arXiv:hep-ph/0506093 v2 16 Jun 2005

hep-ph/0506093

Axino dark matter in brane world cosmology

G. Panotopoulos

Department of Physics, University of Crete Heraklion, Crete, Hellas email:panotop@physics.uoc.gr

Abstract

We discuss dark matter in the brane world scenario. We work in the Randall-Sundrum type II brane world and assume that the lightest supersymmetric particle is the axino. We find that the axinos can play the role of cold dark matter in the universe, provided that the five-dimensional Planck mass is bounded both from below and from above. This is possible for higher reheating temperatures compared to the conventional four-dimensional cosmology due to a novel expansion law for the universe.

There are good theoretical reasons for which particle physics proposes that new exotic particles must exist. The most compelling solution to the strong CP-problem of quantum chromodynamics (QCD), which can be stated as “why is the Θ parameter in QCD so small?”, is the one proposed by Peccei and Quinn [1]. An additional global, chiral symmetry is introduced, now known as Peccei-Quinn (PQ) symmetry, which is spontaneously broken at the PQ scale f_α ≥ 10^8 GeV [2]. Since U(1)_{P Q} is a spontaneously broken global symmetry, there must be a Nambu-Goldstone boson associated with this symmetry. However, because U(1)_{P Q} suffers from a chiral anomaly, this boson is not massless but acquires a small mass. The pseudo Nambu- Goldstone boson associated with this spontaneous symmetry breaking is the axion [3], which has not yet been detected. On the other hand, supersymmetry (SUSY) is an ingredient that appears in many theories for physics beyond the standard model. SUSY solves the hierarchy problem and predicts that every particle we know should be escorted by its superpartner. The axino is the superpartner of the axion. In order for the supersymmetric solution of the hierarchy problem to work, it is necessary that the SUSY becomes manifest at relatively low energies, less than a few T eV , and therefore the required superpartners must have masses below this scale (for supersymmetry and supergravity see e.g. [4]).

One of the theoretical problems in modern cosmology is to understand the nature of cold dark matter in the universe. There are good reasons, both observational and theoretical, to suspect that a fraction of 0.22 of the energy density in the universe is in some unknown “dark” form [5]. Many lines of reasoning suggest that the dark matter consists of some new, as yet undiscovered, weakly-interacting massive particle (WIMP), which experiences neither electromagnetic nor color interactions. In SUSY models which are realized with R-parity conservation the lightest supersymmetric particle (LSP) is stable. A popular candidate for cold dark matter is the LSP, provided that it is electrically and color neutral. Certainly the most theoretically developed WIMP is the lightest neutralino. However, there are other WIMP candidates as well, like for example the gravitino and the axino. In this work we assume that the axino is the LSP. Axinos are special because they have unique properties: They are very weekly interacting and their mass can span a wide range, from very small (∼ eV ) to large (∼ GeV ) values. What is worth stressing is that, in contrast to the neutralino and the gravitino, axino mass does not have to be of the order of the SUSY breaking scale in the visible sector, M_{SU SY} ∼ 100GeV − 1T eV . The first paper to show that the axinos can be CDM was Ref. [6]. There are however some early works on axino cosmology (see e.g. [7] [8]).

We believe that some time in its early history, the universe experienced an inflationary phase [9]. According to the inflationary paradigm, during the slow-roll phase of inflation the universe undergoes a rapid expansion, and consequently any initial population of axinos is diluted away. After slow-roll a reheating phase follows and leads the universe to the radiation era of the standard hot Big-Bang cosmology of temperature T_R. As the PQ symmetry is restored at f_α, we consider only values of T_R up to the PQ scale, which we take to be f_α = 10^{11} GeV . Another important scale is the temperature T_D at which axinos decouple from the thermal bath. For T_R > T_D, there has been an early phase in which axinos were in thermal equilibrium with the thermal bath. The axino density parameter is then given by the equilibrium number density [10] Ω_{α̃}h^2 ∼ m_{α̃} 2 keV (1) If we require that Ω_{α̃}h^2 ∼ 0.1 then the axino mass m_{α̃} ∼ 0.2 keV . For an axino mass in the range m_{α̃} ≤ 1 keV , 1 keV ≤ m_{α̃} ≤ 100 keV and m_{α̃} ≥ 100keV , we refer to hot, warm and cold axino dark matter respectively. So we see that for T_R > T_D, axinos can only be hot dark matter. For T_R < T_D, the axinos are out of thermal equilibrium so that the production mechanisms have to be considered in detail.

