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SEARCHES FOR RARE B DECAYS WITH THE ALEPH DETECTOR

H. KROHA
Max-Planck-Institut fir Physik, Féhringer Ring 6, D-80805 Munich, Germany

ALEPH Collaboration

New results on searches for rare beauty decays are presented which are based on the complete LEP I data sample
collected by the ALEPH experiment. An attempt has been made to measure the inclusive charmless semileptonic
branching ratio of B hadrons with a novel technique which allows to reduce the model dependence of the result
compared to previous methods. The searches for charmless hadronic B decays and for the rare leptonic decay
B+ — 7%, are updated. Charmless two-body decays have been observed with high significance. With the same
method as used for the Bt — 7%, search, a first limit on the inclusive FCNC process B — X v& has been

derived.

1 Introduction

At the end of the LEP I running period, the
ALEPH experiment ! has collected 4.1 - 108
hadronic Z° decays with fully operational silicon
vertex detector 2. The data were taken in the years
1991-95 and correspond to about 0.9-10% Z® — bb
events. Based on this data set, searches for rare
decays of B hadrons have been updated and im-
proved by new analysis methods.

2 Charmless Semileptonic B Decays

The search for charmless semileptonic B decays
is motivated by the opportunity to determine the
CKM matrix element |V,;| by measuring of the
branching ratios for these decays.

Charmless semileptonic B decays have first
been observed by the CLEO ® and ARGUS * ex-
periments from the analysis of the endpoint re-
gion of the inclusive lepton spectrum. The error
on the inclusive branching fraction for b — ufv
and on the extracted ratio |Vys|/|Ves| is domi-
nated by systematics due to the model assump-

tions needed to extrapolate the decay rate from

the endpoint region. The present average from in-
clusive measurements at the Y (4.S5) resonance is
|Vas|/|Ves| = 0.08 £ 0.025.

Recently CLEQ ® has also observed signals of
charmless semileptonic B decays in exclusive chan-
nels. The model dependence in the determination
of |Vup| from the exclusive decay rates turns out
to be still as large as 25%, like for the inclusive
search.

ALEPH has developed a novel selection
method” in order to reduce the model dependence

in the determination of the inclusive b — ufv
branching ratio. This approach avoids the restric-
tion to a small region at the endpoint of the lepton
spectrum by using a multivariate analysis to dis-
criminate between signal and b — ¢ background
over the whole kinematic range.

The analysis proceeds in several steps. A 98 %
pure sample of 48000 bb events is selected using a
b lifetime tag® in the event hemisphere opposite to
an identified lepton with momentum greater than

3 GeV.

In these events, tracks from the hypothetical
semileptonic B hadron decay, B =+ X{v, are se-
lected. Charged and neutral particles from the
hadronic part of the decay are distinguished from
fragmentation particles on the basis of their kine-
matic properties (momentum, rapidity, decay an-
gles, track impact parameter) by using a neural
network algorithm. Purities of 60 and 70% are
achieved for b — ufy and b — clv decays, re-
spectively, at 80% selection efficiency. The neu-
trino 4-momentum is reconstructed as the missing
momentum and energy in the lepton hemisphere
determined from a comparison with the opposite
hemisphere.

From the B decay candidate tracks, includ-
ing the charged lepton and the reconstructed neu-
trino, the B momentum can be estimated with an
uncertainty of o(pg) = 4.5 GeV and an average
polar angle deviation of 4.2°. In the B candi-
date rest frame, kinematic information from the
charged lepton, the reconstructed neutrino and the
hadronic final state is combined in a neural net-
work algorithm with two hidden layers to discr-
minate between the inclusive b — ufv signal and



b — c background. The 20 discriminating vari-
ables, including the charged lepton energy, energy
fraction and transverse momentum with respect
to the B direction and track multiplicity, invari-
ant masses and transverse momenta relative to the
lepton direction for the hadronic system, are well
described by the Monte Carlo simulation and were
selected such that they are insensitive to B decay
model assumptions

The distribution of the neural network output
NNy, is shown in figure 1 for data and for the
Monte Carlo prediction normalized to the data.
While in the background region, NNy, < 0.5, data
and Monte Carlo are in good agreement, there is
a clear excess of 267 = 90 events above the ex-
pected b — ¢ background in the signal region,
NNy, > 0.5, which contains 60% of the b — ufvr
contribution. Fitting the data in the signal re-
gion with the prediction gives for the inclusive
charmless semileptonic branching ratio a prelim-
inary value of

BR(B = X, fv) = (1.6 £ 0.454a;) - 1073

which is in agreement with the results from the
Y(45) for |Vus|/|Ves|-
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Figure 1: Neural network output NN, for data (full cir-
cles) and Monte Carlo prediction normalized to the same
number of entries.

