arXiv:1205.4882v3 [astro-ph.HE] 14 Jun 2012

Dark Matter Evidence, Particle Physics Candidates and Detection Methods

The Oskar Klein Centre, Department of Physics, Stockholm University AlbaNova, SE-10691 Stockholm, Sweden

Abstract

The problem of the dark matter in the universe is reviewed. A short history of the subject is given, and several of the most obvious particle candidates for dark matter are identified. Particular focus is given to weakly interacting, massive particles (WIMPs) of which the lightest supersymmetric particle is an interesting special case and a usful template. The three detection methods: in particle accelerators, by direct detections of scattering in terrestrial detectors, and indirect detection of products from dark matter particle annihilation in the galactic halo, are discussed and their complementarity is explained. Direct detection experiments have revealed some possible indications of a dark matter signal, but the situation is quite confusing at the moment. Very recently, also indirect detection has entered a sensitivity region where some particle candidates could be detectable. Indeed, also here there are some (presently non-conclusive) indications of possible dark matter signals, like an interesting structure at 130 GeV γ-ray energy found in publicly available data from the Fermi-LAT space detector. The future of the field will depend on whether WIMPs are indeed the dark matter, something that may realistically be probed in the next few years. If this exciting scenario turns out to be true, we can expect a host of other, complementary experiments in the coming decade. If it is not true, the time scale and methods for detection will be much more uncertain.

1 Introduction to the Dark Matter problem

The problem of the dark matter (DM) in the universe is, along with the explanation of “dark energy”, one of the major still unsolved problems of contemporary cosmology, astrophysics and particle physics. There have been several extensive reviews over the last 15 years [1, 2, 3]. Here we will only review some of the basic fundaments of particle dark matter, and also present some recent developments, including possible indications of the existence of dark matter experimental signals, which for obvious reasons were not covered in these older reviews.

Historically, the dark matter problem was for a long time termed the “missing matter” problem, and was noted, but not particularly intensely studied, by astronomers from the 1930’s and onwards. Nowadays, the problem is best approached using basic particle physics and our knowledge of the cosmic microwave background, as given, e.g., by the latest results from the WMAP satellite [4]. Soon also the Planck satellite, which according to plans will present data on cosmology in the beginning of 2013, may add further details to the picture.

The particle physics zoo in the early universe was at temperatures of the order of a TeV consisting of a plasma of particles in the Standard Model of particle physics – quarks, leptons and gauge particles (the photon, the electroweak gauge bosons, the Higgs particles and gluons). In this plasma, reactions were very rapid compared with the expansion rate of the universe, and local thermal equilibrium together with adiabatic expansion was for most of the evolution a good approximation. There could have been particular epochs when the universe underwent phase transitions (see, e.g., [5] for the basic setting in early universe cosmology. This, however, in general has little importance for the dark matter problem. However, for luminous matter, we know from observations that a very peculiar event has to have happened: the generation of a particle – antiparticle asymmetry. The details here are basically unknown, but we know that certain processes – plausibly at much earlier times – created more baryons than antibaryons, i.e., a CP asymmetry occurred, without which the universe as we know it could not exist. Without this asymmetry matter and antimatter would have annihilated with a large cross section governed by the strong interaction. The end result would be basically only nearly thermal photons, and the resulting matter and antimatter density would be so small that structure would never have formed.

Indeed and fortunately, antimatter does not seem to be present in large quantities in the universe today, as can be inferred from the absence of γ-ray radiation that would be created in large amounts if astrophysical anti-objects would annihilate on their matter counterparts (this would also cause deviations from the pure black-body form of the cosmic microwave background). In fact, both the analysis of primordial nucleosynthesis and the CMB give a non-zero number around 10^{−10} for the relative baryon-antibaryon asymmetry, which means as mentioned that matter dominated slightly over antimatter already in the very early universe. This is confirmed by the large number density of CMB photons, as most of the matter annihilated on antimatter, creating entropy in the form of photons.

Thus, thanks to the difference between matter and antimatter, the CP asymmetry, today in the form of a relic density of baryons, still small, corresponding to less than 5 % of the measured energy density in the universe today, was formed, and a number density of electrons equal to that of protons kept the universe electrically neutral on average. The exact mechanism behind the baryon asymmetry is not known. In some current models related to dark matter a lepton asymmetry was generated first and then transferred to the baryon sector through non-perturbative processes [6].

The reason that protons, electrons and neutrons (hidden in nuclei after big bang nucleosynthesis, foremost in^4He) remained, and no other known massive elementary particles of the Standard Model of particle physics, is related to the short lifetime of all other particles. For instance, the muon and the τ leptons – the ”heavier electrons” – decayed within a microsecond to electrons, positrons, photons and neutrinos. (For the τ the decays after a picosecond mostly took place through a decay chain containing also π mesons. The end result is the same, as also pions have a very short lifetime.) The electron as far as we know is stable, with the lifetime lower limit of more than 10^{26} years [7].

Here it is appropriate to ask oneself: Why is the electron stable? The answer is simple: There is no other particle it can decay to, since there is no lighter particle in nature which has one unit of negative charge. Thus, the stability of the electron is guaranteed by two fundamental principles of physics, to which we have found no exceptions: energy conservation (forbidding a light particle decaying to a heavier one) and the conservation of electric charge. The latter fact is related to a powerful unbroken symmetry, the U(1) gauge invariance of electromagnetism to be precise. For the baryons, such as the proton, there is no deep reason within the Standard Model of particle physics for stability. There is no gauge symmetry related to baryon number, and there are both lighter positively charged hadrons and leptons that the lightest baryon, the proton, could in principle decay into. In fact, the search for proton decay continues, using the big underground detectors constructed mainly for that purpose, but whose main use, in the absence of detection of proton decays, has been to study interesting processes in the neutrino sector, such as oscillation between the three neutrino species in nature. In some models of the unification of the gauge forces, proton decay is actually predicted to occur with a lifetime which is interestingly close to the lower limit of the lifetime of ∼ 10^{34} years given by present experimental bounds [7].

There is an important lesson to learn here: If there exists a family of particles in nature which, due to some symmetry, carry a conserved quantum number, the lightest of these particles will be stable for the seemingly trivial reason that it has no lighter particle with the same quantum number to decay to. This is the key to understanding how dark matter can have been created in the early universe and filling the universe still today, all that is needed is the existence of a ”charge”. This is not the electric charge since electrically charged particles radiate photons and thus would be visible, not dark. But there are other types of symmetry giving additively or multiplicatively conserved quantum numbers.

The simplest and most important example of such a symmetry which, if unbroken, gives an infinite lifetime of a particle species is a Z_2 symmetry. Z_2 is the discrete multiplicative group of two elements, +1 and −1. An interesting situation occurs if all ordinary particles of the Standard Model are assigned Z_2 ”charge”, or parity, of +1. If the hypothetical family of the “dark sector” have parity −1, there has to be one member of the Z_2 parity −1 family that is stable, namely the lightest one. This happens for the same reason that the electron is stable: energy conservation means it can only decay to lighter particles, but if it is the lightest with Z_2 parity −1 there is no other state with negative parity it can decay into. This is in fact the way a natural dark matter candidate – the lightest supersymmetric particle – can appear in theories of supersymmetry, the symmetry between fermions and bosons. In many realistic supersymmetric models there is indeed a multiplicatively conserved Z_2 quantum number, R-parity, which is +1 for all ordinary particles of the Standard Model and −1 for supersymmetric partners. Actually, it can be defined by

R = (−1)^{3(B−L)+2s}, (1)

with B the baryon number, L the lepton number and s the spin of the particle. In supersymmetric models, R-parity conservation is natural to impose as it also forbids otherwise potentially catastrophically large baryon number violating couplings to occur.

Of course, we do not know if supersymmetry exists (so far there is no hint of its existence at LHC – although this is of course yet at an early stage of LHC operation, still not at design energy). However, this mechanism of creating good dark matter candidates by having a Z_2-like parity symmetry is very general and is one of the key ingredients of many of the popular so-called WIMP models (weakly interacting massive particles) for dark matter. This is one reason why the lightest supersymmetric particle has attracted much attention as a candidate for a dark matter particle - it is an excellent WIMP template, with properties that are completely computable (e.g., using the DarkSUSY package [8]) once the (many) parameters of the model has been specified.

Also in models with universal extra dimensions, Kaluza-Klein (KK) models [9], there appears a “KK-parity” which has the value of +1 for Standard Model particles and −1 for the first excited states of all Standard Model fields. Then the lightest of the KK parity −1 particles has to be stable.

2 The WIMP scenario

The reasoning behind the WIMP scenario is as follows (we use here the Z_2 symmetry as the simplest one which gives a stable particle, it could of course be a higher discrete symmetry): At high temperatures, i.e., high thermal energies in the early universe, particles also with Z_2 parity −1 could rapidly be created or destroyed in pairs, since a pair has parity +1 and can therefore interact with ordinary matter, for instance through the reaction χχ ↔ ff̄, with f an ordinary fermion. Since the dark matter particle χ has to be electrically neutral, we can assume that it is equal to its antiparticle. If it is not, we should keep track of antiparticles by also putting a bar over χ in that case. Still, the initial state has Z_2 parity +1 being the product of two negative unit numbers, as has the final state being the product of two positive unit numbers. It is relatively easy to use early universe thermodynamics to track the number density distribution of χ particles. In the earliest universe, temperatures were much higher than the particle mass T >> m_χ (in units where k_B = c = h̄ = 1), and the number density of particles followed a T^4 distribution (as in the Stefan-Boltzmann law). When the temperature decreased further, the thermal distribution at some point changed from the n_χ ∼ T^4 distribution to the exponentially suppressed n_χ ∼ T^{3/2} exp(−mχ/T ) behaviour when the particles became non-relativistic, and the particle energy was completely dominated by the rest mass of the particle. Due to the rapidly decreasing number density with decreasing temperature the dark matter particles at some point became too diluted to annihilate on each other, and thermal energies were not enough to pair-create them. They therefore left the thermal heat bath with a comoving density that did not change appreciably after this “freeze-out” epoch.

