arXiv:1103.4782v3 [hep-ph] 2 Jul 2012

Neutralino and chargino masses and related sum rules beyond MSSM

Katri Huitu,^{1 ∗} P. N. Pandita,^{2 †} and Paavo Tiitola^{1 ‡} 1 Department of Physics, and Helsinki Institute of Physics, P. O. Box 64, FIN-00014 University of Helsinki, Finland and 2 Department of Physics, North Eastern Hill University, Shillong 793 022, India

We study the implications of dimension five operators involving Higgs chiral superfields for the masses of neutralinos and charginos in the minimal supersymmetric standard model (MSSM). These operators can arise from additional interactions beyond those of MSSM involving new degrees of freedom at or above the TeV scale. In addition to the masses of the neutralinos and charginos, we study the sum rules involving the masses and squared masses of these particles for different gaugino mass patterns in presence of the dimension five operators. We derive a relation for the higgsino mixing mass parameter and tan β in the presence of the dimension five operators.

PACS numbers: 11.30.Pb, 12.60.Jv, 14.80.Ly

I. INTRODUCTION

Supersymmetry (SUSY) is a leading candidate [1] for physics beyond the Standard Model (SM). In supersymmetric theories the Higgs sector, so essential for the internal consistency of the SM, is technically natural [2]. Supersymmetry is, however, not an exact symmetry in nature, and the manner in which SUSY is broken is not known. The necessary SUSY breaking can be introduced through soft supersymmetry breaking terms that do not disturb the stability of the hierarchy between the weak scale and the large (grand unified or Planck) scale. The simplest implementation of the idea of low energy broken supersymmetry is the minimal supersymmetric standard model (MSSM) obtained by introducing the supersymmetric partners of the SM states, and introducing an additional Higgs doublet with opposite hypercharge to that of SM Higgs doublet, in order to cancel the gauge anomalies and generate masses for all the fermions of the Standard Model, with soft supersymmetry breaking terms generated by a suitable supersymmetry breaking mechanism [3]. In order for broken supersymmetry to be effective in protecting the weak scale against large radiative corrections, the supersymmetric partners of the SM particles should have masses of the order of O(TeV).

Because of underlying gauge invariance and supersymmetry, the Higgs sector of the MSSM is highly constrained. The LEP lower bound [4] on the Standard Model Higgs boson is m_{hSM} >∼ 114 GeV. Although the tree level upper bound m_h ≤ M_Z on the lightest Higgss boson of MSSM is violated by the LEP bound, there are large radiative corrections to the tree level mass coming from the top-stop loops [5–7]. If these radiative corrections have to be significant, then one of the stop mass eigenstates has to be heavy. On the other hand, for these radiative corrections to account for the current lower limit on the lightest Higgs boson mass, or for the possible Higgs mass m_h ∼ 125 GeV, as hinted by the Large Hadron Collider (LHC) experiments, the top squarks must be so massive that it makes the MSSM to be finely tuned. Alternatively, there must be large left-right mixing between scalar top quarks. Such large mixing is difficult to obtain in specific models, and can arise only in special regions in the parameter space [8]. Currently the allowed range of the lightest Higgs mass from the LHC experiments, which is of interest for supersymmetric models, extends from the LEP limit to around 130 GeV [9]. All this suggests that there may be additional degrees of freedom in the theory beyond those of the MSSM [10]. The effect of possible new degrees of freedom, evaluated in terms of effective dimension five and six operators have been found to be significant for the Higgs boson mass, see e.g. [11]. As pointed out by Dine, Seiberg and Thomas [10], at dimension five only two operators are relevant for the Higgs boson sector. Several aspects of dimension five operators have been studied in recent years, including neutralino and chargino sector in the context of dark matter [12].

It is interesting to note that there are several candidates for such additional physics beyond the MSSM [13– 17]. If this new physics lies at an energy scale which is above the masses of the MSSM degrees of freedom (we call it M), then it is convenient to study the effects of such additional degrees of freedom by using an effective Lagrangian approach from which the physics at scale M has been integrated out. The most general superpotential for the MSSM, which involves only the Higgs chiral superfields, up to dimension five can be written

∗ Electronic address: katri.huitu@helsinki.fi
† Electronic address: ppandita@nehu.ac.in
‡ Electronic address: paavo.tiitola@helsinki.fi

as [10]

W_5 = μH_uH_d + λ M (H_uH_d)^2, (I.1)

where μ is the higgs(ino) mixing parameter in the superpotential of MSSM, M is an energy scale which is much above the typical masses of the superparticles of MSSM, and λ is a dimensionless coupling. It has been shown that the dimension five operator in (I.1) raises the lightest Higgs boson mass of MSSM above the LEP limit without fine tuning, and, hence, without loss of naturalness [10].

Apart from the supersymmetry conserving dimension five operator in (I.1), there is another dimension five operator which involves supersymmetry breaking and can be represented by a dimensionless chiral spurion superfield [10]. However, if m_{SUSY} ≈ |μ|, the correction to the lightest Higgs mass comes dominantly from the supersymmetric operator (I.1), thus we will consider the effects of this operator only.

We will assume here that the R-parity, R_P = (−1)^{3B−2L+2s}, is conserved, leading to a stable lightest supersymmetric particle (LSP). In the models that we will consider, it is the lightest neutralino, and thus the other R-odd particles will finally decay to it. Here we will study the effects of the dimension five operator (I.1) on the spectrum of neutralinos and charginos. In this work we will concentrate on different supersymmetry breaking mechanisms, which lead to different mass patterns for the gaugino mass parameters, and the implications of the dimension five operator (I.1) for these mass patterns. In particular, we will demonstrate that using sum rules specific for the neutralino and chargino sector, one could distinguish between different breaking patterns in presence of the dimension 5 operator. We will also derive a formula for the μ-parameter as a function of tan β, and we will also consider determining the amount of the dimension five contribution using the sum rules.

In Section II we write down the mass matrices for the neutralinos and charginos in the presence of the dimension five operator (I.1). We review the experimental constraints on the parameters of the neutralino and chargino mass matrices, and discuss relevant aspects of different patterns for the soft supersymmetry breaking gaugino mass parameters that arise in models of low energy supersymmetry. In Section III we present our results for the spectrum of charginos and neutralinos, and the effect of dimension five operator on this spectrum. Further, we discuss sum rules involving the masses and squared masses of neutralinos and charginos which can be used to study the effect of the dimension five operator. We conclude with a summary in Section IV.

