arXiv:1207.3016v2 [hep-ph] 20 Dec 2012

Flavour constraints on scenarios with two or three heavy squark generations

Jörn Kersten^{1(a)} and Liliana Velasco-Sevilla^{2(b)}

(a) University of Hamburg, II. Institute for Theoretical Physics, Luruper Chaussee 149, 22761 Hamburg, Germany

(b) Instituto de Física, Universidad Nacional Autónoma de México, Apdo. Postal 20-364, 01000, México D.F., México.

Abstract

We re-assess constraints from flavour-changing neutral currents in the kaon system on supersymmetric scenarios with a light gluino, two heavy generations of squarks and a lighter third generation. We compute for the first time limits in scenarios with three heavy squark families, taking into account QCD corrections at the nextto-leading order. We provide ready to use magic numbers for the computation of the Wilson coefficients at 2 GeV for these scenarios.

1Email: joern.kersten@desy.de
2Email: liliana.velascosevilla@gmail.com

1 Introduction

The initial searches for supersymmetric particles at the LHC indicate that minimal supersymmetric scenarios where all supersymmetric particles have similar masses below a TeV are not realized in nature. This, in addition to stringent bounds from supersymmetric contributions to flavour-changing neutral currents (FCNC), makes scenarios where some supersymmetric particles are significantly heavier than others more appealing, although these scenarios have been studied already for over a decade. With this motivation in mind and following the work in [1], we re-assess limits from FCNC in scenarios with two or three heavy families of squarks (m_{q̃} ≤ 10 TeV), while keeping the gluino mass below 2 TeV. Studies of the QCD corrections in such setups, in particular for two heavy families, were performed in [2], [3] and [4, 5]. The first work considered leading-order (LO) QCD corrections and used the vacuum insertion approximation (VIA) for the hadronic matrix elements. The second one calculated next-to-LO (NLO) corrections and took into account lattice results for the bag parameters appearing in the matrix elements. More recently, [4] discussed a specific pattern of family symmetry breaking with hierarchical squarks and pointed out the need for a careful treatment of certain box diagrams in some cases, which was studied in more detail in [5].

The most dangerous supersymmetric contributions to FCNC often occur in the kaon sector, in particular contributions to Δm_K and the CP violation parameter ϵ. Our motivations for revisiting the corresponding limits are (i) significant progress in the determination of the experimental values and theoretical expectations in the Standard Model (SM) since the publication of [3], and (ii) the need for an NLO calculation of the QCD corrections in the case of three heavy squark generations.

We proceed as follows: in section 2, we summarize, for the sake of clarity, the way NLO QCD corrections are addressed for the ΔS = 2 processes involving light gluinos and heavy scalars. We provide formulas that can be used to compute easily the renormalization group (RG) evolution of the Wilson coefficients relevant for ΔS = 2 processes, both for the case of two heavy squark generations and for the case of three heavy families. We compare our results with the literature, finding that in some cases a change of basis was missing in earlier work. In section 3, we re-assess limits from Δm_K on the mass m_{q̃} of the heavy families of down-type squarks, for given values of the flavour-violating parameters in the mass insertion (MI) approximation. We comment on the difference between the scenarios with three and two families of heavy scalars. In this section, we also determine bounds on the real and imaginary parts of flavour-violating parameters for given values of m_{q̃} and the mass of the gluino, m_{g̃}.

2 QCD corrections for heavy squarks and a light gluino

2.1 Renormalization group evolution of the Wilson coefficients

The effective Hamiltonian for ΔS = 2 transitions can be written as

H^{ΔS=2} = 5∑ i=1 C_iO_i + 3∑ i=1 C̃_iÕ_i, (1)

where the operators O_i are

O_1 = d̄^αγ_μP_Ls^αd̄^βγ^μP_Ls^β, O_2 = d̄^αP_Ls^αd̄^βP_Ls^β, O_3 = d̄^αP_Ls^βd̄^βP_Ls^α, O_4 = d̄^αP_Ls^αd̄^βP_Rs^β, O_5 = d̄^αP_Ls^βd̄^βP_Rs^α, (2)

and P_{L,R} are chirality projection operators, α, β are color indices, Õ_i = O_i (L ↔ R), ⟨Õ_i⟩ = ⟨O_i⟩, and C̃_i = C_i (L ↔ R). The RG evolution of the Wilson coefficients from a high-energy scale M to a lower energy μ is determined by the 5 × 5 evolution matrix ^W [μ, M], C(μ) = ^W [μ, M]C(M), (3)

where C represents a column vector with the 5 components C_i. We denote row vectors with an arrow, such as the row vector ⃗O built up by the components O_i. At LO and NLO, respectively, ^W [μ, M] can be expressed as [6] ^W [μ, M]_{LO} = ^U[μ, M] = [ α_s(M) α_s(μ) ]_{^γ}(0)T_{/2β0} , ^W [μ, M]_{NLO} = ^U[μ, M] + α^s(μ) 4π ^J(ñ_f ) ^U[μ, M] − α^s(M) 4π ^U[μ, M] ^J(ñ_f ), β_0 = 1 3 (11N_c − 2ñ_f ) , (4)

where N_c = 3 is the number of colors and ñ_f equals the number of active fermion flavors, n_f , at energies below the gluino mass, m_{g̃}. At higher energies,

ñ_f = n_f + N_c + n_{q̃} 4 , (5)

where n_{q̃} is the number of light squarks with a mass similar to m_{g̃} [3]. The 5 × 5 matrices ^J were calculated in [6]. They depend on the renormalization scheme. We use the LRI scheme because it is also used in the lattice determination of the low-energy matrix elements. The one-loop anomalous dimension matrix (ADM), γ^{(0)}, is schemeindependent. It depends only on N_c and is a 5 × 5 matrix, since the five operators O_i entering the Hamiltonian (1) do not mix with others [7] during the evolution down to low energies.

In [6], the ADMs and ^J are given in the Fierz basis of operators O^+_i , defined by

O_1 = O^+_1 , O_2 = O^+_4 ,

O_3 = − 1 2 ( O^+_4 − 1 4 O^+_5 ) , O_4 = O^+_3 ,

O_5 = − 1 2 O^+_2 . (6)

Then we can define a matrix V to transform between the basis of the operators O_i and the one of the operators O^+_i ,

⃗O^+ = ⃗OV^{−1}, C^+ = V C,

V = 1 0 0 0 0 0 0 0 −^1_2 0 0 0 0 1 0 0 1 −^1_2 0 0 0 0^1_8 0 0

. (7)

We will denote all evolution matrices in the Fierz basis with a tilde instead of a hat, ~U[μ, M] = V^{−1} ^U[μ, M]V, ~W [μ, M] = V^{−1}^W [μ, M]V. (8) In the scenario under consideration, the RG evolution of the Wilson coefficients starts at the mass scale of the heavy squarks, M = m_{q̃}, and ends at μ = 2 GeV, where the matrix elements of the ΔS = 2 operators are calculated. Along the way, the gluinos and heavy quarks have to be integrated out at their mass scales. In the case of two heavy squark generations, we assume the lighter squarks to have the same mass as the gluino.^1 The corresponding mass scales are depicted in Fig. 1. The figure also shows the matrices governing the evolution between the scales. The NLO evolution from m_{q̃}

1This also implies the absence of threshold corrections to α_s at m_{g̃} .

