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Abstract

A search for the decay B"
™K "K "p . was performed using data collected by the OPAL detector at LEP. These

decays are strongly suppressed in the Standard Model but could occur with a higher branching ratio in supersymmetric
models, especially in those with R-parity violating couplings. No evidence for a signal was observed and a 90% confidence
level upper limit of 1.29=10y4 was set for the branching ratio. q 2000 Published by Elsevier Science B.V. All rights
reserved.

1. Introduction

Rare b decays offer an opportunity to discover
Ž .new physics beyond the Standard Model SM . Many

studies have been done in recent years to predict

1 And at TRIUMF, Vancouver, Canada V6T 2A3.
2 Now at MPI fur Physik, 80805 Munchen.¨ ¨
3 And MPI Munchen.¨
4 And Royal Society University Research Fellow.
5 And Institute of Nuclear Research, Debrecen, Hungary.
6 Now at Yale University, Dept of Physics, New Haven, USA.
7 And University of Mining and Metallurgy, Cracow.
8 And Heisenberg Fellow.
9 And Department of Experimental Physics, Lajos Kossuth

University, Debrecen, Hungary.

Ž .flavor changing neutral current FCNC processes,
w xboth within the SM and beyond 1 . One of these

FCNC induced processes, b™sg , has been mea-
w xsured 2 and the branching ratio found to be consis-

w xtent with the SM prediction 3 . However, significant
uncertainties still remain in both the theoretically
predicted branching ratio and the measurement. Thus
it is hard to conclude if this process shows signs of

w xnew physics 4 . This is also true in most of the
w x w xchannels such as b™sqq 5 and b™s ll ll 6 , due

to theoretical uncertainties.
The process b™ssd, induced by a box diagram,

Žis predicted to be exceedingly small in the SM Fig.
Ž .. y11 w x1 a , of the order of 10 7 . However, in the

Ž .minimal supersymmetric standard model MSSM
w x8 , this transition can be induced by the squark-

Ž . Ž Ž ..gaugino or higgsino box diagrams Fig. 1 b at a
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Ž . Ž . Ž .Fig. 1. b™ssd transition a SM, b MSSM, c MSSM with R-parity violating coupling.

level of 10y7 –10y8. An alternative mechanism for
this channel in supersymmetric models is through

w x Ž Ž ..R-parity violating couplings 9 Fig. 1 c . These
two possibilities appear to be the only ones that will
produce significant enhancement of this decay within

w xsupersymmetric models 7 . Two higgs doublet mod-
els could also induce this decay at branching ratios
significantly larger than in the Standard Model, for a

w xcertain range of the parameters involved 10 .
Typical exclusive processes of b™ssd include

B"
™K " K 0, which are difficult to separate from

the standard penguin process b™dss. Although the
interference of these two sources of the final state is
crucial in the study of phenomena such as CP viola-
tion, this channel is not suitable for a direct search
for new physics. However the decay By

™

KyKy
p

q 10, either as a direct three-body decay or
through a Kw-like resonance, is a clear signature of
this process. This document describes the first search
for the decay By

™KyKy
p

q.

2. Hadronic event selection and simulation

We used data collected at LEP by the OPAL
w xdetector 11 between 1990 and 1995 running at

center-of-mass energies in the vicinity of the Z0

peak. Hadronic Z0 decays were selected using the
number of charged tracks and the visible energy in

w xeach event as in Ref. 12 . This selection yielded
4.41 million hadronic events.

Monte Carlo events were used to determine the
selection efficiency, for training of an artificial neu-

Ž .ral network ANN used in selecting the final event
Ž .sample Section 3 , and for the determination of

10 Charge conjugation is assumed throughout this paper

Ž .some of the systematic uncertainties Section 4 . To
determine the selection efficiency we generated

0100 000 Monte Carlo events of the process Z ™bb
where one of the b quarks hadronised into a By

meson which subsequently decayed to KyKy
p

q.
One sample was generated according to three-body
decay phase space, while another sample was gener-
ated with angular distribution as expected from a
weak decay matrix element. In addition, we gener-
ated samples in which the B meson decayed via an

w wŽ . wŽ .intermediate K resonance. K 892 , K 1680 and
wŽ .K 2045 resonances were chosen as they all decay

into Ky
p

q and cover the entire spectrum of Kw

resonances.
For optimisation of the selection of events and for

some of the studies of systematic uncertainties, we
generated 4 million 5-flavour hadronic Z0 decays
Ž .referred to as qq Monte Carlo . All these samples
were generated with the JETSET 7.4 Monte Carlo

w xprogram 13 with parameters tuned to the OPAL
w xdata 14 . The heavy quark fragmentation was pa-

rameterised by the fragmentation function of Peter-
w xson et al. 15 , and all samples were processed with

w xthe OPAL detector simulation package 16 .

