arXiv:hep-ph/0507294 v3 14 Nov 2005

July 2005

Generalized mirror matter models

R. Foot^∗ School of Physics, Research Centre for High Energy Physics, The University of Melbourne, Victoria 3010, Australia

Non-minimal gauge models with exact unbroken improper space-time symmetries are constructed and their cosmological and astrophysical implications explored.

PACS numbers:

The exact parity model[1] is the minimal extension of the standard model which allows for an exact unbroken parity symmetry [x → −x, t → t]. Each type of ordinary particle (lepton, quark, gauge particles) has a distinct mirror partner. The ordinary and mirror particles form parallel sectors each with gauge symmetry G_{SM} ≡ SU (3)_c ⊗ SU (2) ⊗ U (1)_Y , so that the gauge symmetry is G_{SM} ⊗ G_{SM} . The interactions of each sector are governed by a Lagrangian of exactly the same form, except with left and right interchanged. That is, in the mirror sector, it is the right-handed chiral fermions which are SU (2) doublets, while in the ordinary sector, it is the left-handed chiral fermions. Thus, the Lagrangian has the form: L = L_{SM} (e_L, e_R, q_L, q_R, W_μ, A_μ, ...) + L_{SM} (e^′_R, e^′_L, q^′_R, q^′_L, W^′_μ, A^′_μ, ....) + L_{mix} (1) where e, q, W_μ, A_μ denote the leptons, quarks, gauge fields etc and the primed fields are their corresponding mirror partners. The L_{mix} part describes possible interactions coupling ordinary and mirror particles together.

The exact parity symmetry, P, has the form[1]: x → −x, t → t G^μ ↔ G^′_μ, W^μ ↔ W^′_μ, B^μ ↔ B^′_μ ℓ_L ↔ γ_0ℓ^′_R, e_R ↔ γ_0e^′_L, q_L ↔ γ_0q^′_R,

u_R ↔ γ_0u^′_L, d_R ↔ γ_0d^′_L, ϕ ↔ ϕ^′ (2)

where G^μ, W^μ, B^μ are the standard G_{SM} gauge particles, ℓ_L, e_R, q_L, u_R, d_R are the standard leptons and quarks (the generation index is implicit) ϕ is the standard Higgs doublet and the primes denote the mirror particles. Under this symmetry, L_{SM} (e, q, W, A, ...) interchanges with L_{SM} (e^′, q^′, W^′, A^′, ...) leaving the full Lagrangian invariant (of course the terms in L_{mix} must also be invariant under this symmetry). The theory also has an exact unbroken time reversal invariance, T , with standard CPT identified as the product: PT [1]. In this way, the full Poincare group, containing proper and improper Lorentz transformations, space-time translations etc becomes a fundamental unbroken symmetry – providing strong theoretical motivation for the theory.

Constraints from gauge invariance and renormalizability limit L_{mix} to just two terms[1]: L_{mix} = ϵF^{μν}F^′_{μν} + λϕ^†ϕϕ^{′†}ϕ^′ (3) where F^{μν} = ∂^μB^ν − ∂^ν B^μ [F^{′μν} = ∂^μB^{′ν} − ∂^ν B^{′μ}] is the U (1) [mirror U (1)] field strength tensor. The two terms in L_{mix} provide an important means of experimentally testing this theory (for a recent review of these experimental implications, see Ref.[2]). Note that L_{mix} can contain other terms if there exists new particles, such as gauge singlet neutrinos. In particular the physics of neutrino mass generation may allow for neutrino - mirror neutrino mass mixing terms in L_{mix}, which would provide another useful way to test the theory[3].

Note that there is a large range of parameters of the Higgs potential for which mirror symmetry is not spontaneously broken by the vacuum (i.e. ⟨ϕ⟩ = ⟨ϕ^′⟩) so that it is an exact, unbroken symmetry of the theory. Explicitly, the most general Higgs potential is[1]

V = λ_1(ϕ^†ϕ − u^2)^2 + λ_1(ϕ^{′†}ϕ^′ − u^2)^2 + λ_2(ϕ^†ϕ − ϕ^{′†}ϕ^′)^2 (4)

If λ_{1,2} > 0 then V ≥ 0. The minimum of the potential, V = 0, occurs when ⟨ϕ⟩ = ⟨ϕ^′⟩ = u, demonstrating that the exact parity symmetry is not broken by the vacuum, as advertised.

