arXiv:1111.4786v3 [hep-ph] 9 Feb 2012

Prepared for submission to JCAP

Visible and dark matter from a first-order phase transition in a baryon-symmetric universe

Kalliopi Petraki,^1 Mark Trodden^2 and Raymond R. Volkas^1

1ARC Centre of Excellence for Particle Physics at the Terascale, School of Physics, The University of Melbourne, Victoria 3010, Australia 2Center for Particle Cosmology, Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA E-mail: kpetraki@unimelb.edu.au, trodden@physics.upenn.edu, raymondv@unimelb.edu.au

Abstract. The similar cosmological abundances observed for visible and dark matter suggest a common origin for both. By viewing the dark matter density as a dark-sector asymmetry, mirroring the situation in the visible sector, we show that the visible and dark matter asymmetries may have arisen simultaneously through a first-order phase transition in the early universe. The dark asymmetry can then be equal and opposite to the usual visible matter asymmetry, leading to a universe that is symmetric with respect to a generalised baryon number. We present both a general structure, and a precisely defined example of a viable model of this type. In that example, the dark matter is “atomic” as well as asymmetric, and various cosmological and astrophysical constraints are derived. Testable consequences for colliders include a Z^′ boson that couples through the B − L charge to the visible sector, but also decays invisibly to dark sector particles. The additional scalar particles in the theory can mix with the standard Higgs boson and provide other striking signatures.

Contents

1 Introduction 1

2 Symmetry structure for a baryon-symmetric universe 3

3 The mechanism and its cosmological history 4 3.1 The generative sector 5 3.2 The visible sector 7 3.3 The dark sector 8 3.4 Gauged B − L and its spontaneous breaking 10 3.5 The scalar degrees of freedom 11

4 Cosmological and astrophysical constraints 13 4.1 BBN and WMAP 13 4.2 Dark recombination and residual ionisation 14 4.3 Dark-matter self interaction inside clusters 16

5 Signatures 17 5.1 Collider signatures 17 5.2 Dark-matter direct detection 18

6 Conclusions 18

1 Introduction

The dark matter (DM) problem is a central one of fundamental physics, pointing unequivocally to the existence of new physics beyond the current paradigm of the standard model (SM) of particle physics plus general relativity. We suppose in this paper that the DM problem points to the existence of new stable particles rather than modified gravity, and explore the hypothesis that the similar observed present-day densities for visible matter (VM) and DM suggest a common explanation for both. This general idea has a history stretching back many years, but has become a particularly active area of investigation in recent years [1–91].

An attractive idea for the origin of the DM density is the so-called “WIMP coincidence”, where WIMP stands for “weakly interacting massive particle”, meaning that its self-annihilation cross-section is of roughly weak scale, leading to a thermal relic abundance of the correct magnitude. This idea has the interesting property that the abundance of dark matter is tied to the idea of new physics at the weak scale, required independently for particle physics reasons. However, in this picture we must find an independent and coincidental origin for the similar abundance of visible matter, generating it through a typically unrelated baryogenesis mechanism in the early universe (see, for example [92]).

An interesting alternative to the WIMP hypothesis is that the present-day DM density is also due to an asymmetry, where the DM is a stable member of a hidden sector, and where the two asymmetries are related. This proposal is often referred to as “asymmetric dark matter” (ADM). There are three obvious possibilities for how a relation between the visible and the dark asymmetries could arise: (i) the VM asymmetry is generated first, with the

– 1 –

DM asymmetry arising from a subsequent reprocessing which leaks a portion of the visible charge into the dark sector, (ii) vice-versa, or (iii) both asymmetries arise simultaneously from a common origin.

In the first two possibilities, the VM and DM final asymmetries add up to the original asymmetry generated in one of the sectors at high energies, with the distribution of charge determined by chemical equilibrium between the two sectors at an intermediate scale. In the third case, the VM and DM simultaneously develop asymmetries which compensate each other under a generalised conserved particle number that is common to both VM and DM, so that the relationship between the two asymmetries is completely understood and extremely tight. It is then appropriate to talk about a “baryon-symmetric universe”, where by “baryon number” we mean precisely this always conserved generalised particle number. The baryonic and antibaryonic charges are separated into the visible and the dark sectors respectively through non-equilibrium dynamics in the early universe. In all of the above cases, the transfer operators responsible for the generation, sharing and/or separation of charge are decoupled in the low-energy late universe, and the asymmetries of each sector are thus conserved separately.

In this work we explore this possibility of a baryon-symmetric universe, first introduced in Refs. [1–3]. Previous papers have constructed examples of such scenarios using out-of-equilibrium heavy particle decays [4–12] with such scenarios termed “hylogenesis” [10]; the QCD phase transition [13]; asymmetric freeze-in [14]; the Affleck-Dine mechanism [15–17] – with those scenarios termed “pangenesis” [15] – and a time-dependent background of a light scalar field [18, 19]. Here, we show that one of the generic ways to produce a particle number asymmetry – bubble nucleation due to a first-order phase transition – can also be used in the baryon-symmetric universe context.

We emphasise that while all ADM models relate the visible and dark asymmetries, the dynamics involved is quite different from model to model. This is important, not only from a model-building perspective, but also because of the different observational signatures. The most generic property of baryon-symmetric models is that there is an always conserved particle-number symmetry. Because it is always conserved, it is natural that it be a gauge symmetry. The corresponding gauge boson can then potentially be discovered in colliders and identified by its invisible decay into dark sector particles. We discuss the importance of this and other probes further in section 5. Other significant signatures of baryon-symmetric models – albeit more model-dependent – include baryon destruction in the core of compact objects, and induced nucleon decay in DM direct-detection experiments [93]. In view of the above, it is important to distinguish between the scenario we present here, and that of hidden sector baryogenesis via bubble nucleation explored in Refs. [42, 58, 66], in which there is no unbroken particle number carried by both VM and DM.

To connect the VM and DM mass densities, two ingredients are needed. The first, as discussed above, is a close connection between the two asymmetries, and the second is a theory of the DM mass scale. It is sensible to first investigate generic ways of connecting the asymmetries, and then to think through different hidden sector possibilities for the DM. Our focus here is thus be on connecting the asymmetries. For the purposes of illustration, we present an example of a fully-specified dark sector, but one must recognise that a plethora of dark sectors are a priori possible. We do not investigate the deep problem of relating the DM mass scale to VM mass scales in this work. As for most other asymmetric DM models, our scheme motivates the existence of a GeV-scale DM mass, with some encouragement provided by results from the DAMA, CoGeNT and CRESST direct detection experiments.

– 2 –

In the next section we explain the very simple symmetry structure underpinning our model and indeed all models of a baryon-symmetric universe [15]. Section 3 then details our model. In section 4 we discuss cosmological and astrophysical constraints pertinent to most models which introduce a separate dark sector. We discuss observational signatures in section 5, and finish with some concluding remarks.

2 Symmetry structure for a baryon-symmetric universe

The visible-matter content of our present universe is understood in terms of the symmetries of the SM. In the SM, baryon number is conserved up to anomalous interactions that are irrelevant at zero temperature. This is the main reason for the stability of ordinary matter, ensuring the stability, or near-stability, of the proton, the lightest particle carrying baryon number. Baryon number in the SM is additively conserved, and thus stabilises the proton both against decay and against self-annihilation. The SM possesses two other additively conserved Abelian charges, the electric charge and the lepton number, which are responsible for the stability of the electron and the lightest neutrino^1 respectively. However, most of the mass density of the VM today is due to protons and heavier nuclei.

Let us call the baryon number of the ordinary sector B_1. We now make the hypothesis that the stability of the DM particle is due to an analogous U(1) symmetry, sustaining a conserved, or approximately conserved, “dark baryon number”, which we call B_2. Additional stable particles may exist in the dark sector, due to extra U(1) symmetries, in analogy to the electron and the lightest neutrino.

If we are to ever understand the baryon asymmetry of the universe, we must suppose that B_1 conservation did not hold for some period during the early universe (and it may not hold today, but its zero temperature, low-energy violation must be very weak indeed). Similarly, asymmetric DM requires that B_2 was once violated under the appropriate conditions for the creation of a dark-sector asymmetry.

Now consider the linear combinations

B ≡ B_1 − B_2 and X ≡ B_1 + B_2 . (2.1)

Suppose that B is strictly conserved during the epoch of asymmetry generation, and defines a generalised particle number encompassing both the ordinary and the dark sectors that we simply call “baryon number”. By “baryon symmetric universe” we mean “B symmetric”. In this case, we require the violation only of the orthogonal linear combination, X, alone in the early universe, and its restoration today. The Sakharov conditions can be used to guide the construction of mechanisms for generating a nonzero X asymmetry, while maintaining the B number of the universe as zero. If so, we get an automatic separation of baryon number between the ordinary and dark sectors,

ΔB_1 = ΔB_2 = ΔX 2 , ΔB = 0 . (2.2)

In this way we have recast the baryon-asymmetry problem as the X-asymmetry problem. The restoration of X in the low-energy late universe, together with the conservation of B, ensures the stability of both VM and DM.

1This is the case if neutrinos are Dirac fermions. If neutrinos are Majorana, lepton number is violated, but the lightest neutrino is still stable due to the multiplicatively conserved fermion number. The latter arises from angular momentum conservation.

– 3 –

The discussion above took B_1 to be the ordinary baryon number, the symmetry that stabilizes the proton. But, in fact, B_1 could be any linear combination of the ordinary baryon and lepton numbers, except for their sum. The extreme case is when B_1 is actually lepton number, which means that X asymmetry generation is then leptogenesis as far as the visible sector is concerned. This is acceptable, of course, because electroweak sphalerons will process the lepton asymmetry partly into an ordinary baryon asymmetry, and the same will hold for all other linear combinations (barring the sum, which would be washed out). These observations are potentially very important, because the deep reason for the conservation of what we called B in Eq. (2.1) may well be that it is anomaly-free and gauged, in which case B_1 might be better thought of as ordinary baryon-minus-lepton number (B − L)_1. In the explicit model we present in the next section, we shall indeed suppose that “B” is gauged, and we shall rename it B − L to honour that fact.

