arXiv:hep-ex/0307077 v1 28 Jul 2003

BELLE-CONF-0318 EPS Parallel Session: 3, 10, & 12 EPS-ID 536 hep-ex/0307077

Studies of B^0 → ρ^±π^∓ and Evidence of B^0 → ρ^0π^0

K. Abe,^9 K. Abe,^{44} N. Abe,^{47} R. Abe,^{30} T. Abe,^9 I. Adachi,^9 Byoung Sup Ahn,^{16} H. Aihara,^{46} M. Akatsu,^{23} M. Asai,^{10} Y. Asano,^{51} T. Aso,^{50} V. Aulchenko,^2 T. Aushev,^{13} S. Bahinipati,^5 A. M. Bakich,^{41} Y. Ban,^{34} E. Banas,^{28} S. Banerjee,^{42} A. Bay,^{19} I. Bedny,^2 P. K. Behera,^{52} I. Bizjak,^{14} A. Bondar,^2 A. Bozek,^{28} M. Bračko,^{21, 14} J. Brodzicka,^{28} T. E. Browder,^8 M.-C. Chang,^{27} P. Chang,^{27} Y. Chao,^{27} K.-F. Chen,^{27} B. G. Cheon,^{40} R. Chistov,^{13} S.-K. Choi,^7 Y. Choi,^{40} Y. K. Choi,^{40} M. Danilov,^{13} M. Dash,^{53} E. A. Dodson,^8 L. Y. Dong,^{11} R. Dowd,^{22} J. Dragic,^{22} A. Drutskoy,^{13} S. Eidelman,^2 V. Eiges,^{13} Y. Enari,^{23} D. Epifanov,^2 C. W. Everton,^{22} F. Fang,^8 H. Fujii,^9 C. Fukunaga,^{48} N. Gabyshev,^9 A. Garmash,^{2, 9} T. Gershon,^9 G. Gokhroo,^{42} B. Golob,^{20, 14} A. Gordon,^{22} M. Grosse Perdekamp,^{36} H. Guler,^8 R. Guo,^{25} J. Haba,^9 C. Hagner,^{53} F. Handa,^{45} K. Hara,^{32} T. Hara,^{32} Y. Harada,^{30} N. C. Hastings,^9 K. Hasuko,^{36} H. Hayashii,^{24} M. Hazumi,^9 E. M. Heenan,^{22} I. Higuchi,^{45} T. Higuchi,^9 L. Hinz,^{19} T. Hojo,^{32} T. Hokuue,^{23} Y. Hoshi,^{44} K. Hoshina,^{49} W.-S. Hou,^{27} Y. B. Hsiung,^{27, ∗} H.-C. Huang,^{27} T. Igaki,^{23} Y. Igarashi,^9 T. Iijima,^{23} K. Inami,^{23} A. Ishikawa,^{23} H. Ishino,^{47} R. Itoh,^9 M. Iwamoto,^3 H. Iwasaki,^9 M. Iwasaki,^{46} Y. Iwasaki,^9 H. K. Jang,^{39} R. Kagan,^{13} H. Kakuno,^{47} J. Kaneko,^{47} J. H. Kang,^{55} J. S. Kang,^{16} P. Kapusta,^{28} M. Kataoka,^{24} S. U. Kataoka,^{24} N. Katayama,^9 H. Kawai,^3 H. Kawai,^{46} Y. Kawakami,^{23} N. Kawamura,^1 T. Kawasaki,^{30} N. Kent,^8 A. Kibayashi,^{47} H. Kichimi,^9 D. W. Kim,^{40} Heejong Kim,^{55} H. J. Kim,^{55} H. O. Kim,^{40} Hyunwoo Kim,^{16} J. H. Kim,^{40} S. K. Kim,^{39} T. H. Kim,^{55} K. Kinoshita,^5 S. Kobayashi,^{37} P. Koppenburg,^9 K. Korotushenko,^{35} S. Korpar,^{21, 14} P. Križan,^{20, 14} P. Krokovny,^2 R. Kulasiri,^5 S. Kumar,^{33} E. Kurihara,^3 A. Kusaka,^{46} A. Kuzmin,^2 Y.-J. Kwon,^{55} J. S. Lange,^{6, 36} G. Leder,^{12} S. H. Lee,^{39} T. Lesiak,^{28} J. Li,^{38} A. Limosani,^{22} S.-W. Lin,^{27} D. Liventsev,^{13} R.-S. Lu,^{27} J. MacNaughton,^{12} G. Majumder,^{42} F. Mandl,^{12} D. Marlow,^{35} T. Matsubara,^{46} T. Matsuishi,^{23} H. Matsumoto,^{30} S. Matsumoto,^4 T. Matsumoto,^{48} A. Matyja,^{28} Y. Mikami,^{45} W. Mitaroff,^{12} K. Miyabayashi,^{24} Y. Miyabayashi,^{23} H. Miyake,^{32} H. Miyata,^{30} L. C. Moffitt,^{22} D. Mohapatra,^{53} G. R. Moloney,^{22} G. F. Moorhead,^{22} S. Mori,^{51} T. Mori,^{47} J. Mueller,^{9, †} A. Murakami,^{37} T. Nagamine,^{45} Y. Nagasaka,^{10} T. Nakadaira,^{46} E. Nakano,^{31} M. Nakao,^9 H. Nakazawa,^9 J. W. Nam,^{40} S. Narita,^{45} Z. Natkaniec,^{28} K. Neichi,^{44} S. Nishida,^9 O. Nitoh,^{49} S. Noguchi,^{24} T. Nozaki,^9 A. Ogawa,^{36} S. Ogawa,^{43} F. Ohno,^{47} T. Ohshima,^{23} T. Okabe,^{23} S. Okuno,^{15} S. L. Olsen,^8 Y. Onuki,^{30} W. Ostrowicz,^{28} H. Ozaki,^9 P. Pakhlov,^{13} H. Palka,^{28} C. W. Park,^{16} H. Park,^{18} K. S. Park,^{40} N. Parslow,^{41} L. S. Peak,^{41} M. Pernicka,^{12} J.-P. Perroud,^{19} M. Peters,^8 L. E. Piilonen,^{53} F. J. Ronga,^{19} N. Root,^2 M. Rozanska,^{28} H. Sagawa,^9 S. Saitoh,^9 Y. Sakai,^9 H. Sakamoto,^{17} H. Sakaue,^{31} T. R. Sarangi,^{52} M. Satapathy,^{52} A. Satpathy,^{9, 5} O. Schneider,^{19} S. Schrenk,^5 J. Schümann,^{27} C. Schwanda,^{9, 12} A. J. Schwartz,^5 T. Seki,^{48} S. Semenov,^{13} K. Senyo,^{23} Y. Settai,^4 R. Seuster,^8 M. E. Sevior,^{22} T. Shibata,^{30} H. Shibuya,^{43} M. Shimoyama,^{24} B. Shwartz,^2 V. Sidorov,^2 V. Siegle,^{36} J. B. Singh,^{33} N. Soni,^{33} S. Stanič,^{51, ‡} M. Starič,^{14} A. Sugi,^{23} A. Sugiyama,^{37} K. Sumisawa,^9 T. Sumiyoshi,^{48} K. Suzuki,^9 S. Suzuki,^{54} S. Y. Suzuki,^9 S. K. Swain,^8 K. Takahashi,^{47} F. Takasaki,^9 B. Takeshita,^{32} K. Tamai,^9

