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Abstract .  Rare decays of beauty particles were studied in 
several charmless modes using the data collected with the 
DELPHI detector at LEP from t991 to 1994. These decays 
are mediated by both tree level b ~ u and one-loop pen- 
guin b ---, s, d transitions. Evidence for charmless/3 decays 
was obtained in two body hadronic modes. The branch- 
ing ratios of /3o a,s to 7r+lr - or K+~  - and B~  to p0~.- 

or K*~ - were found to be (2.8+_Ii50 4- 0.2) x 10 -5 and 

(1.7+_1628 ztz 0.2) x 10 -4 respectively. The fraciion of these 
decays with a charged kaon in the final state that is not from 
the spectator s quark, was measured to be 0.58 + 0.18. Up- 
per limits were set at 90% confidence level on the branch- 
ing ratios for three and four body charmless hadronic de- 
cays in the range of (1 - 3 ) x  10 -4, for inclusive radia- 
tive b ~ s7 decays at 5.4 x 10 -4, for the exclusive ra- 
diative decays /30 ___+ K. (892)o7  and /3o ~ r at 
2.1 x 10 -4 and 7 .0x 10 -4 respectively, and for dineutrino de- 
cays, b ~ svO, in the exclusive channels/3o _... K.(892)0vp 
and B ~ ---+ qS(1020)v~ at 1.0 x 10 -3 and 5.4 x 10 -3 re- 
spectively. The limits on dineutrino decays constrain theories 
with a new U(1) gauge boson coupling predominantly to the 
third family of fermions. 

/ 

w f < - - - -  
b �9 rJ u 

b 

/ 

g 
b ~ . 6 2 ~ . _ _ _ _  

c d 

d,s 

Q 

Fig. 1. Feynman diagrams of the main processes contributing to the rare b 
decays studied in the present paper: hadronic charmless b decays through 
tree level diagrams (a and b) and penguin diagrams (e), and radiative (d) 
and dineutrino (e) decays also through penguin diagrams 

1 Introduction 

This paper presents a study of three classes of rare charmless 
b decays using the data collected in 1991-94 by the DELPHI 
experiment at LEP. The three classes of b decays studied are 
the charmless decays in hadronic, radiative and dineutrino 
modes. These modes probe different decay processes con- 
tributing to the total charmless decay rate. 

Charmless decays of the b quark in the Standard Model 
are due both to level b ~ zt diagrams (see Fig. l a and 
lb) and to one-loop penguin diagrams inducing b ---* d and 
b ~ s transitions (Fig. lc). Non-spectator processes, such 
as exchange and annihilation diagrams, are expected to give 
only relatively minor contributions. Different decay modes 
can originate either from only one of these two classes of 
processes or from a combination of them. For example, semi- 
leptonic charmless decays are pure b ~ z~ transitions while 
decays involving b --+ s transitions are due to penguin loop 
diagrams, flavour changing neutral current processes being 
forbidden at tree level in the Standard Model. Charmless 
hadronic decays o f / 3  particles receive contributions from 
both tree level b ~ u processes and penguin processes. 
Charmless radiative and dineutrino decays come purely from 

penguin diagrams (Fig. ld  and l e ) .  The total branching ratio 
into charmless final states is expected [1] to be a few percent 
in the Standard Model, with most of the individual modes 
contributing a few times 10 -4 or less. The determination 
of their rates is a test of the loop structure of the Standard 
Model and can be used to constrain extensions involving new 
particles that can contribute to the internal lines in Fig. la--e. 

With the data taken up to 1994 inclusive giving an in- 
tegrated statistics of almost 3 million hadronic Z ~ decays 
per experiment, corresponding to about 1.3 million b quark 
decays, experiments at LEP have reached a sensitivity at the 
level of  the expected decay rates for several of these chan- 
nels. The use of high resolution vertex detectors allows the 
secondary vertex topology of the decay of the long-flying 
/3 hadron to be reconstructed, thus improving the signal to 
background ratio. In addition, the efficient hadron identifica- 
tion specific to the DELPHI detector is a powerful instrument 
for classifying the candidate events. 

The paper is organised as follows. The components of 
the DELPHI detector most important for this study and the 
event samples used are first summarised briefly in Sect. 2. 
Section 3 describes the analysis of exclusive hadronic charm- 
less decays. These are important because the role of tree 
level and penguin contributions can be studied from the rates 
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observed in different decay channels. The understanding of 
the penguin contribution to decays such as B ~ 7r,-r will 
be an essential ingredient in the studies and interpretation 
of CP asymmetries in /3  decays at dedicated/3 experiments 
[2]. Sections 4 and 5 describe the reconstruction techniques 
and the results obtained in the searches for b --, s7 and 
/3 ---, K*uf,  decays. The conclusions are summarised in 
Sect. 6. 

2 The detector  and general i t ies  of the da ta  analysis 

The DELPHI detector and its performance have been de- 
scribed elsewhere [3, 4]. Of particular importance for this 
study are the identification of charged particles and photons 
and the precise track extrapolation to the neighbourhood of 
the Z ~ decay point, allowing the selection of Z ~ ~ bb de- 
cays and the reconstruction of their secondary vertices. 

2.1 Charged particle identification 

Charged particle identification over a wide momentum range 
is an important feature of the DELPHI detector. Hadrons are 
identified by the combined use of the information derived 
from the specific ionisation in the Time Projection Chamber 
(TPC) and from the detection and measurement of rings cf 
Cherenkov photons in the Ring Imaging Cherenkov detector 
(RICH). The absence of Cherenkov light in the RICH is also 
used ("veto mode"). 

The TPC provides up to 192 sampling points along 
the track giving a measurement of the rate of energy loss, 
dE/dec, to a precision of about 4-7% in hadronic events. This 
corresponds to separating kaons from pions by 1.5 standard 
deviations (or) for particles with momenta above 3.5 GeV/c.  

The RICH gas radiator separates light particles (e, #, 7r) 
from heavy ones (K,  p) above 3.5 GeV/c  and separates 
kaons from protons from 9 to about 20 GeV/c  [4, 5]. With 
the loose selection criteria used in this analysis, the efficiency 
for tagging a particle in this kinematic region is about 0.80 in 
the polar angle acceptance of the Barrel RICH, from 40 ~ to 
140 ~ , and is almost independent of the particle momentum. 

For particles tagged as kaons, the rejection factor against 
misidentified pions is close to 5 using the d E / d z  informa- 
tion and from 8 to 5, decreasing with increasing particle mo- 
mentum, using the RICH detector. Identified charged parti- 
cles were attributed their corresponding masses, unidentified 
ones were assumed to be pions. 

2.2 Photon identification 

Photons were detected by the barrel electromagnetic calori- 
meter, called the High-density Projection Chamber (HPC), 
located at a radius from the beam axis of between 208 and 
260 cm and covering polar angles between 41 ~ and 139 ~ Its 
design provides full three-dimensional charge information of 
the electromagnetic showers. The spatial resolution is about 
20 mrad for the azimuthal angle while for the coordinate 
along the beam axis (z) it is much more precise, varying 
between 1.3 mm and 3.1 mm depending on the polar angle. 

The energy resolution was measured to be 6% at 45 GeV 
using Bhabha events. 

