Z + v Cross-Section Measurement, o * BR(Z + v),
in the Electron Channel for pp Collisions at

Vs = 1.8 TeV, and Limits for the ZZy and Z+y
Anomalous Couplings.

A dissertation
submitted by
Mary Roach-Bellino

In partial fulfillment of the requirements
for the degree of
Doctor of Philosophy
in

Physics

TUFTS UNIVERSITY

February, 1994

LVISLES,



ABSTRACT OF THE DISSERTATION

Z + v Cross-Section Measurement, o x BR(Z + v),
in the Electron Channel for pp Collisions at
vs = 1.8 TeV, and Limits for the ZZ~y and Z~vyvy

Anomalous Couplings.

by Mary Roach-Bellino, Ph.D.

Dissertation Director: Prof. K. Sliwa

The Z + 4 cross-section x branching ratio in the electron channel has been
measured using the inclusive Z data sample from the CDF ’88-’89 collider run, for
which the total integrated luminosity was 4.05 + 0.28 pb~!.

Two Z~v candidates are observed from central photon events with AR;, > 0.7
and E{ > 5.0 GeV. From these events the o * BR(Z + v) is measured and compared
with SM predictions:

o * BR(Z + 7). = 6.8 7(stat + syst)pb
o * BR(Z + v)sm = 4. 1231 (stat + syst)pb

From this Z~ cross section measurement limits on the ZZ+ and Z+v+ anomalous
couplings for three different choices of compositeness scale Az are obtained. Our
experimental sensitivity to the hZ"/hZ" couplings is in the range of Az ~ 450 —

500 GeV and for the hZ"/hZ" couplings Az ~ 300 GeV.
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Chapter 1

Introduction

The unification of the electromagnetic and weak interactions, as described by
the gauge group SU(2)L ® U(1)y, is referred to as the Electroweak Theory or more
generally as The Standard Model. The vector bosons W# are carriers of the charged
weak currents while the 4 and Z° are mediators of the neutral currents. The cou-
plings between these bosons and the quarks and leptons can be tested by measuring
the production cross-sections or rates of W and Z particles. By determining the
production cross-sections for the similar processes, W+ and Z+, not only can their
anomalous couplings be tested, but information on higher order static and transition
moments respectively can be gained. Furthermore by pushing beyond the realm of
the Standard Model, higher production cross-sections for these processes could be
indicators of internal structure or compositeness of W and Z bosons.

The 1988-1989 data collected by the CDF collaboration as listed in Appendix
A is used for this analysis. The purpose of this work is to measure the production
cross-section of Zv events. In addition, the limits for the anomalous ZZv and Zvyvy
couplings are investigated as well as the possibilities for Z boson compositeness.

The organization of the dissertation is as follows:

e In Chapter 2, an overview of the Electroweak Theory is presented with the
introduction of the basic concepts which describe the weak vector bosons.
Briefly the anomolous couplings of the Z boson for both tree-level and beyond

as well as a possible composite model are discussed.

e In Chapter 3, the apparatus used to obtain the physics results is described.



This chapter begins with an overview of the fundamental properties of the
Tevatron accelerator, and then highlights those components of the CDF de-
tector which are pertinent, e.g. the CEM,PEM,FEM calorimeters as well as

the tracking chambers and trigger specifics.

In Chapter 4, the analysis methods are discussed. The process of event re-
construction and selection begins the chapter, which includes the electron
identification process, followed by the Monte Carlo simulations used in this

analysis.

In Chapter 5, the acceptances, efficiencies and backgrounds for Zv are out-
lined. The expermental cross-section is given in terms of the # observed, #
of background expected as well as the acceptance and efficiency factors for

determining Z~ events.

In Chapter 6, the kinematical properties and the determination of the cross-
section X branching ratio for Z~ are discussed and the results are tabulated
and shown graphically. Furthermore, systematic uncertainties due to Z + v
P, distributions, Q2 scale dependence, and Structure Function(SF) choices are
described and tabulated.

In Chapter 7, the limits on the anomalous ZZ~ and Z~~ couplings and transi-

tion moments are obtained. The chapter concludes with a summary of results.



Chapter 2
Theory

Enrico Fermi was one of the first physicists to attempt to understand the weak
interaction using the available quantum theory of his time. Unfortunately, the four-
fermion B decay analogy cannot be made directly due to the fact that the propagators
for the electromagnetic and weak forces are distinctly different. The photon, which
mediates the electromagnetic force, is a massless pointlike particle, while the effective
mass of the ev pairs of 8 decay varies from process to process. However, because of
the great success of Quantum Electrodynamics(QED), a theory by Richard Feynman
and others in the 1940’s and 1950’s, it was natural to believe there was a weak
analog to the photon, the intermediate vector boson(IVB), and to assume it was the
mediator of the weak force. Fermi’s work was important because it led the way for

an eventual unification of both the electromagnetic and weak forces|1].

