CLEO CONF 03-03 EPS-208

A Dalitz Plot Analysis of D^0 → π^−π^+π^0 Decays in CLEO II.V^∗

V. V. Frolov,^1 K. Y. Gao,^1 D. T. Gong,^1 Y. Kubota,^1 S. Z. Li,^1 R. Poling,^1 A. W. Scott,^1 A. Smith,^1 C. J. Stepaniak,^1 J. Urheim,^1 Z. Metreveli,^2 K.K. Seth,^2 A. Tomaradze,^2 P. Zweber,^2 J. Ernst,^3 H. Severini,^4 P. Skubic,^4 S.A. Dytman,^5 J.A. Mueller,^5 S. Nam,^5 V. Savinov,^5 G. S. Huang,^6 J. Lee,^6 D. H. Miller,^6 V. Pavlunin,^6 B. Sanghi,^6 E. I. Shibata,^6 I. P. J. Shipsey,^6 D. Cronin-Hennessy,^7 C. S. Park,^7 W. Park,^7 J. B. Thayer,^7 E. H. Thorndike,^7 T. E. Coan,^8 Y. S. Gao,^8 F. Liu,^8 R. Stroynowski,^8 M. Artuso,^9 C. Boulahouache,^9 S. Blusk,^9 E. Dambasuren,^9 O. Dorjkhaidav,^9 R. Mountain,^9 H. Muramatsu,^9 R. Nandakumar,^9 T. Skwarnicki,^9 S. Stone,^9 J.C. Wang,^9 A. H. Mahmood,^{10} S. E. Csorna,^{11} I. Danko,^{11} G. Bonvicini,^{12} D. Cinabro,^{12} M. Dubrovin,^{12} A. Bornheim,^{13} E. Lipeles,^{13} S. P. Pappas,^{13} A. Shapiro,^{13} W. M. Sun,^{13} A. J. Weinstein,^{13} R. A. Briere,^{14} G. P. Chen,^{14} T. Ferguson,^{14} G. Tatishvili,^{14} H. Vogel,^{14} M. E. Watkins,^{14} N. E. Adam,^{15} J. P. Alexander,^{15} K. Berkelman,^{15} V. Boisvert,^{15} D. G. Cassel,^{15} J. E. Duboscq,^{15} K. M. Ecklund,^{15} R. Ehrlich,^{15} R. S. Galik,^{15} L. Gibbons,^{15} B. Gittelman,^{15} S. W. Gray,^{15} D. L. Hartill,^{15} B. K. Heltsley,^{15} L. Hsu,^{15} C. D. Jones,^{15} J. Kandaswamy,^{15} D. L. Kreinick,^{15} A. Magerkurth,^{15} H. Mahlke-Krüger,^{15} T. O. Meyer,^{15} N. B. Mistry,^{15} J. R. Patterson,^{15} T. K. Pedlar,^{15} D. Peterson,^{15} J. Pivarski,^{15} S. J. Richichi,^{15} D. Riley,^{15} A. J. Sadoff,^{15} H. Schwarthoff,^{15} M. R. Shepherd,^{15} J. G. Thayer,^{15} D. Urner,^{15} T. Wilksen,^{15} A. Warburton,^{15} M. Weinberger,^{15} S. B. Athar,^{16} P. Avery,^{16} L. Breva-Newell,^{16} V. Potlia,^{16} H. Stoeck,^{16} J. Yelton,^{16} B. I. Eisenstein,^{17} G. D. Gollin,^{17} I. Karliner,^{17} N. Lowrey,^{17} C. Plager,^{17} C. Sedlack,^{17} M. Selen,^{17} J. J. Thaler,^{17} J. Williams,^{17} K. W. Edwards,^{18} and D. Besson^{19}

(CLEO Collaboration) 1University of Minnesota, Minneapolis, Minnesota 55455 2Northwestern University, Evanston, Illinois 60208 3State University of New York at Albany, Albany, New York 12222 4University of Oklahoma, Norman, Oklahoma 73019 5University of Pittsburgh, Pittsburgh, Pennsylvania 15260 6Purdue University, West Lafayette, Indiana 47907 7University of Rochester, Rochester, New York 14627 8Southern Methodist University, Dallas, Texas 75275 9Syracuse University, Syracuse, New York 13244 10University of Texas - Pan American, Edinburg, Texas 78539 11Vanderbilt University, Nashville, Tennessee 37235 12Wayne State University, Detroit, Michigan 48202 13California Institute of Technology, Pasadena, California 91125 14Carnegie Mellon University, Pittsburgh, Pennsylvania 15213 15Cornell University, Ithaca, New York 14853 16University of Florida, Gainesville, Florida 32611 17University of Illinois, Urbana-Champaign, Illinois 61801 18Carleton University, Ottawa, Ontario, Canada K1S 5B6 and the Institute of Particle Physics, Canada 19University of Kansas, Lawrence, Kansas 66045 (Dated: June 24, 2003)