∗Electronic address: foot@physics.unimelb.edu.au

Importantly, the theory predicts the existence of new particles which are necessarily massive and stable. There is a pressing need for such non-baryonic massive stable particles from astrophysical and cosmological considerations, and a significant amount of work has been done exploring the possibility that mirror matter is the inferred non-baryonic dark matter in the Universe[4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14]. For an up-to-date review, see ref.[15].

The purpose of this article is to examine an obvious generalization of the exact parity model. In the minimal exact parity model there is one ‘copy’ of the standard particles. It is possible that nature may have n distinct copies of the standard particles. The copies may be mirror copies or ordinary copies.

Let us introduce the notation, (p,q) to denote p ordinary sectors and q mirror sectors. This means that there are n = p+q −1 copies of the standard particles, q of these of the mirror variety. We assume an exact parity symmetry, P, which implies equal numbers of ordinary and mirror copies: p = q (and hence n is odd). If the masses and interactions of the particles in each sector are exactly the same as the standard particles (excepting, of course, that the mirror copies have left and right interchanged), then the Lagrangian would exhibit the discrete symmetry

C_p ⊗ C_p ⊗ P (5)

where C_p is the group of permutations of p objects.

These non-minimal mirror models are a straightforward generalization to the exact parity model of ref.[1]. The Lagrangian generalizes Eq.(1) in the obvious way: L = p∑ i=1 L_{SM} (e_{iL}, e_{iR}, q_{iL}, q_{iR}, W^μ_i , A^μ_i , ...) + p∑ j=1 L_{SM} (e^′_{jR}, e^′_{jL}, q^′_{jR}, q^′_{jL}, W^{′μ}_j A^{′μ}_j , ....) + L_{mix} (6) where we use the integer subscripts to label the particles from the p ordinary sectors and primes plus integer subscripts to label their corresponding mirror partners. In this general case, L_{mix} has the form: L_{mix} = ϵ p∑ i=1 F^{μν}_i p∑ j=1 F^′_{j μν} + ϵ^′ p∑ k,l=1 ( F^{μν}_k F_{l μν} + F^{′μν}_k F^′_{l μν} )

+ λ p∑ i=1 ϕ^†_i ϕ_i p∑ j=1 ϕ^{′†}_j ϕ^′_j + λ^′ p∑ k,l=1 ( ϕ^†_kϕ_kϕ^†_l ϕ_l + ϕ^{′†}_k ϕ^′_kϕ^{′†}_l ϕ^′_l ) (7)

where k ≠ l in the sums and F^{μν}_i ≡ ∂^μB^ν_i − ∂^ν B^μ_i [F^{′μν}_i ≡ ∂^μB^{′ν}_i − ∂^ν B^{′μ}_i ].

The most general Higgs potential is given by the straightforward generalization to Eq.(4):

V = λ_1 p∑ i=1 { [ϕ^†_i ϕ_i − u^2]^2 + [ϕ^{′†}_i ϕ^′_i − u^2]^2 } + λ_2 p∑ i,j=1 [ϕ^†_i ϕ_i − ϕ^{′†}_j ϕ^′_j ]^2

+ λ_3 p∑ i,j=1 { [ϕ^†_i ϕ_i − ϕ^†_jϕ_j]^2 + [ϕ^{′†}_i ϕ^′_i − ϕ^{′†}_j ϕ^′_j]^2 } (8) Again, if λ_{1,2,3} > 0 then V ≥ 0. The minimum of the Higgs potential is then V = 0, which occurs only when each ⟨ϕ_i⟩ = ⟨ϕ^′_i⟩ = u. This means that the discrete symmetry, Eq.(5), is not spontaneously broken, but is an exact unbroken symmetry of the theory.

