arXiv:1304.7476v1 [hep-ph] 28 Apr 2013

Composite Millicharged Dark Matter

Chris Kouvaris^∗ CP^3-Origins, University of Southern Denmark, Campusvej 55, Odense 5230, Denmark

We study a composite millicharged dark matter model. The dark matter is in the form of pionlike objects emerging from a higher scale QCD-like theory. We present two distinct possibilities with interesting phenomenological consequences based on the choice of the parameters. In the first one, the dark matter is produced non-thermally and it could potentially account for the 130 GeV Fermi photon line via decays of the “dark pions”. We estimate the self-interaction cross section which might play an important role both in changing the dark matter halo profile at the center of the galaxy and in making the dark matter warmer. In the second version the dark matter is produced via the freeze-in mechanism. Finally we impose all possible astrophysical, cosmological and experimental constraints. We study in detail generic constraints on millicharged dark matter that can arise from anomalous isotope searches of different elements and we show why constraints based on direct searches from underground detectors are not generally valid.

PACS numbers: 95.35.+d 95.30.Cq

I. INTRODUCTION

The current knowledge is that all particles in the Standard Model are either electrically neutral (e.g. neutrinos, photons and gluons), or have charges which are integer multiples of e/3 where e is the charge of the electron. The possibility of particles with electric charges much smaller than e/3 has always intrigued both theorists and experimentalists. One way one can add millicharged particles in the Standard Model is for example by adding a particle with hypercharge Y = 2ϵ that is singlet of the color SU(3) and weak SU(2). However as it was pointed out in [1], the embedment of such an extension of the Standard Model into a Grand Unified Theory is problematic. These problems can be avoided if an extra U(1)^′ is introduced [2]. Due to mixing between photons and the paraphotons of the U(1)^′, particles charged under the U(1)^′ appear to have a small coupling to the photon and thus as electrically millicharged. A third way millicharged particles might appear is in the form of Standard Model neutrinos that have tiny electric charges. A small modification of the hypercharge assignments of the Standard Model particles can accommodate tiny electric charges to neutrinos without inducing any gauge anomaly (for a review see e.g. [3–5]).

Although Charged Massive Particles (ChaMPs) have been more or less ruled out as dark matter candidates, this is not easily the case for particles with tiny charges. Millicharged particles have been firstly proposed as a solution of the dark matter puzzle long time ago [6– 8]. Composite dark matter (with charged constituents) is an attractive scenario that has been studied extensively [9–14]. Recently there has been a revived interest on millicharged dark matter via Stueckelberg Z^′ models [15, 16], in the form of millicharged atomic dark matter [17], or in the form of MeV particles in order to ex-

∗Electronic address: kouvaris@cp3.sdu.dk

plain the 511 keV line [18].

In this paper we present a model of composite dark matter inspired by QCD. As in QCD where the spontaneous symmetry breaking of the chiral symmetry leads to Goldstone bosons, similarly here, chiral symmetry breaking produces Goldstone bosons that play the role of dark matter. We explore the phenomenology of this theory examining two interesting cases. In the first one, the “dark pions” are produced non-thermally and they can explain the 130 GeV Fermi photon line via decays of the form π_0 → 2γ. In the second version, we show how the pions can be produced thermally via the freeze-in mechanism. We also study all possible astrophysical, experimental and cosmological constraints imposed on such a model.

We chose a QCD-type Lagrangian of the form

L = ψ̄iγ_μD^μψ − mψ̄ψ − 1 4 F^{αμν} F^α_{μν} , (1)

where the gauge group is an SU(3) “color”. We assume two flavors of fermions that carry tiny electric charges 2ϵe/3 and −ϵe/3 where ϵ is a small number that will be estimated later on. The covariant derivative is D^μ = ∂^μ − igτ^αG^{αμ} − iqA^μ, where G^{αμ} is the “new gluon” field and A^μ is the electric field. We assume that the theory becomes confined below a scale, where the description of the theory in terms of mesonic and baryonic degrees of freedom is more appropriate. There are three Goldstone bosons i.e. the pions of the theory π^+, π^−, and π_0. As in QCD, it is expected (due to electromagnetic interactions) that π^± are heavier than π_0. For simplicity we are going to assume that there are no baryons of the theory present, and therefore dark matter is composed of the three pions of the theory. This is expected in cases where the “new baryon” number is not conserved. We study now the phenomenological implications of this simple QCD inspired dark matter model, starting from the possibility of producing the Fermi 130 GeV line.

II. THE 130 GEV LINE

Recently, analysis of the Fermi collaboration data revealed the possibility of the existence of a γ line at 130 GeV coming from the center of the galaxy [19–24]. Due to the fact that this line is sufficiently peaked and does not follow the typical astrophysical background power law behavior, this can be an indirect signature of dark matter presence. In general, if dark matter is in the form of WIMPs (denoted by χ), processes like χ + χ → γ + γ, χ + χ → γ + X, or χ → γ + γ are in principle all allowed. Obviously, in the case of annihilating dark matter to two photons, the WIMP mass must be 130 GeV, and in the decaying dark matter scenario, the mass must be 260 GeV. For the case where one photon and one other particle X is produced, the WIMP mass depends obviously on the mass of X. One striking observation is that if the line is attributed to annihilation of WIMPs, the annihilation cross section does not seem to be the one required for thermal production of WIMPs, but it is rather smaller by roughly an order of magnitude depending on the assumed dark matter halo profile. This could be an indication towards an asymmetric WIMP annihilation where dark matter and anti-dark matter do not appear in nature with equal numbers (something supported by some recent analysis [25]) or towards a decaying dark matter scenario. However, in both cases a large branching ratio to photons (larger than ∼ 0.01) is required [26–28]. Otherwise, decays and/or annihilations to other particles can induce a continuum spectrum of photons that can hide the line. From this perspective a dark pion that has only the decay channel π_0 → 2γ fulfills perfectly this requirement.

Although Einasto or Navarro-Frenk-White dark matter halo profiles favor the scenario of annihilating dark matter [19], decaying dark matter could account for the 130 GeV line if the dark matter morphology at the center of the galaxy is appropriate (i.e. more cuspy). The photon spectrum of a decaying WIMP to two photons is

dΦ_{dec} dE_γ dΩ = Γ 4π r_⊙ ( ρ_⊙ 2m_χ ) ∫ los ds 1 r_⊙ ( ρ_{halo}(r) ρ_⊙ ) dN_{dec} dE_γ , (2) while for annihilating one

dΦ_{ann} dE_γ dΩ = ⟨σv⟩ 8π r_⊙ ( ρ_⊙ m_χ )_2 ∫ los ds 1 r_⊙ ( ρ_{halo}(r) ρ_⊙ )_2 dN_{ann} dE_γ , (3) where Γ, and ⟨σv⟩ are the decay rate and annihilation cross section to two photons respectively, dN/dE_γ denotes differential photon energy spectrum, ρ_⊙ ≃ 0.3 GeV/cm^3 is the local dark matter density, r_⊙ ≃ 8.5 kpc is our distance from the center of the galaxy and ρ_{halo}(r) is the dark matter halo profile. The integral is taken along the line of sight. Decaying dark matter has already been proposed as an explanation of the 130 GeV line [29–31].

