International Journal of Modern Physics A © World Scientific Publishing Company

Precision Measurements of the Semileptonic Charm Decays D^0 → π^−ℓ^+ν and D^0 → K^−ℓ^+ν

F. Liu Representing the CLEO Collaboration Southern Methodist U. Group, Wilson Lab, Cornell University, Ithaca, New York 14853

We investigate the decays D^0 → π^−ℓ^+ν and D^0 → K^−ℓ^+ν, where ℓ is e or μ, using approximately 7 fb^{−1} of data collected with the CLEO III detector. We find R_0 ≡ B(D^0 → π^−e^+ν)/B(D^0 → K^−e^+ν) = 0.082 ± 0.006 ± 0.005. Fits to the kinematic distributions of the data provide parameters describing the form factor of each mode. Combining the form factor results and R_0 gives |f^π_+(0)|^2|V_{cd}|^2/|f^K_+ (0)|^2|V_{cs}|^2 = 0.038^{+0.006+0.005}

−0.007−0.003 .

1. Introduction

The quark mixing parameters are fundamental constants of the weak interaction. Measuring them also tests the unitarity of the quark mixing (CKM) matrix. Semileptonic decays have provided most quark coupling data^1.

We present a study of the decays D^0 → π^−ℓ^+ν and D^0 → K^−ℓ^+ν, where ℓ = e or μ. We measure the ratio of their branching fractions, R_0 ≡ B(D^0 → π^−e^+ν)/B(D^0 → K^−e^+ν), and, for the first time for D^0 → π^−ℓ^+ν, parameters describing the form factors. The study of the D^0 → π^−ℓ^+ν form factor is particularly interesting because it tests predictions for that of the closely related decay B^0 → π^−ℓ^+ν, which provides |V_{ub}|. Charge conjugate modes are implied throughout this paper. This paper is an abbreviated version of Ref.^2.

The differential partial widths for D^0 → π^−ℓ^+ν and D^0 → K^−ℓ^+ν with the lepton masses neglected, in terms of the form factor f_+(q^2), are dΓ dq^2

(D → hℓν) =

G^2_F 24π^3 p^3_h|V_{cd(s)}|^2|f^h_+(q^2)|^2.

Here h is π or K, and q^2 is the invariant mass squared of the lepton-neutrino system with m^2_ℓ ≤ q^2 ≤ m^2_D − m^2_h, m_D and m_h are the D meson and hadron masses, respectively. To reduce the form factor sensitivity of R_0 and determine the q^2 distributions, the yields are extracted in bins of q^2.

2. Analysis Techniques

We use e^+e^− → cc̄ events collected at and just below the Υ(4S) resonance with the CLEO III detector^3. A major challenge for this analysis is the contamination of 1

2 F. Liu

the D^0 → π^−ℓ^+ν sample by D^0 → K^−ℓ^+ν decays, which are about a factor of 10 more common. The use of a Ring-Imaging Cherenkov detector (RICH) and specific ionization in the drift chamber (dE/dx) reduces this contamination dramatically by distinguishing K from π mesons. The resulting efficiency and misidentification probability suppress misidentified D^0 → K^−ℓ^+ν decays to 15% of the D^0 → π^−ℓ^+ν signal.

D^0 candidates are reconstructed from identified lepton, hadron (π or K), and neutrino combinations. The missing momentum of the event (⃗p_{miss}) provides the first estimate of the neutrino momentum: ⃗p_ν = −⃗p_{miss}. To improve the neutrino momentum resolution, we further impose the mass constraint m_{hlν} = m_D0 (we use PDG^4 masses throughout). This constraint improves the neutrino momentum resolution by a factor of two. The detail of event selection can be found in Ref.^2.

We require that all D^0 candidates come from the decay D^{∗+} → D^0π^+. We reconstruct the D^{∗+} by pairing a pion with the appropriate charge (the “soft” pion, π_s) with the D^0 candidate and then compute the mass difference between the D^{∗+} and the D^0 candidates, Δm = m_{hℓνπs} − m_{hlν} . The signal peaks in the region Δm < 0.16 GeV (the “signal region”) with a root-mean-square width of about 10 MeV. We use the Δm distribution to extract the yields.

