arXiv:0906.0362v1 [hep-ph] 1 Jun 2009

Extended MSSM Neutralinos as the Source of the PAMELA Positron Excess

Dan Hooper^{1,2} and Tim M.P. Tait^{3.4} 1Center for Particle Astrophysics, Fermi National Accelerator Laboratory 2Department of Astronomy & Astrophysics, The University of Chicago 3Department of Physics & Astronomy, Northwestern University and 4HEP Division, Argonne National Laboratory (Dated: June 3, 2009)

We consider a scenario within the Minimal Supersymmetric Standard Model extended by a singlet chiral superfield, in which neutralino dark matter annihilates to light singlet-like Higgs bosons, which proceed to decay to either electron-positron or muon-antimuon pairs. Unlike neutralino annihilations in the MSSM, this model can provide a good fit to the PAMELA cosmic ray positron fraction excess. Furthermore, the singlet-like scalar Higgs can induce a large Sommerfeld enhancement and provide an annihilation rate sufficient to accommodate the observed positron excess.

PACS numbers: 95.35.+d; 95.85.Ry; 11.30.Pb; 14.80.Ly; ANL-HEP-PR-09-36; FERMILAB-PUB-09-258-A; NUHEP-TH/09-07

The satellite-based experiment PAMELA has reported a cosmic ray positron fraction (defined as the ratio of positrons to electrons-plus-positrons) which rises rapidly between 10 GeV and 100 GeV [1]. This is in stark contract to the behavior predicted for positrons produced through interactions of cosmic ray protons with the interstellar medium [2]. Although the origin of this positron excess is currently unknown, a number of plausible sources have been proposed, including pulsars [3], the acceleration of positron secondaries in cosmic ray acceleration regions [4], and dark matter annihilations [5, 6, 7, 8, 9, 10, 11, 12, 13] or decays [14].

Efforts to explain these observations with annihilating dark matter face some challenges. In particular, the rapid rise of the PAMELA positron fraction appears to require a very hard injected spectrum, which in turn requires the responsible dark matter particle to annihilate primarily to charged leptons [5, 6, 7, 8] (for an exception, see Ref. [15]). Furthermore, dark matter candidates which annihilate largely to quarks or gauge bosons are also predicted to overproduce cosmic ray antiprotons [11, 12], gamma rays, and synchrotron emission [13] if the overall annihilation rate is normalized to produce the positron fraction reported by PAMELA. Within the context of the Minimal Supersymmetric Standard Model (MSSM), neutralino dark matter annihilates largely to final states consisting of heavy quarks or gauge and/or Higgs bosons [16]. As a result, such annihilations produce a relatively soft spectrum of cosmic ray positrons [17] and are unable to provide a viable explanation for the PAMELA excess.

The same conclusion is not necessarily reached in supersymmetric models with an extended Higgs sector. Extensions of the MSSM by a singlet chiral superfield are motivated in order to explain the size of the μ term [18], to raise the mass of the lightest CP even Higgs boson above the LEP II bound [19], to reduce electroweak finetuning [20], or to catalyze electroweak baryogenesis [21].

Such extensions are described by superpotential,

v^2_0Ŝ + 1 2 μ_SŜ^2 + μĤ_uĤ_d + λŜĤ_uĤ_d + 1 3 κŜ^3 , (1)

and soft Lagrangian, 1 2 m^2_S |S|^2 + B_S S^2 + λA_λSH_uH_d + κA_κS^3 + H.c. (2)

Specific implementations of the singlet typically involve a subset of these terms. For example, the Next-to-MSSM (NMSSM) [18] invokes a Z_3 symmetry to remove all but the terms involving λ, κ, A_λ, and A_κ, whereas the Fat Higgs models [22] have a dynamically generated superpotential utilizing the v^2_0 term to drive electroweak symmetry-breaking, even when supersymmetry is unbroken. In this work, we do not wed ourselves to any one of these specific realizations, but find that our conclusions can hold for regions of parameter space in any of them.

