arXiv:1301.4368v2 [hep-ph] 26 Mar 2013

Multi-component dark matter with magnetic moments for Fermi-LAT gamma-ray line

Pei-Hong Gu^∗ Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

We propose a model of multi-component dark matter with magnetic moments to explain the 130 GeV gamma-ray line hinted by the Fermi-LAT data. Specifically, we consider a U(1)_X dark sector which contains two vector-like fermions besides the related gauge and Higgs fields. A very heavy messenger scalar is further introduced to construct the Yukawa couplings of the dark fermions to the heavy [SU(2)]-singlet leptons in the SU(3)_c×SU(2)_L×SU(2)_R×U(1)_{B−L} left-right symmetric models for universal seesaw. A heavier dark fermion with a very long lifetime can mostly decay into a lighter dark fermion and a photon at one-loop level. The dark fermions can serve as the dark matter particles benefited from their annihilations into the dark gauge and Higgs fields. In the presence of a U(1) kinetic mixing, the dark matter fermions can be verified by the ongoing and forthcoming dark matter direct detection experiments.

PACS numbers: 95.35.+d, 12.60.Cn, 12.60.Fr

I. INTRODUCTION

Astronomical and cosmological observations indicate the existence of dark matter in the present universe. Many dark matter candidates have been suggested in various scenarios beyond the SU(3)_c × SU(2)_L × U(1)_Y standard model (SM). The dark matter particles can be directly detected through their scatterings off the familiar nucleons and/or indirectly detected through their annihilations/decays into the SM species. Recently, the Fermi- LAT data on the cosmic gamma-ray spectrum from the Galactic center (GC) have revealed a tentative evidence for a line-like feature at an energy around 130 GeV [1– 16]. Such monochromatic photon can be induced by a dark matter annihilation or decay. There have been a lot of models [17–53] realizing the required dark matter annihilations or decays.

Usually, we need some particles heavier than the dark matter to mediate the significant annihilations or decays of the dark matter into the monochromatic photons at loop level since the dark matter is only allowed to have an extremely tiny electric charge [54]. On the other hand, in the SU(3)_c ×SU(2)_L ×SU(2)_R ×U(1)_{B−L} left-right symmetric models [55] for universal [56] seesaw [57, 58], some heavy [SU(2)]-singlet leptons and quarks are well motivated to alleviate the hierarchy among the SM fermion masses and solve the strong CP problem [59]. Such heavy fermions could take part in mediating the radiative dark matter annihilations or decays for the 130 GeV gammaray line. In this paper, we shall demonstrate this possibility in a multi-component dark matter [60–69] scenario. Specifically, we shall introduce a U(1)_X dark sector which contains two vector-like fermions besides the related gauge and Higgs fields. There is also a very heavy messenger scalar having the Yukawa couplings with the dark fermions and the heavy leptons. The heavier dark fermion can have a very long lifetime although it mostly

∗Electronic address: peihong.gu@mpi-hd.mpg.de

decays into the lighter dark fermion with a photon. The dark fermions can obtain the desired dark matter relic density through their annihilations into the dark gauge and Higgs fields. As the U(1)_X and U(1)_{B−L} gauge fields are allowed to have a kinetic mixing, the dark matter fermions can be verified by the ongoing and forthcoming dark matter direct detection experiments.

II. THE MODEL

For simplicity, we will not give the full Lagrangian. Instead, we only show the kinetic, mass and Yukawa terms relevant to our demonstration, L ⊃ − 1 4 W^a_{Lμν} W^a_{Lμν} − 1 4 W^a_{Rμν} W^a_{Rμν} − 1 4 B_{μν} B_{μν} − 1 4 C_{μν} C^{μν} − ϵ 2 B_{μν} C^{μν} + (D_μϕ_L)^†D^μϕ_L

+(D_μϕ_R)^†D^μϕ_R + (D_μσ)^†D^μσ + (D_μδ)^†D^μδ +iq̄_L D̸q_L + iq̄_R D̸q_R + il̄_L D̸l_L + il̄_R D̸l_R +iD_L D̸D_L + iD_R D̸D_R + iU_L D̸U_L + iU_R D̸U_R +iE_L D̸E_L + iE_R D̸E_R + iχ̄_L D̸χ_L + iχ̄_R D̸χ_R −M^2_δ δ^†δ − D_LM_DD_R − U_LM_U U_R − E_LM_EE_R −χ̄_Lm_χχ_R − q̄_Lϕ_Ly^L_DD_R − q̄_Rϕ_Ry^R_DD_L −q̄_Lϕ̃_Ly^L_U U_R − q̄_Rϕ̃_Ry^R_U U_L − l̄_Lϕ_Ly^L_EE_R −l̄_Rϕ_Ry^R_E E_L − δE_Lf_Rχ_R − δE_Rf_Lχ_L + H.c. . (1)

Here W^a_L , W^a_R, B and C are the gauge fields associated with the SU(2)_L, SU(2)_R, U(1)_{B−L} and U(1)_X gauge groups, respectively. The Higgs scalars

ϕ_L(+1, 0) = [ ϕ^+_L ϕ^0_L ] , ϕ_R(+1, 0) = [ ϕ^+_R ϕ^0_R ] , σ(0, +2) (2)

are an SU(2)_L doublet, an SU(2)_R doublet and an SU(2) singlet, respectively. Here and thereafter the first and second numbers in parentheses are the U(1)_{B−L} charges B − L and the U(1)_X charges X. The messenger scalar δ is an SU(2) singlet and carries both of the U(1)_{B−L} and U(1)_X charges, δ(−2, + 2 3 ) . (3)

