arXiv:hep-ex/0207022 v2 6 Jul 2002

KEK preprint 2002-63

Belle preprint 2002-20

Measurement of the Oscillation Frequency for B^0-B^0 Mixing using Hadronic B^0 Decays

Belle Collaboration

T. Tomura^{ar}, K. Abe^h, K. Abe^{ap}, N. Abe^{as}, R. Abe^{ac}, T. Abe^{aq}, I. Adachi^h, H. Aihara^{ar}, Y. Asano^{aw}, T. Aso^{av}, V. Aulchenko^a, T. Aushev^ℓ, A. M. Bakich^{am}, Y. Ban^{ag}, E. Banas^{aa}, I. Bedny^a, P. K. Behera^{ay}, I. Bizjak^m, A. Bondar^a, A. Bozek^{aa}, M. Bračko^{t,m}, T. E. Browder^g, B. C. K. Casey^g, M.-C. Chang^z, P. Chang^z, Y. Chao^z, K.-F. Chen^z, B. G. Cheon^{aℓ}, R. Chistov^ℓ, S.-K. Choi^f, Y. Choi^{aℓ}, Y. K. Choi^{aℓ}, M. Danilov^ℓ, L. Y. Dong^j, A. Drutskoy^ℓ, S. Eidelman^a, V. Eiges^ℓ, C. Fukunaga^{at}, N. Gabyshev^h, T. Gershon^h, B. Golob^{s,m}, A. Gordon^u, R. Guo^x, J. Haba^h, K. Hanagaki^{ah}, K. Hara^{ae}, T. Hara^{ae}, Y. Harada^{ac}, N. C. Hastings^u, H. Hayashii^w, M. Hazumi^h, E. M. Heenan^u, T. Higuchi^{ar}, L. Hinz^r, T. Hokuue^v, Y. Hoshi^{ap}, W.-S. Hou^z, S.-C. Hsu^z, H.-C. Huang^z, T. Igaki^v, Y. Igarashi^h, T. Iijima^v, K. Inami^v, A. Ishikawa^v, R. Itoh^h, H. Iwasaki^h, Y. Iwasaki^h, H. K. Jang^{ak}, H. Kakuno^{as}, J. H. Kang^{bb}, P. Kapusta^{aa}, S. U. Kataoka^w, N. Katayama^h, H. Kawai^b, Y. Kawakami^v, T. Kawasaki^{ac}, H. Kichimi^h, D. W. Kim^{aℓ}, Heejong Kim^{bb}, H. J. Kim^{bb}, H. O. Kim^{aℓ}, Hyunwoo Kim^o, S. K. Kim^{ak}, T. H. Kim^{bb}, K. Kinoshita^d, P. Krokovny^a, R. Kulasiri^d, S. Kumar^{af}, A. Kuzmin^a, Y.-J. Kwon^{bb}, J. S. Lange^{e,ai}, G. Leder^k, S. H. Lee^{ak}, J. Li^{aj}, D. Liventsev^ℓ, R.-S. Lu^z, J. MacNaughton^k, G. Majumder^{an}, F. Mandl^k, T. Matsuishi^v,

