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ABSTRACT

A MEASUREMENT OF THE INCLUSIVE DRELL-YAN
e*e~ CROSS SECTION IN THE INVARIANT MASS
RANGE OF 30-60 GEV/C? FROM pp COLLISIONS AT
VS =18 TEV

By

James T. McKinley

We present a measurement of the inclusive Drell-Yan ete~ cross section measured
using the D@ detector at Fermi National Accelerator Laboratory. 14.7 pb~! of data
were collected during the first data taking run of the D@ detector which was used
to measure the invariant mass, photon rapidity, and photon transverse momentum
distributions in the invariant mass range of 30-60 GeV/c?. These distributions are

compared to the resummed theoretical predictions.
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Chapter 1

Introduction

The subject of this dissertation is the measurement of the inclusive et e~ (Drell-Yan)
cross section in pp collisions at /s = 1.8 TeV. I have measured the virtual photon
mass, rapidity, and transverse momentum (Qr) spectra using data from the D@ de-

tector collected during D@s first collider data run.

The D@ experiment was originally proposed in 1983. The name is derived from the
Tevatron Collider’s D0 interaction region at the Fermi National Accelerator Laboratory
(FNAL or Fermilab) in Batavia, Illinois in which the detector resides. Installation
was completed in early 1992. The first collisions occurred in the D@ detector on May
12, 1992. Several test beam runs were also conducted using the FNAL fixed target
facilities during the fabrication and assembly of D@ to study its various components.
This thesis will focus on the 14.7 pb~! of data taken during D@$ first run which
occurred during the 14 month period between May, 1992 and July, 1993 which is also

known as run 1A.

The Drell-Yan lepton pair production mechanism was first described by Sidney
D. Drell and Tung-Mow Yan in their paper titled "Massive Lepton-Pair Production
in Hadron-Hadron Collisions at High Energies” [1]. This model is often called the

“naive” Drell-Yan model since it does not take into account the transverse momentum



of the incoming hadrons and thus predicts a zero transverse momentum for the virtual

photon.

The Drell-Yan process, though rare in proton-antiproton interactions, has the vir-
tue of being unaffected by complex final state interactions and is directly comparable
to theoretical calculations in a way that few processes involving the strong nuclear
force are. It serves as an important test-bed for perturbative QCD (Quantum Chro-

modynamics) calculations.

Much theoretical work has been done to describe this process more accurately
within the framework of the Standard Model and take into account higher order (QCD)
corrections to the basic Drell-Yan model. Recent work by C.-P. Yuan and G. A.
Ladinsky of Michigan State University, in which the non-perturbative functions in the
Collins-Soper-Sterman resummation formalism were studied using fixed-target and
collider Drell-Yan data, resulted in parameterizations which yield better agreement
with with CDF (Collider Detector at Fermilab) Z boson data than previously found

in the literature.

CDF has recently (Jan. 1994) published their Drell-Yan cross section for the
rapidity range |y| < 1.0 from 4.13 pb~! of data collected in the 1989 collider run at
Fermilab. I take advantage of the D@ detector’s large rapidity coverage to measure the
Drell-Yan cross section in the rapidity range |y| < 2.5. I also compare measurements
of the D@ Drell-Yan mass, rapidity, and Qr spectra to that predicted by the resummed

cross section.



Chapter 2

Theory

2.1 Introduction

The Standard Model (SM) of elementary particles describes the interactions between
the three basic types of elementary particles which are leptons, quarks, and mediators
(force carrying particles). There are six types each of leptons and quarks which are
further grouped in pairs into three generations. Table 2.1 shows the currently known

leptons and quarks grouped by generation and “flavor”.

All these elementary particles have corresponding anti-particles as well, for a total
of 12 leptons. In addition, quarks come in three “colors” for a total of 12 x 3 = 36

quarks. All quarks and leptons are fermions with spin 1.

The force carrying particles are the photon (v), W+, W~ and Z vector bosons and
the gluon (g) which all have spin 1. The photon mediates the electromagnetic force,

the W and Z bosons mediate the weak nuclear force, and the gluon carries the strong

Table 2.1: Table of elementary particles.

|| generation ([ I | II | III J
quarks ul|c|t
d|s|Db
leptons el|lp| T
Ve |V | Vs




Table 2.2: Some symmetry operations and related conservation laws.

symmetry conservation law
time translation energy conservation
space translation momentum conservation
rotation angular momentum conservation
gauge transformation charge conservation

«
«
<
<

nuclear force. There are eight different types of gluons which, when combined with
the vector bosons, give a total of 12 force carrying particles in the Standard Model
(SM). In addition, the Glashow-Weinberg-Salaam model requires the existence of at
least one Higgs boson whose coupling strength to the other particles brings about the

difference in their masses.

The Standard Model is based on the symmetries that exist in nature. Noether’s
Theorem states that symmetries imply conservation laws and vice versa. For example,
Table 2.2 lists some symmetries in nature and the physical conservation laws associated

with them.

The definition of a symmetry is an operation that can be performed (at least
conceptually) on a system that leaves it invariant. The systematic mathematical study
of symmetries is called group theory. The defining properties of a group are exactly

the set of symmetry operations on a system that must hold true, namely

o Closure. If R; and R; are members of the set, then the product R;R; = Rx must

also be a member of the set.
o Identity. A member I of the set must exist such that IR; = R;I = R;.

e Inverse. Every member of the set R; must have an inverse R;' such that

RE!' =1

o Associativity. Ri(R;Rx) = (RiR;)Ry.



The most often used groups in elementary particle physics are unitary groups U(n).
Unitary groups are groups whose members have the property R~! = Rf. A unitary
group with determinant 1 is called a special unitary group or SU(n). A unitary group
with only real elements is known as an orthogonal group O(n). Finally, a unitary

group with only real elements that has determinant 1 is called special orthogonal or

SO(n).

The SM is composed of three groups which describe the internal symmetries of
the theory, namely hypercharge, weak isospin, and color. The hypercharge symmetry
is represented by the group U(1), weak isospin by SU(2), (where the subscript L
denotes that only left-handed particles obey this symmetry), and color by SU(3).
Thus, the standard model is represented by SU(3) ® SU(2)L ® U(1). The number of
gauge bosons that mediate the forces in the SM is equal to the number of generators
in the symmetry group that represents the force. The U(1) group has one generator
so the electromagnetic force has one gauge boson, the photon. The SU(2) group has
2® 2 = 2% —1 = 3 gauge bosons which are the W, W, and Z° bosons. Finally, the

SU(3) group has 3 ® 3 = 32 — 1 = 8 gauge bosons which are the gluons.

The internal symmetries of the SM refer to the behavior of the SM Lagrangian
under U(1), SU(2)L, and SU(3) gauge transformations; the SM Lagrangian is left
unchanged under these transformations. An Abelian gauge theory is one in which the
fields which represent the gauge bosons commute. In Non-Abelian gauge theories the
gauge fields do not commute. Thus, gauge fields do not directly interact with each
other in Abelian gauge theories and do directly interact with one another in Non-
Abelian theories. Quantum Electrodynamics (QED) which describes electromagnetic
interactions is an Abelian gauge theory and photons do not directly interact with
themselves. Quantum Chromodynamics (QCD) on the other hand, is a non-Abelian

theory and gluons do directly interact with each other. A simple description of this is



that photons are uncharged so they cannot couple to each other, whereas gluons carry

color charge so they can and do couple to one another.

This difference in the behavior of the gauge boson force mediators is the major
difference between QED and QCD. In QED, an electric charge polarizes the vacuum
due to the virtual electron-positron pairs which surround it. The charge density is

higher near the charge and results in an effective coupling constant ag given by

o(p)
1— (%) In(%)

where @ is related to the energy of the probe and u is a lower cutoff energy.

