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Abstract

A data sample of about 3.0 million hadronic Z decays collected by the ALEPH
experiment at LEP in the years 1991 through 1994, is used to make an inclusive
selection of B hadron events. In this event sample 4227 4140+ 252 B* mesons in
the decay B* — By and 1944+108+161 B** mesons decaying into a B meson and
a charged pion are reconstructed. For the well established B* meson the following
quantities are obtained: AM = Mp: — Mp = (45.30 &+ 0.35 £ 0.87) MeV/c? and
Np«/(Np+ Npx) = (77.1 £2.6 £ 7.0)%. The angular distribution of the photons
in the B* rest frame is used to measure the relative contribution of longitudinal
B* polarization states to be o1,/(0r, + or) = (33 +6 +5)%.

Resonance structure in the M(Bw) — M(B) mass difference is observed at
(424+4+10) MeV/c?. Tts shape and position is in agreement with the expectation
for B}, states decaying into Bfﬁwi. The signal is therefore interpreted as arising
from them. The relative production rate is determined to be

BR(Z — b — B
BR(Z —b— B,.)

= [27.9 & 1.6(stat) £ 5.9(syst) T2a(model)]%.

where the third error reflects the uncertainty due to different production and
decay models for the broad B states.
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1 Introduction

The low lying B(1S5) states, B and B*, are well established [1]. From spin counting the
relative production rate of B* mesons is expected to be Np«/(Np + Np+) = 0.75 *. The
analogous quantity measured in the charm sector is 0.51 4+ 0.04 [2] in contradiction to the
expectation. Phase space corrections due to the different masses of the excited- and ground
states and the decay modes of the tensor meson states are possible explanations for the
observed value. Measurements of the B* and B** production rates and of the B** branching
ratios to Bm and B*m are needed in order to test the prediction of 0.75 in the beauty sector.

The fraction of b quarks forming a B** state is also of great interest since their expected
decay modes into B®r* can be used to identify the flavour of the b quark at the production
time. A method based on this idea has been proposed to measure CP-violation in the decay
of the neutral B meson [4]. Due to this proposal much effort was made to predict the
properties of the B** states based on extrapolations from the K** and D** sectors [4] [5].
They are summarized in table 1. The predicted masses and widths of the two narrow B}
states By [B(l;'/z)] and B} [B(Z;'/z)] are similar while the j = 1/2 states are expected about
100 MeV /c* lower [4] and to be broad.

The recent experimental data on the Dy and Dj production rate [3] suggest a value for
BR(¢c — D**) of the order of 20%. If a similar value holds for BR(b — B**) a clear signal
for the decay B** — B™nr* should be visible in the large B hadron sample collected by the

ALEPH experiment.

Due to the small mass splitting between B* and B mesons only electromagnetic decays
of the B* to By are allowed. The photons from the B* decay are very low energy; with
a mean of ~ 0.3 GeV and a maximum energy of 0.8 GeV. Therefore instead of using the
electromagnetic calorimeter (ECAL), which has a limited resolution and efficiency in this
low energy region, the tracking system is used to reconstruct and identify converted photons.
The B* mass and production rate is measured using a reconstruction method in which these
converted photons are associated to selected b jets. The B meson momentum and direction
is estimated by assigning particles inside the jet to either the primary or B decay vertex
according to their impact parameter and rapidity relative to the jet axis. The technique is
extended to a search for B** states by replacing the photon with a charged particle.

!Throughout the paper Ng and Np. refer to the number of primary B*) mesons.

qg=u,d qg=s
State Mass Width Decay Mass Width  Decay
(JF) | (GeV/e*) (GeV) mode (GeV/c?)  (GeV) modes
1;)'/2 5.76 0.020 (B*m)=2 5.83 < 0.001 (B*K)=2
01"/2 ~ 5.65  broad (Bm)=o A 5.74 (BK)=0, By
11"/2 ~ 5.65  broad (B*T)i=o ~ 574 Bsvy, By
20, | 57T 0024 (Bm)isy, (Bm)ia | 585 0002 (BK)i. (B'K)is

Table 1: Expected properties of L = 1 bg states.



