ICHEP94 Ref. GSL0243 CLEO CONF 94-13 Submitted to PA 16,2 Pl 9,19 July 19, 1994

Evidence for Exclusive B Decays to Final States Containing a Charmed Baryon

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

(CLEO Collaboration)

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

Abstract

Using data collected in the region of the Υ(4S) resonance with the CLEO II detector, we report on the first observation of exclusive decays of the B meson to final states with a charmed baryon. We have measured the branching fraction B(B̄^0 → Λ^+_c pπ^+π^−) = (0.187 ± 0.059 ± 0.056 ± 0.045)% . In addition, we report upper limits for final states of the form B→Λ^+_c p(nπ) and Λ^+_c p(nπ)π^0, where (nπ) denotes up to four charged pions.

∗Permanent address: University of Hawaii at Manoa

Inclusive production of the charmed baryon Λ^+_c from the decay of B mesons was first reported by ARGUS [1] and confirmed by CLEO [2]. The branching fraction for B → Λ^+_c X was measured by CLEO to be B=(6.4 ±1.1)%. The fraction of Λ^+_c from Σ^{++}_c and Σ^0_c in B decays has been measured by CLEO to be ≈ 16 % [3]. B decays to baryons are expected to be dominated by b → cud transitions which lead to final states of the form B → Θ_cNX where Θ_c = Λ^+_c , Σ^0_c , Σ^+_c , or Σ^{++}_c and N = p, n, or Δ. These decays can proceed via external, internal, and exchange diagrams, shown in Figure 1. Two body final states arise from internal and exchange diagrams. Exclusive reconstruction of B mesons to final states with Λ^+_c ’s, previously unobserved, are essential in understanding the mechanism for baryon production in B decays. CLEO has studied the Λ^+_c momentum spectrum in B decays and found that two body final states with Λ^+_c are suppressed [4]. Theoretical predictions exist for a number of two body B meson decays to charmed baryons [5]. Theoretical calculations of the branching fraction for the process B→Λ^+_c p range from 0.04% to 0.19% while calculations for the branching fraction to the final state B→Σ^+_c p are in the range 0.15-0.30%. For B→Σ^+_c Δ^+, the branching fraction is calculated to be 0.4-2.9%. We present the results of our search for exclusive decays of B̄^0 and B^− mesons into final states containing the charmed baryon Λ^+_c . Throughout this study the inclusion of the charge conjugate process is implied.

I. DATA SAMPLE AND SELECTION CRITERIA

This analysis is based on 2.04 fb^{−1} of data taken at the Υ(4S) resonance and 0.97 fb^{−1} at center-of-mass energies just below the threshold for producing B meson pairs, hereafter referred to as continuum. Assuming equal production of charged and neutral B mesons, there are a total of about 2,186,000 ± 39,000 charged and an equal number of neutral B mesons in this data sample. The data were collected with the CLEO II detector at the Cornell Electron Storage Ring (CESR). CLEO II is a general purpose solenoidal-magnet spectrometer and calorimeter with excellent charged particle and electromagnetic shower detection capabilities. A detailed description of the CLEO II detector has been given previously [6].

We reconstruct K^0_S and Λ candidates from oppositely charged tracks which intersect in the plane transverse to the beam direction. In addition, the combined momentum vector of the two charged tracks is required to point back to the interaction region in three dimensions. A pair of charged tracks are identified as a K^0_S (Λ) candidate if the invariant mass of the pair, when interpreted as π^+π^−(pπ^−), falls within 3σ of the nominal K^0_S (Λ) mass. If the mass of the K^0_S (Λ) candidate, when interpreted as pπ^−(π^+π^−), falls within the Λ(K^0_S ) mass region, we reject it. We form π^0 candidates from pairs of showers detected in the calorimeter which yield a γγ invariant mass within 2.5σ of the nominal π^0 mass. Photons used to form π^0’s are required to have a minimum energy of 100 MeV, are not matched to a charged track from the drift chamber, and have a lateral energy distribution consistent with that expected for photons.