Among the fermions, the [SU(2)]-doublet quarks q_{L,R}, the [SU(2)]-doublet leptons l_{L,R}, the [SU(2)]-singlet quarks D_{L,R} and U_{L,R} as well as the [SU(2)]-singlet leptons E_{L,R} carry the U(1)_{B−L} charges,

q_L(+ 1 3 , 0) = [ u_L d_L ] , q_R(+ 1 3 , 0) = [ u_R d_R ] ,

l_L(−1, 0) = [ ν_L e_L ] , l_R(−1, 0) = [ ν_R e_R ] ,

D_{L,R}(− 2 3 , 0) , U_{L,R}(+ 4 3 , 0) , E_{L,R}(−2, 0) , (4)

while the [SU(2)]-singlet dark fermions χ_{L,R} carry the U(1)_X charges, χ_{L,R}(0, − 2 3 ) . (5)

The covariant derivatives are D_μ = ∂_μ − ig_X X 2 C_μ − ig_{B−L} B − L 2 B_μ − igI_{3L}W^3_{Lμ} −ig_RI_{3R}W^3_{Rμ} + ... , (6) where we have only written down the diagonal components of the SU(2) gauge fields (W^3_L, W^3_R) which can mix with the other U(1) gauge fields (B, C).

A. Symmetry breaking

The [SU(2)]-doublet Higgs scalars ϕ_R and ϕ_L are responsible for breaking the left-right symmetry down to the electroweak symmetry and then the electromagnetic symmetry, i.e. SU(2)_L × SU(2)_R × U(1)_{B−L} ↓ ⟨ϕ_R⟩ SU(2)_L × U(1)_Y ↓ ⟨ϕ_L⟩ U(1)_{em} , (7)

where ⟨ϕ_R⟩ and ⟨ϕ_L⟩ are the vacuum expectation values (VEVs), ⟨ϕ_L⟩ = ⟨ϕ^0_L⟩ = 1 √ 2 v_L (v_L ≃ 246 GeV) , ⟨ϕ_R⟩ = ⟨ϕ^0_R⟩ = 1 √ 2 v_R . (8)

As for the dark symmetry U(1)_X , it will be broken when the [SU(2)]-singlet Higgs scalar σ develops its VEV, ⟨σ⟩ = 1 √ 2 v_X . (9)

Roughly, the above symmetry breakings take place at the temperatures T = O(⟨ϕ_R⟩), O(⟨ϕ_L⟩) and O(⟨σ⟩), respectively.

B. Fermions

The charged fermions have the masses, L ⊃ −[d̄_L D_L] [ 0^{1√}_2 y^L_Dv_L 1√ 2 y^{R†}_D v_R M_D ] [ d_R D_R ]

−[ū_L U_L] [ 0^{1√}_2 y^L_U v_L 1√ 2 y^{R†}_U v_R M_U ] [ u_R U_R ]

−[ē_L E_L] [ 0^{1√}_2 y^L_E v_L 1√ 2 y^{R†}_E v_R M_E ] [ e_R E_R ] + H.c. ,

(10)

which can be block diagonalized by L ⊃ −d̄_L ( −y^L_D v_Lv_R 2M_D y^{R†}_D ) d_R − D_LM_DD_R −ū_L ( −y^L_U v_Lv_R 2M_U y^{R†}_U ) u_R − U_LM_U U_R −ē_L ( −y^L_E v_Lv_R 2M_E y^{R†}_E ) e_R − E_LM_E E_R +H.c. , (11)

Remarkably, we have the heavy charged fermions besides the SM charged fermions in this universal seesaw scenario.

In the following we will work in the base where the mass matrices of the dark fermions χ and the heavy charged fermions F = D, U, E are diagonal and real, i.e.

m_χ = diag{m_{χ1} , m_{χ2} } , M_F = diag{M_{F1} , M_{F2} , M_{F3} } , (12)

and then define the vector-like fermions:

χ_i = χ_{Li} + χ_{Ri} , F_a = F_{La} + F_{Ra} . (13)

Moreover, we will assume m_{χ1} ≤ m_{χ2} and M_{F1} ≤ M_{F2} ≤ M_{F3} without loss of generality. Note the left-right symmetry breaking scale and the heavy fermion masses should be large enough to escape from the experimental constraint. For example, the right-handed charged gauge boson should be heavier than a few TeV [70]. In the present work, we will take v_R ∼ M_{F1,2,3} = O(10^3 TeV) to give a numerical example.

The present model can accommodate a discrete parity symmetry to solve the strong CP problem without an axion [59, 71]. Furthermore, the neutral neutrinos can have a two-loop induced Dirac mass matrix proportional to the SM charged lepton mass matrix [72]. One can introduce more fermions or scalars to generate the desired neutrino masses and mixing.

