arXiv:hep-ph/0204332 v2 24 Jul 2002

The Z → l^+l^− and W → ν_ll^+ decays in the noncommutative standard model

E. O. Iltan^∗ Physics Department, Middle East Technical University Ankara, Turkey

Abstract

We study Z → l^+l^− and W → ν_ll^+ decays in the standard model including the noncommutative effects. We observe that these effects appear in the flavor dependent part of the decay widths of the processes under consideration and therefore, they are more effective for the heavy lepton decays.

∗E-mail address: eiltan@heraklit.physics.metu.edu.tr

1 Introduction

Leptonic Z-decays are among the most interesting lepton flavor conserving (LFC) and lepton flavor violating (LFV) interactions. The improved experimental measurements at present stimulates the studies of these interactions. With the Giga-Z option of the Tesla project, there is a possibility to increase Z bosons at resonance [1]. The processes Z → l^−l^+ with l = e, μ, τ are among the LFC decays and they exist in the SM, even in the tree level. The experimental predictions for the branching ratios (BRs) of these decays are [2]

BR(Z → e^+e^−) = 3.366 ± 0.0081 % , BR(Z → μ^+μ^−) = 3.367 ± 0.013 % , BR(Z → τ^+τ^−) = 3.360 ± 0.015 % , (1)

and the tree level SM predictions are

BR(Z → e^+e^−) = 3.331 % , BR(Z → μ^+μ^−) = 3.331 % , BR(Z → τ^+τ^−) = 3.328 % . (2)

This shows that the tree level contribution of the SM plays the main role within the experimental uncertainities. In the literature, there are various experimental and theoretical studies [3]-[12]. In [5] a method to determine the weak electric dipole moment was developed. The vector and axial coupling constants, v_f and a_f , in Z-decays have been measured at LEP [7]. In [9], various additional types of interactions have been performed and a way to measure these contributions in the process Z → τ^−τ^+ was described. [12] is devoted to the possible new physics effects to the process Z → l^+l^−, in the general two Higgs doublet model.

W → ν_ll^+ (l = e, μ, τ ) decays exist also in the tree level, in the SM and the experimental predictions for the branching ratios are [2]

BR(W → ν_ee^+) = 10.9 ± 0.4 % , BR(W → ν_μμ^+) = 10.2 ± 0.5 % , BR(W → ν_τ τ^+) = 11.3 ± 0.8 % , (3)

The main contribution to this decay comes from the SM in the tree level, similar to the process Z → l^+l^−. There are large number of studies in the literature on this charged process [13].

In the present work, we study Z → l^+l^− and W → ν_ll^+ decays, with l = e, μ, τ , in the SM, including the noncommutative (NC) effects. The noncommutativity in the space-time is a possible candidate to describe the physics at very short distances of the order of the Planck length, since the nature of the space-time changes at these distances. In the noncommutative geometry the space-time coordinates are replaced by Hermitian operators x̂_μ which satisfy the equation [14]

[x̂_μ, x̂_ν ] = i θ_{μν} , (4)

where θ_{μν} is a real and antisymmetric tensor with the dimensions of length-squared. Here θ_{μν} can be treated as a background field and its components are assumed as constants over cosmological scales.

It is possible to pass to the noncommutative field theory by introducing ∗ product of functions, instead of the ordinary one, (f ∗ g)(x) = e^{i2 θμν ∂yμ ∂zν} f(y) g(z)|_{y=z=x} . (5) The commutation of the Hermitian operators x̂_μ (see eq. (4)) holds with this new product, namely,

[x̂_μ, x̂_ν ]_∗ = i θ_{μν} . (6)

