arXiv:hep-ex/0608034 v2 17 Aug 2006

BELLE-CONF-0628

Measurement of charmless B Decays to ηK^∗ and ηρ

K. Abe,^9 K. Abe,^{49} I. Adachi,^9 H. Aihara,^{51} D. Anipko,^1 K. Aoki,^{25} T. Arakawa,^{32} K. Arinstein,^1 Y. Asano,^{56} T. Aso,^{55} V. Aulchenko,^1 T. Aushev,^{21} T. Aziz,^{47} S. Bahinipati,^4 A. M. Bakich,^{46} V. Balagura,^{15} Y. Ban,^{37} S. Banerjee,^{47} E. Barberio,^{24} M. Barbero,^8 A. Bay,^{21} I. Bedny,^1 K. Belous,^{14} U. Bitenc,^{16} I. Bizjak,^{16} S. Blyth,^{27} A. Bondar,^1 A. Bozek,^{30} M. Bračko,^{23, 16} J. Brodzicka,^{9, 30} T. E. Browder,^8 M.-C. Chang,^{50} P. Chang,^{29} Y. Chao,^{29} A. Chen,^{27} K.-F. Chen,^{29} W. T. Chen,^{27} B. G. Cheon,^3 R. Chistov,^{15} J. H. Choi,^{18} S.-K. Choi,^7 Y. Choi,^{45} Y. K. Choi,^{45} A. Chuvikov,^{39} S. Cole,^{46} J. Dalseno,^{24} M. Danilov,^{15} M. Dash,^{57} R. Dowd,^{24} J. Dragic,^9 A. Drutskoy,^4 S. Eidelman,^1 Y. Enari,^{25} D. Epifanov,^1 S. Fratina,^{16} H. Fujii,^9 M. Fujikawa,^{26} N. Gabyshev,^1 A. Garmash,^{39} T. Gershon,^9 A. Go,^{27} G. Gokhroo,^{47} P. Goldenzweig,^4 B. Golob,^{22, 16} A. Gorišek,^{16} M. Grosse Perdekamp,^{11,40} H. Guler,^8 H. Ha,^{18} J. Haba,^9 K. Hara,^{25} T. Hara,^{35} Y. Hasegawa,^{44} N. C. Hastings,^{51} K. Hayasaka,^{25} H. Hayashii,^{26} M. Hazumi,^9 D. Heffernan,^{35} T. Higuchi,^9 L. Hinz,^{21} T. Hokuue,^{25} Y. Hoshi,^{49} K. Hoshina,^{54} S. Hou,^{27} W.-S. Hou,^{29} Y. B. Hsiung,^{29} Y. Igarashi,^9 T. Iijima,^{25} K. Ikado,^{25} A. Imoto,^{26} K. Inami,^{25} A. Ishikawa,^{51} H. Ishino,^{52} K. Itoh,^{51} R. Itoh,^9 M. Iwabuchi,^6 M. Iwasaki,^{51} Y. Iwasaki,^9 C. Jacoby,^{21} M. Jones,^8 H. Kakuno,^{51} J. H. Kang,^{58} J. S. Kang,^{18} P. Kapusta,^{30} S. U. Kataoka,^{26} N. Katayama,^9 H. Kawai,^2 T. Kawasaki,^{32} H. R. Khan,^{52} A. Kibayashi,^{52} H. Kichimi,^9 N. Kikuchi,^{50} H. J. Kim,^{20} H. O. Kim,^{45} J. H. Kim,^{45} S. K. Kim,^{43} T. H. Kim,^{58} Y. J. Kim,^6 K. Kinoshita,^4 N. Kishimoto,^{25} S. Korpar,^{23, 16} Y. Kozakai,^{25} P. Križan,^{22, 16} P. Krokovny,^9 T. Kubota,^{25} R. Kulasiri,^4 R. Kumar,^{36} C. C. Kuo,^{27} E. Kurihara,^2 A. Kusaka,^{51} A. Kuzmin,^1 Y.-J. Kwon,^{58} J. S. Lange,^5 G. Leder,^{13} J. Lee,^{43} S. E. Lee,^{43} Y.-J. Lee,^{29} T. Lesiak,^{30} J. Li,^8 A. Limosani,^9 C. Y. Lin,^{29} S.-W. Lin,^{29} Y. Liu,^6 D. Liventsev,^{15} J. MacNaughton,^{13} G. Majumder,^{47} F. Mandl,^{13} D. Marlow,^{39} T. Matsumoto,^{53} A. Matyja,^{30} S. McOnie,^{46} T. Medvedeva,^{15} Y. Mikami,^{50} W. Mitaroff,^{13} K. Miyabayashi,^{26} H. Miyake,^{35} H. Miyata,^{32} Y. Miyazaki,^{25} R. Mizuk,^{15} D. Mohapatra,^{57} G. R. Moloney,^{24} T. Mori,^{52} J. Mueller,^{38} A. Murakami,^{41} T. Nagamine,^{50} Y. Nagasaka,^{10} T. Nakagawa,^{53} I. Nakamura,^9 E. Nakano,^{34} M. Nakao,^9 H. Nakazawa,^9 Z. Natkaniec,^{30} K. Neichi,^{49} S. Nishida,^9 K. Nishimura,^8 O. Nitoh,^{54} S. Noguchi,^{26} T. Nozaki,^9 A. Ogawa,^{40} S. Ogawa,^{48} T. Ohshima,^{25} T. Okabe,^{25} S. Okuno,^{17} S. L. Olsen,^8 S. Ono,^{52} W. Ostrowicz,^{30} H. Ozaki,^9 P. Pakhlov,^{15} G. Pakhlova,^{15} H. Palka,^{30} C. W. Park,^{45} H. Park,^{20} K. S. Park,^{45} N. Parslow,^{46} L. S. Peak,^{46} M. Pernicka,^{13} R. Pestotnik,^{16} M. Peters,^8 L. E. Piilonen,^{57} A. Poluektov,^1 F. J. Ronga,^9 N. Root,^1 J. Rorie,^8 M. Rozanska,^{30} H. Sahoo,^8 S. Saitoh,^9 Y. Sakai,^9 H. Sakamoto,^{19} H. Sakaue,^{34} T. R. Sarangi,^6 N. Sato,^{25} N. Satoyama,^{44} K. Sayeed,^4 T. Schietinger,^{21} O. Schneider,^{21} P. Schönmeier,^{50} J. Schümann,^{28} C. Schwanda,^{13} A. J. Schwartz,^4 R. Seidl,^{11, 40} T. Seki,^{53} K. Senyo,^{25} M. E. Sevior,^{24} M. Shapkin,^{14} Y.-T. Shen,^{29} H. Shibuya,^{48} B. Shwartz,^1 V. Sidorov,^1 J. B. Singh,^{36} A. Sokolov,^{14} A. Somov,^4 N. Soni,^{36} R. Stamen,^9 S. Stanič,^{33} M. Starič,^{16} H. Stoeck,^{46} A. Sugiyama,^{41} K. Sumisawa,^9 T. Sumiyoshi,^{53} S. Suzuki,^{41} S. Y. Suzuki,^9 O. Tajima,^9 N. Takada,^{44} F. Takasaki,^9 K. Tamai,^9 N. Tamura,^{32} K. Tanabe,^{51} M. Tanaka,^9 G. N. Taylor,^{24} Y. Teramoto,^{34} X. C. Tian,^{37} I. Tikhomirov,^{15}

