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Abstract

In this thesis, the heavy quark decay modes of the Z° particle are studied with
inclusive muon and electron events taken by the L3 detector at LEP. The data
sample corresponds to ~ 130,000 hadron events at c.m.s energies around the A
pole. The weighted average center-of-mass energy is 91.28 GeV. The data are
found to be consistent with the universality of the quark couplings. From the ratio
of the number of dilepton events to the number of single lepton events, the average
b quark semileptonic branching ratio has been found to be Br(b — lvX) = 0.111 &
0.010(stat) = 0.006(sys), without assumptions on I';;. The partial width of the Z°
decay into bb pairs has been measured to be I'y; = 385 & 7(stat) & 15(sys) MeV,
with an additional 19 MeV error from the uncertainty in Br(b — [vX). By using
inclusive muon data, the partial decay widths I';; and Tz have been determined
simultaneously , I'y; = 396 & 10(stat) + 24(sys) and Te; = 296 £ 24(stat) & 36(sys).
Assuming the Standard Model prediction of I'y; = 378 £ 3 MeV, the average b
quark semileptonic branching ratio (e and g) and the average fractional energy
carried by b hadrons from b quark have been determined to be Br(b — lvX) =
0.119+0.003(stat)£0.006(sys), and <z > = 0.686+£0.006(stat)+0.020(sys). From
inclusive muon data, without assuming the b quark fragmentation function, the
fitted z, distribution is consistent with the Peterson et al. fragmentation function
for b quarks. The CKM matrix element |V.;| has been determined to be |Va| =
0.046+0.002 ¥3:9% from the measured Br(b — lvX) combined with the L3 b hadron
lifetime measurement.

The bb forward-backward asymmetry has been measured from the b quark an-
gular distribution by fitting the inclusive lepton p and p, spectra, which gives the
result A,; = 0.127F5:043(stat)+0.023(sys). This asymmetry corresponds to the value
of the effective mixing angle sin® iy = 0.226 + 0.008(stat) £ 0.005(sys) at the Z°
mass. The B%-B° oscillation has been observed and the measured value of the mix-
ing parameter is X, = 0.178%50:043(stat) & 0.017(sys). This value is consistent with
maximal mixing in the B,%-B? system and gives X, > 0.13, AM, > 3.2 X 10~%eV at
90% CL.
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Title: Associate Professor
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Chapter 1

Introduction

The discovery of the intermediate vector bosons Z° and W* at CERN in 1983 by
the CERN UA1 and UA2 experiments [1-1] was a remarkable achievement. It pro-
vided a confirmation of the key predictions of the electroweak theory, known as the
“Standard Model”. The electroweak theory, advanced by Glashow, Weinberg and
Salam [1-2], unifies electromagnetic and weak interactions based on the symmetry
group SU(2) x U(1) and spontaneous symmetry breaking through the Higgs mech-
anism [2-3]. It is the most comprehensive and consistent theory of the electroweak
phenomena. LEP, which overcomes the problems of pp colliders (the large back-
ground and low Z° production rate) and provides an unbiased background-free data
set of Z° produced via ete~ collisions, gives the unique ground for precision tests
of theoretical predictions at the level of radiative corrections.

The Z° particle, one of the gauge bosons carrying the weak force, is one of the
most important particles in the Standard Model. The Z° resonance provides an ideal
environment for performing a stringent test of the Standard Model and searching for
new phenomena with high statistics, due to the large cross section enhancement on
resonance apparent in Figure 1-1. Also, a detailed investigation of the Z° particle
and its decays can help to determine the parameters of the Standard Model. For
example, the forward-backward charge asymmetry App in ete™ — f*f~ (where
f =pu, 7, ¢) is one of the most important quantities since it is sensitive to the weak
mixing angle and to the weak coupling constants. Precision measurements can give
information about the top quark mass.

Many improvements in our understanding of the basic interaction of quarks and
leptons can be obtained by a closer study of b quark physics. In the Standard
Model the partial decay width T'y; in Z° — ¢g depends on the weak isospin of
the quark and is expected to be larger for down-type than for up-type quarks. For
light quarks the predictions of T'j; have uncertainties of about 10 MeV because
of the unknown mass of the top quark from 30 GeV to 250 GeV. This limits the
accuracy of Standard Model tests in the light quark sector. In contrast, the partial
width Ty;in Z° — bb decays is expected to be insensitive to the top mass. Thus
high statistics measurement of I';; could be used to determine the weak neutral
couplings of b quarks precisely, and to test the universality of the quark couplings.
The electroweak mixing angle sin? 6y which is one of the fundamental parameters




of the Standard Model can be precisely determined from the forward-backward
asymmetry (A;) of bb pairs. Knowledge of quark mixing angles can be obtained by
measuring the semileptonic branching ratio and the lifetime of the b hadrons, and
by studying flavor oscillation in the B°-B° system.

Even though the Standard Model has been tremendously successful so far, it
leaves many fundamental problems unsolved. A detailed investigation of B physics
gives a way to test the validity of the Standard Model. Certain processes, such
as flavor oscillations in the neutral B system or rare decays of B mesons which
are induced by loop diagrams, are sensitive to physics beyond the Standard Model
with three generations. The CP violation, the strength of which could not be
well explained by the Standard Model, was observed only in the K°-K° system.
ifests itself and answers the question — “What is the origin of CP violation?”.
The B°-B° system is analogous to the K% K° system, therefore the observation of
BO-B° oscillation is an important experimental step towards the observation of the
CP violation in a system other than the K°-K° .

The fragmentation of quarks into hadrons can be deduced qualitatively from
QCD, yet a detailed understanding is still lacking due to its complex nature. It is
of both theoretical and experimental interest to study the fragmentation of heavy
quark into hadrons and to explore the dynamical driving mechanism of jet forma-
tion. Because the production of heavy quarks is suppressed in the fragmentation
process due to their large masses, heavy mesons carry either the primary quark
or its decay product. Therefore heavy quarks are the best system to study the
hadronization mechanism.

This work presents the measurement of the properties of the Z° decaying into
heavy quark pairs through the semileptonic decay of heavy quarks. About 130,000
e*e~ — hadrons events, recorded by the L3 detector at LEP in 1989 and 1990 are
used in this study. The electroweak couplings of heavy quarks have been measured.
The partial decay width (T'y; and T';s) and forward-backward charge asymmetry
(A of heavy quarks have been determined. From the measurement, the effective
mixing angle sin? 6y has been obtained. The average b quark semileptonic branching
ratio Br(b — IvX) has been measured from the rate of inclusive lepton events
and the ratio of the number of dilepton events to the number of single lepton
events, separately. Br(b — IvX) from the double tagging method is independent
of assumption of T';;. And combining the Br(b — [vX) measurement with the b
hadron lifetime, the CKM matrix element V., has been determined. The average
fractional energy of bottom quarks in Z° — bb events has been obtained. Finally,
the flavor oscillation in the B%-B° system has been measured.




Chapter 2

Theory

The production of Z% in e*e~ annihilation and their subsequent decay into fermion
pairs can be precisely calculated in the Standard Model. The photon radiation of
fermions is rather well known through QED (Quantum Electrodynamics) [2-1], and
the gluon radiation of quarks can be calculated by QCD (Quantum Chromody-
namics) [2-2]. The hadrons which are observed in the detector come from the
fragmentation of quarks. In this chapter, a brief description of the theory about
the heavy flavor production, decay, forward-backward asymmetry, B%-B° system
oscillation and quark fragmentation is presented.

2.1 Basic Concepts

The SU(2) x U(1) electroweak model is a gauge field theory, which has three types
of elementary building blocks of matter.

e Fundamental fermions (quarks and leptons): Leptons and quarks are treated
as pointlike particles which couple to the gauge bosons of SU(2) through their
weak charge and to the photon of U(1) through their electric charge. Quarks
also carry a color charge and there are three color states for each quark.

e The force carriers, i.e. four gauge bosons (v, Z° W#%): Through the Higgs
mechanism [2-3] three of these bosons become massive, and correspond to the
mediators of the weak interaction. The fourth remains massless and corre-
sponds to the photon, the mediator of electromagnetic interaction.

e The Higgs boson: The Higgs field is believed to be responsible for the masses
of all the particles through the spontaneous symmetry breaking. The Higgs
boson has not been found yet.

The left-handed fermions are assumed to transform as doublets under the weak
isospin group (weak isospin 1/2) and the right-handed ones as singlets (weak isospin
0). So far, there is no evidence for the existence of right-handed neutrinos. There
are only three fermion families with a neutrino mass below Z° mass as measured
by LEP and SLC experiments [2-4], Table 2.1 lists the properties of three fermion
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generations, where N, is the number of colors. Each family consists of two quarks
and two leptons. The first family contains the up and down quark, the electron and
electron neutrino. The second family is made up of the charm and strange quark,
the muon and muon neutrino. The third family is occupied by the top and bottom
quark, tau and tau neutrino. The leptons carry integral electric charge, 0 or +1 lel,
and the quarks carry fractional electric charges. The top quark and 7 neutrino of
third family have not been experimentally observed yet.

Family | Flavor | Spin | Charge (le]) | N. | Mass (MeV)

1 w | 1/2 2/3 3 |~ 350
a |12 -1/3 |3 |=x~350
e | i/2 —1 1 0511
Ve 1/2 0 1 |~0

3 c [ 1/2 573 3 [ = 1800
s | 1/2 ~1/3 3 | ~550
| 1/2 —1 1 (1056
v, | 1/2 0 1 | ~0

3 t 1/2 2/3 3
b | 12| -1/3 3 | ~ 4950
| 1/2 1 1 [1870
Yy 1/2 0 1 |~0

Table 2.1: The fermions and their properties

There are three massive vector bosons Z° and W* | which mediate the weak
interaction. And nine massless vector bosons (the photon and eight gluons) are
responsible for the electromagnetic and strong interactions, respectively. Table 2.2
shows these particles.

The interactions of the SU(2) x U(1) gauge field are specified by the electroweak
theory and are determined by the electric charge (e), and the mixing angle sin 2 0w .
The coupling constants for the vector and axial vector currents are summarized as
following;:

. 0 . 1
_Zle7u ----- ze7ﬂ(g”f - g“f75)2sin0w cos Gy

f f

7

______ 287#(1 - 75) 2;7251in0W
f

11




Goy = I3f Juf = Igf — 2Qf Sin2 Gw (2.1)

where the f refers to the particular fermion, Q; is the fermion charge, and I3y is the
third component of fermion weak isospin. The mixing angle sin? 6w is given by the
Z° and W* masses:

: M3,
sin®fyw =1 — —Aﬁ (2.2)
Spin | Charge | Color | Mass (GeV)
¥ 1 0] no 0
A 1 0| no 91.181
wW* 1 +1| mno ~ 80.6
g (t=1,..,8)| 1 0| yes 0

Table 2.2: The properties of interaction carriers, where the Z° mass is taken from
the L3 measurement

For pointlike spin-1/2 fermions in the center of mass frame, the differential cross
section for ete™ — Z°%/y — f*f~ can be written in the following way [2-5], where
the color factor N;; = 1 for leptons, Ny = 3 for quarks:

do

2

g _ @ 2 2  A2Y i

o = 43,3ch{Qf[1 + cos® 6 + (1 — §*) sin* 6]

— 4QX1{gysV[L + cos®d + (1 — 5?)sin® §] — 29,78 cos 6}

+ 4x2[92,(1 + VH[1 + cos? + (1 — ) sin? 6]
vf

+ B92,(1+ V?)(1+ cos®0) — 889,794V cos 8]} (2.3)
where
X1 1 s(s — M%)
16sin? 8y cos? Oy (s — M2)? +T% M2
X3 — 1 s
"~ 256sin* O cost b (s — MZ)? +TL M2
V = —144sin’6y (2.4)

Only the Z° and photon exchange diagrams of e*e™ annihilation at lowest order
are involved in these expressions. The Higgs exchange is negligible because of the
small Yukawa coupling to the electrons.

2.2 Heavy Flavor Production

The improved Born approximation, which includes the final state fermion mass
effect, the vacuum polarization and vertex corrections (see figure 2-1), gives the

12




et 1 et ! et !
RPN W LE A Z
e e~ e
q q q

Figure 2-1: The electroweak vacuum pol. and vertez corrections

cross section [2-5] [2-6] of the heavy flavor as follows:

3=B v, s aa_ v, a4
a:ﬂ-———2-—-0' + o =0+ 03 (2.5)
with
vV 4m2(M§)Q§ 4Gua(M§) = = M%(S_M%)
g = - quvequ 212 s 2
s V2 (s — M2+ (35T2)
Ghio2 | 72 \a2 M3s
t g e O Ty (T
G? Mis
AA - —2 \= Z
Z

and G, is muon decay constant. a(M3%) =~ 1/128 is the running QED coupling
constant, which changes mainly due to the photon vacuum polarization. Effec-
tive electroweak vector, axial-vector couplings (9,5, Jus) and effective mixing angle
sin? Oy s are expressed as:

9oy = /P1lss Jus = /Pr(Iss — 2Qy sin’ By y) (2.7)

_ 2
sin’fw; = (sin®8w + cos? OwAp)(1 + gAp )

1 4
= 1—=Apé
P 1—Ap( 380 6p)
2
Ap = @%M_t (2.8)
167

ps is the neutral current strength parameter and is defined as the ratio of the neutral
current constant to the charged current constant. The parameter 5, is equal 1 for
b quarks, and 0 otherwise. The extra factor in sin’ Gy s and p; for b quarks results
from the vertex diagrams in Figure 2-2 involving the heavy top quarks.

The QED corrections, which include initial and final state real/virtual photon
radiations, are very important. The initial state photon emission reduces the peak
cross section by ~ 30%. The final state photon emission changes the cross section

by a factor 1 + %%2, and is small. The interference of virtual photon radiation
contribution to the cross section is negligible.

The box diagrams in which the initial and final state fermions are linked by two
massive gauge bosons (WW/ZZ) has negligible contribution to the cross section.
Around the Z° pole, their influence is below O(107).

13




b

Figure 2-2: Vertez Feynman diagrams involving top quarks

Finally, the gluon radiation (QCD corrections) can be estimated to the order
o® [2-6] in the limit M, = 0. Approximately, it modifies the cross section by a
multiplicative factor [1 + c1(%2) + c2(22)? + c3(2+)?], the coefficients c; for the axial-
vector and vector couplings are different. The differences arise because the masses
break chiral invariance and because of the large mass splitting between bottom and
top quarks. The coefficients are tabulated in Table 2.3, where p? = 4M, ,12 /s. The
f(M,) in Table 2.3 is well parametrized [2-7] [2-6] and + for down/up quark. The
calculation of the coefficient c3 can be found in [2-8].

Coupling | ¢ Cy C3
vector 1+ 3p? 1.41 12.8
axial-vector | 1+ 3uln(4/p?) | 1.41 £ f(M,) | 12.8

Table 2.3: The QCD correction coefficients

The partial width of Z° decay to heavy quark pairs, obtained from the improved
Born approximation including final state fermion mass effects is:

3— ﬂ2

Log=pf—5—

Fvamz G o

“ = 2o 221

The final state QED and QCD corrections are identical with those of the Z° cross

section, where the initial photon radiation doesn’t effect the Z° decay.
Ty, — D1+ 80en)(1 +850p)
T4 — TA(1+80ep)(1+85¢p) (2.11)

IBSP = Pqu +I‘qu (2-9)

A
T4 = (2.10)

with
3aQ§
47

The QED correction is very small and the QCD correction is about 4% for o, =
0.115 [2-9]. From the ZFITER program [2-10], where the formulae given have the
complete O((a,/7)?) calculation within 1%, the electroweak theory predictions * of

éoED = 5QGD—01(—)+02( )Y +c ( —=)? (2.12)

- 1The Electroweak Theory predictions are obtained by using the parameters sin? by =
0224, Mz = 91.181 GeV [2-11], M; = 150 GeV, Mpyigys = 100 GeV and o, = 0.115 unless
otherwise specified. -
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the heavy flavor partial widths are:
Tpe =297 MeV Ty =378 MeV (2.13)

which correspond to 22 % and 15% of Z° — hadrons respectively.

2.3 Forward-Backward Asymmetry

For the full solid angle, the forward-backward asymmetry is defined as:

App =+ (2.14)

1 0 d
oF =27 A g—g—d(cos ) op =271 . &—%d(cos ) (2.15)
where the 6 is the opening angle between the quark and the electron direction.
Using the improved Born approximation, the forward-backward asymmetry can be

cast into the form:

3 ,BZO'VA(S)
=20/ 2.16
Ars(s) = - (2.16)
with o is the total cross section introduced earlier in equation 2.5, and:
4G a(M2) . _ M2(s — M3)
VA( Y _ p z Z z
- Vs PG My TP

2G? M3s

+ ugvegaegv ga s 217

R =t 247
The energy dependent forward-backward asymmetries for ¢,b quarks are given in
Figure 2-3. On the Z° pole (s = M%) the asymmetry is given by:

2§vegae . 2§vqgaqﬂ
g'lz;e + gge g?zq(3 - :82)/2 + g?zqﬂ2

2§ve§ae 2qugaq
= — A — M (1 + 6q) (2.18)
gi.+39%, 93,492,

Ay =

Q

e |

where the mass correction 4, is:

=2 =2
— 4M<12 . _qu +gaq/2
s gl +92,

0, (2.19)
For both ¢,b quarks, the mass correction §, is strongly suppressed to O(107%).
The strong suppression for b quark is due to an accidental cancellation among the
couplings (92, ~ §2,/2).

The final state gluon bremsstrahlung will cause an uncertainty of the direction
of b quark and reduce the asymmetry by a factor (1 —a,/x). The final state photon
radiation, in complete analogy to gluon radiation, reduces the asymmetry by a factor
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(1+ %733)‘1. It is a negligible effect. The influence of the interference between the
initial and final state v emissions is found to be negligible [2-6] [2-12]. For example,
around the Z° pole the corrections are of relative order < 2£(I'z/Mz). Among the
QED corrections, the most important contributions come from initial state photon
radiation, which leads to a reduction in the asymmetry. Quantitatively, Arp close
to the peak is reduced by ~ —0.025. The forward-backward asymmetries of quarks
are extracted by measuring the asymmetries of mesons and baryons endowed with
this particular quark flavor. For b quarks this is not a one-to-one correspondence
due to the mixing in the neutral B°-B° system. In case the B mesons and baryons
are not identified explicitly, the mixing reduces the observed asymmetry by a factor
(1 — 2X), where X is the mixing parameter.

The forward-backward asymmetry App is sensitive to the weak mixing angle
sin? . The asymmetry measurement can be used to precisely determine the vector
and axial vector coupling constants. Also, the b quark forward-backward asymmetry
is sensitive to the top quark mass, Figure 2-4 shows asymmetry and partial decay
width at Z° peak depending on the top quark mass.

2.4 Heavy Flavor Decay

For heavy flavor mesons, the simplest description of their weak decays is given by
the spectator model, as shown in Figure 2-5. In this picture, the initial state meson

Figure 2-5: Ezamples of heavy meson decay in spectator model

is represented by its valence quark configuration. The heavy quark (c or b) moves
and decays freely into light quark by emission of W boson, while another quark acts
as spectator having no influence on the meson decay. The dominant weak charge-
changing transition of the b quark is to the ¢ quark and a virtual W boson, and less
frequently, to u quark. In the decay of charmed mesons, the ¢ quark decays mostly
to s quark and a small part to d quark via W emission. Figure 2-5 (b) is the color
suppressed spectator process because the quarks from W boson decay have to pick
up the same color as the original quarks. Naively thinking, the suppressing factor
is 1/3.

If the spectator diagrams were the only possible decay processes for heavy
mesons, one would expect that the lifetimes of the heavy neutral and charged me-
son and their semileptonic branching ratio be the same. In the past, many experi-
ments have been done on charmed hadrons, and one finds the neutral and charged
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charmed meson’s lifetime and semileptonic branching ratio are different [2-13]. The
non-spectator effects can take place in heavy flavor decays:

o The weak annihilation, as illustrated in Figure 2-6. Because of the decay
constant 2 and helicity suppression involved in the weak annihilation, it gives
a suppression factor of about 10 in charm decays and about 100 in bottom
decays in the weak annihilation.

o The interference effects in the decays of charged mesons (Figure 2-7).

o The absence of the “color suppression” expected in the spectator model due
to soft gluon effects.

b . . z 5 f_'/ f”
B wio | ; B> 14 ir<
d l g U U f f"
Figure 2-6: Graphical representation of the heavy flavor weak annihilation
¢(7 q(q)
b NN (7) b, NN\
4 - U - - U
B (@ T F ¢(@)
a T PR 4

Figure 2-T: Interference effects in the charged meson system

Generally, one expects that all these non-spectator effects would decrease the heavy
meson’s lifetime and semileptonic branching ratio. However, the b quark is more
massive than ¢ quark, therefore, for B meson decays, the non-spectator effects are
expected to be smaller as compared to D meson decays.

From the spectator model (Figure 2-5(a)), the semileptonic decay width of heavy
flavors can be obtained when the W boson couples to a lepton ! (e, p,7) and its
antineutrino [2-14]. In the ACCMM model the semileptonic width of B mesons is
given by:

GEMy

0B - ) = S (1 v 4 fulVial?) (2.20)
with MM
q {

fQ(q = u7c) = S(b - q)I(—MZ’ -.Z\-Tb, 0) (221)

2Decay constant is proportional to the overlap of the wave functions for the heavy quark and the
light quark inside the meson. It depends on the internal structure of the meson.
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where parameters f, account for the phase space corrections (I) due to fermion
masses and the QCD corrections (.S). Considering M;/M, = 0 for muon and electron
and defining e, = M,;/M,, the corrections are:

I(&,0,0) = 1-— 8¢ —24eilne, + 8¢ — €

Sbg = 1- 22y Sy e (2.22)

2.5 Heavy Quark Fragmentation

In the studies of heavy quarks, the flavor dependent fragmentation of quarks into
hadrons play an important role. The heavier the quark, the more energy is carried
by its hadron, because the inertia carried by the heavy quark is retained in the
hadron [2-15]. In the past decades, this hard fragmentation of b and ¢ quarks has
been observed in many experiments [2-16]. Figure 2-8 is a structure of typical Z°
decay into multihadronic event in et e~ annihilation. The Z° decay can be separated
into four stages, as shown in Figure 2-8.

i il 111 iv
Figure 2-8: Schematic illustration of a Z° decay into ¢

In the first stage, a primary ¢g pair is produced. This is well understood by
electroweak perturbation theory, as discussed before. The second stage is the par-
ton shower process, where the partons (quarks and gluons) are produced. The
gluon emission is described by the strong interaction (QCD). As the strong cou-
pling constant «, is decreased when the CM energy is increased, the perturbative
QCD expansion (Matrix Elements) is a good approximation at the Z° pole.