Electromagnetic clusters not associated to a charged par- 
ticle track were used to reconstruct photons and neutral 
pions. Single photons were distinguished from those from 
7r ~ decays using different methods according to the energy. 
Low energy neutral pions were reconstructed by observ- 
ing two clearly separated showers giving an invariant mass 
rrz.<~ compatible with this hypothesis. At energies above 5 
GeV, the two showers are usually merged, and the three- 
dimensional reconstruction of showers in the fine grained 
HPC electromagnetic calorimeter was then used to sepa- 
rate photons from neutral pions. This was achieved by con- 
strained fits to the shower shape using the profiles expected 
for the photon and rc ~ hypotheses. For showers reconstructed 
in the HPC with energy larger than 5 GeV, and with the se- 
lection criteria used in this analysis, the efficiency for iden- 
tifying photons correctly was estimated to be 0.6, approxi- 
mately independent of the energy, and the rejection against 
neutral pions varied between 3.5 and 2.0. 

2.3 Track extrapolations to the interaction region 

A three layer silicon vertex detector (VD) in the DEL- 
PHI tracking system ensures precise track reconstruction 
near the interaction region. In 1994 this detector was up- 
graded by replacing its innermost and outermost layers with 
double sided microstrip detector modules providing recon- 
struction of track points in space [6]. The innermost layer 
covers polar angles between 25 ~ and 155 ~ . The accuracy 
of extrapolating tracks to the vertex was measured to be 

~ ( ( 6 5 / ( p  0)) 2 + 202) #m in the transverse plane (RQ) sin3/2 

where p is the particle momentum in GeV/c and 0 its polar 
angle. The precise track reconstruction obtained by the use 
of the vertex detector allows the use of secondary vertex 
reconstruction for the separation o f / 3  decay products from 
primary hadronization particles. The reconstruction of these 
vertices is described below. In order to preserve an accurate 
track extrapolation to the vertex region, only tracks with 
at least one associated VD hit were used in the reconstruc- 
tion of secondary vertices. This requirement was not applied 
for the reconstruction of K ~ ~ 7r+Tr - decaying outside the 
beam-pipe. 

2.4 Generalities of  the data analysis 

Hadronic events were selected by the standard hadronic tag 
criteria [7]. This gave a total of 2.844 x 106 Z ~ hadronic 
decay candidates from the 1991-1994 data set. The efficiency 
of the selection was determined to be 0.950 + 0.005 on 
simulated data. 

A b-tagging algorithm based on the significance, d/cr, 
where d is the impact parameter and cr its error, of the impact 
parameters of all the tracks in an event was applied to re- 
move decays of the Z ~ into light quarks [8]. For each event, 
this algorithm gives the probability corresponding to the hy- 
pothesis that all the tracks originated at the Z ~ production 
point. Thus Z ~ ~ wg, dd  or sg decays give a flat probability 
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distribution while Z ~ ~ bb decays give a pronounced spike 
near zero. Hadronic events were required to have a proba- 
bility from the b-tagging algorithm smaller than 0.03. This 
cut gives a selection efficiency of 0.85 for Z ~ ~ bb events 
and a purity of 0.67. 

Further enrichment in bb events was obtained by the spe- 
cific requirements on vertex topology and kinematics in the 
different analyses, as described in the corresponding sec- 
tions below. For the inclusive b ~ s"/ analysis, only loose 
requirements on the secondary vertex were applied. For this 
reason the cut on the b-tagging probability was set at 0.01, 
corresponding to an efficiency of 0.75 and a purity of 0.80. 

For each selected Z ~ ---, bb candidate, the primary vertex 
was fitted using a procedure that iteratively linked tracks to 
the beam-spot. Tracks not compatible with the beam-spot 
position were then removed. Secondary vertices were fitted 
using candidate secondary particles selected using kinematic 
and topological variables as described below for the differ- 
ent decay modes. A very loose X2-probability cut at 10 -5 
was applied to reject combinations of tracks completely in- 
compatible with the the hypothesis of originating from a 
common secondary vertex. The wrong association of frag- 
mentation particles to the secondary vertex was strongly re- 
duced by the requirements described later on the momenta, 
impact parameters and hadron identification of the tracks 
tested at this vertex. The invariant masses of the particles 
at the reconstructed vertices were determined with the track 
parameters recomputed at the fitted secondary vertex. 

In reconstructing exclusive decay modes, further cuts on 
the vertex topology were applied to remove events with ad- 
ditional secondary tracks not used in the vertex reconstruc- 
tion. A combination was rejected if at least one track, above 
3 GeV/c and not used in the secondary vertex reconstruc- 
tion, either missed the primary vertex by more than 2 a or 
fitted the secondary vertex within 1 o-, where • is the 68% 
confidence level range after the convolution of the track ex- 
trapolation and the vertex reconstruction errors. 

Charmless b decays were considered to proceed via an 
intermediate resonance if the reconstructed mass of the rele- 
vant particles was within 2 ~ of the resonance mass, where cr 
is the 68% confidence level range after convoluting the nat- 
ural width with the mass resolution. For ~ ~ K K  decays, 
generally only one of the two kaons had to be identified, 
since the narrow mass cut around the 4) mass already effi- 
ciently removed most of the combinatorial background. 

The reconstruction and selection efficiencies of the dif- 
ferent analyses were estimated using dedicated samples of 
fully simulated Z ~ --~ bb events, where one of the b hadrons 
was forced to decay into the final states of interest. Using the 
decay distance and impact parameters reconstructed in space 
increased these efficiencies by between 15 % and 25 % in 
the 1994 data set compared with the data taken earlier when 
the VD was equipped with only R4, read-out. 

The backgrounds for the different decay modes were 
evaluated using 5.2 million Z ~ --* qq and 1.6 million 
Z ~ --+ bb generated events processed with the full detec- 
tor simulation. These simulation statistics are equivalent to 
about four times the real data set. The configuration of the 
DELPHI detector changed over the years, in particular for 
the VD. Simulation samples corresponding to the configu- 

rations in the different years were used in proportions close 
to those of the real data set. 

To extract the results, the numbers of candidate events 
selected in the real data were compared with the numbers 
expected from the simulation of the background. In each 
case, the probability for the background level to fluctuate to a 
number of events equal to or Iarger than that observed in the 
real data was computed taking into account the uncertainty 
in the background estimate. Only decay modes for which this 
probability was less than 10 -3 were considered for deriving 
branching ratios. 

In all other cases, only upper limits at 90 % confidence 
level are quoted. These upper limits were obtained from the 
number of events observed in the data taking into account 
the estimated background. If the number of background- 
subtracted events in the data was negative, though compati- 
ble with zero, the upper limit was conservatively computed 
assuming it to be zero. The effects of the systematic un- 
certainties on the signal efficiency and on the background 
estimate were included in the computation of the branching 
ratio upper limits. 

Since the B mass resolution in several exclusive decay 
channels receiving contributions from both the B ~ and the 
B ~ mesons was not high enough to separate the two B me- 
son species, results for these channels were computed for 
the sum of the B ~ and the B ~ decays, i.e. from the total 
number of candidate events and the total number of B~ and 
B ~ mesons. Suppressed decay modes were not taken into 
account. 

3 Hadronic charmless decays 

In the Standard Model, hadronic charmless B decays orig- 
inate both from tree level spectator b ~ u transitions 
(Fig. la, b), and from the one-loop penguin process in which 
the b decays to an s quark via a loop including a virtual W -  
boson and a virtual t quark (Fig. lc) and at least one gluon 
is emitted, giving the b --. s9,  s99  and b --+ sqq  processes 
i l l .  