2.1 The Electroweak Theory

During the early 1960’s, the concept of unifying the weak and electromag-
netic interactions came to fruition. The resulting electroweak theory developed
by Glashow, Weinberg and Salam|2] provided the framework for experimental test-
ing which proved to be highly successful. The unification describes a gauge theory
invariant under gauge transformation SU(2)L ® U(1);for the SU(2)L group this cor-
responds to arbitrary rotations of isospin doublets, while for the U(1) group this
corresponds to phase transformations. In this model, the weakly interacting par-

ticles as members of iso-doublets, interact with coupling constant g and couple to



weak isospin doublets which are representatives of SU(2),. The electromagnetic
interactions are included by introducing the U(1) group with coupling constant g’
which is related to hypercharge. The existence of gauge bosons, the mediators of
the weak force, is a requirement of local gauge transformation invariance. Due to
the short range of these interactions the bosons must be very massive; however,
invariance under SU(2), ® U(1) gauge transformation only provides for massless
bosons(Goldstone Bosons)[2]. To address this problem, a scalar field to sponta-
neously break the SU(2), ® U(1) symmetry is inserted giving the Goldstone Bosons

mass and leaving the photon massless. Each gauge group contains a particular weak

force mediator such that

v - B:
SU(2) — W:’,W;,W:,

where B° and W*° mix to give both the Z boson and the photon. This theory
was deemed a success with the discovery of the W and Z bosons, whose mass values
were in agreement with the theory, at the CERN proton-antiproton collider.

The right-handed fermions in this model are singlets(isospin = 0), for example,
€R, KR, TR, UR, etc.. Under SU(2), the left-handed fermions transform as isospin

doublets(isospin = 1/2), where the leptons and quarks of the it family are arranged

v; u;
t,bi = a.nd
( I ) ( d, )

where d;' = 3; V;d; and V is the Cabibbo-Kobayashi-Maskawa mixing matrix.
J U7

as follows:

The complete Lagrangian for the electroweak theory consists of four parts

L=L fermions + Cgcuge + cncalcn + cc’nt-



The first term describes massless fermions and is the invariant part of SU(2), ®U(1).
Here the gauge fields B, and W‘{ are associated with the U(1) and SU(2), groups
respectively. The charged vector bosons are defined by these gauge fields to be

1 .
and the photons by a linear combination of the W and Bj fields. In addition, there
is a second linear combination orthogonal to the photon field which describes the
weak neutral current interaction. By requiring that the photon and weak neutral

current vector boson be mass eigenstates, these linear combinations are given by
A, = W] sin 6w + B cos fw

Z, = W, cosbw — Bj sinfw.

The mixing angle, 6y, which is a free parameter of the model and must be measured
experimentally, describes the mixing of the SU(2),, and U(1) sectors in the physical
processes.

The second term in the Lagrangian, Lgauge, describes the self-interactions of these
gauge fields. The iso-doublet of the Higgs scalar field, which is introduced to break
the symmetry and to provide the vector bosons with mass, is described by the third
term L,caiars-

Since the electric charge is related to the third component of isospin, I3, and to

the weak hypercharge, Y, the electromagnetic current is of the form

1y
=L+ 5 =iy, (2.1)
and the interaction Lagrangian for the physical fields can be given as
¥
Lt = —i(gsinbwJ3 + g’ cos Gw )A“ (2.2)
NC — . 3 e jl’: m
Ling = —i(gcosOwJ, — g'sin Gw—2—)Z . (2.3)



By equating the electromagnetic interaction of Equation 2.2 with that of QED,
ngfp = —ie(j°")*A, the electromagnetic coupling constant, e, and those of the

weak force, g and g’, are related by
e = gsinbw = g’ cosbw. (2.4)

The neutral current interaction of Equation 2.3 can be further simplified by using

Equation 2.1 and the relation of Equation 2.4 to be

. &
Lhf = —ig5-302", (2.5)

where the neutral current is given by
INC = J3 — sin® 6wjS™. (2.6)

The form of Equation 2.5 determines that the neutral current interaction couples
with strength g/cos 8w while the charged current couples with strength g. Further-
more, the relative strengths of the two couplings can be given in terms of the weak
vector boson masses and the weak mixing angle by

p= H%Aci:——v%-b;. (2.7

By measuring the production rates of these gauge bosons, as well as their kine-
matic properties, the predicted strengths of their couplings can be experimentally
tested, thus providing a direct test of the Electroweak Theory. A complete de-
scription of the Standard Model would require the larger symmetry group SU(3) ®
SU(2)L ® U(1) where the SU(3) group includes the gauge theory of strong interac-

tions Quantum Chromodynamics(QCD).

2.2 Z~ Production

In the Standard Model, the lowest order diagram leading to Z° boson production

is a Drell-Yan process, as shown in Figure 2.1 for the electron-positron decay mode.



Figure 2.1: ¢§ — Z° — ete™

To produce photons in the final state, higher order diagrams referred to as QED
radiative corrections, are needed. These internal bremsstrahlung processes, in the
next to leading order in o, can be further distinguished as either radiative production
or radiative decay. In the former case, we have ¢g annihilation producing a real Z°
boson(on mass-shell), where the photon in the final state has been emitted off a
quark line. For the latter case, the Z° boson is also on mass-shell but decays into
e*e~y where one of the charged leptons has radiated the photon[3]. Both processes

are shown in Figure 2.2.

radiative decay
Figure 2.2: Tree level Feynman diagrams of Inner Bremsstrahlung for Z+.

The overall cross section for the Z° will include all of these Feynman diagrams.

CDF finds the cross-section times branching ratio, in the electron channel{4], to be:
o-B(Z — e*e” X) = 0.209 + 0.013(stat) + 0.017(sys) nb.