Typeset by REVTEX 1

Y. Tamai,^{32} N. Tamura,^{30} K. Tanabe,^{46} J. Tanaka,^{46} M. Tanaka,^9 G. N. Taylor,^{22} A. Tchouvikov,^{35} Y. Teramoto,^{31} S. Tokuda,^{23} M. Tomoto,^9 T. Tomura,^{46} S. N. Tovey,^{22} K. Trabelsi,^8 T. Tsuboyama,^9 T. Tsukamoto,^9 K. Uchida,^8 S. Uehara,^9 K. Ueno,^{27} T. Uglov,^{13} Y. Unno,^3 S. Uno,^9 N. Uozaki,^{46} Y. Ushiroda,^9 S. E. Vahsen,^{35} G. Varner,^8 K. E. Varvell,^{41} C. C. Wang,^{27} C. H. Wang,^{26} J. G. Wang,^{53} M.-Z. Wang,^{27} M. Watanabe,^{30} Y. Watanabe,^{47} L. Widhalm,^{12} E. Won,^{16} B. D. Yabsley,^{53} Y. Yamada,^9 A. Yamaguchi,^{45} H. Yamamoto,^{45} T. Yamanaka,^{32} Y. Yamashita,^{29} Y. Yamashita,^{46} M. Yamauchi,^9 H. Yanai,^{30} Heyoung Yang,^{39} J. Yashima,^9 P. Yeh,^{27} M. Yokoyama,^{46} K. Yoshida,^{23} Y. Yuan,^{11} Y. Yusa,^{45} H. Yuta,^1 C. C. Zhang,^{11} J. Zhang,^{51} Z. P. Zhang,^{38} Y. Zheng,^8 V. Zhilich,^2 Z. M. Zhu,^{34} T. Ziegler,^{35} D. Žontar,^{20, 14} and D. Zürcher^{19}

