arXiv:1306.0568v1 [hep-ph] 3 Jun 2013

A Left–Right Symmetric Theory with Light Sterile Neutrinos

Michael Duerr, Pavel Fileviez Pérez, Manfred Lindner Particle and Astro-Particle Physics Division Max Planck Institute for Nuclear Physics (MPIK) Saupfercheckweg 1, 69117 Heidelberg, Germany

A simple theoretical framework for the spontaneous breaking of parity, baryon and lepton numbers is proposed. In this context, the baryon and lepton numbers are independent local gauge symmetries, while parity is defined making use of the left–right symmetry. We show that in the minimal model the new leptoquark fields needed to define an anomaly-free theory also generate neutrino masses through the type III seesaw mechanism. The spectrum of neutrinos and some phenomenological aspects are discussed. This theory predicts the possible existence of two light sterile neutrinos.

I. INTRODUCTION

The existence of massive neutrinos in nature has motivated an enormous number of theoretical studies in order to understand the origin of their masses. There are three simple mechanisms for the generation of neutrino masses at tree level. In type I seesaw one adds at least two fermionic singlets, N ∼ (1, 1, 0) [1–5], while in type II seesaw the Standard Model (SM) particle content is extended by an extra scalar triplet, Δ ∼ (1, 3, 1) [6– 10]. Another option is to use the type III seesaw mechanism where at least two extra fermionic triplets with zero weak hypercharge, ρ ∼ (1, 3, 0) [11], are added. See Refs. [12, 13] for other mechanisms. All these mechanisms can be realized in the context of left–right symmetric theories or grand unified theories where the seesaw scale might be related to other physical scales.

Left–right symmetric theories [14–17] are considered to be very appealing candidates for physics beyond the SM. These theories provide a natural framework to understand the spontaneous breaking of parity and the origin of neutrino masses. In the classical left–right symmetric theories, the neutrino masses are generated through the type I and type II seesaw mechanisms [2]. The type III seesaw can be nicely implemented in this context, see Ref. [18]. For recent phenomenological studies of left– right symmetric models, see e.g. Refs. [19–22].

In general one cannot predict the scale where the left– right symmetry is realized, but one can think about the exciting possibility that this scale can be as low as a few TeV. In this case one can have spectacular signals at the Large Hadron Collider (LHC). Unfortunately, in this type of scenario one always has to postulate the existence of a large desert between the left–right scale and the high scale where one can understand the origin of higher-dimensional operators such as QQQL/Λ^2 mediating proton decay. As it is well known, the scale Λ must be high, Λ > 10^{14−16} GeV, in order to satisfy the experimental bounds on the proton decay lifetime.

In this Letter, we investigate a new theoretical framework where the spontaneous breaking of parity is related to the spontaneous breaking of local baryon and lepton numbers. This theory is based on the gauge group SU(2)_L ⊗ SU(2)_R ⊗ U(1)_B ⊗ U(1)_L, where U(1)_B and

U(1)_L are the baryonic and leptonic symmetries. In this context, there is no need to postulate the existence of a great desert in order to satisfy the experimental bounds on proton decay. On top of that we can understand the spontaneous breaking of B and L at the low scale. The idea of using this particular gauge group was studied in Ref. [23], where the authors investigated some solutions for the cancellation of anomalies. See also Ref. [24] for a recent discussion of this type of theories.

Here, we show that the simplest anomaly-free theory based on the gauge group given above corresponds to the case where the neutrino masses are generated through the type III seesaw mechanism. We find that the spectrum for neutrinos is quite peculiar since one predicts the existence of two light sterile neutrinos without assuming any extra symmetries. We briefly discuss the implications for collider physics.

This Letter is organized as follows: In Section II we define the simplest model where the spontaneous breaking of parity, baryon and lepton numbers can be realized in a unique way. In Section III we discuss the generation of neutrino masses through the type III seesaw mechanism and the main properties of the spectrum. We summarize all main results in Section IV.

II. THEORETICAL FRAMEWORK

In order to define a simple theory where we can investigate the spontaneous breaking of parity, baryon and lepton numbers, we use the gauge group

G^{BL}_{LR} = SU(2)_L ⊗ SU(2)_R ⊗ U(1)_B ⊗ U(1)_L ⊗ P,

where P is the discrete left–right parity transformation. Here we do not display the QCD gauge group for simplicity. The fields transform as

Q_L = ( u_L d_L ) ∼ (2, 1, 1/3, 0) , Q_R = ( u_R d_R ) ∼ (1, 2, 1/3, 0) , ℓ_L = ( ν_L e_L ) ∼ (2, 1, 0, 1) , ℓ_R = ( ν_R e_R ) ∼ (1, 2, 0, 1) .

