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Abstract

Evidence is presented for kinematic and charge correlations of B mesons with charged pions
and kaons. Using a new technique, a sample of over 80000 partially reconstructed B mesons
is obtained in 3.5 - 10 hadronic Z° decays recorded using the OPAL detector at LEP. The
invariant mass distributions of B*7~ and BTK~ combinations show enhancements consistent
with the decays of P-wave resonances of a b antiquark and a light quark. We observe an excess
of 1738 4+ 195 B*x~ pairs with invariant masses in the range 5.60-5.85 GeV and an excess of
149 + 31 BTK~ pairs with invariant masses in the range 5.80-6.00 GeV. Labeling the observed
enhancements generically as B** we find

BR(Z° — b— B0 — B(*)+7r_)
BR(Z° — b— B+)
BR(Z° — b — B:*® — BO+K")
BR(Z° — b — B*)

= 0.18£0.04,

= 0.026 £ 0.008,

where B(*)* indicates the sum of Bt and B** and the errors include statistical and systematic
contributions. From a study of w-B charge-flavor correlations we conclude that the production
flavor of a B meson can be tagged with the charge of a pion in an appropriately chosen kine-
matic region, and that the performance of this flavor tag compares favorably in the Z° — qq
environment with lepton-based tags.
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1 Introduction

The existence of significant charge correlations between weakly decaying B mesons and charged
pions produced in b fragmentation could provide an important tool for the experimental inves-
tigation of C'P violation in B decays [1]. Many promising channels for studying C P violation
in B decays require tagging the initial flavor of a neutral B meson. Pions produced in the b
fragmentation may provide a useful tag of the initial B flavor. An advantage of such a tag is
that it uses no information from the hadron containing the b produced in association with the
b, and is thus complementary to other methods of flavor tagging.

The presence of narrow resonant states of a b and a light quark would enhance the perfor-
mance of such a tagging method. Resonant P-wave states have been observed in the charm
system [2, 3|, raising the prospect of similar excited meson production in beauty hadronization.
Calculations based on heavy quark effective theory [4] predict that two of the four lowest-lying
P-wave states in heavy-light systems (both beauty and charm) should have intrinsic widths
of approximately 20 MeV; studies of charm seem to bear out this prediction [2, 3]. The two
remaining states are expected to be more than 400 MeV wide [5].

A large statistics sample of b hadrons is used to study Bw charge and kinematic correlations
and to search for resonant states. No effort is made to reconstruct exclusive final states of
weakly decaying b hadrons; rather, an inclusive reconstruction is performed. Starting from a
reconstructed secondary vertex well separated from the primary event vertex, the direction and
energy of the weakly decaying b hadron are estimated. The charge of the decaying b hadron
can also be estimated, allowing some separation between charged and neutral b hadrons. The
resolution in the invariant B7 mass is poorer than would result from using fully reconstructed
B decays, but is adequate to distinguish between relatively narrow (I' < 50 MeV) and broad
states.

We study the kinematic properties (invariant mass and decay angle) of Bt7~ and Bt#r*
combinations.! The presence of the u quark in a B meson implies the production of a @i nearby
in phase space. Ignoring strange hadron production and baryon production, this @ will give
rise to a 7~ or a 7%; the remainder of the fragmentation chain, however, is charge symmetric,
and one can expect equal production rates and kinematic properties for the 7% produced there.
While the inclusion of strange quarks, baryons, and excited bq states alter the details, it is useful
to contrast the kinematic properties of the pion containing the anti-quark which is the partner
of the light quark in the B meson (hereafter referred to as a sister pion, i.e. a close relative)
with those of the other pions produced in the fragmentation process (hereafter referred to as
cousin pions, i.e. more distant relatives). The results obtained on Bt7~ and BT 7" correlations
are used along with the assumption of isospin symmetry in the fragmentation of b quarks in Z°
decays[6] to infer results for B%7r* correlations. Under isospin symmetry the multiplicity and
kinematic properties of charged pions produced when a b fragments into a Bt should be equal
to those produced when a b fragments into a B® (bd), including any structure due to resonant
decays. The data can be used to test the validity of this assumption.

We also study the kinematic properties of BP K~ and BTK™ combinations. The charge
symmetry noted for Br combinations and the subsequent division into sister and cousin pions

!Charge conjugate processes are implied throughout this paper.



does not apply in the BYK* system. Decays of bs combinations to non-strange B mesons will
result in either BYK~ or B°K?, and the companion s will give rise to a K or K°.