2 The ALEPH detector and Data Sample

The ALEPH detector is described in detail elsewhere [6]. Only a brief description of
the apparatus is given here. Charged particles are tracked with three devices inside a
superconducting solenoid which provides an axial field of 1.5 Tesla. Closest to the beampipe
is the vertex detector (VDET), installed in 1991, which consists of silicon wafers with strip
readout in two dimensions, arranged in two cylindrical layers at average radii 6.3 and 10.8
cm. This detector covers an angular range down to |cos @] < 0.85 for the inner layer and
|cos 8] < 0.69 for the outer layer. The point resolution is 12um at normal incidence in
the r¢ and z coordinates. Surrounding the VDET is the inner tracking chamber (ITC), a
drift chamber giving up to eight measurements in r¢. Outside the ITC, the time projection
chamber (TPC) provides up to 21 space points for | cos 0| < 0.79, and a decreasing number of
points for smaller angles, with four at | cos 8] = 0.96. For tracks measured by all three devices
a momentum resolution of Ap/p = 0.0006p (GeV/c)~! is obtained for 45 GeV /¢ muons. The
TPC also gives up to 338 measurements of the specific ionization of each charged track, with
a measured dE/dx resolution of 4.5% for Bhabha electrons having 338 ionization samples.

The ECAL was used in combination with the hadronic calorimeter (HCAL) to measure
the energy of neutral particles produced in hadronic Z decays to reconstruct the B-hadron
momentum.

A total sample of 3 million hadronic 7 decays recorded by the ALEPH detector in the
years 1991 through 1994 is used in this analysis. The Monte Carlo simulation used to
determine efficiencies and estimate backgrounds is based on DYMU3 [8] and the JETSET
7.3 parton shower Monte Carlo [9]. The decay modes of the B- and D-hadrons are adjusted
to agree with the most recent experimental results. A lifetime of 1.5 ps is assumed for all
B hadrons. Detector effects are simulated with a detailed model of the material and detector

response, based on the GEANT 3.15 package [10].

3 Selection and Reconstruction of B hadrons

B hadrons are tagged using the algorithm described in Ref.[11], in which the impact
parameters of charged tracks are used to select long lived particles. In a first step the
events are divided into jets using the JADE algorithm [12] with a y-cut of 0.01. Then
the probability Pr for a charged track to belong to the primary vertex based on its signed
impact parameter is calculated. This is the input to compute for each jet the probability P,
that a given collection of tracks has no decay products from long-lived particles. Requiring
P to be less than a given value increases the likelihood that the event contains long-lived
particles. The jet probabilities P; are combined to form an event probability Pgr. As only
the relative production rates of B* and B** mesons per B meson are determined, the value
of the b purity estimated from the Monte Carlo simulation is sufficient while the absolute
B tagging efficiency is not needed. Due to the different requirements of the B* — B~ and
B> — BWr* searches, different cuts on Pg and P, are used (section 5 and 6). But in
both cases the analysis is performed in a preselected sample of B events with a purity of
88%), a sample which was also used to develop a method for the inclusive reconstruction of

B hadrons.



For charged particles two quantities are used to decide whether they belong to the
primary vertex or the B decay vertex: the track probability Py as obtained from the
signed impact parameter and the rapidity computed relative to the jet axis. The different
rapidity distributions for particles from B decays compared to particles from the primary
fragmentation process (see Fig. la) can also be used to classify neutral particles. For this
purpose the pion mass is assigned to all charged particles while the neutrals are treated as
massless. A simple cut in Pr (—0.05 < Py < 0.2) ? and in rapidity is used to decide whether
a particle in the jet belongs to the B hadron or not. From Monte Carlo studies it is found
that the best resolution on the B hadron direction and momentum is achieved by placing
this cut at a rapidity value of 1.6 for charged and neutral tracks. In order to reduce poorly
measured B jets a reconstructed B hadron mass (Fig. 1b) between 2 and 10 GeV/c? and a
measured jet energy normalized to the beam energy (Fig. 1¢) between 0.4 and 1.4 is required.

To account for neutrino losses, detector inefficiencies and wrong mass assignments a
correction dependent on the measured B hadron mass and relative jet energy is applied,
as determined from the Monte Carlo simulation. This improves the relative B momentum
resolution significantly, although for B jets with a low estimate for the B hadron momentum
the resolution for the direction and the momentum is still poor. A minimum reconstructed
B hadron momentum of pg > 25 GeV/c is therefore required. With this procedure one finds
for the remaining B hadrons a momentum resolution function with an rms of 17.6%. 70% of
the B hadrons have a momentum resolution of 9% while the rest constitute a non-Gaussian
tail towards higher estimated momenta. The resolution function for the B direction can be
parameterized by a double Gaussian with rms widths of 14 mrad for 80% of the B hadrons
and 36 mrad for the remaining 20%.

