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ABSTRACT

The D-Zero experiment at Fermi National Accelerator Laboratory exam-
ines proton-antiproton collisions at a center of mass energy of 1.8 TeV. An
analysis of the response of the D-Zero calorimeter to single electrons and pi-
ons has been performed. The data were obtained from beam tests performed

on end calorimeter modules between May and August of 1990.

The shapes of electromagnetic and hadronic energy showers were as ex-
pected, and agreed with Monte Carlo simulations of the detector. Many meth-
ods were investigated to determine the transverse position of the centroid of
a particle shower. A corrected-center-of-gravity method gave good results
for electromagnetic showers. For hadronic showers, the best algorithm for
determining shower centroid position was a center-of-gravity type of calcu-
lation with specific weights using all the longitudinal layers of the calorime-
ter. In both the electromagnetic and hadronic case, the magnitudes of op-
timized readout tower thresholds indicated that the tails of the transverse
energy distributions could be ignored in calculations of position. The en-
ergy dependence of the electromagnetic position resolution was found to be
o(r - ¢) = (17.9 £ 0.4) E~0-685%0-005 131 and of the hadronic position resolu-
tion was o(r - ¢) = (54.9 £ 1.3)E~0-55140.005 1y The energy dependence of
the hadronic position resolution in the current D-Zero Monte Carlo does not
follow the idealized E~'/2 behavior. The angular dependence of the position

resolution was as expected.

The energy response for jets in the D-Zero calorimeter can be estimated

from the energy response of the calorimeter to single particles, convoluted



vi
with the particle content of jets. The transverse energy of jets calculated
by summing simulated single particles reproduced the energy dependence for
jets produced in the calorimeter using the event generator ISAJET. To use
test-beam data as input for calculating the jet energy expected in the collider
environment, the Monte Carlo will have to be tuned to match the test beam
data, a reliable simulation of jet fragmentation must be found, and effects due

to energy leakage in and out of the jet cone must be measured in each event.
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been the analysis of Monte Carlo data as a member of D-Zero’s QCD group.



CHAPTER 1

INTRODUCTION

Elementary particle physics concerns the study of the constituents of
matter and how they interact. The basic method employed to study such
issues involves a scattering experiment. Large particle accelerators and corre-
spondingly large detectors are the tools used in experimental particle physics.
Collider experiments, where two beams of particles interact, and fixed target
experiments, where a beam collides with a stationary target, constitute the
majority of particle physics experiments. The field is also known as high en-
ergy physics because it is necessary to accelerate particles to high energies in
order to investigate the very small distance scales associated with elementary
particles. Very small distances can only be probed by radiation of a com-
parably small wavelength and high energy. Large energies are also necessary
to create and examine the fundamental constituents because many of them
have large masses. Collider experiments have an advantage over fixed target
experiments in that high center of mass energies are easier to attain with two

colliding beams.

This dissertation concerns the D-Zero experiment at the Fermilab proton-
antiproton collider. In particular, it concerns beam tests performed on several

detector components in the Neutrino-West beamline, Building A, at Fermi-
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lab, between May and August 1990. These beam fests were performed to
calibrate the energy and other characteristics of three end-calorimeter mod-
ules, which have since been installed in the D-Zero detector. These studies
involved the illumination of the calorimeter modules at various orientations
relative to electron, pion and muon beams, over a momentum range of 10-150
GeV/c. The work presented here involves an analysis of the response of the
D-Zero calorimeters to pions and electrons. In addition to investigating the
characteristics of the resulting individual energy deposit signatures known as
“showers”, we also include a study of what can be inferred about the energy
response of the calorimeters to hadronic “jets” of particles, which are impor-
tant signals in the collider environment; the latter is based upon the energy

response to single particles observed in these beam tests.

This introduction covers a brief discussion of the Standard Model of par-
ticle physics, the physics of high energy collisions and a short survey of recent
results from proton-antiproton collisions. Chapter 2 details the physics goals
of D-Zero, and provides a general description of the D-Zero detector. The
physics of particle showers and the ideas behind calorimetry, and the D-Zero
calorimeter in particular, are described in Chapter 3. A description of the
experimental configuration and properties of the test beam are contained in
Chapter 4. The data analysis and results from the beam tests are presented
in Chapters 5 and 6. Chapter 7 contains the conclusions reached from this

analysis.

1.1 The Standard Model and Beyond

The Standard Model of particle physics has recently emerged as the guid-
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ing theory of weak, electromagnetic and strong interactions. Tt includes the
Glashow-Weinberg-Salam (GWS) model of the unified weak and electromag-
netic forces (electroweak theory) and the theory of quantum chromodynamics
(QCD), which involves interactions of quarks and gluons. In the standard
model, all matter is composed of three types of elementary particles: quarks,
leptons and force mediators. The six flavors of quarks are classified by their
quantum numbers such as charge, strangeness, charm, bottom and top flavor
content. They can be grouped into three “generations”, and all have antiquark
partners with quantum numbers of opposite sign. Quarks also possess a color
“charge” that can take on three values. This degree of freedom is necessary if
the fermionic quarks are to describe the structure of hadrons, and be subject
to the Pauli exclusion principle. Only colorless hadrons have ever been ob-
served in nature: baryons that are made up of three different colored quarks,
and mesons that are made up of a quark-antiquark pair. The leptons and
antileptons can also be grouped into three generations: the electron, muon

and tau families.

The force mediators of the standard model consist of the photon for the
electromagnetic force, W+, W~ and Z° for the weak force, gluons for the
strong force and the graviton (as yet to be detected) for gravity. The W and
Z gauge bosons were discovered at CERN in 1982, confirming the GWS the-
ory of electroweak interactions ], A proposed mechanism, called the Higgs
mechanism, is invoked to understand the masses of these bosons. In this pro-
posal, a massive scalar boson, called the Higgs, provides the mass through a
process called spontaneous symmetry breaking [2l. There is at present no evi-

dence for the existence of the Higgs boson. Also, there are 28 free parameters
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(e.g. coupling constants, masses of the W,Z etc.) in the standard model that
cannot be evaluated from first principles, so the model is far from complete.
One of the most perplexing aspects of the model is the difference observed in
various mass scales. The electroweak theory can be characterized by the W
and Z masses of &~ 100 GeV/c?, while the scale for leptons is < 1 GeV/c?.
In comparison, the simplest Grand Unification Theories (GUTs) which unify
quarks and leptons, have mass scales of the order of 101°GeV/c%. Thus, if the
strong and electroweak theories have a common origin, an idea that is very
appealing, one would be hard-pressed to explain how mass-generating mech-
anisms could yield fundamental particles with the small observed mass values

from term cancellations to 15 decimal places.

Grand Unification theories go beyond the standard model to account for
the disparate strengths and properties of the four fundamental interactions
(strong, electromagnetic, weak and gravity) that are observed at low energies,
but which would disappear at the scale of 10!®* GeV. The most interesting
models for the grand unification of the first three forces involve an additional
symmetry known as supersymmetry. This symmetry would be broken in a
fashion similar to the breaking of the electroweak symmetry, but at the en-
ergy scale of 101° GeV, resulting in different coupling strengths for the different
forces at lower energies. At the unification scale, the three forces would have
equal couplings. Supersymmetry (SUSY) involves a symmetry between fun-
damental fermions and bosons. For every fermion there is a bosonic partner,
with the same couplings, and likewise for every boson there is a fermionic
partner. These supersymmetric partners are expected to have masses on the

order of 1 TeV/c?, and provide cancellations in the radiative corrections to the
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masses of the Higgs, W and Z in the electroweak sector 2. In most models,
the new particles would be produced in pairs, with a new quantum number
R ( +1 for natural particles, -1 for SUSY particles ). At least one of these
superpartners, the lightest, must be stable because of this R symmetry; this
is most likely the superpartner of the photon, or the photino. There is no ex-
perimental evidence of SUSY particles to date although lower limits of ~ 150
GeV/c? exist on their masses (3. Hopefully, supersymmetry and other GUT
ideas can eventually be shown to provide the reason for the great success of

the standard model.

1.2 High Energy Collisions

The aspects of the standard model that D0 expects to examine are quite
numerous and varied. The events with the largest cross sections ( “minimum
bias” events ) involve phenomena referred to as low transverse momentum (pr)
physics. Topics of interest include elastic and diffractive scattering, studies of
multiparticle production and the possible formation of quark-gluon plasma.
The events which comprise a very small fraction of the total cross section,
involving large pr (hard scattering), are the ones of greatest interest. Suchrare
hadronic processes have to do with constituent interactions, and are likely to
be the ones to f)rovide important surprises, particularly if there are departures
from the standard model. These are also the processes that can be calculated

through perturbative QCD, and are therefore relatively well understood.

Over the past several decades, a lot of work has gone into probing the inner
structure of nucleons; for example, by scattering leptons off nucleon targets.

