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Abstract
A search for rare decays of B hadrons has been performed using approximately two
million hadronic Z0 decays collected by the OPAL experiment between 1990 and 1993. The
exclusive decay channels B0d !  +  ; B0d ! K+  ; B0s !  + K and B0s ! K+ K have been
studied. Such decays include contributions from avour changing neutral current processes
such as hadronic penguin decays. No signi cant excess of events has been observed in the
 +  ;  + K and K+ K invariant mass distributions. Consequently, upper limits on the
B0d branching ratios,
Br

B0d !  + 



< 4:7  10 5

and Br B0d ! K+ 



< 8:1  10 5;

and Br B0s ! K+ K



< 1:4  10 4;

and on the B0s branching ratios,
Br

B0s !  + K



< 2:6  10 4

have been set at the 90% con dence level. These limits assume that the ratio of the partial
decay widths of the Z0, (Z0 ! bb)= (Z0 ! hadrons), is 0.217 and that the fractions of
B0d and B0s mesons produced during fragmentation are 39:5% and 12% respectively. The
B0s branching ratio limits are the rst such limits obtained.
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1 Introduction
Searches for rare decays of B hadrons at LEP, with branching ratios of O(10 4 {10 5 ), are now
becoming feasible with the large statistics available. Such rare processes include decays of B
hadrons into nal states which do not contain a charmed quark. In the Standard Model [1],
these decays can occur through Cabibbo suppressed b ! u transitions [2] or through one
loop diagrams, such as penguin diagrams, which involve a virtual W boson and a heavy
quark [3]. In addition, penguin decays o er a unique window to probe new physics beyond the
Standard Model. For example, theories with two Higgs doublets contain new diagrams with a
charged Higgs boson that add constructively to the W boson loop diagram [3, 4]. Also, in the
minimal supersymmetric extension of the Standard Model there could be contributions from
superpartners that a ect the decay rates [3, 5].
This paper describes the search for rare hadronic decays of the B0d and B0s mesons in the
exclusive decay channels1 B0d ! + , B0d ! K+  , B0s ! +K and B0s ! K+K using approximately two million hadronic Z0 decays collected by the OPAL experiment between 1990
and 1993. The exclusive decays B0d ! + , B0d ! K+  , B0s ! +K and B0s ! K+ K are
illustrated in Figure 1. The hadronic penguin contribution to the decay rates, which is proportional to the mass of the heaviest quark in the loop, is expected to be signi cant [6] and
should dominate for the decays B0d ! K+ and B0s ! K+K where the tree level contribution is
strongly Cabibbo suppressed. The current theoretical prediction for the exclusive decay rates,
Br (B0d !  + ), Br (B0d ! K+  ), Br (B0s !  +K ) and Br (B0s ! K+ K ) is  (1 2)  10 5
for a top quark mass in the range  100{200 GeV=c2 [7].
The CLEO experiment at the e+e collider CESR, running at the (4S) centre-of-mass
energy, has recently reported results from a search for the exclusive decays B0d ! + and
B0d ! K+ [8]. The 90% con dence level upper limits obtained for the branching ratios are
Br (B0d !  + ) < 2:9  10 5 and Br (B0d ! K+  ) < 2:6  10 5 . They have also reported an
observation of charmless hadronic B decays in the combined decay channels and have measured
the branching ratio






Br B0d !  + + Br B0d ! K+  = 2:4+00 87  0:2  10 5 :
The result they obtain indicates that the decay rate is at the level predicted by the Standard
Model.
:
:

p

The mixture of B hadrons available at the centre-of-mass energy s  M provides an
opportunity to study rare decays of B hadrons, in particular those of the B0s meson, not available
at the (4S) centre-of-mass energy. A search for the rare decays B0d ! + ; B0d ! K+ ; B0s !
 + K and B0s ! K+ K at LEP is important for several reasons. Observations of this type would
provide supporting evidence that the CKM matrix element jVubj is non zero [9]. In addition, a
measurement of the exclusive branching ratios would provide a method to extract the relative
amount of penguin decays and constrain the angle in the CKM unitarity triangle [7, 10].
Moreover, it has been proposed to use the decay B0d ! + , at future colliders such as the
LHC and the SLAC B factory, in order to measure the CP violation asymmetry and to extract
the angle in the CKM unitarity triangle [11, 12]. A thorough understanding of the e ects
1 Throughout this paper the charge conjugate processes are also implied.
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Z

of penguin diagrams is important here because the penguin contributions could dilute the
measured asymmetry and reduce the `CP reach' of these experiments.

