arXiv:hep-ph/0106286 v2 29 Jun 2001

DSF-17/2001

MODEL FOR FERMION MASS MATRICES AND THE ORIGIN OF QUARK-LEPTON SYMMETRY

D. Falcone

Dipartimento di Scienze Fisiche, Università di Napoli, Complesso di Monte S. Angelo, Via Cintia, Napoli, Italy e-mail: falcone@na.infn.it

Several phenomenological features of fermion masses and mixings can be accounted for by a simple model for fermion mass matrices, which suggests an underlying U(2) horizontal symmetry. In this context, it is also proposed how an approximate quark-lepton symmetry can be achieved without unified gauge theories.

Understanding the pattern of fermion masses and mixings is a key subject in modern particle physics. Many approaches have been followed [1]. For example, discrete and continuous as well as abelian and nonabelian horizontal symmetries have been often used. Moreover, unified gauge theories, which are based on vertical symmetries, generally predict relations between quark and lepton masses [2]. Horizontal symmetries relate particles of different generations, while vertical symmetries relate particles of the same generation. Even the SU(3) × SU(2) × U(1) symmetries of the standard model or the SU(3) × SU(2) × SU(2) × U(1) symmetries of the left-right model are vertical. In this paper we show that several phenomenological issues, among which quark-lepton symmetry, seesaw mechanism and large neutrino mixing, lead to a simple model for quark and lepton mass matrices, suggesting an underlying broken U(2) horizontal symmetry [3]. Speculations on the origin of quark-lepton symmetry, not relying on unified models, and hence not leading to proton instability, are also presented.

It is well known that quark masses and mixings exhibit a hierarchical pattern, m_u m_c ∼ m_c m_t ∼ λ^4, (1)

m_d m_s ∼ m_s m_b ∼ λ^2, (2)

V_{us} ∼ λ, V_{cb} ∼ λ^2, V_{ub} ∼ λ^4, (3) where λ = 0.22 is the sine of the Cabibbo angle, and from Eqn.(3) we see that quark mixings are small. Moreover, the hierarchy of charged lepton masses is similar to that of down quark masses, m_e m_μ ∼ m_μ m_τ ∼ λ^2. (4)

For the masses of the third generation we have

m_t ≫ m_b ∼ m_τ , (5) and the top quark mass is nearly equal to the vacuum expectation value (VEV) of the standard model Higgs boson.

Quark masses and mixings arise when quark mass matrices are diagonalized by means of biunitary transformations V^†_{uL}M_uV_{uR} = D_u, V^†_{dL}M_dV_{dR} = D_d. The Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix [4] is given by the formula V_{CKM} = V^†_{uL}V_{dL}. In recent papers [5] a parallel structure for up and down quark mass matrices has been obtained,

M_u ≃ 0 √ m_um_c 0 √ m_um_c m_c √ m_um_t 0 √ m_um_t m_t , (6)

M_d ≃ 0 √ m_dm_s 0 √ m_dm_s m_s √ m_dm_b 0 √ m_dm_b m_b . (7)

By using Eqns.(1),(2) we get these mass matrices in terms of powers of λ and an overall mass scale,

M_u ∼ 0 λ^6 0 λ^6 λ^4 λ^4 0 λ^4 1 m_t, (8)

M_d ∼ 0 λ^3 0 λ^3 λ^2 λ^2 0 λ^2 1 m_b. (9)

This structure for M_u and M_d strongly suggests the presence of a broken U(2) horizontal symmetry [6], if we consider the zeros as approximate. In particular, for symmetric forms, the similarity M_{22} ∼ M_{23} favours the U(2) symmetry, rather than the U(1) symmetry, where we have M_{22} ∼ (M_{23})^2 (see for example Ref. [7]). Mixings come out mainly from the down sector, where the hierarchy is less pronounced.

