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ABSTRACT OF THE DISSERTATION

A Measurement of Bottom Quark Production

in pp-Collisions at 1.8 TeV

by
Thorsten Bernhard Huehn

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, December 1995

Professor Anne Kernan, Chairperson

We present a measurement of the bottom quark production cross section at
a center of mass energy of 1.8 TeV in the rapidity region | y |< 1 and the
transverse momentum range 13 to 37 GeV/c. The measurement is extracted
from a dataset of 2707 events containing muons and jets, corresponding to
an integrated luminosity of 228 nb™!, taken during the 1992-93 collider run
of the Tevatron proton-antiproton collider at Fermilab. The measurement is
about two standard deviations above QCD predictions, but is consistent with

it within measurement uncertainties and uncertainties in the QCD calculation.
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Chapter 1

Overview

The Tevatron Collider at the Fermilab National Accelerator Laboratory
provides the highest energy particle collisions in the world. Protons (p) and
antiprotons (p) are collided at a center of mass energy of 1.8 TeV and studied
with two general purpose collider detectors, D@ and CDF. The analysis of
these collisions is used to test the Standard Model of elementary particles and
forces and to look for new phenomena beyond the scope of this model.

The Standard Model, currently the best description of subnuclear matter
and its interactions, encompasses the strong force, (described by the theory
of quantum chromodynamics, QCD) and the electromagnetic and weak forces
(described by the unified electroweak force theory). It hypothesizes that all
matter is made up from different combinations of 12 fundamental particles
(6 quarks and 6 leptons) and their antiparticles. The quarks form 3 doublets
of increasing mass. The first of these contains the stable up (u) and down
(d) quarks, from which protons and neutrons are built. Production of the

charm (c¢) and strange (s) quarks, which form the second doublet, and of the



bottom (b) quark, which is in the third doublet, has been observed in both
electron-positron and hadron collisions [1]. The existence of the top (¢) quark,
the predicted partner to the b-quark, has recently been established by the D@
and CDF experiments at Fermilab [2, 3].

In QCD nucleons are composed of point-like particles, quarks and gluons,
which are collectively referred to as “partons”. The strength of an interac-
tion between partons is specified by the strong coupling constant, a,, which
decreases with increasing four-momentum transfer (@?). Cross sections in
QCD cannot be calculated exactly, and are commonly expressed as perturba-
tive expansions in «,. These expansions converge if a, is sufficiently small,
which typically requires Q% > few GeV?2. Cross-sections for high Q% parton-
parton interactions at high energies can thus be reliably calculated in QCD,
while interactions at lower Q% are described with less precise, phenomenologi-
cal models.

At the Tevatron center-of-mass energy of 1/s = 1.8 TeV, high @? collisions
occur with relatively large cross sections allowing significant tests of QCD
predictions. In particular, perturbative QCD can be used to calculate the
production rate of the heaviest quarks, bottom and top. The applicability of
perturbative QCD to charm and lighter quarks is questionable because of the
small quark masses.

The UA1 experiment at the CERN proton-antiproton collider was the
first to observe b-production in strong interactions and to measured the cross
section. The measured transverse momentum cross section for b-quark pro-

duction was found to be in good agreement with QCD predictions in shape,



but was a factor of 1.5 to 2 higher [4] than the prediction. Subsequent mea-
surements of the same quantity by the CDF collaboration at /s = 1.8 TeV,
are also a factor of about 2 to 3 higher than predictions [5, 6].

The study of b-quark production is important not only as a test of QCD,
but also because knowledge of the cross section is required for understanding
backgrounds to top-quark signals and in the search for supersymmetric par-
ticles and other particles beyond the scope of the Standard Model. It is also
relevant to the planning of future experiments at high energy colliders such
as such as the upgraded Tevatron [7] or the Large Hadron Collider (LHC) at
CERN [8].

This thesis describes a measurement of b-quark production with the D@
detector at the Fermilab Tevatron collider. D@ is a general purpose collider
detector with a special focus on the detection of electrons, muons, and jets.
The measurement utilizes of the characteristic signature of a muon and a jet
to identify events containing a b or a b quark.

