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ABSTRACT

Search for B, Mixing with Inclusive Lepton Events at SLD

Thomas Moore
Yale University
2000

We have performed a sensitive search for B — B? mixing using a sample of 400,000
hadronic Z° decays collected by the SLD experiment at the SLC between 1996 and
1998. B? and B? events were produced by Z° — bb decays where each side hadronized
independently to b hadrons. The analysis determines the b hadron flavor at production
by exploiting the large polarized forward-backward asymmetry of the b quark as well
as information from the hemisphere opposite that of the reconstructed B decay. The
final state b quark flavor is determined by the charge of a high pr lepton. A novel,
highly efficient vertexing technique has been developed to locate the B decay vertex
by exploiting the high pr lepton and the semileptonic decay topology. No significant
mixing signal was found and the following ranges of the oscillation frequency of B? —

B° mixing are excluded at 95% CL from the analysis presented in this thesis:

1
’

20< Am, <86ps! and

?

Amg < 1.3 ps”

98 < Am, <122ps '

The gaps extending from 1.3 to 2.0 ps™! and 8.6 to 12.2 ps~! are excluded by other
analyses. Combining results, Am, < 12.3 ps™! can be excluded at 95% CL. This

limit puts significant constraints on the CKM unitarity triangle as shown in figure

6.11.
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Chapter 1
Introduction and Theory

The phenomenon of B® — B°® mixing refers to particle-antiparticle oscillations in the
neutral B meson system where B° can be either B or B?. The mixing is due to the
fact that the flavor eigenstates are not the same as the mass eigenstates. Therefore,
oscillations occur with a frequency determined by Amg or Am,, the mass difference
between the two mass eigenstates. B® — B° mixing is currently a very active area of
research in high energy physics. As we will see shortly, mixing measurements address
many of the outstanding questions relating to the Standard Model (SM) of particle
physics. In particular, measurements of Amyg and Am, can be directly related to
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements and may, therefore, shed light
on the processes of CP violation and mass generation.

Many experiments including LEP, CDF, and SLD are currently producing results
on BY and B? mixing. Over the past few years B} mixing has been well established
and Amg has been measured to better than 4% uncertainty [1]. B? mixing, on the
other hand, has yet to be observed directly. Only lower limits on Am, have been
established. This thesis describes one of several B — B® mixing analyses performed
at the SLD (SLAC Large Detector) experiment at SLAC (Stanford Linear Accelerator
Center).

This chapter will begin with a brief overview of the Standard Model. We will then
concentrate on the aspects of the SM which are relevant to physics at the Z° pole and

particle-antiparticle oscillations. The discussion will include electroweak unification,



the Higgs mechanism, and the CKM matrix. Next, we will discuss the significant
features of ete™ annihilation at the Z° pole, particularly with a polarized e~ beam, as
performed at SLC (Stanford Linear Collider). Finally, the phenomenology of B® — B°

mixing will be discussed as well as the current activity in the field.

1.1 The Standard Model

The Standard Model provides the framework for our current understanding of ele-
mentary particle physics. It is a mathematical theory that describes the fundamental
fermions (quarks and leptons) as well as their interactions through the strong, elec-
tromagnetic, and weak forces. To date, the SM has been extraordinarily successful
in explaining the observed phenomena of high energy physics. Physics beyond the
SM has yet to be firmly established unless we count the recent indication by Su-
perKamiokande that the neutrino may have a small mass [2]. Therefore, the main
objectives of experimental particle physics at this time include precision tests of the
Standard Model and searches for physics beyond the Standard Model.

The SM includes a description of the strong, electromagnetic, and weak forces.
It assumes that these forces are transmitted by particles called mediators or gauge
bosons that arise naturally through the requirement of local gauge invariance. That
is, the theory is required to be invariant under local phase transformations based on
various symmetry groups. The standard model symmetry is SU(3)®SU(2)L®U(1)y.
The SU(3) symmetry describes the strong interactions between quarks and gluons
due to their color charge. The resulting theory is known as quantum chromodynam-
ics (QCD). The SU(2) @ U(1)y term is the combined symmetry of the weak and
electromagnetic interactions which have been unified into a single electroweak force.
The mediators of the electroweak interaction are the W*, Z° and 5. Gravity has
not yet been successfully incorporated in the SM. Fortunately, the gravitational force
i1s much weaker than the strong and electroweak forces at energy scales relevant to
particle physics. The four known forces are listed in table 1.1 with the properties of
their gauge bosons.

The fundamental fermions described by the SM are the quarks and leptons. The



force gauge boson charge spin  mass (GeV)[]]
Strong gluon(g) 0 1 0
Electromagnetic  photon(y) 0 1 0
W= +1 1 80.41 £ 0.10
Weak 1 0 1 91.187 +0.007
Gravity graviton(G) 0 2 0

Table 1.1: The 4 known fundamental forces and gauge bosons

quarks come in six flavors denoted up, down, charmed, strange, top, and bottom.
They are naturally grouped into three famsilies or generations consisting of an up type
and a down type quark. The second and third generations are essentially heavier
copies of the first generation. This family structure is not explained by the SM
nor are the irregular mass splittings between generations understood. The up type
quarks have an electromagnetic charge of +2/3 while the down type quarks have an
electromagnetic charge of -1/3. The quarks also carry color charge and, therefore,
participate in all interactions described by the SM. Quarks are bound together by
the strong force to form hadrons. The hadrons consist of quark-antiquark pairs (gg)
called mesons and three quark combinations (ggq) called baryons. In fact, the strong
force binds all quarks into combinations that are color singlets such that free quarks
are not observed. This phenomenon is known as quark confinement.

The leptons also display the family structure observed in the quark sector. The
three charged leptons are the electron (e™), muon (p7), and tau (7). Each charged
lepton has its own associated neutrino (v, v,, and v,). Leptons do not carry color
charge and, therefore, are unaffected by the strong interactions. The charged lep-
tons participate in the weak and electromagnetic interactions but the neutrinos are
electrically neutral and are only affected by weak interactions.

Finally, the SM includes mass generation by a process known as the Higgs mech-
anism which will be described in detail in section 1.2.2. In the Minimal Standard
Model (MSM) we assume an isodoublet of scalar Higgs fields. Fermion mass gen-
eration results from the Yukawa couplings of the fermions to the Higgs. The Higgs
particle has yet to be observed and the composition of the Higgs sector is not well

known. Higgs searches are a very active area of research at this time.



1.2 Electroweak Physics

B°— B% mixing is the result of second order weak interactions. As we shall see, mixing
measurements provide access to V4, one of the least well measured elements of the
CKM matrix. This matrix describes the extent of cross generation couplings in the
charged weak currents. It is intimately related to the processes of mass generation
and CP violation. These two areas of the SM have not been precisely tested and are
likely candidates for new physics. Therefore, this section will describe electroweak
physics in the SM in more detail and describe how mass generation and CP violation

are explained in the SM.

1.2.1 Unification

In the SM, the structure of the interactions between fermions and mediators is derived
from the principle of local gauge invariance. As mentioned above, the strong, weak,
and electromagnetic forces are transmitted by spin 1 particles known as gauge bosons.
These gauge bosons are simply the quanta of the gauge fields that must be introduced
to enforce invariance of the theory under local phase transformations. As an example
of the technique, we will consider quantum electrodynamics, the simplest gauge field
theory [3].
The free particle lagrangian density for a Dirac field ¢(z) is given by,

L1 = P(z)(iv*0, — m)y(z) (1.1)
where m is the fermion mass. Suppose we apply a global phase transformation such
that the phase of the field is changed by a constant amount at each space-time point

T,

B(z) - e ioh(2). (12)
It is apparent that the lagrangian density will remain unaltered by this transformation
of the fields. Thus the theory is invariant under global phase transformations. It seems
reasonable that the theory should also be invariant under a local phase transformation

which we express as,

P(z) — ey (a) (1.3)



where A is an arbitrary function. Note that the phase we have introduced is now a
function of the space-time coordinate z. Due to the derivative term, the lagrangian

density £, is no longer invariant. It becomes,
L1 — L1+ q(z)y 9 (2)0,A(z). (1.4)

If we wish to enforce local gauge invariance, we are required to introduce another
term in the lagrangian. This can be accomplished by replacing the derivative with

the covariant derivative defined by,

Dyp(z) = (Ou + iqgAu)Y () (1.5)

where A, is called the gauge field. We recover the invariance of the lagrangian if A4,
is required to transform as,

A, — A, +B,A (1.6)

under the local phase transformation defined by equation 1.3. It can be shown that

the covariant derivative transforms like the fermion field ¥ (z),
Dup(z) — e D3 (a). (1.7)

Therefore, the new lagrangian density is invariant under the combined transformation
given in equations 1.3 and 1.6.
Since we have introduced a new field A, we must also consider its free field con-

tributions to the lagrangian. The following term can be shown to be gauge invariant,
F,. =0,A,—0,A,. (1.8)

The final gauge invariant lagrangian is given by,

£ = §(&)(ir#Dy — mlb(z) —  Fu P (1.9)

In the language of group theory, the transformation we applied above is a represen-
tation of the U(1) group, the set of unitary 1 x 1 matrices. This symmetry apparently
describes the electromagnetic interaction very well. Can we employ a larger symmetry

group to describe the weak interactions? One problem is immediately apparent. The



three weak gauge bosons are very massive as evidenced by their strength at low energy
and short range. The technique described above results in massless gauge bosons as
a mass term o« A,A* would not be gauge invariant. However, this complication will
be dealt with at a later stage.

Generalizing the procedure described above, we would look for a symmetry group
with three generators (resulting in three gauge bosons) to describe the weak inter-
actions. SU(2) seems to be a likely candidate. However, we would like to unify the
weak and electromagnetic forces under a common symmetry. One problem is that
the weak interactions are known to violate parity. The weak couplings contain vector
and axial vector components in a form ~ ¥#(1 — ~%). The sum of vector and axial
vector components results in the observed parity violation. This would seem to pre-
clude unification with the electromagnetic interactions which are purely vectorial and,
therefore, conserve parity. The solution is to group only the left handed components
of the quark and lepton fields into SU(2) doublets while the right handed components
remain SU(2) singlets [4],

Leptons : ( Ve ) , ( u ) , ( o ) , €R, R, TR (1.10)
© /L kL /L
t
Quarks : ( ’Z ) , ( ¢ ) , ( ; ) , Ug,dR,CR, ...
L /L L

The SM assumes that there are no right handed neutrino states. The subscript L
actually refers to the left chiral projection where the left and right chirality projection

operators are,

1

Py = 5(1-7), (L11)
1

In the limit of massless fermions, the chirality operators reduce to the helicity oper-
ator. The doublets have total weak isospin 7' = 1/2. The upper member is assigned
T3 = 1/2 while the lower member is assigned T3 = —1/2. Each fermion is also as-

signed a value of weak hypercharge Y by the Gell-Mann-Nishijima formula originally



fermion T T3 %Y Q
TR N
SN N T B
ooy Ty g
v 3 —3 & 3
eR 0 0o -1 -1
w0 o i _}

Table 1.2: Fermion weak isospin and hypercharge assignments.

applied to strong isospin:
1
Q=T+ §Y, (1.12)

where @) is the fermion charge. Table 1.2 lists the weak isospin and hypercharge
assignments for the fermions in the first generation.

The electroweak symmetry group is taken to be SU(2)r ® U(1)y where the L
indicates that the weak isospin symmetry only applies to the left chiral projections
and Y refers to weak hypercharge. Coupling constants of g and g’ are assumed for the
1sospin and hypercharge symmetries respectively. Applying local gauge invariance in
this case is more complicated due to the non-abelian SU(2) symmetry but the process

is the same. The resulting covariant derivative is [4],
1
D,=0,+1gW, T+ ig'ﬁBuY (1.13)

where we have introduced the gauge fields W# and B* resulting from the SU(2)g
and U(1)y symmetries respectively and T' = 7/2 in terms of the Pauli matrices.
The covariant derivative D, contains terms describing the interactions of fermions
and the gauge fields. If the covariant derivative above is to describe the electromag-
netic interaction, then the neutral component, 1gW3,T5 + ig'%BuY, must contain a
term 2Q) A, where A* is the electromagnetic 4-vector potential describing the photon
field. Therefore, we express the fields A and Z as a linear combination of the gauge

fields W3 and B,

A= Bcosf, + Wssinf, (1.14)
Z =—Bsinf, + Wscos b,



fermion vy ar Ay
Ve, Vy, Vr % % 1
e, U, T —%—|—2sin20w —% 0.15
u,c,t % — % sin’ @, % 0.67
d,s,b —% — %sin2 0. —% 0.94

Table 1.3: The neutral vector and axial vector couplings. Also given is the asymmetry
Ap = 2af'uf/(a§¢ + ’U]Zc) calculated for sin?4,, = 0.231.

where 0, is an input parameter that must be measured by experiment known as the

weak mixing angle. The neutral term can then be expressed as,
. . I]‘ . . I 1
1gWsTs + 19 §BY = 1A[gsin 0,,T3 + ¢’ cos 0w§Y] (1.15)
1
+1Z[gcos 8, T3 — g’ sin 0w§Y].

We know that the coefficient of the A term should be :Q). Using Q = T3 + %Y, we

obtain g = e/sin 6, and ¢’ = e/ cos §,, or,

g

!
8, = tan~ (g—) . (1.16)
We can define the charged fields W+ as,

W* = —(W' F:W?) (1.17)

1
V2
sothat W-T = WTT+ + W-T~ + W3T? where Tt~ = (T' + iTZ)/\/ﬁ. Note that
T* and T~ are just weak isospin raising and lowering operators. They couple the
upper and lower members of SU(2) doublets which differ in charge by AQ = +1.
Therefore, the W+ fields carry electromagnetic charge @ = +1.

In terms of the physical fields W*, Z°, and A, we can now construct expressions

for the charged, neutral, and electromagnetic currents,

Tt = V2 Ty (1.18)
Jg = 9v*[Tsr — @ sin’ 8, ]¢
Jh =97 Q.



It is understood that % consists of left-handed isospin doublets and right-handed
singlets for each quark and lepton generation. Also the SU(2) operators T' vanish
when acting on the right-handed isosinglets. Since the charged current is proportional
to T, only the left-handed fields are involved. Therefore, the coupling is oc y#(1—~°%)
which is referred to as purely ‘V-A’. It is this sum of vector and axial vector terms that
results in parity violation in the weak interaction. Since the vector and axial vector
parts contribute equally, the charged weak interactions violate parity maximally. The
neutral weak current, on the other hand, can be expressed as fy*(v; — asy®)f for

each fermion f where,

vy = T3—2Qsin’6, (1.19)

ar = T3.

This is not a pure ‘V-A’ coupling and, therefore, involves both left and right handed
states. Parity violation at the Z° vertex can be expressed in terms of an ‘interference’
factor Ay = 2ayvy/(a} + v}). The larger Ay, the more strongly parity is violated for
fermion f. Table 1.3 lists the SM values of v; and a; for the various fermions.

Finally, the electroweak interaction lagrangian can be expressed as,

L=edt A+ \%(JZ’”WJ + TW) + 9285, (1.20)

where gz = e/(sin 0,, cos ,,). The fermions and gauge bosons are all massless at this
point since mass terms break the gauge invariance. This problem will be discussed in

the next section.

1.2.2 The Higgs Mechanism and Mass Generation

The major shortcoming of the SU(2)r ® U(1)y unified electroweak theory presented
above is that the gauge fields as well as the fermion fields are left massless. In the
SM, this problem is partially resolved by the Higgs Mechanism. The procedure is to
introduce an SU(2) doublet of complex scalar fields & [4],

_ (¢
= ( 5 ) . (1.21)
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The lagrangian then acquires terms,
Ls =|D,®)> —V(|2]°) + L] (1.22)

where D, is the electroweak covariant derivative, |®|2 = ®'®, LI is the Yukawa

coupling of the fermions to the ® and the potential is,
V(BP) = p?B[ + At (1.23)

This is the most general renormalizable form for the scalar potential. Minimizing
V with respect to |®|* we find that the ground state corresponds to |®|? = —pu?/2)
(u? < 0). Therefore, the vacuum expectation value (vev) of the ® fields is non-zero.
Also, since |®|? = |¢T|?+|¢°|?, there is a continuous set of allowed ground state values
for |¢T|? and |¢°|?. By selecting any particular choice of these allowed values of the
ground state, the SU(2) ® U(1) symmetry is ‘spontaneously broken’. As we shall see,
breaking this symmetry allows the weak gauge bosons and fermions to obtain mass.

The field ¢ should then be expressed relative to the ground state:

. 1€(z) - T 0
$(z) = exp (72’0 ) ( (v + H(z))/V3 ) (1.24)

where v/v/2 = /—u?/2X. The two complex fields ¢t and ¢~ have been replaced by
four real fields & and H. The phase factor can be removed by applying an SU(2)
gauge transformation with a(z) = €(z)/v. Thus ®(z) is expressed in terms of a
single real scalar field H known as the Higgs field.

It can be shown that the lagrangian, expressed in terms of H is,
1 1
Lo = 5(aH)2 + ZgZW+W—(v + H)?* + (1.25)
1 1
972Z(v+ H) = V[S(v + H)’] + Lg.

The terms proportional to WtW~ and ZZ are mass terms . Thus the W* and Z
fields have acquired masses My = %gv and Mz = %gzv = Mw/ cos 6,,. The photon
field A has remained massless as required. Note that the spin 1 W* and Z° now have

three allowed polarization states. In the unbroken gauge theory, the massless gauge
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bosons are only allowed the two transverse polarization states. It may be said that the
three £€(z) degrees of freedom that were removed by an SU(2) gauge transformation
have returned as longitudinal polarization states of the W* and Z°.

We now turn to ££ which describes the Yukawa couplings of the Higgs field to
the fermion fields. First we will consider the more general case of quarks. The most

general SU(2);, ® U(1)y gauge invariant Yukawa interaction is,

3

E = — iZ[éijﬁiR(éTDjL) —|— [GijJiR(@TDjL)] —|— h.C. (126)

=1 j=1
DjL = ( i ) (127)
d; .

is an SU(2)r doublet of weak interaction eigenstates with generation index j. The

where

right handed SU(2) singlets are denoted w;g and d;g for the up-type and down-type
quarks respectively. G;; and éij each contain nine complex coupling constants which
are parameters of the theory and ® = i7,®*.

The quark mass terms produced by the Yukawa couplings can be expressed as,

U1
(u1 ug ug)g M™ | uy +h.c, (1.28)

Us

dy
(di dy d3)g M| dp | +hec.

d3L

where MY = %ém and ./\/l;-lj = %Gij are the weak eigenstate mass matrices for the
up-type and down-type quarks. Each is composed of nine complex parameters. The
oft-diagonal elements couple weak interaction eigenstates of different generations.
To obtain the quark mass eigenstates we diagonalize the mass matrices by applying
a ‘bi-unitary transformation’. Any complex matrix can be diagonalized by multiplying

it on the left and right by the appropriate unitary matrices,

Ugp' M*Uy, = Diag(m,, m., m;) (1.29)
DglM"DL = Diag(mq, ms, my).
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The quark mass eigenstates are then defined by,

U U1 d dl
c = UE}; Uy , | s = DZ}R dy . (1.30)
t Us b d3

L,R L,R L,R L,R

From equation 1.19, the charged weak currents couple the upper and lower mem-
bers of SU(2) doublets due to the off-diagonal elements in 7. We can express the

charged current as,

d; d
(u1 up uz)y" | dy =(wet)UiDpy" | s | . (1.31)
% )y b/
We define V = UITIDL so that
d d d
UITIDL s | =V]s|=15s§ |. (1.32)
b b b’

Therefore, the W* couples the up-type mass eigenstates u, c,t to the rotated down-
type states d', s’, ' where d', s’, b’ are each linear combinations of the down-type mass
eigenstates as shown above. The matrix V is the Cabibbo-Kobayashi-Maskawa ma-
trix. It arises from the diagonalization of the quark mass matrices and expresses
the extent of cross generational couplings in the charged weak interactions. The left

handed neutral weak currents can similarly be expressed as,

U1 U
(w1 ug us)pY" | uo = (uwct) ULUy* | ¢ . (1.33)
Us t
L L

But UITIUL = 1 so there is no cross generation mixing in the neutral weak interactions.
For leptons the situation is simplified due to the absence of right handed neutrinos.
Of course, this is simply an assumption of the SM which is due to the fact that no

right handed neutrinos have been observed. If neutrinos do turn out to have a small
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mass, as the recent SuperKamiokande results suggest [2], then right handed neutrinos
would exist and mass generation in the lepton sector would be identical to that in
the quark sector. For now, we will simply observe that the absence of right handed
neutrinos would cause the equivalent terms involving ® in equation 1.26 to vanish.
Furthermore, since the neutrinos are massless, then inter-generation couplings are not
physically meaningful. To illustrate this point, consider the quark states u,c,f and
d',s', b’ defined above. These states represent a perfectly good set of weak interaction
eigenstates since they are directly coupled by the W*. We have simply arranged the
rotation V on the down type states such that the weak eigenstates coincide with the
mass eigenstates for the up-type quarks. A similar procedure could be performed for
the leptons with u,c,t — e,u,7 and d',s',0’ — ve,v,,v,. The difference is that in
the quark sector we must retain the concept of the down-type mass eigenstates d, s, b
because they are physically distinguishable due to their masses. Neutrinos are all
massless so there are no mass eigenstates. The states v, v,, v, are simply defined
to be the weak interaction partners of e, u, 7.

