CLNS 07/2012 CLEO 07-16

Absolute Branching Fractions of Cabibbo-Suppressed D → KK̄ Decays

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

(CLEO Collaboration) 1Wayne State University, Detroit, Michigan 48202, USA 2University of Bristol, Bristol BS8 1TL, UK 3Carleton University, Ottawa, Ontario, Canada K1S 5B6 4Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA 5Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA 6Cornell University, Ithaca, New York 14853, USA 7University of Florida, Gainesville, Florida 32611, USA 8George Mason University, Fairfax, Virginia 22030, USA 9University of Illinois, Urbana-Champaign, Illinois 61801, USA 10Indiana University, Bloomington, Indiana 47405, USA 11University of Kansas, Lawrence, Kansas 66045, USA 12Luther College, Decorah, Iowa 52101, USA 13University of Minnesota, Minneapolis, Minnesota 55455, USA 14Northwestern University, Evanston, Illinois 60208, USA 15University of Oxford, Oxford OX1 3RH, UK 16State University of New York at Buffalo, Buffalo, New York 14260, USA 17University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA 18University of Puerto Rico, Mayaguez, Puerto Rico 00681 19Purdue University, West Lafayette, Indiana 47907, USA 20Rensselaer Polytechnic Institute, Troy, New York 12180, USA 21University of Rochester, Rochester, New York 14627, USA 22Syracuse University, Syracuse, New York 13244, USA

(Dated: March 4, 2008)

Abstract

Using 281 pb^{−1} of data collected with the CLEO-c detector at the ψ(3770) resonance, we have studied Cabibbo-suppressed decays of D mesons to final states with two kaons. We present results for the absolute branching fractions of the modes D^0 → K^+K^−, D^0 → K^0_S K^0_S , and D^+ → K^+K^0_S . We measure B(D^0 → K^+K^−) = (4.08 ± 0.08 ± 0.09) × 10^{−3}, B(D^0 → K^0_S K^0_S ) = (1.46 ± 0.32 ± 0.09) × 10^{−4}, and B(D^+ → K^+K^0_S ) = (3.14 ± 0.09 ± 0.08) × 10^{−3}. We also determine the ratio B(D^0 → K^+K^−)/B(D^0 → π^+π^−) = 2.89±0.05±0.06. For each measurement, the first uncertainty is statistical and the second uncertainty is systematic.

Detailed studies of the decay of charmed mesons provide an opportunity to probe the interplay between the strong and weak force, such as examining the contributions of W - exchange diagrams and final state interactions [1]. In particular, the branching ratio B(D^0 → K^+K^−)/B(D^0 → π^+π^−) exposes large SU(3) flavor symmetry breaking effects. To first order one would expect a branching ratio close to unity, but the most recent studies show the ratio to be 2.760 ± 0.040 ± 0.034 [2]. The direct weak decay D^0 → K^0K̄^0 is expected to occur primarily via two W -exchange diagrams, which in a four-quark model under SU(3) is expected to be zero due to destructive interference [3]. Hence, substantial contributions to the rate for D^0 → K^0K̄^0 are expected from rescattering in such channels as D^0 → K^{∗+}K^{∗−}, D^0 → π^+π^−, and D^0 → ρ^+ρ^− [4–6]. Theoretical estimates of SU(3)-breaking effects give branching fractions ranging from a few parts in 10^4 [5] up to 0.3% [4]. Here we study the decay mode D^0 → K^0_S K^0_S , whose branching fraction should be half that of D^0 → K^0K̄^0. Note that the decay mode D^0 → K^0_SK^0_L is forbidden by CP conservation. Understanding SU(3) flavor symmetry breaking is important in attempting to quantify Standard Model contributions to D^0 − D̄^0 mixing [7]. The decay mode D^+ → K^+K^0_S is useful for the estimation of SU(3)-violating effects in the D meson system [8]. Thus, a precise measurement of the absolute branching fraction of D → KK̄ modes will test our current understanding of the Standard Model.

