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Abstract 

This thesis presents a direct measurement of the parity-violating parameter Ab by an- 

alyzing the polarized forward-backward asymmetry of b quarks in e+e- -+ 2’ 3 bz. 

Data were taken at the Stanford Linear Accelerator Center (SLAC), with the Stan- 

ford Large Detector (SLD), which records the products of e+e- interactions at a 

center of mass energy fi = 91.2 GeV/c2 at the SLAC Linear Collider (SLC). The 

. - 

. 
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SLC/SLD experimental apparatus provides a unique and ideal environment for mea.- 

suring electroweak asymmetries. Heavy flavor decays of the Z” were identified in- 

clusively by taking adva.ntage of the long lifetime of B hadrons, the small, stable 

SLC beam spot, and SLD’s precise tracking detectors. Two analysis techniques for 

measuring Ab are presented: a binned fit to the left-right forward-backwards asym- 

metry of tagged -events signed with momentum-weighted track charge, and a self- P 
calibrating maximum-likelihood technique using momentum-weighted charge from 

the two hemispheres in each tagged event. From our 1994-1995 sample of 3.6 pb-‘, 

having a luminosity-weighted average e- polarization of 77.3%, and our 1993 sam- 

ple of 1.8 pb -l, having a luminosity-weighted polarization of 63.1%, we obtain & = 

0.848 f O.O46(stat.) f O.O50(syst.). 
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Chapter 1 

. - 

Ititroduction 

This thesis presents a measurement of the polarized forward-backward asgmmetr!. of 

&quark production in .e+e’ collisions at ,/Z = .91;2 GeV. This asymmetry provides 

a direct measurement of parity violation in the electroweak couplings of the bottom 

quark, in particular the difference between the strengths of the couplings of left- 

handed b quarks and right-handed b quarks to the 2’ boson. The asymmetry is often 

referred. to in the literature as Ab, and sometimes as AkR or AiR. 

The experimental determination of A* is under intense study worldwide, with ef- 

forts from SLC and the four LEP experiments; each year its measured value becomes 

more precise. Measuring Ag constitutes a stringent test of the predict.ions of the Stan- 

dard Model, and may either confirm our current understanding of the fundamental 

int.eractions between elementary particles, or help point the way to extending our 

models and deepening our knowledge. Particular interest is focused on .4b at this 

time because recent, precise measurements of Rb = I’(Z” + 6)/I’(Z” -+ hadrons) 

show a noticeable discrepancy [l] with the prediction of the Standard hdodel and ma\ 

be hinting at new phenomena modifying the interaction between the Z” and the b 

quark. 

This measurement was performed at the Stanford Linear Accelera.tor Center 

(SLAC), using data collected in 1993-1995 with the SLAC Large Det,ector (SLD) 

. at- the Stanford Linear Collider (SLC). SLC is the first linear e+e- collider and pro- 

duces 2.’ bosons on. resonance in collisions of polarized electrons with unpolarized 

1 
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positrons. The SLD is an ideal experiment for studying electroweak physics and the 

physics of heavy flavor for several reasons. Roughly 22% of hadronic 2’ decays are 

decays into bz, and the resulting B hadrons receive a large boost in the laborator> 

frame of reference. The exceedingly small, stable beams of SLC, and the precision 

tracking performance of SLD allow analyses to take advantage of knowledge of both 

the production and decay points of long-lived heavy hadrons. The polarization of 

the electron beam consistently runs near SO%, and its helicity may be aligned either 

along or opposit,e the direction of travel. 

With these tools, a. direct measurement of the parity-violating couplings of the 2’ 

to the b quark can be made. The remainder of this chapter presents this asymmetry 

in the context of the current understanding of elementary particle physics, and how 

a precise mea.surement of it may augment this understanding. 

1.1 Introduction to the Standard Model 

Physicists of the late lgth century lived in a time in which nearly all observable phe- 

nomena could be accounted for with the existing models of the time: deterministic 

classical mechanics, Newtonian gravitation, Maxwell’s recently unified description of 

electricity and m&gnetism, and thermodynamics. Only a few problems remained un- m 
explained; three experimental, and one theoretical: radioactive decay, atomic line 

spect.ra, the blackbody radiation curve, and t,he description of propagating electro- 

magnetic radiation in a moving frame. Investigation of these topics and the questions 

raised in the process opened the floodgat.es of physical discovery in the last one hun- 

dred years. 

The road to our current model of the weak interactions began when Becquerel 

inadvertently left a photographic emulsion enclosed in a light-tight container under a 

sample of uranium salts and observed an exposure, thereby discovering spont,aneous 

radioactive decay of heavy elements. In many ways, this interaction has been one of 

the*more experimentally accessible ones and therefore one of the first observed. but 

Blsb one of the most resistant to explanation. Weak int,era.ctions mediating nuclear 

decay take place on time scales ea.sily measurable with ordinary clocks; t.he radioactive 
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materials may be obtained from mines; and the detection apparatus is modest. At 

the time, neither the electron nor the nucleus had been discovered, so the origin of 

these rays remained a mystery. 

In the mean time, investigations into the spectra of excited atomic hydrogen and 

the spectrum of thermal blackbody radiation gave birth in the 1920’s to a quantum 

mechanical description of subatomic phenomena. Combining the formalism of quan- 

tum mechanics with special relativity in the early 1930’s gave rise to the quantum field 

theoiy describing the interaction of charged particles and electromagnetic radiation, 

Quantum Electrodynamics (QED), to be described briefly below. 

The observed spectrum of beta particles from radioactive decay of heavy nuclei 

was found to be continuous, which was not possible for a two-body decay of a heav: 

object. A third particle was introduced by Pauli, the neutrino, which would account 

for the missing energy and spin in beta decay [2]. .Shortly thereafter, Enrico Fermi 

proposed a field-theoretic approach to describing beta decay by introducing a four- 

fermion vertex which coupled, for insta.nce, a neutron, a proton, an electron, and a 

neutrino together at one point with a. vector coupling. It was discovered that, theo- 

ries incorporating this vertex predicted infinite reaction probabilities once one-loop 

radiative correction calculat,ions were attempted, even though experiments confirmed 

its tree-level predictions. 

In 1956, Lee and Yang [3], after reviewing the literature, noticed that parit,y and 

charge-conjugation, symmetries had not been checked in the weak interactions, and 

that they could possibly be violated. A series of experiments by W:u [4]: Lederman. 

Garwin, and Schwartz [5], and Friedman and Telegdi [6] was conducted t.o test parit! 

conservation in nuclear P-decay and in X* and p* decay, finding that parit,y was 

maximally violated by charged weak currents. It.was observed that these currents 

coupled only to left-handed fermions and right-handed antifermions. hjaximal parit! 

violation could easily be introduced int,o the Fermi model by substituting the vector 

coupling by a V - A coupling at the four-fermion vertex. 

Yang and Mills proposed in 1956 [7] a f ormulat.ion of quantum field theory that 

allowed the introduction of non-Abelian gauge symmetry groups, an extension of t,he 

Abelian symmetries of QED. Glashow [8], Weinberg [9], and Sa1a.m [lo] proposed 
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Table 1.1: Fermion constituents of the Standard Model 

(2)~ (“;), (‘), eR PR ‘R 

a model, described below, which incorporated both the electromagnetic and weak 

interactions a.s low-energy manifestations of a single interaction with SU(2) x r-(l) 

gauge symmetry. The mediators of the electroweak force in this model are the photon 

(r), the heavy 2’ boson, and the charged doublet IV*. 

At the outset, the Glashow-Weinberg-Salam model seemed beset, with difficulties. 

It called for massive gauge bosons (mass terms could not be added t.o the Lagrangian 

and maintain gauge invariance), and it did not appear to be renormalizable. The first 

problem was addressed in Weinberg’s paper [9] by incorporating t,he Higgs mechanism 

[ll] of spontaneously breaking the symmetry of the theory in order to impart mass 

to the W* and the 2’. The existence of a neutral, scalar Higgs boson remains 

unverified by experiment. Gerard t’Hooft solved [12] the renormalization problem 

in 1971, promot.ing the Weinberg-Salam model to a viable theory of electroweak 

interactions. The complete demonstration of the renormalizability of the electroweak 

theory requires fermions to be grouped in generations in order to cancel triangle 

anomalies. 

Weak neutral currents, predicted by the Weinberg-Salam model, were first ob- 

served in 1973 [13][14] in th e interactions F,,e + i7,,e, urIV + Y,X, and F,N -+ y,,S. 

Neutral currents are carried therefore by both the photon and the Z”, and their 

amplitudes interfere. 

. -A further vindication of the model came from the discovery of t,he J/Q? a cc 

bound state. The charm quark was predicted by the GIRI mechanism [15] as an 

explanation for the lack of flavor-changing neutral currents in decays of the kaon. A 
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third generat.ion, heralded by the discovery of the r lepton in 1975 [16], and filled in 

with the discovery of the Y meson, a bound bz state, in 1977 [17], and finally the 

t quark in 1995 (18](19], confirmed the basic doublet structure of fermions. In the 

gauge boson sector, the W* and the Z” were first identified in hadronic pp collisions 

at the SPPS collider at CERN in 1983 [20][21]. 

1.2 The Electroweak Interaction 

The next two sections outline the electroweak sector of the Standard Model. Detailed 

presentations of this material may also be found in References [23], and [24], and [2i]. 

This presentation roughly follows the notation and logic of Halzen and h4artin [22]. 

12.1 The Electromagnetic Interaction 

The most elega.nt formulations of physical models are the ones that start with the 

fewest postulates and describe the broadest range of observable behavior. Here xe 

will start with the postulate of local ga.uge invariance and arrive at the formulation 

of QED. The Dira.c equation for spin-l/2 particles, 

can be obtained from the Lagrangian 

This Lagrangian is already invariant under the transformation 

$k) + e%W, (1.3) 

where o is a constant. This global symmetry, through an application of Noether’s 

theorem, r.equires the conservation of electric charge: 

d 0, pjp = (1.4 
. _- 

where 

3 
‘P = -e$yp$. (1.5) 
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If the phase eia is allowed to be a function of space and time, then the Lagrangian 

in Equation 1.2 is no longer invariant due to the presence of the derivative. The 

necessary modification to preserve local gauge invariance is to replace the derivative 

dp with a “covariant derivative” D,: 

with 

D, = d+, - ieA,, (1.7) 

where the field A, transforms as 

A,, --) A,, + ‘a,~. 
e 

(1.8) 

Finally, a photon kinetic energy term must be added, and local gauge invariance re- 

stricts its form to combinations of the field strength tensor F,,. The QED Lagrangian 

then follows: 

L = qiypag - ,,,)I$ $ $yvA,+ (1.9 

with 

F ,,” = &A,, - &Ap. (1.10) - 

This gauge symmetry precludes adding a term proportional to A,A” and therefore 

requires that the photon be massless, unless t.he symmetry is broken by an interaction 

Gth another field. There currently is no experimental evidence for photon mass. and 

the upper bound is set at 3 x 10W2’ eV/c’ (251. 

1.2.2 Unification With the Weak Force 

Because the weak interaction couples left-handed particles wit.hin isodoublets (the 

right-handed versions of the fermions do not interact with the charged weak current ). 

we seek a local gauge symmetry with the same symmetry as the spin-i representa- 

tion of the rotation group. The group SU(2) is chosen for this; a convenient. set of 

generators is the set of Pauli matrices ui, i = 1,2,3. This symmet,ry is often referred 
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to as SU(2)L because it describes the sector that interacts with only the left-handed 

fermions. The gauge transformation for the weak current then becomes 

(1.11) 

where the A’ are three real functions of space and time and g is a constant. As before, 

it is necessary to introduce new fields into the theory in order to preserve the gauge 

invariance of the derivative term. The covariant derivative has the form 

D, = a,, - ig$WL, 

where the three additional fields WL describe a massless isotriplet of gauge bosom. 

Because the Pauli matrices oi do not commute, the gauge transformat,ion of the I!; 

must include an extra.term: 

. 

The additional term adds an interaction between the gauge bosons. This feat,ure is 

not surprising, since the weak charged bosons must interact with the photon at tree 

level. The kinetic energy term in the Lagrangian, -;I$@,, . k?‘fiU, uses a form of the 

field strength tensor slightly modified from the QED case: 

- The new fields I+‘; intera.ct with an isospin triplet of weak currents. 

where XL is one of the left-handed isodoublets of Table 1.1. 

In addition to the SU(2)t symmetry, the U(1) symmetry of QED is incorporated. 

Because weak neutral currents do not have a pure V - A form, the neutral member 

of the weak isotriplet mentioned above cannot alone be the correct represent,ation. 

Instead,.a linear combination of the gauge boson of the U(1) symmet,ry and the neutral 
. _- 
member of the above isotriplet is sought. The generator of the U(1) symmetry is then 

named the “weak hypercharge” Y, and is defined to be 

Y 3 2(Q - T3), (1.16) 
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Table 1.2: Fermion quantum numbers. The second and third generations of quarks and 
leptons have identical quantum numbers. There is no right-handed neutrino in the Standard 
Model because it cannot interact with any of the gauge bosons. 

I 1 Fermion 1 T 1 T3 1 Q I Y I 

I Leptons Y, 
I 

where Q is charge and T3 is the third component of isospin (see Table 1.2 for a listing 

of T3 for the fermions in the Standard Model). The corresponding current follows 

immediately: 

J; = 2(J;” - J,“) (1.17) I 

The gauge group generated by Y is often referred to as U(l)y. The gauge field intro- 0 
duced to maintain local U(l),7 invariance is labeled B, and carries an independent 

coupling constant g’. The interaction term in the Lagrangian becomes 

p’ = 
tnt -ig( J’)pWL 2 - is’( J’;)“B P’ (1.18) 

The fields 

describe the physical weak charged currents and Wi and B, are neutral fields. The 

linear combination of neutral fields necessary to represent the physic?1 neutral gauge 

bosons +y and 2’ is not specified by the theory, but may be paramet,erized by the 

Wejhberg angle 8~: 
. _- 

A, = B, cos 0~ + W,f sin 8117, . (1.20) 

and 

2, = -B, sin 0~ + Wz cos 8~. (1.21) 
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Since the coupling of the electromagnetic current J, to the photon field has strength 

e, we may identify the couplings 

gsinew = g’cos& = e, (1.22) 

which has the immediate consequence 

9’ tanew = S’ (1.23) 

At this point, the only parameters of the electroweak interaction that need to be de- 

termined from experiment are the values of the coupling constant e and the Weinberg 

angle 8~. 

1.2.3 Spontaneous Symmetry Breaking and Gauge Bosou 

Masses 

In the previous sect.ion we have ignored the fact that some of the gauge bosons indeed 

have mass. It is this mass that makes the weak interactions “weak.” Aft,er all. the 

coupling constants are closely related to the QED coupling, yet the forces mediate 

interactions that. happen much more slowly than electromagnetic ones. The weakness 

of the weak force is just a manifestation of the denominator of the propagator of the 

IV* and the 2’. For low-Q2 interactions, the energy dependence of the propagat,or is 

idwarfed by the masses of the weak bosons (-90 GeV), that. it can be safely approx- 

imated by a constant that can be combined with the coupling constant t,o form an 

effective strength at low energies. 

Introduction of mass into the electroweak model has to be done with some delicacy. 

because the SU(2) L x U(l)y symmetry prohibits mass terms of the form M&,MVPIIVti 

just as the QED U(1) y s mmetry does. The goal is to introduce an interaction whose 

Lagrangian preserves the sum x U(l)y symmetry, but whose ground state breaks 

it. It is not necessary to break the entire symmetry group, as the photon is to remain 

~massless - the U(1) EM subgroup of the theory is to remain unbroken. 