We combine the dE/dx measurements from the central drift chamber with time-of-flight information whenever it is available, to derive probabilities for each charged track to be consistent with either the pion, kaon or proton mass hypothesis. Primary charged tracks are defined as a proton or a kaon if the probability for the specific mass hypothesis is within 2σ of its expected value and it is at least 2σ away from that expected for the pion hypothesis.

TABLE I. Summary of inclusive B decays to Λ^+_c . We report the statistical errors only.

Decay Fitted Mass Fitted σ_m Raw Yields Mode MeV/c^2 MeV/c^2 Υ(4S) Scaled Cont. B Decays pK^−π^+ 2286 ±0.2 5.5 ±0.3 3235 ±111 851 ±98 2384 ±148 pK^0_S 2287 ±0.5 6.1 ±0.5 773 ±47 325 ±49 448 ±68 Λπ^+ 2287 ±0.8 6.9 ±0.8 491 ±46 231 ±59 261 ±75 Total: 4499 ±129 1407 ±124 3093 ±179

For pion and proton candidates from Λ’s, we require the probabilities be within 3σ of their expected values. The efficiencies of the particle identification requirements are derived from data using pure samples of protons, kaons, and pions from the decays Λ→pπ^−, D^∗ +→ D^0π^+ with D^0→K^−π^+, and K^0_S →π^+π^−, respectively.

A. Λ^+_c Selection

We form Λ^+_c candidates in the decay modes pK^−π^+, pK^0_S and Λπ^+ with K^0_S→π^+π^− and Λ→pπ^−. The momentum of the Λ^+_c candidate is required to be less than 2.3 GeV/c which is the kinematic limit for Λ^+_c ’s from B meson decays. To suppress continuum background, the Fox-Wolfram event shape parameter R_2 [7] is required to be less than 0.35. We determine the number of Λ^+_c ’s from the Υ(4S) data and the continuum data separately, with the continuum data scaled to account for the difference in luminosity and the 1/s dependence of the e^+e^−→qq cross section. We subtract from the number of Λ^+_c candidates in the Υ(4S) data the Λ^+_c yield in the scaled continuum data to determine the number of Λ^+_c candidates from B decays. In Figures 2(a),(b), and (c) we show the invariant mass distributions corresponding to pK^−π^+, pK^0_S and Λπ^+combinations from the Υ(4S) and scaled continuum data. The results of the fits to the different decay modes are presented in Table I. We obtain a total of 3093 ±179 Λ^+_c candidates from B meson decay.

II. EXCLUSIVE B RECONSTRUCTION

We search for exclusive B decays by forming Λ^+_c p(nπ) and Λ^+_c p(nπ)π^0 combinations, where (nπ) denotes up to four charged pions. Instead of the invariant mass distribution of the combinations, we plot the beam constrained mass defined as:

M^2_B = E^2_{beam} − ( ∑ i ⃗p_i)^2,

where ⃗p_i is the 3-momentum vector for the i^{th} daughter of the B candidate. We have used E_{beam} instead of ∑ i E_i since the energy of B mesons produced at the Υ(4S) must equal the beam energy. The resolution for the beam constrained mass is about 2.5 MeV/c^2, which is a factor of five better than the resolution of the invariant mass. This width is dominated by the spread of the CESR beam energy. For correctly reconstructed B mesons the measured sum of charged and neutral energies, E_{meas}, must equal the beam energy within the experimental resolution. The energy difference, ΔE=E_{meas} - E_{beam}, distribution is centered at zero with a Monte Carlo predicted width of 12 to 16 MeV, depending on the different final state being used. Major reduction of background from random combinations is achieved by using only those combinations for which |ΔE| is within 25 MeV, ≈2σ. To study the background in the M_B distribution, we use the ΔE sidebands which we define as the region 4-6σ away from ΔE=0.

