Observation of Λ+_c decays to Λß+ß0, Σ0ß+, Σ0ß+ß0, and Σ0ß�ß+ß+

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

(CLEO Collaboration)

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

Abstract

We have observed the previously unseen decay modes Λπ^+π^0, Σ^0π^+π^0 and Σ^0π^− π^+π^+ of the charmed baryon Λ^+_c , as well as Λ^+_c ! Σ^0π^+ observed previously by ARGUS. The branching ratios for these four decay modes relative to Λ^+_c ! pK^− π^+ are measured to be 0.73 � 0.09 � 0.16, 0.36 � 0.09 � 0.10, 0.21�0.05�0.05, and 0.21�0.02�0.04, respectively. Using the world average branching ratio for Λ^+_c ! pK^−π^+, these modes account for 5% of Λ^+_c decays.

∗Permanent address: INP, Novosibirsk, Russia

†Permanent address: Carleton University, Ottawa, Canada K1S 5B6

Since the first observation of the charmed baryon Λ^+_c in 1979, about 25% of its decays have been accounted for [1]. CLEO has previously reported results on continuum production of Λ^+_c near the Υ(4S) resonance using 430 pb^{−1} of data collected with the CLEO I detector [2]. The ARGUS and ACCMOR collaborations have also recently provided a number of results [3,4] on the decays of the charmed baryon Λ^+_c . With a larger data sample and the new CLEO II detector it is now possible to improve the measurements of the branching fractions of Λ^+_c decay modes previously observed, and to explore many new decay modes of the Λ^+_c , especially those which include neutral particles such as photons and π^0’s. Herein are presented measurements of branching ratios, relative to Λ^+_c → pK^− π^+, for Λ^+_c decays to the modes Λπ^+π^0, Σ^0π^+π^0, Σ^0π^+π^+π^−, and Σ^0π^+. [5]

The data were collected with the CLEO II detector located at the Cornell e^+e^− storage ring CESR. The sample consists of 1.9 fb^{−1} collected at the Υ(3S) and Υ(4S) resonances, and at energies just below and above the Υ(4S) resonance. The CLEO II detector is described in detail elsewhere [6].

The Λ candidates are identified through their decay to pπ^−, for which the branching fraction is 64.1 ± 0.5% [1]. For each Λ candidate the secondary vertex is reconstructed from a pair of oppositely charged tracks which intersect at a radial distance of more than 1 mm from the primary vertex in the r-ϕ plane of the detector. The measured specific ionization (dE/dx) for the Λ daughter proton is required to be within 2.5σ of the expected value. A cut is also made on the vertex reconstruction χ^2, which measures the agreement of the extrapolated Λ flight line with the beam interaction point and the consistency of the z coordinates of the Λ daughter tracks when they cross in the r-ϕ plane.

The Σ^0 candidates are identified through their decay to Λγ, for which the branching fraction is 100% [1]. In order to improve the signal-to-background ratio, the Σ^0 daughter photon is selected from showers which are separated by at least 8 cm from the projection of the nearest charged track and have deposited at least 40 MeV of energy in the barrel region of the CsI calorimeter (| cos θ| < 0.707). All combinations having reconstructed invariant mass within 2σ of the fitted Σ^0 mass are kept.

Charged pions which are not Λ daughters are required to be within 5 mm of the origin at the point of closest approach to the beam in the r-ϕ plane of the detector, and within 5 cm of the origin in z. Furthermore, each track is required to have dE/dx loss in the central drift chamber consistent within 3σ of the pion mass hypothesis. Analogous requirements are imposed on the charged kaons in the Λ^+_c → pK^− π^+ analysis. To identify the protons, χ^2 probabilities are formed for each hadron particle hypothesis using the candidate track’s dE/dx loss and/or its time-of-flight measurement. For each proton candidate, the probability for a proton hypothesis must be at least 1%. Furthermore, the probability for a proton hypothesis normalized to the the sum of probabilities for proton, kaon and pion hypotheses must be at least 10%. This requirement for the protons is over 95% efficient below 0.5 GeV/c and falls smoothly to about 90% at 2.5 GeV/c.

Neutral pion candidates are selected from pairs of well-defined showers with observed energies in excess of 30 MeV in the barrel region of the CsI calorimeter (| cos θ| < 0.707) and which are not associated with the projection of any charged tracks. The photons are kinematically fitted to the world average π^0 mass.