Preprint submitted to Elsevier Preprint 8 July 2002

S. Matsumoto^c, T. Matsumoto^{at}, W. Mitaroff^k, K. Miyabayashi^w, Y. Miyabayashi^v, H. Miyake^{ae}, H. Miyata^{ac}, G. R. Moloney^u, T. Mori^c, T. Nagamine^{aq}, Y. Nagasaka^i, T. Nakadaira^{ar}, E. Nakano^{ad}, M. Nakao^h, J. W. Nam^{aℓ}, Z. Natkaniec^{aa}, K. Neichi^{ap}, S. Nishida^p, O. Nitoh^{au}, S. Noguchi^w, T. Nozaki^h, S. Ogawa^{ao}, F. Ohno^{as}, T. Ohshima^v, T. Okabe^v, S. Okuno^n, S. L. Olsen^g, W. Ostrowicz^{aa}, H. Ozaki^h, H. Palka^{aa}, C. W. Park^o, H. Park^q, L. S. Peak^{am}, J.-P. Perroud^r, M. Peters^g, L. E. Piilonen^{az}, F. J. Ronga^r, N. Root^a, K. Rybicki^{aa}, H. Sagawa^h, S. Saitoh^h, Y. Sakai^h, M. Satapathy^{ay}, A. Satpathy^{h,d}, O. Schneider^r, S. Schrenk^d, S. Semenov^ℓ, K. Senyo^v, R. Seuster^g, M. E. Sevior^u, H. Shibuya^{ao}, B. Shwartz^a, V. Sidorov^a, J. B. Singh^{af}, N. Soni^{af}, S. Stanič^{aw,1}, M. Starič^m, A. Sugi^v, A. Sugiyama^v, K. Sumisawa^h, T. Sumiyoshi^{at}, K. Suzuki^h, S. Suzuki^{ba}, S. Y. Suzuki^h, H. Tajima^{ar}, T. Takahashi^{ad}, F. Takasaki^h, K. Tamai^h, N. Tamura^{ac}, J. Tanaka^{ar}, M. Tanaka^h, G. N. Taylor^u, Y. Teramoto^{ad}, S. Tokuda^v, M. Tomoto^h, S. N. Tovey^u, K. Trabelsi^g, T. Tsuboyama^h, T. Tsukamoto^h, S. Uehara^h, S. Uno^h, Y. Ushiroda^h, G. Varner^g, K. E. Varvell^{am}, C. C. Wang^z, C. H. Wang^y, J. G. Wang^{az}, M.-Z. Wang^z, Y. Watanabe^{as}, E. Won^o, B. D. Yabsley^{az}, Y. Yamada^h, Y. Yamashita^{ab}, M. Yamauchi^h, P. Yeh^z, M. Yokoyama^{ar}, Y. Yuan^j, J. Zhang^{aw}, Z. P. Zhang^{aj}, Y. Zheng^g, and D. Žontar^{aw}

aBudker Institute of Nuclear Physics, Novosibirsk, Russia bChiba University, Chiba, Japan cChuo University, Tokyo, Japan dUniversity of Cincinnati, Cincinnati, OH, USA eUniversity of Frankfurt, Frankfurt, Germany f Gyeongsang National University, Chinju, South Korea gUniversity of Hawaii, Honolulu, HI, USA hHigh Energy Accelerator Research Organization (KEK), Tsukuba, Japan iHiroshima Institute of Technology, Hiroshima, Japan jInstitute of High Energy Physics, Chinese Academy of Sciences, Beijing, PR China kInstitute of High Energy Physics, Vienna, Austria ℓInstitute for Theoretical and Experimental Physics, Moscow, Russia mJ. Stefan Institute, Ljubljana, Slovenia nKanagawa University, Yokohama, Japan oKorea University, Seoul, South Korea pKyoto University, Kyoto, Japan qKyungpook National University, Taegu, South Korea rInstitut de Physique des Hautes Énergies, Université de Lausanne, Lausanne, Switzerland sUniversity of Ljubljana, Ljubljana, Slovenia tUniversity of Maribor, Maribor, Slovenia uUniversity of Melbourne, Victoria, Australia vNagoya University, Nagoya, Japan wNara Women’s University, Nara, Japan xNational Kaohsiung Normal University, Kaohsiung, Taiwan yNational Lien-Ho Institute of Technology, Miao Li, Taiwan zNational Taiwan University, Taipei, Taiwan aaH. Niewodniczanski Institute of Nuclear Physics, Krakow, Poland abNihon Dental College, Niigata, Japan acNiigata University, Niigata, Japan adOsaka City University, Osaka, Japan aeOsaka University, Osaka, Japan af Panjab University, Chandigarh, India agPeking University, Beijing, PR China ahPrinceton University, Princeton, NJ, USA aiRIKEN BNL Research Center, Brookhaven, NY, USA ajUniversity of Science and Technology of China, Hefei, PR China akSeoul National University, Seoul, South Korea aℓSungkyunkwan University, Suwon, South Korea amUniversity of Sydney, Sydney, NSW, Australia anTata Institute of Fundamental Research, Bombay, India aoToho University, Funabashi, Japan apTohoku Gakuin University, Tagajo, Japan aqTohoku University, Sendai, Japan arUniversity of Tokyo, Tokyo, Japan asTokyo Institute of Technology, Tokyo, Japan atTokyo Metropolitan University, Tokyo, Japan auTokyo University of Agriculture and Technology, Tokyo, Japan avToyama National College of Maritime Technology, Toyama, Japan awUniversity of Tsukuba, Tsukuba, Japan ayUtkal University, Bhubaneswer, India azVirginia Polytechnic Institute and State University, Blacksburg, VA, USA baYokkaichi University, Yokkaichi, Japan bbYonsei University, Seoul, South Korea

