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We measure the relative rate of production of orbitally excited (L = 1) states of B mesons (B��)

by observing their decays into B��. We reconstruct B mesons through semileptonic decay channels

using data collected in p�p collisions at
p
s = 1:8TeV. The fraction of light B mesons that are

produced as L = 1 B�� states is measured to be 0:28� 0:06 (stat)� 0:03(syst). We also measure the

collective mass of the B�� states, and quantify the result by quoting the (model-dependent) mass

of the lowest B�� state to be m(B1) = 5:71� 0:02GeV=c2.

PACS numbers: 14.40.Nd, 13.20He, 13.25Hw
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I. INTRODUCTION

The label \B��" is a collective name for the four lowest-lying L = 1 states of B mesons. The low-lying part of

the B meson spectrum is illustrated in Fig. 1. As a result of heavy-quark symmetry (HQET) [1], the heavy quark

decouples from the light degrees of freedom in the mb !1 limit, and thus the B�� states are usually labeled by the

total angular momentum j of the light quark q, i.e. Jq = L � Sq. For the L = 1 states this results in two doublets:

B�
0 and B�

1 for jq =
1
2 , and B1 and B�

2 for jq =
3
2 . The states within each doublet should be degenerate in mass by

HQET and have the same total strong-interaction width. The 1=mb corrections turn out to be signi�cant and break

this degeneracy. The states in the jq =
1
2 doublet are expected to be broad since they can decay through an S-wave

transition, whereas the jq =
3
2 states decay through a D-wave transition and are therefore thought to be narrow.

The motivation for studying the B�� states is twofold. First, the combination of a heavy and a light quark is the

closest QCD analog of the hydrogen system in QED and is therefore an interesting testing ground for non-perturbative

theoretical models. Second, the B�� states are expected to decay strongly into B��, so the charge of the pion from

their decay can be used to determine the 
avor of the weakly decaying b quark at the time of its production. By

\
avor" we mean whether the bottom quark involved is a b or �b quark, the common terminology adopted in B0-mixing

and CP -violation studies. This mechanism contributes to the B 
avor-tagging technique proposed in Ref. [2] and

successfully employed in Refs. [3{6].

Early theoretical predictions [7] of the masses and the widths for these states were obtained by extrapolation from

the measured properties of other heavy-light quark systems based on gross features of heavy-quark symmetry [1].

Recently, calculations in the non-relativistic valence-quark approximation [8] and the fully relativistic light-quark

model [9] have become available. The latter model is in good agreement with the properties of the observed heavy-

light mesons and heavy quarkonia. The predictions of the three approaches are listed in Table I.

To date the B�� states have been observed only in the e+e� environment at LEP [10{13] with properties in

reasonable agreement with the expectations. These experiments have been unable to resolve the four states.

In this paper we present a measurement of the production rate and mass of the B�� states using a sample of B

mesons partially reconstructed through their semileptonic decays into charm mesons. The data were collected with

the Collider Detector at Fermilab (CDF) at the Tevatron p�p collider. This analysis is closely related to that of Ref. [5],

and a number of results presented there are not repeated here.
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FIG. 1. Predicted spectrum and dominant decays of the low-lying B meson states.

The remainder of this paper is organized as follows: Section II gives a brief overview of the CDF detector and the

details of data selection and B�� reconstruction; Section III lists the backgrounds to the B�� signal; Section IVA

explains the �tting procedure and links in the treatment of the most important backgrounds; the results and estimated

uncertainties are presented in Section IVB; and �nally Section V contains a summary.

II. THE CDF DETECTOR AND DATA SELECTION

A. Apparatus

This analysis was performed on the data collected with the CDF detector at the Tevatron collider during the 1992{

1996 data-taking period. The integrated luminosity of this data sample is 110 pb�1 of p�p collisions at
p
s = 1:8TeV.

A full description of the detector can be found in Refs. [14,15]. Here we describe brie
y only the subsystems relevant

to the analysis.

We use a cylindrical coordinate system with the z-axis pointing along the beam direction. The polar angle �

is measured from the direction of the proton beam, and the azimuthal angle � from the horizontal plane. The

pseudorapidity, � = � ln(tan �
2 ), is frequently used in place of the polar angle. Some quantities are measured only in

the plane transverse to the beam line; these are denoted with the subscript \t," e.g. pt = p sin � is the transverse

momentum of a particle and Et = E sin � its transverse energy.
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The tracking systems are located inside a superconducting solenoid which generates a 1:4T magnetic �eld. The

silicon vertex detector (SVX) [15] is a solid-state tracking device located immediately outside the beam pipe. It consists

of four layers of silicon microstrip detectors at radii ranging from 3:0 to 7:9 cm. The SVX provides a measurement of

the impact parameter of tracks in the plane transverse to the beam axis with a resolution of �d = (13 + 40=pt)�m,

where pt is in GeV=c; it does not measure the longitudinal coordinates of tracks. The outermost tracking device is the

central tracking chamber (CTC), a drift chamber providing a three-dimensional measurement of tracks in the region

j�j < 1:1 from the nominal p�p interaction point. The combined SVX{CTC system enables us to measure transverse

track momenta with the resolution �pt=pt �
p
(0:9pt)2 + (6:6)2� 10�3 where pt is in GeV=c. Between the SVX and

the CTC lies a set of time-projection chambers measuring the longitudinal positions of the p�p interaction vertices.

The calorimeters are situated outside the solenoid, and consist of \towers" pointing to the interaction region. Each

tower covers 15� in � and 0:1 in �. The central electromagnetic calorimeter (j�j < 1:1) is an 18 radiation length lead-

scintillator stack with a proportional chamber for measurement of the transverse shower pro�le. Its position resolution

is about 2mm, and the energy resolution is �Et=Et =
p
(13:5%=

p
Et)2 + (2%)2, where Et is in GeV. Outside it is

the iron-scintillator central hadronic calorimeter which is 4:5 interaction lengths thick and provides measurements

with a resolution �Et=Et =
p
(50%=

p
Et)2 + (3%)2, where Et is again in GeV.

The central muon chambers (CMU) are located outside the calorimeters and cover the region j�j < 0:6 with 85%

coverage in �. Beyond the CMU there is an additional absorber of 60 cm of steel followed by the central muon upgrade

chambers (CMP) (j�j < 0:6 with 65% coverage). Both are made up of four layers of drift chambers.

The CDF detector has a three-level triggering system. The �rst two levels are hardware triggers, and the third is a

software trigger derived from the o�-line reconstruction code. The events used in this analysis satis�ed triggers that

require either an electron of high energy (calorimeter deposition above Et � 8GeV and an associated track above

pt � 7:5GeV=c) or a muon of high momentum (pt above � 7:5GeV=c).