Typeset by REVTEX 1

K. Trabelsi,^9 Y. T. Tsai,^{29} Y. F. Tse,^{24} T. Tsuboyama,^9 T. Tsukamoto,^9 K. Uchida,^8 Y. Uchida,^6 S. Uehara,^9 T. Uglov,^{15} K. Ueno,^{29} Y. Unno,^9 S. Uno,^9 P. Urquijo,^{24} Y. Ushiroda,^9 Y. Usov,^1 G. Varner,^8 K. E. Varvell,^{46} S. Villa,^{21} C. C. Wang,^{29} C. H. Wang,^{28} M.-Z. Wang,^{29} M. Watanabe,^{32} Y. Watanabe,^{52} J. Wicht,^{21} L. Widhalm,^{13} J. Wiechczynski,^{30} E. Won,^{18} C.-H. Wu,^{29} Q. L. Xie,^{12} B. D. Yabsley,^{46} A. Yamaguchi,^{50} H. Yamamoto,^{50} S. Yamamoto,^{53} Y. Yamashita,^{31} M. Yamauchi,^9 Heyoung Yang,^{43} S. Yoshino,^{25} Y. Yuan,^{12} Y. Yusa,^{57} S. L. Zang,^{12} C. C. Zhang,^{12} J. Zhang,^9 L. M. Zhang,^{42} Z. P. Zhang,^{42} V. Zhilich,^1 T. Ziegler,^{39} A. Zupanc,^{16} and D. Zürcher^{21}

(The Belle Collaboration) 1Budker Institute of Nuclear Physics, Novosibirsk 2Chiba University, Chiba 3Chonnam National University, Kwangju 4University of Cincinnati, Cincinnati, Ohio 45221 5University of Frankfurt, Frankfurt 6The Graduate University for Advanced Studies, Hayama 7Gyeongsang National University, Chinju 8University of Hawaii, Honolulu, Hawaii 96822 9High Energy Accelerator Research Organization (KEK), Tsukuba 10Hiroshima Institute of Technology, Hiroshima 11University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 12Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 13Institute of High Energy Physics, Vienna 14Institute of High Energy Physics, Protvino 15Institute for Theoretical and Experimental Physics, Moscow 16J. Stefan Institute, Ljubljana 17Kanagawa University, Yokohama 18Korea University, Seoul 19Kyoto University, Kyoto 20Kyungpook National University, Taegu 21Swiss Federal Institute of Technology of Lausanne, EPFL, Lausanne 22University of Ljubljana, Ljubljana 23University of Maribor, Maribor 24University of Melbourne, Victoria 25Nagoya University, Nagoya 26Nara Women’s University, Nara 27National Central University, Chung-li 28National United University, Miao Li 29Department of Physics, National Taiwan University, Taipei 30H. Niewodniczanski Institute of Nuclear Physics, Krakow 31Nippon Dental University, Niigata 32Niigata University, Niigata 33University of Nova Gorica, Nova Gorica 34Osaka City University, Osaka 35Osaka University, Osaka 36Panjab University, Chandigarh

