arXiv:0911.1598v2 [hep-ph] 1 Feb 2010

Symmetry, dark matter and LHC phenomenology of the minimal νSM

Xiao-Gang He^{2,3}, Tong Li^3, Wei Liao^{1,3} 1 Institute of Modern Physics, East China University of Science and Technology, Shanghai 2Department of Physics and Center for Theoretical Sciences, National Taiwan University, Taipei 3Center for High Energy Physics, Peking University, Beijing

A sterile neutrino with a mass of a few keV can play the role of a warm dark matter(DM). This can be realized in seesaw models with 3 left- and 3 right-handed neutrinos. It is possible to identify the keV neutrino to be one of the right-handed neutrinos leaving the other two to be much more heavier, the νSM model. We show that with this realization of keV neutrino DM, the model has an approximate Friedberg-Lee symmetry providing a natural explanation for the lightness of the right-handed neutrino. We also find that in this model the mixing parameters couple light and heavy neutrinos are strongly correlated, and can be large enough to have testable effects at the LHC for the two heavy right-handed neutrinos to be in the hundred-GeV range.

PACS numbers: 14.60.Pq, 13.15.+g

Introduction

Cosmological and astrophysical studies show that there are dark matter (DM) in our universe. The DM contributes about 20% of the energy in our universe. The identity of DM is still not known. Many models have been proposed. Neutrino has long been considered to be one of the possible candidates. The left-handed neutrinos, the active neutrinos, have standard model (SM) weak interaction, and were in thermal equilibrium in the early universe. Active neutrinos with masses in the range of a few tens of eV to a few GeV would over close the universe and are therefore ruled out as DM. Active light neutrinos of mass less than a few tens of eV has problem with structure formation. Data constrain the sum of the three light masses must be less than an eV or so. An active neutrino is unlikely to play a significant role for DM. However, a right-handed neutrino ν_R with an appropriate mass and a mixing with active neutrinos can play the role of DM. The right-handed neutrino does not have SM interactions and may not be in thermal equilibrium in the early universe. But in general they mix with left-handed neutrinos and may be produced in the early universe through oscillations of different types of neutrinos. With appropriate mass and mixing, a right-handed neutrino of mass a few keV can contribute the correct relic density of our universe. This ν_R DM belongs to the warm DM category.

Right-handed neutrinos can be introduced in different ways. If right handed neutrinos have large Majorana masses, they can play a very important role to explain why the light neutrinos have very small masses via the seesaw mechanism [1]. A priori, the right-handed neutrino mass scale is not known which can be as high as the Planck scale or as low as 1 eV leading to many interesting consequences [1–5]. We will study some implications of a seesaw model with a keV mass right-handed neutrino playing the role of DM companied by two heavy neutrinos. A model, called νMSM to realize this has been proposed in [2, 3]. It is a seesaw model [1] in which there are 3 left- and 3 right- handed neutrinos, the 3+3 model, with one of the right-handed neutrinos (ν_{R1} ) having a mass of a few keV. This is a minimal model of this type. In the model proposed in Refs. [2, 3] the heavy neutrinos ν_{R2,3} have masses around 1 − 10 GeV. In the present work we take a different approach to have ν_{R2,3} mass scale to be in the hundred-GeV range and to study some implications for LHC physics. We refer this model as νSM.

In order for the keV right-handed neutrino to play the role of a warm DM, the parameters in this model are constrained. We show that the model has an approximate Friedberg- Lee symmetry providing an natural explanation for the lightness of the keV right-handed neutrino. We also find that in this model the mixing parameters which couple light and heavy neutrinos are strongly correlated, and can be large enough to have testable consequences at the LHC.

Dark matter in νSM

Now we briefly describe the warm DM in νSM. Let us indicate the keV scale right-handed neutrino which plays the role of the DM as ν_{R1} , and the other two right-handed neutrinos which have masses in the multi-GeV or higher region as ν_{R2,3} . The other particles relevant to our discussions are the three generations of left-handed lepton doublets L_{Li} = (ν_{Li}, e_{Li})^T , and the Higgs doublet H = (H^0, H^−)^T . The Lagrangian responsible to neutrino masses is L = − 1 2 ν̄_RMν^c_R − L̄_LY Hν_R + H.C. , (1) where ν^c_R is the charge conjugate of ν_R. M and Y are 3 × 3 matrices. M is the Majorana mass matrix of ν_R and is symmetric. For convenience we will work in the basis where M is diagonal, that is, M = diag{M_1, M_2, M_3}.

In seesaw models one usually assumes that the right-handed neutrinos are super-heavy in the 10^{14} ∼ 10^{15} GeV range, so that the masses of light left-handed neutrinos are strongly suppressed. But the scale need not to be so high. In fact the scale can be as low as a few hundreds of GeV to a TeV. In Ref. [2] it was suggested that the lightest right-handed neutrino ν_{R1} can even have a mass a few keV and play the role of a warm DM.

After the electro-weak symmetry breaking, that is, the Higgs develops a non-zero vacuum expectation value ⟨H⟩ = (v, 0)^T , the neutrino mass matrix in the basis (ν_L, ν^c_R)^T is given by 0 Y^∗v Y^†v M . (2)

Diagonalization of the above seesaw mass matrix leads to the reduced mass matrix m_ν for light neutrinos,

m_ν = −v^2Y^∗M^{−1}Y^†. (3)

The above seesaw mass matrix also leads to a non-zero mixing matrix between the left- and right- handed neutrinos given by

R = (R_{li}) = Y v(M^∗)^{−1}, (4)

where l runs over the light neutrinos, ν_{e,μ,τ} and i runs over, ν_{R1,2,3} .

