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Abstract

Transport of polarization through hadronization process is one of the fundamen-
tal interest in Quantum Chromodynamics which is a theory of strong interactions. In
the low energy region where the hadronization occurs, QCD calculations are difficult,
therefore at present the transport can be investigated experimentally. In this study
we have searched for signatures of polarization of quarks and antiquarks in hadronic
jets from Z° — ¢g decays. The polarization of quarks and antiquark produced by
Z% decays are predicted by the Standard Model of elementary particle physics. We
defined several quantities depending on “jet handedness” methods and studied the
correlation between the predicted polarization and the quantities. The signal was
estimated by analyzing power which represents degree of the polarization transport
through the hadronization process.

The Z° decays were measured by SLC Large Detector and the polarized electron
beam provided by SLAC Linear Collider was useful for this study. The date from the
1993 run showed no signature of the transport of quark and antiquark polarization.
Upper limits on magnitude of the analyzing power were set in the range 0.05-0.15
depending on the methods.
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Chapter 1

Introduction

Spin is an intrinsic nature of a particle and the spin state of a particle plays
an important role in the Standard Model of electroweak interactions. The model
predicts that the coupling of a weak boson to a fermion depends on the spin state of
the fermion, which is called helicity. Parity violation in weak interactions is due to
the-asymmetry in the coupling between left- and right-handed fermions.

On the other hand, effects of the spin state in strong interactions have not been
fully understood yet. Strong-interactions are believed to be described by Quantum
Chromodynamics(QCD). QCD describes well the nature of the strong interactions in
the high energy limit where the coupling constant is small and perturbative calcula-
tions are applicable. The helicity of a quark or antiquark is conserved in this limit.
However, it is not obvious how QCD describes the helicity in the low energy region
where perturbative calculations are not reliable. One of the typical phenomena in this
region is “hadronization”; the QCD mechanism for hadron production. Several phe-
nomenological hadronization models, which have been proposed to describe the strong
interactions in the region, do not take into account spin polarization. Therefore, the
transport of quark or antiquark helicity in strong interactions is of fundamental inter-
est. It is at present an open question whether the polarization of quarks or antiquarks
produced in hard collisions is observable via the final-stage fragmentation products
in the resulting jets.

Nachtmann argued for a parity-odd correlation in quark fragmentation[l]. The
correlation was defined in jets and thought to serve as a test of the helicity a structure
of quark-antiquark pair or a measurement of the quark and antiquark polarizations.
He pointed out that there was no theory to predict how large the transport of the po-
larization through the hadronization process was. However, his optimistic expectation
was that 5-10% of the polarization was transported to final state jets.

Dalitz et al. studied the transport of charm quark polarization through decays
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of ¢ — D°r+hadrons on the basis of a model calculation[2]. They concluded that the
expected transport was small (=~ 107°).

Efremovet al.[3] suggested a new concept “Jet handedness”, which can be used
to determine the parton polarization through its final state jets. The idea was based
on an analogy with a determination of 7 polarization using 7 — ajv, = 7~ 7 7%y,
process[4]-[6]. An observable which is defined from the momenta of hadrons in a jet
may reflect the helicity of the parent quark or antiquark like the measurement of the
7 polarization. “Jet handedness” is defined as the asymmetry of the numbers of jets
with positive value of the observable and those with negative value. Jet handedness is
written as a product of the quark and antiquark polarizations and the analyzing power
as a coefficient. Jet handedness is different from the 7 polarization measurement in the
context of theory which describes the transport of the parton polarization through
the hadronization process. One of the experimental interests is therefore whether
polarization effects can be really observed in hadronic jets.

The Z° resonance is an ideal place to study this issue because the quarks in

ZY decays are predicted to be highly longitudinally polarized by the Standard Model

~ (SM)[7]. If jet handedness is observed in jets by applying some method, the ana-

lyzing power for the method can be derived by comparing the jet handedness with

the expected polarization of the partons. From this point of view, the study of jet

handedness in ete”™ — ¢ via Z° is suitable for the determination of the analyzing
power.

Recently Ryskin suggested a possible origin of jet handedness[8] on the basis of
an experimental result[9]. He introduced the color “magnetic” field as the origin in
-analogy to electromagnetism. The idea has to be checked experimentally.

At present, significant transport of the polarization has not been observed ex-
perimentaly. However if a method to observe such polarization were developed, it
could be applied to jets produced in a variety of hard processes in order to elucidate
the spin dynamics of the underlying interactions.

Motivated by this physics interest, we have searched for jet handedness in
Z° — ¢ decays using a sample of approximately 50000 hadronic Z° decays pro-
duced at the SLAC Linear Collider (SLC) in collision of polarized electrons with
unpolarized positrons. The SLC is the 46GeV x46GeV first e*e™ linear collider suc-
cessfully operated in the world. The data used for this study were collected in the
1993 run of the SLC Large Detector (SLD) which is a general purpose detector con-
sisting of several subsystems with state of the art technology. The SLD experiment
has been carried out under an international collaboration which presently consists of
about 150 physicists and graduate students from 32 institutes in Korea, Italy, Japan,
United Kingdom and the United States. Tohoku University has been participating in
the construction and data analysis of the particle identification system (the Cerenkov

2
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ring imaging detector, CRID).

This study is an extension of the previous ones at SLD[9)-[11]. The thesis
presents first experimental investigations on this subject. The outline of the thesis is
the following; in this Chapter, physics motivation and brief history on the subject are
introduced. In Chapter 2, polarization of fermions is described within the framework
of the Standard Model and jet handedness is introduced. The experimental apparatus
is described in Chapter 3. Analyses of jet handedness are given in Chapter 4. Finally
the results from this study are summarized in Chapter 5.



Chapter 2

Polarization in the Standard
Model |

The Standard Model of elementary particles consists of electroweak theory and
quantum chromodynamics (QCD). Phenomena of fermion polarization are well un-
derstood by the electroweak theory, but not obviously in QCD due to the complexity
of the hadronization process. In this chapter, the roles of spin and polarization in the
electroweak theory and QCD will be described.

2.1 Polarization in the Electroweak Theory

2.1.1 The Electroweak Cross Section for Electron-Positron
Annihilations

The differential cross section for an interaction, A + B — C + D, in their
center-of-mass system has a general form of:

do(AB — CD) _ 1 ps
ds? " 6d7s p;

c.m.

MPE (2.1)

where df is the solid angle element around outgoing final state particle C[12], s is the
squared center-of-mass energy and p; and p; are momenta of the initial and final state
particles, respectively. M is the matrix element. In the process of efe™ — ff, M
is divided into two components according to two mediating bosons: one is a virtual
photon which mediates the electromagnetic force and the other is the Z° boson which
mediates the weak force. Figure 2.1 shows the Feynman diagrams for both processes.
M is a sum of the two matrix elements, 1.e. M = M, + M. According to the

5
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€ f ]
Y
ot iy f
—_ q2
e” f
70
. g
—_> — e—lz_cm‘;}hu(cvf-c“‘fys)

. T\ f
l(gluv—qlu qV/MZZ)
g*-Mz2+iM; T,

Figure 2.1: Feynman diagrams of ete™ — v — ffand ete™ = Z° = ff. g in the vertex factor
is the electroweak coupling constant. Using charge of a proton e and the Weinberg angle 0w, g is
written by g = e/ sinfw.

Feynman rule, these elements are described in terms of the propagator and the two
vertex factors shown in Figure 2.1:

_ . —1 _ .
M, = as(ieQp)y us— e (—1€) 7 e (2.2)
o =ieyt o g —i(gu — kuko/MZ) _ —ieyt B 5
MZ N ufSiIl 2914/ (CV ca )Uf 2 - M% + iMzrz U sin 29W (C C‘ )Ue

(2.3)

where v#, Mz and 'z are the y-matrix, rnass and decay Wldth of the Z° boson,
respectively. ¢ is the momentum transfer and g’ =s. Oy, c{/ and cA are the Weinberg
angle, the vector coupling and the axial vector couphng constants respectwel; The
electroweak coupling constant g was substituted by sm0w' cv and cA depend on the
third component of the weak isospin, T3, electric charge of a fermion f, @y, and the
Weinberg angle, sin” f,y and are given by,

c{, = Tj?
ch = T}—2Q;sin’by. (2.4)

6
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f T} 1 Qs | ch ¢l As
Ve,V Vr 1/21 0 1/2 1/2 1
e, u, 7 |-1/2] -1 | =1/2| —-1/2+ 2sin’ Oy 0.1448
u, ¢, t 1/21 2/3| 1/2| 1/2—-4/3sin”8y | 0.6665
d,s, b |-1/2-1/3]-1/2 | =1/2 +2/3sin’ 8, | 0.9353

Table 2.1: The third component of the weak isospin, electric charge, the axial and vector coupling
constants to the weak boson for fermions and asymmetry of the strength of left- and right-handed
fermions to the Z°, where sin® 8y = 0.2318 is used [9]

Table 2.1 gives the values of these coupling constants for leptons and quarks. If the
initial electrons are polarized by P!, the differential cross section for ete™ — ff is
written as

do(ete™ = ff)
dcosf

N 22
= ——iﬂzas—Qf(l+c0529)

h M
~2N.Qy < SZ> k(1-P) [c‘{,c{,(l + cos® §)

+ 2030,{; cos 0]
+N.k {(032 + 42 — 28¢5 P) (el + B (1 + cos? §)
+ 4 {QCVCA (c5? + cjz)P] clel, cos 9} , (2.5)

with

o? S

k
4sin® 20y (s — M2)2 + I'%s2/ M3’

(2.6)

where N, is the number of colors for the fermion f. All fermions in the reaction are
assumed to be massless. The first and third terms are contributions from the v and
Z° exchanges, respectively. The second term represents 1nterference between the ~
and Z° exchanges, i.e. M2 Mzo + My M,,.

At the Z° pole, the interference term vanishes and the contribution from ¥
exchange is much smaller (~ 1073) than that from Z° exchange. Therefore, at the
Z° pole, the cross section in Equation (2.6) is dominated by the third term.

np—ng
where np and n; are numbers of
nr+nyg

!The polarization of clectrons is defined as: P =

right- and left-handed clectrons, respectively.
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2.1.2 Polarization of outgoing fermions in ete™ — ff

The polarization of the outgoing fermions, Py is defined by:

dofR __ dolL
— dcosf dcos@
Pf(P, Ccos 9, Ecm) = H, (27)

dcos @ dcosl

where § is the scattering angle between the incident electron and the final state
fermion. Figure 2.2 shows four possible interactions of ete™ — v/Z° = ff. ofr is
the cross section for ete™ — frp 4 f, and o/t is that for ete™ — f, + fr, where the
subindices I and L stand for ‘right-’ and ‘left-handed’, respectively.

e —LO—» > e,V ey et
/ 6
fL fL
B} . _
(c) £ (d) /fL
vyl Z0 ) ¥yl Z90
e,” ex’ e, e,

Figure 2.2: Interactions of (a) ezef — frfL, (b) egef = fufr, (¢) efef, = fofr and (d)
e, eR — frfr. Spin state for cach particle is shown by a hatched arrow. The angle between the
outgoing fermion and the direction of the electron traveling is defined as 8. Difference in the cross
sections for each event type gives net outgoing fermion and antifermion polarizations. The difference
is due to the difference in the strength of the couplings of the Z° boson to right- and left-handed
fermions.

By introducing the following two coupling constants, c{a and c:{, for the right-
and left-handed fermions to the Z°:

I = o _

cR = c¢y—cy and
o = o+, (2.8)

8
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do'fR dO'fL

d
dcosf an dcosf
and ¢, = 0 in the differential cross séction (2.6), respectively. .

the differential cross sections, are obtained by substituting c =0

Figure 2.3 shows the polarization (2.8) as a function of center-of-mass energy
E.,, for several values of electron polarization P and cosf. The polarization of the

. :
outgoing fermions P; strongly depends on E.,, and its absolute value reaches a maxi-

mum around the Z° mass region. The polarization becomes smaller as E,,, goes away
from the Z° pole. Thus, analysis of ete™ annihilations at the ZY pole allows us to
study the spin effects at the maximum quark polarization.

Using relations (2.9), the differential cross section (2.6) at the Z° pole is written
by using cr and ¢,

do(ete = ff)

1 1 .
= Nk [2 ( +Pc§i2 + —Q—P-cef) (I + eI (1 + cos? 6)

dcosf e, 2
1+P 1-P :
- (Tt - ) el —efeose] - 29

The differential cross sections in Equation (2.8) are written:

do’r
Teosd & (1= Af)(1 + cos® 0+ 24z cos 6)
dolt
Teosg & (1+ Af)(1 +cos®6 — 2Az cos ) (2.10)
where Ay is written: g y
A== fff:‘ (2.11)

and is listed in Table 2.1 for various fermxons. Ay is the polarization of the Z° bosons
multiplied by —1:
A —P
Az = . . .
From Equations (2.11), (2.12) and (2.13), the polarization of the outgoing fermions
coupled to the Z° (2.8) is given by:

Ap(1+cos?0) + 24z cosf
1+cos?0+24,A5cos6

P(P,cosf) = — (2.13)

2.2 Polarization in Quantum Chromodynamics

The polarization of outgoing fermions is described as the cross section asymme-
try in ete™ — ff as shown in the previous section. If the fermions f, is a quark or

9
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Figure 2.3: The polarization Py as a function of P, cos§ and E.n,. Solid, dashed and dotted
curves show the P, , r, Py, and Pg 4, respectively. The electron beam polarization P and cos 6 for
each case are shown in the figure.
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Figure 2.4: Schematic pictures of behaviors of quark and antiquark and color flux tubes in the
string model.

antiquark, we only observe hadrons in final state. This process is called hadronization
or fragmentation and is described by Quantum Chromodynamics (QCD) in principle.
However, it is not obvious how the spin or helicity of quark and antiquark is trans-
ported to the final state hadrons, since the hadronization process is not completely
calculable in QCD yet.

In this section, a model of hadronization is explained. The hadronization model,
however, does not take into account the process of the transport of quark or antiquark
Spim.

Hadronization Model

The QCD describes phenomena well in a high energy region where the coupling
constant of the strong interaction, as, is small enough to apply perturbation theory.
However, perturbative QCD can not be applied to phenomena in a low energy region
where the coupling constant becomes large. One of the typical phenomena which
occur in such a low energy region is the hadronization of quarks and antiquarks. The
behavior of quarks and antiquarks through the hadronization is difficult to solve.
Therefore, only phenomcnological models are proposed to describe what happens in
the process.

Typical hadronization models are the independent fragmentation model[14], the
cluster fragmentation model{15] and the string model[16]. All of them describe the
hadronization phenomenologically. )

Among them, the Lund string model[16] is a widely used model. In the follow-
ing, the basic dynamical picture of this model is explained with help of Figure 2.4:
When two colored quarks are separated, a color flux tube is stretched between them.
This flux tube is modelled by a relativistic massless (one dimensional) string with
a string constant of k &1 GeV/fm to simulated a linear confinement force. In the
string picture, one end of the string corresponds to a quark and the other end to an
antiquark, while gluons are represented by excitations or “kink”s in the string. While

a
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2.3 Jet Handedness Polarization in the Standard Model

the string evolves, it breaks up into color ¢¢ two singlets; this rate of break-up is cal-
culated from a semiclassical model of fermion pair tunnelling from the vacuum. The
energy carried off by the daughter singlets at each break-up is well determined by the
‘left-right’ symmetry principle. This principle states that the final particle distribu-
tions should be blind to the order in which causally disconnected break-ups happen.
Assuming a parton, which means quark, antiquark or gluon, splitting 4 - B+ C, z
is defined as:

z=(E+py)s/(E+p)a - (219)

where E and p,, are energy and the longitudinal momentum along the parent parton
direction, respectively. For the Lund string model, the fragmentation function, which
is the probability of the splitting with z, is given by:

2

flz) = E(l — z)%xp (—bﬂ> , (2.15)

z z

where [V is the normalization factor, and a and b are the constants to be determined
from experiment. m, is the transverse mass of the final state hadron with mass m and
transverse momentum, p;: mZ = m? + p?. This iterative break-up of the string into
hadrons stops when the mass of the string fragments reaches a hadronic scale. The
transverse momentum distributions for hadrons can be taken into account by adding

another parameter.

Events generated by Monte Carlo simulations in which this model is imple-
mented reproduce real data such as momentum distribution of tracks and number of
charged tracks in an event well. However, this string model does not take into account
~the effect of the spin or helicity of quarks and antiquarks. Therefore, information on
the spin and helicity of each particle is not obtainable from the Monte Carlo simu-
lation. At present, we can not predict the polarization of quarks and antiquarks in
final state jets from any of the Monte Carlo simulations.

2.3 Jet Handedness

A quantity related to the polarization of quarks and antiquarks underlying jets
was first proposed in ref. (1] in 1977 in which no prediction of the magnitude was
presented.

In 1988, Dalitz et al.[2] calculated another quantity related to the polarization
of charm quarks in ¢ - D+7+hadrons and gave the value of order of 10~4. However,
the value depends on the model describing the decay of ¢ quarks.