We use a 281 pb^{−1} data sample of e^+e^− collisions at a center-of-mass energy of approximately 3770 MeV produced at the Cornell Electron Storage Ring (CESR) and recorded with the CLEO-c detector. The CLEO-c detector is a general purpose solenoidal detector that includes a tracking system for measuring momenta and specific ionization (dE/dx) of charged particles, a Ring Imaging Cherenkov detector (RICH) for particle identification, and a CsI calorimeter for detection of photons. The details of the CLEO-c detector have been described elsewhere [9–11].

We are interested in events of the type e^+e^− → ψ(3770) → DD̄. The D mesons have energy equal to the beam energy since the ψ(3770) resonance is below the kinematic threshold for DD̄π production. After selecting candidate particles that may be the daughters of a D meson decay, we define the following two variables, ΔE ≡ ∑ i E_i − E_{beam} and M_{BC} ≡ √ E^2_{beam} − | ∑ i p_i|^2, where E_i and p_i are the energies and momenta respectively of the D meson daughters and E_{beam} is the beam energy. If the event is reconstructed correctly, ΔE should be consistent with zero and the beam constrained mass M_{BC} should be consistent with the mass of the D meson.

In selecting events, charged tracks are required to satisfy criteria based on the track quality [12]. They must also be consistent with coming from the interaction point in three dimensions. Pions and kaons are identified by consistency with the expected dE/dx and, when available, RICH information. We also require that |ΔE| be less than 20 MeV. Other selection criteria are mode dependent as described below. Charge-conjugate modes are implied throughout.

In selecting events for the mode D^0 → K^+K^−, we veto events that contain leptons, e.g. cosmic rays and Bhabha events, and furthermore require cos θ > −0.9 for K^− and cos θ < 0.9 for K^+, where θ is the angle between the e^+ direction and the kaon momentum direction. The cos θ criterion is useful to further suppress radiative Bhabha background events that have the same energy loss at about 800 MeV as the kaons in D^0 → K^+K^−.

In selecting events for the mode D^+ → K^+K^0_S , we require the K^0_S candidate invariant mass to be within 12 MeV/c^2, or roughly 4.5σ, of the known K^0_S invariant mass [13] and require the K^0_S candidate to have a flight distance significance (L/σ_L) greater than two in

FIG. 1: M_{BC} plots for data, left to right: D^0 → K^+K^− and D^+ → K^+K^0_S .

FIG. 2: D^0 → K^0_S K^0_S plots for data, left to right: M_{BC} fits for the signal region for D^0 → K^0_S K^0_S , sideband region 1 for D^0 → K^0_S K^0_S and sideband region 2 for D^0 → K^0_S K^0_S .

order to separate true K^0_S particles from pairs of pions produced at the interaction point.

The mode D^0 → K^0_S K^0_S has significant backgrounds, mostly from the mode D^0 → K^0_S π^+π^− where the π^+ and the π^− have an invariant mass consistent with the K^0_S mass. Therefore, similar to our analysis of the mode D^+ → K^+K^0_S , we require the flight distance significance for each of the K^0_S candidates to be greater than two. Furthermore, we perform a background subtraction where we take the region |M_π+_π− − M_K0_S | < 7.5 MeV/c^2 to be our signal region and take the region 20 > |M_π+_π− −M_K0_S | > 9 MeV/c^2 to be our background region, where M_π+_π− is the reconstructed K^0_S candidate invariant mass and M_K0_S is the known K^0_S invariant mass [13]. This will be described in detail later.

The branching fractions are calculated using B = Y/2ϵN_D¯_D, where Y is the measured signal yield, ϵ is the efficiency obtained from Monte Carlo simulations, and N_D¯_D is the produced number of DD̄ pairs (charged or neutral depending on the decay mode) in our data sample. We use N_D¯_D from Ref. [12].

