arXiv:0909.5456v1 [hep-ph] 29 Sep 2009

Renormalization Group Analysis of Supersymmetric Particle Interactions

Andrew D. Box

Department of Physics and Astronomy, University of Oklahoma, Norman, OK 73019, USA

Abstract. We reexamine the renormalization group equations (RGEs) for the dimensionless and dimensionful parameters of the Minimal Supersymmetric Standard Model (MSSM), incorporating 1-loop thresholds. The inclusion of these thresholds necessarily results in splitting between dimensionless couplings which are equal at the tree level. Assuming that the SUSY-breaking mechanism does not introduce new intergenerational couplings, we present the most general form for high-scale, soft-SUSY-breaking (SSB) parameters. With this as our boundary condition, we consider illustrative examples of numerical solutions to the RGEs. In a supersymmetric grand unified theory with the scale of SUSY scalars split from that of gauginos and higgsinos, we find that the gaugino mass unification relation may be violated to the order of 10%. Further, we consider the rate for the flavor violating decay of the lightest stop to charm plus neutralino. We find that using the complete RGE solution as opposed to the commonly used ‘single-step’ integration of the RGEs can qualitatively change the picture of event-topologies from top-squark pair production, or from gluino production if gluino to stop plus top is the dominant gluino decay mode.

Keywords: Supersymmetry phenomenology, Collider physics PACS: 11.30.Pb, 11.10.Hi, 14.80.Ly

INTRODUCTION

The MSSM contains a dazzling number of free parameters, which are largely a result of our ignorance of the mechanism of supersymmetry breaking. To counter this issue, most supersymmetric models reduce the parameters to a manageable number by way of high scale ansätze. Starting from these high scale inputs, the weak scale parameters of the theory can be calculated via the renormalization group equations (RGEs).

For our predictions to be accurate to two-loops, we must take full account of the non-degenerate SUSY mass spectrum by introducing particle thresholds into the oneloop RGEs. Once the various particles are decoupled from the theory, we must also take account of splitting between couplings that are equal in the SUSY limit [1].

The RGEs are constucted to describe a collection of effective theories with varying particle content that are valid at different scales. Following Ref. [2], we make the assumption that each particle with mass M_i is included in the effective theory only if Q > M_i. In this manner the β -functions are as in the MSSM at a scale above the masses of all SUSY particles. Moving down in scale, the particles are decoupled individually until we have only SM particles in the theory and the β -functions are those of the SM.

If we have an appropriate theory of flavor at the high scale, we can use this method to obtain predictions for the level of flavor violation at the weak scale. To illustate the importance these effects we obtain the rate for the two-body flavor changing decay of the top squark, using the RGEs to calculate the mixing between top and charm squarks.

PARTICLE DECOUPLING AND SOLUTIONS TO THE RGES

Our starting points for including threshold effects in the MSSM RGEs are the general results in Ref. [3] for the dimensionless and dimensionful couplings. We have converted their work to apply to four-component fermions and complex scalars, and obtained the full system of threshold RGEs for the gauge couplings and Yukawas [1], as well as μ, the gaugino masses, the soft masses and trilinear SSB parameters [4].

We include particle threshold effects in the RGEs for SSB parameters, being careful to freeze the running as the scale, Q, crosses each eigenvalue, thereby removing the contribution that this mass eigenstate makes to the overall running. In finding eigenvalues (solely for the purpose of identifying the location of the thresholds) we neglect the left–right mixing between sfermions, a sensible approximation when sfermion SSB parameters are larger than the weak scale.

Our high scale boundary conditions are the most general form for SSB matrices that does not introduce new sources of flavor violation. In addition, we include arbitrary matrices, T_{{Q,L,U,D,E}} and Z_{{u,d,e}}, that allow for the introduction of dependence of the theory on all quark rotation matrices, as opposed to just the KM.

We thus parametrize the SSB sfermion mass and a-parameter matrices at the high scale as,

m^2_{Q,L} = m^2_{{Q,L}0}1 + T_{Q,L} , (1a)

m^2_{U,D,E} = m^2_{{U,D,E}0}[c_{U,D,E} 1 + R_{U,D,E} f^T_{u,d,e}f^∗_{u,d,e} + S_{U,D,E} (f^T_{u,d,e}f^∗_{u,d,e})^2] + T_{U,D,E} , (1b)

a_{u,d,e} = f_{u,d,e}[A_{{u,d,e}0}1 +W_{u,d,e}f^†_{u,d,e}f_{u,d,e} + X_{u,d,e}(f^†_{u,d,e}f_{u,d,e})^2] + Z_{u,d,e} , (1c)

where f_{u,d,e} are the superpotential Yukawa coupling matrices in an arbitrary current basis at the same scale at which the SSB parameters of the model are specified. Here, c_{U,D,E} = 0 or 1 is introduced only to allow the facility to “switch off” the universal term if desired. We note that (1) is a special case of minimal flavor violation [5], when both T_{{Q,L,U,D,E}} and Z_{{U,D,E}} are equal to zero.