The experimental study of “jet handedness”? in e*e~ annihilations was first

2The term of “jet handcdness” was defined in [3].

a
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Polarization in the Standard Model 2.3 Jet Handedness

(a) Laboratory Frame > (b) 3- Rest Frame
AX /4 Pa, o

Decay Plane

y <

Figure 2.5: Schematic view of 77 = a7 vy = n~ 7~ 7% v, shown both in (a) laboratory frame and
(b) 3-m rest frame.

suggested in 1992(3], because of high quark polarization at the Z° predicted by the
standard model. In the following, the concept of jet handedness is discussed.

2.3.1 17 polarization in 7 — 77UV,

The analysis method to find the quark spin transport in jets is not known apriori.
One possible method[3] can be obtained from the hadronic 3-7 decay of a 7 lepton:

T — (F_ vy
7=t

for which several theoretical works calculated the 7 polarization[4]-[6], [17]. The
estimates using the properties of the weak axial current and the hadronic current
gave reasonable agreement with the data [18], [19]. Therefore, we will discuss the 7
polarization according to ref. [6].

Figure 2.5 shows coordinate systems of the 3- prong decay of 77 via an a, meson
produced in e*e” annihilation. Momenta of k;, k, and kj are assigned to two pions
with negative charge and a pion with positive charge, respectively, in the 3-7 rest
frame. k1 or ks is assigned to each of two negative pions at random. A vector normal

a
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2.3 Jet Handedness Polarization in the Standard Model

to the decay plane of ay, 7t is defined by:

p= Xk (2.16)
lkl X kzl
Using 71, a 7 polarization observable, cos © is defined by:
cos © = P, - 7, (2.17)

where 7, is a unit vector pointing to the direction of 3 7s boosted, i.e the unit vector
of momentum of a; in the laboratory frame. Asymmetric distribution gives the
polarization as follows:

N(cos©O(s; — s9) > 0) — N(cos @(sll- s2) < 0)

"= N(cosO(s; — s2) > 0) + N(cosO(s; — s3) < 0)’

(2.18)

where N is the number of events observed with the criteria in the parenthesis, and
= (k1 + k3)?, s3 = (kg + ks3)? are squared invariant masses. According to [6], H is
proportional to the 7 polarization:

H = aP; _ | (2.19)

where P; is the polarization of 7 leptons and « is an analyzing power for this method.

2.3.2 Definition

Handedness for the quark and antiquark polarization in a jet was called “jet
handedness” (3] and can be defined in analogy with the decay of 7 — w7y, [6]. Since
quark and antiquark go to hadrons through strong interactions, the decay amplitude
must be invariant for parity operation. This requires one to choose an observable
which conserves parity. Taking the analogy with Equation (2.18), the following ob-
servable, 2 is introduced as the simplest quantity which may carry helicity of quark
or antiquark:

Q=1-(k x k), 4 (2.20)

where k—;, k_; are the momenta of two particles in a jet. £ is the jet axis which represents
a unit vector of momentum of an underlying quark or antiquark. A selection of tracks
and ordering of momenta kl, ks depend on analyses to be performed. In this study,
tracks with higher momentum are usually selected, because those tracks are expected
to carry information on helicity of quark and antiquark. A detailed explanation of the
selection method and the ordering will be given in the following two sections and in
Chapter 4. €2 is calculated for each jet individually. A jet with a negative (positive)
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Polarization in the Standard Model 2.3 Jet Handedness

value of 2 is called a “left-handed” (“right-handed”) jet. Jet handedness H is defined

as: .
_ N, —Nrp

~ N+ Ng
where N, Nr are the numbers of left- and right-handed jets, respectively. Jet hand-
edness is a statistical observable and is not to measure the helicity of an individual
quark or antiquark underlying a jet.

(2.21)

A probability that a left- or right-handed quark produces a left- or right-handed
jet is defined as:
1
2
where « is the “analysing power” and takes a value between —1 and 1. On the other
hand, a probability for a left- or right-handed jet coming from right-, left-handed
quark is also defined as:

Plgr = 0Q2<0)=Plgr > 0>0==(1-0a) (2.22)

Plan — Q2 < 0) = Plag — Q> 0) = %(1 +a) (2.23)

The probabilities are considered for antiquarks independently, but in this study they
are assumed to be identical as those for quarks.

For a sample containing n; left- and np right-handed quarks and antiquarks,
jet handedness (2.22) is given from the probabilities by:
NL — NR
Ny + Np
1721 —a)n, + 1/2(0+ a)ng — 1/2(1 + a)ny, — 1/2(1 ~ a)ng
ny + Np

H

nNp—ng
a.—_._.__
np+ ny,
= aP, (2.24)

where P, is a polarization of quarks and antiquarks in the sample. The analyzing
power will strongly depend on the selection method and ordering of the two particles
used in the analysis procedure. Optimization to get a large value of the analyzing
power is important to observe the evidence for jet handedness.

2.3.3 Jet Handedness in ete~ Annihilations

As mentioned in the previous section, the ordering of particles is important in
order to.get a large value of the analyzing power. The polarization also depends on
the ordering. In the present study, we used three methods for the ordering of two
momenta, k; and k;, in the Q2 definition (2.21):

a
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2.3 Jet Handedness Polarization in the Standard Model

e “Helicity-based” analysis, where the momenta are ordered according to their
the magnitudaes,

e “Modified helicity-based” analysis, where the momentum ordering is arbitrary,
but the sign of the vector product in the  definition is defined by two invariant
masses, and

e “Chirality-based” analysis, where the momenta are ordered according to the
particle charges.

In this section, definitions of the polarization for these are described briefly. A detailed
description of the polarization for both analyses is given in Appendix A.

Helicity-based Analysis

‘Helicity-based’ polarization is defined at a given cos @ by using the differential
cross sections (2.11):

_ _a,fz—%a{z—a,{—af Az cosf }
Phet = 7 7 7 7 = -2 29’ (220)
oh + 0k + 0l + 0] 1+ cos
5 dof,  dof

where op, 07 are abbreviations of in Equation (2.11), respectively.

o _ dcosf’ dcosf o
The helicity of the fermion and antifermion in an ete™ annihilation event are always

of opposite sign, because the antifermion always goes in the opposite direction to the

fermion. Therefore, the replacements R — L,L — R and cosf — cos(m — 0) in the

differential cross sections (2.11) give the following cross sections oh, ol

a,jz(cos 0) = of(cos(m —0)),
o{(cos ) = ok(cos(m —6)).

Figure 2.6 shows the polarization, Py as a function of cos @ for P = 0 and 30.633.
The polarization is independent of quark flavor, and reaches F0.72 and +0.52 at
cosf) = +1 for beam polarization of —0.63 and +0.63, respectively.

The 2 corresponding to the definition (2.21) is taken to be:
Qhel = 'E (El X Eg) (226)

. where the momenta /'51,!_52, of two particles chosen from a jet are ordered to be
|k1| > |ko| and ¢ is the jet axis. The methods for selection of tracks are described in
Section 2.3.4.

3The electron polarization of 0.63 is the average value in the 1993 SLD run[20].

a
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Polarization in the Standard Model 2.3 Jet Handedness

P hel

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Figure 2.6: P, as a function of P and cosf. Solid, dotted and dashed curves show P, for
P = +0.63, 0 and —0.63, respectively.

Modified Helicity-based Analysis

The ‘modified helicity-based’ §2 is the same observable used in Equation 2.19.
In this analysis, €2 is defined for three particles with total charge equal to 1. When
one selects three particle a,b, which have the same charge, and ¢, whose charge is
opposite to that of a or b, Q,0q.1e 1S defined as:

Qmod.hel = i (Ea X Eb)(sa - Sb) (227)

where l;a,Eb are the momenta of particles with same charge in the 3-particle rest
frame, and s, = (k, + k.)?, s, = (ky + k.)? are squared invariant masses. { is the jet
axis. The corresponding polarization is the same as the helicity-based polarization:

Pricdhet = Phe

Az cosf
= - .
1+ cos 26 (2.28)
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2.3 Jet Handedness Polarization in the Standard Model

Chirality-based Analysis

The ‘chirality-based’ polarization of underlying quarks and antiquarks is defined

as:
/ 7 f f
_OrR—0p— 0+ 0]
Piw = = = Ay, (2.29)

oh+oh+ol+0f

where A; is given by Equation (2.12). Thus, this polarization is independent of cos §
but depends on quark flavor. The Q for this case is given by:

Qeni =1 - (ky X k), | (2.30)

where ¢ is the jet axis, and the momenta k-;, k_ for positive and negative particles,
respectively, are ordered as given in Equation (2.31). Methods for selection of tracks
are described in the following section. This form of the triple vector product is taken
such that a quark jet gives the same sign of Q.; as an antiquark jet with opposite
helicity. In general, the chirality-based polarization is given by:

— Peni = — »_s;RpA; (2.31)
f

where sy is sign of charge of a quark f and Ry is the fraction of ff events in a sample
of hadronic Z° decays. Equation (2.32) will be used later to obtain explicit values for
P.1: given in Table 4.3 in Section 4.4.

2.3.4 Selection of Tracks from a Jet

Two tracks used in the definition of € are selected from tracks in a jet. The
selection of tracks depends on assumptions of the origin of jet handedness.

This study is motivated by two models. One of the assumptions ascribes the
origin of jet handedness to similar phenomena to the 7 polarization. The other
assumes that jet handedness is caused by fragmentation phenomena.

Selection Based on the Analogy with 7 Polarization

In the analogy with the 7 polarization, we assume that a light flavor quark ¢
such as u or d, goes to 3 ws (plus another quark, ¢') as a result of the hadronization,
i.e. ¢ = mrmg’. The most plausible decay of the quark ¢ is to pass through the a;
and p resonances. There are two decay modes for a; meson which interfere with each
other like 3-prong decays of 7 leptons as shown in Figure 2.7. If the helicity of the
quark or.antiquark in Z° — ¢ is transported to the a; meson, we can observe jet

a
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Polarization in the Standard Model 2.3 Jet Handedness

ST

[

Figure 2.7: Naive models of ¢ = pr¢g’ = wnng’.

handedness in a similar analysis as for the 7 polarization. One can expect also that
the leading particles in a jet carry helicity information of a quark or antiquark in
Z° — ¢g. From the above view points, we select a set of three highest momentum
tracks from a jet and require that three tracks have a total charge equal to +1 or —1
and invariant mass in a region of a; mass. In addition, we require that at least one
of the two particle invariant masses with zero charge is in the region of the p’-mass,
where all particles are assumed to be m. The momenta in the 3-selected-particle rest
frame are used to calculate Qs from (2.27) and (2.31).

Selection based on Fragmentation Phenomena

Ryskin[8] introduced “color magnetic” field H as well as “color electric” field
which is ordinary color field. This assumption is an analogy with electromagnetism.
Figure 2.8 shows a schematic view of the string model modified by Ryskin. He
assumed that H was generated by the spin of the quark & and was parallel to &,
HHO’ When a color string becomes long enough during the fragmentation process,
the string is broken and a new quark-antiquark pair is produced at both ends. At
the beginning, transverse momenta of new quark and antiquark with respect to the
initial string are balanced. However, moving in the color-magnetic field they get an
additional momentum (5kt and (5kt shown in the ﬁgure) This momentum kick is of.
the order of a few ten MeV/c[8] and these momenta, 6k, and —dk, contain information
on the helicity of the initial quark or antiquark.

We can only observe the hadron momenta, not the additional momentum §k,.
Therefore, based on this assumption, we look for angular correlation of two particles
from the same string break up in order to get nonzero jet handedness. The momenta
of two tracks in the laboratory frame are used to get Qs from (2.27) and (2.31). % in

a
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Figure 2.8: Schematic view of the string model modified by Ryskin. He added “color magnetic
field” in addition to color flux tube. Due to this field, ¢'¢’ pair got additional momentum kick
dks, —3k;, respectively.

" the § definitions (2.27) and (2.31) should be a unit vector of the quark or antiquark
momentum. This seems to be represented by the jet axis.
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Chapter 3

Experimental Apparatus

The SLAC linear collider (SLC) is located at the Stanford Linear Accelerator
Center (SLAC) in Stanford, California. SLC consists of a 3 km long linear accelerator
and two arcs which bring the electron and positron beams around to the interaction
point (IP). The linear accelerator is the world’s longest and accelerates both electrons
and positrons in the same straight line up to the energy of 50 GeV.

Due to the single path collider scheme, the SLC can have only one IP. The SLC
Large Detector (SLD) is placed at that position. The SLD was designed for general
purpose to study, for example, precision tests of the electroweak theory, QCD and
heavy flavor physics, etc. In order to accomplish this purpose, the SLD was built and
equipped with a state-of-the-art technology for tracking, particle identification and
calorimetry systems. In this chapter, characteristics of SLC and SLD are described.

3.1 The SLAC Linear Collider

The SLC consists of a 3 km long linear accelerator, which accelerates both
electrons and positrons up to the energy of 50 GeV, and the two arcs, which bring
the beams to the interaction point, IP. The schematic view of the SLC is shown in
Figure 3.1. In this section, the delivery of the electron and positron beams from an
electron source to the IP is described.

The beam collision cycle of the SLC is 120 Hz. In each cycle, two bunches
of electrons are produced at an electron source!: one of them is delivered to the
IP through the linac and the arc, and another serves for positron production at two-

!There are two sources for electron production: a thermionic source and a polarized source.
The polarized source was used in the 1993 run. A detailed description of the source will appear in
Section 3.1.1.

a
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Figure 3.1: The layout of the SLAC linear collider.

thirds down the linac. Positrons are collected from electromagnetic showers produced
by injecting 30 GeV electrons onto a target. Those positrons are returned to the
beginning of the accelerator and delivered to the IP via the south arc in the same
way as electron bunches.

At an energy of 1.2 GeV, both electron and positron bunches are lead to the
north and south damping rings, respectively, where the emittance? of the bunches is
reduced.

After the damping rings , those bunches are returned to the accelerator and
accelerated to 46.7 GeV. At the end of the accelerator, they are separated by the
‘bending magnet to be lead into the arcs. During transportation in north and south
arcs, the beam lose their energy by about 1 GeV due to synchrotron radiation.

Before reaching the interaction region, the beams go through a series of magnets,
called the final focus, in order to compress horizontal and vertical beam sizes down
to 2.6 and 0.8 um, respectively. The electron and positron beams collide with each
other at the IP every 8.3 ms(beam crossing time).

After passing through the interaction region, the polarization of the electron
beam is measured by the Compton polarimeter. Energies of both beams are measured
by the wire imaging synchrotron radiation detector (WISRD), before the beams are
dumped.

In general, the luminosity of a collider is given by:
NtN-
dro,oy

[::fRX (31)

where N* and N~ are the number of positrons and electrons per bunch, fp is the

2Emittance is defined as momentum spread x spatial spread of a bunch.

a
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Experimental Apparatus 3.1 The SLAC Linear Collider

repetition rate. o, and o, are the vertical and horizontal spot sizes. Those parameters
of the SLC for the 1993 run are shown in Table 3.1. The luminosity of the SLC for
the 1993 run had the peak value of £ = 5 x 10%cm™2sec™! equivalent to a rate of
about 50 Z° events per hour for the observable (neutrino production excluded) cross
section of o(ete™ — ff) = 32 nb at the center of mass energy of 91.26 GeV[21]. The
performance of the SLC in the 1993 run was summarized in Table 3.1 together with
the design values.

Parameter Design Value | The 1993 Run
Intensity (x10'%) N*(et) 7 3
N~ (e7) 7 3
Repetition Rate, fg (Hz) 180 120
Beam Size (um) | Horizontal, o, 16 2.6
Vertical, o, ' 0.8
Luminosity(Zs/hr) 650 50(peak)
e~ Polarization N/A 63%
Up Time N/A 70%
- Integrated Z0s N/A 50000

Table 3.1: Comparison of the SLC parameters for the' 1993 run te the design values.

3.1.1 Polarized source

Figure 3.2 shows the schematic layout of the polarized electron source located
at the beginning of the accelerator. The polarized source consists of three parts: two
YAG-pumped Ti:Sapphire lasers, a series of optical elements to control the intensity,
pulse length and circular polarization and an electron source with the photocathode
made by strained-lattice gallium arsenide (GaAs) crystal (the polarized gun). The
two YAG lasers produce two pulses separated by 60 ns in order to produce two
bunches of electrons: one for collision and the other for positron production. Those
lasers produce photons with wavelength of 865 nm. The pulses are randomly left- or
right-circularly polarized by a circular polarizer in order to reduce systematics, and
they are guided to the photocathode in the polarized gun by the optical elements.
Finally the pulses are injected to the photocathode with -120kV potential.

