CLNS 00-1695 CLEO 00-19

Observation of the Ω^0_c Charmed Baryon at CLEO

CLEO Collaboration

(October 17, 2000)

Abstract

The CLEO experiment at the CESR collider has used 13.7 fb^{−1} of data to search for the production of the Ω^0_c (css-ground state) in e^+e^− collisions at √ s ≃ 10.6 GeV. The modes used to study the Ω^0_c are Ω^−π^+, Ω^−π^+π^0, Ξ^−K^−π^+π^+, Ξ^0K^−π^+, and Ω^−π^+π^+π^−. We observe a signal of 40.4±9.0(stat) events at a mass of 2694.6±2.6(stat)±1.9(syst) MeV/c^2, for all modes combined.

D. Cronin-Hennessy,^1 A.L. Lyon,^1 E. H. Thorndike,^1 V. Savinov,^2 T. E. Coan,^3 V. Fadeyev,^3 Y. S. Gao,^3 Y. Maravin,^3 I. Narsky,^3 R. Stroynowski,^3 J. Ye,^3 T. Wlodek,^3 M. Artuso,^4 R. Ayad,^4 C. Boulahouache,^4 K. Bukin,^4 E. Dambasuren,^4 S. Karamov,^4 G. Majumder,^4 G. C. Moneti,^4 R. Mountain,^4 S. Schuh,^4 T. Skwarnicki,^4 S. Stone,^4 J.C. Wang,^4 A. Wolf,^4 J. Wu,^4 S. Kopp,^5 M. Kostin,^5 A. H. Mahmood,^6 S. E. Csorna,^7 I. Danko,^7 K. W. McLean,^7 Z. Xu,^7 R. Godang,^8 G. Bonvicini,^9 D. Cinabro,^9 M. Dubrovin,^9 S. McGee,^9 G. J. Zhou,^9 E. Lipeles,^{10} S. P. Pappas,^{10} M. Schmidtler,^{10} A. Shapiro,^{10} W. M. Sun,^{10} A. J. Weinstein,^{10} F. Würthwein,^{10,∗} D. E. Jaffe,^{11} G. Masek,^{11} H. P. Paar,^{11} E. M. Potter,^{11} S. Prell,^{11} D. M. Asner,^{12} A. Eppich,^{12} T. S. Hill,^{12} R. J. Morrison,^{12} R. A. Briere,^{13} G. P. Chen,^{13} A. Gritsan,^{14} J. P. Alexander,^{15} R. Baker,^{15} C. Bebek,^{15} B. E. Berger,^{15} K. Berkelman,^{15} F. Blanc,^{15} V. Boisvert,^{15} D. G. Cassel,^{15} P. S. Drell,^{15} J. E. Duboscq,^{15} K. M. Ecklund,^{15} R. Ehrlich,^{15} A. D. Foland,^{15} P. Gaidarev,^{15} R. S. Galik,^{15} L. Gibbons,^{15} B. Gittelman,^{15} S. W. Gray,^{15} D. L. Hartill,^{15} B. K. Heltsley,^{15} P. I. Hopman,^{15} L. Hsu,^{15} C. D. Jones,^{15} J. Kandaswamy,^{15} D. L. Kreinick,^{15} M. Lohner,^{15} A. Magerkurth,^{15} T. O. Meyer,^{15} N. B. Mistry,^{15} E. Nordberg,^{15} M. Palmer,^{15} J. R. Patterson,^{15} D. Peterson,^{15} D. Riley,^{15} A. Romano,^{15} J. G. Thayer,^{15} D. Urner,^{15} B. Valant-Spaight,^{15} G. Viehhauser,^{15} A. Warburton,^{15} P. Avery,^{16} C. Prescott,^{16} A. I. Rubiera,^{16} H. Stoeck,^{16} J. Yelton,^{16} G. Brandenburg,^{17} A. Ershov,^{17} D. Y.-J. Kim,^{17} R. Wilson,^{17} T. Bergfeld,^{18} B. I. Eisenstein,^{18} J. Ernst,^{18} G. E. Gladding,^{18} G. D. Gollin,^{18} R. M. Hans,^{18} E. Johnson,^{18} I. Karliner,^{18} M. A. Marsh,^{18} C. Plager,^{18} C. Sedlack,^{18} M. Selen,^{18} J. J. Thaler,^{18} J. Williams,^{18} K. W. Edwards,^{19} R. Janicek,^{20} P. M. Patel,^{20} A. J. Sadoff,^{21} R. Ammar,^{22} A. Bean,^{22} D. Besson,^{22} X. Zhao,^{22} S. Anderson,^{23} V. V. Frolov,^{23} Y. Kubota,^{23} S. J. Lee,^{23} R. Mahapatra,^{23} J. J. O’Neill,^{23} R. Poling,^{23} T. Riehle,^{23} A. Smith,^{23} C. J. Stepaniak,^{23} J. Urheim,^{23} S. Ahmed,^{24} M. S. Alam,^{24} S. B. Athar,^{24} L. Jian,^{24} L. Ling,^{24} M. Saleem,^{24} S. Timm,^{24} F. Wappler,^{24} A. Anastassov,^{25} E. Eckhart,^{25} K. K. Gan,^{25} C. Gwon,^{25} T. Hart,^{25} K. Honscheid,^{25} D. Hufnagel,^{25} H. Kagan,^{25} R. Kass,^{25} T. K. Pedlar,^{25} H. Schwarthoff,^{25} J. B. Thayer,^{25} E. von Toerne,^{25} M. M. Zoeller,^{25} S. J. Richichi,^{26} H. Severini,^{26} P. Skubic,^{26} A. Undrus,^{26} S. Chen,^{27} J. Fast,^{27} J. W. Hinson,^{27} J. Lee,^{27} D. H. Miller,^{27} E. I. Shibata,^{27} I. P. J. Shipsey,^{27} and V. Pavlunin^{27}

