arXiv:0909.5111v1 [hep-ph] 28 Sep 2009

Muon g-2, rare decays P → l^+l^− and transition form factors P → γγ^∗

A.E. Dorokhov^{a∗}

aJoint Institute for Nuclear Research, Bogoliubov Laboratory of Theoretical Physics, 141980 Dubna, Moscow region, Russian Federation;

Institute for Theoretical Problems of Microphysics, Moscow State University, RU-119899, Moscow, Russian Federation

Measuring the muon anomalous magnetic moment g − 2 and the rare decays of light pseudoscalar mesons into lepton pair P → l^+l^− serve as important test of the standard model. To reduce the theoretical uncertainty in the standard model predictions the data on the transition form factors of light pseudoscalar mesons play significant role. Recently new data on behavior of these form factors at large momentum transfer was supplied by the BABAR collaboration. We comment on the (in)consistency of these data with perturbative QCD expectation.

The theoretical study and comparison with experimental results of the muon anomalous magnetic moment g −2 (see for review [1,2,3,4,5]), the rare decays of light pseudoscalar mesons into lepton pairs [6,7,8,9] offers an important low-energy test of the standard model. The discrepancy of the present standard model prediction of the muon anomalous magnetic moment with its experimental determination [10] is (24.6±8.0)·10^{−10} (3.1σ) [5]. The situation with the rare decays of light pseudoscalar mesons into lepton pairs became more pressing after recent KTeV E799-II experiment at FermiLab [11] in which the pion decay into an electron-positron pair was measured with high accuracy using the K_L → 3π process as a source of tagged neutral pions

B^{KTeV} ( π^0 → e^+e^− ) = (7.49 ± 0.38) · 10^{−8}. (1)

The standard model prediction gives [6,9]

B^{Theor} ( π^0 → e^+e^− ) = (6.2 ± 0.1) · 10^{−8}, (2)

which is 3.3σ below the KTeV result (1). The other modes are given in Table.

The main limitation for realistic predictions for these processes comes from the large distance contributions of the strong sector of the standard model where the perturbative QCD theory does

∗The author acknowledges partial support from the Scientific School grant 4476.2006.2.

not work. In order to diminish the theoretical uncertainties the usage of experimental data on the pion charge and transition form factors are of crucial importance. The first one measured in e^+e^− → π^+π^−(γ) by CMD-2 [15], SND [16], KLOE [17], BABAR [18] provides the estimate of the hadron vacuum polarization contribution to muon g − 2 with accuracy better than 1%. The second one measured in e^+e^− → e^+e^−P for spacelike photons and e^+e^− → P γ for timelike photons by CELLO [19], CLEO [20], BABAR [21,22] are essential in reducing of theoretical uncertainties in the estimates of the hadronic lightby-light process contribution to the muon g − 2 and the decays P → l^+l^−.

In Figs. 1-3 the data on the π^0, η and η^′ transition form factors from the CELLO, CLEO, BABAR collaborations are presented. The BABAR points at Q^2 = 112 GeV^2 [21] in Figs. 2 and 3 being for the timelike form factor are drawn assuming that the spacelike and timelike asymptotics are equal.

At zero momentum transfer the transition form factors are fixed by

F^2_{P γγ}∗ (Q^2 = 0, 0) = 1 (4πα)^2 64πΓ(P → γγ) M^3_P

, (3)

where α is the QED coupling constant, M_P is the resonance mass and Γ(P → γγ) is the two-photon partial width of the meson P . The axial anomaly 1

Table 1 Values of the branchings B (P → l^+l^−) obtained in our approach and compared with the available experimental results.

R_0 Unitary bound CLEO bound CLEO+OPE [9] Experiment

R_0 ( π^0 → e^+e^− ) × 10^8 ≥ 4.69 ≥ 5.85 ± 0.03 6.23 ± 0.12 6.26 7.49 ± 0.38 [11] R_0 (η → μ^+μ^−) × 10^6 ≥ 4.36 ≤ 6.23 ± 0.12 5.12 ± 0.27 4.64 5.8 ± 0.8 [12,13] R_0 (η → e^+e^−) × 10^9 ≥ 1.78 ≥ 4.33 ± 0.02 4.60 ± 0.09 5.24 ≤ 2.7 · 10^4 [14] R_0 (η^′ → μ^+μ^−) × 10^7 ≥ 1.35 ≤ 1.44 ± 0.01 1.364 ± 0.010 1.30 R_0 (η^′ → e^+e^−) × 10^{10} ≥ 0.36 ≥ 1.121 ± 0.004 1.178 ± 0.014 1.86

Figure 1. The transition form factor π^0 → γ^∗γ. The

data are from CELLO [19], CLEO [20] and BABAR [22] Collaborations. The dashed line is massless QCD asymptotic limit. (The notation for curves is explained in the text.)

predicts

F_{P γγ}∗ (Q^2 = 0, 0) ≈ 1 4π^2f_P

, (4)

where f_P is the meson decay constant. Under assumption of factorization the perturbative QCD provides the asymptotic behavior of the F^2_{P γγ}∗ (Q^2, 0) transition form factors as Q^2 → ∞ [23] F_{P γγ}∗ (Q^2 → ∞, 0) ∼ 2f_P Q^2

. (5)

Figure 2. The transition form factor η → γ^∗γ. The

data are from CELLO [19], CLEO [20] and BABAR [21] Collaborations. The CLEO results obtained in different η decay modes are averaged. (The notation for curves is explained in the text.)

