arXiv:1111.5615v3 [hep-ph] 7 Mar 2012

MIT-CTP 4327 Prepared for submission to JCAP

Dark Matter Assimilation into the Baryon Asymmetry

Francesco D’Eramo, Lin Fei, and Jesse Thaler

Center for Theoretical Physics, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, U.S.A.

E-mail: fderamo@mit.edu, lfei@mit.edu, jthaler@mit.edu

Abstract. Pure singlets are typically disfavored as dark matter candidates, since they generically have a thermal relic abundance larger than the observed value. In this paper, we propose a new dark matter mechanism called “assimilation”, which takes advantage of the baryon asymmetry of the universe to generate the correct relic abundance of singlet dark matter. Through assimilation, dark matter itself is efficiently destroyed, but dark matter number is stored in new quasi-stable heavy states which carry the baryon asymmetry. The subsequent annihilation and late-time decay of these heavy states yields (symmetric) dark matter as well as (asymmetric) standard model baryons. We study in detail the case of pure bino dark matter by augmenting the minimal supersymmetric standard model with vectorlike chiral multiplets. In the parameter range where this mechanism is effective, the LHC can discover long-lived charged particles which were responsible for assimilating dark matter.

Contents

1 Introduction 1

2 A Simple Model of Dark Matter Assimilation 3 2.1 Field Content and Lagrangian 3 2.2 Matter/Antimatter Asymmetry 4 2.3 Late Time Decays 5 2.4 Generalizations 7

3 Bino Assimilation in the Early Universe 8 3.1 Relevant Processes 9 3.2 Boltzmann Equations 10 3.3 Semi-Analytical Solution 11 3.4 Numerical Results 13

4 Implications for Experiments 16 4.1 Dark Matter Searches 16 4.2 Quasi-Stable Charged Particles at Colliders 17

5 Conclusion 18

A Relic Density with an Asymmetry 19

B Details of the Boltzmann System 20

C Interactions and Thermal Cross Sections 22

1 Introduction

The existence of dark matter (DM) is striking evidence for physics beyond the standard model (SM) [1–5]. Stable particles with Fermi-scale masses and electroweak annihilation cross sections, known as Weakly Interacting Massive Particles (WIMPs), are prime DM candidates since they have the right thermal relic abundance to account for observations [6–10]. Supersymmetry (SUSY) with conserved R-parity naturally provides WIMP DM if the lightest supersymmetric particle (LSP) is a neutralino [11–15]. This can occur in the Minimal Supersymmetric Standard Model (MSSM) as well as in various generalizations.

Depending on the soft mass spectrum, it is often the case that the LSP is a nearly pure bino eigenstate. The bino is a gauge singlet, and its annihilation through p-wave-suppressed t-channel sfermion exchange is too small to yield the correct DM relic density. For this reason, a pure bino is typically excluded by overclosure, and mixed neutralino DM is often assumed in the MSSM. There are of course ways to accommodate bino DM. The bino might be almost degenerate in mass with the lightest sfermion such that thermal production can be dominated by co-annihilation [16–18]. Alternatively, one can choose a reheat temperature lower than the freezeout temperature to achieve the correct bino relic density [19]. Besides the MSSM bino, SM gauge singlets are well-motivated DM candidates, and the correct thermal abundance can

– 1 – arise if the singlet interacts with portal fields that provide additional annihilation channels [20–24], or if the singlet mixes with “higgsino-like” states [25–28].

In this paper, we propose an alternative mechanism to achieve the correct thermal abundance of singlet DM, by taking advantage of matter/antimatter asymmetries. We introduce a new DM process called “assimilation”, which takes the schematic form

~χ Ψ → ~Ψ ϕ . (1.1)

Here, ~χ is singlet DM, Ψ and ~Ψ are new quasi-stable heavy states which carry an asymmetry, and ϕ is a SM field. The tildes in ~χ and ~Ψ denote a multiplicatively conserved DM number, such as R-parity in SUSY theories. In the presence of a Ψ asymmetry, the process in Eq. (1.1) is very effective at destroying singlet particles ~χ. In the process, DM number (e.g. R-parity) is conserved and stored in ~Ψ. In this way, DM is “assimilated” into the heavier state ~Ψ.

The reason an asymmetry is necessary is that Ψ has to be sufficiently dense at temperatures of the order of the DM mass for Eq. (1.1) to be relevant. Without an asymmetry, Ψ and ~Ψ are quickly depleted by the crossed version of Eq. (1.1). Motivated by the baryon/antibaryon asymmetry, we will focus on the case where Ψ and ~Ψ are charged under U(1)_B and carry the full baryon asymmetry at early times. We will not give an explicit model of Ψ-ogenesis in this paper, though certain standard baryogenesis mechanisms can be adapted to generate a Ψ asymmetry. Note that unlike asymmetric DM [29–40], DM itself does not have an asymmetry. Unlike in co-annihilation [16], Ψ and ~Ψ are sufficiently long-lived that they can be considered stable during DM freezeout.^1

Since ~Ψ are not gauge singlets, they typically have large annihilation cross sections, especially in SUSY theories. Assuming that ~Ψ is heavier than Ψ, the process

~Ψ~Ψ → ΨΨ (1.2)

efficiently depletes DM number until ~Ψ freezes out. Analogous to the super-WIMP scenario [42, 43], at late times, the decay of ~Ψ produces singlet particles ~χ which compromise DM in our universe today. Since Ψ and ~Ψ carry an asymmetry, it is natural (but not necessary) for their decay products to generate the baryon asymmetry, through

Ψ → quarks , ~Ψ → ~χ + quarks . (1.3)

In this way, DM and baryons can arise from the late decay of a common parent particle, leaving a baryon asymmetry but symmetric DM.

This mechanism of DM assimilation is general and can be implemented in many singlet DM models. In this work, we focus on the SUSY bino case for concreteness. We consider a minimal extension of the MSSM, where we only add a heavy vector-like chiral multiplet Ψ/Ψ^c. The only new parameters with respect to the MSSM alone are the superpotential mass and soft terms for these new states. The new R-odd degrees of freedom destroy and “assimilate” bino DM in the early universe through the process in Eq. (1.1). As long as Ψ/Ψ^c have the right asymmetry and the correct quantum numbers, their late time decays can be responsible for generating the baryon asymmetry. We find that this mechanism works best when Ψ/Ψ^c are at the TeV scale, implying that the LHC is able to probe this physics by looking for quasi-stable charged particles.

1Quasi-stability of Ψ and ~Ψ requires that the triangle inequality among the particle masses m_{~Ψ} < mΨ +mΨ is satisfied (as well as its crossed versions). In the limiting case where Ψ and ~Ψ are absolutely stable, the reaction in Eq. (1.1) is an example of semi-annihilation [41].

– 2 –

(SU(3)_C , SU(2)_L, U(1)_Y ) U(1)_B Ψ (1, 1, +1) +1 Ψ^c (1, 1, −1) −1

Table 1: Additional superfield content compared to the MSSM for a simple model of DM assimilation. Here, we consider multiplets that only carry hypercharge, with generalizations shown in Table 3.

Type Mass (SU(3)_C , SU(2)_L, U(1)_Y ) U(1)_B R-parity ~ψ_1 Complex Scalar M +^{m2}soft^{+bM}_{2M} (1, 1, +1) +1 − ~ψ_2 Complex Scalar M +^{m2}soft^{−bM}_{2M} (1, 1, +1) +1 − Ψ Dirac Fermion M (1, 1, +1) +1 +

Table 2: Component fields and their properties for the heavy states. The masses are given in the limit δ ≪ M, with δ defined in Eq. (2.8). For the relic abundance calculations, we will ignore the b_M mass contribution for simplicity.

The remainder of this paper is structured as follows. In Sec. 2, we introduce a simple model of DM assimilation and mention possible generalizations. In Sec. 3, we study bino assimilation in the early universe, showing both semi-analytical and numerical results, and leaving calculational details to the appendices. We discuss the experimental implications for DM searches and collider measurements in Sec. 4, and conclude in Sec. 5.

2 A Simple Model of Dark Matter Assimilation

In this section, we present a simple model of DM assimilation involving new quasi-stable particles. These new particles carry a matter/antimatter asymmetry which we identify with SM baryon number, and their late time decay generates both DM and baryons. In Sec. 2.4, we describe a few generalizations of this model.

2.1 Field Content and Lagrangian

In our model, the MSSM is augmented by vector-like superfields Ψ/Ψ^c that carry hypercharge and baryon number. The quantum numbers of Ψ/Ψ^c are shown in Table 1, with alternatives discussed in Sec. 2.4. The leading superpotential terms consistent with the symmetries are W = W_{MSSM} + MΨΨ^c . (2.1)

We will work in the limit of a (nearly) pure bino, so the only MSSM multiplet relevant for our discussion is the hypercharge gauge multiplet, containing the hypercharge gauge boson B_μ ≡ cos θ_W γ_μ + sin θ_W Z_μ with coupling α_Y ≡ g^2_Y /(4π), and the bino ~χ with soft mass m_{~χ}. We assume R-parity conservation throughout this paper, and tildes refer to R-odd fields. This superpotential has a continuous U(1)_B symmetry, under which Ψ and Ψ^c have charges ±1, and we identify U(1)_B with SM baryon number through decay operators shown in Sec. 2.3.

