arXiv:0909.2484v2 [hep-ph] 22 Jan 2010

HUPD 0904

Threshold corrections to the radiative breaking of electroweak symmetry and neutralino dark matter in supersymmetric seesaw model

Sin Kyu Kang^a, Akina Kato^b, Takuya Morozumi^b and Norimi Yokozaki^b a School of Liberal Arts, Seoul National University of Technology, Seoul 139-473, Korea. b Graduate School of Science, Hiroshima University, Higashi-Hiroshima, 739-8526, Japan

Abstract

We study the radiative electroweak symmetry breaking and the relic abundance of neutralino dark matter in supersymmetric type I seesaw model. In this model, there exist threshold corrections to Higgs bilinear terms coming from heavy singlet sneutrino loops, which make the soft supersymmetry breaking (SSB) mass for up-type Higgs shift at the seesaw scale and thus a minimization condition for the Higgs potential is affected. We show that the required fine-tuning between the Higgsino mass parameter μ and SSB mass for up-type Higgs may be reduced at electroweak scale, due to the threshold corrections. We also present how the parameter μ depends on SSB B-parameter for heavy singlet sneutrinos. Since the property of neutralino dark matter is quite sensitive to the size of μ, we discuss how the relic abundance of neutralino dark matter is affected by the SSB B-parameter. Taking the SSB B-parameter of order of a few hundreds TeV, the required relic abundance of neutralino dark matter can be correctly achieved. In this case, dark matter is a mixture of bino and Higgsino, under the condition that gaugino masses are universal at the grand unification scale.

PACS numbers: 11.30.Qc, 11.30.Pb, 12.60.Jv

I. INTRODUCTION

Supersymmetric (SUSY) seesaw model is a SUSY extension of seesaw model [1, 2] which naturally explains small masses of neutrinos and stabilizes the hierarchy between electroweak scale and some other high scale without severe fine-tuning if the mass spectrum of superpartners are less than TeV scale as well. In SUSY type I seesaw model, we introduce not only heavy right-handed(RH) Majorana neutrinos but also their super partner called sneutrinos which are standard model gauge singlet. This leads us to anticipate that some predictions of MSSM can be deviated due to the contributions associated with the heavy RH neutrinos and their super partners, and new phenomena absent in MSSM may occur in SUSY type I seesaw model. With this regards, there have been attempts to study lepton flavor violation and neutrino masses in SUSY type I seesaw model[3–5]. On the other hand, the gauge singlet RH neutrino superfield may affect Higgs sector as investigated in Ref. [6], where they have shown that there is a sizable negative loop contribution to the mass of the lightest Higgs field in the split-SUSY scenario at the price of giving up the naturalness in supersymmetry.

In this study, we revisit the issue as to how the Higgs sector can be affected by heavy singlet sneutrinos while keeping naturalness in supersymmetry. It is well known that the lightest CP-even Higgs mass in the MSSM can get large one-loop corrections which increase with the top quark and squark masses [7–10]. The current experimental bound on the lightest CP-even Higgs mass, m_h ≳ 114 GeV, demands top squark mass to be larger than 500 GeV [11], which in turn leads to a fairly large correction to the soft supersymmetry breaking (SSB) mass for the up-type Higgs m^2_{H2} . In the MSSM, electroweak symmetry can be broken due to the large logarithmic correction to m^2_{H2} [12–16]. However, as is known, we need rather large fine-tuning between the Higgsino mass parameter μ and SSB mass m^2_{H2} to achieve the Z-boson mass at the electroweak scale through a minimization condition for the Higgs potential of the MSSM . In this study, we show that there exist some new contributions generated from the loops mediated by heavy singlet sneutrino sector to SSB mass m^2_{H2} and the Higgsino mass parameter μ in SUSY type I seesaw model. The new contributions are given in terms of SSB parameters B_N and SSB mass term for the singlet sneutrino m^2_Ñ at the seesaw scale.

Integrating out the singlet neutrino superfield below the seesaw scale, SUSY type I seesaw becomes equivalent to the MSSM but those new contributions are taken to be threshold corrections to Higgs bilinear terms. As will be discussed, those threshold corrections can lower the sizes of m^2_{H2} and μ at the electroweak scale and thus the fine-tuning may be reduced. This means that the fine-tuning required for the radiative electroweak symmetry breaking can be shifted to tuning the size of B_N at the seesaw scale. In this paper, we investigate how the sizes of m^2_{H2} and μ at the electroweak scale depend on the parameter B_N .

Since the property of neutralino dark matter is quite sensitive to the size of μ, we discuss how the relic abundance of neutralino dark matter is affected by the parameter B_N . In fact, there exist some literatures in which the impacts of neutrino Yukawa couplings on neutralino dark matter in SUSY type I seesaw model have been discussed [17–24]. It has been found that some regions of parameter space can significantly affect the neutralino relic density without the threshold corrections associated with the heavy singlet neutrino superfield. In our work, however, we consider possible existence of the threshold corrections generated from the loops mediated via the heavy singlet neutrino superfield which can also significantly affect the neutralino relic abundance by lowering the sizes of m^2_{H2} and μ at the electroweak scale. Such a possibility of the impact on the neutralino relic density has not been studied before.

This paper is organized as follows. First, we present the effective potential for Higgs fields in SUSY type I seesaw model in section II. We show that threshold corrections to Higgs bilinear terms are generated from the loops mediated by heavy singlet neutrino superfields. In section III, we give the alternative derivation for the threshold corrections, using renormalization group equations (RGEs) for a general field theory. In section IV, we study the contributions of the threshold corrections to the radiative electroweak symmetry breaking and investigate how the size of the parameter μ can be affected by them. In section V, we discuss the relic abundance of neutralino dark matter. Finally section VI is devoted to conclusions and discussions. The details of convention for CP phases and derivation of the effective potential for Higgs fields are given in Appendix.

II. THE EFFECTIVE POTENTIAL OF SUSY TYPE I SEESAW MODEL

In this section, we first derive the effective potential of SUSY type I seesaw model, and then show that there exist threshold corrections to Higgs bilinear terms arisen due to the heavy RH singlet sneutrinos. Those threshold corrections may be modified by wave function renormalization for Higgs field.

The super potential of the SUSY seesaw model is given by

W = μH_1 · H_2 − Y_ν (L̂ · Ĥ_2)N̂^c − M_R 2 N̂^cN̂^c, (1)

where N̂^c is a gauge singlet chiral superfield, which contains a RH neutrino and its scalar partner. M_R denotes the mass of the RH neutrino. Here, we do not consider the terms associated with the charged leptons and quarks whose contributions to our study are negligibly small except for top quark superfield. From now on, we consider only one generation of N̂^c for simplicity, and the extension to three generations is straight-forward. The soft breaking terms of the Lagrangian in SUSY seesaw model are given by

L_{soft} = −m^2_{L̃}|L̃|^2 − m^2_Ñ |Ñ|^2 − ( 1 2 B^∗_N M^∗_RÑ^2 + h.c. )

+2Re(BμH_1 · H_2) − m^2_{H1} H^†_1 H_1 − m^2_{H2} H^†_2 H_2 + ( A_ν Y_ν(H_2 · L̃)N^∗ + h.c. ) , (2)

where we can take M_R, B_N , Y_ν , μ to be real by superfield rotation and U(1)_R symmetry, whereas A_ν and B are left as complex numbers. We discuss the details of the phase convention in Appendix A. From the superpotential given in Eq. (1), the SUSY part of the Lagrangian is obtained as follows:

