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We report improved measurements of branching fractionsBferK 7, =+, =" #°, and KK decays

based on a data sample of 85.0 milliBB pairs collected at th& (4S) resonance with the Belle detector at

the KEKB e" e~ storage ring. This data sample is almost three times larger than the sample previously used.
We observe clear signals f&— K, =" 7, and7" 7° decays and set upper limits & KK decays. The
results can be used to give model-dependent constraints on the CKM égglas well as limits on the
hadronic uncertainty in the time-dependent analysis of the apgle

DOI: 10.1103/PhysRevD.6811102 PACS numbés): 13.25.Hw, 11.30.Er, 12.15.Hh, 14.40.Nd

Recent studies @ factories have significantly improved Throughout this paper, neutral and charggdnesons are
our knowledge of heavy-flavor physics. In particular, the es-assumed to be produced in equal amounts a¥{%S). The
tablishment of mixing-induce@P violation in theB-meson inclusion of the charge conjugate decay is implied, unless
system[1,2] is encouraging for further tests of the Standardexplicitly stated.

Model based on determinations of the Cabibbo-Kobayashi- The Belle detector is a large-solid-angle spectrometer
Maskawa(CKM) matrix element$3]. consisting of a three-layer silicon vertex detector, a 50-layer
B-meson decays t& s, mm and KK final states are central drift chambe(CDC), an array of threshold Cheren-

dominated byp—u tree andb—s, d penguin diagrams. The kov counters with silica aerogel radiatof&CC), time-of-
properties of these decays provide information that can p8ight scintillation counters, and an electromagnetic calorim-
used to determine the CKM angless and ¢ [4]. However, — eter comprised of C£TI) crystals (ECL) located inside a
the extraction of these angles suffers from hadronic uncersuperconducting solenoid coil that provides a 1.5 T magnetic
tainties present in the current theoretical description andield. An iron flux-return located outside of the coil is instru-
from the small amplitudes di—u,s,d transitions. To solve mented to detecKE mesons and to identify muons. A de-
these difficulties, various theoretical approaches based omiled description of the Belle detector can be found else-
flavor symmetries and dynamical calculations in the heavywhere[15].
quark limit [5] have been proposed. In order to utilize these  The basic analysis procedure is the same as described in
methods, the precision of the existing experimental resultRef. [6]. However, the data sample used in this analysis was
[6-12 must be improved. reprocessed with an improved tracking algorithm that re-
In this paper, we report updated measurements of th@uces the probability of incorrectly associating CDC hits in
branching fractions foB—Km, wt7~, " #° and KK the track finding. This improvement changes the efficiencies
decays. Recent results f8°— 7°7° have been reported for the kinematic reconstruction of the signal as well as for
elsewhere[13,14. The measurements reported here arghe measurement of specific ionization energy lass/¢x)
based on a 78 fb' data sample collected at thg(4S) reso-  in the CDC from the values given in R€B].
nance, with the Belle detectpi5] at the KEKBe'e ™ stor- The 7= mass is assigned to each charged track. Tracks
age ring[16]. This sample corresponds to 85%.0.5 million  used to formB candidates are required to originate from the

BB pairs and is about three times larger than that used fointeraction region based on their impact paramet¢gsme-

our previous analysi§6]. The previous results are super- SONS are reconstructed using pairs of oppositely charged
seded with significantly improved statistical precision. tracks that have invariant masses in the range 480 IfeV/

<M, <516 MeV/c?. A reconstructeng is required to
have a displaced vertex and a flight direction consistent with
*On leave from Fermi National Accelerator Laboratory, Batavia, that of aK? originating from the interaction region. Pairs of
lllinois 60510. photons with invariant masses in the range 115 M&V/
Ton leave from Nova Gorica Polytechnic, Nova Gorica. <M,,<152 MeV/c? are used to formm® mesons. The
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TABLE I. Signal efficiencies for kinematic reconstructifiRed,  since the momenta of their decay products are smaller than
Ry requirements andi requiremoent along with the sub-decay those in the signal decays. On the other hand, the momenta
branching fraction By,) for K°—Kg— 7" n~ and total signal ef-  of the decay products frota—u,s,d transitions other than

ficiencies. the signal(denoted as other charmleBsdecay$ can be as
large as those in the signal decays. Events from these charm-
Mode Rec Ry Rs Bsup Total lessB decays populate the negati€ region because of the
K+ 0731 0769  0.672 _ 0.378  energy carried away by a photon ermeson, which is not
K+ 70 0.461 0.844 0.501 _ 0195 used in theB r_econstructlo_n. We tqke these events into ac-
KO+ 0.571 0.911 0.560 0.343 0.100 count in the_ s!gnal e_xtracnon as dlscussEd later.
0.0 We discriminate signal events from the background by
K® 0.314 — 0.673 0.343 0.073 L o
+ - the event topology. This is quantified by the Super-Fox-
T 0.756 0.830 0.560 — 0.352 g L . LT
‘0 Wolfram (SFW) variable[6], which is a Fisher discriminant
T 0.476 0.911 0.395 — 0.172 d dified | h
KK - 0.727 0.713 0.387 B 0.201 [18] formed from mo |f|g Fox.—Wo _fram momer‘ﬁ$9]. The
- ' : : : angle of theB-meson flight direction with respect to the
K*KP° 0.539 0.844 0.388 0.343 0.061

