding algorithm, which searches for an electromagnetic shower in the
RCAL by making cuts on the isolation of energy deposits and on the ratio of EMC to
HAC energy.

For both FLT 30 and 43, a cut is made on the timing information of the C5
detector, the Vetowall, and the SRTD (see Section 2.2). These cuts select ¢p events,
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Figure 8-1 Schematic of FLT subtriggers. The darkened areas indicate the regions
active in each subtrigger.

originating from the nominal interaction region, and suppress beam gas eventa
which originate outside this region (see Section 3.5.3).

5.1.2 The Second Level Trigger Selection

At the GSLT empty triggers and sparks are removed (see Section 3.3}, Beam-
gas and cosmics are rejected by calorimeter timing cuts. In addition, events with
(E- p,)gﬁf > 75 GeV are vetoed, as this is above the maximum value for ep eventa
{see Figure 5-2 (b)), taking into account the calorimeter energy resolution.

To select charm production at the GSLT, two triggers are used. The first is
SLT HFL 03 which makes three requirements on the CAL-SLT global energy sums.
The first cut is on the ratio of longitudinal energy to total energy (P,/E); distribu-
tions for this quantity are plotted in Figure 5-2 (a). In thia figure, background data
from the TLT Sampling filter are shown as points, while D, Monte Carlo data are
plotted as a line histogram, and the data are normalized to the number of Monte
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Carlo events. The data are a mixture of a amatl number of charm production events
combined with a large sample of non-charm eventa, and se can be considered to be
mostly background. The data exhibit an excess over the Monte Carlo near
(P,/E) = 1; toreduce the rate from these events a cut is made of (P,/E)f",i{ <0.94.

The second requirement of ST HFL 03 is based on the (E - p,) of the event.
As shown in Figure 5-2 (b), the distribution in this quantity from D, Monte Carlo
exhibits two features: a peak near 50 GeV; and a peak near zero. The first peak re-
sults from events in which the scatiered electron is detected in the main calorime-
ter, resulting in an (E - p,) of twice the incident electron beam energy. The second
feature is a falling distribution peaked near zero; this is from photoproduction
events in which the scattered electron escapes through the RCAL beam pipe hole.
Data from the TLT Sampling filter are superimposed as solid points. To reduce the
contribution of beam-gas and low-energy photoproduction, a cut is made of
(E —p,)?ﬁ{ > 4 GeV, which corresponds to a minimum W, from Equation (4-13), of
about 80 GeV.

The third requirement for SLT HFI. 03 is that the BCAL and RCAL EMC en-
ergy sum satisfies E‘;’,‘;Lc-i— Eﬁi}c >2 GeV; this is used to tag either the electro-
magnetic shower from an electron scattered in the BCAL or RCAL, or the decay
products of photoproduction events.

The second SLT trigger used is SLT DIS 01, which selects events in which the
scattered electron showers in the EMC section of the calorimeter. The trigger re-
quires that one of the following subtriggers be satisfied: E:';:c >2.5GeV or

,ﬂ,o > 2.5 GeV or Eﬁ'g:c > 10 GeV or Ef,;’,:c > 10 GeV. To suppress the contribu-
tion from photoproduction, a cut is made of (E - p,) gﬁ{ +2(E ) > 24 GeV. The
inclusion of the energy measured in the LUML-y tagger keeps events in which a pho-
ton is radiated in the initial state and is detected by the luminosity monitor.

5.1.3 The Third Level Trigger Selection

At the TLT, three filters are used to identify charm production. These filters
rely on the fact that charmed hadrons produce decay products with relatively high
transverse momenta compared to the background of mostly low-momenta piona.
The first two filters exploit the TLT track reconstruction, and demand that the re-
constructed tracks are fitted to a common vertex. This requirement reduces the com-
binatorial background which would occur if all reconstructed tracks are used.
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Figure 6-2 Global energy sum distributions for data {points} from the TLT
sampling filter and Monte Carlo (line histograms). The vertical axis gives the
number of events, while cut values are indicated by vertical lines.

The first TLT filter is DST 22: Heavy Flavour Charm Filter. Because hadron-
ic charm decays typically produce two or more high-p7 oppositely charged particles,
this filter demands that at least two tracks are reconstructed with opposite charge,
each having py> 0.4 GeV. To be well-reconstructed in the CTD, both track candi-
dates muat lie within the polar angle 15° <8 < 165°,

Charm production typically involves a hard initial interaction; thiais reflect-
ed in the transverse energy spectrum of the event. As shown in Figure 6-2 (c), charm
Monte Carle events, plotted as a line histogram, have a higher minimum E; than
the sampling filter data, shown as solid points. A cut is made in this filter at
E;>6 GeV. In addition, the cut made at the SLT on (P,/E) is tightened to
(P,/E),, <09.

Because the output rate of DST 22 is O(1) Hz, which approaches the allowed
TLT limit for each of the physics groupe, it is prescaled by a factor 5. However, the
effective preacale is doser to 1, because the majority of events which satisfy this fil-
ter but which are pr led, are selected by another TLT filter. This increases the
overall statistics, but also complicates the acceptance calculation.

The second TLT filter used is DST 28: Heavy Flavour bb Filter. This filter re-
quires that two opposite-sign tracks are reconstructed, each with p;>0.5 GeV.
Their combined momentum sum must satisfy pr.+py> 2.0 GeV. Typically, beam-
gas events deposit most of their energy in the forward region, and this can be sup-
pressed by making an angular cut. The transverse energy cutside a 10° cone around
the FCAL beampipe is denoted by the variable E-lro'. Charm events are selected by
DST 28 if they satisfy Ey > 12 GeV. This filter is not prescaled.

Both filters demand that the event vertex be |2,,,44| < 76 cm (Figure 3-10),
this removes beam-gas events not rejected by calorimeter timing.

