arXiv:hep-ex/0608058 v2 28 Aug 2006

Improved K_L → π^±e^∓ν Form Factor and Phase Space Integral with Reduced Model Uncertainty

E. Abouzaid,^4 M. Arenton,^{10} A.R. Barker,^5 L. Bellantoni,^7 A. Bellavance,^9 E. Blucher,^4 G.J. Bock,^7 E. Cheu,^1 R. Coleman,^7 M.D. Corcoran,^9 B. Cox,^{10} A.R. Erwin,^{11} A. Glazov,^4 A. Golossanov,^{10} Y.B. Hsiung,^7 H. Huang,^5 D.A. Jensen,^7 R. Kessler,^4 H.G.E. Kobrak,^3 K. Kotera,^8 A. Ledovskoy,^{10} P.L. McBride,^7 E. Monnier,^{4, ∗} H. Nguyen,^7 R. Niclasen,^5 E.J. Ramberg,^7 R.E. Ray,^7 M. Ronquest,^{10} J. Shields,^{10} W. Slater,^2 D. Smith,^{10} N. Solomey,^4 E.C. Swallow,^{4,6} P.A. Toale,^5 R. Tschirhart,^7 Y.W. Wah,^4 J. Wang,^1 H.B. White,^7 J. Whitmore,^7 M. Wilking,^5 B. Winstein,^4 R. Winston,^4 E.T. Worcester,^4 T. Yamanaka,^8 and E. D. Zimmerman^5 (The KTeV Collaboration) 1University of Arizona, Tucson, Arizona 85721 2 University of California at Los Angeles, Los Angeles, California 90095 3University of California at San Diego, La Jolla, California 92093 4The Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637 5University of Colorado, Boulder, Colorado 80309 6Elmhurst College, Elmhurst, Illinois 60126 7Fermi National Accelerator Laboratory, Batavia, Illinois 60510 8Osaka University, Toyonaka, Osaka 560-0043 Japan 9Rice University, Houston, Texas 77005 10The Department of Physics and Institute of Nuclear and Particle Physics, University of Virginia, Charlottesville, Virginia 22901 11University of Wisconsin, Madison, Wisconsin 53706 (Dated: August 28, 2006)

Using the published KTeV sample of 2 million KL → π^±e^∓ν decays [1] and a new form factor expansion with a rigorous bound on higher order terms [2], we present a new determination of the KL → π^±e^∓ν form factor and phase space integral. Compared to the previous KTeV result [1], the uncertainty in the new form factor expansion is negligible and results in an overall uncertainty in the phase space integral (I^e_K ) that is a factor of two smaller: I^e_K = 0.15392 ± 0.00048.

PACS numbers: 13.25.Es, 14.40.Aq

Our previous analysis of semileptonic form factors [1] contributed to improving the precision in the Cabibbo- Kobayashi-Maskawa (CKM) matrix element |V_{us}| [3, 4, 5]. The published form factor results were based on linear, quadratic and pole models:

f̂^{lin}_+ (t) = 1 + λ_+ t M^2_π (1) f̂^{quad}_+ (t) = 1 + λ′_+ t M^2_π

+ λ^{′′}_+ 1 2 t^2 M^4_π (2) f̂^{pole}_+ (t) = M^{2V} M^2_V − t (3) where t = (P_K − p_π)^2 is the expansion parameter as a function of the kaon and pion four-momenta, f̂_+(t) ≡ f_+(t)/f_+(0) is the normalized form factor, and λ_+, λ^′_+, λ^{′′}_+, M^2_V are the form factor parameters measured in a fit to data. Figure 1 shows the t-distribution for K_L → π^±e^∓ν phase space with and without a form factor. The best fit to the KTeV data, with χ^2/dof = 62/65, [6] was obtained with f̂^{quad}_+ (t) (Eq. 2). The pole model, with one free parameter, also gives a good fit with

∗Permanent address C.P.P. Marseille/C.N.R.S., France

FIG. 1: calculated t-distribution, dΓ/dt, for KL → π^± e^∓ν phase space (dashed), and for phase space modified by the form factor in [1] (solid line).