The solution involves hypot,hesizing four additional scalar fields 4; and a.dding to 
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the Lagrangian of the Standard Model the term 

~~~~~~ = ia, - ga’WL - g’:B, - WP) (1.24) 

The simplest choice of fields I$ that preserve the gauge invariance of ~~~~~~ is an 

isodoublet wit.h weak hypercharge Y = 1, a choice originally ma.de by Weinberg: 

(1.25) 

The symmetry is broken by a judicious choice of the potential function 

V(d) = p24+4 + ;(d+d)2, 

chosen with p2 < 0 and X > 0. This potential is.mmimized when 

(1.26) 

4’4 = -p2/x. (1.27) 

This set, of q5 that minimizes 11’ is invariant under SU(2) transformations. although 

when the system settles into a ground state, it only chooses one point among the 

possible ones. Without loss of generality we may set I&, 42, and 44 to zero, then 

q5; “x’ E v2, =-- (1.25) 

. The vacuum 4 in this case is 

(iJo= ; O 

JT( 1 
. (1.29) 

V 

Because there are four degrees of freedom of q5 and only one constraint which specifies 

the minimum, the minimizing manifold is three-dimensional. Since r$ may fluctuate 

within this manifold without an energy penalty, these fluctuations correspond to three 

massless Nambu-Goldstone bosons [26]. Th ese additional degrees of freedom are actu- 

ally just overcounting the gauge degrees of freedom, and do not appear in the st,andard 

‘Lagrangian. The remaining degree of freedom corresponds to a physical scalar Higgs 

field h with a particle whose mass is -Xv2/2. The r e evant mass-generating term for 1 
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the gauge bosons in Equation 1.24, expressed in the basis of physical gauge bosons, 

then is. 

1 (5vgyw,+w-p + iv2 [gw,3 - S)B,,]’ + 0 [g’W; + gB,12. (1.30) 

From this relation, the coefficients of the terms quadratic in the fields yield the masses 

of the vector bosons. The mass of the charged W is the simplest, with 

1 
Mwk = -vg. 

2 

Using 1.20, 1.21, and 1.23, we obtain 

A,, = 
g/M’;3 + gB, 

4-P 

for the photon, and so its mass coefficient is zero from Equation 1.30, and 

. 
yielding the 2’ mass, also read off from Equation 1.30 

- 
Combining 1.34 with 1.31 yields the relation 

Jh 
- = p COSeM7, 
MZ 

where p = 1 until radiative corrections are applied. 

(1.31) 

(1.32) 

(1.33) 

(1.3-1) 

(1.3.5) 

The parameters of the electroweak sector of the Standard model number three. 

They are e, sin28w, and v, the vacuum expectation value of the Higgs. In t.erms 

of observables that can be measured with precision, three necessary paramet.ers are 

OEM, Mz, and G,. With these three parameters, Standard Model predictions at, tree 

.level (modulo effects like phase space which depend on fermion masses). At one loop. 

the masses of fermions and the Higgs mass enter, and non-standard phenomena may 

have effects at energies achievable with current accelerators. 
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1.3 The Strong Interaction 

An integral portion of the standard picture of elementary particle interactions is t,he 

model of the strong interaction. Various detailed treatments are available in the 

literat.ure [27] [22]. The strong interaction has many features which differentiate it 

from the electroweak interaction, although both can be formulated as local gauge 

theories. These differences incl,ude 

l Range. The strong interaction has a very short. range, while the electromagnetic 

portion of the electroweak interaction has an infinite range. 

l Asymptotic Freedom. The strength of the strong intera.ction decreases with 

increasing Q2 of the int,eraction. This feature was observed first in deep-inelastic 

e - p scattering. 

. - 

l Confinement. The partons within hadrons cannot be isolated. No observable 

particle has a bare color charge. 

l Symmetry. The strong intera.ction obeys flavor symmetry and also conserves 

parity. 

l Hadron Structure. Quarks are bound wit.hin ha.drons which cont,ain eit.her three 

quarks, three antiquarks, or a quark and an antiquark. 

The quark model originally contained a paradox regarding the structure of ha- 

drons. Some baryons, it seemed, violated the spin-statistics theorem in that three 

quarks in them seemed to occupy the same quantum state. These hadrons include 

the A++ and the R-. The flavor assignments for the quarks are all the same, for both 

of these baryons, and each quark only has two spin states available to it, so there is 

no assignment of spins that can preserve the Pauli exclusion principle. Furthermore, 

the spin of the A++ was found to be 3/2, indicating that all three quarks shared the 

same spin state. Another degree of freedom with at least three distinct values needed 

to -be introduced to preserve the statistics. 

The model which grew out of that necessity and which best describes the strong 

interactions is referred to as’ “Quantum Chromodynamics,” a.nd is formula.ted as a 

s 
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non-Abelian Yang-Mills gauge theory with W(3) as its symmetry group; each quark 

transforms as a triplet (three values of the color charge). The local gauge symmetry 

for QCD for a quark of flavor Ic = u,d,s,c,b, or t is 

(1.36) 

where the X, are the eight generator matrices of SU(3), commonly known as Gell- 

Mann matrices, and A0 are func.tions of space and time. To construct a covariant 

derivative that is gauge inva.riant, eight fields A;, corresponding to eight bi-colored 

gluons, must be introduced in the same way as they were for the electroweak inter- 

action: 

&qk = @cl - k‘bh7k, (1.37) 

with 

A, = 5 A;X”,2. (1.38) 
a=1 

. 

The coupling constant g is a single parameter left to be determined experimentally. 

The Lagrangian can then be expressed as 

nfhorr 

&CD = -ktrG,,G@” + c qk(iT’D, - mk)qk, (1.39) 
k=l 

with t,he field-strength tensor G,, defined similarly to that of QED, with a non- 

-Abelian piece added: 

G,, = a,,A,, - &A,, - ig [A,, r4y]. (1.40) 

In this manner, QCD has been referred to as “eight copies of QED,” although its 

non-Abelian nat,ure lends it some rather unique properties. 

The non-Abelian terms in the QCD Lagrangian give rise to intera.ctions bet.ween 

gluons, the gauge bosons of QCD. This is a manifestation of the propert,y of gluons 

in that not only do they couple to objects with color charge, they themselves carr! 

color charge. The new diagrams introduced into the theory are a triple-gluon vertex, . _ 

as well as a four-gluon vertex, shown in Figure 1.1 

In contrast to the electroweak gauge boson sector, there is no evidence for gluon 

mass, and so the mechanism of spontaneous symmetry breaking is not necessary. 
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Figure 1.1: Vertex diagrams in &CD. 

Further evidence for QCD comes from the energy-dependent behavior of 

Rhad = y;----+JL”:,“-“;‘. (1.41) 

This funct,tin shows distinct energy thresholds, marked by resonances at which qq 

pairs are produced that form vector mesons. Above these thresholds, Rhad a.ssumes 

a higher value because of the availability of more hadronic final states. The rate fol 

e+e- + PSK- is rea.dily calculable from QED (and the electroweak interaction at 

higher energies), and so jumps in the value of Rhad above thresholds quantitativel!. 

measure the numbers of new available final states. It is observed that, the changes in 

Rhad correspond to three t,imes that which would be nai’velg predicted if the quark 

color degrees of freedom were ignored. 

This model of strong interactions has the requisite ingredient.s to satisfy the prop- 

erties listed at the beginning of this section. In particular, the non-Abelian self- 

inteiaction of the gluons provides QCD with the ability to explain asymptot,ic free- 

dom [28][27]. I n contrast to the Abelian QCD case, in which the vacuum polarizes to 

screen charges at large distances, the QCD vacuum actually anti-screens charges. and 

its coupling becomes stronger at large distances and lower energy scales. This fea.ture 
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of QCD is the reason many believe it has the ability to model quark confinement, 

although a rigorous demonstration has not been produced yet. 

If a quark within a hadron is struck, say, with an impinging photon, it will pull 

away from the other quark(s) in the hadron. Because the strength of the color in- 

teraction increases with distance, energy stored in the field of gluons between the 

quarks builds as the struck quark moves away. At some point, it becomes energet.i- 

tally fa,vorable to produce a qg pair from the vacuum. The colors chosen for the new 

qq pa.ir must be chosen so that the newly formed hadrons are color singlets. It is 

this process, called fragmentation, which gives the hadronic decays of the 2’ their 

characteristic structure in the SLD; quarks are not observed in the final state, even 

though very high-energy, back-to-back quarks are produced by the decay. Instead. a 

la.rge number of color-singlet hadrons, traveling in largely the same directions as the 

original qua.rks, appears in the detector. This process of hadron formation cannot be 

predicted perturbatively, although it can be modeled with comput,er simulation. .4 

recursive algorithm was proposed by Feynman and Field (291, and its latest imple- 

mentation for simulations of e+e- collisions is the JETSET 7.4 h1onte Carlo [30][31]. 

used in this thesis. 

The property of asymptotic freedom also plays a role in the structure of 2’ decays. 

Very high-Q2 processes may be modeled perturbatively because the strong coupling 

constant Q, has a relatively small value at high energy. The value of Q, at the 2’ 

energies is -0.12, with ambiguities arising from the different techniques for measuring 

it and their interpretat.ions. Perturbation theory for the strong interact,ions is not 

quite as safe as that for QED, owing to its larger coupling constant - it is not cleal 

whether some perturbative series converge at all. Modeling of non-perturbative effects 

may be a.ccomplished with the aid of lattice QCD computer simulations [32]. 

Nonetheless, perturbative QCD radiation plays a large role in hadronic 2’ decay. 

Visible in many such decays is a third “jet” of final-state hadrons, corresponding 

to a hard gluon radiated by the quarks [33]. B ecause the gluon is ‘a colored object 

which may not escape to large distances, it too must fragment. into hadrons. The rate 

.&i-which this process happens is a measure of Q,, although the energy scale of this 

int,eraction is somewhat ambiguous [34][35]. 
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The combined effect of hard gluon radiation and the fragmentation process re- 

moves energy from the original quark emitted by the 2’. For the case of 2’ ---) uii 

or 2’ + dz, the many quarks pulled from the vacuum are indistinguishable from 

the ones into which the 2’ decayed. But in the case of a heavy flavor decay of the 

Z”, there is only one heavy-flavor hadron in each hemisphere, and the fragmentation 

function, desc.ribing the energy of that hadron as a fraction of half of fi, is well 

defined. For the light-flavor deca) ‘7 of the Z”, the energy-loss fraction is an import,a.nt 

ingredient in the recursive algorithm describing the hadronization process. 

. 

The fragmentation function describing the momentum of the fastest. hadron in 

light-quark events is well parameterized by the “Lund symmetric function:” [30] 

f(2) 0: ~~~(1 - ,r2)ae-bm~‘Z, (1.42) 

where z -= 2E(hadron)/‘&, rnI is the “transverse mass” 

m:=E2-pp;f, (1.43) 

and a and b are tunable paramet.ers. The fragmentation function iteratively describes 

hadron formation for lower-energy hadrons in the parton shower. The parameters (I 

and b typically have values of 0.1s and 0.34 GeVv2 [36] so the momentum distributions 

of final-state particles best match available data. It is called a “symmetric” funct,ion 

because it describes a breaking string as viewed either from either end. This model 

has been tremendously successful at a wide range of energies. The values of a and 

b were originally tuned at PETRA energies and the model reproduces the obser\.ed 

hadron spectrum at LEP energies with very little further adjustment. 

The model above does not describe heavy flavor production very well; the a.ctual 

fragmentation function for c and b quarks is much harder than that, for the light 

flavors. The reason the heavy hadron carries a larger fraction of the available energ) 

is described in [37]. In short, the additional hadrons formed in the fragmentation 

process are produced with a speed (or boost, 7) that is less than the speed (or y) of 

the leading heavy quark. Because the 7 of the heavy quark before the fragmentation 

process scales as l/mQ, the energy fractions the extra fragmentation t.racks receive is 

-1 GeV/mQ. 
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Figure 1.2: The fragmentation functions for uds, c, and b. The Lund symmetric function, ’ 

. described in the text, depends strongly on the value of ml, which is chosen on ea.ch splitting. 

Shown here is the Lund symmetric function with ml = 300MeV/c2 

The fragmentation function commonly used to model 2’ + #I and 2’ + CT is the 

Peterson function: 
1 

f(4 0: 
2 (1 - (l/z) f Q/(1 - z))2’ 

(1.44) 

with the parameter CQ chosen to be 0.060 for c quarks, and 0.006 for b quarks. These 

fragmentation distributions are shown in Figure 1.2. The stiffness of t.he b frag- 

mentation funct,ion is one of the features that allows a momentum-weight.ed charge 

measurement of Ab to be effective, because weighting the tracks’ charges wit,h theil 

momenta de-emphasizes the role of fragmentation tracks. 
. _- 

- 



I : - . . 

CHAPTER 1. INTRODUCTION 18- . 

1.4 Tree-Level Asymmetries at the 2’ 

Observable asymmetries on the 2’ resonance depend almost entirely on the couplings 

of fermions to the Z”, but since there is a small contribution from s-channel 7 ex- 

change, it will be included here. The couplings of the fermions to the 2’ and the 3 

are summarized in Table 1.3 [38]. The notation is described below. 

The rieutral current coupling of a fermion j to the 2’ has vector and axial-vector 

components parameterized by wZf and azf: 

JZ’ oc f( wzj + uZjrs)f. (1.45) 

The coupling of the same fermion j to the photon is purely a vector coupling and its 

strength is proportional. to the charge of the fermion &I. Because the spin projection 

operators have t,he forms 

PL = (1 - y5)/2. and 

PR = (1 + %)/a (1.46) 

the left-handed and right-handed couplings of the fermion j t.o the 2’ may be defined 

to be 

cf ’ = (vzf + 0’/)/2, and 

cgj = (WZf - uZf)/3. (1.47) 

The energy dependence of the observable asymmetries to be described has its 

origin in the combination of two gauge bosons, the 7 and the Z”, in the propagator. 

When adding the graphs of Figure 1.3, the matrix element for c+e’ + jT is 

e 

> 

2 -i 
Mij = 

sin ew cos ew s - rn$ + irzmz 
cf’c;’ + e2 (LAS) 

where i, j = L,R are the helicity indices for the initial sta.te electron and final-state 

fermion respectively. 

In what follows, only the angular and initial- and final-state helicity dependences 

of the differential cross-sections will be retained, and the energy dependence of the 

- 
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Table 1.3: Chiral couplings of the standard fermions to the 7 and 2”. The couplings to the 
7 are spin-independent and depend only on the charge Qt. 

1 I fermion &j 

2’ coupling 

VZf azf $ CE j 

-+ + 2sin2&f -f sin20w -5 + sin26j.jr 

1 L 1. 
2 2 

0 
2 

1 
--- i sin2ew 2 

$ -p sin2& t 5 sin2& - 

-f + ?jsin20w -i 5 sin20w -5 + 5 sin28rlr 

Figure 1.3: Tree-level electroweak contributions to e+e- + ff in the Standard Model. 

total cross section will be factored out. In addition, the final state e+e- will be omit- 

ted beca.use there is an additional t-channel r-exchange diagram which contributes 

significantly, and even diverges at small scattering angles. 

Equation 1.48 provides a definition of the left- and right-handed couplings to the 

combined electroweak current. It is convenient in what follows to express the product 

cTc,f wit.h the same helicity indices i,j as before: - 

cecf 
i I = cf%;j + QeQjh, (1.-19) 

where 

. _- A(s) = 
s - rni + irzmz 

sin2t+v cos2e,,7. (1.50) 
S 

The square of the combined couplings appears in the final cross sect.ions, so a more 
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useful combination is 

lc:c;I’ = (&fj) + 2cfecjZ’QeQjRe{A(s)} + Q~Q~JA(s)12. (1.51) 

The first term of this relation is the pure Z” coupling; the last is a r-exchange term, 

and the middle term is the y - 2 interference term. If s = rni, this int,erference term 

vanishes, reducing the sensitivity of asymmetry measurements to additional neutral 

gauge bosons, including the photon 

If 8 is defined to be the angle between the incoming e- bea.m and the outgoing 

fermion j, then 

i + cos2e + 2 cos e), (1.52) 

% 0; (ciQ2( i + cos2e + 2 cos e), 

g oc (c&)’ (1 + cos2e - 2cose), 

(1.5:3) 

(1.51) 

and 

% ;2: (c;ci)2 (1 + cos2e - 2 cos e). (l..55j 

The helicity of the posit.ron is not specified because it is fixed by the helicity of the 

incoming electron~.beam. A left-handed electron will only couple with a right-handed 

positron ad-the Zee vertex owing to helicity conservation a.t high energies*. The abo1.e 

relations convey in their functional form only t.he conservation of angular momentum: 

the actual parity violation comes about by the differing values of CL and CL. This 

can easily be summarized in that, if a Z” is produced wit,h a right-handed electron 

beam traveling in the +i direction, then the expectation value of t.he spin of the Z” 

is unity in the +i direction. Since the 2’ prefers to couple to left-handed fermions 

and right-handed antifermions, then the antifermion will be sent forwards (along the 

direction of travel of the e’) preferentially, and the fermion backwards, in order to 

conserve angular momentum. 

The polarization of the outgoing fermion cannot be ascertained from experimental 

observables, except in the important case of the 7, so the polarized cross-sections must 

‘It is helicity conservation that suppresses direct production of scalars at. high-energy E+C- 
machines, by a factor of mp/s. 
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Table 1.4: Values of A, for sin%w=0.23, calculated with radiative corrections in reference 

[39], and their sensitivity to sin*&. 

Fermion type AI 
8A 

asin2i 
W 

I e,w 0.16 -7.85 1 

I u,c,t 0.67 -3.45 
I 

I d,s,b 0.94 -0.63 1 

be summed over final-state fermion polarizations to obtain 

g 0: [(cg + cP)(l + cos%) + 2(& - cp, cos e] (156) 

and _ 

g o( [(c:: + $)(l + cos%) - 2($ - ci2) cos e] , (3.57) 

. - 
where the helicity index on 0 refers now only to the incident electron beam. Xs a 

further simplificat,ion, we may combine the fermion couplings into asymmet.ry param- 

eters 

(1.58) 

. - 

Substituting in the vector and axial vector couplings of the fermions to the 2’ in 

%erms of sin20w, before radiative corrections, 

~sh&Born 1 + I&r]’ sin28,v 
f = 1 + (1 + IQr12 sin28i1*)2’ 

( 1.59) 

The mass of t,he final-state fermion couples its L and R states and gives it a finite 

probability to flip its spin. The modification to the Ai parameter is [40]t 

- 

(1.60) 

iIn reference [40], both the formulas for the P-dependent A1 and ,0 have t.spographical errors. 
The correct formulas are presented here. 
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where p2 = 1 - 43 is the speed of the outgoing fermion. For the b quark, this 

increases the expected asymmetry by ~0.02?& and will be accounted for in this thesis. 

Using the paramet,ers Al, omitting the dependence on energy, and creating a 

linear combination of L and R polarization states to form a partially unpolarized 

initial state, the angular dependence of the differential cross section can be expressed 

a.s 
doJ(Pe) 

dcos8 x 0 -- A&)( i + <os28) + 2(A, - Pe).4 J cos 6, (1.61) 

where P, is the polarization of the incoming electron beam. With this formalism. 

we may then parameterize the tree-level Standard Model predictions of observable 

asymmet.ries ALR, A!B, A;;‘, and AiB. 

1.4.1 The Left-eight Production Asymmetry ALR 

One of the simplest and most powerful asymmetries that can be formed with an 

experiment with a polarized electron beam is the left-right asymmetry ALR which 

directly measures the as~~mmetry in the chiral couplings of electrons to the 2’. It is 

measured by producing equal amounts of luminosity using a left-handed and right- 

handed electron beam on unpolarized positrons. It then remains to count t.he .fT 

final states (rejecting the ese’ final state) for both initial helicities and form the 

asymmetry 

A l-au1 NL-NR 
LR = n; + N&l 

= P,A,. (1.62) _ 

SLD’s measurements of ALR are described in References [41] and [42]. 

One of the main virtues of this asymmetry is that it does not require the isolation 

of any particular final stat,e, except the experimentally distinct e+e- stat.e. Another 

benefit of this measurement is that it is very insensitive to the details of the detector. 

As long as its detection efficiency for fermions is the same as that for antifermions 

at each value of co&, efficiency effects cancel in the ratio. Because the 2’ deca!.s 

into a back-to-back fermion-antifermion pair, this detection efficiency can be further 

safeguarded by building a det,ector that is symmetric about its midplane perpendicular 

to the beam axis. Its third virtue is that it is a very sensitive measurement of sin20i~.. 

Its dependence can be obtained from Equation 1.59 and is listed in Table 1.4. Given 
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SLC’s electron polarization of 77% in 1994, this single asymmetry provides the most 

powerftil technique of measuring sin28w at present. 

The sin2& that is measured by ALR is a physical parameter, and so necessarily 

incorporates effects of propagator and vertex radiative corrections, to be described 

in Section 1.5. The measurement, however, is corrected for the effects of initial-state 

radiation, which may be calculated from QED. The measurement yields sin26gf, the 

“effective” weak mixing angle parameter (431, which parameterizes the remaining ra- 

diative corrections. Vertex corrections at the final vertex do not affect the c.ouplings 

at the initial vertex significantly, unless the energy is far from the 2’ pole and y es- 

change becomes significant. The most important radiative corrections are the vacuum 

polarization diagrams in the gauge boson propagator. These lend to ALR sensitivit\ 

to 171top as well as mHiggs. With the recent measurements of mrop from CDF [18] and 

DO [19], this measurement may provide the best, knowledge of what mass the Higgs 

boson is expected to have. 

The dependence of ALR on the colliding energy of the beams is shown in Figure 1.-l. 

highlighting the need to correct for off-pole measurements. 

1.4.2 Unpolarized Forward-Backward Asymmetries AiB 

In the absence of a polarized electron beam, electroweak a,symmetry measurements 

must rely on other parity-violating asymmetries. One of these approaches is to com- 

pare the number of fermions of a particular species which travel forwards in the 

detector (along the direction of the electron beam) to those that. travel backwards. 

Because the 2’ couples preferentially to the left-handed component, of t,he unpolar- 

ized electron beam, the expectation value of its spin along the f axis does not, vanish. 

and there is an asymmetry in the forward-backward distribution of fermions in the 

final state, A$B. This asymmetry relies on parity violation at both the production 

and decay vertices, so its value 

state coupling asymmetries: . _ 

A6B,(pe 

is proportional to the product of initial- and final- 

= 0) = ui - a6 = iA,AI, ai - *L (1.63) 
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where 

bB = J _“, &pOS e, (1.64) 

and 

J 1 do OF = -d cos 8. 
0 dcos8 

(1.65) 

. - 

. 

. 

The differential cross-sections 0F.B are averaged over initial state polarizations and 

summed over final state polarizations, as at an unpolarized experiment, there is no 

control over either one. Care must be taken, however, that the initial st.ate is genuinel! 

unpolarized, as the effect on the cross section of any residual polarization is quite 

dramatic. 

One feature of the definit,ion of AbB is that it involves an asymmetry of cross 

sections integrated over co&, and particle detectors invariably have a loss of accep- 

tance at large values of 1 cos 01 owing to their solenoidal nature and the necessity of 

having an aperture for the beams. A more ideal quantity to form involves finding the 

forward-backward asymmetry as a funct.ion of ( cos 0 and then fitting the function 

A~B()cosBI) = 
a+os e) - d(- cos e) = A 21 c0s 81 

af(cos e) + d(-- cos e) 

A 

e 9 +cos2e 
(1 .ciCi ,I 

to it. With this technique, the detector acceptance function cancels in t.he numerator 

and denominator of the formed asymmetry, if it is binned finely enough. 

For t.he lepton final states P+/.L- and ~+r- this asymmetry mea.sures the products 

A,A, and A,A,. Assuming that the lepton coupling asymmetries are identical, then 

the quantity Af is measured, with its strong dependence on sin28uF given in Table 1.-I. 

