arXiv:hep-ph/0602062 v2 17 Apr 2006

Quark-lepton complementarity with quasidegenerate Majorana neutrinos

Amol Dighe^1, Srubabati Goswami^{2,3} and Probir Roy^1 1. Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400 005, India 2. Harish-Chandra Research Institute, Chhatnag Road, Jhusi, Allahabad 211 019, India 3. Technische Universität München, James–Franck–Strasse, D–85748 Garching, Germany

A basis independent formulation of quark-lepton complementarity is implemented at a high scale for quasidegenerate Majorana neutrinos. It is shown that even with the renormalization group evolution in the minimal supersymmetric standard model, the scenario can be consistent with the data provided a nontrivial role is played by the Majorana phases. Correlated constraints are found on these phases and the neutrino mass scale using the current data. We also indicate how future accurate measurements of the mixing angles can serve as tests of this scenario and restrict the values of the Majorana phases.

PACS numbers: 11.10.Hi, 12.15.Ff, 14.60.Pq

Neutrinos provide a fertile ground for novel and testable ideas due to the present availability and future prospects of more precise information [1] on their masses and mixing angles. We aim to combine three such ideas in this letter: (a) quark-lepton complementarity (QLC) [2, 3, 4, 5, 6, 7], (b) quasidegenerate neutrinos (QDN) [8], and (c) nontrivial Majorana phases. The possibility of such a combination was mentioned in [3], but we explicitly demonstrate its feasibility by use of the renormalization group (RG) evolution in a transparently analytic way.

QLC links the difference between the maximal (45^∘) and the measured (33.8^{+2.4}_{−1.8} degrees [1]) value of the neutrino mixing angle θ_{12} to the Cabibbo angle θ_c = 12.6^∘ ± 0.1^∘ [9]. This can be done by postulating the relation θ_{12} + θ_c = 45^∘. However, the various implementations of this relation in the literature (e.g. in [3]) are fraught with basis ambiguities [10] and issues of scale [6]. In this letter, we follow a basis independent formulation of QLC from [3]:

U_{P MNS} = V^†_{CKM} U^{bimax}_ν , (1)

where U_{P MNS} is the Pontecorvo-Maki-Nakagawa-Sakata matrix unitarily transforming mass eigenstates of neutrinos to their flavor eigenstates, V_{CKM} is the Cabibbo- Kobayashi-Maskawa matrix [9] and U^{bimax}_ν is the unitary matrix which diagonalizes the bimaximal form [11] of the neutrino Majorana mass matrix M^{bimax}_ν . Eq. (1) yields

θ_{12} + θ_c/ √ 2 = 45^∘ + O(θ^2_c ) . (2)

The identification of eq. (1) as a statement of QLC becomes more transparent in the basis with U_u = 1, where U_f represents the unitary (mass → flavor) transformation of the left chiral components of the f (= u, d, l) type of charged fermions which diagonalize the Yukawa coupling matrix combination Y^†_f Y_f [12]. Thus, in this basis, Y^†_u Y_u is diagonal in flavor space. It follows that V_{CKM} (≡ U^†_uU_d) now equals U_d, so that a comparison between eq. (1) and the definition of U_{P MNS} (≡ U^†_l U_ν ), with the assumption of U_ν being U^{bimax}_ν , now yields the quarklepton symmetry relation U_d = U_l. Eq. (1), as it stands, is basis independent, however.

A quark-lepton symmetry relation such as (2) is expected to be valid at the GUT scale ∼ 10^{16} GeV. In our scenario, neutrino masses are generated by an effective dimension-5 operator (l · h)(l · h)/Λ at the scale Λ and the mechanism that gives rise to this operator is immaterial. The mechanism may include right handed neutrinos, in which case we have to assume that the threshold effects [13] do not spoil the relation till Λ ∼ 10^{12} GeV, above which all the right handed neutrinos are expected to lie. All the other threshold effects are taken to be flavor blind. We thus postulate the relation (2) to hold at a scale Λ ∼ 10^{12} GeV. Our results are only logarithmically sensitive to the exact choice of scale.