II. NEUTRALINO AND CHARGINO MASS MATRICES

A. Higgsino sector

The superpotential (I.1) leads, up to fimension five, to the following interaction Lagrangian involving only the higgsino ( ~H_u, ~H_d) and the Higgs (H_u, H_d) fields [10]: L = μ( ~H_u ~H_d) − ϵ_1 μ∗ [ 2(H_uH_d)( ~H_u ~H_d) + 2( ~H_uH_d)(H_u ~H_d) + (H_u ~H_d)(H_u ~H_d) + ( ~H_uH_d)( ~H_uH_d) ] + H.c., (II.1)

where SU(2)_L contraction between the fields in round parentheses is implied, and where

ϵ_1 = λμ^∗/M. (II.2)

For definiteness, we shall take μ to be real in this paper.

The first and second terms in (II.1) with scalar Higgs expectation values modify the charged and neutral higgsino Dirac masses. The third and fourth terms in (II.1) with scalar Higgs expectation values give rise to neutral higgsino Majorana masses which are absent in the tree-level neutralino mass matrix. Precision fits to both masses and couplings of neutralinos and charginos would be sensitive to the dimension five Higgs-higgsino interactions. It is important to note that the interactions (II.1) are all proportional to a single coupling, ϵ_1, which is the same as the coupling affecting the Higgs mass [10].

After the electroweak symmetry is broken, the neutralino mass matrix in the bino-wino-higgsino basis following from (II.1) can be written as [12]

M_0 =

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^{2λ}_M v^2 sin^2 β −μ +^{4λ}_M v^2 sin β cos β

M_Z sin β sin θ_W −M_Z sin β cos θ_W −μ +^{4λ}_M v^2 sin β cos β^{2λ}_M v^2 cos^2 β

, (II.3) where M_2 and M_1 are the SU(2)_L and U(1)_Y soft supersymmetry breaking gaugino masses, M^2_Z =^1_2 (g^2 +g^{′2})v^2, M^2_W =^1_2 g^2v^2, g and g^′ are SU(2)_L and U(1)_Y gauge couplings, and v = (2^{3/2}G_F )^{−1/2} ≃ 174 GeV is the Higgs vacuum expectation value. We shall denote the eigenstates of the neutralino mass matrix by χ̃^0_1, χ̃^0_2, χ̃^0_3, χ̃^0_4 with eigenvalues M_{χ̃}0_{i=1,2,3,4} , labeled in order of increasing mass.

In the wino-higgsino basis, the chargino mass matrix at dimension five can be written as

M_± = ( M_2 √ 2M_W sin β √ 2M_W cos β μ −^{2λ}_M v^2 sin β cos β ) . (II.4)

We shall denote the eigenstates of the chargino mass matrix (II.4) as χ̃^±_1 and χ̃^±_2 , with eigenvalues M_{χ̃}±_{i=1,2} , respectively.

Bounds on ϵ_1 have been discussed in [12]. The dimension five operator (I.1) causes a shift in the mass of the lightest Higgs boson, and if one assumes shift in m_h0 to be at most 20% − 30%, then ϵ_1 is constrained to values smaller than 0.05 [12]. Larger shifts in the Higgs mass could in principle disrupt the vacuum stability by creating a new global minimum for the potential. This issue was examined in [18], and a criterion was found to exclude transitions to such a vacuum. Furthermore, ϵ_1 is restricted by the scale of new physics appearing beyond the MSSM. If the scale of new physics is taken to be M/λ > 5 TeV, then using (II.2) one arrives at a limit |ϵ_1| <∼ 0.04 for μ = 200 GeV, whereas M/λ > 2 TeV allows for |ϵ_1| <∼ 0.1. This limit is further increased at larger values of μ. However, for large μ the lightest neutralino and chargino are mostly gauginos and the contribution from ϵ_1 to their masses is much less significant. In the following we limit our discussion to |ϵ_1| <∼ 0.1.

We note that the dimension five operator (I.1) contributes to the lower right 2×2 submatrix of the neutralino mass matrix (II.3). Furthermore, this operator also contributes to the (2, 2) element of the chargino mass matrix. We have included the most significant MSSM one-loop radiative corrections to the neutralino and chargino mass matrices in our analysis. Although these loop corrections are small (of the order of few GeV), these corrections in the (3, 3) and (4, 4) elements of the neutralino mass matrix can be important, since these elements vanish in the absence of dimension five contribution.

B. Experimental Constraints

Collider experiments have searched for the supersymmetric partners of the Standard Model particles. No supersymmetric partners of the SM particles have been found in these experiments. At present only lower limits on their masses have have been obtained. In particular, the search for the lightest chargino state at LEP has yielded lower limits on its mass [19]. The limit depends on the spectrum of the model [20]. Assuming that m_0 is large, from the chargino pair production one obtains the lower bound

M_{χ̃}±_1 >∼ 103 GeV. (II.5)

For small m_0, the bound is lowered, so that for m_{ν̃} < 200 GeV, but m_{ν̃} > m_{χ̃}±_1 , the limit becomes [20]

M_{χ̃}±_1 >∼ 85 GeV. (II.6)

For the parameters of the chargino mass matrix (II.5) implies an approximative lower limit [21, 22]

M_2, μ >∼ 100 GeV. (II.7)

The limits (II.7) on the parameters M_2 and μ are found from scanning over the MSSM parameter space and are thus model independent.

Another important constraint for parameters in the SUSY models comes from the mass of the lightest Higgs boson. The current lower limit on the mass of the lightest Higgs boson from LEP is 114.4 GeV. Including theoretical uncertainties from NNLO and higher corrections [23] will decrease the limit by around 3 GeV, and in our calculations we will use the lower limit of 111 GeV. The LHC experiments have found indications for a particle with m ∼ 125 GeV. Since this needs to be confirmed, we do not impose this mass constraint, but we will discuss the case of such a Higgs boson.

The LHC experiments have obtained constraints on the the squark and gluino masses. The ATLAS and CMS preliminary results indicate [24] that in the gravity mediated breaking the gluino mass limit is close to 1 TeV for a number of channels. Since this limit is model dependent, in the plots we will show the ranges for gaugino mass parameters satisfying Eq. (II.7) but keep in mind that the small gaugino mass parameters may violate the experimentally measured gluino mass.

C. Gaugino Mass Patterns

Having constrained the parameters M_2 and μ, which enter the chargino as well as the neutralino mass matrix, we now turn to the theoretical models for the supersymmetry breaking gaugino mass parameters M_1, M_2, and M_3. Theoretically, a simple set of patterns has emerged for these SUSY breaking parameters, which can be described as follows. Here we will briefly list the mass patterns. A more detailed discussion can be found e.g. in [25, 26].