To further reduce continuum backgrounds we apply a sphericity angle cut. The sphericity angle Θ_S is defined as the angle between the major momentum axis of the particles which form the B candidate and the major momentum axis of the remaining particles in the event. Because the B’s are produced nearly at rest, the two axes are uncorrelated for true BB events. For a jet-like continuum event, most events lie near | cos Θ_S |= 1.0. We require | cos Θ_S | < 0.9. Another strategy to reduce background is to cut on Θ_B, the polar angle of the B in the laboratory frame with respect to the e^+e^− axis. This distribution is proportional to sin^2 Θ_B for e^+e^− →Υ(4S) →BB, whereas background events are distributed nearly isotropically. We require | cos Θ_B| < 0.7.

If there is more than one B candidate in an event, for a given decay channel, we select the entry with the lowest χ^2,

χ^2 = (ΔE σ )_2 + ( ΔM(Λ^+_c ) σ )_2

where ΔE is defined above and ΔM(Λ^+_c ) is the Λ^+_c candidate’s mass compared to the known Λ^+_c mass.

III. RESULTS

In Figure 3, we show the beam constrained mass distributions for B̄^0 → Λ^+_c p̄, B^− → Λ^+_c p̄π^−, B^− → Λ^+_c p̄π^−π^+π^− and B̄^0 → Λ^+_c p̄π^+π^−π^+π^− combinations. The corresponding mass distribution for the decay B̄^0 → Λ^+_c p̄π^+π^− is shown in Figure 4(a). Mass distributions for the B̄^0 → Λ^+_c p̄π^0, B^− → Λ^+_c p̄π^−π^0, B̄^0 → Λ^+_c p̄π^+π^−π^0 and B^− → Λ^+_c p̄π^−π^+π^−π^0 combinations are shown in Figure 5.

The yields of the signals are determined by fitting the beam constrained mass distributions to the sum of a background shape and a Gaussian with fixed width, σ = 2.5 MeV/c^2, and mean fixed at the nominal B-meson mass of 5.28 GeV/c^2. The background is fit with a functional form consisting of a straight line with parabolic kinematical cutoff [8]. The functional form is chosen to become parabolic 8 MeV/c^2 below the beam energy.

In the beam constrained mass distributions considered above, we see an excess of events in the B mass region for some of the channels. However, there is a statistically significant signal only in the B̄^0 → Λ^+_c p̄π^+π^− mode. A fit to this distribution yields a signal of 15.0±4.7 events. We have studied the background under the signal in several ways. The beam constrained mass distribution from combinations in the ΔE sidebands shows no enhancement in the signal region. Similar distributions made for combinations using Λ^+_c mass sidebands, wrongsign charge, and continuum data show no enhancement in the signal region. Distributions for

TABLE II. Branching ratio results for B→Λ^+_c p(nπ) and Λ^+_c p(nπ)π^0

B Mode Total # of B(%) Average events B̄0 → Λ+_c p̄ < 2.3 < 4.4 × 10−2 B^− → Λ^+_c p̄π^− < 6.4 < 0.084 B̄0 → Λ+_c p̄π0 < 2.3 < 0.076 B̄0 → Λ+_c p̄π+π− 15.0 ± 4.7 0.187 ± 0.059 ± 0.056 ± 0.045 B^− → Λ^+_c p̄π^−π^0 < 8.7 < 0.36 B^− → Λ^+_c p̄π^−π^+π^− < 14.7 < 0.55 B̄0 → Λ+_c p̄π+π−π0 < 11.6 < 0.76 B̄0 → Λ+_c p̄π+π−π+π− < 6.4 < 0.34 B^− → Λ^+_c p̄π^−π^+π^−π^0 < 15.6 < 2.17

combinations from the ΔE sidebands, Λ^+_c mass sidebands, and continuum data are displayed in Figures 4(b), (c) and (d) respectively. Combining the mass distributions corresponding to all charged pions in the final state gives a statistically significant enhancement in the B mass region, as shown in Figure 6(a). A fit to this distribution yields a combined signal of 25.7 ± 7.5 events. A similar combined distribution for final states containing a π^0 is shown in Figure 6(b). In these latter final states, the background is higher and there is a small enhancement at the B mass of 17 ± 9 events.

