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Abstract

Four candidates for charmless hadronic B decay are observed in a data sample of four million

hadronic Z decays recorded by the aleph detector at lep. The probability that these events

come from background sources is estimated to be less than 10�6. The average branching ratio

of weakly decaying B hadrons (a mixture of B0
d, B

0
s and �b weighted by their production cross

sections and lifetimes, here denoted B) into two long-lived charged hadrons (pions, kaons or

protons) is measured to be Br(B! h+h�) = (1:7+1:0
�0:7 � 0:2)� 10�5. The relative branching

fraction (Br(B0
d ! �

+
�
�) + rs Br(B

0
s ! �

+K�)) = (Br(B0
d ! h+h�) + rs Br(B

0
s ! h+h�)),

where rs is the ratio of B
0
s to B

0
d decays in the sample, is measured to be 1:0+0:0

�0:3
+0:0
�0:1. In addi-

tion, branching ratio upper limits are obtained for a variety of exclusive charmless hadronic

two-body decays of B hadrons.

(To be submitted to Physics Letters B)
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1 Introduction

Decays of B hadrons into �nal states which do not contain a charm quark can proceed either via

a tree-level b! u transition or through one-loop penguin diagrams. For the decay1 B0
d ! �+��,

the contribution coming from b! u transitions is expected to dominate [1]. The contribution

originating from penguin diagrams is believed to be more important for the decay B0
d ! K+�� [2].

The decay B0
d ! �+�� is of particular interest since it is expected to play an important role in

future studies of CP violation in the b system [3]. The interpretation of such studies depends

on the branching ratios for the channels B0
d ! �+�� and B0

d ! K+�� as well as on the relative

contributions of the b! u and penguin amplitudes.

The cleo collaboration has found the �rst evidence for charmless hadronic B decays [4]. They

measure a combined branching ratio Br(B0
d! �+�� +K+��) = (1:8+0:6

�0:5
+0:2
�0:3 � 0:2) � 10�5 but

are unable to obtain statistically signi�cant signals in the two individual channels. Searches for

such processes have recently been undertaken at lep, where the B hadrons are heavily boosted

and their decay products originate from distinct secondary vertices. This feature, when exploited

by the use of high precision vertex detectors, allows an e�ective tagging of the decay products

of the B hadrons. The opal collaboration has set branching ratio upper limits on a variety of

two-body �nal states [5]. The delphi collaboration has observed �ve candidate events of the type

B! h+h� [6]. In the aleph data sample of four million hadronic Z decays, collected between

1991 and 1995, the cleo measurements would predict the production of approximately 13 decays

of the type B0
d ! �+��;K+��. At lep it is also possible to look for the corresponding charmless

decays of both B0
s and �b.

2 The ALEPH detector

The aleph detector and its performance are described in detail elsewhere [7, 8] and only a brief

description is given here.

A high resolution vertex detector (vdet) consisting of two layers of double-sided silicon

microstrip detectors surrounds the beam pipe. The inner layer is at an average radius of 6.5 cm

from the beam axis and covers 85% of the solid angle, while the outer layer is at an average radius

of 11.3 cm and covers 69%. The spatial resolution for the r� and z projections (transverse to

and along the beam direction, respectively) is 12�m at normal incidence. The vertex detector is

surrounded by a drift chamber with eight axial wire layers and a time projection chamber (tpc)

that measures up to 21 three-dimensional points per track. These detectors are immersed in an

axial magnetic �eld of 1.5 T and together provide a momentum resolution of �p=p = 0:0006p�0:005

(p in GeV/c). For tracks with hits in both layers of the vdet, the impact parameter resolution

may be parameterized as �� = 25�m + 95�m=p (p in GeV/c ) in both the r� and rz views.

The tpc also provides up to 338 measurements of the speci�c ionization of a charged particle

(dE/dx). An average K=� separation of approximately two standard deviations is achieved for

charged tracks with at least 50 dE/dx measurements and momenta greater than 3GeV/c. The

dE/dx measurements are expressed as the di�erence between the measured and expected speci�c

energy loss in units of standard deviations for a given particle mass hypothesis.