When circular polarized photons are injected to GaAs, polarized electrons are
emitted[22]. The theoretical limit of the polarization with a normal crystal is 50%.
The experimental break through was brought by the use of the strained-lattice crystal.
Theoretically, the strained-lattice photocathode can produce 100% polarization. In
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Figure 3.2: The schematic layout of the polarized electron source at the SLC injector. The source
consists of the laser, the optical elements and the polarized gun.

practice, the polarization reached about 90% on the test bench[23]. In the 1993
physics run, this strained-lattice crystal was used as the photocathode. The strained
lattice crystal consists of GaAs;_, P, (z = 0.24) substrate of thickness 2.5 um with an
eptaxial layer of GaAs of thickness 0.1-0.3 gm. And approximately one atomic layer
of cesium and fluorine applied to the surface in order to decrease the work function
down to zero or negative and increase quantum efficiency (5%-15%).

3.1.2 Spin Transportation

The electron polarization has to be maintained during the acceleration and
delivery to the IP. There are two main sources of depolarization of the electron beam
from its source to the IP: in the damping ring and the arc.

Energy spread in the electron bunch leads to incoherent Thomas precession
within the bunch in the electromagnetic field if the spin of electrons in the bunch

a
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Figure 3.3: The schematic view of the north damping ring. Spin vector at each point
is shown by an arrow.

directs along their momenta. This incoherent precession causes depolarization of
the electrons. This effect is serious in the damping ring where the electron bunch
spends about 8 ms and makes tens of thousands of revolutions. Figure 3.3 shows
the schematic view of the north damping ring where emittance of electron buches is
reduced.

In order to avoid depolarization of the electron beam in the damping ring,
the electron spins are rotated to the vertical direction before being injected into the
damping ring, so that there is no horizontal component in the damping ring. This
rotation is carried out by one superconducting solenoid called a spin rotator located
at the linac-to-ring line. After energy spread in the beam is reduced in the damping
ring, the spin vector can be oriented to an arbitrary direction by two spin rotators at
the ring-to-linac line and the linac. ~

Transportation of the electron beam in the arc is controlled by a series of mag-
nets. Therefore,incoherent spin precession due to energy spread causes depolarization
of the electron beam. In the 1993 run, electrons were kept polarized vertically in the
linac and their spin were rotated longitudinally at the exit of the arc. The estimate
of the depolarization was about 1.4 % for a Gaussian energy spread of a0.1.5 % in
the beam[24)].

a
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3.1 The SLAC Linear Collider Experimental Apparatus

3.1.3 Polarimetry

There are two devices to measure the electron polarization: The linac Mgller po-
larimeter and the Compton polarimeter just after the IP. In this section, polarimetry
by the two devices and spin transport in SLC are described.

Linac Mgller Polarimeter

The linac Mgller polarimeter based on Mgller scattering (e”e” — e”e™) is
set at the end of the linac in the PEP extraction line.This is used for diagnostic
measurements of the polarization before the beam enters the north arc. The device
measures the polarization asymmetry in the cross section for polarized beam electrons
scattered by the electrons in atom of an insertable magnetized iron target. By varying
the beam and target polarization, the longitudinal beam polarization is extracted:

Ameas

pbeam —
z target
I A,

(3.2)

where A™% is the measured Mpller asymmetry , P!79¢ ig the longitudinal target
polarization, and A, is the longitudinal Mgller asymmetry at the selected momentum.

Due to the location and the method, measurements by this device need a special
run in which the electron beam can not be delivered to the IP. The average of several
measurements by the polarimeter was (65.842.7)%(24].

The dominant systematic errors come from the theoretical uncertainty in the
estimation of the polarization of the target electron, since atomic effects on the po-
larization are not completely understood[25].

The Compton Polarimeter

The schematic layout of the compton polarimeter is shown in Figure 3.4. The
compton polarimeter is placed at 33m down stream of the SLD and consists of three
components: a YAG-pumped Nd laser, a series of optical elements to control in-
tensity, pulse length and circular polarization and a gas Cerenkov counter to detect
scattered electrons. The polarization measurement of the device is based on the
cross section asymmetry in Compton scattering between a polarized electron and a
circularly polarized photon (e”y — e~«). After the electron beam leaves the IP,
it interacts with the circularly polarized photon. The photon is generated by the
laser and circularly-polarized by optical elements, then guided to the “Compton” IP.
The scattered electron is measured by the Cerenkov detector after being bent by the
analysing magnets.

a
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Figure 3.4: The schematic layout of the compton polarimeter. The Compton polarimeter is located
at 33 m down stream of the SLD. It consists of the laser, a series of optical elements and a Cerenkov
detector.

The cross section for scattering depends on the polarizations of electron and
photon as follows:
do, doy
= 1+ P, PAE 3.3
dEs dEs[ Y e ( 3)] ( )
where E, is the energy of the scattered electron, o, is the unpolarized compton
scattering cross-section, P, is the photon spin polarization, P, is the longitudinal
polarization of the electron and A(E;) is the Compton asymmetry function defined
as

(1/k — 1/K)[kcosfp + k'] - s

A(E,) =
(E:) (k — k')2/kk" + 1 + cos 6,

(3.4)

with % and K being the momentum vectors of the incident and scattered photons,
respectively and 8y the photon scattering angle. In the 1993 run, the average electron
polarization measured by the Compton polarimeter was 63.0 & 1.0%(20].
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Figure 3.5: Schematic of the wire imaging synchrotron radiation detector for the SLC energy
measurement. There are one spectrometer in each of two arcs.

The beam energies are measured by a wire imaging synchrotron radiation de-
tector (WISRD), shown in Figure 3.5,located at just before the beam dump. The
WISRD is essentially a deflection spectrometer. Before reaching the WISRD, each
beam goes through a series of three dipole magnets in a split-beam configuration.
The first magnet induces a horizontal spray of synchrotron radiation that provides a
reference pedestal for the bending down stream. The second magnet is a precisely
calibrated analyzing dipole which bends the beam 15 meters upstream of the WISRD.
The third magnet provided another horizontal stripe of synchrotron radiation. The
position of this last stripe is compared to the position of the first one to measure a
deflection. The beam energy is then calculated as,

Epeam = §/|§ x dl] (3.5)

where 0 is the measured beam deflection, B is the magnetic field in the analysis mag-
net, and dl is the path length along the beam. The synchrotron radiations detected
by Compton scattering of the electrons in two screens of copper wires. The measured
mean center-of-mass energy for the 1993 run was 91.26 GeV.

3.2 The SLC Large Detector

The SLC Large Detector (SLD) is a general purpose detector to study physics
at the Z° mass scale. Figures 3.6, 3.7 show the cut and cross sectional views of the
SLD.

The construction of the SLD was carried out from 1986 to 1991. The SLD is
located in a 15 m deep pit inside the collider hall built on the interaction region of

a
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Figure 3.6: A cut view of the SLD. The endcap in the positron arc side is not shown for clarity.
The luminosity monitor is also not shown.

the SLC. All detector components are contained in a 9 m diameter octagonal steel
structure. The SLD consists of three major subsystems: tracking system, particle
identification system and calorimeter system.

A silicon vertex detector (VXD), a precision central drift chamber (CDC) and
a set of endcap drift chambers (EDC) for low angle tracks serve for charged particle
tracking. Identification of charged particles is done by a set of Cerenkov ring imaging
detectors (CRID). Calorimetry is provided by three parts: Liquid Argon Calorimeter
(LAC), measuring the electromagnetic part of the energy and the hadronic energy,
a Warm Iron Calorimeter (WIC), instrumented with streamer tubes and being also
capable to track escaping muons, and a Luminosity Monitor (LUM) which measures
energies deposited in the extreme forward and backward directions. All the com-
ponents, except for the WIC are placed inside a normal magnet coil producing a
0.6 Tesla magnetic field. By measuring the curvature of the charged particle in the
magnetic field one can determine its momentum. Platforms all around the detector
support the power supplies for each component. A small building on top of SLD,
accommodates the fastbus readout electronics (FB) for the data acquisition.

a
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Figure 3.7: A cross-sectional view of the SLD.

3.2.1 The Tracking System

The tracking system consists of the vertex detector and the drift chambers which

measure curvatures of charged tracks going through the magnetic field of 0.6 Tesla
for the determination of their momenta.

The Vertex Detector

Figure 3.8 shows the Vertex Detector (VXD) which is placed around the beam
pipe of 2.5 cm radius surrounding the IP to precisely measure 3-D space points where
charged tracks pass through. It provides good reconstruction of secondary vertices.
The VXD has 480 silicon charged couples devices (CCDs). Each CCD contains 375 x
578 22um square pixels and each pixel works independently to detect the space points.
The CCDs and their driver electronics comprise a ladder. 4 CCDs are mounted on

a
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Figure 3.8: A cut view of the vertex detector (VXD).

each side of the ladder. The CCDs on top and bottom sides are slightly overlapping
each other to ensure full coverage. 60 ladders are arranged in four concentric layers
just outside the beam pipe at radii between 29 and 41 mm.

The VXD is built in a low mass structure (~ 1.1% of a radiation length par
layer) to minimize multiple scattering,

Information from the VXD is useful to distinguish secondary vertices from the
primary vertex where electron and positron interacted. The secondary vertices are
produced by decay in flight of heavy flavor hadrons with short lifetime and 7 leptons.
Therefore, the VXD is a powerful tool for study of those particles.

The Drift Chamber system

The barrel and endcap drift chambers provide the position and momentum
measurement for charged particles. A set of high voltage wires provides a uniform
electric field in a gas filled volume. A charged particle traversing this volume ionizes
the gas atoms and the electrons drift with a constant velocity towards the anode. In
the high gradient field near the anode wires the electrons avalanche, amplifying the
signal. Measuring the drift time and using the known drift velocity, the drift distance
can be determined to an accuracy of about 100um. A track fitting program then

a
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Figure 3.9: Cell structures in the central drift chamber. Shown are the sense wires (circles), field
wires (cross symbols) and guard wires (plus symbols).

teconstructs the trajectory of the track from the space points provided by the drift
chamber. The curvature of the track in the magnetic field determines the particle
momentum.

Central Drift Chamber The VXD is surrounded by the central drift chamber.
The central drift chamber is 2.0 m long with an inner and outer radius of 0.2 m and
1.0 m, respectively, centered at the IP. The constant drift field is due to a set of field
shaping wires and guard wires. Twenty four guard wires and 27 field shaping wires
made by gold-coated aluminum are form cell structure shown in Figure 3.9. Each
cell contains eight gold-coated tungsten sense wires with 25 ym diameter separated
by 5 mm in radial direction. The drift gas consists of COy, Ar and Isobutane with
constituents of 75 %, 21 % and 4 %, respectively. Doping of ~ 0.2% of water help
retard wires aging. The maximum drift distance in any cell is 30 mm. The intrinsic
spatial resolution is about 70 um. The total spatial resolution is, however, degraded
to ~ 100um due to alignment errors in the wires and uncertainty in the drift velocity.

The cells are arranged in 10 concentric superlayers shown in Figure 3.10, provid-
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Figure 3.10: The structure of the superlayers in the central drift chamber. From inside to outside
(left-to right in the figure), the superlayers were arranged in order of AUV AUV AUV A, where A,
U and V represent for the axial layer and two stereo layers with £41 mrad stereo angles.

ing up to 80 space points per track. Since the drift cell is symmetric about the sense
wires, it is not known which side of the sense wire the electron came from. To resolve
the left-right ambiguity, the cells are staggered in each superlayer. An axial layer is
set at every third layer with the wire are strung parallel to the beam axis. The rests
are small angle stereo layers where the wires were strung at a +41 mrad stereo angle
with respect to the beam axis. From inside to outside, the superlayers are arranged
in order of AUVAUV AUV A, where A, U and V are represented for the axial layer
and two stereo layers with +41 mrad stereo angles shown in Figure 3.10. The stereo
superlayers are also used for determination of a coordinate along the wire together
with charge division technique. Each sense wire has identical readout electronics on
both sides of the chamber, then a hit point is determined by comparing the outputs
in both sides. The charge division determines the coordinate of the hits along the
wire to an accuracy of ~ 6 cm. The position along the beam axis (z axis in the SLD
coordinate system) is better determined by hits in stereo layers.

Endcap Drift Chamber The track momentum resolution of the CDC drops off
at angles of less than 30° with respect to the beam axis, since the number of hits on
sense wires decreases in this region. To improve the resolution in this region, two sets
of drift chambers, the Endcap Drift Chambers (EDC) were set at each of endcap.

-
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The EDC of each side consists of two drift chambers, inner and ‘outer, located at 1.2
m and 2.0 m away from the IP and covers the region between 12° and 40°. Each of
the four drift chambers has three superlayers with a relative rotation of 60°.

The Magnet

The magnet® is a 5.9 m diameter and 6.4 m long coil situated between the LAC
and the WIC. A current of 6600 A through 508 turns provides a magnetic field of
0.6 Tesla in the center of the coil. The iron structure of the WIC on the doors and
the barrel serves as flux return®. The Poisson-parametrization of the magnetic field
in the coil:

B, = BO TZ
7‘020

-2
B, = B+05B0" 2%

ToZp
where B? = 0.0214T, B? = 0.601T, r; = 1.2m and 2y, = 1.5m agrees with the mea-
sured freld to within 0.05% inside the volume of the CDC and to within 0.4% for the
EDC. The uniformity of the field is more than adequate for the tracking measure-

.ments and the radial component of the field is small enough for the requirements of
the CRID.

Tracking Performance

The raw hits from the VXD and the drift chambers are used for the track
reconstruction divided into two steps: pattern recognition in the drift chambers and
linking of the hits in the VXD and the track found in the drift chamber.

Figure 3.11 shows a schematic illustration of the reconstruction of a track in
the CDC. At first, two track segments for each cell are reconstructed by x? fitting of
those segments to 8 hits of the sense wires in a cell®>. Those segments are called vector
hits. Then the vector hits are fitted to a track. Charge division is used for pattern
recognition, however, final track fitting uses only the information from vector hits.

The hits in the VXD are clustered by pattern recognition with a loose constraint
on the primary vertex in advance of the extrapolation of the track found in the drift
chambers. Those tracks are extrapolated into the VXD and linked to clusters in the

3The magnet was manufactured by Mitsubishi Heavy Industry Company.

4The magnet yoke was manufactured by Kawasaki Heavy Industry Company.

5The two segments are due to left-right ambiguity of the position where a track really passed
through.
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Figure 3.11: The schematic illustration of the reconstruction of a track in the CDC. Solid arrows
in the left figure show the drift paths of electrons from ionization of a charged track, dashed arrows
are mirror images of the real drift paths.

VXD. Each cluster is allowed to be associated with one extrapolated track. Then a
combined track fit is performed using the Billoir method[26] taking into account the
track multiple scattering in the detector material.

The CDC with a magnetic field of 0.6 Tesla has a the momentum resolution
of[27]: '

fpﬂ = 1/0.00952 + (0.0049p (GeV/c))2

where p is the momentum of a track in GeV/c. For the combined CDC and VXD
track, the momentum resolution is[27]:

% = 1/0.00952 + (0.0026p (GeV /c))2.

The combination of the CDC and VXD improves the resolution significantly.

3.2.2 The Particle Identification System
The Cerenkov Ring Imaging Detector

The Cerenkov Ring Imaging Detector(CRID) shown in Figure 3.12 is used for
particle identification and flavor tagging. When a charged particle passes through a

medium, exceeding the speed of light in the medium, the atoms get polarized and
emit photons (Cerenkov radiation). The opening angle of the light cone with respect
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Figure 3.12: Two cross-sectional views of the barrel Cerenkov ring imaging detector (barrel CRID).
"Wavy lines show the traces of Cerenkov photons. The photons are converted to electrons in the drift
box by TMAE.

to the incident track, f¢ is related to the velocity and an index of refraction of the
medium, n as follows: cosfc = 1/(6n(A)), where § is the ratio of the velocity to the
speed of light. The index of refraction depends on the wavelength of a photon, A. If
the angle ¢ is measured, one can determine the velocity of the particle. Together
with a momentum measurement of the particle, the mass and hence the type of the

particle can be determined: m = p\/(n cosfc)? — 1.

The CRID consists of three main parts: liquid radiator, time projection cham-
bers (TPCs) to detect photons and gas radiator and spherical mirrors to reflect the
photons to the TPC, Figure 3.12 shows the barrel CRID, the emission of the Cerenkov
photons and how to detect them. At first, the particle from the IP passes through
a thin layer(10 mm) of liquid radiator which is Freon (FgCy4) with an index of re-
fraction n = 1.277. For 8 = 1, the Cerenkov angle of the photons is 672 mrad. The
photons are mainly emitted at frequencies in the near ultraviolet (UV) region(170-220
nm), therefore the outer side of the radiator vessel is made of quartz glass, which is
transparent to the UV light. Typically about 12-15 photoelectrons, which will be de-
fined below, are expected for a particle of § = 1. After being refracted at the quartz

-
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window by 236 mrad, the photons pass across the 13 cm gap to the TPC at an angle
of 52 mrad with respect to the incident particle trajectory, forming a circle of 17 ¢cm
radius and about 1.5 cm width.