A comparison of these two separate radiative processes is provided in Chapter 4,



where the BAUR, WZRAD and PYTHIA Monte Carlo programs are discussed.
Berends and Kleiss[3] give a detailed description of the QED radiative corrections
for these processes, with emphasis placed on radiative decay formulae. The correct
theoretical form for hard bremsstrahlung events is given, which requires a specific
photon energy of ko\/5/2 (ko can take a value of 0.1% of the maximum allowed
photon energy). Below this energy the photons are called soft and above which they
are referred to as hard. The emisson of soft photons does not affect the kinematical
process of the Z° — 11]~ but rather the size of the cross-section. It is the hard
bremsstrahlung processes that give rise to radiative decays, where the cross-section

for Z° — e*e~ is given by

dd E ' 2'2
dp_‘;dE.,decﬁ., 165 (21r)s 4

spins

and where the sum is of the form

§ 2 M = o8+ A+ 4D~ 4Vi, 4]
x[(p: P+)’+(p2-p-)?  2mi(p-py)?  2mi(p -p-)’]
(p+ - k)(p- - k) S(p- - k)? S(ps - k)?
+(V? + AD)(V] + A7) + 4VIAV, A
(Pr-p-)’+ (p2-p+)? _ 2m’(p -p-)* _ 2m’(ps -p+)2]}
(p+ - )(p- - k) S(p+ - k)? S(p- - k)?

x|
with
Z(8)=8—-M:+ MY,

the couplings in the Standard Model are:

Vi = —g(1 — 4sin®6w), A; = —g for leptons

= g(1 — §sin’6w), A, =g for u and c quarks
V; = —g(1 - 4sin’6w), A, = —g for d and s quarks
g = e/2sin 20w,

m is the charged lepton mass and p3 (p2) is the energy of the positive(negative)
lepton.



For Standard Model Zv production the angles at which the initial and final-state
photons are produced, with respect to the beam and decay lepton directions respec-
tively, tend to be sharply peaked. The increase in integrated luminosity proposed
for the next collider run will make possible a more detailed probe of Zv production.
Furthermore, previously untested areas of electroweak interactions such as the self-
interactions of the weak vector bosons themselves as shown in Figure 2.3, will be

attainable.

Figure 2.3: Tree level Feynman diagrams of Z-boson self-interactions.

2.3 Zv and Non-SM Theory

In the scope of the SM at tree level, the self-interactions of the vector bosons
are completely fixed by the SU(2), ® U(1) gauge group structure. The pp — Z«v
reaction is usually studied using a restricted set of anomalous couplings[5, 6]. Also,
since the Z° is its own anti-particle, any static electromagnetic multipole moments
such as charge, magnetic dipole and/or electric quadrupole moments are not allowed
at tree level[7]. Thus the SM predicts no ZZ~y or Zv+v anomalous couplings at tree
level.

Assuming SM couplings for the Z boson to quarks and leptons, and by using the
most general form of the self-interaction vertex, ZyV, (V = 4 Z) accessible in the ¢g
— Z~ process(where the quarks are effectively massless), four different anomalous

couplings are allowed by electromagnetic gauge invariance and Lorentz invariance[8].



The most general anomalous ZZ~ vertex function is given by

o P2 - q2
Zg‘é(qla q2, P) = (—_M%_l) X

[hlz (49 — a59*°) + %P" (P- q29*° — g4 P?) + hZ e gz, + -:—{-;P%“"”P qzc]
where Mz is the Z boson mass, P and ¢; are the incoming and outgoing Z boson four-
momenta (Lorentz indices p and o respectively), and ¢, is the four-momentum of
the outgoing (on-shell) photon (Lorentz index §). By replacing (—7-1-) by ( )
and the parameters h? by A}, (: = 1...4) in the ZZ~ vertex function above, the most

general Z~~y vertex function can be obtained:

Pn(a1, @2, P) = (II:?) x
z

[h" (q# af _ gagh ) }Mzz 2 po (P - g29"° — quﬁ) + h1e**P° g, + %P“e“ﬁ”P,qz,] .

The overall ZZy and Z~+ coupling strengths gzz, and gz, are chosen to be

e, where e is the proton charge. The overall factor of P2 — ¢? in the ZZvy vertex

function is a consequence of Bose symmetry, whereas the factor of P? in the Zyy

vertex function is a consequence of electromagnetic gauge invariance(note that the
Z~~ vertex function vanishes identically if both photons are on-shell[9]).

The form factors hZ and h] are dimensionless functions of ¢?, ¢ and P2, whose

values at low energies are constrained by S-matrix unitarity, and which are of the

generalized dipole form(7]:

hio

ViP2 — 2 02 = M2 g2 = —
hs‘ (P =8, q MZ’ 92 0) (1+‘§/A22)n

If only one of the anomalous couplings is non-zero at a time, assuming Az > mz,

then the form factors are limited by

(2n)"  0.126 TeV®
(%n - 1)11—3/2 Asz J

LEANT AR

10



(3n)" 2.1-10-3 TeV?

Z| 12
th2ol |hgol < (%n — 1) A ) (2.8)
(3n)*  0.151 TeV®
Yy Yy 3
|hjol; [h3o| < Gn-1)37 Ay
(3n)*  2.5.1073 TeV®
AR 5
Ih20|3 lh40 < (%n _ 1)n—5/2 Asz . (2‘9)

A more practical case however would involve contributions from several of the
anomalous couplings simultaneously, where cancellations may occur and the bounds
prove weaker than those outlined in Equations 2.8 and 2.9. Let’s assume that n = 3
for th and n = 4 for h{.,. Not only will this demand that the terms proportional
to h¥ 4 have the same high energy behavior as those proportional to k30,30, but it
will also guarantee that unitarity is not violated. At energies VE>> Az >> Mz,
where multiple weak boson or resonance phenomena are expected to dominate, Zy
production can be suppressed if the exponents for h}"s and kY, are sufficiently higher
than their minimum values of n = 3/2 and n = 5/2 respectively. The high energy
anomalous contributions for the Z~ helicity amplitudes grow like (v/3/Mz)? for hy s
and (vV3/Mz)® for hY,, and are a direct consequence of unitarity being satisfied.