These “deep inelastic scattering” experiments have been used to determine
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the momentum distribution of the constituents within the nucleon. Typical
results of such experiments are given in Fig. 1.1. In this figure, distribution
functions for gluons, up and down valence quarks (in neutrons and protons)
and sea quarks are shown as a function of z, the fraction of momentum carried
by each type of parton. These distributions change with the hardness of scat-
tering (g*) because of scaling violations expected in quantum chromodynamics
(QCD). QCD provides an evolution of the structure functions with ¢2. Since
the evaluation of this evolution in QCD is non-perturbative, the Altarelli-
Parisi equations are used to evolve the structure functions to the appropriate

[24], QCD is characterized by the coupling constant a, ( that gov-

g’ values
erns quark and gluon interactions ), which is also a function of ¢2. a,(q?) is
known as a running coupling constant. Because of the non-Abelian nature of
QCD, gluons produce an antishielding effect that causes a, to decrease as ¢*

increases. This effect is referred to as asymptotic freedom, a situation where

quarks at large ¢?> behave as though they were weakly coupled free particles.

To calculate any particular hadron-hadron hard scattering process, one
needs to know the parton distribution functions and the appropriate elemen-
tary (point-like) parton-parton cross section. From dimensional analysis (]
one gets that the cross sections for elementary subprocesses must be propor-
tional to a2 /3, where o is the strong coupling constant, and § is the square of
the energy in the parton-parton collision center of mass. (The coupling con-
stant appears squared because the process has two strong vertices separated
by a propagator.) The typical cross section for such subprocesses at /s = 100

GeV is about 0.5 nanobarns. Many cross sections for such hard scattering



reactions have been tabulated in a recent review!?].
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Figure 1.1 Quark and gluon distribution functions at ¢ = 10 GeV? ]

One of the most important hard scattering processes at the Fermilab
Tevatron is jet production. High energy jets of hadrons are produced when
a parton from one proton scatters elastically off a parton from the antipro-
ton. The partons then "dress” themselves into two jets of hadrons in a pro-
cess called hadronization or fragmentation. This elastic scattering can occur
through exchange in the £ channel, 4 channel, or the direct § channel (See Fig.
1.2). The contributions from each of these sub-processes is given in Table 1.1

[4], The inclusive cross section for any particular process can be written as:
do o2 (g
55~ 2,: / dzrdzs fi(er, ) 5 (220 a) M2 _})

where the subscripts i and j indicate the type of incoming parton, fi(z1,¢?%) is

the parton distribution function for parton type i, and the matrix element |M|?



Figure 1.2 Feynman diagrams contributing lo lowest order parton-parton

scattering



Table 1.1

First Order Parton Sub-processes

Process z|mj? §° = x/2
o ~ g %___z_sz :“z 2.22
qq ~ qq ‘5‘ [SZJ o Szuf s ] —-2-7-3—1 3.26
@~ qq % Ez—s{—“z 0.22
qq ~ qq ‘9‘ [ e :_zuz tzs; L ] - '8—7 ;izg 2.59
qa _— .3_% cz :Lluz % EZ :Zuz 1.04
g8 ~ @ LR Jah 0.15
g9~ &9 NF 3 A S 6.11
—— %[3—;‘}‘—%‘—3] 30.4

2-to-2 parton sub-processes. |M|? is the squared invariant matrix element.
The color and spin indices are averaged (summed) over initial (final) states.
All partons are assumed massless. The scattering angle in the center-of-mass

frame is denoted by 8* = 7/2, t = u = -s/2 [4],
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is evaluated according to QCD. At collider energies, gluon-gluon and gluon-
quark scattering dominate. The production cross sections for other interesting
proton-antiproton processes, such as direct photon production, vector boson
production, top quark production etc, are smaller by two or more orders of

magnitude as can be seen in Fig. 1.3.

1.3 Recent Results from Colliders

The CDF (Collider Detector at Fermilab) experiment is the only other
experiment besides D-Zero to examine the hard scattering of protons on an-
tiprotons at the Fermilab Tevatron. The D-Zero detector was built to com-
pliment the CDF detector and so maximize the opportunities that can be
gained from looking at collisions at 1.8 TeV. CDF has already completed
two data-taking runs at the Tevatron for a total integrated luminosity of
L = [ Ldt > 5pb~!. The now completed UA1 and UA2 experiments at the
CERN proton-antiproton collider achieved total integrated luminosities of 7.8
and 13 pb™!, respectively. The CERN collider had a center of mass energy
of 630 GeV. A short summary of recent results from these experiments will
be presented below. D-Zero plans to perform similar analyses of its upcoming

data.

There are many different processes that can be studied in hard proton-
antiproton collisions. Figure 1.4 shows examples of typical strong, electro-
magnetic and weak processes that occur. The properties of hadronic jet pro-
duction are studied in proton-antiproton colliders to understand how well the
data agrees with the theory of quantum chromodynamics that governs the

interactions of quarks and gluons. CDF has measured the inclusive jet pro-
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Figure 1.3 The production cross section for a variety of pp physics processes
plotted as a function of pr (transverse momentum) of the hard scattering

system. As expected, jet production dominates by several orders of magnitude
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Figure 1.4 Typical strong, electromagnetic and weak processes in hard pp
collisions, and their interpretation in terms of typical parton-parton scattering

diagrams.
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duction cross section for a transverse energy (Erje:) range of 30 GeV to 400
GeV with an estimated overall uncertainty of < 36%. (The transverse en-
ergy is defined as the energy flow perpendicular to the beam direction.) See
Fig. 1.5. The result agrees very well with a QCD calculation of order o [®,
that uses a range of structure function parametrizations for the proton and
antiproton [®). UA1 and UA2 have measured the value of the strong coupling
constant by examining the ratio of the observed cross sections for three and
two jet events. The cross section for the production of three jets is reduced
by a factor of a; compared to that for two jets, because of the three strong

vertices present. Their results are:
UAl: @,=022+0.02+0.03 at (g*) ~4000 GeV? [

UA2: a,=023+0.014+0.04 at (¢°) ~1700 GeV? [

These hadron collider experiments have also measured the masses and
widths of the intermediate vector bosons, W* and Z°. These measurements
were based on events where the bosons decay into two leptons. Diagrams for
these processes are shown in Fig. 1.6. Although restricting the analysis to
the lepton channels reduces the statistics, the channels that include jet decays
of the vector bosons have large backgrounds from QCD multi-jet events and
so are more difficult to handle. The results for the masses are given in Table
1.2 and the widths in Table 1.3. Also presented are the Z results from the
LEP (large electron-positron) collider at CERN. The hadron collider data
cannot compete With LEP’s measurement accuracies for the Z, but they are
important because Rﬁ’le measurements of (Mw /Mz) required to evaluate the

value of sin” 8,,. The electroweak mixing angle, 8,,, one of the parameters of
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Figure 1.5 The measured inclusive jet cross section plotted as a function
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the electroweak theory, is defined as cos 8, = Mw /Mz The values for sin® 8,
from UA2, CDF and LEP (from the leptonic decay width for Z) are shown

in Table 1.4, and compared with the recent world average (12l derived from

electron-positron collider experiments not performed at LEP.

T 7
Z:>~—_Z°__<X+
: -

Figure 1.6 Diagrams for the decay of W= and Z° into two leptons

Table 1.2

Experimental Masses of Gauge Bosons

Experiment Mz (GeV) Mw (GeV)

UA2 91.49 + 0.35(stat) 80.79 £ 0.31(stat)
+0.12(sys) £ 0.92(scale)  +0.21(sys) £ 0.81(scale)

CDF 91.37 + 0.34(stat) 79.91 + 0.35(stat)
+0.24(sys + scale) +0.24(sys) £ 0.19(scale)

LEP 91.161 + 0.031(scale)
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Table 1.3

Experimental Widths of Gauge Bosons

Experiment I'z (GeV) I'w (GeV)
UA2 2.96 + 0.98 — 0.78(stat)  1.89 + 0.47 — 0.40(stat)
CDF 3.8 £ 0.8(stat) £1.0 2.17 £0.20(stat) + 0.10(sys)
LEP + SLC 2.546 + 0.032
Table 1.4

Experimental Measurements of sin® 6y

Experiment sin? O
UA2 0.2202 =+ 0.0095(stat + sys)
CDF 0.2317 £+ 0.0075(stat + sys)
LEP 0.2302 & 0.0021(stat + sys)

World Average 0.2309 + 0.0029(stat) + 0.0049(sys)
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The top quark and the tau neutrino are the two elements of the standard
model that have not yet been directly identified. The electron-positron collider
experiments at LEP and SLC (the Stanford Linear Collider) have set a lower
limit on the top mass from the decay of Z° to top-antitop, of m; > 45.8 GeV
(1:13] The hadron colliders have the advantage of being able to look in different
channels, but have also not yet identified the top quark. The cleanest channel
to search for the top is in the decay of a produced top-antitop pair into W*b
and W ~b which decay to two charged leptons, two neutrinos and 2 jets (See
Fig. 1.7). The three collider experiments have also searched for the decay of
one of the tops entirely to jets and the other to leptons and a jet. The latter
processes are also shown in Fig. 1.7. The results of the searches are listed in
Table 1.5; the best limit being obtained by CDF, which has the highest center
of mass energy. With the expected integrated luminosity of 25pb~! for the
1992 D-Zero and CDF runs, a limit of m; > 140 GeV should be achievable.
A combination of all existing data pertaining to the standard model suggests

me ~ 137 &+ 40 GeVI4,

_.‘Q : ,,I\L P
L->je+ l v k_’
et
L>-/Q+U .’ L J gy

Figure 1.7 Diagrams for the decay of ¢t
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Table 1.5