The outer side of the TPC is filled with 76 % of FsC,, as gas radiator and
24 % of nitrogen. The gas radiator has a low index of refraction of n = 1.0017
and is transparent to UV light. The gas radiator thickness of ~ 45 c¢cm expects 7-9
photoelectrons. Those photons are emitted at an angle 8¢ of ~ 53 mrad for a track
with # = 1. The photons are reflected and focused back onto the outer side of the
TPC by a set of spherical mirrors mounted on the outer wall of the CRID vessel.

A time projection chamber (TPC) is used to detect the Cerenkov light. The
drift volume is filled with ethane saturated with TMAE(Tetrakis Dimethyl Amino
Ethane), which converts the Cerenkov photon to an electron with a very high quantum
efficiency in the wave length range of 170 to 220 nm. The photons enter the driftbox
from the top and the bottom through a quartz window and are absorbed by the
organic TMAE molecules and knock out an electron, called a photoelectron. The
electron drifts to the sense wires in the uniform drift field of 400 V/cm established by
a set of equally spaced wires around the box. The sense wires and readout electronics
are located at the endcap side of the TPC. Negative high voltage is applied on the
midplane side of the TPC. Over a maximum drift distance of 126 cm this amounts to a
potential difference of 60 kV between the HV side and the readout side. The electrons
drift parallel to the magnetic field produced by the magnetic coil in the detector. The
anode of each drift box is made of 93 carbon fiber wires of 7um diameter, strung in the
radial direction with a spacing of 3.2 mm. Each wire has identical readout electronics
on both ends for charge division. The z-coordinate of the electron conversion, along
the beam axis, is obtained from the measurements of the drift time and the azimuthal
coordinate is determined by the anode wire address. The depth of the conversion in
the drift box is measured by charge division on the sense wires. The detector is
optimized for single electron detection, typically a dozen electrons from each circle
make it all the way to the anode. However, it will also detect the large dE/dx signal
of ionization loss from the charged particle passing through the drift box.

The barrel CRID consists of 40 TPCs, 40 liquid radiator trays and 400 spherical
mirrors. Each endcap portion of the CRID has 5 TPCs, 1 liquid radiator and 60
mirrors. ,

3.2.3 The Calorimeter System
The task of the calorimetry is to measure accurately the fraction of electromag-
netic and hadronic energies from the decay of the Z° covering as much of the solid

angle around the IP as possible. This large solid angle is very important because of
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cleanly separating events with missing energy. The SLD calorimeter consists of three
parts:

e a lead-liquid argon calorimeter (LAC), which absorbs most of the electromag-
netic and hadronic energy in order to measure them,

e a warm iron calorimeter (WIC) which contains the tails of hadron showers and
tracks penetrating particles through the LAC, such as muons and

e a Luminosity Monitor (LUM) which measures the energy deposit of the Bhabha
events at very small angles to the beam and determines the luminosity of the

SLC.

The electromagnetic part of the LAC has 22 radiation lengths X, and the LAC and
the WIC together have 8 interaction lengths® to absorb most hadrons completely.
Electrons and gammas form electromagnetic showers which can be distinguished from
hadronic showers by the profile of the energy deposit. Electromagnetic showers de-
posit most of their energy within the first section of the LAC while hadronic showers
extend much further into the detector since the hadronic interaction length is greater
than the electromagnetic radiation length. The form of the showers can thus be used
to separate electrons from pions and/or protons. An EM shower matched to a track
in the CDC will be identified as an electron and can thus be separated from a shower
induced by a gamma.

The Liquid Argon Calorimeter

The LAC is placed inside the magnet coil, to avoid degrading the performance
of the calorimeter due to energy absorption in the material of the coil. The LAC
works as an ionization chamber and consists of stacks of lead tiles interspaced by
gaps filled with purified liquid argon as a sensitive material. The tiles at ground
and negative high potential are mutually placed. Tiles at the same potential are
connected together like a daisy chain to form projective towers pointing to the IP.
The signals are induced on the anode when the electrons from primary ionization
drift to the electrode. Since no secondary ionization occurs in argon, the signal must
be amplified by charge amplifiers. '

The towers have lateral dimensions between 6 and 12 cm, somewhat larger than
the avérage lateral size of an electromagnetic shower. The towers are further split
into four parts in the radial direction, making up two electromagnetic parts of the

61 — e~ of all charged particles interact electromagnetically in one radiation length and 1 —e™?
of all hadrons interact strongly with matter of one interaction length they are passing through.

-
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Figure 3.13: The barrel liquid argon calorimeter (LAC). Shown are three of the 288 modules that
make up the barrel LAC. ] .

calorimeter, E1 and E2, and two hadronic parts, H1 and H2 as shown in Figure 3.13.
The geometry of the electromagnetic section was chosen to provide the best possible
efficiency for isolating electrons from semileptonic decays within jets, lowest possible
7/ overlap background, and good position resolution. The LAC is placed inside a
vacuum vessel and surrounded by a cryostat which is cooled by liquid Nitrogen. The
LAC’s endcap is a continuation of the barrel in the forward and backward direction
with a similar internal tower geometry. The endcaps fit like plugs inside the barrel.
Together they cover about 98% of the solid angle for electromagnetic showers.

Since a liquid argon calorimeter has no gain in the sensitive medium and there-
fore produces very small signals, low noise amplifiers must be provided. The approx-
imately 44,000 electronics channels require a fast pre-processing of the event to form
reliable trigger information and to reduce the data volume passed to the computer.

The Warm Iron Calorimeter

The hadronic energy which escapes the LAC is measured by the Warm Iron
Calorimeter (WIC) which also serves as a muon tracking device and as a flux return

-
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- Figure 3.14: The worm iron calorimeter(WIC).

yoke for the magnetic field. The iron structure is segmented into 18 layers, 50 mm
“thick with 32 mm gaps instrumented with streamer tubes(Iarocci gas tubes) shown in
Figure 3.14. At 90° the iron makes up 4 interaction lengths; together with the LAC
and the coil, the SLD has at least 8 interaction lengths in any direction. The WIC
consists of eight barrel section surrounding the coil in an octagonal fashion and two
endcaps, covering almost the entire solid angle around the IP.

In the center of the slightly conductive graphite coated plastic 9 mm x 9mm
streamer tubes, there is a 100um wire of BeCu held at 4.5 kV in a gas mixture of
25% argon and 75% isobutane. On the top and bottom of the tubes is stripes of
G10 material plated with copper patterns in the form of strips and pads. A charged
particle passing through the gas mixture forms so-called streamers, small discharges
from the high voltage wire to the surface, inducing charge in the copper circuits
proportional to the energy of the particle, typically 12 pC per streamer and about
7-8 streamer per GeV of energy.

In the eight coffins of the barrel section there are 17 layers of tubes. The strips
run parallel to the tubes, except in layer 8 and 17 where they are perpendicular to
them They are read out digitally providing an exact tracking of the particles in 7-¢

-
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Figure 3.15: The luminosity monitor.

and two points in z determining the angle of the muons to better than 10 mrad.

The geometry of the pads is a continuation of the hadronic tower structure of
LAC. The readout is analog, proportional to the energy deposited. They are squares
of 265 mm X 216 mm on the inner most layer, increasing in size to 295mm x 316mm
in the outer plane. The first eight layers are connected together to measure the energy
flux in the “front tower”, the remaining 7 layers form the “back tower”.

The endcap region consists of eight horizontal and eight vertical layers of tubes
read out in a similar fashion as the barrel with strips along each tube and pads in
a tower structure.. To cover the gaps between the endcaps and the barrel, so called
45 chambers have been installed on the support arches. Along each section of the
octagon there are two of these chambers, staggered by half a cell, 120 cm x 375 ¢cm in
size, with strips parallel and vertical to the tubes. The WIC contains a total 101,488
strips and 8640 towers covering 97% of the solid angle.

The Luminosity Monitor

The Luminosity Monitor (LUM) [28] in the SLD consists of Small Angle Tagger
(LMSAT) and the medium angle silicon calorimeter(MASiC) shown in Figure 3.15.
The LUM provides SLD’s small angle electromagnetic coverage, measuring photons
and electrons in the 23-200 mrad region. The main function is to measure the lumi-
nosity by tagging of electrons in Bhabha events. With a total of 23 radiation lengths
it simultaneously provides a low angle coverage for the calorimetry.

- The LMSAT and MASIC are cones of silicon detector centered around the beam

-
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pipe with a projective tower structure very much like the LAC. The LMSAT covers
the angles from 23 to 65 mrad and is about 1 m from the IP, right in front of the final
focus magnets. The MASIC covers the angle of 65 to 200 mrad and is right next to
the VXD at z = £200 mm. On both devices each of the 23 layers of silicon detector
is interspaced with tungsten plates of 1 radiation length. Like the electromagnetic
part of the LAC the monitor is split up into EM1 and EM2, two sets of towers in
front of each other.
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Chapter 4

Analysis

4.1 Introduction

The data taken by the SLD in the 1993 run and the events generated by a
Monte Carlo simulation are used for this study. The brief summary of the production
of Z° bosons by the SLC and data taking by the SLD is described, followed by the
description of event generation by the Monte Carlo simulation:

Z° Production by the SLC and SLD Data Taking SLC produced the first
Z° in April, 1989. Z% were measured by the Mark II detector which was located at
the IP of the SLC prior to the SLD. The Mark II detector was replaced by the SLD
after it collected about 700 Z° decays in 1989 and 1990. The SLD was rolled in to
the IP in the spring of 1991. The SLD collected about 400 Z° decays in the 1991
engineering run without the electron beam polarization. In the 1992 run, electron
beam was polarized with magnitude of 23% and the SLD collected about 10000 Z°
decays. In the 1993 run, the electron beam polarization was increased to 63% due to
the replacement of the photocathode by the strained gallium arsenide crystal. The
luminosity of the SLC was also improved and at the end of the 1993 run about 50000
Z% decays had been accumulated by the SLD.

The SLD Monte Carlo Each events are reconstructed by using the data from
individual detector elements. The reconstructed events may get biased due to the de-
tector effects such as the limited coverage and detector resolutions. Those effects give
bias to some results. Therefore, we have to estimate the magnitude of the effects and
correct such results by using events produced by event generators and the SLD detec-
tor simulation. There are several event generators, such as JETSET[29], HERWIG(15]
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for ete™ — ¢¢, KORALZ[30] for ete™ — 7177, BHLUMI[31] for ete™ — e*e™ and
MCTWOG][32] for 27 events. It depends on the aim of the study which generator is
used. The generated particles are fed to the program called GEANT(33] which sim-
ulates particle decays, nuclear and electromagnetic interactions, multiple scattering,
etc. GEANT was tuned to the SLD so as to reproduce well the response of the SLD.

JETSET version 6.3[29] and GEANT version 3.14[33] were used for the hadronic
event generation and the SLD detector simulation, respectively. Generated events
have the same information, e.g. hits in the CDC, output from each of the LAC tower,
etc., as that contained in the real data. Those generated events are fed to the SLD
reconstruction program which reconstructs charged tracks in the tracking system,
determines the energy deposit in the calorimeter system and identifies the charged
particles. This procedure is the same as that for the real data.

This study focused on the transport of parton polarization through the
hadronization process. As mentioned in Section 2.2, none of the hadronization models
implements the spin transport through the hadronization to event generators. There-
fore, events generated by the programs are expected to have no signal in terms of the
polarization and we can not estimate how large the signal can be. However, these
generated events are useful to estimate systematic errors or biases introduced by the
analysis methods.

4.2 FEvent Type and Triggers

Events produced by decays of the Z° are divided into the following four cate-
gories: '

e Hadronic events,
e Electron-positron events,
e utu~ events and

e 7777 events.

Examples of typical events in these categories are shown in Figure 4.1. Hadronic
events are characterized by a burst of tracks observed in the drift chamber and they
form jet-structure. For ete™ and p*u~ production, two back-to-back charged tracks
are reconstructed in the drift chamber. These two types of events are distinguished
either by deposit of electromagnetic energies in the LAC or tracking by the WIC. Both
charged tracks in the electron-positron pair production have large amount of energy
deposit in the electromagnetic part of the LAC due to the electromagnetic showers.
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Figure 4.1: Examples of four categories of physical events. Shown are (a) a hadronic event with
2 jets, (b) an ete™ pair production, (¢) a gt~ pair production and (d) a candidate of a 7H7~
pair production, where a 7~ and 71 decayed into three charged particles(a 3-prong decay) and one
charged particle (a 1-prong decay). Each trapczoid indicates an energy deposit in a tower of the
LAC and its arca is proportional to the amount of the deposit.

On the other hand, charged tracks in the g% u~ pair production lose energies only by
ionization so that they deposit small fraction of their energies (about a few hundred
MeV) in the LAC. In addition, the tracks are observed by the WIC surrounding
the LAC. The 77~ pair production events exhibit the characteristics different from
hadronic events or other lepton-antilepton pair production events due to the variety
of decay modes of 7 lepton. The event, in general, has two or more tracks, but does
not have so many tracks as a hadronic events. 7 decays into e, p or hadrons so that
the energy deposit in the LAC depends on those particles.

Event Triggers The purpose of the event trigger is to reduce the background events
as much as possible without loss of physical events. The following five trigger types
were used to select the events:

-
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o The energy trigger, which is the most important trigger described below,

e The luminosity trigger, which requires a minimum deposit energy of 10 GeV in
each of two back-to-back towers in the LUM,

e The tracking trigger, which requires two or more tracks detected in the CDC
with an opening angle > 20°,

e The hadron trigger, which is a combination of the energy trigger and the track-
ing trigger with at least one track in the CDC, and

e The random trigger, which records events at the time of a beam crossing at a
fixed rate of 1/20 Hz for the purpose of background studies.

The trigger rate depends on the beam conditions. The hadron trigger is often used
to reduce the trigger rate when the beam conditions are noisy. Among these triggers,
the energy trigger is most important. The energy trigger[34] uses information defined
by the following three LAC quantities:

o NEMHI, which is the number of LAC EM towers that have signals above 60
ADC counts,

e EHI, a high-threshold energy sum, which is the sum of energy recorded in all
EM tower with signals above 60 ADC counts and HAD towers with signals
above 120 ADC counts and

e ELO, a low-threshold energy sum, which is the sum of energy recorded in all
EM towers above 8 ADC and all HAD towers above 12 ADC.

The LAC energy scale is based on the energy deposit of a minimum ionizing (min-
I) particle, such as muon. The ADC counts for the EM towers and H»XD towers
correspond to the following energies in the towers:

EM towers :1 ADC counta2.8 MeV min-I,
HAD towers:1 ADC counta7.5 MeV min-I.

These constants were determined by comparison of the ADC counts for muons with
their expected energy deposit in each tower. The energy trigger requirements are:

1. NEMHI > 10,
2. EHI > 15 GeV min-I,

3. ELO < 140 GeV min-I,

-
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4. EHI > 1.5 x (ELO — 70) and

5. Each north/south side of the detector must have NEMHI > 0.

Requirements 1 and 2 identify large energy deposits in the LAC caused by hadronic
events. The backgrounds due to beam-wall and beam-gas interactions are removed
by 3 and 5. SLC muon backgrounds! are removed by 1, 2 and 4.

4.3 Event Selection

Events satisfying the trigger criteria still contain background events besides the
Z° events. Since only the hadronic events of Z° decays were used in this study.
background events? and leptonic events must be removed from the event samples. In
the study, only charged tracks measured by the central drift chamber and the vertex
detector were used. Therefore, the hadronic event selection depends on charged track
measurements and no information of the calorimetry was used. It was performed in
two steps: good track selection and hadronic event selection using those tracks.

In the first step, the good track selection was performed by requiring the fol-
lowing four criteria for charged tracks:

e the track had transverse momentum of p; > 0.15 GeV/c with respect to the
beam axis,

e cosine of polar angle 6 with respect to the beam axis was in a range of —0.8 to
0.8, :

e distance of the track’s closest approach to the beam axis was less than 5 ¢m
and

e distance of the track’s closest approach to the interaction point along the beam
axis was less than 10 cm.

Figures 4.2, 4.3, 4.4 and 4.5 show distributions of transverse momentum with respect
to the beam axis, p,, cosine of polar angle 6, cos 8, distance of closest approach to
the beam axis, r¢ and distance of closest approach to the interaction point along the
beam axis, zp.

!The SLC produces muons when stray electrons and positrons collide with collimators. Some
of these muons are transported to by the accelerator and strike the SLD at a nearly horizontal
direction. )

?Background means events such as interactions of the beam with the beam pipe or gas inside the
beam pipe.
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Figure 4.2: Distribution of transverse momentum of charged tracks with respect to the beam
axis. Points represent data and histogram shows the Monte Carlo simulation. Charged tracks in the

hatched region were not used in this study.
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Figure 4.3: Distribution of cosine of polar angle of charged tracks. Shown are data (points) and
the Monte Carlo simulation (histogram). Charged tracks in the hatched region were not used in this

study.
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Figure 4.4: Distribution of distance of closest approach of charged tracks to the beam axis. Shown
are data (points) and the Monte Carlo simulation (histogram). There is a discrepancy between data
and Monte Carlo in the region of large distance. The discrepancy is ascribed to background tracks
and tracking failure. The Monte Carlo does not completely simulate the real events in the region.
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Figure 4.5: Distribution of distance of closest approach of charged tracks to the interaction point
along the beam axis. Shown are data (points) and the Monte Carlo simulation (histogram). There
is a discrepancy between data and Monte Carlo in the region of large distance.
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Figure 4.6: Distribution of number of good charged tracks in an events. Shown are data (points)
and the Monte Carlo simulation (histogram). Events in the hatched region were not used in the
analysis. Large number of entries in data at two tracks is contribution from ete™, utu™ and 7r7™
pair productions.