1. Gravity mediated breaking

The first pattern, which has been the object of extensive studies, is the one which arises in the gravity mediated supersymmetry breaking models, usually referred to as the mSUGRA pattern. In the gravity mediated minimal supersymmetric standard model, the soft gaugino masses M_i and the gauge couplings g_i satisfy the renormalization group equations (RGEs) (|M_3| ≡ M_{g̃}, the tree level gluino mass)

16π^2 dM_i dt = 2b_iM_ig^2_i , b_i = ( 33 5 , 1, −3 ) , (II.8)

16π^2 dg_i dt = b_ig^3_i (II.9)

at the leading order, where i = 1, 2, 3 refer to the U(1)_Y , SU(2)_L and the SU(3) gauge groups, respectively. Furthermore, g_1 =^5_3 g^′, g_2 = g, and g_3 is the SU(3)_C gauge coupling. With the boundary conditions (α_i = g^2_i /4π, i = 1, 2, 3)

M_1 = M_2 = M_3 = m_{1/2}, (II.10) α_1 = α_2 = α_3 = α_G (II.11)

at the GUT scale M_G, the RGEs (II.8) and (II.9) imply that the soft supersymmetry breaking gaugino masses scale like gauge couplings:

M_1(M_Z ) α_1(M_Z ) = M_2(M_Z ) α_2(M_Z ) = M_3(M_Z ) α_3(M_Z ) = m_{1/2} α_G . (II.12)

After including radiative corrections, the ratios for gaugino masses are

M_1 : M_2 : M_3 ≃ 1 : 1.9 : 6.2. (II.13)

This pattern is typical of any scheme obeying Eqs. (II.8) and (II.10). Note that the gluino mass used above is the running mass evaluated at the scale of the gluino mass, whereas the gaugino mass parameters M_1 and M_2 are running parameters evaluated at the weak scale M_Z . Using the ratio (II.13) and the lower limit (II.7), we have the constraint

M_1 >∼ 50 GeV, (II.14)

in the gravity mediated supersymmetry breaking models.

We note that in the gravity mediated supersymmetry breaking models, the parameter μ is not constrained. As such |μ| can be smaller or larger than M_{1,2}. If |μ| ≫ M_1, M_2, then the lightest neutralino is mostly a gaugino, whereas in the opposite case |μ| ≪ M_1, M_2, it is dominantly a higgsino.

2. Anomaly mediated breaking

A second pattern of gaugino masses, which is distinct from the mSUGRA pattern, arises in anomaly mediated supersymmetry breaking models (AMSB). Since the soft supersymmetry breaking parameters are determined by the breaking of the scale invariance, they can be written in terms of the beta functions and anomalous dimensions in the form of relations which hold at all energies. In MSSM, the pure anomaly mediated contributions to the supersymmetry breaking gaugino masses can be written as [27]

M_λ = β_g g m_{3/2}, (II.15) where m_{3/2} is the gravitino mass, β’s are the relevant β functions. We note that the gaugino masses are proportional to their corresponding gauge group β functions with the lightest supersymmetric particle being mainly a wino.

However, it turns out that the pure scalar mass-squared anomaly contribution for sleptons is negative [28]. A simple way to cure the tachyonic spectrum is to add a common mass parameter m_0 to all the squared scalar masses [29], assuming that such an addition does not reintroduce the supersymmetric flavor problem.

In AMSB, after including radiative corrections, we have the following pattern for the gaugino masses:

M_1 : M_2 : |M_3| ≃ 2.8 : 1 : 7.1, (II.16)

in the minimal supersymmetric standard model with anomaly mediated supersymmetry breaking.

Using (II.7) and the anomaly pattern of the gaugino masses (II.16), we have

M_1 >∼ 280 GeV. (II.17)

This is to be contrasted with the corresponding result (II.14) for the gravity mediated supersymmetry breaking. We further note that in the anomaly mediated supersymmetry breaking mechanism, the higgs(ino) parameter μ cannot be smaller than M_1 due to the constraints following from electroweak symmetry breaking condition [29]. This implies that the dominant component of the lightest neutralino will be a gaugino. Thus, the effect of the dimension five operator on the lightest neutralino mass will be small, since it affects the higgsino component only.

3. Mirage mediated supersymmetry breaking

A third simple gaugino mass pattern arises from the mirage (or mixed modulus) mediated supersymmetry breaking, which is a hybrid between anomaly mediated supersymmetry breaking and mSUGRA pattern. Mirage mediation is naturally realized in KKLT-type moduli stabilization [30] and its generalizations, a well known example being KKLT moduli stabilization in type IIB string theory [31]. Phenomenology and cosmology of mirage mediation have been studied in [32–40]. Signatures of this scenario at LHC and the spectrum of neutralino mass in particular have been studied in [25, 41]. The boundary conditions for the soft supersymmetry breaking gaugino mass terms can be written as [42]

M_a = M_0 [ 1 + ln(M_{P l}/m_{3/2}) 16π^2 b_ag^2_aα ] , (II.18)

where M_0 ∼ 1 TeV is a mass parameter characterizing the moduli mediation, M_{P l} is the reduced Planck mass, g_a are the gauge couplings and b_a the corresponding one-loop beta function coefficients, and α = m_{3/2}/[M_0 ln(M_{P l}/m_{3/2})] = O(1) is a parameter representing the ratio of anomaly mediation to moduli mediation. In addition to M_0, α and tan β, mirage mediation is parametrized by a_i, and c_i, for which we follow definitions of [42].

Throughout the paper we have used the values c_i = a_i = 1. At low energies, the gaugino masses in mirage mediation can be written as M_a(μ) g^2_a(μ) = ( 1 + ln(M_{P l}/m_{3/2}) 16π^2 g^2_{GUT} b_aα ) M_0 g^2_{GUT} . (II.19)

This leads to a unification of the soft gaugino masses at the mirage messenger scale [43]

M_{mir} = M_{GUT} ( m_{3/2} M_{P l} )_{α/2} , (II.20)

which is lower than GUT scale for positive values of α. For g^2_{GUT} ≃ 1/2 the resulting low energy values yield the mirage mass pattern

M_1 : M_2 : M_3 ≃ (1 + 0.66α) : (2 + 0.2α) : (6 − 1.8α). (II.21)

Including the radiative corrections for the gaugino masses, we obtain

M_1 : M_2 : M_3 ≃ 1 : 1.5 : 2.1 for α = 1, (II.22) M_1 : M_2 : M_3 ≃ 1 : 1.2 : 0.92 for α = 2. (II.23)

PSfrag replacements

FIG. 1: The lightest neutralino mass in mSUGRA at tree level, and with one-loop radiative corrections as a function of the gaugino mass parameter M1. The blue solid line corresponds to the tree level mass with ϵ1 = 0. The other curves are in order of increasing dash length: tree level mass with ϵ1 = 0.1 (violet); one-loop mass with ϵ1 = 0 (ochre); and one-loop mass with ϵ1 = 0.1 (green). Here μ = 200 GeV and tan β = 10.

where we have used the value M_0 = 1 TeV. Thus, for the mirage mediation, we find

M_1 >∼ 67 GeV for α = 1, (II.24) M_1 >∼ 83 GeV for α = 2. (II.25)

Depending on the values of parameter, the lightest neutralino can be dominantly either a higgsino or a gaugino.