To improve the statistical power of the measurement of sin28rv a.t LEP, .4kB is 

measured, largely because the value of At, is large in the Standard Model, 0.91, and 

because pure and efficient samples of 2’ --) bz may be obtained by either tagging 

high-P= leptons from B decay, or by using precision vertex detectors t,o identify long- 

lived part.icles. Nonetheless, it is still the combination $A,Ab which is mea.sured, with 

most of the dependence on sjn*ew coming from A,. The Standard Model must be 

invoked to provide a prediction of Ab in order to extract sin2eHI. 

The energy dependence of AeB is shown in Figure 1.4. The LEP a.ccelerator 

performs energy scans, so the.energy dependence of this asymmet,ry near the 2’ pole 

can be measured by each of the LEP experiments. 
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1.4.3 Forward-Backward Tau Polarization Asymmetry A:;) 

An e+e’ experiment with unpolarized beams is incapable of measuring Am directly, 

and the A$B measurements are sensitive to a product of asymmetries. If there is new 

physics at a vertex or just a poorly modeled radiative correction, then the ext.ract’ion 

of A, from the ALB will be incorrect. The asymmetry of e+e-+e+e- would reduce 

the assumptions on the asymmetries, but its value is modified by t-channel exchange 

diagrams. 

Nonetheless, an independent measurement of A, can be made at an unpolarized 

experiment, provided that the data. sample is large. The technique used is to measure 

the final-stat,e polarization of 7 leptons from 2’ decay. The taus themselves have 

asymmetric couplings to the Z”, and exhibit a forward-backward asymmetry. The 

polarization of the taus as a function of polar angle depends only on the expectation 

value of the spin of the Z”, and is a consequence of angular momentum conserva- 

tion, as expressed in equations 1.52-1.55. Using these relations, one may derive the 

expectation value of the final-state fermion polarization, 

pm = 
-&( i + COS*e) + ilF(P,) COS e 

1 + cos*e - ~A,F(P,) cos e ’ 

where 

F(P,) = lfi p; . - e e 

-If the electron beam is unpolarized, then 

P, = 
-4 - A, (2 COS e/( 1 $ COS*e)) 

1 + &A, (2 COS e/( 1 -t- COS2e)) ’ 

(1.67 

(1.6s) 

(1.69) 

A measurement of the polar angle distribution of the final-sta.te fermion polarization 

can be fit to Formula 1.69, with A, and A, as independent paramet,ers. This fit 

provides very nearly uncorrelated measurements of A, and A,. The reason for this 

separation is tha.t the denominator of Equation 1.69 is very near unity, which enables 

the average polarization to yield information about A, while the angular dependence 

.yields information about A,. 

The reason the z” -+ T+T- channel is chosen is because the average final stat.e 

polarization of the taus may be measured, owing to the helicity dependence of the 
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distribution of the decay products. In particular, the channels r + eF,v,, r + pL,v,, 

7 + Try,, 7 -+ pu7, and 7 + aluT contain information about the helicity of the parent 

tau [44]. 

1.4.4 Polarized Forward-Backward Asymmetries ‘3iB 

The a.va.ilability of one polarized beam enables an independent combination of cross 

sections to be formed from Equation 1.61. This combination is oft,en c.alled the -*left 

right, forward-backward asymmetry” because it involves forming a combination that 

is antisymmetric in both beam helicity and co&, and is denoted A{B: 

$, = 4L - & + & - & 

& + ULL + u& + ug 
(GO) 

where L and R refer t,o the helicity of the incident electron beam; F and B have the 

same definitions as in Equations 1.65 and 1.64. The positron beam is a.ssumed to be 

unpolarized. If the elect.ron beam has polarizat,ion P,, then this a.symmetry can 1~ 

expressed in terms of the coupling asymmetry using Equation 1.61: 

. 
&B = !PeAr. 

4 
(l.il) 

. 

Measuring this asymmetry was first proposed by Blonde& Lynn, Renard, and \‘erzeg- 

nassi [39] in 1988, and SLD’s mea.surements are described in References [45]. (461. 

[4?], [48], [49], [50], and this thesis. 

One of the most important reasons for studying this asymmetry is that it is inde- 

pendent of the asymmetry in the couplings of the initial state. \I’hile the combination 

A,Ai can be measured for various fermions f at LEP, SLD is able to fact.or that es- 

pression and measure A, and A, independently. The importance of this arises from 

the need to const,rain corrections to the Zff vertex independently of those to the 

Zee vertex, because couplings to new particles at at the vert.ex could be different. 

It is also the case that for the particular final state of b&, the dependence on 

sin*& is very small, as can be calcula.ted at Born level from Equa.tion 1.59. Radiative 

corrections do not modify the dependence of Ab on sin20rjT much, as can be seen in 

Table 1.4. This is simply a re-expression of the fact that Ab is relatively insensitive 
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to propagator corrections, in part due to the b quark’s small coupling to the photon. 

As will be shown later, Standard Model vertex corrections also have very little effect 

on Ab. For these reasons, the Standard Model has a very narrow range of predictions 

of Ab as a function of miop and ?nH;ggs. If any discrepancy were found in its value, it 

almost certainly is a sign of new phenomena. 

Naturally, the argument for the unpolarized case, found in Equation 1.66, which 

cancels the detector acceptance as a function of polar angle, also applies to this 

asymmetry: 

iihB( 1 Cos el) = 
&0s e) - &-- cos e) + &- cos e) - uA(cos e) = p A 21 cos 81 

u{(cos e) + &- cos e) + &- cos 8) + uj&cos e) e 5 + cos2e’ 
(l.i2) 

The energy dependence of AiR, shown in Figure 1.4, is minimal, due largely to 

the fact that the y - Z interference is small. Energies deviating from the Z” pole 

energy-increase the relative fraction of right-handed coupling of the b quark to the 

electroweak neut,ral current, owing to the larger contribut,ion of the phot,on exchange 

graph. 

1.5 Radiative Corrections . 

. 

Radiative corrections modify the Born-level cross-sections and asymmetries and must 

he included in models in order to fit observations. Some corrections arise from the 

ordinary physics of QED and QCD, and others are modificat,ions arising from particles 

that have yet to be discovered. It is important to correct for the known effects, so as 

to arrive at unbiased estimations of what effect new physics has on the measurements. 

1.5.1 Bremsstrahlung 

Bremsstrahlung, the radiation of energy from accelerated charges, ha.s classical and 

quantum-mechanical pictures. This radiation can take two forms - initial state ra- 

ediation (ISR) of photons from the incoming electron and positron, and final-state 

radiation (FSR), primarily of gluons, from quarks. Quarks also couple to the elec- 

tromagnetic field, but the radiation cross-section is suppressed by (Q.EA,/Q,)~. in 
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Figure 1.4: Dependence of the asymmetries ALR, AiR, and .4kB on the center-of glass 
energy. Results are obtained from ZFITTER [51] using o, = 0.118, m, = 180, mHiggs = 300. 

and rnz = 91.187. 

. 

Figure 1.5: Lowest-order bremsstrahlung contributions to e+e’ + 2’ + qq - initial state 

phqton radiation, and final-state gluon radiation. 
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Figure 1.6: Corrections to the 2’ lineshape from ISR. The uncorrected cross section is 
denoted uo. From reference [52]. 

. - 
addition to the fractional charge on the quark. Initial-state radiation photons travel 

predominantly down the beampipe and escape undetected. The effect of initial-state 

. radiation on the collision is largely to reduce the center-of-mass energy and to boost 

the 2’ decay products in the laboratory frame. The width of the 2’ resonance is 

broadened by ISR, and the peak cross-section is shifted up in energy, owing to an 

. - average energy loss of the beam. The cross-section above resonance is also enhanced 

over the cross-section an equal energy below resonance owing t.o the ease with which 

the excess energy may be lost. due to ISR. 

The corrections to the measurement of A* due to ISR, photon exchange? and 

vertex corrections have been calculated using ZFITTER [51], and by Renard, Blondel. 

and Verzegnassi [40] using EXPOSTAR [53]. QED radiative effects a.ccount for a 

downward relative shift of -0.17% in At, and the measurements in t.his thesis will be 

corrected for this. 

. - The other bremsstrahlung contribution, final-state gluon radiation, does not affect 

the production of the Z”, but only its decay. It therefore does not move the energy of 

the peak cross-section, but it does, however, change the width. This is beca.use hard 
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gluon radiation opens more final quantum states into which the 2’ may decay and 

thus reduces the lifetime. But the correction is only realized for q?j final states, and 

it thus affects the partial widths of Z” decay. The magnitude of the effect is given b: 

(1.73) 

&Ieasurements of Rb and At, are fortunately insensitive t.o this shift in the over-all 

scale of the cross-section induced by hard gluon radiation, due t.o cancelation i.:) the 

numerators and denominators of the measurements. Final-sta.te ra.diation has an 

additional effect on the observed distributions, though - it smears the quark axis 

in the detector. Because asymmetry measurements rely on knowing the decay axis 

of the Z”, final-state radiation may modify the measured asymmetry by rescat.tering 

quarks from one polar angle to another. These corrections have been calculated to 

. second order for t.he case of AkB [54][55], and the same corrections apply to the 

polarized forward-backward asymmetry [56]. Other calculations of the dependence of 

this correction on polar angle and on mb are given in References [5S] and [57]. 

1.5.2 Vertex and Propagator Corrections 

The discussion of~bremsstrahlung above would be incomplete without. vert,ex correc- 

tions in QED and QCD, owing to the fact that the diagrams of Figure 1.5 have an 

infrared divergence and lack gauge invariance. The contributions from the diagrams 

of Figure 1.7 complete the leading-order picture of bremsstrahlung. although the\- are 

vertex correct,ions. Other vertex corrections due to new physics will be dealt with in 

Section 1.6. 

Hard vacuum polarization corrections in the propagator modify the structure of 

the reaction e+e- + f7. These are shown schematically in Figure 1.8. The first 

and third lines of Figure 1.8 are simply self-energy renormalizations of the 7 and 

2’ propagators, although they affect the relative strengths of their contributions 

and their interference term. The first set of corrections causes the electromagnetic 

coupling a to run with energy [59]. Th e second line of Figure 1.8 alters the helicit). 

structure of the interaction, because the Zff coupling violat,es parity while the 7.f.T 

coupling does not. It is these diagrams that lend the measurements of A, via ALH and 
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Figure 1.7: Leading order QED and QCD vertex corrections. 

Y-Y = i e2 lloo gPV t-.. 

3-90 

6561Az7 
. 

Figure 1.8: Propagator corrections to the electroweak neutral current. Here, s2 fsin’f?n-, 
and c2 ~COS28$+~. 

. 
other asymmetries their interest, because the propagator loops may contain t quarks 

or Higgs particles. The effect of oblique corrections is mostly to modify sin2&1-. 

although Peskin and Takeuchi have parameterized their possible effects in a. model 

independent manner using three independent variables S, T, and U [60],[61]. The 

b quark couples much less strongly to the photon, and so Ab is less sensitive t,o the 

propagator corrections than A, or A,. 

. _- 
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Figure 1.9: Vertex corrections to 2’ + b?; within the Standard Model 

1.6 Sensitivity of & to New Phenomena 

The two observables &, and Ab are enough to determine fully the couplings of the b 

. 

. 

quark to the Z O. There are two parameters in the Z” -t bx coupling in the Standard 

Model; 2’b &d ab, or alternatively aL(b) and OR(b), or a strength and an asymmetry. 

To measure both Rb and & is to define the Zbb vertex and measure corrections to it. 

The observable & is quite remarkable in that it is insensit.ive to the collision 

energy, mostly insensitive to sin26w, and experimentally a very clean number to mea- 

sure. The Standard Model has a prediction of its value that is very rigid with respect 

to variations of the model parameters. In particular, & is insensitive to standard 

one-loop vertex corrections, shown in Figure 1.9. The reason for this insensitivity is 

that the MT* couples exclusively to left-handed fermions, and so the corrections affect 

only the left-handed coupling of the b to the 2’. The sensitivity in Ab, though. is to 

the right-handed coupling, as small changes to the left-handed coupling a.re diluted 

by ‘the large value of the left-handed coupling. It is for these reasons that At, is an 

ideal probe of physics beyond the Standard Model, because it is only such new.physics 

tha.t can cause deviations from its expected value. 
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1.6.1 Additional Z Bosons 

Several models involving extended gauge groups propose the existence of additional 

2 bosons. The effect of such a 2’ on the value of A* could be profound, if the energ 

of the interaction were tuned to the 2’ resonance, and the 2’ coupled strongly to 

both the initial state e+e- and to the b$ final state. 

For the same reason that the y - Z” interference vanishes on the 2’ pole for 

this. asymmetry, (see Equations 1.50 and 1.51), the effect of an interference term 

with a 2’ also vanishes on the 2’ pole a.t tree level. Experiments far from the poles 

of resonances are more sensitive to 2’ interactions. However, if the 2’ mixed with 

the 2’ at the one-loop level, it may have a visible effect on the 2’ resonance via a 

propagator correction. This would have a different effect on sin28w for the b quark 

than it would for the. electron, and a measurement of both A, and At, would be 

valuable in disentangling it. 

1.6.2 Minimal Supersymmetric Model 

The hlinimal Supersymmetric Model (hlSSh4) is an extension to the Minimal Stan- 

dard Model with “superpartners” for each observed particle. The superpartner of 

each Fermion is a Boson, and vice versa. In the MSSM, two separate Higgs doublets 

are required, in order to give masses to the top and bottom quarks. Corrections to 

-both Rb and Ab have been calculated in the MSSM by Boulware a.nd Finnell [62]. 

They have noted that Ab receives negligible corrections from the supersymmetric sec- 

tor unless the Higgs doublets have very different vacuum expectation values. If ~1 

and 23 are the vacuum expectation values of the two Higgs doublets, and 

tan p E Q/VI, (1.2) - 

then the bottom Yukawa coupling constant Xb oc rnb/ cos p N mb tan ,f? becomes large 

in the large tan@ limit. Supersymmetric contributions from loops wit,h charginos. 

.shdwn in Figure 1.10, which have right-handed components proportional to &,, be- 

come significant. 

In addition, loops containing neutralinos, neutral gauginos, and Higgsinos haye 
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Figure 1.10: Chargino diagrams (a-c) and neutralino diagrams (d-f) contributing to 2” - 
b8 in the Minimal Supersymmetric Model. 

. 

. 

left-handed and right-handed couplings to the b proport,ional to &,: the relevant dia- 

grams are shown in Figure 1.10. TWO additional paramet.ers of the hfSS;\I are relelxnt 

as the corrections to & depend strongly on their values. These are t,he coupling 11 

between the two Higgs fields and a supersymmetry breaking Wine mass parameter 

A{. The corrections to Ab are shown in Figure 1.11 as functions of these two variables. 

.These corrections have been calculated at tan ,f? = 70, and scale proportionally with 

tan* B. 

1.6.3 Anomalous Couplings 

Recently, T. Rizzo [63] has parameterized the effects of a.nomalous electric and mag- 

netic dipole moment couplings between the b quark and the 2”. An electric dipole 

moment of the b quark would violate CP symmetry. While this experiment. does not 

observe a CP-violating asymmetry, nonet,heless it is able to put’ limits on t.he electric 

dipole moment of the b quark. 

Two additional parameters are added to the Standard Model Lagrangian, K and 

i;:, which are the real parts of the magnetic and electric dipole form factors evaluat,ed 
s 
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Figure 1.11: Contours showing 100 times Figure 1.12: Corrections to Rt, and Ab from 
the contribution to Ab from neutralinos, for charged and neut.ral scalars for tan @ = i0. 

tan ,8=70. From Boulware and Finnell [62]. From Boulware and Finnell [62]. 

at q* = 111:. The Lagrangian expressing the intera.ct,ion of a fermion f to the 2’ gains 

an additional term containing these 

Lc. tnt = Y&f - ws) + &-qwfYkl - w/5) 1 fW (1.X) 

where g is the weak coupling constant, ml is the mass of the final-state fermion. and 

q is the four-momentum of the 2 ‘. The polarized differential cross-section can then 

be derived in the limit that rnf < mz. 

da 
- 0: (1 - A&) cos*B + 2(A, - PC) Aj + 

2fifaj 
cos 0-t 

dcos6 ?-$ + a: 

1 4 
t$ + u; 

-(+ + i;~)sin*8 + tc; + ii; + 4vjtcj 
4rn; )I , (1.X) 

which can be compared with Equation 1.61. The modified value of At, measured b\. 

the left-right forward-backward asymmetry is then 
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Chapter 2 

Current Experimental State 

. _ 

There is an intense worldwide program to investigat,e the parit,y-violating couplings 

of fermions to the Z”. Information about the asymmetry of the b quark coupling 

has been obt.ained at the four LEP experiments at CERN. The LEP accelerator 

has :anpolarized electron and positron beams, so the measurable asymmetry AkB is 

propu!ti.onal to the product of t,he electron coupling asymmetry and the b coupling 

asymmetry. This chapter presents extract,ions of Ab from the LEP mea.surements. 

using an average- A, derived from LEP and SLD measurements. Other information 

on Ab comes from SLD itself, taking advantage of the semileptonic decays of the B 

ha.drons. 

. - Lower energy experiments also measure pa.rity-violating couplings: largel!. b: 

virtue of the interference between the photon and Z”-exchange diagrams. \\%ile 

not direct measurements of A*, these are pro\:ided for comparison. 

2.1 Measurements of Ab With Leptons 

Of the measurements using the semileptonic decay modes of B hadrons, SLD’s contri- 

bution is the most direct. The left-right forward-backward asymmetry, is formed in a 

‘similar fashion to the one employed in this thesis. This measurement and similar ones 

at LEP use hadronic events containing high momentum lept,ons with a large compo- 

nent of that momentum transverse to their respective jet axes. These measurements 

36 
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usually extract both &, and A, using a maximum-likelihood technique, where each 

lepton is assigned a probability of having originated at a B decay vertex, a casca.de 

charm decay, a charm decay vertex in a 2’ + cz event, and also the probability the 

lepton was a misidentified charged hadron. The SLD measurements are described in 

detail in References [45], [46] and (471. 

The measured values for SLD are 

At, = 0.83 f 0.12 (stat.) f 0.07 (syst.) muons 

At, = 0.87 k 0.12 (stat.) f 0.10 (syst.) electrons 

At, = 0.85 f 0.09 (stat.) f 0.08 (syst.) combined. 

and 
A, = 0.43 f 0.15 (stat.) f 0.12 (syst.) muons 

A C = 0.46 f 0.20 (stat.) f 0.18 (syst.) electrons (2.2) 

A C- - 0.44 f 0.12 (stat.) f 0.14 (syst.) combined. 

The current measurements from the four LEP experiments of AkB using semilep- 

tonic B-decays are given in Table 2.2. The LEP experiments do not correct separatel! 

for gluon radiation, photon radiation, r-2’ interference, or the y-exchange contribu- 

tions. Instead, they report raw asymmetry values at the LEP ring energy, which are 

averaged and then corrected for those effects to arrive at an average AFB. In order to 

extract a per-experiment measurement of At,, then, one must apply these corrections 

*and also divide by :A,. 

The ,4, to be used must, be chosen judiciously. As described in Chapter 1. the 

lepton forward-ba.ckward asymmetries, the tau polarization asymmetry. ALR. and 

the quark forward-backward asymmetries all are sensitive to sin2&. It is common 

to form an average sin20w with the assumption that the Minimal Standard hIode 

holds, and then to extract a prediction of A,. To use this A, to extract Ab from 

AkB would be circular, in that AkB is one of the most important contributions to the 

determination of sin28w and therefore of A,, and its inclusion in the fit assumes ‘-lt, 

.takes its standard value. 

The prescription is to average the A, values only from purely leptonic measure- 

ments - SLD’s ALR, the forward-backward lepton asymmetries from LEP (assuming 
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Table 2.1: Current leptonic measurements of A, used to extract A* from AeB. From 
Reference [64]. 

I- ~~ Measurement A I 

Table 2.2: Measurements from the four LEP experiments of A>B from semileptonic B 
decays, given in Reference [65], uncorrected for &CD, QED, and y - 2 int.erference. The 
values of -4* are extract,ed using the value of A, from Table 2.1, and are also corrected for 

radiative effects and phot.on exchange. 

Experiment Data Sample Ah ‘4s 

. ALEPH 1990-1993 0.08-16 f 0.006s IO.0022 O.SOO 310.065 

DELPHI 1991Ll991 0.1049 rt O.OOi6 & 0.0033 0.910 i O.Oi? / 

L3 1990-1993 0.103 l 0.010 f 0.004 0.963 AZ O.OYi 

OPAL 1990-1994 0.1030 f 0.0090 f 0.0040 0.963 31 O.OS9 

lepton universalit,y), and A, from the tau polarization asymmetry. These are shown 

in Table 2.1, using data from Reference [64]. 

2.2 Measurements of Ab With Momentum-Weigh- 

ted Charge - 

The second technique of measuring Ab at the 2’ also involves forming the forward- 

backward asymmetry and dividing by :A,, but the asymmetry is found using momen- 

tum-weighted track charge to distinguish the b direction from the 5 direction. The 
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Table 2.3: Measurements from three of the four LEP experiments of AeB using momentum- 
weighted charge in lifetime-tagged Z” + b6 samples, as reported at the 1995 Europhysics 
Conference [65]. The values of A* extracted assume A, = 0.1506 f 0.0028. 

Experiment Data Sample Ah Ab 
I 

ALEPH 1991-93 0.0992 f 0.0084 f 0.0046 0.930 f 0.087 

DELPHI 1991-1994 0.0999 f 0.0072 f 0.0038 0.936 f 0.074 

OPAL 1991-1994 0.0963 f 0.0067 f 0.0038 0.904 f O.Oil 

sample of Z” + bz decays is identified with the aid of precision silicon microver- 

tex detectors. The details of the SLD approach to this technique are presented in 

Chapters 6 and 7. 

_. 

. 

Because of systematic errors inherent in using Monte Carlo simulat,ions t,o deter- 

mine the effectiveness of the momentum-weighted track charge technique, the three 

LEP experiments that contribute these measurements use distributions from data to 

calibrate the technique. Two of the LEP experiments, ALEPH and OPAL? follo\v a 

prescription similar to, but less sophisticated than, the one presented in Chapter i. 

The differences are that the SLD technique takes into account the cos6 dependence of 

the asymmetry and the correct-sign probability, a.s well as parameterizing the correct- 

sign probability as a function of the momentum-weighted charge. The SLD t.echnique 

also accounts for the QCD correction in a co&-dependent. manner? while the OP.AL 

technique [66] applies an overall correction, and the ALEPH technique [6i] ignores it 

altogether. The measurement from DELPHI [68] t a -es a different. approach by tag- 1, 

ging a high-(p,pi) lepton in one hemisphere and examining the momentum-weighted 

charge in the opposite hemisphere. This distribut.ion is then used in the inclusive 

lifetime-tagged sample to measure Ah* 

2.3 Combined LEP 
. _- Ab 

The combined value of A>;, corrected for radiation and y-exchange and reported at. 

the 1995 Europhysics Conference [65] is 0.0997 f 0.0031, resulting in an inferred .4b 
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Table 2.4: Measurements of AkB at fi = 57.8 GeV from the three TRISTAN experiments. 
Correction for B meson mixing is not included in these measurements, but would enlarge 
the values by a factor of -1.3 if it were. 

Experiment ALB Reference 

AMY -0.59 zt 0.09 f 0.09 WI 
VENUS -0.55 f 0.15 f 0.08 VOI 
TOPAZ -0.55 f 0.27 f 0.07 WI 

of 0.883 III 0.032. This value can be compared with the Standard Model prediction 

of 0.935. The measurement presented in this thesis compares favorably with individ- 

ual measurements from the four LEP experiments, although the total error on the 

. combined value is much less than that on any one contribution. 

. - 
2.4 AkB at Other Energies 

. 

- 

A compilation of measurements of AkB at energies up to the 2’ pole energy can be 

found in Reference (691. The energy dependence of AFB follows the general behavior 

that, is expected~from the Standard Model predictions, outlined in Chapter 1. The 

value of AFB, as measured off the 2’ pole, is not strictly proportional to Ab, due to the 