This tracking system is surrounded by a lead/wire-plane sampling calorimeter which is used

to measure electromagnetic energy and to identify electrons and photons. The iron return yoke of

1Throughout this paper charge conjugate modes are always implied.
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the magnet is instrumented with streamer tubes to form a hadron calorimeter. It is surrounded

by two additional double layers of streamer tubes which are used to provide muon identi�cation.

3 Event selection

The selection of hadronic events is based on charged tracks and is described elsewhere [9]. For

these events an interaction point is reconstructed on an event by event basis using the constraint

of the beam axis position and the size of the luminous region [10]. This interaction point is

determined with an average resolution of 85�m for b�b events, projected along the sphericity axis

of the event. Charmless hadronic B decays are identi�ed by looking for two oppositely charged

particles, originating from a displaced vertex, with a mass above the kinematic limit for particles

coming from B decays involving charm. Such decays are selected using a combination of cuts

based on kinematics and vertex topology.

Kinematics:

� Each track is required to have a momentum above 3GeV/c.

� The momentum of the B hadron candidate has to be at least 30GeV/c.

Vertex topology:

� Each track is required to have at least one r� coordinate and at least one z coordinate in

the VDET.

� The three-dimensional impact parameter of each track has to be inconsistent with the

interaction point by more than three standard deviations.

� Each track has to cross the 
ight path of the B hadron candidate downstream of the

interaction point.

� The two tracks are required to form a vertex with a probability of at least 1%.

� This vertex has to be at least six standard deviations and at most 2 cm downstream of the

interaction point.

� The B hadron candidate is required to point back from its vertex to the interaction point

with a probability of at least 1%.

Additionally a track pair is rejected if either track is an identi�ed lepton candidate [11].

Monte Carlo studies show that the maximum mass of two tracks coming from a B meson decay

involving charm and passing the above kinematic cuts, with each track assigned the pion mass,

is approximately 4.8GeV/c2. The corresponding limit from B baryon decays involving charm is

5.0GeV/c2. A signal region is de�ned by requiring that: (i) the mass of the two tracks, under the

pion hypothesis, be at least three standard deviations above 5GeV/c2 and (ii) the mass of the

two tracks be less than three standard deviations above the �b mass [12] when one track is given

the proton hypothesis. The average resolution on the measured mass obtained from a sample of

B0
d ! �+�� Monte Carlo events is 44MeV/c2. The resolution on the measured B hadron mass is

studied in the data using a sample of cleanly reconstructed J= ! �+�� decays. A scale factor on

the uncertainty on the mass of 1:20 � 0:05 is estimated. This factor, which is applied to the mass

2



uncertainty estimated by the reconstruction program, is taken into account in the above selection

and is included in any quoted mass uncertainties.

The e�ciency of the above selection criteria was determined using Monte Carlo simulation to

be (21:0 � 0:6)% for the decay B0
d ! �+��, and (20:4 � 0:6)% for the decay �b ! p��. It is also

possible for charmless hadronic B decays involving additional neutral particles to pass the above

selection. The e�ciency for one such decay, B0
d ! ����, was determined to be (0:5 � 0:2)%.

4 Results

The above selection criteria were applied to a sample of four million hadronic Z decays. The

mass distribution, under the pion hypothesis, is shown for both unlike-sign and like-sign pairs in

Figure 1. In the unlike-sign pair sample there are four candidate events satisfying the selection

criteria outlined above. Some relevant properties of these candidate events are given in Table 1.

The four selected decays are all compatible with at least one two-body decay hypothesis B! h+h�.

There is one additional event above 5GeV/c2, with a measured mass of 5:08 � 0:06GeV/c2 and

therefore less than three standard deviations above 5GeV/c2. In this event there is 1.2GeV

of neutral electromagnetic energy near the B hadron candidate. If this energy deposition is

interpreted as originating from a �0 decay this event is consistent with a charmless hadronic B

decay of the type B0
d ! ����. In the like-sign pair control sample there are no candidates with

a mass, under the pion hypothesis, above 5GeV/c2. The four candidate events were investigated

further to try and identify possible e�ects, such as pattern recognition mistakes, which could cause

the vertex properties of the events to be mismeasured. No such problems were found. An event

display of one of the four candidates is shown in Figure 2.