In the third stage, the fragmentation process occurs, where the final set of
hadrons is produced from an initial set of partons at large distance. This is the
shaded area in Figure 2-8. Although we believe this process to be given by QCD,
the perturbative QCD no longer applies, and therefore it is an area where phe-
nomenological models have to be introduced to describe the hadronization process,
such as string fragmentation (SF), cluster fragmentation (CF) and independent
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fragmentation (IF) [2-17]. The last stage is the decay of unstable hadrons into
experimentally visible particles. The knowledge of this part mainly comes from
experiments.

The cluster fragmentation is a simple description of hadronization, where at the
end of the parton shower, a quark is combined with a nearby antiquark to form a
colorless cluster. These clusters, which can be regarded as superposition of reso-
nances, subsequently decay into the final hadrons. There are no extra parameters
needed for hadronization.

The development of the longitudinal fragmentation process in IF and SF mod-
els is parametrised by some probability distribution f(z), where z is the fraction
of available energy-momentum, (E+P), carried by the hadron. The variable z is
defined by:

g = (E + -Pn)ha.dron
(E + P )quark
In string fragmentation models, the fragmentation proceeds along the color-flux
lines stretched between quarks and gluons. As the ¢ and § move apart, the string is
stretched and may break by producing a new ¢'¢g’ pair. Then two colorless systems
qq and ¢'§ are formed. The sharing of energy and momentum is given by a proba-
bility distribution f(z). If the invariant mass of either of these string pieces is large
enough, the string pieces may break again, until only the on-mass-shell hadrons
remain. Here each hadron corresponds to a small piece of string. The advantage of
this model is that energy and momentum are conserved locally at each step of the
hadronization process. In the IF approach, it is assumed that any parton system
fragments independently into hadrons and the fragmentation process is similar as
the SF models. For light quarks (u, d,s), the fragmentation function [2-17] is taken
as:

(2.23)

f(z2)=1—a+3a(1—2)?  witha=0.77 (2.24)

For heavy quarks (c, b), with harder fragmentation, the Peterson et al. fragmenta-
tion function [2-18] is widely adopted:
1 €
1——-——-)"1 2.25
£() o [o(1 — - — =) (2.25)
where the ¢, is a free parameter, on expects €, & 1/M?.
The Lund symmetric fragmentation function [2-6] [2-19] are also used in SF mod- -
els, which gives the probability distribution as a function of the hadron transverse
mass M? = M? + P}

— i”i] - (2.26)

1
f(z) x -Z-(l — z)%exp|
where a and b are free parameters and are weakly flavor dependent.

2.6 B%BY% Mixing

Flavor changing weak interactions induce an oscillation between B° and B°, the box
diagram contribution to B°-B° mixing from the exchange of two heavy top quarks
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is illustrated in Figure 2-9. The B° and B° mesons, which are flavor eigenstates,

b, W _dfs) b, ¢  dfs)
i |

B It tf B° B 'w W B°

————veende - b —t 3 ~¢ : amaa |

d(3) W b d(3) t b

Figure 2-9: Boz diagrams for B°-B° oscillation
are not mass eigenstates. The mass eigenstates By and B; are linear combinations
of B and B° mesons, neglecting CP violation one gets (a good approximation):
1
By >=—5
I 1,2 A \/5

The strength of B%-B° oscillation is measured by determining the mixing parameter
Xd(X s) ‘

(£|B° > +|B° >) (2.27)

_ Prob(BS — B9) R
~ Prob(BY — BY) + Prob(B — BY)  2(1+2z%) ~ 2(1+z3)

where the quantity z4 and y, are defined as x4 = AMy/Ty and yy = AT'4/(2I), Ty
is the average decay width of By and By, AM, and ATy are the mass and lifetime
differences between two mass eigenstates, respectively. Because the b quark is heavy,
the lifetimes of all b mesons are almost the same, i.e., AMy > AT'y. From the box
diagrams, where the top quark contributions are dominant for B°-B° mixing as
shown in Figure 2-9, one can obtain z4 (z,) [2-20]:

X4 (2.28)

— G%‘ 2 * 2 2 Mt2 2.29
24 = =By fEMyn|Vi Vel M0 S(575) (2.29)
67 Mg
with 3-9z 6%
i -9 ToinT
== 2.30

where Bp is the ’bag’ factor, fp is the B decay constant and 7, is the lifetime of
B hadrons. The values of Bg and fp are the main sources of uncertainty, Bp =
0.98 £0.25 and fp ~ 140 MeV [2-20]. 5., ~ 0.85 is a correction factor [2-20].

The formulae of the B,%-BY system are in complete analogy to the formulae of
the B,°-BY system, just replacing the subscript d by s. Xg has been measured to
be 0.16 £ 0.04 by ARGUS and CLEO [2-21]. From Equation 2.29 one can get:

Ts _ | t’l.;VtSP _ |Vis]

= = 2 2.31
2 VeVl =~ Wl (2:31)

by assuming that all other factors are the same. Using CKM matrix elements [2-6],
one obtains z,/zs ~ 10 with large error. Together with X; measurement, this
indicates X, ~ 0.5 which means full mixing in the B,%-B? system.
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Chapter 3
LEP Machine

3.1 Introduction

In elementary particle physics one studies the ultimate constituents of matter and
the fundamental interactions between them. Today most of the experimental work
in this field is concentrated around large accelerators, where charged particles are
accelerated to high energy and made to collide with target material or with each
other and their reaction products are studied. High energy is desirable for two
reasons: firstly, because one needs extremely short wavelengths to study the small
scale of the elementary constituents of matter, and secondly due to many of the
fundamental particles are massive and require correspondingly high energies for
their creation and study. Because the initial state is well defined and the background
is small, which can be calculated precisely, the ete™ storage ring is favored in
studying the electromagnetic and weak interactions.

3.2 The LEP machine

The Large Electron Positron (LEP) [3-1] collider (see Figure 3-1), which has been
operating since August 1989, is one of the largest colliders developed for the exper-
imental high energy physics. The machine is in a tunnel with a circumference of
27 km, about 100 m deep under ground. It is located at the French Swiss border
near Geneva. Bunches of electrons and positions with an energy =~ 45 GeV circulate
in opposite directions through a beam pipe. More than 3000 bending magnets and
almost 2000 focusing and correction magnets keep the beams in place. The main
LEP ring’s parameters are given in Table 3.1.

The positrons are created by directing an intense pulsed electron beam (100Hz),
accelerated to 200 MeV by a linear accelerator, onto a tungsten target. The emitted
positrons are accelerated to 600 MeV by a second linac and are injected into an
Electron-Positron Accumulation ring (EPA). After a certain time, when a total of
2 x 10" positrons have been collected, they are transferred into the PS (Proton
Synchrotron) and are accelerated to 3.5 GeV, then injected to the SPS (Super
Proton Synchrotron). The SPS boosts the positrons to 20 GeV and completes the
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Circumference 26658.883 m
Dipole bending radius 3096.175 m
Phase advance/period 60°

Horizontal betatron wave number 70.44

Vertical betatron wave number 78.20

Number of bunches per beam 4

Number of interaction points 4

Number of RF cavities 128

RF frequency 352.20904 MHz
Injection energy 20 GeV
Maximum beam energy ~ 60 GeV
Peak luminosity (3 mA beam current) | 1.6 x 103%m 25!

Table 3.1: Principal LEP parameters (Phase I)

pre-accelerating chain. The same cycle is for electrons, but the electrons are directly
injected into the 600 MeV linac by an electron gun. The LEP ring receives 20 GeV
electrons and positions, four bunches each, circulating in opposite directions. They
are simultaneously accelerated to the final energy. Then the electrons and the
positrons are focused to collide at the four LEP experiments. The approximate
bunch size is o, ~ 250um, o, ~ 15um and o, ~ 15mm for horizontal, vertical and
the beam direction respectively.

Because of synchrotron radiation, the large size of the LEP ring is required to
keep the radiative energy losses of the circulating beams low enough. The electrons
and positrons radiate 117 MeV per turn at 45 GeV, which is compensated by a
series of Radio-Frequency (RF) cavities [3-2]. During the 1990 period, the typical
single beam currents were 1.5 mA, a peak luminosity of 6 x 10% cm~2s5~1 was
recorded by LEP. The beam intensity decreases slowly with time after injection,
mainly due to beam-beam bremsstrahlung losses. After about 7 hours a refill is
needed.

The LEP beam energy is measured from a field measurement in a reference
magnet which can be calibrated absolutely from the flux change in a loop embracing
all LEP dipoles during magnetic cycling. By injecting a 20 GeV proton beam into
the LEP ring and measuring the revolution frequency, the LEP absolute beam
energy was calibrated to 20 MeV precision with an energy spread of ~ 10 MeV.
The relative energy error is 2 X 107 at 45 GeV. The detailed description can be
found in Reference [3-3].




Chapter 4
The L3 detector

4.1 Introduction

Historically, most of the major discoveries at particle accelerators had been made
with detectors designed to measure precisely both the lepton and the photon chan-
nels, because the photon and/or leptonic channels provide a clean signal with small
background which is easy to understand and to control.

The L3 detector [4-1] (Figure 4-1) is one of the four large detectors [4-2] designed
for the new generation of electron-positron accelerators and is strongly emphasising
high precision lepton and photon measurements both in momentum and direction.
Also the energy flow of hadronic jets and vertices are measured. The L3 detector is
located in a cavern which is 50 meters underground at the LEP interaction point 2,
in France. Going outward from the interaction point, the following major detector
components are installed:

e A vertex chamber, which measures the charged particles track with a 58 pm
average single wire accuracy in the bending plane and 640 pm double track
resolution. In the non-bending plane, it provides 500 um single track resolu-
tion and 7 mm double track resolution on the Z coordinates.

e An Electromagnetic CALorimeter (ECAL) with 22 radiation lengths is made
of a new type of crystals BiGeO (BGO), which measures the energy of elec-
trons and photons with an energy resolution of 1.5% for E > 2 GeV and 5%
at £ =100 MeV.

e A layer of 30 scintillation counters, which are located between the electro-
magnetic and hadron calorimeter, has a good time resolution ~ 0.5ms, as
measured from Z° — ptpu~ (7). It is used to reject cosmic muons. The scin-
tillation counters cover the polar angle region of 30° < 6 < 150°. In the
azimuthal angle ¢, 93% is covered by scintillators.

¢ A Hadron CALorimeter (HCAL) is made of depleted uranium absorber plates
interspersed with proportional wire chambers. It measures hadron energies
with a resolution of (55/v/E + 5)% and angular resolution of 2.1° for the jets.
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It provides a clean muon sample by absorbing hadrons with ~ 6 absorption
length and could be used to track the muon.

e The MUon CHamber (MUCH) consists of three layers of large drift chambers,
which measures the muon momentum with resolution of 2.5% at 45 GeV'.

"o The luminosity monitor at small angle, consists of a charged particle tracking
chamber with good position resolution and a BGO crystal array with good
energy resolution for electrons and photons.

The detector components are supported by a 32 m long, 4.45 m inner diameter
Support Tube (ST), centered in the magnet parallel to the beam direction.

The entire detector resides inside a solenoid magnet which provides 0.5 T uniform
magnetic field within the detector volume. It has a octagonal shape, 14 m in length,
16 m diameter and 8000 ton in weight. The main components of the L3 magnet
are the coil, the yoke and the doors. The amount of magnetic material inside the
coil was kept as small as possible to minimize local field inhomogeneities. The
field is measured by Hall sensors within the support tube and about a thousand
magnetoresistors installed on the muon chambers.

The L3 Detector covers 97% of 47 solid angle for electrons, photons and hadronic
jets detection, and 70% for muons. It is complemented by the trigger (TRIG), the
online Data acquisition electronics and the online computer system.

4.2 The Central Track Detector

The charged particles originating at or near the interaction point are precisely mea-
sured by the L3 central track detector [4-1,4-3] both in their direction and location.
The vertex detector identifies the charged and neutral particles and determines the
track multiplicity, the trajectories of charged particles, and their momenta. The sign
of charged particles can be measured up to P = 50 GeV with 95% CL [4-1]. The
L3 central track detector, as shown Figure 4-2, is about 1 meter long and extends
from 9 cm to 49 cm in the radial direction from the interaction point and covers
the polar angle |cosf| < 0.8. It consists of a Time Expansion Chamber (TEC),
a Z-Chamber with cathode strip readout and a PSF (Plastic Scintillating Fiber)
calibration system.

The TEC is split into two parts, the inner chamber and the outer chamber. The
inner chamber is fitted with the beam pipe, it is subdivided into 12 sectors, each
with 30° coverage in ¢. The outer chamber, extends from 15 cm to 46 cm in radius,
and is subdivided into 24 sectors, each with 15° coverage in ¢. This layout resolves
the left-right ambiguity to a large extend for the pattern recognization in the offline
analysis. There are three types of signal wires with a sensitive length of 982 mm.
Standard Sense wires (anode wires) measure precisely the R-¢ coordinates. Charge
division sense wires (CD) determine the Z coordinates by measuring the charge
asymmetry at both ends of the wire. Groups of five grid wires on each side of the
amplification region solve the left-right ambiguity (LR). The gas mixture of the
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TEC is 80% CQO, and 20% CyH,o. Flash ADCs operating at 100 M H z are used for
the data digitization.

A Z-Chamber, which consists of two layers of cylindrical proportional chambers
with cathode readout, was built to enhance the precision of the Z-coordinate mea-
surement in front of the electromagnetic calorimeter. The required spatial resolution
is below 2 mm at the surface of the electromagnetic calorimeter. The Z-Chamber
is located on the shell of the outer TEC chamber. The gas mixture is 80% Argon
and 20% CO,.

4.3 The Electromagnetic Calorimeter

The BGO (Bismuth Germanium Oxide, BiyGe3z(012) is an excellent material for a
compact electromagnetic calorimeter because of its short radiation length for pho-
tons and electrons, high density, radiation hardness and stable chemical properties.
Furthermore, BGO has very high intrinsic resolution (0.5%/+/E for low energies,
1% for E > 1 GeV) and excellent linearity. The L3 Electromagnetic Calorimeter
(ECAL) [4-1] consists of about 11,000 BGO crystals pointing to the interaction re-
gion, designed to measure the energy and the position of electrons and photons in
an energy range from 100 MeV up to 100 GeV with high precision.

The ECAL surrounds the Central Tracking Chamber and is composed of a cylin-
drical barrel (EB), two endcaps (EC) with tracking chambers (FTC) in front, see
Figure 4-3. The barrel is made of 7680 BGO crystals, arranged in 48 rings of 160
crystals each, which covers the polar angular region from 42° to 138°. The barrel is
mechanically divided two half-barrels symmetrically around § = 90°. And two end-
caps extend the polar angular coverage to 12° and 168°, which contain 1536 crystal
each and were installed during the 1990 LEP shutdown. Each crystal is a truncated
pyramid with a cross-section of 2 x 2¢m? at the inner end and 3 x 3cm? at the outer
end. The length is 24 cm, corresponding to 22 radiation lengths. The shape of the
crystals varies slightly along § due to variable distance to the interaction point.

Every crystal was calibrated at CERN in the SPS X3 beam, with two fully
equipped half barrels at 2, 10 and 50 GeV momenta. The calibration constants are
evaluate by using different methods, they agree well with each other. The energy
resolution obtained from test beam, 4% at 180 MeV, 1.5% at 2 GeV and 0.6 at
50 GeV [4-4].

4.4 The Hadron Calorimeter

The Hadron Calorimeter [4-1] is located between BGO and the support tube, from
88 cm to 213 cm radius. It is designed to measure the total hadronic energy by the
calorimetric technique to determine the energy flow and to act as muon filter in ete™
interactions, together with the BGO crystals. It contains three parts: the barrel,
the endcaps and the Muon Filter. The barrel covers the polar range 35° < 6 < 145°.
The endcaps cover the polar angle region 5.5° < 6 < 35°. and 145° < 6 < 174.5°.
Both barrel and endcaps are over the full azimuthal range. The coverage of the
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hadron calorimeter is 99.5% of 47 solid angle. The energy resolution versus energy
is obtained from test beam as well as from Z° events [4-5] and has the form:

- 05 +0.05 (4.1)

JE(GeV)

The barrel and endcaps are constructed with depleted uranium absorber plates
sandwiched with proportional wire chambers. Due to the high density of uranium,
the L3 calorimeter (ECAL and HCAL) has about 6—7 absorption length for particles
produced at the interaction. The uranium radioactivity offers a gamma source for
the calibration of the wire chamber [4-6]. The gas wire proportional chambers are
made of planes of brass tubes. The barrel anode wires in adjacent chamber planes
are oriented at right angle to each other for determining both z and ¢ coordinate.
The endcap wires are stretched azimuthally to measure the polar angle 6 directly.
The signal wires are grouped into readout towers in order to get a better coordinate
measurement. All the wires are read out by FASTBUS ADCs and the gas mixture
is 80% Argon and 20% CO,.

The barrel consists of 9 rings of 16 modules each (Figure 4-4), 6 outer rings of
long modules and 3 inner rings of short modules. The innermost ring is centered
at the interaction vertex and followed by four rings on either side. Each of the two
HC endcaps is constructed of one outer and two inner rings (F1gure 4-4), where
each ring is split vertically into two half-rings. The Muon Filter is mounted on
the inside wall of the support tube and adds 1.03 absorption length to the Hadron
Calorimeter. It increases the muon detection efficiency by reducing punch-through.
The spatial resolution of single hadron jet is 2.1° [4-5].

bl a

4.5 The Muon Chamber

The basis of the design of the L3 Muon Spectrometer (MUCH) [4-1,4-7] is to measure
muon momenta with high precision, AP/P =~ 2% at 45 GeV, corresponding to a
mass resolution of about 1.4% on the Z° peak. This is achieved using three layers
of high precision drift chambers which measure the curvature of the muon track in
the region between the support tube and the magnet coil. The spectrometer covers
the polar angle range of 44° < § < 136°, 2.5 meter at the inner radius and 5.4 meter
at the outer radius.

The Muon Chambers are supported by two Torque Tubes on rails attached to
the exterior of the support tube. They are subdivided into 16 independent modules
called Octant, and are mounted on two Ferris wheels, eight on one side and eight
on the other side with respect to the interaction region. The arrangement of one
octant is shown in Figure 4-5, each octant has a special mechanical structure to
support five chambers: one inner chamber (MI), two middle chambers (MM) and
two outer chambers (MO). They measure track coordinate in the bending plane,
thus the muon momentum, and are called P chambers. The MI, MM and MO is
physically divided into 19, 15 and 21 drift cells respectively. Each cell of MI and
MO contains 16 sense wires, MM cell has 24 sense wires. In addition, the top
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and bottom P-chambers (MI, MO), each is covered by 2 Z-chambers with wires
perpendicular to the beam direction to measure the z coordinate along the beam.
In order to reduce the effect of multiple scattering, there are no z-chambers for the
middle chambers (MM) which are closed by thin aluminum honeycomb with 0.9%
radiation length per 2 layers.

* The sagitta s, as shown in Figure 4-5 which measures the curvature of the
charged track, has the relation with the muon transverse momentum Pr (GeV),

2
Py~ 0.3BL (4.2)
8s
where B is the magnetic field in Tesla, L is the distance between the inner and the
outer chambers in meter and sagitta s is in mm. For a 45 GeV muon, the sagitta
is 3.5 mm in the 0.5 T magnetic field and L ~ 2.91 m.

The P-chambers are filled with a gas mixture of 61.5% Argon and 38.5% Ethane.
Z-chambers are composed of two layers of drift cells offset by one half cell with re-
spect to each other to resolve the left-right ambiguity. Chamber gas mixture is
91.5% Argon and 8.5% Methane. All the wires (27,648 for P-chambers, 7,680 for
Z-chambers) are connected via amplifiers to discriminators, then digitized by FAST-
BUS TDCs with a resolution of 2.2 nsec/bit. Parallel TDCs outputs without time
information are used for the muon trigger based on a fast track finding algorithm.

