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Abstract

We report two preliminary measurements of the time dependence of B0
d �

B0
d mixing using novel techniques with a sample of 150,000 hadronic Z0 de-

cays collected by the SLD experiment at the SLC. B decay vertices are recon-

structed inclusively with a topological technique and the B hadron avor at

production is determined by exploiting the large left-right forward-backward

asymmetry of Z0 ! b b decays in combination with a jet charge technique.

Two methods are used to tag the B avor at decay. The �rst uses the charge

of kaons attached to the B decay vertex and identi�ed with the Cherenkov

Ring Imaging Detector. The second measurement is based on the construction

of a charge dipole of the topological vertices to separate the B0
d=B

0
d decays

by exploiting the B ! D cascade charge structure. The measurement of

the oscillation frequency yields �md = 0:58� 0:07(stat)�0:08(syst) ps�1 and

0:56� 0:08(stat)�0:04(syst) ps�1 for the kaon and dipole tags respectively.
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1 Introduction

B0
d �B0

d mixing occurs via a second order weak interaction in complete analogy to

the mixing observed in the K0 �K0 system. The avour eigenstates of the B0 are

written in terms of the mass eigenstates B1 and B2, as B
0 = (B1 + B2)=

p
2 and

B0 = (B1 �B2)=
p
2. Unlike the neutral kaon system the di�erence between the B

meson lifetimes is expected to be small. Hence, the probability that a meson created

as a B0 (B0) will decay as a B0 (B0) after proper time t can be written as

Pu(t) =
�

2
e��t (1 + cos�md t) ; (1)

where �md is the mass di�erence between the mass eigenstates, � is the decay width

for both states and Pu denotes the probability to remain `unmixed'. The e�ects of

CP violation are assumed to be small and are neglected. Similarly, the probability

that the same initial state will `mix' and decay as its antiparticle is

Pm(t) =
�

2
e��t (1� cos�md t) : (2)

In this paper, we present two measurements of the B0
d � B0

d mixing parame-

ter �md based on a sample of 150,000 hadronic Z0 decays collected by the SLD

experiment between 1993 and 1995 at the SLC (SLAC Linear Collider). Both mea-

surements exploit the large longitudinal polarization of the electron beam. Aver-

age polarizations for the 1993 and 1994/95 running periods are (63:0 � 1:1)% and

(77:2 � 0:5)% respectively.

Most components of the SLD detector were used in this analysis. The Liquid

Argon Calorimeter (LAC) was used for triggering and event shape measurement. It

provides excellent solid-angle coverage (j cos �j < 0:84 and 0:82 < j cos �j < 0:98 in

the barrel and endcap regions, respectively). The LAC is divided longitudinally into

electromagnetic and hadronic sections. The energy resolution for electromagnetic

showers is measured to be �=E = 15%=
q
E(GeV ), whereas that for hadronic show-

ers is estimated to be 60%=
q
E(GeV ). Tracking is provided by the Central Drift

Chamber (CDC) and the CCD pixel Vertex Detector (VXD) with maximal track

reconstruction e�ciency for jcos �j < 0:74. Charged tracks are �rst reconstructed in

the CDC and linked with clusters in the VXD, and then a combined �t is performed.

The momentum resolution of the combined �t is �p?=p? =
q
(0:01)2 + (0:0026=p?)2,

where p? is the track momentum transverse to the beam direction in GeV/c. The

impact parameter resolution was measured using the miss distance between the two

tracks in Z0 ! �+�� decays. This yields a high-momentum single-track resolution

of 11 �m in the plane perpendicular to the beam direction (xy plane) and 38 �m in

the plane containing the beam axis (rz plane). One of the analyses presented here,

utilizes the particle identi�cation capabilities of the Cherenkov Ring Imaging Detec-

tor (CRID). The CRID contains both liquid and gas radiators to provide e�cient

�=K=p separation over a wide momentum range.
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The position of the micron-sized SLC Interaction Point (IP) in the xy plane is

reconstructed with a measured precision of �IP = (7 � 2) �m using tracks in sets

of � 30 sequential hadronic Z0 decays. The z position of the Z0 primary vertex is

determined on an event-by-event basis using the median z position of tracks at their

point-of-closest-approach to the IP in the xy plane. The simulation described below

estimates a precision of � 52 �m in this quantity for Z0 ! b �b decays [1].

