Two-loop Calculations in the MSSM with FeynArts

S. Heinemeyer

HET, Brookhaven Natl. Lab., Upton, New York 11973, USA

Abstract. Recent electroweak two-loop corrections in the Minimal Supersymmetric Standard Model (MSSM) are reviewed. They have been obtained with the help of the programs FeynArts and TwoCalc, making use of the recently finished MSSM model file for FeynArts. Short examples of how to use the two codes together with the analytic result for the O(G^2_F m^4_t ) corrections to the ρ-parameter in the MSSM are presented.

INTRODUCTION

Theories based on Supersymmetry (SUSY) are widely considered as the theoretically most appealing extension of the Standard Model (SM). The Minimal Supersymmetric Standard Model (MSSM) predicts the existence of scalar partners f̃_L, f̃_R to each SM chiral fermion, and spin–1/2 partners to the gauge bosons and to the scalar Higgs bosons, where two Higgs doublets are present in the MSSM. So far, the direct search of SUSY particles at present colliders has not been successful. One can only set lower bounds of O(100 GeV) on their masses, see Ref. (1). An alternative way to probe SUSY is to search for the virtual effects of the additional particles. The experimental precision has to be matched with high precision theoretical predictions for the various precision observables. The most prominent role in this respect is played by the ρ-parameter, see Ref. (2): ρ = 1 1 − Δρ , Δρ = Σ_Z M^2_Z − Σ_W M^2_W

. (1)

The radiative corrections to the vector boson selfenergies, Σ_{Z,W} constitute the leading, process independent corrections to many electroweak precision observables, such as the W boson mass, M_W , where

δM_W ≈ M_W /2 c^2_W /(c^2_W − s^2_W ) Δρ, (2)

with c^2_W = 1 − s^2_W = M^2_W /M^2_Z. Within the MSSM the corrections have so far been restricted to O(αα_s), see Ref. (3). In order to match the accuracy obtained in the SM and the (prospective) experimental uncertainties, the leading two-loop corrections to Δρ at O(G^2_F m^4_t ) are desirable. These corrections are the lowest order contributions involving non-SM particles with a m^4_t dependence. In the limit of a large SUSY scale, M_{SUSY} ≫ M_Z, the SUSY particles decouple from the observables, leaving the two Higgs doublets of the MSSM active. First results for this contribution have recently been calculated in Ref. (4).

Feynman-diagrammatic two-loop calculations involve a large number of diagrams. In the MSSM the additional problem of a proliferation of scales is apparent. Therefore, in order to perform the calculation as presented in Ref. (4), the use of computer algebra programs is inevitable. In particular, we made use of the amplitude generator FeynArts, see Ref. (5), where the MSSM model file has recently been completed. The reduction of the amplitudes to scalar integrals have been performed with the program TwoCalc, see Ref. (6).

TECHNIQUES FOR TWO-LOOP CALCULATIONS

In order to calculate the O(G^2_F m^4_t ) corrections to the ρ-parameter, the diagrams in Fig. 1 have to be evaluated.

FIGURE 1. Generic diagrams for O(G^2_F m^4_t ) corrections to Δρ. (V = Z,W , f = t,b, ϕ,χ = h,H,A,H^±,G,G^±)

The diagrams and the corresponding amplitudes have been generated with the help of the Mathematica program FeynArts and the recently accomplished MSSM model file. This model file contains all relevant information about the MSSM particles and vertices. (Only counter term vertices are missing at present.) FeynArts has been checked in several ways to insure its reliability. Apart from many self-energy calculations, whole processes like e^+e^− → tt̄, e^+e^− → H^+H^−, qq̄ → tt̄ and e^+e^− → χ̃^{0,+}χ̃^{0,−} have been calculated by hand and with FeynArts. Perfect agreement has been found for all processes, see Refs. (5, 7).

How easy the evaluation of the amplitudes has become with FeynArts is demonstrated in the following sequence from a Mathematica session where the Z boson self-energy amplitude, corresponding to Fig. 1, has is obtained. (A detailed guide can be found in Ref. (5).)