We have used the following Λ^+_c branching fractions from the Review of Particle Properties [9]: B(Λ^+_c → pK^−π^+) = 0.032 ± 0.007, B(Λ^+_c → pK̄^0) = 0.016 ± 0.004, and B(Λ^+_c → Λπ^+) = 0.0058 ± 0.0016. We measure the branching fraction to be,

B(B̄^0 → Λ^+_c p̄π^+π^−) = (0.187 ± 0.059 ± 0.056 ± 0.045)%,

where the first error is statistical, the second is systematic, and the third error is due to uncertainty in the Λ^+_c branching fractions. Upper limits for the other modes are summarized in Table II.

IV. SYSTEMATIC STUDIES

We estimated the systematic errors in our analysis by studying the stability of our B̄^0 → Λ^+_c p̄π^+π^− signal with respect to the applied cuts. The branching fraction dependence on kinematical and topological constraints was investigated by a wide variation of the ΔE, cos Θ_B and cos Θ_S requirements, and was found to be stable within statistical errors.

The systematic uncertainty associated with the functional form used to fit the B mass sideband was determined by studying its effect on signal yield for the B̄^0 → Λ^+_c p̄π^+π^− mode and for the sum of the B → Λ^+_c p̄(nπ) modes. Three types of background function were used, one being the background function described in the previous section. We also modeled the background using a phase-space line shape with kinematical cutoff at 5.29 GeV/c^2, as well as a flat distribution. These changes were found to produce an r.m.s. deviation on the number of signal events for B̄^0 → Λ^+_c p̄π^+π^− of 0.3 events, or 2%, which we quote as the contribution to the overall uncertainty from background modeling.

TABLE III. Contributions to systematic error

Source Error(%) Luminosity 2 Background Shape 2 Uncertainty in # of Background Events 14 Tracking Efficiency 2% per charged track 5% per π^0 Λ^+_c Branching fractions 22-28 cos Θ_S topological requirement 10 cos Θ_B topological requirement 3 Σ_c resonance substructure 7 Monte Carlo statistics 3-10 Particle Identification 4% per π 2% per p 5% per K

To estimate the systematic error associated with various backgrounds under the signal peak, we investigated the behavior of the beam constrained mass distribution for the B̄^0 → Λ^+_c p̄π^+π^− mode after ΔE sideband subtraction. A fit to the sideband-subtracted B mass distribution results in a 14% change in signal yield. This percentage difference is adopted as the overall systematic uncertainty due to background contributions. The systematic uncertainty associated with the particle identification criteria has been determined to be 4% per π, 2% per proton, and 5% per K [10].

Other contributions to the overall systematic error arise from an uncertainty of 2% in the total number of BB̄ pairs in our data sample, uncertainty in the tracking efficiency (2% per charged track and 5% per π^0), and the error on the Λ^+_c branching ratios (≈ 25%). We have assumed that B̄^0→Λ^+_c pπ^−π^+ proceeds via phase space decay. However, the reconstruction efficiency changes by 7% if we assume that up to 16% of the Λ^+_c ’s come from Σ^{++}_c and Σ^0_c [3]. Additional uncertainties are due to requirements on topological variables (3% for cos Θ_B, 10% for cos Θ_S ), as well as statistical uncertainty associated with our Monte Carlo samples (3-10%). These contributions are summarized in Table III

V. CONCLUSIONS

We have observed decays of the B meson to final states containing a Λ^+_c . We measure the branching fraction B(B̄^0→Λ^+_c pπ^−π^+) = (0.187 ± 0.059 ± 0.056 ± 0.045)%, where the first error is statistical, the second systematic, and the third error is due to uncertainty in the Λ^+_c branching fractions. For all other decay modes we report only upper limits. We see an enhanced signal in the sum of B → Λ^+_c p̄(nπ) (n = 0 − 4).