(The Belle Collaboration) 1Aomori University, Aomori 2Budker Institute of Nuclear Physics, Novosibirsk 3Chiba University, Chiba 4Chuo University, Tokyo 5University of Cincinnati, Cincinnati, Ohio 45221 6University of Frankfurt, Frankfurt 7Gyeongsang National University, Chinju 8University of Hawaii, Honolulu, Hawaii 96822 9High Energy Accelerator Research Organization (KEK), Tsukuba 10Hiroshima Institute of Technology, Hiroshima 11Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 12Institute of High Energy Physics, Vienna 13Institute for Theoretical and Experimental Physics, Moscow 14J. Stefan Institute, Ljubljana 15Kanagawa University, Yokohama 16Korea University, Seoul 17Kyoto University, Kyoto 18Kyungpook National University, Taegu 19Institut de Physique des Hautes Énergies, Université de Lausanne, Lausanne 20University of Ljubljana, Ljubljana 21University of Maribor, Maribor 22University of Melbourne, Victoria 23Nagoya University, Nagoya 24Nara Women’s University, Nara 25National Kaohsiung Normal University, Kaohsiung 26National Lien-Ho Institute of Technology, Miao Li 27Department of Physics, National Taiwan University, Taipei 28H. Niewodniczanski Institute of Nuclear Physics, Krakow 29Nihon Dental College, Niigata 30Niigata University, Niigata 31Osaka City University, Osaka 32Osaka University, Osaka 33Panjab University, Chandigarh 34Peking University, Beijing

35Princeton University, Princeton, New Jersey 08545 36RIKEN BNL Research Center, Upton, New York 11973 37Saga University, Saga 38University of Science and Technology of China, Hefei 39Seoul National University, Seoul 40Sungkyunkwan University, Suwon 41University of Sydney, Sydney NSW 42Tata Institute of Fundamental Research, Bombay 43Toho University, Funabashi 44Tohoku Gakuin University, Tagajo 45Tohoku University, Sendai 46Department of Physics, University of Tokyo, Tokyo 47Tokyo Institute of Technology, Tokyo 48Tokyo Metropolitan University, Tokyo 49Tokyo University of Agriculture and Technology, Tokyo 50Toyama National College of Maritime Technology, Toyama 51University of Tsukuba, Tsukuba 52Utkal University, Bhubaneswer 53Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061 54Yokkaichi University, Yokkaichi 55Yonsei University, Seoul

Abstract

We report studies of B^0 → π^+π^−π^0, using 78 fb^{−1} of data collected at the Υ(4S) resonance with the Belle detector at the KEKB asymmetric e^+e^− storage ring. We measure the branching fraction for B^0 → ρ^±π^∓ to be B ( B^0 → ρ^±π^∓ ) = ( 29.1^{+5.0}_{−4.9}(stat) ± 4.0(syst) ) × 10^{−6}, and find an untagged charge asymmetry A = −0.38^{+0.19}_{−0.21}(stat)^{+0.04}_{−0.05}(syst). We find the first evidence for B^0 → ρ^0π^0 with 3.1σ statistical significance and with a branching fraction of B ( B^0 → ρ^0π^0 ) = ( 6.0^{+2.9}_{−2.3}(stat) ± 1.2(syst) ) × 10^{−6}.

PACS numbers:

There is a large amount of interest in B^0 → π^+π^−π^0 decays [1]. The three body final state is expected to be dominated by the quasi-two body decays B^0 → ρ^±π^∓, the branching fraction of which has been previously measured to be B (B^0 → ρ^±π^∓) = ( 20.8^{+6.0+2.8} −6.3−3.1 ) ×10^{−6} by Belle [2], from a data sample of 29.4 fb^{−1}, corresponding to 31.9×10^6 BB̄ pairs. Recently BaBar have announced a preliminary measurement of B (B^0 → ρ^±π^∓) = (22.6 ± 1.8 ± 2.2)× 10^{−6} [3], from a data sample corresponding to 89 × 10^6 BB̄ pairs. Additionally, they have performed a time-dependent analysis on the quasi-two body signal candidates. Such an analysis can obtain information about the Unitary Triangle angle ϕ_2 [4], which may be useful to help interpret the results of time-dependent B^0 → π^+π^− analyses [5].

In addition to ρ^±π^∓, the π^+π^−π^0 final state can be accessed via B^0 → ρ^0π^0 decay. Analogous to B^0 → π^0π^0 amongst the ππ final states, B (B^0 → ρ^0π^0) can be used to limit the possible contribution from penguin diagrams. Note that the penguin pollution in ρ^±π^∓ is expected to be smaller than that in π^+π^−; a hypothesis which is supported by comparing the ratio B (B^0 → ρ^±K^∓) /B (B^0 → ρ^±π^∓) to B (B^0 → π^±K^∓) /B (B^0 → π^±π^∓). Currently the best upper limit is B (B^0 → ρ^0π^0) < 5.3 × 10^{−6} [2], whilst most theoretical estimates of this branching fraction are O (10^{−6}) or lower.