A momentum resolution of 2.5% is reached at P, = 45 GeV. In the angular
region 35° < 8 < 44° and 136° < 6 < 145°, muon are measured by two chambers, MI
and MM, which covers about 12% solid angle. A resolution of 15% is achieved. The
uncertainty of muon energy loss in the calorimeter is determined to be ~ 350 MeV,
and the momentum resolution is

AP, _ V/2:79 x 10-7P# 4 0.1225

P, P,

for |cosf| £0.719 (4.3)

AP, _ /111 x 10-P# +0.1225
P, P,

for the measured muon momentum more than 2.6 GeV.

for 0.719 < |cosf| < 0.819 ~ (4.4)

4.6 The Luminosity Monitor

The luminosity monitor [4-1] is designed for luminosity measurements with 1%
precision by using small angle Bhabha scattering events. It consists of two identical
cylindrical BGO electromagnetic shower detectors and two identical charged particle
tracking chambers with good position resolution. They are situated on either side
of the interaction point, at z = £2765 mm. As shown in Figure 4-6, the BGO
crystals are arranged in eight rings, each 15 mm thick, parallel to the beam pipe.
Azimuthally, they are divided into 16 sectors of 19 crystals each. The luminosity
monitor covers the forward angular region, 24.7 mrad < 6 < 69.3 mrad with full
efficiency, corresponding to an effective Bhabha cross section of &~ 100 nb.
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4.7 Trigger and Data Acquisition System

The L3 Trigger System [4-1,4-8] is composed of three levels. After each beam
crossing, which occurs at a frequency of 45 kHz, the trigger decides if an ee”
interaction took place and reduces the rate to a few Hz of tape writing speed.
FASTBUS is chosen for Data Acquisition (DAQ) due to its high speed and flexibility.
A VAX 8800, clustered with small VAXes for each of the main detector components
and several VAXstation, are used to take data. The quality of the accepted data is
monitored and the detector parameters are also monitored for detector calibration
and safety (slow control). The typical DAQ live time is about 96%.
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The Level-1 Trigger is operated at 45 kHz, i.e. within 22 pus it decides either to
start digitization and store the detector data or to clear the front end electronics.
Due to the low background conditions in LEP, it is possible to reduce the rate to
a few Hz without losing physics by using level 1 trigger only. A negative decision
at level 1 clears the event immediately and does not contribute to the dead time.
The digitization of the BGO detector takes about 4 ms, so 10 Hz of level 1 rate
corresponds to a dead time of 4%. The Level-1 Trigger consists of the Calorimeter
Trigger, Muon Trigger, Scintillator Trigger and TEC Trigger, its decision is the
logical OR of above subtriggers. The Calorimeter Trigger, Muon Trigger and Scin-
tillator Trigger are mainly built with CAMAC modules. The CAMAC bus is only
used for initialization and testing purposes. The trigger data flow on front panel
to make a fast decision. The Trigger Control BOX (TBOX) synchronizes the data
acquisition and the level-1 trigger with the beam crossing.

Calorimeter Trigger

The Calorimeter Trigger processes the information given by the BGO, Hadron
Calorimeter and Luminosity monitor (256, 384 and 32 channels respectively) and
makes trigger decision. The threshold of every channel is 1 GeV. It has following
different subtriggers:

e Total energy trigger (~ 0.2 Hz):
The total amount of energy detected is above a predefined threshold, which
is different for different region:
1. The energy in all calorimeters must be larger than 20 GeV;
2. The energy in EBAR and HBAR must be larger than 15 GeV;
3. The energy in EBAR only is more than 10 GeV;
4. The energy in ECAL is larger than 20 GeV.

e Cluster trigger (~ 1.2 Hz):
At least one cluster with energy more than 7 GeV, where the cluster is defined
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a localized deposit of energy observed in different detector layers at the same
6, ¢ coordinate.

e Hit counting trigger (~ 0.2 Hz):
The energy in one of more trigger cells is above a certain value.

" e Single photon (~ 2.1 Hz):
The BGO detector energy is confined to a small region and the ratio of this
energy over total BGO calorimeter energy is bigger than 80%.

¢ Luminosity trigger (~ 0.6 Hz):
More than 15 GeV in both monitors or one monitor energy above 25 GeV
and the other’s more than 5 GeV.

e Single tag trigger (~ 0.2 Hz, prescaled from 3.2 Hz):
The energy of one luminosity monitor is above 30 GeV. This trigger is used
to check the main Luminosity trigger.

The Calorimeter Trigger rate is about 3.0 Hz.

Muon Trigger

The Muon Trigger uses the information of trigger cells from MUCH and searches
for tracks pointing to the interaction region. It accepts events with Pr > 2 GeV in
the MUCH. There are three subtriggers:

e Single Muon trigger (~ 2.2 Hz):
A track with any 2 hits in the 3 layer P-chamber and any 3 hits in the 4 layer
Z-chamber is found, this covers angular range of 44° < § < 136°.

e Dimuon trigger (~ 6.0 Hz):
A track, where hits are found in 2 out of 3 P-chamber and 1 IT or IM Z-chamber
in same octant. In addition, at least there is another track with 2 P-chamber
hits in one of five opposite octants. The angular region 35° < 6 < 145° is
covered.

¢ Small Angle Muon trigger (~ 4.2 Hz):
One P-chamber hit in MI and One Z-chamber hit in II/IM together with
the same conditions in one of opposite three octants. One track must be in
forward region (+z), another in backward region (-z). The angular region
24° < 0 < 156° 1s covered.

" The Muon Trigger rate is about 9.5 Hz. After requiring at least one scintillator
counter, it is reduced to 1.5 Hz, mainly due to the rejection of the cosmic rays.
Typically the scintillator counter rate is about 5.2 kHz with 2 counters in coinci-
dence of At ~ 30 ns.
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Scintillator Trigger

The Scintillator Trigger, based on the signals of 30 barrel counters, serves as a
backup for the energy trigger backup and is useful to monitor their efficiency. The
multiplicity trigger asks for the coincidence of 6 out of the 30 barrel counters, the
rate is 0.2 Hz. Meantime, the scintillator signals are also sent to the energy trigger
for the cluster trigger.

TEC Trigger

The TEC Trigger requires two tracks in the TEC with an opening angle greater
than 120° in the R — ¢ plane. It serves as a backup trigger for the dimuon and

energy trigger. A typical TEC Trigger rate is about 1.5 Hz.

Trigger Control

The Trigger Control synchronizes the whole DAQ system and implements the final
level-1 trigger decisions. If the event is accepted by the level-1 trigger, the trigger
box sends an ACCEPT signal to all subdetectors to start the data conversion and
buffering and to activate the high level trigger. Otherwise, a CLEAR signal is sent
out.

4.7.2 High Level Triggers and DAQ System

The Level-2 Trigger is based on all level-1 trigger data, but performs complex calcu-
lations. The Level-3 Trigger is embedded in the main flow of the data acquisition.
Unlike the level-1 and level-2 triggers, which only have coarse granularity and lower
resolution trigger data, the level-3 trigger has access to the complete digitized data
with finer granularity and higher resolution. A complicated algorithm is applied to
reject background events. In case of a positive level-3 decision, the event is recorded
on magnetic tape. During 1989 and 1990 running period, the level-2 and level-3
triggers were in transparent mode.

The DAQ system [4-1] is the combination of electronic readout of all subdetectors
and the online VAX system. The system also includes ample buffering capacity to
allow asynchronous operation without contributing to the dead time.
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Chapter 5

Data Reconstruction

5.1 The Data Sample

The data used in this analysis was acquired from October 1989 to August 1990. In
this period, several energy scans around the Z° resonance were made with center-of-
mass energy ranging from 88.2 GeV to 94.3 GeV. About 70% of the data was accu-
mulated on the Z° peak. The L3 detector ran smoothly during this period with an
overall data taking efficiency of about 80%. About 130,000 ete™ — hadrons events
were recorded, corresponding to an integrated luminosity of 6.3 pb~1. The runs with
detector, trigger and DAQ problems are excluded from this analysis. Small ineffi-
ciencies of the detector (for instance, MUCH broken wires etc.) have been simulated
by Monte Carlo.

At the beginning of 1990, the endcap Veto Counters was installed in front of the
Endcap Hadronic Calorimeter. Because it is in the forward-backward region, this
has only a small effect for the inclusive lepton analysis. The TEC was improved at
the same time and fully operating during the 1990 LEP running period. In order
to reduce systematic uncertainties due to the detector modifications, the data from
the 1989 runs was not used for Z° partial decay width, leptonic branching ratio and
fragmentation function measurements. The data from 1989 runs was used only to
measure the heavy flavor forward-backward asymmetry and the BO-B° oscillation
in inclusive muon analysis. The integrated luminosity is 0.79 pb~! and 5.5 pb~! for
the 1989 and 1990 running periods respectively.

Data used in this analysis covered the following ranges of polar angles:

* Central Tracking Chamber : 41° < 6 < 139°%;
* Electromagnetic Calorimeter (no BGO EndCap) : 42° < 6 < 138°%;
'* Hadron Calorimeter : 5° < 0 < 175°%

* Muon Chamber : 35° < 8 < 145°%
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5.2 The Luminosity Measurement

The time integrated luminosity L is measured by counting small angle Bhabha
events in the luminosity monitor:

L= /Edt ] (5.1)

OBB

where Nggp is the number of accepted Bhabha events and opp is the accepted
Bhabha cross section. Uncertainty of the luminosity measurement comes from the
statistical and systematic errors on Npp and uncertainty of oppg. For 1990 data, the
integrated luminosity reaches a precision of 0.9%, including 0.5% from theoretical
uncertainties, 0.3% from Monte Carlo statistics, 0.4% from internal detector geom-
etry and 0.5% from Bhabha event selection criteria. More details of the luminosity
analysis can be found in [5-1].

5.3 Event Reconstruction

The event reconstruction proceeds in two steps. In the first step, the event is
reconstructed in each subdetector separately. In second step it is reconstructed
globally, using the results of the first step.
, First, the hits of BGO crystal and HC’s tower (channel), which are above a
certain threshold (9 MeV in the HCAL, 2 MeV in BGO), are identified. The hit
coordinate is defined as the geometrical center of the tower or BGO crystal. Then
the hits in HC are grouped into geometrical clusters (HGCL) by finding two or
more adjacent or contiguous hits, for more detail, see the reference [5-2]. A BGO
bump (EBMP) is formed by grouping the most energetic BGO crystal with adjacent
crystals. Typically an electromagnetic shower deposits ~ 76% in one BGO crystal
for central impact. Afterwards, the BGO bump and HGCL in the same direction
are merged to form the cluster. The type (hadronic and electromagnetic) of clusters
is determined from their transverse and longitudinal profile, and by the ratio of the
energy deposited in the BGO and the HCAL. Different calibration constants are
applied to calculate the energy. The cluster direction is defined as the vector sum of
all the hits it contains (the vector origin is the interaction point). The hits in muon
chamber are reconstructed to form local segments and the tracks are reconstructed
from different chamber segments. The total average energy loss of muons in the
calorimeter is about 2.6 GeV'.

The global reconstruction algorithm starts from the most energetic cluster. A
new axis is calculated by summing the energy-weighted vector of all the clusters
within a 30° cone of this cluster axis, and a new 30° cone is defined from this new
axis. From this new axis, the procedure is repeated again until there is no new
cluster to be added. The clusters in a 30° cone of this axis form a jet, and the final
axis is called jet-axis. The jet thrust is defined as:

Tier = ZEi/ E | E: (5.2)
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where E; is the cluster vector. The procedure is repeated to find all the jets. All
charged and neutral hadrons are included to reconstruct jets, where jet energy is
required to be larger than 2 GeV. In the end, the clusters not connected to any jet
are included by the nearest jet. Finally, the jets are classified (hadronic, electro-
magnetic, single muon and single electron etc.) and their energies are determined.
Typically, the jet energy is contained within a 10° cone with respect to the jet
axis. The jet angular resolution is about 2° [5-2]. The event shape variables, such
as Thrust, Major and Minor etc., are determined. The thrust axis, which is the
direction maximizing the projected energy flow, is defined as:

T =maz(} \E; - Al 31 Ei) (5.3)

i is the thrust direction. The thrust axis points approximately along the original
quark direction.
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Chapter 6

Event Selection

The semileptonic decay of heavy quarks, which is characterized by leptons of high
momentum p and transverse momentum p, , is expected to proceed via a charged
current interaction. In the past, leptons have played an outstanding role in the
tagging of heavy flavors. As an example, Figure 6-1 shows a semileptonic decay
event recorded at L3 detector, where both quarks decay into lepton (one electron
and one muon). This chapter outlines the tagging method for heavy flavor and
gives a detailed description of lepton identification, acceptance and purity. Muons
are identified with the Muon Chambers, and electrons are identified by using BGO
and TEC. At the end, the different sources of background are estimated.

6.1 Method of Tagging Heavy Flavor

The L3 detector is designed to measure lepton with high precision, thus providing
an easy and reliable way to separate leptons from hadrons. The study of leptons in
hadronic decays of Z° allows to measure electroweak coupling to the heavy quark
and understand the hadronization at this high energy.

The heavy quarks have hard fragmentation and high masses, therefore the lep-
tons, which come from the semileptonic decay of heavy quarks, carry high average
momentum p and transverse momentum p,. Figure 6-2 demonstrates the sources
of leptons and gives the average lepton momentum <p> and transverse momentum
<p,>, where the p, is calculated with respect to the nearest jet axis. All those
studies are done in the Monte Carlo without detector simulation. The average <p>
and <p, > of decay leptons are 1.77 GeV and 0.27 GeV, which is much lower than
the <p> and <p, > of leptons from b or ¢ decays. Thus the momentum and trans-
verse momentum enable to separate signal and background. By requiring a high
lepton momentum (typically 3 GeV), the misidentified leptons, gamma conversions,
7 and K decays are strongly suppressed. Especially for b semileptonic decays, the
average p and P, of prompt lepton are 8.34 GeV and 1.27 GeV respectively, which
are much higher than those from other sources. By using lepton p and p, as selec-
tion variables, one can have data sample of bb event with high purity. However, the
misidentification of leptons and the lack of precise knowledge of the heavy flavor
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decay and hadronization remain the main sources of systematic uncertainty.

Due to the small inner tracking chamber (TEC) in L3, the and background
from 7%, K* decays in flight is small. This is important in the inclusive muon
analysis. The muons are measured after penetrating the BGO, hadron calorimeter
and muon filter. Misidentification of muons, such as the punchthrough from the
hadronic showers and minimum ionizing hadrons, is highly suppressed due to the
thick calorimeter absorber. And only few simple selection criteria are needed to
identify muons. The clean data sample and high selection efficiency give small
systematic errors for inclusive muon analysis.

The observed average numbers of charged particles, 7°s and K%s per event
are 20.7, 6.4 and 2.0 respectively [6-1]. To identify electrons from the hadronic
environment with more than 10 charged pions and kaons is a difficult task. The BGO
has an energy resolution of 1.5% for E > 2 GeV and good angular resolution for
electrons and photons. The angular resolution of BGO is at the order of 1 ~ 2 mrad
depending on the electron and photon energy. Together with hadron calorimeter
and TEC, which has 50 um average single wire accuracy and 640 pm double track
resolution, the electrons can be separated from the hadronic environment.

6.2 Selection of Heavy Flavor Events

There are two steps in the offline event selection. First, the raw data is reconstructed
by the L3 reconstruction program, and then pass 1 selections with very loose cuts are
applied. The selected events are split into different data sets according to physics
interests. After pass 1, a more specific selection (so called pass 2) is applied to
extract clean data samples for particular physics processes which can be used for
detailed physics study.

Heavy flavor events are identified by the observation of a hadronic event con-
taining a lepton coming from the semileptonic decay of the heavy quark, Figure 6-1
is such an event. To select these events, hadronic events are first selected by using
the following criteria:

(1) 0.42 < E,;s/+/s < 1.5 and E; > 30 GeV
The cut is shown in Figure 6-3, the events in the low energy region are mainly
from the two photon process, beam gas and Z° — 7777 (y), which are not
simulated in the distributions. This cut removes events of the two photon
process, beam gas, cosmic ray background and dimuon events. Part of the
7T7=(v) events are also rejected.

(2) Transverse energy imbalance E; /E,; < 0.5
Longitudinal energy imbalance |Ey/E,;,| < 0.4
The 7777 (v), beam gas and beam-pipe events are reduced further. Also the
electrical noise in a few detector cells would be cutoff by requiring energy

balance.

(3) Ncluster > 15
The clustering algorithm normally reconstructs only one cluster for each iso-
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lated muon, each electron or photon shower. Since dimuon, di-electron and

" 77 events have low multiplicity, they are excluded by this cut. Figure 6-4
gives example, where the low multiplicity events come mainly from the dilep-
ton events and no Monte Carlo simulation of those processes is in the plots.
Also, the events from “two photon processes” and cosmic ray are rejected by
requiring certain number of clusters.

where E.,; is the total energy observed in the calorimeter and E,;, is the sum of the
calorimeter energy and energy of the muon as measured in the muon chambers. E
and Ej are the energy imbalances perpendicular and parallel to the beam direction,
they are calculated according to the following formulae:

E.,=(E)xs By =(3 E) (6.1)

where 2 is the unit vector along the electron beam, and E is a vector of every
reconstructed energy cluster in the calorimeter, the muon momentum is included in
this vector sum.

Applying these cuts to a sample of simulated events, the resulting acceptance, in-
cluding detector inefficiencies, is (97.084:0.04)% (statistical error only) for hadronic
decays of the Z°. The contribution to the event sample from the 7¥77(7), ete™(7),
and “two-photon process” ete™ — ete™ + hadrons is less than 0.5%.

6.2.1 Muon Identification

The following cuts are required to select inclusive muon events.

(4.m) To avoid misidentification, it is required that a muon track consists of at least
two P-segments in three layers of muon chambers. There must be 1 or more Z-
segment in order to have a correct muon track direction and determine muon
P with respect to the nearest jet (without muon).

(5.m) The muon track is required to point to the interaction region to reject the
punchthrough. Multiple scattering in the calorimeter and a poorly measured
muon track (some doublets and tracks passing near chamber edges) can effect
the vertex measurement. The multiple scattering contributes about 40 mm
for 10 GeV muon, which is much larger than the uncertainty due to the
LEP beam size (see Chapter 3). Reconstruction errors are negligible even
though occasionally they can yield vertex measurements, which are several
centimeters away. The muon’s transverse distance of closest approach (DCA)
to the interaction point is required to be less than 200 mm in the R— ¢ plane,
and the DCA in the R — Z plane is required to be less than 500 mm. In

“addition, the transverse DCA of the muon track should be smaller than 305,
and the longitudinal DCA should be less than 40,. The o is defined as the
associated error of DCA. The effects of multiple scattering of the muon in the
calorimeters are included in the errors.

The hadronic punchthrough and decay muons produced at large distance from
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vertex have large DCAs. They are rejected by requiring that the muon track
point to the interaction points. Figure 6-5 illustrates the reconstructed DCA
and o distributions, both of the data and the Monte Carlo.

(6.m) At low momentum, one finds a large contributions from hadronic shower
punchthrough, minimum ionizing hadrons (sailthrough) and decay muons.
Therefore it is required that the muon momentum should be larger than
4 GeV. It is also required that p < 30 GeV to reject mismeasured muon
tracks. '

The muons are uniformly distributed in the R — ¢ (Figure 6-6(a)). The polar angle
cos @ distribution is shown in Figure 6-6(b), there are much less events around

a_ .
cos 8 = 0 due to Muon Chamber geometrical acceptance.

Because the negative particles, such as #~, K~ and p, have stronger nuclear
interaction with nucleus (larger inelastic cross section) compared with its counter-
part and are absorbed by calorimeter, there are more positive hadronic sailthrough,
punchthrough and decay muons which are passing through muon chamber. In the
data, the number of observed positive muons is more than the number of negative
muons in hadronic events around 3.5 GeV, the low momentum region.

6.2.2 Electron Identification

Electrons leave a track inside the TEC and are absorbed in the BGO. Photons have
no track in the TEC. Candidate electrons are identified using the BGO, hadron
calorimeters and the tracking chamber by a two-step process. First, electromag-
netic clusters in the BGO calorimeter are found then are associated with a charged
track. In a hadronic event, the electromagnetic cluster is identify by looking for an
energetic cluster in the BGO calorimeter which contains at least 9 adjacent crystals
each with more than 10 MeV. The following conditions must be satisfied:

(4.¢) The ratio of the energy measured in the 3 x 3 array centered on the most
energetic crystal and the energy measured in the 5 x 5 array, Eo/E3s, where

both energy measurements have a position-dependent leakage correction ap-
plied. The Ey/Ezs must be larger than 0.95.

BGO crystals

e the most energetic crystal
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For an isolated electromagnetic shower, Eq/E3s has an approximately Gaus-
sian distribution, centered at 1.01 with a width of 1%. The distribution shown
in Figure 6-7(b) has been obtained from Bhabha events, it is well peaked at
' 1.01 with a width of < 1%. For hadronic showers, or for electromagnetic show-
ers that have been contaminated by a nearby shower, Eg/E,s will be smaller
than 1. As shown in Figure 6-7(a), most hadronic background is removed by
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applying a Fg/Ess cut. Monte Carlo does not simulate the electromagnetic
shower perfectly, there is a shift of the peak position of about 0.004 in the
Bhabha distribution as shown in Figure 6-7(a). Similar effect is seen for in
inclusive electrons (Figure 6-7(b)). Therefore the different cuts are applied
for data and for Monte Carlo. For the data, Fo/Eys is required to be larger
than 0.946 instead of 0.95.

(5.¢) The BGO is about 1 nuclear interaction length for pions and kaonms, this
means only 2/3 of pions and kaons will deposit a large fraction of their energy
in the BGO. To further reduce the background from the pions and kaons
misidentified as electrons, any BGO cluster is excluded with more than 3 GeV
of energy deposited in the hadron calorimeter behind the cluster inside a
cone of half-angle 7° around its centroid. This distribution is not perfectly
simulated by Monte Carlo, the fraction of accepted background events differs

with different sets of Monte Carlo by a few percent.

Electromagnetic clusters are identified as electrons, if they fulfill the following re-
quirements:

(6.€) There are TEC track quality requirements. A TEC track is regarded as a
good track if the following conditions are met.

— The number of used hits for this TEC track must be more than 40.

— The track span must be larger than 50, where the span is the difference
between first and last wire number. Typically this corresponds to a track
~ length of 40 cm.

— The DCA of the TEC track in R — ¢ plane is within § mm.

— The measured transverse momentum of the track with respect to the
beam direction is larger than 2 GeV and smaller than 35 GeV.

(7.e) The track in the central tracking chamber must match within A¢ 5 mrad
in the azimuthal angle with the centroid of the electromagnetic shower. In
order to avoid a wrong match because of two or more nearby TEC tracks,
there should be no other track within 10 mrad of the previous track. Since
the center of the BGO and the center of the TEC were slightly displaced, A¢
depended on the azimuthal angle ¢ (Figure 6-8(a)). Also, the BGO crystal
does not exactly point to the interaction point, this has similar effects. The
following correction has been applied for A¢ as function of the azimuthal
angle,

A¢corr = A¢ + ASln(¢ + B) +C

The parameters A, B and C are fitted from the data and are determined
to be 2.71 mrad, —2.98 rad and —0.71 mrad with x? = 1.40 per degree of
freedom. Figure 6-8(b) and Figure 6-8(c) show the A¢ distribution after the

corrections.
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(8.e) Tracks going through region with lower resolution adjacent to the anode and
cathode planes are excluded to avoid charge confusion.

