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Abstract

Strange beauty mesons BY have been reconstructed through exclusive hadronic final states, using the data collected in 1992
by the DELPHI experiment at the LEP collider. The analysis relies on the combined use of accurate tracking and of the
hadron identification capabilities of DELPHIL. Three BY decay candidates have been selected over a negligible background
using the Dy 7t , D af (1260) and I/¢ ¢ decay modes, with identified kaons in the final state. The BY meson mass is

measured to be mp, = (53744 16 + 2) MeV/c2

1. Introduction

Evidence for BY meson production has been al-
ready obtained at LEP through the partial reconstruc-
tion of its semileptonic decay modes [1]. In this
paper, the analysis of fully reconstructed decays of
the B meson#! and the measurement of its mass
are presented. The B -B} mass difference is ex-
pected to be similar to that of the Dy -D™ (99.5+0.6

*#| Throughout the paper the charge-conjugate states are implicitly
included.

MeV/c? ) [2]. A value of the BY -BY mass difference
was indirectly inferred from lower energy collider
data in an analysis performed by the CUSB collabora-
tion [3]. More recently, the ALEPH Collaboration at
LEP and the CDF Collaboration at the Tevatron have
published the observation of B decay candidates,
obtaining direct measurements of its mass [4].

The decay channels investigated in this analysis
have been selected from those leading to all charged fi-
nal states and with predicted favourable B? branching
fractions {5]. To reduce the background from reflec-
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tions of BY mesons, only the decay channels for which
both the kaons are constrained to an intermediate par-
ticle mass have been accepted. After a detailed study
on both simulated and real data, three channels were
considered: Dy 7+, D; af (1260) and J/¢ ¢.

The paper is organized as follows: after a brief de-
scription of the DELPHI detector components most
relevant for the analysis, particle identification and
event selection are discussed in section 1 followed by
the BY reconstruction in section 2. Section 3 contains
then a discussion of the BY mass measurement proce-
dure and section 4 the conclusions.

2. Particle identification and event selection

A description of the DELPHI apparatus can be
found in Ref. [6]. Only the detectors most relevant
for this analysis are described here. The silicon Ver-
tex Detector (VD) provides track reconstruction with
high resolution. It consists of three layers of silicon
microstrip detectors located at radii 6.5 ¢cm, 9 cm
and 11 cm over a length of 24 cm. The resolution
per point in the plane transverse to the beam axis has
been measured to be 8.0 um .

Muon tagging is based on the associated hits in the
Muon Chambers and on the energy deposition in the
Hadron Calorimeter.

Hadrons are identified using the specific ionization,
dE/dx, in the Time Projection Chamber (TPC) and
the Cherenkov radiation in the barrel Ring Imaging
CHerenkov detector (RICH).

The TPC, the principal tracking device of DELPHI,
is a cylinder of 30 cm inner radius, 122 ¢cm outer ra-
dius and a length of 2.7 m. Each end-cap is divided
into 6 sector plates each with 192 sense wires used for
the particle identification. The energy loss of a charged
particle, dE/dx, is measured by these wires as the
truncated mean of the 80% smallest amplitudes of the
wire signals. For particles in hadronic jets, the resolu-
tion has been measured to be 7.5% corresponding to
a separation of kaons from pions of 1.5 standard devi-
ations for momenta from 4 GeV/c to 25 GeV/c. The
probabilities for the mass assignment were computed
from the measured dE/dx and its expected values
for the different mass hypotheses (e, u, 7, K, p).
An average rejection factor, defined as the ratio be-
tween the kaon efficiency and the pion misidentifica-

tion probability, of about 5 was obtained.

The fiducial volume of the barrel RICH detector [7]
covers the polar angular acceptance of 47° to 133°.
This ring imaging Cherenkov detector consists of two
volumes in which the Cherenkov photons are pro-
duced, one filled with liquid C¢F4 freon and the other
with gaseous CsFy freon. 48 drift tubes containing a
photo-sensitive agent (TMAE) are used for the pho-
ton detection. The RICH counter separates kaons from
pions from 3.5 GeV/c up to about 20 GeV/c using
the gas radiator. By adding the information from the
liquid radiator, kaon identification is extended down
to 1 GeV/c. The probabilities for the mass assign-
ments were computed using the measured Cherenkov
angle and the number of detected photons. Kaon can-
didates were then selected on the basis of the pion
and kaon probabilities. A standard kaon selection was
defined in order to achieve a high and constant rejec-
tion factor. The efficiency of kaon identification was
measured using a D* sample (reconstructed through
the decay chain D* — D°® 77 and D° — Kz ) and
also by a combined analysis of the RICH data with
the dE/ dx measurement. The misidentification prob-
ability was estimated using tagged muon candidates
and a very pure pion sample from K° decays. A mean
rejection factor between 12 and 15 was achieved in
the momentum interval 3.5 to 20 GeV/c. In order to
maximize the efficiency in the B? analysis a second,
looser kaon selection was introduced giving a rejec-
tion factor of about 7.