After good tracks were selected, hadronic events were selected according to the
following three conditions:

e There were at least 5 good charged tracks in an event,

o the cosine of the thrust axis which was calculated using the selected tracks was
in the range |cosfr| < 0.71 and

e the sum of the energies of charged tracks, a wvisible energy was more than 20
GeV, where all selected tracks were assumed to have the charged pion mass.

Figures 4.6, 4.7 and 4.8 show distributions of number of good charged tracks in an
event (charged-track multiplicity), cosine of the thrust axis (| cos@y,ys|) and charged
visible energy. Thrust T is defined as[35]

Ziﬁi'f) (4.1)

T = max <—_,—

2 |pi]

where 7; is momentum of a final state particle and 7 runs over all the final state
particles and the axis ¢ is called the thrust axis. After this hadronic event selection,

30036 events survived.
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simulation (histogram). Events in the hatched region were not used in the analysis.

£0.03 \\\‘\\\\\§\§ R : .

1/N dN/dE

o
(@]
N
7
7
Vs
" I
e
e
*
o

0.01 RN

codiaa s Lo h‘i‘!:&ol‘o.a‘_‘___

50 60 70 80 90 100
E,. (GeV)

Figure 4.8: Distribution of charged visible energy. Shown are data (points) and the Monte Carlo
simulation (histogram). Events in the hatched region were not used in the analysis.



4.3 Event Selection Analysis

/Py

0.7
0.6

0.5

-’
-
. ———

0.4
0.3
0.2
0.1

III‘IHIIIIII]1III[IIIII‘IIT]TIII'II

J
L

0
20000 20500 21000 21500 22000 22500 23000 23500
Run

Figure 4.9: Electron bcam polarization shown as a function of run number. Each point represents
the beam polarization measured by the Compton polarimeter near an event.

- The SLC provides the longitudinally polarized electron beam-and the Comp-
ton polarimeter measures the polarization of the beam downstream of the SLD as
described in Section 3.1.3. This study took advantages of the longitudinal electron
beam polarization, so that the analyzing power for jet handedness is determined at

high accuracy in the helicity-based analysis. The beam polarization is measured ev-
' ery 3 minutes by the Compton polarimeter. The polarization for each event is the
polarization measurement closest in time to the event. Figure 4.9 shows the beam
polarization of each event which satisfied the above hadronic event selection criteria.
The average electron beam polarization (P) for the 1993 run was estimated by using
the luminosity weighted average:

(P) = 1+£ > P (4.2)

events

where N is the total number of events, P; is polarization measured by the Compton
polarimeter near the ith event, and £ = 0.017 is the chromaticity correction for
polarization biases due to tails in the beam energy distribution. The average value
was[20]:

(P) =0.630 £ 0.011. (4.3)

Selected events had the magnitude of electron beam polarization in a range between
0.2 and 0.8. If the polarization was negative, —0.63 was used for the helicity-based

-
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analysis as nominal polarization. In the case for the positive polarization, +0.63 was
used.

The numbers of events with right- and left-handed beam polarization were 13515
and 16519, respectively®.

2-jet events were selected in order to avoid contamination from hard gluon
emission, since we can not predict the polarization of such gluons. There are several
algorithms to find jets[36]-[38]. All algorithms basically consist of two processes:
calculating invariant the mass or a similar quantity for each pair of tracks in an
event, and combining the tracks. The JADE algorithm|[36] was used in this study. In
the following, the procedure in the JADE algorithm is explained as an example:

1. The scaled “invariant mass” y,; of every pair of particles is calculated, assuming
all hadrons to be massless:

2E;E;(1 — cosby;)
E?

s

Yij = (4.4)
where E;, E; and cos g;; are the particle energies and the angle between them.
—— B, is the total energy in the event.

2. The pair with the smallest invariant mass y;; is combined into a pseudo-particle
or cluster k£ by adding their 4-momenta:

Pk = Pi + Pj (4.5)

As a result of this procedure, the number of tracks in the event decreases by
one.

3. The above procedure is repeated until the smallest invariant mass y,;; becomes
larger than a cutoff value y.us. Yo defines the resolution of two jets. Selection
of the y., value depends on the purpose of studies. The remaining pseudo-
particles are defined as jets.

The definition of the scaled invariant mass and the (,OIllblndthI] criteria depend on
the algorithm used for jet-finding.

Figure 4.10 shows the fractions of 2-jet events and events containing 3 or more
jets as a function of y., value for the hadronic events in the case of the JADE
algorithm. As y.,, value increases, 2-jet events increase and multi-jet(3 or more)
events decrease. The y,,, value has to be small enough to avoid the contamination
of 3-jet events, i.e. ete™ — ¢gg. If a 3-jet event is categorized as a 2-jet event by

3There were only 2 events with no polarization measurement. They were discarded.

-
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Figure 4.10: Jet rate as a function of y.y value for the hadronic events. Shown are fractions of
2-jet events (points) and cvents with 3 jets or more (squares). ycy: = 0.03 was used in this analysis
(shown by arrow).

some Yoy value, its thrust axis does not represent quark and antiquark momentum
vectors correctly. The contamination may dilute a signal measured in this study.
However, a small value of y., results in decrease of 2-jet events and makes the sta-
tistical fluctuation in results increase. The y.,; value used throughout this study was
0.03 (Figure 4.10). At yqy = 0.03, 2-jet event rate was found to be about 65% of
hadronic events. In order to get correct parton direction, the additional requirement
of the acollinearity angle? to be less than 20° left about 90% of the 2-jet events.
There remained 9942, 8196 2-jet events with left-, right-handed electron polarization,
respectively.

4.4 Flavor Tagging by Normalized Impact Pa-
rameter '

A handedness signal may be diluted in heavy quark events (Z° — c¢, bb), since
many tracks come out from decays of spinless heavy mesons. Dalitz et. al have
reported a study of the expected handedness signal for charm quarks and concluded
that any spin effect resulting from D* or B* decays was very small[2]. Therefore,

4The acollinearity angle is defined as difference between 7 and an angle between two jets.

-
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y A

Extrapolated Jet Axis

Track

6<0

Figure 4.11: Definition of the signed impact parameter, §. The sign of the impact parameter
depends on the location of an intersection between a extrapolated track and the jet axis in which
the track are contained.

we should use only light flavor (u@,dd, s5) events in order to observe the possible
handedness signal. In this study, the data is divided into two samples which originated
from a light or heavy flavor ¢q.

The separation of light flavor events from heavy flavor events uses a flavor
tagging technique®. Heavy flavor tagging often makes use of the information on the
decay length of heavy flavor mesons, e.g. D, B, etc. As the decay length is short
(typically a few hundred pum), they are detectable only by placing a very precise
position detector near the IP. This means that the efficient flavor tagging strongly
depends on the performance of the detector and its location. The VXD in the SLD
satisfies the requirements and, in practice, achieves high efficiency for heavy flavor
tagging. Light flavor events are anti-tagged against the heavy flavor tagging.

Event flavor tagging used the signed x-y impact parameter, 6. The parameter
is defined as the distance of closest approach of a charged track to the IP in x-y
plane®. Figure 4.11 shows the definition of the signed impact parameter, §. If an
extrapolated track crosses the jet axis before its closest approach to the IP, its ¢ is
set to be positive. On the other hand, if there is an intersection between a track and

5The flavor tagging method was often used to measure lifetime of B hadrons[39)]
8The x-y planc is defined as a planc perpendicular to the beam axis.

-
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Figure 4.12: Distribution of the normalized impact parameter. Shown are data(points) and the
Monte Carlo simulation (histograms). Each of two kinds of hatched areas shows the contribution
from ¢¢ and bb events to entrics in the Monte Carlo simulation.

‘the jet axis after the track passes its closest approach, its ¢ is negatﬁiive.

In addition to the standard good track selection criteria, the following restric-
tions are imposed in order to ensure good measurements of the impact parameter:

e tracks must have at least 2.clusters of hits in different CCD layers of the VXD,

e tracks must have x?/NDF7< 5.0 in a track fit to the CDC hits and

e tracks must not come from VY particles (if an invariant mass of two tracks falls
into in a range of K% or A’ mass, those tracks are removed).

The signed normalized impact parameter, §/0s, was defined as signed impact
parameter divided by its measuring error. Figure 4.12 shows the signed normalized
impact parameter distribution for data and the Monte Carlo simulation. The sim-
ulation well reproduces the data. The excess of positive impact parameters seen in
Figure 4.12 is ascribed to the secondary vertices produced by decays in flight of heavy
flavor mesons. The heavy flavor mesons are only produced in ¢¢ or bb events. This
quantity was used for flavor tagging. The flavor tagging purity and efficiency depend
on the cut value of the normalized impact parameter(the normalized impact parame-
ter significance). This value must be optimized in terms of the purity and efficiency.

"Number of degrees of freedom.
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Figure 4.13: Distribution of the number of the significant tracks in an event. Shown are
data(points) and the Monte Carlo simulation (histogram). Two different hatched areas show the
contributions from ¢¢ and bb events to entries in the Monte Carlo simulation.

In this study, if 6/05 of a track is more than three, that track is called a ‘significant
track’. The number of significant tracks in a heavy flavor event is expected to be more
than that in light flavor events. Figure 4.13 shows the distribution of the number of
significant tracks in an event. Each event was classified as being of light (u,d or s) or
heavy (c or b) quark origin according to the number of significant tracks in the event.
Events containing no significant track were assigned to the light flavor sample and all
other events were assigned to the heavy flavor sample. The numbers of events in the
light and heavy favor samples are given in Table 4.1. The global sample is defined
as the sum of the light and heavy flavor samples. The purities and components of

Sample Right-handed P | Left-handed P
Hadronic events 13515 16519
Light flavor 4608 5547
2-jet events | Heavy flavor 3588 4395
Global 8196 9942

Table 4.1: Summary of statistics. 2-jet events are a subset of hadronic events, and are classified
into the light and heavy flavor samples according to the number of significant tracks in a event. The
global sample is the sum of the light and heavy flavor samples.
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Fraction of events from flavor: (%
ull -dd 88 - cc bb
Light Flavor | 84.04£0.2 | 23.6+0.2 | 30.6£0.2 | 29.9+0.2 | 12.840.2 | 3.1%0.1
Heavy Flavor | 70.3+0.2 8.3+£0.2 | 10.3+0.2 | 11.14+0.2 | 22.64+0.2 | 47.74+0.3

Sample Purity(II)

Table 4.2: Purities of the light and heavy flavor samples and constituent flavor of these samples,
estimated by the Monte Carlo simulation.

flavors in the samples estimated from the simulation are given in Table 4.2. The light
flavor sample contained about 56% of all events and its purity was about 84%.

4.5 Three Leading Particle Selection Method

This method was based on the analogy to the measurement of the 7 polarization
for 3-prong decays of 7 leptons[3]. In particular, since all charged tracks were assumed
to be pions, this method was focused on the decay of the a; meson into 3 charged
7s via p meson and m. The initial parton in Z° — ¢ may be contained in such an
- @1. The method measures the polarization of the a; similar to the 7 polarization on
the assumption that the parton polarization is transported to the a;. As shown in
Section 2.3.1, the measurement of the polarization is based on the theoretical model
of the 3-prong decay of the 7 via the a;. Therefore, it is essential to select pairs or
~ triplets of particles which produce an invariant mass in the region of the p or a; mass,
respectively.

In order to fulfill this requirement, the analysis was performed in line with the
following procedures: ‘

1. The three highest momentum particles in each jet are selected if they had a
total charge of +1.

2. One of the invariant masses for the two oppositely charged pion pairs is required
to be in the range 0.62 < m,, < 0.92 GeV/c? (p-mass region), and the invariant
mass of the 3-7 system is in the range 0.86 < my,, < 1.66 GeV/c? (a;-mass
region).

3. The parti‘cles forming the higher mass pair are used to calculate
Qhel = 'E' (El X Eg) and
Qi = - (ky x k), (4.6)
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where the momenta of the particles are defined in the 3-particle rest frame and
lkll > |ko|. £ is the thrust axis signed so as to point along the jet direction. ky
and k_ are momenta of particles with positive and negative charge, respectively.
For the modified helicity-based analysis, 2,,.4.0¢ 1s calculated by:

Qurod.het = 1+ (ko X kp) (82 — b) (4.7)

where Ea, Eb are momenta of the tracks with the same charge in the 3-particle
rest frame, and s, = (k, + k.)?, sy = (ks + kc)? are the squared invariant masses
of the two pairs of positive and negative particles.

For all cases, the jet handedness H is defined as the asymmetry in the number
of jets with positive and negative 2. The helicity-based and modified helicity-
based Hs depend on the angle defining the jet direction cos 8 and the electron
beam polarization P. Therefore, jets are divided into several subsets according
to cosf and P, and jet handedness H(P,cosf) is calculated for each subset.
The chirality-based H does not depend on cosf and P, but the handedness is
also calculated for the subsets.

The analyzing powers for the helicity-, modified helicity- and chirality-based
analyses are determined in the following ways. The helicity- and modified
helicity-based analysis fits the following Hj (P, cos 6) and Hinod.het (P, cos8) to
the measured handedness:

Hhel(P, COS 0) = ahelphel(P> COS 9) (4.8)
Hmod.hel(P, Cos 9) = amod.helpmod.hel(Pa Ccos 9) (4-9)
with
Az(P)cost

e ) 0) = mod.he ) ==
Phei(P, cosb) Prod.het(P, cos §) 2 ppesCY

(4.10)
where « is the analyzing power to vary and Az(P) = li‘ﬁe%. The analyzing
power takes a different value for each analysis. The analyzing power for the
chirality-based analysis is determined by fitting the measured handedness to
the following H (P, cos f) for each sample:

H(P,cos8) = &Pep. (4.11)

Peri does not depend on P and cosf. Therefore, the handedness is fitted to
a constant value. According to the fractions given in Table 4.2, P,,; for each
sample is calculated and given in Table 4.3.
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Global Light Heavy
Peri | 0.391+£0.003 | 0.35440.003 | 0.44240.004

-

Table 4.3: The polarization for the chirality-based analysis, P.p;, for the global, light and heavy
flavor samples.

4.5.1 Application to ™ - 77y,

Before this method was applied to the real data, we tried to study events of
T — mrwy, by the method. The events were generated by the Monte Carlo program
KORALZ[30] which simulates ete™ — 777, Decays of 7 leptons into, for example,
pvy, a1V, followed by decays of p or a; generated by the Monte Carlo program
TAUOLA[40]. The Monte Carlo programs take into account the 7 polarization and
give good agreement with the predictions made by the electroweak theory[18],[19].

About 124k ete™ — 777~ events were generated using the programs. Each 7~
and 71 in the events was selectively forced to decay into aj v, and aff 7., respectively.
The event generation was made without the SLD detector simulation.

Figure 4.14 shows distributions of the invariant masses of two 7" 7~ pairs which
give the Dalitz plot for the 3-m system (7*t7t7~ or 7=~ #*). The invariant mass of
the 3-m system is also shown in the figure. p-mass peaks in the two distributions of

My, are clearly seen due to a; decaying into 3-mws via pm. Quer, Qmod.her and Qep; were
“defined for each triplet satisfying the conditions for invariant masses of 2 s and 3 s
given in the previous section. These triplets entered the hatched histogram shown in
the bottom-left of Figure 4.14.

Jet handedness would be visible as a nonzero mean 2. In particular, jet hand-
edness for the helicity- and modified helicity-based analyses is of opposite sign for
events produced with left- and right-handed beam polarization. It also has oppo-
site sign for jets with positive and negative cosf = t,, the z-component of {. For
the chirality-based analysis, jet handedness does not depend on the beam polariza-
tion and the jet direction. Figure 4.15 shows the distributions of Q4e, Qmodne and
Q.i- For the helicity-based analysis, each §2 distribution looks symmetric about zero,
implying that any jet handedness is small. There is a difference between the Q distri-
butions for forward jets and backward jets for the modified helicity-method. For the
chirality-based analysis, it seems that there is an excess in the positive Q.,; region.

The jet handedness for all three analyses was calculated for each bin of jet direc-
tion cosf according to Equation (2.21) separately for events produced with positive
or negative electron beam polarization. Results are shown in Figure 4.16.

