arXiv:hep-ph/0110258 v1 18 Oct 2001

hep-ph/0110258 DO-TH 01/13

Leptogenesis, neutrinoless double beta decay and terrestrial CP violation∗

Werner Rodejohann

Institut für Theoretische Physik, Universität Dortmund, Otto–Hahn–Str. 4, 44221 Dortmund, Germany

rodejoha@xena.physik.uni-dortmund.de

Leptogenesis in left–right symmetric theories is studied. The usual see– saw mechanism is modified by the presence of a left–handed Higgs triplet. A simple connection between the properties of the light left–handed and heavy right–handed neutrinos is found. Predictions of this scenario for neutrinoless double beta decay and terrestrial CP violation in long–baseline experiments are given. These observables can in principle distinguish different realizations of the model.

PACS numbers: 14.60.St, 14.60.Pq, 98.80.Cq

1. Introduction

One of the problems waiting to be solved in particle physics and cosmology is the explanation of the baryon asymmetry of the universe. Since Standard Model baryogenesis fails to produce a sufficient baryon asymmetry, other, new physics approaches are being followed. Among them towers out leptogenesis [1] as one of the most popular. Heavy right–handed Majorana neutrinos violate CP and lepton number during their out–of–equilibrium decay, thereby — when sphalerons [2] convert the lepton asymmetry in a baryon asymmetry — fulfilling all of Sakharov’s three conditions [3]. The impressive evidence for non–vanishing neutrino masses opens now the possibility to study this new physics problem on a broader phenomenological basis. Typical models build to explain the neutrino mass and mixing scheme predict also heavy right–handed Majorana neutrinos, mostly due to some see–saw [4] mechanism. It is now a fruitful question to ask if a given

∗ Presented at XXV International School of Theoretical Physics, “Particle Physics and Astrophysics — Standard Models and beyond”, Ustroń, Poland, 10-16 September 2001. (1) model for neutrino masses also explains the baryon asymmetry via the leptogenesis mechanism. A number of groups have studied this within their respective approach [5].

As the name already indicates, left–right (LR) symmetric theories represent a natural way to connect the light left–handed with the heavy right–handed neutrino sector. In [7] the relationship of both sectors and the impact on leptogenesis was analyzed. An observable effect of the relation between neutrino oscillation and leptogenesis was then proposed in [8]. The three yet unknown phases in the left–handed neutrino mass matrix govern the magnitude of the effective neutrino mass measured in neutrinoless double beta decay and the size of terrestrial CP violating effects in long–baseline experiments. Many models explain the baryon asymmetry as well as the light mass and mixing scheme. Predictions of other observables are then very helpful to rule out or confirm models. The relationship of terrestrial CP violation and leptogenesis was also analyzed in [9].

The paper is organized as follows: In Section 2 the connection of leptogenesis and neutrino oscillation in left–right symmetric theories is given and the results on the baryon asymmetry are presented. The connection to terrestrial CP violation is made in Section 3 and the conclusions are drawn in Section 4.

2. Neutrino oscillation and leptogenesis in left–right symmetric theories

In LR symmetric theories the see–saw formula reads

m_ν = m_L − m̃_D M^{−1}_R m̃^T_D , (1)

where m_L and M_R are Majorana mass matrices generated by Higgs triplets and m̃_D is a Dirac mass matrix. The matrix m_ν is further diagonalized by

U^T_L m_ν U_L = diag(m_1, m_2, m_3), (2)

where m_i are the light neutrino masses. The symmetric matrix M_R also appears in the Lagrangian −L_Y = l_{iL} Φ v m̃_{Dij} N^′_{Rj} + 1 2 N^{′c}_{Ri} M_{Rij} N^′_{Rj} + h.c. (3) with l_{iL} the leptonic doublet and v ≃ 174 GeV the vacuum expectation value (vev) of the Higgs doublet Φ. Diagonalizing M_R brings us to the physical basis U^T_R M_R U_R = diag(M_1, M_2, M_3) . (4)

