arXiv:hep-ph/0207028 v2 30 Jul 2002

CP violation and cosmology

Alexander Kusenko Department of Physics and Astronomy University of California, Los Angeles, CA 90095-1547 and RIKEN BNL Research Center Brookhaven National Laboratory, Upton, NY 11973

1 Introduction

CP violation may have played a crucial role in the formation of matter in the universe. It must have, if the inflationary cosmology is right, thus ruling out the (very unpalatable) possibility that the baryon asymmetry was an initial condition of the Big Bang. If inflation took place, as most of us believe based on the growing observational evidence, it made the universe devoid of matter and set the stage for reheating. The baryon asymmetry then must have been produced at some later point through CP-violating processes.

2 CP violation and electroweak baryogenesis

That CP, as well as C and B must be broken for baryogenesis to work, was first noted by Sakharov [1]. In 1967 the only reason for considering the baryon number violation was theorists’ ambitions. Neither experiment, nor favored theoretical models supported this hypothesis. In addition to breaking the symmetries, one needs an outof-equilibrium state of the universe to generate the asymmetry.

The advent of the Standard Model and ’t Hooft’s discovery of a baryon number violating instanton provided a requisite source of B violation. The Standard Model also incorporates C, P, and CP breaking. Although the baryon number violation is highly suppressed in the Standard Model at zero temperature, Kuzmin, Rubakov, and Shaposhnikov [2] realized that at high temperatures the baryon number violating processes could go unsuppressed. In addition, the universe might be out of thermal equilibrium at the time of the electroweak phase transition. Hence, Kuzmin, Rubakov, and Shaposhnikov [2] put forth a very plausible and appealing possibility that the baryon asymmetry might arise from the Standard Model physics, at the time of the electroweak phase transition [3].

Unfortunately, in the minimal Standard Model, this scenario does not work. First, the phase transition is too weak, unless the Higgs mass is M_H < 45 GeV, which is ruled out by experiment. Second, the CP violation from the CKM matrix makes a vanishing contribution to baryon asymmetry because it is suppressed by a product of Yukawa couplings [5].

Baryogenesis in the supersymmetric extensions of the Standard Model is less problematic because the additional scalar states can provide both the new sources of CP violation [6, 7, 8, 9] and a way to make the phase transition more strongly first-order [11, 12, 13]. The phase transition is stronger if one of the stops is very light [12]. The new sources of CP violation may come, for example, from the chargino mass matrix:

ψ_RM_χψ_L = ( ~w^+ , ~h^+_2 )_R ( m_2 gH_2(x) gH_1(x) μ ) ( ~w^+ ~h^+_1 ) L + h.c. (1)

As long as m_2 and μ are complex, spatially varying phases in the bubble wall provide a source of (spontaneous) CP violation [10, 7]. The remaining window for electroweak baryogenesis in the MSSM is very narrow [4]; several parameters must be adjusted to maximize the resulting baryon asymmetry (in particular, one must assume that the wall is very thin, take tan β < 3, and choose the “optimal” bubble wall velocity v_w ≈ 0.02), as shown in Fig. 1.

CP violation from the chargino sector (1) may enhance the B_s mixing as compared to the Standard Model value [14], especially if the stop is light (Fig. 2). In practice, however, this effect is observable only if the CKM matrix elements are known to a very high precision. In particular, one would need to reduce theoretical uncertainties in V_{ub} to 5-10% and in sin 2β to a few percent.

3 CP violation and leptogenesis

If a lepton asymmetry of the universe formed after inflation but before the electroweak phase transition, the sphalerons, which violate B and L but preserve (B − L), would convert (roughly, a half of) the lepton asymmetry into a baryon asymmetry. This observation gave rise to an extremely appealing scenario of leptogenesis [15]. The relevant CP violation may reside in the neutrino mass matrix, which, in general, has a number of complex phases [16, 17].

Figure 1: Contours of constant baryon asymmetry in units 10^{−10} with sin δ_μ = 1 for (a) v_w = 0.01 and (b) v_w = 0.03. Mass units are GeV/c^2. Shaded regions are excluded by the LEP2 limit on the chargino mass, m_χ± > 104 GeV/c^2. To maximize the baryon asymmetry, one assumes that tan β^<∼ 3 and that the bubble wall is very narrow, ℓ_w ≃ 6/T . From J.M. Cline et al. [4].

Figure 2: Enhancement of B_s in the MSSM, for parameters consistent with electroweak baryogenesis [14].

4 Transient CP violation, baryogenesis, and dark matter

In addition to CP violation hard-wired into the lagrangian, some manifestations of CP non-conservation may occur for a short period of time in the early universe, during which time the baryon asymmetry might have formed. A well-know example is the Affleck-Dine scenario for baryogenesis [18, 19], in which CP violating seeds may be effectively amplified by the motion of the scalar condensate. Similarly, electroweak baryogenesis at preheating [20, 21, 22, 23] can take advantage of CP-violating motions of time-dependent condensates during preheating [23]. CP violation of this kind is poorly constrained by experiment because it becomes small after thermalization.