37Peking University, Beijing 38University of Pittsburgh, Pittsburgh, Pennsylvania 15260 39Princeton University, Princeton, New Jersey 08544 40RIKEN BNL Research Center, Upton, New York 11973 41Saga University, Saga 42University of Science and Technology of China, Hefei 43Seoul National University, Seoul 44Shinshu University, Nagano 45Sungkyunkwan University, Suwon 46University of Sydney, Sydney NSW 47Tata Institute of Fundamental Research, Bombay 48Toho University, Funabashi 49Tohoku Gakuin University, Tagajo 50Tohoku University, Sendai 51Department of Physics, University of Tokyo, Tokyo 52Tokyo Institute of Technology, Tokyo 53Tokyo Metropolitan University, Tokyo 54Tokyo University of Agriculture and Technology, Tokyo 55Toyama National College of Maritime Technology, Toyama 56University of Tsukuba, Tsukuba 57Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061 58Yonsei University, Seoul

Abstract

We report branching fractions and CP asymmetries for B → ηK^∗ and B → ηρ decays. These results are obtained from a 414 fb^{−1} data sample collected at the Υ(4S) resonance, with the Belle detector at the KEKB asymmetric energy e^+e^− collider. The branching fractions, in parts per million, of ηK^{∗0}, ηK^{∗+}, ηρ^0, and ηρ^+ are 15.9 ± 1.2 ± 0.9, 19.7^{+2.0}_{−1.9} ± 1.4, 0.84^{+0.56}_{−0.51} ± 0.18, and 4.1^{+1.4}_{−1.3} ± 0.34, respectively. We find no evidence for CP asymmetries in these modes.

PACS numbers: 13.25.HW,14.40.ND

INTRODUCTION

Charmless hadronic B decays play an important role in understanding CP violation in the B meson system. Studies of B → ηK^∗ and B → ηρ [1] are important examples of such decays. In the standard model (SM), Penguin (tree) diagrams are expected to dominate in B → ηK^∗ (B → ηρ) decays. The large branching fraction for B → ηK^∗ compared to that for for B → ηK decay [2, 3, 4] can be explained qualitatively in terms of the interference between non-strange and strange components of the η meson, but are higher than recent theoretical predictions [5, 6, 7, 8]. In a similar vein, the larger measured branching fraction for charged (B^+ → ηK^{∗+}) vs. neutral (B^0 → ηK^{∗0}) decays may suggest an additional SU(3)-singlet contribution [7, 8, 9] or constructive interference between SM penguin and tree amplitudes or between SM- and New Physics(NP)-penguin amplitudes.

In the standard model, direct CP violation (DCPV) occurs in decays that involve two (or more) amplitudes that have different CP conserving and CP violating phases. The partial rate asymmetry can be written as A_{CP} (B → f) = Γ(B̄ → f̄) − Γ(B → f ) Γ(B̄ → f̄ ) + Γ(B → f) = 2|A_1||A_2| sin Δδ sin Δϕ |A_1|^2 + |A_2|^2 + 2|A_1||A_2| cos Δδ cos Δϕ

, (1)

where f denotes a self-tagging final state, B is either B^+ or B^0 meson, B̄ and f̄ are the conjugate states, and Δδ (Δϕ) is the difference of the CP-conserving (CP-violating) phases between amplitudes A_1 and A_2. The charge asymmetry will be sizeable when the two amplitudes are of comparable strength with significant phase differences. SM Penguin diagrams are expected to dominate in the B → ηK^∗ decays, while tree diagrams are expected to dominate in B^+ → ηρ^+ decays. Therefore, DCPV in both cases should be small. However, SM- and NP-penguin diagrams may interfere to generate sizable direct CP violation.

DATA SET AND APPARATUS

This analysis is based on a data sample collected at the Υ(4S) resonance with the Belle detector [10] at the KEKB [11] accelerator. The data sample corresponds to an integrated luminosity of 414 fb^{−1} and contains 449 × 10^6 BB̄ pairs.

The Belle detector is designed to measure charged particles and photons with high efficiency and precision. Charged particle tracking is provided by a silicon vertex detector (SVD) and a central drift chamber (CDC) that surround the interaction region. The charged particle acceptance covers the laboratory polar angle between θ = 17^∘ and 150^∘, measured from the z axis that is aligned anti-parallel to the positron beam. Charged hadrons are distinguished by combining the responses from an array of silica aerogel Cherenkov counters (ACC), a barrel-like array of 128 time-of-flight scintillation counters (TOF), and dE/dx measurements in the CDC. The combined response provides K/π separation of at least 2.5σ for laboratory momentum up to 3.5 GeV/c. Electromagnetic showers are detected in an array of 8736 CsI(Tl) crystals (ECL) located inside the magnetic volume, which cover the same solid angle as the charged particle tracking system. The 1.5-T magnetic field is is contained via a flux return return that consists of 4.7 cm thick steel plates, interleaved with resistive plate counters used for tracking muons. Two inner detector configurations are used. A 2.0 cm beampipe and a 3-layer silicon vertex detector are used for the first sample of 152 × 10^6 BB̄ pairs, while a 1.5 cm beampipe, a 4-layer silicon detector and a small-cell inner drift chamber are used to record the remaining 297 × 10^6 BB̄ pairs [12].

For Monte Carlo (MC) simulation study, the signal events, generic b → c decays and charmless rare B decays are generated with the EVTGEN [13] event generator. The continuum MC events are generated with the e^+e^− → γ^∗ → qq̄ process in the JETSET generator. The GEANT3 [14] package is used for detector simulation.

