arXiv:0909.5508v1 [hep-ph] 30 Sep 2009

Lifetime difference in D^0-D^0 mixing within R-parity-violating SUSY

Gagik K. Yeghiyan Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA

We re-examine constraints from the evidence for observation of the lifetime difference in D^0-D^0 mixing on the parameters of supersymmetric models with R-parity violation (RPV). We find that RPV SUSY can give large negative contribution to the lifetime difference. We also discuss the importance of the choice of weak or mass basis when placing the constraints on RPV-violating couplings from flavor mixing experiments.

1. Introduction

Meson-antimeson mixing is an important vehicle for indirect search of New Physics (NP) [1]. D^0 − D^0 mixing [2] is the only available meson-antimeson mixing in the up-quark sector. The fact that the search is indirect and complimentary to existing constraints from the bottom-quark sector actually provides parameter space constraints for a large variety of NP models [3, 4].

One can write the normalized lifetime difference in D^0 − D^0 mixing, y_D ≡ ΔΓ_D/(2Γ_D), as an absorptive part of the D^0 − D^0 mixing matrix [5],

y_D = 1 Γ_D ∑ n ρ_n⟨D^0|H^{ΔC=1}_w |n⟩⟨n|H^{ΔC=1}_w |D^0⟩, (1.1)

where ρ_n is a phase space function that corresponds to a charmless intermediate state n. This relation shows that ΔΓ_D is driven by transitions D^0, D^0 → n, i.e. physics of the ΔC = 1 sector.

It was recently shown [4] that D^0 − D^0 mixing is a rather unique system, where the lifetime difference can be used to constrain the models of New Physics^1. This stems from the fact that there is a well-defined theoretical limit (the flavor SU(3)-limit) where the SM contribution vanishes and the lifetime difference is dominated by the NP ΔC = 1 contributions. In real world, flavor SU(3) is, of course, broken, so the SM contribution is proportional to a (second) power of m_s/Λ, which is a rather small number. If the NP contribution to y_D is non-zero in the flavor SU(3)- limit, it can provide a large contribution to the mixing amplitude.

To see this, consider a D^0 decay amplitude which includes a small NP contribution, A[D^0 → n] = A^{(SM)}n + A^{(NP)}n . Experimental data for D-meson decays are known to be in a decent agreement with the SM estimates [7, 8]. Thus, A^{(NP)}_n should be smaller than (in sum) the current theoretical and experimental uncertainties in predictions for these decays.

1A similar effect is possible in the bottom-quark sector [6].

One may rewrite equation (1.1) in the form (neglecting the effects of CP-violation)

y_D = ∑ n ρ_n Γ_D

A^{(SM)}_n Ā^{(SM)}_n + 2 ∑ n ρ_n Γ_D

A^{(NP)}_n Ā^{(SM)}_n + + ∑ n ρ_n Γ_D

A^{(NP)}_n Ā^{(NP)}_n .(1.2)

The first term in this equation corresponds to the SM contribution, which vanishes in the SU(3) limit. In ref. [4], as well as in the superseding papers [9, 10], the last term in (1.2) has been neglected, thus the NP contribution to y_D comes there solely from the second term, due to interference of A^{(SM)}_n and A^{(NP)}_n . While this contribution is in general non-zero in the flavor SU(3) limit, in a large class of (popular) models it actually is [4, 10]. Then, in this limit, y_D is completely dominated by pure A^{(NP)}_n contribution given by the last term in eq. (1.2)! It is clear that the last term in equation (1.2) needs more detailed and careful studies, at least within some of the NP models.

Indeed, in reality, flavor SU(3) symmetry is broken, so the first term in Eq. (1.2) is not zero. It has been argued [11] that in fact the SM SU(3)-violating contributions could be at a percent level, dominating the experimental result, y^{exp}_D = (0.73 ± 0.18)% [12]. The SM predictions of y_D, stemming from evaluations of long-distance hadronic contributions, are rather uncertain. While this precludes us from placing explicit constraints on parameters of NP models, it has been argued that, even in this situation, an upper bound on the NP contributions can be placed [3] by displaying the NP contribution only, i.e. as if there were no SM contribution at all. This procedure is similar to what was traditionally done in the studies of NP contributions to K^0 − K^0 mixing, so we shall employ it here too.

