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Abstract

We have studied radiative B meson decays using a 5:1 fb�1 data sam-

ple collected at the �(4S) resonance with the Belle detector at the KEK-

B e+e� collider. The inclusive branching fraction B(b!s
) = (3:34 �

0:50+0:34
�0:37

+0:26
�0:28) � 10�4 is measured using a technique to subtract the back-

ground contribution that requires a relatively small amount of o�-resonance

data. We measure the exclusive branching fractions to the K�
 �nal states to

be B(B0
!K�(892)0
) = (4:94�0:93+0:55

�0:52)�10�5 and B(B+
!K�(892)+
) =

(2:87 � 1:20+0:55
�0:40) � 10�5. We searched for B ! �
 decays and obtained an

upper limit of B(B ! �
)=B(B!K�
) < 0:28 (90% C.L.), where Belle's good

high momentum kaon identi�cation is used to reduce the contribution from

B!K�
 to a negligible level.
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I. INTRODUCTION

In the Standard Model (SM), radiative B meson decays (b!s(; d)
) dominantly proceed
through an electroweak penguin diagram, and their branching fractions are calculated up
to the next-to-leading order correction [1]. In principle, non-SM particles can be the virtual
particle in the diagram's loop, making the branching fraction sensitive to new physics pre-
dictions. Experimental results [2] [3] on B(b!s
) have been obtained with model dependent
uncertainties, but they already provide stringent limits on charged Higgs or SUSY particles
[4]. Experimentally the exclusive branching fraction measurements are complementary, with
no model dependence and smaller systematic uncertainties in the results.

Naively, the b!d
 process is suppressed relative to b!s
 by a factor of jVtd=Vtsj2, and
thus, is expected to be 14 to 60 times smaller [5]. The observation of this decay channel
might provide a precise measurement of jVtd=Vtsj, the �rst direct CP violation measurement
within the SM framework, and may relatively enhance the sensitivity to non-SM couplings
that uncovers or constrains new physics [5]. Experimentally, the exclusive channel B ! �

can be distinguished from the B!K�
 background using particle identi�cation devices, even
if the branching fraction is suppressed by more than a factor of 14.

We have analyzed a data sample of 5:3� 106 B �B events corresponding to an integrated
luminosity of 5:1 fb�1 collected at the �(4S) resonance with the Belle detector at the KEKB
e+e� collider [6]. For background estimations we analyzed a 0:6 fb�1 data sample taken
60 MeV below the resonance. The beam energies at the �(4S) resonance are approximately
3:5 GeV for positrons and 8:0 GeV for electrons.

A full description of the Belle detector is given in [7] and here we brie
y describe the
apparatus relevant for this analysis. Charged tracks are reconstructed inside a 1.5 T super-
conducting solenoid magnet with a 50 layer central drift chamber (CDC) [8], that covers
17� to 150� in the lab frame and is segmented into 5 axial and 4 stereo super layers. Tracks
are then re�tted with the CDC and a three layer double sided silicon vertex detector (SVD)
[9]. For particle identi�cation, we combine information from three detectors. The high
momentum range, typically from 1 to 3.5 GeV=c, is covered by a silica aerogel cherenkov
counter (ACC) [10], providing threshold type pion/kaon separation. The momentum range
below 1.5 GeV=c is covered by a time-of-
ight (TOF) [11] counter with 100 ps time resolution.
The very low and high momentum ranges are covered with dE=dx information from CDC.
Outside of the tracking and particle identi�cation devices and inside the solenoid is an
electromagnetic calorimeter (ECL) [12] that covers the entire tracking acceptance (17� to
150�) with 8736 CsI(Tl) crystals of 16:2 X0 depth. The energy resolution for a 2.5 GeV
photon is better than 2%.

II. INCLUSIVE ANALYSIS

We select events that contain a high energy (2.1 to 3.4 GeV in the �(4S) rest frame)
photon (
) candidate inside the acceptance of the barrel calorimeter (33� < �
 < 128�).
The photon candidate is required to be consistent with an isolated electromagnetic shower,
i.e., 95% of energy is within a 3� 3 cell around the local energy maximum and there is no
associated charged track. We combine it with photon clusters in the event and reject if the
invariant mass is consistent with �0 or �.
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All charged particle tracks of good quality are selected to be both charged pion and kaon
candidates. A kaon probability is formed from likelihood ratio variables that are individually
calculated for ACC, TOF and CDC dE=dx. We apply a very loose requirement that the kaon
probability is greater than 0.1 for kaon candidates and less than 0.9 for pion candidates;
these retain 88% of kaons and 96% of pions. Neutral pion candidates are reconstructed
from two photon clusters each with more than 50 MeV energy deposit, and required to be
within 2� of M�0 . The �0 momentum is re�tted with a mass constraint. K0

S candidates
are reconstructed from two charged tracks, whose invariant mass is within 3� of MK0

S
. We

require the K0
S candidate to form a displaced vertex from the interaction point and in a

direction consistent with the K0
S momentum.

