arXiv:1202.0506v4 [hep-ph] 10 Apr 2012

τ^− → π^−π^0ν_τ decay in the extended NJL model

M. K. Volkov^∗, D. G. Kostunin^† Bogoliubov Laboratory of Theoretical Physics, JINR Dubna, 141980, Russia

April 11, 2012

Abstract

The width of the decay τ^− → π^−π^0ντ was calculated in the extended NJL model. Contact interaction of W boson with a pion pair as well as the contribution of the ρ mesons in the ground and first radial-exited states are taken into account. The sum of the contact diagram and diagram with intermediate ρ meson in the ground state leads to the result which coincides with the result of the vector-dominance model. Our results are in satisfactory agreement with experimental data.

Keywords: tau lepton decay, Nambu-Jona-Lasinio model, radial excited mesons

PACS numbers: 13.35.Dx Decays of taus 12.39.Fe Chiral Lagrangians

1 Introduction

The decay τ^− → π^−π^0ν_τ is well-studied from experimental [1–4] and theoretical [5–8] points of view. A set of phenomenological models was used for a theoretical description of τ lepton decays. The chiral NJL model was also used by one of the authors of this paper [9, 10] particularly for a description of decays τ → 3πν_τ and τ → γπν_τ . In these works intermediate axial-vector a_1 and vector ρ mesons in the ground state were taken into account. Recently, it was appeared the paper where the contribution of the intermediate ρ^′(1450) meson in an exited state was also took [11]. It made better agreement of theoretical results with experimental data in the interval of a pion pair invariant mass between 1.5 and 2 GeV [3].

In recent experiments, the influence of the intermediate radial-exited ρ mesons on the decay τ^− → π^−π^0ν_τ was included in the description of experimental data [2–4]. The Kuhn-Santamaria model [7] was used for treatment of experimental data.

In this paper, a theoretical description of the decay τ^− → π^−π^0ν_τ was given in the framework of the NJL model with intermediate vector mesons in the ground and first radial-excitation state. Firstly, the diagram with intermediate W boson (contact diagram) and the diagram with the transition of W boson into ρ(770) meson in the standard NJL model were calculated [12–20]. Then an additional diagram with radial-exited ρ^′ meson was calculated in the extended NJL model [20–23]. Let us note that the result of calculation of the first two diagrams coincides with the results obtained in the vector-dominance model [6]. The contribution of the radial-exited intermediate ρ meson to the amplitude of the decay τ → π^−π^0ν_τ is also in satisfactory agreement with recent experimental data [2–4].

2 Amplitude and width of τ → π^−π^0ν_τ decay

The amplitude of the τ → π^−π^0ν_τ decay is described in the NJL model by given the Feynman diagrams in Figs. 1 and 2.

∗E-mail address: volkov@theor.jinr.ru †E-mail address: kostunin@theor.jinr.ru

W^−

π^0 u, d π^−

ν_τ τ^−

Figure 1: Contact interaction W^− boson with a pion pair

ρ, ρ^′ W^− u, d

π^0 u, d π^−

ν_τ τ^−

Figure 2: Interaction with intermediate ρ (ρ^′) meson

For description of the W^−π^−π^0 vertex one can use the result for the ρ → ππ decay amplitude with the accounting of π – a_1 transitions. Amplitude of the ρ → ππ is g_ρ ( Z + (1 − Z) + (f_{a1} (p^2) − 1) ) ρ^−_μ (p^μ_{π−} − p^μ_{π0} )π^−π^0 , (1)

f_{a1} (p^2) = 1 + ( p^2 − m^2_π (g_ρF_π )^2 ) ( 1 − 1 Z ) , (2)

where p is the ρ meson momentum, p_π− and p_π0 are the outgoing pion momenta, g_ρ ≈ 6.14 is the decay constant of ρ → ππ, F_π = 93 MeV is the pion decay constant, Z = (1−6m^2_u/m^2_{a1} )^{−1} is the additional renormalizing factor appeared after accounting of π – a_1 transitions, m_u = 280 MeV is the constituent quark mass, m_{a1} = 1230 MeV is the mass of the a_1 meson, m_π is the mass of the π meson.

The first term of this amplitude is corresponding to triangle diagram without π – a_1 transitions, the second term is corresponding to diagram with π – a_1 transition on the one of the pion lines and the third term is corresponding to the diagram with transitions on the both pions lines^1. For description of the W^−π^−π^0 vertex g_ρ should be changed into G_F |V_{ud}|, where G_F = 1.16637 · 10^{−11} MeV^{−2} is the Fermi constant; |V_{ud}| = 0.97428 is the Cabibbo angle cosine. For the first diagram we get

T_1 = G_F |V_{ud}|f_{a1} (p^2)l_μ(p^μ_{π−} − p^μ_{π0} )π^−π^0 , (3)

where l_μ = ν̄_τ γ_μ(1 − γ^5)τ is the lepton current.

The second diagram with the intermediate ρ^− meson contains three parts.

