arXiv:0908.0152v1 [hep-ph] 3 Aug 2009

SNUTP 09-010

Decaying dark matter with heavy axino

Ji-Haeng Huh and Jihn E. Kim Department of Physics and Astronomy and Center for Theoretical Physics, Seoul National University, Seoul 151-747, Korea

A TeV scale decaying dark matter chiral multiplet N is introduced in addition to the minimal supersymmetric standard model(MSSM). For a calculable abundance of N, we introduce heavy axino decaying to N and MSSM particles including the lightest supersymmetric particle(LSP). In the scenario that heavy axino, once dominating the energy density of the universe, decays after the LSP decouples, it is possible to estimate the relative cosmic abundances of N and the LSP. Dimension 6 interactions allow the lifetime of the fermionic or the bosonic superpartner of N in the 10^{27} s range to be compatible with the recent astrophysical bounds. A diagrammatic strategy obtaining a suppression factor 1/M^2 is also given.

PACS numbers: 14.80.Mz, 12.60.Jv, 95.35.+d Keywords: Decaying dark matter, Axino, Cosmic-ray e^±

I. INTRODUCTION

Recent observations of high energy galactic positrons, electrons, antiprotons, and gamma rays attracted a great deal of attention on dark matter(DM) scenarios. If TeV scale decaying DM(DDM) decays at the present epoch to produce these high energy particles, it needs a very long lifetime (of order 10^{27} s) so that its decay is within the allowed limits of experimental observations. On the theoretical side, the standard model(SM) has been extended to the MSSM, mainly to solve the gauge hierarchy problem. This supersymmetric(SUSY) extension has found another bonuses: the existence of the LSP χ as a cold DM candidate and the gauge coupling unification around (2 − 3) × 10^{16} GeV. In Ref. [1], a further extension of the MSSM by an additional DM component N (called N_{DM}MSSM) to produce enough high energy positrons was suggested together with charged SM singlets E^± to explain PAMELA’s excess positrons [2] from N + χ annihilation. Interestingly, grand unified theories(GUTs) allowing charged SM singlets E^± are possible in the flipped SU(5) GUT [3], which has an ultraviolet completion in the heterotic string [4].

Later last year, the ATIC data raised the DM scale up to TeV [5], and the genie for TeV scale DDM has been let free. With TeV DDM N, the charged singlet E^± of Ref. [1] may or may not be needed below the mass scale m_N but N_{DM}MSSM can still be considered. However, the recent Fermi LAT data is in conflict with the ATIC data of several hundred GeV electrons [6]. Even though the TeV scale cosmic-ray(CR) electrons are explained by the known astrophysical backgrounds, PAMELA’s CR positron excess at the 10–80 GeV range may need another contribution beyond the known backgrounds [7]. On the other hand, PAMELA’s low antiproton flux [8] has been generally regarded as a difficulty of DDM scenario [1, 9]. Note however that the old background estimates of the H.E.S.S. data [10] had large systematic uncertainties. For example, Ref. [11] considered these uncertainties to allow a leptonic background smaller by a factor 0.85 of the old background value. If one applies this argument to antiproton flux also, one can allow some antiprotons from DDM decay. Interestingly, PAMELA’s CR antiproton flux above 10 GeV has the same shape as the old background estimate, which may be interpreted as “the old estimate in fact contained extra antiprotons”. This new explanation of the old antiproton background allows a room for antiproton injection to the galaxic DM soup from DDM decay. So, models producing some antiprotons in addition to positrons need not be ruled out from the outset.