In order to generate large enough abundance of axinos, one needs to repopulate the universe (after inflation) with them. There are two generic ways of achieving this. First, they can be generated through thermal production (TP), namely via scattering and decay processes of ordinary particles and sparticles still in the thermal bath. Second, axinos may also be produced via non-thermal production mechanisms (NTP) possibly present during the reheating phase. In [11] the authors considered both NTP and TP and they found that T_R had to be relatively low, below some 10^6 GeV . However NTP mechanisms are strongly model dependent and we shall not consider them here. In [10] the authors using specific techniques (the hard thermal loop resummation technique [12] together with the Braaten-Yuan prescription [13]) computed the thermal production rate of axinos in supersymmetric QCD and evaluated the relic axino abundance. They found that axinos provide the density of cold dark matter observed by WMAP for relatively small reheating temperature after inflation T_R ≤ 10^6 GeV , essentially in agreement with [11]. Such a low reheating temperature excludes some models for inflation and the baryon asymmetry in the universe has to be explained by a mechanism that works efficiently at relatively small temperatures, excluding thermal leptogenesis [14].

The purpose of this letter is to show that this fact can be cured in the context of the brane world scenario. Our brane world model is the Randall- Sundrum type II model (RSII) [15], and in fact its supersymmetric extended model [16]. However, the cosmological solution of this extended model is the same as that in the non-supersymmetric model, since the Einstein’s equations belong to the bosonic part. The RSII model offers a novel expansion law for the observable four-dimensional universe. We find that the axino abundance today is proportional to the transition temperature, at which the modified expansion law in the brane world cosmology is connecting to the standard one, rather than the reheating temperature after inflation as in the standard cosmology. This means that even though the reheating temperature can be very high, the axinos can play the dominant part of the cold dark matter in the universe.

Let us see in more detail the thermal production of axinos (in standard cosmology). We assume that after inflation axinos are far from thermal equilibrium. With the axino number density n_{α̃} being much smaller than the photon number density n_γ , the evolution of n_{α̃} with cosmic time t can be described by the Boltzmann equation dn_{α̃} dt + 3Hn_{α̃} = C_{α̃} (2)

where C_{α̃} is the collision term, while the second term on the left-hand side accounts for the dilution of the axinos due to the expansion of the universe described by the Hubble parameter H. It is convenient to define the dimensionless quantity Y_{α̃} = n_{α̃} s (3) where s is the entropy density for the relativistic degrees of freedom in the primordial plasma

s(T ) = h_{ef f} (T )

2π^2 45 T^3 (4)

with h_{ef f} (T ) ≃ g_{ef f} (T ) in the radiation dominated epoch and g_{ef f} counts the total number of effectively massless degrees number of freedom (those species with mass m_i ≪ T ). When all the degrees of freedom are relativistic g_{ef f} = 915/4 = 228.75. Replacing the cosmic time t with the temperature

T , the number density n_{α̃} with the number-to-entropy ratio Y_{α̃} and using conservation of the entropy per comoving volume (see for example the first Ref. in [9]), the Boltzmann equation can be cast into the form dY_{α̃} dT = C_{α̃}(T ) T s(T )H(T ) (5) where H(T ) is the Hubble parameter as a function of the temperature T for the radiation dominated era

H(T ) = √ π^2g_{ef f} 90 T^2 M_{pl} (6) with M_p = 2.4 × 10^{18} GeV is the reduced Planck mass. In terms of the number-to-entropy ratio Y_{α̃}, the axino density parameter is given by

Ωh^2 = ρ_{α̃}h^2 ρ_{cr} = m_{α̃}n_{α̃}h^2 ρ_{cr} = m_{α̃}Y_{α̃}s(T_0)h^2 ρ_{cr} (7) Here we make use of the following values

T_0 = 2.73K = 2.35 × 10^{−13} GeV (8) h_{ef f} (T_0) = 3.91 (9) ρ_{rc}/h^2 = 8.1 × 10^{−47} GeV^4 (10)