Final states with a kaon are due either to b --* s tran- 
sitions or to Cabibbo suppressed b ~ ~ + s~ decays where 
the K meson originates from the W boson. Those with only 
pions are due mainly to b ~ u tree level diagrams. For ex- 
ample, exclusive channels such as B ~ ~ 7r+~ "- are mostly 
b ~ u decays with a possible contribution from suppressed 
b ~ d loop transitions. The decay B ~ --+ K+Tr - is due to 
a mixture of b --~ s and b ---+ u + s~2 decays. Finally decays 
with a neutral kaon, such as B -  ---+ K*%r-,  do not receive 
tree level contributions and are pure penguin processes. 

Signals for hadronic charmless b quark decays were first 
reported by CLEO [9] in the sum of the B --~ ~rTr and K~r 
decay modes. At LEP, analyses have been performed by all 
four collaborations [10, 11, 12, 13]. The analysis of the data 
collected by DELPHI from 1991 to 1993 provided an excess 
of events in two-body hadronic channels not compatible with 
charmed decay modes. This was interpreted as evidence for 
charmless decays of B mesons [11]. Adding the 1994 data 
sample has almost doubled the statistics available compared 
with the previous study. Furthermore, the upgraded DEL- 
PHI microvertex detector (VD) has improved the efficiency 
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for tagging bb events, reconstructing /3 decay vertices, and 
separating particles from the /3 decays from those due to 
fragmentation. 

The particle identification capabilities of the DELPHI 
Ring Imaging Cherenkov detector allow the separation of 
channels with charged kaons from multi-pion final states. 
The determination of the fraction of candidate charmless 
events containing a kaon in the final state probes the relative 
contributions of the tree level and penguin loop processes to 
the rate of rare hadronic charmless modes. In addition, rare 
decays of the A ~ beauty baryon can be tagged due to the 
presence of an identified proton in the final state. 

3.1 E v e n t  r e c o n s t r u c t i o n  

Events fulfilling the hadronic and b-tagging criteria were di- 
vided into two hemispheres. For each hemisphere the leading 
charged particle was used to start the secondary vertex re- 
construction. Other charged particles were iteratively tested 
to form a common n-prong detached vertex with this leading 
particle. 

Kinematic cuts were applied to exploit the hard b frag- 
mentation. The total energy of the /3 candidate E B was 
required to be above 20 GeV and below the beam energy. 
For two (greater than two) prong topologies, the momen- 
tum of the leading particle had to be larger than 10 (8) 
GeV/c and that of the other secondary particles larger than 
1.0 (0.8) GeV/c. 

The combinatorial background was suppressed by re- 
quiting the candidate secondary vertex to be separated by 
more than 2.5 a from the reconstructed primary vertex and 
the decay distance to be smaller than 2.0 cm. Partially re- 
constructed /3 decays give a background that falls steeply 
in the invariant mass distribution up to about 5.0 GeV/c 2 
for /3 mesons. Above this value, a rather flat tail extends 
to higher masses. While partially reconstructed decays of 
beauty baryons also contribute below the Ab mass value, this 
tail is due mainly to tracks from the primary vertex being 
incorrectly assigned to the secondary vertex. This was sup- 
pressed 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. 
In the 1994 data both the R~b and the z projections of the 
impact parameters were tested and at least one of the two 
was required to fulfil this cut. For earlier data only the Rq5 
projection, where the track extrapolation accuracy was de- 
termined by the VD, was used. In two prong topologies this 
cut was not applied to the leading particle because simula- 
tion showed that, in low multiplicity/3 decays, the leading 
particle is a /3  decay product in more than 98 % of the cases. 

The following decay modes and their corresponding 
charge conjugates were investigated: 

- Two-body decays: 
_ B o -+ 7r+n-- 

- B~- --~ p(770)%--, p(770) ~ ~ 7 r % - -  

_ B 0 d,s ~ K + T r -  

- A ~ ~ p K -  

- /3~/ ~ K-p (770 )  ~ p(770) ~ --~ 7r+Tr - 
_ t30 d,~ --~ K+al(1270) - ,  a1(1270)- ~ 7r-:r+a - -  

- B~- ~ ff*(892)~ - ,  /~'*(892) ~ --+ K-Tr  + 
- B ~  - - ,  K + / <  - 

- B~- ~ 4,(1020)K-, 4)(1020) ~ K + K  - 

- Three-body decays: 
- -  B ,~-  - -+  71-- 7 1 + 7 / -  

- By --+ K-~r+~r - 
- B ~  ---+ K - K + K  - 

- Four body decays: 
- -  / 3 d  0 --.+ 71-+71--71-+71- - 

_ t30 d,s --~ K+Tr-TC+Tr- 

In two-body decay channels involving a vector and a 
pseudo-scalar meson, such as /3  --+ K*Tr and pTr, the vector 
meson is fully polarized. The distribution of the decay he- 
licity angle 0* in the vector meson rest frame is proportional 
to cos 2 0* while the background is more isotropic. Therefore 
in these channels ] cos 0* I was required to be larger than 0.5. 

In multi-prong final states, /3 decays into fully recon- 
structed intermediate states containing hidden or open charm 
were removed by requiring that no pair of particles had an 
invariant mass close to either the J / ~  or the ~(2S) mass 
if given electron or muon masses, or close to the D o if as- 
signed either KTr or 7r~- masses. The widths of the invariant 
mass intervals around the charm states corresponded to a 3 cr 
cut, using the measured mass. For four-prong vertices which 
had masses consistent with B decay (see below), all combi- 
nations of three particles had to be incompatible both with 
the D -  mass when assigned K+7c 7r or 7r+Tr ~r masses 
and with the D~ when assigned K + K - ~ r  - masses. 

The mass resolutions were found to be 85 MeV/c 2, 
60 MeV/c z and 45 MeV/c 2 for two, three and four prong 
decays respectively. The Bd,~ (/3~) candidates were ac- 
cepted in the invariant mass region defined by the in- 
tervals 5 . 1 5 -  5.55 GeV/c 2 ( 5 . 2 5 -  5.65 GeV/c 2) and 
5.20 - 5.50 GeV/c 2 (5.30 - 5.60 GeV/c 2) for two and more 
than two prongs respectively. A ~ candidates were accepted 
in the region between 5.45 GeV/c 2 and 5.9 GeV/c 2. Since 
the main source of background is partially reconstructed B 
decays, the background is higher for masses below the Bd,u 
meson mass. For this reason the signal mass regions were 
chosen to be asymmetric around the mass values of the dif- 
ferent b species. 

3.2 R e s u l t s  

The characteristics of the candidate B hadron decays into 
two, three and four bodies are given in Tables 1, 2 and 3. 

In two-body modes, eight candidates to be charmless de- 
cays of B mesons were reconstructed in the full 1991 - 1994 
statistics: two in the 7r%r- channel, three in K+Tr - ,  one in 
p%r- and two in/<*~ (see Fig. 2). One of the two candi- 
dates classified as a B ---* ~r+~ - -  decay is ambiguous with the 
K+Tr - hypothesis, since the lower momentum hadron has no 
particle identification information. Changing from the 7rTr to 
the K~- mass assignment moves its total mass from 5.18 
GeV/c 2 to 5.32 GeV/c 2, which is also inside the signal mass 
region. No candidates for charmless Ab decays were found. 