To determine the measured yields, we perform an unbinned maximum likelihood fit to a signal shape and one background component to extract signal yields from the M_{BC} distributions. The signal shape includes the effects of beam energy spread, initial state radiation, the line shape of the ψ(3770), and reconstruction resolution [12]. The background is described by an ARGUS function [14], which models combinatorial contributions. We have validated our analysis procedure by studying simulated DD̄ events in a sample 40 times the size of our

TABLE I: Efficiencies and yields with their statistical uncertainties. The yield for D^0 → K^0_S K^0_S is the yield after background subtraction.

Mode Efficiency (%) Yield D^0 → K^+K^− 56.47 ± 0.33 4746 ± 74 D^0 → K^0_S K^0_S 22.75 ± 0.22 68 ± 15 D^+ → K^+K^0_S 38.29 ± 0.28 1971 ± 51

FIG. 3: (M_π+_π− − M_K0_S ) vs. (M_π+_π− − M_K0_S ) for D^0 → K^0_S K^0_S candidates. The region labeled ‘S’ is the signal region, the regions labeled ‘1’ are the sideband 1 region, and the regions labeled ‘2’ are the sideband 2 region.

data set and we reproduce the input branching fractions to within statistical uncertainties. Our fits to the data are shown in Figs. 1 and 2, and our efficiencies, along with the fitted yields, are given in Table I.

The scatter plot for the two K^0_S candidate invariant masses in data in the region |M_π+_π− − M_K0_S | < 20 MeV/c^2 is shown in Fig. 3, where M_π+_π− is the reconstructed K^0_S candidate invariant mass and M_K0_S is the known K^0_S invariant mass [13]. The order of the two K^0_S candidates is essentially random as it is determined by the order the tracks were found in the event. We expect the bulk of the signal to be in the central (signal) region which we define to be |M_π+_π− − M_K0_S | < 7.5 MeV/c^2 for the two K^0_S candidates. In order to account for D^0 → K^0_S π^+π^− and other background events entering into the signal region of D^0 → K^0_S K^0_S , we perform a background subtraction. We then take the four sideband regions where one K^0_S candidate has 20 > |M_π+_π− − M_K0_S | > 9 MeV/c^2 and the other K^0_S candidate has |M_π+_π− − M_K0_S | < 7.5 MeV/c^2. We call this region sideband 1. Finally we take the four corner regions where both K^0_S candidates satisfy 20 > |M_π+_π− − M_K0_S | > 9 MeV/c^2. We call this region sideband 2. The number of candidate events in each region is determined by a fit to the M_{BC} distribution of the D meson candidates and are found to be S = 95 ± 13, S_1 = 40 ± 11, and S_2 = 2 ± 3 for the signal region, sideband 1, and sideband 2 respectively. We let r_1 denote the ratio of the area in the signal region to the sideband region 1 and r_2 denote the ratio of the area in the signal region to the sideband region 2. Then the total

TABLE II: Measured branching fractions and PDG values [13]; the first uncertainty is statistical and the second uncertainty is systematic.

Mode Our Result PDG 2007 B(D^0 → K^+K^−) (4.08 ± 0.08 ± 0.09) × 10^{−3} (3.85 ± 0.09) × 10^{−3} B(D^0 → K^0_S K^0_S ) (1.46 ± 0.32 ± 0.09) × 10^{−4} (3.6 ± 0.7) × 10^{−4} B(D^+ → K^+K^0_S ) (3.14 ± 0.09 ± 0.08) × 10^{−3} (2.95 ± 0.19) × 10^{−3}

yield Y is given by Y = S − 2r_1S_1 + r_2S_2. Note that S_1 is the measured yield in two bands, so after rescaling S_1 with r_1, a factor of two is needed in the second term on the right hand side to account for the fact that two bands are overlapping in the signal region. The third term is added since the second term oversubtracts the uniform background, but we find that S_2 is much smaller than S and S_1. We have r_1 = 225/660 and r_2 = 225/484.

