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Bd
0-B̄d

0 oscillations are observed in ‘‘self-tagged’’ samples of partially reconstructedB mesons decaying into
a lepton and a charmed meson collected inpp̄ collisions atAs51.8 TeV. A flavor tagging technique is
employed which relies upon the correlation between the flavor ofB mesons and the charge of a nearby particle.
We measure the flavor oscillation frequency to beDmd50.47120.068

10.07860.034 ps21. The tagging method is also
demonstrated in exclusive samples ofBu

1→J/cK1 andBd
0→J/cK* 0(892), where similar flavor-charge cor-

relations are observed. The tagging characteristics of the various samples are compared with each other, and
with Monte Carlo simulations.@S0556-2821~99!05901-9#

PACS number~s!: 14.40.Nd, 13.20.He, 13.25.Hw
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I. INTRODUCTION

The study ofB mesons has been important for unde
standing the relationships between the weak interaction

*Visitor.
03200
-
nd

the mass eigenstates of quarks, described in the stan
model by the Cabibbo-Kobayashi-Maskawa~CKM! matrix
@1#. Early studies were based on branching fraction and l
time measurements. However, since the observations
B0-B̄0 mixing, first in an unresolved mixture ofBd

0 and Bs
0

by UA1 @2#, and then specifically for theBd
0 by ARGUS@3#,
1-2
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a new window on the CKM matrix was opened.B0 mixing,
analogous toK0 mixing, is possible via higher order wea
interactions, and is governed by the mass differenceDm be-

tween the two mass eigenstates. Unlike theK0-K̄0 system,
the B0 mixing amplitude is dominated by the exchange
virtual top quarks, and so provides a view of weak charg
current transitions between a top quark and the quarks c
posing theBd,s

0 .
Mixing measurements are predicated upon identifying

‘‘flavor’’ of the B meson at its time of formation and aga
when it decays, where by ‘‘flavor’’ we mean whether th
meson contained ab or b̄ quark. Determination of the initia
flavor is the primary difficulty, as knowledge of the dec
flavor is usually a byproduct of theB reconstruction, even if
it is only partial.

The effective size of flavor taggedB samples is a critica
limitation of current measurements, especially for exclus
B reconstructions. This fact has motivated efforts to deve
a variety of tagging techniques to fully exploit existing da
There has been considerable progress in recent years in
lizing a variety of tagging methods andB0 samples, as illus-
trated by the diversity of mixing measurements@4#. Even
though a new generation of high statisticsB experiments will
soon come on-line@5#, many tagging-based studies—such
CP violation in B mesons—will still be statistics limited
Thus, improvements in tagging capabilities will be valuab
in the next generation ofB experiments as well as for th
current ones.

We have reported in an earlier Letter@6# the development
and application of a ‘‘self-tagging’’ method based on t
proposal@7# that the electric charge of particles produc
‘‘near’’ the reconstructedB meson can be used to determi
its initial flavor. Such correlations, first observed ine1e2

→Z0→bb̄ events by OPAL@8#, are expected to arise from
particles produced from decays of the orbitally excitedB**
mesons, as well as from the fragmentation chain that form
the B. We refer to this approach as ‘‘same side taggin
~SST!, in contrast to other tagging methods which rely up
the otherb-hadron in the event.

We applied SST to a large sample ofBu,d→ lD (* )X de-
cays: the expected time dependent flavor oscillation was
served, and its frequencyDmd was measured with a prec
sion similar to other single tagging results. In addition to t
intrinsic interest of obtaining a supplementary measurem
of Dmd , this result also demonstrated that this type of ta
ging method is effective even in the complex environmen
a hadron collider. A variant of this approach has also b
studied by ALEPH@9# in exclusively reconstructedB’s at the
Z0 pole.

In this paper we describe in detail the SST method
have developed and its previously reported application
Bu,d→ lD (* )X decays. Experimental complications su
rounding the use of these decays are described in detail,
both the cross-talk betweenBu

1 andBd
0 , and the contamina

tion from tagging onB decay products. The value ofDmd ,
as well as the purity of the flavor-charge correlations,
reported.

This paper extends the application of SST to two fu
03200
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reconstructedB decays which offer another test of its effe
tiveness:Bu

1→J/cK1 and Bd
0→J/cK* 0(892).1 Although

our samples are too small to yield precise tagging resu
they are the largest currently in existence and serve a
prototype for taggingBd

0→J/cKS
0 @10,11#, the centerpiece of

future CP violation studies withB mesons@5#. The tagging
results from theJ/cK samples are compared to those fro
lD (* ), and also to Monte Carlo simulations. The simulati
offers further insights into the behavior of this SST metho

This paper is structured as follows. We review the r
evant aspects of our detector and data collection in Sec
Section III summarizesB0-B̄0 mixing, and is followed by
some remarks on tagging and a description of our spec
SST method in Sec. IV. Same side tagging is applied to
lD (* ) sample in Sec. V, which includes discussion ofB re-
construction, sample composition, proper decay time m
surement and corrections, the tagging asymmetries, an
nally extraction of Dmd and tagging dilutions. This
completes our main result.

Having established the technique inlD (* ), we extend
SST to the exclusiveJ/cK modes in Sec. VI. We discuss th
sample selection, the fitting method, and the resultant
ging dilutions. Special attention is given to handling taggi
biases. Finally in Sec. VII we present some checks of
measurements and compare the behavior of this tagge
these two different types ofB decays. Aspects of the data a
also compared to Monte Carlo simulations, and the beha
of this SST method is discussed. We close with a few
marks concerning future applications of this type of S
method.

II. THE CDF DETECTOR AND DATA COLLECTION

A. Apparatus

The data discussed here were collected using the Coll
Detector at Fermilab~CDF! in the Tevatron Run I period
during 1992–1996, and comprise approximately 110 pb21 of
integrated luminosity ofpp̄ collisions atAs51.8 TeV. De-
tails of the CDF detector have been previously publish
@12,13#, and only the features relevant to this analysis
reviewed here: the tracking system by which charged p
ticles are identified and their momenta precisely measu
the central calorimeters for electron identification, and
muon chambers for muon identification. Our coordinate s
tem is such that the~spherical! polar angleu is measured
from the outgoing proton direction (1z-axis! and the azi-
muthal anglef from the plane of the Tevatron.

The tracking system consists of three detectors immer
in a 1.4 T magnetic field generated by a superconduc
solenoid 1.5 m in radius. The innermost tracking device i
silicon microstrip vertex detector~SVX! @13#, which pro-
vides spatial measurements projected onto the plane tr
verse to the beam line. The SVX active region is 51 cm lo
and composed of two 25 cm long cylindrical barrels. Ea

1Reference to a specific particle state implies the charge conju
state as well; exceptions are clear from the context.
1-3
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barrel has four layers of silicon strip detectors, ranging
radiusr from 3.0 to 7.9 cm from the beam line. The impa
parameter resolution of the SVX issd(pT)5(13140/pT)
mm, wherepT is the transverse momentum of the track re
tive to the beam line in GeV/c. The geometrical acceptanc
of the SVX is about 60% for the data presented here du
the ;30 cm rms spread of thepp̄ interactions along the
beam line. Outside the SVX is a set of time projection cha
bers~VTX ! which measure the position of the primary inte
action vertex along thez-axis, and is in turn surrounde
by the central tracking drift chamber~CTC!. This 3 m
long chamber radially spans the range from 0.3 to 1.3
and covers the pseudorapidity intervaluhu,1.1 „h
52 ln@tan(u/2)#… relative to the nominalpp̄ interaction
point. The 84 radial wire layers of the CTC are organiz
into nine ‘‘superlayers.’’ Five ‘‘axial’’ superlayers consis
of wires strung parallel to the beamline. Interspers
between these five are four ‘‘stereo’’ superlayers in wh
the wires are turned 3°; the two types of superlayers u
together yield three-dimensional charged track reconst
tion. Within each superlayer the wires are further organiz
into ‘‘cells’’ which are rotated 45° relative to the radial d
rection. This rotation assists the resolution of left-right a
biguities in track reconstruction. The CTC and SVX com
bined provide a transverse momentum resolution ofspT

/pT

'A(0.9pT)21(6.6)231023, with pT in GeV/c.
Outside the magnet coil, and covering the pseudorapi

range of the SVX-CTC system, are electromagnetic~CEM!
and, behind them, hadronic~CHA! calorimeters. They have
projective tower geometry with a segmentation ofDf
3Dh515°30.11. The CEM is a lead-scintillator stack 1
radiation lengths thick. It has a resolution of 13.5%/AET
plus a constant 2% added in quadrature, whereET
5E sin(u), E is the measured energy of the cell in GeV, a
u is its polar angle. A layer of proportional chambers~CES!,
embedded near shower maximum in the CEM, provide
more precise measurement of electromagnetic shower
files both in azimuth~f! and along the beam (z) direction.
The CHA is an iron-scintillator calorimeter 4.5 interactio
lengths thick, and has a resolution of 50%/AET plus a con-
stant 3% added in quadrature.

The calorimeters also act as a hadron absorber for
muon chambers which surround them. The central muon
tem ~CMU!, consisting of four layers of drift chambers co
ering uhu,0.6, can be reached by muons withpT in excess
of ;1.4 GeV/c. These are followed by 60 cm of addition
steel and another four layers of chambers referred to as
central muon upgrade~CMP!. The central muon extensio
~CMX! covers approximately 71% of the solid angle f
0.6,uhu,1.0 with four free-standing conical arches com
posed of drift chambers sandwiched between scintillator~for
triggering!.

The data samples of interest in this paper, inclusive e
trons and muons, and dimuons in the mass region around
J/c, were collected using CDF’s three-level trigger syste
The first two levels are hardware triggers, and the third le
is a software trigger based on offline reconstruction co
optimized for computational speed. Different elements of
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trigger have varying efficiency turn-on characteristics, ge
erally dependent upon trackpT’s or calorimeterET’s. The
behavior of the trigger has been extensively studied. Si
the analyses presented here are largely insensitive to tri
behavior, we refer the interested reader to Refs.@14,15# for
detailed discussion of the triggers and their performance

B. Inclusive lepton data set

The inclusive lepton data set is composed of electron
muon triggers. Electron identification is based on ene
clusters in the CEM with an associated CTC track. The pr
cipal single electron trigger required a level-2 triggerET
threshold of 8 GeV, and an associated track withpT
.7.5 GeV/c. The offline reconstruction requires tighte
matching between the position of the CES cluster and
associated track~i.e., r uDfu,3.0 cm and uDzu,5.0 cm!.
The CEM cluster is also required to have a shower pro
consistent with an electron shower, i.e., a longitudinal pro
with less than 4% leakage in the hadron calorimeter, an
lateral profile in the CEM and CES consistent with electr
test beam data.

Muon identification is based on matching CTC trac
with track segments in the muon chambers. The inclus
sample is based on a level-2 trigger with a nominalpT
threshold of 7.5 GeV/c. Each muon chamber track is re
quired to match its associated CTC track. Track segment
both CMU and CMP are required to reduce backgrounds

The inclusive lepton triggers are the dominant contrib
tion to our sample. However, the offline selection does
explicitly require that these triggers be satisfied. All eve
with a lepton track ofpT.6.0 GeV/c, and passing the abov
identification quality cuts, may enter this sample. The co
tribution from other triggers is small, and the bulk of even
with leptonpT below the nominal 7.5 GeV/c threshold arise
when the leptonpT reconstructed offline is lower than tha
estimated by the trigger system. Finally, only lepton can
dates using SVX tracking information are considered, so
to be able to do precision vertexing.

C. J/c data set

TheJ/c sample is based on a dimuon trigger. The trigg
and selection on each muon are similar to that for the inc
sive muons described above, except for a lower nominalpT
threshold of;2 GeV/c @15#. The CMU-CMP requirement is
also relaxed: the muon candidates may be in any of the m
chambers~CMU, CMP, or CMX!, and in any combination
The level-3 trigger requires the presence of two opposit
charged muon candidates with combined invariant mass
tween 2.8 and 3.4 GeV/c2. In offline reconstruction we fur-
ther impose tighter track matching and requirepT
.1.5 GeV/c for each muon. We also require a minimu
energy deposition of 0.5 GeV for each muon in the had
calorimeter, as expected for a minimum ionizing partic
Again, the dimuon sample is not explicitly required to ha
passed the dimuon trigger.

At this stage, no SVX tracking requirement is impose
and there are about 400,000J/c ’s reconstructed, with a
signal-to-noise of about 10:1. Only about half of these
1-4
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fully contained within the SVX.

III. B0-B̄0 MIXING

The phenomenon ofB0-B̄0 mixing, analogous toK0-K̄0

mixing, occurs via higher order weak interactions. Start
with an initially pure sample ofB0’s at proper timet50, the
numbers ofB0 andB̄0 mesons decaying in the interval from
t to t1dt aredN(t)B0→B0 anddN(t)B0→B̄0 respectively; and
they are given by

dN~ t !B0→B0

dt
5

N~0!B0

2t0
e2t/t0~11cosDmt! ~1!

dN~ t !B0→B̄0

dt
5

N~0!B0

2t0
e2t/t0~12cosDmt!, ~2!

wheret0 is the average lifetime of the two neutralB meson
eigenstates, andDm is the mass difference between them

To observe mixing one must experimentally determ
the flavor of the neutralB meson at the times of formatio
and decay, a process referred to as ‘‘flavor tagging.’’ T
flavor at decay is usually well known from the observ
decay products. The initial flavor determination is more d
ficult and is discussed in the next section.

In an experiment with no background and perfect flav
tagging and lifetime reconstruction, the mixing frequen
Dm can be determined from the asymmetry

A0~ t ![

d

dt
N~ t !B0→B02

d

dt
N~ t !B0→B̄0

d

dt
N~ t !B0→B01

d

dt
N~ t !B0→B̄0

5cosDmt. ~3!

If the flavor tag correctly identifies theB0 flavor at pro-
duction with only a probabilityP0 , then the amplitude of the
measured asymmetryA 0

(meas)(t) is reduced by a factorD0

[2P021, called the ‘‘dilution,’’ i.e.,

A 0
~meas!~ t !5~2P021!cosDmt5D0cosDmt. ~4!

A parallel series of expressions may be written when tagg
Bu

1’s, but there is no time dependence, so

A1
~meas!~ t !5~2P121![D1 . ~5!

Tagging chargedB’s can be used to infer the flavor of th
otherb hadron in the event, but in this paper it is principa
of interest as a test of the tagging method. The charged
neutral dilutions need not be equal, andD1 cannot in genera
be used as a direct measure ofD0 .
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The uncertainty on a measurement of the asymmetryA
from a sample ofN ~background-free! events is

sA
2 5~12A 2D 2!/N«D 2.1/N«D 2, ~6!

where« is the efficiency to obtain a flavor tag for the metho
being employed. The figure of merit,«D 2, is called the ‘‘ef-
fective tagging efficiency’’ of the method.

IV. FLAVOR TAGGING

A. Tagging methods

There is now a considerable inventory ofBd
0 mixing mea-

surements available@4#. Most rely on determining the flavo
of the secondb-hadron in the event to infer the initial flavo
of the originally reconstructedB meson. Examples include
lepton tagging@2# and jet-charge tagging@16#. We refer to
these as ‘‘opposite side tagging’’~OST! methods. Reliance
on the opposite-sideb-hadron can have several disadva
tages.

At the Tevatron, once oneB meson is produced in the
central rapidity region covered by CDF~approximately be-
tween 61!, the secondb-flavored hadron is present onl
;40% of the time in this region. In the other;60% of
events the secondb-hadron is unavailable for tagging. Fo
lepton tagging, there is the additional inefficiency arisi
from the semileptonic branching ratio of theB, as well as the
confusion from daughter charmed particles decaying to l
tons. For jet-charge tagging, the purity of the flavor-tag d
cision is reduced by the presence of charged tracks from
proton-antiproton remnants and possible confusion w
gluon ~or light quark! jets. Finally, tagging based on OS
suffers from the inevitable degradation arising from mixi
of the secondb-flavored hadron when it is aB0. In spite of
these complications, OST methods have proven to be p
erful tagging methods in previous mixing measureme
@17,18#.

A contrasting approach is ‘‘same side tagging’’~SST!,
which ignores the secondb-flavored hadron and instead con
siders flavor-charge correlations of charged particles p
duced along with theB meson of interest.2 Such correlations
are expected@7# to arise from particles produced in the fra
mentation chain and from decays ofB** mesons.

A simplified picture of the possible fragmentation pat
for a b̄ quark is displayed in Fig. 1. If theb̄ quark combines
with a u quark to form aBu

1 , then the remainingū quark
may combine with ad quark to form ap2. Alternatively, if
the b̄ quark fragments to form aBd

0 , the correlated pion

2Jet-charge tagging has been extended by combining the opp

and same side jet-charges inZ0→bb̄ @19#. A same side jet-charge
tag is clearly correlated with the SST approach of this paper, but
philosophy is different. The jet-charge method is based on
weighted average of charged tracks reflecting the primary qua
charge@20#, while the proposal of Ref.@7# is based more on select
ing a specific charged particle to determine the flavor.
1-5
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would be ap1. These correlations are the same as th
produced fromB** decays, such asBd** 0→Bu

(* )1p2 or
Bu** 1→Bd

(* )0p1. We do not attempt to differentiate th
sources of correlated pions.

In this simple picture ofB-p correlations, naive isospin
considerations imply that the tagging dilutions forBd

0’s and
Bu

1’s should be the same. However, this need not be the
@21#, and we make no such assumption. Furthermore,
generically refer to the tagging particle as a pion, althou
we do not attempt to experimentally identify it as one.

B. Same side tagging algorithm

General considerations of correlations betweenB flavor
and particles produced in fragmentation offer only quali
tive guidance in constructing an SST algorithm. String fra
mentation models indicate that the velocity of fragmentat
particles are close to that of theB, and similarly for pions
from B** decays. Motivated by this observation, a numb
of variables were studied for selecting a tagging track us
data and Monte Carlo simulations, among them:~i! the maxi-
mum pT track, ~ii ! the minimumB-track mass~using the
pion mass!, ~iii ! the minimum DR[A(Dh)21(Df)2 be-
tween theB and a track,~iv! the minimum of the track mo-
mentum component transverse to the combined momen
of theB (PW B) plus track (PW TR) momentum (pT

rel , see Fig. 2!,
and ~v! the maximum of the track momentum compone
along theB-track system momentum (pL

rel), as well as sev-
eral others. We found that these five variables have sim
performance, and moreover were highly correlated in sel
ing the same track as the tag. Future studies with hig
statistics samples may enable one to optimize the choice
we were unable to identify one method as clearly super
We chose to usepT

rel , as this variable was among the best f
correctly identifying the flavor~i.e., had a largeD!, and it

FIG. 1. A simplified picture of fragmentation paths for ab̄
quark.
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seemed less vulnerable to tagging onB decay products
missed in partialB reconstructions~Sec. V E!.3

For our specific SST algorithm, we consider all charg
particles that pass through all stereo layers of the CTC
are within theh-f cone of ‘‘radius’’DR50.7 centered along
the direction of theB meson. If theB is partially recon-
structed, we approximate this direction with the moment
sum from the partial reconstruction. Tracks are required to
consistent with having originated from the fragmentati
chain or the decay ofB** mesons, i.e., coming from th
primary vertex of thepp̄-interaction. This translates into th
demand that tracks must have at least 3 out of 4 SVX h
d0 /s0,3 whered0 is the distance of closest approach of t
track trajectory to the primary vertex when projected on
the plane transverse to the beam line (r -f plane! ands0 is
the estimated error ond0 , and the closest approach inz must
be within 5 cm of the primary vertex.

Due to chamber design, the CTC is known to have
lower reconstruction efficiency for negative tracks compa
to positive ones at lowpT ~Sec. VI C 3!. To suppress this
bias, all candidate tracks must have apT above a threshold o
pT(SST)5400 MeV/c.

At this point, more than one candidate tag may be av
able for a givenB. To selectthetag, we choose the candida
track with the smallestpT

rel .
A B is tagged if there is at least one track that satisfi

these selection requirements. The fraction ofB candidates
with a tag is the tagging efficiency, and it is;60– 70% for
this algorithm in our data.

V. FLAVOR OSCILLATIONS IN THE LEPTON 1CHARM
SAMPLE

We apply our SST method to a sample ofBu,d decays to
a lepton plus charmed meson. We form the asymme
analogous to Eq.~3!, between the decay flavor and th
charge of the tag track, and we fit this asymmetry using ax2

3If not for this issue, our studies tended to favorpL
rel , essentially

the same variable employed in Ref.@9# for tagging exclusively re-
constructedB samples.