The background was estimated by studying the rejection 
factors on simulated qc7 events for independent sets of the 
cuts applied in the analysis. The secondary vertex selection 



Table l. Characteristics of the candidate events in two-body decay modes. 
The invariant mass, energy E7/3, decay distance in units of significance 
d/cr a, and proper decay time rB For the K*Tr and p~- candidates, the 
value of Icos0*l, where 0* is the helicity angle between the direction of 
the K or 7r from the resonance decay and the B direction in the resonance 
rest frame, and the distance of the measured resonance mass from its central 
value in cr units are also given. The first rrTr event is ambiguous with the 
KTr hypothesis 

Channel Mass EB d/crd rB j cos0*l Distance in cr 
[GeV/c 2] [GeV] [ps] from resonant mass 

7rTr 5.184-0.1l 23.0 6.4 3.1 
7rrr 5.24 4- 0.07 21.2 6.4 2.6 
Krr 5.19 4- 0.08 27.5 3.2 0.3 
Krr 5.204- 0.08 39.3 3.0 0.3 
Krc 5.47 4- 0.10 43.7 8.5 1.5 
prr 5.34 4- 0.09 42.0 70.4 3.4 
K*rr 5.21 4"0.06 40.0 17.6 1.2 
K*rr 5.38 4"0.07 39.0 44.6 2.3 

0.68 +0.45 
0.59 +0.78 
0.63 + 1.60 

Table 2. Characteristics of the candidate events in three-body decay modes 

Channel Mass EB d/crd rB 
[GeV/c 2 ] [GeV] [psi 

rrrrrr 5.26 :]: 0.05 34.6 27.2 2.1 
/s 5.23 4" 0.05 40.8 5.1 2.4 
KTrrr 5.39 4- 0.04 20.3 17.6 3.0 
E'rrrr 5.27 4- 0.06 40.2 11.6 1.0 
Krrrr 5.32 4" 0.04 21.6 11.8 1.2 

criteria were relaxed for  the two-p rong  sample.  The effects 
of  the intermediate  mass  and hel ic i ty  angle  constraints  were 
also studied in the mul t i -prong  sample .  In addit ion the back-  
ground suppression coming  f rom kaon  or proton identifica- 
tion was measured  for all the channe ls .  The  reject ion factors 
obtained from s imula ted  events  were  compared  with those 
obtained for real data and found  to be  consistent .  This  study 
gave 0.68 • 0.15 background  events .  

The background  es t imate  was checked  with the number  
of  s imulated events  fulfi l l ing all the select ion cuts in the 
mass  interval f rom 5.1 GeV/c  2 to 6.0 GeV/c  2, normal i sed  to 
the signal region and to the equ iva len t  data statistics. The  
result  was 0.75 4- 0.25 events ,  in ag reement  with the value 
est imated using the re ject ion factors.  

Thus  in two body hadronic  modes ,  eight  charmless  de- 
cay candidates were selected in real  data  with  an est imated 
background of  0.68 4- 0.15 events .  The  probabil i ty  that all 
the events seen are due to a f luc tua t ion  of  this background  is 
10 -6  . This  result  conf i rms wi th  h ighe r  s ignif icance the evi- 
dence for charmless  decays of  B mesons  in two-body  final 
states already reported by D E L P H I  based  on the 1991-1993 
data [ 11 ]. 

In three and four-body decay  modes ,  five and three can- 
didate decays were found respect ively .  These  numbers  are 
consis tent  with the respect ive  es t imated  backgrounds  of  3.5 
4- 1.0 and 5.3 4- 1.2 events  f rom o ther  processes.  

Table 3. Characteristics of the candidate events in four-body decay modes 

Channel Mass E B d / cra r B 
[GeV/c 2] [GeV] [psi 

rrrrrrrr 5.43 4- 0.05 39.6 13.2 1.4 
rrTrrrrr 5.21 4- 0.05 41.4 16.8 0.9 
Krrrr'rr 5.23 4" 0.11 44.5 46.0 0.3 
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Fig. 2. Invariant mass distribution for two body charmless hadronic B 
decay channels. The points with error bars represent the real data and the 
histograms the mass distributions expected in the absence of charmless 
hadronic B decays, as obtained from simulation. The curve represents the 
shape expected for the signal events normalised to the number of candidates 
selected in real data in the signal mass region 

3.3 Discuss ion  

The increased statistics a l low the extract ion of  quanti tat ive 
results for the rates obse rved  in two body  charmless  decay 
channels ,  in par t icular  the b r anch ing  ratios for  channe ls  with 
a significant  excess  of  events  in the data, and the extraction 
of  the fract ion of  events  wi th  a kaon  in the final state that 
does not  originate f rom a specta tor  s quark. 

3.3.1 Branch ing  ratios. In the 7r+rc - and  K+rr  - modes,  five 
events  were obse rved  with an es t imated  background  of  0.15 
• 0.05 events.  These  number s  cor respond  to a probabi l i ty  of  
or iginat ing f rom a background  f luctuat ion of  5 • 10 -5.  The 
efficiency for recons t ruc t ing  e i ther  t3 o --+ rc+rr - or B ~ 
K+rr  - decays wi thout  d i s t inguish ing  be tween  the two final 
states was eva lua ted  to be 0.25 4- 0.01 us ing s imula ted  data. 
The uncer ta in ty  on the recons t ruc t ion  efficiency was taken 
into account  as a sys temat ic  error. Interpret ing all the five 
observed  events  as signal,  the cor responding  b ranch ing  ratio 
is: 

BR(B~ --+ rr+rc - ,  / ( + r r - )  = (2.8_+it'.50(stat.) 4- 0.2(syst .))  

x l 0  -5  

This  result  agrees wi th  the measu remen t  reported by the 
CLEO Col labora t ion  of  ( 2 . 4 4 -  0.8) • 10 .5  [9]. 

The  exclusive  _K+rr - channe l  has  three events  with  an 
e s t i m a t e d  b a c k g r o u n d  of  0.06 4- 0.03. This  corresponds  to 
a probabi l i ty  of  the events  be ing  a f luctuat ion of  the back- 
g round  of  10 -4 .  The  three events  g ive  a b ranch ing  ratio for 
this exclusive channe l  of: 

BR(B~,  s --+ K+rc - )  = (2.4!~.7(stat . )  4- 0.2(syst .))  x 10 -5 
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Table 4. Summary of the results for two-body decays giving the number oI candidates in each channel, the estimated 
background, the reconstruction efficiency, and the corresponding result for the decay branching ratio and its comparison with 
theoretical predictions. All upper limits are computed at 90 % confidence level 

Channel Evts Bkg e Signal Theory DELPHI 
[%] Evts BRx 105 BRx 105 

B~)I ~ 7c+7r 2 0.09 23.0 <5.2 1.1-1.8 [14, 16] <4.5 
a,.~ ~ K+Tr- 3 0.06 18.0 3 1.1-1.8 [14, 15, 16] 2.4+~i! ~ +0.2  

B ~ 2 8 +15 4- 0.2 d,.~ ~ 7r+Tr-, K+Tr- 5 0.15 25.0 5 " -I.0 
B ~  ~ K+K = 0 0.01 8.0 <2.3 <4.6 
A~ ~ p K -  0 0.01 5.5 <2.3 <36 
/3~ 7 ~ p~ 1 0.09 5.5 <3.8 0.4-1.4 [14, 16] <16 
B~- -~ K*~ - 2 0.06 4.5 <5.3 0.6-0.9 [14, 15] <39 
B~ ---* p~ K*~ - 3 0.15 6.0 3 17+_1~ 4- 2 
B~ --~ K - p  ~ 0 0.17 4.5 <2.3 0.01-0.06 [14, 15] < t2  
B~- ~ K-~b 0 0.01 4.0 <2.3 0.6-1.4 [14, 15, 17] <28 
B~)t,s ~ K+a~ 0 0.18 3.5 <2.3 <23 

Table 5. Summary of the 90 % confidence level upper limits for three-body 
decays 