For the simulation needs of this analysis, we use the Pythia 5.7/Jetset 7.4 generator [16] with several of its

parameters adjusted to achieve a good description of charged-particle multiplicities of b�b events produced in p�p

collisions. The tuning procedure is summarized in Sec. III B 1. This analysis is, however, not particularly sensitive to

the tuning. The generated B mesons are decayed using the the CLEO QQ B-decay Monte Carlo program [17], and

the resulting events passed through the standard CDF detector simulation.
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FIG. 2. Topology of a semileptonic B decay. Measurable particles are shown as solid lines. The particles \(X)" originating

at the secondary vertex may come from the decays of excited states of D mesons or from B ! �`DX decays.

B. Data selection

1. B candidate selection

We search for the semileptonic decay of B mesons into an electron or muon (which is the basis of the trigger),

a neutrino, and a D(�) meson. The D(�) is reconstructed in several hadronic decay modes. The topology of a

representative semileptonic B decay is shown in Fig. 2. We reconstruct the following \decay signatures" for our B

meson samples:1

(a) B+ ! �`+D0; D0 ! K+��;

(b) B+ ! �`+D0; D0 ! K+���+��;

(c) B0 ! �`+D�; D� ! K+����;

(d) B0 ! �`+D��; D�� ! D0��s ; D
0 ! K+��;

(e) B0 ! �`+D��; D�� ! D0��s ; D
0 ! K+���+��;

(f) B0 ! �`+D��; D�� ! D0��s ; D
0 ! K+���0;

where the pion from the D�� decay is denoted as ��s to distinguish it from others in the decay sequence. We refer

to each of these as a \decay signature" since they represent the experimental selection process, which in turn results

in subsamples that are not exclusively composed of the listed sequence of decays. One decay chain of a B meson

may mimic another if particles are missed in the reconstruction. For example, the B0 decay sequence written for

signature (d) will contribute to the event subsample of (a) if the ��s from the D�� decay fails the reconstruction

1Use of speci�c particle states in this paper implies the use of the charge conjugate states as well.
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criteria. In general, if a charged particle is missed in the reconstruction the apparent B charge is changed, and

charged and neutral B meson decays will thereby cross-contaminate each other's signatures. The contamination

between charged and neutral B mesons is relatively modest, not more than 20% for any of the signatures in this

analysis. The separation is aided by the fact that the �rst two signatures of `+D0 have candidates removed if they

are also valid `+D�� candidates.

The sample selection is the same as Ref. [5] except for the addition of the `+D0, D0 ! K+���+�� signature which

increased the sample of charged B mesons by nearly 60%. The reader may refer to this previous work for details of

the B candidate selection; we only outline the approach here and summarize the kinematic and geometric selection

criteria in Table II.

The tracks of the D(�) daughters must lie within a cone of �R � p(��)2 + (��)2 = 1:0 around the lepton,

and exceed a pT threshold (see Table II). All tracks (except one in the case of D0 ! K+�����+) must use SVX

information, and they must also be consistent with originating in the vicinity of the same primary vertex. The

candidate tracks must form a mass in a loose window around the nominal D mass, where all permutations of mass

assignments consistent with the charm hypothesis are attempted. The candidate tracks are then combined in a �t

constraining them to a D decay vertex, and �2 and mass window cuts are imposed. We require the D tracks to be

displaced from the primary vertex based on the track impact parameter signi�cance d0=�0, where d0 is the impact

parameter in the transverse plane with respect to the primary vertex and �0 is its error. The speci�c requirement

depends upon the decay signature, as listed in Table II. The projected transverse distance Lxy(D) between the D

vertex and the primary vertex must be greater than its uncertainty �Lxy [Lxy(D)=�Lxy cut in Table II]. We next �nd

the B vertex by projecting the D back to the lepton track, and their intersection determines the B vertex, as sketched

in Fig. 2. If the reconstruction includes a ��s from a D�� decay, the ��s is used to further constrain the B vertex. A

loose cut is applied to the D proper decay length relative to the B vertex (ctD cut in Table II). Some further demands

on masses or mass di�erences are summarized in Table II. Finally, the lepton and the charm candidates are required

to be consistent with the decay of a single B, i.e., the signal must have a `+K+ or `�K� correlation.

Figure 3 shows the charm candidate mass distributions for the six reconstructed B signatures. The solid (dashed)

histograms in the �gure are the distributions of the candidates with the right (wrong) `{K charge correlation to be

coming from a single B meson. The wrong-sign distributions show no excess at the appropriate charmmass, indicating

that the right-sign distributions are clean samples of semileptonic B decays. The numbers of B candidates for each

decay signature, summarized in Table III, are determined by sideband (hatched regions in Fig. 3) subtraction. This

9



is a straightforward procedure except for the D0 ! K+���0 signature (f), where we use the shape of the wrong-

sign mass di�erence distribution (dashed histogram) renormalized to the (hatched) right-sign sideband region. The

selections result in a total of almost 10000 partially reconstructed B mesons.

FIG. 3. Mass distributions of the D(�) candidates for the six B decay signatures (see text for the alphabetical signature

labels). The last signature (f) is for D0 ! K+���0, where the �0 is not part of the reconstruction, and the mass di�erence

between the visible D�� and D0 decay products is plotted instead of the mass. The solid histograms are for the candidates

which have the correct charge correlation for B decays (`�K�), and the dashed histograms for the opposite correlation. The

hatched regions are the sidebands used for background subtraction. The yields of B mesons are summarized in Table III.

2. B�� candidate reconstruction

A B�� candidate is constructed by combining a B candidate with any track compatible with originating from the

primary interaction vertex|generally referred to as a \prompt" track. We assume that every such track was produced
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by a pion since we do not e�ciently distinguish particle species. The tracks are required to be reconstructed in the

SVX for precision measurement of the impact parameter, and have an impact parameter that is less than 3.0 standard

deviations from the primary vertex. Furthermore, only tracks with transverse momentum greater than 900MeV=c

are used. This value was determined from the Monte Carlo simulations in order to maximize the signi�cance of the

anticipated B�� signal.

The missing neutrino from the semileptonic B decay prevents us from fully reconstructing the B meson.2 Our

resolution on the mass of the B�� candidates is thereby impaired by the unknown momentum of the neutrino. The

kinematics of the B meson decays in our sample are determined mostly by the acceptance of the lepton triggers and,

to a lesser extent, by the selection requirements on the hadronic D decay products. The relatively high momentum

threshold of the lepton triggers biases the neutrinos of those B mesons entering our sample to possess a fairly modest

fraction of the full B momentum. As a result, on average, the reconstructed B decay products comprise about 85%

of the true B momentum (average B transverse momentum is � 21GeV=c), and have an rms spread about the mean

of � 10%.

The mass resolution of the reconstructed B�� candidates can be improved by correcting the measured momentum

of the visible B decay products to account for the loss of the neutrino. An average multiplicative correction factor for

each decay signature, determined by Monte Carlo simulation, is applied on an event-by-event basis to the momentum

of the reconstructed B candidate as a function of the mass of the visible B decay products. Instead of using the

direction of the visible B momentum, the transverse direction of the B meson is deduced from the B production and

decay vertices for a further improvement in the B�� mass resolution.