A comparison of the reconstructed B hadron momentum spectrum in data and Monte
Carlo is shown in Fig. 1d. While both distributions have the same mean value the shapes
are slightly different. The Monte Carlo events are therefore reweighted to match the data
and the resulting difference in masses and production rates of B* and B** mesons is included
in the systematic errors.

4 Reconstruction of Converted Photons

The probability for photon conversions in the material in front of the ECAL varies from ~
7% at 90° to the beam axis to ~ 10% at 30°. The material in the VDET detector and at
the ITC-TPC wall are the two dominant sources for photon conversions.

In a first step a general V search in the event is applied [11]. Reconstructed Vs are
identified according to their mass as K°’s, A’s or photons. In a next step the knowledge that
most of the converted photons should have their origin close to the primary vertex is used to
increase the reconstruction efficiency compared to the general V° search. The geometrical
signature for an electron or positron to originate from a photon conversion is a point (R, 8, ¢)
along its reconstructed track where the tangent is pointing to the photon production point,
which is for this analysis the event main vertex (see Fig. 2a). All such tracks in an event are
selected. Pairs of oppositely charged tracks which fulfill the following criteria are accepted
to originate from a converted photon:

2The sign is given to Py according to the sign of the impact parameter.



e The two conversion points (R;,8;, ¢;) fulfill |, — 03] < 0.2 rad and |1 — ¢2| < 0.4 rad.
e The mean conversion radius, (Ry + Ry)/2, is larger than 4 ¢cm and less than 140 cm.

At least one of the two tracks has no measured coordinate between the interaction

point and the mean conversion point.

o If particle identification information is available from dE/dx it has to be compatible
(probability > 0.1%) for at least one of the two tracks with the electron hypothesis.

Corrections are applied to the photon energy for the energy loss of the electron and positron
in the material between the conversion point and the TPC. The relative energy resolution
of the accepted pairs is 2.0% and the angular resolution is 2 mrad in 6 and ¢.

For low energy photons, which are of special interest for this analysis, it is very likely that
only one track from the conversion electron-positron pair has a large enough momentum to
be seen in the TPC. Therefore in the third step those tracks which pass the following cuts
are accepted as originating from a photon conversion:

e The significance of the conversion point to be different from the main vertex is at least
2 sigma.

o If particle identification information is available from dE/dx it has to be compatible
(probability > 0.1%) with the electron hypothesis.

e If the electron probability from the dE/dx measurement is less than 10% the conversion
radius has to be larger than 10 cm.

e The track has no measured coordinate between the interaction point and the conversion
point.

The direction of the photon is determined by the conversion point (R, 8, ¢) with a precision
of 4 mrad in # and ¢. For the lost track from the electron-positron conversion pair an energy
correction of 72 MeV /sin@ is applied, as determined from the Monte Carlo simulation. In
the same way as for the conversion pairs the energy loss due to the material between the
conversion point and the TPC is corrected. The relative energy resolution for the conversions
reconstructed from only a single track is ~ 10%.

The calibration of the converted photons is tested in data and Monte Carlo using photons
from 7° decays. The v invariant mass spectrum is shown in Fig. 2b using two converted
photons. One photon is fully reconstructed and for the second photon an energy of less
than 1 GeV is required in order to have a similar sample composition as for the B* — B~
analysis. The measured 7° mass is (134.74£0.84:1.9) MeV/c?, in agreement with the expected
value. The systematic error reflects the uncertainty due to the choice of the background
parametrization. The total error of 1.5% is used as an absolute systematic error on the v
energy scale in the B* — By analysis.

The efficiency to reconstruct a photon conversion as a function of energy is shown in
Fig. 2c. The purity is nearly 90%. The radial distribution of conversion points in data and
Monte Carlo is shown in Fig. 2d. The absolute rate of reconstructed converted photons in

data and Monte Carlo differ by [0.1 4 0.5(stat.)]%.
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5 The decay B* — By

Events enriched in B hadrons are selected by requiring an event probability of Py < 4.0x107*
according to the lifetime tag algorithm [11]. For jets which in addition passed the B hadron
momentum reconstruction as discussed in section 3, a b quark purity of 94% is obtained from
the Monte Carlo simulation.

