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ABSTRACT

Measurement of the Average B Hadron Lifetime

Using Reconstructed Vertices in Three-Dimensions

Sumit Sen

January 17, 1997

This thesis describes a measurement of the average B hadron lifetime using data
collected with the SLD detector at the Stanford Linear Collider in 1993. An inclusive
analysis selects three-dimensional vertices with B hadron lifetime information in a
sample of 50000 Z° decays. A lifetime of 1.564 + 0.030(stat) & 0.036(syst) ps is
extracted from the decay length distribution of these vertices using a binned maximum

likelihood method.
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Chapter 1
Introduction

This thesis presents a measurement of the average B hadron lifetime 75 using data
collected at the Z° resonance with the SLD detector during the 1993 run at the
Stanford Linear Collider (SLC). Approximately 50000 Z° decays were recorded from
which a sample of 4299 Z° — bb events was extracted. This measurement uses a
topological technique to select a sample of vertices that is sensitive to 75 and extracts
the lifetime from a fit to the vertex position. The measurement takes advantage of
the excellent vertex resolution, and the small and stable interaction point to resolve
secondary vertices with high efficiency. The analysis is inclusive and has a low statis-
tical error even with the modest size of the event sample used. The result is limited
by the systematic error and is competitive with other recent measurements.

This chapter prevents an overview of the Standard Model and the physics that
i1s being explored at SLD. The physics of B hadrons is discussed with a summary
of recent and prospective measurements. The various techniques of measuring the

average lifetime and individual lifetimes of B hadrons are also discussed.

1.1 The Standard Model

Throughout history physicists have tried to find organizing principles to unify the
diverse phenomena of nature. In modern times, physicists have been able to explain

the interactions of matter in terms of fewer and fewer forces, leading to the four basic



Interaction Range | Typical Field Typical
Coupling Quanta Lifetime
(m) ()
Gravity %) 10738 graviton | m =0 -
Electromagnetic | 1072 %) photon | m, =0 10720
Weak 1018 10-¢ W* | mw =80 GeV/c? | 1078
zZ° mz = 92 GeV/c?
Strong <107% 1 gluon | my,=0 10723

Table 1: Properties of the fundamental forces

interactions shown in Table 1, two of which are unified at the energy scale of current
experiments. At the turn of the century Maxwell formulated electromagnetism, a
unified theory of electricity and magnetism. During the first half of the twentieth
century the development of relativity and quantum mechanics led to quantum elec-
trodynamics (QED), a quantum field theoretic description of electromagnetism. More
recently, Glashow, Salam and Weinberg postulated a common origin to the weak in-
teraction and electromagnetism. The discovery of point structure inside hadrons led
to the quark model and the concept of color, which allowed the strong interaction to
be described in the theory of quantum chromodynamics (QCD) as a force between
color charges mediated by gluons. Together, the electroweak theory and QCD make
up the Standard Model of elementary particles, which has been very successful in
describing existing phenomena and predicting new ones. There are unresolved theo-
retical questions in the Standard model, such as the origin of mass and the need to
experimentally determine the coupling constants, which extensions to the Standard

Model attempt to explain.

1.1.1 QED

For a field theory to be renormalizable it must be gauge invariant. Gauge invariant
theories work by imposing a local invariance on the free-particle lagrangian describ-
ing a system. To preserve this invariance a new field must be introduced and the
lagrangian must have additional terms that couple the new field to the original fields,

1.e. the new field interacts with the original ones. A simple example of a gauge theory



is electromagnetism (QED).
A gauge-invariant description of the electromagnetic interaction comes from im-

posing a local U(1) invariance (invariance under 1-d rotations) on the free-particle

lagrangian.
Efree — “Z’Y”a;ﬂﬁ - m")Z")b (]‘)
P = 3 = eCly(z) (2)
Efree — E;'ree = ie—ia(z)qz"y” (eia(z)aﬂ"p - ieia(z)")baﬂa) - m@ZTﬁ (3)

7£ Efree

The J,a terms are not invariant under this transformation. They can be replaced

with a ‘covariant’ derivative, D,,, which is designed to be gauge invariant:

Dy — (D;ﬂp)l = eiea(z)D;ﬂp (4)

This is done by introducing a new vector field, the gauge field A,(z), and defining

the covariant derivative as
Dygp(e) = (9 —iqAu(e)) ¥(x) (5)
Then the gauge field transforms as
Ay — A, = A+ 0,a (6)

in order to satisfy equation (4). A mass term for the gauge field is not allowed, as

this would be of the form m?A,A*, which is not gauge invariant. Thus,

L =1 (iDyy" —m)¢ (7)

The lagrangian includes the following interaction term, which shows the link between

the gauge field A, and the fermion field ¢, and has a coupling strength q.

Eint — _un7Z7”¢ (8)



Comparing this to —J*A,, from the classical electromagnetic lagrangian £ = — %FWF‘“’—
JHA,, we can equate A, with the photon field ((¢, /T) classically). For a full electro-
magnetic lagrangian, we must also include the kinetic term (involving derivatives of

the gauge fields), which is fully covariant and gauge invariant.

Logp = Ly + Lin+La (9)
_ _ 1 )
= Pl m) ¥ B A Fu (10)
where
Fuu = auAu - auAu (]‘]‘)

The equations of motion obtained from this lagrangian can be solved to an arbitrary

level of precision using perturbation theory to a given order in gq.

1.1.2 Non-Abelian Gauge Theories

The gauge group of QED is U(1), which is Abelian, i.e., successive transformations
commute. Most groups are non-Abelian, including SU(2) and SU(3), the groups used
to describe the weak and strong interactions. The different properties of Abelian and
non-Abelian groups lead to important differences in the properties of the interactions
they describe. The non-commutativity of non-Abelian gauge transformations requires
an extra term to be added to the transformation of the gauge fields G% (cf. equation

(6)) to make them gauge invariant.
a a 1 C
G” — G” - Eapaa - fabcabG” (]‘2)

The lagrangian thus acquires terms describing interactions between the gauge fields.
Consequently, the behavior of the couplings as a function of ¢*> will be different from
the Abelian case, giving rise to asymptotic freedom and quark confinement in QCD
(and to a lesser extent in SU(2)). Asymptotic freedom is the phenomenon where the
coupling becomes small at short distances, or high |q|?>. Because of this, partons can
be treated as free particles. Confinement refers to the way the coupling gets stronger

at large distances, i.e. at small ||, thus explaining why free quarks are not observed.



1.1.3 The Electroweak Interaction

The weak interaction is responsible for beta decay in nuclei and other long-lived decays
such as #~ — p~v,. Its most basic feature is parity non-conservation, which implies
that the left and right helicity components of the fermion field have different ‘weak’
charges. The lepton and quark charged currents were postulated to be a combination
of vector minus axial vector currents: (V-A). Thus, considering only electrons and

neutrinos, we have

1_ _

Ji = 58 (1=9") ve = 8,7, (13)
_ 1 _

Ju = 5PV (1-17°) e = 7o, e, (14)

where

vy =5 (157 (15)

This can be expressed more compactly by combining the leptons into a doublet

Xy = ( I; ) (16)

and using linear combinations of the Pauli spin matrices 7¢ (i = 1,2,3) to express the

weak charged current as

J: = XL’YMT-I_XL
Jy,_ = XL’-Y#T_XL (17)
where 7% = % (7! +472). The structure of the weak currents supports the assumption

that the currents are described by SU(2). The third generator of the group, 72, has

a corresponding weak isospin current J, 3

1_
Js - §XL7M7-3XL
1 _ _
= 5( e TuVer, — eLFYﬂeL) (18)
Right-handed neutrinos are assumed not to exist in the Standard Model, which
is consistent with the observation of only massless left-handed neutrinos. Thus, the

right-handed electron e, can be treated as an SU(2) singlet.



From equation (8), the electromagnetic current J5™ is —& y.e, — €,7.€5. Thus,
the three weak isospin currents are not sufficient to include J;™ and at least one more
group generator is required. By analogy with strong isospin, one can postulate a weak

hypercharge Y in terms of electric charge and weak isospin
Y=Q-T° (19)
The corresponding weak hypercharge current is defined as

1 _
Ty = I = T} = =5 XXy ~ ExTucs (20)

Thus the left-handed doublet has ¥ = —% and the right-handed singlet has ¥ = —1.
A gauge invariant lagrangian can now be constructed using the following covariant
derivative .

D= 8u+ 297 - Wa +ig'Y B, (21)
In this lagrangian, weak hypercharge is coupled to a U(1) gauge field B, with strength
g’ and weak isospin is coupled to the SU(2) gauge fields Wﬁ(z =1,2,3) with coupling

g.
LEW = Ltermion T Lgauge (22)
Lomuse = — W W™ — L BB (23)

where
B, = 8,B,—0,B, (24)
Wi, = 0.W, - 8,W, — geaWiWy (25)

The last term of equation (25) is the gauge boson self-interaction term found in
non-Abelian groups. The covariant derivative introduces the interaction between the
fermions and gauge bosons.

) 1, = 1 - )
L=x" (Zau — 95T Wt g'§Bu) X, +¥YrY" (10, + ¢'B,) ¥r (26)

From this, the charged current terms can be extracted

cc g ypr—
£E6 = NG (Jrw*e 4+ Jows) (27)



where

1
Wi=—
YoV2

The remaining part of the lagrangian describes neutral currents

(Wisiw?) (28)

Lo = gJiW® +4'J, B (29)

it T

and must include the interaction term of Lqgp, i.e. a term coupling A, to J5™ with
strength e. The following orthogonal linear combinations of W?3* and B* provide the

physical states A, and Z,

B, = cosOwA, —sinfwZ, (30)
Wj‘ = sinfwA, + cosfwZ, (31)

Consistency with QED requires
e = gsin fy = g’ cos Oy (32)

The neutral current part of the lagrangian is

LS = —eJemar + —2— (3 —sin? Gy J5™) 27 (33)

int cos O
The weak mixing (or Weinberg) angle y parameterizes the embedding of U(1)ep, in
SU(2)rx U(1)y. Thus, the weak interaction and QED have been unified by having one
coupling describing the strength of both interactions. The lagrangian also describes
a second neutral current Z,. Weak neutral currents were first observed in 1974,
validating the predictions of the theory.

The electroweak interaction can be generalized to the other lepton generations
and quarks. To apply it to quarks, the quark charge Qe should be used in place of
—e yielding J™ = PyQp.

Expanding the Z,, term in equation (33) gives

: em n 1 :
g (72 — sin? Oy Jo™) 2+ = I [5 (1—9°) T° — Qsin® 6w | s 2* (34)

cos Oy cos Oy
Using this, the vector and axial couplings of fermions to the Z° can be extracted.
v = T3 —2Qsin’ 0y (35)
a = T° (36)



fermion | v a gL JRr
Ve, Vy, Vr —I—% —I—% 0 +1

1 T2 1 ) .9
e, U, T —5 + 2sin Ow —5 | +2sin Ow | —1 4 2sin® Oy
u,c,t —I—% — %sin2 Ow —I—% —% sin? @y | +1 — %sin2 Ow
d,s,b —%—I—%sin2 Ow —% —|—§sin20W —1—|—§sin20W

Table 2: The fermion couplings to the Z°

Another useful parameterization is in terms of the couplings to left- and right-handed

fermions.

JL =v—a (37)
gr =v+ta (38)

Table 2 shows the values of these couplings.

1.1.4 The Higgs Mechanism

Gauge invariant theories do not allow the gauge bosons to have non-zero masses
because this breaks the invariance of the lagrangian. This contradicts what is experi-
mentally observed, especially in the case of the weak interaction, which has extremely
heavy gauge bosons (Mz = 91.187 GeV/c? and Mw = 80.22 GeV/c?). This apparent
paradox is resolved by spontaneous symmetry breaking (SSB) in which the symmetry
displayed by the system as a whole is not displayed by the ground state; it is spon-
taneously broken. This is done by introducing a field ¢ and a lagrangian for the field

Ly that are invariant under the original symmetry of the system. L4 has the form

Lo =0.810"6 — V(9) (39)

The symmetry is broken by the choosing an appropriate potential V(¢) such that the
vacuum expectation value of the field ¢y is non-zero.
In the case of the electroweak lagrangian, the specific way in which the symmetry is

broken is called the Higgs mechanism. The SU(2)xU(1) symmetry of the electroweak



lagrangian must be broken in such a way that the W and Z bosons acquire mass while
the photon remains massless. In other words, the Higgs mechanism preserves a U(1)em
invariance in order to match experimental fact. This is achieved by introducing the

Higgs field as a weak isospin doublet of complex scalar fields with hypercharge Y = %

(¢
¢‘(w) (40)

With these isospin and hypercharge assignments ¢ is positively charged and ¢° is
neutral. The symmetry-breaking Higgs potential is

V($) = K¢!(z)d(2) + A [¢!(2)é(e)] (41)

For renormalizability, A > 0, and for a non-zero vacuum expectation value, u? < 0.

The potential has a minimum at

2 2

9P =—t- =5 (42)

There is still a choice of the orientation of the ground state (¢)o in 2-d isospin space,
i.e. a choice of how to break the symmetry. This choice is made so that only the

neutral component of the Higgs field has a non-zero vacuum expectation value

0
(¢)o = (v/\/ﬁ) (43)

Thus, the vacuum remains invariant under U(1) transformations of the Higgs field

and charge conservation is not affected, as shown below.
Qo= (T*+Y) o =0 (44)

po — ¢ = ("% = ¢g (45)

¢(z) is coupled to the gauge fields via the usual covariant derivative

Luiges = (Dug)' (D*9) — V(4) (46)

Substituting for ¢(z) in the lagrangian gives the following mass terms

1 \? 1 0 0 A
Emass (2119) Wu |44 + 9 ( Au Zu ) ( 0 i(g+gl)2v2 ) ( YA )L ( 7)
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which gives the following masses:

1
My = 29Y (48)
1
Mz = 2V g +4g% (49)
M, =0 (50)
The masses of the weak bosons are related by the weak mixing angle:
M
cos Oy = ]\;;i (51)
Fermions acquire mass from their SU(2) invariant couplings with the Higgs field
Eferm - _QE(XL()ZSBR + ¢TERXL) (52)

where g, 1s an arbitrary constant that is determined by experiment. Using the vacuum
expectation value gives the following for electrons:

Ge¥ , _

Lterm = E(BLBR—I_ERBL) (53)

N V: 54
Me 7 § Mw (54)
m, = 0 (55)

With the gauge choice made in breaking the symmetry of the vacuum, the four
components of the Higgs field are reduced to one real field. In effect, the other three
fields have become the longitudinal polarization states of the three massive gauge
bosons. The physics of the remaining Higgs boson can be examined by treating it as

an expansion around the vacuum

Hla) = ( e ) (56)
V2

This gives rise to a mass term in the lagrangian with mass

My = \% (57)

which is arbitrary and needs to be determined experimentally.

There is no direct experimental evidence for the existence of the Higgs boson.
Direct observation of the Higgs boson is expected at higher energies, such as those at
LHC. Several modifications to the basic Higgs mechanism have been postulated and

further experiments are necessary to test their validity.
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q,v
Figure 1: Flavor-changing neutral currents

1.1.5 The CKM Matrix

The electroweak interaction as described above does not allow flavor changing tran-
sitions between quark (or lepton) generations, e.g. s — d, as shown in Figure 1. In
other words, the lighter quark in each generation would have to be stable. Since this
is not the case experimentally, one can hypothesize that the quark eigenstates of the
electroweak hamiltonian are not the same as the eigenstates of the mass hamiltonian.

For simplicity, if we look at the first two generations of quarks, we have

d _ cosf. siné, d (58)
u' ~\ —sin 6. cosd. 8
L L

where the ¢’ are the weak eigenstates and the ¢ are the mass eigenstates. Adapting

the weak charged current we have

y
Jho=(a 6)7“(1—75)(5,) (59)
All the flavor-changing transitions that are observed between the first two quark
generations (v — d,c¢ — s, — u,c — d) are allowed by this mechanism, but with
different vertex factors. For three quark generations, this is generalized to a 3 x 3
unitary matrix (the CKM matrix). This can be reduced to a canonical form with
three angles and one phase parameterizing all quark mixing. The phase allows for

the existence of CP violation in the Standard Model.

d d
s = Voxu S or D: = V;ij (60)

3x3

b’ b
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Vcti Vcb

Figure 2: The unitarity triangle

The matrix is unitary in order to satisfy conservation of probability and suppress
flavor-changing neutral currents (FCNCs). The weak neutral current can be written

as
1,

J,::’ =3 (UiL’)’pUiL — Dz’L’)’uDiL) (61)

The FCNC terms cancel one another; this mechanism (the GIM mechanism) was

invoked to explain the absence of FCNCs for u, d, and s quarks by postulating the

existence of a fourth quark c.

Because the CKM matrix is nearly diagonal the following approximation can be

used:
1 6 Ore ™ d
Vekm = —0 1 62 s (62)
03(1 — re®¥) —8? 1 b
The following relation holds
Z VeuVi, = b (63)
k

In discussing B physics and CP violation, the following special case is useful

ViV + ViV + ViV = 0 (64)
i — 02+ V=0 (65)

This can be represented in the complex plane by the unitarity triangle (see Figure

2). The size of the CP-violating phase is related to the non-zero area of the triangle.
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Experimental measurements of the CKM elements are attempting to overconstrain

the unitarity triangle and ultimately see whether CP violation is fully described by
the Standard Model.

1.2 Production and Decay of the Z' Boson

The differential cross-section for ete™ — ff at s ~ M2 in the center-of-mass frame
is given by

do 1 p; 5
dQ ~ 64n2s Pi Mz (66)

where p; and p; are the momenta of the initial and final states. The matrix element

My is given by
2

_ 2
Mgz = _ALC()ZTOW [f7u ('Uf - “f’)’s) f] (gwkz IiUI;\G/_[éMZ) [é’ya ('ue N aeny‘) e] (67)

Evaluating this for the case of longitudinally polarized electrons with polarization P

and ignoring fermion masses gives the following [1]

do v2 + a? 'U]Zc + afc
o [4 [
dcos 8 sin? Oy sin? Oy

X {(1 —|—73Ae)(1—|—cos2 6) — 2A4(P + Ae) cos 0} (68)

where 6§ is the angle of the fermion momentum with respect to the electron momentum

and

2vfaf

Ay = ——— 69
f ,Uch + a?c ( )

The total cross-section for ete— — v/Z° — ff (f # electron) follows the Breit-

Wigner form [1]

F 127 sLeel'4y
F) = () i e i (70
z) (s — M3)" + s’I'% /M3
where s G 2
_ VYFiMg 2 2 _ VYFilz 7\2 7\2
Fff = 3\/§7'r Nc (af ‘|"Uf) = 6\/§7T Nc ((gL) + (gR) ) (71)

and N, is the color factor (3 for quarks, 1 for leptons). Initial state radiation has been

neglected, which will shift the peak upwards and cause substantial Z° production
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above the pole. The {-channel component can be neglected except at small angles
(8 ~ 0), where it is predominantly a QED effect useful for measuring luminosity at

*Te~ colliders.

e
The left- and right-handed electron contributions can be separated to give the

following polarized cross-sections:

_ ra SFff e
oL=0 (eLe; — 7 — ff) = \/§GFMZ(S T M2V 4 5% /M2 95 |° (72)
_ s,z
OR=0 (B;Bj — 4 — ff) = V2Gr My 1] 95| (73)

(s — M3)" +s°T% /M3
These polarized cross-sections are useful for investigating electroweak physics at the

Z9 resonance.

1.3 Cross-section Asymmetries at the Z° Reso-

nance

By measuring asymmetries of the cross-section, one can isolate various couplings to
the Z° boson. A polarized beam can both enhance some of these asymmetries and
allow new ones to be measured. Thus SLC is a powerful tool for measuring the Z°
couplings and testing the Standard Model. A brief description of the asymmetries

measured at SLD is given below.

1.3.1 The Left-Right Asymmetry, A;r

The left-right asymmetry of the ete™ — Z° cross-section is a measure of the difference

in the cross-section for right-handed electrons and left-handed electrons

App = LT R (74)
oL +0R
2v.a
— eve 75
v2 + a? (75)
= A, (76)

Apg is very sensitive to the value of sin? 8y and currently provides the most precise

measurement of it (sin? Oy = 0.2292 4 0.0009(stat)4-0.0004(syst)) [2]. It is insensitive
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to the final states, allowing all Z° decays to be used. The experimentally measured

exp

quantity 1s A7 g

N, — Ng
Ni + Ng
= P Argp (78)

exp
ALR

which is enhanced by the high electron beam polarization available at SLD.