Channel Evts Bkg. e Signal Theory DELPHI 
[%] Event UL BRxI05 BRxI05 

B~ --* 7r+Tr 7r 1 1.9 5.3 <3.0 6 [181 <13 
B~- --~ K-Tr+Tr - 4 1.6 4.3 <6.4 <33 
Bu ---' K + K - K  - 0 0.03 2.6 <2.3 <20 

Table 6. Summary of the 90 % confidence level limits for four-body decays 

Channel Evts Bkg. e Signal Theory DELPHI 
[%] Event UL BRxI05 BRxI05 

B~ -~ Tr§ 7r 2 2.9 3.8 <3.5 10 [18] <23 
B ~ --, K+zc+Tr-Tr - 1 2.4 2.3 <2.9 <23 

For  the decay into three-prong final states, the combina-  
tion of  the pTr and K*Tr channe ls  gave  three events  in real 
data with  an expected  background  of  0 . 1 5 : 5  0.04 events.  
This  excess is also significant,  whi le  for ei ther  of  the indi- 
vidual channe ls  the probabi l i ty  of  a background  fluctuation 
is above  10 .3  . Aga in  cons ider ing  the three candidates  as 
signal events,  the value  for the c o m b i n e d  b ranch ing  ratio is: 

BR(B~- --+ pTc, K*Tr) = (1.72~.8(stat.)  :5 0.2(syst .))  x l 0  - 4  

In three and four-body modes ,  where  no excess of  events  
was observed,  the upper  l imits set by  this analysis  are within 
a factor  two of  the expecta t ions  for  these channels .  The re- 
sults are summar i sed  in Tables 4, 5 and 6 for two, three and 
four-body decays respectively.  

3.3.2 Kaon f rac t ion .  The fract ion of  candidates  in two body 
modes  conta in ing a kaon in the final state was also measured.  
As can be seen by compar ing  Figs. l a  and lb  with Fig. lc, 
this fract ion is sensi t ive to the re la t ive  impor tance  of  the tree 
level and penguin  contr ibut ions  to the decay. 

An  unbinned  m a x i m u m  l ike l ihood fit was per formed 
using the reconst ructed  invar iant  mass  roB,  the average 
Cherenkov  angle 0c and the specific ionizat ion d E / d x  as 
inputs. All the events  with  at least  one of  the 7r or _K mass 
ass ignments ,  independent ly  of  the hadron  tagging,  g iv ing an 
invar iant  mass  in the B mass  s ignal  region were used in 

the fit. j The eff iciency for a s ignal  even t  to be  accepted 
in the fit is 0 . 2 6 : 5  0.01. The  f ract ion F[KTr,  (KTr)/,c.Tr)] = 
N[KTr ,  (KTr)~.Trl/{N[TrTr,  (Trrc)pTr] + N[KTc,  (KTr)K-Tr]} 

/3 (,9 +0.13 was left free in the fit. The  resul t  was . . . . .  0.J6 - 
Decays of  B,~,a mesons  may  produce  a charged kaon 

f rom ei ther  the b ~ s or the C a b i b b o  suppressed  b --+ u s ~  
decay. In the case of  the s t range beauty  meson  B ~ the 
charged kaon can or iginate  f rom the specta tor  s quark also 
in the Cab ibbo  a l lowed tree level b ~ ud'• decay. This  
contr ibut ion was taken into account  in a second fit made  to 
es t imate  the fract ion of  b ~ K decays  for which  a charged 
kaon in the final state is not due to a spectator  s quark.  The 
fract ion of  events  con ta in ing  a kaon  and the fract ion of  B ~ 
candidates  were fitted at the same t ime. 

The result  of  the fit was that  the fract ion of  candidate  
charmless  hadronic  /3 decays for wh ich  a charged  kaon in 
the final state is not due to a specta tor  s quark is: 

F ( b  ~ K )  = 0.58 4- 0.18. 

The  fit gave 1.3_+I(. 5 for the n u m b e r  of  B ~ candidates  
in the sample,  to be compared  with 1.5 expected  assum- 
ing the B s / B a  product ion  ratio f s / f d  = 0.30. Restrict-  
ing the analysis  to the five candida tes  in the two prong 
modes  B ~ ~ 7r+Tr - and K+7r - ,  the cor responding  frac- 
t ion F ( B  ~ ~ K+Tr - )  = N ( B  ~ --+ K + T r - ) / [ N ( B  ~ 

7 r + r c - ) + N ( B  ~ --+ K+Tr- ) ]  is de t e rmined  to be 0 . 5 2 : 5  0.21. 
These  numbers  are cons is tent  wi th  those  expected if the pen- 
guin b --~ s and  tree level b -+ u t ransi t ions contr ibute  
equal ly  to the hadronic  charmless  b decays.  

4 R a d i a t i v e  c h a r m l e s s  decays 

The  radiat ive decay b ~ s 7  has recent ly  been the focus of  
much  interest  f rom both  theory and exper iments .  This  decay 
(see Fig. ld)  p roceeds  th rough  a one- loop  penguin  process,  
s imilar  t o  the one cont r ibu t ing  to the hadronic  modes,  in 
which  a pho ton  is radiated f rom ei ther  the W -  or the quark 
line. The  rate for  this decay has  been  compu ted  in the Stan- 
dard Model .  Inc luding part  of  the next - to- lead ing  order  QCD 
correct ions  gives B R (  b ---, s~ / )  = (1.9 + 0.5) x 10  - 4  [19]. 

No events other than the eight candidates were accepted with this looser 
requirement 
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Additional contributions can come from new particles in the 
loop, such as charged Higgs bosons or supersymmetric par- 
ticles. These contributions can either increase or decrease 
the b -+ so' decay rate compared with the Standard Model 
expectation [20, 211. 

Evidence for b ~ s 7 decays has been reported by CLEO 
both in the exclusive channel B ---* K*(892) 7 [22] and in 
the inclusive mode [23]. The inclusive rate observed corre- 
sponds to a BR.(b ~ s~) of (2.32 • 0.67) x 10 -4, in good 
agreement with the Standard Model expectation. Searches 
for radiative charmless decays have already been performed 
at LEP on limited statistics by the DELPHI [24] and L3 [25] 
experiments. 

4.1 Event reconstruction 

Radiative charmless decays have been searched for in both 
the inclusive b --+ s7 and the exclusive B ~ ~ K*~ chan- 
nels. The b + sO' analysis uses an inclusive algorithm to 
reconstruct the hadronic system accompanying the photon 
in the decay of the B hadron. This method minimizes the 
dependence of the result on the size Of the contribution from 
the individual exclusive decay channels. 

In the search for fully reconstructed exclusive decays, 
two different procedures were followed and the results were 
combined. In the first one, the events reconstructed using 
the inclusive algorithm were tested against the hypothesis of 
being fully reconstructed decays. The second analysis used 
a dedicated exclusive reconstruction procedure similar to the 
one used for the study of the charmless hadronic decays. 