The time-dependent mixing measurements rely on a Monte Carlo simulation

based on the JETSET 7.4 event generator [2] and the GEANT 3.21 detector simula-

tion package [3]. The b-quark fragmentation followed the Peterson et al. parametriza-

tion [4]. B mesons were generated with mean lifetime � = 1:55 ps and B baryons

with � = 1:10 ps. B hadron decays were modelled according to the CLEO B de-

cay model [5] tuned to reproduce the spectra and multiplicities of leptons, charmed

hadrons, pions, kaons, and protons, measured at the �(4S) by ARGUS and CLEO [6,

7]. B baryon and charmed hadron decays were modelled using JETSET with, in the

latter case, branching fractions tuned to existing measurements [8]. Monte Carlo

samples used in this paper consist of approximately 500,000 Z0 ! b b and 100,000

Z0 ! udsc events.

Hadronic Z0 event selection requires at least 7 CDC tracks which pass within

5 cm of the IP in z at the point of closest approach to the beam and which have

p? >0.2 GeV/c. The total energy of the tracks passing these cuts must be greater

than 18 GeV. These requirements on the CDC tracking information remove back-

ground from Z0 ! l+l� events and two-photon interactions. In addition, the thrust

axis determined from clusters in the calorimeter must pass jcos �j < 0:71, within

the acceptance of the vertex detector, and at least three tracks must have two or

more linked VXD hits. These selection requirements yield a data sample of 96,000

hadronic Z0 decays.

Well measured tracks are selected in these events. The CDC tracks must begin

at a radius r < 39 cm, and have �40 hits to insure that the lever arm provided by

the CDC is appreciable. The CDC tracks are also required to extrapolate to within

1 cm of the IP in xy, and within 1.5 cm in z to eliminate tracks from interaction

with the detector material. The �t of the track must satisfy (�2=d.o.f.< 5). At least

one good VXD link is required, and the combined CDC/VXD �t must also satisfy

(�2=d.o.f.< 5). The track must have p? >0.4 GeV/c.

2 Topological Vertex Reconstruction

The excellent 3D vertexing capabilities of SLD are exploited to identify B hadron

vertices produced in hadronic Z0 decays with high e�ciency. A novel topological

vertexing technique for reconstructing the secondary vertices produced by weakly

decaying hadrons in charged particle jets is employed [9]. The topological vertex
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reconstruction is applied separately in each event hemisphere using tracks selected

as described above (the event thrust axis determined by calorimetry clusters is used

to divide the event into two hemispheres). The vertices are reconstructed in 3D

co-ordinate space by de�ning a vertex probability V (r) at each position r. The

helix parameters for each track i are used to describe the 3D track trajectory as

a Gaussian tube fi(r), where the 2D width of the tube is the uncertainty in the

measured track location close to the IP. V (r) is de�ned as a function of the fi(r)

such that it is sensitive to the track multiplicity at r and is small in regions where

less than two tracks (required for a vertex) have signi�cant fi(r). A further function

f0(r) is used to describe the location and uncertainty of the IP. This function is

combined with the fi(r) in the de�nition of V (r) in order to later identify the tracks

forming the primary vertex. Maxima are found in V (r) and clustered into spatial

regions using a resolution criterion such that two maxima are resolved if the value

of V (r) on a straight line between the maxima falls below 60% of the value of V (r)

at either maxima. Tracks are associated with these resolved regions to form a set of

topological vertices.

The inclusive e�ciency for reconstructing at least one secondary vertex in a b

hemisphere is � 50% (cf. an e�ciency of � 15% in charm hemispheres and � 3%

in light quark hemispheres), while the e�ciency for �nding both a secondary and a

tertiary vertex is � 5%. The vertex reconstruction e�ciency in b hemispheres rises

from 0% near the IP to 80% at 3 mm from the IP beyond which it remains constant.