L_{susy} = −|Y_νL̃ · H_2 + M_RÑ^∗|^2 − |Y_νÑ^∗L̃ − μH_1|^2 − |μ|^2H^†_2 H_2 − Y^2_ν |Ñ|^2H^†_2 H_2 − 1 2 M_RN_RN_R^c − Y_ν N_Rl_L · H_2 + h.c.. (3)

With this Lagrangian, we can derive the effective potential by using field dependent masses for the singlet RH neutrinos and sneutrinos. The effective Higgs potential which includes 1-loop contributions mediated by the singlet RH neutrino superfields is written as

V^{1loop}_{eff} = ( |μ|^2 + m^2_{H1} (Q^2) ) H^†_1 H_1 + ( |μ|^2 + m^2_{H2} (Q^2) ) H^†_2 H_2 − 2Re.(B(Q^2)μH_1 · H_2) + ( μ^2

Y^2_ν 16π^2 log M^2_R Q^2 ) H^†_1 H_1 + Y^2_ν 16π^2 ( log M^2_R Q^2

(m^2_{L̃} + m^2_Ñ + |A^2_ν |) + 2m^2_Ñ + 2Re.(A_ν B_N ) ) H^†_2 H_2 − 2Re. ( Y^2_ν 16π^2

(B_N + A_ν log

M^2_R Q^2

)μH_1 · H_2 ) − L_D, (4) where Q is a renormalization scale and L_D is D-term contributions given by

L_D = − g^{′2} 8 ( H^†_1 H_1 − H^†_2 H_2

)_2 − g^2 8 ( H^†_1 τ^aH_1 + H^†_2 τ^aH_2

)_2 . (5)

In Appendix B, we present in detail how the effective potential is derived. Matching this effective potential with that of MSSM at the seesaw scale, we can obtain some relations between MSSM parameters and corresponding ones in SUSY seesaw model. Here, we do not include the loop contributions mediated by top quark and its super partner because they are identical to each other in both MSSM and SUSY seesaw model, and thus canceled in the relations. Therefore those contributions are irrelevant to the threshold corrections for the Higgs bilinear terms. The Higgs potential of the MSSM is given by,

V_{MSSM} = ( |μ|^2 + m̄^2_{H1} (Q^2) ) H^Q_1^†H^Q_1 + ( |μ|^2 + m̄^2_{H2} (Q^2) ) H^Q_2^†H^Q_2 − ( B̄(Q^2)μH^Q_1 · H^Q_2 + h.c. ) − L_D. (6)

By matching the Higgs potentials Eq.(6) with Eq.(4) at Q^2 = M^2_R, we obtain the following relations,

m̄^2_{H1} (M^2_R) = m^2_{H1} (M^2_R), m̄^2_{H2} (M^2_R) = m^2_{H2} (M^2_R) +

Y^2_ν 8π^2 ( m^2_Ñ + Re.(A_ν B_N ) ) , B̄(M^2_R) = B(M^2_R) + Y^{2ν} 16π^2

B_N . (7)

On the other hand, the wave function renormalization for the Higgs field H_2 in the limit of small external momenta is given by ( 1 − Y^2_ν 16π^2 log M^2_R Q^2 ) ∂_μH^{Q†}_2 ∂^μH^Q_2 , (8)

where we neglect the terms suppressed by M^{−2}_R . We notice that there exist no contributions from heavy RH neutrino superfields to wave function renormalization for H_1. At Q^2 = M^2_R, Eq.(8) becomes ∂_μH^†_2 ∂^μH_2, so the relations given in Eq.(7) are not modified by wave function renormalization.

It is worth noting that the soft breaking parameter of singlet sneutrino, B_N , contributes to the Higgs mass m̄^2_{H2} (M^2_R) and the parameter B. We use RGEs for the soft breaking parameters of the MSSM to obtain their low energy values below the seesaw scale M_R, whereas the corresponding RGEs given in the SUSY seesaw model are used above the seesaw scale. Thus, the values of the parameters in the RH side of Eq.(7), m^2_{H1} (Q^2 = M^2_R) and m^2_{H2} (Q^2 = M^2_R), depend on the boundary condition at further high energy scale, such as M_{GUT} or M_{planck}.

III. THE THRESHOLD CORRECTIONS FROM RENORMALIZATION GROUP EQUATIONS

In this section, we study the alternative derivation of the threshold corrections given in Eq.(7) by using RGEs including threshold effects. The RGEs in MSSM including threshold effects are discussed in Refs. [25–28]. We derive the one-loop RGEs for Higgs mass squared parameters in the SUSY seesaw model, by using the formulas for RGEs of dimensional parameters in general gauge field theories [29]. Then we integrate them and obtain the threshold corrections. Here we focus on the effects from the heavy neutrino and sneutrinos.

The key point of the derivation of the threshold corrections is to take into account three different thresholds. One of them corresponds to the mass of RH neutrino (M_R), and the others correspond to the masses of the heavy sneutrinos , i.e., the super partners of the RH neutrino. They are two real scalar fields and their masses are deviated from M_R due to soft SUSY breaking terms of the sneutrinos sector , as given by

L_{mass} = − 1 2 M^2_{Ñ1} N^2_1 − 1 2 M^2_{Ñ2} N^2_2 , (9)

where N_1 and N_2 are real and imaginary part of the complex scalar field Ñ, respectively and are defined as,

N_1 = (Ñ + Ñ^∗)/ √ 2, N_2 = (Ñ − Ñ^∗)/( √ 2i). (10)

The masses of the N_1 and N_2 are then give by

M^2_{Ñ1} = m^2_Ñ + M^2_R + B_N M_R, M^2_{Ñ2} = m^2_Ñ + M^2_R − B_N M_R. (11)

Since B_N is real positive, the hierarchy of the three mass scales is given by

M^2_{Ñ1} > M^2_R > M^2_{Ñ2} . (12)

Then the energy scales at which Ñ_1, Ñ_2 and N_R are decoupled are different each other, yielding the threshold corrections to Higgs mass squared parameters. The Higgs mass terms are given as

L_{Higgs} = −m^2_{11}|H_1|^2 − m^2_2|H_2|^2 − m^2_{12}H_1 · H_2 + h.c., (13)

where,

m^2_{11} = |μ|^2 + m^2_{H1} , m^2_2 = |μ|^2 + m^2_{H2} , m^2_{12} = −Bμ. (14)

Following [29], we divide all the complex scalar fields into their real and imaginary parts, and derive the beta functions for the Higgs mass squared parameters by adopting the step functions of the renormalization scale (Q) to take into account the thresholds. Then we obtain the threshold corrections by integrating the beta functions with respect to the energy scale between two mass scales of the singlet sneutrinos.

