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Abstract

Charmless hadronic decays of beauty mesons have been searched for using
the data collected with the DELPHI detector at the LEP collider. Several two,
three and four-body decay modes have been investigated. Particle identi�cation
was used to distinguish the �nal states with protons, kaons and pions. Three
candidate events selected in two-body decay modes are interpreted as evidence
for charmless B decays. No excess has been found in higher multiplicity modes
and improved upper limits for some of the branching ratios are given.
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1 Introduction

Charmless hadronic decays of beauty mesons can occur both through tree level di-
agrams involving b ! u transitions and loop diagrams known as \hadronic penguin"
diagrams (see �gure 1). These decays have been the subject of considerable interest.
Tree level dominated decays con�rm the non-zero value of jVubj in the CKM mixing ma-
trix while those induced by penguin processes provide tests of the loop structure of the
Standard Model. Branching ratios for a large number of two-body exclusive decay modes
have been predicted and are in the range of (0:1�1:8)�10�4[1{4]. Evidence for charmless
decays has been reported by the CLEO collaboration which has obtained signals for both
the radiative decay B ! K� [5] and the two body hadronic decays B ! � (K) � [6].
At present it is important to con�rm the existence of these decays in two body modes,
and to extend the search to as wide a variety of channels as possible. When more data
become available, it may be possible to study the interference of the penguin and tree
level amplitudes in hadronic charmless B decays, thereby providing a means to analyze
the �nal state strong interactions [7]. Charmless �nal states may also originate from
rescattering through double charm production. These decays are of special relevance for
the studies and the interpretation of CP asymmetries in B decays. Multi-body charmless
decays are subject to larger uncertainties both in their theoretical predictions [8] and for
the looser constraints provided so far by experimental data. However hadronic charmless
b decays are expected to have a large pion multiplicity both when induced by b! u [9]
and by b! s [10] transitions. This makes the n� (n > 2) and Km� with (m > 1) �nal
states particularly sensitive to charmless b decays compared to �� and K�.

With the statistics presently available at LEP, B branching ratios of a few times 10�5

are becoming accessible [11]. There are several advantages in their study at this centre of
mass energy. As the B particles have a large fraction of the available energy, their decay
products are con�ned in collimated jets and originate from detached secondary vertices.
This feature, when exploited by the use of a silicon vertex detector, allows an e�ective
separation of the particles from the decay of the B particles from those produced in the
fragmentation or in light quark events. Further, the particle identi�cation capabilities of
the DELPHI detector allow exclusive decay channels with strange particles or protons in
the �nal state to be studied.

This analysis searched for charmless hadronic decays of B mesons in several decay
modes with all charged mesons n� (n = 2 to 4), nK and Km� (n = 2 to 3; m = 1 to 3)
�nal states and with baryons p�pm� (m = 0 to 2).

2 Data analysis

The present analysis is based on the statistics collected during 1991, 1992 and 1993
by DELPHI at LEP, corresponding to about 1.7 million Z0 hadronic decays.

The DELPHI detector has been described elsewhere [12]. Of particular importance
for this study are the accurate track extrapolation and the particle identi�cation.

A three layer silicon vertex detector (VD) in the DELPHI tracking system ensures
precise track reconstruction near the interaction region. The accuracy of extrapolation for
high momentumparticle tracks to the vertex was measured to be 24 �m in the transverse
plane (R�). This allows the use of secondary vertex reconstruction to separate B decay
products from primary hadronization particles.

Particle identi�cation over a large momentum range is an important feature of the
DELPHI detector. Hadrons were identi�ed by the combined use of the information de-
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rived from the speci�c ionisation in the Time Projection Chamber (TPC) and from the
Ring Imaging Cherenkov detector (RICH). The TPC provides up to 192 sampling points
along the track and a dE=dx resolution of about 7% in hadronic events. This corresponds
to separating kaons from pions by 1.5 standard deviations (�) for particles with momenta
above 3:5 GeV=c. The use of the RICH gas radiator separates light particles (e, �, �) from
heavy ones (K, p) above 3:5 GeV=c and gives exclusive kaon and proton identi�cation
from 9 to about 20 GeV=c. The identi�cation algorithm used in this analysis was tuned
in order to optimise its e�ciency. The e�ciency for tagging a particle in this kinematical
region is about 80 % and independent of the particle momentum. For particles tagged
as kaons, the rejection factor against misidenti�ed pions is close to 5 using the dE=dx
information and between 8 and 5, depending on the particle momentum, using the RICH
detector. In order to increase the e�ciency for reconstructing decays with p�p, only the
more energetic of the two particles was required to be identi�ed as a proton. The second
was only required to be tagged as a heavy particle with momentum above 3:5 GeV=c.

