arXiv:0905.2801v3 [hep-ph] 7 Oct 2009

The PAMELA and Fermi signals from long-lived Kaluza-Klein dark matter

Nobuchika Okada and Toshifumi Yamada

Institute of Particle and Nuclear Studies,

High Energy Accelerator Research Organization (KEK) and Department of Particles and Nuclear Physics,

The Graduate University for Advanced Studies (SOKENDAI),

1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan

Abstract

We propose a simple extension of the minimal universal extra dimension model by introducing a small curvature. The model is formulated as a small anti-de Sitter curvature limit of the five-dimensional standard model (SM) in the Randall-Sundrum background geometry. While the lightest Kaluza-Klein (KK) particle can be thermal relic dark matter as usual in the universal extra dimension model, the KK-parity is explicitly broken in the presence of the small curvature and the KK dark matter decays into the SM fermions with a long lifetime. Couplings of the KK dark matter with SM fermion pairs in the five-dimensional bulk are controlled by fermion bulk masses. By tuning bulk masses of quarks, we can suppress KK dark matter decay into quarks. Further with a suitable choice of bulk masses for leptons, KK dark matter decay into leptons can account for the cosmic-ray electron/positron excesses reported by the recent PAMELA and Fermi LAT satellite experiments.

Although the existence of (cold) dark matter has been established, its identity remains a mystery in particle physics and cosmology. Pair annihilations or decays of the dark matter particles in the halo associated with our Galaxy can produce cosmic rays which could be detected by ongoing and future planned experiments. If observed, the properties of the dark matter can be indirectly identified.

Recently, the PAMELA satellite experiment [1] has reported a significant cosmic-ray positron fraction without a corresponding increase of the cosmic ray antiproton fraction. This results seems to be consistent with the previous results of the HEAT [2] and AMS-01 [3] experiments. In addition, the ATIC [4] and PPB-BETS [5] have reported an excess of the total positron plus electron flux at energies around 100-800 GeV. Very recently, the Fermi LAT Collaboration has released high quality data on the sum of electrons and positrons from 20 GeV to 1 TeV [6]. Although the Fermi LAT data do not confirm the peak claimed by ATIC/PPB-BETS, they still seem to indicate an excess compared to the expected background.

While these excesses could be reasonably explained by some astrophysical source nearby [7], interpretation in terms of dark matter annihilations or decays are particularly interesting in the particle physics point of view. Since the PAMELA data has released, dark matter interpretations of the excesses of the cosmic-ray fluxes have been intensively investigated. One remarkable point is that the PAMELA data show no excess for the cosmic ray antiproton fraction, which implies a leptophilic nature of the dark matter. Several dark matter models possessing this nature have been proposed [8] and dark matter pair annihilation or dark matter decay dominantly into leptons can account for the excesses of the cosmic-ray fluxes. After the very recent Fermi LAT data, it has been argued [9] (see, also, [10]) that models where the dark matter only pair annihilates into charged leptons can give a satisfactory fit to both the PAMELA and Fermi LAT data for the dark matter masses between 400 GeV and 2 TeV with a suitable annihilation cross section, ⟨σv⟩ = 10^{−24} − 10^{−23} cm^3/s. For the scenario of a long-lived dark matter particle decaying only into charged leptons, this cross section is translated to the lifetime of the dark matter through the relation ρ^2⟨σv⟩/(2M^2) ↔ ρ/(Mτ) with a local dark matter density ρ ∼ 0.3 GeV/cm^3, and we find the dark matter with a mass in the range of 800 GeV-4 TeV and a lifetime τ ∼ 10^{27} sec can fit the data.