Therefore, the Yukawa coupling lagrangian for the lepton sector can be expressed

as

E = —GE[ER(@TZL) —|— (l_L<I>)eR] (134)

where G, is an arbitrary coupling constant and

I = ( Ve ) . (1.35)

A similar expression exists for both the g and 7. The lagrangian reduces to,
L =—(G.w/V2)ée — (Gev/v2)Hee. (1.36)

Thus, the electron obtains a mass m. = G.v/+/2 and a coupling to the Higgs boson.
So by the spontaneous symmetry breaking produced by the scalar Higgs field and
the Yukawa couplings to the fermions, all fermions and gauge bosons have obtained
masses. However, we have introduced many new parameters to the theory such as
the Higgs vev and Yukawa couplings that can not be calculated. Therefore, mass

generation remains one of the more intriguing puzzles in particle physics.
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1.2.3 The CKM Matrix

As we saw in the previous section, the CKM matrix is defined as,

Ved Vus Vb
Vekm =UlDL = | Vig Ve Vi |- (1.37)
Vie Vis Vo

For three generations, Vogar 1s a 3 X 3 unitary matrix. In general an n X n com-
plex matrix has 2n? parameters. But unitarity requires VIV = 1 which implies n?
constraints [4],

(VIV)ij = 3° ViiVas = &5 (1.38)

k=1

Therefore, we are left with n? free parameters. However, the CKM matrix is defined
by its operation on the quark fields. In general, each of the 2n fields can absorb
an arbitrary phase factor. But since the CKM matrix is left unchanged by a com-
mon phase transformation of all the quark fields, only 2n — 1 arbitrary phases can
be removed. Finally, we are left with (n — 1)? physically independent parameters.
Furthermore, a real unitary matrix can be shown to have n(n — 1)/2 independent
parameters. Therefore, the number of complex phases is (n — 2)(n — 1)/2. So for
three generations, the CKM matrix has four independent parameters including a sin-
gle complex phase. Note that for n less than three no phases are left in the matrix.
As we shall see shortly, this phase in the CKM matrix is the SM explanation for CP
violation. This observation originally inspired Kobayashi and Maskawa to propose a

third generation.

A popular representation of the CKM matrix is the Wolfenstein parametrization

[5],

1—2%/2 A AX3(p —in)
VCKM ~ - 1— )\2/2 A)\Z (139)
AN(1—p—1in) —AXN 1

where the four CKM parameters are A, A, p, and 1. Note that the upper 2 x 2 sub-
matrix is simply a small angle approximation to a 2 X 2 rotation matrix through an

angle A. For two generations, the CKM matrix reduces to the familiar Cabibbo-GIM
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(p,m)

ViiaVub| o VigVil

| VcthCb | | Vctlvcb |

gl S,
(0,0) (1,0)

Figure 1.1: The unitarity triangle.

scheme with A = sinf¢. A, p, and 7 are of order 1 so the Wolfenstein parametriza-
tion has the important feature of characterizing quark transitions as an expansion in
powers of A.

The unitarity constraints involving complex elements can be expressed as a trian-

gle in the complex plane. One of the more interesting is,
v Vb + VogVep + VigVip = 0. (1.40)

Figure 1.1 shows the resulting wunitarity triangle and defines the angles a, 3, and
v. The apex of the triangle is located at (p,7). A non-zero phase factor n provides
the SM explanation for CP violation. This can be understood by noting that  # 0
implies a complex SM Hamiltonian since the CKM matrix factors into the charged
weak currents [6]. But if the Hamiltonian is complex then the theory is not invariant
under time reversal, THT ! # H, due to the complex conjugation produced by the
T operation. We know that the combined operation CPT is a good symmetry for
all quantum field theories so violation of the T symmetry implies that CP must be
violated as well. Therefore, by measuring the sides and the angles we can overcon-
strain the shape of the triangle and test the SM explanation of CP violation. Any

discrepancies could provide insight on sources of new physics.
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CP violation and the unitarity triangle are currently the subjects of much activity
in high energy physics. It is unclear whether the single phase n can explain the
observed CP violation in the neutral Kaon system as well as the many CP asymmetries
expected in the B system. Dedicated B factories are currently operating at SLAC
and KEK. These should allow direct measurements of the angles of the unitarity
triangle. The CDF experiment at Fermilab has recently released preliminary results
on a measurement of the angle 3 from ~ 400 B — J/¢¥ K2 events [7]. The result is
sin 23 = 0.7910:31 (stat + syst). This is the best direct indication for CP violation in
the neutral B meson system to date. B°B° mixing measurements can also have a large
impact on constraining the unitarity triangle. As we shall see shortly, measurements
of Amg and Am, are the most precise method of measuring |V;4| which is responsible

for the largest uncertainty in the triangle’s shape.

1.3 Physics at the Z° Pole

The SLC collides positrons with longitudinally polarized electrons at a center of mass
energy E., ~ mgo in order to study decays of the Z°. One of the advantages of
studying the Z° is that it decays to all SM fermion pairs ff except for the top quark
which is too heavy. Therefore, we may probe many aspects of the SM, particularly
electroweak interactions. The dominant Z° branching ratios are listed in table 1.4
[1].

A sketch of the process ete™ — ff is shown in figure 1.2. We define 6 to be the
angle between the incident electron beam direction and the emerging fermion.This
process may be mediated by an exchange of either v or Z° Therefore the total
amplitude is the sum of the two processes, M = M, + Mzo so that M? = M2 +

ZZO +2Re(MzoM.,). The final term represents v-Z° interference. However, near the
Z° resonance, the Z° exchange process dominates and o 0/0., &~ 200 [8]. Therefore,
the electromagnetic contributions may be neglected. Applying the Feynman rules for

electroweak interactions we obtain the amplitude [9],

2

g Fou 5 Guv — QMQV/M% - 5
- - B e —acy")el. (141
M 4 cos? b, (v — ary) /] (qz — MZ +iMzT5 (67" (ve —aev”)e]. (1.41)
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Z° Decay Mode Fraction(I';/T)%

eTe (3.366 + 0.008)
whpe (3.367 + 0.013)
e (3.360 + 0.015)
invisible(v7) (20.01 + 0.16)
hadrons (69.90 + 0.15)
(wi + c2) /2 (10.1 + 1.1)
(dd + s5 + bb)/3 (16.6 & 0.6)
¢ (12.4 + 0.6)
bb (15.16 = 0.09)

Table 1.4: Measured Z° branching ratios.

where e and f represent the electron and fermion spinors and g is the energy-
momentum four-vector of the virtual Z°. The term :M;['; must be included near
the Z° resonance to prevent the Z° propagator from blowing up at ¢*> = M32.

At this point, the general procedure is to calculate |M|? averaged over initial
state spins and summed over final state spins. However, the SLC produces a highly
polarized electron beam. For the 1996-98 data presented here, the average beam
polarization was |P.| &~ 73%. We define the polarization of a single electron bunch to

be
_ N(R) - N(L)

" N(R)+ N(L)
where N(R) is the number of right handed electrons in the bunch (spins aligned

(1.42)

along the momentum direction ) and N(L) is the number of left handed electrons.
Therefore, P, varies from -1 to 1 and is negative when the beam is predominantly left
handed.

For the case of longitudinally polarized electrons colliding with unpolarized positrons

the differential cross section can be derived as [9],

do!(P.)

R 2 R
Toosg ™ (1 — AcP.)(1 + cos®0) + 244(Ae — Pe) cos b (1.43)

where Ay = 2ayvy/(a} 4 v3) as derived previously.
In section 1.2.1 we saw that the fermion couplings to the Z° involve both vector

and axial vector components whose relative strengths are parametrized by a; and
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Figure 1.2: Sketch of the process ete™ — ff. 6 is the angle between the e~ beam
and the outgoing fermion direction.

vy. The interference of vector and axial vector currents results in parity violation
in the weak interactions. Figure 1.3 shows the differential cross section dof/dcos §
in the case of the b quark (A, = 0.935 in the SM) for beam polarizations of + 75%
and unpolarized beams. There are two important features to note about this plot.
First, the b quark is more likely to scatter in the positive direction (cos§ > 0) when
P, < 0 and in the negative direction (cosf < 0) when P. > 0. This effect is called
the polarized forward-backward asymmetry. It results from the second term in the
differential cross section which is linear in cos . Note also that this term does not
vanish if P, = 0. Therefore, the forward-backward asymmetry persists for unpolarized
beams but is reduced in magnitude. Second, the total cross section is greater for
P, < 0 than for P, > 0. Therefore, more Z° events are produced from negative beam
polarizations. This is a result of the Z° vertex factor oc v*(v; — ayy®). In the limit
that vy, a; — 1, this reduces to the left chiral projection operator. Therefore, the Z°
couples more strongly to left handed fermions. This effect is known as the left-right

asymmetry.
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Figure 1.3: The differential cross section do®/d cos § for beam polarizations of +75%.

The forward-backward asymmetry for a fermion f is defined by,
a4(F) — o4(B)
a(F)+ o4(B)
where o4(F') is the unpolarized differential cross section (P. — 0 in equation 1.43)

Afp = (1.44)

integrated over the forward hemisphere,

1 do?
oi(F) = /0 (dcos@) dcos @ (1.45)
and o4(B) is defined analogously for the backward hemisphere. The result is,
Afp = %AEA,:. (1.46)

If the electron beam is polarized, the polarization can be included to form the
left-right forward-backward asymmetry of the fermion,
loL(F) — on(B)] — [or(F) — or(B)]
loL(F) + on(B)] + [or(F) + or(B)]
where the L and R subscripts refer to right and left handed beam polarizations. Using

Af
App =

(1.47)

equation 1.43, this can be calculated as,

. 3
Alp = 71 PelAr. (1.48)

1
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Notice that the polarized forward-backward asymmetry is the same as the unpolarized
case except that A, — P,. Since A, =~ 0.15 and |P.| =~ 75% at the SLC, the forward
backward asymmetry is enhanced by a factor of about 5. A{;B can also be calculated
without integrating out the cos § dependence. In that case we obtain,

~ A, — P cos 8
f o e e
AL (cos ) = 24, (1 _Aepe) (1+cosze) . (1.49)

Finally, Arg is defined to be,
App = —— (1.50)

where o7, and oy are the total cross sections for eTe™ — Z° with left handed and right
handed incident electrons respectively. Therefore, Arg depends only on the electron

coupling to the Z°,
21— 4sin’4,,)
14 (1 —4sin?6,)?

At SLD, we may simply count the number of Z% produced with positively polarized

ALR — Ae

(1.51)

beams and negatively polarized beams disregarding the final state (except ete™ —

ete” which has a large v contribution). Then,

BL_TE _\pA, (1.52)
nL + ng

ATg =
from which sin®§,, may be extracted. The latest SLD result averaged over leptonic
and hadronic final states gives an effective value at the Z° pole of sin® #¢/f = 0.23102+

0.00031 [10].

1.4 B"— B Mixing

1.4.1 Phenomenology

Particle/anti-particle oscillations were first predicted for the K°K° system in 1955
by Gell-Mann and Pais [11]. Their arguments predicted the existence of a long lived
neutral strange particle which is now known as the K2. The K? was subsequently

observed by K. Lande et al. in 1956 [12]. Mixing in the B® meson system is completely
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Figure 1.4: Box diagrams for B°B° transitions.

analogous to mixing in the kaon system . Like the K° and K°, the B® and B° mesons
are created by the strong interaction as eigenstates of flavor (B® = bg, B° = bg
where g can be either d or s). However, the full Hamiltonian also involves the weak
interactions. As we saw in section 1.2.2, the charged currents of the weak interaction
mediated by the W boson result in flavor changing transitions as described by the
CKM matrix. Second order weak interactions are able to couple the flavor eigenstates
as shown by the box diagrams in figure 1.4. The physical particles, those with a
definite mass and lifetime, become linear combinations of B® and B°. Therefore, the
mass eigenstates are not the same as the flavor eigenstates which leads to B® — B°
oscillations.

The Schroedinger equation for the B°B° system can be expressed phenomenolog-

ically as [13],
8 [ B H, H B°
i = o _ (1.53)
ot \ B° Hy  Hjy B°
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So the Hamiltonian matrix can be expressed in terms of the M and I' matrices as
H = M — (¢/2)T. In general, the M and I' matrices are complex and Hermitian.
M and T in the diagonal Hamiltonian matrix elements describe the mass and decay
width of the flavor eigenstates. CPT invariance requires that H;; = Hjy so that
the particle and antiparticle have the same mass and lifetime [14]. The off-diagonal
elements are responsible for B°B° transitions where M;, represents virtual transitions
and I';5 represents the real transitions through common decay modes. These common
modes are Cabibbo suppressed so that the B°B° mixing amplitude is dominated by
virtual transitions [13].

Diagonalization of the Hamiltonian matrix leads to the eigenstates,

Br)= ——— (p|B% + q|B%) (1.54)
lp|? + [q|?

Ba)= 1 (p|B%) — q|B)
Ip|% + [q|?

where p? = iHy, and ¢? = iH,;. The subscripts L and H denote the light and heavy

mass eigenstates. The eigenvalues can be expressed as My 1, — i['g /2 where,

MH,L =M+ Re\/ H12H21 (155)
]__‘H,L =T + 2 Im\/ngHu.

The mass and width differences are,

Am =2 Re\/ H12H21 (156)
Al' =14 Im\/ H12H21.

In the absence of CP violation, the elements of the M and I' matrices are real
which implies p = gq. CP violation has been observed in the K°K®° system to be of
the order 1072 [1]. These effects are expected to be small for the B°B° system as
well. If we define @ = Im (I'y2/Mi2) then |g/p|> = 1 — a + O(a?). Theory predicts



23

a < 1072 (1078) for BY (B?) [15]. Therefore, CP violation can be safely neglected in
B°B° mixing studies.

By, and Bpy, therefore, reduce to the CP eigenstates B; and Bs,

By) = %03% T 1B%) (1.57)
By = —(|B°) — |B%)

V2

with masses M; 5 and decay widths I'; 5. The time evolution of |B;) is given by,
|B1(t)) = exp(—iMit) exp(—I'1t/2) | B1(0)) (1.58)

and similarly for By. Suppose at time ¢ = 0 we create a B®. By inverting equation

1.57 above, the B° can be expressed as a linear combination of B; and B. At a later
time ¢, the state will have evolved as,
1 .

|B°(t)) = Eexp(—let) exp(—T1t/2) | B1(0)) (1.59)

—I—%exp(—ngt)exp(—thﬂ) 1B,(0))

If we now re-express |B;(0)) and |B2(0)) in terms of the flavor eigenstates |B°) and
| B®) we see that the time evolution has resulted in the generation of a | B®) component
to a state that was initially pure |B°),
1 : :
|B°(t)) = §[exp(—zM1t) exp(—T'1t/2) + exp(—iMyt) exp(—T'st/2)] |B°)  (1.60)
1 : : -
—|—§[exp(—zM1t) exp(—T1t/2) — exp(—iMat) exp(—T1t/2)] | B®).

The probability that a state created as a B® (B°) will decay as a B® (B°) at time ¢

1s,

1
Ponmiz(t) = [(B°|B°(t))]? = Z[e_rlt + e7T2t 4 27 cos Amit] (1.61)
The probability that it mizes into it’s antiparticle is,
_ 1
Priz(t) = [(B°|B°(t))|* = Z[e_rlt + e T2t — 27 cos Ami). (1.62)

If we neglect I';5 due to the Cabibbo suppression mentioned above then Am =~

2 |My3| and AT = 0. This is known to be a good approximation for B — B mixing.
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Figure 1.5: The mixed and unmixed decay probabilities versus proper time for Am, =
0.5 ps~! and Am, = 8.0ps™! The dashed curve is the total decay rate for mixed and
unmixed events.

For B? — B? mixing, however, theoretical predictions are more uncertain. Initial
estimates based on leading order QCD calculations resulted in AT'/T" &~ 15-20%]16].
More recent calculations incorporating next-to-leading logarithmic corrections in the
heavy quark expansion approach find AT'/T' =~ 5-10%[17]. Experimentally, a non-
negligible AT" would lead to two distinct lifetime distributions for the heavy and light
B? mass eigenstates. For AT'/T' ~ 10% the effect on the fraction of mixed decays

versus time is negligible, especially at small time. Therefore, we will assume that AT’



25

can be neglected so that,

1
Prnmiz(t) = §€_Ft(1 + cos Amit) (1.63)
1
Priz(t) = §€_Ft(1 — cos Amt).
We see that the oscillation frequency is equal to Am, the mass difference between the
two mass eigenstates. Figure 1.5 shows the mixed and unmixed decay probabilities

versus proper time for two values of Am.

1.4.2 Motivation

In principle, Am can be calculated from the box diagrams. The result, as discussed

in [13] is,

2 2
Gy m,

Amq —Bquéquq| tzwq|2mt2 F(MZ ) T]QCD (]‘64)
w

- 672

where g can be either d or s. Bp, is the ‘bag parameter’ arising from the vacuum

insertion approximation which is of order 1 due the the heaviness of the b quark.
The parameters fp, and ngcp are the B, decay constant and QCD correction factor

respectively. The function F is given by,

1 9 3 3 2%lnz
4 41-2) 2(1-2)2 22(1- z)3'

(1.65)

This result suggests that a measurement of Amgy should allow the extraction of
the CKM matrix element V;4. Unfortunately, there are large theoretical uncertainties
in the non-perturbative QCD factors, Bp, and fp,. A review of the current status of
these calculations may be found in [18]. The decay constant fg, is obtained from fp,
deduced from measurements of the D} — 7%v, and D} — p*v, branching ratios.
Lattice QCD calculations are then employed to extrapolate from the D to the B

sector. The current value is:
fB, = 181 & 24 (exp) £ 7 (theo.stat.) &-2° (theo.nonstat.) MeV. (1.66)

Bp, is also calculated from lattice QCD to be Bp, = 1.35 £ 0.15.



26

Expressing Amg and Am, in the Wolfenstein parametrization of the CKM matrix

yields,

Amg o« A2X°[(1—p)? + 7] (1.67)
Am, o« A%\!

Amyg can, therefore, be represented as a circle centered at (1,0) in the p-n plane. Recall
that p and n are the coordinates which define the apex of the unitarity triangle (see
figure 1.1). Figure 1.7 shows a graphical representation of several constraints on the
parameters p and 7. Note the wide allowed region coming from current measurements
of Amy. Although BJ mixing is well measured, the theoretical uncertainties limit the
effectiveness of the measurement to constrain Vi4 or, equivalently, p and 5. Unless
significant improvements can be made in the calculation of hadronic matrix elements,
more precise measurements of Amg will have little effect on constraining the CKM
matrix [19].

One solution to this problem would be to measure both Amg and Am, and form

the ratio,
2

Via
Vis
where £ = st\/B—Bg/de\/Bin. The top quark mass and most of the theoretical
uncertainties cancel so that £ can be calculated to about 10%. The current best value
is £ = 1.11 4 0.027395 [18]. This factor expresses the extent of SU(3) symmetry
breaking effects. Note that Am, contains no factors of p or 5 so that a measurement

of Am, is effectively a measurement of fg, /Bp,. Therefore, BY and B? mixing

Amd _ 5_2 mp,

(1.68)

Am, mp,

measurements can be combined to constrain the ratio of CKM matrix elements V,,
and V4. Furthermore, we expect |Vi,| & |V| which is fairly well known from B
decay measurements. Thus strong constraints may be placed on V4. In addition, if
we approximate |Vi| =~ |Vig| = 1 and |Vp| = |V;,| then the unitarity triangle can
be drawn as in figure 1.6. We see that the length of the right side is essentially
determined by the ratio Amg/Am,.

Of course Am, has yet to be measured. Even so, there is very useful information

in the lower limit. Equation 1.68 indicates that a lower limit on Am, corresponds to
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Figure 1.6: The rescaled unitarity triangle demonstrating that one side is essentially
determined by B mixing.
an upper limit on |V;4|. Rearranging equation 1.68 we obtain,

1 1
Am, = Amy €2 2B 1.69
" mat mp, A (1—p?)+n’ (1.69)

where we have substituted the Wolfenstein approximations to the CKM matrix ele-
ments. Therefore, limits on Am, can also limit the allowed region of the p-n plane.
The dashed curves in figure 1.7 correspond to lower limits of 5.0, 10.0, 15.0, 20.0 and
25.0 ps~!. The apex of the unitarity triangle is constrained to lie to the right of these
curves. As the limits increase, the curve moves to the right.