Chapter 2 outlines some theoretical considerations relevant to b-quark
production. The detector is described in chapter 3, and chapter 4 deals with
the triggers used in data taking. Chapter 5 describes the reconstruction pro-
gram used to determine the momentum and energy of muon and jet candidates
in the triggered data sample. The extensive Monte Carlo data set generated
for the study of efficiencies and the background contamination of the sample
are summarized in chapter 6. Chapters 7 and 8 explain the selection cuts
imposed offline which reduce the sample to a data set of about 8000 events

enriched in b-production, and the efficiencies associated with the trigger and



the selection cuts, respectively. Chapter 9 describes the extraction of the
muon differential cross section for the data sample described in chapter 7 us-
ing the efficiencies from chapter 8, and explains the procedure to determine
the amount of background in the data sample due to processes other than
b-production. Chapter 10 describes the extraction of the b-quark production
cross section. The results of this analysis are summarized and compared to
other measurements of the b-quark production cross section measurements in

chapter 11.



Chapter 2

Heavy Quark Cross-Sections in QCD

This chapter describes the theoretical modelling of b-quark production in
hadron collisions. We also describe calculations of the rate of b-quark produc-

tion, and the problems and uncertainties associated with these calculations.

2.1 Cross Sections and Perturbative QCD

Deep inelastic scattering experiments performed in the 1960’s revealed
that hadrons are composite objects consisting of pointlike partons [9]. Later
partons were identified as quarks and gluons, and their interactions described
by QCD, the theory of the strong force.

The strong force is carried by gluons, which are analogous to photons,
the carriers of the electromagnetic force. The strong force acts between par-
ticles that carry the color charge, which is equivalent to the electric charge in
electromagnetism. A major difference between the electromagnetic and strong

forces is that the gluons themselves are colored, while photons are electrically



neutral, so that, unlike photons, gluons can interact with each other. A quark
constantly radiates and reabsorbs virtual gluons, and is hence surrounded by
a “cloud” of gluons, in much the same way as an electron is engulfed in a cloud
of virtual photons. However, because of the self-interaction of the gluons, this
cloud has an “anti-screening” effect, in contrast to the screening effect of the
photon cloud around an electron: The gluon cloud amplifies the color charge of
the parton, while the photon cloud around an electron appears to decrease its
electric charge. Thus the strength of the strong force increases with distance
from the parton. This leads to the phenomenon of confinement - free particles
with net color charge are not observed.

On the other hand, since the strong coupling constant o, becomes small
at short distances (high momentum transfer) quarks in high energy collisions
act as pseudo-free particles. This property is known as asymptotic freedom
and is implicit in QCD. In this regime (interactions of a 4-momentum transfer
Q? > few GeV?) we can decompose the proton-antiproton interaction into
interactions between partons from the proton and antiproton.

We can separate (factorize) the short distance parton level part of the
interaction from the lower Q? non-perturbative fragmentation process; the fac-
torization theorem relates the cross-section o for a particular reaction with par-

ton level cross sections ¢ between a parton in each of the interacting hadrons:

o= Z/dmid%’ Fij(zipa, P, iy A) Ff (zi, p) FF (25, ) (2.1)
if

where F and F J-B are the structure functions describing the density of partons

¢ and j inside the proton (A) or antiproton (B); z; and z; are the correspond-



ing fractions of the total proton (ps) and anti-proton (pp) momenta. The
structure functions and the momentum scale parameter (A) are derived from
deep inelastic scattering experiments and evolved to the relevant Q2 scale ()
using QCD theory.

The strong coupling constant a, depends on the 4-momentum exchange

(Q?) of the interaction. In the leading order QCD expansion, o, is given by

127
a(p) = (33 — 2n¢) In(p2/A2)

(2.2)

where the explicit @* dependence is contained in the scale parameter p(Q).
p(Q) is typically chosen to be of the order of momentum transfer in the inter-
action. Here we adopt the definition p = 4/p% + m?, where pr and m are the
transverse momentum and the mass of the b-quark, respectively.

Since quarks are confined within hadrons, their masses cannot be mea-
sured directly and have to be extracted based on their influence on hadron
properties. Consequently, their values depend on the method used for the ex-
traction, as well as the exact definition of the quark mass. A recent calculation
within the framework of heavy quark effective theory [10] results in a value of
my = 4.74 £ 0.14 GeV /c? [11, 12]

A is experimentally determined to be 100-250 MeV[13]; n; denotes the
number of accessible quark flavors, For the center of mass energy of 1.8 TeV,

we take ng = 5, rather than 6 because of the large mass of the top quark [2, 3].