4.1.1 Inclusive search. Hadronic events were selected that 
satisfied the b-tagging criteria and had a neutral electromag- 
netic shower reconstructed in' the HPC calorimeter with en- 
ergy larger than 6 GeV and an energy component transverse 
to the jet axis Et above 0.7 GeV. Neutral pions were re- 
jected by discarding all photons giving an invariant mass 
smaller than 0.25 GeV/c 2 when paired with another photon, 
or by the shape of the electromagnetic showers as described 
in Sect. 2. The accompanying hadronic system was recon- 
structed using an inclusive procedure. Candidate secondary 
particles were selected among those contained in a cone of 
0.7 rad around the photon direction and with momentum 
larger than 1 GeV/c. Pairs of charged particle tracks, sorted 
in decreasing order of significance of their impact parame- 
ters with respect to the primary vertex, were iteratively tested 
for forming a common detached vertex. Vertices having low 
probability or a flight, distance smaller than 0.5 times the as- 
sociated error were digcarded. When a vertex was accepted, 
other charged particle tracks and reconstructed neutral pions 
and K ~ sorted in decreasing order of rapidity, were tested 
for inclusion. Charged particles compatible with the ver- 
tex position and neutrals with rapidity larger than 1.5 were 
added, provided the total invariant mass of the hadronic sys- 
tem and the photon did not exceed 6 GeV/c 2. No more than 
one neutral pion and one neutral kaon were associated to a 
vertex. Events with at least two secondary particles selected 
in addition to the photon, a minimum mass of the hadronic 
system larger than the K ~ mass and a minimum total energy 

of 15'GeV, of which at least 5 GeV came from hadronic par- 
ticles, were accepted. A study of simulated b --~ sO' events 
showed that on average 70 % of the selected particles were 
genuine B decay products. 

Candidate events were selected by further requiring the 
total invariant mass to be between 3.25 GeV/c 2 and 
6.0 GeV/c 2 and the mass of the selected hadronic system 
to be below 1.6 GeV/c 2. The dominant background is due to 
b ---* c decays with a misidentified 7r ~ or an energetic pho- 
ton. The cut on the mass of the hadronic system removes a 
large fraction of this background, while it retains most of the 
signal, since the predicted invariant mass distribution of the 
hadronic system in b ~ s7 decays peaks below 1.5 GeV/c 2 
[26]. 

The energy of the B hadron was estimated by scaling 
the sum of the energies of the selected particles and of the 
photon by the ratio of the total visible mass to the B me- 
son mass. This procedure resulted in an energy resolution 
of about 7 % for the selected signal events. Events with a 
scaled energy above 20 GeV were retained and the recon- 
structed photon was boosted into the B rest frame. Signal 
b ---, s',/events give an almost mono-energetic photon in this 
rest frame with energy E* close to the kinematic limit of 
(m 2 - m]) / (2  rob) = 2.4 GeV. The accuracy of the de- 
termination of the photon energy, E*, in the B rest frame 
was studied using simulated b ~ so' events. The resolution 
function was extracted from the difference between the re- 
constructed and generated E* values after all the selection 
cuts. This resolution function is well described by the sum 
of two Gaussian distributions having cr widths of 40 MeV 
and 110 MeV with the narrower of the two distributions 
containing 40 % of the decays. 

The detailed shape of the photon spectrum was obtained 
from a fully inclusive spectator model that uses a /3 me- 
son wave function model and includes gluon bremstrahlung 
and higher order radiative effects [26, 27]. The input pa- 
rameter values chosen were rnB = 5.279 GeV/c 2, rntop = 
180 GeV/c 2 and PF = 0.27 GeWc, where PF is the Fermi 
motion of the b quark in the hadron, while the spectator 
quark mass fr~q was set to zero. In the simulation of the sig- 
nal events, the branching ratios for the different K* states 
were taken from the same model [28] except for the K*(892) 
for which the central value of the CLEO measurement [23] 
of BR(/3  --+ K*(892)'7)/Bl~(B ---, sO') = 0.19 was used. 
In addition, 27% of the radiative decays were allowed to 
produce multi-body final states for which the JETSET frag- 
mentation scheme was used [29]. Using this simulation, the 
efficiency for the above reconstruction procedure was found 
to be 0.043 4- 0.002. For comparison, using this efficiency, 
the central value measured by the CLEO collaboration for 
BR(b  ~ sT) corresponds to about 11 signal events recon- 
structed in the DELPHI data. 

4.1.2 Exclusive search. Exclusive radiative b decays were 
searched for in the channels: 

_ /3 o ___, K*(892)07, K*(892) ~ ---+ K-Tr  +, 

- B ~ --, ~b(1020)'7, . q5(1020) --+ K + K  - .  

Two reconstruction algorithms were used. 
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In the first one, further selections were made from the 
events reconstructed in the inclusive b --+ s7 analysis by tak- 
ing those for which the hadronic system was consistent with 
K*(892) ~ ---+ K-re  + (() ~ t,2+K - )  and the Krc7 ( I (KT)  
mass corresponded to the /3  meson mass. Candidate events 
were selected in the mass region 4.9 GeV/c 2 < M(/s < 
5.7 GeV/c 2 and 5.0 GeV/c2< M ( K K  7) < 5.8 GeV/c 2. 

The second algorithm looked for displaced secondary 
KTr ( K K )  vertices associated with an energetic photon. This 
procedure profited from the clear signature of a charged kaon 
tagged by either the RICH detector or the dE/dx of the TPC 
emitted in a cone of 0.7 rad around the photon direction. The 
candidate kaon was tested to form a displaced secondary ver- 
tex with each of the other tracks having momentum above 
1.0 GeV/c. Pairs having an invariant mass compatible with 
that of the K*(892) ~ or q5 meson were associated with the 
photon and the total mass of the corresponding Krr 7 or 
K K 7  system was computed. The selection criteria were sim- 
ilar to those of the b ---, s T analysis for the photon and to 
those of the hadronic charmless decays for the charged parti- 
cles. The photon was required to have more than 6 GeV, the 
momentum of the tagged kaon had to be above 3.5 GeV/c 
and the sum of the photon and K* energies had to exceed 
25 GeV. 

The B mass resolution obtained from simulated signal 
events was 0.25 GeV/c 2 for both selection algorithms. The 
efficiency was computed with fully simulated B ~ -+ K* (qS) 
3' events. Taking into account the fraction of signal events 
tagged by both procedures, the total efficiency is 0.076 • 
0.008 (0.075 4- 0.010). Using this efficiency, the central 
value of the CLEO measurement of B R ( B  ~ hi'*7) = (4.5 
4- 1.7) x 10 -5 [22] corresponds to 2 fully reconstructed 
decays in the DELPHI data sample. 

4.2 Results 

4.2.1 Inclusive search. The fraction of inclusive b ~ s7 
candidates selected in real data by these cuts was extracted 
by a fit to the shape of the spectrum of the boosted photon 
energy. The signal was described by the predicted photon 
spectrum described above smeared with the resolution func- 
tion obtained using simulated signal events. The background 
was modelled using fully simulated hadronic events not con- 
taining b ~ ST' decays and fulfilling the same cuts as the 
real data. 

No excess of events in real data was observed and the 
fit gave 1 4- 12 signal events or BR(b ~ s7) = (0.2 4- 2.5) 
• 10 -4 (Fig. 3). This corresponds to an upper limit of 20 
events at 90 % confidence level or B R (  b ~ s7 ) of 4.4 x 
10 -4 . The ratio of events selected in real and simulated data 
in the full spectrum of E* was 1.03 4- 0.06. In the signal 
enriched region, defined by 2.25 < E'* < 3.00 GeV, 84 • 
9 events were found in real data with 91 4- 4 expected from 
simulation. 

The stability of this result with respect to changing the 
selection criteria was studied. In particular, relaxing the b- 
tagging cut to 0.03, as for the other analyses, gave 5 4- 
13 signal events or BR(b -+ s'7) = (1.0 4- 2.5) x 10 -4 
corresponding to an upper limit of 5.2 x 10 -4. Making the 
b-tagging requirement tighter by cutting at 0.001 gave an 
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Fig. 3. Energy spectrum of the photons selected in the inclusive b ---+ s'? 
analysis in the rest frame of the B meson. Real data and background from 
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b >sy  

upper limit of 4.6 x 10 -4. The cut on the minimum energy 
of the photon candidates was moved to 5 GeV and 8 GeV, 
this did not change the result of the fit. 

