arXiv:1111.1270v1 [hep-ph] 4 Nov 2011

Symmetryless Dark Matter

Yuji Kajiyama,^{1, 2} Kristjan Kannike,^{1, 3} and Martti Raidal^1 1National Institute of Chemical Physics and Biophysics, Ravala 10, Tallinn 10143, Estonia 2Akita Highschool, Tegata-Nakadai 1, Akita, 010-0851, Japan 3Scuola Normale Superiore and INFN, Piazza dei Cavalieri 7, 56126 Pisa, Italy

It is appealing to stabilize dark matter by the same discrete symmetry that is used to explain the structure of quark and lepton mass matrices. However, to generate the observed fermion mixing patterns, any flavor symmetry must necessarily be broken, rendering dark matter unstable. We study singlet, doublet and triplet SU(2) multiplets of both scalar and fermion dark matter candidates and enumerate the conditions under which no d < 6 dark matter decay operators are generated even in the case if the flavor symmetry is broken to nothing. We show that the VEVs of flavon scalars transforming as higher multiplets (e.g. triplets) of the flavor group must be at the electroweak scale. The most economical way for that is to use SM Higgs boson(s) as flavons. Such models can be tested by the LHC experiments. This scenario requires the existence of additional Froggatt-Nielsen scalars that generate hierarchies in Yukawa couplings. We study the conditions under which large and small flavor breaking parameters can coexist without destabilizing the dark matter.

I. INTRODUCTION

The existence of cold dark matter (DM) is currently the firmest evidence for physics beyond the standard model [1]. The easiest way to stabilize weak scale dark matter particle lifetime over cosmological scales is to impose an exact Z_2 parity [2, 3]. Other Abelian symmetries like Z_3 have also been studied in this context [4–8]. However, there is no reason why the stabilizing symmetry should be Abelian. Indeed, the study of discrete non-Abelian symmetries is well motivated because these are believed to play a fundamental role in flavor physics. The observed hierarchy of masses and the pattern of mixing angles, in particular the large mixing angles in the lepton sector, remains an enigma. In recent years there has been some progress in explaining the possible tribimaximal mixing [9] in the neutrino sector with help of discrete flavor groups like A_4 or S_4. (See [10, 11] for extensive reviews of many discrete flavor groups and [12] for a review of discrete flavor models.) Is it possible to address the two questions, the stability of dark matter and the pattern of flavor mixing, in the same framework of non-Abelian discrete symmetries?

Besides economy, this approach can have benefits like allowing dark matter to decay only into leptons, not quarks. Such a dark matter with lifetime of about τ = 10^{26} s [13] can explain the results of the PAMELA [14, 15] and ATIC [16] cosmic ray experiments. While it is also possible that the cosmic ray excesses seen in these experiments are of astrophysical origin, they put a lower bound on dark matter decay rate^1. Because of its physical appeal, several papers have addressed this issue. As shown in [18], it is impossible to explain the PAMELA results with an Abelian Z_N symmetry while it becomes possible with a non-Abelian flavor symmetry. Dark matter stabilized by an unbroken Z_2 subgroup of flavor symmetry in the neutrino sector is considered in [19–21]. Recent papers consider dark matter stabilized by D_3 [22], D_4 [23] and D_6 [24]. Decaying non-Abelian dark matter has also been discussed in [25–27].

The standard scenario in flavor model building is to put the Standard Model (SM) fields into multiplets of the flavor group G_f and introduce new scalar fields – flavons – whose vacuum expectation values (VEVs) break G_f in such a way as to give correct fermion mixing angles. In the end, the non-Abelian part of the flavor group G_f is completely broken. In addition, usually one or more Z_N symmetries are put in by hand to keep, for example, charged lepton flavons from interaction with neutrinos and vice versa. One of these Z_N could be used to stabilize dark matter. Contrary to this procedure, in this paper we take the position that imposition of additional Z_N symmetries by hand is not well justified and it is preferable to get discrete non-Abelian groups from breaking of some non-Abelian gauge group like SO(3) or SU(3) [28–35].

The non-Abelian flavor symmetries, however, do not explain the hierarchy of fermion masses. To address the latter one invokes an additional Froggatt-Nielsen (FN) mechanism [36]. One introduces another scalar which is, as a rule, singlet under the non-Abelian part of the gauge group but charged under a U(1) or Z_N . The powers of the ratio of the VEV of the Froggatt-Nielsen scalar to the flavor breaking scale give the mass hierarchy. Flavons are usually chosen to be singlets under the SM gauge group to avoid phenomenological complications. The scale of flavor symmetry breaking is taken to the Grand Unified (GUT) scale or even to the Planck scale. If flavons are SM singlets, they naturally have masses and VEVs at the same scale. These models, while appealing, cannot be tested in a direct way.

1 The WMAP bound on lifetime, τ > 123 × 10^9 years or 4 × 10^{18} s [17], is far more lenient.

It is more economical to consider breaking the electroweak symmetry and the flavor symmetry at the same time by Higgs fields that form a multiplet of the flavor group G_f. This possibility has been explored in the context of various flavor groups such as Q_4 [37], Q_6 [38–41], A_4 [18, 42–77], T^′ [78–87], S_3 [57, 71, 88–102], S_4 [30, 103–112], T_7 [113, 114], T_{13} [115], Δ(27) [116–120] and Δ(54) [121]. Such models face more stringent constraints because they can induce flavor changing neutral currents, lepton number violating decays and other signals [75, 76, 122–124], but these constraints and the possibility to discover the new scalars directly at the LHC makes them testable.