With this new perspective, now it is very interesting to consider the TeV scale DDM possibility, even allowing some antiproton flux from the DDM decay though we will skip the discussion of the antiproton flux in this paper. In this spirit, we consider the TeV scale DDM possibility by the simplest extension of the MSSM with just one chiral multiplet N at the next mass level beyond the MSSM, which is an N_{DM}MSSM model [1]. The supermultiplet N contains the bosonic partner Ñ and the fermionic partner N.^1 The chiral field N becomes a two-component massive Majorana fermion at the true vacuum. The LSP χ is assumed to be stable with the unbroken R-parity and may constitute a dominant portion of galactic DM. Then, the TeV scale DDM N can decay to MSSM particles. The needed range of the N lifetime with the stable LSP χ is ∼ (m_N /m_χ)10^{26} s.^2 The number density of the N chiral multiplet is completely unknown at this point. But, if

1 Without confusion, we use the same notation N for the supermultiplet and its fermionic partner.

2 The lifetime as a function of m_N /m_χ for two DM components can be gleaned from [12].

some heavier particle X̃ dominates the energy density of the universe and decays to both N and χ below the LSP decoupling temperature, it is possible to estimate the relative abundances of N and χ. We explore this possibility, interpreting X̃ as the axino [13].

The axion has the anomalous coupling to gluons. So, the heavy axino enables us to estimate the relative abundances of N and χ through the anomalous coupling and a superpotential term, ∫ d^2ϑ ( 1 4M^′ NNXX − c_gα_g 4 √ 2π ϑ_g W_gW_g ) (1) where c_g are coefficients of O(1), α_g are the gauge couplings, and ϑ_g s are the vacuum angle terms. ϑ_3 defines the axion: c_3ϑ_3 = X/F_a [14]. The relevant axino decay Lagrangian [15] is (⟨X⟩/M^′)NÑã + (α_3/4 √ 2πF_a)G̃σ^{μν} G_{μν}ã where G̃ is the gluino and G^{μν} is the gluon field strength. Here, we neglect the coupling ϕ_uϕ_dXX/4M^′, assuming that the LSP is predominantly bino. One gluino will produce one LSP in the end, and hence we expect the following N and χ ratio from the axino decay, in the limit m_N ≫ m_χ,

Number of N Number of χ ≃ 2 ( 32π^2 α^2_3 ) ( ⟨X⟩ M^′ )_2 . (2)

To obtain this ratio at the level of ∼ m_χ/m_N ∼ 10^{−2} and F_a ∼ 4 × 10^{11} GeV, we need M^′ ∼ 2 × 10^{15} GeV which falls in a broad GUT scale with our notation of M_{GUT}∼ 10^{15} − 5 × 10^{16} GeV.

II. MODELS

In addition to the MSSM symmetries we introduce the R-parity and the Peccei-Quinn(PQ) symmetry U(1)_Γ. In addition, we also introduce matter parity P . The attractive feature of the PQ symmetry is that it solves the strong CP problem, the resulting invisible axion may constitute a cold DM component, and its breaking scale is narrowed down to a window^3 10^9 ≤ F_a ≤ 10^{12} GeV [14] so that our estimate of the N lifetime is more or less predictive.

The simplest 1/M^2 suppression results with four external fields which however cannot be expressed as a superpotential term. This interaction includes a derivative coupling. An example of the derivative interaction with four external lines is given in Fig. 1(a) with the coupling e^c_I EN of Ref. [1]. The Weyl field propagator for one direction arrow is ik/_E /(k^2_E − m^2_E ) and Fig. 1(a) gives a dimension 6 operator with one derivative multiplied by 1/m^2_E. In contrast, two colliding Weyl fields gives a

3 But, note that there exists the possibility that F_a can be larger than 10^{12} GeV for a small initial misalignment angle [16].

(a)

(b)

FIG. 1: Possible operators for N decay suppressed with a super-heavy mass 1/M^2: (a) The propagator with one arrow accompanies a momentum in the numerators of the propagator, and (b) A diagram with the A-term, both with the effective 1/M^2 suppression.