In these events the reconstructed B momentum vectors are combined with all converted
photons which have an angle « relative to the B meson direction satisfying cos @ > 0.8 and an
energy between 0.2 and 3 GeV. To reduce the combinatorial background a cut on the photon
helicity angle in the B* rest frame, cos 8 > 0, is applied. A flat distribution is expected for
photons from B* — B~ decay (see section 5.2), while the combinatorial background peaks
in this distribution at —1. In the Monte Carlo simulation event samples with B*-B mass
differences between 46 and 58 MeV/c? were generated. The reconstructed B* mass is always
within 1o (statistical error only) of the nominal value.

The Bx-B-mass distribution obtained from 1991-1994 data is shown in Fig. 3. The
expected background from the Monte Carlo simulation is shown as a hatched area scaled to
the same number of gg-events. The background is dominated by photons from 7% decays. No
particular source of neutral pions dominates the background. The inclusive 7% momentum
spectrum in 7 decays is described well [13] by the JETSET program used in the ALEPH

Monte Carlo simulation.

Converted photons can be measured down to energies of 200 MeV. This allows a
comparison of the background shape in data and Monte Carlo on both sides of the peak.
The background-subtracted distribution (Fig. 3b) can be approximated by a simple Gaussian.
The fitted number of B* mesons is

N(B™) = 4227 + 140 + 252. (1)
The B*-B-mass splitting is measured to be
AM = M(B*) — M(B) = (45.30 £ 0.35 & 0.87) MeV /c*. (2)
The systematic errors arise from the following sources:

e The difference in the reconstructed B hadron momentum spectrum (Fig. 1d) in data
and Monte Carlo and the discrepancy of the photon spectra obtained in the sideband
region of the B* signal is used to reweight the Monte Carlo events to match the data.
For photon energies between 0.2 and 1.0 GeV excellent agreement between the photon
spectrum in data and Monte Carlo is observed while the maximum deviation at higher
photon energies is 10% at 3 GeV. The systematic uncertainty on N(B*) obtained is
+215, and the effect on AM is negligible.

o The limited Monte Carlo statistics for the background subtraction results in a

systematic error of £132 on N(B*) and + 0.3 MeV/c? on AM.

e The variation of the required reconstructed minimum B momentum between 20 and
30 GeV/c causes a variation in AM by +£0.4 MeV/c?. The effect on the relative B*

production rate is discussed in section 5.1.
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o A systematic error of 1.5% is assigned to the absolute energy scale of the reconstructed
photons from the study of the 7¥ signal.

The rms width of the resulting B* signal is (9.4 4+ 0.5) MeV/c? in data and (9.8 +
0.5) MeV/c? in Monte Carlo. It is dominated for conversion pairs by the measurement of the
B meson direction. For conversions reconstructed only from a single track, which account
for ~ 75% of the signal, the energy and direction resolution of the photon and B meson
contribute similarly to the width of the B* signal. Within the experimental resolution it is
not possible to separate the B}, B} and B} states, thus the quoted numbers are an average
weighted by the production rates of the B* states.

5.1 B* production rate

The measured number of B* mesons, N(B*), is related to the relative production rate of B*
mesons in 7 decays by the following expression:

N

N(B*) = Nrac 1B ¢ [B m

(3)
where Nrac is the number of tagged B jets, np is the b event purity, €, is the photon
reconstruction efficiency, fg is the fraction of B mesons produced in Z — bb decays estimated
to be fp = (87.8 +£4.3)% [14] and Np«/(Np + Np«) is the relative production probability of

vector B mesons.

From a data sample of Ny; = 2,948,727 candidate ¢q events Nyaq = 462,204 B jets are
selected in which 4227+ 1404252 B* mesons are reconstructed. With the photon conversion
and reconstruction probability €, = (1.44 4+ 0.04)% and the b purity ng = (94 + 2)% taken
from the Monte Carlo simulation, a relative B* production rate of

N

B (TT14264£T. 1
o = (126 £70)% (4)

is found. The systematic error of 2% on ng is derived from the stability plot of the relative
B* production rate as a function of the b purity (Fig. 4b). Several studies were done to
determine the systematic uncertainty of the photon efficiency:

e The agreement of the total conversion rate between data and Monte Carlo (see Fig. 2d)
is [0.1 £ 0.5(stat.)]%. The systematic uncertainty of the photon efficiency due to a
different material distribution or reconstruction efficiency for converted photons in
data and Monte Carlo is estimated to be 2% from studies using the well known TPC
gas to normalize the conversion rate.

