CLNS 93/1258 CLEO 93-21 December 1, 1993

Search for B^0 Decays to Two Charged Leptons

R. Ammar,^1 S. Ball,^1 P. Baringer,^1 A. Bean,^1 D. Besson,^1 D. Coppage,^1 N. Copty,^1 R. Davis,^1 N. Hancock,^1 M. Kelly,^1 N. Kwak,^1 H. Lam,^1 Y. Kubota,^2 M. Lattery,^2 J.K. Nelson,^2 S. Patton,^2 D. Perticone,^2 R. Poling,^2 V. Savinov,^2 S. Schrenk,^2 R. Wang,^2 M.S. Alam,^3 I.J. Kim,^3 B. Nemati,^3 J.J. O’Neill,^3 H. Severini,^3 C.R. Sun,^3 M.M. Zoeller,^3 G. Crawford,^4 C. M. Daubenmier,^4 R. Fulton,^4 D. Fujino,^4 K.K. Gan,^4 K. Honscheid,^4 H. Kagan,^4 R. Kass,^4 J. Lee,^4 R. Malchow,^4 F. Morrow,^4 Y. Skovpen,^{4∗} M. Sung,^4 C. White,^4 F. Butler,^5 X. Fu,^5 G. Kalbfleisch,^5 W.R. Ross,^5 P. Skubic,^5 J. Snow,^5 P.L. Wang,^5 M. Wood,^5 D.N. Brown,^6 J.Fast ,^6 R.L. McIlwain,^6 T. Miao,^6 D.H. Miller,^6 M. Modesitt,^6 D. Payne,^6 E.I. Shibata,^6 I.P.J. Shipsey,^6 P.N. Wang,^6 M. Battle,^7 J. Ernst,^7 Y. Kwon,^7 S. Roberts,^7 E.H. Thorndike,^7 C.H. Wang,^7 J. Dominick,^8 M. Lambrecht,^8 S. Sanghera,^8 V. Shelkov,^8 T. Skwarnicki,^8 R. Stroynowski,^8 I. Volobouev,^8 G. Wei,^8 P. Zadorozhny,^8 M. Artuso,^9 M. Goldberg,^9 D. He,^9 N. Horwitz,^9 R. Kennett,^9 R. Mountain,^9 G.C. Moneti,^9 F. Muheim,^9 Y. Mukhin,^9 S. Playfer,^9 Y. Rozen,^9 S. Stone,^9 M. Thulasidas,^9 G. Vasseur,^9 G. Zhu,^9 J. Bartelt,^{10} S.E. Csorna,^{10} Z. Egyed,^{10} V. Jain,^{10} K. Kinoshita,^{11} K.W. Edwards,^{12} M. Ogg,^{12} D.I. Britton,^{13} E.R.F. Hyatt,^{13} D.B. MacFarlane,^{13} P.M. Patel,^{13} D.S. Akerib,^{14} B. Barish,^{14} M. Chadha,^{14} S. Chan,^{14} D.F. Cowen,^{14} G. Eigen,^{14} J.S. Miller,^{14} C. O’Grady,^{14} J. Urheim,^{14} A.J. Weinstein,^{14} D. Acosta,^{15} M. Athanas,^{15} G. Masek,^{15} H.P. Paar,^{15} J. Gronberg,^{16} R. Kutschke,^{16} S. Menary,^{16} R.J. Morrison,^{16} S. Nakanishi,^{16} H.N. Nelson,^{16} T.K. Nelson,^{16} J.D. Richman,^{16} A. Ryd,^{16} H. Tajima,^{16} D. Schmidt,^{16} D. Sperka,^{16} M.S. Witherell,^{16} M. Procario,^{17} S. Yang,^{17} R. Balest,^{18} K. Cho,^{18} M. Daoudi,^{18} W.T. Ford,^{18} D.R. Johnson,^{18} K. Lingel,^{18} M. Lohner,^{18} P. Rankin,^{18} J.G. Smith,^{18} J.P. Alexander,^{19} C. Bebek,^{19} K. Berkelman,^{19} K. Bloom,^{19} T.E. Browder,^{19} D.G. Cassel,^{19} H.A. Cho,^{19} D.M. Coffman,^{19} P.S. Drell,^{19} R. Ehrlich,^{19} M. Garcia-Sciveres,^{19} B. Geiser,^{19} B. Gittelman,^{19} S.W. Gray,^{19} D.L. Hartill,^{19} B.K. Heltsley,^{19} C.D. Jones,^{19} S.L. Jones,^{19} J. Kandaswamy,^{19} N. Katayama,^{19} P.C. Kim,^{19} D.L. Kreinick,^{19} G.S. Ludwig,^{19} J. Masui,^{19} J. Mevissen,^{19} N.B. Mistry,^{19} C.R. Ng,^{19} E. Nordberg,^{19} J.R. Patterson,^{19} D. Peterson,^{19} D. Riley,^{19} S. Salman,^{19} M. Sapper,^{19} F. Würthwein,^{19} P. Avery,^{20} A. Freyberger,^{20} J. Rodriguez,^{20} R. Stephens,^{20} J. Yelton,^{20} D. Cinabro,^{21} S. Henderson,^{21} T. Liu,^{21} M. Saulnier,^{21} R. Wilson,^{21} H. Yamamoto,^{21} T. Bergfeld,^{22} B.I. Eisenstein,^{22} G. Gollin,^{22} B. Ong,^{22} M. Palmer,^{22} M. Selen,^{22} J. J. Thaler,^{22} and A.J. Sadoff^{23}