In order to evaluate importance of the NP contribution, as the flavor SU(3) is broken, counting of suppression powers of m_s/m_c for the SM contribution versus those of M^2_W /M^2_{NP} of the NP contribution must be performed. For the last term in eq. (1.2) to be essential, the following approximate rule applies: M^4_W /M^4_{NP} > m^2_s/m^2_c . This term is of the primary importance here: the second term in (1.2) is proven to be <∼ 10−4 in the most popular SM extensions [4, 10, 13] and, hence, negligible in general.

The talk is based on the results presented in [14]. We revisit the problem of the NP contribution to y_D and provide constraints on R-parity-violating supersymmetric (SUSY) models as a primary example. It has been recently argued in [13] that within /R- SUSY models, new physics contribution to y_D is rather small, mainly because of stringent constraints on the relevant pair products of RPV coupling constants. However, this result has been derived neglecting the transformation of these couplings from the weak isospin basis to the quark mass basis. This approach seems to be quite reasonable for the scenarios with the baryonic number violation. However, in the scenarios with the leptonic number violation, transformation of the RPV couplings from the weak eigenbasis to the quark mass eigenbasis turns to be crucial, when applying the existing phenomenological constraints on these couplings.

We show in that within R-parity-breaking supersymmetric models with the leptonic number violation, new physics contribution to the lifetime difference in D^0 − D^0 mixing may be large, due to the last term in eq. (1.2). When being large, it is negative (if neglecting CP-violation), i.e. opposite in sign to what is implied by the recent experimental evidence for D^0 −D^0 mixing.

2. R-Parity Breaking Interactions: Weak vs Mass Eigenbases

We consider a general low-energy supersymmetric scenario with no assumptions made on a SUSY breaking mechanism at the unification scales (∼ (10^{16} − 10^{18})GeV ). The most general Yukawa superpotential for an explicitly broken R-parity supersymmetric theory is given by W_{/R} = ∑ i,j,k [ 1 2 λ_{ijk} L_iL_j E^c_k + λ^′_{ijk} L_iQ_j D^c_k +

+ 1 2 λ^{′′}_{ijk} U^c_i D^c_j D^c_k ] (2.1)

where L_i, Q_j are SU(2)_L weak isodoublet lepton and quark superfields, respectively; E^c_i , U^c_i , D^c_i are SU(2) singlet charged lepton, up- and down-quark superfields, respectively; λ_{ijk} and λ^′_{ijk} are lepton number violating Yukawa couplings, and λ^{′′}_{ijk} is a baryon number violating Yukawa coupling. To avoid rapid proton decay, we assume that λ^{′′}_{ijk} = 0 and work with a lepton number violating /R- SUSY model.

For meson-to-antimeson oscillation processes, to the lowest order in the perturbation theory, only the second term of (2.1) is of the importance. After transforming quark fields from the weak isospin basis (used in eq. (2.1) to the quark mass eigenbasis, the relevant

R-parity breaking part of the Lagrangian may be presented in a following form: L_{/R} = − ∑ i,j,k ~λ^′_{ijk} [ ~e_{iL}d̄_{kR} u_{jL} + ~u_{jL}d̄_{kR} e_{iL} + + ~d^∗_{kR}ē^c_{iR} u_{jL} ] + ∑ i,j,k λ^′_{ijk} [ ~ν_{iL}d̄_{kR} d_{jL} + ~d_{jL}d̄_{kR} ν_{iL} + ~d^∗_{kR}ν̄^c_{iR} d_{jL} ] + h.c. (2.2) where ~λ^′_{ijk} = V^∗_{jn} λ^′_{ink} (2.3) with V being the CKM matrix.

Very often in the literature (see e.g. [4], [13], [15]- [17]) one neglects the difference between λ^′ and ~λ^′, based on the fact that diagonal elements of the CKM matrix dominate over non-diagonal ones, i.e.

V_{jn} = δ_{jn} + O(λ) so ~λ_{ijk} ≈ λ^′_{ijk} + O(λ) (2.4)

where λ = sin θ_c ∼ 0.2, with θ_c being the Cabibbo angle.

Notice that relation (2.4) is valid if only there is no hierarchy in couplings λ^′. On the other hand, the existing strong bounds on pair products λ^′ × λ^′ (or ~λ′ × ~λ′) [15, 16, 18] and relatively loose bounds on individual couplings λ^′ [18] suggest that such a hierarchy may exist. We have shown in the original work [14] that pair products ~λ^′ × ~λ^′ may be orders of magnitude greater than corresponding products λ^′ × λ^′. This fact plays a crucial role in our analysis.