4.1 Affleck-Dine baryogenesis and dark-matter-genesis

In models with low-energy supersymmetry inflation can lead to formation of the Affleck-Dine condensate [18, 19] with a large VEV. A high-scale physics undoubtedly violates B and CP through higher-dimension operators. Hence, the motion of the scalar condensate after inflation is not B and CP symmetric. Thus, the universe acquires a baryon asymmetry. The Affleck-Dine scenario [18] is simple, appealing, and flexible in that the final baryon asymmetry can easily be made consistent with the data.

In addition, the Affleck-Dine baryogenesis can produce dark matter as well. In general, the Affleck-Dine condensate does not remain homogeneous and can break up [24] into SUSY Q-balls [25]. This affords a number of interesting possibilities for generating baryons and dark matter simultaneously [24, 26, 27].

Since baryons and dark matter arise form the same physical process,

the ratio of Ω_{dark} to Ω_B may have a natural explanation in some models [28].

4.2 Electroweak baryogenesis at preheating

Several viable scenarios for electroweak baryogenesis at preheating were presented in Ref. [23]. For example, a modified spontaneous baryogenesis a la Cohen, Kaplan, and Nelson [7] becomes very efficient at preheating. Their original scenario used the variation of the Higgs field inside a wall of a bubble formed in a first-order phase transition. A similar effect can occur at preheating uniformly in space, on the horizon scales [23]. One can obtain the desired baryon asymmetry in a Standard Model supplemented by an additional Higgs doublet and an inflaton sector [23]. The difference with the scenario proposed by Cohen, Kaplan and Nelson [7] is that in our case CP violation occurs homogeneously in space, not only inside a bubble wall. In addition, the final prediction for the baryon asymmetry in the CKN scenario was very far from the equilibrium value because the sphaleron rate was slow on the time scales associated with the growth of bubbles. In the case of preheating, the Higgs parameters change slowly in time while the baryon number non-conservation is rapid. This allows a slow adiabatic adjustment of the baryon number to that which minimizes the free energy.

Several additional sources of CP violation might affect the physics of preheating and facilitate baryogenesis [23].

5 Strong CP violation and the axion cosmology

The QCD vacuum is a superposition |θ⟩ = ∑ n exp{−inθ}|n⟩ of topologically distinct vacuum states |n⟩. As a result, the QCD Lagrangian can be written as

L_{QCD} = L_{pert} + θ g^2 32π^2 F F̃ , (2) where

θ = θ + arg det M (3)

Experimentally, the value of θ must vanish to a high precision, θ ≪ 10^{−10}. However, if all the quarks have non-zero masses, there is no (simple) reason why the phase in the Yukawa matrix should cancel the QCD vacuum phase, unless θ relaxes to zero dynamically, by a VEV of a scalar field. This elegant solution to the strong CP problem was proposed by Peccei and Quinn [29]. The breaking of a global U(1) symmetry gives rise to a light scalar field, the axion [30].

Several models can accommodate an axion consistent with the existing experimental bounds [31]. A light, weakly interacting axion makes a good candidate for dark matter. The present experimental limits are shown in (Fig. 3).

6 Conclusions

There is every reason to believe that matter-antimatter asymmetry is a consequence of CP non-conservation in particle physics. On the other hand, CP violation from

Figure 3: Exclusion regions for the axion mass vs. coupling, from Particle Data Book [32].

the quark mixing is not sufficient for baryogenesis. This implies the existence of new, yet undiscovered, sources of CP violation in nature.

7 Acknowledgments

The author thanks J. Cline and H. Murayama for helpful discussions. This work was supported in part by the DOE grant DE-FG03-91ER40662.

References

[1] A. D. Sakharov, Sm Zh. Eksp. Teor. Fiz. 5 (1967) 32 .

[2] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 155, 36 (1985).

[3] For review, see, e.g., V. A. Rubakov and M. E. Shaposhnikov, Usp. Fiz. Nauk 166, 493 (1996) [Phys. Usp. 39, 461 (1996)] ; A. G. Cohen, D. B. Kaplan and A. E. Nelson, Ann. Rev. Nucl. Part. Sci. 43, 27 (1993)

[4] J. M. Cline, M. Joyce and K. Kainulainen, Phys. Lett. B 417, 79 (1998); ibid., B 448, 321 (1999); JHEP 0007, 018 (2000).

[5] S. M. Barr, G. Segre and H. A. Weldon, Phys. Rev. D 20, 2494 (1979). [6] M. Dine, P. Huet, R. J. Singleton and L. Susskind, Phys. Lett. B 257, 351 (1991);

M. Dine, P. Huet and R. J. Singleton, Nucl. Phys. B 375, 625 (1992). [7] A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Lett. B 263, 86 (1991). [8] A. G. Cohen and A. E. Nelson, Phys. Lett. B 297, 111 (1992). [9] J. M. Cline, K. Kainulainen and A. P. Vischer, Phys. Rev. D 54, 2451 (1996). [10] T. D. Lee, Phys. Rev. D 8, 1226 (1973); Phys. Reports 9, 143 (1974); S. Weinberg, Phys. Rev. Lett. 37, 657 (1976).