ACKNOWLEDGEMENTS 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, Natural Sciences and Engineering Research Council of Canada, and the A.P. Sloan Foundation.

REFERENCES

[1] ARGUS Collaboration, H. Albrecht et al., Phys. Lett. B 210, 263 (1988). [2] CLEO Collaboration, G. Crawford et al., Phys. Rev. D 45, 752 (1992). [3] CLEO Collaboration, M. Procario et al., CLNS 93-1264, submitted to PRL. [4] CLEO Collaboration, A study of Baryon-Production Models in B-decays. submitted to this conference.

[5] P. Ball and H.G. Dosch, Z. Phys. C 51, 445 (1991)

V.L. Chernyak and I.R. Zhitnitsky, Nucl. Phys. B345, 137 (1990) M. Jarfi et al., Phys. Rev. D 43, 1599 (1991) The different branching ratios are taken from the values quoted in P. Ball et al. which compares the different results. P. Ball and H.G. Dosch use a diquark model, V.L. Chernyak and I.R. Zhitnitsky use a QCD sum rule while M. Jarfi et al. use a pole model.

[6] Y. Kubota et al., Nucl. Inst. Meth., A 320, 66, (1992). [7] G.C. Fox and S. Wolfram, Phys. Rev. Lett. 41, 1581 (1978). [8] CLEO Collaboration, M.S. Alam et al., CLNS 94-1270, to appear in PRD. [9] Particle Data Group, K. Hikasa et al., Phys. Rev. D 45,(1992).

[10] Mike Zoeller, Ph.D. Thesis, University at Albany, State University of New York (1994).

(a)

�↑↑

 ↑�HHH^{d, l−}_{u, νl}

�HH H � � HHH HH q b B̄^0, B^− q c

q^′ q^{′′} q^′ q^{′′} Θ_c, Ξ_c

N, Y

W^−

(b)

�
  � �

HHH � � HHH HH q b B̄0, B− q c

u q^′ d q^′ Θ_c, Ξ_c

N, Y W^−

) ) ) )

( ( ( �HH H � � HHH HH d b B̄^0 u c

q q^′ q q^′ Θ_c, Ξ_c

N, Y W^−

(c)

FIG. 1. Spectator decay diagrams for B → baryon resulting in decays of the form B → Θ_cNx and Ξ_cY x, where N = p, n, Δ, N^∗, Y = Λ, Σ^0, Σ^+, Σ^−, Θ_c = Λ^+_c , Σ^0_c, Σ^+_c , Σ^{++}_c and Ξ_c = Ξ^+_c , Ξ^0_c In (a) the external W -emission diagram is shown, (b) the internal W -emission and (c) the W -exchange diagram.

FIG. 2. Λ^+_c Candidates: (a)pK^−π^+ invariant mass distribution from the Υ(4S) data (solid points) and the scaled continuum data (shaded histogram). (b) pK^0_S and (c) Λπ^+

FIG. 3. Beam constrained mass distributions for (a) B̄^0→Λ^+_c p, (b) B^−→Λ^+_c pπ^−, (c) B^−→Λ^+_c pπ^−π^−π^+, and (d) B̄^0→Λ^+_c pπ^−π^−π^+π^+.

FIG. 4. Beam constrained mass distributions for B̄^0→Λ^+_c pπ^−π^+: (a) M_B Signal distribution, (b) M_B distribution for ΔE sidebands with a fit to the background shape superimposed, (c) M_B distribution for Λ^+_c sidebands with a fit to the background shape superimposed and (d) M_B distribution from the continuum data sample .

FIG. 5. Beam constrained mass distributions for (a) B̄^0→Λ^+_c pπ^0, (b) B^−→Λ^+_c pπ^−π^0, (c) B̄0→Λ+_c pπ−π+π0 and (d) B−→Λ+_c pπ−π−π+π0.

FIG. 6. Beam constrained mass distributions for (a) B→Λ^+_c p(nπ) (n=0-4) and (b) B→Λ^+_c p(nπ)π^0 (n=0-3).