Of course, no massless gauge boson that couples to the visible sector as (B − L)_1 has been observed. This compels the breaking of the local B − L. We require that this breaking leaves a remnant global symmetry unbroken, which for all of the visible and dark sector fields is identical to B − L = (B − L)_1 − B_2. We discuss the breaking of the gauged B − L in section 3.4.

3 The mechanism and its cosmological history

We now introduce the dynamics and the particle content of our mechanism, and describe its cosmological history.

In the electroweak baryogenesis scenario, the electroweak phase transition is first-order, proceeding via the nucleation of bubbles of the electroweak-symmetry-breaking vacuum, which eventually coalesce to produce an approximately homogeneous universe in the broken phase. During the transition, baryon-number violation is occurring rapidly in the unbroken phase regions due to the sphaleron effect, while it is ineffective in the broken-phase bubbles. The moving bubble walls lead to departures from thermal equilibrium, and SM fermions interact with the bubble walls via C and CP violating Yukawa interactions. The Sakharov conditions are met, and a baryon asymmetry is generated.

We want to use this kind of dynamical setup to generate an X asymmetry without generating a B asymmetry, hereinafter renamed “B − L” and assumed to be gauged. We therefore need a sector which features a non-Abelian gauge force with respect to which X is anomalous, but B − L is not. The sphalerons of this new gauge force, which we call the “generative interaction”, will then mediate X-violating processes, and we arrange for the generative interactions to be spontaneously broken during a first-order phase transition prior to the second-order electroweak phase transition.^2

For the purposes of dark and visible matter genesis, we may discern three sectors in our theory:

(i) the ordinary or visible sector, which contains particles with B − L = X or B_2 = 0,

(ii) the dark sector, which contains particles with B − L = −X or (B − L)_1 = 0, and

2In the SM, the electroweak phase transition is known to be second order, so new physics would need to be introduced to make it first order. Although a first order electroweak phase transition would not change X, it could (in the presence of sufficient C and CP violation) create B1 and L1 in equal amounts, thus spoiling the relation between B1 and B2 we shall derive in the following sections. We thus assume a second order electroweak phase transition as is predicted in the SM.

– 4 –

Sectors Particles

SU(2)_G U(1)_{B−L} U(1)_X U(1)_D Yukawa gauged gauged anomalous gauged interactions ψ_L 2 0 -2 0¯ ψ_L φ ψ_R + ψ̄_L φ̃ ψ_R generative ψ_{1R}, ψ_{2R} 1 0 -2 0 φ 2 0 0 0 ψ̄_L χ f_R

visible f_{L,R} 1 -1 -1 0¯ ℓ_L H f_R ν_R 1 -1 -1 0 χ 2 1 -1 0 dark ξ_{L,R} 2 0 0 1 ξ̄ χ ζ ζ_{L,R} 1 -1 1 1

Table 1. The charge assignments under the new symmetries in our model. The model consists of the SM fields, the fields in this table and a scalar σ that breaks U(1)_{B−L}. Three right-handed neutrinos are introduced to cancel the cubic B − L anomaly, and an even number of families of the ψ fermions is required to cancel the Witten anomaly. The generative-sector field φ gains a nonzero VEV during a first-order phase transition, while the dark-sector scalar χ retains always a zero VEV. The right column summarises the interactions responsible for the generation and transfer of the X asymmetry.

(iii) the generative sector, which contains particles charged under both (B − L)_1 and B_2.

We arrange for the X asymmetry produced in the generative sector to cascade down to the lightest visible and dark sector particles via X and B − L conserving interactions of the form: generative → visible + dark, resulting in equal and opposite visible and dark sector asymmetries.

The particle content of our model consists of the SM plus the new fermions and scalars in Table 1 and the associated new gauge bosons. Most of this table defines the generative and dark sectors, with the fermions f_{L,R} being additions to the visible sector. The SM sector is understood to contain the physics of neutrino mass generation, which we leave unspecified because there are many possibilities. However, we assume the existence of three right-handed neutrinos to cancel the cubic B −L anomalies and gauge B −L. The dark sector content, including the dark U(1)_D interaction, is a minimal choice for a viable asymmetric DM scenario, as will become clear in section 3.3. There must also be dynamics for breaking the gauged U(1)_{B−L}, leaving a remnant stabilising global symmetry, as mentioned in section 2. We discuss the B − L breaking in section 3.4

The interactions and the degrees of freedom of Table 1 represent minimal choices, sufficient to illustrate the mechanism and provide a viable dark sector. More elaborate structures can, of course, be built and provide elegant solutions to various secondary issues that will arise during our discussion.

3.1 The generative sector

The generative sector has the gauge symmetry SU(2)_G and the global symmetry U(1)_X . Its matter content consists of the chiral fermions ψ Yukawa-coupled to the scalar multiplet φ, as per

δL_G = − 2∑ j=1 ( h_jψ̄_L φ ψ_{jR} + h̃_jψ̄_L φ̃ ψ_{jR} ) + h.c. − V_G(φ) , (3.1)

– 5 – where φ̃ ≡ iτ_2φ^∗, and V_G(φ) is a scalar potential for φ. There need to be at least two families of the ψ fermions for there to be CP-violating phases in these Yukawa interactions, and an even number of families is required to cancel the SU(2)_G Witten anomaly [94]. For N families, the four Yukawa matrices in Eq. (3.1) contain a total of 4N^2 phases. The rephasings of ψ_L, ψ_{1R}, ψ_{2R} and φ will remove 3N + 1 phases, leaving (4N + 1)(N − 1) physical CP-violating phases. The minimal choice N = 2 is free of the Witten anomaly and has nine physical CP-violating phases.

None of the fields in the generative sector carry B−L or D. The global symmetry U(1)_X , which is the fermion number of the generative sector^3, has an [ SU(2)_G ]^2U(1)_X anomaly, as required. Sphalerons of SU(2)_G mediate rapid X-violating processes before the SU(2)_G phase transition takes place, driven by the spontaneous-symmetry-breaking dynamics of φ that completely break the generative SU(2).

We arrange the parameters of the Higgs potential for φ to produce a first-order phase transition in the generative sector at a critical temperature T_c ∼ ⟨φ⟩ ≡ v_φ, which is at the TeV scale or above. Bubbles of broken SU(2)_G phase are nucleated, and we are free to choose the parameters so that the phase transition is very strongly first order. In that case, the rapid SU(2)_G sphaleron-mediated X-violating transitions in the remaining unbroken-phase regions, which occur at the rate [95] Γ_{G sphaleron} ≃ 30 α^5_G T^4 , (3.2)

get switched off as soon as a bubble-wall passes. The parameter α_G is the generative finestructure constant α_G ≡ g^2_G /4π, where g_G is the gauge coupling constant.

The ψ fermions interact with the moving bubble walls through the CP-violating Yukawa interactions of Eq. (3.1), creating an X charge carried by those fermions. The competing washout process is very ineffective if the transition is strongly first order. By choosing the CP-violating phases appropriately, we are able to generate an X asymmetry of the required size, η(X) ≡ n_X − n¯_X s ∼ 10^{−9} , (3.3)

where s is entropy density of the universe. That this is possible is clear from the extensive literature on electroweak baryogenesis [92], the dynamics of which we are mimicking here. After the phase transition is complete, the ψ fermions have acquired masses m_ψ ∼ hv_φ and the SU(2)_G gauge bosons have masses M_G =^1_2 g_G v_φ. All interactions that follow preserve B − L and X. The ψ fermions now begin sharing the X asymmetry with the visible and dark sector particles f and χ, and the visible and dark degrees of freedom they couple to, through the Yukawa interaction δL_{conn} = −κψ̄_Lχf_R + h.c. , (3.4)

For reasonable values of κ, this interaction keeps the generative sector in equilibrium with the visible and the dark sectors, down to temperatures below the generative phase transition and till about T ∼ m_ψ/2, when the ψ inverse decays freeze out. At that temperature, the abundance of the ψ fermions has become thermally suppressed, and they only carry a small portion of the X asymmetry, having transmitted most of it to relativistic visible and dark sector particles. Moreover, the remaining population of ψ fermions will decay, transferring

3 Note that the gauge symmetries and the number of families allow the mass terms ψ^c_Lψ_L, ψ^c_Rψ_R, which violate U(1)X . We impose U(1)X and eliminate these terms. Although in this model U(1)X is not accidental, a more elaborate symmetry structure could give rise to an accidental, and anomalous, U(1)X .

– 6 – the X asymmetry entirely into equal and opposite B − L asymmetries in the visible and the dark sectors. If the decay of ψ into χ and f is kinematically possible, it will be completed above the electroweak phase transition provided that Γ_{ψ→fχ} = κ^2 16π m_ψ ≳ T^2_{EW} M_P

, (3.5)

which, for T_{EW} ≈ 200 GeV, leads to the weak constraint

κ ≳ 4 · 10^{−8} ( 2 TeV m_ψ )_{1/2} . (3.6)

If ψ → fχ is not kinematically allowed, ψ can decay via off-shell χ and/or f particles into lighter particles to which they couple. In this model, it is important that the transfer of the X asymmetry to the visible and dark sectors occurs before the electroweak phase transition, because, as we shall see in the next section, the coupling to the visible sector is leptonic, and the action of the electroweak sphalerons is required to process the lepton asymmetry into visible baryonic charge.

The single physical Higgs particle remaining from the φ multiplet can decay into, for example, electroweak Higgs bosons through a Higgs potential coupling term, and the G gauge bosons decay into the ψ fermions provided their mass is more than twice the mass of the lightest ψ particle.

3.2 The visible sector

The vector-like fermions f are SM-gauge-neutral additions to the visible sector, whose role is to transfer the X-asymmetry held initially by the generative ψ fermions into a lepton asymmetry in the visible sector, via the interactions

δL_v = −y_1 ℓ̄_LHf_R − m_f f̄_Lf_R + h.c. . (3.7)

The lepton asymmetry, if carried by SU(2)_L charged fields, is processed at temperatures above the electroweak phase transition by electroweak sphalerons, and results in a visible baryonic asymmetry.