– 3 –

The physical degrees of freedom are summarized in Table 2. Including the relevant SUSY-breaking soft terms, the scalar masses are

L_{scalar} ⊃ −(M^2 + m^2_{soft}) (| | | ~ψ | |^2 + | | ~ψ^c | |^2 ) − b_M ( ~ψ ~ψ^c + h.c. ) , (2.2)

where ~ψ ( ~ψ^c) is the scalar component of Ψ (Ψ^c). In the presence of the b_M term, the scalar mass eigenstates are

~ψ_1 = ~ψ + ~ψc † √ 2 , ~ψ_2 = ~ψ − ~ψc † √ 2 , (2.3)

with masses m_{1,2} = √ M^2 + m^2_{soft} ± b_M . (2.4)

For simplicity, we will neglect the b_M terms for the relic abundance calculation in Sec. 3, but they are important when we discuss the scalar decays in Sec. 2.3. We will use the notation ~Ψ to refer to both ~ψ_1 and ~ψ_2

~Ψ ≡ { ~ψ_1, ~ψ_2} , ~Ψ^† ≡ { ~ψ^†_1, ~ψ^†_2} , (2.5)

since they have the same properties up to the small mass difference.

It is convenient to combine the Weyl fermions ψ/ψ^c in Ψ/Ψ^c into a single Dirac field Ψ Ψ = ( ψ ψ^c ) , (2.6)

with mass term L_{fermion} ⊃ −MΨΨ . (2.7)

Ignoring the b_M term, the fermion/scalar mass splitting from the scalar soft terms is

δ ≡ m_{scalar} − m_{fermion} = √ M^2 + m^2_{soft} − M ≃ m^2_{soft} 2M , (2.8)

and we will assume that δ > 0, such that the R-odd scalars ~Ψ are heavier than the Reven fermions Ψ. Since we expect m_{~χ} to be comparable to m_{soft}, the triangle inequality m_{~Ψ} < m_Ψ + m_Ψ is generically satisfied and the decay ~Ψ → Ψ~χ is forbidden.

2.2 Matter/Antimatter Asymmetry

With a mass M ≃ few TeV, the abundance of Ψ and ~Ψ would be quickly depleted in the absence of some kind of primordial asymmetry. In order to have a large enough density of Ψ and ~Ψ to affect DM thermal freezeout, Ψ and ~Ψ will have a (shared) asymmetry dictated by SM baryon number U(1)_B . In particular, we assume that the full SM asymmetry^2 η_B ≡ n_B − n_B s ≃ 8.6 × 10^{−11} (2.9)

is stored in Ψ and ~Ψ in the early universe, and transferred to SM baryons via the late decay of Ψ and ~Ψ. Here, n_B (n_B ) is the baryon (antibaryon) number density and s is the entropy

2In contrast to the standard notation, we use a comoving definition of ηB .

– 4 –

Figure 1: Leading decay of the scalar ~Ψ to a bino and SM quarks, through a squark. To avoid problems with the fermion Ψ decays, we will always take the squark to be off-shell.

density of relativistic degrees of freedom. We do not give an explicit model for Ψ-ogenesis, but we assume that the asymmetry was established well before DM freezeout.^3 In Sec. 3, we will be interested in studying the comoving number densities Y_i ≡ n_i/s.

It is convenient to package together the scalar modes with the same baryon number

Y_{~Ψ} ≡ Y_{~ψ1} + Y_{~ψ2} , Y_{~Ψ} ≡ Y_{~ψ1} + Y_{~ψ2} , (2.10)

such that the total baryon asymmetry (before ~Ψ/Ψ decay) is

η_B ≡ Y_{~Ψ} + Y_Ψ − Y_{~Ψ} − Y_Ψ . (2.11)

With this notation, there are no additional factors of two needed to account for the two complex scalars and one Dirac fermion.

As the universe cools, antimatter will be efficiently destroyed, and during DM freezeout, η_B ≃ Y_{~Ψ} + Y_Ψ. Since δ in Eq. (2.8) is positive, Y_{~Ψ} < Y_Ψ at all times (i.e. the R-odd scalars are less abundant than the R-even fermions).

2.3 Late Time Decays

The heavy Ψ and ~Ψ states will decay to the MSSM at late times. Since the scalars ~Ψ are R-odd, their decays necessarily terminate with the LSP, which in our scenario is the bino. These decays are responsible for bino DM production, yielding

Y_{DM} ≃ Y_{~Ψ} , (2.12)

similar to the super-WIMP scenario [42, 43]. Corrections to this relation arise because Rparity only ensures that ~Ψ (Ψ) decays will yield an odd (even) number of binos. Since bino DM requires Y_{DM} ≪ η_B , we must ensure that the R-even states Ψ do not produce very many bino pairs, which can happen by arranging the appropriate kinematics. We also assume that these decays do not violate U(1)_B , such that at late times η_B is the true baryon asymmetry.

With the quantum numbers of Ψ/Ψ^c, the leading dimension-5 decay operator involving MSSM fields is W_{decay} = Ψ u^cu^cd^c Λ_{decay}

. (2.13)

3It is possible to enhance the effect of DM assimilation by assuming Ψ carries a larger asymmetry, which cancels against an anti-asymmetry of SM baryons.

– 5 –

(a) (b)

Figure 2: Leading decay channels for the fermion Ψ: (a) three-body decay to SM quarks through a gluino loop; (b) five-body decay to bino pairs and SM quarks through tree-level (off-shell) squarks. As long as the squarks are kinematically inaccessible, the first process dominates the total width, as needed to forbid bino overproduction through Ψ decays.

Here, u^c and d^c are the electroweak singlet quark multiplets, and we are agnostic as to their flavor structure.^4 Since the decay ~Ψ → Ψ~χ is kinematically forbidden, the dominant decay channel for the scalars ~Ψ is ~Ψ → uc uc dc ~χ , (2.14) through the Feynman diagram shown in Fig. 1. Note that the b_M mixing term in Eq. (2.2) is needed to ensure that both ~ψ_1 and ~ψ_2 have allowed decay modes.

The leading decays of the fermion Ψ are

Ψ → u^c u^c d^c , (2.15) Ψ → u^c u^c d^c ~χ~χ , (2.16)

through the Feynman diagrams shown in Fig. 2. If the squarks were kinematically accessible, then decays like Ψ → ~u^c ~u^c d^c → u^c u^c d^c ~χ~χ would dominate, leading to vast overproduction of binos. Thus, we must assume the MSSM squarks are not kinematically accessible (or at least phase space suppressed). That said, even if the squarks are off-shell, the process in Fig. 2b is still sizable, and we have to make sure that binos originating from this process are a subdominant component of the DM observed today. From the asymmetry we know that Y_Ψ ≃ η_B ≃ 10^{−10}, and from observations we know the bino comoving density today is Y_{~χ} ≃ 10^{−12}, therefore the ratio between the partial widths for the two processes in Fig. 2 has to be less than 10^{−2}. This ratio can be estimated by assuming all the final state particles are massless,^5 and we assume that the squarks and gluinos have a mass comparable to M for simplicity. We find Γ_{Ψ→uc uc dc} Γ_{Ψ→u}c_uc_dc_{~χ~χ} ≃ 1 72 α^2_Y α^2_s

≃ 2 × 10^{−4} , (2.17)

4Since Eq. (2.13) involves an SU(3)C epsilon tensor, the two u^c fields must have different flavors. 5Since the final state binos are not massless, Eq. (2.17) is somewhat of an underestimate.

– 6 – where we have used the dimensionless volume of n-body phase space

Φ^{(n)} =

Φ^{(n−1)} 16π^2 (n − 1)(n − 2)

, Φ^{(2)} = 1 8π . (2.18)

Hence, as long as the squarks cannot be on-shell and the gluino is not too heavy, the loopsuppressed three-body decay Ψ → u^c u^c d^c can dominate over the dangerous five-body decay.

In order to have the desired cosmology, Ψ and ~Ψ have to be long lived compared to DM freezeout in order to achieve DM assimilation, but short lived compared to Big Bang Nucleosynthesis (BBN) to ensure that the baryon asymmetry is correctly transferred to SM baryons. Again assuming that the squarks and gluinos have a mass comparable to M, we estimate the lifetime of these states as

(Γ_{~Ψ})^{−1} ≈ [ 1 2M α_Y Λ^2_{decay}

M^4 24576π^5 ]_{−1} ≃ 7 × 10^{−3} sec ( 1 TeV M )_3 (

Λ_{decay} 10^8 TeV

)_2 , (2.19)

(Γ_Ψ)^{−1} ≈ [ 1 2M α^2_s (16π^2)^2

M^2 Λ^2_{decay}

M^2 256π^3 ]_{−1} ≃ 2 × 10^{−1} sec ( 1 TeV M )_3 (

Λ_{decay} 10^8 TeV

)_2 , (2.20)

where the 1/16π^2 factors correspond to loop- or phase-space suppressions. For the right choice of Λ_{decay}, these lifetimes are indeed long compared to DM freezeout (t_f ≃ 10^{−8} sec), but short compared to the start of Big Bang Nucleosynthesis (t_{BBN} ≃ 1 sec). Thus, we can treat Ψ and ~Ψ as stable for the DM freezeout calculation in Sec. 3, but still have standard BBN. It might be interesting to study modifications to BBN if Λ_{decay} is taken to be larger.

