arXiv:hep-ph/0702107v1 10 Feb 2007

CP violation in Semi-Leptonic τ decays

David Delepine^∗

Instituto de Física, Universidad de Guanajuato Loma del Bosque # 103, Lomas del Campestre, 37150 León, Guanajuato; México (Dated: February 10, 2007)

We study CP violation in semi-leptonic τ decays and we determine the conditions necessary to be able to define a observable CP asymmetry. We apply these conditions in both models, the standard model for the electroweak interactions and its supersymmetric extensions. In the first case, the leading order contribution to the direct CP asymmetry in τ^± → K^±π^0ντ decay rates is evaluated. In the second case,we compute the SUSY effective hamiltonian that describes the |ΔS| = 1 semileptonic decays of tau leptons. We show that SUSY contributions may enhance the CP asymmetry of τ → Kπντ decays by several orders of magnitude compared to the standard model expectations.

INTRODUCTION

Experimental searches for CP violating asymmetries in tau lepton semileptonic decays have been carried out in the τ → ππν_τ [1] and τ → K_sπν_τ [2] modes. Motivation for these searches in the context of beyond the Standard Model approaches were provided in refs. [3, 4]. In ref. [2], the missing evidence for a non-zero CP asymmetry was interpreted in terms of a (CP-violating) coupling Λ due to a charged scalar exchange and the limit −0.172 < Im(Λ) < 0.067 (at 90% c.l.) has been derived. The CP-odd observable studied in [2] depends upon two variables of a particular kinematical distribution of semileptonic tau decays as long as this effect is assumed to have its origin in the interference of scalar and vector form factors In this talk, we shall first determine the general conditions to get observable CP asymmetry. Then we should apply it to Standard Model and its supersymmetric extensions

The general amplitude for τ^−(p) → K^−(k)π^0(k^′)ν_τ (p^′)is given by M = G_F V_{us} √ 2 { ū(p^′)γ^μ(1 − γ_5)u(p)F_V (t) [ (k − k^′)_μ −

Δ^2 t q_μ ]

+ū(p^′)(1 + γ_5)u(p)m_τ ΛF_S (t)

Δ^2 t +F_T ⟨Kπ|s̄σ_{μυ} u|0⟩ū(p^′)σ^{μυ} (1 + γ_5)u(p)} , where q = k + k^′ (t = q^2) is the momentum transfer to the hadronic system, Δ^2 ≡ m^2_K − m^2_π and F_{V,S,T} (t) are the effective form factors describing the hadronic matrix elements (In Standard Model, F_T = 0, Λ = 1) ∑ pols |M|^2 ∼ |F_V |^2(2p.Qp^′.Q − p.p^′Q^2) + |Λ|^2|F_S (t)|^2M^2p.p^′ +2ReΛ · Re(F_S F^∗_V )Mm_τ p^′.Q − 2ImΛ · Im(F_S F^∗_V )Mm_τ p^′.Q where Q_μ = (k−k^′)_μ−^{Δ2}_t q_μand F_T contributions have been neglected. The last term is odd under a CP transformation but the last two terms disappear once we integrate on the kinematical variable u.

It is not possible to generate a CP asymmetry in total decay rates corresponding to this process unless:

• F_{V,S} = f_{V,S} + a_{V,S} which a_{V,S} containing a weak CP violating phase and a different strong phase than f_{V,S}

• Interference between tensorial and vector contribution ⇒ we need to go beyond SM.

• to look for the double differential distribution (d^2Γ/dudt) or a variant of it as CLEO collaboration did [2].

∗Electronic address: delepine@fisica.ugto.mx

FIG. 1: Higher order contributions to CP asymmetry in Standard Model

CP ASYMMETRY IN STANDARD MODEL

The form factor f_{V,S}(t) are dominated at tree level by a single vector or scalar strange resonance:

f_i(t) = f_i(0)m^2_i m^2_i − t − im_iΓ_i , i = V, S, where (m_i, Γ_i) denote the mass and width of the resonance in the vector or scalar configuration (respectively theK^∗(892) or K^∗_0 (1430)).