Measurements of the unitarity triangle are a test of the SM explanation of CP
violation. The B factories currently getting underway at SLAC ant KEK are expected
to make direct measurements of the angles of the unitarity triangle. A measurement
of sin 283 is orthogonal to mixing measurements as shown in figure 1.8. Therefore,
B? mixing provides complimentary information which can be combined with the B

8

factory results.

1.4.3 Mixing Measurements

The first observation of B® — B° mixing was made by the ARGUS Collaboration
in 1987 by completely reconstructing a single Y(4S5) — B°B° event [20]. In Y(45)

decays, a pair of B mesons is produced coherently as either B°B° or B* B~ (only one
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Figure 1.7: Constraints on the apex of the unitarity triangle in the p-n plane.

qq pair is pulled from the vacuum and there are no additional fragmentation particles).
Also, the Y(4S) is too light to produce a B°B? pair or b baryons. Therefore, the
observation of two B°® decays in a single event is a clear indication of mixing. In this
particular event, both B% decayed to D*~u*v. The first D*~ decayed as D~ —
7~ D° with D° — K*m~. The second D*~ decayed as D3~ — «°D~ with D~ —
Ktr—n~.

The first measurements of Amgy were produced by ARGUS [20] and CLEO [21]
using a time integrated mixing technique. In T(4S) decays the B°B? pair is created
almost at rest. Due to the short B lifetime and small boost it is not possible to
measure the proper time of the B decay. Therefore, one must measure the total time

integrated ratio of mixed to unmixed decays known as the r ratio,

L Prie(t)dt  (Am)? 4+ (AT/2)?

B - : 1.
" T T Punmis(£)dt 212 + (Am)? — (AL/2)? (1.70)
With z = Am/T" and assuming AI' can be neglected [13],
2
T
- - 1.71
" 2 4 2 (1.71)

ARGUS found r = 0.21 +0.08. When z is small, the oscillation period is much larger

than the B lifetime and only a small fraction of B%s will mix before decaying. In this
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regime, dr/dz is large and thus the r measurement can be used to extract z or Amy.
As z increases, 7 — 1.0 since one lifetime covers many oscillation periods and any B°
is almost equally likely to decay as mixed or unmixed. Therefore, r loses sensitivity
to Am. Current limits on Am, suggest that this is the case for B? — B® mixing.
More recently, time dependent BIBY mixing analyses have been performed at the
Z° pole by SLD [22, 23, 24] and the four LEP experiments: ALEPH [25], DELPHI
[26], L3[27], and OPAL [28, 29, 30]. CDF has also produced B} — BS mixing results
[31] using pp collisions at the Tevatron. For a time dependent analysis the strategy is
generally to measure the fraction of B° mesons which decay as mixed as a function

of the decay proper time. For a pure B° sample the mized fraction is expected to be,

Mixed Fraction = , 1.72

1
= 5(1 — cos Amt).

The mixing frequency can then be extracted directly by fitting the data mixed fraction
to the expected function taking into account backgrounds, mistag rates and proper
time resolution. So there are three essential ingredients to a time dependent mixing

analysis:
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1. Measure the B decay proper time.
2. Tag the b quark flavor at production.

3. Tag the b quark flavor at decay.

At the Z° pole, the Z° decays to bb pairs roughly 15% of the time. Due to the
large Z° mass, B hadrons are produced with a large boost, < B3y >~ 6. Given
that the average B lifetime is about 1.5 ps, the average B decay length turns out
to be 2-3 mm. Therefore, using the precise vertex detectors found at ete™ colliders,
the B hadron decay position can be located as a secondary vertex separated from
the interaction point. Decay length resolution down to about 100 pm is possible.
The B momentum must be determined independently. Unlike T(4S) decays, the Bs
produced at the Z° exhibit a distribution of momenta described by the fragmentation
function. Combining the decay length and boost measurements the decay proper time
can be calculated, t = L/fBvc.

To determine whether mixing has occurred, the b quark flavor must be tagged at
production and decay. These are commonly referred to as the initial state tag and the
final state tag respectively. Many techniques have been developed for this purpose
as described in the references given above. The final state tags are obtained from
examining the B decay products. The most common technique, which is adopted in
this thesis, is to locate a lepton produced in the B decay. As discussed in chapter 4,
the charge of the lepton tags the charge, and thus the flavor, of the decaying b quark.
Another common technique is the reconstruction of a D*)* decay vertex that tags
the B® meson through the process B — D*~X. Charged kaons may also be used
as a final state tag by exploiting the dominant b — ¢ — s quark decay chain which
often results in the production of a K.

When the final state of a B meson has been tagged and it’s proper time recon-
structed, we refer to this as the tagged B. It resides in the tagged hemisphere. The
initial state tag then generally depends on the b quark produced in the opposite hemi-
sphere. The Z° decays to a bb pair so there is generally a b hadron in the opposite
hemisphere. Furthermore, mixing in the opposite hemisphere is independent of mix-

ing in the tagged hemisphere. Therefore, the opposite hemisphere b quark flavor can
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be used as a reference to determine if the tagged B has mixed. In general, any tech-
nique used for final state tagging may also be used for initial state tagging. However,
most experiments select initial state tags that have large efficiencies since the effi-
ciency to select B decays and reconstruct their proper time in the tagged hemisphere
is frequently small. The most common initial state tag is the jet charge technique. Jet
charge or hemisphere charge can be defined in various ways but essentially the tech-
nique attempts to determine the b quark charge by forming a momentum weighted
track charge for all tracks in the hemisphere. Jet charge is utilized in this analysis
and is described in more detail in section 4.8.2. High momentum leptons generally
provide a cleaner tag of the initial state but with much lower efficiency. Leptons are
frequently used when available.

At SLD we have the great advantage of a longitudinally polarized electron beam.
As described in section 1.3, parity violation at the Z° — bb vertex results in a strong
polarized forward-backward asymmetry. Therefore, the initial state flavor of b quarks
can be tagged with high purity and essentially 100% efficiency simply based on the b
flight direction and the sign of the polarization. This technique is described in more
detail in section 4.8.1.

CDF has developed a technique called same side tagging (SST). The idea behind
SST is to use correlations between tracks produced in the b hadronization process
to tag the initial state b flavor. For example, when a b quark pulls a dd pair out of
the vacuum to become a BY the remaining d quark often forms a 7~. The charge of
the fragmentation pion thus tags the initial b flavor. In addition, pions from strong
decays of excited B mesons can also be used as an initial state tag since the B* decays
almost instantaneously.

BY mixing is now well established and precise measurements of Amy have been
performed. Figure 1.9 shows the results of measurements from the four LEP experi-
ments, CDF, and SLD. The world average value for Amgy has been calculated by the
LEP B oscillations working group [32] to be Amg = 0.477 £0.017ps™*.

Similar techniques can be applied to B? — B? mixing. However, several factors
combine to make this a much more difficult measurement experimentally. First, the

B? production fraction is only about 10% as compared to 40% for BY and B* at the
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Figure 1.9: The world average value of Amy as derived by the LEP B Oscillations
working group as of May 1999.
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Z° pole. Therefore, the mixing signal must be extracted from a large background.
Second, Am, is expected to be many times larger than Amy. From equation 1.68
we expect Am,/Amg ~ 1/A* ~ 20. Therefore, proper time resolution can become
a limiting factor when the oscillation period becomes comparable to the resolution.
Only lower limits have been placed on Am, thus far. Figure 1.10 shows the combined
amplitude fit for LEP experiments ALEPH [33, 34, 35|, DELPHI [36], and OPAL
[37]. The amplitude fit technique will be explained in great detail in chapter 5.
Essentially, the plot shows the normalized fourier amplitude of the mixing signal as
a function of frequency. We expect to find a peak in the amplitude at the true value
of Am,. One notices that the uncertainty on the amplitude measurement grows as
frequency increases. This effect is due to imperfect proper time resolution and limits
the frequency range in which mixing can be resolved. This particular amplitude fit
suggests that Am, < 11.5 ps™! can be excluded at 95% CL.

Although Am, has not been measured there are indications that a measurement
may be just around the corner. When the the LEP amplitude fit above is combined
with results from CDF [38] and SLD [39], the ‘bump’ at ~ 15.0 ps~* becomes even
more suggestive. However, the significance is not great enough to claim a measure-
ment. Furthermore, by using other measurements and constraints (|Vis/Val, |€x|,
and Amy), it is possible to obtain a SM ‘prediction’ for Am, [18]. The result is that
Am, is expected to be between 12.0 and 17.6 ps™* at 1o and less than 20 ps™! at
95% C.L. as shown in figure 1.11.
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Figure 1.10: LEP combined amplitude fit for B® — B? mixing.
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Chapter 2
Experimental Apparatus

The data presented in this thesis was collected between 1996 and 1998 by the SLD
experiment at SLAC. The SLD detector observes the decays of polarized Z° bosons
produced by the SLC. This chapter will briefly describe several aspects of the SLC
including the polarized source, accelerator operation, and the beam polarization mea-

surement. Finally, the various subsystems of the SLD detector will be discussed.

2.1 Stanford Linear Collider

The SLC is an eTe™ collider located at SLAC in Palo Alto, California. SLC is
the first and only linear collider. It collides longitudinally polarized electrons with
unpolarized positrons at a center-of-mass energy of 91.2 GeV, the mass of the Z°

boson. The collision rate is 120 Hz.

2.1.1 Polarized Source

One of the unique features of the SLC is the polarization of the electron beam [40]
that greatly enhances the physics potential of the experiment. Polarized electrons
are obtained by photoemission from a strained GaAs photocathode as shown in figure
2.1. The process begins with two Nd:YAG pumped Ti:sapphire lasers producing
linearly polarized light. Two 2 ns pulses are produced, separated by about 60 ns.

36
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Figure 2.1: Schematic view of the polarized source.

As described shortly, the two laser pulses produce two electron bunches. One will be
used for collisions at the interaction point while the other is directed onto a target to
produce the positron bunch for the next cycle.

The laser pulses are circularly polarized by a linear polarizer followed by a CP
Pockels cell operated at quarterwave voltage. The helicity of the laser pulse can be
flipped by changing the sign of the high voltage applied to the CP Pockels cell. A
pseudo-random number generator determines the polarity of the high voltage which
is varied at a rate of 120 Hz, the SLC collision rate. Small phase shifts are known
to occur in the transport optics to the photocathode. Therefore, a PS Pockels cell
is included to make small adjustments to ensure that the laser pulses are circularly
polarized at the photocathode.

The polarized laser pulses are directed onto the GaAs photocathode. The GaAs
has been strained by growing a 0.1 pm layer on GaAsP. The result is that the de-
generacy of the j=3/2 valence band is split by about 50 meV as shown in figure 2.2.

By properly tuning the energy of the incoming laser pulses, a particular spin state
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Figure 2.2: The energy levels of strained GaAs. The relative Clebsch-Gordon coeffi-
cients for each transition is indicated on the arrows.

in the conduction band can be populated due to conservation of angular momen-
tum. For example, right handed photons excite transitions to the m; = —1/2 level
in the conduction band. The extracted electrons from the conduction band should
have the same helicity as the photon since they emerge in the opposite direction. At
the source, a typical electron bunch contains about 7-8x10'° particles [41] with a

maximum polarization of ~ 80%.

2.1.2 The Accelerator

Figure 2.3 shows the layout of the SLC [42]. Longitudinally polarized electron
bunches emerging from the source are accelerated to 1.2 GeV before entering the
damping rings. Maintaining the polarization of the electron beam all the way to
the interaction point requires several manipulations of the spin direction. In the

linac-to-ring (LTR) transport line, superconducting solenoids rotate the spin until it
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Figure 2.3: Layout of the SLC.

is transverse to the horizontal plane and can be stored in the damping ring without
depolarization. The two electron bunches are stored in the 35 m circumference damp-
ing ring for one accelerator cycle or 1/120 s where they are cooled by synchrotron
radiation to reduce beam emittance. Positron bunches created in previous cycles are
simultaneously cooled in the positron damping rings for 2 cycles.

At the beginning of a cycle, both electron bunches and one positron bunch are
ejected from their respective damping rings to the ring-to-linac (RTL) transport. At
this stage a bunch compressor reduces the length of the bunch from 6-9 mm to about 1
mm [43]. The polarization direction of the electrons remains vertical during extraction
from the damping ring and acceleration by the 2946 meter linac. Acceleration in the
linac is provided by a series of 230 67 MW S-Band klystrons. The accelerating gradient
is about 20 MeV/m. The positron and leading electron bunches are accelerated to an
energy of 46.6 GeV while the trailing electron bunch is accelerated to only 30 GeV
before branching off to the positron production target.

At the end of the linac the electron and positron bunches are diverted by a dipole
into the north and south arcs respectively. The arcs guide the two beams to the IP by
a series of 23 achromats consisting of 20 dipole magnets each. A pair of ‘spin bumps’
are introduced by the achromats in the last third of the electron arc to produce
longitudinal electron polarization at the IP. Synchrotron radiation losses of about 1

GeV are expected in the arcs. This is compensated for by accelerating the beams
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above mz/2 in the linac. The final focus optics just before the IP increases the
luminosity by reducing the transverse dimensions of the beam. In the 1997-98 runs,
spot sizes as small as 1.5 x 0.65 pm were obtained. Typical bunch sizes at the IP
are about 4x10'° [44]. After passing through the IP, ejection transport lines lead to
beam dumps.

The second bunch of electrons is directed onto a water cooled tungsten target to
produce positrons. Positrons with energy between 2 and 20 MeV are collected and
accelerated to 200 MeV by the linac back towards the damping rings. The positron
bunches are cooled in the damping ring for 2 cycles before being extracted. With the
injection of two new electron bunches, the next cycle begins.

The SLC luminosity has been steadily growing over time. In the 1997-98 run the
luminosity increased by more than a factor of 3 to bring SLC within a factor of 2 of
the initial design luminosity. Peaks of around 300 Z% per hour or 3 x 10%° cm=2s~!
were obtained. A record week of 21,000 Z% was recorded in April 1998. The analysis
presented in this thesis uses the 50k Z% collected in 1996 plus the 350k collected in

the 1997-98 run.

2.1.3 Compton Polarimeter

Many of the physics analyses performed at SLAC rely heavily on the electron beam
polarization. Section 2.1.1 described how the polarized electron bunches are created.
However, for a physics analysis, the important parameter is the polarization at the
interaction point. Due to the bunch width in phase space and spin manipulations
in the accelerator, the polarization will be degraded with respect to that at the
source. Therefore, it is crucial that the polarization be monitored precisely during
the accumulation of data. This task is accomplished by the Compton polarimeter
[45] shown in figure 2.4.

The Compton polarimeter is located downstream of the SLC interaction point.
Electrons not involved in collisions at the SLC IP proceed to the ‘Compton IP’ where
they encounter circularly polarized laser pulses from a Nd:YAG laser. The 532 nm
laser has a repetition rate of 17 Hz and fires on every 7th cycle of the SLC. It is
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Figure 2.4: Schematic view of the Compton Polarimeter.

polarized with a linear polarizer followed by a series of PS and CP Pockels cells similar
to the arrangement described for the polarized source. The Compton back scattered
electrons lose energy in the photon collisions and are separated out by an analyzing
bend magnet. The energy distribution of the scattered electrons is then measured by
a 9 channel Cherenkov detector (CKV). This device consists of an airtight vessel filled
with a Propane gas radiator. The nine channels are instrumented with phototubes and
segmented transverse to the beam. Cherenkov photons from the Compton scattered
electrons are detected by the phototubes. The transverse segmentation provides the
energy measurement [46].

The polarized Compton cross section is given in terms of the unpolarized cross

section by,
o(y) = oo(y)[1 + PP A(y)] (2.1)

where P, and P, are the electron and photon polarizations respectively. A(y) is the
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1992 P, = 0.224 £ 0.006

1993 P = 0626 £ 0.012
1994-95 P, = 0.772 £ 0.005

1996 P = 0.765 £ 0.005

1997 P, = 0.733 + 0.008 Prel.

1998 P, = 0.731 + 0.008 Prel.

Table 2.1: The luminosity weighted polarization at SLC by year.

Compton asymmetry function and y = E'/E,. The polarization measurement is

made by measuring the following asymmetry,

N77 — N7

1

Ni—>—> + Ni_H_ _ 2NZ-°H

= aiPeP7 (22)

The N; are the numbers of Compton scattered electrons in channel z of the Cherenkov
detector for parallel and opposite configurations of the electron and photon helicities.
N7 reflects the backgrounds measured with the laser off. Finally, a; represents the
analyzing power for channel z. Typically, about one thousand backscattered electrons
are detected per pulse with a channel occupancy of about 100. The typical signal to
noise ratio in each channel is about 5:1. P, is measured on both sides of the compton
IP by photodiode measurements of the amount of left and right polarized light.

The measured asymmetry provides nine independent measurements of P,, one for
each Cherenkov channel. However, the energy distribution of the Compton scattered
electrons is characterized by the kinematic edge at 17.4 GeV (180° backscatter in the
center-of-mass frame) and the zero-asymmetry point at 25.2 GeV (90° backscatter
in the center-of-mass frame). Detector position scans precisely locate the kinematic
edge in channel 7. This channel is used to make the polarization measurement while
the others are used as cross checks. The statistical precision obtained in a 3 minute
run is typically < 2%. The luminosity weighted polarization is listed by year in table
2.1 [46].

Figure 2.5 shows the measured beam polarization at SLC as a function of time.
Peak polarizations of ~ 77% were obtained at the IP from 1994-1996. The 1997-98
run saw substantial increases in luminosity but the polarization was slightly degraded.

The average polarization over the 1997-98 run was 73%.
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Figure 2.5: The measured SLC beam polarization versus time.

A series of other polarization measurements have been made as a cross check
of the Compton polarimeter. The Quartz Fiber Calorimeter (QFC) and Polarized
Gamma Counter (PGC) both measure the electron beam polarization by detecting the
compton backscattered photons. However, both of these techniques require dedicated
electron beam only operation. The preliminary QFC and PGC data analysis agrees
with the CKV to ~ 1%. Finally, the positron beam is assumed to be unpolarized but
this was first checked experimentally after the 1998 run. The result was found to be
Pp = —0.02% + 0.07%, consistent with 0.

2.2 SLAC Large Detector

The ete™ collisions produced by the SLC are observed and recorded by the SLAC
Large Detector (SLD) which surrounds the SLC interaction point as shown in figure
2.6. The SLD is a general purpose detector designed to study decays of the Z°



44

Support
Arches

Magnet Coil

Liguid Argon
Calorimeter

Moveable Door

Magnet Iron
and Warm Iron
Calorimeter

Cerenkov Ring
Imaging Detector

9-88
5731A2

Figure 2.6: The SLD detector.

boson. It is composed of several detector subsystems. Charged particle tracking is
performed by the central and endcap drift chambers in conjunction with a precise
CCD pixel vertex detector. A Cherenkov ring imaging detector is located outside
the drift chambers to provide particle identification. Calorimetry is performed by the
liquid Argon calorimeter which includes both electromagnetic and hadronic sections.
Finally the warm iron calorimeter is responsible for muon identification and tracking.
The SLD magnet coil provides a 0.6 T magnetic field along the axis of the detector.
Figure 2.7 is a cross sectional view of one SLD quadrant showing the relative locations
of each subsystem. Each of the subsystems was utilized to some extent in this analysis

and will, therefore, be described in some detail.
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Figure 2.8: Cut-away drawing of the VXD3 detector.

2.2.1 VXD3

The vertex detector is the detection layer closest to the beamline and is responsible
for precise tracking information near the interaction point (IP). For B physics, quality
vertexing is essential for locating the B decay position and separating secondary tracks
from those originating at the IP. In January 1996, SLD replaced the existing vertex
detector, VXD2, with an improved model. Like it’s predecessor, VXD3 [47] utilizes
Charge Coupled Devices (CCDs) as the active element. The upgrade was possible
due to advancements in CCD technology that allowed much larger devices of custom
design.

The CCDs designed for VXD3 have an active area of 80 x 16 mm? each. The
individual pixel size is 20 x 20 pm? which corresponds to 800 pixels horizontally
and 4000 vertically. They are mounted on thin beryllium substrates which have
kapton/copper flex circuits bound to both sides. The flex-circuits cover the full area
of the substrate and have 5 cm ‘pigtail’ extensions for connecting to external micro-

connectors. CCDs are attached to the flex circuits and wire bonded to circuit traces
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Figure 2.9: Basic 2 CCD Ladder Design.

at the narrow end to form ‘ladders’ (see figure 2.9). Each ladder holds two CCDs on
opposite sides. Notice that this design allows the active region to extend fully to the
long edge of the ladder with all external circuitry located along the short edges. The
ladders can, therefore, be placed directly side-by-side in the final structure.