With the re-motivation due to the string theory arguments [15, 16], various studies on the noncommutative field theory (NCFT) have been done in the literature. However, NCFT have a non-local structure and the Lorentz symmetry is explicitly violated. The violation of the Lorentz symmetry has been handled in [17, 18] and bounding noncommutative QCD due to the Lorentz violation has been studied in [18]. In this work, it was emphasised that the collider limits were not competitive with low energy tests of Lorentz violation for bounding the scale of space-time noncommutativity. Furthermore, the renormalizability and the unitarity of NC theories have been studied in the series of works [19], [20], [21] and [22]. The noncommutative quantum electrodynamics (NCQED) has been examined in [23, 24] and the noncommutativity among extra dimensions for QED has been studied in [25]. Furthermore, the noncommutativity in non-abelian case has been formulated in [26] and this formulation has been applied to the SM in [27]. Recently, a unique model for strong and electroweak interactions with their unification has been constructed in [28]. In the work [29], the SM forbidden processes Z → γγ and Z → gg has been studied by including the NC effects. In [30], the form factors, appearing in the inclusive b → sg decay, has been calculated in the NCSM, using the approximate phenomenology and the new operators existing in b → sg decay due to the NC effects has been obtained in [31].

In the recent work, the possible effects of NC geometry on weak CP violation and the untarity triangles has been examined [32].

The paper is organized as follows: In Section 2, we present the explicit expressions for the branching ratios of Z → l^+l^− and W → ν_ll^+ in the framework of the NCSM. Section 3 is devoted to discussion and our conclusions.

2 The noncommutative effects on the Z → l^+l^− and W → ν_ll^+ decays in the SM

The flavor conserving Z → l^+l^−, l = e, μ, τ , decays appear in the tree level in the SM. When the non-commutative effects are switched on there exists a new contribution which is proportional to the a function of the noncommutative parameter θ. Our starting point is the effective action [27] S_{M atter,leptons} = ∫ d^4x ( ∑ i (L̄^{(i)}_L + L̄^{(i)1}_L + L̄^{(i)2}_L ) ∗ i (/D^{SM} + /Γ) ∗ (L^{(i)}_L + L^{(i)1}_L + L^{(i)2}_L ) + ∑ i (ē^{(i)}_R + ē^{(i)1}_R + ē^{(i)2}_R ) ∗ i (/D^{SM} + /Γ) ∗ (e^{(i)}_R + e^{(i)1}_R + e^{(i)2}_R ) ) + O(θ^3) , (7)

with D^{SM}_μ L_L = (∂_μ − ig^′Y_LA_μ − igB_{μa}T^a_L)L_L , D^{SM}_μ e_R = (∂_μ − ig^′Y_RA_μ)e_R , (8) and L^{(i)1}_L = − 1 2 θ_{μν} (g^′Y_LA^μ + gB^μ_a T^a_L) ∂^ν L^{(i)}_L + O(A^2, B^2, A B) ,

L^{(i)2}_L = − i 8 θ_{μν} θ_{αβ} (g^′Y_L ∂^μA^α + g ∂^μB^α_a T^a_L) ∂^ν ∂^βL^{(i)}_L + O(A^2, B^2, A B) ,

e^{(i)1}_R = − 1 2 θ_{μν} (g^′Y_RA^μ) ∂^ν e^{(i)}_R + O(A^2) ,

e^{(i)2}_R = − i 8 θ_{μν} θ_{αβ} (g^′Y_R∂^μA^α) ∂^ν ∂^βe^{(i)}_R + O(A^2) , (9)

where ∗ in eq. (7) denotes the Moyal-Weyl star product (see eq. (5)), L^{(i)}_L (e^{(i)}_R ) is the left (right) handed lepton doublet of i^{th} family, Y_L = −^1_2 , Y_R = −1 and O(A^2, B^2, A B) (O(A^2)) is the part of L^{(i)1,2}_L (e^{(i)1,2}_R ) which includes the interactions of more than one gauge fields. Here the function Γ has no interest since it contains two gauge field interactions, which do not give any contribution to our processes Z(W ) → l^+l^−(ν_ll^+). Furthermore, we do not present the parts of L^{(i)1,2}_L and e^{(i)1,2}_R , O(A^2, B^2, A B) and O(A^2), which include the interactions of more than one gauge fields (see [26] and [27] for details).