A background estimate for the above selection was obtained using a Monte Carlo sample of

hadronic Z decays simulated without charmless B decays. Events were selected with slightly

relaxed kinematic cuts at the generator level and were then passed through the full detector

simulation and reconstruction. The ability of the Monte Carlo to reproduce accurately the level of

background in the data was tested by removing some of the selection criteria. In particular, this

was studied using like-sign track pairs which passed the kinematic cuts (with a relaxed momentum

cut PB > 20GeV/c), had at least one r� coordinate and at least one z coordinate in the VDET

and had a signi�cant impact parameter. There should be no contribution from B hadron decays

to these like-sign track pairs. In the mass region at least three standard deviations above 5.0 and

below 6.5GeV/c2 there are 156 such track pairs observed in the data compared with a Monte

Carlo prediction of 52 � 6. This underestimate of the background in the Monte Carlo, by a

factor of three, remains when both tracks are further required to cross the 
ight path of the B

hadron candidate downstream of the interaction point. The origin of this discrepancy is not fully

understood, but a large fraction of it can be attributed to a previously observed excess of tracks

with high transverse momentum relative to their jet axes observed in the data with respect to

Monte Carlo predictions [13]. In the present analysis when only the kinematic cuts are applied

the Monte Carlo underestimates the data by a factor of 1.6, which explains only a part of the

e�ect. When normalised to the number of observed events, the Monte Carlo provides an adequate

description of a variety of relevant variables for track pairs passing the relaxed selection (shown

in Figure 3). Figure 3(a-c) indicates that the simulation provides an adequate description of the

shape of both kinematic variables used in the selection and also of the tails of the impact parameter

distribution. To study the 
avour composition of the background the probability Puds that all

tracks in the hemisphere opposite to the B hadron candidate originate from the interaction point

3



Figure 1: Mass distributions, under the pion hypothesis, for both (a) unlike-sign and (b) like-sign

candidates.

was calculated [14]. From the distribution of Puds, shown in Figure 3(d), the relative proportion

of background coming from B decays (which would preferentially have a low value of Puds) and

from light quark decays is seen to be well reproduced by the Monte Carlo. (The values of Puds

obtained for the four candidate events are given in Table 1. One event has a probability of 54%.

The probability of at least one out of four simulated signal events having a probability of this

value or larger is 12%.) To account for the above factor-of-three discrepancy, it is assumed that

the probability to observe a background event in the data, after all selection criteria are applied,

is three times higher than predicted by the Monte Carlo. It is further assumed that after the �nal

cuts the background is 
at in the above mass region, and that like-sign and unlike-sign background

events are produced at equal rate. These �nal two assumptions are valid in data and Monte Carlo

for the relaxed selection described above. A background estimate of 0:05�0:02 was obtained from

Monte Carlo simulation. To obtain su�cient statistics a preselection was applied at the generator

level. This estimate takes into account the observed factor-of-three discrepancy in the background

normalisation. The probability for observing four or more background events in the data in the

signal region is less than 10�6.

5 Branching ratio measurements

From the number of selected events, the average branching ratio of weakly decaying B hadrons

into two long-lived charged hadrons (pions, kaons or protons) with no accompanying neutral

particles is measured to be Br(B! h+h�) = (1:7+1:0
�0:7 � 0:2)� 10�5. This measurement assumes

that corresponding decays of B0
d, B

0
s and �b have equal partial widths (e.g., �(B0

d ! �+��) =
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Table 1: Some properties of the four candidate events. For reference the masses of the B0
d and B0

s

mesons were taken as 5:279 � 0:002 and 5:375 � 0:006 GeV/c2, respectively (PDG94).