presence of parit,y violation in both the direct 2’ exchange term and the interference 

term, and the lack of it in the photon exchange term. 

The measurements of AkB, as measured at fi = 57.8 GeV at, TRIST.L\N. are 

given in Table 2.4. They are also are displayed with the Standard Model predictions. 

and data from PEP, PETRA, and LEP, in Figure 2.1. These measurements were 

made with the high-(p,pl) lepton technique. 
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Figure 2.1: Measurements of AeB as a function of &M, measured at PEP, PETRX. TRIS- 

TAN, and LEP, as compiled in Reference [69]. The dat,a are uncorrect.ed for B meson 

mixing, and can be compared with the model incorporating mixing (solid line). 
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Chapter 3 

Experimental Apparatus: SLC and 

the Compton Polarimeter 

To perform a measurement of Ab on the 2’ resonance, the initial quantum st,ate 

of the e+ and e- must be carefully prepared and characterized. The SLAC Linear 

Collider (SLC), comprised of a polarized electron gun, a linear accelerator, a positron 

source, damping rings, collider arcs, and final focus optics has been commissioned and 

has been operating since 1989 producing 2’ bosons. To measure the properties of 

the beam, the SLC itself has diagnostic tools at every stage, but the most important 

physical quantities must be measured as close to the detector as possible. The relevant 

beam parameters are energy, energy spread, luminosity, and polarization. 

3.1 The SLAC Linear Collider 

The need to a.ccelerate an electron beam and a positron beam to an energy sufficient 

to collide them at the 2’ resonance, and the need to focus them tightly enough to 

produce enough luminosity to carry out sensitive studies of the electroweak interac- 

tion, together govern the design of the SLC [72]. S everal innovations in accelerator 

technology were crucial in making SLC a successful machine for particle physics stud- 

ies: SLC is the first e+e- linear collider, and at the moment shares with LEP the 

distinction of being the highest energy e+e- accelerator yet built. 

42 
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‘Fig&! 3.1: Layout of the spin-polarized SLC, showing the beam transport lines and polar- 
ization orientation. 
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10-95 195A2 

Figure 3.2: A IO-foot longitudinal section of the disk-loaded waveguide accelerator structure. 
The longitudinal period’of the structure is 1.378 inches, with a disk thickness of 0.230 inches. 
so the phase shift in the RF per cavity is 2x/3. The cavity diameter varies from 3.286 inches 
in the first cavity to 3.220 inches the last. The diameter of the aperture in the disks varies 
from 1.032 inches in the first cavity to 0.752 inch in the last. The t.aper in the dimensions is 
required to maintain a constant gradient across the section, after accounting for attenuation 
and beam loading. From Reference [74]. 

The electron beam starts at an electron gun containing a strained-lattice gallium- 

arsenide cathode, .which photoemits longitudinally polarized electrons when illumi- 

- nated by circula.rly polarized laser light [73]. The details of polarized beam product ion 

and transport will be given in Section 3.4. 

The accelerator consists of two miles of copper disk-loaded waveguide, sho\vn in 

Figure 3.2. The resonant structure of the accelerator pipe allows a standing wave to 

exist with a component of the electric field along the direction of the beam. If electrons 

are introduced at the appropriate phase of the oscillating field, they will receive an 

acceleration along the beam tube. Positrons injected on the opposite phase can be 

accelerated in the same direction to the same energy. 
. _- 

The microwave energy for the accelerat,or is supplied by pulsed 38 MM’, 2.g56 GHz 

klystrons. Each second, the klystrons produce 120 pulses of RF 5.01~s long. The RF 
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pulses are nearly doubled in power by the SLED-II cavities [75]*, which shorten the 

effective pulse duration to 800 ns while increasing the amplitude. With the SLED-II 

cavities operating, the electron beam receives -14.5 MV of energy for every meter of 

accelerator structure traversed. 

-- 

. 

. 

Both electrons and positrons must accelerate down the tube on the same pulse. 

To a.ccomplish this, the electron gun produces two bunches of electrons in quick 

succession. Both bunches are accelerated to 1.19 GeV in the first section of the 

accelerator and are shunted into the North Damping Ring (NDR), where they remain 

until the next RF pulse from the klystrons. The South Damping Ring (SDR) is built 

to damp positrons made on the previous machine cycle. 

The damping rings enable SLC to focus its beams tightly. The electron beam 

emerges from the gun with a large width and a large angular divergence. Liouville’s 

theorem demands that the total volume of a bunch in position/momentum phase 

space be conserved by a non-dissipative accelerator. The damping rings introduce 

a dissipative element - synchrotron radiation - to reduce the phase space volume 

of the bunches. Short accelerating sections in the rings compensa.te for radiative 

losses, and the electrons settle into a stable orbits determined by the damping ring 

parameters, having lost all knowledge of their prior trajectories before entering the 

ring. The bunches shorten and reduce their angular divergence in the rings. 

It is in the damping rings that the beams are made flat. In the absence of coupling 

between oscillations in the two transverse directions, the stable orbits of a horizontal 

ring occupy a region of space that is larger in the horizontal direction than the vertical. 

SLC typically runs an aspect ratio at the int,eraction point of 4.6:1 [78]. 

The damping rings were upgraded between the 1993 and 1994-1995 runs [‘i9]. 

The main upgrade was to redesign the vacuum chamber to reduce the impedance. 

This improvement delays the onset of bunch-lengthening instabilities as the bunch 

population is increased, allowing higher luminosity. 

On the next pulse of RF from the klystrons, both bunches of electrons from 

. the NDR and a bunch of positrons from the SDR are ext,racted and accelerat,ed in 

the linac. The positron bunch leads the two electron bunches in the linac. The 

l “SLED” stands for SLAC Energy Doubler. 
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Table 3.1: Parameters of the SLC damping rings [76][77]. 

Energy 

Circumference 

Revolution Frequency 

RF Frequency 

Bending Radius 

Energy Loss/turn 

Damping Time rZ 

Damping Time TV 

1.19 GeV 

35.270 m 

8500.411 kHz 

714.000 MHz 

2.0372 m 

93 KeV 

3.32kO.28 ms (e-) 

3.60f0.15 ms (e+) 

4.11f0.31 ms (e-) 

4.17f0.14 ms (e+) 

trailing bunch of electrons, called the “scavenger bunch,” is sent to the positron 

source, roughly 1.33 miles down the accelerator. After receiving 31 GeV of energy. 

t.his bunch st.rikes a tungsten target, producing an electromagnetic shower. A pulsed 

solenoid focuses the produced positrons so they may be accepted by a short booster 

which accelerates them to 200 MeV. The positrons are then guided back through t.he 

positron return line to the injector, accelerated to 1.19 GeV, and st.eered into t.he 

SDR., to provide the positrons for the next machine cycle. 

The other two bunches extracted from the damping rings, one each of electrons and 

posit.rons, are the luminosity-producing bunches. The short bunch length produced 1~) 

the damping rings is crucial in reducing the energy spread - a long bunch will sample 

a larger portion of the accelerating wave, increasing the magnitude of longitudinal 

oscillations about equilibrium. A technique termed “overcompression,” introduced 

for the 1994-1995 run [80], shortens the bunches further in the transfer line between 

the damping rings and the accelerator, reducing the energy spread. 

. .-A lattice of quadrupole magnets interleaved with the accelerating sections keeps 

the beam focused within the accelerating field given its finite angular divergence. 
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Within each quadrupole magnet, a beam position monitor (BPM) provides informa.- 

tion for feedback control [81] of accelerator parameters such magnet strengths and 

klystron phase, as well as providing information for online diagnostics. Each BPhl 

also produces a measurement of the beam current. 

The beams gain energy from the 1.19 GeV of the damping rings to 46.6 GeV by 

the time they reach the Beam Switchyard (BSY). 

The BSY contains dipole magnets which direct the electrons into the North SLC 

arc (NARC), and the positrons into the South arc (SARC). The arcs contain a lattice 

of dipole and quadrupole magnets to keep the beams focused while steering them into 

collision. The arc tunnels were dug following the local terra.in and passing underneath 

the PEP tunnel. The configuration of magnets needed to guide the beams through 

the arcs has important. consequences on the transport. of t,he electron spin. to be 

discussed in Section 3.4.5 

Collimators at the end of the LINAC and at different places in the arcs remove 

portions of the bunch that have the wrong energy or have strayed too far from the 

bunch core. Synchrotron radiation losses in the arcs amount to -1 GeV per electron. 

The -last section of beampipe before the interaction point, (IP) is nearly straight. 

in order to reduce the beam-related backgrounds in the detector. These straight 

sections c&tain magnets designed to bring the beams into focused spots at the IP. 

Superconducting quadrupoles form the final triplets in order to provide a higher field 

&rength than conventional iron-yoke magnets, and allow operation within the SLD 

solenoidal field [82]. 

The final focus optics were upgraded for the 19941995 run in order to reduce the 

chromatic effects on the focal length of the system [83]. 

A Compton polarimeter, t,o be described in Section 3.5, continuously measures the - 

electron beam polarization in the South Final Focus (SFF). Energy spectrometers. to 

be described in Section 3.5.3, measure the energy of the two beams. 

Constant- feedback keeps the beams in collision at the IP in the face of thermal . 
.niotion and upstream adjustments. Additionally, every five minutes, horizontal and 

vertical scans of one beam across the other are made to determine the transverse 

beam dimensions. The deflection of one beam from the other is measured by BPhI’s 
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downstream of the IP on each pulse of the scan, and fits are performed to deconvolute 

the dimensions of the two beams. The slope of the deflection as a function of correct,or 

strength is used to tune the feedback system. 

Another detector, the radiative Bhabha counter, detects electrons that have lost 

a portion of their energy by scattering off of the particles in the other bunch. These 

lower-energy electrons are overbent in the first bending magnet of the final focus. 

and are steered into this detector. It provides a fast estimate of beam luminosit) 

for accelerator tuning purposes, although backgrounds preclude its use for precision 

luminosity measurements. 

A Moller polarimeter was installed briefly in the electron extraction line at the end 

of the 1993 run to cross-check the polarization measured by the Compton polarimeter. 

Its installation precludes the use of the energy spectrometer and the positron beam. 

so it can only be used as a check. It has larger syst*ematic errors than the Compt,on 

polarimeter and will not be used in this analysis. Another Moller polarimeter, situat.ed 

in the beam switchyard, can be used more easily - no hardware needs to be moved to 

switch between physics running and Moller measurements - although it lies on the 

other side of the NARC, which can precess the electron spin in an arbitrary direction. 

and also partially depolarize the beam. 

3.2 Performance 

SLC has constantly improved its luminosity since it started producing 2’ bosoms in 

1989, by a combination of shrinking the beam waists at. the collision point, increasing 

the electron and positron bunch populations, and increasing the reliability of opera- 

tion. This reliability factor includes not only the fraction of the time the accelerator 

is on and delivering bunches to the IP, but also the the fraction of the time it is 

optimally tuned. Feedback mechanisms have greatly reduced the need to dedicate 

time to tuning the beams [gl]. In addition, reduced deadtime from SLD increased 

.the-effective luminosity. This was achieved by pipelining the data acquisit,ion? sup- 

pressing readout on beam crossings for which the detector was saturated with noise. 

buffering the logging stream,’ and streamlining the run switchover procedure. During 
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Figure 3.3: Integra.ted and differential 1uminosit.y histories of the SLC. 

the 1994-1995 run, typical luminosities achieved were 50-60 Z’/hour, while in 1992? 

30 Z’/hour was more common. A history of the SLC luminosity for the time SLD 

iwas running is given in Figure 3.3. 

The polarization plays a crucial role in the ability of SLD to measure asymmetries. 

as the error on A* and ALR scales inversely with Pea. A bulk Ga.As photocathode 

provided the electron source in 1992, with a. realized polarization of 22%. For 1993. 

a strained GaAs crystal was installed, and in 1994, a thinner strained GaAs crystal 

took its place. The history of the polarization as a function of the count of collected 

2’ bosons is shown in Figure 3.4 
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Figure 3.4: History of the electron beam polariktion as a function of the count of collected 
2’s. Large discontinuities correspond to cathode changes for the different running years. 
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3.3 Linear Colliders and Synchrotrons 

- The competing experiments at the 2’ are at CERN on the LEP ring, a synchrotron 

26.66 km in circumference with four interaction halls. This device has several advan- 

tages over the linear collider at SLAC, and several shortcomings. The colliding-beam 

synchrotron has had a long history as a successful accelerator design since it.s in- 

troduction with the ADONE ring in Italy and the const,ruction of the SPEAR ring 

at SLAC. The SPEAR ring is small (234 meters in circumference) and operates each 

beam at energies up to 3.5 GeV. The physical phenomenon that dominat.es the design 

of .these accelerators is energy loss through synchrotron radiation, which dissipates 

the beam’s energy at a rate of 

AE2:’ 
4 

GeV/Turn, (3.1) 
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where r is the bending radius of curvature of the ring, measured in meters, and m is 

the mass of the accelerated particles. This energy must be replenished constantly by 

RF cavities. Assuming constant unit prices for land, tunnels, accelerator components, 

and electrical power, the optimal size of a synchrotron must increase in proportion to 

the beam energy squared. The circumference of LEP verifies this relation. 

The accelerating portion of a linear collider, on the other hand, dissipates energy 

to synchrotron radiation only in proportion to the energy to the first power. Fur- 

thermore, the accelerator energy is proportional to its length, so all costs scale with 

energy to the first power. The required bend strength for the SLC arcs is modest+. 

At the 2’ resonance and above, linear colliders are smaller and less expensive than 

synchrotrons of the same energy. 

The rate at which new pulses are injected into the SLC is limited t.o 120 Hz 

for two reasons. The. first is that the power consumption of the linac scales with 

the repetition rate as the accelerator structure is re-filled with RF on every pulse. 

The second is that the pulses require an 4 ms damping time in the damping rings. 

and placing more bunches in the damping rings has been shown to introduce bunch- 

lengthening instabilities [85]. This contrasts with the 90 KHz bunch-crossing rate at 

LEP, assuming eight bunches for each beam are stored in the ring simultaneously. 

What SLC loses in bunch-crossing frequency it must make up for in beam spot. 

size to produce enough collisions for physics analysis. Current performance of the 

LEP accelerator’s spot sizes is 10 pm vert,ically by 150 pm horizontally. SLC has a 

spot size of 0.5 pm by 2.3 pm. 

The small spot size of SLC also allows for higher precision mea.surements of deca: 

lengths near the IP. When the beams are large, the point of decay of the 2’ must be 

measured on each event, subject to detector resol-ution. Owing to the fact that all of 

the charged decay products in many events travel in paths nearly parallel to the thrust 

axis, information about the location of primary vertex along that axis may be ver\ 

poor. With spots that are small in two dimensions, the primary vertex measurements 

of many events may be found and averaged [SS], p roviding excellent knowledge of 
. _ 

tThe size of the SLC arcs was determined by the need to keep the emit.tance growth due to 
synchrotron radiation down, while fitting on SLAC pr0pert.y. 
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. the location of the 2’ decay on each event. Care must be taken to average events 

only over times when the beam did not move significantly. The beam motion is 

usually very small at SLC - large jumps are infrequent and have identifiable causes. 

Knowledge of the beam position for each event allows determination of the impact 

parameters of tracks relative to the beams with high accuracy, a necessary ingredient 

for the analysis presented in this thesis. 

The most significant advantage SLC has over LEP for electroweak a.symmetr! 

measurements is its ability to polarize its electron beam, to be described in the next 

section. The positron beam can not be polarized readily because it is produced b\ 

an electromagnetic shower in a tungsten target. Furthermore, the positron trans- 

port system is not designed to preserve any polarization of the positron beam. The 

Sokolov-Ternov polarization buildup time [87] in the positron damping ring is -960 s. 

. while the posit.rons only spend 16.7 ms in the ring.. 

Backgrounds from stray particles tend to be different at linear colliders and syn- 

chrotrons. Each sensitive component near the interaction region is susceptible to 

part.icular types of backgrounds and not. to others. For example, the tracking cham- 

bers are -sensitive to the presence of synchrotron radiation produced in the final focus 

optics because high-energy photons scatter on the atomic electrons in the beampipe 

and detector material. Some electrons are freed with enough energy to travel through 

the tracking volume and leave an ionization trail. Because their energy is typicall!. 

very low, the tracks left by these particles are small helices that st,ag close to the 

point at which the electron was liberated, predominantly in the inner layers of the 

chamber. If enough of ‘these electrons are liberated each beam crossing, t.he chamber 

will not be able to hold its design voltage. The linear collider design increases the 

presence of synchrotron radiation near the experiment by demanding that the focus- 

ing of the last set of magnets be very strong, in order to reduce the beam widths. 

This background is present also in synchrotrons, and its magnitude is proportional 

to the beam current, but the focusing angles are smaller. 

Another background found at both types of machines is the presence of muons 

traveling roughly parallel to the beam. These are produced by t,he Bet.he-Heitler 
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mechanism [SS] when an electron passes close to a nucleus in some material far up- 

stream from the detector. These muons penetrate the material of the beamline optics, 

tunnel walls, shielding blocks, and pass through the detector’s calorimeter. This back- 

ground is controlled by minimizing the population of the wide tails of the bunches 

as they pass by apertures in the beam transport system. Early collimation in the 

accelerator, as well as control of the energy spread and bunch-to-bunch position and 

energy jitter help to reduce this background, and it is much less prevalent since SLC 

first began operation. At a synchrotron, one needs to maintain a large aperture in 

regions of high dispersion, but the beam tails are clipped soon after injection. 

. - 

. 

. 

In response to the different operating environment of a linear collider, techniques 

were developed to optimize the luminosity and reduce accelerator ba,ckgrounds. Feed- 

back mechanisms were, installed along the accelerator, in the damping rings, in the 

arcs, and in the final focus region. The SLD detector forms a summary of the sig- 

nal in each of its major sensitive systems on each pulse of the accelerator a.nd sends 

this information to the accelerator control center in a. useful display on a storage 

oscilloscope. This allows the accelerator operators to see immediat,elg the impact of 

every action they take to reduce the backgrounds in the detector, and background 

reduction has become a routine task that can be performed rapidly and effectively. 

During thG 1993 run, approximately 0.3 muons per beam crossing passed through 

the calorimeter, and approximately 6% of the sensitive wires in the drift. chamber 

rgistered a ba.ckground pulse. The effect of these backgrounds on physics analysis is 

very small and will be discussed in Chapters 5 and 6. 

3.4 Spin Production and Transport 

3.4.1 Electron gun 

The electron gun, shown in Figure 3.5, consists of a cathode of gallium arsenide on 

.a ?ibstrate of gallium arsenide phosphide, to provide lattice strain [73]. It is held at 

a potential of -120 kV, while the surrounding metal structure in the electron gull 

is held at ground. The structure of the anode is such that the electrons are given 
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Figure 3;5: The polarized gun used on SLC in 1993. The photocathode used was a strained- 
lattice GaAs cathode. 

. 

nearly the full 120 kV of acceleration so they may be accepted by the first section of 

the accelerator. With’time, the quantum efficiency of the cathode degrades. Roughl! 

every four days during running, a thin layer of cesium, moderated with fluorine. is 

added to the surface of t.he cathode to restore optimal quantum efficiency. Ever! 

few months, the lifetime of the quantum efficiency after each addition of cesium gets 

shorter, and the cathode must be baked at high temperature to clean the surface of 

impurities, 

3.4.2 Photocathode 

.The need to reach high electron beam polarizations drove the choice to develop t.hin, 

strained GaAs cathodes for SLC [73]. A G A a s cathode wiI1 emit polarized electrons if 

it is illuminated with circularly polarized light, but the magnitude of the polarization 
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Figure 3.6: Energy levels in unstrained and strained %aAs. The dominant AL = 1 tran- 
sitions are shown in bold. The strain breaks the degeneracy between the mj = -3/2 and 
mj = -l/2 levels in this figure, suppressing transitions from the latter levels. 

obt.ainable is determined by the energy states within the crystal, shown in Figure 3.6. 

The electrons which emerge from the crystal first have to be eleva.ted from the valence 

band to the conduction band before they may escape the work function of the material. 

A bulk crystal of GaAs has an important degeneracy between the spin states in the 

valence band, which is brought about by the crystal symmetry. If circularly polarized 

.‘hght impinges upon the crystal, two t.ransitions of equal split,tings are excited. These 

transitions have a stre,ngt,h rat,io of 3:1, owing to a difference in their Clebsch-Gordan 

coefficients. With no other bias between these two transitions, the maximum available 

polarization obtainable is 50%. 

The energy degeneracy of the different spin states in the valence band can be 

lifted by breaking the crystal symmetry with a mechanical strain. Placing the Ga.4~ 

in compression favors the already strong transition over the weaker one. The strain is 

induced by growing a thin layer of GaAs on a crystal of GaAsP, which has a slight 1~ 

. sma.ller lattice constant. Because the splitting due to the strain is only 0.05 eV while 

the transition energy is 1.52 eV, the addit,ional gain in polarization is dependent on 
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the energy of the photons used. To optimize the polarization, photons of the lowest 

possible energy are. used, consistent with the requirement that. the quantum efficient) 

be high enough to extract sufficient current from the gun. The quantum efficient) 

can be improved by adding cesium, but also at the cost of lowering the polarization 

slightly. 

The thickness of the strained GaAs layer strongly affects the achievable polar- 

ization because the GaAs lattice relaxes with increasing distance from the GaAsP 

interface [73]. The cathode used in the 1993 run had a thickness of 0.3pm and de- 

livered a beam polarization of ~63%, while the cathode used for 1994-1995 had a 

thickness of O.lOpm and delivered a polarization of %77%. 