The fermions f are thus required to have mass greater than the electroweak scale, so that they decouple, decay and transfer all of the L_1 charge to the SM leptons, which couple to the weak interactions, before the electroweak phase transition. They decay via the modes

f → e^−_L h^+ and f → ν_Lh^0 , (3.8)

with rate

Γ_f = 6 · y^2_1 16π m_f ≳ T^2_{EW} M_P

, (3.9)

where the factor of six is due to the two decay channels for each of the three families. We therefore require

y_1 ≳ 2 · 10^{−8} ( 1 TeV m_f )_{1/2} . (3.10)

The fermions f_R couple in the same way as right-handed neutrinos to SM fields, but they do not play the same role. In the absence of a neutrino mass generation mechanism, one

– 7 – linear combination of f_L and ν_L remains massless and must be identified with the physical lefthanded neutrino prior to neutrino mass generation. Below the electroweak phase transition, the relevant interactions from Eq. (3.7) become:

L ⊃ −m_f f̄_Lf_R − y_1v_H √ 2 ν̄_Lf_R + h.c. = − ( m^2_f + y^2_1v^2_H 2 )_{1/2} f̄^′_Lf_R + h.c. , (3.11)

where f^′_L ≡ f_L + θν_L √ 1 + θ^2

, (3.12)

with θ^2 = y^2_1v^2_H /2m^2_f being the mixing parameter between f and ν. Accelerator bounds require θ^2 < 10^{−3} for m_f ≳ 1 GeV [96], which means we must require

y_1 ≤ 0.2 ( m_f 1 TeV ) . (3.13)

The lower and upper bounds (3.10) and (3.13) allow for a large range of acceptable y_1 values, for a given m_f .

Through the decays of f, the (B − L)_1 charge has now been transferred to the SM sector, and is reprocessed by sphalerons into a baryon asymmetry,

η(B_1) = c η(X) 2 ≈ 5 × 10^{−10} , (3.14)

where c ≈ 0.3 [97], and the story in the visible sector is complete. The final visible matter relic abundance is

Ω_{VM} ≃ 0.046 = m_p [η(B_1) · s] /ρ_c = c m_p s ρ_c η(X) 2 , (3.15)

where s is the total entropy of the universe today.

3.3 The dark sector

The X asymmetry is transferred to the dark sector particles via the scalar χ. The relation between the visible and dark sector asymmetries given in Eq. (2.2) prescribes a relation between the VM and DM relic number densities only if the symmetric thermal population of the DM particles is efficiently annihilated. For this purpose, the DM annihilation cross section has to exceed the canonical value of symmetric thermal WIMP DM, albeit only by a factor of a few [73]. However, effective interactions which would annihilate DM into light visible sector particles are typically constrained to be weaker than the weak force, and thus not sufficient for this purpose [98–100]. This is, for example, the case with the gauged B − L, which is already present in our model.^4

The above considerations compel the existence of a dark gauge force and the annihilation of DM into dark-sector radiation. We thus extend the dark sector by two Dirac fermions ξ and ζ, which are also charged under the dark gauge group U(1)_D. This force need not be

4 We note that collider constraints on a Z^′_B are much weaker [101], and it is possible that such a force could be employed in this and other baryon-symmetric scenarios, and provide efficient annihilation of DM. However, this would require the existence of exotic quarks cancelling the [SU(2)_L]^2 × B1 anomaly.

– 8 – spontaneously broken, and in that sense is a dark-sector analogue of electromagnetism. In addition to the U(1)_D gauge force, the dark sector physics is given by

δL_d = − ( y_2 ξ̄χζ + h.c. ) − m_ξ ξ̄ξ − m_ζ ζ̄ζ − V_χ , (3.16) where V_χ is the scalar potential of χ and we require that χ has a zero VEV. In Eq. (3.16), we introduced bare masses for the fermions, which will eventually be determined by the requirement of getting the correct DM mass density from the dark asymmetry of Eq. (2.2). It is presumed that the DM mass scale arises from some other physics (e.g Higgs mechanism, confining force), which we do not specify here.

The χ particles decouple, decay and transfer the X asymmetry into the ξ, ζ fermions of the dark sector via Eq. (3.16), at rate

Γ_{χ→ξ}¯_ζ = y^2 16π m_χ . (3.17)

The asymmetry transfer, as well as the DM annihilation and decoupling, have to be completed before matter-radiation equality, so that DM density perturbations can begin to grow. This puts only a very weak constraint on the Yukawa coupling

y_2 > 10^{−16} ( 100 GeV m_χ )_{1/2} . (3.18)

The three Dirac fermions ξ_{1,2} and ζ are stable^5 and carry all of the antibaryonic asymmetry. After they become non-relativistic, their symmetric thermal populations annihilate away via the unbroken U(1)_D force.

We now calculate the relic DM mass density, and compare it with the VM. The SU(2)_G global symmetry sets η(ξ_1) = η(ξ_2) ≡ η(ξ). The conserved the B_2 and D charges are

η(B_2) = η(ζ) = η(X) 2 , (3.19) η(D) = η(ζ) + 2η(ξ) = 0 . (3.20)

Equations (3.19) and (3.20) yield η(ζ) = −2η(ξ) = η(X) 2 . (3.21)

The dark matter relic abundance is

Ω_{DM} = m_ζ |η(ζ)| · s + 2m_ξ|η(ξ)| · s ρ_c = (m_ζ + m_ξ) s ρ_c η(X) 2 . (3.22)

Equations (3.15) and (3.22) give

Ω_{DM} Ω_{VM} = m_ξ + m_ζ m_p 1 c , (3.23)

5Linear combinations of B2 = [X − (B − L)]/2 and D define two dark fermion number symmetries, one carried by the ξ doublet and the other carried by ζ.

– 9 – which predicts that the masses of the DM particles should satisfy^6

m_ξ + m_ζ = c m_p

Ω_{DM} Ω_{VM}

≈ 1.5 GeV . (3.24)

We note that Eq. (3.21), and therefore the prediction of Eq. (3.24), would not change if we had shifted the B_2 charges of the ξ, ζ fermions by the same amount. This would in fact be equivalent to kinetic mixing of U(1)_D with U(1)_{B−L}.

In the above we showed that, in this model, the DM is antibaryonic and consists of the ξ̄_{1,2}, ζ fermions. Due to the unbroken U(1)_D, these particles combine in the late universe into two kinds of D-neutral hydrogen-like bound states, ξ̄_1ζ and ξ̄_2ζ after the decoupling of the D-photons. In this imagined world, the DM today is “atomic” as well as asymmetric. Atomic DM entails interactions that are more complicated than those of WIMP DM, and is subject to constraints from cosmological and astrophysical considerations. We discuss pertaining bounds in section 4.

Despite the B_2 violation necessary to generate the dark baryonic asymmetries, the exact stability of DM is guaranteed by a discrete remnant of B_2 respected by the generative sphalerons. The latter violate X by 4 units: δ_gX = |q_X (ψ)|N_f (ψ) = 4, where |q_X (ψ)| = 2 is the X charge of the generative fermions and N_f (ψ) = 2 is the (minimum) number of generative fermionic families. The dark baryonic number B_2 = [X−(B−L)]/2 is thus violated by δ_gB_2 = δ_gX/2 = 2. (Of course this violation is accompanied by δ_g(B−L)_1 = δ_gX/2 = 2 to maintain δ_g(B − L) = 0.) This ensures the stability of DM – even if the generative sphaleron rate were important at zero temperature – whose decay would require processes inducing δB_2 = 1.

3.4 Gauged B − L and its spontaneous breaking

As discussed in section 2, baryon-symmetric models rely on the existence of an always conserved particle number, what we called here B − L, under which both nucleons and dark matter are charged. In gauge theories, global symmetries of low-energy effective models are expected to be violated at some higher scale, and ultimately by gravity. The exact conservation of a charge is thus considered technically natural if it can be ascribed to a gauge symmetry.^7

If the conservation of B − L is attributed to it being gauged, then it also has to be broken to be consistent with the non-observation of a long-range force. The minimal way to do this is to introduce a scalar σ which has a nonzero B − L but which transforms trivially under all the other symmetries, and require it to acquire a nonzero VEV. Here, we require that the breaking of the gauged B − L leaves a global symmetry unbroken, under which all the particles of Table 1 and the SM carry their usual B − L gauge charges. To achieve this, we disallow Yukawa interactions of the following kind: σ^nO_{B−L}, with n any positive integer and O_{B−L} being a spin-0 monomial consisting of SM fields and the fields of Table 1, which

6Equation (3.24) gives, in fact, the mass-to-baryonic-charge ratio of DM in baryon-symmetric models. For the dark sector presented here, the baryonic charge of DM is qDM = −1. More generally, the DM mass needed to yield the correct DM abundance in baryon-symmetric models is mDM ≃ 1.5GeV×|qDM| if the X asymmetry is generated and released in the thermal bath above the electroweak phase transition, or mDM ≃ 5GeV×|qDM| if this happens below the electroweak phase transition. Possible dark-sector sphaleron-like effects could modify these predictions by a factor of a few.

7Of course, the breaking of a low-energy global symmetry by higher dimensional operators does not necessarily result in production of a net charge.

– 10 – carries B − L ≠ 0 and is invariant under all other symmetries (including X). Such a Yukawa coupling would break the global B − L we wish to retain upon σ developing a VEV.

This structure, which allows for the breaking of a local U(1) to a global remnant, can be also described as follows: the gauge symmetry encompasses two global U(1) symmetries, only one of which breaks spontaneously and gives mass to the gauge boson. In our example we can write (B − L)_{gauged} = (B − L)_{global} + B^′ . (3.25)

The SM and the particles of Table 1 transform under (B − L)_{global} = (B − L)_1 − B_2 as described in the text, and have B^′ = 0. The field σ carries B^′ ≠ 0 and (B − L)_{global} = 0, obtains a VEV and breaks the gauge symmetry. Note that X = (B − L)_1 + B_2, and the charge of σ under X is q_X (σ) = 0. The phase transition associated with the B − L breaking will not alter the cosmological asymmetry because, by construction, σ does not carry X or (B − L)_{global} charge.