Quasidegenerate neutrinos are very much allowed by present cosmological constraints [14] as well as neutrinoless double β-decay experiments [15]. From the model building point of view, the quasidegenerate spectrum can be obtained rather naturally through type II seesaw mechanism by invoking discrete symmetries like flavor SO(3) [8]. It can also be produced in models with Abelian family symmetries [16], or with flavor symmetries like L_μ − L_τ [17]. In the minimal supersymmetric standard model (MSSM), the neutrino masses and mixing angles may evolve significantly from Λ to the SUSY breaking scale λ via the RG equations [18, 19]. This evolution can potentially spoil the QLC signatures in the low energy data [3]. In this letter, we study the evolution of the QLC equation (1) analytically as well as numerically, including the effect of Majorana phases [19, 20], and show its consistency with the observed mixing angles in the QDN scenario.

We take the neutrino masses m_{1,2,3} to be complex in general and parametrize their absolute values in terms of three real parameters m_0, ρ_A and ϵ_S as

|m_1| = m_0(1 − ρ_A)(1 − ϵ_S) , |m_2| = m_0(1 − ρ_A)(1 + ϵ_S) , |m_3| = m_0(1 + ρ_A), (3)

with m_0, the parameter setting the neutrino mass scale, and ϵ_S being required to be positive, while a positive (negative) ρ_A implies a normal (inverted) neutrino mass ordering. These parameters may be related to the solar and atmospheric mass squared differences (δm^2_S ∼ 8 × 10^{−5} eV^2 and |δm^2_A| ∼ 2 × 10^{−3} eV^2) and the the sum of the neutrino absolute masses through

δm^2_S = |m_2|^2 − |m_1|^2 ≈ 4m^2_0(1 − ρ_A)^2ϵ_S , |δm^2_A| = ||m_3|^2 − (|m_1|/2 + |m_2|/2)^2| = 4m^2_0|ρ_A| , Σ_i|m_i| = 3m_0(1 − ρ_A/3) . (4)

In (4) we have made use of |ϵ_S | ≪ 1 (for instance, if m_0 ≃ 0.2 eV, one has |ρ_A| ≃ 1.8×10^{−2} and ϵ_S ≃ 5×10^{−4}) while neglecting terms which are O(ϵ^2_S ).

The RG evolution of the hierarchical charged fermion masses is known to be small [21], and we neglect it. The bimaximal neutrino mass matrix emerging at a high scale Λ gets modified at the low scale λ to yield [12, 22]

M_λ = I_K I^T_κ M^{bimax}_ν I_κ , (5)

where I_K ≡ exp[− ∫_{t(λ)} t(Λ) K(t)dt] is the scalar factor that

arises from the RG evolution due to the gauge couplings and the fermion-antifermion loops. In MSSM, we have K(t) = −6g^2 − 2g^2_Y + 6Tr(Y^†_u Y_u). Here t(Q) is defined to be t(Q) ≡ (16π^2)^{−1} ln(Q/Q_0) with Q_0 an arbitrary scale.

The other factor I_κ in (5) is given by

I_κ ≡ exp[− ∫_{t(λ)} t(Λ)

(Y^†_l Y_l)(t)dt] . (6)

In the basis chosen for our QLC scenario,

Y^†_l Y_l = V_{CKM} Diag(y^2_e , y^2_μ, y^2_τ ) V^†_{CKM} . (7)

Since y^2_e ≪ y^2_μ ≪ y^2_τ , we can neglect y_e and y_μ. If, in addition, we neglect the elements of the CKM matrix that are of the order of θ^2_c or smaller, only the {3–3} element of Y^†_l Y_l survives. Then we have

I_κ ≈ Diag(1, 1, e^{−Δτ} ) , (8)

where in the MSSM, one has

Δ_τ = m^2_τ (tan^2 β + 1)(16π^2v^2)^{−1} ln(Λ/λ) . (9)

Here v ≡ √ v^2_u + v^2_d where v_u and v_d are the vevs of the two neutral Higgs scalars, with tan β ≡ v_u/v_d. For Λ ∼ 10^{12} GeV, λ ∼ 10^3 GeV, tan β ∼ 30 and v ∼ 246 GeV, we find that Δ_τ ∼ 6 × 10^{−3}. Therefore, unless the coefficients of Δ_τ are O(10^2) or higher, we can neglect terms that involve two or more powers of Δ_τ . Henceforth, we keep only the terms linear in Δ_τ .