The inclusive reconstruction is performed by summing up multiple exclusive �nal states.
We reconstruct strange �nal state Xs candidates that include one charged kaon or K0

S and
up to 4 pions of which no more than one is a �0 (16 di�erent combinations). We tested this
method using a Monte Carlo simulation that consists of a K�(892)
 exclusive decay sample
and an inclusive b!s
 decay sample for MXs

> 1:1 GeV=c2 that follows the mass spectrum
of a spectator model [13] [14] and is hadronized with the JETSET [15] program. We found
around 60% of events fall into one of the reconstructed combinations while the remaining
events have either more than one kaon or more than one �0 or other neutral particles (�, �
and KL).

From the Xs and photon candidates, we form two independent kinematic variables,

the beam constrained mass MB =
q
E2
beam � j~pXs + ~p
j2 and the energy di�erence �E =

EXs + E
 � Ebeam in the �(4S) rest frame. Ebeam is de�ned as the beam energy in the
�(4S) rest frame. First, we select candidates in a loose window of j�Ej < 0:15 GeV and
MB > 5:2 GeV=c2 and we require the Xs direction to be within 14

� from the photon axis. In
the case of multiple candidates, we select the best candidate that has a minimum absolute
value of �E, and then apply a cut on MB. The reason for selecting the best candidate with
only one variable is to leave other variables for background suppression, since our �nal result
is not limited by the signal reconstruction e�ciency.

The dominant hard photon backgrounds come from the e+e�!q�q
 initial state radia-
tion process and photons from the continuum e+e�!q�q process followed by neutral hadron
decays (�0; �; : : :). In the �0 ! 

 decay, the photons are either isolated in two calorimeter
clusters or merged into one cluster. We optimize the cuts to maximize the signal signi�cance
S=
p
S +B where S and B are the expected number of signal and background events, re-

spectively. We determine the cut values of MB > 5272 MeV=c2 and �100 < �E < 80 MeV.
Combinatoric backgrounds from continuum events are further rejected using a new empir-
ical event shape variable that we �nd to be more powerful than several existing variables
such as the thrust angle, the normalized Fox-Wolfram parameters and the virtual calorime-
ter [16]. As in the other variables, the topology di�erence between spherical B �B events
and jet-like continuum events is exploited, using the relation between the B candidate axis
and remaining tracks and topology among remaining tracks. We de�ne the following eight
variables

Rmaj
l =

P
i jpijjp
jPl(cos �i
)P

i jpijjp
j
, Rmin

l =

P
i;j jpijjpjjPl(cos �ij)P

i;j jpijjpjj
where l runs from 1 to 4 for the Legendre function Pl and i, j run over all the neutral and
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FIG. 1. The SFW variable distribution as described in text. The background distribution of

o�-resonance data (open circles) and the Monte Carlo expectation (dashed histogram) are shown.

The signal distribution of B!D� data (solid circles) and signal Monte Carlo (solid histogram) are

compared.

charged tracks that are not used to form the B candidate. Then we combine them into a
Fisher discriminant [16]

F =
X
l=1;4

�lR
maj
l +

X
l=1;4

�lR
min
l

where the eight coe�cients �i and �i are optimized to maximize the discrimination to 2:3�
separation, as shown in Fig. 1. We call this the Super Fox-Wolfram (SFW) variable, since
the terms are combined in such a way to enhance the discrimination of the original de�nition
of the Fox-Wolfram moments [17]. We select the events with F > 0:5, which optimizes the
signi�cance and the systematic uncertainties.