At one-loop level, the beta functions for the Higgs mass parameters are given as,

(4π)^2 dm^2_{11} d ln Q = Y^2_ν μ^2 [ θ(Q^2 − M^2_{Ñ1} ) + θ(Q^2 − M^2_{Ñ2} ) ] , (4π)^2 dm^2_{12} d ln Q = Y^2_ν A_ν μ [ θ(Q^2 − M^2_{Ñ1} ) + θ(Q^2 − M^2_{Ñ2} ) ] −Y^2_ν μM_R θ(M^2_{Ñ1} − Q^2)θ(Q^2 − M^2_{Ñ2} ), (4π)^2 dm^2_2 d ln Q = Y^2_ν (m^2_Ñ + |A_ν |^2) [ θ(Q^2 − M^2_{Ñ 21} ) + θ(Q^2 − M^2_{Ñ2} ) ] −Y^2_ν [2Re(A_ν ) + B_N ] M_R θ(M^2_{Ñ1} − Q^2)θ(Q^2 − M^2_{Ñ2} ) +2Y^2_ν M^2_R [ θ(Q^2 − M^2_{Ñ1} ) + θ(Q^2 − M^2_{Ñ2} ) − 2θ(Q^2 − M^2_R) ]

+2Y^2_ν m^2_2 θ(Q^2 − M^2_R) + Y^2_ν m^2_{L̃} [ θ(Q^2 − M^2_{Ñ1} ) + θ(Q^2 − M^2_{Ñ2} ) ] . (15)

Here, we note that only the terms coming from the neutrino-sneutrino sector are presented because the other terms are the same as those in MSSM. In deriving the RGEs, we take into account the fact that the effective theory changes as passing each threshold corresponding to the heavy degree of freedom. At the energy scale above M~_{N1} where the RH neutrino and sneutrinos are active, our RGEs given in Eq.(15) are consistent with those in supersymmetric type I seesaw model [30, 31]. While the RH neutrino and the lighter sneutrino are active between the two scales M~_{N1} and M_R, only the lighter sneutrino is active between the two scales M_R and M~_{N2} . Finally, the effective theory becomes MSSM below M~_{N2} . In each step, we integrate out the heavier degrees of the freedom and derive the effective theories which are valid at the lower energy scales.

By integrating the beta functions with respect to Q from M~_{N1} down to M~_{N2} , we obtain the threshold corrections. Since the integrals can be approximated as follows; ∫_{MÑ1} M_{Ñ2} d ln Q = ln M~_{N1} M~_{N2} = B_N M_R + O(M^{−3}_R ), ∫_{MÑ1} M_R d ln Q = ln M~_{N1} M_R = 1 2 [ B_N M_R + m~_N 2 M^2_R − B^2_N 2M^2_R

+ O(M^{−3}_R ) ] . (16)

Only the terms proportional to M_R or M^2_R in Eq.(15) contribute to the threshold corrections. The results of integrating the beta functions give

δm^2_{H1} = O(M^{−1}_R ), δm^2_{H2} =

Y^2_ν 8π^2 [ m^2_Ñ + Re(A_ν )B_N ] + O(M^{−1}_R ), δB = Y^2_ν 16π^2

B_N + O(M^{−1}_R ), (17)

which are the same as Eq.(7).

Next, we discuss how the numerical value of the parameter μ can be affected by threshold corrections for the Higgs bilinear terms in the radiative electroweak symmetry breaking scenario [12–16]. In the calculation, we assume that gaugino masses, scalar masses and A-terms are universal at the GUT scale.

IV. MU TERM AND RADIATIVE ELECTROWEAK SYMMETRY BREAKING

As we have shown, the soft breaking parameter for the Higgs mass m^2_{H2} in the MSSM at the seesaw scale M_R is determined by not only m̄^2_{H2} (M^2_R) calculated via RGEs in the SUSY seesaw model but also additional contribution due to the loops mediated by light and heavy sneutrinos in the seesaw model at the scale M_R . From Eq.(7), the shift of m^2_{H2} from m̄^2_{H2} at the scale M_R is approximately given as,

δm^2_{H2} ≈

Y^2_ν 8π^2

Re.(A_ν B_N )

≈ 1.6 × 10^5(GeV)^2 ( Y_ν 0.5 )_2 ( ReA_ν 100GeV ) ( B_N 500TeV ) . (18)

Therefore the soft breaking parameter B_N of the order of 500 TeV may significantly affect m^2_{H2} at the scale M_R. This observation in turn indicates that the shift of m^2_{H2} at the scale

M_R affects electroweak symmetry breaking in the MSSM when we take the MSSM as an effective theory of SUSY type I seesaw model at low energy scale.

Let us discuss how electroweak symmetry breaking can be affected by the parameter B_N . In the MSSM, radiative breaking of electroweak symmetry can occur when SSB parameters for Higgs sectors satisfy the following relation: 1 2 m^2_Z = −|μ|^2 + m^2_{H1} (m^2_Z ) − m^2_{H2} (m^2_Z ) tan^2 β tan^2 β − 1

. (19)

In the limit of large tan β, this relation becomes 1 2 m^2_Z ≈ −|μ|^2 − m^2_{H2} (m^2_Z ). (20)

Therefore we see that the value of μ and m^2_{H2} are directly related. In order to satisfy this condition, m^2_{H2} has to be negative at the scale m_Z . In the radiative electroweak symmetry breaking scenario, m^2_{H2} is generally taken to be positive at high energy scale, but it receives quite large radiative corrections due to heavy stop mass and large top quark Yukawa couplings between high and low energy scales, which drive m^2_{H2} negative so that electroweak symmetry can break at low energy scale. At the scale above M_R, soft breaking masses and couplings are subject to the RGEs of the SUSY seesaw model. The RGE for m^2_{H2} in the SUSY seesaw model is given by [30, 31] dm^2_{H2} dt = 2 16π^2 [ − 3 5 g^2_1M^2_1 − 3g^2 M^2_2 + 3Y^2_t X_t + Y^2_ν X_n ] , (21)

where t = ln^Q_{Q0} , X_t = m^2_{Q̃3} + m^2_{t̃R} + m^2_{H2} + |A_t|^2 and X_n = m^2_{L̃} + m^2_Ñ + m^2_{H2} + |A_ν |^2. Here, M_1 and M_2 denote the bino mass and the wino mass, respectively. The last term comes from the presence of RH neutrino superfields and other terms are the same as those in the MSSM.

It is expected that the RGE for m^2_{H2} can be significantly affected by the Yukawa coupling of neutrino sector Y_ν when it is quite large. We can estimate the deviation of the m^2_{H2} from that without neutrino sector by integrating out eq.(21) explicitly. The deviation at the scale M_R is approximately given as, δ_{log}m^2_{H2} ≈ Y^2_ν 8π^2

(3m^2_0 + A^2_0) ln M_R M_X , (22)

where m_0 and A_0 are the universal values for scalar masses and A-terms respectively. For M_R = 6×10^{13} GeV and M_X ≈ 2×10^{16} GeV, this contribution can be written approximately as, δ_{log}m^2_{H2} ≈ −5.5 × 10^4(GeV)^2 ( Y_ν 0.5 )_2 ( m_0 1TeV

)_2 . (23)

As we can see from eq.(18), δ_{log}m^2_{H2} is easily dominated by the threshold correction when B_N is large.

Without threshold corrections, the weak scale value of m^2_{H2} becomes more negative than that of minimal supergravity (mSUGRA) case. This affects the condition for electroweak symmetry breaking and the allowed regions for the observed relic density of dark matter[17, 18]. Especially, the allowed region where |μ| is small, is changed significantly. Universal scalar mass at the GUT scale, m_0 is larger than that of mSUGRA. However with inclusion of the threshold corrections, m_0 can be smaller than that of mSUGRA when B_N is large.