1.3.2 The Forward-Backward Asymmetry, AQB

The forward-backward asymmetry A{;B measures a combination of the initial and

final state couplings to the Z°. The identity of the final state is necessary for this

measurement. ; ;
Al _9F 9B 79
b= 08 (19
where
1
0'11; = do dcosf
o dcos
0 do
0'}; = /_1 Teos dcosf (80)
Alf’-'B — § [(gL)Z - (gR)Z] (gL) B (gR) (81)
= o2 o2 2 2
4 1(g2)" + (9%) (9{,) + (g};)
3

At SLD, this asymmetry is not important because individual measurements of A, and
Ay can be made using the asymmetries Az and A¥B which are also enhanced by

the electron beam polarization.

1.3.3 The Polarized Forward-Backward Asymmetry, Afg’f

f

The polarized forward-backward asymmetry Afg’ measures the final state couplings

to the Z° It requires a knowledge of the polarization of the initial state and the
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identity of the final state.

oh—ol) —(ch—ob),
Ars’ = Eag;agg +Eag;ag;§ (%)
A A
_ % (g?)z (9?)2] (84)
(QL) ‘|‘(9R)
= 24 (85)

The experimentally measured quantity is %P_Af and is thus enhanced by the high
polarization at SLC/SLD.

Table 3 summarizes the results from measurements of asymmetries at SLD [2, 3, 4].

Asymmetry | Value
Arr 0.1628 4+ 0.0071
AR Ay, =0.87 4 0.11 + 0.09

Table 3: Summary of recent asymmetry measurements at SLD

1.4 The Physics of B Hadrons

The study of the b quark, its couplings, and the decays of its bound states is an
active area of research today because B hadrons can be produced with the ener-
gies accessible by many current experiments. Many different topics can be explored
through the study of B hadron decays. The electroweak couplings of the b quark to
the Z° can be measured with both the unpolarized and polarized forward-backward
asymmetry, as described earlier. Like the K° system, neutral B mesons (B, and By)
exhibit mixing between their mass eigenstates. CP violation is expected to occur in
B hadron decays according to Standard Model predictions and can be investigated
through asymmetries in B® and B° decays. B hadrons have long lifetimes (7 ~ 1
ps) because their decays are Cabibbo suppressed due to the larger mass of the top

quark. Measurement of the average B hadron lifetime and the individual B hadron
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lifetimes provides information about the decay mechanism and the level at which it
can be approximated by the decay of a b quark. The identification of rare decay
modes, e.g. penguin decays, provides further information about the B decay mecha-
nism. The CKM matrix elements V,;, and V,; can be measured in several ways using
B hadron decays, and V;4 can be measured from By mixing. These provide a limit on
the expected level of CP violation that can be expected in B decays; discrepancies
can point to the need for extensions to the Standard Model.

Currently B physics is being investigated in three different environments, each
with their own advantages. CLEO and ARGUS operate at the Y(4s) resonance
(Ecm ~ 11 GeV), which is a bb bound state. This is just above threshold for the
production of By and B, mesons which are produced in large numbers because of the
high luminosities of these experiments. Thus, these experiments are best suited to
high statistics measurements of branching ratios and the identification of rare decay
modes, while they lack the resolution for lifetime measurements that is available at
higher energies because the B mesons are produced essentially at rest. LEP and SLD
operate at the Z° resonance (Ecpy ~ 91 GeV) where B hadrons, including the B,
meson and B baryons, are produced from the decay Z° — bb. Smaller numbers of
B hadrons are produced compared to CLEO because of the much lower luminosity,
even though the cross-section for bb production is higher (6.3 nb compared to 1.2
nb). However, because of the much higher energy B hadrons, are boosted (8y ~ 7)
and travel ~ 3 mm before decaying, which allows one to identify B decay vertices
more easily and measure their decay lengths with greater precision. The large mass
difference between the b quark and lighter quarks means that the decay products of
a B meson should have high pr which can be used to separate charm hadron decays
from B decays. SLD is especially well-suited to B physics measurements because of
the excellent vertex resolution due to the small beampipe and precision CCD vertex
detector. Particle identification is also available (though not used in this thesis) to
remove backgrounds. The polarization of the electron beam at SLD allows the direct
measurement of the couplings of the b quark to the Z° to be made using the left-right
forward-backward asymmetry. B physics is also pursued at the Tevatron at FNAL

(in particular the CDF experiment) where bb pairs are produced in pp collisions.
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Measurements at the Tevatron extract samples of B hadron decays from a very large
QCD background by reconstructing exclusive decay modes with a corresponding hit
in efficiency. However, because of the extremely high pp cross-section, sufficiently
large samples of events can be collected. At the Tevatron, B hadrons are boosted
which allows lifetimes and time-dependent measurements to be made with reasonable

accuracy.

1.4.1 Models of B Hadron Decays

The measurement of lifetimes and branching ratios sheds light on the mechanism of B
hadron decay. In turn, further improvement of these models makes their predictions
more accurate which has a direct bearing on the precision of measurements that
are heavily model-dependent. Several models of the underlying mechanism of B
hadron decay exist. The major difficulty in modeling these decays is in relating the
theoretically well-understood quark decays to the decays of experimentally observed
objects: hadrons. The spectator or free-quark model [5, 6] examines inclusive heavy
hadron decay solely in terms of the heavy quark (@) in the hadron (Qg or Qqq),
and the lighter quarks (q) are assumed to have no role in the decay (see Figure
3). Thus, the decays b — qly; and b — qq¢'g fully describe B hadron decay in the
spectator model. B hadron decays, in particular, are modeled better than the decays
of lighter hadrons because non-spectator decays are much smaller. Figure 4 shows
the two types of non-spectator decays: W-exchange, which is purely hadronic, and
annihilation which can be either leptonic or hadronic. Both of these processes are
helicity disfavored unless they are accompanied by virtual gluon emission, and their
decay rates scale as mZQ. The spectator decay rate scales as m5Q and will therefore
be much more dominant for B decays than for charm decays [7, 8, 9]. Nevertheless,
some rare decay modes do take place via non-spectator decays because the spectator
decays are suppressed or not possible. The description of semileptonic decays matches
experiment most closely because fewer non-spectator modes are available, and as there
are fewer quarks in the decay, the modeling of the hadronization is less crucial to a
description of the physics than in a hadronic decay.

The width for semileptonic B decays in the spectator model is just the decay
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q q

Figure 3: Spectator diagram for B hadron decay

(/:7 q1

Figure 4: Non-spectator diagrams for B hadron decay

width for b — qly;, which to a first approximation is the analog of the width for the
decay p~ — e v b

Gim; Vil
19273 !

Corrections can be made to the naive spectator model to account for massive final

T (b— qlu) = (86)

state particles [10] and the radiation of soft gluons [11, 12]. The semileptonic width
is then modified with the phase-space factor ®

S (z1,29,23) = 12/1 ") mf—m%) (l—l—mg—s)

:Bl-l—zz 2 S

X {[s — (z1 — mg)z] [s — (z1 + mg)z]

< [(1+ 2a)” = 8] [(1 = o)’ — 8]} (87)

where z; = 22, 2, = ™ and z3 = 2*. The masses of the final state leptons can be
mb7 mb7 my

neglected to give

®(2,0,0) =1 — 8z* + 82° — z® — 242*In= (88)
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Figure 5: Radiative gluon corrections in semileptonic b decays

Assuming my ~ 5 GeV/c?, ® = 0.44 and 0.21 for b — cly; and b — uly, respectively.

To lowest order in O (a,) the correction for gluon radiation in Figure 5 gives

Ty =TY (1 . ;Mg (ﬁ)) (89)

™ my
where
31 3
_ 2 il _ .2 _
g(e) = (7r—4)(1 6)—|—2 (90)
= 244 for ¢ =1.65/4.95
= 345 for ¢, =0.20/4.95 for a, = 0.20

This provides a correction of —10% and —14% for b — ¢ and b — u, respectively.
Measurements at ARGUS [13] and CLEO [14] of the prompt electron spectrum
from B hadron decays show that |Vis|? / |Vs|> ~ 0.01. Thus, the expression for the

total decay width can be simplified by ignoring b — u transitions
Gim? my 2a,(mp) [(m
Ftotal _ F''% ch 2 d ( 0 0) 1-2 8 (_q) 91
sl 1927T3 | b| mc Y 3 T g mb ( )

Hadronic decays of B hadrons (b — cg2q3) can also be described by the spectator

model if the massive final state and hard gluon effects are accounted for. The full
expression for the phase-space factor ® in equation (87) must be used, which will
suppress massive final states, e.g. b — cs¢. The decay width must also now include
the factor |V,,q|. In the dominant spectator decay of Figure 6(a), the quark pair
from the virtual W~ forms one of the final state hadrons and the ¢ quark forms the
other hadron with the spectator antiquark q. Hard gluon exchange between initial

and final quark lines creates an additional process (color-suppressed decay) as in
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Figure 6(b) in which the quark pair from the virtual W~ may no longer be in a
color singlet [9]. Therefore the quark pairings into hadrons are now different and the
expression for the spectator hadronic decay width must now include contributions
from both processes and the interference between them. The strengths of the color-
favored (normal spectator) and color-suppressed contributions can be calculated in
QCD with the leading-log approximation [15] evaluated at the mass scale y ~ mZ.

—6

cﬂMz(%ﬁ%@)@fﬁ (92

a, (p)
where v_ = —2v; = 2 and ns is the number of active flavors, which is 5 in this
case. At the B mass scale, ¢, ~ 0.85 and ¢_ ~ 1.4. The amplitudes for the color-
favored and color-suppressed decays are 3(c; + c_) and 3(c} — c_), respectively and

the hadronic decay width is now proportional to

Phaa o [5(er b o)+ 5 (er—e )+ 2 (er +e) (e —e)| T (3)

w [S(d+e)+ae (- )|, (64)

where £ is a color matching factor that is model dependent and varies between 0 and
%. The hadronic decay modes are enhanced by ~ 13%, which reduces the semileptonic

branching ratio to ~ 12 — 14% from the naive expectation of ﬁ

Q1
~

W~
/
Q r/ q o

q2

S]]
)
Es}

ST

(a) (b)

Figure 6: (a) Color favored and (b) color suppressed decays

A major feature of the expressions for the decay width in the spectator model

(see equations (86) and (91)) is the large sensitivity to ms, which is not well-defined.
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Models of the decay of the B hadron attempt to remove this dependence by relating m,
to tunable parameters that can be determined from experiment. The ACM model [16]
describes semileptonic decays inclusively in terms of a modified spectator model. The
effect of the spectator and non-spectator quark being in a bound state is simulated
by assigning a Fermi motion to the quarks inside the B hadron and assessing the
“off-shellness” or mass-defect W?2 of the b quark inside the B hadron. The spectator
quark is assigned a mass m,, and its momentum is given a gaussian spread of pp.

The heavy quark is treated as virtual particle:

W? =m2 =m% + mzp — 2mpy/p? + m2,. (95)

where mp is the B hadron mass. The momentum spectrum dI'y/dz from the decay
of a quark of invariant mass W is folded with the momentum spectrum ®(p) of the
spectator quark to give the total theoretical lepton spectrum that can then be tuned

to experimental data.

(96)

dDy  [pmas dry(W,
: ! / 3(p)p? dpM
T 0

- de
The dependence on my has been removed in favor of three parameters that can be
tuned to experimental results: pr, €. = m./m;p and ms,. The main dependence is on
pr, which fixes the average value of ms.

Other models of semileptonic decay such as WSB [17] and ISGW [18] use detailed
models of the initial and final state hadronic wave functions which requires choos-
ing a particular parameterization of the QCD potential. A discrete set of final state
particles, e.g. D, D* and D**, is considered. Only decays to single mesons are con-
sidered, which is considered to be good approximation for b — ¢ transitions [19]. All
possible decay modes to the discrete set of final states are summed over to provide
an inclusive spectrum that can be fitted to experimental results. The exclusive decay
models all start by defining form factors as ¢? dependent functions that are adjusted
to data. The various models use different assumptions in defining these functions
and normalize them differently. The form of the meson wave functions is also model
dependent. The WSB model uses monopole form factors normalized at ¢ = 0. The

wave functions are obtained using a relativistic harmonic oscillator potential. The



23

semileptonic decay width obtained is about 20% lower than from the ACM model
which may be due to the limited number of final states summed over [20, 17]. The
ISGW model uses exponential form factors normalized at maximum ¢?, when pp = 0.
The wave functions are extracted from a Coulomb plus linear QCD potential and all
final states are summed over for their 15, 25 and 1P states. The motivation behind
the ISGW calculations is to model the endpoint of the lepton spectrum and thus re-
liably calculate |V,5/Ve|. The inclusive semileptonic width matches the ACM model
very closely [20].

Exclusive two-body hadronic decays can also be modeled by assuming that fac-
torization is valid, i.e. the matrix element is expressed as a product of two hadronic
currents. This is thought to be a good approximation because the large energy release
in B decay suggests that the two color singlets should be traveling apart fast enough
to not influence each other. In color-suppressed and penguin decays, this may not
hold, but they are not the dominant decay mechanisms and should have little influ-
ence on calculations. At present, experimental data suggests that factorization can
be a working model of B decay [7, 19]. The BSW model [21] uses a phenomenological
approach: an effective charged current and an effective neutral current are defined
with strengths a; and a,, respectively. The two coefficients are related to the color-
suppressed and color-favored amplitudes and the color-matching factor £ in equation
(94). These are determined from a fit to a subset of experimental data from charm
decay and extrapolated to a,(ms). There is a good match to data [21, 7], i.e. the
modified spectator model is the dominant mechanism for energetic 2-body decays of
B mesons. The value of £ ~ 0 which suggests that quarks from different color singlet
currents do not readily combine to form mesons.

A recent development in the theory of B decays is Heavy Quark Effective Theory
(HQET) [22, 7, 23, 19, 4]. In the limit of infinitely heavy quark mass, the heavy quarks
become irrelevant to the non-perturbative dynamics of the light quarks. Thus, the
heavy quark degrees of freedom can be treated separately from those of the light
quarks, and all the form factors can be related to one universal function: the Isgur-
Wise function . Corrections due to the finite masses of the b and ¢ quarks and for

gluon exchange need to be made. Thus, the form factors can be determined in a
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model-independent way. Calculations of branching ratios based on HQET appear to
be consistent with data [7, 24].

1.4.2 Electroweak Asymmetries in B decays

As described in section 1.3, the forward-backward and the left-right forward-backward
asymmetries for b quarks can be measured at SLD. Both quantities measure the axial
and vector couplings of the b quark to the Z°. The latter asymmetry makes use of
polarized electron beam at SLC, and is large and independent of the couplings of the

Z° to the electron. The current SLD result for Afg’b is [3] expressed as A is

Ay = 0.87 + 0.11(stat) + 0.09(syst) (97)

1.4.3 Measurement of CKM Matrix Elements

The magnitudes of the CKM matrix elements V,; and V_; can be extracted from
measurements of semileptonic B decays. Semileptonic decays are used because they
can be modeled more accurately. The value of |V,| is gradually becoming known more
accurately but our knowledge of |V| is still dominated by theoretical uncertainties.

|Vas| can be calculated using the inclusive semileptonic branching ratio BRg and

the B meson lifetime.

BRS]
YeTB
The constant 7, is model-dependent and is the main source of uncertainty in such a

measurement. CLEO II [25] has measured it to be

Ve | =

(98)

|Vio| = 0.041 = 0.001(expt) = 0.003(theory) (99)

|Vp| can also be measured using exclusive semileptonic decays by fitting to the lepton
momentum spectrum. The results are obviously sensitive to the model used. CLEO
IT has measured |V;| using the decay B — D*{~ ¥ and the result is consistent with
the inclusive result.

|Vus| is hard to determine accurately because it is so small. The ratio |Vi3|/|Va|

can be measured by examining the inclusive lepton spectrum beyond the kinematic



25

endpoint for b — ¢ decays. Because the u quark is lighter, this region of the spectrum
should only be populated by b — u decays. However, the result is very sensitive to
the modeling of the endpoint of the spectrum and has a large range. At CLEO II
[26] |Vus|/|Ves| varies from 0.076 — 0.101. Thus, |V,3| appears to be non-zero, which

is necessary for CP violation to occur within the Standard Model framework.

1.4.4 B-B Mixing

The two neutral B meson systems, By and B, are known to mix [27], i.e. the eigen-
states of mass and the weak interaction are not the same. The description of B mixing

1s similar to that of K mixing, involving the box diagrams shown in Figure 7. The

d b
(a)
w
b (N Y d
t £
- w _
d NN b

Figure 7: Feynman diagrams for B mixing

mixing is expected to be dominated by the ¢ quark contribution [28]:

Am
(57) .~ 7o Vsl Vil m? (100)
By
Am
(7)), ~ 7. 1Val [Vl i (101)
B,
The mixing parameter X is defined as
Mixed
X = e (102)

Mixed 4+ Unmixed
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(Am/T)? + (AT/T)’

2+ 2(Am/T)? (103)
1 (AmT)?
~ 20+ (Am/TY) (104)

Here one assumes that AI'/T" is small because, unlike the K system, decay rates are
not limited by phase space due to the much higher B meson mass. Time-independent
measurements indicate that the mixing parameter X is ~ 0.7 for B; and approaches
its asymptotic value of % for B, [27]. Further understanding of mixing, especially
in the B, system, requires measuring the time evolution of the mixing from which
Am/T can be directly measured.

Semileptonic decays of B and B mesons (B — D{tv) will produce leptons of
opposite sign. Thus, in the absence of mixing, leptons of opposite sign are produced
from the decay of a BB pair. Mixing can be measured by counting events with leptons
of the same sign. The signal is diluted by semileptonic decays of the charm meson
produced in the B decay, which produce leptons of opposite sign. This background
can be removed by applying a cut on the transverse momentum of the lepton. The
time dependence of the mixing can be measured by counting the number of positively
and negatively charged leptons as a function of the proper decay time of the B
meson. A disadvantage of this method is that high pr leptons are required in both
event hemispheres, so a very small fraction of events are tagged. The method does
not remove charged B mesons which dilute the mixing signal. At SLD an alternate
method can be employed that takes advantage of the polarized electron beam and the
excellent vertex resolution available. The forward-backward asymmetry for Z° — bb,
which is large for the polarization available at SLD, can be used to tag the flavor of
the B mesons when they are produced. Thus, only one B meson decay per event
needs to be found and a flavor assigned to it by finding the charge of the lepton from
the decay. In this way, the large cut in efficiency that occurs by requiring two high

pr leptons is avoided. The forward-backward asymmetry can be defined as

B° in e~ directi — (B® in e~ directi
A%B _ (B° in e~ direction) — ( B in e” direc ion) (105)

(BY in e~ direction) + (B° in e~ direction)

The asymmetry will be diluted by mixing compared to its value for B* decays. The
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time dependence of the mixing can be explored by expressing the asymmetry as a

function of the proper time of the B decay.

1.4.5 CP Violation in B Decays

By inspection of the unitarity triangle that is most relevant to B decay (see section
1.1.5, Figure 2) it is apparent that the sides are all of similar length, i.e. the product
ViV, is of order 62 in each case. Thus, the angles of the unitarity triangle should be
large and because these are directly related to the CP violating phase of the CKM
matrix, CP violating effects should be large in B decays. CP violation in B decays can
be understood by starting with the description of the time evolution of the eigenstates

of the neutral B system. The weak eigenstates are analogous to the K°K?° system:

|Bi(t)) =p|B%) +q|B°) =eTutl2emit|By(0)) (106)
|Bu(t)) =p|B%) —q|B%) = e H/2%mu" | By(0)) (107)

Without CP violation p = g; because the violation is a small effect one can assume
that p ~ g. For B decays, the mass splitting Am = mg — my should be much larger
than the splitting in decay widths AT because a lot of phase space is available and
the different CP eigenstates typically differ by a pion mass. Thus, 'y ~ 'y = T
The evolution of the strong eigenstates is [9, 29]

Bo(t)) = T2 lcos (ﬂ) B(0)) + “sin (ﬂ) \BO(O)>] (108)

2 p 2

|BO(t)) = e~/ [iﬁ sin (ﬂ) |B°(0)) + cos (#) ‘BO(O)>] (109)

q 2

If CP is conserved, the decay rate of B — f should be the same as for B — f.

