CLNS 06/1976 CLEO 06-18

χ_{c0} and χ_{c2} Decays into ηη, ηη^′, and η^′η^′ Final States

G. S. Adams,^1 M. Anderson,^1 J. P. Cummings,^1 I. Danko,^1 J. Napolitano,^1 Q. He,^2 J. Insler,^2 H. Muramatsu,^2 C. S. Park,^2 E. H. Thorndike,^2 F. Yang,^2 T. E. Coan,^3 Y. S. Gao,^3 M. Artuso,^4 S. Blusk,^4 J. Butt,^4 J. Li,^4 N. Menaa,^4 R. Mountain,^4 S. Nisar,^4 K. Randrianarivony,^4 R. Sia,^4 T. Skwarnicki,^4 S. Stone,^4 J. C. Wang,^4 K. Zhang,^4 S. E. Csorna,^5 G. Bonvicini,^6 D. Cinabro,^6 M. Dubrovin,^6 A. Lincoln,^6 D. M. Asner,^7 K. W. Edwards,^7 R. A. Briere,^8 J. Chen,^8 T. Ferguson,^8 G. Tatishvili,^8 H. Vogel,^8 M. E. Watkins,^8 J. L. Rosner,^9 N. E. Adam,^{10} J. P. Alexander,^{10} K. Berkelman,^{10} D. G. Cassel,^{10} J. E. Duboscq,^{10} K. M. Ecklund,^{10} R. Ehrlich,^{10} L. Fields,^{10} R. S. Galik,^{10} L. Gibbons,^{10} R. Gray,^{10} S. W. Gray,^{10} D. L. Hartill,^{10} B. K. Heltsley,^{10} D. Hertz,^{10} C. D. Jones,^{10} J. Kandaswamy,^{10} D. L. Kreinick,^{10} V. E. Kuznetsov,^{10} H. Mahlke-Krüger,^{10} P. U. E. Onyisi,^{10} J. R. Patterson,^{10} D. Peterson,^{10} J. Pivarski,^{10} D. Riley,^{10} A. Ryd,^{10} A. J. Sadoff,^{10} H. Schwarthoff,^{10} X. Shi,^{10} S. Stroiney,^{10} W. M. Sun,^{10} T. Wilksen,^{10} M. Weinberger,^{10} S. B. Athar,^{11} R. Patel,^{11} V. Potlia,^{11} J. Yelton,^{11} P. Rubin,^{12} C. Cawlfield,^{13} B. I. Eisenstein,^{13} I. Karliner,^{13} D. Kim,^{13} N. Lowrey,^{13} P. Naik,^{13} C. Sedlack,^{13} M. Selen,^{13} E. J. White,^{13} J. Wiss,^{13} R. E. Mitchell,^{14} M. R. Shepherd,^{14} D. Besson,^{15} T. K. Pedlar,^{16} D. Cronin-Hennessy,^{17} K. Y. Gao,^{17} J. Hietala,^{17} Y. Kubota,^{17} T. Klein,^{17} B. W. Lang,^{17} R. Poling,^{17} A. W. Scott,^{17} A. Smith,^{17} P. Zweber,^{17} S. Dobbs,^{18} Z. Metreveli,^{18} K. K. Seth,^{18} A. Tomaradze,^{18} J. Ernst,^{19} H. Severini,^{20} S. A. Dytman,^{21} W. Love,^{21} V. Savinov,^{21} O. Aquines,^{22} Z. Li,^{22} A. Lopez,^{22} S. Mehrabyan,^{22} H. Mendez,^{22} J. Ramirez,^{22} G. S. Huang,^{23} D. H. Miller,^{23} V. Pavlunin,^{23} B. Sanghi,^{23} I. P. J. Shipsey,^{23} and B. Xin^{23}

(CLEO Collaboration) 1Rensselaer Polytechnic Institute, Troy, New York 12180 2University of Rochester, Rochester, New York 14627 3Southern Methodist University, Dallas, Texas 75275 4Syracuse University, Syracuse, New York 13244 5Vanderbilt University, Nashville, Tennessee 37235 6Wayne State University, Detroit, Michigan 48202 7Carleton University, Ottawa, Ontario, Canada K1S 5B6 8Carnegie Mellon University, Pittsburgh, Pennsylvania 15213 9Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637 10Cornell University, Ithaca, New York 14853 11University of Florida, Gainesville, Florida 32611 12George Mason University, Fairfax, Virginia 22030 13University of Illinois, Urbana-Champaign, Illinois 61801 14Indiana University, Bloomington, Indiana 47405 15University of Kansas, Lawrence, Kansas 66045 16Luther College, Decorah, Iowa 52101 17University of Minnesota, Minneapolis, Minnesota 55455 18Northwestern University, Evanston, Illinois 60208 19State University of New York at Albany, Albany, New York 12222 20University of Oklahoma, Norman, Oklahoma 73019 21University of Pittsburgh, Pittsburgh, Pennsylvania 15260