Event a Event b Event c Event d

B candidate momentum PB (GeV/c) 38 40 35 39

Track momentum P+ (GeV/c) 9 30 9 33

Track momentum P� (GeV/c) 30 10 26 7

Impact parameter signi�cance S+ 38 27 44 5

Impact parameter signi�cance S� 15 68 25 22

Mass M�+�� (GeV/c2) 5.337 5.338 5.285 5.349

Mass M�+K� (GeV/c2) 5.364 5.419 5.313 5.469

Mass MK+�� (GeV/c2) 5.427 5.366 5.367 5.375

Mass MK+K� (GeV/c2) 5.454 5.447 5.395 5.494

Mass Mp�� (GeV/c2) 5.675 5.445 5.592 5.446

Mass MpK� (GeV/c2) 5.700 5.525 5.619 5.564

Mass M�+�p (GeV/c
2) 5.441 5.643 5.394 5.795

Mass MK+�p (GeV/c
2) 5.529 5.670 5.474 5.819

Uncertainty on the mass (GeV/c2) 0.054 0.055 0.036 0.058

dE/dx � from �+ hypothesis 0.1 -2.3 -0.6 -1.3

dE/dx � from K+ hypothesis 2.0 -0.5 1.9 0.2

dE/dx � from p hypothesis 3.2 0.7 3.3 1.3

dE/dx � from �� hypothesis 0.5 0.7 0.6 2.0

dE/dx � from K� hypothesis 2.2 3.3 2.7 5.1

dE/dx � from �p hypothesis 3.4 5.0 4.3 6.9

Decay length (cm) 0.60 0.95 0.63 0.23

Decay length signi�cance 41 73 55 23

Proper decay time (ps) 2.8 4.2 3.2 1.1

Puds from opposite hemisphere 10�5 0:54 10�3 10�3

�(B0
s ! �+K�) = �(�b ! p��)). The relevant ratios of branching ratios are obtained from this

assumption on the partial widths by weighting with the measured lifetimes of the di�erent B

hadrons [15] and the fractions of B0
d, B

0
s or �b resulting from the hadronization of a b quark taken

to be (37:8 � 2:2)%; (11:2 � 1:9)% and (13:2 � 4:1)%, respectively [16]. They are in agreement

with theoretical expectations [2, 17].

The systematic uncertainty quoted on the measured branching fraction contains contributions

from the various sources listed in Table 2. The uncertainties in the hadronization of b quarks into

the di�erent B hadrons and their measured lifetimes give a contribution of 2%. The combinatorial

background contribution is estimated to be 1% based on the above Monte Carlo prediction

of 0.05 events expected. The contribution of charmless hadronic decays involving additional

neutral particles is estimated using the ratio of the e�ciency estimates obtained for the channels

B0
d ! �+�� and B0

d ! ����. The branching ratio Br(B0
d! ����) is taken to be three times

greater than the branching ratio Br(B0
d! �+��), as expected from theoretical predictions [17].

The four selected decays have a mass inconsistent by more than three standard deviations with the

B0
d ! ���� hypothesis. The b quark fragmentation function was varied within its experimental

uncertainty [18] leading to a 3% change in e�ciency. The ability of the Monte Carlo simulation
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Figure 2: A �sh-eye r� view of the decay hemisphere and a close-up view of the interaction region

for event b. The B hadron candidate tracks (h+,h�) form a consistent vertex (B), well displaced

from the interaction point (IP). This vertex and the interaction point are indicated together with

their three-standard-deviation error ellipses.

to correctly reproduce the e�ciency of the vertex cuts was checked using a sample of cleanly

reconstructed J= ! �+�� decays. The number of selected decays where both tracks have at

least one r� coordinate and at least one z coordinate in the VDET, and form a consistent vertex,

was measured to be (3 � 4)% higher in the data than in the Monte Carlo. The total systematic

uncertainty is obtained by adding the contributions from the di�erent sources in quadrature.