For the simulation of B — X, v decays over
the whole kinematic range, a hybrid model was
used. While at low hadronic recoil energy (<
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Figure 2: Invariant mass distribution for candidate track

pairs under the pion hypothesis, for a) opposite-sign and
b} like-sign charge combinations.

1.6 GeV) exclusive final states (X, = =, p, w, 7
etc.) were generated with JETSET Monte Carlo,
non-resonant multi-pion final states at larger recoil
(85% of all b = ulr decays) were described by an
inclusive quark model (ACCMM?® with parameters
fit to CLEO data). Variations of the parameters
of the hybrid model and the use of an alternative
inclusive b — ufv lepton spectrum predicted by
QCD sum rules '° result in a systematic uncer-
tainty in the branching ratio of £12%.

The lepton spectra for the simulation of the
b — cfv and b — ¢ = sfv background were ob-
tained by fitting model predictions to data from
the Y(4S) resonance and from the ¢ threshold.
Systematic errors are determined by using differ-
ent models. The dominant systematic errors in the
background modelling come from uncertainties in
the semileptonic branching ratios and in the topo-
logical branching ratios for D mesons. The pre-
liminary total systematic error on the b — ufv
branching ratio from these studies is +25 %.



Table 1: The numbers of candidate events with x2-probability > 10% for a given decay hypothesis greater than 10% (see
text) and 90% C.L. upper limits on the branching ratios (BR x 10%) for charmless hadronic two-body decay modes of
beauty hadrons from ALEPH in comparison with other experiments and with standard-model expectations.

# candidates ALEPHII | CLEOZ | DELPHI® | OPAL'® | Standard
w. prob(x?) > 0.10 | this conf. 1995 1996 1994 Model 13
# bb events 0.9x 10° | 2.6 x 10° | 0.6 x 10° | 0.3 x 10°
E‘!‘ —ata 2 <4.1 <20 <45 <47 1.0 - 2.6
B, »rtn~ 3 <17 - - - -
E"s — K-nt 1 < 3.0 <1.7 < 9.0 <8.1 1.0 — 2.0
g(,;» K+tn~ 4 <21 - - < 26 1.4—-1.8
Eg - KtK~ 0 <18 < 0.4 <12 - -
B, - K*K~ 0 <59 - - <14 0.6 —2.1
—%
By — pp 0 <18 - - - -
B, — pp 0 < 5.9 - - - -
Ay > pr— 0 < 5.0 - - - -
Ap = pK~ 0 <5.0 - < 36 - -
T i hadron, combined with high-precision 3D track

Figure 3: Display of a B & h*th~ candidate event in the
ALEPH detector with the vertex region enlarged (most

likely hypothesis: By — K+7~).

3 Charmless Hadronic B Decays

3.1 Observation of Hadronic Two-Body Decays

A search has been performed !! for charmless
hadronic beauty decays of the type B — h*h~,
where a B hadron, Bf, or Ay, decays into a two-
body final state consisting of 7%, K* and p (see
Table 1). The decays By — n+n~, By — K+n~
and Ay — pr~ proceed predominantly viaa b — u
tree level process while gluonic penguin graphs
dominate for the decay modes ‘B‘f,’, - atK-,
_B_(: — Kt*K~ and Ay = pK~ (charge conjugate
processes are implied).

At LEP energies, the large boost of the B

coordinate reconstruction in the ALEPH silicon
vertex detector 2, allows to efficiently identify dis-
placed common vertexes of the two final-state par-
ticles from B decay.

A combination of strict kinematic and vertex
topology criteria was applied. This includes re-
quirements for large reconstructed B momentum
(pp > 30 GeV) and for large decay length signif-
icance (£/o¢ > 6). The cuts are chosen to elim-
inate combinatorial background in the invariant
mass region of the B candidates. The signal mass
region (under the 7t~ hypothesis) is defined to
lie 3 standard deviations above the kinematic limit
of 5 GeV for track pairs from b — ¢ decays, with
a mass resolution of o, = 44 GeV.