⇒ the tree-level strong phase fixed by the decay width of these resonances, while the weak phase is absent at the tree-level. Higher order contributions can induce weak phase contributions (a_{V,S} ) (see figure 1)^1. A_{CP} = Γ(τ^+ → K^+π^0ν̄_τ ) − Γ(τ^− → K^−π^0ν_τ ) Γ(τ^+ → K^+π^0ν̄_τ ) + Γ(τ^− → K^−π^0ν_τ ) ≈ − √ 2G^3_F m^5_τ Im(V_{us}V^∗_{ud}V_{td}V^∗_{ts})f_K f_π 768π^3Γ(τ^+ → K^+π^0ν̄_τ ) × I_{CP} , where I_{CP} = 1 m^6_τ

∫_m2_τ

(m_K +m_π )^2 dt t^3

(m^2_τ − t)^2h(t) ( 1 + 2t m^2_τ ) λ^{3/2}(t, m^2_K , m^2_π)

where λ(x, y, z) = x^2 + y^2 + z^2 − 2xy − 2xz − 2yz A_{CP} ≈ − √ 2G_F Im(V_{us}V^∗_{ud}V_{td}V^∗_{ts})f_K f_π 20B(τ^+ → K^+π^0ν̄_τ )

× I_{CP} ≈ 2.3 × 10^{−12},

with B(τ^+ → K^+π^0ν̄_τ ) = (4.5 ± 0.3) × 10^{−3} and m_c = 1.35 GeV,

CP ASYMMETRY IN SUPERSYMMETRIC MODELS

Strangeness-changing |ΔS| = 1 decays of tau leptons are driven by the τ^− → ūsν_τ elementary process. The effective Hamiltonian H_{ef f} derived from SUSY can be expressed as H_{ef f} = G_F √ 2 V_{us} ∑ i C_i(μ)Q_i(μ), (1)

1 for details of the computation, see reference [5]

FIG. 2: SUSY box contributions to τ^− → ūsντ transition.

FIG. 3: Crossed diagrams of Figure 2.

where C_i are the Wilson coefficients and Q_i are the relevant local operators at low energy scale μ ≃ m_τ . The operators are given by

Q_1 = (ν̄γ^μLτ)(s̄γ_μLu), (2) Q_2 = (ν̄γ_μLτ)(s̄γ_μRu), (3) Q_3 = (ν̄Rτ)(s̄Lu), (4) Q_4 = (ν̄Rτ)(s̄Ru), (5) Q_5 = (ν̄σ_{μν} Rτ)(s̄σ^{μν} Ru). (6) where L, R are as defined in the previous section and σ^{μν} =^i_2 [γ^μ, γ^ν ]. The Wilson coefficients C_i, at the electroweak scale, can be expressed as C_i = C^{SM}_i + C^{SUSY}_i where C^{SM}_i are given by

C^{SM}_1 = 1, C^{SM}_{2,3,4,5} = 0. (7)

SUSY contributions to the Hamiltonian of τ^− → ūsν_τ transitions can be generated through two topological box diagrams as shown in Figs. (2,3). Other SUSY contributions (vertex corrections) are suppressed either due to small Yukawa couplings of light quarks or because they have the same structure as the SM in the hadronic vertex.

In our computations of Wilson coefficients, we will work in the mass insertion approximation (MIA), where gluino and neutralino are flavor diagonal. Denoting by (Δ^f_{AB} )_{ab} the off-diagonal terms in the sfermion mass matrices where

A, B indicate chirality, A, B = (L, R), the A − B sfermion propagator can be expanded as

⟨f̃^a_Af̃^{b∗}_B ⟩ = i(k^2I − m̃^2I − Δ^f_{AB} ))^{−1}_{ab} ≃ iδ_{ab} k^2 − m̃^2 + i(Δ^f_{AB} )_{ab} (k^2 − m̃^2)^2