3. Analysis procedure

In each event, charged tracks and electromagnetic
clusters not associated to a charged track were com-
bined into jets, using the JADE algorithm with the

w xE0 recombination scheme 17 . Within this algorithm
jets are defined by y s0.04, where y is definedcut cut

w xin Ref. 17 .
The primary vertex of the event was reconstructed

using the charged tracks in the event and the knowl-
edge of the position and spread of the eqey collision
point.
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Table 1
Summary of d Erd x selection criteria: d Erd x is the differ-p ŽK .
ence between the measured value of the ionisation energy loss in

Ž .the jet chamber and the expected value for p K and s repre-
sents the expected standard deviation of the distribution. Nd Er d x

is the number of jet chamber hits used for d Erd x. The d Erd x
cuts were chosen based on probability values.

Selection p selection K selection

d Erd x – -y1.29sp

d Erd x )1.15s "1.55sK

d Erd x – )0p

N )20 )20d Er d x

We searched the hadronic event sample for the
decay By

™KyKy
p

q by combining three charged
tracks to form a B meson candidate. All three track
combinations were considered. All tracks were re-
quired to have a momentum of at least 2 GeVrc and
to be in the same jet. Two of the tracks were
required to have the same charge and were assigned
the mass of a kaon. A third track, with an opposite
charge, was assumed to be the pion. Tracks were
required to satisfy selection criteria based on the
measured rate of energy loss due to ionisation
Ž . w xd Erd x 18 as listed in Table 1. These d Erd x
selection criteria are 44% efficient while rejecting
98.5% of the background.

The three tracks were fitted to a common vertex
and the decay length, the distance from the eqey

interaction point to the reconstructed secondary ver-
tex, was calculated. Candidates where the secondary
vertex is in the hemisphere opposite to the candidate’s
jet were rejected. This criterion left 55% of the
remaining background events, but kept 96% of the
signal events.

Since the hadronic data sample consisted mostly
of non-bb events, we suppressed these events by
means of a b-tagging algorithm, based on recon-
structed displaced secondary vertices. An artificial
neural network with inputs based on decay length
significance, vertex multiplicity and invariant mass

w xinformation 19 was used to select vertices with a
high probability of coming from b hadron decays.
Events were accepted if any of the jets were tagged
by the neural network. The b-tagging selection was
found to be 79% efficient, while rejecting 80% of the
remaining background.

The final selection was based on an artificial
neural network designed to select By

™KyKy
p

q

events while rejecting background events. We used
w xthe JETNET 3.4 program 20 with a feed-forward

type net, trained with the back-propagation algo-
rithm. The neural network used seven input parame-

Ž .ters: the momenta of the three tracks p , p ; thep K
Ž .B candidate momentum p ; the ratio of B candi-B

Ž .date energy to the jet energy X ; the decay length;jet

and the vertex probability, the probability of the
three tracks to originate from a common vertex
which is calculated using the track parameters. The
neural network retains 74% of the signal events and
rejects 97% of background events when selecting
candidates with an ANN output above 0.9. Fig. 2
shows the distributions of the artificial neural net-
work input parameters and the ANN output for
candidates passing the above criteria. While the data
and the qq Monte Carlo show good agreement, one
can clearly observe the differences between these
distributions and those of the signal Monte Carlo.

Ž . Ž .Fig. 2. Input variables to the artificial neural network a – f and
Ž .output g . The solid line represents the qq Monte Carlo while the

dots represent the data. The dashed line shows the distribution of
y w 0Ž . y Ž .B ™K 892 K Monte Carlo events. The arrow in g shows

the cut value. All variables are normalised and are plotted after
w xappropriate transformation to the range 0–1 .
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Candidates were accepted if their invariant mass
was in the region: 5.10 GeVrc2 -M -5.46KK p

GeVrc2, which corresponds to twice the mass reso-
lution around the nominal By mass. Only one candi-
date per jet was accepted, based on the largest neural

Ž .network output for candidates in a jet. Fig. 3 a
shows the invariant mass distribution of the
KyKy

p
q candidates. No enhancement is seen in

the signal region, where 17 events were observed.
Monte Carlo studies indicated that 88% of the back-
ground at this stage consists of bb events.

If the decay chain By
™KyKy

p
q is assumed to

Ž wbe direct i.e., without an intermediate K reso-
. y qnance , then the mass of the K p system can be

exploited to further reduce background where the
pion and one of the kaons are from the decay of a
Kw resonance. The mass of the Ky

p
q system was

added as an input to the neural network, and the
training procedure of the ANN was repeated. Fig.
Ž .3 b shows the invariant mass distribution of the

Fig. 3. Invariant mass distribution of the Ky Ky
p

q candidates
Ž . wafter all selection criteria were applied a via intermediate K

Ž .resonance and b with direct production. The dots represent the
data, the solid line shows the expected signal shape from Monte
Carlo events after all the selection criteria were applied with
arbitrary normalisation, and the dashed line is the expected back-
ground.

