week ending
VOLUME 91, NUMBER 20 PHYSICAL REVIEW LETTERS 14 NOVEMBER 2003

Measurement of Branching Fractions and Polarization in B — ¢ K Decays

K.-F Chen,” A. Bozek,>* K. Abe,” K. Abe,* T. Abe,” I Adachi,” H. Aihara,*® M. Akatsu,'” Y. Asano,* T. Aso,**
A.M. Bakich,*® Y. Ban,*” E. Banas,?* A. Bay,'® P. K. Behera,*® I Bizjak,'' A. Bondar,' M. Bracko,'"!! J. Brodzicka,**
T. E. Browder,® B.C. K. Casey,® M.-C. Chang,” P. Chang,?® Y. Chao,? B.G. Cheon,* R. Chistov,'’ S.-K. Choi,’

Y. Choi,* Y. K. Choi,*> M. Danilov,'® M. Dash,*’ L.Y. Dong,® A. Drutskoy,'’ S. Eidelman,' V. Eiges,"’ Y. Enari,"’
C. Fukunaga,42 N. G.abyshev,7 A. Garmash,"” T. Gershon,’” B. Golob,'®'' R. Guo,?' J. Haba,” C. Hagner,47 F. Handa,*
H. Hayashii,” M. Hazumi,” T. Higuchi,” L. Hinz,"” T. Hokuue," Y. Hoshi,*® W.-S. Hou,*® Y. B. Hsiung,?*"*
H.-C. Huang,23 Y. Igarashi,7 T. Iijima,19 K. Inami,' A. Ishikawa,'® H. Ishino,*' R. Itoh,” H. Iwasaki,” Y. Iwasaki,’
H. K. Jang,** M. Jones,® J. H. Kang,* J. S. Kang,"® N. Katayama,” H. Kawai,” H. Kawai,*’ T. Kawasaki,?® H. Kichimi,’
D.W. Kim,*® Hyunwoo Kim," J. H. Kim,* S. K. Kim,* K. Kinoshita,” P. Koppenburg,’ S. Korpar,'"!"' P. Krokovny,'
A. Kuzmin,' Y.-J. Kwon,* J. S. Lange,4’32 S.H. Lee,>* T, Lesiak,?* J. Li,*® A. Limosani,'® S.-W. Lin,> J. MacNaughton,9
FE Mandl,’ D. Marlow,* H. Matsumoto,?® T. Matsumoto,** A. Matyja,24 W. Mitaroff,” H. Miyake,28 H. Miyata,26
D. Mohapatra,47 T Mori,*' T. Nagamine,3 ° T. Nakadaira,*® E. Nakano,>’” M. Nakao,” J.W. Nam,* Z. Natkaniec,**
S. Nishida,” O. Nitoh,** T. Nozaki,’ S. Ogawa,37 T. Ohshima,' T. Okabe,' S. Okuno,'? S. L. Olsen,® W. Ostrowicz,>*
H. Ozaki,” H. Palka,”* C.W. Park,'"® H. Park,'* K. S. Park,® N. Parslow,’® L. S. Peak,*® M. Peters,® L. E. Piilonen,*’
N. Root," M. Rozanska,>* H. Salgawal,7 S. Saitoh,’ Y. Sakai,” T.R. Sarangi,46 M. Satapalthy,46 A. Satpathy,7’3
0. Schneider,' J. Schiimann,® A.J. Schwartz,® S. Semenov,'® K. Senyo,19 M. E. Sevior,'® V. Sidorov,' J. B. Singh,29
S. Stani¢,* " M. Stari¢,!! A. Sugi,19 K. Sumisawa,’ T. Sumiyoshi,42 S. Suzuki,*® T Takahashi,?’ E Takasaki,” K. Tamai,’
N. Tamura,?® M. Tanaka,’ Y. Teramoto,?’ T. Tomura,** T, Tsuboyama,7 T. Tsukamoto,” K. Ueno,?* Y. Unno,’> S. Uno,’
Y. Ushiroda,’ G. Varner,® K. E. Varvell,>® C. C. Wang,23 C.H. Wang,22 J.G. Wang,47 M.-Z. Wang,23 M. Watanabe,>°
Y. Watanabe,*! E. Won, ' B. D. Yabsley,47 Y. Yamada,’ A. Yamaguchi,39 Y. Yamashita,>> M. Yamauchi,” H. Yanai,?®
P Yeh,23 M. Yokoyama,40 Y. Yusa,39 C.C. Zhang,8 J. Zhang,45 Z.P Zhang,33 Y. Zheng,6 V. Zhilich,1 and D. Zontar'®!!