" beam axis in the c.m. framedg) provides additional dis-
KOKO 0.447 — 0561 0235 0059  crimination. A signal likelihood ratidRs= L/(Ls+ Lgg) is

used as the discriminating variable, whefg denotes the
i product of the individual SFW andg likelihoods for the
measured energy of each photon in the laboratory frame '§ignal, andZqg is that for theqq background. The probabil-

required to be greaterothan 50 MeV in the barrel regionj qensity functiongPDF9 used for the likelihoods are de-
defined as 32%¢,<128°, and greater than 100 MeV in the jyeq from the MC for the signal, while events in thé,.

end-cap regions, defined as ¥99,<32° or 128<0,  qgenand (5.2 Ge\tP<M,.<5.26 GeVL? in the AE accep-

<150°, whereg,, denotes the polar angle of the photon with tance are used for thejq background. We make a mode-
respect to thee™ beam. SignaB candidates are required dependent  requirement on R that maximizes
S

: 2 2 _
f AS g’u;gySSc.;Z?VGew h< M bK/I< 5._29#2_2(3*ewi znd A0E3 _Gs*\/ NSV \/I\V;’Tl\l%p , whereNZ™® and NG denote the expected
> D8V, WNETE Moo= VEpeam Ps ~ B signal andyq yields based on our previous measuremgsits

—Epeam EbeamiS the beam-energy, amf and E§ are the

(upper limits are used fdKK modes. The R requirements

momentum and energy of the reconstruc&dneson, all g — )
evaluated in thete™ cggnter-of—massc m) frame. The sig- eliminate more than 90% of theeg background for the signal
. ) efficiencies given in Table I.

nal efficiencies of the kinematic reconstruction, estimated us- Signal yields are extracted using a binned maximum
ing GEANT-based[17] Monte Carlo(MC) simulations, are . . . Lo )
9 [17] (MC) likelihood fit to the AE distributions after all the event se-

listed in Table I. lecti . s di d ab The fitting functi
Charged tracks fronB candidates have momenta ranging ection requirements discussed above. The Titling function
contains components for the signalq background, and

from 1.5 up to 4.5 Ge\W in the laboratory frame. They are ! h :
distinguished a&* or 7* mesons by the number of photo- other charml§s§3+decays. If applicable, possible reflections
due to theK=/7~ misidentification are included as addi-

electrons N, ) detected by the ACC andE/dx measured .

in the CDC. These quantities are used to fornda identi- tional components, .A” of the f'F parameters other than the

fication (KID) likelihood ratio R =Ly /(Lx+ L), where normalizations are fixed. The signal PDFs are based on the
AT AT MC. For the modes with a® meson, the PDF is modeled

£ denotes the product of the individual likelihoodsngg.. with an empirically determined parametrizati®0]. For the

and dE/dx for K* mesons, andC, is the corresponding other modes, the sum of two Gaussian distributions with a
product form= mesons. The requirements ® used in this A +
common mean is used for the PDF. Due to the mass

o T . - o
analysis yield & identification efficiency of 84.4% with a assumption, eaci™ meson in the final state results in a shift

ST e 0 v )
7~ misidentification rate of 5.3% foK~ candidates, and a in the peak position of about 45 MeV. Discrepancies be-

7= identification efficiency of 91.2% with &= misidenti- LT ; .
fication rate of 10.2% form™ candidates. The efficiencies tween the peak positions in data and MC are calibrated using

