arXiv:hep-ph/0601263 v1 31 Jan 2006

Two-loop SUSY QCD correction to the gluino pole mass

Youichi Yamada^{a ∗}

aDepartment of Physics, Tohoku University, Sendai 980-8578, Japan

We calculate the pole mass of the gluino as a function of the running parameters in the lagrangian, to O(α^2_s ) in SUSY QCD. The correction shifts the pole mass from the running mass by typically 1–2 %. This shift can be larger than the expected accuracy of the mass determination at future colliders, and should be taken into account for precision studies of the SUSY breaking parameters. The effects of other corrections are breifly commented.

TU-763

1. Introduction

Extention of the standard model by supersymmetry (SUSY), with the breaking scale not much higher than the electroweak scale, has been studied as a very promising solution to the hierarchy problem between the electroweak scale and the Planck/grand unification scale. In these models, such as the minimal supersymmetric standard model (MSSM) [1], all particles in the standard model have their superpartners with masses below O(1) TeV. These new particles are then expected to be produced at colliders in near future, such as the CERN Large Hadron Collider (LHC) and the International Linear Collider (ILC).

One of the main motivations for the experimental study of these new particles [2], the SUSY particles, is the determination of the soft SUSY breaking parameters [3,4], which gives an important information of the SUSY breaking mechanism in the unified theory. For example, the unification of three gaugino masses (M_3, M_2, M_1) at the same scale as that of the gauge couplings is a crucial test for the SUSY grand unified theory [5,6] and superstring phenomenology [7].

For this purpose, in addition to the precise measurements of the physical parameters of the SUSY particles [2], one also needs precise prediction of the relations between these observables and parameters in the lagrangian. In some cases,

∗Talk at the 7th International Symposium on Radiative Corrections (RADCOR2005), Shonan Village, Japan, Oct. 2-7, 2005

we have to calculate the relations beyond the oneloop order to match expected experimental precision. For example, the two-loop mass corrections have been calculated for the top and bottom quarks [8], squarks in the first two generations [9], and Higgs bosons [10].

Here we focus our attention to the mass of the gluino g̃, the SU(3) gaugino, in the framework of the MSSM. At the LHC, gluino is, if it is sufficiently light, expected to be copiously produced [11]. Its mass m_{g̃} can be determined from the distributions of the decay products. A study [12] shows that, for the SUSY parameter set SPS1a given in Ref. [13] with m_{g̃} ≃ 600 GeV, m_{g̃} can be determined to accuracy δm_{g̃} = 8 GeV from precision data at the LHC with 300 fb^{−1}, and even to δm_{g̃} = 6.5 GeV when combined with the data from the ILC. On the other hand, the oneloop QCD contribution to the the difference between the pole mass m_{g̃} and the running mass M_3 of the gluino [14,15,16] is much larger, typically O(10) %. One therefore naively expect the twoloop mass correction might be O(1) %, similar to the experimental uncertainty. It is therefore important to examine whether higher-order corrections to the gluino mass is really relevant in the determination of the SUSY breaking parameters at future precision measurements.

In this talk we present the pole mass of the gluino as a function of the lagrangian parameters, including O(α^2_s) SUSY QCD correction obtained by diagrammatic calculation [17].

1

2. Two-loop SUSY QCD mass correction

The pole mass m_{g̃} of the gluino, which is defined by the complex pole s_p = (m_{g̃} − iΓ_{g̃}/2)^2 of the gluino propagator, is given at the two-loop order as

m_{g̃} = M_3 + δm^{(1)}_{g̃} + δm^{(2)}_{g̃} , (1)

where the corrections δm^{(1,2)}_{g̃} are expressed in terms of the one-loop and two-loop parts of the gluino self energy Σ(p) = Σ_K (p^2)p/ + Σ_M (p^2) as

δm^{(1)}_{g̃} = −Re[M_3Σ^{(1)}_K (M^2_3 ) + Σ^{(1)}_M (M^2_3 )],

δm^{(2)}_{g̃} = −Re[M_3Σ^{(2)}_K (M^2_3 ) + Σ^{(2)}_M (M^2_3 )] +Re [ {M_3Σ^{(1)}_K (M^2_3 ) + Σ^{(1)}_M (M^2_3 )}

×{Σ^{(1)}_K (M^2_3 ) + 2M^2_3 Σ̇^{(1)}_K (M^2_3 )

+2M_3Σ̇^{(1)}_M (M^2_3 )} ] . (2)

Here M_3 is the running tree-level gluino mass. The dot in Eq. (2) denotes the derivative with respect to the external momentum squared p^2.

