arXiv:1202.0488v1 [hep-ph] 2 Feb 2012

Neutralinos from Chargino Decays in the Complex MSSM

S. Heinemeyer^1, F. v. d. Pahlen^1 and C. Schappacher^{2 ∗}

1-Instituto de Física de Cantabria (CSIC-UC) E–39005 Santander, Spain 2-Institut für Theoretische Physik, Karlsruhe Institute of Technology, D–76128 Karlsruhe, Germany

We review the evaluation of two-body decay modes of charginos in the Minimal Supersymmetric Standard Model with complex parameters (cMSSM). Assuming heavy scalar quarks we take into account all decay channels involving charginos, neutralinos, (scalar) leptons, Higgs bosons and SM gauge bosons. The evaluation of the decay widths is based on a full one-loop calculation including hard and soft QED radiation. Here we focus on the decays involving the Lightest Supersymmetric Particle (LSP), i.e. the lightest neutralino, or a heavier neutralino and a W boson. The higher-order corrections of the chargino decay widths can easily reach a level of ±10%, translating into corrections of similar size in the respective branching ratios. These corrections are important for the correct interpretation of LSP and heavier neutralino production at the LHC and at a future linear e^+e^− collider.

1 Introduction

The search for physics effects beyond the Standard Model (SM), both at present and future colliders, constitutes one of the priorities of current high energy physics, where the Minimal Supersymmetric Standard Model (MSSM) [1] is one of the leading candidates. A related important task is investigating the production and measurement of the properties of Cold Dark Matter (CDM). The MSSM offers a natural candidate of CDM, the Lightest Supersymmetric Particle (LSP), i.e. the lightest neutralino, χ̃^0_1 [2]. Having a stable LSP also ensures that any produced supersymmetric particle will lead to cascades with neutralinos in the final state, motivating experimental and phenomenological analyses of these decay chains. While discoveries of supresymmetric particles will possibly be made by the LHC, a precise determination of their properties is expected at the ILC [3–5] (or any other future e^+e^− collider such as CLIC).

Charginos, χ̃^±_i , (i = 1, 2), and neutralinos, χ̃^0_j , (j = 1, 2, 3, 4), are, respectively, the charged and neutral supersymmetric partners of the Higgs and gauge bosons. Therefore masses and couplings of charginos and neutralinos depend on common parameters, and an analysis of chargino decays provides direct and indirect information on the neutralino sector.

In order to yield a sufficient accuracy, one-loop corrections to the various chargino decay modes have to be considered. A precise calculation of the branching ratio (BR) at the one-loop level requires the calculation of all decay modes at this level of precision. Here we review the results for the evaluation of these decay modes (and BRs) obtained in the MSSM with complex parameters (cMSSM) [6] (original results for the tree-level decays were presented in [7]). We show results for

Γ(χ̃^±_2 → χ̃^0_j W^±), j = 1, 2, 3 . (1)

∗KA-TP-05-2012

The total decay width is defined as the sum of all the partial two-body decay widths, all evaluated at the one-loop level. Detailed references to existing calculations of these decay widths, branching ratios, as well as about the extraction of complex phases can be found in Ref. [6]. Our results will be implemented into the Fortran code FeynHiggs [8–11].

2 Renormalization of the cMSSM

All the relevant two-body decay channels have been evaluated at the one-loop level, including hard QED radiation. This requires the simultaneous renormalization of several sectors of the cMSSM: the gauge and Higgs sector, the chargino/neutralino sector, and the lepton and slepton sector. The on-shell renormalization conditions for the chargino/neutralino sector are fixed requiring that the masses of the two charginos and of the lightest neutralino are not renormalized. An analysis of various renormalization schemes for the chargino/neutralino sector was recently published in Ref. [12]. Further details about our notation and about the renormalization of the cMSSM can be found in Refs. [6, 13, 14].

In order to highlight the important role of the absorptive contributions in the presence of complex couplings, we also evaluated for comparison the decay widths neglecting the imaginary parts of self-energy type corrections to external (on-shell) particles. These imaginary contributions, in product with an imaginary part of a complex coupling (such as M_1 in our case), can give an additional real contribution to the decay width. This contribution is odd under charge conjugation and leads to a difference in the decay widths for the chargino and its antiparticle. The resulting CP-asymmetry, however, is one-loop suppressed (and will not be analyzed here).