The asymmetry is caused by the interference of tree level with one–loop corrections for the decays of the lightest Majorana, N_1 → Φ l^c and N_1 → Φ^† l:

ε = Γ(N^1 → Φ l^c) − Γ(N^1 → Φ^† l) Γ(N_1 → Φ l^c) + Γ(N_1 → Φ^† l) = 1 8 π v^2 1 (m^†_Dm_D)_{11} ∑ j=2,3 Im(m^†_Dm_D)^2_{1j} f(M^2_j /M^2_1 ) . (5)

The function f includes terms from vertex and self–energy contributions: f(x) = √ x ( 1 + 1 1 − x − (1 + x) ln ( 1 + x x )) ≃ − 3 2 √ x . (6)

The approximation holds for x ≫ 1.

In our approach, the left–right symmetry [10] plays an important role. It relates the unitary matrices U_L and U_R to each other since the triplet induced Majorana mass matrices in Eq. (1) have the same coupling matrix f in generation space:

m_L = f v_L and M_R = f v_R . (7)

The numbers v_{L,R} are the vevs of the left– and right–handed Higgs triplets, whose existence is needed to maintain the left–right symmetry. They receive their vevs at the minimum of the potential, producing at the same time masses for the gauge bosons. In general [10], this results in

v_L v_R ≃ γ v^2, (8)

where the constant γ is a model dependent parameter of O(1). Inserting this equation as well as Eq. (7) in (1) yields

m_ν = v_L ( f − m̃_D f^{−1} γ v^2 m̃^T_D ) . (9)

If one compares the relative magnitude of the two contributions in Eq. (1), denoting the largest mass in the Dirac matrix with m, one finds that

|m̃_D M^{−1}_R m̃^T_D| |m_L| ≃ m^2/v_R v_L ≃ m^2 γ v^2 . (10)

Here, we only used Eq. (8) and assumed that the matrix elements of f and f^{−1} are of the same order of magnitude. It is seen that this ratio is of order one only for the top quark mass, i.e. if one identifies the Dirac mass matrix with the up quark mass matrix.

We finally specify the order of magnitude of v_{L,R}. The scale of m_ν = v_L f is 10^{−2} . . .10^{−3} eV, which — for not too small f — is only compatible with v_L v_R ≃ γ v^2 for v_R ≃ 10^{14} . . . 10^{15} GeV. This means that v_R is close to the grand unification scale and v_L is of the order of the neutrino masses, which is expected since m_L is the dominating contribution to m_ν . In the following, v_R = 10^{15} GeV and γ = 1 is assumed.

From the decay asymmetry ε the baryon asymmetry Y_B is obtained by Y_B = c κ ε g^∗ , (11)

where c ≃ −0.55 is the fraction of the lepton asymmetry converted to a baryon asymmetry via sphaleron processes [11], κ a suppression factor due to lepton–number violating wash–out processes (see [6] for an improved fit) and g^∗ ≃ 110 the number of massless degrees of freedom at the time of the decay. Experimentally, the preferred range for the asymmetry is [12] Y_B ≃ (0.1 . . .1) · 10^{−10}.

The strategy goes as follows: In Eq. (9) one inserts the solar solution, i.e. the small angle (SMA), large angle (LMA) or quasi–vacuum (QVO) solution, see e.g. [13]. The light neutrino masses m_i are obtained by assuming the hierarchical scheme. The Dirac mass matrix m̃_D can be expected to be an up (down) quark or lepton mass matrix, denoted m_{up}, m_{down} and m_{lep}, respectively. Eq. (9) is then solved for f = M_R/v_R and M_R is diagonalized to obtain the baryon asymmetry via Eqs. (5,11).