In the region 2.25 < E* < 2.60 GeV, where the signal 
to background ratio is more favourable, the background is 
due mainly to B --+ D*rc~ decays and q~77 events. 

- The branching ratios for the two-body t3 -+ D*~ ~ de- 
cays were tuned in the simulation in order to agree with 
the present world averages [30]. Their uncertainty was 
included in the systematic errors. The inclusive 7r ~ back- 
ground was checked by repeating the analysis selecting 
rr ~ candidates instead of photons. The shape of the E* 
distribution for real data was found to be reproduced by 
simulation. In the region 2.25 < E* < 2.60 GeV there 
were 101 4- 10 events in real data compared with 106 
• 5 expected from simulation. 

- The ratio of the number of qc77 events in real data to that 
in the simulation was estimated by a fit to the distribution 
of Et /E  for the selected photons . The q07 events are 
characterised by a broad distribution of Et /E  extending 
to large values while other processes, including b -+ s?, 
are peaked at Et /E  below 0.35. An excess of events at 
Et /E  above 0.45 was present in real data. From the result 
of a fit leaving the fraction of q0"/events free, the ratio 
of qq7 events in the data to that in the simulation was 
found to be compatible with 1.0 with an error of 0.25. 
Changing this ratio from 1.00 to 1.25 would give - 7 +  
14 signal events, compatible with zero and thus with the 
present result. Lowering this ratio to 0.75 gives 5 4- 14 
signal events corresponding to an upper limit of 5.7 x 
10 -4" 
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The sensitivity of the upper limit to the predicted shape 
of the E* distribution for b ---, s7 events was also studied. 
This was done by varying the value of p~, from 0.27 GeV/c, 
obtained from an analysis of the/3 semi-leptonic decay [31 ], 
to 0.45 GeV/c, which gives the best fit [27] to the photon 
spectrum obtained by CLEO. The change in the value of PF 
increases the smearing of the photon spectrum. The upper 
limit derived with the new value for p~- increased to 5.0 x 
10 -4" 

To take the systematic errors into account, the levels of 
the D(*)Tr ~ and qq7 backgrounds and the value of pf  were 
varied as above and the resolution function, the absolute nor- 
mal•177 of real to simulated data, and the reconstruction 
efficiency were all changed by their uncertainties. The con- 
volution of the changes in the fitted number of signal events 
was propagated to obtain the upper limit in the presence of 
systematic errors. The final result was: 

BR(b ---* sT) < 5.4 x 10 -4. 

This limit is compatible with the Standard Model expecta- 
tions for BR(b ~ sT) and the results reported by the CLEO 
Collaboration. 

4.2.2 Exclusive searches. For the/3o __~ K.07  mode (Fig. 4), 
there are two events in the signal mass region with an 
expected background of 0.66 • 0.17 events. This corre- 
sponds to a probability for a background fluctuation of 
0.14. Therefore no significant excess of events was ob- 
served and the upper limit on the number of signal events 
of 4.7 was derived at 90 % confidence level corresponding 
to BR(/3 ~ ~ K*(892) ~ 7) < 1.8 x 10 -4. The ratio of 
events in real and simulated data in the mass region from 
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Table 7. Summary of the 90 % confidence level upper limits for radiative 
decays 

Channel Evts Bkg. e Signal Theory DELPHI 
[%] Event UL BRxl05 BRxl05 

b ---, s7 84 91 0.042 <23 19=1=5 [19] <54 
t3~ --* K*~ 2 0.67 0.076 <4.7 1.0-11.0 [19, 28] <21 
B~ ~ r 1 0.35 0.075 < 2 . 3  1.0-11.0 [19, 28, 32] <70 

3.5 GeV/c 2 to 6.5 GeV/c 2, excluding the signal region, was 
found to be 1.13 • 0.30. 

This result was cross-checked by performing a fit to 
the spectrum of the photon energy in the /3 rest frame as 
was done for the inclusive b ~ s~, analysis. The fit gave 
BR(/3~ ~ K*(892) ~ "7) = (7.8 • 6.8) x 10 -5, correspond- 
ing to an upper limit at 90 % confidence level comparable 
with the one obtained above. 

After including the effect of the systematic uncertainties 
on the background estimate and the reconstruction efficiency, 
the final result was: 

BR(/3~ --+ K*(892) ~ 7) < 2.1 x 10 -4. 

For the /3o __~ r  mode, one candidate was selected 
with an estimated background of 0.35 • 0.13 events. Thus 
no excess of events was seen and the upper limit for the 
decay branching ratio was found to be: 

BR(/3~ --* r 7) < 7.0 x 10 -4  

at 90 % confidence level and including systematic uncertain- 
ties (Table 7). 

5 D i n e u t r i n o  c h a r m l e s s  d e c a y s  

Like the radiative b --+ s"/ decays, b ~ sl{ decays with 
1 = e, #, u have also received considerable theoretical atten- 
tion [20, 33, 34]. In the Standard Model, dineutrino decays 
b --~ suO (Fig. le) are simpler to treat than other classes 
of rare decays involving dileptons, such as b ~ s#+# - ,  
and therefore the rates predicted are subject to smaller un- 
certainties. The estimated rate for b --* sub is in the range 
(0.4 - 1.0) x 10 -4 for mtop = 180 GeV/c 2, with about 30 % 
of the inclusive rate going through/3 ~ K* ut? [34, 35]. 
Analogously to b ---, s7 decays, the rate for this decay can 
be modified by the contribution of new particles in the loop. 

In addition it has recently been pointed out [36] that a 
new U(1) gauge boson X,  coupling predominantly to third 
family fermions, could give a large increase of the rate b ---, 
su~F,~ produced by tree level X boson exchange in addition 
to Z exchange. For specific combinations of the X boson 
mass M x ,  its coupling 9 x  and the Z - X mixing angle, this 
rate can become as large as the b semi-leptonic decay rate. 

At LEP this process can be searched for in exclusive 
decays consisting of a secondary strange particle accompa- 
nied by large missing energy due to the presence of the two 
neutrinos. At LEP energies, the decay products of the two 
b quarks are contained in opposite hemispheres. This is es- 
sential for tagging the presence of a beauty hadron decaying 
into su~ using the missing energy. To suppress the large 
backgrounds from partially reconstructed s, c and b decays, 
the analysis was performed using the exclusive final states 
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K ' u P  and but>. The cuts on the invariant mass of  the strange 
mesons and the secondary vertex reconstruction reduce the 
combinatorial  and other backgrounds.  

5.1 Event reconstruction 

Hadronic events satisfying the b-tagging criteria were se- 
lected as in the two previous analysis. The b ---+ sup  decays 
were searched for in the exclusive channels: 

_ B o ~ K*(892)~  K*(892)  ~ ---, K + r r -  

- B ~ --, b( lO20)uP,  r  + K + K  - .  

The reconstruction started with an identified charged I~" hav- 
ing momentum larger than 3.5 GeV/c.  Oppositely charged 
particles belonging to the same je t  and having momentum 
above 1 GeV/c were tested for forming a common vertex 
with the charged kaon. Vertices with a low fit probability or 
a decay distance with respect to the primary vertex normal- 
ized to its error below 2.5 were rejected. 

