Seesaw, Susy and SO(10)

Borut Bajc J. Stefan Institute, 1001 Ljubljana, Slovenia

Abstract The seesaw mechanism can explain why the neutrino masses are so tiny with respect to the charged fermion masses. In the canonical version it is the presence of the right-handed neutrino that is responsible for it. In renormalizable grand unified theories with left-right gauge symmetry it is possible to show quite generically that there is another type of seesaw contribution, mediated by a heavy weak triplet. In this talk I will show that such non-canonical seesaw mechanism can very nicely connect b − τ Yukawa unification with the large atmospheric neutrino mixing angle in the context of a SO(10) grand unified theory. Also, a fit to the available low energy masses and mixings points towards the domination of this non-canonical contribution with respect to the canonical one. Finally I will explicitly present the minimal supersymmetric SO(10) model with all the above nice features.

1 Introduction

The charged and neutral fermion sectors in the SM have quite different structures: 1) though very different among themselves, the charged fermions have much larger masses than neutrinos, 2) the mixing angles in the quark sector tend to be much smaller than the corresponding ones in the leptonic (neutrino) sector. While the first point can be easily accounted with the famous seesaw mechanism [1], the second issue is more controversial.

The first nontrivial framework that could be predictive in both charged fermion and neutrino sectors is SO(10) grandunification. This is because it automatically incorporates the righthanded neutrino, thus providing for a theory of the seesaw mechanism. Most important, the model connects the neutrino and charged fermion mass matrices, providing some nontrivial relations between them at the grandunification scale. Then, with the assumption of the desert, motivated by gauge coupling unification [2], one can extrapolate the values of these masses and mixings down to low energies and here compare them with experimental data. I will describe in some details the origin and form of the neutrino mass matrix, and connect it to charged fermion masses in the context of a SO(10) grand unified theory.

2 Seesaw

The left-handed neutrino ν (≡ ν_L) is a component of a weak SU(2)_L doublet with B − L = −1. If left-right symmetry is assumed, than a right-handed neutrino ν^c (≡ Cν̄^T_R ) must exist as part of a doublet of SU(2)_R gauge symmetry, with B − L = +1. Since ν^c is a standard model singlet, its mass is given by the scale of SU(2)_R (and B − L) breaking, which can be achieved in a renormalizable version by the vev of a SU(2)_R triplet (with B − L = −2), M_{νR} ∝ ⟨Δ_R⟩. This, Majorana mass term, must then be added to the Dirac mass M_{νD} ∝ ⟨Φ⟩ term with Φ a SU(2)_L×SU(2)_R bidoublet:

L_m = −ν^{cT} M_{νR} ν^c + ν^{cT} M_{νD} ν + h.c. . (1)

After integrating out the heavy ν^c one gets the famous seesaw [1] formula for the light neutrino mass:

M_ν = −M^T_{νD} M^{−1}_{νR} M_{νD} , (2)

which clearly connects the smallness of the neutrino mass with the largeness of the SU(2)_R breaking scale.

There is however another contribution to the seesaw [3], several times neglected, but as we will see, of great potential importance. It comes essentially from the following arguments: as we said, the large right-handed Majorana mass comes from the vev of a SU(2)_R triplet via the term ν^{cT} Δ_Rν^c, so due to left-right symmetry an analog term ν^T Δ_Lν must exist, with Δ_L a triplet under SU(2)_L. With these two interaction terms plus the usual Dirac term ν^{cT} Φν one can easily show that the one-loop box diagram contribution to Δ_RΦ^2Δ_L is UV divergent, so that such a term must be present already at tree level. Thus, the potential for the triplets looks like

V = −M^2 ( Δ^2_R + Δ^2_L ) + Δ_RΦΔ_L , (3) with M a large mass (not much less than M_{GUT} ). The last term represents a tadpole for the lefthanded triplet:

⟨Δ_L⟩ ≈

⟨Δ_RΦ^2⟩

M^2 ≈ M^2_W M , (4)

since ⟨Δ_R⟩ ≈ M and ⟨Φ⟩ ≈ M_W . So the term

ν^T ⟨Δ_L⟩ν (5)

gives another contribution to the seesaw. All together we thus have

M_N = −M^T_{νD} M^{−1}_{νR} M_{νD} + M_{νL} , (6)

where the first term represents the type I or canonical seesaw formula mediated by the SU(2)_L singlet ν^c, while the second term is the SU(2)_L triplet contribution to the type II or non-canonical see-saw formula.