For the b hemispheres containing secondary vertices, a `seed' vertex is chosen to be

the non-primary topological vertex furthest from the IP. The seed vertex is rejected if

it consists of two oppositely charged tracks with an invariant mass in the range 491{

505 MeV/c2 to removeK0
s ! �+�� decays. If such a rejected seed was a topological

tertiary vertex then the two tracks are discarded and the secondary vertex is used

as the seed vertex.

A vertex axis is formed by a straight line joining the IP to the seed vertex (see

Fig. 1). The transverse impact parameter of a track to the vertex axis, T, and the

distance from the IP along the vertex axis to this point, L, are calculated for all

tracks [9]. Monte Carlo studies show that tracks which are not associated with the

seed vertex but which pass T< 0:1 cm and L=D> 0:3 are more likely to be associated

with the B decay sequence than to have an alternative origin. Hence such tracks

are added to the set of tracks in the seed vertex to form the reconstructed B vertex.

This secondary vertex contains tracks from both the B and cascade D decays. The

distance from the IP to the vertex �t to all of the tracks now forming the secondary

vertex is the reconstructed decay length.

The mass M of the reconstructed vertex is calculated by assuming each track

forming the secondary vertex has the mass of a pion. The transverse component of

the total track momentum in the vertex relative to the vertex axis (PT ) is calculated

in order to determine the PT added mass:

MPT =
q
M2 + P 2

T + jPT j: (3)
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Figure 1: Impact parameter of a track with respect to the vertex axis.

This quantity is the minimum mass the decaying hadron could have in order to

produce a vertex with the quantities M and PT . The direction of the vertex axis

is varied within the 1:5 � limits constraining the axis at the measured IP and re-

constructed seed vertex such that the PT is minimized within this variation. This

procedure prevents non-B background vertices acquiring a high MPT due to a uc-

tuation in the measured PT . The accurate 3D vertexing and precisely measured

IP at SLD allow signi�cant gain in the b-tag e�ciency with high purity using this

technique.

A comparison of the reconstructed vertex MPT between data and Monte Carlo is

shown in Fig. 2 for vertices with decay length greater than 1 mm. This �gure shows

that a large fraction of the charm and light avour contamination in the sample is

eliminated by requiring MPT > 2 GeV/c2. This mass cut yields a sample of 16803

decays with Z0 ! b b purity of 93% and e�ciency of 36% (including the vertex

reconstruction e�ciency) and is applied for the remainder of this paper. For decay

lengths greater than 1 mm, the purity increases to 97% with an e�ciency of 33%.

However, no decay length cut is applied in the mixing analysis.
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Figure 2: MPT of reconstructed vertex for data (points) and Monte Carlo (his-

tograms).

3 Flavor Tagging

In order to measure the time dependence of B0
d � B0

d mixing, it is necessary to

determine the B0
d or B

0
d avor at both production (t=0) and decay. The initial state

avor tagging takes advantage of the large polarized forward-backward asymmetry

for Z ! b b decays in addition to a jet charge technique. The �nal state avor

tagging uses either the charge of identi�ed kaon tracks attached to the secondary

vertex or the charge dipole which is de�ned in terms of all the vertex tracks.

3.1 Initial State Tagging

The large forward-backward asymmetry for Z0 ! bb decays is used as a nearly 100%

e�cient tag of the initial state avor. The polarized forward-backward asymmetry
~AFB can be described by