Majorana mass m_n in the numerator of a propagator as im_n/(k^2 − m^2_n). For Fig. 1(a), we have an operator for N decay, i.e. the interaction Lagrangian becomes

f_I f^∗_J e^c_J ik/_E k^2_E − m^2_E NÑ^∗ẽ^c_I → Ñ ∗ M^2

(e^c_J ∂/)Nẽ^c_I (3)

where the super-heavy mass is M^2 = m^2_E /f_I f^∗_J . By the interaction (3), Ñ (or N) decays to N (or Ñ) if Ñ (N) is heavier than N (Ñ). The dimension 6 interaction can also arise with five external lines expressible as (f_{αβγ} /M^2)ϕ_{α,boson}ϕ_{β,boson}ϕ_{γ,fermion}Ñ_{boson}N_{fermion}, where M is at a GUT scale, and ϕ_α, ϕ_β and ϕ_γ are the MSSM chiral fields. For this interaction, a quintic superpotential can be written as ∼^1_{M 2} N^2W_{MSSM} where W_{MSSM} is the dimension 3 superpotential.

A simpler form compared to (3) can be taken as A M^2_{IJ} Ñ^∗ec_J Nẽ^c_I + h.c. (4)

If Ñ of Eq. (3) develops a vacuum expectation value(VEV) V , then we obtain the form (4) with A = m_J and ⟨Ñ^∗⟩ = V^∗. In fact, there exists a diagram, leading to Eq. (4) with the A-term insertion, as shown in Fig. 1(b). The importance of this diagram depends on how SUSY is broken, and it is probably more important than Fig. 1(a) in the gravity mediation scenario. We find two more diagrams comparable to but not exceeding Fig. 1(b): one type with m_N /A times Fig. 1(b) and the other with the insertion of the B-term Bm_EẼ^cẼ. In this paper, we study the form (4) for a concrete discussion.

N n X1 X2 Σ E E^c ℓI e^c_I ϕu ϕ_d R + + + + + − − − − + +

Y 0 0 0 0 0 −1 +1 −^1_2 +1 +^1_2 −^1_2

Γ +1 0 −1 +1 +2 0 0 0, −1, −1 1, 1, 1 +2 0

P − − + + + − − +, +, + +, +, + + +

TABLE I: Color singlet chiral fields and their quantum numbers.

Let us introduce X_{1,2} to break the PQ symmetry [17] by their VEVs. Axino is predominantly X̃, a combination of X̃_1 and X̃_2. The U(1)_Γ−SU(3)_{color}−SU(3)_{color} anomaly(ΓCC anomaly) is present either by the heavy quark(s) and/or the SM quark(s). The quantum numbers (the R-parity, the hypercharge Y , the PQ charge Γ, and the matter parity P ) of the needed fields are listed in Table I, including the Higgs doublet pair ϕ_u and ϕ_d. The coupling f^′NnX_1 gives the first term of Eq. (1) with M^′ = m_n/f^{′2}. The lightest among E_α is called E which has a huge mass splitting from the other E_αs, but here E is still treated as super-heavy toward a DDM scenario, unlike in Ref. [1]. Γs could be assigned such that families are not distinguishable, nevertheless in Table I we devised a scheme toward a much smaller electron mass compared to the muon and tau masses.

Toward the μ term generation à la Giudice and Masiero [18], we also listed Σ in Table I for the Kähler potential term Σ^∗ϕ_uϕ_d/M_P . The following renormalizable superpotential is consistent with the symmetries of Table I, for I = e, μ, τ and α = 1, 2, 3,

W = f_{Iα}Ne_I E^c_α + m^α_E E_αE^c_α + 1 2 m_nn^2 + λX^2_1 Σ (5)

where the first term is the coupling considered in [1].

Lifetime of N — The TeV scale sector contains fields Ñ, N, saxion s and axino ã, whose mass hierarchy is assumed to be

m_χ ≪ m_N , m_Ñ < m_s, m_{3/2}, m_ã, (6)

where m_{3/2} is the gravitino mass, and we use the following VEV of Ñ and the suppression mass, ⟨Ñ⟩ ≃ V, M^2_{IJ} = | | | m^2_E f_I f^∗_J | | | . (7)

We distinguish the three cases for the interaction (4) according to the masses of the N supermultiplet and the VEV of Ñ. The discussion on how Ñ develops a VEV or not is outside the scope of this paper, and below we will simply choose the cases of V = 0 or V ≠ 0 toward a phenomenological study.