In QCD, a quark is surrounded by not only virtual quark-antiquark pairs, but by
virtual gluon pairs as well. The virtual gluon pairs decrease the effective strong coup-
ling constant near the quarks, whereas the quark-antiquark pairs increase the effective
coupling. The gluon pairs’ effect dominates and ¢, is decreased near the quarks. The

strong coupling constant has the form

127

Q) = B @

where n is the number of quark flavors and A is the QCD scaling parameter. At lower
Q? values, the strong coupling becomes large which explains why colored particles are
confined in color neutral combinations. As Q? becomes large, a, approaches zero.
This is known as asymptotic freedom. This is the reason that perturbative methods
can be used for high momentum transfer QCD calculations (known as “pQCD”). Un-
fortunately the other side of the coin is that for “soft” processes, perturbative methods

break down, and little is known about “non-perturbative” QCD. At this time the most



productive method for studying non-perturbative QCD is “lattice gauge theory” where
the goal is to make progress in finding solutions by working with a minimum distance
scale so the theory is cut off in momentum transfer and then introducing a variety
of techniques such as statistical mechanics for handling complicated systems. Non-
perturbative QCD calculations are still very much “work-in-progress”. Consequently,
when describing the hadronic collisions which inevitably involve these non-perturbative
interactions, one must rely on measured and parameterized parton momentum distri-
butions for the initial state hadrons and fragmentation functions which describe how
the final state partons evolve into hadron jets. The technique of separating the “hard-
scattering” from the “soft” processes is called factorization. It is not obvious that this
approach is valid, however John Collins, Davison Soper, and George Sterman [4] have
shown that factorization is valid to all orders in Drell-Yan cross sections for leading

twist.

2.2 Lowest Order Drell-Yan Process

To calculate the cross section for the lowest order Drell-Yan interaction we first cal-
culate the hard scattering cross section. The Feynman diagram of the lowest order

Drell-Yan interaction is shown in Figure 2.1.

The hard scattering cross section is defined in terms of the matrix element for the
process of interest

4 TAA2( = * Tl
Loy = L|M[ (g7 v* — €)

dcosb — 3273

Using the Feynman Rules we can write down the matrix element for this process

—iM = (ps)(iga sin(Ow)71*)v(pa) (242 )5(p2) (—ies g2 sin(Bw)r*)u(p1)
where e; is the quark charge fraction e;/e. A bit of simplification yields

M = 1B ()i (py )] [B(p2 ) u(p)]



Figure 2.1: The Lowest order Drell-Yan Feynman diagram.
Now, we wish to find the Hermitian conjugate of the matrix element. First we note
that

1 = 409470

so the hermitian conjugate of the matrix element is

Mt = =1z O (55 Yyt (o) | a1 V0 (p2)

Thus we have
(M2 = MIM = 2282 C0) (55, ) (s a(ps) 720 ()| 01 Va0 (p2)B(p2) Y51 (p1)]

Since the initial spins and colors of the incoming quarks are unknown, we must av-

erage over these quantities and then sum over the final spins of the leptons which gives



—2 1 1 1 1
N CIRECIR I G
M 3/q colors \3/gcolors \2/4spin \2/7 spin Z Z M

colors spins

—2 1 esg?sin®(w)
T EEmntD DEND D+ L
7 i=colors abed=Spins

Ta(pa)va(pa)us(ps)dc(ps)da(pr)ua(pr)vs(p2)ve(p2) - /\i/\i
The sum over colors gives

— 1 e;g2sin?(0
M = L. agsinlw) 5

12 q4 7:b7g7aab7ﬁcd .

abcd=Spins

0a(pa)va(pa)us(ps)ic(ps)da(pr )ud(p1)ve(p2)ve(p2)

From the Dirac equation we have
Yuu=p+mand L vv=p+m
which yields

— 1 ezgd sin*(Ow)
M = S
12 gc:d q*
(b5 — me)aa( b3 — Mo b2 — My)aa( b1 — Mg)bcA S VorYaasVsbe)

(1 et g3 sin*(Ow)
B (ﬁ) ( ¢ ) '
Te(( s — me)Y* (s — m)Y’] - Tr[( f2 — mg)val 1 — My )]

The @ scale we are interested in is 30-60 GeV, which is orders of magnitude greater

that the lepton and quark masses (we are well above the bottom quark mass and well
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below the top quark mass) so we set the m, and m, in the above equation to zero
which gives

T = (1) (Z25) T pare por 1T B )

Now we need to evaluate the above traces which can be readily accomplished using
the following three identities

Te[ piv* #i7"] = piaPis T[v*v*777"]

Tr[y*y#y%y"] = 4lg™g” — g*°g* + g°*g"]

9" 9w =4

so the product of the two traces is

Te[ par* b7 1Tel 1y 2] 16paapasplps -

(949" g1u950 — 99" 925G + 9°* % Gu G5 —

aff _pv

979" gyugsy + 970 9" Gr59us — 9°° 9" Gy g +

99" gyugsv — 97 97" 9590 + 9°* 97 910954
= 16[(pa - p1)(p3 - p2) — (Pa- p3)(p1-p2) +

(P4 - p2)(Pr - p3) — (Pa- p3)(p1 - p2) +

4(pa - p3)(p1 - p2) — (pa - p3)(p1 - p2) +

(P - p2)(P1 - p3) — (pa - p3)(p1 - p2) +

(pa - P1)(p3 - p2)]

So we have

Te[ pav* P37 | Te[ p1vu b2v] = 32((Pa - P1)(P3 - P2) + (P4 - P2)(P1 - P3)]

Which finally gives us
M = (3) (M(O—W)) (P4 - P1)(p3 - P2) + (P4 - P2)(P1 - P3)]

q
We are now in a position to use what we know about the kinematics of the inter-

action, namely that the momentum and energy are conserved in the process. In the
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rest frame of the vector boson

E E E E

0 0 Esin(8) —E'sin(0)
P = o |’ p2 = 0 ’ p3 = 0 ) P4 = 0

E -FE E cos(0) —FE cos(0)

where 6 is the angle between the leptons and the beam axis in the cm frame and
E = \/3/2 where 3 is the cm energy of the quark-antiquark interaction. Using these
definitions we have

(P - P1) = (ps - p2) = E*(1 — cos(0))

(P4 - p2) = (p1 - p3) = E*(1 + cos(0))

so

(Pa - p1)(ps - p2) = E*(1 — 2cos(6) + cos?(0))

(P4 - P2)(p1 - p3) = E*(1 + 2 cos(0) + cos?(0))

and

(ps - p1)(Ps - p2) + (Pa - p2)(p1 - p3) = 2E%(1 + cos?(f))

hence

T = () (FEE) (14 cost(0)

q
Now that we have evaluated the summed and averaged square of the matrix ele-

ment, we can write down the lowest order Drell-Yan hard scattering cross section

dé(qg v = 00) ( 1 ) 2
d cos(6) = \32m3) M
1 E* 2 4 - 4 2
= () 23 ) (Ghsin'Ow))(1 + cos’(0)

To put this in more familiar notation we note that

g2sin(fw) = e

1

2 1
a = 137

~

et
16n
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q* = 16 E*

which upon substitution gives

dé(qg = v* — €0) _ (e%) (m:r2

_J = 2
dcos(0) 3)\ 25 ) (1+cos™0)

Integration over § = 0 to 7 gives the familiar oo(qg — 7* — €f) total hard scattering

amplitude

L 1 8
/ dcosf(1 + cos’8) = / dz(l +z%) = -
0 -1 3

2.2
Ira ey

93

6o(qg 7" — €0) =

This is the hard scattering cross section for a specific quark flavor in the cm frame
of the interacting partons (the virtual photon rest frame) where § is the cm energy
squared of the partons. The cross section for proton-antiproton scattering is the sum
over all flavors, which requires knowledge of the incoming hadron types as well as
the longitudinal momentum distributions f,(z,) and f,(zs) of the interacting partons
where z, and z;, are the usual longitudinal momentum fractions of the interacting

partons relative to the momenta of the their parent hadrons.

The Factorization Theorem states that

do _ 4r?a? 1déa 1 i@’;
dQ%dydQ% — 9Q*S %,:/u €a Jop €B
X fara(€a; 1) Tap(Q1, @, z4/€4,2B/€EB; 9(11), 1) foyB(EB; 1)
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where T, is the infra-red safe perturbative hard-scattering cross section

®© [q N
Tas(Q1,Q,za/6a,2B/EB39(1), 1) = D [M]

N=0 ™

xTY(Qr,Q,z4/Ea,28/EB; 1)

and fa/a(€a, 1), foyB(€B,p) are the parton distribution functions for partons of type
a,b in hadrons of type A,B

fonlans) = bunsl—e+ 3 (22)" 15,

n=1

This states that the parton remains itself in the absence of interactions. The vari-
able p here is the factorization scale, which is arbitrary and determines the energy
at which the parton distributions are evaluated. It is typically chosen to be p = Q.
Factorization allows one to use perturbation theory to calculate the hard scattering
cross section and remove the divergences which are then absorbed into the parton
distributions. The parton distributions are non-perturbative quantities, but are uni-
versal; they are the same in deep inelastic scattering (DIS) as they are in Drell-Yan.
Consequently, one can measure the parton distributions in DIS, and then apply the

results to make predictions about Drell-Yan.