The diagrams and corresponding amplitudes have been obtained with FeynArts [15]. The model file, including the MSSM counter terms, is based largely on Ref. [16] and is discussed in more detail in Ref. [13]. The further evaluation has been performed with FormCalc (and LoopTools) [17]. As regularization scheme for the UV-divergences we have used constrained differential renormalization [18], which has been shown to be equivalent to dimensional reduction [19] at the one-loop level [17]. Thus the employed regularization preserves SUSY [20,21]. All UV-divergences cancel in the final result. (Also the IR-divergences cancel in the one-loop result as required.)

3 Numerical results

The numerical examples shown below have been evaluated using the parameters given in Tab. 1. We assume that the scalar quarks are heavy such that they do not contribute to the total decay widths of the charginos. We invert the expressions of the chargino masses in order to express the parameters μ and M_2 (which are chosen real) as a function of m_{χ̃}±_1 and m_{χ̃}±_2 . This leaves two choices for the hierarchy of μ and M_2:

S_> : μ > M_2 (χ̃^±_2 more higgsino-like) , (2) S_< : μ < M_2 (χ̃^±_2 more gaugino-like) . (3)

The absolute value of M_1 is fixed via the GUT relation (with |M_2| ≡ M_2),

|M_1| = 5 3 tan^2 θ_wM_2 ≈ 1 2 M_2 . (4)

Scen. tan β M_H± m_{χ̃}±_2 m_{χ̃}±_1 M_{l̃L} M_{l̃R} A_l

S 20 160 600 350 300 310 400

Table 1: MSSM parameters for the initial numerical investigation; all masses are in GeV.

leaving φ_{M1} as a free parameter.

The values of m_{χ̃}±_{1,2} allow copious production of the charginos in SUSY cascades at the LHC. Furthermore, the production of χ̃^±_1 χ̃^∓_2 or χ̃^+_1 χ̃^−_1 at the ILC(1000), i.e. the ILC with √ s = 1000 GeV, via e^+e^− → χ̃^±_1 χ̃^∓_{1,2} will be possible, with all the subsequent decay modes to a neutralino and a W boson being open. The clean environment of the ILC would permit a detailed study of the chargino decays [4,5]. For the values in Tab. 1 and unpolarized beams we find, for S_> (S_<), σ(e^+e^− → χ̃^±_1 χ̃^∓_2 ) ≈ 4 (12) fb, and σ(e^+e^− → χ̃^+_1 χ̃^−_1 ) ≈ 55 (80) fb. Choosing appropriate polarized beams these cross sections can be enhanced by a factor of approximately 2 to 3. An integrated luminosity of ∼ 1 ab^{−1} would yield about 4 − 12 × 10^3 χ̃^±_1 χ̃^∓_2 events and about 55 − 80 × 10^3 χ̃^+_1 χ̃^−_1 events, with appropriate enhancements in the case of polarized beams.

The ILC environment would result in an accuracy of the relative branching ratio close to the statistical uncertainty: assuming an integrated luminosity of 1 ab^{−1} a BR of 10% could be determined to ∼ 2% for the m_{χ̃}±_i values of Tab. 1.

The results shown here consist of “tree”, which denotes the tree-level value and of “full”, which is the decay width including all one-loop corrections. Also shown in Fig. 1, is the result leaving out the contributions from absorptive parts of the one-loop self-energy corrections as discussed in the previous section, labeled as “full R”. Not shown here are the BRs and their relative corrections, since they are more parameter dependent.

In Figure 1 we show Γ(χ̃^−_2 → χ̃^0_1W^−) (top), Γ(χ̃^−_2 → χ̃^0_2W^−) (middle), and Γ(χ̃^−_2 → χ̃^0_3W^−) (bottom row) as a function of of φ_{M1} , for the parameters of Tab. 1. The left (right) columns display the (relative one-loop correction to the) decay width.