The P-wave resonances referred to above would give rise to narrow structures in the invariant
B mass distribution of sister pions via decays to B®)x (B*)7 indicates the sum of Br and
B*r). Excited bs states decay to B{*)y or B®WK depending on the mass of the bs state. The
masses of P-wave bs states are expected to be close to B*K threshold [4]. The amount of B,
produced in Z° decays is therefore sensitive to the masses and production rates of excited bs
mesons; knowledge of the B, production rate is important in analyses of B,-B, oscillations at

LEP.

2 Event selection and Monte Carlo description

2.1 OPAL detector

The OPAL detector has been described elsewhere [7], and will be described only briefly here.
The central detector consists of three wire chambers: a large volume jet chamber which measures
particle trajectories and ionization energy loss (d£/dz), a smaller vertex drift chamber, and a
set of planar drift chambers surrounding the jet chamber, oriented to measure the z coordinate.?
These detectors are operated in a pressure vessel at 4 bar. Between the pressure vessel and a
beryllium beam pipe are two layers of silicon strip detectors [8]. In this analysis only information
from the strips oriented parallel to the beam axis was used. The entire central detector is inside
a uniform axial magnetic field of 0.435 T. The region outside the coil is instrumented with time-
of-flight counters, and both the barrel and the endcap regions are instrumented with lead-glass
electromagnetic calorimeters preceded by presamplers. The iron return yoke of the magnet is
instrumented as a hadron calorimeter, and 4 layers of muon chambers are outside the iron.

2.2 Event selection

Hadronic Z° decays are selected using the criteria described in Ref. [9]. Charged tracks and
electromagnetic clusters unassociated with any charged track are grouped into jets using a cone
jet algorithm [10]. The primary event vertex is reconstructed using the charged tracks in the
event along with knowledge of the average position and effective spread of the ete™ collision
point.

The analysis is performed on data collected in the vicinity of the Z° peak from 1991 through
1994. A total of 3.5 million hadronic events satisfied the event selection criteria.

2The OPAL coordinate system is defined with positive z along the electron beam direction;  and ¢ are the
polar and azimuthal angles, respectively.



2.3 Description of the Monte Carlo

Monte Carlo events are used to compare with experimental distributions and calculate the
efficiencies of the selection criteria. The JETSET 7.3 Monte Carlo program [11, 12] was used to
generate Z° — qq decays which were processed by the detector simulation program [13]. Despite
the detailed detector simulation it was necessary to degrade the curvature, angle, and impact
parameter resolution on charged tracks produced in the Monte Carlo by an additional 30% to
reproduce the resolutions observed in the OPAL data. This additional smearing was varied
between 0 and 60% when evaluating systematic errors. The fragmentation is parameterized
using the fragmentation function of Peterson et al., [14] with ¢ = 0.0057 and ¢, = 0.046
in accordance with measurements of the mean energy fractions in Z° — bb and Z° — cc
decays [15]. All weakly decaying b hadrons were generated with equal lifetimes. The B meson
lifetimes in all Monte Carlo samples were reweighted to 1.6 ps, and the weakly decaying b
baryon lifetimes to 1.2 ps. None of the standard Monte Carlo samples included production of
P-wave mesons, neither in charm or beauty fragmentation nor in the charm mesons resulting
from the decay of b hadrons. The effects of including these states are investigated using smaller
samples of Z° — bb events with P-wave states included. These samples were put through a
faster, less detailed simulation which, nevertheless, provides a good description of the charged
track acceptance and resolution.

3 Inclusive B reconstruction

The inclusive reconstruction of b hadrons starts with a jet in which a secondary vertex has
been found. The following sections describe the secondary vertex selection and the estimators
for the b hadron charge, direction and energy.

3.1 Vertex selection

The two highest energy jets in each event are searched for secondary vertices. Within each
jet the vertexing algorithm takes the three tracks with the most significant separation from
the primary vertex in the r¢ plane as seed tracks and forms seed vertices from the crossing
points of pairs of these tracks. Each seed vertex is considered in turn. A trial combination
of each charged track in the jet with the seed vertex is made and the combination resulting
in the vertex with the smallest x? is retained, provided the x? probability of the resulting
vertex is at least 1%. The seed vertex parameters are updated and the process is iterated
until there are no acceptable tracks to add. If several acceptable vertices are found in the
same jet, the vertex with the largest number of assigned tracks is retained; if this choice is
not unambiguous, the candidate vertex with the most significant separation from the primary
vertex is chosen. Secondary vertex candidates are accepted if they contain at least 3 tracks, are
separated from the primary vertex by at least 5 times the uncertainty in the separation distance
as calculated using the vertex covariances, and if the output value of an artificial neural network
designed to reject non-b background is acceptable.®> The position of the primary vertex is then

