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ABSTRACT

I have studied hadronic decays of the Z boson that are accompanied by isolated
and energetic photon radiation from one of the primary quarks, Z — qq~. This study
enables me to measure the electroweak couplings and charges separately for up-type
and down-type quarks.

I have measured the fraction of hadronic Z decays that contain a photon radiated
by a primary quark to be

BR(Z — qav)
BR(Z — qq)

where I required that the photon have an energy between 8 GeV and 44 GeV and be

=(2.854+0.14) x 107* ,

accompanied by less than 100 MeV of hadronic energy within a 20° cone about its
direction. Both the statistical and systematic errors in this result are smaller than
those of comparable previous results.

I have calculated the energy distribution of isolated final-state radiation at next-to-
lowest order, O(as«), and performed a fit of this prediction to my measured energy
distribution to obtain a constraint on the quark couplings. I have combined this
constraint with a second constraint that I have derived from the L3 measurements
of cross sections and charge asymmetries at the Z peak. By assuming the Standard
Model quark charges, I have measured the couplings of up- and down-type quarks to

the Z boson, ¢ = 4 (g,.2 +7,%), to be
8 =1Tle017 and & —L182+0.11,

The experimental errors in this result are smaller than those of comparable previous
measurements. By parameterizing ¢, and ¢, in terms of the quark charges, I have

measured these charges to be

Q) =19002 and 3|0, =1.06T%T.
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This is the first such measurement of the quark charges at LEP. The quark electroweak
couplings and charges that I have measured are consistent with the Standard Model.

I have selected a sample of events containing isolated and energetic photons from
2.76 million hadronic Z decays recorded by the L3 detector between 1991 and 1994. 1
have analyzed this sample to determine the energy distribution of isolated photons ra-
diated by a primary quark by subtracting initial-state bremsstrahlung and hadronic
background, and by applying acceptance and detector corrections. The hadronic
background, which consists mostly of decays of isolated neutral pions into photons, is
underestimated by existing Monte Carlo models. I have used a new technique of ana-
lvzing shower shapes in the L3 electromagnetic calorimeter to study this background
directly using data. The discrepancies between data and Monte Carlo predictions
that I have observed have implications for detecting the Higgs decay, H— v, at the

next generation of high-energy experiments at the LHC.
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CHAPTER 1

INTRODUCTION AND OVERVIEW

In this thesis, I study hadronic decays of the Z boson in which a photon is radiated
by one of the primary quarks, Z — qqvy (see Figure 1.1). My motivation for this study

is to measure the couplings of quarks to the Z boson and to the photon.

+

e q

Figure 1.1: Diagram of the reaction ete™ — qqv that I study in this thesis.

The data that I will describe were collected between 1991 and 1994 from electron-
positron annihilations into Z bosons at 91 GeV. These reactions were produced by
the LEP accelerator and recorded by the L3 detector. The Z bosons produced at
LEP can decay into leptons or hadrons (which originate from a primary qq pair).
The specific final state that I study in this thesis consists of hadrons together with
an energetic and isolated photon.

In the Standard Model, there are two types of quarks, which I refer to as up-type
and down-type, and their interactions with Z bosons and photons can be described

using four coupling parameters (see Figure 1.2): ¢, and ¢, are the couplings to Z
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bosons, and Q,? and Q,” are the couplings to photons. L3 has measured the inclu-
sive rate of Z decays into quarks, I'(Z — qq); this measurement constrains a linear

combination of the quark couplings
F(Z _>q6) O<2Eu+3fd

where the factors 2 and 3 count the numbers of up- and down-type quarks that a Z
can decay into. In this thesis, I measure the exclusive rate of hadronic Z decays that
are accompanied by final-state radiation, I'(Z — qqvy), and thus constrain a different

linear combination
F(Z - qqr)’) X 2 : Eu : \12 + 3 ° E(l . Qd2 »

By combining these constraints, I am able to determine the values of the quark

couplings.

(@) Z—qq (b) Z—qqy

Figure 1.2: Diagrams for two Z decay processes whose rates constrain the
quark couplings to the Z boson and the photon: inclusive decays into quarks
(a), and exclusive decays that are accompanied by a radiated photon (b).

I have organized this thesis in three parts. In the first part (Chapters 2-4), I give
an overview of the theoretical and experimental context of my work. In the second
part (Chapters 5-7 and Appendix A), I describe my original contributions to the

study of final-state radiation in hadronic Z decays. In the last part (Chapter 8), I
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describe how I combine my experimental and theoretical results to measure the quark
couplings. Below, I give a brief outline of each chapter.

In Chapter 2, I describe the Standard Model of particle physics, concentrating on
the electroweak and strong interactions that are relevant to this thesis. Chapter 3
covers the LEP accelerator and the L3 detector in general, and in Chapter 4, I provide
a more detailed description of the L3 electromagnetic calorimeter, which is the main
component of the detector that I have used.

In Chapter 5, I present the methods that I have used to select a sample of events
that is enriched in final-state radiation. As part of this work, I have developed
new techniques for discriminating between single and overlapping photons in the
detector and I provide details of this approach in Appendix A. Chapter 6 covers
the data analysis that I perform on my selected events, which involves estimating
and subtracting irreducible background contributions, and correcting for the limited
efficiency and acceptance of the detector.

In Chapter 7, I discuss theoretical models of final-state radiation, and in partic-
ular, T describe the next-to-lowest order, O(as«), matrix-element calculation that I
have performed. I compare theory with data in Chapter 8, in order to measure the
couplings of up- and down-type quarks to the Z boson and the photon. Finally, in
Chapter 9 I summarize the main results of this thesis and compare them with results

from other experiments.



CHAPTER 2

STANDARD MODEL PHYSICS

In this thesis I examine hadronic decays of the Z boson accompanied by hard
photon radiation from the final-state quarks. This process involves electromagnetic,
weak, and strong interactions. Our present understanding of these interactions and
of the fundamental particles of nature is embodied in the Standard Model of particle
physics. In this chapter I first introduce the key theoretical concepts underlying the
Standard Model, and then describe the specific formulation of the electroweak and
strong sectors, focusing on aspects relevant to this thesis.