χ^2/dof = 66/66. The linear model, with χ^2/dof = 81/66, is disfavored. Although the data are well described by the quadratic and pole models, the corresponding phase space integrals (I^e_K ) differ by 0.7%, which is much larger than the experimental precision of 0.3%. This 0.7% difference was arbitrarily included in the I^e_K uncertainty for the determination of |V_{us}|.

The form factor models in Eqs. 1-3 are theoretically flawed: f̂^{pole}_+ (t) makes the unlikely assumption that there is only one pole, and truncated Taylor expansions violate unitarity. These issues are addressed in a new parametrization based on analyticity and bounds from τ → Kπν decays [2]. In this paper, we present an updated form factor and phase space integral based on our published data and this new parametrization.

The new parametrization expands in the variable z(t, t_0) ≡ √ t_+ − t − √ t_+ − t_0 √ t_+ − t + √ t_+ − t_0

, (4)

where t_+ = (M_K + M_π )^2, and t_0 is an arbitrary anchor point. Note that our previous expansion parameter, t/M^2_π , has a range of values from zero to about six; the new expansion parameter is limited to |z| < 0.2. The form factor expansion in this new variable is

F^z_+(t) = F^z_+(t_0) ϕ(t_0, t_0, Q^2) ϕ(t, t_0, Q^2) ∞∑ k=0 a_k(t_0, Q^2)z(t, t_0)^k , (5)

where a_0 ≡ 1, a_k (k ≥ 1) are coefficients to be determined, Q^2 is the invariant momentum-squared of the current in the operator product expansion, and the function ϕ is defined as

ϕ(t, t_0, Q^2) = √ 1 32π z(t, 0) −t ( z(t, −Q^2) −Q^2 − t )_{3/2}

× ( z(t, t_0) t_0 − t )_{−1/2} ( z(t, t_−) t_− − t )_{−3/4} t_+ − t (t_+ − t_0)^{1/4} (6) with t_± = (M_K ±M_π )^2. The advantage of this expansion is that higher order terms are bounded by [2]

A^2 ≡ ∞∑ k=0 a^2_k ≤ 170 . (7)

Using the previously published KTeV sample of 2 million K_L → π^±e^∓ν decays, the smallest overall error on I^e_K is obtained from a second order “quadratic-z” fit to F^z_+(t) in Eq. 5. The expansion coefficients a_1(t_0, Q^2) and a_2(t_0, Q^2) depend on the choice of t_0 and Q^2 ; however, the function F^z_+(t), the calculated I^e_K value, and the uncertainty on I^e_K are independent of t_0, Q^2 [7]. We choose to fit with Q^2 = 2 GeV^2/c^2 and t_0 = 0.39t_− because this results in no correlation between a_1 and a_2 if the experimental acceptance of K_L → π^±e^∓ν decays is uniform as a function of t.

We fit the KTeV K_L → π^±e^∓ν sample to the normalized form factor, f̂^z_+(t) = F^z_+(t)/F^z_+(0) . (8)

The results are

a_1 = 1.023 ± 0.028(stat) ± 0.029(syst) (9) = 1.023 ± 0.040 (10) a_2 = 0.75 ± 1.58(stat) ± 1.47(syst) (11) = 0.75 ± 2.16 (12) χ^2/dof = 62.3/65 (13) ρ_{12} = −0.064 . (14)

The second-order term a_2 is consistent with zero, and the small correlation (ρ_{12} = −0.064) is due to the slightly non-uniform acceptance of the KTeV detector [8]. The systematic uncertainties are obtained by scaling the ratio of systematic-to-statistical uncertainties for the quadratic-t model in Table I of [1],

σ_{syst}(a_1, a_2) = σ_{stat}(a_1, a_2) × σ_{syst}(λ^′_+, λ^{′′}_+) σ_{stat}(λ^′_+, λ^{′′}_+) . (15)