1University of Rochester, Rochester, New York 14627 2Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309 3Southern Methodist University, Dallas, Texas 75275 4Syracuse University, Syracuse, New York 13244 5University of Texas, Austin, TX 78712 6University of Texas - Pan American, Edinburg, TX 78539 7Vanderbilt University, Nashville, Tennessee 37235 8Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061 9Wayne State University, Detroit, Michigan 48202 10California Institute of Technology, Pasadena, California 91125 11University of California, San Diego, La Jolla, California 92093

∗Permanent address: Massachusetts Institute of Technology, Cambridge, MA 02139.

12University of California, Santa Barbara, California 93106 13Carnegie Mellon University, Pittsburgh, Pennsylvania 15213 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, Urbana-Champaign, Illinois 61801 19Carleton University, Ottawa, Ontario, Canada K1S 5B6 and the Institute of Particle Physics, Canada 20McGill University, Montréal, Québec, Canada H3A 2T8 and the Institute of Particle Physics, Canada 21Ithaca College, Ithaca, New York 14850 22University of Kansas, Lawrence, Kansas 66045 23University of Minnesota, Minneapolis, Minnesota 55455 24State University of New York at Albany, Albany, New York 12222 25Ohio State University, Columbus, Ohio 43210 26University of Oklahoma, Norman, Oklahoma 73019 27Purdue University, West Lafayette, Indiana 47907