In this paper we study, in a systematic way, the conditions under which the existing dark matter of Universe could result from non-Abelian discrete flavor symmetries if the latter are completely broken and no additional/remnant Z_N symmetries exist. Assuming that the dark matter consists of weakly interacting massive particles (WIMP), we classify all decay operators operators of SU(2) singlet, doublet and triplet scalar and fermion dark matter candidates. (Higher SU(2) multiplet dark matter has been considered before [125–128] or higher multiplets [129–135], but not in the context of discrete flavor groups.) We show, in a model independent way, that dark matter with an acceptable lifetime can arise from non-Abelian flavor symmetries if the symmetry forbids all dark matter decay operators up to d < 6 and the VEVs of the non-Abelian flavons are at the elecroweak scale. (In the context of PAMELA, also the d = 6 decay operators involving quarks may have to be suppressed.) This is is the most interesting flavor physics case because the flavons may be accessible in the LHC experiments and such a scenario may be directly testable if the fundamental scalars will be discovered at the LHC.

To make this scenario realistic, however, the flavor models must necessarily explain the fermion mass hierarchies, i.e., contain additional flavons with large VEVs. Therefore we study under which conditions those large VEVs are compatible with the non-Abelian origin of flavor mixings without inducing too fast dark matter decays. We find that such a situation may, indeed, occur even if the flavor group is entirely broken. The requirement this to happen is that a partial remnant Z_N ⊂ G_f survives in a particular fermion subsector of the model and the dark matter transforms nontrivially under this partial remnant, while the symmetry is broken if the entire model is considered. For example, the neutrino sector flavons can have large VEVs if dark matter is odd under the remnant Z_2 that is unbroken in this sector. The mass hierarchy of fermions has to arise from a separate Froggatt-Nielsen flavons that must be singlets (as usual) under the non-Abelian flavor group. We exemplify those findings by extending the flavor model [113] based on T_7 symmetry.

The structure of this paper is the following. In Section II we calculate and present dark matter decay operators for both scalars and fermions that are SU(2) singlets, doublets or triplets and consider bounds on dark matter decay rates and the dimension of decay operators. In Section III we discuss suppression of the dark matter decay operators that originate from breaking the flavor group to nothing. We systematize our findings in this Section. In Section IV we present an example model based on T_7 that illustrates our general results. We conclude in Section V.

II. DECAY OPERATORS AND LIFETIME OF DARK MATTER

We list the decay operators for the SU(2) scalar singlet S, doublet Φ and triplet Δ, and fermion singlet N, doublet L and triplet Σ dark matter in Table I. Neutral SU(2) singlets have hypercharge Y_{S,N} = 0. SU(2) doublets with a neutral component have |Y | = 1. For definiteness we have Y_Φ = 1 as for the SM Higgs doublet and Y_L = −1 as for the SM lepton doublets (likewise, our L is left-handed). For SU(2) triplets that contain a neutral component there are two possible hypercharges, |Y | = 0, 2. We consider Y_Δ = 0, 2 and Y_Σ = 0, −2 for definiteness (the nonzero values are chosen in analogy to the hypercharges of the triplet in type II seesaw [136–139] and the right-handed electron, respectively). Our fermion triplets are right-handed.

Neutral singlet fermions can have Majorana mass, but doublets and triplets need Dirac partners with opposite chirality and hypercharge to get mass. However, the decay operators of the Dirac partner to some fermion ψ are obtained from the given operators with the substitution ψ → Cψ^†, where C is the charge conjugation matrix.

All scalar singlet decay operators are derived by multiplying SM singlet operators by the singlet scalar field S. There are no d = 4 decay operators for S because there are no d = 3 SM singlet operators. The d = 5 operators come from multiplying SM Lagrangian terms by S. The single d = 6 operator comes from multiplying the unique d = 5 SM operator by S. The decay operators for the scalar doublet Φ, fermion singlet N and fermion doublet L are obtained from SM operators given in [140, 141] by substituting one dark matter field for the respective SM field. We use the notation H̃ ≡ iσ_2H^∗ and ϕ^† ←→ D_μϕ ≡ iϕ^†(D_μ − ←− D_μ)ϕ and ϕ^† ←→ D^I_μϕ ≡ iϕ^†(τ^I D_μ − ←− D_μτ^I )ϕ.

The fermion singlet operators are consistent with those previously published in [18].

It is notable that there is only small number of d < 6 decay operators for all scalar and fermion dark matter candidates. Applying our idea of dark matter without symmetry requires that only very small number of decay operators, in most cases two, are absent. The d = 6 operators are listed for completeness. We have not checked that they form a complete basis, i.e., those operators may be linearly dependent on each other, but they are general in the context of discrete flavor.