Much of the development of the Standard Model is due to the insight that the
laws governing a system can be deduced from its symmetries. A complementary
aspect — central to the success of the Standard Model — is that states satisfying
the fundamental equations of the theory need not obey the symmetries inherent in
the equations. A symmetry of a physical system can be described by generalized
coordinate transformations that do not change its equations of motion; the set of
these transformations has the mathematical structure of a group. Symmetries can
be classified according to whether their corresponding symmetry groups are finite or
infinite (discrete/continuous), whether or not group elements commute (abelian/non-
abelian), whether the transformations act in Lorentz space or upon internal degrees
of freedom (geometrical/internal), and whether the transformations are constant or
varying in space-time (global/local). The most convenient method for studying sym-

metries of a field theory is the Lagrangian formalism, based on a functional £(¢, d,,¢)
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of the fields ¢(x,), which is related to the classical action S by

2
S:/ d'zL($,0,0) .
t1

This Lagrangian density (for convenience referred to simply as the Lagrangian) sat-

isfies a least action principle which leads to the equations of motion

3—£ _5 oL
06 "9(0u9)

For every continuous symmetry of the Lagrangian (or equivalently, the equations
of motion) there is a corresponding conservation law[1]; for example, symmetry under
space-time translations corresponds to energv-momentum conservation. The program
for generating the interactions between the fundamental constituents of the Standard
Model consists of generalizing global internal symmetries of the Lagrangian for a
free particle as local symmetries (gauge transformations), and identifying the extra
terms that must be added to the free-particle Lagrangian to achieve local symmetry
as interactions involving a new field (gauge bosons). Interactions are between source
fields (fermions) and gauge bosons and, in the case of non-abelian symmetries, also
among gauge bosons.

The gauge bosons associated with new gauge fields cannot be massive as this would
entail an additional term in the Lagrangian which is not gauge invariant. Massive
gauge bosons in a theory are introduced via spontaneously broken symmetries that
are exact for the Lagrangian, but are not respected by the vacuum state. Symmetry
breaking occurs in a system having a degenerate set of possible vacuum states, where
the degeneracy reflects the unbroken symmetry, and is a consequence of the fact
that nature must pick a unique physical vacuum. The equations of motion expressed
in terms of states coupled to the physical vacuum manifest additional massless fields
(Goldstone bosons) associated with the degrees of freedom of the broken symmetry[2].
However, these Goldstone bosons do not appear in the resulting particle spectrum; the

combined effect of the Goldstone and massless gauge boson fields is exactly equivalent
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to a set of gauge bosons which acquire mass via the interactions of the massless bosons

(this is known as the Higgs mechanism)|3].

2.1 Electroweak Interactions

In this section, I describe the electroweak sector of the Standard Model, which pro-
vides a unified description of the electromagnetic and weak interactions of quarks and
leptons. Although weak and electromagnetic phenomena are not obviously related
at low energies, their unification is motivated by the observation of charged weak
currents which suggests that interactions can occur between the mediators of these
forces.

The internal symmetries used to build the electroweak theory are known as weak
hypercharge with generator Y™ and based on the abelian U(1) group, and weak isospin
with generators I = (I, I_, I3) and based on the non-abelian group SU(2)[4-6]. The
source fields of the electroweak sector are grouped into families of leptons and quarks
and a single family of scalar bosons!, and form left-handed iso-doublets and right-
handed iso-singlets characterized by the quantum numbers I = |I|, I3 and Y (see table
2.1). The Lagrangian for a non-interacting theory with the source fields described
above has an internal global symmetry with the group structure SU(2) ® U(1). Re-
quiring that the corresponding local symmetry be spontaneously broken results in
a particle spectrum with an additional weak-isospin triplet of vector gauge bosons
W=.Z: a photon; and a scalar Higgs boson H°. All charged leptons and the W Z H°
bosons acquire mass from the spontaneous symmetry breaking through the Higgs
mechanism. Although the physical vacuum does not have SU(2) ® U(1) symmetry,

it does have a manifest U(1) symmetry corresponding to the linear combination of

'This is the minimal Higgs content required for spontaneous symmetry breaking and leads to the
Minimal Standard Model, however, consistent theories with additional Higgs fields are also possible.
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generators
| -
Q=1L+3Y,

which results in conservation of electric charge and a massless photon.

Families 1 I Y Q
e I T /2 -1/2 -1 -1
() GGl 2 3
eg I Ty 0 0 -2 -1
u ¢ t 1/2 +1/2 1/3 +2/3
) 9 ey v
s By o 0 0 4/3  +2/3
d, s’ b, 0 0 4/3 -1/3

(¢+> 1/2 +1/2 1 +1
@) 1/2 -1/2 1 0

Table 2.1: Quantum numbers for the source fields of the electroweak sector
of the Standard Model.

The phenomenology of hadronic weak interactions dictates that quark mass eigen-
states are not electroweak eigenstates. With an appropriate choice of quark state
phases, the Cabibbo mixing[7] between eigenstates can be restricted to the down-

type (I3 = —1/2) quarks of each family
di = ZjUijdj -

where U is a unitary matrix[8,9]. With more than two quark families, U will in
general include complex elements, and thus explicitly violate invariance under the
combined discrete symmetries of charge conjugation (C) and parity (P)[10, 11].

The best-developed tool for the calculation of electroweak observables is pertur-
bation theory, in which the expansion parameters are the coupling strengths of the
gauge bosons. Terms in a perturbative expansion can be represented as Feynman

diagrams that depict the topological flow of fermions and bosons through space-time
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as lines, and interactions as vertices. The set of allowed vertices and the rules for us-

ing them are determined by corresponding terms in the Lagrangian (see Figure 2.1);

each vertex introduces a gauge coupling so that the perturbative expansion is simply

an expansion in the number of vertices in the diagram. The gauge couplings and

fermion masses appearing in the Lagrangian are free parameters of the theory, but

may be expressed in terms of measurable observables, and thus may by determined

experimentally. At a finite order in perturbation theory, this procedure is not exact

due to missing higher-order contributions whose size in general decreases as further

orders are taken into account.

f
ZY
f
W
Zy
W W,Zy
W W.Zy

f1
W

f2

W.Z
___Ho

W,Z
W,Z H°
W.Z LHO

f
_--HO
f
HO..
=---H°
Ho-”
Ho+. o H°
X,
HO,' \‘HO

Figure 2.1: Interaction vertices of the electroweak sector of the Standard
Model. The diagrams represent topological structure only and any assign-
ment of lines to the initial and final states of the interaction is allowed. f
denotes any fermion; f;, f; denote the members of a weak-isospin doublet of

fermions.