(Belle Collaboration)

'Budker Institute of Nuclear Physics, Novosibirsk
2Chiba University, Chiba
3University of Cincinnati, Cincinnati, Ohio 45221
4University of Frankfurt, Frankfurt
5Gyeongsang National University, Chinju
SUniversity of Hawaii, Honolulu, Hawaii 96822
"High Energy Accelerator Research Organization (KEK), Tsukuba
8Institute of High Energy Physics, Chinese Academy of Sciences, Beijing
°Institute of High Energy Physics, Vienna
OInstitute for Theoretical and Experimental Physics, Moscow
J. Stefan Institute, Ljubljana
2Kanagawa University, Yokohama
BKorea University, Seoul
14Kyungpook National University, Taegu
YInstitut de Physique des Hautes Energies, Université de Lausanne, Lausanne
®University of Ljubljana, Ljubljana
l7University of Maribor, Maribor
BUniversity of Melbourne, Victoria
1gNagoya University, Nagoya
Nara Women’s University, Nara
2! National Kaohsiung Normal University, Kaohsiung
% National Lien-Ho Institute of Technology, Miao Li
23D.epartmem‘ of Physics, National Taiwan University, Taipei
**H. Niewodniczanski Institute of Nuclear Physics, Krakow
% Nihon Dental College, Niigata
26Niigata University, Niigata
*"Osaka City University, Osaka
BOsaka University, Osaka
29Panjab University, Chandigarh

201801-1 0031-9007/03/91(20)/201801(6)$20.00  © 2003 The American Physical Society 201801-1



VOLUME 91, NUMBER 20

PHYSICAL REVIEW LETTERS

3OPeking University, Beijing
3 Princeton University, Princeton, New Jersey 08545
32RIKEN BNL Research Center, Upton, New York 11973
33University of Science and Technology of China, Hefei
34Seoul National University, Seoul
3 Sungkyunkwan University, Suwon
36Um'versity of Sydney, Sydney, New South Wales
3 Toho University, Funabashi
BTohoku Gakuin University, Tagajo
I Tohoku University, Sendai
“Department of Physics, University of Tokyo, Tokyo
"okyo Institute of Technology, Tokyo
42Tokyo Metropolitan University, Tokyo
Bokyo University of Agriculture and Technology, Tokyo
*“Toyama National College of Maritime Technology, Toyama
45 University of Tsukuba, Tsukuba
4 Utkal University, Bhubaneswer
“Nirginia Polytechnic Institute and State University, Blacksburg, Virginia 24061
BYokkaichi University, Yokkaichi

“Yonsei University, Seoul
(Received 8 July 2003; published 10 November 2003)

We present the first measurement of decay amplitudes in B — ¢ K* and measurements of branching
fractions in B — ¢pK™ decays based on 78.1 fb~! of data recorded at the Y(4S) resonance with the
Belle detector at the KEKB e" e storage ring. The decay amplitudes for the different ¢K** helicity
states are measured from the angular distributions of final state particles in the transversity basis. The
longitudinal and transverse complex amplitudes are |Ay|> = 0.43 £0.09 =0.04, |[A;]*> = 0.41 =
0.10 £ 0.04, arg(A4)) = —2.57£0.39 +0.09, and arg(A;)=048*0.32+0.06. The direct
CP-violating asymmetries are found to be consistent with zero.
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B meson decays involving b — s§s transitions, such
as B— ¢K and ¢K*, are forbidden to first order in
the standard model (SM), but proceed by second order
loop diagrams (penguin and box diagrams), which lead
to the flavor changing neutral current transition b — s.
These processes provide information on the Cabibbo-
Kobayashi-Maskawa matrix element V,; [1] and are sen-
sitive to physics beyond the SM such as R-parity violating
supersymmetry (SUSY) contributions to b — s§s [2].
They can also be used to perform independent measure-
ments of the CP-violating parameter sin2¢; [3]. The
branching fractions of B — ¢K have been predicted by
QCD factorization [4] and perturbative QCD (PQCD) [5].
The decay B — ¢ K™ is a mixture of CP-even and CP-odd
states; polarization measurements allow us to project out
the different CP states statistically.