FIG. 2. Schematic drawing of the momentum vectors determ
ing pT

rel andpL
rel of an SST candidate.
1-6
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TABLE I. Kinematic and geometric selection cuts for the five decay signatures. The impact para
significance cutd0 /s0 is applied toD daughter tracks.Lxy(D)/sLxy

is the D decay length significance
relative to the primary, whilectD is the proper decay length of theD with respect to theB vertex, and
Dm(D* ) is the mass difference between theD* candidate and theD candidate plus pion mass.

Decay Signatures

Selection Cuts lD̄ 0 lD 2 lD * 2

K1p2 K1p2p2 K1p2 K1p2p1p2 K1p2p0

pT( l ). (GeV/c) 6.0 6.0 6.0 6.0 6.0
pT(K). (GeV/c) 0.7 0.6 - - 1.0
pT(p). (GeV/c) 0.5 - - - 0.8
pT(D). (GeV/c) 2.0 3.0 - - -
d0 /s0. 3.0 2.0 1.0 0.5 1.0
Lxy(D)/sLxy

. 3.0 5.0 1.0 1.0 1.0
uDm(D* )u, (MeV/c2) - - 3.0 2.0 -
um(Kp)21.5u, (GeV/c2) - - - - 0.2
m( lD ), (GeV/c2) 5.0 5.0 5.5 5.5 5.5
20.5,ctD, ~mm! 1.0 2.0 1.0 1.0 1.5
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minimization to obtainDmd . As a by-product, the tagging
dilutions are also determined. As we are henceforth c
cerned specifically withBu

1 andBd
0 , the subscripts are sup

pressed for the remainder of this paper.
The incomplete reconstruction of theB’s introduces sev-

eral complications:~i! missing decay products means that t
precisebg-factor to compute the proper decay time is n
known; ~ii ! a missed charged decay product results in aB1

being classified as aB0 and vice versa; and~iii ! a missed
charged decay product may be chosen as the tag, biasin
asymmetry. The latter two issues are the principal subtle
of this analysis, and necessitate careful consideration of
composition of the sample. Not all the branching ratio info
mation required is well known, and when not, we rely inte
nally on our data set. Because the unknown sample com
sition parameters depend themselves on other sam
composition parameters we use an enlargedx2 function to fit
globally for Dmd and the unknown composition paramete

We first describe the sample selection and then disc
issues of sample composition. The proper time measurem
and the corrections for missing particles, is fairly standa
but B0↔B1 cross-talk introduces additional corrections. W
then discuss the measured and expected flavor-charge a
metry given the complications of the sample compositi
including the biases of tagging onB decay products. We
finally discuss thex2 fit, results, and the effects of systema
uncertainties onDmd and the tagging dilutions.

A. B candidate selection

We use partially reconstructedB’s consisting of a lepton
and a charmed meson. A particularB reconstruction does no
necessarily arise from a unique sequence of bottom
charm decay modes when there are unidentified decay p
ucts ~Sec. V B!. We therefore refer to the variousB recon-
structions as ‘‘decay signatures,’’ and use the predomin
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decay sequence as a label. The samples ofB0’s consist of
four decay signatures, oneB0→n l 1D2 signature and three
B0→n l 1D* 2:

B0→n l 1D2, D2→K1p2p2 ~7!

B0→n l 1D* 2, D* 2→D̄0p
*
2 , D̄0→K1p2 ~8!

B0→n l 1D* 2, D* 2→D̄0p
*
2, D̄0→K1p2p2p1 ~9!

B0→n l 1D* 2, D* 2→D̄0p
*
2, D̄0→K1p2p0, ~10!

where we adopt the convention that ap from a D* or D**
decay is labeled by a ‘‘* ’’ or ‘‘ ** ’’ subscript. For theB1’s,
we use only one decay signature:

B1→n l 1D̄0, D̄0→K1p2. ~11!

As noted above, the decay signatures do not represent a
cific sequence of decays; they in fact include several
quences, for instance, Eq.~11! includes the decay chainB1

→n l 1D̄* 0 followed by D̄* 0→D̄0p
*
0 and D̄0→K1p2,

where thep
*
0 is not identified.

TheB selection starts with the inclusive lepton (e andm!
samples of Sec. II B. The tracks of theD (* ) daughters must
lie within a cone ofDR51.0 around the lepton, pass throug
all nine CTC superlayers, have enough hits for good tra
reconstruction, and satisfy apT requirement~see Table I!.
All tracks ~except one in the case ofD0→K1p2p2p1!
must use SVX information, and they must also be consis
with originating in the vicinity of the same primary vertex
The candidate tracks must form an invariant mass in a lo
1-7
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window around the nominalD mass, where all permutation
of mass assignments consistent with the charm hypoth
are attempted.

The candidate tracks are combined in a fit constrain
them to aD decay vertex;x2 and mass window cuts ar
imposed. With theD vertex established, we select the p
mary vertex from those4 reconstructed in the VTX as the on
nearest inz to the D. The transverse coordinates of th
primary vertex are obtained from az dependent averag
beam position, as measured by the SVX over a large num
of collisions recorded under identical Tevatron ope
ting conditions. We require theD tracks to be displaced
from this primary vertex (d0 /s0 cut in Table I!, and the
projected transverse distanceLxy(D) between theD vertex
and the primary vertex to be greater than its uncertaintysLxy

@Lxy(D)/sLxy
cut in Table I#. The projected distanceLxy(D)

is defined as

Lxy~D ![
~xWD2xW prim!•pW T~D !

upW T~D !u
, ~12!

where the two vertices are given by the position vect
xW prim andxWD , and theD transverse momentum ispW T(D).

We next find theB vertex. For theB0→n l 1D* 2 signa-
ture the lepton and thep

*
2 from theD* 2 decay both come

from theB decay point. We fit for theB vertex by intersect-
ing the lepton and thep

*
2 tracks, and require that theD

points back to it. For theB0→n l 1D2 or B1→n l 1D̄0 sig-
natures there is no additional track emerging from theB
vertex. TheD is projected back to the lepton track and th
intersection determines theB vertex, as sketched in Fig. 3. A
loose cut is applied to theD proper decay length relative t
the B vertex (ctD in Table I!. The charges of the lepton an
the charm candidates are required to be consistent with
decay of a singleB, i.e., al 6K6 correlation.

The B0→n l 1D* 2 decays followed byD* 2→D̄0p
*
2

also contribute to thel 1D̄0 samples. The separation betwe
B0 and B1 is improved by removing alll 1D̄0 candidates
that also participate in thel 1D* 2 reconstruction. We define
a D* 2 candidate as a validD̄0 candidate with ap

*
2 candi-

4It is not so uncommon to have multiplepp̄ interactions in a
single bunch crossing at the higher Tevatron luminosities.

FIG. 3. A typicalB→n lD event topology, where aB meson is
produced at the event primary vertex, and decays after traveli
short distance into a lepton, aD meson, and a neutrino~undetected,
and not shown!. The D later decays into a kaon and one or mo
pions.
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date that makes the mass differencem(D̄0p
*
2)2m(D̄0) con-

sistent with the known mass difference between theD* 2 and
D̄0 @22#. Since them(D̄0p

*
2)2m(D̄0) distribution for real

D* 2’s is very narrow (;1 MeV), this removal is very effi-
cient once thep

*
2 is reconstructed.

The numbers ofB candidates are extracted from a fit
the charm mass distributions. Figure 4 shows the invar
mass distributions~solid histogram! for the four channels of
exclusively reconstructed charm. The signal components
the D mass distributions are modeled by Gaussians, and
combinatorial backgrounds by linear functions~solid curves
in Fig. 4!.

The dashed histograms in Fig. 4 represent the ‘‘D ’’ mass
distributions forB candidates where the lepton and the ka
have the wrong charge correlation (l 6K7). These ‘‘wrong-
sign’’ events can be combinatorial background, as well
cases where there was a realD and a fake lepton.5 The
absence of a peak in the wrong-sign ‘‘D ’’ mass distribution

5The number of wrong-sign events for thel 1D̄0 and D̄0

→K1p2 signature~lower right plot in Fig. 4! is substantially larger
than the right-sign sideband background, in contrast to the o
signatures. This is a result of the fact that, in addition to the nor
contributions to the wrong-sign events, a large fraction of the rig

sign D̄0 signal events enter the wrong-sign distribution~within the
plotted mass window! when the incorrectK1-p2 mass assignments
are made. For the other signatures there is little contribution fr
the signal events in the wrong-sign distributions.

a

FIG. 4. The mass distributions of the fully reconstructedD can-

didates ~solid histogram! for: l 1D* 2, D̄0→K1p2 ~upper left!;

l 1D* 2, D̄0→K1p2p1p2 ~upper right!; l 1D2, D2→K1p2p2

~lower left! and l 1D̄0, D̄0→K1p2 ~lower right!. The dashed his-
tograms are the distributions of the wrong-sign (l 6K7) candidates.
The number of signal events from the fit~solid curve! is indicated in
each plot.
1-8
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demonstrates that the right-sign sample is a clean signa
lD (* ) pairs coming from singleB mesons.

In the case of the decayl 1D* 2, D̄0→K1p2p0, thep0

is not reconstructed, and theKp invariant mass distribution
has a broad excess below theD mass. However, in the
m(Kpp* )2m(Kp) distribution a relatively narrow pea
appears at the valuem(D* 2)2m(D̄0), as seen in Fig. 5. We
parameterize the combinatorial background by the shap
the wrong-sign (l 6K7) distribution ~lower dashed curve!.
This shape, combined with the signal function, is then fit
the right-sign (l 6K6) data, and is shown by the solid curv
in Fig. 5.

This completes our sample selection, which has yield
almost 10 000B mesons. However, before we can use the
several other issues must be addressed.

B. The composition of thelD „* … sample

1. B0↔B1 cross-talk

As noted earlier, the SST correlation depends on whe
the B meson was charged or neutral. However, only
ground state charm mesons and oneD* decay mode were
reconstructed in the previous section, and the existenc
the intermediate resonancesD* andD** introduce contami-
nation fromB1 decays intoB0 decay signatures, and vic
versa, when charged decay daughters are unidentified o
reconstructed. We disentangle this cross-talk by relating
charged and neutralB fractions to the number of recon
structed charm mesons through relative branching ratios
reconstruction efficiencies. This section details this conn
tion.

There are two causes of theB0↔B1 cross-talk in this
analysis:

FIG. 5. The distribution ofm(Kpp* )2m(Kp) for the signa-

ture D* 2→D̄0p
*
2 , D̄0→K1p2p0 (p0 not reconstructed!. The

upper histogram is the distribution of the right-signlD candidates,
and the lower histogram is for the wrong-sign combinations. T
solid curve is the fit of the right-sign distribution, with the fitte
background component shown by the upper dashed curve.
background shape is obtained from a fit~lower dashed curve! of the
wrong-sign data.
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~i! Missing thep
*
2 from the D* 2 decay.For example,

B1→n l 1D̄0 ~13!

can be mimicked by the decay sequence

B0→n l 1D* 2

D* 2→D̄0p
*
2 ~14!

if the p
*
2 is not part of the reconstruction.

~ii ! B decays to D** -mesons.The decay chain

B0→n l 1D** 2 ~15!

D** 2→D̄0p
**
2 ~16!

will also mimic thel 1D̄0 signature of theB1 when thep
**
2

is unidentified.
The first case is of concern as it is not unusual for

momentum ofp
*
2 to fall below ourpT cut. Thep

*
2 tends to

be soft because of the small energy release in the de
coupled with the modest boost of most of ourB’s. We iden-
tify the p

*
2 only with some efficiencye(p* ).

In the other case, we do not attempt to find thep** from
the D** . There are four expected orbitally excitedD**
resonances~see Table II!, some of which decay intoDp,
others toD* p, and one to both. The total decay rate to the
states is not well known, and the proportions of the fo
possibleD** states are almost totally unknown. There
evidence that theD1(2420) andD2* (2460) states are pro
duced at some level inB decays@23#. There may also be
non-resonantD (* )p production (B→n lD (* )p) @23#, which
has the same cross-talk effect. It would be extremely diffic
to distinguish these decays from the twoD** resonances
which are predicted to be broad by heavy quark effect
theory @24#. We therefore subsume the effects of fourD**
resonances, as well as the four-body semileptonic deca
the B meson, into our treatment of ‘‘D** ’’’s.

e

is

TABLE II. The expectedD** states and properties. The cla
sification into wide and narrow states follows the predictions
heavy quark effective theory.

Name JP Width Decay Modes

D0* 01 wide Dp

D1* 11 wide D* p

D1(2420) 11 narrow D* p

D2* (2460) 21 narrow Dp, D* p
1-9
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The complete picture of the decay chains is more com
cated, since bothB0 and B1 decay into ‘‘D** ’’’s, and
D** 2 andD̄** 0 decay into bothD* 2 andD̄* 0, as well as
D2 andD̄0. The full complexity of the decays is illustrate
in the state diagram shown in Fig. 6. To reiterate our ter
nology, a specific sequence of decays in Fig. 6 is calle
‘‘ decay chain,’’ and the reconstructed final state is a ‘‘decay
signature.’’ Several decay chains may contribute to the sa
decay signature. Decay chains in which theB decays directly
into a decay signature~i.e., no particles except the neutrin
are missed! are called ‘‘direct decay chains.’’ Equations
~13!, ~14!, and~16! are examples of decay chains; Eq.~13! is
also a direct decay chain. Each of the five decay signat
considered in this analysis consists of several decay cha
three for everyl 1D* 2, nine for thel 1D2, and twelve for
the l 1D0 ~see Table III!.

2. Determining the sample composition

Due to theB0↔B1 cross-talk, a simple computation o
the time-dependent charge-flavor asymmetry of Eq.~3! for a
lD (* ) decay signature will result in a weighted average
the B0 andB1 asymmetries@Eqs.~4! and ~5!#. The weight-
ing is determined by the fractional contributions ofB0 and
B1 decays to that decay signature; we call these fractions
‘‘sample composition.’’ The fraction ofB0 andB1 decays in
a decay signature is essentially determined by the branc
ratios and reconstruction efficiencies for each decay ch
contributing to that signature. Since only fractions are
volved, it is convenient to use ratios of branching ratios a
relative efficiencies. These quantities, along with theB0 and
B1 lifetimes, fully describe the sample composition as
function of proper time and are referred to as the ‘‘sam
composition parameters.’’ We now discuss how we de
mine the fractions ofB0 and B1 mesons contributing to a
signature, given our choice of sample composition para
eters.

We tabulate~Table III! all possible decay chains that fee
into each signature, and classify them as originating from
B0 or B1. For compactness, we label decay signatures bk,

FIG. 6. The state diagram for all possibleB→ lD (* )X transi-
tions. The f , f * , and f ** are semileptonicB branching ratios to
charm mesons.
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and decay chains byh. The symbol ‘‘B0→hPk’’ is inter-
preted as ‘‘the decay chainh originates from aB0 and con-
tributes to the decay signaturek. ’’ We write the fraction of
neutral and charged mesons contributing to a decay signa
k as

F k
0~ t ![

d

dt
Nk

0~ t !

d

dt
$Nk

0~ t !1Nk
1~ t !%

~17!

F k
1~ t ![

d

dt
Nk

1~ t !

d

dt
$Nk

0~ t !1Nk
1~ t !%

, ~18!

where thedNk
0,1(t) are the numbers of events of signaturek

originating fromB0 or B1 which decayed in the proper tim
interval fromt to t1dt. These numbers are sums over all t
decay chainsh resulting in the signaturek:

dNk
0~ t !

dt
5

NBe2t/t0

2t0
(

B0→hPk

B~B0→h!e~B0→h! ~19!

dNk
1~ t !

dt
5

NBe2t/t1

2t1
(

B1→hPk

B~B1→h!e~B1→h!,

~20!

where we assume equal numbers ofB0’s andB1’s are pro-
duced ~i.e., NB52N152N0!; t0,1 are theB0,1 lifetimes,
and B(B0,1→hPk) and e(B0,1→hPk) are the branching
ratios and reconstruction efficiencies6 of a B0,1 decaying
through the chainh and resulting in signaturek. The sums
for the two mesons are different since they are over a dif
ent set of decay chains for signaturek. Knowing all the
branching ratios and efficiencies, we can calculate
sample fractionsF k

0,1 .
The efficienciese(B0,1→hPk) share common factors

across decay chains. Since only the ratios are needed in
~17! and ~18!, we express the efficiencies relative to the d
rect decay chaind, for signaturek,

ekh
D [

e~B~h!→hPk!

e~B~d!→dPk!
. ~21!

The superscripts ‘‘(h)’’ and ‘‘( d)’’ represent the charge o
the B which originated theh and d chains; and the ‘‘D ’’
superscript is a reminder that these relative efficiencies
largely determined by the type of charm mesons in the de
chain. For the direct decay chainh5d, and soekd

D [1. We
determineekh

D for each decay chainh from a Monte Carlo
simulation as discussed in the next section.

6We apply the term ‘‘reconstruction’’ only to those parts of th
decay we identify; neutrinos and decay products which are not
of the decay signature are not included.
1-10
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TABLE III. Table of the variousB decay chains and their contributions to the sample composition of the three general catego

decay signatures (lD * 2, lD 2, and lD̄ 0!. Dashes indicate that a particular decay chain makes no contribution. The total contributio
given sample is simply the sum over the entries in a vertical column. The branching ratio ofD*→XY is denoted by ‘‘B* (XY). ’’ All p (* )

0 ’s,
p** ’s, andg’s are lost from the reconstruction, andp

*
2’s are identified with efficiencye(p* ). See the text for a discussion of the oth

parameters.

B0 Decay Chains

Decay Signatures

lD * 2 lD 2 lD̄ 0

→D** 2l 1n

D** 2→D̄* 0p
**
2

D̄* 0→D̄0p
*
0 - - f ** PV(2/3)B* (D2p

*
0 )

D̄* 0→D̄0g - - f ** PV(2/3)B* (D̄0g)
D** 2→D* 2p

**
0

D* 2→D̄0p
*
2 f ** PV(1/3)B* (D̄0p

*
2)e(p* ) - f ** PV(1/3)B* (D̄0p

*
2)„12e(p* )…

D* 2→D2p
*
0 - f ** PV(1/3)B* (D2p

*
0 ) -

D* 2→D2g - f ** PV(1/3)B* (D2g) -

D** 2→D̄0p
**
2 - - f ** (12PV)(2/3)

D** 2→D2p
**
0 - f ** (12PV)(1/3) -

→D* 2l 1n

D* 2→D̄0p
*
2 f *B* (D̄0p

*
2)e(p* ) - f *B* (D̄0p

*
2)„12e(p* )…

D* 2→D2p
*
0 - f *B* (D2p

*
0 ) -

D* 2→D2g - f *B* (D2g) -
→D2l 1n - f -

B1 Decay Chains

→D̄** 0l 1n

D̄** 0→D* 2p
**
1

D* 2→D̄0p
*
2 f ** PV(2/3)B* (D̄0p

*
2)e(p* ) - f ** PV(2/3)B* (D̄0p

*
2)„12e(p* )…

D* 2→D2p
*
0 - f ** PV(2/3)B* (D2p

*
0 ) -

D* 2→D̄0g - f ** PV(2/3)B* (D2g) -

D̄** 0→D̄* 0p
**
0

D̄* 0→D̄0p
*
0 - - f ** PV(1/3)B* (D̄0p

*
0 )

D̄* 0→D̄0g - - f ** PV(1/3)B* (D̄0g)

D̄** 0→D2p
**
1 - f ** (12PV)(1/3) -

D̄** 0→D̄0p
**
0 - - f ** (12PV)(1/3)

→D̄* 0l 1n

D̄* 0→D̄0p
*
0 - - f *B* (D̄0p

*
0 )

D̄* 0→D̄0g - - f *B* (D̄0g)

→D̄0l 1n - - f
e

e
ll
f
g

sp

ect
Similarly, only the branching ratios relative to the th
direct chain branching ratio are required here, i.e.,B(B(h)

→hPk)/B(B(d)→dPk). Rather than attempting to us
each branching ratio explicitly, not all of which are we
known, we can re-express the required ratios in terms o
few relative branching fractions by using a few simplifyin
assumptions. We outline this process by considering a
cific example using theB0 signaturek5 ‘ ‘ l 1D* 2. ’ ’ The
direct chain isB0→n l 1D* 2, and there are two ‘‘D** ’’
chains~p** ’s are unidentified!: B0→n l 1D** 2 followed by
D** 2→D* 2p

**
0 , and B1→n l 1D̄** 0 with D̄** 0

→D* 2p1 . If we index these three chains byd, a andb

**

03200
a

e-

respectively, then the branching ratios relative to the dir
chain are:

B~B0→aPk!