~AFB = 2Ab

Ae + Pe

1 +AePe

cos �T

1 + cos2 �T
; (4)

where Ab = 0:94 and Ae = 0:155 (Standard Model values), Pe is the electron

beam longitudinal polarization, and �T is the angle between the thrust axis and

the positron beam direction (the thrust axis is signed such that it points in the

same hemisphere as the reconstructed vertex). Thus, left- (right-)polarized elec-

trons tag b (�b) quarks in the negative hemisphere, and �b (b) quarks in the positive

hemisphere (see Fig. 3a). This yields an average correct tag probability of 76%

(62%) for an average electron polarization Pe = 77% (63%). The probability for

correctly tagging a b quark at production is expressed as

PA(b) =
1 + ~AFB

2
: (5)
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A jet charge technique is used in addition to the polarized forward-backward

asymmetry. For this tag, tracks in the hemisphere opposite that of the reconstructed

vertex are selected. These tracks are required to have momentum transverse to the

beam axis p? > 0:15 GeV/c, total momentum p < 50 GeV/c, impact parameter in

the plane perpendicular to the beam axis � < 2 cm, distance between the primary

vertex and the track at the point of closest approach along the beam axis �z < 10

cm, and j cos �j < 0:8. With these tracks, an opposite hemisphere momentum-

weighted track charge is de�ned as

Qopp =
X
i

qi
���~pi � T̂

���
�

; (6)

where qi is the electric charge of track i, ~pi its momentum vector, T̂ is the thrust

axis direction, and � is a coe�cient chosen to be 0.5 to maximize the separation

between b and b quarks. A clear separation can be observed as shown in Fig. 3b.

The probability for correctly tagging a b quark in the initial state of the vertex

hemisphere can be parametrized as

PQ(b) =
1

1 + e�Qopp

; (7)

where the coe�cient � = �0:27, as determined using the Monte Carlo simulation.

This technique yields an average correct tag probability of 67% and is independent

of the polarized forward-backward asymmetry tag.

Figure 3: Initial state tag variables, polarization-signed cos � of the thrust axis and

opposite hemisphere jet charge, for data (points) and MC (solid line) with MC b

and b quark components (dashed and dotted lines respectively).

Fig. 3 shows the performance of the initial state b=b quark separation for both

tags after topological vertex selection. The two initial state tags can be combined

to form an overall initial state tag. The correct sign probability for the combined

tag can be written as the normalized product of the independent tags:

Pi(b) =
PA(b)PQ(b)

PA(b)PQ(b) + [1� PA(b)][1� PQ(b)]
; (8)
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which yields an overall average correct tag probability of 84%.

3.2 Final State Kaon Tag

The �nal state avor tagging relies on the characteristics of B meson decays. The

�rst technique uses the charge of identi�ed kaons attached to the secondary vertex

and exploits the fact that most B decays occur via the dominant quark transition

b ! c ! s. Therefore, the electric charge of kaons produced in B decays can be

used to determine the charge of the b quark at decay. The correlation between

kaon charge and B avor is diluted by decays of the type B ! DDX and by s�s

production in D decays. However, the rate of right-sign kaon production is large

and has been measured to be (82 � 5)% in B0
d decays [10].

Kaon identi�cation is performed with the CRID using information from both

liquid and gas radiators. Only tracks attached to the secondary vertex are consid-

ered for kaon identi�cation. The CRID is required to be operational in the region

surrounding the tracks. Additional cuts are applied to guarantee acceptably low

misidenti�cation rates while keeping the e�ciency high. Tracks are required to have

p > 0:8 GeV/c and j cos �j < 0:68. For each track above pion threshold in the gas ra-

diator (p > 2:5 GeV/c), we require either that the extrapolated track matches with

a minimum-ionizing signal in the CRID or that a ring was detected in the liquid

radiator (4 or more hits) for that particular track. The latter set of requirements is

designed to remove tracks which undergo large scattering before exiting the CRID.

These cuts keep 65% of all secondary vertex tracks. Separation between pion, kaon

and proton hypotheses is carried out on the basis of di�erences in logarithms of

likelihood (Li with i = �;K; p) between these hypotheses. The quantity Li depends

on the measured Cherenkov angles for hits in the CRID that are associated with

the track as well as on the number of such hits. The kaon identi�cation requires

LK � L� > 3 to select kaons and LK � Lp > �5 to reject well-identi�ed protons.