In this Letter, we report the first measurement of the
helicity state amplitudes in B — ¢K** decay by a full
three-dimensional angular analysis. We also report mea-
surements of branching fractions and direct CP asymme-
tries in Bt — ¢K*, B"— ¢K°, BT — $K**, and
BY — ¢K** decays (charge conjugate modes are included
everywhere unless otherwise specified).

This analysis is based on a data set with an integrated
luminosity of 78.1 fb~! taken at the Y(4S) resonance
recorded by the Belle detector [6] at the KEKB ete™
collider [7]. This luminosity corresponds to (85.5 =
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PACS numbers: 13.25.Hw, 11.30.Er

0.5) X 10° produced BB pairs. The beam energies are
8 GeV for e~ and 3.5 GeV for e™.

The Belle detector is a general purpose magnetic spec-
trometer equipped with a 1.5 T superconducting solenoid
magnet. Charged tracks are reconstructed in a central
drift chamber (CDC) and a silicon vertex detector
(SVD). Photons and electrons are identified using a
CsI(TI) electromagnetic calorimeter (ECL) located in-
side the magnet coil. Charged particles are identified
using measured dE/dx in the CDC as well as information
from aerogel Cherenkov counters (ACC) and time of flight
counters (TOF). A kaon likelihood ratio, P(K/m) =
Ly/(Lx + L), has values between 0 (likely to be a
pion) and 1 (likely to be a kaon), where Ly, is derived
from dE/dx, ACC, and TOF measurements.

Candidate ¢ — K"K~ decays are found by selecting
pairs of oppositely charged tracks that are not pionlike
[P(K/m) > 0.1]. The vertex of the candidate charged
tracks is required to be consistent with the interaction
point (IP) to suppress poorly measured tracks. In addi-
tion, candidates are required to have a K™K~ invariant
mass that is less than 10 MeV/c? from the nominal ¢
meson mass.

Pairs of oppositely charged tracks are used to recon-
struct K§ — 7" 7~ decays. The ¥ 7~ vertex is required
to be displaced from the IP by a minimum transverse
distance of 0.22 ¢cm for high momentum ( > 1.5 GeV/c¢)
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candidates and 0.08 cm for those with momentum less
than 1.5 GeV/c. The direction of the pion pair momen-
tum must agree with the direction defined by the IP and
the vertex displacement within 0.03 rad for high-momen-
tum candidates, and within 0.1 rad for the remaining
candidates.

Charged tracks with P(K/7) > 0.4 ( <0.9) are con-
sidered to be kaons (pions). For 7% — yy, a minimum
photon energy of 50 MeV is required and the 7y invariant
mass must be less than 16 MeV/c? from the nominal 7°
mass. K* candidates are reconstructed in three decay
modes: K9 — K*7#~, K''—-K'#% and KT —
K%7r™. The invariant mass of the K* candidate is required
to be less than 70 MeV/c? from the nominal K* mass.