2.2 Heavy Quark Production

For interactions in the realm of asymptotic freedom, heavy quark produc-
tion cross sections in parton interaction are calculated using a perturbative
expansion in a;,:

Gij = ol(p) Gi (8,mq) + ai(n) G (8,mq) + -+ (2.3)
where the coeflicients Gf’jo(é, mg) and GgLo(é, mg) depend on the quark mass
(mg) and the center of mass energy V/3 in the parton system. For the data
in this study the momentum transfer is ~ 30 GeV/c and hence well into that
regime. The u-dependence of the cross section is the result of terminating the
perturbative expansion after a finite number of terms; if it were carried out to
infinite order, the result would be independent of .

The cross section for heavy quark production is calculated by combining
the contributions from the contributing processes. Examples for Feynman di-
agrams for some of the leading and next-to leading order processes are shown
in figure 2.1. The leading order processes (Fig. 2.1a) and b) are often char-
acterized as 2-to-2 processes because two partons in the initial state react to
two partons in the final state. Such processes are observed in the detector
as two jets which are collinear in the transverse plane because of momentum
conservation. The next-to-leading order processes (Fig. 2.1c), d), e) are 2-
to-3 processes, having three partons in the final state. Apart from radiative
corrections for leading order processes (Fig. 2.1c), the next-to-leading order
calculation introduces a new class of processes in which the b-quarks are no

longer collinear in the transverse plane. In contrast to leading order, which
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Figure 2.2: b-quark production cross section as a function of the transverse
momentum of the quark, for | y |< 1, from the NDE calculation [14]. The
central value (solid line) is for A = 140 MeV and g = po. The dotted lines
define the theoretical uncertainty obtained by varying A and p to 187 MeV

and po/2 (upper line) versus 100 MeV and 2y, (lower line).
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Figure 2.3: Contribution from gluon-gluon, gluon-quark and quark-quark pro-

cesses to b-quark production.
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Figure 2.4: Fraction of next-to-leading order contribution to b-production.

can proceed only from gluon-gluon or quark-quark initial states, b-production
in next-to-leading order can include gluon-quark initial states (Fig. 2.1 e).
Cross sections for b and c-quark production have been calculated by Na-
son, Dawson and Ellis (NDE) [14] and Beenakker et al. [15] to next-to-leading
order; both calculations agree very well. The convergence of the perturba-
tion series is however questionable for the c-quark because of its small mass
(m. =~ 1.8GeV/c?). We have used the NDE calculation as implemented by
M. Mangano [16]. For this analysis we are using Monte Carlo program im-
plementation by M. Mangano which uses the NDE calculation. Figure 2.2
shows the resulting cross section for b-quark production as a function of the
quark transverse momentum, for a rapidity range of | y |< 1. The calculation

uses the MRSDO structure function parameterization of Martin, Roberts and

Stirling [17] with A = 140 MeV and a central value for g of po = 1/p% + m?,
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where m denotes the mass of the b-quark (m; = 4.74 & 0.14 GeV/c?). The
uncertainty in the calculation has been estimated by varying A between 187
and 100 MeV and varying p between po/2 and 2uo. The range in A reflects the
result of A = 140757 MeV obtained by MRS from the analysis of deep inelastic
scattering data [17]. The variation in u reflects the best current estimate of the
uncertainty in the choice of the scale parameter. To obtain the uncertainty for
the b-quark production cross section, we vary A and g in a way as to maximize
the error. The upper edge of the error band corresponds to A = 187 MeV and
§ = po/2, while the lower edge corresponds to A = 100 MeV and g = 2u,.
These variations in parameters result in an overestimate of the uncertainty
since g and A are partially correlated. They change the overall normalization
of the spectrum by about +60%, but do not effect its shape.

Figure 2.3 shows the decomposition of the cross-section into the con-
tributions from gluon-gluon, gluon-quark and quark-quark initial states. The
gluon-gluon processes dominate in the low transverse momentum region, while
quark-quark processes dominate at the highest transverse momenta. Fig. 2.4
shows the relative contribution of next-to-leading order processes to the b-
production cross-section. At high pf most of the cross section is due to leading
order production, reflecting the dominance of the quark-quark processes. The
constituent partons involved in high pr processes are predominantly quarks,
which on average carry a higher nucleon momentum fraction than gluons, and
in addition gg-processes have quite small a cross section for next-to-leading

order Processes.
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Figure 2.5: Ratio of b-quark production cross section obtained with

DFLM/MRSDO structure functions.