To select DIS events, the trigger used is DST ! I: Nomina! DIS. This filter is
designed to select events in which the scattered electron is detected in the main cal-
orimeter, based on one of three selection criteria. The first requirement is that the
energy measured in the inner ring of towers of the electromagnetic section of the
RCAL be E}202" >6 GeV or that the energy in the region outside the beampipe
be Eppwc """ >4 GeV, or the energy in the BCAL EMC be Egg,,c >4 GeV. The
second requirement is that the event satisfy (E-p,),, + 2(E;yy;y) > 25 GeV,
and (E-~p,) ., < 100 GeV. The third requirement is that one of two electron finder
algorithms identify an electron in the main calorimeter, having a reconstructed en-
ergy of E, >4 GeV (see also Section 3.5.6).
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Figure 8-3 The 1994 vertex distnibution for ZEUS events after DST

selection.

Selection Events Remaining
Events on Disk 14,264,539
DST Bits Selection 5,252,149
Require Vertex 5,114,109
Cut |z-vertex| < 45 cm 4,790,465
Reconstruct 2 or more tracks 4,767,906
Fit 2 or more tracks to vertex 4,746,047

Table 5-1 Offline preselection cuts.

=
&

Figure 5-4 Schematic of the decay D° —> K'=*.

6.1.4 The Offline Preselection

Offline, to remove residual beam-gas events, a tighter z-vertex cut is made,
taking advantage of the full offline VCTRAK reconstruction. The z-vertex distribu-
tion for the 1994 data is shown in Figure 5-3. A Gaussian is fitted to the data, with
a fitted mean of 1.9 ¢m, and fitted width of 10.8 cm. Offline a cut is made at
|’nmJ <45 cm.

The effect of the preselection cuts on the data is summarized in Table 5-1.
Following these cuts, further cuts are made to isolate charmed hadrona in the indi-
vidual decay channels. For each of these channels, all offline track candidates must
have at least two reconstructed track candidates which are fitted to a common ver-
tex. All offline track candidates must lie within |n| < 1.75, to ensure that they are
well-measured.

5.2 Observation of the D

The D’ meson can be identified through the decay channel shown in

Figure 5-4:
D°sKx', D ouKkr Py

Thin is known as a spectator decay, in which the charm quark emits a virtual W',
which decays into a ud pair, forming a x*. The & quark does not participate in this
reaction, but combinea with the s quark to form a K-. The world average branching
ratio for this decay process is 3.83 £0.12% [33).
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Figure 5-8 Comparison of data (points) after TLT filters with D° Monte Carlo (line
histogram). The selection cut is indicated by a vertical line.

To reconstruct this decay, invariant mass combinations are made for pairs of
opposite-sign track candidates. Both x* and K' masa hypotheses are allowed for
each track. To reduce the combinatorial background, cuts on the track candidate
transverse momentum are made: pyp(K) > 1.0 GeV and pp(n) > 1.0 GeV. Each
track candidate must pass through at least three superlayers of the CTD to remove
poorly-reconstructed track candidates. Tracks considered for a K- mass hypothesis
are required to be identified by dE/dx with a likelihood of at least 0.01 (Section
4.5.2). To ensure that the dE /dx resolution is of O{15%) or better, a minimum of 15
or more hita after truncation is required. Each track combination must also satisfy
pr(D") > 1.4 GeV.

In addition, a cut is made on the ratio of the transverse momentum of the b’
to the transverse energy outside the 10-degree forward (FCAL) cone. As shown in
Figure 5-5, the sampling filter data, plotted as points, tend to peak towards zero for
this ratio, while the D? Monte Carlo distribution, shown as a line histogram, is shift-
ed towards higher values. A cut is made at p,(Do) /E;?. >0.2
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Figure 5.8 Observation of the 0D

Using these cuts, the invariant mass distribution shown in Figure 5-6 is ob-
tained. A Gaussian and exponential background are fitted to the data, allowing the
mean i, width ¢, and normalization N of the Gaussian to vary:

2
N | 1 (- ]
aJ2x *» §( 4 } &8

Although the background ia closer to a polynomial over a large mass region, an ex-
ponential is a good approximation to the background in this limited mass window.
Note that the plot is zero-suppressed, indicating the high level of combinatorial
background still present with these cuts. The fit results give 966 106 D"/ can-
didates, with a fitted mass of 1.864 £ 0.002 GeV. This is in good agreement with the
accepted mass of 1.8645 + 0.0005 GeV [33].
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Figure 5-7 Schematic diagram for the decay D' > K-x'x*.

5.3 Observation of the D*

From a subset of the 1994 data, the decay:

D! oK x &n

is reconstructed. A schematic for this decay is shown in Figure 5-7, The ¢ quark de-
caysa to an s quark by emitting a virtual W*, which in turn couples to a x* in the final
state. A uu pair tunnels out of the colour field; this process is represented symboli-
cally in the figure by the emission and branching of a gluon. The ¢ and ¥ quarks
form a K-, while the remaining u and d quarks form a second x*.

Three-track combinations are taken, with the requirement that each K- masa
hypothesis have a likelihood of 0.01 or higher, and that each track candidate have
15 or more hits after truncation. The allowed charge combinations must correspond
to K'x'x* and K’ x-x for the D' and the D™ respectively. Each track candidate
must have a minimum pp of 0.5 GeV, and each D-meson candidate must satisfy
p,.(D’ ) >3.0 GeV. The resulting invariant mass distribution with these cuts ia
shown in Figure 5-8. A Gaussian signal with varying mean, width, and normalize-
tion along with a second order polynomial background are fitted to the data. The fit
results give 88132 candidates, with a measured mass of 1.878 + 0.004 GeV. This is
in reasonable agreement with the accepted mass of 1.8693 1 0.0006 GeV [33).

ﬁm i [/t 2720 7 33
g n=88 % 32 mass = 1.878 1 0.004 GeV
N

268 |- o = 0.009 Gev

Com|

3

226

168 |
-—MWMLMJ_
L7 175 18 185 19 195 2 205 11

KCnt*%* maes (Cev)
Figure 5-8 Observation of the decay D' - K =* x* .

