arXiv:hep-ph/0607147 v2 24 Nov 2006

hep-ph/0607147 MIFP-06-18

B_s-B̄_s Mixing in Supersymmetric Grand Unified Models

Bhaskar Dutta and Yukihiro Mimura Department of Physics, Texas A&M University, College Station, TX 77843-4242, USA (Dated: November 24, 2006)

We study Bs-B̄s mixing in Supersymmetry grand unified SO(10), SU(5) models where the mixings among the second and third generation squarks arise due to the existence of flavor violating sources in the Dirac and Majorana couplings which are responsible for neutrino mixings. We find that when the branching ratio of τ → μγ decay is enhanced to be around the current experimental bound, Bs-B̄s mixing may also contain large contribution from supersymmetry in the SO(10) boundary condition. Consequently, the phase of Bs-B̄s mixing is large (especially for small tan β and large scalar mass m0) and can be tested by measuring CP asymmetries of Bs decay modes.

PACS numbers: 12.10.-g, 12.15.Ff

Flavor changing processes are important not only to test the Kobayashi-Maskawa theory [1] and to determine the parameters in CKM (Cabibbo-Kobayashi-Maskawa) matrix, but also to examine new physics. Recent measurement of B_s-B̄_s mass difference,

ΔM_s = 17.77 ± 0.10 ± 0.07 ps^{−1}, (1)

by DØ and CDF collaborations [2] can impact on the flavor structure of new physics beyond the standard model (SM) [3, 4]. The experimental constraints for new physics are not very severe yet since deviations from the SM prediction can be buried in the errors of CKM parameters and lattice calculation. In other words, there is still room for new physics. However, the parameters are expected to be determined more accurately in the near future. Besides, the CP asymmetry of B_s decay can be observed by direct measurements, and we will get important information of new physics.

Supersymmetry (SUSY) is one of the most promising candidates of new physics. SUSY can provide a natural prospect to have a large hierarchy in the theories, and in the minimal SUSY standard model (MSSM), gauge forces can unify at a high scale, which leads to a successful realization of grand unified theories (GUTs). However, the flavor sector has not yet been well accepted in the MSSM due to the fact that SUSY breaking terms can induce large flavor changing neutral currents (FC- NCs). Actually, the experimental constraints of FCNCs introduce flavor degeneracy of the SUSY particles, especially in first and second generations, if SUSY particles are lighter than around 2-3 TeV [5].

In order to suppress the SUSY FCNCs, the squarks and sleptons are assumed to be degenerate at the GUT scale as a nature of the SUSY breaking. Even though the degeneracy is realized at a scale, the renormalization group equation (RGE) flow induces flavor violation for squarks and sleptons at low energy. In this scenario, the flavor violating effects in SUSY breaking terms are small at the weak scale and satisfy the current FCNC constraints. The small flavor violations originate from mixings in the Yukawa couplings characterized by the

CKM mixings as well as the neutrino mixings. In the MSSM, the induced FCNCs in the quark sector are not large since the CKM mixings are small. In the lepton sector, on the other hand, sizable FCNC effects can be generated and a testable amount of flavor violating lepton decay can be obtained [6], which is related to the large mixings for the neutrino oscillations.

In the grand unified models, the flavor violation at the weak scale can be related to the GUT scale physics. Actually, as a consequence of the quark-lepton unification, the large neutrino mixings not only introduces flavor violations in the lepton sector, but also in the quark sector as well. The relation of flavor violation in the quark and the lepton sectors depends on unification of matters and how to obtain light neutrino masses. Therefore, investigating the FCNC effects, we may obtain a footprint of the GUT models.

The new result on B_s-B̄_s mixing can restrict the flavor violation in the quark sector involving b and s quarks. In grand unified models, the B_s-B̄_s oscillation can be correlated to the τ → μγ decay. Since Br(τ → μγ) is being measured at the B factories, the future results will be able to probe new contributions from the GUT models. In this letter, we calculate B_s-B̄_s mixing and Br(τ → μγ) in SU(5) and SO(10) GUT models, and study the implication of the correlation between B_s-B̄_s mixing and Br(τ → μγ) decay in the CP asymmetry of B_s-B̄_s mixing (which is under experimental investigation) to decipher GUT models.

