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We report the first measurement of the branching fraction for the inclusive decay B — X £1¢~,
where ¢ is either an electron or a muon, and X, is a hadronic recoil system that contains an s quark. We
analyzed a data sample of 65.4 X 10° B meson pairs collected with the Belle detector at the KEKB
e"e” asymmetric-energy collider. We find B(B — X, €7 ¢7) = [6.1 = 1.4(stat) T1{(syst)] X 1076 for

dilepton masses greater than 0.2 GeV/c?.

DOI: 10.1103/PhysRevLett.90.021801

The first observation of the flavor-changing-neutral-
current weak decay process B — K{€*{~, recently re-
ported by Belle [1], opens a new window for searches
for physics beyond the standard model (SM) [2]. There are
no SM first-order weak decay processes that can produce
such decays; the dominant SM processes are second-order
b-quark to s-quark processes with a virtual ¢ quark in a
loop (electroweak penguin) or a box diagram. Non-SM
processes could produce sizable modifications to the de-
cay amplitude due to contributions from virtual non-SM
particles (such as charged Higgs or SUSY particles) in
the loop.

The decay amplitude is often described by an effective
Hamiltonian in which non-SM contributions can modify
the Wilson coefficients C;, Cy, and C,. The magnitude of
allowable modifications of C; is constrained by the mea-
sured rate for inclusive B — Xy decays [3-5]. The Belle
measurement of the exclusive process B— K¢ €~ has
been used to determine the best limits on non-SM con-
tributions to C9 and Cq [6]. The usefulness of exclusive
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measurements is limited by the large theoretical uncer-
tainties associated with the s-quark to K meson hadroni-
zation process. Since these uncertainties are not as severe
for inclusive processes, measurements of the branching
fraction and the dilepton and hadronic mass spectra for
B — X,£* ¢~ will provide more stringent and less model-
dependent probes for new physics. This process has not
been measured; CLEO has reported a 90% confidence
upper limit of B(B— X 7€) <4.2X 1073 [7].

In this Letter, we present the results of a measurement
of the branching fraction for the inclusive decay B —
X, €7 €~, where B is either B® or BT, { is either an electron
or a muon, and X, is a hadronic recoil system that con-
tains an s quark. Here and throughout the paper, the
inclusion of charge conjugated modes is implied. We use
a data sample collected at the Y(4S) resonance with the
Belle detector at the KEKB e™e™ asymmetric-energy
collider (3.5 GeV on 8 GeV) [8]. This sample contains
(65.4 +0.5) X 10° B meson pairs, corresponding to an
integrated luminosity of 60 fb™!.
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The Belle detector is a large-solid-angle magnetic
spectrometer that consists of a three-layer silicon vertex
detector (SVD), a 50-layer central drift chamber (CDC),
an array of aerogel threshold Cerenkov counters (ACC),
time-of-flight (TOF) scintillation counters, and an elec-
tromagnetic calorimeter comprised of CsI(TI) crystals
(ECL) located inside a superconducting solenoid coil
that provides a 1.5 T magnetic field. An iron flux return
located outside of the coil is instrumented with resistive
plate counters to identify muons (KLM). The detector is
described in detail elsewhere [9].

We reconstruct charged particle trajectories with the
CDC and SVD. Electron identification is based on the
position and shower shape of the cluster in the ECL, ratio
of the cluster energy to the track momentum (E/p),
specific energy-loss measurement (dE/dx) with the
CDC, and the response from the ACC. Muon identifica-
tion is based on the hit positions and the depth of pene-
tration into the ECL and KLM. We require the electron’s
(muon’s) laboratory momentum to be greater than
0.5 GeV/c (1 GeV/c). We find an electron (muon) selec-
tion efficiency of 92.5% (91.3%) with a (0.2 = 0.06)%
[(1.4 = 0.04)%] pion to electron (muon) misidentification
probability. Charged kaon candidates are selected by us-
ing information from the ACC, TOF, and dE/dx in the
CDC. The kaon selection efficiency is 90% with a pion to
kaon misidentification probability of 6%. The remaining
charged tracks are assumed to be pions. We select Kg —
7t 7~ candidates with invariant mass within 15 MeV/¢?
of the K° mass. We impose additional Kg selection criteria
based on the distance and the direction of the K vertex
and the impact parameters of daughter tracks. We require
the charged tracks other than those used in the K9 recon-
struction to have impact parameters with respect to the
nominal interaction point of less than 0.5 cm in the radial
direction and 3 cm along the beam direction.