Analyses combining high-redshift supernova luminosity distances, microwave background fluctuations (from the satellite WMAP) and baryon acoustic oscillations (BAO) in the galaxy distribution [4, 10] give tight constraints on the present mass density of matter in the Universe. This is usually expressed in the ratio Ω_M = ρ_M /ρ_{crit},

normalized to the critical density,

ρ_{crit} = 3H^2_0 /(8πG_N ) = h^2 × 1.9 · 10^{−29} g cm^{−3}.

The value of the relic density obtained from the 7-year WMAP data [4] for dark matter consisting of the unknown dark matter particle χ is Ω^2_χ = 0.113±0.004, which is around five times higher than the value obtained for baryons, Ω_Bh^2 = 0.0226 ± 0.0005. Here h = 0.704 ± 0.014 is the derived [4] present value of the Hubble constant in units of 100 km s^{−1} Mpc^{−1}. As is known, it is essentially impossible to fit the WMAP data without the presence of cold dark matter, i.e, massive electrically neutral particles (particles that were non-relativistic at freeze-out). In addition, the WMAP data is consistent within one percent with a flat universe (Ω_{tot} = 1) and a value for the dark energy component, e.g. the cosmological constant Λ, of Ω_Λ = 0.73 ± 0.02.

For WIMPs, the Boltzmann equation can be found by solving the non-linear equation (the Ricatti equation) which keeps track of the number density evolution numerically. One finds that if the WIMPs interacted with regular electroweak gauge interaction strength with Standard Model particles in the primordial soup, they would have followed the thermal distribution until roughly T_f ∼ m_χ/20, i.e., they were already quite non-relativistic at this “freeze-out” epoch. Moreover, to a good approximation, for particles annihilating through the S wave the relic density only depends on the total annihilation cross section σ_A times velocity [1],

Ω_χh^2 ≃ 0.11 ×

2.8 · 10^{−26} cm^3s^{−1} ⟨σ_A|v|⟩ , (2)

where an average of velocities and angles is taken (the correct expression ⟨σ_A|v|⟩ is often abbreviated as just σv).

The value in Eq. (2) for σv evaluates to a cross section of 1 pb, i.e., a typical weak interaction cross section. In other word, if one gives ordinary gauge gauge couplings to the particle χ, and a mass of typical weak interaction magnitude (to within an order of magnitude 250 GeV, say), then σv is such that the resulting relic density comes close to the measured value of Ω_χh^2 ∼ 0.11. This is the essence of the WIMP scenario, which is sometimes called the “WIMP miracle”. Of course, this may be nothing else than a coincidence, but having very few other leads to follow, the WIMP scenario is by far the most followed one, in particular as processes of weak interaction strength that give the correct relic density, in many cases are tantalizingly close to cause detection in the rapidly improving current dark matter experiments.

The particle physics connection thus is particularly striking in the WIMP scenario. Namely, for typical gauge couplings to ordinary Standard Model particles and a dark matter particle mass at the ordinary weak interaction scale, the relic density computed using standard early universe thermodynamics (as tested, e.g., by the successful calculation of the abundances of light elements using big bang nucleosynthesis) turns out to be in the same range as the cosmologically measured one. Of course, details may vary somewhat, meaning that WIMP scenarios can be found with masses between, say, 10 GeV and a few TeV, and in some cases even outside this range. There are deviations possible for the WIMP thermal freeze-out scenario, for instance there could be other contributions to the energy density at a given epoch which would influence the balance between annihilation rate and the expansion rate in the universe. Also, some of the heavier particles in the dark matter sector may influence the relic density. This is particularly important if the mass difference is small, when so-called coannihilations may occur [11].

Although there is no completely convincing argument for WIMP dark matter – it may as said be a coincidence – it nevertheless gives WIMP candidates a flavour of naturalness. For non-WIMP candidates there is, on the other hand, usually a fine-tuning involved, or the use of non-standard early-universe cosmology, to obtain the correct relic density. Even limiting oneself to WIMP models for dark matter, the literature is extensive [12].

Historically, the pioneer of dark matter research was arguably Fritz Zwicky, who already in the 1930’s pointed out that galaxy clusters, in particular the Coma cluster, seem to have too large velocity dispersion among the galaxies in the cluster [13] to be held together by their mutual gravity. This, using the virial theorem relating kinetic and potential energy, would mean that a much larger gravitating mass than the visible mass is present, and Zwicky actually coined the term “dark matter” for the missing matter, for which perhaps “invisible matter” would have been the most correct term. We will return to the potential of galaxy clusters for pinning down the nature of the dark matter.

We find from the WMAP data the in the universe, that only 4-5 % of the energy density is provided by ordinary matter, while the remaining 95 % is composed of two agents we still know very little about. Perhaps the biggest mystery is given by the gravitationally repulsive dark energy (72-73 %), for which there is little understanding both of its composition and extremely small size (by particle physics estimates, which naively would give a magnitude many, many orders of magnitude larger).

The gravitationally attractive dark matter contributes some (22-23 %) of the total energy density today. Whereas additional knowledge about dark energy, whether is it a cosmological constant or a time-dependent expectation value of a scalar field, or something even more exotic, may take more than a decade to gather, dark matter may in fact be closer to be identified. It can be argued that within a decade we will have tested many of the most natural scenarios where the dark matter particles are thermodynamically produced in the early universe, in particular the WIMP scenario [14]. This is based on the hope of the development on the experimental side to continue at the same impressive pace as in the previous decade. Here new experiments, described by other authors in this issue, will open new possibilities. Of course, as the nature of the dark matter particle is presently unknown, success can not be guaranteed. The advantage of dark matter detectors is, however, for indirect detection that it will also study “bread-and-butter” physics, from the particle physics point of view, some of which is extremely interesting in its own right for the cosmic ray community of physicists and astrophysicists. And the development of direct detection experiments gives us a whole range of new sensitive detectors of promising potential for many fields of high-precision science, such as the search for neutrinoless beta-decays and other potentially revolutionizing discoveries.

The aim of dark matter research is to explain the measured density of dark matter, and to give candidates for the identity of the dark matter particles. The fact that dark matter is definitely needed on the largest scales (probed by WMAP), on galaxy cluster scales (as pointed out by Zwicky, and verified by gravitational lensing and the temperature distribution of X-ray emitting gas) all the way down to the smallest dwarf galaxies, means that solutions based on changing the laws of gravity seem little warranted. In particular, the convincing empirical evidence for the existence of dark matter given by the ”Bullet Cluster” [15] is very difficult to circumvent by that kind of theories, as the X-ray signal from the baryonic matter and the gravitational lensing signal from dark matter are clearly separated in these colliding clusters.

In fact, despite some recent claims to the contrary, in the standard picture of cold dark matter with standard parameters it is possible to explain even local Galactic dynamics near the disk within a few kiloparsecs of the solar system [16]. Also, as we have seen, by approaching the problem from basic particle physics and early-universe thermodynamics, the existence of yet to be discovered electrically neutral particles does not seem very far-fetched. The final and still not given proof of this scenario would of course be the discovery of a dark matter particle induced signal in one or more of the impressive experiments presently being used or planned for dark matter detection.

3 Methods of Dark Matter Detection

There are basically three different methods we may employ to detect dark matter particles , in particular WIMPs, and to gain insight on their mass and interaction strength. At the moment (in early 2012), the LHC accelerator is gathering data at a very impressive pace, now at 8 TeV in the centre of mass. After a couple of years, the energy will be in the full 14 TeV range that was designed (but which could not be obtained at start-up, due to a technical mishap). There is great hope that the main experiments at the LHC, ATLAS [17] and CMS [18], may discover events that do not fit into the current Standard Model of particle physics. It may on one hand be very difficult to prove that one has, for instance, found the dark matter particles, as the required lifetime has to be demonstrated to be much longer than the age of the universe. In particle detectors, this is of course not possible to prove. However, by getting the general mass scale for events beyond the Standard Model, important input would be given to experiments of the other two types, namely, direct and indirect detection of dark matter.

Direct detection relies on the fact that dark matter particles should be omnipresent in the halo of dark matter in which the Milky Way is embedded, and in particular should travel through the solar system and traverse the earth with typical galactic velocities of ∼ 200 km/s, i.e., with v/c ∼ 10^{−3}. From modeling of the Milky Way rotation curve one finds that locally the mass density of dark matter should be of the order of 0.4 GeV/cm^3, within roughly a factor of two. Combining these numbers one can estimate that, if the cross section is that of a supersymmetric WIMP, scattering on nuclei should take place with a cross section at or below below a few times 10^{−8} pb [8] (see [19] for an early paper on the general idea behind direct detection). In deep underground laboratories, there are a number of ingenious experiments taking data or being deployed with Xenon-100 giving the best current bounds, as reviewed by L. Baudis in this issue [20].

Direct detection experiments have seen an impressive gain of sensitivity during the last few years, mostly in the low-mass range below 100 GeV mass where they nicely complement accelerator searches. The idea is to register rare events giving a combination of scintillation, ionization and nuclear recoil signals in chunks of matter shielded from cosmic rays in underground sites. There are two factors which mean that direct detection experiments run out of sensitivity at high masses, however. First, the rate is proportional to the number flux of dark matter particles χ from the halo, i.e., to n_χ = ρ_χ/m_χ. Secondly, the scattering cross section is highest when the dark matter particle and the nuclear target have roughly the same mass. However, the decrease in sensitivity for large masses, being linear, is not very slow but it will be more and more difficult to get an exact estimate of the mass the larger the actual mass is.