The characteristics of  the / )  -+ K* (b) up signals 
were studied on fully simulated events. For this simula- 
tion the JETSET event  generator was used and events were 
reweighted in order to reproduce the predicted mass dN- 
tribution of the uP system [34]. Signal b ~ sup  events 
can be separated from most of  the background sources 
by using the energy detected in the hemisphere. The vis- 
ible energy Evi.~ in the hemisphere containing the strange 
meson candidate was determined as the sum of the en- 
ergy in charged particles E~h~, in electromagnetic show- 
ers measured in the HPC calorimeter  EHPC,  and in neu- 
tral hadrons detected by the hadron calorimeter EHCAL.  
The missing energy was defined as Emiss = E h e , n  - -  J)Tvi~. 

The total energy in the hemisphere Ehem was determined 
imposing four -momentum conservat ion and it is given by 
Ehem = Eb . . . .  -- (~i~h -- ~12h)/(4Ebeam) where Eb . . . .  is 
the beam energy and M~h, Moh the invariant mass of  the 
sarrie and of  the opposite hemisphere  with respect to the 
strange particle candidate. The resolution on the missing en- 
ergy can be parametrised by a Gaussian distribution with a 
resolution cr of  5 GeV and a wider  component  extending to 
larger values of  missing energy. 

Signal events are characterized by a large missing en- 
ergy corresponding to a low value of  E v i s / E h e m  and a 
large fraction of  the energy in charged hadrons and pho- 
tons taken by the strange meson candidate. Semi-leptonic 
decays of  either b or c quarks can also give large missing 
energy due to the emission of  a neutrino and therefore rep- 
resent a potential source of  background. These events were 
removed by rejecting all K+rc - and K + K  - pairs having a 
tagged lepton in the same hemisphere.  Events for which the 
missing momentum vector points outside the barrel region 
were rejected since the missing energy is likely to be due to 
neutrals outside the acceptance of  the calorimeters. Events 
were also rejected if the invariant mass of  the hemisphere 
containing the strange meson was above 10 GeV/c  2 since 
signal b --+ sup  events are characterised by a low jet  mass 
due to the missing neutrinos. 
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Table 8. Summary of the 90 % confidence level upper limits for dineutrino 
decays 

Channel Evts Bkg. e Signal Theory DELPHI 
[%] Event UL BRxt05 BRxl05 

B~ ---+ K*~ 70 76 0.09 <32 1.0-3.0 [34, 35] <100 
BI~ --+ Cuz~ 97 94 0.07 <30 <540 

5.2 Resuhs 

To separate possible signal candidates from the bulk of  the 
background, the variable ee describing the position of  each 
selected entry in the E t c * / ( E c h a + E H P C ) ,  E , , i ~ / E h ~  plane 
was defined (Fig. 5). For the events in the signal enriched 
region corresponding to c~ below 0.9, a binned l ikelihood fit 
to the Krc ( K K  ) invariant mass distribution was performed 
to extract the number  of  events containing a K*  or r strange 
meson resonance. 

In real data 70 + 18 (97 + 16) events with a K*  (r were 
seen with an expected background of  K*  (b) from other 
processes of  76 • 7 (94 + 6) (Fig. 6). This corresponds 
to 90 % confidence level upper limits for the number of 
signal events of  32 and 30. A study of  the simulated signal 
sample showed that (9.0 -+- 0.7)% of K ' u P  signal events 
and (7 4- 1)% of  but> satisfy these selection criteria. The 
fol lowing upper limits were obtained from these numbers: 
B R ( B d  --+ K ' u P )  < 9.5 x 10 -4  and B R ( B s  -+ OuP) < 
4.9 x 10 -3. 

The agreement  between the data and the Monte Carlo 
in describing the background was verified. T h e  ratios of  the 
events in real data and simulation in the region of  c~ above 
0.9 is 1.02 + 0.03 (0.95 4- 0.05), showing that the rejection 
factors of  the selection cuts for real data are well  reproduced 
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by the simulation. Also the number of K* and r candidates 
obtained from the fit to the mass distributions in real data 
and simulation were found to be in agreement. Before ap- 
plying the cut on the angular variable oz, the ratios of these 
numbers were 1.00 4- 0.07 and 0.98 4- 0.07 for K* and q5 
mesons respectively. Including the statistical errors of these 
comparisons as contributions to the systematic uncertainty, 
the final values of the upper limits are (Table 8): 

BR(Bd --~ K*vf/)  < 1.0 x 10 -3 

and 

BR(Bs ~ ~uO) < 5.4 x 10 -3. 

These limits place a constraint on the combination 
( g x / M x )  2 x m i x i n 9  angle in an extended theory with a 
new U(1) gauge boson X coupling predominantly to the 
third generation of fermions [36]. Assuming a ratio between 
the exclusive/3 --+ K ' u 9  branching ratio and the inclusive 
b ~ sup rate of 0.30, an upper bound for the mixing an- 
gle ]A2L312 + I)kg] 2 follows from the upper limit obtained for 

B ~ --, K*u~,. If ( 9 x / M x )  2 = G/2x /2 ,  the upper bound is 
1.0 x ]Vcbl. Taking ( M x / 9 x )  = 1 TeV the limit becomes 4.0 

xlVcbl. 

6 Conclusions 

A search for rare decays of the b quark in charmless 
hadronic, radiative and dineutrino modes has been performed 
using 3 x 106 Z 0 hadronic decays recorded by the DELPHI 
detector at LEP. 

Evidence for charmless hadronic decays of /3 mesons 
was obtained by observing eight events in two-body modes. 

The branching ratio for B ~ K+~c - )  was a,s --+ ( 7r+Tr- + esti- 

mated to be (2.8 _+l(.~ (stat.) + 0.2 (syst.)) x 10 -5 from five 

events and that for BS- --+ (pTr + K*Tr) was estimated to be 
(1.7 +1.2 (stat.) i 0.2 (syst.)) x 10 -4 from three events. The -0 .8  
exclusive decay B ~ d,, + K+Tr- was observed with a rate of 

(2.4 +1(.7 (stat.) -4- 0.2 (syst.)) x 10 -5 from three events. 
In each case, the probability of the observed signal having 
arisen from a background fluctuation was below 10 - 3 .  

The fraction of these hadronic charmless b decays with 
a kaon in the final state not due to a spectator s quark was 
also measured. It was found to be 0.58 4- 0.18. This value 
agrees with the expectation if the b -+ s and the b + u 
decay processes contribute almost equally. The same fit gave 
1.3_+1(.~ for the number of B ~ candidates in the sample, to be 
compared with 1.5 expected assuming the/3~//3~ production 

ratio f ~ / f d  = 0.30. 
Improved upper limits were set for other two-body 

hadronic charmless B meson decays and for the charmless 
decay of the beauty baryon Ab --+ p K -  (see Table 4), and 
also for three body (Table 5) and four body (Table 6) /3 
meson decays. 

Using an inclusive algorithm for reconstructing the 
hadronic system accompanying an energetic photon, can- 
didate b --+ sh' events were separated from the dominant 
b ~ c background. No excess of events was found in the 
signal region. An upper limit for BR(b + sT) of 5.4 x 10 - 4  

at 90 % confidence level was obtained. 
The exclusive decays B ~ ~ K*(892)~ ' and B ~ -+ &)' 

were excluded at 90 % confidence level for branching ratios 
above 2.1 x 10 - 4  and 7.0 x 10 - 4  respectively. 

Finally the first limits for the exclusive charmless dineu- 
trino decays /3o _.~ K*u~, and B ~ ~ ~uO were found to 
be less than 1.0 x 10 - 3  and 5.4 x 10 .3 at 90 % confi- 
dence level. These limits have implications on models with 
an additional U(1) gauge boson coupling predominantly to 
the third family. 
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