E m_{q̃} ~W_1 := ~W [m_{g̃}, m_{q̃}], ~U_1, ^J(10) or ^J(9) m_{g̃} ~W_2 := ~W [m_t, m_{g̃}], ~U_2, ^J(6) m_t ~W_3 := ~W [m_b, m_t], ~U_3, ^J(5) m_b ~W_4 := ~W [μ, m_b], ~U_4, ^J(4) μ Figure 1: Energy thresholds, evolution matrices and ^J(ñ_f ) involved in the RG evolution of the Wilson coefficients. In the energy range between m_{g̃} and m_{q̃}, ^J(10) and ^J(9) refer to the case of 2 and 3 heavy squark generations, respectively. In ~W_4 we take μ = 2 GeV.

down to μ yields

C(μ) = V^{−1} ~W [μ, m_{q̃}]V C(m_{q̃}), ~W [μ, m_{q̃}] = ~W [μ, m_b]~W [m_b, m_t]~W [m_t, m_{g̃}]~W [m_{g̃}, m_{q̃}] | | |_{NLO} . (9)

The LO evolution is analogous, with the replacement ~W → ~U. The subscript “NLO” reflects the fact that we have to truncate the expansion of the product of evolution matrices such that it contains only terms up to O(α_s) [8]. Explicitly,

~W [μ, m_{q̃}] = ~U_4 ~U_3 ~U_2 ~U_1 + ~U_4 ~U_3 ~U_2(~W_1 − ~U_1) + ~U_4 ~U_3(~W_2 − ~U_2) ~U_1

+ ~U_4(~W_3 − ~U_3) ~U_2 ~U_1 + (~W_4 − ~U_4) ~U_3 ~U_2 ~U_1. (10)

~W [μ, m_{q̃}] depends on the values of α_s at the scales m_{q̃}, m_{g̃}, m_t, m_b and μ. Plugging in the known values of α_s(m_t), α_s(m_b) and α_s(μ), we can write the evolution matrices ~W [μ, m_{g̃}] and ~W [m_{g̃}, m_{q̃}] as functions of the free parameters α_s(m_{g̃}) and α_s(m_{q̃}) as well as the so-called magic numbers, analogously to Eqs. (9) of [3],

~W [μ, m_{g̃}] =^5 ∑ r=1 [ b^{(r)}_{LO} + b^{(r)}_{NLO} + η_6c^{(r)} ] η^{ar}_6 , ~W [m_{g̃}, m_{q̃}] =^5 ∑ r=1 [ d^{(r)} + η_6e^{(r)} + η_{g̃}η_6f^{(r)} ] η^{a′r}_{g̃} , (11)

where η_6 = α_s(m_{g̃}) α_s(m_t)

, η_{g̃} = α_s(m_{q̃}) α_s(m_{g̃})

, (12) and the magic numbers b^{(r)}, c^{(r)}, d^{(r)}, e^{(r)} and f^{(r)} are 5 × 5 matrices. However, as the product ~W [μ, m_{g̃}]~W [m_{g̃}, m_{q̃}] contains terms of order α^2_s, to be consistent, we have to use the single evolution matrix ~W [μ, m_{q̃}] = ∑ r,s {[ b^{(r)}_{LO} + b^{(r)}_{NLO} + η_6c^{(r)} ] d^{(s)} + b^{(r)}_{LO} [ e^{(s)} + η_{g̃}f^{(s)} ] η_6 } η^{ar}_6 η^{a′s}_{g̃} (13)

rather than Eqs. (11). This approach is useful because for a given model, with three or two heavy families of squarks, we have to calculate only η_6 and η_{g̃}. Together with the magic numbers, Eq. (13) then immediately yields the values of the Wilson coefficients at μ = 2 GeV.

2.2 Evolution between squark and gluino mass scales

Due to the hierarchy between gluino and squark masses, integrating out all superparticles at the same scale would produce large logarithms. Therefore, we proceed in two steps, first integrating out the heavy squark generations at m_{q̃} [2, 3] and then the gluinos and light squarks at m_{g̃}.

The LO matching at m_{q̃} is visualized in Fig. 2. In the full theory, FCNC in the neutral kaon system stem from the ΔS = 2 box diagram (I), where the scalar lines represent squark mass eigenstates. Using the MI approximation, we work with flavour eigenstates and flavour-changing mass insertions, represented by dashed lines and crosses in diagrams (IIa,b), and consider only diagram (IIa). This diagram contains only d̃ and s̃ squarks. Squarks of the third generation appear in box diagrams with at least three MI, i.e., in diagram (IIb) and higher orders. Thus, they do not contribute to the matching in the considered approximation. Consequently, even in the case of light third-genaration squarks, there are no contributions from diagrams involving one heavy and one light squark, which require a special treatment [4, 5].^2

In the effective theory below m_{q̃} but above m_{g̃}, diagrams (IIIa) and (IIIb) of Fig. 2 yield FCNC. The former contains the ΔS = 2 operators O_i and Õ_i, which are represented by the dot, and it is suppressed by 1/m^2_{q̃} . The latter diagram is suppressed by m^2_{g̃}/m^4_{q̃} and thus negligible [2].

Altogether, the final LO matching condition is (IIa)=(IIIa). At NLO, one has to consider diagrams with one more loop as well, which can be found in [9]. The resulting expressions for the gluino contributions to the Wilson coefficients at high energy, C^{g̃}_i (m_{q̃}), are given in Appendix A of [9] in terms of the MI parameters δ.^3 They are the same in both cases for the squark masses we consider.

2This can be different in scenarios with additional assumptions that cause CP violation to originate only from diagrams involving third-generation squarks, for example, Minimal Flavour Violation [4].

3We define (δ^d_{XY} )_{ij} :=^{(m2d̃ XY )ij} √ (m^2_{d̃ XY} )_{ii} (m^2_{d̃ XY} )_{jj}

, where X, Y ∈ {L, R} and where one has to use the

=

(I)

+

(IIa) (IIb)

+ . . .