Table I: DM decay operators. Dimension DM decay operators Scalar Singlet S DM decay 3 |H|^2S 4 – 5 ℓ̄HeS, q̄HdS, q̄H̃uS, |H|^4S, |DμH|^2S, ℓ̄ /DℓS, ē /DeS, q̄ /DqS, d̄ /DdS, ū /DuS 6 (H̃^†ℓ)^T C(H̃^†ℓ)S Scalar doublet Φ DM decay 4 ℓ̄Φe, q̄Φd, q̄Φ̃u, |H|^2H^†Φ, (DμΦ)^†(D^μH) 5 (Φ̃^†ℓ)^T C(H̃^†ℓ) 6 |H|^4(H^†Φ), |H|^2□(H^†Φ), (H^†D^μH)^∗(H^†DμΦ), |H|^2(ℓ̄Φe), |H|^2(q̄Φ̃u), |H|^2(q̄Φd), H^†ΦG^A_{μν} G^{Aμν} , H^†ΦG^A_{μν} G̃^{Aμν} , H^†ΦW^I_{μν} W^{Iμν} , H^†ΦW̃^I_{μν} W^{Iμν} , H^†ΦBμν B^{μν} , H^†ΦB̃μν B^{μν} , H^†τ^I ΦW^I_{μν} B^{μν} , H^†τ^I ΦW̃^I_{μν} B^{μν} , (ℓ̄σ^{μν} e)τ^I ΦW^I_{μν} , (ℓ̄σ^{μν} e)ΦBμν , (q̄σ^{μν} T^Au)Φ̃G^A_{μν} , (q̄σ^{μν} u)τ^IΦ̃W^I_{μν} , (q̄σ^{μν} u)Φ̃Bμν , (q̄σ^{μν} T^Ad)ΦG^A_{μν} , (q̄σ^{μν} d)τ^I ΦW^I_{μν} , (q̄σ^{μν} d)ΦBμν , (H^†i ←→ D μΦ)(ℓ̄γ^μℓ), (H^†i ←→ D^I_μΦ)(ℓ̄τ^I γ^μℓ), (H^†i ←→ D μΦ)(ēγ^μe), (H^†i ←→ D μΦ)(q̄γ^μq), (H^†i ←→ D^I_μΦ)(q̄τ^I γ^μq), (H^†i ←→ D μΦ)(ūγ^μu), (H^†i ←→ D μΦ)(d̄γ^μd), (H̃^†i ←→ D μΦ)(ūγ^μd) Scalar Triplet ⃗Δ DM decay (Y_{⃗Δ} = 0). We denote Δ ≡ Δ^I τ^I .

3 H^†ΔH 4 ℓ^†CΔℓ, q^†CΔq 5 ℓ̄ΔHe, q̄ΔHd, q̄ΔH̃u, |H|^2H^†ΔH, (DμH)^†Δ(DμH), ℓ̄Δ /Dℓ, q̄Δ /Dq 6 (H̃^†ℓ)^T C(H̃^†Δℓ), |H|^2ℓ^†CΔℓ, |H|^2q^†CΔq, ℓ^†Cσ^{μν} ΔℓBμν , ℓ^†Cσ^{μν} ℓΔ^I W^I_{μν} , q^†Cσ^{μν} ΔqBμν , q^†Cσ^{μν} qΔ^I W^I_{μν} , q^†Cσ^{μν} T^AΔqG^A_{μν} , ℓ̄Cσ^{μν} (DμDν Δ)ℓ, q̄Cσ^{μν} (DμDν Δ)q, (ℓ̄γ^μe)(Δi ←→ D μH), (q̄γ^μd)(Δi ←→ D μH), (q̄γ^μu)(Δi ←→ D μH̃) Scalar Triplet ⃗Δ DM decay (Y_{⃗Δ} = 2) 3 H^†ΔH̃ 4 ℓ^T CΔϵℓ 5 ℓ̄ΔH̃e, q̄ΔH̃d, q̄Δ^†Hu, |H|^2H^†ΔH̃, (DμH)^†Δ(DμH̃), ℓ̄Δ /Dϵℓ^∗ 6 (H̃^†ℓ)^T C(H^†Δℓ), |H|^2ℓ^T CΔϵℓ, ℓ^T Cσ^{μν} ΔℓBμν , ℓ^T Cσ^{μν} ℓΔ^I W^I_{μν} , ℓ^T ϵσ^{μν} (DμDν Δ)ℓ, (ℓ̄γ^μe)(Δi ←→ D μH̃), (q̄γ^μd)(Δi ←→ D μH̃), (q̄γ^μu)(Δi ←→ D μH) Fermion singlet N DM decay (consistent with [18]) 4 ℓ̄H̃N 5 – 6 |H|^2ℓ̄H̃N, (ℓ̄σ^{μν} N)τ^IH̃W^I_{μν} , (ℓ̄σ^{μν} N)H̃Bμν , (H^†i ←→ D μH̃)(ēγ^μN), (ēγμN)(ūγ^μd), (ℓ^T Cϵγμτ^I ℓ)(ēγ^μN), (q̄γμϵq^∗)(d̄γ^μN), (ℓ̄N)(q̄d)^T , (ℓ̄N)(ūq) Fermion doublet L DM decay 4 L̄He 5 (H̃^†L)^T C(H̃^†ℓ) 6 |H|^2(L̄He), (L̄σ^{μν} e)Hτ^I W^I_{μν} , (L̄σ^{μν} e)HBμν , (H^†i ←→ D μH)(L̄γ^μℓ), (H^†i ←→ D^I_μH)(L̄τ^I γ^μℓ), (L̄γμℓ)(ℓ̄γ^μℓ), (L̄γμℓ)(q̄γ^μq), (L̄γμτ^I ℓ)(q̄γ^μτ^I q), (L̄γμℓ)(ēγ^μe), (L̄γμℓ)(ūγ^μu), (L̄γμℓ)(d̄γ^μd), (L̄e)(d̄q), (L̄e)ϵ(q̄u), (L̄σμν e)ϵ(q̄σ^{μν} u) Fermion triplet ⃗Σ DM decay (Y_{⃗Σ} = 0). We denote Σ ≡ Σ^I τ^I . 4 ℓ̄ΣH̃ 5 H^†ēΣH̃, ℓ̄γ^μΣDμH̃ 6 |H|^2(ℓ̄ΣH̃), (ℓ̄σ^{μν} Σ^I )H̃W^I_{μν} , (ℓ̄σ^{μν} Σ)H̃Bμν , (H^†i ←→ D μτ^IH̃)(ēγ^μΣ^I ), (ℓ^T Cϵγμτ^I ℓ)(ēγ^μΣ^I ), (q̄γμτ^I ϵq^∗)(d̄γ^μΣ^I ), (ℓ̄e)(Σ̄ϵℓ^∗), (ℓ̄Σ)ϵ(q̄d)^T , (ℓ̄Σ)(ūq) Fermion triplet ⃗Σ DM decay (Y_{⃗Σ} = −2) 4 ℓ̄ΣH 5 H^†Σ̄eH, ℓ^T γ^μΣDμH̃ 6 |H|^2(ℓ̄ΣH), (ℓ̄σ^{μν} Σ^I )HW^I_{μν} , (ℓ̄σ^{μν} Σ)HBμν , (H^†i ←→ D μτ^I H)(ēγ^μΣ^I ), (ℓ̄γμτ^I ℓ)(ēγ^μΣ^I ), (q̄γμτ^I q)(ēγ^μΣ^I ), (q̄γμτ^I ϵq)(ūγ^μΣ^I ), (ℓ̄e)(Σ̄ℓ), (q̄d)(Σ̄ℓ), (q̄u)ϵ(ℓ̄Σ)^T