This represents the first observation of the ¥ meson in ep collisions. The ac-
ceptance of the D* is not yet known for ZEUS, and s0 no croas-section ia calculated.
With knowledge of the acceptance, and higher statistics, one could determine the
cross-section ratio:

c(ep D' X)

[
clep > D°X) "

which is sensitive to the vector-to-pseudoscalar meson production ratio [32], de-
scribed in Section 1.3.1.
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Figure 5-9 Schematic diagram for the decay A} - pK #'.

5.4 Observation of the Al

The A} and A_ are identified via the decays:
Al opK®', A opK'w, (X

as illustrated in Figure 5-7. The ¢ quark decays to an s quark by emitting a virtual
W*, which couples to a x* in the final state. The tunneling of a ui pair out of the
colour field is shown symbolically by the emission of a gluon. The s and & quarks
couple to a K in the final state, while the two u and d quarks couple to a proton in
the final state. The world average branching fraction for this decay ia 4.4 £ 0.6%
[33].

To reconstruct this decay, three track combinations are taken, with the
charge of the tracka corresponding to p, K . %', or 5K‘ % for the chargeconjugate.
For every p, K, ' mass hypothesis, a likelihood assignment of at least 0.1 is re-
quired, and each reconstructed track must have 15 or more hita afler truncation.
Each track must have minimum py of 0.5 GeV and lie within |n| < 1.75. The A_can-
didates must satisfy pp(A_) > 1 GeV and |n(A )| < 1.75. To suppress background,
a cut is made on the quantity (E-p,}, /(E-p,),, >0.5 (see Section ), and on
pr(A)/EY >0.2. ’
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Figure 5-10 Observation of the A

The resulting mass distribution is shown in Figure 5-10. A Gaussian signal
with varying mean, width, and normalization, and a second order polynomial back-
ground are fitted to the data. The fit reaults give a signal of 107 £ 35 candidates, and
a fitted mass of 2.282 + 0.0156 GeV. The fitted mass is in agreement with the accept-
ed value of 2.2849 + 0.0006 GeV [33].

This represents the first obeervation of charmed baryon production in ep col-
lisiona. Previous Monte Carlo studies had predicted that an integrated luminosity
of at least 6.1 4.1 pb'! would be required to observe a signal for the A, in ep colli-
sions using this decay channel [84). However, the technique used to determine this
estimate did not fully exploit particle identification.

The acceptance of the A, is not yet known for ZEUS, and so no cross-section
is calculated. With knowledge of the acceptance, and higher statistics, one could de-
termine the ratio of charmed baryon to charmed meson production in ep collisions.
This would provide information on the probability of producing a baryon in the had-
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Figure 5-11 Schematic for the decay D} -> ¢ =*.

ronization process. For example, one could make a comparison of the croes-section
ratio:

olep = A X) _ udc

—_— &0
o(ep—vD"X) cu

which is related to the probability of producing a d anti-diquark compared to a &’
antiquark.

5.5 Observation of the D
The D, is identified by its decay:
D, e, &

as depicted in Figure 5-11. The ¢ quark decays to an s quark by emitting a virtuat
W*, which couples toa n* in the final state. The s3 pair form a ¢ meson, which de-
cays predominantly to KK, with a world average branching fraction
BR¢ 5K’ K- ) = (49.1£0.6)% [33]. The ¢ has a relatively narrow width of
I' = 4.43+0.05 MeV [33] compared to other vector mesons such as the p. The nar-
rowness is due in part to the low Q-value of about 24 MeV for the decay ¢ - K' K-,
and also because the decay ¢ — #' x"=° is Zweig-suppressed, meaning that the decay
involves a three-gluon intermediate state.

The decay channel D] —» ¢x* is chosen due to its relatively high branching-
fraction, with a world average of BR(D] — ¢x* )= (3.6 2 0.9) % . Furthermore, mis-
identified particles from decays such as D' —» K- #'x' and A! -+ pK" %' can cause

1000 n= 3494 £ 217

w0 | maoass = 1019.6 + 0.2 MeV
F=6.0 £ 0.7 MeV

%00 Lot YT YT 1.06

mass (Gev)

Figure 8-12 K*K' Invariant Mass Distribution.

the D' and A, to fake a signal in the 1), mass region; this is referred to as a reflec-
tion. The contributions from other decay modes are greatly reduced by cutting ncar
the mass of the ¢ resonance.

5.5.1 Reconstruction of the Decay ¢ —> K* K"

To reconstruct the ¢, pairs of oppositely-charged tracks are selected which are
consistent with coming from a common vertex, have a minimum K likelihood as-
signment of 0.01, and have py>0.2. The resulting invariant mass spectrum is
shown in Figure 5-12. Because the reconstructed mass resolution and intrinsic
width of the ¢ are comparable in magnitude, a Breit-Wigner line shape and a
second-order polynomial background are fitted to the data. The fit yields 3494 + 217
candidates at a measured mass of 1019.61 0.2 MeV . The fitted mass is in good
agreement with the accepted value of 1019.413 + 0.008 MeV {33).
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5.5.2 Reconstruction of the Decay Dt —> ¢ n*

The decay DF — #x® is reconstructed by selecting K' K~ candidates within
410 MeV of the nominal ¢ mass; the fit results indicate that this cut retains approx-
imately 86% of the ¢ signal. These candidates are combined with all remaining
tracks having p,> 0.3 GeV. In addition, each D, candidate must have p(D,) > 1.2
GeV and pT(D,)/E;? >0.08, (see Section 5.2).

A further cut is made on the helicity angle, cos8_, of the K' in the & reat
frame with respect to the #* direction (see Figure 5-13). Since the decay is from a
pseudoscalar particle JP(D.) =0 to a vector J° (¢) = 1' and pseudoscalar
J° (m) = 0, the decay angle of either kaon with respect to the x* direction is ex-
pected to behave as coszer This behaviour is in contrast to the background distri-
bution, which is constant in cosB. A cut is made at |eos9x| > 0.3, which reduces the
background by 30% and results in a loss in signal of about 3%.