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3.4.3 Electron source optics 

This cathode emits photoelectrons when light of a wavelength shorter than -900 nm 

impinges on it. Reversing the helicity of the circularly polarized light reverses the 

helicity of the electron beam. The pulses of light need to be short, intense, and of 

a controllable wavelength, so YAG-pumped Ti:Sapphire lasers are used. The light is 

circularly polarized by first linearly polarizing it, and then passing the beam through 

a Pockels cell. The sign of the voltage on the Pockels cell determines the orientation 

of its fast axis and slow axis. If these axes are arranged to be at 45” to the plane of 

polarization of the laser light, and the phase advance difference between the two axes 

is 90”, then the resulting light emerges circularly polarized. The sign of the voltage 

on the Pockels cell, and thus the helicity of the light from the apparatus, is chosen 

pseudo-randomly* on ea.ch beam pulse in order to minimize systematic effect’s from 

periodic behavior of the accelerator. 

Two 60 Hz YAG lasers pump both Ti:Sapphire cavities; their pulses are int.erlaced 

so t,he Ti:Sapphire cavities pulse at 120 Hz. One cavity produces the pulse for the 

polarized electrons, and is tuned to a frequency of 845 nm for the 199-I-1995 runS. 

The other Ti:Sapphire cavity produces 765 nm pulses for the scavenger bunch. The 

wavelength is shorter in order to increase the cathode quantum efficiency, as the 
. 

polarization is not required for the scavenger pulse. 

3.4.4 Damping Ring Spin Transport 

From the injector, the electron bunch passes into the North Damping Ring (NDR). To 

preserve the spin in the damping ring, the average electron spin must be vertical on 

injection. Part of the NLTR serves to precess the spin from its original longitudinal 

orientation to a horizontal direction perpendicular to the electron’s path. A super- 

conducting solenoid in the NLTR then precesses the spin to a vertical orientation. 

tThe pseudo-random number generator chosen for SLC is a 33-bit feedback shift register, de- 
scribed in [89]. S ome of its properties germane to SLC are given in [go). 

SThe operating wavelength for the bulk of the 1993 run was 865 nm, after being optimized from 
W85D-nm at the very beginning of 1993. The wavelength was re-tuned for the thinner strained cathode 
used in 1994-1995. 
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Figure 3.8: Spin transport in the North Damping Ring 
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The spin remains~vertical in the damping ring, where the magnetic field is predom- 

inantly vertical. Any residual horizontal components to the spin quickly randomize 

away, as energy spread in the beam cause some electrons to precess faster than others. 

Upon extraction back into the Linac, the electron bunch passes through the KRTL 

(Ring-To-Linac) transfer line, which contains another spin-rot.ating solenoid. A third 

superconducting solenoid in the Linac shortly after the reinjection region provides a 

second degree of freedom in orienting the spin. The LTR solenoid’s purpose is orient 

the spin vertically before the damping ring, so it cannot be used as a free parameter 

to orient the spin at the IP. The RTL and linac solenoids provide two independent 

adjustable spin parameters to orient the spin in any desired direction. This is neces- 

sary because the arc may introduce an arbitrary spin rotation, and the longitudinal 

component of the spin needs to be optimized at the IP for physics purposes. 
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3.4.5 Arc Spin Transport 
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The transport of the spin vector in the North SLC arc has yielded some surprises and 

has supplied some valuable techniques for optimizing the operation of the accelerat,or. 

If the arc were built in a flat plane, then the spin would precess about an axis parallel 

to the dipole field in each magnet, and the magnitude of this precession would be 

given by 
df%pi?l g-2 
-=7 2 9 
debend 

(3.2) 

where y = E/m for the accelerated particles, and (g - 2)/2 M 1.163 x 10V3 is the 

anomalous magnetic moment of the electron. A pure Dira.c particle’s spin vector 

precesses at the same rate the velocity vector rotates, keeping them parallel. It is 

this extra precession that enables electron synchrotrons such as LEP to measure 

their energies with extreme precision by scanning the beam energy over a spin tune 

resonance, which quickly depolarizes the beam. 

The SLC arcs are not constructed in a plane, so the bending dipole fields are 

not all vertical. Thus the elect,ron spins do not precess a.bout a single axis as the! 

travel around the arc. Beca,use rotations about different axes do not commute. the 

cumulative effectof the precession in each bend of the arc is not a simple function of 

t,he total b>nding angle, as is predicted for a flat arc. In particular, the dependence 

of the spin orientation at the end of the arc on the pat,h the electron beam takes 

through the magnets is rather strong, and this was noticed in t.he 1992 run. Detailed 

computer simulations of the spin transport in the arc predict qualit,atively, but not 

quantitatively, the properties of the precession in the arc. The reason the spin orien- 

tat,ion is as sensitive as it is to the arc orbit is beca.use the spin t.une and the betatron 

tune of the arc are unintentionally matched, and with each oscillat.ion in the orbit. 

spin precession offsets added constructively [91 J[92]. 

Fortunately, these properties of the arc may be used to the advantage of the 

experiment. Because the spin orientation at the IP depends on the orbit, an orbit 

.m’ay be chosen to maximize the longitudinal component of the spin there [91]. Such 

orbit modifications were named “spin bumps,” because they involved introducing 

small deviations from the ideal orbit. 
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To verify that optimal spin bumps are chosen, the measured longitudinal compo- 

nent of the polarization can be compared against the known total magnitude of the 

spin. This upper limit to available longitudinal polarization may be determined in 

two ways. The longitudinal polarization at the IP is measured with the Compton 

polarimeter for a variety of orbits, and the polarization is found as a function of orbit, 

parameters such as the position and angle of launch into the arc. A more rigorous 

method is to adjust the RTL and Linac spin rotators so that three mutually orthogo- 

nal polarization states are produced. The longitudinal component of each of these is 

measured at the IP, and the sum in quadrature of the longitudinal components from 

each of these measurements is the absolute magnitude of available polarization. If 

the total available polarization is known, then it is a quick procedure to adjust the 

orbit in the arc to maximize the longitudinal component of the spin at the IP. 

An advantage of introducing spin bumps is that the energy dependence of the 

spin orientation may be minimized. Because the section of the Nort,h Arc before 

the reverse bend (see Figure 3.9) bends the beam in the opposite direction than the 

rest of the arc, the precessions in the two sections partially cancel. An orbit ma! 

be chosen to decrease the effective number of precession turns in the second portion 

of the arc, which dominates the total precession. This may be done by choosing an 

orbit that orients the spin parallel to the local dipole fields for a longer section of the 

arc. Reducing the effective number of precession turns is important for optimizing 

the polarization and keeping it stable. Spin diffusion in the arcs is proportional to 

the energy spread and the number of effective turns, so reducing both improves the 

polarization. 

Anot,her benefit of being able to optimize the spin orientation using spin bumps 

in the arc is that the spin rotators in the RTL and the Linac may be switched off 

(the LTR rotator still has to be on in order to preserve polarization t.ransmission 

through the NDR). Use of the RTL and Linac solenoids interferes with running flat 

beams, because they couple horizontal and vertical orbit deviations. Running the 

LTR solenoid is not a problem because the beams are flattened by the damping rings. 

‘Flat beams were commissioned in April of 1993 after the procedure for optimizing 

spin bumps became routine [78]. The final focus optics were originally opt,imized for 
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round beams, and reduced the aspect ratio of the flat beams. An upgrade to the 

optics [83], installed for 1994-1995 running, reduces the chromatic distortions and 

better preserves the aspect ratio. 

3.5 Spin Measurement 

The polarization dependence of the cross sections of e+e’ -+ 2” + ff arises in 

this experiment entirely from the longitudinal component of the electron spin. It is 

important to measure this quantity as close to the interaction region as possible to 

reduce systematic error on asymmetry measurements, and to measure it cont.inuously. 

so that a luminosity-weighted average may be performed. 

To measure the polarization accurately enough for the SLD ALR measurement. 

and to provide cross-checks, several polarimeters were put t.o use. A Compton po- 

larimeter [93] provided the main measurement of the polarization during the run. A 

hlsller polarimeter at the end of the Linac was used at selected times as a cross-check. 

In addition, a Mott, polarimeter was used to test the cathode polarization, and that 

polarization was cross-checked independently by several polarimeters at other insti- 

tutions. To check the polarization calibration of the Compton polarimet,er, a second 

Mailer polarimeter was installed in the electron extraction line at. the end of the 1993 

run, and also run briefly at the beginning of the 1991-1995 run. 

. 

3.5.1 Conipton Polarimeter 

The Compton polarimeter brings circularly polarized photons into collision wit.11 the 

SLC electron beam and measures the rate of Compton scattered electrons as a function 

of their energy. The electron beam arrives with randomly alternating helicity, and the 

helicity of the photons may also be chosen on a pulse-to-pulse basis. By comparing 

the asymmetries of the scatt,ering rates in each of the four spin c.ombinations, the 

polarization of t.he left-handed and right-handed electron bunches may be measured 

independently with high precision. 
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Figure 3.10: The Compton Polarimeter in the South Final Focus 

. 
Compt on Layout 

The Compton polarimeter is designed to measure the electron beam polarization 

with a minimum of bias, and to allow what. biases there are to be measured. The 

polarimeter consists of a laser, polarizing optics,. a beam transport tube, analyzing 

optics, an energy-analyzing bend magnet, and a detector for scattered high-energy 

electrons. In contrast to polarimeters at storage rings, the scattered photons are not 

used in the measurement. 

- 
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Figure 3.11: Schematic diagram of the Compton polarimeter optical layout. 

Compton Laser 

A Q-switched Nd-YAG laser, frequency-doubled to a wavelength of 532 nm (2.33 

eV/photon, green), supplies the light for the Compton measurement. To obtain 

adequate scattering, the laser must produce a sh~ort, intense pulse - long pulses 

would not fully overlap with the electron beam if the crossing angle is finite, and 

the scattering must be localized to a region of the electron beampipe free of bending 

magnetic fields. The energy delivered to the Compton interaction region per pulse was 

50 mJ and the pulse duration was 7 ns. The laser only fired on a fraction of available 

electron beam-crossings; the electron bunches arrive at 120 Hz, and the laser pulsed 

. on average at ll~,Hz (1993) and 17 Hz (1994-5). The frequency was chosen to keep 

the laser pulses from being synchronized with periodic behavior of the colliderfl. 

. 
Polarizing Optics 

The most important optical elements immediately after the laser are a linear polarizer 

and two Pockels cells [95]. The first Pockels cell’s optical axis is oriented at, 45” to the 

plane of linear polarization of the incoming light, and can circularly polarize the laser 

beam with either handedness. Typical voltages applied to the first Pockels cell are 

rh12OOV. The optimal voltages for the two helicities are not exactly negatives of one 

another due to residual optical activity in the Pockels cell crystal even at zero applied 

voltage. The helicity is chosen pseudorandomly to explore all spin combina.tions with 

. aThis strategy was not entirely successful in 1994, as an energy feedforward device in the north 
damping ring caused every seventh SLC pulse to be off-energy, and the Compton laser pulsed every 
seventh SLC cycle. Fortunately, this did not cause a significant problem for analyses because t.he 
relative phase of the off-energy pulse constantly drifted. See Reference [94] for details. 

. 
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the electrons with equal weight. 

The second Pockels cell’s optical axis is aligned at 90” to the first one, and together 

with the first cell, allows for the separate manipulation of the Stokes parameters of the 

laser lightll. In particular, components of the light transport system can incur phase 

shifts in the left- and right-handed components of the light, transforming circularly 

polarized light into elliptical light by the time it gets to the Compton interaction 

region. These phase shifts can be measured by opening the vacuum chamber of 

the electron beampipe and measuring the polarization components at the interaction 

region itself. Care must be taken because mechanical stress on vacuum windows ma\ 

affect the phase shifts they induce. 

The transport line phase shifts are also affected by the temperature of the optical 

elements and their coat,ings, and by their alignment. It. is necessary to measure these 

phase shifts continuously throughout the run to minimize systematic uncertainties. A 

procedure to scan the voltages of the two Pockels cells, described later, was instit.uted 

to perform this task. 

Transport Line 

The laser light, after being appropriately polarized, is then guided from the optical 

bench to <he Compton interaction region in the SLC tunnel. The total length of the 

laser transport system is 40 meters, Four compound mirrors are needed to bring the 

light, from the laser shack to the SLC beampipe. Each compound mirror consists of 

t,wo matched mirrors in order to compensate for phase shifts incurred by reflection and 

passage t.hrough optical coatings. A remotely movable lens in the transport system 

serves the dual purposes of focusing the light in the interaction region and steering the 

laser beam into collision if the alignment is disturbed, usually by diurnal temperature 

variations. The transport tube itself was evacuated for the maj0rit.y of the 1993 run. 

but filled with helium at low pressure later in the run to help control damage to the 

optics, which was suspected to arise from electrical breakdown in the residual gas 

-lIThere are four Stokes parameters, but two degrees of freedom are taken by t.he total light 
intensity and the fraction of unpolarized light, leaving two degrees of freedom for the polarization, 
which may be manipulated by the voltages on two Pockels cells. 
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near the optical elements. After exiting the laser transport tube, the light passes 

through a vacuum-tight quartz window to the SLC vacuum chamber. The crossing 

angle of the laser light and electron beam is 10 mrad, and the Compton interaction 

point is 32 meters south of the SLC interaction point. 

Analysis Box 

After colliding with the electron beam, the remaining laser light is brought out, of 

the SLC beampipe through another quartz window and its polarization is measured 

by breaking it into its left- and right- handed components with a quarter-wave plate 

and a calcite prism [95]. The measurement of the light polarization after the Comp- 

ton interaction point is critical for determining the unpolarized fra.ction of the laser 

light. By adjust,ing the voltages on the two Pockels cells, one may explore all pos- 

sible polarization states at the end of the light transport syst.em. If the maximum 

attainable polarization in the analysis optics falls short of unity, then a component 

of unpolarized light may be inferred. For the 1993 run, the unpolarized fract.ion has 

been determined in this ma,nner to be less than l.O%, and for the 1994-5 run. it is 

less than 0.6%. 

: 

Compton Spectrometer and Detectors 

The electrons which undergo Compt,on scat.tering are deflect.ed away from the beam- 

line by two arc bending magnets. The integral of B . dl in t,hese magnets is 1.67 

kGauss-meters. A detector is pla.ced 355 cm downstream from the bend point of the 

spectrometer, covering the region from ~5 cm from the beam to N 14 cm. This lat tel 

coverage can be adjust,ed by pivoting the detector table, maintaining the projectivit) 

of the Cherenkov radiator tubes .to the Compton IP. The detector assembly consists of 

one inch of lead as a shower preradiator and nine Cherenkov radiator tubes filled with 

a propane for t,he majority of the 1994-1995 run (P-butylene was used as a radiator 

previously, with the switch to propane made in order to reduce buildup of residue on 

the-optical surfaces). Behind the tubes, but offset away from the beamline so a.s to 

reduce background from the showering electrons, are Hamamatsu R139S phototubes 

to record Cherenkov radiation. Set behind the Cherenkov radiator tubes is a.n a,rray 
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Figure 3.12: Lowest-order contributions to Compton scattering. In the totally backscattered 
case at high energy, the s-channel process is highly suppressed. The kinematic variables 
labeled are SLC laboratory frame variables. 

of 16 proportional tubes in a block of tungsten. The signal from the proportional 

tubes is correlated with that from the Cherenkov tubes on a pulse-to-pulse basis. so 

the measured polarization is expected to be the same. The purpose of having two 

detectors is to provide cross-checks on them both. 

Compton Measurement 

. 

The differential cross-section for Compton scattering is given to lowest order by com- 

puting the two diagrams of Figure 3.12. For unpolarized scattering, the differential 

cross-section is given by the Klein-Nishina formula [96] in the rest frame of the elec- 

tron: 
da 7TcY2 k’ 2p k 

-=- - 
01 dcos0 r-n: Is 

x + F - sin2 0 
I 

? (3.:3) 

where k is the initial energy of the photon, k’ is the final energy, and 8 is scattering 

angle of the photon. The electromagnetic coupling constant o takes nearly its Q2 = 0 

value due to the small center-of-mass energy of the e-y collision. The scattering angle 

and energies are related by the relativistic kinematic constraint: 

k’ = 
k 

i + -+$-(I -case)’ (3.4 

. - Boosting this result into the SLC frame, one obtains: 

2 

)) 
* (3.5) 
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Expressed in terms of SLC laboratory frame variables, Ic and k’ become 

and 

(3.6) 

(3.7) 

where El is the electron beam energy (45.6 GeV), El, is the incident laser beam 

energy (2.33 eV), and E2 is the scattered electron’s energy. 

Equations 3.3 and 3.5 are averages over the incident electron and photon spin 

sta.tes. The full polarization-dependent formula can be expressed as two terms - one 

symmetric in the initial longitudinal spin state configuration, and one antisymmetric 

in it. It is the product of the electron and photon spins that, appears because the 

process obeys parity symmetry. The t,wo J = 3/2 initial state.combinations ha1.e the 

same scattering cross section, which is larger in the backscattered ca.se than the cross 

section of the two J = l/2 initial states. 

do d&mpolorired -= 
d& d& [l + R%hompton( &)I (:3.1) 

. 

. 

The quantity Ac~~,,~~,, is defined to be the “analyzing power” for Compton scatter- - 

ing, the dilution of the polarization asymmetry when the asymmetry of t,he scattering 

is formed: 

A conpto*RPy = 
a,/,(E) - q,(E) 

03/2(E) + 5/2(E) ’ 

(3.9) _ 

This asymmetry can be expressed in terms of SLC variables [9i’]: 

A 
(AB3 - A3B) + m;(AB2 + A2B - A3 - B3) 

Compton = (AB3 + A3B) + r4(2AV? - 2AB7) + m;(A2 + I32 - 2AB)’ (3*10) 

where 

A= -W-G, - IP~&, = -p;,h,, (3.11) 

is the dot product of the initial electron’s four-momentum into t,he initial photon’s, 

and . _ 
B= -E2El, - b2(& COS 8, = -p;,h,, (3.12) 
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Figure 3.13: The asymmetry between the J = 3/2 and J = l/2 states of Compton scattering 
as a. function of the energy lost by the electron, compared against the measured asymmetr\ 
for P, = 63%. The distance scale is the deflection of the scattered electrons at the front of 
the Cherenkov detector. 

is the dot product of the outgoing electron’s four-momentum and the initial phot on’s. 

The electron’s scattering angle 0, is given by the following kinematic const.raint: 

cos 8, = 
EIJ% + G-p% - G,E, - EI,IPII - m: 

lP2l(lPll - El,) 
, (3.13) 

where Ipr I and lp2l are the momenta of the incoming and outgoing electron, respec- 

tively. 

Because the Compton polarimeter detects only the scattered electrons, a higher- 

order QED calculation needs to be performed in terms of the energy of the scatt,ered 

electron. Such a calculation has been performed to one loop, including bremsstrahlung 

[97].- The derived Acomplon is shown in Figure 3.13. 

To measure the asymmetry as a function of energy, the signal in ea.ch Cherenkol 
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channel is accumulated separately for each combination of electron and laser helicit) 

states, and also for those beam crossings on which the laser did not fire. Let s& be 

the average of the signal in channel i when the electrons are in state j = (L, R) and 

the photons are in state k = (L, R,off), and let ,jk be the statistical error on sik. 

Then the raw asymmetry for the left-handed electron beam is given for each channel 

by 
AL,’ 4R - CL 

raw = 
SfLR $ SiL - 2s& ’ 

and for the right-handed electron beam it is 

AR,’ = skR - SkL 
raw S& + SkL - 2s&’ 

(3.11) 

(3.1.5) 

In t.his way the polarization of both helicity stat.es of the electron beam may be mea- 

sured independently, even if the backgrounds and beam currents are syst.ematicall> 

different for the two beam states. The statistical error on A:;‘, is given by 

&@,:, = 2((siL - siorj)2(aiR)2 + (Sk - sL,jj)2(0iL)2 + (-SfLR - s~L)2(&jj)2)l’2 

SfLR + SLL - 2&j, 
. 

(3.16) r 

with a similar ex-pression holding for the right-handed case. 

Two features of Compton scattering serve to provide absolute reference points in 

the scattering spectrum. The first of these is the kinematic scat,tering limit. Electrons 

of energy El may lose a maximum energy of 

A(E),,,=E1 [1- (1-4yy] (3.1 i) 

when they strike photons of energy El?, corresponding to backscatt,ering in t,he Comp- 

ton CM frame. For El = 45.6 GeV and El,- -2.33 eV, backscattered electrons have 

an energy of 17.37 GeV in the laboratory frame. These electrons are deflected 52.7 

mrad by the spectrometer magnets and are intercepted by the Compton detector 35.5 

cm -downstream from the bend point. Unscattered electrons are bent, by 20 mrad, so 

the displacement of fully backscattered electrons from the beampipe at t,he detector 

is 11.6 cm. 



The other landmark on the Compton spectrum is the zero asymmetry point, cor- 

responding to a scattering angle of 7r/2 in the Compton CM frame. This corresponds 

to an angle of 36.2 mrad after the bend spectrometer. Together, these two points 

on the Compton spectrum serve to locate its image on the Cherenkov tubes, and 

to determine its distance scale. The Cherenkov detector was positioned so that the 

kinematic endpoint lay in the acceptance of the seventh channel from the beampipe, 

while the zero asymmetry point lay in the acceptance of the second channel. Studies 

with the EGS shower simulation program [98] were done to evaluate the effects of 

signal sharing between channels and the resulting expected asymmetry fit to the data 

is shown in Figure 3.13. 

The Compton measurements are statistically powerful beca.use they sample a large 

fra.ction of the beam crossings from SLC. Only the signal from the channel closest 

to the Compton endpoint is used to minimize systematic errors. The signal in the 

other channels of the detector are correlated with one another not only because of the 

width of the electromagnetic showers, but because the luminosity of the e-c) collision 

depends on the temporal details of the laser pulse, which fluctuate signific.antly from 

pulse to pulse. 

Systematjc Errors 

Linearity 

One of the systematic errors on the polariza.tion measurement. arises from nonlinear- 

ities in the responses of the detector, phototubes, and electronics. The emission of 

Cherenkov radiation in the detector is an inherently linear process - there is no sat- 

uration effect as additional shower electrons travel through the same radiator. The 