For keV scale ν_{R1} , the above mixing can cause oscillation, in the early universe, between the right- and left- handed neutrinos and lead to a finite energy density from the keV righthanded neutrino [2, 6, 7],

Ω_{νR} h^2 ∼ 0.1 ∑ l |R_{l1}|^2 10^{−8} ( M_1 3 keV

)_2 . (5)

Eq. (5) is for production without resonance. For production with resonance, sufficient amount of keV scale ν_{R1} warm DM can be produced for a much smaller mixing [8].

It is interesting that ν_{R1} of a few keV can provide the right amount of warm DM density if it is stable enough. The keV scale ν_{R1} can only decay into light active neutrinos at the tree-level through mixing of left- and right-handed neutrinos and exchanging Z and Higgs. At loop level it can also decay into photon through exchanging W and charged leptons. The tree-level decay modes of ν_{R1} are: ν_{R1} → ν + 2ν̄ and ν_{R1} → 2ν + ν̄. The lifetime of ν_{R1} is estimated to be [2]

τ_{νR1} = 5. × 10^{26}s ( 1 keV M_1

)_5 10^{−8} ∑ l |R_{l1}|^2 . (6)

One can see that the lifetime of ν_{R1} is much larger than the age of the universe ∼ 10^{17}s for mass M_{R1} of order a keV and ∑ l |R_{l1}|^2 ∼ 10^{−8}. A keV scale ν_{R1} has a long lifetime which is allowed for a DM candidate.

Constraints on the mass and the mixing of ν_{R1} as warm DM candidate come from structure formation [2], phase space density [9], X-ray lines of ν_{R1} → ν_a(ν̄_a) + γ decay [10–12] and Lyman-α forest data [13]. Astrophysical implications of keV scale ν_R, such as effect on supernova explosion and re-ionization etc., have been explored in Refs. [14, 15]. A review on related subjects can be found in Ref. [16]. Considerations on structure formation, phase space density and Lyman-α forest data give lower bound on the mass of ν_{R1} warm DM. Observations of X-ray lines of ν_{R1} decay give upper bound on the mass and mixing of ν_{R1} . These constraints can be very strong if ν_{R1} warm DM accounts for all the DM density in the universe. However, a recent analysis [13] shows that these constraints can be significantly released for Ω_{νR} <∼ 0.4 Ω_{DM} . For example, ν_{R1} with mass in the range 1 keV <∼ M_1 <∼ 5 keV and ∑ l |R_{l1}|^2 ∼ 10^{−9} − 10^{−8} is allowed by all these constraints if Ω_{νR1} = 0.2 Ω_{DM} . We will use 1 keV <∼ M_1 <∼ 5 keV and |R_{l1}|^2 <∼ 10^{−8} for discussions later.

The other two right-handed neutrinos, ν_{R2,3} , can have large masses and generate the light active neutrino masses and mixing through the seesaw mechanism. This model can correctly account for the masses and mixing of light neutrinos by making appropriate choice of Yukawa couplings [2].

Implication of the keV neutrino for the Yukawa couplings

In general the Yukawa coupling matrix Y can be parameterized in the following form [17] Y = 1 v U(m̃^∗_ν )^{1/2}O(M^∗)^{1/2}, (7) where m̃^{1/2}ν = diag{m^{1/2}_1 e^{iϕ1/2}, m^{1/2}_2 e^{iϕ2/2}, m^{1/2}_3 e^{iϕ3/2}} where real numbers m_i(i = 1, 2, 3) are the masses of three light neutrinos and ϕ_i(i = 1, 2, 3) are three Majorana phases. (M^∗)^{1/2} = diag{(M^∗_1 )^{1/2}, (M^∗_2 )^{1/2}, (M^∗_3 )^{1/2}}. U is the neutrino mixing matrix observed in experiments, m̃_ν is the diagonalized neutrino mass matrix, O is a complex orthogonal matrix: O^T O = OO^T = 1.

Using Eq. (7), the mixing matrix R can be written as

R = U(m̃^∗_ν )^{1/2}O(M^∗)^{−1/2}. (8)

The orthogonal matrix O can have determinant det(O) = ±1. Orthogonal matrix O with det(O) = +1 can be parameterized as the products of three matrices:

O = O_{23}O_{13}O_{12}, (9)

where O_{ij} is a 3 × 3 complex orthogonal matrix with determinant +1. It can be expressed using complex numbers θ_{ij} , e.g.

O_{12} = cos θ_{12} sin θ_{12} 0 − sin θ_{12} cos θ_{12} 0

0 0 1

. (10)

Orthogonal matrix O with det(O) = −1 differs from an orthogonal matrix expressed in Eq. (9) by a transformation using matrices such as diag{1, 1, −1}, diag{1, −1, 1}, etc. These factor −1 can be absorbed into the phase factors in (m̃^∗_ν )^{1/2}. That is, we can choose

0 ≤ ϕ_i < 4π (11)

instead of in the range [0, 2π] to account for the possibility that det(O) can be −1.