The collision term C_{α̃} has been computed in supersymmetric QCD by the authors of Ref. [10]

C_{α̃}(T ) =

3ζ(3)(N^2_c − 1)g^6T^6 4096π^7f^2_α ( 0.4336n_f + (N_c + n_f ) ln ( 1.38T^2 m_g )) (11)

where N_c = 3, n_f = 6 and g is the QCD coupling constant

g(T ) = ( 1 4 × π × 0.118 + 3 8π^2 ln ( T M_Z ))_{−1/2} (12)

The thermal axino production proceeds basically during the hot radiation dominated epoch, that is at temperatures above the one at matter-radiation equality T_{eq}. Integrating the Boltzmann equation the axino yield at the present temperature of the universe T_0 is given by

Y_{α̃}(T_0) = ∫_{TR} T_{eq} dT C_{α̃} T s(T )H(T ) ≃ C_{α̃}(T_R) s(T_R)H(T_R) (13) and finally the axino density parameter is obtained

Ωh^2 = 5.5g^6ln ( 1.108 g ) ( m_{α̃} 0.1GeV ) ( T_R 10^4GeV

) ( 10^{11} GeV f_α )_2

(14)

Considering f_α = 10^{11} GeV , axinos can be cold dark matter for masses m_{α̃} ≥ 100 keV and reheating temperatures T_R ≤ 10^6 GeV [10].

Recently the brane world models have been attracting a lot of attention as a novel higher dimensional theory. In these models, it is assumed that the standard model particles are confined on a 3-brane while gravity resides in the whole higher dimensional spacetime. The model first proposed by Randall and Sundrum (RSII) [15], is a simple and interesting one, and its cosmological evolutions have been intensively investigated [17]. According to that model, our 4-dimensional universe is realized on the 3-brane with a positive tension located at the UV boundary of 5-dimensional AdS spacetime. In the bulk there is just a cosmological constant Λ_5, whereas on the brane there is matter with energy-momentum tensor τ_{μν} . Also, the five dimensional Planck mass is denoted by M_5 and the brane tension is denoted by T . If Einstein’s equations hold in the five dimensional bulk, then it has been shown in [18] that the effective four-dimensional Einstein’s equations induced on the brane can be written as G_{μν} + Λ_4g_{μν} = 8π m^2_{pl} τ_{μν} + ( 1 M^3_5

)^2π_{μν} − E_{μν} (15)

where g_{μν} is the induced metric on the brane, π_{μν} =^1_{12} τ τ_{μν} +^1_8 g_{μν} τ_{αβ} τ^{αβ} − 1 4 τ_{μα} τ^α_ν −^1_{24} τ^2 g_{μν} , Λ_4 is the effective four-dimensional cosmological constant, m_{pl} is the usual four-dimensional Planck mass and E_{μν} ≡ C^α_{βρσ} n_α n^ρ g^β_μ g^σ_ν is a projection of the five-dimensional Weyl tensor C_{αβρσ}, where n^α is the unit vector normal to the brane. The tensors π_{μν} and E_{μν} describe the influense of the bulk in brane dynamics. The five-dimensional quantities are related to the corresponding four-dimensional ones through the relations

m_{pl} = 4 √ 3π T M^3_5 (16) and Λ_4 = 1 2M^3_5 ( Λ_5 +

T^2 6M^3_5 ) (17)

In a cosmological model in which the induced metric on the brane g_{μν} has the form of a spatially flat Friedmann-Robertson-Walker model, with scale factor a(t), the Friedmann-like equation on the brane has the generalized form (see e.g. the second Ref. in [17])

H^2 =

Λ_4 3 + 8π 3m^2_{pl} ρ + 1 36M^6_5 ρ^2 + C a^4

(18)

where C is an integration constant arising from E_{μν} . The cosmological constant term and the term linear in ρ are familiar from the four-dimensional conventional cosmology. The extra terms, i.e the “dark radiation” term and the term quadratic in ρ, are there because of the presense of the extra dimension. Adopting the Randall-Sundrum fine-tuning