In indirect detection, one rather registers products of dark matter annihilation from regions in the surrounding universe with a high dark matter density like the galactic centre, dwarf spheroidal galaxies, or galaxy clusters. Knowing the halo density distribution, for instance by using numerical simulations (see article by C. Frenk and S. White [21] in this issue) one can also estimate the probability that dark matter particles encounter each other and annihilate, creating a new source of Standard Model particles. Of particular importance are antiparticles like positrons and antiprotons (which do not appear with large fractions in cosmic rays due to the baryon asymmetry of our universe).

Also neutrinos could give an interesting signature as dark matter particles could scatter in the interior of the sun or the earth and be gravitationally trapped there, enhancing the number density and thus the annihilation rate. As two particles have to be at the same place to annihilate, the annihilation rate actually is quadratic in the number density of dark matter particles. Depending on the timescale for capture, either the capture rate or the annihilation rate could be the dominant factor. In the dark matter annihilations, typically all Standard Model particles are created. However, all strongly or electromagnetically interacting particles would quickly be stopped in the solar or earth interior, whereas neutrinos would easily escape (in the case of the sun, this is true at least for dark matter particles with mass less than a TeV – for more massive particles, absorption in the solar interior becomes important). The discovery of energetic neutrinos from the direction of the sun would be a spectacular verification of this process, and the mass of the dark matter particle could then be roughly estimated. The current large neutrino telescopes like IceCube [22] and ANTARES [23] have dark matter search in their scientific programmes. For WIMPs captured and annihilating in the earth, the limits obtained from neutrino telescopes are not competitive with direct detection. This is due to the fact that the chemical composition of the earth is dominated by spin-0 elements, i.e., the same type of elements mostly employed in direct detection experiments. However, protons of course have spin-1/2, and as the sun consists of hydrogen to some 71 percent of the mass, neutrino telescopes can compete with the current not very much developed experiments targeting spin-dependent scattering of dark matter.

Recently, most studies of indirect detection have been dealing with γ-rays from dark matter annihilation. This is due to several unique properties of γ-rays. First of all, they do not scatter appreciably during their travel through the galaxy, but rather point back at the site where the annihilation took place. Also, absorption can generally be neglected, as the cross section for scattering on electrons and nuclei for the GeV to TeV range is very small. This means that one may use properties of the energy distribution resulting from these processes to separate a signal from astrophysical fore- or backgrounds. One obvious consequence of the dark matter origin of a photon generated in dark matter annihilation is, for example, that the photon energy is limited by the rest mass of an annihilating particle. As the extreme, but currently interesting case, as will be seen later, is the annihilation into two photons (as first suggested in [24]). The conservation of energy and momentum means, since the particles annihilate essentially at rest (v/c ∼ 10^{−3}) that the photons will emerge back-to-back each with an energy of the rest mass of the dark matter particle, E_γ = m_χ. There will be a smearing of the photon energy due to the motion on the annihilating pair with respect to the local rest frame, giving a relative width of the order of 10^{−3} due to the Doppler effect, but this would of course be a spectacular signature. There are two fact that make this process difficult to currently observe, however. First, it is generally induced by quantum mechanical loop effects (as the electrically neutral initial state does not couple directly to photons as these only couple to charged particles). This means that the annihilation rate into two photons is suppressed, typically by the factor α^2 (with α the electromagnetic fine-structure constant) compared to treelevel processes. Secondly, current detectors have an energy resolution not better than 10 %, which means that the signal will be smeared and may drown in the background. There are, however, other processes that are only suppressed linearly in α [25, 26] and which may help discovery due again to a peaking of the photon energy near m_χ. Also, since the 2γ line is induced by a quantumm mechanical loop processes, it may be large if there are many virtual particles contributing (such as, if they exist, particle with high electric charge).

An interesting feature of indirect detection is that the expression for the local annihilation rate of a pair of DM particles χ (here assumed, like in supersymmetry, to be self-charge-conjugate, of relative velocity v_{rel}), Γ_{ann} ∝ n^2_χ⟨σ_{ann}(v_{rel})v_{rel}⟩ (3) is the dependence on the square of the number density. As numerical simulations have discovered that galactic halos may be quite crowded with sub-halos (see, e.g., [27]), this means that over the couple of decades that these processes have been discussed their potential for dark matter discovery through annihilation to γ-rays has increased. In fact, there is even a possibility that the entirety of dark matter in the universe though this clumping in the evolution of structure may generate a cosmological signature [28].

Also, the cross section may depend in non-trivial ways on the averaged relative velocity. In particular, for low velocities the rate may be much higher than at high velocity, for models containing an attractive force between the annihilating particles. This is in particular true for models with so-called Sommerfeld enhancement [29, 30], a resonant enhancement by in some cases several orders of magnitude. This means that dwarf galaxies (dark matter subhalos) may be particularly interesting objects to study, as they are completely dark matter dominated with low rate of cosmic ray-induced γ-rays, and their low galaxy mass means a relatively low velocity dispersion. This means higher possible rates if Sommerfeld enhancement is active. and this may compensate the 1/m^2_χ decrease in the cross section that lies in the factor n^2_χ = ρ^2_χ/m^2_χ. Some models with Sommerfeld enhancement may seem somewhat contrived, as one in general needs almost degeneracy between the dark matter particle and a t-channel exchange particle. However, as was first pointed out in [29], it exists even in the MSSM, for instance for pure higgsinos or winos in the TeV range, where the required degeneracy with the lightest chargino generically exists. In fact, it was pointed out that the otherwise loop-suppressed, ”smoking gun” process of annihilation into TeV γ-ray lines may in this case be observable. This is one of the interesting features that can increase the γ line cross section to make a dark matter search with the Fermi satellite [31] and, for TeV dark matter canidates, imaging air Cherenkov telescopes, such as MAGIC, HESS and the planned large array CTA, very exciting.

So far, indirect methods have not been as competitive as direct detection, but recently the Fermi collaboration has started to probe the interesting WIMP region by stacking data from several dwarf galaxies [32] (see also [33]). We will later encounter a couple of claimed, but still uncertain, dark matter signals in γ-rays.

4 A WIMP Template: The Lightest Supersymmetric Particle

Supersymmetry, invented already in the 1970’s, and obtained as a phenomenological manifestation of most of the realistic string theories, has been the prime template for a WIMP since the middle of the 1980’s [1, 34, 35]. For a variety of reasons, the lightest neutralino,

~χ^0_1 = a_1 ~B^0 + a_2 ~W^0 + a_3 ~H^0_1 + a_4 ~H^0_2 ,

is the most natural choice explaining the dark matter in the R-parity conserving minimal supersymmetric standard model (MSSM). Even in the MSSM, however, there are in principle more than a hundred free parameters, meaning that for practical reasons the templates, for instance in early use at the LHC experiments, were drastically simplified versions (like CMSSM or the even more constrained mSUGRA), which do not, in contrast to the full MSSM, correspond very well to recent models of supersymmetry breaking [36]. It still remains true, however, that versions of supersymmetric dark matter models are very useful templates when it comes, for instance, to comparing various detection methods. Already now, however, some of the most constrained supersymmetric models do feel quite a large tension from LHC data [37].

Even in less simplified versions, like the 19 to 24-parameter ”phenomenological MSSM” [38], as can for instance be treated in the computer package DarkSUSY [8], the bounds on particle masses given, e.g., by fulfilling the WMAP relic density, are not very constraining at the moment [39]. In particular, dark matter candidate neutralinos can be found in the several TeV range, and of course a general WIMP may be even heavier, perhaps approach the unitarity bound of several hundred TeV [40], although for such high masses in the MSSM one really would have to worry about the subjective issue of fine-tuning of masses and couplings – something that really would go against the spirit of introducing supersymmetry in the first place. Of course, the outlook for the MSSM would be much bleaker if a light Higgs (with mass below roughly 130 GeV) were not to be found by the end of the 8 TeV run at LHC, in 2012. (Although the Higgs sector may be more complicated, and invisible decays may be present, for example.) It is interesting to note, although still to early to judge the significance of, the early indications of a Higgs signal at a mass around 125 GeV [41, 42]. This is indeed within the possibility of the MSSM, although such a large radiative correction to the mass again puts some strain on the naturalness of parameters.

4.1 Non-WIMP Dark Matter Candidates

Taking WIMPs as the leading candidates for dark matter, inspired by the lack of fine-tuning to get correct relic density, we expect an angle- and velocity-averaged cross section times relative velocity of (σv)_{WIMP} ∼ 3 · 10^{−26} cm^3s^{−1}.

Of course a word of caution is in place here. There are many non-WIMP models that also have some particle physics motivation, and may be detectable, like: axions, gravitinos, superWIMPS, non-thermal dark matter, decaying dark matter, sterile neutrinos, Q-balls. . . For a thorough review of the status of the field see, e.g., the recent 700-page extensive review of these as well as more standard WIMP models [12]. For a less ambitious, more recent review with focus on imaging air Cherenkov telescopes, see [43].

Noticeable progress the last few years has especially been made in axion searches [44] – but again, no dark matter signal has been found yet. In the following, we will deal mainly with the main templates - WIMPs.

There may be non-WIMP dark matter giving some contribution to the relic density, like additional sterile light degrees of freedom that would be “hot” and according to some analyses even may be preferred in cosmological data [45]. However, the significance for this is not strong and may be influenced by statistical bias [46]. Another possibility is “warm” DM [47] consisting of keV-scale sterile neutrinos. There the production rate in the early universe generally has to be tuned if one wants to have the observed relic density. Also here, there are some arguments in favour of this scenario [48].

Ordinary, active neutrinos have too small mass to contribute significantly to the dark matter density, although in the extreme case may contribute a couple of percent to the critical density today. With the upcoming data from the Planck satellite we will hopefully gain more knowledge on the cosmological aspects of the neutrino sector.