Beyond lowest order in perturbation theory, it is necessary to consider diagrams

including closed loops. Such loops are associated with an unconstrained internal

4-momentum which must be integrated out, and lead to logarithmic ultraviolet di-

vergences in the perturbative expansion.

It is a general feature of spontaneously
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broken gauge field theories that such divergences can be consistently handled at each
order of perturbation theory by replacing the bare wave-functions, gauge couplings.
and propagators of the Lagrangian with renormalized quantities, which introduces
appropriate canceling singularities[12,13]. There is some arbitrariness in the choice
of renormalization scheme; while all schemes lead to the same results when all orders
are included in the perturbation expansion, finite-order calculations have a resid-
ual renormalization-scheme dependence. The renormalization program suffers from
anomalies[14,15] which are associated with loop contributions that violate classical
conservation laws; one of these — the axial anomaly - is conveniently resolved by

requiring that the number of quark and lepton families be the same.

2.1.1 Electron-Positron Reactions

I now focus on the initial state consisting of an electron and positron, which is relevant
to the subjects covered in this thesis. The lowest-order reaction diagrams are shown
in Figure 2.2 and result in final states consisting of a particle anti-particle pair. xX,

satisfving the kinematic constraint

of%

m, <

The lowest-order diagrams are naturally divided into two classes according to whether
the virtual propagator is produced by annihilation of the initial state (s-channel,
Figure 2.2 (a—f)) or by emission and re-absorption by the initial state (¢-channel,
Figure 2.2 (g-k)).

The relevant center-of-mass energy to the work described here is m, ~ 91.2 GeV,
where the allowed final states include pairs of all fermions except the t-quark, and
the production of pairs of massive bosons (Z,W=* H?) is kinematically forbidden. Dia-
grams involving a virtual H® propagator are strongly suppressed due to the smallness

of the H° coupling to light fermions, and can be neglected.
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e Zly e w* e’ e’

Figure 2.2: Lowest-order Feynman diagrams for electron-positron reactions.
The initial state of each diagram is on the left-hand side, and the final state is
on the right-hand side. f*, f~ denote a charged fermion and its anti-particle.

2.1.1.1 The Reaction ete~ — ff

I now concentrate on the final state consisting of a fermion anti-fermion pair, ff,
produced via s-channel exchange of a photon or Z boson, which is relevant to the work
described here. I do not consider the production of ete™ or 1,7, pairs since these can
also be produced via t-channel exchange diagrams. The differential cross section for
the production of ff pairs in collisions of unpolarized e™, e~ beams corresponding to

the lowest-order s-channel diagrams (Figure 2.2 (a,b)) is

2
(i—g (efe” — ff) = j—s NG {Fi(s) (1+ cos®6) + Fy(s) - 2cos 0}
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where

- 8 o 2 2 9
Fi(s) = Q2Q7 +2Q.Q,0v. 9, Re x(s) + (95 + ¢52) (¢! + g% IX(9)[°
Fy(s) = 2Q.Q:g595 Re x(s) + 4 659591 o', Ix(5)

(5) 1
(s) =
< 4sin? By cos? By 5 — m2 + im, I,
« ) 2
= Z Négmz (g‘f + gl ) .
f

The vector and axial couplings are given by (I3 refers to the quantum numbers of the
left-handed state)
g‘f,- = 1;§ — 20 sin® Oy ) 92 = I:g )

N{. is the color factor (with a value of 1 for leptons, and a value of 3 for quarks) and @
is the angle between the incoming e~ and the outgoing fermion in the center-of-mass
frame of the reaction. Terms due to the mass of the final-state fermion are O(m?/s)
and can be neglected for the allowed fermions at /s >~ m, (below the threshold for tt
production). The free parameters in the lowest-order cross section whose values must
be determined experimentally are the electromagnetic fine-structure constant? a ~
1/128, the weak mixing angle sin? 6, ~ 0.231, and the Z boson mass m, ~ 91.2 GeV.
The total cross section for the production of ff pairs is defined as

o(s) = / 40 57 (e — 17) |

and is given to lowest order by

8 o?
o(s) = 3 ZN(@ Fi(s),

which is plotted in Figure 2.3 for qq production. The cross section is dominated
by resonant Z exchange near /s = mj, and by non-resonant  exchange at other

energies. The dependence of the differential cross section on the polar angle is shown

2This is the value that would be determined by comparing a measurement with the lowest-order
calculation. At higher orders, the value a(mz) ~ 1/128 arises from the evolution of the running
coupling from a(m.) ~ 1/137.04[16].
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at lowest order in Figure 2.4 for qq production at \/s = m,, m, = I';. The energy-
dependent asymmetry between forward and backward production is a feature of Z

exchange and can be quantified as

where

which is shown in Figure 2.5 for various final states.

3 | |
R - =—— Z/y exchange :
T --- Zexchange :
9 10 v exchange :
i E ;
‘o . .
Y 1
3 - 1
© g l
1K E

) s | N

10 = e f/ : mz ~

:I L1 [ I I L 111 l O Y | I f’ll l"l..l..l"\'{'d.l 11 i:l 11| ‘ | ] I L1111

20 30 40 50 60 70 80 90 100 110 120

\s (GeV)

Figure 2.3: Total cross section for qq production as a function of collision
energy, calculated to lowest order. The individual contributions of Z and v
exchange are shown with dashed and dotted curves.