and misidentification rates are measured by comparing thB —D°7 " decays, where thB°— K" 7~ 7% sub-decay is
yields of high-momentunD* *-taggedD°—K 7" decays used for the modes withr® mesons and th®°—K* 7~
before and after applying th&, requirements. Here, thé~ sub-decay is used for the other modes. Here, the same analy-
and 7 momentum range is required to be the same as fogis procedure used for the signal is applied except for the
the signal. Since the momentum and angular distributions ardaughter particle reconstruction. The MC-bagef resolu-
slightly different forD° data and signal MC simulations, the tions are calibrated using invariant mass resolutions of high-
KID efficiencies are reweighted as a function of the polarmomentum inclusivd decays. We us®®—K ™ 7" for the
angle of the signal track with respect to teeé beam. In B°—K*7n~, #*7~, and K"K~ modes,D " — K2z " for
addition to the KID requirement, positively identified elec- the B* —K27", K2K* and B®—K2K2 modes, andD®
trons are rejected using a similar likelihood ratio that also— K~ 7" #° for the modes with ar® meson. The momentum
includes the energy deposited in the ECL. ranges and reconstruction procedures forDh@aughter par-
The dominant background is due to teée™ —qq (q ticles are required to be the same as those for the signal
=u,d,s,c) continuum processes. A large MC sample showsdaughter particles. The signal PDFs are also used for the
that backgrounds from thé—c transition are negligible reflections. The PDF of thgq background is determined
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FIG. 1. AE distributions forB—Km, #* 7, m* #°, andKK decays. Fit results are shown as the solid, dashed, dotted and dot-dashed
curves for the total, signatjq background and the other charmld&sslecays, respectively. In addition, reflections duéta 7= misiden-
tification are shown as hatched areas.

from the M, sideband data and modeled with a first-orderKID efficiencies and misidentification rates, and the efficien-
polynomial for theK "K~ and K2K2 modes and a second- cies of theRs requirements. We observe clear signals Bor
order polynomial for the other modes. The PDF for the other—K s, 7" 7, and#* #° decays. For the decaﬁs—>KE
charmless decays is taken from a smoothed histogram of ano significant signal is observed We apply the Feldman-
large MC sample. Th& " 7° and 7+ #° modes are fitted Cousins frequentist approach with systematic uncertainties
simultaneously with a fixed reflection-to-signal ratio that istaken into accour|21] to obtain upper limits on the yields at
determined from the measured KID efficiencies and misidenthe 90% confidence levéCL); these are used to set branch-
tification rates. For other modes, all the normalizations aréng fraction upper limits. The branching fractions and upper
floated. All fit results are shown in Fig. 1. limits are listed in Table Il. Here, our latest measurement for
The obtained signal yields are listed in Table Il togethergo_, 0.0 [13] based on a data sample of 152 millie®
with their statistical significancesS=/—2In(Lo/Ln),  pairs is also listed for completeness. The hierarchy of the
where £, and Ly_ denote the maximum likelihoods of the branching fractions3(B— K ) >B(B— mr), is confirmed.
fits without and W|th the signal component, respectively. ThdMore statistics are needed in order to firmly establish the
fitted reflection yields are consistent within statistics with theposition ofB—KK in this hierarchy.
expectations, which are derived from the fitted signal yields, The systematic errors in the branching fractions are the
quadratic sums of the systematic errors in the signal yields,
TABLE II. Signal yields (o), statistical significancés), and  Uncertainties in the recgnstruction efficiencies, and the 0.6%
branching fractiongB) for the B—Km, w*=~, =" «° andKK  errorin the number oBB pairs. The systematic errors in the
decays. The first and second errors are the statistical and systemasiggnal yields come from the uncertainties in the fit procedure.
errors, respectively. For completeness, ifer® results from Ref.  In order to study the sensitivity to the signal agd back-

[13] are also listed. ground PDFs, each shape parameter is independently varied
by its error in the fit. The sensitivity to the contribution from
Mode Ns Sla] B[10°°] other charmlesB decays is evaluated by changing the mini-
K+ 595.9'33278 241 18.5-1.0+0.7 mum AE.requwe_ment t%—1oo MeV (—150 MeV) for the
+ 0 ks 13 modes withoutwith) a 7~ meson, to exclude most of these
Ko 198.9+21.57% 10.8 12.0+1.3" 53 ¢ he fit. Th iting ch in the sianal vield
KO+ 187 0+16.3' 15 164 92 0-1.901 1 events from the fit. The resulting changes in the signal yie
0770 . A ' o a1 are added in quadrature and assigned to the systematic errors
Ko 72.6514.0.55 58 1172375 on the signal yields as listed in Table Il. The uncertainties in
ata 132.7°189:27 85 4.4-0.6+0.3 the reconstruction efficiencies are listed in Table Il along
P 72.4+17.431 45 50-1.2+0.5 with the test samples that are used. The uncertainty for the
7070 25.6' 9318 35 1.7-0.6+0.2 treck finding effrcrency in the hrgh-momentum region is ob-
o tained by comparing the ratio of yields of fully reconstructed
K*E’ -1.0'28 0.0 <0.7 and partially reconstructed test samples in data and MC. The
K*KO 8.6+5.9 16 <3.3 uncertainties in th&2 and #° reconstruction efficiencies are
KOK® 2.0+1.9 1.3 <15 obtained from similar comparisons of yield ratios in test