Here we note that both scenarios of the dark matter pair annihilation and the long-lived dark matter have some phenomenological issues. In the scenario of the dark matter pair annihilation, the pair annihilation cross section consistent with the dark matter observed relic abundance is too small to fit the cosmic-ray excesses, so that the “boost” factor as big as 100-1000 is necessary to enhance the annihilation cross section of dark matter in the halo. This boost factor could either have an astrophysical origin (large inhomogeneity of dark matter distribution) or have a particle physics origin such as the Sommerfeld enhancement [11] and Breit-Wigner enhancement [12]. However, according to the result of recent N-body simulations [13], the probability of forming such a large inhomogeneity may be quite small. On the other hand, in order to accommodate the particle physics mechanism for enhancing the cross section, we need to elaborate models for dark matter. In the scenario of a long-lived dark matter (gravitino as the lightest superpartner in supersymmetric models with R-parity violation is a typical example), the dark matter superweakly couples with the standard model(SM) particles and cannot be in thermal equilibrium. Thus, the relic density of the dark matter highly depends on the history of the early Universe such as reheating temperature after inflation. In this paper, we propose a model for dark matter which can account for the cosmic-ray electron/positron excesses without these issues.

There have been many models proposed which can naturally provide a dark matter particle and among them, we consider the minimal universal extra dimension(UED) model [14, 15] in this paper. In this model, the 1st Kaluza-Klein(KK) mode of the SM U(1)_Y gauge boson is the lightest KK particle (LKP) and the candidate for the dark matter thanks to the conservation of KK parity [16]. Thermal relic abundance of the KK dark matter was first investigated in Ref. [17]. Through more elaborate analysis by taking into account all possible processes such as coannihilations with other KK particles and higher KK particles resonances [18], the allowed region of the KK dark matter mass has been found to be in the range of 600 GeV-1.3 TeV [19]. A KK dark matter mass ≳ 800 GeV may be favorable otherwise the KK graviton can be the LKP. The region ≳ 1.3 TeV is excluded, since in this case, the 1st KK mode of the charged Higgs boson becomes the LKP [19].

We extend the minimal UED model by introducing a small curvature. In fact, we define the model as the limit of a very small anti de Sitter(AdS) curvature of the five-dimensional SM [20, 21, 22] in the Randall-Sundrum (RS) warped background geometry [23]. In the presence of the curvature, the KK parity is explicitly broken and hence the KK dark matter is no longer stable and, in fact, decays into SM fermion pairs. We tune an extremely small curvature so as to make the dark matter long-lived with lifetime τ ∼ 10^{27} sec. Such a small curvature has no effect on the relic abundance of the dark matter, while the dark matter decay can produce the cosmic rays. The branching ratio of the dark matter decay depends on the mass parameters of bulk fermions and hence controllable. It is even possible to completely eliminate a specific decay mode by tuning bulk fermion masses. By suitably fixing free parameters in our model, we can provide a set of parameters chosen to give a satisfactory fit to both the PAMELA and Fermi LAT data in Ref. [9], while satisfying the correct thermal relic abundance of the KK dark matter with mass 800 GeV-1.3 TeV.

Let us now formulate our model. We consider the 5D SM model in the RS warped background geometry, in which the fifth dimension is compactified on the orbifold S^1/Z_2 with radius r_c. The 5D metric is given by [23]

ds^2 = e^{−2σ(y)}η_{μν} dx^μdx^ν − dy^2, (1)

where σ(y) = k|y| for −πr_c ≤ y ≤ πr_c with the AdS curvature k.

The action for a bulk fermion in the RS background geometry is given by [20, 21, 22]

S_f = ∫ d^4x ∫ dye^{−4σ} [ V^M_n ( i 2 Ψγ^nD_M Ψ + h.c. ) − sgn(y)(ck)ΨΨ ] , (2)

where n, M = 0, 1, · · · , 4, D_M = ∂_M − ig_5A_M is the 5D covariant derivative with a 5D gauge field A_M , V^M_μ = e^σδ^M_μ , V^4_4 = 1, and γ^n = (γ^μ, iγ_5). The bulk fermion mass term is defined as ck with a dimensionless constant c. We expand the bulk fermion by the KK modes as Ψ(x, y) = ∞∑ n=0 ψ^{(n)}_L (x)e^{2σ(y)}f^{(n)}_L (y) + ∞∑ n=0 ψ^{(n)}_R (x)e^{2σ(y)}f^{(n)}_R (y). (3)