signal may be degraded by coatings and contamination on the reflective surfaces on 

the channel walls and mirrors, but this has no effect on the asymmetries. Photo- 

tubes, on the other hand, saturate easily and care must be taken to keep the voltage 

on the different stages from sagging under the load of a large signal. A special pho- 

,tdube base was designed [99] to improve linearity. The linearity of t.he digitizers was 

measured with an external pulse generator [loo]. 
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Figure -3.14: A scan over the voltages of the CP and PS Pockels cells to determine the 
quarter-wa,ve voltage and the unpolarized fraction. 

The linearity of the entire system may be measured in several ways. One is to 

adjust the voltage on a single phototube until it starts to saturate. The beam polar- 
. i&ion is monitored by the other phototubes in the system and the test phototube’s 

asymmetry is compared against the others. It is then estimated how far the normal 

operating point is from the nonlinear region. 

. A second method is to adjust. the laser power until the signal gets large enough 

to affect the system’s linearity. Because the phototube gains vary significantly. some 

channels will enter their nonlinear regions before others. Testing consist,ency between 

the polarizations derived from the raw asymmetries in each channel also provides an 

estimate of the reliability of the measurement. The estimat,ed error from detector 

linearity for the 19941995 run is 0.5%. 

Laser Polarization 

Another systematic error arises from the need to know the laser polariza.tion to com- 

pute the electron polarization. Because the transport line contains many optical 

elements whi.ch can introduce relative phase shifts between the linear components 
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Figure -3.15: A scan over the voltages of the CP and PS Pockels cells to determine the 
optimal phase of the light to measure the electron beam polarization. 

of the light, the absolute magnitude of the laser polarization at the scatt.ering point 

must be treated carefully in order to reduce its uncertainty. The voltages on both 

Pockels cells are routinely scanned and the Compton asymmetry measured on each 
. _ 

scan point. The asymmetry is then fit to a function sinusoidal in the voltages of both 

of the Pockels cells: 

. Yeaa = P,” cos(v~p - V,“,) cos(Vp, - VP”,). (3.1s) - 

Here, Vcp is the voltage on the circularly polarizing Pockels cell, and \,bs is the 

voltage on the phase shift Pockels cell. The parameters Pi, I$p, and V”S are allowed 

to float in the fit, and Pt is the measured value of the polarization. A sample of 

a complete scan is shown in Figure 3.15. To determine the unpolarized fraction of 

laser light, every hour a fast scan over the two Pockels cell voltages was done and 

the photon polarization measured in the analysis box. A sample scan is shown in 

. Figure 3.14, where the unpolarized fraction is < 1%. The total est.imat,ed systematic 

error on the electron polarization arising from uncertainties in the laser polarization 

is 0.2% (1994-1995) and l.OrO (1993). 

_ 
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To monitor the electron polarization during the run, the measurements are al- 

ternated between those nea.r Vip = Vip,Vps = Vj&, and measurements at other 

voltages. These measurements are less sensitive to fluctuations in the transport line’s 

phase shift, owing to the zero derivative of the cosine function at its maximum, and 

are reported to the experiment and accelerator operators during the run. 

3.5.2 MqAler Pohrimeter 

Because the SLD measurement of A LR is the most precise single measurement of 

sin26w, and because the main systematic error on tha.t measurement arises from 

uncertainties in the electron polarization measurement, it was determined that a 

second measurement of the electron polarization needed to be done with a polarimeter 

with systematic uncertainties as independent as possible from those of the Compton 

polarimeter. 

A second polarimeter [loll, taking advantage of the unequal Mailer cross-sect,ions 

for aligned and antialigned incident and target, electron spins, had already been in- 

stalled in the SLAC beam switchyard for use with the fixed-target program. The 

target, a thin, magnetizable foil, is inserted in the beam in the switchyard. The 

dipole necessary for shunting electrons into the PEP injection line is then used as a 

momentum-analyzing magnet. A detector is then located a.t such a pla.ce that 46.6 

GeV electrons scattering elast,ically on target electrons in the foil will be st,eered into 

it by the analyzing magnet. The detector consists of 64 silicon st.rips with a pitch 

of 600 pm, oriented perpendicular to the swath of electrons swept out, by t.he ana- 

lyzing magnet so as to form an energy spectrometer. Collimat.ors and shields reduce 

backgrounds from electrons scattering on the nuclei in the target. The target is sur- 

rounded by three pairs of Helmholtz coils, which may magnetize the target in an>. 

direction. By using these three axes of target polarization, the three component’s of 

the beam polarization may be measured. 

.The scattering of high-energy polarized electrons and a stationary polarized elec- 

tron target allows the measurement of the initial beam’s polarization [loll. Typical 

targets are made of an iron-cobalt-vanadium alloy (Vana.dium-Permendur: 49% Fe. 

49% Co, and 2% V). The observed asymmetry, however, is diluted by the fa.ct that, at 
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most one electron per atom participates in the magnetic ordering, while all electrons 

contribute to Merller scattering. 

The analysis~‘of Mailer polarimeter data mainly consists of understanding the 

signal shape, estimating the background contribution, and fitting the asymmetry as 

a function of scattered elect.ron energy. A nai’ve fit of the data from this polarimeter 

is shown in Figure 3.16 and yields a polarization value of (82.4f2.7)%, whereas the 

Compton measured (65.7&0.9)%, after correcting for expected depolariza.tion in the 

North SLC arc. It was originally believed tha.t the arc depolarization was poorI> 

modeled. When the energy sprea.d was reduced to minimize spin diffusion, a.nd the 

number of effective turns reduced, the discrepancy between the Compton and Linac 

Msller remained. 

A more complete analysis [loll of the data from the Moller polarimeter was per- 

formed shortly after a paper by M. Levchuk [102] was found that described the effect of 

-the-motion of atomically bound electrons on the spectrum from a Mplller polarimeter. 

The effect arises from the fact that the inner shell electrons in iron are unpolarized. 
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Figure 3.16: A fit to the measured Figure 3.17: A fit to the measured 
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but they have a higher expecta,tion value for their speed in the laborat,ory frame. 

While their energy is still much less than that of the incident beam, it greatly affects 

the energy in the collision’s center of mass. This atomic motion serves to broaden 

the energy spectrum of the scattered electrons. Nonetheless, the very outermost 

electrons, which carry all of the atom’s magnetization, have relatively little kinetic 

energy before they’are struck. Their contribution to the energy spectrum of scattered 

electrons is narrower, and carries all of the asymmetry. If the analysis is performed 

assuming that the expectation value of the electron’s spin is independent of its kinetic 

energy, then the extracted polarization may be a mismeasurement by as much as 15%,. 

A more complete fit is shown also in Figure 3.17; and t,he extracted polarization is 

(7O.Ozi~2.4)%, consistent with the Compton measurement. 

A third, polarimeter was installed at the end of the 1993 SLD run as a further 

cross-check before the reanalysis of the Linac Moller data was performed. This po- 

larimeter was another Mailer installed in the south electron extraction line. In 1993. . _- 
approximately 3/4 of the scattered electrons were shadowed by a va.cuum fitt.ing and 

did not travel to the detector. It was left in place to be re-run at the beginning of 
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the 1994 run with several different target materials to test the intra-atomic electron 

motion assumptions, and to remove the occlusions. Its polarization measurements 

are also consistent with those of the Compton. 

The main systematic error in Moller polarimetry is the uncertainty on the polar- 

ization of the target. The magnetization of a thin foil in an applied field is expected 

to be non-uniform - the magnetization in the center of the target foil is expected to 

exceed that near the edges. The estimated error is roughly 4% of the measured value. 

Other errors arise from the assumptions made in the analysis of the asymmetry of 

the background. If a Moller scattered electron scatters again in the field of a nucleus 

of another target a.tom, it will contribute to another portion of the energy spectrum, 

carrying its original asymmetry with it. This effect can be mitigated by using a thin- 

ner target foil. The total systematic error from Mailer polarimetry is expected to be 

irreducible beyond 4%; and therefore no plans are made to use it in the fut,ure as a 

measurement or as a cross-check. 

As a further cross-check on the absolute scale of the electron beam polarization. 

a sample of unstrained cathode material was measured in the laboratory, and similai 

samples cut from the same wafer were sent to Rice University and the University of 

California, Irvine, where existing Mott polarimeters, with a nominal 1% precision, 

measured polarizations consistent with those measured in the SLC gun cathode test. 

laboratory. This test bench measured the polarization of the strained cathode used in 

the 1993 run to be 65%, also confirming the scale of the Compton polarimet,er. Not all 

of the da.ta were conclusive, though - samples test,ed at Nagoya and also the PEGGY’ 

polarimeter [103] a.t SLAC reported higher polarizations than those measured on the 

cathode test bench. 

3.5.3 Energy Spectrometer 

The Wire Synchrotron Radiation Detector (WISRD) performs the absolute energ! 

measurement for the SLD experiments [104]. It is located in the electron extraction 

line shortly before the beam dump. A second unit is located in the corresponding 

location of the positron extra.ction line. Each spectrometer consists of two strong 

horizontal bend magnets and a weaker vertical bend magnet, shown in Figure 3.1s. 
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Figure 3.18: The Wire Imaging Synchrotron Radiation Detector (!fISRD) 

The first horizontal bend causes the electron beam to emit a horizontal swath of syn- 
. 

. 

chrotron radiation. It is immediately followed by a softer vertical bend, which deflects 

the beam downwards and serves as the energy analyzing magnet. The second hard 

horizontal bend deflects the electrons in the.opposite direction as the first horizontal 

bend, and creates a second swath of synchrotron radiation. The vertical separation 

between these two swa.ths of radiation is inversely proportional t,o t,he energy of the 

beam. The difference in widths of the two swaths provides informat,ion about the 

energy spread of the beam, 

The locations of the two swaths of synchrotron radia.tion are measured by propor- 

tional wire chambers located 15 m downstream from the magnets. The wire spacing 

is 100 pm and they provide a resolution on the beam energy of 22 MeV. The en- 

ergy spread resolution is less well known, and is best estimated with wire scans in 

high-dispersion locations in the arcs. Typical values of the energy sprea.d are in the 

range of .50-100 MeV. Because the analysis presented in this thesis is only minimall\ 

dependent on the beam energies, errors from their measurement may be neglected. 
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Table 3.2: SIX performance parameters for 1993-1995. 

IP arameter 1993 1994-1995 

e+/bunch 

e-/bunch 

OX 

UY 

ECM WV) 

Energy Spread (%) 

p, 

4 > cm*s-* 

Integrated 2”s 

3.0 x 10’0 

3.0 x 1o’O 

2.6 pm 

0.8 pm 

91.26 

0.25 

63.0 f 1.1 

3.8 x 1029 

5.0 x lo4 

3.5 x 1o’O 

3.5 x 10’0 

2.3 pm 

0.5 pm 

91.26 

0.12 

77.3 f 0.6 

6 x lo*’ 

1.0 x lo5 

3.6 Summary 

SLC’s luminosity and polarization improve with every run. New cathodes for higher 

polarization, more feedback mechanisms for stability and increased collision time. 

rebuilt damping~.rings for higher current, and improved final focus optics for better 

chromatic behavior, have all contributed to SLC’s recent successes. Many of the 

lessons learned at SLC will be valuable in designing and operating linear colliders of 

the future. 

The Compton polarimeter is the highest-precision electron polarimeter operating 

at the beam energies of SLC, allowing precision test,s of the Standard Model to be 

made. 
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Chapter 4 

Experimental Apparatus: SLD 

The SLC Large Detector (SLD) [105] is a multi-purpose device for measuring the 

. properties of the decay products of the Z” boson. It consists of subystems which do 

-. tracking and precision vertex measurement, particle identification, calorimetry, muon 

identification, and luminosity measurement. The main goals of the detector elements 
. - 

are to p.rovide signat,ures for as many of the different fermions the 2’ may deca! 

int,o, and also to provide measurements of the decay properties of those particles into : 

. which the 2’ decays. Particular attention to the tracking subsystems will be paid in 

this chapter because they are the most important for the analysis presented in this 

thesis. 

4.1 Luminosity Monitor 

The SLD luminosity monitor [106] consists of two dist.inct subsections: the Luminosit! 

Monitor and Small Angle Tagger (LMSAT), w ic covers the angular region from 23 h h 

mrad from the electron beam to 68 mrad, and the Medium Angle Silicon Calorimeter 

(MASiC), h h w ic covers the region from 68 mrad to 190 mrad. 

The LMSAT is used primarily to detect ese- pairs that have undergone Bhabha 

- 

‘scattering at the SLC interaction point (IP). At low angles, the Bhabha cross-section 

is dominated by t-channel photon exchange and grows proportional to o-4, where 8 

is the scattering angle. As Bhabha scattering is easily calculable to high precision 

80 
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Figure 4.1: Qua.drant view of SLD, showing the precision tracking, particle identification. 
calorimetry, and muon identification subsystems. 

. 

. 

in QED, and because it occurs much more often than Z” production, it provides a 

precise measurement of the accelerator luminosity. 

The LMSAT detectors are segmented into 32 sections in $ and 6 sections in 0 

(LMSAT). It is segmented into two longitudinal segments of 5.5 and 15.6 radiation 

lengths. The detectors are composed of tungsten radiator plates interleaved with 

silicon junction devices maintained in reverse bias. The energy resolution of the 

detector has been measured [107] to be 6% at 50 GeV. 

4.2 Tracking: Central Drift Chamber 

The bulk of the work of identifying and tracking the charged decay products of the 2’ 

is performed by the Central Drift Chamber (CDC) [108]. Combined with the V’ertes 

. . 
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Detector, it provides precision tracking necessary for heavy-quark physics at SLD. 

4.2.1 Mechanical Design 

The CDC consists of eighty layers of sense wires in a low-mass aluminum/Hexcel 

shell with an inner radius of 20 cm and an outer radius of 1 m. The dotal length of 

the chamber is 2 m, although dishing of the endplates ca.uses the lengt,h of the wires 

to vaiy slight.ly from layer to layer. The CDC, as well as the particle identification 

system and the liquid argon calorimeter, lie inside a solenoidal magnet supplying a 

uniform 0.6 T field parallel to the beam direction. The drift gas is a mixture of 

75% COZ, 21% Argon, 4% Isobutane, and 0.2% Hz0 and is maintained at a constant 

temperature of 20 “C by a precisely controlled water cooling system. The pressure is 

. allowed to equalize with the ambient atmospheric pressure. The drift velocity is i.9 

pm/ns fn the mean drift field of 0.9 kV/ cm. The estimated Lorentz angle is a ver! 

small 49 mrad*. 

. - 

. 

. - 

The eighty layers of sense wires are grouped into ten “superlayers” of eight wires 

apiece+. The first eight of these are arranged to be parallel to the beam (“axial 

layers”), while the next eight are tilted at an angle of 42 mrad to provide st.ereo 

information (“U layers”). The next eight are tilted also, but a.t an angle of -42 mrad 

(“V” layers). The pattern is repeated, with the last eight wires forming an axial 

layer, and the overall layout is shown in Figure 4.2. The construction of the basic 

cell consists of a drift region with a nearly uniform field set up by t,he field and guard 

wires, and a nonlinear region between the guard wires and sense wires. Each cell 

measures roughly 6 cm wide by 5 cm high. A field map for a single cell is shown 

in Figure 4.3, illustrating the effects of the two ends of the cell on the elect.ric field. 

The sense wires and guard wires of each cell are mount,ed on feedthroughs in a single 

block of Lexan on each end of the chamber. The field wires are supported by Celanes 

feedthroughs cold pressed into the chamber endplate. The sense wires are made of 25 

pm gold-coated tungsten and are held at 100 gm tension, while the guard and field . _ 

‘It is the cosine of the Lorentz angle which corrects the drift distance, so the tot.al effect is on 

- 

the order of 0.1%. Nonetheless, it is incorporated in both the simulation and reconstruction. 

tThere are actually ten “sense”’ wires in a superlayer, but the outer two are not. digitized. The) 

serve to enhance the field uniformity for the other wires in the cell. 
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Figure 4.2: Cross-section of a portion of the CDC in the plane perpendicular to the beam 

axis? There are 540 projective drift cells in the chamber, each containing eight sense wires. 

. _- 
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Figure 4.3: Diagrams showing the field in a half cell of the CDC. The leftmost figure displays 

the equipotentials of the electric field. Visible are four radially aligned layers of wires - the 
guard wires for the left half-cell, the sense wire pla.ne, the right half-cell’s guard wires. and 

the field wires to the right. The middle figure shows the drift-time isochrones for the same 

region. Isochrones near the sense wires are shown with l/10 the spacing as those outside. 

The rightmost figure shows the drift paths of representative electrons in the field of the drift 

cell for a sample track. The top and bottom sense wires are not read out. 

. _- 
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wires are made of 150 pm gold-coated aluminum and held at 500 gm of tension for 

the guard wires and 400 gm of tension for the field wires. 

Electrical pulses on the sense wires are read out on both ends by high-speed 

sampling electronics mounted directly on the endplates of the chamber. Signals are 

sampled at 119 MHz and held in Hybrid Analog Memory Units (HAMUs), and dig- 

itized after the trigger decision has been made. Because the digitizers are mounted 

on the endplates, only digital information needs to travel to the data assembly elec- 

tronics. Fiber optic transmission cables were chosen so as not to induce or receive 

electrical noise or create unintentional ground loops, and to reduce the total mass of 

cables on the detector. 

Digitized signal values are then analyzed online by Waveform Sampling Modules 

(MSMs), located in Fastbus racks atop the det,ector. These modules apply a piecewise 

linear calibration correction to the incoming signals on a wire-by-wire basis. Pulses 

. - 

. 

are found in the digitized waveforms by applying thresholds to the pulse height above 

baseline and the derivative of the pulse shape [log]. The found pulses are then 

analyzed to extract the pulse beginning time, end time, pulse height,, width. and 

total cha.rge. The signals on each end of the wire are analyzed separat,ely for all wires 

on which a pulse is found. It is these quantities which are written to the SLD raw 

data tape in order to save space. A small fraction of randomly selected raw pulse 

data is also writt.en for diagnostic purposes. 

‘4.2.2 CDC Reconstruction 

Tracks are found and fit in four stages - raw hit filtering, vector hit finding, pattern 

recognition, and track fitting. The first of these stages combines information for each 

pulse from both ends of the sense wire on which it arrived. The double-ended readout 

enables the position along the wire for that pulse to be estimated by calculating 

the charge division asymmetry for that pulse. The resolution on this estimate is 

approximately 2% of the wire length. Simple cuts are applied to the raw data pulses to 

remove common noise sources, such as synchrotron radiation and beam halo directl) 

striking the amplifiers and HAMUs on the detector. These pulses are characterized 

by proximity in time to the beam crossing (no drift through the gas is involved): and 
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small pulse height and total charge. 

The second stage of reconstruction combines hits within superlayers which lie on 

straight lines or origin-constrained circles to form vector hits (VHs), which contain 

position and direction information for the track segments to which they correspond. 

Hit positions are then corrected for the effects of the relative angle bet.ween t,he track 

and the sense wire plane. The z location of ea.ch vector hit is estimated from charge- 

division information. The vector hit. finder is described in more detail in Appendix C. 

Pattern recognition [llO] proceeds by analyzing the input VHs to form candidate 

tracks. Combinations of VHs on the axial layers of the chamber are formed by fitting 

them to circles. Discrimination between axial combinations is provided by attempting 

to a,dd VHs from stereo layers. Because the z resolution of each VH is poor, and in 

some cases nonexistent, due to malfunctioning electronics on one end of the chamber 

for a group of cells, it is easy to assign nearly any-plausible stereo VH to any axial 

combination. The z position and dip angle provide enough freedom to match the 

position and angle of the VH to nearly any circle desired. The discriminating power 

comes from requiring that the derived z positions and dip angles be consistent for all 

st,ereo VII’s added to the axial combination. Axial combinations wit.h 10 consistent 

VH’s are considered first, and the one with the best x2 is taken as a candida.te track. 

Its VHs are removed from the input list and the process is repeated. Once all possible 

lo-VH tracks are exhausted, the algorithm searches for 9-VH tracks, and continues 

*until all t.racks with at least 3 VHs are found. No origin constraining bias is applied 

anywhere in the algorithm. 

The fourth stage of track reconstruction is performed by the track fitter. The 

fitter starts with the estimated track parameters from the pa.tt,ern recognition. It 

then swims a helical t.rajectory through the detector material, modifying it. to take 

into account the effects of energy loss, multiple scattering, and local variations in 

the magnetic field. A x2 is formed, and its derivatives with respect to each of the 

five track parameters (the curvature, the dip angle, the azimuthal angle, and two 

position parameters) are estimated. In addition, the mat.rix of second derivatives. 

d2~2/d d h pi xJ w ere x; and xj are the ifh and jth track parameters, is formed. The 

local minimum of x2 is sought iteratively using these derivatives. On each iteration, 

- 
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the fit.ter is allowed to add or delete hits to improve the hit finding rat.e and x2. When 

the iterations have converged, the matrix of second derivatives is inverted to form the 

error matrix for the track parameters. 

4.2.3 CDC Performance 

The performance of the CDC is quantified by the fraction of tracks reconstructed, and 

how well those tracks’ reconstructed parameters match the properties of the particles 

that created them. 

Tracking Efficiency 

The reconst.ruction efficiency can be estimated by comparing the number of tracks 

found in da.ta against those found in a hlonte Carlo simulation. The JETSET 7.4 

generator [30], with SLD adjusted heavy flavor decays, described in Chapt.er 5, is 

used in this comparison. 

. - 

. 

Figure 4.4 shows the reconstructed track multiplicity for select,ed hadronic events 

in data and Monte Carlo, after track and event selection described in Section 6.2.3. 

The effect of this discrepancy in the observed number of tracks can also be seen in 

Figures 4.6 and 4.5, and its effects on the analysis of this thesis will be discussed in 

Section 6.3. 

. - 
Comparisons of the number of tracks in da.ta and hlonte Carlo as functions of 

momentum and polar angle (cos 0) appear in Figures 4.6 and 4.5. The obser\.ed 