III. NUMERICAL RESULTS AND SUM RULES FOR NEUTRALINO AND CHARGINO MASSES

For large values of μ, the lightest neutralino and chargino are almost pure gauginos. In this case, the corrections to the lightest neutralino and chargino masses from BMSSM operators are small, since they affect the higgsino sector. If, on the other hand, the μ parameter is small compared to the gaugino mass parameters, i.e. if the lightest neutralino and chargino are dominantly higgsinos, the BMSSM corrections to their masses can be significant. In the case when the lightest neutralino and chargino are dominantly gauginos, it may be possible to study the effects of dimension five operator by using the sum rules for the masses of all the neutralinos and charginos. We will demonstrate that sum rules involving the neutralino and chargino masses can be used to distinguish between the different SUSY breaking patterns in presence of dimension five operator.

Since radiative corrections will be competing with the corrections coming from the dimension five operators, it is important to compare the magnitude of the ϵ_1 corrections with one-loop radiative corrections. In Fig. 1 we have plotted the lightest neutralino mass in the mSUGRA pattern of gaugino masses with μ = 200 GeV, tan β = 10. We have plotted the lightest neutralino mass at the tree level, with radiative corrections, with corrections coming only from ϵ_1, and with both the radiative and ϵ_1 corrections. The radiative corrections are calculated using small μ approximation [44, 45]. Only the contributions from quark-squark loops are included and squark masses are taken to be 1 TeV. It is seen that radiative corrections and ϵ_1 corrections are both generally a few GeV, but for large gaugino mass parameters they are of the opposite sign. At M_1 = 1 TeV, the radiative and ϵ_1 corrections are of similar magnitude (but opposite sign) for ϵ_1 =-0.04. The kink in the BMSSM corrections shows that at the corresponding value of the parameter M_1, the lightest neutralino changes from an eigenstate containing a significant gaugino component to another mass eigenstate, which is almost a pure higgsino.

In Fig. 2 we show the lightest neutralino and chargino masses for several values of ϵ_1, ϵ_1 = 0, ±0.05, ±0.1. We have plotted these masses for the mSUGRA model. The dimension five operator causes a shift in the lightest Higgs mass which can bring it down below the current experimental limit [12]. We have excluded the parts of the graphs where m_h0 < 111 GeV in Figs. 2-6, when calculating the Higgs mass with SOFTSUSY [46] and shift caused by dim 5 operators is taken into account. Because for μ << M_1, M_2 the higgsino sector strongly dominates the lightest neutralino and chargino masses, and thus the plot for mSUGRA is a representative for the mirage mediation models as well since the only difference in the masses in these models is due to the gaugino nonuniversality. It is seen that the effect of BMSSM operators in the case of mSUGRA pattern of gaugino masses is a few GeV, depending on the parameters. For tan β = 10, Figs. 2 (a) and (c), for positive

7 PSfrag replacements

(a)tan β = 10

PSfrag replacements

(b)tan β = 30

PSfrag replacements

(c)tan β = 10

PSfrag replacements

(d)tan β = 30

FIG. 2: The lightest neutralino and chargino masses in mSUGRA for several values for the parameter ϵ1 =^λ_M μ. The blue solid line corresponds to ϵ1 = 0, and the thick dashed lines in order of increasing dash length represent ϵ1 = 0.05 (violet), ϵ1 = 0.1 (ochre). The thin dashed lines denote the lightest neutralino mass for ϵ1 = −0.05 (violet), ϵ1 = −0.1 (ochre), again in the order of increasing dash length. Here μ = 200 GeV and one-loop radiative corrections are included.

ϵ_1 = 0.05, there are experimentally allowed Higgs masses only for M_1 > 450. For ϵ_1 = 0.1 Higgs is too light for all M_1 ≤ 1 TeV. Increasing tan β leads to a heavier Higgs, and the M_1 values shown in Figs. 2 (b) and (d) are allowed. The effect of dimension five operator for small M_1 values is opposite for neutralino and chargino masses, while for large values of M_1, the neutralino mass is always smaller than what it is without the ϵ_1 correction. For chargino mass the correction is positive for negative ϵ_1 and it is negative for positive ϵ_1. Thus, the effect of dimension five operator is enhanced for negative ϵ_1 in the difference of chargino and neutralino masses, as seen in Fig. 3. We have not shown the results for the AMSB case, since in the AMSB μ cannot be smaller than M_1 due to the electroweak symmetry breaking condition [29], and thus in this case the dimension five contribution is negligible to the lightest neutralino and chargino masses.

If the μ parameter is large compared to the soft gaugino masses, the two heaviest of the neutralinos are mostly higgsinos. The relative contribution of the dimension five operator to the mass for a heavy particle from the BMSSM operators is small. We conclude that if dimension 5 contribution to the masses of neutralinos and charginos is sizable, one cannot use purely the neutralino and chargino masses to determine the supersymmetry breaking mechanism. We, therefore, consider here two different sum rules involving neutralino and chargino masses and their squares. The dependence on gaugino masses enters these sum rules in a specific manner.

From the trace of the neutralino mass matrix (II.3) one obtains the sum over the neutralino mass eigenvalues which we denote by σ. This can be written as

σ(ϵ_1) ≡ 4∑ i=1 η_im_{χ̃}0_i = M_1 + M_2 + 2 ϵ_1 μ v^2, (III.1)

at leading order in ϵ_1, where η_i is the sign of the ith eigenvalue. This sum rule depends on the μ parameter through BMSSM operators, when ϵ_1 is taken as an independent parameter. It should be noted that in most of the allowed parameter space the neutralino mass matrix has one negative eigenvalue (see Table III for the gluino masses we use in this work). This needs to be taken into account when evaluating the sum. An advantage of

8 PSfrag replacements

(a)tan β = 10

PSfrag replacements

(b)tan β = 30

FIG. 3: The difference between the lightest neutralino and the lightest chargino mass in mSUGRA plotted for several values of the parameter ϵ1 =^λ_M μ. The blue solid line corresponds to ϵ1 = 0, and the thick dashed lines in order of increasing dash length represent ϵ1 = 0.05 (violet), ϵ1 = 0.1 (ochre). The thin dashed lines correspond to ϵ1 = −0.05 (violet), ϵ1 = −0.1 (ochre), again in the order of increasing dash length. Here μ = 200 GeV and one-loop radiative corrections are included.

this sum rule is that in addition to the gaugino mass parameters and ϵ_1, it depends only on the supersymmetric higgsino mixing parameter μ.

Mg̃ (GeV) 750 2000 mSUGRA ~χ^0_3 ~χ^0_2 AMSB ~χ^0_2 ~χ^0_2 mirage α = 1 ~χ^0_2 ~χ^0_1 mirage α = 2 ~χ^0_1 ~χ^0_1

TABLE I: The eigenvalue of the neutralino mass matrix with a negative sign.