(CLEO Collaboration)

1University of Kansas, Lawrence, Kansas 66045 2University of Minnesota, Minneapolis, Minnesota 55455 3State University of New York at Albany, Albany, New York 12222 4Ohio State University, Columbus, Ohio, 43210 5University of Oklahoma, Norman, Oklahoma 73019 6Purdue University, West Lafayette, Indiana 47907 7University of Rochester, Rochester, New York 14627 8Southern Methodist University, Dallas, Texas 75275 9Syracuse University, Syracuse, New York 13244 10Vanderbilt University, Nashville, Tennessee 37235 11Virginia Polytechnic Institute and State University, Blacksburg, Virginia, 24061 12Carleton University, Ottawa, Ontario K1S 5B6 and the Institute for Particle Physics, Canada 13McGill University, Montréal, Québec H3A 2T8 and the Institute for Particle Physics, Canada 14California Institute of Technology, Pasadena, California 91125 15University of California, San Diego, La Jolla, California 92093 16University of California, Santa Barbara, California 93106 17Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213 18University of Colorado, Boulder, Colorado 80309-0390 19Cornell University, Ithaca, New York 14853 20University of Florida, Gainesville, Florida 32611 21Harvard University, Cambridge, Massachusetts 02138 22University of Illinois, Champaign-Urbana, Illinois, 61801 23Ithaca College, Ithaca, New York 14850

(December 1, 1993)

Abstract

We have searched for B^0 decays to two charged leptons and set 90% confidence level upper limits on the branching fractions: B(B^0 → e^+e^−) < 5.9 × 10^{−6}, B(B^0 → μ^+μ^−) < 5.9 × 10^{−6}, B(B^0 → e^±μ^∓) < 5.9 × 10^{−6}, B(B^0 → e^±τ^∓) < 5.3 × 10^{−4}, and B(B^0 → μ^±τ^∓) < 8.3 × 10^{−4}.

PACS numbers: 13.20.Jf, 14.40.Jz

Typeset using REVTEX

∗Permanent address: INP, Novosibirsk, Russia

We report results from a search for B^0 decays to two charged leptons. The Standard Model allows B^0 decays to two electrons or two muons via box diagrams or loop diagrams shown in Fig. 1. Recent predictions for these branching fractions are 1.9 × 10^{−15} and 8.0 × 10^{−11} respectively [1], although extensions to the Standard Model which include additional Higgs doublets can enhance the rate [2]. The smallest previously published upper limits are B(B^0 → e^+e^−) < 3 × 10^{−5} [3] and B(B^0 → μ^+μ^−) < 8.3 × 10^{−6} [4]. The decays B^0 → e^±μ^∓, e^±τ^∓, μ^±τ^∓ are forbidden in the Standard Model by lepton number conservation. However, there are other models which allow lepton number non-conservation [5,6]. The previously published upper limit is B(B^0 → e^±μ^∓) < 4 × 10^{−5} [3].

We use data from the CLEO II detector [7] operating at the Cornell Electron Storage Ring (CESR). The sample consists of 1.34 fb^{−1} taken on the Υ(4S) resonance, corresponding to 1.47 × 10^6 BB events. An additional sample of 0.64 fb^{−1} accumulated 55 MeV below the Υ(4S) resonance is used to estimate the non-resonant background. We refer to these as the “on-resonance” and “off-resonance” data samples. The CLEO charged particle tracking system consists of a six-layer straw tube chamber, a ten-layer precision tracking chamber, and a 51-layer main drift chamber, all operated inside a 1.5 T magnetic field. Beyond the tracking chambers, but inside the magnet coil, are a time-of-flight system and an electromagnetic calorimeter consisting of 7800 CsI crystals. Outside the coil is a muon detection system consisting of chambers interspersed with iron.