The additional singlet results in an extra neutralino, and two scalars (one CP even and the other odd) in the spectrum. The parameter space of interest here are regions in which the lightest neutralino is largely singlino and the lightest CP even and odd scalars are largely singlets. In this region, the singlet constitutes a kind of hidden sector [23] which mixes with the MSSM Higgses through electroweak symmetry-breaking. A mostly singlino neutralino is relatively simple to arrange in the limit in which (μ_S +κ⟨S⟩) ≪ M_1, M_2, (μ+λ⟨S⟩). A light and mostly singlet pseudoscalar arises naturally when A_λ, A_κ, m^2_S , B_S , v^2_0 and μ_S are small, because in this limit it is the the pseudo-goldstone boson of an explicitly broken U(1) symmetry. As we will see below, it is also preferable to have a light and mostly singlet scalar boson. Unlike the singlino and pseudoscalar, this requires some engineering of parameters, but the tunings involved are relatively modest, at the 10 − 20% level.

In the limit of a singlino-like lightest neutralino together with light singlet-like scalar (h) and pseudoscalar

(a) Higgs bosons, neutralino annihilations proceeds dominantly to a ah final state through t/u-channel neutralino exchange and s-channel a exchange, with a low velocity cross section given (in the limit of m_χ0 ≫ m_a, m_h) by: σ(χ^0χ^0 → ah)v ≈ 1 64πm^2_{χ0}

× (3) [ 1 16m^2_{χ0} g^2_{haa}T^2_{aχχ} + T^2_{hχχ}T^2_{aχχ} − 1 2m_χ0 g_{haa}T_{hχχ}T^2_{aχχ} ]

where T_{hχχ} and T_{aχχ} are the Higgs couplings to the neutralino, g_{haa} is the coupling between the Higgs bosons, and v is the relative velocity between the WIMPs. In the limit of singlet-like Higgs bosons and a singlino-like neutralino, these couplings reduce to T_{aχχ} ≈ T_{hχχ} ≈ − √ 2κ, and g_{haa} ≈ κ(3A_κ − μ_S − κ⟨S⟩). Singlinos can also annihilate to hh or aa final states, but the rates for these processes are suppressed by v^2. In the regime g_{haa}/m_χ0 <∼ 1, the cross section depends only on κ and m_χ0 , and results in a thermal relic abundance of approximately,

Ω_χ0 h^2 ∼ 0.1 × ( 0.5 κ )_4(

m_χ0 200 GeV

)_2

. (4)

If m_h > 2m_a, the scalar Higgs bosons produced in the annihilations will decay dominantly to a pair of the pseduoscalar Higgs bosons, leading to a 3a final state. The pseudoscalar Higgs bosons decay via a small mixing angle with MSSM Higgs bosons, and may be somewhat long lived. Typically, these decays proceed to the heaviest kinematically available fermions. As we are interested in scenarios in which neutralino annihilations yield mostly charged leptons, we focus on the case m_a <∼ GeV, which leads to the production of either muon pairs (2m_μ < m_a < 2m_π) or electron-positron pairs (2m_μ > m_a).

To calculate the spectrum of positrons and electrons in the cosmic ray spectrum, we model the diffusion and energy losses of such particles. This is done by solving the steady-state propagation equation [24]: 0 = ⃗▽ · [ K(E_e) ⃗▽ dn_e dE_e ] + ∂ ∂E_e [ b(E_e) dn_e dE_e ] + Q(E_e, ⃗x),(5) where dn_e/dE_e is the number density of electrons/positrons per unit energy, K(E_e) is the diffusion coefficient, and b(E_e, ⃗x) is the energy loss rate. The source term, Q(E_e, ⃗x), reflects the mass, annihilation cross section, dominant annihilation modes, and distribution of dark matter in the Galaxy. We adopt a diffusion coefficient of K(E_e) = 6.04 × 10^{28}(E_e/4 GeV)^{0.41} cm^2/s, and boundary conditions corresponding to a disk of 5 kiloparsecs half-thickness, which yields the best-fit to the current body of cosmic ray data (stable and unstable primary-to-secondary nuclei ratios) [25] and an energy loss rate of b(E_e) = 10^{−16}(E_e/1 GeV)^2 GeV/s, resulting from inverse Compton and synchrotron processes. For

FIG. 1: The cosmic ray positron fraction resulting from neutralino annihilations in several selected scenarios. In each case, we consider the channel χ^0χ^0 → ah, followed by h → aa, and a → e^+e^− (top) or μ^+μ^− (bottom). In the upper (lower) frame, we have used m_h = 3 GeV (10 GeV), although the precise value of this mass has only a small effect of the shape of the electron/positron spectrum. In each case, we have normalized the annihilation rate to accommodate the PAMELA data. The dot-dashed line denotes the prediction from astrophysical secondary production alone.

the source term, we adopt a Navarro-Frenk-White halo profile to describe the dark matter distribution in the Milky Way. To convert the positron/electron spectrum to a positron fraction, we use the primary and secondary cosmic ray spectra as described in Ref. [2].