The existence of second-third generation (23) mixing elements in squarks and slepton mass matrices generate B_s mixing and τ → μγ decay respectively. We first investigate the arise of 23 elements in squark and slepton mass matrices in the grand unified theories.

SU(5) model: In a SU(5) grand unified model, the superpotential involving the Yukawa couplings is as follows: W_Y = Y_{uij} /4 10_i10_j H_5 + √ 2 Y_{dij} 10_i ¯5_jH̄¯_5 + Y_{ν ij} ¯5_iN_j H_5 + M_{ν ij} /2 N_iN_j , where ¯5 contains the righthanded down-type quarks (D^c) and left-handed lepton doublets (L), and i, j denote the generation indices. The left-handed quark doublets (Q), right-handed up-type quarks (U^c), and right-handed charged-leptons (E^c) are unified in 10 multiplet, and N is the right-handed neutrino. Since two large neutrino mixings have been observed in nature, the Y_ν coupling is expected to have large off-diagonal elements, which will generate off-diagonal terms in the SUSY breaking scalar mass matrices for the scalar ¯5 multiplet via H̄¯_5 and N loops [6]. One, thus, expects a large 23 element in the SUSY breaking scalar mass matrices for D̃^c and L̃ due to the large atmospheric mixing and possibly large ν_τ Dirac Yukawa coupling. Therefore, the SUSY contribution for the amplitude of B_s-B̄_s mixing can be enhanced along with the branching ratio of τ → μγ.

Since our purpose is to investigate the flavor violation in the 23 sector of squark and sleptons and to probe how it relates the B_s-B_s mixing and flavor violating τ decay, we are only discussing the 23 element and its effects in quark and lepton flavor violation in this letter. For this purpose, we consider the following simplified SU(5) boundary condition for the SUSY breaking scalar mass matrices at the GUT scale where SU(5) is broken to the SM: M^2_{10} = M^2_{Q̃} = M^2_{Ũ c} = M^2_{Ẽc} = m^2_0 1, (2)

M^2_{¯5} = M^2_{D̃c} = M^2_{L̃} =

1 0 0 0 1 δ 0 δ^∗ 1 m^2_0 . (3)

The δ denotes the flavor mixing term arising from the neutrino Yukawa couplings discussed above. We assume the above boundary condition in the basis where the down-type quark Yukawa matrix is diagonal (at the GUT scale): Y_d = Y^{diag}_d , Y_u = V^T_{CKM}Y^{diag}_u P_uV_{uR}, Y_e = V_{eL}Y^{diag}_e P_eV^†_{eR}, where the up- and down-type quarks and the charged-lepton Yukawa couplings Y^{diag}_{u,d,e} are real (positive) diagonal matrices and P_{u,e} are diagonal phase matrices. In a minimal SU(5) GUT, in which only H_5 and H̄¯_5 couple to matter fields, we have V_{uR} = V_{CKM}, V_{eL} = V_{eR} = 1, and Y^{diag}_d = Y^{diag}_e . We do not assume the minimal choice of Higgs fields, but assume V_{eL} ≃ 1 to keep the relation of flavor violation between the quark and the lepton sectors.

We note that one can also have first-second and firstthird generations mixings in squarks and sleptons. However, they can be small by the choice of 13 mixing in Y_ν and the hierarchical pattern of the neutrino coupling. If these elements are large, μ → eγ will become large.