=

(IIa) (IIIa)

+

(IIIb)

+ . . .

Figure 2: Diagrams representing the process of integrating out the heavy particles. The series of diagrams in the upper line represents the transition from the complete ΔS = 2 box diagram to the mass insertion approximation, where the leading order is represented by diagram (IIa) and the next order by diagram (IIb). Crosses denote mass insertions. Diagrams (IIIa) and (IIIb) arise from diagram (IIa) when integrating out the d-type squarks.

The high-scale Wilson coefficients contain the strong coupling and gluino mass at m_{q̃}. Therefore, we have to run these quantities up to this scale, using the MS (NDR) scheme as appropriate for the effective theory below m_{q̃}. We use the gluino pole mass m_{g̃} as input parameter. We transform to the running mass M_3(m_{g̃}), considering oneloop corrections [11] involving gluinos and (if applicable) one generation of squarks with mass m_{g̃},

M_3(m_{g̃}) = m_{g̃} ( 1 − 15 α_s(m_{g̃}) 4π + n_{q̃} 4 α_s(m_{g̃}) 2π ) . (14)

In the case of three heavy generations of squarks, we run using the β functions of Eq. (27). For two heavy generations, the situation is more involved because the β functions for α_s and M_3 depend on the gluino-squark-quark coupling, which differs from the gauge coupling in MS. The corresponding β functions and details of the calculation are given in the appendix, Eqs. (28) and below.

As [9] provides the results in the DRED (DR) scheme, we have to convert α_s and

soft mass squared matrices in the super-CKM basis, where Yukawa couplings are diagonal. The corresponding expressions in the general case (without resorting to the MI approximation) are given in [10].

M_3 to this scheme at m_{q̃}, using

α^{DRED} s (m_{q̃}) = α_s(m_{q̃}) ( 1 + α_s(m_{q̃}) 4π )

M^{DRED}

3 (m_{q̃}) = M_3(m_{q̃}) ( 1 − 3 α_s(m_{q̃}) 4π ) . (15)

After performing the NLO matching, we compute the Wilson coefficients C(m_{q̃}) in the RI scheme, using the translation matrix Δr^{DRED/RI} given in Eq. (4.8) of [9]. Then we run these Wilson coefficients to 2 GeV.

We stress that in the RI scheme it is not necessary to identify explicitly the effervescent operators in the intermediate steps before taking the limit d → 4. When the limit d → 4 is taken, the RI scheme guarantees that the expressions for the five physical operators O_i contain all possible contributions, including those given by the effervescent operators, without the need to identify them [9].^4

From m_{q̃} down to m_{g̃}, gluinos and (if present) light squarks influence the RG evolution of the Wilson coefficients by changing the running of α_s and the two-loop ADM of the ΔS = 2 operators. The impact on the ADM stems only from loops with gluinos and light squarks in the gluon propagator. Consequently, it can be taken into account by using ^J(n_f ) of [6], where only loops with fermions and gluons were considered, and replacing n_f by ñ_f [3], as mentioned above. Explicitly, ñ_f = 9 if all squarks are heavy. If only two squark generations are heavy, n_{q̃} = 4 squarks are light and thus ñ_f = 10. Using these considerations and the appropriate formulas from the previous subsection, we calculated the magic numbers determining the NLO QCD corrections in both cases. We list them in Appendix C. Our results differ from those of [3]. As the disagreement in the magic numbers d, e and f vanishes for two heavy squark generations if we set V = 1, we conclude that [3] did not take into account the change of basis (7).

After the gluino and possible light squarks decouple at m_{g̃}, the system behaves as in [6, 7, 8]. Therefore, the magic numbers b and c should equal those given in [7], up to a different ordering of the components r and small differences due to changes in the experimental input parameters. We find larger differences than expected for some of the magic numbers. The main reason seems to be that O(α^2_s) terms were not discarded in [7].

4We follow the definition of LO and NLO Wilson coefficients from Eq. (2.5) of [9].

3 Limits on flavour- and CP-violating parameters from Δm_K and ϵ

3.1 Limits on the squark masses from Δm_K

In order to set a limit on the supersymmetric contribution to Δm_K , we write

Δm^T_K = Δm^{SM}_K + Δm^{g̃}_K , (16)

where Δm^T_K represents the total theoretical value of Δm_K , while Δm^{SM}_K and Δm^{g̃}_K , respectively, represent the SM and the supersymmetric contributions due to g̃-q̃ diagrams. Even in the SM, precise computations of Δm^{SM}_K are not possible due to unknown longdistance contributions [12]. Hence, the best one can do is to compare the best estimate obtained from the short-distance contributions [13], denoted by Δm^{SD}_K , to the experimental value

Δm^{exp}_K = (3.483 ± 0.0059) × 10^{−15} GeV, Δm^{SD}_K = (3.1 ± 1.2) × 10^{−15} GeV, (17)

where all quoted errors correspond to the 1 σ C.L. Δm^{SD}_K was obtained by taking into account NNLO contributions from the charm quark. We can see that its central value already accounts for 86 % of the experimental central value, but its uncertainty can easily account for the reported experimental value within the 1 σ C.L. Given the lack of information on long-distance contributions, the best we can do to extract limits in extensions of the SM is to use Δm^{exp}_K − Δm^{SD}_K as a constraint on the order of magnitude of Δm^{g̃}_K . In short, it cannot exceed 10^{−15} GeV, but lower limits based on whether or not Δm^{SD}_K + Δm^{g̃}_K can actually be as large as the experimental value cannot be obtained. Furthermore, in some cases the importance of NLO corrections cannot be really appreciated because the differences between LO and NLO lie in the range of some units of 10^{−15} GeV. Therefore, we have to be cautious when using this for setting bounds in models for physics beyond the SM. As in the case of ϵ^′, there are many models that can pretty easily yield a change of Δm_K by some units of 10^{−15} GeV, so meaningful constraints can indeed be obtained. However, we have to include a generous consideration of all the possible uncertainties in the calculation of Δm^{SD}_K = 2 Re ⟨K^0|H^{ΔS=2}_{SM} |K^0⟩. The form of this theoretical expression at the known QCD level can be found in [13]. For the gluino contribution, we have

Δm^{g̃}_K = 2 Re ⟨K^0|H^{ΔS=2}_{g̃} |K^0⟩ = 2 Re ⟨K^0| 5∑ i=1 C^{g̃}_i O_i + 3∑ i=1 C̃^{g̃}_i Õ_i|K^0⟩ . (18)