samples. Here the test samples are restricted to the lséme
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TABLE Ill. Uncertainties on the reconstruction efficiencigk) TABLE IV. Partial width ratios ofB— K7 and 7 decays. The
along with the test samples that are used. errors are quoted in the same manner as in Table II.
Source Oele (%] Test sample Modes Ratio
Track finding 1.0 D* " DY —Kirtm )" INCSE VNS ) 0.91+0.09+0.06
K2 4.4 D™ +—Kirt, K 7ot (KT 77)/2T (K%70) 0.79+0.16+0.09
0 35 p— 7m0, yy 2T (K*70)/T (K7 ™) 1.09+0.15° 513
Rk 0.2 D* " —=DY—K 7)a" [(x" 7 )IT(K 7) 0.24+0.03+0.02
R 1.3-7.8 B*-D(—K'7 Ktm 70)m* (7t 79T (K70 0.39+0.12+0.06
2T (7w 70T (K7 ™) 0.45+0.12+0.05
2 (w " 70T (7t ) 2.10+0.58+0.25

0,0 -
and 7° momentum ranges as the signal. The experimental F(WOWO)/F(”i”O) 0.39+0.15£0.05
errors in the branching fractions of these decp38] are U(m" )T (" ) 0.37£0.16+0.05
added in quadrature. The uncertainties in the KID efficien-

cies and misidentification rates are due to the statistics of thg,ies the extraction @k, from the time-dependei@P asym-
data test sample. We also checked the effect of the differenq%etry in the 7+ 7 mode (referred to as “penguin pollu-

in the hadronic environment between the signal and te ion”) [25]. Applying an approach based on the isospin
samples. No significant effect is seen in the efficiencies an@|ations in ==+ modes [26], our measured ratios
misidentification rates. Th& requirement for each mode is 7+ 7%/ (7*7~) and I'(7°7%)/T («*7~) in Table IV

applied to data and MC test samples, and the difference igjve the 90% CL bound on the size of the “penguin pollu-

included in the systematic error. tion” |9|<56°; the CL is derived from MC pseudo-
To a good approximation in the Standard Model, the relaexperiments. Here we also use the partial-@Reasymmetry

tive weak phase between the penguin and tree amplitudes i the =" 7~ mode, A, , =+ 0.58+0.15+0.07, which is re-

K modes is¢5. It is in principle possible to extracp; if ported in Ref[9].

the hadronic uncertainties are under control. Several ap- In conclusion, we have measured or constrained the

proaches to constraifi; have been proposed using the ratiospranching fractions for thB—Km, =7, =" #° andKK

gf parélal widths for K a?]d ;”g modes W':h. mo;j]el- decays with 85.0 milliorBB pairs collected on th& (4S)
ependent assumptions on the hadronic uncer aiffiiethe  osonance at the Belle experiment. We observe clear signals
ratios give cancellations of these uncertainties. We calculat[aOr B—Km, =" 7, and=* 7° decays and set upper limits

such useful partial width ratios as listed in Table 1V. Here, — . : .
the ratio of charged to neutréd meson lifetimesrg+ /750 on B_’KK de(_:ays. The hlerarchy_ of bra_nchlng fractions re-
=1.083+0.017[22] is used to convert the branching fraction ported_ln _e_arller measurements Is conflrme_d. These results
ratios into partial width ratios if necessary, and the total er_have S|g_n|f|cantly improved statistical precision compared to
rors are reduced because of the cancellation of the partialgur previous mea_surements and supersede th(_em. The results
common systematic errors. Applying the approach of Burag@" P€ used to give model-dependent constraintggnas
and Fleischef23], for illustration, ourl’ (K * 7~ ) /2" (K°#) well as limits on the hadronic uncertainty in the time-
measurement excludes the region 298;<<83° at the 90% dependent analysis @, .
CL based on MC pseudo-experiments while that of We wish to thank the KEKB accelerator group for the
2 (K" 7%)/T'(K°7") gives no constraint. These results areexcellent operation of the KEKB accelerator. We acknowl-
obtained without any assumption on the tree-to-penguin amedge support from the Ministry of Education, Culture,
plitude ratio, but neglecting re-scattering effects and takingsports, Science, and Technology of Japan and the Japan So-
the size of the electroweak penguin as in R28]. Although  ciety for the Promotion of Science; the Australian Research
a more aggressive constraint ¢ can be derived by intro- Council and the Australian Department of Education, Sci-
ducing further model-dependent assumptions on the hadronience and Training; the National Science Foundation of China
uncertainties, a coherent study of these approaches is r@nder contract No. 10175071; the Department of Science and
quired to reduce the model-dependence on hadronic unceTechnology of India; the BK21 program of the Ministry of
tainties and to determiné;. Education of Korea and the CHEP SRC program of the Ko-
A naive expectation for the tree-dominated” =~ and  rea Science and Engineering Foundation; the Polish State
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