SO(10) model: In a SO(10) model, the flavor violations can be more enhanced compared to the SU(5) case since all matters are unified in spinor representation and couple to 10 and 126 Higgs fields [7], e.g., W_Y =^1_2 h_{ij} 16_i16_j 10 +^1_2 f_{ij} 16_i16_j 126. The mixings in the neutrino Dirac Yukawa coupling may be small since right-handed neutrinos are also unified with other quarks and leptons. In a SO(10) model, however, there could be sources for large flavor violations in Majorana couplings for both left- and right-handed neutrinos in the type II seesaw scenario [8]. The Majorana couplings are unified to the 16 · 16 · 126 coupling, and also affect the quark fields. The couplings will give rise to observable amount of flavor violations to the sparticle mass matrices via the GUT particle loops. Based on the above discussions, the following mass terms can arise in a SO(10) model at the GUT scale:

M^2_{16} =

1 0 0 0 1 δ 0 δ^∗ 1 m^2_0. (4)

When the matters couple to only 10 and 126 Higgs fields, the Yukawa matrices are symmetric and the boundary condition is Y_d = Y^{diag}_d P_d, Y_u = V^T_{CKM}Y^{diag}_u P_uV_{CKM}, Y_e = V_{ql}Y^{diag}_e P_eV^T_{ql} . We do not assume the minimal choice of Higgs fields but assume V_{ql} ≃ 1. It needs to be noted that the diagonal phase matrices P_{u,d,e} can not be rotated away for this boundary condition and these parameters enter into our calculations which we will see later.

It appears that in order to suppress the proton decay and to obtain the correct fit to fermion masses one needs to extend the above minimal SO(10) model. The new superpotential includes 120 Higgs field: W_Y = 1 2 h_{ij} 16_i16_j 10 +^1_2 f_{ij} 16_i16_j 126 +^1_2 h^′_{ij} 16_i16_j 120. In this case, the symmetric nature of the Yukawa matrices is lost since 120 Higgs coupling h^′ is antisymmetric. In this context, the Hermitian Yukawa matrices can be considered with 120 Higgs and a parity symmetry to reduce the number of parameters and to solve SUSY CP problem [9]. The SO(10) symmetry is broken in the basis where Y_d is diagonal, since the left- and right-handed fields are rotated by conjugated unitary matrices, e.g. Q → V Q and U^c → V^∗U^c. In the original SO(10) basis, the SUSY breaking mass matrices are real by the parity symmetry. As a result, in the basis where the down-type quark Yukawa matrix is diagonal, the squarks and slepton masses at the GUT scale are related by the following relation

M^2_{Q̃} = M^{2∗}_{Ũ c} = M^{2∗}_{D̃c} = M^2_{L̃} = M^{2∗}_{Ẽc} . (5)

So we see that two mass relations are possible in a SO(10) model at the GUT scale. We call one of them symmetric (since the Yukawa couplings are symmetric) and the other one hermitian (since the Yukawa couplings are hermitian).

We use the above mass matrices for the boundary condition at the GUT scale and then calculate the masses at the weak scale by using RGEs to calculate the mixing of B_s-B̄_s and Br(τ → μγ). In calculating the mass differences of mesons, one encounters non-perturbative factors originating from strong interaction. In the ratio of B_s and B_d mass differences, many common factors cancel, and the ratio can be calculated more accurately rather than the respective mass differences. We have

ΔM^{SM}_s ΔM^{SM}_d = M_{Bs} M_{Bd} ξ^2 | | | V_{ts} V_{td} | | | 2 , (6)

where ξ ≡ √ B_{Bs} f_{Bs} /( √ B_{Bd} f_{Bd} ) = 1.23 ± 0.06 [10] is a ratio of decay constants f_{Bs(d)} and bag parameters B_{Bs(d)} for B_{s(d)} mesons.

It is convenient to parameterize the SUSY contribution by two real parameters C_{Bs} and ϕ_{Bs} in modelindependent way as [11] C_{Bs} e^{2iϕBs} ≡ M_{12}(B_s) M_{12}(B_s)^{SM}

, (7)

where M_{12}(B_s) = M_{12}(B_s)^{SM} + M_{12}(B_s)^{SUSY} denotes the off-diagonal element of B_s-B̄_s mass matrix. Superscript SM (SUSY) stands for SM (SUSY) contribution. The mass difference is given as ΔM_s = 2|M_{12}(B_s)|.