An unambiguous measurement of ϕ_2 can, in principle, be made from the Dalitz plot of B^0 → π^+π^−π^0 [7]. It is also possible to observe direct CP violation from a population asymmetry in the untagged Dalitz plot distribution [8]. Furthermore, other resonant contributions to the π^+π^−π^0 final state are possible; recently there has been particular theoretical interest in B^0 → σπ^0 [9].

With very large statistics, and sophisticated analysis techniques, it would be possible to address all these open questions regarding B^0 → π^+π^−π^0, using a time-dependent Dalitz plot analysis. While we cannot as yet achieve this ambitious goal, the results presented here represent milestones towards this objective. We present an updated measurement of the B^0 → ρ^±π^∓ branching fraction, using event selection that can provide a sample for a quasi-two body time-dependent analysis. We also present the first evidence for B^0 → ρ^0π^0.

The analysis is based on a 78 fb^{−1} data sample containing 85 × 10^6 B meson pairs collected with the Belle detector at the KEKB asymmetric-energy e^+e^− collider [10]. KEKB operates at the Υ(4S) resonance ( √ s = 10.58 GeV) with a peak luminosity that exceeds 1 × 10^{34} cm^{−2}s^{−1}.

The Belle detector is a large-solid-angle magnetic spectrometer that consists of a threelayer silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold Čerenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter comprised of CsI(Tl) crystals (ECL) located inside a super-conducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-return located outside of the coil is instrumented to detect K_L mesons and to identify muons (KLM). The detector is described in detail elsewhere [11].

Charged tracks are required to originate from the interaction point and have transverse momenta greater than 100 MeV/c. To identify tracks as charged pions, we combine dE/dx information from the CDC, pulse height information from the ACC and timing information from the TOF into pion/kaon likelihood variables L(π/K). We then require L(π)/ (L(π) + L(K)) > 0.6. Additionally, tracks which are consistent with an electron hypothesis are rejected.

Neutral pion candidates are reconstructed from photon pairs. Photon candidates are selected with a mininum energy requirement of 50 MeV in the barrel region of the ECL, and 100 MeV in its endcap. The π^0 candidates are required to have momenta greater than

200 MeV in the lab frame, and a γγ invariant mass in the range 0.118 < M_{γγ} /GeV/c^2 < 0.150. Additionally, we require | |cos(θ^{π0}_{hel}) | | < 0.95, where θ^{π0}_{hel} is defined as the angle between one photon’s flight direction in the π^0 rest frame and the flight direction of π^0 with respect to the lab frame, and make a loose requirement on the χ^2 of a π^0 mass-constrained fit of γγ.

B candidates are selected using two kinematic variables: the beam-constrained mass M_{bc} ≡ √ E^2_{beam} − P^2_B and the energy difference ΔE ≡ E_B − E_{beam}. Here, E_B and P_B are the reconstructed energy and momentum of the B candidate in the center of mass (CM) frame, and E_{beam} is the average beam energy in the CM frame. B candidates with M_{bc} > 5.2 GeV/c^2 and −0.30 < ΔE/GeV < 0.20 are selected. We further define the signal regions: M_{bc} > 5.27 GeV/c^2 and −0.10 < ΔE/GeV < 0.08.

To select ρ^±π^∓ from 3-body π^+π^−π^0, we select candidates with an invariant ππ^0 mass in the range |M_{ππ}0 − M_ρ| < 0.20 GeV/c^2, and ρ helicity θ^ρ_{hel}, defined as the angle between the charged pion direction in the ρ rest frame and the ρ direction in the B rest frame [12], in the range |cos θ^ρ_{hel}| > 0.5.

The dominant background to B^0 → π^+π^−π^0 comes from continuum events, e^+e^− → qq̄ (q = u, d, s, c). Since these tend to be jet-like, whilst BB̄ events tend to be spherical, we use event shape variables to discriminate between the two. We combine five modified Fox-Wolfram moments [13] into a Fisher discriminant; the coefficients are then tuned to maximize the separation between signal and continuum events. We further define θ_B as the angle of the reconstructed B candidate with respect to the beam direction. Signal events have a distribution proportional to sin^2(θ_B), whilst continuum events are flatly distributed in cos(θ_B). We combine the output of the Fisher discriminant with cos(θ_B) into signal/background likelihood variables, L_{s/b}. We find the optimum selection requirement by maximizing S/ √ S + B, where S and B are respectively the expected numbers of signal and background events in the signal region. We use our measured branching fraction of B^0 → ρ^±π^∓ [2] as input, and find the optimum requirement is L_s/ (L_s + L_b) > 0.8.