KyKy
p

q candidates passing the selection. Here
too, no enhancement is seen in the signal region and
the observed 14 events are used to determine an
upper limit on the branching ratio.

3.1. Background estimation

The background to the process By
™KyKy

p
q

was estimated by fitting a second-order polynomial
to the invariant mass of a combinatorial background,
obtained by releasing the ANN cut, and then normal-

Žising the shape to the mass side-bands of Fig. 3 4–5
2 2 .GeVrc and 5.6–6 GeVrc . Monte Carlo studies

indicated that the background shape is not altered by
this procedure. Alternatively, we repeated this proce-
dure by releasing each of the selection criteria sepa-
rately and by obtaining the shape from Monte Carlo.
All the alternative fits gave a consistent result. We
also took the number of events within the signal
region in each of the above cases and scaled it to the
appropriate sample size. Here too, all estimates were
consistent.

As we are setting upper limits, the conservative
approach is to estimate the number of signal events
using the lowest background estimate. While the

Ž .fitted background shown in Fig. 3 a gave 18.8
events in the signal region, the lowest estimate was
17.5 events. The respective numbers for the direct
production case were 14.8 and 14.1 events.

3.2. Limit determination

The above numbers were used to determine N 90,
the 90% C.L. upper limit on the number of signal

w xevents. Using the formalism of Ref. 21 , we ob-
tained N 90 s7.8 and N 90 s7.4 events for the reso-
nantrdirect decay, respectively.

To calculate an upper limit on the branching ratio
we used:

N 90
y y y qBr B ™K K p F , 1Ž . Ž .

e NB

where N is the number of charged B mesons in theB

sample and e is the efficiency for Monte Carlo
simulated events of the process By

™KyKy
p

q to
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survive the selection procedure. With 4.41 million
0 Ž ".hadronic Z decays, using Br b™B s

q0.018 w x0.397 and G rG s0.2170"0.0009 22 ,y0.022 bb had

we obtained N s759 800q34 600.B y42 200

The conservative approach when setting upper
limits is to use the model giving the lowest effi-
ciency for the signal. If one assumes resonance
production, then the lowest efficiency, 8.11"0.19%,
is obtained when assuming the signal decay channel

w 0Ž .is via K 892 . The lowest efficiency for non-reso-
nant decay, obtained with a phase space particle
distribution, was found to be 11.3"0.2%.

4. Systematic uncertainties

Systematic uncertainties may arise from the lim-
ited accuracy with which N is known, from theB

uncertainty in the simulation used to determine the
efficiency and from the background estimation.

4.1. Modelling of dErdx

To estimate the uncertainty arising from the mod-
elling of the d Erd x selection criteria, we compared
the efficiency of the d Erd x cuts in Monte Carlo
simulated events and in data. We took advantage of
the abundance and relative ease of reconstruction of
Dwq mesons, and exploited them for testing the
systematic uncertainties associated with the d Erd x
selection criteria. We searched for Dwq mesons via
their decay into a D0 and a p

q, where the D0 decays
via a Ky

p
q. To enhance the signal to background

ratio we required the momentum of the Dwq candi-
date to be larger than 15 GeVrc; the Dwq decay
vertex to be at least 50 mm away from the interac-
tion point; and the helicity angle, u ) , between the
kaon momentum in the D rest frame and the D
direction in the laboratory frame to satisfy cosu ) -

0.7. Background estimation, after applying these se-
w xlection criteria, was done as in 23 . To avoid possi-

ble uncertainty due to the difference in the momen-
tum spectrum of the Dwq products with respect to
the momentum spectrum of tracks from the process
By
™KyKy

p
q, we reweighted the d Erd x selec-

tion efficiency as a function of the track momenta.
By applying the d Erd x criteria used to select the
kaon we obtained an efficiency of 56.2% in data and

57.0% in Monte Carlo. The respective values for the
pion selection efficiency are 75.0% and 76.8%.
Combining all numbers, the relative uncertainty on
the signal efficiency associated with the d Erd x cuts
is estimated at 3.7%.