Abstract

The oscillation frequency of B^0-B^0 mixing (Δm_d) has been measured using 29.1 fb^{−1} of data collected with the Belle detector at KEKB. This measurement is made through the distributions of the proper decay time difference of B pairs in events tagged as same- and opposite-flavor decays. In each event, one B is fully reconstructed in a flavor-specific hadronic decay mode, while the flavor of the other is extracted through a likelihood calculated from the b-flavor information carried in its final decay products. We obtain Δm_d = (0.528 ± 0.017 ± 0.011) ps^{−1}, where the first error is statistical and the second error is systematic.

PACS: 12.15.Hh, 11.30.Er, 13.25.Hw

1 Introduction

In the Standard model, B^0-B^0 oscillation occurs through second order weak interactions where the dominant contribution has an internal loop that contains virtual t-quarks. As a result, the oscillation frequency Δm_d is related to the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements V_{td} and V_{tb} [1]. Since |V_{tb}| is expected to be very close to 1, a precise measurement of Δm_d, in principle, provides a method to determine |V_{td}|. Although the extraction of |V_{td}| from Δm_d is currently hampered by theoretical uncertainties on hadronic matrix elements, precision measurements of Δm_d could be important for future determinations of |V_{td}|. In addition, B^0-B^0 mixing is one of the sources of CP violation in B^0 decays and a good knowledge of Δm_d is important for precise measurements of these CP asymmetries. Since the first observation of B^0-B^0 mixing [2], a number of measurements of Δm_d have been reported [3].

1 on leave from Nova Gorica Polytechnic, Nova Gorica, Slovenia

Recently, asymmetric B-factory experiments operated at the Υ(4S) resonance have significantly improved the precision of Δm_d [4].

In this letter, we present a determination of Δm_d from the time evolution of opposite-flavor (OF; B^0B^0) and same-flavor (SF; B^0B^0, B^0B^0) neutral B decays at the Υ(4S) resonance. In the absence of background and detector effects, the time-dependent probabilities of observing OF (P^{OF}) and SF (P^{SF}) states are given by

P^{OF}(Δt) = 1 4τ_B0 exp ( − |Δt| τ_B0 ) [1 + cos(Δm_dΔt)] , (1)

P^{SF}(Δt) = 1 4τ_B0 exp ( − |Δt| τ_B0 ) [1 − cos(Δm_dΔt)] , (2)

where τ_B0 is the B^0 lifetime, and Δt is the proper time difference between the two B meson decays. As the decay width difference of the two mass eigenstates of the B^0B^0 system is expected to be very small in the Standard Model [5], we assume in this analysis that it is equal to zero.

The analysis described here is based on a 29.1 fb^{−1} data sample, which contains 31.3 × 10^6 BB pairs, collected with the Belle detector [6] at the asymmetricenergy KEKB storage ring [7]. KEKB collides an 8.0 GeV electron beam and a 3.5 GeV positron beam with a crossing angle of 22 mrad, resulting in a center-of-mass system (cms) moving nearly along the z axis (defined as antiparallel to the positron beam) with a Lorentz boost of (βγ)_Υ = 0.425. Since B mesons are nearly at rest in the Υ(4S) cms, the proper time difference Δt can be approximated as Δt ≃ Δz/[c(βγ)_Υ], where Δz is the distance between the decay vertices of the two B mesons in z (typically 200 μm). The measurement involves the reconstruction of the decay of a neutral B meson in a flavorspecific hadronic mode, the determination of the b-flavor of the accompanying (tagging) B meson, the reconstruction of the two decay vertices to determine Δt, and a fit of the Δt distribution taking into account Δt resolution and backgrounds to extract Δm_d. We use the same flavor-tagging method as for the sin 2ϕ_1 measurement [8], and the same vertex reconstruction and resolution parameters as those used in the lifetime measurements [9].

