arXiv:hep-ex/0702008v2 4 Feb 2007

Recent CLEO-c Results

H. Mendez (for the CLEO Collaboration)

Department of Physics, University of Puerto Rico, Mayaguez, PR 00681 E-mail: mendez@charma.uprm.edu

Abstract. Recent CLEO-c results on open and closed charm physics at center-of-mass energy of 3773 MeV (ψ(3770) resonance), 4170 MeV and 3686 MeV (ψ(2S) peak) are reviewed. Measurements of absolute hadronic branching ratios of D^0, D^+ and D^+_s mesons as well as charmonium spectroscopy are discussed. An outlook and future prospects for the experiment at CESR is also presented.

Keywords: charmed decays; charm branching fractions; mesons; charmonium; CLEO-c PACS: 13.25.Ft, 14.40.Lb, 14.40.-n

1. Introduction

Recent advances on precise numerical calculations of non-perturbative QCD, formulated on a space-time lattice (LQCD) [1] as well as the development of heavy quark effective theory [2] have produced a wide variety of non-perturbative results with high accuracies for D meson decay constants and form factors. High precision charm experiments [3] provide crucial data to validate forthcoming LQCD calculations at the few percent level and help to guide the development of QCD calculations techniques for a full understanding of non-perturbative QCD effects. These calculations, useful to improve the accuracy of the Cabibbo-Kobayashi-Maskawa (CKM) unitary matrix [4], make possible alternate methods to improve the precision of the Standard Model predictions of charm behavior. Thus, experiments on charm decays are an excellent laboratory for testing the existing theory on heavy flavor physics.

CLEO-c is a dedicated program of charm physics at the Cornell Electron Storage Ring (CESR) e^+e^− collider located at the Laboratory for Elementary Particles Physics (LEPP) at Cornell University at Ithaca, New York. The experiment [3] is designed to make very high precision measurements of charmed mesons (D^0, D^+ and D^+_s )^1 and to test quantum chromodynamics (QCD), which included a complete set of measurements for hadronic, leptonic and semi-leptonic charm decays, a detailed studies on the lowest and highest mass charmonium states and search for evidence of new physics beyond the Standard Model by searching for rare D and τ decays, DD mixing, and CP violating decays. CLEO-c precision measurements on charmed meson decays to leptonic and semi-leptonic final states are crucial test of the LQCD techniques to compute important heavy quark processes. Hadronic decays play an important role for B physics branching

1 Charge conjugate particles are implicitly assumed in this paper, unless otherwise noted.

fractions normalization as well as in the study of final state which included strong interactions.

The experimental conditions in the charm system at threshold are optimal. Charm events produced at threshold are extremely clean and pure DD events, signal/background ratio is high and neutrino reconstruction is clean. In this report, we review some of our recent results on absolute hadronic branching ratio on D^0, D^+ and D^+_s (section 3 and 4), charmonium (section 5) and a brief description of the detector (section 2).

2. Experimental Setup and Data Sample

In order to achieve this broad physics program, both the CESR accelerator and the CLEO III detector were upgraded. The CESR e^+e^− collider was converted to operate from ∼10 GeV to a lower center-of-mass energies (∼3.6-4.3 GeV) by the addition of 18 meters of superconducting wiggler magnets to enhance the transverse cooling of the beam. In the CLEO III detector, the silicon vertex detector was replaced with a 6-layer vertex drift chamber and the solenoid field was reduced from 1.5 to 1.0 T, which was achieved by a simple reduction of the magnet current.

The CLEO-c spectrometer (described extensively elsewhere [5, 6, 7, 8, 9, 10]), shown in Fig. 1 is composed of the following basic sections:

FIGURE 1. CLEO-c Detector

1. a tracking system composed of the inner vertex drift chamber, a 47-layer central drift chamber [10] and a superconducting solenoid running at 1.0 T magnetic field, oriented along the beam axis. The system covers 93% of 4π and has a momentum resolution of σ_p/P = 0.6% at 1 GeV/c, 2. a cylindrical Ring Imaging Cerenkov (RICH) [8] detector, surrounding the central drift chamber, for charged particle identification. The RICH cover 80% of 4π and its efficiency to identified kaon is higher than 90% with 0.2% pion fake at P = 0.9 GeV/c, 3. an Electromagnetic Calorimeter [7] for neutral particle reconstruction covering 93% of 4π. The detector has an energy resolution of σ_E /E = 2.2% at 1 GeV and 5% at 100 MeV, 4. and a muon chambers covering 85% of 4π for P > 1 GeV/c.