4.2. Artificial neural network uncertainty

The agreement is good between the data and the
qq Monte Carlo, in all of the input variables to the

Ž .ANN Fig. 2 . However, the Monte Carlo simulation
compared in that figure represents the background
and is not used in setting the upper limit. The
simulation used to set the limit is that of signal
events and thus, signal input variables should be
compared. This is not possible for the decay By

™

KyKy
p

q. Therefore, once again we made use of the
Dwq signal. We compared the kaon and pion mo-
mentum distribution, the Dwq momentum and frac-
tion of energy from the jet’s energy, the decay length
and the vertex probability. Good agreement was
achieved between the data and Monte Carlo as shown
in Fig. 4. Events were reweighted as a function of

Fig. 4. Comparison of ANN input variables for Dwq candidates.
The solid line represents the qq Monte Carlo and the dots are the
data.
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the track momenta to reflect the signal spectrum as
in the d Erd x uncertainty section, and the ANN
output was evaluated. In order to assign a systematic
uncertainty to the efficiency of the ANN, we took
the difference between the fraction of Dwq events
passing the ANN cut in the data to that in the qq
Monte Carlo. We obtained an uncertainty of 4.1%.
In addition, we took the difference in the ANN
efficiency obtained for the signal involving different
Kw resonances. This difference was found to be
2.1% and the overall uncertainty assigned for this
source was 4.6%

4.3. B hadron lifetime and decay multiplicity

The probability to reconstruct the signal By me-
son from also depends on the efficiency to recon-
struct secondary vertices in both hemispheres. This
in turn is sensitive to the charged decay multiplicity
and lifetime of the B hadrons. The Monte Carlo was
reweighted to reflect the measured multiplicities and

w xlifetimes 22 . The uncertainty on these figures gave
an uncertainty of 1.1% and 1.3%, respectively, on
the selection efficiency.

4.4. Detector modelling

The resolution of the tracking devices has an
effect on the efficiency. The simulated resolutions
were varied by "10 % relative to the values that
optimally describe the data following the studies in
w x24 . The analysis was repeated and the efficiency
estimation was recalculated. This source contributed
an uncertainty of 1.2%.

4.5. Fragmentation modelling

The heavy-quark fragmentation was simulated us-
w xing the function of Peterson et al. 15 . The heavy-

quark fragmentation model parameter was varied to
change the mean scaled energy of weakly-decaying
bottom hadrons within the experimental range:
² : w xx s0.702"0.008 22 . This change resulted inbE

a 2% change in the efficiency. In addition, the
heavy-quark fragmentation model was changed to

w xthat suggested by Collins and Spiller 25 and to that
w xof Kartvelishvili et al. 26 , with parameters tuned

w xaccording to Ref. 27 . No significant change in the
resulting efficiency was observed.

4.6. Background estimation uncertainty

The uncertainty on the fitted shape parameters
and on the normalisation gave an uncertainty on the
background estimate. The different techniques used
to estimate the background resulted in consistent

Žestimates with a small standard deviation about 1
.event . However, since we used the lowest back-

ground estimate, these uncertainties were not taken
into account as they were smaller than the difference
between the mean background estimate and the one
used.

5. Results

Combining all sources of systematic uncertainties
mentioned above, as well as the statistical uncer-
tainty in determining the efficiency and the uncer-
tainty on N y, we obtained an uncertainty of 8.4%B

Ž .on the denominator of Eq. 1 . This uncertainty was
incorporated according to the method outlined in

w x 90 90Ref. 28 . With N s7.8 events and N s7.4res. no res.

events we obtained:

Br By
™KyKy

p
q F1.29 = 10y4 @ 90% C.L.Ž .

y y y q y5Br B ™K K p non-resonance F 8.79 = 10 @ 90% C.L.Ž .

6. Summary

We have searched for the decay of charged B
mesons to KyKy

p
q. This decay channel is strongly

suppressed in the Standard Model, but may be large
in R-parity violating models. Hence, this decay mode
may serve as a probe for new physics beyond the
Standard Model. No evidence has been observed for
such a decay. Upper limits on the branching ratio
have been set of 1.29=10y4 , or of 8.79=10y5 if
one assumes that the decay is not via a Kw reso-
nance, both at 90% confidence level.

By
™Ky Ky

p
qUsing these limits, and the estimate f

b™ ssd
1 w x7 , we can put new limits on the contribution of4



( )G. Abbiendi et al.rPhysics Letters B 476 2000 233–242 241

R-parity violating couplings in this process. Starting
Ž . w xfrom Eq. 9 of Ref. 7 ,

25 2m f 1b QCD X X3 wGs S l lns1 n32 n213 2mž512 2pŽ . ñ n

2
1

X X3 wq S l l ,ns1 n12 n232m /ñ n

where m is the mass of the b quark, f sb QCD
Ž Ž . Ž ..24r23a m ra m , m is the mass of the sneu-s b s n n˜ ˜n n

trino involved and l
X is a dimensionless coupling.

As an example, with m s 4.5 GeVrc2, f ,2,b QCD
2 w x ym s 100 GeVrc as in 7 and t s1.65 ps wen B˜ n

obtain:

2 2X X X X3 w 3 w y4< < < <(S l l q S l l -5.9=10 ,ns1 n32 n21 ns1 n12 n23

which can be compared to the existing limit of 0.1
w xobtained from b™ ssd 7 and neutrino mass calcu-

w xlation 29 .
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