In what follows, neglecting the transformation of RPV couplings from the weak eigenbasis to the quark mass eigenbasis would lead to overestimate of existing phenomenological bounds on these couplings. As a result, one would get that within R-parity violating supersymmetric models, NP contribution to the lifetime difference in D^0 − D^0 mixing is rather negligible [13]. Yet, this result is true if no hierarchy in the values of the relevant RPV couplings exist. More generally, in presence of such hierarchy, due to rather loose constraints on the relevant ~λ^′ × ~λ^′ products, RPV SUSY contribution to y_D may be of the same order or even exceed the experimental value.

3. Dominant Contribution to y_D

Within R-parity violating SUSY models, the dominant contribution to the lifetime difference in D^0 −D^0 mixing comes from the part of D^0 −D^0 transition amplitude that occurs when both of ΔC = 1 transitions are generated by NP interactions, due to exchange of a charged slepton (see Fig. 1). This contribution to y_D,

Figure 1: Diagrams giving the dominant contribution to yD a) within the full electroweak theory; b) within the low-energy effective theory.

denoted here by y_{ℓ̃ℓ̃}, is given by the following formula: y_{ℓ̃ℓ̃} ≈ −m^2_cf^2_DB_Dm_D 288πΓ_Dm^4_{ℓ̃} [ 1 2 + 5 8 B̄^S_D B_D ] [ λ^2_{ss} + λ^2_{dd} ] (2.1)

where f_D is D-meson decay constant, B_D and B̄^S_D are vacuum saturation factors [3] and λ_{ss} ≡ ∑ i ~λ^{′∗}_{i12} ~λ^′_{i22}, λ_{dd} ≡ ∑ i ~λ^{′∗}_{i11} ~λ^′_{i21} (2.2)

To simplify the calculations, we assumed that all the sleptons are nearly degenerate, i.e. m_{ℓ̃i} = m_{ℓ̃}.

Note that y_{ℓ̃ℓ̃} is non-vanishing in the exact flavor SU(3) limit. Also, present experimental data still allow for the slepton masses to be ∼ 100 GeV [19]. Finally, present phenomenological constraints on the coupling pair products λ_{ss} and λ_{dd} are rather loose, when taking into account the transformation of RPV couplings from the weak eigenbasis to the quark mass eigenbasis (see [14] for more details). One has |λ_{ss}| < 0.29, |λ_{dd}| < 0.29 or λ^2_{ss} < 0.0841, λ^2_{dd} < 0.0841. Thus, as it follows from our discussion above, y_{ℓ̃ℓ̃} may be quite large.

Indeed, the numerical analysis yields − 0.12 ( 100GeV m_{ℓ̃} )_4 ≤ y_{ℓ̃ℓ̃} < 0 (2.3)

In other words, |y_{ℓ̃ℓ̃}| may be ∼ 10^{−1}, if m_{ℓ̃} = 100 GeV.

Thus, within R-parity breaking supersymmetric models with the lepton number violation, new physics contribution to D^0 − D̄^0 lifetime difference is predominantly negative and may exceed in absolute value the experimentally allowed interval. In order to avoid a contradiction with the experiment (y^{exp}_D = (0.73 ± 0.18)% [12]), one must either have a large positive contribution from the Standard Model, or place severe restrictions on the values of RPV couplings. As it follows from [11], y_{SM} may be as large as ∼ 1%. In what follows, |y_{new}| must be ∼ 1% or smaller as well. If |y_{new}| ∼ 1%, then, imposing condition

− 0.01 ≤ y_{new} ≈ y_{ℓ̃ℓ̃} (2.4) one obtains that either m_{ℓ̃} > 185GeV, or if m_{ℓ̃} ≤ 185GeV, condition (2.4) implies new bounds on λ_{ss} and λ_{dd}: |λ_{ss}| ≤ 0.082 ( m_{ℓ̃} 100GeV )_2 (2.5) |λ_{dd}| ≤ 0.082 ( m_{ℓ̃} 100GeV )_2 (2.6)

It is interesting to compare the restrictions on λ_{ss} and λ_{dd}, given by (2.5), (2.6), with those derived in [3] from study of D^0 − D̄^0 mass difference. Bounds of [3] on λ_{ss} and λ_{dd} turn to be about 20 times stronger than our ones. On the other hand, constraints of ref. [3] on the RPV coupling products are derived in the limit when the pure MSSM contribution to Δm_D is negligible. Generally speaking, the MSSM contribution to D^0 − D̄^0 mass difference is significant even for the squark masses being about 2TeV. In what follows, the destructive interference of the pure MSSM and R-parity violating sector contributions may distort bounds of ref. [3], making them inessential as compared to (2.5), (2.6).