Now we have to consider lepton masses and mixings. In unified theories, such as the SO(10) model, the charged lepton mass matrix M_e is related to M_d and the Dirac neutrino mass matrix M_ν is related to M_u, M_e ∼ m_τ m_b M_d, (10)

M_ν ∼ m_τ m_b M_u, (11)

where the factor m_τ /m_b takes into account approximate running of quark masses with respect to lepton masses, and m_b ≃ m_τ at the unification scale in the supersymmetric case [8]. This is called quark-lepton symmetry. Moreover, the seesaw mechanism [9] holds, according to the formula

M_L ≃ M_ν M^{−1}_R M_ν , (12)

where M_R is the Majorana mass matrix of heavy right-handed neutrinos and M_L is the Majorana mass matrix of light left-handed neutrinos. The seesaw mechanism can explain the smallness of the effective neutrino mass, since the mass of the right-handed neutrino is generated at the unification scale M_U ∼ 10^{16} GeV in the supersymmetric case and the Dirac mass at the weak scale M_W ∼ 10^2 GeV. Lepton masses and mixings arise when M_L and M_e are diagonalized through the transformations V^†_L M_LV^∗_L = D_L, V^†_{eL}M_eV_{eR} = D_e. The Maki-Nakagawa-Sakata (MNS) lepton mixing matrix [10] is given by V_{MNS} = V^†_L V_{eL}. In Eqns.(10),(11) we may neglect the running of quark mixings, which is not relevant for our analysis. In fact, also the running of quark masses is unimportant. However, we keep the factor m_τ /m_b to remember the presence of the running effect, which is responsible for the mass difference between m_b and m_τ at the low scale. Quark-lepton symmetry is due to the SU(4) × SU(2) × SU(2) subgroup of SO(10) and in particular to the SU(4) component, which includes lepton number as fourth color [11]. In the SU(5) model, only relation (10) is achieved.

It can be shown [12] that the large mixing angle solutions to the solar neutrino problem [13], which are favoured by recent data fits [14], along with the large mixing of atmospheric neutrinos, give the remarkable result of a nearly democratic

M^{−1}_L ∼

1 1 1 1 1 1 1 1 1 1 m_1

, (13)

where m_1 is the mass of the lightest left-handed neutrino in the normal hierarchy case [15]. Then, by using Eqns.(8),(11),(12) and (13) we obtain

M_R ∼ ( m_τ m_b )_2

0 0 λ^6 0 λ^8 λ^4 λ^6 λ^4 1 m^2_t m_1

, (14)

where again the zeros are approximate. The overall scale of M_R is consistent with or higher than the unification scale. Consistence is achieved for m_1 ∼ 10^{−4} eV.

Therefore, all fermion mass matrices can now be written in a form suggested by the breaking of the U(2) horizontal symmetry [16–18], and filling the zero elements by higher powers of λ we get

M_u ∼ (λ^6)^2 λ^6 λ^4λ^6 λ^6 λ^4 λ^4 λ^4λ^6 λ^4 1 m_t ∼ M_ν, (15)

M_d ∼ (λ^3)^2 λ^3 λ^2λ^3 λ^3 λ^2 λ^2 λ^2λ^3 λ^2 1 m_b ∼ M_e, (16)

M_R ∼ (λ^6)^2 λ^4λ^6 λ^6 λ^4λ^6 (λ^4)^2 λ^4 λ^6 λ^4 1

M_3, (17) with M_3 the mass of the heaviest right-handed neutrino. Coefficients are greater than λ and less than 1/λ. We stress that the heavy neutrino mass matrix is found, and not built, consistent with the broken U(2) symmetry, as a consequence of the democratic form (13). The U(2) breaking parameters are given by

ϵ_u ≃ ϵ_d^2 ≃ λ^4, (18)

ϵ^′_u ≃ ϵ^′_d^2 ≃ λ^6, (19)

so that mass matrices can be written as

M_u ∼ ϵ^′_u^2 ϵ^′_u ϵ_uϵ^′_u ϵ^′_u ϵ_u ϵ_u ϵ_uϵ^′_u ϵ_u 1 m_t ∼ M_ν , (20)