For each decay mode of the Λ^+_c presented, in order to reduce the combinatoric background, two conditions are applied. First, only the combinations with the fragmentation variable x_p greater than 0.5 are kept. The fragmentation variable x_p is defined to be x_p ≡ p/p_{max}, where E and p are the energy and momentum of the Λ^+_c , respectively, and E_{max} = E_{beam} and p_{max} = (E^2_{beam} − m^2_Λ+_c )^{1/2}. The second requirement applied to all the modes is that the Λ^+_c daughters (e.g. the Λ, the π^+ and the π^0 in the case of the Λ^+_c → Λπ^+π^0 mode) must all be in the same hemisphere as the reconstructed Λ^+_c when measured in the lab frame. This requirement typically removes about 40% of the background while retaining about 90% of the signal.

The Λπ^+π^0 invariant mass distribution is shown in Figure 1. The fit to the spectrum includes a second-order Chebyshev polynomial for the combinatoric background, the parametrized shape for the expected Σ^0π^+π^0 feed down (i.e. Λγπ^+π^0 combinations with the γ not detected), and a Gaussian for the signal with the width fixed to the Monte Carlo prediction of 10.5 MeV/c^2 [7] [8]. The mean for the Gaussian as well as the normalization for the feed down shape are allowed to vary. The fit yields 464 ± 42 events for the Λπ^+π^0 signal with a mean mass of 2285.8 ± 1.1 MeV/c^2. The errors in this and subsequent mean masses are statistical only, as the systematic errors have not yet been evaluated. The fit also gives 270 ± 89 events for the Σ^0π^+π^0 feed down. As the difference in efficiency for the two modes is negligible in Figure 1, the ratio of the yields gives the ratio of branching ratios. The ratio of yields is 0.58 ± 0.20, in good agreement with the result from direct observation (Table I). No significant Λρ^+ resonant substructure is evident in the data. A search for Σ(1385)π resonant substructure also yields no clear evidence for these possibilities. The systematic error in the detection efficiency due to the uncertainty in resonant substructure is estimated to be 11% using Monte Carlo.

In the case of the Σ^0π^+π^0 decay mode, in addition to the signal, an enhancement is observed in the 2.35 GeV/c^2 region, as seen in Figure 2. Examination of the corresponding invariant mass spectrum for Λπ^+π^0 combinations (with the photon from the candidate Σ^0 not included) suggests this enhancement is due to feed-up from the decay Λ^+_c → Λπ^+π^0 combined with a random photon. Using the predicted efficiency for this feed-up and the corrected yield for Λ^+_c → Λπ^+π^0 decays with x_p > 0.5 from Table I, approximately 41 ± 6 feed-up events are expected in the 2.35 GeV/c^2 region of Figure 2. Using Monte Carlo, the expected feed-up shape is parameterized and included in the fit to the observed Σ^0π^+π^0 mass spectrum in the data, along with a second-order Chebyshev polynomial for the combinatoric background and a Gaussian with a width of 10.6 MeV/c^2 from Monte Carlo for the signal. The true shape depends on the actual multiplicity and energy distribution of the extra photons in the data. If no feed-up is allowed in the background, the signal changes by 14%, and this variation is used as an estimate of the systematic error due to the feed-up. The fit yields 117 ± 24 signal events with a mean mass of 2286.6 ± 2.4 MeV/c^2. The fit also gives 74 ± 37 events for the feed-up which is consistent with the expected number.

The Σ^0π^−π^+π^+ mass distribution is shown in Figure 3. The fit to the spectrum includes a Gaussian for the signal and a second-order Chebyshev polynomial for the background. An enhancement from Λ^+_c → Λπ^−π^+π^+ combined with a random photon is expected here analogous to the Λ^+_c → Σ^0π^+π^0 case and is incorporated in the fit in exactly the same manner. In the fit the width of the signal peak is fixed to the Monte Carlo prediction of 6.4 MeV/c^2. The fit yields 90 ± 19 events for the Σ^0π^−π^+π^+ signal, with a mean mass of 2285.2 ± 1.5 MeV/c^2. The observed number of events in the enhancement is 86 ± 35, consistent with the expected number of 64 ± 7 which is based on the observed number of

Λ^+_c → Λπ^−π^+π^+ events and the Monte Carlo prediction for the feed-up efficiency. If no feed-up is allowed in the background, the signal changes by 14%, and this variation is used as an estimate of the systematic error due to the feed-up.