Experimental Limits on Top Quark Mass

Experiment Mass Limit
UA1 my > 60GeV (95% CL)
UA2 my > 67GeV (95% CL)
CDF my > 89GeV (95% CL)

The hadron collider experiments have also searched for possible devia-
tions from the standard model that could signal the presence of new physics
such as supersymmetry. No deviation from QCD has yet been seen in mea-
surements of gauge boson production or jet production at high ¢%, where any
new substructure might affect the expected cross sections [4l. Because of its
small expected yield, the Higgs H® of the standard model is not expected
to be discovered at the Tevatron'¥l. A minimal supersymmetric extension
of the standard model predicts two charged Higgs particles, H*. The LEP
experiments have set a mass limit, at a 95 % confidence level, for my+ > 42.0
GeV; the hadron colliders have included the hypothesized decay ¢ — H¥b in
their top searches. Additional gauge bosons are also expected from extensions
of the standard model. CDF has set preliminary limits on the masses of any
new Z and W bosons of mz > 380 GeV and mw» > 480 GeV at the 95%
confidence level. Evidence has also been sought for compositeness of quarks,
leptons and gauge bosons via the contact interactions that would result. These

contact interactions, shown in Fig. 1.8, would increase the production cross
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section for jets, the cross section dependence being ~ (?—}_Ff where A is the
T
compositeness scale. Limits on the quark-quark contact amplitude from the

2-jet spectrum at hadron colliders are as follows:

UAl: A% >410GeV (95%C L)1

UA2: A% >370GeV  (95%C L)1
CDF: A% >950GeV (95%C L)1

The most extensive searches at hadron colliders have been for supersymmetric
particle production. These investigations have concentrated on the creation
of gluino and squark pairs, the strongly interacting supersymmetric partners
of gluons and quarks, respectively. CDF sets the highest mass limits, these
being: Myquark > 150 GeV and mgyino > 150 GeV (90% CL) (3], With the
additional data to be taken during the next collider run at Fermilab, all of
these analyses will be greatly extended. The following chapter describes how

the design of the D-Zero detector is matched to the above physics goals.

* 7 & ;o

Figure 1.8 Diagrams of contact interactions that would increase the jet pro-

duction cross section



20

CHAPTER 2

GOALS OF THE D-ZERO PHYSICS PROGRAM
AND A GENERAL DESCRIPTION
OF THE D-ZERO DETECTOR

The D-Zero experiment is the second large general purpose detector to
study proton-antiproton collisions at the Fermilab Tevatron collider. CDF, the
Collider Detector at Fermilab, the first such experiment, has been taking data
at the Tevatron since 1987. One aspect influencing the design of D-Zero was
to make the experiment complimentary to CDF, and thereby maximize the
rewards of having two such detectors examining proton-antiproton collisions
at the center of mass energy of 1.8 TeV of the Tevatron. The design features
were also chosen to meet the needs of the physics goals of D-Zero, in particular,
to detect leptons, hadronic jets of particles, and signatures involving missing
transverse energy (Et), all of which reflect important signals in collisions of
constituents within the protons and antiprotons. In the following sections, the
physics goals of D-Zero and the design features will be described, and it will

be shown how the design of D-Zero meets the desired physics goals.

2.1 Physics Goals

There are three major physics signatures that the D-Zero detector was
designed to study. These are charged leptons, such as muons and electrons,

hadronic jets of particles and the missing transverse energy signal that char-
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acterizes weakly-interacting particles like neutrinos. These signais are impor-
tant because they indicate the occurrence of rare physics processes in proton-
antiproton scattering, such as the decay of a top quark, that D-Zero hopes to
examine. The details of the significance of each of these physics signatures are

given below.
2.1.1 Detection of Charged Leptons

Because charged leptons appear in the cleanest decay modes of high mass
states such as the gauge bosons, the top quark and the Higgs particle, the
detection and measurement of the properties of charged leptons is of primary
importance to D-Zero. Lepton identification was taken into consideration in
the design of almost every component of the detector. Precise measurement
of both muons and electrons over the fullest possible solid angle is essential
for separating interesting signals from the backgrounds due to QCD jets (ex-
pected to be the source of the largest background). Electrons and muons are
measured differently which means that systematic uncertainties in their mea-
surement differ, and consequently using both leptons provides a good check on
the consistency of any new high mass phenomenon. As we will see, electron
energies are measured in D-Zero using the electromagnetic calorimeters, and
muons are detected outside of all the calorimeters. Thus electrons usually
have to be relatively well isolated in order to be well measured, while muons
can be observed even when produced within a hadronic jet. The top quark is

likely to be discovered in either the electron or muon channel.
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2.1.2 Detection of Hadronic Jets

As stated in Chapter 1, the dominant process in high energy proton an-
tiproton collisions involves the production of hadronic jets. Precise measure-
ments of jet-production properties, such as the cross section as a function of
transverse momentum, and ratios of rates for different numbers of jets in an
event, provide important checks of the theory of quantum chromodynamics
(QCD). In particular, they provide insight into the nature of the running of
the strong coupling constant a,. Deviations from expectations of QCD could
signify the onset of new physics processes beyond the standard model. Since
such effects would depend on energy and momentum transfers, the precise
measurement of jet energies is of particular importance. This requires a uni-
form calorimeter with good overall coverage. The device must also have good
energy resolution and linearity of response as well as an equal response to

photons and hadrons that make up the jets.

With very precise measurement of jets, one can also hope to compare
jets that originate from quarks to those that arise from the fragmentation of
gluons; it is expected that gluon jets will be spatially broader because they
have a higher hadron multiplicity [2l. The fragmentation of constituents into
jets of particles is poorly understood, consequently, studying two and three-jet
events can lead to a better understanding of the backgrounds in rare processes
whose signatures include undetected energy from weakly-interacting neutral

particles that escape detection.
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2.1.3 Detection of Missing Transverse Energy

Neutral, weakly interacting particles such as neutrinos or the lowest mass
supersymmetric particle, (the photino) can be detected through the presence
of an energy imbalance in an event, or as a “missing” energy. Longitudinal
energy in the collision is uncertain due to the a priori unknown relative motion
of the constituents. Missing transverse energy in any event can however, serve
as an important signature for such physics processes. Transverse energy (ET)
is defined as E7 = Esinf where E is the total energy and 6 is the angle from
the beam direction. Figure 2.1 shows the coordinate system of D-Zero: z is the
direction of the proton beam; ¢ is the azimuthal angle in the x-y plane; and
0, is the polar angle measured relative to the z-axis. Transverse energy is also
used instead of total energy because of the unmeasurable amount of energy
carried by particles that are emitted at small angles (down the beam pipes).
Excellent calorimeter energy resolution is required for precise measurements
of Er, as is an equal response to the electromagnetic and hadronic parts of
hadronic showers. The latter will minimize the contribution of inherent fluc-
tuations that occur in the evolution of particle showers to a missing-energy
signal. The origins of such fluctuations will be discussed in Chapter 3. Most
important, have as hermetic as possible calorimeter with as few cracks, holes
or “hot spots” so that a minimum amount of energy is mismeasured or unde-
tected. Fine transverse segmentation in tracking is desired so that errors in

determining angles do not lead to large uncertainties in transverse momenta.
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2.2 The D-Zero Detector

As shown in the previous sections, the D-Zero detector was designed to
accomplish many different physics goals. In order to do so, it is composed of
several different detector elements which combine to form a “hybrid” detec-
tion system. A central magnetic field is often used in this type of detector
to help determine the momentum of charged particles. D-Zero chose instead
to do without a central magnetic field and use precise calorimetry for energy
measurement. The tracking chambers require less volume without a magnetic
field, so D-Zero has a smaller, and a more cost-effective calorimeter surround-
ing them. This approach is complimentary to CDF, which has a central mag-
netic field. The central and forward tracking systems contain drift chambers
that are designed to effectively track charged particles. The central tracking
system also contains a vertex detector, and a transition radiation detector that
can distinguish between electrons (e) and pions (7) and so compensates for the
lack of a magnetic field. The calorimeter is “hermetic” to enable an almost 47
solid-angle measurement of the total energy of an event. The calorimetry is
also many absorption lengths deep (typically > 7) to minimize the possible loss
of hadrons that do not interact. Muons are measured outside of the calorime-
try using magnetized iron toroids and specially configured proportional drift

chambers.

When these components are installed, they form one large, compact unit,
approximately 16 x 12 X 12 meters in size and > 5000 tons in weight, which
resides on a platform that can be rolled into the collision hall on tracks. A

sketch of D-Zero is shown in Fig. 2.2. The first stage of the readout electronics
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different detection systems



27

and distribution boxes for the power lines for every segment of the detector
are also located on the platform. A movable counting-house that contains the
second stage of the readout electronics, the power supplies and the trigger

logic, also rolls on tracks and follows the motion of the detector.
2.2.1 The Central Tracking System

The central tracking system, sketched in Fig. 2.3, consists of several parts:
a set of vertex chambers, a transition radiation detector (TRD), an outer
cylindrical drift chamber, and both forward and backward drift chambers.
All the components, except the TRD, are drift chambers, where a charged
particle creates ionization in a gas and this ionization charge drifts over a
few centimeters in an electric field (=1 kV/cm) towards an anode wire, where
a high field around the anode wire causes an “avalanche” of ions and free
electrons that are deposited on the anode. This avalanche causes a large pulse
that is used to determine the position of the charged particle that caused the

initial ionization.