e The normalization factor for the background from the Monte Carlo simulation obtained
in the sideband region (M(B~) — M(B) < 0.02 GeV/c* 0.08 < M(Bvy) — M(B) <
0.2 GeV/c?) of the B* signal is found to be 1.020+0.008. This 2% deviation from unity
can have its origin either in a wrong B tagging efficiency, a wrong m° production rate or
a wrong photon reconstruction efficiency in the Monte Carlo simulation. The B tagging
efficiency is checked in data and Monte Carlo by comparing the number of single
and double tagged events (N; and Ny). The result is (2Ny/N;)% /(2N /N, )MC =
1.01 £ 0.01. To be conservative the 2% deviation from unity in the background

9



Error Absolute error on
source Np+«/(Np« + Np)
Monte Carlo weighting 3.9%
Monte Carlo statistics 2.4%
b purity 1.6%
~ efficiency 2.3%
/B 3.8%
Variation of all cuts 2.5%
total (quadratic sum) 7.0%

Table 2: Contributions to the systematic error on the relative B* production rate.

normalization is assigned as a systematic error on the photon detection efficiency since a
wrong m¥ production rate in the Monte Carlo simulation would not effect the extracted
B* production rate.

e The reconstruction efficiency for converted photons is energy dependent (see Fig. 2c¢).
Therefore a variation of the B*-B mass difference changes the photon efficiency. In
order to estimate this effect the B*-B mass difference was varied in the Monte Carlo
simulation by &1 MeV /c?. The resulting uncertainty in the photon efficiency is 1%.

A complete breakdown of the quoted systematic error is given in Table 2. All cuts applied
in this analysis are varied within reasonable ranges and the variation of the result is included
in the systematic error.

5.2 B* Polarization

The decay angle of the photon in the B* rest frame §* can be used to distinguish between
transverse (helicity £1) and longitudinal (helicity 0) polarized B* mesons, which have the
differential cross sections o7 oc (1 + cos? 0*)/2 and oy, o sin® @ respectively. If the helicity
states are equally populated, i.e. o7 : o = 2 : 1, a flat helicity angle distribution is expected.

For this measurement the cos §* range is extended down to —0.6 to increase the sensitivity.
The number of B* mesons is determined in 7 bins of cos §*. The efficiency-corrected result
is shown in Fig. 5. The relative longitudinal contribution is determined from the fit to be

oL,
——— =(334+£6+£5)%, (5)
o +or
in agreement with the expectation of 1/3 for equally populated helicity states. The
systematic error reflects the uncertainty on the photon efficiency as a function of the photon
energy, which is highly correlated with cos 6*.

6 The decay B, — Bt

For the B** search, the photon is replaced by a charged pion. This pion is called in the
following m**. The photon from the decay B** — B*r* B* — By is lost. Only a small
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fraction of B* mesons (= 10%) are expected to originate from B** decays. Therefore the
search for B** states starting with a reconstructed B* — Bv,vy — eTe™ decay would reduce
the signal by a large factor but not affect the background level. Also no improvement for the
signal width is expected, due to the fact that the photon is of such low energy compared to
the 7** in the B** rest frame that the photon lost in the decay chain only shifts the effective
mass of the (B7r¥) system down by 46 MeV/c? from the true B** mass, but does not broaden
the signal significantly.

The B** has a negligible lifetime compared to the average B hadron. This allows to reduce
the combinatorial background using the signed impact parameter to distinguish between
tracks from the primary vertex and tracks originating from the long lived B hadron decay.
In order to be able to assign charged tracks with high purity to either the primary- or the
B decay vertex, jets are selected which have a probability of Py < 1.6 - 107° to contain no
long lived hadron and a reconstructed B hadron with a momentum of more than 25 GeV/c.
In addition strict track selection cuts for the 7** candidates are applied:

e to have at least 10 TPC hits and at least 1 VDET hit,

e to originate from a cylindrical region of 1 cm radius and length 2 cm centered around
the interaction point,

e to have a x? per degree of freedom from the track fit of less than 5 and to have a
momentum of more than 1.5 GeV/e,

e to have a dF/dx measurement in the TPC which is consistent with a pion (probability
> 30%),

e to have a probability of |Pr| > 0.3 to originate from the primary vertex,

e to be in a cone around the reconstructed B hadron direction of 26 degree.

In the Monte Carlo simulation, B** mesons were generated with mass differences relative
to the B meson between 500 and 800 MeV/c* and reconstructed within 1o (statistical error

only) of the nominal value.

The distribution of the Br*-B mass difference obtained from the 1991-1994 ALEPH
data is shown in Fig. 6a. The background is estimated from the Monte Carlo simulation and
normalized in the sideband regions (M (Bw)— M(B) < 0.25GeV /c?, 0.7 < M(Br)—M(B) <
1.2GeV /c?) of the B** signal.