The mass matrix (5) in the flavor basis takes the following form at the low scale:

M_λ = A B −BX B C + A/2 (C − A/2)X −BX (C − A/2)X (C + A/2)Y I_K (10) where we have used the notation A ≡ (m_1 + m_2)/2 , B ≡ (−m_1 + m_2)/(2 √ 2) , C ≡ m_3/2 , X ≡ (1 − Δ_τ ) , and Y ≡ (1 − 2Δ_τ ).

We parametrize the unitary matrix U_λ that diagonalizes M_λ by

U_λ ≡ Diag(e^{iϕe Δτ} , e^{iϕμΔτ} , e^{iϕτ Δτ} )R_{23}(π/4 + k_{23}Δ_τ ) × Diag(1, 1, e^{iδ})R_{13}(k_{13}Δ_τ )Diag(1, 1, e^{−iδ}) ×

R_{12}(π/4 + k_{12}Δ_τ )Diag(e^{iα1/2}, e^{iα2/2}, e^{iα3/2}) ,(11)

where R_{ij} is the rotation matrix in the ij plane, α_i’s are the Majorana phases, and the phases ϕ_e, ϕ_μ and ϕ_τ are required to diagonalize a general neutrino mass matrix [23]. Thus the new mixing angles are

θ_{12} = π/4 + k_{12}Δ_τ , θ_{23} = π/4 + k_{23}Δ_τ , θ_{13} = k_{13}Δ_τ .

For Δ_τ = 0, we have U_λ = U^{bimax}_ν . We approximate the deviation of U_λ from U^{bimax}_ν by keeping terms that are linear in Δ_τ . The current allowed ranges of the mixing angles are such that the deviations from QLC values without RG running are very small. Therefore, the approximation |k_{ij}Δ_τ | ≪ 1 should be always valid so that we can neglect the higher order terms in k_{ij}Δ_τ . Furthermore, the Dirac phase δ, which is vanishing at the high scale and is generated only through the RG evolution, is retained only to the first order, and consequently plays no role in our O(Δ_τ ) analysis.

The values of k_{ij} are found to be

k_{12} = 1 4 |m_1 + m_2|^2 (|m_2|^2 − |m_1|^2) , k_{23} = 1 4 [ |m_2 + m_3|^2 (|m_3|^2 − |m_2|^2) + |m_1 + m_3|^2 (|m_3|^2 − |m_1|^2) ] , k_{13} = 1 4 [ |m_2 + m_3|^2 (|m_3|^2 − |m_2|^2) − |m_1 + m_3|^2 (|m_3|^2 − |m_1|^2) ] . (12)

The above expressions are valid as long as the values of m_i’s and δm^2_{S/A}’s are described accurately by the O(Δ_τ ) terms in their RG evolution. Though this condition always holds with the m_i’s, for Δ_τ >∼δm^2_{S/A}/m^2_0 the O(Δ^2_τ ) terms dominate over the O(Δ_τ ) terms in δm^2_{S/A} [19] and eqs. (12) are no longer a good approximation. They are valid only for Δ_τ <∼ δm^2_S /m^2_0, i.e. for m_0 tan β <∼ 3 eV. Higher Δ_τ values also lead to |k_{12}Δ_τ | ≫ 1, so that the evolution of θ_{12} is too large to be naturally accomodated with the current data.