One specific motivation for considering such non-minimal models comes from the similarity of the cosmological mass density of non-baryonic dark matter and ordinary matter. Precision measurements of the CMBR from WMAP and other data give[16]:

Ω_bh^2 = 0.0224 ± 0.0009 Ω_mh^2 = 0.135^{+0.008}_{−0.009} (9)

where Ω_m = Ω_b + Ω_{dark} is the total matter density (normalized to the critical matter density needed to close the Universe) and h is the Hubble parameter measured in units of 100 km/s/Mpc. This means that the cosmological mass density of non-baryonic dark matter is within an order of magnitude of the mass density of baryons:

Ω_{dark}/Ω_b = 5.03 ± 0.46 . (10)

This interesting result can be explained in principle if the mass and interaction rates of the non-baryonic particles are very similar to ordinary baryons. The exact parity model is one simple and well defined extension of the standard model which has this feature[17, 18]. In fact, in the minimal exact parity model, we would expect Ω_{dark} = Ω_b if the evolution of the universe were completely symmetric in the two sectors, i.e. there was no temperature difference between the ordinary and mirror particles during the baryogenesis epoch^1. During the big bang nucleosynthesis (BBN) epoch, however, the success of standard BBN suggests that T^′ is less than T :

T^′/T^<∼ 0.6 at T ∼ 1 MeV (11)

in order for the expansion rate of the universe to have been within an acceptable range. If this temperature asymmetry were induced^2 before baryogenesis, then we expect Ω_{dark} ≠ Ω_b, the details would, of course, depend on the precise model of baryogenesis. Obviously if the temperatures of the two sectors were not too different this might explain why Ω_b ∼ Ω_{dark} (see also Ref.[17, 18] for some related scenarios). Another logical possibility is that the temperature asymmetry required by BBN was induced after baryogenesis. In this case, the abundance of mirror baryons would be exactly the same as the abundance of ordinary baryons, and in the non-minimal mirror models with n copies, this would generalize to:

Ω_{dark}/Ω_b = n . (12)

This specific scenario is obviously testable and falsifiable, since it predicts that this ratio is an odd integer. The data are currently consistent with that, suggesting n = 5. Thus we are led to consider the specific particle physics model consisting of the ordinary particles and 5 copies. This is compatible with our hypothesis of exact parity symmetry, implying three ordinary and three mirror sectors.

The successful dark matter features of the mirror matter model would also occur in these non-minimal models, including:

• It would elegantly explain[4] the MACHO population inferred to exist in the galactic halo from numerous microlensing observations[20] of nearby galaxies.

• It would be capable of explaining the large scale structure of the universe[6, 7, 8].

• Provide a straightforward explanation[21] of the positive annual modulation signal obtained in the DAMA/NaI direct detection experiment[23]. Importantly, this explanation is consistent with the null results of the other direct detection experiments[2, 22].

• Explain various solar system anomalies, such as the anomalous acceleration[24] of the two Pioneer spacecraft[25], lack of small craters on the asteroid 433 Eros [11] etc.

If mirror matter is the non-baryonic dark matter, as the above experiments and observations suggest, then the dark halos inferred to exist in spiral galaxies should be composed predominately of mirror matter. Microlensing studies[20] suggest a halo composed of about 20% mirror stars with the rest presumably in the form of an ionized mirror gas. Ionized gas, with a typical virial temperature of order T ∼ 100 eV radiates energy at a rate per unit volume of[27]:

r_{cool} = n^2_e′ Λ (13)

where n_e′ is the (free) mirror electron number density and Λ is a calculable function (which depends on cross section, temperature, composition etc). For a temperature of T ∼ 100 eV, Λ ∼ 10^{−23} erg cm^3 s^{−1} (see e.g. Ref.[27]). In the case of the minimal mirror model, i.e. with n = 1, the halo would have a mirror photon luminosity of[10]: L_{halo} = ∫_{100kpc} R_1 n^2_e′ Λ4πr^2dr ∼ ( 3kpc R_1 ) 10^{44} erg/s. (14)

where R_1 is a phenomenological cutoff. If there are n copies, and the particles in each sector are equally abundant in the halo of the galaxy, then L_{halo} is reduced by n^2 for each type of photon. Thus, for n = 5, the luminosity in

1 Actually, Ω_{dark} = Ω_b could also occur – even if there was a temperature asymmetry during baryogenesis – if the baryonic asymmetry was generated by transitions between ordinary and mirror particles as in the scenario of Ref.[17].

2 The origin of the temperature asymmetry is unknown, however some ideas have been put forward in Ref.[19] in the context of inflation.