Calculation of higher-order corrections to the lowest-order results given above

requires a choice of renormalization scheme to regulate ultraviolet divergences. A
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Figure 2.4: Polar angle dependence of the differential cross section for qq
production, calculated to lowest order, at collision energies near m,. The
curves for each energy are normalized to the total cross section at that energy.

convenient scheme for electroweak calculations is on-shell renormalization in which
poles are located at the measured physical particle masses. The free parameters in
this scheme are[17]

€, M, My, My , My ,

which have been directly measured except for m,, m,; and the lowest-order expres-
sions for the gauge couplings are promoted to definitions to be used at all orders

e? 1 20 ] 771,3\.
e si” = 1 — "
4m ~ 137.04 ! m2

a=

The on-shell renormalized one-loop corrections to ff production separate natu-
rally into electromagnetic and non-electromagnetic (weak) corrections. The electro-
magnetic corrections are due to diagrams with additional photons, either radiated
or in loops, and are numerically the most important. Near \/s = m,, the largest

corrections are due to photon radiation from the initial state, which occurs with a
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Figure 2.5: Forward-backward asymmetry for different final states in ete”
s-channel scattering, calculated to lowest order, as a function of collision

energy +/s.

probability proportional to
o(s — 2E,+/5)
o(s) '

and is thus sensitive to the rapid variation of o(s) near the Z resonance. The

weak one-loop corrections are numerically small and depend on the value of the
unknown parameter my. The leading weak corrections are conveniently introduced
into lowest-order calculations with a set of substitution rules known as the improved
Born approximation[18]. These rules parameterize the electromagnetic coupling, a,

the Z width, I',, and the vector and axial couplings, g and ¢\, as functions of the
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center-of-mass energy, /s, according to
«
S
1 — Aa(s)
s
Iy

2
My

o
I, —

9 = Vpi(s) (I3 — 2 ke(s) Qrsin® Oy )

g — Vpe(s) I,

where the functions Aa(s), pg(s), and k¢(s) incorporate the weak corrections.
Near /s = mg, all light fermions can be treated universally, and it is customary

to introduce energy-independent effective weak correction factors

pi(s) — pet = p(mz)
ke(S) = ke = K(M3) |

eff

which lead to effective vector and axial coupling constants ¢, g7 and an effective

weak mixing angle, 8, via
sin? 0y = Keg sin’ 0y .

Figure 2.6 shows the energy dependence of the total cross section for producing qq
pairs near the Z resonance, comparing calculations at lowest order, using the improved

Born approximation, and including all calculated corrections.

2.2 Strong Interaction Physics

This section describes the strong sector of the Standard Model, which governs interac-
tions between quarks and gluons (collectively called partons), believed to be the fun-
damental constituents of hadrons. Although partons and the strong color charge[20]
are not directly observable, their existence can be inferred from the phenomenol-
ogy of hadronic interactions, including the partial decay width of neutral pions into

photons|21] and the hadronic production cross section in e*e™ annihilation[22-24].
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Figure 2.6: Total cross section for qq production as a function of collision en-
ergy, calculated with different levels of higher-order corrections. The lowest-
order curve is calculated with a ~ 1/128. The curve with all corrections was
calculated with the program ZFITTER][19].

The gauge theory of quark and gluon interactions is known as Quantum Chromo-
dynamics (QCD)[25-30], and is based on an exact internal symmetry with non-abelian
SU(3) group structure. The theory represents quarks as color triplets (labeled as
red, green, and blue) and generalization of the global SU(3) symmetry of the free-
quark theory to a local symmetry introduces a color octet of massless bosons (gluons)
that mediate the color force. Gluons carry color charge themselves (each gluon being
labeled by two colors) and are thus self-interacting. Figure 2.7 shows the fundamental
vertices associated with terms in the QCD Lagrangian.

The usefulness of a finite-order perturbative calculation depends on the size of
the expansion parameter. To lowest order, the QCD gauge coupling, ay, is constant
and a free parameter of the theory. When higher-order corrections are included, it

is necessary to choose a renormalization scheme for the regularization of ultraviolet
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Figure 2.7: Interaction vertices of the strong sector of the Standard Model.
The diagrams represent topological structure only and any assignment of
lines to the initial and final states of the interaction is allowed.

divergences. The on-shell scheme used in electroweak calculations is not appropriate
for QCD where there are no natural physical mass scales. Instead it is convenient to
use the modified minimal subtraction scheme (denoted MS) in which all renormalized
quantities are defined at a common arbitrary scale p. In this scheme the expansion
parameter becomes the effective gauge coupling as (1) whose scale dependence is given

implicitly by the renormalization group equation
O
2 s 2 a k
H ou? - _aszﬁkas ‘
k=0

The first three (-coefficients have been calculated[31-33] (5y, 8, are renormalization-

scheme independent, (3, is given in the MS scheme)

33 = 271,f
S’ — 0.610
B 127
153 — 19n;
=—= — 0.245
b 9472 Y
77139 — 15099 + 32513 0,001
2T 345673 T

where n; is the number of active flavors and numerical values are for ny =5 appro-
priate for 1 ~ m,. Figure 2.8 shows the p?-evolution (running) of the strong coupling
at different orders of perturbation theory, and makes apparent the convergence of the
perturbative expansion.

The running of «y is given explicitly at leading order by

as(p) = as(po) [1 — as(po) log (i) <M> + O(aﬁ)} ,

1o 127
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Figure 2.8: Evolution of ag(u) from ag(mz) = 0.12 different approximations
to the renormalization group equation, with n; = 5.

which decreases with increasing p for ny < 16. This behavior is opposite to the
analogous running of the electromagnetic coupling which increases with increasing
pt. This trend reflects two important properties of QCD: asymptotic freedom[28-30)
and confinement[34, 35]. Asymptotic freedom occurs at large energy scales (short dis-
tances), where the strong coupling is small, and partons behave as quasi-free objects
whose interactions can be computed perturbatively. Confinement occurs at small
energy scales (large distances), where the strong coupling is large and induces con-
fining forces that bind partons into colorless hadrons and forbids the existence of free

quarks or gluons. It is customary to denote the scale that characterizes the onset of

confinement as

. -1
A=pulexp | —| .
o P [/30055(/%)]

Calculating QCD observables in perturbation theory presents several obstacles

that are not present in corresponding electroweak calculations. A fundamental issue
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is the relationship between the parton production that a calculation describes and the
production of hadrons that an experiment can detect. Although the QCD Lagrangian
does in principle define this relationship, it is not known how to generate quantitative
predictions on this basis, and phenomenological models must be used instead. An-
other fundamental problem is that a fixed order perturbative calculation depends on
the renormalization scale, p. It is intuitively reasonable that g should be chosen on
the basis of the natural energy scales of a problem, and indeed this effectively includes
a class of corrections at all orders. The arbitrariness in the details of this choice, how-
ever, can lead to sizable numerical uncertainties. A significant technical obstacle is
the rapid proliferation of diagrams at each order due to the gluon self-coupling, which
currently limits most calculations to second order. This is further aggravated by the
large size of the strong coupling at presently accessible energy scales, which limits the

precision of low-order calculations and our ability to test the theory.