momentum dependence of the discrepancy between data and h4ont.e Carlo could be a 

mismodeling of the momentum spectrum of charged tracks from 2’ decay, or it could 

be the result of finding extra “fake” tracks in the fast, collima.ted cores of jets. where 

confusion between hits on neighboring tracks is greatest. 

A related quantity to the tracking efficiency is the hit-finding efficiency. hlost 

tracks selected within the angular acceptance of the CDC are expected to have a hit 

in.each layer of the chamber. Figure 4.8 is the hit-finding efficiency of tracks with 
. _- 
expected hit,s in a wire layer, as a function of the layer. The slow dip towards the 

inner layers is caused by the finite two-hit resolution as the tracks become closer 

- 
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Figure 4.4: Charged track multiplicity distribution for data and Monte Carlo. On average. 

the data has 0.4 tracks less than the Monte Carlo, which is a 2.3% discrepancy. The effect 

of this on the present analysis wilJ be discussed in Chapters 6 and i. 

In(p1ot) 

Figure 4.5: Ratio of tracks in Data to Figure 4.6: Tracking distribution as a func- 

Monte Carlo as a function of ln(Ptot), tion of co& for data (points) and simula- 

. showing an overall inefficiency, but also an tion (histogram), showing a uniform dis- 

excess at high momentum. crepancy across the angular region. 
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Figure 4.7: Number of hits found on selected tracks. 

l Data 

- Monte Carlo 

Figure 4.8: Hit-finding efficiency as a func- 

tion of wire layer. The tracks are closer 

together inthe inner layers, and the two- 

hit resolution reduces the hit-finding effi- 

ciency there. In addition, electromagnetic 

.backgrounds are more prevalent in the in- 

ner layers. 

Figure 4.9: Two-hit resolution of the CDC 

as measured from the rate of second hits 

on wires. 

89 
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Figure 4.10: Drift, distance resolution as a function of drift, distance. The resolution worsens 
at the edges of the cell due to the larger electric fields near the field wires and sense wires, 

. the non-uniformity of the field near the wires, and ionization statistics. The resolution in 
the central portion of the cell is governed by diffusion. 

. - and more nearly parallel. The two-hit resolution itself may be measured by finding 

the fraction of the time a hit is found on a track if another tra.ck passed close by. 

Figure 4.9 shows the measured hit-finding probability for closely spaced hits. The 

distribution of the number of hits on tracks compared with its simulation in Figure 

4.7, supports the claim that the detector’s hit recording efficiency and t.he CDC track 

finding is simulated well by the Monte Carlo. 

Resolution 

Whereas the tracking efficiency is difficult to estimate because the proper number 

of tracks is unknown, the resolution of the track parameters is straightforward to 
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measure. The main ingredients to the position and momentum resolutions of t.he 

CDC are the drift distance resolution, the radius of the chamber, the magnet,ic field 

strength, and the number of wire layers. The choices of a slow gas and a fast clock 

on the readout greatly enhance the drift distance resolution, shown in Figure 4.10. 

The resolution on the drift distance worsens near the sense wires and the field 

wires because of the variable strength and direction of the electric field in those 

regions. The drift velocity increases near the wires, magnifying position errors for 

finite drift time measurement errors. The resolution in the central region of the cell 

is dominated by charge diffusion in the drift gas. The slow drift gas also has a small 

diffusion constant to minimize the drift distance errors in the bulk of the cell. 

Two resolutions are shown in Figure 4.10, a global resolution, and a local reso- 

lution. The global resolution is found by finding the width of the distributions of 

track fit residuals as a function of drift distance. The local resolution is obtained b> 

comparing the fit residuals between neighboring hits in a cell. The local resolution is 

slightly bet,ter than the global resolution owing to residual alignment effects arising 

from the locations of the feedthrough holes in the endplate wit.hin their machining 

tolerances, and tilting of the Lexan blocks within their holes. Alignment corrections 

cannot be made infinitely precisely, because the equilibrium sag of the wires in the 

combined electrostatic and gravitational fields within the chamber vary each t.ime t.he 

voltage trips off and is restored. 

The resolution on most hits in the chamber is better than 100 pm, with an average 

around 70 pm. These errors are incorporated into smearing the hit locations in the 

tracking simulation and are consistent with the observed momentum resolution. 

The momentum resolution of the CDC may be estimated from the individual 

resolutions on the hits, and it may also be measured from 2’ --) p+p- decays. In 

the absence of hard photon radiation, the momenta of the muons are constrained 

to be equal and opposite at 45.6 GeV. Figure 4.11 shows the distribution of Q/P 

for Z”-+ p+p- decays. This technique probes the momentum resolution the central 

-re@;ion of the CDC (I cos 61 < 0.75), owing to acceptance of the SLD trigger for dimuon 

events. Tracks which exit the chamber before leaving hits in all layers are expected 

to have degraded momentum resolution. A fit of two Gaussians to Figure 4.11 yields 

- 
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Figure 4.11: Drift chamber curvature measurements for tracks in 2’ - p+p- events. 

the con&,&t term in the error of the curvature measurement. It is also seen that the 

probability of misassigning the sign of a. charged track when it is isolat,ed from other 

-tracks is negligible. On the other hand, tracks may be assigned incorrect hits within 

dense jets, and charge misassignment becomes possible. 

Cosmic ray tracks passing near the center of the CDC provide information about 

the momentum resolution as a function of momentum by comparing the moment a of 

the two halves of the track. The derived momentum resolution from these distribu- 

tions is 

dp& = 40.00502 + (0.010/~~)~, P.1) 

where pl is the momentum of the particle perpendicular to the beam, measured in 

GeV [108]. 

As an independent verification of the momentum resolution of the chamber and of 

the absolute scales of the magnetic field within the CDC and its physical dimensions, 
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Figure 4.12: Comparison of the Ii’: mass resolution in data and Monte Carlo. The kaon _ 
was required to start at least 10 cm from the beam axis. The Monte Carlo has a slightly - 

. more optimistic momentum resolution than the data. 

. - 

the invariant mass of 11’: + x+x- decays may be calculated, as shown in Figure -l.12. 

The position and width of the peak, as compared with the Monte Carlo, indicate that 

the simulation accurat,ely reproduces the momentum measurement. 

4.3 Tracking: Vertex Detector 

The SLD vertex detector (VXD) [111][112] greatly improves the mea.surement s of the 

trajectories of charged particles using silicon CCD pixel detectors. 

.4 I3.1 Mechanical Design 

The individual CCD chips are mounted on alumina motherboards, nicknamed 
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Table 4.1: Vertex detector design parameters. 

CCD count 

Pixels/CCD 

Pixel size 

Active area per CCD 

Readout time 

Operating temperature 

Layer 1 radius 

Layer 2 radius 

Layer 3 radius 

Layer 4 radius 

Radiation thickness per layer 

Expected hits/tra.ck 

Two-hit coverage 

One-hit coverage 

480 

400 x 600 

22pmx 22pm 

8.5 mm x 12.7 mm 

160 ms (19 beam crossings) 

170 I( 

29.5 mm 

33.5 mm 

37.5 mm 

41.5 mm 

L-/LR = 1.064% 

2.3 

Icod < 0.75 

( cos 61 < 0.82 

. 

. - 

“ladders,” with eight chips per board. The CCD’s alternately face towards and awa\ 

from the beampipe along a ladder. The geometrical layout of 60 ladders is shown 

in Figure 4.14, and the salient parameters of the VXD construction are listed in Ta- 

bles 4.1. There are gaps in the azimuthal coverage of each layer, but the arrangement 

‘of the ladders in the other layers guarantees t,wo-hit coverage everywhere in 9. 

The VXD provides w 120 million pieces of analog information on every event, which 

takes 160 ms to read out, allowing 19 beam crossings of background to accumulate. 

The analog signals are digitized and processed in the VXD data acquisition fastbus 

modules atop the detector. The first stage is to examine a 3x3 kernel a,round each 

pixel of the detector store the addresses of kernels whose signal passes a threshold 

criterionj. A Motorola 68020 processor then examines these selected 3x3 kernels 

jThe chip that examines these 3 x 3 kernels, an ASIC called a CAP chip, incorporates an “ext.ended . _ 
row filter.” This filter forms the differences between neighboring pixels and compares it wit.11 the 

difference between the neighbors of those pixels. Because the charge accumulates on a CCD row 
readout, the task is to look for st.eps. This filter is effective in removing oscillatory background. 
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Figure 4.13: Perspective view of the VXD show- 
ing support structures and electronic attach- 
ments. The gaps between the CCD’s showing 
on the ladders are covered by CCD’s on the op- 
posing faces of the ladders. 

Figure 4.14: Cross-section of 
the VXD geometry viewed 
along the beam axis. Each of 
the 60 ladders shown has four 

CCD’s facing the beampipe 
and four facing away. 

. - 

to remove redundantly triggered kernels and to remove additional background. .An 

effective filter it runs is to remove kernels in which every pixel falls below a threshold. 

. reducing the noise while keeping the kernel threshold low. 

The granularity of the VXD makes it particularly insensitive to background hits. 

because the occupancy, the ratio of hit pixels to all pixels, is low even in a high- 

. noise environment. Because each hit has three space coordinates, the probability of 

misassociating CDC tracks with hit,s in the detect,or is small. 

The VXD reduces dark current, and spurious noise by operat.ing at lS0 Ii. main- 

tained by cold nitrogen gas from liquid boiloff. One ladder with a broken connection 

was discovered after installation, and two individual CCD chips have ceased to func- 

tion. Future vertex detector plans (VXDS) (1811 wi incorporate more robust con- 11 

nections to the devices to avoid these problems. There is no evidence for significant 

degradation of performance due to radiat’ion damage after three years of exposure. 
. _- 
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4.3.2 VXD Reconstruction 

The first procedure applied to VXD data is to remove noise hits by identifying clus- 

ters which form long streaks in the CCD’s. These are created by charged particles 

produced upstream of the interaction point in e-N scattering with the masks and 

beam walls. 

The reconstruction of tracks in the VXD has two stages - finding track links and 

fitting the combined VXD/CDC t rack. The first stage has two parts to it: single 

hit finding and the attaching of a second hit. To find the first VXD hit, each CDC 

track is extrapolated to the planes of the VXD. A search ellipse is projected onto 

the CCD plane, with its axes determined by the CDC track error matrix and the 

angle of incidence. Multiple scattering in the mat,erial between the CDC and the 

VXD layers is taken into account when propagating this error ma.trix to the CCD 

plane. If a cluster is found, then the track parameters are adjusted so as to force the 

track to pass through the cluster. The errors are then recalculated with the cluster’s 

location providing ext.ra location information. The major source of error at t.his point 

is the abi1it.y of the track to pivot in angle around the linked cluster. A new error 

ellipse is projected onto the second VXD layer in which a hit is expected. If a second 

cluster is found, then the track is fully linked, and a search is made for more clust,ers 

because CCD chips overlap partially. Tracks with more than one hit per layer enable 

an accurate local alignment of the detector. 

..- In case the two-hit finding algorithm fails for a particular track, or in case a 

second cluster is not expected for a track owing to non-functional detector elements. 

a second approach is taken. Here, the CDC track parameters are recalculated to force 

the track through the nominal beam position while minimizing x2. Then an err01 

ellipse is projected onto a CCD plane where a hit might be expected. If a cluster is 

found within this ellipse, the track is allowed to pass with only one linked cluster. This 

technique allows high vertexing efficiency at steeper dip angles and lower momenta. 

It also improves the uniformity of the azimuthal coverage even with a non-functional 

-ladder. ’ 

Adding VXD information to existing CDC tracks is accomplished after the CDC 

tracks have been fit and the track parameters and full CDC error matris found. 



! 
: . - ; 

. - 

. 

CHAPTER 4. EXPERIMENTAL APPARATUS: SLD 

3 1 
g 0.98 

'C O.% 

g 0.94 

2 0.92 

Lg 

;zi 

0.88 0.9 

0.86 

0.84 

0.82 

0.8 
-1 -0.5 0 0.5 1 

cose 

G 1 

5 0.98 
'G 

Is O.% 
gJ 0.94 

SJ 0.92 

;z 0.9 

0.88 

0.86 
0 2 4 6 

0 

97 

2-l 1 

ii 0.98 
'ij 
E O.% 
w 
w 0.94 
c .- 

-z 0.92 
.C 
DJ 

0.9 

0.88 

0.86 
0 1 2 3 8 9 IO 

Figure 4.15: A comparison of VXD linking efficiency between data (points) and Monte 

Carlo (histogram), for good tracks as a funct,ion of co&, r$, and total track momentum. 

Multiple scattering is taken into account using the technique of P. Billoir [113] when 

performing a combined fit to the CDC track and VXD hits. 

4.3.3 VXD Performance 

The efficiency of the VXD is measured by the fraction of tracks linked and by 110~ 

.w&ll the track parameters are improved by the addition of the three-dimensional 

information from ea’ch VXD hit. The VXD track-linking efficiencies are shown in 

Figure 4.15. The structure in phi is due to the missing ladder and the nonfunctional 
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Figure 4.16: Measurement of the curvature of tracks in 2’ -) p+cc- events using a combined 
fit to CDC and VXD data, fit to a sum of two Gaussians. 

CCDs. 

. The precise position measurements from the VXD enhance the curvature mea- 

surement from the CDC because the measurement. errors are small, t,he dip angle is 

constrained, and the lever arm to the VXD is large. The improvement in the curvature 

measurements of tracks in 2’ ---t p+p- events can be seen by comparing the curvature 

resolution of Figure 4.11 (CDC alone) with t,hose of the combined CDC-VXD fit in 

Figure 4.16. 

The extra spatial information added by the VXD enhances the resolution of the 

track impact parameters more than it enhances the curvature measurement of the 

CDC. The achieved impact parameter resolution can be measured wit,h the help of 

the two-track miss distance in dilepton events, which measures the resolut.ion in the 

limit of low multiple scattering. Shown in Figure 4.17, though, is the dist.ance of 
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Figure 4.17: Impact parameter of tracks in 2’ -+ p+p’- events with respect to the average 
IP position determined from hadronic events, shown fit to a Gaussian of width l’z.‘i~m. 
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closest approach of muons to the fit SLC beam spot, which provides information 

about the resolution of the fit IP as well. The position of the beam spot is precise11 

.lleasured by averaging the primary vertices of 30 hadronic 2’ decays. 

The impact parameter resolution for tracks of arbitrary momenta may be simu- 

lated in the Monte Carlo and compared with the data. distributions of the impact 

parameter, its error, and the impact parameter normalized by its error are shown 

in Figures 6.7 and 6.8. The agreement between the data and simulat,ion on these 

variables indicates that the errors are being modeled properly by the Rlont,e Carlo. 

The x-y impact parameter error from the track measurement can be roughly pa- 

rameterized by 

. _- tSbz j/ (11pm)2 + 70pm/ (pi sin 013i2), (4.2) 

where P is the momentum of the track and 0 is its polar angle. The second term 
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is the contribution from multiple scattering. An additional error of 6pm on the 

average IP position must be added in quadrature to get the true impact parameter 

error. This parameterization is only approximate, because hard scattering in the 

detector material introduces tails in the impact parameter distribution, and because 

the resolution of the VXD is not uniform in 4 due to a variable lever arm between 

the hits on the track. 

4.4. Particle ID: Cherenkov Ring Imaging Detector 

The Cherenkov Ring Imaging Detector (CRID) is the particle identification system 

for the SLD (1141. Although it is not used in the analysis presented in this thesis, 

it has much to offer that will help future measurements of Ab wit,h SLD. The CRID 

operates by measuring the opening angle of the cone of Cherenkov light emitt,ed as a 

charged.particle passes ,through a transparent medium in which the index of refraction 

retards t.he speed of light, below the speed of the particle. This opening angle is given 

OC 
1 

= cos-l - , ( ) Pv 
where /? is the speed of the particle divided by the vacuum speed of light, a.nd II is 

the index of refraction in the material. 

The CRID has a. dual radiat,or structure - a liquid radiator for better resolution 

of-lower energy particles, and a gaseous radiator for distinguishing the ident.ities of 

‘higher energy particles. The average number of photons emitted in the Cherenko\ 

cones of a typical particle is about 17 (liquid) and 8 (gas), so the photon detection 

efficiency must be very high, and the positions of the photons must be recorded 

very accurately. To achieve this, three-dimensional time-projection chamber (TPC) 

drift boxes are installed between the two radiators, separated by transparent quartz 

windows. The liquid radiator is a thin layer of CcFi2, and the TPC box is located 

very close to it. The angular resolution is supplied entirely by “proximit,y focusing.” 

owing to the thinness of the Cherenkov cone and the closeness of the TPC. The TPC 

has a second role of detecting photons emitted in the gas radiat,or, C5F12 mixed with 

N2. Because the path 1engt.h. the track must have in the gas required for it t,o emit 
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sufficient photons is long ( 30 cm), the Cherenkov cones cannot be as thin as in the 

case of the liquid radiator. The Cherenkov light therefore needs to be focused back 

on the TPC sensitive planes by an array of 400 spherical mirrors mounted on the 

periphery of the CRID. 

The TPCs are filled with a gas containing ethane, argon, and Tetrakis Dimethyl 

Amino Ethylene (TMAE). Of easily available substances, TMAE has the best quan- 

tum efficiency for photoionization. It also has a low energy threshold for photoioniza- 

tion,‘so the bandwidth of the system is increased. The upper edge of the bandwidth 

is fixed by the absorption edges of the quartz windows. A different mat,erial would 

have to be chosen for the windows if the sensitive material allowed less bandwidth. 

TMAE can also be cleaned, and the control on the 02 levels necessary to preserve the 

electron lifetime is manageable. Ionization drifts towards the sense wires mounted at 

the ends of the drift boxes. These sense wires are shielded by opaque baffles, owing to 

the fact that as the ionization avalanche progresses in the high field region near the 

sense wires, the TMAE fluoresces, and the signal would be picked up on neighboring 

wires if not shielded. TPC alignment fiducials are supplied by ultraviolet la.ser light 

direct,ed- along a known trajectory through the detector. 

The Ii’ - r separation can be estimated from the Monte Carlo simulation and 

checked against data using samples of known composition from K, ---t xs7r- decays 

and A + pn- decays. In addition, low multiplicity decays of the T consist mostl\ 

of pions with a well-measured K contribution, and therefore can be used to estimate 

the I< - 7r separation in higher momentum ranges. 

An interesting feature of the CRID is that its identification becomes very good 

when using the Cherenkov threshold region. For the gas, charged kaons do not radiate 

at all below -10 GeV, while the pion threshold is near -2.5 GeV. The part.icles can 

be identified by t,he lack of a ring. Recently Su Dong has performed an analysis of ilh 

using kaons identified with the CRID [50], estimating an efficiency for tagging kaons 

in 2’ + bz decays to be 30% with a background fraction from misidentified pions of 

7.2%. . _ 

Using the Cherenkov threshold is also important for separating elect,rons from pi- 

ons below 4 GeV and could d,ouble the electron ident,ification efficiency. In the future. 

- 
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Figure 4.18: hlechanical layout of the barrel GRID 

when exclusive reconstruction of B hadrons is attempted, particle identification 

the CRID will most likely play a central role. 
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4..5 Calorimetry: Liquid Argon and WIC Pads 
. - 

The SLD measures part.icle energy deposition in a Liquid Argon Calorimeter (L-AC) 

[115] and a Warm Iron Calorimeter (WC) [116]. Th e majorit,y of particles produced 

in 2’ decay are st.opped completely by the LAC, with very little shower lea.kage. The 

cylindrical barrel section of the LAC occupies the radial region between l’i’i cm and 

291 cm, including its cryostat, and it has a full length of 620 cm, again including the 

cryostat. 

The LAC is segmented longitudinally into four layers, ERIl, Ehl2, HADl. and 

HAD2. Their thicknesses in radiation lengths and intera.ction lengths are listed in 

Table 4.2. The electromagnetic thickness is chosen so that. roughly half of the electro- 

magnetic shower energy is deposited in EM1 and half in EM2, with almost no leakage 
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End Flange 
l-91 

6702A6 

Figure 4.19: Construction of the barrel LAC 

. 

into the hadronic layers. The whole LAC is contained within the magnet coil so as 

not to degrade its energy resolution. 

The LAC is finely segmented in polar and azimuthal angles as well. Each angu- 

lar segment of lead plates is called a “tower,” with argon interspersed. The towel 

dimensions in the electromagnetic layers are 33 x 36 mrad in 8 and 4 respect i\-el\. 

in the middle of the detector, while the hadronic segmentation is twice as coarse in 

both directions. The towers are arranged in a projective geometry, allowing for better - 

transverse shower shape measurements. 

In addition to the barrel section of the LAC, two endcap LAC sections fill in the 

coverage at high cos0. These are also formed of projective towers of lead and liquid 

argon, segmented nearly identically to the barrel LAC. It extends t.he coverage of 

the LAC out to 1 cos81 < 0.98, although there is a region bet.ween the barrel and 

endcap at 1 cos 61 = b.84 70 mrad wide, with degraded energy resolution due to t,he 
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Figure 4.20: A single module of the barrel LAC 

. - 

Table 4.2: Geometrical properties of the LAC and WIC pads. The thicknesses are reported 

*tit normal incidence. 

Layer Radiation Lengths Int,eraction Lengths Angular Segmentation 

Eh11 6.0 0.24 33 mr 

EM2 15.0 0.60 33 mr 

HAD1 25 1.00 66 mr 

HAD2 25 1.00 66 mr 

WICl 50 2.0 66 mr 

. WIC2 50 2.0 66 mr 
. _- 

Total 171 6.84 
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overlapping cryostats and the loss of hadronic coverage, as can be seen best in the 

SLD quadrant view (Figure 4.1). 

The energy resolution of the LAC has several contributing components. The mate- 

rial between the LAC and the beamline degrades the resolution somewhat in an angle- 

dependent way. The intrinsic resolution of the calorimeter depends on the statistics 

of individual showers, the sampling fraction, and the ability of the calorimeter to 

respond to the electromagnetic and hadronic components of a hadronic shower with 

comparable energy scales. The LAC is an uncompensated sampling calorimeter, so 

its electromagnetic resolution is much better than its hadronic resolution. Material in 

front of the calorimeter, more prevalent in the endcap regions, affects the electromag- 

netic resolution more than the hadronic resolution, owing to the fact that it takes more 

material to start a hadronic shower on average. The average electromagnetic resolu- 

tion is 6&,/E,, z 15%/G, where E,, is the electromagnetic energy in GeV. The 

hadronic energy is roughly parameterized by 6EhoJEhad 21 65%/G. In the end- 

cap LAC, the electromagnetic energy resolution degrades to a&,/E,, z 25%/K. 

It is the fine segmentation and good electromagnetic resolution that enables the LAC 

to be used, in conjunction with tracking in the CDC, to identify electrons among the 

decay products of the 2’. 