Many experimental groups have searched for the Ω^0_c in numerous decay modes: however, their reported Ω^0_c masses are only marginally consistent with each other. The WA62 experiment [1] claimed the first evidence of Ω^0_c in the Ξ^−K^−π^+π^+ decay mode with a mass of 2740.0 ± 20.0 MeV/c^2. The ARGUS Collaboration [2] published an Ω^0_c signal in the Ξ^−K^−π^+π^+ mode with a mass of 2719.0 ± 7.0 ± 2.5 MeV/c^2, based on 0.380 fb^{−1} of data. This result was contradicted by CLEO, in an unpublished conference paper [3] using 1.8 fb^{−1} of data. Later, E687 [4] published an Ω^0_c mass of 2705.9 ± 3.3 ± 2.3 MeV/c^2 using the Ω^−π^+ mode and a mass of 2699.9±1.5±2.5 MeV/c^2 using the higher-statistics Σ^+K^−K^−π^+ mode. In 1995, the WA89 Collaboration [5] reported 200 Ω^0_c events in seven decay modes with an average mass of 2707.0±1.0(stat) MeV/c^2; this result remains unpublished.

The Ω^0_c (c{ss}) is a J^P =^1_2^+ ground state baryon, where {ss} denotes the symmetric nature of its wave function with respect to the interchange of light-quark spins. Various theoretical models [6–9] predict an Ω^0_c mass in the range 2664 - 2786 MeV/c^2.

The data used in this analysis were collected with CLEO II [10] and the upgraded CLEO II.V [11] detector operating at the Cornell Electron Storage Ring (CESR). The data corresponds to an integrated luminosity of 13.7 fb^{−1} from the Υ(4S) resonance and at energies in the continuum region just below. We searched for the Ω^0_c in the five decay modes Ω^−π^+, Ω^−π^+π^0, Ω^−π^+π^+π^−, Ξ^−K^−π^+π^+, and Ξ^0K^−π^+. The choice of these five modes is based mainly on the pattern of other charmed baryon decays. Reconstruction efficiencies and the size of the combinatorial background were other considerations. A sixth channel, Σ^+K^−K^−π^+, was also investigated because E687 [4] showed a significant signal in this decay mode, although CLEO has rather low efficiency for this mode.

Charmed baryons at CESR are either produced from the secondary decays of B mesons or directly from e^+e^− annihilations to cc jets. We introduce x_p as the scaled momentum of a Ω^0_c candidate, where x_p = p/p_{max}, and p_{max} = √ E^2_b − M^2 with E_b equal to the beam energy and M the mass of the Ω^0_c candidate. Our search is limited to x_p > 0.5 or x_p > 0.6, depending on the decay mode, so as to avoid the combinatorial background that dominates at low x_p. Charmed baryons from B meson decays are kinematically limited to x_p < 0.4, so our search is limited to the Ω^0_c baryons produced in the e^+e^− continuum. We implemented p/K/π identification by defining a joint probability for each hypothesis, using both the specific ionization (dE/dx) in the drift chamber and the time-of-flight to the scintillation counters. A charged track is defined to be consistent with a particular particle hypothesis if the corresponding probability is greater than 0.1%. We required all the charge tracks in all the decay modes to be consistent with their respective particle hypotheses. To further reduce the combinatorial background we also required the momentum of daughter pions and kaons from Ω^0_c to be greater than 0.2 GeV/c to 0.5 GeV/c depending on the decay mode.

We begin the analysis by reconstructing Λ→pπ^−, Ξ^0→Λπ^0, Ξ^−→Λπ^−, Ω^−→ΛK^−, and Σ^+→pπ^0. Charge conjugation is implied throughout the analysis. The analysis procedure for reconstructing these particles closely follows that presented elsewhere [12–14]. The hyperons are required to have vertices well separated from the beamspot, with the flight distance of the secondary Λ greater than that of the Ξ^0, Ξ^−, or Ω^−. We then combine these hyperons with tracks from the primary event vertex to reconstruct Ω^0_c candidates.