Figure 2.5 shows the effect of the structure functions on the cross section
calculation. Replacing the MRSDO [17] structure functions by the DFLM pa-
rameterization [18] causes a change of up to 20% in the cross section. The
DFLM parameterization predates MRSDO0 and does not make use of the same
wealth of deep inelastic scattering data, but it was extracted independently
and was hence chosen for this comparison. Note that the change in struc-
ture function affects primarily the lower end of the pr spectrum. This is
expected since, for low pr (and low values of z) gluons dominate, and since
gluon distributions are more difficult to extract from deep inelastic scattering
data than quark distributions. They are hence more uncertain than quark
distributions and vary significantly more between structure function parame-

terizations. Finally, the QCD cross-section depends on the value of the b-quark
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mass, m, = 4.74 £ 0.14GeV/c? [11, 12]. The effect on the prediction of the
b-quark production cross section is greatest near threshold, i.e. at low values
of p%. The systematic error in the b-production cross-section due to the above
0.14 GeV/c? uncertainty in m; varies from =~ 5% for p5. = 10 GeV/c to ~ 2%

for p% > 20 GeV /c.

2.3 Summary

We have outlined the QCD based calculations of bottom quark production
in hadron colliders and estimated the errors associated with those calculations.
Uncertainties in the parameters g and A result in a 60% uncertainty in do/dp%,
while uncertainties in parton densities in the colliding hadrons contribute an
additional 20% error. The uncertainty in the mass of the b-quark adds another
2-5%. At the conclusion of this study we will return to these predictions and

confront them with our measurement of b-quark production cross section.
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Chapter 3

The Apparatus

3.1 The Fermilab Accelerator Complex

3.1.1 pp-Production

The Fermilab Tevatron accelerator produces protons and anti-protons
with an energy of 900 GeV each. pp colliders have the advantage that both
proton and antiproton beams can travel in the same accelerator in opposite
direction, but this convenience comes at the expense of a much more involved
procedure of antiproton production. The acceleration of the particles proceeds
in several steps through a series of accelerators described below. The layout
of the accelerator complex is shown in figure 3.1.

Both the proton and the antiproton beam start out as H— ions produced
in a magnetron surface plasma source. The ions are produce from the interac-

tion of electrons in the plasma with Cesium atoms coating the cathode of the
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Figure 3.1: An overview of the Fermilab accelerator complex with the D@ and

CDF detectors.

plasma source. The H— ions escape the plasma chamber through an aperture
and are electrostatically accelerated to 18 keV.

The next stage of the acceleration process is a an electrostatic accelerating
column increasing the energy of the hydrogen atoms to 750 keV. The energy
of an electrostatic accelerator is limited by the maximal input voltage. The
next step of the acceleration process is the linear accelerator that accelerates
the ions to 200 MeV through a series of drift tubes, separated by a gap.
An RF potential is applied to drift tubes in such a way that the particles
are accelerated by the field in the gap between the tubes and are shielded

inside the drift tubes from the decelerating field. The length of the drift
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tubes is increasing throughout the 500 ft of the linear accelerator to match the
increasing velocity of the ions.

At 200 MeV the ions are well relativistic such that they can be further
accelerated in a synchroton, a circular accelerator where the particles are ac-
celerated by multiple passes through a circular arrangement of drift tubes.
While the accelerating field is produced by an RF frequency, the bending and
focusing of the beam is accomplished with dipole and quadrupole magnets, re-
spectively. The ”Booster” synchroton, the first in a series of three synchrotons
has a radius of 75m and accelerates the protons to 8 GeV.

The next step of the accelerator is the "main ring” of radius 1km that
further accelerates the protons to 150 GeV. At that energy the particles are
transferred to the Tevatron which has the same radius as the main ring, but
is equipped with superconducting magnets, and hence produces stronger mag-
netic fields for bending of the beam than the main ring which is equipped with
conventional magnets. There the protons are accelerated to their final energy
of 900 GeV.

Antiprotons are produced by extracting a fraction of the protons from the
main ring, which operates at 120 GeV for antiproton production, and steering
them to a nickel target. The secondary particles are focused with a lithium
lense and antiprotons of ~ 8 GeV are magnetically selected and transferred
into the debuncher where the momentum spread of the particles is reduced
to 0.2% (from 4% out of the lithium lense). The process is called stochastic
cooling. Because of the low yield of antiprotons (one for every 10° protons), the

antiprotons are stored in the antiproton accumulator until a sufficient number
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of antiprotons are produced. That process takes about 5 hours. At that time
the antiprotons are transferred into the Main ring, accelerated to 150 GeV and
are then transferred into the Tevatron.