2 Event Selection
The OPAL detector has been described in detail elsewhere [13]. Charged particles are tracked
in a central detector situated inside a solenoidal coil with a uniform magnetic eld of 0.435 T.
The central detector elements used in this analysis consist of a silicon microvertex detector [14],
a vertex drift chamber, a large volume jet drift chamber, and drift chambers that measure the z
coordinate2 of tracks as they leave the jet chamber. The coil is surrounded by an array of timeof- ight counters and a lead glass electromagnetic calorimeter and presampler, divided into a
cylindrical barrel and endcaps. Outside the electromagnetic calorimeter is the return yoke of
the magnet which forms the hadron calorimeter and beyond this are the muon chambers.
Multihadronic Z0 decays are selected using the criteria described in reference [15]. In order
to reduce background from Z0 decays to tau pairs to a negligible level, events are also required to
contain at least seven charged tracks passing minimal quality requirements. The total number
of multihadronic Z0 decays used in this analysis is 1:92 million events, for which a selection
eciency of 98:2% has been determined.
The thrust axis direction of each event is computed using good charged tracks and neutral
clusters that are reconstructed in the electromagnetic calorimeter but not associated to charged
tracks. The event is divided into two hemispheres perpendicular to the thrust axis direction.
The average intersection point, or beam spot, of the LEP beams in the x-y plane is determined for each LEP ll and, statistics allowing, several times within a ll, using charged tracks
from both multihadronic and leptonic decays of the Z0 [16]. The average beam spot precision
in the x coordinate is 15 m and in the y coordinate is 10 m. The intrinsic width of the beam
spot in the vertical direction is taken to be 8 m, from considerations of the LEP beam optics. The width in the horizontal direction, which is measured directly, is between 100 m and
160 m, depending on the beam optics. A primary vertex for each event is reconstructed using
a 2 minimization method and incorporates the average beam spot position as a constraint
in the vertex t. The impact parameter resolution in the x-y plane achieved for 45 GeV=c
muon pairs is  18 m for tracks with associated hits in both layers of the silicon microvertex
detector. Due to the e ects of multiple scattering, the impact parameter resolution degrades
to  40 m for tracks with momenta of 5 GeV=c.
2 The coordinate system is de ned so that the

z axis is in the direction of the electron beam, the x axis is
horizontal and points approximately towards the centre of the LEP ring, and the y axis is nearly vertical. The
polar and azimuthal angles,  and , are de ned with respect to the z and x axes, respectively.
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3 Event Simulation
The Lund parton shower Monte Carlo JETSET 7.3 [17], interfaced to the EURODEC [18]
decay package, was used to generate 20 000 Z0 ! bb events in which just one of the B hadrons
produced was required to decay via one of the exclusive decay modes B0d ! + , B0d ! K+ ,
B0s ! +K or B0s ! K+K . The other B hadron was allowed to decay into any of the default
nal states de ned by EURODEC. The events were then passed through the full detector
simulation of OPAL [19] and the same reconstruction program as used for the data themselves.
These Monte Carlo events are used to calculate the eciency of the rare decay selection criteria.
The fragmentation in the Monte Carlo was performed according to the Peterson scheme [20]
where the shape of the fragmentation function depends on a single parameter b. The value
used in the generation was b = 0:0057, corresponding to the LEP average measurement for
the fraction of energy carried by a B hadron [21]. In order to simulate various shapes of the
fragmentation function, the Monte Carlo events were reweighted according to the z of the
parent b quark, where z = Ehadron=Eavailable and Eavailable is the energy available for fragmentation after the parton shower. The mass of the B0d meson generated in the Monte Carlo was
5:279 GeV=c2 [22]. The mass of the B0s meson generated in the Monte Carlo was 5:480 GeV=c2 ,
consistent with theoretical predictions [23], but di ering from the best available measurement
of the B0s meson mass, (5:3686  0:0056  0:0015) GeV=c2 [24]. The di erence between the measured and generated B0s mass is taken into account in the analysis. The lifetime of B hadrons
generated in the Monte Carlo was 1.4 ps. The events were then reweighted to model a neutral
B meson lifetime of 1.5 ps which is consistent with the current experimental measurement of
the average lifetime from exclusive decays of neutral B mesons [25].
An example of an event generated using JETSET 7.3 and containing a rare B hadron decay
is shown in Figure 2. On one side of the event a B0s meson decays at Vertex 1 via the rare decay
channel B0s ! +K . A K0s is produced in association with the B0s and decays to two charged
pions at Vertex 2. On the other side of the event, a B0d decays at Vertex 3 via the decay channel
B0d ! D+e  , D+ ! D0+, and D0 ! K000.
e