Case (a): m_N > m_Ñ , V = 0: The matter parity P is unbroken and Ñ is a stable particle. If gravitino is lighter than the N multiplet, N can decay to gravitino with the amplitude suppressed by one power of the Planck mass. So, we forbid this by the hierarchy, (6). By interaction (4), N decays to Ñ^∗ + e^c_I + ẽ^{c∗}_J , and to their charge conjugated states. So, we estimate the decay width of N as Γ =^{A2 m3N}

2^7 π^3M^4

∫_{ξmax} 0 dξ { −^1_2 A^2_{max} +^1_2 A^2_{min}

+^2_3 (1 − √ ξ + x)[A^{3/2}_{max} − A^{3/2}_{min}] } , A_{max}(ξ) = [ 1 + y + √ ξ +^{−1+x2 −y−} √ ξ 1− √ ξ+x+ √ ξ ] A_{min}(ξ) = [ 1 + y − √ ξ +^{−1+x2 −y+} √ ξ 1− √ ξ+x− √ ξ ] ξ_{max} =^1_4 +^x_2 − 2y + (^x_2 − y)^2

(8)

where x = m^2_Ñ /m^2_N , y = m^2_{τ̃} /m^2_N and we take a real A which is of order m_{3/2}. In the limit of x → 0 and y → 0, we obtain Γ = 11A^2m^3_N /34560 √ 2π^3M^4. For Eq. (8) to give an order of (15/7) × 10^{26}(m_N /m_χ) s (a factor 15/7 because only the fermion of the N multiplet decays) for m_χ = 100 GeV and A = 10 TeV, we need a relation, M ∼ 0.70 × 10^{15}(m_N / TeV) GeV.

Case (b) m_Ñ > m_N , V = 0: The matter parity P is unbroken and N is a stable particle. The Ñ decay to gravitino is forbidden by the hierarchy, (6). By interaction (4), Ñ decays to N + e^c_I + ẽ^{c∗}_J , and to their charge conjugated states. So, we estimate the decay width of Ñ as Γ =^{A2m3Ñ}

2^5π^3 M^4

∫_{ηmax} 0 dη ∫_{ζmax}

ζ_{min} dζ 1− √_{x̃+η2 −}√_{ỹ+ζ2} √_{x̃+η2}√_{ỹ+ζ2} ×( √ x̃ + η^2ηζ −^1_2 ζ + η^2 + ηζ − η^2ζ),

ζ_{max}(η) =^1_2 (1 − √ x̃ + η^2 + η) −^ỹ_{1−}√_{x̃+η2+η}

ζ_{min}(η) = | | |^1_2 (1 − √ x̃ + η^2 − η) −^ỹ_{1−}√_{x̃+η2 −η} | | | η_{max} =^1_4 +^{x̃}_2 − 2ỹ + (^{x̃}_2 − ỹ)^2

(9)

where x̃ = m^2_N /m^2_Ñ and ỹ = m^2_{τ̃} /m^2_Ñ . For Eq. (9) to give an order of 2 × (15/8) × 10^{26}(m_Ñ /m_χ) s (another factor 2 for both Ñ and Ñ^∗ decays), we need M ∼ 10^{15}(m_Ñ / TeV) GeV for x̃ → 0, ỹ → 0 and m_χ = 100 GeV and A = 10 TeV.