The Wilson coefficients at μ = 2 GeV are determined by Eq. (13). The matrix elements of the operators are [7]

⟨K^0|O_1|K^0⟩ = 1 3 M_K f^2_K B_1(μ), ⟨K^0|O_i|K^0⟩ = k_i ( M_K m_s(μ) + m_d(μ)

)_2

M_K f^2_K B_i(μ), i = 2, 3, 4, 5,

k_i = 1 8 ( −^5_3 ,^1_3 , 2,^2_3 ) i . (19)

These expressions differ by a factor of^1_{8MK} from the corresponding ones in the lattice study [14], whose results for the bag parameters B_i we use. A factor^1_4 stems from a different definition of the operators and a factor^1_{2MK} from the normalization of the kaon states.^5 The definition (19) ensures that the numerical values of the bag parameters are the same in both conventions. The VIA corresponds to

⟨K^0|O_1|K^0⟩_{VIA} = 1 3 M_K f^2_K ,

⟨K^0|O_i|K^0⟩_{VIA} = k_i ( M_K m_s(μ) + m_d(μ)

)_2 M_K f^2_K , i = 2, 3, k_i = 1 8 ( −^5_3 ,^1_3 ) i , ⟨K^0|O_4|K^0⟩_{VIA} = [ 1 24 + 1 4 ( M_K m_s(μ) + m_d(μ)

)_2] M_K f^2_K ,

⟨K^0|O_5|K^0⟩_{VIA} = [ 1 8 + 1 12 ( M_K m_s(μ) + m_d(μ)

)_2] M_K f^2_K . (20)

In Appendix A we give the values of the experimental and the lattice parameters we use.

With the above points in mind, once we have the value of Δm^{SD}_K , its uncertainty, that we call σ_{Δm}SD_K , the experimental value and its uncertainty, σ_{Δm}^{exp}_K , we can set a limit on the supersymmetric contribution, Δm^{g̃}_K , using |Δm^{g̃}_K | < | |Δm^{exp}_K − Δm^{SM}_K + 2 (σ_{Δm}SD_K + σ_{Δm}^{exp}_K ) | | = 2.8 × 10^{−15} GeV, (21)

where Δm^{SD}_K and Δm^{exp}_K denote the central values.

5Cf. Eq. (5) of [15], Δm_K = 2 Re ⟨K^0|H^{ΔS=2}|K^0⟩ /M_K . This work uses the same state normalization as [14], as one can verify by comparing their definitions of operators and matrix elements, taking into account that the kaon decay constant is normalized differently (f_K of [14] corresponds to √ 2F_K of [15]).

In order to compare to [3], we consider the cases

I : (δ^d_{LL})_{12} = K, (δ^d_{LR})_{12} = (δ^d_{RL})_{12} = (δ^d_{RR})_{12} = 0, II : (δ^d_{LR})_{12} = K, (δ^d_{LL})_{12} = (δ^d_{RL})_{12} = (δ^d_{RR})_{12} = 0, III : (δ^d_{LL})_{12} = (δ^d_{RR})_{12} = K, (δ^d_{LR})_{12} = (δ^d_{RL})_{12} = 0, IV : (δ^d_{LR})_{12} = (δ^d_{RL})_{12} = K, (δ^d_{LL})_{12} = (δ^d_{RR})_{12} = 0. (22)

In Fig. 3, we present the lower limits on the heavy squark masses m_{q̃} according to Eq. (21) as a function of the mass of the gluino m_{g̃}, for a fixed value of the flavour parameter K = 0.22. The plots in Fig. 3 serve mainly (i) for comparison to Figs. 1 and 2 of [3]^6, (ii) to re-assess the importance of the NLO QCD corrections and (iii) to understand the difference between the scenarios with two and three heavy families of squarks.

We can see that the latter difference is not significant. In principle, this justifies using the QCD corrections of [3] also for scenarios with three heavy squark families, as done in [1] as a first approximation. However, as mentioned above, a change of basis was missing in [3]. Therefore, the limits shown in Fig. 3 are different from those in [3]. Nevertheless, the qualitative behavior and order of magnitude of the limits are the same. Regarding the QCD corrections, each step of improving the accuracy (considering LO QCD corrections with VIA, including lattice bag parameters and finally taking into account NLO QCD corrections) can have a drastic effect. Only case II may be considered an exception, since here some of the corrections happen to cancel partially. We can also see that NLO QCD corrections, as opposed to just LO corrections, are indeed relevant, especially for cases III and IV.

We note that using different values of K can lower or raise considerably the limit on m_{q̃}. For example, for case III and K = 0.1, the limit becomes roughly m_{q̃} > 29 TeV [16], as opposed to m_{q̃} > 62 TeV for K = 0.22, for m_{g̃} = 900 GeV.

3.2 Limits on mass insertion parameters

As we have found only small differences between the cases with two and three heavy squark families, we will restrict ourselves the latter scenario in the following.

From Δm_K In Fig. 4 we present curves for fixed values of m_{q̃}, plotting m_{g̃} against the upper limits on √ |Re((δ^d_{XY} )_{12}(δ^d_X′_Y ′ )_{12})| determined by requiring a sufficiently small gluino contribution to Δm_K , Eq. (21). The different curves correspond, from bottom to top, to m_{q̃} = 4, . . . , 10 TeV, except for case IV, where we plot only from m_{q̃} = 6 TeV up to m_{q̃} = 10 TeV. For m_{q̃} = 2 TeV and the maximum value of the gluino mass we use, m_{g̃} = 2 TeV, the condition m_{q̃} ≫ m_{g̃} defining the scenario under consideration would

6This is why we also plotted values of m_{g̃} lower than the LHC bound around 900 GeV.

Figure 3: Lower limits on the squark masses for the different cases of Eq. (22) with K = 0.22, derived from Eq. (21). The blue continuous line corresponds to the NLO evolution, the medium-dashed (red) line corresponds to the LO approximation, the dotted (orange) line corresponds to the LO evolution using the VIA for the bag parameters and the dot-dashed (light blue) line to the results without QCD corrections. We have indicated the labels just for case I, but for the rest of the cases the coding is the same. For comparison, we have additionally plotted a long-dashed black line which represents the NLO evolution for the case where only two squark families are heavy.

be violated. For case IV, this approximation yields reliable results only for m_{q̃} ≥ 6 TeV. The use of Δm_K indeed yields relevant limits on all MI parameters (δ^d_{XY} )_{12}. They turn out to be strongest if Re(δ^d_{LR})_{12} or Re(δ^d_{RL})_{12} are non-zero. For cases when only the real part of one parameter is allowed to be non-zero and for gluino masses above 900GeV, the limit is typically of order 10^{−1} and never below 0.02. Of course, the lower m_{q̃}, the lower the limit. For the cases where either √ |Re((δ^d_{LL})_{12}(δ^d_{RR})_{12})| or √ |Re((δ^d_{LR})_{12}(δ^d_{RL})_{12})| are non-zero, the limits on the combinations are of O(10^{−2}) or even lower for case IV.