A B meson is reconstructed from a ¢» meson candidate
and a K or K* candidate and identified by the energy
difference AE = E{™ — E{™ | and the beam constrained

beam?
mass M,.. = (Ecms 2 _ ( cms)2 - prems
be PB . beam

beam

is the beam

energy in the center-of-mass system (cms) of the Y(4S)
resonance, and EF™ and p3™ are the cms energy and
momentum of the reconstructed B candidate. The
B-meson signal window is defined as 5.27 GeV/c* <
My, <5.29 GeV/c? and |AE| < 64(60) MeV for B —
$K (B— ¢K*). The signal window is enlarged to
—100 MeV < AE <80 MeV for B™ — ¢K*H (K" —
K" %) because of the impact of shower leakage on AE
resolution. An additional requirement cosfg < 0.8 is
applied to reduce low momentum 7° background, where
O~ is the angle between the K* direction and its daughter
kaon defined in the K* rest frame. In the signal window
about 1% of the events have multiple candidates. We
choose the best candidate according to the value of the
B vertex x’.

The dominant background is continuum e*e™ — gq
production (¢ = u, d, ¢, s). Several variables are used to
exploit the differences between the event shapes for con-
tinuum ¢gq production (jetlike) and for B decay (spheri-
cal) in the cms frame of the Y(4S) [8]. These variables are
combined into a single likelihood ratio R, = L,/(L, +
L), where L (L) denotes the signal (continuum)
likelihood. An additional variable cosfy, which is the
angle between the ¢ momentum and the daughter kaon
momentum in the ¢ rest frame, is included for the pK™*
and ¢ K channels.

Backgrounds from other B decay modes such as B —
KKK®, B — f,(980)K")(fy — K*K~), B— ¢Kr,
B — KKK, and feed-across between ¢ K* and ¢K de-
cay channels are studied. The contributions from B —
KKK™ and B — f,(980)K™(f, — K*K~) are estimated
from the K* K~ invariant mass distribution. The K* K~
mass distribution for B— KKK® is determined by
Monte Carlo (MC) simulation assuming three-body
phase space decay. The shape for f;(980) is obtained
from MC, where a Breit-Wigner with a 40 MeV/c? in-
trinsic width is assumed. These contributions are esti-
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mated separately by fits to the events outside of the ¢
mass region. The contribution from B — KKK®™ is esti-
mated to be 5%—9% [9] of the signal yield and is sub-
tracted from the raw signal yield The B — foK®
contribution is estimated to be 2%—12%. The large un-
certainty in the intrinsic width of the f,(980) is included
in the systematic error. The background from B — ¢ K
decay, as well as higher K* resonance decay, is studied by
performing fits to the K7 invariant mass. The estimated
background (1%—3%) is considered as a systematic error.
Contamination from four-body B — KKK decays is
checked by performing fits to the nonresonant region of
K*K~ and K7 mass. It is found to be very small and is
neglected. The feed-across from ¢K* in ¢pK decay is
removed by excluding events with AE < —120 MeV
from the fit. A veto is applied in B — ¢K* channels to
remove the feed-across background from ¢ K.

The signal yields (N,) are extracted by extended un-
binned maximum-likelihood fits performed in AE and
M, simultaneously. The signal probability density func-
tions (PDFs) are represented by Gaussians for both AE
and M,.. The means and widths are verified using B* —
Dzt and B — J/yK* decays. Additional bifurcated
Gaussians (Gaussians with different widths on either
side of the mean) are used to model the tails in the AE
distribution of ¢K* channels. The continuum PDF for
My (AE) is determined from the events outside of AE
(M,,.) signal window. The continuum PDFs for M. and
AE are represented by an empirical background function
introduced by ARGUS [10] and a linear function, respec-
tively. The number of signal and background are floated in
the fit while other PDF parameters are fixed. The mea-
sured branching fractions (B) are summarized in Table L
The distributions of AE and M, for the four measured
modes are shown in Fig. 1.

The systematic errors in the signal yields are estimated
by varying each fixed PDF parameter by =10 of its
nominal value. Conservatively, the change in the signal
yield from each variation is added in quadrature. The
systematic errors in the efficiency are due to uncertainties
in track finding (1% per track), particle identification

TABLE I  Signal yields (N,) obtained by fits after back-
ground subtraction, total efficiency (e), statistical significance

(2 =+/2In[ L(N,)/ L(0)]), and measured branching fraction

(B). The intermediate branching fractions are taken from [11].