Despite these corrections, the smearing of the B�� candidate masses due to the missing neutrino is still severe.

Instead of looking for a B�� ! B�� peak in the mass distribution, we use the mass di�erence Q � m(B�)�m(B)�

m(�), where the reconstructed mass of the B candidates is used. Some of the smearing e�ects within an event cancel for

this quantity. The resolution of Q is, however, also a�ected by the decays of the B�� to B�, since we do not reconstruct

the soft photon from B� ! B
. Furthermore, only two of the B�� states are expected to be narrow (� 20MeV=c2),

while the other two, making up one third of all B�� states by spin-counting, should be broad (� 100MeV=c2) [7].

2The B decay signatures include contributions from B ! �`D�� decays, for which the pion or photon from the D�� decay chain

is also missing. The kinematic e�ects of these other missing particles are implicitly included when referring to the neutrino,

which is usually the dominant source of missing momentum.
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Monte Carlo studies indicate that the resolution of Q for B�� decays, in spite of these resolution-limiting e�ects, is

around 50MeV=c2 with no signi�cant systematic shift after correcting the visible B momentum.
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FIG. 4. An idealized picture of the decays of B�� mesons into B mesons and charged pions illustrating the pion charge

correlations with the constituent quark types.

The charge of the pion from a B�� decay always matches the light quark content of the associated B meson, i.e.

B�� mesons decay into B+�� or B0�+, as shown in Fig. 4, and never to B+�+ or B0��. We label the correct B+��

and B0�+ pairings as \right-sign," and the unphysical decay combination as \wrong-sign." It is important to note

that B mesons with the same b 
avor (e.g. B+ and B0) have the opposite de�nition for the right-sign pion charge,

i.e. �+ for B0 and �� for B+. If one knew, without fail, the 
avor and charge state of the B meson at the time of

creation, the B�� would appear as an excess in the right-sign Q distributions only. In our sample, however, we expect

some cross-contamination between 
avors through B0{B0 oscillations and incomplete reconstruction of all of the B

decay products, as explained later in the paper.

A further complication is present. The particles produced in the hadronization of b quarks into B mesons are also

expected to form low-mass combinations with the B candidates, and to favor the same right-sign correlation as in

B�� decays. Thus, the primary experimental di�culty in this analysis is to separate the (broad) resonant B�� signal

from the low-mass non-resonant hadronization background, which also favors the same right-sign charge correlation.

The Q distributions of our B�� candidates are shown in Fig. 5. These are inclusive distributions, meaning that we

do not choose only one candidate track per B, otherwise biases may be introduced that are di�cult to calculate. Any

track that satis�es our selection criteria enters into these distributions, so there may be multiple B�� candidates per

B candidate. There is a clear right-sign excess at low Q, but as alluded to above, the background (e.g. wrong-sign

candidates) peak in the same region, and the behavior is quite di�erent for the charged and neutral signatures. We

next consider the various contributions to Fig. 5, and disentangle the B�� signal from the charge correlated and

kinematically similar hadronization background in the data.
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FIG. 5. The Q distributions of the B�� candidates in the data summed over the charged (left) and neutral (right) B

signatures. The candidates with the right (wrong) B-�� charge correlation are shown as solid (dashed) histograms.

III. B�� BACKGROUNDS

The backgrounds to a potentialB�� signal can be divided into two broad classes. Those produced in association with

the b quark, and which are therefore dependent on its charge and momentum, we refer to as \correlated" backgrounds.

Those that are independent of the presence of heavy quarks in the event are \uncorrelated" backgrounds. We sideband

subtract the uncorrelated backgrounds directly in the data, whereas the correlated ones, especially the one coming

from hadronization tracks around the B meson, require a more involved treatment.

A. Uncorrelated backgrounds

Three sources of uncorrelated background contributions are taken into account: fake B meson candidates, \pile-up"

events, and particles from the \underlying" event. All three components are measured from the same data sample

that is used for this analysis, and their contributions are subtracted before the B-� candidates are analyzed further.

The combinatorial background in the reconstruction of the D(�) mesons results in fake B meson candidates under

the D(�) mass peaks. We divide the mass spectrum of D(�) candidates into signal and sideband regions (shown in

Fig. 3), and perform a sideband subtraction on the Q distribution of the B�� candidates. This subtraction is performed

independently for each B meson signature. This procedure yields the B-� Q distributions for true B mesons, but

there are other backgrounds to a B�� signal that must be considered.

At the higher Tevatron luminosities, it is not unusual to have multiple hard p�p collisions in the same beam crossing,
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which we refer to as event \pile-up." The spatial resolution of the tracking detectors is on the order of a centimeter

along the beam (z) axis, whereas the collisions have a corresponding � 30 cm rms spread around the center of the

detector. It is usually possible to distinguish which tracks arise from which interaction, but occasionally a secondary

collision will occur so close in z to the one that produced the B meson that the two cannot be distinguished. In

the latter case, we will sometimes form B�� candidates using pions from p�p interactions unrelated to the one that

produced the B meson.

FIG. 6. Background track distributions: (a) The �z distribution between the B meson's production vertex and other tracks

in the event for data (histogram), and a parameterized �t to the data (solid curve). (b) The azimuthal distribution �� of

tracks with respect to the B meson direction for j��j < 1, right- and wrong-sign B-� pairs are plotted separately. (c) The

azimuthal distribution for the right-sign excess.

We correct for this e�ect by looking at the distribution of tracks well separated from the B vertex and then

extrapolate into the region where we are unable to resolve additional vertices close to the B. We �rst determine the

distribution of the spatial separations (�z) along the beam line between the B production vertex and the z-coordinate

of tracks in the event (i.e. the z-coordinate of the point of closest approach of the track helix to the beam line).

This distribution, shown in Fig 6a, has a narrow peak at �z = 0 that is composed of tracks coming from the same

interaction as the B meson and that has a width characteristic of the z-resolution of the detector. This peak lies

on top of a broad Gaussian-like distribution of tracks coming from other (uncorrelated) p�p interactions in the same

beam crossing. From the �tted curves in Fig 6a the pile-up background accounts for about 5% of the total tracks we

associate with the B production vertex in the B�� reconstruction. We de�ne a signal region (j�zj < 5 cm) and choose

sidebands (hatched regions in the Fig 6a) to produce a �z-sideband subtracted Q distribution of the B-� candidates.

The �nal uncorrelated background component we take into account is that from the particles of the \underlying
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event." In most p�p collisions any heavy 
avor produced accounts for only a fraction of all particles emanating from

the collision. The remaining particles are the product of radiation of the remnants of the original (anti)proton.

These particles are expected to be uncorrelated with the direction of the b jets, and therefore isotropic in the plane

transverse to the beam. We tested this assumption by verifying that the azimuthal distribution of particles relative

to the reconstructed B meson over 0 < j�(track)� �(B)j < 2 is uniform in the j��j � j�(track)� �(B)j > 1 region.3

We correct for this underlying track background by again doing a variant of the sideband-subtraction procedure.