The Belle detector consists of a three-layer silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel Cherenkov counters (ACC), time-of-flight scintillation counters (TOF), an electromagnetic calorimeter containing CsI(Tl) crystals (ECL), and 14 layers of 4.7 cm thick iron plates interleaved with a system of resistive plate counters (KLM). All subdetectors except the KLM are located inside a 3.4 m diameter superconducting solenoid which provides a 1.5 T magnetic field. The impact parameter resolutions for charged tracks are measured to be σ^2_{xy} = (19)^2 +

(50/(pβ sin^{3/2} θ))^2 μm^2 in the plane perpendicular to the z axis and σ^2_z = (36)^2 + (42/(pβ sin^{5/2} θ))^2 μm^2 along the z axis, where β = pc/E, p and E are the momentum (GeV/c) and energy (GeV) of the particle, and θ is the polar angle from the z axis.

2 Event Selection and Reconstruction

B^0 mesons are fully reconstructed in the decay modes^2 B^0 → D^+π^−, D^{∗+}π^−, and D^{∗+}ρ^−. Charged pion and kaon candidates are required to satisfy selection criteria based on particle-identification likelihood functions derived from specific ionization (dE/dx) in the CDC, time of flight, and the response of the ACC. Photon candidates are defined as isolated ECL clusters with energy more than 30 MeV that are not matched to any charged track. We reconstruct π^0 candidates from pairs of photon candidates with invariant masses between 124 and 146 MeV/c^2. A mass-constrained fit is performed to improve the π^0 momentum resolution. A minimum π^0 momentum of 0.2 GeV/c is required. We select ρ^− candidates as π^−π^0 pairs having invariant masses within ±150 MeV/c^2 of the nominal ρ^− mass.

Neutral and charged D candidates are reconstructed in the following channels: D^0 → K^−π^+, K^−π^+π^0, K^−π^+π^+π^−, and D^+ → K^−π^+π^+. Candidate D^{∗+} → D^0π^+ decays are formed by combining a D^0 candidate with a slow and positively charged track, for which no particle identification is required. We apply mode-dependent requirements on the reconstructed D mass (ranging from ±15 to ±58 MeV/c^2) and the mass difference between D^{∗+} and D^0 (ranging from ±3 to ±12 MeV/c^2). To reduce continuum background, a mode-dependent selection is applied based on the ratio of the second to zeroth Fox-Wolfram moments [10] and the angle between the thrust axes of the reconstructed and associated B mesons.

We identify B decays based on requirements on the energy difference ΔE ≡ E^{cms}_B −E^{cms}_{beam} and the beam-energy constrained mass M_{bc} ≡ √ (E^{cms}_{beam})^2 − (p^{cms}_B )^2, where E^{cms}_B and p^{cms}_B are the cms energy and momentum of the fully reconstructed B candidate, and E^{cms}_{beam} is the cms beam energy. If more than one fully reconstructed B candidate is found in the same event, the one with the best combined χ^2 for ΔE, M_{bc}, and the invariant mass of the D candidate is chosen. For each channel, a rectangular signal region is defined in the ΔE-M_{bc} plane, corresponding to ±3σ windows centered on the expected means for ΔE and M_{bc}. The ΔE resolution is σ = 10 ∼ 30 MeV, depending on the decay mode and σ ≃ 3 MeV/c^2 for M_{bc} for all modes (5.27 < M_{bc} < 5.29 GeV/c^2 is used). For the determination of background parameters, we use candidates in

2 The inclusion of the charge conjugate decays is implied throughout this letter.

a background dominated (sideband) region, −0.1 (−0.05 for D^{∗+}ρ^−) < ΔE < 0.2 GeV and 5.20 < M_{bc} < 5.29 GeV/c^2, and exclude the signal region.