The momentum dependent form factors for non-standard ZZ~ and Z~+y couplings
must vanish at large momentum transfer to ensure that S-matrix unitarity is not
violated[10]. Az, which characterizes the energy above which the form factors begin
to decrease, is responsible for the sensitivity limits of the anomalous couplings which
are extracted from the experimental data.

Az is expected to be ~ 100 — 300 GeV in composite models of Z and is generally
assumed to be connected to some novel interactions operative at energies = Az. For
pp interactions at 1.8 TeV, the dependence of the sensitivity limits on the scale Az
is rather strong for the ZZ~ and Z~v couplings hZ and h] respectively, as shown in
Chapter 7.

While all couplings are C—odd, only the A}, and hY, (V = Z, v) parameters
violate CP (i.e. violate 7). As mentioned before, all the h! couplings vanish in
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the Standard Model for tree-level diagrams; however, at the one-loop level, only the
CP—conserving couplings hY and k] are non-zero. Furthermore, the higher-order
SM contributions to Z~v are also expected to be quite small, A%, ~ 2 x 10~4[11].

In addition, if the Z boson was a composite particle large anomalous contributions
to the k% and hZ, parameters would be possible, in analogy with the anomalous
contributions to the magnetic dipole moments of the proton and neutron, where
kp = +1.79 and k, = —1.91 due to the quark substructure of the nucleon.

The electric dipole and magnetic quadrupole transition moments for the ZZ~y
or Zy+ processes correspond to combinations of kY, and h};, whereas the magnetic
dipole and electric quadrupole transition moments correspond to the h}, and A},
combinations. The CP—conserving electric dipole (E1) and magnetic quadrupole
(M2) and the CP—violating magnetic dipole (M1) and electric quadrupole (E2)

Z" Z~ transition moments are given by

El = 4% (hh—hh) + O(K) terms (2.10)
M2 = ﬁgk'l\/g— (2kZ)  + O(K®) terms (2.11)
M1 = 5ot (k- hE)  + O(K*) terms (2.12)
E2 = %k"’\/%_ (2kZ, + O(k®) terms (2.13)

for the case of an off-shell Z* with mass /3 radiating to an on-shell Z and a v with
energy k(k << Mz)[12, 13].

Since the Z is a neutral spin-1 Majorana particle the non-relativistic Z* Z~ transi-
tion multipoles will have high powers of k. Their expessions in the static limit(k — 0)

are defined conventionally as[14]

1 .

El = =2k dzT E2 = % k2 QZT (2.14)
1 m

Ml = —2kpz, M2= K Q7. (2.15)

~ V3
Therefore, on equating the above equations, the CP—conserving electric dipole

and magnetic quadrupole moments dz, and Q% , and the CP—violating magnetic

12



dipole and electric quadrupole moments uz, and Q% to leading order in k, are

given by[13]
e 1 k¥ ,, .,
= - & (hZ_p 1

m € Z

Q% = 3VI0 (@2 (2.17)
e 1 k¥ ,, .5

Hor = 3 BME (w7, - 1Z) (2.18)
e

Qy = _—M%\/ﬁ(%lzo. (2.19)

Note: For Z~+ anomalous couplings, the 4*Z~ transition moments are not phys-
ically well defined in the static limit (k — 0) since the 7" is very far off-shell[13].

While the inclusive Z cross-section x branching ratio was measured to be ~
0.2 nb[4], the SM Z~ cross section x branching ratio is predicted to be roughly
~ 5 pb for events passing the P} > 5.0 GeV and AR,_, > 0.7 cuts. For non-SM
values of the hY parameters, the Z+ cross section varies quadratically. Furthermore,
the minimum of the Zv cross section does not occur at the SM values of the A}
parameters due to the interference effects and the different §—dependencies of the

various terms in the overall invariant amplitude M.
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Chapter 3

Experimental Apparatus

The Fermi National Accelerator Laboratory(FNAL) contains a proton-antiproton
collider which produces center of mass energies of 1.8 TeV. Using this powerful tool,
the exploration of many aspects of the Standard Model can therefore be achieved as
well as probing for new phenomena. There are two main ingredients involved in this
exploration: the accelerator itself and the CDF detector, the former producing the
proton-antiproton collisions and the latter analyzing the final state particles pro-
duced in the collision. This chapter contains a brief description of both components

with emphasis on the detector elements used in this analysis.

3.1 The Accelerator

The colliding of protons and antiprotons at the Fermi National Accelerator
Laboratory is a multi-step process. First a beam of 750 KeV H™~ ions is created
by a Cockroft-Walton generator and injected into a linear accelerator, where the
energy of the ions is increased to approximately 500 MeV. The H™ ions are stripped
of their two electrons just before injection into a circular booster ring where the
bare protons are boosted to 8 GeV. The protons are then injected into the Main
Ring. This synchrotron(2 km in diameter) also houses the ring of superconducting
magnets used to accelerate the particles to 900 GeV and is called the Tevatron.
Once the protons reach 120 GeV, some are extracted to create antiprotons while
the rest are accelerated to even higher energies of 150 GeV and injected into the
900 GeV Tevatron. Figure 3.1 is an overhead view of the entire accelerator system.
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Figure 3.1: Overhead view of the Fermilab accelerator. The fixed target beam lines
are shown as well as the position of the B0 intersection where the CDF detector is
located.

In pre-Tevatron days, the Main Ring was used to produce beams of 400 GeV protons
for the fixed-target experiments.