The CCD-ladder assemblies are attached to three, concentric beryllium annuli to
form radial layers. Due to constraints from the beampipe radius at 23.2 mm and
concerns over background levels, the first layer is located at an average CCD radius
of 28.0 mm. It consists of 12 ladders mounted in a ‘shingled’ design with a cant angle
of 10 degrees so that there is a small region of overlap (300 pm to 1 mm) between
neighboring CCDs (see figure 2.10). This technique allows full azimuthal coverage in
each radial layer. As a result, we expect > 3 VXD hits per track which allows stand
alone tracking and improved overall tracking efficiency.

The third layer, consisting of 20 ladders, was placed at an average CCD radius
of 48.3 mm. This position was chosen to provide the maximum lever arm for track
extrapolation to the IP while maintaining the full polar angle coverage allowed by
the CDC (] cos 8| < 0.85). Large cos @ coverage is important to analyses that depend
on the polarized forward-backward asymmetry which is strongest at large angles.

The second layer contains 16 ladders at an average radius of 38.2 mm and cant
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angle of 9 degrees. This layer is approximately half-way between layers 1 and 3 so
that an adequate lever arm is still possible in the event of lack of data from layers 1
or 3.

The three annuli are clamped to a beryllium support structure. This structure
was required to have high rigidity and low mass to minimize multiple scattering
that would compromise impact parameter resolution. Beryllium was chosen for the
support structure, as well as the ladder substrates and annuli, due to its high elastic
modulus (44.0 x 10° psi) and long radiation length (35.3 cm). The thickness of the
ladder structure is only 0.4%X, compared to 1.15%X, for VXD2.

The entire structure is located in a low mass, foam cryostat for temperature reg-
ulation. The detector is cooled with Nitrogen gas to an operating temperature of
around 185 K. Low temperature operation is necessary to reduce the effects of radia-
tion displacement damage in the bulk of the silicon. This type of damage can cause
the development of electron trapping centers that capture electrons as they traverse

the device. The increase in charge transfer inefficiency is greatly reduced by operating



49

at low temperatures. During the 1996 run, VXD3 was operated at around 220 K.
However, due to some initial non-standard beam tuning with high emittance beams
and no magnetic field, layer 1 experienced significant radiation damage resulting in
an efficiency loss of around 15%. It was found that lowering the temperature to 185 K
restored operation to pre-damage performance levels. Therefore, VXD3 was operated
at this lower temperature during the 97 and 98 runs.

In total, VXD3 consists of 48 ladders equipped with 96 CCDs of 3.2 million pixels
each, or 307 million pixels in all. In order to measure the charge deposited in each
pixel, the CCD is divided into four regions with an analogue output node in each of
the four corners (384 total). Individual pixel charges are moved to the output nodes
by a series of I clock and R clock pulses. The I clocks transfer charge, row to row, to
the readout register where R clock pulses then move the charge to the output nodes.
The R clock operating frequency is 5 MHz resulting in a total readout time of about
0.2 sec or 26 beam crossings at 120 HZ. In the 97-98 run a maximum luminosity
of about 300 Z/hr or 1450 beam crossings per Z was achieved, so the rather long
VXD3 readout time is adequate. However, each VXD event will contain integrated
background from 26 beam crossings that must be rejected in the clustering and track
linking stages. Even with these additional hits, the pixel occupancy is only a few
times 1075,

The analogue outputs are transferred by the pigtails mentioned above to 50 cm
long flex-circuits that lead out of the cryostat to 16 front-end (F/E) electronics boards.
The F/E boards are responsible for amplifying and shaping the analogue CCD outputs
as well as digitization using 8-bit flash ADCs. The multiplexed and serialized digital
data is then carried by 50 m fiber optic cables to FASTBUS data acquisition modules
in the SLD counting house.

The ultimate performance of the vertex detector depends on our knowledge of
the detector geometry and alignment. The first pass geometry was produced by an
optical survey of VXD3 to measure the CCD shapes and estimate the gravitational
sag of the individual ladders. This survey was successful in establishing the geometry
to within 1 pixel. Further internal alignment was performed by looking at tracks

produced in hadronic Z° events. Three types of hit vectors were considered at this
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Figure 2.11: Mu-pair miss distance in r¢ and rz projections.

stage:

1. Doublets: tracks that pass through both CCDs on a given ladder.

2. Shingles: tracks that pass through the overlapping region of two neighboring
CCDs in the same layer.

3. triplets: tracks with hits in all three layers.

After internal alignment, the detector can be aligned with respect to the CDC by
again looking at tracks in hadronic Z° decays and comparing the VXD hit vectors with
CDC tracks extrapolated to the VXD region. This global alignment is performed after
any known adjustments to the VXD3 position have been made. The degree of internal
alignment can be assessed by measuring the two track miss distance in Z — ptpu~
events as in figure 2.11. The data suggest a single track impact parameter resolution

of 14 pm in r¢ and 26.5 pm in rz.

2.2.2 Drift Chamber

The drift chambers lie just outside the vertex detector and comprise the second stage

of SLD’s charged particle tracking system. The central drift chamber (CDC) is a
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cylindrical section extending from 0.2 m to 1.0 m in radius and from -1.0 m to +1.0 m
in z as shown in figure 2.7. It provides coverage for polar angles up to |cos 8| < 0.85.
There are also two endcap drift chamber sections. The endcap tracking systems have
not been utilized in this analysis so only the CDC will be discussed in detail [48].

When a charged particle traverses material, it suffers energy losses due to the ion-
1zation of atoms in the material through electromagnetic interactions. The principle
behind drift chambers is to use the electrons liberated by the ionization process to
track the charged particle. The cylindrical volume of the CDC is filled with a gas
mixture consisting of 75% CO,, 21% Argon, 4% Isobutane, and 0.2% water [49]. CO,
was selected due to it’s slow electron drift velocity that allows the resulting charge
waveforms to be accurately sampled by the SLD electronics. It also has a low diffusion
coefficient which is essential for good resolution. Isobutane was added as a quencher
while the Argon produces the required gain. Water is included to reduce the effects
of wire aging.

The CDC is divided radially into ten superlayers. Each superlayer is further
subdivided azimuthally into cells measuring roughly 6 cm wide and 5 cm high. Each
cell is instrumented with a series of wires running approximately parallel to the beam
axis. Figure 2.12 shows the arrangement of sense wires, guard wires and field shaping
wires in a typical cell. The guard and field shaping wires are made of 150 pum gold
coated aluminum and are held at high voltage so that ionized electrons will drift onto
the sense wires. The guard wires are set at 3027 V and surround the sense wires to
focus the drifting electrons and provide uniform charge amplification. The gas gain is
approximately 105. The high voltage on the field shaping wires varies with position
with an average of 5300 V. The mean drift field produced by this arrangement is 0.9
kV/cm. The eight sense wires per cell are made of 25 pm gold-coated tungsten and
are separated by 5 mm. A minimum ionizing particle passing through the CDC is
expected to liberate about 16 electrons per sense wire resulting in a total charge at
the sense wires of about 3 x10° electrons.

The location of ionization sites is determined from the waveforms produced by the
deposited charge at each end of the sense wires. These waveforms are sampled at 119

MHz by Analog Memory Units. The time of the leading edge of a pulse can be used
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Figure 2.12: Wire layout in a single cell of the CDC. The 8 sense wires (x’s) are

surrounded by a grid of guard wires (bold dots). The field shaping wires are shown
as dots.

to determine the distance of the hit from the sense wire. This requires an accurate
knowledge of the drift field as well as the temperature and pressure of the gas which
all affect the electron drift velocity, v4. Given the drift time and trajectory predicted
from the drift field and 0.6 Tesla SLD B field, the hit position can be located in
zy. The nominal drift velocity is about 7.9 pm/ns and is used to locate initial hit
positions. This estimate is refined run-by-run by allowing wvg to vary in the track
fitting routines. Variations in vg can be as large as 2%. The position of the hit along

z 1s determined from the ratio of pulse heights at each end of the wire. This charge

division technique is accurate to about 5 cm. Multiple hits on a single wire produce
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several pulses in the waveform. The sampling rate used allows us to resolve hits whose
drift distances are separated by ~ 1 mm with good efficiency.

The 10 superlayers of the CDC alternate between axial layers where the wires run
parallel to the beam axis and pairs of stereo layers with stereo angles of + 41 mrad
with respect to the beam axis. There are 4 axial layers separated by three stereo
double layers. The purpose of the stereo layers is to resolve ambiguities in the zy hit
positions. Note that the procedure described above cannot determine on which side
of a given wire the hit occurred.

Track reconstruction occurs offline beginning with the time and charge information
from each sense wire. The track fitter performs a detailed track swim taking into
account fluctuations in the magnetic field, multiple scattering and energy loss. The
intrinsic hit resolution is found to be ~ 100 pm in regions of uniform field. The 0.6
T axial B field at SLD allows us to measure the track momentum transverse to the
beamline from the track curvature. The momentum resolution of the CDC can be
characterized by,

(dp,/p?)? = 0.0050% + (0.010/p;)? (2.3)

where p; is measured in GeV/c.

Tracks found in the CDC are then extrapolated to the VXD for linking. A search
for matching VXD hits 1s performed starting in the outer layers where backgrounds
are low. Tracks are fixed at any matching hits and the resulting track is extrapolated
to the inner VXD layers. A successful link is required to have at least 2 VXD hits.
Finally, a combined VXD-CDC track fit is performed taking into account multiple
scattering effects. In high momentum Z° — p* ™ events the track linking efficiency is
estimated to be greater than 99.8% [47]. The combined VXD-CDC impact parameter

resolutions can be parametrized by,

33

Orpp = 14.0 @ Im,&m (2.4)
33

Op, = 26.5 &) Im,&m (25)
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Figure 2.13: VXD3 impact parameter resolution for tracks at cos § = 0 as a function
of momentum. The solid lines are MC simulations.

2.2.3 CRID

When a charged particle passes through material at a velocity greater than the speed
of light in that medium, it emits radiation known as Cherenkov radiation. The effect
is similar to the shock waves produced by objects travelling faster than the speed of
sound. A coherent wavefront is produced at an angle 8o with respect to the flight
direction determined by the particle velocity,

cos g = 1 (2.6)

Bn

where n is the index of refraction of the medium [50]. The radiation is distributed
uniformly in azimuth thus forming a ring in the plane perpendicular to the particle
momentum. The angle of the Cherenkov radiation allows us to determine the velocity
of the charged particle. Combined with a momentum measurement, the mass of the
particle and, therefore, it’s identity can be determined.

Charged particle identification is performed at SLD by the Cherenkov ring imag-
ining detector (CRID). The position of the CRID in SLD is shown in figure 2.7. It is
composed of barrel and endcap sections located between the drift chambers and the
liquid Argon calorimeter. The barrel CRID provides coverage for the angular region

| cos 8] < 0.68.
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Figure 2.14: Schematic diagram of the barrel CRID.

The barrel CRID employs two separate radiators as shown in figure 2.14 so that
particles can be identified over a wide momentum range. There is a liquid CgF14
radiator (n = 1.2176) contained in 1 cm thick trays [51]. Also, the volume of the
detector vessel is filled with a 76% CsF15 (n = 1.0017), 24% N, (n = 1.00032) gas
mix. For particles with 8 = 1, the expected Cherenkov angles are expected to be
3.04° and 38.5° for the gas and liquid radiators respectively. This combination of
radiators provides efficient /K /p identification in hadronic Z° decays from ~ 0.3-46
GeV/c [52].

The Cherenkov photons are detected by means of time projection chambers (TPCs)
consisting of drift boxes connected to multiwire proportional chambers (MWPCs) as
shown in figure 2.15. There are a total of forty TPCs in the barrel. They are spaced
in ten azimuthal sectors with two TPCs on each side of the detector midplane. The
inner and outer surfaces of the TPCs have windows made of UV transmitting quartz.
Photons from the liquid radiator pass directly through the inner TPC window. An

array of 400 spherical mirrors is positioned along the outer wall of the vessel to focus
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photons from the gas radiator back onto the outer TPC window. Inside the TPCs
is a mixture of 85% CyHg and 15% CO,. In addition, there is a small concentra-
tion (~ 0.1%) of a complex organic gas molecule, Tetrakis(diMethylAmino)Ethylene
(TMAE), which has a large photoionizing cross section in the 170-220 nm region.
The individual Cherenkov photons entering the TPCs interact with the TMAE to
produce photoelectrons.

A double field cage consisting of 1600 field shaping wires and 163 corona prevent-
ing wires is located on the inside and outside of the TPCs. It produces a uniform
electric field of roughly 400 V/cm along the axis of the detector. The photoelectrons,
therefore, drift toward the MWPCs. The operation of the MWPCs is similar to that
of the CDC described above. There are ninety-three 7 um carbon anode wires per de-
tector with readout amplifiers at each end. The 3 dimensional location of the point of
origin of the photoelectron is approximated by the drift time (2-coordinate), address
of the wire hit (z-coordinate), and charge division along the wire (y-coordinate). The
photoelectron production point is measured to a precision of roughly 1 x 1 X 2 mm
in z, y, and z. The average number of hits per ring in hadronic decays is about 12.8
and 9.2 for the liquid and gas radiators respectively. The Cherenkov angle resolution
1s about 16 and 4.5 mrad for the liquid and gas radiators.

A likelihood 1is calculated for each charged track for the w, K, and p hypotheses
[563]. The calculation takes into account both liquid and gas radiator information
and is able to give smooth behavior at the thresholds. Particle identification is then
made by considering differences in the — log £ for the various hypotheses. The 7/K/p

identification matrix is plotted in figure 2.16.

2.2.4 Liquid Argon Calorimeter

The SLD liquid Argon calorimeter (LAC) [54, 55] is located between the CRID and
the magnet coil as diagrammed in figure 2.7. It is composed of a 6 meter long
cylindrical barrel which extends from 1.77 to 2.91 meters in radius and is closed by
two endcap sections. The endcaps extend from 0.33 to 1.60 m in radius and from

2.32 to 3.1 m along z. The barrel section covers the angular region § > 33° while the
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Figure 2.15: Diagram of the CRID time projection chamber design.

two endcaps cover 8° < 6 < 35°. The calorimeters are responsible for measuring the
energies of particles produced in Z° decays.

The basic structural units of the LAC are the electromagnetic and hadronic mod-
ules. The LAC barrel is divided into 3 segments of about 2 meters each along the
beam axis. Each segment contains 48 EM and 48 hadronic modules spaced evenly
around the azimuth with the hadronic modules stacked radially on the EM modules.
The endcaps are constructed of 16 wedge shaped modules, each containing EM and
hadronic components. The barrel and endcap modules are contained within 3 distinct
vacuum insulated cryostats that use liquid nitrogen to cool the Argon. The modules
within each cryostat share a common liquid Argon volume.

As shown in figure 2.17, the individual modules consist of layers of lead sheets and
segmented lead tiles that are separated and electrically isolated by plastic spacers.
The gaps between sheets and tiles are filled with pure liquid Argon. EM and hadronic
showers, originating primarily in the lead, deposit ionization in the liquid Argon as

they traverse the calorimeter. This ionization is collected by the lead tiles which are
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Figure 2.17: Detail of a hadronic module in the LAC barrel.

maintained at about -2000 V with respect to the grounded sheets. Thus the lead
tiles act as charge collecting electrodes as well as providing high density material to
absorb energetic particles. This design allows a more compact size. The ionization
produced in the Argon is roughly proportional to the shower energy at that depth.
Therefore, the LAC acts as a sampling calorimeter.

Projective towers are formed by linking tiles in adjacent layers with signal wires
as in figure 2.17. These towers are constructed such that they project back in the
direction of the interaction point, each tower presenting a roughly equal solid angle
to particles coming directly from the IP. In this manner, each tower should mea-
sure approximately equal fractions of the event energy and provide uniform angular
resolution of shower position, independent of the z coordinate. The EM layers are
segmented into 192 towers in azimuth thus providing a resolution of d¢ ~ 33 mrad.
The tower width in the z direction varies as a function of z so that 46 varies from
21 to 36 mrad. The hadronic layers are more coarsely segmented with 32 towers in z
and 96 in azimuth.

In the EM modules, the lead plates and tiles are 2.0 mm thick and are separated by
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Figure 2.18: LAC barrel modules.

2.75 mm of Argon. The dE/dX sampling fraction for a minimum ionizing particle is,
therefore, about 18%. A unit cell is defined as 2 layers of lead and 2 layers of Argon
which corresponds to 0.751 X, of material. The EM calorimeter is longitudinally
divided into two separate readout sections, EM1 and EMZ2, that are constructed
of 8 and 20 unit cells respectively. This division allows us to monitor longitudinal
shower development which is particularly useful in discriminating between electrons
and pions. The two EM layers provide 21 radiation lengths total and, therefore, are
sufficient for containing electrons up to 50 GeV with only 1-2% leakage. The LAC

EM energy resolution is measured to be,

og/E = 15%/+/ E(GeV). (2.7)

The lead sheets and tiles in the hadronic modules are increased in thickness to
6.0 mm while the Argon layers remain at 2.75 mm. The dE/dX sampling fraction
thus drops to 7%. As in the EM calorimeter, the hadronic calorimeter is divided into

two radial sections, HAD1 and HAD2, each composed of 13 unit cells. Each hadronic
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LAC section Cell Count Cell Xy Section Xy Cell A Section A

EM1 8 0.75 6.0 0.030 0.24
EM2 20 0.75 15.0 0.030 0.60
HAD1 13 0.077 1.00
HAD2 13 0.077 1.00

Table 2.2: LAC Longitudinal Segmentation

layer represents 1 interaction length, A. This information is summarized in table 2.2.

For hadronic showers, the energy resolution is about,

og/E =60%// E(GeV). (2.8)

The analysis of LAC data will be discussed in more detail in section 4.7.2.

2.2.5 Magnet Coil

The SLD magnet coil [48] is located between the LAC and the WIC. It provides the
0.6 T solenoidal magnetic field used by the tracking systems to determine the charge
and momentum of charged tracks. The coil is formed from 5 cm X 7 cm rectangular
aluminum conductor. It is wound in four 27 turn layers to produce a cylindrical coil
that is 5.9 meters in diameter, 6.4 meters long and 29 cm thick. The iron for the
magnetic flux return is provided by the WIC, to be described in the next section.

The power supply provides 6600 Amps at 750 volts through the coil. The field
produced can be expressed as,

B, = B2 (2.9)

2 2 2
B, = B® + 0.5B° (u) (2.10)

ToZo
where B = 0.0214 T, B = 0.6 T, ro = 1.2 m, and 2 = 1.5 m. The magnet is water
cooled at about 50 1/s to dissipate the 5 MW of power produced.

2.2.6 Warm Iron Calorimeter

The warm iron calorimeter (WIC) [48, 56] is the outermost section of the SLD de-

tector. It is responsible for absorbing any hadronic shower tails that are able to
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penetrate the LAC as well as muon identification and tracking. The WIC is located
outside the magnet coil and provides the iron necessary for magnetic flux return. Like
most subsystems, the WIC is formed by a barrel section and two endcaps, as shown
in figure 2.7, for nearly complete solid angle coverage (99.2%). However, the WIC
also employs 45° chambers due to a gap in coverage in this region. In this analysis,
the WIC was used for muon tracking and identification only in the barrel region.

The WIC barrel is 6.8 meters long and extends from 3.3 to 4.5 m in radius with
an octagonal cross section. The eight octants are each formed by two coffins of 54
cm height and 315-360 cm width. Each coffin is made up of seven 5 cm thick iron
plates separated by 3.2 cm gaps. The gaps are filled by plastic limited-streamer tubes
known as Iarocci tubes which form the active elements of the WIC. At 8 = 90°, the
iron i1s 71 cm thick or about 4 absorption lengths.

The structure of the larocci tubes is indicated in figure 2.19. Each tube is actually
a module of extruded plastic which is divided into eight cells. The 9 x 9 mm cells
contain a 100 pm Be-Cu wire at 4.75 kV and are filled with a gas mixture of 88%
CO,, 9.5 % Isobutane, and 2.5% Argon. The inner wall of the cells is coated with
a conductive graphite paint. A charged particle passing through the cell will ionize
atoms of the gas mixture. The free electrons are accelerated by the high voltage wire
and thus produce more ionization in collisions with the gas. The resulting avalanche
is called a streamer.

Individual Tarocci tubes are combined to form chambers by attaching them to
sheets of glassteel, a material similar to G-10. The number of tubes per chamber
varies with location in the WIC, the maximum being 14. The glassteel is coated on
both sides with 25 pm of copper which is etched in strip and pad configurations.
Streamers in the Iarocci tubes produce a signal in the copper due to the conductive
graphite coating inside the cells. Therefore, the strips and pads act as the readout
electrodes. Generally, a ground plane and a layer of strips running parallel to the
wire direction is attached below the tubes and a layer of pads is located above.