Setting a_k = 0 for k ≥ 3, the resulting phase space integral is

I^e_K = 0.15392 ± 0.00035(stat) ± 0.00033(syst) ± 0.00006(th) (16) = 0.15392 ± 0.00048 , (17)

where the uncertainties are statistical, experimental systematic, and theoretical modeling of the form factor. The theory error of ±0.00006(th) is estimated by substituting the maximum allowed value for a_3 as follows,

a_3 = √ A^2_+ − a_0^2 − min(a_1^2) − min(a_2^2) (18) ≃ √ 170 − 1 − 1 − 0 ∼ 13 , (19)

and then repeating the fit for a_1 and a_2. Note that a linear fit in z gives a statistical error on I^e_K that is almost a factor of two smaller than the error from the second-order fit [9]. However, the linear fit relies on δa_2 ∼ 13 from the bound in Eq. 7, and the corresponding uncertainty in I^e_K is ∼ 0.0023, more than four times larger than the overall error from the second order fit (Eq. 17).

Comparing to our previous results in [1], our new central value for I^e_K lies between the I^e_K values determined from the quadratic-t and pole models. The new experimental error (statistical plus systematic), δ(I^e_K ) = 0.00048, is slightly larger than the experimental error reported in [1] because both K_L → π^±e^∓ν and K_L → π^±μ^∓ν were used to determine the form factors in [1], while only the K_{e3} mode is considered in this updated result. The overall error of δI^e_K = 0.00048 (Eq. 17) is two times smaller than our previously reported error; this reduced error is achieved by reducing the form factor model uncertainty from ±0.00095 in [1] to a negligible 0.00006.

Figure 2 shows the dΓ/dt distribution for different models used to fit the KTeV data. In all cases the distribution is divided by (dΓ/dt)^{lin} from the linear model (Eq. 1 with λ_+ = 0.0283) so that deviations from the linear model are more clearly visible. Our quadratic-z fit (Eq. 5) is much closer to our previous best result with a quadratic-t model (Eq. 2). A simple parametrization of the t-dependence for our fit quadratic-z model is

(dΓ/dt)^{quad−z} = (dΓ/dt)^{lin} × [1 − (0.01094)t̂ + (0.0020286)t̂^2 + (0.78398 × 10^{−4})t̂^3] , (20)

where t̂ = t/M^2_π .

We gratefully acknowledge the support and effort of the Fermilab staff and the technical staffs of the participating institutions for their vital contributions. This work was supported in part by the U.S. Department of Energy, The National Science Foundation and The Ministry of Education and Science of Japan. We also wish to thank Richard Hill for useful discussions regarding semileptonic form factors.

FIG. 2: Calculated phase space ratios versus t/M^2_π , (dΓ/dt)^{model}/(dΓ/dt)^{lin}, where model = pole (Eq. 3), quadratic-t (Eq. 2) and quadratic-z (Eq. 5). The reference model (dΓ/dt)^{lin} uses f̂^{lin}_+ (t) = 1 + 0.0283t/M^2_π .

[1] T.Alexopoulos, Phys. Rev. D 70, 092007 (2004). [2] R.Hill (2006), hep-ph/0607108.

[3] N.Cabibbo, Phys. Rev. Lett 10, 531 (1963). [4] M. Kobayashi and T. Maskawa, Prog. Theor. Phys 49, 652 (1973).

[5] H. Leutwyler and M. Roos, Z. Phys. C25, 91 (1984). [6] In [1], the reported number of degrees of freedom (dof) is off by 1; the correct dof values are reported here.

[7] The assertion that F^z_+(t), I^e_K and δ(I^e_K ) are independent of t0 and Q^2 has been verified by varying t0 , Q^2 over a large range of values.

[8] The KTeV detector acceptance for KL → π^±e^∓ν decays varies by less than 8% over the entire range of t.

[9] Results from a linear fit to Eq. 5 are: a1 = 1.024 ± 0.028(stat) ± 0.027(syst), χ^2 /dof = 62.5/66, I^e_K = 0.15406 ± 0.00020(stat) ± 0.00019(syst) ± 0.0023(th) = 0.15406 ± 0.0023.