As is shown in Ref. [15] the JETSET 7.3 [9] modeling of the pion spectrum from B
decays is poor for pions which are soft in the B rest frame. In the low AM region these soft
pions account for a sizable fraction of the background (see Fig. 6a). Therefore the Monte
Carlo data as shown in Fig. 6 are reweighted according to the observed difference between
the inclusive pion spectrum from B decays as measured by ARGUS [15] and that generated
in the ALEPH Monte Carlo. As can be seen from Fig. 6a the shape of the background is

reproduced well on both sides of the signal after this procedure.

The background-subtracted signal is fitted by a simple Gaussian. A resonance structure

in the M(Bm)— M(B) distribution is observed at
M(Br) — M(B) = (424 + 4 £ 10) MeV/c2, (6)
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It has a width of
o(AM)=(53+3+9) MeV/C2 (7)

and the number of reconstructed B** decays to B®r* is
N(B™)=1944 + 108 + 161. (8)

The shape and the normalization of the background is the dominant source for the quoted
systematic errors. To estimate them the following studies are performed:

e The Monte Carlo data are reweighted according to the observed difference in the
reconstructed B momentum spectrum (Fig. 1d). The effect is negligible.

e The Peterson fragmentation parameter ¢, is varied in the range 0.004 — 0.008 in the
Monte Carlo simulation. This changes the yield by £62 events and has no effect on
AM or o(AM).

e The limited Monte Carlo statistics of 3.6 million hadronic Z events and the
normalization of the background in the sideband region of the B** signal account
for a systematic error of 2151 on the yield, of &2 MeV/c? on AM, and of £4 MeV/c?
on o(AM).

e The complete analysis is repeated several times with different sets of B- and 7**-
selection cuts. The minimum B momentum cut is varied from 20 to 30 GeV /¢, the jet
selection cut Py in the range 5 x 107 — 5 x 107®, the minimum momentum cut for
7** from 0.5 to 2 GeV /¢, and the cut on Pr in the range 0.2 < |P5*| < 0.4. Finally,
in order to study the influence of the unknown helicity structure of the B** states,
the 7** candidate sample is divided in two helicity bins, cos 8%.. > 0 and cos 8. <0,

Rk

which leads to the dominant systematic error on AM. The quoted systematic errors

on M(Bm)— M(B) and o(AM) correspond to half of the observed variation in each

*

case. The relative systematic error on the 7 efficiency estimated from these studies

is 1.5% (Table 3).

6.1 DB** Mass and Production Rate

The fitted signal width is larger than the detector resolution of 40 MeV /c?. It is interpreted
as a superposition of several B** states and/or decay modes as observed for the P-wave D
meson states [3] and as predicted for the excited B states [5]. Possible contributions of B*
decays into B, 4K*, with the kaon misidentified as a pion, are expected from a Monte Carlo
simulation to be only of the order of 2%. They are considered for the B}~ production rate.

In order to arrive at a B, mass value and production rate, assumptions must be
made on the relative production rates and decay modes of the four different expected
v states. Following spin counting arguments and heavy quark effective theory [16],
the relative production rates are expected to be By : Bf : Bf : By = 3 :1:3:5.
A model based on the predictions for the narrow B* states (see Table 1) from Ref.
[5], i.e., M(B;) — M(By) = 12 MeV/c*, BR(B; — Bw) = BR(B; — B*m) = 50%,
BR(B; — B*1) = 100% and I'(B3) ~ I'(By) is used to describe the B** signal.
For the fit procedure the yield, the mass, and the width of the Bj state are taken
as free parameters while the detector resolution is fixed according to the Monte Carlo
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expectation. The following numbers are obtained (see Fig. 7a): N(B**) = 2049 + 133,
M(B3) = (5741 £ 3) MeV/c* and T(B;) = (21 + 11) MeV/c?*. The quoted errors are
statistical only. The large theoretical uncertainties do not allow to quote any meaningful
systematic error with the current experimental resolution. The sensitivity to the width of the
Bj state is small since the signal width is dominated by the detector resolution of 40 MeV/c?.
The width is in agreement with the expectation of 24 MeV/c? from Ref. [5]. The signal is
therefore interpreted as arising from the decays of the narrow B}% states.