C. Gauge fields

We can remove the kinetic mixing between the U(1)_X and U(1)_{B−L} gauge fields by making a non-unitary transformation [73],

B_μ = B̃_μ − ϵ √ 1 − ϵ^2

C̃_μ = B̃_μ − ξC̃_μ ,

C_μ = 1 √ 1 − ϵ^2

C̃_μ , (14)

and then define the orthogonal fields,

A_μ = W^3_{Lμ}s_W + (W^3_{Rμ}s_R + B̃_μc_R)c_W , (15a)

Z_{Lμ} = W^3_{Lμ}c_W − (W^3_{Rμ}s_R + B̃_μc_R)s_W , (15b)

Z_{Rμ} = W^3_{Rμ}c_R − B̃_μs_R , (15c)

Z_{Xμ} = C̃_μ , (15d)

with

s_R = sin θ_R , c_R = cos θ_R for t_R = tan θ_R = g_{B−L} g_R , s_W = sin θ_W , c_W = cos θ_W for

t_W = tan θ_W = g_{B−L}g_R/g √ g^2_{B−L} + g^2_R = g^′ g . (16)

Here g and g^′ are the SM gauge couplings with g ≃ 0.653 and g^′ ≃ 0.358 while θ_W is the Weinberg angle s^2_W ≃ 0.231. If a parity symmetry is imposed, we can determine the unknown gauge couplings g_R and g_{B−L} by

g_R = g ≃ 0.653 , g_{B−L} = gg^′ √ g^2 − g^{′2}

≃ 0.428 . (17)

Among the orthogonal fields (15), A is the massless photon γ, while Z_L, Z_R and Z_X have the mass terms as below, L ⊃ 1 2 m^2_{ZR} ( Z_{Rμ} + ξZ_{Xμ}s_R ) (Z^μ_R + ξZ^μ_X s_R) + 1 2 m^2_{ZL} ( Z_{Lμ} + Z_{Rμ}t_Rs_W + ξZ_{Xμ}t_Rs_W )

× (Z^μ_L + Z^μ_Rt_Rs_W + ξZ^μ_X t_Rs_W ) + 1 2 m^2_{ZX} Z_{Xμ}Z^μ_X

with m_{ZR} =^1_{2 cos θR} g_Rv_R ,

m_{ZL} =^1_{2 cos θW} gv_L ≃ 91 GeV ,

m_{ZX} =^{1√}_{1−ϵ2} g_X v_X .

(18)

In the following we will focus on the case that the orthogonal fields Z_R, Z_L and Z_X approximate to the mass eigenstates for m^2_{ZR} ≫ m^2_{ZL} ≫ m^2_{ZX} and ϵ ≪ 1. In this case, the quasi-mass-eigenstate Z_L is identified to the SM Z boson.

III. DARK GAUGE BOSON DECAY

The dark gauge filed C which is mostly the quasi-mass-eigenstate Z_X can couple to the SM fermions besides the dark fermions, L ⊃ − 1 6 ξg_{B−L}d̄γ^μdZ_{Xμ} − 1 6 ξg_{B−L}ūγ^μuZ_{Xμ} + 1 2 ξg_{B−L}ēγ^μeZ_{Xμ} + 1 2 ξg_{B−L}ν̄γ^μνZ_{Xμ} − 1 3 √ 1 − ϵ^2 g_Xχ̄γ^μχZ_{Xμ} . (19) Therefore, if the dark gauge boson Z_X is heavy enough, it can decay into the SM fermion pairs ff̄. For 2m_f < m_{ZX} < 2m_{χ1} , the decay width should be

Γ_{ZX} = ∑ f Γ_{ZX →f f̄}

≃ ∑ f N_c ϵ^2g^2_{B−L} 12π ( B − L 2 )_2 m_{ZX} ( 1 + m^2_f m^2_{ZX} )

× 1 − 4 m^{2f} m^2_{ZX} , (20)

where (N_c, B −L) = (3,^1_3 ) for a quark and (N_c, B −L) = (1, −1) for a lepton. We then find

τ_{ZX} ≃ ( 1.34 × 10^{−11} ϵ )_2 (

0.428 g_{B−L} )_2 ( 500 MeV m_{ZX} ) sec .(21)

So, the dark gauge boson Z_X with a mass m_{ZX} = 500 MeV can have a lifetime shorter than 1 second if we take ϵ > 1.34×10^{−11}. Currently, the measurement on the muon magnetic moment constrains ϵ^2c^2_Rc^2_W < 2 × 10^{−4} for m_{ZX} = 500 MeV [74].

IV. DARK MATTER RELIC DENSITY

The dark fermions χ_{1,2} can annihilate into the dark gauge field C and the dark Higgs field σ. The heavier dark fermion χ_2 can also annihilate into the lighter dark fermion χ_1. The relevant diagrams are shown in Fig. 1. If the annihilations freeze out before the U(1)_X symmetry breaking at the temperature T = O(⟨σ⟩), the

FIG. 1: The dark fermion annihilations. Here χ_{i,j} (i ≠ j) denotes the dark matter fermions, C is the U(1)_X gauge field, while σ is the Higgs scalar for breaking the U(1)_X symmetry.

annihilation cross sections should be dominated by σ_{χ1} = ⟨σ_{χ1χ̄1 →CC} v_{rel}⟩ + ⟨σ_{χ1χ̄1 →σσ̄} v_{rel}⟩ ≃ 13 5184π g^4_X m^2_{χ1}

, (22)

σ_{χ2} = ⟨σ_{χ2χ̄2 →CC} v_{rel}⟩ + ⟨σ_{χ2χ̄2 →σσ̄} v_{rel}⟩

+⟨σ_{χ2χ̄2 →χ1χ̄1} v_{rel}⟩ ≃ 13 5184π g^4_X m^2_{χ2} [ 1 + 4 13 ( 1 + m^2_{χ1} 2m^2_{χ2} ) √ 1 − m^2_{χ1} m^2_{χ2} ] . (23) Here v_{rel} is the relative velocity between the two annihilating particles in their center-of-mass frame.