B~B0→dPk!
5
B~B0→n l 1D** 2!B~D** 2→D* 2p

**
0 !

B~B0→n l 1D* 2!
~22!

and

B~B1→bPk!

B~B0→dPk!
5
B~B1→n l 1D̄** 0!B~D̄** 0→D* 2p

**
1 !

B~B0→n l 1D* 2!
.

~23!
1-11
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The ratio of semileptonicB decays can conveniently b
re-expressed using ratios relative to the inclusive branch
fraction to the lowest-lyingD state, including decays via
intermediateD* andD** states,B(B→n lDX):

f 0,1[
B~B0,1→n lD !

B~B0,1→n lDX !
~24!

f 0,1* [
B~B0,1→n lD * !

B~B0,1→n lDX !
~25!

f 0,1** [
B~B0,1→n lD ** !

B~B0,1→n lDX !
. ~26!

We assume that all the charged and neutral ratios are e
e.g., f 5 f 05 f 1 . Since theD* andD** decay strongly they
all ultimately result in aDX signature, and thusf 1 f *
1 f ** [1. Because theB→n lD ** fractions are the leas
well known, we elect as our two independent parameters

Rf[ f * / f 52.560.6, ~27!

f ** [12 f 2 f * 50.3660.12, ~28!

where the values are derived from world averages@22# and
the f 1 f * average from CLEO@25#.

We may now express Eq.~22! as

B~B0→aPk!

B~B0→dPk!
5

f **

f *
B~D** 2→D* 2p

**
0 !, ~29!

solely in terms off ’s andD branching ratios. On the othe
hand, in Eq.~23! we can use

B~B1→n l 1D̄** 0!

B~B0→n l 1D* 2!
5

f **

f *
B~B1→n l 1D̄0X!

B~B0→n l 1D2X!
, ~30!

where the ratio of the inclusive branching fractions to se
leptonic decays ofB1 relative toB0 must be taken into ac
count.

The ratioB(B1→n l 1D̄0X)/B(B0→n l 1D2X) can be ap-
proximated by the ratio of theB1 andB0 inclusive semilep-
tonic branching ratiosBsl(B

1)/Bsl(B
0). According to the

spectator model, the semileptonic widthGsl is expected to be
the same for theB0 and B1. The ratio of the semileptonic
branching ratios (Bsl5Gsl /G tot) for the B1 and B0 is then
proportional to the ratio of their lifetimes, i.e.,

Bsl~B1!

Bsl~B0!
5

Gsl~B1!/G tot~B1!

Gsl~B0!/G tot~B0!
5

G tot~B0!

G tot~B1!
5

t1

t0
. ~31!

This allows us to also rewrite Eq.~23! in terms off ’s andD
branching ratios as

B~B1→bPk!

B~B0→dPk!
5

t1

t0

f **

f *
B~D̄** 0→D* 2p

**
1 !, ~32!
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with theB lifetimes as the only additional parameter. We u
the B0 lifetime and the ratio ofB lifetimes as our two inde-
pendent parameters, with the values

ct05468618 mm ~33!

t1

t0
51.0260.05 ~34!

obtained from world averages@22#.
The final branching ratios required are those for the cha

decays. ForB(D̄**→D* p** ), we need the fraction of
D** states that decay viaD* p** or Dp** . Isospin sym-
metry gives relative exclusive branching ratios for a partic
lar D** species decaying to aD or D* , such as

B~D** 2→D (* )2p
**
0 !

B~D** 2→D̄ (* )0p
**
2 !

5
B~D̄** 0→D̄ (* )0p

**
0 !

B~D̄** 0→D (* )2p
**
1 !

5
1

2
.

~35!

As noted before, we use the symbol ‘‘D** ’’ to represent the
sum over all fourD** states~Table II! as well as two non-
resonant channels. The various ‘‘D** ’’ states, however, de-
cay differently to D and D* . Reference to aB→D**
→D (* ) decay chain implies summing over all possib
‘‘ D** ’’ states. We usePV to denote the inclusive probability
that aD** decay yields aD* as opposed to aD, and it is
given by

PV[
B~B→D**→D* p** !

B~B→D**→D* p** !1B~B→D**→Dp** !
.

~36!

PV also depends upon the relative fractions of the vario
B→D** decays sincePV is an effective average over all th
D** states produced in theB decay.

Equation~29! then becomes

B~B0→aPk!

B~B0→dPk!
5

f **

f * S 1

3D PV , ~37!

where the ‘‘1/3’’ is the isospin factor@similar to Eq.~35!#. A
parallel expression may be written for Eq.~32!. PV is poorly
known and is often assumed to lie between 0.34 and 0
@26#. However, it can be~weakly! constrained by our data
and we therefore let it vary as a free fit parameter in ourDmd
fit ~Sec. V F!.

For the l 1D2 and l 1D̄0 decay signatures, we also nee
D* branching fractions. TheD* 0 always decays to aD0

with a p
*
0 or photon, and the signature is alwaysl 1D̄0. On

the other hand theD* 2 has two decay channels which fee
into different signatures. These ratios are well known@22#:

B~D* 2→D̄0p
*
2!5~68.361.3!% ~38!

B~D* 2→D2p
*
0 !5~31.760.8!%. ~39!
1-12
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From thisl 1D* 2 example we have seen the basic ing
dients for determining the sample composition. In order
use a general notation, we define the relative ratio:

fkh[
B~B~h!→hPk!

B~B~d!→n lDX !

td

th
, ~40!

where byB(d) we denote theB charge state for the direc
decay chain, and bytd its lifetime. th is the lifetime of the
B(h) from which the chainh originates. In Eq.~40! thetd /th
ratio is included in order to cancel out the lifetime ratio th
may appear in the branching ratiosB by Eq.~31! @e.g., in Eq.
~32!# so that thefkh’s depend only on branching ratios a
eraged over bothB meson species. Thefkh’s are compiled
in Table III along with thep* reconstruction efficiency fac
tor, which is discussed in the next section.

We then determine the sample composition fractio
F k

0,1(t) for signaturek from the numbers ofB0,1 mesons
dNk

0,1(t) @Eqs.~19! and ~20!# as

dNk
0~ t !

dt
5M kde

2t/t0 (
B0→hPk

fkhekh
D ~41!

dNk
1~ t !

dt
5M kde

2t/t1 (
B1→hPk

fkhekh
D , ~42!

with the normalization factor

Mkd[
NBB~B~d!→n lDX !e~B~d!→dPk!

2td
. ~43!

When calculating the ratios forF k
0,1(t) this factor cancels

out. It is with theF k
0,1(t) fractions that we fully quantify the

sample composition.

3. Reconstruction efficiencies

We use a Monte Carlo simulation to calculate the relat
reconstruction efficienciesekh

D for each decay chainh con-
tributing to signaturek relative to the direct decay chain fo
k. Many systematic effects cancel out in these ratios
lepton1charm reconstruction efficiencies. In fact, these
tios depend almost exclusively on the decay kinemat
which are reliably simulated.

We use our singleB Monte Carlo generator~Appendix
A1! to produce and decayB mesons, and we pass the
through the standard CDF detector simulation. We then
ply the selection cuts and calculate the relative efficienc
The ekh

D vary from about 0.2 to 1.5, with most of the varia
tion arising from the effects of the fixed leptonpT threshold
on the reconstruction of the variousD states@27#.

One last efficiency is needed. TheD* 2→D̄0p
*
2 recon-

struction efficiency includes a contribution for the efficien
of finding thep

*
2 , which cancels out in the ratiosekh

D . Loss

of thep
*
2 makesD* 2→D̄0p

*
2 look like a D̄0. SinceD̄0p

*
2

candidates are removed from theD̄0 sample, we need to
know the absolute efficiencye(p* ) to quantify the separa
tion of theD* 2 and D̄0 signatures.
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We use data rather than Monte Carlo to determinee(p* ),
since the absolute detector response for such lowpT particles
is difficult to model. We use a related quantity, which c
both be calculated frome(p* ) and other sample compos
tion parameters, as well as be measured in data. This q
tity is the fraction ofl 1D* 2 candidates reconstructed out
the entireD̄0→K1p2 sample~i.e., before theD* removal!,

R* [
N~ l 1D* 2!

N„l 1D̄0~p
*
6!…

, ~44!

where ‘‘l 1D̄0(p
*
6)’’ signifies l 1D̄0 candidates beforeD* 2

removal. The measurement in data,R* (meas), is accom-
plished by fitting thel 1D* 2 and l 1D̄0 ~without D* 2 re-
moval! mass distributions simultaneously, and retur
R* (meas)50.24960.008.

The calculation ofR* consists of summing over all th
decay chains which give the desired signatures. Each ter
weighted by reconstruction efficiencies. The denomina
sums over all decay chains which have aD̄0 in their final
states, includingD* 2 decays:

N„l 1D̄0~p
*
6!…

5E
0

`F d

dt
Nl 1D̄0X

0
~ t !1

d

dt
Nl 1D̄0X

1
~ t !Gdt

5H NBe~n l 1D̄0!B~B1→n l 1D̄0X!

2t1
J

3F t1 (
B1→hP l 1D̄0

fkhekh
D 1t0 (

B0→hP l 1D̄0
fkhekh

D G ,

~45!

where the lifetime factors result from integrating the exp
nential factors over time.

The numerator of Eq.~44!, on the other hand, only sum
over those decay chains which give aD* 2, and is then mul-
tiplied by e(p* ) to make it the number ofD* 2’s which are
fully reconstructed, i.e.,

N~ l 1D* 2!

5E
0

`F d

dt
Nl 1D* 2X

0
~ t !1

d

dt
Nl 1D* 2X

1
~ t !Gdt

5H NBe~n l 1D̄0!B~B1→n l 1D̄0X!

2t1
J

3Ft1S f **
2

3
PVea

DD1t0S f * eb
D1 f **

1

3
PVec

DD G
3B~D* 2→D0p

*
2!e~p* !. ~46!

We have explicitly substituted the sample composition
rametersfkh’s from Table III in the square bracket term
since it is relatively simple in this case. The subscripts on
1-13
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relative efficiencies refer to the following chains: (a) B1

→ l 1D̄** 0, D̄** 0→D* 2p
**
1 ; (b) B0→ l 1D* 2; and (c)

B0→ l 1D̄** 2, D** 2→D* 2p
**
0 . All D* 2’s decay to

D̄0p
*
2 . We see that the ratio of these two expressions,

prediction for R* , is directly proportional toe(p* ), and
only depends upon previously defined sample composi
parameters. When the sample composition dependent pr
tion for R* is constrained to the valueR* (meas) in the Dmd
fit, we find thate(p* )'0.85 ~Sec. V F 2!.

4. Summary of the sample composition

The fractions of theB0 andB1 decays in each of the five
decay signatures are described by a set of sample com
tion parameters. Among them,Rf , f ** , andt1 /t0 are ob-
tained from other experiments, and theekh

D are calculated
from Monte Carlo simulation. The parametere(p* ) is ex-
pressed in terms of the other sample composition parame
~via R* ! and R* (meas) ~obtained from the data!. The final
parameter,PV , will be a free parameter to be determined
the Dmd fit.

MeasuringB0-B̄0 oscillations also requires the determin
tion of the proper time of theB decay. This will be discusse
next, but sample composition effects must be included th
as well.

C. Proper time of the B decay

The true proper timet̂ of aB decay may be determined b
using its projected transverse decay length relative to
primary vertexLxy(B) @following Eq. ~12!#, by

c t̂5Lxy~B!
m~B!

pT~B!
, ~47!

wherem(B) is the mass of theB andpT(B) is its transverse
momentum. Since theB is only partially reconstructed here
we use Monte Carlo–derived average correctionsKkh relat-
ing the reconstructed parts of the transverse momen
pT( lD ) to that of the completepT(B), i.e.,

Kkh[ K pT~ lD !

pT~B! L
MC

~48!

for decay chainh contributing to signaturek.
The K-factors are determined from the same simulat

~Appendix A1! as the efficienciesekh
D . An example of a

pT( lD )/pT(B) distribution is shown in Fig. 7. The distribu
tion is relatively well concentrated because the lepton trig
threshold favors decays where the neutrino takes onl
small portion ofpT(B), thereby making thelD system a fair
representation of theB. The direct decay chains have mea
of ;85%, and rms’s of;10%. Also shown in Fig. 7 is the
mean ofpT( lD )/pT(B) as a function of thelD massm( lD );
less of a correction is needed the closerm( lD ) is to theB
mass. We improve our resolution by using am( lD ) depen-
dent correction on an event-by-event basis.
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The correction factor varies with decay chain, so the co
plete scale factor,K̄k

0,1 , for signature k is a sample
composition-weighted average of theKkh’s,

K̄k
05

(B0→hfkhekh
D Kkh

(B0→hfkhekh
D ~49!

for B0’s, and an analogous expression forK̄k
1 . In order to

simplify averaging over the sample composition and can
systematic uncertainties, we replaceKkh in Eq. ~49! by Kkd
3(Kkh /Kkd), whered is the direct chain contributing tok.
We factor Kkd outside the summation leaving the rat
Kkh /Kkd behind. The set of factors we then use are theKkd
with the m( lD ) dependent corrections, and theKkh /Kkd av-
eraged overm( lD ) @where them( lD ) dependence largely
cancels out#.

The factorsK̄k
0 andK̄k

1 are different by virtue of the sum
mation over different decay chains forB0’s and B1’s. The
dependence of the sample compositionFk on the lifetimes is
accounted for by using the corrected times,

ctk
0,1[Lxy~B!

m~B!

pT~ lD !
K̄k

0,1'c t̂ ~50!

as an estimate of the true proper timet̂ in the sample com-
position fractions, e.g., for Eq.~17! we write

F k
0~ctk

0 ,ctk
1![

d

dt
Nk

0~ctk
0!

d

dt
$Nk

0~ctk
0!1Nk

1~ctk
1!%

. ~51!

The use ofpT( lD ) rather than the truepT(B) smears the
ct distribution in addition to theaverageshift considered
above. The difference between the reconstructed proper
cay distancectk

0,1 and the true distancec t̂ is ~suppressing
most super- and subscripts!

Dct[ctk
0,12c t̂5D~Lxy~B!/bTg!. ~52!

Approximating 1/bTg with its mean valuê1/bTg& gives

FIG. 7. The distribution ofK[pT( lD )/pT(B) ~left!, andK vs
m( lD ) ~right! with a fit of a quadratic function, for the direct deca

l 1D* 2, D̄0→K1p2. The ‘‘error’’ bars in theK vs m( lD ) plot
represent the rms spread of theK-distribution in each bin, and no
the error on the bin mean ofK.
1-14
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Dct5 K 1

bTg L DLxy~B!1ct
D~1/bTg!

^1/bTg&
, ~53!

which illustrates the effect of the reconstruction resolut
via theDLxy(B) term, and the additional smearing due to o
average corrections byD(1/bTg).

An example of the simulatedDLxy(B) distribution is
shown in Fig. 8. It has a Gaussian-like shape and an ave
resolution of a few hundred microns. Also shown is the fra
tional D(1/bTg) distribution, which is sharply peaked (rm
;14%), and is essentially a mirror image ofpT

lD /pT
B ~Fig. 7!.

The combined effect of both factors is shown by theDct
distribution in Fig. 8, it has an rms of 140mm.

Given the linear dependence ofDct on the proper time in
Eq. ~53!, we parametrize thect resolution as

sct~ct!5sct~0!1b3ct. ~54!

We use the rms spread of theDct distribution for binct as
the resolutionsct(ct), and fit the rms values of the variou
ct bins for the slope and offset of Eq.~54!. The linear model
works well as seen for the sample chain shown in Fig.
This process is repeated for all five direct decay chains,
the results are listed in Table IV. Each chain has a somew
different slope, but the intercepts are similar to the intrin
detector resolution of;40– 50mm obtained when vertexing
pairs of highpT tracks at lowct @15#.

The different decay chains that compose a decay signa
are topologically similar. Simulation shows that thect de-
pendence of thect resolution among the decay chains with
a signature are very similar. We make the~small! sample
composition correction to thect resolution for signaturek by
approximating it as

FIG. 8. The simulation for the direct chainlD * 2, with D̄0

→K1p2: DLxy(B) distribution, fitted with two Gaussians with
relative fractions and rms values listed~top left!;
D(1/bTg)/(1/bTg) distribution ~top right!; Dct distribution ~bot-
tom left!; and the rms of theDct distribution as a function ofct
along with the linear fit forskd

ct (ctkd) ~bottom right!.
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ct~ctkd!5

^sk&ct

^skd&ct
skd

ct ~ctkd!, ~55!

where skd
ct (ctkd) is the parametrization of Eq.~54! for the

direct chaind, and the bar indicates an average over contr
uting chains while the angle brackets denote an average
ct. Thus ^skd&ct is the ct-averagedct resolution for direct
chaind, and^sk&ct is the sample composition-weighted a
erage, over all decay chains contributing tok, of the
ct-averaged resolution. The parameter^sk&ct not only re-
flects the differentct resolutions of the various decay chain
but also the fact that the earlier use of the average correc
factorK̄k

0,1 , rather thanKkh , introduces additional smearin
@27#.

D. Tagging lD „* … and the sample composition

We apply the SST algorithm to thelD (* ) sample and find
that ;70% of the events are tagged. We classify events
each decay signature as having the ‘‘unmixed’’ lepton-
charge combination~e.g., l 1p1 for B0’s and l 1p2 for
B1’s!, or the ‘‘mixed’’ one with the invertedp charge. Each
set is further subdivided into 6ctkd bins,7 wherectkd is the
proper time obtained using the direct decay chaind correc-
tion factor for signaturek @like Eq. ~50!, but only usingKkd#.

The charm mass distribution for each of thesectkd sub-
samples is fit to a Gaussian signal plus linear backgrou
The mean and width of the Gaussian, and the backgro
slope, are all constrained to the same value for all the s
samples of a given signature. The fitted numbers of unmi
@Nk

U(ctkd)# and mixed@Nk
M(ctkd)# events for signaturek in

the discretectkd bin are then used to compute the measu
asymmetry,

Ak
~meas!~ctkd![

Nk
U~ctkd!2Nk

M~ctkd!

Nk
U~ctkd!1Nk

M~ctkd!
. ~56!

Numerically, the value of thectkd bin center is chosen as th
average over the candidates’ctkd’s in the bin, thus account-
ing for the nonuniformct distribution from the exponentia
decay.

7We cannot usectk
0,1 to bin the data because the sample comp

sition is not completely known until after the binned data have b
fit ~Sec. V F!.

TABLE IV. The parameters of the linear model of thect reso-
lution @Eq. ~54!# for the five direct decay chains.

Signature sct(0) ~mm! b

l 1D2, D2→K1p2p2 39 0.108

l 1D* 2, D̄0→K1p2 52 0.075

l 1D* 2, D̄0→K1p2p1p2 49 0.073

l 1D* 2, D̄0→K1p2p0 62 0.070

l 1D̄0, D̄0→K1p2 45 0.092
1-15



n
na

p

vo

is

th

n
te
er

-

d

ST
e-

g

tion
ion
d

d
-
e

-
bal

s

la-

t

l
d,

n-

he
t-
the

n.

a

F. ABE et al. PHYSICAL REVIEW D 59 032001
Denoting the true asymmetries forB0 andB1 asA 0 and
A1, one has for a pure, perfectly identifiedB0 sample the
‘‘predicted’’ asymmetry Āk[0] (ct)5A 0(ct)5cos(Dmdt),
where ‘‘k@0# ’’ indicates thatk is a B0 signature. Whenk
also includesB1 decay chains, one has

Āk[0]~ctkd!5F k
0~ctk

0 ,ctk
1!A 0~ctk

0!