Performing a random scan of the allowed oscillation parameters and the three phases, it is found that if m̃_D is a down quark or lepton mass matrix, m_1 should not be too small, i.e. larger than 10^{−6} eV. The LMA solution gives in more cases the correct baryon asymmetry and is thus slightly favored over SMA and QVO. If m̃_D is an up quark mass matrix, fine tuning of the parameters is required. Due to the large hierarchy of the quark and lepton masses, it is sufficient to use a mass matrix which has just the heaviest mass as the (33) entry. Fig. 1 shows Y_B in case of m̃_D = m_{lep}. If we identify m̃_D with the down quark or charged lepton mass matrix, then the ratio in Eq. (10) is always much smaller than one, so that the second term in Eq. (9) can be neglected and it follows [8] f ≃ 1 v_L m_ν . (12)

Therefore, with the help of Eqs. (2,4,7), one arrives at a very simple connection between the left– and right–handed neutrino sectors:

U_R = U_L and M_i = m_i v_R v_L . (13)

Fig. 1. Baryon asymmetry as a function of s_3 for m̃_D = m_{lep} and all three solar solutions. We chose 3α = 4β = 6δ = π, Δm^2_A = 3.2 · 10^{−3} eV^2 and tan^2 = 1. For the solar solutions, we took Δm^2_⊙ = 5 · 10^{−6} eV^2 and tan^2_1 = 5 · 10^{−4} for SMA, Δm^2_⊙ = 5 · 10^{−5} eV^2 and tan^2_1 = 1 for LMA and Δm^2_⊙ = 10^{−8} eV^2 and tan^2_1 = 1 for QVO. The smallest mass state is m_1 = 10^{−5} eV for QVO and m_1 = 10^{−4} eV for SMA as well as LMA.

The striking property is that the light neutrino masses are proportional to the heavy ones. Analytical estimates for the baryon asymmetry can now be performed. We work with a convenient parametrisation of U_L,

U_L = U_{CKM} · P = U_{CKM} diag(1, e^{iα}, e^{i(β+δ)})

= c_1c_3 s_1c_3 s_3e^{−iδ}

−s_1c_2 − c_1s_2s_3e^{iδ} c_1c_2 − s_1s_2s_3e^{iδ} s_2c_3

s_1s_2 − c_1c_2s_3e^{iδ} −c_1s_2 − s_1c_2s_3e^{iδ} c_2c_3 diag(1, e^{iα}, e^{i(β+δ)}), (14) where c_i = cos θ_i, s_i = sin θ_i and the diagonal matrix P contains the additional two Majorana phases α and β. Assuming maximal atmospheric and solar mixing, c^2_1 = c^2 = 1/2, and taking only the leading order in s_3, one finds for the LMA and QVO solutions [8]

Y_B · 10^{10} <∼ 4.1 11 − 2 s_3 c_δ ( m GeV )_2

(s^{2α} + 4 s^3 s^δ c^{2α}) m_1 √ Δm^2_⊙

+2(s_{2(β+δ)} − 2 s_3 s_{2β+δ}) m^1√ Δm^2_A , (15)

where c_δ = cos δ, s_{2α} = sin 2α and so on. The solar (atmospheric) Δm^2 is denoted Δm^2_⊙ (Δm^2_A). It is seen explicitly that Y_B vanishes if CP conservation holds, i.e. if all phases are zero or π. The asymmetry is proportional to the square of the heaviest entry in m̃_D, i.e. the tau or bottom quark mass. Furthermore, Y_B is proportional to the lightest neutrino mass eigenstate m_1, which can be used to set a lower limit on it, it is of the order 10^{−7} to 10^{−8} eV.

If m̃_D = m_{up} then m_ν receives a contribution from the conventional see–saw term m̃_DM^{−1}_R m̃^T_D and the proportionality on m_1 vanishes, see [7] for details.

3. Terrestrial CP violation

The remaining unknowns in this approach are the three CP violating phases in the mixing matrix U_L and the size of the smallest mass eigenstate m_1. Within the parametrisation Eq. (14) the phases α and β govern the magnitude of neutrinoless double beta decay. The third phase δ is responsible for CP violating effects in oscillation experiments.