Since B mesons at the Υ(4S) are produced nearly at rest, B → ee, μμ, eμ decays will consist of two nearly back-to-back tracks each with p ≈ 2.6 GeV/c. To search for these candidates we select hadronic events with at least five charged tracks. Two oppositely charged, well-measured tracks must come from a common point consistent with the known event vertex. The direction of the thrust axis of the two candidate tracks must lie within a fiducial volume defined by | cos θ| ≤ 0.8 (where θ is the angle with respect to the beam axis). We use the lepton energies (E_1, E_2) calculated assuming the appropriate particle mass hypothesis to compute the difference between their total energy and the beam energy, ΔE = E_1 +E_2 −E_b. The resolution in ΔE is 25±2 MeV. We calculate a “beam constrained” mass from m^2 = E^2_b − (p_1 + p_2)^2, i.e., by using the constraint ΔE = 0 which improves the mass resolution by a factor of ten. The resolution in m is 2.5 ± 0.2 MeV, determined from fully reconstructed B decays. We define a 2 standard deviation (σ) signal region in ΔE and m. Electrons are identified using a likelihood function combining calorimeter and tracking information (E/p and dE/dx). Muons are identified by requiring that the tracks penetrate the muon chambers to a depth of at least 3 interaction lengths.

The main background arises from real and fake leptons from the process e^+e^− → qq, where q = u, d, s, c. Such events typically exhibit a two-jet structure and produce high momentum, approximately back-to-back tracks which satisfy the requirements imposed on our candidate events. We calculate the angle, θ_T, between the thrust axis of the candidate tracks and the thrust axis of all the remaining charged and neutral energy in the event. The distribution of cos θ_T is strongly peaked near ±1 for qq events and is nearly flat for BB events. We require | cos θ_T| ≤ 0.7. The overall efficiency, ϵ, for detecting these modes is 0.32 ± 0.04.

We find no events in the signal regions for any of the three modes and set an upper limit (N_{UL}) of 2.3 events in each. The 90% confidence level upper limits on the branching fractions are given by N_{UL}/ϵN_B0 . To conservatively account for the uncertainty in the efficiency determination, we reduce the efficiency by 1.28σ. Assuming equal production of charged and neutral B’s, we obtain upper limits of 5.9×10^{−6} for each of the modes (Table I). These limits are significant improvements over those previously published.

To search for the modes eτ and μτ , we look for tau decays to high momentum pions, which have relatively little background. High momentum pions from tau decays come mainly from the mode τ^− → π^−ν_τ , which has the advantage that there is only one neutrino in the final state. The final state we search for is thus π^∓ℓ^±ν. We select hadronic events with at least five charged tracks. The total charged and neutral energy in the event (excluding the candidate tracks) is required to be between 2.5 and 6 GeV. Two oppositely charged, well-measured tracks must each come from a point consistent with the known event vertex. The pion momentum must be greater than 1.75 GeV/c, which will maximize the significance of any signal. This requirement keeps 42% of the pion spectrum [8] from τ → πν decays. We choose two variables to define the signal region. The first is the momentum of the lepton, p_ℓ. If the B were exactly at rest, the lepton momentum would be monochromatic with p_ℓ ≈ 2.35 GeV/c. Including the motion of the B, p_ℓ ranges from 2.2 to 2.5 GeV/c. The second variable used to discriminate between signal and background is the difference between the energy of the B candidate and the beam energy, ΔE = E_π + E_ℓ + E_ν − E_b where the energy of the neutrino is given by E_ν = p_ν = |p_B − p_π − p_ℓ|. Since we do not know the direction of the B momentum, but we know its magnitude is small, we set p_B = 0 in calculating the momentum of the neutrino. Using this approximation the B → ℓτ ; τ → πν signal is well-contained in the region |ΔE| < 300 MeV. In addition, other tau decays, such as τ^− → ρ^−ν, contribute events to the signal region. This effect is included in our overall efficiency.

Pions are required to have dE/dx values within 2σ of the pion hypothesis. Since backgrounds are larger than in the ee, μμ, eμ cases, we make more stringent requirements for lepton identification. The tighter requirement for electron candidates reduces the contamination from pions by a factor of 2. Muon candidates are required to penetrate the muon chambers to a depth of 7 interaction lengths.