(9.¢) In order to reject the background due to energetic photons and 7%’s that have
been accompanied by a nearby charge track, the ratio of the electromagnetic
energy measured in the BGO calorimeter and the momentum measured in the
tracking chamber (E/p) is required to be less than 1.5. Figure 6-9(a) shows
the ¢F/p distribution for electron candidates which pass all other cuts, where
the charge of the electron is determined by the tracking chamber. Figure 6-
9(b) also shows the same plot by removing the cut (8.¢). In Figure 6-9, two
well-separated peaks are visible at +1, the small value of E /p are due to
the charged pions and kaons where only certain fraction of their energy is
deposited in the BGO. The upper limit of charge confusion is estimated to be
1% for 3 GeV < E < 35 GeV. This is verified with efe™ — 71 events [6-2].

(10.e) The energy of the electron candidate should be greater than 3 GeV and less
than 30 GeV. The electron should be in the angular region | cos 6| < 0.69.

Because of the difference between Data and Monte Carlo in the cut (4.e) and
cut (5.e), the electron selection efficiency has a large uncertainty (3.0% in total).
The cut (8.e) was used for the forward-backward asymmetry and mixing measure-
ments to avoid charge confusion, and was not applied for other measurements.

6.3 Monte Carlo Simulation

The Monte Carlo simulation is necessary to study the heavy quark sector and to
determine the acceptance and purity for inclusive lepton events. The LUND parton
shower program JETSET 7.2 [6-3] with Apr = 290 MeV (a,(M3) = 0.115) and
string fragmentation is used to generate Monte Carlo distributions. For b and ¢
quarks the Peterson et al. fragmentation function [6-4],

1 &y (6.2)

z 1-—2z

f2) =21~

was used to describe the hadronization of b and ¢ quarks, where N is a normalization
constant and z = (—(%!-))-'-‘%:‘:’1. For b quarks, the fragmentation function is adjusted
to match L3 inclusive muon data [6-5]. The input fragmentation parameters used
in the generator are €f = 0.008 for bottom quarks and € = 0.07 for charm quarks.
These values also agree with the extrapolations from the measurements at PETRA
and PEP [6-7]. The generated events are passed through the L3 detector simula-
tion [6-6], which includes the effects of energy loss, multiple scattering, interactions
and decays in the detector materials and beam pipe. In the Monte Carlo, the b
quark semileptonic decay branching ratio is 11.2% and average of branching ratio

Br(c — lv + X) is 10.4%.
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6.4 Lepton p;, Determination

Because of the large mass of the b quark, lepton from the b semileptonic decay have
a large transverse momentum with respect to the B meson direction. Therefore by
cutting on this quantity the Z° -+ bb events are preferentially selected. The py
can be calculated by using different methods, for example:

(i) Thrust Azis

(i) Nearest Jet Azis (11i) Nearest Jet Axzis, lepton excluded from the Jet
[ l

< <l
> - —— o —

(i) The p, of lepton is defined with respect to the thrust axis. The thrust axis
is the direction to maximize the projected energy flow, more or less, it points
to the original quark direction.

(i) The p, of lepton is calculated with respect to the nearest jet, where the lepton
momentum is included in the jet axis calculation. Because of the harder
fragmentation of heavy flavor (for example, B meson carrys about T70% of
original b quark energy), the jet axis gives the flight direction of the heavy
meson.

(iii) After the measured momentum of the lepton is excluded in the calculation of
the jet axis, the p, of the lepton is calculated with respect to the nearest jet.
This definition differs with the previous one (ii).

The following studies come from inclusive muon only. Figure 6-10 gives the angle
between the muon and the nearest jet or thrust for different p, definitions. Figure 6-
10(i, ii and iii) correspond to the definitions described above, where the Monte Carlo
agrees very well with the data, Figure 6-10(iv) is the angle between the muon and
original hadrons as defined by Monte Carlo. When the muon is included in the
calculation of jet axis, the angular distribution is similar as the angular distribution
in Figure 6-10(iv). It is also true for the angle with respect to the thrust, except in
Figure 6-10(i) there are tails at large angles mainly due to hard gluon radiations.
When the muon momentum is excluded in the jet direction calculation, the angular
distribution becomes broad as shown in Figure 6-10(iii) and results in the larger pi,
especially for high momentum muons.

The muon p, with respect to the original hadrons has a cutoff at 2.2 GeV due
to the kinematic limit. The p, calculated with respect to the nearest jet, where the
muon momentum included in jet, has similar behavior, while for other definitions
there are tails above 2.2 GeV. Figure 6-11 shows the p, difference between the
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P, with respect to the nearest jet/thrust and the py with respect to the original
hadrons, the Ap, in Figure 6-11(b) is centered around zero for the muons from
prompt b decay. The large value of Ap, in Figure 6-11(c) is dominated by the
muons from the prompt b decay, where the measured muon momentum is taken out
from the calculation of jet axis. :

- Table 6.1 compares the acceptance and purity of prompt and cascade muons
with different p; calculations, where the purity of an event category is defined as
the expected fraction of events of this category in the data sample. The purity of

jet | pocut (GeV)[b— pu|b— () = p| c— p | remark
1.00 30.2% 3.1% 5.7% | accep.
Thrust 60.7% 7.4% 11.0% | purity
(i) 125 22A% | 2.0% 1% | <=
63.9% 6.2% 10.5%

1.00 26.7% 2.3% 2.2% | accep.
with p 71.6% 7.1% 5.8% | purity
(ii) 1.10 93.9% | 1.6% 17% | —

74.8% 6.0% 5.1%
1.00 33.8% 3.7% 4.9% | accep.
w/o p ' 64.2% 8.6% 8.4% | purity
(iii) 150 55.6% | 1.3% 17% | —
78.1% 4.9% 4.6%

Table 6.1: The purity and acceptance for different py definitions

b — p is lower by using p, with respect to the ‘thrust axis compared with other
methods. For instance, for an acceptance of 25% (see lines marked by “<=" in
Table 6.1), the purity of the prompt b — p is about 64%, while other methods
give about 76%. Also, the py with respect to the thrust depends on the details of
fragmentation. Certainly it is better to use the p, with respect to the jet. Taking
the lepton out of the jet reconstruction will give higher p; and enhances the bb
sample by a few percent. In the following analysis, to determine p, of the lepton,
the measured momentum of the lepton is excluded in the calculation of jet direction.

6.5 Acceptance and Purity

Figure 6-12 shows the measured momentum spectrum for inclusive muons and the
measured energy spectrum for inclusive electrons after the above selection cuts,
and Figure 6-13 shows the measured transverse momentum, Py, of each inclusive
lepton with respect to the nearest jet. In the calculation of the nearest jet axis, the
measured momentum/energy of the lepton is excluded from the jet. If there is no
jet with an energy greater than 6 GeV remaining in the same hemisphere as the
lepton, then p, is calculated relative to the thrust axis of the event. The Monte
Carlo distributions are also shown in these figures and the expected contributions
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from different sources are indicated. The prompt b — £ events dominate at higher
pand p,.

Without the p, cut, the acceptance for prompt b — £ decays is 39.8% for
muons and 18.4% for electrons. The lower acceptance for electrons is due to the
identification criteria, which requires the electron to be isolated. The acceptance
for prompt b — £ decays is listed in Table 6.2. For electrons, the 1 GeV p; cut
removes only a small fraction of bb events (1 ~ 3%) with a prompt b — £ decay,
because of the implicit isolation requirements in the. electron selection.

Lepton P, cut | acceptance
7 0.00 39.8
p>4GeV | 1.00 33.8
1.50 25.6
e 0.00 18.9
p>3GeV | 1.00 17.3
1.50 13.6

Table 6.2: Monte Carlo estimates of the acceptance for a prompt b — £ decay

Monte Carlo events with leptons are classified into eight categories: prompt
b — ¢, the cascades b — ¢ — £, b — 7 — £, and b — c+ ¢+ s where ¢ — ¢,
b — background coming from b hadron decay, prompt ¢ — £, decay lepton and
misidentified hadrons as lepton. As discussed before, decay leptons include muons
from 7 and K decays, and electrons from the v conversion and Dalitz decays. The
sources of misidentified hadrons are, for example, 7* — v and 7t — «® overlap for
electrons and punchthrough for muons. Table 6.3 shows the results of Monte Carlo
studies giving the fraction of each lepton source and background for data samples
with no cut on p; , with 1.0 GeV cut and also with a cut at 1.5 GeV.

7 e

Category p>4 GeV p>3GeV

PL>0|PpL>1|pL>15|pL>0]|pL>1|pL>1.5
1: 64 38.4% | 64.2% | 78.1% | 66.9% | 77.3% | 83.5%
2b—oT 4 2.1% | 2.0% 1.5% 2.2% | 2.1% 1.7%
3 b—oc—o¥l 10.7% | 7.6% 4.4% 5.5% | 4.0% 2.1%
4: b—-c— ¢ 1.6% | 1.0% 0.5% 0.4% | 0.2% 0.2%
5: b background | 4.1% | 2.9% 1.9% 4.4% | 3.0% 2.1%
6: c— £ 17.2% | 8.4% 4.6% 3.5% | 2.2% 1.5%
7: decay 8.4% | 3.8% 2.1% 0.7% | 0.4% 0.3%
8:

fake leptons | 17.5% | 10.1% 6.9% 16.4% | 10.8% 8.6%

Table 6.3: Monte Carlo estimates of the fractions of each type of lepton in the data
sample
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6.6 Background

Except for the background from decay muons and punchthrough, there are other
background sources from e*e~ interactions, cosmic ray and non e*e” interactions
(beam gas, beam pipe etc.). The background from hadronic events (efe™ —
Z°/y — hadrons) will be discussed later in the analysis. Here, the rate of none
hadronic background is estimated.

Cosmic ray is a possible background source for inclusive muon. Most cosmic
rays are in the top and bottom of muon chamber, i.e., in the angular region 3r/8 <
¢ < 57/8 (Octant 2) and 117/8 < ¢ < 137/8 (Octant 6). Figure 6-6(a) is the ¢
distribution of the inclusive muon events, it is a uniform distribution. This is an
indication that the background from cosmic ray is small. The cosmic contamination
to the p+ hadrons data sample is estimated from visual scan. The so-called in-time
scintillator counter is the measured scintillator times relative to the beam crossing
after correcting for time-of-flight within 3.0 ns. Table 6.4 lists the number of events
and its fraction with 0, 1 and 2 of in-time scintillator counters for both inclusive
muon and electron events, after the events with scintillator DAQ problems, where
only 1990 data is used. The number of u + hadrons events with 0, 1 and 2 in-time

Type # of in-time SCNT remark
0 1 2 all

prv + X 2 0 6 5377
0.037% [ 0.0 | 0.112% | 1.0 | fraction
ev+ X 1 0 1 1552
0.064% | 0.0 | 0.064% | 1.0 | fraction

Table 6.4: Fraction and number of inclusive lepton events with different hitted num-
ber of scintillator counters

scintillator counters is 2, 0 and 6 respectively. The inclusive muon events, which has
the number of in-time scintillator counters less than 4, are selected and scanned. 1
cosmic event out of 5377 selected events was found, so the cosmic contribution is:

puX = (0.02 +0.02)% (6.3)

This cosmic event will be excluded from the inclusive muon analysis.

The beam gas and beam pipe backgrounds are estimated from visual scan. The
events with low calorimeter energy (E.q < 50 GeV) are selected and scanned. No
beam gas and beam pipe event was found out of 114 inclusive muon and 18 inclusive
electron events with low calorimeter energy. Because the beam gas and beam pipe
events are mainly low energy, we concluded there are no beam gas and beam pipe
background in the data sample. In total, there are 1552 inclusive electron events
and 5377 inclusive muon events, thus the rate of this type background is estimated
less than 0.06% and 0.20% for inclusive muon and inclusive electron respectively.
It is negligible.

The background which comes from ete™ collisions is studied by Monte Carlo
simulation. In the studying, the following Monte Carlo event generate programs are
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used to produce corresponding Monte Carlo samples: JETSET 7.2 [6-3] for ete™ to
hadronic events; KORALZ [6-9] for ete~ — putp~and efe” — 7177 events;
BABAMC [6-10] for ete~ — ete™ events; TWOGAMMA [6-11] for four-fermion
final state. Assuming L,y and Lp are the integrated luminosities corresponding
to data taking and background processes (Monte Carlo), respectively, and Nz
events are accepted by the selections from background process and N;*° events are
accepted as inclusive lepton events from ete~ — hadrons , the background rate
is calculated:

N&® Lpea €5
=B e B 6.4
PPN Is ©4

where €j and ¢ are the trigger efficiencies for the background and the data respec-
tively, and the detection inefficiency is ignored. The trigger efficiencies € = 1.0 [6-13]
for all the processes.

The background rate is estimated by applying the inclusive lepton cuts to the
Monte Carlo events for each process. The main background contribution comes
from 7+7events, other contributions are are negligible (< 0.01%). Adding all the
contributions, the background from none hadronic events is:

= (0.04 +0.03)%  p¥ =(0.38£0.16)% (6.5)

p‘éX and p%* are background for inclusive muon and inclusive electron respectively.
The background from none hadronic events is small and negligible.
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Chapter 7

Efficiencies

7.1 Trigger Efficiency

There are several independent triggers to trigger the inclusive lepton events. The
primary trigger for ete™ — IvX events is from the calorimeter trigger, including
the energy trigger and cluster trigger. The energy trigger is designed to accept the
events which deposit more than 20 GeV in whole calorimeter or 15 GeV in the
barrel region. The cluster trigger requires at least one cluster with energy larger
than 7 GeV in calorimeter. In addition, there are another independent triggers for
the inclusive lepton events. The scintillator multiplicity trigger requires at least five
of the thirty barrel scintillation counters to have been fired and the TEC charged
track trigger requires two tracks with opening angle larger than 120° in the central
track chamber R — ¢ plane. For the inclusive muon events, the muon trigger can
be used, which requires one of the thirty barrel scintillation counters in coincidence
with a track in the muon chambers. The individual trigger efficiency is determined
by combining this trigger with another independent trigger and comparing the num-
ber of events triggered by both triggers to the number of events triggered by the
independent trigger. For instance, among 5209 inclusive muon events, which are
triggered by the TEC trigger, there are 5206 events triggered by the calorimeter
trigger. This gives the efficiency of the calorimeter trigger of (99.94 & 0.03)%. Ta-
ble 7.1 shows the efficiency of each trigger for inclusive muon and inclusive electron
events respectively. Each trigger can be treated as an independent trigger, hence

Trigger efficiency of u + X | efficiency of e + X
Cal. (99.94 £ 0.03)% 1.00

SCNT mult. | (96.68 + 0.25)% (98.54 £ 0.32)%
TEC (97.82 £ 0.20)% (98.47 + 0.32)%
Muon (85.58 + 0.49)% —

Table 7.1: Trigger efficiencies of different triggers for inclusive lepton events

the combined trigger efficiency is larger than 99.99% for both inclusive muon and
inclusive electron events. For more details, see Appendix A.
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7.2 Muon Chamber Efficiency

Since muons are identified by requiring at least two layers of P-chamber and one
Z-segment, any chamber inefficiency (dead P and Z cells) and reconstruction ineffi-
ciency will result in lost tracks. There are three independent ways [7-1] to estimate
this inefliciency.

(1) Using the database and the luminosity

One removes the dead (P and Z) cells in the Monte Carlo simulation according
to the database and luminosity information for each running period. In this way,
a corrected Monte Carlo is obtained and represents the real data. Figure 7-1,
Figure 7-2 and Figure 7-3 show the P-chamber segment distributions before and
after removing broken cells separately. The data and corrected Monte Carlo agree
fairly well with each other. For the Z-chambers, after removing the bad cells,
there are still discrepancies between data and corrected Monte Carlo due to the
reconstruction inefficiency, which is not included in this method.

(2) Estimating the individual chamber efficiencies

This method estimates the Muon Chamber efficiency by comparing the probabilities
for a muon track to be reconstructed in each chamber between data and Monte Carlo
for muons in the region |cos§|< 0.7. The differences between data and Monte
Carlo are minimized by randomly removing a certain fraction of cells during the
reconstruction of Monte Carlo events. Figure 7-4 and Figure 7-5 show the average
P and Z segments per track along the track direction before and after corrections.
There is a good agreement between data and Monte Carlo, it enable us to estimate
the Muon Chamber efficiencies.

(3) Fitting a global efficiency

By counting the fraction of events with different number of P segments (3 or 2) and
7 segments (2, 1 or 0), the global efficiencies of P and Z chambers are fitted, then
determining the Muon Chamber efficiencies.

Conclusion

For muon momenta larger than 3 GeV, the Muon Chamber efficiencies are deter-
mined and the results are listed in Table 7.2, where e, is overall Muon Chamber
efficiency. The first method only includes the dead cells, the second and third meth-
ods include all inefficiency due to reconstruction, electronics and DAQ problems as
well as dead cells. The results from three independent methods agree with each
other. The difference of inefficiency from these three methods gives the systematic
uncertainty. It is estimated that the systematic error is less than 0.5% from com-
paring the results of different methods. The obtained Muon Chamber efficiency is
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Method
efficiency (1) - (2) (3)
Peys 96.3 +0.2% | 96.6 £ 0.2 % | 96.4 + 0.3 %
Zesg 99.0 £ 0.2% | 975+ 02%|983+02%
€qil 953+ 03%|94.14+02%|948+03%

Table 7.2: Estimating the efficiency of Muon Chamber by three different methods,
the error is statistical only.

(96.3+£0.5)% , (98.340.5)% and (94.5+0.5)% for P-chamber, Z-chamber and overall
respectively. The momentum dependent Muon Chamber efficiency is determined to
be:

a1 = (96.0 — e~ 0-22PF15)% (7.1)

where p is the muon momentum in GeV.

7.3 Electron Detection Efficiency

The electron detection efficiency depends on the performance of the BGO and the
TEC. There are about 1.5% dead and noisy BGO crystals, therefore 98.5% detection
efficiency for the BGO detector. The TEC efficiency is studied from hadronic and
7+77(7) events after removing the bad runs. From the hadronic events, the TEC
global efficiency is determined. The TEC global inefliciency is defined as the fraction
of the hadronic events without TEC tracks. Among 12 K hadronic events, there are
about 1% events which do not have TEC tracks. For the Monte Carlo events, the
fraction of no TEC tracks hadronic events is less the 0.1%. Therefore the TEC global
efficiency is determined to be (99.0 & 0.2)%. From the 777 () data sample, there
is about 1.5% tracks with unsolved left-right ambiguity (no used inner TEC hits)
and the track finding efficiency is determined to be (96.5+1.0)%. For more details,
see Reference [7-2]. The overall electron detection efficiency of the most effective
TEC sector is (92.7 & 1.5)%. Because some TEC sectors didn’t work perfectly, the
efficiency of individual sector has to be determined. Figure 7-6 shows the number
of tracks and efficiency of each TEC sector from the hadronic events. The sector
12 is out of order, due to the broken wire in this sector.
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Chapter 8

Heavy Quark Decay Properties

The heavy flavor properties are measured by using the inclusive lepton events. This
chapter gives the description of the fitting method and results on partial decay
width for b and ¢ quarks, semileptonic branching ratio, fragmentation function and
forward-backward asymmetry of the b quark.

8.1 Data Sample

The selection criteria have been discussed in early Chapter. Only muons and elec-
trons with momentum larger than 4 GeV and 3 GeV, respectively, are used in the
following analysis. Also, the momentum must be less than 30 GeV. In addition,
the transverse momentum, which is measured with respect to the nearest jet with
the lepton momentum excluded, is no more than 6 GeV. Table 8.1 summaries the
selected number of inclusive lepton events, where the muon sample includes the
1989 and 1990 runs and electron sample contains only the 1990 runs. For dilepton
events, there is no requirement on the opening angle between two leptons.

Type 0<pL <6GeV |1<pL <6 GeV
u + hadrons 5607 2979

e + hadrons 1367 1085

up + hadrons 248 95

ee + hadrons 38 26

pe + hadrons 147 78

Table 8.1: Number of selected inclusive muon and electron events in data sample
with and without lower p, cut. No requirement has been made for the opening angle
between two leptons in the dilepton sample.

The inclusive lepton are classified into following categories (and their charge
conjugate reactions):

(1) Prompt b — ¢;
(2) Cascade b — 17 — ¢;
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(3) Cascade b — ¢ — ¢;

(4) Cascade b — ¢ — ¥4

(5) b background, b — b-hadron — background;

(6) Prompt ¢ — ¢;

(7) Decay leptons from udsc quarks or fragmentation process.
(8) Fake leptons from udsc quarks or fragmentation process.

Figure 6-12 and Figure 6-13 show the measured momentum and transverse momen-
tum spectra for muons and electrons after the cuts. The predicted contributions
from the prompt heavy quark decays, b quark only and backgrounds are indicated.
The high p or high p, region are dominated by prompt b decays due to the hard
fragmentation and large mass of the b quark. Because of the implicit isolation re-
quirement in electron selection, the c¢ contribution is very small in electron sample.
In muon sample, more than 90% of the c¢ contribution is in the range py < 1.5 GeV'.
A large contribution comes from bb in this region, but I'y; and I';z can be measured
simultaneously by fitting over the full range of p;. Since most of background lep-
tons also in the low p, range, it is necessary to have a good understanding of the
background.

For the determination of I'y5, Br(b — IvX) and €, the transverse momentum of
the lepton is required to be larger than 1 GeV in order to reduce the systematic un-
certainties from the background processes. By requiring 1 GeV < p, < 6 GeV, the
muon and the electron data sample consist of 64.2% and 77.3% prompt b decays, re-
spectively. Table 8.2 gives number of selected dilepton and single lepton events from
the 1990 data sample, where the measured transverse momentum p; > 1.0 GeV
and the opening angle between two leptons must be larger than 60° for inclusive
dilepton events. Because the endcap of Veto Counters was installed in 1990 at the

Data type | Number of events | Number of events
dilepton single lepton
p only 65 2717
e only 18 1172
p+e 138 3711

Table 8.2: Number of selected inclusive muon and electron events in the 1990 data
sample with @ P, cut of 1 GeV, where the opening angle between two leptons is
required to be larger than 60° in dilepton data sample.