5 Indirect Detection through γ-rays

At the moment, indirect γ-ray dark matter detection is evolving very rapidly, in particular thanks to the successful operation of the Fermi-LAT space detector, and also the advanced plans for a very large imaging air Cherenkov telescope array, superseding the successful detectors HESS [49], MAGIC [50] and VERITAS [51], namely the CTA [52, 43].

For WIMP models, there have recently also been improvements in the estimates of the annihilation rate and the γ-ray flux expected from annihilations in the galactic halo. In the galaxy, the dark matter particles move extremely slowly by particle physics standards, as v/c ∼ 10^{−3}. An interesting effect is caused due to the suppression of the^3S_1 state for a system of two Majorana spinors (such as neutralinos) annihilating at slow velocity. This is due to the requirement of Fermi statistics for the two identical fermions. In this state the two fermions have parallel spins, which becomes forbidden as the velocity tends to zero. This means that annihilation only occurs from the pseudoscalar^1S_0 state where spins are opposite, causing for instance the annihilation amplitude into a light fermion-antifermion pair, such as e^+e^−, to be suppressed by an explicit helicity factor of the fermion mass. Direct annihilation into e^+e^− was thus thought to be very subdominant [34]. However, it was realized [26] (building on an old idea [25]), that a spin-flip by one of the Majorana fermions caused by emitting a photon (so-called internal bremsstrahlung) could first of all allow evasion of the helicity suppression of the process to a mere α/π ordinary radiative factor. And, in addition, the spectral shape of the emitted photon is very favourable for detection, increasing rapidly with photon energy causing a peak close to the dark matter particle mass. In particular, for heavy (TeV-scale) WIMPs this could be quite important, and using the radiative peak would help extracting the signal over background [53]. Recently, these radiative processes have been generalized also to emission of other gauge bosons, and have been shown to be quite important generally [54].

One difficulty when estimating γ-ray rates from dark matter annihilation is the still poorly known distribution of halo dark matter on the smallest galactic and subgalactic scales. N-body simulations indicate, but with limited space resolution, that the halo should be very abundant with dark matter clumps [27]. Due to tidal disruption of these subhalos close to the galactic centre, the distribution is particularly important in the outer parts of galactic halos. The general expression for the annihilation signal is a line-of sight integral along a given direction which is proportional to the square of the local density along the way [55],

Φ_γ (ψ) cm^{−2} s^{−1} sr^{−1}

≃ 0.94 · 10^{−13} ( < σv >_γ 10^{−29} cm^3s^{−1} ) ( 100 GeV M_χ )_2 J (ψ) (4) with the astrophysical part residing in the dimensionless function

J (ψ) = 1 8.5 kpc · ( 1 0.3 GeV/cm^3

)_2 ∫ l.o.s. ρ^2(l) d l(ψ), (5)

where enhancements of the density even on very small scales may be important. An example, besides the subhalos residing in the outer parts of the halo, is the region near the galactic centre. There the gravitational field is dominated by the black hole and a stellar cusp is known to exist, with unknown effects on the dark matter density and therefore the annihilation rate into γ-rays. Unfortunately, the contribution from dark matter to the rotation curve is much too small in the inner parts of the galaxy to enable to determine whether the halo density is cuspy or not. Also, even a very important concentration of dark matter very near the black hole could well influence the indirect detection rate [56] without having much of a dynamical effect otherwise.

A cuspy behaviour would be favoured by the results of N-body dark matter-only simulations, but it is possible that it has a milder dependence or even a core [57]. As a simple template of the DM distribution, an NFW profile [58] having an 1/r cusp near the center is often used (or a very similar, so-called Einasto profile [59]). This has recently been shown to be consistent with data on microlensing in central regions of the galaxy [60]. The uncertainty very near the galactic centre remains, however, and it is unknown whether the real distribution is more cuspy or less, and predictions thus vary by several orders of magnitude. Even if the center of the galaxy plausibly is the most interesting place to search for γ rays from DM annihilation, fore- and backgrounds from astrophysical processes may be large, and thus it may be advantageous to search in directions close to, but not exactly at, the galactic center [61].

Interesting objects are the dwarf galaxies mentioned above, where limits from Fermi-LAT are now getting into the parameter space of common WIMPs [32, 33]. The abundance of DM in these dwarf galaxies is much higher, as star formation probably only occurs above some threshold mass, and the pressure from a few supernovae may be enough to completely empty a dwarf galaxy from baryons. This means that there may be bright spots in γ-rays in the sky, “dark matter clumps”, that are not visible at all in any wavelength, except their possible annihilation to γ-rays.

Simulations indicate that DM clumps will be destroyed by tidal forces near the center of galaxies but can be very abundant in the outer regions [27]. When going to larger scale objects like galaxy clusters that are forming at the present epoch, the number of undestroyed DM clumps may be even larger, making these clusters – in a perhaps unexpected agreement with the discovery of Zwicky – quite promising targets for indirect searches [62].

In the first runs at LHC, no signs of a Higgs particle, nor supersymmetry or any other of the prime candidates for dark matter, have yet been discovered. On the other hand, the mass region 115 - 130 GeV, interesting for the lightest Higgs boson in the simplest versions of supersymmetry, still has to be thoroughly investigated. One possible scenario might be that such a Higgs particle will indeed be found, but the particles carrying non-trivial R-parity all have masses beyond reach with the LHC. This is not an impossible scenario, however it depends on the amount of fine-tuning one is willing to tolerate. If one puts no prior constraints on the supersymmetric parameter space other than one should have the WMAP-measured relic density, and fulfill all other experimental constraints (cf. [63]), a mass for the lightest supersymmetric neutralino in the TeV region is generic. For such heavy dark matter neutralinos, the rate for direct detection will also be small, and it would seem very difficult to test such a scenario in the foreseeable future. However, for this particular case indirect detection through γ rays turns out to have an interesting advantage, as imaging air Cherenkov arrays like CTA [52] will have their peak sensitivity in the energy range between a few hundred GeV to a few TeV. Depending on the particular dark matter model realized in nature, Sommerfeld enhancement of indirect detection may also be operative. For recently obtained realistic estimates of the reach of CTA, see [64].

A large array like CTA will be served by a diverse astrophysical community with interest, e.g., in transient or periodic events, meaning that the “boring” search for a stationary dark matter spectral signature during hundreds or even thousands of hours seems difficult to imagine. One may therefore consider, for the first time, a dedicated particle physics experiment with the search for dark matter as its only aim. One such preliminary study proposed the “Dark Matter Array”, DMA [65], only to be used for dark matter search. Such a dedicated instrument for indirect detection could have great, and complementary, potential compared to the large direct detection experiments presently planned. There are preliminary ideas [66] on how to decrease the lower threshold for detection, which could increase the sensitivity for DM detection considerably. In the first analysis [65], it was investigated how a next-generation, particle physics type detector, the DMA, would improve limits of, or detect, dark matter. A size ten times that of CTA was considered, having a low energy threshold of 10 GeV. Moreover, by making dedicated observations of promising dark matter targets like dwarf galaxies, where the low energy threshold and good energy resolution help to reject various sources of fore- and backgrounds, one would be able to increase discovery potential considerably. Also studies of the galactic centre and possibly galaxy clusters, with a total of perhaps 5000 hours of observation in 5 years would open interesting new vistas in indirect detection.

For the analysis of the Fermi-LAT discovery potential, the approach of [61] was followed in [65]. 20 logarithmic bins were considered in the 1 − 300 GeV energy range. The sensitivity, angular resolution, energy resolution and effective area were taken according to Fermi-LAT official specifications. The observation time of Fermi was set to five years. To compare with the CTA, an energy threshold for CTA of 40 GeV was used, and the same logarithmic bin size as for Fermi was assumed, up to the few TeV range. The projected sensitivity curves of [52] was assumed, with an angular resolution of 0.02 deg and, as usual for dark matter targets in present-day Cherenkov arrays, an exposure time of 50 h. The effective area is about 3 km^2 at 5 TeV, 1 km^2 at 100 GeV and a fall-off for lower energies down to ∼ 0.1 km^2 at 40 GeV. The low-energy characteristics of CTA will depend on detector details, still to be decided. For a more recent, realistic evaluation of the reach of CTA, see [64].

For studies of the the galactic center, it was assumed in [65] that the angular resolution of upcoming ACTs will be sufficient to discriminate sources like the HESS source very close to, but off-set from, the galactic center and which is (probably) unrelated to dark matter. For the diffuse background, the model developed by the Fermi-LAT group that describes the so far available data was used [67]. It was required that the significance in the best energy bin is at least at the 5σ level, i.e. S/ √ S + B > 5, in order to claim that a γ-ray experiment is able to rule out a given dark matter model. A crude estimate of the potential of a 1t Xenon direct detection experiment was also made, for more details, see [65].

We see (Fig. 1, cf. [65]) that a very interesting complementarity could be reached by combining the indirect detection data with direct detection experiments. Actually, imposing CERN LHC bounds at the end of 2011 on squarks and gluinos do not change the region shown in Fig. 1 very much. If a working prototype of the DMA type could be built, this idea may materialize in the next decade as a new way to search for phenomena beyond the Standard Model – with an expensive dedicated detector, albeit still far below the cost of a new high-energy accelerator.