As we will clarify later, the heavier dark fermion χ_2 has a very long lifetime and hence contributes to the dark matter relic density together with the lighter and stable dark fermion χ_1. The relic density of the dark fermion χ_i can be calculated by [75]

Ω_{χi +χ̄i} h^2 = Ω_{χi} h^2 + Ω_{χ̄i} h^2 =

1.07 × 10^9m_{χi} √ g_∗M_{Pl}σ_{χi} T_i(GeV)

,(24)

where M_{Pl} = 1.22 × 10^{19} GeV is the Planck mass, T_i is the freeze-out temperature determined by [75] m_{χi} T_i = ln(2 × 0.038 M_{Pl}m_{χi} σ_{χi} / √ g_∗) − 1 2 ln[ln(2 × 0.038 M_{Pl}m_{χi} σ_{χi} / √ g_∗)] , (25)

while g_∗ = g_∗(T_i) is the number of relativistic degrees of freedom. The dark fermions χ_{1,2} can dominate the dark matter relic density for a proper parameter choice. For example, we input

g_X = 0.592 , v_X = 845 MeV , m_{χ1} = 20 GeV , m_{χ2} = 262 GeV , g_∗(T_1) = 84 , g_∗(T_2) = 94 , (26) to obtain

σ_{χ1} ≃ 2.45 × 10^{−7} GeV^{−2} , T_1 ≃ m_{χ1} /25.3 , Ω_{χ1 +χ̄1} h^2 ≃ 0.001 , (27) and σ_{χ2} ≃ 1.87 × 10^{−9} GeV^{−2} , T_2 ≃ m_{χ2} /23.0 , Ω_{χ2 +χ̄2} h^2 ≃ 0.111 . (28)

The total dark matter relic density thus should be

Ω_{DM}h^2 = Ω_{χ1 +χ̄1} h^2 + Ω_{χ2 +χ̄2} h^2 ≃ 0.112 , (29)

which is well consistent with the observations [76]. In the above numerical estimation, the heavier dark fermion χ_2 rather than the lighter dark fermion χ_1 dominates the dark matter relic density, i.e.

Ω_{χ1 +χ̄1} h^2 Ω_{DM}h^2 ≃ 0.9% , Ω_{χ2 +χ̄2} h^2 Ω_{DM}h^2

≃ 99.1% , (30)

as a result of their hierarchial masses m^2_{χ2} ≫ m^2_{χ1} . Actually, it is easy to see

Ω_{χ1 +χ̄1} h^2 Ω_{DM}h^2

≤ 50% ≤

Ω_{χ2 +χ̄2} h^2 Ω_{DM}h^2 for m_{χ1} ≤ m_{χ2} . (31)

V. DARK MATTER DECAY

The dark matter fermions χ_{1,2} can couple to the U(1)_{B−L} and U(1)_X field strength tensors (B_{μν} , C_{μν} ) at one-loop level. We show the relevant diagrams in Fig. 2. For m_{χ1,2} ≪ M_{Ea} , M_δ, the effective interactions should

FIG. 2: The dark matter fermions χ_{i,j} couple to the U(1)_{B−L} and U(1)_X field strength tensors (B_{μν} , C_{μν} ) at one-loop level.

be

L ⊃ −λ_{ij}χ̄_{Li} σ^{μν} χ_{Rj} B_{μν} − κ_{ij}χ̄_{Li} σ^{μν} χ_{Rj} C_{μν} + H.c. = −λ_{ij}χ̄_{Li} σ^{μν} χ_{Rj} (A_{μν} c_W c_R − Z_{Lμν} s_W c_R −Z_{Rμν} s_R − ξZ_{Xμν} ) − 1 √ 1 − ϵ^2 κ_{ij}χ̄_{Li} σ^{μν} χ_{Rj} Z_{Xμν} +H.c. , (32)

where the couplings λ_{ij} and κ_{ij} are given by

λ_{ij} = g_{B−L} 32π^2

(f^†_L)_{ia}(f_R)_{aj} 1 M_{Ea} F_B ( M^2_δ M^2_{Ea} ) with

F_B (x) = 1 1 − x + x (1 − x)^2 ln x , (33) κ_{ij} = g_X 96π^2

(f^†_L)_{ia}(f_R)_{aj} 1 M_{Ea} F_C ( M^2_δ M^2_{Ea} ) with

F_C (x) = −

1 + x 2(1 − x)^2 − x (1 − x)^3 ln x . (34)

Therefore, the heavier dark matter fermion χ_2 can decay into the lighter dark matter fermion χ_1 and a gauge boson (γ, Z, Z_X or Z_R) as long as the kinematics is allowed. Provided that

m_{ZR} ≫ m_{χ2} − m_{χ1} > m_Z , m_{ZX} , (35)

we can obtain the decay widths,

Γ_{χ2 →χ1 γ} = Γ_{χ̄2→χ̄1 γ} ≃ c^2_Rc^2_W 2π |λ_{12}|^2m^3_{χ2} (1 − m^2_{χ1} /m^2_{χ2} )^3 , (36)

FIG. 3: The heavier dark matter fermion χ_j (χ̄_i) decays into the lighter dark matter fermion χ_i(χ̄_j ) and a charged lepton pair e^+_α e^−_β .

and

Γ_{χ2 →χ1 Z} = Γ_{χ̄2 →χ̄1 Z} ≃ c^2_Rs^2_W 2π |λ_{12}|^2m^3_{χ2} F_2 ( m^2_{χ1} m^2_{χ2} , m^2_Z m^2_{χ2} ) , Γ_{χ2 →χ1 ZX} = Γ_{χ̄2 →χ̄1 ZX} ≃ 1 2π |κ_{12}|^2m^3_{χ2} F_2 ( m^2_{χ1} m^2_{χ2} , m^2_{ZX} m^2_{χ2} ) with