The rectangular pads in the layers of each coffin are daisychained together to form
projective towers. These towers are constructed to point back to the interaction point

such that they continue the tower structure initiated in the LAC. This double tower
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Figure 2.19: Detail of the WIC showing the layers of iron and larocci tubes.

structure provides the WIC calorimetry information. However, the energy resolution
is fairly poor (~ 80%/+/E(GeV)) so that the WIC pads are not used in the SLD
event reconstruction. The strip electrodes provide the muon tracking information.
In the WIC barrel, most strips are oriented parallel to the wire direction or along
the z axis. Therefore they can only provide particle tracking in the r¢ plane. To
locate muons in three dimensions a double layer of tubes is located at the top of each
coffin as shown in fig 2.19. One layer of tubes is equipped with longitudinal strips
and pads while the other has strips longitudinal and transverse to the wire direction.
Therefore, two space points are located along the muon track. The use of the WIC
in muon identification will be described in more detail in section 4.6.2.

The WIC endcaps consist of two octagonal layers. The inner endcap layer is
constructed of three horizontal sections and i1s 4.5 m in width. The outer endcap is
3.9 m in width and is constructed of two vertical sections. The structure of these
layers is nearly identical to the barrel coffins: seven 5 cm iron plates separated by
3.2 cm gaps instrumented with Iarroci tubes. The tubes in the inner section run

horizontally while those in the outer section are vertical. As in the barrel, there
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Tubes X Strips Y Strips Towers
Barrel 40336 35312 21120 4416
45° Chambers 11264 11264 3840 NA
Endcaps 26752 23532 6400 3872
Total 78352 70128 31360 8288

Table 2.3: WIC Readout Channel Counts

are double layers located between sections and outside the outer section for muon

tracking. The WIC readout channel counts are summarized in table 2.3.

2.2.7 Luminosity Monitor

Two silicon-tungsten sampling calorimeters [57] provide coverage at very small angles
at SLD. The Luminosity Monitor and Small Angle Tagger (LMSAT) is mounted
around the beamline with the front face 101 cm from the IP. It covers the angular
region between 28 and 68 mrad. The Medium-Angle Silicon Calorimeter (MASC) is
located 31 cm from the IP and covers 68-190 mrad. An identical pair of calorimeters
is located on each side of the IP.

The LMSAT and MASC are both formed from alternating layers of tungsten
plates and 300 pm silicon chips mounted on G-10 circuit boards. The silicon is
divided transversely into ~ 1 cm? cells to provide angular information. The LMSAT
1s composed of 23 layers, the first 6 are ganged together to form EM1 and the last 17
form EM2. Each layer is 0.86 X thick. The cells are connected to form projective
towers, similar to the grouping of the lead tiles in the LAC. The MASC is composed
of 10 layers, the first 3 forming EM1 and the remaining seven forming EM2. The
MASC layers are 1.74 X, each.

The LMSAT is able to act as a luminosity monitor for the SLC by counting
small angle bhabha events (ete™ — eTe™). The cross section for this process is well
known and has very little interference from the Z° at small angles. We expect about 4
Bhabhas in the LMSAT per hadronic Z°. The integrated luminosity can be measured
to about 3%.
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Figure 2.20: A typical 2 jet hadronic event in the SLD detector as seen along the

beam axis.



Chapter 3

Monte Carlo

This analysis makes extensive use of simulated data called Monte Carlo (MC). This
technique attempts to ‘create’ individual events in as much detail as the true data.
Beginning with the initial electron-positron interaction, the MC generates physics
events by randomly sampling the relevant cross sections, decay widths, lifetime dis-
tributions and so forth expected in our current understanding of particle physics. Of
course, not all of particle physics is well understood at this point so phenomenological
models are called upon when necessary. Ultimately, the data produced by a high en-
ergy physics experiment consists of the signals generated in the detector subsystems.
Therefore, MC generation includes a complex description of the interaction of the
final state particles with the detector. In the limit of a large number of MC events,
we expect the simulated distributions to match those in the true data.

The creationl of MC data at SLD proceeds in three main steps: beam simulation,
event generation, and detector response. The SLC collides positrons with longitudi-
nally polarized electrons so the beam simulation stage is relatively simple. The output
of this stage is a center of mass energy, electron beam polarization, and interaction
point. Random fluctuations in these quantities are allowed within a predefined range.
The event generation and detector simulation are significantly more complex. The
next two sections will describe these processes in more detail.

The MC data was used throughout this analysis to optimize the analysis technique,

tune the selection cuts and evaluate the effectiveness of the analysis. Therefore, it
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Figure 3.1: Stages of event generation

is important to make sure the MC well simulates the data. The following chapter

describing the analysis will contain frequent data/MC comparisons.

3.1 Event Generator

The results of the beam simulation provide the input to the next stage: event gener-
ation. At SLD, the JETSET 7.4 [58] event generator is used to create physics events.
The fundamental stages of event generation are shown schematically in figure 3.1.

Stage (i) represents the electron-positron interaction including initial state radi-
ation as well as hard scattering. Although the electron and positron are elementary
particles, a parton distribution function f£(z) is introduced. It represents the prob-
ability that the electron taking part in the hard scattering does so with a fraction z
of it’s original energy. The rest is radiated as initial state photons.

At SLD, the hard scattering process of most interest is,

+

ete” = v/2° — q (3.1)



68

The matrix elements involved in this interaction are calculable in the current elec-
troweak theory. The final state quark flavor is chosen at random according to the
relative couplings and CM energy. The quark angular distributions are also included.

Stage (ii) describes the final state radiation from the gg pair. Both the initial
and final state radiation processes are simulated using a parton shower technique.
This process describes the emission of photons and gluons from charged and colored
partons respectively. It is responsible for the overall topology of the event. Hard
gluon radiation frequently results in multijet events. The parton showers are built up
from the individual branchings e — ey, ¢ — ¢9, ¢ — ¢v,9 — g9, and g — ¢G. Eachis
characterized by a splitting kernel P,_;.(2) which is an approximation to the matrix
element calculations with simplified kinematics, interference and helicity structure.
The variable z is the momentum fraction of particle a that is carried away by particle
b.

Stage (iii) of figure 3.1 represents hadronization. Also known as fragmenta-
tion, hadronization is the process which transforms the colored partons into colorless
hadrons. The process we are mainly interested in is Z° — g where the quarks emerge
back to back with energies equal to half the Z° mass. As the quarks move apart the
color force between them grows. Eventually the energy density is great enough to
create new ¢ pairs from the vacuum which combine with the original partons into
colorless hadrons as shown schematically in figure 3.2. ’

As suggested by the shaded region in figure 3.1, the hadronization process is
not well understood. At short distances, quarks become asymptotically free so that
calculations may be performed with perturbative QCD. But fragmentation involves
interactions where the color force is large which is precisely the region where per-
turbative QCD breaks down. Therefore, only phenomenological models exist to de-
scribe fragmentation. The JETSET package employs a fragmentation model called
the LUND string fragmentation [59]. The string fragmentation model describes the
quark interaction as a ‘color flux tube’ with uniform energy density (~ 1 GeV/fm)
being stretched between the two quarks. Therefore, the potential grows linearly as
the quark separation increases. When the string breaks, a new ¢'g’ pair is formed.

Further string breaks are possible until only on shell hadrons remain.
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Figure 3.2: Heavy quark fragmentation.

The LUND model treats the production of new ¢'g’ pairs as a form of quantum
mechanical tunneling so that the likelihood of pulling a particular quark flavor from
the vacuum depends on mass. The suppression of heavy quark production is in the
approximate ratio

u:d:is:ci~1:1:03:1071, (3.2)

The fraction of the total momentum taken by each new particle is determined by
the fragmentation function. Symmetry considerations in the LUND scheme result in
the ‘LUND symmetric fragmentation function’ which contains two free parameters
that must be tuned to the data. For heavy quark fragmentation (b and ¢) the Peterson
et al. [60] parametrization was found to give a better description of the data. In this

model the fragmentation function of heavy quarks @ is given by,

N
Dg(2) = AT =y (3.3)
z l—z
where z is the fraction of the initial heavy quark momentum retained by the heavy
hadron, z = (E + pj|)hadron/(E + P)quark- The single parameter g is expected to be

approximately the ratio of effective quark masses m?2/m?. The normalization N is
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Figure 3.3: Bottom and charm quark fragmentation functions in the peterson
parametrization.

determined by summing over all hadrons containing @,

>/ "4z DE(z) = 1. (3.4)

For b quarks this function is sharply peaked at large z as shown in ﬁgure’ 3.3.
This behavior is expected since attaching a light quark ¢ or diquark gg (for baryon
production) should only slightly decelerate the heavy quark. Thus the resulting heavy
hadron has nearly the same energy as the initial heavy quark.

Stage (iv), the final step in the event generation, simulates the decays of unstable
hadrons produced in the fragmentation process. The decays are governed by tables of
decay modes and branching ratios. Of particular importance to this analysis are the
B decays. The B meson decay modes have been tuned to reproduce the spectra and
multiplicities of leptons, charmed hadroms, pions, kaons, and protons at the 1(4S)
according to the CLEO B decay model [61]. The CLEO model uses its own separate
lists of particle masses and widths together with a complete listing of branching

ratios. The CLEO lifetime values are ignored in favor of LUND’s. Semileptonic
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Parameter - BY B! Bt A
Production Fraction 40.6 11.4 406 7.4
Lifetime (ps) 1.55 1.57 1.64 1.22
B(b— 1) 1.0 11.0 11.0 10.5
Blb—sc—1) 105 82 75 50
Bb—¢—1) 1.7 178 17 14
Amyg (ps?) 0.484 - - -
Am, (ps™!) - 100 - -

Table 3.1: Important Monte Carlo parameters.

decays follow the ISGW model [62]. The remaining unstable hadrons are decayed
by the default JETSET except for the semi-stable K7, X+, 2%~ A, and Q~. These
particles are decayed later by the detector simulation to account for the B field and

detector interactions.

3.2 Detector Simulation

The event generator described above creates individual events given our best knowl-
edge of elementary particle physics. However, the data in a high energy physics
experiment consists of the signal produced by final state particles interacting with
our detector. Therefore, the next step of MC production is the detector simulation.
SLD uses the GEANT 3.21 package (63, 64] produced at CERN to simulate the de-
tector response. Given the large size and complexity of the SLD, it is no easy task
to predict the outcome of high energy particle interactions. We must take into ac-
count the active detector components which generate the observed signals as well as
interactions with the passive material in the support structure, electronics, cabling,
plumbing and so forth. Therefore, the simulation includes a detailed description of
the detector geometry including material properties and detector elements. The other
inputs at this stage are the final particles produced by the event generator along with
details of the field configuration.

GEANT is responsible for tracking the particles produced by the event generator

through the detector volume taking into account the interactions with matter and
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the magnetic field. Simulating a given discrete interaction requires sampling the total
cross section to evaluate the probability of the process occurring. After interaction,
the differential cross section is sampled to generate the final state. GEANT currently
includes descriptions of eTe™ pair production and annihilation, Compton scattering,
the Photoelectric effect, Bremsstrahlung, generation of Cherenkov light, synchrotron
radiation, § ray production and decay in flight. Quasi-continuous processes such as
dE/dz energy loss and multiple scattering are included by computing mean values
of the characteristic quantities. Interactions of hadrons with nuclei are simulated
with the GHEISHA hadron shower generator. Each particle is tracked through the
detector until it is absorbed in an interaction, exits the detector, or falls below its
energy threshold.

The output of the detector simulation is a set or raw data banks that are essentially
identical to the real data. In general, the MC data describes the real data quite well.
However, there remain several discrepancies which are corrected at a later stage. The
first is called the tracking efficiency correction. The charged track multiplicity in
the Monte Carlo turns out to be slightly larger than that in the data. In the MC,
the average track multiplicity per event is 15.08 while it is only 14.54 in the data
[65]. Therefore, we randomly toss out about 3.3% of the charged tracks in the MC
based on a parametrization of the data/MC disagreement in the track pr, cos 8 and ¢
distributions. Figure 3.4 shows the event charged track multiplicity before and after
the correction.

The charged track resolution is also smeared to match impact parameter distri-
butions in the data. Comparing the z coordinates of tracks at the point of closest
approach to the beam axis, it was found that the data distribution has a core width
slightly larger than that in the MC. A track p, dependent smearing is, therefore,
applied to the MC. After smearing, the z coordinate of the IP is recalculated.

Finally, if we want the MC data to be directly comparable to the real data we
must take into account the time dependent run conditions. Concessions are made
for noisy running periods, broken wires, hot calorimeter chambers, etc. In addition,
beam related backgrounds are simulated by studying background events in the data.

These background events are overlayed on the MC hadronic events to reproduce noisy
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Figure 3.4: Results of the tracking efficiency correction. The points are the data while
the histograms are the MC before and after the correction. The histogram statistics
refer to the Monte Carlo.
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beam conditions. Eventually, very good agreement is attained between the SLD data
and MC.



Chapter 4

Event Selection and

Reconstruction

This chapter begins with the basics of event selection and reconstruction at SLD. A
brief description of the data acquisition triggers and hadronic event selection used
to isolate Z° — qq events will be given. Jet formation and determination of the
interaction point (IP) will be described. Finally, there is a discussion of the time
dependent analysis of B°B° mixing broken into the three main components: the
initial state flavor tag, the final state flavor tag, and the determination of the B

decay proper time.

4.1 Triggers and Filters

The SLC collides e~ and e™ bunches at a rate of 120 Hz. However, only a small
fraction of collisions result in the production of a Z° boson. The peak luminosities
for the 1998 run reached ~ 300 Z°/hr or 0.08 Hz. Therefore, the majority of beam
crossings at the SLC result in uninteresting backgrounds events. So it would be
impractical and unnecessary to record the data produced by each collision to tape.
Furthermore, the time required to readout the entire detector system is about 66 ms
[66] where the time between beam crossings is only about 8 ms. So it is, in fact,

impossible to record the data produced by each collision. Therefore, SLD employs a
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set of triggers [67] in order to flag interesting events to be recorded for later analysis.

During data acquisition, if the conditions for a given trigger are met, the event is
read out and written to tape. The three triggers primarily responsible for signaling
hadronic Z° decays are the Energy, Track, and Hadron triggers. The Energy trigger
1s satisfied when the sum of energies in all LAC towers above a certain HI threshold
1s > 12 GeV. The HI tower thresholds are 60 ADC counts in the EM sections and
120 ADC in the HAD sections. The conversion between ADC counts and energy for
the trigger calculations are 524 MeV /128 ADC and 1384 MeV /128 ADC in the EM
and HAD sections respectively. This energy sum is denoted Egj. There is also a veto
when the number of LAC hits above the LO threshold is greater than 1000.

The Track trigger requires > 2 well separated (> 120°) CDC tracks. There is a
veto on CDC cell counts greater than 275. A DC cell is counted as hit if at least 5
of the 8 wires in the cell were hit. This trigger was rate limited to 10 triggers every
100 seconds to prevent excessive dead time during noisy beam conditions.

The Hadron trigger is a combination of the Energy trigger with CDC information.
It requires > 4 GeV in the LAC plus > 1 CDC track.

The selection of hadronic events is further enhanced by the application of the
PASS1 filter [67]. This filter requires Egr > 15 GeV with at least 10 EM clusters
contributing. In addition, Ero is defined to be the LAC energy in towers above the
LO threshold. The LO thresholds are 8 ADC in the EM sections and 12 ADC in
the HAD sections. Epo is required to be < 140 GeV. This cut is intended to reduce

backgrounds from SLC muons that produce many low energy hits. Finally, we require
Egr>15x (ELO — 70) (4.1)

All events that pass the PASSI1 filter go on to the standard SLD event reconstruction
in PASS2.

It is vital that the triggers be highly efficient. Z° decays which fail to set at
least one trigger will not be recorded and the data is lost. The combined trigger and
selection efficiencies for hadronic events can be estimated by comparing the number
of wide angle Bhabha (WAB) events to the number of selected hadronic events using

the known WAB /hadronic cross section ratio. The results suggest an efficiency of



(s

92% overall and 95% for events well contained in the SLD barrel region [68].

4.2 IP Determination

The first step of the event analysis is finding the precise location of the primary Z°
decay vertex [69]. The primary vertex is important in this analysis for determining
the B decay length as well as discriminating between primary and secondary tracks.
One technique for locating the primary vertex would be to fit all tracks in each event
consistent with the luminous region to a common vertex. However, the small size and
stability of the SLC interaction point allows us to make a more accurate determination
by averaging over many sequential events. During the 97-98 run, spot sizes as small
as 1.5 x 0.65 pm in the zy plane were obtained [44]. Furthermore, the beam feedback
mechanism used to stabilize collisions indicates that the transverse movements in the
interaction point are stable within ~ 6 um over periods of 20-30 events. Therefore,
the transverse location of the primary vertex can be located by averaging over many
sequential events. Unfortunately, the longitudinal bunch size at SLC is much longer,
about 700 pm, so that the best estimate of the z coordinate comes from individual
event analysis.

The procedure is to divide the data into segments of 20-30 events where no major
changes in the primary vertex location occurred as suggested by the beam corrector
magnets. A trial IP position is chosen and all tracks with VXD hits that pass within
3o of the trial IP are fit to a common vertex. The IP fit result is then taken as the
new trial IP and the fit is repeated. This procedure continues until it converges. The
fit x?/d.o.f is required to be less than 1.3. The total uncertainty in the transverse
position of the IP is composed of ~ 3 pm from the fit, ~ 1 pym from the SLC luminous
region, and about 6 pm from beam movement. Added in quadrature we obtain about
7 pm (5 pm for 98) total [52].

The IP z position must be determined on an event-by-event basis. The point of
closest approach to the transverse IP position is determined for each track with a
VXD hit. The z coordinate at this point is called zpoca. Tracks with r¢ impact
parameters less than 500 um that pass within 3o of the IP are then selected and their
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zpoca positions are averaged to locate the IP z coordinate. The uncertainty in the z
position is about 20 um depending on the type of event. The bb events have poorer

resolution due to the presence of displaced secondary vertices.

4.3 Hadronic Event Selection

The next step of the analysis is to identify the hadronic decays Z° — g where the
Z° decays into quark pairs. The main backgrounds consist of leptonic Z° decays
and beam related backgrounds. The leptonic decays can be rejected by placing a
cut on the number of tracks in the event. For Z° — ptu~ we expect only two
final state tracks. Z° — eTe™ may produce a few more due to Bremsstrahlung but
the multiplicity should be small. Z° — 7+7~ decays can produce up to six tracks.
Therefore, we require > 7 well measured CDC tracks per event where a well measured
track has momentum transverse to the beam direction p; > 200 MeV/c and passes
within 5 cm of the IP at the point of closest approach to the beam axis. Also, the
total energy of these charged tracks is required to be at least 18 GeV to reject beam
related backgrounds. Finally, we require at least 3 tracks with VXD hits.

Detector acceptance is also considered by evaluating the event thrust axis, T,
which is intended to provide an indication of the energy flow direction of the event.
The thrust axis is located by maximizing the following quantity 7',

r- &1 Ed
> |E]

where the E; represent the energies and directions of final state particles determined

(4.2)

from calorimeter clusters. To ensure that the event is well reconstructed in the vertex
detector, we require | cos 67| < 0.85. In general, T is a good indicator of the initial
quark directions. This will be important for initial state flavor tagging to be described
in section 4.8. After hadronic event selection, we are left with about 309,500 events
in the 96-98 data out of an estimated 400 k hadronic Z° decays. Figure 4.1 shows
several of the quantities considered in the hadronic selection for the data (points)
and gg MC (histograms). The disagreement in the two CDC track plots at low track
multiplicity is due to the lack of leptonic decays in the gg MC.
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in hadronic event selection.
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4.4 Jet Reconstruction

In Z° — qq decays, the initial partons are produced with large energies due to the
large Z° mass. Hard gluon radiation can result in the presence of three or more
partons. The resulting hadrons tend to be highly boosted so that their decay products
are grouped into distinct jets of particles. The concept of jets is very useful for
describing the overall shape of an event but the jet is not, however, a well defined
object. Many algorithms exist for the reconstruction of jets in an event.

In this analysis, jets are formed from the reconstructed charged tracks using the
YCLUS algorithm [70]. The technique begins by forming the scaled invariant mass
of all two-track combinations,

MZZJ _ 2E;E;(1 — cos b;5)
E%, E?

vis vis

assuming the individual tracks are massless. FE,;, is the total visible energy in the
event. The two tracks resulting in the smallest y;; are combined into a single clus-
ter. This process is repeated with the remaining tracks and clusters until all y;; are
greater than an input parameter y.,;. The remaining clusters then represent the final
reconstructed jets.