In addition, a total of 0.98 million multihadronic Monte Carlo events, generated using JETSET 7.3 and with a full detector simulation, are used for background studies and to check the
analysis method. The fraction of hadronic Z0 decays to bb, (Z0 ! bb)= (Z0 ! hadrons), used
in the generation of the multihadronic Monte Carlo was the Standard Model value of 0.217 [26]
and the Lund symmetric fragmentation function [17] was used to describe the hadronization
properties of the light quark avours (u,d and s) while the fragmentation of the c and b quarks
was described by the Peterson fragmentation function with input parameters c = 0:046 and
b = 0:0057 [21, 27].
The impact parameter, vertex decay length and mass resolutions predicted by the Monte
Carlo are known to be better than those actually observed in the data. The resolution of the
Monte Carlo events was therefore degraded by increasing the di erence between the true and
the reconstructed values of the transverse track parameters, , d0 and 0. Here,  is the track
curvature, d0 is the distance of closest approach of the track to the coordinate origin and 0 is
the azimuthal angle made by the track at the point of closest approach. A degredation factor
6

of 1.4 was found appropriate for this analysis.

4 Rare Decay Selection
The rare decay selection criteria are optimized, using the rare decay and multihadronic Monte
Carlo event samples, to provide the highest possible signi cance for the decay channels B0d !
 +  ; B0d ! K+  ; B0s !  + K and B0s ! K+ K . The background is mainly combinatorial
where one or more tracks come from the fragmentation of primary quarks.
All pairs of tracks with opposite charges and in the same thrust hemisphere of an event
are considered as rare decay candidates. Each track is required to have a minimum transverse
momentum with respect to the beam direction of 150 MeV=c and a polar angle  such that
j cos j < 0:9. If the tracks traverse the barrel section of the jet chamber, such that j cos j <
0:73, they are required to have at least 120 jet chamber hits out of a maximum of 159. This
requirement falls linearly with j cos j, due to the geometry of the jet chamber, from at least 120
hits at j cos j = 0:73 to at least 40 hits at j cos j = 0:9. In addition, the impact parameter of
each track to the average beam spot, in the transverse plane, is required to be less than 3 mm.
The radial intersection points of the two tracks are calculated and the distance from the
primary vertex to the closest intersection point is required to be less than 5 cm in order to
reduce K0s ! + and  ! p decays. In order to improve the determination of the polar
angle and hence the mass resolution, the two tracks are then re tted using the constraint that
they originate from a common three dimensional vertex.
In order to reduce the combinatorial background, a selection of cuts is chosen that exploits
the characteristic decay of the B hadron. These cuts are illustrated in Figure 3, for all two
track combinations, in which both tracks pass the track quality criteria described above, have
a momentum greater than 2 GeV=c and a + invariant mass greater than 4 GeV=c2. Due
to the hard fragmentation of the b quark, the B hadron carries on average 70% of the beam
energy (Figure 3a). Since the B0d s meson is pseudo-scalar, its decay products are isotropically
distributed in its rest frame, in contrast to the combinatorial background which is observed
to peak in the forward and backward directions (Figure 3b). The decay products of the B
hadron tend to have smaller opening angles than the background (Figure 3c). The long lifetime
of B hadrons provides a further selection criterion to reduce the combinatorial background
(Figure 3d). Therefore, candidates are required to have
;