1F k
1~ctk

1 ,ctk
0!$2A1~ctk

1!%, ~57!

for the prediction. The true asymmetries are combined i
sample composition-weighted average, with the fractio
contributionsF k

0,1 from Eqs.~17! and~18!. Furthermore, the
observed proper time must now be corrected for the sam
composition by using thectk

0,1 from Eq. ~50!. TheA1 term
appears with a negative sign since the charge of the fla
correlated tag is reversed when aB1 is mistaken for aB0. A
similar expression, albeit with signs reversed, holds for aB1

signature.
A further correction forĀk is necessary because there

the possibility of selecting thep
**
6 from a D** decay@see

Eq. ~16!# as a tag by mistake. No attempt was made in
sample selection to identifyp

**
6 ’s. The lepton and ap

**
6

tag almost always8 have the right charge correlation for a
unmixedB, given the apparent charge of the reconstruc
B. Thep

**
6 contribution is quantified by the relative numb

of D** ’s present (f ** ) and the probabilityj of selecting the
p

**
6 as a tag in a tagged event in which ap

**
6 was pro-

duced. With this definition ofj the effect of the tagging
algorithm is separated from theD** branching ratios.

We split theB0 andB1 decays into those with and with
out a p

**
6 , and defineF k

0,1,** as the fraction of decay
signaturek in which a p

**
6 was produced.F k

0,** is calcu-
lated in the same way asF k

0 in Eq. ~17!, except that here the
numerator is a sum only of the decay chains involving ap

**
6

from B0. F k
1,** is calculated analogously. Only a fractionj

of p
**
6 ’s are selected as tags, and we split theB0 compo-

nents intoF k
02jF k

0,** andjF k
0,** , and similarly forB1’s.

We then generalize Eq.~57! to includep
**
6 tags in the pre-

diction for the measured asymmetry:

Āk[0]5$F k
02jF k

0,** %A 01jF k
0,** $21%

1$F k
12jF k

1,** %$2A1%

1jF k
1,** $11%, ~58!

where the 21 (11) asymmetry factors in the secon
~fourth! term reflect the perfect correlation ofp

**
6 tags.

All relevant effects for a mixing measurement using S
are contained in Eq.~58!; it describes the observed asymm

8The B1 chain that cascades throughD̄** 0→D* 2→D̄0, tags on
the p

**
1 , and loses thep

*
2 in the reconstruction, is an exceptio

However, this has a small contribution, i.e.,F1,** ;0.5% in Eq.
~58!.
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try Āk[0] given the true asymmetriesA 0,1, thep
**
6 tagging

probability j, and the sample compositionF’s.

E. Determination of the p
**
6 fraction j

The p
**
6 tagging probabilityj depends on the taggin

algorithm, the kinematics and geometry of theB and D**
decays, as well as the characteristics of the fragmenta
and underlying event tracks. We use a full event simulat
~Appendix A2a! to model the decay kinematics an
geometry—which it does reliably—to obtain thect depen-
dence ofj, denoted byjMC(ct). The decay kinematics an
geometry determine thej shape, whereas the relative com
petition between thep

**
6 and the other tracks to become th

tag affects the overallp
**
6 tagging probability. This obser

vation enables us to use our data to determine the glo
normalization ofj, instead of relying on the simulation’
modeling of nearby tracks. We therefore define

j~ct!5jnorm•jMC~ct!, ~59!

wherejnorm is the normalization needed to scale the simu
tion to agree with the data.

The topology of aB→n lD ** decay chain is shown in
Fig. 9. Thect dependence ofj is the result of the impac
parameter significance cut (d0 /s0,3.0) in the SST selec-
tion ~Sec. IV B!. By removing this cut, we remove thect
dependence fromj. Figure 10 showsjMC(ct) with the
d0 /s0 cut removed~top!, and with the cut applied as norma
~bottom!. Without the cut the distribution is flat, as expecte
and corresponds to a 33% probability to tag on ap

**
6 given

that one is present. Applying thed0 /s0 cut rejects most of
the p

**
6 tags, especially oncect is beyond a few hundred

microns. Thej(ct) shape is modeled by a Gaussian, ce
tered at zero, with a constant term.

To determine the normalization,jnorm , we remove the
d0 /s0 cut from the data~analogous to Fig. 10, top!, thereby
eliminating the ct dependence as well as enriching t
sample inp

**
6 tags. We divide the tagged events into righ

sign and wrong-sign tags, and make the distribution of
impact parameter significanceswith respect to the B vertex

FIG. 9. A schematic representation of aB→n lD ** decay. SST
candidate tracks originate from the primary vertex, while thep

**
6

track originates from theB decay vertex. The impact parameter of
track with respect to the primary vertex isd0 while the impact
parameter with respect to theB vertex is given bydB . When theB
vertex and the primary vertex are well separated, thep

**
6 track

usually has a larged0 and a smalldB . The converse is true for
primary tracks.
1-16
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(dB /sB of Fig. 9!. An example of such a distribution i
shown in Fig. 11. The excess of right-sign events n
dB /sB50 is due to thep

**
6 tags. Their number,N(p

**
tag), is

determined by fitting the distribution to a Gaussian~centered
at zero and with a unit rms! for the p

**
6 ’s, plus a p

**
6

background shape obtained from the wrong-sign distribut
The wrong-sign distribution renormalized to the fit result
overlaid onto the right-sign distribution in Fig. 11. It is se
to agree very well with the right-sign distribution at larg
dB /sB , and displays a clear excess near zero.

We also count, again without thed0 /s0 cut, the total
number of tagsN(tags) and compute the fraction ofB de-
cays wherep

**
6 ’s are tags,

Rk** [
N~p

**
tag !

N~ tags!
, ~60!

for signaturek. The measured ratios are given in Table

FIG. 10. Monte Carlo calculation ofjMC as a function of cor-
rected proper decay length,ctkd

0 , for decay signaturel 1D2: no
d0 /s0 cut ~top!, andd0 /s0,3.0 ~bottom!.

FIG. 11. Impact parameter significance distribution with resp
to the B vertex (dB /sB) for the l 1D2, D2→K1p2p2 decay
signature from the data~no d0 /s0 cut, D mass sideband sub
tracted!. Right-sign tags are shown by the solid points. Wrong-s
tags ~open circles! are renormalized to model the right-sign co
tinuum at large impact parameter significance, as described in
text. The right-sign excess near zero is due to thep6 tags.
**

03200
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We extend our notation so thatj/MC is jMC(ct) when the
impact significance cut,d0 /s0,3.0, is removed.j/MC is
then independent ofct. TheR** ’s are simply

Rk** 5jnormj/MC

3E
0

`

$F k
0,** ~ t !1F k

1,** ~ t !%dt, ~61!

for decay signaturek. Thus,jnorm is simply related toRk** ,
the other sample composition parameters, andj/MC . Rather
than attempting to compute an averagejnorm , we will con-
strain the fiveRk** predictions to the measured ratios in th
Dmd fit ~Sec. V F 1!.

F. Fitting the asymmetries

1. The x2 function

The observed tagging asymmetries can be predicted
terms of the sample composition parameters and the
asymmetries. The true asymmetry for theB1 is constant in
ct, while for B0 it follows a cosine dependence, and a
counting for thect resolution one has

A1~ct!5D1 ~62!

A 0~ct!5
G~ct;ct8,sct! ^ $e2t8/t0D0 cos~Dmdct8!%

G~ct;ct8,sct! ^ e2t8/t0
, ~63!

where ^ denotes convolution of the physical time depe
dence~cosine and/or exponential functions! with thect reso-
lution functionG(ct;ct8,sct) overct8. The latter function is
a normalized Gaussian of meanct8 and rmssct. However,
the measuredct, and associated resolution, depends upon
sample composition. Therefore, the proper times used for
predicted asymmetries are thectk

0,1 @Eq. ~50!# obtained using
the sample composition-averagedK-factor. For the resolu-
tion sct we use the composition-weighted resolutio
sk

ct(ctk
0,1) from Eq. ~55!.

We form ax2 function to simultaneously fitDmd , D1 ,
andD0 over allct-bins of all decay signatures by comparin
the predictionsĀk(ctkd) calculated via Eq.~58! against the
measured asymmetriesA k

(meas)(ctkd), wherectkd is used for
A k

(meas) since we were restricted to the direct chainctkd

when binning the data~Sec. V D!. The Āk(ctkd) asymmetry
depends not only upon the parametersDmd , D0 , andD1 ,

t

n

he

TABLE V. The fractions of tags~with no d0 /s0 cut! identified
asp

**
6 candidates,R** , measured in the five decay signatures.

Decay signature R** (meas)

l 1D2, D2→K1p2p2 0.05660.022

l 1D* 2, D̄0→K1p2 0.00360.029

l 1D* 2, D̄0→K1p2p1p2 20.01660.026

l 1D* 2, D̄0→K1p2p0 0.03460.021

l 1D̄0, D̄0→K1p2 0.02960.018
1-17
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which are of direct interest, but also ont0 , t1 /t0 , f ** ,
PV , e(p* ), and jnorm through theF 0,1’s. The last two
parameters are also expressed as functions ofR* andRk** ,
as well as the other composition parameters. The compar
of A k

(meas) andĀk corresponds to the first summation in o
x2 function:

x25 (
k,ctkd

SA k
~meas!~ctkd!2Āk~ctkd!

sk
A~ctkd!

D 2

1(
j

S F j
~meas!2F̄ j„f ** ,PV ,Rf ,e~ps!...…

s j
F D 2

, ~64!

wherek is an index that runs over the five decay signatur
and ctkd symbolizes the summation over the proper tim
bins.

The second summation is over the set of fit input para
eters:F j

(meas) is the measured input value for parameterj ,
s j

F is its error, and the ‘‘predicted’’ value is

F̄ j„f ** ,PV ,Rf ,e(p* ),...…. This prediction is a function of
the sample composition parameters, and in most cases i
trivial substitution, such asF̄ j„f ** ,PV ,Rf ,e(p* ),...…5t0
for theB0 lifetime. However,e(p* ), jnorm , andPV are not
directly measured but are constrained in the fit by their
pearance in the predictions for other measured quanti
namelyR* and Rk** . Allowing e(p* ), jnorm , and PV to
float in the fit constrained by the measured sample comp
tion parameters was one of the motivations for extending
x2 function with the second summation.

The reconstruction efficiency for theD* pion e(p* ) can
be obtained~Sec. V B 3! from R* (meas), measured in the
data to be 0.24960.008. Since the predictionR* is a func-
tion of the sample composition parameters,e(p* ) depends
on them also@Eqs. ~44!–~46!# and must be recompute
whenever the sample composition parameters change.
recomputation naturally occurs in thex2 minimization by
allowing the composition parameters that determineR* to
float, coupled with the constraint of the ‘‘F j ’’ term

S R* ~meas!2R* „e~p* !, f ** ,...…

s* D 2

~65!

in the x2.
A similar approach holds forjnorm and PV using the

R** ’s. In this case there are fiveRk** ’s, one for each decay
signature, and aF j term for each. The prediction forRk** is
proportional tojnorm by Eq.~61!. Becausejnorm is common
across decay signatures, it is essentially determined by
average of all fiveRk** (meas)’s. PV , the relativeD** decay
rate to D* vs D @Eq. ~36!#, is treated as completely un
known. However, it is also related to theRk** ’s. If PV50,
there would be noD**→D* decays, and consequently n
p

**
2 ’s in the l 1D* 2 signatures, resulting in the correspon

ing Rk** 50. The values of theRk** ’s relative to each othe
determine PV . While the errors onRk** (meas) are large
~Table V!, and thereforePV is not tightly constrained, this
method is preferable to just using a theoretical estimate
03200
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PV . Its incorporation into thex2 function automatically en-
ables it—like the other parameters—to vary within the
lowed experimental constraints and propagates the ass
ated uncertainty to the fit parameters.

2. Result of the fit

The x2 function is minimized over the sixct bins for all
five decay signatures simultaneously, letting the unkno
parameters float freely, and the known inputs to vary with
their errors. The fit results in the following values

Dmd50.47120.075
10.083 ps21

D150.26720.034
10.039

D050.18120.031
10.036

e~p* !50.84520.058
10.073

jnorm50.74720.292
10.470

PV50.33120.298
10.276,

with the nominal fit errors quoted. Thex2 of the fit is 26.5
for 30 degrees of freedom.

The p* efficiency is quite high, thereby limiting one
source of theB0↔B1 cross-talk. TheD** contribution to
cross-talk is quantified byPV , which is on the low side of
the range~0.34–0.78! that is sometimes assumed@26#, but is
virtually the same as the 34% used by ALEPH.9 The final
sample composition yields:;82% of thel 1D̄0X signature
comes fromB1 decays, while;80% of the l 1D2X and
;95% of thel 1D* 2X originate fromB0.

Figure 12 shows the result of the fit overlaid on top of t
measured asymmetries, where all threel 1D* 2 signatures
are combined. Figure 13 gives the threel 1D* 2 signatures
separately. The cross-talk is relatively modest, and the
natures dominated byB0 generally show a fairly clear oscil
latory behavior in the raw observed asymmetries. For
B1-dominated signature,l 1D̄0, the raw asymmetry is com
patible with being a constant~Fig. 12!, but the residual effect
of theB0 cross talk is visible in the fitted curve in the form o
a slight oscillation. The effect of theB1 contamination in the
B0 signatures amounts to a constant shift in the asymm
and is therefore not readily apparent.

The fit parameters constrained toa priori measured values
are shown in Table VI along with the value and error outp
by the fit. Except forf ** , these parameters are largely d
coupled from the other fit parameters, and are virtually u
changed from their input values. The data are more sens
to the value off ** because it governs the amount of cros
talk betweenB0 andB1.

9We have not, however, studied the systematic uncertainties
our fitted PV , such as those arising from different models of t
D** states. We expect that these effects to be much smaller
our rather large statistical uncertainty onPV .
1-18
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The correlation coefficients of the fit parameters w
Dmd , D1 , andD0 are shown in Table VII. We see that th
lifetimes are largely decoupled from other parameters.
the other hand,f ** , jnorm , andPV are strongly coupled to
Dmd , D1 , andD0 , underscoring the importance of thep

**
6

corrections to the analysis. The correlation betweenDmd and
D1 is stronger than betweenDmd andD0 . The reason for
this stronger corrrelation is that the effect ofD1 enters via
theB1 contamination of theB0 signatures and is manifeste
by a downward translation of theB0 oscillation in Fig. 12.
As the oscillation is translated down, the intercept with ze
asymmetry moves to shorter times, thereby decreasingDmd .
On the other hand, ifD0 is varied, the oscillation amplitude
varies symmetrically about the vertical axis andDmd is
weakly affected.

G. Statistical and systematic uncertainties

We fit for Dmd , D1 , andD0 using ax2 function which
also incorporates the sample composition parameters.
errors it returns are a combination of statistical and syst
atic effects, yet the errors only partially account for the s
tematic uncertainties. The sources of the uncertainty can
divided into statistical and three systematic categories:

Statistical: the error that is directly correlated with th
lD (* ) sample size.

Correlated systematics:parameters of the fit (f ** , Rf ,
t1 /t0 andt0!, coupled toDmd , D1 , andD0 through

TABLE VI. The fit input and output values of the measure
sample composition parameters.

Input
Parameter

Fit Input Fit Output

Value Error Value Error

f ** 0.360 60.120 0.309 60.100
Rf 2.50 60.60 2.51 60.60
ct0 ~mm! 468 618 468 618
t1 /t0 1.020 60.050 1.021 60.049

TABLE VII. The fit correlation coefficients forDmd , D1 , and
D0 , with respect to all ten fit parameters.

Name Dmd D1 D0

Dmd 1.00 20.372 20.172
D1 20.372 1.000 0.372
D0 20.172 0.372 1.000
Rf 20.020 0.126 0.007
f ** 20.385 0.406 0.504
PV 20.326 20.284 20.310
e(p* ) 20.031 20.082 0.100
jnorm 0.304 20.355 20.445
t0 20.005 0.002 20.001
t1 /t0 20.051 20.157 0.009
03200
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the sample composition@Eq. ~58!#. These parameter
are not correlated among themselves; only their effe
on Dmd , D1 , andD0 are.

Uncorrelated systematics:systematic uncertaintie
caused by imperfect simulation models of the phys
processes or the detector.

Systematics from physics backgrounds:uncertainties
due to other physics processes that contribute toB
→n lD (* ) data samples that have been hitherto n
glected.

FIG. 12. Measured asymmetries as a function of the correc

proper decay lengthctkd for the decay signaturesl 1D̄0 ~dominated
by B1!, l 1D2, and the sum of all threel 1D* 2 ~dominated byB0!.
The threel 1D* 2 signatures are combined only for display pu
poses. The dashed line is the result of the fit.

FIG. 13. The breakdown of the measured asymmetries
l 1D* 2 into the threel 1D* 2 decay signatures. The result of the
is overlaid.
1-19
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We determine the uncertainties from each of these four
egories in turn to estimate the statistical and systematic
certainty for our final result.

We separate the statistical and correlated systematic
rors of the original fit by repeating the fit with the samp
composition parameters fixed to the results of the original
and only six variables (Dmd , D1 , D0 , e(ps), jnorm , and
PV! floating. The errors from the six-variable fit are ju
statistical (sstat), while the errors from the full fit are the
combined statistical and correlated systematic err
(sstat1C.S.). In a Gaussian approximation, we estimate
correlated systematic error,sC.S. , by

sC.S.[Asstat1C.S.
2 2sstat

2 ; ~66!

and find, for example,

Dmd50.47120.068
10.078

20.034
10.033 ps21, ~67!

where the first error is purely statistical and the second is
correlated systematic. This correlated error is listed in Ta
VIII under ‘‘Sample Composition,’’ and is by far the dom
nant systematic uncertainty.

The ‘‘uncorrelated’’ uncertainties include the contrib
tions from the uncertainty in the Monte Carlo modelin
which are also listed in Table VIII. An uncertainty in th
b-quark production spectrum~Appendix A 1! carries over
into the determination of theK-factor distributions. The sys
tematic uncertainty was estimated by weighting the gen
atedpT(B) distribution by a power law factor whose rang

TABLE VIII. Table of the lD (* ) systematic uncertainties.

Source s(Dmd) s(D1) s(D0)

Sample Composition 20.0310
10.0295

20.0131
10.0216

20.0131
10.0225

b-quark spectrum 60.0060 60.0052 60.0017
e isolation cuts 60.0045 60.0036 60.0047
Decay model 60.0115 60.0005 60.0045
Lxy resolution 60.0033 60.0003 60.0000
jMC(ct) shape 60.0035 60.0002 60.0015
B→Ds

(* )D (* )X 60.0010 60.0006 60.0004

Bs→n lD s** 60.0010 60.0019 60.0008
g→cc̄→ lD (* ) 60.0006 60.0012 60.0025
Total 20.0343

10.0329
20.0147
10.0226

20.0150
10.0237

TABLE IX. Fractional contribution of B→Ds
(* )D (* )X, B

→Ds
(* )D (* ), andg→cc̄→ lD (* ) to the lD (* ) samples.

Decay Signature

Fractional Contribution

B→Ds
(* )D (* ) Bs→n lD s** g→ lD (* )

l 1D2, D2→K1p2p2 0.017 0.011 0.005

l 1D* 2, D̄0→K1p2 0.005 0.008 0.002

l 1D* 2, D̄0→K1p2p1p2 0.005 0.008 0.005

l 1D* 2, D̄0→K1p2p0 0.006 0.009 0.019

l 1D̄0, D̄0→K1p2 0.009 0.011 0.005
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was obtained from ab cross section analysis using an incl
sive electron sample. The shifts in fit parameters using
weighted pT spectrum are taken as the associated un
tainty.

The isolation requirement of the inclusive electron trigg
~i.e., no matching cluster in the hadronic calorimeter!, could,
if poorly simulated, bias the decay kinematics of the selec
B’s, and result in an erroneousK-factor. Since this require-
ment is not present in the inclusive muon trigger, we use
difference obtained in the fit when using the electron sam
composition parameters versus those of the muon for
uncertainty.

Various calculations~e.g., of efficiencies,K-factors...! are
sensitive to the differences in theB decay dynamics to aD,
D* , or D** . The systematic uncertainty due to the dec
model is obtained by repeating the analysis where the de
are governed by phase space instead.

The Lxy resolution used in this analysis is from the CD
detector simulation. The systematic uncertainty is obtain
by varying the intrinsic resolution by620%, and the result-
ant shifts are taken as the uncertainty.

The last uncorrelated systematic error is due to the sh
of jMC(ct), the time dependence of the probability to tag
a p** from D** decay. An alternative shape forjMC(ct) is
obtained by using thelD * 2 signature instead oflD 2, and
using a variant of the CDF detector simulation. ThejMC(ct)
is again well described by a Gaussian plus a constant, bu
new rms of the Gaussian is 400mm, which is twice the
nominal value. The shifts in the fit resulting from this wid
jMC(ct) are taken as the systematic uncertainty.