Muon identi�cation was based on the information from the Muon Chambers and the
energy deposited in the Hadron Calorimeter. Electrons were tagged by the shape and
energy of the associated electromagnetic shower in the High density Projection Cham-
ber (HPC). The dE=dx and RICH information was also used to complement the HPC
response for electron tagging.

Identi�ed particles were attributed their corresponding masses. Those without iden-
ti�cation information were assumed to be pions.

2.1 Event selection and B decay reconstruction

Hadronic events were selected by the standard Delphi hadronic criteria [13]. These
provided 1.62 million events from the combined 1991-1993 data sample. For each event
the primary vertex was �tted using a procedure that iteratively linked tracks to the beam-
spot. Tracks not compatible with the hypothesis of originating from a common vertex
were then removed. The selected hadronic events were divided into two hemispheres
de�ned by the plane perpendicular to the event thrust axis. For each hemisphere the
leading charged particle was used to start the secondary vertex reconstruction. The other
charged particles were iteratively tested to form a common n-prong detached vertex with
this leading particle. These were selected within the (n + 1) most energetic charged
particles, which had momenta above 0.8 GeV/c and were within 1.0 rad of the leading
track. In order to preserve an accurate extrapolation to the vertex region, only tracks
with at least one hit in the VD were considered. The impact parameters for particle
tracks were computed in the R� plane with respect to the primary vertex. Tracks
having impact parameters larger than 0.5 cm were rejected, because they could be due
to a long-lived particle decay or to a problem in the pattern recognition. Vertices with
a �t probability below 10�5 were discarded. Secondary vertices with one or more lepton
candidates were also rejected as the lepton comes from either a semileptonic heavy quark
decay or a charmonium decay.

Kinematic cuts were applied to exploit the hard b fragmentation. The total energy
of the B candidate was required to be larger than 20 GeV and not to exceed the beam
energy. For two (greater than two) prong topologies, the momentum of the leading track
had to be larger than 10 (8) GeV/c and that of the other secondary tracks larger than
1.0 (0.8) GeV/c.

There are two main sources of background in the reconstruction of exclusiveB decays.
The �rst comes from combinatorial background and originates from all Z0 hadronic de-
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cays. This component was suppressed by requiring that the candidate secondary vertex is
separated by more than 2:5 � from the reconstructed primary vertex in the R� plane and
that the decay distance was smaller than 2.0 cm. This second cut removes background
from long-lived particles. In addition a b-tagging algorithm was applied to enhance the
fraction of b�b events in the selected sample. This algorithm used the impact parameter
signi�cance of all the tracks in the event and gave the probability Pprim for the hypothesis
that all particles originate at the Z0 production point [14]. Events with Pprim below 0.15
were selected. In a simulated q�q sample this criterion selected 65% of b�b and 15% of non
b�b events.

The second source of background is due to partially reconstructed B decays. This
gives a mass distribution that falls steeply up to about 5:0 GeV=c2 for B mesons. Above
this mass value, a rather at tail extending to much higher masses is present. While
partially reconstructed decays of beauty baryons also contribute below the �b mass value,
this tail is due mainly to tracks from the primary vertex being incorrectly assigned to the
secondary vertex. It was suppressed by requiring every track used in the secondary vertex
reconstruction to have an impact parameter with respect to the primary vertex larger
than 1.5 times its associated error. Furthermore cuts on the vertex topology were applied.
A candidate was rejected if any track not used in the secondary vertex reconstruction
either missed the primary vertex by more than 2 � or �tted the secondary vertex within
1 �.

These criteria selected a pure sample of secondary vertices from b particle decays.
A detailed simulation study showed that 99%, 98% and 94% of the selected two, three
and four-prong vertices with invariant mass above 4:5 GeV=c2 belong to beauty decays
and respectively 2%, 12% and 32% of these have one or more primary particles wrongly
assigned to the secondary vertex.