About half the background in the signal region is composed of candidates in which the π^+_s comes from a D^{∗+} decay. This background is troublesome because it peaks in Δm. A Monte Carlo simulation^5 shows that the dominant “peaking” background^2 in the D^0 → π^−ℓ^+ν sample comes from D^0 → K^−ℓ^+ν decays in which the K is mis-identified as a π, and from candidates in which a lepton from D^0 semileptonic decays is paired with a random pion. The remaining half of the background does not peak because the π_s is not from a D^∗ decay (the “false-π_s” background). For the more common D^0 → K^−ℓ^+ν mode, the dominant peaking background^2 comes primarily from the decay D^0 → K^{∗−}ℓ^+ν with K^{∗−} → K^−π^0.

We divide the data into three q^2 bins: [0, 0.75] (bin 1), [0.75, 1.5] (bin 2), and > 1.5 GeV^2 (bin 3). The yield in each q^2 bin for each of the modes, D^0 → K^−e^+ν, D^0 → K^−μ^+ν, D^0 → π^−e^+ν, and D^0 → π^−μ^+ν, is determined from a fit to the Δm distribution. The Monte Carlo simulation^5 provides the Δm distributions of the signal and backgrounds. The D^0 → K^−ℓ^+ν samples are fit first. The two free parameters in these fits are the normalizations of the D^0 → K^−ℓ^+ν simulated signal and of the false-π_s background relative to the data.

Then the D^0 → π^−ℓ^+ν samples are fit. The normalization of D^0 → K^−ℓ^+ν from the D^0 → K^−ℓ^+ν fits sets the normalization of the peaking background in the D^0 → π^−ℓ^+ν fits. The two free parameters in these fits are the normalizations of the D^0 → π^−ℓ^+ν signal and of the false-π_s background. The electron mode fits and their confidence levels are shown in Figure 1. The muon fits are similar, but with smaller sample sizes because of the muon momentum and angular restrictions.

Precision Measurements of the Semileptonic Charm Decays ... 3

Fig. 1. The fits to the Δm distributions for D^0 → K^−e^+ν (left) and D^0 → π^−e^+ν (right) and their confidence levels (C.L.). The data (points) are superimposed on the sum of the normalized simulated signal (peaked histogram), peaking background (dark histogram) and false-π_s background (broad histogram).

3. Results and Discussions

We sum the efficiency corrected yields over q^2 bins to find R_{0e} = 0.085±0.006±0.006 and R_{0μ} = 0.074 ± 0.012 ± 0.006 for the electron and muon modes, respectively, where the first uncertainty is statistical, and the second is systematic. We then compute the normalized q^2 distributions, which are defined as the fraction of the total corrected yield in each q^2 bin (since the D^∗ production rate is undetermined). They are shown in Figure 2. The results combine the electron and muon modes after correcting the muon modes for their reduced phase space. The systematic uncertainties are dominated by uncertainties in the backgrounds, inaccuracies in the simulation of the neutrino momentum reconstruction, and hadron misidentification.

Combining R_{0e} and R_{0μ} after applying a +1% correction to R_{0μ} to account for the reduced muon phase space, gives

R_0 = 0.082 ± 0.006 ± 0.005.

4 F. Liu

Fig. 2. Distributions in q^2 for D^0 → K^−ℓ^+ν (left) and D^0 → π^−ℓ^+ν (right), after correcting for reconstruction efficiency and smearing in q^2, and predictions^{[6−10]}. The data include statistical and systematic uncertainties.

This result is consistent with the previous world average^{4,11}, but is more precise.

We next determine parameters describing the form factors by fitting the corrected q^2 distributions. We first use a simple pole parameterization,

f^h_+(q^2) = f^h_+(0) 1 − q^2/m^2_{pole} , and vary the value of m_{pole}, constraining the integral over q^2 to unity. The quality of the fits is good. Dominance by a single pole would imply m^{D→h}_{pole} = m_D∗_{(s)} . We find m^{D→π}_{pole} = 1.86^{+0.10+0.07}