Our results may also be affected by physics backgrou
not included in the sample composition which result
n lD (* )X with the correct correlation ofl andD (* ):

~i! B→Ds
(* )D (* )X, followed byDs

(* )→n lX;
~ii ! Bs→n lD s** , followed byDs**→D (* )K;
~iii ! gluon splittingg→cc̄, followed by c→ lX and c̄
→D (* )Y.

The fractional contributions of the first two processes to o
sample are estimated@27# by Monte Carlo simulation~Ap-
pendix A 1!. The fractions, listed in Table IX, are small.

Because of the uncertainty in accurately predicting
rate and other characteristics of gluon splitting, we use d
rather than simulation to set an upper bound on this con
bution. For this background the apparentB vertex is recon-
structed from two different charm decays, so the rec
structedD will have a broadctD distribution, including cases
where theD apparently decayedbefore the ‘‘B. ’’ There is
some~statistically marginal! evidence of a right sign (l 6K6)
signal in thectD,21 mm region in the data. We use th
size of the far negativectD tail to constrain the potential siz
of the gluon contribution@27#. Because of the large statistica
uncertainty, we take as the upper bound on the gluon con
bution the central value of our fitted fraction plus twice t
statistical error on the fraction~Table IX!. Doubling the sta-
tistical error isad hoc, but we wished to be conservative i
accounting for this poorly constrained process.
1-20
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The effect of each physics process on the asymmetr
accounted for by adding two new terms to the predic
asymmetry of Eq.~58!, one for tagging on fragmentatio
tracksA f rag, and another for tagging on decay produc
A decay. We can determine each of these asymmetries
their upper bounds, and combined with the composition fr
tions repeat the fits to the observed asymmetry@27#. The
shift in fit output under each of these processes is take
their contribution to the systematic uncertainty.

Examination of Table VIII shows that by far the large
contribution to the systematic uncertainty comes from
input sample composition parameters. The combined sys
atic uncertainty is obtained by adding the individual con
butions in quadrature. The combined systematics are
smaller than the statistical uncertainties, especially in
case ofDmd . As a mixing measurement, the application
same side tagging on thelD (* ) sample is still limited by
statistics.

H. Summary of the lD „* … analysis

We have applied our SST method to a partially reco
structedB→ lD (* ) sample and accounted for the effects
B0↔B1 cross talk in the sample composition. The flav
oscillation is readily apparent, and the oscillation frequen
and dilutions are found to be

Dmd50.47120.068
10.07860.034 ps21 ~68!

D150.26760.03220.015
10.023 ~69!

D050.18160.02820.015
10.024 ~70!

where the first error is statistical and the second is the c
bined systematic. OurDmd value compares well with a re
cent world average of 0.48460.026 ps21 @22#. We will dis-
cuss the dilutions further in Sec. VII.

VI. TESTING SST IN B˜J/cK SAMPLES

Having demonstrated that our SST algorithm is capable
revealing the B02B̄0 flavor oscillation in a large
lepton1charm sample, we extend its use to the exclus
modes,B→J/cK1 andJ/cK* 0(892), where one may fur
ther test this method. The SST dilutions should, ignor
some experimental biases, be independent of decay m
and theJ/cK samples should yield results comparable to
lD (* ) analysis. TheseJ/cK samples are too small to provid
precise tagging measurements, but they provide an exp
mental opportunity to study flavor tagging in this type
exclusive mode. This study is especially interesting beca
it serves as a model for taggingB0→J/cKS

0 , which we con-
sider in Ref.@11#.
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A. Reconstruction and tagging ofB˜J/cK

OurJ/cK samples have appeared in a number of previ
publications, in whole or part, on measurements ofB masses
@28#, lifetimes @15,29#, branching ratios@30#, and production
cross sections@31#. The reconstruction criteria are somewh
different here; we wished to maximize the effective statist
and were less concerned about accurately modeling effic
cies or triggers.

B reconstruction begins by forming charged particle co
binations withJ/c candidates~Sec. II C!. Since we require a
well measuredB vertex, at least two particles of the deca
must be reconstructed in the SVX with loose quality requi
ments~principally that the track used hits on at least 3 out
4 SVX layers!. For theJ/cK1 a single particle, assumed t
be a kaon, withpT.1.75 GeV/c is combined with theJ/c.
The J/cK* 0 reconstruction uses pairs of oppositely charg
particles, each withpT.0.5 GeV/c. The pair is accepted a
a K* 0 candidate if a vertex-constrainedx2 fit—considering
both permutations ofK6 andp7 mass assignments—yield
a mass within 80 MeV/c2 of the K* 0 mass (896 MeV/c2),
and haspT(K* 0).3.0 GeV/c. The fit includesdE/dx en-
ergy loss corrections appropriate for the mass assignmen
both permutations satisfy these requirements, the assignm
closest to theK* 0 mass is selected. The highpT(K* 0) cut is
necessary to reduce the larger combinatoric background
J/cK* 0.

The particle~s! making theK1 (K* 0) are combined with
the m1m2 pair in a multiparticlex2 fit for the B with the
m1m2 mass constrained to the world averageJ/c mass, all
daughter particles originating from a common vertex, and
entire system constrained to point to thepp̄ interaction ver-
tex. A run-averaged interaction vertex is used as was d
for the lD (* ) sample~Sec. V A!. The rms spread of the trans
verse beam profile is taken to be 40mm. The resultingB
candidate must havepT(B).4.5 GeV/c.

Rather than cutting on thex2 from the multiparticle fit,
we cut on only the portion coming from the transverse (r -f)
track parameters~i.e., curvature, azimuthal angle, and impa
parameter@28#!. The B pointing resolution to the primary
vertex in ther -z plane is very coarse in CDF, providing littl
separation between signal and non-pointing backgrounds
cluding thez-cot u contributions to thex2 tends to smear the
separation that is available from the precise transverse m
surements. We require the transverse tracking terms of
x2 sum to be less than 20, and similarly that the transve
components of the vertexx2 sum to be less than 4. Althoug
formally ad hoc, we found these cuts to be a little better
discriminating signal from background than the fullx2.
However, the final tagging analysis is insensitive to the ty
and value of thex2 cuts used in theB reconstruction.

Finally, if there are multipleB candidates in the sam
event, the one with the smaller transverse track parametex2

is taken.
TheseB samples are used in a likelihood fit~Sec. VI B!

employing a normalized mass variableMN , and so we dis-
cuss the selection results in terms of this variable.MN is
defined as (MFIT2M0)/sFIT , whereMFIT is the mass of
the B candidate from the fit described above,M0 is the cen-
1-21
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tral value of theB mass peak (5.277 GeV/c2),10 andsFIT is
the mass error from the fit. Over the range ofuMNu,20 we
have a total, signal plus background, of 12564 events in
J/cK1 sample and 2339 for theJ/cK* 0.

Figure 14 shows the normalized mass distributions
candidates with reconstructedct.0 @Eq. ~47!#. Also shown

10The mean is systematically low by 2 MeV/c2 compared with the
world average mass because we do not make all the detailed
rections of Ref.@28#.

FIG. 14. Normalized mass distribution forJ/cK1 andJ/cK* 0

candidates with reconstructedct.0. The smooth curve is a fit from
the full likelihood function of a Gaussian signal plus linear bac
ground parametrization.
03200
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is the result of the likelihood fit performed in Sec. VI D
where the mass is modeled by a Gaussian signal plus li
background. The fit yields 846635 B1’s and 365622 B0’s
~for all ct!.

Events withct,0 are dominated by background~see Fig.
16 in Sec. VI D!, and the mass distributions show no cle
signal. However, these events help constrain the backgro
behavior and are kept as part of the analysis.

These two samples are then tagged with the SST crit
of Sec. IV B. We find about 63% of theJ/cK1 andJ/cK* 0

signal events are tagged.

B. Likelihood function for the J/cK samples

The tagging correlations of theB→J/cK samples have
the same physical time dependence as thelD (* ) samples
@Eqs. ~4! and ~5!# but without the complications of sampl
composition and averagebg-corrections. Maximal use of the
smaller J/cK samples motivated a more sophisticated a
proach than used to fit thelD (* ) data.

An unbinned likelihood function is devised to simulta
neously fit over various measured event properties and
tain the SST dilutions for theJ/cK samples. The likelihood
function incorporates the candidate’s proper decay time
invariant mass to facilitate separation of signal and ba
ground. It is also generalized to consider tagging bias
These are relatively unimportant in mixing measureme
which only use the relative flavor-charge asymmetry but
critical for CP violation measurements where the effect a
pears as an absolute charge asymmetry of the tag. Altho
our focus is on the charge-flavor correlations of SST, t
generalized approach serves as a prototype forCP violation
studies@11#.

The likelihood function to be maximized is given by

L5)
i 51

N

@ f BLB1~12 f B!„f LLL1~12 f L!LP…# ~71!

where the product is over allN events in the mass window
uMNu,20. The subscriptsB, L, andP respectively indicate
terms associated with theB-meson signal, long-lived back
grounds, and prompt backgrounds. The fraction of eve
that areB signal isf B . The backgrounds are subdivided in
two classes: ‘‘long-lived,’’ which are those consistent with
non-zero lifetime, and ‘‘prompt,’’ which are those consiste
with zero lifetime. The fraction of long-lived background
which are predominantly realB’s that have been misrecon
structed, is given byf L . The fraction of background that i
prompt is thenf P512 f L .

The Lf (f5B, P, and L! are functions describing the
relative probability for obtaining the following measured va
ues in an event: the normalized mass (MN), the proper decay
time and its uncertainty (t ands t!, the reconstructed deca
flavor r (r is 11 for B1 andB0, and21 for B2 and B̄0!,
and the tag track signs (s is 11 for a positive track,21 for
a negative track, and 0 if there was no tag!.

The density function for theJ/cK1 signal describing the
mass andt dependence, the relative numbers ofB1 andB2,

or-

-
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the flavor-charge tagging correlation, and the tagging e
ciency is

LB5G~MN ;0,X!G~ t;t8,Ys t! ^ E~ t8;tB!

3S 11rRB

2 D S 12rkB~s!DB

2 D EB~s!. ~72!

G(x;m,s) is a normalized Gaussian distribution inx
P(2`,1`) with meanm and rmss, andE(x;t) is a nor-
malized exponential distribution inxP@0,1`) with meant.
The first factor inLB is the shape of the mass distributio
(MN), where X is a scale factor for the mass error. Th
second factor is the Gaussian resolution of the reconstru
t, including a resolution scale factorY. The ^ denotes con-
volution overt8, in this case with an exponential distributio
E of lifetime tB5t1 . The resolution scales,X and Y, are
extra degrees of freedom to monitor our description of
errors.

The density function next contains two asymmetry fa
tors. The first is the probability of reconstructing the o
served meson flavorr , and depends upon

RB5
N~B1!2N~B2!

N~B1!1N~B2!
. ~73!

This first factor decouples other flavor-related asymmet
from a ‘‘reconstruction asymmetry’’RB by accounting for
the different numbers (N) of B1’s and B2’s that may be
reconstructed due to a detector bias, or simply a statis
fluctuation in the relative yield.

The second asymmetry factor represents the probabilit
obtaining a tag of signs given the reconstructed flavorr .
The strength of the flavor-charge (r -s) correlation is the
usual dilution,DB[D1 . The effective tag for a track o
sign s is kB(s). Since theB-p correlation is betweenB6

(r 561) andp7 (s571), therkB(s) term appears with a
negative sign. Finally, the efficiency to obtain such a tag
EB(s).

This formulation withDB , kB(s), and EB(s) is able to
account for the general situation where the tagging met
suffers from intrinsic tagging asymmetries, as might
caused by detector biases. Tagging asymmetries may r
in different dilutions and efficiencies for the twoB flavors.
We defineDB to be the flavor-averaged dilution, and we a
able to incorporate all tagging asymmetry effects inkB(s)
andEB(s). In the absence of tagging biases,kB(s) is simply
the charge of the tagging track@kB(s)5s# and EB(11)
5EB(21)5eB , whereeB is the flavor-averaged tagging e
ficiency.

The ‘‘charge asymmetry corrected’’ tagkB(s) and effi-
ciencyEB(s) are determined using two new parameters:aB ,
which is the charge asymmetry in selecting a tag track, i.e
bias in selecting positive vs negative tags; anddB , which is
the b-flavor asymmetry in finding a tag track, i.e., havin
different efficiencies to tagb vs b̄ mesons. For convenienc
we sometimes normalize the latter by the dilution,gB
[dB /DB . The derivation ofkB(s) andEB(s) may be found
in Appendix B, along with a complete characterization o
03200
-

ed

e

-
-

s

al

of

s

d
e
ult

a

generic tagging method. The actual determination of the t
ging biases in our detector is discussed in Sec. VI C 3.

The density function for theJ/cK* 0 signal takes the
same basic form as forJ/cK1, but it now incorporates the
time-dependent flavor oscillationA 0(t8)5cos(Dmdt8). Since
no particle identification is used, someJ/cK* 0 events enter
the sample with the correctK-p mass assignment
‘‘swapped’’ ~Sec. VI C!, for which the apparent flavor is
then inverted. The density function is divided into u
swapped and swapped parts, with the reconstructed flavr
for the swapped events appearing with a reversed sign.
complete expression is

LB5~12 f S!G~MN ;0,X!G~ t;t8,Ys t!

^ FE~ t8;tB!S 11rRB

2 D S 11rkB~s!DBA0~ t8!

2 D EB~s!G
1 f SG~MN ;mS ,XS!G~ t;t8,Ys t! ^ FE~ t8;tB!S 12rRB

2 D
3S 12rkB~s!DBA0~ t8!

2 D EB~s!G , ~74!

where f S is the fraction of swapped events, andmS and XS
are the mean and rms of the normalized mass distribution
the swapped events. The rest of the parameters parallel t
of the J/cK1, but withDB5D0 .

The density function for the long-lived background f
both decay modes is similar to the signal except for a lin
mass distribution, the presence of three exponential lifet
distributions, and the lack of mixing:

LL5S 11zLMN

2W DG~ t;t8,Ys t! ^ $ f NE~2t8;tL2!1~12 f N!

3@ f t2E~ t8;tL2!1~12 f t2!E~ t8;tL1!#%S 11rRL

2 D
3S 11rkL~s!DL

2 D EL~s!. ~75!

The linear mass distribution is parameterized by a slopezL
and the width of the mass windowuMNu,W520. The long-
lived background consists of positive- and negative-t com-
ponents, with a fractionf N in the negative exponential~with
lifetime tL2!. The positive-t background is described by tw
exponentials, one with a large lifetimetL1 , plus a short one
of tL2 . The latter lifetime is fixed to be the same as for t
negative-t tail. The fraction of positive-t events (12 f N)
which compose the short lifetime exponential isf t2 .

The background may also possess a reconstruction as
metry RL , or a charge correlation between the tag and w
is assumed to be theK1 or K* 0, i.e., a dilutionDL . The
background asymmetry description parallels that of the s
nal with Rf , Df , kf , and Ef defined independently fo
each event class (f5B, L, andP!.

The prompt background density function is
1-23
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LP5S 11zPMN

2W DG~ t;0,Ys t!S 11rRP

2 D
3S 11rkP~s!DP

2 D EP~s!, ~76!

with the same variable definitions as before except that t
apply to the prompt background. There is only a depende
on the proper time through thet resolution, and thus no
convolution is needed.

When summed together and multiplied over all the
lected events in a particular dataset, the density functi
form a properly normalized likelihood function.

C. Input likelihood parameters

A number of the likelihood parameters are more ac
rately obtained from sources other than ourJ/cK data. In
this section we will discuss which parameters are fixed in
fit, and their sources, values, and uncertainties.

1. B meson parameters

The likelihood function relies on the temporal properti
of the B decay, and these are best obtained from world
erages. Since we wish to measure the tagging dilution,
not the oscillation frequency, we includeDmd in this list. We
use the following averages from the Particle Data Gro
@22#:

Dmd50.47460.031 ps21 ~77!

t151.6260.06 ps ~78!

t051.5660.06 ps. ~79!

2. Incorrect K-p assignment

TheJ/cK* 0 events include realB0→J/cK* 0 decays, but
with the incorrectK-p mass assignment. A Monte Car
sample ofB0 decays~Appendix A 1! was generated and the
processed as data. The reconstruction tries both assignm
and if both versions pass the selection criteria, the one w
the Kp mass nearest theK* 0’s is chosen. The events wit
the K and p swapped have anMN distribution which is
roughly Gaussian with meanmS520.5 and rmsXS54.9.
The area of the swapped Gaussian is 9.8% of that for
unswapped distribution. The kinematic dependence of
swapped events onpT(B) has also been studied@32#. The
fraction of swapped events is constant within a few perc
over our range ofpT(B), but the mean and rms ofMN show
some systematic variation.

The swapped component is difficult to fit in theJ/cK* 0

data because it is difficult to distinguish these events fr
the combined shapes of the narrow central Gaussian and
ear background. The likelihood fit therefore fixes the inp
parametersmS , XS , and f S to the values from the simula
tion. We allow for a 100% variation in the fraction,f S
50.160.1, and assign uncertainties to the other swapp
parameters which covers the range observed when span
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the pT(B) interval of the data, i.e.,mS520.560.5 andXS
55.062.0.

3. Tagging biases

A tagging method may display two sorts of inhere
asymmetries~Appendix B!: selecting one charge more ofte
than the other as a tag~a!, or having a greater efficiency to
tag on oneb-flavor over the other~d!.

The charge asymmetry of the tags for a flavor symme
sample is

a5
N12N2

N11N2
, ~80!

whereN1 (N2) is the number of positive~negative! tags.
Since we reconstruct the decay flavor, we can correct for
flavor asymmetry in our samples and determinea from the
data. This is done for the backgrounds by lettingaL andaP
float in the likelihood fit.

However,a appears in the likelihood function partly as
factor D/(16a) @Eqs. ~72! and ~B7!#. We can essentially
eliminate the influence of theDB-aB coupling in the fitted
DB by fixing aB to an independently measured value; w
obtain a better constraint onaB as well. We determineaB by
using a large inclusive sample of non-promptJ/c ’s, i.e., a
flavor-symmetricb sample. This is the sample ofJ/c ’s de-
scribed in Sec. II C with the following additional require
ments: both muons are in the SVX, and theJ/c projected
flight distanceLxy(J/c) @Eq. ~12!# exceeds 200mm. This
last cut results in a sample which is more than 90% purb
hadron decays. We also requirepT(J/c).4 GeV/c so that
the pT’s are similar to that of theJ/cK samples.

We have looked for tagging asymmetry dependencies
variety of variables, including thepT andLxy of theJ/c, and
found only two variables of interest. First, there is
a-dependence on thepT of the tagging track, with more posi
tive tracks reconstructed than negative ones at lowpT . This
is due to the charge asymmetry inherent in the design of
CTC ~wire planes are oriented along the direction of posit
tracks!. Proton spallation from the beampipe might contri
ute an additionalpT-dependent asymmetry, but this effe
has been largely eliminated by the impact parameter sig
cance cut on the SST candidates. The second variable is
number of goodpp̄ interaction verticesnV found by the
VTX. The number of vertices is an indicator of the total h
occupancy in the CTC, which influences the tracking e
ciency.

Characteristics of theJ/cK samples, or the criteria of the
tagging method, could modify the biases in the tracki
asymmetry. We therefore compare the charge asymmetr
four types ofJ/c (Lxy.200 mm) subsamples~the J/c is
used for theb direction!: ~i! the SST tags,~ii ! SST candi-
dates~i.e., nopT

rel selection!, ~iii ! SST candidates passing
b-vertex veto, and~iv! all tracks satisfying the SST cuts ex
cept for being in a ‘‘side cone’’awayfrom theJ/c-axis. The
first case is the most direct extension of our analysis, but
contaminated by tagging onB daughters. The second cas
has greater statistics as there are multiple track entries
1-24
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J/c, but more importantly there is no bias associated w
the pT

rel cut. The third sample suppresses tagging onB
daughters—such tags are impossible with the exclus
J/cK signal—by requiring that the SST candidate impa
parameter significance relative to theJ/c vertex,dc /sc , is
greater than 2. In the final case we select tracks with
basic SST cuts, but which are divorced from theb by using
all tracks in a 1.0,DR,2.1 ‘‘side cone’’ relative to the
J/c.

Since we wish to study apT dependence, and only samp
~i! selects a unique track perJ/c, we relax the 400 MeV/c
SST cut on samples~ii !–~iv!. The upper plot in Fig. 15
shows the charge asymmetry as a function of the trac
inversepT for these four samples. The asymmetry is fai
small at 1/pT52.5 (GeV/c)21 ~the nominal SSTpT cut of
400 MeV/c! but then rises significantly. The asymmetry as
function of number of verticesnV is shown in the lower plot
in Fig. 15. None of the variables shows any significant d
ference across the four samples.

