arXiv:1103.5221v1 [hep-ph] 27 Mar 2011

QCD contributions to the thermal history of the early Universe^1

Jose A. R. Cembranos

William I. Fine Theoretical Physics Institute, University of Minnesota, Minneapolis, 55455, USA School of Physics and Astronomy, University of Minnesota, Minneapolis, 55455, USA Departamento de Física Teórica I, Universidad Complutense de Madrid, E-28040 Madrid, Spain.

Abstract. We discuss the deviations from the ideal relativistic thermal bath. These deviations are dominated from quantum chromodynamic (QCD) corrections in the most part of the parameter space of the Standard Model (SM) and the Minimal Supersymmetric Standard Model (MSSM). These effects are relevant for astrophysical precision measurements and dynamics of scalar tensor theories (SST).

Keywords: Cosmology, QCD, Standard Model, Supersymmetry, Modified Theories of Gravity PACS: 98.80.-k, 95.30.Tg, 12.38.Aw, 04.50.Kd

THE THERMAL UNIVERSE

The thermodynamics of any substance can be characterized by its free energy density (F ), or equivalently g_f , the effective free energy number of relativistic degrees of freedom:

F = −g_f π^2 90 T^4 , (1)

that is defined by normalizing to the free energy density of one non-interacting massless bosonic degree of freedom. For vanishing chemical potential, all the main properties of the fluid can be deduced directly from Eq. (1), such as pressure (P), energy density (ρ) or their ratio (ω): P = −F , ρ = T ∂ P ∂ T − P = π^2 90 T^4 ( 3g_f +

∂ g_f ∂ lnT ) , ω ≡ P ρ = ( 3 + ∂ lng_f ∂ lnT )_{−1} . (2)

The partition function and g_f can be computed diagrammatically [2]. The one loop vacuum diagram provides the free theory result. In this case, the coefficient g_f is simply the number of bosonic (N_b) and fermionic (N_f ) relativistic degrees of freedom: g_{f ,free} = N_b +^7_8 N_f , where the 7/8 coefficient multiplying the fermionic contribution is due to the different value of the partition function obtained from the Fermi-Dirac thermal distribution

1 To appear in the Proceedings of the Quark Confinement and the Hadron Spectrum IX (QCHS9) Universidad Complutense de Madrid, Spain, August 30^{th} - September 3^{rd} 2010.

rather than the Bose-Einstein distribution. Higher loops account for the interactions. In [1], it has been shown that the strong interaction is the dominant even at very high temperatures except for the case of a heavy Higgs boson. Unfortunately, the situation is not so simple since the finite temperature perturbation approach to QCD has a very slow convergence. In any case, the first order contribution has the right magnitude and the leading order correction coming from the strong interaction estimates the interaction effects in the thermal bath. In particular, for the standard model [1]:

g_f = 427 4 − 420α̃_3 + O ( α̃^{3/2}_3 ) ∂ g_f ∂ lnT

= 2940α̃^2_3 + O ( α̃^{5/2}_3 ) , w − 1 3 = − 560 183 α̃^2_3 + O ( α̃^{5/2}_3 )

α̃_3 (T ) ≡ α_3 2π ≃ α̃_3 (m_t )

1 + 7α̃_3 (m_t ) ln

(_T

m_t ), (3)

with α̃_3 (m_t ) ≃ 0.0172; whereas for the MSSM [1]:

g_f = 915 4 − 1890α̃_3 + O ( α̃^{3/2}_3 ) ∂ g_f ∂ lnT

= 5670α̃^2_3 + O ( α̃^{5/2}_3 ) , w − 1 3 = − 168α̃^2_3 61 + O ( α̃^{5/2}_3 )

α̃_3 (T ) ≃ α̃_3 (m_{SUSY})

1 + 3α̃_3 (m_{SUSY}) ln

(_T

m_{SUSY}

) , (4)

Assuming for definiteness that the supersymmetric partners have masses m_{SUSY} = 500GeV, and using the running in Eq. (3) from T = m_Z to T = m_{SUSY}, we have α_3(m_{SUSY}) ≃ 0.0153.

We recall that the expressions (3) and (4) hold for temperatures greater than the masses of the particles, i.e. for T^>∼ 200GeV in the SM, and for T^>∼ 500GeV in the MSSM with our assumption. At low temperatures, the effect is stronger in the SM than in the MSSM case. This is because α_3 runs faster in the SM. However, since α_3 decreases less in the MSSM, the departure from the noninteracting value becomes greater for the MSSM as the temperature increases.