Abstract

Using the 9fb^{−1} data sample collected with the CLEO II.V detector at the Cornell Electron Storage Ring, we have studied the resonant substructure of the Cabibbo suppressed decay D^0 → π^−π^+π^0. We observe significant contributions from the ρ^−π^+, ρ^+π^−, ρ^0π^0, and non-resonant channels, and present preliminary results of the amplitudes, phases, and fit fractions for these sub-modes. No evidence for the σ(500) or more massive ρ resonances was found. We observe no CP violation, finding A_{CP} = 0.01^{+0.09}_{−0.07} ± 0.09.

∗Submitted to the International Europhysics Conference on High Energy Physics, July 2003, Aachen

I. INTRODUCTION

A. Motivation

Three-body decays provide a rich laboratory in which to study the interference between intermediate state resonances, and can provide a direct probe of final state interactions. When a particle decays into three or more daughters, intermediate resonances dominate the decay rate and will cause a non-uniform distribution of events in phase space when analyzed using a “Dalitz plot” technique.[1] Since all events of a particular decay mode have the same final state, multiple resonances at the same location in phase space will interfere. This provides the opportunity to experimentally measure both the amplitudes and phases of the intermediate decay channels, which in turn allows us to calculate their fit fractions as well as set limits on CP violating asymmetries.

This paper describes a study of the underlying structure in the decay D^0 → π^−π^+π^0, and is motivated in part by E791’s recent work on D^+ → π^−π^+π^+ which found significant evidence for a broad neutral scalar resonance, the σ(500).[3]

Since D^0 → π^−π^+π^0 is a CP eigenstate, we also look for CP violation. With no CP violation, D^0 → ρ^+π^− should have the same amplitudes and phases as D^0 → ρ^−π^+. Recent theoretical works suggest that CP violation in D^0 → π^−π^+π^0 may be as large as 0.1%. [4, 5].

B. Three Body Decays

In this analysis we are studying the decay of a spin zero D into three spin zero π’s, hence two degrees of freedom are needed to completely describe the system.^1 A convenient choice is to pick any two of the ππ invariant mass squared terms, for example m^2_π−_π+ and m^2_π+_π0 since, when averaged over intermediate spin states, the phase-space for the decay is independent of position in (m^2_π−_π+ , m^2_π+_π0 ) space. A Dalitz plot is simply a scatter plot of all event candidates in the (m^2_π−_π+ , m^2_π+_π0 ) plane. Since phase-space is uniform in these variables, any structure that shows up in the Dalitz plot is due entirely to the matrix element of the decay. Intermediate resonances will show up as bands on the Dalitz plot. Loosely stated, the structure within each band tells us about the spin of the resonance, the number of events in each tells us about relative amplitudes, and the regions of overlap between the bands contains information about relative phases.

Figure 1 shows a Dalitz plot of all events passing the analysis selection requirements in this analysis. It is clear that the distribution of events is not uniform. Indeed, bands centered at mass-squared values appropriate for ρ(770) mesons can clearly be seen along both axes. The fact that these bands are not uniform, but rather are populated toward the edges of the plot, indicates that they are due to spin-1 resonances. The narrow uniform band at m^2_π−_π+ ∼ 0.25 GeV^2 is due to D^0 → K^0_Sπ^0 decays.

1 Each daughter has 4 degrees of freedom, for a total of 12. Energy and momentum conservation fixes 4 of these. Knowledge of the daughter masses fixes 3 more. Since overall spatial orientation is irrelevant, 3 more are fixed, leaving 2.

FIG. 1: The D^0 → π^−π^+π^0 Dalitz plot after final event selection.

C. Resonances

The technique used in this analysis is to fit the (m^2_π−_π+ , m^2_π+_π0 ) event distribution from data with various models containing collections of possible resonant as well as non-resonant contributions. Any non-resonant contribution is assumed to be uniform across the Dalitz plot, and all resonances are represented by a Breit-Wigner lineshape times appropriate factors:

M_D0_{→(AB)C} = F_D0 (q^2)F_{res}(q^2) A_S m^2_{res} − q^2 − im_{res}Γ(q) , (1)

where q^2 = m^2_{AB} is the reconstructed invariant mass squared of the (AB) candidate, m_{res} is the nominal mass of the resonance, F_D0 (q^2) and F_{res}(q^2) are form-factors[6], and Γ(q) is a mass-dependent width.[7] The term in the numerator, A_S , comes from angular momentum considerations and depends on the spin S of the resonance. For spin 0 resonances, A_0 = 1, and for spin 1, A_1 = m^2_{AC} − m^2_{BC} + (m^2_D0 − m^2_C )(m^2_B − m^2_A)/m^2_{res}.

