arXiv:hep-ph/0302181 v1 20 Feb 2003

hep-ph/0302181

Implications of partially degenerate neutrinos at a high scale in the light of KamLAND and WMAP

Anjan S. Joshipura and Subhendra Mohanty

Theoretical Physics Group, Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India.

Abstract

Electroweak radiative corrections can generate the neutrino (mass)^2 difference required for the large mixing angle solution (LMA) to the solar neutrino problem if two of the neutrinos are assumed degenerate at high energy. We test this possibility with the existing experimental knowledge of the low energy neutrino mass and mixing parameters. We derive restrictions on ranges of the high scale mixing matrix elements and obtain predictions for the low energy parameters required in order to get the LMA solution of the solar neutrino problem picked out by KamLAND. We find that in the case of standard model this is achieved only when the (degenerate) neutrino masses lie in the range (0.7 − 2) eV which is at odds with the cosmological limit m_ν < 0.23 eV (at 95%C.L) established recently using WMAP results. Thus SM radiative corrections cannot easily generate the LMA solution in this scenario. However, the LMA solution is possible in case of the MSSM electroweak corrections with (almost) degenerate spectrum or with inverted mass hierarchy for limited ranges in the high scale parameters.

Introduction: Results from solar and atmospheric neutrinos [1] have greatly helped in establishing patterns for neutrino masses and mixings particularly after the report of the positive evidence of neutrino oscillations seen at KamLand [2]. The allowed possibilities are quite constrained. One needs hierarchical differences in the neutrino (mass)^2 and two large and one small (≤ 0.2) mixing angle to fit the observations.

The phenomenological determination of neutrino masses and mixing raises several theoretical questions two of which are (i) why two of the six physical fermionic mixing angles are large and (ii) what is the cause of hierarchy in the solar (Δ_S ) and the atmospheric (Δ_{atm}) mass scales. There have been number of answers to these questions in variety of frameworks [1]. One possibility is to invoke radiative corrections to understand smallness of^{ΔS}_{Δatm} . These corrections could be weak corrections to the lepton number violating neutrino mass operators [3] or could also come from physics beyond standard model [4, 5]. Possibility of the electroweak corrections generating solar scale has recently been analyzed in [6, 7, 8]. It is assumed that two of the neutrinos are degenerate at some high scale and electroweak corrections result in generation of the solar (mass)^2 difference. This possibility was shown to be quite constrained. It leads to a definite prediction for the solar scale namely,

Δ_S cos 2θ_S = 4δ_τ sin^2 θ_A|m_{ee}|^2 + O(δ^2_τ ) . (1)

Here Δ_S is the mass-squared difference responsible for the solar neutrino oscillations, and the angles θ_S and θ_A respectively denote the solar and the atmospheric mixing angles at a low scale. m_{ee} is the effective neutrino mass probed in the 0νββ decay and δ_τ specifies the size of the radiative corrections induced by the Yukawa coupling of the τ: δ_τ ≈ c ( m_τ 4πv )_2 ln M_X M_Z . (2)

c =^3_2 , −^1_{cos2 β} in case of the standard model (SM) and the minimal supersymmetric standard model (MSSM) respectively [9, 10, 11].

Additional assumption made in deriving eq.(1) was that the mixing element U_{e3} of the leptonic mixing matrix U was zero at high scale. This assumption was motivated by the observed smallness of U_{e3} at low energy. Given this assumption, eq.(1) makes very strong predictions analyzed in detail in [7, 8]. Two of the major consequences being that the MSSM radiative corrections cannot generate the large mixing angle (LMA) solution to the solar neutrino problem and in the case of SM one needs m_{ee} close to the present experimental limit [12].