Case (c) m_Ñ > m_N , V ≠ 0: This is the simplest case. The matter parity P is broken by the VEV V . Since we introduced only one global symmetry U(1)_Γ, the EW scale VEV of the PQ charge carrying field Ñ does not lead to any other Goldstone boson in addition to the one already introduced at the scale F_a. The lightest P odd particle N decays to the MSSM particles. DDM is the fermion N which can decay by the interaction (4): N^c(= N) → e^c_I + ẽ^{c∗}_J , and to their charge conjugated states. So, we estimate the decay width as

Γ(N → e^c_Iẽ^{c∗}_J , e^c_Iẽ^c_J ) ≃

V^2A^2m_N 16πM^4

(1 − m^2_{ẽJ} /m^2_N )^2, (10)

FIG. 2: The best fits of DDM masses to CR electrons and positrons. Two dandelion solid-lines (the dashed lines in the inset) are the e^± backgrounds (ratio r = e^+/(e^+ + e^−)) accounting the galactic propagation through the GAL- PROP package [19], with the electron injection spectrum γ0 = 2.42(the thin lines) and 2.54(the thick lines). Propagation of excess e^± from the DDM decay is also calculated by the GALPROP code. The solar modulation potential relevant near the GeV region is Φ = 500 MV. The data points are from the CAPRICE(lavender) [20], the AMS(orchid) [25], the HEAT(blue square) [21, 22], the PAMELAe^± ratio(midnightblue dots) in the inset [2], the calculated PAMELAe^± with γ0 = 2.54(midnightblue circles), PPB-BETS(tan dots) [23, 24], ATIC(gray dots) [5], and the Fermi LAT(red dots) [6]. The fit assumes feα = 3fμα = 3fτ α in Eq. (5).

which becomes 3×10^{−23}s^{−1}(10^{15} GeV/M)^4(V/100 GeV)^2 ·(A/10 TeV)^2(m_N / TeV), where we neglected the slepton mass. To give an order of 10^{26}(m_N /m_χ) s, we need a relation M ∼ 0.74 × 10^{16} GeV(m_N V/ TeV^2)^{1/2} for m_χ = 100 GeV.

III. FITTING TO CR ELECTRONS

In Fig. 2, we present the best fit DDM masses with the fixed m_χ = 100 GeV for Cases (a, b, c). Local electron sources from the nearby supernovae remnants are included as backgrounds. The PAMELA data does not give an independent flux for (e^+ + e^−), and hence we calculate the total flux from the ratio, r = e^+/(e^+ + e^−), using the calculated background estimates of the solid and dashed dandelion curves [19]. The upper magenta dots above the dashed lines in the inset go to the upper magenta circles above the solid lines. The production rates of e^± from the DDM decay are calculated using the isothermal profile and γ_0 = 2.54. The galactic propagation of these CR e^± (from the DDM decay and the local sources) to Earth is estimated using the CR propagation package GALPROP [19]. The parameters of the fitted curves are as shown in the figure. For example, Case (c) is the magenta line with m_N = 2 TeV, V = 100 GeV and m_{ℓ̃} = 0.2 TeV with the couplings f_{eα} = 0 and f_{μα} = f_{τ α}.

IV. CONCLUSION

We introduced an N_{DM}MSSM with a TeV scale chiral multiplet DDM N at the next higher mass level beyond the MSSM particles. From this new super-multiplet N, N in Case (a, c) (Ñ in Case (b)) decays to the MSSM particles [plus Ñ in Case (a) (N in Case (b))] by dimension 6 operators, allowing the DDM lifetime in the 10^{26}(m_N /m_χ) s range. The heavy axino, decaying to both N and χ below the χ decoupling temperature, enables us to estimate the relative abundances of N and χ. An interesting aspect of this axino decay scenario is that the suppression mass scales considered in Eqs. (1,8,9,10) fall in the general GUT scale M_{GUT}.

Acknowledgments

We thank Bumseok Kyae for helpful discussions. This work is supported by the Korea Research Foundation, Grant No. KRF-2005-084-C00001.

[1] J.-H. Huh, J. E. Kim and B. Kyae, Phys. Rev. D79 (2009) 063529, arXiv:0809.2601 [hep-ph]; K. J. Bae, J.- H. Huh, J. E. Kim, B. Kyae, and R. D. Viollier, Nucl. Phys. B817 (2009) 58, arXiv: 0812.3511 [hep-ph].