Thus a difference in these decay rates can be used to define a CP-violating asymmetry:

L[B°(t) - f] - T [B°(t) = J]
T [B(t) — f]+T [B(t) — f]

Alt) = (110)

The decay rate T'[B(t) — f] < | (f|B(t))|®. If f and f are CP eigenstates and can
both be reached by B and B (through mixing) then the decay rate can be simplified
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to

T[B(t) = f] < e | (f|B)|? [1 —Im (Bp) sin(Amt)] (111)
q
with a similar expression for B — f but with a plus sign. The asymmetry is
A(t) = —Im (’—’p) sin(Amt) (112)
q

Two sources contribute to the phase measured by the asymmetry: the mixing p/q
and the decay amplitudes (p).
To evaluate the asymmetry for B decays, (p/q) and p must be assessed. The ratio

(p/q) can be calculated from the matrix elements for the B — B mixing box diagrams

(I_)) — VZZVZd — 62i¢td (113)
q Bf,’, V;bv;:l

P t Vis 2i¢

Py = Dt e 114
(q) BY V;,bv;,: ( )

and

Thus, the CP-violating asymmetry is

Ap,(t) = —sin2(dia — Pgp) sin(Amt) (115)
Apg,(t) = —sin2(¢pga — dgp) sin(Amt) (116)

The asymmetry can be measured in different B decays to constrain the angles of the
unitarity triangle [9, 30, 31] (see Table 4), and thus verify whether CP violation is fully
described by the Standard Model. One can also look for CP violation in same-sign
dilepton production from semileptonic B decays. In the presence of CP violation,

the decay rates 'y, and I'__ for BB — {T{* X and BB — £~ £~ X, respectively will

not be the same. ) )
=T |p/ql* —lq/pl

A(ll) = =
A I R Py e

(117)
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Quark process | By mode | ¢rg — dgp
b — ccs J/Y K3 ¢}

JIYK}
J/,‘pKO*
b — ccd DTD~ ¢}
Dt*D~*
D:I:* DT
b — uud,ddd | mt7~ @
prr¥
ai DT

Table 4: The angles of the unitarity triangle accessible with CP-violating asymmetry
measurements

This is a much smaller asymmetry because it is not enhanced by the large CP violating
phases.

CP-violation in B decays is now a very active area of research with the construction
of several new experiments. Two B factories which will operate at the T(4s) resonance
are being built at SLAC and KEK. These both will be high luminosity asymmetric
colliders, i.e. the electron and positron beams will be of unequal energy, so that the
B mesons produced in the decay of the Y(4s) will be boosted and separated from
each other. One meson will be used to tag the sign of the B quark and the other
will be fully reconstructed and used to look for CP-violating effects. In addition,
experiments at DESY, FNAL and CERN are expected to search for CP violation in
B decays.

1.4.6 Penguin Decays

Flavor changing neutral currents (FCNCs) are suppressed to first order by the GIM
mechanism. However decays of the form b — sy are possible through a higher order
process: penguin decays (see Figure 8). The ratio of the penguin decay width to a
typical lower order decay width is [9]

I'(b — sv) ViVi ("Tt )4

w

_— 11
6o ead) ~  VAVZ (118)
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Figure 8: The electromagnetic penguin decay b — sv

o (ﬂ)4 (119)

mw

Thus with the large top quark mass, this is not as rare as it might have been. A
theoretical estimate [9] of the branching ratio of b — sy is ~ 2 x 1073, Recently, this
has been measured at CLEO [45]: BR(b — sv) = (2.32 £ 0.57 £ 0.35) x 107*. The
measurement consists of looking for v candidates with energies that are consistent
with coming from a penguin decay, i.e. in the range 2.2 to 2.7 GeV. The background
from the continuum is reduced in one of two ways: by cuts on event shape, or by
reconstructing the B — X,v decay, where X, is either a kaon or pions. For the latter
sample, the best B candidate is found after applying cuts on invariant mass and
angle. The branching ratio is extracted from a background-subtracted £, spectrum
by fitting to the Monte Carlo. The CLEO result is consistent with the Standard
Model prediction.

1.4.7 Measurements of the Lifetimes of B Hadrons

Measuring the lifetimes of B hadrons as a whole and each species individually pro-
vides information that can be used to better model these decays. Knowledge of B
hadron lifetimes is also useful for extracting results from other measurements. For
example, CKM matrix elements can be extracted from branching ratio and mixing
measurements but the value determined will depend in part on the value of 75 that
i1s used. Accurate measurements of the differences between the lifetimes of different
B hadrons allows one to estimate the effect of non-spectator decays. This section

reviews recent measurements of the average B hadron lifetime, including a preview
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of the measurement presented in this thesis, and measurements of the lifetimes of

individual B hadrons.

Measurements of the Average B Hadron Lifetime

The average B hadron lifetime is a somewhat artificial construct, as its value depends
on the exact mix of B hadrons in the sample, which in turn depends on the center-of-
mass energy of the experiment. However, as mentioned earlier, the differences in the
lifetimes of the different B meson species are expected to be small because spectator
decays are expected to predominate. As long as the composition of one’s sample is
known, measurements of the average B hadron lifetime can be compared and are a
useful indication of the value of the individual B meson lifetimes. Although it has al-
ready been measured accurately several times, the average B hadron lifetime remains
interesting because until recently the world average value had not stabilized, but was
drifting upwards [32, 4]. The measurements of the average B hadron lifetime 75 can
be divided into two classes: those using all B decays and those using only semilep-
tonic B decays. It is interesting to note that measurements using only semileptonic B
decays tend to be lower than the other measurements, though this is not statistically
significant, and further measurements using all B decays are of interest.

In order to measure the B hadron lifetime, a sample of B hadron decays needs to
be selected from the data and the proper decay time of each B hadron needs to be
measured. The large b quark mass gives rise to B meson decay products with high pr,
and consequently large impact parameters which can be used to select these decays.
The proper decay time is measured from the displacement of the decay vertex from
the primary vertex, and the boost of the B hadron. The various methods differ in
how these two quantities are measured: some measure both quantities directly while
others use quantities that are sensitive to the decay length but which are easier to
measure, e.g. impact parameter. The boost can be measured directly or estimated
to a greater or lesser degree using the Monte Carlo.

Many measurements of 7g use only semileptonic B decays as they can be modeled
more reliably than hadronic decays, and it can be easier (compared to hadronic B

decays) to tag a pure sample of semileptonic B decays and locate the decay vertex by
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looking for leptons characteristic of B decays. The leptons are used both for tagging
a B decay and for calculating the lifetime. The method suffers from low statistics
because of the semileptonic branching ratio and the lepton identification efficiency,
as well as the event selection cut on the lepton transverse momentum. However, the
LEP experiments with their large event samples are able to obtain small statistical
errors. The basic procedure used by ALEPH [33] is to start with a sample of hadronic
Z° decays and identify muon and electron candidates in them. The transverse mo-
mentum of the leptons is measured with respect to the jet axes in the event and is
required to be > 2 GeV/c to remove lighter quark events giving a sample purity of
73%. The impact parameter, or distance of closest approach to the primary vertex,
i1s measured for the selected leptons. The impact parameter is signed according to
standard conventions. Without the effect of finite detector resolution the impact pa-
rameter should be positive for leptons from a B decay. The negative tail is a measure
of the detector resolution and the uncertainty in measuring the B direction using jet
axes, and is used in the construction of a likelihood function for the lifetime fit. The
lifetime is extracted from a fit to the lepton impact parameter distribution. The like-
lihood function is a convolution of the resolution function and the impact parameter
distributions for the signal and background. The impact parameter distributions and
sample composition are obtained by performing the same analysis on Monte Carlo
event samples. The impact parameter distributions for B decays and cascade ¢ decays

are parameterized as a function of 7p.
78 = 1.29 + 0.06(stat) + 0.10(syst) ps (120)
L3 [34] and OPAL [35] have measured 7p using a similar method yielding

8 = 1.535 4 0.035(stat) + 0.028(syst) ps (121)
8 = 1.523 4+ 0.034(stat) + 0.038(syst) ps (122)

The dominant systematic errors come from the uncertainty in parameterizing the
detector resolution and the heavy quark fragmentation.
For increased statistics some measurements of 73 use hadronic B decays or all

B decays. In a similar method to the previous one, DELPHI [36] uses the impact
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parameter distribution for all of the tracks in a selected B decay to determine 7p.
Events are required to be in the acceptance of the vertex detector and signed impact
parameters are calculated for tracks with p > 3 GeV/c and pr > 0.8 GeV/c (with
respect to the nearest jet axis). B decays are selected from a sample of hadronic
Z° decays by selecting event hemispheres with > 2 tracks with impact parameters
§ in the range 0.1 mm < |§] < 2.0 mm. This has an efficiency of 54.6% and a
purity of 38.5%. The lifetime is measured using the impact parameter of tracks in
the hemisphere opposite the tagged hemisphere. This reduces biases towards picking
long-lived B decays. The likelihood function was constructed in a similar way to that

used in the lepton method.
8 = 1.542 £+ 0.021(stat) £ 0.045(syst) ps (123)

The modeling of hadronic B decays is not as well understood as semileptonic decays
which is reflected in the large systematic error. The dominant systematic errors come
from uncertainties in the resolution function and the B decay multiplicity.

DELPHI [36] has measured 75 using a method that reconstructs secondary vertices
in B decays. Secondary vertex candidates are constructed from pairs of tracks that
intersect or pass close to each other in a region away from the primary vertex. Tracks
are removed from a vertex if they significantly worsen the quality of the vertex fit or
if they fit better to the primary vertex. Candidate vertices are required to have at
least three tracks. B hadron events are selected by cutting on the number of tracks
(> 4), distance to the primary vertex (> 1 mm) and invariant mass (> 1.7 GeV/c?)
of the vertices in the event. The proper decay length is calculated using the vertex
momentum and the lab decay length and vertices are required to have a proper decay
length > 1.5 mm. The sample purity (of true B hadron decay vertices) is 93.5% with
an efficiency of 7.87%. 7p is determined from the proper decay length distribution

using the closest vertex to the primary vertex in each hemisphere.
8 = 1.599 + 0.014(stat) £ 0.035(syst) ps (124)

The systematic error comes predominantly from uncertainties in modeling the detec-

tor.
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An alternate approach that uses the full B decay sample measures the lifetime with
a dipole length which is defined in various ways but in general measures the distance
between B decay points in opposite hemispheres. In this way the uncertainty in
reconstructing the primary vertex is minimized. ALEPH [37] uses the full hadronic
Z° event sample with cuts on track quality but no enrichment with B decays. The
dipole used is a weighted average of the track intersection points with the thrust
axis projected onto the » — ¢ plane. The tracks are weighted by their rapidity,
which enhances the contribution from B decays over fragmentation tracks, and by
the position error of the intersection with the thrust axis. 75 is determined from the

average dipole length which is determined as a function of 75 using the Monte Carlo.
8 = 1.511 + 0.022(stat) £+ 0.078(syst) ps (125)

The systematic error for this measurement is very high because of the heavy depen-
dence on the Monte Carlo to extract the calibration curve. The main error source is
from uncertainty in the modeling of heavy quark fragmentation.

At CDF [38] 7 has been measured using the decay chain
B = J/YX —»ptu X

Even though the product of the two branching ratios is very low (~ 8 x 107*), the
high cross-section for B production compensates for this. Candidate u*p~ events are
selected by constraining p candidates to come from a single vertex. The sample is
cleaned up by cuts on the invariant mass of the vertex and on the muon pr. A two-
dimensional decay length is constructed from the projection of the vector connecting
the primary and J/v vertices onto the transverse momentum of the J/v. The boost
of the B hadron is calculated using the boost of the J/¢ vertex with corrections from
the Monte Carlo and the vertex is kept if the proper decay time is > 220um. The
lifetime is determined from a fit to the proper time distribution with the backgrounds

estimated from the sidebands of the invariant mass distribution:
7 = 1.46 + 0.06(stat) + 0.06(syst) ps (126)

The main source of systematic error is the uncertainty in the production and decay

kinematics.
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The method described in this thesis measures the average B hadron lifetime using
an inclusive sample of B decays. The sample is selected using an impact parameter tag
and vertices are constructed using selected tracks in each event hemisphere. Vertices
that have the most sensitivity to 75 are chosen, and a fit is made to the distribution of
the distance between the B vertex and the primary vertex. The vertex construction
and selection is very efficient so the result has a low statistical error given the size of
the initial event sample. However, the measurement is sensitive to the Monte Carlo, in
particular to the way the backgrounds and the B hadron boost are modeled. Chapters

5 and 6 will discuss this method in more detail.

The B° and B* Lifetimes

Measurements of the differences in the B® and B7 lifetimes are important for under-
standing the decay mechanisms of B hadrons and estimating the role of non-spectator
decay processes. Experiments at the T(4s) measure the ratio of the lifetimes and not
their individual values because it is difficult to make direct measurements of B mesons
that are nearly at rest. The lifetime ratio can be calculated from the decay widths of

the B° and B*:

r(BY) _ T(B° T(B% T,

f(B) ~ I(BY) L. I(BY) (121)
_ BR(B* = Xttv)
~ BR(B°— X{+v) (128)

where the semileptonic widths for B® and BT are assumed to be equal because the
spectator model predominates. At CLEO [39] a large selection of Bt and B°® decay
channels are examined and the fraction of B events with identified leptons gives the
semileptonic branching ratios and the lifetime ratio:
T(B™)
7(B°)

= 0.93 + 0.18(stat) + 0.12(syst) (129)

Direct measurements of the B® and B* lifetimes have been made at both LEP
[40] and CDF [41]. At DELPHI, the lifetimes are measured by constructing a sample
of vertices from B® and BT decays. The charge of the vertex is used to distinguish

the two hadrons and the udsc background is reduced using cuts on the invariant
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mass and the angle between the vertex momentum and the line connecting the vertex
to the primary vertex. The boost of the B hadron is estimated using the vertex
momentum with corrections from the Monte Carlo to account for neutral particles.
The decay length is estimated by calculating the difference between the decay length
of the candidate B vertex and the minimum distance needed to resolve a secondary
vertex. This excess decay length is found to remove the dependence on modeling the
acceptance. The lifetime is extracted from separate fits to the excess proper times of
each B candidate in the neutral and charged samples. The neutral sample is assumed
to consist of B%, B? and A, and the fit uses the world average values of the lifetimes

of the latter two hadrons. The resulting lifetimes are:

T(BT) = 1.72 +£0.08(stat) 4 0.06(syst) ps (130)
T(BO) = 1.68 4+ 0.15(stat)fgji(syst) ps (131)
T(B™) _

~(B%) 1.02+535(stat) "o 1o (syst) (132)

At OPAL and CDF, B meson decays have been fully reconstructed in a limited
number of decay channels. OPAL uses semileptonic decays to D, D°, and D*~ to
partially separate charged and neutral B mesons. The charm mesons are selected
by combining kaon and pion tracks to form candidates that are then combined with
leptons to form candidate B decay vertices. These vertices are subjected to cuts on fit
quality, momentum, invariant mass and decay length to remove random backgrounds.
The signal and background are estimated from the peak and sidebands of the charm
meson invariant mass distributions. The different D*)¢* decay modes have differing
fractions of B® and BT decays which need to be determined. This is done using
measured semileptonic branching ratios and the Monte Carlo. The B meson energy
is reconstructed using the Monte Carlo to correct the energy of the D*)£t vertex for
the missing neutrino. The lifetime is extracted from a fit to the proper decay time of

the D¢+ vertices.

7(B*t) = 1.5240.14(stat) £ 0.09(syst) ps (133)
7(B°) = 1.53 £0.12(stat) & 0.08(syst) ps (134)
T(B+) B +0.05

= 0.99 £ 0.14(stat) " o2 (syst) (135)
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The CDF measurement uses fully reconstructed B decays to J/% K™ and 1(2s) K *).
J/1¢ candidates are identified by combining oppositely charge muons to give the cor-
rect invariant mass. v (2s) candidates are found from the decay ¥(2s) — J/¢yntnr™,
K? candidates are identified by finding track pairs with the correct invariant mass
and K* is identified by the decay K** — Kant. The B decay vertex is reconstructed
using these tracks and the boost is estimated using the J/¢¥ momentum. The signal
region is defined around the mass peak in the B invariant mass distribution and the
background is determined from the sidebands. The lifetime is determined from a fit

to the proper time of the B decay.

7(B%) = 1.68 £0.09(stat) 4= 0.06(syst) ps (136)
7(B°) = 1.64 £ 0.11(stat) + 0.06(syst) ps (137)
T(B™)

~(BY) = 1.02 + 0.09(stat) + 0.01(syst) (138)

Measurement of the Average Lifetime of B Baryons

The average lifetime of baryons containing a b quark has been measured at OPAL

[42] using semileptonic decays. Decay chains of the form
A) =AM X
A, — AX
A — pr™

are used. The short lifetime of charmed baryons (~ 0.2 ps) allows the position of
the B baryon decay to be estimated from the intersection of the A and the lepton.
A candidates from the decay are found by combining identified protons with other
tracks to create a vertex far from the primary vertex. The A candidates are combined
with identified leptons of the correct sign to find candidate B baryon decay vertices
which are required to have high invariant masses. The pr invariant mass is required
to be close to the masses of charm baryons for the signal. The boost of the B baryon
1s estimated from the momentum of the Af vertex using the Monte Carlo to correct it.

The lifetime is extracted from a fit to the decay length distribution of the AZ vertex.

7(As) = 1.0519:23(stat) 4 0.08(syst) ps (139)



38

The major systematic error comes from the uncertainty in estimating the decay length

using the A/ momentum vector.

Measurement of the B? Lifetime

The B? lifetime 7(B?) has been measured at OPAL and CDF [43, 44]. Both the
OPAL and CDF measurements use the semileptonic decay B? — D £*v(X) and

reconstruct two decay channels of the D} :

D, — ¢~ where ¢ — KTK~
D;—>K*0K_ where K** —» Kt7n~

Thus the final states in both channels are the same: K*K~n~. The OPAL mea-
surement 1s described below, and the CDF measurement is similar. Candidate D}
vertices are constructed from track combinations within each jet and are required to
have the correct charge. Particle identification is used to find tracks consistent with
a K Km combination. Random combinations of tracks are removed by cutting on the
vertex momentum and angles between the tracks in the vertex and the D} direction.
Invariant mass cuts are applied to isolate the K** K~ and ¢n~ decay modes. The B?
decay vertex is constructed by looking for combinations of the D candidates and
a high momentum lepton £*. The random background is reduced by cutting on the
opening angle between the lepton and the K K7 momentum vector and requiring a
minimum total vertex momentum. The signal is isolated by requiring the invariant
mass of the K K7f combination to be close to the B, mass. The B, decay length is
extracted from a fit to the primary vertex and B, vertex positions and the K K/
momentum vector, and the D, decay length is measured as the distance between the
B, and D, vertices. The boost and proper decay time of the B, is calculated from the
D,{ invariant mass and energy using the Monte Carlo to estimate the missing energy
from the neutrino and fragmentation. The B, lifetime is extracted from a fit to the

decay length distribution of the candidate B, vertices:

7(B?) = 1.54705%(stat) £ 0.06(syst) ps (140)
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The dominant systematic errors come from modeling the background and the boost.

The result from the CDF measurement is
7(B?) = 1421057 (stat) £ 0.11(syst) ps (141)
A second CDF measurement of 7(B?) has been made using the decay chain

By — J/4¢
T — ptp—
¢ —+ K"K~

Candidate J/4 vertices are constructed from oppositely charge muons by constraining
the invariant mass to be close to the J/v¢ mass. Candidate ¢ vertices are constructed
from combinations of oppositely charged kaons by constraining the invariant mass to
be close to the ¢ mass. The B, decay vertex is constructed by extrapolating from
the J/¢ and ¢ candidates and constraining the invariant mass to be close to the
B meson mass. The proper decay length is calculated from the B, momentum and
vertex position, and the lifetime is extracted from a fit to the mass and proper decay

length distributions. The result is
7(B?) = 1.7470 % (stat) £ 0.07(syst) ps (142)

The dominant systematic error comes from modeling the background.