Finally, the additional vertex to the Z → l^+l^− decay to the second order in θ can be obtained as V^Z_{μ,N C} = ( (θ_{μν} γ_α + θ_{να}γ_μ + θ_{αμ}γ_ν ) p^ν_Z p^α_1 − i 4 (θ_{μν} γ_α + θ_{να}γ_μ + θ_{αμ}γ_ν ) θ_{γσ} p^γ_Z p^α_Z p^σ_1 p^ν_1 ) × (c_1 L + c_2 R) , (10)

where c_1 = −e^{2sin2 θW −1} 4 sinθ_W cosθ_W , c2 = −e tanθ_W 2 , L(R) =^{1−γ5}_2 (^{1+γ5}_2 ) and p_Z (−p_1) incoming (ougoing) four momentum of Z boson with polarization vector ϵ^μ (anti-lepton). Notice that the part of the vertex proportional with θ_{να} would be the whole contribution in the case that the NC effects enter into the expressions as an exponential factor e^{i2 θμν pμZ pν1} , which is consistent in approximate phenomenology (see [33] and references therein).

Now we present the BR of the process Z → l^+l^− including the non commutative effects at the least order in θ, in the Z boson rest frame: BR = α_{em} m_Z 6 Γ_Z sin^2 2θ_W ( (1 − 4 sin^2θ_W + sin^4 θ_W ) − m^2_l m^2_Z

(1 + 8 sin^2 θ_W − 16 sin^4 θ_W + m^4_Z 16 f(θ)) ) ,(11)

where Γ_Z is the total decay width of Z boson, Γ_Z = 2.490 GeV , and α_{em} =^{e2}_{4 π} . As shown in this equation, the NC effects appear as the function of θ,

f(θ) = (⃗θ_T .p̂_1)^2 + (⃗θ_S .p̂_1)^2 − (|⃗θ_T |^2 + |⃗θ_S |^2) + 2 p̂_1.(⃗θ_T × ⃗θ_S ) . (12)

Here we use the definitions (θ_T )_i = θ_{0i} and (θ_S )_i =^1_2 ϵ_{ijk}θ^{jk} , i, j, k = 1, 2, 3 and ⃗p_1 =^{mZ}_2 p̂_1. (θ_T )_i and (θ_S )_i are responsible for time-space and space-space noncommutativity, respectively. The noncommutative effects enter into expression with lepton mass and their effects are much more suppressed in the case of light leptons. Notice that, the terms of the vertex eq. (10) which is second order in θ do not give any contribution to the BR of the decay Z → l^+l^−, in the Z boson rest frame.

The charged W → ν_ll^+ decays exist with the charged current and they also appear at the tree level in the SM. Similar to the Z → l^+l^− decay, the noncommutative effects are controlled by the additional vertex V^W_{μ,N C} = − e 2 √ 2 sinθ_W × ( (θ_{μν} γ_α + θ_{να}γ_μ + θ_{αμ}γ_ν ) p^ν_W p^α_1 − i 4 (θ_{μν} γ_α + θ_{να}γ_μ + θ_{αμ}γ_ν ) θ_{γσ} p^γ_W p^α_W p^σ_1 p^ν_1 ) L , (13) where p_W (−p_1) incoming (ougoing) four momentum of W boson with polarization vector ϵ^μ (anti-lepton). The BR of the process W → ν_ll^− including the non commutative effects, at the least order in θ, in the W boson rest frame reads as: BR = α_{em} m_W 384 Γ_W sin^2 θ_W ( (32 + m^2_l m^2_W

(16 − m^4_W f(θ)) ) , (14)

where Γ_W is the total decay width of W boson, Γ_W = 2.060 GeV . Here the function f(θ) (see eq. (12)) represents the noncommutative effects. The terms of the vertex eq. (13) which is second order in θ give a non-zero contribution to the BR of the decay W → ν_ll^+, in the W boson rest frame. This contribution is proportional to m^2_l m^2_W (⃗θ_T .p̂_1)^2. However, it is cancelled by the part, coming from the vertex linear in θ.