Cosmology requires that the dark matter particles must have lifetime at least 10^{26} s. It is well known that lifetimes of that order may be achieved if the operators d < 6 are forbidden [13]. In our framework we assume that non-Abelian flavor symmetries forbid the d < 6 operators. The decay width of dark matter by d = 6 operator is given by Γ ∼ ( M_{DM} Λ )_4 M_{DM}I, (1)

and that by the d = 4 operator by

Γ ∼ M_{DM}I, (2)

where M_{DM} is dark matter mass, Λ is the scale of new physics and I is a phase space integral. If Λ = M_{GUT} and M_{DM} ∼ O(TeV), then d = 6 operators give a sufficiently long lifetime τ = 10^{26} s of the dark matter. If d = 6 operators are suppressed by some smaller scale Λ < M_{GUT}, and/or M_{DM} < 1 TeV, then there must be additional suppression factors to achieve long enough dark matter lifetime. If O_d is a d = 4 operator, the needed suppression factor is ϵ^n ∼ (1 TeV/10^{16} GeV)^4 ∼ 10^{−52}. We consider such small numerical coefficients in front of operators unnatural and disregard this possibility here.

III. BREAKING THE FLAVOR GROUP TO NOTHING

As a first step we aim to forbid d < 6 dark matter decay operators O_d by judicious assignment of flavor multiplets to SM fields and dark matter. It is particularly simple in the case of fermion singlet dark matter: only one operator ℓ̄H̃N has to be forbidden [18]. Even so, there will be additional operators that arise from flavons ϕ_i that break the symmetry group. Thus there will be higher order terms of the form

O_dϕ_i, O_dϕ_iϕ_j , O_dϕ_iϕ_j ϕ_k , . . . . (3)

When the flavons get VEVs and break the flavor symmetry, these terms generate the dark matter decay operators of the form

ϵO_d, ϵ^2O_d, ϵ^3O_d, . . . . (4)

In most models, flavons are SM singlet scalars but transform nontrivially under the non-Abelian flavor group that they break near the cutoff scale. It is natural for the ratios ϵ_i ≡ ⟨ϕ_i⟩/Λ to be O(1). To get mass hierarchy, usually a Froggatt-Nielsen flavon θ is added that transforms as the trivial singlet of the non-Abelian part of the flavor group but nontrivially under a U(1) or Z_N group. We know from phenomenology that parameter ϵ ≡ ⟨θ⟩/Λ must be larger than O(1/10), typically of the order of the Cabbibo angle 0.2. This gives far too large a decay rate for dark matter. For example, in the fermion singlet dark matter case, the effective operator ℓ̄H̃Nϕ yields the d = 4 dark matter decay operator ℓ̄H̃N with a coupling too large to allow the existence of dark matter.

How could one suppress the generated decay operators? The possible solutions are:

1. If, in order to get an acceptable dark matter life time, one needs to forbid all terms (3) to order n, one can choose a huge flavor group with rank n + 1 and choose the SM and dark matter representations in the “right” way such that the decay operators are suppressed by ϵ^n where n is a large number. However, doing that, all predictivity for fermion masses and mixing angles is likely to be lost because, typically, n ∼ 50 is needed. A principle of economy and simplicity can be used to argue against such a baroque group, although such a scenario can, in principle, work.

2. The second possibility is that dark matter decay operators are suppressed by an additional factor of 1/Λ^2 that arises from new physics beyond the standard model but is not related to flavor physics. For example, dark matter can live in a hidden sector that communicates with the SM and flavons via heavy GUT (or Planck) scale messengers. Such a scenario is possible but is not related to new physics scenarios considered in this work.

3. Thirdly, the rôle of flavons can be played by higher multiplets of SM like the Higgs doublet H or the triplet Higgs Δ of type II seesaw [136–139] that have VEVs at the electroweak scale or lower.^2 Indeed, the SM Higgs boson VEV defines the electroweak scale. Then v/Λ ≪ 1 and the generated decay operators are suppressed.

2 Note that, in this case, the SM Higgs boson cannot be used in the Froggatt-Nielsen mechanism with new dynamics at the TeV scale [142] because ϵ ∼ O(1/10).

If the non-Abelian flavor group is completely broken, as we assume in this work, the last option is the only one that guarantees that the magnitude of dangerous dark matter decay operators generated by the symmetry breaking remains phenomenologically acceptable. Luckily, this is also the only flavor physics scenario that can be directly testable at the LHC experiments.

As we have emphasized several times before, in order to generate fermion mass hierarchies, any realistic flavor model must allow small and large flavor breaking VEVs to co-exist. We find two possibilities how this can happen.