Protons and antiprotons in the Tevatron are distributed among six p and
p bunches, each 30 cm long. Proton bunches contain ~ 100 x 10° particles
each while antiproton bunches are about half that size. The counterrotating
bunches remain in the Tevatron for a “store”-duration of 12-18 hours. during
that time the main ring continues to operate to replenish the antiproton supply.

Since there are 6 bunches in each of the counterrotating beams, the
bunches pass each other at six spots along the ring. Detectors are installed
at three of these, at the remaining ones the proton and antiproton beams
are separated to avoid losses due to collisions between particles. In the col-
lision regions where detectors are installed, the transverse beam spot size is
reduced through additional quadrupole magnets on either side of the detector
to 04y = 40 pm, which increases the probability of a pp interaction.

The beam spot size in the transverse plane is small compared to the
resolutions of the detector, its size is, however, included as an error in the
determination of the muon momentum (section 5.3). Because of the 30 cm
longitudinal size of the beam spot, the z position of the interaction vertex is

directly measured using the central drift chamber (section 5.2).
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3.1.2 Luminosity

The reaction rate R for a given process is given by
R=0¢L (3.1)

where sigma is the cross section for the process and £ is the instantaneous
luminosity. The cross section is a property of the physics process and the
luminosity is a parameter of the accelerator. For two oppositely directed beams

of relativistic particles, the luminosity is given by

N, N,
A

L=Ffn (3.2)

where N; and N, are the number of particles in each of the p and p bunches, n
is the number of bunches (6), f is the revolution frequency. A denotes the cross
sectional area of the colliding beams, assuming them to completely overlap.

The determination of the instantaneous luminosity is based on data from
the level 0 (LO) hodoscope (section 4.4). The cross section ”visible” to the L0
detector, a combination of the measured inelastic, single diffractive and double
diffractive cross sections, and the efficiency of the detector, is 48.24+5.2mb [21].
The cross section measurements for the inelastic, single diffractive and double
diffractive cross sections are obtained from averaged measurements with the
CDF [19] and E710 [20] detectors.

The instantaneous luminosity is then obtained from equation 3.2, with R
being the count rate of the L0 detector. Instantaneous luminosities for the

data used in this analysis are in the range of 1 — 3 -103° cm™?s™*.
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D@ Detector

Figure 3.2: An isometric cut-away view of the D@ detector.

3.2 An Overview of the D@ Detector

The D@ detector is a general purpose high energy particle physics facility
for the study of high pr-phenomena in pp-collisions at a center of mass energy
of /s = 1.8TeV. The design has been optimised for charged lepton and
jet energy measurements coupled to excellent hermiticity for missing energy

measurements.
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Figure 3.2 shows a cutaway view of the detector. It is 13 m high, 13 m wide
and 20 m along the beam direction, with an overall mass of over 5000 metric
tons. The figure shows the concentric layers of sub-detectors that make up the
D@ detector. Innermost is the central tracking system which consists a vertex
drift chamber, a transition radiation detector and drift chambers which cover
central and forward regions. This is surrounded by the Uranium liquid-Argon
calorimeters which are located in three cryostats. The outermost part of the
system is the muon spectrometer which consists of three layers of proportional
drift tube chambers, with a toroidal magnetic field of 2 T between the first
and second layer.

The detectors that are used in this analysis are discussed in more detail
in the following paragraphs. Further details as well as a description of the
electronics, the monitoring and control software, and the mechanical support
structure can be found in ref. [22].

D@ uses a right handed coordinate system with the y-axis vertically up-
wards and the z-axis pointing in the proton direction (South). The radius
vector R and the polar and azimuthal angles # and ¢ denote the usual spheri-
cal coordinates, while » denotes the projection of the polar radius vector R on
the (transverse) zy-plane. The location of a particle in the detector is often
expressed in terms of pseudorapidity 7 = —In (tan(6/2), which approximates
the true rapidity y = 1/2In ((E + p.)/(E — p;)) in the limit 3 — 1. The

geometrical center of the detector is the origin of the coordinate system.
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Figure 3.3: A cross section of the D@ central detectors

3.3 Central Detectors

The central detectors of DO consist of the vertex drift chamber (VTX),
the transition radiation detector (TRD), the central drift chambers (CDC)
and the two forward drift chambers (FDCs). Fig 3.3 shows the arrangement
of these detectors.

The VTX, TRD, and CDC form concentric cylinders, while the two FDCs
are arranged perpendicular to the beam. The complete set of central detectors

fits in the inner cylindrical aperture of the calorimeter in a volume bounded

by r = 78 cm and z = +135 cm.