The CLEO-c detector is fully operational and presently taking data at the ψ(3770) center-of-mass energy.

A detailed GEANT [11] based Monte Carlo detector modeling was used to simulate the performance of the detector. Physics events were generated by the event generator EvtGen [12] and final state radiation (FSR) modeled by PHOTOS [13]. Monte Carlo events were treated in the same manner as data.

Charged particle candidates were required to be well measured and to satisfy criteria based on the track fit quality. They must also be consistent with coming from the interaction point, except for the charged pions coming from K^0_S decay. Particle identification to separate charged π from K was accomplished by combining the ionization energy loss (dE/dx), measured by the drift chamber, with the RICH detector information.

In addition, we applied mass bound cut and kinematic fit to select K^0_S , π^0, η and η^′. We selected K^0_S candidates from oppositely-charged tracks consistent with pions and constrained to the K^0_S vertex (K^0_S → π^+π^−). The π^0 candidates are form by a photon pair (π^0 → γγ) kinematically fitted to the nominal π^0 mass [14]. Both of the invariant masses, for the K^0_S (π^+π^−) and for the π^0 (γ γ) candidates are required to be within 3 standard deviations (σ) of their known mass [14]. For K^0_S , we required σ ≈ 6.3 MeV /c^2 and for π^0, we required σ ≈ 5 − 7 MeV /c^2 depending of the photon location in the calorimeter. We form η candidates from photon pairs kinematically fitted to the known η mass [14] and η^′ candidates are detected via their decays mode η^′ → π^+π^−η.

The experiment has already collected 281 pb^{−1} of data at center-of-mass energy √ s = 3.77 GeV to study ψ(3770) decays, approximately 300 pb^{−1} at √ s = 4.17 GeV to study D^±_s mesons and approximately 50 pb^{−1} at √ s = 3.68 GeV to study ψ(2S) decays and charmonium spectrum, including J/ψ, χ_{cJ} (J = 0,1,2) and the properties of the CLEO-c observed h_c(^1P_1) state. A small fraction (2.74 pb^{−1}) of the ψ(2S) integrated luminosity was taken with the CLEO III detector while its conversion to CLEO-c took place. In addition, the experiment has recorded a significant amount of continuum data to study its contribution to these resonances.

3. D Physics at ψ(3770)

The 3773 MeV dataset, taken at the peak of the ψ(3770) resonance, provides a very clean environment for studying with high precision a great variety of D meson decays. Many results based on an initial sample of 56 pb^{−1} have already been published. These results, among others, included absolute branching fraction measurements for D decays into leptonic [15], semi-leptonic [16, 17], and hadronic [18] final states. In this contribution, we report preliminary hadronic branching fraction measurements based on the total ψ(3770) sample of 281 pb^{−1} available at the present. This dataset include approximately 1 million of e^+e^− → ψ(3770) → D^0D^0 and 0.8 million of e^+e^− → ψ(3770) → D^+D^− events.

The ψ(3770) produced in the e^+e^− annihilation decays to pairs of D mesons only, either D^0 D^0 or D^+ D^−. At this energy, pure DD final states are produced, no additional hadron accompanied the D mesons, therefore, the reconstructed D energy is safely replaced by the beam energy (E_D ≡ E_{Beam}) and as a consequence, the reconstructed

D invariant mass is a beam constrained quantity (m_{bc} = √ E^2_{Beam} − ⃗P_D^2 ), which has better resolution than the invariant mass calculated using directly the energy of the D. For equal mass particles of mass M as this case, the kinematic variables m_{bc} peak at M and the energy difference ΔE ≡ E_D - E_{Beam} peak at zero. Both variables were used in the analysis of the ψ(3770) data. ΔE around zero was required for the D candidates.

CLEO-c uses a double and single tagging technique, pioneered by the MARK III collaboration [19, 20], to measure absolute branching fractions. It relies on fully reconstructed DD decays, in which both D are reconstructed (double tags) in the event. Single tag mode reconstructs at least one D per event. A full description of the tagging method used by the experiment as well as the hadronic analysis based on 56 pb^{−1} can be found in [18]. The tagging technique obviated the need for knowledge of the luminosity or the e^+e^− → ψ(3770) → DD production cross section. The absolute branching fractions obtained using double tag [21] are listed in Table 1.

TABLE 1. Preliminary absolute branching fractions for D^0 and D^+ based on 281 pb^{−1} and D^+_s based on the 195 pb^{−1} sample. The first error is statistical and the second is systematics.