[2] O. Adriani et al. [PAMELA Collaboration], Nature 458 (2009) 607, arXiv: 0810.4994 [astro-ph].

[3] S. M. Barr, Phys. Lett. B112 (1982) 219; J.-P.

Derendinger, J. E. Kim and D. V. Nanopoulos, Phys. Lett. B139 (1984) 170.

[4] I. Antoniadis, J. R. Ellis, J. S. Hagelin, and D. V.

Nanopoulos, Phys. Lett. B208 (1988) 209 and Phys. Lett. B231 (1989) 65; J. E. Kim and B. Kyae, Nucl. Phys. B770 (2007) 47 [hep-th/0608086] and Phys. Rev. D77 (2008) 106008, arXiv: 0712.1596 [hep-th].

[5] J. Chang et al.(ATIC Collaboration), Nature 456 (2008) 362.

[6] A. A. Abdo et al. [Fermi LAT Collaboration], Astrophys.

J. 697 (2009) 1071, arXiv: 0902.1089 [astro-ph.IM];

Phys. Rev. Lett. 102 (2009) 181101, arXiv: 0905.0025 [astro-ph.HE].

[7] S. Profumo, Talk presented at SUSY 2009, Boston, MA, 5–10 June 2009.

[8] O. Adriani et al. [PAMELA Collaboration], Phys. Rev.

Lett. 102 (2009) 051101, arXiv: 0810.4995 [astro-ph]. [9] See, for example, P. Gondolo, Summary talk of IDM08, AltaNova, Stockholm, Sweden, Aug. 22, 2008; M. Cirelli, M. Kadastik, M. Raidal, and A. Strumia, Nucl. Phys. B813 (2009) 1, arXiv: 0809.2409 [hep-ph].

[10] F. Aharonian et al. [H.E.S.S. Collaboration], Phys. Rev.

Lett. 101 (2008) 261104, arXiv: 0811.3894 [astro-ph]; H. E. S. Aharonian, arXiv: 0905.0105 [astro-ph.HE].

[11] L. Bergström, J. Edsjö and G. Zaharijas, arXiv:

0905.0333 [astro-ph.HE].

[12] B. Kyae, JCAP 0907 (2009) 028, arXiv: 0902.0071 [hepph]; K. J. Bae and B. Kyae, JHEP 0905 (2009) 102, arXiv: 0902.3578 [hep-ph].

[13] K.-Y. Choi, J. E. Kim, H. M. Lee, and O. Seto, Phys.

Rev. D77 (2009) 123501, arXiv: 0801.0491 [hep-ph]. [14] For a review, see, J. E. Kim and G. Carosi, arXiv:

0807.3125 [hep-ph].

[15] For a review, see, L. Covi and J. E. Kim, arXiv:

0902.0769 [astro-ph.CO].

[16] K. J. Bae, J.-H. Huh and J. E. Kim, JCAP 009 (2008) 005, arXiv: 0806.0497 [hep-ph].

[17] J. E. Kim, Phys. Lett. B136 (1984) 378.

[18] G. Giudice and A. Masiero, Phys. Lett. B206 (1988) 480. [19] I. Moskalenko and A. Strong, Adv. Space Res. 27 (2001) 767; http://galprop.stanford.edu.

[20] M. Boezio et al. (CAPRICE Collaboration), Astrophys.

J. 532 (2000) 653.

[21] S. W. Barwick et al. (HEAT Collaboration), Astrophys.

J. 482 (1997) L191.

[22] M. A. DuVernois et al. (HEAT Collaboration), Astrophys. J. 559 (2001) 296. Astrophys. J. 559, 296 (2001).

[23] S. Torii et al. (PPB-BETS Collaboration), arXiv:

0809.0760 [astro-ph].

[24] S. Torii et al. (BETS Collaboration), Astrophys. J. 559 (2001) 973.

[25] M. Aguilar et al. (AMS Collaboration), Phys. Rep. 366 (2002) 331 [Erratum: Phys. Rep. 380 (2003) 97].