As alluded to above, the production of antiprotons is accomplished by smashing
the 120 GeV extracted protons into a tungsten target. These antiprotons initially
have large momentum spreads(on the order of 8 - 13 GeV/c). Those P s of about
9 GeV/c, or a momentum spread of about 3%, are injected into the Debuncher
by using a “strong focusing magnet” called a lithium lens. To obtain an almost
monoenergetic beam of antiprotons, both bunch rotation and stochastic cooling are
used to reduce the energy spread and the transverse motion of the beam respectively
[15). Bunch rotation is a technique which uses radio frequencies to increase the
time spread of the P pulse which in turn reduces the energy spread. Stochastic
cooling senses the beam position by using a probe which translates a signal to kicker

electrodes and results in beam corrections. Every two seconds the antiprotons are
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directed into the Accumulator which continues stochastic cooling and doubles as
a storage container for the particles. The antiprotons stored in the Accumulator
become compact and have energy distributions which are very narrow. Once a large
number of antiprotons are generated, six bunches are then extracted and injected
into the Main Ring. As was the case for the protons, the antiprotons are then
accelerated to 150 GeV and directed into the Tevatron.

Once in the Tevatron, the pp beams are manipulated by requiring their respective
radio-frequencies to be out of phase. This method is called cogging and is imple-
mented to ensure the intersection of the beams at different points around the ring.
Since the p and 7 travel in opposite directions, the method requires two independent
accelerating systems.

The Luminosity, or rate at which the protons and antiprotons collide, is defined

to be:
—_ NpNiC
L= 4no?

where N, and N; are the total number of protons and antiprotons per bunch re-
spectively. C is the bunch crossing rate, and o is the rms width of the beam profile.
Both beams are assumed to have the same rms width and to overlap completely.
A luminosity of 2 x 10% cm™2s™! would require a crossing rate of approximately
88 KHz.

The rms width is defined to be:

2 _ €B(s)

aEGw

where A(s), the Beta function of the accelerator, describes the transverse envelope
of the beam. It is a function of the beam position in the ring and is determined
by focusing magnets. The emittance, ¢, is a measure of the transverse phase space
occupied by the beam. This quantity is independent of the beam position and
increases with time.

The Luminosity is increased by decreasing the rms width. This is accomplished
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by using the superconducting quadrupole magnets, which focus the beam and reduce
.the B(s) at the collision point. Since the emittance, ¢, grows with time and some of
the protons and antiprotons are lost in the collisions, the Luminosity falls exponen-
tially; approximate beam lifetimes are on the order of 12 hours. For the 1988 - 1989
run, the peak luminosity ranged from 3 x 10% cm~%7! to 2 x 103 cm=%"!.
At 1.8 TeV the total inelastic cross-section for pp collisions is approximately
77 mb. (1 mb = 10~ cm?). However, a large fraction of final state particles go
undetected because they scatter at small angles and traverse down the beampipe.
Scintillation counters which surround the beam pipe can only detect final state par-
ticles at angles of 1.25° or greater. So the inelastic cross-section for pp interactions,
where at least the final state particles are > 1.25°, is 44 mb.
The total number of collisions produced is defined as the integrated luminosity.
Figure 3.2 shows the integrated luminosity delivered by the accelerator for the 1988
- 1989 run and the integrated luminosity collected by the CDF detector. The overall

efficiency for data collection was approximately 50% for this run.

3.2 The Collider Detector at Fermilab (CDF)

The CDF multi-purpose detector was constructed to analyze the physics pro-
cesses of pp interactions at center-of-mass energies of 1.8 TeV. Charged particle
tracking and fine-grained calorimetry are examples of detector designs used in event
analysis.

A right handed coordinate system is used in which the positive z-axis is parallel
to the direction of the proton beam with a vertical y-axis and an x-axis pointing
radially outward. ¢ is defined as the azimuthal angle, while the polar angle 0 is
measured from the proton beam and the pseudorapidity, # = —Intan(8/2), is an
approximately Lorentz invariant distribution variable of the polar angle appropriate

for longitudinal phase space.
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A cut-away view of the CDF detector is shown in Figure 3.3. A detailed descrip-
tion of all components is provided in Ref.[16]. A summary of the components used

in this analysis follows.

3.2.1 Tracking Detectors

The Vertex Time Projection Chamber(VTPC) located closest to the beampipe
determines charged particle trajectories in the r-z plane. It contains 8 chambers
which measure 3.5 meters along the beam direction, centered at z= 0 and extending
radially from 7 cm to 21 cm. Each chamber is comprised of two drift volumes sepa-
rated by a high voltage electrode and extending 15.25 cm in the z direction. Located
at the end of each drift volume are octagonal proportional chambers which are di-
vided into octants of 24 sense wires and 24 cathode pads. To eliminate problems at
octant boundaries and to obtain good azimuthal information, adjacent octants are
rotated relative to each other by 11.3°. By extrapolating from r-z back to the beam
axis the position of the track can be determined with a resolution of 1 mm[17].

The Central Tracking Chamber(CTC)[18] is an axial wire chamber encased in
a superconducting solenoid magnet of central field 1.4116 Tesla. The CTC consists
of 84 layers of wires grouped into 9 superlayers. Five of these superlayers contain
twelve sense wire planes, positioned parallel to the beam and magnetic field, for
determination of track curvature and particle momentum. The other 4 are comprised
of small stereo wires where each layer has 6 sense wires. These sense wires are all
positioned at stereo angles of +3° and measure the angle of tracks with respect to
the beam axis.

The electric field of the CTC, which is oriented 45° to the radial direction is
designed to insure that the drift velocity remains fixed. Electrons drift at an angle
relative to the direction of the E field so the cells in each chamber are tilted with
respect to the magnetic field to maintain an azimuthal drift direction (see Figure 3.4).
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Figure 3.2: The Integrated Luminosity delivered by the Accelerator and recorded
by the CDF detector.