Figure 1 shows the RG evolution of m^2_{H2} and m^2_{t̃} with the energy scale. Here, m~_t is defined as m^2_{t̃} = m~_Qm~_{tR} . We assume that soft breaking masses, gaugino masses and Aterms are universal at the GUT scale(≈ 2 × 10^{16}GeV). The calculations are performed with ISASUGRA code which is included in ISAJET package [32]. The input values used in the calculations are given in the caption and neutrino masses m_ν and M_R are taken to be 0.1 eV and 6 × 10^{13}GeV, respectively, in both panels so that Y_ν and Y_t become the same order of magnitude. The pink, blue and red curves correspond to the predictions of sign(m^2_{H2} )|m_{H2} | including threshold corrections for B_N = 500, 50 and 5 TeV, respectively. The green curves show how the predictions of m^2_{t̃} evolve from the GUT scale to the electroweak scale. When B_N = 50 TeV, A_ν ∼ 300 GeV and m_0 ∼ 1 TeV, the threshold correction and the running effects from the neutrino Yukawa sector are almost canceled, i.e. δm^2_{H2} + δ_{log}m^2_{H2} ∼ 0. Therefore the blue lines below the scale M_R behave as if there are no effects from neutrino Yukawa sector. As we can see from Fig. 1, the value of m^2_{H2} at the scale m_Z obtained in the SUSY seesaw model is significantly deviated from that obtained in the MSSM for given input values of m_0, m_{1/2}, A_0, tan β and B_N = 500TeV, whereas such a deviation disappears for B_N ≲ 5TeV.

In the case without threshold corrections, the running of the m^2_{H2} in mSUGRA with RH neutrino superfield (mSUGRA+RHN) is discussed in Refs. [18, 23]. The weak scale values of √ |m^2_{Hu} | tend to be larger than those in mSUGRA scenario. The difference between mSUGRA and mSUGRA+RHN is up to a few hundred GeV, when m_0 ≳ 1.5 TeV and Y_ν ≳ Y_t. On the other hand, our results show that the threshold correction increases m_{Hu} (Q^2 = M^2_R) by several hundred GeV and therefore the weak scale values of √ |m^2_{Hu} | can be smaller than those in mSUGRA scenario when B_N is large.

The significant deviation of m^2_{H2} at the scale m_Z in turn leads to a significant change in |μ| through the stationary condition, Eq. (19). In Fig. 2, we present how |μ(M_Z )| depends on the value of B_N . As the value of B_N increases, |μ| becomes smaller, due to the threshold corrections to m^2_{H2} (M_R).

It is worthwhile to notice that the size of the mass parameter μ characterizes the property of neutralino dark matter. Since μ is the Higgsino mass term, changing μ may affect the composition of the neutralino dark matter. This indicates that relic abundance of the dark matter is affected by B_N , especially on the condition that gaugino masses are universal at the GUT scale.

V. BINO-HIGGSINO DARK MATTER

In this section, we show that the lightest SUSY particle (LSP) is a bino-Higgsino mixture state when the size of parameter B_N is of the order of several hundred TeV, and the result of the WMAP observation can be accounted for well. Here, we assume that soft scalar masses, gaugino masses and A terms are universal at the GUT scale. We consider the lightest neutralino as a dark matter candidate.

The neutralinos are the physical states which are composed of the bino, wino and two Higgsinos. The neutralino mass matrix in the B̃−W̃ −H̃_1−H̃_2 basis is given by,

M_χ =

M_1 0 −m_Z cos β sin θ_W m_Z sin β sin θ_W 0 M_2 m_Z cos β cos θ_W −m_Z sin β cos θ_W −m_Z cos β sin θ_W m_Z cos β cos θ_W 0 −μ m_Z sin β sin θ_W −m_Z sin β cos θ_W −μ 0

,(24)

where M_1 and M_2 are the bino and wino masses, respectively, and θ_W is the Weinberg angle. This matrix is diagonalized by the unitary matrix N, M^{diag}_χ = N^∗M_χN^{−1}. (25) In terms of N, the lightest neutralino χ^0 is expressed as a mixture of the gauginos and the Higgsinos:

χ^0 = N_{11}B̃ + N_{12}W̃ + N_{13}H̃_1 + N_{14}H̃_2. (26)

FIG. 1: The renormalization group evolutions of soft scalar masses for up-type Higgs and stops are shown. The calculation is performed by taking m_0, m_{1/2}, A_0, tan β to be 1TeV, 400GeV, 300GeV, 10, respectively in the upper panel and 700GeV, 500GeV, 300GeV, 20, respectively in the lower panel. We take neutrino masses m_ν and M_R to be 0.1eV and 6 × 10^{13}GeV, respectively, in both figures so that Y_ν and Y_t become the same order of magnitude. The pink, blue and red curves correspond to the predictions of sign(m^2_{H2} )|m_{H2} | for B_N = 500, 50 and 5 TeV, respectively. The green curves correspond to the MSSM prediction of m_{t̃}.

FIG. 2: The values of |μ| are plotted as a function of B_N . The lower red line is obtained for m_0 = 1TeV, m_{1/2} = 400GeV, A_0 = 300GeV and tan β = 10, and the upper green line for m_0 = 700GeV, m_{1/2} = 500GeV, A_0 = 300GeV and tan β = 20. We take the same values of m_ν and M_R as in Fig. 1.

Since we assumed a universal value for gaugino masses at the GUT scale, gaugino masses M_i are related to gauge couplings g_i as follows; M_i(Q) M(Λ_{GUT} ) = g^2_i (Q) g^2(Λ_{GUT} )

, (27)

and this relation is easily derived from renormalization group equations for gauginos, dM_i dt = 2 16π^2 b_ig^2_i M_i, (28)

where b_i are coefficients of beta-functions for g_i. From Eq.(27), the bino mass M_1 is written in terms of the wino mass M_2:

M_1 = 5 3 tan^2 θ_W M_2 ≈ 0.5M_2, (29)

at the scale m_Z .

The relic density of a cold dark matter, Ω_{CDM}h^2, is determined by WMAP observation [33] and its value is given by

Ω_{CDM}h^2 = 0.1131 ± 0.0034. (30)

For |μ| ≫ M_2, the dark matter is bino-like, whereas for |μ| ≪ M_2 the dark matter is Higgsino-like . In general, a bino-like dark matter leads to a large relic abundance of a dark matter, which can not accommodate the result from WMAP observation. This is because couplings for bino are smaller than those for Higgsino and wino. When the value of |μ| decreases, the Higgsino fraction defined by |N_{13}|^2 + |N_{14}|^2 increases, which leads to larger annihilation cross sections for Higgsino-like dark matter. Therefore we can fit the right amount of relic abundance derived from the result of WMAP observation with dark matter candidate composed of a bino-Higgsino mixture.