Charged particle tracks had to satisfy the following
selection criteria: the momentum had to be between
0.4 and 50 GeV/c, the relative error on momentum
measurement less than 100%, the projection of their
impact parameter relative to the interaction point had
to be below 4 cm in the plane transverse to the beam
direction and the distance to the nominal interaction
point along the beam direction below 10 cm.

Hadronic events were selected by requiring five or
more charged particles and a total energy in charged
particles larger than 11 GeV assuming all charged par-
ticles to be pions. The hadronic event selection effi-
ciency was estimated from simulation to be 95.0 -+
0.5%. A total of 750 000 hadronic events was obtained
from the 1992 data, of which 450000 events were
taken with the Barrel RICH detector active.
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3. B! reconstruction

The BY reconstruction was performed in the D 7,
D; af (1260) and J/¢ ¢ channels. Because of the
small number of expected B? candidate events, it is
needed to keep the combinatorial background and the
contamination from B} kinematical reflections at a
very small level in order to obtain an accurate mass
measurement. At this point itis important to notice that
all the selected channels lead to a final state formed
by two kaons and either two or four lighter particles.
The charged K identification performed by the com-
bined use of the RICH and the dE/ dx measurements
allows clean reconstruction of these states free from
the effect of kinematical reflections. The combinato-
rial background is then further suppressed by cutting
on the intermediate state masses and by requiring a
well reconstructed secondary decay vertex. Therefore
the selection procedure started with the kaon identifi-
cation, followed by the vertex reconstruction and the
kinematic cuts.

At least one kaon identified with the standard
RICH selection and having momentum larger than
3.5 GeV/c was required. For the second kaon, can-
didates tagged by the loose RICH selection or the
dE/ dx measurement were also accepted. For chan-
nels involving the presence of a ¢ resonance, the
combinatorial background and kinematical reflections
are strongly suppressed by a narrow cut around the
the ¢ mass. The kaon identification criteria were
consequently made looser and only one of the two
particles had to be identified as a kaon by either the
RICH or the dE/dx measurement.

In order to achieve a good accuracy on the position
of the secondary vertices and on the track parameters
at these vertices, associated VD hits were required for
all the charged particle tracks. The kaon candidates
and additional pions or muons were tested to form
common secondary vertices. A minimum vertex prob-
ability of 1% and a positive decay length was required.

Because of the hard fragmentation of the b quark
a minimum energy of 25 GeV for the reconstructed
B meson was required. Each particle had in addition
to have a momentum above 1 GeV/c¢, except in the
D; a,(1260) channel where this threshold was low-
ered to 0.5 GeV/c for the least energetic track, in or-
der to keep a good efficiency. Kaon pairs within +10
MeV/c? of the ¢ mass and K 7 pairs within +80

MeV/c? of the K*(892)° mass were taken as decay
product of the resonance. These cuts correspond to

" 42.5 and 2.0 times the observed Gaussian widths

for the ¢ and the K*(892)° respectively. Candidate
B? mesons were accepted in a 300 MeV/c? mass in-
terval above the BY mass, i.e. in the range from 5.28
GeV/c? to 5.58 GeV/c? . The combined reconstruc-
tion efficiencies for the different channels were mea-
sured using Monte Carlo generated events including
full detector simulation. They were found to be in the
range from 15% to 20%.

3.1. The Dy 7r* and D7 af (1260) channel

After applying the cuts described above, a
D meson was reconstructed in the two modes
¢ or K*(892)° K. The two distinct secondary ver-
tices of the BY decay chain were reconstructed in
the following way. A D, vertex was formed with
the association of the kaons and a pion satisfying
the ¢ or the K*(892)° intermediate mass con-
straint. The KK#r combination was then accepted as
a Dy candidate if its momentum was larger than 4
GeV/c and its mass between 1.93 and 2.01 GeV/c? ,
corresponding to +2.0 times its observed Gaussian
width. The D] candidate was then extrapolated back-
wards to form a second vertex with the remaining
pions. The primary vertex was obtained by the in-
tersection of the beam spot with the extrapolated
B? track. The decay distance between the D] vertex
and the primary vertex and between the B vertex
and the primary vertex had to be larger than twice the
associated error.