The average number of jets constructed per event depends on the parameter y ;.
As y.; increases, fewer jets are resolved. Ideally we would like for the number of jets to
equal the number of initial state partons. Since this is not possible to determine, the
user must select a value of y.,; appropriate to the particular analysis. The jet structure
is involved in several aspects of this analysis that have influenced the particular value
of yeur selected. First, the jet axis represents the B hadron flight direction in the
determination of the lepton pr. Small values of y.. (more jets) tend to provide
better resolution on the B flight direction. However, only tracks contained in the
B jet are used for vertexing and boost calculations. It was determined that these
algorithms prefer larger values of y.,; where we obtain fewer jets with more tracks.
Therefore, a medium value was eventually selected, y.,s = 0.07. This value results
in an average of 2.2 jets per event with a 35 mrad resolution on the B hadron flight

direction. Jets in this analysis are required to pass several loose quality cuts. The
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Figure 4.2: Characteristics of jets in the 96-98 data and MC. Plot (a) shows the
number of jets reconstructed per event. Plot (b) is the jet momentum calculated
from the momenta of assigned charged tracks. The number of tracks per jet and the
jet polar angle are shown in figures (c) and (d) respectively.
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jet is required to include > 3 tracks and have momentum between 5 and 50 Gev/c.
Finally, the jet | cos 6| is required to be less than 0.8. Several jet quantities are plotted
in figure 4.2.

4.5 Charged Track Selection

To assure that only well reconstructed tracks go into the following vertex calculations,
we begin by classifying tracks in two categories, Quality and OK. The Quality tracks
are required to have > 23 CDC hits, momentum transverse to the beam axis p; > 250
MeV/c, a x?/d.o.f of CDC track fit < 8.0, and a x?/d.o.f of combined CDC/VXD fit
< 8.0. In addition, we require the radius of the first CDC hit < 39.0 cm, 2-D impact
parameter in 7¢ < 1.0 cm, at least 2 VXD hits, and distance of closest approach to
the IP in z < 1.5 cm. OK tracks are required to have momentum transverse to the
beam axis p; > 200 MeV/c and \/m < 0.07 cm.

In the selected semileptonic events, the number of Quality tracks per hemisphere
ranges from approximately 1 to 20 with an average of 7.6. The average number of
OK tracks is about 0.8 per hemisphere. The track quality cuts are summarized in

table 4.1. Figure 4.3 shows the distributions of some basic track quantities in the

96-98 data and MC.

4.6 Final State Tag

We now begin the analysis of B°B® mixing. In order to describe the procedure in
approximately the same order it occurs in the analysis, we will begin with the final
state tag that is used to determine the flavor of the b quark at decay. The method
described in this thesis exploits the properties of semileptonic B decays, B — [ 9, X.
This is a weak charged current decay mediated by the W boson as shown in figure 4.6.
The sign of the lepton charge is the same as that of the decaying b quark. Therefore,
the lepton charge provides an unambiguous tag of the b quark decay flavor.

The analysis begins by selecting a sample of leptons (e and p) using standard SLD

lepton identification schemes described in detail below. Next, a sample enriched in B
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Figure 4.3: Basic track quantities in the 96-98 data and MC. The plotted distributions
are: number of CDC hits (a), the momentum transverse to the beam direction (b),
CDC fit x?/d.o.f (c), combined VXD/CDC fit x?/d.o.f (d), radius of the first CDC
hit (e), 2D impact parameter to the IP (f), the number of VXD hits per track (g),
and the track-IP distance in z at the point of closest approach to the IP (h).
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Track Parameter Cut
Quality Tracks
CDC track x2/d.o.f <8
CDC + VXD track x2/d.o.f <8
CDC hits > 23
DL > 250 MeV/c
radius of first CDC hit < 39.0 cm
2D impact parameter in r¢ < 1.0 cm
Distance to IP in z at POCA to beam < 1.5 cm
VXD hits > 2
OK Tracks
DL > 200 MeV/c

,/O'qu + o2, < 0.07 cm

Table 4.1: Track quality cuts.

decay leptons is produced by examining the momentum of the lepton transverse to

the B flight direction.

4.6.1 Electron Identification

The identification of electrons at SLD combines information from the LAC, CDC, and
CRID. The identification efficiency and purity are optimized by using a neural net
(NN) algorithm [71] to obtain the maximum information from the relevant variables.
NNs are ideal for this application because large numbers of statistically correlated
variables may be used as inputs. Therefore, it is possible to use all the relevant
information rather than relying on several specific cuts.

The CDC tracks are first grouped in 4 momentum bins: 1 — 2.5 GeV, 2.5 — 4
GeV, 4 — 8 GeV and > 8 GeV. Two separate NNs are created for each momentum
bin. The first contains information from the LAC and the CRID. The second NN is
constructed with LAC information only when the CRID data is not available. The

variables used as input to each NN are:

o Pezt/Pmaz

where P,;; is the momentum of the CDC track extrapolated to the LAC barrel
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Figure 4.4: A semileptonic B decay in the spectator model. The sign of the charge
of the lepton is the same as that of the decaying b quark.

and P,,,, 1s the maximum momentum of the track’s momentum bin.

o |sind|

the polar angle of incidence of the track on entering the LAC. The polar angle
determines the path length of the track while traversing a LAC layer. Therefore,

the angle modifies the expected signal and sampling fraction.

o (EM/Puy — 1)/

1s the normalized energy-momentum match between the CDC and the LAC.
Recall that the LAC is composed of 2 electromagnetic calorimeter layers, EM1
and EM2, followed by two hadronic layers, HAD1 and HAD2. EM is just the
sum of cluster energies in the two EM layers associated with the given electron
candidate track. The parameter o represents the combined track momentum

and LAC energy resolutions.

EM1 and EM2 represent 6 and 15 radiation lengths respectively. Therefore, we
expect an electron to deposit essentially all of its energy in the EM sections and

thus EM/P.,; — 1 should be sharply peaked at 0 for electrons. By contrast,
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EM1 and EM2 represent only 0.84 hadronic interaction lengths so we obtain a

wide, mostly negative distribution for charged pions, the largest background.

o EM1/EM describes the longitudinal shower shape. For a purely electromagnetic

shower, most of the energy is deposited in the first layer.

)5

)5
EM2(2 x 2)/EM1(3 x 3)

[

o EM1(1 x 1)/EM1(3 x
EM1(2 x 2)/EM1(3 x

[

describe the transverse shower shape. The first is the energy contained in the
central tower of the associated LAC cluster in EM1 divided by the energy in a
3 x 3 grid. The other variables are defined analogously.

e HADI1/P.,; measures the amount of hadronic showering present.

L4 A()Zs = (;Zst'rack - (;Zscluste'r
Af = Ht'rack - Hcluste'r

are the 8 and ¢ residuals from the extrapolated track and the EM2 cluster
centroid. They describe the quality of the track cluster association. The widths

of the EM2 cluster centroid in § and ¢ are also considered.

o L.— L, is the CRID log-likelihood difference between the electron and pion hy-
potheses for the lepton candidate track. Only information from the gas radiator
is used to further eliminate 7% background. Electrons and pions are efficiently

separated in the 2-5 GeV range.

The NN code consists of a three layer feed-forward architecture built with the
JETNET 3.1 package [72]. The output is a continuous distribution ranging from 0
to 1 where 1 is most like an electron. A cut was placed on the NN output at 0.96
for electron identification. Selected electrons are also required to be Quality tracks
with total momentum greater than 1 GeV/c and |cosf| < 0.71 so that the track is
well contained in the LAC barrel. The bb Monte Carlo indicates an electron purity
of 75% with an efficiency of 59%. The misidentified electrons consist of 20% pions,
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4% kaons, and 1% protons. The e — 7 separation of the technique was tested on 7%

+

samples from K2 decays, as well as e samples from -y-conversions and wide angle

Bhabhas. The results match the MC predictions well.

4.6.2 Muon Identification

Muons are identified at SLD primarily by the WIC. Recall that the WIC is the out-
ermost layer of the SLD detector. Between the IP and the WIC there is about 3.5
interaction lengths of material and the WIC itself consists of 4 interaction lengths.
Therefore, only highly penetrating particles are likely to produce hits in the WIC.
Muons are able to penetrate more material than most charged particles for two rea-
sons. First, they are leptons and, therefore, do not experience strong interactions like
the pions and kaons. Second, muons are heavy enough that, unlike electrons, they
lose little energy to bremsstrahlung. Unfortunately, far more pions and kaons are pro-
duced in hadronic events at SLD and they can form a significant background to muon
identification. To help reduce these backgrounds, CRID information is employed to
reject identified pions and kaons. The WIC stage of the identification is described
more fully in reference [56] while the more recent CRID analysis is described in [73].
Both analyses will be summarized here.

Muon identification begins by extrapolating reconstructed tracks in the CDC to
the WIC surface. The CDC track is required to have p;,: > 2 Gev/c. The track error
matrix is also extrapolated taking into account multiple scattering effects. All WIC
hits within 40 of the extrapolated track position are identified where o represents the
track error combined in quadrature with a 2 cm error to account for the uncertainty
in the hit locations. The identified WIC hits for each track are then grouped into one
or more subpatterns that consist of hits in successive WIC layers that may represent
the passage of a charged particle. Various patterns are then formed by selecting one
subpattern from each group of hits.

The WIC fitter is then called upon to determine the parameters of the best fit
tracks for each hit pattern. For a given set of track parameters, a track is formed

and extrapolated through the WIC. A x? is calculated by comparing the extrapolated
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track to the WIC hits. The track parameters are varied iteratively until the minimum
x? is obtained. Patterns with a minimum x? per degree of freedom greater than five
are rejected.

The next step is to match the best fit tracks in the WIC to the extrapolated
CDC tracks. Note that the WIC fitter output parameters, p;, are referenced to a
coordinate system with origin at the extrapolated CDC track position. Therefore,
the parameters p;, represent two position offsets and two directions resulting in four
degrees of freedom. However lack of hits in a given dimension can reduce the number

of degrees of freedom. Again, a x? test is performed to determine the match quality.
2 _ I

X =2 piWisp; (4.4)
1,3

where, W is the inverse of the sum of the WIC fit and CDC extrapolation error
matrices, p; are the track fit parameters and n is the number of degrees of freedom.
Patterns producing a matching x? greater than 6 are rejected.

Matches passing the above x? cut are likely to be muons. However, it is possible
that several CDC tracks match the same set of WIC hits or a single CDC track
matches several sets of WIC hits. In these cases, the match with the greater number
of degrees of freedom is selected. If both matches have the same number of degrees

of freedom, a quality factor, () is constructed,
Q=x*—A-N (4.5)

where x? is the matching x? and N is the number of WIC hits. Ais an input parameter
and 1s set at 0.1. The CDC-WIC match with the smallest ) is selected. The quality
factor, therefore, favors matches with a large number of hits. The remaining tracks
are considered muon candidates.

Once hits in the WIC are linked to CDC tracks, the CRID particle ID information
relating to those tracks can be applied. The CRID is very helpful in eliminating several
of the major sources of background. First is the punch through background from kaons
and pions that are able to penetrate the LAC and reach the WIC. If these tracks can
be identified as hadrons, they can be eliminated. Second, are the muons produced by

the decay in flight of pions or kaons in the detector. If the muon is produced nearly
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collinear with the decaying hadron, a WIC-CDC match is likely. Therefore, the WIC
actually detects a muon but the linked CDC track was produced by a hadron. The
CRID can also be used to eliminate this type of confusion.

For muon identification, only information from the gas radiator is considered. The
CRID results for a given track are presented as log Likelihood values for the various
particle hypotheses. In this analysis, the CRID is used in pion and kaon rejection
mode. That is, cuts are placed on log £, —log L, (pion rejection) and log £, —log Lk
(kaon rejection). Muons are effectively separated from pions in the 2-5 GeV range
and from kaons in the 2-15 GeV range.

The final muon selection cuts are based on the following variables:

e The probability for a muon track to not leave hits in the WIC layers missed by
the muon candidate. This quantity takes into account the average efficiency of

the WIC layers.

The number of layers missed by the muon candidate in the last 4 and 6 WIC

layers.

The CDC-WIC matching x?

e The number of hits in the WIC pattern associated with the muon candidate.

Quality factor @

log £,, —log L, and log £,, —log Lk

The specific cut values have been optimized separately for tracks with and without
CRID information as well as in eight total momentum regions, resulting in sixteen sets
of cuts. In addition, allowances have been made for the cos 8 region between 0.6 and
0.7 where we expect differences in the WIC and CRID performance for geometrical
reasons. Muon identification falls off rapidly after |cosd| ~ 0.6 due to a decrease
in the WIC acceptance at the edge of the barrel. Tables of these cut values can
be found in reference [73]. Muon candidates are required to be Quality tracks with
Dot > 2.0 GeV/c. In the angular region |cos 8| < 0.6, the bb Monte Carlo indicates
an identification efficiency of 80% with a purity of 92%.



90

4.6.3 Lepton Selection

After identifying lepton tracks we proceed to select those that were likely to have been
produced in B decays. In this analysis, initial lepton selection is critical for several
reasons. First, the charge of the lepton track will be used to determine the flavor
of the decaying B hadron. As discussed previously, the sign of the lepton charge is
the same as that of the b quark in B semileptonic decays. Second, because we are
assuming the lepton was produced in the B decay, it is reasonable to assume that
the B decay vertex lies somewhere very near the lepton track. Therefore, we will
reconstruct the decay vertex along the lepton track as described in section 4.7.1. So
the selected lepton determines both the final state tag and the decay position which
are essential ingredients of a time dependent mixing analysis.

The most significant background comes from leptons produced in cascade charm
decays. For these leptons, the sign of the charge is opposite that of the final state
b quark thus producing the wrong tagging information. For a random background
we would still expect the final state tag to be correct at around 50%. Therefore, the
b — ¢ — I* background functions as an ‘anti-signal’ which is particularly damaging.
Other backgrounds include leptons produced in c¢ and uds events as well as fake
leptons.

A common technique for identifying B decay leptons is to place a cut on the
momentum transverse to the B flight direction or pr. In general, leptons produced
in B decays have large pr as well as total momentum, p;¢, due to the B’s large mass.
In this analysis, we use the jet axis to approximate the B hadron flight direction.
Selected jets are required to have > 3 tracks and total momentum between 5 and 50
GeV. As mentioned earlier, the resolution on the B flight direction provided by the
jet axis is about 35 mrad.

The pr of each Quality identified lepton track is calculated with respect to the
nearest jet direction. Monte Carlo studies show that a pr cut at 0.8 GeV/c provides
the optimum combination of efficiency and purity for identifying B decay tracks. The
Monte Carlo indicates that 67% of true leptons produced directly in B decays pass
this pr cut. Only 22% of leptons from cascade charm decays pass the cut as well
as 24% and 13% of leptons from c¢ and uds decays respectively. Those tracks with
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Source Fraction(%)
b— et 39.5
b— ut 37.2
b—c— et 6.2
b—c—ut 6.1
b—c—et 1.2
b—¢—ut 1.2
b1 — et 1.0
b— 71— ut 0.8
c— et 0.1
c— ut 0.1
, K, v — et 0.3
7, K, v — pu* 0.3
fragmentation e* 0.2
fragmentation p* 0.0
™ 3.7
K 1.4
P 0.5

Table 4.2: Identity and origin of selected lepton candidates in the bb MC.

pr less than 0.8 GeV/c are discarded as lepton candidates. We also require that the
lepton total momentum be greater than 1 GeV/c for electrons and 2 GeV /c for muons
and that the lepton |cos 8| < 0.71. Finally, we require that the track not be consistent
with a «-conversion. Only one lepton is selected per jet. In the event that more than

one high pr lepton is identified, the one with the largest elliptical momentum,

p% + (ptot/15)2 (4-6)

is selected. A total of 16,601 high pr leptons are selected in the 96-98 data. The
pr spectra of identified electrons and muons are shown in figure 4.5. Note that the
B — I* purity grows as pr increases and that the B — ¢ — [T component is greatly
reduced by the cut at 0.8 GeV/c. The results of the lepton selection in bb events are
given in table 4.2. The average correct tag probability is ~ 85%.
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Figure 4.5: Electron (a) and muon (b) pr distributions in the data and MC.

4.7 Proper Time Reconstruction

The proper time of the B decay is estimated by first reconstructing the B decay length
using a statistical technique that exploits the topology of semileptonic B decays and
the selected high pr lepton. The relativistic boost, 8y = pg/mp, is then determined
by attaching charged tracks to the decay vertex and assigning some component of

the LAC EM cluster energy. The decay proper time can then be calculated as t,.. =
L/B~e.

4.7.1 Decay Length

A pr cut at 0.8 GeV/c produces a relatively pure sample of B decay leptons but the
efficiency is, unfortunately, rather low. Therefore, to maintain adequate statistics, a
novel vertexing technique was developed for this analysis that provides high efficiency
with good decay length resolution once the initial high pr lepton is selected [74, 75].
The method relies on the fact that the lepton track should pass near the true B decay
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Figure 4.6: A typical B Semileptonic Decay

position assuming that a B decay lepton was selected. We can expect miss distances
on the order of the multiple scattering term of the impact parameter resolution,
33/p sin®? 6 pum. Statistical properties of B semi-leptonic decays are then exploited
to locate the B vertex along the lepton track.

Figure 4.6 shows the topology of a typical semileptonic B decay. Tracks produced
directly in the B decay are labelled X; while those from the cascade charm decay are
labelled Y;. The hemisphere also contains fragmentation tracks from the interaction
point. The intersection, or point of closest approach (POCA), of a B decay track, X;,
with the lepton should locate the true B vertex within the small track reconstruction
errors. However, it is impossible to determine exactly which tracks were produced in
the B decay. If a track produced in the cascade charm decay is intersected with the
lepton, the POCA will be offset from the true B decay position by an amount ¢ L,q,.
This offset is due to the finite lifetime of the D meson,

(S‘L'vtz — IE

o Lo (4.7)

where pr and p) are the transverse and parallel components of the track momentum

with respect to the D flight direction and Lp is the D decay length. For small Lp,
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the POCA still provides a good estimate of the B vertex position. On average, the D
decay length relative to the B decay position is ~ 1 mm. MC studies show that the
average distance from the POCA to the true B vertex is about 200 pm for B decay
tracks and 260 pm for D decay tracks.

On average, there are about 5.5 other Quality tracks (as defined in table 4.1) per
jet after lepton selection. Generally, there are about three D decay tracks for every B
track. This analysis uses a statistical method in which the point of closest approach
to the lepton is calculated for each Quality track in the hemisphere. The B decay

vertex is then reconstructed as,

> > WX,
Xotg = ———— 4.8
¢ ST, (4.8)

where )21 is the vector from the IP to the POCA for track ¢ and W; is the product of
four weighting functions employed to enhance the contribution from B decay tracks
with respect to tracks from the D decay or interaction point. In this way, we are able
to use all the hemisphere tracks without making any cuts to select B decay tracks.

The true B vertex should be located near the POCAs of the secondary tracks in
the hemisphere. The secondary tracks are those that are produced in the B decay
or downstream (not from fragmentation). Therefore, the first weight is a function of
the normalized 3-D impact parameter, o3, which is given by the distance of closest
approach of the track to the IP divided by an error determined from the track and
IP errors. The o3 parameter indicates whether the track is consistent with passing
through the interaction point. Due to the long lifetimes of the B and D mesons,
secondary tracks tend to have larger impact parameters than fragmentation tracks as
shown in figure 4.7. The following function represents the secondary track probability
as a function of z = 03/ A,,

z 2

Wie) = - (1<), (4.9)

This function provides a larger weight for those tracks with large o3. The parameters
A; and A, were determined from the Monte Carlo to be 0.5 and 4.0 respectively.
The second weighting function makes use of the information contained in the jet

axis direction. MC studies show that the jet axis is a good indicator of the B hadron
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Figure 4.7: The normalized 3D impact parameter in the 96-98 data and MC. The
MC histograms show that secondary tracks tend to have larger normalized impact
parameters.

flight direction. Therefore, the lepton-jet intersection should provide a reasonable
approximation to the true B decay position. Secondary tracks originating in the B
decay should, therefore, intersect the lepton near the lepton-jet intersection while
fragmentation tracks are likely to produce a larger offset. So individual track POCAs
are weighted by a function depending on the angular difference between the track
POCA and the lepton-jet intersection, a. For secondary tracks, the sin a distribution
1s sharply peaked st small angles with an average of about 0.1. For fragmentation
tracks, sin a 1s randomly distributed with average about 0.5. The weighting function
is given by,

Wy = e~ sine/B, (4.10)

This function enhances the significance of tracks that intersect the lepton near the

lepton-jet intersection. The parameter B is set to 2.5.
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Tracks from the B decay are further enhanced by considering the distance of closest
approach (DOCA) of the track to the lepton. If the lepton was actually produced in
the B decay, then we expect the DOCA of other B decay tracks to be due mainly
to tracking errors. The D decay products will likely have larger DOCAs due to the
lifetime of the D meson. Therefore, W3 is given by,

W, = e~ (DOCA/C), (4.11)

The parameter C is set to 50 pm, the average DOCA of B tracks to the lepton. The
average DOCAs for D decay and fragmentation tracks are 65 and 100 pm respectively.