In this paper we do not attempt to make a sophisticated analysis of the Fermi spectrum. Following [29] on generic grounds, we assume that the observed spectrum is attributed to decaying dark matter if one adjusts the decaying rate such that the spectrum will be similar to the annihilating one. Depending on the chosen halo profile, an approximate value of Γ_{χ→γγ} = 10^{−29}sec^{−1} can satisfy the requirement [29]. We should mention that the analysis in [19] suggests that annihilating dark matter fits much better the Fermi spectrum compared to a decaying dark matter scenario. However a decaying dark matter scenario can be valid if the dark matter density is more cuspy at the galactic center. Although this is not currently favored by numerical simulations of collisionless dark matter, the existence of self-interactions might alter completely the situation. We shall show that indeed such self-interactions are present among the dark pions.

The π_0 of the theory decays due to the anomaly exactly as in QCD. However, due to the fact that the constituent fermions have tiny charges, the lifetime time of the particle can change significantly. The decay rate is Γ_{π0→γγ} = α^2ϵ^4 64π^3 m^3_{π0} f^2_π

, (4)

where α is the usual fine structure constant. Demanding the decay rate to be ∼ 10^{−29} sec^{−1} gives the condition ϵ √ f_π ≃ 6 × 10^{−14}, (5)

where f_π is measured in GeV. For a typical value of f_π = 1 TeV, ϵ ≃ 1.9 × 10^{−12}. The pions can also coannihilate. In order to find what is the annihilation cross section, we should introduce an effective chiral perturbation Lagrangian that describes the mesonic fields. Similarly to QCD L = f^2_π 4 Tr(D_μΣD^μΣ^†) + f^2_π 2 Tr(m^2_πΣ), (6)

where D_μ = ∂_μ + ieA_μ[Q, Σ], Q being a diagonal matrix with entries the electric charges of the two “quarks” in units of e. The matrix Σ is defined as usual

Σ = exp ( i τ^απ^α f_π ) , (7)

where τ^α are the Pauli matrices. It is easy to see that to lowest order π_0 does not couple to photons (as it is expected), because the commutator [Q, Σ] is zero. However, π_0’s can annihilate to photons through one-loop mediation of π^± states that couple to photons. There are two Feynman diagrams contributing to the amplitude. For on-shell production of photons the total amplitude is

M = M_{μν} ϵ^{1μ}ϵ^{2ν} , (8)

where ϵ^{1,2} represent the helicity of the two produced photons and M_{μν} is [32] M_{μν} = −i 16π^2

2e^2ϵ^2 f^2_π s − m^2_π s (g_{μν} s − 2k_{2μ}k_{1ν} ) × { 1 + m^2_π s [ ln [ z_+ z_− ] − iπ ]_2} , (9)

where z_± = 1 ± (1 − 4m^2_π/s)^{1/2}, k represents photon momentum, and s is the typical Mandelstam variable. It is understood that for the derivation of this result, we have made the approximation that the mass difference between π^± and π_0 is not large. Given the above amplitude for π_0π_0 → γγ, we can compute the corresponding cross section in the center of mass frame ⟨σv⟩ = α^2ϵ^4 32π^3f^4_π

(s − m^2_π)^2 s [ 1 + m^2_π s f(s) ] , (10)

where f(s) = 2[ln^2(z_+/z_−) − π^2] + (m^2_π /s)[ln^2(z_+/z_−) + π^2]^2. Upon making the assumption that π_0 move with non-relativistic velocities (s ≃ 4m^2_π and z_± ≃ 1), and by using Eq. (5), ⟨σv⟩ ≃ 8.9 × 10^{−89} ( TeV f_π )_2 cm^2. (11)

This annihilation cross section which in principle can produce a photon line at 260 GeV is so tiny to be detected or to play any role in the evolution of the dark matter density.

It is easy to show that π’s are not in thermal equilibrium with the plasma for the ϵ values we are interested. We can have a rough estimate of the Thomson cross section between a charged pion and a photon. The condition for thermal equilibrium is that n_γ σ_T v ≳ H, where n_γ is the number density of photons. The Thomson cross section (in natural units) is σ_T = (8π/3m^2)α^2ϵ^4. Using n_γ = (2ζ(3)/π^2)T^3 and H = 1.66g^{1/2}_∗ T^2/m_{pl}, it is easy to show that the dark pions (or dark fermions before confinement) with ϵ < 10^{−5} were never in thermal equilibrium with the plasma (unless one goes to extremely high temperature when pions did not exist). This means that in this case π’s have to be produced non-thermally by some unknown mechanism. Whatever the mechanism is, it should not disturb the thermal evolution of the universe (i.e. the effective degrees of freedom g_∗ should not change). This can easily happen for example if the pions are produced via some decay with relativistic energies but with a temperature significantly lower than that of the plasma. As we pointed out above, the plasma is not in thermal equilibrium with the pions and therefore they do not have to have the same temperature. However pion self-interactions are sufficient to establish thermal equilibrium among the pions providing pions with a common temperature that must be much smaller than the temperature of the plasma in order to avoid problems with the evolution of the universe. The reason that self-interactions can keep pions in thermal equilibrium is due to the fact that the cross section is independent of ϵ and therefore is not suppressed. The coupling among pions can be estimated from Eq. (6) if one expands the second term to fourth order in the fields. The amplitude for π_0π_0 ↔ π_0π_0 (but also for π^+π^− → π_0π_0 if one assumes that the difference in the masses of π_0 and π^+ is small) is M = 1 f^2_π

(s − m^2_{π0} ). (12)

This leads to a cross section ⟨σv⟩ = 1 16πf^4_π

(s − m^2_{π0} )^2 s √ 1 − 4m^2_{π0} s . (13)