Summary

Table 5 and Figure 9 summarize the average B hadron lifetime results described

above. The measurements of lifetime ratios and individual lifetimes are collected in

Table 6.



Experiment | method 7B(ps) | stat. | syst.
error | error
(ps) | (ps)
ALEPH lepton
impact parameter | 1.529 | 0.06 | 0.10
L3 lepton
impact parameter | 1.535 | 0.035 | 0.028
OPAL lepton
impact parameter | 1.523 | 0.034 | 0.038
DELPHI hadronic
impact parameter | 1.542 | 0.021 | 0.045
DELPHI vertex 1.599 | 0.014 | 0.035
ALEPH dipole length 1.511 | 0.022 | 0.078
CDF J /v 1.46 0.06 | 0.06
SLD vertex 1.564 | 0.030 | 0.036

Table 5: Summary of Average B Hadron Lifetime Results

Measurement Experiment stat. | syst.
€Irror €Irror

TB+ [Tpo CLEO 0.93]0.18 [0.12
DELPHI 1.02 | I515 | 1918

OPAL 0.99 | 0.14 | ¥3:9%

CDF 1.02 [ 0.09 |0.01

7a, (PS) OPAL 1.05 | 935 | 0.08
8, (Ps) OPAL 1.54 | 192> | 0.06
CDF semileptonic | 1.42 | *3-27 | 0.11

CDF J/4 1.74 | T80 | 0.07

Table 6: Summary of Exclusive B Lifetime Measurements
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Figure 9: Recent Measurements of the Average B Hadron Lifetime
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Chapter 2

The SLD Experiment

The SLD experiment operates at the Z° resonance and is unique in using polarized
electrons in collision with unpolarized positrons. This chapter describes the produc-
tion and transport of the polarized electron beam and the positron beam, and the

detection of their collision by the SLD experiment.

2.1 SLC

The SLAC Linear Collider (SLC) [46] was designed to collide electrons and positrons
at a center-of-mass energy of ~ 92 GeV to produce Z° bosons at rest. Figure 10
shows the layout of the collider. The design of the SLC is a departure from the
recirculating collider as exemplified by the Large Electron-Positron collider (LEP) at
CERN. The SLC is a single-pass collider: its beams are brought into collision once
and are then directed to beam dumps. The acceleration of the beams is provided
by a single linear accelerator (linac). The electron and positron beams are then
steered through separate arcs to the collision point. One motivation for this design
was to develop a prototype for the next generation of colliders. It was also seen
as a relatively inexpensive and quick upgrade to the pre-existing linac. Another
advantage of the design is that it was relatively straightforward to collide with a
longitudinally polarized electron beam[47]|. Using a polarized electron beam increases

the analyzing power of some electroweak measurements, such as the asymmetries
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described in chapter 1.
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Figure 10: The layout of the SLC

Linear colliders will be necessary for the next generation of higher energy ete™
colliders. For relativistic electrons, the energy loss due to synchrotron radiation is
proportional to E*/R where E is the energy and R is the radius of the ring. Thus
keeping these losses under control at higher energies will require larger rings than
are affordable. The more practicable alternative is thought to be the use of linear
accelerators to accelerate beams into each other without recirculation, even though
the technology of storage rings is better understood. The SLC is in some respects a
hybrid, as it uses one linear accelerator to accelerate both beams. Thus, the beams
do get bent in the arcs on their way to the collision point and synchrotron radiation

does cause a small energy loss of ~ 1 GeV. Nevertheless, SLC allows one to test the
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feasibility of the design. Because the beams are brought into collision only once, they

are tightly focused in order to produce acceptable luminosities.

2.1.1 The Polarized Electron Source

The polarized source consists of a photocathode illuminated by pulses of circularly
polarized laser light from a frequency-doubled Nd:YAG laser, as shown in Figure 11.
The polarization of the light was changed randomly to reduce systematic effects asso-
ciated with using only one laser polarization. The knowledge of the polarization state
of the laser light was transported to SLD using several methods to ensure its accuracy.
The wavelength of the light was chosen to be slightly higher than the band gap energy
of the photocathode for photoemission to occur. Angular momentum conservation
leads to differing transition rates between different angular momentum states in the
valence and conduction bands of the photocathode material. The photocathode used
during the 1992 run was bulk GaAs, and photoelectrons were produced by transitions
from the S% valence band to the P% conduction band. For a right-handed photon po-
larization, the transition rate to the m; = —1/2 state is three times larger then the
transition rate to the m; = 1/2 state, leading to a 50% polarization. The true polar-
1zation available was less due to the excitation of conduction band electrons. In the
1992 run, the average polarization was ~ 28%. For the 1993 run, a strained-lattice
GaAs photocathode was used instead in order to remove the degeneracy of the P%
state and allow higher polarization [48]. During the 1993 run the average polarization
was ~ 62%. For the initial ~ 20% of the run, the laser wavelength was initially set to
850 nm (P, =~ 55 —60% at A = 850 nm), and was later raised to 865 nm to provide
a higher polarization (P. =~ 62 — 67% at A = 865 nm). The photocathode was
periodically cesiated to increase the photocathode current, by lowering the energy
needed to free conduction electrons from the cathode.

The electrons emitted from the photocathode are bunched by a 178 MHz RF
field. Two laser pulses are generated during each 120 Hz accelerator cycle, creating
two electron bunches, which are then accelerated to 50 MeV, at which point they

enter the linac.
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Figure 11: The Polarized Electron Source

2.1.2 The Linac and Arcs

The SLC creates electrons and positrons and transports them to the interaction point
(IP) with a 120 Hz cycle. During each cycle, two electron bunches from the source and
one positron bunch from the positron return line enter the linac and are accelerated
by a field gradient of about 18 MeV/m down its 2 mile length. The positron bunch is
produced from the second electron (scavenger) bunch of the previous machine cycle.
The electron and positron bunches are accelerated to 1.2 GeV, at which point they
are steered into the North and South damping rings, respectively. The damping rings
reduce the spatial and energy spread of the bunches through synchrotron radiation.
This is done to increase the luminosity and reduce beam-related backgrounds in the
detector. The electron bunch spends one machine cycle in the North damping ring,
which has been optimized to preserve the electron polarization. The energy spread
of the positron bunch is much larger so it is cooled for two machine cycles.

The bunches leave the damping rings and are accelerated further down the linac.

The positron bunch for the following machine cycle is produced from the scavenger
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electron bunch as follows. After being accelerated to 30 GeV, the scavenger electron
bunch is extracted from the linac and directed onto a water-cooled tungsten-rhenium
target. The positrons are produced with energies near 1 MeV and are collected and
accelerated to 200 MeV in the positron return line. Off-axis and off-energy positrons
are removed from the bunch before injection into the low energy end of the linac for
acceleration and cooling in the following machine cycle. Approximately one positron
1s produced for each incident electron, after losses involved in transporting the bunch
are taken into account [47].

The first electron bunch and the positron bunch are accelerated to ~ 50 GeV
and are then steered through the arcs. Both bunches lose ~ 1 GeV to synchrotron
radiation while being steered to the IP. The bunches are focused very tightly at the
final focus with three superconducting quadrupole magnets. The dimensions of the
bunches were 2.4 pm in the horizontal, 0.8 pm in the vertical, and ~ 1 mm along the
beam axis during the 1993 run. Flat beams were found to produce higher luminosities
and lower backgrounds than round beams, which had been used in part of the 1992
run. The interaction region extended ~ 700 pm along the z-axis. There is some
depolarization of the electron beam in the North arc. Particles that do not interact
at the IP are directed to energy spectrometers and then to the beam dumps. The

polarization of the electron beam is measured just in front of the beam dump.

2.1.3 The Wire Imaging Synchrotron Radiation Detector

The Wire Imaging Synchrotron Radiation Detectors (WISRDs) [49] are the spectrom-
eters used to make real-time measurements of the energies of the two beams. They
are located 150 m beyond the IP, in front of the beam dumps. The basic layout of
the WISRD is shown in Figure 12. The beam goes through a series of three dipoles.
The first one bends the beam and produces a stripe of synchrotron radiation. The
beam is then deflected by the spectrometer magnet by an amount inversely propor-
tional to its energy, and then the third dipole produces a second synchrotron stripe.
The synchrotron stripes are focused on a screen of wires that are strung parallel to
the stripes. Electrons are Compton scattered off of them and the positions of the

two stripes are measured by reading out the residual charge on the hit wires. The
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beam energy is calculated using the distance between the two stripes of synchrotron

radiation. The resolution of the WISRD is ~ 40 MeV.
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Figure 12: The WISRD spectrometer

2.1.4 The Compton Polarimeter

The magnitude of the electron beam polarization is measured near the IP using the
Compton polarimeter, as shown in Figure 13. Electrons that have not interacted at
the IP are transported approximately 40 m along a straight path to the Compton IP,
where circularly polarized laser light is backscattered off the beam. The Compton
scattered electrons are steered away from the unscattered electrons by an analyzing
magnet and their momenta are measured from their deflections using a Cerenkov
detector and a proportional tube detector. The Compton asymmetry and the photon
polarization are measured, allowing the electron polarization to be extracted [50].
The Compton Polarimeter is run at 10.9 Hz and measurements are accumulated
over 20,000 SLC cycles (approximately three minutes). The statistical error in the
polarization measurement is ~ 1 —2%. The data is sent to the SLD data acquisition
and written to tape. The average polarization for the 1993 run measured using the

Compton polarimeter was ~ 62%.
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2.2 The SLAC Large Detector

The SLAC Large Detector (SLD) is a state-of-the-art collider detector with high pre-
cision tracking, calorimetry, and particle identification (see Figure 14). The detector
is cylindrically symmetric covering nearly all of the 47 solid angle, and apart from the
warm-iron calorimeter (WIC) is placed in a solenoidal 0.6 T magnetic field. The small

and stable interaction point (IP) allows the use of a beampipe with a small radius.

E.n, 91.26 + 0.02 GeV/c
Beam spot size 2.6 pm x 0.8 pm
Number of electrons/bunch | 3 x 10'°
Number of positrons/bunch | 3 x 10'°

—2.-1

Luminosity 3.8 x 10%° cm™%s
~ 40 Z°/hr

Table 7: Performance of SLC during the 1993 run
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The tracking systems can thus be placed very close to the IP, providing excellent
position and momentum resolution. Most subsystems are divided into a barrel and
endcaps; the latter provides coverage at forward angles and can be moved aside for

access to the interior of the detector.
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Figure 14: Schematic of SLD

2.2.1 The Vertex Detector

The vertex detector (VXD) [51, 52] is arranged in 4 concentric cylinders around
the beampipe to provide tracking close to the beam axis and covers ~ 75% of 4.

Table 8 summarizes some of the important features of the VXD. Charged coupled
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devices (CCDs) are used to detect charged particles passing through them. CCDs
consist of a large number of small pixels, and charged particles passing through them
deposit charge mostly in the ~ 1 — 2 pixels closest to them. CCDs, unlike strip
detectors, are able to provide very accurate tracking along two dimensions without
ambiguities. They are consequently less affected by backgrounds such as d-rays,
which can be removed by pattern recognition, and even high densities of tracks can
be separated efliciently. This makes them very suitable for use at SLD where beam-
related backgrounds are high. The readout time of individual CCD chips is long (~ 50
ms) because it is done serially, and 152 ms (19 beam crossings) are needed to read out
the full VXD. At LEP, the higher collision rate makes the use of CCDs impractical.
The long readout time does not create dead time in the VXD, but the backgrounds
are consequently increased. The large number of pixels in the VXD minimizes this

problem.

Figure 15: Transverse section through the vertex detector (VXD)

The CCDs are mounted in sets of eight on ladders made of aluminum and ceramic.
Each side of the ladder has four CCDs that overlap the CCDs on the other side so
that there are no holes in coverage along the length of the ladder. The ladders are
arranged in two pairs of concentric barrels and the ladders in one barrel are staggered
with respect to those in the other barrel in the pair. Thus, the active regions of

each pair of barrels provides complete azimuthal coverage. If the polar angle 8 of a
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track is such that |cos 8| < 0.77, it will pass through at least 2 cylinders; on average,
tracks from the interaction point pass through 2.3 CCDs. In this way the VXD
provides three dimensional tracking information near the beam axis in the barrel
region, enabling SLD to separate secondary vertices, such as in heavy flavor decays,
from the primary vertex with high efficiency. The material of the VXD has been
minimized to reduce multiple scattering which can adversely affect the momentum
resolution of the tracking system. To help achieve this, the CCD chips are thinned
to 200 pm and the ladder support system is made of beryllium. The total thickness
of the material at 90° is 5.8% of a radiation length.

Stripline

Survey
Apertures

End Plate
Annutus

Outer Shell
(Beryllium)

Beampipe
(25 mpmprad) Saaant

Figure 16: The vertex detector (VXD)

The VXD was optically surveyed to provide relative positions of CCDs, both on the
same ladder and on different ladders. The alignment between ladders was done using
Z° decay tracks. Tracks with > 3 VXD hits are used to correct the surveyed positions,
thus improving the spatial resolution. Hits in the VXD are used in combination with
fitted tracks from the central drift chamber (CDC, see below). Pattern recognition is
used to search for VXD hits associated with CDC tracks extrapolated to the VXD.
Tracks with at least 2 VXD hits are kept if the fit quality for the combined VXD and
CDC hits is good. The efficiency for linking VXD points with CDC tracks is 96% for
regions where all CCDs are active (p > 1 GeV/c). The backgrounds (amounting to
< 0.01% occupancy) caused 4% of tracks with p < 1 GeV/c to have incorrect clusters
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associated with them; for p > 1 GeV/c, this was < 0.5%.

The spatial resolution of the VXD was measured using CDC tracks with 3 hits in
the VXD. If 2 hits are on the same ladder, the resolution is 5 pm in zy and 8 pm in
rz; if the hits are on different ladders, the resolution is 10 gm in zy and 8 ym in rz.
The impact parameter resolution [52, 53] has been measured from the miss distances
of muons in Z° — ptu~ decays: o = 15.7um, o,, = 46.5um at high p,.

The VXD is maintained at 195 K in a cryostat by flowing cold nitrogen gas through
it. By cooling the VXD, the dark current of the CCDs and electronics noise is reduced
to a minimal level: < 1 hit /CCD per event.

After installation, one inefficient ladder, two dead CCDs and 3 inefficient CCDs
were found which amounted to ~ 4% of the CCD channels being faulty. This reduced
the linking efficiency for tracks traversing the faulty regions of the VXD.

pixel size 22 pm X 22 pm
number of pixels/CCD 222,530

active area of ladder 8.5 x 100um?
number of ladders 60

barrel radii 29.5, 33.5, 37.5, 41.5 mm
thickness of material at 90° 5.8% Xo

spatial resolution (zy) 5 — 10pum
spatial resolution (rz) 8 pm

impact parameter resolution (zy) | 15.7 um

impact parameter resolution (rz) | 46.5 um
two-track resolution 40 pm

Table 8: VXD parameters

2.2.2 The Drift Chambers

Further charged particle tracking is provided by the drift chambers. There is a central
drift chamber (CDC) in the barrel region and two endcap drift chambers (EDCs) in
the north and south endcaps. Both drift chambers work by measuring the ionization
of a gas that results from the passage of charged particles through it. An electron

produced in this primary ionization drifts towards a sense wire held at high voltage,
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producing an avalanche in its vicinity. By measuring the time of the cascade, the

drift distance and thus the position of the primary ionization, can be deduced.
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Figure 17: Schematic of a CDC cell showing the placement of guard wires, field wires
and sense wires

The CDC is a 2 m long cylindrical annulus around the VXD, extending from

a radius R:

inner = 0.2 m to Royter = 1.0 m. It consists of 10 superlayers that

contain cells that are ~ 59 mm wide. The longest drift distance is thus ~ 30 mm,
corresponding to a ~ 3.3 us spread in drift times. Each cell has eight sense wires, 24
guard wires and 27 field wires (see Figure 17) that are strung in the axial direction.
The arrangement of guard wires and field wires maintains a more constant relationship
between drift time and the distance traveled by the drifting electrons than would be
the case with just a single sense wire and guard wire. The sense wires are instrumented
at both ends with charge amplifiers that measure a hit on a wire as a charge. The
charge is inversely proportional to the resistance and therefore to the length of the
wire from the hit to the end. The z coordinate of the hit can be measured using charge
division in which the charges collected at the two ends of a hit wire are compared.
However, this is sensitive to noise and electronics problems, and has a resolution of
6 cm. A single track traversing a CDC cell creates ~ 16 electrons through primary
ionization which results in an avalanche of ~ 3 x 108 electrons.

When a sense wire is hit, the side of the sense wire where the primary ionization
occurred is ambiguous. In track reconstruction, hits are assigned to both sides of the

sense wire and pattern recognition is used to remove the fake reflected image. When
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og | 3.7 mrad

o4 | 0.45 mrad

Ozy | ~ 50 — 100 pm for most of cell

~ 200 pm near sense and field wires
op | 0.0049 & 0.0095/p (CDC+VXD)
orp | 130 70/p sin® 6 (CDC+VXD)

o | D20 70/p sin® 6 (CDC+VXD)

Table 9: CDC parameters (p is expressed in GeV/c )

a track traverses a cell and ionizes the gas, the showers produced have finite length.
This creates a dead band of ~1 mm next to the sense wire, and a corresponding
reflected dead band on the other side of the sense wire. Other tracks passing through
these dead bands cannot be resolved by the cell. By tilting the cell by 5° from the
radial direction, the reflected dead band is inclined by 10° to the interaction point. It
is then less likely that the reflected dead band will kill segments of other tracks and
the two-track resolution is better than it would be without the tilt.

The polar angle and z measurement are improved by having some superlayers
with a stereo angle. Three (U) superlayers are tilted by a stereo angle of +41 mrad,
three (V) are tilted by —41 mrad, and four (A) have no stereo angle (axial layers).
The arrangement is AUVAUVAUVA. The position of a hit in the stereo layers is a
function of z and when fitting all the layers together, the z coordinate of the track
can be extracted with a resolution of 1 mm.

The gas used is a mixture of 74.7% CO,, 21% Ar, 4% isobutane and 0.3% H,O.
These concentrations are maintained within +0.15% and the oxygen concentration is
kept below 20 ppm. The drift velocity is sensitive to the density of the gas mixture
and the voltage of the drift field. Consequently, the pressure and temperature are
closely monitored and kept as constant as possible. The drift velocity is independently
measured on a run-by-run basis as a cross-check using tracks. The radiation thickness
is quite small: 5.3% radiation lengths in total, and 1.8% rad length is beyond the
active region on the outer wall. Table 9 summarizes the resolutions achieved in the
CDC.

The EDCs are each composed of two sections: an inner and outer layer. The
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endcap CRIDs are sandwiched between these layers allowing better track extrapola-
tion into the CRID. The technology employed is the same, but the wires are strung
differently. Data from the EDC was not used in this analysis.

2.2.3 The Cerenkov Ring Imaging Detector

Particle identification is provided at SLD by the barrel and endcap Cerenkov Ring
Imaging Detectors (CRIDs). The CRIDs exploit the Cerenkov effect to measure
velocities of charged particles. Combined with a momentum measurement from the
tracking system, the CRID can separate particles by their masses. The CRIDs are

useful for the following identifications: e, 7, K.
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Figure 18: Schematic of the barrel CRID

The Cerenkov effect occurs when the velocity of a charged particle exceeds the
velocity of light in the dielectric medium it is traversing. The particle polarizes atoms

in its vicinity which then coherently emit radiation at an angle 8 that is related to



56

momentum threshold
(for 3 p.e.) (GeV/c) | liquid gas
e ~ 0.001 | ~ 0.0095
s 0.23 2.6
K 0.80 9.1
p 1.50 17.3

Table 10: Momentum thresholds for the gas and liquid radiator in the barrel CRID

the velocity 8 of the particle and the refractive index n of the medium by
1

Bn

Thus, for the effect to occur, Bn > 1, i.e. there is a threshold velocity 8; = 1/n below

which light will not be emitted. Above this threshold, the Cerenkov angle 8 increases

cosf =

(143)

with velocity 3. There is thus a maximum Cerenkov angle that corresponds to 8 = 1:
Omaz = cos ' (1/n) (144)

In media with different n, the Cerenkov angle will have its greatest velocity resolution
in different ranges of velocities.