To further understand implications of νSM we rewrite the seesaw mass formula, Eq. (3), as the following

m_ν = ∑ i S_i, i = 1, 2, 3 (12)

where

(S_i)_{ll}′ = −v^2Y^∗_{li} Y^∗_l′_iM^{−1}_i = −M_iR^∗_{li}R^∗_l′_i. (13)

Eq. (4) has been used in obtaining Eq. (13). S_i is the contribution of ν_{Ri} to the light neutrino masses. Using the constraint ∑ l |R_{l1}|^2 <∼ 10^{−8}, we find for 1 keV <∼ M_1 <∼ 5 keV [2] |(S_1)_{ll}′ | <∼ 10^{−5} eV. (14) We introduce Y^′ ≡ U^†Y = m̃^{1/2}_ν O(M^∗)^{1/2}v^{−1}, R^′ ≡ U^†R = m̃^{1/2}_ν O(M^∗)^{−1/2}, (S^′_i)_{ab} ≡ U^T S_iU = −v^2Y^{′∗}_{ai} Y^{′∗}_{bi} M^{−1}_i . (15) Using Eq. (15) we get (S^′_i)_{ab} = −m^{1/2}_a m^{1/2}_b e^{i(ϕa+ϕb)/2}O^∗_{ai}O^∗_{bi}. (16) The condition Eq. (14) is re-expressed as |(S^′_1)_{ab}| <∼ 10^{−5} eV (17) The experimental constraints on the neutrino masses, at 2σ level [18], are 7.25 × 10^{−5} eV^2 < Δm^2_1 < 8.11 × 10^{−5} eV^2, (18) 2.18 × 10^{−3} eV^2 < |Δm^2_{31}| < 2.64 × 10^{−3} eV^2, (19) ∑ i m_i < 1.2 eV. For normal hierarchy(NH) of neutrino masses, m_2 ≈ √ Δm^2_1 ≈ 0.9×10^{−2} eV and m_3 ≈ √ |Δm^2_{31}| ≈ 0.05 eV, Eq. (17) says |(S^′_1)_{aa}| = m_a|O^{∗2}_{a1}| ≪ m_a for a = 2, 3.

That is |O_{a1}| ≪ 1, a = 2, 3 (20) From this condition we find that the matrix O is approximated as

O ≈ 1 0 0 0 cos θ sin θ 0 − sin θ cos θ

. (21)

For inverted hierarchy(IH) of neutrino masses, m_1 ≈ √ |Δm^2_{31}| ≈ 0.05 eV and m_2 ≈ √ |Δm^2_{31}| + Δm^2_1 ≈ 0.05 eV, (17) says |(S^′_1)_{aa}| = m_a|O^{∗2}_{a1}| ≪ m_a for a = 1, 2. That is |O_{a1}| ≪ 1, a = 1, 2 (22)

From this condition we find that the matrix O is approximated as

O ≈ 0 cos θ sin θ 0 − sin θ cos θ 1 0 0

. (23)

The above analysis show that ν_{R1} gives negligible contribution to light neutrino masses. This condition implies that light neutrino masses are dominated by contributions of two heavier right-handed neutrinos ν_{R2,3}. The lightest left-handed neutrino has mass of order ∼ 10^{−5} eV. νSM can not reproduce degenerate mass pattern of light left-handed neutrinos. We also have a good idea about some of the properties of the Yukawa coupling matrix Y . We will show in the following that the resulting mass matrix exhibits an approximate Friedberg-Lee(FL) symmetry [19, 20].

The approximate Friedberg-Lee symmetry in νSM

A theory is said to have a FL symmetry when the Lagrangian of this theory is invariant under the transformation on a fermion field of the form q → q + ϵ, where ϵ is a space-time independent element of the Grassmann algebra, anti-commuting with the fermionic field operators q. We explain why the neutrino mass matrix in the νSM has an approximate FL symmetry in detail in the following.

The general Yukawa matrix can be written as

Y = Ŷ_{e1} Ỹ_{e2} Ỹ_{e3} Ŷ_{μ1} Ỹ_{μ2} Ỹ_{μ3} Ŷ_{τ 1} Ỹ_{τ 2} Ỹ_{τ 3}

. (24)

Using Eqs. (21) and (23) we find that for NH case, for Ỹ part of the Y one has

vỸ = U(m̃^∗_ν )^{1/2} 0 0 cos θ sin θ − sin θ cos θ

(M̃^∗)^{1/2}, (25)

where M̃ = diag{M_2, M_3}.

For IH case Ỹ , one has

vỸ = U(m̃^∗_ν )^{1/2} cos θ sin θ − sin θ cos θ 0 0 (M̃^∗)^{1/2}. (26) while the Ŷ part of Y is given by

vŶ = U(m̃^∗_ν )^{1/2}

(M^∗_1 )^{1/2} 0 0 or vŶ = U(m̃^∗_ν )^{1/2} 0 0 (M^∗_1 )^{1/2}

, (27)

for NH or IH, respectively.

Using result from Eq. (17) we can also write the light neutrino mass matrix as

m_ν ≈ −v^2Ỹ^∗M̃^{−1}Ỹ^†. (28)

The above is the mass formula in the minimal seesaw model [21].