3The neural network has 7 input parameters, the most important of which are the decay length, its uncer-
tainty and the vertex multiplicity.



redetermined excluding tracks that were assigned to the secondary vertex. No attempt is made
to find a separate decay vertex for the charm particle originating from the b hadron decay.
Given the requirements described above the separation between the reconstructed vertex and
the primary vertex is usually large compared to the separation between the true b and charm
vertices.

The positions of the primary and secondary vertices are used to estimate the ¢ angle of
the B hadron momentum vector. The calculated uncertainty in this angle, based on the vertex
positions and covariances, is required to satisfy o4 < 0.015 radians. At this stage there are
212928 jets with reconstructed vertices satisfying these criteria.

3.2 B charge and momentum vector estimation

For each track in a jet containing an accepted secondary vertex a weight is calculated to assess
the probability that the track came from the secondary vertex relative to the probability that
it came from the primary vertex. A first estimate of the weight is given by

. R(b/n)
= R(b/n) + R(djo) 1)

where R is a symmetric function describing the impact parameter significance with respect to a
fitted vertex, b and 7 are the impact parameter and associated uncertainty in the r¢ plane with
respect to the secondary vertex, and d and o are the same quantities with respect to the primary
vertex. On average, more tracks come from the secondary vertex than from the primary in the
events of interest, so w’ underestimates the probability that a track comes from the secondary
vertex. This underestimate is most significant at higher momenta. A Monte Carlo simulation
is used to correct w’ as a function of momentum. This new weight, w, populates the range [0, 1]
and is used in all subsequent calculations.

Estimates of the b hadron momentum vector and charge are based on these weights. The
charge estimate is given by the sum

Njet

Qutz — Z wiq; (2)
=1

where Nj.; is the number of charged tracks in the jet and g¢; is the charge of track z. The
accuracy of the charge estimate provided by g,:, can be gauged by its r.m.s.,

Njet 1/2
g = (Z wi(1 - Wi)Q?) : (3)

=1

As a compromise between the number of selected vertices and the reconstructed charge resolu-
tion we require o, < 0.8. After applying this criterion, a sample of 84 693 vertices remain, from
which the remainder of the analysis is performed. The predicted composition of the tagged ver-
tex sample is given in Table 1. The selection criteria favor vertices from the decays of charged
B hadrons due to the requirement that at least 3 charged tracks are assigned to the vertex.
The non-b background comes predominantly from Z° — cc events. There are 45219 vertices
satisfying |qyz| > 0.6.



‘ Source H overall fraction ‘ with |gy| > 0.6 ‘

Bt 40 + 3 54 + 2
non-b background 11F2 13F2
All neutral b hadrons 49 + 2 3311
- B° 34 23
- B, 9 6
- other b hadrons 6 4

Table 1: Predicted composition of the tagged vertex sample in percent. The calculation of the
uncertainties is described in the text.

Figure 1 shows the overall ¢, distribution for data and Monte Carlo. In this and all
following figures, the Monte Carlo and data distributions are normalized to the same number
of selected secondary vertices unless stated otherwise. This distribution can be used to check
the sample composition predicted in the simulation. The charged B component and the non-b
component have similar shapes and cannot readily be distinguished in the g, distribution,
but the neutral b hadron component has a markedly different shape. A fit to two components,
charged B plus non-b background and neutral b hadron, yields a neutral b hadron fraction of
0.47+0.01, which is slightly lower than the predicted value of 0.49; we assign an uncertainty of
+0.02 to the neutral b hadron fraction. The uncertainty on the number of non-b background
tags due to uncertainties in the modeling of the charged track resolution and in the production
rates of charmed hadrons in Z° — cC events is £20%. The total uncertainty on the B fraction
is obtained by adding in quadrature the uncertainties in the neutral b hadron fraction and in
the non-b background.