We extract the signal yield from the photon energy spectrum. The background contri-
bution is subtracted using events from a SFW sideband region (F < �2), where only 2% of
signal remains. Very little correlation between the photon candidate energy and the SFW
variable is found either with the o�-resonance data or a simulation study. The absolute scale
is determined from the o�-resonance data ratio between the signal and sideband region. In
order to increase statistics, we relax the cuts to j�Ej < 0:15 GeV and MB > 5:22 GeV=c2
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FIG. 2. The energy spectrum of photon candidates in the inclusive b!s
 analysis before (top)

and after (bottom) background subtraction. The data points (solid circles) are compared with

signal Monte Carlo (solid histogram). The background contribution (open circles) is estimated

from the SFW sideband data as described in text and compared with continuum Monte Carlo

(dashed histogram).

and remove the �0=� veto. We �nd that varying the �E and SFW cuts does not change the
absolute scale. The Xs direction cut is tuned to remove the correlation between MB and
the SFW variable, and we assign 6% uncertainty due to this correction.

Fig. 2 shows the photon energy spectrum for signal candidate events on top of the esti-
mated background. We obtain 152 candidate events where 60:0�6:5 background events are
expected. This gives a signal yield of 92:0�13:9 events. This background estimation method
requires a relatively small amount of o�-resonance data, and we have already obtained a
statistical error of 15% with only 0:6 fb�1 of o�-resonance data.

III. EXCLUSIVE ANALYSIS

The exclusive B ! K�
 analysis is performed by forming a B meson candidate with a
photon candidate and a K�(892) candidate in the K+��, K0

S�
0, K0

S�
+ or K+�0 channels

(charge conjugated modes are implied). The photon, pion, kaon, �0 and K0
S selection criteria
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are the same as used in the inclusive analysis. We require that the K� invariant mass is
within �75 MeV=c2 of its nominal value. �E has an asymmetric distribution due to shower
leakage and dead material in front of the calorimeter [12]. Therefore, we apply a cut of
�0:2 < �E < 0:1 GeV, keeping 90% of events. To calculate MB, we constrain the photon
energy so that Ebeam � EK� � E
 = 0. For the �nal states including �0s, we constrain the
energy of three photons together, including the photons from �0 decay. With this procedure
we improve the MB resolution by about 20% to 2:8 MeV=c2 (3:3 MeV=c2) for the �nal
states without (with) �0. Although the MB resolution is dominated by the contribution of
the beam energy spread (0.07%), the �0 energy resolution makes a signi�cant contribution.

The B ! �
 decay search is performed in a similar way, but in general with a tighter
set of cuts to improve the expected S=

p
B ratio. We tighten the kaon rejection condition

and select tracks with kaon probability less than 0.4 as pion candidates; this retains 93% of
pions and rejects 80% of kaons. We form �(770) candidates in the �+�� and �+�0 channels
and require their invariant mass to be within �150 MeV=c2 of M�. We also reject events
in the B ! �(770)0
 sample if the invariant mass falls within �50 MeV=c2 of the nominal
K�(892)0 mass when either of the charged pion is hypothesized to be a kaon. We select
remaining events with �100 < �E < 80 MeV. From a simulation study this procedure has
about 50 times smaller e�ciency for K�
 than for �
 (see Fig. 3).

Continuum background is rejected with a likelihood ratio constructed from three vari-
ables; the SFW variable (F), the B meson 
ight direction (cos �B) and the K�/� decay
helicity angle (cos �H). The likelihood ratio (LR) is de�ned as

LR =
Ls

Ls + Lb

, Ls;b = pFs;b(F)� pBs;b(cos �B)� pHs;b(cos �H)

where pF;B;Hs and pF;B;Hb are the probability density functions (PDF) for signal and back-
ground, respectively, for each of three variables. We obtained the PDFs from a Monte Carlo
simulation. The signal PDFs are parametrized with an asymmetric Gaussian shape, sin2 �B
and sin2 �H . The �rst two parameters are common among exclusively reconstructed B decay
channels while the last parameter characterizes the spin state. The background PDFs are
parametrized with an asymmetric Gaussian shape for the SFW, a 
at distribution for cos �B
and a + exp(b cos �H) for the helicity angle where a and b are given from a �t. We require
the likelihood ratio to be greater than 0.7 for the K�
 analysis and 0.92 for the �
 analysis,
to accept 65% and 40% of the signals, respectively.