L3 detector, the 1989 data are not used to measure the I'y;, Br(b — IvX) and &
for the same reason.
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8.2 Fitting Method

An event by event unbinned maximum likelihood fit is performed to determine the
heavy quark properties and mixing parameter X, by fitting to the p and p. spectra
for single lepton and dileptons events observed in hadronic decays of the Z%, The
value X, is extracted from a fit to the dilepton p and p, distributions in the data.
To calculate the probability that data events contain two b — £ decays, the following
fully simulated Monte Carlo events are used: Lund udscb events, b-flavor events and
special b-flavor events, where one of the b quark is forced to semileptoniclly decay
into p or e. Also, special b-flavor events without detector simulation are used,
where the events are smeared to take into account detector effects. The Monte
Carlo events have been normalized using the L3 measurement of the Z° hadronic
partial width, T'hq = 1742 £ 19 MeV [8-1].
The likelihood function is defined as the joint probability density,

Mo . _ 1dN

L= 110 £ = w2, (81)
where f(i) is the probability density and dN is the number of events found in
area or volume dV at the point i. For single lepton events, the likelihood function
is determined from the number and type of Monte Carlo leptons found within
a rectangular box centered on each data lepton in the p — p, plane. While for
dilepton events, the likelihood function is determined from the number and type
of Monte Carlo leptons found within a four dimension box centered on each data
point in the (p1,pi1,p2,P12) space. The size of the box is allowed to increase
until a-minimum number of Monte Carlo leptons are included inside the box. For
measurement of heavy flavor partial width, b quark semileptonic decay branching
ratio and fragmentation function, a minimum of 20 Monte Carlo leptons in the
box is required. And to determine the bb forward-backward asymmetry and mixing
parameter X, (dilepton only), a minimum number of Monte Carlo leptons is 40.
Assuming that Np, and Np,, the observed number of single lepton and dilepton
events respectively, are distributed according to Poisson statistic with mean values
Npn and Nag. One finds the likelihood function (L) for single lepton events:

_ (NMI)Nm . e~Nm Npa 1

L
NDI! i=1 NMI‘/bo:z:(

5 zk:Nk(i)Wk(i) (8.2)

The likelihood function (L) for dilepton events has the form:

D2 . g—YM2 Np2
_ (Nug)Vez e L S N W) (8.3)

L :
Np,! i1 Nar2Vhoo(1) k,i

where W;(7) and W, (i) are the weighting function, which depend on the fitting
variables, as will be discussed later in the analysis. The expected number of events
Ny and Npg, are determined by Monte Carlo calculation and indices k,! indicate
the category of the lepton source type. N (i) and Ny () are the number of simulated
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Monte Carlo lepton events of this category found in the box with data lepton ¢, and
Vioz(2) is the area (volume) of the box.

MINUIT [8-2] is used to minimize the log likelihood function —log(L). When
Np, is large, Np; > 1, the log likelihood function for single lepton can be expressed:

(Np1 — Nan)?

—_— Y N (2)W,(2)]|—0.5- + constant (8.4
NMl%ox(z)Xk: k(Z) k(Z)] NDl e ( )

. Npy 1
log(L) ~ log[]]

i=1

This is a good approximation, it is also true for dilepton events. For detailed
information about likelihood functions, see reference [8-3].

The expected partial Z° decay width into heavy quarks in the Standard Model
is Ty = 378 MeV and I';; = 297 MeV. These values are used in the analysis.
In the fit, the Monte Carlo events are weighted such that the £z = 2Epudron/ Vs
distributions for b and ¢ quark fragmentation follow a Peterson et al. function with
a parameter €, and €., where the Ej.g,0n is the energy of the first-rank hadron.
The measured €, (e = 0.050 & 0.004) is used in the determination of heavy quark
properties. For the ¢ quark fragmentation, ¢, = 0.5 is used. This value agrees with
extrapolations from PETRA and PEP [8-4].

The average ¢ hadron semileptonic branching ratio, from measurements at PE-
TRA and PEP [8-5], is used: Br(c — lvX) = 0.096£0.006. This branching ratio is
an average over the production and semileptonic decay of ¢ hadrons in the ¢ quark
hadronization. ’

Evidence for the heavy charmed mesons D** was presented by the CLEO ex-
periment [8-6]. The standard Monte Carlo, JETSET 7.2, produces only D and D*
states of charmed mesons in its simulation of b semileptonic decays, while it does
not incorporate the D** which are the higher mass states. The semileptonic decay
of b hadrons into a massive hadronic state obviously produces a softer leptonic spec-
trum. Also, any non-resonant D7rm or D*r production in the b semileptonic decay
would have a similar effect, and is also not included in the standard Monte Carlo
simulation. The actual D** content has not been determined so far. Only widely
varying estimates are available. A theoretical estimate in the IGSW model [8-7]
has set the relative fraction of D** in b quark semileptonic decay to approximately
10%. However, experimental results from the YT(4S) [8-6] give values in the range
0.2 to 0.3, with large errors. Of course, the fraction could be different for b hadrons
coming from Z° decays.

The additional higher mass D meson states in b semileptonic decays will change
the predicted shape of the prompt-lepton momentum and transverse momentum
spectrum and thus affects the result. To study the effect, events with the decay
b — D3(2460) + lv have been simulated and the distribution of p— p, is produced.
By combining certain fractions of pure b — D3(2460)+lv events with normal Monte
Carlo events, a new p and p, distribution is obtained. Every normal Monte Carlo
event is weighted according to its p and p,, and the data is fitted to this new Monte
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Carlo sample. In this analysis, a branching ratio of 15% for b decay into D3(2460) is
used, in agreement with the IGSW model and the experimental results. Introducing
15% of higher mass D meson states in the b semileptonic decays increases the
measured values of I'y; by 7 MeV, Br(b — lwvX) by 0.002, €, by less than 0.001, Ay
by less than 0.001 and X, by —0.0004, respectively. A simple detector simulation
has been done from the Monte Carlo generator. Adding 15% D** in b semileptonic
decays reduces the acceptance of b — £ by 2.7%. This agrees with the previous
estimation. The fitted values are corrected by these amounts. Therefor, all the
results in this analysis correspond to 15% Dj(2460) in b semileptonic decays. And
the systematical uncertainty due to D** is estimated by varying this branching ratio
by +£15%.

The effect of higher mass B meson production has been investigated using a
similar method. Though the relative production of B* and B mesons is not known
very well, it has an insignificant effect on the analysis results because the measured
mass difference between B* and B mesons is small, 52 = 2 £ 4 MeV [8-8]. This is
verified by changing the relative production of B* and B mesons in Monte Carlo
simulation. Varying the ratio of the number of B* to B mesons from 2 to 4 changes
results by less than 0.3% (In the standard Monte Carlo, this ratio is three). The
standard Monte Carlo does not include the B** production in the b hadronization.
The events with B** meson has been generated to investigate its effect on the
analysis results, where Mg« — Mps = 500 MeV. Adding 10% of B** mesons in b
quark fragmentation process changes the results by less than 0.5%. It is a negligible
effect.

The muon energy loss in the calorimeter is investigated from the dimuon sample
(ete™ — ptp™). It has been observed that the Monte Carlo deposits on average
0.36 GeV too much energy along the muon direction. This systematically pulls
the jet direction closer to the muon direction, thus it lowers the p, value in the
Monte Carlo and changes the fit results. The effect was investigated by subtracting
0.36 GeV jet energy along the muon direction in the Monte Carlo. This changes
T'y; by =7 MeV, Br(b — uvX) by —0.002, €, by —0.003, A,z by 0.003 and X, by
0.004. These numbers will be quoted as the systematical uncertainties. From the
ete~ — hadrons sample, the jet angular resolution has been studied by using the
acollinearity ¢ between two most energetic jets. The average & of the Monte Carlo
is 1° higher than the value in the data. Thus the jet direction (6, ¢) is not perfectly
simulated in the Monte Carlo. The acoplanarity A¢ = |1 —(é1—¢2)|, where ¢1 > ¢,
and A = |7 — (6, — 6,)| are compared between data and Monte Carlo. The average
A¢ and A8 in the Monte Carlo are 1.2° and 0.1° higher than the ones in the data.
To correct for this difference, the 6 and ¢ of jets are smeared in the Monte Carlo
by 0.06° and 0.86° respectively with a normal Gaussian distribution. This changes
the analysis results by 0.5%, for instance, I';; decreases by 2 MeV. Thus the effect
is small. The systematic error due to jet angular resolution is strongly correlated
with the systematic uncertainly due to the lepton p, resolution. In this analysis,
the uncertainty due to the p; resolution is quoted as a systematic error.
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8.4 B Semileptonic Branching Ratio

The semileptonic branching ratio of b hadrons is determined using two methods.
First, the double tag method is used to measure the b semileptonic branching ratio
Br(b — lwX), where the statistical error is dominated by the number of dilepton
events. For dilepton events, except for the standard cuts, there is an additional
requirement that the opening angle between two leptons be larger than 60°. In the
second method, a one-parameter fit is performed to determine the Br(b — lvX)
with I'y; set to the Standard Model value of 378 MeV. This method uses mainly
the rate of single lepton events and gives therefore a smaller statistical errors than
the double tag method.

8.4.1 Double Tag Method

From the ratio R of the accepted number of dileptons events to single leptons events,
the b semileptonic branching ratio can be measured. In the first order, this ratio
is proportional to Br(b — lwX) and independent of I';;. Let’s look at a simple
example and suppose that all leptons are from b semileptonic decays, that means
the number of single lepton events (Np; ) is proportional to 2B(1—B) and number of
dilepton events (Np;) is proportional to B?, where B is the b semileptonic branching
ratio Br(b — lvX). Therefore,

Np, B
= = 8.5
R Npir 2(1-B) (8:5)
Then the b semileptonic branching ratio and its relative error are given by:
2R
= 8.
B 1+2R (8.:6)
AB 1 AR 1 +/Np (8.7)

B ~142R R 1+42R Np,
The relative error of the branching ratio is smaller than the relative statistical error
of the number of dileptons by a factor 1 + 2R.
In real life, the situation is not so simple and background processes exist. The
events are divided into four categories.

(1) Events with b — £,b — £ | (2) Events with one b — £

)
B(b) %: > OIS g
f b(5) § — )

(3) Events with no b — £ (4) Events from udsc

> oM. < > 0) — <




The first two categories are the signal, while the remaining two are backgrounds,
where the leptons are not directly produced in b semileptonic decays. By requiring
p. > 1.0 GeV, most of the background leptons are cut away. The ratio of the
number dilepton events to the number of single lepton events is:

Nps _ 01B* +20,B(1 — B) + bs(1 — B)? + b4(Thoa/Ts — 1)
ND1 alB2 + 2&23(1 - B) -+ a3(1 - B)2 + a4(rhad/rb5 - 1)

(8.8)

and the various terms represent events with leptons from b — £,b — £; one and
only one from b — £; no lepton from prompt b decay, and the last term gives the
contribution from lighter quark production. The coefficients a; and b; are the accep-

tances, which are determined from Monte Carlo simulation. Typical acceptances

are listed in Table 8.3, without the D** contributions. This method for measuring

Acceptance | p only | e only ©+e
ay 0.36765 | 0.27033 | 0.33427
as 0.33740 | 0.17674 | 0.26041
as 0.01656 | 0.00554 | 0.02321
aq 0.00643 | 0.00169 | 0.00809
b, 0.13812 | 0.03861 | 0.08364
b, 0.00384 | 0.00068 | 0.00364
b3 0.00005 | 0.00002 | 0.00019
by 0.00003 | 0.00000 | 0.00004

Table 8.3: Various acceptances for single and dilepton events, for py > 1 GeV. The
opening angle between two leptons must be larger than 60°.

b semileptonic branching ratio has been cross-checked with the Monte Carlo events.
Several input value has been used in the Monte Carlo, the determined values of
Br(b — lvX) agree very well with the Monte Carlo input values of Br(b — lvX ).

Using the measured ratio of the number of dilepton events to the number of single
lepton events and Equation 8.8, one can solve for the b semileptonic branching ratio.
The results are found to be:

Br(b — pvX) =0.112£0.012 (8.9)

Br(b — evX) = 0.136 % 0.031 (8.10)

where the errors are statistical only. In the standard Monte Carlo the Br(b — lvX)
is 11.2%. By changing this value by 10.0%, i.e., Br(b — vX) from 10.2% to
12.2%, the acceptances vary more than 20%, but the difference of the measured
Br(b — lvX) is within 0.1%. Thus the measured Br(b — lvX) does not depend on
the Br(b — lvX) assumed in the Monte Carlo. Also, if the p, cut is varied from
1 GeV to 2 GeV, all the results agree within the statistical error.

Systematic errors have been studied by varying different parameters. The vari-
ations correspond to at least one standard deviation changes using the known or
estimated errors. The systematic error for each parameter is summaried as follows:
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The measured Br(b — lvX) has weak correlation with I'y;. Varying I'y; by
+40 MeV around the Standard Model prediction (I'y; = 378 MeV) results in
changes of +0.2% in the b semileptonic branching ratio. Figure 8-1(a) shows
the Br(b — lvX) by changing TI';; from 300 MeV to 460 MeV.

The b quark fragmentation affects the lepton momentum, hence the accep-
tances. Varying the Peterson function around the measured ¢, by +(0.010)
gives a difference of +0.3% in Br(b — v X).

Br(b — lvX) changes less than 0.05% by varying the e, parameter in the
¢ quark Peterson function €, from 0.40 to 0.60. The effect of the ¢ quark
fragmentation is negligible.

The world average ¢ semileptonic branching ratio is 0.096 & 0.006. Varying
Br(c — lvX) by £0.006 results in a change of Br(b — lvX) by +0.2% for
muons and £0.1% for electrons. Also, I';z has been varied by £7 MeV around
the Standard Model prediction of 297 MeV, the effect is smaller than 0.1%.

The uncertainty due to the background is estimated by varying the fraction
of background by +10%, which gives £:0.1% change in branching ratio.

The efficiencies in the selection of muons and electrons are determined with
errors 0.5% and 3.0% respectively. These changes Br(b — uvX) by £0.1%
and Br(b — evX) by £0.6%. The selection efficiency error is larger for
electrons due to uncertainties in identifying electron in a hadronic event and
in matching BGO clusters with tracks in the central tracking chamber.

The lepton transverse momentum is calculated with respect to the nearest jet
axis. Its resolution is not known very well. Smearing Ap, /p, by 20% changes
the branching ratio by 0.2% for muons and by 0.4% for electrons.

By smearing the lepton momentum by 10% to see the effect on branching
ratio, one finds that Br(b — IvX) changes less than 0.1%.

The 0.36 GeV disagreement of the muon energy loss in the calorimeter between
data and Monte Carlo decreases Br(b — uvX) by 0.2% for muon.

The systematic effect of the production D** in b semileptonic decays is esti-
mated by varying the fraction of B — D** + lv by £15%. The Br(b — lvX)
changes by +0.2%.

Figure 8-1 shows four examples of how systematic errors have been determined.
Added in quadrature, the combined systematic errors are +0.6% for muons and
+0.8% for electrons.

The average b semileptonic branching ratio is determined by combing the muon

and electron events. The statistics is higher because of additional pe events. The
measured value is:

Br(b — IvX) = 0.111 + 0.010(stat) £ 0.006(sys) (8.11)
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The measurements agree with the average b semileptonic branching ratio mea-
sured at PETRA and PEP [8-5] [8-9]: Br(b — pvX) = 0.117 £ 0.010 and Br(b —
evX) = 0.121 £ 0.010. The PETRA and PEP values have been measured at lower
center-of-mass energies where the electroweak effects contribution less than 3% to
the eTe™ — bb cross section. The Br(b — [vX) from the double tagging method
depends only weakly on I';;. Averaging our measured value with the measurements
from PETRA and PEP, one gets:

Br(b— lwvX) = 0.117 £ 0.006 (8.12)

where the statistical and systematic errors have been added in quadrature. This
average is nearly free from the assumptions about the neutral current couplings to
b quark. This averaged b semileptonic branching ratio will be used to determine
Tz, the b fragmentation function parameter, A;; and X, in the following analysis.

8.4.2 Determination of Br(b— lvX) from the fit

Parameter Variation | ABr(b — evX) | ABr(b — pvX)
T,; = 378 MeV X3 MeV 0,001 £0.001
€,=0.050 +0.010 +0.003 +0.003
Br(c — lvX) = 0.096 +0.006 $0.001 +0.002
Tz =297 MeV +7 MeV < 0.001 < 0.001
€.=0.5 +0.1 < 0.001 < 0.001
background +10% +0.001 +0.001
selection efficiencies (u) | +0.5% — +0.001

selection efficiencies (e) +3% +0.006 —

Ap, /p) smearing 20% +0.004 +0.002
Ap/p smearing 10% — < 0.001
D** fraction = 0.15 +0.15 +0.002 +0.002
muon dE/dX 0.36 GeV — —0.002
systematic error — +0.008 +0.006

Table 8.4: Contributions to the systematic error in the measurement of Br(b —

evX) and Br(b— pvX) from the fit

In the second method, the branching ratio Br(b — {vX) is determined from a one-
parameter unbinned maximum likelihood fit. Basically, this method is based on the
number of inclusive lepton events. The Monte Carlo events are weighted according
to their categories. If only one lepton is from the prompt b decay, the event is
weighted by B/0.112 (where 11.2% is the b semileptonic branching ratio in the
Monte Carlo), otherwise it is weighted by 1. If there are two leptons from prompt
b decays, the event is weighted by (B/0.112)%. Also, this event has a probability
2(B/0.112)(1 — B/0.112) to become a single lepton event.
The results of the fit are:

Br(b — pvX) = 0.123 £ 0.003(stat) + 0.006(sys) (8.13)
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Br(b — evX) = 0.112 £ 0.004(stat) £ 0.008(sys) (8.14)

Similarly as in the first method, the systematic errors are determined by varying
the parameters shown in Table 8.4, where T'y; is altered by £3 MeV the estimated
error on Standard Model prediction. It corresponds to a variation of Mz and a,
within measured errors and of the top quark and the Higgs mass in the ranges,
90 GeV < M;,, < 250 GeV and 50 GeV < Mpigy, < 1000 GeV. The fit is also

performed with different p; cut. All results agree well.

From the studies, the systematic uncertainties of the b semileptonic branching
ratio are found to be 0.006 for muons and 0.008 for electrons. From a combined fit
to the muon and electron data, the b semileptonic branching ratio is measured as:

14 AY £ oot caic
Br(b — lwX) = 0.119 £ 0.003(stat) + 0.006(sys)

8.5 Partial Width of Z° Decays
electrons muons
Parameter Variation | ATy (MeV) | ATy (MeV)
Br(b = vX) = 0.117 | 0.006 £19 19
e, = 0.050 +0.010 +4 +6
Br(c — vX) = 0.096 | =£0.006 ) +3
Tz =297 MeV +7 MeV +1 +1
c.=05 0.1 £1 11
background +10% +5 +7
selection efficiencies (u) | +0.5% — +2
selection efficiencies (e) +3% +11 —
Ap, /py smearing 20% +9 +8
Ap/p smearing 10% — +2
D fraction = 0.15 +0.15 +7 +7
muon dE/dX 0.36 GeV — -7

[Q 18N
\O.19)

Table 8.5: Contributions to the systematic error in the measurement of I'y3.

In the fitting method, I';; is determined by fitting the observed p —p, spectrum for
leptons to a combination of the p — p, distributions for each of sources of lepton,
with T';; as free parameter and all other parameters fixed to their nominal values.
The b events are weight by I'y;/T');, others by 1. The obtained values are:

Ty;=396+9 MeV (pv+ X) (8.16)

Ty =370 £ 12 MeV (ev + X) (8.17)

for muons and electrons, respectively. The errors are statistical only. The systematic
errors are estimated by varying parameters by at least one standard deviation of
their known or estimated uncertainties. The various systematic errors are shown
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in Table 8.5. The fit is performed by using different p, cut, from 0 GeV up to
1.25 GeV, all results agree well within the statistical error.

The systematic errors of I';z are 19 MeV both for muons and electrons from the
uncertainty of b semileptonic branching ratio, Br(b — lvX), and Al = 16 MeV
for muons and ATly; = 17 MeV for electrons from other sources. A combined fit
using the inclusive muon and electron samples has been performed. The result is:

T'y; = 385 & T(stat) + 15(sys) £ 19(Br) MeV (8.18)

As an additional check, I'y; is extracted by counting the number of accepted
inclusive events. Similar as in Equation 8.8, the number of accepted inclusive lepton

events Npy + Np;z is:

I‘ -
Npi+ Np, = Nhadrh””d [c1B? + 2¢;B(1 — B) + c3(1 — B)? + ca(Thaa/ Tz — 1)] (8.19)

with ¢; = a; + b;. One can solve for T';; by using the b semileptonic branching ratio
Br(b — lvX) = 0.117 and finds:

Ty =378 £ 10 MeV (8.20)

where the error is statistical only, including Monte Carlo statistics. The result is in
good agreement with the value from fit.
Adding all the errors (see equation 8.18) in quadrature one get:

Ty = 385+ 25 MeV (8.21)

The measurement is in good agreement with the Standard Model prediction of
Iy =378+ 3 MeV.

The partial decay width I'; is extracted from a two-parameter fit to the data,
where T’z and T'; are simultaneously determined. Since the c¢ contribution is small
in the electron sample due to the implicit p; cut, only muon data is used. The
correlation coefficient between the parameters is —55%. The results of the fit are:

T = 396 & 10 MeV (8.22)
T = 296 + 24 MeV (8.23)

where the errors are statistical only. The systematic error of I';z is about 36 MeV.
The measured ',z agrees with the Standard Model prediction (297 +7 M ev).