Λ_5 = −

T^2 6M^3_5

(19)

the four-dimensional cosmological constant vanishes. So the generalized Friedmann equation takes the final form

H^2 = 8πG 3 ρ ( 1 + ρ ρ_0 ) + C a^4

(20)

where ρ_0 = 96πGM^6_5 (21) with G the Newton’s constant. The second term proportional to ρ^2 and the dark radiation are new ingredients in the brane world cosmology and lead to a non-standard expansion law. The dark radiation term is severly constrained by the success of the Big Bang Nucleosynthesis (BBN), since the term behaves like an additional radiation at the BBN era [19]. So, for simplicity, we neglect the term in the following analysis. The second term is also constrained by the BBN, which is roughly estimated as M_5 ≥ 10 T eV [20].

One can see that the evolution of the early universe can be divided into two eras. In the low energy regime ρ ≪ ρ_0 the first term dominates and we recover the usual Friedmann equation of the conventional four-dimensional cosmology. In the high density regime ρ_0 ≪ ρ the second term dominates and we get an unconventional expansion law for the universe. In between there is a transition temperature T_t in which ρ(T_t) = ρ_0. Using the transition temperature the generalized Friedmann-like equation (for the radiation era) can be rewritten in the form H = H_{st} √ 1 + T^4 T^4_t

(22) with H_{st} the Hubble parameter in standard 4-dimensional Big-Bang cosmology. Assuming a transition temperature T_R ≫ T_t and T_t ≫ T_{eq}, the following integral can be computed to a very good approximation ∫_{TR} T_{eq} dT 1 √ 1 +^{T 4}_{T 4t} = ∫_{Tt} T_{eq} dT 1 √ 1 +^{T 4}_{T 4t} + ∫_{TR} T_t dT 1 √ 1 +^{T 4}_{T 4t}

≃ 2T_t (23)

Therefore, the axino yield resulting by integrating the Boltzmann equation in brane cosmology is

Y_{α̃}(T_0) = ∫_{TR} T_{eq} dT C_{α̃}(T ) T s(T )H_{st}(T ) 1 √ 1 +^{T 4}_{T 4t} ≃ C_{α̃}(T_R) T_Rs(T_R)H_{st}(T_R) 2T_t (24)

So we see that essentially the reheating temperature T_R in the axino parameter density Ω_{α̃} is replaced by the transition temperature T_t. Therefore, axinos can play the role of cold dark matter in the universe for

m_{α̃} ≥ 100 keV, T_t ≤ 2 × 10^6 GeV (25)

independently of the reheating temperature. This is the main result in this letter. In this point we would like to stress the fact that the axino abundance does depend on the reheating temperature, but only through the coupling constant g(T_R). The function g(T ) is a very slow-varying function of the temperature (for example, g(T = 10^6 GeV ) = 0.986 and g(T = 10^{10} GeV ) = 0.852), so practically we can consider reheating temperatures of the order of ∼ 10^{10} GeV and neglect the dependence on it. Note that according to the analysis of [21], with a transition temperature T_t ≤ 10^6 GeV the gravitino problem can be avoided. It is interesting to note that in order that the axinos can play the role of cold dark matter in the universe, the five-dimensional Planck mass M_5 can only take values in a range between an upper limit and a lower limit. If M_5 becomes too high, the transition temperature T_t will be higher than ∼ 10^6 GeV and this sets an upper bound for M_5, M_5 ≤ 2.9 × 10^{10} GeV . On the other hand, if M_5 becomes too low, the mass of the axinos will be larger than the mass of the next lighest supersymmetric particle. Assuming that the axino mass can be at most m_{α̃} ∼ 100 GeV , we get a lower bound for M_5, M_5 ≥ 2.4 × 10^6 GeV . So we find a window for the five-dimensional Planck mass

2.4 × 10^6 GeV ≤ M_5 ≤ 2.9 × 10^{10} GeV (26)

To illustrate the above ideas let us present a specific example. We consider the case in which the 5-dimensional Planck mass is M_5 = 10^{10} GeV . Then the transition temperature T_t is found to be T_t = 4 × 10^5 GeV . We also assume that the reheating temperature is T_R = 10^{10} GeV . If the axinos are to be the cold dark matter in the universe, their parameter density has to be Ω_{α̃}h^2 = 0.113. This happens for m_{α̃} ≃ 511 keV . Our treatment is valid as long as axinos are never in thermal equilibtium after inflation. One can easily check that this is the case. For that we need to compare the Hubble parameter H(T ) to the rate Γ(T ) of the reaction that maintain the axinos in thermal equilibrium. For T < f_α the reaction rate is [8] Γ ∼ α^3_s 16πf^2_α

T^3 (27)

We can see that after inflation H(T ) ≫ Γ(T ) for all the values of M_5 in the allowed range.