The CRIDs work by imaging cones of Cerenkov light as rings. The radii of the
rings measure the Cerenkov angle. The yield of photons is very low but this is not
a problem. In principle, the radius of a ring can be fixed even if only one photon is
detected if the center of the ring is known from the tracking systems. In practice,
because of detector inefficiencies and a high multiplicity environment, more photons
are needed to measure a ring radius. To maximize the photon yield, the CRID
collects photons from the ultraviolet where Cerenkov radiation is strongly peaked. In
this region of the spectrum, they can also be detected with very high efficiency using
the photoelectric effect. Consequently, the CRID must be made transparent to the
ultraviolet.

The barrel CRID uses both a liquid radiator, C¢F14, and a gas radiator, a mixture
of 70% CsFi5 and 30% N,. The refractive index of the gas (n = 1.00173 at 6.5
eV) is much lower than that of the liquid (n = 1.277 at 6.5 e€V), making it more
sensitive to high energy particles. The momentum thresholds for detecting at least

three photoelectrons are shown in Table 10.
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A schematic of the barrel CRID is shown in Figure 18. A particle entering the
CRID from the drift chamber passes through a 1 cm layer of liquid radiator enclosed in
a box with a quartz window (for transmission in the ultraviolet). Cerenkov radiation
from the liquid radiator propagates a short distance and then forms rings inside a drift
box situated behind the liquid radiator. Typical liquid rings have a 17 cm radius and
are 1.5 cm thick. After the liquid radiator, a charged particle will traverse a ~ 45 cm
gas radiator volume. The Cerenkov radiation that is produced is focused onto the
drift box by an array of spherical mirrors on the far side of the CRID. A typical gas

ring has a 3 cm radius and is 3 mm thick.
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Figure 19: Schematic of a drift box in the CRID

The drift box is shown in Figure 19. It has an active area of 126.8 cm x 30.7 x 5.6
cm and is filled with a mixture of CoHg and 0.1% TMAE (Tetrakis Dimethyl Amino
Ethylene). TMAE has an extremely low ionization threshold of 5.36 eV and has a
very high quantum eficiency in the range 1700 to 2200 A. At 8 = 1, liquid rings
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have ~ 13 — 16 photoelectrons and gas rings have ~ 7 — 9. The drift box has quartz
walls for ultraviolet transparency, and is enclosed in a cage of field wires that provide
a uniform drift field of 400 V/cm. The drift velocity is ~ 4.385 cm/us and is closely
monitored, as it is strongly affected by impurities in the drift gas. Photoelectrons are
drifted towards the end of the box where they are detected by a MWPC which has an
anode wire plane containing 93 thin high-resistivity carbon wires spaced 3.175 mm
apart. A position in z, y, and z can be measured for each photoelectron from the
address of the hit wire, charge division along the wire, and the drift time, respectively,

with resolutions of 1 mm, 2 mm, and 1 mm, respectively.

particle separation range | gas and liquid
at 90° (3 o level)
e/m 0.2-6.2 GeV/c
p/ K 0.2 - 1.1 GeV/c liquid
2.1- 3.8 GeV/c gas
m/K 0.23 - 23 GeV/c
K/p 0.8-37 GeV/c

Table 11: Momentum ranges for particle separation in the barrel CRID

Table 11 shows the momentum ranges over which different particles can be sep-
arated. Figure 20 shows results from the liquid radiator in the barrel CRID during
the 1992 run. The separation into 7w, K, and p bands can be easily seen. The slices
in Figure 20 (b) and (c) show the different degree of separation between particles in
different momentum ranges.

The endcap CRID [51, 54] has a similar design to the barrel CRID, but with no
liquid radiator. The radiator gas is a mixture of 85% C,Hg, 15% CO,, and 0.05%
TMAE. The photoelectrons drift perpendicular to the magnetic field, so there is a
non-zero Lorentz angle (61, ~ 10°) that needs to be compensated for in the MWPC fo-
cusing structures. Without a liquid radiator, the endcap CRID is sensitive to particles
with medium to high momenta. The momentum thresholds are 2.5 Gev/c for pions,
8.9 GeV/c for kaons, and 17.0 GeV/c for protons. 7/ K /p separation is achievable up
to momenta of ~ 30 GeV/c.

The Endcap CRID was being commissioned during the 1993 run. Neither the
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barrel nor the endcap CRID are used in this analysis.

2.2.4 The Liquid Argon Calorimeter

The LAC is the primary electromagnetic and hadronic calorimeter in SLD, employing
lead as an absorber and liquid argon as the active medium. The LAC is divided into
three regions: a barrel (|cos 8] < 0.83) and two endcaps (0.82 < |cos | < 0.99), but
is treated as a single entity by the data acquisition. Each region has its own cryostat
in which the lead plates are immersed in liquid argon. The liquid argon is cooled by
liquid nitrogen flowing through tubes in each cryostat.

The passage of particles through the lead creates showers of lower energy parti-
cles that then ionize the liquid argon as they pass through it. The lead layers are
alternately held at ground and at 2 kV, so that the ionization of the liquid argon
can be measured. Lead is a useful material for both electromagnetic and hadronic
calorimetry because it has both a short radiation length (X, = 0.56 cm) and a short
interaction length (A = 17.1 cm). Liquid argon has numerous advantages as the active
medium. Ionization can be measured locally within the active volume, so the read-
out does not impose as stringent constraints on the geometry as with a scintillator
system. There are fewer dead regions because the active medium is a liquid. Liquid
argon is radiation hard, so the LAC calibration remains stable and depends only on
the electronics. Liquid argon has unity gain so there are no fluctuations associated
with the signal which would come about from an amplification process.

The LAC has a projective tower geometry, and the towers are divided in depth into
EM1, EM2, HAD1, and HAD2 to give information on longitudinal shower develop-
ment. The segmentation of the towers in the electromagnetic section is §¢ = 33 mrad
and 46 ranges from 36 mrad at z = 0 to 21 mrad at z = 3.1 m, which fully contains
the lateral spread of a typical electromagnetic shower. In the hadronic section, the
towers are twice as wide in ¢ and 6. The endcaps are segmented similarly except at
small polar angles, where the ¢ segmentation is coarser. There are a total of 32448
towers in the barrel and 8640 in the endcaps.

The towers are composed of unit cells (see Figure 21) that consist of the ground

plane, which is a continuous sheet of lead and a lead tile held at 2 kV, with a 2.75
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Figure 21: Layout of a LAC cell

mm thick layer of liquid argon separating them. The charge accumulated on the lead
tiles is read out and digitized. The lead layers are 2.0 mm thick in EM1 and EM2,
and 6.0 mm thick in HAD1 and HAD2. Thus, the sampling fraction is 18.5% in the
electromagnetic section and 7% in the hadronic section. The electromagnetic section
has a total thickness of 21.11 radiation lengths and 0.84 interaction lengths, which
contains ~ 99% of a typical electromagnetic shower. The hadronic section has a total
thickness of 2.84 interaction lengths and 56.74 radiation lengths. The LAC contains
~ 85% of typical hadronic showers.

The energy resolution of the electromagnetic section is og/E = 15%/+/E, which
was calculated using Bhabha electrons. The hadronic resolution was calculated to

be og/E = 55%/+/E from a comparison of isolated tracks in the drift chamber and
LAC.
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The LAC Energy Scale

The conversion of ADC counts to an energy value needs to be well defined for the
LAC [55]. However, the response of the LAC depends on the type of particle that
i1s depositing energy. A standard scale is defined using minimum ionizing particles

(MIPs) such as muons:

EM 1 ADC count = 2.04 MeV
HAD 1 ADC count = 5.41 MeV

Both electromagnetic showers and hadronic showers deposit more of their energy in
the lead, i.e. a smaller fraction of their energy is deposited in the liquid argon. Thus,
the standard scale energies need to be scaled by 0.68 and 0.42 for electromagnetic and
hadronic showers [49], respectively. This is done during reconstruction when clusters

are identified as arising from either electromagnetic or hadronic showers.

2.2.5 The Magnet

The magnet is located between the barrel LAC and the barrel WIC. It is a 5.9 m
diameter, 6.4 m long and 29 cm thick aluminum coil, and is water-cooled. It is
wound with ~ 10 km of 5 x 5 cm? aluminum conductor in four layers of 127 turns.

The magnet is run at a current of 6600 A and its field is measured to be:
B, =10.0203 T and B, = 0.0203 T. (145)

The field has been modeled and the agreement with the measured field is within
0.05% in the CDC. Thus, the 3% variation of the field that exists within the CDC

can be calibrated away.

2.2.6 The Warm Iron Calorimeter

The Warm Iron Calorimeter (WIC) has three functions. It acts as a secondary
hadronic calorimeter: approximately 5% of the energy of a typical hadronic Z° decay

is deposited in the WIC. As a flux return, it ensures the uniformity of the magnetic
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field within the barrel, in particular the CDC. The WIC also detects muons that are
able to traverse the rest of the detector.

The WIC has octagonal symmetry in ¢ and has a projective tower geometry that
1s a continuation of the LAC towers. It is also segmented longitudinally into two
layers that are each 2.1 interaction lengths thick. There are 14 layers of 5 cm thick
iron separated by 3.2 cm gaps containing larocci tubes. An extra set of Iarocci tubes
follows the seventh and fourteenth layers. larocci tubes are long plastic tubes lined
with conductive paint with a Cu-Be wire at 4.75 kV inside. The tubes are filled with
a mixture of 88% CO,, 9.5% isobutane and 2.5% argon. The tubes are sandwiched
between electrode sheets which are segmented either into rectangular pads or as strips
that run parallel to the wires. The extra larocci tubes on layers 7 and 14 have 2 sets of
strips: one transverse and one longitudinal to the wire. Charged particles traversing
an larocci tube ionize the gas mixture and an avalanche is created as the electrons
drift to the wire. A signal is induced on the electrodes surrounding the tube. An
analog signal is read from the strips, which with charge division can track muons in
z, y and z. The pads are read out digitally.

Muon candidates are found by eliminating hadron showers from the sample.
Hadronic showers are more widely dispersed in angle and position than muons. Pat-
tern recognition using tracking and LAC information is used to further separate muon
candidates from hadrons. However, 7 and K decays into muons in the drift chambers
or CRIDs can create a fake primary muon signal. Studies [56] indicate that this can
be reduced to the level of 1073.

The combined hadronic energy resolution of the LAC and WIC is og/E = 60%/v'E
where E is in GeV.

2.2.7 The Luminosity Monitor and Forward Calorimetry

Electromagnetic calorimetry in the forward region and luminosity monitoring are
provided by the Medium Angle Silicon Tagger (MASiC) and the luminosity moni-
tor/small angle tagger (LMSAT), respectively. There are identical MASiC and LM-
SAT on the north and south ends of the detector. The construction of the two systems

is very similar; they are both silicon-tungsten sampling calorimeters.
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The MASIC consists of 10 layers of tungsten, each 1.74 radiation lengths thick
with silicon diodes between them. It is divided into two longitudinal sections, EM1
and EM2, consisting of the first three layers and the last seven, respectively. The
angular coverage of the MASiC is 68 mrad < 6 < 190 mrad. The MASiC is arranged
into towers with 60 = 36 mrad and é¢ = 11.25° for the outer portion and d¢ = 22.5°

for the inner portion.

Figure 22: Schematic of the luminosity monitor

The LMSAT consists of silicon diodes sandwiched between 23 tungsten layers that
are 0.92 radiation lengths thick. Figure 22 shows a schematic of the LMSAT. The
angular coverage is 28 mrad < § < 65 mrad. It is longitudinally divided into EM1
and EM2 which are 5.5 and 15.6 radiation lengths thick, respectively. It is segmented
into towers with the same ¢ segmentation as in the MASIiC and 46 = 9 mrad. The
LMSAT provides an excellent measurement of low-angle Bhabha electrons, containing
> 99.5% of their energy. The energy resolution is og/E = 20%/+/E. The low-angle
Bhabha cross-section is dominated by ¢-channel photon exchange and can thus be

calculated to high precision. There are ~ 2.5 low-angle Bhabha events per hadronic
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Z° decay. The integrated luminosity can be measured by counting these events:

/[,dt _ number of low-angle Bhabha events (146)

calculated low-angle Bhabha cross-section

2.3 Data Acquisition

[67] The trigger rate at SLD is dominated by beam background because of the rela-
tively low ete™ cross-section and low collision rate. Thus, the acquisition does not
have to run as fast as at a hadron collider. The low radiation environment of an

*te~ collider allows the front-end electronics to be placed directly on the detector

e
thus improving signal quality. The signals can be time multiplexed before being sent
from the detector, thus reducing the channel count (and its associated cables) further
down the acquisition chain. The beam crossing rate of 120 Hz implies that trigger
decisions must be made within 8.3 ms.

After each beam crossing the signals from each subsystem are amplified, shaped

and stored in preparation for a relatively slow digital readout. The details pertaining

to each subsystem are described below.

VXD

Because of their design, each CCD in the VXD must be read out serially. The signals
are amplified, filtered and digitized by electronics on the ladders. Two dimensional
clusters are constructed before they are sent to FASTBUS. The VXD takes 160 ms
to be read out and is not used by the trigger.

Drift Chambers and CRIDs

The drift chambers and CRIDs process and transport their signals in similar ways.
The sense wires are instrumented with preamplifiers that are connected to Hybrid
Analog Memory Units (HAMUs) that sample and store 512 waveform points. If the
trigger requests it, the waveforms in the HAMUs are read out, digitized and shipped
to FASTBUS which takes ~ 64 ms. The CRIDs handle a higher dynamic range
than the DCs and have preamplifiers that are modified to cope with this. The drift
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chamber is also used by the trigger and a stripped version of CDC information is
supplied: the output from each preamplifier is discriminated, providing a list of hit

wires in the drift chamber (1 bit/wire).

LAC and WIC

The LAC and WIC pads are read out in a similar fashion. The signal from each
channel is preamplified and stored in a Calorimeter Data Unit (CDU). The CDU
samples the data at two gain ranges. The CDU signal is digitized, serialized and
multiplexed before being transmitted to FASTBUS. The LAC can be read out in
2 ms which is fast enough for the trigger to use. The WIC strips are preamplified
and discriminated, and then read out and clustered by the Digital Readout Module
(DRM).

2.3.1 FASTBUS

FASTBUS coordinates and receives data from all the subsystems on the detector.
The data is processed further in specialized modules, e.g. WSMs for DCs and CRIDs
and CDMs for the calorimetry. The data is corrected by applying calibration con-
stants, and then compacted to contain only the pulse and its leading and trailing
edges. Timing and Control Modules (TCMs) synchronize the detector to the CDMs
and WSMs and control the configuration of the electronics on the detector. Each
subsystem has an Aleph Event Builder (AEB) that further organizes the data and
prepares it for transmission to the data acquisition computer that writes the data to
tape.

The trigger decisions are processed by FASTBUS. The drift chamber information
is further reduced to 1 bit/cell, and various weighted energy sums are calculated by
the CDMs and organized by the calorimeter AEB. This trigger information is sent to
the trigger AEB which uses a lookup table to find tracks and makes trigger decisions

in ~ 3 ms. The trigger will be described in more detail in chapter 4.



Chapter 4
Triggering and Event Selection

The final sample of events used in physics analyses is collected and separated from
background events in several stages. First, data from the detector is written to tape
if it passes the selection criteria of the trigger. The trigger is designed to be very
efficient at selecting Z° decays at the expense of purity. The event filter reduces the
large sample of events on tape by removing mainly beam-related backgrounds. Event
selection cuts are applied to the filtered event sample to extract events of interest for

an analysis, viz. hadronic Z° decays for this measurement.

4.1 The Event Trigger

The basic task of a trigger is to identify events of interest and write them to tape
while rejecting the background. In order to write as many ‘interesting’ events as
possible, purity is sacrificed in the interests of efficiency, as the event sample will
be filtered afterwards. The beam crossing rate is 120 Hz which gives the trigger 8.3
ms to make its decision. For the SLD trigger to makes its decision quickly, it must
use event quantities that are immediately available, e.g. calorimetry information or
primitive tracking information, as described in section 2.3.1. The 1993 run at SLD
employed eight triggers [74] as shown below. During a run, all or a subset of these
triggers can be armed. The energies are all expressed in the standard/m.i.p. scale

(see explanation in section 2.2.4).
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Random This trigger is used for collecting minimum bias events for modeling back-
grounds in the detector. The full detector is read out every 2400 + 50 beam

crossings. These events do not have to satisfy any trigger requirements.

Energy This trigger requires a total LAC energy greater than 12 GeV from at
least 8 towers. Towers contribute if they are above the following thresholds:

60/60/120/120 ADC counts for EM1/EM2/HAD1/HAD2 respectively. Only
the calorimeter is read out. Typical rate < 0.01 Hz.

Bhabha This trigger is a small-angle Bhabha trigger using the LUM. It is used in
determining the luminosity from the Bhabha cross-section. It requires back-to-
back deposition of electromagnetic energy in the LUM: greater than 10 GeV in
both LUM monitors with towers in LUM-EM2 contributing if they are above
the threshold of 1 GeV. Only the calorimeter is read out. Typical rate ~ 0.25
Hz.

Track This trigger requires at least 2 CDC tracks with an opening angle greater
than 30°. The full detector is read out. Typical rate ~ 0.05 Hz and this is rate
limited to 0.1 Hz.

Hadron This trigger requires at least 1 CDC track and a total LAC energy of at
least 15 GeV. At least 10 towers must contribute to the sum and at least one
tower must be in the forward and one in the backward section of the barrel.
Towers contribute to the energy sum if they are above the same thresholds as
for the energy trigger. Most energy triggers also satisfy this trigger. The full
detector i1s read out. Typical rate 0.01 Hz.

WAB This trigger requires a total LAC EM energy greater than 30 GeV with towers
contributing if above 60 ADC counts. The full detector is read out. Typical
rate < 0.01 Hz.

laser_acq This trigger is used in calibrating the drift chambers and is not normally
armed. It requires the drift chambers to be read out every time the drift chamber

calibration laser is fired.
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There are three beam-related backgrounds that the trigger (and the event filter)
removes: low energy electrons and photons that scatter off beamline components,
SLC muons, and beam-splash. Low energy electrons and photons are vetoed by the
LAC energy thresholds, the minimum track momentum (p; > 180 MeV) recognized
by Fastbus pattern recognition [51] and the opening angle requirement of the tracking
trigger. SLC muons are created by the tails of the electron and positron bunches when
they strike collimators in the beam-line. While most of these muons do not reach SLD
and are absorbed in the ground or deflected by ‘muon spoiler’ magnets, some do get
trapped and accelerated down the beamline. They leave a distinctive signature of
energy deposition in the WIC endcaps and ionization trails parallel to the beam axis
in the barrel LAC and WIC. Beam-splash is caused by a ‘catastrophic’ failure of SLC
(which can be caused by just a klystron misfire on one pulse) in which at least one
bad bunch is accelerated to the interaction point producing a large shower of energy
in the process. This can be recognized by large deposits of energy in the calorimeter
and large numbers of uncorrelated hits in the tracking systems. These backgrounds
can set the track trigger which is therefore rate-limited to 0.1 Hz to reduce the impact
of noisy beam conditions. The CDC trigger is also vetoed if more than 275 CDC cells
have at least 6 hit wires. High energy thresholds reduce this background in the energy
trigger.

In the middle 40% of the 1993 run, a hardware problem occurred in the CDC. This
was interpreted by the trigger as an increase in the CDC occupancy which caused
the CDC occupancy veto to occur more frequently than it should have. As a result,
approximately 12% of hadronic events do not have tracking information, i.e. the
hadronic trigger is vetoed but not the energy trigger. This is simulated in the Monte
Carlo by rejecting a larger proportion of events in this part of the 1993 run.

4.2 Event Filtering

Useful physics events make up only a small fraction of the large number of triggers
recorded. The general procedure is to filter out the events of interest and then fully

reconstruct these, after which further selection cuts can be applied to extract the
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events required by a particular analysis. The event filtering for the 1993 run at SLD

is done in two stages called Pass 1 and Pass 2.

4.2.1 Pass 1

The Pass 1 filter eliminates ~ 97% of events that are triggered and written to tape in
the 1993 run [75]. The remaining events are classified into physics and non-physics
categories according to the triggers they satisfy and the cuts they pass in the Pass 1

filter. The physics event categories are:
e 7 decay products (hadronic, tau-pairs and mu-pairs)
e LUM Bhabhas
o track triggers
and the remaining event categories are:
e Compton polarimeter records
e DC laser records

e random triggers

120 Hz trigger records

almost all LUM triggers.