With all four samples so similar, we consider the asy
metry to be independent of the tagging, and choose sam
~iii ! to determine a parameterization for the tag asymme
aB . The pT dependence of the asymmetry is well describ
by pT

24 and a linear function for the number of vertices.
terms of both variables we write

aB~pT ,nV!5$a1~nV2n0!1b1%~pT
242pT0

24!

1$a2~nV2n0!1b2%, ~81!

FIG. 15. Charge asymmetry~a! dependence on the track’s 1/pT

~top!, and number of primary verticesnV in the event~bottom! for:
same side tags~squares!, SST candidate tracks~open circles!, SST
candidate tracks withb-vertex veto~solid circles!, and tracks in a
cone away from theJ/c direction ~triangles!. The curves are the
results of least-squares fits of the asymmetry parametrization~see
text! to the SST candidates with theb-vertex veto.
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where we have included offsetspT0
24 and n0 , fixed to

20.0 (GeV/c)24 and 3.0 respectively, to remove the corre
tion between thea’s andb’s when fitting for them.

We determine these parameters by making subsample
each integer value ofnV , and fitting them for the coefficien
of the pT

242pT0
24 term and a constant offset. The series

these coefficients and offsets are then fit for the linearnV
dependence. We obtain the values

a15~3.961.8!31024 ~GeV/c!4

b15~1.360.4!31023 ~GeV/c!4

a25~1.460.4!31022

b25~2.660.8!31022,

which give the curves in Fig. 15. If we consider the tags
theJ/c data@case~i!#, we find the average tag asymmetry
(1.660.7)%. In the limit as 1/pT→0 the asymmetry param
eterization gives (0.1460.86)%. We use this parameteriz
tion to describe the tagging asymmetry for theB signalaB in
the likelihood fit ~Sec. VI D!.

As well as an intrinsic bias towards positive or negati
tags a, the SST could also have a biasd to tag b and b̄
mesons with different efficiencies~see Appendix B!, i.e.,

d5
e~ b̄!2e~b!

e~ b̄!1e~b!
, ~82!

wheree is the efficiency to tag on a given flavor. It is mor
convenient to express its ratio relative to the dilution in t
likelihood, so we often useg[d/D. We can constraind
from the data, and do so for the backgrounds by lettingdP,L
float in the likelihood.

In the likelihood functiongB appears partly as a facto
(16gB)DB . As with aB , an independent determination o
gB is preferable in order to decouple it from the dilution. Th
inclusiveJ/c ’s cannot be used since we have no knowled
of the b flavor. The higher statisticslD (* ) data indicate that
gB is less than 15%. However, as discussed in Appendix
we can improve upon this constraint by about a factor
three by considering the behavior ofgB /aB . We findgB /aB
spans the range from 0.0 to about 2.5, and we usegB /aB

51.021.0
11.5 in the likelihood fit.

This completes the list of input parameters fixed in t
likelihood fit, and we now proceed to fitting the data.

D. Fitting the J/cK1 and J/cK* 0 samples

We use the likelihood function to fit theJ/cK samples
with the parameters discussed in the last section fixed,
allow the others to float freely, i.e.,

~1! f B , the fraction of events which are signal,
~2! f L , the fraction of background which is long-lived,
~3! f N , the fraction of the long-lived background in th

negative lifetime tail,
1-25
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~4! f t2 , the fraction of positive long-lived backgroun
with lifetime tL2 ,

~5! zP and zL , the slopes of the prompt and long-live
backgrounds in normalized mass,

~6! X, the error-scale factor for the normalized mass,
~7! Y, the error-scale factor for the decay time,
~8! tL1 , the large lifetime of the positive long-lived

background,
~9! tL2 , the small lifetime used for positive and negati

long-lived backgrounds,
~10! eB , eP , andeL , the efficiencies for tagging signa

and prompt and long-lived backgrounds,
~11! RB , RP , andRL , the reconstruction asymmetries

the signal, and prompt and long-lived background
~12! aP andaL , the tagging asymmetries of prompt an

long-lived backgrounds,
~13! dP and dL , the tagging efficiency asymmetries o

prompt and long-lived backgrounds, and
~14! DB , DP , andDL , the dilutions for the signal, and

the prompt and long-lived backgrounds.

Each decay mode is separately fit by minimizing the nega
log-likelihood function.

The fit results are compared to theMN distribution in Fig.
14. The fitted proper decay lengths are shown in Fig. 16
the J/cK* 0, where we have defined—for display purpos
only—the signal region asuMNu,3, and 3,uMNu,20 as
sidebands. The data are well described by the fits.

To display the flavor-charge asymmetries, we comp
the mass sideband subtracted asymmetry@analogous to Eq.
~56!# for the data inct bins. The results are shown in Fig. 1
with the likelihood fits superimposed~solid line!. The
J/cK1 plot shows a clear correlation, consistent with bei
constant, and theJ/cK* 0 data is in good agreement with th
mixing hypothesis. Also shown in the figure insets a

FIG. 16. TheJ/cK* 0 lifetime distributions for the signal~top!
and sideband~bottom! regions. Superimposed on the data are
likelihood fit results~solid line!. In the signal region, theB compo-
nent is shown by the dashed line and the prompt plus long-li
background by the dotted line.
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22 ln(L/LMAX) as a function of the dilution, whereL is the
value of the likelihood for a givenDB after maximization
with respect to all other free parameters, andLMAX is its
value at the global maximum. We see a well behaved,
proximately parabolic, shape. The 1, 2, and 3s errors of the
likelihood are indicated in the inset by the three horizon
dotted lines.

As a simple check, the binned and mass sideband s
tracted asymmetries of Fig. 17 were fit to a constant
J/cK1, andD0 cos(Dmdt) for J/cK* 0, using a simplex2 fit
without any additional corrections~e.g., tagging asymme
tries, t resolution, etc.!. The results~dashed line in Fig. 17!
agree very well with the likelihood fits, indicating that th
fits are driven by the basic asymmetries in the data and
not significantly influenced by the refinements of the like
hood fit. Of course, the fits are strongly dominated by
statistics.

e

d

FIG. 17. The mass sideband subtracted flavor-charge asymm
as a function of the reconstructedct ~points!: top is B1→J/cK1,
andB0→J/cK* 0 is below. Superimposed on the data are the lik
lihood fit results~solid lines!. The insets are scans through the lo
likelihood functions as the dilutions are varied about the fit maxim
Also shown in the main plots are the results of simplex2 fits to the
points ~dashed lines, partially obscured by the solid lines!.
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TABLE X. Likelihood fit results forB1→J/cK1 andB0→J/cK* 0. The parameter of central interest
the signal dilution in the bottom line.

Output Parameters B1→J/cK1 B0→J/cK* 0

Frac. Signal f B 0.06760.003 0.15660.009
Frac. L-Lived Back. f L 0.16060.008 0.22260.023
Mass Error Scale X 1.3460.05 1.5460.10
ct Error Scale Y 0.9960.01 1.060.03
Prompt:
Mass Slope (31023) zP 11.060.9 4.462.4
Back. Tag Eff. eP 0.70360.005 0.83060.011
Tag Asym. aP 0.03360.013 0.09260.031
Eff. Asym. dP 20.00260.007 0.01260.013
Recon. Asym. RP 0.00360.011 0.03660.029
Dilution DP 20.06960.013 20.00360.031
Long-Lived:
1st Lifetime ~mm! tL1 595653 371665
2nd Lifetime ~mm! tL2 13569 99621
Frac. Neg. Back. f N 0.13760.014 0.09660.029
Frac. 2nd Lifetime f t2 0.78160.030 0.62660.104
Mass Slope (31023) zL 212.362.7 217.665.3
Back. Tag Eff. eL 0.77160.014 0.77860.031
Tag Asym. aL 0.01560.037 20.04460.079
Eff. Asym. dL 20.02660.018 20.02960.038
Recon. Asym. RL 0.03060.034 0.09560.070
Dilution DL 20.08960.038 20.05060.079
B Signal:
Tag Eff. eB 0.62460.020 0.63560.030
Recon. Asym. RB 0.07760.041 20.08660.068
Dilution DB 0.18560.052 0.16560.112
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The principal results of the likelihood fits are the dilutio
DB given in Table X, along with the other fitted paramete
A few remarks may be made on this table in passing. Tht
error scalesY are virtually unity, indicating that the lifetime
modeling and error estimates describe the data well. ThX
scales~the rms of the signalMN Gaussian! are not 1.0, but
are instead close to the known scale of 1.3@28#. The tagging
asymmetriesa for the background terms are generally co
sistent with the (1.660.7)% found as the average value fro
inclusive J/c ’s ~Sec. VI C 3!, with aP for the B0’s about
2.5s high. The reconstruction asymmetriesR are also not
statistically significant beyond 1-2s. The background dilu-
tions are, not surprisingly, consistent with zero when sele
ing pairs of tracks with no net charge (K* 0) from the event,
but significant, and anticorrelated, when selecting sin
charged particles (K6).

As a subsidiary check, we replace theaB(pT ,nV) param-
etrization in the likelihood byaB(pT ,nV)1a8, wherea8 is
a free parameter. The fit returnsa8520.00160.079 for the
B0’s, anda850.03660.052 for theB1 result. IfaB(pT ,nV)
is a good description of the data, thena8 should be close to
zero, as indeed they are.

The systematic uncertainties of the dilution measureme
are determined by successively shifting the parameters fi
in the fit up and down by 1s and repeating the fit. The
resulting shifts in the fitted dilution are taken as the high a
03200
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low systematic uncertainties due to that input parame
Section VI C discussed the uncertainties assigned to th
input parameters. The results are shown in Table XI
J/cK1 and in Table XII for J/cK* 0, beginning with the
uncertainties associated with theB decay properties.

Next are the systematic uncertainties arising from the
certainty in the parameters@a’s andb’s of Eq. ~81!# describ-
ing the signal tagging asymmetryaB . Because we used th
constraint ongB /aB ~Appendix C!, we cannot varyaB and
gB independently. We varyaB by varying thea and b pa-
rameters individually by 1s for fixed ‘‘central’’ values of
gB /aB50, 1, and 2.5, and remaximizing. In this case t
dilution shift is from the difference between the nominal a
shifted values where both use thesamefixed value ofgB /aB
in the fit. The maximum excursion of the dilution among t
threegB /aB combinations is selected for eacha (b) param-
eter as the uncertainty for thata (b), irrespective of the
gB /aB value used for the othera’s andb’s. The tables list
all variations, including those not used. While this mixing
gB /aB’s is nominally inconsistent, it provides a conservati
estimate.

The contributions from the uncertainty ongB /aB follow
in the tables using the nominalaB . Table XII also includes
the effects from theK-p swap parameters.

The J/cK1 systematic uncertainty is composed
roughly equal contributions from theB lifetime, tagging
1-27
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TABLE XI. The fixed inputs for theB1→J/cK1 fit, their central values, 1s variations, and the resulting
shifts of the central value ofD1 . The shifts are combined in quadrature~see text! to obtain the combined
systematic uncertainty.

Parameter
Central
Value Variation

Shift in D1

Negative Positive

tB ~mm! 486 618 20.0012 0.0011
gB /aB51

a1 31024 (GeV/c)4 3.9 61.8 20.0001 0.0001
b1 31023 (GeV/c)4 1.3 60.4 0.0003 20.0003
a2 31022 1.4 60.4 0.0001 20.0002
b2 31022 2.6 60.8 20.0005 0.0005

gB /aB50
a1 31024 (GeV/c)4 3.9 61.8 0.0002 20.0003
b1 31023 (GeV/c)4 1.3 60.4 0.0007 20.0007
a2 31022 1.4 60.4 20.0004 0.0003
b2 31022 2.6 60.8 20.0010 0.0010

gB /aB52.5
a1 31024 (GeV/c)4 3.9 61.8 20.0010 0.0009
b1 31023 (GeV/c)4 1.3 60.4 20.0005 0.0004
a2 31022 1.4 60.4 0.0015 20.0019
b2 31022 2.6 60.8 0.0005 20.0008

aB5Central Value
gB /aB 1 21.0

11.5 0.0015 20.0034

Combined Uncertainty
10.003

20.004
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charge asymmetry, and tagging efficiency asymmetry,
overall has a small systematic uncertainty. The largest eff
for the J/cK* 0 are due to the tagging asymmetry and t
width of the swappedK-p mass distributionXS , which has
a strong asymmetric effect. If the swappedMN distribution is
broad there is little effect; however, as it gets narrower i
more difficult to distinguish the swapped from the u
swapped events and a larger uncertainty ensues.

The positive~negative! shifts of the dilution due to each
parameter are added in quadrature to obtain the pos
~negative! ‘‘combined uncertainty’’ of the dilution in the
tables. We thereby obtain the result,

D150.18560.05220.004
10.003 ~83!

D050.16560.11220.021
10.018. ~84!

These results are similar to thelD (* ) results of Eqs.~69! and
~70!. In the next section a detailed comparison will be ma
between the two sets of measurements.

VII. CHECKS AND COMPARISONS BETWEEN lD „* …

AND J/cK DATA, AND WITH MONTE CARLO
SIMULATION

This section presents checks on the robustness of ou
sults and makes a closer comparison between tagging in
lD (* ) andJ/cK samples as a means of furthering our stu
of same side tagging. Although the physics processes
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lieved to be responsible for the observed flavor-charge c
relations should not depend upon theB decay mode, poten
tial experimental biases could influence them differently,
instance the fact that theB’s in the lD (* ) data tend to have
higher pT’s than those in theJ/cK data. Given the limited
statistical power of these measurements, we complemen
comparisons by also showing some results from Monte C
simulations. The simulation provides a further means
study possible systematic differences between the two
samples, and to gain some insight into underlying mec
nisms.

It is not obvious to what extent one can rely upon a giv
simulation to model particle distributions from fragmentati
and underlying parton interactions in app̄ event. While con-
siderable effort has gone into developing and tuning simu
tions for e1e2 collisions, the state of the art is somewh
less well developed for the more complex high-ener
hadron-hadron collisions. We therefore consider several
sic comparisons between data and the simulation. We
reasonable agreement and conclude that the simulation
fair model of the data, although our comparisons are nec
sarily rather coarse. Having developed some confidenc
the simulations, we proceed to comparelD (* ) and J/cK
dilutions. It should be stressed that prior to this point
comparison the analyses described in this paper have
depended upon accurately simulating the tagging~though we
have used simulations to model decay kinematics, where
models are well established!, and indeed, the analyses we
designed with this independence in mind.
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TABLE XII. The systematic uncertainties from the fixedB0→J/cK* 0 fit parameters. The table is simila
to that forJ/cK1 ~Table XI! except for the addition of the oscillation frequencyDmd , and f S , mS andXS ,
which model theK-p swapping in theK* 0 reconstruction. The shifts inD0 are combined in quadrature~see
text! to obtain the combined systematic uncertainty.

Parameter
Central
Value Variation

Shift in D0

Negative Positive

tB ~mm! 468 618 20.0002 0.0002
Dm (ps21) 0.474 60.031 20.0005 0.0003

gB /aB51
a1 31024 (GeV/c)4 3.9 61.8 20.0008 0.0007
b1 31023 (GeV/c)4 1.3 60.4 0.0024 20.0025
a2 31022 1.4 60.4 0.0013 20.0014
b2 31022 2.6 60.8 20.0039 0.0038

gB /aB50
a1 31024 (GeV/c)4 3.9 61.8 20.0008 0.0008
b1 31023 (GeV/c)4 1.3 60.4 20.0004 0.0004
a2 31022 1.4 60.4 20.0002 0.0001
b2 31022 2.6 60.8 20.0002 0.0001

gB /aB52.5
a1 31024 (GeV/c)4 3.9 61.8 20.0011 0.0010
b1 31023 (GeV/c)4 1.3 60.4 0.0063 20.0065
a2 31022 1.4 60.4 0.0040 20.0044
b2 31022 2.6 60.8 20.0092 0.0088

aB5Central Value
gB /aB 1 21.0

11.5 0.0031 20.0057
f S 0.1 60.1 0.0086 20.0160
XS 5.0 62.0 0.0111 20.0003
mS 20.5 60.5 20.0008 0.0007

Combined Uncertainty
10.018

20.021
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For the simulations discussed in this section we have u
the PYTHIA Monte Carlo generator, albeit tuned to match t
charged particle distributions in thelD 0 mode as described
in Appendix A 2 b. Samples ofB0 and B1 mesons were
generated for thelD (* ) and exclusiveJ/c decay modes. The
B decay modes were forced via specific channels for effic
generation, and thelD (* ) events had a sample compositio
approximating that found in the data. The events were pas
through the CDF detector simulation, reconstruction and
lection code, and finally the SST algorithm.

A. General comparisons

We begin our comparison of data and simulation by
amining distributions of some basic variables. In all the
comparisons we use mass sideband-subtracted data sam
and we average over the decay modes according to
contribution to thelD (* ) or J/cK sample. Within each clas
of sample, the decay-mode specific distributions are v
similar to one another.

The multiplicity distribution of SST candidates perB ~i.e.,
tracks which satisfy all SST cuts except for the criterion
minimum pT

rel! is shown in Fig. 18 for both data and simu
lation. There is general agreement between the simulat
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FIG. 18. Number distributions of candidate tagging tracks
both lD (* ) andJ/cK data~points! and simulation~shaded bands!.
The widths of the shaded bands are the statistical errors from
Monte Carlo sample size.
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and data for bothlD (* ) andJ/cK. The lD (* ) channel tends
to show on average slightly more tagging candidates peB
than theJ/cK. This difference is due to the higher energi
which characterize thelD (* ) candidates and to the extr
tracks present fromB daughters which are not used in th
partial B reconstruction. We note as a point of contrast t
the corresponding distributions for the sidebands show s
significant variations across the decay modes, so the ag
ment seen in Fig. 18 is not a trivial result.

We impose the full SST criteria and show thepT distri-
butions of the SST tags in Fig. 19. Again, there is go
agreement between the data and simulation for the two ty
of data. The tagpT distributions of the two types of mode
are also very similar to each other. ThepT distribution for
tagging candidates~not shown! have a somewhat harde
track pT spectrum in the higher-energylD (* ) sample than in
the J/cK mode, but in both cases the data and simulat
agree well there, too.

Finally, we compare thepT
rel distributions for the tag

tracks in Fig. 20. The simulation again agrees well with
data, and in this case thelD (* ) and J/cK modes are also
very similar.

Comparisons using these three variables only provid
limited test, but they are closely related to our SST algorit
and indicate that the simulation reproduces basic chara
istics of the data.

B. Influence of the taggingpT threshold

Our SST algorithm demands that tag candidates hav
minimum pT of 400 MeV/c as a compromise between th
low-pT tracking asymmetry~Sec. VI C 3! and the declining
tagging efficiency for an increasing threshold. In this sect
we consider the influence of this cut, in particular, the sta
ity of our results when repeating the analyses for a rang
pT(SST) thresholds. This variable is also a useful vehicle
exploring some of the features of SST.

FIG. 19. ThepT distributions of the tag tracks in bothlD (* ) and
J/cK data~points! and simulation~shaded bands, width indicatin
the statistical error!.
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Applying a different tagging cut to the same samp
means that someB’s will be tagged by a different particle
others will keep the same tag, and others will no longer
tagged at all. If a tag changes, the new tag is largely unc
related with the old, so that, with respect to the new tags
statistically independent subset of the data is created. T
repeating the analysis with different tagging cuts produ
measurements which are partially correlated with each ot
The greater the change in the tagging cut, the weaker
relative correlation. We do not attempt to unravel this co
plex pattern of correlations; we merely show variations w
the pT cut to show the dependence of the tagging results
changes in this parameter. We quote the naive statistica
rors from the fits of apT(SST) scan with the understandin
that the various points and their errors are correlated in
unspecified fashion.

We first consider the stability of our main physics resu
Dmd . Figure 21 shows the variation ofDmd as the SSTpT
cut is varied from 0.3 to 1.6 GeV/c in the lD (* ) sample. The
results are fairly typical of those where the taggingpT
threshold is being scanned. The values are reasonably st
i.e., smoothly varying in accordance with the subsample c
relations mentioned above, and quite consistent with a c
stant value.