We define the momentum vector of the charged particles coming from the b hadron decay

as
Njet

Dotz = ) @i - (4)
=1

The p,:, determined this way serves as an interim estimator for the B direction. All electromag-
netic clusters unassociated with charged tracks that lie within 0.4 radians of p,;, are scaled by
0.7 and summed to form the vector pgas. The scaling is done to account for neutral energy not
associated with the B decay; the B energy resolution is not very sensitive to the value chosen.
The direction of the b hadron is calculated using the ¢ angle defined by the vector from the
primary vertex to the secondary vertex, and using the 6 angle of the vector p,i, + pry. The
distribution of the difference between the reconstructed and generated ¢ of the b hadron in
simulation can be described by a fit to two Gaussians. The sigma of the narrower Gaussian
is 0.009 radians, and 84% of the entries lie within three sigma. The corresponding quantities
describing the 8 resolution are ¢ = 0.014 radians and 88%, respectively.

The resolution on the total energy of the b hadron candidate can be improved by more than
a factor of two relative to the estimate provided by p,:, + pray if one includes the information
that the total center of mass energy, Ecpr, is twice the LEP beam energy. We calculate the
total jet energy using this constraint and the recoil mass of the rest of the event:

2 2 2
Etot . ECM — Mg + mjet
Jet 2ECM ?

(5)
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Figure 1: The distribution of g, in the data (points) and the expectation from the simulation
(histogram). The distributions are normalized to the same number of entries. The solid region
shows the contribution from all neutral b hadrons, the hatched region shows the contribution
from non-b events and the remaining contribution is from B*.

where m,.. is the recoil mass calculated using charged tracks and unassociated electromagnetic
clusters outside the jet, and mj. is set to the B mass (the estimate is insensitive to the exact
value used for mj.;). The b hadron energy estimate is this total energy minus the energy within
the jet attributed to fragmentation:

Ep = B — (B2 — By, — Epu) , (6)

et et

where the visible jet energy E;’;f is the sum over all charged tracks and unassociated electro-
magnetic clusters in the jet, E,;, is the energy of p,., and Egps is the energy of pgy. In
this calculation all charged particles are assigned the pion mass and all neutral clusters are
taken as massless. The narrower Gaussian from a two Gaussian fit to the difference between
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the reconstructed and generated b hadron energy has ¢ = 2.8 GeV, and 95% of the entries

are contained within 30. The b hadron momentum is given by 1/ E% — m%, with mp fixed to
5.279 GeV.

4 Study of Bm correlations

Given a reconstructed b hadron momentum vector we search for pions originating from the
primary event vertex. Pion candidates are rejected if they have no associated hits in the z drift
chambers, if their measured dF/dz is more than 2.58 standard deviations from the expected
value for pions, if they have a total momentum less than 0.5 GeV or greater than 10 GeV,
or if they have a secondary vertex weight, w,, greater than 0.2. With these requirements
the simulation indicates that approximately 4.3% of the selected pions come from the weak
decays of b hadrons, the remainder coming from the Z° decay point. The B7 invariant mass is
calculated as

MmBr = \/mZB + m72|- +2EgE, — 253 : ﬁﬂ' ) (7)
with mp fixed to 5.279 GeV. The mass resolution for Br combinations is a function of the
B7 — B mass difference. The resolution in a Monte Carlo sample for combinations whose true

mass lies in the range 5.6-5.8 GeV has ¢ = 35 MeV, with 91% of the entries within +3o.

As a test of the mass resolutions predicted by the simulation we examine the By mass spec-
trum. The inclusively reconstructed B candidates are combined with well-measured converted
photons in the central detector, yielding the distribution shown in Figure 2.* The B~ mass is
calculated as in Eqn. 7 with m, set to zero. The mass resolution is dominated by the uncer-
tainties in the reconstructed B momentum vector. There is good agreement in the width of the
peak indicating that the properties of the inclusively reconstructed B sample are well simulated.
A simple Gaussian fit to the background subtracted peak gives a sigma of 5.5 MeV and a B*
mass of 5.325 +0.001 GeV (statistical error only), in good agreement with the measured value,
5.325 + 0.002 GeV [16].

The distribution of the product of the pion and vertex charges, g.gy:., is used to subdivide
the Bm sample into like-sign and unlike-sign samples. This quantity has a slight negative bias
(0.11 units) for both charged and neutral b hadrons. The bias can be understood as follows. A
negative (positive) track from the primary vertex with a large value of w will cause g, to be
too negative (positive). The tracks surviving the cut w, < 0.2 will be more likely to be positive
(negative), since the negative (positive) track with large w will fail this cut. The mean of ¢:qyts
thus acquires a negative bias. This bias is reduced as the cut on ¢, is lowered.