[11] J. R. Espinosa, Nucl. Phys. B 475, 273 (1996) ; D. Bodeker, P. John, M. Laine and M. G. Schmidt, Nucl. Phys. B 497, 387 (1997).

[12] M. Carena, M. Quiros and C. E. Wagner, Phys. Lett. B 380, 81 (1996); Nucl.

Phys. B 524, 3 (1998).

[13] J. M. Cline and G. D. Moore, Phys. Rev. Lett. 81, 3315 (1998). [14] H. Murayama and A. Pierce, hep-ph/0201261. [15] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986). [16] L. Wolfenstein, Phys. Rev. D 18 (1978) 958; V. D. Barger, K. Whisnant and R. J. Phillips, Phys. Rev. Lett. 45, 2084 (1980); G. C. Branco, L. Lavoura and M. N. Rebelo, Phys. Lett. B 180, 264 (1986); A. Kusenko and R. Shrock, Phys. Lett. B 323, 18 (1994); hep-ph/9403315; G. C. Branco, T. Morozumi, B. M. Nobre and M. N. Rebelo, Nucl. Phys. B 617, 475 (2001); W. Buchmuller and D. Wyler, Phys. Lett. B 521, 291 (2001); H. Fritzsch and Z. z. Xing, Phys. Lett. B 517, 363 (2001); G. C. Branco, R. Gonzalez Felipe, F. R. Joaquim and M. N. Rebelo, hep-ph/0202030; M. Frigerio and A. Y. Smirnov, hep-ph/0202247; D. Chang, A. Masiero and H. Murayama, hep-ph/0205111; G. Altarelli and F. Feruglio, hep-ph/0206077.

[17] B. Kayser, these Proceedings.

[18] I. Affleck and M. Dine, Nucl. Phys. B 249, 361 (1985).

[19] M. Dine, L. Randall and S. Thomas, Nucl. Phys. B458 (1996) 291; R. Allahverdi, B. A. Campbell and J. R. Ellis, Nucl. Phys. B 579, 355 (2000) Nucl. Phys. B 619, 729 (2001).

[20] L. M. Krauss and M. Trodden, Phys. Rev. Lett.83, 1502 (1999).

[21] J. García-Bellido, D. Grigoriev, A. Kusenko, and M. Shaposhnikov, Phys. Rev.

D 60, 123504 (1999).

[22] J. M. Cornwall and A. Kusenko, Phys. Rev. D 61, 103510 (2000) J. Garcia- Bellido and D. Y. Grigoriev, JHEP 0001, 017 (2000).

[23] J. M. Cornwall, D. Grigoriev and A. Kusenko, Phys. Rev. D 64, 123518 (2001)

[24] A. Kusenko and M. E. Shaposhnikov, Phys. Lett. B 418, 46 (1998); K. Enqvist and J. McDonald, Phys. Lett. B 425, 309 (1998)

[25] A. Kusenko, Phys. Lett. B 405, 108 (1997); Phys. Lett. B 404, 285 (1997);

A. Kusenko, V. Kuzmin, M. E. Shaposhnikov and P. G. Tinyakov, Phys. Rev. Lett. 80, 3185 (1998).

[26] K. Enqvist, J. McDonald: Phys. Lett. B 425, 309 (1998); Phys. Rev. Lett. 81, 3071 (1998); Phys. Lett. B 440, 59 (1998); Phys. Rev. Lett. 83, 2510 (1999); M. Fujii and K. Hamaguchi, Phys. Lett. B 525, 143 (2002); M. Fujii and K. Hamaguchi, hep-ph/0205044.

[27] S. Kasuya and M. Kawasaki, Phys. Rev. D 61, 041301 (2000); Phys. Rev. D 62, 023512 (2000); Phys. Rev. D 64, 123515 (2001). S. Kasuya, Phys. Lett. B 515, 121 (2001).

[28] K. Enqvist and J. McDonald, Nucl. Phys. B 538, 321 (1999); M. Laine and M. E. Shaposhnikov, Nucl. Phys. B 532, 376 (1998); M. Fujii and T. Yanagida, hep-ph/0206066.

[29] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977); Phys. Rev. D 16, 1791 (1977).

[30] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978); F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).

[31] For review, see, e.g., R. D. Peccei, Phys. Scripta T36, 218 (1991); J. E. Kim, astro-ph/0002193; K. van Bibber and D. Kinion, Nucl. Phys. Proc. Suppl. 91 (2001) 376.

[32] D.E. Groom et al., Europ. Phys. J., C15 (2000) 1.