As in any left–right symmetric theory, under the discrete left-right parity the fields transform as

Q_L^P←→ Q_R and ℓ_L^P←→ ℓ_R, (1)

and the electric charge is defined as

Q = T_{3L} + T_{3R} + B − L 2 , (2)

where T_{3L} and T_{3R} are the isospin under SU(2)_L and SU(2)_R, respectively.

As one expects, without extra fields we cannot define an anomaly-free theory. Here, the non-trivial anomalies are A_1 ( SU(2)^2_L ⊗ U(1)_B ) = 3/2, (3)

A_2 ( SU(2)^2_L ⊗ U(1)_L ) = 3/2, (4)

A_3 ( SU(2)^2_R ⊗ U(1)_B ) = −3/2, (5)

A_4 ( SU(2)^2_R ⊗ U(1)_L ) = −3/2. (6)

Therefore, one needs to add new degrees of freedom to cancel these anomalies. In order to simplify our main task, we include extra fields that do not feel the strong interactions since the anomaly between the QCD group and baryon number is zero, i.e. A_5 ( SU(3)^2_C ⊗ U(1)_B ) = 0.

Here we opt for the simplest solution where one can also generate neutrino masses through the seesaw mechanism. It is easy to show that the fields ρ_L ∼ (3, 1, −3/4, −3/4), ρ_R ∼ (1, 3, −3/4, −3/4), (7) can provide the needed extra contributions for anomaly cancellation. Notice that the anomalies

A_6 ( U(1)^2_B ⊗ U(1)_L ) , A_7 ( U(1)^2_L ⊗ U(1)_B ) , A_8 (U(1)_B ) , A_9 ( U(1)^3_B ) , A_{10} (U(1)_L) ,

and A_{11} ( U(1)^3_L ) are cancelled as well. It is interesting to point out that the leptoquarks needed for anomaly cancellation have the right quantum numbers to generate neutrino masses through the type III seesaw mechanism. See Ref. [18] for the implementation of the type III seesaw mechanism in left–right symmetric models and Refs. [25, 26] grand unified theories. Of course, one can imagine different solutions to cancel the anomalies, but we stick to the simplest one which also allows us to generate masses for all fields. Therefore, one can say that we have defined the simplest left–right theory based on the gauge group G^{BL}_{LR} .

III. LEPTOQUARKS AND NEUTRINO MASSES

As already mentioned before, one can use the fields ρ_L and ρ_R to generate neutrino masses through the type III seesaw mechanism. In order to realize this idea, one needs to define the Higgs sector using the interactions − L ⊃ ℓ̄_L ( Y_3Φ + Y_4Φ̃ ) ℓ_R + λ_D ( ℓ^T_LCiσ_2ρ_LH_L + ℓ^T_RCiσ_2ρ_RH_R ) + λ_ρ Tr ( ρ^T_LCρ_L + ρ^T_RCρ_R ) S_{BL} + h.c., (8)

where the needed Higgs fields are given by Φ = ( ϕ^0_1 ϕ^+_2 ϕ^−_1 ϕ^0_2 ) ∼ (2, 2, 0, 0) , (9)

H^T_L = ( h^+_L h^0_L ) ∼ (2, 1, 3/4, −1/4) , (10)

H^T_R = ( h^+_R h^0_R ) ∼ (1, 2, 3/4, −1/4) , (11) S_{BL} ∼ (1, 1, 3/2, 3/2) , (12)

and Φ̃ = σ_2Φ^∗σ_2. Notice that the Higgs sector is quite simple. Now, under the left–right parity the new fields transform as

ρ_L^P←→ ρ_R, Φ^P←→ Φ^†, H_L^P←→ H_R. (13)

The fields ρ_L and ρ_R are given by

ρ_L = 1 2 ( ρ^0_L √ 2ρ^+_L √ 2ρ^−_L −ρ^0_L ) and ρ_R = 1 2 ( ρ^0_R √ 2ρ^+_R √ 2ρ^−_R −ρ^0_R ) . (14)