+ O(Δ^2), (8)

where f̃ denotes any scalar fermion, a, b = (1, 2, 3) are flavor indices, I is the unit matrix, and m̃ is the average sfermion mass. It is convenient to define a dimensionless quantity (δ^f_{AB} )_{ab} ≡ (Δ^f_{AB} )_{ab}/m̃^2. As long as (Δ^f_{AB} )_{ab} is smaller than m̃^2 we can consider only the first order term in (δ^f_{AB} )_{ab} of the sfermion propagator expansion. In our analysis we will keep only terms proportional to the third generation Yukawa couplings and terms of order λ where λ = V_{us}. The complete expressions for the Wilson coefficients C_i at m_W scale induced by SUSY computed from Figs. (2,3) can be found in reference [6]. As can be seen in ref.[6], the C_i are given in terms of several mass insertions that represent the flavor transitions between different generations of quarks or leptons. In general, these mass insertions are complex and of order one. However, the experimental limits of several flavor changing neutral currents impose severe constraints on most of these mass insertions. In the following, we summarize all the important constraints on the relevant mass insertions for our process.

1. From the experimental measurements of BR(μ → eγ) < 1.2 × 10^{−11}, the following bounds on |(δ^l_{12})_{AB} | and |(δ^ν_{12})_{AB} | are obtained [7]: For M_1 ∼ M_2 = 100 GeV and μ = m̃_l = 200 GeV,

|(δ^l_{12})_{LL}| <∼ 10^{−3}, |(δ^l_{12})_{LR}| <∼ 10^{−6}, (9) |(δ^ν_{12})_{LL}| <∼ 6 × 10^{−4}, |(δ^ν_{13})_{LL}| <∼ 4 × 10^{−4}, |(δ^ν_{23})_{LL}| <∼ 7 × 10^{−4}. (10)

2. From BR(τ → μγ) < 1.1 × 10^{−6}, one gets the following constraint on |(δ^l_{23})_{LR})| [8]:

|(δ^l_{23})_{LR}| <∼ 2 × 10^{−2}, (11)

and from BR(τ → eγ) < 2.7 × 10^{−6}, one finds [8]:

|(δ^l_{13})_{LR}| <∼ 1 × 10^{−1}. (12)

3. The mass insertions (δ^d_{12})_{AB} are constrained by the ΔM_K and ϵ_K as follows [8]:

|(δ^d_{12})_{LL}| <∼ 4 × 10^{−2}, |(δ^d_{12})_{LR}| <∼ 4 × 10^{−3}, (13) √ |Im [ (δ^d_{12})_{LL}

]_2 | <∼ 3 × 10^{−3}, √ |Im [ (δ^d_{12})_{LR}

]_2 | <∼ 3 × 10^{−4}. (14)

4. The mass insertion (δ^u_{12})_{AB} are constrained by the ΔM_D as follows [9]:

|(δ^u_{12})_{LL}| <∼ 1.7 × 10^{−2}, |(δ^u_{12})_{LR}| <∼ 2.4 × 10^{−2}. (15)

Here, three comments are in order. i) Due to the Hermiticity of the LL sector in the sfermion mass matrix, (δ^f_{AB} )_{LL} = (δ^f_{AB} )^†_{LL} = (δ^f_{BA})^∗_{LL}, where A, B = 1, 2, 3. ii) The above constraints imposed on the mass insertions (δ^{q,l}_{AB} )_{LL,LR} are derived from supersymmetric contributions through exchange of gluino or neutralino which preserves chirality, therefore same constraints are also imposed on the mass insertions (δ^{q,l}_{AB} )_{RR,RL}. iii) The mass insertions (δ^f_{AB} )_{LR(RL)} are not, in general, related to the mass insertions (δ^f_{BA})_{LR(RL)}. Taking the above constraints into account, one finds that the dominant contribution to the τ^− → us̄ν_τ is given in terms of (δ^ν_{32})_{LR}, (δ^ν_{32})_{RL}, (δ^d_{21})_{RL} and (δ^u_{21})_{LR}. Notice that the effective Hamiltonian (eq. 1) derived in this section can induce supersymmetric effects in all the |ΔS| = 1 exclusive τ lepton decay.