The vertex detector is composed of three high precision drift chambers.
Located just outside the beam tube, its purpose is to precisely measure track
positions close to the interaction point in order to reconstruct event vertices.
It was designed with close sense wire spacing (4.6 mm), short drift distances
(= 1.5cm) and uses a gas with a low drift velocity (95% CO,-5% ethane, for
which v = 9.7 pum/nsec) to achieve excellent spatial precision and good two-
track resolution. The results from a test of the chamber using 10-150 GeV
electron and pion beams indicated that the position resolution was 60 pm and

the two track resolution was 630 pm at 90% efficiency [*®] This precision should
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allow identification of multiple interactions and secondary decays by measuring
positions of secondary vertices. This detector will also be used to veto photons
that leave no track in the vertex chamber but convert to electron-positron pairs
and give an electron-like signal in the transition radiation detector. A detailed

description of the performance of this chamber can be found in [18].

Yertex chamber Forward tracking
chamber
Transition radiation detector 8

Theta modules

Central tracking detector Phi module
i \ K

\ \{\E:_._:,_, = :———\—ﬁz——g\\—%—— _

L —_ a8 SR T T T Tt S . \——n ) |

\—DO interaction point

Figure 2.3 Cross-sectional view of the central detector, including the forward

drift chambers is shown. This is one quarter of the whole detector.

The next layer of detection in the central tracking system is the transition
radiation detector. The TRD consists of three concentric sets of thin (18
pm) polypropylene foils, followed by a radial drift x-ray detector. The total
charge collected from the ionization of the detector gas (xenon), the time of

arrival of the signal at the anode wire, and the time structure of the ionization
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clusters are used to discriminate between x-rays produced by electrons and by
minimum ionization produced by hadrons. The e/m discrimination ratio is
about 50:1 at 90% electron efficiency for energies below 200 GeV. Reference

[19] gives a complete description of the TRD system of D-Zero.

The outermost layer of the central tracking system is the central drift
chamber (CDC). It covers the rapidity range from n = -1 to 1, where n =
—Intan(6/2)*. It is made of four layers, each with 32 cells, with drift dis-
tances of less than 7 cm. Each cell contains 7 sense wires that measure the
azimuthal angle. Resistive delay lines run along the length of each cell to de-
termine the z position of a track. The CDC provides tracking information and
precise measurement of the energy loss of a particle as it traverses the gas in
the chamber (dE/dx). The resolutions obtained during the 1990 beam test of
three CDC modules containing 8 full cells were: azimuthal position resolution
of 200 pm, z position resolution of 2.5 mm, and two track resolution of 2 mm
at 90% efficiency. Precise measurement of dE/dx is useful for separating un-
opened e* e pairs (due to photon conversions or 7° Dalitz decays) from single
electrons. Based on dE/dx, the anticipated discrimination of two overlapping
tracks from single tracks is 50:1. A detailed account of the CDC is available

in Reference [20].

The forward and backward drift chambers (FDC’s) provide tracking in-

formation similar to the CDC, but in forward and back directions, and also

* The Lorentz invariant rapidity is defined as y = %ln %gtg‘;. The pseu-

dorapidity 7 is the rapidity of a particle with zero mass. It is a more easily

determined parameter used in D-Zero data analysis.
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determine the dE/dx of the charged particles that pass through it. The FDC’s
cover the rapidity range 1 < |i| < 4. They each contain 18 layers of cells along
z using two different wire orientations. There is a radial section that measures
drifts in the transverse direction and consists of 16 layers of 36-wire planes
strung in the radial direction. This section is sandwiched between two 8-wire
sections that approximately measure the § coordinate. (See Fig. 2.3) These
0 layers are instrumented with delay lines to provide both the orthogonal co-
ordinates of a hit and the position along the wires. One of the two FDC
chambers was tested in the 1990 test beam run. It exhibited the following
characteristics: spatial resolution of 200 pm, two hit resolution of 3.2 mm at
90% efficiency, and two track resolution of 4.8 mm at 90% efficiency. A recent

dissertation on these test beam results is available in Reference [21].

2.2.2 The Muon Tracking System

The muon tracking system is composed of proportional drift chamber
tubes (PDTs) placed on either side of magnetized toroids. Figure 2.4 shows
these chambers and the toroids spread apart. Muon momentum is determined
by measuring the deflection of the trajectories in the r-6 plane caused by
the 2 Tesla azimuthal magnetic field in the toroids. There are four layers of
PDTs in front of the toroids to measure incident muons, and two sets of three
layers, each separated by 1-2 meters, to find the exiting muons’ directions.
The central muon system spans an angular range of § = 45° to 135° and the
end systems (EF and EMC) cover from § = 45° down to 11° from the beam
axis. Smaller angle coverage is provided by additional muon detectors located

around the beamline down to § = 3°. This configuration of chambers covers
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a large fraction of the solid angle and so provides excellent coverage of any

produced muons.

The combined depth of the toroids and calorimeters varies from 13 ab-
sorption lengths at § = 90° to 18 absorption lengths at small angles. (The
absorption length is the characteristic length for hadronic interactions.) This
feature helps in identifying muons within the cores of hadron jets, since usu-
ally only muons will exit the calorimeter. The muon system can discriminate
between muons and secondary hadrons that “punch through” the calorimeter
by examining the vertex location of the track and the intersection point of
the tracks that enter and exit the toroids. Tests made using the D-Zero muon
geometry found a rejection factor against a hadron simulating a muon that

exceeds 10* for momenta of p > 10 GeV/c.

The proportional drift tubes that form the layers have a rectangular cross
section (= 4 X 10cm?) and vary in length from 2.4 to 6 m. Tubes at different
radii in a layer are staggered to help untangle left-right drift ambiguities in
the cell. A sophisticated readout system is utilized to ascertain exactly where
along its length the hits on each wire occur. This system uses cathode pad
strips above and below the anode wire that are cut in a repetitive diamond
pattern. The ratio of charge on the inner and outer pads of this array, and
the time difference in the arrival of the signals at either end of the chamber,
provide a measurement of the transverse and longitudinal coordinates of the
hit. Performance data for the muon system from tests are: transverse position
resolution of 200 pm, longitudinal position resolution of 3 mm, and momentum

resolution using all three layers of Ap/p =~ 18 % for p < 300 GeV/c [20].
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Figure 2.4 A sketch of the D-Zero detector spread apart to see the details of

the muon tracking system
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2.2.3 The Calorimeters

The performance of the D-Zero calorimetry is the central topic of this
dissertation. The system consists of a central calorimeter (CC) and two end
calorimeters (EC); each consists of an assembly of modules that resides in its
own separate cryostat, as shown in Fig. 2.5. The central calorimeter covers an
angular range between 6§ = 35° and 145°, or || < 1.2 ; the end calorimeters
(ECN and ECS, north and south) extend the coverage down to 6 =~ 1° or

0.9 < || <5 to form a highly hermetic system.

The electromagnetic modules (32 CCEM and one ECEM in ECN and
in ECS) reside closest to the interaction region and detect the energy from
electromagnetically interacting particles such as electrons, photons and 7%s.
These modules are divided longitudinally into four layers for a total of ~ 21
radiation lengths in depth. The transverse segmentation of the EM modules
is Ap x A¢ = 0.1 x 0.1. In the third layer, where EM showers have maximum
energy deposition, the segmentation is decreased to An x A¢ = 0.05 x 0.05.
The next layer of the calorimetry is made up of fine hadronic modules (16
CCFH and the first four layers of ECIH, inner hadronic and 16 ECMH, mid-
dle hadronic, for each of the ECs, as shown in Fig. 2.5); these range from
3.2 to 4.9 absorption lengths in depth. This segment of the calorimeter de-
tects leakage from the EM sections and detects and measures the energies
of hadronic particle showers. The four fine-hadronic longitudinal layers have
lateral segmentation of An x A¢ = 0.1 x 0.1. The outermost section, away

from the collision point, contains the coarse hadronic modules (16 CCCH and

16 ECOH per EC, outer hadronic and the fifth layer of the ECIH and ECMH
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Figure 2.5 The modules that comprise the D-Zero central and end calorime-

ters
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modules). These modules have the same lateral segmentation as the FH mod-
ules but only have one longitudinal layer ~ 4 absorption lengths in depth.
The purpose of these modules is to detect energy leakage outside of the FH

modules.

The D-Zero calorimeter is what is known as a sampling calorimeter. In
this type of calorimeter the energy deposited by the particles traversing the
calorimeter is detected only in sensitive layers that are interspersed with layers
that have passive absorber. Only a small fraction of the energy is deposited
in the sensitive regions in the form of ionization of the medium, and this is
read out and serves to sample the entire energy deposition. More aspects of
calorimetry are given in Chapter 3. The parameters that govern the design are
the required electromagnetic-shower resolution, hadronic-shower resolution,
and the ratio of the response to electrons as opposed to hadrons (known as
e/h). The detecting medium chosen for D-Zero, uranium-liquid argon (U-
LAr), was dictated by the need for a highly segmented, dense calorimeter
with good energy resolution. Another important attribute of LAr calorimetry
is that, as long as the liquid is kept reasonably pure (< 2 ppm O), the
signal will not degrade over the course of the run. This is because LAr is not
susceptible to radiation damage. Also, if the response is uniform from module
to module, this means that not all modules have to be calibrated. How well U-
LAr satisfies D-Zero’s resolution and response requirements will be discussed

in the next chapter.