Finally, we note a bound on Eq. (2.13) coming from the fact that this operator can transfer the asymmetry from Ψ/~Ψ to SM baryons via high temperature scattering processes (as opposed to just decays). This would deplete the asymmetry in Ψ/~Ψ and make DM assimilation less effective.^6 Requiring that the Hubble expansion rate is faster than the scattering rate Γ gives a bound on the reheat temperature

T_r < 1.8 × 10^3

Λ^2_{decay} M_{Pl}

. (2.21)

Requiring T_r > M to make sure that Ψ/~Ψ have a standard thermal history yields

Λ_{decay} > 2.6 × 10^6 TeV ( M 1 TeV )_{1/2} , (2.22)

which is consistent with the story above. A similar constraint would also need to be satisfied in a full theory of Ψ-ogenesis, as well as in the generalizations below.

2.4 Generalizations

There are a number of generalization of the model in Sec. 2.1 using the same superpotential in Eq. (2.1). As long as Ψ/Ψ^c carries baryon number (not necessarily ±1), has non-zero hypercharge, and has an allowed late-time decay to quarks, then we have a potentially viable model of (pure) bino assimilation. The R-odd states must be heavier than the R-even states to avoid overproduction of DM, and the R-even state must have a suppressed decay to two binos, perhaps because of kinematics as in Sec. 2.3. A number of possibilities for Ψ/Ψ^c are

– 7 –

(SU(3)_c, SU(2)_L, U(1)_Y ) U(1)_B Hierarchy? Decay Operator (1, 1, +1) +1 m_{scalar} > m_{fermion} Ψu^cu^cd^c (3, 1, +4/3) +2/3 m_{scalar} < m_{fermion} Ψu^cu^c (3, 1, +2/3) +1/3 m_{scalar} > m_{fermion} Ψu^c (3, 2, −1/6) −1/3 m_{scalar} > m_{fermion} Ψq (3, 3, −1/3) −2/3 m_{scalar} < m_{fermion} Ψqq (1, 4, −1/2) −1 m_{scalar} > m_{fermion} Ψqqq

Table 3: A non-exhaustive list of alternative quantum numbers for the Ψ multiplet in Sec. 2.1. The first line is the example studied in this paper. In each case, Ψ^c has the conjugate quantum numbers to Ψ. The mass hierarchy is chosen to make sure that the R-odd state is heavier than the R-even state. The decay operators involve the SM quark multiplets, namely the electroweak doublet q and electroweak singlets u^c/d^c, with unspecified flavor structure. The bilinear decay operators indicate small mixings with the MSSM states.

shown in Table 3. In the cases where Ψ/Ψ^c carry color or electroweak charges, there are additional diagrams compared to Sec. 3.1 involving the SU(3)_C and SU(2)_L gauge multiplets.

Beyond bino DM, there are other examples where singlet DM can be assimilated into a heavier particle in the early universe, and then produced from late time decays. Another SUSY example is a chiral superfield S which is a singlet under the SM gauge group, with the superpotential interaction with heavy fields

W_S = λ_S SΨΨ^c + m_S S^2 . (2.23)

The R-odd fermion singlino ~s DM would be assimilated into the R-odd scalars ~Ψ. A key ingredient is an annihilation channel for the R-odd states that conserves baryon number

~Ψ~Ψ → ΨΨ , (2.24)

which can occur via t-channel gaugino and singlino exchange. The late-time decays which populate DM and baryons would occur through operators like Eq. (2.13).

Finally, while the new states need to carry some kind of asymmetry for assimilation to be effective, it need not be the baryon asymmetry. Since the new states eventually need to decay, this asymmetry would persist until today, so the baryon asymmetry is the natural choice given phenomenological constraints.^7

3 Bino Assimilation in the Early Universe

In this section, we study in detail how bino assimilation happens in the early universe. After describing the relevant processes, we derive the Boltzmann equations for the species evolution, and present semi-analytical and numerical results. Various details appear in the appendices.

6See however, footnote 3.

7One amusing possibility would be if the new states could carry a DM asymmetry (as in asymmetric DM [40]). Assimilation could then be used to help eliminate the symmetric component.

– 8 –

(a) (b)

Figure 3: Assimilation of the bino ~χ, converting fermions Ψ to scalars ~Ψ. The diagrams are (a) s-channel scalar exchange; and (b) t-channel fermion exchange. The field B denotes the hypercharge gauge boson.

3.1 Relevant Processes

We start the thermal history from early times, when the temperature of the universe is higher than the superpotential mass M but the baryon asymmetry is already stored in Ψ/Ψ^c. At this stage, the asymmetry in Eq. (2.11) is largely irrelevant, and particles and antiparticles democratically populate the universe. Once the temperature drops below the mass M, the antiparticles Ψ and ~Ψ quickly disappear as a consequence of annihilation, as shown in App. A. The antiparticles can be neglected at lower temperatures, leaving only Ψ and ~Ψ carrying the baryon asymmetry:

η_B = Y_{~Ψ} + Y_Ψ . (3.1)

Given the absence of antiparticles, there are only three classes of processes relevant for DM freezeout. The first relevant process is assimilation shown in Fig. 3,

Assimilation : ~χ Ψ → ~Ψ B , (3.2)

where B is the hypercharge gauge boson.^8 Since the Ψ and ~Ψ states decay much later than DM freezeout and they satisfy the triangle inequality m_{~Ψ} < m_Ψ + m_{~χ}, this is an example of a semi-annihilation reaction [41]. In this process, the bino ~χ gets destroyed, but its odd R-parity is stored in the final state ~Ψ. In other words, DM has been assimilated.

The second relevant process is destruction of R-odd particles shown in Fig. 4,

Destruction : ~χ ~Ψ → Ψ B . (3.3)

This is also a semi-annihilation process, and the associated diagrams can be obtained by crossing symmetry from Fig. 3. The common features of these two process, shared with all semi-annihilation reactions, is that they are never phase space suppressed. Thus, they are very effective in the early universe at keeping the bino in thermal equilibrium, causing near total bino depletion.

While Eq. (3.3) is effective at keeping the ~χ in thermal equilibrium, it is not the most effective way to eliminate R-odd particles, since both assimilation and destruction are controlled by the same bino abundance. The third and last relevant process is R-parity conversion

8Though B is a linear combination of the mass eigenstates γ and Z, we ignore the Z mass for simplicity.

– 9 –

(a) (b)

Figure 4: Destruction of R-odd particles for: (a) s-channel fermion exchange; and (b) t-channel scalar exchange.

Figure 5: Conversion of R-odd particles to R-even particles through t-channel bino exchange.

shown in Fig. 5, Conversion : ~Ψ ~Ψ → Ψ Ψ . (3.4)

As long as ~Ψ are heavier than Ψ, this is most effective way to get rid of R-odd particles in the early universe, despite the fact that this process is phase-space suppressed. In the semi-analytical study in Sec. 3.3, this conversion process will be solely responsible for the freezeout of the scalars. Finally, when the scalars and fermions decay at late times, the binos are repopulated with density Y_{~Ψ}.

3.2 Boltzmann Equations

The Boltzmann equations describe the evolution of the comoving number densities of the bino ~χ and the scalars ~Ψ. During DM freezeout, the comoving number density of fermions Ψ is given by baryon number conservation

Y_Ψ = η_B − Y_{~Ψ} , (3.5)

so we need not have a separate Boltzmann equation for Y_Ψ.

We introduce a dimensionless time variable x and cross sections λ_i, x = M T , λ_i = s(T = M) H(T = M) ⟨σv_{rel}⟩_i , (3.6)

– 10 – where T is temperature, H is the Hubble parameter, and s is the entropy density of relativistic degrees of freedom. The equilibrium comoving density for the bino is

Y^{eq}_{~χ} = n^{eq}_{~χ} s = g_{~χ} g_{∗s} 45 4π^4 (m_{~χ} M )_2

x^2 K_2 [m_{~χ} M x ] , (3.7)

where g_{~χ} = 2 and K_2[x] is the modified Bessel function. To express the equilibrium distribution for the new degrees of freedom Ψ and ~Ψ, it is convenient to introduce the ratio between the equilibrium distributions which is not affected by the asymmetry

r^{eq}_Ψ (x) ≡

Y^{eq}_{~Ψ} (x) Y^{eq}_Ψ (x) = ( 1 + δ M )_{3/2} e^{−(δ/M)x} , (3.8) using the parameter δ from Eq. (2.8). The equilibrium distributions are

Y^{eq}_{~Ψ} (x) = r^{eq}_Ψ (x) 1 + r^{eq}_Ψ (x) η_B , Y^{eq}_Ψ (x) = 1 1 + r^{eq}_Ψ (x) η_B . (3.9)

The Boltzmann equations, derived in detail in App. B, are dY_{~χ} dx = − λ_{assim}

x^2 [ Y_{~χ}Y_Ψ − Y^{eq}_{~χ} Y^{eq}_Ψ Y^{eq}_{~Ψ} Y_{~Ψ} ] − λ_{dest} x^2 [ Y_{~χ}Y_{~Ψ} − Y^{eq}_{~χ} Y^{eq}_{~Ψ} Y^{eq}_Ψ

Y_Ψ ] , (3.10)

dY_{~Ψ} dx = − λ_{assim}

x^2 [ Y^{eq}_{~χ} Y^{eq}_Ψ Y^{eq}_{~Ψ}

Y_{~Ψ} − Y_{~χ}Y_Ψ ] − λ_{dest} x^2 [ Y_{~χ}Y_{~Ψ} − Y^{eq}_{~χ} Y^{eq}_{~Ψ}

Y^{eq}_Ψ

Y_Ψ ]

− λ_{conv} x^2

Y^2_{~Ψ} − ( Y^{eq}_{~Ψ} Y^{eq}_Ψ

)_2

Y^2_Ψ . (3.11)

The effective cross section parameters can be expressed in terms of dimensionless cross sections λ_i for the fundamental processes in our model λ_{assim} ≡ λ_{~χΨ → ~ΨB} = 2 λ_{~χΨ → ~ψB} , λ_{dest} ≡ λ_{~χ ~Ψ → ΨB} = λ_{~χ ~ψ → ΨB} , λ_{conv} ≡ λ_{~Ψ ~Ψ → ΨΨ} = λ_{~ψ ~ψ → ΨΨ} + λ_{~ψ ~ψc → ΨΨ} 2 . (3.12)

Here, we are relying on the simplified scalar notation in Eqs. (2.5) and (2.10), and the resulting factors of two are tracked in detail in App. B.