1. If the non-Abelian flavor group G_f is broken in such a way that the full model does not have residual symmetries but some well defined fermion sector of the model does have a remnant Z_n, there can be flavons with GUT scale VEVs in one of these sectors. For example, suppose at least one Z_2 subgroup of G_f remains unbroken in the neutrino sector. If DM ∼ −1 under this Z_2, the large dark matter decay terms from neutrino sector flavons are forbidden. In the whole theory, G_f is broken to nothing, so in this case the flavons in the charged lepton mass sector still must have electroweak scale VEVs.

2. For a Froggatt-Nielsen flavon θ that transforms as a singlet of the non-Abelian part of the flavor group, it is possible to forbid the terms (3) to all orders. If a dark matter decay operator O_d is forbidden because it is a nontrivial singlet or a higher multiplet of G_f, then all terms O_dθ^n are still forbidden if θ is the trivial singlet of G_f. (If θ is a nontrivial singlet then O_d must transform as a higher multiplet.)

IV. AN EXAMPLE MODEL

We will use the T_7 model [113] extended by a Froggatt-Nielsen flavon θ and dark matter to illustrate our findings. The irreducible representations of T_7 are the trivial singlet 1_0, 1_1, 1_2, 3 and ¯3. The tensor product of triplets is 3 × 3 = ¯3 + ¯3 + 3. The Lagrangian must transform as the trivial singlet that is contained in the product ¯3 × 3 = 1_0 + 1_1 + 1_2 + 3 + ¯3.

Consider a T_7 toy model where ℓ, H ∼ 3, e_i ∼ 1_i and the SM singlet fermion dark matter N ∼ 1_0. To get charged lepton mass hierarchy, the T_7 group is extended to T_7 × U(1)_{FN}. The charges of right handed leptons under the U(1)_{FN} for e, μ and τ are 2, 1 and 0, respectively; the Froggatt-Nielsen flavon θ ∼ 1_0 has Froggatt-Nielsen charge −1. Below we will indicate T_7 representations by indices. Charged lepton Yukawa terms are given by ⟨θ_{10} ⟩^{ni} Λ^{ni} ℓ̄_{¯3}H_3e_{1i} ,

with n_i = 2, 1, 0. But the dark matter decay term

⟨ϕ_{10} ⟩^n Λ^n ℓ̄_{¯3}H̃_{¯3}N_{10} ,

is forbidden to all orders.

T_7 is a subgroup of SU(3). If the latter is extended to U(3), its U(1) subgroup can serve as the Froggatt-Nielsen group. Thus, in principle, in this scenario both the observed flavor physics and the existence of dark matter can originate form the underlying continuous non-Abelian symmetry.

V. DISCUSSION AND CONCLUSIONS

We have studied general requirements for models that simultaneously explain both the quark and lepton flavor structure and the stability of dark matter. Our work is based on the assumptions that the flavor group contains no extra Z_N symmetries added by hand, that the full flavor group is entirely broken to nothing, and that the flavor model explains both the mixing angles and mass hierarchies of the SM fermions. We find that any flavor model with these properties should contain both the higher multiplet flavons that generate the observed mixing patterns and the flavor singlet Froggatt-Nielsen flavons. After the flavor symmetry breaking the VEVs of the former must be at the electroweak scale, v/Λ ≪ 1, so that the dark matter particles have cosmologically acceptable lifetime, while the latter must have ⟨θ⟩/Λ of O(1/10) to generate the mass hierarchies. This precludes the use of flavor doublet and triplet scalars in some kind of non-Abelian Froggatt-Nielsen mechanism [143] in our scenario of symmetryless dark matter.

To address the existence of dark matter, all dark matter decay operators of dimension d < 6 must have been initially forbidden by the flavor group. For the explained flavor symmetry breaking pattern the dark matter remains long-lived. Therefore the dark matter of the universe exists without any exact low energy symmetry.

Because the dark matter decay operators must transform as nontrivial singlets or higher multiplets under the flavor group, this approach favors larger non-Abelian groups with complex representations like T_7, Δ(27) or Δ(54) instead of smaller groups like A_4 or S_4 with additional factors of Z_N . The simplest way to embed dark matter in a flavor group is to consider fermion singlet dark matter: in this case only one dark matter decay operator has to be forbidden.

While it is hard to explain the large mixing angles in the lepton sector with the Froggatt-Nielsen mechanism, the latter is popular for generating the small Cabibbo angle of the quark sector. In this case quarks and the Froggatt- Nielsen flavon are charged under an Abelian U(1) group. To forbid generation of too large dark matter decay operators, the U(1) charge of dark matter would have to be very large, most probably not allowed by the requirement of perturbativity. Thus Froggatt-Nielsen models that give both quark mixing and stabilize dark matter are not favored.

To have the flavon VEVs at the electroweak scale or below, it is natural for the higher multiplet flavons to be higher representations of the SM gauge group as well: the SM Higgs doublets that break the electroweak symmetry or the triplet Higgs bosons of the type II seesaw mechanism can double as flavons. Unlike the singlet flavons with masses at the GUT or Planck scale, multiple SM Higgs bosons or triplet Higgses of type II seesaw can be discovered at the LHC, making the scenario of symmetryless dark matter directly testable.

Acknowledgments

We thank Enrico Bertuzzo for discussions and the organizers of CERN TH-LPCC summer institute on LHC physics where part of this work was performed. This work was supported by the ESF Mobilitas 2 grant MJD140, Mobilitas 3 grant MTT8, ESF grants 8090 and 8943, and SF0690030s09.