3.3.1 The Vertex Drift Chamber

The vertex drift chamber begins just outside the Beryllium beam pipe at
r = 3.7 cm and extends out to r = 16.2 cm with a maximum length of 116.8 cm.

It consists of 3 concentric layers of cells, the innermost layer contains 16 cells,
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the other layers have 32 cells. Additional wires are included for field shaping.
The VTX operates with CO2(95%) — ethane(5%) — H,0(0.5%) gas mixture at

one atmosphere. The electric field has a strength of about 1kV/cm.

3.3.2 The Central Drift Chamber

The central drift chamber (CDC) is located between the TRD and the
calorimeter. It extends in radius from 49.5 to 74.5 cm and has a length of
184 cm. It consists of 4 concentric rings of 32 azimuthal cells per ring. Each
cell contains seven gold-plated tungsten sense wires of 30 pm diameter parallel
to the beam line and two delay lines embedded in the cell walls just before
the first and after the last sense wire as shown in figure 3.4. Also shown are
the guard wires for field shaping on either side of the sense wires. The CDC
is operated with Ar(92.5%)CH4(4%)CO02(3%) with 0.5% H,O at 1 atm with a
potential of 1.5 kV on the sense wires.

The delay lines propagate pulses induced from the nearest sense wire to
both ends of the cell where a measurement of the difference of arrival time
gives the location of the charged particle’s trajectory along the z-coordinate.
In cosmic ray tests fits using information from delay lines from all four layers
of chambers show a resolution of about o, = 2 mm. The spacial resolution for

fitted tracks in the drift plane was found to be about 150 pm [23].
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Figure 3.4: End-view of the central drift chamber, shown are the 7 sense wires
per cell as well as the delay-lines embedded in the walls of the cells. There are

guard wires for field-shaping on either side of the sense wires.
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Figure 3.5: The D@ calorimeters, showing the central and the two

end-cryostats and the various calorimeter subsystems.

3.4 Calorimeter

3.4.1 Overview and Design

The calorimeter is contained in three separate cryostats. The middle
cryostat contains the central calorimeter (CC), and covers the region | 7 |<
0.8, while the two outer cryostats contain the end calorimeters (ECs) which
extend the coverage to |  |~4.0 (Fig. 3.5).

The calorimetry is of a sampling design with depleted uranium, copper
and stainless steel as the absorbing materials and liquid argon as the active

material. The basic structure of the calorimeter is a succession of layers, each
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Figure 3.6: A schematic of the calorimeter cell structure.

consisting of an absorber material followed by a 2.3 mm liquid argon gap on
either side of a 1.3 mm signal board. The signal board contains copper pads
surrounded by a resistive coating (Fig. 3.6). The absorber and the copper pads
are grounded while the resistive coating is connected to a high voltage source
to create an electric field of about 9 kV/cm across the liquid argon gap. An
electron or hadron travelling through the calorimeter will interact with nuclei
of the absorber material creating a shower of particles which ionizes the liquid
argon. The electrons thus liberated drift toward the signal board and induce
a charge on the copper pads. The copper pads in different layers are aligned
such that their centers lie on a ray originating at the center of the detector.
The pads located on the same ray form a readout tower.

The transverse segmentation of the calorimeter is determined by the size

of the readout towers which is 0.1 x 0.1 in Ay x A¢ for | 5 |< 3.2. This is fine

27



enough to probe the transverse shape of a jet, which is typically about AR =

\/(An)z + (A¢)’ = 0.5 in extent. In the very forward region, 3.2 <| 5 |< 4.0,
the segmentation is 0.2 x 0.2, because the physical shower size in that region
is much wider in 7 — ¢ space than in the central region.

The longitudinal segmentation is determined by the number of succes-
sive pads at different depth in the calorimeter that are read out together or
“ganged”, forming a readout-layer.

Looking from the beam axis outwards, the D@ calorimeter consists of a
thin electromagnetic followed by a thicker hadronic one (Fig. 3.5). The electro-
magnetic calorimeter uses 0.3 cm thick uranium plates in both the central and
forward calorimeter. It has a total thickness about 20 radiation lengths (Xo)
grouped into four readout-layers. The segmentation is 0.1 x 0.1 in Ay x Ag,
except for the third readout-layer which spans the radial region of maximum
electromagnetic energy deposition, where the segmentation is increased to
0.05 x 0.05. This allows a more precise determination of the direction of
photons and electrons.