F_2(x, y) = [ (1 − x)^2 − 1 2 y(1 + x + y) ]

× √ (1 − x − y)^2 − 4xy . (37)

In Fig. 3, we see the heavier dark matter fermion χ_2 can also decay into the lighter dark matter fermion χ_1 and a pair of the SM charged leptons e^+_α e^−_β at tree level. These three-body decay modes have the decay widths as below,

Γ_{χ2 →χ1 l}+_l− = Γ_{χ̄2 →χ̄1 l}+_l− = ∑ α,β Γ_{χ2 →χ1 e}+_{α e}−_β ≃ 1 2^9π^3

(R_{11}R_{22} + R_{11}L_{22} + R_{22}L_{11}

+L_{11}L_{22}) m^5_2 M^4_δ

F_3 ( m^2_{χ1} m^2_{χ2} ) , (38)

with R_{ii} = ( f^†_L v_R √ 2M_E y^{R†}_E y^R_E v_R √ 2M_E f_L ) ii ,

L_{ii} = ( f^†_R v_L √ 2M_E y^{L†}_E y^L_E v_L √ 2M_E f_R ) ii , (39) and F_3(x) = 1 12 (1 − 8x + 8x^3 − x^4) − x^2 ln x . (40)

The heavier dark matter fermion χ_2 can have a very long lifetime. For example, by inputting g_{B−L} = 0.428 , g_X = 0.592 , ϵ = 10^{−7} ,

f_L = f_R = diag √ √ 2m_e v_L , √ √ 2m_μ v_L , √ √ 2m_τ v_L ,

M_{E1,2,3} = 1 √ 2 v_R = 900 TeV , M_δ = 10^{16} GeV , m_{χ2} = 262 GeV , m_{χ1} = 20 GeV , (41)

we can obtain

Γ_{χ2→χ1 γ} = Γ_{χ̄2 →χ̄1 γ} = 5.03 × 10^{−53} GeV , Γ_{χ2 →χ1 Z} = Γ_{χ̄2 →χ̄1 Z} = 1.23 × 10^{−53} GeV , Γ_{χ2 →χ1 ZX} = Γ_{χ̄2 →χ̄1 ZX} = 2.22 × 10^{−57} GeV , Γ_{χ2 →χ1 l}+_l− = Γ_{χ̄2 →χ̄1 l}+_l− = 6.20 × 10^{−66} GeV , (42) and then

Br_{χ1 γ} = Br(χ_2 → χ_1γ) + Br(χ̄_2 → χ̄_1γ) = Γ_{χ2 →χ1 γ} + Γ_{χ̄2 →χ̄1 γ}

Γ_{χ2} + Γ_{χ̄2} ≃ 80.3% , τ_{χ2} = τ_{χ̄2} = 1 Γ_{χ2}

≃ 1.05 × 10^{28} sec , (43)

with Γ_{χ2} and Γ_{χ̄2} being the total decay width, Γ_{χ2} = Γ_{χ̄2} = Γ_{χ2 →χ1 γ} + Γ_{χ2 →χ1 Z} + Γ_{χ2→χ1 ZX} +Γ_{χ2→χ1 l}+_l− ≃ Γ_{χ2 →χ1 γ} + Γ_{χ2 →χ1 Z} = 6.26 × 10^{−53} GeV , (44)

Furthermore, the photons from the decays χ_2 → χ_1γ and χ̄_2 → χ̄_1γ have the determined energy

E_γ = m^2_{χ2} − m^2_{χ1} 2m_{χ2} ≃ 130 GeV . (45)

The gamma-ray flux from the dark matter decays χ_2 → χ_1γ and χ̄_2 → χ̄_1γ can be written as dΦ dEdΩ = Ω_{χ2 +χ̄2} h^2 Ω_{DM}h^2

Br_{χ1 γ} 4πm_{χ2} τ_{χ2} ∫ l.o.s dsρ[r(s, ψ)] dN dE , (46) where dN/dE is the differential gamma spectrum per dark matter decay with E being the gamma-ray energy, r(s, ψ) = (r^2_⊙ + s^2 − 2r_⊙s cos ψ)^{1/2} is the coordinate centered on the GC with s being the distance from the Sun along the line-of-sight (l.o.s), r_⊙ being the distance from the Sun to the GC and ψ being the angle between the direction of observation in the sky and the GC, ρ[r(s, ψ)] is the dark matter density profile. In Ref. [27], the authors have shown that the decay of a single-component dark matter fermion into a neutrino and a photon can explain the gamma-ray line in the Fermi-LAT data [27], i.e. dΦ dEdΩ = Br_{ν γ} 4πm_χτ_χ ∫ l.o.s dsρ[r(s, ψ)] dN dE . (47)

Here m_χ ≃ 2E_γ ≃ 260 GeV , (48) is the dark matter mass, τ_χ is the dark matter lifetime, Br_{νγ} is the branching ratio of the decay modes χ → νγ. By comparing Eqs. (45-46) and (47-48), we can take

m^2_{χ2} − m^2_{χ1} 2m_{χ2} = m_χ , Br_{χ1 γ} = Br_{νγ} ,

τ_{χ2} =

Ω_{χ2 +χ̄2} h^2 Ω_{DM}h^2 m_χ m_{χ2} τ_χ , (49)

to account for the fitting results [27]. For example, we can obtain the Fermi-LAT gamma-ray line by inputting m_{χ2} = 262 GeV , m_{χ1} = 20 GeV , Ω_{χ2 +χ̄2} h^2 Ω_{DM}h^2