Note that since |M_{2,3}| ≫ |M_1| and the Ŷ_{l1} is suppressed by M^{1/2}_1 /M^{1/2}_{2,3} in comparison with elements of Ỹ . In Eqs. (21) and (23) there are no large factors in the first columns to enhance the Yukawa couplings, Ỹ is the leading term in Yukawa coupling, we have approximately:

Y ≈ 0 Ỹ_{e2} Ỹ_{e3} 0 Ỹ_{μ2} Ỹ_{μ3} 0 Ỹ_{τ 2} Ỹ_{τ 3}

. (29)

The mass matrix M can be approximated as

M ≈ diag{0, M_2, M_3}. (30)

It is easy to check that with the above Y and M, the Lagrangian in Eq.(1) is invariant under a FL transformation

ν_{R1} → ν_{R1} + ϵ (31)

If the FL symmetry is a global one, that is, ϵ is space-time independent, it is easy to check that the kinetic term L_k = ν̄_Rγ_μ(i∂^μν_R) is also invariant under the transformation defined in Eq.(31).

In fact it has been shown [22, 23] that imposing a global FL symmetry on a particular direction of right-handed neutrinos in the 3+3, it results in a massless right-handed neutrino, and the mass matrices is equivalent to the from of a 3+2 (two right-handed neutrinos) minimal seesaw model which predicts a light neutrino with a zero mass. In our case, ν_{R1} is the corresponding massless right-handed neutrino, and the lightest light neutrino mass of order 10^{−5} eV corresponds to the zero mass one in the exact FL limit.

We conclude that the νSM has an approximate FL symmetry. Small violation of this symmetry provides a natural explanation why one of the right-handed neutrino has much smaller mass than other two heavy right-handed neutrinos. We would like to comment that the 3+3 seesaw model is the minimal model which is consistent with light neutrino masses and can have a warm DM candidate in the framework of seesaw mechanism. We note that the FL symmetry we found is a consequence of the experimental constraints. Some other symmetries can be imposed to obtain νSM [24].

The possibility of a large mixing between light and heavy sectors in νSM The model considered in Ref. [2] has very small Yukawa couplings. They assume the Yukawa couplings are of order ∼ m^{1/2}ν M^{1/2}_j /v. If this is always the case, then even the heavy right-handed neutrinos are light enough, a few hundred GeV, to be produced at the LHC, the small mixing between light and heavy neutrinos makes it impossible to be detected. Fortunately this is not necessarily true. There are other possibilities[4].

It is known that the matrix elements of the complex orthogonal matrix O can be large if θ is a complex number:

θ = x + iy (32)

where x and y are two real numbers. In this case | cos θ| and | sin θ| can be enhanced by a large factor e^{|y|} if |y| is large. Elements in the Yukawa coupling Y matrix and the mixing R matrix can be enhanced by large elements of matrix O. Tiny light neutrino masses are reproduced with large Yukawa couplings in the seesaw formula through fine tuning. In the following we explain in more detail how a large mixing between light and heavy neutrinos can be obtained in νSM.

Consider the NH case. Eq. (21) can be written as

O ≈ 1 2 e^{∓ix+|y|} 0 0 0 0 1 ±i 0 ∓i 1 + 1 0 0 0^1_2 e^{±ix−|y|} ∓^i_2 e^{±ix−|y|} 0 ±^i_2 e^{±ix−|y| 1}_2 e^{±ix−|y|} , for y = ±|y|. (33)

For |y| ≫ 1, the first term in the right-handed side of Eq. (33) is enhanced by the large factor e^{|y|} and is the leading term.

Using Eqs. (7) and (33) we find for |y| ≫ 1 the leading term in Yukawa coupling is

vY_{l2} = 1 2 e^{∓ix+|y|}(U_{l2}m^{1/2}_2 e^{−iϕ2/2} ∓ iU_{l3}m^{1/2}_3 e^{−iϕ3/2})(M^∗_2 )^{1/2}, (34) vY_{l3} = 1 2 e^{∓ix+|y|}(±iU_{l2}m^{1/2}_2 e^{−iϕ2/2} + U_{l3}m^{1/2}_3 e^{−iϕ3/2})(M^∗_3 )^{1/2}. (35)

|Y_{l1}| are small as explained in Eq. (27).

For IH case we find

O ≈ 1 2 e^{∓ix+|y|} 0 1 ±i 0 ∓i 1 0 0 0 + 0^1_2 e^{±ix−|y|} ∓^i_2 e^{±ix−|y|} 0 ±^i_2 e^{±ix−|y| 1}_2 e^{±ix−|y|} 1 0 0 , for y = ±|y|. (36)

Again for |y| ≫ 1, the first term in the right-handed side of Eq. (36) is the leading term. The leading terms in the Yukawa coupling are found to be

vY_{l2} = 1 2 e^{∓ix+|y|}(U_{l1}m^{1/2}_1 e^{−iϕ1/2} ∓ iU_{l2}m^{1/2}_2 e^{−iϕ2/2})(M^∗_2 )^{1/2}, (37) vY_{l3} = 1 2 e^{∓ix+|y|}(±iU_{l1}m^{1/2}_1 e^{−iϕ1/2} + U_{l2}m^{1/2}_2 e^{−iϕ2/2})(M^∗_3 )^{1/2}. (38)

From Eqs. (34), (35), (37) and (38) we find that

Y_{l3}(M^∗_3 )^{−1/2} ≈ ±iY_{l2}(M^∗_2 )^{−1/2}. (39)

Using Eq. (4), Eq. (39) is re-expressed as

R_{l3}(M^∗_3 )^{1/2} ≈ ±iR_{l2}(M^∗_2 )^{1/2}. (40)

Using Eqs. (39) and (40), we see in Eq. (13) that there is a strong cancelation between S_2 and S_3, contributions of ν_{R2} and ν_{R3} to light neutrino masses.