[1] WMAP, E. Komatsu et al., Astrophys. J. Suppl. 192, 18 (2011), 1001.4538. [2] L. M. Krauss and F. Wilczek, Phys. Rev. Lett. 62, 1221 (1989). [3] M. Kadastik, K. Kannike, and M. Raidal, Phys. Rev. D81, 015002 (2010), 0903.2475. [4] E. Ma, Phys. Lett. B662, 49 (2008), 0708.3371. [5] F. D’Eramo, (2011), 1101.5413.

[6] K. Agashe, D. Kim, D. G. E. Walker, and L. Zhu, (2010), 1012.4460.

[7] K. Agashe, D. Kim, M. Toharia, and D. G. E. Walker, Phys. Rev. D82, 015007 (2010), 1003.0899. [8] B. Batell, Phys. Rev. D83, 035006 (2011), 1007.0045.

[9] P. F. Harrison, D. H. Perkins, and W. G. Scott, Phys. Lett. B530, 167 (2002), hep-ph/0202074. [10] H. Ishimori et al., Prog. Theor. Phys. Suppl. 183, 1 (2010), 1003.3552. [11] W. Grimus and P. O. Ludl, (2011), 1110.6376.

[12] G. Altarelli and F. Feruglio, Rev.Mod.Phys. 82, 2701 (2010), 1002.0211. [13] A. Arvanitaki et al., Phys. Rev. D79, 105022 (2009), 0812.2075. [14] PAMELA, O. Adriani et al., Nature 458, 607 (2009), 0810.4995. [15] O. Adriani et al., Phys. Rev. Lett. 102, 051101 (2009), 0810.4994. [16] J. Chang et al., Nature 456, 362 (2008).

[17] K. Ichiki, M. Oguri, and K. Takahashi, Phys. Rev. Lett. 93, 071302 (2004), astro-ph/0403164. [18] N. Haba, Y. Kajiyama, S. Matsumoto, H. Okada, and K. Yoshioka, Phys. Lett. B695, 476 (2011), 1008.4777. [19] M. Hirsch, S. Morisi, E. Peinado, and J. Valle, Phys.Rev. D82, 116003 (2010), 1007.0871. [20] M. Boucenna et al., JHEP 1105, 037 (2011), 1101.2874. [21] R. d. A. Toorop, F. Bazzocchi, and S. Morisi, (2011), 1104.5676. [22] A. Adulpravitchai, B. Batell, and J. Pradler, Phys.Lett. B700, 207 (2011), 1103.3053. [23] D. Meloni, S. Morisi, and E. Peinado, Phys.Lett. B703, 281 (2011), 1104.0178. [24] Y. Kajiyama, H. Okada, and T. Toma, Eur.Phys.J. C71, 1688 (2011), 1104.0367. [25] J. N. Esteves et al., Phys. Rev. D82, 073008 (2010), 1007.0898. [26] Y. Daikoku, H. Okada, and T. Toma, (2010), 1010.4963. [27] Y. Kajiyama and H. Okada, Nucl. Phys. B848, 303 (2011), 1011.5753. [28] P. H. Frampton and A. Rasin, Phys. Lett. B478, 424 (2000), hep-ph/9910522. [29] I. de Medeiros Varzielas, S. F. King, and G. G. Ross, Phys. Lett. B644, 153 (2007), hep-ph/0512313. [30] C. Hagedorn, M. Lindner, and R. N. Mohapatra, JHEP 06, 042 (2006), hep-ph/0602244. [31] C. Luhn and P. Ramond, JHEP 07, 085 (2008), 0805.1736. [32] J. Berger and Y. Grossman, JHEP 02, 071 (2010), 0910.4392. [33] A. Adulpravitchai, A. Blum, and M. Lindner, JHEP 09, 018 (2009), 0907.2332. [34] W. Grimus and P. O. Ludl, J. Phys. A43, 445209 (2010), 1006.0098. [35] C. Luhn, JHEP 03, 108 (2011), 1101.2417.

[36] C. Froggatt and H. B. Nielsen, Nucl.Phys. B147, 277 (1979).

[37] A. Aranda, C. Bonilla, R. Ramos, and A. D. Rojas, Phys. Rev. D84, 016009 (2011), 1105.6373. [38] K. S. Babu and Y. Meng, Phys. Rev. D80, 075003 (2009), 0907.4231. [39] K. S. Babu, K. Kawashima, and J. Kubo, Phys. Rev. D83, 095008 (2011), 1103.1664. [40] Y. Kaburaki, K. Konya, J. Kubo, and A. Lenz, Phys. Rev. D84, 016007 (2011), 1012.2435. [41] N. Kifune, J. Kubo, and A. Lenz, Phys. Rev. D77, 076010 (2008), 0712.0503. [42] G. Altarelli, F. Feruglio, and C. Hagedorn, JHEP 03, 052 (2008), 0802.0090. [43] F. Bazzocchi, S. Morisi, M. Picariello, and E. Torrente-Lujan, J. Phys. G36, 015002 (2009), 0802.1693. [44] W. Chao, S. Luo, Z.-z. Xing, and S. Zhou, Int. J. Mod. Phys. A23, 3420 (2008), 0712.2612. [45] S.-L. Chen, M. Frigerio, and E. Ma, Nucl. Phys. B724, 423 (2005), hep-ph/0504181. [46] P. Ciafaloni, M. Picariello, E. Torrente-Lujan, and A. Urbano, Phys. Rev. D79, 116010 (2009), 0901.2236. [47] P. H. Frampton and S. Matsuzaki, (2008), 0806.4592.