These di�erences correspond to demanding a minimum 2:4 � separation between

K and � hypotheses and 3:2 � separation between p and K hypotheses. The log

likelihoods used in this analysis are combined log likelihoods from both liquid and

gas radiators. This combination enhances the identi�cation performance in the mo-

mentum range 2.5 to 4.0 GeV/c where the kaon spectrum from B decays peaks (this

range corresponds to the overlap region between the two radiators).

The particle identi�cation performance has been studied and calibrated with a

pure sample of pion tracks from K0
s ! �+�� decays. This study determines an

additional � 5% in the �!\K" misidenti�cation in the data, an increase for which

the Monte Carlo simulation is corrected.

The �nal state tag uses the sum of identi�ed kaon charges in the vertex,
P
QK.

The requirement
P
QK < 0 (> 0) tags B0

d (B
0
d) decays. Vertices for which

P
QK = 0,

representing 12% of vertices with at least one identi�ed kaon, are thus rejected. This
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K�=K+ tag is available for some 1/3 of the selected secondary vertices with a correct

�nal tag probability of PK(b) = 77% (81%) for B0
d (B

�
u ) decays, as determined using

our simulation. The number of decays passing the above selection criteria and used

for the kaon tag measurement is 5694.

3.3 Final State Charge Dipole Tag

The B ! D cascade charge structure is exploited to separate the �nal state B0=B
0

decay avor. An enhanced sample of B0
d decays is �rst selected by requiring that the

total charge of the tracks associated with the vertex is equal to zero. In addition,

there must be no lower quality tracks (tracks failing the good track selection but

with p? > 0:2 GeV/c and impact parameter resolution
q
�2xy + �2z < 700�m) passing

the criterion to be attached to the seed vertex.

The direction of the vertex axis (Fig. 1) is adjusted in order to minimize the

summed impact parameters (
P

iTi) of the tracks in the secondary vertex. It is

required that the mean of the track impact parameters Ti is less than 50�m at this

minimum. The charge dipole �q of the vertex is de�ned as the relative displacement

between the weighted mean location of the positive tracks and of the negative tracks

along the vertex axis taking each track at its point of closest approach to the vertex

axis (see Fig. 1):

�q =

P+
i wiLiP+
i wi

�
P�

i wiLiP�
i wi

(9)

where the �rst (second) term sums over all positive (negative) tracks in the vertex

and wi is the weight for track i,

wi =
sin2 �i

�Ti
(10)

where �i is the angle between track i and the vertex axis and �Ti is an estimate of

the uncertainty of the impact parameter of track i to the vertex axis calculated from

the appropriate components of the track resolution �xy and �z. The above selection

criteria yield a sample of 3291 decays. Monte Carlo simulation shows that there is an

enhancement by a factor of 2.5 of B0
d with respect to B+

u decays in this sample due

to the vertex charge = 0 requirement. Fig. 4 shows the charge dipole distribution

for data compared with the Monte Carlo. Also shown are the MC distributions for

B0
d(b) and B0

d(b) separately.

The analyzing power for this �nal state tag increases with the magnitude of �q,

reaching a maximum of 68% in the tails. The purity of b quarks in vertices selected

in Monte Carlo is used to parametrize the probability of a successful dipole tag as

PD = 0:84 e�j2:4�j�qj�0:8j
3

(11)
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Figure 4: Distribution of the reconstructed charge dipole �q.

where PD(b) = PD or 1 � PD for �q > 0 or �q < 0 respectively. The �nal charge

dipole selection cut requires �q < 0:5 cm. The dipole can be used to tag the

�nal state b quark for B0
s and B+

u decays is well as for B0
d mesons. The charge

dipole is not sensitive to the total vertex charge since it is de�ned in terms of the

spatial displacement between a center of positive and center of negative charge. The

analyzing power is greatest for B0
s decays since a higher fraction of the cascade charm

decays carry charge through the dominant B0
s ! D�

s X mode. For B+
u the analyzing

power of �q is found from Monte Carlo studies to be similar to B0
d and the B+

u

mesons are used as a demonstration of the charge dipole. An independent sample of

topological vertices is selected using the same vertex requirements as above, except

with total track charge equal to �1 rather than 0. Vertices of total charge equal to

+1 (�1) are � 50% pure in B+
u (B�

u ) meson decays for which a negative (positive)

charge dipole is expected due to the cascade decay charge structure. Fig 5 shows

that the �q distribution for both cases has the predicted asymmetry and that the

data agrees with the Monte Carlo simulation.