B-ed

Figure 3.3: Cross section through a vertical plane of one half of the CDF detector.
The detector is symmetric about the midplane and roughly symmetric around the
beam axis.
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The momentum resolution of the CTC alone for isolated tracks is approximately
op. = 0.002 x p,2. However, by including the VTPC which gives a well defined vertex
position, the effective tracking radius is extended from 100 to 130 cm. This reduces

the overall momentum resolution to about op, = 0.0011 x p>.

3.2.2 Calorimeter Detectors

CDF calorimetry coverage is complete in azimuth and extends to about 2° of the
proton-antiproton beams in polar angle. Projective towers of polar angle segmen-
tation in pseudorapidity, # are used and point towards the interaction point. The
calorimeters are grouped into regions; the Central (Jn| < 1.1) with towers 15° wide
in ¢ and 0.1 in 5, the Plug (1.1 < |n| < 2.4) and the Forward (2.4 < || < 4.2) with
towers 5° in ¢ and 0.1 in . While lead and steel are the interactive medium for the
electromagnetic and hadronic calorimeters respectively, the collection or sampling
media are regionally dependent. In the Central calorimeter scintillator is the sam-
pling medium, while for the Plug and Forward regions gas proportional chambers,
with segmented cathode pad readout, are the sampling media.

The identity of an electron, for example, is determined by the amount of energy
that an incident track deposits in the electromagnetic portion of the calorimeter.
Photons on the other hand deposit this energy without the presence of an incident

track.

Central Calorimeters

The Central Electromagnetic(CEM)[19] and Central Hadronic (CHA)[20] Calorime-
ters are comprised of 48 wedges each 15° in phi and positioned around the Central
Tracking Chamber(CTC) for complete azimuthal coverage. The CEM consists of 31
layers of 5 mm thick polystyrene scintillator interspersed with 30 layers of 3 inch
thick aluminum-clad lead sheets. As the polar angle changes, an average thickness
of 18 radiation lengths is maintained by replacing some of the lead with acrylic and
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by painting black the scintillator behind this acrylic. The scintillator light is col-
lected by wavelength shifters located on either side of the wedge and is transmitted
to acrylic light guides attached to photomultiplier tubes. There are two photomulti-
plier tubes per wedge positioned in the rear of the wedge at the extremes. Figure 3.5
is a cutaway view of a single wedge which contains 10 towers (from 0 at 6 = 90°, to

9).

Figure 3.5: Cutaway view of a calorimeter wedge showing the central electromagnetic
calorimeter, the light transmission system and the central strip chamber position.

A 50 GeV electron testbeam was used initially to calibrate each of the CEM tow- -

ers. This calibration is maintained to about 1% for a few years by cross calibrating
with Cs'7 source signals[21]. Individual tower response from testbeam data fluctu-

ates some 6% over its face because of shower leakage at the edges and variations in

22



light collection[22]. The measured energy resolution for the CEM is:

2 _ (_18.5%
(% =) Y

where the constant term is the average uncertainty in individual tower calibration.

—===)"+ (1%)’

Included in the CEM at shower maximum, or approximately 6 radiation lengths,
is a gas proportional chamber(CES) which measures the position and shape of the
electromagnetic shower. Sixty-four wires positioned parallel to the beam gather
information in ¢, while 128 strips perpendicular to the wires give z information.
Position resolutions in both the strip and wire views for 50 GeV testbeam electrons
are on the order of 2 mm. By measuring the charge deposition on the orthogonal
strips and wires single photons are separated from multiple photon background. In
addition, the Central Electromagnetic Strip Chambers(CES) provide more precise
measurements of the z and ¢ positions of the electromagnetic cluster. Figure 3.6
shows the orientation of the cathode strips and anode wires. The CES determines(at
shower maximum) the position and transverse development of an electromagnetic
shower by measuring the charge deposition on the strips and wires[16].

The CHA measures hadronic energy and consists of 32 layers of 1.0 cm scintillator
sandwiched with 2.5 cm of steel. Each wedge is comprised of 8 towers in  and in all
towers a thickness of approximately 4 absorption lengths is maintained. As in the
CEM light is collected by wavelength shifters and transmitted to acrylic light guides.
Testbeam pions are used to initially calibrate the towers and this calibration is also

maintained by Cs'37 sources. Typical resolutions for 50 GeV pions is (§) ~ 11%.

Plug Calorimeters

The Plug Electromagnetic(PEM)[23] and Plug Hadronic (PHA)[24] calorimeters
are gas proportional chambers whose coverage in polar angle extends 10° - 30° and
150° - 170° (1.1 < |p| < 2.4). When particles shower in the calorimeter the gas

is ionized and electrons move towards the anode wire, leaving behind positive ions
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(panged in pairs)

Figure 3.6: Orientation of the CES strip and wire chambers.

which induce charge on cathode pads. Since the gain is a function of the density
and composition of the gas, a small system of proportional tubes and Fe®® sources is
used to monitor the gas. If the particle’s energy from the Fe®® source is known and
deposited in the tube the gas-gain is determined by measuring the charge collected
by the anode wire. The response as a function of gas-gain is measured using testbeam
calibrations and data are adjusted on-line for gas-gain on a run to run basis before
being written to tape.