Of course, in general the matrices in generation space M_{νL} , M_{νR} and M_{νD} are arbitrary, so the above formula is not very useful. It is thus important to connect the above matrices to the charged fermion sector, which is experimentally better known. For this one needs a framework. We will choose the most economical one, i.e. a SO(10) grand unified theory.

3 SO(10)

Although GUTs are not theories of flavours, they still put some constraints on the possible Yukawa interactions, since different SM fields live in the same representations. In SO(10) all the light fermions of each generation plus the right-handed neutrino are grouped together in the 16-dimensional spinorial representation, while in the most economical version the two light Higgs doublets live in a fundamental 10-dimensional complex Higgs representation. There is thus only one Yukawa matrix in generation space (3 × 3). A U(3) rotation of the 16’s in generation space can diagonalize it, giving one good prediction (y_b = y_τ = y_t) and several bad ones (equality of charged lepton, up and down quark Yukawas of the second and first generations, and no mixing at all). A nontrivial quark mixing could be achieved adding a new 10-dimensional Higgs, but that would not help in improving the relations among Yukawas of the first two generations. To see it, one can remember that the 10-dimensional Higgs gets a vev in the (2, 2, 1) direction of the

Pati-Salam SU(2)_L×SU(2)_R×SU(4)_C subgroup. This means that such a vev cannot break SU(4)_C and thus the equality between leptons and quarks. Thus, a nontrivial multiplet in SU(4)_C (and bidoublet in the left-right sector) is needed to get such a splitting. An ideal possibility is given by the Higgs in the representation 126 (5 index antisymmetric and anti-self-dual) of SO(10): its vev in the SU(3)_C colour singlet state of the (2, 2, 15) direction is a possible candidate. The Yukawa terms in the Lagrangian can thus be written as [4]

L_Y = 10_H 16^T Y_{10}16 + 126_H 16^T Y_{126}16 . (7) These terms can be decomposed in the usual Pati-Salam basis as

10_H = = (2, 2, 1) + (1, 1, 6) , (8) 16 = (2, 1, 4) + (1, 2, 4) , (9) 126_H = (1, 3, 10) + (3, 1, 10) + (2, 2, 15) + (1, 1, 6) , (10)

where the fields in boldface have SU(3)_C ×U(1)_{em} singlets and can thus generate a nonzero vev. The two colour singlet bidoublets are actually needed to develop a vev in order to fit the light fermion masses, as we have just seen. On top of that, the SU(2)_R triplet (1, 3, 10) above is ideally suited to give a large Majorana mass to the heavy right-handed neutrino ν^c from (2, 1, 4): from here we can see the double role that the 126-dimensional Higgs can play. Finally, the SU(2)_L triplet in (3, 1, 10), if nonzero as conjectured in the previous section, can contribute to the type II see-saw formula.

Denoting v^{u,d}_{10} and v^{u,d}_{126} the vevs from the bidoublets in 10_H and 126_H and v_{L,R} the vevs from the L or R triplets, one gets from (7) the following expressions for the fermion masses:

M_U = v^u_{10}Y_{10} + v^u_{126}Y_{126} , (11) M_D = v^d_{10}Y_{10} + v^d_{126}Y_{126} , (12) M_{νD} = v^u_{10}Y_{10} − 3v^u_{126}Y_{126} , (13) M_E = v^d_{10}Y_{10} − 3v^d_{126}Y_{126} , (14) M_{νR} = ⟨(1, 3, 10)_{126}⟩Y_{126} = v_RY_{126} , (15) M_{νL} = ⟨(3, 1, 10)_{126}⟩Y_{126} = v_LY_{126} . (16)

Notice that the factor −3 from the 126_H contribution in the lepton sector with respect to the quark one comes because the SU(3)_C colour singlet direction in 15 of SU(4)_C is proportional to B − L ∝ diag(1, 1, 1, −3). Also, the above relations are valid at the GUT scale only, so that the known experimental values of the masses and mixings must first be run up to that energy using the renormalization group equations.