The condition n_πσ_{ππ} v >> H is easily fulfilled. One can check by using the number density for a relativistic species with a temperature T_{dm} << T_γ and the above cross section, that pions were in thermal equilibrium with each other at some point. Obviously as the universe expands and the pions become non-relativistic, pions at some point will lose contact with each other, but as in the case with neutrinos, they will preserve their Bose- Einstein distribution since their entropy is preserved. The fact that pions were in thermal equilibrium enable us to estimate how much π^± is left today. Assuming that π^± are slightly heavier than π_0 (as it happens in QCD), the annihilation cross section for π^+π^− → π_0π_0 is given again by Eq. (13). The difference between the annihilation and the self-interactions among pions is that the square root in Eq. (13) is ∼ √ 1 − m^2_{π0} /m^{±2}_π for the former and ∼ v for the latter. It is understood that in the case of annihilation at the nonrelativistc limit s ≃ 4m^2_{π±} . In the non-relativistic limit, the annihilation cross section takes the form

⟨σv⟩ ≃ 2.3 × 10^{−36}cm^2 m^2_{70} f^4_1 √ 1 − 0.927/m^2_{70}, (14)

where f_1 is the value of f_π in units of 1 TeV, and m_{270} is m_π± in units of 270 GeV. This is a quite interesting result. By playing with f_π and the mass splitting between π^± and π_0, one can get from complete extinction of π^± today to a partial one. In the case of partial presence of π^±, assuming that x fraction of dark matter is in the form of π_0 and 1 − x in the form of π^±, Eq. (5) should be modified to ϵ √ f_π ≃ 6 × 10^{−14} 1 x^{1/4} . (15)

This is because the Fermi 130 GeV line has to come from decay of the x part of the dark matter density (i.e. π_0). There are two comments in order here. Due to the smallness of ϵ, no essential constraints can be imposed on the 1 − x part of dark matter that is made of π^± (see the constraint section).

The second comment has to do with the fact that the freeze-out of the annihilation takes place at a temperature T_{dm} which as we shall show below must be significantly smaller than the plasma temperature T_γ . However, since everything takes place in high enough energies, g_∗ and g_∗s do not change substantially, and therefore one can approximately consider that the freeze-out occurs as usually at T_{dm} ∼ m_π± /25. However one should keep in mind that this corresponds to a much higher plasma temperature. One would naively expect that earlier freezeout would correspond to even colder dark matter. This is not necessarily true due to self-interactions. We discuss this issue later in this section.

As we mentioned T_{dm} is in principle different than T_γ . If pions have been produced relativistically, one has to make sure that by the time of the Big Bang Nucleosynthesis (BBN), dark matter does not change significantly the effective number of relativistic degrees of freedom g_∗. In order to find how the constraint affects our dark matter scenario, let us assume that the pions are produced by a time when their temperature was T_{d1} and the plasma temperature was T_1. Let us call β = T_{d1}/T_1. Now let’s assume that the dark pions become non-relativistic at some time where their temperature is T_{d2} ≃ m and the plasma’s temperature is T_2. Up to that point both the plasma and the pions are relativistic and therefore the ratio T_{d2}/T_2 is still β. Below that temperature pions become non-relativistic. However, since pions were never in thermal equilibrium with the plasma, their entropy should be conserved. At the BBN time scale, entropy conservation dictates n_{BBN}a^3_{BBN} = n_2a^3_2 (where 2 refers to the time where pions become non-relativistic). The energy density of pions at the BBN time scale is ρ_{BBN} = mn_{BBN} = n_2m(a_2/a_{BBN})^3 = n_2m(T_{BBN}/T_2)^3, where T_{BBN} = 1 MeV. Using the fact that n_2 = ζ(3)T^3_{d2}/π^2 and that T_{d2}/T_2 = β, one can derive the contribution of pions to g_∗ at BBN as

g^{BBN}_{∗dm} = 30 π^4 ζ(3)β^3 m T_{BBN}

. (16)

Extra relativistic degrees of freedom at the epoch of BBN are tightly constrained because the abundances of light elements are strongly affected by g_∗. At BBN g_∗ = 5.5 + 7/4 ∗ N_ν where N_ν is the number of neutrino families. Analysis of the BBN light element abundances and CMB data from Planck limit N_ν down to ∼ 0.5 [33] (on top of the three existing neutrino families). This leads to a freedom of g^{BBN}_{∗dm} < (7/4)0.5. This dictates that β < 0.02 in order not to destroy the BBN predictions. We can now estimate what is the β needed in order to get the observed relic density of dark matter today. In order to do this, we use again the conservation of the dark matter entropy n_{BBN}a^3_{BBN} = n_0, where n_0 = 1.176 × 10^{−6}GeV/cm^3 is the dark matter density today. This leads to

n_0 = ζ(3) π^2 β^3T^3_{BBN}a^3_{BBN}. (17)

The only unknown a_{BBN} can be easily estimated by using conservation of the entropy for the plasma this time i.e. g^{BBN}_{∗s} T^3_{BBN}a^3_{BBN} = g^0_{∗s}T^3_0 . Using g^{BBN}_{∗s} = 10.75, g^0_{∗s} = 3.909 and T_0 = 2.728 K, we can get a_{BBN} = 1.68×10^{−10}. Using Eq. (17) leads to a value β ≃ 4 × 10^{−4} which is much smaller than the 0.02 constraint we derived above.

As we have already mentioned, self-interactions are independent of ϵ and are not suppressed by powers of it. This can be quite crucial for two reasons: Firstly selfinteractions might change the dark matter halo profile at the center of the galaxy. Although with standard dark matter halo profiles, Fermi data [19] favor annihilating dark matter over decaying, dark matter self-interactions might change completely this picture, since most dark matter simulations so far consider collisionless dark matter. The second point is that self-interactions might make the dark pion to be a warmer dark matter candidate which is supported by some data [34]. The nonrelativistic self-interaction cross section can be read off from Eq. (13)

σ_{self} ≃ 5.9 × 10^{−37} ( 1TeV f_π )_4 ( m_{π0} 260GeV

)_2 cm^2. (18)

The value is sufficiently small to enable the dark pion evade constraints on dark matter self-interactions imposed by the bullet cluster [35], or galaxy ellipticity [36, 37], or old neutron stars [38–40]. However, the cross section being of the order of picopbarn or even higher (if one selects a smaller f_π and/or larger m_{π0} ), can potentially have an effect on how warm the dark matter candidate is, and on the inner dark matter halo profile. The answer to especially the second issue is difficult and in principle requires simulations of self-interacting dark matter which might be considerable different from the collisionless case.