Then we extract the signal yield of B!K�
 decays by �tting theMB distribution with a
Gaussian signal function and a threshold function for background. The �t is shown in Fig. 4.
We obtain the signal shape from the D� data and the background shape from the sideband
data and �x them in the �tting. To obtain the uncertainty due to the �tting procedure, we
vary the peak and width of the signal shape by 1� and use background shapes from three
di�erent data samples. We count this uncertainty as the systematic error of the signal yield.
Fig. 5 shows the �E distribution, which is in good agreement with our expectation.

For the B ! �
 search, we �nd 0 and 3 events in the �0
 and �+
 signal windows, as
shown in Fig. 6.
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FIG. 3. The Monte Carlo �E distributions for the B ! �(770)0
 (top) and B ! �(770)+


(bottom) channels. We compare the signal Monte Carlo (solid histogram) with the corresponding

expected feedthrough from B!K�
 (dashed histogram). Here we take into account the 20 times

smaller branching fraction for B ! �
. The dotted lines indicate the selected signal region.

IV. EXTRACTING RESULTS

The signal reconstruction e�ciencies are tested with data. For every kind of �nal state
particle, we select a di�erent sample with large statistics. We compare the yield ratio
between data and Monte Carlo to estimate how well our e�ciencies are reproduced.

The high energy photon detection e�ciency is checked with e+e�!e+e�
 events, where
we can extract the expected photon energy and direction from e+e� momenta. The pho-
ton detection e�ciency is calibrated with 5.3% uncertainty. We also nicely reproduce the
asymmetric energy response of the calorimeter. The charged track reconstruction e�ciency
is tested with inclusive high momentum � ! �+���0 and � ! 

 decays. We compare the
yield ratio of these decay modes between data and Monte Carlo. We test di�erent track
momentum regions for the kaons and pions in two-body and multi-body Xs �nal states
separately, and calibrate the tracking e�ciencies with 1.7 to 4.4% uncertainties. The kaon
and pion veto e�ciencies are checked with and without a veto for several inclusive modes.
The kaon veto e�ciency is checked with the same � ! �+���0 data. The pion veto e�-
ciency is checked with �!K+K� decays from an inclusive high momentum � sample and

9



MB(GeV/c2)

ca
nd

id
at

es
/(

2.
5M

eV
/c

2 )

MB(GeV/c2)

ca
nd

id
at

es
/(

2.
5M

eV
/c

2 )
0
2
4
6
8

10
12
14
16
18

5.2 5.22 5.24 5.26 5.28 5.3

0
1
2
3
4
5
6
7
8
9

5.2 5.22 5.24 5.26 5.28 5.3

FIG. 4. The beam constrained mass (MB) distributions for the B0!K�(892)0
 (top) and

B+
!K�(892)+
 (bottom) channels. The curve is the result of �tting with a signal Gaussian (solid

line) on top of the background shape (dashed line) determined from the sideband analysis.

a D+
s !��+ decay sample. The kaon and pion veto e�ciency is calibrated with 0.8% and

0.7% uncertainties respectively. The �0 and K0
S reconstruction e�ciencies are tested with

an inclusive D�+ decay sample where D0 decays into K��+, K��+�0 and K0
S�

+��. We
calibrate the �0 and K0

S reconstruction e�ciency with 7% and 9% uncertainties where the
largest uncertainty comes from the D0 branching fraction uncertainty in the PDG tables
[18]. We use a sample of B�!D0�� followed by D0!K��+ decays to calibrate the �0=�
veto and the SFW (inclusive analysis) or likelihood ratio (exclusive analysis) cut e�cien-
cies. To test the likelihood ratio cut e�ciency, we weighted the helicity angle distribution
to follow the sin2 �H distribution. We �nd the combined e�ciencies are in agreement with
6% uncertainties.

In the inclusive analysis, the signal reconstruction e�ciency is calibrated for 16 di�erent
modes separately. The correctly reconstructed fraction varies from 60 to 90% with at most
10 percent of cross-feeding between di�erent modes. We obtain the MXs distribution shown
in Fig. 7, which clearly highlights the K�(892) mass peak and is in good agreement with the
model for higher resonances.

We take the uncertainty on extending our measurement into the full energy range by
varying the Fermi momentum parameter of ref. [13], from 0.21 to 0.39 GeV/c in our recon-
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FIG. 5. The energy di�erence (�E) distributions for the B0!K�(892)0
 (top) and

B+
!K�(892)+
 (bottom) channels. The curve is the result of �tting the signal (solid line) on

top of the expected background shape (dashed line). The dotted lines indicate the selected signal

region.

struction e�ciency estimation. The population in each individual �nal state varies at most
by 10%. We then combine these numbers and quote the variation in the combined signal
e�ciency as the theoretical error.