We should now identify what the B − L charge of σ, q_{B−L} (σ), should or should not be, such that the above symmetry structure (and thus symmetry breaking pattern) arises accidentally, as a result of the B − L gauge charges of the fields, rather than from the imposition of a global B^′ symmetry. The accidental global B^′ certainly occurs for interactions of all orders if σ carries an irrational B − L charge. If, on the other hand, σ carries integer or fractional B −L charge, then the global B^′ symmetry emerges at a finite order of interactions. For example, given the particle content of our model, the lowest-order O_{B−L} operators (as defined above) are the dimension-4 monomials ψ̄_Lχf^c_L +h.c. Thus, no renormalisable Yukawa interaction violates the global B^′ for any value of q_{B−L} (σ). In addition, if q_{B−L} (σ) ≠ ±2, the Yukawa interactions σ(ψ̄_Lχf^c_L) and σ^∗(ψ̄_Lχf^c_L) are forbidden by gauge invariance, and the B^′ symmetry is preserved up to interactions of at least order 5. Additional conditions arise if we require B^′ to be respected by higher-order operators.^8 The order at which B^′ emerges as a global symmetry of the unbroken theory, is, of course, the order at which (B − L)_{global} is retained after σ acquires a VEV and breaks the gauged B − L.

When the scalar σ acquires a nonzero VEV v_σ, the gauge boson Z^′_{B−L} acquires a mass M_{B−L} = g_{B−L} v_σ/2, where g_{B−L} is the gauge coupling constant. Collider experiments constrain Z^′_{B−L} parameters so that the lower bound on the mass is ∼ 500 GeV for α_{B−L} = g^2_{B−L} /4π ∼ 10^{−2} [101]. We discuss the scale of B − L breaking in the next section, in association with the generative and the electroweak phase transitions.

3.5 The scalar degrees of freedom

Our model contains several scalar degrees of freedom: φ, σ, χ and the SM Higgs H. All of them are subject to their scalar potentials, which at tree-level and zero temperature are

V_G = −μ^2_φ|φ|^2 + λ_φ|φ|^4 , (3.26) V_σ = −μ^2_σ|σ|^2 + λ_σ|σ|^4 , (3.27) V_H = −μ^2_H |H|^2 + λ_H |H|^4 , (3.28) V_χ = μ^2_χ|χ|^2 + λ_χ|χ|^4 . (3.29)

8 The spin-0 monomials φ̃ χ, ψ_RfL, ψ^c_Rf_R, ψ^c_Rν_R, f^c_Lf_L, f^c_Rf_R, ν^c_Rν_R, ν^c_Rf_R have lower dimensionality than ψ̄_Lχf^c_L and carry no gauge charge other than B − L ≠ 0. However, they also carry X charge. Since we have chosen to impose a global U(1)X symmetry (see section 3.1 and footnote 3), under which σ does not transform, we need not consider these monomials here. However, considering them would only imply q_{B−L} (σ) ≠ ±1/2, ±1, ±2.

– 11 –

We want the fields φ, σ, H to acquire VEVs and break the generative, B − L and electroweak symmetries, while χ should not acquire a VEV (thus leaving B_2 unbroken). We therefore require μ^2_φ, μ^2_σ, μ^2_H , μ^2_χ > 0. The full scalar potential of the theory also contains terms that couple the various scalar particles together V_{mix}(φ, σ, H, χ) = λ_{φH} |φ|^2|H|^2 + λ_{φχ}|φ|^2|χ|^2 + λ_{φσ}|φ|^2|σ|^2 + λ_{σH} |σ|^2|H|^2 + λ_{σχ}|σ|^2|χ|^2 + λ_{Hχ}|H|^2|χ|^2 . (3.30)

We collectively refer to the couplings of Eq. (3.30) as λ_{mix}, and to the quartic self-couplings of Eqs. (3.26) to (3.29) as λ_{self} .

After the φ, σ, H fields acquire VEVs, the mixed quartic couplings generate mass contributions for all the scalars, m^2_{ind} ∼ λ_{mix}v^2, and induce mixing among the φ, σ, H fields. The requirement that χ does not acquire a VEV becomes μ^2_χ + λ_{φχ}v^2_φ + λ_{σχ}v^2_σ + λ_{Hχ}v^2_H > 0. We may discern two cases, depending on the relative magnitudes of λ_{mix} and λ_{self} :

(i) Small mixing, λ_{mix} ≪ λ_{self} .

This regime can arise naturally from an underlying supersymmetric dynamics for mixing between fields with no gauge interactions in common; in particular, zero mixing follows for the D-term contributions to the potential.

For this case, the mass contributions induced by symmetry breaking are much smaller than the mass-parameters in the Lagrangian, m^2_{ind} ≪ μ^2, and the mixing among the scalar degrees of freedom that acquire VEVs is θ_{ij} ∼ λ_{mix} λ_{self} min(μ_i, μ_j) max(μ_i, μ_j )

≪ 1 . (3.31)

The phase transitions which break the various symmetries proceed independently, and a hierarchy of scales can be accommodated. We require

M_G > M_{EW} , m_χ , (3.32)

such that the X asymmetry generation occurs above the electroweak phase transition, allowing for leptonic couplings to be employed for the transfer of the asymmetry from the generative sector to the relic visible sector particles, as in the example presented here^9. While the χ field does not strictly need to be lighter than the generative sector particles, this would allow for unsuppressed decay of the ψ fermions. However, the decay of ψ can also proceed via an off-shell χ at a sufficient rate, if this is kinematically necessary.

For λ_{mix} ≲ 10^{−6}, the mixed quartic couplings cannot keep the various sectors in equilibrium, but they may contribute to the scalar decay width significantly.

(ii) Significant mixing, λ_{mix} ∼ λ_{self} .

This is the most generic possibility in non-supersymmetric models and if the scalars are fundamental particles.

9It is, of course, possible to implement our scenario using baryonic couplings between the generative and the visible sectors.

– 12 –

The induced mass contributions from symmetry breaking are large, and as a result they balance the various scales involved. Only small hierarchies among scales can be sustained, and we assume that

M_G ∼ M_{B−L} ≳ M_{EW} ∼ m_χ . (3.33)

The mixing between the scalar degrees of freedom which acquire VEVs is significant. This is of particular importance for collider physics, as it relaxes the limits on the SM Higgs mass, both because of suppression in the Higgs production cross-section in colliders, and suppression in the Higgs decay branching fraction into SM states. The couplings of Eq. (3.30) contribute to the thermalisation and decay processes among the various sectors, which can be important for the cosmological viability of the model, as we now discuss.

4 Cosmological and astrophysical constraints

We now turn to examining some aspects of the cosmology of our model arising from the existence of a dark sector with several stable particle species and internal dynamics.

The visible and the dark sectors are kept in equilibrium with each other in the early universe through their couplings (3.4) to the generative sector via Z^′_{B−L} exchange, and through the scalar potential term λ_{Hχ}|χ|^2|H|^2 of Eq. (3.30). If the dark U(1)_D mixes kinetically with hypercharge, via the term −(ϵ/2)F^{μν}_Y F_{D μν} , the scattering processes e^−γ ↔ e^−γ_D can equilibrate the two sectors down to T ∼ m_e. We require ϵ ≲ 10^{−8} to preclude this possibility. Depending on whether the scalar coupling λ_{Hχ} is small or large, as discussed in the previous section, the dark and the visible sectors decouple at a temperature

(i) T_{dec} ∼ min [ M_G , M_{B−L} ] , or (ii) T_{dec} ∼ M_{EW} . (4.1)

Below T_{dec} the visible and dark sectors are in equilibrium within themselves, but have different temperatures T_1 and T_2, respectively. Entropy conservation relates their temperatures according to g_1T^3_1 g_2T^3_2 = g_1(T_{dec}) g_2(T_{dec})

≡ r , (4.2)

where g_1(g_2) is the number of relativistic degrees of freedom (d.o.f.) in the visible (dark) sectors. As the universe evolves after visible-dark-sector decoupling, the ratio of temperatures changes from unity as mass thresholds are crossed, particles become cold and cause the g’s to decrease. We use Eq. (4.2) to express the entropy and the energy density of the universe, and other related quantities, at any point after T_{dec}, in terms of either T_1 or T_2.

4.1 BBN and WMAP

We must ensure that the energy density due to relativistic dark-sector species does not spoil big bang nucleosynthesis (BBN) and WMAP measurements. The observational limit on the additional relativistic energy density at temperatures ≲ 1 MeV is customarily expressed through an “effective number of extra neutrino species”, δN_{eff} . Recent BBN analysis [102] suggests δN_{eff} ⩽ 1 at 95% C.L., while the current best fit from WMAP is δN_{eff} = 1.34^{+0.86}_{−0.88} at 68% C.L. [103]. For our purposes, we use δN_{eff} ⩽ 1.

The relativistic energy density carried by the dark sector depends both on the number of relativistic d.o.f. and on the temperature of the dark sector. The dark-sector temperature

– 13 – can be lower than that of the visible sector if the fraction of relativistic d.o.f. which decouple and release their entropy below T_{dec} is larger in the visible sector than in the dark sector, as exhibited by Eq. (4.2).

For our model, the dark-sector relativistic d.o.f. at temperatures ≲ 1 MeV are the two massless U(1)_D gauge boson polarisation states, g_{2,BBN} = 2, while for the visible sector g_{1,BBN} = 3.91. This sets a bound on the dark relativistic d.o.f at T_{dec}

g_{2,dec} ⩽ 18.6

( g_{1,dec}

110.25 ) . (4.3)

If the visible-dark-sector decoupling happens above the electroweak phase transition, when all of the SM d.o.f and the f fermions are still relativistic, then Eq. (4.3) yields g_{2,dec} ⩽ 18.6. The dark sector of Table 1 has a total g_2 of 16.5, so it satisfies the bound.

If the mixing couplings in the scalar potential of Eq. (3.30) are large, the visible-dark-sector decoupling happens below the electroweak phase transition, when the SM Higgs, the top quark and the f fermions have decoupled and g_{1,dec} = 92.75. Because of the large scalar mixing coupling, χ also has an electroweak-scale mass and is decoupled, leaving g_{2,dec} = 12.5. The bound of Eq. (4.3) now reads g_{2,dec} ⩽ 15.6, and is again satisfied.