A heuristic argument for the idea of a parton density was given by Feynman [11]
[12]. If we consider electron-proton scattering (DIS) where the proton is assumed
to be made up of constituent partons, the partons interact with one another, and
exist in purely virtual states. A typical state has a lifetime 7 in this frame. In

the rest frame of the electron, 7 is dilated to 7(E,/m,), while the proton radius r,
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is Lorentz-contracted to r,(m,/E,). Thus, during the short time it takes for the
proton to pass over the electron in this frame, the partons appear to be stationary,
because their self-interactions act on dilated time scales that are much longer than the
time for the electron-parton collision. Since parton-parton interactions and electron-
parton scattering take place on such different time scales, they cannot interfere in a
quantum mechanical sense. Consequently, the quantum mechanical amplitudes for
the distributions of partons exhibit incoherence relative to the electron-parton cross
section, as if they were classical quantities. Thus it makes sense to talk about the
probability of finding a parton with a given momentum in a proton and to treat it

separately from the hard scattering. This probability is the parton density f.

Given the parton distribution functions, the differential cross section M’W

can be written as

d2 2 flavor
T = TP & VI + S

This is the naive Drell-Yan result. In terms of the @ and rapidity of the vector

boson (z, = \/7€¥"*) the total cross section can be written as

. flaver 1 11 " do(qg — v* — (L
oy o) = % [ [ drdngei(e [ IR0

flavor

R L[ e g(ret e

/” do(qqg — v* — a)dcoso
() dcos@

where 7 = §/S, S is the center of mass energy squared of the colliding proton-

antiproton beams and y.« is the rapidity of the virtual photon. Thus, the
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differential cross section relative to the lepton angular distribution in the cm frame

and 7 = 3/S = Q*/S = M?/S is

flavor

do(pp — v* — €€ o 5(qq = 7" — (T
T2 T2 S [ g (e e 2T 2 )
j —00

dcos 6dr dcos@

In the naive Drell-Yan model, the Q1 of the virtual photon is identically zero.
Examination of experimental Drell-Yan data however, clearly shows that this is not
the case in nature. Also, the overall event rate predicted by the lowest order calcu-
lation is too low by roughly a factor of two when compared to the measured cross
section (the so-called “K” factor). This large difference is due to the absence of the
higher order Drell-Yan processes which contain large logarithmic terms in (Q?/A?).
Consequently, one must go beyond leading order for an accurate comparison of theory

and experiment.

2.3 Higher Order Drell-Yan Processes

The calculation of higher order Drell-Yan interactions is significantly more complicated
than the lowest order calculation. One complication is that we now have a multi-body
final state instead of a two-body final state. This complication is overcome in the
next-to-leading order (NLO) calculation by splitting the calculation into two two-body
pieces: one calculates the process ¢+ § — v* + g for example, and then calculates the
decay of the virtual photon into a lepton pair. Another problem is that the perturbative
NLO result (and higher orders) is singular as @1 — 0 since it contains both infra-red
(i.e. very soft gluon radiation) and collinear (i.e. gluon radiation along the quark

direction) divergences.

The infra-red and collinear singularities can be removed by the dimensional regu-

larization technique [3] combined with factorization. Dimensional regularization
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Figure 2.2: Drell-Yan O(e,) correction Feynman diagrams.

—9 rorro——
7 e,
+. €+
9 apws
N - B - - rendred—9—

Figure 2.3: Drell-Yan O(a?) correction Feynman diagrams.

Figure 2.4: Drell-Yan virtual correction Feynman diagrams.
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removes the divergence of an integral by allowing one to evaluate the integral in n
dimensional space and then analytically continue back to the desired dimensionality.
This technique respects gauge invariance and Lorentz invariance provided the integ-
rand is well defined in n dimensions. When calculating cross sections, one prefers to
do the calculation as generally as possible. For example, it is desirable to generalize
Drell-Yan to the general vector boson cross section since the differences in the cross
section for different vector boson types are due mainly to the differences in the v, Z,
and W# couplings. Unfortunately, the W coupling contains vs which is ill defined in
n dimensions. However, a canonical 45 prescription exists that allows one to calculate
the anti-symmetrical part of the matrix element in n dimensional space-time [5] [6]

[7]. Thus it is possible to perform the general vector boson calculation as desired.

The transverse momentum @7 distribution of the vector boson cannot be described
by the NLO calculation in the low Q7 region. This is because the convergence of the

perturbative expansion of the Drell-Yan cross section

do 9 3
— = ava,(uy + o,ur + oguz + ajus + )

dQ%
deteriorates as Q7 — 0. At first order in ¢, the final state gluon or quark balances the
Q@ of the vector boson. At second order, an additional jet may be produced and the
interference of the one-loop corrections with the first order diagrams appears. It is this
interference which, when evaluated at all orders, prevents the divergence of the cross

section and yields a physical result. The dominant contributions to the perturbative

expansion at low Q1 have the form

d s 2 2 2
iar = G (@) o () e (G5) ¢
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where Q? is the square of the vector boson mass. This is known as the leading-

logarithm approximation to "%72;' The convergence of this series is governed by

a, In*(Q?/Q%) instead of a,. Thus at low Qr, o, In?(Q?/Q%) will be large even if
a, is small. The logarithms in the above expression result from the infra-red and
collinear singularities inherent in each addition of either a real or virtual gluon to the
diagrams at each successive order. Both singularities are logarithmic and are effect-
ively cut off by the total Q7. In addition, the overall factor of In(Q?/Q%) produces
a singularity at @r = 0. This divergence is formally canceled by a negative delta
function at the origin. However, one can produce an arbitrarily large cross section
by performing an arbitrarily small cut on @r. This unphysical result is due to the
finite order of the conventional perturbative expansion. At first, it may seem that
this would preclude the possibility of performing the calculation to any order, since
any order would require the calculation to all orders! However, this is not the case.
The coefficients v; in the leading-log approximation are not independent and may all
be expressed in terms of v;. The summation of this series removes the divergence as
Q1 — 0. This prescription is called “resummation”, and allows one to perform the

calculation to arbitrary order.

The Collins-Soper resummation formalism [8] [9], basically consists of separating
the hard-gluon emission and soft-gluon emission pieces of the cross section and “re-
summing” the soft non-perturbative pieces to all orders in a, while only calculating
the perturbative hard piece to a given order n. The resummation is facilitated by the
realization that the soft pieces of the cross section all have a similar a, and Q? depend-
ence which is raised to higher powers at each order. Thus, the sum of the soft pieces
can be represented by an exponential function whose argument is called the Sudakov
form factor S(b, Q). Here b is the “impact parameter” which is the Fourier transform

of the Q7 of the interaction. Thus we see that this problem has two scales, namely Q1
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and Q. Only the result of this calculation will be presented here; the details may be
found in the above references. The fully differential inclusive cross section for vector
boson production and decay to lepton pairs in hadron-hadron collisions was recently
published by C. Baldzs, J. Qiu, and C.-P. Yuan [10]. The kinematics of the vector
boson V can be expressed in terms of its mass @, rapidity y, transverse momentum
@1, and azimuthal angle ¢y. The kinematics of the leptons from the vector boson
decay can be described in terms of the polar angle § and azimuthal angle ¢ in the
Collins-Soper frame [2]. The resummed fully differential cross section is then given in

terms of these quantities by

do(A+ B> V(= W)+X)\ 1 02
dQ*dydQ%dgvdcosfdp |~ 96725 (Q* — MP)? + MET
1 L .
x{ﬁ/d2be.qr.bzk:ij(b.,Q,a:A,xg,(),(;s)p]}ZP(b,Q’“,xB)
J