A non-zero and relatively large low scale U_{e3} ∼ 0.2 could change some of the qualitative aspects of predictions based on eq.(1). More importantly, the mixing angle at high scale could even be larger than 0.2 and can still give rise to an experimentally acceptable U_{e3} at the low scale. In this paper we study the general implications of two degenerate neutrinos at high scale without assuming a zero U_{e3}. The general numerical analysis carried out in this paper leads to very strong predictions for three of the yet unknown observables namely, U_{e3}, m_{ee} and the absolute neutrino mass m_{νe} probed in beta decay [13]. One of the conclusions of our analysis is that a non-zero high scale U_{e3} makes the MSSM viable. In the SM however the LMA mass difference can be generated radiatively only when the the degenerate neutrino mass is in the range of (0.7− 2) eV . This requirement is ruled out by the WMAP result that Ω_ν h^2 < 0.0076 (at 95%C.L.) [14] which for the degenerate neutrino spectrum implies that m_ν < 0.23. Formalism: Consider a CP conserving theory specified by a general 3 × 3 real symmetric neutrino mass matrix M_{ν0} specified at a high scale M_X . We require that the solar scale vanishes at M_X and consequently two of the eigenvalues of M_{ν0} are degenerate, i.e. , we assume^1 m_{ν0i} = (m, −m, m^′) for the neutrino masses at M_X . The atmospheric neutrino oscillations are induced by Δ_{A0} ≡ |m^{′2} − m^2|.

Neutrino mixing matrix has the following general form under the assumption of CP conservation.

U_0 = R_{23}(θ_2)R_{13}(θ_3)R_{12}(θ_1) , (3) where R_{ij}(θ) denotes a rotation in the ij^{th} plane by an angle θ. The θ_{1,2} are assumed to vary between 0 and π/2 while s_3 = sin θ_3 varies over the full range. The neutrino mass matrix at M_X is given by M_{0ν} = U_0 Diag.(m, −m, m^′) U^T_0 . (4) The matrix M_{0ν} determined by eq.(4) is modified by the radiative corrections. The radiatively corrected form of M_{0ν} follows from the relevant RG equations

1The solar angle can be rotated away in case of the other viable possibility mν_{0i} = (m, m, m^′) which cannot reproduce the observed pattern.

[9]. We assume the RG equations corresponding to the SM or the MSSM. The modified neutrino mass matrix is given [10] in this case by M_{0ν} → M_ν ≈ I_gI_t (I U_0 diag.(m, −m, m^′) U^T_0 I ) (5) where I_{g,t} are calculable numbers depending on the gauge and top quark Yukawa couplings. I is a flavour dependent matrix given by I ≈ diag.(1 + δ_e, 1 + δ_μ, 1 + δ_τ ) . δ_{e,μ} are obtained from eq.(2) by replacing the tau mass by the electron and the muon masses respectively. The physical neutrino masses and mixing are obtained by diagonalizing the above matrix.

The eigenvalues of M_ν can be approximately determined in the limit of vanishing m_{e,μ}. We find,

m_{ν1} ≈ m(1 + 2δ_τ (c_1c_2s_3 − s_1s_2)^2) + O(δ^2_τ ) , m_{ν2} ≈ −m(1 + 2δ_τ (s_1c_2s_3 + c_1s_2)^2) + O(δ^2_τ ) , m_{ν3} ≈ m^′(1 + 2δ_τ c^2c^2_3) + O(δ^2_τ ) . (6)

We thus have

Δ_{21} ≡ m^2_{ν2} −m^2_{ν1} ≈ 4δ_τ m^2 ( cos 2θ_1(s^2 − s^2_3c^2) + s_3 sin 2θ_1 sin 2θ_2 ) +O(δ^2_τ ) . (7)

It is conventional to order masses in a way that makes the solar scale Δ_S positive. The phenomenological analysis then restricts θ_S to be < π/4. The Δ_{21} as defined above can have either sign. For positive Δ_{21}, Δ_S = Δ_{21} and cos 2θ_S = cos 2θ_1. One needs to interchange first two eigenvalues and eigenvector of M_ν in the opposite case with Δ_{21} < 0 giving us Δ_S = −Δ_{21} and cos 2θ_S = − cos 2θ_1. In either situation, one needs Δ_{21} cos 2θ_1 > 0 in order to obtain the LMA solution. For s_3 = 0, the sign of δ_τ determines the sign of Δ_{21} cos 2θ_1. As a result one cannot reproduce the LMA solution in the case of MSSM as already remarked [7, 8]. The introduction of a non-zero s_3 changes this behavior. As follows from eq.(7) one can now obtain positive Δ_{21} cos 2θ_1 in case of the MSSM also for some range in parameter space corresponding to s_3 cos 2θ_1 < 0. This range is limited since s_3 cannot be very large without conflicting with the observed bound on U_{e3}.