The PEM is comprised of 34 layers of proportional tubes divided into four quad-
rants with 2.7 mm lead absorber panels between each layer. Figure 3.7 shows the
stacking of a single quadrant. |

The proportional tubes are made of resistive plastic strung with gold plated
. tungsten wire. The cathode pads form projective towers containing 3 radial depth
segments of 5, 24 and 5 layers respectively. These segments are used for collecting
information on longitudinal shower development. The anode signals for each layer in
the quadrant also provide additional longitudinal information. Similar to the CEM,
near shower maximum, there are 10 layers of finely segmented cathode strips in 5

and ¢ as well as cathode pads. The coverage extends from 1.2 < |9| < 1.9 and
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Figure 3.7: Exploded view of a layer of the proportional tube array, PC board with
pad patterns and PC board for the ground plane.

provides better position and shape resolution. The resolution of the PEM obtained
by an electron test beam is (§) ~ (%)

The PHA is divided into twelve 30° stacks and contains 24 layers of proportional
tubes separated by 5 cm of steel. Cathode pads form projective towers and the
anode signals are read out for each layer in the stack. The resolution obtained by a

pion testbeam is (&) ~ (%)

Forward Calorimeters

The Forward Electromagnetic Calorimeter(FEM)[25] is divided into quadrants
and covers the region from 2° to 10°(2.4 < 7 < 4.2). The quadrants consist of 4.5 mm
lead sheets sandwiched between 30 layers of proportional tubes. Projective towers
with 2 depth segments are formed by cathode pads which are gathered in groups
of 15 layers. Each anode plane is observed separately where the 90° anode plane
has been divided into 5 regions. The energy response is calculated using electron
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testbeam data and is linear up to 100 GeV. The resolution is measured to be

= 5% | 0.5%.

g
E JVE
The Forward Hadronic Calorimeter(FHA)[26] is composed of 27 layers of propor-
tional tubes with 5 cm steel plates interspersed and is also divided into quadrants.
The anode planes for 6 different regions as well as the projective towers of the cath-
ode pads are read out. Since the low-8 quadrupoles of the accelerator cover part of

the FHA, the small angle coverage is diminished to a full azimuth of only |5| < 3.6.

The energy resolution for the FHA is approximately given by
140%

o
E VE'
Before the system writes any forward calorimeter data to tape, variations in gas gain

are corrected.

3.2.3 'Triggers

The trigger system for CDF is a four stage design[27]. The initial trigger, Level
0, is both a minimum bias trigger and a luminosity monitor and is also referred
to as the Beam-Beam Counter(BBC). The two planes of scintillation counters are
located & +5.8 meters from the nominal interaction point and directly in front of
the forward/backward calorimeters. Events are selected from the inelastic collisions
by requiring that at least 1 of the 16 time of flight counters, located on either side
of the interaction point, be hit. This must occur within a 15 ns window centered on
the beam crossing. The decision to process the event is made available within 100
ns of the collision and if valid will inhibit data gathering until the next trigger level
decision.

The Level 1 trigger makes use of fast analog signals[27]. These signals are formed
into trigger towers of An = 0.2 and A¢ = 15° and weighted by sin8 for a crude
estimate of transverse energy. Large energy deposits in the trigger towers are de-

termined by analog comparators and summers(counters) which calculate the total
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scaler transverse energy in the event. For W and Z selection, there must be at least
6 GeV found in a single trigger tower. The processing decision is made within 3.5us
which is the time between beam crossings. If the event is valid, data taking will
remain inhibited until the next trigger level decision, otherwise the electronics is
reset in time for the next beam crossing after the initial Level 0 trigger.

The Level 2 trigger digitizes the fast analog signals of Level 1 and utilizes data
from the Central Fast Tracker(CFT)[28]. This fast hardware track processor uses
fast timing information from the CTC to. detect high transverse momentum tracks.
The digitized calorimeter information is used to form energy clusters and the energy,
position, width and track data are passed to programmable processors. Here simple
algorithms identify physics signals: 1) the transverse energy of the cluster must
be greater than 12 GeV; 2) the transverse momentum of the CFT track must be
greater than 6 GeV /c and point at the cluster; and 3) the hadronic to electromagnetic
ratio must be less than 12.5%. Level 2 requires 10us for its decision and will reset
the frontend electronics if no Level 2 trigger is satisfied. If this trigger is satisfied
however, the entire event is digitized, formatted and then sent to Level 3 for further
processing.

The Level 3 trigger system is comprised of 60 Motorola 68020 processors and is
completely software based[29]. All data in the event are accessed and streamlined
versions of the CDF offline reconstruction code are implemented. The electron
clusters and associated tracks of Level 2 are required to be reconstructed with at
least 12 GeV and 6 GeV /c respectively by the Level 3 filter. Events which pass these
algorithms are written to tape. |

The final event sample for Z — e*e™ 7 events is obtained via the inclusive Z
data set, which uses the central electron trigger. That is, a central electromagnetic
cluster with E; > 12 GeV, matched to a track with P, > 9 GeV/c. The details of
obtaining this set are discussed in the next chapter.
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Chapter 4
Methods of Analysis

This chapter describes the various steps needed to obtain a proper data sample
for this analysis and the use of event generators for comparison. Section 4.1 begins
by explaining event reconstruction for electrons from raw data. The event selection
routines are described in section 4.2 followed by Monte Carlo simulation techniques

in section 4.3.

4.1 Event Reconstruction and Selection

The process of event reconstruction begins with raw ADC and TDC data, which
are quickly analyzed using on-line triggers before some are selected for further pro-
cessing. Once written to tape the events will be tested further with physics de-
pendent requirements. The end result is a sample set of Z° events which are then

searched for extra isolated hard photons.