It is unknown, a priori, how much of each possible resonance will be required to fit the data, thus we weigh each Breit-Wigner term in the matrix element with its own amplitude A and phase ϕ. The total matrix element is simply a sum of the matrix elements for all resonances under consideration in a given model:

M_D0_{→π}−_π+_π0 = A_{non res} × e^{i ϕnon res} + A_ρ+_π− × e^{i ϕρ+π−} × M_D0_{→ρ}+_π− + A_ρ−_π+ × e^{i ϕρ−π+} × M_D0_{→ρ}−_π+ + A_ρ0_π0 × e^{i ϕρ0π0} × M_D0_{→ρ}0_π0 + . . . (2)

It is clear from a simple examination of the Dalitz plot shown in Figure 1 that there are at least three resonant contributions to the D^0 → π^−π^+π^0 decay: ρ^0π^0, ρ^+π^−, and ρ^−π^+. Not obvious is the extent to which other resonances may also be contributing, and the level at which a non-resonant component is present. As described below, our procedure was to start with the three ρπ resonances and add other components one at a time to see which improved the fit and yielded fit fractions which were not consistent with zero.

The long lifetime of the K^0_S means that the two-body decay D^0 → K^0_Sπ^0 will not interfere with any other resonances, thus we treat the K^0_S as part of the background.

II. ANALYSIS

A. General Overview

We are searching for the following decay chain:^2

D^{∗+} → D^0 π^+_{slow}

→ π^− π^+ π^0 → γ γ We require that the D^0 mesons under study come from decaying D^{∗+}’s. This additional constraint greatly reduces the background without a large signal loss, and since the charge of π^+_{slow} is correlated to the charge of the charm quark in the D meson, it also provide a method for differentiating between D^0 → π^−π^+π^0 and D^0 → π^+π^−π^0 which are otherwise indistinguishable.

We first construct π^0 candidates from photon candidates in the electromagnetic calorimeter. Next, we construct D^0 candidates by combining π^0 with pairs of oppositely charged tracks. D^{∗+}’s are built by adding π^+_{slow} candidates to the D^0’s. Combinatoric background is significantly reduced by demanding that the mass of the D and the D^∗ − D mass difference both be within one standard deviation of the nominal value, and that the scaled momentum of the D^∗, x_D∗ = p_D∗ /p_D∗_{,max}, is greater than 0.7.

B. Dalitz Fitter

To fit the data to the matrix element model shown in Equation 2, we used a MINUITbased unbinned maximum likelihood fitter, minimizing F = ∑ events (−2 ln L), (3)

2 Charge conjugation implied throughout.

where L = ( F E(m^2_π−_π+ , m^2_π+_π0 ) |M_D0_{→π}−_{π+π}0 |^2 N_{signal} + (1 − F )

B(m^2_π−_π+ , m^2_π+_π0 ) N_{background} ) (4)

represents the likelihood that a given candidate is either signal or background as a function of the fit parameters which determine M_D0_{→π}−_{π+π}0 , and

• F is the fraction of signal events in the sample, about 80% in this analysis, obtained by fitting the D^0 → π^−π^+π^0 mass distribution.

• E(m^2_π−_π+ , m^2_π+_π0 ) is the efficiency for an event falling at point (m^2_π−_π+ , m^2_π+_π0 ) in the Dalitz plot to be detected by CLEO and to pass all of our analysis cuts. This shape was determined by fitting a 2D cubic polynomial to reconstructed signal Monte Carlo generated uniformly in phase-space.

• B(m^2_π−_π+ , m^2_π+_π0 ) is the background level at point (m^2_π−_π+ , m^2_π+_π0 ). The background shape was studied using data from a D^{∗+} − D^0 mass difference sideband, and was parameterized by a cubic polynomial plus additional terms representing real K^0_S and ρ meson decays. • N_{signal} = ∫ E(m^2_π−_π+ , m^2_π+_π0 ) |M_D0_{→π}−_{π+π}0 |^2dDP is the signal normalization. • N_{background} = ∫ B(m^2_π−_π+ , m^2_π+_π0 )dDP is the background normalization.

III. PRELIMINARY RESULTS

The preliminary results shown below represent the full CLEO II.V [8, 9] dataset of 9 fb^{−1}. Figure 2 shows the three binned Dalitz plot projections for both the data and the best fit.