Any additional heavy particles in the visible sector would allow for additional dark degrees of freedom.

4.2 Dark recombination and residual ionisation

The dark matter of our model consists of the ξ̄_{1,2}, ζ fermions which carry U(1)_D charge. They form Hydrogen-like states ξ̄_1ζ and ξ̄_2ζ, thus screening the long-range force among the DM particles. We have to ensure that the dark recombination, ξ̄ + ζ → H_D + γ_D , occurs before the matter-radiation equality, so that the D-neutral DM states can start clustering and density perturbations can begin to grow. To estimate the recombination time and the residual ionisation fraction, we employ a simple thermal equilibrium and freeze-out calculation.^{10} The dark baryon density and ionisation fraction are

n(B_2) = n(ζ) + n(H_D) , (4.4) X_ζ ≡ n(ζ) n(B_2) = n(ξ) n(B_2)

≡ X_ξ , (4.5)

where n(ξ) = n(ξ_1) + n(ξ_2) and similarly for the dark Hydrogen states. The dark baryon asymmetry is fixed by the observed visible baryonic asymmetry

η(B_2) = n(B_2) s = 1 c η(B_1) ≈ 10^{−9} . (4.6)

The (ground-state) binding energy of the dark Hydrogen is

E_b = α^2_D μ_D 2 = α^2_D 2 m_ξm_ζ m_ξ + m_ζ

, (4.7)

where α_D is the U(1)_D fine-structure constant and μ_D is the ζ, ξ̄ reduced mass. In what follows, we adopt the ratio x ≡ E_b T_2

(4.8)

10For an overview of constraints on atomic DM, see Ref. [104] and references therein.

– 14 – as our time parameter (with T_2 being the dark-sector temperature). As long as the recombination reactions ξ̄ + ζ ↔ H_D + γ_D are in equilibrium, the Saha equation gives the ionisation fraction X^{EQ}_ζ (x) = X [α_D , η(B_2)] x^{3/4} e^{−x/2} , (4.9)

where we have taken the limit X_ζ ≪ 1, and defined for convenience

X [α_D , η(B_2)] ≡ ( 45(1 + r) 2π^{7/2}g_2 )_{1/2} α^{−3/2}_D η(B_2)^{−1/2} , (4.10)

with r defined in Eq. (4.2). Recombination is defined as the moment when X^{EQ}_ζ (x_{rec}) = 0.1, which yields

x_{rec} ≃ 34.5 + ln [( 0.3 α_D )_3 (

10^{−9} η(B_2) )] . (4.11)

Dark recombination has to happen before matter-radiation equality, at visible sector temperature T_1 ≈ 1 eV, which is ensured for sufficiently large dark-Hydrogen binding energy or reduced mass μ_D ≳ 0.5 keV ( 0.3 α_D )_2

. (4.12)

This lower limit on the ζ, ξ reduced mass μ_D is much smaller than the sum of masses m_ζ + m_ξ ≈ 1.5 GeV (see Eq. (3.24)), and implies that the lightest of the ξ, ζ fermions should be at least as heavy as μ_D .

In the above analysis we assumed that the recombination reactions ξ̄ + ζ ↔ H_D + γ_D stay in equilibrium at least till the ionisation fraction drops to about 10%. We now discuss the constraints under which this holds, and what is the residual dark ionisation, after the freeze-out of the recombination reactions.

The thermally averaged cross-section of the recombination reactions is [105] ⟨σv⟩ = c̃ 64π √ 27π α^2_D μ^2_D x^{1/2} ln x , (4.13)

with c̃ ≃ 0.448. Note that recombination proceeds primarily into the first excited state of the dark Hydrogen, which then decays into the ground state. Freeze-out occurs when H = ⟨σv⟩ n(ζ). Assuming radiation-domination, which is required for the pre-dark-recombination era, this condition yields the time at which the ionisation fraction freezes out x_f − 1 2 ln x_f − 2 ln(ln x_f ) = F [α_D , η(B_2), μ_D ] , (4.14)

where we have defined

F [α_D , η(B_2), μ_D ] ≡ ln [ 2^9 c̃^2 3^3π^{3/2}

(1 + r)^3 1 + r̃ ] + ln [ η(B_2)α^5_D ( M_P μ_D )_2] , (4.15)

with r̃ = r^{4/3} (g_2/g_1)^{1/3}. Thus, the recombination reactions freeze out at

x_f ≃ 72 + ln [( η(B_2) 10^{−9} ) ( α_D 0.3 )_5 (0.4 GeV μ_D )_2]

. (4.16)

– 15 –

The residual ionisation fraction X^{res}_ζ = X^{EQ}_ζ (x_f ) is

X^{res}_ζ ≈ 10^{−9} ( 10^{−9} η(B_2) ) ( 0.3 α_D )_4 ( μ_D 0.4 GeV ) . (4.17)

Requiring X^{res}_ζ < 0.1 (the recombination value) yields

α_D ⩾ 3 × 10^{−3} ( 10^{−9} η(B_2)

) 1_4 ( μ_D 0.4 GeV

) 1_4 . (4.18)

Equations (4.12) and (4.18) summarise the mild constraints that arise from requiring that long-range self interactions of the DM are sufficiently screened in the early stages of gravitational collapse to allow for clustering and the formation of inhomogeneities. These estimations are consistent with more detailed numerical methods [106].

4.3 Dark-matter self interaction inside clusters

If dark matter is atomic, then atom-atom collisions can be important inside galaxies and clusters. Analyses of the Bullet Cluster bound the DM self-interaction [107, 108] by σ m_{DM}

< 1 cm^2/ g . (4.19)

The low-energy atom-atom cross section can be estimated as [104]

σ ≈ 4πk^2a^2_0 , (4.20)

where a_0 = (α_D μ_D )^{−1} is the Bohr radius, and 3 ⩽ k ⩽ 10. Thus, the Bullet Cluster constraint implies α_D ⩾ 0.3 ( k 3 ) ( 0.4 GeV μ_D ) ( 1.5 GeV m_{DM}

) 1_2 . (4.21)

In our model m_{DM} = m_ζ + m_ξ ≈ 1.5 GeV (see Eq. (3.24)), and for m_ζ ≈ m_ξ the reduced mass is μ_D ≈ 0.4 GeV. We note that α_D ∼ 0.3 is well within the perturbative range.

In the above, we ignored the possibility of DM having a small ionised component, a remnant of the freeze-out of the recombination reactions, which would increase the self interactions of DM inside clusters. However, the constraint of Eq. (4.21) ensures that the residual ionisation fraction, estimated by Eq. (4.17), is tiny and completely negligible.

Equation (4.21) is the strongest constraint pertaining to the self-interactions of dark matter in the model presented here. Quite importantly, it automatically precludes the possibility of efficient cooling of DM halos due to DM collisions, excitations and de-excitations via the emission of dark photons. This is because the bound of Eq. (4.21) sets a significant lower limit on even the smallest energy splittings of the dark atoms: the hyperfine structure of Hydrogen-like atoms is δE_{hf} /E_b ∼ α^2_D [min(m_ζ , m_ξ)/ max(m_ζ , m_ξ)], which for α_D ∼ 0.1 − 1 and m_{ζ,ξ} ∼ 1 GeV is δE_{hf} ∼ 10 keV − 100 MeV. Such energy splittings are too large to be excited via atomic collisions inside the DM protohalos, and thus cooling via emission of dark photons does not follow.

– 16 –

5 Signatures

5.1 Collider signatures

A massive Z^′_{B−L} gauge boson arises naturally in baryon-symmetric models. The scale of B−L breaking need not be, and perhaps cannot be, very different from the electroweak scale, as discussed in section 3.5. In this case, the B − L interaction can be probed at the LHC. The Higgs and Z^′_{B−L} phenomenology at the TeV scale in B − L extensions of the Standard Model has been explored in Refs. [109–114]. In models in which the DM is antibaryonic, the Z^′_{B−L} is common to both the visible and the dark sectors, and this modifies its phenomenology in interesting ways. If produced in colliders, it will have a significant decay width into darksector particles, which can be measured at the LHC [109–122] providing an important probe of the dark sector.

The class of models we have considered entails an enhanced Higgs sector, which provides promising signatures at the LHC. The various Higgs degrees of freedom mass mix, and thus share production and decay channels. The coupling of the electroweak-breaking Higgs to the (B − L)-breaking Higgs provides another probe of the baryonic dark sector. While this is generic in baryon-symmetric models, the mechanism presented here also predicts the existence of a third Higgs particle which breaks the generative symmetry. The generative sector connects the visible and the dark sectors, and if a Higgs state with a significant generativesector component is produced at the LHC, it will decay into multilepton/multijet final states and missing energy. For example, for the particular implementation of the mechanism we presented here, the decay chain of interest would be φ → ψ + ψ̄, ψ → χ (→ missing energy) + f, f → ℓ^−W^+ or νZ ψ̄ → χ^∗ (→ missing energy) + f̄, f̄ → ℓ^+W^− or ν̄Z , (5.1)

where the intermediate ψ, f and χ particles can be off-shell. The SM gauge bosons can be identified either by their leptonic decays, resulting in high lepton multiplicity, or by their hadronic decays, resulting in high jet multiplicity and allowing the missing energy to be attributed completely to the dark sector. If the generative sector coupling to the visible sector is baryonic rather than leptonic (e.g. via the neutron portal u^c_Rd_Rd^c_Rf_R), then the multiplicity of jets in the final state increases. Such a signature has low SM background. It also has the potential to be distinguished from other beyond SM processes (e.g. susy) using the topology of the process and the kinematics reflecting light final dark-sector particles.

We emphasise that such processes are very different from the Higgs decaying part of the time invisibly, purely into missing energy (dark-sector particles). The latter possibility is often encountered in extensions of the SM. However, in the present model the Higgs is decaying into visible and dark-sector particles simultaneously, which is indicative of the symmetry structure of baryon-symmetric models.