6 Claims of Possible Detections of Dark Matter

There have recently been a number of claimed possible detections of dark matte (see Table 6 for a summary): First of all there is the annual modulation found in the more than decade-old DAMA/LIBRA experiment [68]. The claimed excess of the annual modulation (predicted in [69] as a promising dark matter detection method) is approaching 9σ. This is still unexplained at the moment, but is unfortunately not confirmed by other experiments [70, 71, 72]. The same is true for the CoGeNT excess events and annual modulation [73], which also is in tension with the same data, claimed to be more accurate [70, 71]. One should be aware, however, that this area of investigation is at present beset with large controversies, and one should allow the dust to settle before drawing strong conclusions in either direction. At any rate, explanations of these experiments in terms of dark matter scattering seem to probably take one out of the standard WIMP scenario or use nonstandard dark matter halo models (see, e.g., [74, 76], but also [77]). The experimental situation is improving rapidly (see [20]) and it will be very interesting to see if a coherent picture will materialize. An interesting idea has been put forward to use the IceCUBE site at the South Pole to deploy an

Figure 1: Illustration of the reach of direct and indirect dark matter detection experiments. Here γ-ray detection towards the galactic center with the NFW profile is considered. Shown is the area encompassing the approximate range of WMAP-compatible phenomenological MSSM model space, and the reach of the upcoming Xenon 1t direct detection experiment, and the Fermi-LAT, CTA and DMA indirect detection experiments. For details, see [65].

experiment, DM-Ice, with the same type of NaI crystals as DAMA/LIBRA uses. A prototype is already being tested in the ice [78]. If the modulation obviously seen in the DAMA/LIBRA data is caused by (unknown) environmental, seasonal, effects, the phase of the modulation should change at the South Pole. On the other hand, the same pattern as that seen by DAM/LIBRA should reveal itself if this is a genuine dark matter scattering effect.

The recent improvement of the upper limits on the WIMP-nucleon scattering cross section reported by CDMS II [70] and, in particular, XENON100 [71] are truly impressive. Not only does it cast some doubt on other reported experimental results, the sensitivity is also good enough to start probing the parameter space of realistic supersymmetric models [8]. The new calibration of the sensitivity to low-energy recoils of liquid Xenon, although not undisputed [100], would seem to add to the credibility of the new upper limits [71] for the WIMP-nucleon scattering cross section. The very good news is also that the installation of the next stage, a 1 ton liquid Xenon detector, has already started in the Gran Sasso experimental halls in Italy [101].

An early possible indication of a dark matter signal in indirect detection was the EGRET excess of GeV photons [80, 81]. However, this was not confirmed by the recent much superior data from Fermi, more exactly the large area γ-ray telescope part of Fermi, Fermi-LAT, and was probably due to instrument error [82].

Experiment Status of claim DAMA/LIBRA annual modulation[68] Unexplained at the moment; not confirmed by other experiments [70, 71, 74, 76] CoGeNT excess events and annual modulation [73]

Tension with other data [70, 71, 74, 76]

CRESST excess events [79] Tension with other data [70, 71, 74, 76] EGRET excess of GeV photons [80, 81] Due to instrument error (?) – not confirmed by Fermi-LAT [82] INTEGRAL 511 keV γ-line from galactic centre region [83]

Does not seem to have spherical symmetry – shows an asymmetry which follows the disk (?) [84] PAMELA: Anomalous ratio of cosmic ray positrons/electrons [85]

May be due to DM [86], or pulsars [87] – energy signature not unique for DM Fermi-LAT positrons + electrons [31] May be due to DM [86], or pulsars [87] – energy signature not unique for DM Fermi-LAT GeV γ-ray excess towards galactic centre [88]

Unexplained at the moment – astrophysical explanations possible [89, 90], no statement from the Fermi-LAT collaboration WMAP radio “haze” [91] Has a correspondence in “Fermi bubbles” [92] – probably caused by outflow from the galactic centre γ-ray structure [93] in public Fermi-LAT data [94] from galaxy clusters.

Very weak indication, could be cosmic-ray induced emission?

γ line at 130 GeV [95, 96, 97] in Fermi- LAT public data [94]

3.3σ − 4.6σ effect, unexplained at the moment. Not confirmed by the Fermi-LAT collaboration [98].

Table 1: Some of the recent experimental claims for possible dark matter detection, and a comment on the present status.

Another possible indication of a dark matter signal was the discovery of by INTEGRAL of a 511 keV γ-line from the galactic centre region [83]. However, in this energy range positron emission from other sources is possible, and the excess does not seem to have the spherical symmetry around the galactic centre expected from dark matter annihilation. Rather, it shows an asymmetry which seems to follow the disk [84]. Also there are bounds from γ-ray emission at slightly higher energies that make a DM explanation difficult [102]. It would seem to require a DM candidate in the few MeV region.

A few years ago, a rather strong γ-ray source, consistent with a point source, was detected from the direction of the galactic centre by the HESS experiment [49]. Although many dark matter models were tested, it turned out that the shape of the spectrum (and also the inferred mass, which would exceed some 10 - 20 TeV) made quite poor fits to the distribution of dark matter-induced photons.

Dark matter annihilation occurs from a matter-antimatter symmetric initial state and, barring larger CP-asymmetric couplings, equal amounts of matter and antimatter should be created. This leads to an interesting possible primary source of stable anti-particles, positrons and antiprotons, in the cosmic rays of dark matter halos, including the Milky Way halo. (There is in addition a small, usually negligible, amount of antimatter produced as secondary particles in collisions with galactic gas and dust by ordinary cosmic rays.) This possibility of dark matter detection was extensively discussed a few years ago [103, 104] as the PAMELA and Fermi-LAT collaborations had just discovered an anomalously high ratio of positrons over electrons up to 100 GeV [85], and sum of positrons and electrons up to 1 TeV [31], respectively. During the last years, this anomaly, although possible to explain by dark matter annihilation, was shown to need very large boost factors (e.g., from Sommerfeld enhancement), and somewhat contrived, leptophilic models. On the other hand, certain astrophysical explanations of these observations are possible with quite standard assumptions. One cannot say that the dark matter explanation is yet ruled out, but it sees tension from other measurements, especially from γ-ray data [105]. It may thus in principle be due to DM [86], with rather unusual properties, or a more mundane source such as creation of e^+e^− pairs from pulsars other other supernova remnants [87]. It is an unfortunate fact that the energy signature, which in some models with large annihilation rate seems to fit the measured energy distribution very well, [86] is not unique for DM.

By analyzing public Fermi-LAT data, an excess in the few GeV γ-ray energy region has recently been proposed to be caused by dark matter annihilation. This is extended emission corresponding to a γ-ray source in the region of the galactic centre [88, 106, 107]. Again, this possible dark matter effect (with a mass around 10 GeV) is unexplained at the moment, but astrophysical explanations are of course possible in this crowded part of the galaxy [89, 90]. It would gain significance considerably if the Fermi-LAT collaboration with their experience of modeling possible astrophysical sources would confirm this unexplained excess. At the moment there is no such statement from the Fermi-LAT team, however.

Even more recently, a γ-ray excess from galaxy clusters ascribed to dark matter has also been claimed again using public Fermi data [93]. Although not unexpected [62], the existence of this (weak) signal relies heavily on the estimate of the cosmic ray-induced photons, which probably is not accurate enough for this purpose.

Another excess, the WMAP radio “haze” found by Finkbeiner and collaborators, [91] has recently been seen to have a correspondence in the GeV range in the so-called “Fermi bubbles” [92]. These are sharply defined regions, several tens of degrees across, on both sides of the galactic disk that seem to originate from the galactic center, by some so far unknown process. This is again a discovery that has been made using public Fermi data, but it seems that it is difficult to fit the shape and the sharp edges of the bubbles with a dark matter origin [108]. The emission is more

Figure 2: Example of internal bremsstrahlung spectrum (left figure) and 2γ line spectrum (right figure). For both processes a typical continuum spectrum from quark fragmentation has been included. For the line an arbitrary relative normalization of the two has been assumed, and a 10 % energy resolution of the detector. As can be seen, both processes give a very characteristic rise in the E^2dN/dE distribution near the kinematical endpoint E/m = 1.

plausibly caused by bipolar outflow of cosmic rays (electrons or protons) from the galactic center, maybe as an episodic event a few million years ago. The existence of the Fermi bubbles adds to the complexity when analyzing the γ-ray flux from the galactic center region, which otherwise would be the most natural one where to search for a dark matter signal. The γ-ray spectrum seems to be very flat in intensity over the bubble regions, with a flux of [92]

E^2_γ ( dN E_γ ) bubble

≃ 0.3 keV cm^{−2}s^{−1}sr^{−1}, (6)

up to somewhere between 120 and 200 GeV, where the spectrum becomes much softer.

A problem with using the continuous γ-ray spectrum for dark matter detection is that for photons coming from the fragmentation of quarks or gauge bosons, the energy distribution is rather featureless, besides that fact that at low energies it is harder than E^{−2} and close to the endpoint at E = m_χ it falls very fast. However, much more spectacular signatures can be found, namely the 2γ line [24] (or Zγ line [109]) which gives a spike at E = m_χ or E = m_χ(1−m^2_Z /(4m^2_χ)) respectively, and internal bremsstrahlung [25, 26] which, for self-conjugate Majorana fermions, also gives a steeply rising spectrum near the kinematical endpoint. Examples of these rather striking energy distributions are given in Fig. 2.

Very recently, an intriguing feature has been found [95, 96] (see also [97]), again by using public Fermi-LAT data [94]. Namely, a structure similar to what is expected for internal bremsstrahlung, or alternatively a narrow γ-ray line, is visible in the energy range between 130 and 150 GeV. (For the line interpretation the dark matter mass is close to 130 GeV, for internal bremsstrahlung the fit is closer to 150 GeV. Of course, the spectrum may also be a combination of the two with arbitrary relative strength.)

These studies used a very interesting new method to search for dark matter lines. The region analyzed was allowed to vary according to the model used for the dark matter density distribution in the galaxy, to maximize the signal to noise ratio. Since the regions such identified bear some resemblance to the Fermi bubbles, it was soon conjectured that the sudden fall-off of the bubble spectrum in this energy range could make one mistake a step in two superimposed continuous distributions for a line [110]. However, the bubble flux in Eq. (6) is too small to influence the estimated line flux appreciably. This is shown in Fig.3, where the structure found in [96] is displayed and clearly seen, and a good fit to the background is given by a continuous power-law falling as E^{−β}_γ with β = 2.7 and where the bubble flux Eq. (6) has been added.This conclusion of a good fit depends very little on the energy where the fall-off of the bubble flux is assumed to begin, and also on the steep slope of the bubble energy spectrum after the fall-off point.