Expressions (11) and (12) are needed to evaluate the matrices Y_{10} and Y_{126} in terms of the better known M_U and M_D. Their expressions are then used in (14) as well as in the various neutrino matrices (13), (15) and (16) to be used in (6). Defining x = v^d_{10}v^u_{126} v^u_{10}v^d_{126}

, y = v^d_{10} v^u_{10}

, α =

16 (v^u_{126})^2 v_Lv_Rx^2

, β =

4v^d_{126} v_L

, (17)

one gets two matrix equations:

(1 − x)M_E = 4yM_U − (3 + x)M_D , (18)

βM_N = −α [ 3(1 − x)M_D + (1 + 3x)M_E 4 ] (M_D − M_E )^{−1} × [ 3(1 − x)M_D + (1 + 3x)M_E 4 ] + (M_D − M_E ) . (19)

4 Type I versus type II seesaw

What we want to find out is which type of seesaw is compatible with data. To make the analysis simpler, let us study the situation of the 2^{nd} and 3^{rd} generations only, as well as no CP violation (real parameters) [5].

Equation (18) has 6 known masses (m_{τ,μ}, m_{t,c}, m_{b,s}), one known mixing angle (θ_q = θ_{cb}), but 3 unknown parameters, x, y and the angle between the orthogonal matrices that diagonalize M_E and M_D. Since the matrices are all symmetric (due to its SO(10) origin), we have 3 equations, just enough. After determining these parameters one can attack equation (19). We are interested mainly in the leptonic mixing angle and this is determined as a function of one single parameter, α. In the limit α → ∞ one remains with a pure type I seesaw, while in the opposite case α → 0 and the seesaw is of type II.

To get a feeling let us first consider the idealized situation of small second generation masses (0 ≈ m_2 ≪ m_3), but still finite quark mixing θ_q (although

≪ 1). It is easy to show that the leptonic atmospheric mixing angle is given by tan 2θ_l = sin 2θ_q 2 sin^2 θ_q − Δ

, (20)

with Δ = 1 1 − 9α

[−5α + (1 − 4α) ϵ] , ϵ = m_b − m_τ

m_b

. (21)

In the limit α → ∞ one gets Δ = (5+4ϵ)/9, while the opposite case α → 0 gives Δ = ϵ. Since the parameter ϵ is experimentally small (approximate b−τ unification), the small α regime is the one that predicts a large atmospheric angle: type II seesaw is thus favoured in these type of models.

Now we restore a finite mass of the second generation, but keep in mind that they are small, i.e. that m_c m_t , m_s m_b , m_μ m_τ

, θ_q ≈ O(δ) , δ ≈ 10^{−2} . (22)

Writing in a schematic way (coefficients of order 1 are not explicitly written) the neutrino mass matrix is

M_N ≈ −α ( δ δ/ϵ δ/ϵ 1/ϵ ) + ( δ δ δ ϵ ) , (23)

where the first (second) matrix is the type I (II) seesaw contribution. The atmospheric mixing angle is

tan 2θ_l ≈ δ (1 + α/ϵ) δ(1 + α) + ϵ + α/ϵ

. (24)

If we further assume that ϵ ≈ O(δ)^1, we get

θ_l ≈ O(1) ⇐⇒ α ≤ O(δ^2) . (25) The dominant type I seesaw (α → ∞) is clearly excluded, since it would predict a small mixing angle θ_l ≈ O(δ). Notice that without b − τ unification (small ϵ) θ_l would be small in any case.

1This is not really compatible with the small tan β (≈ 10) regime, in which corrections are under control. In this case a realistic ϵ ≈ 0.1, but (20) becomes much more complicated. I thank Zurab Berezhiani for remarks and an enlightening discussion on this point.