The resulting invariant mass spectrum is shown in Figure 5-14. A Gaussian
signal with variable mean, width, and normalization, and an exponential back-
ground are fitted to the data. The fit results give 401 £ 76 candidates with a mea-
sured mass of 1.878 + 0.004 GeV, in reasonable agreement with the accepted value
of 1.9685 1 0.0006 GeV [33).

This is the first observation of the D, in ep collisions.
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Figure 5-14 Observation of the D,.



Chapter 6
Analysis of Charmed Hadrons

6.1 The Separation of DY/D° Signals.

An asymmetry in the production rate of the D® meson compared to the l_)o
anti-meson can test the predictions of the string model for hadronization, as out-
Jined in Section 1.5.1. Experimentally, the D’ is identified by the charge of the K-
in the decay D° > K-x°.

From the 966 + 106 D°/D’ candidates shown in Figure 5-6, the correspond-
ing separation into meson and anti-meson is illustrated in Figure 6-1. In this figure,
the D° meson combinations are marked by solid points, while the D° anti-meson
combinations are marked by open points. A Gaussian with varying mean, width,
and normalization, along with an exponential background, are fitted to each set of
data, and the fitted curves are superimposed with a solid line for the D° combina-
tions and with a dashed line for the Eo combinations. The fit results give the num-
ber of candidates to be:

N(D°) = 486+ 74 )
N(D") = 489 +67. *n
which corresponds to an asymmetry, using Equation (1-34), of A_; = -0.3110%.

This result may be compared to the PYTHIA Monte Carlo prediction using
LUND string hadronization. From a sample of 21584 ¢p - D°X Monte Carlo events,
with p,-(Do) > 1.4 GeV, 9945 events are found to contain a D° meson at the gener-
ator level, while 11639 events are found to contain a D°. This separation results in
a Monte Carlo prediction of a p*/D° asymmetry of Azc = -7.851001%.
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Figure 6-1 Separation into D°, P signals. The dark points represent D°
combinations, and the dashed points represent D° combinations.

Checks are made for any bias in the CTD reconstruction of positive and neg-
ative track candidatea, which might affect the D"/ﬁo result. Reconstructed track
candidates from a sample of 1994 photoproduction data, selected with
(E-p,) <30 GeV, are plotted in Figure 6-2. Negative track candidates are indica-
ted by a solid line, and positive tracks are indicated by a dashed line. The distribu-
tion in track hits after truncation is shown in Figure 6-2 (a), which indicates a slight
excesa in the number of hits assigned to positive tracks compared to negative tracks,
for tracks with 38 or more hits after truncation. This asymmetry in the number of
hita could arise from the deviation of the Lorentz angle in CTD cells (Section 2.2.1),
resulting from the lower-than-design value of the magnetic field of 1.43 T, instead
of 1.8 T. However, a reduction in the number of hits for long tracks should not bias
the overall asymmetry, because the tracks are still reconstructed, although with
fewer hits. The distribution in transverse momentum of positive and negative recon-
structed tracka is shown in Figure 6-2 (b), and the charge asymmetry between the
positive and negative tracks in Figure 8-2 (c). For reconstructed tracks with
pr> 1 GeV, the largest asymmetry obaserved of negative tracks over positive tracks
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Figure 8.3 A comparison of positive and negative reconstructed CTD tracks. The
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asymmetry between the number of positive and negative reconstructed tracks as a
function of transverse momentum is given in (c).
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is approximately -3.5%. The charge asymmetry has been checked using single muon
tracks in the CTD (85]; the study concludes that there is no significant bias in the
reconstruction of positive over negative tracks.

Previous measurements of the D%/D’ asymmetry include a value of
-20% 1.5% from E-687 and a value of - 3.8 + 1.5% from E-691, as described in Sec-
tion 1.5.1.

Within the statistica of the 1994 ZEUS data, the asymmetry for p°/D° pro-
duction, in the kinematic range p,-(Do) > 1.4 GeV, is in agreement with the predic-
tion from PYTHIA Monte Carlo using LUND string fragmentation.

6.2 The Ratio of D, to D? Production

The ratio of D, to D° production may be sensitive to the level of strangeness
suppression in the hadronization process, as described in Section 1.5.3. The obser-
vations of charmed hadrons, in Section 5.5, use all of the available 1994 ZEUS data;
however, to measure the D, to D’ ratio arestricted sample of the data is chosen. The
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Figure 8-3 The pt fragmentation spectrum in data (points) and Monte Carlo (line
histogram).

restricted sample simplifies the calculation of the acceptance, defined as the number
of events from a Monte Carlo sample which are reconstructed after all cuts, divided
by the number of events generated in a apecific kinematic range. To ensure stable
trigger conditions, only the runs with e'p collisions are taken, as the energy scale
of the CAL-FLT in 1994 was uncalibrated before those runs. To gimplify the efficien-
cy calculation, the trigger slota are restricted to FLT 43, (Section 5.1.1), SLT HFL
03 (Section 5.1.2), and the TLT Heavy Flavour b5 Filter (Section 5.1.3). In addition,
noisy calorimeter cella are suppressed, as described in Section 4.3.

6.2.1 The Restricted D Sample

To improve the signal-to-noise ratio for the D’ signal, shown in Figure 5-6,
additional kinematic cuts are applied. The fragmentation function of charm gquarks
is peaked towards higher values of the fragmentation variable z (Section 4.6) than
the distribution for lighter quarks (Section 1.5.2). Figure 6-3 shows the distribution
in the variable z, from Equation (4-25), for data from the TLT Sampling fiiter (Sec-
tion 3.5), plotted as points, compared to D° Monte Carlo data, plotted as a line his-
togram. In this figure the number of events in the data iz normalized to the number
of Monte Carlo events. The difference in the distributions suggests a cut at
z{D°) >0.15; this is drawn as a vertical line in the figure. In forming K* #' combi-
nations, the cuts on the transverse momentum of each track are relaxed to be
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Figure 8-4 Schematic for the angle 8, in the decay D® 5 K ', viewed in the D°
rest frame.

pr(K) >09 GeV and pr(%) >0.9 GeV, while the cut on p,-(D°) > 3.0 GeV is un-
changed. The polar angle of the meson is restricted to the region - 1.5 <0 (D°) < 1.0.
The measured hadronic centre-of-mass energy must lie within 100 < W <300 GeV;
the lower limit ia due to FLT acceptance, and the upper value is the kinematic limit.