At this stage we try to parametrize the vectors (θ_T )_i and (θ_S )_i which are responsible for time-space and space-space noncommutativity, respectively. With the assumption that the matrix θ_{μν} is real and constant, we take ⃗θ_T = A_1p̂_1 + A_2p̂^T_{1⊥} , (15) ⃗θ_S = B_1p̂_1 + B_2p̂^S_{1⊥} ,

where p̂_1 (p̂^T_{1⊥}, p̂^S_{1⊥}) is the unit vector in the direction of (the perpendicular direction to) the incoming lepton three momentum ⃗p_1 (for ⃗θ_T , ⃗θ_S ), A_i, B_i are the corresponding real coefficients. Using this parametrization, f(θ) can written as

f(θ) = 2 A_2 B_2 p̂_1.(p̂^T_{1⊥} × p̂^S_{1⊥}) − (A^2 + B^2_2 ) . (16)

and this shows that the transverse components of the vectors p̂^T_{1⊥} and p̂^S_{1⊥} to the incoming lepton three momentum ⃗p_1 play the main role for the NC effects. In the case of p̂^T_{1⊥}⊥p̂^S_{1⊥}⊥p̂_1 with A_2 = B_2, the noncommutative effects are switched off. Furthermore, for ⃗θ_T ‖ p̂_1 (⃗θ_S ‖ p̂_1), the coefficient A_2 = 0 (B_2 = 0) and therefore, only the space-space (space-time) noncommutativity is responsible for the noncommutative effects. This is interesting in the determination of the noncommutative directions with the help of the future sensitive experimental results.

3 Discussion

In this section, we analyse the NC effects on the BR of the flavor conserving Z → l^+l^− and charged W → νl^+ decays, in the framework of the SM. The processes underconsideration exist in the tree level in the SM and the theoretical calculation of the BRs obey the experimental results within the measurement errors.

The flavor l = e, μ, τ dependence of the part of the BR(Z → l^+l^−) is extremely weak R_{μe} = BR(Z → μ^+μ^−) BR(Z → e^+e^−) = 1.0008 ± 0.005 ,

R_{τ e} =

BR(Z → τ^+τ^−) BR(Z → e^+e^−) = 0.998 ± 0.005 . (17)

This part, which controls the flavor effects, is proportional to the factor^{m2l}_{m2Z} and it includes the noncommutative effects. Therefore, it is more informative to study the heavy lepton decays to determine the noncommutativity of the geometry. Notice that we choose the non-commutative parameter θ = |θ_{μν} | as at the order of the magnitude of ∼ 10^{−6} − 10^{−5} GeV^{−2}.

In Fig. 1, we present the noncommutative parameter f(θ) dependence of ratio r^Z_1 =^{BRf lavor}_{BRtot} where BR_{f lavor} is the flavor dependent part of the BR and BR_{tot} is the total BR, for the process Z → τ^+τ^−. This figure shows that the noncommutative effects are at most at the order of the magnitude of 0.001%, even for the heavy lepton τ decay. This dependence becomes extremely small, 10^{−6} %, for Z → μ^+μ^− decay (see Fig. 2 ), since the mass of the lepton μ is small and there is a strong suppression factor^{m2μ}_{m2Z} for BR_{f lavor}.

Fig. 3 is devoted to the f(θ) dependence of ratio r^Z_3 =^{BRf lavorθ}_{BRf lavor} where BR_{f lavorθ} is the noncommutative-flavor dependent part of the BR, for the process Z → τ^+τ^−. It is observed that the noncommutative effects on the flavor dependent part can reach to 0.1%.

Now we would like to study the charged W → ν_ll^+ decay and the noncommutative effects on this process. The BR for this process is

BR(W → ν_ll^+) = 10.74 ± 0.33 % (18)

and the flavor l = e, μ, τ dependence of this value is weak. Similar to the Z → l^+l^− decay, the part of the BR(W → νl^+) which controls the flavor effects is proportional to the factor^{m2l}_{m2W} and the noncommutative effects appear in this part.

In Fig. 4, we present the noncommutative parameter f(θ) dependence of ratio r^W_1 =^{BRf lavor}_{BRtot} where BR_{f lavor} is the flavor dependent part of the BR and BR_{tot} is the total BR for the process W → ν_τ τ^+. It is observed that the noncommutative effects are at most at the order of the magnitude of 0.001%, for the heavy lepton τ decay.