The SUSY QCD contribution to Σ(p) is generated by loops with the gluino, gluon, quarks, and squarks. Masses and couplings in the lagrangian are renormalized in the DR^′ scheme [18] at the scale Q. Here we ignore SU(2)×U(1) breaking effects in the loops, such as the quark masses and squark left-right mixings. This approximation is valid for the case where the gluino and squarks are sufficiently heavier than the quarks. Later we will briefly comment on the effects of these SU(2)×U(1) breakings. For simplicity, we also assume degenerate mass m_{q̃} for squarks.

The one-loop correction δm^{(1)}_{g̃} in our approximation is [15,16]

δm^{(1)}_{g̃} = C_V α_s 4π M_3 ( 5 − 6 log

M_3 Q )

+ α_s π N_q T_F M_3B_1(M^2_3 , 0, m_{q̃}), (3)

where C_V = 3, T_F = 1/2, and N_q = 6 is the number of quarks. Parameters (α_s, M_3, m_{q̃i} ) in Eq. (3) are the DR^′ running ones at the renormalization scale Q. B_1(p^2, m_1, m_2) is the one-loop function [19] in the convention of Ref. [20].

The two-loop O(α^2_s) correction δm^{(2)}_{g̃} consists of two parts, δm^{(2)}_{g̃} = δm^{(2,1)}_{g̃} + δm^{(2,2)}_{g̃} , where δm^{(2,1)}_{g̃} is the contribution of the diagrams with only gluons and gluinos, while δm^{(2,2)}_{g̃} is the remaining contribution including quark and squark loops. Two-loop diagrams for these contributions are shown in Fig. 1 and Fig. 2, respectively. In these figures, the wavy line, solid line without an arrow, solid line with an arrow, and dashed line with an arrow represent the gluon, gluino, quark, and squark, respectively.

Figure 1. Two-loop O(α^2_s) contributions to δm^{(2,1)}_{g̃} , without quark and squark propagators.

The contribution δm^{(2,1)}_{g̃} is obtained by applying the formula of the O(α^2_s) QCD correction to the quark masses [21] in the DR scheme [22] to the SU(3) octet fermion. The result is

δm^{(2,1)}_{g̃} = ( C_V α_s 4π )_2

M_3 ( −48 log

M_3 Q + 36 log^2

M_3 Q +26 + 5π^2 − 4π^2 log 2 + 6ζ_3 ) , (4)

where ζ_3 = ∑_∞ n=1 n^{−3} ≃ 1.202. We have verified Eq. (4) by explicit calculation of the diagrams. At Q = M_3, the correction (4) is δm^{(2,1)}_{q̃} /M_3 ∼ 31(α_s/π)^2 ∼ 0.03.

The contribution δm^{(2,2)}_{g̃} including quark and squark loops is calculated by decomposition into

Figure 2. Two-loop O(α^2_s) contributions to δm^{(2,2)}_{g̃} , with quark and squark propagators. Other diagrams obtained by charge conjugation are not shown.

two-loop basis integrals [23,24] using the integration by parts technique [23,25,26], and their numerically evaluation by the package TSIL [27]. We have analytically checked that the Q dependence of δm^{(2)}_{g̃} is consistent with the two-loop renormalization group equation [14,28] of M_3.

The explicit form of δm^{(2,2)}_{g̃} is rather long. Here we just show, for reference, the form in the limit of m_{q̃} ≫ M_3:

δm^{(2,2)}_{g̃} (m_{q̃} ≫ M_3) =

α^2_sM_3 (4π)^2 [ 72 log^2 m_{q̃} Q + 242 log m_{q̃} Q + log

M_3 Q ( 54 − 288 log m_{q̃} Q ) − 172 + 14 3 π^2 ]

+ α^2_sM_3 (4π)^2 N_q C_V T_F ( −8 log^2

M_3 Q + 52 3 log M_3 Q − 37 3 − 4 3 π^2 ) . (5)

The last term of Eq. (5), which is independent of m_{q̃}, comes from the diagram (a) in Fig. 2. We have checked that the m_{q̃} dependence of Eq. (5) is consistent with the two-loop running of the gluino mass in the effective theory where squarks are integrated out [29].

3. Numerical results

We present some numerical results of the O(α^2_s) pole mass of the gluino, for the running tree-level mass M_3(M_3) = 580 GeV which is close to the values in the SPS1a point. The strong coupling constant within the standard model is given as α_s(m_Z ) = 0.12.