Equations (12) are consistent with the running of angles computed in the general case [19], though they have been computed here in a much simpler way for the special case of bimaximal neutrino mixing. In terms of the parameters m_0, ρ_A, ϵ_S defined in eq. (3), the expressions (12) become

k_{12} = [(1 + cos α_2) + ϵ^2_S (1 − cos α_2)]/(8 ϵ_S) ,

k_{23} = Γ 8 [2 + cos(α_2 − α_3) + cos α_3] + ρ_A 2 + O(ϵ_S ) ,

k_{13} = (Γ/8)[cos(α_2 − α_3) − cos α_3] + O(ϵ_S ) , (13)

FIG. 1: Contours of θ12 =39.8^∘ in the m0 (eV)–α2 (radians) plane shown for tan β = 5 (20) by solid (dashed) lines. The regions above the contours are excluded by data for that particular tan β value.

where Γ ≡ (1/ρ_A) − ρ_A. One of the three Majorana phases α_{1,2,3} can be rotated away and we have chosen that to be α_1.

The following observations can now be made: • Quasi-degeneracy of the neutrinos (m^2_0 ≫ δm^2_{S/A}) is required for any significant enhancement of all k_{ij}’s: the magnitude of k_{12} is enhanced when ϵ_S = δm^2_S /[4m^2_0(1 − ρ_A)^2] ≪ 1, whereas the magnitudes of k_{23} and k_{13} are enhanced for ρ_Aδm^2_A/(4m^2_0) ≪ 1.

• The values of the Majorana phases are crucial in deciding the values of k_{ij}’s: As α_2 → 0 we have k_{12} ≈ 1/(4ϵ_S). When α_2 is nonzero, the value of k_{12} decreases rapidly. At α_2 = π, we have k_{12} to be nearly as small as ϵ_S /4. Both |k_{23}| and |k_{13}| are enhanced when α_3 = 0 or α_3 = α_2. However, when α_2 = 0, the magnitude of k_{13} is highly suppressed.

• k_{12} is independent of m_3 as well as α_3, and is always positive. k_{23} is positive (negative) for the normal (inverted) neutrino mass ordering. The sign of k_{13} depends on the ordering as well as the Majorana phases.

The net leptonic mixing matrix at the low scale is V_{PMNS} = V^†_{CKM}U_λ with the mixing angles given by θ_{ij} = θ^0_{ij} +k_{ij}Δ_τ , where θ^0_{12} ≈ 35.4^∘, θ^0_{23} ≈ 42.5^∘, θ^0_{13} ≈ 8.9^∘ are their QLC values at the high scale. Whereas θ^0_{12} and θ^0_{13} are known to an accuracy of ≈ ±0.1^∘, the exact value of θ^0_{23} depends on the value of the CP violating phase δ in the CKM matrix [3], and is currently uncertain by nearly ±1^∘. The “deviations” Δθ_{ij} ≡ θ_{ij} − θ^0_{ij} ≈ k_{ij}Δ_τ are observable quantities. From the earlier discussions Δθ_{12} > 0, so that θ_{12} > 35.4^∘ is a test for our scenario. Another test is the compulsion of normal (inverted) mass ordering for θ_{23} > θ^0_{23} (θ_{23} < θ^0_{23}). Regarding θ_{13}, though the high scale value is θ^0_{13} = 8.9^∘, allowed RG evolution

FIG. 2: The contours of the ratios r1 ≡ Δθ23 /Δθ12 and r2 ≡ Δθ13/Δθ12 for normal mass ordering. The line contours are for r1 = 2.0 (solid) and r1 = 0.5 (dashed). The outer edges of the cyan (light) and magenta (dark) shaded regions at the centre correspond to r2 = 0.5 (2.0) and those of the shaded regions at the top and bottom correspond to r2 = −0.5 (−2.0).

in our scenario can make it anywhere between 0^∘ and the extant upper bound of 13^∘.

The 3σ allowed range of θ_{12} is θ_{12} ∈ (29.3^∘, 39.8^∘) [1]. With Δθ_{12}Δ_τ necessarily positive, this implies 0 < k_{12}Δ_τ < 4.4^∘. Strong constraints then ensue on m_0 and α_2, since Δθ_{12} is inversely proportional to the small quantity ϵ_S . In Fig. 1, we show the 3σ allowed values of m_0 and α_2 for two tan β values. The figure is obtained by solving the RG equations numerically with θ^0_{ij} ’s as the initial conditions at the high scale, and marginalizing over α_3 and δ. The figure may be understood easily with our analytic expressions (13). At large tan β, the value of α_2 has to be close to π in order to avoid an excessive k_{12} enhancement [3] (even this will not work if m_0 is too large). A nontrivial Majorana phase is thus essential. For smaller values of tan β, however, no such tuning is required (see fig. 1).