A further cross-check is made from the same sample using the polarized forward-

backward asymmetry of b quark production, used for an initial state tag, to verify

the charge dipole as follows. The polar angle �T of the event thrust axis, directed

toward the vertex hemisphere, is determined. Distributions of cos �T signed by the

product of e� beam polarization and reconstructed charge dipole for these vertices is

shown in Fig. 6 (separately for 1993 and 1994-95 with average beam polarizations of

63% and 77% respectively). As well as being rich in B�
u meson decays, for B0

d decays

surviving the �1 charge cut �q is not well measured since the charge reconstruction

is incorrect. It can be seen that the B0
d decays contribute little to the observed

asymmetry in Fig. 6 in part due to their relatively poor charge reconstruction and

in part due to B0
d�B0

d mixing. The observed asymmetry is the result of the forward-

backward production asymmetry of the b quark constituent of the B+
u mesons where

the same decaying b quark has been tagged using the vertex charge dipole. Each

entry in Fig. 6 is weighted by its analyzing power, which is a function of j �q j and
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Figure 5: Reconstructed charge dipole for vertices with total charge of a) +1 and

b) �1 for data (points) and MC (solid line).

Figure 6: Polarization asymmetry with charge dipole for data (points) and full MC

(solid line) with MC B0
d contribution (dashed line).

11



the error bars shown on the data points are calculated accordingly.

The distributions in Fig. 6 are only weakly dependent upon the MC value of

�md. This latter quantity is measured in the data by using the sample of vertices

of charge zero, i.e. with the correct charge reconstruction for B0
d and an enhanced

neutral B meson purity. The tagged mixed fraction of B0
d candidates is obtained

as a function of decay length in order to observe the time dependent mixing. The

measurement is enhanced by combining the polarization with jet charge to improve

the initial b state tag purity.

4 Oscillation Frequency Measurement

The initial state tag probability Pi(b) (Eq. 8) and the probability of the �nal state

tag Pf (b) (kaon PK(b) or dipole PD(b) Eq. 11) each have an analyzing power ai;f =

j2Pi;f � 1j. The probability that a B0
d candidate changed state or `mixed', that is

an initial state b (b) quark leading to a �nal state b (b) quark, is

PM = Pi(b)Pf (b) + Pi(b)Pf (b) ; (12)

with overall tag analyzing power at = j2PM � 1j (or simply aiaf). The B0
d time

dependent mixing parameter is extracted using a �2 �t of the data mixed fraction

to the Monte Carlo in bins of reconstructed decay length. The mixed fraction in

each bin is the number of vertices tagged as mixed (PM > 0:5) divided by the total

with each vertex weighted by at to optimize the tag information.

The �2 �t is made to the MC for a range of �md values by generating MC mixed

fraction distributions for arbitrary �md in the following way. The MC B0
d mixing

is `switched o�' by reversing the sign of the �nal state tag if the decay vertex is a

Monte Carlo B0
d (B

0
d) which was initially produced as a B0

d (B
0
d). Using this �md = 0

Monte Carlo, two decay length distributions are generated labelled M0 and U0 for

vertices tagged as mixed (PM > 0:5) and unmixed (PM < 0:5) respectively with

entries weighted by at. Corresponding distributions for arbitrary �md, labelled

M�md
and U�md

, are then generated by combining the entriesM i
0 and U

i
0 inM0 and

U0 respectively using a further weight W i:

W i =
1

2
(1 + cos�md t

i) ; (13)

which is the probability that a b quark remains a b quark given the mixing param-

eter �md and a B0
d meson i decaying after the MC proper time ti. The weight is

calculated and applied to each entry in the original histograms as indicated below