The total amplitude (SM and SUSY) of the τ(p) → K(q)π(q^′)ν_τ (p^′)decay as

A_T (τ → Kπν) = G_F V_{us} √ 2 [ (1 + C_1)⟨Kπ|s̄γ_μu|0⟩ν̄(p^′)γ^μLτ(p) + (C_3 + C_4)⟨Kπ|s̄u|0⟩ν̄(p^′)Rτ(p) + C_5⟨Kπ|s̄σ_{μυ} u|0⟩ν̄(p^′)σ^{μυ} Rτ(p) ] , where C_i stand for C^{SUSY}_i We consider the following two interesting scenarios:

i) The case of C_3 or C_4 gives relevant contributions while C_5 is negligible. In this case, SUSY induces a relative weak phase between the vector and scalar form factors describing this process.

ii) The case of C_5 gives relevant contributions while C_{3,4} are negligible. In this case, SUSY induces a relative weak phase between the vector and tensor form factors. A CP asymmetry in decay rate could be measured.

First scenario

⟨Kπ|s̄γ_μu|0⟩ = f_V (t)Q_μ + f_S (t)(q + q^′)_μ , ⇒ ⟨Kπ|s̄u|0⟩ = t m_s − m_u f_S (t) ,

A_T (τ → Kπν) = G_F V_{us} √ 2 (1 + C_1) × { f_V Q^μū(p^′)γ_μLu(p) + [ m_τ + ( C_3 + C_4 1 + C_1 ) t m_s − m_u ] f_Sū(p^′)Ru(p) } . Using CLEO limit, we can translate this bound into: − 0.010 ≤ Im ( C_3 + C_4 1 + C_1 ) ≤ 0.004 , where we have used m_s − m_u = 100 MeV, and the average value ⟨t⟩ ≈ (1332.8 MeV)^2. Using M_1 = 100 and M_2 = 200 GeV and μ = M_{q̃} = 400 GeV and tan β = 20, one gets Im ( C_3 + C_4 1 + C_1 ) ≃ 1.3 × 10^{−5}Im(δ^d_{21})_{RL}

Second scenario

A_T (τ → Kπν) = G_F V_{us} √ 2 (1 + C_1) {f_V (t)Q_μū(p^′)γ^μLu(p) + C_5 1 + C_1 ⟨Kπ|s̄σ_{μυ} u|0⟩ū(p^′)σ^{μυ} Ru(p) }

⟨Kπ|s̄σ_{μυ} u|0⟩ = ia m_K [(p_π)^μ(p_K )^ν − (p_π)^ν (p_K )^μ]

where a is a dimensionless quantity which fixes the scale of the hadronic matrix element. a_{CP} = Γ(τ^− → K^−π^0ν_τ ) − Γ(τ^+ → K^+π^0ν_τ ) Γ(τ^− → K^−π^0ν_τ ) + Γ(τ^+ → K^+π^0ν_τ ) ≃ a 2 Im C_5 ≃ 1.4 × 10^{−7}a Im(δ^u_{21})_{LR}

CONCLUSION

The goal of this work is to illustrate the difficulties to define an observable CP asymmetry in semi-leptonic τ decays. We show that in standard model, a CP asymmetry in the total decay rate can be induced through higher order contributions but the absolute value of this CP asymmety is too small to be once accessible to experiments. In the supersymmetric case, we have computed the effective hamiltonian derived from SUSY for |ΔS| = 1 tau lepton decays using the mass insertion approximation. Supersymmetric extensions of the SM could induce CP violating asymmetry in the double differential distribution as CLEO collaboration did and could also induce CP asymmetry in total decay rate due to interference between O_5 and O_1 operators. A direct consequence of our computation is that any CP asymmetry in the channel under consideration bigger than 10^{−6} will be a clear evidence of not only Physics beyond Standard Model but also an evidence of Physics beyond SUSY extensions of the SM.