4.1.1 Energy Reconstruction

Reconstruction of electrons from the ADC calorimeter data requires that certain
energy corrections be made to the raw data due to problems with amplifier gain, gas
gain and huge pedestal offsets. These corrections are applied by the Data Aquisition
System(DAQ) before the events are written to tape. The original ADC data are
converted to energy by multiplying by a detector dependent conversion factor which
has been determined from testbeam studies. An n— ¢ array of the calorimeter tower

energies is created as well as a list of the anode plane energies.
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In the gas calorimeters, some of the anode wires will not record any energy
deposition because of broken wires[30]. This reduces the amount of signal seen
in the grouped cathode pad towers and so the energy of the tower is corrected
to compensate. Pedestal shifts which are fairly small are corrected for in offline
analysis. Unfortunately the CDF calorimeter tower array does contain noise for

various reasons:

e Anomalously large signals in single phototubes in the central calorimeter. This
is due either to high voltage breakdown in the phototube itself or it is caused
from Cerenkov light of particles which shower in the light guides. By requiring
that both phototubes in each tower register some energy, this problem can be
alleviated.

e Hadronic showers of low energy neutrons, which penetrate the calorimeters,
interact with the Hydrogen gas giving rise to bare protons. The ionization
which fills these proportional tubes appears as a large energy deposit in a few
cathode pads for a single layer of the calorimeter. An algorithm is used to
search for and weed out highly localized energy deposits.

e Localized high voltage leakage in the ends of the PEM tubes produces large sig-
nals in a single anode layer for a small number of cathode pads. The algorithm

mentioned above is also used to remove these energy spikes.

4.1.2 Electron Identification

As mentioned briefly in Chapter 3, the final data sample is obtained by matching
a central electromagnetic cluster of E; > 12 GeV to a track of P; > 9 GeV/c. This

is the clustering algorithm invoked for electron identification.
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Clustering

The process begins by searching the n— ¢ calorimeter tower array for seed towers
with Ef™ > 3 GeV. The adjacent towers in the array are associated with the seed
tower if they contain an E{™ > 0.1 GeV. These tower energies are then added to
the seed tower to form the cluster energy. The clustering algorithm will continue its
search for the next seed tower until one of two conditions is met; (1) if an adjacent
tower is found containing less than the threshold energy or (2) if the predetermined
size of the cluster, which is regionally dependent, has been reached.

The cluster size depends on the calorimeter. For the central calorimeter the n—¢
array is a 3 x 1(0.3 in eta by 0.26 in phi), for the plug calorimeter it is a 5 x 5 and
for the forward calorimeter it isa 7 x 7.

The electromagnetic clusters formed are required to contain an energy of Ef™ >
5 GeV to be retained. Furthermore, while the hadronic energy in the cluster, EP*?
is summed separately from the electromagnetic, the ratio of E}?/ E™ must be less
than 0.125.

Once all clusters have been formed the reconstructed tracks are looped over
and extrapolated back to the calorimeters. If a track lies within the electromagnetic
cluster region, then the one associated with the highest P; is taken to be the electron

track.

Energy Corrections

All calorimeter energies are compared to an absolute momentum scale as de-
termined by the CTC. A few corrections must be applied to these energies to com-
pensate for the variations in each calorimeter type and for relative tower response.
Timing offsets, drift velocities and beam position on a run to run basis are used to
calibrate the CTC. The beam'’s center position is determined within 5um for a 50um

beam size in the r-¢ plane.
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The drift velocities and TDC offsets are calibrated using charged particle tracks
from minimum bias events. The TDC pedestal offset, t,, for each channel is obtained
by requiring tracks be continuous when crossing the plane of sense wires in a single
r— ¢ cell. By demanding continuous tracks crossing the boundary between two r— ¢
cells, the drift velocity is determined. Knowing the wire positions, the t, offset and
the drift velocity one can convert the TDC track data into r — ¢ positions. The t,
and drift velocity data are analyzed online for each run and written to database files
which are later used in offline track reconstruction.

Azimuthal alignment errors in the CTC wires were studied using 17000 inclusive
electrons. By equalizing the mean E/P distribution for positrons and electrons in this
sample, azimuthal offsets for each of the 84 wire layers were obtained. This alignment
was checked using cosmic rays in the following way. To the track reconstruction
algorithm, cosmic rays which traverse the CTC and pass near the beam axis will
appear as two oppositely charged tracks which originate from the same vertex. If
they are aligned correctly then these two reconstructed tracks will have the same
curvature and reconstructed vertex position.

The CTC momentum scale is known using a J/W¥ sample with an absolute mag-
netic field uncertainty of +0.05%. The dominant contribution to this uncertainty
stems from the fact that the solenoid was operated at a current of 4650A but mapped
at a current of 5000A[31]. A sample of J/¥ — u*u~ events was used to check the
results of the momentum scaling and measurement of the J/¥ mass agreed with the
published values within its 0.03% statistical uncertainty[32].

In the central region there were three energy corrections applied to CEM data.

e Electron tower response varies and from testbeam data this variation is found
to be ~6% across the tower face. The strip position is recorded and then a

position dependent correction is applied.

e Tower-to-Tower response varies and is found to be an ~3% variation. The
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E/P distribution of 17000 inclusive electrons is used to get an average of the

relative tower response.

o An overall correction factor of 1.0194 &+ 0.0024% is determined by comparing
the E/P distribution of a sample of 1800 W — ev events with that obtained
using a radiative Monte Carlo generator. This process enables the CEM energy

scale and the absolute momentum scale of the CTC to be matched[33, 34].
In the plug calorimeter three energy corrections must be applied.

o Calorimeter tower-to-tower variations of ~6% are found using electron test-

beam data. Each quadrant is measured and a co