We observe a strong dependence on φ_{M1} in scenario S_<, in which the three lightest neutralinos are highly mixed states. The effect of the absorptive contributions, both from the imaginary parts of the self energies (see as the difference between the “full” and “full R” curves), as well as from the imaginary parts of the vertex corrections, turn out to be of a few percent. On the contrary, in scenario S_>, where only χ̃^−_2 → χ̃^0_{1,2}W^− is kinematically allowed, the mixing of the neutralinos is small, and consequently the dependence on φ_{M1} turns out to be much smaller. The size of the one-loop corrections, reach O(10%) for S_< and show an important dependence on φ_{M1} . For S_> the corrections are of the order of a few percent with a negligible φ_{M1} dependence.

Figure 2 shows Γ(χ̃^−_2 → χ̃^0_1W^−) (top) and Γ(χ̃^−_2 → χ̃^0_{2,3}W^−) (bottom row) as a function of m_{χ̃}±_2 , keeping all other parameters as in Tab. 1. As in the previous figure, the left (right) column shows (the relative size of the corrections of) the decay widths. The vertical lines indicate where m_{χ̃}±_1 + m_{χ̃}±_2 = 1000 GeV, i.e. the maximum reach of the ILC(1000). Coincidentally, around this value of m_{χ̃}±_2 we observe a level crossing of the second and third neutralino in S_<, which points out at the large neutralino mixing for these paramters.

The decay widths show a strong dependence on m_{χ̃}±_2 which is mainly due to the changing

Figure 1: Γ(χ̃^−_2 → χ̃^0_j W^−), j = 1, 2, 3. Tree-level (“tree”) and full one-loop (“full”) corrected decay widths are shown with the parameters chosen according to S (see Tab. 1), with ϕ_{M1} varied. Also shown are the full one-loop corrected decay widths omitting the absorptive contributions (“full R”). The left (right) plots show (the relative size of the corrections of) the decay width.

chargino-neutralino couplings, as well as the change in the phase space. For S_< the decay width into the lightest neutralino almost vanishes at one point, resulting in large relative corrections. The relative one-loop corrections are mostly of O(10%). The dips in the oneloop corrections are due to thresholds in the vertex corrections. It should be noted that

Figure 2: Γ(χ̃^−_2 → χ̃^0_j W^−), j = 1, 2, 3. Tree-level (“tree”) and full one-loop (“full”) corrected decay widths are shown with the parameters chosen according to S (see Tab. 1), with m_{χ̃}±_2 varied. The left (right) plots show the decay width (the relative size of the corrections).

a calculation very close to threshold requires the inclusion of additional (non-relativistic) contributions, which is far beyond the scope of this analysis.

The decay width into χ̃^0_2 reaches ∼ 2 GeV at m_{χ̃}±_2 = 1 TeV, while for the decay into χ̃^0_3 it reaches ∼ 1 GeV in the region of maximal neutralino mixing. The relative one-loop corrections are of O(5 − 10%).

Summarizing, we reviewed the evaluation of two-body decay modes of charginos in the cMSSM, and show numerical results for the decay of the heavier chargino into neutralinos. The relative size of the one-loop corrections is found to be significant and should be taken into account in a reliable determination of the chargino/neutralino sector parameters. This also applies in particular to the effects of the imaginary parts of the self-energies of the external particles.

4 Acknowledgments

The work of S.H. was partially supported by CICYT (grant FPA 2007–66387 and FPA 2010–22163-C02-01). F.v.d.P. was supported by the Spanish MICINN’s Consolider-Ingenio

2010 Programme under grant MultiDark CSD2009-00064.

References

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

H.E. Haber and G.L. Kane, Phys. Rept. 117 (1985) 75; R. Barbieri, Riv. Nuovo Cim. 11 (1988) 1.