ACKNOWLEDGEMENTS

D.D. wants to thank Gabriel Lopez Castro, Shaaban Khalil, Gaber Faisel and L.T. Lopez Lozano for their collaborations in the realization of this work. This work was financially supported by PROMEP PTC project, Conacyt Project numero 46195.

APPENDIX

SUSY CONTRIBUTIONS TO WILSON COEFFICIENTS

Here we provide the complete expressions for the supersymmeric contributions, at leading order in MIA, for the Wilson coefficients of τ^− → sūν_τ transition, C_i(M_W ), i = 1, .., 5. The dominant SUSY contributions are given by chargino-neutralino box diagram exchanges, as illustrated in Fig. 2.

The effective Hamiltonian H_{ef f} derived from SUSY can be expressed as H_{ef f} = G_F √ 2 V_{us} ∑ i C_i(μ)Q_i(μ), (16) = ∑ i C̃_i(μ)Q_i(μ), (17)

where C_i are the dimensionless Wilson coefficients and Q_i are the relevant local operators at low energy scale μ ≃ m_τ . In terms of the vertex, one can write the complete vertex as a product of the vertex coming from leptonic sector and of the vertex coming from hadronic sector. In this respect we can also write the Wilson coefficients as C̃_i = C^l_{i(τ −χ− )} ( C^q_{i(τ −χ− −s)} + C^q_{i((τ −χ−−u)} )

+C^l_{i(τ −χ}0_) ( C^q_{i(τ −χ0 −s)} + C^q_{i((τ −χ0−u)} )

where the C^l_i is due to the leptonic vertex and C^q_i is from the quark sectors. If we expand C^{l,q}_i in terms of the mass insertions, one finds that the leading contributions are given by

C̃_3 = C^{l(0)}_{3(τ −χ−)}C^{q(1)}_{3(τ −χ−−s)}I_n(x_i, x_j ) + C^{l(0)}_{3(τ −χ0)}C^{q(1)}_{3(τ −χ0 −s)}I_n(x_i, x_j )

+O(δ^2), (18)

where I_n(x_i, x_j ) is defined below and x_i = m^2_{χ±i} /m̃^2 and x_j = m^2_{χ0j} /m̃^2.

C^{l(0)}_{3(τ −χ0 )} = g(h_e)_{33}N_{i3}U^∗_{j1}(U^∗_{MNS} )_{33} (19) −g √ 2 tan θ_wN_{i1}U^∗_{j2}(h_e)_{33}(U^∗_{MNS} )_{33}, (20)

C^{l(0)}_{3(τ −χ−)} = −(h_e)_{33} g √ 2 (N_{i2} − tan θ_wN_{i1})U_{j2}(U^∗_{MNS} )_{33}, (21)

C^{q(1)}_{3(τ −χ− −s)} = (− 1 8 ) ( g^2 √ 2 2 3 tan θ_wN^∗_{i1}U^∗_{j1}(V^∗_{CKM} )_{1a}(δ^d_{RL})_{2a} − g √ 2 2 3 tan θ_wN^∗_{i1}U^∗_{j2}(h_d)_{33}(V^∗_{CKM} )_{13}(δ^d_{RR})_{23} ) , (22)

C^{q(1)}_{3(τ −χ0−s)} = (− 1 8 ) ( 2 3 g^2 √ 2 tan θ_wU^∗_{j1}N^∗_{i1}(V^∗_{CKM} )_{1a}(δ^d_{RL})_{2a} − 2 3 g √ 2 tan θ_wU^∗_{j2}N^∗_{i1}(V^∗_{CKM} )_{13}(δ^d_{RR})_{23}(h_d)_{33} ) . (23)

C̃_4 = C^{l(0)}_{4(τ −χ−)}C^{q(1)}_{4(τ −χ−−u)}Ĩ_n(x_i, x_j ) + C^{l(0)}_{4(τ −χ0 )}C^{q(1)}_{4((τ −χ0−u)}Ĩ_n(x_i, x_j ) + O(δ^2), (24)

where Ĩ_n(x_i, x_j ) is given below.