An unbinned maximum likelihood �t was performed on the selected event sample in

order to extract the average branching ratio B0
d ! �+��, B0

s ! �+K� relative to all decays,

R = (Br(B0
d! �+��) + rs Br(B0

s ! �+K�)) = (Br(B0
d! h+h�) + rs Br(B0

s ! h+h�)), where rs
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Figure 3: Comparisons between data (points with error bars) and Monte Carlo simulation,

normalised to the number of data events (histogram), for the relaxed selection showing: (a) the

smaller of the two individual track momenta (P+; P�); (b) the momentum PB of the B hadron

candidate; (c) the smaller of the two impact parameter signi�cances of the track pair (S+; S�);

(d) the probability Puds that all tracks in the hemisphere opposite to the B hadron candidate

originate from the interaction point.

is the ratio of B0
s to B0

d decays in the sample. The likelihood is de�ned as

L(R) =
nY

i=1

[ R � ( fdP(B
0
d! �+��) + 0:5fs(P(B

0
s ! �+K�) + P(�B0

s ! K+��)) ) +

(1�R) � ( 0:5fd(P(B
0
d ! K+��) + P(�B0

d ! �+K�)) + fsP(B
0
s ! K+K�) ) ];

where fd and fs are the fractions of B0
d and B0

s decays in the sample, respectively, and the

probability density P for any given hypothesis is the product of the three probability densities

Table 2: Relative systematic uncertainties in the branching ratio measurement.

Lifetimes and hadronization 2%

Combinatorial background 1%

Neutral charmless background 7%

b fragmentation 3%

Vertex cuts 4%

Total (in quadrature) 9%
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Table 3: Probability densities of the four candidates.

Hypothesis Event a Event b Event c Event d

P(B0
d ! �+��) 0.0319 0.0021 0.0445 0.0018

P(B0
d ! K+��) + P(�B0

d ! �+K�) 0.0009 0.0064 0.0007 0.0011

P(B0
s ! �+K�) + P(�B0

s ! K+��) 0.0050 0.0217 0.0048 0.0043

P(B0
s ! K+K�) 0.0002 0.0001 0.0003 0.0000

P(�b ! p��) + P(��b ! �+�p) 0.0002 0.0000 0.0000 0.0000

P(�b ! pK�) + P(��b ! K+�p) 0.0000 0.0000 0.0000 0.0000

Table 4: Relative systematic uncertainties in the ratio of branching ratios.

Lifetimes and hadronization 2%

Combinatorial background 1%

Neutral charmless background 7%

Non-Gaussian tails 6%

Total (in quadrature) 9%

corresponding to the mass and dE/dx measurements together with their respective uncertainties.

The probability densities of the four candidate events, under various decay hypotheses, are given in

Table 3. The �t has also been performed containing corresponding terms from �b decays; however,

for the four selected events the �b hypothesis is very unlikely and these terms do not change the

results. The fractions fd and fs were calculated assuming that �(B0
d ! �+��) = �(B0

s ! �+K�)

and �(B0
d ! K+��) = �(B0

s ! K+K�) and taking into account the di�erent lifetimes and

hadronization factors as above. The �t also assumed that the contributions of other charmless B

decays, such as B0
d ! K+K� and B0

s ! �+��, were negligible. The �t yielded

R = 1:0+0:0
�0:3

+0:0
�0:1;

where the statistical uncertainty quoted corresponds to a region containing 68.4% of the integrated

likelihood. The value of R is greater than 0.4 with a 95% con�dence level.

The sources of systematic uncertainty considered are given in Table 4. The uncertainties

in the hadronization of b quarks into the di�erent B hadrons and their measured lifetimes

give a contribution of 2%. The e�ect of the small background contributions coming from the

combinatorial and charmless neutral backgrounds is conservatively taken as maximal. The e�ects

of the non-Gaussian tails on the mass and dE/dx measurements were studied in the data. The

dE/dx distribution of muons in a selected sample of J= ! �+�� decays was �tted to a double

Gaussian. The width of the second Gaussian was �xed to be twice that of the �rst. The fraction

of tracks contained in the second Gaussian was measured to be (2:5 � 2:0)%. For charmless B

decays passing the above event selection, the uncertainty in the mass measurement is dominated

by the contribution coming from the momentum measurement of the individual tracks. The non-