It has been shown in Ref. [26] that neutrinoless double decay gives strong constraint on the mixing and masse of sterile neutrino. Typically constraint for a single sterile neutrino is found to be |R_{es}|^2 <∼ 10^{−5} for M_s ∼ 100 GeV. We note that this constraint does not apply to ν_{R2,3} of degenerate or quasi-degenerate masses. GeV scale ν_{R2,3} contribute to the neutrinoless double beta decay with the amplitude

A = F (R^2_{e2} 1 M_2

+ R^2_{e3} 1 M_3

), (41) where F is a factor containing all other effects and M_{2,3} have been chosen real for convenience of later discussion. Eq. (41) can be rewritten as A = F M^2_2

(R^2_{e2}M_2 + R^2_{e3}M_3) + F R^2_{e3}M_3( 1 M^2_3 − 1 M^2_2

). (42)

According to Eq. (40) and Eq. (13), the first term in Eq. (42) has a strong cancelation and is of order (F/M^2_2 )(m_ν )_{ee} and is negligible. The second term in Eq. (42) is essential for constraining the νSM. It’s clear that if ν_{R2,3} are degenerate or quasi-degenerate, their contribution to neutrinoless double decay is greatly reduced. For example, if (ΔM^2_{32}/M^2_2 ) ∼ 10^{−5} where ΔM^2_{32} = M^2_3 − M^2_2 , the rate of double beta decay is reduced by 10 orders of magnitude and the constraint becomes |R_{e2,3}|^2 <∼ 1. We note that a quasi-degeneracy of heavy neutrinos is required for producing baryogenesis using oscillation of right-handed neutrinos [3, 27] or using thermal leptogenesis [28] with resonance at the electro-weak scale.

Matrix Y can be transformed using bi-unitary transformation to a diagonalized form: Ỹ = diag{y_1, y_2, y_3}. Large matrix elements in Eqs. (33) and (36) affect y_{2,3} which correspond to two linear combinations of quasi-degenerate ν_{R2,3}. Note that the matrix O does not change the determinant of Y . Hence one of y_{2,3}, which we take to be y_3, is enhanced and another one, y_2, is suppressed. The fact that only one of y_{1,2,3} is enhanced can be seen clearly in Eqs.(33) and (36), that is the leading part of the O matrix, enhanced by e^{|y|}, is of rank one. Hence one can make y_2 <∼ 10^{−7} and y_3 large. This means one of the linear combination of quasi-degenerate ν_{R2,3} can never be in thermal equilibrium before the freeze-out of the sphaleron transition which is necessary for producing baryogenesis. Whether with large elements in O realistic baryongenesis can be obtained is an interesting question to study. Detailed study on this subject is out of the scope of the present article and will be studied elsewhere. Here we are interested to see if there are parameter spaces in which experiments at the LHC can probe.

We summarize some of the interesting properties in the following:

• The Yukawa couplings Y_{l2,l3} are enhanced by large e^{|y|} if |y| is large.

• Only one of the Majorana phases ϕ_i is observable. In both NH and IH cases we can set ϕ_1 = ϕ_3 = 0 and keep ϕ_2. For convenience we write

(m̃^∗_ν )^{1/2} = diag{m^{1/2}_1 , m^{1/2}_2 e^{iΦ}, m^{1/2}_3 }, (43) where Φ = −ϕ_2/2. Φ can be chosen in the range [0, 2π] as discussed for Eq. (11).

• None of the Majorana phases in M_i is observable since one can always rotate away phases of M_i.

• A CP violating phase ∓x in the factor e^{∓ix} is observable.

• For GeV scale degenerate ν_{R2,3} the constraint from the neutrinoless double beta decay on the mixing R_{ei} is greatly reduced.

The right-handed heavy neutrinos do not have SM gauge interaction. If they do not mix with left-handed neutrinos or the mixing is extremely small, it is not possible to produce them and study their properties. As we have shown in the above that it is possible to have large mixing. The production of heavy neutrinos at the LHC becomes possible. Using constraints from electro-weak precision test, it has been shown model-independently that the heavy neutrinos can be produced and studied at the LHC up to 400 GeV for 2σ with 100 fb^{−1} of integrated luminosity and mixing |R_{li}|^2 ≲ 10^{−3} [25]. The mixing of ν_{R1} with left-handed neutrinos are too small to have direct laboratory observable effects. But ν_{R2,3} may be produced and their properties may be studied. We note that |R_{ei}|^2 >∼ 10^{−3} can be reached in νSM, consistent with constraint from double beta decay experiments, for quasidegenerate ν_{R2,3} which have ΔM^2_{32}/M^2_2 <∼ 10^{−2}. In the later discussion of the decay pattern of ν_{R2,3} we will concentrate on the degenerate or quasi-degenerate case.