3.3 Semi-Analytical Solution In general, the two coupled Boltzmann equations in Eqs. (3.10) and (3.11) have no closed form solution, and we will solve them numerically in the next subsection. However, there is a particular region of parameter space where the number density evolution can be understood semi-analytically. This occurs if the assimilation and destruction processes are effective enough to keep ~χ in thermal equilibrium, such that Ψ and ~Ψ freezeout when there are very few ~χ around. In this case, we can focus on the Ψ and ~Ψ system alone, and the bino DM density today is determined directly from the freezeout density of the scalars ~Ψ.

– 11 –

If we can neglect the bino number density Y_{~χ}, the assimilation and destruction processes are subdominant, and the number density of scalars ~Ψ is approximately described by the conversion process alone dY_{~Ψ} dx = − λ_{conv} x^2 [ Y^2_{~Ψ} − (r^{eq}_Ψ )^2 ( η_B − Y_{~Ψ} )_2] . (3.13)

The above equation can be solved semi-analytically, in analogy with the Lee-Weinberg calculation [6, 44]. At early times, the conversion reactions keep the ~Ψ particles in thermal equilibrium. Eventually, a freezeout point is reached where the reaction rate Γ_{conv} = n^{eq}_{~Ψ} ⟨σv_{rel}⟩_{conv} cannot compete with the Hubble expansion rate H. We define the freezeout point x_f by

H(x_f ) ≡ c Γ_{conv}(x_f ) , (3.14)

where c is a constant of order 1. This yields the relation c Y^{eq}_{~Ψ} λ_{conv} = x_f , or equivalently

x_f = M δ log [ c η_B λ_{conv} x_f − 1 ] + 3 2 M δ log [ 1 + δ M ] . (3.15)

After freezeout, the r^{eq}_Ψ factors in the Boltzmann equation are exponentially suppressed, and the evolution is straightforward. Ignoring the freezeout boundary condition, the asymptotic value for Y_{~Ψ} is Y_{~Ψ}(∞) = x_f λ_{conv}

. (3.16)

Since the scalars ~Ψ will eventually decay to the bino ~χ, and since (almost) all the DM density comes from this decay, the mass density of DM today is

ρ_{~χ,0} = m_{~χ} s_0 Y_{~Ψ}(∞) . (3.17)

As usual we can express the DM density as a function of the critical energy density

Ω_{~χ}h^2 =

1.07 × 10^9 GeV^{−1} √ g_∗ M_{Pl} x_f ⟨σv_{rel}⟩_{conv} m_{~χ} M , (3.18)

where the effective cross section ⟨σv_{rel}⟩_{conv} is related to the parameter λ_{conv} by Eqs. (3.6) and (3.12). This is the final semi-analytical result. The important difference between Eq. (3.18) and the familiar Lee-Weinberg result [6, 44] is the ratio m_{~χ}/M. This arises because the particle freezing out is not the same as the one comprising DM today, analogous to the super-WIMP case [42, 43].

To get a sense for the range of parameters that lead to the desired DM density, we compute the conversion cross section for our particular model in App. C. In the δ ≪ M limit

⟨σv_{rel}⟩_{conv} ≃ 2πα^2_Y m^2_{~χ} m_{soft} M , (3.19)

where m_{soft} is related to δ in Eq. (2.8). Combining Eqs. (3.18) and (3.19), we find

Ω_{~χ}h^2 ≃ 0.1 ( m_{~χ} 500 GeV

)_3 ( m_{soft} 200 GeV )_{−1} x_f 80 , (3.20)

where we have used g_∗ = 106.75 and M_{Pl} = 1.22 × 10^{19} GeV. This is only an approximate result, valid in the δ ≪ M limit and assuming that Y_{~χ} can be neglected. For reasonable values of m_{~χ} and m_{soft}, we obtain the desired relic density. The dependence on M comes in through x_f in Eq. (3.15).

– 12 –

Benchmark M m_{~χ} m_{soft} A 1.4 TeV 180 GeV 200 GeV B 500 GeV 390 GeV 200 GeV C 900 GeV 180 GeV 350 GeV D 600 GeV 390 GeV 350 GeV

Table 4: Four benchmark points that yield the observed DM relic abundance Ω_{DM}h^2 ≃ 0.1.

3.4 Numerical Results

We now solve the Boltzmann system in Eqs. (3.10) and (3.11) numerically, using the thermally averaged cross section in App. C. We will first study four representative benchmark points given in Table 4. In all four cases, we have selected values for the scalar soft mass m_{soft}, the superpotential mass M, and the bino mass m_{~χ} that reproduce the observed relic density, Ω_{DM}h^2 ≃ 0.1. For benchmarks A and C, the bino is much lighter than Ψ/~Ψ, and for benchmarks B and D, the spectrum is more compressed. In Fig. 6, we show the evolution of the comoving number densities.

Benchmarks A and B have a common value m_{soft} ≃ 200 GeV, and their evolution is shown in Figs. 6a and 6b. For these two benchmarks, the bino distribution follows very closely its equilibrium value, which implies the semi-analytical analysis in Sec. 3.3 will be valid. The bino is kept in thermal equilibrium due to the very effective assimilation/destruction reactions ~χΨ → ~ΨB , ~χ~Ψ → ΨB . (3.21) The above processes almost completely wash out the binos, which are “assimilated” into the scalars ~Ψ. Turning to the heavy states, if thermal equilibrium were maintained between Ψ and ~Ψ, all the scalars ~Ψ would eventually be suppressed, leaving no R-odd particles around today, and thus no DM. However, the expansion of the universe prevents that from happening, and the scalar comoving density freezes out. From the semi-analytical result in Eq. (3.15), we know that the freezeout point scales as x_f ≃ M/δ, with a logarithmic dependence on the other variables, and this dependence of x_f can be seen by comparing the departure from equilibrium between Fig. 6a and Fig. 6b.

We next consider benchmarks C and D in Figs. 6c and 6d, which have a larger value m_{soft} ≃ 350 GeV. We immediately notice a substantial difference from the previous case, such that the semi-analytical solution cannot be trusted. Increasing the soft mass yields a dramatic decrease in the ~Ψ thermal equilibrium distribution from Eq. (3.9), because of the larger mass splitting appearing in the exponential.^9 As a result, the overall interaction rates are smaller than in the previous case, and there is an early departure from thermal equilibrium (“freezeout”) while the ~χ density is orders of magnitude above the Ψ/~Ψ density. The subsequent evolution of the scalar particles ~Ψ involves two competing effects. Immediately after freezeout, the assimilation process starts to regenerate ~Ψ, since there is a large density of ~χ that drives the assimilation reaction. Eventually, the ~χ density decreases sufficiently that the destruction and conversion processes can reduce the number of ~Ψ until the asymptotic value is reached. While the DM dynamics is richer and less straightforward for large values

9The cross sections λi appearing in the Boltzmann system in Eqs. (3.10) and (3.11) are not appreciably affected by the higher soft mass value.

– 13 –

(a) (b)

(c) (d)

Figure 6: Numerical results for the Boltzmann system in the four benchmark scenarios from Table 4. The top row has m_{soft} ≃ 200 GeV while the bottom row has m_{soft} ≃ 350 GeV. The left column has m_{~χ} ≪ M while the right column has m_{~χ} ≃ M. In all cases the parameters are chosen to reproduce the observed value of the DM density, Ω_{DM}h^2 ≃ 0.1. We plot the comoving number densities for the bino ~χ (blue), Dirac fermion Ψ (green) and scalars ~Ψ (red). We also plot the equilibrium distributions, using the same colors but dashed lines. The light red band shows the semi-analytical solution for the asymptotic scalars comoving density from Eq. (3.20), sweeping the range c = [0.1, 2]. As discussed in the text, for benchmarks C and D, the semi-analytical result is not valid since the bino density is large at freezeout. At late times, the bino number density is given by Y_{~Ψ}.

of the m_{soft}, the overall picture is left unchanged: the scalars ~Ψ assimilate the bino ~χ, and late-time scalar decays produce the DM observed today.