Because of the requirement of the Z_2 symmetry of the action, f^{(n)}_L (y) and f^{(n)}_R (y) must have opposite Z_2 parity. In this paper, we treat all the SM fermions as left-handed and choose f^{(n)}_L (y) to be Z_2-even, so that zero-mode left-handed fermions are identified as the SM fermions. Solving the equation of motion for KK modes with suitable boundary conditions at the orbifold fixed points corresponding to the Z_2-parity assignment, we have zero-mode wave functions such as

f^{(0)}_L (y) = N^0_c e^{cσ(y)}, f^{(0)}_R (y) = 0 (4)

with a normalization factor

N^0_c = √ k(1 + 2c) 2 (e^{kπrc(1+2c)} − 1)

. (5)

Next, we consider a 5D gauge field B_M (x, y) and expand its wave function as B_μ(x, y) = ∞∑ n=0 B^{(n)}_μ (x) f^{(n)}_B (y) (6)

with the gauge choice B_4 = 0. The Z_2-parity of the wave functions is chosen to be even. Solving the equation of motion for the KK modes with suitable boundary conditions [20], the wave functions for zero mode and the 1st KK mode are found to be

f^{(0)}_B (y) = √ 1 2πr_c , f^{(1)}_B (y) = N^1_B e^{σ(y)} [ J_1 (m_1 k e^{σ(y)} ) − J_0(^{m1}_k ) Y_0(^{m1}_k )

Y_1 (m_1 k e^{σ(y)} )] , (7) where J_q and Y_q denote Bessel functions of order q, the normalization factor N^1_B is given by

1/N^1_B = √∫_{πrc} −πr_c dye^{2σ(y)} [ J_1 (m_1 k e^{σ(y)} ) − J_0(^{m1}_k ) Y_0(^{m1}_k )

Y_1 (m_1 k e^{σ(y)} )]2 , (8)

and the 1st KK mode mass is obtained as m_1 = z_1k with z_1 being the first positive solution of J_0(z_1e^{πkrc} )Y_0(z_1) − J_0(z_1)Y_0(z_1e^{πkrc} ) = 0. (9) Now we identify the bulk gauge field as the SM U(1)_Y gauge field and the U(1)_Y gauge coupling in 4D is defined as

g_Y = g_5 ∫_{πrc} −πr_c dye^{σ(y)}f^{(0)}_B (y) f^{(0)}_L (y) f^{(0)}_L (y) = g_5 √ 2πr_c (10)

with the 5D gauge coupling g_5, which is independent of the bulk fermion mass term c. In the same way, the effective gauge coupling among the 1st KK gauge boson and a pair of SM fermions is given by

g^{(1)}_Y (c) = g_5 ∫_{πrc} −πr_c dye^{σ(y)}f^{(1)}_B (y) f^{(0)}_L (y) f^{(0)}_L (y), (11)

which depends on the bulk mass parameter c.

We now consider our model which is a simple extension of the minimal UED model with a small curvature, and we take 1/r_c ∼ 1 TeV for a typical KK particle mass scale in the minimal UED model and σ_π = πkr_c ≪ 1 to obtain almost flat extra dimensions. In this case, z_1 ≫ 1 in Eq. (9). Using the asymptotic expansion of Bessel functions, J_ν (z) ∼ √ 2 πz cos(z −

2ν + 1 4 π) Y_ν(z) ∼ √ 2 πz sin(z −

2ν + 1 4 π) (12)

for z ≫ 1 and e^{πkrc} ∼ 1 + σ_π, Eq. (9) is reduced into sin(z_1σ_π) = 0 and the 1st KK mode mass is approximately given as m_1 ≃ 1/r_c, which is consistent with the 1st KK particle mass at the tree level in the UED model.

Let us evaluate the effective coupling among the 1st KK mode of the SM U(1)_Y gauge boson (KK dark matter) and a pair of SM fermions with the bulk mass ck. At the leading order of the small parameter σ_π, we find

g^{(1)}_Y (c) = g_5 ∫_{πrc} −πr_c dye^{σ(y)}f^{(1)}_B (y) f^{(0)}_L (y) f^{(0)}_L (y) ≃ g_Y σ_π 1 + 2c e^{(1+2c)σπ} − 1

∫_1 0 dte(^{32 +2c})^{σπ t} cos(πt) ∫_1 0 dte^{σπ t} cos^2(πt) ≃ g_Y [ − √ 2 π^2

(3 + 4c) ] σ_π. (13)

The effective coupling is controlled by the bulk mass parameter c and becomes zero in the flat space-time limit (UED limit ) σ_π → 0, as expected. Note that we can obtain a vanishing coupling (in the leading order of σ_π) for c = −3/4.