III. THERMALLY PRODUCED MILLICHARGED DARK MATTER

Despite the tiny electric charges of its constituents, and the fact that π’s are not in thermal equilibrium with the plasma for small values of ϵ, they can be produced thermally via the freeze-in mechanism [41] . The process γγ → π^+π^− is sufficient to produce an abundance similar to the dark matter one. The Boltzmann equation for the process above can be written as [41] dn_π± dt + 3Hn_π± = 2T 512π^6 ∫_∞ 4m^2_{π±} dsdΩP_{γγ} P_π+_π− |M|^2_{γγ→π}+_π− K_1( √ s/T )/ √ s, (19)

where P_{ij} = [s − (m_i + m_j )^2]^{1/2}[s − (m_i − m_j )^2]^{1/2} 2 √ s . (20)

It is not hard to show that the leading s contribution of the cross section comes from the Feynman diagram with the quartic coupling ϵ^2e^2A_μA^μπ^+π^−. This diagram contributes to |M|^2_{γγ→π+π−} = 2e^4ϵ^4. Integrating Eq. (19) gives dn_π± dt + 3Hn_π± = s_1 dY dt = T^2m^2_{π±} e^4ϵ^4 64π^5

K_1(x)^2, (21)

where x = m_π± /T , and s_1 = (2π^2/45)g_{∗s}T^3 is the total entropy. Using t = 0.301g^{−1/2}_∗ (m_{pl}/m^2_{π±} )x^2, the equation can be rewritten as dY dx = 45 × 0.301e^4ϵ^4

64π^7g_{∗s}g^{1/2}_∗ m_{pl} m_π± x^2K_1(x)^2. (22)

We can now integrate the equation from x = 0 to infinity. Using

Ω_{dm}h^2 =

2mY_{dm} 3.6 × 10^{−9}GeV

≃ 0.112, (23)

and g_∗ ≃ g_{∗s} ≃ 100, we get ϵ = 1.3 × 10^{−5}. This means that with ϵ ∼ 10^{−5}, the abundance of π^± is that of the dark matter. From Eq. (5), one can realize that millicharged dark matter could in principle be produced via the freeze-in mechanism and provide via decays a ∼ 130 GeV line for f_π ≃ 4.8×10^{16} GeV which is the GUT scale. However, this is not possible. By a simple rescaling of Eq. (14), one can see that the value of f_π is so large (corresponding to a tiny π^+π^− → π_0π_0 cross section) that makes impossible to create substantial quantities of π_0. In addition, we found that the direct production of π_0 from the process γγ → π_0π_0 is suppressed parametrically by (m_{π0} /f_π)^4. This can be seen by using Eq. (9) and follow the steps leading to Eq. (21) keeping only the leading term in s. This means again that no π_0 are produced and therefore the Fermi 130 GeV line cannot be explained by this version of millicharged dark matter. However, as we demonstrate in the next section, this thermally produced (via the freeze-in mechanism) millicharged dark matter evades all possible constraints arising from dark matter direct searches in underground detectors.

IV. CONSTRAINTS ON MILLICHARGED DARK MATTER

The presence even of tiny electric charges on particles (and in particular dark matter ones) in nature can lead to severe constraints. This has been addressed long time ago in the context of ChaMPs but it was extended in the case of fractionally charged particles [5–8, 42]. These bounds have been obtained by a variety of different methods ranging from accelerator searches and dark matter searches to constraints from the Lamb shift, Big Bang Nucleosynthesis, the Supernova 1987A, plasmon decay in red giants and white dwarfs. In addition there are cosmological bounds based on the fact that Ω < 1. A summary of these bounds can be seen for example in [5]. All these bounds are avoided by both versions of the dark pion we analyze in this paper. In the 260 GeV decaying pion, ϵ is too small to be constrained by these bounds. The same is true for the thermally produced dark pions which although have ϵ ∼ 10^{−5}, it is still too small to be excluded (especially if pions are embedded in a model with paraphotons).

In addition, there are severe constraints on ϵ based on the bullet cluster [35] and the ellipticity of galaxies like NGC 720 [36, 37]. The bullet cluster imposes an upper bound on dark matter self-interactions and since charged particles with charge ϵe can exchange photons, an upper bound is set for ϵ. Coulomb-type self-interactions can also make the distribution of dark matter more isotropic and this leads to more spherical galaxies. The ellipticity of certain galaxies like NGC 720 imposes again an upper bound on ϵ. Furthermore, millicharged particles can in fact cause changes in the Cosmic Microwave Background spectrum leading to very strict constraints on ϵ [43, 44]. Among the above three constraints, the CMB ones are the most strict. However, a millicharged particle with mass larger than ∼ 100 GeV and ϵ ≲ 10^{−5} clearly avoids it. Below we will study in more detail two other sets of constraints i.e. the ones from direct search detection in underground detectors and the ones from searches of anomalous isotopes of different elements.

A. Direct Detection

Direct detection search experiments like Xenon [45] and CDMS [46] have imposed severe constraints on the cross section between dark matter particles and nuclei of detectors that have been planted in deep sites in order to be shielded from unnecessary background radiation and thus false signals. Millicharged dark matter can exchange photons with the nuclei and therefore constraints on ϵ can arise. Such constraints have been studied in the context of mirror dark matter [47] and in general [48]. In principle such a constraint might be quite severe. Millicharged particles scatter off charged nuclei with a Rutherford cross section. Of course sufficiently small values of ϵ lead to little scattering and thus particles will avoid detection. Based on the CDMS data, the analysis of [48] provided an upper bound ϵ ≃ 10^{−8} for millicharged dark matter with mass above 10 GeV. This limit is of course evaded by our decaying dark pion with an ϵ ∼ 10^{−12}, but it could exclude the thermally produced dark pion that requires ϵ ∼ 10^{−5}. However, we show that the excluded ϵ-region of [48] is not valid. We shall demonstrate that for intermediate values of ϵ (small but not too small), millicharged particles lose most of their kinetic energy through electromagnetic interactions with atoms before reaching the detectors while traveling underground, leading to Rutherford scattering with recoil energies way below the threshold of the detectors thus invalidating this type of constraints.