The latest SuperKamiokande [14] and first SNO [15] data favor LMA over the other solar solutions. This is good news since leptonic CP violation in long–baseline experiments can only be measured if nature has chosen LMA. Effects of CP violation are proportional to the rephasing invariant determinant J_{CP} [16], which shows up e.g. in the difference of the CP conjugated oscillation probabilities

P (ν_e → ν_μ) − P (ν̄_e → ν̄_μ) ∝ J_{CP} =^1_8 sin 2θ_1 sin 2θ_2 sin 2θ_3 cos θ_3 sin δ

≤^1_4 sin θ_3(1 − sin^2 θ_3) . (16) In addition, the higher Δm^2_⊙ is, the higher are the prospects for detecting the CP violation [17], though the details depend on the experimental facilities. In the hierarchical mass scheme, LMA also provides the highest Majorana mass for the electron neutrino, which can be measured through neutrinoless double beta decay (0νββ). It is defined as ⟨m⟩ = ∑ i U^2_{Lei} m_i (17) and due to the complex matrix elements U_{Lαi} there is the possibility of cancellation [18] of terms in Eq. (17).

The quantities ⟨m⟩ and J_{CP} are observables, which are depending on the CP violating phases which also govern the lepton asymmetry. It is therefore interesting to ask if the parameters that produce a satisfying Y_B also deliver sizable ⟨m⟩ and/or J_{CP} . To study this, a random scan of the allowed variables of the LMA solution was performed. The highest fraction of parameter sets providing sufficient Y_B occurs for high m_1 and a “low” Dirac mass matrix, i.e. m̃_D should be a lepton (43 %) or down quark (23 %) mass matrix. It is interesting to note that in the most simple realization of LR models m̃_D is the charged lepton mass matrix. For lower m_1 or m̃_D = m_{up} the fraction of parameters producing a correct asymmetry decreases to less than 5 %. As mentioned, basically no m_1 dependence exists for m̃_D = m_{up}. Approximately all the parameter sets providing a correct asymmetry also produce ⟨m⟩ bigger than 2 · 10^{−3} eV, the lowest limit achievable by the GENIUS project [19]. For m_1 = 10^{−3} eV, about 4 % of the parameter sets give ⟨m⟩ bigger than 0.01 eV. Fig. 2 shows the distribution of events in the ⟨m⟩–sin^2 θ_3 plane. The difference for different cases is easily seen.

Fig. 2. Distribution of events in the ⟨m⟩–sin^2 θ_3 plane for the LMA solution, different m_1 and m̃_D .

Fig. 3. Distribution of events in the J_{CP} –sin^2 θ_3 (left) and J_{CP} –Δm^2_⊙ (right) plane for the LMA solution, different m_1 different m̃_D .

Regarding CP violation, a criterion for observability might be J_{CP} ≥ 10^{−4} and Δm^2_⊙ ≥ 10^{−4} eV^2. Approximately half of the events that give sufficient Y_B also fulfill these constraints. Therefore, again high m_1 and m̃_D = m_{down} or m_{lep} are required to expect measurable CP violation. Fig. 3 shows the distribution of J_{CP} against sin^2 θ_3 and Δm^2_⊙, respectively. Again, the difference is easily seen. The case m̃_D = m_{up} favors low Δm^2_⊙.

4. Conclusions

Leptogenesis in left–right symmetric models is studied. A simple formula for Y_B can be derived, expressing the baryon asymmetry in terms of oscillation parameters and CP violating phases. In many cases a sufficient baryon asymmetry is produced and the LMA solution is favored. Many models in this scenario as well as other approaches fulfill these constraints. In search for an additional criterion we therefore apply our model also to 0νββ and terrestrial CP violating effects in long–baseline experiments. In order to expect a sizable signal in 0νββ and measurable CP violating effects in long–baseline experiments, m_1 of order 10^{−3} eV is required, and m̃_D should be a lepton or perhaps a down quark mass matrix. The low energy observables J_{CP} and ⟨m⟩ can in principle be used to distinguish these possibilities and could also be used to distinguish other leptogenesis models.

Baryon number and CP violation are necessary conditions for the generation of a baryon asymmetry. Since Y_B gets converted from a lepton asymmetry, lepton number violation is required. Thus, 0νββ and terrestrial CP violation provide a possibility to check two of Sakharov’s conditions at low energy. Furthermore, given that in many models the heavy right–handed neutrinos may not be observable at realistic collider energies, 0νββ and terrestrial CP violation could be useful to validate leptogenesis.

