Printed ISSN 1330–0016 Online ISSN 1333–9133 CD ISSN 1333–8390 CODEN FIZBE7

POSSIBLE CPT VIOLATION FROM PLANCK SCALE EFFECTS

BIPIN SINGH KORANGA^{a,1}, MOHAN NARAYAN^{b,2} and S. UMA SANKAR^{a,3}

aDepartment of Physics, Indian Institute of Technology, Bombay, Mumbai 400 076, India

bDepartment of Physics, Mumbai University Institute of Chemical Technology, Mumbai 400 019, India

E-mail addresses:^1bipiniitb@rediffmail.com,^2mohan@udct.org^3uma@phy.iitb.ac.in

Received 21 September 2009; Accepted 18 November 2009 Online 11 December 2009

At present there is good agreement between the neutrino mass-squared difference determined from the solar neutrino data and the anti-neutrino mass-squared difference determined from the KamLAND reactor anti-neutrino experiment. However, the central values of the two cases differ from each other by about 10^{−5} eV^2. An improvement in the accuracy of both the solar neutrino experiments and reactor anti-neutrino experiments could establish the existence of a non-zero difference between neutrino and anti-neutrino mass-squared differences and provide a signal for CPT violation. In this paper, we show how such a difference can arise through the CPT violating neutrino mass terms from Planck scale physics.

PACS numbers: 14.60.Pq UDC 539.123 Keywords: neutrino mass square difference, CPT violation, Planck scale

1. Introduction

The KamLAND experiment recently detected the distortion due to oscillations in the anti-neutrino spectrum from the reactors and determined the corresponding mass-square difference, Δ_{21}, to a great precision [1]. At present there is good agreement between Δ_{21} and the mass-squared difference of the neutrinos, Δ_{21}, determined from the analysis of the solar neutrino data [2]. However, the best-fit values of the two Δs differ from each other by 10^{−5} eV^2. Together, solar and Kam- LAND data impose the constraint |Δ_{21} − Δ_{21}| ≤ 1.1 × 10^{−4} eV^2 [3]. Future reactor experiments, located at a distance of about 70 Km from the source so that the oscillation minimum coincides with the spectral maximum, are expected to improve the precision of Δ_{21} even further [4]. Similarly future solar neutrino experiments, such as LENS [5] and other experiments [6], are expected to improve the accuracy of Δ_{21}. These future experiments may indeed show that there is a non-zero difference between Δ_{21} and Δ_{21}, thus establishing a signal for CPT violation in the neutrino sector [7, 8].

If Δ_{21} and Δ_{21} are indeed found to be different, a natural question to ask is: How does this CPT violation arise? In this letter, we assume that CPT violation in neutrino sector could arise due to the Planck scale effects. We parametrize these effects in terms of Planck scale CPT violating neutrino mass terms and calculate the difference between Δ_{21} and Δ_{21} arising due to these terms.

We assume that neutrino masses mainly arise due to the grand unified theory (GUT) dynamics via see-saw mechanism [9] and these masses are CPT conserving. We further assume that the CPT violation arises only at the Planck scale and parametrize it by the effective neutrino mass term

M_{CPT} = v^2 2M_{Pl} λ_{αβ} , (1)

where α and β are flavour indices. The mass term for anti-neutrinos will have the opposite sign [10]. Since these are effective masses arising from Planck scale effects, they are suppressed by 1/M_{Pl}. Since these are assumed to be the masses at the low energy scale, the electroweak vacuum expectation value (VEV) v = 174 GeV is used to make these terms have dimension of mass. In Eq. (1), the term λ is a 3 × 3 matrix in flavour space whose elements are of the order 1. We assume that the Planck scale interaction is “flavour blind”, i.e. the elements of the matrix λ are independent of α, β indices. In this case, the contribution to the neutrino mass matrix is of the form μ ( 1 1 1 1 1 1 1 1 1 ) , (2)

where the scale μ is μ = v^2/2M_{Pl} ≃ 10^{−6} eV. (3)

In our calculations, we take Eq. (2) as a perturbation to the main part of the neutrino mass matrix, that is generated by the GUT dynamics.