SCALAR-TENSOR MODELS

The deviation from the ideal gas is particularly important in scalar-tensor theories (STT) of gravity, since it is not only a correction but also the main contribution to the scalar evolution. Many different types of new scalar fields are predicted different extensions of the standard model of particles and general relativity [3, 4], but a standard STT can be defined by the introduction of a spin-0 scalar mediator in addition to the standard spin-2 graviton. Well known examples of such fields are the Jordan- Fierz-Brans-Dicke (JFBD) scalar which is introduced as an extension to general relativity (GR), the graviscalar (or radion) in extra dimensional models, or modili fields (as the dilaton) in the context of string theory.

The general action of these models can be written as: S = ∫ d4x√−g 16πG_∗ [ R A^2 (ϕ)

− g^{μν} ∂_μ ϕ ∂_ν ϕ − 2U (ϕ) ]

+ S_m [ g_{μν} ] , (5)

where the first term is the action for the spin-2 graviton and the scalar field, while the second term is the action for matter. This expression defines the theory in the Jordan frame, in which the standard expression of the metric g_{μν} is used in the action for the matter fields (where by “matter” we generally denote any field in the theory apart from ϕ and g_{μν} ). However, the gravitational interaction between matter fields is modified, since the function A(ϕ) multiplies the Ricci scalar. Such a theory depends on two arbitrary functions. For the sake of simplicity, we will assume that G_∗, the bare gravitational constant, is approximately the gravitational constant that would be measured in a Cavendish-type of experiment. Under a conformal transformation

g_{∗μν} = A^{−2} (ϕ) g_{μν} , (6)

and for a vanishing potential (U = 0), the action of the system becomes S = ∫ d4x

16πG_∗ √ −g_∗ [ R_∗ − 2g^{μν}_∗ ∂_μ ϕ_∗∂_ν ϕ_∗ ]

+ S_m [ A^2 (ϕ_∗) g_{∗μν} ] , (7)

where the scalar field ϕ_∗ is defined by ( dϕ_∗ dϕ )_2 = 3 ( d lnA(ϕ) dϕ )_2 + A^2 (ϕ) 2 (8) and A(ϕ_∗) is short for A(ϕ (ϕ_∗)).

The expression (7) is the action of the system in the Einstein frame. It is characterized by a standard action for the spin-2 graviton; however, the combination A^2 (ϕ_∗) g_{∗μν} , rather than the metric itself, is used in the action for matter. While the two expressions are equivalent, the Einstein frame is more often used to study the cosmology of the system (since the resulting cosmological equations are the standard ones), while the Jordan frame is more often used to study particle physics processes (since the physical lengths and masses are constant in this frame). Moreover, the Einstein frame is built in such a way that the kinetic term of the spin-2 and spin- 0 mediators is diagonal so that the Cauchy problem is well-paused in this frame.

The cosmological evolution of the scalar mode is determined by the standard equation of motion for a scalar field with an extra source term proportional to the trace of the energy momentum tensor. Assuming a perfect relatisvistic fluid form for the energy momentum tensor, its trace is simply, ρ − 3p, and vanishes in a radiation dominated epoch when the equation of state is characterized by p = ρ/3. While this is certainly a good approximation deep in the radiation era. A non-vanishing source term also arises when one includes the contribution from the trace anomaly. Although this is generally small, typically w − 1/3 = O ( 10^{−4} − 10^{−3} ) [1], there can be situations in which this contribution has a significant impact on the cosmology of these models. In fact, not only can it affect the evolution of the scalar field, but in some cases, it can lead to a brief early phase of contraction followed by a non-singular bounce in the cosmological scale factor. In these cases, one can also derive a maximum temperature of the universe which may provide a solution to the gravitino problem or other unwanted relics [1].

FINAL REMARKS

We have analyzed the consequences of deviations from the ideal relativistic thermal bath for the dynamics of scalar-tensor models. However, interaction effects are also important in the precision era of astrophysical observations that we have already entered. This fact can be illustrated in the case of a thermal relic. Although there are other possibilities [5], Dark Matter (DM) is usually assumed to be in the form of stable Weakly-interacting massive particles (WIMPs) that naturally freeze-out with the right thermal abundance. WIMPs emerge in different well-motivated particle physics scenarios as in Rparity conserving supersymmetry (SUSY) models [6, 7], universal extra dimensions (UED) [8, 9], or braneworlds [10, 11, 12].