The distribution of azimuthal separations between charged particles and the reconstructed B mesons with j��j < 1,

shown in Fig. 6b, reveals that most of the b jet associated with the B meson is con�ned to the region j��j < 0:8.

One sees from Fig. 6c, consistent with this observation, that the right/wrong-sign asymmetry vanishes outside this

\B" region of j��j < 0:8. The uniform distribution in the 1 < j��j < 2 region is presumed to be dominated by the

underlying event particles, and we use the properties of these tracks to estimate the contribution of the underlying

event particles to the Q distribution. This is accomplished by rotating these tracks (hatched \sideband" in Fig. 6b)

in the transverse plane \under" the B meson, i.e. reducing their j��j by 1. We then subtract the Q distribution of

these \sideband" events from the raw B-� Q distribution to remove the e�ect of the underlying event background

from the B�� candidates.

The Q distribution of the B�� candidates which results after these three backgrounds have been subtracted from

the raw distribution (Fig. 5) is shown in Fig. 7. A clear right-sign excess remains, but one still may not interpret this

excess as a B�� signal.

B. Correlated backgrounds

The corrected Q distributions in Fig. 7 consist predominantly of combinatoric background formed from real B

mesons combined with hadronization particles from the formation of the B meson, and the (potential) B�� signal.

The main di�culty in this analysis lies in making a robust distinction between these two components as they both have

similar kinematic characteristics and a preference for the right-sign B-� correlation. We use a Monte Carlo-inspired

3We restrict the azimuthal range because the uniformity is spoiled as j��j approaches � by the tracks coming from the jet

associated with the other b hadron in the event. This other jet tends to be back-to-back in � with respect to the B meson, but

is largely uncorrelated to it in �.
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parameterization, constrained by the data, as a model for the Q distribution of the hadronization background. This

approach to modeling the hadronization background is found to be fairly insensitive to the details of the simulation.

FIG. 7. The Q distributions of the B�� candidates in the data after the subtraction of the uncorrelated backgrounds from

the raw distributions of Fig. 5.

1. Hadronization particles

Hadronization particles are those resulting from the QCD processes which form a color-neutral meson from a b

quark. All the B�� analyses published to date [10{13] rely on Monte Carlo calculations to predict the shapes of either

Q or mass distributions (i.e. n(Q) � dN=dQ or dN=dm) for this background. We found that the available Monte

Carlo event generators poorly describe the complex environment of a hadron collider in this respect. For this reason

we sought to constrain the shape of this background from the data and thereby reduce the dependence of the results

on the hadronization model implemented in a given simulation.

A simple approach would be to parameterize the shape of the Q distribution arising from the hadronization tracks,

�t the parameterization to the wrong-sign B� combinations [nws(Q)] of Fig. 7, and subtract the same distribution

from the right-sign candidates [nrs(Q)]. This is, however, incorrect since one does not expect the right-sign and the

wrong-sign hadronization components to have the same magnitude.

A mechanism believed to be responsible for such a di�erence is illustrated in Fig. 8: as a �b quark hadronizes, it

\pulls" quark-antiquark pairs out of the vacuum, and the �rst charged pion in the hadronization chain carries a

charge correlated with the 
avor of the bottom quark. This is the same correlation present in B�� decays, namely

B+�� and B0�+. Pions that form as direct (or near direct) neighbors to the B meson in the (na��ve) hadronization

chain are expected to have velocities similar to the B, and they will thus preferentially result in B� pairs with low
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Q-values similar to B�� decays. While this simple qualitative argument does not encompass the full complexity of the

hadronization process, the expected correlation trends have been observed in data by several experiments [3{5,10].4

One must therefore carefully correct the observed Q distributions for the hadronization excess of right-sign over

wrong-sign particles.
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FIG. 8. A simpli�ed picture of the hadronization mechanism that results in a 
avor-charge correlation of B mesons and

associated charged pions.

In dealing with the hadronization background, it is convenient to change variables from the right- and wrong-sign

distributions, nrs(Q) and nws(Q), to an equivalent set of variables: the total distribution n(Q) = nrs(Q) + nws(Q)

and the correlation asymmetry

A(Q) � nrs(Q) � nws(Q)

nrs(Q) + nws(Q)
: (1)

The asymmetry of B�� decays would be +1 in a sample of known B 
avor. Background components uncorrelated

with the B mesons have zero asymmetry, but the hadronization background does not.

Since we do not have access to pure hadronization spectra in the data, we must resort to Monte Carlo simulation for

guidance in predicting the asymmetries AHA(Q) of the hadronization particles. We use the Pythia/Jetset program

for this purpose. A comparison of this simulation to p�p data, however, reveals a large discrepancy in the distribution

of particle multiplicities as a function of transverse momentum which can be ascribed to a poor description of the

underlying event by the simulation. In order to reduce our dependence on the speci�c hadronization model employed

in the simulation, we adjust the Pythia generation parameters such that we obtain a good description of particle

distributions. The simulation results are compared to the `+D0, D0 ! K+�� data in terms of the charged particle

multiplicity distributions as a function of pT and, with respect to the B meson, �R and ��. Pythia parameters

governing the underlying event are �rst tuned to obtain good agreement in a region \away" from the B meson

4The excess of right-sign hadronization tracks in this picture, along with the contribution from B�� decays, is the mechanism

of the 
avor-tagging technique proposed in Ref. [2].
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(1 < �R < 2), after which hadronization parameters are adjusted to describe the distributions near the B meson

(�R < 0:6). The values of the \tuned" Pythia parameters can be found in Ref. [5], and a full description of the

procedure is in Ref. [18].

While the tuning procedure reduces our dependence on the simulation, there nevertheless remains an uncertainty

associated with how the simulation model in
uences the extraction of any B�� signal. To study the sensitivity to the

simulation, we further varied generation parameters and explored the parameter ranges that are able to describe the

data. This study indicated that the most sensitive e�ect on track distributions was through the \string fragmentation

pT width" (�fragpT
) parameter of Pythia, especially when trying to a�ect the particle pT distributions. As such, we

chose this parameter to de�ne two extremes of the simulation. The \default" Pythia simulation (largely tuned to

high-energy e+e� data) is used as one extreme of the simulation. The other extreme, the \overtuned" simulation, is

de�ned by shifting �fragpT
from the tuned value by its di�erence with the default value, but in the opposite direction.

The values of the other tuning parameters are then determined by readjusting them to obtain the best match|by

the same procedures used in the original tuning|between the overtuned simulation and the data. The shift in �fragpT

between the tuned and the extreme values is more than an order of magnitude larger than the \1�" uncertainty

estimated from the original tuning of the Monte Carlo. We quantify the simulation uncertainty by using this much

larger shift to be conservative. The tuned simulation is then used for our nominal description of hadronization

particles, and the default and overtuned simulations are used as our \1�" variations.