[48] T. Fukuyama, H. Sugiyama, and K. Tsumura, Phys. Rev. D83, 056016 (2011), 1012.4886. [49] W. Grimus and H. Kuhbock, Phys. Rev. D77, 055008 (2008), 0710.1585. [50] X.-G. He, Y.-Y. Keum, and R. R. Volkas, JHEP 04, 039 (2006), hep-ph/0601001. [51] X.-G. He and A. Zee, Phys. Lett. B645, 427 (2007), hep-ph/0607163. [52] M. Hirsch, S. Morisi, and J. W. F. Valle, Phys. Rev. D79, 016001 (2009), 0810.0121. [53] M. Hirsch, S. Morisi, and J. W. F. Valle, Phys. Rev. D78, 093007 (2008), 0804.1521. [54] L. Lavoura and H. Kuhbock, Eur.Phys.J. C55, 303 (2008), 0711.0670. [55] E. Ma and G. Rajasekaran, Phys.Rev. D64, 113012 (2001), hep-ph/0106291. [56] E. Ma, Mod. Phys. Lett. A17, 627 (2002), hep-ph/0203238. [57] E. Ma, New J. Phys. 6, 104 (2004), hep-ph/0405152. [58] E. Ma, Phys. Rev. D70, 031901 (2004), hep-ph/0404199. [59] E. Ma, Mod. Phys. Lett. A20, 2601 (2005), hep-ph/0508099. [60] E. Ma, Phys. Rev. D73, 057304 (2006), hep-ph/0511133.

[61] E. Ma, H. Sawanaka, and M. Tanimoto, Phys. Lett. B641, 301 (2006), hep-ph/0606103. [62] E. Ma, Mod. Phys. Lett. A21, 2931 (2006), hep-ph/0607190. [63] E. Ma, Phys. Lett. B671, 366 (2009), 0808.1729. [64] E. Ma, Mod.Phys.Lett. A25, 2215 (2010), 0908.3165. [65] E. Ma, Phys. Rev. D82, 037301 (2010), 1006.3524.

[66] E. Ma and D. Wegman, Phys. Rev. Lett. 107, 061803 (2011), 1106.4269. [67] A. C. B. Machado and V. Pleitez, Phys. Lett. B674, 223 (2009), 0712.0781. [68] A. C. B. Machado, J. C. Montero, and V. Pleitez, Phys. Lett. B697, 318 (2011), 1011.5855. [69] A. C. B. Machado, J. C. Montero, and V. Pleitez, (2011), 1108.1767. [70] M. Mitra, JHEP 11, 026 (2010), 0912.5291.

[71] A. Mondragon, M. Mondragon, and E. Peinado, J. Phys. A41, 304035 (2008), 0712.1799. [72] S. Morisi, M. Picariello, and E. Torrente-Lujan, Phys. Rev. D75, 075015 (2007), hep-ph/0702034. [73] S. Morisi and E. Peinado, Phys.Rev. D80, 113011 (2009), 0910.4389.

[74] S. Morisi, E. Peinado, Y. Shimizu, and J. W. F. Valle, Phys. Rev. D84, 036003 (2011), 1104.1633. [75] R. de Adelhart Toorop, F. Bazzocchi, L. Merlo, and A. Paris, JHEP 03, 035 (2011), 1012.1791. [76] R. de Adelhart Toorop, F. Bazzocchi, L. Merlo, and A. Paris, JHEP 03, 040 (2011), 1012.2091. [77] A. Zee, Phys. Lett. B630, 58 (2005), hep-ph/0508278. [78] A. Aranda, C. Bonilla, R. Ramos, and A. D. Rojas, (2010), 1011.6470. [79] Y. BenTov and A. Zee, (2011), 1101.1987.

[80] D. A. Eby, P. H. Frampton, and S. Matsuzaki, Phys. Lett. B671, 386 (2009), 0810.4899. [81] D. A. Eby, P. H. Frampton, and S. Matsuzaki, Phys. Rev. D80, 053007 (2009), 0907.3425. [82] D. A. Eby, P. H. Frampton, X.-G. He, and T. W. Kephart, Phys. Rev. D84, 037302 (2011), 1103.5737. [83] P. H. Frampton and T. W. Kephart, JHEP 09, 110 (2007), 0706.1186.

[84] P. H. Frampton, T. W. Kephart, and S. Matsuzaki, Phys. Rev. D78, 073004 (2008), 0807.4713. [85] P. H. Frampton and S. Matsuzaki, Mod. Phys. Lett. A24, 2081 (2009), 0810.1029. [86] P. H. Frampton and S. Matsuzaki, Phys. Lett. B679, 347 (2009), 0902.1140.

[87] P. H. Frampton, C. M. Ho, T. W. Kephart, and S. Matsuzaki, Phys. Rev. D82, 113007 (2010), 1009.0307. [88] T. Araki, J. Kubo, and E. A. Paschos, Eur. Phys. J. C45, 465 (2006), hep-ph/0502164. [89] W. Grimus and L. Lavoura, J. Phys. G34, 1757 (2007), hep-ph/0611149.

[90] S. Kaneko, H. Sawanaka, T. Shingai, M. Tanimoto, and K. Yoshioka, Prog. Theor. Phys. 117, 161 (2007), hep-ph/0609220. [91] S. Kaneko, H. Sawanaka, T. Shingai, M. Tanimoto, and K. Yoshioka, (2007), hep-ph/0703250. [92] T. Kobayashi, J. Kubo, and H. Terao, Phys. Lett. B568, 83 (2003), hep-ph/0303084. [93] Y. Koide, Phys. Rev. D73, 057901 (2006), hep-ph/0509214. [94] Y. Koide, Eur. Phys. J. C48, 223 (2006), hep-ph/0508301. [95] Y. Koide, J. Phys. G34, 1653 (2007), hep-ph/0605074.