As an example of the kinds of effects we observe when introducing one-loop thresholds, consider the well known one-loop RGE invariant relation α_1 M_1 = α_2 M_2 = α_3 M_3

, (2)

which is valid in models where both the gauge couplings and the gaugino masses unify at the GUT scale. Figure 1 illustrates the variation of M_2/M_1 with renormalization scale, Q, in a scenario where the scalars are heavy, at approximately 10^7 GeV, and the higgsinos and gauginos have masses of the order of the weak scale. We show curves for both the one-loop and two-loop variation of M_2/M_1 for two choices of tanβ and μ, and see that, in the case of low tanβ and large values of μ, contributions from two-loop terms and threshold corrections to the RGEs cause deviations of the gaugino mass ratio from α_2/α_1 by as much as 10%.^1 We anticipate that increasing the splitting between the scalar

1 This size of this result should only be viewed as a guide, since (in this model) large μ would be incompatible with relic density measurements and a small value of tanβ is problematic for EWSB.

FIGURE 1. Evolution of the gaugino mass ratio M_2/M_1 (solid and dashed lines) along with the twoloop evolution of α_2/α_1 (lowest solid line) for a split SUSY model.

and the gaugino/higgsino sector of the theory will drive this figure higher. Lastly, note that the correction introduced by moving to two-loop running is far smaller than that introduced by the thresholds, as a result of the large splitting between SUSY particles.

FLAVOR CHANGING TOP SQUARK DECAY

Armed with our method for solving the RGEs to two-loop order, we can revisit the calculation of the two-body flavor changing decay of the lighter stop, t̃_1 → cZ̃_1. The rate for this decay was previously studied for light stops by Hikasa and Kobayashi [6], who estimated the off-diagonal elements of the up-squark SSB matrix under the approximation that the RGEs could be integrated using a single step.

When we use the full RGE solution we find that the single-step approximation consistently overestimates the width by a factor of between 10 − 25. This will clearly have a large effect on the branching ratio in the case that a number of decay modes are of similar order. Indeed, we have shown [4] that in a compressed SUSY scenario [7] this order of magnitude difference in the rate can significantly change the various branching ratios, and may be even more important in regions of parameter space where the flavor changing decay competes with four-body decays.

Finally, we return to the minimal flavor violation ansatz [5] mentioned previously. If we use mSUGRA boundary conditions at the high scale except for

m^2_Q =m^2_{Q0} [ 1 + t_uf^∗_uf^T_u + t_df^∗_df^T_d ] , (3)

m^2_U =m^2_{U0} [ 1 + R_U f^T_u f^∗_u ] , (4)

we can vary R_U , t_u and t_d to gauge their influence on flavor violation in the theory.^2

2 Note that our general boundary conditions, (1), are indeed a special case of (3) and (4), with t_u = t_d = 0.

FIGURE 2. a) Variation of Γ ( t̃_1 → cZ̃_1 ) /m_{t̃1} with paramters R_U , t_u and t_d as indicated. For each curve, only one MFV parameter labelling that curve has a non-zero value. b) Variation of |⟨t̃_1|t̃_L⟩|, the t̃_L content in the lightest top squark, which would equal |cosθ_t | in the absence of any inter-generational mixing.

In the left-hand pane of Fig. 2, we plot the variation of the two-body width with the value of either R_U , t_u or t_d, divided by the stop mass to remove the trivial growth of the width with m_{t̃1} . Although it would seem that R_u and t_u are introducing new flavor violation, we can see from the right-hand panel of the figure that the widths are roughly tracking the t̃_L − t̃_R “mixing angle”, which for these parameters is considerably larger than the c̃_L − t̃_R mixing term.

On the other hand, the curve for the t_d ≠ 0 case illustrates clear additional flavor violation since the curve in the left-hand pane is not tracking the intra-generation mixing on the right. This is a result of the relatively large contribution to m_Q from f_d , which, in contrast to f_u, has large off-diagonal entries.

ACKNOWLEDGMENTS

This research was carried out in collaboration with Xerxes Tata and was supported in part by a grant from the US Department of Energy.

REFERENCES

1. A.D. Box and X. Tata, Phys. Rev. D 77, 055007 (2008). 2. D.J. Castaño, E.J. Piard and P. Ramond, Phys. Rev. D 49, 4882 (1994).

3. M.E. Machacek and M.T. Vaughn, Nucl. Phys. B222, 83 (1983); Nucl. Phys. B236, 221 (1984); Nucl.

Phys. B249, 70 (1985); M. Luo, H. Wang and Y. Xiao, Phys. Rev. D 67, 065019 (2003). 4. A.D. Box and X. Tata, Phys. Rev. D 79, 035004 (2009).

5. L. Hall and L. Randall, Phys. Rev. Lett. 65 2939 (1990); G. D’Ambrosio, G. Giudice, G. Isidori and A. Strumia, Nucl. Phys. B645 155 (2002); P. Paradisi, M. Ratz, R. Schieren and C. Simonetto, Phys. Lett. B 668 202 (2008); G. Colangelo, E. Nikolidakis and C. Smith, Eur. Phys. J C59 75 (2009).

6. K. Hikasa and M. Kobayashi, Phys. Rev. D 36, 724 (1987). 7. S. Martin, Phys. Rev. D 75 115005 (2007).