The present uncertainty on the total DM density is 3% [13], and it can be improved below 1% by analyzing data from the Planck Surveyor. However, in order to associate the observed precision with the thermal relic density of a particular WIMP model, it is necessary to understand the thermal bath up to the same level. Unfortunately, the uncertainties are bigger than 1% percent even at high temperatures. Therefore, non-perturbative analises, as lattice studies, are necessary. Alternatively, if we are able to understand the nature of DM from other experiments as the new generation of colliders [14], we may have the opportunity to improve our knowledge about QCD by making precise astrophysical observations.

ACKNOWLEDGMENTS

This work is supported in part by DOE grant FG02- 94ER40823, FPA 2005-02327 project (DGICYT, Spain), CAM/UCM 910309 project, and MICINN Consolider- Ingenio MULTIDARK CSD2009-00064.

REFERENCES

1. J. A. R. Cembranos, K. A. Olive, M. Peloso and J. P. Uzan, JCAP 0907, 025 (2009) [0905.1989 [astro-ph.CO]]; J. A. R. Cembranos, AIP Conf. Proc. 1182, 288 (2009) [0906.5297 [astro-ph.CO]].

2. J. I. Kapusta, Finite Temperature Field Theory (Cambridge University Press, Cambridge 1989).

3. E. Witten, Nucl. Phys. B 268, 253 (1986); V. A. Kostelecky and S. Samuel, Phys. Lett. B 207, 169 (1988); Nucl. Phys. B 336, 263 (1990); I. Y. Aref’eva, A. S. Koshelev, D. M. Belov and P. B. Medvedev, Nucl. Phys. B 638, 3 (2002) [arXiv:hep-th/0011117]; I. Y. Aref’eva, L. V. Joukovskaya and A. S. Koshelev, JHEP 0309, 012 (2003) [arXiv:hep-th/0301137]; M. Fujita and H. Hata, Phys. Rev. D 70, 086010 (2004) [arXiv:hep-th/0403031]; T. Biswas, J. A. R. Cembranos and J. I. Kapusta, Phys. Rev. Lett. 104, 021601 (2010) [arXiv:0910.2274 [hep-th]]; JHEP 1010, 048 (2010) [1005.0430 [hep-th]]; Phys. Rev. D 82, 085028 (2010) [1006.4098 [hep-th]].

4. P. Jordan, Nature (London) 164, 637 (1949); M. Fierz, Helv.

Phys. Acta 29, 128 (1956); C. Brans and R. Dicke, Phys. Rev. 124, 925 (1961); P. G. Bergmann, Int. J. Theor. Phys. 1, 25 (1968); K. Nordtvedt, Astrophys. J. 161, 1059 (1970); R. Wagoner, Phys. Rev. D1, 3209 (1970); T. Damour and K. Nordtvedt, Phys. Rev. Lett. 70, 2217 (1993); ibid., Phys. Rev. D 48, 3436 (1993); T. Damour and B. Pichon, Phys. Rev. D 59, 123502 (1999) [astro-ph/9807176]; C. Schimd, J. P. Uzan, and A. Riazuelo, Phys. Rev. D 71, 083512 (2005); J. A. R. Cembranos, Phys. Rev. D 73, 064029 (2006) [gr-qc/0507039]; Phys. Rev. Lett.

102, 141301 (2009) [0809.1653 [hep-ph]]; 1011.0185 [gr-qc]; A. de la Cruz-Dombriz et al., Phys. Rev. D 74, 087501 (2006) [gr-qc/0607118]; Phys. Rev. D 77, 123515 (2008) [0802.2999 [astro-ph]]; A. Coc, K. A. Olive, J. P. Uzan and E. Vangioni, Phys. Rev. D 73, 083525 (2006) [astro-ph/0601299]; [0811.1845 [astro-ph]].