8.6 b Quark Fragmentation

It is necessary to study the fragmentation function for b quarks in order to measure b
quark properties accurately, since the momentum distribution of the observed lepton
is directly related to the b hadron spectrum prior to decay. In the Monte Carlo,
the b quarks were fragmented according to the Peterson et al. functional form,
where the shape of the fragmentation function depends on the single parameter ¢;.
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The fragmentation function of b quark is characterized in term of the scaled energy
T, = 2Ehadron/ /S, and Ehadron is the energy of the first-rank hadron.

As before, the fitting method is used to determine the fragmentation function of
b quarks from Z° decays with two different assumptions about the z, distribution.
In the first method, the b quark fragmentation function is determined from data
without assumptions on a functional form of the z, distribution. Instead of using
a functional form, the z; distribution is approximated by a histogram with 7 bins,
and the value for each bin is allowed to vary freely in the fit. The fit is performed in
the allowed range z, > .'Al/f;a, and is constrained to enforce a overall normalization of
the fragmentation function. With all other parameters fixed to their nominal values,
a six-parameter fit (the value of the seventh bin is constrained by normalization)
is performed to determine the z; distribution and average z,. Only the inclusive
muon sample is used in this analysis. Figure 8-2 shows the result of the fit. The
points with error bars (statistical only) give the result of the fit. The data points give
an average <z,> = 0.680 £ 0.011, where the error is statistical only and includes
correlations between all points. This method also checks whether the Peterson et
al. function gives a proper and suitable description of the z, distribution. For
comparison, the Peterson et al. function for ¢, = 0.50 (the measured value given
later) is shown in Figure 8-2 too. Within errors the measured z, distribution is
well described by a Peterson et al. function. The fits have been repeated using 5
and 6 bins for the fragmentation function. The distributions agree with the 7 bin
result. The average energy fractions, <z ,>, agree within the statistical errors.

Parameter Variation Ae, A<z >

Ty =378 MeV +10 MeV | £0.002 | £0.003
Br(b— lvX) =0.117 £0.010 | +0.006 | £0.010
Br(c — lvX) = 0.096 +0.006 | +0.002 | +0.003

Iz =297 MeV +7 MeV | <0.001 | <0.001
e =05 01 | <0.001| <0.001
background +10% +0.001 | £0.0015

selection efficiencies () | £0.5% | < 0.001 | < 0.001
selection efficiencies (e) +3% +0.002 | +0.003

Ap, /p, smearing 20% 4+0.009 | +0.015
Ap/p smearing 10% +0.002 | +0.003
D** fraction = 0.15 +0.15 < 0.001 | < 0.001
muon dE /dX 0.36 GeV | —0.003 | +0.005
systematic error — +0.012 | £0.020

Table 8.6: Contributions to the systematic error in the measurement of €, and = .

The agreement of the measured fragmentation function with the Peterson et al.
function justifies to express the z ;, distribution by a Peterson et al. function. There-
fore, in the second method, the fragmentation properties of b quarks are measured
by fitting €;,. The parameter ¢, is fitted to the measured lepton p and p, spectra,
with all other parameters fixed to their nominal values. In the fit, the ¢, is varied
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and the Monte Carlo events are weighted accordingly by using a Peterson et al.
function based on its ;. The following results are obtained:

e = 0.047 + 0.005 for (uv + X) (8.24)
ey = 0.056 £ 0.008 for (ev + X) (8.25)

where the errors are statistical only. Also, if the fit is performed in a different p,
range, all the differences are within the statistical error. The results are verified by
changing various parameters with at least one standard deviation of their known
or estimated uncertainties (see Table 8.6). The systematic error is estimated from

this studies.
The svatematic errors are estimated to be 0.012 in € a d 0.020 in Tg, both for
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the muon and the electron measurement. The systematic uncertainty due to the
different fragmentation models has not been considered. The fit, which is performed

by using muon and electron data, gives the result:
e, = 0.050 £ 0.004(stat) & 0.012(sys) (8.26)

and a precise determination of the <z >, the average fractional energy of b hadron
from the b quark fragmentation.

<z, > = 0.686 % 0.006(stat) £ 0.020(sys) (8.27)

8.7 bb Forward-Backward Asymmetry

In a semileptonic decay of b (or b) quark, the charge of the detected leptons directly
correlated with the charge of the original b (or b) quark. The direction of the thrust
axis of the event is used to define the direction of the original b quarks, Monte
Carlo studies show that this axis best represents the direction of the primary b
quark at production. And the sign of the quark charge is given according to the
sign of the lepton charge (b — I=, b — I*). In this way, the bb forward-backward
asymmetry (A;;) can be measured. The same fitting method is used to measure
this asymmetry. Rather than using only the data with a high p, cut, the full data
sample (without p, cut) is used to determine A;; in order to increase the statistics
and sensitivity to b — £ events. A high p and high p, event is given a relative high
weight because an event with a prompt b decay lepton is sensitive to the Ay;. The
data obtained in 1989 is used in the analysis too. Electron tracks are excluded in the
lower resolution regions adjacent to the anode and cathode planes to avoid wrong
charge measurement. In addition, Fy/Eys is required to be larger than 0.95 for the
data to reject misidentified hadrons. The number of selected events i1s 6002, 1269
and T141 for inclusive muon, inclusive electron and for the combined data sample
respectively.

For single lepton events, the likelihood function is the same as in Equation 8.2,
which is: ' -

(NMl)Nm . e~Nm Np: 1

L -
NDI! i=1 NMl%O:B(Z)

PRACLAC (8.28)
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where Wy(i) is the weighting function and has to be determined. The angular
distribution for ete™ — Z% — ¢q is:

d 3

-(-i—% x §(1 + cos® ) + Ay cos b (8.29)
where 6 is the polar angle of the primary quark production with respect to the
outgoing electron beam direction. In reality, the thrust axis of data event is chosen
to point along the primary b quark production direction, as indicated by the lepton
charge (Q;).

cos 8; = —Q; cos(Oprust) (8.30)

where the thrust axis (two possibilities) is chosen to be closer in angle to the lepton
direction, i.e, the opening angle between the thrust direction and the lepton direc-
tion is less than 90°. Because the lepton p and p; do not depend on the primary
quark direction and only the relative weight is important in the fit, the weighting
function Wi(7) is chosen as:

Wi(z) = g—(l + cos? 6;) + Ay cos b; (8.31)

where the Ay is the asymmetry for different sources. The various asymmetries are

(1) Ay = Ay for b — ¢

(2) Ay = Ay forb—1—{¢
(3) Az = —Ay forb—c—{
(4) Ay = Ay forb—c— ¢

(5) As = 0.704,; for b — b-hadron — background

(6) Ae = —Ac forc — ¢
(7) A7 = Apock for decay leptons from udsc quarks and bb fragmentation
(8) As = Apack for fake leptons from udsc quarks and bb fragmentation

For the background arises from b hadron decays, it is observed that 856% of the
lepton candidates have the same charge sign as the primary b quark, so the effective
asymmetry is (1 — 2 - 0.15)A;; = 0.74;. The forward-backward asymmetry for
primary charm quarks is related to the b quark asymmetry in the Standard Model
through the neutral coupling constants. In this fit, the A is fixed as a fraction of
the Ay, Az = 0.74;5. The background asymmetry is set to be zero (Apeck = 0).

For the dilepton events, the fitting procedure is similar, except that the fit is
done in four dimensional space. The likelihood function is shown in Equation 8.3.
The weighting function is the average weight (see Equation 8.31) of two leptons. For
more discussion on the dilepton weighting function including mixing parameters, see
the analysis about the B%-B° mixing.
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A one-parameter fit is performed to fit the p and p, distributions for inclusive
muon and electron data separately, with A,; as a free parameter and all others
fixed to their nominal values. Without assuming mixing, the observed bb forward-
backward asymmetry is:

A% =0.101 £0.028 for (uv + X) (8.32)

A% =0.026 £0.044 for (ev + X) (8.33)

where the error is statistical only. A fit on combined muon and electron data gives
the result:
A% = 0.082 +0.024 (8.34)

where the error is statistical only. The fits have been performed at different p, cut,
from 0 GeV up to 1.5 GeV, all the results agree within the statistical error.

The forward-backward asymmetry varies as a function of center-of-mass energy.
In this measurement, the entire data sample is used to determine Agks. By con-
sidering the effects of initial state radiative corrections [8-10], the weighted average
center-of-mass energy corresponding to the data sample is 91.28 GeV. The bb
forward-backward asymmetry has been analyzed separately at each of the three en-
ergy points, below, on, and above the Z° peak. The results of the fits are displayed
in Table 8.7 for the muon and for the combined channel (muon + electron), where

the errors are statistical only and mixing parameter is set to zero. The off-peak

p only u+te
Mean Energy (GeV) A Agps
89.63 0.109 +£0.057 | 0.26 +0.13
91.28 0.058 4 0.028 | 0.081 = 0.031
93.03 0.066 £ 0.047 | 0.159 £ 0.071

Table 8.7: Measured asymmetries for different center-of-mass

electron data sample is still too small to yield a statistically worthwhile measure-
ment. ‘

Table 8.8 lists the major contributions to the systematic error in the measure-
ment of Aggs. The systematic uncertainty has been estimated by changing var-
ious parameters by at least one standard deviation of their known or estimated
uncertainties. The systematic error is dominated by the uncertainties in the mea-
sured B°-B° mixing parameter, knowledge about the background (including b back-
ground), the probability assignment in the fit and A (with large change). The error
due to the uncertainty in X , measurement is AA® = 24,;;AX ;. Because the charge
sign of the background from b hadron decays is correlated with the original b quark
and is not well known, it is one of the major systematic errors. The error com-
ing from the uncertainty in assigning probabilities to events has been estimated by
changing the number of leptons required in the fit box, as well as by using different
samples of Monte Carlo. The systematic errors from heavy quark partial decay
width and semileptonic branching ratio are relative small due to the fact that the
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Parameter Variation | AA%?

I'y; = 378 MeV +10 MeV | +0.001
Br{(b - lwvX) =0.117 +0.010 +0.004
€,=0.05 +0.25 +0.003

As =0.704,;; 0to Ay | +0.004

A +5% +0.006

Br(c — lwvX) = 0.096 +0.010 +0.003
;=297 MeV +7 MeV | +0.0003
background +15% +0.005
Apack = 0.0 +5% +0.004
muon dE/dX 0.36 GeV | +0.003
Ap) /p, smearing 20% +0.004
Ap/p smearing 10% +0.001
D** fraction = 0.15 +0.15 < 0.001
0.5% charge confusion — —0.001
probability assignment — +0.007
systematic error in X, +0.02 +0.005

Table 8.8: Contributions to systematic errors in the Agg—,’s measurement

asymmetry is measured by the ratio of the number of forward events (Nr) to the
number of backward events (Np), which cancels the effect. For instance, if all the
events in the data sample were from b quark, the asymmetry would be free from
T'y5. The effect of the reconstruction errors and the jet reconstruction uncertainty is
estimated by smearing the lepton momentum and the transverse momentum, and
by the studying systematic effects due to muon energy loss in the calorimeter. From
these studies, the systematic error of Aggs is determined to be £0.015.

A% = 0.082 £ 0.024(stat) £ 0.015(sys) (8.35)

Table 8.9 lists the number of forward and backward single inclusive lepton events
with p; > 1.5 GeV and p; > 1 GeV for muon and electron respectively. With this

Type Nr | Ng | (Nrp — Ng)/(Nr + Np) Py cut (GeV)
p+ hadrons | 1055 | 896 0.082 4 0.023 P, >1.5

e + hadrons 486 | 475 0.011 +0.032 P > 1.0

pe + hadrons | 1497 | 1336 0.057 + 0.019 PuL > 1.5;p.. > 1.0

Table 8.9: Number of selected forward and backward single inclusive lepton events
in the data sample with py cut.

cut the data sample consist of approximately 80% b — ¢ events. Clearly there is
forward-backward asymmetry in the data sample. A fit is performed, which is based
on the number of forward and backward accepted events, with a weighting function:

e Wi(i) =0.5(1 + A;)  for forward events

64




o Wi(i) =0.5(1 — 4¢)  for backward events

The result is similar to the previous fitting result (there is about 1% difference in
the fitting result). Figure 8-3 shows the acceptance corrected angular distribution
of the measured b quark direction, for events with muon and electron candidates in
the high p, region, after subtracting the background contributions from the cascade
b — ¢ — £, ¢ and lighter quarks. The smooth curve is the expected distribution
for A2® = 0.082. It agrees with the data points.

The value of the observed bb asymmetry must be corrected for the presence of
BO-B° mixing, which reduces the asymmetry by a factor of (1 — 2X,). Using the
measured value of X, (see chapter B%-B° Mixing), X, = 0. 17812049 + 0.017, the

L 17 . U B ROV, SN, S NI, SN
true 00 10rward-pacCkward asyIiiiiicuvly 1is.

obs
Abb

A- PR ] B
w1 —2x,

= 0.127139%2(stat) & 0.023(sys) (8.36)
The result is compatible with the Standard Model prediction, A% = 0.104, for the
Higgs mass of 100 GeV, the top quark mass of 193 GeV [8-1] and /s = 91.28 GeV.
A fit is performed to simultaneously determine A;; and X, taking into account
the correlations between Ay; and X . The yielded results are identical to above bb
asymmetry value and the B°-B° mixing parameter X, both for central values and
€errors.

8.8 Systematic Studies

The measured momentum and transverse momentum are the most important vari-
ables in the determination of heavy quark properties from heavy quark semileptonic
decays. In order to understanding the effects, similar analyses have been done by
using different lepton p, definitions and lepton data samples, where the lepton
momentum is measured with high resolution. This studies are performed on the
inclusive muon data sample.

The p, used in this analysis is calculated with respective to the nearest jet, where
the measured lepton momentum is first excluded from the jet. Also the measured
lepton momentum can be included in the calculation of the jet axis. Figure 8-4
and Figure 8-5 show the energy of the nearest jet and p, distributions compared
with same distributions of Monte Carlo simulation in both cases. Data and Monte
Carlo are in good agreement. The b quark properties are measured using these two
different p, definitions by fitting the data lepton p — p, distribution. Table 8.10
gives the results, where no p, cut has been applied. All the results agree with each
other within the statistical errors.

The muons measured by three layers of P-chamber have high momentum resolu-
tion. By only taking events with muons which are reconstructed in three P-chamber
layers, one can understand the resolution effects in the measurements. Without p,
cut, the fitted results are summaried in Table 8.11 from the inclusive muon data,
where the muon track is required to have 3 reconstructed P-chamber segments. The
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Measured parameter | p excl. from jet | p incl. in jet
Ty (MeV) 395 £ 8 391 +8

Br(b — pvX) 0.122 £0.003 | 0.119 +0.003
€ 0.050 £0.005 | 0.047 4=0.005
A%s 0.101 +0.028 | 0.108 + 0.029

Table 8.10: Measured b quark properties with two different py definitions from the
inclusive muon sample.

Measured parameter | Fitting result
Iy (MeV) 396 + 10

Br(b — uvX) 0.124 £ 0.004
& 0.049 + 0.005
Ages 0.105 £ 0.034

Table 8.11: Measured b quark properties from the inclusive muon sample, where the
muon track is required to have § P segments.

results are in good agreement as comparing to the results from the whole inclusive
muon data sample (see Table 8.10).

8.9 Determination of V

The measurement of the average b quark semileptonic branching ratio, combined
with the L3 measurement of the average b hadron lifetime [8-11], 7B = 1.32 &
0.08 4= 0.09, can be used to determine the magnitude of the CKM matrix element
|Vas| together with the ratio |Vis/Ve|. In the free-quark model, the CKM matrix
elements V,;, and V,; are related to the b semileptonic branching ratio and lifetime
through: ‘

Br(b— luX) Gy M,
TB T 19273

I(B - vX) = RAVal + AVl (83)
where parameters f, (¢ = u,c) account for the phase space corrections due to
fermions masses and the QCD corrections, and can be formulated as:

fo=(01- 863 - 24e;lneq + 86‘3 _ 62){1 2as(Mb

206M)rr - Bya - ey +21) (839)
where €2 = M, /M,. According to the spectator model, the light B mesons produced
at the T(4S) have the same semileptonic widthes as the heavier b hadrons from Z°
decays.

Estimates of f, and f, depend on the assumptions for quark masses. The u
quark mass is taken as M, = 0.2 0.2 GeV. The heavy quark masses are M, =
4.95 4+ 0.07 GeV and M, — M, = 3.30 & 0.02 GeV, which were measured by the
ARGUS Collaboration [8-12] in the framework of the ACCMM model [8-13] from
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a fit to the lepton momentum distribution in b semileptonic decays. In order to
account for the uncertainties in the model, the error on M, is increased to £0.3 GeV,
keeping the error on M, — M, as above value. The strong coupling constant has
been obtained from extrapolating the L3 measurement «, = 0.115 4 0.009 [8-14] at
V3 & Mz to Q% = M} by using the formula:

os(M2)

(8.39)
2(3) (33 — 2n;) In(Q?/M3)

o (Q%) = =

where the n; is the number of flavors, which gives a,(M;)* = 0.20 & 0.03.

From Equation 8.37, the measured values of 78 and Br(b — [vX) give a band of
values, and the dashed curves describe the limits of one standard deviation errors,
where the statistical and systematic errors are added in quadrature. The error
comes from the measurement uncertainties of 78, Br(b — lvX) and a,, also our
knowledge of quark masses. If the error of £0.02 GeV on M, — M., is kept intact,
varying M, by £0.30 GeV results in the change of the factor M, 2 f. in Equation 8.37
by only 12% compared with the +30% change in M; alone, this is because of the
anti-correlation between M, and f.. The errors becomes wider when going from the
V., axis to the V,,; axis in Figure 8-6 due to the fact that there is less anti-correlation
between M, and f,.

The experimental measurements [8-15] indicate that V,; is rather small,

IVubI
— < 0.12 8.40
Vol (8.40)

however, this limit varying in the range from 0.1 to 0.2 for different models. The
value of |Vi/Vi| = 0.15 £ 0.10 is used to extract |V, which produces the straight
solid line shown in Figure 8-6. The dashed lines are the bounds of |Vs/ V| with
its estimated error. From Figure 8-6 one can see that |Vy] is relatively insensitive
to the ratio |Vi/ V), for instance, |Vi| changes by only 0.003 when |V,,;/Ves| varies
from 0.05 to 0.25. The measured value of V] is:

|Vi| = 0.046 = 0.002 *3:003 (8.41)

where the first error is from the uncertainties of Br(b — IvX) and 7B, and the
second one comes from the knowledge on the quark masses ' |V,;/Vs| and «,. This
measurement improves the previous measurements from other experiments [8-16].

8.10 Determination of sin’ Oy

In the framework of the improved Born approximation, the forward-backward asym-
metry for Z° — bb may be interpreted in terms of the ratio of the the effective vector

1Using the error of £0.1 GeV on M, — M, instead of £0.02 GeV, it increases the second error
+0.005
on |Ves| to Tgigoa-
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and axial-vector coupling constants as shown in following Equation 8.42,

Ay = 3 Ao A
3 %uda _ 2uduB
C 4 Gt Ta(3-BN/2+ 35,8
~ TR T 0t &
with
5, = ML ~Gip + Gap/2 (8.43)

s 9o+ 95
where the mass correction is included. The mass correction 6, is strongly suppressed

to O(10™*) because of the accidental cancellation among the couplings (9%, ~ 7%,/2).
The effective vector and axial-vector couplings are:

_ _ . 25 2
Gap = /P; - Iy Gos = /Py - [ Iss — 2Qysin® 6w (1 + §Ap 8b)] (8.44)

the term —Ap 6 fb comes from the vertex correction involving the heavy top quarks
and modifies sin? G by +0.0007 for the top mass of 193 GeV. Since the b quark
term Ab (see Equation 8.42) is nearly independent of sin 2w, most of the sens1t1v1ty
to sin? @y comes from the electron term A, in Equation 8.42. In deriving sin® O, the
difference between the Z° mass (M7 = 91.181 GeV') and the effective center-of-mass
energy (/s = 91.28 GeV'), initial-state radiation and photon-exchange diagram are
taken into account. A second order QCD correction is made to account for the effect
of the gluon bremsstrahlung, which changes the bb asymmetry by +0.003. The
formulation given in Reference [8-17] is used to including all these correction. From
the bb asymmetry the following value of effective mixing angle has been obtained:

sin? 8y = 0.226 =+ 0.008(stat) % 0.005(sys) (8.45)

where the systematic error includes the effects from the following sources: the
systematic uncertainty of the bb asymmetry measurement; the variation of the top
mass by +100 GeV; the variation of Higgs mass from 40 GeV to 1 TeV; and the
uncertainties of the Z° mass and strong coupling constant a;. The value of this -
measurement agrees with the Standard Model prediction of sin? fy = 0.231 for a
Higgs mass of 100 GeV, a top quark mass of 193 GeV and /s = 91.28 GeV.

63




Chapter 9

B0-B0 Mixing

9.1 Introduction

Flavor-changing weak interaction are able to transform a neutral meson into its
antiparticle, leading to the possibility of flavor oscillations or mixing. The level
of B°-B° mixing is sensitive to some parameters of the Standard Model, such as
the top quark mass and CKM matrix elements involving the coupling of the top
quark [9-1]. Previous observations of B°-B° mixing [9-2] indicated that the top
quark is heavy and gave limits on the CKM matrix elements. In this chapter, the
measurement of B°-B° mixing performed at /s & My is presented.