(start of Mathematica session) > <<FeynArts.m;

(→ loading FeynArts into Mathematica)

> se2 = CreateTopologies[2, 1->1,

ExcludeTopologies->Internal];

(→ two-loop topologies are created)

> V2V2 = InsertFields[se2,

V[2] -> V[2],
Model->"MSSM",
ExcludeParticles -> {...} ];

(→ fields are inserted into the topologies, incoming field V[2] = Z and outgoing field V[2] are specified, the model is chosen to be the MSSM)

> Paint[V2V2];

(→ the diagrams are painted (optional), see Fig. 1)

> V2V2A = CreateFeynAmp[V2V2];

(→ Feynman diagrams are converted into amplitudes)

> V2V2A >> V2V2.amp;

(→ result for the two-loop amplitude of the Z selfenergy is saved in the file V2V2.amp) (end of Mathematica session)

The further evaluation of the amplitudes has been performed with the Mathematica program TwoCalc, see Ref. (6). It performs the reduction of the self-energy amplitude at the two-loop level to a basic set of scalar integrals. The application of TwoCalc is demonstrated in the following sequence from a Mathematica session where the Z boson self-energy amplitude is processed.

(start of Mathematica session) > <<TwoCalc.m;

(→ loading TwoCalc into Mathematica)

> amp =<<V2V2.amp;

(→ the amplitude obtained with FeynArts is loaded)

> SetOptions[ TwoLoop,

CollectFunction -> 0];

(→ options are set. CollectFunction allows to choose between DREG and DRED)

> res = TwoLoopSum[amp,

SelfEnergyPart -> 1];

(→ the amplitude is reduced to scalar integrals)

> res = Collect[res,

{A0[_], T[__]}, Simplify];

(→ the result is simplified (optional))

> res >> V2V2.res;

(→ the result for the Z boson self-energy amplitude in terms of scalar integrals is saved in V2V2.res) (end of Mathematica session)

The analytically obtained result now consists of scalar integrals at the one- and at the two-loop level. In the case presented here, since the external momentum is set to zero, these are the functions A_0 and T_{134} at the oneand two-loop level, respectively, see Refs. (8, 9).

The pure two-loop diagrams have to be supplemented with the corresponding one-loop diagrams with counter term insertion. In order to obtain the O(G^2_F m^4_t ) corrections an expansion of the amplitudes up to O(m^4_t /M^4_W ) had to be performed. All remaining M_W = M_Z c_W have been set to zero. Furthermore we had to apply the MSSM sum rules for Higgs boson masses, especially implying for the case M_Z ,M_W → 0 that the lightest MSSM Higgs boson has the mass m_h = 0 at tree level. After adding up all contribution, the expansion of the result in terms of δ = (4 − D)/2 leads to a finite result in the limit δ → 0. All relevant details can be found in Ref. (4).

RESULTS FOR Δρ AND M_W

After extracting the prefactor of m^4_t /M^4_W and setting M_W to zero, besides s_β = tanβ/ √ 1 + tan^2 β only two mass scales remain: the top quark mass, m_t , and the mass of the CP -odd Higgs boson, M_A. The result for Δρ can be conveniently expressed in terms of a ≡ m^2_t /M^2_A:

Δρ^{SUSY}_1 = 3

G^2_F 128π^4 m^4_t

1 − s^2_β

s^2_β a^2 × { Li_2 (( 1 − √ 1 − 4a ) /2 ) 8 √ 1 − 4a Λ −2Li_2 ( 1 − 1 a ) [ 5 − 14a + 6a^2 ]

+log^2(a) [ 1 + 2 √ 1 − 4a Λ ] − log(a) [ 2 − 20a ]

−log^2 ( 1 − √ 1 − 4a 2 ) 4 √ 1 − 4a Λ +log ( 1 − √ 1 − 4a 1 + √ 1 − 4a )√ 1 − 4a(1 − 2a)

−log(|1/a − 1|) (a − 1)^2

+π^2 [ 2 √ 1 − 4a −3 + 12a Λ + 1 3 − 2a^2 s^2_β

1 − s^2_β ]

−17a + 19 a^2 1 − s^2_β } (3)

with Λ = 3 − 13a + 11a^2 . As a consistency check, in the limit of M_A → ∞, a → 0, we obtain

Δρ^{SUSY}_1 = 3

G^2_F 128π^4 m^4_t [ 19 − 2π^2 ] . (4)

This is the SM result with M_H → 0. It shows that the MSSM decouples to the SM limit (also at the two-loop level) when the new scale M_A is made large.