D^0 Mode Branching Fraction (%)

D^0 → K^−π^+ 3.87 ± 0.04 ± 0.08 D^0 → K^−π^+π^0 14.6 ± 0.1 ± 0.4 D^0 → K^−π^+π^+π^− 8.3 ± 0.1 ± 0.3

D^+ Mode

D^+ → K^−π^+π^+ 9.2 ± 0.1 ± 0.2 D^+ → K^−π^+π^+π^0 6.0 ± 0.1 ± 0.2 D^+ → K^0_S π^+ 1.55 ± 0.02 ± 0.05 D^+ → K^0_S π^+π^0 7.2 ± 0.1 ± 0.3 D^+ → K^0_S π^+π^+π^− 3.13 ± 0.05 ± 0.14 D^+ → K^+K^−π^+ 0.93 ± 0.02 ± 0.03

D^+_s Mode

D^+_s → K^0_S K^+ 1.50 ± 0.09 ± 0.05 D^+_s → K^+K^−π^+ 5.57 ± 0.30 ± 0.19 D^+_s → K^+K^−π^+π^0 5.62 ± 0.33 ± 0.51 D^+_s → π^+π^−π^+ 1.12 ± 0.08 ± 0.05 D^+_s → π^+η 1.47 ± 0.12 ± 0.14 D^+_s → π^+η^′ 4.02 ± 0.27 ± 0.30

These results are dominated by the systematic errors and included the FSR correction,

FIGURE 2. CLEO-c absolute D^0 → K^−π^+ (left) and D^+ → K^−π^+π^+ (right) branching fractions compared with other measurements.

which has been included in the Monte Carlo. Without this effect, the branching fractions decreased in average by 2%.

Two of these branching fractions, Br(D^0 → K^−π^+) and Br(D^+ → K^−π^+π^+) shown in Table 1, are particularly important because they have been used to normalized practically all other D^0 and D^+ modes. Figure 2 shows a comparison of our results (based on 56 pb^{−1} and 281 pb^{−1}), for these two modes with other experimental measurements. These results already represent significant improvements with respect to the world averages. To date, they are the most precise measurements of hadronic branching fractions for D mesons. Other results based on the latest ψ(3770) data sample are also available, such as the semi-leptonic inclusive decays [22]. These high precision results are possible in part by our detector performance.

4. The D_S Energy Scan

In order to select the optimal energy to study D_s, a scan on the energy region from 3970-4260 MeV was performed [23]. The scan consisted on 12 points (Fig. 3) with a total luminosity of 60 pb^{−1}. The last energy point at E_{cm} = 4260 MeV, was taken to study the Y(4260) state (See section 5). At each energy point the first task was to make quick determination of the cross section for each of the two charmed meson final states that were accessible at that energy. Several methods were used to measure the cross section. It was measured by counting inclusive hadronic, inclusive D, and exclusive DD^∗ final states events. Fig. 4 shows these cross section using exclusive final states. A peak cross section of about 1.0 nb for D_s D^∗_s is observed around 4170 MeV, which was then selected as the optimal energy for CLEO-c to carry out the D_s physics program. At this energy, we produce D^+_s D^−_s pairs, where one of the D_s, accompanied by a γ or π^0, is in general the daughter of a D^∗_s decay. In order to avoid a large efficiency loss and contributions to systematic uncertainties that would arise from the soft photon, we make no attempt to find either the γ or the π^0. Thus, the main variable used in this analysis is the reconstructed invariant mass of the D_s instead of the m_{bc}.

FIGURE 3. Data on hadron production cross section as a function of the e^+e^− center-of-mass energy. Inverted green triangles indicates the CLEO-c scan run points.

An initial sample of 195 pb^{−1} of data at the center-of-mass energy √ s = 4170 MeV were recorded. High precision D_s inclusive decays analysis have been already published [24] and preliminary measurements on exclusive absolute hadronic branching fractions have already reported for several D^+_s decay modes (see Table 1) by using single D_s tags [25]. These measurements are shown in Fig. 5 and while these results are preliminary, they are more precise than the one published on PDG 2006 [14] as is shown in Fig. 5.

FIGURE 4. Preliminary measurement production cross section for DD, DD^∗, D^∗D^∗ on the left and D_sD_s, D_sD^∗_s , D^∗_s D^∗_s on right as a function of the e^+e^− center-of-mass energy.