Mode N, €(%) X B(107°)
B* — ¢K* 13641 169 165 94=1.1%07
B'— ¢K°  356%5% 46 8.7 9.0"22 +0.7
B"— ¢k 585731 69 113 10.0%}$ *01
B — ¢K** 4.9 6.7+34 *01
K —K'a® 80743 1.4 2.8 6.9138 *03
K" — K7t 11.3%3 21 4.0 6.5135 108

201801-3



VOLUME 91, NUMBER 20

PHYSICAL REVIEW LETTERS

week ending
14 NOVEMBER 2003

o b @ B—oK”

Events / 12.5 MeV
Events / 2.5 MeVi/c?

25 F (b) B°>0Kg

Events / 12.5 MeV
Events / 2.5 MeV/c?

Events / 12.5 MeV
Events / 2.5 MeV/c?

3 3 oKt e
2 1,4 E (@) B"o9K =
KKt [
Q12 | e =
o O K"K 7y
— E o
P a
5 °F £
o 6 2
a4 B w
2 H
o o i . ,
-0.2-0.1 0 0.1 0.2 5.2 5.2255.255.275 5.3
AE (GeV) M, (GeV/c?)

FIG. 1 (color online). Distributions of AE (M.) with fit
results for the events in the M,. (AE) signal window. The
continuum background component is shown by dashed curves.

(2%), K2 and 7° finding (4%), and to the uncertainty in
B(¢p — K*K~) (1.4%). The estimated contaminations
of B— foK™ and B — ¢ K are included as an uncer-
tainty in the background. For the B — ¢K* modes, an
additional systematic error in the efficiency due to the

tainty in the slow pion detection efficiency (1%—4%) is
included.

For the self-tagging modes B™ — ¢K*, B’ —
SK* K+ 77), and B" — ¢K** we have studied the di-
rect CP asymmetries Acp =[N(B— f) — N(B—
HI/INB — f) + N(B— f)], where B (B) is B® or B"
(B or B™) and f is one of the self-tagged ¢K™ final
states. The values of Acp for BY — ¢pK*', B’ —
oK O(K*7~), and Bt — ¢K** are the following:
0.01 £0.12=0.05, 0.07 £0.15%3%, and —0.13 %
0.2970%, respectively. These correspond to 90% confi-
dence level limits of —0.20 <A p(dpK™) <0.22,
—0.18 < Acp(pK*O(K*77)) <0.33, and —0.64<
Acp(pK*T) < 0.36, respectively. The systematic error in-
cludes the uncertainties in signal extraction (2%) and
detector induced bias (1% —-6%), which has been studied
using large samples of inclusive charged kaon and pion
tracks, high momentum D°— K 7% and D" —
K~ 7"t decays, and B-meson decays to the channels
J/WK®, D7 and D*~ 7r*. The systematic errors due to
background from B — f,K*) and non-K* background in
B — ¢K* channels are also included.

The decay angles of a B meson, to the two vector
mesons ¢ and K0 as defined in the transversity basis
[12], are shown in Fig. 2. The x-y plane is defined by the
K*0 daughters and the x axis is in the direction of the
¢ meson. The y axis is perpendicular to the x axis and is
on the same side as the kaon from K*° decay. The z axis is
perpendicular to the x-y plane according to the right-
hand rule. 6, (¢,) is the polar (azimuthal) angle with
respect to the z axis of the K* from ¢ decay in the ¢ rest
frame. O~ is defined above.