Mg̃ (GeV) 750 2000 tan β 10 30 10 30 mSUGRA −0.06 < −0.1 0.03 −0.06 AMSB −0.04 −0.09 −0.02 −0.04 mirage α = 1 0.02 0.07 0.00 0.00 mirage α = 2 −0.04 < −0.1 −0.01 −0.03

TABLE II: The value of ϵ1 corrensponding to Higgs mass of 125 GeV. Higgs mass increases with decreasing ϵ1.

Using relations (II.12), (II.15), (II.19), and (II.20 ) the gaugino mass parameters M_1 and M_2 can be expressed in terms of the gluino mass M_{g̃} and coupling constant α_i, both observable quantities. For mSUGRA, AMSB and mirage mediation the sum rule can then be written as, with B = ln(M_{GUT} /M_{mir})/(16π^2), σ_{mSUGRA}(ϵ_1) = M_{g̃} α_3

(α_1 + α_2) + 2 ϵ_1 μ v^2,

σ_{AMSB} (ϵ_1) = M_{g̃} 3 [ α_2 α_3 + 33 5 α_1 α_3 ] + 2 ϵ_1 μ v^2, σ_{mirage}(ϵ_1) = M_{g̃} α_3

[1 − 3B]^{−1} [α_2 (1 + B) + α_1 ( 1 + 33 5 B )] + 2 ϵ_1 μ v^2. (III.2)

In Fig. 4 we have plotted the magnitude of the dimension five contribution relative to the whole sum with two μ and M_{g̃} values, μ = 200, 500 GeV, and M_{g̃} = 750, 2000 GeV. The plotted quantities can be written in terms of observables as

σ(ϵ_1) − σ(0) σ(ϵ_1) = ∑_4 i=1 η_im_{~χ}0_i − γ_{SB} M_{g̃} ∑ i η_im_{~χ}0_i , (III.3)

where γ_{SB} refers to the coefficient of M_{g̃} in different gaugino mass patterns in Eq. (III.2). We have again taken account of the experimental limit for the Higgs mass by excluding the parts of the lines violating the limit of m_h < 111 GeV (when calculating m_h, we use tan β = 30). AMSB is not allowed for the μ = 200 GeV case due to the constraint μ > M_1 in this model. In the sum σ the dimension five contribution is inversely proportional

PSfrag replacements

(a)M_{g̃} = 750; μ = 200 GeV.

PSfrag replacements

(b)M_{g̃} = 750; μ = 500 GeV.

PSfrag replacements

(c)M_{g̃} = 2000; μ = 200 GeV.

PSfrag replacements

(d)M_{g̃} = 2000; μ = 500 GeV.

FIG. 4: The contribution arising from ϵ1 to the total sum of (III.1) in different supersymmetry breaking models. The solid blue line corresponds to AMSB; mSUGRA (violet), and mirage mediation with α = 1 (ochre), and α = 2 (green) models, respectively, are presented in the order of increasing dash length.

to μ, and the maximum percentage contribution is achieved with the lowest gluino mass. The contribution is largest for mSUGRA pattern, and smallest for mirage mediation with α = 2. In our example with M_{g̃} = 750 GeV and μ = 200 GeV, the contribution with ϵ_1 = −0.1 varies between -2.5 % and -9 % .

The Higgs mass is an important constraint for the breaking patterns that we have studied in this paper. For the chosen values of tan β = 10, 30, and gluino masses m_{g̃} = 750 GeV and 2 TeV, we have shown in Table III the values of ϵ_1 for which m_h = 125 GeV. The smaller the ϵ_1 parameter is, the heavier the Higgs is. For mSUGRA and mirage mediation with α = 2 and for tan β = 30, m_{g̃} = 750 GeV, the required ϵ_1 would be smaller than -0.1.

From the trace of the squares of the neutralino and chargino mass matrices, one obtains a sum rule for the neutralino and chargino masses squared, which we denote by Σ:

Σ(ϵ_1) ≡ 2 2∑ i=1 m^2_{χ̃}±_i − 4∑ i=1 m^2_{χ̃}0_i = [ M^2_2 − M^2_1 ] + 4M^2_W − 2M^2_Z + 4ϵ_1v^2 sin 2β. (III.4)

at leading order in ϵ_1. This sum rule depends on tan β in addition to M_1, M_2 and ϵ_1 but not on μ. In this sense the sum rules (III.1) and (III.4) are complementary.

The dimension 5 contribution in Σ(ϵ_1) decreases for increasing tan β. The gaugino mass parameters M_1 and M_2 can again be expressed in terms of the gluino mass M_{g̃} and coupling constants α_i. For mSUGRA, AMSB and mirage mediation the sum rule can be written as

Σ_{mSUGRA}(ϵ_1) = M^2_{g̃} α^2_3

(α^2 − α^2_1) + 4M^2_W − 2M^2_Z + 4ϵ_1v^2 sin 2β,

Σ_{AMSB} (ϵ_1) =

M^2_{g̃} 9 [ α^2 α^2_3 − ( 33 5 )^2 α^2_1 α^2_3 ] + 4M^2_W − 2M^2_Z + 4ϵ_1v^2 sin 2β,

10 PSfrag replacements

(a)M_{g̃} = 750 GeV; tan β = 10.

PSfrag replacements

(b)M_{g̃} = 750 GeV; tan β = 30.

PSfrag replacements

(c)M_{g̃} = 2000 GeV; tan β = 10.

PSfrag replacements

(d)M_{g̃} = 2000 GeV; tan β = 30.

FIG. 5: The contribution arising from ϵ1 to the total sum of (III.4) in different supersymmetry breaking models. The solid blue line corresponds to AMSB; mSUGRA (violet), and mirage mediation with α = 1 (ochre), and α = 2 (green) models, respectively, are presented in the order of increasing dash length.

Σ_{mirage}(ϵ_1) = M^2_{g̃} α^2_3

[1 − 3B]^{−2} [ α^2 (1 + B)^2 − α^2_1 ( 1 + 33 5 B )_2]

+4M^2_W − 2M^2_Z + 4ϵ_1v^2 sin 2β. (III.5)

In Fig. 5 we have plotted the magnitude of the dimension five contribution relative to the whole sum with two tan β and M_{g̃} values, tan β = 10, 30 and M_{g̃} = 750, 2000 GeV. The plotted quantities can be written in terms of observables as

Σ(ϵ_1) − Σ(0) Σ(ϵ_1) = 2 ∑_2 i=1 m^2_{χ̃±i} − ∑_4 i=1 m^2_{χ̃0i} − α^2_{SB} M^2_{g̃} ∑_2 i=1 m^2_{χ̃±i} − ∑_4 i=1 m^2_{χ̃0i}

, (III.6)

where α_{SB} is the supersymmetry breaking model dependent coefficient of M^2_{g̃} in (III.5). As seen from Fig. 5 increasing tan β from 10 to 30 rougly halves the dimension five contribution. Larger tan β however allows larger positive values ϵ_1 without violating the Higgs mass constraint. In contrast with σ, the maximum dimension five contribution of 10 % is seen in the mirage mediation model with α = 2, and in mSUGRA the contribution is the lowest of the four examined models. It is seen that for AMSB and mirage mediation with α = 2 the contribution to σ is opposite sign to the contribution to Σ, while for mSUGRA and mirage mediation with α = 1, σ and Σ have the same sign.