In each mode the signal area above the background is obtained by fitting with the sum of a Gaussian signal function (with width fixed at the signal Monte Carlo predicted value for that mode) and a second order polynomial background. The Monte Carlo sample used in this analysis was generated for the two CLEO detector configurations using a GEANTbased [15] simulation and was processed similarly to the data. We simultaneously fit the five modes to a single mean value for the mass. In the Ω^−π^+ mode, we required x_p to be greater than 0.5 and the π^+ momentum to be greater than 0.5 GeV/c. Figure 1(a) shows the invariant mass distribution; a fit to this distribution yields a signal of 13.3 ± 4.1 events. In the Ω^−π^+π^0 mode, only γγ combinations having invariant mass within 12.5 MeV/c^2(2.5 standard deviation) of the nominal π^0 mass are used as π^0 candidates; we assume the photons used for reconstructing π^0→γγ come from the event vertex. We also required x_p to be greater than 0.5 and the π^+ and π^0 momenta to be greater than 0.3 and 0.5 GeV/c, respectively. Figure 1(b) shows the invariant mass distribution. A fit to the distribution gives a signal yield of 11.8 ± 4.9 events. Figure 1(c) shows the Ω^−π^+π^−π^+ invariant mass distribution for x_p greater than 0.5. All the charged pions are required to have momenta greater than 0.2 GeV/c. The corresponding fit yields a signal of −0.9 ± 1.4 events. In the Ξ^0K^−π^+ mode, we considered combinations with x_p greater than 0.6, since the combinatorial background is higher in this mode. Figure 1(d) shows the invariant mass distribution, with a fit yielding a signal of 9.2±4.9 events. In the Ξ^−K^−π^+π^+ mode, we required x_p to be greater than 0.6 and pion and kaon momenta to be greater than 0.2 and 0.3 GeV/c, respectively. A fit to this distribution yields a signal of 7.0 ± 3.7 events. Finally, in the Σ^+K^−K^−π^+ mode, we required x_p to be greater than 0.5 and required charged track momenta to be greater than 0.3 GeV/c. The upper limit on the yield is 9.5 events (90 % C.L.). Figure 1(f) shows the invariant mass distribution for Σ^+K^−K^−π^+ mode. The efficiency for Σ^+K^−K^−π^+ reconstruction is ∼ 15% of that for the Ω^−π^+ mode, which has the highest signal yield. We have not included the Σ^+K^−K^−π^+ mode in the mass measurement. The total yield in the five decays modes, excluding Σ^+K^−K^−π^+, is 40.4 ± 9.0 events as shown in Table I. The corresponding combined mass distribution is shown in Figure 2.

To better determine the Ω^0_c mass, we have performed an unbinned maximum-likelihood fit using the sum of a single Gaussian and a second order polynomial background. There are two inputs to the fit, the invariant mass M_i and the corresponding mass resolution σ_i of each of the 458 mass candidates from 2.55 to 2.85 GeV/c^2. The invariant mass M_i of each candidate is calculated using a vertex constrained fit; the uncertainty σ_i is obtained from the covariance matrix of the fit. The likelihood function to maximize is the product of probability density functions (PDFs) for all the candidate events, and has the following form:

L(M(Ω^0_c ), f_s, a_1, a_2) = ∏ i [ f_sG(M_i − M(Ω^0_c )|Sσ_i) + (1 − f_s)

P (M_i)

∫_{2.85} 2.55 P (Mi)dMi ] , (1)

where G(y|σ) = (1/ √ 2πσ)exp(−y^2/2σ^2) and P(y) = 1.0 + a_1(y − 2.7) + a_2(y − 2.7)^2.

M(Ω^0_c ) is the fitted Ω^0_c mass, S is a global scale factor multiplying σ_i, and f_s is the fraction of signal events. We tested the fitting procedure by first applying it to Monte Carlo generated events with the Ω^0_c mass set to 2695 MeV/c^2. The fitted mass using the above PDF is 2694.9±0.1(stat) MeV/c^2 for the Monte Carlo and 2694.6±2.6(stat) MeV/c^2 for the data. The fitted scale factor S is 1.72±0.42 for the data and 1.16±0.02 for the simulated events. The fitted value of f_s = 0.099±0.027(stat) implies a signal size of 45.2±13.7(stat) in good agreement with the result from Table I. We tested our fitter on the Ξ^0_c charmed baryon in the Ξ^−π^+ final state. Our fit gives a Ξ^0_c mass that is consistent with the world average value, and the fitted global scale factor S for the Ξ^0_c Monte Carlo and the data are in good agreement with each other.