The perturbative QCD corrections to this expression at large momentum transfer are extremely small [24,25,26].

To describe the soft nonperturbative region of Q^2 a simple interpolation between Q^2 → 0 and Q^2 → ∞ limits has been proposed by Brodsky and Lepage (BL) [23]:

F^{BL}_{πγγ}∗ (Q^2, 0) = 1 4π^2f_P 1 1 + Q^2/(8π^2f^2_P )

, (6)

where the values of f_P are estimated from (3)

Muon g-2, rare decays P → l^+l^− and transition form factors P → γγ^∗ 3

Figure 3. The transition form factor η^′ → γ^∗γ. The

data are from CELLO [19], CLEO [20] and BABAR [21] Collaborations. The dashed line is the perturbative QCD asymptotic limit. The CLEO results obtained in different η decay modes are averaged. (The notation for curves is explained in the text.)

and (4) [20]: f_π = 92.3 MeV, f_η = 97.5 MeV, f_η′ = 74.4 MeV.

The CLEO (and CELLO) collaboration parameterized their data by similar to (6) formula but with the pole mass being free fitting parameter [20]

F^{CLEO} πγγ^∗ (Q 2, 0) = 1 4π^2f_R 1 1 + Q^2/Λ^2_R

, (7)

where Λ_π = 776 ± 22 MeV, Λ_η = 774 ± 29 MeV, and Λ_η′ = 859 ± 28 MeV.

The asymptotics (5) are shown by dotted lines, the BL interpolations are given by dot-dot-dashed lines, and the CLEO parametrization extrapolated to higher momentum transfer is shown by dot-dashed lines in Figs. 1-3. We see that the QCD inspired expression (6) works well only for the η meson form factor (Fig. 2), while the CLEO parametrization (7) underestimates the large Q^2 behavior. From other side the CLEO parametrization well describes the η^′ meson form factor (Fig. 3), but the BL expression strongly underestimates the large Q^2 behavior. We still have good description of the η^′ meson form factor by BL formula if one takes f_η′ = 125 MeV (short dashed line in Fig. 3), but then the normalization is incorrect.

For the η and η^′ mesons the parametrizations (6) and (7) reflect correctly the experimental data at large Q^2 at qualitative level. This is not the case for the pion form factor showing the growth at large Q^2 unexpected from the QCD factorization approach (Fig. 1). However, this growth is easy to explain [28] in the context of the quark model [27]. Within this model, the pion form factor is given by the quark-loop (triangle) diagram with momentum independent constituent quark mass serving as an infrared regulator. The form factor has double logarithmic asymptotics at large Q^2: log^2(Q^2/M^2_q ) and is given by [27]

F_{πγγ}∗ (Q^2, 0) = m^2_π m^2_π + Q^2 1 2 arcsin^2(^{mπ}_{2MQ} )

·{2 arcsin^2( m_π 2M_Q ) + 1 2 ln^2 β_Q + 1 β_Q − 1 }. (8)

where β_Q = √ 1 +^{4M 2Q}_{Q2} .

Within perturbative QCD the possible scenario to explain the form factor growth faster than expected is to assume that the pion distribution amplitude is flat and there is no QCD evolution [29]. In the proposed model the pion transition form factor is

F_{πγγ}∗ (Q^2, 0) = 2 3 f_π Q^2 · ∫_1 0 dx x [ 1 − exp ( − xQ^2 2σ(1 − x) )] . (9)

and has logarithmically enhanced asymptotic behavior ∼ log ( 1 + Q^2/σ ) . The solid line in Fig. 1 is the pion transition form factor calculated from massive triangle diagram, Eq. (8), with mass parameter taken as M_Q = 135 MeV. It describes well the BABAR data and practically coincides with the dashed line obtained from the model (9), with the parameter taken as σ = 0.48 GeV^2.