A non-relativistic millicharged particle can interact and lose energy via collisions with electrons according to the Bohr-Bethe-Bloch formula dE dx = 4πn ϵ^2e^4 m_ev^2 ln 2m_ev^2 I , (24)

where n = N_AZρ/M_u is the electron density of the target (N_A, Z, and M_u being respectively the Avogadro number, the atomic number of the material, and the molar mass constant), m_e is the mass of the electron, and I ≃ 10ZeV is the mean ionization potential. The energy loss above can be trivially rewritten as dE dx = B E ln E E_0

, (25)

where B = 2πnϵ^2e^4(m/m_e) (m being the mass of the millicharged particle) and E_0 = mI/(4m_e). The equation can be now integrated from an initial value of kinetic energy E_{in} (corresponding to the usual dark matter velocity of 230 km/s) to a final E_f . We can easily find the upper value of E_f in order for a collision to produce enough recoil to trigger the detector. The recoil energy T takes values between 0 < T < 4E_f mm_N /(m + m_N )^2. A uniform distribution of T is usually assumed within this range. If we demand the recoil energy to be less than 1 keV (which is already below the thresholds of current experiments), we can estimate what minimum value of E_f can produce this recoil. By solving the differential Eq. (25) and tracking the solution from E_{in} to E_f we can find what distance is needed to slow down the millicharged particle to an E_f that cannot produce a detectable recoil in the underground detectors. We find that for an ϵ = 10^{−5} and m = 1 TeV, this distance is below 2 meters. For this we use an average matter density of 5.5g/cm^3. The dependence of this result on Z is extremely weak and therefore not relevant. CDMS lies 2341 feet below the surface and Xenon lies below 3700 meters water equivalent. Clearly no constraints can be imposed on both versions of dark pion: the first one because the particle is neutral with constituents of ϵ ∼ 10^{−12} that is too small to produce a significant rate, and the second (with ϵ ∼ 10^{−5}) because the particle slows down significantly before it reaches the detector. Assuming a depth of 500 meters (which is a bit smaller that both the depths of the sites of Xenon and CDMS), we find that a TeV millicharged particle can slow down sufficiently to avoid direct detection if ϵ ≳ 5.4 × 10^{−7}. Therefore the overall excluded parameter space for that mass is 10^{−8} ≲ ϵ ≲ 5.4 × 10^{−7}. For 100 GeV millicharged particle this range reduces to 10^{−8} ≲ ϵ ≲ 1.7 × 10^{−7}. We have used an “effective” Z = 40 for the ground material. The dependence of the above limits on Z is weak.

Finally there is another point that enables a thermally produced dark pion to evade detection. As it was pointed out in [49], for 100ϵ^2 ≲ m ≲ 10^8ϵ TeV, galactic magnetic fields prevent millicharged dark matter from the halo to enter the galactic disk and those initially trapped in the disc are accelerated and injected out of the disc within 0.1 to 1 billion years. Thus no constraints on millicharged dark matter can be imposed based on the direct search experiment within the above range. For ϵ ≃ 10^{−5} the GeV-TeV mass range of the millicharged particle is inside the above non-detection region.

B. Anomalous Isotope Constraints

In this section we present generic constraints valid for any type of millicharged dark matter particles based on searches of anomalous isotopes of hydrogen and oxygen in the sea water and helium in the atmosphere.

The binding energy between a (negatively) millicharged heavy WIMP with a nucleus is

E_{Bin} = ϵ^2Z^2α^2m_N 2 (26)

where we assumed that m_N << m. Typical examples of couplings with hydrogen and oxygen nuclei give correspondingly

E_H ≃ 2.5 × 10^4ϵ^2eV E_O ≃ 2.6 × 10^7ϵ^2eV. (27)

The kinetic energy of a WIMP assuming a velocity v = 230km/sec is

E_k ≃ 2.9 × 10^2 m GeV eV. (28)

First we can calculate the cross section for the capture of a millicharged particle by a nucleus. If the Bohr radius of a bound state between the nucleus and the millicharged particle is smaller than the corresponding atomic one (nucleus-electron system), one can use to good approximation the formula that gives the cross section for a capture of an electron by a charged ion [50]

σ_N =

2^7π 3 Z^5α^3a^2_0 ( E^0_{Bin} E )_{5/2} . (29)

This is the cross section for the capture of an electron by a nucleus of charge Ze, where α is the fine structure constant, E is the energy of the electron, and a_0 and E^0_{Bin} are respectively the Bohr radius and the binding energy of the hydrogen atom. This formula has been derived at the limit where a moving light electron gets trapped by a heavy nucleus at rest. In order to be able to use this formula in our case, we have to go to the rest frame of the heavy millicharged particle. Therefore in our case of interest (i.e. the capture of a milli-charged particle with charge −ϵe by a nucleus with charge Ze), Z has to be substituted by Zϵ in Eq. (29), a_0 is the Bohr radius having substituted the mass of the electron with the mass of the nucleus since the reduced mass of two unequal masses is given approximately by the smaller one which in this case is the mass of the nucleus, and E^0_{Bin} is the binding energy of the system nucleus-WIMP having normalized Z = ϵ = 1. Due to the strong dependence of capture cross section on the energy E, there are two distinct cases here. In the first one, the millicharged particle loses enough energy via electromagnetic interactions with electrons (Eq. (24)) and slows down to thermal velocities. Since the millicharged particle is heavier than the nuclei of the water and air that we are going to consider, the particle might be considered at rest and therefore E in Eq. (29) is the thermal energy of the atoms 3k_B T/2. If electromagnetic interactions do not slow down sufficiently the millicharged particle, E is the energy of an atom moving with the velocity of dark matter v ≃ 230km/sec.

There are two main constraints from anomalous isotope searches that we consider, i.e. the hydrogen and oxygen ones from ocean water and the helium ones from the atmosphere. Using Eq. (24) in the case of water, we find that within the average 2.6 km depth of the oceans, millicharged particles of 100 GeV (1 TeV) mass with ϵ ≳ 2.1 × 10^{−7} (ϵ ≳ 6.7 × 10^{−7}) slow down to their thermal velocities. Using this fact and Eqs. (27) and (29), we find the capture cross sections for this regime

σ_H ≃ 1.4 × 10^{−13}ϵ^5cm^2 σ_O ≃ 1.9 × 10^{−8}ϵ^5cm^2. (30)

The mean free path of a millicharged particle before it gets captured by a hydrogen (oxygen) nucleus will be given by λ_{H(O)} = 1/n_{H(O)}σ_{H(O)}, where n_H = N_A/(9 cm^3) and n_O = N_A/(18 cm^3) are the number densities of hydrogen and oxygen respectively in water. The probability for capturing a millicharged particle is p_{H(O)} = 2.6 km/λ_{H(O)} if λ_{H(O)} > 2.6 km, or one otherwise. As we mentioned, 2.6 km is the average ocean depth. It is easy to check that due to the fact that σ_O >> σ_H , most captured millicharged particles are captured by the oxygen nucleus. The ratio of the number density of the millicharged particles over the density of hydrogen in the sea water will be n_χ n_H = ρ_χ n_H m_χ pv 2.6km t_{acc}, (31)

where ρ_χ = 0.3 GeV/cm^3 is the local dark matter density in the earth, p is the probability of capture derived above, v = 230 km/sec is the velocity of the millicharged particle, and t_{acc} = 3 × 10^9years is the approximate age of the oceans. If ϵ is sufficiently large, then the reactions H + ϵ ↔ Hϵ O + ϵ ↔ Oϵ, (32) are in thermal equilibrium. We take the condition for this to be t_{therm} = 1/nσv << t_{acc}, where v = √ 3T/m is the thermal velocity of a hydrogen or oxygen atom. The condition for thermalization is fulfilled for ϵ ≳ 5 × 10^{−8} in the case of oxygen and ϵ ≳ 4 × 10^{−7} in the case of hydrogen. Therefore the reactions of Eqs. (32) are strictly in thermal equilibrium using the strictest of the two which is the one from hydrogen. In this case we can use the Saha equations that determines the equilibrium abundances n_ϵn_H n_1 = 2 Λ^3_H e^{−EH /T} ≡ A, n_ϵn_O n_2 = 2 Λ^3_O e^{−EO /T} ≡ B, (33) where n_1 and n_2 are the number densities of anomalous isotopes Hϵ and Oϵ respectively, and Λ_{H(O)} = √ 2π/m_{H(O)}T is the thermal De Broglie wavelength.