2.2.1 Hadronic Z Decays

I now consider the production of hadrons in electron-positron collisions near /s = m,
for which the dominant process is s-channel Z exchange with subsequent Z decay into
a quark-antiquark pair. The calculation of QCD observables in ete™ collisions is
easier than for collisions involving initial-state hadrons since the perturbative hard-
scattering sub-system is well-defined. An advantage of large center-of-mass energies,
/8 = my, is that individual events are characterized by narrow jets of hadrons that
can be identified with the partons of the hard-scattering final state.

Figure 2.9 shows a schematic view of a hadronic Z decay and its conventional
decomposition into phases. Although the transitions between these phases are con-
tinuous and thus must be chosen arbitrarily, this scheme offers a useful framework
for integrating the different methods of calculation available. The first phase, Figure
2.9(a), is the production of a primary quark-antiquark pair, viewed as an essentially

electroweak phenomenon; the second phase, Figure 2.9(b), covers the evolution of the
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primary qq pair under perturbative QCD, and is dominated by gluon radiation; the
third phase, Figure 2.9(c), represents the transition from partons to hadrons; and the
final phase, Figure 2.9(d), consists of the decay chains of unstable hadrons. Although
all phases are in principle described by the Standard Model, only phenomenological

models are presently able to treat the last two phases.

L

(a) (b) (©) (d)

Figure 2.9: Schematic view of a hadronic Z decay, decomposed into phases:
(a) represents the electroweak production of a quark-antiquark pair, (b) rep-
resents the perturbative QCD evolution, (c) represents the transition from
partons to hadrons, and (d) represents the decays of unstable hadrons.

—~

The are several types of observables relevant to hadronic Z decays. The first class
contains fully inclusive observables that place no restrictions on the final state, and
thus allow an unambiguous interpretation of the partonic calculation since all partons
must produce hadrons. Observables in this class are related to the total hadronic cross
section, for which QCD corrections can be calculated at the same level of precision
as electroweak corrections, but which are not sensitive tests of QCD due to the small
size (few percent) of QCD corrections.

Non-inclusive observables describe the distribution of hadrons in the final state,
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and can be classified as essentially perturbative or non-perturbative. In the first case,
a perturbative calculation using partons is used, and the non-perturbative phases
(Figure 2.9(c,d)) are expected to introduce only small corrections. This requires that
the perturbative observable can be consistently evaluated for both hadrons and par-
tons, and that it reflects features of the hadronic distribution that are present in the
underlying parton distribution. Examples of perturbative observables are jet differ-
ential cross sections and event-shape variables. In the second case, non-perturbative
effects do not represent small corrections and must be explicitly taken into account.
Examples of non-perturbative observables are the number of hadrons in the final state
and the correlations between identical hadrons.

Diagrams for Z decay into quarks and gluons up to O(as) are shown in Figure

2.10 and correspond to the perturbative expansions

Oo 512
(9_@5-2 X IMO + OKSMQ + O(Odé)‘
= |Mo|” + a5 (MgMs + MoM,) + O(a?)
Oo 1/2 3/2 2
—a—q>—3 XX ‘CMS Ml + O(O{S )‘
= Qg lMl’Q + 0(a2)
Oo 9
_— = / b >
75, O(as) k>4,

where @, parameterizes n-particle phase space, and quarks and gluons are consid-
ered to be experimentally indistinguishable. After renormalization of the ultraviolet
divergences associated with loops, the total cross sections for different partonic final

states

— 0o k (k)
O'n:/dq)na—q);: Z Qg0

k=n—2

are still individually divergent. These remaining infrared singularities are associated

with real or virtual emission of soft and collinear gluons, but cancel at each order £,
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so that the sum
k42

> ol

n=2

is finite. Infrared divergences are due to the masslessness of the gluon, and also occur
for photons in the electroweak sector. A sufficiently inclusive observable that does
not upset this cancelation of soft and collinear divergences at each order is known
as infrared safe. This is equivalent to the condition that the observable does not
distinguish between an isolated quark and a quark accompanied by vanishingly soft

and collinear gluons.

A

(a) My (b) ./\/11 (C) Mo

Figure 2.10: Feynman diagrams for hadronic Z decay giving contributions up
to O(ays). Diagrams (a) and (c) have the final state qq and are zeroth and
second order respectively. Diagram (b) has the final state qqg and is first
order.
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CHAPTER 93

THE L3 DETECTOR AT LEP

The work described in this thesis is based on ete™ collisions recorded by the L3
detector at LEP. The L3 detector was designed and constructed by an international
collaboration, that presently includes 452 physicists from 43 institutes. In this chapter
I describe the LEP collider facility, the components of the L3 detector, the trigger

and data-acquisition systems, and the L3 measurement of luminosity.

3.1 The Large Electron-Positron Facility

The Large Electron-Positron facility (LEP) is operated by the European Center for
Particle Physics (CERN) located near Geneva, Switzerland (see Figure 3.1). LEP
is an eTe™ accelerator and storage ring with four interaction points, which are in-
strumented by the ALEPH[36], DELPHI[37], L3[38] and OPAL[39] detectors. Since
its commissioning in 1989, LEP has operated with beam energies near 46 GeV, ex-
ploiting the large event rate at the Z resonance; by the end of 1996 LEP will enter
a new phase, LEP II, with beam energies from 83 GeV to about 95 GeV, above the
threshold for WHW ™ pair production.

Figure 3.2 shows the stages of the LEP injection system. Electrons from a filament
are accelerated to 200 MeV in a linear accelerator (LINAC) and directed at a tungsten
target to produce positrons. These positrons together with electrons from a second
filament are accelerated to 600 MeV by a second LINAC and then injected into

the electron-positron accumulator (EPA), which condenses the beams into compact
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Figure 3.1: Map of the region near Geneva, Switzerland, showing the location
of LEP, and the PS and SPS stages of the LEP injection system.

bunches through synchrotron radiation damping. The bunches are accelerated in
the converted proton synchrotron (PS) and super proton synchrotron (SPS) to 3.5
and then 20 GeV respectively, after which they are ready for injection into the main
LEP ring. The maximum current that can be injected into LEP is presently limited
to >~ 0.8 mA per bunch, by instabilities generated from the coupling between the
transverse modes of the two beams[40].