We also examine the effectiveness of the tagging al
rithm as thepT threshold is changed. Figure 22 shows t
neutral dilutions for thelD (* ) and J/cK* 0 data. They are
both relatively constant and are consistent with each ot
although theJ/cK* 0 values offer little discrimination. The
simulation, also shown in Fig. 22, agrees well with the da

TheB1 dilutions are shown in Fig. 23 and display a stri
ing rise as the tagging cut is increased. TheJ/cK1 data,
though with sizable statistical uncertainties, show a rise si
lar to lD (* ) but perhaps offset to lower overall dilution
There is an apparent shape discrepancy between the sim
tion and theJ/cK1 data. Appendix D describes ax2-based
comparison between the simulation and data which indica

FIG. 20. ThepT
rel distributions of tag tracks in bothlD (* ) and

J/cK data~points! and simulation~shaded bands, width indicatin
the statistical error!.
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that statistical fluctuations among these correlated meas
ments can produce such disagreements~or larger! about 22%
of the time.

The different magnitudes and behaviors of the char
and neutral dilutions, as seen in Figs. 22 and 23, may at
be surprising in light of the isospin symmetry of theB-p
system. However, these differences may result from the
that tags include not only pions, but kaons and protons
well @21#. For instance, aK2 would be associated with aB1,
while aB0 should be accompanied by aK̄0, which cannot be
a tag. The contrast between the charged and neutral dilut

FIG. 21. The extracted value ofDmd from the taggedlD (* ) as
a function of the tagpT threshold. Error bars are the naive statistic
errors returned from the fit, and they are correlated with each ot
as are the points themselves~see text!.

FIG. 22. Tagging dilution as a function of tagpT cut for B0

mesons. Data are plotted with solid circles (lD (* )) and triangles
(J/cK), and the corresponding simulations are shown by
shaded bands~width indicates the statistical error!. The various
points and their errors are correlated with each other~see text!.
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is amplified because when the associated kaon is aK* , the
final charged kaon is always aK2, i.e., B0K̄* 0 followed by
K̄* 0→K2p1 versusB1K* 2 followed by K* 2→K2p0. A
similar argument can be made that the tagging contribu
from ~anti!protons also degradesD0 and enhancesD1 . We
test this hypothesis in the simulation by restricting SST
tag only on prompt pions. The calculated results are sho
in Fig. 24, where it is seen that this restriction makes
charged and neutral dilutions virtually identical to one a

l
r,

e

FIG. 23. Tagging dilution as a function of tagpT cut forB1 data
in the lD (* ) ~solid circles! andJ/cK ~triangles! modes. The corre-
sponding simulations are shown by the shaded bands~width indi-
cates the statistical error!. The various points and their errors a
correlated with each other~see text!.

FIG. 24. Dilution as a function of the tagpT cut from Monte
Carlo simulation for thept(B) range appropriate for theJ/cK
modes ofB0’s ~solid square! and B1’s ~solid circle!. When the
tagging is restricted to prompt pions only, the neutral dilution b
comes the open squares, and the charged the open circles.
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other. The ability of the simulation to reproduce the striki
behavior of Figs. 22 and 23 offers indirect quantitative e
dence that tagging on non-pions is the effect in play her11

A similar computation, with the same implications, was
ported in Ref.@9# for a variant of same side tagging inZ0

→bb̄. Although the measured charged and neutral dilutio
showed a difference consistent with this effect, the uncert
ties were so large that no definite conclusion was made th

Finally, we show the tagging efficiencies in Fig. 25 as
function of pT(SST). We again average all the modes o
given type. The data do not show a clear difference in
efficiencies among the separate modes, but the simula
indicates that the efficiency for chargedB mesons is shifted
higher than the neutrals by;2% ~absolute! consistently
over thispT(SST) range. The calculated shapes agree fa
well with the data, but in the case oflD (* ) at least, there is a
small systematic shift in the efficiency: in the simulatio
there are too few cases where there is no SST candi
associated with thelD (* ). This effect can also be seen
Fig. 18 where the simulation is slightly below the data in t
zero bin. However, the shape of the efficiency curve tra
the data well in Fig. 25, reflecting the good description of
track pT distribution. Also note that the efficiency falls o
much more slowly than the tagpT distribution ~Fig. 19!,
because as the threshold is raised and tags fail thepT cut,
another track will often be available as a tag. TheJ/cK data
shows some tendency to have a higher efficiency than
calculations, but the difference is statistically marginal~re-
call that the points are correlated and fluctuations mani

11This observation indicates that the SST dilution for neutralB’s
can be significantly improved with particle identification.

FIG. 25. Tagging efficiency as a function of the tagpT threshold
for lD (* ) ~solid circles! andJ/cK ~open triangles! data. The results
from the simulation are shown by the shaded bands~width indicates
the statistical uncertainty!.
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As noted in Sec. III, the error on an asymmetry measu

ment scales with the ‘‘effective tagging efficiency’’«D 2

@Eq. ~6!#. The decline in efficiency with increasingpT(SST),
along with the relatively constant neutral dilution, imply th
the optimum SST threshold should be relatively low forB0’s
and somewhat higher forB1’s. Our a priori choice of
400 MeV/c was a balance between the falling efficiency
thepT threshold is increased and the inherent tracking as
metry at low pT ~Sec. VI C 3!. These simulations indicate
that the maximum«D 0

2 occurs for apT threshold of about
400– 500 MeV/c for our lD (* ) samples, and abou
600– 700 MeV/c for the J/cK* 0. The rising charged dilu-
tions compensate for the falling efficiency such that«D1

2

shows a broad plateau starting at about 600 MeV/c for the
lD (* ). For the J/cK1, «D1

2 reaches a maximum aroun
700 MeV/c, but then declines for largepT(SST). Except for
«D1

2 from lD (* ), the data are not sufficiently precise
confirm these predictions for the optimum threshold. A
though our SST threshold was not based on thisa posteriori
analysis, thepT cut is in fact close to the optimum suggest
by the Monte Carlo simulation.

C. Dilution comparison betweenlD „* … and J/cK data

A cursory comparison of Eqs.~69! and ~70! to Eqs.~83!
and ~84! already shows that the dilutions measured in
lD (* ) andJ/cK samples are very similar. We consider he
how well they should agree.

The main difference between thelD (* ) and J/cK data
samples lies in their differentpT(B) ranges. ThelD (* )

sample requires a single-lepton trigger which has a hig
lepton pT threshold than the two-lepton trigger used in t
J/cK samples. The averagepT of theB mesons in thelD (* )

sample ~based on the corrections of Sec. V C! is about
21 GeV/c, whereas it is about 12 GeV/c in the J/cK
samples. The spectra are shown in Fig. 26.

We look for a pT(B) dependence by dividing the dat
samples intopT(B) bins and repeating the analysis sep
rately for each bin.12 The results are shown in Fig. 27. N
apparentpT(B) dependence is observed, though the stati
cal sensitivity of the data is very limited. The dilution from
the J/cK1 point around 15 GeV/c is anomalously low, but
the other measurements are consistent with thelD (* ) values,
suggesting that the low point is simply an unusually lar
fluctuation.

Since the data samples are too small to be sensitive
pT(B) dependence in the dilution, we turn to Monte Car
simulation. We again use our tunedPYTHIA generator; how-
ever, in order to generate the very large samples needed
an accurate study we dispense with the full detector sim
tion and instead make simple fiducial cuts and apply
pT-dependent track efficiency parametrization. We remo
all non-prompt particles from consideration as tags in lieu

12In the case of thelD (* ) analysis, we now fixDmd to the world
average as in theJ/cK analysis.
1-32
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the SST impact parameter significance cut. The dilutions
culated from this simulation are also shown in Fig.
~dashed curve!, and they exhibit a common shape, risin
with pT(B) up to about 15 GeV/c, above which they fall
slowly. The ratio of charged to neutral dilutions, arou
1.35, shows no significant dependence onpT(B).13

We can use the calculatedpT(B)-dependent dilution
along with thepT(B) spectra from data to compare the da
and simulation without having to subdivide the data in
even smaller subsamples, as was done for Fig. 27.
pT(B)-weighted average dilutions appropriate to each d
sample are shown in Table XIII. The simulation reproduc
the data measurements quite well. We also calculate the
tios between the data and simulation values; we find that
ratios are all consistent with one another, and also with
~the measuredJ/cK1 dilution being 1.3s low; see Fig. 27!.

D. Extrapolating dilutions

The fact that the simulation agrees well with the data,
exemplified by the comparisons between the calculated
measured dilutions in Table XIII, suggests a method
which the SST dilution in anyB sample of a similarpT range
can be determined. Such knowledge is essential for meas

13The dilutions are also observed to be insensitive to theB pseu-
dorapidity, where acceptance and trigger effects could have b
important.

FIG. 26. The sideband-subtractedpT(B) distributions for the
~corrected! lD (* ) ~top! and J/cK ~bottom! samples. The charge
and neutrallD (* ) spectra are very similar, but the twoJ/cK spectra
are slightly different due to the different cuts on the kaon mome
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ments involvingB tagging where, unlike in theB0-B̄0 mix-
ing case, the dilution is not given by the analysis itself.

The average dilution for a given sample ofB’s is calcu-
lated by weighting the Monte Carlo dilution shape by t
sideband-subtractedpT(B) spectrum for that sample, a
above. The dilution extrapolation is obtained by multiplyin
this average by the factorDdata /DMC . Since the simulation
describes both the neutral and charged dilutions well,

en

.

FIG. 27. Tagging dilution as a function ofB mesonpT for
charged~top! and neutral~bottom! mesons. The dilution measure
ments are plotted at thepT(B)-weighted centroid of each bin, an
the horizontal error bars span the width of the bin~arrows indicate
that a bin is unbounded!. The closed circles are thelD (* ) data, and
the open triangles areJ/cK ’s. The dotted lines mark the averag
dilution for the data points, and the dashed curves are Monte C
calculations of thepT dependence.
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can incorporate both of these dilutions in determining
ratioDdata /DMC . This factor is 0.90660.101 when averag
ing all the ratios in Table XIII~including the correlations
between thelD (* ) measurements!.

The uncertainties on such a dilution extrapolation co
from both the measurement uncertainties of thelD (* ) and
J/cK dilutions ~shown above! and from the modeling uncer
tainties of the simulation. To estimate the latter, we vary
parameters that control the simulation over a fairly wi
range. The variations used for the tunedPYTHIA are de-
scribed in Appendix A 2 c. We note, however, that t
Monte Carlo-derived dilutions always enter the above cal
lation in ratios, i.e., the relative variation oflD (* ) to J/cK,
and charged to neutral, dilutions as a function ofpT(B). We
have studied the variations of these ratios as we change
inputs to PYTHIA. The largest change in the ratio oflD (* )

~high-pT! to J/cK ~low-pT! dilutions is 8% from changing
the fragmentationpT width to 360 MeV/c ~Table XVI!. The
ratio of charged to neutral dilutions shifts by at most 4
also when the fragmentationpT width is set to the low value

We have seen~Fig. 24! that the dilutions are also affecte
differently by tagging on pions and non-pions. This diffe
ence introduces another source of uncertainty, espec
when relying onD1 to constrainD0 as suggested above
One could forgo this additional constraint and accept a so
what larger error onD0 , but the extrapolation usingD1 and
D0 is not unduly sensitive to the fraction of non-pion tag
As discussed in Appendix A 2 c, we estimate the uncerta
due to this effect by allowing theK1 to p1 ratio of tags to
vary by 630%, and thep to p1 ratio by 650%, and find
that the ratioD0 /D1 changes by60.084 due to the kaon
and60.045 for protons. A simple extrapolation from aD1

measurement toD0 would translate into a neutral dilutio
uncertainty of;0.02 ~given aD1 of 0.25!. However, since
we propose extrapolating from both charged and neutra
lution measurements to a neutral dilution, the spec
sensitive scaling factor (D0 /D1) only applies to the charge
measurement. The significance of the uncertainty on the f
tion of non-pion tags is thereby reduced in this applicatio

As an example, if we applied the above prescription
calculate the dilution appropriate for ourJ/cK* 0 sample us-
ing all four measurements of Table XIII, then the dilutio
obtained would beD050.17160.01960.013. The first un-
certainty is from the statistical uncertainty on the scale fac
above. The other is the systematic uncertainty from the
trapolation. The latter uncertainty is the quadrature sum
the uncertainties obtained from varying thePYTHIA param-

TABLE XIII. Calculated and measured dilutions for thelD (* )

and J/cK samples. The calculated values are from the simplifi
simulation. The ratios are of the measured values divided by
Monte Carlo calculations.

Sample MC Calculation Data Meas. Data/MC Rat

B0→ lD (* ) 0.196 0.18160.035 0.92360.179
B0→J/cK* 0 0.189 0.16560.112 0.87360.593
B1→ lD (* ) 0.266 0.26760.037 1.00460.139
B1→J/cK1 0.254 0.18560.052 0.72860.205
03200
e

e

e

-

the

,

lly

e-

.
ty

i-
s-

c-
.
o

r
x-
f

eters (60.010) and from varying the fraction of non-pio
tags (60.008). The systematic uncertainty from the no
pion contribution is one of the larger uncertainties, and co
be largely eliminated by not using theD1 measurements
This, however, would result in an overall larger uncertain
due to the increased statistical error. On the other hand,
systematic uncertainty is relatively small even usingD1 ,
and the dilution determination is not very sensitive to t
simulation.

This general method can be used to estimate the dilut
in a variety of B meson samples of interest for precisio
measurements of CKM parameters that will be performed
the future. In the upcoming Run II, CDF expects to have te
of thousands of exclusively reconstructedB0 andB1 decays
through various channels, includingB0→J/cKS

0 , pp, Kp,
andB0,1→D (* )p. The above recipe can be applied to all
them in spite of their likely differences in selection criteri
Moreover, further dilution measurements can easily be inc
porated intoDdata /DMC , thereby facilitating increasingly
precise measurements. The individual large exclus
samples will yield good dilution determinations relative
quickly and easily, and refined determinations combin
different modes can follow.

E. Comparison summary

We have made several checks on the tagging charact
tics of SST in our data. ThelD (* ) measurement ofDmd is
largely insensitive to thepT threshold of the tagging algo
rithm. However, the charged dilution shows a dependence
the pT threshold of the tagging algorithm, in contrast wi
the relatively threshold-independent behavior of the neu
dilution above a 400 MeV/c threshold. This pattern is appa
ent in bothlD (* ) andJ/cK analyses, and is also reproduce
by the Monte Carlo simulation. The simulation indicates th
this difference in threshold dependence is due to tagging
charged kaons and protons.

Comparisons with other variables show considerable c
sistency in the characteristics of the tagging across de
modes and with Monte Carlo simulation. The general agr
ment with our tunedPYTHIA is good, although the curren
data samples are insufficient to confirm some of the m
subtle behavior suggested by the simulation. In particu
the tagging does not appear to be particularly sensitive to
different kinematics of the exclusive and semi-exclus
samples in the variables examined, such as thepT of the B,
suggesting that SST has more general applicability than
the decay modes examined here.

VIII. SUMMARY

We have developed a same side tagging~SST! method
based on the flavor-charge correlations betweenB mesons
and a nearby charged particle~‘‘ p6’’ ! at production. We
have used SST to tag the initialB flavor in two classes ofB
reconstruction, while the~nominal! decay flavor was ob-
tained from theB reconstruction. Comparison of the initia
and decay flavors allows one to quantitatively study
strength~i.e., dilution! of the B-p6 correlation, and to ob-
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serve theB0-B̄0 flavor oscillations.
The first sample consisted ofB→ lD (* )X decays, which,

because it is only a partial reconstruction, involved ad
tional complications. We have discussed extensively th
complications, including the separation ofB1 andB0 decays
as well as the corrections for tagging onB decay products.
We observedB-p6 correlations, used them to reveal th
time-dependent flavor oscillation ofBd

0’s, and measured its
frequency to be

Dmd50.47120.068
10.07860.034 ps21. ~85!

This result is comparable to other single tagging meas
ments, and agrees well with a recent world average
0.48460.026 ps21 from six measurements@22#.

The dilution of the flavor-charge correlation for thislD (* )

sample was found to be 0.2760.0360.02 for the charged
and 0.1860.0360.02 for the neutral mesons. The effecti
tagging efficiencieseD2 are

eD1
2 55.261.220.6

10.9% ~86!

eD0
252.460.720.4

10.6%, ~87!

which are the largest values demonstrated to date for tag
methods applied to high energy hadron collider data@18#.
Although other tagging methods may actually have hig
dilutions than SST, the combination of good dilution a
very high tagging efficiency for SST results in the large
eD2 to date.

This SST method was further tested in the exclusiv
reconstructedB1→J/cK1 and B0→J/cK* 0 decays. The
flavor-charge correlations were observed, and the flavor
cillation was again seen with theB0’s; however, the small
sample size did not permit an accurate determination
Dmd . The dilutions measured in these samples agree
with those obtained from thelD (* ) data, although with much
less precision.

The behavior of SST was also studied by comparing
two classes of data samples to a version of thePYTHIA Monte
Carlo program tuned to charged particle distributions fr
our lD 0 data. Comparing the behavior of several kinema
quantities, the data and the simulation both portray a con
tent picture, indicating that the simulation captures the ba
features of this SST. Of particular note, the differences in
charged and neutral dilutions are principally due—accord
to the simulation—to tagging on kaons. Also, despite
different kinematics of ourlD (* ) and J/cK selections, the
tagging largely behaves the same way for both, as exem
fied by the weak dependence of the dilutions on thepT of the
B. Furthermore, we have developed a general method to
timate the dilution in a sample ofB mesons starting from the
dilution measurements inlD (* ) andJ/cK samples. We also
expect this dilution to be fairly close to the dilution observ
in lD (* ), provided that the averageB momentum is not
vastly different.

This same side tagging method has been demonstrate
be a powerful means to tag the initialB flavor, even in the
complex environment of a hadron collider. In the upcomi
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Run II of the Tevatron we expect to collect;2 fb21 of data
with the upgraded CDF detector. This should result in tens
thousands of exclusively reconstructedB0 andB1 decays in
various channels that can be used for precision meas
ments of CKM parameters. The same side tagging techn
will be useful for those measurements where initial flav
determination is critical.
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APPENDIX A: MONTE CARLO SIMULATIONS

In this paper, two types of Monte Carlo simulations a
used. Calculations depending only on the production and
cay ofB mesons employ a Monte Carlo generator that sim
lates only a singleB. Situations which depend upon the fra
mentation particles resulting from the hadronization of theb
quark, as well as the ‘‘underlying event’’ particles, use t
full event generatorPYTHIA.

The entire lD (* ) analysis uses the singleB generator
simulation, with the one exception of the determination
thejMC(ct) shape~Sec. V E!, which uses the defaultPYTHIA

simulation. TheJ/cK analysis also uses the singleB genera-
tor, and the comparisons made in Sec. VII rely on a speci
tuned variant ofPYTHIA.

1. Simulation of a singleB meson

Monte Carlo simulation of only a singleB meson is based
on the following elements. Singleb quarks are generate
using the inclusiveb-quark production calculation of Nason
Dawson and Ellis@33#, and the Martin-Roberts-Stirling Se
D0 ~MRSD0! @34# parton distribution functions. Theb quark
is then transformed into aB meson, with no additional had
ronization products, using the Peterson fragmentation mo
(e50.006) @35#. TheB meson is decayed using the QQ pr
gram~Version 9.1! @36# developed by the CLEO Collabora
tion. The sample composition parameters governing theB
decay are listed in Table XIV.

2. Monte Carlo simulation of the whole event

a. ‘‘Default’’ PYTHIA

The PYTHIA Monte Carlo~PYTHIA 5.7/JETSET7.4! @37# is
used in instances where more than just a single decayinB
meson is required.PYTHIA simulates a completepp̄ interac-
tion: thebb̄ pair, the hadronization products, and the rema
ing beam fragments~‘‘underlying event’’!. PYTHIA uses an
1-35
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improved string fragmentation model tuned to experimen
data, mostly from high energye1e2 collisions.