The hadronic section uses uranium, copper and stainless steel plates of
thickness between 0.6 cm (innermost layers) and 4.6 cm (outermost layers).
The region with fine segmentation is used for hadronic shower-shape mea-
surements and the thick absorber region is used for shower-containment of
energetic jets. The total thickness of the hadronic calorimeters is about 6 in-
teraction lengths in the central and about 9 interaction lengths in the forward

calorimeter.
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3.4.2 Calorimeter Performance

Before its installation at the D@ site the performance of the calorimeter
modules was studied extensively in testbeams using electron and pion beams of
known energy to determine sampling fractions, energy resolution and response
functions [24].

The sampling fraction is the fraction of the energy deposited in the calorime-
ter that is detected. In a sampling calorimeter most of the energy is dissipated
in the absorber and does not lead to any ionization of the liquid argon; the
energy measured by the calorimeter is scaled by the 1/ (sampling fraction) to
give the incident energy of the particle. The sampling fraction varies among
the subsystems of the calorimeter and ranges from about 12% in the electro-
magnetic calorimeters to about 1.5% for the outermost layers of the hadronic
calorimeters.

Figure 3.7 shows the calorimeter response function

R = (Emeasured - Ebeam)/Ebeam (33)

for electrons and pions as a function of the particle energy. Also shown are
the deviations from linearity for both electrons and pions [25]. We observe
excellent linearity with a response ratio for electrons and pions (e/m-ratio)
varying between 1.11 for 10 GeV/c to 1.04 at 150 GeV /c.

The energy resolution, o, of a sampling calorimeter can be parameterized

as

o\?2 §5% N?
(—) :CZ—I-E—Fﬁ (3.4)
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Figure 3.7: Calorimeter response for electrons and pions of known energy in
the testbeam (top). The bottom plots show the residuals (deviations) from

linearity for electrons and pions.
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where F is the energy of the incident particle. C is a constant term embodying
uncertainties in the test beam momentum and variations in the thickness of
the liquid argon layers, S reflects the uncertainty in the sampling fractions
and N is a noise term primarily due to the radioactivity of the uranium ab-
sorber. Typical values for electrons are 0.003+0.002, (0.157:!:0.005)\/@ and
0.140 GeV for C, S and N respectively. For a 50 GeV electron, o/ E =~ 0.02.
For pions the energy resolution is coarser, with values for C', S and N of
0.032 + 0.004, 0.41 & 0.04v/GeV and 1.28 GeV for C, S and N respectively.
For a 50 GeV pion, o/ E = 0.06.

3.5 The Muon Detector

The Wide Angle MUon Spectrometer (WAMUS) contains three solid-iron
toroidal magnets of square cross-section and about 1 m thick. The magnetic
field is about 2 Tesla strong with field lines running in the plane perpendicular
to the beam axis. The central magnet (CF) covers the pseudorapidity region
| 7 |< 1.0, the north and south end toroids (EFN, EFS) extend the coverage
to | 7 |= 1.7. The Small Angle MUon Spectrometer (SAMUS) which was not
used in this study, is described elsewhere [26, 27].

The WAMUS magnets are instrumented with three layers of proportional
drift tubes. The innermost layer (A-layer) is located at the inner face of each
magnet and the other two layers (B,C) which are separated by about 1 m, are
located outside of the magnets. Figure 3.8 shows a schematic of the WAMUS

and SAMUS spectrometers.
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Figure 3.8: Elevation view of the D@ detector showing the three layers of

proportional drift tubes of the muon system and the toroidal magnet. The

”main ring” is passing through the detector ~ 1 m above the Tevatron beam

pipe.
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Figure 3.9: Schematic drawing of a muon magnetic spectrometer.
The principle of momentum measurement in the D@ magnetic spectrom-
eter is shown in fig. 3.9. It is a schematic depiction of a section of the muon

system, showing the three layers of proportional drift tubes and the magnet
between the A and B layers. Individual drift tubes are shown with the wires

transverse to the plane of the figure. The B and C layers consist of three

sublayers of drift tubes, also referred to as planes, while the A layer has 4

planes.
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The magnetic field lines are parallel to the wires such that a muon created
at the center of the detector is deflected predominantly in the plane of the
figure. The projection of the muon system shown in figure 3.9 is hence called
the “bend view”, while the orthogonal projection in the plane perpendicular
to the beam-pipe is referred to as the “non-bend” view.

The direction of the muon before the magnet is determined from the A-
layer drift tubes, and the direction after the magnet is determined from the
B and C-layers. Assuming a constant magnetic field strength of magnitude B

(measured in Tesla), the momentum p (in GeV/c) of the muon is given by:

_ 0.3Bd

sinq

(3.5)

where d is the thickness of the magnet in meters, and « is the deflection angle
in the muon’s trajectory.