+Y(QT, Q,«TA,xB’ '0, ¢)}

where Wy is

Wik(b,Q,24,25,6,¢) = exp{~S5(b, Q)}|V}i
X{[(Cja ® faa)(z4)(Cr, @ foyB)(7B) + (Cr, @ fara)(@a)(Cis ® fo8)(zB)]
x (97 + 9R)(fL + fR)(1 + cos® )
+[(Cia @ fa/a)(@4)(Cr, ® foB)(zB) — (Cra ® fara)(za)(Civ @ for8) ()]

x (91 — 9R)(fL — fR)(2cos 6)}

and ® denotes the convolution defined by
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' dgy
AEA

(Co® Luaan) = [ EAhneanCio (Eob0)

The matrix Vj is the Cabbibo-Kobayashi-Masakawa matrix in the case of V = W#*
or the identity matrix in the case of V = Z,y where j represents quark flavors and k
represents antiquark flavors. Summation over the dummy indices a and b which rep-
resent quarks, antiquarks, or gluons is implied in the above expressions. The Sudakov

form factor S(b, Q) is given by

2 2 2
s6:) = [0, % o (%) Atam + Bleu(m)

The A and B functions and the Wilson coefficients C;, 7, 7, ;, are given in [9]. After
fixing the arbitrary renormalization constants C) = by = 2e™7¢ (g is the Euler con-
stant) and C, = 1, A1), BW A and B® may be obtained from Egs. (3.19) to
(3.22) in [9). If the renormalization scale u is chosen such that ub = C3 = 2¢77E, the
Wilson coefficients C}:) from [9] eqs. (3.23) to (3.26) for the parity-conserving part

of the resummed result are greatly simplified, and are given by

Ol = 8 {501~ 5)+ 3(r* ~8)8(1 ~ 1)} and € =

3 2(1 - 2)

In addition, the same Wilson coefficients CJ(:) are found to apply to the parity-violating

part of the resummed result as well [10].

The integration limits on the impact parameter b are from 0 to oo in the expres-

sion for the differential cross section. However, for b > b,,,, (where b,z = 0.5 GeV~!
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here), the QCD coupling becomes so large that perturbation theory can no longer be

used. Therefore the non-perturbative function FN? is necessary and has the form

2

FJ'IZP(ba Qa QOazA’xB) = exp [—ln (Q

68-) hl(b) - hj/A(:EA,b) - h’E/B(xB’b)

where hy, hj/a, and hg,p cannot be calculated perturbatively and so must be meas-

ured empirically and fit. Also, W is evaluated at b, where

b — b
T 1+ (b/bma)?

so that b, never exceeds b,,,.

The Y-term in the differential cross section is given by

Y(QT1 Q, TA,TB, 01 ¢) =

0 N

A é.a B 63 N=0

where the functions R((,f) are less singular than é?x (logs or 1) as @t — 0. Figures

2.5, 2.6, 2.7 show the resummed virtual photon cross section vs. mass, transverse

momentum, and rapidity.
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Resummed Drell-Yon (photon) cross section vs. moss
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Figure 2.5: Resummed Drell-Yan do/dm.
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Resummed Drell-Yon (photon) cross section vs. ropidity
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Figure 2.7: Resummed Drell-Yan do/dy.

2.4 Kinematics

The Collins-Soper O’ reference frame [2] is the dilepton (virtual boson) rest frame
defined as follows: In general, the parton momenta l;a and Eb are not collinear, hence
the z’-axis is chosen such that it bisects the angle 8,, between I;a and —Eb. The
polar angle @ is the angle between the lepton momentum ¢ and the z'-axis. The
azimuthal angle ¢ is measured relative to the transverse unit vector ¢r that lies in
the (l;,,,l;:‘b) plane and is anti-parallel to the direction of (Ea + Eb)T- Consequently,
f. gr = {¢'sinfcos¢. Since the z and y axes are not specified, this notation is
covariant under rotations in the O’ frame. An illustration of this reference frame is

shown in Figure 2.8.

Note that the definition of the 2’-axis is somewhat arbitrary. Its orientation is
chosen by assuming that on the average, the incoming partons have equal transverse

momenta, which should be roughly correct when many events are averaged. However,
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Figure 2.8: The Collins-Soper O’ reference frame.

since the transverse momentum of the incoming partons is unknown, this reference
frame does not coincide with the center of momentum reference frame of the partons
on an event-by-event basis. The notation used here follows the notation used in [2]

and is shown in Table 2.3.

2.4.1 Lowest Order Kinematics

The kinematics of the lowest order Drell-Yan process are very straight-forward to
calculate. In this “naive” Drell-Yan model, the transverse momenta of the incoming
partons is zero, and thus the Lorentz transformation between the lab and center of
momentum frames is well defined and is along the z = 2’ axis. Thus the O’ frame does
coincide with the cm frame of the partons in this special case. The parton longitudinal

momentum fractions are defined as
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Table 2.3: Definition of mathematical notation.

" Notation "

lab Center of momentum frame of P* and P}

o’ Collins-Soper Frame

P¥ proton beam 4-momentum in lab frame

P+ proton beam 4-momentum in O’ frame

P} antiproton beam 4-momentum in lab frame

P antiproton beam 4-momentum in O’ frame

kv parton from hadron a 4-momentum in lab frame

k¥ parton from hadron a 4-momentum in O’ frame

ky parton from hadron b 4-momentum in lab frame

Kkt parton from hadron b 4-momentum in O’ frame

e lepton 4-momentum in lab frame

Iz lepton 4-momentum in O’ frame

Iz antilepton 4-momentum in lab frame

Iz antilepton 4-momentum in O’ frame

¢* = (¢° QT,0,¢°) ~* 4-momentum in lab frame
q¢*' = (m,0,0,0) 7* 4-momentum in O’ frame

VS center of mass energy of beams in lab frame

m mass of y*

vr transverse component of vector ¢

v, longitudinal component of vector v

0 angle between !’ relative to z’ axis in O’ frame

[ angle between P! and P} in O' frame

T4 fraction of proton momentum carried by interacting parton
zp fraction of antiproton momentum carried by interacting parton
T unit-less “mass fraction” parameter
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and it can be shown that

m? = z,2,5

¢ = @";——xd = Pem = 2 boost from O’ to lab

@ = [ﬂ%‘”—”l = energy of vector boson in lab
,B = (za=zp) =49
cm (zatzs) q°
_— s’-’a"'-’fb)
Yem = 2 /Zazp
Using the above values for 4., and (.» we can write down the Lorentz transform-

ations between the lab and O’ frames.

Yem 0 0 —YemBem
Aigbor = g (1) (1) 8
~YemBem 0 0 Yem
Yem 0 0 YemBem
T
YemBem 0 0 Yem

We can also write down the 4-vectors of the vector boson in the lab and O’ frames
0

q m
0
0

0

[ p— wlo_
q - ) q - 0
0

q3

and using energy and momentum conservation, we know that

r' = -1t
o= -7
=7

By definition,
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——l
O =0 =2 =1/5z.3

~

If we assume that the leptons are massless (this is certainly a valid approximation
for electrons at FNAL) then
() = (&) + ()
= = () + (£

4

tan(f) = ;Tv- %r
s0
(') tan®(9) = 7 — (&)’

which gives

’ m? tan’!@!
(53 )2 = 4(1+m5(0)) (gT ) 4(1+tan?(8))
so we have
¢ = F =m0
fTI = —E, = —(-1"'"2" g

putting m in terms of z,, z; and S yields
P =-F = 3V Sz .z cos(6)
' = ~0r = 1\/Sz.a5in(0)

Since Q1 = 0 for the lowest order Drell-Yan process, the lepton angular distri-
bution has no ¢ dependence (the distribution is flat in ¢). Consequently, we may
arbitrarily choose ¢ = 0 since the Lorentz transformation between lab and O’ frames
leaves ¢ invariant. Thus, using this choice of ¢, the lepton 4-vectors in the O’ frame

are
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o' = gue

where g% is the Bjorken-Drell metric.