After injection at 20 GeV, LEP accelerates the electron and positron beams to 46
GeV and then operates as a storage ring with collisions at the four interaction points.
LEP has a total length of 27 km and is divided into eight curved and eight straight
sectors. Each curved sector consists of a lattice of focusing and bending magnets that

maintain the bunches in precise orbits during acceleration and storage. Energy for
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Figure 3.2: Schematic diagram showing the layout of the LEP injection sys-
tem. The final PS and SPS stages are also used simultaneously for accelera-
tion of protons, anti-protons, and heavy-ions.

acceleration and for compensation of the losses due to synchrotron radiation (about
120 MeV per turn) is provided by 120 copper cavities, excited at radio frequencies
and distributed in two of the straight sectors. The higher energies of LEP II will
require 176 (240) additional superconducting cavities to reach energies of 90 GeV
(95 GeV) per beam. Some of these cavities are already installed and are being used
during 1995. The maximum current that can be stored during collisions in LEP is
presently limited to ~ 0.35 mA per bunch by beam-beam interactions, which cause
the transverse area of the beam to increase in proportion with the bunch current,
eventually interfering with the physical aperture[40].

The rate of collisions at the interaction points is proportional to the LEP lumsi-
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nosity
kIef

where £ is the number of bunches per beam, I is the current per bunch, f ~ 11.4 kHz
is the rotation frequency, and o,, o, are the transverse beam sizes. In practice, the
most effective way to increase the luminosity is to increase the number of bunches.
Between 1989 and 1991, LEP operated with 4 bunches per beam. Between 1992
and 1994, the optics were upgraded to use a Pretzel scheme[41], in which there are
8 bunches per beam, a lower bunch current, and an overall increase of 50% in the
average luminosity[40]. During 1995, LEP has been commissioning a further upgrade
to bunch trains[42] which will eventually provide the higher luminosity required at
LEP II. This new scheme is similar to the original four-bunch scheme, but with each
bunch now replaced by three bunchlets closely spaced over about 750 nanoseconds.
The current highest luminosity achieved this year is just over 2.0 x 103! s7! cm~2.

Figure 3.3 shows the integrated luminosity recorded for physics at the L3 interac-
tion point during each vear between 1991 and 1994, as well as during the first part
of 1995 (until the end of August). The luminosity recorded by L3 is about 80% of
the luminosity delivered by LEP with the remaining 20% being lost due to occasional
high-background conditions, data-acquisition dead time, and problems with individ-
ual detector and readout components. The improvement in luminosity achieved us-
ing bunch trains is not vet reflected in the integrated luminosity for 1995 because
of problems with the radio-frequency and injector systems that are currently under
investigation.

The most important LEP operating parameter for physics studies is the beam
energy. The most precise absolute energy calibration of LEP involves applying a pe-
riodic radial perturbation to transversely polarized beams, by sweeping the frequency
of the acceleration cavities, and determining the perturbation frequency that causes
the largest depolarization[43]. This method fixes the beam energy to better than

1 MeV, but it is time consuming and cannot be done during collisions and thus is
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Figure 3.3: Luminosity available for physics at the L3 interaction point,
integrated over each of the vears 1991-95, as a function of the day of the
year (1-365). Note that LEP running during each year typically starts at
the beginning of May and continues until the middle of November. The
luminosity shown for 1995 is for the first part of the year, between May and
August.

only performed every 1-2 weeks. Between these resonant depolarization calibrations,
the beam energy drifts by ~ 1.5 MeV /hour due to tidal deformations of LEP that
are predictable and now routinely corrected for[44], and by ~ 1 MeV /hour by other
effects that are not presently understood!. Occasional jumps of ~ 20 MeV have also

been observed and are being investigated.

IRecently a correlation between these non-tidal drifts and the level of the local water table has
been established, which could be corrected for in the future.
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3.2 The L3 Detector

L3 is one of four detectors recording data from electron-positron collisions at LEP.
The L3 design emphasizes precise measurements of photons, electrons, and muons;
and is complementary to the other experiments which have more extensive inner
tracking at the expense of less precise calorimetry and muon spectroscopy. Figure 3.4
shows a perspective cut-away view of the detector, which is 14 m long and 16 m wide.
Subdetectors are arranged in layers of increasing size surrounding the interaction
point; all inner detectors are contained in a long tube (see Figure 3.5), which in
turn supports the outer muon detectors and maintains the overall alignment of the
detector. The entire detector is surrounded by a 0.5 T solenoidal magnet. In 1994,
additional 1.5 T toroidal magnets were added to the main magnet doors.

The L3 coordinate system, which is used throughout this thesis, has its origin at
the nominal interaction point; its z axis is aligned with LEP beam in L3, with positive
values in the direction of the electron beam; its x axis is in the horizontal plane, with
positive values towards the center of LEP; and its y axis is in the vertical plane, with
positive values in the upwards direction (see axes in Figure 3.4). Polar angles in the
L3 coordinate system are measured from the positive z axis (6 = 0°) and take values
in the range 0° < # < 180°. Azimuthal angles are measured in the x — y plane, from
the positive z axis (¢ = 0°) towards the positive y axis (¢ = 90°), and take values in
the range 0° < ¢ < 360°.

The L3 detector relies primarily on two complementary methods of particle detec-
tion: tracking and calorimetry. Tracking detectors locate points along the trajectories
of charged particles, which are curved in the L3 magnetic field and thus provide in-
formation on particle charge and momentum. Calorimeters measure energy deposits
in a segmented absorbing medium, and thus provide information on the energy of
both charged and neutral particles and allow identification of different types of par-

ticle with characteristic patterns of energy deposits. In this section I briefly describe
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Figure 3.4: Perspective cut-away view of the L3 detector, showing the location of the subdetectors, the

support tube, and the magnet. The L3 coordinate system is represented by the axes in the bottom center.
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Figure 3.5: Inner detectors of L3 viewed in the y-z plane. The interaction
point is near the bottom left corner. Detectors are symmetric with respect
to reflection in the z and y axes, and rotation about the z axis. The flare
shown in the LEP beampipe exists only on the +z side.
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the sensitive components of the L3 detector during 1994, in order of distance from
the interaction point. In the next chapter I describe in more detail the electromag-
netic calorimeter, which is the subdetector that is used most extensively for the work

described in this thesis.