The only significant contribution to the resonant substructure of this decay was seen from the D^0 → ρ^+π^−, D^0 → ρ^−π^+, and D^0 → ρ^0π^0 channels. The preliminary fit results are presented in Table I.

Resonance Amplitude Phase(^o) Fit Fraction(%) ρ^+ 1. (fixed) 0. (fixed) 76.5 ± 1.8 ± 4.8 ρ^0 0.56 ± 0.02 ± 0.07 10 ± 3 ± 3 23.9 ± 1.8 ± 4.6 ρ^− 0.65 ± 0.03 ± 0.04 −4 ± 3 ± 4 32.3 ± 2.1 ± 2.2 non res. 1.03 ± 0.17 ± 0.31 77 ± 8 ± 11 2.7 ± 0.9 ± 1.7

TABLE I: Preliminary Fit Results

Adding other resonances to the fit, including a scalar σ(500), did not result in a significantly improved likelihood and yielded fit fractions consistent with zero.^3

3 Work to produce upper limits is under way.

FIG. 2: Projections of the D^0 → π^−π^+π^0 Dalitz plot on the three mass-squared axes. The solid lines are binned projections of the best fit.

In addition, there was no evidence of CP asymmetry, either by comparison of the phases and amplitudes from separate fits to our D^0 → π^−π^+π^0 and D^0 → π^+π^−π^0 data samples, or in the single calculated figure of merit A_{CP} = 0.01^{+0.09}_{−0.07} ± 0.09, where

A_{CP} = ∫ |M_D0 |^2 − | | |M_{D0} | | |^2

|M_D0 |^2 + | | |M_{D0} | | |^2 dDP /∫ dDP . (5) We estimate systematic errors by varying parameters of concern and re-running the Dalitz fitter to assess the sensitivity of the results to these variations. This was done for our parameterizations of efficiency and background, our determination of signal fraction, and our event selection criteria. Further systematic studies are ongoing.

IV. CONCLUSIONS

We report preliminary results from our Dalitz analysis of D^0 → π^−π^+π^0. While we find large fit fractions for the three ρ(770) channels D^0 → ρ^+π^−, D^0 → ρ^−π^+, and D^0 → ρ^0π^0, as well as a small but significant non-resonant contribution, we do not find significant contributions from any other resonances including the σ(500).

The σ(500) remains a controversial particle. E791 found strong evidence for it in their D^+ → π^−π^+π^+ analysis[3], while we find no need for it in D^0 → π^−π^+π^0. This clearly demands further study.

The lack of a contribution from more massive ρ mesons is also worthy of comment. In CLEO’s analysis D^0 → K^−π^+π^0,[2] the ρ^+(1700) had a small yet statistically significant fit fraction. Having observed D^0 → K^−ρ^+(1700), one might expect to observe D^0 → π^−ρ^+(1700) as well, but we do not. It is interesting to note that in the D^0 → K^−π^+π^0 analysis, the nominal peak location of the ρ^+(1700) was not on the Dalitz plot so this analysis was only sensitive to the tail of this resonance. In D^0 → π^−π^+π^0, the peak of the ρ(1700) resonances are located within the Dalitz plot, making D^0 → π^−π^+π^0 a potentially more suitable laboratory for studying these heavy resonances. Again, this begs for further investigation.

Finally, we saw no evidence for CP violation, either from comparing the amplitudes, phases, and fit fractions from the separate D^0 → π^−π^+π^0 and D^0 → π^+π^−π^0 fits, or in the single A_{CP} number. Recent theoretical work permits CP violation on the order of 0.1% [4, 5] in this mode, but we do not have sufficient statistics to confront this prediction.

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, and the Texas Advanced Research Program.

[1] R. H. Dalitz, Phil. Mag. 44, 1068 (1953). [2] S. Kopp et al., Physical Review D 63, 092001 (2001). [3] E. M. Aitala et al., Phys. Rev. Lett 86, 770 (2001).

[4] F. Buccella, M. Lusignoli, and A. Pugliese, Phys. Lett. B 379, 249 (1996). [5] P. Santorelli, arXiv:hep-ph/9608236.

[6] J. Blatt and V. Weisskopt, Theoretical Nuclear Physics, New York, John Wiley and Sons (1987). [7] H. Pilkuhn, The Interactions of Hadrons, Amsterdam: North-Holland(1967). [8] Y. Kubota et al., Nucl. Instrum. Methods Phys. Res., Sect. A 320, 66 (1992). [9] T.S. Hill, Nucl. Instrum. Methods Phys. Res., Sect. A 418, 32 (1998).