C^{l(0)}_{4(τ −χ−)} = −(h_e)_{33} g √ 2 (N_{i2} − tan θ_wN_{i1})U_{j2}(U^∗_{MNS} )_{33}

= C^{l(0)}_{3(τ −χ− )}, (25)

C^{l(0)}_{4(τ −χ0 )} = g(h_e)_{33}N_{i3}U^∗_{j1}(U^∗_{MNS} )_{33} −g √ 2 tan θ_wN_{i1}U^∗_{j2}(h_e)_{33}(U^∗_{MNS} )_{33}, (26)

C^{q(1)}_{4(τ −χ0−u)} = (− 1 8 ) ( − 4 3 g^2 √ 2 tan θ_wN_{i1}V_{j1}(V^∗_{CKM} )_{a2}(δ^u_{LR})_{a1} + 4 3 g √ 2 tan θ_wN_{i1}V_{j2}(h_u)_{33}(V^∗_{CKM} )_{32}(δ^u_{RR})_{31} ) , (27)

C^{q(1)}_{4(τ −χ−−u)} = (− 1 8 ) ( − 4 3 g^2 √ 2 tan θ_wV_{j1}N_{i1}(V^∗_{CKM} )_{a2}(δ^u_{LR})_{a1} + 4 3 g √ 2 tan θ_wV_{j2}N_{i1}(h_u)_{33}(V^∗_{CKM} )_{32}(δ^u_{RR})_{31} ) . (28)

C̃_{5(τ −χ0 −u)} = − 1 4 C̃_{4(τ −χ0−u)}, (29)

C̃_{5(τ −χ−−u)} = 1 4 C̃_{4(τ −χ−−u)}. (30) The loop integrals I_n(x_i, x_j ) and Ĩ_n(x_i, x_j ) are defined as follows:

I(x_i, x_j ) = 1 16π^2m̃^2 ( 1 x_i − x_j ) ( x^2_i − x_i − x^2_i logx_i (1 − x_i)^2

− (x_i ↔ x_j ) ) , ~I(x_i, x_j ) = √x_ix_j 16π^2m̃^2 ( 1 x_i − x_j ) ( x^2_i − x_i − x_ilogx_i (1 − x_i)^2

− (x_i ↔ x_j ) ) , I_n(x_i, x_j ) = 1 32π^2m̃^2 ( 1 x_i − x_j ) ( 2x^2_i − 2x_i − 2x_ilogx_i (x_i − 1)^2 − x^3_i − 4x^2_i + 3x_i + 2x_ilogx_i (x_i − 1)^3 − (x_i ↔ x_j )) ,

Ĩ_n(x_i, x_j ) = − √x_ix_j 32π^2m̃^2 ( 1 x_i − x_j ) ( x^3_i − 4x^2_i + 3x_i + 2x_ilogx_i

(x_i − 1)^3

− (x_i ↔ x_j ) ) . (31)

The expression for the other Wilson coefficients can be found in ref.[6].

[1] P. Avery et al (CLEO Collaboration), Phys. Rev. D64, 092005 (2001) [2] G. Bonvicini et al (CLEO Collaboration), Phys. Rev. Lett. 89, 111803 (2002). [3] J. H. Kühn and E. Mirkes, Phys. Lett. B398, 407 (1997); [4] Y. S. Tsai, Nuc. Phys. (PS)55C, 293 (1997).

[5] D. Delepine, G. Lopez Castro and L. T. Lopez Lozano, Phys. Rev. D 72, 033009 (2005) [arXiv:hep-ph/0503090]. [6] D. Delepine, G. Faisl, S. Khalil and G. L. Castro, Phys. Rev. D 74, 056004 (2006) [arXiv:hep-ph/0608008]. [7] G. C. Branco, D. Delepine and S. Khalil, Phys. Lett. B 567 (2003) 207 [arXiv:hep-ph/0304164]. [8] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B 477 (1996) 321. [9] S. Khalil, arXiv:hep-ph/0604118