Because this analysis uses hadronic Z decays, the filtering of these events is now
described. Events are classified as hadronic Z decays if they pass either the LAC
energy trigger (EIT) filter or the KAL Z (KZOF) filter. The EIT filter requires the
following LAC quantities to be defined

o Epns: the total energy from all LAC towers that are above a ‘high’ threshold.
The ‘high’ threshold is 60 ADC counts (~ 250 MeV) for the EM sections and
120 ADC counts (~ 1.3 GeV) for the HAD sections.
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filter quantity cut value

Egr > 15 GeV

Ero < 140 GeV

Egr > 1-5(ELO — 70) GeV
Ngt' > 10

NEM(north only) | > 0

NEM(south only) | > 0

Table 13: Pass 1 LAC energy (EIT) filter cuts

o Ero: the total energy from all LAC towers that are above a ‘low’ threshold.
The ‘low’ threshold is 8 ADC counts (~ 33 MeV) for the EM sections and 12
ADC counts (~ 130 MeV) for the HAD sections.

o NEM: the number of towers in the EM section above the ‘high’ threshold.

For an event to pass the EIT Pass 1 selection, it must have satisfied the energy
trigger conditions and pass the cuts shown in Table 13. NEM correlates well with
the particle multiplicity of the event and should be high for events with hadron-like
multiplicities. Backgrounds populate low values of NZM and are reduced by the cut.
The SLC muon background manifests itself as large numbers of low energy hits in the
LAC and it can be reduced by the cuts on Erp. The north-south energy requirement
reduces beam-splash background which can be asymmetrical along the beam axis.

The KAL Z filter uses the following quantities.

o EFc: the sum of the energy in the endcap WIC towers that have less than
6000 ADC counts and non-isolated hits.

o Erac: the energy sum of LAC towers above 0, 60, 120, and 120 ADC counts
for the EM1, EM2, HAD1 and HAD2 layers respectively.

e Npac: the number of LAC towers above the readout thresholds (see previous
chapter, section 2.2.4), which are 2, 3, 6 and 6 for the EM1, EM2, HAD1 and
HAD?2 layers respectively.

The cuts are shown in Table 14. The fourth cut is optimized for rejecting the SLC

muon background.
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filter quantity cut value
Nrpac > 0, < 3000
Erac > 14 GeV
EFic < 11 GeV
1.45FEp4c — EIC;I?IC > 8.7 GeV

Table 14: Pass 1 KAL Z filter cuts

4.2.2 Pass 2

All physics events passing the Pass 1 filter are then processed by the Pass 2 filter
which reconstructs the events and applies cuts to classify them further. Hadronic
Z decays passing the Pass 1 EIT filter are processed by the Pass 2 EIT filter. The
calorimetry information is reconstructed for the event using only the LAC contri-
bution from towers above thresholds of 7 and 9 ADC counts for the EM and HAD
sections respectively. The LUM and WIC contributions are not used and towers

closest to the beampipe are also ignored. Clusters are constructed such that
o E.us > 100 MeV

o EZM ~ 0 MeV.

clus

Clusters that are inconsistent with being from SLC muons are used to construct the

following quantities
e Eror: the total (uncorrected) cluster energy

o FE;.;: the energy imbalance, the magnitude of the vector sum of the cluster

energy divided by Eror
o N.,.: the number of clusters

The EIT2 cuts are shown in Table 15. Most physics events should have a symmet-
rical distribution of energy and the E;,,; requirement removes some beam-related
backgrounds. The other cuts identify hadronic Z decays by their characteristically
large energy and high multiplicity (assuming that N, correlates with the particle
multiplicity).
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filter quantity | cut value

E > 13.5 GeV

E;p < 0.6

Netus > 8 for cos 0,5, < 0.8
Netus > 11 for cos 8., > 0.8

Table 15: EIT Pass 2 cuts

Visible energy E,;s > 18.0 GeV
Thrust axis |cos Oippust| < 0.71
Number of tracks Ng > 7

Number of tracks with 2 VXD hits | Nrne > 3

Table 16: Hadronic event selection cuts

Events passing the cuts of the Pass 1 Z filter are reconstructed and processed
by the pass 2 Z filter which has the same cuts as in Pass 1 which now acts on
reconstructed quantities (see Table 14), and two additional cuts: E;y, < 0.9, and a

cut to reject events that have fewer than two reconstructed jets.

4.3 Event Selection

The hadronic Z° event sample is constructed using events passed by the EIT filter.
The selection cuts are shown in Table 16. The cuts are designed to find high charged
multiplicity events with large energy deposition. Tracks are required to pass near the
PV (z impact parameter < 5 cm) and have transverse momentum p; > 0.2 GeV/c.
The thrust axis cut contains the event within the barrel where the tracking is reliable.
Visible energy is defined as the total energy of the charged tracks in the event. Plots of
these quantities for data and Monte Carlo are shown before and after all the cuts have
been applied (see Figures 24 and 25). One can see that the agreement is better after
the cuts: beam-related backgrounds which are not well-modeled have been removed.

After applying these cuts to the 1993 data, 29400 events are selected. The non-
hadronic background, which is predominantly 7+7~, has been estimated to be < 0.2%
[76] from the Monte Carlo. There are roughly equal proportions of uds, ¢, and b events

in the sample and the subsequent analysis preferentially extracts b events.
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Figure 24: Comparison of data (points) and Monte Carlo (solid line) for event selec-
tion quantities before event selection
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Figure 25: Comparison of data (points) and Monte Carlo (solid line) for event selec-
tion quantities after event selection



Chapter 5
Analysis

This measurement of the average B hadron lifetime takes advantage of the small
beam spot and excellent vertex resolution available at SLD by using the CDC and
VXD to reduce the data. The LAC is used only in event selection, as described in
section 4.3.

This measurement of the average B hadron lifetime involves selecting vertices that
are sensitive to the value of 7. The hadronic event sample described in section 4.3
is unbiased toward the quark flavor of the Z° decay, so one needs to construct an
event sample that is predominantly Z° — bb decays to reduce the background. This
reduces the sensitivity of the analysis to the modeling of these backgrounds. Z° — bb
decays are selected at an early stage of the analysis by using an event tag to reduce
the processing time required and to avoid the need for hard cuts at later stages.

The final sample is constructed from these tagged events in several steps. First,
all possible vertices are constructed with the tracks in each tagged event, subject to
very loose constraints. A set of independent vertices is extracted from this large set
of vertices and a final sample is made by requiring one vertex per event hemisphere.
The average B hadron lifetime is then obtained from a maximum likelihood analysis
of these vertex positions in the data and the Monte Carlo. The final sample is quite
large even with an event sample of modest size because of the inclusive nature of this
measurement. The cuts in this measurement are comparatively loose, e.g. there is

no high-pr lepton requirement. However, the analysis is sensitive to the agreement
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between the Monte Carlo simulation and the data, which needs to be investigated

thoroughly for a full comprehension of the sources of systematic error.

5.1 Tagging Z° — bb Decays

This analysis attempts to create an unbiased sample subject to very loose cuts. How-
ever, given the high tracking efficiency, a topological technique is easily swamped by
backgrounds from random combinations of tracks. Events are tagged for use in this
analysis in order to make this technique feasible with the computing power available.

Due to their long lifetimes and the large boost with which they are produced at
SLD, B hadrons decay at a considerable distance from the IP (~ 2 mm on average).
The large mass of the b quark means that the decay products of a B hadron will have
high pr on average. The tracks associated with these decays will on average miss the
IP by a larger distance than other tracks in the event, and tracks in udsc events. This
characteristic of b events is used to tag them in this analysis. A description of this

method first requires several quantities to be defined.

5.1.1 Jet Axis Determination

Jets are needed in this analysis to provide the approximate direction of the B hadron
or b quark momentum in Z° — bb decays. The jet axis is used to define whether
a track that misses the IP is ‘in front of” or ‘behind’ it, a property that is used in
selecting Z° — bb decays (as will be explained in the next section). The JADE [77]
algorithm is used to construct these jets. This algorithm works by starting with a
set of seed clusters, in this case charged tracks, which are assumed to be massless. A

scaled invariant mass is calculated for every pair of clusters:

(154)

where E,;, 1s the total visible energy, in this case the total energy of the charged
tracks, and E; and E; are the energies of clusters ¢ and j. The pair with the smallest

invariant mass is combined into a cluster £ by summing their four-momenta. This
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Figure 26: The number of jets per event in the hadronic event sample

process is iterated, reducing the number of clusters in the event, until all the scaled
invariant masses are above a cutoff value y.,;. For this analysis, y.,; = 0.02, which
gives ~ 2.5 jets per event on average in the hadronic sample as seen in Figure 26. This
value of y.,; was chosen because it was found from the Monte Carlo to reproduce the
B hadron direction most closely. This is turn made the jet axis more discriminating
in tagging Z° — bb decays. Figure 27 shows the distribution of the cosine of the
angle between the jet axis and the B hadron momentum in b events for this y.,; as
determined from the Monte Carlo; it can be seen that the directions are approximately

equal within ~ 12°.

5.1.2 The Signed Two-Dimensional Impact Parameter

The two-dimensional impact parameter b of a track is defined as the distance of
closest approach in the zy (or r¢) plane (i.e. the plane perpendicular to the beam
axis) of the track to the IP (see Figure 28). The impact parameter is signed using a
standard convention involving the axis of the jet that the track is assigned to. The

sign effectively measures the sign of the decay length because it measures whether the



87

X10"
8 | | | w
cosine of the angle between the
. L jet axis and the B hadron I
<0>~12°
4 —
2 o
0 A I R B J
0.

0.0 0.2 0.4 0.6
|cos O]

8 1.0

Figure 27: The angle between the b quark momentum and the nearest jet axis in
Z° — bb events

intersection of the track and the jet axis is in front of or behind the IP. Thus, if one
draws a line from the point of closest approach (POCA) of the track to the IP, the
sign of the impact parameter will be positive if the angle between this line and the
jet axis is < 90°, otherwise it will be negative (see Figure 28). The impact parameter
can be negative because of the detector resolution and differences between the true
B hadron direction and the jet direction. Detector resolution will limit the precision
of the measurement of the impact parameter, and for small impact parameters the
smeared value can in fact be negative. The difference between the jet axis and the
axis connecting the true B hadron to the IP means that a track with positive decay
length can seem to come from behind the measured IP.

For tagging Z° — bb decays, cuts are applied to remove badly measured tracks
that would otherwise reduce the sensitivity of the impact parameter distribution to
the quark species. Figure 29 compares the signed two-dimensional impact parameter
distributions (after track cuts) for uds, ¢ and b events as determined using the Monte

Carlo. The distribution for b events is much wider reflecting the much higher b mass.
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Figure 28: Assessing the sign of the 2-d impact parameter

This feature enables one to separate these events from the udsc background.
Further discrimination of b events is achieved using the normalized impact param-
eter which is defined as:
brorm = 0% (155)
This quantity is used in tagging events for this analysis because it expresses how
significantly a track misses the IP. Figure 30 shows the normalized 2-d impact pa-
rameter distributions for uds, ¢ and b events using only the tracks passing selection

cuts (described below).

5.1.3 Track Selection

The track reconstruction at SLD is designed to be very efficient with few checks
on track quality, allowing one to choose how to make track selection cuts in one’s
own analysis. Poor quality tracks can be traced to three sources: a track can be
mismeasured if there are insufficient numbers of CDC and VXD hits to provide a
good fit; a track can interact with the materials of the detector and reconstruct less
well; and a track can also originate from the decay of long-lived neutral particles,
e.g. K°® and A°. These tracks can have large impact parameters and can therefore
be mistaken for tracks associated with a b decay. They are removed, where possible,

leaving a set of “quality” tracks that is more useful in discriminating between b events
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Quantity Cut range
starting radius, r¢pe < 39.0 cm
number of CDC hits > 40
number of associated VXD hits >1
x2/d.o.f. of CDC track fit <5
x2/d.o.f. of combined CDC & VXD track fit <5

ry impact parameter, |b| < 0.3 cm
xzy impact parameter error, o} < 250 pm
¢y impact parameter of CDC track, |bcpc| < 1.0 cm
z at POCA < 1.5 cm
acceptance, |cos §| < 0.80
momentum, pg, > 0.40 GeV/c
track inconsistent with A° and K§ decay and 7y conversion | remove V%

Table 17: “Quality” cuts used to select tracks for tagging and vertexing

and udsc events when using the impact parameter tag described here. There is less
dependence on modeling of the uds and ¢ backgrounds, and thus Monte Carlo and
data match better. The track selection cuts are shown in Table 17 and distributions
of the quantities that are cut on are shown in Figures 31, 32, and 33. The main effect
of these cuts is to select well-measured tracks that extrapolate to the region near the
IP, i.e. they are inconsistent with long-lived particles. Tracks from A° and K? decays
and v conversions are identified by looking at all pairs of oppositely charged tracks
that form vertices (V%). In the first two cases, if a vertex is displaced from the IP
and has a mass consistent with either A® or K?, its tracks are removed. In the case
of v conversions, tracks are removed if the mass of the vertex is consistent with zero
when the tracks are assigned the mass of the electron.

If the Monte Carlo is well-tuned to the data, these selection cuts should work
with equal efficiency on tracks in both cases. However, in the case of this analysis,
a larger fraction of tracks in the Monte Carlo passes the cuts compared to the data.
This is in part due to over-optimistic estimates in the Monte Carlo of the CDC hit
efficiency and resolution as a function of position within a CDC cell [53]. An ad hoc
series of corrections is applied to the tracks in the Monte Carlo to make the fraction
of tracks passing the selection cuts equal to that in the data. The ratio between the

Monte Carlo and data of the fraction of CDC tracks passing the cuts is tabulated
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as a function of p,, cosf, ¢ and fie;. The fraction of CDC tracks classified as good
in the Monte Carlo is reduced to match that in the data by systematically removing
tracks as a function of these quantities. The fraction of good CDC tracks that can
be linked to VXD hits is then adjusted in the Monte Carlo by removing tracks as
a function of p, cosf, and ¢. Though the corrections are due to variations in hit
efficiency within a CDC cell, they do not vary much with the parameters mentioned
above. The staggered CDC geometry described in chapter 2 reduces the spatial
(0,0) variation of the efficiency corrections. The fraction of tracks removed by these
corrections is ~ 6%. When the entire 1993 run period is considered, the tracking
efficiency corrections are able to make the fraction of tracks in the data and MC that
pass quality cuts agree within ~ 0.3 tracks of each other. The effect that the tracking
efficiency corrections and the remaining discrepancy between Monte Carlo and data
have on the determination of the lifetime will be discussed as a source of systematic

error in the following chapter.
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quark flavor | purity (%) | efficiency (%)
uds 0.9 0.2
c 9.0 7.5
b 90 60

Table 18: Tagging efficiency and purity for different quark flavors

5.1.4 The Tagged Sample

Events are tagged by requiring an event to have a minimum number of “quality”
tracks above a certain normalized impact parameter (or significance). The efficiency

¢y and purity Il of the tagged sample are defined as follows:

_ Number of Z° — ¢g events after tagging

I, = (156)

Total number of events after tagging

_ Number of Z° — qg events after tagging (157)
€q =
? ™ Number of Z° — ¢g events before tagging

The choice of tagging parameters for this analysis is
e a significant track has % > 3.0
o a tagged event has 3 significant tracks

which gives a purity Il of 60% and an efficiency €, of 90%. These values are chosen
as they give the best balance between statistics and uncertainties in the Monte Carlo
modeling that might arise from using a less pure sample. Figure 34 shows the rela-
tionship between efficiency and purity for different levels of significance and numbers
of significant tracks required by the tag. Consecutive points on each curve are sep-
arated by steps of 1 significant track. Table 18 lists the purities and efficiencies of
events of different quark flavors after tagging. The main background is from ¢ events
due to the long lifetimes of charmed hadrons.

The efficiencies and purities are dependent on the accuracy of the Monte Carlo
modeling. For example, if the value of 75 in the data is different from the one in the
Monte Carlo, the shapes of their impact parameter distributions for b events will not
match. The proportion of b and udsc events passing the tag will not be the same in

the Monte Carlo and data, so the purity and efficiency of our sample as determined
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from the Monte Carlo will not be correct. However, the uncertainty in 75 is not large
and so this effect is not as large as might be expected. In addition, later cuts in
the analysis reduce the sensitivity of the result to this effect. This will be discussed
further in the following chapter.
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Figure 34: Efficiency vs. purity as a function of tagging parameters. Mlt.cut is the
cut on the number of significant tracks required to tag the event.

An alternate tag is employed as a systematic check of tagging biases in the analysis.

A hemisphere is tagged as follows

e a significant track has % > 3.0
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o a tagged hemisphere has 3 significant tracks in a jet opposite that hemisphere.

By tagging the hemisphere opposite the one used by the analysis, one reduces biases
that the tag has towards long-lived B events. The statistics are obviously much lower

and this tag is not used for the quoted result.

5.2 Vertex Construction

The goal of this analysis is to initially create vertices using a very general selection
process that does not bias the composition of the sample towards specific combinations
of tracks or event topologies (as much as is possible). In this way a nearly complete set
of vertices can be constructed for each event, where a vertex is defined as a common
point that can be assigned to tracks that intersect or nearly intersect. Because of
constraints on processing time and memory, limits on the complexity of an event are
necessary. This means that very occasionally not all vertices in the event can be
constructed and analyzed. In this measurement, events are rejected if they have more
than 200 vertices.

The vertices, which are not all independent of each other, are sorted into inde-
pendent sets, of which one is chosen. One vertex per hemisphere from the chosen
set is used in the lifetime measurement. This analysis does not attempt to specifi-
cally reconstruct the B hadron decay vertex by using high pr leptons or otherwise.
By extracting candidate vertices that have at least one track linked to the decay of
a B hadron, a large sample can be collected from an event sample of modest size.
The major background that needs to be reduced is tracks that come from the IP.
Often, these tracks can also be consistent with secondary vertices, and can increase
the dependence of the analysis on the modeling of these tracks, i.e. the fragmen-
tation model, while decreasing its sensitivity to 7. Because these vertices are not
reconstructed B decay vertices, one cannot cut on invariant mass while retaining the
statistical power of this method. The power of this method resides in preserving as
many candidates with sensitivity to 75 as possible.

The initial vertex construction uses a standard vertexing package called ZXFIND

which is very efficient at finding all the vertices in an event. Consequently many
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vertices are constructed from chance combinations of tracks in the event. Some ver-
tices have at least one track associated with the decay vertices of interest: secondary
vertices from the decay of B hadrons. The task is to choose vertices in the event
that are most useful for measuring the B hadron lifetime. Thus, ZXFIND may not
construct the true B hadron decay vertex nor will it necessarily be chosen by the
analysis that follows if the goodness of fit of another set of vertices is better (as will
be explained below).

The process by which ZXFIND constructs vertices is as follows. By default,
ZXFIND uses most of the tracks in an event. However, as described in section 5.1.3,
there are low quality tracks from various sources that will create vertices that are not
associated with the secondary decay vertices in the event. To limit this contamination
of the sample, only “quality” tracks are used to construct vertices for this analysis.
In order to simplify the topology of the event, vertices are rejected if they are closer
than 1 mm to the IP. The motivation for this cut is that it significantly reduces the
possible combinations of tracks, and thus the processing time and memory needed as
well as reduce background. The effect of this cut is to remove vertices containing at
least one track that can be associated with the IP (normalized 2-d impact parameter
b/o, < 2.5). Vertices are also required to have at least one track that is inconsistent
with the IP (b/0 > 2.5) and all tracks must have p > 1 GeV/c. These cuts reduce
the background from combinatorics, mismeasured tracks, and tracks from the IP and
primary charm decays. The cut on track momentum has been tuned to reduce the
number of events that are later rejected by the limit on the number of vertices per
event (which has the capability of biasing the sample if one is not careful). However,
the momentum cut does not have a strong effect on the composition of the vertices
in the final sample.