−0.06−0.03 GeV and m D→K pole = 1.89 ± 0.05

+0.04 −0.03 GeV, where the

uncertainties are statistical and systematic. We also fit the data with a modified pole distribution^{12},

f^h_+(q^2) = f^h_+(0) (1 − q^2/m^2_D∗_{(s)} )(1 − αq^2/m^2_D∗_{(s)} ) , to obtain the parameter α. We find α^{D→π} = 0.37^{+0.20}_{−0.31} ± 0.15 and α^{D→K} = 0.36 ± 0.10^{+0.03}_{−0.07}. Our results for m^{D→K}_{pole} and α^{D→K} suggest the existence of contributions beyond the pure D^∗_s pole to the D^0 → K^−ℓ^+ν form factor. For D^0 → π^−ℓ^+ν, m^{D→π}_{pole} is consistent with the D^∗ mass, though the precision is sufficient to rule out only large additional contributions.

Several predictions^{6,7,8,9,10} for the form factors are superimposed on our data in Figure 2. Most are in satisfactory agreement with the data. The ISGW2 model^6,

Precision Measurements of the Semileptonic Charm Decays ... 5

however, predicts a q^2 distribution for D^0 → K^−ℓ^+ν that peaks lower than the data, and accordingly the χ^2 with our data is poor (18 for 2 degrees of freedom).

Using the value of R_0 and parameterizing the form factors with the results of the modified pole fit, we find |f^π_+(0)|^2|V_{cd}|^2 |f^K_+ (0)|^2|V_{cs}|^2

= 0.038^{+0.006+0.005}

−0.007−0.003,

where the uncertainties are statistical (±0.003 from R_0 and ±0.006 from α) and systematic (±0.002 from R_0 and^{+0.004}_{−0.002} from α). The result is the same within 1% if we use the simple pole form factor instead. Using |V_{cd}/V_{cs}|^2 = 0.052 ± 0.001^4 gives |f^π_+(0)|/|f^K_+ (0)| = 0.86 ± 0.07^{+0.06}_{−0.04} ± 0.01, where the first error is statistical, the second is systematic, and the third is from the CKM matrix elements. This value is consistent with most expectations for SU(3) symmetry breaking^{7,8,9,13}.

4. Summary

We have presented a new measurement of the ratio of D^0 → π^−ℓ^+ν to D^0 → K^−ℓ^+ν decay rates. This result is more precise than any previous measurement by a factor of two^{4,11}. Our data also provide new information on the D^0 → K^−ℓ^+ν form factor, a first determination of the q^2 dependence of the D^0 → π^−ℓ^+ν form factor and the first model independent constraint on |f^π_+(0)||V_{cd}|/|f^K_+ (0)||V_{cs}|. Together, these offer new checks of SU(3) symmetry breaking and the form factors predicted for the semileptonic decays of heavy mesons into light ones.

References 1. F.J. Gilman, K. Kleinknecht and B. Renk, “The Cabibbo-Kobayashi-Maskawa Quark- Mixing Matrix”, S. Eidelman et al., Phys. Lett. B592, 1 (2004).

2. G. S. Huang et al., CLEO Collaboration, hep-ex/0407035, submitted to Phys. Rev.

Lett..

3. CLEO Collaboration, Y. Kubota et al., Nucl. Instr. Meth. Phys. Res., Sect. A 320, 66 (1992); G. Viehhauser, ibid 462, 146 (2001); D. Peterson et al., ibid 478, 142 (2002); M. Artuso et al., ibid 502, 91 (2003).

4. S. Eidelman et al., Phys. Lett. B592, 1 (2004).

5. R. Brun et al., GEANT 3.21, CERN Program Library Long Writeup W5013 (1993). 6. D. Scora and N. Isgur, Phys. Rev. D 52, 2783 (1995). 7. D. Melikhov and B. Stech, Phys. Rev. D 62, 014006 (2000). 8. A. Khodjamirian et al., Phys. Rev. D 62, 114002 (2000).

9. APE Collaboration, A. Abada et al., Nucl. Phys. B (Proc. Suppl.) 619, 565 (2001). 10. A. El-Khadra et al., Phys. Rev. D 64, 014502 (2001) and private communication with the authors.

11. BES Collaboration, M. Ablikim et al., Phys. Lett. B 597, 39 (2004). 12. D. Becirevic and A. Kaidalov, Phys. Lett. B 478, 417 (2000). 13. M. Okamoto et al., Nucl. Phys. Proc. Suppl. 192, 334 (2004).