Finally we obtain the b! s
 branching fraction as

B(b!s
) = (3:34� 0:50+0:34
�0:37

+0:26
�0:28) � 10�4

where the �rst error is the statistical error, the second error is the systematic error of
our measurement and the third error is the theoretical error. The dominant source of the
statistical error comes from the background subtraction procedure. We also extract the
branching fraction for the E
 > 2:1 GeV range,

BE
>2:1 GeV(b!s
) = (3:01� 0:46+0:27
�0:31

+0:22
�0:24)� 10�4

where the model dependent uncertainty is slightly reduced.
In the exclusive analysis, the resulting signal e�ciencies are (14:08�1:32)% for B0!K�0


and (7:07�0:81)% for B+!K�+
 channels. We obtain 38:3�7:2+2:0
�1:4 and 11:0�4:6+1:6�0:8 event
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FIG. 6. The �E-MB distributions for the B0!�(770)0
 (top) and B+!�(770)+
 (bottom)

channels. We �nd 0 and 3 candidates in the respective signal regions.

yield respectively where the �rst and second errors are statistical and systematic errors in
the �tting procedure. We obtain the exclusive branching fractions

B(B0!K�0
) = (4:94� 0:93+0:55
�0:52)� 10�5

B(B+!K�+
) = (2:87� 1:20+0:55
�0:40)� 10�5:

where the �rst error is the statistical error, the second error is the systematic error.
For the B ! �
 search, the signal e�ciencies are (6:8 � 0:7)% for B0!�0
 and (5:8 �

0:7)% for B+!�+
 channels. We estimate 1:1� 0:4 and 1:8� 0:5 background events from
the sideband data, where the sideband is de�ned as �0:1 < �E < 0:4 GeV and MB >
5:2 GeV=c2 and outside of the signal region. The expected K�
 background is 0.08 events for
B0!�0
 and 0.25 events for B+!�+
 searches. In the �0
 channel there are no candidates,
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FIG. 7. The strange �nal state invariant mass (MXs) distribution after background subtraction

(data points). The histogram shows the expected MXs distribution from the model of ref. [13].

and in the �+
 channel the excess is consistent with a background 
uctuation. The upper
limit of the signal yield is obtained using the method in [19] with the background expectation
lowered by 1�. We determine upper limits using e�ciencies and NB �B lowered by 1�:

B(B0 ! �0
) < 0:56� 10�5 (90% C.L.)
B(B+ ! �+
) < 2:27� 10�5 (90% C.L.):

In order to set an upper limit on B(B!�
)=B(B!K�
), we performed the K�
 re-
construction using the same tight likelihood ratio cut to cancel out major systemat-
ic uncertainties. We obtained consistent B!K�
 branching fractions and set an up-
per limit B(B0!�(770)0
)=B(B!K�(892)0
) < 0:14 (90% C.L.). Using the prescription
B(B!�
) � 2B(B!�(770)0
) in [21], we obtain

B(B!�
)=B(B!K�
) < 0:28 (90% C.L.).

V. DISCUSSIONS

We have measured the inclusive and exclusive radiative B meson decay branching frac-
tions into strange �nal states, and set uppper limits on B(B ! �
).

The inclusive branching fraction is consistent with the Standard Model predictions, e.g.
(3:28 � 0:33) � 10�4 in [1]. It is also consistent with the recent unpublished CLEO result
(3:15� 0:35� 0:32� 0:26)� 10�4 [20] and the ALEPH result (3:11� 0:80� 0:72)� 10�4 [3].
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The exclusive branching fractions are both in agreement with the only existing result
from CLEO, B(B0!K�(892)0
) = (4:55+0:72

�0:68 � 0:34) � 10�5 and B(B+!K�(892)+
) =
(3:76+0:89

�0:83 � 0:28)� 10�5 [21]. The error of the exclusive analysis is dominated by statistics
which we expect to quickly improve in coming runs.

The B ! �
 search does not show a signal. We demonstrate that the Belle ACC provides
essential separation from K�
. We extend the existing limit [21] with a smaller data sample.
With the current data sample and an assumed branching fraction of 2:5 � 10�6 we expect
to observe roughly one event. We therefore require a data set 10 times larger to observe a
signi�cant signal.
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