The first part describes the W^− into ρ^− transition. For this part, one can use form describing a transition photon into ρ meson calculated in [14]. In this form, charge e should be changed into G_F |V_{ud}|. We get G_F |V_{ud}| g_ρ (g^{μν} p^2 − p^μp^ν ) , (4)

where p = p_τ − p_ν is the ρ meson momentum.

1Let us note that the last term wasn’t took into account in [14], because only constant terms were considered in that work.

π π = + a_1 + a_1 a_1

Figure 3: Triangle diagrams with π – a_1 transitions

The ρ meson propagator has the form g^{μν} m^2_ρ − p^2 − i √ p^2Γ_ρ(p^2)

, (5)

where Γ(m^2_ρ) = 149.1 MeV is the full width of the ρ^− meson decay.

The last vertex corresponds to the ρ^− → π^−π^0 decay through quark loop:

g_ρf_{a1} (p^2)ρ^−_μ (p^μ_{π−} − p^μ_{π0} )π^−π^0 . (6)

This amplitude takes the form

T_2 =

G_F |V_{ud}|f_{a1} (p^2)p^2 m^2_ρ − p^2 − i √ p^2Γ_ρ(p^2) l_μ(p^μ_{π−} − p^μ_{π0} )π^−π^0 . (7)

The sum of these two diagrams has the form close to the vector meson dominance expression:

T_ρ =

G_F |V_{ud}|f_{a1} (p^2)m^2_ρ m^2_ρ − p^2 − i √ p^2Γ_ρ(p^2) ( 1 − i √ p^2Γ_ρ(p^2)

m^2_ρ ) l_μ(p^μ_{π−} − p^μ_{π0} )π^−π^0 . (8)

Let us consider the last part of the amplitude. It contains the intermediate radial-exited ρ^− meson. The extended NJL model [21,22] should be used in this case. The probability of the transition of W^− into ρ^−(1450) meson can be calculated using the result for the photon transition into ρ meson given in [24]. Also, in this form charge e should be changed into G_F |V_{ud}|. After that we should get: C_{W ρ}′ G_F |V_{ud}| g_ρ (g^{μν} p^2 − p^μp^ν ) , (9) C_{W ρ}′ = − ( cos(β + β_0) sin(2β_0) + Γ cos(β − β_0) sin (2β_0) ) , (10)

where β_0 = 61.44^∘, β = 79.85^∘ are the mixing angles; Γ = 0.54 was defined in [23].

The propagator of the radial-exited ρ meson reads: g^{μν} m^2_ρ′ − p^2 − i √ p^2Γ_ρ′ (p^2)

, (11)

where m_ρ′ = 1465 MeV is the mass of the radial-exited ρ meson; Γ_ρ′ (m^2_ρ′ ) = 400 MeV is its full width.

The ρ^′ → ππ decay was considered in detail in [23]. The amplitude of this process can be written:

C_ρ′_{ππ}ρ^−_μ f_{a1} (p^2)(p^μ_{π−} − p^μ_{π0} )π^−π^0 , (12)

C_ρ′_{ππ} = − ( cos(β + β_0) sin(2β_0) g_{ρ1} + cos(β − β_0) sin(2β_0)

I^f_2 I_2 g_{ρ2} ) , (13)

where g_{ρ1} = g_ρ = 6.14, g_{ρ2} = 10.56 and definitions of I^f_2 , I_2 were given in [23].

Our model can not describe relative phase between ρ(770) and ρ(1450). Thus, we should get phase from e^+e^− annihilation and τ decays experiments: T_ρ′ → e^{iπ}T_ρ′

For the part of the amplitude of the τ^− → π^−π^0ν_τ decay containing the intermediate radial-exited ρ meson one can get: T_ρ′ = e^{iπ} G_F |V_{ud}|C_{W ρ}′ C_ρ′_{ππ}(1/g_ρ)f_{a1} (p^2)p^2

m^2_ρ′ − p^2 − i √ p^2Γ_ρ′ (p^2)

(p^μ_{π−} − p^μ_{π0} )l_μπ^−π^0 . (14)

The sum of these three amplitudes is:

T = G_F |V_{ud}|f_{a1} (p^2)m^2_ρ ( 1 − i √ q^2Γ_ρ(p^2)/m^2_ρ m^2_ρ − p^2 − i √ p^2Γ_ρ(p^2) + e^{iπ}C_{W ρ}′ C_ρ′_{ππ}(1/g_ρ)p^2/m^2_ρ m^2_ρ′ − p^2 − i √ p^2Γ_ρ′ (p^2) ) (p^μ_{π−} − p^μ_{π0} )l_μπ^−π^0 . (15)

After using the expression for the decay width we get B(τ^− → π^−π^0ν_τ ) = 24.76%. This value is in satisfactory agreement with experimental data (see the Table 1).

The Kuhn-Santamaria model [7] was used for treatment of experimental data. In this model the pion form-factor reads: 1 1 + β ( m^2_ρ

m^2_ρ − p^2 − i √ p^2Γ_ρ(p^2) + β m^2_ρ′

m^2_ρ′ − p^2 − i √ p^2Γ_ρ′ (p^2) ) , (16)

where β is a parameter taken from fitting of experimental data.