In the rest frame of the D°, which is a spin-0 particle, the K- decays isotropi-
cally. If the D° is part of a jet from a fragmenting ¢ quark, the jet produces back-
ground tracks, mostly pions, which tend to peak at values of {coe8p) = 1, where 8,
is the angle between the D° boost direction and the K-. This is tllustrated in
Figure 6-4. The background is peaked at low angles due to its limited pr compared
to that of the K- and " [86]. A cut at |c0s8,) < 0.3 significantly reduces the back-

ground.

The selection for the restricted D° signal is summarized in Table 6-1. The re-
sulting signal with these cuts is shown in Figure 6-5. A Gaussian signal, having
varying mean, width, and normalization, along with a second order polynomial
background, are fitted to the data, The fit results give 344 + 46 candidates havinga

FLT 43, SLT HFLO3, TLT bb

100 < W <300
pr(D%) >3.0 GeV
-15<n (D" <1.0
prK) >09 GeV
pr(x) >0.9 GeV
2(D% >0.15
p(D°)/EY 502
[cos8,] <0.3

Table 8-1 Summary of the restricted cuts for the Do

fitted mass of 1.851 1 0.004 GeV, and a fitted width of 0.028 + 0.003 GeV.

6.2.2 The D°® Acceptance

To calculate the ZEUS acceptance for the reconstruction of the decays
D’ Kx, 5’ K'x", a sample of 21684 ep — D°X Monte Carlo events was
generated with p,(Do) > 1.4 GeV . Of these events, 1937 correspond to the kinemat-
ic range p(D°) >3.0 GeV, —1.5<n(D°% < 1.0, and 100 < W<300 GeV. The fuli
sample of events was passed through the ZEUS detector and trigger simulation, and
the cuts described in Section were applied. The resulting signal is shown in
Figure 6-6. A Gaussian with varying normalization, mean, and width, and a secon-
d-order polynomial background are fitted to the data, giving a fitted mass of
1.881+0.003 GeV and a fitted width of 0.028 1 0.003 GeV. The mass and width
from the Monte Carlo data are in good agreement with the values obtained from the
data in Section . The fitted number of Monte Carlo events is 182 + 15. From the gen-
erated number of events in the kinematic range described above, the acceptance is
determined to be:

Ace (D”) = 0.0940 £ 0.0076. .3

This acceptance is used in the calculation of the cross section in Section 6.2.5.




Figure 6-5 The D signal in data with restricted cuts.
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6.2.3 The Restricted D, Sample

The decay Df —éx* is reconstructed using the same procedure in Section
5.5.2, but the kinematic range is restricted to that used in Section for the D’ sample.
In summary, these cuts are pp(D},} >3.0 GeV, pr(D,)/E;-o.>OA2, z(D,) >0.15,
and ~1.56 <n(D,) <1.0. The track candidates must satisfy pr(K) >0.5 GeV and
pr(%) >0.3 GeV, and the ¢ mass cut of 1.01 GeV < mass ($) < 1.03 GeV is ap-
plied. The cut on the helicity angle of the K- (Section 5.5.2) is tightened to
{cos8,] >0.631; this reduces the background by approximately 53% while reducing
the signal by about 15%.

The resulting signal for the D, is given in Figure 6-7. A Gaussian and second
order polynomial are fitted to the data. The fit results give 45 + 15 candidates, with
a fitted mass of 1.961 +0.008 GeV, and fitted width of 0.014 £0.004 GeV.

8.2.4 The D, Acceptance

To calculate the ZEUS pt for the r truction of ep -»D,* X, a
sample of 28441 D, Monte Carlo events was generated, of which 2475 eventa corre-
spond to the kinematic range 100<W <300 GeV, pq(D,)>3.0GeV, and
-16<n(D,) < 1.0. The full sample of eventa was passed through the ZEUS detector
and trigger simulation. After application of the cuts described in Section 6.2.3, the
invariant mass distribution is for the surviving events is shown in Figure 6-8. A
Gaussian and second order polynomial background are fitted to the Monte Carlo
data.

The fit results give a fitted mass of 1.968+ 0.001 GeV and fitted width of
0.012+0.001 GeV. The mass and width from the Monte Carlo data are in good
agreement with the results obtained from the data in Section 6.2.3. The fitted num-
ber of Monte Carlo events is 183 £ 14, From the generated number of Monte Carlo
events, the acceptance is calculated to be:

Acc(D,) = 0.0738+0.0058 o4

6.25 The Cross Sections for D, and D® Production

To calculate a cross-section ¢ for a given process, one uses the formula:

N

9= IXBRxAce

(s5)
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Figure 8-7 The D, signal in data with restricted cuts.
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Figare 6-8 The D, Monte Carlo sample after restricted cuts.
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Reconstructed events D] — éx* 4515
Acceptance ace (D,) 0.0738 + 0.0058
BRID, sex*) 3.610.9%
BR(6 2 K'K) 49.1+0.6%
Cross Section for ep —» D} X 115240 nb

Table 8-2 Determination of the cross-sections for D, production.