EVENT SELECTION AND RECONSTRUCTION

Hadronic events are selected based on the charged track multiplicity and total visible energy sum, which give an efficiency greater than 99% for BB̄ events. All primary charged tracks are required to satisfy track quality cuts based on their impact parameters relative to the run-dependent interaction point (IP): within ±2 cm along the z axis and within ±1.5 cm in the transverse plane. Particle identification (PID) is based on the likelihoods L_K/(L_π + L_K) for charged kaons and pions, respectively. A higher value of L_K/(L_π + L_K) indicates a more kaon-like particle. PID cuts are applied to all charged particles except pions from K^0_S in this analysis. Unless explicitly specified, the PID cuts are L_K/(L_π + L_K) > 0.6 for kaons and < 0.4 for pions. The PID efficiencies are 85% for kaons and 89% for pions, while the fake rates are 8% for pions faking kaons and 11% for kaons faking pions. In forming π^0 candidates from photon pairs, the photon energies must exceed 50 MeV and the π^0 momentum in the center of mass (CM) frame must exceed 0.35 GeV/c. K^0_S candidates are reconstructed from pairs of oppositely charged tracks whose invariant mass lies within ±10 MeV/c^2 of the K^0_S meson mass. We also require the vertex of the K^0_S to be well reconstructed and displaced from the interaction point, and the K^0_S momentum direction be consistent with the K^0_S flight direction.

η Meson Reconstruction

Candidate η mesons are reconstructed through η → γγ and η → π^+π^−π^0. If one of the photons from the former η decay mode could be paired with another photon with reconstructed γγ mass within 3σ of the π^0 meson mass, then the η candidate is discarded. We relax the PID requirement for charged pions from the latter η decay mode to L_K/(L_π + L_K) < 0.9. The momenta of the η candidate is recalculated by applying the η mass constraint for B reconstruction. The η → γγ candidates must satisfy | cos θ^∗| < 0.90, where θ^∗ is the angle between the photon direction in the η rest frame and the η momentum in the CM frame, so as to suppress the soft photon combinatorial background and B → K^∗γ feed-across. The reconstructed mass resolutions are 12 MeV/c^2 for η → γγ and 3.5 MeV/c^2 for η → π^+π^−π^0.

K^∗, ρ Meson Reconstruction

K^{∗0} candidates are reconstructed from K^−π^+ and K^0_S π^0 pairs, while K^{∗+} mesons are reconstructed from K^+π^0 and K^0_S π^+ pairs. Candidate K^∗ mesons are required to have reconstructed masses within ±75 MeV/c^2 of the nominal value. Candidate ρ^0 (ρ^+) mesons are reconstructed from π^−π^+ (π^0π^+) pairs. Each combination is required to have a reconstructed mass within ±150 MeV/c^2 of the nominal value.

B Meson Reconstruction

B meson candidates are reconstructed from ηK^{∗0}, ηK^{∗+}, ηρ^0, and ηρ^+ combinations. They are characterized by the beam-constrained mass M_{bc} = √ E^2_{beam} − |P_B |^2 and the energy difference ΔE = E_B − E_{beam}, where E_{beam} = 5.29 GeV, and P_B and E_B are the momentum and energy, respectively, of B candidate in the Υ(4S) rest frame. We define the fit region in the M_{bc}–ΔE plane as M_{bc} > 5.2 GeV/c^2 and |ΔE| < 0.25 GeV. We define the signal region as the overlap of the bands M_{bc} > 5.27 GeV/c^2 and |ΔE| < 0.05 GeV.

One candidate per event is required for all modes. The best candidate is chosen based on the sum of η vertex mass constraint fit χ^2 and K^{∗0}(ρ^0) vertex χ^2 for B → ηK^{∗0}, K^{∗0} → K^+π^− and B → ηρ^0. For the B^+ → ηK^{∗+}, K^{∗+} → K^0π^+ mode, the reconstructed K^{∗+} mass χ^2 and the η vertex mass constraint fit χ^2 are used. For the remaining modes, the χ^2 values of the η and π^0 mass constraint fits are used.

BACKGROUND SUPPRESSION

The dominant background for exclusive two-body B decays comes from the e^+e^− → γ^∗ → qq̄ continuum (q = u, d, s, c), which has a jet-like event topology compared to the spherical BB̄ events. Other major backgrounds involve feed-across from other charmless B decays. For decays involving the ρ meson, an additional background arises from b → c decays. However, the impact of this background is small since the M_{bc} and ΔE distributions do not peak in the signal region.

Continuum Background

Signal and continuum events are distinguished by two means. First, we require | cos θ_T | < 0.9, where θ_T is defined as the angle between the η daughter of a B candidate and the thrust axis from all the particles in the event not associated with that B candidate. This retains 90% of signal and removes ∼56% of continuum. Second, a probability density function L_s (L_c) for signal (continuum) is formed from two independent variables—cos θ_B, where θ_B is the polar angle of the B candidate, and a Fisher discriminant [15] F = ⃗α · ⃗R that combines seven event shape variables: cos θ_T , S_⊥ (the scalar sum of the transverse momenta of all particles outside a 45^∘ cone around the B candidate direction divided by the scalar sum of the momenta), and the five modified Fox-Wolfram moments [16] R^{so}_2 , R^{so}_4 , R^{oo}_2 , R^{oo}_3 , and R^{oo}_4 . The Fisher discriminant’s weight vector ⃗α is determined by optimizing the separation between signal events and continuum background using MC data; these Fox-Wolfram moments are used since they are not correlated with M_{bc}. The likelihood ratio LR = L_s/(L_s + L_c) is used to distinguish signal from continuum, since it peaks near 1 for signal and near 0 for continuum.