In our model we can get approximate value for β at p^2 = m^2_ρ′ β ≈ e^{iπ}C_{W ρ}′ C_ρ′_{ππ}/g_ρ ≈ −0.086 . (17) This value is in satisfactory agreement with experimental data given in [2–4] (see the Table 1). We note that the ρ^′ meson influence on the decay width is small. In fact, the contribution to the decay width from two first diagrams B_{1,2}(τ^− → π^−π^0ν_τ ) = 24.68%. This value increased by 0.32% after the inclusion of the ρ^′ meson contribution. This allowed us to describe differential width in the interval of the pion pair invariant mass above 1 GeV.

Table 1: Experimental and theoretical data

CLEO [2] ALEPH [3] BELLE [4] Theory B(τ^− → π^−π^0ν_τ ), % 25.32 ± 0.15 25.471 ± 0.097 ± 0.085 25.24 ± 0.01 ± 0.39 24.76 β −0.108 ± 0.007 −0.097 ± 0.006 −0.15 ± 0.05^{+0.15}_{−0.04} −0.086

3 Conclusions

We have shown that results obtained in the framework of the NJL model satisfactorily describe the τ^− → π^−π^0ν_τ decay. This statement relates both the description of the partial decay width as well as the differential decay width. The value of the β parameter computed in the NJL model framework is in quality agreement with one obtained from the fit of experimental data. It noticing that results were obtained in the NJL model with minimal number of parameters. We are going to describe processes e^+e^− → ππ(π^′) and τ^− → π^−ω(ϕ)ν_τ in the framework of the same model in future.

Acknowledgments

We are grateful to E. A. Kuraev and A. B. Arbuzov for useful discussions. This work was supported by RFBR grant 10-02-01295-a.

References

[1] K. Nakamura et al. [Particle Data Group Collaboration], J. Phys. G G 37, 075021 (2010).

[2] S. Anderson et al. [CLEO Collaboration], Phys. Rev. D 61, 112002 (2000) [hep-ex/9910046]. [3] S. Schael et al. [ALEPH Collaboration], Phys. Rept. 421, 191 (2005) [hep-ex/0506072]. [4] M. Fujikawa et al. [Belle Collaboration], Phys. Rev. D 78, 072006 (2008) [arXiv:0805.3773 [hep-ex]]. [5] L. B. Okun, Leptons And Quarks, Moscow, Russia (1990) 346p [6] J. Portoles, Nucl. Phys. Proc. Suppl. 169, 3 (2007) [hep-ph/0702132]. [7] J. H. Kuhn and A. Santamaria, Z. Phys. C 48, 445 (1990).

[8] F. Jegerlehner and R. Szafron, Eur. Phys. J. C 71, 1632 (2011) [arXiv:1101.2872 [hep-ph]]. [9] Y. .P. Ivanov, A. A. Osipov and M. K. Volkov, Z. Phys. C 49, 563 (1991).

[10] M. K. Volkov, Y. P. Ivanov and A. A. Osipov, Sov. J. Nucl. Phys. 52, 82 (1990) [Yad. Fiz. 52, 129 (1990)]. [11] D. Gomez Dumm, S. Noguera and N. N. Scoccola, Phys. Lett. B 698, 236 (2011) [arXiv:1011.6403 [hep-ph]]. [12] D. Ebert and M. K. Volkov, Z. Phys. C 16, 205 (1983). [13] M. K. Volkov, Annals Phys. 157, 282 (1984).

[14] M. K. Volkov, Sov. J. Part. Nucl. 17, 186 (1986) [Fiz. Elem. Chast. Atom. Yadra 17, 433 (1986)]. [15] D. Ebert and H. Reinhardt, Nucl. Phys. B 271, 188 (1986). [16] U. Vogl and W. Weise, Prog. Part. Nucl. Phys. 27, 195 (1991). [17] M. K. Volkov, Phys. Part. Nucl. 24, 35 (1993).

[18] D. Ebert, H. Reinhardt and M. K. Volkov, Prog. Part. Nucl. Phys. 33, 1 (1994). [19] T. Hatsuda and T. Kunihiro, Phys. Rept. 247, 221 (1994) [hep-ph/9401310]. [20] M. K. Volkov and A. E. Radzhabov, Phys. Usp. 49, 551 (2006). [21] M. K. Volkov and C. Weiss, Phys. Rev. D 56, 221 (1997) [hep-ph/9608347]. [22] M. K. Volkov, Phys. Atom. Nucl. 60, 997 (1997) [Yad. Fiz. 60, 1115 (1997)]. [23] M. K. Volkov, D. Ebert and M. Nagy, Int. J. Mod. Phys. A 13, 5443 (1998) [hep-ph/9705334]. [24] A. B. Arbuzov, E. A. Kuraev, M. K. Volkov, Eur. Phys. J. A 47, 103 (2011) [arXiv:1106.2215 [hep-ph]].