In the signal region of the invariant mass dis-
tribution for the selected unlike-sign track pairs
(see figure 2), four clean B — h*h~ candidates
with well separated decay vertex are observed (see,
for example, figure 3). The four rare decay can-
didates have been found at a rate of one per year
between 1991 and 95. In the same mass range,
there are no like-sign candidates which are an in-
dication for combinatorial background.

The combinatorial background contamination
was estimated in an extensive Monte Carlo study
using a sample of Z% — g events without b - u
decays which, passed through the full detector
simulation after a preselection, is equivalent to 320
times the number of data events. Five background
events were found in the signal region. With a
safety factor of 3 which accounts for possible un-



derestimation of background in the simulation,
this corresponds to a combinatorial background
contribution in the data of 0.05 £ 0.02 events.
The (binomial) probability that the signal could
be caused by a background fluctuation is 9-1077.

Table 2: Selection efficiencies £, numbers of candidate

events and 90% C.L. upper limits on the branching ratios

(BR x 10%) for charmless hadronic multi-body decay modes
of B mesons in comparison with the 1996 PDG limits.

Channel € #ev. | ALEPH | PDG 96
[%] limit limit 17

BT s atnta— 7.0 0 0.50 1.9
BY 5 27xt+27— 3.0 2 2.6 2.8
Bt 5 3zn+2n~ 4.3 4 2.8 8.6
B® — 3x+37~ 1.2 2 6.6 30
BT > pprt 4.2 0 0.84 1.6
B® - pprnt 2.4 0 1.5 2.5
Bt »pp2nte— | 1.6 1 3.7 5.2
BY 5 atx 0 28 1 2.2 7.2
Bt 5 2xtn—x° 1.2 \] 29 40
B% 5 2nt2x—7° | 0.3 0 12 90
B+ = ot 11 0 0.32 0.43
BO — p0p0 8.5 0 0.40 2.8
B® - af ¥ 23| 1 2.4 4.9
B* - ap® 2.5 0 1.3 6.2
B° » afay 0.6 0 5.7 28
Bt - pA~ 47| o 0.76 3.8
Bt — pAtTt 13 0 0.26 1.5
B — AOR° 09| o 38 15
BY > A+tA—— | 74 0 0.47 1.1
BY o pEx¥ 5.4 3 1.8 0.88
BY — p07® 4.2 0 0.84 0.24
Bt — ptp0 2.9 0 1.2 10
Bt 5 wr?t 6.2 0 0.57 4.0
Bt 5 ynt 2.2 0 1.6 7.0

Assuming equal partial widths for related de-
cay processes of B}, B} and A, (tree vs. penguin-
graph dominated decays), the average inclusive
branching ratio for charmless hadronic two-body
decays of B hadrons is determined from the ob-
served number of events to

BR(B = hth™) = (1.7739+0.2)-107°

which is consistent with the CLEO '? and DEL-
PHI '3 measurements. The largest source of sys-
tematic uncertainty is background from charmless
B decays involving neutrals, in particular B —
7% pF, with pF — 7Fx%, which can contribute a
fraction of up to 7% to the observed signal.

The four B — h*h~ signal events can-
not be unambiguously associated to specific final
states. Discrimination of exclusive decay chan-
nels is rather done on a probabilistic basis. With

an unbinned maximum-likelihood fit based on the
expected dE/dz and invariant mass distributions
for the individual final states, the fraction of tree-
diagram dominated charmless B decays is deter-
mined to be

BR(B},) = ntn~(K~))

_ 1_0+0.0+0.0
BR(BY,) — h*h~)

-0.3-0.1»

or greater than 40% at 95% C.L.

3.2 Limits on Exclusive Channels

In order to classify the four selected events ac-
cording to the exclusive decay channels they may
originate from, a x2-probability is determined for
each decay hypothesis based on the dE/dz and
invariant mass measurements for the final state
particles. For each decay mode, the number of
events with corresponding x2-probability exceed-
ing an optimized cut value of 10% is counted. The
derived 90% C.L. upper limits on the branching
ratios for the exclusive decay modes (see Table 1)
are the best among the LEP experiments.