Fig.5 represents the f(θ) dependence of ratio r^W_3 =^{BRf lavorθ}_{BRf lavor} where BR_{f lavorθ} is the noncommutativeflavor dependent part of the BR for the process W → ν_τ τ^+. Here, the noncommutative effects on the flavor dependent part can reach to 0.1%, similar to the process Z → τ^−τ^+.

In conclusion, the NC effects in the decays under consideration are effective in the flavor dependent part of their BRs. With the possible future experiments, which are sensitive to the flavor dependent part of these processes, those effects can be extracted and the noncommutative direction can be determined.

4 Acknowledgement

This work was supported by Turkish Academy of Sciences (TUBA/GEBIP).

References

[1] R. Hawkings and K. Mönig, Eur. Phys. J. direct C8 (1999) 1. [2] Particle Data Group Collaboration, C. Caso et al., Eur. Phys. J. C3 (1998) 1. [3] CDF Collaboration, (T. Kamon for the collaboration). FERMILAB-CONF-89/246-E, Dec 1989. 25pp. To be publ. in Proc. of 8th Topical Workshop on p anti-p Collider Physics, Castiglione d. Pescaia, Italy, Sep 1-5, 1989. Published in Pisa Collider Workshop 1989:0281- 305 (QCD161:W64:1989).

[4] ALEPH Collaboration, D. Decamp et al. Phys.Lett. B263 (1991) 112 ; ALEPH Collaboration, D. Decamp et al., it Phys.Lett. B265 (1991) 430.

[5] W. Bernreuther, G.W. Botz, O. Nachtmann, P. Overmann, Z.Phys. C52 (1991) 567. [6] DELPHI Collaboration, P. Abreu et al. Z. Phys. C55 (1992) 555. [7] LEP Collaboration, Phys. Lett. B276 (1992) 247.

[8] OPAL Collaboration, P. D. Acton et al., Phys. Lett. B281 (1992) 405; ALEPH Collaboration, D. Buskulic et al. Phys.Lett. B297 (1992) 459.

[9] U. Stiegler, Z. Phys. C58 (1993) 601.

[10] ALEPH Collaboration, D. Buskulic et al. Z. Phys. C59 (1993) 369; U. Stiegler, Z. Phys.

C57 (1993) 511; J. Bernabeu, G.A. Gonzalez-Sprinberg, J. Vidal Phys. Lett. B326 (1994) 168; F. Sanchez, Phys. Lett. B384 (1996) 277.

[11] A. Posthaus, P. Overmann, JHEP 9802:001 (1998). [12] E. Iltan, Phys. Rev. D65 (2002) 036003.

[13] G. Steinbruck, et. al., D0 Collaboration, Int. J. Mod. Phys. A16S1A (2001) 318; B. Abott, et. al., D0 Collaboration, Phys. Rev. D63 (2001) 072001; F. Abe, et. al., CDF Collaboration, Phys. Rev. Lett. 79 (1997) 3819; Phys. Rev. D52 (1995) 2624; Phys. Rev. Lett. 68 (1992) 3398; JF. Albajar, et. al., UA1 Collaboration, Phys. Lett. B185 (1987) 233;

[14] H. S. Synder, Phys. Rev. 71 (1947) 38.

[15] A. Connes, M. R. Douglas, C Hull, JHEP 9802 (1998) 8.

[16] N. Seiberg, E. Witten A. Connes, JHEP 9909 (1999) 032

[17] I. Mocioiu, M. Pospelov and R. Roiban, Phys. Lett. B 489 (2000) 390; S. M. Carroll, J. A.

Harvey, V. A. Kostelecky, C. D. Lane and T. Okamata, Phys. Rev. Lett. 87 (2001) 141601.

[18] C. E. Carlson, C. D. Carone, R. F. Lebed, Phys. Lett. B 518 (2001) 201.

[19] A. Gonzales-Arroyo, C. P. Korthals Altes, Phys. Lett. B 131 (1983) 396; H. Grosse, C.