2.2 Two-prong topology

The two-prong topology is particularly clean since there is almost no physical source
of background in the B mass region. A study of simulated b events including full detector
simulation showed that the highest invariant mass obtained by B decay products passing
the two-prong selection used in the present analysis and originating from b ! c decay
channels is around 4:8 GeV=c2.

2.3 Multi-prong topologies

In these topologies, fully reconstructed B decays with charmed intermediate states,
such as B !  Kn� and B ! Dn�, have to be rejected. These were removed by requiring
that no pair of particles had an invariant mass close to the  mass if given electron or muon
mass, or close to the D0 if assigned either kaon-pion or pion-pion masses. The widths of
the invariant mass intervals around the charm states corresponded to a 3 � cut, using the
measured mass resolutions of the states considered. Triplets of particles from the four-
prong vertices were checked also for compatibility with the D� mass by testing all the
possible K��+�� mass combinations, with the D�

s mass by testing all possible K+K���

combinations. Again events were removed accordingly. All possible combinations of mass
assignments were tested provided the corresponding invariant mass of the multi-prong
was compatible with the B mass region de�ned below. The e�ciency of these criteria
in rejecting beauty decays to charm has been evaluated with simulation by studying the
fractions of rejected events, for which all the tracks used at the secondary vertex came



4

from a b ! c decay. These fractions were (94 � 3) % and (96 � 2) % for three and
four-prong topology respectively. A further suppression of the charm intermediate states
was achieved by the application of particle identi�cation requirements and intermediate
resonance constraints depending on the channel considered. The charm states passing
the selection criteria were taken into account in the evaluation of the background.

Charmless b decays were classi�ed in the following way. A decay was considered to
take place via an intermediate resonance provided that the reconstructed mass of the
relevant particles was within 2 � of the resonance mass, where � is the convolution of the
natural width and the mass resolution, and the mass assignments were consistent with
the particle identi�cation information. For �! KK only one of the two kaons had to be
identi�ed, since the narrow mass cut around the � mass already e�ciently removed most
of the combinatorial background. In the B decays involving a vector and a pseudo-scalar
meson, such as B ! K�� and ��, the vector meson is fully polarized. The distribution of
events as a function of the helicity angle �� in the vector meson rest frame is proportional
to cos2 �� while the background is more isotropic. Therefore in these channels j cos ��j
was required to be larger than 0.5.

2.4 E�ciency and background evaluation

Reconstruction e�ciencies were evaluated using Monte Carlo generated samples of
signal events passed through full detector simulation. The mass resolution was found to
be (90�6) MeV=c2 for the two-prong, (61�5) MeV=c2 for three-prong and (45�8) MeV=c2

for four-prong topology. The Bd;u (Bs) candidates were accepted in the invariant mass
region de�ned by the intervals 5:15 � 5:55 GeV=c2 (5:25 � 5:65 GeV=c2) and 5:20 �
5:50 GeV=c2 (5:30� 5:60 GeV=c2) for two and more than two-prongs respectively.

E�ciencies were studied in two steps. First the e�ect of the cuts described above on
the signal sample was evaluated. The e�ciency was found to be 16% for the two-prongs,
6% for the three-prongs and 4% for the four-prongs. In the second step, the e�ciency for
the particle identi�cation and for the cuts on the intermediate mass states was measured
for each speci�c channel. As the sample of identi�ed kaons is rather pure and most of
the two body channels considered include intermediate resonances, the mis-classi�cation
probability is small. Assuming equal production rate, only 10% of the events classi�ed
as �� come from misidenti�ed K� signal events and only 4% of those reconstructed as
K�� and �� are from non-resonant three body decays.