The distribution of LR is found to depend somewhat on the event’s B flavor tagging quality parameter r [17], which ranges from zero for no flavor identification to unity for unambiguous flavor assignment. We partition the data into three r regions, and determine the optimal cut on LR in each region by maximizing the significance N_S / √ N_S + N_B formed from the retained number of signal (N_S ) and continuum background (N_B ) events in MC samples. A typical cut of LR > 0.5 is ∼ 75% efficient for signal and removes ∼ 81% of the continuum background, while LR > 0.9 is ∼ 38% efficient for signal and removes ∼ 97% of the continuum background.

Feed-across and b → c Backgrounds

A B → K^∗(ρ)γ veto is applied to suppress the K^∗(ρ)γ feed-down for B → ηK^∗(ρ), η → γγ decays. The MC studies show that the background from b → c decays and the feed-across from other charmless B decays are negligible for B → ηK^∗ decays. For B → ηρ decays, the background can be as large as 4% of the total yield (Table I). The contributions of these backgrounds are taken into account in the analysis.

TABLE I: Estimated yields from b → c (N_{bc}), charmless B decay (N_r) backgrounds, ηK^∗ feedacross (N_{feed}) and actual yields from all sources (N) after the cos θ_T and LR cuts.

Mode N_{bc} N_r N_{feed} N η_{γγ} ρ^0 62 81 17 2931 η_{πππ}0 ρ^0 67 27 5 1063 η_{γγ} ρ^+ 148 74 3 4169 η_{πππ}0 ρ^+ 76 22 1 1809

ANALYSIS PROCEDURE

Signal yields are obtained using an extended unbinned maximum likelihood (2-D ML) fit to the M_{bc} and ΔE distributions in the M_{bc}–ΔE fit region that satisfy the cos θ_T and LR requirements.

For N input candidates, the likelihood is defined as

L(N_S , N_B) = e^{−(NS +NB +Nbc+Nr +Nfeed)} N! N∏ i=1 [N_S P_{Si} + N_B P_{Bi} + N_{bc}P_{bci} + N_rP_{ri} + N_{feed}P_{feedi} ],(2)

where P_{Si} , P_{Bi} , P_{bci} , P_{ri} and P_{feedi} are the probability densities for event i to be the signal, continuum, b → c, charmless B decay and feed-across backgrounds for variables M_{bc} and ΔE, respectively. Poisson statistics for N_S and N_B, the extracted yields for the signal and continuum background from the fit, are considered in this type of likelihood L. The yields N_{bc}, N_r, and N_{feed} are fixed from the MC analysis.

The continuum, b → c and charmless B-decay background ΔE PDF’s are modeled by higher order polynomial functions. The continuum and b → c background components in M_{bc} are modeled by a smooth function [18]. Due to the peaking behavior of M_{bc} in the signal region from charmless B decay backgrounds, we use a sum of two bifurcated-Gaussian functions to model the distributions. The bifurcated Gaussian combines the left half of a wide-resolution Gaussian with the right half of a narrow-resolution Gaussian, both having a common mean. For B → ηρ decays, M_{bc} and ΔE distributions from ηK^∗ feed-across will behave like signal with a ΔE shift of −50 MeV. The PDF shape for each contributions is determined by MC. The slope of the continuum-background ΔE polynomial and the parameters of the M_{bc} function are allowed to float in each fit.

For signal ΔE, we used two bifurcated-Gaussian functions. The first accounts for 60- 80% of the total area and the second, which has a larger width, is used to model the low-energy tail. M_{bc} is weakly correlated with ΔE, so we construct separate bifurcated Gaussians for M_{bc} in the three ranges |ΔE| < 0.05 GeV, 0.05 GeV < |ΔE| < 0.1 GeV, and 0.1 GeV < |ΔE| < 0.25 GeV.

For decays with more than one sub-decay process, the final results are obtained by fitting the sub-decay modes simultaneously with the expected efficiencies folded in and with the branching fraction as the common output. This is equivalent to summing χ^2 = −2 ln(L) as a function of the branching fraction for the sub-decay channels. The statistical significance (Σ) of the signal is defined as √ −2 ln(L_0/L_{max}), where L_0 and L_{max} denote the likelihood values at zero signal events and the best fit numbers, respectively.

The 90% confidence level (C.L.) upper limit x_{90} is calculated from the the equation:

∫_{x90} 0 L(x) dx ∫_∞ 0 L(x) dx = 90% . (3)

For this calculation of x_{90}, the likelihood function is modified to incorporate the systematic uncertainty.

FIG. 1: Projections on M_{bc} (for the signal slice in ΔE) and ΔE (for the signal slice in M_{bc}) for ηK^{∗0} (a,b) and ηK^{∗+} (c,d) with the expected signal and background function overlaid. The shaded area represents η → π^+π^−π^0 decays.

MEASUREMENTS OF BRANCHING FRACTIONS

The overall reconstruction efficiency ϵ is first obtained using MC samples and then multiplied by PID efficiency corrections obtained from data. The PID efficiency correction is determined by using D^{∗+} → D^0π^+, D^0 → K^−π^+ data samples.