By combining the sum rules Eq. (III.2) and (III.5) we obtain a relation for tan β and μ that is independent of ϵ_1, μ = 2 ∑_2 i=1 m^2_{χ̃±i} − ∑_4 i=1 m^2_{χ̃0i} − α^2_{SB} M^2_{g̃} − 4M^2_W + 2M^2_Z ∑_4 i=1 η_im_{~χ}0_i − γ_{SB} M_{g̃} 1 + tan^2 β 4 tan β

. (III.7)

This relation can be used for estimating the value of μ in BMSSM models if tan β is known. It should be noted that this formula does not exist without the BMSSM operator ϵ_1. Thus a consistent value with other

PSfrag replacements

FIG. 6: The fraction of the contribution arising from ϵ1 to the total sum of (III.4) plotted as function of the ratio M2/M1 with M1 = 400 GeV (long dashes, green), M1 = 200 GeV (short dashes, purple), and M1 = 100 GeV (solid line, ochre). On the horizontal axis M2/M1 = 0.36 corresponds to AMSB, M2/M1 = 1.2 to mirage mediation with α = 2, M2/M1 = 1.5 to mirage mediation with α = 1, and M2/M1 = 1.9 to mSUGRA. Here ϵ1 = −0.1 and tan β = 10. Only the parts of the lines that agree with the experimental limit for the chargino mass (II.5) are shown.

measurements may indicate the existence of the BMSSM operators. From precise measurements the value of ϵ_1 can also be determined from Eq. (III.2) and (III.5) when μ or tan β are known.

The gaugino mass pattern realized in Nature may well turn out to be a mixture of the patterns studied here. This possibility can be considered by a general study of the ratio of M_1 and M_2. In Fig. 6 we show the fraction of the contribution from the dimension five operator to the sum rule (III.4) for ϵ_1 = −0.1 as a function of the ratio of the mass parameters M_2 and M_1. Although at M_1 = 400 GeV (and larger) the dimension five contribution remains at less than a few percent for all models, M_1 = 100 GeV can produce as high as a 20 percent dimension five contribution in mirage mediation with α = 2 and a 10 percent contribution in mSUGRA. As expected, the contribution is highest near the point M_2/M_1 = 1, where the sum of the squares of the gaugino mass parameters cancels in the sum rule, thus making the sum completely independent of the gaugino masses. This point corresponds to mirage mediation with α = 2.17. Consequently, mirage mediation models with α close to this value allow significant dimension five contributions, although the lower bound for the gluino mass restricts M_1 to 1 TeV range and above. The experimental limit for the chargino mass rules out M_1 lower than 280 GeV in AMSB, and the dimension five contribution remains at a few percent for all allowed values for the gaugino masses for this model.

The usefulness of the sum rules depends on the accuracy with which the masses can be measured. The experimental error in the measurement of the neutralino and the chargino masses has been discussed in e.g. [47] for the LHC and for a possible future linear collider. While the quoted accuracies are not precise enough for using the sum rules, we have calculated as an example the accuracy for III.2 and III.5 assuming 1 % error in the measurement of the three heaviest neutralino masses and in both chargino masses, while neglecting the error in the lightest neutralino mass. Results are presented in Fig. 7. The accuracy of measuring Σ is diminished by the negative contribution of the neutralinos in the sum as well as the squaring of the masses, although at low gluino masses the uncertainty is of the same order of magnitude as the maximum ϵ_1 contribution in our range of ϵ_1 > −0.1 in AMSB and mirage mediation models.

The accuracy of σ is affected by the mass of the neutralino with negative contribution to the sum compared to the masses of the other three neutralinos. We note that the uncertainty in σ differs significantly with respect to the μ parameter only in the case of mSUGRA, and is largely independent of the gluino mass for μ = 200 GeV. Since the ϵ_1 contribution is inversely proportional to μ, the usefulness of σ in the detection of any BMSSM effect is greater for lower values of μ, for which the uncertainty is at 1% level for the whole gluino mass range (and in all models, excluding AMSB). As a comparison, the BMSSM contribution ranges from 1 % to 4 % for ϵ_1 = −0.05, and from 2 % to 9 % for ϵ_1 = −0.1, when M_{g̃} = 750 GeV and μ = 200 GeV (Fig.4).

12

PSfrag replacements

(a)tan β = 10, μ = 500 GeV

PSfrag replacements

(b)tan β = 10, μ = 500 GeV

PSfrag replacements

(c)tan β = 10, μ = 500 GeV

PSfrag replacements

(d)tan β = 10, μ = 500 GeV

PSfrag replacements

(e)tan β = 10, μ = 200 GeV

PSfrag replacements

(f)tan β = 30, μ = 500 GeV

FIG. 7: The quantities III.2 and III.5 as a function of the gluino mass and their experimental uncertainties assuming 1% uncertainty in the measurement of three heaviest neutralino masses and of both chargino masses. The solid blue line corresponds to AMSB; mSUGRA (violet), and mirage mediation with α = 1 (ochre), and α = 2 (green) models, respectively, are presented in the order of increasing dash length.

IV. SUMMARY

We have studied the contribution of the dimension five BMSSM operators involving chiral Higgs superfields to the neutralino and chargino masses. The contribution can be significant when the higgsino mixing parameter μ is small compared to the soft supersymmetry breaking gaugino mass parameters, as we have illustrated. If the μ parameter is large, its effect is negligible on the mass of the lightest neutralino, which is dominantly a gaugino. Thus, the sensitivity to the BMSSM operator studied here is very different in different supersymmetry breaking models, since in the mSUGRA and mirage mediation models the μ parameter can be small, while in the anomaly mediation models it is always larger than the gaugino mass parameters. The effect of the dimension five operators on the masses of the heavier neutralinos is relatively small as compared to the lightest neutralino mass, and thus more difficult to isolate.

We have examined whether the sum rule involving squares of the neutralino and chargino masses and the sum rule involving neutralino masses could be used for the detection of BMSSM operators by calculating the contribution of the dimension five parameter to the sums. We have shown that the two sum rules can be combined to derive a relation between μ and tan β which is valid in the presence of the studied dimension 5 BMSSM operator.