We reconstruct photons from ECL energy clusters that
have no associated charged tracks. The shower shape is
required to be consistent with an electromagnetic cluster
and the energy to be greater than 50 MeV. We reconstruct
m° — yy candidates from photon pairs with invariant
mass within 10 MeV/c? of the nominal 7° mass.

The X, system is reconstructed in 18 different combi-
nations of either a K or K2 combined with 0 to 4 pions,
of which up to one 7 is allowed. We combine the X, with
two oppositely charged leptons to form a B candidate. We

identify the B — X £7€~ signal with the beam-energy
constrained mass, M, = \/(Ef);c“;m/cz)2 — (p§™/c)%,
where Ep- and pg™ are the beam energy and the B
candidate momentum calculated in the center-of-mass
(c.m.) system, respectively. We find the average M, reso-
lution is o, = 2.8 MeV/c?. The energy difference AE =
EG™ — EpT , where EG™ is the c.m. energy of the B
candidate, is combined with other variables to provide

background suppression.
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To optimize the selection criteria and to determine
their signal efficiencies, we use the following signal
model. The SM calculation of Ref. [6] is used for the
dilepton mass (My+,-) spectrum. We require M+~ to
be greater than 0.2 GeV/c? to remove the virtual photon
contribution, b — sy* — sete™ [10]. We model the recoil
mass (My ) spectrum using a nonresonant Fermi motion
model [11] and the JETSET hadronization program [12].
For My < 1.1 GeV/ c%, however, the spectrum is mod-
eled by the sum of the exclusive B — K¢+~ compo-
nents as predicted by the SM [13]. Using this model, we
find that our reconstructed final states account for 81% of
the total X, states. Figures 1(a) and 1(b) show the M+ ,-
and My_spectra from this model.

There are two background sources that can peak in M,
and AE. The first is hadronic B decays into one kaon plus
multiple pions (B — X,#w" 7~ ) from abundant decays
suchas B— D™nar (n = 1). We estimate this background
contribution by reconstructing B — X,w "7~ events
without the lepton identification criteria and multiplying
by the measured momentum dependent pion misidentifi-
cation probability. We find contributions of 2.6 = (.2
events to the B— X, u" u~ signal and 0.1 = 0.05 events
to B — X,e"e™. We refer to this as the fake background,
and subtract it from the signal yield. The second is from
B — J/yX, and B — 'X,, where J/¢ and ' decay into
dileptons. These decay modes have the same final states
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FIG. 1. SM expectations for the (a) dilepton and (b) recoil
mass spectra; the observed (c) dilepton and (d) recoil mass
spectra (circles). Inner and outer error bars indicate the statis-
tical and total errors, respectively. The histograms in (c),
(d) show the SM expectations after all the selections are
applied; histograms are normalized to the expected branching
fractions. The gaps in (c) are due to the J/¢, ¢’ vetoes. The
dotted line in (d) indicates the My < 2.1 GeV/ c? requirement.
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and, in principle, interfere with the signal. For this study,
these charmonium decays are explicitly vetoed. The
veto windows are —0.6 to +0.2 GeV/c*> (—0.35 to
+0.2 GeV/c?) around the J/¢ mass for the e'e”
(utw™) channel, and —0.3 to +0.15 GeV/c? around
the ¢/ mass for both channels. We find the background
from this source is negligibly small using a B — J/¥X,
Monte Carlo (MC) sample in which the M+ ,- spectrum
reproduces that of data.