The basic idea is to have an ‘ordinary inflaton’ coupling to ordinary matter, and a ‘mirror inflaton’ coupling to mirror matter. If inflation is triggered by some random fluctuation, then it can occur in the two sectors at different times, leading to T ≠ T^′ after reheating in the two sectors. Naturally, the bulk of the inflation would be expected to occur prior to baryogenesis (so as not to dilute the baryon number), however this does not exclude the possibility of asymmetric reheating after baryogenesis, since the Universe may have gone through several reheating processes - depending on details such as the the number of weakly coupled scalar fields.

each type of photon is only about a few times 10^{42} erg/s. The heating responsible for supporting the halo is not completely clear, however plausible candidates include mirror and/or ordinary supernova which can potentially supply the required energy[10].

Obviously, since the ordinary particles collapse and form a disk, while the mirror particles are roughly spherically distributed in spiral galaxies^3, the evolution is clearly asymmetric. Such an asymmetric evolution is plausible because the ordinary and mirror particles had different temperatures at the epoch of BBN, Eq.(11)^4. This temperature asymmetry, not only leads to successful large scale structure formation[6, 7, 8], but also implies that the chemical composition of the mirror worlds are quite different to the ordinary particle world[6]. Specifically, the proportion of mirror helium (He^′) to mirror hydrogen (H^′) in each of the mirror sectors is expected to be significantly greater than the corresponding ordinary He/H ratio[6]. Because of this major difference, the macroscopic evolution of the ordinary sector will be quite different to that of the mirror sectors. For example, the higher He^′/H^′ ratio implies that mirror stars evolve much faster (an order of magnitude or more) than ordinary stars[26], potentially giving a much greater rate of mirror supernova explosions. Evidently, the ordinary-mirror particle asymmetry required to explain a) BBN, b) Large scale structure formation, and c) the disparate distribution of ordinary and mirror particles within spiral galaxies might all be the result of an effective asymmetric boundary condition, with the microscopic interactions, as defined in the quantum field theoretic Lagrangian, remaining completely symmetric. Of course, understanding the complete details of galaxy formation (especially in the non-linear regime) is far from begin fully understood.

In conclusion, we have examined a straightforward generalization of the exact parity model involving n copies of the standard particles (with n odd, if the fundamental interactions respect an exact parity symmetry). Successful early universe cosmology requires a temperature asymmetry between the ordinary particles and their n copies at the BBN epoch. Under the assumption that this temperature asymmetry arose after baryogenesis, the inferred nonbaryonic dark matter density Ω_{dark}/Ω_b ≈ 5 suggests that n = 5. Although non-minimal, such models do preserve the successful dark matter features inherent in the minimal exact parity symmetric model and the additional prediction that Ω_{dark}/Ω_b is an odd integer can be further tested by future cosmological observations.

Acknowledgements

This work was supported by the Australian Research Council. The author would like to thank H. Georgi for pointing out some deficiencies in a previous version of this paper.

[1] R. Foot, H. Lew and R. R. Volkas, Phys. Lett. B272, 67 (1991). The idea that exact unbroken parity symmetry can be respected by the fundamental interactions if a set of mirror particles exist was earlier discussed, prior to the advent of the standard model of particle physics, in T. D. Lee and C. N. Yang, Phys. Rev. 104, 256 (1956); I. Kobzarev, L. Okun and I. Pomeranchuk, Sov. J. Nucl. Phys. 3, 837 (1966); M. Pavsic, Int. J. Theor. Phys. 9, 229 (1974). The first application to non-baryonic dark matter was given in : S. I. Blinnikov and M. Yu. Khlopov, Sov. J. Nucl. Phys. 36, 472 (1982); Sov. Astron. 27, 371 (1983).

[2] R. Foot, Int. J. Mod. Phys. A19, 3807 (2004) [astro-ph/0309330].

[3] R. Foot, H. Lew and R. R. Volkas, Mod. Phys. Lett. A7, 2567 (1992); R. Foot, Mod. Phys. Lett. A9, 169 (1994) [hep-ph/9402241]; R. Foot and R. R. Volkas, Phys. Rev. D52, 6595 (1995) [hep-ph/9505359].

[4] Z. Silagadze, Phys. Atom. Nucl. 60, 272 (1997) [hep-ph/9503481]; S. Blinnikov, astro-ph/9801015; R. Foot, Phys. Lett.

B452, 83 (1999) [astro-ph/9902065].

[5] R. Foot, Phys. Lett. B471, 191 (1999) [astro-ph/9908276]; Phys. Lett. B505, 1 (2001) [astro-ph/0101055]; Acta Phys.