Given the above lepton 4-vectors in the O’ frame and the Lorentz transformation
from the O’ frame to the lab frame we can also write down the lepton 4-vectors in the

lab frame in terms of the O’ frame variables, namely

[ (za + 2) + (Ta — 73) cos(6) )
o — %_g 2\/E1:_(;,sin(9)

\ (za — zp) 4 (z4 + 1) cos(f) /

( (2o + 28) — (za — 1) cos(0) \
N —2,/z,zysin(0)
0

\ (24 — z5) — (74 + 73) cos(8) /

<
S
I

Other useful kinematic quantities include the lepton rapidities ye, y; and vector

boson rapidity y,- in the lab frame. The rapidity of a particle is defined as

-1 E+p
=3 ln( E—p:)

Since we now know the lepton and vector boson 4-vectors we can immediately write
down their rapidities

Yy = %ln(%

ye =y + 3 In(iE20)

vz = ¥y + 5 (3ot

Given the above rapidities we see that we can neatly write the vector boson rapidity
in terms of the lepton rapidities

Yy = %(yl + y7)

In addition, it is evident from the above that the angle 6 in the O’ frame may be

conveniently expressed in terms of the difference of the lepton rapidities Ay;; = ye—yz

cos(8) = tanh(Ay,;)
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Figure 2.9: Gluon Bremsstrahlung

Finally, we wish to write the parton momentum fractions z, and z; in terms of the

lepton momenta in the lab frame. This can be readily accomplished using the various

kinematic quantities given in the above discussion
o= J(O+ 0+ 8+ B
Tp = 7‘§(£°+76—€3—€_3)
we can also put r, and z, in terms of the vector boson momenta
zo = 72(¢° + ¢°)

= 75(¢" - ¢°)
Similarly, the angle # may be expressed in terms of the lepton momenta

?
3

cos(0) = 3—+Z§

~

2.4.2 Higher Order Kinematics

The process shown in Figure 2.9 is an example of a higher order Drell-Yan process.
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One would like to be able to calculate the initial z, and z; of the incoming quarks
as was done for the lowest order Drell-Yan process, but this requires knowledge of
the energy carried off by the gluon. Before the gluon bremsstrahlung the quark and

antiquark momenta are

zgV'S rh\/§
2 2
0 0
rgV'S _rh\/g
2 2

The quarks are assumed to have no intrinsic kr here. After the gluon bremsstrahlung,

we can write the fraction of the proton momentum carried away by the gluon as

IP l;on' Egluon
9 |Pal+IPgl &)

Since we assume here that the gluon is the sole source of the quark and antiquark trans-

verse momentum and that the quarks are massless and on shell, then if we choose the

QT axis along the z axis (¢ = 0) the quark momenta are given by
1(za l—itg)\/g %(“l_xy)‘/g
Y 29T - 20T
wo_ 2 wo_ 2
ks = 0 o k= 0

3V(2a = 25)25 - Q% —3/(@s —2,)5 - Q%

where we have followed the Collins-Soper prescription of dividing the Q7 equally

among the quark and antiquark. The momentum of the vector boson is then

Yau + 2 — 22,5
Qr
0

1@ —2,)? = Q% = 1(ze — 7,)2 - Q%

and the mass of the vector boson is given by

¢ =

1 1
m? = —(:t: — Loy — TpTy — ToTp)S — EQ% +

sV(Ee — 202z — 2,757 + QF — (72 — 20 + (25 — 2,035
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The above parameterization in terms of z, is fairly general although it was derived
from the specific case of a single gluon bremsstrahlung. If we instead define z, as
the fraction of energy radiated prior to the quark-antiquark annihilation, the above
equations still hold true. In principle one can use the above quantities to solve for
z, and z, provided one knows z,. Unfortunately, it is very difficult to measure the
energy of the initial state radiation since it is often small and the radiated particles
escape down the beam pipe. Also, the above does not take into account any intrinsic

transverse momentum of the quark or antiquark or final state interactions.

The kinematics of the vector boson and its subsequent decay into lepton pairs are
predicted by the resummed cross section given in Section 2.3 and are calculated in

[10]. They are given in the lab frame by

m
¢ = —g- (qa + X*sinfcos¢p+ Y*sinfOsing + Z“cosH)

where

¢* = (Mrcoshy,@rcos b, Qrsin ¢, Mrsinhy)

2
X* = — Q (q+n"+q_7i"—£/[l“)

QrMr Q?

ys = ewel %Z.,Xﬁ

1
z" = m(qm"—qﬁ”)

and g = J:(¢° % %), Mr = /Q? + Q}, n* = ;(1,0,0,1), and 7 = 3:(1,0,0,-1).
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2.5 Summary

Annihilating quarks radiate gluons just as electrically charged particles radiate photons
when accelerated. Gluon radiation increases as the time (1/Q) available for the anni-
hilation decreases. Consequently, since gluons carry away transverse momentum, the
width of the Qr distribution of the vector boson must increase. Hence, for an accurate
comparison of theory and experiment for the Qr distribution of the Drell-Yan inter-
action it is necessary to take into account the effect of multiple soft-gluon emission
on the Q7 distribution. The resummation prescription provides a theoretical means

to this end.

The resummation calculation is necessary to properly describe the low Q7 regime
of the Drell-Yan process. At high Qr, the standard perturbation method is adequate.
An overlap region exists however, where it is necessary to match the low Q7 and
high @ results. The energy boundaries of this overlap region depend on the @ of the
interaction. One could arbitrarily choose some Q7 cut in this region and use one result
above and the other below the cut, but the resulting relative error in this method is
formally O(a? In*(1/a?)). By properly matching the resummation calculation with the
conventional perturbative result however, the relative error can be reduced to O(a?)

[13).

The theoretical techniques required to perform the resummation calculation are
fairly complex, but are available in the literature. Fortunately for experimentalists
wishing to test the theory, C.-P. Yuan and C. Baldzs have recently written a Monte
Carlo event generator called RESBOS [15] which includes the resummation calcu-
lation. This makes comparison between theory and experiment significantly easier
since it allows one to easily make the cuts required by experimental analysis on the

theoretical results.
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Since the RESBOS Monte Carlo program has only recently been available, other
Monte Carlo event generators were also used for various aspects of this analysis.
The ISAJET [14] event generator was used extensively. ISAJET includes the NLO
perturbative calculation but produces the low Qr portion of the distribution in a
more empirical manner. The basic method is to calculate the hard scattering and
then “evolve backwards” by radiating quarks and gluons and adjusting the momenta
of the initial state particles up to some cutoff supplied by the user. The choice of
this cutoff makes a noticeable effect on the Drell-Yan Qr distribution. A comparison
between the RESBOS resummed @t distribution and the ISAJET result is shown in
2.10. The Q7 distributions from RESBOS and ISAJET are clearly different, however
the integrated cross sections from both Monte Carlos agree to within a few percent.
The parton distributions used in the RESBOS MC are the CTEQ3M distributions;
for ISAJET, the CTEQ2L distributions were used (the CTEQ3 parton distributions
are not yet available in ISAJET). However, the parton distribution differences are not
the source of the large differences between the @t spectra of these two Monte Carlos,
rather it is the empirical manner in which ISAJET generates the Q7 distribution. It
may be possible to tune the ISAJET parameters which control the @Qr distribution
to reproduce the RESBOS result, but this has not been done. Thus it is preferable
to use the RESBOS Monte Carlo where possible since it uses the full resummation

formalism to produce the Qr distribution.
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Figure 2.10: Comparison of RESBOS and ISAJET pr spectra.




Chapter 3

APPARATUS

3.1 The Accelerator

The accelerator facility at Fermi National Accelerator Laboratory is currently the
highest energy accelerator in the world, capable of colliding protons (p’s) on anti-
protons (p’s) with a center of mass energy (1/s) of 1.8 trillion electron volts (1.8 TeV).

It is comprised of several stages:

o The Cockcroft-Walton.
e The Linac.

The Booster.

e The Main Ring.

The Tevatron.

The Antiproton Storage Ring.

The accelerator is capable of operating in two modes, fixed target mode and collider
mode. DO has used both modes: fixed target mode for test beam studies of our

detector components in the NWA (Neutrino West A) experimental hall and collider

35
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COCKROFT-WALTON

Figure 3.1: The Fermilab Tevatron Collider.

mode for actual physics data taking. A schematic of the accelerator systems can be

seen in Figure 3.1.