As we can see from Eq.(19), since the value of |μ(m_Z )|^2 becomes smaller as B_N (M_R) increases. Larger value of B_N (M_R) leads to larger Higgsino fraction, which makes the relic abundance of a dark matter decreased. Fig. 3 presents the predictions of relic abundance of the lightest neutralino and corresponding contributions of Higgsino components as a function of B_N . Our numerical calculation is performed by using micrOMEGAs 2.2 code [34, 35]. The blue line represents the value of the relic abundance obtained from WMAP observation. In this figure, we can see that as B_N (M_R) increases, Higgsino fractions get larger, which makes relic abundances smaller. From our numerical analysis, it turned out that the right amount of the relic abundance of the dark matter could be explained by taking the parameter B_N to be of the order of several hundred TeV which makes Higgsino fractions large. The allowed regions of parameter space for the observed relic density of the dark matter are most conveniently shown in (m_{1/2},m_0) plane. In mSUGRA+RHN scenario without threshold correction, the allowed regions are given in Refs.[18, 23]. One of the regions corresponding to the small μ is located along the region where electroweak symmetry breaking can not take place. This region corresponds to m_0 ≳ 1.3TeV. The values of m_0 depend on the renormalization group running effect from neutrino Yukawa sector and it decreases the low energy value of m^2_{H2} . When this effect becomes larger, we need to choose larger m_0 as the GUT boundary condition. With inclusion of the threshold correction to m^2_{H2} , however, the consequences change. In our scenario, as shown in Fig.3, we can take m_0 as small as 700GeV, since the threshold correction is added to m^2_{H2} at the scale M_R. Therefore, we conclude that the allowed regions where the observed relic density is explained by the bino-Higgsino dark matter are very different from those of mSUGRA and mSUGRA+RHN scenario.

FIG. 3: The relic abundances of the lightest neutralino (red curves) and corresponding Higgsino contributions (green curves) are drawn as a function of B_N . We take m_0, m_{1/2}, A_0, tan β to be 1TeV, 400GeV, 300GeV, 10, respectively in the upper panel and to be 700GeV, 500GeV, 300GeV, 20, respectively in the lower panel. μ is positive, and the values of m_ν and M_R are taken to be the same as in Fig. 1. The blue lines correspond to the value of the relic abundance obtained from WMAP observation.

VI. CONCLUSION AND DISCUSSION

We have investigated the effective low energy Higgs potential of the SUSY type I seesaw model. We found that Higgs bilinear terms got threshold corrections at the scale below M_R, due to heavy singlet sneutrino loops. These threshold corrections are proportional to Bterm of heavy singlet sneutrino B_N . Therefore if B_N is large enough, the mass parameters of Higgs bilinear terms are significantly shifted at the scale M_R, which in turn leads to a shift of the parameter |μ| and reduction of the fine-tuning between the Higgsino mass parameter μ and SSB mass for up-type Higgs at the electroweak scale. We presented how the parameter μ depends on B_N . We have shown that dark matter becomes a mixture of bino and Higgsino for B_N of the order of several hundreds TeV and the observed relic abundance can be consistently explained by the bino-Higgsino dark matter. It turned out that the allowed region of parameter space constrained by the relic abundance of dark matter in this model is very different from the MSSM without seesaw under the assumption that SSB terms are universal at the GUT scale, mainly because of the threshold corrections to m^2_{H2} . Our results are also different from those of conventional mSUGRA with type I seesaw which does not include the threshold corrections to m^2_{Hu} .

Naturalness problem for such a large value of B_N is beyond the scope of this work. Since the size of B_N of order of several hundreds TeV is much larger than the scale of soft breaking parameters, the origin of B_N must be different from those of other SUSY breaking parameters. U(1)_{B−L} extension of the MSSM might provide the origin of large B_N . It would be interesting if such a large value of B_N can be naturally possible.

VII. ACKNOWLEDGEMENT

We would like to thank participants of Summer Institute 2009, phenomenology, for discussion where the preliminary result of the work was presented by N. Y. We also would like to thank Lorenzo Calibbi for pointing out the importance of the renormalization group running effects and the related references. The work of S.K.Kang was supported in part by the Korea Research Foundation(KRF) grant funded by the Korea government(MEST) (2009- 0069755), and the work of T. M. was supported by KAKENHI, Grant-in-Aid for Scientific Research on Priority Areas, Mass Origin and SuperSymmetric Physics (No.16028213), and

New Development for Flavor Physics (No.19034008 and No.20039008), MEXT, Japan.

Appendix A: CP violation and phase convention

Here, we discuss the CP violation of SUSY type I seesaw model and identify the independent phases by choosing a phase convention. One can assign the R charge 0 to the Higgs superfields Ĥ_1 and Ĥ_2, and 1 to the lepton superfields L̂ and N̂^c. Under the R transformation and the phase redefinition of the superfields L̂, Ĥ_1, Ĥ_2, N̂^c, the super potential is transformed as, W → e^{2iθR} ( −Y_ν exp(i(θ_N c + θ_L + θ_2))N̂^cL̂ · Ĥ_2 − M_R 2 exp(2iθ_N c )N̂^cN̂^c+

μ exp(i(θ_1 + θ_2 − 2θ_R))Ĥ_1 · Ĥ_2) ) . (A1)

Therefore one can remove the phases of the parameters Y_ν , μ, M_R in W by choosing the phases of the superfields as follows, θ_N c = − 1 2 arg M_R, θ_1 + θ_2 − 2θ_R = − arg μ, θ_L + θ_2 + θ_N c = − arg Y_ν , (A2)

The trilinear couplings of the soft breaking terms transform in the same way as the super potential, so one can not remove those phases. For the soft breaking parameters of the bilinear form, one can take one of them to be real. We then rotate the phase of B_N away by choosing the phase parameter of R transformation as follows,

θ_R = − 1 2 arg(B_N ). (A3)

In Eq.(A2), we still have the freedom of choosing the phase of θ_2. Here, we choose the phase θ_2 so that vacuum expectation value of H_2 becomes real

θ_2 = − arg(v_2). (A4)

To summarize we choose the phases as, θ_N c = − 1 2 arg M_R θ_1 = − arg μ + arg(v_2) − arg B_N θ_L = arg(v_2) + 1 2 arg M_R − arg Y_ν . (A5)

With this phase convention, the soft breaking terms are written as, L_{soft} = ( |A_ν ||Y_ν|Ñ^∗e^{i(arg AνB}N^) + h.c. )

+ 2|μ||B|Re.(e^{i(arg BB}N^)H_1 · H_2) − |M_R| 2 |B_N |Ñ^∗Ñ^∗ − m^2_{L̃}|L̃|^2 − m^2_Ñ |Ñ|^2, (A6)

and two independent irremovable CP violating phases are presented as, B = |B|e^{i arg BB}N , A_ν = |A_ν |e^{i arg AνB}N . (A7)

Appendix B: derivation of the effective potential

In this appendix, we derive the effective potential of Higgs fields in SUSY type I seesaw model. The contribution to the effective potential for Higgs fields from the loops mediated by neutrino superfields is written as,

V_{eff} (v_1, v_2) = ∫ Q^{4−d}d^dk (2π)^di 1 2 ( ln det(M_s^2 − k^2) − ln det(M_F − k/) ) , (B1)

where M_F is the mass matrix of one of the neutrino sector and M^2_s is the 4 by 4 mass-squared matrix of sneutrino sector given by

M_s^2 =

(m^2_{L̃} + m^2_D) 0 Â^∗_ν m_D |M_Rm_D| 0 (m^2_{L̃} + m^2_D) |M_Rm_D| Â_ν m_D Â_ν m_D |m_DM_R| |M_R|2 + m2_Ñ |B_N M_R| |m_DM_R| Â^∗_ν m_D |B^∗_N M_R| |M_R|^2 + m^2_Ñ

, (B2)

where

m_D =

Y_ν v_2 √ 2 Â_ν = A_ν − v^{∗1} v_2 μ A_ν = |A_ν |e^{iarg AνB}N . (B3) The effects of CP violation appear through the parameter Â_ν . We compute the following quantity,

ln det(M_s^2 − k^2) = TrLn(M_s^2 − k^2). (B4)