Reconstructed events D° — K- ' 344 £ 46
Acceptance acc (Do) 0.0940 £ 0.0076
BRI’ 5 K x') 3.8340.12%
Croes Section for ep + D'X 319+ 50 nb

Table 8-8 Determination of the cross-sections for D production.

where N is the number of events observed, Lis the luminosity, BR is the branching
ratio of the decay process studied, and Acc is the acceptance. In this analysis, the
luminosity correaponds to the “1994 ZEUS e'p nominal vertex data” listed in
Table 2-1, which is 2.989 +0.045 nb'l. Using the D° and D, signals measured in
Section and Section 6.2.3, the acceptances calculated in Section 6.2.2 and Section
6.2.4, the croes sections for the procesa ep — DX in the kinematic range
pr(D) >3.0GeV, 100 < W< 300, —1.5 < (D) < 1.0 is determined to be 319+ 5.0
nb. For the process ep — D} X in the same kinematic range, the cross section is cal-
culated to be 11.51 4.0 nb. These calculations are summarized in Table 6-3 and
Table 6-2. The quoted error of these croas sections is statiatical only; the systematic
errors are determined in Section 6.2.6.

6.2.8 The Systematic Errors for D, and D® Production Cross
Sections

Systematic errors in a cross-section measurement arise from the uncertain-
ties in the luminosity measurement, in the relevant branching ratios, and in the ac-
ceptance. To determine the uncertainty in the acceptance for the D, and the D", a
series of systematic checks ia made.
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The uncertainty in the abeclute calorimeter energy scale is approximately
+3%. To simulate this effect, the energy scale is varied in Monte Carlo databy +3%,
and the acceptance for the D° and the D, is recalculated.

There is an uncertainty in the Monte Carlo modelling of the energy flow in
the fragmentation region of the proton remnant. An excess of deposited energy is ob-
aerved in the forward region in data compared to Monte Carlo data (87), and this
can affect the efficiency of the cut on the variable E;-o-. To check this effect, the cut
on pr(D)7EY" >0.2 is varied by its estimated resolution of +2%, in both data and
Monte Carlo data, and the analysis repeated. The change in the number of D" and
D, candidates is determined as a ratio of events in data compared to events in Mon-
te Carlo data.

To verify that the dependence of the D, acceptance on the $ mass cut in data
is reproduced by Monte Carlo, the cut of 1.01 GeV < mass (¢) <1.03 GeV is varied
by +1MeV. The change in number of D, candidates is computed as a ratio of eventa
in data compared to events in Monte Carlo data.

The uncertainty in the magnetic field measurement is estimated to be less
than 1%. The error on the luminosity measurement is 1%. The uncertainty in the
branching ratio of D} —¢n' is $25%. The uncertainty in the branching ratio of
oK' K is £1.2%, and the uncertainty in the branching ratio of DK is
23.1%.

The contributions to the systematic error are summarized in Table 6-4. In-
cluding the systematic error calculation, the cross-sections become:

alep -2 D! X) = 1152 4.0 (atat) £ 3.4 (syst) nb -8

o(ep 2 D°X) = 31.9£5.0 (stat) £ 5.4 (syst) nb *n

From these measurements the production ratio of D, to D’ is determined to be:

a(ep o D X)

5 = 0.36 1 0.14 (stat) £ 0.09 (syat) (2]
c(ep »D'X)

In calculating this ratio, the correlated systematic errors in Table 6-4 cancel, and
only the contributions marked with a “*” are included. This ratio may be compared
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Source Syatematic Error | On o
Calorimeter Energy scale £3% 4% | D', D,
Vary cut on pr(D)/Ey >0.2 by 2% +16% | D°, D,
* Vary cut on m(¢) in data and MC by $1MeV 1% D,
Uncertainty in magnetic field measurement <1% | D°, D,
* Uncertainty in BR(D, —¢n*) +25% D,
* Uncertainty in BR(¢ » K'K") *1.2% D,
* Uncertainty in BR(D® 5 K x*) +31% | D°
Uncertainty in Luminosity Measurement +1% | D°, D,
Total systematic error on c(D“) +168% | D°
Total systematic error on 6(D,) 130.0% D,
* Total systematic error for vatio D,lDo +25.2% | D°, D,
Table 8-4 Systematic errors for D° and D, measurements.
to the Monte Carlo prediction of:
c(ep 2 Df
(_“p—'ox)_ ) = 0.220 £0.024 on
o(ep DXy /pynpuc
and the NA 14/2 measurement (Section 1.5.3) of:

e(YN D, X)

——— = 0.22+£0.07£0.04 19

s(yYN->D'X)

To extract the value of the strangeness suppression parameter, described in

genhess suppression is:

7, = 0.4810.18 (stat) £ 0.12 (syst)

Section 1.5.3, a straight line is fitted to the data from Figure 1-14, resulting in a fit-
ted slope of 0.748 + 0.037. Using this slope and the ratio in Equation (6-8), the cor-
responding value of str.

(L))

Within errors, the value of strangeness suppression obtained ia in agreement
with the default LUND getting of ¥, = 0.3. A plot of the ratio of Equation (6-8) and
the corresponding value of y, from Equation (8-11) is given in Figure6-9. The
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Figure 8-9 The measured strangeness suppression parameter.,

straight-line fit to Figure 1-14 is plotted as a dashed line, while the predicted ratio
of D, to D° production from the LUND model lies within two horizontal solid lines.

6.2.7 Cross Checks on the D, Production Cross Section

To check the croes section measured for 6 (ep — D] X), asecond independent
analysis was performed [88]. The same 1994 data sample and kinematic cuts were
used, This analysis differs in that no z-vertex cut is applied to the data offline. The
analysis also differs in that a limited mass window from 1.88 GeV to 2.1 GeV is used
to fit a Gaussian and exponential background to the D, invariant masa distribution.
The resulting croes section from this second analysis is ¢ (ep —;Df X) = 139240
nb, where the error is statistical only. This cross section is in agreement with the
value obtained in Section 6.2.5.