The largest background sources are random combina-
tions of dileptons with a kaon and pions that origi-
nate from continuum ¢gg (¢ = u, d, s, ¢) production or
from semileptonic B decays. We reject 83% of the ggq
background with a signal efficiency of 90% by using a
Fisher discriminant [14] (F..n) based on a modified
set of Fox-Wolfram moments [15] that differentiate the
event topology. In the semileptonic B decay background,
both B mesons decay into leptons or two leptons are
produced from the b — ¢ — s, d decay chain. We com-
bine the missing mass (M) and the total visible en-
ergy (E,;,) [16] into another Fisher discriminant ([Fy) to
reject 85% of events with two neutrinos with a signal
efficiency of 91%.

We further reduce the backgrounds using AE and the
cosine of the B flight direction ( cosfp) with respect to the
e~ beam direction in the c.m. frame. First, we select
events with |AE| <40 MeV (~30 ). We then calculate
likelihoods L = p§% X p%P, where pg% and pyP
are the uncorrelated probability density functions for
AE and cosfp for the signal (S) and the background
(B), respectively, and form a likelihood ratio LR = Lg/
(Lg+ Lp). We model p4f with a Gaussian primarily
determined from a signal MC sample and calibrated
using B — J/¢X, data; p3F is modeled with a linear
function with a slope determined from a MC sample
that contains b — ¢ decays and ¢gg events. The signal
follows a 1 — cos?6 distribution, while the background
distributes uniformly in cosfz. By requiring LR > 0.8,
we retain 75% of the signal while removing 80% of the
backgrounds.

For events with multiple candidates that pass the se-
lection criteria, we choose the combination with the
largest value of LR. We find that the correct candidate
is reconstructed in 73% of the events. We reject candi-
dates with X, invariant mass greater than 2.1 GeV/c?.
This condition removes a large fraction of combinatorial
background while retaining (93 = 5)% of the signal.

Signal MC samples are used to determine reconstruc-
tion efficiencies of (3.7 * 0.4 * 0.5)%, where the first
error is systematic and the second error is due to the
model uncertainty. Here, an equal production rate is
assumed for B’B° and B*B~. Systematic errors include
uncertainties from the tracking efficiency (2.0% per
track), K2 reconstruction efficiency (8.7% per K9), m°
reconstruction efficiency (6.8% per 7°), electron identi-
fication (1.8% per electron), muon identification (2.2%
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per muon), K* identification (2.5% per K*), 7t identi-
fication (0.8% per 7"), and the background suppression
criteria (3.0% for F.on, Fg, and LR, combined, esti-
mated using B — J/¢X, data).

The model uncertainty includes the following sources.
The largest error is due to uncertainties in the SM branch-
ing fraction of the exclusive modes (11%). The uncer-
tainty in the My spectrum (4%) is due to the Fermi
momentum (pr) and spectator quark mass (m,) parame-
ters. We take pp = 0.4 GeV/c and m, = 0 GeV/c?, and
vary the parameters over a range allowed by the mea-
sured heavy quark effective theory parameters A; and A
[4,17]. The uncertainty in the fraction of the unmeasured
modes (2.1%) and the uncertainty due to the fractions
of 7¥ and K9 contained in X, (4.6%) are estimated by
comparing the inclusive hadron (7%, K9, 1, ¢, etc.) pro-
duction rates between continuum data and JETSET.

We determine the signal yield from an unbinned maxi-
mum likelihood fit to the M, distribution as shown in
Fig. 2. We model the signal with a Gaussian function
and the background with a threshold function [18]. The
width of the signal Gaussian is obtained from B — J /X,
data. The background shape is obtained from the back-
ground MC sample. We verify that the threshold function
obtained from MC reproduces the shape of data for B —
X,eu combinations [Fig. 2(d)]. The fit results are given
in Table I; we find 60.1 = 13.9(stat) *38(syst) events
for the combined B — X £7€¢~ modes [Fig. 2(c)] with
a statistical significance of 5.4¢. Here, the systematic

N
o

w
o
T

N
o
T

—_
o
T

(d) X' +c.c.