3.2.1 Microvertex Detector

The innermost L3 component is the silicon microvertex detector (SMD), located just
outside the LEP beampipe (the original radius of the beampipe in L3 was 9 c¢m; in
1991, a smaller beampipe of radius 5.3 cm was installed, making room for the SMD).
The SMD is 35.5 cm long and consists of two radial layers of double-sided silicon-strip
detectors arranged into ladders at 6 cm and 8 ¢m from the 2z axis, and covering the
polar angles 22°-158° [45] (see Figure 3.6). The outer silicon surface of each ladder is
read out at 50 um intervals for x-y coordinate measurements with a nominal intrinsic
resolution of 5 pm, and the inner surface is readout at 150 pm (central region) or 200
pm (forward regions) intervals for z coordinate measurements with a nominal intrinsic
resolution of 10 um. The design resolutions for reconstructed track parameters are
0.3 mrad in ¢, and 1 mrad in §. The SMD was installed in L3 at the beginning of
1993, but was not fully exploited for physics analysis during this year due to initial
technical problems. The SMD has been fully functional since 1994, but is not used

for the work described here.

3.2.2 Central Tracking Detector

Outside the SMD is the central tracking detector, consisting of a time-expansion
chamber (TEC) surrounded by z-chambers and forward-tracking chambers (FTCs)
(see Figure 3.5). This detector is used to reconstruct charged particle trajectories in
the central region of L3, to provide measurements of particle charge and momentum,

and to reconstruct secondary vertices from decays in flight.
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Figure 3.6: Perspective view of the L3 silicon microvertex detector, showing
the arrangement of the 11 inner and 13 outer ladders into layers.

3.2.2.1 Time-Expansion Chamber

The time-expansion chamber (TEC) occupies the volume between 8.5 ¢cm < r <
47 cm and |z| < 63 cm, and detects ionization produced by the passage of charged
particles through a gas mixture consisting of 80% CO, and 20% iso-C,;H;q at 1.2 bar.
Radial field-shaping cathode wire planes divide the TEC volume into 12 inner and
24 outer sectors, each of which is subdivided by a radial plane of mixed anode sense
wires and additional cathode wires (see Figure 3.7). Planes of closely-spaced grid
wires on either side of each anode plane establish a homogeneous low electric field in
most of the sector, with a small high-field region near the anode plane. Secondary
ionization particles produced along a charged track drift slowly (~ 6um/ns) in the
low-field region towards the high-field region, where they produce further ionization

particles in an avalanche that amplifies the original ionization signal (this is the tzme
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expansion principle). The timing of the ionization signal measured at each anode
determines the distance to the track along a line perpendicular to the anode plane,
with an average resolution ~ 50 ym (the ambiguity between a track that is to the
left or the right of the anode plane is resolved by matching between inner and outer

sectors, and by pickup wires within the outer sector grid planes).

o/

000000000000000000000000000 ¢

Figure 3.7: Diagram of several TEC drift cells viewed in the z-y plane.
Field-shaping cathode wires are shown as hollow circles, anode sense wires
are shown as crosses, and grid wire planes are shown as thin solid lines.
Dashed lines show the drift of ionization produced along a charged particle
trajectory (heavy solid line).

Inner sectors have 8 anodes and outer sectors have 54 anodes, providing a maxi-
mum of 62 coordinate measurements in the x — y plane, between 10.5 cmm < r < 31.7
cm. Fitting a circular arc to these coordinates measured along a particle’s trajectory
determines its transverse momentum, p,, with a resolution of o(1/p;) = 0.018/GeV.
Two anodes in each inner sector and 9 anodes in each outer sector are read out at both
ends (charge division mode) and provide additional information on the z coordinate

of a track with a resolution of ~ 2 cm.
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3.2.2.2 Z Chambers

Two layers of chambers surrounding the cylindrical outer surface of the TEC are
used for precise measurements of track z coordinates. The z chambers occupy the
volume between 96 cm < r < 98 cm and |z| < 51 cm, and cover the polar angles
45° < 0 < 135°. Each chamber is filled with a gas mixture of 20% CO, and 80%
argon and operates in drift mode. Ionization signals are read out from cathode strips
aligned at 0°, 90°, and +70.1° with respect to the z axis; which combine to locate the

z coordinate of an isolated track with a resolution of 320 pm.

3.2.2.3 Forward Tracking Chambers

Two layers of forward tracking chambers (FTCs) cover the end of the TEC and
measure precise track x —y coordinates at fixed |z|. The FTCs cover the polar angles
9.5° < 6(180° — #) < 37.5°. Each chamber is filled with a gas mixture of 38.5%
ethane and 61.5% argon and operates in drift mode. Ionization signals are read out
from anode wires aligned at 5° and 95° with respect to the x axis, which combine to
locate the x and y coordinates of an isolated track with a average resolution of 150

pm. The FTCs were installed at the beginning of 1991.

3.2.3 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) consists of a barrel and two endcaps com-
posed of bismuth germanate crystals, which enclose the outer surfaces of the central
tracking detector (see Figure 3.5). The analysis described in this thesis uses primarily
this subdetector, and thus it is described in detail in Chapter 4. Here I describe the
related subsystems: the active lead rings and the electromagnetic calorimeter gap

filler.
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3.2.3.1 Active Lead Ring

The active lead ring (ALR) covers the forward angular regions 4.5° < 6,180° — 6 <
8.8°, between the coverage of the ECAL endcaps and the luminosity monitors. The
ALR is located at 108.0 em < |z| < 118.4 cm, just behind the ECAL endcaps (see
Figure 3.5). The ALR consists of 3 layers of 18.5 mm thick lead followed by 10
mm thick plastic scintillator. Each layer of scintillator is divided into 16 azimuthal
segments which are individually read out by photo-diodes, and successive layers are
rotated by one third of a segment. The ALR determines the ¢ coordinate of isolated
particles with a resolution of ~ 1.3°. The ALR was installed at the beginning of
1993, replacing a passive lead ring in the same position that was used to protect the
central tracking detector from LEP radiation. At the beginning of 1995, the ALR was
upgraded to also measure polar angles and thus improve its ability to trigger events

due to two-photon processes.