x > 0:6, where x = Ehadron=Ebeam and Ehadron is the energy of the candidate B hadron
assuming the two tracks are pions and Ebeam is the beam energy,
E

E

 j cos()j < 0:75, where  is the angle between the B hadron direction and the positively
charged track in the centre-of-mass of the decaying B hadron,



< 0:5, where

tracks, and,

is the three dimensional opening angle in radians between the two
7



L= > 2:0, where L is the two dimensional decay length and  is its error. L is
L

L

calculated from the distance between the average beam spot and the intersection point
of the two tracks and is signed such that it is positive if the angle between the B hadron
momentum vector and the vector from the beam spot to the intersection point is less
than 90, otherwise it is negative.

The background rejection factors and eciencies of the x , j cos()j, and L= cuts are
summarized in Table 1. The background rejection factor is estimated from the data and the
eciency is calculated from the rare decay Monte Carlo for each of the cuts in question and
after all other cuts described above have been applied.
E

L

Cut

Background Rejection Eciency (%)
Factor
x > 0:6
2:5  0:1
89:5  0:4
j cos()j < 0:75
1:4  0:1
91:9  0:3
< 0:5
1:5  0:1
98:6  0:2
L= > 2:0
4:0  0:2
83:6  0:1
Total
141:9  8:8
56:7  0:5
Table 1: The background rejection factors and eciencies of the individual x , j cos()j, and
L= cuts. The total corresponds to the e ect of applying the 4 cuts simultaneously. Errors
are statistical only.
E

L

E

L

Particle identi cation is achieved using measurements of dE=dx in the jet chamber [28].
Both tracks are required to have at least 20 separate dE=dx measurement points and to have
a momentum greater than 2 GeV=c in order to avoid the region where the mean dE=dx values
for kaons and pions coincide. It is hypothesized that each pair of tracks is a + , +K or
K+ K combination. For each track, the measured dE=dx is compared to that expected for all
possible mass assignments and a probability assigned to each. Tracks are considered as pion
candidates if the probability for the pion mass assignment exceeds 1% and as kaon candidates
if the probability for the kaon mass assignment exceeds 7%. The invariant mass of each pair
of tracks is then calculated, for each decay channel, using the relevant pion and kaon mass
assignments.
Each pair of tracks is selected as a B0d ! + (K+ ) candidate if the + (K+ )
invariant mass lies between 5:1 GeV=c2 and 5:5 GeV=c2 and as a B0s ! +K (K+ K ) candidate
if the +K (K+K ) invariant mass lies between 5:2 GeV=c2 and 5:6 GeV=c2.
Figure 4 shows the invariant mass distributions for the B0d ! + ; B0d ! K+ ; B0s ! +K
and B0s ! K+ K Monte Carlo events. Shown on the gure are the results of Gaussian ts to
the invariant mass distributions. The mass resolutions obtained are 140{150 MeV=c2. In
order to calculate the B0s ! +K and B0s ! K+K eciencies, the B0s meson mass window is
centered around the B0s meson mass generated in the Monte Carlo. The number of rare decay
Monte Carlo events generated in each exclusive decay channel, the number accepted after all
the above cuts have been applied and the corresponding eciencies are given in Table 2.
8

Decay
Number of Events Number of Events Eciency (%)
Channel
Generated
Accepted
B0d ! +
7669
1867
24:3  0:5  1:8
0
+
Bd ! K 
7706
1774
23:0  0:5  1:6
0
+
Bs !  K
2298
526
22:9  0:9  1:9
B0s ! K+K
2327
456
19:6  0:8  1:4
Table 2: Eciency of the rare decay selection criteria. The B0d and B0s decay channels include
the charge conjugate B0d and B0s decays respectively. The rst error is the statistical error and
the second error is the systematic error.