From Eqs. (33) one can solve for n_1 and n_2,

n_2 = A 2B n_1,

n_1 = n_χ 1 +^A_{2B} +^A_{nH}

, (34)

where n_χ is the total number density of millicharged particles in the water (captured or free). There are strict constraints on n_1/n_H based on hydrogen anomalous isotope searches in sea water. These constraints set an upper limit for n_1/n_H at 10^{−29} − 10^{−28} [51]. However, it has been speculated that due to the heaviness of the milli-charged particles, anomalous isotopes might concentrate at larger depths inside the oceans. Deep sea searches for hydrogen anomalous isotopes have imposed less strict upper limits of ∼ 4 × 10^{−17} [52], which are the ones we are going to use. If one uses Eqs. (31), and (34), the ratio n_1/n_H can be estimated and compared to the upper limit from deep water searches of anomalous hydrogen isotopes. The result is quite interesting. For a TeV particle with relatively large ϵ ≳ 1.6 × 10^{−4} no constraints are imposed. Despite the relatively large values of ϵ, due to the fact that the binding energy of the particle to the oxygen is much larger than that of the hydrogen (see Eq. (27)), the millicharged particle strongly prefers to “hide” in oxygen rather than hydrogen. Our estimate is in accordance with the qualitative argument presented in [17]. For the rest of the ϵ phase space where the reactions (32) are still in thermal equilibrium i.e. 4 × 10^{−7} ≲ ϵ ≲ 1.6 × 10^{−4}, we find that TeV dark millicharged particles are excluded within the region 2.9 × 10^{−6} ≲ ϵ ≲ 1.6 × 10^{−4}. Finally, below ϵ ≲ 4 × 10^{−7}, there is no thermal equilibrium between the reactions (32), and therefore in that case the maximum value of n_1/n_H is given directly by Eq. (31) (substituting p by p_H ). In reality photons or other type of collisions could destroy part of the Hϵ bonds reducing the n_1 abundance. However, even with no further distraction of the bound states no constraints can be imposed in this regime. The excluded region 2.9 × 10^{−6} ≲ ϵ ≲ 1.6 × 10^{−4} for a TeV particle, expands slightly to 1.8 × 10^{−6} ≲ ϵ ≲ 1.7 × 10^{−4} for a 100 GeV millicharged particle.

There are two caveats on the above derived exclusion region of ϵ which might potentially lead to narrowing or even evasion of the constraints. The first one has to do with the nature of the experimental searches for anomalous isotopes. The examined water has gone through a phase of distillation and electrolysis among others, and therefore it is possible for the tiny bond of 10^{−6} eV (for an ϵ ≃ 10^{−5}, see Eq. (27)) between the millicharged particle and the hydrogen to break apart.

The second caveat has to do with the validity of Eq. (29). This is in principle valid as long as the Bohr radius of the system WIMP-nucleus is smaller than that of the electron-nucleus system. If the former Bohr radius is larger than the latter, the capture cross section should be smaller, since it would be dominated by electric dipole type interactions between the millicharged particle and the system nucleus-electron. The Bohr radius is a = a_0m_e/(Zϵm_N )where m_N is the mass of the nucleus and a_0 the usual atomic Bohr radius. It turns out that for hydrogen, a_H < a_0 if ϵ > 5 × 10^{−4} while for oxygen a_O < a_0 if ϵ > 4.2 × 10^{−6}. If a > a_0 the capture cross section is expected to be lower that that of Eq. (29) because among other, the binding energy of the millicharged-nucleus system will become smaller. The study of this type of dipole interactions goes beyond the scope of our paper.

In our case of interest, searches for anomalous isotopes of oxygen might in principle give stricter constraints due to the fact that most of the millicharged particles will bind with oxygen in water. Although upper bounds on n_ϵ/n_O ≃ 10^{−16} exist in literature [53], it is questionable if they can apply in our case due to the fact that the search took place within a limited range of masses and also due to the fact that the search did not take place on deep ocean waters. This is crucial since it is expected that H_2Oϵ will sink to large depths due to the heaviness of the millicharged particle. In addition, both caveats we presented for the hydrogen constraints apply also here. Even if one ignores the aforementioned issues about the deep water, mass range and breaking of the bond, we find for a millicharged mass of 100 GeV (1 TeV) that for ϵ ≲ 5 × 10^{−6} (ϵ ≲ 7.9 × 10^{−6}) the oxygen constraints are evaded.

Finally we examine possible constraints that can emerge from searches of anomalous isotopes of helium in the atmosphere. Searches for anomalous isotopes of helium in the air have also imposed strict upper limits on the ratio of concentrations of anomalous helium over the normal one r_{He} of 10^{−12} to 10^{−17} [54]. Following our treatment of the hydrogen and oxygen constraints from water, we can use Eq. (24) to estimate above what values of ϵ millicharged particles slow down to thermal velocities. For 100 GeV (1 TeV) particle, this happens if ϵ ≳ 3.7 × 10^{−6} (ϵ ≳ 1.2 × 10^{−5}). We examine the three basic reactions of interest He + ϵ ↔ Heϵ O + ϵ ↔ Oϵ N + ϵ ↔ Nϵ, (35) since the two dominant components of atmospheric air is nitrogen, and oxygen. As before, one can estimate t_{therm} to establish thermal equilibrium among the reactions (35). For helium (which obviously gives the strictest time scale), in order for t_{therm} << t_{acc}, ϵ ≳ 5 × 10^{−5}. We have used an “effective height” for the atmosphere h = 20 km in order to get an estimate on n_{He}. Helium is significantly younger in the atmosphere with t_{acc} = 2 × 10^6years [54]. The corresponding Saha equations are n_ϵn_{He} n_1 = 2 Λ^3_{He} e^{−EHe/T} ≡ A, n_ϵn_O n_2 = 2 Λ^3_O e^{−EO /T} ≡ B, n_ϵn_N n_3 = 2 Λ^3_N e^{−EN /T} ≡ C, (36) where n_1, n_2, and n_3 are respectively the densities of Heϵ, Oϵ, and Nϵ. The probability of capturing a millicharged particle into a bound state with an atmospheric nucleus inside the atmosphere is p = nσh where n is the number density of the nucleus (oxygen, nitrogen or helium) in the atmosphere, σ the cross section given by Eq. (29) and h is the effective atmosphere height. For example in the case of helium, n_{He} = N_{He}/4πR^2h, where N_{He} is the total number of helium atoms in the atmosphere and R the radius of the earth. The total accumulated number of millicharged particles over N_{He} is