FIG. 9. Asymmetries of the b hadronization particles associated with the two meson types, as produced by the

Pythia/Jetset Monte Carlo generator. The three sets of curves were produced using di�erent sets of generator parame-

ters (see text), our nominal description is given by the \tuned" set. The de�nition of right-sign correlation depends on the


avor of the meson, i.e. positive asymmetry around Bu (Bd) means an excess of �� (�+).
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The predicted asymmetries of the hadronization particles are shown in Fig. 9 for all three sets of parameters. They

have di�erent Q distributions, but, more importantly, the asymmetries are not very sensitive to the Monte Carlo

parameters in the low-Q region, where we expect the B�� signal to be. The divergent behavior at high-Q has little

bearing on our result since very few hadronization particles are produced in that region. The asymmetries for charged

and neutral B mesons are also seen to behave di�erently,5 and therefore the charged and neutral composition of the

various (impure) B decay signatures requires careful treatment (Sec. IVA).

In addition to the correlation asymmetry, the simulation predicts the total number distribution n(Q) for the

hadronization background. We empirically found that this was well described by the functional form

n(Q) = N � exp(�Q=W) �QR: (2)

Fits of this parameterization to the simulated distributions indicate that the various subsamples do not prefer signif-

icantly di�erent values of R. This parameter is also highly correlated with the \width" W in the �ts, and varying

both R and W amounts to over-parameterizing the Q distribution. For these reasons, we �x R to its tuned Monte

Carlo value. Furthermore, the widths (W) of the distributions for charged and neutral B hadronization particles

were indistinguishable for a given set of Pythia parameters, which we exploit by imposing this as a constraint in our

model.

We therefore describe the hadronization Q distributions in the data by the parameterization of Eq. (2) with separate

normalizations Nu and Nd for charged and neutral mesons, a common width W, and the fractional excess AHA(Q)

of right-sign over wrong-sign tracks �xed to the tuned asymmetry distributions in Fig. 9. We do not rely upon the

simulation to determine the values of the three n(Q) parameters, rather they are constrained by the data by allowing

them to 
oat in the �ts of the measured Q distributions when extracting the B�� signal in Sec. IVB. We thus reduce

our dependence on the speci�c hadronization model employed in the simulation to the tuned Pythia asymmetry

dependence, while using the default and the overtuned distributions to estimate the systematic uncertainty due to

the asymmetry constraint.

5Studies comparing data to simulation [5] indicate that these di�erences are due to the fact that the hadronization process

produces a di�erent �+=K+=p mix for B0 compared to B+. For example, the generalization of the na��ve picture of Fig. 8

results in the correlation that a B+ will be accompanied by a K� (which we treat as ��), whereas the B0 is accompanied by

K0 which is lost to our B�� reconstruction. The Monte Carlo simulation predicts that kaons account for nearly two thirds of

the hadronization di�erence between B+ and B0, and the remainder is caused by protons.
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2. Other correlated backgrounds

There remain a few potential backgrounds that are not accounted for so far. The sideband subtractions of the

D(�) mass distributions (Sec. III A) remove fake D(�) backgrounds, and the absence of a signal in the wrong-sign

(`�K�) charm mass distributions (see Fig. 3) means random (possibly fake) leptons paired with real D(�) mesons are

rare. Other backgrounds that may be biased toward the correct `�K� correlation are, however, not accounted for

by sideband subtraction. There are several physical processes that can mimic the correct correlation and must still

be considered. In contrast to the previously described backgrounds, we do not handle these by sideband subtraction,

but instead fold in their charge correlated Q distributions as part of the B�� �t discussed in the next section.

A signi�cant fraction of B mesons in our sample decay through D�� mesons. The pions from subsequent D�� !

D(�)�� decays originate at the secondary vertex (see Fig. 2), but some fraction of them will be consistent with

having come from the primary vertex and possibly pose as pions from B�� decays. The charge of these pions is fully

correlated with the B 
avor. We do not attempt to reconstruct the D�� states, and requiring all candidate tracks to

be incompatible with originating from the secondary vertex signi�cantly reduces the acceptance for B�� candidates.

To account for this e�ect, we add the predicted contribution of the D�� pions to the other background distributions

when calculating the B�� production fraction. The magnitude of this contribution is a function of branching ratios

and detection e�ciencies.6

We also consider the e�ect of B��
s ! B+K� decays. Here the kaons|which are not experimentally distinguished

from pions|do come from the primary vertex, and therefore contribute to the sample of B�� candidates. The Q shape

of this contribution is determined from a Monte Carlo calculation using the B��
s mass spectrum predicted in Ref. [9].

For the rate of B��
s production relative to Bs we use the B

�� to B production rate scaled by the relative B0
s to B

0
d rates.

The B0
s to B0

d rate is obtained from the measured ratio of the hadronization probabilities fs=fd = 0:30� 0:07 [20],

with a further correction for the B��
s ! BK feed-down. The B�� production rate is one of the unknown parameters

we are determining, so the B��
s rate is expressed as a function of the 
oating B�� rate and the fs=fd constraint in the

6We use f�� = 0:36 � 0:12 as the fraction of semileptonic B decays to D�� states (derived from CLEO measurements [19]).

For the relative branching fraction PV of D�� ! D��, appropriately weighted for B mesons decaying into the four di�erent

D�� states, we use 0:33� 0:28 as previously measured in this same sample [5]. Reconstruction e�ciencies are determined by

simulation.
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eventual �t. The charged kaon background is only associated with charged B mesons, but B��
s decays also contribute

B0
d mesons to the samples through B��

s ! B0K0 decays. These e�ects, which contribute a few precent to the sample

size, are also included in the �tting process.

Finally, higher-order heavy 
avor production may also contribute B-� candidates to our sample. In particular,

gluon splitting to c�c or b�b can result in both heavy quarks being near each other and give rise to correlations that

may a�ect the analysis. The B ! `+D(�)X signal can be contaminated by g ! c�c when the lepton comes from one

charm hadron and the other was reconstructed as a D(�). The correct `�K� charge correlation is present to enter

the B sample, but these events rarely pass the selection criteria. Constraints obtained from the data have shown that

this c�c contribution is negligible [5].

On the other hand, g ! b�b production is potentially a concern since our procedure for subtracting the underlying

event contribution assumes that there are no decay products of the other b quark|whose charge is correlated with

the detected B meson|in the azimuthal region of the detector perpendicular to the B meson direction (i.e. the

1 < j��j < 2 sideband region of Fig. 6b). In this case the decay products of the b hadron will bias the background

subtraction and distort the Q distributions. To account for this e�ect, we generated events using the Pythia program,

but reweighted them to agree with the b�b azimuthal distributions of a next-to-leading-order QCD calculation [21].

From these events we determined the shape of the charge-correlated Q distributions to model the g ! b�b contribution,

and add it into the background mix used later in the �t. The rate of this process is not well known; to be conservative

we assume it contributes a fraction of 30%, with an uncertainty equal to its full value. We found this uncertainty to

have a very small e�ect on the precision of the �nal results.