[e2]
o

Entries / (2.5 MeV/c?)
o

IS
o

N
o

0
52 522 524 526 528 52 522 524 526 528
M,, (GeV/c?)

FIG. 2. Beam-energy constrained mass distributions for
(a) B— X,ete™, (b) B—>X,u ™, (¢) B— X L€, and
(d) B— X,e*u™. The solid lines indicate the fit results and
the dotted lines show the sum of the background components.
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TABLE L. Fit results for the number of candidates, signal yields, fake backgrounds, reconstruction efficiencies, statistical
significances, and branching fractions (B). Candidates are counted in a =30, window in M,,.

Mode Candidates Signal yield Fake background Efficiency (%) Significance B(x107%)
B— Xete” 96 25.5 = 11.2 748 0.1 £ 0.05 3.9 04 0.5 3.4 50 =233
B— X,u 92 37.3 £9.7772 2.6 0.2 3.6 0.4 £0.5 4.7 7.9 =21+
B— X 1" 188 60.1 *13.9 "9 2.7+0.2 3.7 04 0.5 5.4 6.1 +1.4%14

error is obtained from the maximum deviation when the
background and signal shapes are varied by 1 standard
deviation of the statistical error in their shape parameters.

The significance is defined as \/—21In(Ly/ L . ), Where
L. 1 the maximum likelihood and L is the maximum
likelihood when the signal yield is constrained to be zero.
The fake background and the uncertainty in the back-
ground shape are included in the significance calcula-

tion. We calculate the branching fraction for M+, >
0.2 GeV/c? to be

B(B— X 4T€7) =[6.1 = L4(stat) T} (syst)] X 1076,

where the systematic errors in the yield, efficiency, the
number of B meson pairs, and the model errors are added
in quadrature to give the total systematic error. This can
be compared to the SM expectation B(B — X, £7(~) =
(4.2 =£0.7) X 107° [10]. Table I summarizes the branch-
ing fractions for B— X,ete™ and B— X, u* u~ sepa-
rately, together with the number of candidates, signal
yields, fake background estimations, efficiencies, and
the statistical significances.

The dilepton mass spectrum is measured by dividing
the data into M,+,- bins. For each bin, the signal yield is
extracted from a fit to the My, distribution, and the fake
background contribution is subtracted. The result is shown
in Fig. 1(c). Similarly, the recoil mass spectrum is ob-
tained by dividing the data into My _bins and extracting
the signal yield for each bin. The result is shown in
Fig. 1(d). With the current statistics, the M,+,- and My
spectra are in agreement with SM expectations.
Branching fractions for each bin are given in Table II.

TABLE IL.  Branching fractions (B) for each bin of M+, and
My . The first and second errors are statistical and systematic,
respectively.

M+ e- My,

(GeV/c?) B(x1077) (GeV/c?) B(x1077)

[0.2, 1.0] 93+74%7  [04,06] 491479

[1.0,2.0] 11.2*6.673] [06,08] —0.6=10"5¢
(20, M;;,]  187*7.6%%3  [08,1.0] 52+34%12
My, Myl 103 237727 [1.0,16] 268*95%37

[My,50] 111+54%2% (L6, 21] 26.8=13.87%%)
021801-5

In summary, we present the first measurement of the
inclusive branching fraction for the electroweak penguin
decay B — X, €' €. The results are in agreement with the
SM expectations and can be used to constrain extensions
of the SM.

We thank the KEKB accelerator group for the excellent
operation of the KEKB accelerator. We thank A. Alj,
E. Lunghi, and G. Hiller for providing us many helpful
suggestions and calculations. We acknowledge support
from the Ministry of Education, Culture, Sports,
Science, and Technology of Japan and the Japan Society
for the Promotion of Science; the Australian Research
Council and the Australian Department of Industry,
Science and Resources; the National Science Foundation
of China under Contract No. 10175071; the Department of
Science and Technology of India; the BK21 program of
the Ministry of Education of Korea and the CHEP SRC
program of the Korea Science and Engineering Foun-
dation; the Polish State Committee for Scientific Re-
search under Contract No. 2P03B 17017; the Ministry of
Science and Technology of the Russian Federation; the
Ministry of Education, Science and Sport of the Repub-
lic of Slovenia; the National Science Council and the
Ministry of Education of Taiwan; and the U.S.
Department of Energy.