We have also checked for goodness-of-fit by performing a binned-likelihood version of the above fit (but without event-by-event mass uncertainties). This gives an almost identical mass value and similar yields, and forms the basis for the curve shown in Figure 2. The χ^2 for the fit to the combined data is 46.2 for 46 degrees of freedom.

The dominant systematic uncertainty in the mass measurement comes from its sensitivity to the fitting method employed - the difference in the weighted average of the individually fitted Ω^0_c modes and the unbinned maximum likelihood method. The various fitting methods contribute 1.5 MeV/c^2 to the systematic uncertainty. A systematic uncertainty (0.5 MeV/c^2) comes from imperfect treatment of modes with π^0 mesons due to mismeasured photons at low energies that give rise to an asymmetric π^0 peak. Additional contributions to the systematic uncertainty come from uncertainties in the energy loss correction for charged tracks (0.25 MeV/c^2) and the overall momentum scale (1.0 MeV/c^2). Taking these errors in quadrature, we estimate a total systematic uncertainty of 1.9 MeV/c^2.

In Table I we also give the measured inclusive cross-section times the branching faction, σ · B, for x_p > 0.5 into Ω^−π^+, Ω^−π^+π^0, Ξ^−K^−π^+π^+, Ξ^0K^−π^+, Ω^−π^+π^+π^−and Σ^+K^−K^−π^+. We estimated the systematic errors for the branching fractions by changing the Ω^0_c mass by ±1.0σ (combined error) from its best fit value. In Table I the first error is due to statistics and the second, when given, to systematics. In charm decays, c→W s, the W tends to couple more strongly to two pions (via the ρ-meson) than to a single pion. The relative branching fraction B(c→sπ^+π^0)/B(c→sπ^+) is greater than unity. The relative branching fractions for B(D^+→K^0π^+π^0)/B(D^+→K^0π^+), B(D^0→K^−π^+π^0)/B(D^0→K^−π^+), and B(Λ^+_c →Λπ^+π^0)/B(Λ^+_c →Λπ^+) are 3.4±1.1(stat), 3.6±0.2(stat), and 4.0±1.9(stat) [16], respectively. We also observe a similar trend in the branching fraction for Ω^0_c →Ω^−π^+π^0 relative to Ω^0_c →Ω^−π^+, as given in Table I. We have also studied the momentum spectrum of Ω^0_c , finding it consistent with other charmed baryons [17].

TABLE I. Ω^0_c results in different decay modes. The fourth column shows the branching fractions relative to Ω^−π^+; the fifth column shows the cross section times branching fraction. The fourth column has only statistical, while fourth and fifth columns have statistical and systematic uncertainties.

σ_{MC} (MeV/c^2) Fitted Yield Relative B σ · B (fb) mode dependent x_p all x_p > 0.5 all x_p > 0.5 Ω^−π^+ 5.87 13.3±4.1 1.0 11.3 ± 3.9 ± 2.0 Ω^−π^+π^0 9.71 11.8±4.9 4.2 ± 2.2 ± 0.9 47.6 ± 18.0 ± 3.1 Ξ^0K^−π^+ 6.72 9.2±4.9 4.0 ± 2.5 ± 0.4 45.1 ± 23.2 ± 3.7 Ξ^−K^−π^+π^+ 5.46 7.0±3.7 1.6 ± 1.1 ± 0.4 18.2 ± 10.6 ± 3.3 Ω^−π^+π^+π^− 4.89 -0.9±1.4 < 0.56 < 5.1 @ 90 % CL Combined 5 modes 40.4±9.0