From ϵ As is also well-known, we can extract limits on the imaginary parts of some combinations of the parameters (δ^d_{XY} )_{12} using the CP-violating parameter ϵ. Currently,

Figure 4: Upper limits on √ |Re((δ^d_{XY} )_{12}(δ^d_X ′_Y ′ )_{12})|, derived using Δm_K . In all cases only the flavourviolating parameters shown on the vertical axis have been set to non-zero values. The limits on √ |Re(δ^d_{RR})^2_{12}| and √ |Re(δ^d_{RL})^2_{12}| can be obtained by interchanging R ↔ L in the upper two panels. The

two lower panels show, respectively, the cases, where √ |Re((δ^d_{LL})_{12}(δ^d_{RR})_{12})| or √ |Re((δ^d_{LR})_{12}(δ^d_{RL})_{12})| are not zero. The different curves correspond, from bottom to top, to m_{q̃} = 4, . . . , 10 TeV, except for case IV, where we plot only from m_{q̃} = 6 TeV up to m_{q̃} = 10 TeV.

its experimental and SM [13] values are, respectively,

|ϵ| = (2.228 ± 0.011) × 10^{−3}, |ϵ^{NNLO}| = (1.81 ± 0.28) × 10^{−3}. (23)

The gluino contribution is |ϵ^{g̃}| = |Im ⟨K^0|H^{ΔS=2}_{g̃} |K^0⟩ | √ 2 Δm_K

(24)

with H^{ΔS=2}_{g̃} as given in Eq. (18). The limits are obtained using a condition analogous to Eq. (21), with the obvious replacements, yielding

|ϵ^{g̃}| < 1.0 × 10^{−3}. (25)

Figure 5: Upper limits on √ |Im((δ^d_{XY} )_{12}(δ^d_X ′_Y ′ )_{12})|. The limits on √ |Im(δ^d_{RR})^2_{12}| and √ |Im(δ^d_{RL})^2_{12}| can be obtained by interchanging R ↔ L in the corresponding upper two panels. The lower two panels correspond to the cases where only the combinations √ |Im((δ^d_{LL})_{12}(δ^d_{RR})_{12})| or √ |Im((δ^d_{LR})_{12}(δ^d_{RL})_{12})|, respectively, are non-zero. The different curves correspond, from bottom to top, to m_{q̃} = 4, . . . , 10TeV.

Varying the mass of the gluino for fixed values of m_{q̃}, we found the upper limits on √ |Im((δ^d_{XY} )_{12}(δ^d_X′_Y ′ )_{12})| that are presented in Fig. 5. As expected, the limits from ϵ prove to be indeed very strict. If only the parameter √ |Im(δ^d_{LL})^2_{12}| is not zero, the limits, varying according the mass of the squarks, are of order 10^{−2}. If only √ |Im(δ^d_{LR})^2_{12}| is not zero, the limits decrease to O(10^{−3}). If two MI parameters are non-zero, the corresponding limit is of order 10^{−3} or less, and always smaller than for only one nonvanishing parameter. Again, the lower the mass m_{q̃}, the lower the limits.

4 Conclusions

Supersymmetric scenarios involving light gluinos and heavy squarks have lately regained a considerable amount of attention, since they may be a way to realize supersymmetry in agreement with the LHC exclusion limits and with an acceptable amount of tuning. As it is also well-known, in such scenarios dangerous FCNC can occur especially in the kaon sector. In an earlier work [1], we considered a case with three heavy families of squarks with similar masses above 20 TeV. In order to estimate the gluino contributions to Δm_K and the CP-violating parameter ϵ, we used the evolution of Wilson coefficients from reference [3], where a scenario with two heavy families of squarks and a lighter third family with a mass comparable to that of the gluino was considered. In order to quantify precisely the accuracy of this estimate, we have reviewed the way NLO QCD corrections are addressed in supersymmetric scenarios involving heavy squarks and light gluinos. We have calculated the renormalization group evolution of the Wilson coefficients of the ΔS = 2 operators at NLO for scenarios with two and three heavy squark families. This is codified in Eq. (13).

The SM determinations of Δm_K and ϵ have improved significantly over the last decade. Together with important improvements on the lattice QCD bag parameters entering the effective Hamiltonian of the ΔS = 2 transitions, this proves relevant for re-assessing the limits on supersymmetric scenarios contributing to Δm_K and ϵ. This was the second motivation for this work.

We have then determined the lower limits on the mass of the heavy squarks, m_{q̃}, coming from Δm_K , using the MI approximation with a value of √ |Re((δ^d_{XY} )^2_{12})| = 0.22, X, Y ∈ {L, R}, for one or two flavour-violating parameters. For cases with only one nonzero flavour-violating parameter, the limits on m_{q̃} for a gluino mass of about 900 GeV and three heavy squark families are as follows: if only either √ |Re((δ^d_{LL})^2_{12})| = 0.22 or √ |Re((δ^d_{RR})^2_{12})| = 0.22 is non-zero, m_{q̃} has to be larger than 5.9 TeV. If only either √ |Re((δ^d_{LR})^2_{12})| = 0.22 or √ |Re((δ^d_{RL})^2_{12})| = 0.22 is non-zero, the limit is above 13 TeV.

If only the first two squark families are heavy, the limit changes by about 100 GeV. For the case of √ |Re((δ^d_{LL})_{12}(δ^d_{RR})_{12})| = 0.22 and the case of √ |Re((δ^d_{LR})_{12}(δ^d_{RL})_{12})| = 0.22, while the other flavour-violating parameters are zero, the limits are respectively around 62 TeV and 165 TeV, again for gluinos around 900 GeV. For two heavy families of squarks, the limits are a few TeV larger than for three heavy families. We conclude that when the gluino contribution to Δm_K is close to its upper limit, it changes only by a few percent if the mass of the third-generation squarks varies between m_{g̃} and m_{q̃}.

We have also noticed that indeed the NLO QCD evolution, as opposed to just the LO evolution, proves relevant, especially for cases where there is more than one type of flavour-violating parameter (δ^d_{XY} )_{12} involved [3]. As we have seen, the difference can be as large as 20 %.