[2] H. Goldberg, Phys. Rev. Lett. 50 (1983) 1419;

J. Ellis, J. Hagelin, D. Nanopoulos, K. Olive and M. Srednicki, Nucl. Phys. B 238 (1984) 453.

[3] TESLA Technical Design Report [TESLA Collaboration] Part 3, “Physics at an e^+e^− Linear Collider”, arXiv:hep-ph/0106315, see:

tesla.desy.de/new pages/TDR CD/start.html;

K. Ackermann et al., DESY-PROC-2004-01.

[4] J. Brau et al. [ILC Collaboration], ILC Reference Design Report Volume 1 - Executive Summary, arXiv:0712.1950 [physics.acc-ph];

G. Aarons et al. [ILC Collaboration], International Linear Collider Reference Design Report Volume 2: Physics at the ILC, arXiv:0709.1893 [hep-ph];

E. Accomando et al. [ CLIC Physics Working Group Collaboration ], arXiv:hep-ph/0412251.

[5] G. Weiglein et al. [LHC/ILC Study Group], Phys. Rept. 426 (2006) 47 [arXiv:hep-ph/0410364];

A. De Roeck et al., Eur. Phys. J. C 66 (2010) 525 [arXiv:0909.3240 [hep-ph]]; A. De Roeck, J. Ellis, S. Heinemeyer, CERN Cour. 49N10 (2009) 27.

[6] S. Heinemeyer, F. von der Pahlen and C. Schappacher, to appear in Eur. Phys. J. C, arXiv:1112.0760 [hep-ph].

[7] J. F. Gunion, H. E. Haber, R. M. Barnett, M. Drees, D. Karatas, X. Tata and H. Baer, Int. J. Mod.

Phys. A 2 (1987) 1145;

H. Baer, A. Bartl, D. Karatas, W. Majerotto and X. Tata, Int. J. Mod. Phys. A 4 (1989) 4111.

[8] S. Heinemeyer, W. Hollik and G. Weiglein, Comput. Phys. Commun. 124 (2000) 76 [arXiv:hep-ph/9812320]; see www.feynhiggs.de .

[9] S. Heinemeyer, W. Hollik and G. Weiglein, Eur. Phys. J. C 9 (1999) 343 [arXiv:hep-ph/9812472].

[10] G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich and G. Weiglein, Eur. Phys. J. C 28 (2003) 133 [arXiv:hep-ph/0212020].

[11] M. Frank, T. Hahn, S. Heinemeyer, W. Hollik, R. Rzehak and G. Weiglein, JHEP 02 (2007) 047 [arXiv:hep-ph/0611326].

[12] A. Chatterjee, M. Drees, S. Kulkarni, Q. Xu, arXiv:1107.5218 [hep-ph].

[13] T. Fritzsche, S. Heinemeyer, H. Rzehak and C. Schappacher, arXiv:1111.7289 [hep-ph].

[14] S. Heinemeyer, H. Rzehak and C. Schappacher, Phys. Rev. D 82 (2010) 075010 [arXiv:1007.0689 [hepph]]; PoSCHARGED 2010 (2010) 039 [arXiv:1012.4572 [hep-ph]].

[15] J. Küblbeck, M. Böhm and A. Denner, Comput. Phys. Commun. 60 (1990) 165;

T. Hahn, Comput. Phys. Commun. 140 (2001) 418 [arXiv:hep-ph/0012260]; T. Hahn and C. Schappacher, Comput. Phys. Commun. 143 (2002) 54 [arXiv:hep-ph/0105349]. The program, the user’s guide and the MSSM model files are available via

www.feynarts.de .

[16] T. Fritzsche, PhD thesis, Cuvillier Verlag, Göttingen 2005, ISBN 3–86537–577–4.

[17] T. Hahn and M. Pérez-Victoria, Comput. Phys. Commun. 118 (1999) 153 [arXiv:hep-ph/9807565].

[18] F. del Aguila, A. Culatti, R. Muñoz Tapia and M. Pérez-Victoria, Nucl. Phys. B 537 (1999) 561 [arXiv:hep-ph/9806451].

[19] W. Siegel, Phys. Lett. B 84 (1979) 193;

D. Capper, D. Jones, and P. van Nieuwenhuizen, Nucl. Phys. B 167 (1980) 479.

[20] D. Stöckinger, JHEP 0503 (2005) 076 [arXiv:hep-ph/0503129].

[21] W. Hollik and D. Stöckinger, Phys. Lett. B 634 (2006) 63 [arXiv:hep-ph/0509298].

LCWS11 6