To reduce continuum background we require that the angle, θ_T , between the thrust axis of the πℓ system and the thrust axis of all the other tracks and showers in the event satisfy | cos θ_T | < 0.7. Additional discrimination between signal and qq background is provided by a Fisher discriminant technique [9]. The Fisher discriminant is a linear combination

F ≡ P_{Ni=1 αiyi where the coefficients, α, are chosen to maximize the separation in F between}

Monte Carlo signal and background samples. The 10 inputs, y_i, are the direction of the πℓ thrust axis, and nine variables which measure the momentum flow of showers and tracks from the rest of the event in nine angular bins, each of 10^∘, centered about the πℓ thrust axis. Fig. 2 shows the distribution of F for signal events from Monte Carlo and background events from off-resonance data [10]. Both signal and background distributions are well fitted by Gaussians whose means are separated by 1.0σ. We require F < 0.45.

Detection efficiencies, ϵ, are estimated using a Monte Carlo simulation. We find the efficiencies for the eτ and μτ final states to be (1.43±0.31)% and (1.19±0.26)%, respectively.

We find 4 eτ candidates and 6 μτ candidates in the signal region (Fig. 3). In the signal region of the off-resonance data, we find 1 eτ candidate and 1 μτ candidate, leading to continuum background estimates of 2.1 ± 2.1 for each mode. In addition, BB backgrounds, estimated from Monte Carlo simulation, provide 2.8 ± 1.3 and 2.3 ± 1.0 events, respectively, approximately half of which come from b → c decays and half from b → uℓν decays. Since the backgrounds are not well measured, we calculate conservative upper limits by ignoring background, and taking all events to be signal candidates. Using Poisson statistics, we find upper limits (N_{UL}) of 8.0 eτ events and 10.5 μτ events. To conservatively account for the uncertainty in the efficiency determination, we reduce the efficiency by 1.28σ. We obtain upper limits (90% confidence level) on the branching fractions of B → eτ and B → μτ of 7.9 × 10^{−4} and 1.2 × 10^{−3}, respectively (Table I).

In summary, we find no evidence for decays of B^0 mesons into two charged leptons. Our upper limits are substantial improvements over previous limits on B → ee, B → μμ, and B → eμ. Our limits on B → eτ and B → μτ are the first published results.

We gratefully acknowledge the effort of the CESR staff in providing us with excellent luminosity and running conditions. This work was supported by the National Science Foundation, the U.S. Dept. of Energy, the Heisenberg Foundation, the SSC Fellowship program of TNRLC, and the A.P. Sloan Foundation.

REFERENCES

[1] A. Ali, C. Greub, and T. Mannel, DESY Report 93-016, to be published in the Proceedings of the ECFA Workshop on the Physics of the B Meson Factory, ed. R Aleksan and A. Ali (1993).

[2] J. L. Hewett, S. Nandi, and T. G. Rizzo, Phys. Rev. D39, 250 (1993). [3] P. Avery, et al., Phys. Lett. B233, 470 (1989). [4] C. Albajar, et al., Phys. Lett. B262, 163 (1991). [5] M. Sher and Y. Yuan, Phys. Rev. D 44, 1461 (1991).

[6] W. Buchmüller and D. Wyler, Phys. Lett. B177, 377 (1986); S. Davidson, D. Bailey, and B. A. Campbell, Z. Phys. C (to be published), CFPA-93-TH-29.

[7] Y. Kubota et al., Nucl. Instr. Methods A320, 66 (1992).

[8] If the decay B → ℓτ produces left-handed taus, then the efficiency of the pion momentum cut is increased by a factor of 1.5. The branching fraction upper limits are reduced by this factor.

[9] R. A. Fisher, Ann. Eugen. 7, 179 (1936); M. G. Kendall and A. Stuart, The Advanced Theory of Statistics, Second Edition, (Hafner, New York, 1968) Vol. III, §44.5ff.

[10] To increase the statistics of the continuum sample shown in Fig. 2, we loosen the lepton identification requirements, the minimum pion momentum, and the event energy cut.

FIGURES

FIG. 1. Box and loop Feynman diagrams for B^0 → e^+e^−, B^0 → μ^+μ^−.

FIG. 2. Fisher output distribution for Monte Carlo signal events (solid line) and off-resonance data (points.)

FIG. 3. ΔE vs. p_ℓ for (a) eτ and (b) μτ candidates. The signal region is indicated by the box.

TABLES

TABLE I. Summary of results and branching fraction upper limits (90% Confidence Level). mode N_{obs} N_{UL} ϵ Upper limit (90% CL) B^0 → e^+e^− 0 2.3 0.32±0.04 5.9 ×10^{−6} B^0 → μ^+μ^− 0 2.3 0.32±0.04 5.9 ×10^{−6} B^0 → e^±μ^∓ 0 2.3 0.32±0.04 5.9 ×10^{−6} B^0 → e^±τ^∓ 4 8.0 0.014±0.003 5.3 ×10^{−4} B^0 → μ^±τ^∓ 6 10.5 0.012±0.003 8.3 ×10^{−4}