To compute the scalar contribution, we diagonalize M^2_s approximately and treat A term as perturbation. We first split M^2_s as

M_s^2 = M^2_0 + Δ_A , (B5)

where

M^2_0 =

(m^2_{L̃} + m^2_D) 0 0 |M_Rm_D| 0 (m^2_{L̃} + m^2_D) |M_Rm_D| 0 0 |m_DM_R| |M_R|^2 + m^2_Ñ + m^2_D |B_N M_R| |m_DM_R| 0 |B^∗_N M_R| |M_R|^2 + m^2_Ñ + m^2_D

, (B6)

and

Δ_A =

0 0 Â^∗_ν m_D 0 0 0 0 Â_ν m_D Â_ν m_D 0 0 0

0 Â^∗_ν m_D 0 0

. (B7)

One can find the orthogonal matrix O which diagonalizes M^2_0 . Using this matrix, M_s^2 is transformed as

OMs^2O^T = diag(m^2_1, m^2, m^2_3, m^2_4) + OΔ_AO^T . (B8)

Here, m_1, m_2 are the mass of lighter sneutrinos and m_3, m_4 are those of heavier sneutrinos given by

m^2_1 =

M^2_R + m^2_Ñ + 2m^2_D + B_N M_R + m^2_{L̃} 2 − 1 2 √ (M^2_R + m^2_Ñ + B_N M_R − m^2_{L̃})^2 + 4m^2_DM^2_R,

m^2 =

M^2_R + m^2_Ñ + 2m^2_D − B_N M_R + m^2_{L̃} 2 − 1 2 √ (M^2_R + m^2_Ñ − B_N M_R − m^2_{L̃})^2 + 4m^2_DM^2_R,

m^2_3 =

M^2_R + m^2_Ñ + 2m^2_D − B_N M_R + m^2_{L̃} 2 + 1 2 √ (M^2_R + m^2_Ñ − B_N M_R − m^2_{L̃})^2 + 4m^2_DM^2_R,

m^2_4 =

M^2_R + m^2_Ñ + 2m^2_D + B_N M_R + m^2_{L̃} 2 + 1 2 √ (M^2_R + m^2_Ñ + B_N M_R − m^2_{L̃})^2 + 4m^2_DM^2_R. (B9)

These sneutrino masses should be compared with the neutrino masses written as,

m^2_H =

M^2_R 2 + m^2_D + √ M^4_R + 4m^2_DM^2_R 2 , m^2_L =

M^2_R 2 + m^2_D − √ M^4_R + 4m^2_DM^2_R 2 . (B10)

Using Eq.(B1) and the mass eigenvalues, one can find effective potential as follows,

V_{eff} = V^{(0)}_{eff} + ∫ d^dk (2π)^di 1 2 ( + ∞∑ n=1 (−1)^{n−1} n Tr ( 1 m^2 − k^2 OΔ_AO^T )_n) , (B11)

where

V^{(0)}_{eff} = 1 2 ∫ d^dkQ^{4−d} (2π)^di

(_4 ∑ i=1 log(m^2_i − k^2) − 2 log(m^2_H − k^2) − 2 log(m^2_L − k^2) )

= 1 64π^2 C_{UV} ( 2(m^4_H + m^4_L) − 4∑ i=1 m^4_i )

+ 1 64π^2

(_4 ∑ i=1 m^4_i (log m^2_i Q^2 − 3 2 ) − 2m^4_H (log m^2_H Q^2 − 3 2 ) − 2m^4_L(log m^2_L Q^2 − 3 2 ) ) , (B12)

where C_{UV} =^1_ϵ − γ + log 4π and Q is the renormalization scale. The renormalization point dependent finite part of the effective potential V^{(0)}_{eff} is given as,

V^{(0)}(Q^2) = 1 64π^2

(_4 ∑ i=1 m^4_i (log m^2_i Q^2 − 3 2 ) − 2m^4_H (log m^2_H Q^2 − 3 2 ) − 2m^4_L(log m^2_L Q^2 − 3 2 ) ) .(B13)

We note that V^{(0)} depends on the Higgs vacuum expectation value through m^2_D where m_D =

Y_ν v_2√

2 . To obtain the contribution to the Higgs mass term m^2_{H2} H^†_2 H_2, one can differentiate the effective potential with respect to m^2_D, while keeping the terms which remain non zero in large limit of M_R,

∂V^{(0)} ∂m^2_D ≃ 1 64π^2 ( (log

M^2_R Q^2

− C_{UV} − 1)(2m^2_3

∂m^2_3 ∂m^2_D + 2m^2_4

∂m^2_4 ∂m^2_D − 4m^2_H ∂m^2_H ∂m^2_D ) + 2(m^2_3 log m^2_3 M^2_R

∂m^2_3 ∂m^2_D + m^2_4 log m^2_4 M^2_R

∂m^2_4 ∂m^2_D − 2m^2_H log m^2_H M^2_R ∂m^2_H ∂m^2_D ) )

≃ 1 16π^2 ( (log

M^2_R Q^2

)(m^2_{L̃} + m^2_Ñ ) + 2m^2_Ñ ) − 1 16π^2

(C_{UV} + 1)(m^2_{L̃} + m^2_Ñ ), (B14)

The terms which are proportional to the derivative of the lighter mass also vanish in large limit of M_R, because m^2_1 ∼ m^2 ≃ m^2_{L̃} ≃^{m4D}_{M 2R} and the derivatives with respect to m^2_D are suppressed as^{BN}_{MR} and^{m2D}_{M 2R} , respectively. From Eq. (B14), one can read off the coefficient of the Higgs mass term H^†_2 H_2. The contribution to the Higgs mass term including the counter term is given as,

V^{(0)}_{eff} (Q^2) = V^{(0)}_{eff} + V^{(0)}_c = Y^2_ν 16π^2

(H^†_2 H_2) ( log M^2_R Q^2

(m^2_{L̃} + m^2_Ñ ) + 2m^2_Ñ ) (B15) where the counter term is given as,

V^{(0)}_c =

Y_ν^2 16π^2

(C_{UV} + 1)(m^2_{L̃} + m^2_Ñ )H^†_2 H_2. (B16)

Next we compute the corrections to V^{(0)} due to the A_ν terms up to the second order of Δ_A, because they give the non-vanishing contribution to the effective potential in large limit of M_R. To compute the corrections, one needs to derive the orthogonal matrix O in Eq.(B6). To diagonalize M^2_0 follows two steps. First, we diagonalize M^2_0 with the help of orthogonal matrices O_L and O_H as follows,

M^{′2}_0 = O^L 0 0 O_H M^2_0 O^{TL} 0 0 O^T_H

= m^2_{L̃} + m^2_D 0 0 m_DM_R 0 m^2_{L̃} + m^2_D m_DM_R 0 0 m_DM_R M^2_R + m^2_Ñ + m^2_D − B_N M_R 0 m_DM_R 0 0 M^2_R + m^2_Ñ + m^2_D + B_N M_R ,

(B17)

where O_L and O_H are given as

O_L = O^T_H = 1 √ 2 1 1 −1 1

. (B18)