In our model, all bulk mass terms for SM chiral fermions are free parameters and depending on the bulk masses, we can consider a variety of decay modes of the KK dark matter. For example, the leptophilic nature of the dark matter decay can be obtained by fixing c’s for bulk quarks to be around −3/4. The flavor dependence of the KK dark matter decay mode corresponds to the fermion bulk masses.

The partial decay width of the dark matter into left-handed fermion pairs is given by

Γ(B^{(1)}_μ → ψ^i_Lψ̄^i_L) = N_iY^2_i g^{(1)}_Y (c_i)^2 m_1 24π , (14)

where we have neglected the fermion mass, i denotes flavor, Y_i is the corresponding hypercharge, N_i denotes the number of degrees of freedom of final state fermions, for example, N_i = 3 for SU(2) singlet quarks. The lifetime of the KK dark matter is

τ ≃ 2 × 10^{28}sec × ( 10^{−26} σ_π )_2 ( 1TeV m_1 ) [∑ i N_iY^2_i ( 1 + 4 3 c_i )_2]−1 . (15)

In order to give τ ∼ 10^{27} sec suitable for explanation of the PAMELA and Fermi LAT data, we need to tune the AdS curvature to be an extremely small value:

k ∼ 10^{−15}eV × ( m_1 1TeV ) . (16)

We may think of this fine-tuning problem as a cosmological constant problem, because the AdS curvature in the RS model originates from the (negative) bulk cosmological constant.

So far we have only considered the decay modes of the KK dark matter to the SM fermion pairs. In precise, the KK dark matter is a mixture of 1st KK modes of the U(1)_Y and charge neutral SU(2) gauge bosons after the electroweak symmetry breaking. Thus, the KK dark matter can decay into W -boson pairs through the KK component of the charged neutral SU(2) gauge boson. However, this decay amplitude is suppressed by a small mixing angle (m_Z /m_1)^2 ∼ 0.01 with Z-boson mass m_Z and m_1 ∼ 1 TeV, and is negligible compared to the decay amplitude to SM fermion pairs.

In summary, we have proposed a simple extension of the minimal UED model to account for the cosmic-ray electron/positron excesses reported by the recent PAMELA and Fermi LAT satellite experiments. We have formulated our model as the 5D SM in the RS background geometry with a small AdS curvature. Since the curvature we have introduced is extremely small, the LKP is thermal relic dark matter as usual in the minimal UED model and the correct thermal relic abundance is realized with a suitable mass range 600 GeV ≲ m_1 ≲ 1.3 TeV. However, the KK parity is explicitly broken in the presence of the AdS curvature and the KK dark matter is no longer stable. We have investigated the decay modes of the KK dark matter into SM fermion pairs and found that the (partial) decay width is controlled by the bulk fermion masses which are all free parameters of the model. The special choice of the bulk mass term c = −3/4 can even eliminate the coupling between the KK dark matter and fermions in the leading order of the small AdS curvature. Therefore, the leptophilic nature of the KK dark matter, which is implied by the PAMELA data for the cosmic ray antiproton fraction, can be achieved by fixing bulk masses for quarks around −3/4. The model can provide a suitable parameter set, for example, m_1 = 800 GeV-1.3 TeV and τ ∼ 10^{27} sec, which gives not only the correct thermal relic abundance of the KK dark matter but also a satisfactory fit to both the PAMELA and Fermi LAT data through the leptophilic decay of the KK dark matter. In our model, the flavor structure of primary cosmic rays from the KK dark matter decays corresponds to the bulk fermion mass terms. Precise measurements for a variety of cosmic-ray fluxes in future experiments may fix some of SM fermion bulk masses [24].