The final weight is determined from the lepton-track opening angle A and the
x2/d.o.f. of the track reconstruction,

B (sin)\—l—Dl) ( 1 ) (4.12)
~ \sinA+ D, x2/d.o.f.+ D3 '

The first term reflects the fact that the position of the POCA becomes more uncertain

as the lepton-track opening angle decreases. By choosing D; = 0.001 and Dy = 0.1,
the first term is approximately sin A for small A and increases to approximately 1 as
A increases. Therefore, more weight is given to tracks with large opening angles to
the lepton where the POCA is more easily determined.

The second term simply accounts for tracking errors by giving more weight to
those tracks that are well measured and thus have a low value of x?/d.o.f. The final
parameter D3 = 0.1 prevents the term from becoming too large in the case of very
small x?/d.o.f.

The combined weights enhance the secondary track contribution by a factor of
about 30 over the fragmentation tracks. The B decay length is calculated as the
distance between the interaction point and the reconstructed B vertex. Events where
only 1 other track was available for vertexing are rejected, resulting in a vertex recon-
struction efficiency of ~ 96%. In the rare event (~ 0.1%) that more than 1 high pr
lepton vertex is located in a single hemisphere, the one producing the largest decay
length is selected. At this stage, we are left with a total of 15,845 lepton candidates

consisting of 7227 muons and 8618 electrons.
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The results of this procedure are shown in figures 4.8 and 4.9. Figure 4.8
compares the fully reconstructed decay length distribution in the data and MC. There
i1s good overall agreement between the two. Note that the c¢ and uds backgrounds
tend to be concentrated at small decay lengths as we would expect. The average B
decay length is about 2 mm.

Figure 4.9 shows the decay length residual, L,ec — Lipye, for the B — [T and
B — ¢ — I* signal components. We see that when a true B decay lepton is selected,
the residual is centered around 0 as expected. A two gaussian fit indicates a core
width of 125 pm and a tail width of 520 pm. The core fraction is about 62%. When
a lepton from the cascade charm decay is selected, however, the residual develops
a large positive tail. We have essentially reconstructed the D vertex and so the B
decay length tends to be overestimated. A two gaussian fit results in a core width
of 190 pm and tail width of 840 um. The tail represents about 52% and is centered
significantly above 0.

The results above describe the average decay length resolution that can be ob-
tained with this method. However, for any given event, we have more information
that allows us to estimate the uncertainty in the decay length for that event. The
idea is to consider the POCA for each track in the hemisphere as a statistically in-
dependent measurement of the B decay vertex. The weighted RMS spread in the
POCA positions can then be interpreted as the uncertainty in the vertex position.

The POCA RMS can be calculated in each dimension as,
o =/ (2?) — ()2 (4.13)

where the brackets represent the weighted average using the same weights applied
above and z is the z-coordinate of the individual POCAs. Note that (z) is just the

z-coordinate of the reconstructed B vertex. The uncertainty in the total decay length

Oviz = /02 + 02 + 0?2 (4.14)

The interpretation of o, is very simple. The more closely the individual track

can now be computed by,

POCAs are grouped along the lepton track, the better the decay length resolution.

The 0,4, distribution also gives us a check of the decay length resolution inferred from
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the MC. Figure 4.10 compares the o, distributions in the data and MC. The good
agreement implies that the resolution in the data is well simulated by the MC. This
information will be used to improve our sensitivity to B? mixing in the likelihood fit

procedure to be described in chapter 5.

4.7.2 Boost

The vertexing method described above provides an estimate of the B decay length
and position. To determine the proper time of the decay, we must still estimate the
relativistic boost of the B hadron, 8y = pg/mp. The boost reconstruction used in
this thesis is called the fragmentation method [76]. The procedure is to estimate the

amount of energy in the jet or hemisphere that is due to fragmentation particles. The
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B energy is then simply,
EB = Ejet/hem'i - E_f'rag (4]‘5)

where Ejei/hemi 1s the total energy of the jet or hemisphere containing the lepton and
Etrag = B30, + E'jfmg 1s the fragmentation energy. E'jfmg 1s determined by classifying
each charged track as primary or secondary based on tracking and vertex information.
EY, ., is estimated from cluster energies in the LAC.

The first step in determining the B energy is to find the total energy in the jet
containing the lepton candidate. Because we are dealing with Z° decays, we know
that the total energy in the event is equal to mz. In two jet events we assume that a
bb quark pair was produced back-to-back in the decay. Therefore, the energy per jet

is simply Ejet = mz/2. In three jet events we can use the jet directions to estimate
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the energy in each jet by energy and momentum conservation. The result is,

in ¢
E1,2,3 — my SIn U23,13,12 (4.16)

iet . . .
e sin 019 + sin 015 + sin 93

where 0;; is the angle between jets 7 and j. For the small fraction of four jet events,
we divide the event into two hemispheres and treat it as a 2 jet event.

To estimate E'ijmg, we need to determine which tracks in the jet/hemisphere were
produced at the IP and which are secondary tracks that should be attached to the
B vertex. It was found that the boost calculation is improved by including both
Quality and OK tracks at this stage. To classify each track as primary or secondary,
we consider two quantities. First, we determine how close each track comes to the
B vertex. Figure 4.11 shows the relevant variables. A vertex axis is formed by
connecting the IP to the reconstructed B vertex or seed vertex. For each track, we
calculate the longitudinal and transverse distances of the track to the vertex axis at
the point of closest approach. The parameter ¢ is required to be less than 0.1 cm to
reject tracks clearly not associated with the B decay chain. The longitudinal distance
L, divided by the decay length D, is plotted for primary and secondary tracks in
figure 4.12. The two are clearly separated.

The second factor to consider is the normalized 3-D impact parameter, o3. Recall
that the vertexing procedure described above used o3 as the basis for one of the track
weighting functions. It is equal to the 3 dimensional distance of closest approach of
the track to the IP divided by the track and IP errors. Therefore, o3 tells us if the
track is consistent with passing through the interaction point. Figure 4.7 shows the
difference in the o3 distributions for primary and secondary tracks.

The L/D and o3 information is combined to form a variable p,

7= () +(55) (1

MC studies suggest that the maximum efficiency and purity is obtained by placing
a cut on p? at 1.55. Essentially, we are making an elliptical cut in the L/D - o3
plane. Tracks with p? > 1.55 are classified as secondary tracks and are attached to
the B vertex. The remaining tracks are assumed to be from fragmentation. The MC

indicates a purity of 91% and efficiency of 96% for secondary track identification.
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On average, about 4.25 tracks are attached to the vertex in addition to the lepton.
Vertices with fewer than 2 attached tracks (~ 2.5%) are rejected. The charged B
energy distribution ranges from 0 to 45 GeV with an average of about 18 GeV. When
all the correct secondary tracks are selected (and no others) the resolution on Ef is
about 2%. This is true for about half of the reconstructed vertices. The remaining
vertices have an E3 resolution of about 25% as we would expect if 1 track out of
about four is missed.

E:i:

trag CaN NOW be easily computed. The energy of each track in the jet or hemi-

sphere is calculated from the track momentum assuming the pion mass. If the track
is an identified lepton, we use the appropriate e or u mass. E'jfmg is just the sum of
the energies of all tracks in the jet or hemisphere minus the energies of those tracks
attached to the B vertex,

+ + +

jet/hemi

The above procedure for attaching tracks to the B vertex also allows us to re-
construct the B hadron charge. The vertex charge, Qyi, 1s just the sum of the
charges of tracks attached to the seed vertex. Note that we have not attempted to
distinguish between tracks produced in the B and D decays. All non-fragmentation
tracks should ideally be attached to the seed vertex and, therefore, give the correct
B hadron charge. Figure 4.13 shows the distribution of reconstructed vertex charges
in the data and MC. The MC histograms are divided into the charged and neutral
components to show the purity of the charge reconstruction. About 52% of neutral
Bs are reconstructed with ¢),;, = 0 as opposed to 21% of charged Bs. In the @, = 0
sample, the neutral to charged ratio is about 3.2:1 as compared to 1.2:1 in the total
sample. In this analysis, all vertex charges are retained in the final sample. The
maximum likelihood fit, however, uses @), to estimate the sample fraction for each
event.

Next, we must account for the neutral energy. In a B semileptonic decay, a
neutrino is produced which will, of course, go undetected. One of the advantages of
the fragmentation method is that no direct estimate of the neutrino energy needs to
be made. We are only required to estimate E?mg, the neutral fragmentation energy.

We depend on the LAC to detect energy from neutral particles.
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For the boost calculation, we must first identify the ‘neutral’ LAC clusters. As
described above, all CDC tracks are classified as B decay tracks or fragmentation
from which we calculate E5 and E'ijmg. We assume that these quantities account for
the energy of the stable charged particles produced in the event. However, charged
particles tracked by the CDC can also produce LAC clusters either through direct
interaction with the calorimeter or through decay products created by interactions
with the detector. To avoid double counting of energy, each LAC cluster is checked
for a track association. The track-cluster association procedure is to extrapolate CDC
tracks to the LAC surface and search for clusters in the vicinity of the track taking
into account the track errors and cluster widths. For each track within 4 o, and
Ociusp Of a given cluster, a likelihood parameter is calculated,

I emp[_l((etrk — Oetus)? 4 (dtrk — ¢clus)2)] (4.19)

2 2 2 2
2 Otk + O clush o-trsz) + o-clusd)

where 0.,, and ¢.,, are the energy weighted average position of hit towers in the
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cluster. The parameters oy, and o4 are the energy weighted RMS widths of the
clusters in 6 and ¢ taking into account the spread in hit towers and the individual
tower widths. The coordinates 6;.; and ¢;,; are the extrapolated position of the track
at the LAC surface while o419 and oy, are the track errors at that point. If L > 0.01,
the track is associated with the cluster. The association procedure allows a cluster
to be associated with more than one track, but each track can only be associated
with one cluster. Those clusters not associated with a charged track are assumed to
have been produced by neutral particles. Therefore, we will only be dealing with the
unassociated clusters.

In principle, every CDC track should produce some LAC energy and, therefore,
be associated to a LAC cluster. Figure 4.14 shows the fraction of charged tracks that
have a cluster association as a function of the track momentum. The association pro-
cedure works well for high momentum tracks but below a few GeV/c the association
efficiency begins to drop. For B hadron decays, the average charged track momentum

is around ~ 2 GeV/c.

(- C

o L

= 1 = PSRRI nnpamummnpmnoanmmp iy

O r iadutie dadunuiath aouinagiaguous aty b

E) L

O L&

3 0.6

. e

o 04 P

%) [e

%) L

< 0.2 =

O L

ji O7\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
0 2 4 6 8 10 12 14 16 18 20

Track Momentum(GeV/c)

Figure 4.14: The fraction of CDC tracks associated with LAC clusters in the 1996-
1998 Data. The associated fraction varies with momentum and drops sharply for low
momentum tracks.

The next step is the application of an energy scale. The raw data from the LAC
is reported in the mip scale. That is, the conversion from ionization produced in the

liquid Argon to GeV assumes that a minimum ionizing particle was responsible for



106

the signal. Of course, the LAC response to EM and hadronic showers will be quite
different from that of minimum ionizing particles. Therefore, each cluster must be
identified as EM or hadronic and an appropriate scale factor must be applied to the
raw energy to account for the difference in response.

Recall that the LAC is divided longitudinally into four layers. There are two EM
layers followed by two hadronic layers as described in section 2.2.4. The distinction
between EM and hadronic clusters is made by considering the shape of the energy
deposition in the LAC layers. Given that EM1 and EM2 make up 21 radiation lengths,
we expect photons and electrons to deposit most of their energy in EM1 and the rest
in EM2. Hadrons, on the other hand, should pass through the EM layers more easily
and deposit more energy deeper in the LAC. For this analysis, EM clusters were

selected by requiring,

EM1+ EM2
E'ra'w

The remaining clusters are assumed to be hadronic. E,,,, i1s then scaled by the appro-

> 0.6. (4.20)

priate factor, e/u or m/u, for EM and hadronic clusters respectively [77]. Note that
this cut has been optimized for the unassociated clusters alone since the associated
clusters are not used in the boost calculation.

At this point, we have divided the calorimeter clusters into four groups,
e Unassociated EM

e Associated EM

e Unassociated Hadronic

e Associated Hadronic

Figure 4.15 shows the actual particle content of each group according to the MC. If
more than one MC particle contributes to the cluster, the highest energy contributor is
chosen as the cluster ‘parent’. The two associated categories are dominated by charged
particles as we would expect and, therefore, can be ignored for the boost calculation.
The unassociated EM also behaves as expected, being dominated by photons. The

unassociated hadronic component, however, shows a large contamination of 7. These
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are mainly low energy tracks that failed the track-cluster association. As a result,
the unassociated hadronic clusters are also ignored in the neutral energy sum leaving

only the unassociated EM component.
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Figure 4.16: The correlation between the LAC unassociated EM energy and the true
MC E?__..
frag

Once the neutral clusters have been identified and the appropriate energy scale
applied we can attempt to form the neutral fragmentation energy, E?mg. At this point,
we have not determined what fraction of the LAC neutral energy is from the B and
what fraction is from fragmentation. Ideally, we would like to assign each cluster to
either the B decay or fragmentation as we did with the charged tracks. However, the
spatial resolution in the LAC is not sufficient to make this distinction. Therefore, we
are forced to use Monte Carlo to parametrize E3,,, in terms of the unassociated EM
energy. We simply consider those clusters angularly closest to the jet axis containing
the lepton and perform a fit of the true E?mg to the unassociated EM energy in the
LAC. Figure 4.16 shows the result. Admittedly, the LAC unassociated EM energy
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Figure 4.17: Plot (a) is the reconstructed boost distribution in the data and MC.
Plot (b) shows the relative boost residual for B, — [ decays.

should include both the B and fragmentation components. However, figure 4.16
shows that there is some correlation to E?mg.

Using the fitted value of E?mg, the B energy is calculated by equation 4.15. The
B boost is then determined by,

\ B3 — m}
By=t2 VB B (4.21)

mp mp

where mp is assumed to be 5.3 GeV. Figure 4.17(a) compares the distributions of
the reconstructed boost in the data and MC. Figure 4.17(b) is the relative boost
residual for the B? decays. A two gaussian fit yields ocore = 9% and o445 = 30% with
a core fraction of 66%.

The proper time of the B decay can now be easily calculated from the decay length

and boost using,

L
Bre
where the determination of L and (v were described in the previous sections. Figure

¢ (4.22)

4.18 compares the reconstructed proper time distributions in the data and MC. The

negative proper times are the result of negative decay lengths produced when the
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vertex is reconstructed behind the IP with respect to the jet axis direction. Events
with t... < 0 are removed in the likelihood fit.

The proper time residual ¢, — tipye 1s plotted for the MC in figure 4.19. A two
gaussian fit yields a core width of 0.17 ps and a tail width of 0.68 ps for B — I*.
The core fraction is 61%. The B — ¢ — I* plot shows a large positive tail due to the
overestimation of the decay length. The core width is 0.24 ps while the tail width is
0.87 ps. The core fraction is 48%.

4.7.3 Topological Vertexing

The statistical vertexing technique described above was developed for the specific
needs of a semileptonic analysis. It requires the detection of a quality, high pr lepton
track but is then able to reconstruct a vertex with very high efficiency. The topological
approach described in this section is a more general vertexing scheme which does not
rely on any specific decay mode or topology. The basic idea is to use the track helix
parameters and error matrix to describe each charged track as a ‘gaussian probability
tube’. By summing the track probability functions in 3-D space, vertices should
appear as regions of high overlap probability [78, 79]. Topological vertexing is included
in this analysis primarily in the bb event tag and initial state flavor tags to be described
below.

Figure 4.20 illustrates the construction of the track probability functions, f;(7).
The z axis 1s the beam axis with the positive direction given by the direction of the
e” beam. The z’ and y’ axes are determined for each track by orienting y’ such that
the projection of the track momentum onto the zy plane at the distance of closest
approach to the z axis is parallel to y’. In this new coordinate system the track
probability functions are defined by,

£(7) = exp{—%[(ml — (=g + I<cy'))2 N (z — (20 + tan()\)y’))z]} (4.23)

ar oL

where or and o7 are the track position errors in the transverse and longitudinal
directions to the beam axis at the point of closest approach to the axis. The parameter
k accounts for the track curvature in the zy plane due to the detector magnetic field.

It 1s a function of the track momentum, charge, and field strength. The angle between
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Figure 4.19: The average proper time residuals for B — [* decays (a) and B — ¢ — I+
decays (b).

the track momentum and the positive y' axis is denoted A. The tan(A)y’ term in the
second exponential accounts for the track propagation along the z direction.

A probability function fo(7) is also included to describe the probable position
of the interaction point. fo(7) is represented by an unnormalized gaussian ellipsoid
centered at the origin. The widths of the ellipsoid are determined by the uncertainty
in the IP position, 0, = 0, = 7 pm and o, = 70 pm. In the rest of the procedure,
fo(7) will be treated exactly like the other track probability functions. The track
probability functions projected into the zy plane are shown for a typical Z° — bb MC
event in figure 4.21(a).

The physical vertices should occur in the overlap regions of at least two tracks.
Therefore, the volume of 3-D space that must be searched can be greatly reduced
by first locating the maxima of the two-track products f;(#)f;(¥). These maxima
can be calculated analytically and will be denoted 7;;. For a jet or hemisphere of N
tracks, there will be %N(N + 1) such maxima. This number can be further reduced
by requiring both tracks to pass a x? test based on the consistency with the two track

maximum 7;;. That is, we require x* < x2 for each track where x? is the distance
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Figure 4.20: Parametrization of the Gaussian tube f;(7) for each track s.

squared from the track to 7;; divided by the track error and x2 is an input parameter.
Once the probable vertex regions are identified from the two-track maxima, a total
vertex probability function can be constructed and maximized in these regions. The

relative probability of a vertex at 7 is expressed as,

V() = 3 ) - é,vi’;(()) (1.24)

Note that for a single track or IP, no vertices are possible and V() is 0. Similarly,
in regions where only one f;() is significant, V(7) &~ 0. Therefore, the second term
ensures that V(7) is only significant in regions of high track overlap probability. Figure
4.21(b) shows V(7), also projected into the zy plane. The IP and a single secondary
vertex are clearly visible.

For each two-track maximum 7;; the nearest maximum in V() is located by an

iterative procedure. The set of adjusted maxima 7;; is then subjected to a clustering
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Figure 4.21: Figure (a) shows the track functions f;() projected into the zy plane.
Figure (b) is the vertex function V(7).
procedure that will produce the final reconstructed vertices. We begin with the
maximum that produces the largest value of V(7) and merge in all other maxima
which are unresolved. Two locations 7, and 7, are considered resolved if,
min{V(7): 7 e +a(ry —7r1), 0 <a <1}
min{V (1), V(72)}

The numerator represents the minimum value of V(#) along the line joining r; and

< Ry. (4.25)

75. The denominator is simply the smaller of V(71) and V(72). Ro is a tuneable
input parameter in the range 0 to 1 and determines the number of vertices that will
be resolved. This procedure continues until all remaining adjusted maxima 7;; are
resolved from every maximum in the cluster.

If any maxima remain, the one producing the largest value of V(7) is selected
to begin a new cluster and the above clustering procedure is repeated. The process
continues until all maxima 7;; are included in a cluster. The resulting clusters will
become the final reconstructed vertices.

Finally, all tracks must be assigned to a unique vertex. Recall that the maxima

7;; were determined for all two-track combinations. In the clustering process, the set
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of maxima involving a given track may be divided among several clusters making the
track assignment ambiguous. Therefore, for each cluster, all associated tracks are fit
to a common vertex position. The track with the largest x? contribution is removed
if x* > x2 where x2 is the input parameter described above. This process is repeated
while two or more tracks remain until all tracks associated with each cluster pass the
x2 cut. Note that this procedure allows for isolated tracks that are not associated
with any cluster.

If track ambiguities persist, the tracks in the vertex with the largest V (7;;) are fixed
in that vertex and removed from others. This procedure is repeated for the remaining
vertices in decreasing order of maximum V(7};). All non-isolated tracks should now
be uniquely assigned to a vertex. The final vertices are located by performing a x?2
fit to a common location for all tracks associated with the vertex.