If more than one candidate remains in any event, that with the smallest χ^2_{vtx} + χ^2_{π0} is selected, where χ^2_{vtx} is the χ^2 of a vertex-constrained fit of π^+π^−, and χ^2_{π0} is that from a π^0 mass-constrained fit of γγ.

We obtain the signal yield using a binned fit to the ΔE distribution, and cross-check the result by fitting the M_{bc} distribution. When fitting one variable, candidates are required to be in the signal region of the other. The signal probability density functions (PDFs) are obtained from Monte Carlo (MC); a Crystal Ball [15] lineshape plus a Gaussian is used for ΔE, whilst the M_{bc} distribution is described by a Gaussian. The Gaussian in the ΔE PDF accounts for poorly reconstructed low momentum neutral pions. The ΔE width is calibrated using an inclusive D^∗ sample (D^{∗+} → D^0π^+, D^0 → K^−π^+π^0) whilst the ΔE and M_{bc} peak positions are adjusted according to a data sample of B^+ → D^0π^+ with D^0 → K^−π^+π^0.

The dominant background is from continuum events. The ΔE distribution for these events is described by a Chebyshev polynomial, whilst the M_{bc} shape is given by the AR- GUS function [16]. The parameters of these functions are determined from fitting a large continuum MC sample.

Background is also possible from generic b → c transitions; in this case the shape is hard to describe by a functional form and so we use a smoothed histogram. The ΔE distribution of background from the charmless decay B^+ → ρ^+ρ^0 has a similar shape to the generic b → c, so we combine these components, with the relative normalization fixed according to our recent measurement of B (B^+ → ρ^+ρ^0) [17], and allow the overall normalization to float in the ΔE fit. In the M_{bc} fit, these backgrounds cannot be distinguished from signal, and

FIG. 1: Results of fits to (left) ΔE and (right) M_{bc}. Contributions from signal (horizontally hatched), continuum (dashed line) and b → c + ρρ (diagonally hatched; denoted as BB̄ in the legend) can be seen. The contributions from ρK and other rare decays are small and hard to make out. The sums of contributions are shown as solid lines.

the normalization is fixed.

There are other possible backgrounds from charmless B decays, with distinctive ΔE shapes. B^0 → ρ^±K^∓ has a similar shape to the signal, but a shifted peak due to the misidentification of the kaon as a pion. The normalization of this component is fixed according to our recent measurement [18]. Contributions from π^+ρ^0, hh and hπ^0 (h = π^±, K^±) final states are scaled according to the most recent measurements of their branching fractions [2, 19, 20], then combined into a smoothed histogram. The normalization of this component is then fixed in the fit.

The results of the fits to ΔE and M_{bc} are shown in Fig. 1. From the ΔE fit we find a yield of 257.9^{+44.0}_{−43.2} signal events, with a significance of 6.3σ.

The significance is defined as √ −2 ln(L_0/L_{max}), where L_{max} (L_0) denotes the likelihood with the signal yield at its nominal value (fixed to zero).

From the M_{bc} fit we find a signal yield of 177.7^{+24.7}_{−24.0}. Taking into account the different efficiencies of the ΔE/M_{bc} signal region selections, this result is consistent with the ΔE yield.

To check the events in the signal peak are B^0 → ρ^±π^∓ events, and not from some other contribution to the π^+π^−π^0 final state, we relax the M_{ππ}0 and cos θ^ρ_{hel} criteria in turn, and perform the ΔE fit in bins of M_{ππ}0 , and in bins of cos θ^ρ_{hel}. The resulting distributions are shown in Fig. 2. Clearly, the signal is consistent with being entirely due to B^0 → ρ^±π^∓ decays.

To extract the branching fraction, we measure the reconstruction efficiency from MC and correct for a discrepancy between data and MC in the pion identification requirement. This correction is obtained from an inclusive D^∗ control sample (D^{∗+} → D^0π^+, D^0 → K^−π^+), and is applied in bins of track momentum and polar angle. After this correction, the reconstruction efficiency is 10.4%.

We calculate systematic errors from the following sources: PDF shapes^{+11.7}_{−12.0}% (by varying

FIG. 2: Yield of signal events from ΔE fits in bins of (left) M_{ππ}0 (right) cos θ^ρ_{hel}. The shaded histogram shows the shapes expected from B^0 → ρ^±π^∓ Monte Carlo.

parameters by ±1σ); continuum rejection ±6.5% (by comparing the efficiency of the selection between data and MC for the B^+ → D^0π^+ control sample); π^0 reconstruction efficiency ±4.8% (by comparing the yields of η → π^0π^0π^0 and η → γγ between data and MC); tracking finding efficiency ±2.0% (from a study of partially reconstructed D^∗ decays); pion identification efficiency ±0.8% (using the method described above). The contributions are summed in quadrature to obtain a total systematic error of^{+13.6}_{−13.8}%.