Realization of the LMA solution in this framework would require some restrictions on the initial high scale parameters and would also restrict the values of the low energy observables. These observables include m_{ee}, Δ_S, U_{e3} and the electron neutrino mass m_{νi} . We study these restrictions in detail below through the following procedure:

Input parameters: We randomly vary the input mixing angles θ_i and the mass m over the range 0 < θ_{1,2} < π/2, −π/2 < θ_3 < π/2 and 0 < m < 2 eV. Since the atmospheric mass scale does not significantly change by the radiative corrections, we fix the third mass m^′ by requiring Δ_{atm} ≡ |m^{′2} − m^2| = (.05)^2. m^′ can have either sign relative to m and could be heavier or lighter than m. We will consider |m^′| > |m| and m^′ ≪ m. The MSSM radiative corrections involve an additional parameter cos β which is also randomly varied in the range (0-1]. Output values of observables: Eq.(5) is numerically diagonalized for each choice of the randomly chosen input variables. This gives us the output values of the solar and atmospheric masses and mixing angles, U_{e3} as well as m_{ee} and m_{νe} . The known output parameters are required to lie in the range [1, 15]: |U_{e3}| ≤ 0.2 4 · 10^{−5} eV^2 ≤ Δ_S ≤ 2.8 · 10^{−4} eV^2 ; 0.2 ≤ tan^2 θ_S ≤ 0.8 , 1.2 · 10^{−3} eV^2 ≤ Δ_{atm} ≤ 5.0 · 10^{−3} eV^2 ; 0.8 ≤ sin^2 2θ_A ≤ 1.0 , (8)

The ranges quoted for the solar parameters is 3σ level. The KamLand results on the anti neutrino oscillations do not allow the full range of the LMA solution quoted above but the allowed values at 90% CL lie in two different ranges which are subsets of the above range. Consistency of the results with KamLand can be explicitly seen from the figures to be presented.

From the randomly varied set of 100,000 points, we collect the acceptable choice of the (high scale) input variables which lead to the low energy parameters lying in the ranges in eq.(8). This procedure also gives us the predicted values of the output observables like m_{ee}, m_{νe} corresponding to the acceptable choices of the input parameters. Results of our analysis are presented in case of the SM as well as MSSM in Figs.(1-5).

Fig.(1) shows the allowed values of the input parameters s_1, s_3 consistent with random variations of these and other parameters. The effect of the radiative corrections on mixing angles is not pronounced in case of the SM and the input ranges for s_3 and tan^2 θ_1 coincide approximately with the allowed ranges in U_{e3} and tan^2 θ_S . Radiative corrections can be appreciable in case of the MSSM and an s_3 as large as 0.4 can lead to U_{e3} ≤ 0.2 at the low scale. But values of s_3 larger than this cannot reproduce the correct low energy parameters. Two different patches in the figure correspond to s_3 > 0, cos 2θ_1 < 0 and s_3 < 0, cos 2θ_1 > 0 both of which can lead to the correct solution as argued above.

In Fig.(2), we display output values of the solar scale Δ_S and m_{ee} consistent with the random variation of the input parameters. The allowed points span the entire range in Δ_S and thus the two sub regions corresponding to the KamLand results are easily obtained. The predicted values of m_{ee} are quite restricted. Typical lower bound in case of the SM is around 0.05 − 0.1 and most points crowd in the range 0.4 − 1.0 eV in case of the SM. Typical range preferred by MSSM is m_{ee} ∼ 0.2 − 0.4 eV.