TABLE II: Summary of results for each channel listed in the first column. The measured signal yield (N_S), statistical significance (Σ), reconstruction efficiency (ϵ), total efficiency (ϵ_{tot}) including the secondary branching fraction, and measured branching fractions are shown. Uncertainties shown in second and sixth columns are statistical only. The upper limit for ηρ^0 is at 90% C.L.

Mode N_S ϵ(%) ϵ_{tot}(%) Σ B(10^{−6}) η_{γγ} K^{∗0}_{K+π−} 336.2^{+30.1}_{−29.2} 16.9 4.4 14.2 16.9^{+1.5}_{−0.9} η_{πππ}0 K^{∗0}_{K+π−} 93.4^{+14.6}_{−13.8} 9.8 1.5 8.7 14.1^{+2.2}_{−2.1} η_{γγ} K^{∗0}_{K0π0} 20.1^{+7.5}_{−6.7} 2.1 0.27 3.6 16.7^{+6.3}_{−5.6} η_{πππ}0 K^{∗0}_{K0π0} 9.5^{+5.0}_{−4.2} 1.3 0.098 2.6 21.6^{+11.5}_{−9.7} ηK^{∗0} - - - 17.1 16.1 ± 1.2 η_{γγ} K^{∗+}_{K+π0} 79.8^{+16.1}_{−15.3} 6.7 0.88 6.1 20.1^{+4.1}_{−3.9} η_{πππ}0 K^{∗+}_{K+π0} 24.1^{+8.7}_{−7.9} 4.2 0.32 3.5 17.0^{+6.1}_{−5.6} η_{γγ} K^{∗+}_{K0π+} 120.3^{+16.2}_{−15.4} 4.5 1.2 10.1 22.6^{+3.1}_{−2.9} η_{πππ}0 K^{∗+}_{K0π+} 29.2^{+7.3}_{−6.6} 2.6 0.38 6.2 17.0^{+4.8}_{−3.8} ηK^{∗+} - - - 13.8 20.3^{+2.0}_{−1.9} η_{γγ} ρ^0 19.5^{+11.3}_{−10.4} 8.9 3.5 2.1 1.25^{+0.73}_{−0.67} η_{πππ}0 ρ^0 0.9^{+4.6}_{−3.9} 5.5 1.2 0.2 0.17^{+0.84}_{−0.66} ηρ^0 - - - 1.6 0.84^{+0.56}_{−0.51} (< 1.5) η_{γγ} ρ^+ 38.1^{+16.1}_{−15.2} 5.5 2.2 2.6 3.9^{+1.7}_{−1.6} η_{πππ}0 ρ^+ 15.8^{+8.9}_{−8.0} 3.50 0.79 2.1 4.4^{+2.5}_{−2.2} ηρ^+ - - - 3.4 4.1^{+1.4}_{−1.3}

Other MC efficiency corrections are determined by comparing data and MC predictions of other well-known processes. The charged tracking efficiency correction is studied using a high-momentum η sample, comparing the ratio of η → π^+π^−π^0 to η → γγ between data and MC. The same high-momentum η sample is also used for π^0 reconstruction efficiency corrections by comparing the ratio of η → π^0π^0π^0 to η → γγ between the data and MC sample. The K^0_S reconstruction efficiency is verified by comparing four K^∗(892) decay channels (K^+π^−, K^+π^0, K^0_S π^+, K^0_S π^0) in inclusive K^∗ and exclusive B → J/ψK^∗ samples. The LR cut efficiency correction is determined using B → Dπ^+ decays. For η and K^∗ reconstruction and mass cuts, we use the high-momentum η and K^∗ sample for the efficiency correction studies.

The above studies show good agreement between the efficiencies in the data and MC sample at about the 2% level. The PID, π^0, η and K^∗ reconstruction efficiency corrections are applied and the systematic uncertainties are also obtained from the above studies.

The fitted signal yields and branching fractions are shown in Table II. Several consistency checks are made, including tighter LR cuts, 1-D ML M_{bc}, and ΔE fits, and they are all shown to be consistent. The total observed yields from the fits, with all sub-decay modes combined, are N_{ηK}∗0 = 459.2^{+34.6}_{−33.3} for B^0 → ηK^{∗0}, N_{ηK}∗+ = 253.4^{+25.5}_{−24.0} for B^+ → ηK^{∗+}, N_{ηρ}0 = 20.4^{+12.2}_{−11.0} for B^0 → ηρ^0 and N_{ηρ}+ = 53.9^{+18.4}_{−17.1} for B^+ → ηρ^+. Figure 1 shows the projections of of the data and the fits onto M_{bc} (for events in ΔE signal slice) and ΔE (for events in the M_{bc} signal slice) for the B → ηK^∗ decays, while Fig. 2 shows the corresponding projections for

FIG. 2: Projections on M_{bc} and ΔE from 2-D ML fitting results for ηρ^0 (a,b) and ηρ^+ (c,d) with the expected signal and background function overlaid. The shaded area represents η → π^+π^−π^0 decays.

the B → ηρ decays. For B^+ → ηρ^+ decays, where a clear excess is seen, we examine the properties of the ρ^+ candidates. Although statistically limited, clear ρ^+ mass peaks and a polarized cos θ_{hel} distribution are observed (Fig. 3) and are consistent with the expectation from ηρ^+ with no significant non-resonant B^+ → ηπ^+π^0.