The ratios r_1 ≡ Δθ_{23}/Δθ_{12} and r_2 ≡ Δθ_{13}/Δθ_{12} can be used to constrain the Majorana phases α_2 and α_3. In the QDN scenario, where ρ_A ≪ 1 ≪ 1/ρ_A, these constraints are independent of Δ_τ , and hence tan β. We show in Fig. 2 the contours of constant r_1 and r_2 in the α_2–α_3 plane, for normal hierarchy. With inverted hierarchy, the signs of r_1 and r_2 are reversed. Note that α_2 = α_3 = 0 necessitates r_1 ≈ 2δm^2_S /δm^2_A ≈ 0.06 and r_2 = 0, which implies θ_{23} ≈ θ^0_{23} , θ_{13} = θ^0_{13}. Any deviation from this prediction will indicate non-zero Majorana phases. However, for these relations to be practically useful as a test, measurements of these angles accurate to within a couple of degrees are essential.

If α_2 ≈ π, which would be the case if θ_{12} is found to be very close to θ^0_{12}, the ratio r_2/r_1 ≈ −2 cos α_3 gives a direct measurement of α_3, with |r_2/r_1| < 2 serving as a weak test of this scenario.

Even without any knowledge of the Majorana phases, the measurements of the mixing angles can put a lower bound on Δ_τ , and hence on tan β. With QDN we have the relations |Δθ_{12}| < Δ_τ /(4ϵ_S ) , |Δθ_{23}| < Δ_τ /|2ρ_A| , |Δθ_{13}| < Δ_τ /|4ρ_A| and additionally the combinations |Δθ_{23} ±Δθ_{13}| < Δ_τ /|2ρ_A| . Once m_0 is known, the best of the above lower bounds on Δ_τ may be chosen to restrict tan β from below via eq. (9).

In conclusion, a basis independent formulation of QLC at a high scale can be consistent with the data even for the QDN scenario provided a nontrivial role is played by the Majorana phases. We have explicitly shown this numerically as well as through transparent analytic approximations for the RG evolutions of the mixing angles. Our new results are correlated constraints on the neutrino mass scale and the Majorana phases, as well as correlations among the neutrino mixing angles which can be tested by their precise measurements. Specifically, one of the major predictions of our scenario is θ_{12} > 35.4^∘. Currently the data is consistent with this prediction to within 1σ. A further reduction of the error in θ_{12} [24] will clarify the situation.

We thank M. Schmidt for useful discussions. The work of S.G. is supported by the Alexander–von–Humboldt– Foundation. The work of A.D. is partly supported through the Partner Group program between the Max Planck Institute for Physics and Tata Institute of Fundamental Research.

[1] S. Goswami, talk given at Lepton-Photon 05, Uppsala, July 2005, http://lp2005.tsl.uu.se/∼lp2005/; A. Strumia and F. Vissani, hep-ph/0503246; M. Maltoni, AIP Conf. Proc., 721 165 (2004); G. L. Fogli et al., hep-ph/0506083; B. Aharmim et al. [SNO Collaboration], Phys. Rev. C 72, 055502 (2005).

[2] M. Raidal, Phys. Rev. Lett. 93, 161801 (2004). [3] H. Minakata and A. Yu. Smirnov, Phys. Rev. D 70, 073009 (2004).

[4] C. Giunti and M. Tanimoto, Phys. Rev. D 66, 053013 (2002); ibid. 113006 (2002); P. H. Frampton, S. T. Petcov and W. Rodejohann, Nucl. Phys. B 687, 31 (2004); W. Rodejohann, Phys. Rev. D 69, 033005 (2004).

[5] An incomplete list of other papers on QLC is: P.