Acknowledgments

I warmly thank my collaborators A. S. Joshipura and E. A. Paschos and am grateful to W. Buchmüller and K. R. S. Balaji for helpful discussions. I would further like to thank the organizers of the XXV International School of Theoretical Physics for their hospitality. This work has been supported in part by the “Bundesministerium für Bildung, Wissenschaft, Forschung und Technologie”, Bonn under contract No. 05HT1PEA9. Financial support from the Graduate College “Erzeugung und Zerfälle von Elementarteilchen” at Dortmund university is gratefully acknowledged.

REFERENCES

[1] For reviews see e.g. A. Pilaftis, Int. J. Mod. Phys. A 14, 1811 (1999); W.

Buchmüller, M. Plümacher, hep-ph/0007176.

[2] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov, Phys. Lett. B 155, 36 (1985).

[3] A. D. Sakharov, JETP Lett. 5, 24 (1967).

[4] M. Gell–Mann and P. Ramond, and R. Slansky, in Supergravity, P. van Nieuwenhuizen & D. Z. Freedman (eds.), North Holland Publ. Co., 1979 p 315; T. Yanagida, Proc. of the Workshop on Unified Theories and the Baryon Number of the Universe, edited by O. Sawada and A. Sugamoto, KEK, Japan 1979; R. N. Mohapatra, G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

[5] J. Ellis, S. Lola, and D. V. Nanopoulos, Phys. Lett. B 452, 87 (1999); M.

S. Berger and B. Brahmachari, Phys. Rev. D 60, 073009 (1999); H. Goldberg, Phys. Lett. B 474, 389 (2000); E. Nezri, J. Orloff, hep-ph/0004227; D. Falcone, F. Tramontano, Phys. Rev. D 63, 073007 (2001); H. B. Nielsen, Y. Takanishi, Phys. Lett. B 507, 241 (2001); R. Jeannerot, S. Khalil, and G. Lazarides, Phys. Lett. B 506, 344 (2001); M. S. Berger, K. Siyeon, hepph/0110001.

[6] M. Hirsch, S. F. King, hep-ph/0107014v3.

[7] A. S. Joshipura, E. A. Paschos, hep-ph/9906498; A. S. Joshipura, E. A.

Paschos, and W. Rodejohann, Nucl. Phys. B 611, 227 (2001). [8] A. S. Joshipura, E. A. Paschos, and W. Rodejohann, J. High Energy Phys.

08, 029 (2001).

[9] G. C. Branco et al., hep-ph/0107164; W. Buchmüller, D. Wyler, hepph/0108216.

[10] R. N. Mohapatra and P. B. Pal, Massive neutrinos in physics and astrophysics, Singapore, Singapore: World Scientific (1991) 318 p. (World Scientific lecture notes in physics, 41).

[11] J. A. Harvey, M. S. Turner, Phys. Rev. D 42, 3344 (1990). [12] K. A. Olive, G. Steigman, and T. P. Walker, Phys. Rep. 333, 389 (2000). [13] M. C. Gonzalez–Garcia et al., Phys. Rev. D 63, 033005 (2001). [14] S. Fukuda et al. (SuperKamiokande Collaboration), Phys. Rev. Lett. 86, 5656 (2001).

[15] Q. R. Ahmad et al. (SNO Collaboration), Phys. Rev. Lett. 87, 071301 (2001). [16] C. Jarlskog, Phys. Rev. Lett. 55, 1039 (1985).

[17] M. Freund, P. Huber, and M. Lindner, hep-ph/0105071; Y. F. Wang, K. Whisnant, and B. L. Young, hep-ph/0109053.

[18] W. Rodejohann, Nucl. Phys. B 597, 110 (2001); S. M. Bilenky, S. Pascoli, and S. T. Petcov, Phys. Rev. D 64, 053010 (2001).

[19] H. V. Klapdor–Kleingrothaus et al., (GENIUS Collaboration), hepph/9910205.