For the D} af (1260) mode, the three pion system
had to be compatible with a a; (1260) decay within
+250 MeV/c? of its mass. Because of the larger com-
binatorial background predicted by simulation, only
the ¢ mode was used to reconstruct D; mesons in
this channel. One event was found in each of the two
channels. The display of the D a; (1260) candidate
is shown in Fig. 1.

3.2. The J/y ¢ channel

J/¢ mesons have been reconstructed through their
decay into muon pairs. Opposite sign muons with
an invariant mass within 100 MeV/c? of the nom-
inal J/i mass and with an energy larger than 10
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Fig. 1. Display of the r-¢ projection of the reconstructed decay
chain for the Dy~ al+( 1260) candidate. The ellipses correspond to
the 1 o region around the reconstructed vertices and the bars on
the tracks represent the computed extrapolation errors.

GeV were taken as J/y candidates. In this decay
channel only one secondary vertex is present. This
was reconstructed by requiring the four charged par-
ticle tracks to form a common detached vertex with a
probability larger than 1% and a decay distance from
the Z° production point larger than twice its associ-
ated error. The Z° production point was determined
as the primary vertex computed by combining the
B? reconstructed direction with the beam spot con-
straint. One candidate was found in the J/¢ ¢ chan-
nel.

4. B? mass measurement

The invariant mass distribution for the three decay
channels considered in this analysis is shown in Fig. 2.
Three B? decay candidates have been reconstructed.
In order to determine for each candidate the most pre-
cise mass, a global constrained fit was performed on
the three candidates forcing all the intermediate states
(D; ,J/¢ , @) to their known masses and recomput-
ing the secondary vertices. Furthermore, all remaining
tracks in the BY hemisphere with the addition of the
reconstructed BY track and the beamspot constraint

w

DELPH]

Entries / C.04 GeV/c*

0 P I I WU EAURU VN U B S ST RS
4.6 4.8 5 5.2 5.4 5.6 5.8 6
K'K™ n v invariant mass (GeV/c?)

Fig. 2. The invariant mass distribution for the D; =% |
Dy al+( 1260) and J/¢ ¢ decay channels. No entry outside the
BY mass acceptance interval from 5.28 to 5.58 GeV/c? is found.

were used to form the primary vertex. A global fit
probability larger than 1% was required. All the three
candidates fulfilled this cut. In the simulated data, the
x? probability distribution was found to be flat for
B? events. The difference between the observed and
generated BY mass divided by its computed mass er-
ror was found to be well described by a normal dis-
tribution. The mass errors of the geometrical vertex
fit were checked using a sample of J/¢y — uu can-
didates. Again the computed errors agreed with the
fitted mass resolution.

The relevant properties of each of these B? candi-
dates are listed in Table 1: the reconstructed mass, the
closer to the BY mass *? of the two possible masses ob-
tained when changing a kaon into a pion, the B? energy
and decay length.

The weighted average of the masses of the three
candidates leads to the result: mp, = ( 5371 +
13 (stat)) MeV/c?. The corresponding x? is 4 for 2
degrees of freedom and the observed mass r.m.s. is 32
MeV/c? in agreement with the expected resolution.

Several sources of error for the B mass measure-
ment have been studied.

# Pparticle Data Group world average value [8] (5278.7 +
2.0) MeV/c2.
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Table 1
Properties of the three BY events.

Mode B? mass Reflected  Energy Decay

(MeV/c?) mass (GeV) length

(MeV/c?) (mm)
1 Dy (¢m)w 5325 4 32 5200 271 23
2 Dj (¢m)a 5345132 5130 26.7 14
3 Jydo 5389 & 16 5275 36.9 1.6