Correlation of ν_{R2,3} and light neutrino mass hierarchy in νSM

As seen from Eqs. (7) and (8), for a given form of O, one can establish the connection between the Yukawa coupling Y , the mixing matrix R, and the properties of the light neutrinos (U and masses). The leptonic mixing matrix U is usually written as

U = c_{12}c_{13} c_{13}s_{12} e^{−iδ}s_{13} −c_{12}s_{13}s_{23}e^{iδ} − c_{23}s_{12} c_{12}c_{23} − e^{iδ}s_{12}s_{13}s_{23} c_{13}s_{23} s_{12}s_{23} − e^{iδ}c_{12}c_{23}s_{13} −c_{23}s_{12}s_{13}e^{iδ} − c_{12}s_{23} c_{13}c_{23}

(44)

where s_{ij} = sin θ_{ij} , c_{ij} = cos θ_{ij} , 0 ≤ θ_{ij} ≤ π/2 and 0 ≤ δ ≤ 2π. The phase δ is the Dirac CP phase. The experimental constraints on the neutrino masses are listed in Eq. (19) and

FIG. 1: |R_{l2}|^2M_2/100 GeV for NH (left) and IH (right), assuming vanishing Majorana phase and 0 ≤ x ≤ 2π, −20 ≤ y ≤ 20. the constraints on the mixing parameters, at 2σ level [18], are

0.27 < sin^2 θ_{12} < 0.35, 0.39 < sin^2 θ_{23} < 0.63, (45) sin^2 θ_{13} < 0.040.

Using the above experimental constraints, one can explore the allowed values for the R_{li}(l = e, μ, τ; i = 2, 3) couplings and the heavy masses. In Fig. 1 we plot the allowed values for the normalized couplings |R_{l2}|^2M_2/100 GeV of each lepton flavor for each spectrum, the NH (left panel) and the IH (right panel), assuming vanishing Majorana phase. We see that the couplings of different lepton flavors have strong correlation as expected.

Moreover, as mixing elements of matrix R govern processes involving right-handed neutrinos, most stringent model-independent data from precision electro-weak measurements and low-energy lepton-number violating processes can constrain unknown parameters in the complex orthogonal matrix O and the Majorana phase Φ. We show |R_{l2}|^2 as a function of the imaginary part y in parameter θ of O in Fig. 2. One can see that |R_{l2}|^2 can reach ∼ 10^{−3}, the upper bound from precision measurement. Constraint from neutrinoless double

FIG. 2: |R_{l2}|^2 versus parameter y in matrix O for NH (left) and IH (right), assuming vanishing Majorana phase and 0 ≤ x ≤ 2π, M_2 = 100 GeV. The horizontal lines represent the current experimental bounds from precision electro-weak measurements [29] and searches of neutrinoless double beta-decay, the dashed and dotted lines, assuming ΔM^2_{32}/M^2_2 to be 10^{−3} and 10^{−5}, respectively . beta decay is weaker for quasi-degenerate ν_{R2,3}. As noted previously, heavy neutrinos with |R_{li}|^2 ∼ 10^{−3} can be produced and studied at the LHC.

The partial decay widths of the heavy Majorana neutrinos ν_{Ri} are given by [25] Γ^{lWL} ≡ Γ(ν_{Ri} → l^−W^+_L ) = Γ(ν_{Ri} → l^+W^−_L ) = g^2 64πM^2_W

|R_{li}|^2M^3_i (1 − μ_{iW} )^2, (46)

Γ^{lWT} ≡ Γ(ν_{Ri} → l^−W^+_T ) = g^2 32π |R_{li}|^2M_i(1 − μ_{iW} )^2, (47) Γ^{νlZL} ≡ Γ(ν_{Ri} → ν_lZ_L) = g^2 64πM^2_W

|R_{li}|^2M^3_i (1 − μ_{iZ} )^2, (48)

Γ^{νlZT} ≡ Γ(ν_{Ri} → ν_lZ_T ) = g^2 32πc^2_W

|R_{li}|^2M_i(1 − μ_{iZ} )^2, (49) where μ_{ij} = M^2_j /M^2_i . If ν_{Ri} is heavier than the Higgs boson H^0, one has the additional channels Γ^{νlh} ≡ Γ(ν_{Ri} → ν_lH^0) = g^2 64πM^2_W

|R_{li}|^2M^3_i (1 − μ_{iH} )^2. (50) As discussed above, the lepton-flavor contents of ν_R decays will be different in each neutrino spectrum. In order to search for the events with best reconstruction, we will only consider

FIG. 3: Branching fractions of degenerate neutrinos ν_{R2} → l^+W^−(l^−W^+) (l = e, μ, τ) for NH (left) and IH (right) versus heavy neutrino mass with 0 ≤ x ≤ 2π, y = 10 and M_H = 120 GeV, assuming vanishing Majorana phase.