The background was studied with three samples of simulated events: 2.95 million
q�q events, 1.05 million b�b events and 0.25 million c�c events. This simulated sample
corresponds to about 4.6 times the amount of real data. The decay branching ratios for
beauty mesons in the simulation were tuned in order to reproduce the present data on
exclusive channels and inclusive particle content and kinematics. For the beauty baryons
the experimental data are still very limited. Therefore the results of the fragmentation and
decays as treated in the JETSET program [15] were assumed. The uncertainty in the b
baryon production and decay was included as a source of systematic error in the evaluation
of the background. Charmless b decays were removed for evaluating the backgrounds.
The rejection factors of the cuts at each stage of the selection were compared for real
and simulated data and found to be in good agreement. Finally absolute normalizations
corresponding to the number of selected hadronic Z0 decays in each quark state were
applied to the simulated data.
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Special samples of beauty meson and baryon decays in a number of exclusive channels
were also used to study the possible contamination from b! c decays in the multi-prong
modes.

3 Results and discussion

The individual channels studied for the di�erent decay modes are discussed in this
section. Upper limits at 90% con�dence level for the branching ratio of these channels
are derived. In computing these limits, the fractions of B

0;�
d;u and B0

s mesons were assumed
to be 0.39 and 0.12 respectively. Several channels can receive contributions from decays
of both the B0

d and B0
s mesons. Since these contributions cannot be separated with the

present statistics and mass resolution, limits are given for the weighted average of the
decay rates of the two neutral B mesons.

The number of background events expected in the signal region was evaluated in two
ways. The �rst estimate used the number of events found in the simulation samples in the
mass region from 5:1 GeV=c2 to 6:0 GeV=c2 normalised to the signal mass interval. As
a second method, the background was evaluated for each individual channel by studying
independently the rejection powers of the cuts applied. The secondary vertex selection
criteria were relaxed for the two-prong sample. The e�ect of intermediate mass and the
helicity angle constraints were also studied in the multi-prong sample. In addition the
background suppression coming from kaon or proton identi�cation was measured for all
the channels. This second method reduces the statistical uncertainty on the estimate.
However it assumes that the e�ects of the cuts are independent. Its reliability was
therefore further checked by comparing the number of events seen in the real data for all
the channels considered in this analysis with the expected number of events in the mass
interval from 4:95 GeV=c2 to 6:0 GeV=c2 but excluding the signal regions. Summing over
all the decay modes considered in the present analysis, the number of events expected from
the study of the rejection powers in simulation was 21.3 � 1.0, in good agreement with
18 events present in the data. For comparison the expected number of events obtained
with the �rst method by counting the events passing all the cuts in the simulation sample
was 17.2 � 2.0.

3.1 Two body decay modes

The following decay modes and their corresponding charge conjugates were investi-
gated:

� B0
d ! �+��

� B�

u ! �(770)0��, �(770)0 ! �+��

� B0
d;s ! K+��

� B�

u ! K��(770)0, �(770)0 ! �+��

� B0
d;s ! K+a1(1270)

�, a1(1270)
� ! ���+��

� B�

u !
�K�(892)0��, �K�(892)0 ! K��+

� B0
d;s ! K+K�

� B�

u ! �(1020)K�, �(1020) ! K+K�

� B0
d ! p�p

Three candidate events were found in the mass intervals de�ning the signal region close
to the B mass. They are in the B0

d;s ! K+��, B�

u ! �(770)0�� and B�

u !
�K�(892)0��
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channels. In the �rst event the kaon was identi�ed only in the TPC, in the last it
was identi�ed using both the RICH and TPC. In table 1 the reconstructed mass of the
candidates, their energy EB, the signi�cance of their decay distance d and the proper
decay time �B are given. For the two decay candidates including a resonant state, also
the values for jcos��j and the distance from the central value of the mass of the resonance
in units of its total r.m.s. are given. A display of the vertex region for the K�� candidate
is shown in �gure 2 together with the hadron identi�cation properties.

Table 1: Characteristics of the candidate events in two bodies.

Channel Mass EB d=�d �B j cos ��j Distance in �
[GeV=c2] [GeV] [ps] from resonant mass

K� 5:47� 0:10 43.7 8.5 1.5 - -
�� 5:40� 0:09 38.1 70.4 3.4 0.68 +0.95

K�� 5:21� 0:06 40.0 17.6 1.2 0.59 +0.78

The invariant mass distribution for the sum of all the two body channels investigated
is given in �gure 3. The agreement between real and simulated data in the invariant mass
region outside the signal range is good, showing that the e�ect of the selection cuts is
well reproduced in the simulation.