= 99.1% , Br_{χ1 γ} = 80.3% ,

τ_{χ2} = 1.05 × 10^{28} sec . (50)

VI. DARK MATTER SCATTERING AND SELF-INTERACTION

As shown in Fig. 4, the dark matter fermions χ_{1,2} can scatter off the nucleon N through the kinetic mixing between the U(1)_X and U(1)_{B−L} gauge fields. The elastic

FIG. 4: The dark matter scattering χ_iN → χ_iN. Here χ_i and N denote the dark matter fermions and the ordinary nucleons while B and C are the U(1)_{B−L} and U(1)_X gauge fields. For simplicity, we don’t show the scattering χ̄_iN → χ̄_iN.

scattering cross section is computed by

σ_{χi N} = σ_{χi N→χi N} = σ_{χ̄i N→χ̄i N} ≃ ϵ^2g^2_X g^2_{B−L} 324π μ^2_r m^4_{ZX} = 3.9 × 10^{−45} cm^2 ( ϵ 10^{−7}

)_2 ( g_X 0.592

)_2

× (g_{B−L} 0.428

)_2 ( 500 MeV m_{ZX} )_4 ( μ_r 1 GeV

)_2 . (51)

Here we have defined the reduced mass,

μ_r = m_{χi} m_N m_{χi} + m_N ≃ m_N ≃ 1 GeV for m_{χi} ≫ m_N .(52)

Such scattering can be measured by the dark matter direct detection experiments. The event rate per unit time per nucleon should be

R_{χi} ≈ Ω_{χi +χ̄i} h^2 Ω_{DM}h^2 ρ_⊙ m_{χi} σ_{χi N} (53)

with ρ_⊙ being the local dark matter density. Currently, the measured experimental rate is given in the singlecomponent dark matter hypothesis, R_χ ≈ ρ_⊙ m_χ σ_{χN} (54)

where σ_{χN} denotes the cross section of a singlecomponent dark matter χ with the mass m_χ scattering off the nucleon N. The XENON10 and XENON100 experiments [77, 78] have stringently put an upper bound σ^{exp}_{χN} on the cross section σ_{χN} for a given mass m_χ. Therefore, we should constrain σ_{χi N} < Ω_{DM}h^2 Ω_{χi+χ̄i} h^2 σ^{exp}_{χN} . (55)

For a proper parameter choice such as

m_{χ1} = 20 GeV , m_{χ2} = 262 GeV , σ_{χ1 N} = σ_{χ2 N} = 3.9 × 10^{−45} cm^2 , Ω_{χ1+χ̄1} h^2 Ω_{DM}h^2 ≃ 0.9% , Ω_{χ2 +χ̄2} h^2 Ω_{DM}h^2

≃ 99.1% , (56)

the dark matter fermions χ_{1,2} can be verified by the ongoing and forthcoming dark matter direct detection experiments.

Furthermore, the dark matter fermions χ_{1,2} can have a self-interaction as shown in Fig. 5. For m_{χi} ≫ m_{ZX} , the self-interacting cross section should be

σ_{χi χi →χi χi} m_{χi} = σ_{χ̄iχ̄i →χ̄iχ̄i} m_{χi} ≃ g^4_X 628π m_{χi} m^4_{ZX} , σ_{χiχ̄i →χiχ̄i} m_{χi} ≃ g^4_X 324π m_{χi} m^4_{ZX} , (57)

from which we read σ_{χ1χ̄1 →χ1χ̄1} m_{χ1} ≃ 2 σ_{χ1χ1 →χ1 χ1} m_{χ1} = 2 σ_{χ̄1χ̄1 →χ̄1χ̄1} m_{χ1} ≃ 3.0 × 10^{−43} cm^3 ( g_X 0.592

)_4

× ( m_χ 1 20 GeV ) ( 500 MeV m_{ZX} )_4 , σ_{χ2χ̄2 →χ2χ̄2} m_{χ2} ≃ 2 σ_{χ2χ2 →χ2 χ2} m_{χ2} = 2 σ_{χ̄2χ̄2 →χ̄2χ̄2} m_{χ2} ≃ 3.9 × 10^{−42} cm^3 ( g_X 0.592

)_4

× ( m_χ 2 262 GeV ) ( 500 MeV m_{ZX} )_4 . (58)

For a single-component dark matter with the mass m, its self-interacting cross section σ has an upper bound σ/m < 4.4 × 10^{−42} cm^3 [79]. We hence should require

Ω_{χi} h^2 Ω_{DM}h^2 σ_{χi χi →χi χi} m_{χi} = Ω_{χi+χ̄i} h^2 2Ω_{DM}h^2 σ_{χi χi→χi χi} m_{χi} , Ω_{χ̄i} h^2 Ω_{DM}h^2 σ_{χ̄iχ̄i →χ̄iχ̄i} m_{χi} = Ω_{χi+χ̄i} h^2 2Ω_{DM}h^2 σ_{χ̄iχ̄i→χ̄iχ̄i} m_{χi} , Ω_{χi +χ̄i} h^2 Ω_{DM}h^2 σ_{χiχ̄i →χiχ̄i} m_{χi} < 4.4 × 10^{−42} cm^3 . (59)

Clearly, the parameter choice (58) can satisfy the limit (59) since we have^{Ωχi +χ̄i h} 2 Ω_{DM} h^2 < 1.