In Fig. 1, we show the cosmic ray positron fraction resulting from neutralino annihilations for several choices of the neutralino and pseudoscalar Higgs masses. In the top frame, we consider Higgs decays that produce electronpositron pairs (m_a < 2m_μ), whereas in the lower frame, the decays proceed to muon pairs (m_a > 2m_μ). The mass of the scalar Higgs only mildly impacts the resulting spectrum of positrons.

In each case shown, we have normalized the neutralino m_χ0 ma Required BF Corresponding m_h

130 GeV 200 MeV 40 <∼ 2 GeV 200 GeV 1.22 MeV 11 ∼ 1-4 GeV 200 GeV 200 MeV 45 <∼ 4 GeV 600 GeV 212 MeV 90 <∼ 30 GeV 600 GeV 250 MeV 100 <∼ 30 GeV

TABLE I: The boost factor to the neutralino annihilation rate required to produce the PAMELA positron excess, for several values of the neutralino and singlet pseudoscalar Higgs masses, and the approximate value (or range) of the singlet scalar Higgs mass required to generate the required boost factor through the Sommerfeld effect.

annihilation rate to accommodate the PAMELA signal. This rate scales with the neutralino annihilation cross section and with the square of the local dark matter density. The annihilation rate may also be enhanced as a result of inhomogeneities in the dark matter distribution (ie. clumps or other substructures). Using a local dark matter density of 0.4 GeV/cm^3 and an annihilation cross section of σv = 3 × 10^{−26} cm^3/s (required to thermally generate the observed abundance of dark matter), we find that the annihilation rate must be enhanced by a factor of ∼10-50 for annihilations to electrons or ∼100 for annihilations to muons.

Fortunately, the rate of neutralino annihilations in the Galactic Halo can be naturally enhanced in this scenario through the Sommerfeld effect generated by the light scalar Higgs boson. Although the resonance structure of the Sommerfeld effect can be complex, very roughly speaking, if the light Higgs scalar is lighter than m_h <∼ κ^2m_χ0 /4π, then for a velocity dispersion expected for the Galactic Halo (σ ≈ 150 km/s), the annihilation rate will be enhanced by a factor of about S ∼ κ^2m_χ0 /4πm_h. More details can be found i.e. in the appendices of Ref. [10].

In Table I, we list the enhancement to the neutralino annihilation rate (relative to that obtained for σv = 3×10^{−26} cm^3/s, no significant substructure, and no Sommerfeld effect) required to normalize the positron fraction to the PAMELA observations. For each parameter set, we determine (assuming κ is such that the correct thermal relic density is predicted, as per Eq. 4) the approximate value of the scalar Higgs mass that would lead to a Sommerfeld enhancement providing the required boost factor to explain the PAMELA data. We find that for m_χ0 ∼ 200 GeV (600 GeV), we must require m_h <∼ 4 GeV (<∼ 30 GeV) in order to generate the desired annihilation rate.

Light scalars and pseudoscalars must be mostly singlets in order to have escaped detection by previous experiments. A 30 GeV scalar should be more than about 90% singlet, or it would have been discovered by LEP II in its Standard Model Higgs search [27]. Tevatron data provides an important constraint through production of a scalar Higgs which decays through two light pseudoscalars into a four muon final state [28]. The null result of this search will be satisfied for the lightest CP even Higgs provided it has already escaped the LEP bound, and further requires the heavier CP even MSSM Higgs bosons to have masses greater than about 135 GeV to suppress the decay into pseudoscalars. For the very light a masses considered here, there is also the possibility of observing rare decays such as Υ(3s) → γa → γμ^+μ^− [29, 30] and K^+ → π^+a → π^+μ^+μ^− [31, 32]. Both measurements are consistent with an a which is at least 90% singlet, provided tan β is of order one.

Thus far, we have not addressed the electron (plus positron) spectrum as measured by ATIC [33], and more recently by the Fermi Gamma Ray Space Telescope (FGST) [34]. The sharp, edge-like feature at ∼600 GeV reported by ATIC could easily be accommodated in the scenario discussed here for m_χ ∼ 600 GeV, m_a < 2m_μ, and m_h <∼ 30 GeV. The spectrum newly reported by FGST could also potentially be accommodated, but would require a multi-TeV mass for the lightest neutralino [35].