6.2.8 The Comparison of D, and D® Data to Monte Carlo

In order to verify that the Monte Carlo provides a good description of the data,
a comparison is made in the tranaverse-energy distribution of the D = (D°,D,) can-
didates. The final sample of D candidates is divided into three bins of p7, which are
3.0<pr(D) <55 GeV, 55<pp(D) <80 GeV, and 80<p,(D) <120 GeV. A
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Figure 8-10 Comparison of D, candidates in data (solid points) to D, Monte Carlo
data (open triangles).

Gaussian with a fixed mass and width, and a second order polynomial for the back-
ground, are fitted to the data in each momentum bin. The fixed mass and width re-
duce the statistical error in the fit, and are taken from the fit results in Section 6.2.3.
The same procedure is repeated for Monte Carlo data, which were subjected to the
full detector and trigger simulation and analysia cuts.

The distribution for the D, transverse momenta is given in Figure 6-11 (a),
in which the Monte Carlo events are normalized to the total events in the data. Data
are plotted as solid points, while Monte Carlo data are plotted as open triangles. The
cotresponding distributions for the D° candidates from Section and D° Monte Carlo
data are given in Figure 8-11 (a). Both figures show a good agreement between the
data and Monte Carlo description of the D transverse momentum.

A second comparison is made in the hadronic centre-of-mass variable, W,
Equation (4-14), in two bins: 100 < W < 190 GeV and 190 < W <300 GeV . The same
fit method used to compare py is performed, and the results are given in Figure 6-11
() for the D, and Figure 6-11 (b). for the D°. Within the statistical errors, the
W-distribution in data is well-reproduced by the D Monte Carlo.
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Figure 8-11 Comparison of D° candidates in data (solid points} to D° Monte Carlo
data (open triangles).

8.2.9 Comparison with Other Measurements of Strangeness
Suppression

In order to compare the measurement of strangeness suppression in ep colli-
sions to that of other experiments, the effective centre-of-mass energy, Jé_,;, must
be estimated (see Section 1.4). For charm production in ep collisions, it may be cal-
culated from [89]:

pz+m2
_ T €
b = (z(l—Z)) ®

where py is the tranaverse-momentum of the charm guark or anti-quark, which is
approximated by the reconstructed pr of the charmed meson. The term m, is the
charm quark mass, taken to be 1.5 GeV, and z is the fragmentation variable, de-
scribed in Section 4.6. From a sample of PYTHIA Monte-Carlo events containing
D-mesons with pp(1)>3.0 GeV, the effective centre-of-mass energy is estimated to
be 10+ 4 GeV.

Using this information, the measured strangeness suppression parameter is
plotted against .[i,_,f in Figure 6-12 (see also Figure 1-11). The value measured in ep
collisions lies within the range predicted by a logarithmic function of ./3,_,, (Equation
{1-32)) fitted to the measurements from other experiments.
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Figure 6-12 Comparison of the measured strangeness suppression to the results of
other experiments.

6.3 Measurement of the Vector to Pseudoscalar
Ratio

As deacribed in Section 1.3.1, the production ratio of vector (spin-1) to pseu-
doecalar (8pin-0) mesons is predicted tobe V/ (V + P) = 3/4. Experimentally, this
can be determined by combining information from the ZEUS measurement of the
D"* meson, which is a charged, spin-1 counterpart to the D’ meson.

The ZEUS measurement of the process ep - D' * X in photoproduction
(Q'<4 GeV?} in the kinematic range p,-(D" ) >3.0 GeV, -15<«n D" <10,
115 < W< 280 GeV results in a preliminary cross-section of [90]:

Opyp (P D" X) = 1101 1.4 (stat) £ 1.0 {syst) nb ®13)

After restricting the sample of D’ candidates measured in Section 6.2.5 to photopro-
duction, by removing events with a scattered electron in the final state, the kine-
matic range: p.,-(D°) >3.0 GeV,-15<n (D") <1.0, and 115 <W<280 GeV is
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selected. The result iz a sample of 220 +37 candidates in the data, with an accep-
tance of 0.0948 + 0.0088. This corresponds to a cross-section in photoproduction of:

pyp(ep > D°X) = 20.243.9 (stat) + 3.4 (syst) nb 19

From the ratio of the two measurements, Equation (6-13) and Equation (6-14), the
ratioof D°* 1o D° production is:

L
(M] = 0.5410.12 (stat) £ 0.10 (syst) 15
oep o D°X) Pup

This is in good agreement with the observed ratio in e'e” (33) of 0.50 +0.05, and
with a second measurement in ep collisions [91] of 0.41 £ 0.09 1 0.10.

‘To convert the result in Equation (6-15) into the vector-to-pseudoscalar ratio,
one needs to calculate the term {92):

Cair (D..)

Ppm— 7
OJ;P(D )*Bdi?(oo)

(v19

Here the terms od"(D”) ando, d..r(D") refer to the direct production cross-sections
from the charm fragmentation process ¢ - DX. To calculate the term Cuir (D% , the
contribution of D° production from the decay of the D™ must be excluded. In form-
ing this ratio, several assumptions are made. The first assumption is that D™ and
D't mesons are produced with equal probability in charm fragmentation. The sec-
ond assumption is that charm fragmentation is the only mechanism by which D™’s
and D™ s are produced. The third assumption is that D° mesona originate either di-
rectly from ¢ — D°X or from decays of the D® and the D'* , and there is no contri-
bution from higher spin states. The relevant decays and branching ratios are:

D® »D°X, BR = 100% ®m
D™ 5D°x', BR= (683:14)% g

With these assumptions, the total number of D° mesons produced will be:
6, (D" = 6,,(D”) -BR(D™ +D°X) +6,,

= 6,,(D") (1+BR(D" -+ D°s")) +5, (D") -

(") -BR(D™ - D°%') +¢,, (D"

This gives the number of D° mesons produced directly to be:

o‘,.,(l)o) = oM(Do) -6, (D) (1+BR(D" - D’x")) 20

tot
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and so the ratio becomes:

O (D”)

Pv= *+ 0 ¢ *+ a_+
S (D7)+a (F)-0, (D) (1+BRD" - D°x'))

tof

a (D)

fot

"6 (D% -a,_(D)BRD" =D'x')

tor tot

1

) D" o
Y "
— e ~BR(D" 4 D°x)
GIol (D )
Using the cross-section information given above, this ratio iz determined to be:
Py = 0.861+0.20 (stat) £ 0.11 (gyst) {(s2n

This is in agreement with the value predicted from spin-counting, of 0.75, and the
measurementsin e'e” of 0.710.19 by ARGUS (93], of 0.71 £ 0.14 £ 0.12 by CLEO
[94] and of 0.886 + 0.084 £ 0.077 + 0.0084 by OPAL [92] (where the uncertainty due
to branching ratios ia indicated by the last term in the OPAL measurement), A com-
pilation of measurements of Py is given in Figure 6-13 (32) [92] |93) [94) (95) 96]
(971 (98] [99] [100] [101].