2. Calculation

The theoretical framework, in which the Planck scale mass terms are treated as perturbation to the GUT scale neutrino masses, is developed in Ref. [11]. Here we briefly recapitulate some salient features of this framework. In the discussion below, the labels α and β refer to flavour eigenstates and the labels i and j refer to mass eigenstates. The unperturbed (0^{th}-order) neutrino mass matrix M is diagonalized by a unitary matrix U to yield the matrix M, whose eigenvalues are real and nonnegative. As stated before, M is generated by grand unified dynamics and is related to U and M through the relation

M = U^∗ M U^†, where U =

U_{e1} U_{e2} U_{e3} U_{μ1} U_{μ2} U_{μ3} U_{τ1} U_{τ2} U_{τ3},

. (4)

We adopt the usual parameterization [12]: U_{e2}/U_{e1} = tan θ_{12}, U_{μ3}/U_{τ3} = tan θ_{23} and |U_{e3}| = sin θ_{13}. We include all possible phases in the definition of the neutrino mixing matrix,

U = diag(e^{ifi} ) R(θ_{23}) Π R(θ_{13}) Π^∗ R(θ_{12}) diag(e^{iai} ). (5)

The phase δ appearing in Π = diag(e^{iδ/2}, 1, e^{−iδ/2}) is the one that enters oscillation probabilities and leads to CP violation in neutrino oscillations. a_i are the so called Majorana phases and the matrix with these phases has the form diag(e^{ia1} , e^{ia2} , 1). The diagonal phase matrix on the left is given by diag(e^{if1} , e^{if2} , e^{if3} ), which are usually absorbed into the definition of the respective charged lepton field. It is possible to rotate away the phases f_i, if the mass matrix (4) is the complete mass matrix. However, since we are going to add another contribution to this mass matrix, the phases f_i of the zeroth order mass matrix have an impact on the complete mass matrix and thus must be retained. By the same token, the Majorana phases which are usually redundant for oscillations have a dynamical role to play now.

Planck scale effects will add other contributions to the mass matrix. The additional term has the form given in Eq. (2) and with its inclusion the neutrino mass matrix becomes M → M^′ = M + μ λ, (6)

It is possible that the CPT violating mass terms may be arise not at Planck scale but at some scale M_X below M_{Pl} which is well above the GUT scale (by an order of magnitude or so). In such a case, the perturbation parameter μ = v^2/2M_X , rather than v^2/2M_{Pl}.

We now define the hermitian matrix M^{′†}M^′ and find its eigenvalues and eigenvectors. The differences of pairs of eigenvalues give us the modified mass-squared differences and the eigenvectors give us the modified neutrino mixing matrix. To the first order in the small parameter μ, we have

M^{′†}M^′ = M^†M + μλ^†M + M^†μλ. (7)

This matrix is diagonalized by a new unitary mixing matrix U^′. We denote this diagonal matrix, correct to the first order in μ, to be M^{′2}. Using Eq. (4), we can rewrite M in the above equation in terms of the diagonal matrix M. Converting M^′ also into its diagonal form M^′, we can rewrite the above equation as

U^′M^{′2}U^{′†} = U(M^2 + m^†M + Mm)U^† with m = μ U^t λ U. (8)

From the above equation, it follows that the mixing matrix U^′, correct to the first order in μ, is related to zeroth order mixing matrix U by

U^′ = U (1 + iδθ), (9)

where δθ is a hermitian matrix proportional to μ.

Substituting the expression for U^′ from Eq. (9) in Eq. (8), we obtain

M^2 + m^†M + Mm = M^{′2} + [iδθ, M^{′2}]. (10)

Because M^{′2} is diagonal, the diagonal terms of [iδθ, M^{′2}] in the above equation are zero. Therefore, to the first order in μ, the mass squared differences ΔM^2_{ij} = M^2_i − M^2_j get modified as

ΔM^{′2}_{ij} = ΔM^2_{ij} + 2 (M_iRe[m_{ii}] − M_j Re[m_{jj} ]), (11)

where there is no summation over the repeated indices. The above equation shows the correction for neutrino mass-squared difference. Because the Planck scale corrections are assumed to be CPT violating, the correction for anti-neutrino masssquared difference will have the opposite sign.