4.1 Eciency Systematic Error
The evaluation of the possible systematic uncertainties on the calculation of the rare decay
selection eciencies is described in this section, and the resulting systematic errors are given
in Table 3. The systematic error due to the uncertainty in the dE=dx calibration has been
checked using pions from K0s ! + decays and kaons from  ! K+K decays, resulting in
an error of 1:1%. For the other systematic errors, the eciency is recalculated when the
source of uncertainty is varied by the amount described below. The systematic error due to
the modelling of the b quark fragmentation is estimated by varying the mean x of the b
quark in the range hxEib = 0:70  0:02 and corresponds to varying b between 0.0025 and
0.0095 [21]. A multi-parameter t to the OPAL single and dilepton data yielded a value of
hxEib = 0:697  0:011  0:006 [29], and includes a systematic error arising from di erent choices
of fragmentation model. Since x is calculated assuming both tracks are pions, the systematic
error due to the modelling of the b quark fragmentation varies among decay channels. The
lifetime of the B0d meson is varied by 0:1 ps and the lifetime of the B0s meson is varied by
0:2 ps, the variations corresponding to the current experimental uncertainties [25]. In order
to estimate the e ect of the di erence between the impact parameter, vertex decay length and
mass resolutions predicted by the Monte Carlo and those observed in the data, the degradation
factor used for the Monte Carlo track parameters is varied between 1.2 and 1.6. In addition,
to check for any bias in the decay length, the eciency is recalculated using the primary event
vertex instead of the average beam spot position. The systematic error due to the experimental
uncertainty of the B0s meson mass is negligible.
E

E

5 Results
After all selection criteria 15 events remain in the data sample. Since the dE=dx criteria are
not exclusive, each of these events can fall into more than one rare decay category. The number
of rare decay candidates in each channel is given in Table 4. The combinatorial background is
estimated from the shape of the invariant mass distributions in the data. These are shown in
Figures 5 and 6. A function of the form f (M ) = exp (a + b  M ), where M is the invariant
mass for a particular decay channel and a and b are free parameters, is tted to the invariant
9

Source
dE=dx
Fragmentation
B Hadron Lifetime
Resolution
Beam spot
Total
(Added in quadrature)

B0d ! +

1:1
0:8
0:2
1:1
0:3
1:8

E ect on Eciency (%)
B0d ! K+ B0s ! +K B0s ! K+K
1:1
1:1
1:1
0:6
0:8
0:4
0:2
0:3
0:1
1:0
1:2
0:7
0:2
0:2
0:1
1:6
1:9
1:4

Table 3: Systematic errors on the determination of the B0d ! + ; B0d ! K+ ; B0s ! +K
and B0s ! K+K eciencies.
mass distributions in the mass range 4.4 GeV=c2 to 6 GeV=c2 and excluding the chosen mass
windows. The results of the ts are shown in Figures 5 and 6, where the dotted lines correspond
to the 1 standard deviation errors on the t parameterization. The results are insensitive to the
exact form of parameterization chosen, provided a reasonable t to the data is obtained. As a
consistency check, the total number of background events is estimated using the multihadronic
Monte Carlo event sample. After all selection criteria, 19:6  6:2 events are expected which is
consistent with the 15 events observed in the data.
Decay
Number of Rare Decay Number of Background
Channel
Candidates
Events
0
+
Bd !  
7
10:7  2:5
0
+
Bd ! K 
13
14:4  2:6
B0s ! +K
11
12:4  2:7
0
+
Bs ! K K
4
7:0  1:9
Table 4: Number of rare decay candidates and background events predicted from the t after
all cuts. The number of candidates in the B0d and B0s rare decay channels include the charge
conjugate B0d and B0s decays respectively.
The products of the fractions of B0d and B0s mesons produced during fragmentation and
the exclusive branching ratios are calculated assuming the Standard Model value of (Z0 !
bb)= (Z0 ! hadrons) = 0:217 [26]. Upper limits are obtained by subtracting the number of
background events from the number of candidates and adding all errors in quadrature before
calculating the 90% con dence level limit. In the case that the background estimation exceeds
the number of rare decay candidates, the upper limits are estimated by normalizing the probability distribution inside the physical region [22]. The 90% con dence level limits obtained
are