The possible origin in difference of asymptotic behavior of the pion and η(^′) meson form factors is with flavor composition of mesons^2. The pion consists of almost massless u, d quarks, while the η(^′) mesons include also s quark. The s quark with mass m_s of order Λ_{QCD} may be considered as a heavy one. Recently the similar behavior like predicted by (7) was found for γγ^∗ → η_c transition form factor measured by the BABAR collaboration for the range Q^2 = 2 − 50 GeV^2 [30]. The corresponding fitted mass parameter is Λ_{ηc} = 2.92 ± 16 GeV.

It is important to confirm the theoretical base for maximally model independent prediction of the branchings (see Table) by getting more precise data on the pion transition form factor in asymmetric as well in symmetric kinematics in wider region of momentum transfer that is soon expected from the BABAR, BELLE (at large momentum transfer) and KEDR (at small momentum transfer) collaborations.

We are grateful to the Organizers and personally S. Dubnicka, A.-Z. Dubnickova, E. Bartos, M. Hnatic for a nice meeting and kind invitation to present our results. The author thanks S.B. Gerasimov, V.P. Druzhinin, N.I. Kochelev, S.V. Mikhailov, A.V. Radyushkin for discussions on the interpretation of the high momentum transfer data for the pseudoscalar meson transition form factors.

REFERENCES

1. J. P. Miller, E. de Rafael and B. L. Roberts, Rept. Prog. Phys. 70 (2007) 795 [arXiv:hep-ph/0703049].

2. M. Passera, Nucl. Phys. Proc. Suppl. 169 (2007) 213 [arXiv:hep-ph/0702027].

3. A. E. Dorokhov, Acta Phys. Polon. B 36 (2005) 3751 [arXiv:hep-ph/0510297].

4. F. Jegerlehner and A. Nyffeler, Phys. Rept.

477 (2009) 1 [arXiv:0902.3360 [hep-ph]]. 5. J. Prades, arXiv:0909.2546 [hep-ph]. 6. A. E. Dorokhov and M. A. Ivanov, Phys. Rev.

D75 (2007) 114007.

7. A. E. Dorokhov and M. A. Ivanov, JETP Lett. 87 (2008) 531, hep-ph/0803.4493.

8. A. E. Dorokhov, E. A. Kuraev,

2I am indebted to N.I. Kochelev for discussion this point.

Yu. M. Bystritskiy and M. Secansky, Eur. Phys. J. C 55 (2008) 193, hep-ph/0801.2028.

9. A. E. Dorokhov, M. A. Ivanov and S. G. Kovalenko, Phys. Lett. B 677 (2009) 145 [arXiv:0903.4249 [hep-ph]].

10. G. W. Bennett et al. [Muon G-2 Collaboration], Phys. Rev. D 73 (2006) 072003 [arXiv:hep-ex/0602035].

11. E. Abouzaid et al. Phys. Rev. D75 (2007) 012004.

12. C. Amsler et al. [Particle Data Group], Phys.

Lett. B 667 (2008) 1.

13. R. Abegg et al., Phys. Rev. D 50 (1994) 92. 14. M. Berlowski et al., Phys. Rev. D 77 (2008) 032004.

15. R. R. Akhmetshin et al. [CMD-2 Collaboration], Phys. Lett. B 648 (2007) 28 [arXiv:hep-ex/0610021].

16. M. N. Achasov et al., J. Exp. Theor. Phys.

103 (2006) 380 [Zh. Eksp. Teor. Fiz. 130 (2006) 437] [arXiv:hep-ex/0605013].

17. A. Aloisio et al. [KLOE Collaboration], Phys. Lett. B 606 (2005) 12 [arXiv:hep-ex/0407048].

18. :. B. Aubert [The BABAR Collaboration], arXiv:0908.3589 [hep-ex].

19. H. J. Behrend et al. [CELLO Collaboration], Z. Phys. C 49 (1991) 401.

20. CLEO, J. Gronberg et al., Phys. Rev. D57 (1998) 33.

21. B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 74 (2006) 012002 [arXiv:hep-ex/0605018].

22. B. Aubert et al. [The BABAR Collaboration], Phys. Rev. D 80 (2009) 052002 [arXiv:0905.4778 [hep-ex]].

23. S. J. Brodsky and G. P. Lepage, Phys. Rev.

D 24 (1981) 1808.

24. M. K. Chase, Nucl. Phys. B 167 (1980) 125. 25. E. Braaten, Phys. Rev. D 28 (1983) 524. 26. E. P. Kadantseva, S. V. Mikhailov and A. V. Radyushkin, Yad. Fiz. 44 (1986) 507 [Sov. J. Nucl. Phys. 44 (1986) 326].

27. L. Ametller, L. Bergstrom, A. Bramon and E. Masso, Nucl. Phys. B 228 (1983) 301.

28. A. E. Dorokhov, arXiv:0905.4577 [hep-ph]. 29. A. V. Radyushkin, arXiv:0906.0323 [hep-ph]. 30. V. P. Druzhinin, arXiv:0909.3148 [hep-ex].