The distribution of decays in the three angles [13], O,

uncertainty in the polarization together with the uncer- | g = and ¢, is

d’T (b, cosBy, cosOx-) 9

= [1A] [*2c0s?,sin*Og- + |A)[*2sin? 6, sin® P sin® O+ + |Ag|*4sin®6,,cos® P cos? O -
T

d¢.d cosb,d cosl g 32

+ V2Re(AjAg)sin? 6, sin2¢b sin20x- — nv2Im(AGA | ) sin26,, cos by, sin20 -
— 2nIm(AjA ) sin26,, sing,sin® O -], (1)

where Aj, A, and A are the complex amplitudes of the
three helicity states in the transversity basis with the
normalization condition |Agl* + |A)l*> + 1A, |> =1, and
n=+1 (—1) for B (B). A, denotes the longitudinal
polarization of the ¢ — K™K~ systemand A, (Aj) is the
transverse polarization along the z axis (y axis). The
value of [A1? (Aol> + AP =1—]AL1*) is the
CP-odd (CP-even) fraction in the decay B — ¢ K* [13].
The imaginary phases of the amplitudes are sensitive to
final state interactions (FSI). The presence of FSI results
in phases that are not either O or *7r.

The complex amplitudes are determined by perform-
ing an unbinned maximum likelihood fit [14] with B —
¢K*O(K* 7~) candidates in the signal window. The com-
bined likelihood is given by
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N
L= l—[ 6(61(*’ etr’ ¢tr)[f¢K*°r(0K*r etr’ ‘;btr) + flﬁ

X R0k O, bi) + frixo
X RKKK*O(eK*’ 0tr’ ¢tr)]’
()

where I is the angular distribution function (ADF) given
by Eq. (1), and R,z and Rggg+ are the ADFs for contin-
uum and B — KKK*® background, respectively. The
value of 7 is determined from the charge of the kaon in
K*0 decay, R, is determined from sideband data, and
Rygxo 1s assumed to be flat. The detection efficiency
function (€) is determined by MC. The fractions of
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K_

FIG. 2 (color online).
¢K*0 decay.

The definition of decay angles in B —

SK (fyxo)s 4G (fgg), and B— KKK (fgggw) are
parametrized as a function of AE and M,,.. The value of
arg(Ap) is set to zero and |Aj|* is calculated from the
normalization constraint in the fit. Four parameters
[lAol%, 1ALI?, arg(A)), and arg(A,)] are left free to be
determined from the fit.

Figure 3 shows projections for each of the three angles
together with results from the fit. The amplitudes ob-
tained from the fit are |[Ay|?> = 0.43 +0.09 + 0.04,
|A] > =0.41 £0.10 = 0.04, arg(A)) = —2.57 =0.39 =
0.09, and arg(A;) = 0.48 = 0.32 = 0.06, where the first
errors are statistical and the second errors are systematic.
The systematic uncertainties include the slow pion detec-
tion efficiency (3% —6%), the background from higher K*
states (6%—9%), and the B — f, K" background (1%). The
systematic uncertainty due to the angular resolution is
estimated by MC simulation and found to be less than 1%.
Uncertainties due to the background PDFs, the signal
yields, and the modeling of efficiency function (€) are
estimated to be 1% —3%.

In summary, we measure the branching fractions of
four B— ¢K® decay modes. The value of B(B* —
¢K™) is in good agreement with, and supersedes, previ-
ously reported Belle measurements [15,16]. Our branch-
ing fraction results are in agreement with measurements
by BABAR [17] and CLEO [18], and the predictions by
PQCD [5]. The measured direct CP asymmetries in these
modes are consistent with zero. The decay amplitudes for
BY — ¢K*0 are determined by fitting the angular distri-
butions in the transversity basis. The longitudinal polar-
ization fraction [f,(¢K*)] reported by BABAR [19]
agrees with our measured value of |A,|>. The measured
value of |A|* shows that both CP-odd (|A,|?) and
CP-even (JAyl* + |A|||2) components are present in ¢K*
decays, in contrast to the case of B — J/¢K*, which is
dominantly CP even [14]. Our data also yield a good fit
when the phases of A and A are constrained to zero and
—ar, indicating that our data cannot distinguish the pres-
ence of final state interactions.
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FIG. 3 (color online). Projections of the transversity angles
with results of the fit superimposed. The points with error bars
show the efficiency corrected data after subtraction of contin-
uum and B — K"K~ K* background. The y*n.d.f. for the
projection of cosfg-, cosf, and ¢, are given by 1.05, 0.90,
and 0.46, respectively.
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