H. Frampton and R. N. Mohapatra, JHEP 0501, 025 (2005); J. Ferrandis and S. Pakvasa, Phys. Rev. D 71, 033004 (2005); S. K. Kang, C. S. Kim and J. Lee, Phys. Lett. B 619, 129 (2005); K. Cheung et al., Phys. Rev. D 72, 036003 (2005); Z.-Z. Xing, Phys. Lett. B 618, 141 (2005); A. Datta, L. Everett and P. Ramond, Phys. Lett. B 620, 42 (2005); L. L. Everett, Phys. Rev. D 73, 013011 (2006); A. Ghosal and D. Majumdar, hep-ph/0505173; A. S. Joshipura and A. Yu. Smirnov, hep-ph/0512024.

[6] S. Antusch, S. F. King and R. N. Mohapatra, Phys. Lett.

B 618, 150 (2005).

[7] A. Yu. Smirnov, hep-ph/0512303.

[8] S. Antusch and S. F. King, Nucl. Phys. B 705, 239 (2005); their Refs. [13-22]; G. C. Branco, M. N. Rebelo and J. I. Silva-Marcos, Phys. Rev. Lett. 82, 683 (1999).

[9] Particle Data Group, Phys. Lett. B 592, 1 (2004). [10] C. Jarlskog, Phys. Lett. B 625, 63 (2005). [11] V. D. Barger et al., Phys. Lett. B 437, 107 (1998). [12] P. H. Chankowski and S. Pokorski, Int. J. Mod. Phys. A 17, 575 (2002).

[13] R. N. Mohapatra, M. K. Parida and G. Rajasekaran, Phys. Rev. D 71, 057301 (2005); J. Ellis et al., hep-ph/0506122; S. T. Petcov, T. Shindou and Y. Takanishi, hep-ph/0508243.

[14] O. Elgaroy and O. Lahav, New J. Phys. 7, 61 (2005).

See also O. Pisanti and P. D. Serpico, astro-ph/0507346. Their tables suggest the most prior-free statement to be ∑ i |mi| < O(1) eV. [15] A conservative upper bound from neutrinoless double βdecay experiments is | ∑ i[(UP M N S )ei]^2mi| < 0.35 eV. H. V. Klapdor-Kleingrothaus et. al., Eur. Phys. J. A 12, 147 (2001); C. E. Aalseth et al., Phys. Rev. D 65, 092007 (2002).

[16] P. Binetruy, S. Lavignac, S. T. Petcov and P. Ramond, Nucl. Phys. B 496, 3 (1997).

[17] S. Choubey and W. Rodejohann, Eur. Phys. J. C 40, 259 (2005).

[18] K. S. Babu, C. N. Leung and J. T. Pantaleone, Phys.

Lett. B 319, 191 (1993); M. Tanimoto, Phys. Lett. B 360, 41 (1995); J. A. Casas et al., Nucl. Phys. B 569, 82 (2000); K. R. S. Balaji et al., Phys. Rev. Lett. 84, 5034 (2000); Phys. Lett. B 481, 33 (2000); G. Bhattacharyya, A. Raychaudhuri and A. Sil, Phys. Rev. D 67, 073004 (2003).

[19] S. Antusch et al., Nucl. Phys. B 674, 401 (2003). [20] N. Haba, Y. Matsui and N. Okamura, Eur. Phys. J.

C 17, 513 (2000); A. S. Joshipura, S. D. Rindani and N. N. Singh, Nucl. Phys. B 660, 362 (2003).

[21] H. Arason et al., Phys. Rev. D 47, 232 (1993). [22] J. R. Ellis and S. Lola, Phys. Lett. B 458, 310 (1999);

P. H. Chankowski, W. Krolikowski and S. Pokorski, Phys. Lett. B 473, 109 (2000).

[23] S. Antusch et al., J. High Energy Phys. 03, 024 (2005). [24] A. Bandyopadhyay, S. Choubey and S. Goswami, Phys.

Rev. D 67, 113011 (2003); H. Minakata et al., Phys. Rev. D 71, 013005 (2005); A. Bandyopadhyay et al., Phys. Rev. D 72, 033013 (2005)