Because of their couplings to the dark sector, the collider bounds on the Z^′_{B−L} and the Higgs bosons are relaxed. This is due to suppressed decay branching ratios into SM particles, as well as suppressed production cross-sections in the case of the Higgs. A potential discovery of a Higgs state in the SM-excluded mass range would signal the existence of additional scalar degrees of freedom.

– 17 –

5.2 Dark-matter direct detection

For the minimal dark sector constructed here, dark matter can be detected via Z^′_{B−L} exchange. The spin-independent scattering cross section per nucleon can be as high as^{11}

σ^{SI}_{B−L}≈ 10^{−44} cm^2 (g_{B−L} 0.1 )_4(0.7 TeV M_{B−L} )_4

, (5.2)

where we have used m_{DM} = 1.5 GeV. For such low DM masses there are no constraints from XENON100 [123] or CDMS II [124].

An additional possibility for direct detection arises if U(1)_D is broken and mixes kinetically with the photon. The cross section can be

σ^{SI}_D ≈ ( 10^{−37} cm^2 ) ( ϵ 10^{−4}

)_2 ( g_D 0.1 )_2 (100 MeV M_D )_4 . (5.3)

This could account for the regions favoured by DAMA and CoGeNT [125, 126] if the DM mass is somewhat higher than what is predicted here. This is possible in a richer dark sector in which the DM particles carry a larger baryonic charge (making their number density smaller and their mass larger). We note that a broken U(1)_D provides a suitable dark-sector scenario for our mechanism, provided that the corresponding gauge boson is sufficiently light, M_D < m_ζ ∼ GeV, such that the DM particles can still annihilate into dark photons. Efficient annihilation of the symmetric part of DM requires only g_D ≳ 0.05. For M_D ∼ 100 MeV, the kinetic mixing between U(1)_D and the photon can be ϵ ∼ 10^{−4} (for constraints on ϵ, M_D see [127, 128]). In this case, the dark gauge bosons Z^′_D decay as soon as they decouple, via the kinetic mixing into e^± pairs, leaving no dark-sector relativistic energy density present at BBN. The breaking of U(1)_D can destabilise one of the dark-sector particles (ξ or ζ, depending on the mass hierarchy), while B_2 still ensures the stability of the other, which alone constitutes the DM state. There is no long-range force among the DM particles, and the astrophysical constraints of section 4 are not applicable. The kinetic mixing between the dark force and the photon can be probed in current fixed target experiments [127, 129].

6 Conclusions

The similar mass densities of the visible and the dark matter of the universe suggest a common origin for both. This can be realised in the context of a baryon-symmetric universe, which entails a dark-sector asymmetry that exactly cancels the visible-sector asymmetry. While this approach is primarily phenomenological, such a construction is also economical in that the new physics introduced to generate the observed baryonic asymmetry of our universe is also responsible for the dark-matter relic abundance. The dark sector itself need not involve more than few degrees of freedom, although a greater complexity is a priori possible, and surely not unparalleled given the complexity of the visible sector.

In this work, we have shown that a baryon-symmetric universe can be achieved through a first-order phase transition associated with the spontaneous breakdown of a new gauge force called the “generative” interaction. The possibility analysed here adds to other mechanisms suggested for producing a baryon-symmetric universe [1–19]. We have presented a specific and

11The direct-detection cross section can be larger if DM scattering occurs via exchange of Z^′_B rather than Z^′_{B−L} , as discussed in footnote 4.

– 18 – minimal dark sector to demonstrate that a viable model of this type exists. This dark-sector example features an unbroken Abelian gauge interaction – a dark-sector electromagnetism – to annihilate the symmetric part of the dark plasma, and which leads in the later universe to “atomic” dark matter. The stable dark matter fermions form two-body bound states because of the Coulomb interaction of the dark electromagnetism. We have then derived constraints on this dark sector from big bang nucleosynthesis, structure formation and the Bullet Cluster, and have specified the viable parameter space.

A major phenomenological benefit of baryon-symmetric models, including the one being described here, is the natural appearance of a Z^′ with a substantial invisible width into dark matter. The discovery of such a particle at the LHC would be an extraordinary breakthrough in understanding dark matter. At low energies, the contact interaction provided by Z^′ exchange can also produce a signal in direct dark matter detection experiments.

The specific realisation developed here is best probed in colliders through the scalar sector. In addition to the standard electroweak Higgs boson, there is also a scalar that breaks U(1)_{B−L} and another multiplet that breaks the generative symmetry and produces the first-order phase transition that is at the heart of the dynamics. Naturalness arguments suggest that the generative scalar should mix substantially with the standard Higgs particle. Such a mass eigenstate can be produced at the LHC through the standard Higgs admixture, but decay through the generative component. This leads to low-background signatures of multilepton final states or a lepton pair and four jets, plus missing energy carried off by dark sector particles.

We note that the complete explanation of the similarity of the visible and dark mass densities requires a theory of DM mass. In baryon-symmetric models the DM mass is predicted to be in the GeV range. The DM direct detection signals seen by DAMA, CoGeNT and CRESST, albeit in need of confirmation, provide evidence for this mass scale and reinforce the case for similar visible and dark number densities.

Acknowledgments

KP thanks Benedict von Harling, Tony Limosani and Martin White for helpful discussions, and RRV thanks Jason Kumar. KP and RRV were supported, in part, by the Australian Research Council. The work of MT is supported in part by NASA ATP grant NNX08AH27G, Department of Energy grant DE-FG05-95ER40893-A020 and by the Fay R. and Eugene L. Langberg chair. RRV thanks MT for hospitality at the University of Pennsylvania while part of this work was performed.

References

[1] S. Dodelson and L. M. Widrow, Baryon symmetric baryogenesis, Phys. Rev. Lett. 64 (1990) 340–343.

[2] S. Dodelson and L. M. Widrow, Baryogenesis in a baryon-symmetric universe, Phys. Rev.

D42 (1990) 326–342.

[3] S. Dodelson and L. M. Widrow, Baryogenesis without baryon number violation, Mod. Phys.

Lett. A5 (1990) 1623–1628.

[4] V. A. Kuzmin, Simultaneous solution to baryogenesis and dark-matter problems, Phys. Part.

Nucl. 29 (1998) 257–265, [hep-ph/9701269].

– 19 –

[5] R. Kitano and I. Low, Dark matter from baryon asymmetry, Phys. Rev. D71 (2005) 023510, [hep-ph/0411133].

[6] R. Kitano and I. Low, Grand unification, dark matter, baryon asymmetry, and the small scale structure of the universe, hep-ph/0503112.

[7] P.-H. Gu, Origin of matter in the universe, Phys.Lett. B657 (2007) 103–106, [arXiv:0706.1946].

[8] P.-H. Gu, U. Sarkar, and X. Zhang, Visible and Dark Matter Genesis and Cosmic Positron/Electron Excesses, Phys. Rev. D80 (2009) 076003, [arXiv:0906.3103].

[9] H. An, S.-L. Chen, R. N. Mohapatra, and Y. Zhang, Leptogenesis as a Common Origin for Matter and Dark Matter, JHEP 03 (2010) 124, [arXiv:0911.4463].

[10] H. Davoudiasl, D. E. Morrissey, K. Sigurdson, and S. Tulin, Hylogenesis: A Unified Origin for Baryonic Visible Matter and Antibaryonic Dark Matter, Phys. Rev. Lett. 105 (2010) 211304, [arXiv:1008.2399].

[11] P.-H. Gu, M. Lindner, U. Sarkar, and X. Zhang, WIMP Dark Matter and Baryogenesis, Phys.Rev. D83 (2011) 055008, [arXiv:1009.2690].

[12] J. J. Heckman and S.-J. Rey, Baryon and Dark Matter Genesis from Strongly Coupled Strings, JHEP 1106 (2011) 120, [arXiv:1102.5346].

[13] D. H. Oaknin and A. Zhitnitsky, Baryon asymmetry, dark matter and quantum chromodynamics, Phys.Rev. D71 (2005) 023519, [hep-ph/0309086].

[14] G. R. Farrar and G. Zaharijas, Dark matter and the baryon asymmetry, Phys. Rev. Lett. 96 (2006) 041302, [hep-ph/0510079].

[15] N. F. Bell, K. Petraki, I. M. Shoemaker, and R. R. Volkas, Pangenesis in a Baryon-Symmetric Universe: Dark and Visible Matter via the Affleck-Dine Mechanism, Phys.Rev. D84 (2011) 123505, [arXiv:1105.3730].

[16] C. Cheung and K. M. Zurek, Affleck-Dine Cogenesis, Phys.Rev. D84 (2011) 035007, [arXiv:1105.4612].

[17] B. von Harling, K. Petraki, and R. R. Volkas, Affleck-Dine dynamics and the dark sector of pangenesis, arXiv:1201.2200.

[18] J. March-Russell and M. McCullough, Asymmetric Dark Matter via Spontaneous Co-Genesis,

arXiv:1106.4319.

[19] K. Kamada and M. Yamaguchi, Asymmetric Dark Matter from Spontaneous Cogenesis in the Supersymmetric Standard Model, arXiv:1201.2636.

[20] S. Nussinov, Technocosmology: could a technibaryon excess provide a ‘natural’ missing mass candidate?, Phys. Lett. B165 (1985) 55.

[21] S. M. Barr, R. S. Chivukula, and E. Farhi, Electroweak fermion number violation and the production of stable particles in the early universe, Phys. Lett. B241 (1990) 387–391.

[22] S. M. Barr, Baryogenesis, sphalerons and the cogeneration of dark matter, Phys. Rev. D44 (1991) 3062–3066.

[23] S. Dodelson, B. R. Greene, and L. M. Widrow, Baryogenesis, dark matter and the width of the Z, Nucl. Phys. B372 (1992) 467–493.

[24] D. B. Kaplan, A Single explanation for both the baryon and dark matter densities, Phys. Rev.

Lett. 68 (1992) 741–743.

[25] S. D. Thomas, Baryons and dark matter from the late decay of a supersymmetric condensate, Phys. Lett. B356 (1995) 256–263, [hep-ph/9506274].

– 20 –

[26] A. Kusenko and M. E. Shaposhnikov, Supersymmetric Q-balls as dark matter, Phys. Lett.