M�md
=
X

W iM i
0 +

X
(1 �W i)U i

0 ;

U�md
=
X

W iU i
0 +

X
(1 �W i)M i

0 ;
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Figure 7: Fraction of mixed decays as a function of decay length for the kaon tag (a)

and dipole charge tag (b) analyses. Shown are data (points), best �t MC (dashed

histograms) and MC without B0
d mixing (dotted histograms).

where the sum is applied to each bin in decay length. The MC mixed fraction
M�md

M�m
d
+U�m

d

follows trivially and the �2 of the data �t to the MC is determined as

a function of �md in order to derive the B0
d mixing parameter in the data. The �t

procedure is cross checked by dividing the MC into 12 equal samples (each about the

same size as the real data) and �tting each sample in turn as `data' to the remaining

MC. The mean result of the 12 �ts agrees with the MC input value of �md for both

�nal state tags, and the RMS spread of the 12 �ts is consistent with the statistical

error of the �t.

The results of the �ts to the data are shown in Fig. 7. The �ts yield measurements

of �md = 0:580� 0:066 ps�1 with a �2=dof of 10.2/10 for the kaon tag and �md =

0:561 � 0:078 ps�1 with a �2=dof of 8.8/7 for the charge dipole tag.
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5 Systematic Uncertainties

The total systematic error extracted below includes e�ects due to the uncertainty

in the detector and physics modeling, and in the �tting technique. The results are

summarized in Table 1. In this section, systematic uncertainties common to both

kaon and charge dipole analyses are described �rst, followed by uncertainties speci�c

to each analysis.

The systematic contribution due to uncertainties in detector modeling include

tracking e�ciency, detector resolution, and kaon identi�cation e�ciency. A discrep-

ancy in the average number of tracks was observed comparing data and Monte Carlo

simulation. This was corrected for in the simulation by removing the appropriate

number of tracks, taking into account the e�ect of the dependence on track pT , cos �,

azimuthal angle and angle between the track and the nearest jet axis. On average,

3.8% of the tracks used in this analysis were removed from the simulation. We as-

signed as a systematic uncertainty the entire di�erence between �t results obtained

with and without this track e�ciency correction. Detailed checks of the track reso-

lution modeling were also performed. It was found that the simulation reproduces

the distribution of the track impact parameter in the r� plane very well, but ap-

peared to be somewhat narrower than the data in the core of the impact parameter

distribution in the rz plane. This is attributed to residual misalignments within

the VXD. A correction was applied to account for this and the quoted systematic

uncertainty corresponds to the di�erence between results obtained with and without

this correction.

We have studied the sensitivity of the measurement to the production charac-

teristics of B hadrons in Z0 decays, as well as to the B and D decay models. In

this analysis, the fraction of B+
u and B0

d produced in Z0 ! b b are assumed to

be equal. However, we varied the fraction of B0
s and B baryons by 0:115 � 0:030

and 0:072 � 0:040 respectively. The uncertainty in the fragmentation of the b-

quark was studied by varying the value of � in the Peterson et al. fragmentation

parametrization, such as to modify the mean fractional energy of B hadrons ac-

cording to hxEi = 0:700 � 0:011 [11]. The dependence on the shape of the hxEi
distribution was also included in the total fragmentation uncertainty [12].

The sensitivity to the B decay model was investigated by varying branching

ratios, track multiplicities and lifetimes. The averageB decay multiplicity was varied

by �0:3 tracks [13]. Di�erences in lifetime between di�erent B hadron types would

a�ect the shape of the distribution of the mixed fraction of decays. Therefore, the

lifetime of eachB hadron type was varied separately following � (Bu) = 1:55�0:10 ps,
� (Bd) = 1:55�0:10 ps, � (Bs) = 1:55�0:15 ps, and � (Bbaryon) = 1:10�0:11 ps. The

mixing parameter �ms for B
0
s mixing was set to 6.45 in the simulation. Sensitivity

to this parameter was examined by varying �ms from 5 to 1. Charm hadron

lifetimes were varied according to the uncertainty in the world average values [8].
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Systematic error Uncertainty in �md (ps
�1)