Each module is enclosed in a thin steel case, and is made up of a stack of

absorber plates (uranium for EM, FH, and IH, copper for CH, steel for OH),
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separated from NEMA G-10 signal boards by 2.3 mm LAr gaps. Figure 2.6
shows the layout of the basic sampling cell. The details of the construction of
several of the end calorimeter modules are given in Chapter 4. The readout
cells in these modules are aligned either parallel to the collision axis, as in
the central calorimeter, or perpendicular to the axis as in most of the end
calorimeters (EM,IH,MH), or at 45° for ECOH modules. This is illustrated

in Fig 2.7.

This dissertation concerns the study of the response of three end calor-
imeter modules to electron and pion beams for different angles of entry into the
stack. The data were accumulated during 1990 fixed target run at Fermilab.
As stated in Chapter 1, Chapter 4 gives a detailed description of the test
beam apparatus and Chapter 5 gives the results of the measurements of the

performance of these calorimeter modules.
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CHAPTER 3

CALORIMETRY AND PARTICLE SHOWERS

Particle physicists use devices known as calorimeters to measure energies
of elementary particles. Calorimeters are blocks of matter in which a particle
interacts and deposits all of its energy, some in the form of a measurable
quantity. This signal is generally in one of the following forms: electrical,
optical, thermal or acoustical. The importance of calorimeters and aspects of

their design characteristics will be discussed in section 3.1.

When particles interact in matter their energy becomes degraded and
develops into a cascade or shower of low energy particles. Different types of
elementary particles have different characteristic shower patterns because of
the different processes that are involved in their interactions. The processes
can involve electromagnetic, strong and occasionally, weak forces between the
particle and the detector media. In section 3.2, we will describe the energy
loss mechanisms for electromagneticly interacting particles and their resulting
signatures, as well as the resolution characteristics that result from these types
of interactions. Section 3.3, will deal with hadronic showers. Finally, we will
discuss the impact of the different particle interactions on the design choice of

the D-Zero calorimeter.
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3.1 Calorimeter Design
3.1.1 Purpose of Calorimetry

Calorimeters comprise a major component of any modern high energy
physics experiment. There are several reasons for this. One is that calorime-
ters are sensitive to both charged and neutral particles. Their measurement
accuracy improves with increasing energy because calorimetry is based on
statistical sampling properties. Because the dimensions needed to contain
the energy deposited by a particle, increase only logarithmically with energy,
compact instruments can be used at high energies. It is also possible to dis-
tinguish different types of particles because their interaction characteristics
(“showers”) can be quite different. Also important is that calorimeters do not
require a magnetic field to measure energy. They can be highly segmented
so that good position information can also be made available, and interesting
events can be triggered with a high degree of selectivity. As detailed in the
previous chapter, good calorimetry is important for the physics that D-Zero

hopes to study.
3.1.2 Sampling vs Homogeneous Calorimeters

Calorimeters can be of two types: homogeneous devices, whose entire
volume is sensitive, and sampling devices, where only a fraction of the vol-
ume is sensitive. Homogeneous calorimeters tend to be expensive and so are
only used to detect electromagnetically interacting particles whereas sampling
calorimeters are more economical for all particle types. Examples of homoge-

neous devices are lead glass shower counters that are based on the detection
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of Cherenkov light and large crystal arrays based on the detection of scintil-
lation light. The D-Zero calorimeter, as described in the previous chapter, is
an example of a sampling calorimeter. It is made of a dense, passive absorber,
depleted U238, and an active material, liquid argon (LAr). The uranium and
liquid argon take the form of a sandwiched layer structure of passive and active
media, which is the most common design employed. Typically 5 - 10 % of an
incident particle’s energy is deposited in the active layers through ionization

of the liquid.

Although sampling fluctuations in the amount of energy deposited in the
active material often limit the energy resolution of the detector (especially the
electromagnetic part), sampling calorimeters have other very useful attributes.
These include the ability to make very compact devices if one uses dense
absorber mediums. Unlike homogeneous devices, sampling calorimeters can
be designed to have equal energy response to both electrons and hadrons.
This is often refered to as compensation, and it will be shown in Section 3.3
why this is important. We also wish to point out that sampling fluctuations
become less important at higher energies because the energy resolution tends

to become dominated by systematic effects.

3.2 Electromagnetic Calorimetry
3.2.1 Electromagnetic Interactions

The electromagnetic interaction manifests itself in many ways. The pri-
mary energy loss process for high energy electrons and positrons is brems-

strahlung. This is the process by which electrons (and positrons) radiate pho-
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tons as a result of their interaction with the nuclear Coulomb fields. These
photons can convert to eTe™ pairs, which can radiate again, etc. This results
in the particle multiplication that is typical of a high energy electromagnetic
(e.m.) cascade. At lower particle energies, ionization takes over as the primary

energy loss process for electrons and positrons.

Photons interact with matter through three different processes. At ener-
gies less than &~ 10 MeV the most prevalent are the photoelectric effect and
Compton scattering. In these interactions, all or some of the photon’s energy
is transferred to an atomic electron. Once the photon energy is higher than
twice the electron rest mass, pair production can occur. This is the process
wherein a photon converts into an electron-positron pair (e*e™), contributing

to particle multiplication in a developing shower.

The electromagnetic shower process is completely understood on the basis
of quantum electrodynamics (QED) (23], Tt depends upon the electron density
in the absorber medium which is roughly proportional to the atomic number,
Z, of the medium. Figure 3.1 shows the results of calculations of the cross
sections for the various energy loss processes described above as a function
of energy for electrons and photons in three different media (24251, These
materials differ greatly in Z-value (carbon: Z=6, iron: Z=26, uranium Z=92)
so the Z-dependence of the energy range of these processes can be easily seen.
Above 100 MeV, radiation loss dominates for electrons and pair production
dominates for photons in all three media. Above 1 GeV, these two processes

[26]

become energy independent %!, Below 100 MeV, the individual cross sections

are quite Z dependent. The energies at which Compton scattering begins to
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dominate over the photoelectric effect, and pair production dominates over

Compton for photons, are quite different. Also, the point at which radiation

loss surpasses ionization loss as the primary process for energy loss by electrons

depends very strongly on Z.
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Figure 3.1 The cross sections for pair production, Compton scattering and

photo-electric effect, as a function of photon energy (a-c) and the fractional
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The energy at which an electron loses as much energy in collisions (with
atomic electrons) as in radiation (induced by the nuclear Coulomb field) is
called the critical energy, e.. This is the value of energy below which very
little particle multiplication occurs, and the remaining energy of an electron

is absorbed through molecular excitation and ionization of the medium.
3.2.2 Characteristics of Electromagnetic Showers

Because electromagnetic shower development is governed by the electron
density of the absorber, one can describe the characteristics of these showers
in a material-independent way. Longitudinal dimensions can be described
using the radiation length, X,. This is the distance over which the energy of
an electron drops t<;/63.2% of its initial value. This energy is lost primarily
through the radiation of photons (Bremsstrahlung). The radiation length of

a material can be approximated by the following relation:
Xo =~ 180 A/Z® g em™? (to better than 20% for ~ Z > 13) (3.1)

where A is the atomic weight. Figure 3.2 shows the longitudinal shower de-
velopment for 6 GeV/c electrons in four different materials. The scaling of
the energy deposition with radiation length can clearly be seen in the figure.
This shape can be understood, in that the steep rise corresponds to the in-
crease in the number of particles in the early part of the shower (up to when
all secondaries reach the critical energy), after which essentially no multipli-
cation occurs, followed by a slow decrease in energy deposition as more and
more particles are completely absorbed in the medium. The appearance of
the shower maximum at slightly increasing depth for high Z absorbers occurs

because particle multiplication continues to lower energies due to the smaller
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value of €.. This shape can be described by the form [27]
dE __ EO a+l o -—bz _ _
o B3 F(a+1)b 2%, z=2/Xy, a=bzpaxz, (3.2)

where Ej is the incident particle energy, I' is the gamma function, z is depth
in radiation lengths, x is the depth in cm, 2,4, is the depth of the shower

maximum in radiation lengths, and a and b are the parameters to be fitted.