22University of Puerto Rico, Mayaguez, Puerto Rico 00681 23Purdue University, West Lafayette, Indiana 47907 (Dated: April 11, 2007)

Abstract

Using a sample of 3 × 10^6 ψ(2S) decays collected by the CLEO III and CLEO–c detector configurations, we present results of a study of χ_{c0} and χ_{c2} decays into ηη, ηη^′, and η^′η^′ final states. We find B(χ_{c0} → ηη) = (0.31 ± 0.05 ± 0.04 ± 0.02)%, B(χ_{c0} → ηη^′) < 0.05% at the 90% confidence level, and B(χ_{c0} → η^′η^′) = (0.17 ± 0.04 ± 0.02 ± 0.01)%. We also present upper limits for the decays of χ_{c2} into these final states. These results give information on the decay mechanism of χ_c states into pseudoscalars.

PACS numbers: 13.25.Gv, 14.40.Gx

In the standard quark model, the χ_{cJ} (J = 0, 1, 2), mesons are cc̄ states in an L = 1 configuration. As they cannot be produced directly in e^+e^− collisions, they are less well studied than the ψ states. However, ψ(2S) → γχ_{cJ} decays yield many χ_{cJ} mesons, and e^+e^− → ψ(2S) is a very clean environment for χ_{cJ} investigation. In this paper, we concentrate on the two-body decays of the χ_{c0} and χ_{c2} into ηη, ηη^′, and η^′η^′ final states^1. Knowledge from these decay rates leads to information on the quark and gluon nature of both the χ_c parents and their pseudo-scalar daughters, and a greater understanding of the decay mechanisms of the χ_c mesons [1].

The data presented here were taken by the CLEO detector operating at the Cornell Electron Storage Ring with a center of mass energy corresponding to the ψ(2S) mass of 3.686 GeV/c^2. The data were taken with two different detector configurations. An integrated luminosity of 2.74 pb^{−1} was collected using the CLEO III detector configuration [2], and 2.89 pb^{−1} using the CLEO-c detector configuration [3]. The total number of ψ(2S) events is calculated as 3.08 × 10^6, determined according to the method described in [4]. The vital detector component for this analysis, the CsI crystal calorimeter [5], is common to the two configurations and has an energy resolution of 2.2% at 1 GeV, and 4.0% at 100 MeV.

We detect our η candidates in the decay modes γγ, π^+π^−π^0, and π^+π^−γ, and our η^′ candidates in the modes γπ^+π^− and ηπ^+π^−, where the η is reconstructed using the η decay modes previously listed. We look for all combinations of distinct η and η^′ candidates, with the exception of the case where both η candidates in the event decayed to γγ. This last case was excluded because its detection depends on the operation of an all-neutral trigger whose efficiency varied over the running period because of hardware changes. All our final states thus contain at least two charged particles, and the trigger efficiency for these events is close to 100% after all other requirements.

We define photon candidates as clusters in the CsI having a shower shape consistent with being due to a photon. We form η → γγ candidates, from pairs of photon candidates, using the event vertex found from the charged tracks as the position of origin of the photons. We kinematically constrain the two-photon combination to the known η mass, and those with a χ^2 < 10 (for one degree of freedom) for this fit are retained for further analysis. The same procedure is used for π^0 candidates. We then proceed to make η → π^+π^−π^0 candidates by constraining the π^+π^−π^0 combinations to the nominal η mass and again requiring a χ^2 of less than 10 for one degree of freedom. Similarly η^′ candidates are built, either from the ηπ^+π^− combinations, or from combining π^+π^− and γ candidates (with E_γ >50 MeV), mass constraining the resultant 4-momentum to the η^′ mass and requiring them to have a χ^2 < 10 for the one degree of freedom of this constraint. The mass resolution of the reconstructed η → γγ combinations is around 12 MeV/c^2 before the mass constraint, and the analogous numbers for η → π^+π^−π^0, η^′ → γπ^+π^−, and η^′ → ηπ^+π^− are 3 MeV/c^2, 7 MeV/c^2, and 2.5 MeV/c^2 respectively.