FIG. 5: The dark matter self-interactions χ_iχ_i → χ_iχ_i and χ_iχ̄_i → χ_iχ̄_i. Here χ_i denotes the dark matter fermions while C is the U(1)_X gauge filed. For simplicity, we don’t show the processes χ̄_iχ̄_i → χ̄_iχ̄_i.

VII. SUMMARY

It was suggested that the 130 GeV gamma-ray line hinted by the Fermi-LAT data could be understood by the dark matter annihilation or decay into monochromatic photons. We hence propose a multi-component dark matter model, where a heavier dark matter fermion mostly decays into a lighter dark matter fermion and a photon, to explain the Fermi-LAT gamma-ray line. In our model, the neutral dark matter fermions have a highly suppressed magnetic moment at one-loop level because of their Yukawa couplings to a charged scalar and three non-SM leptons. The new scalar besides the dark matter fermions is gauged by a U(1)_X symmetry which will be spontaneously broken below the GeV scale. As for the non-SM leptons, they play an essential role for generating the SM lepton masses in the SU(3)_c × SU(2)_L × SU(2)_R × U(1)_{B−L} left-right symmetric models for the universal seesaw scenario where the strong CP problem can be solved without an axion. The dark matter fermions can obtain a thermally produced relic density through their annihilations into the U(1)_X gauge and Higgs fields. The kinetic mixing between the U(1)_X and U(1)_{B−L} gauge fields can result in a testable dark matter scattering.

[1] T. Bringmann, X. Huang, A. Ibarra, S. Vogl, and C.

Weniger, JCAP 1207, 054 (2012). [2] C. Weniger, JCAP 1208, 007 (2012).

[3] E. Tempel, A. Hektor, and M. Raidal, JCAP 1209, 032

(2012).

[4] A. Geringer-Sameth and S.M. Koushiappas, Phys. Rev.

D 86, 021302(R) (2012).

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

[6] Y. Li and Q. Yuan, Phys. Lett. B 715, 35 (2012). [7] T. Cohen, M. Lisanti, T.R. Slatyer, and J.G. Wacker,

arXiv:1207.0800 [hep-ph].

[8] I. Cholis, M. Tavakoli, and P. Ullio, Phys. Rev. D 86,

083525 (2012).

[9] R.Z. Yang, Q. Yuan, L. Feng, Y.Z. Fan, and J. Chang,

Phys. Lett. B 715, 285 (2012).

[10] A. Hektor, M. Raidal, and E. Tempel, arXiv:1207.4466

[astro-ph.HE]; arXiv:1209.4548 [astro-ph.HE]. [11] D.P. Finkbeiner, M. Su, and C. Weniger, arXiv:1209.4562

[astro-ph.HE].

[12] L. Bergström, G. Bertone, J. Conrad, C. Farnier, and C.

Weniger, arXiv:1207.6773 [hep-ph].

[13] X. Huang, Q. Yuan, P.F. Yin, X.J. Bi, and X. Chen,

JCAP 1211, 048 (2012).

[14] D. Hooper and T. Linden, arXiv:1208.0828 [hep-ph]. [15] D. Whiteson, JCAP 1211, 008 (2012).

[16] A. Hektor, M. Raidal, and E. Tempel, arXiv:1209.4548 [astro-ph.HE].

[17] E. Dudas, Y. Mambrini, S. Pokorski, and A. Romagnoni, arXiv:1205.1520 [hep-ph].

[18] J.M. Cline, arXiv:1205.2688 [hep-ph]. [19] K.Y. Choi and O. Seto, arXiv:1205.3276 [hep-ph]. [20] A. Rajaraman, T.M.P. Tait, and D. Whiteson, JCAP 1209, 003 (2012).

[21] B. Kyae and J.C. Park, Phys. Lett. B 718, 1425 (2013). [22] H.M. Lee, M. Park, and W.I. Park, arXiv:1205.4675 [hepph].

[23] M.R. Buckley, D. Hooper, arXiv:1205.6811 [hep-ph]. [24] X. Chu, T. Hambye, T. Scarna, and M.H.G. Tytgat, arXiv:1206.2279 [hep-ph].

[25] D. Das, U. Ellwanger, and P. Mitropoulos, arXiv:1206.2639 [hep-ph].

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

[27] W. Buchmüller and M. Garny, arXiv:1206.7056 [hep-ph]. [28] J.C. Park and S.C. Park, arXiv:1207.4981 [hep-ph]. [29] M.T. Frandsen, U. Haisch, F. Kahlhoefer, P. Mertsch, and K. Schmidt-Hoberg, JCAP 1210, 033 (2012).

[30] S. Tulin, H.B. Yu, and K.M. Zurek, arXiv:1208.0009 [hep-ph].

[31] J.M. Cline, A.R. Frey, and G.D. Moore, arXiv:1208.2685 [hep-ph].

[32] Y. Bai and J. Shelton, arXiv:1208.4100 [hep-ph]. [33] M. Kuhlen, J. Guedes, A. Pillepich, P. Madau, and L.

Mayer, arXiv:1208.4844 [astro-ph.GA].

[34] R. Laha, K.C.Y. Ng, B. Dasgupta, and S. Horiuchi, arXiv:1208.5488 [astro-ph.CO].

[35] L. Bergström, arXiv:1208.6082 [hep-ph]. [36] L. Wang and X.F. Han, arXiv:1209.0376 [hep-ph]. [37] J. Fan and M. Reece, arXiv:1209.1097 [hep-ph]. [38] N. Weiner and I. Yavin, arXiv:1209.1093 [hep-ph]. [39] H.M. Lee, M. Park, and W.I. Park, arXiv:1209.1955 [hepph].