M_d ∼ ϵ^′_d^2 ϵ^′_d ϵ_dϵ^′_d ϵ^′_d ϵ_d ϵ_d ϵ_dϵ^′_d ϵ_d 1 m_b ∼ M_e, (21)

M_R ∼ ϵ^′_u^2 ϵ_uϵ^′_u ϵ^′_u ϵ_uϵ^′_u ϵ_u^2 ϵ_u ϵ^′_u ϵ_u 1

M_3. (22)

The parameters ϵ are involved in the breaking of U(2) to U(1), and the parameters ϵ^′ in the further breaking of this U(1). According to the U(2) horizontal symmetry, the three generations ψ_i transform as a doublet ψ_a plus a singlet ψ_3. This is attractive for supersymmetry, because leads to the degeneracy between first and second generation, which is needed to suppress the flavor changing neutral currents in the squark sector [3]. Thus we discuss the origin of matrices in Eqns.(15),(16) and (17) within the supersymmetric standard model with right-handed neutrinos. We do not assume the existence of a unified model. In fact, in unified theories with U(2) as horizontal symmetry, the mechanisms for the enhancement of the up quark mass hierarchy with respect to the down quark mass hierarchy are quite involved [6,18]. Moreover, it is not clear if a simple Higgs structure is able to account for fermion masses and mixings.

In the supersymmetric model, Dirac masses are generated by two distinct Higgs doublets, H_d and H_u, with VEVs v_d and v_u, through the Yukawa terms Y_uQH_uu + Y_dQH_dd, (23)

Y_νLH_uν + Y_eLH_de, (24) where Q and L are quark and lepton weak doublets, and u, d, ν, e are weak singlets. We see that M_u and M_ν are generated by the same Higgs doublet H_u, that is M_{u,ν} = Y_{u,ν} v_u. In a similar way M_d and M_e are generated by the Higgs doublet H_d, that is M_{d,e} = Y_{d,e}v_d. This fact could already suggest the assumption of an approximate quark-lepton symmetry. The hierarchy (5) is obtained for v_u ≫ v_d, keeping all Yukawa couplings for the third generation of order 1, so that m_t ≃ v_u and m_b ≃ v_d. We find that Y_{u,ν} and Y_{d,e} are produced through two independent Yukawa potentials, with breaking parameters ϵ_u, ϵ^′_u and ϵ_d, ϵ^′_d, respectively. A Dirac potential is in the form [16] L ≃ v ( ψ_3ψ_3 + ψ_3 φ^a M ψ_a + ψ_a S^{ab} M ψ_b + ψ_a A^{ab} M ψ_b ) , (25)

where φ^a, S^{ab}, A^{ab} are doublet, triplet and singlet flavon fields, with VEVs given by φ M ≃ ϵϵ^′ ϵ , S M ≃ ϵ^{′2} ϵϵ^′ ϵϵ^′ ϵ , A M ≃ 0 ϵ^′ −ϵ^′ 0 , (26)

and the mass M is the cutoff scale of the effective theory, corresponding to the existence of very massive states. The flavons are weak singlets.

The heavy neutrino mass is generated by a bare mass term M_Rνν and is related to the U(2) breaking involved in the up sector, as expected since the ν fields appear. It is noteworthy that we find this result from the independent input of large neutrino mixing. Contrary to Dirac masses, which are generated at the weak scale, the Majorana mass of the right-handed neutrino is not constrained and can be very large, allowing the seesaw mechanism. The Majorana potential looks like

L_R ≃ M_3 ( ν_3ν_3 + ν_3 ϕ^a M ν_a + ν_a ϕ^aϕ^b M^2 ν_b ) , (27)

with the VEV of ϕ^a given by ϕ M ≃ ϵ^′ ϵ , (28)

and without the triplet (and of course the antisymmetric singlet) contribution. We can also assume, in analogy to Eqns.(23),(24), that M_R is generated through a Yukawa term Y_RνHν with a singlet Higgs H having a very high VEV v_R ≃ M_3, in such a way to couple different Higgs fields to different flavon fields.