Once the quantum numbers of Ψ/Ψ^c are fixed, the DM density depends on only three parameters: the superpotential mass M, the bino mass m_{~χ}, and the soft mass m_{soft}. To further explore the allowed parameter space, we identify the region in the three-dimensional parameter space ( M, m_{~χ}, m_{soft} ) where the bino DM density is within the WMAP 95% CL region [45], namely 0.0975 ≤ Ω_{DM}h^2 ≤ 0.1223. In what follows, we plot slices of this threedimensional parameter space obtained by fixing one parameter at a constant value.

In Figs. 7a and 7b, we fix the soft mass to a constant value, and we identify the region in the ( M, m_{~χ} ) plane which gives the observed DM density. In Fig. 7a we consider the case m_{soft} = 200 GeV as in benchmarks A and B. We immediately observe that a heavier bino

– 14 –

(a) (b)

(c) (d)

Figure 7: DM relic density, considering slices through the ( M, m_{~χ}, m_{soft} ) parameter space.

The shaded blue regions identify the WMAP 95% CL region, 0.0975 ≤ Ω_{DM}h^2 ≤ 0.1223, and the contour lines correspond to constant DM density. The red dots indicate the benchmark points in Table 4. Top row: relic density in the ( M, m_{~χ} ) plane for: (a) m_{soft} = 200 GeV; (b) m_{soft} = 350 GeV. Bottom row: relic density in the (M, m_{soft}) plane for: (a) m_{~χ} = 180 GeV; (b) m_{~χ} = 390 GeV.

requires a lighter superpotential mass. This makes sense, since we require a smaller comoving relic density Y_{~Ψ}(∞) for a heavier bino to get the same mass density, and the semi-analytical solution shows that Y_{~Ψ}(∞) increases as M does. In Fig. 7b, we consider a higher value

– 15 – of the soft mass, m_{soft} = 350 GeV, as in benchmarks C and D. As we discussed above, a higher soft mass leads to earlier freezeout, and thus a higher DM density. We checked that for m_{soft} ≥ 400 GeV, the DM produced is always overabundant for the particular model in Sec. 2.1, but this 400 GeV limit can be evaded for some of the generalizations in Sec. 2.4.

In Figs. 7c and 7d, we consider slices of constant bino mass, m_{~χ} = 180 GeV and m_{~χ} = 390 GeV, respectively. We explore the allowed region in the (M, m_{soft}) plane. One interesting feature is that for certain values of m_{~χ} and M, there are two options for m_{soft} that reproduce the observed DM density. For lower soft masses, freezeout occurs when Y_{~χ} ≪ Y_{~Ψ}, as for the semi-analytical case. For a larger soft mass, freezeout occurs when Y_{~χ} ≫ Y_{~Ψ}, and we have competition between assimilation and destruction/conversion.

4 Implications for Experiments

From the point of view of DM direct and indirect detection experiments, our model has the same phenomenology as the MSSM with (nearly) pure bino DM. Crucially, the relic density is different from the naive thermal expectation, since with assimilation, the bino abundance can be adjusted to the observed value by choosing the mass M appropriately. We saw in Sec. 3.4 that M had to be around 1 TeV for assimilation to be effective, and this mass range implies spectacular collider signals. Long-lived charged particles can be observed at the LHC, and if they are stopped, they exhibit distinctive multi-body decays.

4.1 Dark Matter Searches

For both direct and indirect detection experiments, the absence of any wino/higgsino content implies that the expected signals for pure bino DM are quite weak. Generic SUSY neutralino elastic cross sections for scattering off target nuclei was computed in several references (see e.g. Refs. [46, 47]), for both spin-independent and spin-dependent contributions. The primary feature of the pure bino case is the absence of t-channel Higgs or Z exchange, which dramatically reduces the cross sections.

The remaining contributions are from s-channel squark exchange. If we assume small A-terms (which is natural for the first- and second-generation quarks), then there is no mixing between the left- and right-handed squarks, and the spin-independent cross section from squark exchange is highly suppressed, as can be seen from the limiting expression in Ref. [48]. Thus, in a generic part of parameter space, the dominant spin-independent contribution comes from the small higgsino component, which allows for t-channel Higgs exchange, with a cross section [48, 49]

σ_{~χ/proton, SI} ≃ 1.76 × 10^{−9} pb ( tan β 5 )_2 ( 150 GeV m_h0

)_4 ( 1 TeV μ )_2 , (4.1)

where μ is the Higgsino mass parameter. This cross section is just below current experimental limits (≃ 10^{−8} pb) for small values of the bino/higgsino mixing angle. There is a spindependent contribution from s-channel squark exchange, which is well-approximated by [48]

σ_{~χ/proton, SD} ≃ 7 × 10^{−11} pb ( 1 TeV m_{q̃} )_4 , (4.2)

but this is well below current limits (≃ 10^{−2} pb).

– 16 –

Figure 8: Leading order cross section for pair production of fermions Ψ and scalars ~Ψ as a function of M. These cross sections are given for the 7 TeV LHC, and compared to a 1.1 fb^{−1} CMS bound on quasi-stable staus [52, 53]. Note that the efficiency and acceptance for the CMS search are not exactly the same as for Ψ/~Ψ pair-production, but the bound is indicative of the LHC sensitivity. The scalar cross section is smaller than the fermion cross section due to threshold suppression in electroweak pair production.

The situation with indirect detection is quite pessimistic, since bino pair annihilation in our galaxy today is strongly suppressed. The only available channel is p-wave suppressed annihilation to leptons and quarks, computed in Refs. [46, 49, 50]. In the pure bino limit, the annihilation is usually dominated by leptons in the final state, because among the sfermions, the right-handed slepton is typically the lightest (assuming sfermion universality at a high scale) and has the highest hypercharge. The annihilation cross section is [15] σ_{~χ~χ → ẽRẽR} v_{rel} = 4πα^2_Y m^2_{~χ}(m^4_{ẽR} + m^4_{~χ}) (m^2_{ẽR} + m^2_{~χ})^4 v^2_{rel} ≃ 3.3×10^{−8} pb ( 1 TeV m_{ẽR} )_4 ( m_{~χ} 200 GeV

)_2 , (4.3)

which is well below current sensitivities (≃ 1 pb).

4.2 Quasi-Stable Charged Particles at Colliders

Unlike the feeble signals predicted in DM searches, the heavy states provide spectacular collider phenomenology. From the relic abundance calculation, we know that M ≃ O(TeV), so both Ψ and ~Ψ can be pair produced at the LHC. Since they are stable on collider time scales, they would be detectable as heavy stable charged particles [51].

Both CMS [52, 53] and ATLAS [54] already place bounds on heavy stable charged particles from anomalous ionization energy loss and time-of-flight measurements. For the model in Sec. 2.1, where Ψ/~Ψ only carry hypercharge, the most relevant study is from CMS [52, 53], which bounds stable staus using the 1.1 fb^{−1} data set. In Fig. 8, we show the cross sections for the fermions Ψ and scalars ~Ψ as a function of the mass M, calculated at leading order using CalcHEP 3.1 [55, 56] and CTEQ 6L parton distribution functions [57]. The CMS study assumed that the dominant production of staus came through SUSY cascade decays, whereas in our scenario, Ψ/~Ψ can only be pair produced through electroweak processes. This

– 17 – affects somewhat the efficiency and acceptance for the search, but with that caveat in mind, M ≳ 300 GeV is allowed at present.

The generalizations in Sec. 2.4 are potentially more interesting, especially for colored Ψ/Ψ^c which form R-hadrons [58]. Because of the larger QCD pair production cross section, the LHC reach is extended to higher values of M. That said, the value of M typically has to be larger for colored Ψ/Ψ^c, since there are extra diagrams involving gluons/gluinos which contribute to the assimilation, destruction, and conversion processes.

Most of the time, heavy stable charged particles simply exit the detector, but if they are produced with a small enough β factor, they can loose sufficient energy through ionization that they stop inside the detector [59, 60]. Searches for stopped exotics are currently being performed at the LHC [61, 62]. Moreover, a recent study in Ref. [63] suggests that ATLAS and CMS can measure the kinematics of the Ψ/~Ψ decay products. In the model in Sec. 2.1, Ψ has a three-body decay to jets while ~Ψ has a four-body decay with three jets and one DM particle. It would be interesting to understand the extent to which these two decays can be distinguished. The generalizations in Sec. 2.4 would have different decay patterns, but the general expectation is two quasi-stable charged states that are nearly degenerate but have different decay rates, with the lighter state decaying to n SM particles, and the heavier state decaying to n SM particles plus one invisible DM particle.

Finally, beyond the phenomenology of the heavy states, this scenario shares the same phenomenological features as the MSSM with the lightest neutralino as a pure bino. In general, robustly identifying the neutralino admixture is a challenging task [64], but the absence of a nearby chargino state would give some evidence that DM is a nearly pure gauge singlet (and thus must have non-standard cosmology).

5 Conclusion

Upcoming results from ground- and satellite-based DM experiments as well as results from the LHC have the potential to reveal important information about the dark sector. Assuming a positive detection of DM, one would ideally want to test whether or not DM is a thermal relic as expected from the WIMP paradigm. For that purpose, it is important to know whether the properties of DM measured today can be extrapolated to the early universe [65].

In this paper, we have introduced a new process called “assimilation”, where quasi-stable particles endowed with an asymmetry can affect the abundance of DM. These quasi-stable particles destroy DM particles but absorb DM number, and their subsequent annihilation and decay leads to the desired DM relic density. This mechanism allows pure singlet DM to have the correct thermal relic abundance, and opens up new possibilities to achieve pure bino thermal DM in the MSSM.