We note the degenerate diagonal masses of the heavy sneutrinos are split after the rotation. The mass squared matrix M^{′2}_0 has the separated two by two parts as sub-matrices. Each of them has the form of the seesaw type. Thus, the mass matrix M^′_0 can be diagonalized as,

m^2_1 0 0 0 0 m^2 0 0 0 0 m^2_3 0 0 0 0 m^2_4 =

cos θ_+ 0 0 − sin θ_+ 0 cos θ_− − sin θ_− 0 0 sin θ_− cos θ_− 0 sin θ_+ 0 0 cos θ_+

M^{′2}_0 cos θ_+ 0 0 sin θ_+ 0 cos θ_− sin θ_− 0 0 − sin θ_− cos θ_− 0 − sin θ_+ 0 0 cos θ_+

.(B19)

Then the orthogonal matrix O is given as

O = cos θ_+ 0 0 − sin θ_+ 0 cos θ_− − sin θ_− 0 0 sin θ_− cos θ_− 0 sin θ_+ 0 0 cos θ_+ × O^L 0 0 O_H . (B20)

Using the above form of orthogonal matrix O, OΔ_AO^T is given as

OΔ_AO^T = m_DRe(Â_ν )

− sin 2θ_+ 0 0 cos 2θ_+

0 sin 2θ_− − cos 2θ_− 0 0 − cos 2θ_− − sin 2θ_− 0 cos 2θ_+ 0 0 sin 2θ_+ +

im_DIm(Â_ν )

0 sin(θ_− + θ_+) − cos(θ_− + θ_+) 0 − sin θ_− + θ_+ 0 0 cos(θ_− + θ_+) cos(θ_− + θ_+) 0 0 sin(θ_− + θ_+) 0 − cos(θ_− + θ_+) − sin(θ_− + θ_+) 0 .

(B21)

We then obtain the corrections to the effective potential at the first order of Δ_A given as

δV^{(1)}_{eff} = 1 2 (_4 ∑ i=1 ∫ d^dk (2π)^di

(OÂ_ν O^T )_{ii} m^2_i − k^2 )

= − Re.Â_ν m_D 32π^2 × ( m^2_4 sin 2θ_+(C_{UV} + 1 − ln m^2_4 Q^2

) − m^2_1 sin 2θ_+(C_{UV} + 1 − ln m^2_1 Q^2 ) − m^2_3 sin 2θ_−(C_{UV} + 1 − ln m^2_3 Q^2

) + m^2 sin 2θ_−(C_{UV} + 1 − ln m^2 Q^2 ) ) . (B22)

Now, let us show how the divergences are canceled so that the correction is finite. To do this, we use the relation

(m^2_4 − m^2_1) sin 2θ_+ = (m^2_3 − m^2) sin 2θ_−. (B23)

Then, the corrections to the effective potential become

δV^{(1)}_{eff} = m_DRe.Â_ν 32π^2 ( m^2_1 sin 2θ_+ ln m_3m_4 m^2_1

− m^2 sin 2θ_− ln m_3m_4 m^2 + m^2_3 sin 2θ_− + m^2_4 sin 2θ_+ 2 ln m^2_4 m^2_3 )

≃ m_DRe.(Â_ν ) 32π^2

(m^2_4 − m^2_3)(θ_+ + θ_−) ≃ m^2_D 8π^2

Re(Â_ν B_N ) ≃ Y^2_ν 8π^2 Re.(A_ν B_N v^2 2 − μB_N v^∗_1 v_2 2 ) ≃ Y^2_ν 8π^2 ( Re.(A_ν B_N )H^†_2 H_2 − μB_N Re.(H_1 · H_2) ) , (B24)

where we have used the relation which is valid in large limit of M_R, θ_± ∼^{mD}_{MR} and m^2_4 −m^2_3 = 2M_RB_N . The correction at the second order of Δ_{Aν} term is given as

δV^{(2)}_{eff} = − 1 4 ∫ d^dk (2π)^di 1 m^2_i − k^2

(OΔ_AO^T )_{ij} 1 m^2_j − k^2

(OΔ_AO^T )_{ji}. (B25)

The term which is not suppressed by^1_M n_R is given as,

δV^{(2)}_{eff} = − 1 16π^2

(C_{UV} + 1 − ln

M^2_R Q^2

)m^2_D|Â_ν |^2 = − Y_ν^2 16π^2

(C_{UV} + 1 − ln

M^2_R Q^2 ) ( |A_ν |^2H^†_2 · H_2 − 2Re(A_ν μH_1 · H_2) + μ^2H^†_1 · H_1 ) . (B26)

The divergences are canceled by adding the counter term,

V^{(2)}_c =

Y_ν^2 16π^2

(C_{UV} + 1) ( |A_ν |^2H^†_2 · H_2 − 2Re(A_ν μH_1 · H_2) + μ^2H^†_1 · H_1 ) . (B27)

The effective potential at one loop level is finally written as

V^{1loop}_{eff} = ( |μ|^2 + m^2_{H1} (Q^2) ) H^†_1 H_1 + ( |μ|^2 + m^2_{H2} (Q^2) ) H^†_2 H_2 − 2Re.(B(Q^2)μH_1 · H_2) + ( μ^2

Y^2_ν 16π^2 log M^2_R Q^2 ) H^†_1 H_1 + Y^2_ν 16π^2 ( log M^2_R Q^2

(m^2_{L̃} + m^2_Ñ + |A^2_ν |) + 2m^2_Ñ + 2Re.(A_ν B_N ) ) H^†_2 H_2 − 2Re. ( Y^2_ν 16π^2

(B_N + A_ν log

M^2_R Q^2

)μH_1 · H_2 ) − L_D, where L_D is the D-term contribution. To complete the renormalization of the effective potential, we consider the relation between the renormalized mass parameters and the bare ones. We first note that the bilinear part of the Higgs sector including the tree and the counter terms in the present model can be derived from the following Lagrangian, L = Z_1Ĥ^†_1Ĥ_1|_D + Z_2Ĥ^†_2Ĥ_2|_D + μĤ_1 · Ĥ_2|_F + h.c.

− (m^2_{H1} (Q^2) + δm^2_{H1} )H^†_1H_1 − (m^2_{H2} (Q^2) + δm^2_{H2} )H^†_2 H_2 + 2Re. ( (B(Q^2) + δB)μH_1 · H_2 ) . (B28) After integrating out F terms of the superfields, one obtains, L = Z_1∂_μH^†_1 ∂^μH_1 + Z_2∂_μH^†_2 ∂^μH_2 − |μ|^2 Z_2

H^†_1 H_1 − |μ|^2 Z_1

H^†_2 H_2 + 2Re. ( (B(Q^2) + δB)μH_1 · H_2 ) − (m^2_{H1} (Q^2) + δm^2_{H1} )H^†_1 H_1 − (m^2_{H2} (Q^2) + δm^2_{H2} )H^†_2 H_2. (B29) We define bare superfields and bare parameter μ as Ĥ^0_i = √ Z_iĤ_i, (i = 1, 2) and μ_0 √ Z_1 √ Z_2 = μ, respectively. One can write the Lagrangian in terms of the bare fields as, L = ∂_μH^{0†}_1 ∂^μH^0_1 + ∂_μH^{0†}_2 ∂^μH^0_2 − |μ_0|^2H^{0†}_1 H^0_1 − |μ_0|H^{0†}_2 H^0_2 + 2Re(B_0μ_0H^0_1 · H^0_2 ) − (m^2_{H1} (Q^2) + δm^2_{H1} )