Figure 3.2 shows that it takes &~ 22X, to contain at least 99% of a shower
of this energy. This is equivalent to 7.0 cm of uranium. Because the position
of the shower maximum is proportional to Log Fy plus a constant, only a small
increase in material thickness is needed to contain higher energy showers. The
length required to contain 98% of an electromagnetic particle’s energy can be

parametrized as

L(98%)av ~ tmas + 4hats (3.3)

where A, describes the slow exponential fall off of the energy in the shower
(26] Experimental values for A,y are all about 3.4 + 0.5X,. It is important
to contain all the energy in the shower because fluctuations about the average

longitudinal energy loss can limit resolution.
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Figure 3.2 The longitudinal shower development (left scale) of 6 GeV/c elec-
trons shows scaling in units of radiation length. On the right, the shower

radius for 90% energy containment is plotted as a function of depth [26],

The transverse unit used to characterize an electromagnetic cascade is
the lateral spread of an electron induced shower at the critical energy after it

traverses one radiation length of material. This is called the Moliere radius :

Ry = 25X, Es=21Mev (3.4)
€c

where €. is the critical energy, and Es = /47 x 137Tmc?® is the multiple scat-
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tering theory constant. Rps just like X is dependent only on the A and Z
of the material and can be approximated as Ry ~ 7 A/Z g cm™2. Multiple
scattering of electrons is the dominant cause of lateral spreading in the early
part of an e.m. shower . The decreasing energy of the shower particles causes
a gradual widening of the shower with depth. Beyond the shower maximum

[22] bremsstrahlung photons

of an e.m. cascade, particularly in high Z media
that can travel quite far from the shower axis define the shower spread. The
spatial distribution of this component has no simple dependence on A and Z
[28], These two processes combine to create a lateral shower profile that has
a central core that scales as Rps surrounded by a wide lower energy “halo”.
Figure 3.3 shows the radial shower profile at varying depths for 1 GeV elec-
trons in lead (simulated by an EGS4 Monte Carlo calculation). The shape
is as expected. We see that 90% of the shower energy is contained within a
radius of 2 Rps. Figure 3.2 displays the radius for 90% containment plotted
as a function of depth for 3 different materials. The radial dimensions scale

with Rps in the later stages of the cascade. The Moliere radius for uranium

is &~ 1 cm.
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Figure 3.3 The lateral distribution of the energy deposited by a 1 GeV e.m.
shower in lead at various depths is shown. These are results of an EGS4 Monte

Carlo calculation 122,
3.2.3 Electromagnetic Energy Resolution

Particle showers involve statistical processes and are detected in calorime-
ters through the the production of electron-hole pairs, ionization, light etc.,
depending on the medium. The resolution for determining a particle’s energy

is limited by fluctuations in these elementary processes as well as in their sam-
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pling. The width (o) of any signal (S) for detecting moﬁo—energetic particles
can often be related to the number (n) of ionization electrons produced, as
0(S)/S =~ /n/n; for a calorimeter that has a linear response with energy, this
leads to o(E)/E ~ C/vE. The energy resolution improves with increasing E,

which is one reason why calorimeters are so useful.

Fluctuations in the number of primary processes that contribute to the
calorimeter signal limit the achievable energy resolution. For fully contained

showers in a fully active calorimeter, this intrinsic energy resolution can be

shown to be *[27],

o(E)  0.7%
E 7 E(GeV)

(3.5)

In most calorimeters, including that of D-Zero, the resolution is dominated by
other factors such as sampling fluctuations, instrumental noise, nonuniformi-
ties or incomplete shower containment. These factors cause departures from
Eq. 3.5. Electronics noise and in D-Zero’s case, noise from the U2?*®, con-
tribute an energy independent (AFE = constant) term to the resolution o(E).
A term proportional to A(E)/E results from energy dependent noise sources

such as fluctuations in the electronics gains.

For sampling calorimeters, the energy resolution is dominated by the fact
that only a fraction of the incident particle energy is measured. Fluctuations in
this fraction are statistical, and consequently are expected to contribute to the
total energy resolution in proportion to v/E. In calorimeters using relatively
dense active material, such as LAr, the contribution to the resolution from

sampling fluctuations for substantial variations in design scales as o(F)/E

* Energy in all these resolution formulas is measured in GeV.
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:m, where 1,5, is the thickness of absorber, for any specified thickness
active material. Sampling fluctuations also depend upon the thickness of the
active (read out) planes, t4c4, in a similar manner, namely ~ \/m The
signal and the fluctuations depend, of course, on both thicknesses and on the Z

(22]

values of the active and passive layers **). The resolution and signal response

can therefore be tuned by the choice of calorimeter design.

The best energy resolutions are obtained using homogeneous, fully sensi-
tive devices that do not involve sampling fluctuations. Scintillating crystals,
such as Nal, remain unsurpassed in energy resolution at low energies, yield-
ing o(E)/E =~ 0.02 E~1/% [22], Lead glass shower Cherenkov counters have
been found to have resolutions in the range of 5%/vE to 12%+VE [?3. For
sampling calorimeters, with dense active material (LAr or plastic scintillator),
the resolutions range from 7%/VE to 20%+E 2. The constant term in the
resolution from gains fluctuations is &~ 1% for systems using photomultiplier

tubes, such as plastic scintillator calorimeters. For LAr readout, it is < 0.5%.
3.2.4 Electromagnetic Position Resolution

The position of the impact point of a particle that creates an electromag-
netic shower in a calorimeter can be determined from measurements of the
transverse and longitudinal shower shape. The position resolution is limited
by the transverse and longitudinal granularity and the signal/noise ratio of
the calorimeter. Because the position is often determined using a weighting
technique involving the transverse distribution of energy, fluctuations in the
energy measurement, detailed above, contribute to the position resolution.

For a sufficiently fine-grained detector, the position resolution o(z) would
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scale with energy as o(z) =~ 09/vE due to the inherent statistical nature

of shower development. Other noise sources can cause deviations from this

E~1/2 scaling.

Before the maximum development of an electromagnetic shower, more
than 90% of the energy is contained in a cylinder of radius r = 0.5Rps. Ex-
amining the shower in the early part of development can provide a high level
of position accuracy and two shower discrimination. Position resolutions of
the order of a few millimeters have been obtained for few-GeV showers with

(29] Dependence of the resolu-

a 3.5 x 3.5 cm? segmented lead glass array
tion on the size of the transverse segmentation has been studied [*°!, and it
was observed that, for energies > 20 GeV, the position resolution of an iron-
scintillator calorimeter did not deteriorate when the width of a readout cell
varied from 5 mm to 15 mm. Better spatial resolutions have been obtained by
inserting a high resolution detector into the calorimeter at ~ 5Xg, where the
early part of e.m. cascades occur. Using this technique, an spatial accuracy of
~ 100pum was obtained for a 100 GeV shower [*!]. With information on both
the transverse and longitudinal shower development, the angle of incidence of

a shower can be reconstructed. A typical angular resolution is () < 20/vE

mrad [32],

3.3 Hadronic Calorimetry
3.3.1 Hadronic Interactions

Hadrons, which are subject to the strong interaction, must interact had-

ronically if all their energy is to be absorbed in matter. After the strong
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interaction takes place (through many secondary collisions) the absorption of
energy becomes similar to that of electromagnetic cascades. The much more
varied and complex particle-production mechanisms of hadronic showers, and
the long interaction mean free paths, makes their development more complex.
Also, because the elementary processes are not well understood, there is no

simple analytical treatment of hadronic cascades.

When a hadron interacts with a nucleus, mesons are usually produced,
m’s, K’s, etc. Half of the available energy in each collision is consumed in
this type of particle production (the inelasticity K being ~ 0.5), and the rest
is carried by the forward-going leading particles. This hadron production
is relatively insensitive to the type or emergy of the incident hadron, and
the multiplicity increases slowly with the atomic mass of the absorber. The
excited nucleus releases energy by emitting nucleons and low energy photons
and deposits its recoil energy by ionization. The hadrons produced in turn
interact with nucleii and lose energy by ionization so the shower develops. The
characteristic properties of hadronic cascade development are listed in Table

3.1 [26],

A sizable fraction of the secondaries produced in a hadronic interaction
are 7’s; the fraction is typically 16-23% at 5-10 GeV and 40% at 50 GeV.
The size of this 7° component is greatly influenced by the nature of the first
interaction, consequently event-to-event fluctuations about the average value
are very important. Because m%s decay immediately into two photons, which
interact electromagnetically, there is therefore always an electromagnetic com-

ponent to hadronic showers that fluctuates in size from event to event.
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Table 3.1

Characteristic Properties of the Hadronic Cascade

Reaction Properties Influence on
Energy Resolution
Hadron Multiplicity =~ A% 1lns 7% /7T ratio
Production Inelasticity ~ 1/2 Energy lost in
breaking nucleii apart
Nuclear Fraction of Energy lost in

De-excitation

Pion and

Muon Decays

Decay of c,b
Particles from

Multi-TeV Cascades

excitation energy: breaking nuclear bonds

Evaporation energy =~ 10% Poor or different
Binding energy ~ 10% response to charged
energetic neutrons ~ 40% particles, neutrons

energetic protons ~ 40% and 7’s

Fractional energy of Loss of v’s

w's and v’s = 5%

Fractional energy of Loss of v’s

p’s and v’s a few percent Non-Gaussian tails

in resolution.
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As can be seen in Table 3.1, although the energy dissipated by charged
hadrons and electrons in ionizing the medium can be well sampled, a large
fraction of the initial hadron’s energy often is lost and cannot be measured (up
to 40 % of the non-electromagnetic energy). For example, energy is required
to break nucleii apart. This energy , which cannot be retrieved, is known as
lost binding energy. Neutrons of several MeV energy, that are released during
nuclear break up, have low interaction cross sections and consequently can
escape detection. Many of the other non-relativistic particles that result from
nuclear de-excitation, are not well measured because they do not escape the

absorber material.