Finally, we have obtained bounds on the real and imaginary parts of the combinations of flavour-violating parameters (δ^d_{XY} )_{12} that enter into the Wilson coefficients C^{g̃}_i and C̃^{g̃}_i for three heavy families of squarks. The former bounds stem from Δm_K and the latter from ϵ. We have explored these limits for squark masses between 4 and 10 TeV, varying the mass of the gluino for each value. In short, when only the real part of one type of parameter (δ^d_{XY} )_{12} is allowed to exist and for masses of the gluino above 900 GeV, the limit on |Re(δ^d_{XY} )_{12}| is at most of O(10^{−1}) in most cases, of course the lower the mass m_{q̃}, the lower the limit. When only √ |Im(δ^d_{XY} )^2_{12}| for one type of parameter is allowed to exist, its limit is of O(10^{−2}) or smaller. Of course, when several types of flavour- and CP-violating parameters (δ^d_{XY} )_{12} are non-vanishing, the upper limits become smaller.

Acknowledgments

We would like to thank Joachim Brod, Christian Hoelbling, Luca Silvestrini and Javier Virto for very helpful discussions. This work was supported by the German Research Foundation (DFG) via the Junior Research Group “SUSY Phenomenology” within the Collaborative Research Center 676 “Particles, Strings and the Early Universe” and by the INFN. We acknowledge the Aspen Center for Theoretical Physics for a very stimulating environment which prompted the beginning of this work. L. V-S thanks the University of Hamburg for its hospitality. Finally, we thank the Galileo Galilei Institute for Theoretical Physics for its hospitality during later stages of the work.

A Experimental information

Values of experimental and lattice QCD parameters not given in the main part are listed in Tab. 1. We are aware that there have recently been some improvements in the determination of B_K [17, 18, 19, 20, 21, 22], which have been averaged to a value of 0.7643 ± 0.0097 [23]. This would change the values for Δm_K and ϵ obtained in [13], but we have checked that the impact on our results is negligible, since the limits are mainly determined by σ_{ΔmK} and σ_ϵ.

B Beta functions

The two-loop β functions

β_X = μ dX dμ = β^{(1)}_X + β^{(2)}_X (26)

for the strong gauge coupling and the gluino mass for the case of three heavy squark families are equal to those of the Split SUSY scenario. In the limit of pure QCD, they

Experimental & lattice inputs α_s(M_Z ) 0.1184 ± 0.0007 [24] m_t := M^{Pole}_t (173.5 ± 0.6 ± 0.8) GeV [24] m_b := m_b(m_b) (4.18 ± 0.03) GeV [24] f_K (0.1561 ± 0.00085) GeV [24] M_K (0.497614 ± 0.000022) GeV [24] B_1 0.51 ± 0.02 [14] B_2 0.73 ± 0.04 [14] B_3 1.29 ± 0.11 [14] B_4 1.04 ± 0.07 [14] B_5 0.76 ± 0.09 [14] m_s(2 GeV)^{RI} (0.12 ± 0.006) GeV^∗ m_d(2 GeV)^{RI} (0.006 ± 0.001) GeV^∗

Table 1: Experimental and lattice QCD values used for our analysis. The bag parameters B_i are given in the RI scheme.^∗We have computed with RunDec [25] the values of m_s and m_d in the RI scheme, using as input the values given by the PDG [24] in the MS scheme.

read [26]

β^{(1)}_{gs} = −1 16π^2

5g^3_s ,

β^{(2)}_{gs} = 1 (16π^2)^2

22g^5_s ,

β^{(1)}_{M3} = −M_3 16π^2

18g^2_s ,

β^{(2)}_{M3} = −M_3 (16π^2)^2 429 2 g^4_s . (27)

For the case of one family of light sfermions and two heavy ones, we took the QCD limit of the two-loop β functions of the so-called Effective SUSY scenario [26]. Due to the breaking of SUSY in the effective theory below m_{q̃}, the gluino-squark-quark couplings and the squark quartic couplings are no longer given by the gauge coupling. In principle, these couplings are also different for different squarks. However, as we consider only QCD, there is a single gluino-squark-quark coupling ĝ_s and a single quartic coupling γ_s, which are related to the gauge coupling at m_{q̃} by Eqs. (29). The β functions relevant for our calculation are

β^{(1)}_{gs} = 1 16π^2 ( − 13 3 g^3_s ) , β^{(2)}_{gs} = 1 (16π^2)^2 ( 110 3 g^5_s − 26 3 g^3_sĝ^2_s ) , β^{(1)}_{ĝs} = 1 16π^2 ( 3ĝ^3_s − 13g^2_sĝ_s ) , β^{(2)}_{ĝs} = 1 (16π^2)^2 ( − 61 9 ĝ^5_s + 125 3 g^2_sĝ^3_s − 844 9 g^4_sĝ_s − 55 18 ĝ^3_s γ_s + 11 9 ĝ_sγ^2_s ) , β^{(1)}_{M3} =

M_3 16π^2 ( −18g^2_s + 2ĝ^2_s ) , β^{(2)}_{M3} =

M_3 (16π^2)^2 ( −206g^4_s −

1966 3 g^2_sĝ^2_s − 16 3 ĝ^4_s ) , β^{(1)}_{γs} = 1 16π^2 ( 5γ^2_s − 16g^2_s γ_s + 16 3 ĝ^2_s γ_s + 5g^4_s − 14 3 ĝ^4_s ) . (28)

The quartic coupling enters only via the two-loop part of β_{ĝs} . Hence, it is sufficient to consider its one-loop running in order to determine the two-loop running of g_s and M_3.

As we have mentioned in section 2.2, our inputs are the gluino pole mass m_{g̃} and the scale m_{q̃} at which the heavy squarks decouple. To begin with, we determine the value of α_s(m_{g̃}) from the experimental value at M_Z and the SM β function. Then we convert m_{g̃} to the MS running mass M_3(m_{g̃}) via Eq. (14). Initially guessing values for ĝ_s(m_{g̃}) and γ_s(m_{g̃}), we run up to the scale m_{q̃}, where we apply the MS matching conditions [27]

ĝ_s(m_{q̃}) = √ 2g_s(m_{q̃}) ( 1 + g_s(m_{q̃})^2 12π^2 ) , γ_s(m_{q̃}) = g_s(m_{q̃})^2. (29)

We then run down to m_{g̃} and again set the QCD coupling to the correct value determined initially. This procedure is repeated until we obtain both the right value of α_s(m_{g̃}) and couplings satisfying the matching conditions (29).