Summarizing, we have discussed dark matter in Randall-Sundrum type II brane world assuming that the axino is the LSP. We have seen that axinos can be the dominant part of the cold dark matter in the universe if their mass m_{α̃} ≥ 100 keV and the transition temperature T_t ≤ 2 × 10^6 GeV independently of the reheating temperature T_R after inflation (provided that T_R ≫ T_t, which is true for T_R ∼ 10^{10} GeV ). Therefore, in contrast to the conventional 4-dimensional cosmology, high values for T_R such as 10^{10} GeV are allowed, in accord to most inflationary models and baryogenesis through leptogenesis.

Acknowlegements: The author is greatful to T.N.Tomaras for useful discussions. Work supported by the Greek Ministry of education research program ”Heraklitos” and by the EU grant MRTN-CT-2004-512194.

References

[1] R.D.Peccei and H.R.Quinn, “CP Conservation In The Presence Of Instantons,” Phys. Rev. Lett. 38 (1977) 1440.

R.D.Peccei and H.R.Quinn, “Constraints Imposed By CP Conservation In The Presence Of Instantons,” Phys. Rev. D 16 (1977) 1791.

[2] J.E.Kim, “Light Pseudoscalars, Particle Physics And Cosmology,” Phys. Rept. 150 (1987) 1.

[3] S.Weinberg, “A New Light Boson?,” Phys. Rev. Lett. 40 (1978) 223.

F.Wilczek, “Problem Of Strong P And T Invariance In The Presence Of Instantons,” Phys. Rev. Lett. 40 (1978) 279.

[4] H.P.Nilles, “Supersymmetry, Supergravity And Particle Physics,” Phys. Rept. 110 (1984) 1.

[5] D.N.Spergel et al. [WMAP Collaboration], “First Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Determination of Cosmological Parameters,” Astrophys. J. Suppl. 148 (2003) 175 [arXiv:astro-ph/0302209].

[6] L.Covi, J.E.Kim and L.Roszkowski, “Axinos as cold dark matter,” Phys. Rev. Lett. 82 (1999) 4180 [arXiv:hep-ph/9905212].

[7] S.A.Bonometto, F.Gabbiani and A.Masiero, “A Monochromatic Axino Dominated Universe,” Phys. Lett. B 222 (1989) 433. S.A. Bonometto, F.Gabbiani and A.Masiero, “Mixed dark matter from axino distribution,” Phys. Rev. D 49 (1994) 3918 [arXiv:hep-ph/9305237].

E.J.Chun, H.B.Kim and J.E.Kim, “Dark matters in axino gravitino cosmology,” Phys. Rev. Lett. 72 (1994) 1956 [arXiv:hep-ph/9305208].

[8] K.Rajagopal, M.S.Turner and F.Wilczek, “Cosmological Implications Of Axinos,” Nucl. Phys. B 358 (1991) 447.

[9] E.W.Kolb and M.S.Turner, “The Early Universe,” (Addison-Wesley, Redwood City, 1990).

A.D.Linde, “Particle Physics and Inflationary Cosmology,” (Harwood, Chur, Switzerland, 1990).

A.R.Liddle and D.H.Lyth, “Cosmological inflation and large-scale structure,” (Cambridge University Press, Cambridge, 2000).

[10] A.Brandenburg and F.D.Steffen, “Axino dark matter from thermal production,” JCAP 0408 (2004) 008 [arXiv:hep-ph/0405158].

[11] L.Covi, H.B.Kim, J.E.Kim and L.Roszkowski, “Axinos as dark matter,” JHEP 0105 (2001) 033 [arXiv:hep-ph/0101009].