This represents the first ZEUS measurement of the vector-to-pseudoscalar
ratio.
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Figure 8-13 A comparison of experimental measurements of the vector-to-
pseoduscalar ratio. The vertical line indicates the value obtained from
spin-counting.



Chapter 7
Summary and Conclusion

The analysis in this thesis presents the firat complete set of observations in
ep collisions of the spin-0 charmed mesons D* and D°, the charmed-strange meson
D} , and the charmed baryon A? , from 2.875 + 0.043 pb'! of data taken by ZEUS
in 1994,

The D' meson is observed by reconstructing its decay D* 5 K =* x* | re-
sulting in a sample of 88+32 candidates with pp(D* ) > 3.0. With increased statis-
tics, 8 measurement of the D* production cross-section compared to that of the D’
could be used to extract the vector-to-psendoscalar ratio in hadronization.

The A is observed through its decay A] -+ pK'®*, A_ =pK'x, resulting
in a sample of 1074 35 candidatea with pp(A,) > 1GeV. A comparison of the A’
production cross-section to that of the D’ can test models of baryon production in
hadronization, such aa the probability of a diquark anti-diquark pair tunnelling out
of the vacuum.

The first measurement of the D°/17o asymmetry in ep collisions ia given. By
reconstructing the decays D® - K'x* and D’ = K'x", a total of 966 + 106 candi-
dates is obeerved. Of these candidates, 486 +74 are found to be D’ mesons and
489467 D anti-mesons, based on the charge of the K* . The resulting asymmetry
A_; is determined to be -0.3£10 %. This is in agreement with the PYTHIA Monte
Carlo prediction of A*° = - 7.8530.01%.

The cross section for the process ep -D°X is measured to be
319450 (stat) 5.4 (syst) nb in the kinematic range pp(D°)>3.0GeV,
100<W<300 GeV,and -1.5 <n(.D°) <1.0.

From a comparison of the production cross-sections of the D’ and D°® in
photoproduction (Q” < 4 GeV*), the vector-to-pseudoscalar ratio in hadronization is
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meagsured to be Py = 0.86 + (.20 (stat) £ 0.11 (syst). This agrees with the value of
0.75 obtained from spin-counting.

The first observation of the D, in ep collisions is presented, by reconstructing
the decay D} > 4x*. The cross-section for ep »D! X is measured to be
11.6 £ 4.0 (stat) £ 3.4 (ayst) nb, in the same kinematic range as the D°.

From a comparison of the ratio of D, to D° production to the PYTHIA predic-
tion, the strangenesa suppression parameter of the LUND string model is deter-
mined to be y, = 0.48 + 0.18 (stat) £ 0.12 (syst). This result is in agreeement with
the default value of 0.3, determined from previous ¢'e” experiments. The largest
source of aystematic error in this measurement arises from the uncertainty in the
branching ratio BR(D: — ¢x* ), which may decrease in the future with a direct
measurement at BES [102]. The statistical error on the D, measurement at ZEUS
would be reduced to O(+10% ) given an integrated luminosity of approximately 30
pb!. HERA should provide such integrated luminosity in the next few years.

Charm hadrons are found to be a useful tool to probe hadronization, and will
continue to be important in the search for the deconfined phase of QCD.
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B Glossary

ADAMO
BCAL
Cb

CAL
CTD
CZAR

DAQ
DESY

EMC
EVTAKE

FCAL
FNC
FUNNEL
GFLT
HAC
HERA
HERWIG

JETSET
LPS
LUND

MOZART
PYTHIA

GSLT

RCAL

TLT
TLTZGANA
VCTRAK
ZARAH

ALEPH Data Model, a tabular data format.

Barrel Calorimeter.

A set of four scintillator detectors located around the beam pipe.
Calorimeter.

Central Tracking Detector.

Complete ZGANA Analysis Routines, the combined ZEUS FLT,
SLT, and TLT trigger simulation.

Data Acquisition System.

Deutsches Elektronen-Synchrotron, the German national high en-
ergy physics laboratory, in Hamburg, Germany.

Electromagnetic section of CAL.

Offline event selection routine to reject events or runs with faulty
component conditions.

Forward Calorimeter.

Forward Neutron Calorimeter.

The ZEUS Monte Carlo Production Facility.
Global First Level Trigger.

Hadronic section of CAL
Hadron-Elektron-Ring-Anlage.

Hadron Emission Reactions With Interfering Gluons, Monte Carlo
generator implementing the QCD cluster model for hadronization.

Monte Carlo generator using string fragmentation.
Leading Proton Spectrometer.

University in Sweden, the Lund model’ refers to the string frag-
mentation model.

Monte Carlo for ZEUS Analysis, Reconstruction and Trigger.

A Greek oracle who provided ambiguous answers; Monte Carlo im-
plementing the LUND string mode! for hadronization.

Global Second Level Trigger.
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Rear Calorimeter.

Third Level Trigger.

The offline TLT simulation.

VXD and CTD Track reconstruction package.
Zentrale Rechenanlage fiir HERA Physik.
ZEUS Trigger Simulation for the FLT and SLT.
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