We now discuss the SUSY contributions in B_s-B̄_s mixing. When the flavor degeneracy is assumed in the MSSM, the chargino diagram dominates the SUSY contributions of M_{12}(B_{s,d}). In this case, ϕ_{Bs} ≃ 0 in Eq.(7), and the ratio of mass differences in the MSSM is almost same as in the SM. In the general parameter space for the soft SUSY breaking terms, the gluino box diagram dominates the SUSY contribution of M_{12}(B_s). The gluino (g̃) contribution can be written naively in the following mass insertion form

M^{g̃}_{12} M^{SM}_{12}

≃ a [(δ^d_{LL})^2_{32} + (δ^d_{RR})^2_{32}] − b (δ^d_{LL})_{32}(δ^d_{RR})_{32}, (8)

where a and b depend on squark and gluino masses, and δ^d_{LL,RR} = (M^2_{d̃} )_{LL,RR}/m̃^2 (m̃ is an averaged squark mass). The matrix M^2_{d̃} is a down-type squark mass matrix (Q̃, D̃^{c†})M^2_{d̃} (Q̃^†, D̃^c)^T in the basis where down-type quark mass matrix is real (positive) diagonal. When squark and gluino masses are less than 1 TeV, a ∼ O(1) and b ∼ O(100). We also have contributions from δ^d_{LR}, but we neglect them since they are suppressed by (m_b/m_{SUSY})^2. It is worth noting that the SO(10) boundary condition gives much larger SUSY contribution of M_{12}(B_s) compared to the SU(5) case since both offdiagonal elements for LL and RR are large and b ≫ a in the formula, Eq.(8).

For the calculation of observables at weak scale, we need to use the basis where Y_{d,e} are real (positive) diagonal matrix. In this basis, the boundary condition is given as M^2_{Q̃} = P_dM^2_{D̃c} P^†_d , M^2_{L̃} ≃ P_eM^2_{Ẽc} P^†_e . Since the decay width is proportional to the squared absolute values of decay amplitudes, the phase of δ in the SUSY breaking mass matrix at the GUT scale and the phase of P_e in the Yukawa couplings are less important for Br(τ → μγ). On the other hand, the phases of δ and P_d are important for M_{12}(B_s)^{SUSY}. Due to those phases, the argument of M_{12}(B_s)^{SUSY} can be completely free.

FIG. 1: Minimal and maximal values for ratio of mass differences versus Br(τ → μγ) under SU(5) and SO(10) boundary conditions. We show |δ| = 0.05, 0.1, 0.15 points. The dotted lines show 90% CL region of the experimental data.

In Fig.1, we plot the maximal and minimal values of the ratio of mass differences versus branching ratio of τ → μγ in the case of tan β = 10 where tan β is a ratio of up- and down-type Higgs vacuum expectation values. In the plot, we use M_{1/2} = 300 GeV and A_0 = 0 for the universal gaugino mass and the universal trilinear scalar coupling coefficient at GUT scale. The universal scalar mass at the GUT scale is m_0 = 200 for the SU(5) plot, and m_0 = 200, 400 GeV for the SO(10) plots. We use |V_{td}/V_{ts}| = 0.192 ± 0.009 which is obtained by the global CKM parameter fit without using experimental data for ΔM_s [11]. The ratio of mass differences is proportional to ξ^2/|V_{td}|^2. The Br(τ → μγ) is almost proportional to tan^2 β, while ΔM_s/ΔM_d does not depend on tan β much. We find that Br(τ → μγ) does not have much dependence on m_0 (for m_0 <∼ 500 GeV), while the SUSY contribution of ΔM_s depends on m_0.