It is possible to understand why a large atmospheric mixing angle emerges in type II seesaw [6]: the point is that the triplet contribution to the Majorana neutrino mass is proportional to Y_{126} (16), but from (12) and (14) this Yukawa is proportional to the difference M_D − M_E , so that in pure type II seesaw

M_N ∝ M_D − M_E . (26)

Assuming small mixings one immediately obtains approximately

M_N ∝ ( 0 0 0 m_b − m_τ ) , (27)

so that an unexpected connection between large atmospheric neutrino angle and b − τ unification emerges from type II seesaw [6]:

large θ_{atm} ⇐⇒ b − τ unification . (28)

5 SUSY

Up to now we did not specify which is the grandunification theory we were considering: the only requirements were that the Yukawas came from the interactions of matter 16-dimensional representations with two complex Higgses - 10_H and 126_H , and that they got some nonzero vevs in the relevant directions. In order to show that this is possible and to find these vevs as functions of parameters in the Lagrangian, we need to write down an explicit model. I will here shortly describe the minimal supersymmetric SO(10) model, which has all the nice above features and is still consistent with data.

As we saw, in order to fit the fermion masses we need two Higgs representations, 10_H and 126_H . In supersymmetry, the presence of 126 is particularly welcome, since its vev does not break R-parity. In fact (1, 3, 10), which vev gives a large mass to the right-handed neutrino, has B − L = −2. R-parity is given by

R = (−1)^{3(B−L)+2S} (29)

and since the spin S of any vev is 0, the ν^c mass is R-parity even and so does not break it at the large scale [7]. One can show that this is true all the way to the electroweak scale, i.e. R-parity is exact [8]. This means among others that the lightest supersymmetric partner is stable and is thus a good candidate for dark matter.

Now, in supersymmetry we need more than just 10_H and 126_H , since the right-handed neutrino mass must be very large, on the order of the GUT scale or so. This would strongly break supersymmetry by the D-terms, so another Higgs - 126_H (5 index antisymmetric and self-dual) - must be used to cancel it. SO(10) symmetry allow the matter 16 to be coupled in the superpotential only to 10, 126 and 120 (3 index antisymmetric) dimensional representations, so this new 126_H cannot change (7). Finally we need to get two (practically) massless Higgs doublets, while heavy all colour triplets. This can be achieved by first introducing the Higgs representation 210_H (4 index antisymmetric) and then by one fine-tuning of the parameters in the superpotential.

Such a renormalizable theory, with three matter 16, and with the Higgs sector made of 10_H , 126_H , 126_H and 210_H [9] has the correct symmetry breaking pattern [10] and has been shown to be the minimal grand unified theory [11], i.e. the most predictive one.

6 Further developments

The three generation generalization [12] roughly confirms the consistency of the type II seesaw with data, and predicts a quite large U_{e3} ≈ 0.16. Type I see-saw domination seems however still possible, especially after CP violating phases are considered [13].

An interesting and necessary check of the model is to calculate the proton decay rates of d = 5 operators. A preliminary study [14] shows that these decays could easily be too fast and thus rule out the minimal model. The question is of course of great importance, and a detailed analyses requires the knowledge of the SO(10) Clebsch-Gordan coefficients [15].

Another issue is the gauge coupling unification: it has been shown, that at least in some part of parameter space threshold corrections are under control in spite of the large representations involved [16].

Finally, nonminimal models with 120 dimensional Higgses have been considered [17]: such models are less restrictive and fit slightly better the available experimental data. They represent interesting variations and generalizations of the above mentioned models.

Acknowledgments

It is a pleasure to thank the organizers of the conference Quarks-2004 for the invitation and the stimulating environment. I thank my friends Charan Aulakh, Alejandra Melfo, Goran Senjanović, and Francesco Vissani for collaboration. This work is supported by the Ministry of Science, Sport and Education of the Republic of Slovenia.

References

[1] T. Yanagida, proceedings of the Workshop on Unified Theories and Baryon Number in the Universe, Tsukuba, Japan 1979 (edited by A. Sawada and A. Sugamoto, KEK Report No. 79-18, Tsukuba); S. L. Glashow, in Quarks and Leptons, Cargèse 1979, eds. M. Lévy, et al., (Plenum 1980 New York); M. Gell-Mann, P. Ramond and R. Slansky, proceedings of the Supergravity Stony Brook Workshop, New York, 1979, eds. P. Van Niewenhuizen and D. Freeman (North-Holland, Amsterdam); R. N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44, 912 (1980).