The operation of the accelerator in fixed target mode is as follows. Electrons are
added to hydrogen atoms to make negative hydrogen ions and accelerated to an energy

of 750 thousand electron volts (750 keV) in the Cockcroft-Walton accelerator.

The negatively charged hydrogen ions are then injected into a 500 foot long linear
accelerator called the Linac. Here an alternating electric field is applied to nine drift
tubes which are spaced further and further apart as the ions travel down the Linac.
The fields are varied such that the ions are hidden in the drift tubes when the field is
in a direction that would slow them down and emerge into the gaps between the tubes
when the field is in the proper direction to accelerate them. The Linac accelerates the
ions to an energy of 400 million electron volts (400 MeV). After leaving the Linac the
hydrogen ions pass through a carbon foil which strips off the electrons leaving a bare

positively charged proton.
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The 400 MeV protons are then injected into the Booster. The Booster is a rapidly
cycling synchrotron 500 feet in diameter. In it, the protons are accelerated by electric
fields many times while being forced to travel in a circular path by a magnetic field.
The magnetic field is ramped up to maintain the protons’ orbit within the Booster since
as the protons gain energy from the electric fields they require a stronger magnetic
field keep them contained in the Booster. The protons travel around the Booster
approximately 20,000 times which accelerates them to an energy of 8 billion electron
volts (8 GeV). The Booster typically cycles twelve times in rapid succession injecting

twelve bunches of protons into the Main Ring for the next stage of acceleration.

The Main Ring, like the Booster, is also a synchrotron, but is approximately 4 miles
in circumference. A ten foot diameter tunnel buried 20 feet below the Illinois prairie
west of Chicago houses the 1,000 conventional copper coil dipole magnets that make
up the Main Ring. The p’s travel through the main ring and are accelerated by radio
frequency cavities (RF cavities) as the magnetic fields are ramped up to maintain the
orbit. The RF cavities contain RF electromagnetic (EM) fields which are synchronized
such that when the proton bunch enters a cavity, the EM pulse builds up behind it
and the protons “surf” on the EM wave. The Main Ring accelerates the protons to

150 GeV.

The 150 GeV protons are then extracted from the Main Ring and injected into the
Tevatron. The Tevatron is housed in the same underground tunnel that holds the Main
Ring and is the same diameter, but it is made up of 1,000 superconducting dipoles.
The Tevatron resides directly underneath the Main Ring and gets its name from its
ability to accelerate protons to nearly 1 TeV. There are also quadrupole magnets in
the Tevatron and Main Ring which focus the beam to maintain the protons bunches’
transverse dimensions. The superconducting magnets must be cooled to about -450 F

in order to operate, which requires a vast cryogenic system. If a superconducting
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magnet drops out of the superconducting phase while in operation, the large currents
necessary to create the 2 Tesla fields that steer the proton bunches around the ring
create an immense amount of heat. Dumping all this heat into liquid helium causes
it to immediately turn to gas which must be vented. This is known as a quench, and
makes a very loud whoosh if one is standing near one of the vents when it occurs.
Thankfully it does not occur very often. Under normal operation the protons are

accelerated to 900 GeV in the Tevatron.

The Tevatron is the last stage of acceleration for the protons. During fixed target
operation the 900 GeV protons are extracted from the Tevatron via a switch-yard
that steers the bunches down the various experimental beam-lines. These beam-lines
contain additional transfer apparatus such as dipoles and quadrupoles, as well as other
elements such as targets and mass selectors, to create secondary and even tertiary
beams of electrons, pions, muons, neutrinos, etc... which the experimentalists use to

perform various physics experiments or for calibration and testing purposes.

Collider mode operation at Fermilab is the same as fixed target mode up to the
Tevatron stage. Running in collider mode requires a source of antiprotons which are
created by extracting 120 GeV protons from the Main Ring and slamming them into a
target to create antiprotons in the same fashion that other desired particles are created
in the experimental beam-lines in fixed target mode. The antiprotons produced are
then collected and injected into the Debuncher ring where they are reduced in size by
a method known as stochastic cooling. The antiprotons are then transferred to the Ac-
cumulator for storage. The combination of Debuncher and Accumulator make up the
Antiproton Storage Rings. Accumulating the antiprotons is known as “stacking” and
when the antiproton stack is large enough, six bunches of antiprotons are accelerated
via the Main Ring and Tevatron to 900 GeV. The protons and antiprotons circulate

in opposite directions in the Main Ring and Tevatron due to their opposite charges.



39

The antiproton injection phase of colliding mode operation is the most critical since
it takes many hours to accumulate the antiprotons and if they are lost much time and

money is wasted. Approximately 107 5’s can be produced from each batch of 1.8 x 10!2

9

p’s.

In collider mode operation, six bunches of protons and anti-protons circulate
around the ring simultaneously. The particle bunches are focused into head-on colli-
sions at interaction regions which are surrounded by detectors that measure properties
of the particles produced in the collisions. One advantage of a collider is that much
higher center of momentum energies are obtainable than in a fixed target accelerator.
At the Tevatron, each particle beam (proton and antiproton) is a 900 GeV beam,
giving a center of mass energy of /s = 1.8 TeV. If instead, a 900 GeV p beam were
incident on a fixed p target, the center of mass energy would be only 42 GeV. Thus
the energy available for producing new particles in fixed target mode is much lower

than in collider mode.

Another advantage of a pp collider is that if the p and p bunches can be kept
separated, the same accelerator can be used to accelerate both types of particles
simultaneously, thus avoiding the need for a separate accelerator for each type of
particle. This method reduces the overall cost of construction and operation of the

collider and is in fact what is used at Fermilab.

The the number of interactions of a given type that can be produced in a given
time is directly proportional to the luminosity of an accelerator, where the constant

of proportionality is the cross ‘section of the given interaction.
N,' = 0; f Ldt

Thus for a fixed length data run, the luminosity of the accelerator determines how

many reactions of a given type will occur since the cross section for the reactions is
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fixed by nature (and is often what is to be determined). The instantaneous luminosity

of a pp collider is given by the formula

NpN,
L= e

where f is the revolution frequency, n is the number of proton (antiproton) bunches
in the collider, A is the cross-sectional area of the beams, N, is the number of protons
per bunch and N; is the number of antiprotons per bunch. The Fermilab Accelerator
Division is responsible for the optimization of these variables in order to provide the
highest possible luminosity. The instantaneous luminosity record for run 1A was

L~1x10¥cm™2s7!.

There are four interaction regions available: B0, C0, D0, and EO, two of which are
currently in use. B0 is home to CDF (Collider Detector Facility at Fermilab) and DO

is home to the D@ Detector.

3.2 The DO Detector

3.2.1 Overview

The D@ detector [16] is a general purpose detector. The design goals were to provide
excellent calorimetric energy and position resolution, good electron and muon iden-
tification, good measurement of parton jets, and good missing Er and scalar Fr
measurement. The primary physics goals of the D@ experiment are to study high
mass states and high pr phenomena. The design of the experiment was based on the
fact that new phenomena usually have relatively large branching ratios into leptons
whereas the background processes do not. Also parton jets are generally of greater
interest in studying the underlying physics processes than are the individual hadrons
of which they are comprised. A cut-away isometric view of the D@ detector is shown

in Figure 3.2.
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D@ Detector

Figure 3.2: An isometric cut-away view of the D@ detector.
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The D@ detector consists of three major detector components:

¢ A highly hermetic, finely segmented calorimeter constructed of depleted uranium

and liquid argon with unit gain, which is thick and radiation hard.

e A compact tracking system which has fairly good spatial resolution and no

central magnetic field.

o Muon detectors surrounding a thick magnetized iron toroid which allow adequate
momentum measurement while minimizing backgrounds from hadron punch-

through.

In addition, a programmable, high performance triggering and data acquisition
system provides a means of reducing the overall event rate by selecting the most
interesting events; detecting beam crossings and monitoring the luminosity at DO;

and providing facilities for writing the selected event data to magnetic tape.

The D@ coordinate system is a right-handed coordinate system with the positive
z-axis pointing the proton direction and the positive y-axis pointing upward (away
from the center of the earth). The angles ¢ and 0 are the azimuthal and polar angles
respectively with § = 0 along the proton direction. The cylindrical r-coordinate
is the perpendicular distance from the z-axis (beams). The pseudo-rapidity, n =
—In(tan(6/2)), is approximately equal to the rapidity y = 1In((E + p.)/(E — p:)), in
the limit (m/FE) — 0.