Gaussian tails of the momentum resolution for high momentum tracks were studied in a sample

of selected Z! �+�� decays. The study was restricted to the upper side of the distribution to

minimize the e�ect of initial-state radiation. The fraction of tracks contained in a second Gaussian

with double width was measured to be (5:0 � 0:5%). When the likelihood �t was repeated taking

into account these non-Gaussian tails, the lower limit on R decreased by an amount corresponding
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Table 5: Consistency of the candidate events with the di�erent hypotheses expressed as a �2

probability P�2 based on the mass and the dE/dx measurements of each track. Also shown are

the 90% con�dence level upper limits obtained for the branching ratios under these hypotheses.

Event Event Event Event 90% Con�dence Level

Decay Hypothesis a b c d BR Upper Limit

B0
d ! �+�� 0.71 0.08 0.87 0.07 4:1 � 10�5

B0
d ! K+�� 0.06 0.36 0.04 0.08 3:0 � 10�5

B0
d ! K+K� < 0:01 < 0:01 < 0:01 < 0:01 1:8 � 10�5

B0
d ! p�p < 0:01 < 0:01 < 0:01 < 0:01 1:8 � 10�5

B0
s ! �+�� 0.87 0.10 0.08 0.12 1:7 � 10�4

B0
s ! �+K� 0.18 0.86 0.28 0.26 2:1 � 10�4

B0
s ! K+K� 0.01 < 0:01 0.01 < 0:01 5:9 � 10�5

B0
s ! p�p < 0:01 < 0:01 < 0:01 < 0:01 5:9 � 10�5

�b ! p�� 0.01 < 0:01 < 0:01 < 0:01 5:0 � 10�5

�b ! pK� < 0:01 < 0:01 < 0:01 < 0:01 5:0 � 10�5

to a contribution added in quadrature of 6%. The total systematic uncertainty is obtained by

adding the contributions from the di�erent sources in quadrature.

6 Upper limits on exclusive �nal states

The selected event sample is also used to set upper limits for the branching ratios of exclusive

charmless hadronic two-body decays of B hadrons. For each decay hypothesis a probability P�2

is obtained from the measured mass of the system and the dE/dx values of the two tracks.

From the total number of events consistent with each �nal state, having P�2 > 10%, the 90%

con�dence level upper limits for the individual branching ratios are calculated and given in Table 5.

This calculation assumes that �(Z! b�b)=�(Z! q�q) = 0:22 and that the fractions of b quarks

hadronizing into B0
d, B

0
s and �b are as given above. The cut on P�2 was optimized to give the lowest

average branching ratio upper limit for a sample of Monte Carlo experiments generated without

signal production using the technique described in Ref. [19]. To be conservative no background

subtraction is performed in deriving these upper limits. The branching ratio upper limits obtained

are competitive with those obtained elsewhere [4, 5, 6] but are still at least a factor of two larger

than theoretical expectations [1, 2, 17].

7 Conclusions

A search for charmless hadronic B decays has been performed in data recorded by the aleph

detector at lep. Four candidate events are observed in a sample of four million hadronic Z

decays. The probability that these events come from background sources is estimated to be less

than 10�6. The average branching ratio of weakly decaying B hadrons into two long-lived charged

hadrons (pions, kaons or protons), weighted by their production cross sections and lifetimes, is

measured to be Br(B! h+h�) = (1:7+1:0
�0:7 � 0:2)� 10�5. The relative branching fraction R

= (Br(B0
d! �+��) + rs Br(B0

s ! �+K�)) = (Br(B0
d! h+h�) + rs Br(B0

s ! h+h�)), where rs is

the ratio of B0
s to B

0
d decays in the sample, is measured from an unbinned maximum likelihood �t
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to be R = 1:0+0:0
�0:3

+0:0
�0:1. In addition, branching ratio upper limits of order 10�4 are obtained for a

variety of exclusive charmless hadronic two-body decays of B hadrons.
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