Z_1

H^{0†}_1 H^0_1 − m^2_{H2} (Q^2) + δm^2_{H2} Z_2

H^{0†}_2 H^0_2 . (B30) Then one can define the bare mass parameters as, m^2_{0H1} Z_1 = m^2_{H1} (Q^2) + δm^2_{H1} , m^2_{0H2} Z_2 = m^2_{H2} (Q^2) + δm^2_{H2} , B_0 = B(Q^2) + δB. (B31) Eq.(B29) leads to the following counter terms for the bilinear parts of the Higgs potential, V_c = (δm^2_{H1} + (Z^{−1}_2 − 1)|μ|^2)H^†_1 H_1 + +(δm^2_{H2} + (Z^{−1}_1 − 1)|μ|^2)H^†_2 H_2 − 2Re(δBμH_1 · H_2). (B32) Comparing V_c with the sum of the counter terms V^{(0)}c + V^{(2)}c given by V^{(0)}_c + V^{(2)}_c =

Y^2_ν 16π^2

(C_{UV} + 1)(|A_ν |^2 + m^2_Ñ + m^2_{L̃})H^†_2 H_2 + Y^2_ν 16π^2

(C_{UV} + 1)μ^2H^†_1 H_1 −2 Y^2_μ 16π^2

(C_{UV} + 1)Re(A_ν μH_1 · H_2), (B33) we obtain the following relations,

δm^2_{H1} + (Z^{−1}_2 − 1)μ^2 =

Y^2_ν 16π^2

(C_{UV} + 1)μ^2, δm^2_{H2} + (Z^{−1}_1 − 1)μ^2 =

Y^2_ν 16π^2

(C_{UV} + 1)(|A_ν |^2 + m^2_Ñ + m^2_{L̃}), δB = Y^2_μ 16π^2

(C_{UV} + 1)A_ν . (B34)

Using the results of the wave function renormalization,

Z_1 = 1, Z_2 = 1 −

Y^2_ν 16π^2

C_{UV} , (B35)

we obtain

δm^2_{H1} =

Y^2_ν 16π^2 μ^2, (B36)

δm^2_{H2} =

Y^2_ν 16π^2

(|A_ν|^2 + m^2_Ñ + m^2_{L̃})(C_{UV} + 1). (B37)

Finally, we find the following relations between the renormalized parameters and the bare ones,

m^2_{H1} (Q^2) = m^2_{0H1} −

Y^2_ν 16π^2 μ^2, m^2_{H2} (Q^2) = m^2_{0H2} Z_2 −

Y^2_ν 16π^2

(|A^2_ν | + m^2_Ñ + m^2_{L̃})(C_{UV} + 1), B(Q^2) = B_0 −

Y^2_ν 16π^2

A_ν (C_{UV} + 1), μ(Q^2) = μ_0 √ Z_2. (B38)

[1] T. Yanagida, in Proceedings of the Workshop on the Unified Theory and Baryon Number in the Universe, Tsukuba, Japan, 1974, eds. O. Sawada and A. Sugamoto, KEK Report No. 79-18, p.95 (1979).

[2] M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity, eds. P. van Nieuwenhuizen and D.Z. Freedman, p.315 (North Holland, Amsterdam, 1979).

[3] G. K. Leontaris, K. Tamvakis, and J. D. Vergados, Phys. Lett. B171, 412 (1986).

[4] F. Borzumati and A. Masiero, Phys. Rev. Lett. 57, 961 (1986).

[5] J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi, and T. Yanagida, Phys. Lett. B357, 579 (1995), hep-ph/9501407.

[6] J. Cao and J. M. Yang, Phys. Rev. D71, 111701 (2005), hep-ph/0412315. [7] Y. Okada, M. Yamaguchi, and T. Yanagida, Prog. Theor. Phys. 85, 1 (1991). [8] Y. Okada, M. Yamaguchi, and T. Yanagida, Phys. Lett. B262, 54 (1991). [9] H. E. Haber and R. Hempfling, Phys. Rev. Lett. 66, 1815 (1991). [10] J. R. Ellis, G. Ridolfi, and F. Zwirner, Phys. Lett. B257, 83 (1991). [11] T. Kobayashi, H. Terao, and A. Tsuchiya, Phys. Rev. D74, 015002 (2006), hep-ph/0604091. [12] K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Prog. Theor. Phys. 67, 1889 (1982). [13] K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Prog. Theor. Phys. 68, 927 (1982). [14] K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Prog. Theor. Phys. 71, 413 (1984). [15] L. E. Ibanez and G. G. Ross, Phys. Lett. B110, 215 (1982). [16] L. Alvarez-Gaume, M. Claudson, and M. B. Wise, Nucl. Phys. B207, 96 (1982). [17] L. Calibbi, Y. Mambrini, and S. K. Vempati, JHEP 0709, 081 (2007), arXiv:0704.3518. [18] V. Barger, D. Marfatia, and A. Mustafayev, Phys. Lett. B665, 242 (2008), arXiv:0804.3601. [19] S. Petcov, S. Profumo, Y. Takanishi, and C. Yaguna, Nucl. Phys. B676, 453 (2004), hepph/0306195.

[20] M. Gomez, S. Lola, P. Naranjo, and J. Rodriguez-Quintero, JHEP 0904, 043 (2009), arXiv:0901.4013.

[21] J. N. Esteves, M. Hirsch, S. Kaneko, W. Porod, and J. C. Romao, Phys. Rev. D80, 095003 (2009), arXiv:0907.5090.

[22] V. Barger, D. Marfatia, A. Mustafayev, and A. Soleimani, Phys. Rev. D80, 076004 (2009), arXiv:0908.0941.

[23] K. Kadota and K. A. Olive, Phys. Rev. D80, 095015 (2009), arXiv:0909.3075. [24] K. Kadota, K. A. Olive, and L. Velasco-Sevilla, Phys. Rev. D79, 055018 (2009), arXiv:0902.2510.

[25] A. D. Box and X. Tata, Phys. Rev. D77, 055007 (2008), arXiv:0712.2858. [26] A. D. Box and X. Tata, Phys. Rev. D79, 035004 (2009), arXiv:0810.5765. [27] D. J. Castano, E. J. Piard, and P. Ramond, Phys. Rev. D49, 4882 (1994), hep-ph/9308335. [28] A. Dedes, A. B. Lahanas, and K. Tamvakis, Phys. Rev. D53, 3793 (1996), hep-ph/9504239.

[29] M. Luo, H. Wang, and Y. Xiao, Phys. Rev. D67, 065019 (2003), hep-ph/0211440. [30] H. Baer, M. A. Diaz, P. Quintana, and X. Tata, JHEP 0004, 016 (2000), hep-ph/0002245. [31] J. Hisano and D. Nomura, Phys. Rev. D59, 116005 (1999), hep-ph/9810479. [32] H. Baer, F. E. Paige, S. D. Protopopescu, and X. Tata (2003), hep-ph/0312045. [33] G. Hinshaw et. al. [WMAP Collaboration], Astrophys. J. Suppl. 180, 225 (2009), arXiv:0803.0732.

[34] G. Belanger, F. Boudjema, A. Pukhov, and A. Semenov, Comput. Phys. Commun. 180, 747 (2009), arXiv:0803.2360.

[35] G. Belanger, F. Boudjema, A. Pukhov, and A. Semenov, Comput. Phys. Commun. 176, 367 (2007), hep-ph/0607059.