Another contribution to lost energy is recombination (LAr) or saturation
(scintillator) effects in the sensitive material. These effects occur when a
densely ionizing particle, such as a low energy proton, creates such a large
number of ionization electrons that either the the electrons recombine with
the ions in the active medium (LAr) or the saturation level of the scintillator
is reached. Both of these conditions lead to nonlinearities in energy response.
It should be noted that at low energies (< 2 GeV), where the cross section for
multiple-pion production is small, the probability that charged hadrons lose
their kinetic energy just by ionization of the medium increases greatly. This
difference in production characteristics is expected to lead to non-linearities

in response at low energy.

Neutrinos and muons from pion decay also contribute to unmeasured
energy. As stated in Chapter 2, neutrinos escape detection completely because

they only interact by the weak force. Muons are minimumly ionizing particles
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and so deposit only a small amount of their energy in the active material of

the calorimeter.

The energy dependences of the three principal processes of energy loss in
hadronic interactions can be seen in Fig. 3.4. These plots show the relative
contributions of electromagnetic showers, charged particles and the products
of nuclear breakup to energy loss as calculated using three different simulation
programs. The differences in the two results for protons illustrate the variation

in the models used for describing hadronic cascades.
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energy dissipated by hadronic showers as evaluated from three Monte Carlo

calculations (331
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3.3.2 Characteristics of Hadronic Showers

Hadronic shower development is mostly based on nuclear interactions and
consequently, the physical extent of the showers are expected to scale with
the nuclear absorption length A.s,. Because the hadronic cross section (o)
essentially is determined by the geometrical size of a nucleus, and since the
interaction mean free path (Aqss) scales as A/o, where A is the atomic weight,
Aubs scales with the nuclear radius, as A3, For uranium, the absorption

length in centimeters is Agps &~ 10.5¢cm.

Figure 3.5 shows the average longitudinal and transverse distributions
of hadrons in four different materials [26]. The longitudinal distributions have
been measured from the starting point (interaction point) of the shower rather
than the front face of the calorimeter. The resemblance to the longitudinal
shape of electromagnetic showers and the scaling with A, are evident. This
shape results from the early rise in energy deposition due to the electromag-
netic component of the cascade, followed by a slow decrease after the maximum
where the energy loss is due primarily to ionization produced by the hadronic
component of the shower. A common parametrization of this shape is the one

given by Bock et al. [34];

Flfo)w(bzr)“_le_bz'b&r + D01 w)de) et dbz, (3.6)
a

o= T(c)

where Ej is the incident particle energy, z, is the distance from the origin of
the shower in radiation lengths, z, is that distance in absorption lengths, I is

the gamma function, and a,b,c,d,w are the parameters to be fitted.

Figure 3.6 shows the longitudinal leakage as a function of detector depth
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for a range of hadron energies. As for electromagnetic showers, relatively small
increases in thickness are needed to contain higher energy showers 3%, An

adequate expression that combines available data for 95% containment is:
L(gs%)av = tmac + 2.5Aatt (3.7)

where t,,.z, the position of the shower maximum, is measured from the face
of the calorimeter in absorption lengths, and A, which describes the expo-
nential decay, goes as Agyr = Agps[E(GeV)]012 (26], Longitudinal containment
is more important than lateral containment for hadrons, as it was in the case

of electromagnetic showers.
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Figure 3.6 The leakage as a function of detector depth for 5-210 GeV pions

as measured in a uranium/plastic scintillator calorimeter [22.

The transverse profile of hadronic cascades is also similar to that of elec-
tromagnetic ones. The transverse shape widens with depth into the calorime-
ter, and there is a narrow core that has a width that ranges from 0.1-0.5
Aabs- This high energy core is surrounded by a halo of low eﬁergy particles
that scatter out to quite large radii. The narrow core of hadronic showers,
as measured by the FWHM (full width at half maximum) of the transverse
distributions, also scales approximately as Ag3s as can be seen in Fig 3.5. This
figure also shows that the radius of a cylinder needed for 90% lateral contain-
ment however, does not scale as A;p,. For 95% lateral containment one needs

a radius of » = Agp,, and smaller values for high-Z material (28]
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3.3.3 Hadronic Energy Resolution

As discussed in section 3.3.1, there is a sizable electromagnetic component
in most hadronic showers and a large fraction of the initial hadron’s energy is
often not measured. Both of these facts play a significant role in the energy
resolution of a hadronic calorimeter. In fact, fluctuations in the size of each
of these components dominate the energy resolution. A major contribution to
the fluctuations is amount of energy that goes into nuclear break-up. This can
be attributed to the great variety of possible nuclear interactions. Another,
less important factor, is the escape of secondary particles such as us and vs
due to incomplete shower containment. The combination of these effects are
usually referred to as intrinsic fluctuations, and they contribute a term that

scales as VE for the total energy resolution.

The average number of 7%s in hadronic interactions are relatively small
28] so the fluctuations about this number are correspondingly large. For a
complex calorimeter, the fluctuations in the location that the 7° content of a
shower begins contribute a non-Gaussian component to the energy fluctuation
and a constant term in AE/F to the energy resolution. This term can vanish

only if the calorimeter has an equal response to electrons and hadrons, e/7 =1,

an attribute known as compensation.

There is of course a contribution to the energy resolution of hadron
calorimeters from sampling fluctuations. This contribution is larger than that
for electromagnetic showers observed in the same calorimeter. One reason is
that the number of particles that contribute to a hadronic signal is smaller.

This is because hadronic cross sections are small compared to electromag-



60

netic ones, and multiple particle production essentially ceases when secondary

[22]

hadron energies drop much below a GeV Such hadrons just lose their

energy primarily via ionization. The contribution from sampling fluctuations
to the hadronic resolution accounts for about 10% of the total resolution (3¢l

Ignoring instrumental effects, the general form for hadronic resolution can be
[e2 .+ ¢2
O'had(E)/E = LEM - Crpo0 (3.8)

As can be seen from Eq. 3.8, for high energies, it is important to minimize

written as (22l

the cro as much as possible. This can be accomplished by having a “compen-
sating” calorimeter where the fluctuations in the 7 content would have much
less of an effect on the energy resolution. A compensating calorimeter would
also tend to provide a Gaussian energy signal for hadrons. Because a fraction
of the hadronic energy is invisible due to energy losses to nuclear binding, it
might be expected that all calorimeters would be non-compensating. Recent
studies of hadron calorimetry 137 have shown that this is not the case. Many
methods to make calorimeters compensating have been proposed and investi-
gated. These all rely on the fact that the particles that play the largest role
in determining a calorimeter’s response are those in the last stages of shower
development that carry a large fraction of the energy. These are low energy
electrons and photons for e.m. showers and low energy protons and neutrons

for hadronic showers.

To achieve compensation, one must either increase the hadronic signal

or reduce the electromagnetic response of a calorimeter. By using U?*® as an
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absorber, one can accomplish the former. In uranium, soﬁ1e of the energy that
goes into nuclear break-up is regained because the released neutrons induce
nuclear fission in other nucleii. This produces detectable energy in the form of
soft photons and neutrons. The amount that this fission compensates for the
nuclear binding losses depends on the readout medium. Hydrogenous active
materials have been found to be very efficient at boosting the hadronic signal,
because the neutrons in the shower deposit a large fraction of their energy
in the active layers due to the efficiency of hydrogen at moderating (slowing
down neutrons). This is most effective when using high-Z absorbers where the
fraction of energy carried by soft neutrons is the largest. For non-hydrogenous
readout media, the neutron response can be affected by taking advantage
of the energy released in the form of photons when thermal neutrons, from
fission or elsewhere, are captured. This process has a time scale of 1us. Many
experimental results have shown though, that it is difficult to achieve full
compensation with a non-hydrogenous active material such as LAr. Better
soft neutron detection, also leads to a lower ¢;,; since there is a correlation
between the nuclear binding energy lost and the kinetic energy carried away
by neutrons from the breakup. For a compensating uranium calorimeter, the
intrinsic resolution would be higher than for a similar lead detector, because
the neutrons that are released from fission of other nucleii are not correlated

to the binding energy losses of the original nuclear breakup.