-
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Figure 4.14: Distributions of invariant masses and the Dalitz plot of the 3-7 system. The top-left
and bottom-right figures show two invariant masses of n+#~ pairs, m,. p-mass peaks in both
the top-left and bottom-right figures are seen at ~ 0.77 GeV/c?. Hatched regions in these two
figures represent criteria (in text) for the invariant masses of 7+#~. The bottom-left figure shows
the distribution of the invariant mass for the 3-m system, my,r. The hatched histogram in the
bottom-left figure represent the triplets lying in the overlap region in the Dalitz plot (top right) and
satisfying the conditions (in text) for the invariant mass of the 3-7 system.
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Figure 4.16: Jet handedness as a function of jet direction cosf and the beam polarization P for
the helicity- (top), modified helicity- (middle) and chirality-based (bottom) analyses for the events
generated by KORALZ. Events were divided into left- (left) and right-handed (right) events. Solid
curves are the result of the best fit of Equations (4.8), (4.9) and (4.10) to data and the reduced x?s
of the fits are 1.25, 1.30 and 1.02 for the helicity- and modified helicity- and chirality-based analyses,
respectively. Data were limited to the region of —0.71 < cos# < 0.71 by the detector acceptance.
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Table 4.4: Analyzing powers of the helicity-, modified helicity- and chirality-based analyses for the
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The handedness in each bin for the helicity-based analysis in Figure 4.16 is
small and small angular and P dependence can be seen. This fact means that the
corresponding analyzing power is small. For the modified helicity-based analysis, one
can clearly see the angular and P dependences of the handedness. The chirality-based
handedness in each bin is negative and all the values are almost equally away from
Zero.

The obtained handedness was fitted to H(P,cosf) in Equation (4.8), (4.9) or
(4.11) for the helicity-, modified helicity- or chirality-based analysis, respectively,
allowing the analyzing power a to vary. In the fitting procedure, Ppre; and Prioghe
were averaged over each cos 8 bin of 0.1775 and P.x; = A, (Equation 2.29) was 0.1448
as given in Table 2.1. The fitting was performed for events produced with positive or
negative beam polarization simultaneously. The results of the fitting are shown as the
solid curves in Figure 4.16 for all analyses, and the fitted analyzing power is listed
in Table 4.4. Significant nonzero signals were found for the modified helicity- and
chirality-based analysis. A small nonzero signal was also found for the helicity-based
analysis. The chirality-based analysis gives the largest magnitude of the analyzing
power. However, the maximum significance a/Aa is given by the modified helicity-
based analysis. The results suggest that Q,o0.8e and Qe reflect the helicity of the 7
lepton.

4.5.2 Application to Hadronic Jets

In the preceding section, significant signals of the polarization of 7 leptons were
observed in events generated by KORALZ using the modified helicity- and chirality-
based analyses. However, the helicity-based analysis did not show a significant signal
of jet handedness. Since the mechanism of transport of the parton polarization may
not be the same as that for 7 leptons, we tried to apply both the analyses for the
3-leading-particle selection method to jets in the data. The procedure of the analysis
was identical to that performed for the 7 events.

-
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Figure 4.17: Distribution of sum of charges of fastest 3 particles in a jet. Jets falling into hatched
bins were used in this analysis.

Figure 4.17 shows the distribution of the sum of the charges of the 3 leading
charged particles. About 10% of jets have a sum of charges of —3 or +3. If the
3 tracks take positive or negative charge at random, 25% of jets would have such
charges. The distribution seems to reflect the transport of the charge of a parton
through the fragmentation process. Jets with the sum of charges of —1 or +1 were
used in the analysis.

Figure 4.18 shows distributions of the two invariant masses of 7t7~ with the
Dalitz plot of the 3-7 system (a#*7*7~ or 77w~ 7). The distribution of the invariant
mass of the 3-m system is also shown in the figure. Although clear resonances were
not seen, . and Q. were defined for each jet using the 3 leading particles which
satisfy the criteria for the invariant masses of the 2-7 and 3-7 systems. Such jets are
indicated by the hatched histogram in bottom-left of Figure 4.18.

Distributions of e, Qmoaner and Qep; are shown for the global, light flavor

and heavy flavor samples in Figure 4.19, Figure 4.21 and Figure 4.20, respectively.
The calculations of the measured handedness and the procedure for extracting the
analyzing power o were exactly the same as those performed for the 7 events. For
the chirality-based analysis, the calculation and procedure were almost the same as
those for the 7 events, except for the polarization of quark and antiquark, P.p;. Pens
(Equation (2.29)) was averaged over the flavor composition of each sample, estimated
from the simulations and weighted by the sign of the quark charge. P, for each

-
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Figure 4.18: Distributions of invariant masses and the Dalitz plot of 3- system. The top-left
and bottom-right figures show two invariant masses of 777~ pairs, m,,. Hatched regions in these
two figures represent the criteria (in text) for the invariant mass of #+7~. The bottom-left figure
shows the distribution of the invariant mass for the 3-7 system, Myry. The hatched histogram in
the bottom-left figure represents the triplets lying in the overlap region in the Dalitz plot (top right)
and satisfying the criteria {in text) for the invariant mass of the 3-7 system.
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Figure 4.19: Q distributions for the helicity- (top), modified helicity- (middle) and chirality-based
(bottom) analyses for the global sample. The left and right figures show the distributions for jetin .
left- and right-handed electron beam events. Solid and dashed histograms show the distributions of
Qe for jets pointing forward (cos@ > 0.) and backward (cos8 < 0.), respectively.
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Figure 4.20: Q distributions for the helicity- (top), modified helicity- (middle) and chirality-based
(bottom) analyses for the light flavor sample. The left and right figures show the distributions for jet
in left- and right-handed electron beam events. Solid and dashed histograms show the distributions
of Q4 for jets pointing forward (cos8 > 0.) and backward (cosf < 0.), respectively.
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Figure 4.21: Q distributions for the helicity- (top), modified helicity- (middle) and chirality-based
(bottom) analyses for the heavy flavor sample. The left and right figures show the distributions for jet
in left- and right-handed electron beam events. Solid and dashed histograms show the distributions
of Qe for jets pointing forward (cosé > 0.) and backward (cosé < 0.), respectively.
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Analysis Analyzing Power
Global | Light flavor {-Heavy flavor
Helicity —0.029+0.024 | —0.057£0.031 0.00740.036
Modified Helicity 0.05540.024 0.056+0.032 0.055+0.036
Chirality —0.001£0.026 0.052+0.038 | —0.058=+0.035

Table 4.5: Analyzing powers for the helicity-, modified helicity- and chirality-based analyses.

sample is given in Table 4.3.

The measured handedness and the results of the fitting are shown as a function

of cos 8 in Figure 4.22, 4.23 and 4.24, for the global, light- and heavy-flavor samples.

Since the light- and heavy-flavor samples are independent of each other, there is

no correlation in results from those two samples. However, the global one is sum of

these two samples, therefore, results from the sample is correlated with those from
the light- and heavy-flavor samples.

Most of the measured handedness (shown as points) is consistent with zero
within 20. Angular dependence is not seen in the helicity-based handedness. However,
the modified helicity-based handedness for the three samples seems to slightly depend
on cosf and P. The chirality-based handedness is scattered randomly in all cos§

region. The fitted analyzing powers for all three analyses with the three samples are
listed in Table 4.5.

The small angular dependence of the modified helicity-based handedness gives
slightly large analyzing powers for the three samples. The analyzing power for the
global sample is most significant among others and is away from zero by 2.3c. The
other analyzing powers are consistent with zero within 2¢.

Dependence on Invariant Mass Cut The 3-particle selection method uses in-
terference phenomena in a; — pm — w77 to measure the polarization of quark and
antiquark. Therefore, it is useful to estimate the amounts of a; and p mesons included
in the samples. The amounts depend on the invariant mass cut applied to the 3-7 and
2-7 system. We expect the handedness signal to decrease as the amounts decrease.

Figure 4.25 shows invariant mass distributions of the 3-7 system and the 2-7
system. The p resonance of can be seen around 0.73GeV/c?. The resonance is fitted
to a Gaussian plus quadratic and the fit gives 0.73 as the peak value and 0.05 as the
width of the Gaussian distribution. However, an a;-meson resonance can not be seen
in the figure. This may imply that the handedness signal will be small.
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Figure 4.22: Jet handedness as a function of the jet direction cos § for the helicity- (top), modified
helicity- (middle) and chirality-based (bottom) analyses for the global sample. Events were divided
into left- (left) and right-handed (right) events. Solid curves are the results of the best fit of Equa-
tions (4.8), (4.9) and (4.10) to data and the reduced x2s of the fits are 0.95, 0.73 and 0.41 for the
helicity-, modified helicity- and chirality-based analyses, respectively. The data were limited to the
region —0.71 < cosf < 0.71 by the detector acceptance.
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Figure 4.23: Jet handedness as a function of the jet direction cos @ for the helicity- (top), modified
helicity- (middle) and chirality-based (bottom) analyses for the light-flavor sample. Events were
divided into left- (left) and right-handed (right) events. Solid curves are the results of the best fit
of Equations (4.8), (4.9) and (4.10) to data and the reduced x?s of the fits are 1.19, 1.01 and 1.10
for the helicity-, modified helicity- and chirality-based analyses, respectively. The data were limited
to the region —0.71 < cos@ < 0.71 by the detector acceptance.
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Figure 4.24: Jet handedness as a function of the jet direction cos 8 for the helicity- (top), modified
helicity- (middle) and chirality-based (bottom) analyses for the heavy-flavor sample. Events were
divided into left- (left) and right-handed (right) events. Solid curves are the results of the best fit
of Equations (4.8), (4.9) and (4.10) to data and the reduced xs for the fts are 0.27, 1.05 and 1.09
for the helicity-, modified helicity- and chirality-based analyses, respectively. The data were limited
to the region —0.71 < cosf < 0.71 by the detector acceptance.
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Figure 4.25: Masses of the 3-7 and 2-7 systems. The two top figures show invariant mass
distributions of the 3-m (top-left) and 2-7 (top-right) systems. Invariant masses of 777~ 7~ and
atxtn~ for the 3-7 system and those of 7+ 7~ for the 2-7 system are shown as solid histograms.
Dashed histograms show invariant masses of like-sign triplets and pairs, i.e. #7777z *, 77~ 7~ and
atat, w~ 7w~ for the 3-w and 2-7 systems, respectively. Entries in dashed histograms are normalized
to that in solid histograms. The two bottom figures show the results from bin-by-bin subtraction of
dashed histograms from solid ones.



Analysis 4.5 Three Leading Particle Selection Method

To investigate the dependence of jet handedness on the applied invariant mass
cut, three cuts were considered in addition to the standard invariant mass cut (cut
1) shown in Section 4.5:

no cut no invariant mass cut applied,

cut 1 0.82GeV/c? < My, < 1.62GeV/c? for the 3-m system and 0.62GeV/c? <
Mar < 0.92GeV/c? for one of the two 2-7 systems,

cut 2 1.02GeV/c? < Myr, < 1.42GeV/c? for the 3-m system and 0.695GeV/c? <
Mar < 0.845GeV/c? for one of the two 2-7 systems, and

cut 3 0.82GeV/c? < My, < 1.62GeV/c? for the 3-7 system and 0.62GeV/c? <
Mar < 0.92GeV/c? for BOTH of the two 2-1 systems (1*1 cut).

Figure 4.26 shows dependence of the analyzing power on the invariant mass
cuts. All points in each figure are correlated with each other. The no invariant mass
cut tends to give small analyzing powers for all analyses with each sample. Excepting
that, a dependence on the invariant mass cuts is not obvious.

Dependence on y,.,; As the y., value increases, the contamination of 3-or-more-jet
events in the samples increases. The thrust axis for these events does not represent
the quark-antiquark axis. This means that the handedness signal may be dilute, as
the contamination increases. Therefore, the dependence of analyzing power on the
Yeur value was also checked. Figure 4.27 shows distribution of y., (3 — 2) value for
which an event changes from 3 jets to 2 jets. Events with large y.(3 — 2) value
are multi-jet events, and those with small one are ‘pencil-like’ 2-jet events. The
handedness signal may be larger for the events with small y.,:(3 — 2) value.

Figure 4.28 shows dependence of the analyzing power on y.,, value. Each ana-
lyzing power for each y.,, value is determined with events with the y.,:(3 = 2) < yeu,
therefore, points in each figure are also correlated with each other. The analyzing
power seems not to depend on the y.,; value and all analyzing powers are the same
within their statistical errors for all analysis with each sample.

Dependence on Charged track multiplicity in a Jet The dependence of the
analyzing power on charged track multiplicity in a jet was also checked. The analyzing
powers were determined for the following samples:

Jet samples 1 jets containing N charged tracks and

jet samples 2 jets containing N OR LESS charged tracks,
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Figure 4.27: Distribution of g (3 — 2) value for which an event changes from 3 jets to 2 jets.

where NNV is a number in the range 3 < N < 13. Therefore, all jets are divided into a
set of 11 jet samples for both cases. A set of jet samples 1 consists of 11 samples which
is independent of each other so that the resulting analyzing powers are independent.
However, 13 samples of the jet samples 2 are correlated with each other so that the
resulting analyzing power is correlated.

Figure 4.29 shows dependence of the analyzing power on the charged-track-
multiplicity in a jet. Because of poor statistics, we can not see a dependence of the
analyzing power for the jet samples 1 on the multiplicity, but the analyzing power in
the low multiplicity region seems to have a slightly-larger value for the chirality-based
analysis. Statistics of the jet samples 2 is also poor in the low multiplicity region,
however, all analyzing powers are consistent with each other within their statistical
errors.
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Figure 4.28: Dependence of the analyzing power on y.y value. All points in each figure are
correlated with each other.
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Figure 4.29: Dependence of the analyzing power on charged track multiplicity in a jet. Each point
shows the analyzing power for a sample of jets containing N charged tracks, therefore all points
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4.6 N Leading Particle Selection Method

This method is one of the general extensions of the 3-leading-particle selection
method.

The procedure of this method was the following:

1. Niead(> 3) charged particles were selected from each jet in order of the mag-
nitude of their momenta. All zero-charge pairs 7, j among these Nyqq particles
were considered as samples without applying the invariant mass criteria used
in the preceding method.

2. O and QY

; were calculated for each pair:

Qhel = tA (E J)
O = i (F X )

chi

-

where E,, k; were momenta of two particles chosen from the Ny.; particles
boosted to the Njuq- particle rest frame, and |ki| > lk |. The pair of particles,
E;’, EJ, were identical to kz, k except that k was one of k,, k with positive
- charge, and kj, was the oth.er with negative charge. Ifa jet did not have N4
particles, the jet was excluded from the analysis.

3. The average over 09, (Q¥) (average method), and the Q¥ with largest magni-
tude, Q™ (mazimum method) were used for the analysis:

1 Niead Qi
Nywirs 25 0]
Qmner = max(IQijI)sign(Qij)

@) =

where Npuirs was the number of the combinations of positive and negative
charged particles in the Ny, particles. sign (Q¥) is sign of QU which is the
largest one in magnitude. The notation, Q¥ refers to either Qhel or 7 for the
helicity- or chirality-based analysis, respectively.

chi

4. Jet handedness for the global, light and heavy flavor samples was calculated for
each Nyqq value for the both helicity- and chirality-based analyses in the same
manner as the 3-leading-particle method.

There are two differences between this method and the 3-leading-particle
method; In the present method, more than 3 particles are used for the calculation

-
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Figure 4.30: Distribution of charged track multiplicity in a jet. Shown are data (points) and the
Monte Carlo simulation (histogram). The average multiplicity is about 8.5. Since Njeqq was 3 or
more, jets containing 2 or less tracks (binned in hatched region) were removed beforehand. Due to
poor statistics of high multiplicity jets, the Nje.q value was set in a region of 3 < Njeqq < 17.

of 2. Further, this method does not require invariant mass criteria for a pair and a
triplet as applied in the preceding method.

The main advantage of the method is that the polarization information is ef-
ficiently scooped from more than 3 particles. The method, however, has a risk to
make the information smeared out because particles with no information of parton
polarization may be used. The optimum number of particles to be selected may exist.

Figure 4.30 shows the distribution of number of charged tracks in a jet (charged
track multiplicity in a jet). The average of the charged track multiplicity in a jet
was about 8.5. The N,y value was set in a region of 3 < Ny.q < 17, because the
statistics got poor in the high multiplicity region.

Figure 4.31 shows the analyzing power obtained for each N4 value for the
global, light flavor and heavy flavor samples. No analyzing power is plotted for the
chirality-based analysis with Nje.q = 3, since the chirality-based analysis always gives
zero {2.p; resulting in zero jet handedness due to the definition. Same kind symbols
in each figure are correlated with each other. The analyzing powers of the average
and maximum method have opposite sign in the region of small V.., for the three
samples for the chirality-based analysis. Both analyzing powers are at about 2¢ of

-
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Figure 4.31: Dependence of the analyzing power on N,.q for the global (top), light (meddle) and
heavy flavor samples (bottom). The left and right figures show the analyzing power for the helicity-
and chirality-based analyses, respectively. Shown are the average method (points) and maximum
method (open squares).