Several classes of charmless hadronic multi-
body decays of B} and B* mesons have also been
searched for 19, including final states with a =,
with light meson resonances and with baryons.
The selection criteria are similar to the ones for
the two-body decay modes but optimized for the
individual final states and the specific background
processes. The cuts are chosen to eliminate com-
binatorial background in the +30,, signal regions
around the B mass (+20,, for final states involv-
ing a 7%) where the mass resolution o,, depends
on the decay mode. Charged final state particles
are identified by dE/dz cuts.

The selection efficiencies, numbers of candi-
date events and 90% C.L. upper limits on the
branching ratios for the studied rare decay chan-
nels are given in Table 2. No background sub-
traction was performed. The new ALEPH lim-
its improve upon most of the 1996 PDG limits !7.
Standard model predictions!® for the investigated
branching ratios range between 105 and 1076.

4 Limitson BY = 7ty and b — svi Decays

The rare leptonic decay Bt — 7tuv, is of inter-
est for future determinations of the CKM matrix
element |V, | or of the B decay constant fp. Stan-
dard model predictions for the branching ratio are
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Figure 4: Missing energy distribution for the B* — tty,

and the inclusive B — X v search. Monte Carlo predic-

tions for both processes corresponding to branching ratios

of 1% and 0.3%, respectively, are indicated, together with
the expected background contributions.

on the order of 1075, This could, however, be en-
hanced by contributions from new heavy bosons,
like a charged Higgs, mediating the decay.

The search procedure has been developed for
the measurement of the inclusive semileptonic
B - 1y, X branching fraction '®. Measure-
ments for both decay modes have been updated for
the 1991-95 data sample !°. Since only hadronic
7t = D, Xhaa decays are accepted, the final state
contains two neutrinos in both cases and the sig-
nature is large missing energy Eniss in one event
hemisphere. Background due to limited detector
resolution and hermiticity and from semileptonic
charm and beauty decays is suppressed by a lep-
ton veto in the missing energy hemisphere and by
applying a b lifetime tag® in the opposite hemi-
sphere.

The optimized signal regions for B - 7+ v, X
and B* — 7%, in the missing energy spectrum
(compare figure 4) are 16 < Eniss < 35 GeV and
35 < Emiss < 50 GeV, respectively. The event se-
lection is also optimized separately for each of the
two decay modes. Fitting the Monte Carlo predic-
tions for signal and backgrounds to the data in the
signal region, one obtains the updated branching

ratio measurement
BR(B = v, X) = (2.41 £ 0.21 £ 0.34)%.
The updated 90% C.L. upper limit
BR(BY - 1%v,)<1.6-107°

is extracted from the number of events in the cor-
responding signal region without background sub-
traction and takes into account systematic uncer-
tainties in the B* production rate and in the se-
lection efficiency due to the b fragmentation func-
tion. The result improves on the previous best
limit which was also obtained by ALEPH 8.

A competing process for the Bt — +tp,
search is the inclusive FCNC decay B — X,vp
which can be searched for with the same missing-
energy method 2°. The process b — sy, which
in the standard model proceeds via weak penguin
and box diagrams, is interesting because it can
provide a theoretically clean determination of the
CKM matrix element |V;,|; NLO QCD calcula-
tions of the decay rate exist 2!. Standard model
predictions for the branching ratio are on the order
of 5-1075.

The selection efficiency for B - X, v7 decays
depends on the shape of the missing energy spec-
trum for these events (compare figure 4). The en-
ergy spectrum of the two neutrinos from b — svv
was taken from ?° and the hadronic system X,
generated with JETSET. A preliminary 90% C.L.
upper limit of

BR(B — X,wp) <1.7-107*

is derived. With the same selection, the limit
for inclusive B — X,v¥ decays is lower than for
Bt — 7%y, since in the latter case only Bt
mesons and semi-hadronic 7 decays contribute.

5 Conclusions

For the measurement of the inclusive charm-
less semileptonic branching ratio of B hadrons a
new selection method has been developed which
has the potential for a considerable reduction of
the model dependence affecting previous results.
Charmless hadronic two-body decays of B hadrons
have been observed with high significance. Up-
per limits on exclusive charmless hadronic decay
modes and on the rare leptonic decay BY — 7%v,
have been improved. A first limit on the inclusive
FCNC process b —+ svp has been derived.
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