We measure the branching fraction for B^0 → ρ^±π^∓ to be B ( B^0 → ρ^±π^∓ ) = ( 29.1^{+5.0}_{−4.9}(stat) ± 4.0(syst) ) × 10^{−6}. (1)

A difference in the untagged decay rates to ρ^+π^− and ρ^−π^+ would indicate direct CP violation [8]. In order to measure this untagged asymmetry, we remove candidate events with ambiguous ρ charge assignment, i.e. events in the regions of the Dalitz plot where more than one of the combinations π^+π^0, π^−π^0, π^+π^− are consistent with having originated from a ρ resonance. These are the regions where interference effects are strongest [7]. We fit the ΔE distributions for B^0 → ρ^+π^− + B̄^0 → ρ^+π^− (denoted as B → ρ^+π^−) and B^0 → ρ^−π^+ + B̄^0 → ρ^−π^+ (B → ρ^−π^+) candidates separately. The results are shown in Fig. 3. We find 36.7^{+15.3}_{−14.3} B → ρ^+π^− events, and 81.5^{+16.8}_{−16.0} B → ρ^−π^+ events. The charge asymmetry is calculated as A = N(B → ρ^+π^−) − N(B → ρ^−π^+) N(B → ρ^+π^−) + N(B → ρ^−π^+)

= −0.38^{+0.19}_{−0.21}(stat)^{+0.04}_{−0.05}(syst), (2)

where the systematic error is estimated by varying the PDFs used in the fit, allowing for asymmetry in the shape and normalization of the continuum component, and allowing for charge dependence in the efficiency.

In order to obtain good sensitivity to the as yet unobserved decay B^0 → ρ^0π^0, additional discrimination against the continuum background is required. Therefore, a slightly different

FIG. 3: ΔE fit results for (left) B → ρ^+π^− and (right) B → ρ^−π^+. The components have the same meaning as Fig. 1.

analysis procedure is followed. The majority of selection requirements are similar to those described above, however, neutral pion candidates are selected with a wider invariant mass window of 0.100 < M_{γγ} /GeV/c^2 < 0.165 to allow for the resolution of high momentum π^0s. One additional requirement is that possible contributions to the π^+π^−π^0 final state from b → c decays are explicitly vetoed. Another is that in order to reduce the event multiplicity before the best candidate selection, a smaller window in (ΔE, M_{bc}) is allowed. The selection region is −0.2 < ΔE/GeV < 0.4, M_{bc} > 5.23 GeV/c^2. Whilst these changes do not significantly affect the ρ^0π^0 final state, they will be important in retaining a clean and unbiased π^+π^−π^0 Dalitz plot in the future.

In order to select ρ^0π^0 from the three-body π^+π^−π^0 candidates, we require 0.50 < M_π+_π− /GeV/c^2 < 1.10 and |cos θ^ρ_{hel}| > 0.5. Contributions from B^0 → ρ^±π^∓ are explicitly vetoed by rejecting candidates which fall into the invariant mass window of 0.50 < M_π±_π0 /GeV/c^2 < 1.10. This requirement also vetoes the region of the Dalitz plot where the interference between ρ resonances is strongest.

The most notable difference from the selection requirements described above for the ρ^±π^∓ final state is in the procedure to reject continuum background. Here, we make use of the additional discriminatory power provided by flavour tagging. In our published timedependent analyses [21], we define the variables q and r as being, respectively, the more likely flavour of the other B in the event (B^0 (q = +1) or B̄^0 (q = −1)), and a measure of the confidence that the q prediction is correct. As a corollary, events with a high value of |qr| are well-tagged as either B^0 or B̄^0, and hence are unlikely to originate from continuum processes. Moreover, since the flavour tagging algorithm relies on particle identification information, it is unlikely that there is any strong correlation with any of the topological variables used above to separate signal from continuum.

We use a large statistics sample of ρ^0π^0 MC and data from a continuum dominated sideband region (5.23 < M_{bc}/GeV/c^2 < 5.26 and 0.2 < ΔE/GeV < 0.4), in order to simultaneously find the optimum selection requirements on |qr| and L_s/ (L_s + L_b), as defined above. We find the sensitivity to ρ^0π^0 is maximized by requiring |qr| > 0.74 and

FIG. 4: Effect of including |qr| in the optimization procedure described in the text. The variations in (top) S/ √ S + B and (bottom) S/B with the |qr| requirement are shown, after the L_s/ (L_s + L_b) > 0.9 selection. The line indicates the selection requirement that is obtained from the optimization procedure (|qr| > 0.74). Note that the statistical error on the entries becomes significant for values of |qr| close to 1. For this reason, a smoothed histogram curve is also shown to guide the eye.