Although perhaps a tantalizing indication of a dark matter signal, this finding of a γ line seems to be in slight tension with a recent line-search analysis of the Fermi-LAT team [98], although as explained in [96] this could be due to the different methods used in the analysis. See also [99] for further comments about alternative explanations.

With Fermi-LAT taking data for some five more years, we will definitely be able to follow this interesting development in detail.

At energies, say, below 150 GeV, the Fermi-LAT instrument will be difficult to surpass by using imaging air Cherenkov telescopes like the CTA, which have their greatest sensitivity in the TeV region. However, an interesting player has recently entered the dark matter indirect detection scene. This is the Russian-Italian project GAMMA-400 [111], which has a launch around 2018 approved and is planned with a slightly smaller effective area than Fermi-LAT, but with better angular resolution and in particular better energy resolution than that of Fermi-LAT by an order of magnitude. This would take the search for dark matter to another level of sensitivity. If the present indication of a line signal would persist, it should be seen in GAMMA-400 with a significance of the order of 10σ [112].

If one would assume that the effect is real and originating from the 2γ line one could speculate about other measurements that would give more information about the dark sector. For instance, in the type of models, e.g., explored in [113], which connects the dark matter problem with that of neutrino masses, one would both have a 2γ line and an internal bremsstrahlung feature, which may appear with more statistics. However, there the charged scalar contributing to the emission is an isoscalar, meaning that no corresponding Zγ line [109] would be seen. It would not be difficult to extend the dark sector such that, e.g., a scalar isotriplet contributes (maybe with charge 2, which would make the line stronger by a factor of 2^4 = 16, as the two gamma vertices in the amplitude would each be a factor of 2 larger, and thus the cross section 16 times higher). In general, one would then expect also a Zγ line (with intrinsic width around a percent, due to the finite width of the Z) at

E_γ (Zγ line) = m_χ ( 1 − m^2_Z 4m^2_χ ) , (7)

which for a mass m_χ = 130 GeV corresponds to around E_γ = 114 GeV. It may also be amusing to speculate that the 130 GeV dark matter candidate connects to the 125 GeV Higgs candidate indicated by preliminary LHC data. Then the process χ + χ → H + γ may be searched for, with an energy (replacing m_Z by m_H in Eq. (7)) of 100 GeV. If such a signal were to be found, it would show that the dark matter particle χ would neither be scalar, pseudoscalar or a Majorana fermion (as these annihilate only from a spin-0 state in the S wave, and then the Hγ final state would violate spin conservation). The dark matter particle thus would have to be a Dirac fermion or a spin 1 boson (or a higher spin representation).

Of course, model building may seem premature for an effect that may turn out to be a statistical fluctuation. The important point to make, however, is that once a dark matter signature is found, it opens a whole area of further measurements in indirect detection, as well of course for direct detection. To be finally convinced that the dark matter problem has indeed been solved, several

Figure 3: The public Fermi-LAT [94] data extracted from [96] (squares; “Reg.4, SOURCE class”, in [96]) as well as the spectrum of the Fermi bubbles [92] (triangles). The dashed line is a featureless E^{−2.7}_γ spectrum, and the dash-dotted line is a simple fit to the Fermi bubble data, where the actual location of the break and the slope above the break are unknown. The solid line is the summed spectrum (power-law plus bubbles), assuming that the break is coincidentally at the same energy as the line excess.

independent measurements may be needed, using all three methods we have at our disposal: accelerator searches, direct and indirect detection, which we have seen all have a nice complementarity.

Thus, of all these possibilities of dark matter being detected, the most interesting one at present, besides the DAMA/LIBRA-CRESST-CoGeNT rather confusing situation (but see [75, 114, 107]), are the possible γ-ray excesses at 10 GeV or 130 GeV, respectively, towards the galactic center, as inferred by analyses of Fermi-LAT public data [88, 95, 96, 97]. They both seem to have a reasonable chance to be due to dark matter annihilation. However, the 10 GeV structure may also, like some previously claimed tentative dark matter signals perhaps be explained by ordinary astrophysical processes. This seems more difficult for a γ-ray line signal, but at present the statistical significance is too weak to claim a discovery.

The DM explanation of the PAMELA and Fermi-LAT positron data seems to require a leptophilic particle of TeV-scale mass and a very much boosted cross section. Although this may perhaps be obtained, stretching all uncertainties involved [115], and employing Sommerfeld enhancement [116], the remaining window seems quite tight. If the dark matter particle would indeed be in the TeV energy range, indirect detection through γ-rays in imaging air Cherenkov telescopes such as CTA could be a promising method of verification.

The claimed Fermi-LAT excesses in diffuse emission towards the galactic center would of course be more plausible if a dark matter signal of mass around 10 GeV, or alternatively at 130 GeV, were established in direct detection experiments. As indicated, the situation around 10 GeV at the moment is far from conclusive. The possible line signal seems to have, however, a better chance to be promoted to a true discovery, if it gains in significance with more Fermi-LAT data (which should continue to be accumulated for several years). The “smoking gun” nature of the 2γ signal makes it very difficult to find realistic alternative explanations using currently known astrophysics. In particular, no acceleration mechanism seems to be known that would give such a sharp rise of the flux followed by an equally sharp decline at higher energy. It will be very interesting indeed to follow how this indication of a 2γ line (as first proposed in [24] almost 25 years ago) will evolve with time. As we have mentioned, if it is confirmed, there are other related processes to search for, and hopefully also direct detection and LHC searches will give complementary information.

A somewhat different, also complementary, method is indirect detection of neutrinos [117]. As the most of the elements in the interior of the Earth have spin zero, capture of WIMPS in the Earth takes places through the same type of spin-independent scattering that is used bin the CDMS and XENON100 detectors. Therefore, the neutrino limits from the interior of the Earth are not competitive at the moment. However, the Sun consists mostly of hydrogen which means that spin-dependent scattering on protons will be important for the capture rate, and consequently for the annihilation rate, from the Sun. The spin-dependent limits thus obtained are in many cases superior to present-day direct detection limits on spin-dependent scattering [22], especially with the low-threshold inset Deep-Core and the full 80-string outer IceCube detector now in place. For very high mass dark matter particles, the signal from the Sun will however decrease due to absorption of the neutrinos in the solar interior.

The times for dark matter research are interesting indeed. Processes that were proposed several decades ago will finally be tested thanks to the rapid experimental and observational progress that is currently taking place. The fact that many experiments now have the reach to probe the parameter space of several plausible dark matter candidates, will of course also mean that there will be many false alarms. It is not impossible that all of the proposed dark matter signals discussed here will turn out to have other explanations. On the other hand, one or more may turn out to survive – an exciting prospect, indeed.

Acknowledgements

I wish to thank many colleagues, especially Felix Aharonian, Gianfranco Bertone, Alexey Boyarsky, Torsten Bringmann, Jan Conrad, Joakim Edsjö and Christian Farnier, for many useful discussions. This research was carried out under Swedish Science Research Council (VR) contract no. 621-2009- 3915.

References

[1] G. Jungman, M. Kamionkowski and K. Griest, Phys. Rept. 267 (1996) 195 [hep-ph/9506380].

[2] L. Bergström, Rept. Prog. Phys. 63 (2000) 793 [hep-ph/0002126].

[3] G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405 (2005) 279 [hep-ph/0404175].

[4] E. Komatsu et al. [ WMAP Collaboration ], Astrophys. J. Suppl. 192 (2011) 18.

[arXiv:1001.4538 [astro-ph.CO]].

[5] L. Bergström and A. Goobar, “Cosmology and Particle Astrophysics”, Praxis/Springer (2004), ISBN-3540431284.

[6] M. Fujii and T. Yanagida, Phys. Lett. B 549 (2002) 273 [hep-ph/0208191]; L. Roszkowski, R. Ruiz de Austri and K. -Y. Choi, JHEP 0508 (2005) 080 [hep-ph/0408227]; N. Cosme, L. Lopez Honorez and M. H. G. Tytgat, Phys. Rev. D 72 (2005) 043505 [hep-ph/0506320]; T. Hambye, K. Kannike, E. Ma and M. Raidal, Phys. Rev. D 75 (2007) 095003 [hepph/0609228]; H. Sung Cheon, S. K. Kang and C. S. Kim, JCAP 0805 (2008) 004 [Erratum-ibid. 1103 (2011) E01] [arXiv:0710.2416 [hep-ph]]; A. Falkowski, J. T. Ruderman and T. Volansky, JHEP 1105 (2011) 106 [arXiv:1101.4936 [hep-ph]]; W. Buchmuller, V. Domcke and K. Schmitz, arXiv:1203.0285 [hep-ph].

[7] K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010). [8] P. Gondolo, J. Edsjö, P. Ullio, L. Bergström, M. Schelke, E. A. Baltz, JCAP 0407 (2004) 008. [astro-ph/0406204].

[9] D. Hooper, S. Profumo, Phys. Rept. 453 (2007) 29-115. [hep-ph/0701197]. [10] R. Amanullah, C. Lidman, D. Rubin, G. Aldering, P. Astier, K. Barbary, M. S. Burns and A. Conley et al., Astrophys. J. 716 (2010) 712 [arXiv:1004.1711 [astro-ph.CO]].

[11] K. Griest and D. Seckel, Phys. Rev. D 43 (1991) 3191; J. Edsjö and P. Gondolo, Phys. Rev.

D56 (1997) 1879.

[12] G.F. Bertone (ed.), “Particle Dark Matter: Observations, Models and Searches”, Cambridge University Press (2010), ISBN:9780521763684 [13] F. Zwicky, Helv. Phys. Acta 6 (1933) 110.