C Magic numbers

C.1 Evolution below m_{g̃}

a_r = ( 2 7 , − 8 7 , 1 7 , 1 − √ 241 21 , 1 + √ 241 21 ) r ≈ (0.29, −1.1, 0.14, −0.69, 0.79)_r (30)

b^{(r)}_{LO11} = (0.77, 0, 0, 0, 0)_r b^{(r)}_{LO22} = (0, 0, 0, 1.8, 0.0083)_r b^{(r)}_{LO23} = (0, 0, 0, −0.48, 0.13)_r b^{(r)}_{LO32} = (0, 0, 0, −0.12, 0.032)_r b^{(r)}_{LO33} = (0, 0, 0, 0.032, 0.48)_r b^{(r)}_{LO44} = (0, 2.8, 0, 0, 0)_r b^{(r)}_{LO45} = (0, 0.94, −0.29, 0, 0)_r b^{(r)}_{LO55} = (0, 0, 0.88, 0, 0)_r (31) b^{(r)}_{NLO11} = (0.045, 0, 0, 0, 0)_r b^{(r)}_{NLO22} = (0, 0, 0, 0.51, 0.0020)_r b^{(r)}_{NLO23} = (0, 0, 0, −0.13, 0.030)_r b^{(r)}_{NLO32} = (0, 0, 0, 0.088, −0.0036)_r b^{(r)}_{NLO33} = (0, 0, 0, −0.023, −0.055)_r b^{(r)}_{NLO44} = (0, 1.3, 0, 0, 0)_r b^{(r)}_{NLO45} = (0, 0.42, 0.096, 0, 0)_r b^{(r)}_{NLO54} = (0, 0.14, 0, 0, 0)_r b^{(r)}_{NLO55} = (0, 0.048, −0.063, 0, 0)_r (32) c^{(r)}_{11} = (−0.015, 0, 0, 0, 0)_r c^{(r)}_{22} = (0, 0, 0, −0.19, −0.0026)_r c^{(r)}_{23} = (0, 0, 0, −0.015, 0.0063)_r c^{(r)}_{32} = (0, 0, 0, 0.012, −0.0099)_r c^{(r)}_{33} = (0, 0, 0, 0.00096, 0.024)_r c^{(r)}_{44} = (0, −0.51, 0.0054, 0, 0)_r c^{(r)}_{45} = (0, −0.26, −0.0061, 0, 0)_r c^{(r)}_{54} = (0, 0, −0.016, 0, 0)_r c^{(r)}_{55} = (0, 0, 0.018, 0, 0)_r (33)

C.2 Evolution above m_{g̃}

d^{(r)}_{11} = (1.0, 0, 0, 0, 0)_r d^{(r)}_{22} = (0, 0, 0, 0.98, 0.017)_r d^{(r)}_{23} = (0, 0, 0, −0.26, 0.26)_r d^{(r)}_{32} = (0, 0, 0, −0.064, 0.064)_r d^{(r)}_{33} = (0, 0, 0, 0.017, 0.98)_r d^{(r)}_{44} = (0, 1.0, 0, 0, 0)_r d^{(r)}_{45} = (0, 0.33, −0.33, 0, 0)_r d^{(r)}_{55} = (0, 0, 1.0, 0, 0)_r (34)

These magic numbers correspond to LO effects. Consequently, they are independent of ñ_f , in particular of the number of heavy squarks.

C.2.1 Three heavy squark generations

a^′_r = ( 2 5 , − 8 5 , 1 5 , 1 − √ 241 15 , 1 + √ 241 15 ) r ≈ (0.40, −1.6, 0.20, −0.97, 1.1)_r (35)

e^{(r)}_{11} = (0.0019, 0, 0, 0, 0)_r e^{(r)}_{22} = (0, 0, 0, 0.15, 0.00044)_r e^{(r)}_{23} = (0, 0, 0, −0.040, 0.0067)_r e^{(r)}_{32} = (0, 0, 0, 0.013, −0.0059)_r e^{(r)}_{33} = (0, 0, 0, −0.0034, −0.091)_r e^{(r)}_{44} = (0, 0.27, 0, 0, 0)_r e^{(r)}_{45} = (0, 0.091, 0.037, 0, 0)_r e^{(r)}_{54} = (0, 0.018, 0, 0, 0)_r e^{(r)}_{55} = (0, 0.0061, −0.035, 0, 0)_r (36) f^{(r)}_{11} = (−0.0019, 0, 0, 0, 0)_r f^{(r)}_{22} = (0, 0, 0, −0.15, −0.0044)_r f^{(r)}_{23} = (0, 0, 0, 0.0088, 0.025)_r f^{(r)}_{32} = (0, 0, 0, 0.0098, −0.017)_r f^{(r)}_{33} = (0, 0, 0, −0.00058, 0.095)_r f^{(r)}_{44} = (0, −0.28, 0.0061, 0, 0)_r f^{(r)}_{45} = (0, −0.12, −0.0098, 0, 0)_r f^{(r)}_{54} = (0, 0, −0.018, 0, 0)_r f^{(r)}_{55} = (0, 0, 0.029, 0, 0)_r (37)

C.2.2 Two heavy squark generations

a^′_r = ( 6 13 , − 24 13 , 3 13 , 1 − √ 241 13 , 1 + √ 241 13 ) r ≈ (0.46, −1.8, 0.23, −1.1, 1.3)_r (38) e^{(r)}_{11} = (−0.012, 0, 0, 0, 0)_r e^{(r)}_{22} = (0, 0, 0, 0.19, −0.00026)_r e^{(r)}_{23} = (0, 0, 0, −0.050, −0.0040)_r e^{(r)}_{32} = (0, 0, 0, 0.010, −0.0084)_r e^{(r)}_{33} = (0, 0, 0, −0.0027, −0.13)_r e^{(r)}_{44} = (0, 0.35, 0, 0, 0)_r e^{(r)}_{45} = (0, 0.12, 0.038, 0, 0)_r e^{(r)}_{54} = (0, 0.018, 0, 0, 0)_r e^{(r)}_{55} = (0, 0.0060, −0.042, 0, 0)_r (39) f^{(r)}_{11} = (0.012, 0, 0, 0, 0)_r f^{(r)}_{22} = (0, 0, 0, −0.19, −0.0038)_r f^{(r)}_{23} = (0, 0, 0, 0.020, 0.035)_r f^{(r)}_{32} = (0, 0, 0, 0.012, −0.014)_r f^{(r)}_{33} = (0, 0, 0, −0.0013, 0.13)_r f^{(r)}_{44} = (0, −0.35, 0.0060, 0, 0)_r f^{(r)}_{45} = (0, −0.14, −0.012, 0, 0)_r f^{(r)}_{54} = (0, 0, −0.018, 0, 0)_r f^{(r)}_{55} = (0, 0, 0.036, 0, 0)_r (40)

References

[1] K. Kadota, G. Kane, J. Kersten, and L. Velasco-Sevilla, “Flavour issues for string-motivated heavy scalar spectra with a low gluino mass: the G_2-MSSM case”, Eur. Phys. J. C72 (2012) 2004, arXiv:1107.3105 [hep-ph].