Charged leptons, pions, and kaons that are not associated with the reconstructed hadronic decay are used to identify the flavor of the accompanying B meson. We apply the same method that has been used for our measurement of sin 2ϕ_1 [8]. Initially, the b-flavor determination is performed at the track level. Several categories of well measured tracks that have a charge correlated with the b flavor are selected: high momentum leptons from b → cℓ^−ν, lower momentum leptons from c → sℓ^+ν, charged kaons and Λ baryons from b → c → s, high momentum pions originating from decays of the type B^0 → D^{(∗)−}X (where X = π^+, ρ^+, a^+_1 , etc.), and slow pions from D^{∗−} → D^0π^−. We use Monte Carlo (MC) simulations to determine a category-dependent variable that indicates whether a track originates from a B^0 or B^0. The values of this variable range from −1 for a reliably identified B^0 to +1 for a reliably identified B^0 and depend on the tagging particle’s charge, cms momentum, polar angle and particle-identification probability, as well as other kinematic and event shape quantities. The results from the separate track categories are then combined to take into account correlations in the case of multiple track-level tags. We use two parameters, q and r, to represent the tagging information. The first, q, corresponds to the sign of the b quark charge of the tag-side B meson where q = +1 for b and hence B^0, and q = −1 for b and B^0. The parameter r is an event-by-event, MC-determined flavor-tagging dilution factor that ranges from r = 0 for no flavor discrimination to r = 1 for unambiguous flavor assignment. It is used only to sort data into six intervals of r (boundaries at 0.25, 0.5, 0.625, 0.75, 0.875), according to flavor purity. More than 99.5% of the events are assigned a non-zero value of r.

The decay vertices of the two B mesons in each event are fitted using tracks that have at least one SVD hit in the r-ϕ plane and at least two SVD hits in the r-z plane, under the constraint that they are consistent with the interaction point (IP) profile, smeared in the r-ϕ plane by 21 μm to account for the transverse B decay length. The IP profile is represented by a three-dimensional Gaussian, the parameters of which are determined in each run (every 60,000 events in case of the mean position) using hadronic events. The size of the IP region is typically σ_x ≃ 100 μm, σ_y ≃ 5 μm, and σ_z ≃ 3 mm, where x and y denote horizontal and vertical directions, respectively.

The decay point of the reconstructed B^0 is obtained from the vertex position and momentum vector of the reconstructed D meson and a track (other than the slow π^+ candidate from D^{∗+} decay) that originates from the fully reconstructed B decay. The decay vertex of the tagging B meson is determined from tracks not assigned to the fully reconstructed B meson; however, poorly reconstructed tracks (with a longitudinal position error in excess of 500 μm) as well as tracks likely to come from K^0_S decays (because they either form a

K^0_S mass when combined with an another oppositely charged track or miss the fully reconstructed B vertex by more than 500 μm in the r-ϕ plane) are not used.

The quality of a fitted vertex is assessed only in the z direction (because of the tight IP constraint in the transverse plane), using the variable ξ ≡ (1/2n) ∑_n i [(z^i_{after} − z^i_{before})/ε^i_{before}]^2, where n is the number of tracks used in the fit, z^i_{before} and z^i_{after} are the z positions of each track (at the closest approach to the origin) before and after the vertex fit, respectively, and ε^i_{before} is the error of z^i_{before}. A MC study shows that ξ does not depend on the B decay length. We require ξ < 100 to eliminate poorly reconstructed vertices. About 3% of the fully reconstructed vertices and 1% of the tagging B decay vertices are rejected. The proper-time difference between the fully reconstructed and the associated B decays, Δt ≡ t_{rec} − t_{tag}, is calculated as Δt = (z_{rec} − z_{tag})/[c(βγ)_Υ], where z_{rec} and z_{tag} are the z coordinates of the fully-reconstructed and associated B decay vertices, respectively. We reject a small fraction (∼0.2%) of the events by requiring |Δt| < 70 ps (∼45τ_B0 ).