3.2.2 The Central Detector (CD)

The DO central detector is made up of the tracking detectors and the transition
radiation detector. The separate detectors are, moving radially outward: (i) the vertex

tracking chamber (VTX), (ii) the transition radiation detector (TRD), (iii) the central
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drift chamber (CDC), and (iv) two forward drift chambers (FDC) which cap the CD

on either end.

The VTX, TRD, and CDC detectors cover the large angle region of roughly
—1.2 < n £ 1.2, and are oriented parallel to the beam-line. The FDCs are ori-
ented perpendicular to the beam. The volume of the CD suite of detectors is bounded
by r = 78 cm and z = £135 cm and is surrounded by the calorimeters. The trans-
ition between the VIX-TRD-CDC cylinder and the FDC detectors is matched to the
transition between the central and end cap calorimeters. The FDC detectors cover

the small angle regions of approximately 1.5 < |n| < 2.5.

Due to the absence of a central magnetic field in D@ , the primary design goals for
the CD were resolution of closely spaced tracks, high tracking finding efficiency, and
good ionization energy measurement to allow differentiation between single charged
particles and photon conversions. The purpose of the TRD was to allow further

discrimination between charged hadrons and electrons.

The size of the CD drift cells were chosen so that the drift time matched the
Tevatron bunch crossing time interval of 3.5 us. A flash analog-to-digital conversion
(FADC) system is used for signal digitization with a charge sampling time interval
of ~ 10 ns. This provides for good two track resolving power and gives an effective
detector segmentation of 100-350 um. The vertex z position is measured in D@ using
a combination of methods in the CD detectors. These include charge division in the

VTX, helical cathode pads in the TRD, and delay lines in the CDC and FDC.

The Vertex Drift Chambers (VTX)

The innermost tracking detector in D@ is the vertex chamber [18, 20]. The inner
radius is 3.7 cm and the outer radius is 16.2 cm. It is comprised of three concentric,

mechanically independent cell layers made of carbon fiber tubes. Eight sense wires
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measure the r — ¢ coordinate in each cell. The innermost cell layer consists of 16
cells and the outer two layers are made up of 32 cells each. The carbon fiber tubes
whose volumes define the gas volumes have 1 mil thick Al traces on a multi-layer
epoxy/Kapton laminate on their surfaces (carbon fiber tube at ground) which provide
coarse field shaping for the cells. A coat of resistive epoxy covering the traces prevents
charge buildup. The cells are defined by grid of field shaping wires held at ground on
either side of the sense wires and which line up with the coarse field shaping traces.
Together with the field shaping wires, planes of cathode wires provide a uniform drift

field region.

Left-right ambiguities were resolved by staggering adjacent wires by + 100 ym in
each cell. The three radially adjacent cells are offset in ¢ to help in pattern recognition

and calibration.

The sense wires are made of 25 um NiCoTin [21] at 80 g tension and are read out
at both ends to measure the z coordinate of a hit via charge division. The resistivity
of the sense wires is 1.8 k{2/m. The grid and cathode wires are made of 152 ym gold-
plated aluminum at a tension of 360 g. A more detailed description of the electrostatic

properties of the VTX may be found in [17].

To obtain good spatial resolution and track pair resolving power, the gas mixture
chosen for the VTX was 95% CO; plus 5% ethane at 1 atm with a small admixture
of H,0. The average drift velocity under normal D@ operating conditions (< £ >~
1 kV/cm) is about 7.3 um/ns. Gas gain at the sense wires is about 4 x 10*. An
addition of 0.5% H;O to the gas helps stabilize VTX operation in a high radiation

environment.
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The Transition Radiation Detector (TRD)

Highly relativistic particles (y > 10%) produce X-ray transition radiation when cross-
ing boundaries between materials with differing dielectric constants [22]. The amount
of energy produced by these particles depends on the Lorentz 4 which provides a
means to discriminate between electrons and other heavier charged particles such as

pions.

The D@ TRD is made up of three separate units, each containing a radiator and
a detection chamber. The radiator section of each unit is composed of 393 layers
of 18 um thick polypropylene foil in a volume filled with nitrogen gas. The mean
distance between the foil layers is 150 um with a variation of about 150 yum. The
gaps between foil layers are produced by a pattern embossed on the foil. The foil is
wrapped around a cylindrical support to produce the gaps. The energy spectrum of
the X-rays produced is determined by the thickness of the radiator foil and the gaps.
The D@ TRD X-rays have a distribution which is peaked at 8 keV with most X-rays

having an energy less than 30 keV [23].

The transition radiation X-rays are detected in a two-stage time-expansion radial-
drift proportional wire chamber (PWC) located behind each radiator unit. The X-rays
typically convert in the first stage of the PWC and the charge drifts radially outward
to the sense wires where amplification occurs. The radiator stack and PWC sections
of each TRD unit are separated by a pair of 23 pm mylar windows separated by
a distance of 2 mm. The outer mylar window is aluminized and serves as a high
voltage cathode for the conversion stage of the PWC. Dry CO; gas flows between the
mylar windows to prevent the nitrogen gas in the radiator stack from leaking into the
PWC and contaminating the 91% Xe, 7% CHy, and 2% C,H,4 gas mixture circulating

therein. The cylindrical shape of the mylar windows is maintained by a small pressure
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difference between the radiator, gap, and detector volumes.

In addition to the charge produced by the transition radiation, all charged particles
which pass through the conversion and amplification gaps produce ionization. The
charge clusters produced arrive at the sense wires over the full 0.6 us drift interval.
Thus, both the magnitude of charge produced and the arrival time of the charge are

useful in differentiating between electrons and charged hadrons.

The outer support cylinder for each TRD unit is a 1.1 cm thick plastic honeycomb
covered by fiberglass skins. Kevlar end rings support the cathode structures. The
radiator stack is enclosed by a carbon-fiber tube with end flanges made of Rohacell

with carbon-fiber skins.

The 15 mm conversion stage and 8 mm amplification stage of the PWC section of
each TRD unit are separated by a cathode grid of 70 um gold-plated tungsten wires.
The outer cathode of the amplification stage of each PWC section are constructed of
helical copper strips deposited on Kapton foil. The amplification stage anodes of each
PWC section are 30 um gold-plated tungsten wires separated by 100 um gold-plated
beryllium/copper potential wires. Each TRD unit has 256 anode readout channels

and 256 helical cathode strips with pitch angles between 24 and 46 degrees.

The Central Drift Chamber (CDC)

Beyond the TRD are the four cylindrical, concentric layers of the CDC [19]. The CDC
provides coverage for large angle tracks. The CDC is a cylindrical annulus 184 cm in
length with inner and outer radii of 49.5 and 74.5 cm respectively. The CDC is made
up of four concentric rings of 32 azimuthal cells each. The high voltage for each cell

is individually instrumented to allow it to be turned off remotely.

- Each CDC cell contains 7 sense wires made of 30 um gold-plated tungsten which
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are read out at one end and two delay lines which are read out on both ends. The delay
lines are situated one on either side of the sense wires. The sense wires are staggered
in ¢ by £200 um to remove left-right ambiguities. Radially alternate cells are offset
by one-half cell to further aid in pattern recognition. The maximum drift distance is
about 7 cm. The delay lines consist of a wire coil wound around a carbon fiber epoxy
core. The delay line propagation velocity is about 2.35 mm/ns with a delay to rise
time ratio of about 32:1. A pair of potential wires is situated between each anode
sense wire with an additional grounded potential wire between the outermost sense
wires and the other sense wires to minimize the signal induced on the delay lines by
the inner sense wires. The z-coordinate of a hit is determined via the delay lines by
measuring the arrival time of the pulse at each end of the delay line. The current
is monitored on the grounded potential wires to generate a voltage trip if abnormal

conditions arise.