Figure 4 shows the invariant mass spectrum for the Σ^0π^+ combinations. In the fit to this mass spectrum an allowance is made as before for the feed-up due to the corresponding mode, Λ^+_c → Λπ^+ combined with a random photon, into the mass region above the signal. The shape of the enhancement is obtained from the Monte Carlo and used in the fit to the Σ^0π^+ mass spectrum with its normalization allowed to vary. The background is paramterized by a second-order Chebyshev polynomial and the signal by a Gaussian with a width of σ = 9.6 MeV/c^2 obtained from Monte Carlo. The fit yields 196 ± 18 events for the Σ^0π^+ signal with a mean mass of 2288.2 ± 1.1 MeV/c^2. Based on the number of Λ^+_c → Λπ^+ signal events observed in the data and the Monte Carlo efficiency for the feed-up, 48 ± 7 events are expected in the enhancement. The observed number of Λ^+_c → Λπ^+ feed-up events above the signal is 97 ± 27. This is somewhat (1.8σ) larger than the expectation. If no feed-up is included in the fit, the signal changes by 9%, and this variation is included in the estimate of the systematic error. This mode was previously observed by ARGUS [3] and a comparison of the results appears in Table II.

All the branching ratios are obtained relative to Λ^+_c → pK^− π^+. The fit to the pK^− π^+ mass spectrum yields 5103 ± 217 events with a mean mass of 2287.0 ± 0.4 MeV/c^2. The width of the Gaussian, as in the other modes, is fixed to the Monte Carlo prediction, which is 6.2 MeV/c^2 for this mode.

In order to minimize the dependence of the relative branching ratios on the modelling of the Λ^+_c momentum spectrum, the yield for each mode is determined separately for each 0.1 unit bin in the fragmentation variable x_p from 0.5 to 1. The yields are obtained by maximum likelihood fits to the mass spectra observed in each x_p bin for each of the Λ^+_c decay modes. In each of these fits, the feed-up bump is included and the mean and width of the signal are fixed to the values obtained for the entire 0.5 < x_p < 1.0 region.

For each decay mode, the central values for the relative branching ratios are obtained by dividing the total efficiency-corrected yield by that for the Λ^+_c → pK^− π^+ reference mode. The efficiencies are averages over the region 0.5 < x_p < 1.0 and include all applicable branching ratios. They exclude particle identification efficiencies because the proton identification efficiency is virtually equal for all the modes and the identification efficiency for the other particles is near 1. In Table I the relative branching ratios are listed relative to Λ^+_c → pK^− π^+. The major contributions to the systematic error are due to signal widths in the fits to the mass spectra (10–15%), resonant substructure in the modes Λ^+_c → Λπ^+π^0, Λ^+_c → Σ^0π^+π^0, and Λ^+_c → Σ^0π^−π^+π^+(10–11%), the enhancement in each mass plot due to feed-in (1–14%), Λ reconstruction (10%), fit to the pK^− π^+ mass spectrum (8%), particle identification (2–3%), Monte Carlo statistics (3–5%), fits to the Monte Carlo spectra for determining the efficiencies (5–7%), and tracking (1–8%).

In summary, we have observed three new decay modes of the Λ^+_c totalling 1.5 ± 0.2 times the branching fraction for pK^− π^+. Using the current average value of B(Λ^+_c → pK^− π^+) = (3.2±0.7)% [1], this accounts for 5±1 % of all Λ^+_c decays. In Table II are listed the branching ratios relative to pK^− π^+ for Λ^+_c → Σ^0π^+ and Λ^+_c → Λπ^+π^0 along with the ARGUS result on Λ^+_c → Σ^0π^+. Also listed are a number of theoretical predictions for Λ^+_c → Σ^0π^+ and Λ^+_c → Λρ^+, the latter being listed for comparison with our Λπ^+π^0 result. The Λ^+_c → Σ^0π^+ decay mode is required to have the same amplitude as Λ^+_c → Σ^+π^0 by an isospin sum rule [12]. The only measurement of Λ^+_c → Σ^+π^0 is from CLEO, where the branching ratio relative to Λ^+_c → pK^− π^+ is found to be B(Λ^+_c → Σ^+π^0)/B(Λ^+_c → pK^− π^+) = 0.20 ± 0.03 ± 0.03 [13]. There is good agreement with the isospin sum rule. We can set a conservative upper limit on the Λ^+_c → Λρ^+ relative branching ratio by assuming that all our Λπ^+π^0 events are from Λρ^+. This yields B(Λ^+_c → Λρ^+)/B(Λ^+_c → pK^− π^+) < 0.95 at 95% confidence level. This disagrees with the model in reference [9]. Our result for the two-body mode Σ^0π^+ is in closest agreement with Cheng and Tseng’s predictions [11]. Our result for the Λ^+_c → Σ^0π^+ mode is consistent with the result from ARGUS.