Figure 1 shows the M_{bc} distribution for all the candidates found in the ΔE signal region after flavor tagging and vertex reconstruction. We find 2269 D^+π^−, 2490 D^{∗+}π^−, and 1901 D^{∗+}ρ^− candidates in the signal region with average purities of 86%, 81%, and 70%, respectively. The flavor-tagging intervals l = 1, 2, · · · 6 contain 2675, 981, 597, 702, 779, and 926 candidates, respectively.

3 Extraction of Δm_d

An unbinned maximum likelihood fit is performed to extract Δm_d, based on a likelihood function defined as L(Δm_d, w_1, w_2, · · · , w_6) = ∏ i P̃^{OF}(Δt_i) × ∏ j P̃ SF(Δt_j ), where the index i (j) runs over all selected OF(SF) events in the signal region. The probability density function (PDF)^3 , P̃^{OF(SF)}, is expressed as P̃^{OF(SF)}(Δt) = f_{sig}[(1 − f_{ol})P^{OF(SF)}_{sig} (Δt; Δm_d, w_l) + f_{ol}f^{OF(SF)}_{sig} P_{ol}(Δt)]

+ (1 − f_{sig})[(1 − f_{ol})P^{OF(SF)}_{bkg} (Δt) + f_{ol}f^{OF(SF)}_{bkg} P_{ol}(Δt)], (3)

where f_{sig} is a signal purity, described below, and w_l is the wrong tag fraction of the flavor-tagging interval l containing event i or j. The signal PDF (P^{OF(SF)}_{sig} ) is the convolution of the true PDF with the resolution function (R_{sig}). The

3 Note that the PDF is normalized as ∫ [P̃^{OF}(Δt) + P̃^{SF}(Δt)]d(Δt) = 1.

background PDF (P^{OF}_{bkg}^{(SF)}) is expressed in a similar way:

P^{OF(SF)} k (Δt) = +∞∫ −∞ d(Δt^′)P^{OF(SF)} k (Δt^′)R_k(Δt − Δt^′), (4)

where k = sig, bkg. A small number of signal and background events have large Δt values. We account for the contribution from these “outliers” by adding a Gaussian component P_{ol}(Δt) with a width and contribution fraction determined from our B lifetime analysis [9]. The width of the outlier Gaussian is σ_{ol} = 36 ps, and the fraction, f_{ol}, is 0.06% if both vertices are reconstructed from two or more charged tracks and 3.1% if at least one vertex is reconstructed from a single track constrained with the IP profile. We assume f_{ol} to be the same for signal and background as well as for the OF and SF sub-samples. f^{OF(SF)} k is the fraction of OF(SF) events for k (= sig, bkg) and given by N^{OF(SF)} k /(N^{OF}_k + N^{SF}_k ), where N^{OF(SF)}_k is the number of OF(SF) events in the signal region for k from the result of the ΔE-M_{bc} distribution fit described below.

The signal purity (f_{sig}) is determined on an event-by-event basis as a function of ΔE and M_{bc}. The two-dimensional distribution of these variables including the sideband region is fitted with the sum of a Gaussian function F_{sig}(ΔE, M_{bc}) to represent the signal, and a background function F_{bkg}(ΔE, M_{bc}), represented as an ARGUS background function [11] in M_{bc} and a first-order polynomial in ΔE. The fraction of signal is taken to be f_{sig}(ΔE, M_{bc}) = F_{sig}/[F_{sig} + F_{bkg}]. The fits are done separately for the three B decay modes, and the dependence of the signal fraction on the flavor-tag interval l is included in the overall normalization of f_{sig}.