The CDC is constructed of 32 identical modules. Each module is made of 4
Rohacell “shelves” covered with epoxy-coated Kevlar cloth and wrapped with two
layers of 50 pm Kapton tape. Each shelf contains grooves at the sense wire locations
to accommodate a Teflon tube containing a delay line. Field shaping is accomplished
by resistive strips screen-printed onto the cathode surfaces. The gas mixture used
in the CDC is 92.5% Ar, 4% CH,4, 3% CO,, and 0.5% H;0. The CDC is stable for
collected charges on the anode wires of up to 0.35 C/m. The drift velocity in the
CDC is about 34 ym/ns for a drift field of 620 V/m in the region where dvy,isi/dE
is negative. The voltage on the inner sense wires is 1.45 kV. The outer sense wire
voltage is raised to 1.58 kV to induce larger delay line signals. The gas gain for the

inner sense wires is 2 x 10* while the outer sense wire gas gain is 6 x 10%.

A single layer scintillating fiber detector was installed between the CDC and the

central calorimeter which covers about 1/32 of the full azimuth. The 128 individual



48

1 mm diameter fibers are aligned parallel to the beam and are read out with a multi-
anode photomultiplier tube. This detector is used in conjunction with the CDC drift
time to better understand the drift time vs. distance relationship and to quickly de-

termine the CDC calibration constants if the operating conditions are changed.

The Forward Drift Chambers (FDC)

The two FDCs [19] cap the concentric VTX-TRD-CDC cylinders on either end and
provide detection of small angle tracks. The FDCs’ inner radius is 7 < 61 cm which
is somewhat larger than that of the VTX chamber to allow passage of cables from the

large angle tracking detectors.

Each FDC detector is composed of three separate modules: A ® module to meas-
ure the ¢ coordinate sandwiched between two © modules (which are rotated relative
to each other by 45 degrees in ¢) to measure the 6 coordinate. The ® module is con-
structed of 36 sectors which contain 16 anode wires each along the z-coordinate. Each
© module consists of 4 mechanically separate quadrants each containing 6 rectangular
cells at increasing radii which contain 8 anode wires along the z-coordinate. The sense
wires of the three inner cells are at one edge of the cell so that the ionization elec-
trons drift in a single direction to remove left-right ambiguity. Each © cell contains
one delay line which is identical to the CDC delay lines to measure the orthogonal
coordinate. The adjacent anode wires in both the ©® and ® chambers are staggered

by £200 gm to resolve ambiguities.

The ® chamber electrostatic properties are formed by a single grounded guard wire
between anodes. The cell walls are covered with 25 um aluminum strips on 125 um
G-10 to provide field shaping. The front and back surfaces are Kevlar-coated Nomex
honeycomb with copper traces on Kapton. The electrostatics of the ® modules are

formed from two grounded guard wires between adjacent anodes as in the CDC. The
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front and back surfaces are Kevlar-coated Rohacell with copper traces on Kapton for
field shaping. The side walls are 200 pm aluminum foil on Nonex honeycomb. The
FDCs employ the same gas as that used in the CDC and have similar gas gain and

drift fields. The maximum drift time at the full radius of the ® chamber is 1.5 us.

The Central Detector Electronics

The readout electronics are almost identical for all CD devices. They consist of three

signal processing stages: the preamplifiers, the shapers, and the flash ADC digitizers.

The preamplifiers for the sense wires, TRD cathode strips, and CDC/FDC delay
lines are based on the Fujitsu MB43458 quad common base amplifier [24]. The CD
requires 6080 readout channels. The preamplifier gain is 0.3 mV/fC. Rise and fall
times are 5 and 34 ns respectively. Input noise is 2300 electrons for a detector input
capacitance of 10 pF. Calibration is accomplished via test pulse charge injection into

the preamplifier inputs.

The preamplifier output signals travel over 15 m coaxial cables to the shaping
circuits [25]. The shaper consists of a video amplifier, a two-zero three-pole shaping

circuit, and a cable driver.

The shaper output signals travel over 45 m coaxial cables to the FADC digitizers.
Gain corrections and voltage offsets occur in an analog buffer amplifier circuit [26).
The dynamic range is increased by using one of two different gains depending upon the
amplitude of the signal which results in an expansion of the dynamic range by about
a factor of 3. This improves the dE/dz measurement quite a bit. The gain corrected
signals then enter the FADC section which is based on SONY CX20116 8-bit FADC
which operates at 106 MHz. The digitized data are then stored in a FIFO until a

pass/fail decision is made by the Level 1 and Level 1.5 trigger.



50

Due to the long drift times relative to the FADC sampling rate and the high Level
1 output bandwidth, zero suppression of the CD signals is required in order not to
exceed the capabilities of the data paths. Zero suppression is accomplished in the last
digitization stage via an ASIC designed at FNAL [27] and manufactured by Intel, Inc.
The zero suppression circuit examines the sequence of digitized charges and adjacent
FADC bucket charge differences. Operating at 26.5 MHz on 4 byte words, it is able
to process the data in real time. Digitized data are saved between leading and trailing
signal edges where leading and trailing edges are defined by one of several algorithms

based on digitized charges or charge differences over threshold [28].

3.2.3 The Calorimeters

The D@ calorimeters are the most important D@ detector component for electron,
positron and photon detection. In addition to providing the only energy measurement
of electrons and positrons (since D@ has no central magnetic field), they also provide
the majority of the quantities used in electron and photon identification. They also are
important for energy measurement and identification of jets and muons and for meas-
uring the scalar E7 and missing ET. Er is the transverse energy of a cluster defined
as Er = \/EgTEz where E; and E, are gotten by multiplying the cluster energy by

the direction cosines of the cluster position with the z and y-axes respectively.

The D@ calorimeters use liquid argon (LAr) as the active medium to sample the
ionization produced by electromagnetic and hadronic showers. LAr was chosen for
its unit gain (low electro-negativity), simplicity of calibration, radiation hardness,
and flexibility in segmenting the calorimeter. The downsides to using LAr are a
complicated cryogenic system, uninstrumented regions due to the bulk of the cryostats,
and inability to access the calorimeter modules during operation. The calorimeter

lé,yout can be seen in Figure 3.3.
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END CALORIMETER
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(Fine & Coarse)

CENTRAL
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Electromagnetic
Fine Hadronic
Coarse Hadronic

Inner Hadronic
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Figure 3.3: The D@ calorimeters. The various parts of the calorimeters
are labeled on the figure.
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The three D@ calorimeters, North End Calorimeter (ECN), Central Calorimeter
(CC), and South End Calorimeter (ECS), each reside in separate cryostats in order to
provide access to the central detectors which they surround. The rapidity coverage is
roughly —1.0 < n < 1.0 for the CC. The end calorimeters (EC) extend the coverage to
|n] ~ 4.0. The gaps between the EC and CC are roughly perpendicular to the beam
which reduces the missing ET degradation relative to having the ECs nested within the
CC shell with gaps parallel to the beams. The D@ calorimeters are pseudo-projective;
the separate modules are arranged in order to simulate a projective geometry as
shown in Figure 3.4. The centers of the cells at increasing depth lie on rays projecting
from the center of the interaction region, but cell boundaries are perpendicular to the

absorber plates.

The Tevatron beam pipe passes through the EC cryostats at the center. The main
ring beam pipe passes through all three cryostats near the outer radius. Bellows are
used to accommodate the thermal and differential pressure motion of the cryostats to

which they are welded.

The CC and EC each contain three different types of modules: the electromagnetic
(EM), fine hadronic, and coarse hadronic arranged as shown in Figure 3.3. The EM
sections use nearly pure depleted uranium [29] absorber plates, the CCEM plates are
3 mm thick and the ECEM plates are 4 mm thick. The fine hadronic sections use
uranium(98%)-niobium(2%) alloy [29] absorber plates with a thickness of 6 mm. The
coarse hadronic absorber plates are 46.5 mm thick and are made of copper in the CC
and stainless steel in the EC. Electrical connections to the absorber plates were made

by percussive welding of thick niobium wires to the edges of the plates.

The EM sections of the CC and EC are made of four depth layers. The first two

layers (EM1 and EM2) help differentiate between neutral pions (which usually decay
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Figure 3.4: A side view of the DO
calorimeter towers showing the pseudo-
projective geometry.

into two photons) and single photons due to the greater conversion probability of the
pair of photons. The region of EM shower maximum is covered by the third (EM3)
layer, which has finer transverse readout segmentation than the other EM layers. The
fourth <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>