After spontaneous symmetry breaking, when the Higgs fields have taken the vacuum expectation values ⟨H_L⟩ = ( 0 v_L/ √ 2 ) , ⟨H_R⟩ = ( 0 v_R/ √ 2 ) , (15) ⟨Φ⟩ = ( v_1 0 0 v_2 ) , ⟨S_{BL}⟩ = v_{BL}/ √ 2, (16)

we can integrate out ρ^0_L and ρ^0_R and obtain the relevant Lagrangian for the neutrino masses

− L_ν = M^D_ν ν_Lν_R − 1 2 M^{III}_{νL} ν^T_L Cν_L − 1 2 M^{III}_{νR} ν^T_R Cν_R + h.c. (17) Here, the masses are given by ( M^D_ν )_{ij} = Y^{ij}_3 v_1 + Y^{ij}_4 v_2, (18) ( M^{III}_{νL} )_{ij} = λ^i_D λ^j_Dv^2_L 4 √ 2λ_ρv_{BL} , (19) ( M^{III}_{νR} )_{ij} = λ^i_Dλ^j_D v^2_R 4 √ 2λ_ρv_{BL} . (20)

A diagrammatical presentation of these mass terms is given in Figs. 1 and 2. Notice that both mass terms M^{III}_{νL} and M^{III}_{νR} are generated through the type III seesaw mechanism and there is a simple relation between them: M^{III}_{νL} = v^2_L v^2_R M^{III}_{νR} . (21)

FIG. 1: Type III seesaw for the left-handed neutrinos.

Now, parity violation, v_L << v_R, tells us that one must have the relation M^{III}_{νL} << M^{III}_{νR} . This is the first consequence of having the type III seesaw mechanism in this context. The second consequence is that the Majorana mass matrix for the right-handed neutrinos given by M^{III}_{νR} has rank one. Therefore, only one of the three right-handed neutrinos will have a nonzero Majorana mass. We can rotate the right-handed neutrinos such that ν_R → U_Rν_R, and obtain

− L_ν = M̃^D_ν ν_Lν_R − 1 2 M^{III}_{νL} ν^T_L Cν_L − 1 2 M_Rν^{3T}_R Cν^3_R + h.c., (22) where M̃^D_ν = M^D_ν U_R. Then, ν^3_R will generate an additional Majorana mass for the left-handed neutrinos via type I seesaw, such that we arrive at − L_ν = − 1 2 M^{LL}_{νL} ν^T_L Cν_L + ( M̃^D_ν )_{iα} ν^i_Lν^α_R + h.c., (23)

where α = 1, 2. The mass of the left-handed neutrinos is given by ( M^{LL}_{νL} )_{ij} = ( M^{III}_{νL} )_{ij} − 1 M_R ( M̃^D_ν )_{i3} ( M̃^D_ν )_{j3} . (24)

Notice we can go to the basis where the matrix M^{LL}_{νL} is diagonal. Therefore, the mass matrix for the light neutrinos in the theory can be written as

M^{3+2}_ν =

0 0 0 m^1_D m^2_D 0 m_1 0 m^3_D m^4_D 0 0 m_2 m^5_D m^6_D m^1_D m^3_D m^5_D 0 0 m^2_D m^4_D m^6_D 0 0

. (25)

This is a simple matrix which defines the mixing between the SM active neutrinos and the two extra sterile neutrinos. In the limit m^i_D → 0, the sterile neutrinos decouple and one of the active neutrinos is massless. The theory does not predict the numerical values of the coefficients in the above matrix, but one expects that the two extra sterile neutrinos can have mass below or at the eV scale. See Ref. [27] for the constraints on sterile neutrinos with mass around the eV scale. For other theories where one predicts the existence of light sterile neutrinos without assuming extra symmetries, see Refs. [28–31].

FIG. 2: Type III seesaw for the right-handed neutrinos.