Σ^+K^−K^−π^+ 6.18 2.8±4.1 < 4.8 < 53.8 @ 90 % CL

In conclusion, we observe the Ω^0_c with a mass of 2694.6±2.6(stat)±1.9(syst) MeV/c^2 in the five decay modes Ω^−π^+, Ω^−π^+π^0, Ω^−π^+π^+π^−, Ξ^−K^−π^+π^+, and Ξ^0K^−π^+. Although the signal is not statistically significant in any individual mode, the combined signal stands out over the background with a yield of 40.4±9.0(stat) events. Our measured σ · B value for the Ξ^−K^−π^+π^+ mode (18.2 ± 10.6 ± 3.3 fb) is in clear disagreement with the ARGUS value (2410 ± 900 ± 300 fb) for the same x_p range.

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. Department of Energy, the Research Corporation, the Natural Sciences and Engineering Research Council of Canada, the A.P. Sloan Foundation, the Swiss National Science Foundation, the Texas Advanced Research Program, and the Alexander von Humboldt Stiftung.

REFERENCES

[1] P. Biagi et al., Z. Phys. C28, 175 (1985).

[2] J. Stiewe, in Proceedings of the International Conference on High Energy Physics, Dallas, 1993, edited by J. R. Sanford (AIP, Dallas, 1993), 272, p. 1076.

[3] J. A. Appel, in Proceedings of the International Conference on Lepton and Photon interactions, Ithaca, 1993, edited by P. Drell and D. Rubin (AIP, Ithaca, 1993), 302, p. 568.

[4] P.L. Frabetti et al., Phys. Lett. B300, 190 (1993); P.L. Frabetti et al., Phys. Lett. B338, 106 (1994); P.L. Frabetti et al., Phys. Lett. B357, 678 (1995).

[5] R. Werding, in Proceedings of the International Conference on The Structure of Baryons, Santa Fe, 1995, edited by B.F. Gibson, P.D. Barnes, J.B. McClelland, and W. Weise (World Scientific, Singapore, 1996), p. 535.

[6] R. Roncaglia, D.B. Lichtenberg, and E. Predazzi, Phys. Rev. D52, 1722 (1995). [7] E. Jenkins, Phys. Rev. D54, 4515 (1996).

[8] S. Samuel and K.J.M. Moriarty, Phys. Lett. D175, 197 (1986). [9] A. Martin and Jean-Marc Richard, Phys. Lett. B355, 345 (1995). [10] Y. Kubota et al., Nucl. Instrum. Methods. Phys. Res. Sec. A320, 66 (1992). [11] T. Hill, Nucl. Instrum. Methods. Phys. Res. Sec. A418, 32 (1998). [12] P. Avery et al., Phys. Rev. Lett. 75, 4364 (1995); L. Gibbons et al., PRL 77, 811 (1996). [13] C. Jessop et al., Phys. Rev. Lett. 82, 492 (1999). [14] J. Alexander et al., Phys. Rev. Lett. 83, 3390 (1999). [15] R. Brun et al., GEANT 3.15, CERN Report No. DD/EE/84-1 (1987). [16] Particle Data Group, Eur. Phys. J. C 15, 544 (2000). [17] K.Edwards et al., Phys. Lett. B373, 362 (1996).

FIG. 1. The mass distribution and simultaneous fit to the five Ω^0_c modes: (a) Ω^−π^+, (b) Ω^−π^+π^0, (c) Ω^−π^+π^+π^−, (d) Ξ^0K^−π^+, (e) Ξ^−K^−π^+π^+. The mode (f) Σ^+K^−K^−π^+ has not been included in the fit. The signal is fit with a gaussian of fixed width while the background is fit to a second order polynomial.

FIG. 2. The invariant mass distribution for the sum of Ω^−π^+, Ω^−π^+π^0, Ω^−π^+π^+π^−, Ξ^0K^−π^+, and Ξ^−K^−π^+π^+combinations. The fit function is a sum of the fit functions from Figure 1.