[14] G. Bertone, Nature 468 (2010) 389-393. [arXiv:1011.3532 [astro-ph.CO]]. [15] D. Clowe, M. Bradac, A. H. Gonzalez, M. Markevitch, S. W. Randall, C. Jones, D. Zaritsky, Astrophys. J. 648 (2006) L109-L113. [astro-ph/0608407].

[16] J. Bovy ans S. Tremaine, arXiv:1205.4033 [astro-ph]. [17] G. Aad et al. [ATLAS Collaboration], JINST 3, S08003 (2008). [18] G. L. Bayatian et al. [CMS Collaboration], J. Phys. G G 34 (2007) 995. [19] M. W. Goodman and E. Witten, Phys. Rev. D 31 (1985) 3059. [20] L. Baudis, this issue.

[21] C. Frenk and S. White, this issue.

[22] F. Halzen, D. Hooper, New J. Phys. 11 (2009) 105019. [arXiv:0910.4513 [astro-ph.HE]]. [23] J. D. Zornoza, arXiv:1204.5066 [astro-ph.HE]. [24] L. Bergström and H. Snellman, Phys. Rev. D 37 (1988) 3737. [25] L. Bergström, Phys. Lett. B225 (1989) 372.

[26] T. Bringmann, L. Bergström, J. Edsjö, JHEP 0801 (2008) 049. [arXiv:0710.3169 [hep-ph]];

L. Bergström, T. Bringmann, J. Edsjö, Phys. Rev. D78 (2008) 103520. [arXiv:0808.3725 [astro-ph]].

[27] V. Springel, S. D. M. White, C. S. Frenk, J. F. Navarro, A. Jenkins, M. Vogelsberger, J. Wang, A. Ludlow et al., Nature 456N7218 (2008) 73-80.

[28] L. Bergström, J. Edsjö and P. Ullio, Phys. Rev. Lett. 87 (2001) 251301 [astro-ph/0105048];

J. E. Taylor and J. Silk, Mon. Not. Roy. Astron. Soc. 339 (2003) 505 [astro-ph/0207299]. [29] J. Hisano, S. .Matsumoto, M. M. Nojiri, O. Saito, Phys. Rev. D71 (2005) 063528. [hepph/0412403].

[30] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer and N. Weiner, Phys. Rev. D 79, 015014 (2009) [arXiv:0810.0713 [hep-ph]]; M. Lattanzi and J. I. Silk, arXiv:0812.0360 [astro-ph].

[31] A. A. Abdo et al. [ The Fermi LAT Collaboration ], Phys. Rev. Lett. 102 (2009) 181101.

[arXiv:0905.0025 [astro-ph.HE]].

[32] M. Ackermann et al. [Fermi-LAT Collaboration], Phys. Rev. Lett. 107 (2011) 241302 [arXiv:1108.3546 [astro-ph.HE]].

[33] A. Geringer-Sameth, S. M. Koushiappas, Phys. Rev. Lett. 107 (2011) 241303 [arXiv:1108.2914 [astro-ph.CO]].

[34] H. Goldberg, Phys. Rev. Lett. 50 (1983) 1419.

[35] J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos, K. A. Olive, M. Srednicki, Nucl. Phys. B238 (1984) 453-476.

[36] P. Meade, N. Seiberg, D. Shih, Prog. Theor. Phys. Suppl. 177, 143-158 (2009).

[arXiv:0801.3278 [hep-ph]].

[37] P. Bechtle, T. Bringmann, K. Desch, H. Dreiner, M. Hamer, C. Hensel, M. Kramer and N. Nguyen et al., arXiv:1204.4199 [hep-ph].

[38] C. F. Berger, J. S. Gainer, J. L. Hewett, T. G. Rizzo, JHEP 0902, 023 (2009). [arXiv:0812.0980 [hep-ph]]; J. A. Conley, J. S. Gainer, J. L. Hewett, M. P. Le, T. G. Rizzo, [arXiv:1103.1697 [hep-ph]];

[39] S. S. AbdusSalam, B. C. Allanach, H. K. Dreiner, J. Ellis, U. Ellwanger, J. Gunion, S. Heinemeyer and M. Kraemer et al., Eur. Phys. J. C 71 (2011) 1835 [arXiv:1109.3859 [hep-ph]].

[40] K. Griest, M. Kamionkowski, Phys. Rev. Lett. 64 (1990) 615.

[41] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 710 (2012) 49 [arXiv:1202.1408 [hep-ex]]. [42] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 710 (2012) 26 [arXiv:1202.1488 [hepex]].

[43] L. Bergström, “Dark matter and imaging air Cherenkov arrays”, Astropart. Phys. (2012), http://dx.doi.org/10.1016/j.astropartphys.2012.04.010.

[44] S. J. Asztalos et al. [ The ADMX Collaboration ], Phys. Rev. Lett. 104 (2010) 041301.

[arXiv:0910.5914 [astro-ph.CO]].

[45] J. Hamann, S. Hannestad, G. G. Raffelt, I. Tamborra, Y. Y. Y. Wong, Phys. Rev. Lett. 105 (2010) 181301. [arXiv:1006.5276 [hep-ph]].

[46] A. X. Gonzalez-Morales, R. Poltis, B. D. Sherwin, L. Verde, [arXiv:1106.5052 [astro-ph.CO]]. [47] A. Boyarsky, O. Ruchayskiy and M. Shaposhnikov, Ann. Rev. Nucl. Part. Sci. 59 (2009) 191 [arXiv:0901.0011 [hep-ph]].

[48] M. R. Lovell, V. Eke, C. S. Frenk, L. Gao, A. Jenkins, T. Theuns, J. Wang and D. M. White et al., Mon. Not. Roy. Astron. Soc. 420 (2012) 2318 [arXiv:1104.2929 [astro-ph.CO]].

[49] F. Aharonian et al. [H.E.S.S. Collaboration], Phys. Rev. Lett. 97 (2006) 221102 [Erratum-ibid.

97 (2006) 249901] [astro-ph/0610509].

[50] J. Aleksic et al. [The MAGIC Collaboration], JCAP 1106 (2011) 035 [arXiv:1103.0477 [astroph.HE]].

[51] V. A. Acciari et al. [The VERITAS Collaboration], Astrophys. J. 720 (2010) 1174 [arXiv:1006.5955 [astro-ph.CO]].

[52] Cherenkov Telescope Array Consortium, [arXiv:1008.3703 [astro-ph.IM]]. [53] T. Bringmann, F. Calore, G. Vertongen, C. Weniger, Phys. Rev. D 84 (2011) 103525 [arXiv:1106.1874 [hep-ph]].

[54] N. F. Bell, J. B. Dent, A. J. Galea, T. D. Jacques, L. M. Krauss, T. J. Weiler, Phys. Lett. B 706 (2011) 6 [arXiv:1104.3823 [hep-ph]]; P. Ciafaloni, M. Cirelli, D. Comelli, A. De Simone, A. Riotto and A. Urbano, JCAP 1106 (2011) 018 [arXiv:1104.2996 [hep-ph]]; P. Ciafaloni, M. Cirelli, D. Comelli, A. De Simone, A. Riotto, A. Urbano, JCAP 1110 (2011) 034. [arXiv:1107.4453 [hep-ph]].

[55] L. Bergström, P. Ullio, J. H. Buckley, Astropart. Phys. 9 (1998) 137-162. [astro-ph/9712318]. [56] P. Gondolo and J. Silk, Phys. Rev. Lett. 83 (1999) 1719 [astro-ph/9906391]. [57] Y. Sofue, M. Honma, T. Omodaka, PASJ 61 (2008) 227. [arXiv:0811.0859 [astro-ph]]. [58] J.F. Navarro, C.S. Frenk and S.D.M. White, Astrophys. J. 462 (1996) 563. [59] V. Springel, J. Wang, M. Vogelsberger, A. Ludlow, A. Jenkins, A. Helmi, J. F. Navarro and C. S. Frenk et al., Mon. Not. Roy. Astron. Soc. 391 (2008) 1685 [arXiv:0809.0898 [astro-ph]].

[60] F. Iocco, M. Pato, G. Bertone, P. Jetzer, [arXiv:1107.5810 [astro-ph.GA]]. [61] E. A. Baltz, B. Berenji, G. Bertone, L. Bergström, E. Bloom, T. Bringmann, J. Chiang, J. Cohen-Tanugi et al., JCAP 0807 (2008) 013. [arXiv:0806.2911 [astro-ph]].

[62] T. E. Jeltema, J. Kehayias, S. Profumo, Phys. Rev. D80 (2009) 023005. [arXiv:0812.0597 [astro-ph]]; M. A. Sanchez-Conde, M. Cannoni, F. Zandanel, M. E. Gomez, F. Prada, [arXiv:1104.3530 [astro-ph.HE]]; A. Pinzke, C. Pfrommer, L. Bergström, [arXiv:1105.3240 [astro-ph.HE]]; L. Gao, C. S. Frenk, A. Jenkins, V. Springel, S. D. M. White, [arXiv:1107.1916 [astro-ph.CO]].

[63] S. S. AbdusSalam, Phys. Lett. B705 (2011) 331-336. [arXiv:1106.2317 [hep-ph]]. [64] J.A. Barrio et al., Astroparticle Physics, in press.

[65] L. Bergström, T. Bringmann, J. Edsjö, Phys. Rev. D83 (2011) 045024. [arXiv:1011.4514 [hep-ph]].

[66] F. A. Aharonian, A. K. Konopelko, H. J. Volk, H. Quintana, Astropart. Phys. 15 (2001) 335-356. [astro-ph/0006163].

[67] S. Digel, presentation given at the Fermi Symposium 2009; see also http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

[68] R. Bernabei et al. [ DAMA Collaboration ], Eur. Phys. J. C56 (2008) 333-355.

[arXiv:0804.2741 [astro-ph]].