We show the values of |U_{e3}| realized in the random analysis in Fig.(3) as a function of m_{ee}. In large number of cases, |U_{e3}| is seen to lie close to the experimental limit in case of the SM. The MSSM also predicts larger values but allows smaller values |U_{e3}| ∼ .02 also.

Fig.(4) is prediction for the mass m which corresponds to the electron neutrino mass probed in the tritium beta decay. One sees a clear preference for m ∼ 0.7−2 eV. In fact 3σ lower bound on m following from approximate eq.(7) and realized in the figure is m > 0.7 eV. MSSM also prefers similar values but it can still allow m as low as ∼ 0.1 eV due to the presence of an additional parameter tan β.

We had initially chosen 100,000 random points in both cases but the allowed set of input points is much larger in case of the SM. This clearly shows that radiative corrections in SM can more easily reproduce the low energy neutrino spectrum than in MSSM. This was to be expected since when s_3 is zero, MSSM cannot lead to the LMA solution at all [8]. Introduction of s_3 now allows MSSM but the allowed values of s_3 are constrained by the observed bound on U_{e3} and as a result one gets correct solution in case of MSSM for much smaller number of input points. In contrast, the SM can reproduce correct spectrum even for s_3 = 0 as clearly seen in Fig.(1).

We assumed three neutrinos to be almost degenerate in the above analysis. Alternative possibility corresponds to the inverted mass hierarchy in which only the solar pair has non-zero mass mass m, the third mass m^′ being zero or much smaller. It was argued [7, 8] that in all these models the weak radiative corrections are unable to give the LMA solution if s_3 = 0. This conclusion arises because the mass m in this case is required to be close to the atmospheric scale. The resulting Δ_S is at least an order of magnitude smaller than required by LMA in case of the SM. MSSM has additional parameter tanβ which can overcome this suppression but tan^2θ_S is predicted to be greater than 1 when s_3 = 0. Non-zero s_3 changes this conclusion. As already discussed, one can obtain tan^2 θ_S < 1 even in case of MSSM if s_3 cos 2θ_1 < 0. In this case one can get a Δ_S corresponding to the LMA solution even for m^2 ∼ Δ_{atm} by choosing a large tan β. This is demonstrated in Fig. (5) which shows allowed values of |s_3| and m resulting from the random variations of input parameters. Unlike in earlier figures, the mass m is now varied only near the atmospheric range specifically in the interval 0.01−0.1 eV and cos β is varied in the range 0.001−0.2 since only these ranges are expected to give the correct Δ_S and Δ_{atm}. As seen in the figure, we do get the correct solutions although for limited number of output values starting with 100,000 input points as before.

Summary and implications for models: We have numerically investigated consequences of having vanishing Δ_S at a high scale. This assumption can account for the smallness of Δ_S after inclusion of the weak radiative corrections. The predicted value for the solar scale is linked to observable low scale parameters. This results in stringent predictions which can be tested.

Basic assumption of our analysis is two degenerate neutrinos. This can be realized in number of ways and there are numerous models which predict two [4] or all three [16] neutrinos to be degenerate. If the third neutrino has comparable mass then one gets the almost degenerate scenario. Precise information on the common mass of these degenerate neutrinos has recently been provided by the data on microwave anisotropy [14]. In combination with the information on the galactic structures, this data imply a bound of m < 0.23eV at 95%CL [14, 17]. As our Fig.(4) shows, this mass is required to be in the range (0.7-2 ) eV in case of SM but it could be smaller for MSSM. Thus the SM radiative corrections and degenerate spectrum cannot account for the LMA solution at 95%CL. The lower bound is also inconsistent with the 99%CL limit, m < 0.3 eV following from analysis by Giunti in [17].

The standard model also fails in generating correct Δ_S if neutrinos have inverted mass hierarchy. It is possible to obtain the LMA solution in case of the MSSM which allows degenerate mass in the range 0.1 − 2 eV range. Likewise, one can also obtain the LMA solution in case of MSSM and the inverted mass hierarchy, see Fig.(5). The LMA solution and value m < 0.23 eV occurs in both these cases only for very limited range of parameters.