*On leave from Nova Gorica Polytechnic, Nova Gorica.
fOn leave from University of Toronto, Toronto, Ontario.
[1] Belle Collaboration, K. Abe et al., Phys. Rev. Lett. 88,
021801 (2002); the BaBar collaboration also reports
preliminary results in B. Aubert et al., hep-ex/0207082.
[2] For example, E. Lunghi, A. Masiero, I. Scimemi, and
L. Silverstrini, Nucl. Phys. B568, 120 (2000); J. L. Hewett
and J. D. Wells, Phys. Rev. D 55, 5549 (1997); T. Goto,
Y. Okada, Y. Shimizu, and M. Tanaka, Phys. Rev. D 55,
4273 (1997); G. Burdman, Phys. Rev. D 52, 6400 (1995);
N. G. Deshpande, K. Panose, and J. Trampeti¢, Phys. Lett.
B 308, 322 (1993); W.S. Hou, R.S. Willey, and A. Soni,
Phys. Rev. Lett. 58, 1608 (1987).
[3] Belle Collaboration, K. Abe et al., Phys. Lett. B 511, 151
(2001).
[4] CLEO Collaboration, S. Chen et al, Phys. Rev. Lett. 87,
251807 (2001).
[5] ALEPH Collaboration, R. Barate et al, Phys. Lett. B
429, 169 (1998).

021801-5



VOLUME 90, NUMBER 2

PHYSICAL REVIEW LETTERS

week ending
17 JANUARY 2003

(6]

(71

(9]

A. Ali, E. Lunghi, C. Greub, and G. Hiller, Phys. Rev. D
66, 034002 (2002); A. Ali, P. Ball, L.T. Handoko, and
G. Hiller, Phys. Rev. D 61, 074024 (2000). These papers
use results that include partial next-to-next-to-leading
logarithmic QCD corrections from C. Bobeth,
M. Misiak, and J. Urban, Nucl. Phys. B 574, 291
(2000) and H.H. Asatrian, H. M. Asatrian, C. Greub,
and M. Walker, Phys. Lett. B 507, 162 (2001).

CLEO Collaboration, S. Glenn et al., Phys. Rev. Lett. 80,
2289 (1998).

KEK Report No. 2001-157, 2001, edited by E. Kikutani
(to be published).

Belle Collaboration, A. Abashian et al., Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 117 (2002).

[10] The original authors of Ref. [6] calculate B(B —
Xete )~BB—X,utu )~ 42+07) X 107% for
Mg+ > 0.2 GeV/c2.

021801-6

[11]
[12]
[13]
[14]
[15]

[16]

[17]

[18]

A. Ali, G. Hiller, L. T. Handoko, and T. Morozumi, Phys.
Rev. D 55, 4105 (1997).

T. Sjostrand, “PYTHIA 5.6 and JETSET 7.3: Physics and
Manual,” CERN-TH-6488-92.

We use BB—K{T€)=(35+12)x10"7 and
B(B— K*€t¢7) = (1.2 = 0.4) X 107° from Ref. [6].

R. A. Fisher, Ann. Eugen. 7, 179 (1936).

The Fox-Wolfram moments were introduced in G. C. Fox
and S. Wolfram, Phys. Rev. Lett. 41, 1581 (1978). The
modified moments used by Belle are described in [3].
We define M = JQELD =S ES™)2/c* —|Y psm™ /c]?
and E; =) E$™, where the sum is over all the charged
particles with a pion mass hypothesis and all photons.
CLEO Collaboration, D. Cronin-Hennessy et al, Phys.
Rev. Lett. 87, 251808 (2001).

ARGUS Collaboration, H. Albrecht et al., Phys. Lett. B
229, 304 (1989).

021801-6