However the relative production rates, masses and widths of the broad BJY, states are
unknown. Their possible contribution to the signal has to be estimated in order to calculate a
B}, production rate. Attempts to constrain the masses and widths of the broad B} states
from the experimental data were not successful. A resonance structure with an intrinsic
width of a few hundred MeV/c? could not be separated from a Monte Carlo estimate of the
background with the procedure used in this analysis. On the other hand broad B states
with width and mass splitting relative to the narrow B;% states of for example 70 MeV /¢?
(see Fig. 7b) and a production rate following spin counting can not be excluded with the
observed signal. The unknown properties of the broad B}% states are therefore included in
the systematic uncertainty of the B}% production rate.

In the notation of section 5.1, the relative B} production rate is given by

BR(Z —b— Br) _ N(B™) F(B) (9)
BR(Z —b— Bug) 1B Nrag ex= fB,, fn(B)

where f(B;7%) is fraction of B} in the obtained B signal, ¢+« is the 7 efficiency, fg, , is
the fraction of B, 4 mesons produced in Z — bb decays estimated to be IBu. = (76.8£5.2)%
[14] and fn(B}%) is the fraction of reconstructed narrow B} states.

From Ny,; = 2,948,727 qq events Npse = 90,713 B jets are selected in which
1944 4+ 108 + 161 B** mesons are reconstructed. The signal can be parameterized with
equal goodness of fit using a single Gaussian (model I), the model for the production of
narrow B** states according to Ref. [5] (model II), or using a single Breit-Wigner folded
with the detector resolution (model I1I). The value obtained using model II is closest to
the number extracted from simply counting the excess in the signal region and is between
the yield obtained from the other two models. It is 5% larger than the estimated number of
events from the single Gaussian fit due to non Gaussian tails which are expected for most B**
production models. To account for the unknown signal shape a scaling factor of 1.05 £ 0.05
is therefore applied to the yield extracted from the Gaussian fit.

f(B;%) is estimated from the Monte Carlo simulation to be 0.98 £ 0.02.  The
contamination from B;* decays to BK* is small as a dE/dx probability of larger than
30% for the pion hypothesis is required for the 7** candidates.

The expected fraction of narrow B} states is:

o fn(B;Y) = 1/2: Only narrow states contribute to the signal and the production rate
follows state counting.

o fn(B;Y) = 2/3: Only narrow states contribute to the signal and the production rate
follows spin counting.

o fn(B;) = 1.0: Broad and narrow states contribute with equal efficiency to the signal.
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Error Absolute error on
source BR(Z —b— B)/BR(Z —b— Bya)
Background normalization 2.2%
Variation of ¢ 0.8%
Variation of all cuts 3.9%
Signal shape 1.4%

B?* contribution 0.6%

7** momentum cut 2.7%

b purity 0.6%
P(b— Bua) 1.9%

total (quadratic sum) 5.9%

Table 3: Contributions to the systematic error on the relative B** production rate.

In(B}7;) can take any value between 1/2 and 1 if the reconstruction efficiency for broad and

narrow B is different. The most likely scenario corresponds to fnx(B;%) = 2/3 and hence
IN(By) = 0.671'8:(1); is used in the following. The error corresponds to half of the possible
spread.

The pion efficiency e+« = (23.7 £ 4.1)% and the b purity ng = (98.5 + 1.5)% are taken
from the Monte Carlo simulation. With these numbers the following relative B}% production
rate BR(Z —b— B}Y)

BR(Z —b— By,a)

is found. The third error reflects the uncertainty due to the unknown value of fx(B}%). In
this result the assumption is made that 2/3 of all B} mesons decay into charged pions and
1/3 into (unobserved) neutral pions. Possible decay modes into Bp are expected to be small
due to the limited phase space.

= [27.9 & 1.6(stat) + 5.9(syst) T22(model)|% (10)

The stability of the result is shown in Fig. 8b as a function of the b purity. Only the
relative statistical errors with respect to the nominal cut are plotted. A breakdown of the
total systematic error is given in Table 3. The momentum cut of 1.5 GeV /¢ for the 7** leads
to an uncertainty of 10% on the 7** efficiency due to the fact that it is not known which
B, states contribute to the observed signal.

% %

7 Summary and Conclusions

Using the known decay B* — B~, a method for the inclusive reconstruction of B hadron
decays was developed. The following measurements for the B* state are obtained

N
B (TT1+26+T. 11
oo, = (TLE26£T0)% (11)

M(B*) — M(B) = (45.30 £ 0.35 % 0.87) MeV/c?, (12)

L = (33+6+5).% (13)
o +or

in agreement with the expectation from a spin counting picture and with the recent results
from L3 and DELPHI [17]. For the B*-B-mass difference a similar precision to the previous
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measurements by CUSB2 [18] (45.441.0) MeV/c* and CLEO?2 [19] (46.240.3+0.8) MeV /c?
is obtained.