Accounting for this bias, we define the unlike-sign sample as those Br combinations with
GrGotz < —0.71, and the like-sign sample as those combinations with ¢,q,. > 0.49. Having
accounted for the bias with these asymmetric requirements, we expect processes producing
equal numbers of Br* and Bn~ to contribute equally to the two samples. These Bm mass
distributions are shown in Figures 3a and 3b for data (points) and for a Monte Carlo simulation
with no resonant Br production (histogram).

4The acceptance for photon conversions as a function of the energy of the eTe™ pair in the simulation was
adjusted so as to bring the distributions of the number of conversions versus energy in the data and simulation
into agreement.
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Figure 2: The reconstructed B invariant mass using converted photons is shown as the points
in (a). The histogram shows the shape of the combinatorial background predicted by the
simulation. Subtracting this estimated background from the data yields the open points in (b),
where the histogram shows the distribution for true B* — B~y decays in the simulation.

The sister and cousin pion distributions are obtained from the observed unlike-sign and
like-sign distributions. If the tagged vertex sample contained only Bt with correct charge
assignment, the like-sign distribution would itself be the cousin pion distribution, and the
sister pion distribution would be obtained simply by subtracting the like-sign distribution from
the unlike-sign distribution. The presence of other b hadrons, however, complicates matters.
In particular mis-tagged B® will contribute to both sign combinations, so both the unlike-sign
distribution and the like-sign distribution will include some sister pions associated with B®. The
sister pion distribution for BT can still be obtained by subtracting like-sign from unlike-sign,
since the contributions from the neutral b hadrons are charge symmetric. Assuming isospin
invariance for Br combinations, the sister pions in the like-sign distribution can be removed.
The cousin pion distribution is obtained by subtracting from the like-sign distribution the
unlike-sign distribution multiplied by a scale factor. This scale factor is the ratio of the number
of Bt7~ and B%r™ combinations in the like-sign sample to the number of B¥7~ and B%r*
combinations in the unlike-sign sample, and is calculated in the simulation to be 0.21 £ 0.02,
where the uncertainty comes from varying the bias used in defining the g,g.:. cuts by +0.03.

The sister and cousin pion distributions obtained in this manner in data and simulation are
shown in Figures 3c and 3d, respectively. These plots suggest that the Monte Carlo modeling
of the fragmentation process is quite reasonable for the cousin pions, but that the simulation
is missing a component with a mass near 5.7 GeV for the sister pions. The structure observed
in Figure 3c will be further discussed in Section 7.
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Figure 3: The reconstructed Bx invariant mass distributions for unlike-sign combinations (a)
and like-sign combinations (b). The points are the data and the histogram is from a Monte
Carlo simulation with no resonant Bm production, normalized to the same number of secondary
vertices. The distributions for sister pions (¢) and cousin pions (d) are described in the text.
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Figure 4: The efliciency corrected distributions of the cosine of the angle a (described in the
text) for “sister” pions (a) and “cousin” pions (b) in data (solid points) and simulated events
with no resonant Bm production (open points). Only combinations with Bx invariant mass
between 5.60 and 5.85 GeV are plotted. The histogram in (a) shows the difference between the
data and simulation, and the shaded area indicates the associated statistical errors.

Figures 4a and 4b show the distributions of cos a for sister and cousin pions, where « is
the helicity angle of the pion in the B rest frame relative to the direction of flight of the B
system in the lab frame. Pions giving B7 masses between 5.60 and 5.85 GeV are plotted after
correcting for the efficiency of the pion selection requirements as a function of cos a. The solid
points are data and the open points are from simulated events. The distribution of the excess
sister pions in the data with respect to the Monte Carlo prediction, shown as the histogram in
Figure 4a, is consistent with being isotropic.