B418 (1998) 46–54, [hep-ph/9709492].

[27] K. Enqvist and J. McDonald, B-ball baryogenesis and the baryon to dark matter ratio, Nucl.

Phys. B538 (1999) 321–350, [hep-ph/9803380].

[28] Z. Berezhiani, D. Comelli, and F. L. Villante, The early mirror universe: Inflation, baryogenesis, nucleosynthesis and dark matter, Phys.Lett. B503 (2001) 362–375, [hep-ph/0008105].

[29] M. Fujii and K. Hamaguchi, Non-thermal dark matter via Affleck-Dine baryogenesis and its detection possibility, Phys. Rev. D66 (2002) 083501, [hep-ph/0205044].

[30] M. Fujii and T. Yanagida, A solution to the coincidence puzzle of Omega(B) and Omega(DM), Phys. Lett. B542 (2002) 80–88, [hep-ph/0206066].

[31] R. Foot and R. R. Volkas, Was ordinary matter synthesised from mirror matter? An attempt to explain why Omega(Baryon) approx. 0.2 Omega(Dark), Phys. Rev. D68 (2003) 021304, [hep-ph/0304261].

[32] R. Foot and R. R. Volkas, Explaining Omega(baryon) approx. 0.2 Omega(dark) through the synthesis of ordinary matter from mirror matter: A more general analysis, Phys. Rev. D69 (2004) 123510, [hep-ph/0402267].

[33] D. Hooper, J. March-Russell, and S. M. West, Asymmetric sneutrino dark matter and the Omega(b)/Omega(DM) puzzle, Phys. Lett. B605 (2005) 228–236, [hep-ph/0410114].

[34] K. Agashe and G. Servant, Baryon number in warped GUTs: Model building and (dark matter related) phenomenology, JCAP 0502 (2005) 002, [hep-ph/0411254].

[35] N. Cosme, L. Lopez Honorez, and M. H. G. Tytgat, Leptogenesis and dark matter related?, Phys. Rev. D72 (2005) 043505, [hep-ph/0506320].

[36] D. Suematsu, Nonthermal production of baryon and dark matter, Astropart. Phys. 24 (2006) 511–519, [hep-ph/0510251].

[37] D. Suematsu, Dark world and baryon asymmetry from a common source, JCAP 0601 (2006) 026, [astro-ph/0511742].

[38] S. B. Gudnason, C. Kouvaris, and F. Sannino, Towards working technicolor: Effective theories and dark matter, Phys. Rev. D73 (2006) 115003, [hep-ph/0603014].

[39] S. B. Gudnason, C. Kouvaris, and F. Sannino, Dark Matter from new Technicolor Theories, Phys. Rev. D74 (2006) 095008, [hep-ph/0608055].

[40] L. Roszkowski and O. Seto, Axino dark matter from Q-balls in Affleck-Dine baryogenesis and the Ω b − Ω DM coincidence problem, Phys. Rev. Lett. 98 (2007) 161304, [hep-ph/0608013].

[41] T. Banks, S. Echols, and J. L. Jones, Baryogenesis, dark matter and the pentagon, JHEP 11 (2006) 046, [hep-ph/0608104].

[42] B. Dutta and J. Kumar, Hidden sector baryogenesis, Phys.Lett. B643 (2006) 284–289, [hep-th/0608188].

[43] J. McDonald, Right-Handed Sneutrino Condensate Cold Dark Matter and the Baryon-to-Dark Matter Ratio, JCAP 0701 (2007) 001, [hep-ph/0609126].

[44] Z. Berezhiani, Unified picture of ordinary and dark matter genesis, Eur.Phys.J.ST 163 (2008) 271–289.

[45] M. Y. Khlopov and C. Kouvaris, Composite dark matter from a model with composite Higgs boson, Phys.Rev. D78 (2008) 065040, [arXiv:0806.1191].

[46] R. Kitano, H. Murayama, and M. Ratz, Unified origin of baryons and dark matter, Phys. Lett.

B669 (2008) 145–149, [arXiv:0807.4313].

– 21 –

[47] T. A. Ryttov and F. Sannino, Ultra Minimal Technicolor and its Dark Matter TIMP, Phys.Rev. D78 (2008) 115010, [arXiv:0809.0713].

[48] R. Foadi, M. T. Frandsen, and F. Sannino, Technicolor Dark Matter, Phys.Rev. D80 (2009) 037702, [arXiv:0812.3406].

[49] D. E. Kaplan, M. A. Luty, and K. M. Zurek, Asymmetric Dark Matter, Phys. Rev. D79 (2009) 115016, [arXiv:0901.4117].

[50] G. D. Kribs, T. S. Roy, J. Terning, and K. M. Zurek, Quirky Composite Dark Matter, Phys.

Rev. D81 (2010) 095001, [arXiv:0909.2034].

[51] T. Cohen and K. M. Zurek, Leptophilic Dark Matter from the Lepton Asymmetry, Phys. Rev.

Lett. 104 (2010) 101301, [arXiv:0909.2035].

[52] I. M. Shoemaker and A. Kusenko, Gravitino dark matter from Q-ball decays, Phys. Rev. D80 (2009) 075021, [arXiv:0909.3334].

[53] Y. Cai, M. A. Luty, and D. E. Kaplan, Leptonic Indirect Detection Signals from Strongly Interacting Asymmetric Dark Matter, arXiv:0909.5499.

[54] M. T. Frandsen and F. Sannino, iTIMP: isotriplet Technicolor Interacting Massive Particle as Dark Matter, Phys.Rev. D81 (2010) 097704, [arXiv:0911.1570].

[55] P.-H. Gu, A Left-Right Symmetric Model for Neutrino Masses, Baryon Asymmetry and Dark Matter, Phys. Rev. D81 (2010) 095002, [arXiv:1001.1341].

[56] T. R. Dulaney, P. Fileviez Perez, and M. B. Wise, Dark Matter, Baryon Asymmetry, and Spontaneous B and L Breaking, Phys. Rev. D83 (2011) 023520, [arXiv:1005.0617].

[57] T. Cohen, D. J. Phalen, A. Pierce, and K. M. Zurek, Asymmetric Dark Matter from a GeV Hidden Sector, Phys. Rev. D82 (2010) 056001, [arXiv:1005.1655].

[58] J. Shelton and K. M. Zurek, Darkogenesis: A baryon asymmetry from the dark matter sector, Phys. Rev. D82 (2010) 123512, [arXiv:1008.1997].

[59] N. Haba and S. Matsumoto, Baryogenesis from Dark Sector, Prog. Theor. Phys. 125 (2011) 1311–1316, [arXiv:1008.2487].

[60] M. R. Buckley and L. Randall, Xogenesis, JHEP 1109 (2011) 009, [arXiv:1009.0270]. [61] E. J. Chun, Leptogenesis origin of Dirac gaugino dark matter, Phys. Rev. D83 (2011) 053004, [arXiv:1009.0983].

[62] M. Blennow, B. Dasgupta, E. Fernandez-Martinez, and N. Rius, Aidnogenesis via Leptogenesis and Dark Sphalerons, JHEP 03 (2011) 014, [arXiv:1009.3159].

[63] J. McDonald, Baryomorphosis: Relating the Baryon Asymmetry to the ’WIMP Miracle’, Phys.Rev. D83 (2011) 083509, [arXiv:1009.3227].

[64] L. J. Hall, J. March-Russell, and S. M. West, A Unified Theory of Matter Genesis:

Asymmetric Freeze-In, arXiv:1010.0245.

[65] R. Allahverdi, B. Dutta, and K. Sinha, Cladogenesis: Baryon-Dark Matter Coincidence from Branchings in Moduli Decay, Phys. Rev. D83 (2011) 083502, [arXiv:1011.1286].

[66] B. Dutta and J. Kumar, Asymmetric Dark Matter from Hidden Sector Baryogenesis, Phys.Lett. B699 (2011) 364–367, [arXiv:1012.1341].

[67] H. Higashi, T. Ishima, and D. Suematsu, Affleck-Dine leptogenesis in the radiative neutrino mass model, Int. J. Mod. Phys. A26 (2011) 995–1009, [arXiv:1101.2704].

[68] A. Falkowski, J. T. Ruderman, and T. Volansky, Asymmetric Dark Matter from Leptogenesis,

arXiv:1101.4936.

[69] F. Doddato and J. McDonald, Affleck-Dine Baryogenesis, Condensate Fragmentation and

– 22 –

Gravitino Dark Matter in Gauge-Mediation with a Large Messenger Mass, JCAP 1106 (2011) 008, [arXiv:1101.5328].

[70] N. Haba, S. Matsumoto, and R. Sato, Sneutrino Inflation with Asymmetric Dark Matter,

arXiv:1101.5679.

[71] E. J. Chun, Minimal Dark Matter and Leptogenesis, JHEP 03 (2011) 098, [arXiv:1102.3455]. [72] Z. Kang, J. Li, T. Li, T. Liu, and J. Yang, Asymmetric Sneutrino Dark Matter in the NMSSM with Minimal Inverse Seesaw, arXiv:1102.5644.

[73] M. L. Graesser, I. M. Shoemaker, and L. Vecchi, Asymmetric WIMP dark matter, JHEP 1110 (2011) 110, [arXiv:1103.2771].

[74] M. T. Frandsen, S. Sarkar, and K. Schmidt-Hoberg, Light asymmetric dark matter from new strong dynamics, Phys.Rev. D84 (2011) 051703, [arXiv:1103.4350].

[75] D. E. Kaplan, G. Z. Krnjaic, K. R. Rehermann, and C. M. Wells, Dark Atoms: Asymmetry and Direct Detection, JCAP 1110 (2011) 011, [arXiv:1105.2073].

[76] Y. Cui, L. Randall, and B. Shuve, Emergent Dark Matter, Baryon, and Lepton Numbers,

arXiv:1106.4834.

[77] A. Mazumdar, The origin of dark matter, matter-anti-matter asymmetry, and inflation,

arXiv:1106.5408.

[78] S. Kasuya and M. Kawasaki, Gravitino dark matter and baryon asymmetry from Q-ball decay in gauge mediation, arXiv:1107.0403.