While it may be surprising that long-lived particles can have such a dramatic affect on DM, it is worth remembering that the DM number density is rather small. The asymmetry η_B ≃ 8.6 × 10^{−11} is larger than the DM comoving number density today, as long as m_{DM} ≳ 5 GeV. Thus, even small asymmetries can have a large effect on DM if appropriate interactions are present. This model offers an interesting twist on the growing literature trying to connect DM to the baryon asymmetry [66–84]. Here, the baryon asymmetry and symmetric DM are generated by the late-time decay of a heavy particle. The idea of temporarily storing the baryon asymmetry in a quasi-stable particle may open new directions for baryogenesis (see also Refs. [71, 80, 84]).

– 18 –

Despite the fact that DM is a singlet, this scenario does leaves an imprint on DM experiments. While pure bino DM has suppressed spin-independent scattering on nuclei, only a small higgsino component is needed to give a cross section within reach of direct detection experiments. The situation with indirect detection is less optimistic, since the same logic that leads to the expectation of bino overabundance also implies small annihilation rates in the DM halo. The most intriguing signature of this scenario comes at the LHC, which has the potential to observe TeV-scale quasi-stable charged particles. In this way, DM becomes visible through assimilation.

Acknowledgments

We thank Spencer Chang, Clifford Cheung, and Kathryn Zurek for helpful conversations. Portions of this work are based on the MIT senior thesis of L.F. This work was supported by the U.S. Department of Energy under cooperative research agreement DE-FG02-05ER- 41360. J.T. is supported by the DOE under the Early Career research program DE-FG02- 11ER-41741.

A Relic Density with an Asymmetry

In this appendix, we show that in the presence of an asymmetry, antimatter particles are efficiently destroyed in the early universe. This justifies the fact that we neglect antimatter in the Boltzmann equations in Sec. 3.

We study a simple toy example that generalizes the Lee-Weinberg scenario. We consider a massive particle ψ with mass m_ψ and assume an asymmetry η_ψ between particles and antiparticles η_ψ ≡ n_ψ − n¯_ψ s = Y_ψ − Y¯_ψ . (A.1)

To study an example similar to our model, we consider the particles ψ to be fermions charged under the hypercharge SM gauge group. The only possible channel for particle/antiparticle annihilation is ψψ̄ → BB , (A.2) where B is the hypercharge gauge boson. The Boltzmann equation describing the comoving number density evolution (see App. B for more details) is dY_ψ dx = − λ_ψ¯_{ψ→BB} x^2 [ Y_ψY¯_ψ − Y^{eq}_ψ Y^{eq}_{ψ̄} ] , λ_ψ¯_{ψ→BB} ≡ s(T = m_ψ) H(T = m_ψ)

⟨σv_{rel}⟩_ψ¯_{ψ→BB} , (A.3)

where we have defined a dimensionless time variable x = m_ψ/T .

As usual, we start with equilibrium initial conditions at early times. Because particles and antiparticles have equal and opposite chemical potentials, the product Y^{eq}_ψ Y^{eq}_{ψ̄} is not affected by the asymmetry, and it is equal to

Y^{eq}_ψ Y^{eq}_{ψ̄} = Y^2_{ψ,0} , Y_{ψ,0} = g_ψ g_{∗s} 45 4π^4 x^2 K_2 [x] , (A.4)

where g_ψ is the number of the internal degrees of freedom for the particle ψ. Using this condition, plus the asymmetry defined in Eq. (A.1), we find

Y^{eq}_ψ = η_ψ 2 + √ η^2_ψ 4 + Y^2_{ψ,0} , Y^{eq}_{ψ̄} = − η_ψ 2 + √ η^2_ψ 4 + Y^2_{ψ,0} . (A.5)

– 19 –

(a) (b)

Figure 9: Numerical results for the Lee-Weinberg scenario with an asymmetry, fixing η_ψ = 8.6 × 10^{−11}. The results for the number densities of ψ (red) and ψ̄ (blue) are shown for two different particle mass: (a) m_ψ = 1.4 TeV; (b) m_ψ = 500 GeV. The equilibrium comoving densities are also shown in dashed lines.

The Boltzmann equation in Eq. (A.3) can be integrated numerically. The cross section for a ψψ̄ pair to annihilate to a pair of gauge bosons is [85] ⟨σv_{rel}⟩_ψ¯_{ψ→BB} = π α^2_Y m^2_ψ

. (A.6)

We consider two different particle masses corresponding to the benchmarks A and B defined in Table 4, namely m_ψ = 1.4 TeV and m_ψ = 500 GeV, and motivated by the baryon asymmetry we choose η_ψ ≃ 8.6 × 10^{−11}. In Fig. 9, we plot the comoving number densities for both ψ and ψ̄, as well as their equilibrium values. For small values of m_ψ, or equivalently a larger annihilation cross section ⟨σv_{rel}⟩_ψ¯_{ψ→BB} , the antiparticle closely tracks the equilibrium distribution in Eq. (A.4) and is negligible after x ≃ 25. For larger value of m_ψ, there is an early departure from equilibrium, but we see that even for m_ψ = 1.4 TeV the full picture survives: the antiparticles are destroyed efficiently after x ≃ 25, and we can neglect them in our analysis.

B Details of the Boltzmann System

In this appendix, we derive the Boltzmann equations in Eqs. (3.10) and (3.11). We start from a quick review of the Boltzmann equations in an expanding universe.^{10} We consider a generic massive particle ψ_a with mass m_a, and we define a dimensionless time variable x, a comoving number density Y_a, and dimensionless cross sections as follows x ≡ m_a T , Y_a ≡ n_a s , λ_{ab→cd} ≡ s(T = m_a) H(T = m_a) ⟨σv_{rel}⟩_{ab→cd} , (B.1) where T is the temperature, s is the entropy density of the relativistic degrees of freedom, and H is the Hubble parameter. The quantity ⟨σv_{rel}⟩_{ab→cd} denotes the thermally averaged

10A detailed derivation can be found in App. A of Ref. [41].

– 20 – cross section, which is constant in the s-wave limit. The Boltzmann equation for Y_a is dY_a dx = ∑ i O^a_i , O^a_{b→cd} = − λ_{ab→cd} x^2 [ Y_aY_b − Y^{eq}_a Y^{eq}_b Y^{eq}_c Y^{eq}_d Y_cY_d ] = − λ_{cd→ab} x^2 [ Y^{eq}_c Y^{eq}_d Y^{eq}_a Y^{eq}_b Y_aY_b − Y_cY_d ] , (B.2)

where the sum over i runs over all possible reactions changing the number of ψ_a. The collision operator O^a_i for a generic reaction ab → cd is given in two equivalent forms, either one of which is valid. It is typically more convenient to use the collision reaction with massless degrees of freedom in the final state such that the reaction is allowed at zero kinetic energy.

From the arguments in App. A, we can safely ignore antiparticles in our scenario. That means that we have keep track of four species in our model: the bino ~χ, the complex scalars ~ψ_1 and ~ψ_2, and the Dirac fermion Ψ. Ignoring the b_M term for simplicity, it is more convenient to work with ~ψ and ~ψ^c. These two complex scalars have the same mass, the same SM gauge quantum numbers, and the same interactions. Thus, if we assume the scalars have the same initial conditions, they will always have the same number density. For this reason we prefer to write everything in terms of the scalar comoving density Y_{~Ψ}, defined as Y_{~Ψ} ≡ Y_{~ψ} + Y_{~ψc} , Y_{~ψ} = Y_{~ψc} . (B.3) We now detail the possible reactions in our scenario. We start from the reactions changing the bino number density ~χ Ψ → ~ψ B , ~χ Ψ → ~ψ^c B , ~χ ~ψ → Ψ B , ~χ ~ψ^c → Ψ B . (B.4) The above reactions have the same cross sections when we replace ~ψ^c ↔ ~ψ, thus we have the following Boltzmann equation for the bino dY_{~χ} dx = ∑ i O^{~χ}_i = −2 λ_{~χΨ → ~ψB} x^2 [ Y_{~χ}Y_Ψ − Y^{eq}_{~χ} Y^{eq}_Ψ Y^{eq}_{~ψ} Y_{~ψ} ] − 2 λ_{~χ ~ψ → ΨB} x^2 [ Y_{~χ}Y_{~ψ} − Y^{eq}_{~χ} Y^{eq}_{~ψ} Y^{eq}_Ψ

Y_Ψ ] . (B.5) Once we express everything in terms of Y_{~Ψ} = 2Y_{~ψ}, we recover the Boltzmann equation in Eq. (3.10).