In order to illustrate that any phase is possible for M_{12}(B_s)^{SUSY}, we plot the real and the imaginary part of M_{12}(B_s) in the case where Br(τ → μγ) = 6.8 × 10^{−8} [12] for tan β = 10 in Fig.2. We use the same values for M_{1/2} and A_0 as in Fig.1 and m_0 = 500 GeV. Using SU(5) and SO(10) (hermitian) boundary mass values, we vary the phase of δ. With SO(10) symmetric boundary conditions, we fix δ to be real (positive) and vary the phase in the diagonal phase matrix P_d. In the case of SO(10) with hermitian boundary conditions, the plot is a double-circle due to the gluino contribution as shown in Eq.(8). Due to the RGE effect, the double-circle does not overlap completely. We note that even if the radius of circle becomes large, ΔM_s = 2|M_{12}(B_s)| has experimentally allowed solutions, as long as |M_{12}(B_s)^{SUSY}| <∼ 2|M_{12}(B_s)^{SM}|, though one needs to adjust the phases in boundary conditions. It is worth emphasizing that the phases of M_{12}(B_s) are large in such solutions.

FIG. 2: Re-Im plot for 2M12 (Bs) when Br(τ → μγ) saturates experimental bound. We use √ BB_s fB_s = 262 MeV [10]. The dotted lines show 90% CL region of the experimental data.

FIG. 3: max(2 |ϕB_s |) (degree) versus Br(τ → μγ).

In order to see the maximum allowed phase in the B_s-B̄_s mixing, we plot the maximal value of 2 |ϕ_{Bs} | versus Br(τ → μγ) in Fig.3. We use the same values for M_{1/2} and A_0 as in Fig.1. When δm^2_0 in the boundary condition becomes large, the radius of the circle in Fig.2 becomes large, and |ϕ_{Bs} | can be large consequently. One can approximately obtain max(sin 2 |ϕ_{Bs} |) ≃ |M^{g̃}_{12}/M^{SM}_{12} |. When the |ϕ_{Bs} | is maximized, we find C_{Bs} ≃ cos max(2 |ϕ_{Bs} |). The model independent constraints for C_{Bs} and ϕ_{Bs} are C_{Bs} = 0.97±0.27 and 2ϕ_{Bs} = (−4±30)^o ∪(186±30)^o [11]. The phase ϕ_{Bs} can be measured by CP asymmetry of the decay B_s → J/ψϕ and the semi-leptonic decay B_s → l^−X. The phase ϕ_{Bs} in the SO(10) case can be larger than in the SU(5) case since both LL and RR elements can be large in the SO(10) case. As depicted in Fig.3, there is a chance for 2ϕ_{Bs} to be around 20^o in the SO(10) case before the parameter space gets ruled out by the

Br(τ → μγ). In order to obtain a large phase, large m_0 and small tan β are needed, which leads to an important implication. The Higgs mass bounds for MSSM restricts the lower values of tan β and M_{1/2}. In the minimal supergravity model, the scalar mass m_0 is restricted to be less than around 200 GeV (for m_0 < 1 TeV) [13] for tan β = 10 by the WMAP data [14], and as a result, the phase |ϕ_{Bs} | can not be very large. Interestingly, the large m_0 solution (m_0 > 1 TeV) for dark matter content [15] may generate large ϕ_{Bs} ∼ 90^o which is allowed by the experimental data. However, the muon g − 2 [16] (using the e^+e^− data) restricts m_0 <∼ 500 GeV at the 2 sigma level when tan β = 10.

In conclusion, we have studied the correlation between τ → μγ and B_s-B̄_s mixing using SU(5) and SO(10) models. The SO(10) GUT models can have larger effects on B_s-B̄_s mixing compared to the SU(5) boundary conditions. We find that when Br(τ → μγ) is enhanced around the current experimental bound, B_s-B̄_s mixing may also contain large contribution from SUSY. Consequently, the phase of M_{12}(B_s) is large for a SO(10) model and can be tested by measuring CP asymmetries of the B_s decay modes. It is interesting to note that the phase of B_s-B̄_s mixing can be large for smaller tan β and large scalar mass m_0 at the GUT scale.

[1] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).

[2] V. M. Abazov et al. [D0 Collaboration], Phys. Rev.

Lett. 97, 021802 (2006); A. Abulencia et al. [CDF Collaboration], Phys. Rev. Lett. 97, 062003 (2006); hep-ex/0609040.

[3] T. Goto, Y. Okada, Y. Shimizu, T. Shindou and M. Tanaka, Phys. Rev. D 70, 035012 (2004).