Combining the B hadron instead with a charged pion yields an enhancement in the Br
mass distribution. Fitting the resonance structure observed in the background subtracted
M(Bm) — M(B) distribution with a simple Gaussian yields the following parameters:

N(B™) = 1944 4108 & 161, (14)
M(Br)— M(B) = (424 +£44+10) MeV/c?, (15)
o(AM) = (53 £349) MeV/c?. (16)

The observed signal is interpreted as arising from the narrow B** states described in Ref. [5],
although a contribution from broad states can not be excluded with the current experimental
resolution. The relative B;% production rate is extracted to be

BR(Z —b— B7)
BR(Z —b— By,a)

= [27.9 £ 1.6(stat) £ 5.9(syst) T29(model)]% (17)

where the third error reflects the uncertainty due to different production and decay models
for the broad B} states. The measured mass difference and production rate is consistent

with the recent results from OPAL [20] and DELPHI [21].
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Figure 1: Comparison of data (dots) and Monte Carlo distributions (curve) normalized to
the same number of ¢q events. (a) Rapidity distribution relative to the jet axis for all tracks
(black dots) and charged tracks only (open circles). The different shape of the rapidity
distributions for charged tracks from B decays and from the fragmentation process can be
seen from the shaded areas. (b)-(d) Reconstructed B hadron mass, relative jet energy and
B hadron momentum. The shaded area shows the background from non-bb events according
to the Monte Carlo simulation.
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Figure 2: a) Schematic view of a photon conversion in the (X,Y)-Plane. b) Invariant -
mass distribution from data (points) and Monte Carlo (histogram) using converted photons
with the energy of one of the photons being less than 1.0 GeV. The curve shows a fit with a
polynominal background and a Gaussian signal. c¢) Reconstruction efficiency for converted
photons where the fraction of fully reconstructed conversions is indicated by the lower curve.

X

~c)

- ALL

- PAIRS

L | ‘ | | | |

0 0.5 1
E, [GeV]

x1072

1/NN/6 MeV/c?
N W -~
\\\‘\\\\‘\\\\‘\\\\‘\

—_

E 2

______

O
o

0

2 0.3
M(yy) [CeV/c%1

T
(ON
~—r

10

20 30 40 50

R [cml

d) Conversion radius distribution in data (points) and Monte Carlo (histogram).

18



EORRA ALEPH

N/4 MeV/c?
+

2000 —
I +
Y
1500 — + t 44 MC Background
I + e
1000 — +
L -+ ++ +
500 —
N 0
< )
- — ¥ —
> | B"—>By
> L
i 500 - N(B") = 422741404252
e L

MM = (45.30+0.35+0.87) MeV/c’
400

200

i f
LTI T T 1
W FL*PT-‘._-LL | |\ -"-_*T-o-\ \+
0 0.05 0.1 0.15 0.2
M(By)—M(B) [GeV /c’]
Figure 3: (a) The By-B-mass difference from 1991 through 1994 data using converted
photons. The background estimated from the Monte Carlo simulation, normalized to the

same number of gg-events, is shown by the hatched area. (b) The background subtracted
signal for the decay B* — B~ fitted with a Gaussian (curve).

I’
T
;_
.
i

19



2
. 9
095
0.9 ﬁ
—~ 0.85 |
- i
= VD b) . .
< j N(B") /IN(BY+N(B)1=(77.142.6+7.0)%
@ 0.8 ;:;:',':,;:::;",",f'ff,':'f,”,'::;',fjff,f;f:ffl;;"f,”,","frf',”,ff,';::ﬂ—:::;
< I AL
0.6 - N
- 0.4 : ‘ ‘
N{ o0 c)
> i M(B)~M(B)=(45.3040.35+0.87) MeV /c?
s I
S L e e
< 45 = Y
L1 L 1 ol 1 1
40 2.5 3 3.5 4 4.5 5
—LOG,,(PE™)
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the double peak structure. b) The same as a) but with the additional production of broad
By states according to spin counting with a width of 70 MeV/c? and a mass splitting
relative to the narrow states of —70 MeV/c?.
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Figure 8: b purity (a), measured B production rate (b) and mass (c) as a function of the
cut on Py. The dotted lines show the systematic error band.
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