Our Br(D^+_s → K^+K^−π^+) include the Br(D^+_s → ϕπ^+) which is one of the largest D_s branching fractions [14]. It has often used as a reference for other D_s decays. This measurement has been essentially derived from a narrow mass region cut around the ϕ in the K^+K^− invariant mass (ϕ → K^+K^−). However, there is a strong evidence [26] for a broad contribution from f_0(980) or a_0(980) under the ϕπ^+ region. This scalar contribution accounts for approximately 5%, which is comparable to our experimental errors for the Br(D^+_s → K^+K^−π^+). CLEO-c will soon exceed this level of precision and the Br(D^+_s → ϕπ^+) will be measured as soon as the new data is gathered.

FIGURE 5. Absolute D^+_s branching ratio on the left and our results normalized with respect to the PDG 2006 values on the right.

5. Charmonium and Charmonium-Like States

The spectrum below the DD is well known, however, in the last few years there has been a renewed interest in heavy quark spectroscopy. More than a dozen of unexpected charmonium-like states have been reported by high luminosity experiments and several long elusive states have been observed, including the h_c(^1P_1) [27, 28] and the η^′_c(2^1S_0) [29]. Many new theoretical models have been proposed to explain all these resonances.

The last energy point of our D_s energy scan, E_{cm} = 4260 MeV, with a total integrated luminosity of 13.2 pb^{−1} was used primarily to investigate the Y(4260) state discovered by the BaBar Collaboration [30]. This observation was based on a sample of 233 fb^{−1} collected at the ϒ(4S) in an initial state radiation events as e^+e^− → γ (J/ψ π^+π^−). CLEO-c made the first confirmation [31], at 11σ significance, of this new charmonium decay mode (J/ψ π^+π^−) of the Y(4260) state, made the first observation of Y(4260) → J/ψ π^0π^0 at 5.1σ and find the first evidence for Y(4260) → J/ψ K^+K^− at 3.7σ significance. The measured CLEO-c cross section as well as the integrated luminosity are shown on Fig. 6. This signal was also confirmed by using the CLEO III dataset of 13.3 fb^{−1} collected at ϒ(1S) − ϒ(4S) resonances and the extracted signal parameters are consistent with BaBar’s results.

The 3686 MeV dataset, taken at the ψ(2S) peak included a sample of approximately 26 million ψ(2S) decays acquired during 2006 to explore charmonium spectroscopy and related states. In the meantime this sample is being prepared for a detailed analysis, a small ψ(2S) sample of ∼5.6 pb^{−1}, corresponding approximately to 3 million ψ(2S) decays, split equally between CLEO III and CLEO-c, has produced a great well known variety of results which included J/ψ leptonic decays [32], h_c(^1P_1) [27] discovery, etc.

The singlet P-state of charmonium h_c(^1P_1) has been observed in the isospin forbidden reaction ψ(2S) →π^0 h_c(^1P_1), where h_c(^1P_1) →γ η_c. The η_c was identified by two methods: first, it was fully reconstructed in 7 exclusive modes, and second, it was reconstructed inclusively. The exclusive mode has the advantage of signal purity while the

FIGURE 6. (a) Integrated luminosity vs. √ s, (b) Born-level Breit-Wigner cross section for established charmonium and Y(4260) states. (c) e^+e^− → γ ψ(2S) cross section vs. energy for three different ψ(2S) decay mode. (d) e^+e^− → J/ψ ππ vs. √ s. Some points at (c) and (d) are shifted by 10 MeV for clarity.

inclusive mode has the advantage of larger signal yield. Both methods yields consistent results and the average measured mass is 3524.4 ± 0.6 ± 0.4 MeV. This mass leads to a hyperfine splitting of 1 ± 0.6 ± 0.4 MeV, which is consistent with zero as expected. With this discovery, the charmonium family below ψ(3770) is complete, and the mass values can be used in potential models to predict higher states. A detailed analysis on the h_c(^1P_1) observation made by the experiment can be found at [27].

6. Summary

Running at charm threshold with D tagging provides a powerful and "background free" environment that allow very precise measurements. Our experimental measurements on leptonic, semi-leptonic and hadronic D decays are producing a major impact on many charm decays with broad implications for all flavor physics. These high precision measurements are more precise than previous world average [33].

The experiment is scheduled to run until March 31 of 2008. In addition to the charmonium sample, we plan to further increase our samples at ψ(3770) and at 4170 MeV to continue the open and closed charm measurements. These high statistics samples from the decays of charmed mesons and charmonium data represent a rich source of important physics on the study of charm quarks. It permits detailed studies of weak and strong interaction physics.