5 Flavor tagging with associated pions

The rate at which pions can be used to tag the initial B° flavor and the purity of the flavor
determination are of interest in evaluating the usefulness of B correlations for C'P violation
studies involving neutral B mesons. We can study the ability of associated pions to tag the
flavor of BT directly; the results for B® flavor tagging are identical under the assumption of
isospin invariance. As seen in Figure 4, the distributions of sister pions and cousin pions in
cos o are markedly different (recall that the charge of sister pions is correlated with the B
flavor, while the charge of cousin pions is not). This allows the selection of a useful region for
b flavor tagging. The data in the region 5.60 < mgp, < 5.85 GeV and cosa > —0.7 show a
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marked enhancement of sister pions relative to cousin pions. Defining pion tags as those which
satisfy these criteria®, we observe 5749 (3221) pion tags with charge sign opposite to (the same
as) the reconstructed b hadron. To extract the rate and purity for flavor tagging with these
pions the contributions to the Br distributions from neutral b hadrons and from non-b events
must be subtracted. Contributions from Bg, b baryons and non-b events are removed based
on the predictions of the simulation. The B°® contribution can be subtracted without using
any information about B7 correlations from the simulation by noting that B%r* combinations
contribute equally to the like-sign and unlike-sign samples and by assuming isospin invariance
for Br combinations. Correcting for the efliciency of the pion selection criteria and dividing by
the number of Bt available, the rate at which pion tags are produced is

b — (B"’ﬂ'i)
b — BT
and the probability that the pion charge correctly tags the B flavor is 0.706 4 0.013.

'8 — 0.39 +0.03 , (8)

Removing the cut on the Bx invariant mass increases the efficiency for tagging the b flavor
with only a small increase in the mis-tag rate. Requiring only cosa > —0.7 and proceeding
through the calculation described above, we find that pion tags are produced for 0.83 + 0.06 of
the Bt candidates, and that the probability of inferring the B flavor correctly is 0.682 4- 0.012.

In an experiment where B® mesons are fully reconstructed one can expect a high efficiency
for reconstructing the associated charged pion. Assuming this additional efficiency to be 90%
yields a figure of merit for C'P asymmetry measurements, namely the product of the efficiency
times the square of the dilution due to flavor mis-tagging, of 0.06 (0.10) with the cut on mp,
applied (removed). For comparison, figures of merit for lepton-based tags of the initial B flavor
(based on tagging the flavor of the other b hadron in the event) are typically ~ 0.03. While
the situation may be different for B mesons produced in other environments (e.g. at a hadron
collider), at LEP b flavor tagging using charged pions has greater statistical power than using
semileptonic decays of the other b hadron in the event.

6 Study of BK correlations

In analogy with the Bm case, we study BK combinations as a function of gx¢qy:.. The kaon
candidate is required to have associated hits in the z drift chambers, a momentum above 2 GeV
to ensure good 7-K separation in dF/dz, a measured dE/dz less than 2 standard deviations
from the expected value for kaons and more than 2 standard deviations from the expected
value for pions, and wg < 0.4. The cut on w is relaxed to increase the efficiency. Monte
Carlo studies suggest that ~ 8% of the kaons selected in this manner originate from the weak
decays of B hadrons and cascade charm decays. The pion contamination in the kaon candidate
sample is estimated to be 10% in the simulation, and the proton contamination to be 30%.
The distribution of reconstructed minus generated mass for BK combinations with generated
masses in the range 5.80-5.96 GeV has o = 30 MeV, with 93% of the entries within +30. The
BK mass distributions are shown in Figure 5. The like-sign distribution is well modeled in the
simulation, whereas the unlike-sign distribution in the data shows an excess at low BK masses.

SIf there is more than one pion tag for the same reconstructed b hadron, the charge of the tag with the
largest value of cos « is taken.
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Figure 5: Reconstructed BK invariant mass distributions for unlike-sign combinations (a) and
like-sign combinations (b). The points are the data and the histogram is from a Monte Carlo
simulation with no resonant BK production, normalized to the same number of B vertices.

The possible reflection of the observed Bm peak into the BK distribution was considered.
The number of pions from the Bm excess that reflect to the mass region of the BK excess is
calculated to be 8 & 2, which corresponds to about 5% of the observed excess.

7 Excited B meson production

7.1 Resonant Bw production

The enhancement near 5.7 GeV in the sister pion Bm mass distribution (Figure 3c) suggests Bx
resonance production. Even in the presence of excited B mesons decaying to B™)x the sister
pion distribution will contain a significant number of pions from non-resonant fragmentation.
Given the good agreement observed for cousin pions, we make the assumption that the Br
mass distribution of those sister pions not coming from Bm resonances can be described by the
sister pion distribution in the simulation.® Resonant decays are expected to populate small Bw
masses, so we normalize the non-resonant shape from the simulation to the number of sister
pions observed with mp, > 6.2 GeV. The number of sister pions per secondary vertex in this
normalization region in the data is 0.62+0.08 of the number in the simulation. Subtracting the
sister pions in the simulation from those in the data yields the distribution shown in Figure 6a.