If we have two distinct η^{(′)} candidates, we combine them into a χ_c candidate. At this stage of the analysis, the signal to noise ratio is poor, and the invariant mass resolution of the χ_c is around 15 MeV/c^2. We then search for any unused photon in the event, and add that to the χ_c candidate to make a ψ(2S) candidate. This ψ(2S) is then kinematically constrained to the 4-momentum of the beam, the energy of which is taken as the known ψ(2S) mass, and the momentum is non-zero only by a tiny amount due to the finite crossing

1 We do not consider χ_{c1} decays into these final states, as they are forbidden by simple spin-parity conservation.

angle (≈ 2 mrad per beam) in CESR. To make our final selection, we require the ψ(2S) candidate to have a χ^2 of less than 25 for the 4 degrees of freedom for this fit; this cut rejects many background combinations. This kinematic fit greatly improves the mass resolution of the χ_c candidate.

To study the efficiency and resolutions, we generated Monte Carlo samples for each χ_c state into each final state, using a GEANT-based detector simulation[6]. The simulated events have a distribution of (1 + λ cos^2 θ), where θ is the radiated photon angle relative to the positron beam direction, and λ = 1 for the χ_{c0} and λ = 1/13 for the χ_{c2}, in accordance with expectations for an E1 transition. The mass resolution and efficiencies are shown in Table I. The resolutions varied a little with the detector configuration and decay chain, but are approximated by single Gaussian functions. The efficiencies shown include all the relevant branching fractions of the η and η^′.

TABLE I: Efficiencies (in %) and resolutions (in MeV/c^2) obtained from analysis of Monte Carlo generated events.

Mode χ_{c0} χ_{c2} Efficiency Resolution Efficiency Resolution % MeV/c^2 % MeV/c^2 ηη 5.46 7.6 5.60 6.3 ηη^′ 5.47 7.0 5.47 5.8 η^′η^′ 4.69 5.4 4.67 4.9

The final mass plots are shown in Fig. 1. Clear peaks are found for the decays χ_{c0} → ηη and χ_{c0} → η^′η^′, but the other four decays under consideration show no significant signals. These plots are each fit with two signal shapes comprising Breit-Wigner functions convolved with Gaussian resolutions, together with a flat background term. The masses and widths of the Breit-Wigner functions were fixed at their standard values [7], and the widths of the Gaussian resolution functions fixed at the values shown in Table I. We find signals of 47.8 ± 7.7 events for χ_{c0} → ηη, and 22.7 ± 5.3 events for χ_{c0} → η^′η^′. To find the limits on the number of events for each of the other decay modes, we plot the probability function for a series of different signal yields, and place the limit so that 90% of the physically allowed region is below its value. The signal yields and limits are summarized in Table II. Our detected signal events in χ_{c0} decays have a θ angle distribution consistent with the value of λ = 1 as defined above. They also make a uniform band of events in the M^2(γη_1) versus M^2(γη_2) Dalitz plot, as expected for the decay of a spin-0 particle.

To convert the yields to branching fractions, we divide by the number of ψ(2S) events in the data sample multiplied by the detector efficiency and by the branching fractions for ψ(2S) into χ_{cJ} , for which we use the CLEO measurements of B(ψ(2S) → γχ_{c0}) = 9.22 ± 0.11 ± 0.46%, and B(ψ(2S) → γχ_{c2}) = 9.33 ± 0.14 ± 0.61% [4].

The systematic uncertainties in the branching fractions are summarized in Table III. The systematic uncertainties due to fitting the peaks were evaluated by floating, in turn, the mass, instrinsic width, and Gaussian resolution width. The maximum change in yield for our highest-statistics signal (χ_{c0} → ηη) from this process gives us our measure of this systematic uncertainty, 5%. The requirement on the χ^2 of the constraint to the beam 4- momentum has been checked by changing the cut and noting the change in the yield. This has been done for the modes under investigation here, and also in other modes such as ηπ^+π^− that have higher statistics. Based on this study we place a systematic uncertainty of

3.5% on the efficiency of this requirement. The uncertainties due to track reconstruction are small and well understood. The biggest systematic uncertainty is that due to the photon reconstruction, which is set at 2% per photon. This was derived from a series of studies of photon reconstruction in well understood decays such as ψ(2S) → J/ψπ^0π^0. For the two signals χ_{c0} → ηη and χ_{c2} → ηη^′ we add the systematic uncertainties in quadrature, except for the one due to the ψ(2S) → γχ_c branching fractions which we keep separate, when calculating the final branching fractions. For evaluating the limits in the cases where there is no significant signal, we take the probability density function, and divide each entry by the efficiency smeared by the total systematic uncertainty, and find the branching fraction that includes 90% of the total area. A rough check on our ability to find the efficiency of the entire decay chain is possible by measuring the number of events consistent with the decay chain ψ(2S) → ηJ/ψ, Jψ → γη^′. This has the same final state particles as ψ(2S) → γχ_c, χ_c → ηη^′. Using the Review of Particle Properties[7] values of the branching fractions, we expect to see 19.2 ± 2.4 events in this mode, and we observe 20.8 ± 4.7, which is consistent with this expectation.