With the help of eq. (2) the shift in the W boson mass can be evaluated. The pure SUSY contribution turns out to be small, see Ref. (4). More important, however, is the effective shift from the SM result, which has been used also for the evaluation of the O(G^2_F m^4_t ) corrections within the MSSM (where the SM Higgs boson mass has been set to m_h, the mass of the lightest MSSM Higgs boson), and the new MSSM result, eq. (3). In Fig. 2 this effective change in M_W is shown as a function of m_h.

FIGURE 2. The effective change in M_W is shown as a function of m_h for tanβ = 2,5,20.

For the evaluation of m_h in the MSSM we made use of the currently most accurate calculation based on a Feynman-diagrammatic calculation, see Ref. (10), where the result is implemented into the Fortran code Feyn- Higgs, see Ref. (11). The common SUSY mass scale has been set to M_{SUSY} = 1000 GeV, the off-diagonal entry in the scalar top mass matrix has been set to X_t = 2M_{SUSY} (“maximal mixing”). The Higgs mixing parameter has been fixed to μ = 200 GeV. For m_h >∼ 90 GeV, the current LEP2 limit as given in Ref. (12), this results in an effective change in M_W of 5 – 9 GeV.

CONCLUSIONS

We presented the calculation of the SUSY contributions of O(G^2_F m^4_t ) to the ρ-parameter. In order to obtain these two-loop corrections, the computer algebra programs FeynArts and TwoCalc have been used. Examples of the handling of these programs were given. A compact analytical result in terms of m^2_t /M^2_A has been derived. The effective change from the previously used SM result to the new MSSM result is an upward shift in M_W of about 5 – 9 GeV.

ACKNOWLEDGMENTS

S.H. thanks T. Hahn, C. Schappacher and other members of the TP, Universität Karlsruhe, Germany, for their effort put into FeynArts and the new MSSM model file. S.H. gratefully acknowledges the collaboration with G. Weiglein, with whom the results presented here have been obtained.

REFERENCES

1. Part. Data Group, Eur. Phys. Jour. C15 (2000) 1.

2. M. Veltman, Nucl. Phys. B123 (1977) 89.

3. A. Djouadi, P. Gambino, S. Heinemeyer, W. Hollik, C. Jünger and G. Weiglein, Phys. Rev. Lett. 78 (1997) 3626; Phys. Rev. D57 (1998) 4179.

4. S. Heinemeyer and G. Weiglein, in preparation;

S. Heinemeyer, talk given at the RADCOR2000,

radcor2000.slac.stanford.edu/
talks/heinemeyer.ps

5. T. Hahn, hep-ph/0012260; (see www.feynarts.de).

6. G. Weiglein, R. Scharf and M. Böhm, Nucl. Phys. B416 (1994) 606.

7. see www.hep-processes.de .

8. G. Passarino and M. Veltman, Nucl. Phys. B160 (1979) 151.

9. A. Davydychev and J. Tausk, Nucl. Phys. B397 (1993) 123;

F. Berends and J. Tausk, Nucl. Phys. B421 (1994) 606.

10. S. Heinemeyer, W. Hollik and G. Weiglein, Phys. Rev. D58 (1998) 091701; Phys. Lett. B440 (1998) 296; Eur. Phys. Jour. C9 (1999) 343.

11. S. Heinemeyer, W. Hollik and G. Weiglein, Comp. Phys.

Comm. 124 (2000) 76; hep-ph/0002213; (see www.feynhiggs.de)

12. S. Andringa et al., ALEPH 2000-074 CONF 2000-051, DELPHI 2000-148 CONF 447, L3 Note 2600, OPAL Technical Note TN661.