Hadronic showers that fluctuate to longer lengths are contained in a secondary 

calorimetricdevice, the Warm Iron Calorimeter (WIC). Located outside of the ma.gnet 

coil, the WIC also functions as a muon identifier, mechanical support, and magnetic 

flux return for the SLD. It consists of 18 layers of 2” thick steel plates. wit.h plastic 

streamer tubes (“Iarocci tubes”) [117] in between, accounting for 4 interaction lengt 11s 

of material. The Iarocci tubes are instrumented with long copper pickup strips for 

muon tracking and broad pads which record a signal proportional to t,he ionization 

count in the neighboring tubes. The segmentation of the pads is in the form of 

projective towers with the same angular segmentation as the HAD section of the 

LAC, and divided into two layers longitudinally. Monte Ca.rlo estimat.es of the energ!. 

punchthrough to the WIC are 5% for typical hadronic showers. The WIC Pads are 

‘not- used in this analysis. 
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Figure 4.2i: Mechanical layout of the Warm Iron Calorimeter. 

. - 
4.6 Muon Identification: WIC Strips 

The WIC provides information, though, which aids the st,udy of the forward-backward 

left-right asymmetries [45][46]. M uons leave a characteristic signal in the WIG, as the\ 
. 

. 

are the only charged particles which can penetrate the steel and leave an ionization 

trails. The WIC is arranged so that most of the Iarocci tubes, operat,ed in limited 

streamer mode, are oriented parallel to the beamline. The WIC is organized into 

*eight octa,nts and two endcaps. The support arches are instrumented for coverage 

in the gap between the barrel octants and the endcaps. Copper strips are mounted 

along the lengths of the Iarocci tubes, and voltage is applied to the central wire in 

the tube, while the graphite coa.ting on the tube is maintained at ground. 

When a charged track passes through a tube, it ionizes the gas inside. As the 

oppositely charged ions travel to the field wire and to the graphite coating, an im- 

age charge builds up on the copper strip outside, producing a signa ? which may be 

detected with sensitive amplifiers on the ends of the strips. The only information 

recorded by the WIC strips, though, is whether a strip was struck, not the magnitude 

*Except for a small amount of pion punchthrough. 
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of the charge deposited. Because the ionization signal ,saturates the tube in limited 

streamer mode, no more information need be recorded. The tube size is 1 cm x 1 cm, 

so the fine segmentation of the system allows muon tracking with a positional reso- 

lution of 1.0 cm/hit. 



:. ., . 

5.1 Introduction 

Many analyses at the 2’ rely on Monte Carlo models of both the detector and the 

underlying physical processes involved in the hard scattering under study. These 

models are indispensable for determining precisely measurement biases induced 1~~ 

real detect,ors with finite acceptances, efficiencies, and resolutions. If an analysis 

uses several subsystems of the detector, the modeling of the interplay between the 

efficiencies and acceptances of the different subsystems can become critical. 

Analyses also need to correct for physical processes that are not directly under 

study. In particular, the analysis of measuring &, with momentum-weight,ed track 

charge is sensitive to the details of B hadron fragmentation and decay, the properties 

of which have been measured at other experiments more accurately than they can be 

det,ermined by SLD alone. These properties are incorporated into the physical model 

used, and uncertainties in them propagate into systematic errors in the final result. 

The SLD Monte Carlo consists of two separate functional units: an event. genera- 

tor, which models the underlying physics of 2’ decay and the physic.s of its unstable 

products, and a detector simulation model. 

108 
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5.2 The Event Generator 

The event generator chosen for this analysis is the JETSET 7.4 model [30], incor- 

porating LUND string fragmentation, The electroweak processes have been checked 

against the forms of Chapter 1, including the effects of r-Z0 interference. The SLD 

Monte Carlo generates half of its events with an electron beam polarization of +lOO%, 

and half with -lOO%, with the positron beam unpolarized in both cases. In order 

to simulate properly the left-right asymmetry, a fraction of the right-handed events 

must be eliminated from the analysis, given by 

f R$oss = 
21PelAe 

1+ IPelAe’ 
(5.1) 

where in this case lPel = 1.0. Once the requisite- balance of left-handed and right- 

handed events is achieved, the polarization in the Monte Carlo may be diluted by 

-. re-signing the polarization of a. fraction of events. 

. - f IPel - pries 
v-e-sign = 

2lPel ’ 

(5.2) 

where again lPel is the generated polarization of lOO%, and Pdes is the desired polar- 

ization. 

JETSET implicitly includes initial- and final-state photon radiation, and uses a 

parton shower model [3l] for final-state gluon radiation. Jet,set also offers matrix 

element calculations of gluon emission to first- and second-order in osr a.nd t#hen uses 

the parton shower model for the higher-order effects. R.ather than used a mixed 

approach, the SLD event generation uses a pure parton shower. This also has the 

advantage of the fact that JETSET retains the direction of the quark as it is emitted 

from the 2’ decay, which may, be compared against the quark direction after the 

parton shower, in order to calculate the QCD correction to asymmetry measurements. 

- 

The fragmentation functions for light-flavored hadrons’ is governed by the Lund 

symmetric function [30] of Equation 1.42, while that for heavy-flavored hadrons is 

. the Peterson formula [lls], given in Equation 1.44. These functions can be seen in 

Figure 1.2. . . 

“hadrons containing only u, d, and s quarks 
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Table 5.1: Mixing parameters of the SLD Monte Carlo. 

I3 Decies Fraction z x I 

B0 40.6% 0.75 0.180 

BS 11.5% 10.0 0.495 

Average B hadron 100% - 0.130 

1 Ch armed Hadrons 0 0 I 

110 

5.3 Mixing and Decay of B Mesons 

The SLD Monte Carlo models the mixing of heavy mesons separately for each 

species. The decay distribution for a. part.icle which starts as a B” at time t = 0 is 

. - 

1 
Pp = se -rt [I + cos A&], and (5.3) 

P* = iemrt [l - cos Ad], (5.4) 

where r-is the reciprocal of the B” lifetime, and Am is the splitting between the 

mass eigenstates of the B” system. The time-integrated mixing parameter XBO can 
. be expressed in terms of these quantities: 

XB” = 
NBo 1x2 

Np-+iVg~ =21+9’ 

. . 
where 

A?72 
x=- 

r 
(5.6) 

is the parameter most, oft.en used in measurements of the time dependence of mising. 

The values used in the SLD Monte Carlo are species dependent,and are list.ed in 

Table 5.1. The species-averaged mixing parameter for B hadrons is denoted X’B. 

JETSET 7.4 is used in the SLD generator to decay all unstable+ particles except 

the-go, the B-, and the B,, and their antiparticles. This strategy was chosen because 

the-decay particle spectra of JETSET decays of those mesons disagree with a,vailable 

data from CLEO and ARGUS. The previous SLD event generat.or was based on 

tThe Ii’: and the A are also noi decayed. This point, will be brought up in Section 5.5.1. 

- 
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Table 5.2: SLD semileptonic B meson decay branching modes, after Reference [120]. The 

individual II” fractions are broken down in Table 5.3, There is no simulation of B + 

IJ**r’i77 as there is for the other leptons. The quantity for that column represents the 

non-resonant B + .ZI(*)xrZ, modes present in the simulation. 

Decay Mode Branching Fraction (e, p) Branching Fraction (r) 

B-+Dlu 2.554% 0.4% 

B + D'lu 5.874 1.1 

B + D-lv 2.532 1.0% 

1 Total 10.96% 2.5% I 

JETSET 6.3, which had even worse disagreements with the available data and thus 

had to be extensively tuned [119]. Rather than reitune every upgraded version, it is 

simpler and more correct to divert the decays of B mesons to an alternative package. 

The pa.ckage chosen was the CLEO decay simulation, described below. 

5.3.1 Semileptonic Decays 

The CLEO decay package simulates decays of B --) ZuX using the model of Isgur, 

Scora, Grinstein, and Wise (ISGW) [121]. The original paper by these aut,hors on11 

treated decays B + Dlv and B + D'lv, but since then a set of D" states has been 

identified [122]. Available spectra from CLEO, shown in Figure 5.1, are precise enough 

to demonstrate that the ISGW model will not fit unless a fraction of B --t D"lv de- 

cays is incorporated. Previous Monte Carlo models invoked nonresonant B -t D7;lv 

decays, but it has been shown that only resonant decays are necessary at. the cur- 

rent precision to match the available inclusive lepton spectra [120]. SLD’s branching 

fractions for the semileptonic decay modes are shown in Table 5.2. Furthermore, the 

calculations of ISGW assume that the leptons are massless. A modification of the 

CLEO code for the SLD environment was made in order to keep the final-stat.e parti- 

. cles on their respective mass shells by re-scaling the momenta of all decay products. 

making a negligible contribution except in the case of B + 7vxI. 
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Figure 5.1: A comparison of the semileptonic decay spectra of a Monte Carlo sample com- 

posed of 50% B” decays and 50% B* decays, compared with data taken at the Y(4S) b;\ 

CLEO [120]. Open circles represent inferences of the prompt B + 1 signal from double 

tags. The momentum spectrum in the Monte Carlo has been smeared to account for the 

additional boost the B mesons receive at the Y(45). The Monte Carlo contributions from 

prompt B -) 1 and cascade B + D + I are shown shaded and hatched, respectively. The 

CLEO data have been corrected for bremsstrahlung both at the lepton production vertex 
and-in the detector material, and also have had B -+ J/$,X, B + TVX, and B - DC-X 
decays subtracted. 
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Table 5.3: Relative fractions of different D” states generated in B decay in the SLD Monte 
Carlo. Fractions originate from the CLEO Monte Carlo [123]. 

D** State Relative Fraction 

3P0 12.3% 

3P’ 24.7% 

1P’ 45.7% 

3P2 17.3% 

5.3.2 Hadronic Decays 

The hadronic decays of the B mesons are considerably less well const.rained. For- 

. - 

. 

. tunately, a large fraction (45%) of hadronic I3 de-cays can be reliably tabulated in 

. known .exclusive modes [123]. The charmonium states in particular leave distinctive 

leptonic signals in the detector, and knowledge of the branching fractions of charmo- 

nium int,o leptons allows inference of the charmonium content of B meson decay. But 

a large portion of hadronic decays must be modeled in a more inclusive manner: and 

the parameters of the model tuned to bring the inclusive spect.ra in agreement with 

available data. 

The CLEO model handles hadronic decays by using a V - A matrix element 

. - 

for the W emission and decay, and then, after choosing a final-state multiplicity, 

fragments the two quarks from the W decay. The available parameters that one 

may tune are the pseudoscalar fractions for the possible final-sta.te mesons and the 

relative popping fractions of the quark species in the fragmentation process. These 

parameters are given in Table 5.4. 

While neither CLEO nor ARGUS observes decays of the B, for kinematic reasons, 

Monte Carlo models may extrapolate from tuned models of B” and B- mesons to 

the B, by replacing the light spectator with a strange quark. The Ab, on the other 

hand, is allowed to be decayed by JETSET. 

. ._ Comparison of the CLEO decay model with data from CLEO [1283 and ARGUS 

[124][125] are shown below. The total inclusive multiplicit,y observed by ARGIIS is 
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Table 5.4: CLEO decay model hadronic tuning parameters. 

IP arameter Value I 

s popping fraction 20.0% 

Light pseudoscalar fraction 40.0% 

Strange pseudoscalar fraction 50.0% 

Charm pseudoscalar fraction 15.0% 

Table 5.5: Comparison .of inclusive multiplicities of- x*, Ii*, and P/p between the 

CLEO/SLD decay model and ARGUS measurements [124],[125]. 

. - 

. 

. . 

Quantity Argus Y(4S) Data CLEO/SLD Model 

hh> 10.81f0.05f0.23 11.04 

Total A* 8.21f0.05f0.16 8.40 

?r*, no Kf or A decay 7.17-fO.05f0.14 7.46 

Kf 1.55f0.03f0.05 1.49 

Total P/P 0.160f0.010f0.010 0.13 

P/P, no A decay 0.110f0.010f0.007 0.11 

Table 5.6: Comparison of branching fractions of B mesons at, t.he T(4S) to the different D 
mesons. Data. are a CLEO/ARGUS average in August, 1994 [127]. 

. _- 

1 Q uantity CLEO Y(4S) Data CLEO/SLD Model ( 

23(B + DOX) (62.1f2.6)% 64.8% 

23(B 4 D+x) (23.9*3.7)% 26.6% 

B(B 4 0,+X) (lO.Of2.5)% 10.7% 
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10.81f0.05 (stat.)f0.23 (syst.), as compared with 11.04 in the SLD tuned Monte 

Carlo. Most distributions agree fairly closely, except the very highest momentum tail 

of the inclusive pion spectrum. 

The comparison of the D momentum spectrum from B decay, seen in Figures 5.3 

and 5.4, shows the advantages of using the CLEO model. The D vector fract,ion was 

increased for the SLD version of the Monte Carlo because the Do and D+ inclusive 

branching fractions disagreed‘with CLEO data. In order to raise the Do inclusive 

fraction, the vector fraction of charm mesons was increased, because of the preference 

for charmed vector mesons to decay to the Do state, owing to a small difference 

between the masses of the final states and the small phase space for the D' decay. 

The momentum sbectra of D mesons from B decay in the CLEO model is in agreement 

with the available data. 

The corresponding comparison for JETSET 7.4 shows a D spectrum that is too 

hard, which would bias the estimated analyzing power of the momentum-weighted 

track charge technique. 

5.4 Decays of Charmed Mesons 
. 

. - 

In order to model correctly the observed final-state particles from B hadron decay, it 

is important to model correctly the decays of heavy daughter hadrons, in particular 

the charmed hadrons. The SLD Monte Carlo uses the JETSET decay model foi 

charmed ha.drons (311, but the tables of branching fractions have been a.djusted b> 

Su Dong [129] to agree better with CLEO, ARGUS, and MARK III da.ta. These 

modified tables of the decay channels are supplied in Appendix E for completeness. 

5.5 Detector Simulation 

The Monte Carlo needs to simulate the efficiency, acceptance, and resolut.ion effects 

. forobservables of interest to physics analyses. Equally important, though, is the need 

to incorporate in the models the efficiency of the particle reconst.ruction algorithms 

applied to the data. To accomplish these dual purposes, the output of the physics 
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Figure 5.2: A comparison of the SLD-tuned CLEO B meson decay model (histogram) with 

inclusive particle spectra from Argus [124] (points). The Monte Carlo sample is a 50% B” 

and. 50% B* sample, with the decay products boosted into the lab frame assuming the B 

.m&on was boosted from the T(4S) decay. 
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Figure 5.3: Comparison of the spectra of D mesons from B decay in the SLD Monte 

Carlo (histogram) against data measured by CLEO [128] (p oints). It is the details of these 

. spectra to which the analyzing power of the momentum-weighted charge technique are most 

sensitive. 
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Figure 5.4: Comparison of the spectra of D mesons from B decay in the default JETSET 

‘7.4 model (histogram) against data measured by CLEO [12S] (points). The agreement is 

poor and shows the need to use a more accurate model. 
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simulation process must be in the same format as the data that is written to tape by 

the detector and data acquisition, so that the same reconstruction programs may be 

applied to simulated data as are applied to the actual data. 

The input to the simulation is the set of final-state particles created by the event 

generator. The types, positions, momenta, and the histories of the particles as they 

traverse the detector must be preserved through the simulation, so that. studies of 

efficiency may be performed. It is also often necessary to isolate model dependence 

arising from the generator from systematic uncertainties arising from the detector 

response, so the underlying event is often of great use, even after full detector simu- 

lation. 

5.5.1 Detector/Particle Interactions : 

. - 

The resolution and efficiency of the detector subsystems depend strongly on the 

amount. and location of material particles must pass through. Multiple scattering 

degrades position and momentum resolution, and electromagnetic or hadronic show- 

ers initiated in the det.ector mat,erial before or within the tracking volume introduce 

extraneous particles whose effect on the analysis must be understood. 
. 

. 

Nearly all p&icles from the interaction region stop in the calorimeter, but not 

aft.er showers of secondary particles are created. Some of these particles emerge from 

t.he calorimeter traveling back into the tracking volume of the detector. 

These int.eractions must be simulated by the Mont,e Carlo to evaluate detector 

performance and to adjust the analysis for possible biases. In order for measurements 

from SLD to be directly comparable with those from ot.her experiment.s, these inter- 

actions must be treated in a consistent manner, incorporating the best knowledge of 

interactions of high-energy particles and stationary material. To meet this need, the 

CERN Application Software Group has written a particle-detect,or simulation package 

called GEANT [130]; SLD uses Version 3.21. 

GEANT starts with a list of particles from the 2’ decay generator, a detailed 

‘descript.ion of the detector material, and a magnetic field map. It then traces the 

particles’ trajectories until they reach boundaries of detector material, at’ which point 

GEANT calculates the interaction probability per unit of path 1engt.h and randomly 
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chooses whether or not to simulate an interaction of the particle with the detector. 

Geant includes the software routines from EGS4 [98] f or simulating electromagnetic 

interactions and from GEISHA [131] f or simulating hadronic interactions. 

The final-state particles from the generator also include long-lived particles such 

as the h’t and the ho. These particles must not be decayed by JETSET as particles 

with shorter lifetimes are, because they often decay in the detector volume. TheI 

may therefore interact with the detector mat.erial before decaying. 

Interactions with the calorimeter are particularly important, as both the physi- 

cal layout of the material within the calorimeter and the details of the modeling of 

interactions between high-energy particles and the material affect the calorimeter’s 

energy and spa.tial resolution. 

One of GEANT’s options is to simulate in full detail the showers of particles ill 

the calqrimeter by calling the GEISHA and EGS packages. Due to t.he high multi- 

plicity of e+e- pairs in high-energy electromagnetic showers, this process consumes 

large amounts of computer time. This very multiplicity, however, reduces the rela- 

tive statist,ical fluctuations in energy deposition. In addition, the transverse width 

of electromagnetic showers is small. These properties enable successful parameteri- 

zations which deposit energy in the sensitive elements according to carefully selected 

probability functions [133]. These functions describe the longitudinal development 

of the showers and also their transverse extent as a function of bhe shower depth. 

The simulation used by SLD is based on the GFLASH shower parameterization [1:32] 

developed by the HI collaboration. 

5.52 Digitization 

The next step after GEANT creates its list of new particles formed by detector in- 

teractions and modifies the flight paths of old ones due to multiple scattering is to 

simulate the detector response to all of the particles. This stage incorporates infor- 

mation about which portions of the detector consist of sensitive material. 

. -The VXD digitization simulates the charge deposited in the depletion layer of the 

silicon, as well as the efficiencies of the different CCD chips for recovering this chargi. 

It also simulates random misalignments of the CCD chips by randomly fluctua.ting 
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the CCD locations on each event based on their alignment erro&. 

Digitization for the CDC involves interpolating each charged particle’s track to 

the charge collection plane for each wire that is to receive a signal from that track. 

The purpose is to find the closest distance from the track to the wire along the electric 

field lines, in order to calculate the time of the leading edge of the CDC pulse. The 

total ionization is calculated as a function of the particle’s type, its momentum, and 

its total path length through the active region of the cell. The simulat,ed charge,is 

then distributed between the north and south readouts of the wire. Some fraction 

of the amplifiers and digitizers do not function, and the set of these, as determined 

from the data, are listed in blocks of time. If a set of electronics (usually confined to 

a motherboa.rd) is non-functional in the data for a particular time, the IvIonte Carlo 

simulation of its signal will also not be present. The time of the event is taken from 

the background overlay event, to be discussed in Section 5.5.3. Also t,aken from the 

background overlay event is information about the state of the high voltage in each 

of the 10 superlayers of the CDC. If the voltage is not at least 95% of its nominal 

value, the layer is considered to be tripped off, and the Monte Carlo digitization does 

not deposit hits in the cells of that layer. 

The.digitization also takes into account known physical effects, such as the two-hit 

resolution of Figure 4.9. Additional hits are simulated at the digitization stage called 

“shadow hits.” These are found in the data as hits on wires immediately after hits 

on real tracks, and typically have 40% of the charge or less. They are found more on 

-tracks which have large charge deposition lengths and low momentum. On average. 

roughly lo’% of real track hits are followed by shadow hits. It is hypothesized that 

they come from oscillations in the electronics and/or crosstalk between neighboring 

wires and/or the different arrival times at the sense wires of “clumps” of ionization. 

Some of them may be due to delta. rays from the tracks, but these would produce an 

equal distribution of shadow hits on either side of the tracks. Only a small fract’ion 

of shadow hits are observed to precede the main track hit. 

*The real misalignments are constant, but unknown, so a random fluctuation is not. a strict]! 
correct model. Nonetheless, a constant misalignment of the CCD’s in the Monte Carlo introduces 

. b&es just as bad those in the data with no information about whether they would augment or 
cancel the data biases. 
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The LAC is digitized in combination with the showering process of GEANT. 

The parameterized showers simulate energy depositions in the towers. The hadronic 

tracks’ path lengths are found in the towers of the LAC and their energy is deposit,ed 

using the minimum-ionizing scale as determined from cosmic-ray muon events. Also 

simulated are dead towers and towers with low energy response. WIC pads digitiza- 

tion is grouped with the LAC digitization owing to its similar tower structure. 

5.5.3 Background Overlay 

Accelerator-related backgrounds are difficult to simulate with Monte Carlo models - 

they are highly variable in time and have characteristics very different from particles 

from 2 decay. Muons generated far upstream traverse the calorimeter lengthwise. 

either passing through only lead tiles, or passing only through sensit,ive argon. Low- 

energy electrons looping in the magnetic field raise the occupancy of the inner tracking 

layers. Sometimes a spray of background particles strikes the electronics on t.he CDC 

endplate, saturating some of the amplifiers and causing all of the amplifiers in the 

immediate vicinity to oscillate. These backgrounds introduce hit-finding inefficiencies 

in the tracking chambers and add background energy to the calorimet’er. 

The best way to simulate accelerator-related backgrounds is to measure them 

from the data. For each 2’ event identified in the data sample, a random trigger (see 

Section 6.2.1) taken at a nearby time is also culled from the raw tapes. The signals 

from the random trigger are then merged with the digitized signals from the Monte 

‘c 1 ar o simulation. For the calorimeter, the tower energies are simply added. but for the 

CDC, the two-hit resolution is applied. If a ba.ckground hit comes immediately before 

a Monte Carlo simulated hit on a track, the later hit will be lost in the simulation. 
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