[2] S. Dimopoulos, S. Raby and F. Wilczek, hys. Rev. D 24 (1981) 1681;

L. E. Ibáñez and G. G. Ross, Phys. Lett. B 105 (1981) 439; M. B. Einhorn and D. R. T. Jones, Nucl. Phys. B 196 (1982) 475; W. J. Marciano and G. Senjanović, Phys. Rev. D 25 (1982) 3092.

[3] G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B181, 287 (1981);

R. N. Mohapatra and G. Senjanović, Phys. Rev. D23, 165 (1981).

[4] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 70, 2845 (1993).

[5] B. Bajc, G. Senjanović and F. Vissani, arXiv:hep-ph/0402140.

[6] B. Bajc, G. Senjanović and F. Vissani, Phys. Rev. Lett. 90, 051802 (2003);

B. Bajc, G. Senjanović and F. Vissani, arXiv:hep-ph/0110310.

[7] D. G. Lee and R. N. Mohapatra, Phys. Rev. D 51 (1995) 1353;

C. S. Aulakh, B. Bajc, A. Melfo, A. Rašin and G. Senjanović, Nucl. Phys. B 597 (2001) 89.

[8] C. S. Aulakh, K. Benakli and G. Senjanović, Phys. Rev. Lett. 79 (1997) 2188; C. S. Aulakh, A. Melfo and G. Senjanović, Phys. Rev. D 57 (1998)

4174; C. S. Aulakh, A. Melfo, A. Rašin and G. Senjanović, Phys. Lett. B 459 (1999) 557.

[9] C. S. Aulakh and R. N. Mohapatra, Phys. Rev. D28, 217 (1983);

T. E. Clark, T. K. Kuo and N. Nakagawa, Phys. Lett. B115, 26 (1982).

[10] X. G. He and S. Meljanac, Phys. Rev. D 40 (1989) 2098; D. G. Lee, Phys. Rev. D 49 (1994) 1417.

[11] C. S. Aulakh, B. Bajc, A. Melfo, G. Senjanović and F. Vissani, Phys.

Lett. B588, 196 (2004).

[12] H. S. Goh, R. N. Mohapatra and S. P. Ng, Phys. Lett. B570, 215 (2003)5, and Phys. Rev. D68, 115008 (2003).

[13] K. Matsuda, Y. Koide, T. Fukuyama and H. Nishiura, Phys. Rev. D65, 033008 (2002) [Erratum-ibid. D 65 (2002) 079904]; T. Fukuyama and N. Okada, JHEP 0211, 011 (2002); B. Dutta, Y. Mimura and R. N. Mohapatra, Phys. Rev. D 69 (2004) 115014.

[14] H. S. Goh, R. N. Mohapatra, S. Nasri and S. P. Ng, Phys. Lett. B587, 105 (2004). T. Fukuyama, A. Ilakovac, T. Kikuchi, S. Meljanac and N. Okada, arXiv:hep-ph/0406068.

[15] C. S. Aulakh and A. Girdhar, arXiv:hep-ph/0204097; T. Fukuyama, A. Ilakovac, T. Kikuchi, S. Meljanac and N. Okada, arXiv:hep-ph/- 0401213; B. Bajc, A. Melfo, G. Senjanovic and F. Vissani, Phys. Rev. D 70 (2004) 035007; T. Fukuyama, A. Ilakovac, T. Kikuchi, S. Meljanac and N. Okada, arXiv:hep-ph/0405300.

[16] C. S. Aulakh and A. Girdhar, arXiv:hep-ph/0405074.

[17] S. Bertolini, M. Frigerio and M. Malinský, arXiv:hep-ph/0406117;

W. M. Yang and Z. G. Wang, arXiv:hep-ph/0406221. B. Dutta, Y. Mimura and R. N. Mohapatra, arXiv:hep-ph/0406262.