Our PYTHIA generation uses most of the typical defa
parameters. The CTEQ2L@38# parton distribution functions
are used, and theb quarks are fragmented using the Peters
fragmentation model (e50.006) @35#. B** states are also
generated by the fractions listed in Table XV. However,
suppress the actualB decay performed byPYTHIA and in-
stead invoke the QQ program with the same parameter
Table XIV. In this way we maintain a consistent dec
model across the two different generators.

b. ‘‘Tuned’’ PYTHIA

The PYTHIA generator is controlled by a series of para
eters whose default values have been adjusted to ach
good agreement with, primarily, high energye1e2 data.
Discrepancies between the ‘‘default’’PYTHIA ~as defined
above! and CDFpp̄ data are apparent, especially when co
sidering particle production that does not originate from
b hadronization, i.e., the ‘‘underlying event.’’ We have ma
a separate study@39# of the fidelity of the ‘‘default’’ PYTHIA

generator~after detector simulation! by comparing it to the
lD 0 data ~Sec. V A!. This comparison studied track mult
plicities ~with SST quality cuts! in DR and Df intervals

TABLE XIV. The values of the sample composition paramete
used in the QQ~V9.1! B decay program. The resonant (B
→n lD ** ) and non-resonant (B→n lD (* )p** X) fractions, f res**
and f non** respectively, sum by definition tof ** .

Parameter Value

Rf 2.722

f res** 0.231

f non** 0.125

f ** 0.356

PV 0.687

t1 /t0 1.014
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around theB direction, and in severalpT bins. The data are
found to have a higher multiplicity of underlying even
tracks ~as measured away from theB, e.g.,DR.0.4! than
PYTHIA predicts.

We may obtain a good description of the charged part
multiplicities and pT distributions by adjusting severa
PYTHIA parameters. The properties of multiple interactio
and beam remnants are controlled primarily through the m
tiple interaction cross section@PARP~31!#, the model for
their generation@MSTP~82!#, the ratio ofgg andqq̄ multiple
interactions@PARP~85,86!#, and the width of the Gaussia
pT spread of particles produced in the breakup of co
strings @PARJ~21!#. Once these parameters are adjusted
obtain agreement with the data away from theb-jets, we
assume the underlying event is well modeled. We then ad
the Peterson constant PARJ~55! so that the generated mult
plicity of tracks inside theuDRu,1 cone around theb
matches the observed one. Table XVI lists the default a
tuned values of the relevantPYTHIA parameters. More detail
may be found in Ref.@39#.

As an example of the effects of the tuning, we show
Fig. 28 thepT distribution of SST candidates~i.e., tracks that
satisfy the SST selection cuts except for thepT

rel requirement
@Sec. IV B#! in lD (* ) data and the two simulations. The tun
ing procedure uses this distribution from thelD 0

TABLE XV. The s(B) ratios represent the relative productio
rates used inPYTHIA for the differentB mesons. The relative ratio
are labeled by spectroscopic notation or their spinS, e.g., ‘‘s(B
1B** :S50)’’ represents the sum of cross sections forB andB**
states with zero spin.

Parameter Value

s(B* )/s(B1B* 1B** ) 0.7625

s(B** :1P1)/s(B1B** :S50) 0.320

s(B** :3P0)/s(B* 1B** :S51) 0.033

s(B** :3P1)/s(B* 1B** :S51) 0.099

s(B** :3P2)/s(B* 1B** :S51) 0.165
TABLE XVI. The PYTHIA parameters modified from their defaults in order to agree withB→n lD 0,
D0→K1p2 data.

Parameter Default Tuned Description

MSTP~82! 1 3 model of multiple interactions

PARP~85! 0.33 1.0 fraction of color-connected

gg multiple interactions

PARP~86! 0.66 1.0 total fraction ofgg

multiple interactions

MSTP~33! No Yes multiply cross sections by PARP~31!

PARP~31! 1.00 1.66 increase cross sections by 66%

PARJ~21! 0.36 0.6 spT

f rag

MSTJ~11! 4 3 use Peterson frag. forb,c

PARJ~55! 20.006 20.0063 2eb
1-36
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subsample—except that the tracks were not restricted
DR,0.7 around theB as they are in Fig. 28—so the agre
ment of the tuned version with the data is to be expec
The shape of the defaultPYTHIA pT spectrum shows a clea
disagreement with the data. While there is much better ag
ment between data and the tunedPYTHIA in the shapes of the
pT and the frequency distribution of SST candidates~see Fig.
18!, the tuned Monte Carlo underestimates the numbe
lD (* ) events that fail to tag by a few percent~see Fig. 25!.
The charged and neutral dilutions as a function of the S
pT threshold~similar to Figs. 21 and 22! for the two versions
of the simulation differ by not more than;2s of the Monte
Carlo statistical uncertainty; despite the better description
the data by the tunedPYTHIA, the tagging results are no
much different between the two simulations.

We then have a variant ofPYTHIA tuned to ourlD 0 data.
This was done for only onelD (* ) mode, and comparison
with the others, or theJ/cK modes, are independent of th
tuning. We find the tuned version generally provides be
agreement than the default version with all the data sam
considered in this paper, in spite of the fact that the tun
used only global multiplicity andpT distributions and did not
consider particle correlations.

c. Systematic uncertainties for the dilutions derived fromPYTHIA

For the study presented in Sec. VII D, we rely on t
tunedPYTHIA to calculate the dependence of the dilution
the pT of theB meson being tagged. In order to determine
systematic uncertainty on the dilution extrapolation due
the simulation, we regenerated Monte Carlo samples vary
selectedPYTHIA input parameters.

The four parameters we varied were the string fragm
tation model parameterspT

f rag which describes the distribu

tion of particle momenta transverse to the string directi
the underlying event cross section scale factor@PARP~31!#,

FIG. 28. ThepT distribution of tracks satisfying SST selectio
cuts except for thepT

rel requirement: average forlD (* ) data~solid
circles!, default PYTHIA ~open squares!, and tunedPYTHIA ~open
circles!.
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the Peterson fragmentation parametereb , and the combined
contribution of theB** modes~see Tables XV and XVI!.
These four were selected as parameters that most dire
influence the track momentum and multiplicity of potent
tags, and hence the dilution.

We variedspT

f rag from our tuned value down to 0.36~the

default value! and up to 0.8, though the statistical uncertain
from tuning this parameter on the data was only 0.02@39#.
Likewise, we varied the cross section scale factor from
~the default value! up to 2.5, even though its tuned unce
tainty was only 0.04. The range was selected by varying
parameter to~approximately! span a symmetric range abo
the tuned value that included the defaultPYTHIA value. The
large ranges we used for these two parameters were ch
as conservative allowances for the applicability of th
model.14

The parametereB and the fraction ofB mesons originat-
ing from B** have been measured elsewhere, and their
fects on the model are better understood. We variedeB from
0.004 to 0.008 and theB** fraction up and down by 25%
These ranges are indicative of the statistical uncertainties
rived from the tuning studies@39#.

As an additional systematic uncertainty on the behavio
the dilutions, we varied the fractions of kaon and proton ta
in our samples. Section VII B indicates that the differen
betweenD1 andD0 in the simulation is due to tagging o
kaons and protons. We varied the kaon fraction by630%
and the proton fraction by650% to evaluate this uncer
tainty.

3. Detector simulation

The outputs of the physics simulations are passed thro
the standard CDF fast detector simulation. This simulation
based on parametrizations of detector responses determ
from data, often test beam measurements. The detector s
lation output can be reconstructed using standard CDF s
ware. These reconstructed Monte Carlo events may the
treated as real data in the analysis.

The inclusive lepton trigger introduces a strong kinema
bias in thelD (* ) analysis. This bias must be well modeled
the simulation to obtain the proper relative reconstruct
efficiencies andct corrections, otherwise an incorrect samp
composition will result. We take an empirical approa
rather than simulate the trigger directly. The trigger is mo
eled by a simple error function parametrization of the ratio
the observed leptonpT distribution in the data to that gene
ated by the simulation@27#. Examples of such ratios and th
error function fits are shown in Fig. 29 for one signatu
Only the region 0,pT( l ),20 GeV/c is fit, since this is
where the effect of the trigger turn-on is the most pr
nounced. Fits are performed on all five decay signatures,

14The PYTHIA default,spT

f rag50.36, results from tuning to CERN
e1e2 collider LEP data. This ‘‘string-breaking’’ parameter shou
be, to first order, the same fore1e2 andpp̄ colliders. The sizeable
difference with the LEP value may signal a limitation of the tuni
procedure, or be a hint that the model is inadequate.
1-37
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the sample-weighted average of the five sets of fit parame
is used to describe the electron and muon trigger efficienc
These parametrizations are then applied to the Monte C
events to obtain simulated data sets with the correct trig
turn-on.

A comparison of some kinematic distributions from t
data and the simulation is given in Fig. 30 for a sample de
signature. As can be seen, this procedure provides a f

FIG. 29. The ratios of thepT( l ) distributions of the data to the
Monte Carlo simulation, for electrons~top! and muons~bottom!, for
the l 1D2, D2→K1p2p2 signature. The distributions are fit wit
the error function, wherepT

0 is the midpointpT( l ) and spT
the

‘‘width’’ of the turn-on. The overall normalizations are immateri
since thelD (* ) analysis requires only relative efficiencies.

FIG. 30. A comparison between the data~points! and the single-
B Monte Carlo simulation for the decay signaturel 1D2, D2

→K1p2p2. The distributions compared are:pT of the lepton,e
andm combined~top left!, mass of thelD 2 system~top right!, the
pT of the lD 2 system~bottom left!, andpT( lD 2) after correcting
for the missing neutrino~bottom right!. Only the agreement in the
correctedpT( lD 2) distribution relates directly to the analysis.
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accurate representation of the data.
For theJ/cK we found that thepT(B) distribution that

results after detector simulation and selection cuts comp
fairly well with the data without additional trigger simula
tion. The trigger turn-on at very lowpT(m) is largely gov-
erned by the energy loss in the material before the m
chambers. This effect is already included in the detec
simulation, and thus no specific trigger simulation is done
the J/cK Monte Carlo samples.

APPENDIX B: CHARGE ASYMMETRY TAG
CORRECTIONS FOR THE J/cK SAMPLES

A charge bias in the SST algorithm could fake an asy
metry. The maximum likelihood approach described in S
VI B provides a natural tool for the parametrization of
charge bias and its effect on data.

A tagging algorithm is characterized by the probabil
P(sup) that a given production flavorp yields a tag of
charges. The production flavorp follows the same conven
tion as the reconstructed flavorr : p511 for B1 and B0,
and21 for B2 andB̄0. The tag,s, takes the value of11 for
tagging on a positive track,21 for a negative track, and 0 i
there is no tag. This probability can be written in a for
similar to the expression ofP(sur ) used in our likelihood
function @e.g., Eq.~72!#, namely

Pf~sup!5S 11pkf~s!Df

2 D Ef~s!, ~B1!

which is characteristic of an asymmetry inpkf(s) with am-
plitude Df (f5S, P, or L for the type of event!.

The sixPf(sup) describing a tagging method~for a given
f! are reduced to four by the two constraints

Pf~1up!1Pf~2up!1Pf~0up![1 ~B2!

for either p. Four independent variables may be chosen
describe the tagging in terms of these probabilities as

Df5
Pf~1u1 !1Pf~2u2 !2Pf~2u1 !2Pf~1u2 !

Pf~1u1 !1Pf~2u2 !1Pf~2u1 !1Pf~1u2 !
~B3!

ef5
Pf~1u1 !1Pf~1u2 !1Pf~2u1 !1Pf~2u2 !

2
~B4!

af5
Pf~1u1 !1Pf~1u2 !2Pf~2u1 !2Pf~2u2 !

Pf~1u1 !1Pf~1u2 !1Pf~2u1 !1Pf~2u2 !
~B5!

df5
Pf~1u1 !1Pf~2u1 !2Pf~1u2 !2Pf~2u2 !

Pf~1u1 !1Pf~1u2 !1Pf~2u1 !1Pf~2u2 !
.

~B6!
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The first quantityDf is the usual dilution,15 and the second
quantity ef is the charge-averaged tagging efficiency. T
charge bias in the tagging algorithm is given asaf @Eq.
~80!#, and df is the flavor asymmetry in the tagging effi
ciency@Eq. ~82!#. We find it more convenient to express th
latter asymmetry asgf[df /Df .

Solving for Pf(sup) in terms ofDf , ef , af , andgf ,
and then casting the expressions in the form of Eq.~B1!, one
derives the following expressions forkf(s), the charge
asymmetry corrected tag, andEf(s), the corrected effi-
ciency:

kf~s!5H sS 11sgf

11saf
D for s561,

2
gfef

12ef
for s50,

~B7!

Ef~s!5H ef~11saf! for s561,

2~12ef! for s50.
~B8!

Notice that the untagged events may actually have a s
finite dilution sincekf(0) need not be zero. This non-ze
dilution arises because the untagged events contain a gr
number of events whichshouldhave been tagged with th
sign against which the tagging efficiency is biased.

These equations provide us with a formulation to inc
porate tagging asymmetries in the likelihood function~Sec.
VI B !.

APPENDIX C: CONSTRAINTS ON THE TAGGING
EFFICIENCY ASYMMETRY

As discussed in the latter part of Sec. VI C 3, a tagg
method may not tag onb and b̄ mesons with equal efficien
cies. The efficiency asymmetrydf is given by Eqs.~82! or
~B6!, and appears in the likelihood function viagf
[df /Df in Eq. ~B7!. We determinedP,L for the J/cK
backgrounds by letting them float in the likelihood fit. How
ever, for theB signal, we independently constraingf as
explained here.

With an ideal detector the tagging method would be
scribed by some ‘‘true’’ dilution and efficiency, and thea
andd asymmetries would be zero. A detector bias could a
this situation by adding or losing tracks based on th
charge. For example, positive tracks may be added to
event by proton spallation from the beam pipe. This effec
actually very small, but in any case, it adds tracks equ
around bothb and b̄ mesons. This generates a non-zeroa
~more positive tags than negative! in what was an ideal de

15With this convention, the dilution is positive for taggingB0’s
and negative forB1’s where the sign correlation is reversed. How
ever, we explicitly invert the sign in front of the ‘‘rkB(s)DB’’ term
in Eq. ~72! for J/cK1, so thatDB is positive in Table X forboth B0

andB1. All the background dilutions follow the nominal conven
tion of Eq. ~B3!.
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tector, butd remains zero (b and b̄ mesons have the sam
positive tag excess!. On the other hand, preferential loss
one charge makesdÞ0. An efficiency asymmetry is create
sinceB̄0 events are more likely to tag on negative tracks th
B0’s—this correlation, after all, is why SST works. The CT
has such a reduced efficiency for lowpT negative tracks
~Sec. VI C 3!.

We consider the situation where we have a net loss
negative tracks, as is actually observed in our data. Losin
track has one of three outcomes. First, if there was no o
SST candidate in the event, the tag would simply be lo
giving a net positive tagging asymmetry. If, on the oth
hand, the SST tagged on another negative track, then the
has no effect, since it is only the sign of the tag which m
ters. However, if the SST tagged instead on a positive tra
then the tagging asymmetry would be enhanced over
from simply losing negative tags.

If Df8 and ef8 are the nominal tagging dilution and effi
ciency in the absence of negative track loss (a85d850),
then the probabilitiesP(sup) @Eq. ~B1!# with the negative
track loss can be rewritten in terms of the nominal quantit
as

P~1u1 !5ef8 S 11Df8

2 D 1ef8 S 12Df8

2 Dh f 1 ~C1!

P~2u1 !5ef8 S 12Df8

2 D ~12h! ~C2!

P~1u2 !5ef8 S 12Df8

2 D 1ef8 S 11Df8

2 Dh f 2 ~C3!

P~2u2 !5ef8 S 11Df8

2 D ~12h!, ~C4!

whereh is the fraction of negative tags which are lost butnot
counting those which re-tag on another negative track,
f 1(2) is the fraction ofp511 (p521) @or B0(B̄0)# which,
having lost a negative tag, re-tag on a positive track.

We can calculate the ratiogf /af by substituting Eqs.
~C1!–~C4! into Eqs.~B3!, ~B5!, and~B6!, and obtain

gf

af

5
$22h~12 f̄ 1Df8 D f !%$Df8 @12 f̄ #1D f %

$11 f̄ 2Df8 D f %$2Df8 2h~Df8 @11 f̄ #2D f !%
,

~C5!

where f̄ 5( f 11 f 2)/2 andD f 5( f 12 f 2)/2. The behavior of
gB /aB is shown in Fig. 31 for values ofaB52% andDB8
516.5%, values which are close to what is observed in d
We also use

h5
2af

~11af!1~12af!~ f̄ 2Df8 D f !
, ~C6!

obtained from Eq.~B5!. The nominal dilution used is actu
ally the observed dilution inJ/cK data after negative track
1-39
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loss ~Sec. VI C!, but the two dilutions are expected to b
similar in light of the small charge asymmetry ofaB;2%
~Sec. VI C 3!.

The largestgf /af is achieved withf̄ 5D f 50.5, which
gives

gf

af
5

~Df8 11!~42~11Df8 !h!

~32Df8 !„4Df8 1~123Df8 !h…
. ~C7!

For values ofaB andDB8 close to what is expected in sign
events, this maximal value is about 2.5. The maximum c
responds to the unrealistic situation where all the lost ne
tive tags~which do not re-tag negative! always re-tag on a
positive track forB0’s and never re-tag on a positive track
for B̄0’s. For the likelihood fit we choose the nominal valu
of this ratio to be 1.0, and for the purpose of evaluat
systematic uncertainties this ratio is varied between 0
2.5. SinceaB is on the order of 2%,gB lies between 0 and
5%.

APPENDIX D: STATISTICAL SIGNIFICANCE OF D1 VS
pT„SST… SHAPE DIFFERENCES

The variation of theJ/cK1 charged dilution versus th
pT cutoff shown in Fig. 23 apparently does not agree v
well with either thelD (* ) data or the tunedPYTHIA simula-
tion aroundpT(SST);0.6 GeV/c. As noted in Sec. VII B,
neighboring points are highly correlated and it is difficult
judge the significance of trends across several points f
the drawn~naive! error bars. The correlation is complicate
because events which lose their tags as thepT(SST) cutoff is
raised will sometimes re-tag on another, higherpT , track in
the event. This effect causes the fluctuations to be larger

FIG. 31. Variation ofgf /af versusf 1 and f 2 for af52% and
nominal dilutionDf8 516.6%. Note that~0,0! is the leftmost corner
and ~1,1! the rightmost, and that the function is not defined for t
regionD f ,0.
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might be naively expected. We consider here a test to ga
the statistical significance of the shape differences.

The dilution differences between adjacentpT(SST) cut-
offs ~say from 0.4 to 0.5 GeV/c! are much less correlate
than the absolute dilutions. The common components larg
cancel in the differences. We estimate the probability to
tain dilution differences similar to theJ/cK1 data and use
that estimate as a measure of the statistical likelihood to
tain shape disagreements like the data.

We calculate ax2 comparing the dilution differences be
tween the data and the Monte Carlo simulation, i.e.,

z25(
i

S d i2 d̄ i

s~d i !
D 2

~D1!

where i is the index of thepT-cut ~13 values in 0.1 GeV/c
increments starting from 0.3 GeV/c!, d i5Di 112Di , Di is
the measured dilution ati , d̄ i is the corresponding differenc
from the tunedPYTHIA ~Sec. A 2 b!, ands(d i) is the statis-
tical uncertainty ond i . We calculate these differences rel
tive to thePYTHIA value d̄ i sinceD1 varies withpT(SST)
~Fig. 23! and would otherwise introduce an unwanted s
tematic contribution toz2.

We subdivide thePYTHIA sample into 100 subsample
each with statistics equivalent to theJ/cK1 sample, and
computez2 for each@32#. These subsamples should have t
same sort of statistical fluctuations as the data. Thez2 distri-
bution for the Monte Carlo subsamples is shown in Fig.
The value obtained from theJ/cK1 data, z2516.7, is
marked by the vertical line. The data is higher than typic
but well within the spread of the Monte Carlo samples.

The distribution of thez2’s should, if the dilution differ-
ences are truly uncorrelated, follow the standardx2 distribu-

FIG. 32. The distribution ofz2 values obtained fromJ/cK1

Monte Carlo samples equivalent to the data. A fit to the standardx2

distribution is shown by the solid curve and yields 12.7 degrees
freedom. The vertical line indicates thez2 value obtained from the
J/cK1 data sample, and Monte Carlo samples with larger value
z2 are shaded.
1-40
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tion for n degrees of freedom, which in this case is the nu
ber of differences. A fit of thex2-distribution to the 100
subsamples, withn as a free parameter, is also shown in F
32. The fit yieldsn512.7160.48, in good agreement wit
there having been 13 differences in thez2 sum.
on
e
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We compute from this fit the probability for a sample th
size of theJ/cK1 data to yield az2 at, or above, the 16.7
observed in the data to be 22%. Thus, we conclude that
observed differences in the dilution shape withpT(SST) are
not statistically unusual.
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