The B°-B° mixing parameter X, which gives the probability that a hadron
containing a b quark oscillates into a hadron containing a b at the time of its decay,
is defined as following;:

X = Prob(b hadron — I X)
2" Prob(b hadron — I*X) + Prob(b hadron — I-X)

This definition includes all produced neutral and charged b mesons and b baryons. In
ete™ annihilation, b hadrons are always produced in pairs, such that initially there
is one hadron containing a b quark and one hadron containing a b quark. Events of
the type Z° — bb are identified by the observation of leptons (muon and electron)
coming from the semileptonic decay of the b or & quark. In order to identify both
b hadrons, both b hadrons are required to decay semileptonically, in which case a
negative lepton indicates the b hadron while a positive lepton indicates the b hadron.
Then the signature for B°-B° mixing in inclusive lepton events is an event with two
leptons of the same charge on opposite sides of the event (like-sign dileptons). The
leptons are considered to be on opposite sides when the angle between them is
greater than 60°. As an example, Figure 6-1 shows a hadronic event containing
two high momentum leptons, one muon and one electron. Both leptons come from
the interaction region and have positive charge. There are background processes,
in which one b decays into a prompt lepton (b — [7), and the second decays via the
cascade b — € — [, J/1 decays or misidentified hadron, which also can produce
events with lepton pairs of like-sign charges. Because of the hard fragmentation and
large mass of the b quark, leptons from b semileptonic decay have large momentum

(9.1)
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p and large transverse momentum P, , which separates leptons from prompt b decay
and background processes.

As only the b quark sign on each side is tagged and we do not distinguish
between B and B mesons in this analysis, the measured mixing parameter X, is a
combination of the oscillation in the B,*-BY and B,%-B? system. Assuming that the
production of b and b hadrons on both sides has no correlation and the semileptonic
branching ratios for all b hadrons are the same, the mixing parameter X, can be
expressed as:

XB = ded + sts (92)

where f; and f, are the fractions of BY and B? produced, and X4 and X, are the
mixing parameters for BS and B? mesons.

In the fragmentation of b quark into the hadrons, a pair of b hadrons are pro-
duced, such as BIBY, BIB? and BIB~ etc. The Equation 9.2 is based on the
assumption that the production of two b hadrons are completely uncorrelated. Ig-
noring the contribution to the like-sign dilepton events from the background, all the
like-sign dilepton events come from the events where one b hadron has oscillated.
The number of like-sign dilepton events is:

N*t =2x_(1-X,)N (9.3)

where N is total number of bb events with both b hadrons decay semileptbnically.
Table 9.1 gives the probabilities for different b hadron pair combinations and the
contribution to the like-sign dilepton events. In the Table 9.1, B* and B~ represent

b had. Type probability # of like-sign dilepton events
BgB_g f? 2Xa4(1 — X4) fiN
Bng or Bng 2fdf3 [Xs(]. - Xd) -+ Xd(]. - X_,)]QfdfsN

BIB~ or BIB* | 2f4(1 — fa— f) | Xa2fa(1 — fa— fo)N
B°B~ or BOB* [ 2f,(1 — fa— fs) | Xs2f(1 = fa— fs)N
BsOBg 32 2Xs(1_xs)fs2N

B*B- A-fa—=f)* |0

Table 9.1: Like sign dilepton events from different b hadron combinations.

charged B meson and b baryons. Adding all the like-sign dilepton events from
different sources, one gets:

N = 2(foXa+ £ X:)(1 = faXa + fX)N (94)
From Equation 9.3 and 9.4, the combined mixing parameter X is fiXq + fsX;-
9.2 BY%B% Mixing Sample
As discussed in the early Chapter, the lepton candidates can be classified into eight
categories to distinguish mixing events from background. The amount of mixing,

Xk, for each category is given by:
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(1) X1 =X, forb— ¢

(2) Xo =X, forb—-1—/¢
(3) Xz =X, forb—c— ¢
(4) Xa=X, forb—c—¢

(5) X5 =0.7X, +0.15 for b — b-hadron — background

(6) Xe =0 forc— £
() Xz =0 for decay leptons from udsc quarks and bb fragmentation
(8) Xxs=0 for fake leptons from udsc quarks and bb fragmentation

From Monte Carlo studies at the generator level, a strong correlation between the
charge of K, = from b hadron decay and original b quark is observed. Table 9.2 lists
the number of K and 7 from b hadron decays. About 80% K~ and 87% =~ come

Decay product | b quark | j quark
K* 849 3332
K- 3384 855
xt 2803 18116
T~ 17915 2746

Table 9.2: The number of K and w from b hadron decay from Monte Carlo studies.

from the b quarks, hence the background from the b hadron decays would carry the
mixing information. The effective mixing probability Xs of b background is large
than X, due to the random production of the charged particles. From Equation 9.1,
the effective X5, the probability of b decay into positive particle, is:

X5 = Prob(b — X+) = 0.85X, +0.15(1 — X,) = 0.7X, +0.15 (9.5)

15% is the average fraction of positive particles from the b quark. In Equation 9.5
the term 0.15(1 — X,) is the probability of observed positive particles from b quarks,
while 0.85X , is the probability of observed negative particles from b quarks because
of oscillation.

The dilepton events are classified into eight categories, where the b — [ also
includes events with leptons from the cascades b — 7 — ¢, and b — ¢ — £. These
cascades yield a lepton with the same sign as direct b — £ decays. Table 9.3 shows
the results of Monte Carlo studies giving the fraction of each source of prompt
dileptons and of background for the data samples with no cut on P, and also
with the high-p, requirement, which select preferentially b — £,b — £ events. The
requirement is that the muons have p; > 1.5 GeV and electrons have p; > 1.0 GeV
and the two leptons must be on opposite sides of the event. These p, cuts correspond
to prompt b — £ probabilities for electrons and muons of about 80%. The high-p,
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Lepton Pair Category Py > 0 | high-p,
1: 004,014 47 % 80 %
2b—osc—lboc—ol 5% 2 %
3b0—-L,b—oc—? 20 % 10 %
4: b — £, b — background 9 % 5 %
5: b — ¢ — £, b — background 3% 1%
6: b — background, b — background | 1 % 0 %
Tc—lc— Ll 7 % 0 %
8: others 9 % 2%

sample can be used to estimate the B°-B° mixing by simple event counting. In
Table 9.3, the first three sources are sensitive to B°-B° mixing, categories 4, 5 and
6 carry the mixing information because the charge of backgrounds arising from b
hadron has a correlation with the original b quark, and the last two (¢ — £,¢ — £
and others) are not sensitive to B°-B° mixing. Leptons from J/1 decay give false
signal for mixing, there are about 2% J/ decay contribution to the dilepton sample,
but only 0.9% in the high p; sample. They have a negligible effect on the mixing
measurement.

Figure 9-1 shows a comparison for data and Monte Carlo for the smaller of
the two lepton momenta in the inclusive dilepton sample which have passed the
selection cuts. Figure 9-2 shows a similar distribution for the minimum transverse
momentum with respect to the nearest jet, p,, of each dilepton pair. The fraction
of prompt b semileptonic decay events increases at higher p and p,. Therefore,
events with opposite side, high momentum p and high transverse momentum p;
are most likely from prompt b — decays. An excess above background of hadronic
events with two like-sign lepton in the region of high p and high p;, dominated by
leptons from prompt b semileptonic decays is a signal for B°-B° mixing. A value
of X, can be extracted from the data by considering only lepton candidates with
high p and high p, and subtracting the predicted background. A summary of the
dilepton date sample is given in Table 9.4 here the high-p, requirement is described
early. The number of events with electrons is smaller because of the strong isolation

Data Type 1= | It1+ [ 171~ | Total
all pp events 109 | 41 22 172
high-p, pp events | 22 3 4 29
all ee events 9 3 5 17
high-p; ee events 6 1 2 9
all pe events 42 18 14 74
high-p, pe events | 20 3 7 30

Table 9.4: Dilepton events in the data

requirements. Without the p, cut, due to the difference in the punchthrough for
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positive and negative charged particles, there is an excess of ptut events compared
to p~u” events.

Subtracting the predicted backgrounds from Monte Carlo, and inserting the
estimates of the fractions of various dilepton categories, from the ratio N**/N¥
the mixing parameter can be determined:

N:t:t b—£,b—£ b £,b £
_]Vﬁ— = (f—’y‘-' +f_>c—>,—>c—+)-2.XB(1_XB)
b (X )
+ fb—-»l,b—»background . [XB(]- _ XS) + Xs(l - XB)]
4+ fhoembbobackground 17y 3(1 — X5) + X5X ]
+ fb—-»background,b-—»ba.ckground . 2X5 (1 _ X5)
+ 0.5 - fothers (96)

where the N is total number of dilepton events. Using the data in Table 9.4, the
ratio N¥*/N¥ for opposite-side, high-p, events is 0.29 £ 0.05 while in the Monte
Carlo (with X, = 0) it is 0.13 £ 0.04. The excess of like-sign events in the opposite
side in the data as compared to the X, = 0 Monte Carlo is a clear evidence for
B°-B° mixing. From Equation 9.6 and the ratio N¥**/N*, the mixing parameter
X, is determined to be X, = 0.129 + 0.050, where the error is statistical only.

9.3 Measurement of X,

At very large p and p, there is almost no background, the simple counting procedure
weights all events equally. The statistical accuracy on X can be enhanced by using
a fitting procedure which gives a larger relative weight for events with high p and
high p, leptons than events with low p or low p; leptons, where high p and high p,
leptons are most likely from prompt b decays. This method allows the amount of
data to be increased without losing the large p and py event’s sensitivity to mixing.

An event by event maximum likelihood fit is performed to determine the mix-
ing parameter X, by fitting to two p and p, spectra for like-sign and unlike-sign
dileptons events observed in hadronic decays of the Z°. For dilepton events, the
likelihood function is:

D2 . g~V M2 Np2 :
_ (Warp) 22 - 7 S N W) (0.7)

L -
Nps! i1 Na2Veoo (1) 47

where W;(2) is the weighting function, and V4ee(¢) is the volume of the box. Be-
cause a minimum of 40 events is required in a box, the four dimensional space
(p1,p11,P2,P12) is sparsely populated in the region of interest, where both leptons
have high p and high p,, Therefor the box can become large even with all the b-
flavor Monte Carlo events. So, the relative weight of each Monte Carlo event in
the box is calculated assuming exponential distributions in p and p;. The Monte
Carlo events are generated with no mixing, X, = 0, and must be weighted assuming
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that a fraction X, leptons from b hadrons will change sign. Only the events with
opposite-side dileptons contribute to the dilepton likelihood function. The weight-
ing function of different class dileptons is listed in Table 9.5. This procedure for

Lepton Pair Category @:1-Q:>0 Q1-Q2<0

1: Wiyepe 2X,(1 —X;) (L=X)*+X2

2: Wb—rc—+£,b-—+c—>£ 2XB(1 — XB) (1 — XB)2 + X??

3: Wb__;g,b_,c_,g (1 - XB)2 + X?? 2XB(1 - XB) )
4: Wit p—background Xs(1— X))+ Xp(1 = Xs5) | (1= Xs)(1 = Xp) + XpXs
5: Wi—scst,b—background (1= Xs)(1 = X5) + XpXs | Xs(1 = X,5) + X5(1 = Xs5)
6: Wb—-»background,b—»ba.ckgound 2X5(1 — XS) (1 - X5)2 + Xg

7N c—+,c—1 0 1

8: others 0.5 0.5

Table 9.5: The mizing weight function for different class dileptons, where @y and
Q2 are data lepton charges.

determining X, has been cross-checked by fitting Monte Carlo event samples with
different input X, values. All the fit results agree well with the input X, value.
The result of the fit is:

Xp = 0.122109%"  for dimuon sample (9.8)

X, = 0.178%50i for dilepton sample (9.9)

where the error is statistical only. The change in the logarithm of the likelihood func-
tion between this value and X, = 0 is 32.3, or 8.0 standard deviations. This result is
insensitive, within the statistical errors, to a variation of the lepton transverse mo-
mentum cut between 0.0 and 1.5 GeV. For example, a fit for X, with p) > 1.0 GeV
cut is repeated. In this restricted region, background is reduced substantially but
also less statistic. The results are X, = 0.149 + 0.049 and X, = 0.158 & 0.040
(only statistical error), for muon and combined data sample respectively, in good
agreement with the fit in the larger region. It indicates that the higher backgrounds
at low p, are not influencing the result, thus the fit is relatively insensitive to the
prediction of the background.

The systematic errors on X, arise from uncertainty in the prediction of the
composition of the dilepton sample, the sources include the uncertainties of the
heavy quark semileptonic branching ratio and fragmentation functions, lepton-
hadron misidentification and background. These systematic effects are estimated by
varying each with one standard deviation or more of their known or estimated error.
Table 9.6 shows the systematic error on X, coming from each source of uncertainty.
The systematic error is dominated by the possibility of charge confusion and the
uncertainty in determination of the lepton p;. The difference between data and
Monte Carlo in the average dE/dX energy loss in the calorimeters for muons has
similar effects as the uncertainty of the lepton p;. Though the correlation between
the charge of the b background (from b hadron decays) and the primary b quark has
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Source Variation AX,
Ty =378 MeV +10 MeV +0.0004
Br(b— lwX)=0.117 +0.010 +0.0015
e,=0.05 +0.10 +0.0014
Xs =0.7X, +0.15 from X, to 0.5 | +0.0033
Br(c — lvX) = 0.096 +0.010 £0.0007
Pz =297 MeV +7 MeV £0.0002
background +15% +0.0005
muon dE/dX 0.36 GeV +0.0035
Ap, /P, smearing 20% +0.0100
Ap/p smearing 10% +0.0010
D** fraction = 0.15 +0.15 +0.0004
0.5% charge confusion — +0.0100
opening angle requirement | from 45° to 90° | +0.003
probability assignment — +0.007

Table 9.6: Sources of uncertainty and the corresponding systematic errors in the X
measurement

been observed, it is not well known yet. Thus X; is varied from X, (100% correla-
tion) to 0.5 (no correlation at all) to estimate the systematic error. This changes
X, by £0.0033. The error arising from the uncertainty in assigning probabilities to
events has been estimated by changing the number of leptons required in the fit box
(from 20 to 90), as well as using different samples of Monte Carlo events. Adding
all contributions in quadrature, the combined systematic error is 0.017. The final

result is:
X, = 0.178¥5:050(stat) + 0.017(sys) (9.10)

As an additional check, the Monte Carlo events with X, = 0.178 are generated
and the distributions are compared with the data. Figure 9-3 shows the distribution
of the lower momentum of two leptons in the opposite side together with the Monte
Carlo predictions without and with mixing, where the p, is required to be more
than 1 GeV both for muons and electrons.

9.4 Calculations of X, and AM,

Using multihadronic Z° events with a pair of lepton candidates, the mixing pa-
rameter X, has been measured. The probability of B® — B° is determined to be
X, = 0.178%3:032. Information on X, can be obtained together with the combined
ARGUS and CLEO measurements on Xy [9-2]. As the B} and B? mesons are not
distinguished in the analysis, our observed value of X, is a combination of BY and
B mixing. Assuming that b semileptonic branching ratio is equal for all B mesons
and b baryons, the mixing parameter can be written as Equation 9.2. The relative
abundances of BS and B? mesons at LEP energies are f; = 0.375 and f, = 0.15,
which are estimated from the JETSET 7.2 program.
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The weighted average of ARGUS and CLEO measurements of Xy is Xg = 0.16 =
0.04, which is large, in the Standard Model it requires nearly complete mixing
in the B,%-B? system. Figure 9-4 shows our measurement X p along with the X4
measurement and their o bands in the X; — X, plane. The Standard Model line
indicates the upper limit on X, as a function of X,, which can be derived from
existing limits on the CKM matrix elements with three families [9-3]. From our
measurement of X, combined with the measurement of X4 by ARGUS and CLEO
- and taking into account possible variation in the f; and f, parameters of up to
0.05, a value of X, = 0.79%33 is found. However X, must lie in the range from 0
to 0.5, the usual statistical technique can not be used to give the lower limit on
X,. A Gaussian distribution with one standard deviation o = 0.37 is used to be the

R, WP S0 - [ RURE PR N SRR oS, V) - N ma Y
Prooaniiity aensity iuiction Ior A, < U.(J, 1.€.

f(Xs) = \/21—M exp[—gxs;TO;m)z] - (9.11)

When calculating limits, the non-physical regions are cut away and the remaining
probability density is renormalized to one over the physical region [9-4]. For the
lower limit on X, at certain CL is calculated by the following formula:

0.5
OL = Jzmin f(z)d=

¥ H(o)da (8:12)

The limits for X, are:
X, > 0.07 at 95% CL. and
Xs > 0.13 at 90% CL.
with respect to the integral of the probability distribution for 0 > X, < 0.5.
The measured mixing parameter X, = 0.178%00% gives X, = 0.791337. Com-
bined it with the L3 b hadron lifetime measurement 7, = 1.32 4 0.12 [9-5], from the

relationship,
.'173 _ AMs
2 + 222 =TT
the lower limit on the mass difference AM, between two B, mass eigenstates can
be determined by restricting the X, in the physical allowed region. The lower limit
of AM, are:

AM, > 2.0 x 10~%eV at 95% CL. and

AM, > 3.2 x 107%eV at 90% CL.

=AM, - 7, (9.13)

Xs &
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Chapter 10

Conclusion

In this study, the properties of heavy quarks from Z° decays have been measured
by using the data accumulated in 1989 and 1990 by the L3 experiment installed
at the LEP e*e~ collider at CERN. The heavy quark is tagged by inclusive lepton
events. Due to the large mass and hard fragmentation, the leptons from heavy quark
semileptonic decays have large momentum and transverse momentum. Especially
b quarks can be separated with high purity from lighter quarks. An event by
event unbinned maximum likelihood fit is performed to determine the heavy quark
properties and the mixing parameter X , by fitting to the p and p, spectra for single
lepton and dilepton events. The measurements on heavy quark partial width of the
Z° decays and the bb forward-backward asymmetry in e*e” annihilation provide a
test of the neutral current couplings to the heavy quarks. The observation of large
BO%-B° oscillation provides evidence of the existence of the top quark, which must
be massive.

From the ratio of the number of inclusive dilepton events to the number of
inclusive single lepton events, the b semileptonic branching ratio has been measured:

Br(b — wX) = 0.111 & 0.010(stat) & 0.006(sys) (10.1)

which is almost independent of I';;. Combining this measurement with the PETRA
and PEP measurements one obtains:

Br(b— lvX) = 0.117 % 0.006 (10.2)

This average is independent of assumptions about electroweak couplings, and there-
fore is used for the measurement of heavy quark properties.

By using the inclusive lepton data sample with the assumption of I'y; = 378 MeV
as predicted by the Standard Model, the fitted average b semileptonic branching
ratio is found to be:

Br(b — WwX) = 0.119 £ 0.003(stat) £ 0.006(sys) (10.3)

Together with the ARGUS and CELO measurements on b and ¢ quark masses, the
ratio of |Vi;/Vi|, the CKM matrix element |V,;| has been determined

|Vis] = 0.046 & 0.002 *3:005 (10.4)
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The neutral couplings between Z° and heavy quarks have been studied with
inclusive lepton events, where the momentum and the transverse momentum of the
lepton with respect to the closest jet is used to separate heavy quarks from lighter
quarks. With the requirement of p; > 1 GeV (about 80% events from bi)), the
partial width of Z° decay into bb pairs is determined from a one-parameter fit, with
the result:

T'y; = 385 + T(stat) £ 15(sys) £ 19(Br) MeV (10.5)

in agreement with the Standard Model prediction. A two-parameter fit has been
performed to determine I'y; and I';; simultaneously, where only the inclusive muon
data sample is used. The results are:

Ty; = 396 4 10(stat) & 24(sys) MeV (10.6)
T.: = 296 & 24(stat) £ 36(sys) MeV (10.7)

These results are consistent with Standard Model predictions.

Without assuming any b quark fragmentation function, a 7 bins fit has been
made to fit the inclusive muon data. The measured average fractional energy of
b hadron from b quark fragmentation is <z_,> = 0.680 = 0.011. The shape of the
fragmentation function is consistent with a Peterson et al. function. Assuming the
b quarks were fragmented according to the Peterson et al. functional form, the b
quark fragmentation has been measured by extracting e, from the fit. From the
combined muon and electron data sample, the result is:

€5 = 0.050 £ 0.004(stat) + 0.012(sys) (10.8)
therefore the average fractional energy carried by b hadron is precisely determined
<z > = 0.686 £ 0.006(stat) £ 0.020(sys) (10.9)

Using the sign of inclusive lepton charge to tag primary b (— I7) or b(—IF)
quark, the observed bb forward-backward asymmetry 1s

A% = 0.082 £ 0.024(stat) £ 0.015(sys) (10.10)
Ay; after the correction from the mixing (X, from this analysis),
Ay = 0.12710%42(stat) 4 0.023(sys) (10.11)

The asymmetry measurement can be converted into a value of the effective mixing
angle of sin’ #y after applying several corrections:

sin? Gy = 0.226 & 0.008(stat) = 0.005(sys) (10.12)

The above results can be compared with the Standard Model predictions of A% =
0.104 and sin? 8y = 0.231 for Higgs mass of 100 GeV, top quark mass of 193 GeV
and /5 = 91.28 GeV.
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Hadronic events with two leptons (4 and e) produced in ete~ annihilation at
the Z° pole have been used to measure the B°-B° mixing parameter X ,. By fitting
the inclusive dilepton p and p, spectra, X is found to be:

X, = 0.178%501(stat) + 0.017(sys) (10.13)

The result is consistent with maximal mixing in the B,’-B? system as expected in
the Standard Model. The limits of X, > 0.13 at 90% CL and X, > 0.07 at 95%
CL have been obtained. Also, the lower limit on the mass difference AM, has been
derived to be AM, > 3.2 x 10~%eV and AM, > 2.0 x 10™*eV at 90% and 95% CL
respectively.