[12] E.Braaten and R.D.Pisarski, “Soft Amplitudes In Hot Gauge Theories:

A General Analysis,” Nucl. Phys. B 337 (1990) 569.

[13] E.Braaten and T.C.Yuan, “Calculation of screening in a hot plasma,” Phys. Rev. Lett. 66 (1991) 2183.

[14] M.Fukugita and T.Yanagida, “Baryogenesis Without Grand Unification,” Phys. Lett. B 174 (1986) 45.

M.A.Luty, “Baryogenesis via leptogenesis,” Phys. Rev. D 45 (1992) 455.

R.Barbieri, P.Creminelli, A.Strumia and N.Tetradis, “Baryogenesis through leptogenesis,” Nucl. Phys. B 575 (2000) 61 [arXiv:hep-ph/9911315].

G.F.Giudice, A.Notari, M.Raidal, A.Riotto and A.Strumia, “Towards a complete theory of thermal leptogenesis in the SM and MSSM,” Nucl. Phys. B 685 (2004) 89 [arXiv:hep-ph/0310123].

M.Plumacher, “Baryon asymmetry, neutrino mixing and supersymmetric SO(10) unification,” Nucl. Phys. B 530 (1998) 207 [arXiv:hep-ph/9704231].

W.Buchmuller, P.Di Bari and M.Plumacher, “Cosmic microwave background, matter-antimatter asymmetry and neutrino masses,” Nucl. Phys. B 643 (2002) 367 [arXiv:hep-ph/0205349].

W.Buchmuller, P.Di Bari and M.Plumacher, “Leptogenesis for pedestrians,” Annals Phys. 315 (2005) 305 [arXiv:hep-ph/0401240].

[15] L.Randall and R.Sundrum, “An alternative to compactification,” Phys.

Rev. Lett. 83 (1999) 4690 [arXiv:hep-th/9906064].

[16] A.Falkowski, Z.Lalak and S.Pokorski, “Supersymmetrizing branes with bulk in five-dimensional supergravity,” Phys. Lett. B 491 (2000) 172 [arXiv:hep-th/0004093].

R.Altendorfer, J.Bagger and D.Nemeschansky, “Supersymmetric Randall-Sundrum scenario,” Phys. Rev. D 63 (2001) 125025 [arXiv:hep-th/0003117].

T.Gherghetta and A.Pomarol, “Bulk fields and supersymmetry in a slice of AdS,” Nucl. Phys. B 586 (2000) 141 [arXiv:hep-ph/0003129].

[17] P.Binetruy, C.Deffayet and D.Langlois, “Non-conventional cosmology from a brane-universe,” Nucl. Phys. B 565 (2000) 269 [arXiv:hep-th/9905012].

P.Binetruy, C.Deffayet, U.Ellwanger and D.Langlois, “Brane cosmological evolution in a bulk with cosmological constant,” Phys. Lett. B

477 (2000) 285 [arXiv:hep-th/9910219].

E.Kiritsis, N.Tetradis and T.N.Tomaras, “Induced gravity on RS branes,” JHEP 0203 (2002) 019 [arXiv:hep-th/0202037]. E.Kiritsis, G.Kofinas, N.Tetradis, T.N.Tomaras and V.Zarikas, “Cosmological evolution with brane-bulk energy exchange,” JHEP 0302 (2003) 035 [arXiv:hep-th/0207060].

[18] T.Shiromizu, K.i.Maeda and M.Sasaki, “The Einstein equations on the 3-brane world,” Phys. Rev. D 62 (2000) 024012 [arXiv:gr-qc/9910076].

[19] K.Ichiki, M.Yahiro, T.Kajino, M.Orito and G.J.Mathews, “Observational constraints on dark radiation in brane cosmology,” Phys. Rev. D 66 (2002) 043521 [arXiv:astro-ph/0203272].

[20] J.M.Cline, C.Grojean and G.Servant, “Cosmological expansion in the presence of extra dimensions,” Phys. Rev. Lett. 83 (1999) 4245 [arXiv:hep-ph/9906523].

[21] N.Okada and O.Seto, “A brane world cosmological solution to the gravitino problem,” Phys. Rev. D 71 (2005) 023517 [arXiv:hep-ph/0407235].