We have studied various systematic uncertainties in our analysis. These include particle identification efficiency, tracking efficiency, uncertainties in the fitting procedure, and the uncertainties due to the ΔE selection criterion. Using techniques outlined in Ref. [12], the systematic error in the absolute tracking efficiency for pions (kaons) was determined to be 0.3% (0.7%). We have also determined that our Monte Carlo simulation accurately models the identification efficiency of pions, kaons, and K^0_S to within 0.3%, 0.2%, and 1.9% respectively. To determine the systematic errors due to the fitting procedure, we varied the background shape and the momentum resolution in the fit and compared the variations in the fit yield. These have been determined to be 0.8%, 0.6%, and 4.1% for each of the modes D^0 → K^+K^−, D^+ → K^+K^0_S , and D^0 → K^0_S K^0_S respectively. To determine the systematic error due to the ΔE criterion, we varied the ΔE criterion and studied its effect on the yield. This has a negligible effect for the modes D^0 → K^+K^−, D^+ → K^+K^0_S , and for the mode D^0 → K^0_S K^0_S we assign a systematic error of 2.0%. Finally, we determined that the systematic error due to background subtraction in the mode D^0 → K^0_S K^0_S is negligible.

The measured branching fractions are summarized in Table II. We use the DD̄ yields N_D0¯_D0 = (1.031 ± 0.008 ± 0.013) × 10^6 and N_D+_D− = (0.819 ± 0.008 ± 0.010) × 10^6 as measured in Ref. [12] to determine our branching fractions. We also determined the ratio of branching fractions B(D^0 → K^+K^−) to B(D^0 → π^+π^−), where the latter branching fraction has previously been measured using the same data sample [15], to be B(D^0 → K^+K^−)/B(D^0 → π^+π^−) = 2.89 ± 0.05 ± 0.06, consistent with the previous measured value of B(D^0 → K^+K^−)/B(D^0 → π^+π^−) = 2.760 ± 0.040 ± 0.034 [2]. The modes D^0 → K^+K^− and D^+ → K^+K^0_S are consistent with the PDG average. Finally, for the D^0 → K^0_S K^0_S mode, our errors are significantly smaller than previous measurements, while our branching fraction is about a factor of 2.4 (2.7 standard deviations) smaller [13].

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, the Natural Sciences and Engineering Research Council of Canada, and the U.K. Science and Technology Facilities Council.

[1] D. M. Asner et al. (CLEO Collaboration), Phys. Rev. D 54, 4211 (1996). [2] D. Acosta et al. (CDF Collaboration), Phys. Rev. Lett. 94, 122001 (2005). [3] R. L. Kingsley, S. B. Treiman, F. Wilczek, and A. Zee, Phys. Rev. D 11, 1919 (1975). [4] X. Y. Pham, Phys. Lett. B 193, 331 (1987).

[5] J. O. Eeg, S. Fajfer, and J. Zupan, Phys. Rev. D 64, 034010 (2001). [6] Y.-S. Dai et al. Phys. Rev. D 60, 014014 (1999).

[7] A. F. Falk, Y. Grossman, Z. Ligeti, and A. A. Petrov, Phys. Rev. D 65, 054034 (2002). [8] K. Arms et al. (CLEO Collaboration), Phys. Rev. D 69, 071102 (2004). [9] Y. Kubota et al., Nucl. Instrum. Methods Phys. Res., Sect. A 320, 66 (1992). [10] D. Peterson et al., Nucl. Instrum. Methods Phys. Res., Sect. A 478, 142 (2002). [11] M. Artuso et al., Nucl. Instrum. Methods Phys. Res., Sect. A 554, 147 (2005). [12] S. Dobbs et al. (CLEO Collaboration), Phys. Rev. D. 76, 112001 (2007). [13] W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) and 2007 partial update for the 2008 edition.

[14] H. Albrecht et al. (ARGUS Collaboration), Phys. Lett. B 229, 304 (1989). [15] P. Rubin et al. (CLEO Collaboration), Phys. Rev. Lett. 96, 081802 (2006).