We gratefully acknowledge the effort of the CESR staff in providing us with excellent luminosity and running conditions. J.P.A. and P.S.D. thank the PYI program of the NSF, I.P.J.S. thanks the YI program of the NSF, G.E. thanks the Heisenberg Foundation, K.K.G. and A.J.W. thank the SSC Fellowship program of TNRLC, K.K.G., H.N.N., J.D.R., and H.Y. thank the OJI program of DOE and P.R. thanks the A.P. Sloan Foundation for support. This work was supported by the National Science Foundation and the U.S. Dept. of Energy.

REFERENCES

[1] Particle Data Group, K. Hikasa et al., Phys. Rev. D 45, 1 (1992). [2] P. Avery et al., Phys. Rev. D 43, 3599 (1991). [3] H. Albrecht et al., Phys. Lett. B 274, 239 (1992). [4] S. Barlag et al., Z. Phys. C 48, 29 (1990).

[5] Unless otherwise specified, charge conjugate modes are implied throughout the entire discussion.

[6] Y. Kubota et al., Nucl. Instrum. Methods A320, 66–113 (1992). [7] The Monte Carlo employs the CERN GEANT package:

GEANT 3.14, CERN DD/EE/84-1, R. Brun et al.

[8] Throughout this discussion, the term “width” shall refer to the σ of a distribution when fitted by a Gaussian.

[9] J.G. Körner and M. Krämer, Z. Phys. C 55, 659 (1992). [10] Q.P. Xu and A.N. Kamal, Phys. Rev. D 46, 270 (1992). [11] H. Cheng and B. Tseng, Phys. Rev. D 46, 1042 (1992). [12] J.G. Körner and M. Krämer, and J. Willrodt, Z. Phys. C 2, 117 (1979). [13] Y. Kubota et al., CLNS 93/1231.

TABLES

TABLE I. Total efficiency-corrected yields, average efficiencies excluding particle ID (see text), and measured branching ratios relative to Λ^+_c ! pK^− π^+.

Decay Corrected Average B Mode Yield Efficiency B(pK^− π^+)

pK^−π^+ 11201 � 511 0.46 1.0 Λπ^+π^0 8160 � 883 0.057 0.73 � 0.09 � 0.16 Σ^0π^+π^0 3972 � 946 0.030 0.36 � 0.09 � 0.10 Σ^0π^−π^+π^+ 2386 � 531 0.038 0.21 � 0.05 � 0.05 Σ^0π^+ 2303 � 227 0.085 0.21 � 0.02 � 0.04

TABLE II. Comparison of measured and predicted Λ^+_c branching ratios relative to the reference mode Λ^+_c ! pK^− π^+.

Λ^+_c ! Σ^0π^+ Λ^+_c ! Λπ^+π^0 Λ^+_c ! Λρ^+ CLEO^a 0.21 � 0.04 0.73 � 0.18 < 0.95 @ 95%C.L. ARGUS^b 0.17 � 0.07 K&K [9] 0.07 � 0.02 4.2 � 1.0 C&T [11]^c 0.17 � 0.04 0.5 � 0.1 X&K [10] 0.08 � 0.02

aThis experiment. bRef. [3].

cPole model results; β =^3_4 result for the Λρ^+ prediction.

FIGURES

FIG. 1. The Λπ^+π^0 invariant mass distribution. The feature in the 2.2 GeV/c^2 region is due to Λ^+_c ! Σ^0π^+π^0 where the photon from the Σ^0 decay is not detected.

FIG. 2. The Σ^0π^+π^0 invariant mass distribution. The feature in the 2.35 GeV/c^2 region is due to Λ^+_c ! Λπ^+π^0 events where the Λ combines with a random photon in the event to fake a Σ^0.

FIG. 3. The Σ^0π^+π^−π^+ invariant mass distribution. The feature in the 2.35 GeV/c^2 region is due to Λ^+_c ! Λπ^−π^+π^+ events where the Λ combines with a random photon in the event to fake a Σ^0.

FIG. 4. The Σ^0π^+ invariant mass distribution. The feature above the signal region is due to Λ^+_c ! Λπ^+ events where the Λ combines with a random photon in the event to fake a Σ^0.