8We note that there may be other contributions to the sister pion distribution in the data, e.g. broad, higher
mass resonances, that may alter the shape.
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The distribution shows a prominent peak near 5.7 GeV. A fit to a single Breit-Wigner resonance
convoluted with detector resolution yields a mass of 5.681 +0.011 GeV and an intrinsic width
I' = 0.116 + 0.024 GeV. The peak is thus too broad to come from a single state of small
intrinsic width. The fit is performed including a linear background to allow for uncertainties in
the simulated background shape. The number of excess sister pions, 1738 + 121, in the region
5.60 < mp, < 5.85 GeV serves as our estimate of the enhancement. The number of fitted
background events in this region is 153, which we take as an estimate of the systematic error
on the number of excess sister pions.

The rate of the excess is determined by dividing by the efficiency, 0.42 4+ 0.07, for the pion
selection criteria, correcting for the leakage of Bt 7~ combinations into the like-sign distribution

(3.6%), and dividing by the number of BT vertices with |gy.| > 0.6. We find
BR(b — B** — Bt+z™)

BR(b — B*)
where B** indicates the resonant state(s) giving rise to the observed excess between 5.60 and
5.85 GeV. The efficiency for the pion selection was determined assuming an isotropic cos a

distribution (see Figure 4a); the results obtained when assuming a 1 + 3 cos®? a distribution
are used to evaluate the systematic error. This variation dominates the systematic error on

= 0.180 + 0.012(stat) + 0.035(syst) , (9)

the branching ratio. Variations due to other selection efliciencies and to uncertainties in the
tagged vertex sample and charge bias are in each case smaller than 5% in relative terms. If the
observed enhancement is due to the strong decay of one or more excited bd states, the decay
branching ratios should respect isospin symmetry. Thus BR(B** — B®*)*7x~) < 2/3, which
implies

BR(B N B**O)

BR(b — B*)
In the presence of low-mass Bm resonances, some sister pions
The relative normalization given above of data and simulation in the region mp, > 6.2 GeV is

> 0.270 + 0.056 . (10)

" are shifted to low Bm masses.

consistent with expectations based on the resonant rate derived here.

7.2 Resonant BK production

The result of subtracting the prediction of the simulation from the observed BK mass dis-
tribution for unlike-sign pairs (Figure 5a) is shown in Figure 6b. The observed structure
suggests resonant decays of excited bs states. Fitting the enhancement to a single Breit-
Wigner resonance convoluted with detector resolution on a linear background yields a mass of
5.853 + 0.015 GeV and an intrinsic width I' = 0.047 + 0.022 GeV. Defining the enhancement
region as 5.80 < mpk < 6.00 GeV results in 149 4+ 30 combinations. The number of events
in the signal region attributed to background by the fit, —6.8, is taken as an estimate of the
systematic error on the number of excess BTK~ combinations.

The efficiency for selecting the kaon is 0.24 4 0.04, using the same assumptions about the
decay angular distribution as for the pion case. The derived production rate is
BR(b — B:* — BM+K™)
BR(b — B*)

— 0.026 =+ 0.005(stat) & 0.006(syst) , (11)

"Recall that sister pions are obtained from the difference between the Bt x~ and Bt x* distributions
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Figure 6: The Bx invariant mass distribution for sister pions after subtracting the component
expected from non-resonant combinations is shown in (a). The normalization of the data and
simulation was done in the region above 6.2 GeV. The solid histogram shows the contribution
from the Bj state generated with the parameters of Table 2, and the hatched histogram shows
the contribution from the B; state. The BtK~ invariant mass, after subtracting the distribution
from a simulation without BK resonances, is plotted in (b). The solid and hatched histograms
show the B, and B, states generated using the parameters of Table 2.

| [ B [ B [ Ba [ B |
Mass (GeV) | 5.725 | 5.737 | 5.874 | 5.886
Width (GeV) | 0.020 | 0.025 | 0.001 | 0.001
BR(B*x~/K-) | 0.000 | 0.300 | 0.000 | 0.300
BR(B**x—/K~) | 0.533 | 0.300 | 0.500 | 0.200
BR(B*#x°x~) | 0.100 | 0.007
BR(B**x%r~) | 0.033 | 0.060

Table 2: Generated parameters of P-wave B mesons.
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where B indicates the resonant state(s) giving rise to the observed excess between 5.80 and
6.00 GeV. The systematic error is again dominated by the uncertainty in the distribution of the
decay angle; changing the nominal charge bias assumed in the data (0.11) by 4+0.03 changes
the rate by +12%, and all other sources of uncertainty contribute less than 5% relative error.