IV. EXTRACTING THE B�� PRODUCTION FRACTION

The observed right- and wrong-sign B-� Q distributions (Fig. 7) are composed of weighted averages of di�erent

types of Q distributions: those from B�� decays, B+ and B0 mesons plus hadronization particles, and some residual

physics backgrounds (Sec. III B 2). The weights for each type of contribution are determined by the relative detection

e�ciencies and decay branching ratios of the decay chains involved. Knowledge of these, and the shapes of the

various Q distributions, enables one to extract the B�� component by comparing these expectations to the observed

Q distributions in the data.

To obtain the B�� production fraction we perform a binned �2 �t of the ensemble of Q distribution shapes to

the background-corrected distributions of Fig. 7. The relative weighting factors of each contribution are, however,
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complicated by the fact that there are a large number of decay chains contributing varying amounts of \cross-talk"

between B0 and B+ decay signatures. A map of the decay chains is shown in Fig. 10, and the cross-talk between the

upper and lower halves of the diagram must be unraveled before a B�� signal can be extracted.
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FIG. 10. Diagram of decay transitions contributing to the `+D(�) samples. The left side portrays the strong decays of excited

B mesons to the ground state, the weak semileptonic decays of the B0;+ occur in the middle, and the right side shows the

decay paths of the various charm mesons that result.

A. Fitting the Q distributions

To describe the origin and characteristics of B-� candidates we consider all the possible decay chains that contribute

to the B signatures, the sources of all charged particles that are paired with the B candidates, and importantly, preserve

the kinematic and charge correlations between them.

We �rst consider the hadronization particles, schematically arising on the far left side of Fig. 10. The nature of

the hadronization particles is speci�c to the charge state of the associated B(�;��) meson.7 The Q distribution nu(Q)

describing the hadronization products associated with a bottom meson containing a u quark, is di�erent from the

distribution nd(Q) for the production of one with a d quark. A pure sample of a particular ground state bottom

meson, say B0, arises from the production of B, B�, and B�� mesons. The B-� hadronization distribution for

directly produced B0 mesons is nd(Q), but B
0 mesons arising from B��+ ! B0�+ decays will follow nu(Q) instead.

7We assume that the hadronization particles produced in association with the excited states of B mesons are of the same

nature as the ones around the ground state of the same charge.
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This results in one type of a cross-talk, i.e. a pure sample of B0 mesons has a mixture of both nd(Q) and nu(Q)

hadronization particles. The magnitude of this e�ect depends upon the B�� production fraction that we are trying

to measure.

The hadronization Q distribution for a pure sample of ground state B mesons containing an \x" light quark is

n0x(Q) = nx(Q)�
x
C(Q) + ny(Q)�

x
I (Q); (3)

where \y" represents the light quark constituent of the cross-talk meson. The coe�cients � quantify the magnitude

of the cross-talk. For example, �xI is the fraction of detected Bx mesons that were produced via a B��
y meson and

decayed through a charged pion. The subscripts C and I stand for \correct" and \incorrect" association between

the type (u or d) of B meson and the hadronization distribution, and �C + �I = 1. For this particular instance of

cross-talk these coe�cients can be written:

�C =
1� h��(1� 1

3�
��
B )

1� h��(1� ���
B
)
; (4)

�I =
2
3h

�����B
1� h��(1� ���B )

; (5)

where h�� is the fraction of b quarks hadronizing into light B mesons that are B�� states|the number we wish to

measure|and ���B is the e�ciency for detecting a B meson produced in B�� decay relative to one produced directly in

the hadronization process. The latter is a function of the masses of the B�� states and is near 80% with our selection

requirements. The factor of 2=3 is the fraction of B�� mesons that contribute to the cross-talk by decaying through

a charged pion; we assume it is determined by strong isospin conservation.

The right- and wrong-sign B-� correlations are conveniently handled in terms of asymmetries [Eqn. (1)]. Given

that the production asymmetry for an x-type meson is Ax(Q), the asymmetry for the Bx ground state sample is

A0x(Q) =
Ax(Q)nx(Q)�

x
C �Ay(Q)ny(Q)�

x
I

nx(Q)�xC(Q) + ny(Q)�xI (Q)
: (6)

Note that the asymmetries in this equation are subtracted in the numerator, which is a direct consequence of the fact

that the de�nition of the right-sign B-� correlation is opposite for the two B meson charge states, B+ and B0.

Equations (3) and (6) provide the means to predict the observed Q distributions for hadronization particles ac-

counting for the cross-talk arising from B�� decay. We generalize this approach by adding to the weighted average

the contribution from the charged pions that actually arise from B�� decays. This excess has an asymmetry equal

to +1 (i.e. nWS (Q) = 0) and a shape determined from the Monte Carlo simulation. The shape is dependent upon
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the masses of the four B�� states, and its �-weight is given by the their relative production rate h�� and detection

e�ciency ���B . Both the production rate and the collective B�� mass are the parameters to be determined in this

analysis.

At this point we have the Q description for idealized B0 and B+ samples. The actual samples of six decay signatures

are not pure. Samples derived from B0 mesons will have an additional cross-talk arising from B0{B0 oscillations.

We account for this e�ect by obtaining a mixing corrected asymmetry A00 for the B0 components by multiplying the

asymmetry prior to mixing A0 by the factor (1� 2�e� ), where �e� is the probability that a reconstructed neutral B

meson has decayed as an antiparticle of the produced one. This probability depends upon the true time-integrated

mixing probability as well as the acceptance as a function of the proper time of B decay, and from Monte Carlo

calculations it is found to be 21 � 1% for our data sample. Note that B0{B0 oscillations reduce the asymmetry of

both the B�� signal and the hadronization background, since both are correlated with the B mesons at the time of

production, not decay.

The last instance of cross-talk to account for is that between the charged and neutral decay chains caused by decays

through the excited states of D mesons|the right half of Fig. 10. The �nal composition of the signal and background

is given by formulae like Eqns. (3) and (6), but the coe�cients �C and �I are calculated in a more involved way from

the parameters determining the relative branching ratios of the various decay chains and their relative reconstruction

e�ciencies.

Finally the e�ects of the residual correlated backgrounds of Sec. III B 2 are included. The Q distributions obtained

from the simulation are introduced into the weighted average of the asymmetry, with �-weights determined by the

production, decay, and acceptance of each particular process.

The full expressions describing the weights of the Q distribution due to these various processes are straightforward

to derive, but they are somewhat intricate, and we do not reproduce them here as they do not aid the discussion.

Some of these weights depend upon the B�� fraction we seek. The combined e�ects of the various contributions to

the charge correlated B-� Q distributions are �t to the sideband subtracted distributions obtained from the data.

The �t is a Q-binned �2 �t, performed simultaneously over all decay signatures.

The composition of the background is highly correlated with the B�� production fraction h�� which is being

measured, as well as with other sample composition parameters, such as f��, �e� , and PV , that determine the

magnitudes of the three instances of cross-talk, i.e. B�� decays through charged pions, B0{B0 oscillations, and decays

through excited D meson states. The �t is therefore generalized to include �2 constraints for these other external
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parameters. For each of these \constrained 
oating" parameters, we include a term �2P = [(Pmeas�P )=�(P )]2 in the

full �2, where Pmeas is the measured value of parameter P , and �(P ) is its uncertainty. These values are either taken

from measurements in other experiments or determined from our data in a measurement separate from the B�� �t.