[96] J. Kubo, A. Mondragon, M. Mondragon, and E. Rodriguez-Jauregui, Prog. Theor. Phys. 109, 795 (2003), hep-ph/0302196, [Erratum-ibid.114:287-287,2005].

[97] J. Kubo, H. Okada, and F. Sakamaki, Phys. Rev. D70, 036007 (2004), hep-ph/0402089. [98] E. Ma, Phys. Rev. D61, 033012 (2000), hep-ph/9909249.

[99] M. Mitra and S. Choubey, Phys. Rev. D78, 115014 (2008), 0806.3254. [100] A. Mondragon, M. Mondragon, and E. Peinado, Phys. Rev. D76, 076003 (2007), 0706.0354. [101] S. Morisi, (2006), hep-ph/0604106.

[102] S. Morisi, K. M. Patel, and E. Peinado, (2011), 1107.0696. [103] Y. Cai and H.-B. Yu, Phys. Rev. D74, 115005 (2006), hep-ph/0608022. [104] Y. Daikoku, H. Okada, and T. Toma, (2011), 1106.4717.

[105] P. V. Dong, H. N. Long, D. V. Soa, and V. V. Vien, Eur. Phys. J. C71, 1544 (2011), 1009.2328. [106] D.-G. Lee and R. N. Mohapatra, Phys. Lett. B329, 463 (1994), hep-ph/9403201. [107] E. Ma, Phys. Lett. B632, 352 (2006), hep-ph/0508231. [108] S. Morisi and E. Peinado, Phys. Rev. D81, 085015 (2010), 1001.2265. [109] M. K. Parida, Phys. Rev. D78, 053004 (2008), 0804.4571.

[110] M. K. Parida, P. K. Sahu, and K. Bora, Phys. Rev. D83, 093004 (2011), 1011.4577. [111] K. M. Patel, Phys. Lett. B695, 225 (2011), 1008.5061. [112] H. Zhang, Phys. Lett. B655, 132 (2007), hep-ph/0612214.

[113] Q.-H. Cao, S. Khalil, E. Ma, and H. Okada, Phys.Rev.Lett. 106, 131801 (2011), 1009.5415. [114] Q.-H. Cao, S. Khalil, E. Ma, and H. Okada, (2011), 1108.0570. [115] C. Hartmann and A. Zee, Nucl. Phys. B853, 105 (2011), 1106.0333. [116] W. Grimus and L. Lavoura, JHEP 09, 106 (2008), 0809.0226. [117] N. Haba and K. Yoshioka, Nucl. Phys. B739, 254 (2006), hep-ph/0511108. [118] R. Howl and S. F. King, Phys. Lett. B687, 355 (2010), 0908.2067. [119] E. Ma, Mod. Phys. Lett. A21, 1917 (2006), hep-ph/0607056. [120] E. Ma, Phys. Lett. B660, 505 (2008), 0709.0507. [121] J. A. Escobar, (2011), 1102.1649.

[122] G. Bhattacharyya, P. Leser, and H. Pas, Phys. Rev. D83, 011701 (2011), 1006.5597. [123] C. S. Lam, Phys. Lett. B689, 169 (2010), 1002.4176.

[124] Q.-H. Cao, A. Damanik, E. Ma, and D. Wegman, Phys. Rev. D83, 093012 (2011), 1103.0008. [125] N. G. Deshpande and E. Ma, Phys. Rev. D18, 2574 (1978). [126] E. Ma, Phys. Rev. D73, 077301 (2006), hep-ph/0601225.

[127] R. Barbieri, L. J. Hall, and V. S. Rychkov, Phys. Rev. D74, 015007 (2006), hep-ph/0603188. [128] L. Lopez Honorez, E. Nezri, J. F. Oliver, and M. H. Tytgat, JCAP 0702, 028 (2007), hep-ph/0612275. [129] T. Hambye, F. S. Ling, L. Lopez Honorez, and J. Rocher, JHEP 07, 090 (2009), 0903.4010. [130] M. Cirelli, N. Fornengo, and A. Strumia, Nucl. Phys. B753, 178 (2006), hep-ph/0512090. [131] M. Cirelli, A. Strumia, and M. Tamburini, Nucl. Phys. B787, 152 (2007), 0706.4071. [132] M. Cirelli, R. Franceschini, and A. Strumia, Nucl. Phys. B800, 204 (2008), 0802.3378. [133] M. Cirelli and A. Strumia, PoS IDM2008, 089 (2008), 0808.3867. [134] M. Cirelli and A. Strumia, New J. Phys. 11, 105005 (2009), 0903.3381.

[135] E. Del Nobile, R. Franceschini, D. Pappadopulo, and A. Strumia, Nucl. Phys. B826, 217 (2010), 0908.1567. [136] M. Magg and C. Wetterich, Phys. Lett. B94, 61 (1980). [137] G. Lazarides, Q. Shafi, and C. Wetterich, Nucl. Phys. B181, 287 (1981). [138] R. N. Mohapatra and G. Senjanović, Phys. Rev. D23, 165 (1981). [139] T. Cheng and L.-F. Li, Phys. Rev. D22, 2860 (1980). [140] W. Buchmuller and D. Wyler, Nucl. Phys. B268, 621 (1986).

[141] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10, 085 (2010), 1008.4884. [142] G. F. Giudice and O. Lebedev, Phys. Lett. B665, 79 (2008), 0804.1753. [143] F. Bazzocchi, L. Merlo, and S. Morisi, Nucl. Phys. B816, 204 (2009), 0901.2086.