One final step is performed to determine the origin of the isolated tracks. We
begin by forming a vertex axis from the IP to the reconstructed secondary or seed
vertex as shown schematically in figure 4.11. For each isolated track, the point of
closest approach to the vertex axis is located. The parameter T is defined to be the
transverse distance from the vertex axis to the track at the point of closest approach.
L is the longitudinal distance from the IP to the point of closest approach along the
vertex axis. Isolated tracks passing 7' < 0.1 cm are assumed to be associated with
the B decay chain. Those with L/D > 0.3 are taken to be secondary tracks while the
rest are assumed to be primary. The inclusion of the isolated tracks does not alter

the vertex positions determined above.

4.7.4 The bb Tag

The inclusion of the topological vertices in this analysis is mainly to reject c¢ and
uds backgrounds. In the the previous B mixing analyses, these backgrounds were
easily removed by making cuts on the reconstructed proper time (see figure 4.18).
Given the long oscillation period for BY mixing, little information was lost. For B?
mixing, however, the oscillation frequency is much larger so that we cannot afford to

make the proper time cut. Therefore, the topological vertex information is used to
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construct a vertex mass that functions as a bb tag.

The vertex mass, M, is calculated by forming the invariant mass of all charged
tracks included in the topological vertex where each track is assumed to have the
pion mass. This procedure does not include the neutral decay products but we are
able to make a correction based on the missing pr in the vertex. Assuming the B
hadron momentum direction is given by the vertex axis, the missing pr is just the
total charged track momentum transverse to the B flight direction. It represents the
minimum momentum of the neutral decay products consistent with conservation of
momentum at the B vertex. The direction of the vertex axis is varied within the 1o
errors on the IP and vertex positions so that the minimum missing pr is determined.
This ensures that background uds and cc¢ events do not obtain a large pr corrected

mass due to random fluctuations in the measured py. The pr-added mass can then

be defined as,
My, = M1 24 + Ipa | (4.26)

Figure 4.22 shows the pr-added mass distribution in the data and MC for those events
with secondary topological vertices. Topological vertices were located in about 79% of
the lepton candidate hemispheres and 76% of opposite hemispheres. Since a bb event
produces a B hadron in both hemispheres, a high mass vertex in either hemisphere
tags bb events. The uds and ¢ backgrounds are concentrated in the low mass region.
Note that the charm distribution has a sharp cutoff at ~ 2 GeV/cZ, near the D meson
mass.

A B decay vertex can also be tagged by the presence of tracks with large impact
parameters. Due to the long lifetime of B hadrons, tracks produced in B decays typ-
ically have larger impact parameters to the IP. Therefore, this analysis also considers
the number of significant tracks where a significant track is defined to be a Quality
track with normalized 3-D impact parameter greater than 3.0. The quality track cuts
were described in section 4.5.

Finally, the bb tag requires that there be a topological vertex with pr-added mass
greater than 1.8 GeV/c2 in either hemisphere or at least three significant tracks in
the event. About 70% of all events with a high pr lepton candidate pass the bb tag.
According to the Monte Carlo, about 93% of the bb events pass the tag producing
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Figure 4.22: The pr-added mass distribution for events containing topological ver-
tices. Note that much of the uds background does not contain a secondary topological
vertex.

final purities of 92.5% bb, 5.7% c¢, and 1.8% uds. The efficiency of the tag varies with
proper time and drops off at small proper time. Unfortunately, it is difficult to tag
B’s with high efficiency and purity near the IP.

4.8 Initial State Tag

We now turn to the initial state flavor tag. Recall that we must know the b quark
flavor (b or b) at production and decay to determine whether mixing has occurred.
The charge of the lepton in the semileptonic B decays tags the final state flavor as
described above. The main component of the initial state flavor tag is the polarized
forward-backward asymmetry of the b quark. We also include a standard jet charge
technique using charged tracks in the opposite hemisphere. Finally, several other tags

derived from topological vertexing will be included.
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4.8.1 Polarization

At SLD, the longitudinal electron beam polarization provides a pure and highly effi-
cient method of tagging the initial state quark flavor by exploiting the large polarized
forward-backward asymmetry of the b quark. Recall from section 1.3 that in the
process ete™ — Z° — bb, the differential cross section has the form,
do®(P.)
dz

where z = cos 1s the angle between the incident electron direction and the final

o (1 — AP)(1 + 2%) + 244(A. — P.)z = O'b(z) (4.27)

state fermion and P, is the electron beam polarization (P, is negative for left-handed
polarization). A, and A, are determined from the vector and axial vector coupling
constants of the fermion to the Z° and express the degree of parity violation at the
Z° vertex. Due to this parity violation, there is an asymmetry in the directions of
the emerging fermions. For P, < 0, the b quark tends to be emitted in the positive or
e~ beam direction and the b in the backward direction. Using the differential cross
section above, we can form the forward-backward asymmetry as a function of P, and

Z,

Aog(e,p) = SO 12) (4.28)

o (55 (12:)
*\1—4.p /) \1+22/)"

A% tells us the number of b quarks emitted at angle z minus the number emitted at

—z divided by the sum for beam polarization P,. Note that AII’FB is antisymmetric in
z and that the asymmetry is stronger for left handed electrons.

In this analysis, the thrust axis is used to estimate the initial directions of the
bb quark pair. For each selected lepton, the thrust axis is signed by the momentum
direction of the reconstructed B vertex. The probability that the initial state quark

was a b can then be calculated as,

1 -
Pp = (14 Abp) (4.29)

using the signed thrust axis and the measured event polarization. For the calculation,

we assume Ay = 0.935 and A, = 0.15. The uncertainty in these values will be
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Figure 4.23: The polarization signed thrust angle for the data and MC. The MC

histograms show the separation between b and b quarks. For negative polarization,

the b quark tends to scatter in the forward direction.

considered as systematic errors. Figure 4.23 shows the excellent data/MC agreement

for the polarization signed thrust axis distribution. The MC histograms show the

separation obtained in the b and b samples.

The purity of the polarization tag varies with thrust angle and beam polarization.

Unfortunately, lepton identification requires |cos Gjepton| < 0.71 which reduces the

purity of the tag by removing those events at large angles where the asymmetry

For the average beam polarization of P, = 73% in the data, the

is the strongest.

polarization tag has an average purity of 69% for this analysis. The tag is unavailable

only for events with very low beam polarization. A cut on |P.| at 40% removes ~ 3%

of the remaining events.
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4.8.2 Jet Charge

The second method employed to tag the initial quark flavor is the jet charge tech-
nique. In a Z° — bb decay the two quarks emerge back to back, usually forming two
distinct jets. The jet charge method exploits the fact that the two quarks are oppo-
site in charge. The final charged tracks from the B decay should carry this charge
information. Also, B decay tracks tend to be higher in momentum than those from

fragmentation. Therefore, we form a momentum-weighted track charge as follows,

Qiet = > | Bi- T |" (4.30)

where the sum is over all tracks with charge ¢; and momentum p; in the hemisphere.
These tracks are required to have total momentum p < 50 GeV/c, momentum trans-
verse to the beam direction p; > 0.15 GeV/c, 2 dimensional impact parameter to the
IP § < 2 cm, distance between the IP and point of closest approach to the beam axis
Az < 10 cm and | cos §| < 0.87. T is the thrust axis and & is chosen to maximize the
separation between b and b in the MC. For this analysis & is set to 0.5.

In this analysis hemispheres are used in place of jets. For each hemisphere con-
taining a lepton, the Qe is calculated for the opposite hemisphere defined by the
thrust axis. The opposite hemisphere is chosen so that there will be no correlation
between the final state tag and the initial state tag. If the tagged hemisphere was
used, the presence of the high pr lepton would bias the jet charge calculation. Figure
4.24 compares the data and Monte Carlo jet charge distributions as well as the bb
separation in the Monte Carlo.

The jet charge technique has an efficiency of nearly 100%. The purity of the
tag depends on the magnitude of @)je;. The probability that the tagged hemisphere
contained the initial b quark is well approximated from the opposite hemisphere Q) je:

using,

. 1
PR = 4.31
b 1+ ezp(aQjet) (4.31)

where a is determined from the Monte Carlo to be -0.27. The average correct tag

fraction from jet charge is 65%.
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Figure 4.24: Comparison of the opposite hemisphere jet charge in the data (points)
and MC (histograms). The MC histograms show the separation between b and &
quarks. Note that the b and b labels refer to the tagged hemisphere where the jet
charge was calculated in the opposite hemisphere. Therefore, the opposite jet charge

tends to be positive for b quarks in the tagged hemisphere.

4.8.3 Topological Tags

Several other initial state tags are derived from the topological vertexing information

described in section 4.7.3. The topological vertex information is not available for

all selected events. Therefore, these tags were applied when available. The sensitive

variables are:

e reconstructed vertex charge

When a B? meson is produced in the tagged hemisphere, a b hadron is also

produced in the opposite hemisphere. If the reconstructed vertex charge of the

opposite b hadron is nonzero, it is likely to be a B¥. Therefore, the charge

of the vertex tags the quark flavor, Q. > (<)0 — b(b).

The purity of the
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charge reconstruction depends on the pr added mass so the b flavor probability

is parametrized as a third order polynomial in terms of M, for abs(Qu.) = 1

and abs(Qyiz) > 1.

vertex charge dipole

The vertex charge dipole is a technique created at SLD that exploits the cascade
b — c decay structure to tag the b quark flavor. In fact, one B? mixing analysis
at SLD employs the charge dipole as the sole final state tag. Details of the
charge dipole analysis can be found elsewhere [39]. The idea is to locate two
well separated topological vertices, presumably the B and D. The probability
of a single vertex fit to all secondary tracks is required to be less than 1%. The
two vertex combination with the best x? is then located and the charge dipole

is calculated as,

5q = LBD X sign(QD — QB) (432)

where @)p and @)p are the B and D vertex charges and Lgp is the distance
between the B and D vertices. The charge dipole tends to be > 0 if the decaying
hadron contains a b and < 0 for a b. The initial state flavor probability is

parametrized as,
a

" 1+ exp[B(y — d9)]

where a, 8 and v are determined from Monte Carlo and depend on the decay

length and Q.

Ps, (4.33)

high pr leptons

Just as the charge of a high pr lepton is used to tag the final state b quark
flavor in the tagged hemisphere, leptons in the opposite hemisphere can be
used to tag the initial state flavor. A positively charged high pr lepton in
the opposite hemisphere indicates a b was produced in that hemisphere and,
thus, a b was produced in the tagged hemisphere. Note that the lepton charge
actually indicates the final state b flavor so that this tag is diluted by mixing.
However, mixing in the tagged and opposite hemispheres are uncorrelated and

the majority of B hadrons do not mix or will decay before mixing.
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Selected leptons are required to have p;o: > 2 GeV/c. If more than one lepton
is identified, the one with the highest momentum transverse to the jet axis, pr
is selected. The purity of the lepton tag is a function of the lepton pr. The
larger the pr, the more likely the lepton was produced in a B decay. Therefore,
the lepton b flavor probability is parametrized as a fourth order polynomial in

terms of the lepton pr.

e secondary kaons

The charges of secondary kaons also contain information on the initial state b
flavor [24]. If the kaon was produced through the b — ¢ — s decay chain, the
kaon charge should have the same charge sign as the b quark. Secondary kaons
are located by considering the CRID information from those tracks attached to
the topological B or D vertices. These tracks are required to have py,; > 0.8
GeV/c and |cosf| < 0.68 so that they are contained in the barrel CRID. In
addition, the radius of the outer CDC hit is required to be at least 90 cm so
that the track is well extrapolated into the CRID. For kaon selection we require
log Lx — log L. > 5(3) for track momenta < (>) 2.5 GeV/c to reject pions.
In addition log Lx — log L, is required to be > -1 so that the track is K/p
ambiguous or better. If more than one kaon is located, the sum of the kaon
charges is calculated. The correct tag probability is determined from the MC to
be 0.69 and 0.79 for kaon charge sums of 1 and 2 (absolute value) respectively.

All the various initial state tags are combined to produce P;, the probability that
the initial quark in the lepton hemisphere was a b rather than a b. The distributions of
P, for the data and MC are plotted in figure 4.25. The MC histograms also indicate
the separation in b and b quarks obtained. The average purity of the combined tag is

about 75% given the electron beam polarization obtained in the data.

4.9 Mixing

It is now possible to tag individual events as mixed or unmixed based on the initial

and final state tags. Recall that the final state b quark charge is tagged by the



124

350

300

250

200

Fvents /0.02

P<lte

OHH‘HH‘HH‘\H\‘HH‘HH‘HH‘H

|

Initial State b—quark Probability

Figure 4.25: The combined initial state tag probability P, in the data and MC.
P, > 0.5 suggests an initial state b quark.

high pr lepton charge. A negative lepton indicates a b quark decay while a positive
lepton indicates a b. Similarly, P, tells us the probability that the initial quark was
a b as opposed to a b. Therefore, we can tag those events with P, > (<)0.5 and
Qiep = +1(—1) as mixed while other combinations are considered unmixed. Note
that this distinction is made only for the purpose of plots and consistency checks.
The likelihood fit that produces our final results (see chapter 5) does not explicitly
categorize a given event as mixed or unmixed.

Overall, 39% of the data events are tagged as mixed as compared to 38% in the
fully reconstructed gg Monte Carlo. The mixed fraction as a function of reconstructed
proper time is plotted in figure 4.26. The mixed fraction does appear to increase
with proper time as expected from equation 1.73. However, the visible increase in
mix fraction is due to B} mixing. The B? mixing occurs too quickly to be visible on
a plot of this type.

A further test of our initial and final state tags is to plot the polarized forward-
backward asymmetry. Figure 4.27 shows the thrust axis distribution signed by the

lepton charge and beam polarization. For P, < 0, b quarks tend to scatter in the
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Figure 4.26: The mixed fraction versus reconstructed proper time in the data (a) and

qq Monte Carlo (b).

forward (e~ beam) direction and to decay into negatively charged leptons. Therefore,
sign(P.Qiep) cos Oy should be predominantly positive. The b quarks tend to scatter in
the backward direction but the lepton charge is positive so sign(P.Qjep) cos dipr should
again be predominantly positive. The same is true for P, > 0. Figures 4.27(a) and
(b) show the asymmetry for Q. # 0 and @, = 0 respectively. The asymmetry is
diluted in the neutral sample due to mixing of the neutral Bs which flips the sign
of the lepton. The good agreement of these plots gives confidence that our tagging

ability is well simulated by the MC and that we are sensitive to mixing.
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Chapter 5
Maximum Likelihood Analysis

In this chapter, the maximum likelihood analysis that was used to extract values
of Amg and Am, from the reconstructed data will be discussed. In addition, an
amplitude fit was performed for the B? mixing analysis which forms a frequency

spectrum of the mixing signal. The amplitude fit results were used to set limits on

Am,.

5.1 Likelihood Functions

5.1.1 Event Classification

For the maximum likelihood analysis, the data sample was divided into ten categories
that are expected to demonstrate unique reconstructed proper time distributions.

These categories are:

1. I* candidates originating in B9 decays.
2. [* candidates originating in B? decays.
3. I* candidates originating in Bt decays.

4. I* candidates originating in b-baryon decays.

127
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5. I* candidates originating in cascade BY — ¢ — [* decays, BY — ¢ — [* decays,

and BY — 7 — [* decays.

6. [* candidates originating in cascade B? — ¢ — [* decays, B® — ¢ — [* decays,

and B? — 7 — [* decays.

7. I* candidates originating in cascade B* — ¢ — [* decays, BT — ¢ — [*

decays, and BT — 7 — [T,

8. I* candidates originating in cascade b— baryon — ¢ — I* decays, b — baryon —

¢ — I* decays, and b — baryon — 7 — I decays.
9. I* candidates originating in c¢ events.

10. I* candidates originating in light quark decays or from fragmentation.

We assume that these categories describe all possible sources of lepton candidates.
Note that the lepton candidate is not necessarily a true lepton. We will include con-
tamination from lepton misidentification by introducing a mistag rate, n, for each
category. Also, the small fraction of lepton candidates produced from the decays of
long lived particles or detector interaction are included in the cascade charm cate-
gories. In the next several sections we will discuss the treatment of the bb categories

(1-8). The non-bb backgrounds will be handled separately later.

5.1.2 bb Physics Functions

The likelihood functions for bb events are composed of terms describing the probability
for observing a mixed or unmixed event from each of the above categories as a function

of proper time. Recall that the probability for a 32,5(52,5) to decay as a 32,5(52,5)

can be expressed as,
e_t/Td,.s
P,(t) = (1 + cos Amyg st) (5.1)
2’7}1,s

where t is the true proper time of the Bg,s decay, 74, is the average Bg,s lifetime and
Amg, 1s the mass difference between the two mass eigenstates. CP violation effects

are assumed to be small and have been neglected. The u subscript refers to unmixed.
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Similarly, the probability that the Bg,s will mix and decay as it’s antiparticle is given
by,

_t/Td,.s
P.(t) = esz (1 — cos Amyg 4t). (5.2)

Using these basic expressions, we form two functions, Fyumiz(t) and Fy,;.(t), that
describe the time distributions of events where the lepton charge would agree or dis-
agree, respectively, with the true initial quark flavor. Unfortunately, the charge of
the lepton candidate does not always tag the final b quark flavor correctly. Therefore,
each of the above categories is divided into a correctly tagged sample and an incor-
rectly tagged sample by introducing the mistag rate, ng, where k refers to the lepton
source. Fyunmiz(t) can then be expressed as,

e_t/Tk

] o, [(1 —m)(1 + cos Amyt) + me (1 — cos Amyt)] (5.3)
where fi is the fraction of events from category k, and 7, and Amy are the average
lifetime and mass difference between the two mass eigenstates of the b hadron pro-
ducing source k. The sum is over all lepton sources and Amy is assumed to be 0 for
BT and Ay. Note that there is a contribution from those events that were actually
unmixed and tagged correctly, plus a contribution from events that mixed but were
tagged incorrectly. A similar expression is obtained for F,;.(t) by interchanging 7

and 1 — ng. For completeness, the full expressions are included below.

—t/T 0
e ' Pa

Fumisl) = fo"
d

—t/TBg

[(1 —na)(1 + cos Amgt) + n4(1 — cos Amgt)] (5.4)

€

+fBo

[(1 —75)(1 + cos Amgt) + ns(1 — cos Amt)]
# 27'32

e—t/TB+

+fe+(1 —n4) 9rpe
et/

2TA

—I_fAb(]' - 771\)

b

—I-fgoei[(l — 1) (1 + cos Amgt) + (1 — cos Amgt)]



and

Friz(t) = fgo
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! 1 ! e_t/TB+
et/
! 1_ !
+fa, (1 —m4) o7,

—t/T 0
e ' Pa

0 [a(1 + cos Amgt) + (1 — 14)(1 — cos Amgt)] (5.5)
27'33

—t
/TBg

+fBo [Ms(1 4 cos Am,t) + (1 — n5)(1 — cos Amst)]

8
27'32

e—t/TB+

+fB+n+ 975+

e_t/TAb

+fa,mA 27h,

—t/TBo
e d
—I—fggﬁ[n;(l + cos Amgt) + (1 — 1) (1 — cos Amgt)]
d
—t/TBo

+f]’3067’[n;(1 + cos Am,t) + (1 — n5)(1 — cos Am,t)]
TRo

The primes on the fractions f, and mistags n distinguish the cascade charm categories

from the direct B decays.

5.1.3 Efficiency and Resolution

The physics functions, Funmiz(t) and Fpi.(t) above are functions of the true B decay

proper time. The next step is to transform them into functions of the reconstructed

proper time, t,.., that we expect to observe in the data. This involves two effects.

First, we must account for any proper time biases that may be introduced due to
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Figure 5.1: The vertex efficiency is defined to be the fraction of events that pass the
analysis cuts versus true B decay proper time in the MC.

the event selection cuts. This effect was considered by introducing a vertex efficiency
function, €*,_(t), for each lepton source k. The vertex efficiency is simply the fraction
of events that pass the analysis cuts as a function of the true proper time of the B
decay. This efficiency was measured separately in the Monte Carlo for BY, B?, BT,
and A, decays and is shown in figure 5.1. Note that the vertex efficiency functions are
fairly flat except at the small proper time region where they tend to fall off rapidly.
This effect is due to the vertex mass cut that we impose to discriminate against c¢ and
uds events. At small proper time it is more difficult to locate a secondary topological
vertex that is distinct from the IP and the efficiency drops.

The second effect that must be considered is the proper time resolution. In this

analysis, we measure the B decay length and boost independently and then combine
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them to form the decay proper time,

L
bree = ——. 5.6
Bre (5.6)

The average decay length and boost residuals were plotted in figures 4.9 and 4.17.
Performing two gaussian fits to the distributions of L — Lipye and (8 — BVtrue )/ BVerues
we obtain the gaussian widths of and o3. The a index refers to the core and tail of
the distributions. For now we will assume that these measurements are uncorrelated

so that the proper time resolution, oy, is given by,

oo — \/([;’—i)z + (628). (5.7)

We see that o; is a function of ¢ and that resolution degrades as a function time.

There is a constant term determined by o7 and an increasing term w