We first show, in Fig. 3, the residual dependence of the one-loop pole mass m^{(1)}_{g̃} and twoloop pole mass m^{(2)}_{g̃} on the renormalization scale Q, for the running squark mass m_{q̃} (Q_0) = 800 GeV at Q_0 = 580 GeV. All parameters in the formulas are evolved by O(α^2_s) renormalization group equations. For reference, the tree-level M_3(Q) decreases from 589 GeV at Q = 400 GeV to 559 GeV at Q = 1400 GeV. We see that the Q

Figure 3. Dependence of the one-loop (dashed) and two-loop (solid) pole masses of the gluino on the renormalization scale Q. Mass parameters are (M_3, m_{q̃}) = (580, 800) GeV at Q = 580 GeV.

dependence slightly improves by including δm^{(2)}_{g̃} . One should however note that, contrary to naive expectation, δm^{(2)}_{g̃} is much larger than the Qdependence of the one-loop result m^{(1)}_{g̃} .

Figure 4. The pole masses of the gluino at the one-loop with running masses (dashed), twoloop (solid), and modified one-loop mass with pole masses (dot-dashed), for the tree-level mass M_3(M_3) = 580 GeV, as functions of m_{q̃} (M_3).

In Fig. 4, we compare m^{(1)}_{g̃} and m^{(2)}_{g̃} as functions of the running squark mass m_{q̃} (Q = M_3). Here the renormalization scale is fixed at Q = 580 GeV. The two-loop correction δm^{(2)}_{g̃} is positive and in the range of 8−15 GeV for m_{q̃} = 400−1600 GeV. This correction is O(1 − 2) % of the oneloop result m^{(1)}_{g̃} , with partial cancellation between δm^{(2,1)}_{g̃} and δm^{(2,2)}_{g̃} , but still similar to or larger than the expected uncertainty in the mass determination at future colliders [12]. In Fig. 4, we also show the modified one-loop result where the running masses in Eq. (3) are replaced by the corresponding pole masses. This modification corresponds to the inclusion of higher-order corrections by one-loop renormalization group equations [16]. However, it is clearly seen that the resulting change of m_{g̃} is much smaller than the two-loop correction δm^{(2)}_{g̃} .

A recent work [30] writes down the explicit form of the O(α^2_s) mass correction in terms of the basis integrals, including m_q and left-right mixings of squarks. Since these parameters break the SU(2)×U(1) gauge symmetry, their contributions to m_{g̃} should be suppressed by factors m^2_q /m^2_{q̃} or m^2_q /m^2_{g̃} compared to the gauge symmetric contribution shown here. In addition, they only modifies contributions involving quarks and squarks in the third generation, while all generations contribute to the SU(2)×U(1)-symmetric part of δm^{(2,2)}_{g̃} with equal weight. We therefore do not expect that these SU(2)×U(1)-breaking contributions are numerically relevant in future realistic studies of the SUSY particles. However, detailed study in cases of light gluino and/or squarks is necessary for definite conclusion.

4. Other two-loop corrections

Beyond one-loop, there are also mass corrections involving Yukawa and electroweak couplings. For example, diagrams involving Yukawa couplings h_q of the Higgs bosons/higgsinos to quarks and squarks in the third generation, such as those in Fig. 5, give the O(α_sh^2_q) mass corrections. Analytic form of these contributions

Figure 5. Some diagrams of the O(α_sh^2_q ) contributions to the gluino pole mass.

can be derived from general formulas of the twoloop corrections to the fermion pole masses [30] in the approximation of massless vector bosons in the loops. As a numerical example, again in the SU(2)×U(1) symmetric approximation, the top Yukawa contribution for M_3 = m_{q̃} = m_A0 = μ, tan β = 10 is δm^{(2,ht)}_{g̃} /M_3 ∼ (2, 10) × α_sh^2_t /(4π)^3 for A_t = (M_3, −M_3), respectively, which is much smaller than the O(α^2_s) contribution. We expect that the smallness of the Yukawa contribution would also hold in more general cases.

5. Conclusions

We have calculated the two-loop SUSY QCD contribution to the gluino pole mass, ignoring SU(2)×U(1) symmetry breakings in the loops. The O(α^2_s) correction to the gluino mass has been shown to be typically 1 − 2 %. For the case of M_3(M_3) = 580 GeV, this correction is similar to, or larger than, the expected uncertainty in the mass determination from precision measurements at future colliders. The two-loop correction would be therefore important in the extraction of M_3 from experimental data and the determination of the SUSY breaking at the unification scale.