[79] P. Kumar and E. Ponton, Electroweak Baryogenesis and Dark Matter with an approximate R-symmetry, JHEP 1111 (2011) 037, [arXiv:1107.1719].

[80] M. L. Graesser, I. M. Shoemaker, and L. Vecchi, A dark force for baryons, arXiv:1107.2666. [81] O. Oliveira, C. Bertulani, M. Hussein, W. de Paula, and T. Frederico, A Democratic Gauge Model for Dark/Visible Matter Symmetry, arXiv:1108.2723.

[82] C. Arina and N. Sahu, Asymmetric Inelastic Inert Doublet Dark Matter from Triplet Scalar Leptogenesis, Nucl.Phys. B854 (2012) 666–699, [arXiv:1108.3967].

[83] J. McDonald, Simultaneous Generation of WIMP Miracle-like Densities of Baryons and Dark Matter, arXiv:1108.4653.

[84] G. Kane, J. Shao, S. Watson, and H.-B. Yu, The Baryon-Dark Matter Ratio Via Moduli Decay After Affleck-Dine Baryogenesis, JCAP 1111 (2011) 012, [arXiv:1108.5178].

[85] S. Barr, The Unification and Cogeneration of Dark Matter and Baryonic Matter,

arXiv:1109.2562.

[86] R. Lewis, C. Pica, and F. Sannino, Light Asymmetric Dark Matter on the Lattice: SU(2) Technicolor with Two Fundamental Flavors, arXiv:1109.3513.

[87] J.-W. Cui, H.-J. He, L.-C. Lv, and F.-R. Yin, Spontaneous Mirror Parity Violation, Common Origin of Matter and Dark Matter, and the LHC Signatures, arXiv:1110.6893.

[88] F. Doddato and J. McDonald, New Q-ball Solutions in Gauge-Mediation, Affleck-Dine Baryogenesis and Gravitino Dark Matter, arXiv:1111.2305.

[89] Y. Cui, L. Randall, and B. Shuve, A WIMPy Baryogenesis Miracle, arXiv:1112.2704. [90] F. D’Eramo, L. Fei, and J. Thaler, Dark Matter Assimilation into the Baryon Asymmetry,

arXiv:1111.5615.

[91] Z. Kang and T. Li, Asymmetric Origin for Gravitino Relic Density in the Hybrid Gravity-Gauge Mediated Supersymmetry Breaking, arXiv:1111.7313.

[92] A. Riotto and M. Trodden, Recent progress in baryogenesis, Ann.Rev.Nucl.Part.Sci. 49 (1999)

– 23 –

35–75, [hep-ph/9901362].

[93] H. Davoudiasl, D. E. Morrissey, K. Sigurdson, and S. Tulin, Baryon Destruction by Asymmetric Dark Matter, arXiv:1106.4320.

[94] E. Witten, An SU(2) Anomaly, Phys.Lett. B117 (1982) 324–328.

[95] G. D. Moore, C. ran Hu, and B. Muller, Chern-Simons number diffusion with hard thermal loops, Phys.Rev. D58 (1998) 045001, [hep-ph/9710436].

[96] A. Y. Smirnov and R. Zukanovich Funchal, Sterile neutrinos: Direct mixing effects versus induced mass matrix of active neutrinos, Phys. Rev. D74 (2006) 013001, [hep-ph/0603009].

[97] J. A. Harvey and M. S. Turner, Cosmological baryon and lepton number in the presence of electroweak fermion number violation, Phys. Rev. D42 (1990) 3344–3349.

[98] Y. Bai, P. J. Fox, and R. Harnik, The Tevatron at the Frontier of Dark Matter Direct Detection, JHEP 12 (2010) 048, [arXiv:1005.3797].

[99] J. Goodman et. al., Constraints on Dark Matter from Colliders, Phys. Rev. D82 (2010) 116010, [arXiv:1008.1783].

[100] M. R. Buckley, Asymmetric Dark Matter and Effective Operators, Phys.Rev. D84 (2011) 043510, [arXiv:1104.1429].

[101] M. Williams, C. Burgess, A. Maharana, and F. Quevedo, New Constraints (and Motivations) for Abelian Gauge Bosons in the MeV-TeV Mass Range, arXiv:1103.4556.

[102] G. Mangano and P. D. Serpico, A robust upper limit on N eff from BBN, circa 2011, Phys.

Lett. B701 (2011) 296–299, [arXiv:1103.1261].

[103] WMAP Collaboration, E. Komatsu et. al., Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Interpretation, Astrophys. J. Suppl. 192 (2011) 18, [arXiv:1001.4538].

[104] D. E. Kaplan, G. Z. Krnjaic, K. R. Rehermann, and C. M. Wells, Atomic Dark Matter, JCAP 1005 (2010) 021, [arXiv:0909.0753].

[105] P. Peebles, Recombination of the Primeval Plasma, Astrophys.J. 153 (1968) 1.

[106] C.-P. Ma and E. Bertschinger, Cosmological perturbation theory in the synchronous and conformal Newtonian gauges, Astrophys.J. 455 (1995) 7–25, [astro-ph/9506072].

[107] M. Markevitch et. al., Direct constraints on the dark matter self-interaction cross-section from the merging galaxy cluster 1E0657-56, Astrophys. J. 606 (2004) 819–824, [astro-ph/0309303].

[108] S. W. Randall, M. Markevitch, D. Clowe, A. H. Gonzalez, and M. Bradac, Constraints on the Self-Interaction Cross-Section of Dark Matter from Numerical Simulations of the Merging Galaxy Cluster 1E 0657-56, Astrophys.J. 679 (2008) 1173–1180, [arXiv:0704.0261].

[109] W. Emam and S. Khalil, Higgs and Z-prime phenomenology in B-L extension of the standard model at LHC, Eur.Phys.J. C55 (2007) 625–633, [arXiv:0704.1395].

[110] L. Basso, A. Belyaev, S. Moretti, and G. M. Pruna, Probing the Z-prime sector of the minimal B-L model at future Linear Colliders in the e^+e^− → μ^+μ^− process, JHEP 0910 (2009) 006, [arXiv:0903.4777].

[111] L. Basso, A. Belyaev, S. Moretti, and C. H. Shepherd-Themistocleous, Phenomenology of the minimal B-L extension of the Standard model: Z’ and neutrinos, Phys.Rev. D80 (2009) 055030, [arXiv:0812.4313].

[112] L. Basso, A. Belyaev, S. Moretti, G. M. Pruna, and C. H. Shepherd-Themistocleous, Z^′ discovery potential at the LHC in the minimal B − L extension of the Standard Model, Eur.Phys.J. C71 (2011) 1613, [arXiv:1002.3586].

– 24 –

[113] L. Basso, S. Moretti, and G. M. Pruna, Phenomenology of the minimal B − L extension of the Standard Model: the Higgs sector, Phys.Rev. D83 (2011) 055014, [arXiv:1011.2612].

[114] Y. Coutinho, E. Fortes, and J. Montero, Z^′ B − L phenomenology at LHC, Phys.Rev. D84 (2011) 055004, [arXiv:1102.4387].

[115] A. Leike, The Phenomenology of extra neutral gauge bosons, Phys.Rept. 317 (1999) 143–250, [hep-ph/9805494].

[116] T. G. Rizzo, Z^′ phenomenology and the LHC, hep-ph/0610104.

[117] P. Langacker, The Physics of Heavy Z^′ Gauge Bosons, Rev.Mod.Phys. 81 (2009) 1199–1228, [arXiv:0801.1345].

[118] F. Petriello and S. Quackenbush, Measuring Z^′ couplings at the CERN LHC, Phys.Rev. D77 (2008) 115004, [arXiv:0801.4389].

[119] C. Coriano, A. E. Faraggi, and M. Guzzi, Searching for Extra Z-prime from Strings and Other Models at the LHC with Leptoproduction, Phys.Rev. D78 (2008) 015012, [arXiv:0802.1792].

[120] F. J. Petriello, S. Quackenbush, and K. M. Zurek, The Invisible Z^′ at the CERN LHC, Phys.Rev. D77 (2008) 115020, [arXiv:0803.4005].

[121] Y. Gershtein, F. Petriello, S. Quackenbush, and K. M. Zurek, Discovering hidden sectors with mono-photon Z^′ searches, Phys.Rev. D78 (2008) 095002, [arXiv:0809.2849].

[122] P. Langacker, The Physics of New U(1)-prime Gauge Bosons, AIP Conf.Proc. 1200 (2010) 55–63, [arXiv:0909.3260].

[123] XENON100 Collaboration Collaboration, E. Aprile et. al., Dark Matter Results from 100 Live Days of XENON100 Data, Phys.Rev.Lett. 107 (2011) 131302, [arXiv:1104.2549].

[124] CDMS-II Collaboration Collaboration, Z. Ahmed et. al., Results from a Low-Energy Analysis of the CDMS II Germanium Data, Phys.Rev.Lett. 106 (2011) 131302, [arXiv:1011.2482].

[125] C. Savage, G. Gelmini, P. Gondolo, and K. Freese, Compatibility of DAMA/LIBRA dark matter detection with other searches, JCAP 0904 (2009) 010, [arXiv:0808.3607].

[126] CoGeNT Collaboration, C. E. Aalseth et. al., Results from a Search for Light-Mass Dark Matter with a P- type Point Contact Germanium Detector, Phys. Rev. Lett. 106 (2011) 131301, [arXiv:1002.4703].

[127] J. D. Bjorken, R. Essig, P. Schuster, and N. Toro, New Fixed-Target Experiments to Search for Dark Gauge Forces, Phys. Rev. D80 (2009) 075018, [arXiv:0906.0580].

[128] J. B. Dent, F. Ferrer, and L. M. Krauss, Constraints on Light Hidden Sector Gauge Bosons from Supernova Cooling, arXiv:1201.2683.

[129] R. Essig, P. Schuster, N. Toro, and B. Wojtsekhowski, An Electron Fixed Target Experiment to Search for a New Vector Boson A’ Decaying to e+e-, JHEP 1102 (2011) 009, [arXiv:1001.2557].

– 25 –