We now consider the scalar degrees of freedom Y_{~Ψ}. We first derive the Boltzmann equation for the scalar ~ψ, then we replace Y_{~Ψ} = 2Y_{~ψ}. The reactions changing the number of ~ψ are ~ψ B → Ψ ~χ , ~ψ ~χ → Ψ B , ~ψ ~ψ → Ψ Ψ , ~ψ ~ψc → Ψ Ψ , ~ψ ~χ → ~ψc ~χ , ~ψ Ψ → ~ψc Ψ , (B.6)

and we find the following Boltzmann equation for Y_{~ψ} dY_{~ψ} dx = ∑ i O^{~ψ}_i = − λ_{~χΨ → ~ψB} x^2 [ Y^{eq}_{~χ} Y^{eq}_Ψ Y^{eq}_{~ψ} Y_{~ψ} − Y_{~χ}Y_Ψ ] − λ_{~χ ~ψ → ΨB} x^2 [ Y_{~χ}Y_{~ψ} − Y^{eq}_{~χ} Y^{eq}_{~ψ} Y^{eq}_Ψ

Y_Ψ ]

− λ_{~ψ ~ψ → ΨΨ} + λ_{~ψ ~ψc → ΨΨ} x^2 Y^2_{~ψ} − ( Y^{eq}_{~ψ} Y^{eq}_Ψ

)_2 Y^2_Ψ . (B.7)

– 21 –

With the replacement Y_{~Ψ} = 2Y_{~ψ}, we find the Boltzmann equation in Eq. (3.11).

We finally derive the Boltzmann equation for the Dirac fermion Ψ, which is not given in the main text. The reactions changing its number density are Ψ ~χ → ~ψ B , Ψ ~χ → ~ψ^c B , Ψ B → ~ψ ~χ , Ψ B → ~ψ^c ~χ , Ψ Ψ → ~ψ ~ψ , Ψ Ψ → ~ψ^c ~ψ^c , Ψ Ψ → ~ψ ~ψ^c , (B.8)

with corresponding Boltzmann equation dY_Ψ dx = ∑ i O^Ψ_i = − 2 λ_{~χΨ → ~ψB} x^2 [ Y_{~χ}Y_Ψ − Y^{eq}_{~χ} Y^{eq}_Ψ Y^{eq}_{~ψ} Y_{~ψ} ] − 2 λ_{~χ ~ψ → ΨB} x^2 [ Y^{eq}_{~χ} Y^{eq}_{~ψ}

Y^{eq}_Ψ Y_Ψ − Y_{~χ}Y_{~ψ} ]

− λ_{~ψ ~ψ → ΨΨ} + λ_{~ψ ~ψc → ΨΨ} x^2 ( Y^{eq}_{~ψ} Y^{eq}_Ψ

)_2 Y^2_Ψ − Y^2_{~ψ}

. (B.9)

As a cross check, we observe that the sum of the Ψ and ~Ψ Boltzmann equations gives d dx [ Y_{~Ψ} + Y_Ψ ] = 0 ⇒ Y_{~Ψ} + Y_Ψ = const = η_B , (B.10)

consistent with conservation of U(1)_B . Hence, we only need to solve a system of two Boltzmann equations, and we choose to solve for ~χ and ~Ψ.

C Interactions and Thermal Cross Sections

In this appendix, we give the interactions and thermal cross section for the model in Sec. 2.1. For simplicity, we consider the s-wave limit of the various interactions.

The components of Ψ and Ψ^c couple to the SM hypercharge gauge boson as L ⊃ | |D^μ ~ψ | |^2 + | |D^μ ~ψ^c | |^2 + iψσ^μDμψ + iψ^cσ^μDμψ^c , (C.1) where the covariant derivatives are D_μ ~ψ = ∂_μ ~ψ + ig_Y B_μ ~ψ , D_μ ~ψ^c = ∂_μ ~ψ^c − ig_Y B_μ ~ψ^c , (C.2) D_μψ = ∂_μψ + ig_Y B_μψ , D_μψ^c = ∂_μψ^c − ig_Y B_μψ^c . (C.3) Likewise, they couple to the bino via L ⊃ − √ 2g_Y [( ~ψ^† ψ − ~ψ^{c †} ψ^c ) ~χ + ~χ ( ψ ~ψ − ψ^c ~ψ^c )] . (C.4)

Once we integrate out the auxiliary D fields, we also get a scalar potential V ( ~ψ, ~ψ^c ) = 1 2 g^2_Y [ | ~ψ|^2 − | ~ψ^c|^2 + MSSM fields

]_2 , (C.5)

which is not relevant for our discussion.

From the interactions above, it is straightforward to compute the thermally averaged cross sections ⟨σv_{rel}⟩ and use them to solve the Boltzmann equation system. We implement our model in FeynRules [86], using the superspace module described in Ref. [87]. We then

– 22 – use the FeynRules interface to translate the model to CalcHEP format [55, 56], which we use to analytically compute the squared amplitudes |M_{ab→cd}|^2. In the δ ≪ M limit, the squared matrix elements averaged over the initial and summed over the final polarizations are | |M_{~χΨ → ~ψB} | |^2 = g^4_Y

8M^4 + 4M^3m_{~χ} − 10M^2m^2_{~χ} − 4Mm^3_{~χ} + m^4_{~χ} Mm_{~χ}(2M + m_{~χ})^2 + O ( δ M ) , | |M_{~χ ~ψ → ΨB} | |^2 = 2g_{4Y} 8M^4 + 20M^3m^{~χ} + 18M^2m^2~χ + 6Mm^3~χ + m^4~χ m_{~χ}(M + m_{~χ})(2M + m_{~χ})^2 + O ( δ M ) , | |M_{~ψ ~ψ → ΨΨ} | |^2 = 16g^4_Y

M^2 m^2_{~χ} + O ( δ M ) , | |M_{~ψ ~ψc → ΨΨ} | |^2 = 32g^4_Y

M^3 m^4_{~χ} δ + O ( δ^2 M^2 ) .

(C.6)

For a generic process ab → cd in the s-wave limit, we have^{11} ⟨σv_{rel}⟩_{ab→cd} = |M_{ab→cd}|^2 32π m_am_b [ 1 − 2

(m^2_c + m^2_d) (m_a + m_b)^2 + (m^2_c − m^2_d)^2 (m_a + m_b)^4 ]_{1/2} . (C.7)

The squared matrix element |M_{ab→cd}|^2 is function of the Mandelstam variables s and t, and for the s-wave amplitudes we have

s ≃ (m_a + m_b)^2 , t ≃ m_bm^2_c + m_am^2_d m_a + m_b

− m_am_b . (C.8)

References

[1] G. Jungman, M. Kamionkowski, and K. Griest, Supersymmetric dark matter, Phys. Rept. 267 (1996) 195–373, [hep-ph/9506380].

[2] L. Bergstrom, Non-baryonic dark matter: Observational evidence and detection methods, Rept.

Prog. Phys. 63 (2000) 793, [hep-ph/0002126].

[3] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and constraints, Phys. Rept. 405 (2005) 279–390, [hep-ph/0404175].

[4] J. Ellis and K. A. Olive, Supersymmetric Dark Matter Candidates, arXiv:1001.3651. [5] J. L. Feng, Dark Matter Candidates from Particle Physics and Methods of Detection, Ann.

Rev. Astron. Astrophys. 48 (2010) 495, [arXiv:1003.0904].

[6] B. W. Lee and S. Weinberg, Cosmological lower bound on heavy-neutrino masses, Phys. Rev.

Lett. 39 (1977) 165–168.

[7] R. J. Scherrer and M. S. Turner, On the Relic, Cosmic Abundance of Stable Weakly Interacting Massive Particles, Phys. Rev. D33 (1986) 1585.

[8] E. W. Kolb and K. A. Olive, The Lee-Weinberg Bound Revisited, Phys. Rev. D33 (1986) 1202. [9] M. Srednicki, R. Watkins, and K. A. Olive, Calculations of relic densities in the early universe, Nucl. Phys. B310 (1988) 693.

[10] P. Gondolo and G. Gelmini, Cosmic abundances of stable particles: Improved analysis, Nucl.

Phys. B360 (1991) 145–179.

11A derivation of this result can be found, for example, in App. C of Ref. [41].

– 23 –

[11] H. Goldberg, Constraint on the photino mass from cosmology, Phys. Rev. Lett. 50 (1983) 1419.

[12] L. M. Krauss, New Constraints on Ino Masses from Cosmology. 1. Supersymmetric Inos, Nucl.

Phys. B227 (1983) 556.

[13] J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos, K. A. Olive, and M. Srednicki, Supersymmetric relics from the big bang, Nucl. Phys. B238 (1984) 453–476.

[14] A. Bottino, V. de Alfaro, N. Fornengo, G. Mignola, and M. Pignone, On the neutralino as dark matter candidate. 1. Relic abundance, Astropart. Phys. 2 (1994) 67–76, [hep-ph/9309218].

[15] N. Arkani-Hamed, A. Delgado, and G. F. Giudice, The well-tempered neutralino, Nucl. Phys.

B741 (2006) 108–130, [hep-ph/0601041].

[16] K. Griest and D. Seckel, Three exceptions in the calculation of relic abundances, Phys. Rev.

D43 (1991) 3191–3203.

[17] J. R. Ellis, T. Falk, and K. A. Olive, Neutralino-Stau Coannihilation and the Cosmological Upper Limit on the Mass of the Lightest Supersymmetric Particle, Phys. Lett. B444 (1998) 367–372, [hep-ph/9810360].

[18] J. R. Ellis, T. Falk, K. A. Olive, and M. Srednicki, Calculations of neutralino stau coannihilation channels and the cosmologically relevant region of MSSM parameter space, Astropart. Phys. 13 (2000) 181–213, [hep-ph/9905481].

[19] G. F. Giudice, E. W. Kolb, and A. Riotto, Largest temperature of the radiation era and its cosmological implications, Phys. Rev. D64 (2001) 023508, [hep-ph/0005123].