Another related but testable prediction of the scheme is m_{ee} probed by 0νββ decay results. The present experimental limit on this scale is uncertain due to the unknown nuclear matrix element. The present bound is [12] m_{ee} < 0.4h eV at 95% CL. The h ∼ 0.6 − 2.8 parameterizes^2 the uncertainty in nuclear matrix element. The present scenario is consistent with this limit (see Figs. 2 and 3) but it can be constrained with improvement on our knowledge of the solar parameters, m_{ee} and U_{e3}.

References

[1] For reviews of various models, see, A.Yu. Smirnov, hep-ph/9901208; R. N.

Mohapatra, hep-ph/9910365; A.S. Joshipura, Pramana, 54 (2000) 119; G. Altarelli and F. Feruglio, hep-ph/0206077; M. C. Gonzalez Garcia and Y. Nir, hep-ph/0206077; S. Barr and I. Dorsner, Nucl. Phys. B 585 (2000) 79. [2] KamLand Collaboration, K. Eguchi et al, hep-ex/0212021.

[3] L. Wolfenstein, Nucl. Phys. B 186 (1981) 147; S.T. Petcov, Phys. Lett.

110 B (1982) 245; S.T. Petcov and C.N. Leung, Phys. Lett. 125 B (1983) 461.

[4] R. Barbieri et al, Phys. Lett. B445 (1999) 239; A. S. Joshipura, Phys. Rev.

D 60 (1999) 053002; A. S. Joshipura and S. D. Rindani, Phys. Lett. B 464 (1999) 239 and Euro. Phys. Journal, C14 (2000) 85; H. S. Goh, R. N. Mohapatra and S. P. Ng, Phys. Lett. B542 (2002) 116; L. Lavoura, Phys. Rev. D 62 (2000) 093011; W. Grimus and L. Lavoura, Phys. Rev. D62 (2000) 093012; J. of High Energy Phys. 07 (2001) 045; R. N. Mohapatra, hep-ph/0107274; Phys. Rev. D64 (2001) 091301, K. S. Babu and R. N. Mohapatra, Phys. Lett. B532 (2002) 77.

[5] M. Frigerio and A. Yu. Smirnov, hep-ph/0212263.

[6] Anjan S. Joshipura and S.D. Rindani, Phys. Lett. 494 B (2000) 114.

2See, Feruglio et al in [13].

[7] Anjan S. Joshipura, Phys. Lett. B543 (2002) 276 [hep-ph/0205038];

[8] Anjan S. Joshipura and S.D. Rindani, hep-ph/0202064 ; hep-ph/0211404;

Anjan S. Joshipura, S. D. Rindani and N. Nimai Singh, hep-ph/0211378.

[9] K.S. Babu, C.N. Leung and J. Pantaleone, Phys. Lett. B 139 (1993) 191;

P.H. Chankowaski, Z. Pluciennik, Phys. Lett. B 316 (1993) 312; S. Antusch et al, Phys. Lett. B 519 (2001) 238 and Phys. Lett. B 525 (2002) 130.

[10] P. H. Chankowaski and S. Pokorski, Int. Journ. of Mod. Phys. A17 (2002) 575.

[11] J. Eliis et al, Eur. Phys. Jou. C9 (1999) 310; J. Ellis and S. Lola, Phys.

Lett. 110 458 (1999) 389; A. Casas et al, Nucl. Phys. B556 (1999) 3; Nucl. Phys. B569 (1999) 82; Nucl. Phys. B573 (2000) 652; Journ. of High Energy Physics, 9909 (1999) 015; A. Dighe and A.S. Joshipura, hepph/0010079; N. Haba Y. Matsui and N. Okamura, Euro. Phys. Journ. C17 (2000) 513; N. Haba et al, Phys. Lett. B 489 (2000) 184; N. Haba et al Prog. Theor. Phys. 103 (2000) 145; N. Haba and N. Okamura, Eurp. Phys. Journ. C14 (2000) 347; E. J. Chun, Phys. Lett. B505 (2001) 155; K. R. S. Balaji et al Phys. Rev. Lett. 84 (2000) 5034 and Phys. Lett. B481 (2000) 33; Gautam Dutta,hep-ph/0202097 and hep-ph/0203222; N. Haba, N. Okumura and M. Sugiura, Prog. Theor. Phys. 103 (2000) 367; R. N. Mohapatra, M.K. Parida and G. Rajasekaran, hep-ph/0301234; G. Bhattacharyya, A. Raychaudhuri and A. Sil, hep-ph/0211074.