3. Results

Note from Eq. (11) that the correction term depends crucially on the type of neutrino mass spectrum. For a hierarchial or inverse hierachial spectrum, the correction is negligible. Hence, we consider a degenerate neutrino spectrum and take the common neutrino mass to be 2 eV, which is the upper limit from the tritium beta decay experiment [13].

From the definition of the matrix m in Eq. (8), we find

m_{11} = μe^{i2a1} ( U_{e1}e^{if1} + U_{μ1}e^{if2} + U_{τ1}e^{if3}

)_2 , m_{22} = μe^{i2a2} ( U_{e2}e^{if1} + U_{μ2}e^{if2} + U_{τ2}e^{if3}

)_2 . (12)

The contribution of the terms in the Planck scale correction, Re(m_{22}) − Re(m_{11}), can be additive or subtractive depending on the values of the phases a_1 and a_2. Similarly, the magnitudes of Re(m_{22}) and Re(m_{11}) are functions of the phases f_i. Thus we try to find a combination of these phases which can give rise to a significant difference between the neutrino and anti-neutrino mass-squared difference. In our calculations, we used θ_{12} = 34^∘, θ_{13} = 10^∘, θ_{23} = 45^∘ and δ_{cp} = 0. We define the percentage correction P to be ratio of the difference between the corrected neutrino and anti-neutrino mass-squared difference to the unperturbed mass squared difference among the first and the second mass eigenstates as

P = 100 × (ΔM^{′2}_{21} − ΔM^{′2}_{21})/ΔM^2_{21} (13)

In Fig. 1, we plot our results as contours of constant P in the a_1 − a_2 plane, for f_i = 0. We note that the maximum difference allowed is about ±5% only. This is because the magnitudes of m_{22} and m_{11} remain relatively small in the limit f_i = 0. In Fig. 2, we plot contours of constant P in the f_1 −f_2 plane with f_3 = 0 = a_1 = a_2. When one phase is large and the other is small, there is a possibility that all terms in m_{22} and m_{11} add up to give a large value for their difference and hence a large value for P . We note that a much larger change, varying from 30% to – 20% is

Fig. 1. P as a function of the Majorana phases a_1 and a_2.

Fig. 2. P as a function of the phases f_1 and f_2.

possible. In Figs. 3 and 4, we plot contours of constant P in the f_1 − f_3 plane and in the f_2 − f_3 plane. In generating these plots, we set all other phases to zero, as in the case of Fig. 2.

Fig. 3. P as a function of the phases f_1 and f_3.

Fig. 4. P as a function of the phases f_2 and f_3.

The effect scales directly as the common neutrino mass. So if one takes the WMAP [14] bound on the common neutrino mass, which is 0.23 eV, then there is a negligible effect. However, if there are new flavour blind interactions between the GUT and Planck scales, then a low common mass is compensated by a lower scale of these new interactions and we still can get appreciable effects. In fact, one can even say that if the gap between Δ_{21} and Δ_{21} persists and future data indicate small neutrino mass, this can be an indication of new CPT violating flavour blind interactions below the Planck scale.

4. Conclusions

Both the solar and reactor data are well accounted for by invoking neutrino oscillations. The fit to the solar data gives a large region for the neutrino mass squared difference in the two flavour parameter space. The fit to the reactor data, however, gives a very strongly constrained anti-neutrino mass squared difference. The best fits of the two mass squared differences are appreciably different from each other. Further improvement in KamLAND systematics and future solar neutrino data may remove this discrepancy. However, if this mismatch between the best fits persists, then the CPT breaking in the neutrino sector will be established. We have demonstrated that flavour blind CPT violating neutrino masses from Planck scale physics can nicely accomodate this effect. This effect is crucially dependent on the neutrino mass spectrum and gives rise to an observable difference between Δ_{21} and Δ_{21} only for a degenerate neutrino mass spectrum with m_ν ≃ 2 eV, which is the largest allowed value from tritium beta decay data. The low value of the common mass implied by the WMAP bound leads to a negligible difference between Δ_{21} and Δ_{21}. This can however be compensated for by considering a slightly lower scale for the flavour blind CPT violating mass terms rather than the usual Planck scale.