ACKNOWLEDGMENTS

I would like to thank the organizer for the invitation to give this talk and for their hospitality during the conference. I thank my colleagues from the CLEO-c Collaboration for the many useful comments to this paper. This work was supported in part by the U.S. Department of Energy.

REFERENCES

1. C. Aubin, et al., Phys. Rev. Lett. 94, 011601 (2005).

2. T. Mannel, Review of heavy quark effective theory (1996), hep-ph/9611411. 3. R. A. Briere, et al., (CLEO Collaboration), CLEO-c and CESR-c. A New Frontier of Weak an Strong Interactions, CLNS 01/1742. Internal Document (Yellow Book), Nov 2001.

4. M. Kobayashi, and T. Maskawa, Prog. Theor. Phys. 49, 652–657 (1973). 5. G. Viehhauser, et al., (CLEO Collaboration), Nucl. Instrum. Meth. A462, 146–151 (2001). 6. T. S. Hill, et al., (CLEO Collaboration), Nucl. Instrum. Meth. A418, 32–39 (1998). 7. Y. Kubota, et al., (CLEO Collaboration), Nucl. Instrum. Meth. A320, 66–113 (1992). 8. M. Artuso, et al., (CLEO Collaboration), Nucl. Instrum. Meth. A554, 147–194 (2005). 9. M. Artuso, et al., (CLEO Collaboration), Nucl. Instrum. Meth. A502, 91–100 (2003). 10. D. Peterson, et al., (CLEO Collaboration), Nucl. Instrum. Meth. A478, 142–146 (2002). 11. R. Brun, et al., Computer Code GEANT 3.21 (CERN Report No. W5013, 1993). 12. D. Lange, Nucl. Instrum. Methods Phys. Sect. A 462, 152 (2001). 13. E. Barberio, and Z. Was, Comput. Phys. Commun. 79, 291 (1994). 14. W. M. Yao, et al., (PDG 2006), J. Phys. G33, 1–1232 (2006). 15. G. Bonvicini, et al., (CLEO Collaboration), Phys. Rev. D70, 112004 (2004). 16. G. S. Huang, et al., (CLEO Collaboration), Phys. Rev. Lett. 95, 181801 (2005). 17. T. E. Coan, et al., (CLEO Collaboration), Phys. Rev. Lett. 95, 181802 (2005). 18. Q. He, et al., (CLEO Collaboration), Phys. Rev. Lett. 95, 121801 (2005). 19. R. M. Baltrusaitis, et al., (MARK-III Collaboration), Phys. Rev. Lett. 56, 2140 (1986). 20. J. Adler, et al., (MARK-III Collaboration), Phys. Rev. Lett. 60, 89 (1988).

21. D. Cassel, “D and Ds Decays and Dalitz Analyses,” in Heavy Quarks and Leptons 2006, October 18,2006, Munchen, Germany (CLEO Web Page Public Results).

22. N. E. Adam, et al., (CLEO Collaboration), Phys. Rev. Lett. 97, 251801 (2006). 23. R. Poling, “CLEO-c hot topics,” in Flavor Physics and CP Violation, April 9-12,2006, Vancouver, B.C., Canada, hep-ex/0606016.

24. G. S. Huang, et al., (CLEO Collaboration), Phys. Rev. D74, 112005 (2006). 25. N. E. Adam, et al., Measurement of absolute hadronic branching fractions of Ds mesons, presented at the 33^{rd} International Conference on High Energy Physics, Jul 26-Aug 2, 2006, Moscow, Russia,

hep-ex/0607079.

26. P. L. Frabetti, et al., (E687 Collaboration), Phys. Lett. B351, 591–600 (1995). 27. J. L. Rosner, et al., (CLEO Collaboration), Phys. Rev. Lett. 95, 102003 (2005). 28. M. Andreotti, et al., (E835 Collaboration), Phys. Rev. D72, 032001 (2005). 29. D. M. Asner, et al., (CLEO Collaboration), Phys. Rev. Lett. 92, 142001 (2004). 30. B. Aubert, et al., (BaBar Collaboration), Phys. Rev. Lett. 95, 142001 (2005). 31. Q. He, et al., (CLEO Collaboration), Phys. Rev. D. 74, 091104 (2006). 32. G. S. Adams, et al., (CLEO Collaboration), Phys. Rev. D73, 051103 (2006). 33. S. Eidelman, et al., (PDG 2004), Phys. Lett. B592, 1 (2004).