82



Analysis . 4.7 Particle Selection Method based on Rapidity and Momentum

their statistical errors away from zero, but there is no apparent dependence on Nj.,g.
It seems that the analyzing power is independent of Nj..4 and has a value within 20
away from zero for all NV, values. We found no optimum number for enhancing the
analyzing power through all Ny, values from Figure 4.31.

4.7 Particle Selection Method based on Rapidity
and Momentum

This method is based on the assumption that jet handedness is ascribed to
fragmentation phenomena [8] as shown in Section 2.8. According to the model, the
polarization effects may appear in angular distribution of hadrons produced from a
same string break up. Therefore, it is essential to select pairs of particles likely to be
produced by such a string break up.

Studies using JETSET 6.3[29] showed that it is useful to select a pair of tracks
according to the difference in the rapidity with respect to the jet axis of the particles
in the pair[41]. Requiring zero charge of a pair is not needed for the selection of
particles from the same string break up, but the condition was used in the chirality-
based analysis. The procedure is the following.

1. Charged particles in each Jet were ordered in their rapidity:

g = 2P
"2 Ei—py

where E; and py; were energy and longitudinal momentum of particle ¢ with

respect to the thrust axis, signed so as to point along the jet axis. Each track ¢

was assigned a number 1 < n; < nyreeks, where n; = 1 for the particle with the

highest rapidity.

2. A pair of charged particles 7, j was required to have max(n;,n;) < ny,, and
Ini — n;j] < An.

3. Since the signal was expected to increase with transverse momentum p; with
respect to the thrust axis as mentioned in Section 2.8, |py| + |py| > Pmin was
required for pairs of tracks, where p,.;, is a parameter to be tried to vary.

4. Q7 and Q’cl,f; were calculated in the laboratory frame for each pair satisfying
these criteria:

Qi?at = & (ki x )
Qlii = t'(i J_/)



4.7 Particle Selection Method based on Rapidity and Momentum Analysis

where k;, Ej were momenta of two particles in the laboratory frame chosen from
Nieqq of the leading particles and l/—c‘l( > IEJ( The tracks, IZ,T, EJT were identical
to E,-, Ej and E:f was one of Ei, Ej with positive charge,ga»nd EJT was the other with
negative charge. Both the average, (2¥) (average method), and the maximum,
QY with largest magnitude, Q™% (mazimum method) were considered:

1 Nmgz—1 Qz]
. i
Npazrs ]ni—ndSAn IQ JI

Q™ = max(|QY]|)sign(QY)

(@) =

where Ny, is the number of combinations of two particles which satisfy the
criteria on Nymez, An and ppi,. sign (Q9) is sign of Q¥ which is the largest one
in magnitude. The notation ¥ was used to refer to Q7 or Q;',{; for the helicity-
or chirality-based analysis, respectively.

5. In all cases, the jet handedness was calculated for the global, light and heavy
flavor samples in the same manner as the 3-leading-particle selection method.
6. Nnez, An and p,, were varied in an attempt to-maximize the handedness

- signal.

Figure 4.32 and Figure 4.33 show the distributions of the rapidity, v and transverse
momentum, p; with respect to the thrust axis pointing momentum of the jet, which
is used as the jet axis. Figure 4.34, Figure 4.35 and Figure 4.36 show dependence
of analyzing powers on n.,;, An and pn;, in the global, light flavor and heavy flavor
samples, respectively. Same kind symbols in each figures are correlated with each
other. On the assumption that particles with higher momenta carry more information
on the underlying partons, n,., and An were varied in the regions 2 < n,,., < 3
and 1 £ An < ngyqe, — 1, Tespectively. p,, was varied in the range 0 < pu, < 3.5
GeV/c. However, the statistics of the present data became poor in the high pin
region where the handedness signal may be potentially large. In the case of the
criteria npmee = 2 and An = 1, the averaged method (shown as points in the figures)
produced the exactly same results as that for the maximum method (shown as open
squares). Even though np., is more than 2, it seems that the difference between
those two results is quite small.

In the high pni, region, the analyzing power gets negative for the helicity-based
method and it tends to be large and positive for the chirality-based analysis. However,
in general, the analyzing power is consistent with zero within 2 o of its statistical error
in all pyi, regions.

-
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Figure 4.32: Distribution of rapidity of charged particles with respect to the jet axis. Shown are
data (points) and the Monte Carlo simulation (histogram).
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Figure 4.33: Distribution of transverse momentum of charged particles with respect to the jet
axis. Shown are data (points) and the Monte Carlo simulation (histogram).
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Figure 4.34: Dependence of the analyzing power on py, for combinations of (nmqz,An) = (2, 1)
(top), (3, 1) (middle) and (3, 2) (bottom) for the global sample. The left and right figures show the
analyzing power for the helicity- and chirality-based analyses, respectively. Shown arc the average
(points) and maximum (open squarcs) methods. For pri, > 2.5 GeV/c, the analyzing powers are
shown multiplied by 1/4, because the analyzing powers in the high pni, region have quite large
values and errors compared to those in the low p,,;,, region.
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quite large values and errors compared to those in the low p.,;, region.
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Figure 4.36: Dependence of the analyzing power on p;, for combinations of (nmaz, An) = (2,
1) (top), (3, 1) (middle) and (3, 2) (bottom) for the heavy flavor sample. The left and right figures
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quite large values and errors compared to those in the low p,,;, region.
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4.8 Systematic Errors

If all particles produced in an event are detected with precise measurements
of their energies and momenta and an ideal analysis can be performed, any physical
results coming from such data would not contain any uncertainties except for statisti-
cal fluctuation. Such an ideal detector, however, does not exist. The acceptance and
resolutions of energy and momentum measurements are limited for any real detectors.
Therefore, it is necessary to estimate the correction or systematic error from these

limitations to obtain the correct results or the reliability of the results.

The results presented in the preceding sections might be also affected by the
event selection with limited detector acceptance and momentum resolution, etc.
Therefore, exactly the same analysis as in the preceding three sections were per-
formed to estimate the systematic errors from the following three sources.

1. Track and event selection, where by applying several sets of the track and
event selection criteria, the variation of the results is calculated in order to
estimate the systematic errors due to the selection.

2. Jet finding, where the systematic errors due to jet finding algorithm and ye,
value are estimated, and

3. Analysis, where by using the fact that jet handedness should be zero for the
events generated by the Monte Carlo simulation, the bias due to analysis method
is estimated.

The analyzing power was calculated with the criteria which were aimed for
the systematic study of each error source. The systematic error from each source
was defined as the difference between this analyzing power and the analyzing power
obtained under the standard criteria. The statistical fluctuation was removed from
the difference. The total systematic error is calculated as the quadratic sum of the
errors from those sources. A detailed description of the study of the systematic errors
is given in Appendix C. Since magnitude of the systematic error could be changed
for each particle selection methods, the error was estimated for each method.

Three Leading Particle Selection Method The systematic errors of the ana-
lyzing power from the three sources shown above are summarized in Table 4.6.

Most of the systematic errors are negligible or quite small. This means that the
analysis method gives unbiased analyzing powers.

-
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Systematic error

Source Method Global | Light | Heavy
Track and event selection Helicity ~ 0 ~ 0 ~ 0
Modified Helicity | ~ 0 ~ 0 ~0
Chirality ~0 ~0 ~ 0
Jet finding Helicity ~ 0 ~ 0 ~ 0
Modified Helicity | ~ 0 ~0 ~0
Chirality ~0 ~0 ~ 0

Analysis Helicity ~0 ~ 0 [ +0.001
Modified Helicity | ~ 0 ~ 0 ~0
Chirality -0.003 | ~0 ~ 0

Total Helicity ~0 ~0 | 5000
Modified Helicity | ~ 0 ~0 ~0
Chirality Sl ~0 | ~0

Table 4.6: The systematic errors for the 3-particle selection method: The total systematic error is
the quadratic sum of the errors from all sources.

. N Leading Particle Selection Method The dependence of the systematic error
on the analyzing power on the number of leading particles Nj4q is shown in Fig-
ure 4.37. The statistical errors are also shown in the figure for comparison. The
systematic error was calculated as a quadratic sum of the errors from all the sources.

In general, the systematic error becomes large in the large Nqq region. The system-
~ atic error is smaller than the statistical error in almost the whole region.

Particle Selection Method based on Rapidity and Momentum The depen-
dence of the systematic error on the analyzing power on p,.;, for several combinations
of (Nmaz, An) is shown in Figure 4.38, 4.39 and 4.40 for the global, light and heavy
flavor samples, respectively. The statistical errors are also shown in the figures for
comparison.

The systematic error was calculated as the quadratic sum of the errors from all
the sources. The systematic error generally becomes large in the high p,.;, region.

The systematic error is smaller than the statistical error except in the high pn
region.
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Figure 4.37: Dependence of the statistical errors and systematic errors on the analyzing power on
Nieaa in the global, light and heavy flavor samples. The light and dark hatched areas are shown the
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Figure 4.38: Dependence of the systematic and statistical errors on the analyzing power on pmin

for combinations of (nmaz, An)

(2, 1) (top), (3, 1) (middle) and (3, 2) (bottom) for the global

sample. The light and dark hatched areas are the statistical and systematic errors, respectively.
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Figure 4.39: Dependence on the systematic and statistical errors of the analyzing power on pin )
for combinations of (nmaes, An) = (2, 1) (top), (3, 1) (middle) and (3, 2) (bottom) for the light flavor
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Chapter 5

Summary and Conclusion

5.1 Summary

Three Leading Particle Selection Method
The analyzing powers for the global, light flavor and heavy flavor samples are
summarized in Table 5.1.  The analyzing powers obtained by this particle selec-

Analysis Analyzing Power
Global Light flavor Heavy flavor
Helicity —0.029+0.024+0.000 | —0.057£0.031£0.000 | 0.007+0.03675:350
Mod. Helicity | 0.055+0.024+0.000 | 0.056+0.031+0.000 | 0.055+0.036=0.000
Chirality —0.001+£0.02673:633 0.052+0.038+0.000 | —0.058+0.035+0.000

Table 5.1: Analyzing powers for the helicity-, modified helicity- and chirality-based analyses. The
first numbers are the central values of the analyzing power. The second and third numbers are the
statistical and systematic errors, respectively.

tion method are consistent with zero within 20 except that the analyzing power on
the basis of the modified helicity-based analysis for the global sample is 2.30 away
from zero. The modified helicity-based handedness seems to have angular and beam
polarization dependence. However, we can not conclude that the dependence is sig-
nificant, because statistics is still poor. This method does not give systematic bias to
the results, therefore, we will obtain more precise results with large statistics.

Since the analyzing powers are small, we set upper limits at 95% confidence
level on the analyzing powers as follows. First, the total error Aay, was assumed as
the quadratic sum of the statistical and systematic errors. Then, we find u and [ to

95



5.1 Summary Summary and Conclusion

satisfy the following equations:

1 u -
0.95 = ——— / pl -2
vV QWAQtoL -0 =P { 2Aat20t }

_ 1 0 (z — a)Q}
0.95 = NGV [ exp {—_——ZAQQ | dx,

for the upper and lower limits at 95% confidence level. The upper limit on the
magnitude of the analyzing power was defined as the largest in magnitude of u and
l, i.e. max(|ul,]!]). The upper limits on the analyzing powers calculated in this way
are given in Table 5.2.

. Upper limit on Analyzing Power

Analysis Global | Light flavor | Heavy flavor
Helicity 0.069 0.108 0.075
Modified Helicity 0.094 0.108 0.115
Chirality 0.052 0.125 0.115

Table 5.2: Upper limits at 95 % confidence level on the magnitude of the analyzmg powers for the
hellutv- modified helicity- and and chirality-based analyses. -

- N Leading Particle Selection Method

Fig 5.1 shows the analyzing powers as a function of Ny.q. No dependence of
the analyzing power was found from this figure, and the analyzing power is consistent
with zero for all Ny, values within 20 of its error. We also set the upper limits at
95% confidence level on the analyzing powers by using the same calculation given
in the previous section. The upper limits on the magnitude of the analyzing powers
are shown in Fig 5.2 as a function of N,y For Nj.g < 10, the upper limits are in
the range 0.05-0.10. For a larger Nj..q region, the upper limits increase due to the
reduction in data statistics.

Particle Selection Method Based on Rapidity and Momentum

The analyzing powers are shown in Fig 5.3, Fig 5.4 and Fig 5.5 for the global,
light flavor and heavy flavor samples as a function of ., respectively. The results are
plotted for combinations of (N, An) = (2, 1), (3, 1) and (3, 2) separately. For the
helicity-based method with n,,,; = 3, the analyzing power becomes negative as Pyin
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Figure 5.1: The analyzing power as a function of Npeqq for the global (top), light (middle) and
heavy flavor sample (bottom). The two left and two right figures show the analyzing power by the

helicity- and chirality-based anal\ ses, respectively. Shown are average method (points) and maxi-
mum method (open squares). The llght and dalk hatched regions show statistical and systematic
errors, respectively. For every analyzing power, the statistical error is dominant.
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Figure 5.2: Upper limits at 95 % confidence level on the magnitude of the analyzing power for
the global (top), light (middle) and heavy flavor samples (bottom). The left and right figures show
the upper limit for the helicity- and chirality-based analyses, respectively. Shown are the average
(points) and maximum (open squares).
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increases, on the contrary, it tends to have positive value for the chirality method.
However, all analyzing powers are consistent with zero within 20. We set upper limits
at 95% confidence level on the analyzing powers for this particle selection method.
The upper limits on analyzing powers are shown in Fig 5.6, Fig 5.7 and Fig 5.8 for
the global, light flavor and heavy flavor samples, respectively, as a function of pp,;, for
the combinations of An and n,,,, values, separately. This particle selection method
gave the upper limits of analyzing powers of less than 0.10 for n,,.; < 3, An < 2 and
Pmin < 1.5 GeV/c, but the larger upper limits for p,;, > 1.5 GeV/c.
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Figure 5.3: The analyzing power as a function of p;n for combinations of (Mmaz, An)
(top), (3, 1) (middle) and (3, 2) (bottom) for the global sample. The two left and two right figures
show the analyzing power by the helicity- and chirality-based analyses, respectively. Shown are the
average (points) and maximum method (open squares). The light and dark hatéhed regions show
For pmin > 2.5 GeV/c, the analyzing powers are
shown multiplied by 1/4, becauqe the analyzing powers in the high pni, region have quite large
values and errors compared to those in the low pmin region. For every analyzing power, statistical

statistical and systematic errors, respectively.

error is dominant.
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Figure 5.4: The analyzing power as a function of p,n for combinations of (1yaz, An)

Prmin (GeV/c)

(2, 1)

(top), (3, 1) (middle) and (3, 2) (bottom) for the light flavor sample. The two left and two right
figures show the analyzing power by the helicity- and chirality-based analyses, respectively. Shown
are the average (points) and maximum method (open squares). The light and dark hatched regions
show statistical and systematic crrors, respectively. For pnin > 2.5 GeV/c, the analyzing powers
are shown multiplied by 1/4, because the analyzing powers in the high pm;, region have quite large
values and errors compared to those in the low pp,;, region. For every analyzing power, the statistical

error is dominant.
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Figure 5.5: The analyzing power as a function of Pmin for combinations of (npez, An) = (2, 1)
(top), (3, 1) (middle) and (3, 2) (bottom) for the heavy flavor sample. The two left and two right
figures show the analyzing power by the helicity- and chirality-based analyses, respectively. Shown
are the average (points) and maximum method (open squares). The light and dark hatched regions
show statistical and systematic errors, respectively. For ppin > 2.5 GeV/c, the analyzing powers

are shown multiplied by 1/4, because the analyzing powers in the high pmin region have quite large
values and errors compared to those in the low p,;, region. For every analyzing power, the statistical

error is dominant.
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Figure 5.6: Dependence of the upper limits at 95%
power on ppin for combinations of (1., An)
for the global sample.
chirality-based analyses, respectively. Shown are the

(2,
The left and right figures show the analyzing power for the helicity- and

Prmin (GeV/c)

confidence level on magnitude of the analyzing
1) (top), (3, 1) (middle) and (3, 2) (bottom)

average (points) and maximum method (open

squares). For pmin > 2.5 GeV/c, the upper upper limits are shown multiplied by 1/4, because the
upper limits in the high p.i, region are quite large compared to those in the low ppin region.
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Figure 5.7: Dependence of upper limits at 95% confidence level on magnitude of the analyzing
power on pmin for combinations of (nmaz, An) = (2, 1) (top), (3, 1) (middle) and (3, 2) (bottom)
for the light flavor sample. The left and right figures show the analyzing power for the helicity- and
chirality-based analyses, respectively. Shown are the average (points) and maximum method (open
squares). For pmin > 2.5 GeV/c, the upper upper limits multiplied are shown by 1/4, because the
upper limits in the high pnin, region are quite large compared to those in the low Pmin region.
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Figure 5.8: Dependence of upper limit at 95% confidence level on magnitude of the analyzing
POWer on pmin for combinations of (nyqr, An) = (2, 1) (top), (3, 1) (middle) and (3, 2) {bottom) for
the heavy flavor sample. The left and right figures show the analy zing power for the helicity- and |
chirality-based analyses, respectively. Shown are the average (points) and maximum method (open
squares). For pmin > 2.5 GeV/c, the upper upper limits are shown multiplied by 1/4, becausc the
upper limits in the high pn., region are quite large compared to those in the low DPmin Legion.
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5.2 Conclusion

We have searched for jet handedness in hadronic decays of Z° bosons produced
by the SLC and detected by the SLD, where quark and antiquark from Z° decays were
highly longitudinally polarized. This high polarization of partons may potentially
give a large signal of jet handedness. Defining jet handedness as an asymmetry in the
observable 2 which was taken for each jet as a triple vector product of two particles
and the jet axis, we calculated the analyzing power for three particle selection methods
with two different (helicity and chirality) Q definitions. However, none of them showed
a significant signal of jet handedness, giving analyzing powers consistent with zero.
The upper limits on the magnitude of the analyzing power for these methods are
about 0.2 or less.