In summary, we have presented a scenario within the context of the Minimal Supersymmetric Standard Model extended by a gauge singlet in which the lightest neutralino annihilates to light singlet-like Higgs bosons which proceed to decay to either electron-positron or muonantimuon pairs, leading to a cosmic ray positron fraction consistent with observations of the PAMELA experiment. Furthermore, the annihilation rate of the neutralinos in the Galactic Halo can be strongly enhanced by the Sommerfeld effect in this model. No astrophysical boost factors are required to obtain the positron fraction observed by PAMELA.

We would like to thank Kathryn Zurek, Bogdan Dobrescu, Paddy Fox, and Bob McElrath for helpful discussions. This work has been supported by the US Department of Energy, including grants DE-FG02-95ER40896 and DE-AC02-06CH11357, and by NASA grant NAG5- 10842. T Tait is grateful to the SLAC theory group for his many visits

Note: As this letter was being finalized, a related study appeared [36] which discusses NMSSM neutralinos as a source of the PAMELA excess, but in a considerably different region of parameter space.

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

Lett. 102, 051101 (2009) [arXiv:0810.4994 [astro-ph]]. [2] I. V. Moskalenko and A. W. Strong, Astrophys. J. 493, 694 (1998) [arXiv:astro-ph/9710124].

[3] D. Hooper, P. Blasi and P. D. Serpico, JCAP 0901, 025 (2009) [arXiv:0810.1527 [astro-ph]]; H. Yuksel,

M. D. Kistler and T. Stanev, arXiv:0810.2784 [astro-ph]; S. Profumo, arXiv:0812.4457 [astro-ph].

[4] P. Blasi, arXiv:0903.2794 [astro-ph.HE]; P. Blasi and P. D. Serpico, arXiv:0904.0871 [astro-ph.HE].

[5] I. Cholis, L. Goodenough, D. Hooper, M. Simet and N. Weiner, arXiv:0809.1683 [hep-ph].

[6] V. Barger, W. Y. Keung, D. Marfatia and G. Shaughnessy, arXiv:0809.0162 [hep-ph]; R. Harnik and G. D. Kribs, arXiv:0810.5557 [hep-ph]; A. E. Nelson and C. Spitzer, arXiv:0810.5167 [hep-ph].

[7] I. Cholis, D. P. Finkbeiner, L. Goodenough and N. Weiner, arXiv:0810.5344 [astro-ph].

[8] K. M. Zurek, arXiv:0811.4429 [hep-ph]; P. J. Fox and E. Poppitz, arXiv:0811.0399 [hep-ph]; C. R. Chen and F. Takahashi, arXiv:0810.4110 [hep-ph].

[9] M. Cirelli and A. Strumia, arXiv:0808.3867 [astro-ph];

I. Cholis, G. Dobler, D. P. Finkbeiner, L. Goodenough and N. Weiner, arXiv:0811.3641 [astro-ph].

[10] N. Arkani-Hamed, D. P. Finkbeiner, T. Slatyer and N. Weiner, arXiv:0810.0713 [hep-ph].

[11] M. Cirelli, M. Kadastik, M. Raidal and A. Strumia, arXiv:0809.2409 [hep-ph].

[12] F. Donato, D. Maurin, P. Brun, T. Delahaye and P. Salati, arXiv:0810.5292 [astro-ph].

[13] G. Bertone, M. Cirelli, A. Strumia and M. Taoso, arXiv:0811.3744 [astro-ph].

[14] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P. W. Graham, R. Harnik and S. Rajendran, arXiv:0812.2075 [hepph]; E. Nardi, F. Sannino and A. Strumia, JCAP 0901, 043 (2009) [arXiv:0811.4153 [hep-ph]]; A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P. W. Graham, R. Harnik and S. Rajendran, arXiv:0904.2789 [hep-ph].

[15] D. Hooper, A. Stebbins and K. M. Zurek, Phys. Rev. D, in press, arXiv:0812.3202 [hep-ph].

[16] G. Jungman, M. Kamionkowski and K. Griest, Phys.

Rept. 267, 195 (1996) [arXiv:hep-ph/9506380]. [17] E. A. Baltz, J. Edsjo, K. Freese and P. Gondolo, Phys.