[12] H. V. Klapdor-Kleingrothaus et al, Euro. Phys. Journal, A12 (2001) 147;

H. V. Klapdor-Kleingrothaus et al, Mod. Phys. Lett. A 16 (2002) 2409; C.E. Aalseth et al., hep-ex/0202018; H. L. Harney, hep-ph/0205293 and H. V. Klapdor-Kleingrothaus, hep-ph/0205228.

[13] J. Bonn et al, Nucl. Phys. Proc. Suppl. 91 (2001) 273; Extensive discussion can be found in Y. Farzan, O. Peres and A. Yu. Smirnov, hep-ph/0105105; F. Feruglio, A. Strumia and F. Vissani, hep-ph/0201291.

[14] C. L. Bennet et al astro-ph/0302207; D. N. Spergel et al, astro-ph/0302209;

[15] A. Bandyopadhyay et. al, hep-ph/0212146; M. Maltoni, T. Schwetz, J.W.F.

Valle, hep-ph/0212129; Maltoni et al, Phys. Rev. D67 (2003) 013011;

V. Barger et al, hep-ph/0212126; P. C. de Holanda and A. Yu. Smirnov, hep-ph/0212270; J. N. Bahcall et. al, hep-ph/0212147; G. L. Fogli et al hep-ph/0212127.

[16] D. Caldwell and R. N. Mohapatra, Phys. Rev. D48 (1993) 3259;

A.S.Joshipura, Zeit. fur Physik, C64 (1994) 31; A. Ioannisian and J. W. F. Valle, Phys. Lett. B332 (1994) 93; E. Ma, Phys. Rev. Lett. 83 (1999) 2514; E. J. Chun and S. K. Kang, Phys. Rev. D64 (2001) 09790 and hepph/9912524; E. Ma and G. Rajasekaran, Phys. Rev. D64 (2001) 113012; E. Ma, Phys. Rev. Lett., 83 (1999) 2514 and hep-ph/0201225; R. Adhikari, E. Ma and G. Rajasekaran, Phys. Lett. B486 (2000) 134; M. Fukugita, M. Tanimoto and T. Yanagida, Phys. Rev. 57 (1998) 4429; M. Tanimoto, Phys. Lett. 483 B (2000) 417 and Phys. Rev. 59 (1999) 017304; H. Minakata and O. Yasuda, hep-ph/9609276; F. Vissani, hep-ph/9708483; E. J. Chun and S. Pokorski, Phys. Rev. D62 (2000) 053001.

[17] A. Pierce and H. Murayama, hep-ph/0302131; C. Giunti, hep-ph/0302173.

Figure 1: Allowed values of the high scale mixing elements s_1 and s_3 consistent with the known neutrino oscillation constraints in case of the the MSSM and SM. The other input variables are varied randomly as described in the text.

Figure 2: The predicted correlation between the 0νββ decay parameter m_{ee} (in eV) and the solar scale Δ_S (in eV^2) resulting after the random variations in input parameters as described in the text. The upper (lower) figure is for MSSM (SM).

Figure 3: The predicted correlation between the 0νββ decay parameter m_{ee} (in eV) and |U_{e3}| resulting after the random variations in input parameters as described in the text. The upper (lower) figure is for MSSM (SM).

Figure 4: The predicted correlation between the absolute neutrino mass m (in eV) and the solar scale Δ_S (in eV^2) resulting after the random variations in input parameters as described in the text. The upper (lower) figure is for MSSM (SM).

Figure 5: The predicted correlation between the neutrino mass m (in eV) and the absolute value of s_3 in inverted hierarchy models. Input parameters are randomly varied as described in the text.