5. L. Covi, J. E. Kim and L. Roszkowski, Phys. Rev.

Lett. 82, 4180 (1999) [hep-ph/9905212]; J. L. Feng, A. Rajaraman and F. Takayama, Phys. Rev. D 68, 085018 (2003) [hep-ph/0307375]; J. L. Feng, A. Rajaraman and F. Takayama, Int. J. Mod. Phys. D 13, 2355 (2004) [hep-th/0405248]; J. A. R. Cembranos, J. L. Feng, A. Rajaraman and F. Takayama, Phys. Rev. Lett. 95, 181301 (2005) [hep-ph/0507150]; J. A. R. Cembranos, J. L. Feng, L E. Strigari, Phys. Rev. D 75, 036004 (2007) [hep-ph/0612157]; 0708.0247 [hep-ph]; Phys. Rev. Lett. 99, 191301 (2007) [0704.1658 [astro-ph]]; 0708.0239[hep-ph];

6. H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983). 7. J. R. Ellis et al., Nucl. Phys. B 238, 453 (1984). 8. G. Servant and T. M. P. Tait, Nucl. Phys. B 650, 391 (2003) [hep-ph/0206071].

9. H. C. Cheng, J. L. Feng and K. T. Matchev, Phys. Rev. Lett.

89, 211301 (2002) [hep-ph/0207125].

10. J. A. R. Cembranos, A. Dobado and A. L. Maroto, Phys.

Rev. Lett. 90, 241301 (2003) [hep-ph/0302041]; and Phys. Rev. D 68, 103505 (2003) [hep-ph/0307062].

11. J. Alcaraz et al., Phys. Rev.D67, 075010 (2003) [hep-ph/0212269]; J. A. R. Cembranos, A. Dobado and A. L. Maroto, AIP Conf.Proc. 670, 235 (2003) [hep-ph/0301009]; hep-ph/0402142; hep-ph/0406076; Int. J. Mod. Phys. D13, 2275 (2004) [hep-ph/0405165]; hep-ph/0411076; astro-ph/0411262; Phys. Rev. D 73, 035008 (2006) [hep-ph/0510399]; astro-ph/0503622; astro-ph/0512569; astro-ph/0611911; A. L. Maroto, Phys. Rev. D 69, 043509 (2004) [hep-ph/0310272]; Phys. Rev. D 69, 101304 (2004) [hep-ph/0402278]; J. A. R. Cembranos et al., 0708.0235 [hep-ph]; JCAP 0810, 039 (2008) [0803.0694 [astro-ph]]; J. A. R. Cembranos and L. E. Strigari, Phys. Rev. D 77, 123519 (2008) [0801.0630 [astro-ph]].

12. T. E. Clark et al., Phys. Lett. B 671, 383 (2009) [0709.4023 [hep-th]]; Nucl. Phys. B 810, 97 (2009) [0809.1083 [hep-th]].

13. E. Komatsu et al. [WMAP Collaboration], Astrophys. J.

Suppl. 180, 330 (2009) [0803.0547 [astro-ph]]. 14. P. Achard et al., Phys. Lett. B597, 145 (2004) [hep-ex/0407017]; S. Heinemeyer et al., hep-ph/0511332; J. A. R. Cembranos, A. Rajaraman and F. Takayama, hep-ph/0512020; Europhys. Lett. 82, 21001 (2008) [hep-ph/0609244]; J. A. R. Cembranos, A. Dobado and A. L. Maroto, hep-ph/0107155; Phys. Rev. D65 026005 (2002) [hep-ph/0106322]; hep-ph/0307015; Phys. Rev. D70, 096001 (2004) [hep-ph/0405286]; hep-ph/0512302; Phys. Rev. D 73, 057303 (2006) [hep-ph/0507066]; J. Phys. A 40, 6631 (2007) [hep-ph/0611024]; A. Juste et al., hep-ph/0601112; J. A. R. Cembranos et al., hep-ph/0603067; AIP Conf. Proc. 903, 591 (2007) [hep-ph/0701011]; ILC Collaboration, 0709.1893 [hep-ph]; 0712.1950 [physics.acc-ph]; 0712.2356 [physics.ins-det]; J. A. R. Cembranos et al., 1009.4936 [hep-ph]; 1011.2137 [hep-ph]; J. A. R. Cembranos, J. H. Montes de Oca Y. and L. Prado, 1008.4435 [hep-ph]; and T. E. Clark et al., Phys.

Rev. D 78, 115004 (2008) [0809.3999 [hep-ph]].