The present model ascribes the hierarchy (5), and its analogue in the lepton sector, to the coupling with two distinct Higgs doublets, which is necessary in the supersymmetric case [19], and the hierarchies (1),(2), and their analogues in the lepton sector, to the coupling with two corresponding different sets of flavon fields, responsible for the U(2) breaking. As a consequence, the quark-lepton symmetry itself, in the form of Eqns.(15),(16), could come out of this framework. Thus, an approximate quark-lepton symmetry can be realized without the SO(10) grand unification or the SU(4)×SU(2)×SU(2) partial unification, avoiding a possible conflict with proton decay [20]. It is worth noting that the model is in some sense economical with respect to unified theories, since many gauge and Higgs bosons need not to be introduced, while flavon fields have in any case to appear, in order to account for the hierarchies. However, we do not exclude a possible realization within the SO(10) model.

In summary, from quark-lepton symmetry, seesaw mechanism and the large lepton mixing, we have inferred a simple model for fermion mass matrices in the supersymmetric standard model with right-handed neutrinos and horizontal U(2) symmetry. Such a model suggests an alternative to the usual origin of quark-lepton symmetry. The basic features of masses and mixings are produced by VEVs of scalar fields. In particular, Higgs fields determine the overall scales of mass matrices, and flavon fields their internal hierarchies. The ratio v_u/v_d = tan β is predicted to be very large.

Finally, we discuss the implications for baryogenesis via leptogenesis [21]. This mechanism for the generation of a baryon asymmetry Y_B in the universe is based on the decay of the heavy right-handed neutrinos, producing a lepton asymmetry which is partially converted into a baryon asymmetry by sphaleron processes. See Ref. [22] for a collection of the relevant formulas. Using the approximate expression for the supersymmetric case and Eqns.(15),(17), Y_B ∼ M_1 M_P [(M^†_ν M_ν )_{12}]^2 [(M^†ν M_ν )_{11}]^2

M_1 M_2

, (29)

where M_P ∼ 10^{19} GeV is the Planck mass, we obtain

Y_B ∼ λ^{12}

M_3 M_P . (30)

The required value Y_B ∼ λ^{15} is achieved for M_3 ∼ 10^{17} GeV, by one order higher than the unification scale, and corresponding to m_1 ∼ 10^{−5} eV. This result has to be taken with care, due to the approximation and the dependence on Yukawa coefficients.

[1] H. Fritzsch, Phys. Lett. B 73 (1978) 317

H. Harari, H. Haut and J. Weyers, Phys. Lett. B 78 (1978) 458 F. Wilczek and A. Zee, Phys. Rev. Lett. 42 (1979) 421 C. Froggatt and H. Nielsen, Nucl. Phys. B 147 (1979) 277 J. Chkareuli, JETP Lett. 32 (1980) 684 Z. Berezhiani, Phys. Lett. B 129 (1983) 99 B. Stech, Phys. Lett. B 130 (1983) 189 C. Wetterich, Nucl. Phys. B 261 (1985) 461 P. Kaus and S. Meshkov, Phys. Rev. D 42 (1990) 1863 G. Branco, J. Silva-Marcos and M. Rebelo, Phys. Lett. B 237 (1990) 446 S. Dimopoulos, L. Hall and S. Raby, Phys. Rev. D 45 (1992) 4192 M. Leurer, Y. Nir and N. Seiberg, Nucl. Phys. B 398 (1993) 319 P. Ramond, R. Roberts and G. Ross, Nucl. Phys. B 406 (1993) 19 L. Ibanez and G. Ross, Phys. Lett. B 332 (1994) 100 A. Rasin and J. Silva, Phys. Rev. D 49 (1994) 20 G. Anderson at al., Phys. Rev. D 49 (1994) 3660 E. Dudas, S. Pokorski and C. Savoy, Phys. Lett. B 356 (1995) 45 N. Irges, S. Lavignac and P. Ramond, Phys. Rev. D 58 (1998) 053003 S. Lola and G. Ross, Nucl. Phys. B 553 (1999) 81 Q. Shafi and Z. Tavartkiladze, Phys. Lett. B 482 (2000) 145 N. Haba and H. Murayama, Phys. Rev. D 63 (2001) 053010 [2] H. Georgi and C. Jarlskog, Phys. Lett. B 86 (1979) 297 H. Georgi and D. Nanopoulos, Nucl. Phys. B 159 (1979) 16 J. Harvey, D. Reiss and P. Ramond, Nucl. Phys. B 199 (1982) 223 [3] A. Pomarol and D. Tommasini, Nucl. Phys. B 466 (1996) 3 R. Barbieri, G. Dvali and L.J. Hall, Phys. Lett. B 377 (1996) 76 R. Barbieri and L.J. Hall, Nuovo Cim. A 110 (1997) 1 [4] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531