Acknowledgments

This work of N.O. is supported in part by the Grant-in-Aid for Scientific Research from the Ministry of Education, Science and Culture of Japan, No. 18740170.

References

[1] O. Adriani et al., arXiv:0810.4995 [astro-ph]; arXiv:0810.4994 [astro-ph].

[2] S. W. Barwick et al. [HEAT Collaboration], Astrophys. J. 482, L191 (1997).

[arXiv:astro-ph/9703192]; J. J. Beatty et al., Phys. Rev. Lett. 93, 241102 (2004) [arXiv:astro-ph/0412230].

[3] M. Aguilar et al. [AMS-01 Collaboration], Phys. Lett. B 646, 145 (2007).

[arXiv:astro-ph/0703154].

[4] J. Chang et al., Nature 456, 362 (2008).

[5] S. Torii et al., arXiv:0809.0760 [astro-ph].

[6] A. A. Abdo et al. [The Fermi LAT Collaboration], arXiv:0905.0025 [astro-ph.HE].

[7] F. A. Aharonian, A. M. Atoyan and H. J. Volk, Astron. Astrophys. 294, L41 (1995);

D. Hooper, P. Blasi and P. D. Serpico, arXiv:0810.1527 [astro-ph]; H. Yuksel, M. D. Kistler and T. Stanev, arXiv:0810.2784 [astro-ph]; P. D. Serpico, arXiv:0810.4846 [hep-ph]; S. Profumo, arXiv:0812.4457 [astro-ph]; K. Ioka, arXiv:0812.4851 [astro-ph]; Y. Fujita, K. Kohri, R. Yamazaki and K. Ioka, arXiv:0903.5298 [astro-ph.HE].

[8] P. f. Yin, Q. Yuan, J. Liu, J. Zhang, X. j. Bi and S. h. Zhu, Phys. Rev. D 79, 023512 (2009) [arXiv:0811.0176 [hep-ph]]; K. Ishiwata, S. Matsumoto and T. Moroi, arXiv:0811.0250 [hep-ph]; arXiv:0903.0242 [hep-ph]; P. J. Fox and E. Poppitz, arXiv:0811.0399 [hep-ph]; C. R. Chen, F. Takahashi and T. T. Yanagida, Phys. Lett. B 673, 255 (2009) [arXiv:0811.0477 [hep-ph]]; A. Ibarra and D. Tran, JCAP 0902, 021 (2009) [arXiv:0811.1555 [hep-ph]]. C. R. Chen, M. M. Nojiri, F. Takahashi and T. T. Yanagida, arXiv:0811.3357 [astro-ph]; K. Hamaguchi, S. Shirai and T. T. Yanagida, Phys. Lett. B 673, 247 (2009) [arXiv:0812.2374 [hep-ph]]; S. C. Park and J. Shu, arXiv:0901.0720 [hep-ph]; B. Kyae, arXiv:0902.0071 [hep-ph]; H. S. Goh, L. J. Hall and P. Kumar, arXiv:0902.0814 [hep-ph]; M. Ibe, Y. Nakayama, H. Murayama and T. T. Yanagida, arXiv:0902.2914 [hep-ph]; S. Shirai, F. Takahashi and T. T. Yanagida, arXiv:0902.4770 [hep-ph]; arXiv:0905.0388 [hep-ph]; S. L. Chen, R. N. Mohapatra, S. Nussinov and Y. Zhang, arXiv:0903.2562 [hep-ph]; C. R. Chen, M. M. Nojiri, S. C. Park, J. Shu and M. Takeuchi, arXiv:0903.1971 [hep-ph]; A. Ibarra, A. Ringwald, D. Tran and C. Weniger, arXiv:0903.3625 [hep-ph]; I. Gogoladze, N. Okada and Q. Shafi, arXiv:0904.2201 [hep-ph]; C. H. Chen, C. Q. Geng and D. V. Zhuridov, arXiv:0905.0652 [hep-ph]; K. Kohri, J. Mc- Donald and N. Sahu, arXiv:0905.1312 [hep-ph]; H. Murayama and J. Shu, arXiv:0905.1720 [hep-ph].

[9] D. Grasso et al. [FERMI-LAT Collaboration], arXiv:0905.0636 [astro-ph.HE].