In order to account for wrong tagging, the true signal PDF (P^{OF(SF)}_{sig} ) is given by replacing cos(Δm_dΔt) with (1 − 2w_l) cos(Δm_dΔt) in Eq. 1 (Eq. 2)^4 . The resolution function of the signal is constructed by convolving four different contributions: the detector resolutions on z_{rec} and z_{tag}, the smearing of z_{tag} due to the inclusion of tracks which do not originate from the associated B vertex, mostly due to charm and K_S decays, and the kinematic approximation that the B mesons are at rest in the cms. The resolution is determined on an eventby-event basis, using the estimated uncertainties on the vertex z positions determined from the vertex fit. The parameterization of the resolution depends on whether the vertices are reconstructed with multiple tracks or a single track. A detailed description of the resolution parameterization can be found in Ref. [9]. We use the same parameters for R_{sig}(Δt) obtained there for this

4 We neglect the sin(Δm_dΔt) term that may arise due to the interference between Cabibbo-favored and suppressed decay amplitudes [12], since its effect is expected to be very small.

analysis. The average Δt resolution for the signal is ∼1.56 ps (rms).

The background PDF is modeled as a sum of exponential and prompt components,

P^{OF(SF)} bkg (Δt) = f^{OF(SF)}_{bkg} [ f^δ_{bkg}δ(Δt − μ^{bkg}_δ ) +

(1 − f^δ_{bkg}) 2τ_{bkg} e^{−|Δt−μbkgτ |/τbkg} ] , (5)

convolved with R_{bkg}(Δt), which is parameterized as a sum of two Gaussians. Different parameter values are used for R_{bkg}(Δt) depending on whether or not both vertices are reconstructed with multiple tracks. The parameters for the background PDF are determined using the ΔE-M_{bc} sideband region for each decay mode. A MC study shows that the fraction of prompt component in the signal region is smaller (by ∼10–50% depending on the decay mode) than that in the sideband region. We correct the estimates of f^δ_{bkg} for this effect.

In the final fit, we fix τ_B0 to the world average value [13] and determine Δm_d and w_l (l=1,6). The fit result is listed in Table 1. Separate fits to the D^+π^−, D^{∗+}π^−, and D^{∗+}ρ^− decay modes give consistent Δm_d values: 0.536 ± 0.027 ps^{−1}, 0.543 ± 0.027 ps^{−1}, and 0.497 ± 0.032 ps^{−1}, respectively. Figure 2 shows the Δt distributions for OF and SF events with the fitted curves superimposed; Fig. 3 shows the asymmetry between OF and SF events, (N_{OF} − N_{SF})/(N_{OF} + N_{SF}), as a function of |Δt|.

The systematic errors are summarized in Table 2. The dominant sources are the uncertainties in the resolution functions. The fit is repeated after varying the parameters determined from the data (MC) by ±1σ (±2σ). The systematic error due to the modeling of the resolution function is estimated by comparing the results with different parameterizations. The systematic error due to the IP constraint is estimated by varying (±10 μm) the smearing used to account for the transverse B decay length. The IP profile is determined using two different methods and we find no difference between the results. Possible systematic effects due to the track quality selection of the associated B decay vertices are studied by varying each criterion by 10%. The fit quality criterion for reconstructed vertices is varied from ξ < 50 to ξ < 200. We check the systematic uncertainty due to outliers by varying the Δt range to ±40 ps and ±100 ps, and find a negligibly small effect. ΔE-M_{bc} signal regions are varied by ±10 MeV for ΔE and ±3 MeV/c^2 for M_{bc}. The parameters determining f_{sig} are varied by ±1σ to estimate the associated systematic error. We study background components with a MC sample that includes both BB and continuum events. We find no significant peaking background in the signal region above the fitted background curve and conclude that the effect of peaking background is negligibly small. The systematic error due to the background shape is estimated by varying its parameters by their errors. In the nominal fit, we do not include any oscillation component in the background; such a component may arise from the B^0 originated background. We repeat the fit with a background PDF including a mixing term, where background parameters are taken from the sideband data. The dependence on the B^0 lifetime is measured by varying the lifetime by ±1σ from the world average value. The possible bias in the fitting procedure and the effect of SVD alignment error are studied with MC samples; we find no bias. The MC statistical error is associated as a systematic error for these sources.