Polon. B35, 2473 (2004) [astro-ph/0406257].

[6] Z. Berezhiani, D. Comelli and F. L. Villante, Phys. Lett. B503, 362 (2001) [hep-ph/0008105]. [7] A. Yu. Ignatiev and R. R. Volkas, Phys. Rev. D68, 023518 (2003) [hep-ph/0304260].

[8] Z. Berezhiani, P. Ciarcelluti, D. Comelli, F. L. Villante, Int. J. Mod. Phys. D14, 107 (2005) [astro-ph/0312605]; P.

Ciarcelluti, Int. J. Mod. Phys. D14, 187 (2005) [astro-ph/0409630]; Int. J. Mod. Phys. D14, 223 (2005) [astro-ph/0409633]. [9] R. Foot and Z. K. Silagadze, Int. J. Mod. Phys. D14, 143 (2005) [astro-ph/0404515]. [10] R. Foot and R. R. Volkas, Phys. Rev. D70, 123508 (2004) [astro-ph/0407522]. [11] R. Foot and S. Mitra, Astropart. Phys. 19, 739 (2003) [astro-ph/0211067].

3 Here, we use the term ‘mirror particles’ as an inclusive term for particles of the n-copies, whether they are mirror copies or not.

4 Actually in the case of 5-copies, the BBN bound is slightly more stringent, T^′/T^<∼ 0.4, assuming a common temperature, T^′ for each of the 5 copies.

[12] R. Foot, Acta Phys. Polon. B32, 3133 (2001) [hep-ph/0107132]; R. Foot and T. L. Yoon, Acta Phys. Polon. B33, 1979 (2002) [astro-ph/0203152]; Z. K. Silagadze, Acta Phys. Polon. B36, 935 (2005) [astro-ph/0311337].

[13] Z. K. Silagadze, Acta Phys. Polon. B33, 1325 (2002) [astro-ph/0110161]; Acta Phys. Polon. B32, 99 (2001) [hep-ph/0002255]; R. Foot and Z. K. Silagadze, Acta Phys. Polon. B32, 2271 (2001) [astro-ph/0104251].

[14] R. Foot, A. Yu. Ignatiev and R. R. Volkas, Astropart. Phys. 17, 195 (2002) [astro-ph/0010502]. [15] R. Foot, Int. J. Mod. Phys. D13, 2161 (2004) [astro-ph/0407623]. [16] D. N. Spergel et al., Astrophys. J. Suppl. 148, 175 (2003) [astro-ph/0302209]. [17] L. Bento and Z. Berezhiani, Phys. Rev. Lett. 87, 231304 (2001) [hep-ph/0107281]; hep-ph/0111116. [18] R. Foot and R. R. Volkas, Phys. Rev. D68, 021304 (2003) [hep-ph/0304261]; Phys. Rev. D69, 123510 (2004) [hep-ph/0402267].

[19] E. W. Kolb, D. Seckel and M. S. Turner, Nature 314, 415 (1985); H. M. Hodges, Phys. Rev. D47, 456 (1993); Z. G.

Berezhiani, A. D. Dolgov and R. N. Mohapatra, Phys. Lett. B375, 26 (1996) [hep-ph/9511221]. [20] C. Alcock et al., Astrophys. J. 542, 281 (2000) [astro-ph/0001272]; R. Uglesich et al., astro-ph/0403248; S. Calchi Novati et al., astro-ph/0504188.

[21] R. Foot, Phys. Rev. D69, 036001 (2004) [hep-ph/0308254]; astro-ph/0403043. [22] R. Foot, Mod. Phys. Lett. A19, 1841 (2004) [astro-ph/0405362].

[23] R. Bernabei et al., Phys. Lett. B480, 23 (2000); Rev. Nuovo Cimento 26, 1 (2003) [astro-ph/0307403]. [24] J. D. Anderson et al., Phys. Rev. D65, 082004 (2002) [gr-qc/0104064]. [25] R. Foot and R. R. Volkas, Phys. Lett. B517, 13 (2001) [hep-ph/0108051]. [26] Z. Berezhiani, S. Cassisi, P. Ciarcelluti and A. Pietrinferni, astro-ph/0507153.

[27] See e.g. J. Binney and S. Tremaine, Galactic Dynamics (Princeton University Press, Princeton, NJ, 1987).