the ν_R decay to charged leptons plus a W^±. In Fig. 3 we show the impact of the neutrino masses and mixing angles and parameters in O on the branching fractions of the heavy neutrino ν_{R2} decaying into e, μ, τ lepton plus W boson, respectively, with the left panels for the NH and the right panels of the IH, assuming vanishing Majorana phase. We also plot the dependence of branching fractions on parameter y in Fig. 4. For large values of heavy neutrino mass or y the branching fractions can differ by one order of magnitude in NH case BR(μ^±W^∓), BR(τ^±W^∓) ≫ BR(e^±W^∓) and about a factor of few in the IH spectrum BR(e^±W^∓) > BR(μ^±W^∓), BR(τ^±W^∓). In general, the ν_R decay rates depend on only one Majorana phase Φ when the lightest neutrino mass vanishes in the NH or IH case. In Fig. 5, we show the dependence of ν_{R2} decay branching fractions on Majorana phase Φ in NH and IH for y = 10. In NH the dominant channels swap from τ^±W^∓ when Φ ≈ π/2 to μ^±W^∓ when Φ ≈ 3π/2 by a few times. In IH the dominant channels swap from e^±W^∓ when Φ ≈ π/2 to μ^±W^∓, τ^±W^∓ when Φ ≈ 3π/2 by more than one order time of magnitude. Moreover, it is important to note that the curves of branching fractions corresponding to Majorana phase translate parallelly by a phase π for

FIG. 4: Branching fractions of degenerate neutrinos ν_{Ri} → l^+W^−(l^−W^+) (l = e, μ, τ) for NH (left) and IH (right) versus parameter y with 0 ≤ x ≤ 2π, M_2 = 300 GeV and M_H = 120 GeV, assuming vanishing Majorana phase.

−y case. This qualitative change can be made use of extracting the value of the Majorana phase Φ and parameter y.

If nature indeed uses low scale heavy neutrinos, of order one hundred GeV, with large mixing to light neutrinos, they may be produced at the LHC. The νSM can be tested by studying correlations between the decay patterns of heavy neutrinos and light neutrino mass hierarchies.

Conclusions

In summary we have studied the symmetry and some phenomenologies of the νSM. The minimal model of this type is a 3 + 3 seesaw model with one of the right-handed neutrino to be light to play the role of the keV warm DM. We found that the mass and mixing parameters of the DM right-handed neutrino, constrained by experimental data, lie in the range that there is an approximate FL symmetry in the Lagrangian of the νSM. The masses of the light active neutrino mass hierarchy, predicted in νSM, can be IH or NH, but can not be quasi-degenerate. The seesaw masses of the light active neutrinos are dominated by contributions of two multi-GeV right-handed neutrinos ν_{R2,3} and can be

FIG. 5: Branching fractions of ν_{R2} → l^+W^−(l^−W^+) (l = e, μ, τ) versus Majorana phase Φ for NH (left) and IH (right) when M_2 = 300 GeV, M_H = 120 GeV and 0 ≤ x ≤ 2π, y = 10.

approximated by 3 + 2 seesaw formula. We should emphasize that the approximate FL symmetry discussed in the present work is not only valid for the range of ν_{R2,3} masses discussed, it is also valid for seesaw model with much larger or smaller masses of ν_{R2,3} , as long as the keV scale dark matter constrained by observational data is included in the seesaw model. The keV scale ν_{R1} has a number of astrophysical implications, such as effect on supernova explosion [14] and on the re-ionization [15]. The phenomenology of the two multi- GeV scale right-handed neutrinos is similar to the phenomenology of 3 + 2 seesaw model. The lightest light neutrino has a mass of order 10^{−5} eV. We found that in νSM the Yukawa couplings can be large. In particular we found that double beta decay experiment does not give strong constraint on the mixings and masses of two multi-GeV scale right-handed neutrinos if they are degenerate or quasi-degenerate. The Yukawa couplings can be large enough to be tested in LHC experiments. We also found that there are strong correlations between the couplings of the two heavy neutrinos ν_{R2,3} and light neutrino mass hierarchy. The decay patterns of these heavy neutrinos sensitively depend on the Majorana phase. The decay patterns of the right-handed neutrinos ν_{R2,3} can be used to extract information of the mass hierarchy and Majorana phase of the light active neutrinos.

Acknowledgments

This work is supported in part by NSC and NCTS, the Science and Technology Commission of Shanghai Municipality under contract number 09PJ1403800 and National Science Foundation of China(NSFC), grant 10975052.

Note added: After the submission of the present article, recent analysis on X-ray observations of local dwarf Willian 1 show evidence that the ν_{R1} dark matter may have mass around 5 keV with mixing |R_{l1}|^2 ∼ 10^{−9} [30]. Another analysis on the X-ray observation of the galactic center suggests that ν_{R1} dark matter has mass around 17 keV with mixing |R_{l1}|^2 ∼ 10^{−12} [31]. It’s easy to see that Eq. (14) is valid for these two groups of parameters of ν_{R1} and the approximate Friedberg-Lee symmetry discussed in this article applies to models with these ranges of parameters space.

[1] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the Baryon Number in the Universe, edited by O. Sawada and A. Sugamoto (KEK, Tsukuba, 1979), p. 95; M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity, edited by P. van Nieuwenhuizen and D. Freedman (North-Holland, Amsterdam, 1979), p. 315; S.L. Glashow, in Proceedings of the 1979 Cargese Summer Institute on Quarks and Leptons, edited by M. Levy et al. (Plenum Press, New York, 1980), p. 687; R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

[2] T. Asaka, S. Blanchet and M. Shaposhnikov, Phys. Lett. B631, 151(2005). [3] T. Asaka and M. Shaposhnikov, Phys. Lett. B620, 17(2005).