Rev. D 65, 063511 (2002) [arXiv:astro-ph/0109318]; G. L. Kane, L. T. Wang and T. T. Wang, Phys. Lett. B 536, 263 (2002) [arXiv:hep-ph/0202156]; G. L. Kane, L. T. Wang and J. D. Wells, Phys. Rev. D 65, 057701 (2002) [arXiv:hep-ph/0108138]; D. Hooper and J. Silk, Phys. Rev. D 71, 083503 (2005) [arXiv:hep-ph/0409104].

[18] J. R. Ellis, J. F. Gunion, H. E. Haber, L. Roszkowski and F. Zwirner, Phys. Rev. D 39, 844 (1989); H. P. Nilles, M. Srednicki and D. Wyler, Phys. Lett. B 120, 346 (1983); J. E. Kim and H. P. Nilles, Phys. Lett. B 138, 150 (1984); M. Drees, Int. J. Mod. Phys. A 4, 3635 (1989).

[19] J. R. Espinosa and M. Quiros, Phys. Lett. B 279, 92 (1992); J. R. Espinosa and M. Quiros, Phys. Lett. B 302, 51 (1993) [arXiv:hep-ph/9212305]; M. Bastero-Gil,

C. Hugonie, S. F. King, D. P. Roy and S. Vempati, Phys. Lett. B 489, 359 (2000) [arXiv:hep-ph/0006198]; P. Batra, A. Delgado, D. E. Kaplan and T. M. P. Tait, JHEP 0406, 032 (2004) [arXiv:hep-ph/0404251].

[20] R. Dermisek and J. F. Gunion, Phys. Rev. Lett. 95, 041801 (2005) [arXiv:hep-ph/0502105].

[21] J. R. Espinosa and M. Quiros, Phys. Lett. B 305, 98 (1993) [arXiv:hep-ph/9301285]; K. Funakubo, S. Tao and F. Toyoda, Prog. Theor. Phys. 109, 415 (2003) [arXiv:hep-ph/0211238].

[22] R. Harnik, G. D. Kribs, D. T. Larson and H. Murayama, Phys. Rev. D 70, 015002 (2004) [arXiv:hep-ph/0311349]; S. Chang, C. Kilic and R. Mahbubani, Phys. Rev. D 71, 015003 (2005) [arXiv:hep-ph/0405267]; A. Delgado and T. M. P. Tait, JHEP 0507, 023 (2005) [arXiv:hep-ph/0504224].

[23] For examples, see: M. J. Strassler and K. M. Zurek, Phys. Lett. B 651, 374 (2007) [arXiv:hep-ph/0604261]; D. Hooper and K. M. Zurek, Phys. Rev. D 77, 087302 (2008) [arXiv:0801.3686 [hep-ph]]; J. March-Russell, S. M. West, D. Cumberbatch and D. Hooper, JHEP 0807, 058 (2008) [arXiv:0801.3440 [hep-ph]].

[24] I. V. Moskalenko and A. W. Strong, Phys. Rev. D 60, 063003 (1999); E. A. Baltz and J. Edsjo, Phys. Rev. D 59 (1999) 023511;

[25] M. Simet and D. Hooper, arXiv:0904.2398 [astro-ph.HE]. [26] J. F. Navarro, C. S. Frenk and S. D. M. White, Astrophys. J. 462, 563 (1996) [arXiv:astro-ph/9508025].

[27] R. Barate et al. [LEP Working Group for Higgs boson searches and ALEPH Collaboration and and], Phys. Lett. B 565, 61 (2003) [arXiv:hep-ex/0306033].

[28] [D0 Collaboration] D0 Note 5891-CONF.

[29] R. Dermisek, J. F. Gunion and B. McElrath, Phys. Rev.

D 76, 051105 (2007) [arXiv:hep-ph/0612031].

[30] B. Aubert [The BABAR Collaboration], arXiv:0905.4539 [hep-ex].

[31] W. A. Bardeen, S. H. Tye and J. A. M. Vermaseren, Phys. Lett. B 76, 580 (1978).

[32] H. K. Park et al. [HyperCP Collaboration], Phys. Rev.

Lett. 88, 111801 (2002) [arXiv:/0110033].

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

[34] A. A. Abdo et al. [The Fermi LAT Collaboration], arXiv:0905.0025 [astro-ph.HE]; D. Grasso et al. [FERMI- LAT Collaboration], arXiv:0905.0636 [astro-ph.HE].

[35] 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].

[36] Y. Bai, M. Carena and J. Lykken, arXiv:0905.2964 [hepph].