[4] M. Endo and S. Mishima, Phys. Lett. B 640, 205 (2006);

M. Blanke, A. J. Buras, D. Guadagnoli and C. Tarantino, JHEP 0610, 003 (2006); Z. Ligeti, M. Papucci and G. Perez, Phys. Rev. Lett. 97, 101801 (2006); J. Foster, K. Okumura and L. Roszkowski, Phys. Lett. B 641, 452 (2006); K. Cheung, C. W. Chiang, N. G. Deshpande and J. Jiang, hep-ph/0604223; P. Ball and R. Fleischer, hep-ph/0604249; G. Isidori and P. Paradisi, Phys. Lett. B 639, 499 (2006); S. Khalil, Phys. Rev. D 74, 035005 (2006); Y. Grossman, Y. Nir and G. Raz, Phys. Rev. Lett. 97, 151801 (2006); A. Datta, Phys. Rev. D 74, 014022 (2006); S. Baek, JHEP 0609, 077 (2006); R. Arnowitt, B. Dutta, B. Hu and S. Oh, Phys. Lett. B 641, 305 (2006); J. K. Parry, hep-ph/0606150; S. Baek, J. H. Jeon and C. S. Kim, Phys. Lett. B 641, 183 (2006).

[5] F. Gabbiani and A. Masiero, Nucl. Phys. B 322, 235 (1989); J. S. Hagelin, S. Kelley and T. Tanaka, Nucl. Phys. B 415, 293 (1994); F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B 477, 321 (1996).

[6] F. Borzumati and A. Masiero, Phys. Rev. Lett. 57, 961 (1986); J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi and T. Yanagida, Phys. Lett. B 357, 579 (1995).

[7] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 70, 2845 (1993); T. Fukuyama and N. Okada, JHEP 0211, 011 (2002); N. Oshimo, Phys. Rev. D 66, 095010 (2002); B. Bajc, G. Senjanovic and F. Vissani, Phys. Rev. Lett. 90, 051802 (2003); H. S. Goh, R. N. Mohapatra and S. P. Ng, Phys. Lett. B 570, 215 (2003); W. M. Yang and Z. G. Wang, Nucl. Phys. B 707, 87 (2005); T. Fukuyama, A. Ilakovac, T. Kikuchi, S. Meljanac and N. Okada, Eur. Phys. J. C 42, 191 (2005); C. S. Aulakh and A. Girdhar, Nucl. Phys. B 711, 275 (2005); S. Bertolini, M. Frigerio and M. Malinsky, Phys. Rev. D 70, 095002 (2004); B. Dutta, Y. Mimura and R. N. Mohapatra, Phys. Rev. Lett. 94, 091804 (2005); Phys. Rev. D 72, 075009 (2005); K. S. Babu and C. Macesanu, Phys. Rev. D 72, 115003 (2005).

[8] J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980); R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165 (1981); G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181, 287 (1981).

[9] B. Dutta, Y. Mimura and R. N. Mohapatra, Phys. Lett.

B 603, 35 (2004).

[10] S. Hashimoto, Int. J. Mod. Phys. A 20, 5133 (2005). [11] M. Bona et al. [UTfit Collaboration], Phys. Rev. Lett.

97, 151803 (2006); JHEP 0610, 081 (2006); J. Charles et al. [CKMfitter Collaboration], Eur. Phys. J. C 41, 1 (2005).

[12] B. Aubert et al. [BABAR Collaboration], Phys. Rev.

Lett. 95, 041802 (2005).

[13] V. Khotilovich, R. Arnowitt, B. Dutta and T. Kamon, Phys. Lett. B 618, 182 (2005).

[14] D. N. Spergel et al., astro-ph/0603449.

[15] M. Battaglia, A. De Roeck, J. R. Ellis, F. Gianotti, K. A. Olive and L. Pape, Eur. Phys. J. C 33, 273 (2004).

[16] G. W. Bennett et al. [Muon g-2 Collaboration], Phys.

Rev. Lett. 89, 101804 (2002).