TABLE II: Signal yields and branching fraction results for each decay mode. The uncertainties are statistical, systematic due to this measurement, and systematic due to the ψ(2S) → χ_{cJ} , respectively. The limits on the branching fractions include all systematic uncertainties. Mode χ_{c0} χ_{c2} Yield B.F. (%) Yield B.F. (%) ηη 47.8 ± 7.7 0.31 ± 0.05 ± 0.04 ± 0.02 < 7.2 < 0.047 ηη^′ < 7.5 < 0.050 < 3.4 < 0.023 η^′η^′ 22.7 ± 5.3 0.17 ± 0.04 ± 0.02 ± 0.01 < 4.0 < 0.031

TABLE III: Systematic uncertainties expressed in percent.

Mode N_{ψ(2S)} Trig. Fit Tracks γ MC stats Cuts Total ηη 3 1 5 1.4 10 3 3.5 12 ηη^′ 3 1 5 2.1 8 3 3.5 11 η^′η^′ 3 1 5 2.8 6 3 3.5 10

Our results can be interpreted in the model of Qiang Zhao [1], who predicts these decay rates as a function of the QCD parameter, r, which is the ratio of doubly- to singly-OZI-suppressed decay diagrams. The measurements are consistent with small values of r, which indicates that it is the singly suppressed OZI diagram that dominates these decays. We also present a limit on the branching fraction for χ_{c2} decays to ηη that is tighter than that of BES [8], and the first limits for χ_{c2} decays into ηη^′ and η^′η^′. The limit for χ_{c2} → ηη is slightly below the theoretically predicted branching fraction for r = 0, but all three limits are consistent with r being small and negative. More definitive conclusions require a larger sample of χ_{c2} decays.

In summary, we find a branching fraction for χ_{c0} → ηη of (0.31 ± 0.05 ± 0.04 ± 0.02)%. This is larger than, but consistent with, two lower-statistics measurements of BES [8] and E-835 [9]. We make the first measurement of χ_{c0} → η^′η^′ of (0.17 ± 0.04 ± 0.02 ± 0.01)%. We find no signal for χ_{c0} → ηη^′ and are able to set an upper limit on this branching fraction of < 0.05% at the 90% confidence level. We also set limits of the branching fraction for χ_{c2} decaying to ηη, ηη^′, and η^′η^′ of 0.047%, 0.023% and 0.031% respectively. Our results imply that singly OZI-suppressed diagrams dominate in these decays.

FIG. 1: Invariant mass distributions for (a) ηη, (b) ηη^′, and (c) η^′η^′. The fits are described in the text.

We gratefully acknowledge the effort of the CESR staff in providing us with excellent luminosity and running conditions. D. Cronin-Hennessy and A. Ryd thank the A.P. Sloan Foundation. This work was supported by the National Science Foundation, the U.S. Department of Energy, and the Natural Sciences and Engineering Research Council of Canada.

[1] Q. Zhao, Phys. Rev. D 72, 074001 (2005).

[2] G. Viehhauser et al., Nucl. Instrum. Meth. A 462, 146 (2001).

[3] R.A. Briere et al. (CESR-c and CLEO-c Taskforces, CLEO-c Collaboration), Cornell University, LEPP Report No. CLNS 01/1742 (2001) (unpublished).

[4] S.B. Athar et al. (CLEO Collaboration), Phys. Rev. D 70, 112002 (2004). [5] Y. Kubota et al. (CLEO Collaboration), Nucl. Instrum. Methods Phys. Res., Sect. A 320, 66 (1992).

[6] R. Brun et al. (Geant) 3.21, CERN Program Library Long Writeup W5013 (1993), unpublished. [7] W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006). [8] J. Bai et al. (BES Collaboration), Phys. Rev. D 67, 032004, 2003. [9] M. Andreotti et al. (E-835 Collaboration), Phys. Rev. D 72, 112002, (2005).