4 Conclusion

We have presented a new measurement of Δm_d using 29.1 fb^{−1} of data collected with the Belle detector at the Υ(4S) energy. An unbinned maximum likelihood fit to the distribution of the proper-time difference of a flavor-tagged sample with one of the neutral B mesons fully reconstructed in hadronic decays yields

Δm_d = 0.528 ± 0.017(stat) ± 0.011(syst) ps^{−1}.

This result has similar precision and is consistent with other recent measurements at asymmetric B-factories at the Υ(4S) [4], which are achieving higher precision than those at higher energies. Additionally, this measurement confirms the validity of the sin 2ϕ_1 measurement performed on the same data sample [8], since it is based on the same flavor-tagging method, and vertexing and fitting procedures.

Acknowledgments

We wish to thank the KEKB accelerator group. 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 17017; the Ministry of Science and Technology of the Russian Federation; the Ministry of Education, Science and Sport of Slovenia; the National Science Council and the Ministry of Education of Taiwan; and the U.S. Department of Energy.

References

[1] M. Kobayashi and T. Maskawa, Prog. of Theor. Phys. 49 (1973) 652;

N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531.

[2] H. Albrecht et al., ARGUS Collaboration, Phys. Lett. B192 (1987) 245. [3] B Oscillations Working Group, see

http://www.cern.ch/LEPBOSC/ and references therein.

[4] K. Abe et al., Belle Collaboration, Phys. Rev. Lett. 86 (2001) 3228; K. Hara et al., Belle Collaboration, to be submitted to Phys. Rev. Lett.; B. Aubert et al., BaBar Collaboration, Phys. Rev. Lett. 88 (2002) 221802; B. Aubert et al., BaBar Collaboration, Phys. Rev. Lett. 88 (2002) 221803.

[5] A.J. Buras, W. Slominski, and H. Steger, Nucl. Phys. B245 (1984) 369. [6] A. Abashian et al., Belle Collaboration, Nucl. Instr. and Meth. A479 (2002) 117.

[7] E. Kikutani ed., KEK Preprint 2001-157 (2001), to appear in Nucl. Instr. and Meth. A.

[8] K. Abe et al., Belle Collaboration, Phys. Rev. Lett. 87 (2001) 091802; hepex/0202027, to appear in Phys. Rev. D.

[9] K. Abe et al., Belle Collaboration, Phys. Rev. Lett. 88 (2002) 171801. [10] G.C. Fox and S. Wolfram, Phys. Rev. Lett. 41 (1978) 1581. [11] ARGUS Collaboration, H. Albrecht et al., Phys. Lett. B241 (1990) 278. [12] I. Dunietz, Phys. Lett. B427 (1998) 179.

[13] D. E. Groom et al. (Particle Data Group), Eur. Phys. J. C15 (2000) 1.

Table 1 Summary of fit result.

Fit parameter Fit value Fit parameter Fit value Δm_d 0.528 ± 0.017 ps^{−1} w_1 0.478 ± 0.017 w_2 0.313 ± 0.027 w_3 0.212 ± 0.030 w_4 0.187 ± 0.027 w_5 0.088 ± 0.022 w_6 0.016 ± 0.013

Table 2 Summary of systematic errors.

Source Error (ps^{−1}) Resolution parameters 0.008 Resolution parameterizations 0.003 IP constraint 0.001 Track selection 0.002 Vertex selection 0.003 ΔE-M_{bc} signal box 0.001 Signal fraction 0.001 Background shape 0.002 Mixing in the background 0.002 B^0 lifetime 0.002 Fit bias 0.005 Total 0.011

Fig. 1. Beam-energy constrained mass distribution of the fully reconstructed B^0 candidates. The dashed curve shows the background contributions and the solid curve shows the sum of signal and background.

Fig. 2. Distributions of Δt for (a) SF and (b) OF events with the fitted curves superimposed. The dashed, dotted, and solid curves show the background, outliers, and the sum of backgrounds and signal, respectively.

Fig. 3. Time dependence of the asymmetry between OF and SF events. The curve shows the result of the Δm_d fit.