The accuracy of the neutralino and chargino mass measurements is a key issue in the usefulness of the sum rules. We have examined whether the sum rule (Σ) involving squares of the neutralino and chargino masses and the sumrule (σ) involving neutralino masses could be used for the detection of BMSSM by calculating the contribution of the dimension five parameter to the sum, and evaluating the accuracy to which the sum can be measured using the anticipated accuracies for neutralino and chargino measurements at a linear collider. For large μ the BMSSM effect contributes to the Σ-sum more significantly than to the lightest neutralino mass, but the cumulative error from the squares of the neutralino and chargino masses diminishes the accuracy of the total sum measurement. The uncertainty is at best of the same order of magnitude with the BMSSM contribution. The other sum rule σ involving neutralino masses has the advantage of having far less experimental uncertainty, and for our example accuracies, the measurement error would be smaller than the dimension five contribution to the sum rule.

Acknowledgments KH and PT gratefully acknowledge support from the Academy of Finland (Project No. 137960). PNP would like to thank Department of Physics, University of Helsinki, and Helsinki Institute of Physics for hospitality while part of this work was done. The work of PNP is supported by the J. C. Bose National Fellowship, and by the Council of Scientific and Industrial Research, India under the project No 03(1220)/12/EMR-II.

[1] J. Wess and J. Bagger, “Supersymmetry and supergravity,” Princeton, USA: Univ. Pr. (1992) 259 p [2] G. ’t Hooft, in “Recent Developments In Gauge Theories. Proceedings, Nato Advanced Study Institute, Cargese, France, August 26 - September 8, 1979,” New York, Usa: Plenum ( 1980) 438 P. ( Nato Advanced Study Institutes Series: Series B, Physics, 59); E. Witten, Nucl. Phys. B 188, 513 (1981); R. K. Kaul, Phys. Lett. B 109, 19 (1982); R. K. Kaul and P. Majumdar, Nucl. Phys. B 199, 36 (1982); R. K. Kaul, Pramana 19, 183 (1982).

[3] H. P. Nilles, Phys. Rept. 110, 1 (1984).

[4] R. Barate et al. [LEP Working Group for Higgs boson searches], “Search for the standard model Higgs boson at LEP,” Phys. Lett. B 565, 61 (2003) [arXiv:hep-ex/0306033]; S. Schael et al. [ALEPH Collaboration], “Search for neutral MSSM Higgs bosons at LEP,” Eur. Phys. J. C 47, 547 (2006) [arXiv:hep-ex/0602042].

[5] Y. Okada, M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85, 1 (1991); H. E. Haber and R. Hempfling, Phys.

Rev. Lett. 66, 1815 (1991); J. R. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B 257, 83 (1991); [6] H. E. Haber, R. Hempfling and A. H. Hoang, Z. Phys. C 75, 539 (1997) [arXiv:hep-ph/9609331]; M. Carena, M. Quiros and C. E. M. Wagner, Nucl. Phys. B 461, 407 (1996) [arXiv:hep-ph/9508343]; M. Carena, J. R. Espinosa, M. Quiros and C. E. M. Wagner, Phys. Lett. B 355, 209 (1995) [arXiv:hep-ph/9504316]; M. Carena, H. E. Haber, S. Heinemeyer, W. Hollik, C. E. M. Wagner and G. Weiglein, Nucl. Phys. B 580, 29 (2000) [arXiv:hep-ph/0001002].

[7] M. Frank, T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak and G. Weiglein, JHEP 0702, 047 (2007) [arXiv:hep-ph/0611326]; G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich and G. Weiglein, Eur. Phys. J. C 28, 133 (2003) [arXiv:hep-ph/0212020]; S. Heinemeyer, W. Hollik and G. Weiglein, Eur. Phys. J. C 9, 343 (1999) [arXiv:hep-ph/9812472]; S. Heinemeyer, W. Hollik and G. Weiglein, Comput. Phys. Commun. 124, 76 (2000) [arXiv:hep-ph/9812320].

[8] R. Essig, Phys. Rev. D 75, 095005 (2007) [arXiv:hep-ph/0702104]; see also K. Huitu, L. Leinonen, J. Laamanen, [arXiv:1107.2128 [hep-ph]].

[9] R. Bernhard for ATLAS collaboration and A. Bornheim for CMS collaboration, talks in the Moriond conference, March 2012.

[10] M. Dine, N. Seiberg and S. Thomas, Phys. Rev. D 76, 095004 (2007) [arXiv:hep-ph/0707.0005]. See also A. Strumia, Phys. Lett. B 466, 107 (1999); [arXiv: hep-ph/9906266] A. Brignole, J. A. Casas, J. R. Espinosa and I. Navarro, Nucl. Phys. B 666, 105 (2003) [arXiv:hep-ph/0301121]. J. A. Casas, J. R. Espinosa and I. Hidalgo, JHEP 0401 (2004) 008 [arXiv:hep-ph/0310137].

[11] M. Carena, K. Kong, E. Ponton and J. Zurita, Phys. Rev. D 81, 015001 (2010) [arXiv:0909.5434 [hep-ph]];

M. Carena, E. Ponton and J. Zurita, Phys. Rev. D 82, 055025 (2010) [arXiv:1005.4887 [hep-ph]]; M. Carena, E. Ponton and J. Zurita, arXiv:1111.2049 [hep-ph].

[12] K. Cheung, S. Y. Choi and J. Song, Phys. Lett. B 677, 54 (2009) [arXiv:0903.3175 [hep-ph]]; M. Berg, J. Edsjo, P. Gondolo, E. Lundstrom and S. Sjors, JCAP 0908, 035 (2009) [arXiv:0906.0583 [hep-ph]]; N. Bernal and A. Goudelis, JCAP 1003, 007 (2010) [arXiv:0912.3905 [hep-ph]].

[13] H. P. Nilles, M. Srednicki and D. Wyler, Phys. Lett. B 120, 346 (1983); J. M. Frere, D. R. T. Jones and S. Raby, Nucl.

Phys. B 222, 11 (1983); J. P. Derendinger and C. A. Savoy, J. R. Ellis, J. F. Gunion, H. E. Haber, L. Roszkowski and F. Zwirner, Phys. Rev. D 39, 844 (1989); M. Drees, Int. J. Mod. Phys. A 4, 3635 (1989); U. Ellwanger, M. Rausch de Traubenberg and C. A. Savoy, Phys. Lett. B 315, 331 (1993) [arXiv:hep-ph/9307322]; P. N. Pandita, Phys. Lett. B

318, 338 (1993); P. N. Pandita, Z. Phys. C 59, 575 (1993); U. Ellwanger, M. Rausch de Traubenberg and C. A. Savoy, Nucl. Phys. B 492, 21 (1997) [arXiv:hep-ph/9611251]; S. F. King and P. L. White, Phys. Rev. D 52, 4183 (1995) [arXiv:hep-ph/9505326]; F. Franke and H. Fraas, Int. J. Mod. Phys. A 12, 479 (1997) [arXiv:hep-ph/9512366].