L_s/ (L_s + L_b) > 0.9, where the branching fraction of B^0 → ρ^0π^0 is taken to be 1 × 10^{−6} as input to the optimization procedure. The effect of the |qr| requirement is shown in Fig. 4. Some modest improvement is seen in S/ √ S + B, whilst S/B increases dramatically.

As for ρ^±π^∓, we obtain the signal yield by fitting the ΔE distribution after requiring events be in the M_{bc} signal region (M_{bc} > 5.269 GeV/c^2), and cross-check the result by fitting the M_{bc} distribution after requiring events be in the ΔE signal region (−0.135 < ΔE/GeV < 0.080). We model the signal using a Crystal Ball lineshape, with parameters determined from MC, and calibrated using control samples of B^− → D^0ρ^−, with D^0 → K^−π^+, ρ^− → π^−π^0 and B̄^0 → D^{∗+}ρ^−, with D^{∗+} → D^0π^+ and the same decays of the D^0 and ρ. In both cases the π^0 is required to have momentum in the CM frame greater than 1.8 GeV/c, in order to have similar dynamics to the ρ^0π^0 final state. We include additional components in the fit to accomodate continuum background (modelled by a Chebyshev polynomial with parameters obtained from a fit to the sideband region), ρ^+ρ^0 (shape from smoothed histogram of MC events) and ρ^+π^0 (shape from smoothed histogram of MC events). Contributions from b → c transitions are negligible in the fitted range of ΔE, whilst the tiny contributions possible from other rare B decays are accounted for in the systematic error. The only free parameters in the fit are again the signal and continuum normalizations; the ρ^+ρ^0 yield and polarization are fixed according to our recent measurements [17], while the ρ^+π^0 yield is fixed based on theoretical expectations.

FIG. 5: Fits to (left) ΔE and (right) M_{bc} for ρ^0π^0 candidates. In the ΔE fit, contributions from signal (dashed line) and ρ^+ρ^0 (dot-dashed line) can be seen; the other contributions are very small. In the M_{bc} fit only contributions from signal (dashed line) and continuum are allowed. The sums of contributions are shown as solid lines.

The fit result is shown in Fig. 5. The ΔE fit gives a signal yield of 6.6^{+3.2}_{−2.6} with a significance of 3.1σ. The M_{bc} fit, in which only components for signal and continuum are included, gives a yield of 6.4^{+3.1}_{−2.4} with 3.6σ significance.

In order to check that the signal candidates originate from B^0 → ρ^0π^0 decays, and not from either non-resonant π^+π^−π^0 or σπ^0, we relax the criteria on M_π+_π− and cos θ^ρ_{hel} in turn and look at the distribution of the candidate events in both ΔE and M_{bc} signal regions in those variables. These distributions are shown in Fig. 6. Whilst the statistics are too small to make quantitative statements, there is no evidence for any contribution other than ρ^0π^0. We also consider possible contamination from ρ^±π^∓; from a large MC sample in which interference between resonances in not simulated, we expect < 0.1 events to pass the selection requirements.

To obtain the branching fraction, we measure the efficiency using MC, and correct for the pion identification efficiency as above. The systematic error due to pion identification is ±3%. We also correct for possible differences between data and MC due to the |qr| and L_s/ (L_s + L_b) selections; the statistical errors of the control samples (B̄^0 → D^{∗+}ρ^− with D^{∗+} → D^0π^+, D^0 → K^−π^+, ρ^− → π^−π^0 and B^− → D^0ρ^− with D^0 → K^−π^+, ρ^− → π^−π^0 respectively) account for the largest contribution to the systematic error (±18%). We also calculate systematic errors due to: PDF shapes, by varying parameters by ±1σ (±3%); π^0 reconstruction efficiency, from the inclusive η study (±4%); track finding efficiency, from the partially reconstructed D^∗ study (±2%). We repeat the fit after changing the normalization of the other B decay components according to the error in their branching fractions, and obtain systematic errors from the change in the result. For the unobserved mode ρ^+π^0 we vary the normalization by a factor of two. The total systematic eror due to rare B decays is ±5%, we also verify that in the case that all rare B contributions are simulaneously increased to their maximum values, the statistical significance remains above 3σ. The total systematic

FIG. 6: Distributions of (left) M_π+_π− and (right) cos θ^ρ_{hel} for ρ^0π^0 candidate events. The selection requirements described in the text are shown as dashed lines.

error is ±20%, and we measure the branching fraction of B^0 → ρ^0π^0 to be B ( B^0 → ρ^0π^0 ) = ( 6.0^{+2.9}_{−2.3}(stat) ± 1.2(syst) ) × 10^{−6}. (3)

In order to test the robustness of this result, a number of cross-checks are performed. We vary the selection requirements on |qr| and L_s/ (L_s + L_b). In all cases, consistent central values for the branching fraction are obtained. We also select ρ^±π^∓ candidates after using this continuum rejection technique, and measure a branching fraction for B^0 → ρ^±π^∓ which is consistent with that reported above. Furthermore, adopting the continuum rejection technique of our ρ^±π^∓ analysis and selecting ρ^0π^0 candidates also results in a consistent central value for the branching fraction of B^0 → ρ^0π^0, although the signal is insignificant above the large continuum background.