Acknowledgements

We would like to thank Francesco Vissani for a critical reading of the manuscript.

References

[1] KamLAND Collaboration: T. Araki et al., Phys. Rev. Lett. 94 (2005) 081801. [2] J. N. Bahcall, M. C. Gonzalez-Garcia and C. Pena-Garay, JHEP 0408 (2004) 016. [3] A. de Gouvea and C. Pena-Garay, Phys. Rev. D 71 (2005) 093002;

A. de Gouvea, Talk presented at Neutrino 2004, Paris, hep-ph/0408246. [4] S. Choubey and S. T. Petcov, Phys. Lett. B 594 (2004) 333;

H. Minakata, H. Nunokawa, W. J. C. Teves and R. Zukanovich Funchal, Phys. Rev. D 71 (2005) 013005;

A. Bandyopadhyay, S. Choubey, S. Goswami and S. T. Petcov, Phys. Rev. D 72 (2005) 033013;

S. Goswami, Talk presented at LP 2005, Uppsala, Int. J. Mod. Phys. A 21 (2006) 1901; S. T. Petcov and T. Schwetz, hep-ph/0607155.

[5] T. Lasserre (for LENS Collaboration), Prog. Part. Nucl. Phys. 48 (2002) 231. [6] B. Vogelaar, Talk presented at Neutrino 2006, Santa Fe, June 2006. [7] O. W. Greenberg, Phys. Rev. Lett. 89 (2002) 231602. [8] V. A. Kostelecky and M. Mewes, Phys. Rev. D 69 (2004) 016005. [9] P. Minkowski, Phys. Lett. B 67 (1977) 421;

T. Yanagida, in Proceedings of the Workshop on Unified Theory and Baryon Number in the Universe, eds. O. Sawada and A. Sugamoto, KEK, March 1979; M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, eds. D. Freedman and P. van Nieuwenhuizen, Stonybrook, 1979;

R. N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44 (1980) 912.

[10] G. Barenboim, L. Borissov, J. Lykken and A. Yu. Smirnov, JHEP 0210 (2002) 001;

G. Barenboim, J. F. Beacom, L. Borissov and B. Kayser, Phys. Lett. B 537 (2002) 227;

G. Barenboim and J. Lykken, Phys. Lett. B 554 (2003) 73.

[11] F. Vissani, M. Narayan and V. Berezinsky, Phys. Lett. B 571 (2003) 209.

[12] Review of Particle Physics, Phys. Lett. B 592 (2004) 145.

[13] Ch. Weinheimer et al., Phys. Lett. B 460 (1999) 219;

V. M. Lobashev et al., Phys. Lett. B 460 (1999) 227.

[14] M. Tegmark, Physica Scripta T 121 (2005) 153; hep-ph/0503257.

MOGUĆE KRŠENJE CPT ZBOG UČINAKA NA PLANCKOVOJ LJESTVICI

Sada je sklad izmed–u razlika kvadrata neutrinskih masa odred–enih mjerenjima s neutrinima sa Sunca i mjerenjima na KamLAND reaktoru s antineutrinima dobar. Med–utim, utvrd–ena je mala razlika središnjih vrijednosti od oko 10^{−5} eV^2. Poboljšanje točnosti kako u mjerenjima s neutrinima sa Sunca, tako i s reaktorskim antineutrinima moglo bi pokazati postojanje stvarnog neslaganja neutrinske i antineutrinske razlike kvadrata masa, što bi ukazalo na kršenje CPT simetrije. U ovom se radu pokazuje kako takav nesklad može nastati zbog članova u neutrinskim masama koji krše CPT simetriju a posljedica su fizike na Planckovoj ljestvici.