From all quark flavors, most attention at LEP has been devoted to the b quarks.
The measurements on bb decays mode of Z° by LEP experiments [10-1] are sum-
marized in Table 10.1. The other experiments give their results on T';; and Br(b —

This Analysis ALEPH [10-2]
Br(b — wX) 0.119 £ 0.003 + 0.006 0.103 £ 0.004 & 0.005 (Pre.)
Ty (MeV) 385+ 7 + 15 + 19(Br) 334 &+ 13 + 12 + 17(Br) (Pre.)
<z > 0.686 =+ 0.006 =+ 0.020 0.719 £ 0.022 (Pre.)
A2t 0.082 + 0.024 + 0.015 0.093 & 0.021 £ 0.005
Ay 0.1271505 £ 0.023 0.126 £ 0.028 £ 0.012
X, 0.178739%5 + 0.017 0.132 £ 0.02270513
sin? Oy 0.226 =+ 0.008 =+ 0.005 0.2262 + 0.0053
| Ves| 0.046 = 0.002 T3.553 ———=
DELPHI OPAL [10-3]
Br(b— lvX) | 0.106 = 0.005 = 0.005 (Pre.) | 0.105 % 0.002 % 0.006 (Pre.)
T, (MeV) | 342 £ 15 + 156 + 18(Br) (Pre.) | 340 £7£ 16 £ 17(Br) (Pre.)
<z > 0.703 £ 0.032 (Pre.) 0.727 £ 0.007 & 0.022 (Pre.)
A%k 0.115 & 0.043 £ 0.014 (Pre.) 0.072 + 0.042 & 0.010
Ay 0.161 =+ 0.061 = 0.020 (Pre.) 0.097 + 0.057 £ 0.014
Xg ———= 0.150% 0058 o015 (Pre.)
sin’ Oy 0.221 £ 0.012 (Pre.) 0.232 £ 0.010
Vol | = === - ———

Table 10.1: The measurements on b quarks by LEP ezperiments

IvX) as the product I'y;/Thea - Br(b — lwX). In order to compare the LEP re-
sults I'y; value, I'yz is calculated by inserting the average hadronic width measured
at LEP, T4,y = 1742 + 12 MeV, and the average b semileptonic branching ratio
Br(b — lvX) = 0.117 £ 0.006, which is independent of I'y. The semileptonic
branching ratio is determined by assuming the partial width I'y; and Iy from the
Standard Model. All measurement are compatible within errors. The measurements
from MARK II and UA1 can be found in [10-4]. ‘
Presently all measurements are limited by statistics and therefore significant re-
ductions in the measurement errors can be expected in the near future with 10° zZ°
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events. The double tagging method is very promising in determining the b semilep-
tonic branching ratio with high precision, independent of I'y;. Also, the semileptonic
branching ratio Br(c — [vX) can be improved at high statistics. Higher statistics
will also help to reduce the systematic errors. Significant improvements on I'y; and
Ay; can be achieved, which can help in understanding the weak interaction of the
heavy quarks. A high statistics measurement of the bb forward-backward asym—
metry, Ay, W1ll provide a precise determination of the weak mixing angle sin 2 0w.
Comparing sin? @y from bb and leptonic Z° decays will give a stringent test of the
Standard Model.

With more data, X, can be precisely determined. It is also possible to observe
and measure the B,%- B9 system oscillation at different decay length of B, mesons.
The precise measurement of X, will provide a stringent test of the validity of the
Standard Model. The precise determination of B°-B° mixing, together with the
mass limit of the top quark and improvements in the accuracy of the theoretical
calculations, may give hints about new physics. For instance, the charged Higgs par-
ticles and right-handed W bosons could contribute to the box-diagram amplitudes
and enhance B°-B° mixing.

More precise determinations of the semileptonic branching ratio Br(b — lvX),
b hadron lifetime and the mixing parameters (X4 and X,) can be used to improve
knowledge about the CKM matrix elements and thus will improve our knowledge
of electroweak interactions.
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Appendix A

Trigger Efficiency

Table A.1 shows the number of inclusive lepton events triggered by different trig-
gers, where the events with trigger DAQ problems are removed (such as trigger
data transfer problem etc.). For inclusive muon events (including inclusive dimuon

Trigger p+X |pp+X e+ X
All 5325 213 1458
Cal. 5321 213 1458
SCNT Mult. | 5148 201 1437
TEC 5209 210 1436
Muon 4558 210 —

Table A.1: Number events triggered by each trigger

events), among 5325 selected p + hadrons events, 5321 events are triggered by the
calorimeter trigger. The calorimeter trigger efficiency is measured by comparing
the number of events which are triggered by both the calorimeter trigger and an
another independent trigger to the number of events which are triggered by this
independent trigger. For instance, among 5209 events, which were triggered by
the TEC trigger, there are 5206 events where the calorimeter trigger was on. This
gives a trigger efficiency for the calorimeter trigger of (99.94 & 0.03)%. Similarly,
the calorimeter trigger efficiency can be obtained from the events triggered by the
scintillator multiplicity and muon trigger. The trigger efficiencies for Scintillator,
TEC and muon trigger can be calculated by using the same method. Table A.2
lists each trigger efficiency. The efficiency of each trigger is calculated by combining
this trigger with another independent trigger. The results are exactly the same
from different combinations. The calorimeter trigger efficiency is (99.94 £ 0.03)%
for inclusive muon events and is larger than (99.94 £ 0.03)% for inclusive electrons.
For inclusive electron events, the TEC is required to be fully operational, hence the
TEC trigger efficiency from inclusive electron events is higher than the one from in-
clusive muon events. The difference of the scintillator multiplicity trigger efficiency
is due to two reasons: (a) the energy leakage of the electromagnetic shower; (b) the
inclusive electron events are restricted in the barrel region compared to inclusive
muon events. The inclusive dimuon events can be used to verify the trigger effi-
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Trigger efficiency of u + X | efficiency of e + X | combining with
(99.94 + 0.03)% 1.00 SCNT mult.

Cal. (99.94 £ 0.03)% 1.00 TEC
(99.93 £ 0.03)% — Muon
(96.69 % 0.25)% (98.56 + 0.31)% | Cal.

SCNT mult. | (96.68 £+ 0.25)% (98.54 £0.32)% | TEC
(96.49 + 0.27)% — Muon

: (97.84 + 0.20)% (98.49 +0.32)% | Cal.

TEC (97.82 £0.20)% (98.47£0.32)% | SCNT mult.
(97.81 £ 0.22)% — Muon
(85.60 £ 0.48)% — Cal.

Muon (85.43 +0.49)% — SCNT mult.
(85.58 + 0.49)% — TEC

Table A.2: Trigger efficiencies determined from different combination for inclusive
lepton events

ciencies. From the trigger efficiencies and 213 inclusive dimuon events, 212.9 & 0.4,
206.0 & 2.6 and 208.4 & 2.1 events would be triggered by calorimeter, scintillator
multiplicity and TEC trigger respectively. Indeed, these numbers are the same as in
the data (see Table A.1). This is not true for the muon trigger. The muon trigger
has a higher efficiency for inclusive dimuon events compared to single muon events,
because the muon trigger is designed to trigger dimuon events and it requires tight
conditions for single muon events.

To check whether each trigger is really independent, the expected number of
events triggered by combined triggers are compared with the number of events
from the real data. The comparison is shown in Table A.3. The calculation agrees

Triggers # of expected events | # of events
Cal.+SCNT+TEC 5035 £ 17 5033
Cal.+SCNT+Muon 4405 + 28 4396
Cal.+TEC+Muon 4457 £+ 27 4456
SCNT+TEC+Muon 4312 £ 29 4302
Cal.+SCNT+TEC+4Muon 4310 £ 29 4300

Table A.3: Comparison the number of events from real data and calculation
perfectly with the number of observed events in the data. It means that each trigger

can be treated as an independent trigger. Then the combined trigger efficiency is
larger than 99.99% for both inclusive muon and inclusive electron events.
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Figure Captions

Fig.
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Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

1-1

2-1

2-2

2-4

4-1

\/5-dependence of the cross section of ete™ — bb with radiative and
electroweak corrections predicted by the Standard Model.

The Feynman diagrams of the electroweak vacuum polarization and ver-
tex corrections (See page 13).

Vertex Feynman diagrams involving top quarks (See page 14).

\/3-dependence of the forward-backward asymmetry for heavy flavor pro-
duction with the radiative, electroweak and QCD corrections included.

The dependence of the Z° partial decay width (right) and of the forward-
backward asymmetry (left) on the top mass, where the radiative, elec-
troweak and QCD corrections are included with Higgs mass is 100 GeV
and /s = 91.25 GeV.

Examples of heavy meson decay in the spectator model, where the heavy
quark decays freely. (a) Completely free mode; (b) Color suppression
mode (See page 16).

Graphical representation of the heavy flavor weak annihilation (See
page 17).

Interference effects in the charged meson system (See page 17).

Schematic illustration of a Z° decay event, there are four stages: (i) Z°
decay into ¢g pair; (ii) the parton shower, where the gluons and quarks
are produced; (iii) the hadronization; (iv) unstable hadrons decay (See
page 18).

Box diagrams for B°-B° oscillation, where top quarks are involved (See
page 20).

A schematic view of the LEP collider, (a) LEP injection chain and the
LEP ring where four LEP detectors are installed; (b) the LEP pre-
injection chain.

View of the L3 detector (a) General view; (b) End view; (c) Side view.
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Fig. 4-2

Fig. 4-3

Fig. 44

Fig. 4-5

Fig. 4-6

Fig. 6-1

The Central Track Detector (TEC) (a) General view; (b) Wire configu-

ration.

(a) Longitudinal cut through the BGO electromagnetic calorimeter. (1)
the barrel, (2) the endcap, (3) FTC. The endcap and FTC were not
installed at the time of this study; (b) Cross sectional view of a BGO
crystal.

The view of the Hadron Calorimeter, (a) Longitudinal view; (b) Perspec-
tive view.

(a) Perspective view of an octant of the muon system;

(b) Schematic view of the chambers in an octant and the laser beacon
system,;

(c) Tllustration of the measurement of the sagitta in the muon system
from the centroid positions of the track in the three chamber layers.

The Luminosity Monitor, (a) side view; (b) end view of the BGO crystal
array.

An inclusive lepton event recorded at L3 detector, there are two leptons,
one muon and one electron. Both figures show the R — ¢ projection of
the event. The muon is passing through three layers of chambers, as
shown in upper figure. The lower figure shows a close-up view in the
BGO calorimeter and TEC chamber. The electron candidate is the large
cluster in the BGO, and has only one track associated with it and no

~energy in the hadron calorimeter behind this electron candidate. The

Fig. 6-2
Fig. 6-3

Fig. 6-4

muon has a momentum of 17 GeV and 1.7 GeV in p,, the electron has
an energy of 14 GeV and 2.7 GeV in p,. The sign of both lepton charges

is positive.
Sources of inclusive leptons (See page 353).

The energy distribution for e*e~ — hadrons : (a) visible energy frac-
tion; (b) energy in the calorimeter; (c) transverse energy imbalance; (d)
longitudinal energy imbalance, are compared with the same distribution
for Monte Carlo events of Z° — ¢g. The low energy events are mainly
from the two photon process and beam gas and are not simulated in fig-
ure (2) and (b). In these figures all hadronic selection cuts are imposed,
except the cut on the variable plotted.

Number of clusters reconstructed in the calorimeters for hadronic events
(a) barrel region, (b) EndCap region, are compared with the same distri-
butions for Monte Carlo signal of Z° — ¢g. The dilepton events and two
photon process events are the main sources of low multiplicity events and
are not included in the plots. In the figure all hadronic selection cuts are
imposed, except the cut on the variable plotted.
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Fig. 6-5

Fig. 6-6

Fig. 6-7

Fig. 6-8

Fig. 6-9

Fig. 6-10

Fig. 6-11

Fig. 6-12

The reconstructed distance of closest approaches and their relative errors,
(a) R in the R — ¢ plane; (b) Z in the R — Z plane; (¢) R/og; (d) Z/oz,
of muons from e*e™ — puv + X process, where the o is define as the
associated error . of DCA. In the figures all selection cuts are imposed,
except the cut on the variable plotted.

The angular distributions in (a) ¢ and (b) 8 of the selected inclusive muon
events.

The Ey/E,s distribution in the BGO calorimeter compares with Monte
Carlo distribution for (a) the electron candidates of inclusive electron
events, where all the selection cuts are imposed, except the cut on the
variable plotted; (b) the electron candidates of ete™ — ete™(7y) events.
The Eo/ Egs is centered at 1.01 with a width about 1%. Because the energy
correction for 3 X 3 crystals is not the same as the energy correction for
5 x 5 crystals, the value of Eg/Eys can be larger than 1.

The A¢ distributions, which is the difference of the azimuthal angle be-
tween the centroid of the electromagnetic shower and a track in the TEC.
(a) Average A¢ in the measured the azimuthal angle ¢. The curve shows
the correction function from a fit. The data point at 3 rad is far away
from the fitted curve because the TEC sector 12 was broken. (b) Average
A¢ in ¢ after correction applied. (¢) The A¢ distribution after correc-
tion applied, which centered near zero. In the figure all selection cuts are
imposed, except the cut on the variable plotted. The Monte Carlo didn’t
simulate data very well, but data and Monte Carlo are in agreement at
large A¢ (A¢ > 4 mrad).

The ratio of the energy measured in the BGO and the signed momen-
tum measured in the TEC (¢E/p) for electron candidates, (a) the tracks
around the anode and cathode planes are removed; (b) all the tracks. The
low values of E/p is from the charged particles which deposit a fraction
of energy in the BGO, and the tails at large values of E/p are due to
energetic photons and 7%’s that have a nearby charged track.

The distributions of opening angle between muon and (i) thrust axis; (ii)
jet axis, the muon momentum included in the jet; (iii) jet axis, the muon
momentum excluded from the jet; (iv) original hadrons. The angular
distribution in (ii) is similar as (iv).

The distributions of the Ap,, the difference between the p, with respec-
tive to the original hadrons and the p; with respective to, (a) the thrust
axis; (b) the jet axis, the muon momentum included in the jet; (c) the
jet axis, the muon momentum excluded from the jet.

Without p; cut, the measured (a) muon momentum and (b) electron
energy distributions of inclusive lepton events are compared to the same

92




Fig. 6-13

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

distributions of Monte Carlo simulation. The contributions of various
lepton sources are indicated, the events at high momentum are mainly
from prompt b decays.

The measured transverse momentum distributions of (a) muons and (b)
electrons for inclusive lepton events are compared with the same distri-
butions of the Monte Carlo simulation, where the cuts of p, > 4 GeV
and E, > 3 GeV have been applied. The contributions of various lepton
sources are indicated, the events at high p, are dominated by prompt b
decay events.

The fraction of tracks in P chamber (a) MI master, (b) MI slave, (c) MM
master, (d) MM slave, (¢) MO master, (f) MO slave, for data (dots) and
perfect Monte Carlo (solid lines).

The fraction of tracks in P chamber (a) MI master, (b) MI slave, (c) MM
master, (d) MM slave, (¢) MO master, (f) MO slave, for data (dots) and
corrected Monte Carlo (solid lines).

The fraction of tracks with (a) and (b) three P-segments, (c) and (d) two
P-segments, for data and Monte Carlo. Data are compared to (a) and
(c): the perfect Monte Carlo, (b) and (d): the corrected Monte Carlo

simulation.

The average number of P segments in § and ¢ for data and Monte Carlo.
Data are compared to (a) and (c): the perfect Monte Carlo, (b) and (d):
the corrected Monte Carlo simulation.

'The average number of Z segments in § and ¢ for data and Monte Carlo.

Data are compared to (a) and (c): the perfect Monte Carlo, (b) and (d):
the corrected Monte Carlo simulation.

Number of tracks and efficiency of individual TEC sector from the
hadronic events.

The systematic studies of Br(b — lvX) in variation of (a) Ty (p sample
only); (b) background fraction (electron sample only); (c) D* fraction
(u + e sample); (d) b fragmentation function e (¢ + e sample). The
Br(b — lvX) is only weakly correlated with I';; as shown in (a).

Measured b quark fragmentation function f(zg) from a six-parameter
it to the inclusive muon data, where the data points with error bars
(statistical only) give an average <z,> = 0.680 +:0.011. The Peterson et
al. function of e, = 0.050 is shown by the solid line, it describes the data.

Distribution of measured b quark direction, —@ cos 8, for inclusive muon
and electron data sample after background and acceptance corrections.
The b or b quark is tagged by the sign of the lepton charge, and its
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

8-4

9-1

9-2

direction is estimated by the thrust axis of the event. The solid curve
plots the expected distribution for Agg’ = (0.82. In the fit, acceptance
correction was not applied.

The nearest jet energy distributions are compared with the same distri-
butions of the Monte Carlo simulation, where in defining the jet direction
the measured muon momentum are (a) first excluded from jet and (b)
included in the jet.

The muon transverse momentum with respect to the nearest jet, where
the measured muon momentum are (a) excluded from jet and (b) included
in the jet to calculate the jet axis. The distributions are compared with
the prediction of Monte Carlo.

The comparison of the V; and V,; measurement with those from AR-
GUS/CLEO. The solid curve is derived from this measurement of b quark
semileptonic branching ratio and the L3 b hadron life measurement, and
the solid line is the ARGUS/CLEQ measurement of |V,,3/Vz|. The dashed
curves and line corresponding to the one standard deviation limits includ-
ing the theoretical uncertainties.

The distributions of the minimum momenta of the two leptons in the
opposite hemisphere, (a) like-sign dileptons; (b) unlike-sign dileptons,
are compared the Monte Carlo prediction with X, = 0. No p, cut has
been applied.

The distributions of the minimum transverse momentum of the two lep-
tons in the opposite hemisphere, (a) like-sign dileptons; (b) unlike-sign
dileptons, are compared the Monte Carlo prediction with X, = 0. In the
large p, region, there are more like-sign dilepton events in the data than
those in the Monte Carlo.

The distributions of the minimum momenta of the two leptons in the
opposite hemisphere are compared with Monte Carlo predictions (a) with
X, = 0; (b) with X, = 0.178. The predictions of the Monte Carlo for the
various sources are shown also. From (a), clearly there is an excess of
like-sign dilepton events, thus a clear evidence for B%-B° mixing.

The plot of X; versus X, for the measured X, = fyXq + fsX,, assuming
fs = 0.375 and f, = 0.15. The dashed lines indicating the +1o bands.
The same is shown for the ARGUS/CLEO measurements. The hatched
region is allowed by the Standard Model.
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Figure 1-1: \/3-dependence of the cross section of ete™ — bb with radiative and
electroweak corrections predicted by the Standard Model.
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Figure 2-3: ./5-dependence of the forward-backward asymmetry for heavy flavor
production, where the radiative, electroweak and QCD corrections included.

96




0.070
0.065
0.060
0.065

0.050
0.105

0.100
0.085
0.090
0.085

0.080

llllllllll’llll'lllllllll'l-

Agg(cc)

lllllllllllllllllllllll
lIllllIllllIlllllllllll

afe
-l
ol
L )
-l
afe
o
o
L
-
ol
ot
L o4
e
ofa
g

>
2
o
g

0.3
50 75 100 125 150 175

Mtop (GeV)

0.300
0.298
0,296
0.294

0.292

0.384
0.382
0.380
0.378

0.376

Ig—l.llTlllllIli]l'llllllllllf

_ Iz (GeV)
s

C
-he
e

L )
L 2
)
L o
L -

o a——
ade
L
-l

afe

e

L
L,
L o
-he
ensn—
e
o
-

T'yx (GeV)

/

?450 76 100 125 150 176

Mtop (GeV)

Figure 2-4: The dependence of the partial decay widthes (right) and of the forward-
backward asymmetry (left) on the top mass, where the radiative, electroweak and
QCD corrections included.
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Figure 3-1: A schematic view of LEP collider, (a) LEP injection chain and the LEP

ring where four LEP detectors are installed; (b) the LEP pre-injection chain.
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Figure 4-1: (a) General view of the L3 detector.
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Figure 4-1: (b) End view of the L3 detector; (¢) Side view of the L3 detector.

100




Z-DETECTOR

g
!"
L

POINT

Figure 4-2: The Central Track Detector (a) General view; (b) Wire configuration.
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Figure 4-3: (a) Longitudinal cut through the BGO electromagnetic calorimeter; (b)
Cross sectional view of a BGO crystal. '
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Figure 4-5: (a) Perspective view of an octant of the muon system; (b) The view of
the laser beacon system; (c) Illustration of the measurement of the sagitta.
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Figure 6-1: An inclusive lepton event recorded at L3 detector.
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Figure 6-3: The energy distribution for ete~

— hadrons , (a) visible energy

fraction; (b) energy in the calorimeter;
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Figure 6-3: (c) transverse energy imbalance; (d) longitudihal energy imbalance.
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Figure 6-4: Number of clusters reconstructed in the calorimeters for hadronic events
(a) barrel region, (b) EndCap region.
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Figure 6-5: The reconstructed vertex distributions, (a) in the R — ¢ plane; (b) in
the R — Z plane.
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Figure 6-5: The reconstructed vertex distributions, (c) R/or in the R — ¢ plane;
(d) Z/oz in the R — Z plane.
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muon events.
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Figure 6-7: The Ey/FE,s distribution of electron candidates in the BGO calorimeter
for (a) inclusive electron events; (b) Bhabha events.
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Figure 6-9: The ¢E/p distribution for electron candidates : (a) the tracks around
electrode removed; (b) all the tracks.
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Figure 6-10: The distributions of opening angle between muon and (i) thrust axis;
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Figure 6-12: The measured (a) muon momentum and (b) electron energy of inclusive
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Figure 7-3: The fraction of tracks with (a) and (b) three P-segments, (c) and (d)
two P-segments, for data compared to (a) and (c): perfect Monte Carlo, (b) and
(d): corrected Monte Carlo.
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Figure 8-2: Measured b quark fragmentation function f(zg) from a six-parameter fit
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Figure 8-4: The nearest jet energy distributions (a) muon excluded from jet; (b)
muon included in the jet.
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Figure 9-1: The minimum of momenta of the two leptons in the opposite hemisphere,
(a) like-sign dileptons; (b) unlike-sign dileptons.
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Figure 9-2: The minimum of transverse momentum of the two leptons in the oppo-
site hemisphere, (a) like-sign dileptons; (b) unlike-sign dileptons.
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Figure 9-3: The distributions of the minimum momenta of the two leptons in the
opposite hemisphere are compared with Monte Carlo predictions (a) with X, = 0;
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Figure 9-4: The plot of X, versus X, for the measured X,. Also shown are the
results from ARGUS/CLEO and the Standard Model allowed region (the hatched

region).
135







	thesis-1991-dai_001
	thesis-1991-dai_131