r_{He} = (ρ_χ/m)4πR^2t_{acc}vp/N_{He} = (ρ_χ/m)t_{acc}vσ. (37)

For ϵ ≳ 5 × 10^{−5} (i.e. if the reactions (35) are in thermal equilibrium), one can estimate the production of anomalous helium

n_1 = n_χ 1 + γ_2A/B + γ_3A/C + A/n_{He} , (38)

where n_χ is the total density of millicharged dark matter in the air. Despite oxygen representing a fraction 0.21 (instead of 0.78 for nitrogen) of the atmospheric gas, it gives the highest contribution due to the Z dependence of Eq. (29). The factors γ_2 = 2 × 0.21/(5.2 × 10^{−6}) and γ_3 = 2 × 0.78/(5.2 × 10^{−6}) represent respectively the ratio of abundances of atomic oxygen over helium and atomic nitrogen over helium. The factors of 2 account for the fact that oxygen and nitrogen are in the molecular form O_2 and N_2. Helium consists only a tiny 5.2 × 10^{−6} portion of the atmospheric air. The region 6.8 × 10^{−5} ≲ ϵ ≲ 1.5 × 10^{−4} where Eq. (36) are valid, is excluded. In this regime, the millicharged particles are captured efficiently by oxygen and nitrogen atoms and due to thermal equilibrium a significant amount is transferred to helium. As in the case of water, once ϵ becomes sufficiently large (ϵ ≳ 1.5 × 10^{−4}), due to the large binding energies of the millicharged particle with oxygen and nitrogen, no constraints from helium arise. For ϵ ≲ 5 × 10^{−5}, although Eqs. (36) are not valid overall, because reactions (35) are not in thermal equilibrium, collisions of the Heϵ system with photons or other atoms might lead to destruction of the Heϵ population. In this case the first equation of (36) might give an upper bound for n_1. n_1/n_{He} can be easily estimated from Eq. (38) if one sets γ_2 = γ_3 = 0, and uses n_χ/n_{He} = r_{he} from Eq. (37). Upon making the above assumption no constraints can be imposed below ϵ ≲ 5 × 10^{−5}. Therefore the exclusion region for a TeV millicharged particle is 6.8 × 10^{−5} ≲ ϵ ≲ 1.5 × 10^{−4}. This expands to 5 × 10^{−5} ≲ ϵ ≲ 1.5 × 10^{−4} for a 100 GeV particle.

V. CONCLUSIONS

We presented a model of composite dark matter with millicharged constituents. We showed under what conditions such a candidate can provide a monochromatic 130 GeV photon line via decays. We found that for a compositeness scale of order TeV, ϵ ∼ 10^{−12}. We also estimated that for ϵ ∼ 10^{−5}, millicharged dark matter can be produced thermally via the freeze-in mechanism. Due to self-interactions this dark matter candidate might be warmer than cold dark matter. We studied all possible constraints coming from self-interactions, the early Universe and BBN. We also studied possible constraints from direct search experiments. Unlike what was thought until now, we demonstrated that millicharged dark matter cannot be excluded easily in underground detectors. For very small values of ϵ the cross section is low, but even for intermediate values where the cross section can be sufficiently large, millicharged particles decelerate substantially providing recoil energies below the threshold of the detectors. Finally we examined possible constraints arising from searches of anomalous hydrogen in deep ocean water, oxygen and helium in the atmospheric air. We found that searches of anomalous hydrogen can potentially exclude the region (for a TeV particle) 2.9 × 10^{−6} ≲ ϵ ≲ 1.6 × 10^{−4}, while searches of anomalous helium could exclude a tiny region around ϵ ≃ 10^{−4}. The candidate that provides the Fermi line, passes all these constraints. Millicharged dark matter thermally produced via the freeze-in mechanism seems to fall into the exclusion region of the hydrogen. However, these constraints have to be taken with caution since the experimental procedure for the detection of the anomalous atoms might destroy the weak bond of the nucleus-WIMP system. In addition TeV millicharged dark matter with ϵ ∼ 10^{−5} can evade these constraints because it falls into the region which galactic magnetic fields prevent the particles from entering the galactic disk and those initially trapped in the disc are accelerated and injected out of it relatively fast.

[1] L. B. Okun, M. B. Voloshin and V. I. Zakharov, Phys.

Lett. B 138, 115 (1984).

[2] B. Holdom, Phys. Lett. B 166, 196 (1986). [3] R. Foot, G. C. Joshi, H. Lew and R. R. Volkas, Mod.

Phys. Lett. A 5, 95 (1990) [Erratum-ibid. A 5, 2085 (1990)].

[4] R. Foot, H. Lew and R. R. Volkas, J. Phys. G 19, 361 (1993) [Erratum-ibid. G 19, 1067 (1993)] [hep-ph/9209259].

[5] S. Davidson, S. Hannestad and G. Raffelt, JHEP 0005, 003 (2000) [hep-ph/0001179].

[6] H. Goldberg and L. J. Hall, Phys. Lett. B 174, 151 (1986).

[7] A. De Rujula, S. L. Glashow and U. Sarid, Nucl. Phys.

B 333, 173 (1990).

[8] S. Dimopoulos, D. Eichler, R. Esmailzadeh and G. D. Starkman, Phys. Rev. D 41, 2388 (1990).

[9] S. Nussinov, Phys. Lett. B 165, 55 (1985). [10] S. M. Barr, R. S. Chivukula and E. Farhi, Phys. Lett. B 241, 387 (1990).

[11] S. B. Gudnason, C. Kouvaris and F. Sannino, Phys. Rev.

D 74, 095008 (2006) [hep-ph/0608055].

[12] S. B. Gudnason, C. Kouvaris and F. Sannino, Phys. Rev.

D 73, 115003 (2006) [hep-ph/0603014].