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

[5] J.K. Chkareuli and C.D. Froggatt, Phys. Lett. B 450 (1999) 158

H. Nishiura, K. Matsuda and T. Fukuyama, Phys. Rev. D 60 (1999) 013006 [6] R. Barbieri, L.J. Hall, S. Raby and A. Romanino, Nucl. Phys. B 493 (1997) 3 [7] M.S. Berger and K. Siyeon, hep-ph/0005249 [8] H. Arason et al., Phys. Rev. Lett. 67 (1991) 2933; Phys. Rev. D 47 (1993) 232 [9] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, eds. P. van Nieuwenhuizen and D. Freedman (North Holland, Amsterdam, 1979) T. Yanagida, in P roceedings of the W orkshop on Unified T heories and Baryon Number in the Universe, eds. O. Sawada and A. Sugamoto (KEK, 1979) R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912 [10] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28 (1962) 870 S.M. Bilenky and B. Pontecorvo, Phys. Lett. B 95 (1980) 233 [11] J.C. Pati and A. Salam, Phys. Rev. D 10 (1974) 275 [12] D. Falcone, Phys. Lett. B 479 (2000) 1 [13] J.N. Bahcall, P.I. Krastev and A.Yu. Smirnov, JHEP 05 (2001) 015 [14] S. Fukuda et al., Phys. Rev. Lett. 86 (2001) 5656

V. Barger, D. Marfatia, K. Whisnant and B.P. Wood, hep-ph/0104095 G.L. Fogli, E. Lisi, D. Montanino and A. Palazzo, hep-ph/0106247 J.N. Bahcall, M.C. Gonzalez-Garcia and C. Pena-Garay, hep-ph/0106258 A. Bandyopadhyay, S. Choubey, S. Goswami and K. Kar, hep-ph/0106264 [15] S.M. Bilenky, C. Giunti and W. Grimus, Prog. Part. Nucl. Phys. 43 (1999) 1 [16] R. Barbieri, L. Giusti, L.J. Hall and A. Romanino, Nucl. Phys. B 550 (1999) 32 [17] R. Barbieri, P. Creminelli and A. Romanino, Nucl. Phys. B 559 (1999) 17 [18] C.D. Carone and L.J. Hall, Phys. Rev. D 56 (1997) 4198 [19] This happens because the superpotential cannot consist of fields and their complex conjugate. In the nonsupersymmetric case, H_u would be the conjugate of H_d. For a compact account of the standard and supersymmetric models, see Y. Kuno and Y. Okada, Rev. Mod. Phys. 73 (2001) 151

[20] J. Hisano, hep-ph/0004266

A.B. Kobakhidze, hep-ph/0102323 [21] M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986) 45 M.A. Luty, Phys. Rev. D 45 (1992) 455 [22] D. Falcone and F. Tramontano, Phys. Rev. D 63 (2001) 073007