The two candidates with three-prong topology were checked to study their compati-
bility with a charmed decay channel. The estimated contribution to the background from
fully reconstructed B ! J= K and B ! D0� decays is 0:06 events. Furthermore it was
found that the particle combination closest to a charm state mass was 5.6 � from the D0

mass for the �� candidate and the corresponding invariant mass of the three-prongs was
(5:86 � 0:10) GeV=c2 which is incompatible with the B mass.

The number of background events was determined from the sum of all the two body
modes considered using both the procedures described above. Using the �rst method,
the background amounts to 0:30 � 0:17 events. A more accurate estimate was obtained
by studying the individual rejection power of the selection cuts. Summing over all the
channels considered gives a total background for the two body modes of 0:29 � 0:07
events which is in agreement with that derived previously, but is more precise. Possible
systematics in the background estimation were studied by comparing the ratio of the
number of events in the mass interval between 5.1 GeV/c2 and 5.5 GeV/c2 in real and
simulated data after loosening the cuts on the track impact parameters and on the decay
distance and removing the charm rejection. This ratio is sensitive both to systematics on
the absolute normalization and to the shape of the invariant mass spectrum. These ratios
were found to be consistent with unity for all the decay multiplicities. Nevertheless, due
to the limited statistics, systematic e�ects at the level of 20% could not be excluded. This
has been taken into account in the estimate of the uncertainty on the expected number of
background events. An additional source of systematic uncertainties comes from decays of
b baryons. The fraction of b baryons was increased by 50% by re-weighting the simulated
events in which at least one of the tracks used at the secondary vertex originated from a
decay of a beauty baryon. The rejection factors were recomputed and the observed 6%
increase in the estimated background was also included.

Adding in quadrature the uncertainties on the absolute normalization, the shape of
the invariant mass distribution and of the b baryon fraction, the estimated background
becomes 0:29�0:09 events. For all three channels with a candidate, no background event
is present in the simulated sample in the range (5:1 � 6:0) GeV=c2. In the real data
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sample no entries above 5:0 GeV=c2 were observed outside the signal region. Using the
central value of the background estimation of 0.29 events, the probability that three or
more candidates in the signal region all originate from a uctuation of the background is
3�10�3. After propagation of the error on the background estimate, a �nal value for this
probability of 6� 10�3 is derived. Upper limits for the branching ratios of the individual
channels are given in table 2.

Table 2: Summary of the upper limits at 90 % con�dence level for two body decays. The
e�ciency � quoted refers to the charged particle decay mode that has been searched for.
The quoted upper limit (UL) has been corrected for the resonance branching fraction
into the �nal state.

Channel Events Bkg. � Signal Theory Exp. UL This UL
[%] Event UL BR�105 BR�105 BR�105

B0
d ! �+�� 0 0.04 14 2.3 1.8 [2,3] 2.9 [6] 5.5

B0
d;s ! K+�� 1 0.02 11 3.9 1.1-1.8 [1{3] 2.6 [6] 9

B0
d;s ! K+K� 0 0.002 5 2.3 - 0.7 [6] 12

B0
d ! p�p 0 0.001 4 2.3 - 3.4 [16] 35

B�

u ! �0�� 1 0.04 5 3.9 0.4-1.4 [2,3] 15 [17] 26
B�

u ! K�0�� 1 0.02 4 3.9 0.6-0.9 [1,2] 15 [18] 48
B�

u ! K��0 0 0.08 4 2.3 .01-.06 [1,2] 8 [18] 19
B�

u ! K�� 0 0.005 3.5 2.3 0.6-1.4 [1,2,4] 9 [18] 44
B0

d;s ! K+a�1 0 0.08 3 2.3 - - 39

3.2 Three body decay modes

Three body charmless modes were studied in the channels:

� B�

u ! ���+��

� B�

u ! K��+��

� B�

u ! K�K+K�

� B�

u ! p�p��

The ��, K� and KK pairs compatible with a �, K� or � were treated as such and
have already been discussed in the previous section. Three events were found in the B
invariant mass signal region (see �gure 4); their characteristics are given in table 3.

Table 3: Characteristics of the candidate events in three bodies.