[2] J. A. Bagger, K. T. Matchev, and R.-J. Zhang, “QCD corrections to flavor-changing neutral currents in the supersymmetric standard model”, Phys. Lett. B412 (1997) 77–85, arXiv:hep-ph/9707225.

[3] R. Contino and I. Scimemi, “The supersymmetric flavor problem for heavy first-two generation scalars at next-to-leading order”, Eur. Phys. J. C10 (1999) 347–356, arXiv:hep-ph/9809437.

[4] R. Barbieri, E. Bertuzzo, M. Farina, P. Lodone, and D. Zhuridov, “Minimal Flavour Violation with hierarchical squark masses”, JHEP 1012 (2010) 070, arXiv:1011.0730 [hep-ph]. Erratum ibid. 1102 (2011) 044.

[5] E. Bertuzzo, M. Farina, and P. Lodone, “On the QCD corrections to ΔF = 2 FCNC in the supersymmetric SM with hierarchical squark masses”, Phys. Lett. B699 (2011) 98–101, arXiv:1011.3240 [hep-ph].

[6] M. Ciuchini, E. Franco, V. Lubicz, G. Martinelli, I. Scimemi, and L. Silvestrini, “Next-to-leading order QCD corrections to ΔF = 2 effective hamiltonians”, Nucl. Phys. B523 (1998) 501–525, arXiv:hep-ph/9711402.

[7] M. Ciuchini et al., “ΔM_K and ϵ_K in SUSY at the Next-to-Leading Order”, JHEP 10 (1998) 008, arXiv:hep-ph/9808328. Erratum added online, Mar/29/2000.

[8] A. J. Buras, S. Jäger, and J. Urban, “Master formulae for ΔF = 2 NLO-QCD factors in the Standard Model and beyond”, Nucl. Phys. B605 (2001) 600–624,

arXiv:hep-ph/0102316.

[9] M. Ciuchini, E. Franco, D. Guadagnoli, V. Lubicz, V. Porretti, and L. Silvestrini, “Next-to-leading order strong interaction corrections to the ΔF = 2 effective Hamiltonian in the MSSM”, JHEP 0609 (2006) 013, arXiv:hep-ph/0606197.

[10] J. Virto, “Exact NLO strong interaction corrections to the ΔF = 2 effective Hamiltonian in the MSSM”, JHEP 0911 (2009) 055,

arXiv:0907.5376 [hep-ph].

[11] D. M. Pierce, J. A. Bagger, K. T. Matchev, and R.-j. Zhang, “Precision corrections in the minimal supersymmetric standard model”, Nucl. Phys. B491 (1997) 3–67, arXiv:hep-ph/9606211.

[12] J. F. Donoghue, E. Golowich, and B. R. Holstein, “Dynamics of the Standard Model”, Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol. 2 (1992) 1–540.

[13] J. Brod and M. Gorbahn, “Next-to-Next-to-Leading-Order Charm-Quark Contribution to the CP Violation Parameter ϵ_K and ΔM_K ”, Phys. Rev. Lett. 108 (2012) 121801, arXiv:1108.2036 [hep-ph].

[14] ETM Collaboration, V. Bertone et al., “Kaon Mixing Beyond the SM from N_f = 2 tmQCD and model independent constraints from the UTA”,

arXiv:1207.1287 [hep-lat].

[15] R. Babich, N. Garron, C. Hoelbling, J. Howard, L. Lellouch, and C. Rebbi, “K^0-K̄^0 mixing beyond the standard model and CP-violating electroweak penguins in quenched QCD with exact chiral symmetry”, Phys. Rev. D74 (2006) 073009, arXiv:hep-lat/0605016.

[16] L. Velasco-Sevilla, “Gluinos lighter than squarks and detection at the LHC”, arXiv:1205.5787 [hep-ph]. Proceedings of the XLVIIth Rencontres de Moriond (EW 2012).

[17] S. Dürr et al., “Precision computation of the kaon bag parameter”, Phys. Lett. B705 (2011) 477–481, arXiv:1106.3230 [hep-lat].

[18] HPQCD Collaboration, UKQCD Collaboration, E. Gamiz et al., “Unquenched determination of the kaon parameter B_K from improved staggered fermions”, Phys. Rev. D73 (2006) 114502, arXiv:hep-lat/0603023.

[19] J. Laiho and R. S. Van de Water, “Pseudoscalar decay constants, light-quark masses, and B_K from mixed-action lattice QCD”, PoS LATTICE2011 (2011) 293, arXiv:1112.4861 [hep-lat].

[20] C. Kelly, “Continuum Results for Light Hadronic Quantities using Domain Wall Fermions with the Iwasaki and DSDR Gauge Actions”,

arXiv:1201.0706 [hep-lat]. Contribution to The XXIX International Symposium on Lattice Field Theory, July 10–16, 2011.

[21] SWME Collaboration, T. Bae et al., “Kaon B Parameter from Improved Staggered Fermions in N_f = 2 + 1 QCD”, Phys. Rev. Lett. 109 (2012) 041601,

arXiv:1111.5698 [hep-lat].

[22] C. Hoelbling, “Precision flavor physics from the lattice”,

arXiv:1206.7075 [hep-ph].

[23] J. Laiho, E. Lunghi, and R. Van de Water, “Flavor Physics in the LHC era: the role of the lattice”, PoS LATTICE2011 (2011) 018,

arXiv:1204.0791 [hep-ph].

[24] Particle Data Group, J. Beringer et al., “Review of Particle Physics”, Phys. Rev.

D86 (2012) 010001. http://pdg.lbl.gov/.

[25] K. Chetyrkin, J. H. Kühn, and M. Steinhauser, “RunDec: A Mathematica package for running and decoupling of the strong coupling and quark masses”, Comput. Phys. Commun. 133 (2000) 43–65, arXiv:hep-ph/0004189.

[26] C. Tamarit, “Decoupling heavy sparticles in hierarchical SUSY scenarios:

Two-loop Renormalization Group equations”, arXiv:1204.2292 [hep-ph].

[27] C. Tamarit, “Decoupling heavy sparticles in Effective SUSY scenarios:

Unification, Higgs masses and tachyon bounds”, JHEP 1206 (2012) 080,

arXiv:1204.2645 [hep-ph].