[10] L. Bergstrom, J. Edsjo and G. Zaharijas, arXiv:0905.0333 [astro-ph.HE]; P. Meade, M. Papucci, A. Strumia and T. Volansky, arXiv:0905.0480 [hep-ph].

[11] A. Sommerfeld, Annalen der Physik, 403, 257 (1931); J. Hisano, S. Matsumoto and M. M. Nojiri, Phys. Rev. Lett. 92, 031303 (2004) [arXiv:hep-ph/0307216]; J. Hisano, S. Matsumoto, M. M. Nojiri and O. Saito, Phys. Rev. D 71, 063528 (2005) [arXiv:hep-ph/0412403]; J. March-Russell, S. M. West, D. Cumberbatch and D. Hooper, JHEP 0807, 058 (2008) [arXiv:0801.3440 [hep-ph]]; M. Cirelli, M. Kadastik, M. Raidal and A. Strumia, Nucl. Phys. B 813, 1 (2009) [arXiv:0809.2409 [hep-ph]]; N. Arkani-Hamed, D. P. Finkbeiner, T. Slatyer and N. Weiner, arXiv:0810.0713 [hep-ph]; M. Lattanzi and

J. I. Silk, arXiv:0812.0360 [astro-ph]; J. D. March-Russell and S. M. West, arXiv:0812.0559 [astro-ph].

[12] D. Feldman, Z. Liu and P. Nath, Phys. Rev. D 79, 063509 (2009) [arXiv:0810.5762 [hepph]]; M. Ibe, H. Murayama and T. T. Yanagida, arXiv:0812.0072 [hep-ph].

[13] P. Brun, T. Delahaye, J. Diemand, S. Profumo and P. Salati, arXiv:0904.0812 [astroph.HE].

[14] T. Appelquist, H. C. Cheng and B. A. Dobrescu, Phys. Rev. D 64, 035002 (2001) [arXiv:hep-ph/0012100].

[15] For an early proposal, see I. Antoniadis, Phys. Lett. B 246, 377 (1990).

[16] H. C. Cheng, K. T. Matchev and M. Schmaltz, Phys. Rev. D 66, 036005 (2002) [arXiv:hep-ph/0204342].

[17] G. Servant and T. M. P. Tait, Nucl. Phys. B 650, 391 (2003) [arXiv:hep-ph/0206071].

[18] M. Kakizaki, S. Matsumoto, Y. Sato and M. Senami, Phys. Rev. D 71, 123522 (2005) [arXiv:hep-ph/0502059]; Nucl. Phys. B 735, 84 (2006) [arXiv:hep-ph/0508283]; F. Burnell and G. D. Kribs, Phys. Rev. D 73, 015001 (2006) [arXiv:hep-ph/0509118]; K. Kong and K. T. Matchev, JHEP 0601, 038 (2006) [arXiv:hep-ph/0509119]; S. Matsumoto and M. Senami, Phys. Lett. B 633, 671 (2006) [arXiv:hep-ph/0512003].

[19] M. Kakizaki, S. Matsumoto and M. Senami, Phys. Rev. D 74, 023504 (2006) [arXiv:hep-ph/0605280].

[20] H. Davoudiasl, J. L. Hewett and T. G. Rizzo, Phys. Lett. B 473, 43 (2000) [arXiv:hep-ph/9911262]; Phys. Rev. D 63, 075004 (2001) [arXiv:hep-ph/0006041]; A. Pomarol, Phys. Lett. B 486, 153 (2000) [arXiv:hep-ph/9911294]; S. Chang, J. Hisano, H. Nakano, N. Okada and M. Yamaguchi, Phys. Rev. D 62, 084025 (2000) [arXiv:hep-ph/9912498].

[21] Y. Grossman and M. Neubert, Phys. Lett. B 474, 361 (2000) [arXiv:hep-ph/9912408].

[22] T. Gherghetta and A. Pomarol, Nucl. Phys. B 586, 141 (2000) [arXiv:hep-ph/0003129].

[23] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) [arXiv:hep-ph/9905221].

[24] N. Okada and T. Yamada, work in progress.