Klimcik, P. Presnajder, Commun. Math. Phys. 180 (1996) 429; M. Chachian, A. Demichev, P. Presnajder, Nucl. Phys. B 567 (2000) 360; M. M. Sheikh-jabbari, JHEP 9906 (1999) 015; C. P. Martin, D. Sanchez-Ruiz, Phys. Rev. Lett. 83 (1999) 476; T. Krajewski, R. Wulkenhaar, Int. J. Mod. Phys. A 15 (2000) 1011; H. Grosse, T. Krajewski, R. Wulkenhaar, hep-th/0001182; Minwalla, M. Van Ransdonk, N. Sieberg, JHEP 0002 (2000) 020; M. Van Ransdonk, N. Sieberg, JHEP 0003 (2000) 035; A. Matusis, L. Susskind, N. Toumbas, JHEP 0012 (2000) 002; A. Armoni, Nucl. Phys. B 593 (2001) 229; A. Ardalan, N. Sadooghi, Int. J. Mod. Phys. A 17 (2002) 123; J. M. Gracia-Bondia, C. P Martin, Phys. Lett. B 479 (2000) 321; L. Bonora, M. Schnabl, A. Tomasiello, Phys. Lett. B 485 (2000) 311; L. Alvarez-Gaume, J. F. Barbon, Int. J. Mod. Phys. A 16 (2000) 1123 ; A. Micu, M. M. Sheikh-Jabbari, JHEP 0101 (2001) 025.

[20] J. Gomis, T. Mehen, Nucl. Phys. B 591 (2000) 265; M. Chachian, A. Demichev, P. Presnajder,Eur. Phys. J. C 20 (2001) 767; N. Seiberg, L. Susskind, N. Tuombas, JHEP 0006 (2000) 044; O. Aharony, J. Gomis, T. Mehen, JHEP 0009 (2000) 023.

[21] J. L. Hewett, F. J. Petriello, T. G. Rizzo, hep-ph/0112003.

[22] C. S. Chu, J. Lukierski, W. J. Zakrzewski, hep-th/0201144.

[23] M. Hayakawa, hep-th/9912167.

[24] I. F. Riad, M. M. Sheikh-Jabbari, JHEP 0008 (2000) 045. [25] C. E. Carlson, C. D. Carone, Phys. Rev. D 65 (2002) 075007.

[26] J. Madore, S. Schraml, P. Schupp, J. Wess, Eur. Phys. J. C 16 (2000) 161, B. Jurco, S.

Schraml, P. Schupp, J. Wess, Eur. Phys. J. C 17 (2000) 521, B. Jurco, P. Schupp, J. Wess, Nucl. Phys. B 604 (2001) 148, B. Jurco, L. Moller, S. Schraml, P. Schupp, J. Wess, Eur. Phys. J. C 21 (2001) 383.

[27] X. Calmet, B. Jurco, P. Schupp, J. Wess, M. Wohlgenannt, Eur. Phys. J. C 23 (2002) 363. [28] Xiao-Gang He, hep-ph/0202223.

[29] W. Behr, N. G. Deshpande, G. Duplancic, P. Shupp, J. Trampetic and J. Wess, hepph/0202121.

[30] E. Iltan, hep-ph/0202011. [31] E. Iltan, hep-ph/0204129. [32] Z. Cang, Z. Xing, hep-ph/0204255.

[33] I. Hinchliffe, N. Kersting, Phys. Rev. D 64 (2001) 116007.

Figure 1: f(θ) dependence of ratio r^Z_1 =^{BRf lavor}_{BRtot} where BR_{f lavor} is the flavor dependent part of the BR and BR_{tot} is the total BR, for the process Z → τ^+τ^−.

Figure 2: The same as Fig. 1 but for Z → μ^+μ^− decay.

Figure 3: f(θ) dependence of ratio r^Z_3 =^{BRf lavorθ}_{BRf lavor} where BR_{f lavorθ} is the noncummutativeflavor dependent part of the BR, for the process Z → τ^+τ^−.

Figure 4: The same as Fig. 1 but for W → ν_τ τ^+ decay.

Figure 5: The same as Fig. 3 but for W → ν_τ τ^+ decay.