f b ! B0d  Br (B0d !  +  ) < 1:9  10 5 ; f b ! B0d  Br (B0d ! K+ ) < 3:2  10 5 ;
f b ! B0s  Br (B0s !  + K ) < 3:1  10 5 ; f b ! B0s  Br (B0s ! K+ K ) < 1:6  10 5 ;
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where f b ! B0d and f b ! B0s are the fraction of B0d and B0s mesons produced during fragmentation.

In order to extract the exclusive branching ratios for the B0d and B0s mesons separately, estimates are needed for the B0d and B0s production rates during fragmentation. Therefore, assuming
relative production rates during fragmentation for uu : dd : ss : diquarks of 1.0 : 1.0 : 0.3 : 0.23 [17],
consistent with the measured yieldof hadrons
of various avours
in e+e annihilation at lower


0
energies and at LEP [30], gives f b ! Bd = 39:5% and f b ! B0s = 12%. Hence, the 90%
con dence level upper limits on the B0d branching ratios are


Br B0d !  +




< 4:7  10 5 and Br B0d ! K+ 



< 8:1  10 5 ;



< 1:4  10 4 :

and on the B0s branching ratios are,


Br B0s !  + K




< 2:6  10 4 and Br B0s ! K+ K

6 Conclusions
A search has been made for the rare decays of B0d and B0s mesons to two charged particles in
the exclusive decay channels B0d ! + , B0d ! K+ , B0s ! +K and B0s ! K+K . No excess
of events has been seen after all selection cuts in the invariant mass distributions and upper
limits on the B0d branching ratios,


Br B0d !  +




< 4:7  10 5 and Br B0d ! K+ 



< 8:1  10 5 ;



< 1:4  10 4 ;

and on the B0s branching ratios,


Br B0s !  + K




< 2:6  10 4 and Br B0s ! K+ K

have been set at the 90% con dence level. These limits assume that the ratio of the partial
decay widths of the Z0, (Z0 ! bb)= (Z0 ! hadrons), is 0.217 and that the fractions of B0d and
B0s mesons produced during fragmentation are 39:5% and 12% respectively. These are the rst
limits set on the above branching ratios for the rare decay of the B0s meson.
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Figure 1. Diagrams contributing to a) the tree level B0d ! + and B0d ! K+  decays, b)
the tree level B0s ! +K and B0s ! K+K decays, c) the hadronic penguin B0d ! + and
B0d ! K+ decays and d) the hadronic penguin B0s ! +K and B0s ! K+K decays.
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Figure 2. An example of a Monte Carlo event containing a rare B0s ! +K decay at Vertex 1.
The average decay 0length is 3 mm for rare B0 mesons and
the typical decay length error
0
is 180 m. The Bs is produced in association with a Ks which decays at Vertex 2 to two
charged pions. On the other side of the event, a B0d decays at Vertex 3 via the decay channel
B0d ! D+e  , D+ ! D0+, and D0 ! K000.
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Figure 3. A comparison of a) x , where x = Ehadron=Ebeam, b) cos(), where  is the angle
between the B hadron direction and the positively charged track in the centre-of-mass of the
decaying B hadron, c) , the three dimensional opening angle between the two tracks, and, d)
L= , where L is the two dimensional decay length and  is its error; for data (points) and
multihadronic Monte Carlo (solid lines) for all two track combinations. The distributions for
the rare decay Monte Carlo (dotted lines) are for tracks which originate from the rare decay of
a B hadron. The arrows indicate the values of the selection cuts.
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