The most common sampling calorimeter composition is a noncompensat-
ing combination of iron absorber and plastic scintillator, LAr or wire cham-
ber readout. These calorimeters have achieved resolutions on the order of

o(EY/E =~ 55% \/E at 10 GeV with deviations from E~1/2 scaling as en-
g
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ergy increases 12?2, Compensating calorimeters have obtained the best energy

resolutions, ~ 35%/vE for uranium/plastic-scintillator [3%% and 44%/vE

[41]) and exhibit E~1/2 scaling up to high energies

for lead/plastic-scintillator
(=~ 200 GeV). Almost compensating uranium/LAr calorimeters have reported
resolutions ranging from 45%/+/E up to 60%/+E with small deviations from

E~1/2 scaling [32:42],
3.3.4 Hadronic Position Resolution

Position measurements of hadronic showers are performed in a similar
manner to those of electromagnetic showers. The signal/noise ratio and the
granularity of the calorimeter contribute to the spatial resolution, which gen-
erally scales with E~1/2, As described earlier, hadronic cascades consist of a
central core that is surrounded by a low energy halo that is several times the
size of the core. Because of the larger scale of hadronic showers and the larger
fluctuations in energy measurement, the accuracy of position measurements is
correspondingly worse than that for e.m. showers. It has also be been shown
that the best resolutions are not necessarily obtained by examining the shower
in the narrow early stages of development at depths less than one absorption

length (%81,

Measurements of the spatial resolution of the impact point of a hadronic

shower have been parametrized as
o(z) = Aav/(4VE)em (3.9)

where )., is the average absorption length in cm [2¢. Position resolutions of

the order of a few centimeters at 1 GeV are therefore possible. One group
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found resolutions on the order of 1.5 cm at 40 GeV with one plane of 2 cm
wide scintillator strips and an iron ab‘sorber [38], Better resolutions have been
obtained by using a multilayer iron calorimeter, ~ 0.8 cm at 40 GeV [3¢],
Studies of the effect of the transverse segmentation have shown the following

dependence

o(z) = ope?? (3.10)

where d is the segmentation in absorption lengths and oy is the intrinsic resolu-

[26], This dependence suggests

tion in an detector with no segmentation effects
that decreasing the cell width below 0.1 Ay, would not gain much in spatial
resolution. Angular resolution has also been looked at for hadronic calorime-
ters. In a specially designed calorimeter, where electromagnetic and hadronic
showers have almost the same dimensions and so effects of the fluctuations in

the n° content are minimized, an angular resolution of o(8) ~ 160//E+560/E

mrad has been reported 43I,

3.4 D-Zero Calorimetry

Many different factors were taken into account when the D-Zero calorime-
try system was designed. Depleted uranium was chosen as the absorber
medium for several reasons that are listed in Chapter 2. One of the most
important reasons was that it has been shown that a combination of ura-
nium and LAr can be made nearly compensating by careful choice of active

22], The electromagnetic section of the D-Zero

and passive plate thicknesses |
calorimetry, described earlier, was designed to be approximately 20 X, depth

so, as we’ve seen, it will effectively contain e.m. showers. The hadronic sec-

tion, that is located directly behind it, is &~ 8 A3 in depth to ensure that few
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hadrons escape without detection.

The results D-Zero has obtained so far show a nearly compensating calori-
meter with an e/n ratio of 1.09 at 10 GeV dropping to 1.03 at 100 GeV for
the D-Zero end calorimeter (32, The intrinsic e/h ratio, which is the ratio of
the calorimeter’s response to electromagnetic and hadronic forms of energy,

varies from e/h = 1.12 at 10 GeV to 1.04 at 100 GeV. This agrees well with

[37] see Fig 3.7, where Ry, the ratio

Wigman'’s predictions for our calorimeter
of absorber thickness to active layer thickness, is Ry = 1.3 for the hadronic
calorimeter (6 mm Ur plates) and R4 = .87 for the electromagnetic calorimeter

(4 mm Ur plates).

Because the D-Zero calorimeter is nearly compensating, linear response
and good energy resolution are also exhibited. The electromagnetic calorime-
ter shows deviations from linearity that are less than 0.3% over the momentum
range studied (10-150 GeV) and an energy resolution with a sampling term of
o(E)/E = 15.7%/+E and a small constant term of 0.3% [52). The deviations
from linearity for the hadronic response over the same energy range are typ-
ically less than 0.5% and an intrinsic sampling resolution term of o(E)/E =
45%/+/E and a constant term of the order of 3.5-4% [52. These energy reso-
lutions are comparable or better than those seen in other calorimetry systems

detailed above.

For good position resolution, the D-Zero calorimeters have fine transverse
segmentation as described in Chapter 2. To take advantage of the narrow
core of electromagnetic showers before the maximum, detailed in this chapter,

the segmentation is doubled for a section of the third longitudinal layer of
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Figure 3.7 The e/h ratio for uranium calorimeters as a function of the ratio

of the thicknesses of absorber and readout layers [37]
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the electromagnetic calorimetry. This layer covers the depth from 3 - 11 X,
where the e.m. shower maximum should occur. The results of an analysis of
the shower profiles seen by D-Zero and the position resolution capabilities of

the D-Zero calorimeters are presented in Chapter 5.
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CHAPTER 4

DESCRIPTION OF THE EXPERIMENTAL
APPARATUS AT THE TEST BEAM

The D-Zero experiment conducted beam tests of three End Calorimeter
modules at the Neutrino West beamline of Fermilab between May and August
of 1990. One major goal of these beam tests was to establish an absolute
energy calibration of the calorimeter modules to better than 1% accuracy.
Another primary purpose was to measure the operating characteristics of these
calorimeter modules including the energy resolution and linearity, the position
resolution, and the uniformity of response over the entire module, and over
time. Particular attention was paid to response in the region of cracks between
modules, and near various plate spacers and edges. Determining the shapes
of electromagnetic and hadronic showers was also of great concern. Previous
beam tests had been performed in 1985 and 1987, but the 1990 test beam
was the first to examine modules that would subsequently be installed in the
D-Zero detector. It was hoped, therefore, that the energy calibration and
other characteristics of these modules could be transferred directly to the full
detector. Comparison of calorimeter response with simulations was also an
important task since agreement would give confidence that those modules that
could not be tested could at least be modelled accurately. These beam studies
also enabled the D-Zero collaboration to test various detector systems, such

as the calorimeter electronics, the data acquisition system, and liquid argon
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(LAr) temperature and purity monitors under normal operating conditions.

This chapter describes in detail the 1990 test-beam apparatus.

Three different calorimeter modules were examined in the 1990 test beam:
one end-calorimeter electromagnetic module (ECEM), one end-calor-imeter in-
ner hadronic module (ECIH) and one end-calorimeter middle had-ronic mod-
ule (ECMH). These three modules were enclosed within a steel cylindrical,
double-walled liquid argon cryostat that was approximately 3 m in diameter
and 5 m long and filled with liquid argon. The arrangement of these modules
within the cryostat is shown in Fig. 4.1. The ECEM and ECIH modules were
placed in the same relative positions as they occupy in D-Zero. The material
upstream of these modules in the full D-Zero detector was mocked up using
metal plates and foamed-plastic (Rohacell) to exclude the liquid argon from
that region. This “excluder” had a 2.5 cm thick steel plate inserted in it to
simulate the cryostat walls of the End Calorimeter and a 4.4 cm thick alu-
minum plate at small angles to simulate the end plates of the vertex detector
and the electronics. The ECMH module was mounted on the beam axis rather
than in its normal position in the full D-Zero detector. This was done to pro-
vide a measure of the leakage of any shower energy out of the ECIH in the
region of the beam pipe, as well as to obtain the energy response to electron
and hadron beams passing directly through a simulated D-Zero beam pipe.
This beam pipe was a 5 cm diameter stainless steel tube, filled with helium

gas to reduce the amount of material upstream of the ECMH.

4.1 The Calorimeter Modules

The basic construction of a sampling cell in the D-Zero calorimeters was
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shown in Fig. 2.6, and discussed in section (2.2.3). The absorber plates for the
modules in the 1990 test beam are constructed of depleted uranium or stainless
steel, and the signal boards made from NEMA G-10. These signal boards are
5-layer printed-circuit boards with copper signal pads on the outer surfaces
and signal traces on the innermost layer; the traces bring the signals from
the pads to connectors located at the circumference of the module. Ground
planes between the two outer layers and the innermost layer reduce crosstalk to
a negligible level. The signal boards consist of 22.5° wedges that are assembled
into disks and then covered with face-sheets of 0.5 mm thick G-10 that has
been screen-printed with a thin layer of high resistivity carbon-loaded epoxy.
This coat of epoxy serves as the positive high voltage electrode. The signal
pads and absorber plates are at ground potential and the G-10 face-sheets
serve as blocking capacitors. The operating voltage for the calorimeters is 2.5

kV, corresponding to a drift field of 1.1 kV/mm in the gap.

The ECEM electromagnetic module [#4] is a disk of about 1 m in radius
and 23.8 cm in depth. (See Fig. 4.2.) It provides full azimuthal (¢$) coverage
in the forward direction, where ¢ is the angle in the plane perpendicular to
the collision or beam axis. The module subtends 2.1° < 6 < 26°, where 6
is the polar angle relative to the beamline; this corresponds to a range in
pseudorapidity 1.45 < < 4.0. It consists of 18 sampling cells in depth
that are read out in four separate longitudinal layers (ECEM Layers 1-4),
having 2,2,6 and 8 sampling gaps respectively. Table 4.1 lists these depths in
radiation lengths traversed at normal incidence. The transverse segmentation
is in pseudorapidity and azimuthal intervals of Anpx A¢ = 0.1x 0.1, except
in the third longitudinal layer (ECEM Layer 3), where, typically, 65 % of
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Figure 4.2 The End Calorimeter Electromagnetic Module (ECEM)
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the shower energy is deposited, and where the segmentation is finer, Anx
A¢ = 0.05 x 0.05, to provide better transverse position resolution. This
segmentation is achieved using the copper electrode pads that are scribed
on the signal boards. These electrodes are arranged in an almost projective
manner, which lines up “towers” (all the signal pads at a given 1 and ¢ in
one longitudinal layer) from the ECEM with those of the downstream ECIH
hadronic module. These towers are considered semi-projective rather than
projective because the same pad layout is used for pairs of adjacent read
out boards (and for sets of four in the ECEM Layer 4). The boundaries
between towers resemble staircases rather than continuous planes. The ECEM
module was built as one monolithic unit to reduce the number of internal
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