Vertices are constructed by fitting a common point to the region of closest ap-
proach of a set of tracks. Only the tracks in a particular event hemisphere can
contribute to vertices in that hemisphere. The y2-probability of the vertex fit is re-
quired to be greater than 5%. Two-prong vertices are constructed out of all pairs of
tracks that pass within 3 ¢ of a common point, where o is the uncertainty in the fitted

vertex position. Three-prong vertices are constructed out of all pairs of two-prong
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track quality passes “quality” cuts
decay length cut | d > 1 mm

impact parameter | b/oy > 2.5 for > 1 track
track momentum |p > 1 GeV/c

fit probability > 5%

DOCA to vertex | < 3o

Table 19: Requirements for constructing initial vertex sample

vertices that share a track, such that all tracks are within 3 o of the new vertex posi-
tion. Four-prong vertices are constructed out of combinations of two- and three-prong
vertices such that all tracks are within 3 o of a common point. Vertices with higher
numbers of prongs are not constructed. It must be emphasized that three- and four-
prong vertices are constructed in addition to the particular two-prong vertices that
they are constructed from, and do not replace them in the vertex sample. Thus each
track can be (and usually is) assigned to more than one vertex and the vertex sample
is composed of vertices that share tracks between them. The vertex multiplicity is
consequently quite high just from combinatorics, as shown in Figure 35. There are
6.5 vertices per hemisphere on average. It is interesting to note that the structure in
the distribution can be explained by combinatorics. For example, the peak near 17
vertices per event is due to a 4-prong vertex and all its constituent 3-prong vertices

and all their constituent 2-prong vertices being constructed:
Nytz = 1 X four-prong + 4 x three-prong + 4 x 3 X two-prong = 17 (158)

This suggests that the method is efficient at constructing vertices from the tracks in
the sample. From Figure 36, which shows the number of prongs per vertex, it can be
seen that two-prong vertices predominate as expected from combinatorics, and very
few five-prong vertices would have been expected if they had also been constructed.
The data and the Monte Carlo match well in these two plots.

In every tagged event, an initial vertex sample is constructed out of all possible
geometric vertices that pass the cuts just described. As a result, 97.8% of events have
at least one vertex. In the 1993 run, 2 events are rejected by the 200 vertex limit.
A study shows that these events would also have been rejected by a later cut on the

number of partitions, as explained in the following section.
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Figure 35: The number of vertices per event — MC (solid line) and data (points)

In the Monte Carlo sample, vertices are classified according to the origins of their

tracks, as shown in the following list:

b the weak decay of a B hadron
cascade c the weak decay of a hadron containing a cascade ¢ quark
b + cascade ¢ the weak decays of a B hadron and a hadron containing

a cascade ¢ quark

b + other the weak decay of a B hadron and another source

cascade ¢ 4+ other | the weak decay of a hadron containing a cascade ¢

quark and another source

primary c the weak decay of a charm hadron in a Z° — c¢ decay
IP IP tracks only
other combinations not covered above

This categorization is chosen so that the cuts can be tuned to reduce the contribution
of vertex classes that are less desirable, e.g. IP vertices, in the final sample. The first

five categories are the most sensitive to the B hadron lifetime and are described in
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this analysis as containing ‘B lifetime information’. The shape of the vertex decay
length distribution of vertices with IP tracks does not depend on 75 and the cuts that
are applied, in particular the decay length cut of 1 mm, try to remove predominantly
this component. Smaller cuts on the vertex-IP distance result in much higher vertex
multiplicities and a smaller fraction of vertices with B lifetime information. The
contribution of primary charm vertices is also reduced by a 1 mm cut.

Table 20 shows the vertex composition at this stage of the analysis as determined
from the Monte Carlo. The contribution from IP-related vertices is already quite
low at this stage of the analysis as expected from the minimum vertex-IP distance

requirement of 1 mm.

5.3 Partitioning

The cuts in the initial stage of vertex construction are very loose, as described in
the previous section, and all possible combinations of tracks that pass these cuts

are considered to be vertices. These vertices are not independent of each other as a
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vertex type composition (%)
b 19
cascade ¢ 14
b + cascade ¢ 48
b + other 9
cascade ¢ + other 5
primary c 3
IP 0.5
other 2

Table 20: Vertex composition of initial vertex sample

track can belong to several vertices (see Figure 37). The next stage of the analysis,
called partitioning, creates subsets or partitions of these vertices in which each track
is uniquely assigned to a vertex, as shown in Figure 38. The separation of the event
into hemispheres for the vertex construction simplifies this task as the vertices can
be partitioned by hemisphere. Nevertheless, each hemisphere can be partitioned in
several ways. In each event, every possible unique assignment of tracks to vertices is
constructed. As this is a pattern recognition problem, it requires a large amount of
processing power. Limitations of memory and CPU time require events to be rejected
if the number of partitions in the event as a whole (the product of the number of
partitions in each hemisphere) or in a single hemisphere exceeds 1000. Events are
also rejected if a track is shared by more than 60 vertices. These limits remove 1%
of tagged events as shown in Table 21. The 200 vertex limit that is applied before
partitioning is superseded by the cut on the number of partitions: the two events in
the data that are are cut by this limit would have been cut by the partition limits.
Thus, the cut is unnecessary but does help reduce the processing time required which
is an important consideration in this analysis. The effect of all these limits is small
and will be discussed in the next chapter.

A single partition is selected from an average of 28 partitions in an event hemi-
sphere. The partition is chosen using the quantity M, similar to a joint probability,
which is defined as

M = II P(x?,d.o.f.) (159)

all vertices
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Figure 37: Tracks are shared between vertices in the initial sample

number | > 1000 > 1000 > 60 > 200
tagged | partitions partitions vertices vertices
in event | in hemisphere | shared by 1 track | in event
4299 41 7 3 2

Table 21: Events rejected by limits on the number of vertices, partitions and track
sharing

where P(x?,d.o.f.) represents the vertex fit probability and the product includes
all the vertices in a given partition. The partition selection criterion is chosen to
provide low backgrounds and a high efficiency for finding vertices with B lifetime
information. In the spirit of the rest of the analysis, the best partition does not
necessarily contain the true B hadron decay vertex, even if this is fully reconstructed,
because the fit probability of all the vertices in the partition determines the choice
of the best partition. The joint probability distribution for data and Monte Carlo is
shown in Figure 39.

The vertices in each selected partition then pass the following cuts which are tuned

to remove vertices with tracks from the IP.

e angle between the vertex line-of-flight and the nearest jet axis, O,15_je: > 150

mrad

e transverse momentum of tracks relative to vertex line-of-flight pr > 0.07 GeV/c
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Figure 38: Partitioning: uniquely assigning tracks to vertices
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Figure 39: The probability product (M) distribution — MC (solid line) and data
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After these cuts, the vertex composition is as shown in Table 22. The percentage of
vertices with B lifetime information is 91% which is lower than before partitioning
(see Table 20), but the vertices are now independent of each other and the vertex
multiplicity is much reduced. There are a total of 5856 vertices (0.69 vertices per
hemisphere on average) at this stage of the analysis. Figures 40 and 41 show various
track and vertex quantities for both data and Monte Carlo. The agreement between
the two is good which is a good demonstration of the reliability of this method
for a lifetime measurement. It is in these quantities that one might expect to see

discrepancies if, for example, heavy quark fragmentation were incorrectly modeled.
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vertex type composition (%)
b 21
cascade ¢ 24
b + cascade ¢ 35
b + other 5
cascade ¢ + other 6
primary c 5
IP 1.3
other 3

Table 22: Vertex composition of vertex sample after selection of the best partition

5.4 The Final Sample

A maximum of one vertex per hemisphere is chosen for the final sample to avoid
multiple counting. In hemispheres with more than one vertex in the best partition,
the vertex closest to the IP is chosen. The choice of vertex has only a small effect on
the measured lifetime, as will be discussed in the following chapter. One chooses the
closest vertex because, after the 1 mm cut, this can be expected to be closer to the
B vertex, and thus contain more tracks with sensitivity to 7. In the final sample,
60% of hemispheres in the 4299 tagged events have a selected vertex. The vertex
composition of the final sample is shown in Table 23. The percentage of vertices with
B lifetime information is 92%. The contribution from IP vertices is much less than
after partitioning. The contribution of b + other and cascade ¢ 4+ other is small
in the final sample. This is desirable as the modeling of these vertices is less accurate
than pure b or cascade c vertices. The largest contribution comes from the b +
cascade c category.

As this is a measurement of the average B hadron lifetime, it is important to know
whether the process of producing the final sample changes the relative abundances
of each B hadron species. In particular, the proportion of B baryons, which have a
shorter lifetime [42] than B mesons, needs to be known. The very similar lifetimes ex-
pected for the different B mesons [33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44] suggests
that their abundances with respect to each other should not change much. Knowing

these abundances allows this lifetime result to be compared to other measurements
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vertex type composition (%)
b 23
cascade ¢ 26
b + cascade ¢ 37
b + other 3
cascade ¢ + other 3
primary c 6
IP 0.4
other 2

Table 23: Vertex composition of final vertex sample

B hadron species | abundance in generated | abundance in
Monte Carlo final sample

B baryon 8.9 7.6

B, 39.7 40.1

B, 39.6 40.7

B, 11.8 11.5

Table 24: Abundance of B hadron species before and after analysis

of 7g. Table 24 lists these fractions before the analysis and after selection of the final

sample. The sensitivity to the B baryon fraction is assessed in the following chapter.

5.5 Measurement of the Average B Hadron Life-
time

The average B hadron lifetime is extracted from the distribution of the vertex-IP
distance (referred to as decay length) in the final sample using the method of max-
imum likelihood. The decay length distribution for the final sample of the data is
shown in Figure 42. The Monte Carlo is composed of two sets of events generated
with different values of 75, as described in section 3.1. In principle, one can gener-
ate many sets of Monte Carlo events with different values of 75 and find the sample
that best reproduces the data to determine the value of 75 in the data. This is not

really practicable because huge amounts of time are required to carry this out, and a
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reweighting procedure is used instead.
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Decay length (cm)
Figure 42: The decay length distribution for the final sample of vertices in the 1993
data set.

The vertices in the Monte Carlo final sample are sorted into 3 categories: primary
charm, b-related and fakes. Primary charm vertices are vertices from the final sample
in a Z° — cc event that contain at least one track from the weak decay of the ¢
quark. b-related vertices are vertices from the final sample in a Z° — bb event that
contain at least one track from the weak decay of the b quark or the cascade ¢ quark.
Fakes are all other vertices, i.e. vertices from uds events, and vertices from b events
that do not contain a b-related track. The reweighting procedure is only needed for
b-related vertices as the distributions of the other vertex categories do not vary with
7. The decay length distribution for b-related vertices is reweighted as follows to
reflect a change in the B lifetime from 7ge, to Tpew. Each vertex in the final sample is
assigned a weight W, based on the actual decay time 7; of the B hadron associated

with it and a weight W, based on the decay time 75 of the B hadron in the opposite
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hemisphere.
1 e _Ti/Tnew

W= e (160)

e_Ti/Tgen

Tgen
The decay length of each vertex is histogrammed with a weight equal to the product
of these weights W; x W,, 1.e. the weight is based on the probability of the two
hemispheres having the decay times 7, and 75 at the new value of 75. Using this
reweighting technique, the decay length distribution is generated at 81 values of 75
from 0.2 ps to 2.3 ps in steps of 0.02 ps.

The procedure for constructing the MC decay length distribution for all the ver-
tices in the final sample is explained below. Using the Monte Carlo, b-related vertices

are further classified into 5 categories:
BB vertices with all tracks from the weak decay vertex of a B hadron.

CB vertices with all tracks from the weak decay of a hadron containing a cascade ¢

quark.

BC vertices with tracks from the weak decay vertex of a B hadron and from the

weak decay of a hadron containing a cascade ¢ quark.

BO vertices with tracks from the weak decay vertex of a B hadron and from another

source.

CO vertices with tracks from the weak decay of a hadron containing a cascade ¢

quark and from another source.

Fake vertices are further subdivided into fakes from b events (FB) and fakes from
udsc events (FK). Primary charm vertices are sorted into only one category (CC).
Thus, a total of 8 categories i1s used to describe all the vertices in the final sample.
This division into 5 categories of b-related vertices is not necessary for the likelihood
procedure but is used in understanding the different contributions to the decay length
distribution. The decay length distribution for each category of vertex is shown in

Figures 43 and 44. The fitting function F;(7;) (for a given bin j) to which the data



is fitted is the sum of these distributions with suitable normalization factors.

F'C(m) = > £i'°(n)

vixtype
= |F7CH ST TP 4 fPPNE () + PP NOP ()
+FEONPC (r) + fEONPO (1) + 2O N (73)] Hporm

where
Nz (r,) Number of zz vertices in original MC sample
Ti) = — :
Number of zz vertices in reweighted MC sample
and
o B Number of events in data

Number of events in original MC sample
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(161)

(162)

(163)

(164)

The normalization factors N**(7;) are necessary to normalize the contribution from

the reweighted decay length distributions.
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Figure 43: Decay length distributions of vertices from the Monte Carlo, classified

according to track origin
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Figure 44: Decay length distributions of vertices from the Monte Carlo, classified
according to track origin (cont.)

The data 1s fitted to the Monte Carlo by computing a log-likelihood in the fit
using Poisson statistics and summing this over all bins. Thus, if the fitting functions

of bin j are ijl“t“ and FJMC(TZ') for the two distributions, the likelihood is

F]gzata
N [ s s
Fdatal
2 (F9(r) = F{™*In (F}"0(r)) +1n (Ff=1)) - (166)

A minimum of 10 entries per bin is required in the data, and bins are combined, if
necessary, until this limit is reached. The fit is done over the range 0.1 cm to 0.6 cm
in steps of 0.05 cm and from 0.6 cm to 2.5 cm in steps of 0.1 cm as this was found
to improve the goodness of the fit. The log-likelihood sum is calculated for every
value of 75 in the analysis using the appropriate FJMC(TZ'). The lifetime is extracted

by expressing the log-likelihood as a function of 75 (see Figure 45) and finding the
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Log(likelihood) as a function of B lifetime
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Figure 45: Distribution of log(likelihood) as a function of 75

minimum. The statistical error is calculated by fitting a parabola to the region around
the minimum of £(7;) and finding the change A7 that produces a change AL of +1.
This is equivalent to a change in x? of 1 [78] which results from a variation of +1

standard deviation from the fitted value.



Chapter 6

Results

In this chapter, the average B hadron lifetime resulting from the analysis detailed
in chapter 5 is presented. The methods used to check the correctness of the method
and of the simulation are detailed below. The calculation of the systematic errors

assigned to the measurement is also explained below.

6.1 The 75 Result

The average B hadron lifetime is extracted using the maximum likelihood method
detailed in chapter 5. For the value presented in this thesis, all three sets of Monte
Carlo events described in section 3.1 are used in the calculation of the main lifetime
result in order to reduce the error arising from limited Monte Carlo statistics and
to improve the goodness of fit. A further adjustment to the result comes from the
fraction of D' mesons produced in Z° — c¢ decays. In the Monte Carlo, 19.1%
of charm hadrons produced in Z° — cc events are D mesons, which is lower than
current experimental measurements [79], so the Monte Carlo sample is reweighted
to change this fraction to 24.8%. The lifetime result quoted in this thesis after this
reweighting is

5 = 1.564 + 0.030 ps (167)

where the error is purely statistical. The x? per degree of freedom at the fitted lifetime
is 27.9/20.
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Figure 46: The decay length distribution for Monte Carlo (solid line) and data (points)
at the fitted lifetime

The lifetime is also measured independently for each of the three Monte Carlo sets

as a consistency check, giving the following values:

8 = 1.576 £ 0.032 ps for the 300000 event udscb sample
78 = 1.555 +0.030 ps for the 1.51 ps bb sample
78 = 1.558 +0.028 ps for the 1.948 ps bb sample

Figure 46 shows the decay length distribution for the full Monte Carlo sample and
data at the fitted lifetime.

Figure 47 shows the x? contribution for each bin in the fit. For this plot, the x?
of the fit between Monte Carlo and data is signed positive if the Monte Carlo entry
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is greater than the corresponding data value for a bin. This ‘signed’ x? distribution
allows the contribution to the total x? to be assessed for each bin. It is interesting to

note that the bin at 1.05 cm contributes a large portion of the total x2.

The 'signed’ x> contribution as a function
of decay length

© \ \

_8 | | | | | |
0.0 0.4 0.8 1.2 1.6 2.0 2.4

decay length (cm)

Figure 47: The ‘signed’ x? distribution at the fitted lifetime

6.2 Consistency Checks

Several tests of the method and detector modeling are performed to assess biases
inherent in the method used and are detailed below. In general, the 300000 event
udscb Monte Carlo is used for these checks.
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Sample MY (ps)
1 1.541£0.029
2 1.497+0.029
3 1.519+0.030
4 1.446+0.028
5 1.530+0.029
mean + RMS | 1.507 ps and 0.038 ps

Table 25: Extraction of the generated lifetime using the Monte Carlo as a data set

6.2.1 Extracting the Generated Lifetime from the Monte
Carlo

The analysis is tested to see if it can reproduce the generated lifetime in the Monte
Carlo. The 300000 event Monte Carlo sample (74en = 1.51 ps) is used; 20% of the
events are used as a data set which is fitted to the remaining 80% of the Monte Carlo.
The data set is assembled by picking events distributed throughout the Monte Carlo
sample to eliminate possible biases. Five different data sets are constructed and the
lifetime is calculated for each one. Table 25 shows the results of the five calculations.
The mean measured lifetime is 1.507 ps with an RMS of 0.038 ps, which is consistent

with the input lifetime and the statistical error expected for the sample size.

6.2.2 Azimuthal Variation

Azimuthal variation in the lifetime measurement is investigated by calculating the
lifetime independently in four quadrants of the detector. The quadrants are chosen
to be between axes at 45° to the  and y axes because this confines faulty hardware
in the VXD to only two of the quadrants. The quadrant between 135° and 225° has
bad CCDs and the quadrant between 45° and 135° has a faulty ladder, as described
in section 2.2.1. The four lifetime measurements and the x?/d.o.f. of the fit between
data and Monte Carlo at the measured lifetime are shown in Table 26. As might be
expected the fit quality is worse in the quadrants with VXD hardware problems. The
four values are all consistent with the nominal value of 75 quoted above, and with

each other.
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Quadrant 78 (ps) x%/d.o.f.
45° < ¢ < 135° | 1.5697 +0.061 | 32/17
135° < ¢ < 225° | 1.544 £ 0.044 | 24/18
225° < ¢ < 315° | 1.574 +0.065 | 15/14
315° < ¢ < 45° | 1.509 £+ 0.060 | 18/15

Table 26: Azimuthal variation in the lifetime measurement

Run epoch | 75 (ps)

pre-veto 1.535 4+ 0.064
veto 1.604 £+ 0.050
post-veto 1.558 £+ 0.049

Table 27: The lifetime measured during different run epochs

6.2.3 Variation Between Parts of the Run

The CDC veto problem described in section 4.1 divides the 1993 run into three main
epochs: pre-veto, veto period and post-veto. The sensitivity of the analysis to the veto
is assessed by performing the measurement for the three epochs independently. The
effects of the veto period are corrected in the Monte Carlo by rejecting a fraction of
triggers. Thus one might expect a shift in the value of 75 measured if this correction
does not model the data well. With the statistics available, the three results are

consistent with the main result and are shown in Table 27.

6.2.4 Sensitivity to the Tag

If the true value of the B hadron lifetime is very different from that in the Monte
Carlo, the efficiencies and purities of the quark flavors used in the analysis may be
biased. If no other cuts are applied, the sample composition used in the maximum
likelihood analysis may be incorrect, leading to a biased measurement of the lifetime.
The sensitivity to the choice of tagging criteria is investigated in several ways.

The vertex composition and decay length distributions for tagged and untagged
Z° — bb events that pass all the cuts in the analysis are compared (see Table 28
and Figure 48). There is little difference between these tagged and untagged final

samples; the main reason a tag is used in the analysis is to reduce the amount of time
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vertex type Composition (%)
Tagged | Untagged

b 24 24
cascade ¢ 27 27

b + cascade ¢ 40 40

b + other 4 4

cascade ¢ + other | 4 4

IP 0.6 0.3

Table 28: Vertex composition of final vertex sample using tagged and untagged Z° —

bb events

spent processing background events. The lack of sensitivity to the tag in the final

sample is due to the 1 mm decay length cut which removes backgrounds especially

from Z° — cc¢ decays. The final sample is thus less dependent on the choice of cuts

used in tagging b events.
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Figure 48: Decay length distributions of tagged and untagged Z° — bb events

As described in section 5.1.4, an alternate tag can be employed in which a jet is

tagged, and the hemisphere opposite the jet is used in the analysis. This reduces

any bias the tag may have towards longer-lived particles, but suffers from much lower
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statistics. The lifetime calculated using this tag is 7 = 1.616 4+ 0.052 ps, which is

consistent with the result reported here.