[4] W. Buchmuller and D. Wyler, Phys. Lett. B249, 458 (1990); A. Pilaftsis, Z. Phys. C 55, 275 (1992); A. Pilaftsis, Phys. Rev. Lett. 95, 081602 (2005); J. Kersten and A. Yu. Smirnov, Phys. Rev. D76, 073005 (2007). X.-G. He, S. Oh, J. Tandean, and C.-C. Wen, arXiv:0907.1607 [hep-ph]; D. Wyler and L. Wolfenstein, Nucl. Phys. B218, 205 (1983); R. N. Mohapatra and J. W. F. Valle, Phys. Rev. D34, 1642 (1986); E. Ma, Phys. Lett. B191, 287 (1987).

[5] A. de Gouvea, Phys. Rev. D 72, 033005 (2005) [arXiv:hep-ph/0501039]. [6] S. Dodelson and L. W. Windrow, Phys. Rev. Lett. 72, 17(1994).

[7] K. Abazajian, G. Fuller and M. Patel, Phy. Rev. D64, 023501(2001); K. Abazajian, Phy. Rev.

D73, 063506(2006).

[8] A. Boyarskya, et.al., Phys. Rev. Lett. 102, 201304(2009)[arXiv:0812.3256]. [9] A. Boyarsky, O. Ruchayskiy and D. Iakubovskyi, JCAP0903, 005(2009)[arXiv:0808.3902]. [10] A. Boyarsky, et.al., Phys. Rev. Lett. 97, 261302(2006)[arXiv:astro-ph/0603660]. [11] A. Boyarsky, J. Nevalainen and O. Ruchayskiy, A & A 471, 51(2007) [arXiv:

astro-ph/0610961].

[12] A. Boyarsky, D. Iakubovskyi, O. Ruchayskiy and V. Savchenko, MNRAS 387, 1361(2008)[arXiv:0709.2301].

[13] A. Boyarskya, J. Lesgourguesc, O. Ruchayskiyd, M. Vielf, JCAP 0905, 012(2009)[arXiv:0812.0010].

[14] C. L. Fryer, A. Kusenko, Astrophys. J. Suppl. 163,335(2006)[arXiv:astro-ph/0512033]. [15] P. L. Biermann , A. Kusenko, Phys. Rev. Lett. 96,091301(2006)[arXiv:stro-ph/0601004]. [16] A. Kusenko, Phys. Rept. 481, 1 (2009) [arXiv:0906.2968 [hep-ph]]. [17] J. A. Casas and A. Ibarra, Nucl. Phys. B618, 171 (2001) [arXiv:hep-ph/0103065]. [18] T. Schwetz, M. Tortola, and J.W.F. Valle, New J. Phys. 10, 113011 (2008) [arXiv:0808.2016 [hep-ph]]; M. Maltoni and T. Schwetz, arXiv:0812.3161 [hep-ph]. Other recent fits are given by M.C. Gonzalez-Garcia and M. Maltoni, Phys. Rept. 460, 1 (2008) [arXiv:0704.1800 [hep-ph]]; G.L. Fogli et al., Phys. Rev. D 78, 033010 (2008) [arXiv:0805.2517 [hep-ph]].

[19] R. Friedberg and T. D. Lee, arXiv:hep-ph/0606071.

[20] R. Friedberg and T. D. Lee, Annals Phys. 323, 1677 (2008) [arXiv:0709.1526 [hep-ph]]. [21] P. H. Frampton, S. L. Glashow and T. Yanagida, Phys. Lett. B 548, 119 (2002) [arXiv:hep-ph/0208157]; V. Barger, D. A. Dicus, H. J. He and T. j. Li, Phys. Lett. B 583, 173 (2004)[arXiv:hep-ph/0310278]; W.-l. Guo, Z.-z. Xing, S. Zhou, Int. J. Mod. Phys. E16:1- 50,2007[arXiv:hep-ph/0612033].

[22] X.-G. He and W. Liao, Phys. Lett. B681, 253(2009)[arXiv: 0909.1643]. [23] C. Jarlskog, Phys. Rev. D 77, 073002 (2008) [arXiv:0712.0903 [hep-ph]]; A. H. Chan, H. B. Low and Z. Z. Xing, arXiv:0908.0822 [hep-ph].

[24] M. Shaposhnikov, Nucl. Phys. B763, 49(2007)[hep-ph/0605047].

[25] A. Atre, T. Han, S. Pascoli, B. Zhang, JHEP 0905, 030 (2009) [arXiv:0901.3589 [hep-ph]];

F. del Aguila and J. A. Aguilar-Saavedra, Nucl. Phys. B813, 22 (2009).

[26] P. Benes, A. Faessler, F. Simkovic and S. Kovalenko, Phys. Rev. D 71, 077901 (2005) [arXiv:hep-ph/0501295].

[27] E. K. Akhemedov, V. A. Rubakov and A. Yu. Smirnov, Phy. Rev. Lett. 81, 1359(1998)[arXiv:hep-ph/9803255].

[28] M. Fukugita and T. Yanagida, Phys. Lett. B174,45(1986).

[29] F. del Aguila, J. de Blas and M. Perez-Victoria, Phys. Rev. D 78, 013010 (2008) [arXiv:0803.4008 [hep-ph]].

[30] M. Loewenstein, A. Kusenko, arXiv:0912.0552. [31] D. A. Prokhorov, J. Silk, arXiv:1001.0215