[20] C. P. Burgess, M. Pospelov, and T. ter Veldhuis, The minimal model of nonbaryonic dark matter: A singlet scalar, Nucl. Phys. B619 (2001) 709–728, [hep-ph/0011335].

[21] Y. G. Kim, K. Y. Lee, and S. Shin, Singlet fermionic dark matter, JHEP 05 (2008) 100, [arXiv:0803.2932].

[22] B. Patt and F. Wilczek, Higgs-field portal into hidden sectors, hep-ph/0605188.

[23] J. March-Russell, S. M. West, D. Cumberbatch, and D. Hooper, Heavy Dark Matter Through the Higgs Portal, JHEP 07 (2008) 058, [arXiv:0801.3440].

[24] Y. Nomura and J. Thaler, Dark Matter through the Axion Portal, Phys. Rev. D79 (2009) 075008, [arXiv:0810.5397].

[25] R. Mahbubani and L. Senatore, The minimal model for dark matter and unification, Phys. Rev.

D73 (2006) 043510, [hep-ph/0510064].

[26] F. D’Eramo, Dark matter and Higgs boson physics, Phys. Rev. D76 (2007) 083522, [arXiv:0705.4493].

[27] R. Enberg, P. J. Fox, L. J. Hall, A. Y. Papaioannou, and M. Papucci, LHC and Dark Matter Signals of Improved Naturalness, JHEP 11 (2007) 014, [arXiv:0706.0918].

[28] T. Cohen, J. Kearney, A. Pierce, and D. Tucker-Smith, Singlet-Doublet Dark Matter,

arXiv:1109.2604.

[29] S. Nussinov, TECHNOCOSMOLOGY: COULD A TECHNIBARYON EXCESS PROVIDE A ’NATURAL’ MISSING MASS CANDIDATE?, Phys. Lett. B165 (1985) 55.

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

Lett. 68 (1992) 741–743.

[31] 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.

[32] S. M. Barr, Baryogenesis, sphalerons and the cogeneration of dark matter, Phys. Rev. D44

– 24 –

(1991) 3062–3066.

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

[34] 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].

[35] G. R. Farrar and G. Zaharijas, Dark matter and the baryon asymmetry of the universe,

hep-ph/0406281.

[36] 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].

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

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

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

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

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

[41] F. D’Eramo and J. Thaler, Semi-annihilation of Dark Matter, JHEP 06 (2010) 109, [arXiv:1003.5912].

[42] J. L. Feng, A. Rajaraman, and F. Takayama, Superweakly-interacting massive particles, Phys.

Rev. Lett. 91 (2003) 011302, [hep-ph/0302215].

[43] J. L. Feng, A. Rajaraman, and F. Takayama, SuperWIMP Dark Matter Signals from the Early Universe, Phys. Rev. D68 (2003) 063504, [hep-ph/0306024].

[44] E. W. Kolb and M. S. Turner, The Early universe, Front. Phys. 69 (1990) 1–547. [45] WMAP Collaboration, J. Dunkley et. al., Five-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Likelihoods and Parameters from the WMAP data, Astrophys. J. Suppl. 180 (2009) 306–329, [arXiv:0803.0586].

[46] K. Griest, Cross sections, relic abundance, and detection rates for neutralino dark matter, Phys. Rev. D38 (1988) 2357.

[47] M. Drees and M. Nojiri, Neutralino-Nucleon Scattering Revisited, Phys. Rev. D48 (1993) 3483–3501, [hep-ph/9307208].

[48] T. Falk, A. Ferstl, and K. A. Olive, Variations of the neutralino elastic cross-section with CP violating phases, Astropart. Phys. 13 (2000) 301–316, [hep-ph/9908311].

[49] M. Drees and M. M. Nojiri, The Neutralino relic density in minimal N=1 supergravity, Phys.

Rev. D47 (1993) 376–408, [hep-ph/9207234].

[50] J. Silk and M. Srednicki, Cosmic-ray antiprotons as a probe of a photino-dominated universe, Phys. Rev. Lett. 53 (1984) 624.

[51] M. Fairbairn, A. Kraan, D. Milstead, T. Sjostrand, P. Z. Skands, et. al., Stable massive particles at colliders, Phys.Rept. 438 (2007) 1–63, [hep-ph/0611040].

[52] CMS Collaboration Collaboration, V. Khachatryan et. al., Search for Heavy Stable Charged Particles in pp collisions at sqrt(s)=7 TeV, JHEP 1103 (2011) 024, [arXiv:1101.1645].

[53] CMS Collaboration Collaboration, Search for heavy stable charged particles, Tech. Rep.

CMS-PAS-EXO-11-022, 2011.

[54] ATLAS Collaboration Collaboration, G. Aad et. al., Search for Heavy Long-Lived Charged

– 25 –

Particles with the ATLAS detector in pp collisions at sqrt(s) = 7 TeV, Phys.Lett. B703 (2011) 428–446, [arXiv:1106.4495].

[55] A. Pukhov et. al., CompHEP: A package for evaluation of Feynman diagrams and integration over multi-particle phase space. User’s manual for version 33, hep-ph/9908288.

[56] A. Pukhov, CalcHEP 2.3: MSSM, structure functions, event generation, batchs, and generation of matrix elements for other packages, hep-ph/0412191.

[57] J. Pumplin et. al., New generation of parton distributions with uncertainties from global QCD analysis, JHEP 07 (2002) 012, [hep-ph/0201195].

[58] G. R. Farrar and P. Fayet, Phenomenology of the Production, Decay, and Detection of New Hadronic States Associated with Supersymmetry, Phys.Lett. B76 (1978) 575–579.

[59] M. Drees and X. Tata, Signals for heavy exotics at hadron colliders and supercolliders, Phys.

Lett. B252 (1990) 695–702.

[60] A. Arvanitaki, S. Dimopoulos, A. Pierce, S. Rajendran, and J. G. Wacker, Stopping gluinos, Phys.Rev. D76 (2007) 055007, [hep-ph/0506242].

[61] J. Chen and T. Adams, Searching for high speed long-lived charged massive particles at the LHC, Eur.Phys.J. C67 (2010) 335–342, [arXiv:0909.3157].

[62] CMS Collaboration, V. Khachatryan et. al., Search for Stopped Gluinos in pp collisions at sqrt s = 7 TeV, Phys. Rev. Lett. 106 (2011) 011801, [arXiv:1011.5861].

[63] P. W. Graham, K. Howe, S. Rajendran, and D. Stolarski, New Measurements with Stopped Particles at the LHC, arXiv:1111.4176.

[64] N. Arkani-Hamed, G. L. Kane, J. Thaler, and L.-T. Wang, Supersymmetry and the LHC inverse problem, JHEP 08 (2006) 070, [hep-ph/0512190].

[65] T. Cohen, D. E. Morrissey, and A. Pierce, Changes in Dark Matter Properties After Freeze-Out, Phys. Rev. D78 (2008) 111701, [arXiv:0808.3994].

[66] K. Kohri, A. Mazumdar, and N. Sahu, Inflation, baryogenesis and gravitino dark matter at ultra low reheat temperatures, Phys.Rev. D80 (2009) 103504, [arXiv:0905.1625].

[67] 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].

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

[69] 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].

[70] M. R. Buckley and L. Randall, Xogenesis, JHEP 1109 (2011) 009, [arXiv:1009.0270].

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

[72] A. Falkowski, J. T. Ruderman, and T. Volansky, Asymmetric Dark Matter from Leptogenesis, JHEP 05 (2011) 106, [arXiv:1101.4936].

[73] M. L. Graesser, I. M. Shoemaker, and L. Vecchi, Asymmetric WIMP dark matter, JHEP 10 (2011) 110, [arXiv:1103.2771].

[74] H. Iminniyaz, M. Drees, and X. Chen, Relic Abundance of Asymmetric Dark Matter, JCAP 1107 (2011) 003, [arXiv:1104.5548].

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

arXiv:1106.4319.

– 26 –

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

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

arXiv:1106.4834.

[78] D. Grin, O. Dore, and M. Kamionkowski, Do baryons trace dark matter in the early universe?,

arXiv:1107.1716.

[79] D. Grin, O. Dore, and M. Kamionkowski, Compensated Isocurvature Perturbations and the Cosmic Microwave Background, Phys.Rev. D84 (2011) 123003, [arXiv:1107.5047].

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

[81] M. Cirelli, P. Panci, G. Servant, and G. Zaharijas, Consequences of DM/antiDM Oscillations for Asymmetric WIMP Dark Matter, arXiv:1110.3809.

[82] T. Lin, H.-B. Yu, and K. M. Zurek, On Symmetric and Asymmetric Light Dark Matter,

arXiv:1111.0293.

[83] K. Petraki, M. Trodden, and R. R. Volkas, Visible and dark matter from a first-order phase transition in a baryon-symmetric universe, arXiv:1111.4786.

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

[85] M. Pospelov, A. Ritz, and M. B. Voloshin, Secluded WIMP Dark Matter, Phys. Lett. B662 (2008) 53–61, [arXiv:0711.4866].

[86] N. D. Christensen and C. Duhr, FeynRules - Feynman rules made easy, Comput. Phys.

Commun. 180 (2009) 1614–1641, [arXiv:0806.4194].

[87] C. Duhr and B. Fuks, A superspace module for the FeynRules package, Comput. Phys.

Commun. 182 (2011) 2404–2426, [arXiv:1102.4191].

– 27 –