Channel Mass EB d=�d �B
[GeV=c2] [GeV] [ps]

��� 5:26 � 0:05 34.6 27.2 2.1

K�� 5:23 � 0:05 40.8 5.1 2.4
K�� 5:39 � 0:04 20.3 17.6 3.0

The event in the ��� channel has two tracks with an invariant mass 3.2 � above the J= 
mass when assuming them to be muons. In this case a possible interpretation in terms of
a fully reconstructed B decay is as a candidate event for the Cabibbo suppressed decay
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B ! J= �, since imposing the kaon mass for the third particle moves the total mass
above the B meson mass. For the other two candidates, all two particle combinations are
more than 8 � from charm states.

Table 4: Summary of the 90 % C.L. upper limits for three body decays.

Channel Events Bkg. � Signal Theory Exp. UL This UL
[%] Event UL BR�105 BR�105 BR�105

B�

u ! �+���� 1 0.8 5 3.3 6 [8] 19 [16] 22
B�

u ! K��+�� 2 0.7 4 4.7 - 19 [18] 40
B�

u ! K+K�K� 0 0.01 2.5 2.3 - 35 [19] 31
B�

u ! p�p�� 0 0.02 2.8 2.3 - 16 [20] 50

Due to the higher multiplicity and the lack of intermediate mass constraints, the
background in the signal region is larger than in two body decay modes. It has been
estimated to be 1.5 events. No signi�cant excess was observed and upper limits are given
in table 4.

3.3 Four body decay modes

Four body charmless modes were studied in the channels:

� B0
d ! �+���+��

� B0
d;s ! K+���+��

� B0
d ! p�p�+��

The ��� combinations compatible with the a1 resonance were already discussed in the
two body decay section. One event was found in the invariant mass signal region with
an estimated background of four events (see �gure 5).

Table 5: Characteristics of the candidate event in four bodies.

Channel Mass EB d=�d �B
[GeV=c2] [GeV] [ps]

���� 5:43 � 0:05 39.6 13.2 1.4

The characteristics of the candidate event are listed in table 5. Upper limits are given
in table 6.

Table 6: Summary of the 90 % C.L. upper limits for four body decays.

Channel Events Bkg. � Signal Theory Exp. UL This UL
[%] Event UL BR�105 BR�105 BR�105

B0
d ! �+�+���� 1 2.1 3.5 2.9 10 [8] 67 [17] 28

B0
d;s ! K+�+���� 0 1.9 2.8 2.3 - - 21

B0
d ! p�p���� 0 0.06 1.4 2.3 - 25 [20] 95
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4 Conclusions

A search for hadronic charmless decays of B mesons has been performed using 1.6
million hadronic Z0 decays. Several decay modes in two, three and four body channels
were investigated. Three candidates were found in two body modes with an estimated
background of 0:29 � 0:09 events. The probability for a background uctuation to give
three or more events in the signal region was estimated to be 6� 10�3. These events are
interpreted as a signal of charmless decays ofB mesons. In three and four body modes four
candidates were found but, due to the increased combinatorial, the estimated background
was larger compared to two body modes and no signi�cant excess was observed. Upper
limits for the branching ratios in the individual channels are given.
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Figure 1: Diagrams for the tree level b ! u (left) and the penguin b ! s; d g (right)
charmless decays.
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1 mm

Figure 2: The candidate B ! K�(892)� decay: a magni�ed view of the extrapolated
tracks at the vertex is displayed above. The primary and secondary vertices are indicated
by error ellipses corresponding to 3 � regions. The plot below summarises the hadron
identi�cation properties. The lines represent the expected response to pions, kaons and
protons and the points with error bars the measured values for the reconstructed B decay
products.
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Figure 3: Invariant mass distribution for two body decays. Real data events are indicated
by the dots while simulated data are shown by the histogram. The normalization is given
by the equivalent number of Z0 decays. The arrows indicate the signal mass interval for
candidate B0

d (lower) and B0
s (upper).
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Figure 4: Invariant mass distribution for three body decays for real and simulated data.

Figure 5: Invariant mass distribution for four body decays for real and simulated data.
The arrows indicate the signal mass interval for candidate B0

d (lower) and B0
s (upper).

The two events between 5.5 GeV/c2 and 5.6 GeV/c2 are in the ���� channel and thus
are not consistent with the B0

s hypothesis