In general one should investigate the possible impact of higher-dimensional operators to understand under which conditions the predictions at the renormalizable level is true. In this model one can write the higher-dimensional operator

O_{νL} = c_Lℓ_Lℓ_LH_LH_LS^†_{BL}/Λ^2, (26)

which generates neutrino masses of the order M_{νL} ∼ v^2_Lv_{BL}/Λ^2. Then, using the values v_L ∼ 1 GeV and v_{BL} ∼ 10^3 GeV, one needs Λ > 10^3 TeV to avoid a neutrino mass above 1 eV. A similar operator can generate masses for the right-handed neutrinos,

O_{νR} = c_Rℓ_Rℓ_RH_RH_RS^†_{BL}/Λ^2. (27)

In this case the right-handed neutrino mass reads as M_{νR} ∼ v^2_Rv_{BL}/Λ^2. Using v_R ∼ v_{BL} ∼ 1 TeV and the above bound for Λ, one gets M_{νR} < 1 MeV. Notice that the two operators O_{νR} and O_{νL} are connected by the left–right parity. After spontaneous symmetry breaking these operators also induce baryon number violation, but they do not induce visible baryon number violating decays in the quark sector such as proton decay. There are higher-dimensional operators that induce baryon number violation in the quark sector, e.g.,

O_{20} = 1 Λ^{16}

(Q_LQ_LQ_Lℓ_L)^3 S^†_{BL}S^†_{BL}, (28)

which however is of dimension 20 and therefore strongly suppressed. Recently, the Planck collaboration [32] has set limits on extra relativistic degrees of freedom. The model studied in this Letter predicts the possible existence of extra light degrees of freedom and one should investigate the possible cosmological constraints. This study is beyond the scope of this Letter, but we would like to mention how a consistent picture can be achieved. The contribution of the extra neutrinos to N_{eff} depends on the mass of the new gauge bosons, Z_1, Z_2, and W_R, since they can be in thermal equilibrium with the SM plasma through their interactions. In Refs. [33] and [34] the authors have investigated the constraints on the new forces which keep the right-handed neutrinos in thermal equilibrium. They have shown that if these gauge bosons are in the TeV region one does not have a large contribution to the effective number of relativistic degrees of freedom because the neutrinos decouple very early. The LHC bounds on the mass of the new gauge bosons are severe and one can satisfy the cosmological constraints at the same time.

IV. SUMMARY

We have investigated the possibility to define a simple theory for the spontaneous breaking of parity, baryon and lepton numbers at the low scale. We have found that the needed leptoquark fields for anomaly cancellation are the same fields that generate masses for the left-handed and right-handed neutrinos through the type III seesaw mechanism. This theory can be considered as the simplest theory with these features. The local baryonic and leptonic symmetries can be broken at the low scale and we do generate any interactions mediating proton decay.

The spectrum for neutrinos in this theory has been studied in detail, showing that one predicts the existence of two light right-handed neutrinos. The possible impact of the higher-dimensional operators have been mentioned. The existence of these light degrees of freedom can change the phenomenology of the new gauge bosons at colliders. In this case the neutral gauge bosons can decay into the extra right-handed light neutrinos, Z_i → ν̄_Rν_R, and more important, the decays W_R → ν̄_Re_R are allowed. These decays can change the present collider bounds on W_R mass based on the lepton number violating decays of the right handed neutrinos. All these aspects will be investigated in a future publication.

Acknowledgments: P. F. P. thanks M. B. Wise for discussions. M. D. is supported by the IMPRS-PTFS of the Max Planck Society.

[1] P. Minkowski, “μ → eγ at a rate of one out of 10^9 muon decays?,” Phys. Lett. B 67 (1977) 421.

[2] R. N. Mohapatra and G. Senjanović, “Neutrino Mass and Spontaneous Parity Nonconservation,” Phys. Rev. Lett. 44 (1980) 912.

[3] T. Yanagida, Proceedings of the Workshop on the Unified Theory and the Baryon Number in the Universe, eds. O. Sawada et al., p. 95, KEK Report 79-18, Tsukuba (1979).

[4] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, eds. P. van Nieuwenhuizen et al., (North-Holland, 1979), p. 315.

[5] S. L. Glashow, in Quarks and Leptons, Cargèse, eds.

M. Lévy et al., (Plenum, 1980), p. 707.

[6] W. Konetschny and W. Kummer, “Nonconservation of total lepton number with scalar bosons,” Phys. Lett. B 70 (1977) 433.

[7] T. P. Cheng and L.-F. Li, “Neutrino masses, mixings and oscillations in SU(2) ⊗ U(1) models of electroweak interactions,” Phys. Rev. D 22 (1980) 2860.

[8] G. Lazarides, Q. Shafi and C. Wetterich, “Proton lifetime and fermion masses in an SO(10) model,” Nucl. Phys. B 181 (1981) 287.