This arrangement of constrained 
oating parameters aids in the proper estimation of the �t errors. Estimating the

systematic errors due to the �xed input parameters by the common practice of varying each of these parameters in

turn by 1� would overestimate the total uncertainty because of the correlations between the parameters. On the other

hand, the correlations are automatically accounted for by letting the parameters 
oat. However, the �tter then returns

an uncertainty that is the combination of statistical and systematic e�ects, �total. The two classes of uncertainties are

separated by repeating the �t with all the constrained 
oating parameters �xed to the values obtained from the full

�2 minimization. This reduced �t yields the pure statistical uncertainty �stat , and, in the Gaussian approximation,

we obtain the systematic uncertainty by subtracting in quadrature,

�corrsyst =
q
�2
total � �2stat: (7)

This systematic uncertainty only includes the e�ects related to the 
oating (correlated) �t parameters. Other uncer-

tainties external to the �t are added in quadrature as usual.

B. Results

The variables that are left free to 
oat (unconstrained) in the �2 �t are the B�� production fraction (h��) and the

three parameters describing the shape of the hadronization background [Nu,Nd, andW of Eqn. (2)]. The remainder of

the parameters 
oat, but are constrained to their externally measured values. The right- and wrong-sign distributions

of all six decay signatures are �t simultaneously.

The results of the �t are shown in Fig. 11. The points are the data Q distributions, the dashed curves are the

�tted shapes of the hadronization component, the dotted histograms are the sums of all backgrounds, and the solid

histograms are the totals including the �tted B�� signal. The values obtained by the �t for the coe�cients quantifying

the B0-B+ purity of each decay signature are listed in Table IV. The cross contamination between these ground state

mesons amounts to no more than 20% in any signature. A greater right-sign excess in B+ versus B0 samples is

expected just from the greater B(�;��)
u hadronization excess, but this di�erence is further exaggerated in Fig. 11 by

the additional B�� ! B�� cross-talk and the asymmetry reduction occurring in B0 mesons due to B0-B0 mixing.
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FIG. 11. The sideband subtracted B-�� Q distributions of the data (points) compared to the �t results. The dashed curves

are the �tted hadronization component, the dotted histograms include all backgrounds, and the solid histograms are the totals

including the �tted B�� signal.

The hadronization component (dashed curve) is a �t to the data with the individual Bu and Bd amplitudes (Nu

and Nd) 
oating independently. As mentioned before, the Monte Carlo-inspired Q-shape parameterization of Eqn. (2)

has the power R �xed to 1.1 (from the simulation) since R is an excess degree of freedom in the parameterization;

and the exponential fall-o� parameterW 
oats with a constraint to a common value for Bu and Bd hadronization. In

this way we have relied upon the Monte Carlo hadronization model to guide us in selecting a simple parameterization

for this background, but the data determines its amplitude and speci�c shape.

We �nd the B�� production fraction, i.e. the probability that a b quark hadronizing into a light B meson forms an

orbitally excited state, to be

h�� = 0:28� 0:06(stat)� 0:03(sys): (8)

The breakdown of these uncertainties is shown in Table V. The statistical error has several sources: the B meson

sample size; the component arising from the statistical limitations in the constraint of the hadronization shape

(\
oating hadronization") to the `D(�) data; and, similarly, from the statistical error in the determination of those

\constrained 
oating" �t parameters, such as PV , that are based on the `D(�) data sample. The systematic uncertainty

also has three major classes: the \constrained 
oating" parameters of the �t that are determined externally to the
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`D(�) data sample; the systematics associated with the hadronization asymmetry parameterization (i.e. what is left

over after accounting for the above statistical uncertainty in its parameterization); and the contribution from gluon

splitting. As expected, the largest contribution to the statistical uncertainty comes from 
oating the shape of the

hadronization component in the �t. Similarly, the largest contribution to the systematic uncertainty comes from

varying the nominal hadronization asymmetry. This analysis would greatly bene�t from a more precise means of

determining the hadronization background.

To test the hypothesis that background 
uctuations could account for our observation, we �t many Monte Carlo-

generated Q distributions of background only, randomized to represent the statistical power of the data sample. We

found that the probability of such a 
uctuation to mimic the B�� signal is lower than 10�6, including systematic

e�ects.

The experimental resolution does not enable us to disentangle the four B�� states, but we may determine an average

mass of the ensemble. We assume the relative production rates are governed by spin-counting and use a theoretical

calculation of the mass splittings. We allow the masses to collectively vary when �tting the the expected shape of the

B�� peak to the data. Employing the most recent calculations from Ref. [9], we �nd that the mass of the narrowest

state, B1 (J = 1; jq =
3
2 ), is

m(B1) = 5:71� 0:02(stat� syst)GeV=c2; (9)

which is in very good agreement with the predicted value m(B1) = 5:719GeV=c2. The �2 of the �t and the corre-

sponding values of h�� are shown as a function of m(B1) in Fig. 12.

FIG. 12. The �2 of the Q distribution �t as a function of the B1 mass (the narrow J=1 state) is shown on the left. The

corresponding B�� production fraction is shown on the right. The B1 mass is used to characterize the the mass of the B��

states, where the splittings between the four states are �xed to a recent theoretical prediction [9].
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The quoted uncertainty on the mass includes only the systematic e�ects accounted for in calculating the pro-

duction fraction, but does not include the theoretical uncertainty on the shape of the B�� peak. If, for example,

we vary the splitting between the B�
0 and the B1 states from the assumed +19MeV=c2 to +170MeV=c2 [8], or to

�109MeV=c2 [10{12], while preserving the splittings between two wide and the two narrow states, we observe a shift

of �20 and +20 MeV=c2 in the respective m(B1) values obtained.

V. SUMMARY

In conclusion, we have observed the production of orbitally excited B�� mesons in p�p collisions and measured the

probability for the creation of an L = 1 state among the light B mesons to be 0:28 � 0:06(stat) � 0:03(syst). In

addition, assuming a model-dependent set of splittings for the four B** states, we extract the mass of the narrowest

B�� state to be m(B1) = 5:71� 0:02GeV=c2.

The main advantage of the method presented in this analysis over other methods published to date is that we

use relatively little input from the Monte Carlo calculation to predict the properties of the largest background, the b

hadronization particles. The shape-determining parameters of the hadronization component are left free to 
oat in the

�t and only the ratio of abundances of right-sign and wrong-sign particles is input from the Monte Carlo calculation.

The main drawback of this approach is the resulting large statistical uncertainty on the measured B�� fraction, since

the highly correlated characteristics of the hadronization component are being determined from the same data.