Kaon Tag Dipole Charge Tag

Detector Modeling

Tracking e�ciency 0.006 0.010

Detector resolution 0.003 0.003

Kaon ID e�ciency 0.035 |

Physics Modeling

Bs fraction 0.016 0.007

B baryon fraction 0.021 0.003

b fragmentation 0.015 0.011

K�, K+ production 0.030 |

B.R.(B! D0X;D+X) | 0.010

B.R.(B! D D X) | 0.006

B multiplicity 0.005 0.008

Bu lifetime 0.010 0.001

Bd lifetime 0.004 0.008

Bs lifetime 0.010 0.002

B baryon lifetime 0.002 0.001

Bs mixing 0.005 0.009

Charm decay multiplicity | 0.002

Charm decay K0 production | 0.009

Charm lifetime 0.008 0.003

Initial state tag 0.010 0.010

Monte Carlo and Fitting

Fit Systematics 0.042 0.016

MC Statistics 0.017 0.021

Total 0.075 0.039

Table 1: Summary of contributions to the systematic uncertainty in �md for the

kaon tag and charge dipole tag analyses.

The parameters relevant to the parametrizations of the initial state tag were

varied as follows: Ab = 0:94 � 0:04, �Pe = �1%, and �� = �0:02. The �t

systematics were determined by taking the RMS of the changes in the �t value

using a variety of decay length ranges and binning.

For the kaon tag analysis, an additional uncertainty arises from the modeling of

the kaon identi�cation performance. The �! K misidenti�cation in the simulation

was calibrated using a pure sample of pions from K0
s ! �+�� decays in hadronic

Z0 events from the data. The corresponding systematic uncertainty was taken to be

half of the di�erence between �md values obtained with and without this calibration

correction. Furthermore, the analyzing power of the kaon tag relies on the accurate

modeling of right-sign and wrong-sign kaon production. To account for uncertainties
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in this modeling, the mean number of right-sign and wrong-sign kaons from B+
u and

B0
d decays was varied by �0:1 while keeping the average number of kaons unchanged

(i.e. the means for right-sign and wrong-sign kaons were varied in an anticorrelated

way). This range is slightly more conservative than the uncertainty in the ARGUS

measurement [10].

The charge dipole relies on the topological separation between the B and D

decay products, and therefore is potentially sensitive to the modeling of D+ and

D0 production and decay due to the large lifetime di�erence between these two

mesons. To investigate this, the branching ratios for B+
u ! D�X, B+

u ! D0X,

B0
d ! D�X, and B0

d ! D0X were varied according to 0:173� 0:074, 0:632� 0:052,

0:261 � 0:074, and 0:546 � 0:052 respectively. These uncertainties correspond to

twice the uncertainties in the inclusive measurements performed at the �(4s) [6] as

there is no information regarding the separate branching ratios for B+
u and B0

d. The

fraction of decays of the type B ! DDX was taken to be 0:15�0:05. The sensitivity
to the D decay model was investigated by modifying the D decay multiplicities and

K0 production rates according to existing measurements [14].

6 Summary

From 150,000 Z0 decays collected by SLD between 1993 and 1995 two measure-

ments of the B0
d � B0

d mixing parameter �md have been performed using a novel

topological vertexing technique. Initial state tagging is provided by the SLC e�

beam polarization together with a jet charge technique. Final state tagging used

the charge of identi�ed kaons attached to the secondary vertex or the charge dipole

of all the tracks in the vertex. The preliminary results obtained for the �nal state

kaon tag and the vertex charge dipole are, respectively:

�md = 0:58 � 0:07(stat)� 0:08(syst) ps�1 ; (14)

�md = 0:56 � 0:08(stat)� 0:04(syst) ps�1 : (15)

We thank the personnel of the SLAC accelerator department and the technical

sta�s of our collaborating institutions for their outstanding e�orts.
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