The error on jet handedness is still dominated by the statistics of the data
sample. If the statistical error becomes small, the systematic error becomes dominant.
Therefore, if the data statistics increases by a factor of four, we may be able to find
a signal of jet handedness at the few % level in jets in Z° decays.

Another way to get a large analyzing power may be to make a new definition of
€2. In this sense, more new theoretical studies for jet handedness may help us to define
2 and to find a significant signal of handedness. Such theoretical study is useful to
“understand the transport of the parton polarization in jets and what happens during
the hadronization process.
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Appendix A
Polarization for Analyses

This study assumed the simplest model of decay of a parton. A parton decays
into two particles which carry information of helicity of the parton. This model gives
the relations between {Is of quarks and antiquarks. These relations for each of the
helicity- and chirality-based analyses give the polarization for each analysis.

Helicity-based analysis

A quark in ete” — ¢g decays into two particles with momenta k_i, k; as shown
in Figure A.1 (a). Q4 is defined as:

thl = { (El X Eg), (:’Xl)

where £ is a unit vector of a parton momentum. The charge conjugate (C), parity (P)
operations make this decay changed to the states (b) and (c¢) shown in Figure A.1,
respectively. Two successive operation C P makes the state (a) changed to the state
(d). These four states give the the relations:

Que(@r) = +Qpelgr)
Qelqr) = —Qnelar)
Qer(qr) = —Qrealgr) ~ (A.2)

Therefore, €., depends on only helicity of a parton, the ‘helicity-based’ polarization
Phret 1s given by:

Y sign {Qner(fr)nalpr)} of

kL
Phcl = :

o
Iy
R.L

p

107



Polarization for Analyses Polarization for Analyses

(@ § >
A ?,X k,

~>

k, k,

Figure A.1: Decays of partons in the helicity-based analysis.

a};+olfz——a£—a£

ol +oh+ol +ol

(A.3)

Chirality-based analysis

A quark in_ ete” = qq decays into two positive and negative charged particles
with momenta k+ and k_, respectively, as shown in Figure A.2 (a). Qe is defined
as: B B :

Qe = &+ (ke X k_). (A.4)

The C; P and CP operations make the state (a) changed to the states (b), (c) and
(d), respectively. These four states give the the relations:

Qeni(@r) = —Qenilar)
Qch'i((JI,) = _Qchi(QIC)

108



Polarization for Analyses Polarization for Analyses

(@ 3

—_—

>
k+ X

>
k-
*)"
__ K+
~ /

. A
> > >
k- A k+ e+ X k-

Figure A.2: Decays of partons in the chirality-based analysis.

Qeni(qr) = +Qenilar) (A.5)

Therefore, Qen; depends on not only helicity but also charge of a parton, the ‘chirality-

based’ polarization for fermion f, Pcf,”- is given by:

>~ sign {Qui(fr)Qeni(pa)} ok

=
Pl = —
chi Z Uﬁ
p=J.f
h=R,L
I I J f
Op—O0Rp— 0L+ 0] (A.6)

0{2+0{g+0£+01{

Q.; depends on particle’s charge, therefore, Q.nis for up-type and down-type quark
have opposite sign. If Figure A.2 shows the decay of up-type quark, the decay of
down-type quark is obtained by substituting ki — k. This gives the following
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relations:

Qchz(dﬂ) = —Qchi(uR)

Qeni(dy) +Qchi(ur)

Qeni(dy) = —Qeniur)

Qeni(dr) +Qeni(ur) (A.7)
Thus, the chirality-based polarization for a sample is given by:

Pchi = Z SfRf’P({hi) (AS)

[=udsecb

where s; is sign of fermion f. R; is fraction of ff events in the sample.
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Appendix B

Detailed Helicity-based Analysis

For the 3-prong 7 decays, the helicity-based analysis gave small analyzing power
which was consistent with zero. In this appendix, the reason for that will be investi-
gated by comparing with the modified helicity-based analysis.

The helicity-based € (2.26) is related to the modified helicity-based one (2.27)
as follows:

Qnet = Qmod.ner sign([ks| — |&i]) _ (B.1)

where Eg is the momentum of the unlike-sign pion in the 3-charged pion system, i.e.,
7+ for a 7= decay or 7~ for a 7+ decay. k; is the momentum of a pion selected from
the two remaining same-charge pions. Squared invariant masses s; and s, are defined
as (ki + k3)? and (ks + k3)?, respectively. If s; is larger(smaller) than sp, ki) is
used as l?,-. The relation B.1 means that the magnitude of 2, is the same as that
of Qpod.hel, Dut their signs are sometimes different. The difference depends on s; and
s9. Therefore, it is useful to investigate the Dalitz plot for the 3-prong decays of 7.
Figure B.1 shows the Dalitz plots for the sign-flip triplets with Q¢ = —Qogner and
for the no-flip ones with Que; = Qogner- The two kinds of triplets are well separated
in the Dalitz plot.

The helicity-based analyzing power was calculated for 7 decaying into sign-flip
and no-flip triplets separately in the same way as the 3-leading-particle selection
method shown in Section 4.5. Figure B.2 shows jet handedness as a function of
cosf and P. 7 decaying into the sign-flip and the no-flip triplet has different depen-
dence on cos# and P. Therefore, the analyzing powers for the two kinds of triplets
are different. The dependence of jet handedness for the sign-flip and no-flip triplets
gives the analyzing powers of —0.141 + 0.010 and 0.089 = 0.010, respectively. Due to
the opposite contributions from those two triplets, the helicity-based analysis gives
small magnitude of the analyzing power. This means that the helicity-based analyz-
ing power depends on the regions in the Dalitz plot which contain selected triplets,
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Figure B.1: The Dalitz plots for the sign-flip (right) and no flip (left) triplets. The size of a square
if proportional to the entry in each region. The sign-flip and no-flip triplets are well separated.

" therefore, the invariant mass cut for the triples is important.

To study such invariant mass cut dependence, the following 6 invariant mass
cuts are considered:

Cut A: No cut on invariant masses for 2-pion and 2-pion systems,

Cut B: The cut used in the 3-particle selection method.
i.e. 0.62 < myg,ma3 < 0.92 GeV/c? AND 0.86 < myzy < 1.66 GeV/c?,

Cut C: 0.62 < myy < 0.92 GeV/c? AND my3 < 0.62 GeV/c? AND 0.86 < Myrr <
1.66 GeV/c?

OR

My < 0.62 GeV/c2 AND 0.62 < mys < 0.92 GeV/c? AND 0.86 < My < 1.66

GeV/c?,

Cut D: 0.62 < myp < 0.92 GeV/c? AND 0.62 GeV/c2 < mys AND 0.86 < Mprr <
1.66 GeV/c?

OR

0.62 GeV/c? < mypy AND 0.62 < my3 < 0.92 GeV/c? AND 0.86 < Myrr < 1.66

GeV/c?,

Cut E: Cut B AND sign(Que) = sign(Qmod.net) and

-
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Figure B.2: Dependence of jet handedness on cos8 and P for the sign-flip and no-flip regions.
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Figure B.3: Dependence of the analyzing power on the invariant mass cuts for 3-prong T decays
generated by the Monte Carlo simulation.

Cut F: Cut B AND sign(Qper) = —sign(Qmod.pet)-

Combination of Cut C and Cut D, Cut E and Cut F are identical with Cut B. Cut
C and Cut F (Cut D and Cut E) select triplets in similar regions in the Dalitz plot,
since sign-flip and no-flip triplets are mainly located in the areas determined by Cut
'C and Cut D, respectively.

The analyzing power for the helicity-based analysis is calculated with each in-
variant mass cut. Figure B.3 shows the dependence of the analyzing power on the
cuts. Averages of the analyzing powers for Cut C and Cut D, Cut E and Cut F
are same as the analyzing power for Cut B. The figure also shows dependence of the
modified helicity-based analyzing powers on the invariant mass cuts for comparison.
The helicity-based analyzing powers for Cut C and Cut D, Cut E and Cut F have
opposite signs and Cut F gives largest analyzing power in magnitude.

The invariant mass cuts were applied for jets in the data and the dependence of
the helicity and modified helicity-based analyzing powers on the cuts was investigated.
Figure B.4 shows the dependence for the three samples. All of the analyzing powers
for the heavy-flavor sample are consistent with zero with in 1.5 ¢. On the other hand,
some of the analyzing powers for the light-flavor sample, especially with Cut C and
Cut F, are away from zero by 2 ¢ or more. The analyzing powers seems to have
positive values for the modified helicity-based analysis. However, since some results
are correlated with each other, it is not clear that these non-zero analyzing powers

-
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The other results are correlated with each other.
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and the tendency are significant.
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Appendix C

Systematic Errors

As mentioned in Section 4.8, we considered the following three sources of sys-
tematic errors.

1. Track and event selection
—— The criteria for track and event selection are divided into two categories which
are concerned with detector acceptance and transverse momentum, visible en-
ergy, etc. Therefore, we considered samples with loose and tight cuts for these
two categories of track and event selection.

2. Jet finding

In this study, the P scheme of the JADE algorithm was used as the jet-finding
algorithm. The systematic error due to jet-finding algorithms was also stud-
ied by using PO, E and EO schemes' of the JADE algorithm. DURHAM/(37]
and GENEVA[38] algorithms were also used. Y., values are suitably chosen
to produce same number of 2-jet events as P scheme of the JADE algorithm
with yee = 0.03. The systematic error due to variation of y.,, value was also
estimated.

3. Analysis
The analysis method may introduce bias in the results. To estimate the bias,
exactly same analysis was performed using the events generated by the Monte
Carlo simulation (the MC events). Since the Monte Carlo simulation does not .
take into account jet handedness, the MC events should give zero jet handed-
ness. Therefore, the difference between the result from these events and zero
is regarded as the systematic bias due to the analysis method. About 200k
of events generated by tuned JETSET 6.3 program[29] with the SLD detector

'The difference in the P, PO, E and EO schemes of the JADE algorithm is the calculation of
invariant mass, y;; (4.4), and the method of combination (4.5) [42].
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simulation were used in these studies. These simulations give a good description
of our measured inclusive track and event topology distributions as shown in
Section 4.3. As for the € in the analyses, Figure C.1 shows comparisons of the
Q distribution for data to that for the MC events in which spin transport was
not simulated. For the helicity-based analysis, distributions of sign(P cos )Qpe
are shown for the three samples. Those figures show only distribution for the
3-leading-particle selection method. For the N-leading-particle and the particle
selection method based on rapidity and momentum, difference between data
and the MC events was not found in 2 distribution. The data and the MC
events had also similar distributions of other quantities, such as charged track
multiplicity of a jet, rapidity and transverse momentum with respect to the jet
axis as shown in Figures 4.30, 4.32 and 4.33. Those guantities are important
because of the relation with Ny .4 in the N-leading-particle selection method,
Nmaz, AN and P, in the particle selection method based on rapidity and mo-
mentum. This means that the Monte Carlo program can well simulated the
SLD detector acceptance and resolutions. The bias due to the analysis method
was estimated by removing such effects.

Event samples used in the study of the systematic errors are summarized in
Table C.1.

- - The analyzing power «; was calculated for a sample i. Then the following
quantity Aa was defined.

Ao — J il — aua)? 1)

Nsamples

where 4 runs all samples in same source, e.g. from (al) to (a2) in Table C.1, and
Nsamptes is the number of samples for same source, e.g. 2 for the source due to
acceptance. oy is the analyzing power calculated with the standard? criteria. The
systematic error Aayy, for each source is defined as:

Agys =/ Aa? — AaZy,, (C.2)

where Aayq is the statistical fluctuation of the analyzing power. If Aq is smaller
that Ao, the systematic error is neglected. Otherwise, +Aagy is regarded as the
systematic error.

The systematic error (C.2) was calculated for each source except for the bias
due to the analysis methods. Using the fact that the analyzing power for the MC
events should be zero, the shift of the analyzing power from zero gives the bias of each
analysis method including statistical fluctuation. Removing the statistical fluctuation
by similar way as (C.2), the bias including sign was determined.

2The standard criteria means the criteria deseribed in Section 4.3.
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Source Sample # | » Criteria
Track and event selection
(al) Loose : no cut on cos 0yqek
Acceptance ' and | cos Gyprust| < 0.8.
(a2) Tight : cosOracx < 0.75
and | cos Oyt | < 0.65.
(b1) Loose : no cu(; c;l Dis T,
Dty To, 20 2p an Vis*
and Ey;s (b2) Tight : p, > 0.3 GeV/c, 19 < 2.5 cm,
- 2o < 5.0 cm and E,;; > 30 GeV,
Jet finding
(c1) P scheme with ye, = 0.0235"
(c2) E scheme with y,; = 0.054
Algorithm (c3) EO0 scheme with ye,; = 0.0305
(cd) DURHAM with . = 0.008
(c5) GENEVA with yc,; = 0.038
(d1) | Yeur = 0.028
Yeut (@2) | Yow = 0.032
Analysis
: 200K events generated
Method (€) by the Monte Carlo simulation

Table C.1: The sources of the systematic errors and samples for the estimate of the systematic
errors.
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The total systematic error was calculated as a quadratic sum of the systematic
errors from all sources. Due to the bias from the analysis method, the total systematic
errors may not have same magnitude in positive and negative signs.

The systematic errors for the three-leading-particle selection method are sum-
marized in Table C.2. The results shows the systematic errors are negligible or quite
small. This means that the method does not give biases to the analyzing power.

Figure C.2 shows the systematic errors from each source shown in Table C.1 for
the NN-leading-particle selection method. '

The systematic errors from each source for the particle selection method based
on rapidity and momentum are shown in Figure C.3, C.4 and C.5 for the global, light
flavor and heavy flavor samples, respectively.
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Systematic Errors

Source Sample | Analysis | Global | Light [ Heavy
Track and event selection
Helicity ~ 0 ~0 ~ 0
acceptance (a) | Modified helicity | ~ 0 ~0 ~0
Chirality ~0 ~ 0 ~ 0
Helicity ~0 ~0 ~ 0
momenta etc. (b) | Modified helicity | ~ 0 ~0 ~ 0
Chirality ~ 0 ~0 ~ 0
Helicity ~0 ~ 0 ~ 0
subtotal Modified helicity | ~ 0 ~ 0 ~0
Chirality ~ 0 ~ 0 ~0
Jet finding
Helicity ~ 0 ~ 0 ~0
- Algorithm (¢) | Modified helicity | ~ 0 ~ 0 ~ 0
Chirality ~ 0 ~ 0 ~0
‘ Helicity ~0 ~ 0 ~ 0
Yeur (d) Modified helicity | ~ 0 ~ 0 ~ 0
Chirality ~ 0 ~ 0 ~0
Helicity ~ 0 ~0 ~0
subtotal modified helicity ~ 0 ~ 0 ~ 0
’ Chirality ~ 0 ~0 ~0
Analysis
Helicity ~0 ~ 0 | +0.001
Method (e) Modified helicity | ~0 ~0 ~0
Chirality -0.003| ~0 ~0
Helicity ~0 [ ~0 T 8%
total Modified helicity | ~ 0 ~ 0 ~ 0
Chirality e | ~0 | ~0

Table C.2: The systematic errors for the 3-leading-particle selection method. The subtotal is
calculated as a quadratic sum of all sources in same category. The total systematic error is a

quadratic sum of all sources.
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Figure C.1: Comparison of Q distributions for data to that for thec MC events. Shown are data
(puls symbols whose vertical lines show their statistical errors) and the Monte Carlo (histograms).
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Figure C.3: The systematic errors from the sources for the particle selection method based on
rapidity and momentum for the global sample. The light and dark hatched areas'show the system-
atic errors from track and event selection and jet finding, respectively. The black area shows the
systematic error from the analysis method.
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Figure C.4: The systematic errors from the sources for the particle selection method based on
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the systematic error from the analysis method.
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Figure C.5: The systematic errors from the sources for the particle selection method based on
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the systematic error from the analysis method.
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