Over most of its coverage, the outermost two layers of the muon system
are shielded by more than twelve interaction length of material, about half
of which is provided by the calorimeter and the rest by the muon toroids
(Fig 3.10). This reduces background from non-interacting hadrons and jets
not fully contained in the calorimeter (punchthrough) to less than 0.1% of the
muon rate. (These results were obtained from a simulation of high pr jets in
the calorimeter[28, 29]. The low punchthrough rate allows the identification
of clean muon signals even when the muons are inside a high Er-jet.

Each of the more than 11,000 drift tubes in the Wide Angle Muon System
is 10 cm wide, 6 cm high and between 2 and 6 m long. A cross-section of a

drift tube is shown in fig. 3.11. The cell walls are aluminum and each cell
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Figure 3.10: Number of interaction lengths in the D@ detector as a function of

polar angle. The dip at 40° is due to the gap between the CF and EF magnet

toroids.

Fig. 4 ELECTROSTATIC EQUI-POTENTIAL LINES OF 4+« PDT CELL
SIGNAL WIRE AT +5 KV, AND VERNIER PADS AT +2 KV

Figure 3.11: Cross section of a drift tube, showing the equipotential lines and

the cathode pads on the top and bottom of the cell.
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Figure 3.12: Cathode pad showing the inner and outer sections divided by a
repeating diamond pattern. Below is a plot of the ratio of difference and sum

of the charged induced on the inner and outer sections of the pads versus the

position of the hit along the wire.
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Figure 3.13: Distance of muon trajectory from the sense wire versus drift time.

contains a gold plated tungsten anode wire at the center. The wires from two
adjacent tubes are electrically connected (“jumpered”) at one end and the
readout electronics for both wires is located at the opposite end.

Cathode pads are installed at the top and bottom of each cell. Each pad
is a copper coated insulator with the copper coating divided into an inner and
outer region by a repeating insulating diamond pattern as shown in fig. 3.12.
Each “diamond” is about 61 cm long. The drift tubes are operated with the gas
mixture Ar(90%)CF4(5%)CO4(5%) at atmospheric pressure. The aluminum
cell walls are grounded, the anode wires are kept at +4.6 kV while the pad

pattern is at +2.3 kV.
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A muon passing through the drift tube ionizes some of the gas molecules.
The liberated electrons then drift towards the sense wire and create an avalanche
near the wire, where the electric field is strongest. This results in a pulse, also
referred to as a hit, on the wire and induces an image charge on the copper
pads.

A coarse estimate of the hit coordinate along the wire ( non-bend view)
is made from the difference in arrival time (AT) of the pulse at each end of
the jumpered anode wires. The spatial resolution was measured using a set of
proportional wire counters to define cosmic ray tracks in the drift tubes [30].
The resolution for the A T-measurement is between 9 and 23 cm depending
on the location of the hit along the wire.

Finer resolution in the non-bend view is obtained using information from
the cathode pads. Depending on the position of the hit in the diamond pattern,
the image charge is divided in different proportions between the outer and
inner regions of the pad. The inner regions on the top and bottom pads
are electrically connected and the charge deposition on it, @,, is read out
independently from the charge deposition of the two outer pad-regions @), on
the top and bottom of the cell. The ratio of the sum and difference of inner
and outer signals, (Q, — @s)/(Qa + Qs) determines the position of the hit in
the direction along the wire, modulo the half lengths of the diamond pattern
(Fig. 3.12). The AT measurement described above provides the pointer to the
correct section of the diamond pattern. The cathode pad patterns in adjacent
planes of drift-tubes are shifted to help resolve ambiguities. This measurement

improves the position resolution to about 1.6 mm
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The muon trajectory perpendicular to the wires (bend view) is obtained
from the drift time 7', i.e. from the time difference between the muon passing
through the chamber and the arrival of the corresponding pulse on the wire.
The muon chambers were calibrated with cosmic ray muons. A muon chamber
was placed between two sets of proportional wire counters and scintillators to
define the trajectory and time of passage of the muon. Fig. 3.13 shows the
relationship between drift time the drift distance [31]. The data from a single
cell does not tell us on which side of the wire the muon passed. In order to
resolve this “left-right ambiguity”, cells in different planes are staggered by
a fraction of their widths. By combining information from several planes the
ambiguity is resolved. The position reso