[9] J. Schechter and J. W. F. Valle, “Neutrino masses in SU(2) ⊗ U(1) theories,” Phys. Rev. D 22 (1980) 2227.

[10] R. N. Mohapatra and G. Senjanović, “Neutrino masses and mixings in gauge models with spontaneous parity violation,” Phys. Rev. D 23 (1981) 165.

[11] R. Foot, H. Lew, X.-G. He and G. C. Joshi, “Seesaw neutrino masses induced by a triplet of leptons,” Z. Phys. C 44 (1989) 441.

[12] E. Ma, “Pathways to naturally small neutrino masses,” Phys. Rev. Lett. 81 (1998) 1171.

[13] P. Fileviez Pérez and M. B. Wise, “On the Origin of Neutrino Masses,” Phys. Rev. D 80 (2009) 053006.

[14] J. C. Pati and A. Salam, “Lepton Number As The Fourth Color,” Phys. Rev. D 10 (1974) 275.

[15] R. N. Mohapatra and J. C. Pati, “A Natural Left-Right Symmetry,” Phys. Rev. D 11 (1975) 2558.

[16] G. Senjanović and R. N. Mohapatra, “Exact left-right symmetry and spontaneous violation of parity,” Phys. Rev. D 12 (1975) 1502.

[17] G. Senjanović, “Spontaneous Breakdown of Parity in a Class of Gauge Theories,” Nucl. Phys. B 153 (1979) 334.

[18] P. Fileviez Pérez, “Type III Seesaw and Left-Right Symmetry,” JHEP 03 (2009) 142.

[19] M. Nemevsek, F. Nesti, G. Senjanović and Y. Zhang, “First Limits on Left-Right Symmetry Scale from LHC Data,” Phys. Rev. D 83 (2011) 115014.

[20] T. Han, I. Lewis, R. Ruiz and Z.-g. Si, “Lepton Number Violation and W’ Chiral Couplings at the LHC,” Phys. Rev. D 87 (2013) 035011.

[21] G. Senjanović, “Seesaw at LHC through Left-Right Symmetry,” Int. J. Mod. Phys. A 26 (2011) 1469.

[22] M. Nemevsek, G. Senjanovic and V. Tello, “Left-Right Symmetry: from Majorana to Dirac,” arXiv:1211.2837.

[23] X.-G. He, S. Rajpoot, “Anomaly-free left-right-symmetric models with gauged baryon and lepton numbers,” Phys. Rev. D 41 (1990) 1636.

[24] M. Duerr, P. Fileviez Pérez and M. B. Wise, “Gauge Theory for Baryon and Lepton Numbers with Leptoquarks,” arXiv:1304.0576 [hep-ph].

[25] B. Bajc and G. Senjanović, “Seesaw at LHC,” JHEP 08 (2007) 014.

[26] P. Fileviez Pérez, “Renormalizable Adjoint SU(5),” Phys.

Lett. B 654 (2007) 189.

[27] J. Kopp, P. A. N. Machado, M. Maltoni and T. Schwetz, “Sterile Neutrino Oscillations: The Global Picture,” JHEP 05 (2013) 050.

[28] R. N. Mohapatra, “Mechanism for Understanding Small Neutrino Mass in Superstring Theories,” Phys. Rev. Lett. 56 (1986) 561.

[29] V. Barger, P. Fileviez Pérez and S. Spinner, “Three Layers of Neutrinos,” Phys. Lett. B 696 (2011) 509.

[30] D. K. Ghosh, G. Senjanović and Y. Zhang, “Naturally Light Sterile Neutrinos from Theory of R-parity,” Phys. Lett. B 698 (2011) 420.

[31] P. Fileviez Perez and S. Spinner, “Spontaneous R-Parity Breaking and Left-Right Symmetry,” Phys. Lett. B 673 (2009) 251.

[32] P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5076.

[33] A. Solaguren-Beascoa and M. C. Gonzalez-Garcia, “Dark Radiation Confronting LHC in Z’ Models,” Phys. Lett. B 719 (2013) 121.

[34] L. A. Anchordoqui, H. Goldberg and G. Steigman, “Right-Handed Neutrinos as the Dark Radiation: Status and Forecasts for the LHC,” Phys. Lett. B 718 (2013) 1162.