[69] A. K. Drukier, K. Freese and D. N. Spergel, Phys. Rev. D 33 (1986) 3495.

[70] Z. Ahmed et al. [ The CDMS-II Collaboration ], Science 327 (2010) 1619-1621.

[arXiv:0912.3592 [astro-ph.CO]].

[71] E. Aprile et al. [ XENON100 Collaboration ], Phys. Rev. Lett. 105 (2010) 131302.

[arXiv:1005.0380 [astro-ph.CO]].

[72] S.C. Kim et al., Phys. Rev. Lett. 108, 181301 (2012).

[73] C. E. Aalseth et al. [ CoGeNT Collaboration ], Phys. Rev. Lett. 106 (2011) 131301.

[arXiv:1002.4703 [astro-ph.CO]]; C. E. Aalseth, P. S. Barbeau, J. Colaresi, J. I. Collar, J. Diaz Leon, J. E. Fast, N. Fields, T. W. Hossbach et al., Phys. Rev. Lett. 107 (2011) 141301. [arXiv:1106.0650 [astro-ph.CO]].

[74] T. Schwetz, J. Zupan, JCAP 1108 (2011) 008. [arXiv:1106.6241 [hep-ph]];

[75] M. T. Frandsen, F. Kahlhoefer, J. March-Russell, C. McCabe, M. McCullough and K. Schmidt- Hoberg, Phys. Rev. D 84 (2011) 041301 [arXiv:1105.3734 [hep-ph]].

[76] P. J. Fox, J. Kopp, M. Lisanti, N. Weiner, Phys. Rev. D 85 (2012) 036008 [arXiv:1107.0717 [hep-ph]]; M. Farina, D. Pappadopulo, A. Strumia, T. Volansky, JCAP 1111 (2011) 010 [arXiv:1107.0715 [hep-ph]]; J. Herrero-Garcia, T. Schwetz and J. Zupan, arXiv:1205.0134 [hepph]. M. T. Frandsen, F. Kahlhoefer, C. McCabe, S. Sarkar and K. Schmidt-Hoberg, JCAP 1201 (2012) 024 [arXiv:1111.0292 [hep-ph]]; J. Kopp, T. Schwetz and J. Zupan, JCAP 1203 (2012) 001 [arXiv:1110.2721 [hep-ph]];

[77] A. Bottino, F. Donato, N. Fornengo and S. Scopel, Phys. Rev. D 78 (2008) 083520 [arXiv:0806.4099 [hep-ph]].

[78] J. Cherwinka, R. Co, D. F. Cowen, D. Grant, F. Halzen, K. M. Heeger, L. Hsu and A. Karle et al., Astropart. Phys. 35 (2012) 749 [arXiv:1106.1156 [astro-ph.HE]].

[79] G. Angloher, M. Bauer, I. Bavykina, A. Bento, C. Bucci, C. Ciemniak, G. Deuter and F. von Feilitzsch et al., arXiv:1109.0702 [astro-ph.CO].

[80] S. D. Hunter, D. L. Bertsch, J. R. Catelli, T. M. Digel, S. W. Dingus, J. A. Esposito, C. E. Fichtel, C. E. Hartman et al., Astrophys. J. 481 (1997) 205-240.

[81] W. de Boer, C. Sander, V. Zhukov, A. V. Gladyshev, D. I. Kazakov, Astron. Astrophys. 444 (2005) 51. [astro-ph/0508617].

[82] A. A. Abdo et al. [ The Fermi-LAT Collaboration ], Phys. Rev. Lett. 104 (2010) 101101.

[arXiv:1002.3603 [astro-ph.HE]].

[83] J. Knodlseder, P. Jean, V. Lonjou, G. Weidenspointner, N. Guessoum, W. Gillard, G. Skinner, P. von Ballmoos et al., Astron. Astrophys. 441 (2005) 513-532. [astro-ph/0506026].

[84] G. Weidenspointner, G. Skinner, P. Jean, J. Knodlseder, P. von Ballmoos, G. Bignami, R. Diehl, A. W. Strong et al., Nature 451 (2008) 159-162.

[85] O. Adriani et al. [PAMELA Collaboration], Nature 458 (2009) 607 [arXiv:0810.4995 [astroph]].

[86] See, e.g., P. Meade, M. Papucci, A. Strumia, T. Volansky, Nucl. Phys. B831 (2010) 178-203.

[arXiv:0905.0480 [hep-ph]]; L. Bergström, J. Edsjö, G. Zaharijas, Phys. Rev. Lett. 103 (2009) 031103. [arXiv:0905.0333 [astro-ph.HE]].

[87] F. A. Aharonian, A. M. Atoyan, H. J. Völk, Astron. Astrophys. 294 (1995) L41-L44; D. Grasso et al. [ FERMI-LAT Collaboration ], Astropart. Phys. 32 (2009) 140-151. [arXiv:0905.0636 [astro-ph.HE]].

[88] D. Hooper, L. Goodenough, Phys. Lett. B697 (2011) 412-428. [arXiv:1010.2752 [hep-ph]];

D. Hooper, T. Linden, Phys. Rev. D 84 (2011) 123005 [arXiv:1110.0006 [astro-ph.HE]]. [89] M. Chernyakova, D. Malyshev, F. A. Aharonian, R. M. Crocker, D. I. Jones, Astrophys. J.

726 (2011) 60. [arXiv:1009.2630 [astro-ph.HE]].

[90] A. Boyarsky, D. Malyshev, O. Ruchayskiy, Phys. Lett. B 705 (2011) 165 [arXiv:1012.5839 [hep-ph]].

[91] D. Hooper, D. P. Finkbeiner, G. Dobler, Phys. Rev. D76 (2007) 083012. [arXiv:0705.3655 [astro-ph]].

[92] M. Su, T. R. Slatyer, D. P. Finkbeiner, Astrophys. J. 724 (2010) 1044-1082. [arXiv:1005.5480 [astro-ph.HE]].

[93] J. Han, C.S. Frenk, V.R. Eke, L. Gao and S.D.M. White, arXiv:1201.1003 [astro-ph]. [94] Fermi-LAT data server, http://fermi.gsfc.nasa.gov/ssc/data/access/lat/. For a description of the Fermi-LAT instrument, see W. B. Atwood et al. [LAT Collaboration], Astrophys. J. 697 (2009) 1071 [arXiv:0902.1089 [astro-ph.IM]].

[95] T. Bringmann, X. Huang, A. Ibarra, S. Vogl and C. Weniger, arXiv:1203.1312 [hep-ph]. [96] C. Weniger, arXiv:1204.2797 [hep-ph].

[97] E. Tempel, A. Hektor and M. Raidal, arXiv:1205.1045 [hep-ph]. [98] M. Ackermann et al. [Fermi-LAT Collaboration], arXiv:1205.2739 [astro-ph]. [99] A. Boyarsky, D. Malyshev and O. Ruchayskiy, arXiv:1205.4700 [astro-ph.HE]. [100] J. I. Collar, arXiv:1106.0653 [astro-ph.CO].

[101] See talk by E. Aprile at the UCLA Dark Matter Workshop 2010,

http://xenon.astro.columbia.edu/talks/aprile_ucla_dm2010.pdf

[102] J. F. Beacom, H. Yuksel, Phys. Rev. Lett. 97 (2006) 071102. [astro-ph/0512411]. [103] A. Strumia, Proc. of Science, EPS-HEP2009, (2009) 012. [104] L. Bergström, New J. Phys. 11 (2009) 105006. [arXiv:0903.4849 [hep-ph]]. [105] A. A. Abdo et al. [Fermi-LAT Collaboration], JCAP 1004 (2010) 014 [arXiv:1002.4415 [astroph.CO]].

[106] D. Hooper and T. Linden, Phys. Rev. D 84 (2011) 123005 [arXiv:1110.0006 [astro-ph.HE]]. [107] D. Hooper, arXiv:1201.1303 [astro-ph.CO].

[108] P. Mertsch and S. Sarkar, Phys. Rev. Lett. 107 (2011) 091101 [arXiv:1104.3585 [astroph.HE]]; G. Dobler, Astrophys. J. 750 (2012) 17 [arXiv:1109.4418 [astro-ph.GA]].

[109] L. Bergström and J. Kaplan, Astropart. Phys. 2 (1994) 261 [hep-ph/9403239]; P. Ullio and L. Bergström, Phys. Rev. D 57 (1998) 1962 [hep-ph/9707333].

[110] S. Profumo and T. Linden, arXiv:1204.6047 [astro-ph.HE].

[111] A. M. Galper, O. Adriani, R. L. Aptekar, I. V. Arkhangelskaja, A. I. Arkhangelskiy, M. Boezio, V. Bonvicini and K. A. Boyarchuk et al., arXiv:1201.2490 [astro-ph.IM].

[112] L. Bergström, G. Bertone, J. Conrad, C. Farnier and C. Weniger, in preparation. [113] L. M. Krauss, S. Nasri and M. Trodden, Phys. Rev. D 67 (2003) 085002 [hep-ph/0210389];

E. A. Baltz and L. Bergström, Phys. Rev. D 67 (2003) 043516 [hep-ph/0211325]. [114] C. Kelso, D. Hooper and M. R. Buckley, Phys. Rev. D 85 (2012) 043515 [arXiv:1110.5338 [astro-ph.CO]].

[115] G. Bertone, M. Cirelli, A. Strumia, M. Taoso, JCAP 0903 (2009) 009. [arXiv:0811.3744 [astro-ph]].

[116] D. P. Finkbeiner, L. Goodenough, T. R. Slatyer, M. Vogelsberger, N. Weiner, JCAP 1105 (2011) 002. [arXiv:1011.3082 [hep-ph]].

[117] G. Bertone, D. Cumberbatch, R. Ruiz de Austri and R. Trotta, JCAP 1201 (2012) 004 [arXiv:1107.5813 [astro-ph.HE]].