[14] J. R. Espinosa and M. Quiros, Phys. Lett. B 279, 92 (1992); J. R. Espinosa and M. Quiros, Phys. Lett. B 302, 51 (1993) [arXiv:hep-ph/9212305];

[15] K. Huitu, P. N. Pandita and K. Puolamaki, Phys. Lett. B 423, 97 (1998) [arXiv:hep-ph/9708486]; K. Huitu, P. N. Pandita and K. Puolamaki, arXiv:hep-ph/9904388; K. Huitu, P. N. Pandita and K. Puolamaki, arXiv:hep-ph/9910504; K. Huitu, J. Maalampi, P. N. Pandita, K. Puolamaki, M. Raidal and N. Romanenko, arXiv:hep-ph/9912405.

[16] J. R. Espinosa and M. Quiros, Phys. Rev. Lett. 81, 516 (1998) [arXiv:hep-ph/9804235]. [17] L. Randall, talk at The 10th International Conference on Supersymmetry and Unification of Fundamental Interactions (SUSY02), Hamburg, Germany, 17-23 Jun 2002, http://www.desy.de/susy02/ ; P. Batra, A. Delgado, D. E. Kaplan and T. M. P. Tait, JHEP 0402, 043 (2004) [arXiv:hep-ph/0309149]; A. Maloney, A. Pierce and J. G. Wacker, JHEP 0606, 034 (2006) [arXiv:hep-ph/0409127].

[18] K. Blum, C. Delannay, and Y. Hochberg Phys. Rev. D 80, 075004 (2009) [arXiv:0905.1701v1 [hep-ph]]. [19] LEPSUSYWG, ALEPH, DELPHI, L3 and OPAL experiments, note LEPSUSYWG/01-03.1 (http://lepsusy.web.cern.ch/lepsusy/Welcome.html).

[20] W. M. Yao et al. [Particle Data Group], J. Phys. G 33, 1 (2006).

[21] J. Abdallah et al. [DELPHI Collaboration], Eur. Phys. J. C 31, 421 (2004) [arXiv:hep-ex/0311019]. [22] H. K. Dreiner, S. Heinemeyer, O. Kittel, U. Langenfeld, A. M. Weber and G. Weiglein, arXiv:0901.3485 [hep-ph]. [23] G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich and G. Weiglein, Eur. Phys. J. C 28, 133 (2003) [arXiv:hep-ph/0212020]; S. Heinemeyer, Int. J. Mod. Phys. A 21, 2659 (2006) [arXiv:hep-ph/0407244].

[24] G. Polesello, talk in Hadron Collider Physics Symposium, on behalf of the ATLAS and CMS collaborations, Paris, Nov 18, 2011. (See also https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots, http://cms.web.cern.ch/org/cms-papers-and-results) [25] K. Choi and H. P. Nilles, JHEP 0704 (2007) 006 [arXiv:hep-ph/0702146].

[26] K. Huitu, J. Laamanen, P. N. Pandita, P. Tiitola, Phys. Rev. D82, 115003 (2010). [arXiv:1006.0661 [hep-ph]]. [27] L. Randall, R. Sundrum, Nucl. Phys. B557, 79 (1999); G. Giudice, M. Luty, H. Murayama, R. Rattazzi, JHEP, 9812, 027 (1998) ; J.A. Bagger, T. Moroi, E. Poppitz, JHEP 0004, 009 (2000).

[28] L. Randall, R. Sundrum, Nucl. Phys. B557, 79 (1999).

[29] T. Gherghetta, G. F. Giudice and J. D. Wells, Nucl. Phys. B 559, 27 (1999) [arXiv:hep-ph/9904378]. [30] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, Phys. Rev. D 68, 046005 (2003) [arXiv:hep-th/0301240]. [31] S. Kachru, M. B. Schulz and S. Trivedi, JHEP 0310, 007 (2003) [arXiv:hep-th/0201028]. [32] K. Choi, K. S. Jeong and K. i. Okumura, JHEP 0509, 039 (2005) [arXiv:hep-ph/0504037]. [33] M. Endo, M. Yamaguchi and K. Yoshioka, Phys. Rev. D 72, 015004 (2005)[arXiv:hep-ph/0504036]. [34] A. Falkowski, O. Lebedev and Y. Mambrini, JHEP 0511, 034 (2005)[arXiv: hep-ph/0507110]. [35] H. Baer, E.-K. Park, X. Tata and T. T. Wang hep-ph/0604253. [36] H. Baer, E.-K. Park, X. Tata and T. T. Wang, hep-ph/0607085.

[37] M. Endo, K. Hamaguch and F. Takahashi, Phys. Rev. Lett. 96 (2006) 211301 [arXiv:hep-ph/0602061]; S. Nakamura and M. Yamaguchi, Phys. Lett. B 638, 389 (2006) [arXiv:hep-ph/0602081]; T. Asaka, S. Nakamura and M. Yamaguchi, Phys. Rev. D74, 023520 (2006) [arXiv:hep-ph/0604132]; M. Dine, R. Kitano, A. Morisse and Y. Shirman, Phys. Rev. D73, 123518 (2006) [arXiv:hep-ph/0604140] [38] R. Kitano and Y. Nomura, Phys. Rev. D 73, 095004 (2006) [arXiv:hep-ph/0602096]. [39] K. Kawagoe and M. Nojiri, Phys. Rev. D 74, 115001 (2006) [arXiv:hep-ph/0606104]. [40] K. Choi, K. Y. Lee, Y. Shimizu, Y. G. Kim and K. i. Okumura, JCAP 0612, 017 (2006) [arXiv:hep-ph/0609132]. [41] W.S. Cho, Y.G. Kim, K.Y. Lee, C.B. Park and Y. Shimzu, JHEP 0704, 054 (2007) [arXiv:hep-ph/0703163] [42] K. Choi, A. Falkowski, H. P. Nilles, M. Olechowski and S. Pokorski, JHEP 0411, 076 (2004) [arXiv:hep-th/0411066];

K. Choi, A. Falkowski, H. P. Nilles and M. Olechowski, Nucl. Phys. B718, 113 (2005) [arXiv:hep-th/0503216]. [43] K. Choi, K. S. Jeong and K. i. Okumura, JHEP 0509, 039 (2005) [arXiv:hep-ph/0504037]. [44] M. Drees, M. M. Nojiri, D. P. Roy, Y. Yamada Phys. Rev. D 56, 276 (1997) [45] D. M. Pierce, J. A. Bagger, K. T. Matchev, R. Zhang Nucl. Phys. B 491 3, 1997 [46] B. C. Allanach, Comput. Phys. Commun 143 (2002) 305-331 [arXiv: 0104145]. [47] D. Rainwater, TASI 2006 lectures, [arXiv:hep-ph/0702124]