Firstly it is important to make sure that the observed
BY candidates are not due to reflection of the more
abundantly produced Bg meson when a misidentified
pion is attributed the kaon mass. The expected number
of BY reflections in the D} decay channels has been
computed taking into account the different B and
BY production rate, the pion rejection factor achieved
with the RICH and the intermediate mass constraint.
The result is 0.10 event. In fact neither of the two
candidates in the D] channels is compatible with the
Bg mass on assigning the pion mass to either of the
kaon candidates. For the J/i ¢ candidate, one kaon
is identified by the specific ionization and its reflected
mass is compatible with the BY hypothesis. A possi-
ble reflection from the non resonant B — J/y K
decay has been studied. The reflected mass spectrum
for the K7 system, imposing a kaon mass to the pion,
is a broad structure centered on 1.6 GeV/c? so that
the mass range used for the ¢ resonance contains only
0.6% of the generated sample. The global probabil-
ity that this event comes from a B meson decay is
10% and contributes 0.10 events to the reflection back-
ground. As a further check, the B? search was per-
formed on two simulated data samples: the first one
corresponding to 1.5 million hadronic Z° decays and
the second one being an enriched sample of B parti-
cles decaying in all charged final states. Only genuine
BY decays were selected by the cuts used in the analy-
sis. Considering the three decay modes taken into ac-
count in this analysis, the expected background from
BY reflections has been evaluated to be 0.20 events.

The combinatorial background represents a sec-
ond source of errors. No events other than the
B? candidates were found in the mass region 4.5
to 6.0 GeV/c? . The combinatorial background was
evaluated from the real data by scaling the number of
events in this mass region before and after the kaon
identification and the vertex cuts. The expected total

number of background events in the B? candidate
sample is (0.05 £ 0.04)/(50MeV/c?), consistent
with the observation of no event outside the signal
region.

A third source of bias comes from the incomplete
reconstruction of decays through a D} . Rates for the
BY to D? decays are expected to be comparable with
those for the direct decay to D [5]. Since the pho-
tons produced in these decays are not included in this
analysis, they contribute a broad structure beside the
genuine BY mass peak.

In order to take into account the possible distortions
of the measured mass and the contribution to the er-
ror from these sources, a global likelihood fit was per-
formed. For each event, the probability density func-
tion includes the signal and, in the D, channels, the
contribution from incomplete D} reconstruction. The
signal is described by a Gaussian with its centre and
width corresponding to the measured mass and er-
ror. The shape for the decays with a D} was obtained
from a mass constrained fit of the event, allowing a
free photon and imposing the D} mass. The weights
of the genuine D} contribution and of that from the
D} were set equal (i.e. assuming an equal production
of Dy and D} ). The mass distributions of the back-
ground were assumed to be flat in all channels, while
the distribution of the J/¢ K reflection was derived
from Monte Carlo simulation in which the compati-
bility of the "KK” mass (when attributing the K mass
to the 7r) with the ¢ mass was imposed.

The free parameters of the fit are the B mass and
the expected number of signal events in each of the
three channels. The resulting likelihood distribution is
shown in fig. 3b as a function of the BY mass.

This fit leads to the value of mp, = (5374 +
16) MeV/c? where the error accounts for the sta-
tistical error and the systematical error from the
background, the kinematical reflections and the
D} channels. The stability of the result when chang-
ing the ratio of Dy / D? production or the reflection
probability for the J/¢ ¢ event was also checked:
a change of these values by 50% does not vary the
value of the fitted mass.

An additional source of systematic error comes
from the absolute mass scale calibration. Charmed and
beauty mesons were used to check this calibration. The
reconstructed masses of J/¢ and D particles were
found to be in good agreement with the Particle Data
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Fig. 3. (a) The three B? candidate masses and errors after the
global constrained fit. (b) The likelihood distribution obtained
from the fit with the resulting B? mass and the 68% confidence
interval. The small bump at the right corresponds the contribution
from the incompletely reconstructed decays with a D} .

Group values [8]. High momentum D° decaying into
K~#tn*t7~ and D~ decaying into Kt 7~ 7~ were
used for evaluating the momentum scale uncertainty.
From their measured masses of 1866 +3 MeV /c? and
1868 + 2 MeV/c2 respectively this uncertainty has
been estimated to be 0.11%. The comparison of the
masses measured for the BY and B~ meson candidates
in channels analogous to those used in this analysis
with Particle Data Group value confirmed this result.
The use of the mass constrained fit further limits
the possible distortions originating from the absolute
mass scale. The contribution from this systematic er-
ror source was estimated to be 2 MeV/c? . The final
result is thus: mg, = (5374 + 16 £ 2)MeV/c>.

5. Conclusions

B mesons have been detected through fully

reconstructed final states. From three candidates
the B meson mass has been measured to be
(5374 £ 16 £ 2) MeV/c? , where the first error rep-
resents the statistical error and the systematic error
from the background sources combined and the sec-
ond error represents the mass scale uncertainty. This
gives a mass difference between the B? and BY meson
of (95 £ 16) MeV/c?2 using the world average value
of the By meson mass. This mass difference is in
good agreement with the existing results and the
predictions of the quark model.
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