6.2.5 Choice of Vertex

In hemispheres containing more than one vertex, the vertex closest to the IP is used
in the lifetime calculation. As the average number of vertices per hemisphere is
0.69, most hemispheres are unaffected by this choice of vertex. As a cross-check, the
farthest vertex from the IP is used, yielding a lifetime of 1.564 + 0.031 ps, which is

consistent with the reported result.

6.3 Systematic Errors

As explained earlier, this analysis does not reconstruct the true B decay vertex and
instead relies on the Monte Carlo to relate the vertex decay length to the proper
decay time of the B hadron. Thus, the analysis will be more model-dependent than
other analyses, e.g. lepton impact parameter measurements, and all major sources
of systematic error need to be identified. The simulation of vertex construction and
selection will be sensitive to the modeling of quantities that affect the numbers of
tracks from the B decay and from the primary vertex, e.g. fragmentation, decay
multiplicities, and tracking efficiencies. The lifetime can be expected to be sensitive
to the modeling of the b fragmentation because the B hadron momentum is not
directly measured, but implicitly assumed from the fit to the Monte Carlo vertex decay
length. The modeling of charm hadron decays is important as these still contribute
non-negligibly to the vertex sample both in tertiary charm decays in b events and in
the primary charm background. The sensitivity to the cuts in the analysis and fit
must also be understood.

A comprehensive selection of sources of systematic error is investigated. A basic
difficulty in assessing some of these errors is defining the range of the variation that
corresponds to one standard deviation. Where possible, parameters are varied by

the uncertainties in their world average values. In general, the errors are estimated
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conservatively and there is probably some correlation between some of them. Sys-
tematic errors are measured by recalculating the lifetime after modifying the Monte
Carlo sample to reflect the error being investigated. Events are reweighted to reflect
these variations, as regenerating Monte Carlo events and reconstructing them is im-
practical. The 300000 event udscb sample is used for the calculation of systematic
errors.

The errors can be divided into three categories: those due to uncertainties in
the modeling of the detector, those due to uncertainties in the physics model, in
particular, the B decay model, and those arising from the particular method of the

analysis.

6.3.1 Detector Related Errors
Tracking Efficiency Corrections

As described in section 5.1.3, tracking efficiency corrections are applied to correct the
fraction of tracks in the Monte Carlo that pass the “quality” cuts to match that in
the data. These corrections are ad hoc and the sensitivity to them is probed by the
following procedures. The corrections are applied as a function of the momentum (p)
and direction (¢ and ) of a track. Thus, turning off the correlation in one variable
at a time is a reasonable assessment of the uncertainty in the efficiency corrections.
This is done by using the average of all the correlated efficiencies for that variable
at the value of the other two variables. For example, the momentum correlation is

turned off by using the average of all the efficiencies at a particular value of ¢ and 6.

= (e(p)) €9, 9) (168)
The “quality” tracks passing the modified efficiency correction then go through the
same tagging and analysis as before. A lifetime is extracted for each of the three

modified corrections by fitting to the normal data sample. The changes in the lifetime

are

Arg(p) = 0.003 ps,
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Atg(¢) = 0.007 ps, and
Atg(§) = 0.005 ps. (169)

As mentioned in section 5.1.3. after applying the nominal tracking efficiency
correction, the multiplicities of “quality” tracks in the data and Monte Carlo fail
to track each other over the full 1993 run: a discrepancy of £0.3 “quality” tracks
remains. The effect of this on the lifetime result is assessed by reducing the average
“quality” track multiplicity in the Monte Carlo sample by 0.3 tracks in the untagged
sample. A full vertexing analysis is then done on this set of Monte Carlo events, and

a lifetime is measured by a fit to the normal data sample. The lifetime changes by
Atg(qual tk) = 0.010 ps. (170)
Thus, the total error assigned to the tracking efficiency corrections is

Atp(tk eff) = 0.013 ps. (171)

Modeling the Primary Vertex Position

The Monte Carlo and data both display non-Gaussian tails in the distributions of
the primary vertex position, as described in section 3.2.2. The uncertainty in the
modeling of the tails of these distributions needs to be assessed because it can have
a large effect on aspects of this analysis. For example, the fragmentation will not
be properly modeled if tracks are not assigned to the primary or secondary vertex
in the same way in the Monte Carlo as in the data. Decay length distributions of
vertices will also not match, as the decay length is calculated with respect to the
reconstructed primary vertex.

In = and y, the tails are small and are simulated by Gaussian-smearing the IP
position in z and y by 100 pm in 0.25% of events. Vertex positions are recalculated
relative to the new IP position and the lifetime is recalculated. There is negligible

effect on the measured lifetime.

Arg(IP,) < 0.001 ps, and
Arg(IP,) < 0.001 ps. (172)
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The tails of the longitudinal (z) IP position distribution are not modeled by the
Monte Carlo because they cannot be measured from a comparison of data and Monte
Carlo. This is because the luminous region along the beam axis is an envelope ~ 700
pm wide, while the primary vertex can be measured in each event to an accuracy of
~ 30—50 pm. The systematic error due to the lack of knowledge of these longitudinal
tails is not assessed independently because it overlaps with other systematic errors,

viz. those arising from b fragmentation and VXD alignment uncertainties.

VXD Alignment

The core of the rz impact parameter distribution is narrower in the Monte Carlo
than in the data. This is found to be due to residual misalignment within the VXD
and a ¢ dependence in the polar angle matching between the CDC and the VXD.
The effect of this mismatch is simulated by adjusting the z coordinates of tracks
in the Monte Carlo at the zy point of closest approach (z4ocq). The misalignment
can be represented by a Gaussian smear of (16/sin§) pum on the zgoea, and the ¢
dependence is assessed using a ¢ dependent shift of the zgo, of ~ +20 pm. The
primary vertex z position is recalculated using the smeared or shifted tracks and the

lifetime is measured. The changes in the lifetime are

Atp(z-smear) = 0.004 ps, and
Arg(z-shift) = 0.003 ps. (173)

6.3.2 Physics Related Errors
b and ¢ Fragmentation

The Monte Carlo models b and ¢ fragmentation using the Peterson parameterization
[61], as described in section 3.1.1. An uncertainty in one’s knowledge of the fragmen-
tation functions directly translates into an uncertainty in the modeling of the number
of fragmentation tracks. This affects how well the simulation models the parts of the

analysis related to tracking. For example, one’s knowledge of the purity and efficiency
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of the b-tagging is related to the uncertainty in the parameterization of the fragmen-
tation. The vertexing efficiency and composition of the vertex sample, and thus the
choice of partition, is also related to the accuracy of the fragmentation modeling.
The uncertainty in the heavy quark fragmentation also affects the modeling of the
primary vertex position and the impact parameter distributions. Thus, these system-
atic errors can have wide ranging effects and need to be assessed conservatively. In
fact, the uncertainty in the b fragmentation is the largest source of systematic error
in this analysis. The error due to b fragmentation comes from varying the Peterson
parameter ¢, = 0.006 + 0.0015, which corresponds to (zg) = 0.700 4+ 0.011. This is
conservatively chosen to be larger than the error on several individual measurements
[62]. The variation of the lifetime with a change in the hardness of the fragmentation
i1s done by reweighting the vertices in the final sample. The correlation between the
B hadron momentum in one hemisphere with that in the opposite hemisphere is ac-
counted for in the calculation of the weights. The weights are calculated using a set
of generator-level Z° — bb events generated at each of three values of ¢,. The number
of events is tabulated as a function of the two B hadron momenta in the event, and
the weights are calculated by taking the ratio between corresponding entries in the
tables. This correlation procedure is necessary to avoid grossly overestimating our

dominant error. The uncertainty in the lifetime corresponding to this variation is
A7g = 0.016 ps. (174)

As a further check, the Monte Carlo sample is reweighted to simulate the effect of
using the modified Bowler parameterization to describe b fragmentation at the same

value of (zg). The effect of this is
A1g = 0.009 ps, (175)
giving a total error due to b fragmentation of
A7g(b frag) = 0.018 ps. (176)

The sensitivity to the ¢ fragmentation parameterization [80] is assessed by the

variation €, = 0.06 4+ 0.015 which corresponds to (Xg) = 0.49 4+ 0.3. The two event
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hemispheres are not correlated as this is not as large a source of error as the un-
certainty in the b fragmentation and doing so would not reduce the error estimate

significantly. The error in the lifetime due to ¢ fragmentation is

Atg(c frag) = 0.010 ps. (177)

Ry, and R,

and R, =

I'zee/T; hadrons affect the composition of the sample. For example, if the data

The uncertainties in the branching fractions Ry = 'z 4/I'; hadrons
has a higher value of R, than in the Monte Carlo, the final sample will contain more
Z — bb events. The lifetime would therefore be calculated by fitting to a Monte Carlo
sample containing too large a fraction of Z° — c¢ events, which would shift the fitted
lifetime. R, and R, are varied by the uncertainties in their world averages[4], which
are Ry = 0.2214+0.00003 and R, = 0.1714+0.0002. These uncertainties are very small,
consequently the effect on the lifetime is also small. The high purity (~ 90%) of the
tagged sample also reduces the sensitivity to the variation in R.. The resulting errors

are:

Atg(Ry) < 0.001 ps
Arg(R.) = 0.002 ps. (178)

D** Production in B Hadron Decays

Semileptonic B hadron decays produce either D, D*, or D** mesons. The Monte Carlo
produces these in the ratio 0.33 : 0.58 : 0.09, respectively. However, measurements
from CLEO [71] indicate that D** mesons should be produced in ~ 21% of decays.
Thus, semileptonic B decays can be expected to have a higher average multiplicity
than is present in the Monte Carlo. Because this measurement uses all decay modes
of B hadrons and not just the semileptonic decays, few events are affected by this
correction. Changing the Monte Carlo sample to reflect the change in D** production

does not change the lifetime.

A71g(D** fraction) < 0.001 ps. (179)
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Charm Hadron Lifetimes

The lifetimes of D*, D° D,, and A, are varied by the uncertainties in their world
averages [4], which are all quite small. The main effect comes from varying the D+
lifetime, which is 7p+ = 1.057 £ 0.015 ps, 1.e. ~ 2.5 times greater than the others
and similar to 7. Uncertainties in the charm hadron lifetimes create an uncertainty
in modeling the size of the charm background. However, with the high-purity sample
used in this analysis, this should not be a large effect. The position of the tertiary
charm decay vertex in a b event is also sensitive to these uncertainties, which can
directly affect the vertex position chosen for the lifetime measurement as over 50% of
vertices in the final sample have some tracks from the tertiary vertex. However, only
19.1% of charm hadrons are D in the Monte Carlo, so the effect is not as great as
might be expected.

Arp(charm lifetimes) = 0.004 ps. (180)

B Baryon Fraction in the Final Sample

The absolute fraction of B baryons in Z° — bb decays is varied by +5%. This
variation is somewhat arbitrary and is thought to be a conservative estimate. From
the previous chapter it is seen that the analysis selects B mesons with slightly higher
efficiency than B baryons, which have a shorter lifetime. Therefore, if the fraction of
B baryons in the data is lower than in the Monte Carlo, the lifetime will be measured
systematically high because only the B meson lifetime is varied in the fit. From this

variation, the error is:

A7g(B baryon frac) = 0.004 ps. (181)

Charm Content of B Hadron Decays

The sensitivity to the charm content of B hadron decays is assessed using the uncer-
tainty in the world average values [4] for the B — charm hadron branching ratios,
which come from measurements made at the Y (4s) resonance. Therefore, the branch-
ing ratios are only for B* and B° meson decays. In Z° decays, B, and B baryons

are also produced, so the sensitivity to the charm content of their decays needs to
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be assessed. As a conservative estimate, the charm content in B® and BT decays is
varied by its uncertainty and the resulting error is inflated by 100%. This systematic
error also addresses the sensitivity to the DT contribution in both tagging and in the

construction of a vertex position.

Arp(charm content) = 0.014 ps. (182)

D Momentum Spectrum in B Decays

The momentum spectra of DT and D° mesons in B decays in the Monte Carlo have
been compared to recent measurements from CLEO [81] as shown in Figure 49. The
Monte Carlo B decay model has been tuned to reproduce these spectra as much as
possible but there is still some disagreement. The sensitivity of this measurement to
this disagreement is estimated by measuring the change in 75 that arises from forcing

the Monte Carlo spectra to agree exactly with the CLEO results.

A71p(D momentum) = 0.004 ps. (183)

Charm Hadron Fraction

The absolute fractions of DT and charm baryons in Z° — cc events is varied by
+3.6% and +£3.0%, respectively. The long lifetime of the Dt can lead to a larger

fraction of primary charm events being tagged.

Atg(D? fraction) < 0.001 ps (184)
Arg(charm baryon fraction) = 0.012 ps. (185)

Thus, the total systematic error from varying the charm hadron fractions is:

Arp(charm hadron fraction) = 0.012 ps. (186)

B Hadron Decay Multiplicity

Variation in the charged track multiplicity in B hadron decays affects the proportion

of events that are tagged and the number of vertices found, as well as other quantities
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Figure 49: Momentum spectra of D* and D° mesons in B decays — Monte Carlo and
recent CLEO data

dependent on tracking. The multiplicity i1s varied by 40.3 tracks to reflect the current
uncertainty in its value [82]. This is ~ 2.5 times the error on the B meson decay
multiplicity measured at the Y(4s) [83, 84|. The large variation used here compensates
for the lack of measurements of B, and B baryon decay multiplicities. The change in

the lifetime is

A7g(B mult) = 0.009 ps (187)
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6.3.3 Analysis Related Errors
Vertex and Partition Limits

The limits on the number of vertices and partitions per event are a possible source of
biases in the final sample, especially as they are not cuts motivated directly by the
physics but by limitations of computing power. The two events in the data that fail
the 200 vertex limit are also rejected by the partition limit in the following stage of
the analysis. Thus, the effect of the vertex limit need not be considered separately
from the effect of the limit on the number of partitions. The partition limit rejects
1.0% of tagged events, all of which are Z° — bb decays according to the Monte
Carlo. The distribution of the true decay length of B hadrons in these events is
different from that of the events in the final sample. The rejected events have a peak
slightly removed from the IP, as seen in Figure 50, which suggests that tracks from
these events may be able to form more fake vertices with IP tracks. The effect that
these events have on the lifetime is measured by reweighting the vertex decay length
distribution in the Monte Carlo as follows. The B hadron decay length distribution
of the rejected events is added to that of the final sample and the ratio to the old
distribution provides weights as a function of decay length. These are applied to the

vertex decay length distribution and the lifetime i1s recomputed. The effect is small.

A7g(ptn limit) = 0.003 ps. (188)

Decay Length Cut During Vertex Construction

In order to assess the effect of the requirement that only vertices greater than 1 mm
from the IP can be constructed, the analysis is run again on both the data and Monte
Carlo with a 0.5 mm decay length cut. The lifetime is measured for each set from a
fit over the same range as in the original analysis to isolate the effect of the cut, i.e.
the fit does not start at 0.5 mm as this can not be directly compared to the fit in the
original analysis.

Arp(decay length cut) = 0.007 ps. (189)
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Figure 50: True decay length distributions of B hadrons in events passing and failing
the cut on the number of partitions

Fit Related Errors

The starting bin of the fit is varied from 1 mm to 5 mm in steps of 0.5 mm. Because

of the increasing statistical error as the lower end of the fit is raised, the error is taken

to be the RMS of the first 5 results.
Arp(fit range) = 0.006 ps (190)

The fit is also done with a reduced upper limit, giving values consistent with the
nominal value quoted. The bin size is varied from 0.25 mm to 2 mm and the results

are shown below.

75(0.25 mm) = 1.563 + 0.030 ps
75(0.5 mm) = 1.564 + 0.030 ps
75(1.0 mm) = 1.568 + 0.030 ps

)
)
)
75(2.0 mm) = 1.580 + 0.029 ps
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The RMS of these results is taken as the error.

Arp(bin size) = 0.007 ps (191)

Monte Carlo Statistics

In the lifetime fit, the fitting function provided by the Monte Carlo has an uncertainty
due to its own limited statistics. The uncertainty in the lifetime measurement that
arises from the finite Monte Carlo statistics is assessed by comparing the number of
events passing event selection in the data to that in the Monte Carlo. The contri-
butions of the two Monte Carlo sets that are pure bb samples are weighted by the

ratio:
Total number of Z° decays passing event selection

F= (192)

~ Number of Z° — bb decays passing event selection

Thus the full Monte Carlo is equivalent to ~ 800000 udscb events in its analyzing
power. The statistical error of the 75 measurement is scaled by the square root of
the ratio of the number of events passing event selection in the data to the effective

number of events passing event selection in the Monte Carlo, giving

Arp(MC stat) = 0.008 ps. (193)

6.3.4 Summary of Systematic Errors

The full list of systematic errors assigned to this lifetime measurement is shown in

Table 29. The total systematic error is £0.036 ps.
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error source AT
Tracking efficiency 0.013
Primary vertex position (z and y) < 0.001
VXD alignment 0.005
b fragmentation 0.018
¢ fragmentation 0.010
Ry < 0.001
R, 0.002
D** fraction < 0.001
Charm lifetimes 0.004
B baryon fraction 0.004
Charm content of B decays 0.014
D momentum spectrum in B decays 0.004
Charm hadron fraction 0.012
B hadron decay multiplicity 0.009
Partition limit 0.003
Decay length cut in vertex construction 0.007
Fit range 0.006
Bin size 0.007
MC statistics 0.008
TOTAL 0.036

Table 29: Systematic errors for the lifetime measurement



Chapter 7
Conclusion

In this thesis we have measured the average B hadron lifetime at SLD using a sample
of ~ 50000 Z° decays. The sample was enriched in Z° — bb decays by selecting events
with a large number of high impact parameter tracks. The tagged sample contained
4299 events with a purity and efficiency of 90% and 60%), respectively, for Z° — bb
events. Very loose criteria were used to construct all possible geometric vertices in
three dimensions that were at least 1 mm from the IP. All possible ways (partitions)
of uniquely assigning each track to a vertex were constructed. One partition per event
hemisphere was chosen and the closest vertex to the IP in the selected partition was
used in the lifetime determination. The analysis selected an average of 0.6 vertices per
hemisphere in tagged events. The lifetime was measured from a maximum-likelihood

analysis of the vertex-IP decay length distribution.
8 = 1.564 + 0.030(stat) + 0.036(syst) ps (194)

This result i1s limited by the systematic error. The result is consistent with the 1994
world average [4] and, like other hadronic measurements [36], has a higher value than
measurements made with semileptonic B decays. This small difference, if significant,
may point to a difference between the B® and B¥ lifetimes.

This analysis has demonstrated the power of using vertices in a lifetime analysis
at SLD. The small and stable beam spot, and the excellent vertex resolution allow

the B hadron lifetime to be measured with a low statistical error, even with modest

134
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numbers of events. However, the result is sensitive to the modeling of all aspects
of the analysis and a comprehensive investigation of sources of systematic error was
necessary. SLD now has an additional 100000 Z° decays from the 1994-95 run. These
can be used in conjunction with tighter cuts to increase the purity of the sample and
reduce the dependence on the modeling of the charm background. The larger event
sample can also be used to make preliminary measurements of the charged-to-neutral
lifetime ratio in which the vertex charge is also measured. Current results are not
able to resolve a difference between the lifetimes and further results are needed.
Further work can be done to improve the measurement by reducing the dominant
systematic errors. The systematic error due to the modeling of b fragmentation can be
reduced by measuring the B hadron momentum in every event hemisphere. However,
as the true B hadron decay vertex is not reconstructed in this analysis, care is needed
in reconstructing the B momentum correctly from the vertices used by the analysis.
Improvements have been made in the Monte Carlo simulation, particularly in the
tracking, and these will change the systematic error, but work needs to be done to

estimate any new biases that may have been introduced by these changes.
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