In summary, we have measured the branching fraction B ( B^0 → ρ^±π^∓ ) = ( 29.1^{+5.0}_{−4.9}(stat) ± 4.0(syst) ) × 10^{−6}, (4)

in agreement with previous measurements. We also measure the untagged asymmetry to be

A = −0.38^{+0.19}_{−0.21}(stat)^{+0.04}_{−0.05}(syst), (5)

consistent with zero with the current statistical precision. In addition, we observe evidence, with 3.1σ statistical significance, for B^0 → ρ^0π^0 with a branching fraction of B ( B^0 → ρ^0π^0 ) = ( 6.0^{+2.9}_{−2.3}(stat) ± 1.2(syst) ) × 10^{−6}. (6)

This is the first evidence for B^0 → ρ^0π^0, with a branching fraction higher than most predictions [7]. This may indicate that some contribution to the amplitude is larger than expected, which may complicate the extraction of ϕ_2 from time-dependent analysis of ρ^±π^∓.

We wish to thank the KEKB accelerator group for the excellent operation of the KEKB accelerator. 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 Foundation; the Polish State Committee for Scientific Research under contract No. 2P03B 01324; the Ministry of Science and Technology of the Russian Federation; the Ministry of Education, Science and Sport of the Republic of Slovenia; the National Science Council and the Ministry of Education of Taiwan; and the U.S. Department of Energy.

∗ on leave from Fermi National Accelerator Laboratory, Batavia, Illinois 60510 † on leave from University of Pittsburgh, Pittsburgh PA 15260 ‡ on leave from Nova Gorica Polytechnic, Nova Gorica [1] The inclusion of charge conjugate decays is implied thoughout, except where explicitly excluded.

[2] A. Gordon, Y. Chao et al. (Belle Collaboration), Phys. Lett. B 542, 183 (2002). [3] B. Aubert et al. (BABAR Collaboration), hep-ex/0306030, submitted to Phys. Rev. Lett. [4] A general review of the formalism is given in I.I. Bigi, V.A. Khoze, N.G. Uraltsev & A.I. Sanda, “CP Violation” page 175, ed. C. Jarlskog, World Scientific, Singapore (1989).

[5] K. Abe et al. (Belle Collaboration), hep-ex/0301032, to appear in Phys. Rev. D; B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett 89, 281802 (2002).

[6] M. Gronau & D. London, Phys. Rev. Lett. 65 3381 (1990); Y. Grossman & H.R. Quinn, Phys.

Rev. D 58 017504 (1998); J. Charles, Phys. Rev. D 59, 054007 (1999). M. Gronau, D. London, N. Sinha & R. Sinha, Phys. Lett. B 514 315 (2001).

[7] A.E. Snyder & H.R. Quinn, Phys. Rev. D 48 2139 (1993). [8] S. Gardner, Phys. Lett. B 553, 261 (2003).

[9] A. Deandrea & A.D. Polosa, Phys. Rev. Lett. 86, 216 (2001). [10] S. Kurokawa & E. Kikutani, Nucl. Instr. and Meth. A 499, 1 (2003). [11] A. Abashian et al. (Belle Collaboration), Nucl. Instr. and Meth. A 479, 117 (2002). [12] M. Jacob & G.C. Wick, Ann. Phys. 7, 404 (1959). [13] G. Fox & S. Wolfram, Phys. Rev. Lett. 41, 1581 (1978). [14] R. Ammar et al. (CLEO Collaboration), Phys. Rev. Lett. 71, 674 (1993). [15] J.E. Gaiser et al., Phys. Rev. D 34, 711 (1986).

[16] H. Albrecht et al. (ARGUS Collaboration), Phys. Lett. B 241, 278 (1990). [17] J. Zhang, M. Nakao et al. (Belle Collaboration), hep-ex/0306007, submitted to Phys. Rev.

Lett.

[18] K. Abe et al. (Belle Collaboration), BELLE-CONF-0317. [19] K. Abe et al. (Belle Collaboration), BELLE-CONF-0311. [20] K. Hagiwara et al. (Particle Data Group), Phys. Rev. D 66, 010001 (2002). [21] For the most complete description of the flavour tagging algorithm, see K. Abe et al. (Belle Collaboration), Phys. Rev. D 66, 032007 (2002).