This analysis is a further step toward experimentally unraveling the sources of the tagging power of the B 
avor-

tagging method used in Refs. [3,5,6], and may aid in the construction of better B 
avor taggers. Signi�cant improve-

ments in this analysis could be obtained in the future by a better understanding of the hadronization process in the

p�p environment, and distinguishing the narrow from the wide B�� resonances. This separation may be possible with

the large exclusively reconstructed B samples available in the next Tevatron collider run. Such an e�ort would be

greatly aided by K-� separation from a particle identi�cation system.

ACKNOWLEDGMENTS

We thank the Fermilab sta� and the technical sta�s of the participating institutions for their vital contributions.

We also thank T. Sj�ostrand for his suggestions in tuning Pythia/Jetset. This work was supported by the U.S.

Department of Energy and National Science Foundation; the Italian Istituto Nazionale di Fisica Nucleare; the Ministry

28



of Education, Science, Sports and Culture of Japan; the Natural Sciences and Engineering Research Council of

Canada; the National Science Council of the Republic of China; the Swiss National Science Foundation; the A. P.

Sloan Foundation; and the Bundesministerium fuer Bildung und Forschung, Germany.

[1] N. Isgur and M. B. Wise, Phys. Lett. B 232, 113 (1989); ibid. 237, 527 (1990).

[2] M. Gronau, A. Nippe, and J. Rosner, Phys. Rev. D 47, 1988 (1993); M. Gronau and J. L. Rosner, ibid. 49, 254 (1994).

[3] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 80, 2057 (1998).

[4] ALEPH Collaboration, R. Barate et al., Phys. Lett. B 425, 215 (1998).

[5] CDF Collaboration, F. Abe et al., Phys. Rev. D 59, 032001 (1999).

[6] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 81, 5513 (1998); T. A�older et al., FERMILAB-PUB-99/210-E,

submitted to Phys. Rev. D.

[7] E. Eichten, C. Hill, and C. Quigg, Phys. Rev. Lett. 71, 25 (1993); FERMILAB-CONF-94/118-T (1994).

[8] N. Isgur, Phys. Rev. D 57, 4041 (1998).

[9] D. Ebert, V. O. Galkin, and R. N. Faustov, Phys. Rev. D 57, 5663 (1998); erratum ibid. 59, 019902 (1999).

[10] OPAL Collaboration, R. Akers et al., Z. Phys. C66, 19 (1995).

[11] DELPHI Collaboration, P. Abreu et al., Phys. Lett. B 345, 598 (1995).

[12] ALEPH Collaboration, D. Buskulic et al., Z. Phys. C69, 393 (1996).

[13] L3 Collaboration, M. Acciarri et al., CERN-EP/99-116, submitted to Phys. Lett. B.

[14] CDF Collaboration, F. Abe et al., Nucl. Instrum. Methods A271, 387 (1988).

[15] D. Amidei et al., Nucl. Instrum. Methods A350, 73 (1994); P. Azzi et al., ibid. A360, 137 (1995).

[16] H.-U. Bengtsson and T. Sj�ostrand, Computer Physics Commun. 46, 43 (1987).

[17] P. Avery, K. Read, and G. Trahern, Cornell Internal Note CSN-212, 1985 (unpublished).

29



[18] D. Vu�cini�c, Ph.D. dissertation, Massachusetts Institute of Technology, 1999 (unpublished).

[19] CLEO Collaboration, R. Fulton et al., Phys. Rev. D. 43, 651 (1991).

[20] Review of Particle Properties, Phys. Rev. D 54, (1996).

[21] M. Mangano, P. Nason, and G. Ridol�, Nucl. Phys. B 373, 295 (1992).

30



TABLE I. Predicted properties of B�� mesons.

Mass (GeV=c2)

Name J jq
Ref. [7] Ref. [8] Ref. [9]

Width Decays

B�0 0 1
2 5:870 5:738 broad (B�)L=0

B�1 1 1
2 5:875 5:757 broad (B��)L=0

B1 1 3
2 5:759 5:700 5:719 narrow (B��)L=2

B�2 2 3
2 5:771 5:715 5:733 narrow (B�;B��)L=2

TABLE II. Event selection criteria for the six decay signatures. The cut on the impact parameter signi�cance, d0=�0, is

applied to D daughter tracks only. Lxy(D)=�Lxy is the transverse D decay length signi�cance relative to the primary vertex,

while ctD is the proper decay length of the D with respect to the B vertex. �m(D�) is the mass di�erence between the D�

candidate and the D candidate plus the charged pion mass.

Decay Signatures

Selection Cuts `D0 `D� `D��

K+�� K+���+�� K+���� K+�� K+���+�� K+���0

pT (`) > (GeV/c) 6.0 6.0 6.0 6.0 6.0 6.0

pT (K) > (GeV/c) 0.7 0.8 0.6 | | 1.0

pT (�) > (GeV/c) 0.5 0.6 | | | 0.8

pT (D) > (GeV/c) 2.0 3.0 3.0 | | |

d0=�0 > 3.0 | 2.0 1.0 0.5 1.0

Lxy(D)=�lxy > 3.0 3.0 5.0 1.0 1.0 1.0

j�m(D�)j < (MeV/c2) | | | 3.0 2.0 |

m(`D) < (GeV/c2) 5.0 5.0 5.0 | | |

�0:5 < ctD < (mm) 1.0 1.0 2.0 1.0 1.0 1.5

jm(�+��) �m(�0)j < (GeV/c2) | 0.15 | | | |

jm(K+��) � 1:5j < (GeV/c2) | | | | | 0.2
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TABLE III. The numbers of B candidates in the signal regions and the estimated numbers of B mesons after background

subtraction for each decay signature.

Signature Candidates B mesons

(a) D0 ! K+�� 3141 2668 � 53

(b) D0 ! K+���+�� 3404 1534 � 49

B+ signatures total 6545 4202 � 73

(c) D� ! K+���� 2275 1454 � 43

(d) D�� ! D0��s ; D
0 ! K+�� 891 835� 29

(e) D�� ! D0��s ; D
0 ! K+���+�� 618 524 � 23

(f) D�� ! D0��s ; D
0 ! K+���0 4288 2678 � 59

B0 signatures total 8072 5491 � 82

TABLE IV. The values of the fraction parameters describing the light quark composition of the reconstructed B signatures.

For example, 82:1% of the `K� events contain a B+
u , and 17:9% a B0

d .

Signature (a) K� (b) K3� (c) K�� (d) K��s (e) K3��s (f) K��0�s

�u 0:821 0:826 0:195 0:066 0:072 0:077

�d 0:179 0:174 0:805 0:934 0:928 0:923
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TABLE V. Uncertainties for the measurement of the B��

production fraction h�� (see text).

Statistical Uncertainties

Sample size �0:029 +0:028

Floating hadronization �0:048 +0:045

Internal parameters �0:010 +0:011

Total �0:057 +0:054

Systematic Uncertainties

External parameters �0:013 +0:023

Hadronization asymmetry �0:023 +0:020

NLO b�b production �0:005 +0:006

Total �0:027 +0:031
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