Contrary to this, pure MSSM contributes to ΔΓ_D only in the next-to-leading order via two-loop dipenguin diagrams. Naturally, this contribution is expected to be small. In what follows, unlike those of ref. [3], our constraints on the RPV coupling products λ_{ss} and λ_{dd}, given by (2.5), (2.6), seem to be insensitive or weakly sensitive to assumptions on the pure MSSM sector of the theory.

Thus, our main result is that within R-parity breaking supersymmetric theories with the leptonic number violation, new physics contribution to ΔΓ_D may be quite large and is predominantly negative.

4. Conclusion

We computed a possible contribution from Rparity-violating SUSY models to the lifetime difference in D^0 − D^0 mixing. The contribution from RPV SUSY models with the leptonic number violation is found to be negative, i.e. opposite in sign to what is implied by recent experimental evidence, and possibly quite large, which implies stronger constraints on the size of relevant RPV couplings.

We discussed currently available constraints on those couplings (especially on the products of them), available from kaon mixing and rare kaon decays. We emphasize that the use of these data in charm mixing has to be done carefully separating the constraints on RPV couplings taken in the mass and weak eigenbases, given the gauge and CKM structure of D^0 −D^0 mixing amplitudes.

Acknowledgments

Author is grateful to S. Pakvasa and X. Tata for valuable discussions.

This work has been supported by the grants NSF PHY-0547794 and DOE DE-FGO2-96ER41005.

References

[1] See e.g. L. B. Okun’ ”Leptony i Kvarki” (Leptons and Quarks), Moscow: Nauka, (1981) [Traslated into English, Amsterdam: North- Holland, (1984)].

[2] A. Datta and D. Kumbhakar, Z. Phys. C 27, 515 (1985).

[3] E. Golowich, J. Hewett, S. Pakvasa and A. A. Petrov, Phys. Rev. D 76, 095009 (2007).

[4] E. Golowich, S. Pakvasa and A. A. Petrov, Phys.

Rev. Lett. 98, 181801 (2007).

[5] A. A. Petrov, In the Proceedings of Flavor Physics and CP Violation (FPCP 2003), Paris, France, 3-6 Jun 2003, pp MEC05 [arXiv:hep-ph/0311371].

[6] A. Badin, F. Gabbiani and A. A. Petrov, Phys.

Lett. B 653, 230 (2007).

[7] F. Buccella et al., Phys. Rev. D 51, 3478 (1995). [8] G. Burdman et al., Phys. Rev. D 66, 014009 (2002).

[9] C. H. Chen, C. Q. Geng, S. H. Nam, Phys. Rev.

Lett. 99, 019101 (2007).

[10] G. K. Yeghiyan, Phys. Rev. D 76, 117701 (2007). [11] A. F. Falk, Y. Grossman, Z. Ligeti, Y. Nir and A. A. Petrov, Phys.Rev. D 69, 114021 (2004); A. F. Falk, Y. Grossman, Z. Ligeti and A. A. Petrov, Phys. Rev. D 65, 054034 (2002).

[12] E. Barberio et al. [Heavy Flavor Averaging Group], arXiv:0808.1297 [hep-ex].

[13] S. L. Chen, X. G. He, A. Hovhannisyan and H. C. Tsai, JHEP 09, 044 (2007) [arXiv:hepph/0706.1100].

[14] A. A. Petrov, G. K. Yeghiyan, Phys. Rev. D 77, 034018 (2008).

[15] A. Kundu, J. P. Saha, Phys. Rev, D 70, 096002 (2004).

[16] G. Bhattacharyya, A. Raychaudhuri, Phys. Rev.

D 57, R3837 (1998).

[17] S. Nandi, J. P. Saha, Phys.Rev. D 74, 095007 (2006).

[18] B. C. Allanach, A. Dedes, H. K. Dreiner, Phys.

Rev. D 60, 075014 (1999).

[19] C. Amsler et al. (Particle Data Group), Phys.

Lett. B 667, 1 (2008).