[40] B. Shakya, arXiv:1209.2427 [hep-ph].

[41] S. Baek, P. Ko, and E. Senaha, arXiv:1209.1685 [hep-ph]. [42] M. Cvetič, J. Halverson, and H. Piragua, arXiv:1210.5245 [hep-ph].

[43] F. D’Eramo, M. McCullough, and J. Thaler, arXiv:1210.7817 [hep-ph].

[44] K. Schmidt-Hoberg, F. Staub, and M.W. Winkler arXiv:1211.2835 [hep-ph].

[45] Y. Farzan and A. Rezaei Akbarieh, arXiv:1211.4685 [hepph].

[46] G. Chalons, M.J. Dolan, and C. McCabe, arXiv:1211.5154 [hep-ph].

[47] A. Rajaraman, T.M.P. Tait, and A.M. Wijangco, arXiv:1211.7061 [hep-ph].

[48] Y. Bai, M. Su, and Y. Zhao, arXiv:1212.0864 [hep-ph]. [49] Y. Zhang, arXiv:1212.2730 [hep-ph].

[50] Y. Bai, V. Barger, L.L. Everett, and G. Shaughnessy, arXiv:1212.5604 [hep-ph].

[51] H.M. Lee, M. Park, and V. Sanz, arXiv:1212.5647 [hepph].

[52] J. Kopp, E.T. Neil, R. Primulando, and J. Zupan, arXiv:1301.1683 [hep-ph].

[53] A. Biswas, D. Majumdar, A. Sil, and P. Bhattacharjee, arXiv:1301.3668 [hep-ph].

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

D 85, 023519 (2012).

[55] J.C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974);

R.N. Mohapatra and J.C. Pati, ibid. 11, 566 (1975); R.N. Mohapatra and J.C. Pati, ibid. 11, 2558 (1975); R.N. Mohapatra and G. Senjanović, ibid. 12, 1502 (1975).

[56] Z.G. Berezhiani, Phys. Lett. B 129, 99 (1983); D. Chang and R.N. Mohapatra, Phys. Rev. Lett. 58, 1600 (1987); S. Rajpoot, Phys. Lett. B 191, 122 (1987); A. Davidson and K.C. Wali, Phys. Rev. Lett. 59, 393 (1987).

[57] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida, in Proceedings of the Workshop on Unified Theory and the Baryon Number of the Universe, edited by O. Sawada and A. Sugamoto (KEK, Tsukuba, 1979), p. 95; M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity, edited by F. van Nieuwenhuizen and D. Freedman (North Holland, Amsterdam, 1979), p. 315; S.L. Glashow, in Quarks and Leptons, edited by M. Lévy et al. (Plenum, New York, 1980), p. 707; R.N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44, 912 (1980).

[58] M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980);

J. Schechter and J.W.F. Valle, Phys. Rev. D 22, 2227 (1980); T.P. Cheng and L.F. Li, Phys. Rev. D 22, 2860 (1980); G. Lazarides, Q. Shafi, and C. Wetterich, Nucl. Phys. B 181, 287 (1981); R.N. Mohapatra and G. Senjanović, Phys. Rev. D 23, 165 (1981).

[59] K.S. Babu and R.N. Mohapatra, Phys. Rev. Lett. 62, 1079 (1989).

[60] Z.G. Berezhiani and M.Yu. Khlopov, Z. Phys. C 49, 73 (1991).

[61] C. Boehm, P. Fayet, and J. Silk, Phys. Rev. D 69, 101302 (2004).

[62] E. Ma, Annales Fond. Broglie 31, 285 (2006). [63] P.H. Gu, Phys. Lett. B 661, 290 (2008).

[64] T. Hur, H.S. Lee, and S. Nasri, Phys. Rev. D 77, 015008 (2007).

[65] Q.H. Cao, E. Ma, J. Wudka, and C.P. Yuan, arXiv:0711.3881 [hep-ph].

[66] T. Hambye, JHEP 0901, 028 (2009).

[67] P.H. Gu, H.J. He, U. Sarkar, and X. Zhang, Phys. Rev.

D 80, 053004 (2009).

[68] M. Aoki, M. Duerr, J. Kubo, and H. Takano, arXiv:1207.3318 [hep-ph].

[69] J. Heeck and H. Zhang, arXiv:1211.0538 [hep-ph]. [70] Y. Zhang, H. An, X. Ji, and R.N. Mohapatra, Nucl. Phys.

B 802, 247 (2008).

[71] S.M. Barr, D. Chang, and G. Senjanović, Phys. Rev.

Lett. 67, 2765 (1991); L. Lavoura, Phys. Lett. B 400, 152 (1997).

[72] R.N. Mohapatra, Phys. Lett. B 210, 517 (1988); K.S.

Babu and X.G. He, Mod. Phys. Lett. A 4, 61 (1989). [73] R. Foot and X.G. He, Phys. Lett. B 267, 509 (1991). [74] M. Pospelov, Phys. Rev. D 80, 095002 (2009). [75] E.W. Kolb and M.S. Turner, The Early Universe, Addison-Wesley, 1990.

[76] D. Larson et al., Astrophys. J. Suppl. 192, 16 (2011). [77] J. Angle et al., (XENON10 Collaboration), Phys. Rev.

Lett. 107, 051301 (2011).

[78] J. Aprile et al., (XENON100 Collaboration), arXiv:1207.5988 [astro-ph.CO].

[79] S.W. Randall, M. Markevitch, D. Clowe, A.H. Gonzalez, and M. Bradac, arXiv:0704.0261 [astro-ph].