If the observed enhancement is due to the strong decay of one or more excited bs states, the
decay branching ratios should respect isospin symmetry. Thus BR(B;* — B*)+*K~) < 1/2. To
compare the ratio of B:* to pseudoscalar B, we assume 0.3 bs are produced for each bd. This
implies

BR(B — B:*0)
BR(B — Bs)

> 0.175 + 0.052 . (12)

The excess BYK™ pairs indicate that some bs combinations result in non-strange pseudo-
scalar B mesons in the data. The bs combinations in the simulation used here produce only B
and B;. Incorporating strongly decaying bs states in the simulation would reduce the number
of B, generated.

7.3 Comparison with expectations for P-wave states

The distributions expected for simulated decays of the B; and Bj states, using the parameters
indicated in Table 2, are overplotted in Figure 6a, and those for By; and B, in Figure 6b.
These values are similar to those proposed in [4], but the masses of the B; and B} states have
been decreased by 30 MeV, and those of the B,; and B, states raised by 40 MeV. The two spin
states have been assumed in each case to have equal production rates; recent measurements [3]
of D; and Dj in ete™ annihilations at /s = 10.6 GeV suggest equal production rates in the
charm sector. Note that the Bm mass calculated from Eqn. 7 is shifted downward by 47 MeV
when the transition is to B*. This shifts the B; peak and effectively broadens the B peak,
since B; decays to both Br and B*w. These P-wave mesons provide a qualitative explanation
for the observed enhancements.

7.4 Neutral b hadrons

The rates derived for Bm correlations assume isospin symmetry for Bmr combinations. This
assumption can be tested by considering the invariant mass distribution of Bm combinations
satisfying —0.71 < ¢rqutz < 0.49, shown in Figure 7a. If the excess seen in Figure 3a was due
solely to Bt7~ combinations, one would expect only 42% as many excess events in Figure 7a; if
the production is isospin symmetric, one expects roughly equal populations of excess events in
these two plots. The ratio of the excess Bm combinations seen in the signal region (5.60 < mp, <
5.85 GeV) in Figure 7a to those seen in Figure 3a is 0.79 + 0.13, supporting the assumption of
isospin symmetry.

The distribution of BK invariant masses for combinations with —0.71 < gg ¢y, < 0.49 is
shown in Figure 7b. In contrast to the unlike-sign BK combinations in Figure 5a, no peak near
threshold is observed in this case. The decays of bs states just above BK threshold proceed to
B+tK~ and B°K°, the latter of which would not produce an enhancement in this distribution.
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Figure 7: Reconstructed Bz (a) and BK (b) invariant mass distributions for combinations with
—0.71 < q- gute < 0.49. The points are the data and the histogram is from a Monte Carlo
simulation with no resonant Bw or BK production, normalized to the same number of secondary
vertices.

We therefore expect only a contribution from excess BT K~ combinations where the measured
charge of the B is close to zero. In addition, we expect the simulation to overestimate the

8 as was discussed in Section 7.2. However,

contribution in Figure 7b from B,K* combinations,
the relatively low statistics in Figure 7b and other uncertainties, including the contamination

of the kaon sample by misidentified protons, prevent quantitative tests of these expectations.

8 Conclusion

We have observed substantial correlations between B meson flavor and pion charge for Brw
combinations where the decay angle of the pion in the Br rest frame satistfies cosa > —0.7.
The charge of pions in this kinematic region has been shown to provide a useful method for
tagging the B* flavor. Assuming the Bm combinations respect isospin symmetry, we conclude
that associated pions can provide a tag of initial B® flavor that compares favorably with lepton-
based flavor tags.

We also observe enhancements in the invariant mass distributions of unlike-sign B7 and
BK combinations. The enhancement observed in BTK™ signals a suppression of pseudoscalar
B, meson production in Z° decays. The enhancement observed in B™7~ is too broad to be

8While B, are produced less frequently than B, requiring a kaon from the primary vertex enhances their
contribution in Figure 7b.
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due to a single state of small intrinsic width. While we cannot unambiguously identify these
enhancements with particular resonant states, they are consistent with the picture of P-wave
resonances of light quarks and b antiquarks. We estimate that the production of B mesons in
7° — bb decays proceeds via these excited states more than 20% of the time.
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