REFERENCES

1. H. P. Nilles, Phys. Rep. 110 (1984) 1; H. E.

Haber and G. L. Kane, Phys. Rep. 117 (1985) 75. 2. The LHC/LC Study Group, G. Weiglein et al. (eds.), hep-ph/0410364.

3. R. Lafaye, T. Plehn, and D. Zerwas, hep-ph/0404282, in Ref. [2]; P. Bechtle, K. Desch, and P. Wienemann, in Ref. [2].

4. J. A. Aguilar-Saavedra et al., hep-ph/0511344.

5. K. Inoue, A. Kakuto, H. Komatsu, and S.

Takeshita, Prog. Theor. Phys. 68 (1982) 927; Prog. Theor. Phys. 70 (1983) 330 (erratum); Prog. Theor. Phys. 71 (1982) 413.

6. J. Ellis, K. Enqvist, D. V. Nanopoulos, and K. Tamvakis, Phys. Lett. 155B (1985) 381; M. Drees, Phys. Lett. 158B (1985) 409; J. Hisano, H. Murayama, and T. Goto, Phys. Rev. D 49 (1994) 1446; G. D. Kribs, Nucl. Phys. B 535 (1998) 41.

7. L. E. Ibáñez and D. Lüst, Phys. Lett. B 382 (1992) 305; B. de Carlos, J. A. Casas, and C. Muñoz, Phys. Lett. B 299 (1993) 234; V. S. Kaplunovsky and J. Louis, Phys. Lett. B 306 (1993) 269; A. Brignole, L. E. Ibáñez, and C. Muñoz, Nucl. Phys. B 422 (1994) 125; Nucl. Phys. B 436 (1995) 747 (erratum).

8. A. Bednyakov, A. Onishchenko, V.

Velizhanin, and O. Veretin, Eur. Phys.

J. C 29 (2003) 87; A. Bednyakov and A. Sheplyakov, Phys. Lett. B 604 (2004) 91.

9. S. P. Martin, Phys. Rev. D 71 (2005) 116004. 10. S. Heinemeyer, W. Hollik, and G. Weiglein, Phys. Rev. D 58 (1998) 091701; Phys. Lett. B 440 (1998) 296; Eur. Phys. J. C 9 (1999) 343; S. P. Martin, Phys. Rev. D 70 (2004) 016005; Phys. Rev. D 71 (2005) 016012.

11. W. Beenakker, R. Höpker, M. Spira, and P.

M. Zerwas, Nucl. Phys. B 492 (1997) 51. 12. M. Chiorboli et al., in Ref. [2].

13. B. C. Allanach et al., Eur. Phys. J. C 25 (2002) 113.

14. S. P. Martin and M. T. Vaughn, Phys. Lett.

B 318 (1993) 331.

15. D. Pierce and A. Papadopoulos, Nucl. Phys.

B 430 (1994) 278; N. V. Krasnikov, Phys. Lett. B 345 (1995) 25; A. Donini, Nucl. Phys. B 467 (1996) 3.

16. D. M. Pierce, J. A. Bagger, K. T. Matchev, and R.-J. Zhang, Nucl. Phys. B 491 (1997) 3.

17. Y. Yamada, Phys. Lett. B 623 (2005) 104. 18. I. Jack et al., Phys. Rev. D 50 (1994) 5481. 19. G. Passarino and M. Veltman, Nucl. Phys. B 160 (1979) 151.

20. A. Denner, Fortschr. Phys. 41 (1993) 307. 21. L. V. Avdeev and M. Yu. Kalmykov, Nucl.

Phys. B 502 (1997) 419.

22. W. Siegel, Phys. Lett. 84B (1979) 193; D. M.

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

23. O. V. Tarasov, Nucl. Phys. B 502 (1997) 455. 24. S. P. Martin, Phys. Rev. D 68 (2003) 075002. 25. R. Mertig and R. Scharf, Comput. Phys.

Commun. 111 (1998) 265.

26. A. I. Davydychev and A. G. Grozin, Phys.

Rev. D 59 (1999) 054023.

27. S. P. Martin and D. G. Robertson, Comput.

Phys. Commun. 174 (2006) 133.

28. Y. Yamada, Phys. Rev. Lett. 72 (1994) 25. 29. G. F. Giudice and A. Romanino, Nucl. Phys.

B 699 (2004) 65; Nucl. Phys. B 706 (2005) 487 (erratum).

30. S. P. Martin, Phys. Rev. D 72 (2005) 096008.