3.2.3.2 Gap Filler

There is presently a gap of 7.4 cin between the ECAL barrel and endcaps, due to the
space requirements of the central tracking detector for the end flanges and readout.
At the end of 1995, this gap will be instrumented with blocks of lead threaded with
plastic scintillating fibers, resulting in improved total energy resolution and hermetic-

ity which will enhance the detector’s sensitivity to supersymmetric physics.

3.2.4 Scintillation Counters

The scintillation counters line the narrow gap between the electromagnetic and hadr-
onic calorimeters (see Figure 3.5), and are designed for precise measurement of the
relative timing of particles traversing the detector. The primary purpose of the scin-
tillation counters is to discriminate between cosmic ray muons that pass near the L3

origin, causing scintillation signals ~ 5.3 ns apart, and di-muon events originating
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from the L3 origin, causing nearly coincident scintillation signals.

The scintillation counters are arranged in a cylindrical barrel of 30 strips 290 cm
long, and covers 98% of 360° in ¢. Each strip is a 1 cm thick plastic scintillator, read
out at both ends by an adiabatic light guide coupled to a photomultiplier tube. The
relative timing resolution of the scintillators is better than 1 ns. At the beginning of
1995, two endcap disks of 16 scintillator sectors were added at |z| = 103 cm, to match

the new forward-backward muon chambers.

3.2.5 Hadron Calorimeter

The hadron calorimeter (HCAL) surrounds the ECAL, and is designed to measure the
energy of hadrons, which typically deposit only a fraction of their energy in the ECAL.
Particles traversing the HCAL gradually lose their energy through nuclear interactions
with layers of depleted uranium and brass absorber, initiating showers of low energy
particles that are detected in layers of proportional wire chambers interspersed with
the absorber. The HCAL consists of a barrel covering 35° < 6 < 145° and two
endcaps that extend the coverage to 5.5° < 6 < 174.5° (see Figure 3.5).

The HCAL barrel is divided into 16 modules in ¢ and 9 modules in z (see Fig-
ure 3.5). Each module consists of radially stacked alternating layers of 5 mm thick
depleted uranium absorber, and 5.6 mm thick brass wire chambers. Wire chambers
are filled with a gas mixture of 20% CO, and 80% argon and operate in propor-
tional mode. Successive chambers are aligned with wires perpendicular to each other;
wires are grouped for readout into projective towers with A¢ ~ 2.5°, Az ~ 6 cm,
Ar ~ 8 cm. A particle originating from the interaction point traverses 3.5-5.5 nuclear
interaction lengths in passing through the HCAL barrel.

The HCAL endcaps are each divided into 6 modules making up 3 rings (see Figure
3.5). Each module has a similar construction to a barrel module, except that layers lie
in the 2 — y plane, and successive wire chambers have wires aligned at 22.5°. Endcap

wire chambers are grouped for readout into projective towers with A¢ ~ 22.5° and
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Af ~ 1°. A particle originating from the interaction point traverses 6-7 nuclear

interaction lengths in passing through the HCAL endcaps.

3.2.5.1 Muon Filter

The muon filter surrounds the cylindrical outer surface of the HCAL barrel, and fills
the remaining space inside the support tube (see Figure 3.5). The muon filter is
designed to ensure that hadrons are completely absorbed inside the support tube,
so that only muons and neutrinos pass through to the muon chambers (in addition
to a very small rate of hadronic punch through). The muon filter is divided into 8
segments, and operates on a similar principle to the HCAL. Each octant is 139 cm
in length, and consists of 6 layers of 1 cm thick brass absorber, interleaved with 5
layers of wire chambers, and followed by 5 layers of 1.5 cm thick brass absorber fitted
to the curved contour of the inside of the support tube. All chambers have wires
aligned with the z axis, and 3 layers of each octant are read out in charge-division
mode with a resulting z coordinate resolution of 3-5 cm. The muon filter thickness
corresponds to 1.03 nuclear interaction lengths; the support tube material contributes

an additional 0.52 nuclear interaction lengths.

3.2.6 Muon Chambers

The central muon chambers occupy the space between the support tube and the
magnet, and are designed for precise tracking of high-momentum muons. The radius
of curvature in the = —y plane of a 45 GeV muon trajectory at § = 90° is ~ 300 m, so
a large lever arm is required for good momentum resolution. The central chambers
are arranged in octants of 3 layers each, located just outside the support tube (MI),
just inside the magnet (MO), and half-way between these positions (MM) (see Figure
3.4). The remaining volume between the support tube and the magnet is filled with

air and is not instrumented.
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Each octant layer consists of precisely-located “P” drift chambers (2 each in
MO,MM layers; 1 each in MI layers) for measuring track coordinates in the z — y
plane, and Z drift chambers (4 each in MO layers, 2 each in MI layers) for measuring
track z coordinates. P (Z) chambers are filled with a gas mixture of 38.5% (8.5%)
ethane and 61.5% (91.5%) argon and operate in drift mode with an average drift
velocity of 50um/ns (30pm/ns). The MI and MO P-chambers measure coordinates
along a track with 16 anode sense wires each; MM P-chambers measure with 24 anode
sense wires each. Each P-chamber sense wire measures an x — y coordinate with a
resolution of 110-250 pum, depending on the distance to the anode plane. The internal
alignment between planes of an octant is maintained to within 30 um by a sophis-
ticated opto-mechanical system, resulting in a combined octant resolution for track
sagitta measurements of better than 30 um, equivalent to a transverse momentum
resolution of o(pr)/pr ~ 2%. Z chambers are arranged in double layers above and
below each MO and MI P chamber. Z chambers in each double layer are offset by
half a drift cell, and each measure a track z coordinate at a single anode sense wire,

with a resolution of ~ 500 ym.

3.2.6.1 Forward-Backward Chambers

The central muon chambers measure track coordinates in all 3 layers over the region
43° < 6§ < 137°. The forward-backward chambers are designed to extend this coverage
to 22° < § < 158°, with 3 additional layers mounted on the magnet doors on either
side of the interaction point (see Figure 3.8). Each layer consists of 16 non-overlapping
chambers filled with a P chamber gas mixture, and instrumented with 4 anode sense
wires per cell with an average resolution of 200 ym. Momentum determination in the
region 36° < # < 43° is based on the measurement of curvature in the solenoidal field,
using the two 