[13] C. Kouvaris, Phys. Rev. D 76, 015011 (2007) [hep-ph/0703266 [HEP-PH]].

[14] K. Kainulainen, J. Virkajarvi and K. Tuominen, JCAP 1002, 029 (2010) [arXiv:0912.2295 [astro-ph.CO]].

[15] K. Cheung and T. -C. Yuan, JHEP 0703, 120 (2007) [hep-ph/0701107].

[16] D. Feldman, Z. Liu and P. Nath, Phys. Rev. D 75, 115001 (2007) [hep-ph/0702123 [HEP-PH]].

[17] J. M. Cline, Z. Liu and W. Xue, Phys. Rev. D 85, 101302 (2012) [arXiv:1201.4858 [hep-ph]].

[18] J. -H. Huh, J. E. Kim, J. -C. Park and S. C. Park, Phys.

Rev. D 77, 123503 (2008) [arXiv:0711.3528 [astro-ph]]. [19] C. Weniger, JCAP 1208, 007 (2012) [arXiv:1204.2797 [hep-ph]].

[20] T. Bringmann, X. Huang, A. Ibarra, S. Vogl and C. Weniger, JCAP 1207, 054 (2012) [arXiv:1203.1312 [hep-ph]].

[21] E. Tempel, A. Hektor and M. Raidal, JCAP 1209, 032 (2012) [Addendum-ibid. 1211, A01 (2012)] [arXiv:1205.1045 [hep-ph]].

[22] A. Boyarsky, D. Malyshev and O. Ruchayskiy, arXiv:1205.4700 [astro-ph.HE].

[23] M. Su and D. P. Finkbeiner, arXiv:1206.1616 [astroph.HE].

[24] A. Hektor, M. Raidal and E. Tempel, Astrophys. J. 762, L22 (2013) [arXiv:1207.4466 [astro-ph.HE]].

[25] I. Masina and F. Sannino, arXiv:1304.2800 [hep-ph]. [26] W. Buchmuller and M. Garny, JCAP 1208, 035 (2012) [arXiv:1206.7056 [hep-ph]].

[27] T. Cohen, M. Lisanti, T. R. Slatyer and J. G. Wacker, JHEP 1210, 134 (2012) [arXiv:1207.0800 [hep-ph]].

[28] I. Cholis, M. Tavakoli and P. Ullio, Phys. Rev. D 86, 083525 (2012) [arXiv:1207.1468 [hep-ph]].

[29] B. Kyae and J. -C. Park, Phys. Lett. B 718, 1425 (2013) [arXiv:1205.4151 [hep-ph]].

[30] Z. Kang, T. Li, J. Li and Y. Liu, arXiv:1206.2863 [hepph].

[31] J. -C. Park and S. C. Park, Phys. Lett. B 718, 1401 (2013) [arXiv:1207.4981 [hep-ph]].

[32] J. F. Donoghue, B. R. Holstein and Y. C. Lin, Phys. Rev.

D 37, 2423 (1988).

[33] P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5076 [astro-ph.CO].

[34] M. R. Lovell, V. Eke, C. S. Frenk, L. Gao, A. Jenkins, T. Theuns, J. Wang and D. M. White et al., Mon. Not. Roy. Astron. Soc. 420, 2318 (2012) [arXiv:1104.2929 [astro-ph.CO]].

[35] S. W. Randall, M. Markevitch, D. Clowe, A. H. Gonzalez and M. Bradac, Astrophys. J. 679, 1173 (2008) [arXiv:0704.0261 [astro-ph]].

[36] J. L. Feng, M. Kaplinghat, H. Tu and H. -B. Yu, JCAP 0907, 004 (2009) [arXiv:0905.3039 [hep-ph]].

[37] J. L. Feng, M. Kaplinghat and H. -B. Yu, Phys. Rev.

Lett. 104, 151301 (2010) [arXiv:0911.0422 [hep-ph]]. [38] C. Kouvaris and P. Tinyakov, Phys. Rev. Lett. 107, 091301 (2011) [arXiv:1104.0382 [astro-ph.CO]].

[39] C. Kouvaris, Phys. Rev. Lett. 108, 191301 (2012) [arXiv:1111.4364 [astro-ph.CO]].

[40] N. F. Bell, A. Melatos and K. Petraki, arXiv:1301.6811

[hep-ph].

[41] L. J. Hall, K. Jedamzik, J. March-Russell and S. M. West, JHEP 1003, 080 (2010) [arXiv:0911.1120 [hep-ph]].

[42] S. Davidson and M. E. Peskin, Phys. Rev. D 49, 2114 (1994) [hep-ph/9310288].

[43] S. L. Dubovsky, D. S. Gorbunov and G. I. Rubtsov, JETP Lett. 79, 1 (2004) [Pisma Zh. Eksp. Teor. Fiz. 79, 3 (2004)] [hep-ph/0311189].

[44] C. Burrage, J. Jaeckel, J. Redondo and A. Ringwald, JCAP 0911, 002 (2009) [arXiv:0909.0649 [astro-ph.CO]].

[45] E. Aprile et al. [XENON100 Collaboration], Phys.

Rev. Lett. 107, 131302 (2011) [arXiv:1104.2549 [astroph.CO]].

[46] Z. Ahmed et al. [CDMS-II Collaboration], Science 327, 1619 (2010) [arXiv:0912.3592 [astro-ph.CO]].

[47] R. Foot, Phys. Rev. D 82, 095001 (2010) [arXiv:1008.0685 [hep-ph]].

[48] S. D. McDermott, H. -B. Yu and K. M. Zurek, Phys. Rev.

D 83, 063509 (2011) [arXiv:1011.2907 [hep-ph]]. [49] L. Chuzhoy and E. W. Kolb, JCAP 0907, 014 (2009) [arXiv:0809.0436 [astro-ph]].

[50] V.B. Berestetskii, E.M. Lifshitz and L. P. Landau Quantum Electrodynamics, 2nd edition, Pergamon Press (1980) page 211 [51] P.F. Smith, J.R.J. Bennett, G.J Homer, J.D. Lewin, H.E. Walford, and W.A. Smith Nuc. Phys. B206 (1982) 333-348 [52] T. Yamagata, Y. Takamori and H. Utsunomiya, Phys.

Rev. D 47, 1231 (1993).

[53] R. Middleton, R. W. Zurmuhle, J. Klein and R. V. Kollarits, Phys. Rev. Lett. 43, 429 (1979).

[54] P. Mueller, L. B. Wang, R. J. Holt, Z. T. Lu, T. P. O’Connor and J. P. Schiffer, Phys. Rev. Lett. 92, 022501 (2004) [nucl-ex/0302025].