SYSTEMATIC ERROR

Systematic errors arise from efficiency corrections and fitting. The main sources of uncertainties in the efficiency corrections are from the reconstruction of low-momentum charged tracks, low-energy photon finding, and LR cut efficiency, each at a level of a few per cent. The systematic errors include contributions of 1% for LR cuts, 1% per reconstructed charged

FIG. 3: Fitted yields vs (a) ρ^+ helicity, (b)π^+π^0 invariance mass from B → ηρ^+ decays. The overlaid histograms are expected distributions from MC and normalized by the 2-D fit results.

FIG. 4: Fitted yields vs the Kπ invariant mass for the (a) K^{∗0} and (b) K^{∗+} modes. Overlaid functions are results from fitting with a K^∗ line shape and a higher resonance. Only the parameters of the higher resonance are free during the fit.

particle, 0.5% for each charged particle identification, 4% for π^0 reconstruction, 4.5% for K^0_S reconstruction, and 2% for η reconstruction with η → γγ. To evaluate a possible nonresonant or higher resonance contribution in the K^∗ region, we perform a 2D ML fit within different Kπ invariant mass region from 0.7 GeV/c^2 to 1.72 GeV/c^2. Figure 4 shows our results with a K^∗ line shape and a higher resonance overlaid with the K^∗ area fixed. Based on this study, the non-resonant Kπ contributions are 1.7 ± 0.5% for ηK^{∗0} and 3.7 ± 2.0% for ηK^{∗+} decays. These corrections will be applied to the final branching fraction measurements of B → ηK^∗. Due to the limited statistics for B^+ → ηρ^+ decays, a larger systematic error for the non-resonant or higher resonance contributions is assigned with no corrections applied.

We use B^0 → D̄^0π^+ decays to estimate the uncertainties in the signal function PDF’s used for fitting M_{bc} and ΔE by comparing the mean and the width of the M_{bc} and ΔE distributions between the B^0 → D̄^0π^+ data and the MC sample. For MC estimated b → c and charmless B decay backgrounds, we vary the estimated yields by 50% and refit the data. The difference in the fit yields from the nominal values contributes to the systematic error. The overall relative systematic errors are 5.8% for ηK^{∗0},7.2% for ηK^{∗+}, 22% for ηρ^0 and 8.4% for ηρ^+.

A_{CP} MEASUREMENTS

We measure A_{CP} in the decays of B → ηK^∗ and B^+ → ηρ^+. Due to the wrong-tag fraction w, the value of A_{CP} is not the same as the measured values A^{obs}_{CP} . Their correlation is A^{obs}_{CP} = (1 − 2w)A_{CP} . In the decay modes we study, only those in which A_{CP} values are determined by low momentum charged pions will have a non-negligible w. The wrong-tag fractions for K^{∗+} → K^0π^+ is ∼ 1.5% for ηK^{∗+} decays and ∼ 2.0% for ηρ^+ decays. Other decays have w < 0.1%. Since the result for ηK^{∗+} is obtained from a simultaneous fit to all four sub-decay modes with roughly equal statistics for K^{∗+} → K^+π^0 and K^{∗+} → K^0π^+, the wrong-tag effect for A_{CP} should be < 0.7%. Thus, there are no wrong-tag fraction corrections for ηK^∗ decays. For ηρ^+, 2% is assigned for w.

To incorporate the CP asymmetry in the fit, the coefficients of the signal and continuum background PDFs in the likelihood are modified: N_S →^1_2 N_S (1−qA^{obs}_{CP} ) and N_B →^1_2 N_B(1− qA_{CP,qq}), where q = +1(−1) for a B(B̄) meson tag and A^{obs}_{cp} ,A_{cp,qq} are the A_{cp} outputs for

FIG. 5: Projection on M_{bc}(left) and ΔE(right) from 2-D ML fitting results for ηK^∗ with the expected signal and background function overlaid. Figures (a,b,e,f) are for b̄ decays and (c,d,g,h) are for b decays.

signal and continuum respectively. The results are A^{obs}_{cp} (ηK^{∗0}) = 0.17 ± 0.08, A^{obs}_{cp} (ηK^{∗+}) = 0.03 ± 0.10 and A^{obs}_{cp} (ηρ^+) = −0.04^{+0.34}_{−0.32}. Figure 5 shows the projections of of the data and the fits onto M_{bc} (for events in ΔE signal slice) and ΔE (for events in the M_{bc} signal slice) for the B → ηK^∗ decays.

Since the systematic errors in η reconstruction and the number of BB̄ events cancel in the ratio, the systematic uncertainty of A_{CP} is mainly from the asymmetry for PID of charged kaons and the fitting PDF’s. The efficiency asymmetry for the PID of charged kaons is 0.01 in absolute value.

DISCUSSION AND CONCLUSION

In summary, we report measurements of the exclusive two-body charmless hadronic B → ηK^∗ and B → ηρ decays with high statistics. Our results confirm that the branching fractions for B^0 → ηK^{∗0} and B^+ → ηK^{∗+} are large and are consistent with previous measurements [4, 19]. The branching fractions obtained are B(B → ηK^{∗0}) = (15.9 ± 1.2 ± 0.9)×10^{−6}, and B(B → ηK^{∗+}) = (19.7^{+2.0}_{−1.9} ±1.4)×10^{−6}, where the first error is statistical and the second systematic. Our measurements imply that the branching fraction of B^+ → ηK^{∗+} is 1σ higher than B^0 → ηK^{∗0}, which may constrain the contribution of the flavor singlet penguin amplitude as suggested by various theorists [8, 9]. Large signals of B^+ → ηρ^+ have been observed with the branching fraction B(B → ηρ^+)= (4.1^{+1.4}_{−1.3} ± 0.34) × 10^{−6}. The branching fractions and 90% C.L. for B^0 → ηρ^0 decays are B(B^0 → ηρ^0)= (0.84^{+0.56}_{−0.51} ± 0.18) × 10^{−6} (< 1.9 × 10^{−6}).

We also search for direct CP asymmetry in B → ηK^∗ and B^+ → ηρ^+, and final results are consistent with no asymmetry. The results are: A_{cp}(ηK^{∗0}) = 0.17±0.08±0.01, A_{cp} (ηK^{∗+}) = 0.03 ± 0.10 ± 0.01, and A_{cp}(ηρ^+) = −0.04^{+0.34}_{−0.32} ± 0.01.

ACKNOWLEDGMENTS

We thank the KEKB group for the excellent operation of the accelerator, the KEK cryogenics group for the efficient operation of the solenoid, and the KEK computer group and the National Institute of Informatics for valuable computing and Super-SINET network support. 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 Education, Science and Training; the National Science Foundation of China and the Knowledge Innovation Program of the Chinese Academy of Sciencies under contract No. 10575109 and IHEP-U-503; the Department of Science and Technology of India; the BK21 program of the Ministry of Education of Korea, the CHEP SRC program and Basic Research program (grant No. R01-2005-000- 10089-0) of the Korea Science and Engineering Foundation, and the Pure Basic Research Group program of the Korea Research Foundation; the Polish State Committee for Scientific Research; the Ministry of Science and Technology of the Russian Federation; the Slovenian Research Agency; the Swiss National Science Foundation; the National Science Council and the Ministry of Education of Taiwan; and the U.S. Department of Energy.

[1] Throughout this paper, the inclusion of charge conjugate mode decays is implied unless otherwise stated.

[2] CLEO Collaboration, B.H. Behrens et al., Phys. Rev. Lett. 80, 3710 (1998); S.J. Richichi et al., Phys. Rev. Lett. 85, 520 (2000).

[3] Belle Collaboration, K. Abe et al., Phys. Lett. B517, 309 (2001).

[4] BaBar Collaboration, B. Aubert et al., Phys. Rev. Lett. 87, 221802 (2001); B. Aubert et al., Phys. Rev. D 70, 032002 (2004); B. Aubert et al., Phys. Rev. Lett. 92, 061801 (2004); B. Aubert et al., Phys. Rev. Lett. 95, 131803 (2005).

[5] A. Ali, G. Kramer, and C.-D. Lu, Phys. Rev. D 58, 094009 (1998).; Xin Liu, Huisheng Wang, Zhenjun Xiao, Libo Guo and C.-D. Lu Phys. Rev. D 73, 074002 (2006).

[6] Y.-H. Chen, H.-Y. Cheng, B. Tseng, and K.-C. Yang, Phys. Rev. D 60, 094014 (1999); H.-Y.

Cheng and K.C. Yang, Phys. Rev. D 62, 054029 (2000).

[7] M.-Z. Yang and Y.D. Yang, Nucl. Phys. B 609, 469 (2001); M. Beneke and M. Neubert, Nucl.

Phys. B 651, 225 (2002); D. Du, H. Gong, J. Sun, D. Yang, and G. Zhu, Phys. Rev. D 65, 094025 (2002).

[8] M. Gronau and J.L. Rosner, Phys. Rev. D 61, 073008 (2000); C.-W. Chiang and J.L. Rosner, Phys. Rev. D 65, 074035 (2002); C.-W. Chiang, M. Gronau, Z. Luo, J.L. Rosner and D.A. Suprun, Phys. Rev. D 69, 034001 (2004).

[9] W.-S. Hou and K.-C. Yang, Phys. Rev. D 61, 073014 (2000). [10] Belle Collaboration, K. Abashian et al., Nucl. Instr. and Meth. A479, 117 (2002). [11] S. Kurokawa and E. Kikutani, Nucl. Instr. and Meth. A499, 1 (2003). [12] Y. Ushiroda (Belle SVD2 Group), Nucl. Instr.and Meth. A511, 6 (2003). [13] Generator developed by BaBar for B meson decays. [14] R. Brun et al., GEANT 3.21, CERN Report DD/EE/84-1, 1984. [15] R.A. Fisher, Annals of Eugenics, 7, 179 (1936).

[16] The Fox-Wolfram moments were introduced in G.C. Fox and S. Wolfram, Phys. Rev. Lett 41, (1978)1581. The modified Fox-Wolfram moments used in this paper is described in C.H. Wang et al.(Belle Collab.), Phys. Rev. D 70, (2004) 012001.

[17] H. Kakuno et al., Nucl. Instr.and Meth. A533, 516 (2004). [18] H. Albrecht et al., Phys. Lett. B 241, 278 (1990). [19] BaBar Collaboration, B. Aubert et al., hep-ex/0608005 (2006).